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ABSTRACT 

Poor sanitation and lack of effective sustainable approach have become one of the major 

environmental issues of concern in developing countries like India. Moreover, with continuous 

discharge of recalcitrant organic pollutants from urinal wastewater into the surroundings has put 

human health and environment under the potential risk of threat. Therefore, a sustainable yet 

affordable solution for the safe disposal of urinal wastewater is required. Electro-oxidation (EO) 

under electrochemical advanced oxidation processes has drawn great attention for the treatment of 

a wide variety of recalcitrant toxic mixed effluents via generating in-situ strong reactive oxygen 

species (ROS) such as hydroxyl radical (OH•) and reactive chlorine species (RCS). In this study, the 

treatment performance of the EO process for synthetic urine/actual human urine (SU/AHU) and its 

metabolites in batch and continuous mode of operation using mixed metal oxide anode (MMO) and 

doped-mixed metal oxide (doped-MMO) anode was studied. Furthermore, best efforts have been 

made to integrate two processes i.e. photo-catalysis (PC) and EO within the same treatment unit for 

enhanced degradation of pollutants. 

 For systemic studies, the effect of various selected operational parameters such as pH, current 

density, electrolyte (i.e. NaCl) dose and treatment time has been studied using response surface 

methodology (RSM). Box-Behnken design (BBD) under RSM has been employed for experimental 

designing, data analysis, the interaction between EO parameters, their optimization along with 

evaluation in terms of percentage Degradation (%Degradation) (Y1) and Energy consumption (Y2). 

A quadratic model was suggested by exploiting the sequential F-test and other adequacy measures. 

Furthermore, experimental data were then analyzed by multiple regression analysis of RSM and 

simultaneous optimization of various operational parameters for the responses was performed by the 

desirability function approach. The best appropriate optimized conditions for batch EO treatment of 

uric acid with MMO anodes was found to be pH= 2, n (NaCl dose) = 0.875 g/L, j (current density)= 

7.142 mA/cm2, t (treatment time) = 6.95 min with Y1= 91.571% and Y2= 0.526 kWh/m3, which 

showed highest overall desirability, D = 0.899. While for creatinine, the most appropriate optimized 

conditions were obtained at pH= 2.4, n = 0.75 g/L, j= 12.005 mA/cm2, t = 85 min, with Y1= 85.41% 

and Y2= 16.826 kWh/m3 and overall desirability, D = 0.899. The optimal operating conditions for 

maximum removal of urea were found to be j=18.14 mA/cm2, n=1.45 g/L, pH= 4 and t= 135 min, 

with Y1= 94.78% and Y2= 20.54 kWh/m3 which showed combined desirability, D =0.857. The 
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photo-activity of MMO anode in terms of quantification of generated OH• at MMO was studied 

under both UV and solar radiations using Fluorescence spectroscopy. The results showed that 

maximum OH• production was found under UV radiation as compared to solar radiation.  

 The strength of the present study lies in the demonstration of a significant reduction in 

treatment time of urine metabolites by incorporating dual effect i.e. photo-electrocatalysis (PEC) 

under UV radiations. The dual-process with synergistic results prompts its field-scale applications 

for the wastewater treatment with a significant decrease in treatment time from 7 min to 5 min (uric 

acid), 85 to 60 min (creatinine) and 135 to 95 min (urea). The quality of treated urine metabolites 

samples was validated using different analytical techniques. The transformation products of uric 

acid, creatinine, and urea were identified through LC-MS.  

 Similar kind of studies was performed for the treatment of urine metabolites with doped 

MMO. The results depicts the maximum degradation of all urine metabolites at best appropriate 

optimized conditions were Y1= 95.35% (uric acid), Y1 = 90.002% (creatinine) and Y1 = 91.15% 

(urea) respectively with minimum Y2= 2.479 kWh/m3, Y2= 25.83 kWh/m3 and Y2 = 51.53 kWh/m3 

respectively. The dual-process with synergistic results has shown a significant reduction in treatment 

time from 43 min to 30 min (uric acid), 140 to 120 min (creatinine) and 195 to 150 min (urea). The 

quality of treated urine metabolites and the transformation products of uric acid, creatinine, and urea 

were identified through LC-MS. Based on these identified intermediates a tentative degradation 

pathway for urine metabolites has been proposed in this study.   

 The parametric study of EO (batch) treatment of SU  was performed using BBD under RSM 

using four input operational parameters were selected such as pH (Y1), current density (Y2), 

treatment time (Y3) and N/Cl ratio (Y4) and %COD removed (Z1), and specific energy consumption 

(SEC) (Z2) as responses. The most appropriate optimized conditions for batch EO treatment of SU 

with MMO anodes was found to be Y1= 3.42, Y2= 30.33 mA/cm2, Y3= 8.79 h, Y4 = 0.42 with Z1= 

85.25% COD removed and Z2= 11.75 kWh/kg of COD removed, which showed highest overall 

desirability, D = 0.985. Whereas the most relevant optimized conditions for batch EO treatment of 

SU with doped-MMO was found to be at Y1= 4.20, Y2= 53.91 mA/cm2, Y3= 10.05 h, Y4 = 0.25 with 

Z1= 90.55% COD removed and Z2= 20.851 kWh/kg of COD removed, which showed highest overall 

desirability, D = 0.941. The photo-activity of MMO and the doped-MMO anode was investigated in 

terms of synergistic studies by performing treatment of synthetic urine using three different 
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techniques which include PC, EO, and PEC at optimized conditions. The results showed the 

increased rate constant values for PEC i.e. 0.2991 h-1 (MMO) and 0.3264 h-1 (doped-MMO) over 

the other two processes (i.e. EO and PC). Furthermore, treatment time for SU through PEC was also 

found to be reduced from 8.8 h to 6 h (MMO) and 10.05 h to 6.5 h (doped-MMO). The results of in-

situ chemical analysis, cyclic voltammetry, FT-IR, and LC-MS analysis revealed that most of the 

organic components got eliminated and transformed into other byproducts which are non-toxic. 

Besides its efficacy towards oxidation of organic components, the disinfection efficiency of EO was 

also studied by spiking E.coli as (pathogenic microorganism) in SU. The complete elimination of 

the micro-organisms was achieved within 45 min (MMO) and 75 min (doped-MMO) of the EO 

treatment process. 

 To visualize the successful commercialization of the proposed method, treatment technology 

must provide viable solutions economically and as well as socially over traditional methods. The 

total operating cost for batch EO treatment of SU with MMO and doped-MMO was estimated as 

0.85 $/kg of COD removed and 1.50 $/kg of COD removed at optimized conditions, respectively. 

However, this cost and overall economy of the studied process depend upon the scale-up version 

and desirability of electrodes. The results depict a sustainable solution for the on-site treatment of 

urinal wastewaters in terms of the economic feasibility of the EO process as well as the stability of 

anodes. Moreover, the overall cost could be reduced further during scale-up studies by modifying 

the reactor design, operating conditions, recycling the urine as flush water and coupling the 

decentralized molecular hydrogen production accordingly. 

 The scale-up trials were executed under continuous recirculation mode for the treatment of 

SU with a working volume of 2 L in a photovoltaic driven reactor at optimized conditions along 

with the strong possibility of harnessing the molecular hydrogen (H2). The results showed 83.43% 

(MMO) and 74.20% (doped-MMO) reduction in COD within 6 h of electrolysis under continuous 

recirculation mode. The volumetric fraction of H2 generated during 6 h of electrolysis in the range 

of 70.58% -1.7190% (MMO) and 59.142% – 3.340% (doped-MMO). Other by-product gases such 

as N2, CO2, CH4, and CO has also been generated during electrolysis of SU by both anodes. 

However, the volumetric molecular fraction of these gaseous byproducts was found increasing with 

treatment time due to the oxidation of pollutants present in SU into molecular N2 and CO2. The total 

per day cost for the treatment of SU came out to be 0.054 $ (MMO) and 0.055 $ (doped-MMO).  
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 After the successful EO treatment of SU with both types of anodes, the study was further 

extended for the treatment of AHU with MMO. An almost 68.33% reduction in COD was achieved 

when the actual effluent was treated under in photo-voltaic driven reactor under continuous 

recirculation mode. The results also showed the oxidation of nitrogen-based organic compounds i.e. 

urea (69.09%), uric acid (95.18%) and creatinine 67.95% within 6 h of electrolytic treatment of 

AHU. The results clearly indicate the oxidation of organic compounds present in AHU was due to 

the generated RCS and ROS during the treatment process. GC-MS spectra of untreated and EO 

treated samples of AHU, depicts the elimination of most of the organic components after the 

treatment process and the identified byproducts present in the treated solution was found non-toxic 

through toxicity analysis. The volumetric fraction of H2 and N2 generated during 6 h of electrolysis 

were in the range 69.74% – 2.617% and 18.019% – 62.133% respectively. Other byproduct gases 

such as CO2, CH4, and CO were also generated in small fractions during electrolysis.  

 The durability and stability of the MMO and doped-MMO anodes were checked through 

various characterized techniques such as EM-EDX, XRD, Raman spectroscopy, XPS and 

comprehensive characterization studies for both anodes. These characterized techniques confirmed 

the durability and stability of MMO and doped-MMO even after 400 (1242.5 h) and 500 (1853.166 

h) recycles, respectively.  

 The comprehensive study shows that both electrodes are effectively suitable for actual urine 

effluent treatment and can be further extended for the commercial-scale applications. To the best of 

our knowledge, this is one of the few reported studies dealing with EO and PEC using novel MMO 

and doped-MMO anodes along with the potential of harnessing the commercially useful byproduct 

i.e. molecular hydrogen gas during scale-up trials for the treatment of urine wastewater. In addition, 

the proposed study can be boon for underprivileged areas in developing countries like India where 

either poor sanitation or no sanitation is provided. Thus, the study needs some scale-up executions 

for further validating the process.  
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Chapter-1 

INTRODUCTION 

 

 From the past several years, India is one of the fastest progressing economies in the 

developing world, which has made miraculous progress in urbanization and industrialization (Dong 

et al., 2015). Despite the strong social-economic growth during these years, India has failed to 

provide a satisfying proportionate pace for sustainable development (Ganesapillai et al., 2016). It is 

a tragic irony to think that in a country like India where statistics announce the uneven distribution 

of the fruits of liberalization and globalization in the Indian economy. According to the Joint 

Monitoring Programme (JMP) for Water Supply and Sanitation conducted by the World Health 

Organization (WHO) and the United Nations Children’s Fund (UNICEF), approximately 2.4 billion 

people lack access to improved sanitation system and waste disposal facilities due to the acute 

shortage of clean water (World 2015; Daudey, 2018). Around 66 % of the total population in India 

still practice open defecation such as roadsides, railway tracks or open fields (Vazhacharickal et al. 

2013; Bhatia and Bhatia, 2017). This percentage is much higher than the other developing countries 

like Pakistan (58%), Indonesia (41%), China (36%), Sri Lanka (33%) and Brazil (19%) (World 

2015) (Brocklehurst, 2014; Andres et al., 2017).  

 According to the small-scale intervention studies, conducted by High Powered Expert 

Committee for estimating the investment requirements for sanitation in India in 2011 has reported 

that around half of the total population in rural and urban slum areas do not have even proper 

sewerage systems. In rural areas and slums, the solid waste generated i.e. human excreta (urine and 

feces) are not properly managed and widely disposed of in the surrounding environment, mostly at 

open fields (Katukiza et al., 2012). Moreover, from where it further discharged into areas like 

agriculture fields, public places, open sewers and water bodies (running water streams, surface 

water, and groundwater), either by rain or by storm resulting in pounding (Katukiza et al., 2012). 

Furthermore, due to the continuous discharge of these human waste into the surroundings led to the 

generation and transmission of harmful pathogens such as viruses, bacteria, protozoans, etc. via 

human excreta (Mohapatra, 2019). Thus causing non-curable diseases like diarrhea, retarded growth, 

typhoid, dengue, malaria, malnutrition, anemia, and cholera as well as decreasing the fertility of the 
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soil, increasing flood risk by blocking water drains, affecting aquatic life, etc. (Srivastava et al., 

2015). Every year, more than 1 million population still die due to water and sanitation-related 

diseases (Majorin et al., 2017; Venkateswarlu, 2019). Approximately 74% of the health burden from 

intestinal helminths and diarrhoeal disease are experienced by children under the age of 5 to 14 

(Tarrass and Benjelloun, 2012) as shown in Figure 1.1 (Google images).   

 Despite the considerable investment in the water and sanitation sector, the budget allocated 

to sanitation has been comparatively low (Isunju et al., 2011). Based on the current progress in India, 

many policies are operated such as Integrated Low-Cost Sanitation Scheme (ILCS), Mega-City 

Scheme, Integrated Development of Small and Medium Towns (IDSMT), Swachh Bharat Abhiyan 

(Clean India Campaign), National Urban Sanitation Policy, Accelerated Rural Drinking Water 

Supply Program (ARWSP) in order to provide basic sanitation facilities to population. Despite this, 

the problems of sanitation have been looming large. There may be numerous reasons behind the 

“failure” of sanitation policies such as lack of interest of inhabitant for investing in sanitation and 

disposal facilities, low priority among stakeholders, inadequate funding, implementation of 

inappropriate (unsustainable) technologies, etc. (WHO and UNICEF, 2010; Showkat, 2016).  

 Furthermore, to provide basic sanitation facilities along with sewerage systems to urban 

slums and rural areas has become big challenge nowadays because of the poor accessibility of the 

cesspool emptier and solid waste collection trucks to reach in that areas, lack of legal status of these 

areas and lastly the lack of interest of inhabitant for investing in sanitation and disposal facilities 

(Katukiza et al., 2012). As a result, a population with lower household income have to suffer by 

paying much higher prices for water, risk impaired health, and incur significant survival costs. 

Moreover, due to population growth, resource shortfalls and environmental degradation, further add 

fuel to the stiff circle of poor sanitation (Cho et al., 2015). 

 One of the primitive ways is the source separation of urine and fecal. Out of which fecal is 

handled by traditional solid waste management tools and the reuse of urine for re-flushing is 

something which can be worked on. The eco-sanitation provides the opportunity for a sustainable 

yet affordable solution for the safe disposal of human waste. It is an approach to sanitation provision 

by using human urine as a resource of water. Ecological sanitation demonstrates a closed-loop 

methodology for reusing as flush waster instead of letting them diffuse into water streams (Simha 

and Ganesapillai, 2017; Kete et al., 2018). It is a guiding fundamental that favors context-specific 
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sanitation solutions by understanding that technology is not the adoption of any individual sanitation 

technology but it is an only end-points or ‘means to end’ of creating improved sanitation facilities. 

 Urine is a special type of complex mixer containing both molecular and ionic compounds. It 

represents a small volume (≈1%) of domestic wastewater, but the major source of water pollution 

(Spångberg et al., 2014). Urine is difficult to describe as one particular formula because of its high 

dependence on various factors like climate, age, diet, physical activities. It also contains various 

micro-pollutants such as synthetic hormones, vitamins, organic acids, pharmaceutical residues 

which are considered as emerging environmental pollutants (Dbira et al., 2019; Makos et al., 2019). 

The principal organic fraction of urine is mainly comprised of nitrogen-based components such as 

urea, creatinine and uric acid. Urine also contains most of the natural nutrients such as potassium, 

nitrogen, phosphorus, sodium, chlorides, etc. (Dbira et al., 2015). Despite, the presence of such 

valuable nutrients, the continuous discharge of insufficiently treated urine wastewater to 

surroundings is harmful to the environment as well as to human health because of their well-known 

role as endocrine disruptors (Udert et al., 2006; Dixit et al., 2017). Furthermore, Biological oxygen 

demand from the direct discharge of human waste into water streams is becoming a threat to 

biodiversity (Cho et al., 2014).  

 Hence it is necessary to treat this wastewater before its discharge because it has been 

validating that pathogens present in human urine can remain alive for a longer period of time 

(Hoglund et al., 2002). The treatment of urine wastewater can prevent the pollution in the 

environment by treating the harmful micropollutants which are not easily degradable during 

treatment processes and could be recycled as flush water (Udert et al., 2006). The main principle 

organic constituents in urine wastewater are urea, creatinine and uric acid. As a residual liquid, their 

main components may cause detrimental effects on the surrounding environment, in particular, 

because of their high nitrogen (N) content (Dbira et al., 2015). 

 The continuous discharge of these organic constituents via urine in the open streams leads to 

excessive N-loading in surface water and causes algal blooming leaving adverse effects on the 

ecosystem as well as human well-being. Moreover, its readily automatic conversion to ammonia via 

enzymatic hydrolyzes by urease leads to the serious environmental and health problems such as an 

increase in the pH of the soils and release of free ammonia into the atmosphere contributing toxic 

compounds like ammonium, nitrates, and sulfates (Hernandez et al.,2014). Treatment of such 
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wastewater becomes a challenge because of its complexity, odor, unstability, and composition which 

varies every day (Antoniou and Dionysiou, 2007). 

 During the last few decades, a wide variety of conventional treatment technologies like 

adsorption, air stripping, aerobic, anaerobic, coagulation,  enzymatic decomposition, chemical 

oxidation, etc. have been used for the treatment of water and wastewater (Adams et al., 2002; 

Stackelberg et al.,2007; Singh et al., 2017).  However, these technologies consume a large amount 

of water, time and required higher energy to treat wastewater. However, these technologies are 

proven inappropriate for the treatment of mixed wastewater (urinal) and inefficient for the complete 

removal of toxic nitrogen-based components (Rajasulochana and Preethy, 2016). In these treatment 

methods, the polluted water is subjected to successive different process units resulting in the 

formation of more complex intermediates. Furthermore, it has estimated that only 25% of the total 

wastewater generated in the country is getting treated and rest is directly discharged into water 

streams without any biological and chemical treatment (Wu et al., 2016).  

 The regular/continuous discharge of untreated/ not properly treated wastewater in water 

streams resulting in the generation of pathogens such as enteric viruses, helminthes (intestinal 

worms), bacteria, protozoa, fecal streptococci,  E. coli., nutrients, micro-pollutants and traces of 

toxic organics pollutants. Thus causing potential risk to the environment in terms of polluting 

groundwater, lowers the pH of the soil, eutrophication in water streams due to excessive discharge 

of nitrogen-based components, decreasing the potency of agricultural land, etc. Moreover, most of 

these technologies such as adsorption, air stripping, aerobic, anaerobic, coagulation,  enzymatic 

decomposition, chemical oxidation, etc. requires complex equipment, large economic investments, 

expertise to operate and consuming enormous amounts of energy and resources along with leaving 

a lot of emissions in the environments (Hu et al., 2016).  

 Thus, these traditional treatment technologies are not suitable for a country like India. Hence 

require effective and strong technologies for the treatment as well as the removal of persistent and 

recalcitrant compounds from wastewater. The in- capabilities of these treatment technologies have 

inspired the researchers to work in the field of advanced treatment technologies like ozonation, 

reverse osmosis, incineration, microfiltration, and advanced oxidation processes (AOPs) and 

electrochemical advanced oxidation processes (EAOPs). Among all these technologies AOPs and 

EAOPs have proven better for the degradation and mineralization of recalcitrant compounds. 
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Figure 1.1 Poor sanitation systems and disposal facilities and its sustainable solution. 

1.1 Overview of Advanced Oxidation Processes (AOPs) and Electrochemical Advanced 

Oxidation Processes (EAOPs) 

         Literature has consolidated the performance of AOPs as promising technologies for the 

treatment of such complex, toxic and wide variety of bio-recalcitrant pollutants present in 

water/wastewater (Cernigoj et al., 2007; Lester et al., 2011; Suzuki et al., 2015; Lee et al., 2016; 

Gagol et al., 2018). AOP’s can be classified as photochemical oxidation processes which include 

various technologies like ozonation, photocatalysis, photolysis, sonophotocatalysis, Fenton, photo-

Fenton, cavitation techniques (Kaur and Singh, 2007; Maddikeri et al., 2013; Raut-Jadhav et al., 

2013; 2016), etc. as shown in Figure 1.1.1 (Bin and Sobera-Madej, 2012). Studies have been reported 

in the literature for the treatment of human urine and its metabolites (Liu et al., 2008; Antoniou et 

al., 2009; Zhang et al., 2015) using heterogeneous photocatalysis. However, AOPs have shown 

limited effectiveness for target compound oxidation in natural waters because of hydroxyl radical 

(OH•) scavenging by bicarbonate and dissolved organic carbon (DOC). The processes in AOP is 
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dosage-dependent processes, so the appropriate amounts of OH• molecules are formed to achieve 

the desired level of treatment. Such complex chemistry will likely need highly skilled engineers to 

design the system correctly. Furthermore, traditional AOPs suffers from high capital and operating 

cost due to the continuous requirement of energy source like Ultra Violetrays (UV) and chemical 

reagents (catalysts and oxidizers) which increases with treatment time, reduced efficiency of 

titanium dioxide (TiO2) catalyst in an immobilized state, requires high degree of pre-treatment and 

operational difficulties as well as a longer period of time for complete disinfection. Hence, it 

necessitates an immediate requirement for most cost-effective alternative technology (Chaplin, 

2014). 

 

Figure 1.1.1 Classification of AOPs 
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In recent years, new AOPs based on the electrochemical technology, i.e., EAOPs, have been 

developed (Fryda et al., 2003; Martínez-Huitle and Ferro, 2006; Brillas et al., 2009) and shown its 

potential for degrading of a wide variety of pollutants. EAOPs are not a direct replacement for AOPs 

but have several advantages. A huge number of studies have shown that there is an opportunity for 

energy recovery from EAOPs by capturing the H2 that is produced from cathodic reactions during 

simultaneous oxidation of organic compounds on the anode (Chaplin, 2014). Studies have also 

shown that the operation of EAOPs is cheaper than traditional AOPs under certain operating 

conditions (Sahu and Chaudhari, 2015). 

EAOP is a technique based on the transfer of electrons (e-), with the inherent advantage of 

the compatibility, versatility, and amenability to automation. It offers several promising approaches 

such as electro-oxidation, electrocoagulation, electro-chlorination, electro-Fenton, photo-electro-

Fenton, sonoelectro-Fenton for the prevention and remediation of pollution problems (Brillas et al., 

2009; Daghrir et al., 2012; Khandegar et al., 2018) as shown in Figure 1.1.2 (Ganzenko et al., 2014). 

One of the most attractive and affordable technologies that have come under EAOP’s is the electro-

oxidation (EO). Studies pertaining to EO have confirmed that the technology is a strong bet for the 

treatment of toxic and persistent bio-refractive compounds (Canizares et al., 2009; Sires et al., 2014). 

It is considered as highly efficient, versatile, cost-effective and eco-friendly technology with high 

oxidation stability and has made considerably huge progress in water/ wastewaters treatment (Zhuo 

et al., 2011; Sahu and Chaudhari, 2015). 
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Figure 1.1.2 Classification of EAOP treatment technologies 

1.2 Electro-oxidation (EO) Process and Mechanism 

EO process involves two mechanisms i.e “direct” (pollutant degrade on electrode surface) 

and “indirect” (pollutant degrade in the bulk) as shown in Figure 1.2 (Outran et al., 2014). Indirect 

oxidation, pollutant reaches the anodic surface and degrade on the surface itself through the 

generation of physically adsorbed “active oxygen” in the oxide lattice as shown in Equations 1.2.1-

1.2.2. While in the case of indirect oxidation pollutants degrade by strong oxidants like chlorine, 

hypochlorite, hypochlorous acid, hydrogen peroxide, ozone, etc produce in bulk during electrolysis 

as described in Equations 1.2.3-1.2.9 (Panizza et al., 2010; Sarkka et al., 2015). 

R + H2O                       R (OH•) + H+ + e-                                         (1.2.1)                                                

R (OH•) + P     R+ mCO2 + n H2O + H+ +e-                             (1.2.2)                        

2Cl-                              Cl2 + 2e-                               (1.2.3)                   
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Cl2 + H2O                    HOCl + H+ +Cl-                                                                               (1.2.4)                  

HOCl-      H+ + OCl-                           (1.2.5)                    

H2O                             OH• +  H+ + e-                          (1.2.6)                      

2OH•                           H2O2                        (1.2.7)                   

H2O2                            O2 + 2H+ + 2e-                         (1.2.8)                     

O2 + O⋆                           O3                        (1.2.9)      

EO process does not require any chemical additives like hydrogen peroxide (H2O2) for the 

generation of OH•, moreover, it generates directly from the oxidation of water. These OH• react with 

a wide range of recalcitrant pollutants unselectively, generally at diffusion-limited rates. Further, in 

addition to this, the compounds which are unreactive to OH• can be degraded through critical rate-

limiting step i.e. direct electron transfer (DET) reactions. These types of reactions basically 

contribute an additional mechanism in the oxidation of the target compound by transferring an 

electron directly from the pollutant to the electrode. A larger number of studies have shown the 

involvement of both OH• reactions and DET reaction in the oxidation pathways of pollutants 

(Chaplin, 2014). Studies have shown that due to water oxidation an acidic layer was produced at the 

surface of the anode which prevents the scavenging of OH• in natural waters by protonating HCO3
- 

to H2CO3.  

 

Figure 1.2 Mechanism of EO and Electro-chlorination (Outran et al., 2014) 
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1.3 Applications of EO for Wastewater Treatment  

A large number of studies have shown that EO has come up with as a promising technology 

for degrading of a wide variety of recalcitrant pollutants such as chlorinated organics, fluorinated 

organics,  phenolic compounds, landfill leachate, human waste, pharmaceuticals and various type of 

industrial effluents (Anglada et al., 2009; Chaplin, 2014). Studies have also shown that during 

oxidation of target compounds simultaneously there is an opportunity of recovery energy by 

capturing gases like hydrogen (H2) which generate from cathodic reactions (Chaplin, 2014). To gain 

insight into the use of EO processes, certain conditions likely to be encountered for treating water 

and wastewater; those are electrode material, operating conditions, the stability of electrodes and 

configuration of the cell (Urtiaga et al., 2013). 

The effectiveness of the process and its feasibility at a commercial level largely depend upon 

the electrodes material which is capable of generating a lot of strong oxidizing agents such as OH• 

and various chloro-oxidant species as shown in Equations 1.3.1-1.3.11. Panizza and Cerisola, (2008)  

divided anodes into two classes i.e. “active” and “non-active” based on the strong and weak 

interaction of in-situ generated OH• with the electrode surface. Active anodes (IrO2, RuO2) exhibit 

higher electrochemical activity for O2 potential i.e. has lower oxygen evolution potential (OEP) 

therefore are unable to perform complete mineralization or do partial oxidation of recalcitrant 

organic compounds through active chlorine (Cl2), hypochlorite (OCl-), hypochlorous acid (HOCl), 

etc. while non-active anodes (PbO2, SnO2) have higher OEP hence are able to do complete 

mineralization (Martinez-Huitle and Ferro, 2006). Although inactive anodes do complete 

mineralization due to low conductivity these electrodes are not stable for a longer period of time. To 

overcome this problem electrodes are doped using common dopants like Sb, B, Bi, etc. to increase 

their conductivity as well as stability.  

R (OH•)                        RO + H+ + e-                    (1.3.1)           

RO + P                          R + PO                    (1.3.2)         

RO      R + ½ O2                      (1.3.3)              

R (OH•)                        R + ½ O2 + H+ + e-                   (1.3.4)       

2Cl-                              Cl2 + 2e-                                                       (1.3.5)        

Cl2 + H2O                     HOCl + H+ +Cl-                     (1.3.6)   

HOCl     H+ + OCl-                    (1.3.7)        



11 
 

Cl- + OH•      ClO- + H+ + e-          (1.3.8)     

ClO- + OH•      ClO2
- + H+ + e-                   (1.3.9)    

ClO2
- + OH•               ClO3

- + H+ + e-                                   (1.3.10)     

ClO3
- + OH•             ClO4

- + H+ + e-                               (1.3.11)     

Where R: electrode; P: pollutant 

1.4 Overview of Electrodes  

Recently several researchers have presented different groups of novel electrodes for 

degradation of pollutants are boron doped diamond (BDD), mixed metal oxide anodes (MMO) such 

as Ti/TiO2/RuO2-PbO2, TiO2-SnO2, Ti/RuO2, Ti/RuO2/SnO2, Ti/IrO2/SnO2-Sb, Ti/Pt, Ti/Pt-Ir, 

Ni/Ni(OH)2 as most effective anodes (Szpyrkowicz et al., 2000; Zanta et al., 2003; Panizza and 

Cerisola, 2009; Wu et al, 2014) while cathodes like graphite or carbon felt, copper, stainless steel 

etc. are commercially available working electrodes used for in-situ electro-generation of H2O2. 

Nidheesh and Gandhimathi, (2014) and Rosales et al., (2012) have reported that graphite was best 

cathode material for electro-generation of H2O2. These different kinds of electrodes such as lead and 

lead dioxide, BDD, Graphite electrodes, metal anodes, MMO and doped-MMO have been studied 

for the degradation of a wide variety of pollutants (Borras et al., 2010; Scialdone, 2009; Aquino et 

al., 2014).  

1.4.1 Lead and Lead dioxide (PbO2) 

EO using lead and lead dioxide has been used efficiently in various lead acid batteries for 

treatment of various pollutants because of their stability, low cost and oxygen evolution potential 

which delays the evolution of O2 over Cl2. But at the same time, it has also been observed that in 

presence of acidic electrolyte, an adherent film formed on the surface of anode due to which 

electrode poisoning occurred along with the dissolution of toxic Pb2+ ions. Hence, hinders the use of 

lead and lead dioxide as anodes (Sarkka et al., 2015).  

1.4.2 Boron-doped diamond (BDD) 

The other most extensively and promising electrode used for EO is BDD. These electrodes 

are suitable for wastewater disinfection because of the inertness in tough conditions, high oxygen 

evolution over potential, electrochemical stability, good current efficiency, high corrosion stability, 
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and good conductivity (Dbira et al., 2015; Cotillas et al., 2016). It has also been suggested that BDD 

are not efficient for the treatment of highly saline wastewater because it is less effective in chlorine 

generation as compared to other electrodes and, due to their high over-potential for oxygen and 

chlorine evolution, which may generate toxic byproducts like chlorate and perchlorate (Raut et al 

2013). Hence require additional treatment for the removal of these toxic products. Moreover, the 

known high cost of conductive diamonds anodes makes there large-scale industrial application 

unfeasible. 

1.4.3 Mixed Metal Oxide Anodes (MMO) 

Recent studies have come up with the use of MMO with market name dimensionally stable 

anodes (DSA) for the treatment of wastewater containing recalcitrant organics. MMO anodes are 

one of the effective and electrochemically stable electrodes with better process efficiency, possess 

high quality for chlorine evolution and competent in the production of the chloro-oxidant species 

like Cl2, ClO-, HOCl, etc. during EO treatment (Chen, 2004; Scialdone,2009) as well as presents 

longer service life as compared to other electrodes (Chen, 2004; Lacasa et al.,2012). These type of 

electrodes such as Sn-Sb binary MMO, Ir-Ru binary MMO, Ir-Ta binary MMO, Ti-Ru binary MMO, 

Ti-Bi binary MMO, Ir-Ru-Sn ternary MMO, Ce-Ru-Sn ternary MMO and Ru-Ir-Sn-Ti quaternary 

MMO anodes (Wu et al.,2014) have been used for the EO treatment of large variety of wastes such 

as dyes effluent (Rajkumar and Kim, 2006; Raghu et al., 2009), pesticides and herbicides (Neto and 

Andrade, 2009; Malpass et al., 2006), phenolic compounds (Wang and Wang, 2008), pharmaceutical 

waste (Cheng et al.,2013; Fernandes et al., 2014), plasticizers (Wang et al.,2010), chelating agents 

(Shao et al.,2006) and Microcystin toxins (Shi et al.,2005).  

Electrochemical water splitting at MMO generates adsorbed OH• which further evolves 

towards oxygen evolution reactions and likely to cause complete degradation of organic compounds 

(Scialdone, 2009). These MMO anodes have established their worth in treating a wide variety of 

pollutants like paper mill water (Sarkka et al., 2009), reverse osmosis concentrate (Bagastyo et al., 

2011), synthetic wastewater (Zhou et al., 2011) and landfill leachate (Panizza and Martinez-Huitle, 

2013).  

For the past few years, various attempts have been made to develop doped-MMO anodes in 

order to achieve the better electrocatalytic activity, photoelectrocatalytic activity, corrosion 

resistance, conductivity, hydrophilic and hydrophobic properties (Singh et al., 2016). Some of the 
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dopants used in the MMO anodes for corresponding improvements are TiO2-NTs/SnO2-Sb, Ti/Ce-

PbO2, Ti/PbO2-Pr, Ti/Gd-PbO2, and Ti/ PbO2-Co-F, etc. (Wu et al., 2014). Several studies have 

shown that by using this doped-MMO for the degradation for degrading of a wide variety of 

recalcitrant pollutants with better removal efficiencies.  

1.5 Photo-electrocatalysis (PEC) 

Another technology which comes under EAOPs is PEC. This technique is a combination of 

two processes EO and photo-catalysis (PC). Although the photocatalytic process has been 

extensively studied for degradation of pollutants via using TiO2 as a photocatalyst under UV 

illumination. But its practical application on large scale for the oxidation of recalcitrant pollutants 

has been blocked due to the low photonic efficiency because of the fast recombination of the photo-

generated electron/hole (e−/h+). Using the electro-catalysis process in combination with PC can 

prevent the recombination of the e−/h+ pair generated during PC (Daghrir et al., 2012). The process 

increases efficiency, decreases the costs besides increasing the rate of degradation of recalcitrant 

pollutants (Catanho et al., 2006). PEC oxidation process has received considerable attention in the 

field of environmental protection and has been applied for the treatment of different effluents like 

dye (Han et al., 2008; Wang et al., 2010), phenolic compounds (Li et al., 2007; Xu et al., 2012), 

Humic substances (Selcuk et al., 2003), microbial pollutants (Philippidis et al., 2010), etc. present 

in wastewater (Daghrir et al., 2012). Hence, the PEC process is considered as a good alternative to 

conventional PC for improving the degradation rate.    

1.6 Pilot Scale Studies with Continuous EO Reactor 

The designing of the cell or reactor is an important issue to maintain the high mass transfer 

rate on the electrode surface in a cell some of the likely methods are used such as gas sparging, use 

of baffles, incorporation of turbulence promoters. An EO reaction can be operated in batch or 

continuous (mixed/plug) flow mode with or without recycle. Further division can be made on the 

basis of parallel or series flow (Sulaymon and Abbar, 2012). The design of electrolytic cells to yield 

a high conversion of electro-active species,  reactor is made while keeping two aspects or in mind, 

that is electrode geometry and configuration of cell that is two dimensional or three-dimensional 

construction (based on electrode geometry) and other is undivided or divided cell (based on 

configuration) (Anglada et al., 2009). To have a successful implementation of electrochemical 

advanced oxidation processes the role of reactor designing is very important. The reactor 
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configuration can be modified or redesigned to have a better effect on electrodes and operating 

conditions. Few studies have shown the effective utilization of large variety of batch and continuous 

electrochemical reactors at lab scale or field scale for the degradation of recalcitrant pollutants (Raju 

and Basha, 2005; Brillas et al., 2009; Daghrir et al., 2012; Park et al., 2013; Cho et al., 2014; Menon 

et al., 2015; Barbosa et al.,2018). 

1.7 Aim of the Proposed Study 

The goal of this study is to evaluate the efficacy of MMO and doped-MMO electrodes for 

the EO treatment of synthetic urine/actual human urine (SU/AHU) and its metabolites (urea, 

creatinine and uric acid). Besides reporting its novelty in terms of first-time use of these types of the 

anode, efforts have also been done to reduce the treatment time as reported in the literature by 

incorporating the concept of a dual effect called PEC. The process was executed both at lab scale 

and at pilot scale with proper optimization of process parameters. The process was validated by 

executing a lab-scale trial for the EO treatment of actual human urine.  
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Chapter -2 

REVIEW OF LITERATURE 

 

2.1 General 

      This chapter intended to present a review of the literature related to research work for the 

treatment of urine metabolites i.e. urea, uric acid and creatinine, SU and AHU by EO and PEC 

treatment processes. This chapter has been divided into two sections: (i) represents the review of EO 

and PEC treatment processes along with mechanism and factors which affect the efficiency of these 

processes and (ii) represents the application of both processes for the treatment urine and its 

metabolites. 

Section I 

2.2 Overview 

   From the past many years, the need for sustainable development in terms of basic sanitation 

facilities and health has always been neglected or given low priority in developing countries like 

India. Despite many policies like Mega-City Scheme, Integrated Low-Cost Sanitation Scheme 

(ILCS), Swachh Bharat Abhiyan (Clean India Campaign), Accelerated Rural Drinking Water Supply 

Program (ARWSP), etc. India has failed to make proportionate strides in developing its sanitation 

sector. Till date, 2.4 billion people still living without adequate sanitation facilities and the majority 

of whom practice open defecation (Langergraber and Muellegger, 2005; WHO/UNICEF, 2015). 

Freeman et al.,(2017) reported that poor sanitation and a continuous discharge of untreated human 

excreta (urine and feces) from slums/ rural areas to running streams of water has led to negative 

impacts on environments and human health. These impacts can cause potential risk of transmission 

of waterborne pathogens from water to nearby areas which further leads to contamination of soil/ 

water, generation of non-preventable waterborne diseases such as diarrhea, dengue, malaria, etc. 

particularly, children less than the age of 5 years (Rautanen and Viskari, 2006; Luthi et al., 2010). 

Studies have shown that many inhabitants from rural areas and peri-urban slums still lack sewerage 

and drainage systems results in the accumulation of hazardous toxic waste in-ground/surface water 

resulting in negative ecological effects.  



16 
 

   According to one study, India generates a staggering 1.9 million tons of human waste a day, 

out of which 75 percent of sewage goes untreated and disposed of in surface water, groundwater, 

lakes, running streams and coastal areas. This is because of the lack of adequate water supply at the 

end of the pipeline and less money and manpower to treat all the sewage generated (Centre for 

Science and Environment and Down To Earth magazine, 2016). A case study has been reported of 

Malyana, a small town in Shimla had discharged untreated wastewater from Sewage Treatment Plant 

(STP) into the mainline source of drinking water supplied by the Irrigation and Public Health 

Department. Due to which an acute jaundice breakout led to the death of seven people and had 

affected over 1200 people. From the reports, it was found that STP was never in operation due to 

which sewage was discharged without any biological or chemical treatment (The Indian Express, 

2016). Another article in 2017 has reported the sewage pollution in water supply in Indore due to 

lack of regulation and capacity, more than 20% of untreated sewage waste was dumped into the 

water supply, while 80% of the sewers were under-utilized or blocked. Due to this, exposure to 

microbial harmful pathogens and chemicals like nitrogen, phosphorus, and heavy metals have 

increased in the river resulting in serious health problems (Tahir and Visaria, 2017).  

There are still many more case studies were reported in the literature on the direct disposal of 

untreated sewage in water supply systems which lead to pollution and various non-curable diseases. 

Due to the in-capabilities of the conventional treatment technologies, this exposure of pathogens and 

toxic compounds via drinking water to humans and aquatic life has risen the major issues among 

government, non-governmental water suppliers, water regulators, sewage and wastewater 

management and public (Luthi et al., 2010).  Hence in this developing world, there is a great need 

for decentralized, effective and sustainable water treatment technologies that drive towards the on-

site wastewater treatment in buildings and water reuse technologies with reduced consumption of 

energy, water, and capital cost. The literature thoroughly reviewed to examine the advancement in 

the field of sewage and wastewater treatment through EAOP treatment technologies a promising 

class of AOP. This review clearly addresses the disadvantages and advantages of every aspect of 

EAOPs (technique, electrode material, parameters, etc.) in context to their practical application at 

the commercial level. This review considerably aims at the degradation of nitrogenous organic 

pollutants present in urine wastewater.   
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2.3 Assets and Liabilities of Electrochemical Advanced Oxidation Processes (EAOPs) 

Over the past few years, EAOPs have come up as promising technology for the degradation 

of recalcitrant and complex mixed wastewater streams. Using electricity (i.e. current/voltage) for the 

treatment of waters/wastewater was first proposed in 1889 in the UK (Chen, 2004). EAOPs are 

considered as an alternative class of advanced oxidation processes that rely on the in-situ generation 

of OH• via the oxidation of water on the surface of the anode as shown in Equation 2.3.1 (Chaplin, 

2014). Because of its high oxidation evolution potential, OH• reacts rapidly and unselectively with 

a wide range of recalcitrant toxic organics pollutants such as phenolic, chlorinated and aromatic 

compounds (Diaz et al., 2014). 

        H2O                                        OH• + H+ + e-                                                                                                                     (2.3.1) 

In addition to this, EAOPs offer several advantages in terms of versatility, energy-efficient, 

environmentally compatible, automation amenable and last but not least cost-effective (Brillas et al., 

2009). For these reasons, EAOPs can be considered as a potential alternative inhibitor for the 

remediation of pollution problems (Sires et al., 2014).  The design, development, and application of 

EAOP’s for the treatment of water and wastewater has particularly focused on some effective 

technologies like electrocoagulation, electrodeposition, electrofloculation, EO, electro-reduction, 

electro-Fenton, photo electro-Fenton, solo electro-Fenton, electro-chlorination and PEC (Martinez-

Hutile and  Brillas, 2009; Outran et al.,2009).  

2.4 Electro-oxidation (EO) 

In recent years, various scientific journals have been thoroughly discussing the applications 

of EO for the remediation of environmental pollution. The removal mechanism of EO based on two 

categories i.e. (i) separation technologies in which target pollutant get separated from the aqueous 

medium without changing its chemical structure (ii) degradation technologies, which cause the 

breakage in the bonds causing alteration of the complex target compound into simple by-products 

(Sirés and Brillas, 2012). Usually, in EO recalcitrant pollutant oxidized by two different oxidation 

mechanisms. Indirect oxidation target compound degrade directly at the surface of anode by transfer 

of electron or by physisorbed/ chemisorbed OH• generated via oxygen evolution reaction (OER) 

while in case of indirect oxidation target pollutant destroyed by weakly physisorbed OH• at surface 

of anode or by other common oxidants such as reactive chlorine species (RCS), persulfates, 
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percarbonate, O3, H2O2, etc. in the bulk (Moreira et al., 2017). The efficiency of the process is highly 

dependent on an affiliation between substrate mass transfer and electron transfer from bulk to the 

anode surface. There are thousands of publication which has been reported on the degradation of 

pollutants from wastewater via EO. It has been seen that progress and removal efficiency of the 

process depend upon certain operational parameters such as solution’s pH (Kaur et al., 2015), initial 

concentration of substrate (Rajkumar et al., 2007;), temperature (Schmalz et al., 2009), treatment 

time (Bansal et al., 2013), applied current (Niu et al., 2013), presence of organic and inorganic 

content (Chaplin, 2014; Sires et al., 2014), flow rate (Koparal et al., 2007), supporting electrolyte 

composition (Guzmán-Duque et al., 2014), electrode material (Martı´nez-Huitle and Brillas, 2009) 

and cell configuration (Brillas et al., 2009). 

2.4.1 Effect of pH  

The pH of the solution affects the solubility or ionization degree of the organics, adsorption 

capacity, rate of formation of oxidants during the reaction, surface charge properties, target 

compound dissociation and valence band oxidation potential (Daghrir et al., 2012). Several 

researchers have proven that the removal efficiency of pollutants such as dyes, pharmaceuticals, 

pentachlorophenol, humic acid, etc. was high in acidic solution over the alkaline solution. This might 

happen because at acidic pH (i) exhibition of the high oxidative potential of the OH• takes place, (ii) 

inhibition of the OER was there, and (iii) the concentration of bicarbonates and carbonates ions 

decreases, which are robust scavengers of OH•. Some studies have also explained the effect of pH 

on indirect oxidation with respect to the formation of RCS. At lower values of pH, the chlorine 

species which dominants is HOCl with high oxidation potential while in case of higher values of pH 

the species with high concentration is ClO- having lower oxidation potential (Moreira et al., 2017) 

as shown in Figure 2.4.1 (Martinez-Huitle and Brillas, 2009).  

Some authors have used a point of zero charge (PZC) of TiO2 whose value lies between (4.5 

pH to 7 pH) to study the effect of pH on photo-catalytic oxidation performance. For TiO2, the PZC 

has approximately 6 pH and under such case surface charge of TiO2 becomes neutral due to which 

the electrostatic interaction between the TiO2 and organic pollutant is absent. While for (pH values 

>6) the surface of TiO2 becomes charged negatively due to which electrostatic repulsion toward 

pollutant which is anionic dominates. However, in the case of pH lower than PZC, the surface of the 

catalyst becomes positive (Chong et al., 2010). Selcuk et al., (2003) has explained that the 
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distribution of TiOH is more than or ≈ 80% when pH value lies (3<pH>10), whereas the distribution 

of TiO− and TiOH2
+ were high or ≈ 20% for a pH value (>10 or <3).Thus, organic pollutants better 

removal efficiency took place at acidic pH values. But some pollutants like dyes remove better at 

basic pH. This conclude that the pH of the solution highly dependent upon the type of the pollutant, 

supporting electrolyte as well as the type of electrode material used (Wu et al., 2014).  

 

Figure 2.4.1 Generation of Chloro-oxidants species with respect to pH 

2.4.2 Effect of temperature 

  Many studies have been reported in the literature that temperature changes have a significant 

influence on the rate of reaction of pollutant oxidation, the adsorption capacity of OH• on anode 

surface and increased electro-generated oxidant species like RCS, peroxodisulfate, etc. (Canizares 

et al., 2006). Meaney and Omanovic, (2007) and Pan et al., (2012) reported that the rate of reaction 

of lignin and 4-chlorophenol was increased by 2.5 and 2.7 folds times with the rise in temperature 

from 20 to 60 ⁰C at mixed metal oxide (MMO) anode. Several studies have explained the relationship 

of Arrhenius Equation 2.4.1 with temperature influence on degradation efficiency (Wu et al., 2014).  

ln 𝑘 = −
𝐸𝑎

𝑅𝑇
+  ln 𝐴                          (2.4.1) 
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  However, some researchers have reported the negligible influence of temperature on 

degradation efficiency while others reported the decrease in the concentration of oxidant species 

such as reactive chlorine species at MMO when temperature increased from 20 to 70 ⁰C (Borras et 

al., 2007; Neodo et al., 2012). From reported research, it has been concluded that to have better 

efficiency and low cost, the EO process was performed at ambient temperature. 

2.4.3 Effect of initial pollutant concentration 

  In general, it was observed that solutions i.e. water/wastewater with higher initial organic 

pollutant concentration required a longer time to attain a given degree of degradation (Moreira et al., 

2017). Moreover, some authors reported that the treatment of pollutants with high initial 

concentrations in wastewater leads to the high elimination per unit of time, i.e. higher pollutants 

removal rates. This could be due to the faster oxidation of pollutants with OH• and the inhabitation 

of parasitic/ side reactions (Da Silva et al., 2014). Niu et al., (2013) reported that rise in 

concentrations of 2,4 Dichlorophenol (2,4-DCP) from 100 to 200 mg/L led to increase in rate 

constants (k) values from  0.21 to 0.26 min−1  and decrease in half-life (t1/2)  from 2.8 ± 0.2 to 2.3 ± 

0.1 min respectively. On contrary to this some researchers have also reported that pollutant with a 

high concentration in wastewater decreases the process efficiencies.  

  Wu et al., (2008) and Liu et al., (2011) in their studies reported that the chemical oxygen 

demand (COD) removal found a minimum when the initial concentration of pollutants was increased 

to a higher value. This might happen because of an increase in oxidation load and adsorption rate on 

the anode surface which further reduces the catalytic ability and adsorption capacity. Thus, increases 

the treatment time, energy consumption, decreasing process efficiency as well as affecting the 

service life of anode (Zhang et al., 2013). Moreira et al., (2017) reported that first-order rate constants 

and t1/2 for pollutant removal remained unaffected with a rise in substrate concentration. But when 

performed experimentally, it was found that the increase in the pollutant concentration in wastewater 

decreases rate constant values. This happened due to (i) rate-determining step shifting from diffusion 

process to the charge-transfer process on anode, (ii) mass transfer limitations of oxidative species 

from/ towards anodes and (iii) comprehensive mechanistic kinetic model limitations. 
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2.4.4 Effect of supporting electrolyte  

  The influence of the different types of supporting electrolytes and its concentration on EO 

efficiency was studied by several authors (Cho et al., 2014; Guzman-Duque et al., 2014; Wu et al., 

2014). In general, the electrolyte is used to increase the conductivity of the solution and make them 

suitable for a particular process. Among various supporting electrolytes (NaCl, Na2SO4, NaNO3, 

NaSO3, NaNO2, and NaClO4) NaCl is highly stable and widely used as a disinfectant (Örmeci et al., 

2001; Vanlangendonc et al., 2005; Karuppiah and Raju, 2009). Anglanda et al., (2009) in their study, 

discussed that increased electrolyte concentration had subsequently lowered the cell voltage for 

applied current density, thus made the EO treatment process more acceptable and cost-effective. EO 

with active anodes such as an MMO has greater efficiency in presence of Cl- as compared to non-

active anodes (such as BDD, Ti/SnO2, etc.) (Guzmán-Duque et al., 2014). However, the 

contradictory observation was made by (Cui et al., 2012) that the addition of Cl- in dye wastewater 

has enhanced the decolorization efficiency but not able to reduce total organic carbon (TOC) to the 

desired value. The other drawback of employing sodium chloride (NaCl) as supporting electrolyte 

especially in the case of BDD led to the formation of toxic byproducts such as chlorates (ClO3
-) or 

perchlorates(ClO4
-) (Bergmann et al., 2009). But some studies have also reported the readily 

consumption of RCS before the process ends, depending upon the type of electrode and 

concentration of electrolyte used (Wu et al., 2014). 

2.4.5 Effect of current density 

Among various operational parameters, current density has a strong influence on the 

oxidation as well as process efficiency. It is also important for the purpose of the mechanistic study 

as well as a key factor in analyzing the overall cost of the treatment process. Any easy meaning of 

increasing the current density is the speeding the oxidation process because the ability of electron 

transfer and generation oxidizing species depends upon the applied current density and type of 

electrode used. Rajkumar et al., (2007) found that the production of Cl2/ClO- was significantly 

enhanced when current densities increased from 7.22 to 36.10 mA/cm2. Zhu et al., (2008) reported 

the maximum percentage removal of phenol was achieved when the applied current density was 

increased from 10 mA/cm2 to 50 mA/cm2. Rapid degradation of crystal violet was observed on IrO2 

at higher current densities while in the case of BDD at lower values of applied current (Guzmán-

Duque et al., 2014). In most of the cases, it has been observed that higher values of current densities 
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always results in maximum destruction of different recalcitrant pollutants. However, it was also 

observed that the increase in current densities led to maximum energy consumption as well as the 

cost of the overall process. In industrial applications, the electrochemical treatment of pollutants at 

high current densities is rarely applied due to the low removal rate at higher values of current, OER 

occurs which consumed the OH• and produce low potential oxidants and additional energy consumed 

due to the increase in solution temperature (An et al., 2012). On the basis of the process kinetics, it 

was observed that pollutant oxidation at higher current values considered as mass transfer limiting 

reaction and to attain maximum COD removal, a flow rate of supporting electrolyte was increased 

(Wu et al., 2014).  

2.4.6 Effect of stirring rate 

Moreira et al., (2017) have reported that in an electrocatalytic reactor the stirring rate of the 

solution must be monitored to achieve the fast homogenization of the reaction solution by good 

mixing. This will further avoid the solid deposition on the anode surface, prevent sedimentation and 

assure the appropriate mass transfer of target pollutants toward the electrode. 

2.4.7 Effect of electrolysis time 

During the EO treatment process, it was found that time plays an important role in controlling 

the rate of reaction. Thirugnanasambandham et al., (2015) reported the increase in COD and color 

removal with increasing time, but after a certain value of the time, it was found that removal became 

constant. This was due to the passivation of the electrodes and increase in oxygen gas evolution 

which limits the performance of the EO treatment process (Bansal et al., 2013; Hiwarkar et al., 

2017). During electrolysis, it was observed that contaminants bond to the anode surface which grows 

like a thick film with the passage of time (Kaur et al., 2015). Therefore, due to the resistance of this 

impermeable film on the surface of the anode has decreases the overall efficiency of the treatment 

process as well as the increase in energy consumption was also observed.  

2.4.8 Effect of the type of electrode 

Ideally, the nature and type of electrode have a strong influence on the selectivity, percentage 

of reduction and efficiency of the treatment process. The electrode used for the abatement of the 

process should be physically and chemically stable, adequate conductive, resistance to corrosion and 

highly active, low cost, durable and less active towards side reactions (Zhou et al., 2011). Many 
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researchers have reported the potential use of the different types of electrodes for the degradation of 

various types of toxic and recalcitrant organic pollutants along with their comparison and oxidation 

mechanisms (Barrera-Díaz et al., 2014). There are two classes of electrodes (i) active anodes (IrO2, 

RuO2, Pt) with low O2-overpotentials, which are characterized by a high electrochemical activity 

toward oxygen evolution and low chemical reactivity toward oxidation of organics. At these types 

of anodes, effective oxidation of pollutants occurs at lower values of current while at high current 

values, the efficiency of the treatment process decreases due to the evolution of side reactions. In 

contrast (ii) anodes with high O2 overvoltage known as non-active anodes (BDD, SnO2, PbO2), in 

which M (OH•) are weakly physisorbed at the surface of the anode which means anodes has higher 

chemical reactivity toward pollutant degradation. These types of anodes work at higher current 

densities with minimum input from OER resulting in complete mineralization (Foti et al., 1999; 

Martı´nez-Huitle and Ferro, 2006; Anglada et al., 2009; Chaplin, 2014). 

Traditionally, the anodes used for the treatment of water and wastewater include lead, lead 

dioxide, and doped lead dioxide. Cossu et al. (1998) reported that using titanium coated with PbO2 

anode, COD was removed up to a value of 100 mg/dm3 by the direct oxidation of organics with OH•. 

Zhou and He, (2008) reported the electrochemical degradation of an azo dye, on a novel PbO2 anode 

and found that at high current densities and high-temperature values, the degradation was maximum 

but at the same time the overall cost also increased. Panizza et al., (2010) reported that the organic 

loading of landfill leachate was efficiently removed using a flow cell equipped with a PbO2 anode. 

In particular, the specific energy consumption to reduce the COD below the disposal limit <160 

mg/dm3 or to completely remove the COD was 90 mg/dm3.  

PbO2 electrodes are inexpensive, superb conductivity and widely used for degradation of 

pollutants. The only drawback is a generation of highly toxic Pb2+ ions in solution from corrosion, 

leading to serious secondary pollution (Chen, 2004). In order to resolve the issue of release of toxic 

Pb2+ ion, (Kotz et al. 1991; Comninellis, 1992; Grimm et al., 1998; Cossu et al., 1998) were some 

researchers, evaluated the comparison between PbO2 anode and antimony doped tin oxide anodes 

(Ti/SnO2–Sb2O5) for the EO treatment of pollutants like phenol, landfill leachate, etc. and found that 

later anode was much better without any generation of toxic ions in the treated solutions. Despite of 

immense efficiency for the treatment of organics (Correa-Lozano et al. 1997; Chen et al., 2005) this 

anode lack sufficient chemical stability as well as found that service life was only up to 12 h at 
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current density of 1000 A/m2 in 1M H2SO4 solution while at 10,000 A/m2 and 3M H2SO4, this anode 

last for few seconds only. To increase the life span of the anode, IrO2 was mixed (Chen et al., 2002) 

and found that charge storage could be enhanced after polarization in 3M H2SO4 solution at 1 A/cm2 

for 1000 h. Unlike (TiO2, SnO2, PbO2 ), BDD has shown excellent electrochemical stability in 

strongly acidic media, the extremely wide potential window in aqueous and non- aqueous 

electrolytes, inert surface with low adsorption properties and have highest oxygen evolution over-

potential value (2.7 V). BDD anodes used for the degradation of a wide variety of pollutants 

completely despite the nature of the pollutants. Besides OH• generation on the electrode surface, it 

also performs indirect oxidation by electrochemically generated oxidants such as persulfate, 

perphosphate or hypochlorite depending upon the electrolyte used (Sarkka et al., 2015). Many papers 

have demonstrated the application of BDD for EO treatment of different organics in synthetic/ real 

wastewater providing total mineralization (Martínez-Huitle and Brillas, 2009; Panizza and Cerisola, 

2008). Despite the numerous advantages, large-scale usage of diamond anodes is not feasible due to 

its high costs, brittle nature and formation of toxic by-products such as chlorate and perchlorates 

(Chen, 2004; Martínez-Huitle and Brillas, 2009). Hence, it prompted the scientist to work with cost-

effective anodes.  

However, before visualizing the commercial-scale applications of EO for the treatment of real 

wastewater, certain liabilities of the process need to be looked upon carefully as mentioned below: 

 Cost and durability of the supported metal oxide electro-catalyst 

 Passivation of electrode 

 The inertness of the supported electrocatalyst 

 Conductivity of electrodes 

 Leaching of metals  

 Generation of toxic byproducts 

 High energy consumption  

 The service life of electrodes   

To overcome these implications/ disadvantages, MMO anodes have proven their worth for 

the EO treatment of wastewater (Martı´nez-Huitle and Brillas, 2009; Radjenovic et al., 2012). 

Several authors have explained the usage of MMO due to its high strength, good anticorrosion 
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properties, great conductivity, inexpensive, quick repassivation behavior and easy availability (Li et 

al., 2005; Anglada et al., 2009; Panizza and Cerisola, 2009; Wu et al., 2014). 

2.5 Application of MMO in EO  

Some of the aforementioned concerns raised in the case of the EO treatment process are 

being overcome by the widely used anodes i.e. MMO. These anodes represent the important category 

of solid oxide catalyst which contains more than one metal cations (Martínez-Huitle et al., 2015). 

Different metal oxides were mixed to make a stable compound having significantly improved 

catalytic properties. Several studies have been reported on the applications of MMO as a catalyst, 

sensors, semiconductors, photoconductive thin films and an anode (Wu et al., 2014). MMO as anode 

material has achieved remarkable progress for EO treatment and complete mineralization of various 

recalcitrant toxic pollutants such as dyes, phenolics, pesticides, pharmaceuticals, plasticizers, 

surfactants and microcystin toxins present in water and wastewater (Feng and Li, 2003; Anglada et 

al., 2009; Panizza and Cerisola, 2008; Martínez-Huitle and Andrade, 2011).  

 In this review study, a different aspect of MMO anode is discussed particularly its 

classification, synthesis, characterization and surface modifications. Some of the MMO used for the 

abatement of the organic pollutants from mixed wastewater based on bulk MMO system are such as 

Sn-Sb binary, Ir-Ru binary, Ir-Ta binary, Ti-Ru binary, Ti-Bi binary, Ir-Ru-Sn ternary, Ce-Ru-Sn 

ternary, and Ru-Ir-Sn-Ti quaternary anodes. Various chemical and physical methods of synthesis 

have been used to fabricate the above-listed electrodes which include thermal decomposition, 

electrodeposition, anodization, spin coating, magnetron sputtering, physical vapor deposition 

(PVD), etc. Out of the most widely used method for fabrication of anode is the thermochemical 

decomposition because of its stability and easy automation. Feng et al., (2010) has described the 

fabrication of Ti/SnO2-Sb-Eu at a various temperature from 450 to 850 ⁰C using thermochemical 

decomposition method and found that better electrocatalytic properties were achieved i.e. 96.4% 

phenol was removed when the anode was calcined at 750 ⁰C temperature. A similar study was also 

reported by Zanta et al., (2003), in which the service life of Ti/IrO2/SnO2-Sb increased when IrO2 

was added along with 95% TOC removal of p-CP was achieved. Although the removal rate was high 

it was also found that on increasing the temperature above 550⁰C cracks were observed in the internal 

layers which further leads to poor stability.  
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One of the primitive ways to overcome this pitfall is the use of the electro-deposition method. 

Wu et al., (2011) reported the fabrication of MMO anode Ti/TiO2-NTs/SnO2-Sb by pulse electro-

deposition and confirmed that proposed electrode has higher crystallinity, a higher-order degree of 

the atomic lattice, lower concentration of oxygen vacancies and better electrochemical oxidation 

ability for the degradation of fluorobenzene and 97.2% TOC reduction in 3 h over the electrode 

prepared by sol-gel method. The only difference between chemical and physical is that in physical 

methods the direct use of metal oxides is there instead of metal salt as a precursor and it was found 

that anodes prepared has better crystalline formation (Lee at al.,2012). However, very few studies in 

the literature have reported the use of physical methods such as magnetron sputtering and PVD for 

the fabrication of MMO anodes 

In the last few years MMO anodes having nano size-structured, drawn immense attention 

because of its increased active surface area and enhanced rate of reaction. Several researchers have 

reported the vertical alignment of the titanium (Ti) substrate to titanium dioxide nanotubes 

(TiO2/NTs) through anodic oxidation in order to have a tubular template for implantation of metal 

oxides to increase the loading capacity of the Ti substrate. Li et al., (2013) has reported the effective 

electrochemical degradation of phenol by novel TiO2/NTs/PbO2 anode. Fabrication of 

TiO2/NTs/PbO2 anode was done by the introduction of electrochemical reduction step and 

parameters were modified by electro-deposition. It was found that the crystalline structure of β-PbO2 

nanoparticles was successfully deposited into TiO2/NTs walls without blocking tubes and phenol 

removal efficiency and COD reduction achieved by this anode were 96.6% and 88.7% respectively.  

Similar approaches were applied to deposit other SnO2 into TiO2/NTs walls by 

thermochemical decomposition, pulse electro-deposition, hydrothermal and electro-deposition 

(Macak et al., 2007). Zhao et al., (2009) has reported the fabrication of 3-D micro structured TiO2-

NTs/SnO2 as well as evaluated the comparison between electrochemical efficiency of traditional 

SnO2 anode and TiO2-NTs/SnO2 in context to the degradation of benzoic acid (BA) present in water. 

From the results, it was observed that service life as well kinetic rate constant for BA with 

nanostructure doped anode increased 12 times and 3.5 times respectively. In another study, Chai et 

al., (2011) and Li et al., (2011) have reported the assembling of 2D Mp-SnO2 electro-catalyst and 

1D TiO2-NTs photocatalyst through a block copolymer soft template method for the degradation of 

compounds 2,4-dichlorophenoxyacetic acid and p-nitrophenol present in water. The fabricated 
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anode has shown 3.1 times high photoelectric conversion, larger electrochemical surface absorption 

volume, smaller surface impedance, and lower electrochemical reaction activation energy. As a 

result, COD reduction for p-nitrophenol and 2,4-dichlorophenoxyacetic acid  98% and 90% along 

with the toxicity removal from wastewater.  

Recently fabrication of SnO2-Sb/CA MMO anode by thermochemical decomposition has 

attracted great attention due to their 3-D network, good electrical conductivity and high surface area. 

In electrochemical degradation of PFOA, it was found that TOC removal on SnO2-Sb/CA was 86% 

which was 17% in the case of SnO2-Sb/Ti anode (Zhao et al., 2013). Frolova et al., (2012) reported 

the fabrication of bulk nanostructured Pt/SnO2–SbOx–RuO2 through reversed micelles by adding a 

surfactant called CTAB for direct alcohol fuel cells. The electrochemical degradation of both 

methanol and ethanol were maximum at Pt/ATO and Pt/ARTO than those of the Pt/C. These 

enhanced catalytic properties can be attributed to the effects of SnO2 adjacent to Pt, such as the bi-

functional effect.  

Since the last fifteen years, many types of research have made attempts in order to develop 

doped-MMO anodes with certain improved properties such as electro/photocatalytic activities, better 

conductivity, anti-corrosion properties, and hydrophobic-hydrophilic properties. In doped-MMO, 

dopants were inserted into a precursor solution via electro-deposition or by grafting (Wu et al., 2014). 

Although the performance of MMO anodes enhanced by doping but at the same time it is also 

important to worth noting that which anode material to be used, level of doping and incorporation 

of ions either into oxide lattice of MMO or to the anode surface film which is mixture of metal 

oxides (Liu et al., 2011; Datta et al., 2013). Kong et al., (2007) reported the investigation of doping 

of rare earth metals with the same concentration (Ce, La, Er, and Gd) into PbO2 films through XRD. 

From results, it was found that the crystal structure of all dopants was present in the surface 

morphology without disturbing the crystal grain of PbO2 film. Among the four anodes, the Er-PbO2 

has exhibited the best performance by degrading 4-chlorophenol to 100% along with COD removal 

to 80%.  

During the preparation of Ti/PbO2-Pr2O3 anode by chemical vapor deposition and co-electro-

deposition (Wang et al., 2013) has found that anode prepared by CVD method had a larger surface 

area, better stability, excellent electrocatalytic performance, low energy consumption, and longer 

service life. Thus, concluded that the synthesis methods employed for anode preparation have a great 
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influence on the surface of crystal phases. He et al., (2011) reported the certainty in the oxidation 

state of the dopants, while the fabricating the modified Ti/SnO2-Sb/PbO-Pr anode.  From the results, 

it was concluded that praseodymium (Pr) doping has greatly improved the electrocatalytic activity, 

improves the stability, enhanced the formation of oxygen vacancies and surface hydroxyl groups. 

Furthermore, the ionic radius of Pr4+ found close to Pb4+ but the ionic radius of Pr3+ ions was larger 

and therefore responsible for the enlargement of surface particles. Several studies have reported the 

wide use of non-metallic dopants in order to have improved conductivity, adhesion, and stability 

properties of certain anodes such as SnO2, PbO2, etc. (Li et al., 2013; Lin et al., 2013). Among them, 

fluoride and bismuth ions are used by many researches in their studies for the oxidation of 

nitrophenol, perfluorinated chemicals and pharmaceuticals (Andrade et al., 2008; Liu et al.,2011; Li 

et al., 2013; Liu et al., 2012; Niu et al., 2012; Park et al., 2012; Cheng et al.,2013; Lin et al., 2013).   

Numerous studies have compared the features of un-doped and doped-MMO anodes 

quantitatively. Xu et al., (2012) has compared the characteristics and electrocatalytic activity of 

Ti/SnO2-Sb undoped and Lanthanum (La) and Ruthenium (Ru) doped Ti/SnO2-Sb anode. Cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) graphs showed an 

improvement in the peak currents from 0.37 mA/cm2 (undoped) to 0.52 mA/cm2 and 0.60 mA/cm2 

(doped) respectively, along with enhanced OH• adsorption capacity and increased active surface 

area. Also, removal of COD for phenol at both anodes was found much higher i.e. 86.4% and 82.1% 

than un-doped anode (60.1%). Liu et al., (2011) has investigated the electrochemical efficiency and 

impedance of Ti/Ce–PbO2 and Ti/PbO2 anode. The results showed that incorporation of cerium (Ce) 

into PbO2 has enhanced its catalytic activity, stability as well as increased its life span over traditional 

Ti/PbO2 anode. Furthermore, it was also observed that doped-MMO over undoped-MMO had shown 

higher current efficiencies with lower energy consumption at the end of the reaction. The application 

of MMO anodes in the EO process has nullified the drawback of the high cost of anodes. 

Although EO process with MMO has come up with a feasible solution for the treatment of 

bio-recalcitrant pollutants at the industrial level, certain liabilities are still there which need to be 

considered for effective economical applications as stated below: 

 Increased treatment time  

 Less efficient process 

 Fewer oxidant formations 
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 Formation of hazardous species during electrolysis 

These disadvantages can be overcome by coupling EO with some other technologies in order 

to increase the efficiencies obtained by a single process. Many studies in the literature have reported 

the integration of UV/solar light with EO that is called PEC (Cotillas et al., 2016).  

2.6 Photo-electrocatalysis (PEC) 

From the previous sections, it has been depicted that the concentration of oxidants generated 

during the EO treatment process is not very high hence required some sort of activation in order to 

enhance the production of oxidants during the treatment process. For example transformation of 

S2O8
2- into SO4

-• which had increased the performance of the process significantly because of the 

faster activity of SO4
-• that is 103–105 times than S2O8

2- (Wang et al., 2019). There are three different 

ways by which process performance can be improved.  Among them, one is PEC activation by light 

irradiation in which highly active species generated by light irradiation. This irradiation can be 

provided artificially (in terms of UV light) or naturally (solar driven). Thus in this way, reactive 

species are produced by the light decomposition of low oxidant species such as H2O2, O3, 

peroxosulfates, pyrophosphates, peroxocarbonates, ClO-, etc. as shown in following Equations 

2.6.1- 2.6.5 (Sires et al., 2014).   

H2O2 + hν→ 2OH•               (2.6.1)        

H2O + O3 + hν→ 2OH• + O2             (2.6.2) 

S2O8
2− +  hν→ 2(SO4

−)•             (2.6.3) 

ClO− +  hν→ O−• + Cl•             (2.6.4)      

O−• +  H2O→ OH− + 2OH•             (2.6.5) 

In recent years, PEC had received the great attention of researchers for remediation 

undesirable recalcitrant organic compounds present in water/wastewater which are difficult to 

remove by conventional treatment methods (Li et al., 2002; Leng et al., 2006; Freitas et al., 2011; Li 

et al., 2011) PEC is a combination of two processes that is electrocatalysis and PC. This technique 

offers the ability to prevent the recombination of photo-generated e−/h+ and possesses better process 

efficiency particularly and decreased the overall costs of the treatment process.  

The results obtained from the coupling of photo and electrolysis technologies led to the 

synergistic effect which interpreted by two catalytic processes i.e. (i) heterogeneous (external bias 
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aids in the prevention of electron-hole pair recombination and the UV helps the photons in reaching 

the electrode surface to form excited radicals) and (ii) homogenous (photoactivation of 

electrochemically generated reactive species) (Neumann-Spallart, 2007). In literature, it has been 

reported that the efficiency of the photoelectrocatalytic process depends upon certain parameters. 

Apart from pH, current density, supporting electrolytes, type anode, few other parameters can affect 

the efficiency of the PEC process such as light intensity, dissolved oxygen, temperature, type of 

cathode, etc. 

2.6.1 Effect of light intensity 

From the reported studies it was depicted that recombination of electron-hole is a rate-

limiting step in photo-catalysis. Hence, the rate of the reaction strongly depends on the light intensity 

irradiated on the surface of the electro-catalyst. On increasing the light intensity, it was observed 

that excitation of the catalyst along with re-excitation of electrons can be increased which further 

influence the rate of the photo-catalytic reaction (Wang et al., 2009). Moreover, with an increase in 

the UV light intensity, degradation of the pollutants or bacteria inactivation rate was found maximum 

because of the high concentration of generated oxidants on the surface of the TiO2 anode (Rincon 

and Pulgarin, 2003; Chen et al., 2010; Kollu and Örmeci, 2012). Chong et al., (2010) has proved 

that high light intensity always resulted in better degradation as well as proved that the reaction rate 

is directly proportional to the light intensity.  

In contradicting to this, some researchers had proved that the reaction rate is proportional to 

the light intensity only when light intensities were low, while the reaction rate is proportional to the 

square root of the light intensity under moderate conditions. Nevertheless, under the high intensity 

of light, the reaction rate was found as an independent (Yang and Liu, 2007). Pareek et al., (2008) 

reported the removal efficiency dependence on light intensity distribution within the PEC cell. 

Hence, it concludes that to have a better rate of reaction and minimum energy consumption, 

appropriate and sufficient light intensities were required.  

2.6.2 Effect of dissolved oxygen 

In the PEC, the dissolved oxygen plays important role as it avoids the recombination of 

photogenerated electron-hole pairs by acting as electron acceptors and participates in the formation 

of reactive oxygen species such as HO2
-, O2

•, HO2
•, H2O2, etc. as well as improved the oxidation 
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efficiency at the semiconductor interface (Zhang, 2003; Leng et al., 2006). Some authors have 

reported that dissolved oxygen might provide a split mechanism for pollutants like aromatic 

compounds. A study demonstrated that in PEC on applying high pressure of oxygen by raising the 

airflow led to a higher photo mineralization rate for pollutants present in water and wastewater 

(Wang and Hong, 2000). 

2.6.3 Effect of temperature 

According to the literature survey, the influence of temperature on PEC has not been studied 

well. However, its effect on photo-catalytic processes has been studied widely. Several studies have 

reported that when the temperature (T > 80 ⁰C) enhances the charge recombination due to which 

adsorption of pollutants on the surface of TiO2 decreases (Chong et al., 2010). Malato et al., (2009) 

reported that for optimum photomineralization, the temperature should be in the range (20 – 80 ⁰C) 

while in case of photo disinfection, the temperature should be high for the inactivation of 

microorganisms. Furthermore, it was also found that the collision frequency of molecules in reaction 

mixture increases on rising the temperature values, thus improves the rate constant for reaction 

(Rincon and Pulgarin, 2003). 

2.6.4 Effect of cathode material 

In comparison to conventional photo-catalytic process, PEC has an advantage of the use of 

cathode material, such as vitreous carbon (VC), graphite, Pt, etc. on which H2O2 can be 

electrochemically generated by cathodic reduction of dissolved oxygen (Xie and Li, 2006). Under 

UV irradiation, hydrogen peroxide can be decomposed into OH• on the surface of photo-anode and 

hence, contribute to enhancing pollutant degradation. According to previous studies, such an oxidant 

agent H2O2 is beneficial for photo-catalytic reaction by trapping the conduction band electron in 

order to generate more OH•. Furthermore, the addition of an electron acceptor that is H2O2 prevent 

the electron-hole recombination and increase the photo-catalyst efficiency (Ozer and Ferry, 2001; 

Xie and Li, 2006; Ding et al., 2010). Several studies in literature have reported the removal of 

complex pollutants like dyes (Pelegrini et al., 1999; Socha et al., 2005; Frontistis et al., 2011; Rao et 

al., 2017), pharmaceuticals (Daghrir et al., 2014), tannery waste (Paschoal et al., 2009) and humic 

acids (Pinhedo et al., 2005) via PEC using MMO anodes.  
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To explore the field-scale applications of EAOP’s, research is now concentrating on the 

utilization of natural solar radiation. The use of sunlight instead of UV irradiations is an 

environmentally attractive and economical solution for PEC (Gao et al., 2019). The application of 

solar-driven PEC process fits well for countries like India which receives immense solar light 

throughout the year. Till date, few studies have been reported on the use of different novel Ti/TiO2 

photoanodes with and without doping for the degradation of various organic recalcitrant pollutants 

under direct sunlight (Sires et al., 2014). In this context, Han et al., (2010) reported the 

photoelectrocatalytic efficiency of undoped Ti/TiO2 and N-doped TiO2/Ti photo-anodes for the 

degradation of Rhodium Blue dye under visible light. An almost 12% increase in the case of doped 

photo-anode was found in the degradation value over the undoped anode. In addition, the photo-

electrochemical efficiency of N-doped TiO2/Ti photo-electrode was 3% higher than that of undoped 

TiO2. Frontistis et al., (2011) reported the solar-driven photoelectrolytic degradation of bisphenol A 

in a stirred tank reactor over Ti/TiO2 anode. From the results, it was concluded that at low current 

values, the rate of degradation of pollutants was maximum and quicker in the case of PEC over 

individual processes (PC and EO) respectively. Furthermore, it was also observed that the cathodic 

H2 production rate was enhanced 4 times and 3 times respectively when compared to photocatalysis 

and electrolysis alone. However, if natural solar irradiations emitted by the sun are inadequate, can 

be overcome by combining it with artificial UV lamp for the maximum removal rate of pollutant in 

minimal time.  

Hua et al., (2016) has reported the fabrication of Cu doped TiO2-NTs and compared its 

photoelectrocatalytic activity with TiO2-NTs. From the results, it was observed that the surface 

sensitization of TiO2/NTs by Cu has enhanced the absorption of visible light as well as the enhanced 

the charge separation, transient photocurrent response, and photo-voltage measurements. 

Furthermore, Cu/TiO2-NTs electrode showed more effective photo-conversion efficiency and 

enhanced photoelectrocatalytic activity towards the degradation of diclofenac than pure TiO2-NTs 

electrode under simulated solar light irradiation. Wei et al., (2017) investigated the 

photoelectrocatalytic characteristics of TiO2/g-C3N4 (TCN) under different light sources for the 

oxidation of phenol-containing coking wastewater.  The results showed the complete degradation of 

phenol in 1.5 h under simulated solar irradiation over the other two light sources along with a 100% 

TOC removal rate. To the best of our knowledge, PEC has been mostly carried out at the laboratory 
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scale. Hence, to promote the applicability of PEC at field scale in the near future, it becomes 

mandatory to execute the scale-up trails of lab-scale results.  

2.7 Pilot-scale Applications of EO and PEC 

 For the successful implementation of large-scale EO and PEC treatment processes, one of 

the significant factors need to consider is the design of the electrochemical cell. Moreover, it 

necessitates a multidisciplinary perspective between all the operational parameters which directly or 

indirectly affects the subsequent utilization of captured photons of light inside a reactor and 

degradation efficiency. Electrochemical reactors can be grouped as 2D electrochemical systems such 

as tank cells, plate, frame cells, rotating cells and 3D electrochemical systems such as fluidized bed, 

packed bed cell, or porous carbon packing cells (Chen, 2004; Cernigoj et al., 2007). These types of 

2D electrodes can be operated in batch or continuous mode as well as simple to design, operate, 

cheap and easy to maintain. Furthermore, it was also observed that in these design mass transfer 

coefficient can be controlled independently of the residence time and electrolyte flow (Juttner et al., 

2000). The 3D electrodes have shown high mass transfer, large specific surface, enhanced specific 

yield and can even treat diluted solutions. But at the same time, it possesses some drawbacks such 

as complicated process control, discontinuous process and costly (Zhang et al., 2013).  

 Electrochemical reactors have really opened new channels where one can visualize the field 

scale applications with certain design modifications. Numerous studies have reported in the literature 

about the detailed kinetic studies of reactors employing the basic principles of EO (Walsh et al., 

2014) at the lab scale. However, in all these studies, it always remained unclear whether the oxidation 

of the target compound takes place due to heterogeneous/homogeneous indirect oxidation or direct 

oxidation. EO has been tested in laboratories using batch reactors for the treatment of a wide variety 

of toxic pollutants present in wastewater. The electrochemical cells classified into three groups: (i) 

improved mass transport by placing anodes in motion or by using turbulence promoters thus 

increasing current density; (ii) efforts were made to accommodate large anodes in a small volume 

cell-like swiss-role, extended surface electrolysis (ESE) or multiple-cathode cell and (iii) enlarged 

specific electrode area with improved mass transfer coefficients by the use of electrodes such as 

rolling tube cell, porous flow-through cell, etc. (Juttner et al., 2000).  

The reactors are further categorized in a divided and undivided cell. A large variety of 

divided electrolytic cells separated by semi-porous membranes such as glass frits, diaphragms, 
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cationic membranes, etc. containing two separate solutions catholyte and anolyte, worked under 

potentiostatic or galvanostatic conditions have been utilized for electro-generating H2O2 during 

wastewater treatment. In the undivided cell, both electrodes anode and cathode in one compartment 

only without any separation membranes worked under galvanostatic conditions. An advantage of 

using undivided cells over a divided cell is that the lower cell voltage needed for electrolysis because 

the voltage penalty of the separator of divided cells is avoided. Raju and  Basha, (2005) investigated 

the comparison between divided and undivided electrochemical cell through EO of Ce(III)/Ce(IV) 

system at MMO anodes and stainless steel cathode. From the results, it was concluded that the total 

cerium concentration in aqueous methanesulphonic acid makes the electrochemical generation of 

cerium (IV) was higher in an undivided cell over divided cell as well as the capital and energy costs 

for undivided cell were also low. 

In context to above discussion, there are many factors which have considered while designing 

of the EO cell, such as flow rate, heat transfer, mass transport, current density, flow rate, and 

reactions kinetics as they might have a significant effect on the results treatment process when 

applied at large scale. Moreover, small improvements in the process efficiency could lead to huge 

money saving during the scale-up of an EO process (Martinez-Huitle et al., 2015). The main points 

that need to be considered while designing the EO cell from laboratory scale to pilot scale are heat 

transfer, electrolyte, electrodes, flow patterns, etc. For having the better process efficiency of the EO 

process, flow pattern plays an important role.  Two types of flow patterns are used in the EO process 

for the oxidation of organic compounds that is plug flow and mixed flow. The main advantage of 

the flow patterns is to increase the mass transport properties, which further makes the process 

suitable for the treatment of organic compounds with a lower concentration in wastewater.  

Santos et al., (2014) has confirmed that COD removal was found maximum when the flow-

pass cell was used over mixed flow. Another important point needs to be considered while designing 

is the inter-electrode spacing between electrodes because it affects the total resistance in the cell and 

ohmic loses as electrolyte resistance linearly depends upon the spacing. Furthermore, it also affects 

the gases formed during the process which has to be removed quickly in order to avoid operating 

problems. Therefore, the optimum spacing is necessary in order to get better removal efficiency. 

Several researchers reported that in EO cells the spacing should be between 0.5 and 2.0 cm. From 
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the experimental works at the bench scale, it was confirmed that electro-oxidation performance was 

significantly better at optimal lower interspacing between anode and cathode (Scialdone et al., 2011).  

In the EO process, when several numbers of electrodes were used in one cell only then it 

becomes very important to choose connections such as monopolar and bipolar. In the case of 

monopolar, all anodes and cathodes are connected directly to the direct current (DC) supply while 

in the case of bipolar, the outermost electrodes were connected to the power supply and current 

passed through the other electrodes. Unfortunately, very few studies have shown interest in 

minimizing the energy consumption during the treatment process at pilot scale. Bipolar electrodes 

considered to be most effective for the removal of pollutants from wastewater, but monopolar entails 

a lower operating cost due to its operation at lower current densities (Yavuz and Shahbazi, 2012). 

In the EO process, another key point that needs to take care while designing of electrolysis 

cell is temperature because it helps to promote the generation of oxidants during EO. In some 

literature studies, it has been reported that high temperature always promotes mediated EO, hence 

enhances the removal rate. But in most of cases, this is not always true because, at high temperatures, 

the solubility of gases decreases due to which it favors stripping over hypochlorite production thus 

decreases process efficiency (Canizares et al., 2005). Hence to keep the temperature at the desired 

set-point, cooling is required. At lab scale, not much consideration was paid for the designing of heat 

exchangers while at large scale it becomes important. 

In context to the above discussion, it was analyzed that certain parameters like inter-electrode 

spacing, temperature, turbulence promoters, electrode configuration, and flow-pass cells largely 

depended on the construction details and computational fluid dynamics (CFD) tools. However, the 

use of these tools by researchers for cell design was rare. Transformation of the discontinuous 

process into a continuous one was expected to be carried out in the same auxiliary tank, by simply 

recycling the outlet of treated wastewater (Martinez-Huitle et al., 2015).  

From the cited literature studies it has been observed that researchers always concerns about 

approaching preliminary studies to the scale-up only without much worry about the problems that 

can be arises during scale-up studies (Dominguez-Ramos and Irabien, 2013; Garcia et al., 2013; 

Urtiaga et al., 2013).  From the above-reported studies, it has been observed that there are two 

significant points need to be considered while shifting from lab to the pilot scale in electrochemical 

technologies i.e. (i) raising the area of the electrode for single-cell and (ii) stacking of cells 
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(management of heat and hydrogen). Lobato et al., (2006) have reported that the studies at the lab 

scale generate small amounts of hydrogen due to which dangerous situations could be prevented 

easily while in case of pilot-scale production of hydrogen is large and removal is not as easy. Also, 

in large-scale plants transfer of heat through wires or into the electrolyte was there due to which 

ohmic drops and result in a large amount of energy transferred along with a huge amount of heat 

consumption. Hence to diminish the problem, heat exchangers are to be fitted within the system.   

 In the electrochemical cell, a large-sized electrode helps in reducing the cost of the cell by 

minimizing the number of cells included in the stack for a given process (Canizares et al., 2009). 

Conversely, it was also observed that the larger the electrode area, the more difficult to obtain an 

even current distribution on the surface of the electrode, thus reduces the overall process efficiency. 

This point is very important in the case of EO with BDD on a large scale due to its high electric 

resistance and makes difficult to achieve uniform current distribution during the treatment. Hence to 

solve the above problems current feeders are provided in order to get good distribution and reduces 

the overall investment cost of the cell. Therefore, in order to attain maximum process efficiency, 

optimization of the electrochemical cell is very important along with the optimization of input 

parameters of the process (Martinez-Huitle et al., 2009; 2015). 

In view of the above-discussed studies, it was concluded that operational parameters, 

electrodes, and reactors used for EO and PEC can open new channels for the effective treatment of 

mixed and complex wastewater. Furthermore, MMO with doped material incorporates the use of 

sunlight in these treatment processes which could further present a groundbreaking step in the field 

of EAOPs by reducing the cost of the overall process. 

 

Section II 

2.8 Applications of EO for the Treatment of Urine Metabolites, SU and AHU  

In literature, many researchers have put emphasis on the treatment of source-separated urine 

by developing urine diverting dehydrating toilets. But in a developing country like India, it is not 

feasible to have this kind of toilets in rural and urban slum areas because of high-density population, 

space issues, poor financial sustainability, inadequate knowledge, etc. In the past several treatments, 

technologies were used to treat urine wastewater and reuse as flush water which includes reverse 
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osmosis, vapor compression distillation, adsorption catalytic, etc. (Li et al., 2015). Though these 

technologies have proven successful in treating the complex urine wastewater but still they suffer 

from the high cost of the catalyst, high energy consumption, high water consumption for 

neutralization, severe membrane fouling and low efficiency. Human urine is mixed wastewater with 

complex chemical composition and contains most of the nitrogen-based compounds such as urea, 

uric acid, creatinine, etc. which are toxic, persistent and recalcitrant to conventional treatment 

technologies, hence require some effective alternative technologies for the on-site treatment of urinal 

wastewater. As reported earlier EO process has received great attention for the treatment of mixed 

wastewater because of its effectiveness, environmental compatibility, economical (because of the 

involvement of the clean reagent i.e. e-) and provides easy process control. In the literature, several 

studies have been reported on the use of the EO process for the treatment of urine wastewater but 

very few on its metabolites. The reason could be the complexity of urinal wastewater, limitations for 

on-site treatment and process complications. 

Ikematsu et al. (2007) have investigated the EO process for the treatment of human urine 

using PtIr electrodes. From the results, it was concluded that unpleasant odor due to hydrolysis of 

urea into ammonia by urease has been suppressed well and urine was successfully treated and served 

as flush water. Moreover, it was also found that the electricity cost still lower than the tap water 

charges until the treatment cycles reached 64. Amstutz et al., (2012) has demonstrated the effects of 

carbonate on the electrolytic removal of ammonia and urea from urine with thermally prepared IrO2 

electrodes. From the results, it was observed that fresh urine was efficiently treated on IrO2 anodes 

but in the case of stored urine, ammonia was not oxidized on these electrodes due to its lower 

oxidation potential.  

Kim et al., (2013) has demonstrated the production of solar hydrogen during EO treatment 

of urea/urine through RCS generated in-situ via NaCl present in urine with BiOx–TiO2 as an anode 

and stainless steel as a cathode and coupled with a solar photovoltaic cell. Another study reported in 

the literature was EO treatment of human waste coupled with molecular hydrogen production (Cho 

et al., 2014). In this study, a comprehensive environmental analysis was carried out to investigate 

the role of various redox reactions mediated by chloride present in human waste. From the results it 

was observed proteins, color and high-levels of COD were eliminated within 6 h of batch treatment 

in the water electrolysis cell (WEC). Also, the current efficiency and energy efficiencies for 
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hydrogen production were estimated to be 90% and 25%, respectively. Formation of chlorinated 

byproducts during the EO treatment of urine on BDD and thermally decomposed iridium oxide film 

(TDIROF) anodes was studied (Zollig et al., 2015). It was observed that the formation of short-

chained organic chlorination byproducts (OCBPs) on BDD whereas longer chained OCBPs were 

more frequently found on at higher current densities resulting in complete mineralization of urine 

components on BDD anode over TDIROF. Some researchers have also worked on the treatment of 

synthetic/artificial human urine in order to better understand the urine oxidation mechanism on 

different electrodes. Dbira et al., (2015) were conducted an EO experiment at different current 

densities (20-100 mA/cm2) and temperature (25-50 ⁰C) for the treatment of synthetic urine using 

conductive-diamond anodes. It was observed that 93.94% COD and 94.94 % TOC were achieved at 

20 mA/cm2 along with the formation of toxic chlorinated by-products. From the results, it was 

confirmed that the most efficient conditions for total mineralization were low current densities and 

high temperatures.  

Another study conducted by Dbira et al., (2015) in order to overcome the drawback of toxic 

byproducts by investigating EO treatment of SU using DSA. It was found that oxalic acid, gaseous 

nitrogen, and oxalic acid were the main byproducts of urine oxidation. There was no effect of 

temperature was observed on treatment efficiency. COD was completed deleted by DSA anode at 

low current densities. From the results, it was concluded that for maximum process efficiency and 

for the prevention of toxic chlorinated by-products, lower current densities are optimum. Li et al., 

(2015) has investigated the EO treatment mechanism for AHU using BDD and IrO2 anode. The 

results concluded that the maximum degradation of organic compounds present in urine was 

observed at BDD over IrO2 in 8h of electrolysis. The final breakdown products of inorganic ions on 

BDD were ClO4
- and NO3

- while on IrO2 anode, the final products generated and left in solution 

were highly toxic N2H4 and NO2
-. Hence BDD was more effective than IrO2 for the treatment AHU. 

A recent study was reported on the disinfection of synthetic urine by EO with the conductive 

diamond anode at different current densities (0-100 A/m2) (Cotillas et al., 2018).  It was observed 

that it is possible to disinfect the urine effluent completely at applied electric charges lower than 2 

kAh/m3, regardless of the applied current density. More than 90% of removal in TOC was achieved. 

From the results, it was concluded for complete mineralization higher electric charge were required 

than those needed for disinfection. 
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A recent study has shown that in India more than 20 million tons of urea which are a potential 

source of nitrogen was used for agriculture activities (Yadav and Pandey, 2017). Apart from this, 

many industries like pharmaceuticals, chemical industry, fertilizer companies, etc. are adding woes 

to the concern of pollution in water due to the continuous discharge of nitrogen-based components 

during the manufacturing and treatment of wastewater. Combined agriculture and open defecation 

contribute more than 70% of the total nitrogen nuisance in terms of urea discharge in rivers 

(Showkat, 2016). Many authors have studied the degradation of urea using a different type of 

electrodes because urea is the most abundant source of the nitrogen-based compound as well as a 

principal component of urine wastewater and other mixed wastewater, hence studied widely than 

other two components that are uric acid and creatinine.  

From the literature survey, it was observed that different type of electrodes have shown their 

worth in detecting the level of uric acid and creatinine in serum and urine but rarely discussed their 

removal from wastewater (Popa et al., 2000; Aguilar et al., 2004; Radomska et al., 2004; Chen et 

al., 2006; Lakshmi et al., 2011; Araujo et al., 2012; Zhang and Yin, 2014; Diouf et al., 2017). Till 

date, there was no study yet on EO treatment of creatinine while in the case of uric acid only one 

study was reported in the literature on its removal through the EO process. 

Dbira et al., (2016) has reported the study on the mechanism and kinetics of EO treatment of 

uric acid using conductive-diamond anodes. The results confirmed the successful degradation of uric 

acid into urea and oxalic acid along with the generation of ions NO3
− and NH4

+. 

Hernlem, (2005) has reported the electrochemical degradation of urea in chloride matrix with 

DSA electrodes in a batch recirculation mode.  EO experiments were performed at different current 

densities (34–141A/m2), chloride variations (100 mg/L- 400 mg/L) and at different temperatures 

(16–34.5 ⁰C). It was found that urea oxidation was mainly dependent on chloride and temperature 

and little on applied current density. At higher temperatures and optimized conditions of current and 

chloride led to complete urea decomposition, leaving behind small traces of residual nitrogen that is 

nitrates. Also at higher temperature values, elimination of unwanted toxic chlorinated byproducts 

was suppressed along with the suppression of total available chlorine (TAC) to the lowest level 

which is not good from the process point of view.  

Simka and his coworkers (2007, 2009) have studied the effect of different anodes materials 

on the degradation of urea using EO. It was observed that out of six electrodes, complete degradation 
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of urea into N2 and CO2 has taken place on these two electrodes Ti/Pt-Ir, Ti/(Ta2O5-IrO2) and Ti/Pt 

only at a current density of 8 A/dm2 with chloride concentration 5 gm/dm3. While on other electrodes 

urea was degraded into nitrite, nitrate, ammonium ion, etc and was not stable enough. Jara et al., 

(2008) has investigated the concept of direct and indirect oxidation in terms of urea degradation with 

platinum titanium electrode. It was observed that urea degraded into nitrates only when direct 

oxidation takes place in the presence of sulfate ions. While in case of coupling of direct (via OH•) 

and indirect oxidation (via RCS), urea oxidized into molecular nitrogen (N2) and little amount of 

NO3
- at high current densities.  

Vedharathinam et al., (2012) has demonstrated the urea degradation mechanism by EO using 

nickel electrodes in an alkaline medium. It was observed that oxidation of urea mainly occurs after 

the formation of Ni3
+ at the electrode surface. Furthermore, it also found that urea oxidation at low 

concentrations was mainly controlled by diffusion whereas at high concentrations the process was 

controlled by kinetics. Similar studies were performed on Ni by (Yan et al., 2012) in which Ni-Co 

bimetallic hydroxide electro-catalyst was evaluated for the EO treatment of urea. From the results, 

it was noticed that the degradation of urea was much better on Ni-Co bimetallic hydroxide than 

Ni(OH)2 electrode in alkaline solution due to inhibition of H2O electrolysis which has ultimately 

enhanced the urea degradation efficiency.   

Abdel-Monem et al., (2013) has reported the EO treatment of urea in human urine using flow 

by porous graphite electrodes. From the experimental results, it was found that the degradation of 

urea increased with increasing current densities. However, at higher current densities, it was 

observed that energy consumption also increased and current efficiency was decreased. Thus, it 

concludes that for maximum removal of urea from wastewater required optimization of the EO 

process. Hernandez et al., 2014 has to investigate the different anodes such as Pt, Ti-Ru, BDD, and 

antimony doped tin oxide for urea degradation. Undoubtedly, it was found that complete removal of 

urea was achieved only on BDD while on other electrodes partial oxidation takes place with the 

amount of charge passed is 8 Ah/dm3. Also when sodium chloride added in the solution it was found 

that degradation of urea on Pt anode increased by 40%. Thus, sodium chloride plays a very important 

role as the electrolyte. Cho and Hoffmann, (2014) have investigated the urea degradation by 

electrochemically generated RCS using bismuth-doped TiO2 anode. Results of quadruple mass 
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spectrophotometers have revealed complete degradation of urea into N2 (91%), NO3
- (9%) and CO2 

(77%) while chloramines and chloramides were detected as reaction intermediates.  

From the literature survey, it was concluded that the EO process for the degradation of urine 

wastewater and its metabolite is quite efficient. The process parameters for the EO process have an 

immense impact on pollutant degradation. For maximum removal of the pollutant from wastewater, 

these process parameters must be optimized. Most of the reported studies in the literature have done 

optimization of EO process parameters for the treatment of urine metabolites. Therefore, a vast study 

is required to study the effect of various EO process parameters on the degradation of human/ 

synthetic urine wastewater which is at the same time is one of the lacunae of the research studies. It 

was also noticed that most of the studies have reported that the EO process performs better for the 

degradation of pollutants in the presence of high salt concentration. Human urine contains a huge 

amount of salt (especially NaCl) which is a vital source for human living and excreted via human 

urine. Hence, the degradation efficiency of the EO process for urine wastewater must be high. 

However, a high concentration of salt could affect the electrode material during electrolysis. 

Therefore, the selection of electrode material must be essential for the EO treatment of urine 

wastewater. 

2.9 Summary  

EAOPs have proven their credentials over conventional water/wastewater treatment 

technologies for the degradation and mineralization of mixed wastewaters such as urinal and sewage 

wastewater containing recalcitrant nitrogen-based organic toxic pollutants. Yet, field-scale 

applications of these technologies are still needed to be explored. Even though different technologies 

under EAOPs,  revealed reasonably good degradation efficiency but certain operational implications 

like strict pH control (pH<3), high dosage of H2O2, electrode selective, sludge formation, additional 

requirement of heterogeneous iron catalysts or complexing agents, passivation of cathode,  

halogenated by-products formation, etc. limits its large-scale application. EO process nullified most 

of the problems mentioned above and proven to be effective potential for the treatment of a wide 

variety of persistent organic pollutants present in wastewater.  

EAOPs has proven to be potentially effective and versatile technology for the remediation of 

a wide variety of mixed waste-waters. Among various EAOPs, EO has provided simple, viable and 

promising results for the treatment of chloride-free effluents and high saline contained effluents. 
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Highly stable anode materials such as PbO2 and BDD electrodes have completely reduced COD and 

TOC of polluted wastewater because of the direct oxidation mainly with heterogeneous OH• formed 

during water electrolysis while indirect EO has done by electro-generated RCS and ROS which 

allows the complete color removal and a high degree of degradation for saline and mixed wastewater. 

But its application at field scale was limited by the high cost of the anode, production of undesirable 

toxic by-products such as chlorates and perchlorates, less service life, low conductivity, etc. These 

pitfalls of the EO process with BDD have been resolved by the use of novel MMO anodes.  

MMO anodes have proven to be technically as well as economically remarkably effective 

for the treatment of mixed wastewater containing recalcitrant organic pollutants by EO. Because of 

its better electrocatalytic activity, stability, durability and process efficiency, MMO has shown great 

potential in treating a wide variety of pollutants even in acidic medium and at high temperatures. 

Moreover, the advantage of coupling electron driven reactions with renewable energy sources i.e. 

light irradiations called PEC which has already made an interesting option for treating organic 

pollutants in minimum time with better efficiency as well as helps in reducing the production of 

toxic halogenated by-products. Also, the doping of MMO with metal/ nonmetals oxides has reduced 

the complications like an ineffective use of solar light as well as reduced the cost of the overall 

process by replacing UV lamps with the natural light source.  

In literature, few pilot-scale two-dimensional electrodes and three-dimensional electrodes 

have been employed for the treatment of persistent and toxic pollutants (Juttner et al., 2000). Three-

dimensional electrodes have shown its great potential for the destruction of organic pollutants but 

its higher capital cost, complex structure, and less adsorption and catalytic capacity of electrodes 

have raised the economic issues of EAOPs. Thus, two-dimensional electrodes have been found to 

be more economical and feasible for the on-site treatment of mixed wastewater (Anglada et al., 

2009). However, few studies have been reported in the literature on the designing kinetics of two-

dimensional electrodes under continuous mode as well as the prolonged use of these anodes for the 

onsite treatment of mixed wastewater. Hence extensive investigation is still required in context to 

the use of MMO electrodes and continuous reactors for pilot scale designing along with parametric 

optimization.   

Also, very few studies are available in literature related to the scale-up of the dual-process 

by coupling EO with PC i.e. PEC. The studies have demonstrated a significant improvement in the 
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process efficiency by overcoming most of the concerns faced by individual processes alone. Hence 

the EO process could be a well-suited approach for the on-site treatment of urinal wastewater and 

water recycling coupled with energy production.    

2.10 Research Gaps 

Based on the literature review some of the scientific gaps have been identified. 

 Very few studies have been reported in the literature for the EO treatment of SU/AHU and 

its metabolites especially creatinine and uric acid. 

 Even the reported studies have used costly electrodes such as BDD, Pt, Ir, etc. for EO 

treatment of SU/AHU 

 The stability of electrodes has always been a major concern in all the reported studies.  

 Work on the treatment of human urine using PEC (synergetic effects over EO) has not been 

effectively cited in the literature.  

2.11 Objectives of the Study 

As a result, efforts have been made in the present research work to suppress the pitfalls by 

using cheap, economically available novel anodes MMO and doped-MMO for the treatment of 

synthetic urine and its metabolites through EO. The commercial application of the technique was 

visualized by executing the EO with a light source that is PEC. The dual-process resulted in a 

significant reduction in a treatment time of target compounds such as urea, creatinine, uric acid, and 

synthetic urine. The feasibility of the technique was confirmed by conducting degradation studies of 

human urine in pilot-scale reactors along with energy production. In this view, the doctoral research 

work was conducted with the following objectives: 

 A parametric study for the optimum operation of electro-oxidation (EO) using different 

electrodes for the treatment of urine metabolites. 

 Treatment of synthetic urine using batch electro-oxidation (EO) and photo-electrocatalysis 

(PEC) along with the identification of reaction products. 

 Performance studies of a continuous reactor for the treatment of urine metabolites. 
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Chapter 3 

MATERIALS AND METHODS 

3.1 General 

The current chapter includes the depiction of materials used along with the methodologies 

adopted for performing the EO and PEC experiments, analysis of samples and characterization of 

the anode during the degradation studies of urine metabolites, synthetic urine, and its metabolites. 

Furthermore, the experimental setup and electrodes used for the batch and continuous mode of 

operation have been discussed in detail. 

3.2 Target Compounds: Urine Metabolites, Synthetic Urine (SU) and Actual Human Urine 

(AHU) 

Urea, creatinine and uric acid, the three nitrogen-based organic components present in urine 

wastewater are used as model compounds in present research work. Before actually going for the 

treatment of SU/AHU, efforts were made to treat its metabolites separately to check the process 

feasibility. 

Urea is also named as carbamide, an organic compound that plays an essential part in the 

living organisms, as it participates in the biological processes and metabolic pathways such as 

protein decomposition (Urbanczyk et al., 2016). In our body, urea is being used in various processes, 

but most importantly during nitrogen excretion (i.e. urine). It is highly soluble in water, odorless, 

colorless and non-toxic compounds. Despite its low toxicity, it is known to be the most abundant 

nitrogen carrier from sources like human excreta, production plants and fertilizer waste (Cho et al., 

2014). The chemical structure of urea is shown in Figure 3.2.1. 

 

            Figure 3.2.1 Chemical structure of Urea 
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  Creatinine with IUPAC name (2-amino-1-methyl-5H-imidazole-4-one) is one among 

nitrogen-based organic components found in urine wastewater (Atula and Yang, 2014). The 

chemical structure of creatinine is represented in Figure 3.2.2. The levels of creatinine present in 

human blood are (0-250 mg/L or 700-1200 mg/L) and excreted via urine (0-500 mg/L or 500-1500 

mg/L) in particularly 24 h (Jafari et al., 2015; Diouf et al., 2017). Creatinine is the final byproduct 

of creatine metabolism in the skeletal muscle during energy production and removed from the body 

by renal excretion at a relatively constant rate (de Araujo et al., 2012). Creatinine levels in the human 

body are regarded as advantageous for evaluation of muscular, renal failure, vascular diseases and 

thyroid dysfunctioning (Chen et al., 2006; Pundir et al., 2013).   

N
H

HN

N
O

 

                                       Figure 3.2.2 Chemical structure of Creatinine 

Uric acid, (7, 9-Dihydro-1H-purine-2, 6, 8 (3H)-trione) is another principle nitrogen-based 

compound of urinal wastewater as shown in Figure 3.2.3. It is the primary end product of purine 

metabolism in the human body which works as an antioxidant and protects against oxidative stress 

(Ozcan and Sahin, 2010; Molino-Lova et al., 2013; Sautin et al., 2007). It is mainly present in human 

blood with a normal range of 250 to 750 mg/L with a period of over 24 h (Dbira et al., 2016). In 

addition, uric acid is excreted via urine (24 mg/L to 70 mg/L) as bio refractory pollutants (Lu et al., 

2014). It's a high/abnormal concentration in the body are indicators for the diagnosis of various 

diseases like gout, leukemia, cardiovascular diseases, pneumonia, kidney diseases and arthritis 

(Lakshmi et al., 2011).  

 

                                        Figure 3.2.3 Chemical structure of Uric Acid 
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The average adult generates between 1.5–2.0 L of urine per day. The continuous discharge 

of these excreted metabolites via urine in the open streams leads to excessive N-loading in surface 

water and causes algal blooming leaving adverse effects on the ecosystem as well as human well-

being has been confirmed in various reported studies. Moreover, its readily automatic conversion to 

ammonia via enzymatic hydrolyzes by urease leads to the serious environmental and health problems 

such as an increase in the pH of the soils and release of free ammonia into the atmosphere 

contributing toxic compounds like ammonium, nitrates, and sulfates (Hernandez et al.,2014).  

Urine is a multi-component complex fluid excreted via the human body and whose 

composition is dependent on various factors such as climate, physical activity, individuals, diet, etc. 

Thus, SU was used for the EO experiments in order to find optimum conditions for EO treatment of 

AHU. From a literature survey, constituents and their concentrations present in SU were summarized 

in section 3.4.  

3.3 Chemicals and Electrodes 

Urea (NH2CONH2), creatinine (C4H7NO3) and uric acid (C5H4N4O3) with all (>99.0% 

purity), were of analytical grade (AR) procured from Sigma-Aldrich, Missouri, (U.S.). H2SO4 (1N) 

and NaOH, procured from SD Fine Chemicals Ltd. (India) were used for the initial pH adjustments. 

Sodium chloride (NaCl) and sodium sulfate (Na2SO4) with (>99 % purity) of AR grade were 

purchased from Loba Chemie Pvt. Ltd. (India) for increasing the conductivity of the aqueous 

solution.  Chemicals used for making SU are all of AR grade with (>98.5-99% purity) were procured 

from SD Fine Chemicals Ltd. (India).  

For COD estimation, silver sulfate (AgSO4), concentrated sulfuric acid (H2SO4), potassium 

dichromate (K2Cr2O7), mercuric sulfate (HgSO4) and ferrous ammonium sulfate (FAS) 

(FeH8N2O8S2) were used. All chemical of AR grade with (>98.0 purity) was purchased from SD 

Fine Chemicals Ltd. (India).  

For spectrophotometric estimation of urea, p-Dimethylaminobenzaldehyde (>99% purity) of 

AR grade obtained from Sigma-Aldrich, Missouri, (U.S.). Terephthalic acid (TPA) with (>98% 

purity) of AR grade used for estimation of hydroxyl radical (OH•) in photoelectrocatalysis were 

procured from Merck (U.S.)  
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Reagents used for the anions analysis (NO2
-, NO3

-, chloride, TAC, ammonical nitrogen and 

total nitrogen) include phosphoric acid, sulfanilamide, NEDA (N-(1 Napthyl) - ethylenediamine 

dihydrochloride), ethanol,  hydrochloric acid (1N), sodium thiosulfate, boric acid, sodium 

tetraborate, mercuric oxide, NaOH, sodium thiosulfate pentahydrate, potassium sulfate, starch, 

glacial acetic acid, potassium iodide, potassium chromate, silver nitrate and NaCl. All these 

chemicals were of AR grade, obtained from Loba Chemie Pvt. Ltd. (India). For the preparation of 

all aqueous solutions, double distilled water was used. 

The anodes used in the study, MMO i.e. Titanium/Iridium oxide/Ruthenium oxide/Platinum 

(Ti/IrO2/RuO2/Pt) and doped-MMO i.e. Titanium/Iridium oxide/Tantalum oxide/Tin oxide-

Antimony oxide (Ti/IrO2/Ta2O5/SnO2-Sb2O5) were procured from Exotic Elements Private Limited, 

Mumbai, India. While stainless steel as the cathode was obtained from Bio age Private Limited, 

Mohali, India. Both anode and cathode electrode has a dimension of 7 cm * 7 cm * 0.5 cm with an 

active surface area of 42 cm2. Electrodes were cleaned by dipping it into a solution contains 10% 

H2SO4 (1N) and then dried at room temperature before use for EO treatment.  

3.4 SU Composition, AHU and Bacterial Strain 

 The  SU used for EO experiments were prepared by dissolving urea (CH4N2O) 12.012 g/L, 

creatinine (C4H7N3O) 0.452 g/L, uric acid (C5H4N4O3) 0.168 g/L, trisodium citrate (Na3C6H5O7) 

1.29 g/L, sodium oxalate (Na2C2O4) 0.0134 g/L, sodium (Na+) 1.802 g/L, calcium (Ca2
+) 0.12 g/L, 

potassium (K+) 1.17 g/L, magnesium (Mg2
+) 0.05 g/L, sulfate (SO4

2-) 1.06 g/L, ammonium ion 

(NH4
+) 0.271 g/L, bicarbonate (HCO3

-) 0.122 g/L, chloride (Cl-) 3.722 g/L and phosphate (PO4
3-) 

0.38 g/L. The synthetic urine was characterized by high organic content with initial total organic 

carbon (TOCo ≈ 3.1 g/L), pH 6.7 and conductivity 4.6 mS/cm.  

For the present study, the AHU sample was collected from the house having five members 

in a family.  

The bacterial strain i.e. E.coli (MTCC K-12) used in the present study for the disinfection of 

urinal wastewater was procured from CSIR-Institute of Microbial Technology, Chandigarh, (India). 
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3.5 Electrodes Fabrication  

The MMO and doped-MMO anodes were fabricated from Exotic Elements Private Limited, 

Mumbai, India. The MMO used in the present study was prepared using ASME grade 1 Ti plates as 

a substrate. MMO anodes were synthesized by dipping the Ti plate in a mixture of isopropanol/n 

butanol/hydrochloric acid (HCl) (1:1:1) with a certain amount of water and vibrated ultrasonically. 

Furthermore, the precursor solutions for different oxide metals such as TiCl4, RuCl3.nH2O, 

H2IrCl6.nH2O, and H2PtCl6.nH2O were added in the above-prepared mixture in order to articulate 

10 consecutive layers at room temperature. For each coating, anodes were dried at 100 °C for 5 min 

and followed by calcination at 500 ⁰C for 10 min in muffle furnace prior to the next deposition in 

order to generate phases of different metal oxides. The final annealing was done at 500 ⁰C for 1 h to 

finally complete the fabrication process. The Ti/TiO2/IrO2/RuO2/Pt anode prepared by thermal 

chemical decomposition method having a molar composition ratio of 55:10:30:5 with an average 

thickness of oxide film was ≈ 2.5 µm.  While stainless steel (SS) as the cathode was supplied by Bio 

age Private Limited, Mohali (India). 

The doped-MMO used in the study was also prepared using the same substrate i.e. Ti plate. 

The quinary oxide film of (TiO2/IrO2/Ta2O5/SnO2-Sb2O4) was deposited on Ti mesh by thermal 

decomposition chemical method. The precursor solution contained salts of TiCl4, TaCl5, 

H2IrCl6.nH2O, SnCl4.5H2O, and SbCl3 dissolved in an appropriate mixture of ethylene glycol and 

citric acid. The Ti plate was first sandblasted and then etched with a 20% oxalic acid solution for 1 

h in order to clean its surface, thereby rinsed with ultrapure water and lastly dried. The mixture was 

applied on a substrate with a brush and introduced into the oven at 100 ⁰C for 5 min. Thereafter, the 

electrode was calcined at 450 ⁰C for 10 min in a muffle furnace for thermal decomposition in order 

to coax the polymerization of the precursor solution. The same procedure was repeated nearly 12 

times until the oxide loading of approximately 2.5 mg/cm2. The final annealing was done at 550 ⁰C 

for 1 h in order to complete the fabrication process having molar ratio 34:20:35:10:1 for Ti:Ir:Ta:Sn: 

Sb. After that, the fabricated anode was cut into small pieces having a dimension (7 cm * 7 cm * 0.5 

cm).  

3.6 Experimental Setup 

The stock solution of each metabolite i.e uric acid (50 mg/L), creatinine (50 mg/L), urea 

(2000 mg/L) and SU were prepared in double-distilled water. For EO experiments, the working 
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volume taken was 400 mL. The synthetic solution of all target pollutants was prepared freshly 

whenever required. EO batch experiments were performed in a single compartment electrochemical 

flow cell made up of a glass of volume 500 mL as shown in Figure 3.6 with an actual picture of 

electrodes. For the present study, MMO and doped MMO sheet used as anodes while the stainless 

steel sheet used as a cathode. In this study, both electrodes were arranged parallelly with an inter-

electrode spacing maintained at ∼2.0 cm for every experiment. During electrolysis, a current was 

maintained throughout the experiment run using DC power supply (Model: 0-30V, 0-2A; 0-30V and 

0-5A) purchased from DIGITECH, Ambala, (India). For proper homogeneous mixing of the aqueous 

solution during experimental runs magnetic stirrer was used.  
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Figure 3.6 Schematic diagram along with an actual picture of the experimental setup for batch 

EO process. 

3.7 Experimental Procedure  

 EO treatment for synthetic urine and its metabolites (urea, creatinine and uric acid) was performed 

under galvanostatic conditions. The pH of wastewater was adjusted with NaOH (0.1N) and H2SO4 

(0.1N) solution as per the requirement for a particular experimental run. For improving the 

conductivity of the wastewater sample, necessitate an amount of NaCl (electrolyte) was added. The 

in-situ chemical analysis was carried out periodically by withdrawing a sample volume of 1 mL and 

pass through millipore filters of size 0.45 µm. The adsorption studies for target compounds on MMO 

and doped-MMO were performed under dark conditions without applying any voltage with 

continuous stirring and negligible change in concentration was noticed and thus there was no 

adsorption. Hence, the efficacy of the treatment process was proven in context to target compounds 

degradation using EO. All experiments were performed thrice in order to check the reproducibility 

of results and the average value has been taken. For validation of results, suitable statics was applied. 
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3.8 Experimental Design and Analysis   

For designing the experimental matrix for the EO treatment of each metabolite and SU, 

response surface methodology (RSM) was employed. RSM is a frequently applied chemometric tool 

that enables the researchers to simultaneously study the statistical significance of each operational 

parameter and the development of mathematical models for assessing the optimization problems 

(Tarley et al., 2009). The main advantage of RSM is to curtail the number of experimental runs and 

the cost of expensive analysis methods (Bansal et al., 2013; Ranade and Thiagarajan, 2017).  

 RSM helps in explaining the unknown relationship between the number of associated input 

parameters and the response of interest by using a low-degree polynomial model. For the model to 

work effectively, it becomes imperative that responses obtained should fit well to the Equation 3.8.1. 

𝑦 𝑜𝑟 𝑧 = 𝑓(𝑥)𝛽 +  𝜖                                        (3.8.1) 

Where y or z = response; x = x1, x2, . . . , xn (denote the n number of independent natural 

variables); f is a vector function of p elements; β is a vector of p constant coefficients and ϵ is a 

random statistical error of zero means. Here, the quantity f(x)β represents the expected mean value 

of response y or z (Khuri and Mukhopadhyay, 2010).  In classical RSM, to predict the maximum 

and minimum values of response for optimum settings of the control variables, two low degree 

polynomial models are commonly used that is ist degree model with (d=1) and 2nd degree model with 

(d=2) as shown in Equations 3.8.2 and 3.8.3 (Khuri and Mukhopadhyay, 2010). 

 𝑦 𝑜𝑟 𝑧 =  𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1  + 𝜖                                                                              (3.8.2) 

 𝑦 𝑜𝑟 𝑧 = 𝛽0 +∑ 𝛽𝑖
𝑛
𝑖=1 𝑥𝑖  +∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 𝑖<𝑗 +∑ 𝛽𝑖𝑖𝑥𝑖

2𝑛
𝑖=1  + 𝜖                                    (3.8.3) 

Where β0, βi, βii, βij are constant regression coefficients; xi and xj are coded input factors and 

£ is an error function. The first order designs are commonly used, 2k factorial, Plackett–Burman, 

and simplex designs. First-order polynomials are less rotatable designs as well as less stable in the 

prediction of variance and suffer lack of fit because of interaction between surface curvature and 

factors (Khuri and Mukhopadhyay, 2010).  

  Hence, to resolve the drawbacks of first-order design and to improve the optimization 

process, the second-order polynomial studies are required to construct a quadratic response surface 

model. The second-order symmetrical designs are Doehlert design, Box–Behnken design, Three-



52 
 

level factorial design and Central Composite design (Bezerra et al., 2008). Out of them, Box–

Behnken design has been selected for the present study.  

3.8.1 Box-Behnken design 

The Box-Behnken design devised in 1960 by George Box and Donald Behnken. The design 

provides a three-level factorial arrangement as shown in Figure 3.8 (Ozgen and Yildiz, 2010) and 

allows the proper evaluation of first and second-order coefficients of the mathematical model. It 

consists of a distinct subset of factorial combinations taken from 3k factorial design, hence more 

efficient and cost-effective, especially when a number of variables are large such as industry 

research, etc. (Khuri and Mukhopadhyay, 2010).  

 

 Figure 3.8 Box–Behnken design for a three-factor experiment  

Box–Behnken designs (BBD) are a class of rotatable or nearly rotatable designs which based 

on three-level per factor (-1, 0, +1), but avoids the space of corners and fills it with combinations of 

center and extreme levels of the cube. Thus, in this way, BBD combines a fractional factorial with 

incomplete block designs and avoid the extreme vertices to maintain the rotatability of the design 

(Hanrahan and Lu, 2006). The number of experimental trials (N) required for the optimization of 

process parameters is designed by using the formula shown in Equation 3.8.4 (Bezerra et al., 2008). 

N= 2k (k−1) + C0                                                                                        (3.8.4)  
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where k is a number of factors and C0 is the number of replicates for the central points. Thus, 

Box-Behnken is an overall good and efficient design under response surface methodology because 

of its applications such as (i) quadratic model parameters estimation; (ii) use of blocks; (iii) 

sequential designs building and (iv) model fitness (lack of fit) detection (Ferreira et al., 2007). 

3.8.2 Statistical analysis with BBD 

The present statistical investigation was carried out through Design-Expert software version 

6.0.8 (STAT-EASE Inc., Minneapolis, US) in order to minimize the void content and to optimize 

the experimental data. BBD under RSM was developed by the axial points and additional centers to 

allow the evaluation of operational variables of a second-order model (Bezerra et al., 2008). The 

data obtained from the experimental runs designed by BBD was further analyzed to attain the best 

regression model among other models such as linear, cubic, quadratic, etc. For that experimental 

data were fitted into second-order polynomial equation (3.3) through non-linear regression analysis 

Full and fractional factorial design experimental strategy was applied in which different input 

parameters are varied together, instead of a single parameter at a time. In the experimental design, 

the lower and upper ranges of the input parameters are defined and segregated at different levels. 

Optimization provides the simultaneous effect of all input operational parameters on the selected 

responses. Experiments consist of a series of runs, the effect of changes in input parameters (x1, x2 

…., xn) on the responses (Y or Z) is determined through RSM modeling. In order to examine the 

interaction between input parameters and responses, ANOVA (Analysis of variance) was studied. 

ANOVA is a statistical technique that subdivides the total variation into parts i.e. variation related 

to model and variation related to residual error for the purpose of testing hypotheses on the 

parameters of the model (Fu et al., 2007).  

The interaction of responses (Y or Z) with input parameters (x1, x2,..., xn) can be represented 

graphically, either in the three-dimensional graphs or as contour plots. To check the adequacy of the 

model, two different tests were performed i.e. the sequential model sum of a square and model 

summary statistic (which expressed as R2, adjusted R2 and predicted R2). The statistical significance 

of the model fitted was checked by values of F and P. The adequate precision ratio illustrates that 

the model can be used for design space navigation. To check the reliability of chosen developed 

models for responses, plots of normal % probability versus studentized residuals and studentized 

residuals versus predicted were examined (Ozer et al., 2009). 3D response graphs developed from 
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the chosen model were studied in order to see the interactive effect of each operational parameters 

on responses as well as used to locate the optimal conditions for process parameters 

In the present study, more than one responses were there, hence for simultaneous 

optimization of different responses, multi-response process optimization by desirability function 

approach was used. The desirability function approach is one of the most widely used methods for 

the optimization of multiple response processes. One-sided desirability (d) is given in Equation 3.8.5 

(Thakur et al., 2018). 

𝑑 = {[

0
   𝑍𝑖  − 𝑍𝑖−𝑚𝑖𝑛

𝑍𝑖−𝑚𝑎𝑥 − 𝑍𝑖−𝑚𝑖𝑛
]k 

1

     

𝑖𝑓 𝑍𝑖 ≤ 𝑍𝑖−𝑚𝑖𝑛

𝑖𝑓  𝑍𝑖−𝑚𝑖𝑛 < 𝑍𝑖

𝑖𝑓 𝑍𝑖 ≥ 𝑍𝑖−𝑚𝑎𝑥

< 𝑍𝑖−𝑚𝑎𝑥                    (3.8.5) 

Where Zi is the response value, Zi-min and Zi-max are the minimum and maximum acceptable 

values of response i, respectively. Where k is a positive constant weight, used to determine the 

desirability scale (Mondal et al., 2013; Sangal et al., 2014). The value of desirability function lies 

between 0 and 1, representing the closeness of response to its ideal value. Desirability function 

converts each response to corresponding desirability values which further combined to form 

composite desirability function by changing multi-response into a single response as depicted in 

Equation 3.8.6 (Costa et al., 2011).  

Di= (d1*d2 * d3……..)1/n                                                                   (3.8.6) 

Where Di is the desirability function; d1, d2, d3, etc. are corresponding desirability’s of given 

responses; n is the number of responses. If given responses reach their ideal values then value Di 

will be 1. Therefore, overall desirability will also be 1. In any case, if any one response will not reach 

its ideal value then Di for that particular response will be less than 1 and therefore overall desirability 

come will also be less than 1 (Hiwarker et al., 2017). 

For this research study, BBD under RSM was used to design the experimental runs for EO 

treatment of metabolites and SU. Moreover, it helps in the analysis of the experimental data along 

with the optimization of selected input operational parameters such as NaCl dose (n), current density 

(j), treatment time (t) and pH. The responses selected for EO treatment of metabolites were 

%Degradation (Y1) and Energy consumption (Y2) while in the case of SU, responses chosen were 

in terms of %COD removal, (Z1) and specific energy consumption (SEC) (Z2). For optimization, the 
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mathematical relationship of the response Y on these significant input factors can be estimated by 

the second-order polynomial equation. The influence of the operational process parameters on the 

responses was analyzed from an analysis of variance (ANOVA). In order to simultaneously 

maximize the %Degradation, %COD removed and for minimization of Energy consumption and 

SEC, multi-response optimization was employed.  

Performance of EO process for the treatment of metabolites and SU was evaluated by 

analyzing the responses Y1 (%Degradation), Y2 (Energy consumption), Z1 (%COD removed) and Z2 

(SEC). These responses during treatment were calculated using Equations 3.8.7-3.8.10 (Chauhan 

and Srivastava, 2019). 

  𝑌1(%Degradation) =  
𝐶0−𝐶𝑡

𝐶0
 𝑋100                                   (3.8.7) 

  𝑌2 (EC) =  [
V∗I∗t

Sv
𝑋103]                          (3.8.8)     

  𝑍1(%COD removed) =  
𝐶𝑂𝐷0−𝐶𝑂𝐷𝑡

𝐶𝑂𝐷0
 𝑋100                                 (3.8.9) 

  𝑍2 (SEC) =  ⌊
((

𝑉𝐼𝑇

𝑆𝑣
) 103⁄ )

𝐶𝑂𝐷𝑟 106⁄
⌋                                          (3.8.10)                                      

Where C0= Initial pollutant concentration (mg/L); Ct= pollutant concentration at different 

time  intervals (mg/L); COD0 = Initial COD (mg/L); CODt = COD at fixed time intervals (mg/L); 

CODr = COD removed at different time intervals (mg/L); EC= Energy consumption (kWh/m3); 

SEC= specific energy consumption (kWh/ kg of COD removed);  I= current (A); V= voltage; t= 

electrolysis time (h) and Sv = Volume of sample (L). 

3.9 Photo-electrocatalysis (PEC)  

In order to investigate the photo-activity of MMO and doped-MMO, synergistic studies were 

performed. After optimization of the input operating parameters through BBD for the EO process, 

experiments were carried out under UV and solar radiations. These synergistic studies have been 

done using kinetic rate constant obtained through pseudo-first-order reactions that have been 

discussed in following section 3.9.1. The degradation experiments of metabolites and SU were 

performed with both types of anodes in a batch reactor and three different techniques were applied 

which include PC (interaction of light with anode surface), EO (constant applied current only) and 
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PEC (constant applied current and light). For PC and PEC, a wooden chamber was fabricated which 

contains 10 UV tubes. Out of the 10 UV tubes, 7 tubes (Philips) of 36W (365 nm) were attached 

beneath the top roof while the other 3 UV tubes of 18W (365 nm) attached to the one sidewall of the 

wooden chamber and aligned horizontally as shown in Figure 3.6. The experiments under UV light 

were executed at a UV intensity of 23 ± 2 W/m2 measured by a radiometer (Eppley; model no. 

33013). For getting the appropriate intensity of UV light throughout the reaction, the distance of the 

EO reactor was fixed from the tubes accordingly.  

In the case of solar, the EO reactor was placed directly under natural sunlight as shown in 

Figure 3.9.2. The experiments under solar radiation were performed in the month of April to June 

from 9.30 am to 4.30 pm at TIET (Thapar Institute of Engineering and Technology), Patiala 

(30.3398⁰N, 76.3869⁰E) (Punjab), India. During the experimental study, the average intensity of 

solar radiation was checked by means of pyrometer which was in the range of 650-750 W/m2.  

 

  Figure 3.9.1 Schematic diagram of the experimental setup for PEC under UV irradiations. 



57 
 

 

 Figure 3.9.2 Schematic diagram of the experimental setup for PEC under solar irradiations. 

3.9.1 Synergy calculations 

  In this present study, the synergy of the dual-process i.e. PEC over individual processes has 

been calculated using Equations 3.9.1- 3.9.3 (Bansal and Verma, 2018). 

Synergy over individual processes [photo-catalysis (PC) or electro-oxidation (EO)]: 

%𝑆𝑦𝑛𝑒𝑟𝑔𝑦 = 100 × {
[𝑘𝑑𝑢𝑎𝑙− (𝑘𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑖𝑠 𝑜𝑟 𝑘𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛)]

𝑘𝑑𝑢𝑎𝑙
}          (3.9.1)     

Overall Synergy: 

%𝑆𝑦𝑛𝑒𝑟𝑔𝑦 = 100 × {
[𝑘𝑑𝑢𝑎𝑙−(𝑘𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑖𝑠+𝑘𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛)]

𝑘𝑑𝑢𝑎𝑙
}                    (3.9.2)     

Where ‘k’ = pseudo-first-order rate constant (min-1) of each process and calculated from Equations 

3.9.3-3.9.4. 
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−𝑙𝑛
𝐶0

𝐶𝑡
 = 𝑘1𝑡               (3.9.3) 

 −𝑙𝑛
𝐶𝑂𝐷0

𝐶𝑂𝐷𝑡
= 𝑘1𝑡                                     (3.9.4) 

Where C0 = initial substrate concentration (mg/L); Ct= substrate concentration at any time of 

treatment (mg/L); COD0 = Initial COD (mg/L) and CODt = COD at fixed time intervals (mg/L) 

3.10 Pilot-scale Studies for EO Treatment of SU/AHU  

In this study, attempts have been made for the EO treatment of AHU coupled with solar 

energy driven by photovoltaic (PV) panels. EO process study for the treatment of AHU was 

conducted in a rectangular glass shaped reactor fabricated with a plexiglass sheet having dimensions 

of 9 cm * 9 cm * 4 cm as shown in Figure 3.10. The reactor was operated in recirculation mode was 

designed to treat 1-2 L of total sample volume. The reactor was provided with one inlet and one 

outlet along with one detachable baffle made up of acrylic fiber. In order to capture different gases 

during EO treatment of AHU, a square glass box made up of acrylic fiber was fabricated equipped 

with a side-branches sampling port (inlet and outlet) and a gas outlet port on top. The glass square 

box was placed inversely over the EO reactor. Furthermore, the whole setup was placed on a jack 

and fixed accordingly with clay so that the infiltration of air was stopped. In order to check the 

efficiency of the process as well as the efficacy of the novel electrodes for the on-site treatment of 

urine wastewater, experiments were first performed with SU. An aqueous solution of SU with a 

working volume of 2 L was used for EO experiments. At certain time intervals, samples of 

appropriate volume were taken out from the solution and filtered using 0.45 μm filters and underwent 

various analyses.  

As recycle ratio for the current process was taken as infinity as all the water was recycled for 

the given time. The system behaves as the batch reactor and was designed using batch reactor 

equations as described in Equations 3.10.1-3.10.6 (Levenspiel, 1999). 

𝑑𝑁𝐴

𝑑𝑡
=  ∫ 𝑟𝐴 𝑑𝑉                                                                                                                                 (3.10.1) 

As reaction mixture was perfectly mixed, rA becomes independent of position: 



59 
 

𝑑𝑁𝐴

𝑑𝑡
=  𝑟𝐴𝑉                                                                                  (3.10.2) 

Time t, required to reduce the number of moles from NA0 to NA1 was calculated by the following 

formula: 

𝑡 =  ∫
𝑑𝑁𝐴

−𝑟𝐴𝑉

𝑁𝐴0

𝑁𝐴1
                                                                                          (3.10.3) 

𝑁𝐴 =  𝐶𝐴 V                                                                                          (3.10.4) 

For constant- volume batch reactor this equation can also be represented as: 

  
  𝑑𝐶𝐴

𝑑𝑡
=  𝑟𝐴                                                                                          (3.10.5) 

Recycle ratio is defined:  

  𝑅𝑟 =  
𝑉𝑟

𝑉𝑜
                                   (3.10.6) 

In this case: V0 = 0, therefore Rr = ∞, hence, the system behaves as a batch reactor 

Furthermore, the conversion of substance A is defined by Equation 3.10.7. 

𝑋 =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑟𝑒𝑎𝑐𝑡𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑓𝑒𝑑
                       (3.10.7) 

Which further represented by Equation 3.10.8. 

𝑋𝑖  =
𝑁𝑖𝑜−𝑁𝑖

𝑁𝑖0
= 1 −  

𝐶𝑖𝑉

𝐶𝐴0𝑉0
                                                       (3.10.8) 

A number of moles of A in the batch reactor after conversion X has been achieved can be calculated 

by Equation 3.10.9. 

𝑁𝐴 =  𝑁𝐴0(1 − 𝑋)                       (3.10.9) 

On differentiating the above equation with respect to t and inserting it into the equation 3.15 for the 

batch reactor and got Equations 3.10.10- 3.10.11. 

𝑁𝐴0
𝑑𝑋

𝑑𝑡
=  −𝑟𝐴𝑉                                (3.10.10)  

𝑡 =  𝑁𝐴0 ∫
𝑑𝑋

−𝑟𝐴𝑉

𝑋

0
                                                                 (3.10.11) 
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Where, NA= molar concentration of target compound (mol/L), CA= concentration of compound 

(mg/L), rA= reaction rate, Rr= recycle ratio, Vr= volume of reaction mixture returned to the reactor 

entrance (mL), V0= volume leaving the system (mL).  

To regulate the flow rate (Q) and retention time for a particular run in case of a continuous 

process, a peristaltic pump (Miclins peristaltic pump PP 20 EX) was used. The space-time or 

retention time (Ʈ) and a space velocity of the electrochemical reactor were calculated according to 

the Equation 3.10.12.    

𝜏 =  
𝑉

𝜗0
                                   (3.10.12) 

While space velocity (ʋ) was calculated by Equation 3.10.13. 

ʋ =  
𝜗0

𝑉
                                        (3.10.13) 

Where, Ʈ = space-time (min), V = volume of reaction mixture in a reactor (L), v0 = volumetric flow 

rate (L min-1), ʋ = space velocity (min-1). By this dual approach, one can save the cost of electrolytes 

and electricity consumed for the EO treatment process.  
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Figure 3.10 (a) Schematic diagram of the experimental setup of PV driven continuous EO 

reactor for the treatment of SU/AHU and (b) actual photograph of continuous EO reactor for 

the treatment of AHU. 

3.11 Characterization of Anodes 

 The durability and stability of oxides layers (MMO and doped MMO) on anodes were 

characterized by various techniques. The anodes were characterized by Scanning electron 

microscopy [SEM, model- JSM-6510LV, JEOL (Japan)] and Electron dispersive spectroscopy 

[EDS, model-INCAX-act, Oxford instruments (U.K.)] in order to analyze the surface morphology 

and elemental composition of metal oxides. The crystalline structure of various metal oxides layers 

on the anode surface was measured by X-ray diffraction (XRD) [X’Pert pro diffractometer; 2Ɵ = 

10-90⁰].  Raman spectroscopy was performed at 532 nm on a confocal microspectrophotometer 

coupled with diode green laser (Model: STR 500), Airix Corporation, Japan. To check the chemical 

and electronic state of the metal oxide layers, XPS [X-ray photoelectron spectroscopy, Omicron 

Nanotechnology, Oxford Instrument] was performed. The study of OH• production during EO and 
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PEC were checked using a fluorescence spectrophotometer (PerkinElmer, LS 45). Terephthalic acid 

(TPA) was used as a robe which readily reacts with the OH• and produces a fluorescence compound 

named 2-hydroxyterephthalic acid (TAOH). The intensity of 2-hydroxyterephthalic acid was 

measured at an excitation wavelength at 315 nm and emission wavelength at 425 nm.  

3.12 Analytical Determination 

The sample analysis of treated target compounds was carried out at regular intervals of time 

through UV-vis absorption spectroscopy (LAB INDIA, T60 U) with ƛmax= 238, 290 and 420 nm for 

creatinine, uric acid, and urea respectively. A closed reflux method was used for the COD estimation 

(APHA, 1989: Sec.5220-(C)) of the samples at regular time intervals. COD was measured using the 

digestive unit (Thermo reactor, model 2025D, Spectra lab). APHA standard methods (1989) were 

employed for monitoring the generation of ions such as nitrite ions (APHA, 1989: Sec.4500-NO2 

(B)), nitrate ions (APHA, 1989: Sec.4500-NO3 (E)), COD, Total available chlorine (APHA, 1989: 

Sec.4500-Cl—(B)), ammonical nitrogen (APHA, 1989: Sec.4500-NH3- (B&C)), organic nitrogen 

APHA, 1989: Sec.4500-N)  and chloride (APHA, 1989: Sec.4500-Cl- (B)). The TOC content in 

treated and untreated samples was checked through Multi N/C Model-2100 BU, TOC analyzer, 

Analytic Jena AG Corporation (Germany). FTIR (Fourier transform infrared spectrum) was 

measured by the Perkin Elmer spectrometer (range 4000-200 cm-1) using KBr pellets for untreated 

and treated samples. The redox reactions that occurred during electrolysis of synthetic urine were 

measured through cyclic voltammetry (Metrohm Autolab; Model- CHI660C) at room temperature. 

The employed conventional three-electrode assembly consisted of Pt wire as the counter electrode, 

Ag/AgCl as a reference and commercially available Pt rod with 1cm2 area as a working electrode. 

LC-MS analysis with a mass spectrometer (Q-TOF; Micromass Ltd.), UK was used to identify the 

degradation products of metabolites and SU generated during the EO treatment process. The 

injection temperature for ion spray injector was set at 480 °C and de-clustering potential was 

adjusted to 73 V. Isocratic mode was employed using a mobile phase of solution A: 0.1% formic 

acid in (50%) acetonitrile and solution B: 0.1% formic acid in (50%) water with Waters XBridge 

C─18 column (250 mm X 4.65 µm). Data analysis was performed under positive ion mode at a flow 

rate equal to 200 μL/min. Run time for LC-MS analysis was 20 min The concentration of urea, uric 

acid, and creatinine in treated and untreated samples of SU/HU was estimated using a semi-auto 

analyzer (Erba Mannheim, model- Chem 5X). The intermediates formed during the EO treatment of 
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AHU were identified through gas chromatography-mass spectrometry (GC-MS) analysis. 

Perkin−Elmer Clarus 500 MS instrument with fused silica capillary columns (25 m × 200 µm 

internal diameter) coated with a 5% diphenyl/95% dimethyl polysiloxane was used for GC-MS 

analysis. The m/z was scanned in the range from 25─350. Helium was used as carrier gas with a 

flow rate of 1 ml/min. The injection temperature was adjusted to 280 ⁰C while the temperature for 

the GC oven was adjusted to 100─280 °C, with every 25 °C increment in temperature. 1µL of the 

sample was injected and a 20:01 split ratio was employed for GC. Run time for GC-MS analysis 

was 24.20 min. The determination of gaseous products like carbon dioxide (CO2), hydrogen (H2) 

and molecular nitrogen (N2) evolved were analyzed by gas chromatography (GC, CS-5800) with 

thermal conductivity detector (TCD) and column oven size (260 mm* 280 mm*  155 mm). The 

packed column was used for TCD with the temperature set at 150 °C. The packed column is split 

into two solid supports  i.e. molecular sieve (5A) and Porapak Q (2 m X 3.175 mm). The column 

oven temperature was adjusted at 70 °C with every 0.1°C increment in temperature. The temperature 

for the front injector and front detector were set at 100 °C and 220 °C respectively. 1 mL of sample 

was injected and run time for GC analysis was 8 min. The carrier gas used for TCD operation is 

hydrogen. The pH and conductivity of samples were measured using pH meter (HANNA (HI 5221)) 

and conductivity meter (HANNA (HI 5321)), USA 
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Chapter-4 

RESULTS AND DISCUSSION 

4.1 General 

In this chapter detailed discussion about degradation studies of synthetic urine and its 

metabolites by EO with MMO and doped-MMO are done. For analyzing the process efficiency, 

different parameters are evaluated. Furthermore, the oxidation mechanism of pollutants and their 

transformation into byproducts after the treatment process has been checked through various 

analytical techniques. Attempts have been made to study the effect of two processes at the same time 

in the same system by coupling the light irradiations (under artificial UV light or natural solar 

radiations) with the EO process i.e. PEC in order to enhance the process efficiency as well to reduce 

the treatment time.  

4.1.1 Overview 

For the first time novel combination of different metal oxide at the surface of the single anode 

was selected for the oxidation urine metabolites such as uric acid, creatinine, and urea through EO. 

Moreover, an individual drawback of each metal was covered by incorporating these metals into the 

single anode. The anode selected for a particular study by keeping in mind to have better removal 

efficiencies even in extreme conditions. This novel combination of different metal oxides was 

incorporated on titanium anodes in order to have an electro-active surface area (active sites) due to 

the presence of TiO2, better stability due to Ir in acidic solutions as well as a high temperature, good 

resistance properties of Ru, durable enough at high anodic potentials and electrochemically effective 

even at lower current densities due to presence of Pt.  

Similar studies were performed with another anode that is doped-MMO in order to overcome 

the problem of treating urine metabolites at higher current densities. In this anode, different metal 

oxides incorporated were a combination of active and non-active metals in order to have more 

generation of OH• which further led to having better degradation efficiency. In order to get excellent 

resistance properties and good service life, Ir was incorporated. Ta provides high current densities 

and enables the anode to work on high values of applied current without causing any damage. The 
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integration of Sn was done to get more active sites for the generation of ROS. Sb was doped in order 

to increases the conductivity of anode as well as lowers the oxygen evolution over-potential.   

Preliminary EO experiments were carried out with both anodes for the oxidation of urine 

metabolites in batch mode. For evaluating the performance of the treatment process i.e. EO, various 

operational parameters such as current density, treatment time, pH and NaCl dose were selected 

based on a literature survey and preliminary studies performed. Furthermore, a comprehensive study 

using response surface methodology was carried out in order to investigate/ analyze the influence of 

these input process parameters on each other as well as their effect on selected responses such as 

percentage Degradation and Energy consumption. Attempts were made to couple the EO with some 

other technology in order to study the synergistic effect of dual-process over single processes alone 

at optimized conditions. Durability studies for both anodes were carried out in order to study the 

economic feasibility of the employed technique. Mineralization studies were validated through the 

production of various anions, reduction in TOC and COD and evaluation of gases like CO2, N2, H2, 

etc. The transformation of target compounds into intermediates was identified through LC-MS 

analysis. Based on these intermediates, the oxidative degradation pathway for a particular metabolite 

was proposed in this experimental study. 

After knowing the oxidation mechanism of metabolites individually in an aqueous medium, 

degradation studies for synthetic urine using both anodes were carried out systematically. The 

process optimization was carried out with MMO by varying the operational parameters that are pH, 

applied current density, N/Cl ratio and treatment time and subsequently similar performed with 

doped-MMO. Further PEC with both anodes was carried out under UV light and natural solar 

radiation at optimized conditions in order to reduce the electrolysis time to some extent and save 

some energy consumed during the process.   

Scale-up studies with novel electrodes were also carried out for the treatment of real human 

urine wastewater through EO in continuous recirculation mode by incorporation of the PV panels in 

order to save the energy consumed for a particular process.  Successful treatment could lead to the 

sustainable on-site treatment of urinal wastewater containing these nitrogen-based toxic compounds.  
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The flow of the experimental research work has been presented in the form of a flow chart (Figure 

4.1) to have a clear vision of what and how this study has been done.  

 

 

Figure 4.1 Framework of results and discussions 

Section A (Urine metabolites treatment) 

I. Selection of commercially available electrodes (i.e. MMO) was done initially. 

II. EO treatment of all metabolites i.e. uric acid, creatinine and urea were done with MMO. 

III. Different operational parameters were evaluated using RSM 

IV. Synergistic studies were carried out in order to assess in-situ dual process under UV and solar light at 

optimized conditions. 

V. Mineralization studies were performed to check quality of treated effluents. 

VI. Selection of another electrode (i.e. doped-MMO) was done so that better wider spectrum of solar light 

can be used by reducing its band gap as well as to have better process efficiency at extreme conditions. 

VII. Similar studies were carried out with doped-MMO and compared with results of MMO. 

                                                    (Covering objective 1) 

 

 Section B (SU treatment) 

I. EO treatment of SU was carried out using MMO and doped-MMO based upon results of objective 1.  

II. Evaluation of various input operational parameters were done using RSM. 

III. Synergistic studies were carried out with both anodes in order to reduce treatment time of study. 

IV. Mineralization studies were carried out. 

V. Durability studies for both anodes were done in order to check its recyclability for multiple runs of 

cycles. 

     (Covering objective 2) 

Section C (Scale Up studies) 

I. Continuous EO treatment of SU was carried out in PV driven electro-catalytic reactor by both electrodes 

coupled with molecular hydrogen generation. 

II. Mineralization studies were carried out and results has been compared. 

III. The actual viability of EO treatment process at field scale was confirmed with the treatment of AHU 

using MMO anode. 

IV. Mineralization studies were performed along with various gas analysis such as H2, CO2, N2, etc. 

               (Covering objective 3) 

Section D (Characterization of electrodes) 

I. Durability and stability of both anodes were checked through various characterization techniques such 

as SEM/EDX, XRD, Raman, XPS and UV-DRS. 
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4.2 Standard Calibration Curve of Uric acid, Creatinine and Urea  

 The wavelength scan of urine metabolites i.e. uric acid, creatinine and urea was studied in 

the range from 200-800 nm. Maximum absorbance i.e. ƛmax was obtained at 290 nm in case of uric 

acid, 238 nm in case of creatinine and 420 nm in the case of urea. The standard concentration for 

uric acid and creatinine were varied from 10-70 mg/L, while for urea it is 200 to 2000 mg/L based 

on literature studies. The calibration curve was made by plotting a curve between standard 

concentrations and absorbance. The coefficient of determination, R2 was found to be 0.998, 0.999 

and 0.990 with slope values 0.0552, 0.0513 and 0.0014 respectively as shown in Figure 4.2. The 

concentration of urine metabolites for the present experimental study has been determined from 

these calibration curves. 

 

Figure 4.2 Calibration curve of all urine metabolites i.e. (a) Uric acid, (b) Creatinine and (c) 

Urea. 
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         SECTION-A 

4.3 Study on EO Treatment of Urine Metabolites (Uric Acid, Creatinine and Urea) with MMO  

4.3.1 Model Fitting and Statistical Analysis 

In this study, three-level BBD based RSM has been employed for the designing of EO 

experiments for urine metabolites using MMO anodes. For establishing the process conditions for 

the removal of metabolites from aqueous solution, four input operational parameters were selected 

such as initial pH (X1), current density (X2), treatment time (X3) and NaCl dose (X4). The actual 

ranges along with coded values of these listed parameters in Table 4.3.1 were selected on the basis 

of the reported studies and prior observations. The total number of experimentally designed by BBD 

for all urine metabolites was 30 with six replication runs at the center. The experimental results of 

responses like %Degradation (Y1) and Energy consumption (Y2) for EO treatment of all urine 

metabolites (uric acid, creatinine and urea) were calculated by conducting the experimental runs 

according to the suggested design matrix as shown in Table 4.3.2a,b,c.  

Table 4.3.1   Range and coded levels of  selected input operational variables for EO treatment 

of all urine metabolites with MMO 

 Range of actual and coded variables 

Compounds Factors Variables  -1 0 +1 

(a) Uric Acid X1 Initial pH 2 5.5 9 

 X2 Current density , j (mA/cm2) 2.38 7.14 11.90 

 X3 Treatment time, t (min) 2 6 10 

 X4 NaCl dose (n) (g/L) 0.25 0.75 1.25 

 

(b) Creatinine X1 Initial pH 2 5.5 9 

 X2 Current density , j (mA/cm2) 7.14 14.28 21.42 

 X3 Treatment time, t (min) 15 65 115 

 X4 NaCl dose (n) (g/L) 0.25 0.75 1.25 

 

(c) Urea X1 Initial pH 3 6 9 

 X2 Current density , j (mA/cm2) 9.52 19.04 28.57 

 X3 Treatment time, t (min) 60 120 180 

 X4 NaCl dose (n) (g/L) 0.5 1.13 1.75 
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Table 4.3.2a BBD matrix for EO treatment of uric acid with MMO and their experimental 

results. 

Run Std Block pH j 

(mA/cm2) 

t 

(min) 

n 

(g/L) 

%Degradation, 

Y1 

Energy consumption, 

    Y2  (kWh/m3) 

1 8 Block1 5.5 7.14 10 1.25 97.28 0.95625 

2 4 Block1 9 11.90 6 0.75 79.45 1.29375 

3 5 Block1 5.5 7.14 2 0.25 32.7 0.225 

4 9 Block1 5.5 7.14 6 0.75 85.5 0.61875 

5 7 Block1 5.5 7.14 2 1.25 58.4 0.19125 

6 10 Block1 5.5 7.14 6 0.75 85.5 0.61875 

7 2 Block1 9 2.38 6 0.75 64.48 0.13875 

8 1 Block1 2 2.38 6 0.75 60 0.16875 

9 3 Block1 2 11.90 6 0.75 98.4 1.29375 

10 6 Block1 5.5 7.14 10 0.25 93.25 1.125 

11 18 Block 2 5.5 11.90 10 0.75 96.7 2.15625 

12 17 Block 2 5.5 2.38 10 0.75 62.5 0.28125 

13 19 Block 2 5.5 7.14 6 0.75 85.5 0.61875 

14 15 Block 2 5.5 2.38 2 0.75 9.25 0.05625 

15 14 Block 2 9 7.14 6 1.25 86.25 0.57375 

16 13 Block 2 2 7.14 6 1.25 74.22 0.13875 

17 16 Block 2 5.5 11.90 2 0.75 61.25 0.43125 

18 11 Block 2 2 7.14 6 0.25 78.8 0.675 

19 12 Block 2 9 7.14 6 0.25 67.23 0.695 

20 20 Block 2 5.5 7.14 6 0.75 85.5 0.61875 

21 25 Block 3 5.5 2.38 6 0.25 37.2 0.25875 

22 27 Block 3 5.5 2.38 6 1.25 55.1 0.13875 

23 21 Block 3 2 7.14 2 0.75 51.04 0.20625 

24 24 Block 3 9 7.14 10 0.75 93.24 1.03125 

25 30 Block 3 5.5 7.14 6 0.75 85.5 0.61875 

26 26 Block 3 5.5 11.90 6 0.25 75.89 1.40625 

27 23 Block 3 2 7.14 10 0.75 95.05 1.03125 

28 29 Block 3 5.5 7.14 6 0.75 85.5 0.61875 

29 22 Block 3 9 7.14 2 0.75 41.07 0.21630 

30 28 Block 3 5.5 11.90 6 1.25 96.07 1.2 
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Table 4.3.2b BBD matrix for EO treatment of creatinine with MMO and their experimental 

results. 

Run Std Block pH j 

(mA/cm2) 

t 

(min) 

n 

(g/L) 

%Degradation 

Y1 

Energy consumption 

Y2, (kWh/m3) 

1 10 1 5.5 14.28 65 0.75 74 18.1994 

2 6 1 5.5 14.28 115 0.25 85.3 42.8226 

3 4 1 9 21.42 65 0.75 77.06 47.5298 

4 5 1 5.5 14.28 15 0.25 13.5 5.5125 

5 8 1 5.5 14.28 115 1.25 87.79 22.4172 

6 1 1 2 7.14 65 0.75 60.85 5.11859 

7 7 1 5.5 14.28 15 1.25 21.63 2.85 

8 3 1 2 21.42 65 0.75 84.63 37.536 

9 9 1 5.5 14.28 65 0.75 79.53 18.1994 

10 2 1 9 7.14 65 0.75 40.222 5.52483 

11 16 2 5.5 21.42 15 0.75 37.36 9.95625 

12 19 2 5.5 14.28 65 0.75 78.87 18.1994 

13 15 2 5.5 7.14 15 0.75 4.5 1.1625 

14 12 2 9 14.28 65 0.25 66.04 24.3743 

15 20 2 5.5 14.28 65 0.75 76.47 18.1994 

16 17 2 5.5 7.14 115 0.75 81.85 9.1968 

17 11 2 2 14.28 65 0.25 76.63 25.593 

18 18 2 5.5 21.42 115 0.75 86.6 47.9917 

19 14 2 9 14.28 65 1.25 73.84 12.8371 

20 13 2 2 14.28 65 1.25 82.74 11.6996 

21 25      3 5.5 7.14 65 0.25 50 5.68732 

22 23 3 2 14.28 115 0.75 87.94 32.763 

23 29  3 5.5 14.28 65 0.75 80.74 18.1994 

24 30  3 5.5 14.28 65 0.75 81.89 18.1994 

25 24  3 9 14.28 115 0.75 81.11 35.925 

26 22 3 9 14.28 15 0.75 15.73 4.575 

27 21  3 2 14.28 15 0.75 40.15 4.05 

28 27  3 5.5 7.14 65 1.25 42.22 3.81863 

29 28  3 5.5 21.42 65 1.25 80.89 25.593 

30 26 3 5.5 21.42 65 0.25 74.13 64.8355 
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Table 4.3.2c BBD matrix for EO treatment of urea with MMO and their experimental 

results. 

Std Run Block       j 

(mA/cm2) 

n  

(g/L) 

t  

(min) 

pH %Degradation,

Y1 

Energy consumption, 

Y2 (kWh/m3) 

4 1 1 28.57 1.75 120 6 65 37.2 

9 2 1 19.05 1.13 120 6 82 22.4 

7 3 1 19.05 1.13 60 9 20 11.86 

3 4 1 9.52 1.75 120 6 26 6.76 

2 5 1 28.57 0.50 120 6 17 49.92 

5 6 1 19.05 1.13 60 3 52 11 

8 7 1 19.05 1.13 180 9 46 34.97 

10 8 1 19.05 1.13 120 6 82 22.4 

1 9 1 9.52 0.50 120 6 15 7.96 

6 10 1 19.05 1.13 180 3 98 31.8 

15 11 2 19.05 0.50 60 6 19 13.06 

13 12 2 9.52 1.13 120 9 23 8.44 

18 13 2 19.05 1.75 180 6 76 30 

20 14 2 19.05 1.13 120 6 82 22.4 

12 15 2 28.57 1.13 120 3 73 43.68 

11 16 2 9.52 1.13 120 3 39 6.8 

14 17 2 28.57 1.13 120 9 30 46.32 

19 18 2 19.05 1.13 120 6 82 22.4 

17 19 2 19.05 0.50 180 6 59 37.8 

16 20 2 19.05 1.75 60 6 37 10.4 

29 21 3 19.05 1.13 120 6 82 22.4 

23 22 3 9.52 1.13 180 6 41 10.52 

30 23 3 19.05 1.13 120 6 82 22.4 

28 24 3 19.05 1.75 120 9 35 21.52 

25 25 3 19.05 0.50 120 3 56 25.28 

21 26 3 9.52 1.13 60 6 11.5 3.63 

24 27 3 28.57 1.13 180 6 62 65.7 

22 28 3 28.57 1.13 60 6 22 22.5 

26 29 3 19.05 1.75 120 3 88 19.6 

27 30 3 19.05 0.50 120 9 28 26.72 

 

The sequential model sum of square and model summary statistic, two different tests were 

evaluated to obtain the best regression model among various models like linear, 2FI, quadratic and 

cubic for both responses (Y1 and Y2). From the results of the model summary statistic of all urine 
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metabolites, values of R2 were found highest for quadratic only, which advocates that the model has 

explained the experimental data very well and indicates the satisfactory interaction between 

predicted and observed values of experimental runs. For creatinine, square root for Y1 and natural 

log transformation for Y2, while in the case of urea square root for Y2 were applied only. However, 

in the case of uric acid, no transformation was applied to any of the responses. After exploiting 

sequential F–test and other adequacy measures, the model suggested for all urine metabolites was 

quadratic as shown in Table 4.3.3. 

Table 4.3.3 Various R-squared values for the quadratic model suggested by BBD for 

responses %Degradation (Y1) and Energy consumption (Y2) of all urine metabolites treated 

with MMO 

Compound Responses R-Squared Adj R-Squared Pred R 

Squared 

(a) Uric acid Y1 0.9788 0.9559 0.8384 

 Y2 0.9883 0.9757 0.9069 

(b) Creatinine Y1 0.9864 0.9718 0.8979 

 Y2 0.9967 0.9931 0.9737 

(c) Urea Y1 0.9900 0.9793 0.9197 

 Y2 0.9998 0.9995 0.9984 

 

For processing the chosen quadratic model, a manual regression method was applied in 

which insignificant model terms were evicted automatically and provide compiled results with a 

reduced quadratic equation. Table 4.3.4a,b,c shows the results of the quadratic model fitting in the 

form of analysis of variance (ANOVA). ANOVA with higher F values and lower p values 

(p<0.0001) i.e. “Prob>F” for both responses in case of all urine metabolites, supports the quadratic 

model. Moreover, values of "Prob > F" less than 0.0500 indicate model terms are significant with a 

95% confidence level while values greater than 0.1000 indicate that model terms are not significant. 

The significant and highly significant terms of batch EO process for both responses Y1 and Y2 (of 

all urine metabolites) were observed from the ANOVA tables. The values of adequate precision ratio 

(signal to noise ratio) in the case of all metabolites have come out above 4, which depicts the 

goodness of the fitted model and can be used for design space navigation. 

An empirical relationship between the responses and the operational parameters in terms of 

independent coded factors obtained from the design-expert software for all urine metabolites was 

expressed by the quadratic model equation as shown in Equations 4.3.1-4.3.6. 
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Uric acid: 

Y1 = + 85.50 – 2.15*X1 + 18.27*X2 + 23.69*X3 + 6.85*X4 – 0.96*X1
2 – 12.58*X2

2 - 

13.15*X3
2 – 5.57*X4

2 – 5.86*X1*X2 + 2.04*X1*X3 + 5.90*X1*X4 - 4.45*X2*X3 + 0.57*X2*X4 - 

5.42*X3*X4               (4.3.1) 

Y2 = + 0.62 + 0.036*X1 + 0.56*X2 + 0.44*X3 - 0.099*X4 - 0.039*X1
2 + 0.13*X2

2 + 0.017*X3
2 

- 0.023*X4
2 +7.500E-003*X1*X2 - 2.513E-003*X1*X3 + 0.10*X1*X4 + 0.37*X2*X3 - 0.022*X2*X4 

- 0.034*X3*X4               (4.3.2) 

Creatinine: 

Sqrt(Y1) = + 8.86 – 0.48*X1 + 1.01*X2 + 2.37*X3 + 0.14*X4 - 0.012*X1
2 - 0.70*X2

2 - 

1.66*X3
2 - 0.35*X4

2 + 0.26*X1*X2 + 0.50*X1*X3 + 0.031*X1*X4 - 0.93*X2*X3 + 0.24*X2*X4 -

0.21*X3*X4               (4.3.3) 

Ln(Y2) = + 2.90 + 0.048*X1 + 1.02*X2 + 0.99*X3 - 0.34*X4 + 0.044*X1
2 - 0.26*X2

2 - 

0.47*X3
2 - 0.044*X4

2 + 0.040*X1*X2 - 7.439E-003*X1*X3 + 0.035*X1*X4 - 0.12*X2*X3 - 

0.13*X2*X4 + 3.115E-003*X3*X4              (4.3.4) 

Urea: 

Y1 = + 82.00 + 9.46*X1 + 11.08*X2 + 18.37*X3 - 18.67*X4 – 31.21*X1
2 - 19.15*X2

2 - 

16.33*X3
2

 - 10.77*X4
2 + 9.25*X1*X2 - 2.62*X1*X3 - 6.75*X1*X4 - 0.25*X2*X3 - 6.25*X2*X4 - 

5.00*X3*X4                                                                                                                                    (4.3.5) 

Sqrt(Y2) = + 4.73 + 1.95*X1 – 0.28*X2 + 1.19*X3 + 0.10*X4 - 0.076*X1
2 + 0.025*X2

2 – 0.17*X3
2 + 

0.049*X4
2
 – 0.19*X1*X2 + 0.51*X1*X3 - 0.025*X1*X4 – 0.070*X2*X3 + 0.018*X2*X4 + 

0.037*X3*X4                     (4.3.6) 
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Table 4.3.4a ANOVA results of uric acid suggested by BBD for responses (Y1 and Y2) 

Sources %Degradation, (Y1) Energy Consumption, (Y2) 

 Sum of 

square 

DF Mean 

square 

F- 

value 

Prob>F Sum of 

square 

DF Mean  

square 

F- 

value 

Prob>F 

Block 129.90 2 64.95   0.013 2 6.486E-

003 

  

Model 13924.02 14 994.57 42.80 < 0.0001 6.98 14 0.50 78.47 < 0.0001 

X1 55.43 1 55.43 2.39 0.1465 0.016 1 0.016 2.48 0.1392 

X2 4005.15 1 4005.15 172.34 < 0.0001 3.78 1 3.78 595.43 < 0.0001 

X3 6736.01 1 6736.01 289.85 < 0.0001 2.30 1 2.30 362.08 < 0.0001 

X4 563.76 1 563.76 24.26 0.0003 0.12 1 0.12 18.45 0.0009 

X1
2 6.37 1 6.37 0.27 0.6094 0.010 1 0.010 1.61 0.2272 

X2
2 1085.40 1 1085.40 46.70 < 0.0001 0.12 1 0.12 18.67 0.0008 

X3
2 1185.98 1 1185.98 51.03 < 0.0001 1.990E-

003 

1 1.990E-

003 

0.31 0.5853 

X4
2 212.65 1 212.65 9.15 0.0098 3.767E-

003 

1 3.767E-

003 

0.59 0.4551 

X1X2 137.24 1 137.24 5.91 0.0303 2.250E-

004 

1 2.250E-

004 

0.035 0.8537 

X1X3 16.65 1 16.65 0.72 0.4127 2.525E-

005 

1 2.525E-

005 

3.973E

-003 

0.9507 

X1X4 139.24 1 139.24 5.99 0.0293 0.043 1 0.043 6.77 0.0219 

X2X3 79.21 1 79.21 3.41 0.0878 0.56 1 0.56 88.51 < 0.0001 

X2X4 1.30 1 1.30 0.056 0.8167 1.860E-

003 

1 1.860E-

003 

0.29 0.5977 

X3X4 117.40 1 117.40 5.05 0.0426 4.556E-

003 

1 4.556E-

003 

0.72 0.4125 

Residual 302.12 13 23.24   0.083 13 6.355E-

003 

  

Lack of 

fit 

302.12 10 30.21   0.083 10 8.262E-

003 

  

Pure 

error 

0.000 3 0.000   0.000 3 0.000   

Core 

total 

14356.04 29    7.08 29    
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Table 4.3.4b ANOVA results of creatinine suggested by BBD for responses (Y1 and Y2) 

Sources %Degradation, (Y1) Energy consumption, (Y2) 

 Sum of 

square 

DF Mean 

square 

F- 

value 

Prob>F Sum of 

square 

DF Mean  

square 

F- 

value 

Prob>F 

Block 0.25 2 0.12   0.015 2 7.699E-

003 

  

Model 109.00 14 7.79 67.53 < 0.0001 27.83 14 1.99 279.98 < 0.0001 

X1 2.76 1 2.76 23.91 0.0003 0.027 1 0.027 3.82 0.0725 

X2 12.24 1 12.24 106.17 < 0.0001 12.57 1 12.57 1770.27 < 0.0001 

X3 67.60 1 67.60 586.28 < 0.0001 11.81 1 11.81 1663.73 < 0.0001 

X4 0.25 1 0.25 2.16 0.1652 1.37 1 1.37 193.38 < 0.0001 

X1
2 1.060E-

003 

1 1.060E-

003 

9.193E-

003 

0.9251 0.013 1 0.013 1.90 0.1914 

X2
2 3.36 1 3.36 29.10 0.0001 0.45 1 0.45 63.55 < 0.0001 

X3
2 18.87 1 18.87 163.70 < 0.0001 1.52 1 1.52 213.58 < 0.0001 

X4
2 0.84 1 0.84 7.30 0.0181 0.013 1 0.013 1.85 0.1964 

X1X2 0.27 1 0.27 2.33 0.1505 6.375E-

003 

1 6.375E-

003 

0.90 0.3606 

X1X3 1.00 1 1.00 8.66 0.0114 2.214E-

004 

1 2.214E-

004 

0.031 0.8626 

X1X4 3.858E-

003 

1 3.858E-

003 

0.033 0.8577 5.011E-

003 

1 5.011E-

003 

0.71 0.4160 

X2X3 3.48 1 3.48 30.20 0.0001 0.061 1 0.061 8.64 0.0115 

X2X4 0.23 1 0.23 1.99 0.1821 0.071 1 0.071 9.94 0.0076 

X3X4 0.18 1 0.18 1.54 0.2366 3.882E-

005 

1 3.882E-

005 

5.469E-

003 

0.9422 

Residua

l 

1.50 13 0.12   0.092 13 7.099E-

003 

  

Lack of 

fit 

1.44 10 0.14 7.06 0.0673 0.092 10 9.229E-

003 

  

Pure 

error 

0.061 3 0.020   0.000 3 0.000   

Core 

total 

110.74 29    27.93 29    
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Table 4.3.4c ANOVA results of urea suggested by BBD for responses (Y1 and Y2) 

Sources %Degradation, (Y1) Energy consumption, (Y2) 

 Sum of 

square 

DF Mean 

square 

F-

value 

Prob>F Sum of 

square 

DF Mean  

square 

F- 

value 

Prob>F 

Block 15.52 2 7.76   0.013 2 6.517E-

003 

  

Model 20575.85 14 1469.70 92.35 < 0.0001 64.95 14 4.64 4058.64 < 0.0001 

X1 1073.52 1 1073.52 67.46 < 0.0001 45.42 1 45.42 39731.6

8 

< 0.0001 

X2 1474.08 1 1474.08 92.63 < 0.0001 0.95 1 0.95 832.04 < 0.0001 

X3 4051.69 1 4051.69 254.60 < 0.0001 16.99 1 16.99 14863.9

4 

< 0.0001 

X4 4181.33 1 4181.33 262.75 < 0.0001 0.13 1 0.13 113.70 < 0.0001 

X1
2 6678.58 1 6678.58 419.67 < 0.0001 0.039 1 0.039 34.19 < 0.0001 

X2
2 2513.57 1 2513.57 157.95 < 0.0001 4.195E-

003 

1 4.195E-

003 

3.67 0.0777 

X3
2 1829.33 1 1829.33 114.95 < 0.0001 0.19 1 0.19 168.41 < 0.0001 

X4
2 795.50 1 795.50 49.99 < 0.0001 0.016 1 0.016 14.16 0.0024 

X1X2 342.25 1 342.25 21.51 0.0005 0.14 1 0.14 121.34 < 0.0001 

X1X3 27.56 1 27.56 1.73 0.2109 1.02 1 1.02 895.86 < 0.0001 

X1X4 182.25 1 182.25 11.45 0.0049 2.535E-

003 

1 2.535E-

003 

2.22 0.1603 

X2X3 0.25 1 0.25 0.016 0.9022 0.020 1 0.020 17.39 0.0011 

X2X4 156.25 1 156.25 9.82 0.0079 1.245E-

003 

1 1.245E-

003 

1.09 0.3157 

X3X4 100.00 1 100.00 6.28 0.0263 5.416E-

003 

1 5.416E-

003 

4.74 0.0485 

Residual 206.88 13 15.91   0.015 13 1.143E-

003 

  

Lack of 

fit 

206.88 10 20.69   0.015 10 1.486E-

003 

  

Pure 

error 

0.000 3 0.000   0.000 3 0.000   

Core 

total 

20798.24 29    64.98 29    

 

 To check the reliability of developed models for both responses of all urine metabolites, plots 

of normal % probability versus studentized residuals, studentized residuals versus predicted and 
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predicted versus actual for the experimental data were examined as shown in Figure 4.3.1 (i, ii, iii). 

From the plots of normal % probability versus studentized residuals, it was observed that residuals 

are in the proximity of the straight diagonal line which indicates that the model well satisfies the 

assumptions of the ANOVA. In the case of studentized residuals versus predicted, the random scatter 

in the plot indicates that the standard deviation separating the predicted values from actual. 

Therefore, developed models are considered to be adequate because the residuals for the prediction 

of each response are minimum. The data points predicted versus the actual plot for all metabolites 

were found very close to the diagonal line indicating the good correlation between experimental data 

and predicted data developed by the chosen model.  

 



78 
 

 

 



79 
 

 



80 
 

 

Figure 4.3.1 Plots of (a) normal % probability versus studentized residuals; (b) studentized 

residuals versus predicted and (c) predicted versus actual for responses (%Degradation and 

Energy consumed) of all urine metabolites (i) Uric acid, (ii) Creatinine and (iii) Urea treated 

with MMO. 

 Three dimensional (3D) response graphs developed from the chosen model were studied in 

order to see the interactive effect of each operational parameter on responses as well as used to find 

the best optimal conditions for high process efficiency. 

4.3.2 Effect of Process Parameters and Optimization  

4.3.2.1 Effect of current density (j) on %Degradation, (Y1) of uric acid, creatinine and urea 

Current density is an important operating parameter in the EO process because of the 

mechanistic study and cost-effectiveness analysis. Furthermore, the capability of transfer of e- and 

generation of oxidant species all depend upon applied current density. Figure 4.3.2a (uric acid) has 

shown the interaction between j and t as well as their simultaneous effect on Y1. The graph results 

showed that Y1 was found constant at lower values of j up to 4.76 mA/cm2 for t ≈ 6 min and then it 

increases gradually with increasing t values. For j values ≈ 9.52 mA/cm2, Y1 was increasing 
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continuously for all values of t. While for j beyond 9.52 mA/cm2 values, Y1 was found constantly 

increasing upto t ≈ 7.5 min and then suddenly become constant for leftover values of i.e. t > 7.5 min.  

Figure 4.3.3a (creatinine) showed the effect of j and pH on Y1. From the graph, it was found 

that Y1 was constantly increasing at j ≈ 14.28 mA/cm2 for all values of pH. Further increase in j 

values up to 17.85 mA/cm2, has decreased the Y1 marginally at pH ≈ 5.5 while an increase in Y1 was 

still observed at higher values of pH beyond 5.5. However, at higher values of j> 17.85 mA/cm2, Y1 

was found the minimum for all values of pH. The maximum value of Y1 was observed at higher 

values of j.  

 In the case of urea, Figure 4.3.4a has shown the effect of j and n on Y1 and interaction 

between them. From the results, it was observed that Y1 first increases gradually with increasing j 

values up to 19.05 mA/cm2 and reaches the maximum. But the further increase in j value beyond 

19.05 mA/cm2, Y1 decreases gradually. This trend was observed at all values of n. From the 

experimental results it was found that after certain values of j and n, the removal efficiency of urea 

has become minimum because at higher j values metal dissolution takes place which propagates the 

growth of the flocs in the solution. As well as increase the temperature of the solution which further 

interferes with the degradation process and hence decreases the process efficiency.  

In the EO process, both mechanisms direct and indirect oxidation takes place simultaneously 

for the maximum degradation of pollutants. The generation rate of reactive oxidant species like OH•, 

ozone, HO2
• and chloro-oxidant species along with the capability of e- transfer is highly dependent 

upon the current density. MMO used is active anode hence some important chemical reactions such 

as oxidation of water take place at its surface which further led to the formation of adsorbed OH• as 

shown in Equations 4.3.7- 4.3.8. Both chemical and electrochemical activity of these adsorbed OH• 

depends upon the nature of anode. Moreover, due to its active nature, it reacts with OH• and could 

form superoxide or higher metal oxides at the anode surface. 

MMO + H2O                MMO(OH•) + H+ + e-                                (4.3.7) 

MMO (OH•)               MMO (O) + H+ + e-          (4.3.8) 

MMO (OH•)/ MMO (O), a surface redox couple would act as mediator during the oxidation 

of urine metabolites as shown in Equation 4.3.9 whereas Equation 4.3.10 competes with side 

reactions like OER which occurred because of chemical decomposition of superoxide radicals.  

  MMO (O) + R   MMO + RO                     (4.3.9) 

  MMO (O)     MMO + ½ O                                         (4.3.10) 
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The oxidation reaction of urine metabolites by redox couple (MMO (OH•)/MMO(O)) is seems to be 

more selective over to the reaction shown in Equation 4.3.11. 

  MMO (OH•) + R   MMO+ aCO2 +bH2O + H+ + e-                (4.3.11) 

In literature, it has been reported that at lower values of j, generation of reactive species on 

MMO anodes was fallen down gradually with time. Due to which rate of pollutant removal decreases 

which further led to minimum treatment process efficiency. But when j increased, the removal 

efficiency (Y1) of pollutants were found maximum because of the increased generation of OH• at the 

surface of MMO anode as well as maximize the oxidation of chloride into RCS in the electrolyte 

solution. Moreover, at lower values of j, the EO process is not kinetically limited by mass transport 

of pollutants to the anode surface. Therefore, the increase in j value led to maximum removal 

efficiency (Martínez-Huitle et al., 2015). But at high values of j, the EO process is controlled by 

mass transport and an increase in j value could lead to the enhancement of OER from the electrolysis 

of water as shown in Equation 4.3.12. Due to which   OH•, HO2
•, etc. were consumed rapidly and 

decreases the Y1 (Song et al., 2008). Hence, lowers the overall treatment process efficiency. While 

in the case of intermediate j values, the EO process is under the mixed kinetic regime and a further 

increase in j values could lead to increases in pollutant removal rate but decreases the current 

efficiency. Hence for maximum removal rate without a decrease in current efficiency and overall 

process efficiency, optimum values of j should be chosen. 

2H2O → O2 + 4H+ + 4e-                       (4.3.12) 

4.3.2.2 Effect of pH on % Degradation, (Y1) of uric acid, creatinine and urea 

 The pH of the solution is a crucial factor as it influences the performance of the EO process. 

It explains the adsorption rate of OH•, as well as the type of reactive chlorine species that are 

predominant. Figure 4.3.2b has shown the effect of pH and t on Y1 (uric acid). The results of graphs 

showed that with increasing pH value, a decrease in Y1 was observed at all t values. However, for 

pH ≈ 5.5, Y1 was increasing with t value while beyond 5.5 pH, Y1 was first to become constant for 

t up to 4 min and then increases gradually with time. The increase in Y1 was much faster at lower 

values of pH than high values of pH.  

 In the case of creatinine, Figure 4.3.3a shows the interaction between pH and j as well as 

their effect on Y1. The results depict that at lower values of j up to 10.71 mA/cm2 no significant 

effect of pH was observed in Y1. For j> 10.71 mA/cm2, a marginal increase in Y1 was observed at 
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low values of pH≈ 5.5 while at pH> 5.5, Y1 was increased constantly. Further increase in j >17.85 

mA/cm2, Y1 decreases gradually at pH≈ 5.5 while for pH >5.5 Y1 first became constant and then 

decreases marginally. This shows that oxidation of creatinine was little more at high values of pH 

than low values of pH.  

 For urea, Figure 4.3.4b shows the effect of pH and t on Y1. The result shows that at lower 

values of pH≈ 6, Y1 first increases gradually for t up to 150 min and then found decreasing with 

increasing t. A similar trend was observed for pH> 6 up to t≈ 120 min and then decreases gradually 

with increasing t values.  

 In previous studies, it has been reported that removal efficiency of the pollutants was 

maximum at lower pH values because the adsorption rate of the OH• on the surface of MMO at 

acidic pH is high, hence led to direct oxidation of compound as shown in Equation 4.3.13. Whereas 

at highly basic pH adsorption rate of OH• on anode surface decreases, which lead to the 

transformation of OH• into H2O2 and HO2
• (oxidants of lower potential) as shown in Equations 4.3.19 

- 4.3.21, thus corresponds to mediated oxidation. Furthermore, it was also observed that at acidic 

pH, HOCl oxidant species generation was maximum which dominates over all other oxidant species 

like Cl2, ClO−
,
 etc., shown in Equations 4.3.14 - 4.3.18 and hence led to indirect oxidation. While in 

the case of alkaline pH, lower chloro-oxidant species like ClO3
− and ClO4

− were generated with time 

and thus reduces the Y1 as shown in Equations 4.3.22 - 4.3.24. Thus, the oxidation of the target 

pollutant was found to be maximum at acidic pH because of the involvement of both mechanisms, 

direct and indirect EO. 

At acidic pH: 

H2O         OH• + H+ + e-                                                                                                                  (4.3.13) 

Cl2 + 2e-              2Cl-                       (4.3.14) 

Cl2 + H2O   HClO +Cl- + H+                     (4.3.15) 

HClO     ClO- + H+                      (4.3.16) 

ClO- + H2O +2e-              Cl- +2OH-                                                (4.3.17) 

Cl- + OH•                     ClO-
 + H+ + e-                                                                                         (4.3.18) 
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At basic pH: 

OH• + OH-            •O- + H2O                                            (4.3.19) 

H2O2 + OH-          HO2
- + H2O                                 (4.3.20) 

HO2
• + OH-          O2•

- + H2O                                 (4.3.21) 

ClO- + OH-          ClO2
- + H+ + e-                     (4.3.22) 

ClO2
- + OH-            ClO3

- + H+ + e-                     (4.3.23) 

ClO3
- + OH-        ClO4

- + H+ + e-                                                                                                 (4.3.24) 

4.3.2.3 Effect of NaCl dose (n) on % Degradation, (Y1) of uric acid, creatinine and urea 

Figure 4.3.2c (uric acid) showed the interaction between n and t and their effect on Y1. The results 

of Figure 4.3c showed that at n ≈ 0.25 g/L, Y1 was increasing with t up to 8 min and then become 

constant. However, for 0.25 <n> 1.0 g/L, Y1 increases with t up to 6 min and  then become with 

increasing t value. Further increase in n value beyond 1.0 g/L, Y1 continuously increases with 

increasing values of t ≈ 8 min and then decreases with increasing t.   

 In the case of creatinine, the results of Figure 4.3.3b depicts that with increasing t value up 

to 90 min, Y1 increases with increasing n values. However, a further increase in t value beyond 

90min, a gradual decrease in Y1 was observed at all values of n.  

 Figure 4.3.4a (urea) showed the interaction between n and j and their effect on Y1. The results 

showed that at lower values of j up to 14.28 mA/cm2, Y1 increases with increasing n values. 

However, at n up to 1.13 g/L, Y1 increases with increasing j values. Further increase in n ≈ 1.44 g/L, 

Y1 increases marginally and then decreases with increasing j values.  

 The dose of NaCl plays a significant role because it influences the efficiency of the EO 

process as it defines the amount of RCS such as HClO, ClO-, etc. formed during the treatment 

process. It was observed that an increase in n values lead to the rise in metabolites degradation. This 

was due to the increase in the synergistic effects of RCS and OH• (Singh et al., 2016). During EO 

treatment, with increasing n, the concentration of Cl- and OCl-  also increases in the solution which 

adsorbed on the surface of the anode and reacts with urine metabolites (uric acid, creatinine, and 

urea) resulting in their decomposition either directly by RCS and OH• generated on the anode surface 
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or in the bulk through hypochlorite. In addition to this, the average rate of the degradation process 

increased due to the improvement in the solution conductivity which substantially decreased the 

drop in the voltage along with energy consumption. On further increase in the n values, it was found 

that the degradation of metabolites was minimum. This might be due to the reactions between NH4
+ 

and HOCl acid as shown in Equation 4.3.25. 

   2NH4
+ + 3HClO                                 N2 + 3H2O+ 5H+ + 3Cl-                    (4.3.25) 

Hence, an optimum dose of NaCl is very important from the stability point of view. Besides this, it 

has been observed that MMO anode has proven to be very effective in promoting the indirect 

oxidation along with direct oxidation and hence prevents the fouling of anodes. 

4.3.2.4 Effect of time (t) on % Degradation, (Y1) of uric acid, creatinine and urea 

Figure 4.3.2a,b,c (uric acid) shows the interaction of j, n, pH with t and their effect on Y1. From the 

result of all figures, it was concluded that Y1 increases with increasing t value up to 8 min. However 

further increase in t value beyond 8 min, Y1 increases marginally. In other words, further, an increase 

in t> 8 min has no significant effect on Y1.  

 Similar trends were observed in Figure 4.3.3b (creatinine), in which the effect of t and n on 

Y1 was observed. For t value up to 90 min, Y1 was found maximum for all values of n. Further 

increase in t values, decreased the Y1 marginally. While in the case of urea, Figure 4.3.4b has shown 

the interaction between t and pH. At lower values of pH, Y1 increases with increasing t value up to 

150 min and then found constant at t> 150 min. However, at high values of pH, Y1 increases with t 

up to 120 min and then decreases gradually with increasing t.  

 Various studies reported that during electrolysis, an impermeable film generates on the 

surface of the electrode causing passivation on the surface of the electrode, which in turn increases 

the treatment time as well as decreases the process efficiency. But in this experimental study, no 

such problem was observed because the MMO used has the advantage of coupling both direct and 

mediated oxidation processes in the presence of sodium chloride. Thus, prevents the passivation of 

the anode during the electrolysis. However, the optimization of time is very important for maximum 

degradation efficiency and longer stability of anodes.   
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 4.3.2.5 Effect of j, pH, n and t on Energy consumption, (Y2) of uric acid, creatinine and urea         

 Figure 4.3.2d (uric acid) shows the effect of n and pH on Y2. The results showed that at 

higher values of pH i.e. (3.75>pH>7.25) and lower values of n i.e. (0.5> n>1.00 g/L), Y2 was found 

maximum. It was observed at lower values of pH, Y2 decreases gradually with increasing n values. 

While at higher values of pH it was found that with increasing n value Y2 increases. However, Y2 

was decreasing with increasing pH at lower values of n. This might be due to the generation of the 

lower potential of oxidant species in solution at alkaline pH which in turn reduces the energy 

consumed during the treatment process. Figure 4.3.2e (uric acid) shows the effect of t and j on Y2. 

The results depict that Y2 was found constant at lower values of j ≈ 4.76 mA/cm2 for all t values. 

However, an increase in j values up to 9.52 mA/cm2, Y2 was found constant for t ≈ 2 to 8 min and 

then increases sharply. Further increase in j>9.52 mA/cm2, first increases Y2 very sharply and then 

found constant for t> 8min.  

 Figure 4.3.3c (creatinine) shows the interaction between j and pH as well as their effect on 

Y2. The results showed that Y2 was found maximum at higher values of pH and j while the minimum 

at lower values of j for all pH. Figure 4.3.3d (creatinine) shows the effect of n and t as well on Y2. 

From the results, it depicts that at lower values of n, Y2 increases with increasing t values. However, 

on increasing n values, Y2 was found decreasing sharply with increasing t values. At higher and 

lower values of n, Y2 was found increasing gradually with increasing t.  

Figure 4.3.4c (urea) shows the interaction between n and pH as well as their effect on Y2. 

The results show a similar trend i.e. higher values of pH and lower values of n, Y2 was found 

maximum. While at lower values of pH and higher values of n, Y2 was found the minimum. Figure 

4.3.4d (urea) shows the effect of t and j on Y2. The results showed that Y2 was found maximum at 

higher values of j and t. It was also observed that at lower values of j, Y2 was found constant at all t 

values.  

Energy consumption (Y2) depends on the type of electrode used as well as the process 

parameters. From experimental results, it was found that with an increase in j value, Y2 varies 

directly, at all t values due to various factors like might electrode deactivation, a decrease in the 

concentration of ions and an increase in solution temperature. It was also observed that at higher 

values of pH, Y2 was found to be maximum while minimum with a decrease in solution pH. 

However, n shows the contrary effect, because at its higher values, Y2 was found minimal, it could 
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be due to the ease of flow of current through the electrolyte solution. However, at lower values of n 

with increasing j values, Y2 was found maximum because of the lower conductivity of the solution 

as well as an increase in the voltage drop. 

 

 

Figure 4.3.2 3D response graphs for EO treatment of uric acid using MMO (a) %Degradation 

versus t and j; (b) %Degradation versus pH and t; (c) %Degradation versus n and t; (d) Energy 

consumption versus n and pH and (e) Energy consumption versus t and j 
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Figure 4.3.3 3D response graphs for EO treatment of creatinine using MMO (a) Sqrt 

(%Degradation) versus pH and j; (b) Sqrt(%Degradation) versus n and t; (c) Ln(Energy 

consumption) versus j and pH and (d) Ln(Energy consumption) versus t and n. 

 

Figure 4.3.4 3D response graphs for EO treatment of urea using MMO (a) %Degradation 

versus n and j; (b) %Degradation versus pH and t; (c) Energy consumption versus n and pH 

and (d) Energy consumption versus t and j. 
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 Optimization of operating parameters with the responses (Y1 and Y2) for the treatment of all 

urine metabolites using the EO process with MMO anode were carried out by multi-response process 

optimization by the desirability function approach. One-sided desirability (di) and overall 

desirability (D) for all urine metabolites were calculated by using maximum (Y1) and minimum (Y2) 

acceptable values of both responses as shown in Table 4.3.5. The desirability for response Y1 for 

uric acid is calculated by Equation 3.8.5 with acceptable values of Y1-min as 9.25% and Y1-max as 98.4% 

as shown in Equation 4.3.26. Similarly for response Y2 of uric acid is calculated by taking Y2-min as 

0.05625 and Y2-max as 2.15625 kWh/m3 respectively as shown in Equation 4.3.27.  

𝑑1(𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑) = {[

0
   𝑌1 −  9.25

98.4 – 9.25
]

1

     

𝑖𝑓 𝑌1 ≤ 9.25
𝑖𝑓  9.25 < 𝑌1

𝑖𝑓 𝑌1 ≥ 98.4
< 98.4                   (4.3.26) 

𝑑2 (𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑) = {[

0
   𝑌2 −  0.05625

2.15625 – 0.05625
]

1

     

𝑖𝑓 𝑌2 ≤ 0.05625
𝑖𝑓  0.05625 < 𝑌2

𝑖𝑓 𝑌2 ≥ 2.15625
< 2.15625                         (4.3.27) 

The desirability for both responses of the other two metabolites i.e. creatinine and urea were 

calculated by Equations 4.3.28- 4.3.31. 

 𝑑1 (𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒)= {[

0
   𝑌1 −  4.5

87.94 – 4.5
]

1

     

𝑖𝑓 𝑌1 ≤ 4.5
𝑖𝑓  4.5 < 𝑌1

𝑖𝑓 𝑌1 ≥ 87.94
< 87.94           (4.3.28) 

𝑑2 (𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒)= {[

0
   𝑌2 −  1.1625

64.8355 – 1.1625
]

1

     

𝑖𝑓 𝑌2 ≤ 1.1625
𝑖𝑓  1.1625 < 𝑌2

𝑖𝑓 𝑌2 ≥ 64.8355
< 64.8355                    (4.3.29)      

𝑑1 (𝑢𝑟𝑒𝑎)=  {[

0
   𝑌1 −  11.5

98.0 – 11.5
]

1

     

𝑖𝑓 𝑌1 ≤ 11.5
𝑖𝑓  11.5 < 𝑌1

𝑖𝑓 𝑌1 ≥ 98.0
< 98.0           (4.3.30)  

𝑑2 (𝑢𝑟𝑒𝑎) = {[

0
   𝑌2 −  3.63

65.7 – 3.63
]

1

     

𝑖𝑓 𝑌2 ≤ 3.63
𝑖𝑓  3.63 < 𝑌2

𝑖𝑓 𝑌2 ≥ 65.7
< 65.7                   (4.3.31) 

 In above all equations value of r was taken as 1. Therefore, overall desirability (D) for all 

urine metabolites was calculated using Equation 3.8.6. The simultaneous optimization of process 

parameters for all urine metabolites was done for maximizing the % Degradation and minimizing 



90 
 

the Energy consumption by keeping the input factors in the range. Table 4.3.5 shows the set of 

constraints applied during the EO process optimization of each urine metabolite i.e. uric acid, 

creatinine and urea. The best optimized conditions of process parameters for uric acid were obtained 

at pH= 2, n = 0.875 g/L, j= 7.142 mA/cm2, t = 6.95 min and showed highest overall desirability, D 

= 0.899. While for creatinine most appropriate optimized conditions were obtained at pH= 2.4, n = 

0.75 g/L, j= 12.005 mA/cm2, t = 85 min with, D = 0.899. The optimal operating conditions for 

maximum removal of urea were found to be j=18.14 mA/cm2, n=1.45 g/L, pH= 4 and t= 135 min 

which produced combined desirability value, D =0.857. At these optimized conditions, the value for 

responses Y1 and Y2 suggested by BBD were shown in Table 4.3.6a,b,c. In order to confirm these 

suggested values of responses, experiments for all urine metabolites were conducted in triplicate at 

the optimized condition. The average experimental value of both responses Y1 and Y2 for urine 

metabolites were found very close to the predicted values and listed in Table 4.3.7. This concludes 

that the optimization of EO treatment of urine metabolites using BBD under RSM was successfully 

done 

Table 4.3.5 Constraints applied for optimization of EO treatment of each urine metabolite 

i.e. uric acid, creatinine and urea with MMO. 

Urine metabolites Variables Goal Lower limit Upper limit 

(a) Uric acid pH is in range 2 9 

 t (min) is in range 2 10 

 j (mA/cm2) is in range 2.38 11.9 

 n (g/L) is in range 0.25 1.25 

 Y1, (%Degradation) maximize 9.25 98.4 

 Y2, (Energy consumption) minimize 0.05625 2.15625 

(b) Creatinine pH is in range 2 9 

 t (min) is in range 15 115 

 j (mA/cm2) is in range 7.14 21.42 

 n (g/L) is in range 0.25 1.25 

 Y1, Sqrt(%Degradation) maximize 2.12132 9.37763 

 Y2, Ln(Energy consumption) minimize 0.150573 4.17185 

(c) Urea pH is in range 3 9 

 t (min) is in range 60 180 

 j (mA/cm2) is in range 9.52 28.57 

 n (g/L) is in range 0.5 1.75 

 Y1, (%Degradation) maximize 11.5 98 

 Y2, (Energy consumption) minimize 3.63 65.7 
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Table 4.3.6a Individual and multi-response optimization results of uric acid treated with 

MMO for desirability calculations 

Response j 

(mA/cm2) 

n 

(g/L) 

t 

(min) 

pH Desirability 

Individual response optimization      

%Degradation,Y1 = 98.47% 11.90 0.85 6.37 2.25 1 

Energy consumption,Y2 = 0.1408 kWh/m3 6.42 0.87 2 2.15 1 

Synchronized optimization of responses      

%Degradation,Y1 = 93.319% 7.142 0.875 6.95 2 0.899 

Energy consumption,Y2 = 0.5814 kWh/m3      

 

Table 4.3.6b Individual and multi-response optimization results of creatinine treated with 

MMO for desirability calculations 

Response j 

(mA/cm2) 

n 

(g/L) 

t 

(min) 

pH Desirability 

Individual response optimization      

%Degradation,Y1 = 87.98% 16.35 0.96 107.21 2.31 1 

Energy consumption,Y2 = 1.1097 kWh/m3 8.575 1.22 16.22 2.39 1 

Simultaneously optimization of responses      

%Degradation,Y1 = 85.97% 12.005 0.75 85 2.4 0.899 

Energy consumption,Y2 = 17.986 kWh/m3      
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Table 4.3.6c Individual and multi-response optimization results of urea treated with MMO 

for desirability calculations 

Response j (mA/cm2) n (g/L) t (min) pH Desirability 

Individual Response optimization      

%Degradation,Y1 = 97.08% 20.75 1.6 142 4.17 1 

Energy consumption,Y2 = 11.4 kWh/m3 17.84 0.5 61.02 4 0.935 

Synchronized optimization of responses      

%Degradation,Y1 = 96.06% 18.14 1.45 135 4 0.857 

Energy consumption,Y2 = 21.11 kWh/m3      

 

Table 4.3.7 Comparison between the predicted and actual experimental value of each urine 

metabolite treated with MMO at optimized conditions 

                                  Urine metabolites 

 Uric acid Creatinine Urea 

Responses Predicted Actual Predicted Actual Predicted Actual 

%Degradation 93.319 91.571 85.97 85.41 96.06 94.78 

Energy consumption (kWh/m3) 0.5814 0.526 17.986 16.826 21.11 20.54 

 

During the EO treatment process, it has been observed that the pH of all urine metabolites 

was found to be changed as shown in Figure 4.3.5.  In this study, EO experiments were performed 

at optimized conditions of each urine metabolite with MMO. The initial set pH of urine metabolites 

solution was between 2 to 4, which was increasing during the treatment test and reaching final values 

i.e. 4.15 (uric acid), 6.9 (creatinine) and 7.5 (urea). The rapid and gradual increase in pH at the 

beginning of the treatment test was observed and then it kept almost constant at around 6.9 and 7.5 

until the end of the process. During the EO treatment, the shift of pH from acidic towards neutral 

was due to the production of hydroxyl ion (OH-) by water reduction at the surface of the cathode. 

Furthermore, pH during electrolysis between 90 min to 150 min was found stabilized to ≈ 7.0 

(creatinine) and ≈7.5 (urea) due to the formation of the buffer which formed from produced CO2 

while degrading the metabolites as shown in Equation 4.3.32.  

CO2 + H2O                          H+ + HCO3
-                       (4.3.32) 
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Besides this, the change in pH was might be due to the involvement of both mechanisms i.e. 

direct and indirect oxidation method. The degradation of all urine metabolites was happened due to 

the generation of strong oxidant species such as OH• which generated from water discharge on the 

surface of the MMO anode during anodic oxidation. However, due to low adsorption rate (as pH 

shift towards neutral), OH• readily converted to H2O2 and HO2
• thus helps in mediated oxidation 

(Dbira et al., 2015). Furthermore, mediated oxidation also took place due to the presence of RCS 

like HOCl and Cl2 at acidic pH which oxidizes the urine metabolites rapidly. In the present study, 

the degradation of urine metabolites i.e. uric acid, creatinine, and urea was happened largely because 

of indirect oxidation (HOCl, Cl2, ClO-, H2O2, etc.) than direct oxidation (OH•). Since, during EO 

treatment of metabolites some chloro-oxidant species such as HOCl, ClO-, chloramines were found 

to be participating, which have been reported toxic, might be present in the treated wastewater 

samples. Moreover, the metabolites were also oxidized into byproducts which could be toxic to the 

environment and human health. Therefore, from the safe disposal point of view, it becomes 

necessary to verify as well as identify these toxic compounds if present in treated wastewater through 

various analytical techniques as discussed in section 4.3.4.  

 

Fig 4.3.5 Graph of pHf versus time at optimized conditions for all urine metabolites treated 

with MMO 
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4.3.3 Spectrophotometric Analysis  

 This test analysis was done initially in order to confirm the oxidation of target compounds 

(i.e. urine metabolites). In other words, it helps in getting the primary information regarding the 

degradation of target pollutants. The treated and untreated samples of urine metabolites were 

analyzed in the range of 200-500 nm. The UV-vis spectra for untreated and treated samples of urine 

metabolites by EO treatment were shown in Figure 4.3.6a,b,c. From results, it can be concluded that 

the absorbance peak of all pure urine metabolites untreated samples i.e. uric acid (290 nm), creatinine 

(238 nm) and urea (420 nm) were got reduced to a minimum after EO treatment of 7 min, 85 min 

and 135 min respectively. During test analysis, it was observed that some peaks disappeared while 

other peaks formed at different ƛmax for certain time intervals confirming the formation and 

destruction of various unstable intermediate byproducts. This change in the ƛmax approves the 

electrolytic degradation of urine metabolites by the attack of various oxidant species such as OH•, 

HO2
• and HOCl which were generated in-situ during the EO treatment process.  

 

Figure 4.3.6 UV-vis spectra for untreated and treated samples of (a) uric acid, (b) creatinine 

and (c) urea with MMO at optimum conditions suggested by BBD. 
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4.3.4 Mineralization Studies 

 For monitoring the quality of EO treated urine metabolite samples, mineralization studies 

were performed at optimized conditions in terms of in-situ chemical analysis, CV, FT-IR and LC-

MS analysis. 

Chemical analysis: To further analyze the quality of treated and untreated samples in-situ chemical 

analysis was performed. This analysis would depict the results of a reduction in TOC and COD along 

with the quantification of various anions. Mineralization of uric acid was confirmed through a 

reduction in COD (87.05%) and TOC (84.62%) at optimized conditions which reached up to 91.0% 

and 87.89% when the reaction was extended to 15 min as shown in Figure 4.3.7a. In the case of 

creatinine, around 83.75% removal in COD and 80.5% decay in TOC were attained in 85min as 

shown in Figure 4.3.7b. Further extension in treatment time upto 150 min has reduced COD and 

TOC around 3.0% more only. Figure 4.3.7c shows the results of urea TOC decay around 90.5%, 

achieved after 135 min of electrolysis which further reached 93.16% when the reaction extended to 

240 min. The reduction in COD concentration depicts the degradation of initial pollutants and the 

formation of intermediates chemical species during the process treatment. While decay in TOC value 

during the EO treatment process corresponds to the conversion of organic carbon into CO2 (Dbira et 

al., 2019).  

 

Figure 4.3.7 Plot of % COD and TOC removal versus time for (a) uric acid, (b) creatinine and 

(c) urea treated with MMO anodes at optimized conditions of each urine metabolite 
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 To further verify the oxidation of urine metabolites into inorganic ions such as (NO2
-, NO3

-, 

NH4
+) ion testing analysis was carried out along with the estimation of total nitrogen and total 

available chlorine. The total nitrogen present in each urine metabolites were found almost converted 

into NO2
-, NO3

-, NH4
+, etc. A similar type of results was also reported for uric acid (Dbira et al., 

2016), creatinine (Antoniou et al., 2007) and urea (Hernández et al., 2014) where nitrogen atoms in 

these urine metabolites were dissipated into these inorganic ions. A slowly continuous increasing 

trend was observed for the generation of NO3
- ions while the concentration of NO2

- and NH4
+ started 

decreasing after 6 min and 9 min of treatment of uric acid respectively as depicted in Figure 4.3.8a. 

In the case of creatinine, an increasing trend was observed for generated NO2
-, NO3

- and NH4
+ at the 

beginning of the EO treatment process as shown in Figure 4.3.8b. However, NO3
- were started 

depleting after 30 min of electrolysis only and completely oxidized into a higher state when treatment 

was extended to 130 min. While NH4
+ continuously increased upto 75 min of treatment and then 

found decreasing gradually till the end of the process. The concentration of NO3
- ions showed a 

marginal increase up to 45 min, then increased sharply till 105 min of electrolysis and become at the 

end of the process as shown in Figure 4.3.8b.  

 In the case of uric acid and creatinine (Figure 4.3.8a,b), it was observed that the concentration 

of NO2
- and NH4

+ decreases during the electrolysis because of its conversion into NO3
-  ions as 

reported in the literature. Figure 4.3.8c showed results of NO3
- and NH4

+ ions generated during the 

EO treatment of urea with MMO anode. An increasing and then decreasing trend was seen in NH4
+ 

generation while in case NO3
- the continuous increasing trend was seen only. This might be due to 

the reaction between NH4
+ and HOCl. In the case of NO3

-, the increase was observed due to the 

oxidation of the chloramines by free chlorine. From Figure 4.3.9a,b,c, it can be observed that 

chloride level was continuously decreasing during the electrolysis of each urine metabolites. This is 

because of the oxidation of chloride on the MMO anode surface to produce strong oxidant species 

like Cl2, HOCl, OCl-, etc. for the destruction of each urine metabolites (i.e. uric acid, creatinine and 

urea).  

 In the case of urea, some other tests such as total nitrogen and TAC were also performed in 

order to understand the oxidation mechanism of urea in presence of reactive chlorine species as well 

as to analyze the nitrogen to chloride ratio. Figure 4.3.10a shows the results of the reduction in total 

nitrogen present in urea at different time intervals of electrolysis. In comparison to total nitrogen, 
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the low yield of nitrates was found during urea degradation which could be due to the less availability 

of free chlorine to urea ratio. From this above discussion, it may conclude that during electro-

oxidation of urea molecular nitrogen may also generate (Cho and Hoffmann, 2014). The level of 

TAC increased gradually during the electro-oxidation treatment of urea and then increased sharply 

to higher values when urea was depleted to the maximum as shown in Figure 4.3.10b. During the 

treatment process TAC, an aggregate part of reactive intermediates does not remain constant.  This 

might be due to the balance between the oxidation of urea and the generation of chlorine species 

along with their bond forms during the treatment process as reported in the literature (Hernlem, 

2005). 

Figure 4.3.8 Production of inorganic ions (NO2
-, NO3

- and NH4
+) ions during electrolysis of 

(a) uric acid, (b) creatinine and (c) urea with MMO anodes at optimized conditions. 
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Figure 4.3.9 Mineralization plots of total chloride versus time at optimized conditions for (a) 

uric acid, (b) creatinine and (c) urea treated with MMO anodes  

 

Figure 4.3.10 Mineralization plots of (a) total nitrogen versus time and (b) TAC versus time 

for urea treated with MMO at optimized conditions. 
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Cyclic Voltammetry (CV): Figure 4.3.11a,b,c shows the continuous CV for the EO treatment of 

uric acid (50 mg/L), creatinine (50 mg/L) and urea (2000 mg/L)  respectively at Pt rod with potential 

range of -1.2 to 1.2 V. The anodic part of voltammogram was measured by occurrence of anodic 

peaks which corresponds to oxidation of pollutants while cathodic part of voltammogram was 

characterized by the existence of cathodic peaks which corresponds to reduction of pollutants. Along 

with the redox peaks of electrolyte, the samples of urine metabolites have also shown a few visible 

peaks in the potential range window (Mudila et al., 2018). As it can be seen that in 0 h samples 

(untreated) of all urine metabolites, one oxidation peak at ≈ -0.4 V (0.000025 A and 0.00005) 

potential in a first cycle and one reduction peak at ≈ – 0.8 V (-0.00010 A and 0.00015 A) were 

observed.  

 However, in the case of treated samples of all urine metabolites, cycle 1 shows the 

disappearance of the oxidation peak while cycle 2 exhibits a remarkable decrease in reduction peak 

(< -0.00005A). These quasi-reversible peaks attribute the oxidation and reduction mechanism that 

occur during the electrolysis of all urine metabolites (Hiwarkar et al., 2017). The dissolution/shifting 

of the peaks depicts the generation of simpler oxidative and reductive species during the degradation 

of uric acid, creatinine and urea with MMO anode. Moreover, an increase in oxidation peak current 

and decrease in oxidation peak potential indicates the great electro-catalytic activity towards the 

oxidation of all urine metabolites as well as amplified active electrochemical surface area (Zhang 

and Yin, 2014). 
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Figure 4.3.11 Cyclic Voltammetry measurements for untreated and EO treated samples of (a) 

uric acid, (b) creatinine and (c) urea with MMO at optimized conditions. 

 

FT-IR (Fourier transformed infrared spectroscopy) analysis: To examine the removal 

phenomenon of uric acid, creatinine and urea from aqueous solution through the EO process with 

MMO anode, FT-IR was performed under optimal conditions. Figure 4.3.12 represents the FT-IR 

spectra of untreated and treated samples of uric acid taken at fixed time intervals. The result showed 

that most of the peaks were got shifted at distinct wavenumber, might be due to the structural changes 

occurred during the EO process. Some of the broad and sharp peaks during electrolysis were found 

to disappear due to the oxidation of uric acid and its intermediates via reactive oxidant species. 

Furthermore, few peaks during electrolysis were seemed to appear which accounts for OH• and 

chlorine species as reported in the literature (Rajkumar and Muthukumar, 2012). Moreover, the % 

transmittance for maximum peaks was found increased after a treatment time of 6 min, which 

indicates that the oxidation of uric acid was complete and converted into simple compounds.  

Figure 4.3.13 shows the FT-IR spectra of creatinine samples at different time intervals. The 

peaks at 1671.23, 1036.00 and 607.36 cm−1 accounts for –C=O stretch. A broad peak at 3252.44 
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cm−1 and an intense peak at 1590.51 cm−1 shows the presence of N-H and peak at 1330.25 cm−1 

indicate the presence of the C-N group. Other peaks were also observed at 2800–3100 cm−1 and 

600–800 cm−1 were accounts for C-H (stretch and bending). Some other small peaks were also 

observed in the spectra of raw creatinine sample (t= 0 h) which got disappeared completely during 

the electrolysis process.  

Broad and sharp peaks at 3400 cm−1 and 1600 cm−1 were formed (t > 20 min) due to OH 

radical generation as well as due to C=O stretching of intermediates formed during the EO process 

(Hiwarker et al., 2017). The peaks at 1100–800 cm−1 (t > 40 min) were formed for chloride an 

inorganic anion, present in the hypochlorite solution. During EO treatment of creatinine, shifting of 

peaks was observed because of the breaking of the bonds at a particular wavenumber. In addition to 

this, an increase in the % transmittance was observed for most of the peaks after electrolysis, 

indicates the complete oxidation of the cyclic structure of creatinine.  

Figure 4.3.14 gives the FT-IR spectra of untreated urea and its EO treated samples taken at 

fixed time intervals. The C=O stretching frequency appeared at 1672 cm-1. The C–N stretching 

frequency appears at 1452 cm-1 (Singh et al., 2016). The N–H stretching and deformation frequencies 

appear at 3450 cm-1 and 1628 cm-1 respectively. Few other small peaks also appeared in the 

fingerprint region of the raw sample of urea (t= 0 h). Broad and sharp peaks at 3450 cm−1 and 1672 

cm−1 were shifted to 3427 cm-1 and 1647 cm-1 after 45 min due to the production of OH• at MMO as 

well as C=O stretching during the initial stage of EO treatment (Piasek and Urbanski, 1962). The 

peaks at 1100–800 cm−1 (t > 45 min) have also appeared which accounts for Cl-, normally present 

in hypochlorite solution. The peak at 1381 cm-1 at 135 min shows the degradation of urea into nitrate 

ions. During electrolysis, most of the peaks were deviated due to the breakage of the bonds at distinct 

wavenumber. Moreover, an increase in the % transmittance was observed for most of the peaks after 

electrolysis, indicates destruction and oxidation of urea.  
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Figure 4.3.12 FT-IR spectra for uric acid of untreated and treated (MMO) samples taken at 

different time intervals (pH 2, the current density of 7.142 mA/cm2 and NaCl dose 0.875 g/L). 

 

Figure 4.3.13 FT-IR spectra for creatinine of untreated and treated (MMO) samples taken at 

different time intervals (pH 2.4, current density 12.005 mA/cm2 and NaCl dose 0.75 g/L). 
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Figure 4.3.14 FT-IR spectra for urea of untreated and treated (MMO) samples taken at 

different time intervals (pH 4, current density 18.14 mA/cm2 and NaCl dose 1.45 g/L). 

LC-MS analysis: The intermediates and degradation by-products formed during the EO treatment 

of uric acid and creatinine were identified through LC-MS analysis shown in Figure 4.3.15a,c 

respectively. Based on these intermediates (1–10), a tentative degradation pathway for uric acid has 

been proposed shown in Figure 4.3.15b. The reduction of uric acid in route A led to the formation 

of 5-(aminomethylamino)pyrimidine-2,4(1H,3H)-dione from which 5-(ethylamino)pyrimidine-

2,4(1H,3H)-dione was formed by deamination. Further, the demethylation of this compound occurs 

which formed 5-aminopyrimidine-2,4(1H,3H)-dione. The reduction and oxidation with deamination 

of this formed compound led to the generation of two compounds i.e. 5-amino-3,4-

dihydropyrimidine-2(1H)-one and pyrimidine-2,4,5,6(1H,3H)-tetraone respectively. The 

subsequent reduction followed by benzene ring cleavage of pyrimidine-2,4,5,6(1H,3H)-tetraone led 

to the production of an unknown compound whose further fragmentation generated end compound 

urea and fragmentation with hydroxylation generated oxalic acid an end compound of degradation 

pathway. On the other hand reduction of uric acid in route, B led to the production of 2,3-dihydro-

1H-purine-6,8(7H,9H)-dione from which 5-amino-3,4-dihydropyrimidine-2(1H)-one was formed 

by successive reduction and C-N bond cleavage. The subsequent benzene ring cleavage and 

deamination of 3,4-dihydropyrimidine-2(1H)-one led to the generation of 1-methyl-3-vinylurea. 

Further demethylation of 1-methyl-3-vinylurea has produced 1,3-dimethylurea compound and 

subsequent demethylation of 1,3-dimethylurea generated end product that is urea. Hence, the 
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oxidation of uric acid has generated two by-products urea and oxalic acid, which has also been 

reported in the literature by (Dbira et al., 2016).  

 The degradation pathway for creatinine has been proposed based on the intermediates (1–5) 

identified as shown in Figure 4.3.15d. The cleavage of C-N bond followed by oxidation of the target 

pollutant led to the formation of intermediate (1). While the fragmentation of (1) followed by 

oxidation and reduction could lead to the generation of (2) and (4) respectively. Removal of a methyl 

group from (2) could ultimately lead to the production of urea (3). Whereas, further oxidation of (4) 

could possibly form (5). Similar kind of products (3 and 5) has been reported in the literature 

(Antoniou et al., 2009). 

 

Figure 4.3.15 (a) GC chromatogram and mass spectra analysis for the identification of 

intermediates during the EO treatment of uric acid with MMO at the optimized condition. 
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           Figure 4.3.15 (b) Proposed degradation pathway for Uric acid treated with MMO 
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Figure 4.3.15 (c) GC chromatograms and mass spectra analysis for the identification of 

intermediates during the EO treatment of creatinine with MMO at the optimized condition. 
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Figure 4.3.15 (d) Proposed degradation pathway for Creatinine treated with MMO. 

4.3.5 Kinetic Study  

The kinetic study of the degradation for batch EO treatment of each urine metabolite with MMO 

anode was studied at optimized conditions. The experimental data of each urine metabolite i.e. uric 

acid, creatinine and urea were tested for fitting to L-H (Langmuir Hinshelwood) kinetic model of 
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the first order.  According to the results, the EO degradation process data was the best fit in the 

pseudo-first-order kinetic model which defined as follows: 

−𝑑𝐶

𝑑𝑡
=  𝑘𝑟𝐾𝐶            (4.3.33) 

Where, kr = reaction rate constant (min-1); C = bulk substrate concentration (mg/L) at different time 

intervals; K= equilibrium adsorption constant; t= time (min). For the low concentration of pollutants 

(substrate), K can be ignored. Therefore, on integrating the Equation 4.3.33, the EO degradation rate 

can be defined as shown in Equation 4.3.34. 

−ln
𝐶0

𝐶𝑡
= 𝑘1𝑡           (4.3.34) 

Where, C0 = initial substrate concentration (mg/L); Ct= substrate concentration at any time of 

treatment (mg/L); k1= apparent first-order rate constant (min-1) and value of k comes from the slope 

of a plot between time and C0/Ct.   

4.3.6 Synergistic Studies 

 In order to investigate the photo-activity of MMO anode, synergistic studies were performed 

by three different techniques which include PC (interaction of light with anode surface), EO 

(constant applied current only) and PEC (constant applied current and light) at optimized conditions 

(Zhao et al., 2007). The synergistic studies were performed in order to check the degradation 

efficiency of the dual-process over the single process as well as some of both processes.  In the 

present work, the synergy of one process over other for dual effect has been quantified using kinetic 

rate constant obtained through pseudo-first-order reactions as discussed in section 3.9.1. The 

oxidation experiments of urine metabolites i.e. uric acid, creatinine and urea were performed with 

MMO in a batch reactor under UV and solar light. The results of PEC under natural solar radiations 

for each urine metabolite were found almost similar to EO experimental results. Hence, the results 

for metabolites under solar radiation were not discussed in this experimental research study. Figure 

4.3.16a,b,c shows the results for % removal of urine metabolites treated with different processes i.e. 

PC, EO, and PEC. Among all the processes, %Degradation of each urine metabolite was found 

maximum in the dual process i.e. PEC over individual processes. Furthermore, treatment time for 

each urine metabolite through PEC was also found to be reduced for achieving the same 

%Degradation during EO treatment. PC treatment was found less efficient for the removal treatment 



109 
 

of metabolites as compared to the other two processes. Negligible or very less amount of reduction 

in the concentration of uric acid (only 5%), creatinine (20%) and urea (28%) was observed when 

treated with PC. Based on the results of synergistic studies, the rate of degradation was studied at 

optimized conditions. The plot between Ct/Co and time (pseudo-first-order kinetic) has been studied 

as shown in Figure 4.3.17a,b,c. From the Figure 4.3.18a, it was depicted that there was an immense 

increase in the first-order rate constant (as calculated from Equation 3.9.3) in case of PEC (0.3405 

min-1) was observed, which was 103 times of PC (0.0033 min-1) and 1.14 times as compared to EO 

(0.2982 min-1).  

 Similarly in the case of creatinine and urea first-order rate constant for the dual-process was 

much higher than individual processes i.e. PC and EO as shown in Figure 4.3.18b,c respectively. 

Thus, proves the viability of the dual-process over single treatment processes. Moreover, a 

synergistic effect of the dual-process for over EO came out to be 12.42%, 16.59%, 31.75% and over 

PC was observed 99.03%, 91.03%, 92.90 for uric acid, creatinine and urea respectively as quantified 

from Equation 3.9.1. The overall % synergy for urine metabolites such as uric acid (11.45%), 

creatinine (7.62%) and urea (24.66%) was calculated from Equation 3.9.2. Therefore, it concludes 

that the dual-process with synergistic results prompts its field-scale applications for the wastewater 

treatment with a significant decrease in treatment time from 7 min to 5 min (uric acid), 85 to 60 min 

(creatinine) and 135 to 95 min (urea). To further confirm our claim, experimental studies were 

carried out using fluorescence spectroscopy for the estimation of OH• production at MMO under 

different light sources, pH, time intervals and current. 

Fluorescence spectroscopy: In order to detect and quantify the short-lived OH• species production 

on MMO anodes during treatment processes, fluorescence spectroscopy was performed. Figure 

4.3.19a showed that maximum OH• production was found during PEC under UV radiations than 

PEC (under solar radiations) and EO at 425 nm. This might happen due to the activation of 

photoactive layers i.e. TiO2 of anode under light sources leading to the photo-generated e-/h+ pairs 

on the surface of the anode which oxidizes the compound adsorbed on the surface (Khan et al., 

2015). Hence, resulting in more % COD removal in less time. From the results, it was also concluded 

that MMO is more photoactive under UV radiations than in solar radiation might be due to the high 

band-gap which lies in the UV range. Therefore, resulting in less production of reactive oxidant 

species like OH• under solar radiation. Hence, it confirms that along with RCS, OH• was also 
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involved during the treatment of all urine metabolites. From the literature survey, it was also 

observed that the pH of the solution has a great effect on the generation of OH• during the treatment 

process (Wu et al., 2014). In order to verify the effect of pH on the generation of OH•, experiments 

were performed at different pH. From the results, as shown in Figure 4.3.19b it was found that more 

OH• production was observed at acidic pH over basic and neutral pH. Moreover, with increasing 

time, the generation of OH• at MMO was also increasing. Figure 4.3.19c shows the production of 

OH• at different values of applied current. As it can be seen that OH• production first increases with 

increasing current up to 0.7A after that it has been found that OH• production decreases with 

increasing current values. This might be due to the consumption of OH• by OER at higher values of 

current. Hence, from the experimental results, it concludes that the degradation of all urine 

metabolites was found to be majorly due to indirect oxidation via RCS and precisely by OH• at 

optimized conditions. Hence, the effectiveness of the dual-process over a discrete process i.e. EO 

was proved.   

 

Figure 4.3.16 Comparison between different processes for the treatment of (a) uric acid, (b) 

creatinine and (c) urea with MMO at optimized conditions. 
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Figure 4.3.17 Plot of C0/Ct versus time for each urine metabolites i.e. (a) uric acid, (b) 

creatinine and (c) urea treated with MMO at optimized conditions.  

 

Figure 4.3.18 Plot of First-order rate constant versus different processes for the treatment of 

(a) uric acid, (b) creatinine and (c) urea with MMO.   



112 
 

 

Figure 4.3.19 PL spectra of OH• (a) for different light sources at 0.5A; (b) for different pH at 

different time intervals and (c) at different current values using MMO anode. 

4.3.7 Economic Evaluation  

 In literature, several studies deal with the EO process for the treatment of various organic 

pollutants without much pay attention to economic evaluation. The total operational cost for EO 

treatment process includes the expenses of electrodes, cost of stirring, cost of chemical and electrical 

energy consumed. However, the treatment process is being energy-intensive, the total cost for 

operation is mainly due to the cost of the electrode and electrical power employed. In the present 

study, the overall cost of the treatment process for the removal of each urine metabolites from 

aqueous solution was calculated using Equation 4.3.35.  

Operating cost = CEC + CEL                         (4.3.35) 

Where CEC = cost of energy consumed (kWh/m3) and CEL= cost of electrodes (Rs). The cost 

of an electrode and electrical energy consumed to remove per kg of each urine metabolite i.e. urea 
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from aqueous solution were calculated from the responses of the EO experiment conducted at 

optimized conditions as shown in Table 4.3.8.  

Table 4.3.8: Evaluation of operating cost of the EO treatment process for urea treated with 

MMO 

(A)  Cost of Electrical Energy consumption 

Electrical energy consumed = 20.54 kWh/m3 

Electricity price in Punjab, (India) = Rs 5.00/kWh 

Cost of electrical energy consumed (CEC) = Rs 102.7/m3 

Cost of electrical energy consumed to remove per kg of urea (CEC) = Rs 54.178/m3 

(B) Cost of Electrodes 

Initial urea concentration in wastewater = 2000 mg/L= 2 kg/m3 

With 94.78% Degradation, concentration of urea removed =1.8956 kg/m3 

Urea concentration (1.8956 kg/m3) reduced in time = 135 min = 2.25 h 

Concentration of urea removed in 1h = 0.8425kg/m3 

Cost of one MMO anode = Rs 720/- 

The life span of anode specified by manufacturer/supplier = 5 years 

Cost of anode for 43800 h = Rs 720/- 

Cost of anode for 1 h = Rs 0.01644/- 

Cost of electrodes to remove per kg urea from wastewater = Rs 0.0195/m3 

(C) Operating cost analysis 

Total operating cost for per kg of urea removal = 0.0195/m3 +  54.178/m3 = Rs 54.198/m3 

The overall operating cost of EO treatment of urea in US dollars = 0.778 $/m3 ≈ 0.78 $/m3 

 

Similarly, the total operating cost for treating per kg of uric acid and creatinine at optimized 

conditions came out to be 0.83 $/m3 and 28.27 $/m3 respectively. Although this is a close 

approximation of the cost analysis for EO treatment yet the cost factor can be minimized further for 

scale-up studies with effective reactor designing. The results show that the economic feasibility of 

the EO process for the treatment of synthetic urine wastewater using MMO anode. 
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4.4 Study on EO Treatment of Urine Metabolites (i.e. Uric Acid, Creatinine and Urea) with 

Doped-MMO.  

4.4.1 Model Fitting and Statistical Analysis 

For designing the EO experimental runs for the treatment of each urine metabolite with 

doped-MMO, BBD coupled RSM has been employed. Four independent operational parameters 

such as initial pH (X1), current density (X2), treatment time (X3) and NaCl dose (X4), while 

%Degradation (Y1) and Energy consumption (Y2) were chosen as responses. The coded values along 

with the selected range of chosen parameters based on preliminary data were listed in Table 4.4.1. 

Total 30 number of experimental runs designed by BBD for all urine metabolites i.e. uric acid, 

creatinine and urea were conducted and calculated values of both responses were shown in Table 

4.4.2a,b,c respectively. 

Table 4.4.1 Range and coded levels of  selected input operational variables for EO 

treatment of all urine metabolites with doped-MMO 

 Range of actual and coded variables 

Compounds Factors Variables -1 0 +1 

(a) Uric Acid X1 Initial pH 3 7 11 

 X2 Current density , j (mA/cm2) 2.38 7.14 11.90 

 X3 Treatment time, t (min) 5 30 55 

 X4 NaCl dose (n) (g/L) 0.25 0.75 1.25 

 

(b) Creatinine X1 Initial pH 3.5 6.5 9.5 

 X2 Current density , j (mA/cm2) 9.50 19.04 28.57 

 X3 Treatment time, t (min) 60 120 180 

 X4 NaCl dose (n) (g/L) 0.75 1.38 2.00 

 

 (c) Urea X1 Initial pH 2 5 8 

 X2 Current density , j (mA/cm2) 19.04 33.33 47.61 

 X3 Treatment time, t (min) 80 160 240 

 X4 NaCl dose (n) (g/L) 1.5 3.25 5.00 
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Table 4.4.2a BBD matrix for EO treatment of uric acid with doped-MMO and their 

experimental results. 

Run Std Block pH j 

(mA/cm2) 

t 

(min) 

n 

(g/L) 

% Degradation, 

Y1 

Energy 

consumption, 

Y2  (kWh/m3) 

1 2 Block1 7 11.90 30 0.25 15 6.68 

2 1 Block1 7 2.38 30 0.25 19 0.5 

3 5 Block1 3 7.14 5 0.75 27 0.34 

4 8 Block1 11 7.14 55 0.75 50 3.93 

5 4 Block1 7 11.90 30 1.25 60 4.2 

6 3 Block1 7 2.38 30 1.25 17 0.35 

7 10 Block1 7 7.14 30 0.75 65 2.1 

8 6 Block1 3 7.14 55 0.75 98 3.45 

9 7 Block1 11 7.14 5 0.75 24 0.37 

10 9 Block1 7 7.14 30 0.75 65 2.1 

11 18 Block 2 7 7.14 55 1.25 55 3.2 

12 20 Block 2 7 7.14 30 0.75 65 2.1 

13 17 Block 2 7 7.14 55 0.25 31 6.83 

14 11 Block 2 3 2.38 30 0.75 36 0.39 

15 12 Block 2 3 11.90 30 0.75 75 4.86 

16 14 Block 2 11 11.90 30 0.75 40 5.2 

17 13 Block 2 11 2.38 30 0.75 29 0.45 

18 19 Block 2 7 7.14 30 0.75 65 2.1 

19 15 Block 2 7 7.14 5 0.25 7 0.64 

20 16 Block 2 7 7.14 5 1.25 10 0.31 

21 26 Block 3 3 7.14 30 1.25 88 1.69 

22 25 Block 3 3 7.14 30 0.25 42 3.68 

23 22 Block 3 7 11.90 5 0.75 12 0.86 

24 29 Block 3 7 7.14 30 0.75 65 2.1 

25 23 Block 3 7 2.38 55 0.75 22 0.74 

26 21 Block 3 7 2.38 5 0.75 4 0.07 

27 24 Block 3 7 11.90 55 0.75 44 9.08 

28 30 Block 3 7 7.14 30 0.75 65 2.1 

29 27 Block 3 11 7.14 30 0.25 20 3.86 

30 28 Block 3 11 7.14 30 1.25 48 1.86 
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Table 4.4.2b BBD matrix for EO treatment of creatinine with doped-MMO and their 

experimental results. 

Run Std Block pH j 

(mA/cm2) 

t 

(min) 

n 

(g/L) 

%Degradation 

Y1 

Energy consumption 

Y2, (kWh/m3) 

1 6 1 5.5 14.28 65 0.75 32 28.5 

2 7 1 5.5 14.28 115 0.25 38 14.61 

3 3 1 9 21.42 65 0.75 88 24.8 

4 5 1 5.5 14.28 15 0.25 14 5 

5 4 1 5.5 14.28 115 1.25 29 27.4 

6 10 1 2 7.14 65 0.75 68 28.4 

7 1 1 5.5 14.28 15 1.25 46 29.32 

8 9 1 2 21.42 65 0.75 68 28.4 

9 2 1 5.5 14.28 65 0.75 20.5 31.6 

10 8 1 9 7.14 65 0.75 77 84.33 

11 19 2 5.5 21.42 15 0.75 68 28.4 

12 15 2 5.5 14.28 65 0.75 27 11.2 

13 17 2 5.5 7.14 15 0.75 39.5 61.38 

14 13 2 9 14.28 65 0.25 92 39.42 

15 20 2 5.5 14.28 65 0.75 68 28.4 

16 11 2 5.5 7.14 115 0.75 42 13.8 

17 16 2 2 14.28 65 0.25 25.5 7.8 

18 14 2 5.5 21.42 115 0.75 34 44.1 

19 12 2 9 14.28 65 1.25 12 14.9 

20 18 2 2 14.28 65 1.25 71.5 44.4 

21 30 3 5.5 7.14 65 0.25 68 28.4 

22 26 3 2 14.28 115 0.75 37.5 13.2 

23 22 3 5.5 14.28 65 0.75 22 10.4 

24 21 3 5.5 14.28 65 0.75 49 9.46 

25 25 3 9 14.28 115 0.75 19 15.4 

26 24 3 9 14.28 15 0.75 24 58.2 

27 27 3 2 14.28 15 0.75 51 45.12 

28 28 3 5.5 7.14 65 1.25 83.5 38.82 

29 23 3 5.5 21.42 65 1.25 78 54.6 

30 29 3 5.5 21.42 65 0.25 68 28.4 
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Table 4.4.2c BBD matrix for EO treatment of urea with doped-MMO and their experimental 

results. 

Std Run Block       j 

(mA/cm2) 

n  

(g/L) 

t  

(min) 

pH % Degradation, 

Y1 

Energy consumption, 

Y2 (kWh/m3) 

7 1 1 33.33 3.25 240.00 2.00 93 74.55 

2 2 1 47.61 1.50 160.00 5.00 36 107.56 

1 3 1 19.04 1.50 160.00 5.00 39 27.38 

4 4 1 47.61 5.00 160.00 5.00 80 87.12 

5 5 1 33.33 3.25 80.00 2.00 41 26.59 

3 6 1 19.04 5.00 160.00 5.00 44 21.87 

10 7 1 33.33 3.25 160.00 5.00 72 55.07 

9 8 1 33.33 3.25 160.00 5.00 72 55.07 

6 9 1 33.33 3.25 80.00 8.00 20 29.16 

8 10 1 33.33 3.25 240.00 8.00 49.5 86.1 

16 11 2 33.33 5.00 160.00 2.00 85 46.98 

15 12 2 33.33 1.50 160.00 2.00 47.5 56.01 

19 13 2 33.33 3.25 160.00 5.00 72 55.07 

20 14 2 33.33 3.25 160.00 5.00 72 55.07 

13 15 2 19.04 3.25 240.00 5.00 53 37.2 

14 16 2 47.61 3.25 240.00 5.00 76 145 

11 17 2 19.04 3.25 80.00 5.00 18.5 12.66 

18 18 2 33.33 5.00 160.00 8.00 52 53.21 

12 19 2 47.61 3.25 80.00 5.00 31 48.99 

17 20 2 33.33 1.50 160.00 8.00 32.5 59.42 

27 21 3 33.33 1.50 240.00 5.00 46 86.1 

24 22 3 47.61 3.25 160.00 8.00 40 100.45 

29 23 3 33.33 3.25 160.00 5.00 72 55.07 

30 24 3 33.33 3.25 160.00 5.00 72 55.07 

22 25 3 47.61 3.25 160.00 2.00 84 92.41 

21 26 3 19.04 3.25 160.00 2.00 50 23.47 

26 27 3 33.33 5.00 80.00 5.00 34 25.66 

25 28 3 33.33 1.50 80.00 5.00 17 29.16 

23 29 3 19.04 3.25 160.00 8.00 42.5 26.14 

28 30 3 33.33 5.00 240.00 5.00 78 74.2 

 

The quadratic model was suggested for all urine metabolites by exploiting the sequential 

model sum of square and model summary statistics. For analyzing the particular response for further 

analysis, some transformations were applied in order to check the high predicted R2 value of the 
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chosen model. For uric acid, square root for a response Y1 was applied while for urea and creatinine 

no such transformation was required. In the case of response Y2, natural log transformation was 

applied to all urine metabolites. After applying particular transformations, values of R2
, predicted R2 

and adjusted R2 for each urine metabolite were listed in Table 4.4.3. The R2 value in the process 

depicts that the selected regression model could be used to predict the degradation efficiency for all 

urine metabolites in the EO reactor. Moreover, values of R2 indicate that 98- 99% of variations can 

be explained by input variables within the range of factors studied whereas only 1-2% of variation 

cannot be explained by the model. Furthermore, high values of R2 indicates the satisfactory 

interaction between predicted and observed values of experimental runs as well as confirmed that 

the model fit is significant for the manual regression analysis of experimental data.  

Table 4.4.3 Various R-squared values for the quadratic model suggested by BBD for 

responses %Degradation (Y1) and Energy consumption (Y2) of all urine metabolites treated 

with doped-MMO 

Compound Responses R-Squared Adj R-Squared Pred R 

Squared 

(a) Uric acid Y1 0.9851 0.9691 0.8836 

 Y2 0.9978 0.9954 0.9834 

(b) Creatinine Y1 0.9875 0.9740 0.8997 

 Y2 0.9980 0.9959 0.9845 

(c) Urea Y1 0.9954 0.9905 0.9632 

 Y2 0.9995 0.9989 0.9957 

 

The quadratic model for all urine metabolites was further analyzed using ANOVA. Table 

4.4.4a,b,c shows the results of the quadratic model fitting in the form of analysis of variance 

(ANOVA). The higher F values and lower p values (p<0.0001) for both responses of all urine 

metabolites indicate that model terms are significant with a 95% confidence level and there may be 

a chance of only less than 0.01%  that F-value of the chosen model could occur due to noise. 

Additionally, the values of an adequate precision ratio came out to be more than 4 shows the good 

fitting model to navigating the % degradation of urine metabolites in design space. The high value 

of mean square depicts that lack of fit is not significant and the model has favorable prediction 

ability. On the other hand, the coefficient of variance (CV) for all urine metabolites has exhibited 

the good accuracy and reproducibility of the results of the experimental runs. The relationship 
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between the responses and independent input parameters in terms of coded factors for all urine 

metabolites were expressed by the quadratic model equation, shown in Equations 4.4.1 - 4.4.6. 

Uric acid: 

Sqrt(Y1) = + 8.06 + 0.85*X1 + 0.95*X2 + 1.66*X3 – 0.88*X4 – 1.81*X1
2 – 1.44*X2

2 – 

1.88*X3
2 + 0.37*X4

2 + 1.03*X1*X2 + 0.12*X1*X3 – 0.43*X1*X4 + 0.33*X2*X3 – 0.11*X2*X4 – 

0.63*X3*X4                              (4.4.1)                                                                              

   Ln(Y2) = +0.74 + 1.26*X1 – 0.32*X2 + 1.17*X3 + 0.047*X4 - 0.43*X1
2 + 0.15*X2

2 - 0.57*X3
2 

+ 0.025*X4
2 - 0.027*X1*X2 - 3.145E-004*X1*X3 -  0.019*X1*X4 – 8.319E-003*X2*X3 + 

0.012*X2*X4 + 0.011*X3*X4             (4.4.2) 

Creatinine: 

Y1 = + 68.00 – 21.12*X1 + 11.00*X2 + 12.21*X3 + 18.25*X4 – 10.77*X1
2 – 10.58*X2

2 – 

15.65*X3
2 – 11.33*X4

2 - 8.37*X1*X2 - 6.75*X1*X3 – 7.00*X1*X4 + 8.37*X2*X3 + 3.50*X2*X4 + 

5.25*X3*X4                              (4.4.3)

                                                                               

   Ln(Y2) = + 3.35 + 0.044*X1 – 0.11*X2 + 0.87*X3 + 0.54*X4 + 7.879E-003*X1
2 - 0.027*X2

2 

- 0.20*X3
2 - 0.14*X4

2 + 6.203E-003*X1*X2 - 7.720E-003*X1*X3 + 8.873E-003*X1*X4  + 9.486E-

003*X2*X3  + 9.402E-004*X2*X4 + 3.141E-003*X3*X4         (4.4.4) 

Urea: 

Y1 = + 72.00 + 8.33*X1 + 12.92*X2 - 13.67*X3 + 19.50*X4 – 11.31*X1
2 – 11.69*X2

2 – 

5.94*X3
2 - 15.94*X4

2 + 9.75*X1*X2 - 9.12*X1*X3 + 2.62*X1*X4 – 4.50*X2*X3 + 3.75*X2*X4 – 

5.62*X3*X4                              (4.4.5)

                                                                               

   Ln(Y2) = + 4.01 + 0.68*X1 – 0.083*X2 + 0.051*X3 + 0.54*X4 – 0.11*X1
2 - 0.061*X2

2 - 

9.483E-003*X3
2 - 0.15*X4

2 + 3.484E-003*X1*X2 - 6.080E-003*X1*X3 + 1.814E-003*X1*X4  + 

0.016*X2*X3  - 5.220E-003*X2*X4 + 0.013*X3*X4          (4.4.6) 

 

 



120 
 

Table 4.4.4a ANOVA results of uric acid treated with doped-MMO suggested by BBD for responses (Y1 

and Y2) 

Sources % Degradation, (Y1) Energy Consumption, (Y2) 

 Sum of 

square 

D

F 

Mean 

square 

F- 

value 

Prob>F Sum of 

square 

DF Mean  

square 

F- 

value 

Prob>F 

Block 0.50 2 0.25   0.043 2 0.021   

Model 122.87 1

4 

8.78 61.41 < 0.0001 40.42 14 2.89 421.12 < 0.0001 

X1 8.57 1 8.57 60.00 < 0.0001 18.91 1 18.91 2757.6

0 

< 0.0001 

X2 10.75 1 10.75 75.23 < 0.0001 1.21 1 1.21 176.62 < 0.0001 

X3 33.04 1 33.04 231.18 < 0.0001 16.56 1 16.56 2415.4

0 

< 0.0001 

X4 9.25 1 9.25 64.75 < 0.0001 0.027 1 0.027 3.94 0.0688 

X1
2 22.37 1 22.37 156.54 < 0.0001 1.28 1 1.28 186.06 < 0.0001 

X2
2 14.30 1 14.30 100.08 < 0.0001 0.16 1 0.16 23.68 0.0003 

X3
2 24.31 1 24.31 170.11 < 0.0001 2.20 1 2.20 320.74 < 0.0001 

X4
2 0.96 1 0.96 6.70 0.0225 4.122E-003 1 4.122E-003 0.60 0.4520 

X1X2 4.22 1 4.22 29.53 0.0001 2.881E-003 1 2.881E-003 0.42 0.5281 

X1X3 0.057 1 0.057 0.40 0.5376 3.956E-007 1 3.956E-007 5.769E-

005 

0.9941 

X1X4 0.74 1 0.74 5.18 0.0404 1.424E-003 1 1.424E-003 0.21 0.6561 

X2X3 0.44 1 0.44 3.10 0.1016 2.769E-004 1 2.769E-004 0.040 0.8438 

X2X4 0.049 1 0.049 0.34 0.5671 5.782E-004 1 5.782E-004 0.084 0.7761 

X3X4 1.60 1 1.60 11.21 0.0052 5.223E-004 1 5.223E-004 0.076 0.7869 

Residual 1.86 1

3 

0.14   0.089 13 6.856E-003   

Lack of 

fit 

1.86 1

0 

0.19   0.089 10 8.913E-003   

Pure 

error 

0.000 3 0.000   0.000 3 0.000   

Core 

total 

125.23 2

9 

   40.55 29    

 

 

 

 

 



121 
 

Table 4.4.4b ANOVA results of creatinine (doped-MMO) suggested by BBD for responses (Y1 and Y2)  

Sources % Degradation, (Y1) Energy consumption, (Y2) 

 Sum of 

square 

DF Mean 

square 

F- 

value 

Prob>F Sum of 

square 

DF Mean  

square 

F- 

value 

Prob>F 

Block 26.72 2 13.36   4.684E-

003 

2 2.342E-003   

Model 16632.

23 

14 1188.02 73.12 < 0.0001 13.03 14 0.93 473.08 < 0.0001 

X1 5355.1

9 

1 5355.19 329.60 < 0.0001 0.023 1 0.023 11.54 0.0048 

X2 1452.0

0 

1 1452.00 89.37 < 0.0001 0.14 1 0.14 71.58 < 0.0001 

X3 1788.5

2 

1 1788.52 110.08 < 0.0001 9.03 1 9.03 4587.5

8 

< 0.0001 

X4 3996.7

5 

1 3996.75 245.99 < 0.0001 3.46 1 3.46 1759.1

0 

< 0.0001 

X1
2 795.50 1 795.50 48.96 < 0.0001 4.256E-

004 

1 4.256E-004 0.22 0.6496 

X2
2 768.05 1 768.05 47.27 < 0.0001 4.876E-

003 

1 4.876E-003 2.48 0.1395 

X3
2 1678.5

7 

1 1678.57 103.31 < 0.0001 0.28 1 0.28 142.95 < 0.0001 

X4
2 880.76 1 880.76 54.21 < 0.0001 0.13 1 0.13 63.97 < 0.0001 

X1X2 280.56 1 280.56 17.27 0.0011 1.539E-

004 

1 1.539E-004 0.078 0.7841 

X1X3 182.25 1 182.25 11.22 0.0052 2.384E-

004 

1 2.384E-004 0.12 0.7334 

X1X4 196.00 1 196.00 12.06 0.0041 3.150E-

004 

1 3.150E-004 0.16 0.6956 

X2X3 280.56 1 280.56 17.27 0.0011 3.600E-

004 

1 3.600E-004 0.18 0.6759 

X2X4 49.00 1 49.00 3.02 0.1061 3.536E-

006 

1 3.536E-006 1.797E-

003 

0.9668 

X3X4 110.25 1 110.25 6.79 0.0218 3.947E-

005 

1 3.947E-005 0.020 0.8896 

Residual 211.22 13 16.25 73.12 < 0.0001 0.026 13 1.968E-003   

Lack of fit 211.22 10 21.12 329.60 < 0.0001 0.026 10 2.558E-003   

Pure error 0.000 3 0.000   0.000 3 0.000   

Core total 16870.

17 

29    13.07 29    
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Table 4.4.4c ANOVA results of urea treated with doped-MMO suggested by BBD for responses (Y1 

and Y2) 

Sources % Degradation, (Y1) Energy consumption, (Y2) 

 Sum of 

square 

DF Mean 

square 

F-

value 

Prob>F Sum of 

square 

DF Mean  

square 

F- 

value 

Prob>F 

Block 6.20 2 3.10   3.837E-

005 

2 1.919E-

005 

  

Model 13464.05 14 961.72 201.89 < 0.0001 9.33 14 0.67 1767.96 < 0.0001 

X1 833.33 1 833.33 174.94 < 0.0001 5.58 1 5.58 14791.5

2 

< 0.0001 

X2 2002.08 1 2002.08 420.30 < 0.0001 0.083 1 0.083 220.25 < 0.0001 

X3 2241.33 1 2241.33 470.53 < 0.0001 0.031 1 0.031 82.54 < 0.0001 

X4 4563.00 1 4563.00 957.92 < 0.0001 3.44 1 3.44 9112.96 < 0.0001 

X1
2 877.53 1 877.53 184.22 < 0.0001 0.081 1 0.081 213.57 < 0.0001 

X2
2 936.67 1 936.67 196.64 < 0.0001 1.838E-

003 

1 1.838E-

003 

4.88 0.0458 

X3
2 241.74 1 241.74 50.75 < 0.0001 6.166E-

004 

1 6.166E-

004 

1.64 0.2233 

X4
2 1741.74 1 1741.74 365.65 < 0.0001 0.14 1 0.14 383.67 < 0.0001 

X1X2 380.25 1 380.25 79.83 < 0.0001 4.854E-

005 

1 4.854E-

005 

0.13 0.7255 

X1X3 333.06 1 333.06 69.92 < 0.0001 1.479E-

004 

1 1.479E-

004 

0.39 0.5420 

X1X4 27.56 1 27.56 5.79 0.0318 1.316E-

005 

1 1.316E-

005 

0.035 0.8547 

X2X3 81.00 1 81.00 17.00 0.0012 1.070E-

003 

1 1.070E-

003 

2.84 0.1159 

X2X4 56.25 1 56.25 11.81 0.0044 1.090E-

004 

1 1.090E-

004 

0.29 0.5999 

X3X4 126.56 1 126.56 26.57 0.0002 6.702E-

004 

1 6.702E-

004 

1.78 0.2053 

Residual 61.93 13 4.76   4.902E-

003 

13 3.770E-

004 

  

Lack of 

fit 

61.93 10 6.19   4.902E-

003 

10 4.902E-

004 

  

Pure 

error 

0.000 3 0.000   0.000 3 0.000   

Core 

total 

13532.17 29    9.34 29    
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To confirm the accuracy of developed models, plots of normal % probability versus 

studentized residuals, studentized residuals versus predicted and predicted versus actual for the 

experimental data of both responses (i.e. % Degradation and Energy consumption) were examined 

as shown in Figure 4.4.1a,b,c. Diagnostic plots like predicted versus actual aims to find out the 

relationship between predicted and actual experimental values. The data points in this plot for all 

urine metabolites treated electrochemically with doped-MMO were found are in the proximity of 

the diagonal line indicating the good correlation between experimental data and predicted. The plot 

such as normal % probability versus studentized residuals depicts a suitable graphical method for 

judging the normality of residuals. From the results of the plot, it was found that residuals lie 

reasonably close to the straight diagonal line confirms the normal distribution of the observed data. 

In the case of studentized residuals versus predicted, the experimental data were scattered randomly 

scattered into a constant range of crossing residual graph, which indicates that the proposed model 

is sufficient and suitable for experimental data. 
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Figure 4.4.1 Plots of (i) normal % probability versus studentized residuals; (ii) studentized 

residuals versus predicted and (iii) predicted versus actual for responses (%Degradation and 

Energy consumed) of each urine metabolites i.e. (a) uric acid, (b) creatinine and (c) urea 

treated electrochemically with doped-MMO. 

4.4.2 Effect of Process Parameters and Optimization  

 To visualize the effects of operational parameters on both responses, 3D response surface 

graphs obtained from RSM were investigated.   

4.4.2.1 Effect of current density (j) and pH on % Degradation, (Y1) of uric acid, creatinine and urea 

 Figure 4.4.2a shows the inter-parametric interaction of current density and pH as well as their 

effect on the response, Y1 of (i) uric acid, (ii) creatinine and (iii) urea.  In the EO treatment study, 

current density (j) is considered an important operating process factor because of the cost-effective 

analysis. Moreover, the generation of oxidant species, transferring of electrons and process 

efficiency all depends upon applied j. The effect of j on oxidation of (uric acid) was inspected by 

varying j from 2.38 mA/cm2 from 11.90 mA/cm2. From the results, it could be seen that at a lower 
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value of j ≈ 2.38 mA cm-2, Y1 was found constant for pH values up to 7. Further increase in pH > 7, 

Y1 increased marginally. It was observed that at pH value 3, Y1 found increasing with j values upto 

9.52 mA/cm2, then became constant with j value beyond 9.52 mA/cm2. Further increase in pH value 

>5, Y1 first increases with an increasing j value of 7.14 mA/cm2 and then found decreasing with 

increasing values of j. At very high values of pH>9 Y1 was found constant at the lower value of j 

upto 2.38 mA/cm2,  then increases with increasing j value ≈ 7.14 mA/cm2and then decreases 

gradually with increasing j value > 7.14 mA/cm2. This concludes that oxidation of uric acid was 

maximum at lower pH values while the minimum at high values of pH. Moreover, Y1 was found 

increasing with increasing j from lower to high values. But at very high values of j, Y1 found the 

minimum.  

 In the case of (ii) creatinine, Figure 4.4.2a showed that at lower values of j upto 14.27 

mA/cm2, Y1 found decreasing with increasing values of pH upto 8 and then became constant when 

pH increased from 8 to 9.50.  Thereafter, it has been seen that when the value of j increased from 

14.27 mA/cm2 to 19.04 mA/cm2, a continuous decrease in Y1 was observed with increasing values 

of pH. However, further, an increase in j value from 19.04 mA/cm2 to 28.57 mA/cm2, it has been 

observed that Y1 was constant till pH≈ 5 and then found decreasing with increasing values of pH 

upto 9.5. Hence, Y1 was found maximum at lower values of pH and middle values of j.  

From Figure 4.4.2a (iii urea), it has been observed that pH has a marginal effect on Y1. At lower 

values of pH upto 3.5, Y1 was found increasing with increasing values of j upto 33.33 mA/cm2 and 

thereafter Y1 became constant when j increased from 33.33 mA/cm2 to 47.61 mA/cm2. However, 

when pH was increased from 3.5 to 8, a continuous decrease in Y1 has been observed with increasing 

values of j.  

 From the graph results, it was also concluded that at lower values of the other two input 

parameters i.e. t and n, there was not much effect of j and pH was observed on Y1. But when values 

of n and t increases, the effect of j and pH on Y1 was clearly seen. This happened because, at lower 

values of j, generation of ROS and RCS on doped-MMO were falling down gradually with time. 

Due to which the current efficiency of other side reactions such as oxygen evolution reaction 

increased. But on increasing, j values with increasing n value helps in the generation of more oxidant 

species.  
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   As discussed in the previous section, the pH of the solution is considered as a crucial 

factor for influencing the performance of the EO process. From experimental results, it was analyzed 

that maximum degradation of uric acid was achieved at lower values of pH. This was due to the high 

adsorption rate of generated OH• in the oxide lattice of the anode at acidic pH (Kaur et al., 2015). 

Many studies in the literature have confirmed that doped-MMO acts as active anode and reactions 

occur on its surface during the EO treatment is the water oxidation reactions which in turn leading 

to the formation of adsorbed OH•. Furthermore, at acidic pH the generation of the oxidant species 

which high oxidant potential such as OH•, HClO, ClO- in the bulk was more which indirectly oxidize 

the target pollutant. While, in the case of basic pH, it was found that the concentration of lower 

potential oxidant species such as H2O2, HO•
2, ClO3

- and ClO4
- was more. Thus, degradation of uric 

acid, creatinine and urea were found minimum at neutral and basic pH. 

 The concentration of electrolyte always plays a significant role because it influences the 

efficiency of the process by indirect oxidation. From the response graph (Figure. 4.4.2b) for (i) uric 

acid, it was observed that for lower values of n ≈ 0.5 g/L, Y1 was found the minimum and constant 

with time up to 17.5 min. On further increase in n beyond 0.5 g/L, a gradual continuous increase in 

Y1 was observed with time up to 42 min but after 42 min Y1 remained almost unchanged.  

In the case of another metabolite i.e. (ii) creatinine (Figure 4.4.2b), at lower values of n (≈1.06 g/L) 

and t≈ 90 min respectively, Y1 was found constant. However, when values of n and t increased from 

1.06 to 1.69 g/L and 90 to 150 min respectively, a gradual continuous increase in Y1 was observed. 

Thereafter, an increase in values of n (≈ 2.00 g/L) and t ≈ (180 min) has shown no or marginal effect 

on Y1. This depicts that very high and very low values of n and t have a marginal effect on Y1.  

 A similar observation was observed in the case of (iii) urea (Figure 4.4.2b), where at high (≈ 

4.12 mA/cm2, 200 min) and low (≈ 2.38 mA/cm2, 120 min) values of n and t, Y1 was found maximum 

and minimum. Further increase in values of n and t beyond 4.12 mA/cm2 at 240 min, has shown no 

effect as Y1 was found constant. However, at middle values of n from 2.38 to 4.12 mA/cm2 at t 120 

min to 200 min, Y1 was found gradually increasing with increasing values of n and t. 

 From the results, it was concluded that an increase in the Y1 may be attributed due to the 

change in the ionic strength of the solution. The increase in ionic strength at higher values of n will 

generally cause an increase in current density in the same cell voltage and hence maximum Y1 was 

achieved (Asaithambi and Matheswaran, 2016). It observed that after certain values of n and j, Y1 
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was found the minimum. This might be happening due to the (1) scavenging of OH• by high chloride 

dose, (ii)formation of more chloramines in the system (Pillai et al., 2015), (2) metal dissolution 

which leads to the formation of bigger flocs, (3) most of the applied current consume by gas 

evolution and side reactions and (4) increases the temperature of the solution.  

  Moreover, it was observed that prolonged electro-oxidation at higher j values always lead to 

the fouling of the anode because of the bond formation between pollutant and oxide lattice of an 

anode which grows like an impermeable film with time. Hence, for better process performance and 

longer service life of anodes optimization of process variables is very important.  

4.4.2.2  Effect of j, n, t, and pH on Energy consumption, Y2 of uric acid, creatinine and urea 

  Figure 4.4.2c has shown the effect of n and pH on Y2 for (i) uric acid, (ii) creatinine and (iii) 

urea. From the response graph for (i) uric acid, it was observed that at a lower value of n ≈ 0.25 g/L, 

Y2 was found maximum for all values of pH. Further increase in n values upto 0.75 g/L, a continuous 

decrease in Y2 was observed at all values of pH. However, when n was increased further from 0.75 

to 1.25 g/L, a gradual increase in Y2 has been observed. This trend was seen at all values of pH. This 

shows that pH has no or marginal effect on Y2. This might happen because, at lower values of n, the 

conductivity of solution was less due to which voltage drop increases which ultimately maximized 

the consumption of energy. However, when the concentration of electrolyte increases, the 

conductivity of the solution also increases which led Y2 to be minimal because of the ease of current 

flow through the electrolyte solution. But at very high values of n, consumption of energy was more 

this might due to the (1) current was not enough to produce ROS and RCS species; (2) oxidation of 

high potential reactive species into lower potential species due to high applied current density and 

(3) no more formation of RCS and ROS as oxidation of pollutant completes (García-Espinoza et al., 

2018). In the case of (ii) creatinine (Figure 4.4.2c), the effect of pH on Y2 was found insignificant. 

From Figure 4.4.2c it has been seen that at low values on n, Y2 was found maximum while at high 

values, Y2 was observed minimum. This trend was observed at all values of pH. Similar results were 

also observed in the case of (iii) urea (Figure 4.4.2c).   

Figure 4.4.2d has shown the effect of j and t on Y2 of each urine metabolite i.e. (i) uric acid, (ii) 

creatinine and (iii) urea. From the graphs results of each urine metabolites, it was observed that with 

increasing values of j and t, Y2 was also found increasing. This might happened because electrical 

power consumption is directly proportional to the current and time (Mondel et al., 2013). However, 
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it was found that the effect of pH on Y2 was found to be marginal or less when compared to other 

parameters. 

 

 



131 
 

 

Figure 4.4.2 Effect of various input parameters (a) pH and j versus %Degradation; (b) t and 

n versus %Degradation; (c) n and pH versus Energy consumption and (d) t and j versus 

Energy consumption during the EO treatment of (i) uric acid, (ii) creatinine and (iii) urea with 

doped-MMO. 

 

 The statistical optimization of various input factors for the EO treatment of urine metabolites 

with doped-MMO anode was carried out by multi-response process optimization by desirability 

function approach One-sided desirability (di) and overall desirability (D) for each urine metabolite 

(i.e. uric acid, creatinine and urea) were calculated by using maximum and minimum acceptable 

values of both responses Y1 and Y2 as shown in Table 4.4.5 and represented in Equations 4.4.7– 

4.4.12. 
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Table 4.4.5 Constraints applied for optimization of EO treatment of each urine metabolite 

(a) uric acid (b) creatinine and (c) urea with doped-MMO 

Compound Variables Goal Lower limit Upper limit 

(a) (a) Uric acid pH is in range 3 11.0 

 t (min) is in range 5 55 

 j (mA/cm2) is in range 2.38 11.9 

 n (g/L) is in range 0.25 1.25 

 Y1, (%Degradation) maximize 4 98 

 Y2, (Energy consumption) minimize 0.07 9.08 

(b) Creatinine pH is in range 3.5 9.5 

 t (min) is in range 60 180 

 j (mA/cm2) is in range 9.5 28.57 

 n (g/L) is in range 0.75 2 

 Y1, Sqrt(%Degradation) maximize 12 92 

 Y2, Ln(Energy consumption) minimize 5 84.33 

(c) Urea pH is in range 2 8 

 t (min) is in range 80 240 

 j (mA/cm2) is in range 19.04 47.61 

 n (g/L) is in range 1.5 5 

 Y1, (%Degradation) maximize 17 93 

 Y2, (Energy consumption) minimize 12.66 145 

 

The desirability for response Y1 for uric acid was calculated with acceptable values of Y1-min 

as 4.0% and Y1-max as 98.0%. Similarly, for response Y2 of uric acid is calculated by taking Y2-min as 

0.07 and Y2-max as 9.08 kWh/m3 respectively as shown in Equation 4.4.7-4.4.8.  

𝑑1(𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑) = {[

0
   𝑌1 −  4.00

98.0 – 4.00
]

1

     

𝑖𝑓 𝑌1 ≤ 4.00
𝑖𝑓  4.00 < 𝑌1

𝑖𝑓 𝑌1 ≥ 98.0
< 98.0                             (4.4.7) 

𝑑2 (𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑) = {[

0
   𝑌2 −  0.07

9.08 – 0.07
]

1

     

𝑖𝑓 𝑌2 ≤ 0.07
𝑖𝑓  0.07 < 𝑌2

𝑖𝑓 𝑌2 ≥ 9.08
< 9.08                                       (4.4.8) 

The desirability for both responses of the other two metabolites i.e. creatinine and urea were 

calculated by Equations 4.4.9- 4.4.12.   
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𝑑1 (𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒)= {[

0
   𝑌1 −  12.00

92 – 12.00
]

1

   

𝑖𝑓 𝑌1 ≤ 12.00
𝑖𝑓  12.00 < 𝑌1

𝑖𝑓 𝑌1 ≥ 92
< 92                           (4.4.9) 

 𝑑2 (𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒)= {[

0
   𝑌2 −  5.00

84.33 – 5.00
]

1

     

𝑖𝑓 𝑌2 ≤ 5.00
𝑖𝑓  5.00 < 𝑌2

𝑖𝑓 𝑌2 ≥ 84.33
< 84.33                               (4.4.10)      

  𝑑1 (𝑢𝑟𝑒𝑎)=  {[

0
   𝑌1 −  17.00

93.00 – 17.00
]

1

     

𝑖𝑓 𝑌1 ≤ 17.00
𝑖𝑓  17.00 < 𝑌1

𝑖𝑓 𝑌1 ≥ 93.00
< 93.00                  (4.4.11)  

 𝑑2 (𝑢𝑟𝑒𝑎) = {[

0
   𝑌2 −  12.66

145.0 – 12.66
]

1

     

𝑖𝑓 𝑌2 ≤ 12.66
𝑖𝑓  12.66 < 𝑌2

𝑖𝑓 𝑌2 ≥ 145.0
< 145.0                  (4.4.12) 

 The simultaneous optimization of different process operating parameters was done by 

keeping all input factors in the range. The set of constraints were applied during the EO process 

optimization of urine metabolites in order to maximize the response Y1 and minimize the response 

Y2. The best optimized conditions of process parameters for uric acid were obtained at pH= 3.0, n= 

1.11 g/L, j= 7.46 mA/cm2, t = 42.79 min and showed highest D = 0.880. While for creatinine most 

appropriate optimized conditions were obtained at pH= 3.52, n= 1.80 g/L, j= 18.08 mA/cm2, t = 

140.65 min with D = 0.850. The optimal operating conditions for maximum removal of urea were 

found to be j=32.08 mA/cm2, n= 4.66 g/L, pH= 3.4 and t= 195 min which produced combined 

desirability value, D =0.900. At these optimized conditions, the value for responses Y1 and Y2 

suggested by BBD were shown in Table 4.4.6a,b,c. In order to confirm these suggested values of 

responses, experiments for all urine metabolites were conducted in triplicate at the optimized 

condition. The average experimental value of both responses Y1 and Y2 for urine metabolites were 

found very close to the predicted values and listed in Table 4.4.7. This concludes that the 

optimization of EO treatment of urine metabolites using BBD under RSM was successfully done.   
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Table 4.4.6a Individual and multi-response optimization results of uric acid treated with 

doped-MMO for desirability calculations 

Response j (mA/cm2) n (g/L) t (min) pH Desirability 

Individual response optimization      

%Degradation,Y1 = 98.02% 9.15 1.16 39.76 3.36 1 

Energy consumption,Y2 = 0.067 kWh/m3 5.50 0.70 5.57 3.42 1 

Synchronized optimization of responses      

%Degradation,Y1 = 97.20% 7.46 1.11 42.79 3.0 0.880 

Energy consumption,Y2 = 2.588 kWh/m3      

 

Table 4.4.6b Individual and multi-response optimization results of creatinine treated with 

doped-MMO for desirability calculations 

Response j (mA/cm2) n (g/L) t (min) pH Desirability 

Individual response optimization      

%Degradation,Y1 = 93.15% 28.09 1.96 119.62 4.73 1.00 

Energy consumption,Y2 = 7.85 kWh/m3 10.56 1.89 60.00 3.81 0.964 

Simultaneously optimization of responses      

%Degradation,Y1 = 91.99% 18.08 1.80 140.65 3.52 0.850 

Energy consumption,Y2 = 26.98 kWh/m3      
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Table 4.4.6c Individual and multi-response optimization results of urea treated with doped-

MMO for desirability calculations 

Response j (mA/cm2) n (g/L) t (min) pH Desirability 

Individual Response optimization      

%Degradation,Y1 = 97.98% 45.99 4.27 221.20 3.89 1 

Energy consumption,Y2 = 20.25 kWh/m3 29.41 4.90 85.50 3.52 0.943 

Synchronized optimization of responses      

%Degradation,Y1 = 93.001% 32.08 4.66 195 3.4 0.900 

Energy consumption,Y2 = 53.61 kWh/m3      

 

Table 4.4.7 Comparison between the predicted and actual experimental value of all urine 

metabolites treated with doped-MMO at optimized conditions. 

 Urine metabolites 

 Uric acid Creatinine Urea 

Responses Predicted Actual Predicted Actual Predicted Actual 

%Degradation 97.20 95.35 91.99 90.002 93.001 91.15 

Energy consumption (kWh/m3) 2.588 2.479 26.98 25.83 53.61 51.53 

 

 Furthermore, the pH of all urine metabolites was found to be changed during the EO 

treatment with doped-MMO. EO treatment experiments were performed at optimized conditions for 

each urine metabolite i.e. urea, uric acid and creatinine. By analyzing Figure 4.4.3, it was found that 

a sharp and continuous increase in pH from 3.0 to 4.30 (uric acid), 3.5 to 7.48 (creatinine) and 3.4 

to 8.4 (urea) within 60 min, 120 min, and 180 min respectively of EO treatment. However, further 

increase in treatment time i.e. t>60, t> 120 and t> 180 min shows the final pH (pHf) stabilizes to ≈ 

4.55 (uric acid), ≈7.60 (creatinine) and ≈8.50 (urea). The shift of pH from acidic towards alkaline 

could be attributed to the OER at the anode and hydrogen evolution reaction (HER) at the cathode, 

which involves the drastic hydroxyl ion (OH-) generation and consumption (Wu et al., 2014). 

Furthermore, pH during electrolysis was found stabilized at alkaline pH due to the bicarbonate 

buffering effect as discussed in the earlier section (4.3.2). This change in pH depicts the involvement 

of both mechanisms i.e. direct and indirect oxidation method. In the present study, the degradation 

of urine metabolites i.e. uric acid, creatinine, and urea was happened because of both indirect 
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oxidation (HOCl, Cl2, ClO-, ClO2
-, chloramines, H2O2, etc.) and direct oxidation (OH•). However, 

the metabolites were oxidized into byproducts majorly due to the generated RCS during electrolysis 

which could be reported to be toxic. Therefore, it becomes necessary to verify as well as identify 

these toxic compounds if present in treated samples through various in-situ analytical techniques as 

discussed in the next section 4.4.4. 

 

Figure 4.4.3 Graph of pHf versus time during EO treatment of all urine metabolites with 

doped-MMO at optimized conditions. 

4.4.3 Spectrophotometric Analysis: This analysis was performed in order to get the initial 

supportive information regarding the oxidation of urine metabolites i.e. uric acid, creatinine and urea 

with doped-MMO. The UV-vis spectra of both untreated and treated samples of urine metabolites 

by EO treatment were analyzed in the wavelength range of 200-500 nm as shown in Figure 

4.4.4a,b,c. From the results of untreated samples of all urine metabolites, a sharp peak at ƛmax values 

290 nm (uric acid), 238 nm (creatinine) and 420 nm (urea) with narrower bandwidth and high 

absorption intensity. However, small and wide intensity peaks (of added salt like NaCl/Na2SO4 and 

reagent like para-Dimethylaminobenzaldehyde used for urea analysis) were also observed at ƛ values 

(a) 250-225 nm, (b) 220 nm and (c) 400-200 nm. During electrolysis, the absorption spectra of 

treated urine metabolites at the optimum time shows only reduced small intensity band while other 

small peaks at other ƛ values got disappeared at the end of the treatment process. Therefore, it 
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concludes that all urine metabolites i.e. uric acid, creatinine and urea were oxidized to simple 

components after EO treatment of 43 min, 135 min, and 195 min respectively with doped MMO. 

The formation of new peaks and reduction in the ƛmax values has proved the electrocatalytic 

degradation of urine metabolites through the attack of various generated strong oxidant species such 

as OH•, Cl2, HOCl, OCl-, etc. 

 

Figure 4.4.4 UV-vis spectra of untreated and treated samples of (a) uric acid, (b) creatinine 

and (c) urea with doped-MMO at optimum conditions.  

4.4.4 Mineralization Studies 

In order to view the quality of EO treated urine metabolites wastewater samples, 

mineralization studies were carried out at optimized conditions. The final electrolysis transformed 

products were identified by in-situ chemical analysis, CV, FT-IR and LC-MS analysis. Furthermore, 

untreated samples of urine metabolites were also analyzed using the same mentioned techniques in 

order to compare the results. 

Chemical analysis: In order to inspect the quality of treated samples further analysis had been done 

and results were compared to untreated samples. Uric acid oxidation into byproducts was evaluated 
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in terms of decay in COD (90.5%) and TOC (87.51%) at optimized conditions as shown in Figure 

4.4.5a. While in the case of creatinine, around 93.10% removal in COD and 89.55% in TOC were 

attained in 150 min as shown in Figure 4.4.5b. Figure 4.4.5c shows the results of a reduction in 

%TOC of urea, which was around 90.45% achieved after 210 min of electrolysis. Further extension 

in electrolysis i.e. 70 min (uric acid), 180 min (creatinine) and 240 min (urea) has shown the marginal 

effect on COD and TOC reduction i.e. approximately 2.0% to 6%.   

 

Figure 4.4.5 Plot of % COD and TOC reduction versus time during electrolysis of (a) uric acid, 

(b) creatinine and (c) urea with doped-MMO anodes at optimized conditions of each urine 

metabolite. 

 Taking into account the above results, further test analysis was done in order to authenticate 

the degradation of nitrogen-based components i.e. uric acid, creatinine and urea into CO2, H2O and 

inorganic ions. Production of inorganic ions such as NO2
-, NO3

- and NH4
+ ion was observed after 5 

min of EO treatment of uric acid as shown in Figure 4.4.6a. Furthermore, it also observed that the 

concentration of NO2
- ion decreases after 15 min of electrolysis while NH4

+ gets reduced after 30 

min of EO treatment. In the case of NO3
- concentration, a continuously increasing trend was 

observed. This might be due to the oxidation of NO2
- and NH4

+ by strong oxidants such as OH•, 
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HOCl, etc. into NO3
-  ions as reported in literature studies (Dbira et al., 2016). Moreover, the same 

trend was also observed in case creatinine, where an increasing trend in NO2
-, NH4

+ and NO3
- were 

observed after 60 min of EO treatment as shown in Figure 4.4.6b. However, after 60 min of reaction, 

the concentration of NH4
+ was found gradual decreasing till the end of the electrolysis. The 

concentration of NO2
- was found decreasing gradually after 90 min of electrolysis, whereas nitrate 

ion followed an increasing trend in their concentration with the probability of conversion of NO2
-, 

into NO3
-. 

 In the present study, the quantitative analysis of the inorganic ions generated during 

electrolysis of urea indicates the release of NO3
- and NH4

+ only. However, no other anion such as 

NO2
- was generated during the EO treatment of urea. Figure 4.4.6c (urea) depicts that the amount of 

generated NO3
- and NH4

+ in the solution increased proportionally up to 90 min. However, after 90 

min of treatment time, it had been observed that the concentration of NH4
+ was found decreased 

while the concentration of NO3
- was increased gradually till the end of electrolysis.   

 

Figure 4.4.6 Production of inorganic ions (NO2
-, NO3

- and NH4
+) during electrolysis of (a) uric 

acid, (b) creatinine and (c) urea with doped-MMO anodes at optimized conditions. 
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  Figure 4.4.7a,b,c shows the profile of chloride concentration and TAC versus treatment time 

for all urine metabolites.  From the results for each urine metabolite, it can be observed that the 

concentration of chloride was found continuously decreasing during the EO treatment depicting the 

conversion of Cl- into RCS such as Cl2, HOCl, OCl-, etc. In addition to this, the level of TAC was 

found to increase gradually with time during electrolysis of all urine metabolites. The TAC is an 

aggregate mixture of reactive intermediates i.e. the sum of free chlorine (Cl2, HOCl) and combined 

chlorine (chloramines such as NH2Cl).  

 

Figure 4.4.7 Mineralization plots of chloride and TAC versus time at optimized conditions for 

(a) uric acid, (b) creatinine and (c) urea treated with doped-MMO. 

Cyclic Voltammetry (CV): The technique was required for the explanation of EO behavior of the 

anode during the treatment of all urine metabolites and gives the supporting information regarding 

the intermediates generated. Figure 4.4.8 shows the continuous CVs for the untreated and EO treated 

samples of uric acid (50 mg/L), creatinine (50 mg/L) and urea (2000 mg/L) at platinum rod with a 

potential range of -1.2 to 1.2 V. (Mudila et al., 2018). As it can be seen that in 0 h samples (untreated) 

of all urine metabolites, one small oxidation peak at ≈ -0.4 V potential in a first cycle and one small 

broad reduction peak at  – 0.8 V were observed. This depicted the reduction of chlorine to chloride 
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and then oxidation of chloride to chlorine. However, in the case of treated samples of all urine 

metabolites, cycle 1 shows the disappearance of oxidation peak and shift towards -0.2 V while cycle 

2 exhibits a large sharp reduction peak at -0.8V. This dissolution/shifting of the peaks indicates the 

degradation of urine metabolites through indirect oxidation by OH• and chloro-oxidant species 

which might have generated intermediates and chlorinated organic byproducts in treated samples 

(Hiwarkar et al., 2017). Moreover, these changes in the redox peaks indicate the high electro-

catalytic activity towards the oxidation of all urine metabolites as well as enhanced active surface 

area of doped-MMO (Zhang and Yin, 2014). 

 

Figure 4.4.8 Cyclic Voltammetry measurements for untreated and treated samples of (a) uric 

acid, (b) creatinine and (c) urea with doped-MMO at optimized conditions. 

FT-IR spectra studies: Figure 4.4.9 represents the FT-IR spectra of untreated and treated samples 

(at different time intervals) of all urine metabolites (i.e. uric acid, creatinine and urea). The 

characteristic absorption broad peaks with wavenumber (cm-1) at 2806.49, 3003.95, 3254.8, 

3388.64, 3455.08, 612.10, 698.80 and 781.84, respectively were formed due to the OH• and chloro-

oxidant species generated during EO of urine metabolites. The sharp peaks at 1675.93, 1738.41, 
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3012.38, 1600.69, 3356.12 and 3455.08, respectively were due to the presence of characteristic 

absorption of C=O, C-H and N-H groups. The vibrational frequency of C≡N, C=N, C-N, C=C 

stretching linked with the heterocyclic structure was around at 2242.90, 1101.36, 1215.1, 1349.93, 

1216.76, 1581.68, 1656.12 and 1738.40, respectively.  

However, few small peaks during electrolysis were also appeared in treated samples of all 

urine metabolites at 1349.93, 1366.65, 1380.46, 905.44, 1097.97 and 1119.19, respectively which 

corresponds to N-O and C-O groups. The results show that most of the peaks were got shifted at 

distinct wavenumber, might be due to the structural changes occurred during the EO process. Some 

of the broad and sharp peaks present in raw samples (t= 0 h) were found disappeared in treated 

samples due to the oxidation of urine metabolites into intermediates via RCS and ROS generated 

during the EO treatment process with doped-MMO (Rajkumar and Muthukumar, 2012). Moreover, 

the % transmittance for maximum peaks was found increased at optimized electrolysis treatment 

time, indicating the destruction and oxidation of the cyclic structure of urine metabolites.  

 

Figure 4.4.9 FT-IR spectra for untreated and treated samples of (a) uric acid, (b) creatinine 

and (c) urea with doped-MMO at optimized conditions. 
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LC-MS analysis: To explore the degraded and non-degraded compounds during EO treatment of 

uric acid, creatinine and urea as well identification of generated intermediates, LCMS analysis was 

performed for untreated and treated samples. The LCMS chromatograms indicate the identified 

intermediates generated during electrolysis of uric acid and creatinine using doped-MMO are shown 

in Figure 4.4.10a,b. Based on these produced byproducts (2-11), an oxidative mechanism along with 

a tentative degradation pathway for uric acid has been proposed and displayed in Figure 4.4.10c. 

The reduction of uric acid (1) led to the formation of a byproduct (2). After that intermediate (2) 

could undergo C-N bond cleavage to form (3) which on subsequent dehydroxylation could produce 

(4). Further, descendant (4) led to the formation of another intermediate (5) due to the cleavage of 

the C-N bond. The demethylation and deamination of (5) led to the formation of product (6), which 

on successive demethylation could yield intermediate (7). However, intermediate (7) undergo two 

different mechanisms simultaneously. Deamination of (7) could be led to the formation of 

intermediate (8) followed by deamination could finally yield the end product (9). On the other hand, 

intermediate (7) after going through C-N bond cleavage, could possibly yield final products (10) and 

(11).      

 In the case of creatinine, the intermediates (1-10) formed during electrolysis are shown in 

Figure 4.4.10d. The demethylation of creatinine in route A led to the formation of intermediate (1) 

from which (2) was formed by successive C-N bond cleavage. The deamination of (2) led to the 

generation of intermediate (3). The subsequent hydroxylation of (3) produced intermediate (4). The 

deamination and hydroamination of (4) ultimately led to the production of final products (8) and (9). 

On the other hand, the oxidation and C-N bond cleavage of creatinine in route B could lead to the 

production of intermediate (6). However, oxidation of (6) led to the production of intermediate (7) 

while fragmentation of (6) could possibly yield the final product (10). The fragmentation of 

intermediate also led to the generation of final products (8) and (9). To the best of our knowledge, 

this is one of the few reported studies, depicting the oxidative degradation mechanism for uric acid 

and creatinine.  

 Based on the experimental results, a tentative reaction pathway for urea has been proposed 

in the present study as shown in Figure 4.4.10e. The degradation of urea was mostly due to the 

generation of RCS and partially by ROS during electrolysis using doped-MMO/ MMO anodes. The 

end products produced through the electrolysis of urea are carbon dioxide, nitrate, molecular 
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nitrogen and chloramines. Most of the part of this pathway was formed based on the reported studies 

(Cho and Hoffmann, 2014; Hoffmann et al., 2014).  

 

Figure 4.4.10a Mass spectra analysis for the identification of intermediates during the EO 

treatment of uric acid with doped-MMO at the optimized condition. 
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Figure 4.4.10b Mass spectra analysis for the identification of intermediates during the EO 

treatment of creatinine with doped-MMO at the optimized condition 
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Figure 4.4.10c Proposed degradation pathway for Uric acid treated with doped-MMO 
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Figure 4.4.10d Proposed degradation pathway for Creatinine treated with doped-MMO 
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Figure 4.4.10e Proposed common degradation pathway for Urea treated by both anodes. 

4.4.5 Synergistic Studies 

 The photo-activity of the doped-MMO anode was studied under both UV and solar radiation. 

The synergistic studies using doped-MMO were performed in order to check the removal efficiency 

of dual-process over single processes. In the present work, the synergy of one process over other for 

dual effect has been calculated and quantified using kinetic rate constant obtained through pseudo-
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first-order reactions. The degradation of each metabolite under UV light was found relatively the 

same as of EO experimental results. This might be due to the low band-gap of doped-MMO due to 

which absorption of light by anode in the UV spectrum was less. Figure 4.4.11a,b,c shows the results 

of the synergistic effect of three different processes i.e. PC, EO and PEC, performed for the treatment 

of uric acid, creatinine and urea. The %Degradation of each urine metabolite was found maximum 

through PEC over PC and EO. Furthermore, time for electrolysis of each urine metabolite was also 

found to be significantly reduced for the same % degradation. PC treatment was found inefficient 

for the removal treatment over other processes. The % degradation through PC treatment process 

was found 12.0% (uric acid), 16.5% (creatinine) and 30% (urea). Similar kind of results was also 

observed when the plot between Ct/Co and time has been studied as shown in Figure 4.4.12a,b,c. 

From the results (Figure 4.4.13a) it was depicted that an immense increase in the first-order rate 

constant in the case of PEC (0.0854 min-1) was observed which was 3.4 times of PC (0.0025 min-1) 

and 1.4 times as compared to EO (0.0616 min-1).  

 Similarly, in the case of creatinine and urea, the first-order rate constant of the dual-process 

was much higher than individual processes i.e. PC and EO as shown in Figure 4.4.13b,c. Thus, 

proves the viability of the dual-process over single treatment processes. Moreover, a synergistic 

effect of the dual-process for over EO came out to be 27.86%, 13.77%, 19.87% and over PC was 

observed 97.07%, 93.41%, 88.81 for uric acid, creatinine and urea respectively. The overall % 

synergy for urine metabolites such as uric acid (24.94%), creatinine (7.19%) and urea (8.69%). 

Therefore, it concludes that the dual-process with synergistic results has significantly reduced the 

treatment time from 43 min to 30 min (uric acid), 140 to 120 min (creatinine) and 195 to 150 min 

(urea). To further verify the experimental results, similar studies were carried out for the estimation 

of OH• production using fluorescence spectroscopy. 

Fluorescence spectroscopy: Fluorescence studies were carried out for the quantification of 

generated OH• at doped-MMO during the treatment process. Figure 4.4.14a showed that maximum 

OH• production was found under solar radiations (PEC) than UV and EO. This may happen due to 

the activation of photoactive layers i.e. TiO2 and SnO2 of anode under light sources leading to the 

generation of more OH• on the surface of anode resulting in more percentage degradation of uric 

acid in less time. Some researchers have also reported that doping can improve the photoactivity of 

the anode by increasing the charge separation of holes and electrons (Chen et al., 2009; Singh et al., 
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2016). From the above results, it was concluded that doped-MMO is more photoactive under solar 

radiation than in UV.   

 From the literature survey, it was also observed that the pH of the solution has a great effect 

on the generation of OH• during the treatment process. In order to verify the effect of pH on the 

generation of OH•, experiments were performed at different pH. From the results, as shown in Figure 

4.4.14b it was found that more OH• production was observed at basic pH over acidic and neutral pH. 

But at the same time, it was also observed that in the case of basic and neutral pH generation of OH• 

decreases with increasing time which might be due to the scavenging of OH• by bicarbonate and 

carbonate ions (Wu et al., 2014). While in the case of acidic pH it was found increasing. This might 

be due to the inhibition of OER by water oxidation resulting in more OH• production. Hence, it 

concludes that the degradation of all urine metabolites with doped-MMO was found maximum under 

solar radiations (PEC) at acidic pH.  Therefore, the effectiveness of dual-process over discrete 

process i.e. EO was proved. 

 

Figure 4.4.11 Comparison between different processes using doped-MMO for the treatment of 

(a) uric acid, (b) creatinine and (c) urea at optimized conditions. 
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Figure 4.4.12 Plot of C0/Ct versus time for each urine metabolite i.e. (a) uric acid, (b) creatinine 

and (c) urea treated with doped-MMO at optimized conditions.  

 

Figure 4.4.13 Values of the rate constant for the degradation of (a) uric acid, (b) creatinine and 

(c) urea via different processes with doped-MMO. 
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Figure4.4.14 PL spectra of OH• at doped-MMO (a) for different light sources at 0.6A and (b) 

for different pH at different time intervals at 0.6A. 

 

4.4.6 Operating Cost Analysis In the present study, the overall cost of the treatment process for the 

removal of each urine metabolites from aqueous solution using doped-MMO was calculated and 

shown in Table 4.4.8. 

Table 4.4.8: Evaluation of operating cost of EO treatment process for uric acid treated with 

doped-MMO 

(A) Cost of Electrical Energy consumption 

Electrical energy consumed = 2.479 kWh/m3 

Electricity price in Punjab, (India) = Rs 5.00/kWh 

Cost of electrical energy consumed (CEC) = Rs 12.395 m3 

Cost of energy consumed to remove per kg of uric acid (CEC) = Rs 12.395/0.0477 = 259.85 kWh/m3 

(B) Cost of Electrodes 

Initial uric acid concentration in wastewater = 50 mg/L= 0.05 kg/m3 

With 95.35% degradation, concentration of uric acid removed = 0.0477kg/m3  

Time of treatment = 43 min = 0.716 h ≈ 0.72 h 

Concentration of uric acid removed in 1h = 0.0662 kg/m3  

Cost of one MMO anode = Rs 820/- 

The life span of anode = 5 years 
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Cost of anode for 43800 h = Rs 820/- 

Cost of anode for 1 h = Rs 0.0187/- 

Cost of electrodes to remove per kg uric acid from wastewater = Rs 0.2825/m3 

(C) Operating cost analysis 

Total operating cost for per kg of uric acid removal = 0.2825/m3 +  259.85/m3 = Rs 260.133/m3 

The overall operating cost of EO treatment of uric acid in US dollars = 3.740 $/m3 

  

 Similarly, the total operating cost for treating per kg of creatinine and urea came out to be 

41.68 $/m3 and 2.05$/m3 respectively. The results show that the economic feasibility of the EO 

process for the treatment of synthetic urine wastewater using doped-MMO. However, the cost can 

be further minimized during scale-up studies by modifying the design of the electrolytic reactor and 

operating conditions accordingly. 
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SECTION-B 

4.5 Study on EO Treatment of SU with (i) MMO and (ii) Doped-MMO.           

4.5.1 Model Fitting and Statistical Analysis 

In this study, three-level BBD based RSM has been employed for the designing of EO 

experiments for SU using MMO and doped-anodes. The process conditions for the oxidation of 

pollutants from SU, four input operational parameters were selected such as initial pH (Y1), applied 

current density (Y2), treatment time (Y3) and N/Cl ratio (Y4). The actual ranges along with coded 

values of input parameters were selected on the basis of the reported studies and prior observations 

as shown in Table 4.5.1. The total number of experimentally designed by BBD for EO treated SU 

with MMO and doped-MMO was 30 with six replication runs at the center. The experimental results 

of responses like %COD removed (Z1) and SEC (Z2) for EO treatment of SU were calculated by 

conducting the experimental runs according to the suggested design matrix as shown in Table 

4.5.2a,b.  

 

Table 4.5.1   Range and coded levels of  selected input operational variables for EO treatment 

of SU  

 Range of actual and coded variables 

Electrodes Factors Variables  -1 0 +1 

MMO Y1 Initial pH 3 6 9 

 Y2 Current density , j (mA/cm2) 19.04 33.325 47.61 

 Y3 Treatment time, t (h) 6 9 12 

 Y4 N/Cl ratio  0.3 1.0 1.7 

 

Doped-MMO Y1 Initial pH 3.5 6.5 9.5 

 Y2 Current density , j (mA/cm2) 26.19 42.86 59.52 

 Y3 Treatment time, t (h) 7 10 13 

 Y4 N/Cl ratio  0.2 0.8 1.4 
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Table 4.5.2a BBD matrix and their experimental results for measured responses of SU treated 

with MMO 

Std Run 

 

Block j  

(mA/cm2) 

N/Cl 

ratio 

t 

(h) 

pH % COD 

removed, Z1 

SEC, Z2 

(kWh/kg COD removed) 

2 1 1 47.61 1.00 9.00 3.00 87 34.08 

6 2 1 33.33 1.70 6.00 6.00 22 77.5 

5 3 1 33.33 0.30 6.00 6.00 67 13.27 

8 4 1 33.33 1.70 12.00 6.00 26 121.63 

10 5 1 33.33 1.00 9.00 6.00 65.5 30.55 

7 6 1 33.33 0.30 12.00 6.00 72 22.65 

9 7 1 33.33 1.00 9.00 6.00 65.5 30.55 

3 8 1 19.04 1.00 9.00 9.00 33 34.01 

4 9 1 47.61 1.00 9.00 9.00 62 52.94 

1 10 1 19.04 1.00 9.00 3.00 57 18.58 

16 11 2 33.33 0.30 9.00 9.00 59 23.87 

19 12 2 33.33 1.00 9.00 6.00 65.5 30.55 

11 13 2 19.04 1.00 6.00 6.00 40 18.35 

20 14 2 33.33 1.00 9.00 6.00 65.5 30.55 

14 15 2 47.61 1.00 12.00 6.00 69 60.36 

17 16 2 33.33 1.70 9.00 3.00 31 75.31 

15 17 2 33.33 0.30 9.00 3.00 88.5 12.98 

18 18 2 33.33 1.70 9.00 9.00 24.5 102.86 

12 19 2 47.61 1.00 6.00 6.00 64 33.64 

13 20 2 19.04 1.00 12.00 6.00 45 32 

29 21 3 33.33 1.00 9.00 6.00 65.5 30.55 

21 22 3 19.04 0.30 9.00 6.00 53 11.19 

23 23 3 19.04 1.70 9.00 6.00 28 55 

25 24 3 33.33 1.00 6.00 3.00 74 17.36 

26 25 3 33.33 1.00 6.00 9.00 53 26.57 

24 26 3 47.61 1.70 9.00 6.00 23 140 

22 27 3 47.61 0.30 9.00 6.00 80.5 24.33 

30 28 3 33.33 1.00 9.00 6.00 65.5 30.55 

27 29 3 33.33 1.00 12.00 3.00 79 30.65 

28 30 3 33.33 1.00 12.00 9.00 58 49 
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Table 4.5.2b BBD matrix and their experimental results for measured responses of SU treated 

with doped-MMO 

Std Run Block j 

(mA/cm2) 

N/Cl 

ratio 

t 

(h) 

pH % COD 

removed, Z1 

SEC, Z2 

(kWh/kg COD removed) 

3 1 1 26.19 0.80 10.00 9.50 26 52.64 

4 2 1 59.52 0.80 10.00 9.50 65 61.09 

5 3 1 42.86 0.20 7.00 6.50 61 11.3 

6 4 1 42.86 1.40 7.00 6.50 8.5 220.32 

1 5 1 26.19 0.80 10.00 3.50 32 31.5 

2 6 1 59.52 0.80 10.00 3.50 83 38.76 

9 7 1 42.86 0.80 10.00 6.50 68 34.68 

10 8 1 42.86 0.80 10.00 6.50 68 34.68 

8 9 1 42.86 1.40 13.00 6.50 19.5 275.87 

7 10 1 42.86 0.20 13.00 6.50 78 32.67 

11 11 2 26.19 0.80 7.00 6.50 20 34.38 

13 12 2 26.19 0.80 13.00 6.50 30 56.78 

14 13 2 59.52 0.80 13.00 6.50 80 66.31 

15 14 2 42.86 0.20 10.00 3.50 70 20.32 

18 15 2 42.86 1.40 10.00 9.50 10 301.78 

16 16 2 42.86 0.20 10.00 9.50 62 23.06 

19 17 2 42.86 0.80 10.00 6.50 68 34.68 

17 18 2 42.86 1.40 10.00 3.50 22 174.34 

12 19 2 59.52 0.80 7.00 6.50 63 33.56 

20 20 2 42.86 0.80 10.00 6.50 68 34.68 

27 21 3 42.86 0.80 13.00 3.50 81 39.51 

22 22 3 59.52 0.20 10.00 6.50 92 25.78 

26 23 3 42.86 0.80 7.00 9.50 50 41.65 

28 24 3 42.86 0.80 13.00 9.50 57 63.39 

29 25 3 42.86 0.80 10.00 6.50 68 34.68 

23 26 3 26.19 1.40 10.00 6.50 18 165 

25 27 3 42.86 0.80 7.00 3.50 60 21.4 

24 28 3 59.52 1.40 10.00 6.50 47 190 

21 29 3 26.19 0.20 10.00 6.50 38 16.47 

30 30 3 42.86 0.80 10.00 6.50 68 34.68 

 

The results of the model summary statistic for both responses (Z1 and Z2) of SU showed the 

highest R2 values for the quadratic model only, which advocates that the model has explained the 

experimental data very well and indicates the satisfactory interaction between predicted and 
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observed values of experimental runs. The natural log transformation for a response (Z2) and no 

transformation for a response (Z1) was applied for EO treated SU with MMO and doped MMO. 

After exploiting sequential F–test and other adequacy measures, the model suggested for SU was 

quadratic as shown in Table 4.5.3. 

Table 4.5.3 Various R-squared values for the quadratic model suggested by BBD for responses 

%COD removed (Z1) and SEC (Z2) of SU treated with MMO and doped-MMO 

Electrodes Responses R-Squared Adj R-Squared Pred R Squared 

MMO Z1 0.9801 0.9586 0.8424 

 Z2 0.9930 0.9855 0.9472 

Doped-MMO Z1 0.9737 0.9453 0.8180 

 Z2 0.9920 0.9835 0.9409 

 

Table 4.5.4a,b shows the result of the quadratic model fitting in the form of analysis of 

variance (ANOVA). ANOVA with higher F values and lower p values (p<0.0001) i.e. “Prob>F” for 

both responses (Z1 and Z2), supports the quadratic model. The significant and highly significant 

terms of batch EO process for both responses Z1 and Z2 of SU were observed from the ANOVA 

tables. The values of adequate precision ratio for both responses have come out above 4, which 

depicts the goodness of the fitted model and can be used for design space navigation. An empirical 

relationship between the responses and the operational parameters in terms of independent coded 

factors obtained from the design-expert software for all urine metabolites was expressed by the 

quadratic model equation as shown in Equations 4.5.1-4.5.4. 

SU treated with MMO: 

Z1 = + 65.50 + 10.79*Y1 – 10.58*Y2 – 22.13*Y3 + 2.42*Y4 – 6.54*Y1
2 + 1.52*Y2

2 – 14.92*Y3
2

 – 

3.10*Y4
2 – 0.25*Y1*Y2 – 8.12*Y1*Y3 + 0.00*Y1*Y4 + 5.75*Y2*Y3 + 0.00*Y2*Y4 – 0.25*Y3*Y4     

(4.5.1)        

Z2 = + 3.42 + 0.33*Y1 + 0.24*Y2 + 0.83*Y3 + 0.28*Y4 + 0.040*Y1
2 – 0.011*Y2

2 + 0.24*Y3
2 + 0.015 

*Y4
2
 – 0.041*Y1*Y2 – 0.039*Y1*Y3 + 7.126E-003*Y1*Y4 – 0.074*Y2*Y3 + 0.011*Y2*Y4 – 

0.021*Y3*Y4                             (4.5.2) 
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SU treated with doped-MMO: 

Z1 = + 68.00 + 22.17*Y1 – 6.50*Y2 – 23.00*Y3 + 6.92*Y4 – 8.63*Y1
2 – 5.63*Y2

2 – 17.13*Y3
2

 – 

6.87*Y4
2 – 3.00*Y1*Y2 – 6.25*Y1*Y3 + 1.75*Y1*Y4 – 1.00*Y2*Y3 – 3.50*Y2*Y4 – 1.50*Y3*Y4                                                                                                                                                                         

(4.5.3)                                                                                                                                                                                                                                                                                                                                                                

 Ln(Z2) = + 3.55 + 0.090Y1 + 0.23*Y2 + 1.18*Y3 + 0.29*Y4 + 0.11*Y1
2 + 0.10*Y2

2 + 0.54*Y3
2 + 

0.10*Y4
2
 –  0.015*Y1*Y2 – 0.015*Y1*Y3 + 0.045*Y1*Y4 + 0.11*Y2*Y3 – 0.048*Y2*Y4 0.21*Y3*Y4 

(4.5.4)                                                                                                                     

Table 4.5.4a ANOVA results EO treated SU with MMO suggested by BBD for responses (Z1 

and Z2). 

Sources % COD removed (Z1) SEC  (Z2) 

 Sum of 

square 

DF Mean 

square 

F-

value 

Prob>

F 

Sum of 

square 

DF Mean 

square 

F-

value 

Prob>

F 

Block 42.92 2 21.46   0.037 2 0.019   

Model 10875.

95 

14 776.85 45.70 < 

0.000

1 

11.72 14 0.84 132.37 < 

0.0001 

Y1 1397.5

2 

1 1397.5

2 

82.21 < 

0.000

1 

1.33 1 1.33 210.82 < 

0.0001 

Y2 1344.0

8 

1 1344.0

8 

79.07 < 

0.000

1 

0.68 1 0.68 107.79 < 

0.0001 

Y3 5874.1

9 

1 5874.1

9 

345.5

7 

< 

0.000

1 

8.34 1 8.34 1318.8

6 

< 

0.0001 

Y4 70.08 1 70.08 4.12 0.063

3 

0.91 1 0.91 144.00 < 

0.0001 

Y1
2 293.44 1 293.44 17.26 0.001

1 

0.011 1 0.011 1.73 0.2112 

Y2
2 15.86 1 15.86 0.93 0.351

7 

8.320E-

004 

1 8.320E-

004 

0.13 0.7227 
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Y3
2 1525.7

6 

1 1525.7

6 

89.76 < 

0.000

1 

0.40 1 0.40 63.04 < 

0.0001 

Y4
2 66.07 1 66.07 3.89 0.070

3 

1.610E-

003 

1 1.610E-

003 

0.25 0.6224 

Y1Y2 0.25 1 0.25 0.015 0.905

3 

6.734E-

003 

1 6.734E-

003 

1.06 0.3211 

Y1Y3 264.06 1 264.06 15.53 0.001

7 

6.211E-

003 

1 6.211E-

003 

0.98 0.3399 

Y1Y4 0.000 1 0.000 0.000 1.000

0 

2.031E-

004 

1 2.031E-

004 

0.032 0.8606 

Y2Y3 132.25 1 132.25 7.78 0.015

3 

0.022 1 0.022 3.50 0.0842 

Y2Y4 0.000 1 0.000 0.000 1.000

0 

4.747E-

004 

1 4.747E-

004 

0.075 0.7885 

Y3Y4 0.25 1 0.25 0.015 0.905

3 

1.762E-

003 

1 1.762E-

003 

0.28 0.6066 

Residual 220.98 13 17.00   0.082 13 6.327E-

003 

  

Lack of 

fit 

220.98 10 22.10   0.082 10 8.225E-

003 

  

Pure 

error 

0.000 3 0.000   0.000 3 0.000   

Core total 11139.

84 

29    11.84 29    
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Table 4.5.4b ANOVA results EO treated SU with doped-MMO suggested by BBD for 

responses (Z1 and Z2). 

Sources % COD removed (Z1) SEC  (Z2) 

 Sum of 

square 

DF Mean 

square 

F-

value 

Prob>

F 

Sum of 

square 

DF Mean  

square 

F-value Prob>

F 

Block 418.40 2 209.20   0.095 2 0.048   

Model 15993.9

7 

14 1142.43 34.34 < 

0.000

1 

20.70 14 1.48 115.70 < 

0.000

1 

Y1 5896.33 1 5896.33 177.2

6 

< 

0.000

1 

0.097 1 0.097 7.56 0.016

6 

Y2 507.00 1 507.00 15.24 0.001

8 

0.65 1 0.65 50.48 < 

0.000

1 

Y3 6348.00 1 6348.00 190.8

4 

< 

0.000

1 

16.63 1 16.63 1301.3

5 

< 

0.000

1 

Y4 574.08 1 574.08 17.26 0.001

1 

1.02 1 1.02 79.99 < 

0.000

1 

Y1
2 510.11 1 510.11 15.34 0.001

8 

0.082 1 0.082 6.41 0.025

0 

Y2
2 216.96 1 216.96 6.52 0.024

0 

0.073 1 0.073 5.71 0.032

7 

Y3
2 2010.96 1 2010.96 60.45 < 

0.000

1 

2.03 1 2.03 158.93 < 

0.000

1 

Y4
2 324.11 1 324.11 9.74 0.008

1 

0.074 1 0.074 5.81 0.031

5 

Y1Y2 36.00 1 36.00 1.08 0.317

2 

8.564E-

004 

1 8.564

E-004 

0.067 0.799

8 

Y1Y3 156.25 1 156.25 4.70 0.049

4 

0.024 1 0.024 1.84 0.197

6 

Y1Y4 12.25 1 12.25 0.37 0.554

4 

8.037E-

003 

1 8.037

E-003 

0.63 0.442

0 
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Y2Y3 4.00 1 4.00 0.12 0.734

3 

0.045 1 0.045 3.49 0.084

6 

Y2Y4 49.00 1 49.00 1.47 0.246

5 

9.328E-

003 

1 9.328

E-003 

0.73 0.408

4 

Y3Y4 9.00 1 9.00 0.27 0.611

7 

0.18 1 0.18 13.70 0.002

7 

Residua

l 

432.43 13 33.26   0.17 13 0.013   

Lack of 

fit 

432.43 10 43.24   0.17 10 0.017   

Pure 

error 

0.000 3 0.000   0.000 3 0.000   

Core 

total 

16844.8

0 

29    20.96 29    

 

 The reliability of developed models for both responses of SU treated with MMO and doped-

MMO was examined by constructing diagnostic plots of normal % probability versus studentized 

residuals, studentized residuals versus predicted and predicted versus actual for the experimental 

data as shown in Figure 4.5.1 and Figure 4.5.2 respectively. From the plots of normal % probability 

versus studentized residuals, it was observed that residuals are in the proximity of the straight 

diagonal line which confirms the normal distribution of observed data.  

 In the case of studentized residuals versus predicted, the random scatter in the plot indicates 

that the standard deviation separating the predicted values from actual. Therefore, developed models 

are considered to be satisfactory because the residuals for the prediction of each response are 

minimum. The data points predicted versus the actual plot for SU were found very close to the 

diagonal line indicating the adequate agreement between experimental data and predicted data.  
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Figure 4.5.1 Plots of (i) normal % probability versus studentized residuals; (ii) studentized 

residuals versus predicted and (iii) predicted versus actual for responses (a) %COD removed 

and (b) SEC of SU treated with MMO. 

 

Figure 4.5.2 Plots of (i) normal % probability versus studentized residuals; (ii) studentized 

residuals versus predicted and (iii) predicted versus actual for responses (a) %COD removed 

and (b) SEC of SU treated with doped-MMO. 
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4.5.2 Effect of Process Parameters and Optimization  

 To explore the effect of EO operational parameters, 3D response surface graphs obtained 

from RSM were observed.   

4.5.2.1 Effect of j and N/Cl ratio on % COD removed, (Z1) of SU treated with MMO and doped-

MMO 

Several researchers have reported the successful use of MMO and doped-MMO for the 

treatment of mixed wastewaters such as industrial, leachate, domestic wastewater, etc. via producing 

in-situ strong oxidants (Cui et al., 2009; Rio et al., 2009; Wu et al., 2014). SU contains many 

dissolved ionic inorganic species resulting in good conductivity and makes the EO method suitable 

for its treatment as no additional chemical is required. Hence it becomes necessary to study the effect 

of various operational parameters on oxidation of SU using MMO and doped-MMO. Several studies 

have reported j as an important operating parameter in the EO remediation process because it 

regulates the amount of ROS produced on the surface of the anode. In this experimental work, the 

effect of j and N/Cl ratio on EO treated SU with MMO was analyzed by varying j from 19.04 to 

47.61 mA/cm2 and N/Cl ratio from 0.3 to 1.7. Figure 4.5.3a has shown the interaction between j and 

N/Cl as well as their simultaneous effect on Z1. The graph results showed that Z1 was maximum at 

lower values of N/Cl ratio upto 0.65 and then found decreasing gradually with an increasing ratio of 

≈ 1.7. This trend was found on all values of j. However, with increasing values of j, a marginal 

gradual increase in Z1 was observed at the N/Cl ratio of ≈ 0.45. Further increase in N/Cl ratio from 

1 to 1.7, it was found that Z1 first increased upto 33.33 mA/cm2 and then decreased with increasing 

j values ≈ 47.61 mA/cm2.  

While in the case of SU treated with doped-MMO (Figure 4.5.4a), results showed that at 

lower values of N/Cl ratio from 0.2 to 0.5, Z1 was found increasing with increasing value of j from 

26.19 to 51.19 mA/cm2. However further increase in j value from 51.19 mA/cm2 to 59.52 mA/cm2 

showed no significant change in values of Z1 for N/Cl ratio upto 0.5. While in the case of N/Cl ratio 

it has been observed that with increasing values of N/Cl ratio from 0.2 to 0.8, Z1 was found increasing 

marginally for all values of j. But the further increase in N/Cl ratio from 0.8 to 1.4, showed a gradual 

decrease in Z1. This trend was observed for all values of j. The results depict the changes in values 

of Z1 during the EO at different values of applied j. From the experimental results it was found that 

at lower values j and higher values of N/Cl ratio, the Z1 was minimum. However, when j was 
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increased and N/Cl ratio decreased, Z1 was found maximum. This happens because, at lower values 

of j, generation of reactive oxidant species on MMO and doped-MMO anodes was fallen down 

gradually with time. Due to which rate of pollutant removal decreased which further led to minimum 

treatment process efficiency. But when j increased, the Z1 was found maximum because of the 

increased generation of MOx(OH•) and MOx+1 at the surface of anodes. This could be due to a 

concomitant acceleration of reaction as shown in Equations 4.5.5 and 4.5.6 respectively. 

MOx + H2O                          MOx(OH•) + H+ + e-                (4.5.5) 

MOx(OH•)                            MOx+1 + H+ + e-          (4.5.6) 

Where M = anode (MMO/doped-MMO). However, further increase in j from values led to the 

marginal increase from 40.47 mA/cm2 to 47.61 mA/cm2 because of higher increase in rate of reaction  

occurred in Equation 4.5.6 compared to reaction occurred in Equation 4.5.5 resulting in generation 

of MOx+1 radicals as well as enhancement of OER. Moreover, the side reactions relatively decreased 

the amount of these oxidants, and further oxidized into O2, weak oxidants like peroxodisulfate 

(4.5.7), peroxodiphosphate (4.5.8) and percarbonate (4.5.9) and ozone (4.5.10) in bulk. 

2 SO4
2-                 S2O8

2- + 2 e-              (4.5.7) 

2 PO4
3-                  P2O8

2- + 4 e-                        (4.5.8) 

2 CO3
2-               C2O6

2- + 2 e-                                                                                           (4.5.9) 

3H2O               O3 + 6 H+ + 6 e-           (4.5.10) 

        The N/Cl ratio plays a significant role because it influences the efficiency of the EO process by 

increasing the conductivity of a solution and makes the process less expensive. It defines the amount 

of RCS such as HClO, ClO-, etc. formed during EO treatment of pollutants. At a higher N/Cl ratio 

the amount of nitrogen content was much more than the amount of chloride which leads to the 

blockage of active sites on anode surface and decreases the oxidation of chloride into RCS. Hence, 

it decreases the treatment efficiency. However, on increasing the amount of chloride in solution, 

depletes the pollutants rapidly from solution by generating more RCS from the oxidation of chloride 

at the surface of anode resulting in more COD removal. Moreover, MMO (containing active metals) 

exhibits better electrocatalytic properties for chlorine evolution. It concludes that lower values of the 

N/Cl ratio lead to the rise in organic degradation in SU.  

         However, in case of doped-MMO (containing non-active metals) showed maximum Z1 at very 

low values of N/Cl ratio than MMO because the generation of RCS at these types of anodes is less 

as compared to MMO anode. Although the % COD removed with doped-MMO has been due to the 
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synergistic effects of RCS and ROS (Hiwarkar et al., 2017). During EO treatment, with decreasing 

N/Cl ratio, the concentration of Cl- increases in the solution, resulting in the generation of more RCS 

which reacts with pollutants resulting in maximum Z1. Therefore, for maximum removal rate without 

a decrease in current efficiency and overall process efficiency, optimum values of j and N/Cl ratio 

should be chosen. 

4.5.2.2 Effect of pH and t on % COD removed, Z1 of SU treated with MMO and doped-MMO  

 Figure 4.5.3b shows the interaction between pH and t as well their effect on, Z1 (MMO 

anode). To see the effect of time and pH on oxidation of SU, values of t varied from 6.0 h to 12.0 h 

while pH was varied from 3 to 9. The graph results showed that Z1 was found maximum with 

increasing values of t. this pattern was observed at all pH values. However, in the case of pH, Z1 was 

found decreasing with increasing values of pH for all t values. The maximum value of Z1 was 

observed at higher values of t upto 10.5 h, however, a further increase in t values ≈ 12.0 h, Z1 was 

found constant. While in the case of pH, Z1 was found maximum at lower values of pH ≈ 4.5 and 

minimum at higher values of pH ≈ 9.  

 Figure 4.5.4b shows the interaction between pH and t as well their effect on, Z1 (doped-

MMO). The results showed that an increase in values of t from 7.0 h to 10.0 h, Z1 was found 

increasing at all values of pH. However, a further increase in values of t from 10.0 h to 13.0 h showed 

maximum values of Z1 for pH values upto 6, while minimum in case of pH values 6 to 9.5. From the 

results, it has been observed that the oxidative power of electro-generated species is strongly 

dependent on solution pH. The standard reduction potential of Cl2 and HCl is considerably higher 

than ClO-, indicates faster oxidation of pollutants when mediated by RCS is obtained under acidic 

pH acidic conditions in case of MMO anodes. While in the case of doped-MMO it has been reported 

that in acidic solution, oxygen evolution was controlled to such an extent, so as the generation of 

OH• and H2O2 in the solution could be increased. Therefore, the COD removal rate in acidic 

conditions is preferable over alkaline conditions. Moreover, the formation of strong oxidizing 

substances such as H2O2 and OH• was inhibited under alkaline conditions and hence did not help the 

oxidation of pollutants present in SU. The optimization of time is very important for maximum Z1 

and longer stability of anodes because during EO an impermeable film developed which causes 

passivation of anode surface, thus increases the oxygen gas evolution.  
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4.5.2.3 Effect of j, pH, n, and t on SEC, Z2 of SU treated with MMO and doped-MMO        

 Figure 4.5.3c shows the interaction between pH and N/Cl ratio as well as their effect on, Z2 

(MMO). The results depict that Z2 was found decreasing with increasing N/Cl ratio upto 1.0, for all 

values of pH. Further increase in N/Cl ratio from 1.0 to 1.7, led to an increase in values of Z2 for all 

values of pH. However, the values of Z2 was found maximum at higher values of pH from 7.5 to 9.0 

at N/Cl ratio ≈ 1.7. At lower values of N/Cl ratio upto 0.3, Z2 was found constant for all values of 

pH. It depicts that at lower values of the N/Cl ratio, there was no effect of pH was observed on Z2. 

While at higher values of N/Cl ratio ≈1.7, Z2 was found increasing with increasing values of pH.  

 However, in the case of doped-MMO (Figure 4.5.4c), the result showed that an increase in 

values N/Cl ratio from 0.2 to 1.4 has increased the values of Z2 for all values of pH. This could be 

due to the lower conductivity of the solution as well as an increase in the voltage drop. Furthermore, 

it has been observed that Z2 was found increasing with increasing values of pH. This was due to the 

production of strong RCS and ROS such as (HOCl, Cl2, OH•, etc.) at lower pH lead to maximum 

oxidation in lesser time and required minimum energy. While at alkaline pH, low oxidation potential 

reactive species such as (OCl-, H2O2, HO2
•, etc.) were dominant due to which degradation efficiency 

was found minimum resulting in more energy consumption.  

 Figure 4.5.3d (MMO) and Figure 4.5.4d (doped-MMO) show the interaction between j and 

t as well as their effect on Z2. The results of the graph (4.5.3d) for MMO showed that at lower values 

of t upto 7.5 h and j upto 26.18 mA/cm2, Z2 was found to be minimum. However, a further increase 

in j and t values i.e. 47.61 mA/cm2 and 12.0 h respectively showed a gradual increase in values of 

Z2. While in the case of doped-MMO, the results of the response graph (Figure 4.5.4d) showed that 

at a lower value of t ≈ 7.0 h, Z2 was found increasing with increasing values of j from 26.19 mA/cm2 

to 59.52 mA/cm2. Furthermore, it has been observed that with an increasing value of t from 7.0 h to 

10.0 h, Z2 was found decreasing first and then increased with increasing values of t from 10 to 13 h. 

this trend was found on all values of j. Moreover, at a higher value of t ≈ 13.0 h, Z2 was found 

increasing values of j. In general, SEC (Z2) highly dependent upon the type of anode and operational 

input parameters. As it can be seen that with increasing j values, Z2 varies directly at all values of t 

due to various factors like electrode deactivation, decrease in the concentration of ions and an 

increase in solution temperature.  
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Figure 4.5.3 3D response graphs for EO treatment of SU with MMO (a) %COD removed 

versus N/Cl ratio and j; (b) %COD removed versus pH and t; (c) SEC versus N/Cl ratio and 

pH and (d) SEC versus t and j 

 

Figure 4.5.4 3D response graphs for EO treatment of SU with doped-MMO (a) %COD 

removed versus N/Cl ratio and j; (b) %COD removed versus pH and t; (c) SEC versus N/Cl 

ratio and pH and (d) SEC versus t and j 



168 
 

 Optimization of operating parameters with the responses (Z1 and Z2) for the treatment of SU 

using the EO process with MMO and doped-MMO anode were carried out by multi-response process 

optimization by desirability function approach. One-sided desirability (di) and overall desirability 

(D) were calculated by using maximum (Z1) and minimum (Z2) acceptable values of both responses. 

The desirability for response Z1 for SU was calculated with acceptable values of Z1-min as 22.0% and 

Z1-max as 88.5%. Similarly, for the response, Z2 was calculated by taking Z2-min as 11.19 and Z2-max as 

140.00 kWh/kg of COD removed respectively as shown in Equations 4.5.11 and 4.5.12. Similarly, 

desirability for responses Z1 and Z2 were calculated and shown in Equations 4.5.13 and 4.5.14. 

  𝑑1(𝑆𝑈) = {[

0
   𝑍1 −  22.0

88.5 – 22.0
]

1

     

𝑖𝑓 𝑍1 ≤ 22.0
𝑖𝑓  22.0 < 𝑍1

𝑖𝑓 𝑍1 ≥ 88.5
< 88.5                   (4.5.11)  

𝑑2 (𝑆𝑈) = {[

0
   𝑍2 −  11.19

140.00 – 11.19
]

1

     

𝑖𝑓 𝑍2 ≤ 11.19
𝑖𝑓  11.19 < 𝑍2

𝑖𝑓 𝑍2 ≥ 140.00
< 140.00                  (4.5.12) 

             

  𝑑1(𝑆𝑈) = {[

0
   𝑍1 −  8.5

92 – 8.5
]

1

     

𝑖𝑓 𝑍1 ≤ 8.5
𝑖𝑓  8.5 < 𝑍1

𝑖𝑓 𝑍1 ≥ 92
< 92                                                     (4.5.13) 

𝑑2 (𝑆𝑈) = {[

0
   𝑍2 −  11.30

301.78 – 11.30
]

1

     

𝑖𝑓 𝑍2 ≤ 11.30
𝑖𝑓  11.30 < 𝑍2

𝑖𝑓 𝑍2 ≥ 301.78
< 301.78                                      (4.5.14) 

 Synchronized optimization of all input variables was done for maximizing the %COD 

removed, Z1 and minimizing the SEC, Z2 by keeping the operational parameters in range. The best 

optimized conditions of process parameters and value for responses Z1 and Z2 suggested by BBD for 

each electrode were shown in Table 4.5.5a,b. In order to confirm these suggested values of 

responses, further experiments were conducted in triplicate at the optimized condition. The average 

experimental value of each response i.e. Z1 and Z2 for SU were found very close to the predicted 

values as shown in Table 4.5.6. This concludes that the optimization of EO treatment of SU with 

MMO and doped-MMO using BBD under RSM was successfully done. 
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Table 4.5.5a Individual and multi-response optimization results of SU treated with MMO 

for desirability calculations 

Response j 

(mA/cm2) 

N/Cl 

ratio 

t 

(h) 

pH Desirability 

Individual Response optimization      

% COD removed (Z1)= 91.234% 43.06 0.46 10.26 4.42 1 

SEC (Z2) = 2.400 kWh/ kg of COD 

removed 

21.82 0.35 7.00 5.51 1 

Simultaneously optimization of 

responses 

     

% COD removed (Z1)= 86.056% 30.33 0.42 8.79 3.42 0.985 

SEC (Z2) = 11.78 kWh/kg of COD 

removed 

     

 

 

Table 4.5.6 Comparison between the predicted and actual EO experimental values of SU at 

optimized conditions  

Electrodes Responses Predicted Actual 

MMO % COD removed 86.056 85.25 

 SEC (kWh/kg of COD removed) 11.88 11.75 

Doped-MMO % COD removed 91.99 90.55 

 SEC (kWh/kg of COD removed) 21.157 20.851 

 

Table 4.5.5b Individual and multi-response optimization results of SU treated with doped-

MMO for desirability calculations 

Response j 

(mA/cm2) 

N/Cl 

ratio 

t 

(h) 

pH Desirability 

Individual Response optimization      

% COD removed (Z1)= 94.89% 54.80 0.35 10.47 4.13 1 

SEC (Z2) = 11.86 kWh/ kg of COD 

removed 

42.86 0.27 7.65 4.09 0.985 

Simultaneously optimization of 

responses 

     

% COD removed (Z1)= 91.99% 53.91 0.25 10.05 4.20 0.941 

SEC (Z2) = 21.175 kWh/kg of COD 

removed 
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 Figure 4.5.5 represents the changes in conductivity and pH during the electrolysis of SU with 

MMO and doped-MMO at optimized conditions. From the results (Figure 4.5.5a), it has been 

observed that not much significant change in conductivity was seen during the treatment of SU with 

MMO (17.0 to 18.0 mS/cm) and doped-MMO (17.0 to 18.6 mS/cm) anodes. This depicts the lower 

formation of additional inorganic ionic species from the oxidation of salts or mineralization of 

organic nitrogen during the treatment of SU by both anodes (Dbira et al., 2019). Additionally, a 

significant difference in the pH change was observed during the treatment of SU by both anodes 

(4.5.5b). The initial pH was maintained constant i.e. 3.42 (MMO) and 4.20 (doped-MMO) during 

the electrolysis of SU.  

 In the case of MMO, a rapid and gradual increase in pH from 3.42 to 6.75 was observed 

within 4.5 h of EO treatment, and for all t> 4.5 h, pHf stabilizes to 8.0. While in the case of doped-

MMO, a continuous increase from 4.2 to 7.7 was observed within 6.0 h of EO treatment, and a 

further increase in t> 6.0 h led to a marginal increase from 7.7 to 8.5 pHf. This increase in pH during 

the EO treatment of SU is related to the electrochemical reaction taking place on the surface of both 

anodes. This might be due to the conversion of calcium and magnesium ions into precipitates at 

alkaline conditions. Moreover, a gradual decrease of phosphate ion concentration (graph shown in 

section 4.5.4) due to the formation of soluble complexes of calcium and magnesium, and hence 

resulting in a significant change in pH of SU solution (Li et al., 2015). 

 

Figure 4.5.5 Changes in the (a) conductivity and (b) pH of the electrolyte during the EO 

treatment of SU treated by both anodes at optimized conditions. 
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4.5.3 Synergistic Studies 

 In the present work, the synergy of one process over the other for dual effect has been 

calculated and quantified using kinetic rate constant obtained through pseudo-first-order reactions. 

The oxidation experiments for SU were performed with MMO in a batch reactor under UV and with 

doped-MMO under solar light. Figure 4.5.6a,b shows the results for COD removal of SU treated 

with MMO through different processes i.e. PC, EO, and PEC (UV). Among all the processes, %COD 

removal of SU was found maximum in the dual process i.e. PEC over individual processes. 

Furthermore, treatment time for SU through PEC was also found to be reduced from 8.8 h to 6.0 h. 

PC treatment was found less efficient for %COD removal as compared to the other two processes. 

Figure 4.5.6c shows the plot of the rate constant versus different treatment processes. From the 

results, it was depicted that an immense increase in the first-order rate constant in case of the 

integrated process (0.2991 h-1) which was 10.2 times of PC (0.0294 h-1) and 1.25 times to EO (0.2334 

h-1). Thus, proves the viability of the dual-process over a single treatment process. Moreover, a 

synergistic effect of the dual-process i.e. PEC for over EO came out to be 22.0% and over PC was 

observed 99.17% respectively. The overall % synergy for SU came out to be 12.14%. - 

 In contrast, % COD removal of SU treated with doped-MMO through PC, EO, and PEC 

(solar light) was found higher than the MMO treated SU. As expected, among all the processes % 

COD removal of SU was found maximum in the dual PEC (under solar radiation) over individual 

processes. Furthermore, treatment time for SU through PEC was also found to be significantly 

reduced from 10.05 h to 6.5 h as shown in Figure 4.5.7a,b. Furthermore, the results of Figure 4.5.7c 

has shown a maximum value of k for PEC (0.3264 h-1) over PC (0.0339 h-1) and EO (0.261 h-1). 

Moreover, the % synergy of PEC for over EO and PC came out to be 20.04% and 89.61% 

respectively. The overall % synergy for SU treated with doped-MMO was came out to be 9.65%.  

 This happened because, in the case of PEC, the production of a strong oxidant such as OH• 

under UV light (MMO) and under sunlight (doped-MMO) was more than the EO treatment process 

and hence resulted in more % COD removal. Hence, this proves that OH• (ROS) was also being 

involved during the oxidation of pollutants present in SU along with RCS.  Therefore, it concludes 

that the dual-process with synergistic results has cued its large scale application for the treatment of 

urinal wastewater with a significant reduction in electrolysis time. 
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4.5.6 Plot of synergistic effect for treatment of SU through different processes with MMO (a) 

% COD removal versus treatment time; (b) plot of Ct/Co versus time and (c) pseudo-first-

order rate constant versus different processes 

 

4.5.7 Plot of synergistic effect for treatment of SU through different processes with doped-

MMO (a) % COD removal versus treatment time; (b) plot of Ct/Co versus time and (c) pseudo-

first-order rate constant versus different processes 
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4.5.4 Mineralization Studies 

 In view of EO treated SU samples quality, mineralization studies were performed at 

optimized conditions in terms of in-situ chemical analysis, CV, FT-IR and LC-MS analysis.   

Chemical analysis: The quality of treated and untreated samples were checked by performing in-

situ chemical analysis. This analysis would depict the results of the transformation of organic and 

inorganic pollutants into carbon dioxide, water and inorganic salts. Mineralization of SU was 

confirmed through a reduction in COD (87.25%) and TOC (85.88%) at optimized conditions as 

shown in Figure 4.5.8a. While in the case of doped-MMO, the reduction was found slightly higher 

than MMO at optimized conditions as shown in Figure 4.5.9a. 

 The oxidation of nitrogen-based organic matter (present in SU i.e. uric acid, creatinine and 

urea) into inorganic ions such as NO2
-, NO3

- and NH4
+ were checked by ion testing analysis. The 

total nitrogen present in SU was around 6300 mg/L. The most of the nitrogen (≈ 95%) associated 

with urea present in untreated SU, rest is being free NH4
+ and organic nitrogen associated with 

creatinine and uric acid respectively. A continuous sharp increasing trend was observed for the 

generation of NO2
-and NH4

+ while the concentration of NO3
- increases slowly as depicted in Figure 

4.5.8b. However, the concentration of NO2
- and NH4

+ were found depleting after 3.0 h and 4.5 h of 

electrolysis indicating the conversion of NO2
- into NO3

-. While in the case of NO3
-, a continuous 

increase in concentration was observed until the end of electrolysis. This might be due to the reaction 

between NH4
+ and HOCl. In the case of NO3

-, the increase was observed due to the oxidation of 

chloramines by free chlorine. An important observation was observed that the difference between 

the concentration of nitrogen and its generated species was not much indicating the almost 

conversion of nitrogen into inorganic ions during electrolysis with MMO. Similar kind of results has 

been observed when SU was treated with doped-MMO at optimized conditions as shown in Figure 

4.5.9b. 

 From Figure 4.5.8c (MMO) and Figure 4.5.9c (doped-MMO), it can be observed that 

chloride level was continuously decreasing during the electrolysis of SU. This is because of the 

oxidation of chloride on the anode to produce strong RCS like Cl2, HOCl, OCl-, etc. for the 

destruction of organic matter present in SU. The level of TAC increased gradually during the EO 

treatment of urea and then increased sharply to higher values when urea was depleted to the 

maximum. During the treatment process, TAC an aggregate part of reactive intermediates does not 
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remain constant.  This might be due to the balance between the oxidation of nitrogen-based 

components and the generation of chlorine species along with their bond forms during the treatment 

process as reported in the literature (Hernlem, 2005).  

Figure 4.5.8d (MMO) and Figure 4.5.9d (doped-MMO) represent changes in the concentration of 

sulfates (SO4
2-) and phosphates (PO4

3-) with time during the EO treatment of SU wastewater. From 

the plot, it can be observed that the concentration of PO4
3- was found decreasing with increasing 

time. This might be happening due to the acid-base distribution and solubility dependence of 

inorganic ions (PO4
3-) on pH values, resulting in the formation of perphosphates. However in the 

case of SO4
2- marginal or negligible change in concentration was found during the 8.8 h and 10.05 

h of electrolysis, depicting the non-dependency on values of pH due to the higher solubility of 

sulfates in water (Dbira et al., 2015). 

 

Figure 4.5.8 Plot of mineralization of SU treated with MMO anode at optimized conditions at 

different time intervals (a) concentration of COD and TOC; (b) generation of different 

nitrogen species; (c) concentration of chloride and TAC and (d) concentration of ions  
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Figure 4.5.9 Plot of mineralization of SU treated with doped-MMO anode at optimized 

conditions at different time intervals (a) concentration of COD and TOC; (b) generation of 

different nitrogen species; (c) concentration of chloride and TAC and (d) concentration of ions  

 

Cyclic Voltammetry (CV): Figure 4.5.10a,b shows the continuous CV for raw and final samples 

of SU treated with MMO and doped-MMO respectively, with a potential range of -1.2 to 0.0 V. The 

EO treated and untreated samples of SU has also shown a few visible peaks in the potential range 

window. As it can be seen that in 0 h samples (MMO) one oxidation peak at ≈ 0.0001 A while in the 

case of doped-MMO two oxidation peaks (0.00015 A, 0.0000 A) in a first cycle and one reduction 

peak at ≈ -0.0001 A (MMO and doped-MMO) has been observed. However, in the case of the treated 

sample, cycle 1 showed the disappearance of oxidation peak (MMO) and shifting of oxidation peaks 

(doped-MMO) while cycle 2 exhibit a remarkable decrease and shift in reduction peak from [(-0.9V 

to -0.85V (MMO); -0.9V to -0.7V (doped-MMO)]. These irreversible peaks attribute the oxidation 

and reduction mechanism that occurs during the electrolysis of SU on both anodes. 
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Figure 4.5.10 Cyclic Voltammetry measurements for untreated and treated samples of SU with 

(a) MMO and (b) doped-MMO at optimized conditions. 

 

FT-IR analysis: To analyze the removal phenomenon of nitrogen-based organic pollutants from 

SU, FT-IR analysis of untreated and EO treated samples were done. Figure 4.5.11a,b  represents the 

FT-IR spectra of SU treated with MMO and doped-MMO anode. The results showed that 

characteristic absorption broad peaks with wavenumber at 3254.8, 3388.64, 3455.08, 612.10, 698.80 

and 781.84 cm-1, respectively were formed due to the OH• and chloro-oxidant species generated 

during EO treatment of SU. The sharp peaks at 1600.69, 1738.41, 3356.12 and 3455.08, respectively 

were due to the presence of characteristic absorption of C=O, C-H and N-H groups (Naz et al., 2017). 

The vibrational frequency of C≡N, C=N, C-N, C=C stretching linked with the heterocyclic 

structure was around at 1101.36, 1215.1, 1349.93, 1581.68, 1656.12 and 1738.40, respectively 

(Kumar and Srivastava, 2018). However, few small peaks during electrolysis were also appeared in 

treated samples of SU at 1349.93, 1380.46, 905.44 and 1119.19, respectively which corresponds to 

N-O and C-O groups. The results show that most of the peaks were got shifted at distinct 

wavenumber, might be due to the structural changes occurred during the EO process. Some of the 

broad and sharp peaks present in raw samples (t= 0 h) were found disappeared in treated samples 

due to the oxidation of organic pollutants into intermediates via RCS and ROS generated during EO 

treatment of SU with MMO and doped-MMO anodes. Moreover, the % transmittance for maximum 
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peaks was found increased at optimized electrolysis treatment time, indicating the destruction and 

oxidation of the cyclic structure of organic pollutants. The FT-IR results of SU were almost similar 

to the FT-IR results of urine metabolites such as uric acid, creatinine and urea when treated 

individually (as discussed in section I, Chapter 4). 

 

 

Figure 4.5.11 FT-IR spectra of SU treated with (a) MMO and (b) doped-MMO at optimized 

conditions for different time intervals  
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LC-MS analysis: The organic and inorganic components present in untreated and treated samples 

of SU with MMO and doped-MMO were identified through LCMS as shown in Figure 4.5.12a.The 

results of the untreated sample (0 h) have shown the sharp peaks of metabolites like urea, uric acid 

and creatinine while some few peaks were also observed which might belong to the inorganic 

components/salts.  However, it was observed that after electrolysis most of the diagnosed organic 

components got eliminated and converted into intermediates like oxalic acid, 1-methylurea, 

guanidine, etc. while some new components were also diagnosed in trivial proportions. Further, 

oxidation of these intermediates via RCS and ROS might have produced products like carbon 

dioxide, water, nitrate, chloramines, etc. Based on the above discussion, a provisional common 

mechanism has been proposed for the treated SU with both anodes and shown in Figure 4.5.12b. 

Moreover, most of the intermediates generated during the electrolytes of SU were found almost 

similar to the intermediates generated during electrolysis of urine metabolites alone as discussed in 

former sections (4.3.4 and 4.4.4).  

 Further to confirm the oxidation of organic components such as urea, uric acid and creatinine, 

a spectrophotometric analysis was done. Figure 4.5.13a (MMO) shows that 97.5% of uric acid 

remove in 1.0 h only while urea (91.0%) and creatinine (87.5%) took 7.5 h to oxidize into non-toxic 

simpler compounds. However, in the case of doped-MMO, 98.50% of uric acid removed in 3.0 h, 

while 93.0% urea and 89.80% creatinine took 10.5 h to oxidize during EO treatment of SU as shown 

in Figure 4.5.13b. The results depict that EO treatment of SU with MMO took less time to oxidize 

organic components present in SU into byproducts as compared to doped-MMO. This might be due 

to the less formation of RCS at doped-MMO as compared to MMO. Several authors reported the 

significant amount of RCS generation at active metals (i.e. Pt, IrO2, RuO2, etc.) over non-active 

metals (i.e. SnO2, Ta2O5) (Scialdone, 2009; Martinez-Huitle and Andrade, 2011). Furthermore, the 

non-toxicity of diagnosed components in the final samples of both anodes for SU was confirmed 

through the toxicity analysis test discussed in the next section 4.5.6. 
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Figure 4.5.12a Mass spectra analysis for the identification of intermediates during the EO 

treatment of SU by both MMO and doped-MMO anodes at the optimized conditions. 

 

Figure 4.5.12b Common tentative proposed degradation pathway for SU treated by both 

MMO and doped-MMO anodes.  
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Figure 4.5.13 Plot of % Degradation of organic pollutants present in SU versus time treated 

with (a) MMO and (b) doped-MMO.  

 

4.5.6 Toxicity Analysis  

 In order to check the quality of EO treated SU sample with MMO and doped-MMO, toxicity 

analysis (Kirby-Bauer test) was executed using agar well diffusion assay against E. coli taking 

untreated sample as a control. Muller Hinton agar (MHA) plates were taken in which 0.5 cm well 

was punched using a sterile cork borer. Thereafter, approx. 50 µl of treated and untreated samples 

were poured in well and allowed to disperse properly for 10 min. Further, the culture of E. coli was 

swabbed in plates and placed in an incubator for overnight at 37 ⁰C. The toxicity of samples was 

inspected through the zone of inhibition that occurred around the well. The zone was found only in 

control (untreated samples) of 0 h without acid and with acid addition while in case of final EO 

treated samples of SU with MMO and doped-MMO, no zone of inhibition was observed implying 

that toxic organics got mineralized into simpler non-toxic components as shown in Figure 4.5.14. 
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Figure 4.5.14 Toxicity analysis of untreated and EO treated samples of SU for both MMO and 

doped-MMO anodes. 

 

4.5.7 Disinfection Studies 

 Besides its efficacy towards oxidation of organic components, the disinfection efficiency of 

EO and PEC was also studied using E. coli as (pathogenic microorganism) spiked SU. The 

experimental study was carried out at optimized conditions using MMO and doped-MMO anodes. 

The untreated and treated samples of volume 1 mL was poured in plates containing media called 

MacConkey agar. After that, media plates were then placed at 37 ⁰C for getting discreet colonies of 

E. coli. The concentration of coliform in SU samples was estimated in terms of CFU 100 mL-1. 

Figure 4.5.15a showed the total removal of E. coli from SU has been achieved within 30 min through 

PEC and 45 min via EO when treated with MMO. Based on these observations a plot was made 

between CFU 100 mL-1 versus treatment time. Whereas in the case of doped-MMO, the total removal 

of E. coli from SU has been achieved within 35 min through PEC and 75 min via EO as shown in 

Figure 4.5.16a.  
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 Figure 4.5.15b and Figure 4.5.16b represents the changes in the concentration of E. coli 

during electrolysis of SU at different time intervals at optimized conditions. As it can be seen that 

the concentration of E. coli was found decreasing rapidly with time under UV and solar radiations. 

However, it was observed that the time required to disinfect SU wastewater was very less as 

compared to complete/ partial oxidation of organic matter present in SU. The complete disinfection 

of wastewater was seemed dependent directly on the production of disinfectants which further 

depends on the concentration of chlorides added and the concentration of reduced nitrogen species 

present in solution. Additionally, the treatment processes convert the organic matter into inorganic 

ions such as NO3
-, SO4

2-, PO4
3-, Cl-, etc., H2O and CO2 (Örmeci and Linden, 2002; Cotillas et al., 

2018). 

 

Figure 4.5.15 (a) Total coliform (E.coli) count images of untreated and treated (EO and PEC) 

samples of SU with MMO and (b) plot of CFU 100 mL-1 versus treatment time. 
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Figure 4.5.16 (a) Total coliform (E.coli) count images of untreated and treated (EO and PEC) 

samples of SU with doped-MMO and (b) plot of CFU 100 mL-1 versus treatment time. 

4.5.8 Total Operational Cost 

 In order to visualize the successful commercialization of the proposed method, treatment 

technology must provide viable solutions economically and as well as socially over traditional 

methods. In the case of the EO treatment unit, the overall cost for the treatment process with MMO 

came out to be 0.85 $/kg of COD removed as shown in Table 4.5.7. Similarly, the total operational 

cost for treated SU wastewater treated with doped-MMO has been calculated and which came out 

to be 1.50 $/ kg of COD removed. The results depict a sustainable solution for the on-site treatment 

of urinal wastewaters in terms of the economic feasibility of the EO process as well as the stability 

of anodes. Moreover, the overall cost could be reduced further during scale-up studies by modifying 

the reactor design, operating conditions, recycling the urine as flush water and coupling the 

decentralized molecular hydrogen production accordingly. 
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Table 4.5.7 Evaluation of operating cost of the EO treatment process for SU treated with 

MMO 

(A)Cost of Electrical Energy consumption  

Electrical energy consumed = 11.75 kWh/ kg of COD removed 

Electricity price in India, (Punjab) = Rs 5.00/kWh 

Cost of electrical energy consumed (CEC) = Rs 58.75/ kg of COD removed 

(B) Cost of Electrodes 

Initial COD concentration in wastewater = 3400 mg/L= 3.4 kg/m3 

With 85.25% degradation, concentration of COD removed = 2898.5 ≈ 2899 mg/L= 2.899 kg/m3 

Time of treatment = 8.8 h  

Concentration of COD removed in 1h = 329.432 mg/L ≈ 0.33 kg/m3 

Cost of one MMO anode = Rs 720/- 

The Life span of anode = 5 years 

Cost of anode for 43800 h = Rs 720/- 

Cost of anode for 1 h = Rs 0.01644/- 

Cost of electrodes to remove per kg COD from wastewater = Rs 0.0498 ≈ Rs 0.05 

(C) Operating cost analysis 

Total operating cost for per kg of COD removal = 0.05 +  12.01 = Rs 58.8 /kg of COD removed 

The overall operating cost of EO treatment of SU in US dollars = 0.85 $/kg of COD removed 
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Section C 

Scale-up Studies 

4.6 Continuous Recirculation EO Treatment of SU by MMO and Doped-MMO Coupled with 

Molecular Hydrogen Production 

 In order to visualize the field scale applications for the on-site treatment of urine, mandatory 

scale-up trials are required with human urine samples. Besides this, there is a strong possibility of 

harnessing molecular H2 production as commercial fuel during EO treatment of urine (Cho et al., 

2014). In this context, optimized results from lab-scale trials have been used to execute the scaled-

up version of EO treatment of SU under continuous recirculation mode in a PV driven wastewater 

electrolytic reactor. Figure 4.6.1a,b shows the plot of % Removal (COD, urea, creatinine and uric 

acid) versus treatment time for both anodes. As it can be seen that, 83.43% (MMO) and 74.20% 

(doped-MMO) reduction in COD was achieved within 6 h of electrolytic treatment of SU under 

continuous recirculation mode. The degradation of nitrogen-based organic components such as uric 

acid, creatinine, and urea was also checked. From Figure 4.6.1a it has been observed that 78.78% 

(urea), 85.16% (uric acid) and 72.67% (creatinine) were oxidized during the continuous EO 

treatment of SU with doped-MMO.  

In contrast, the % Degradation of these organic compounds in the case of MMO was found higher 

i.e. 84.95% (urea), 90.77% (uric acid) and 88.02% (creatinine) as compared to doped-MMO as 

shown in Figure 4.6.1b. As expected, the results clearly indicate the oxidation of these organic 

compounds present in SU was majorly due to the generated RCS and precisely by OH• during the 

treatment process. In addition, the volumetric fraction of molecular hydrogen (XH2) along with other 

gases i.e. molecular N2 and CO2 during continuous EO treatment of SU was also checked.  The 

volumetric fraction of H2 generated during 6 h of electrolysis in the range of 70.58% -1.7190% 

(MMO) and 59.142% – 3.340% (doped-MMO) as shown in Figure 4.6.2a,b. Other by-product gases 

such as N2, CO2, CH4, and CO has also been generated during electrolysis of SU by both anodes as 

shown in Figure 4.6.3. However, the volumetric molecular fraction of these gaseous byproducts was 

found increasing with treatment time due to the oxidation of pollutants into molecular N2 and CO2. 

Figure 4.6.3 showed the graph of (i) reference gas, SU wastewater treated with (ii) MMO anode and 

(iii) doped MMO. The reference gas was a mixture of known gases with known concentration 

containing carbon dioxide (11.85%), hydrogen (15.20%), carbon monoxide (19.70%), nitrogen 
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(17.80%), methane (5.20%) and argon (balance). Whereas, the other two graphs i.e. (SU samples 

treated with MMO and doped-MMO) represents the generation of gaseous byproducts after 2 h of 

electrolytic treatment of SU. 

   

Figure 4.6.1 Plot of % Removal of COD and organic components (urea, uric acid and 

creatinine) versus treatment time during continuous electrolysis of SU with (a) doped-MMO 

and (b) MMO. 

 

Figure 4.6.2 Plot of the volumetric fraction (X) of generated gases versus treatment time during 

continuous electrolysis of SU with (a) MMO and (b) doped-MMO. 
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Figure 4.6.3 Gas Chromatograms for (i) standard gas, (ii) SU sample treated with MMO and 

(iii) SU sample treated with doped-MMO. 

4.6.1 Total Capital Expenditure 

Total capital expenditure (Capex) cost for continuous EO treatment of SU includes the cost of a 

pump, cost of the battery, cost solar cell, cost of piping & fitting, cost reactor, cost of electrodes and 

cost of operation. 

Total cost= Rs 1800 (pump) + Rs 2500 (battery) + Rs 500 (solar cell) + Rs 200 (piping and fitting) 

+ Rs 900 (reactor) + Rs 720 (MMO) 

Total Capex = Rs 6620 ≈ Rs 6700 for 5years (1825 days). 
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The volume of SU wastewater treated per day = 2L 

The COD removal achieved during the treatment process = 5.6 kg/m3 

Cost of treatment (per day) to remove 5.6 kg/m3 COD = Rs 3.70/- 

Hence total cost = cost of operation + Capex = Rs 0 + 3.70 = Rs 3.70/- = 0.054 $  

Similarly calculation were done for doped MMO = Rs 3.80/- = 0.055$ for removal of 5.0 kg/m3.  

The overall cost for EO treated SU effluent (2L) was came out to be 0.054 $ which was in comparison 

to other AOPs such as fenton, ozonation, photocatalysis, etc. was found less (Canizares et al., 2009; 

Gupta et al., 2012). The feasibility of any water recycling technique at a commercial level depends 

on the cost of construction, maintenance and operation. Moreover, these other AOPs techniques are 

used for specific purposes but their use is restricted at potable and industrial levels as well as have 

technical and operational glitches. However, EO treatment process is suggested to be cheaper than 

other AOPs for satisfying discharge limits of treated effluents. Economically cheap MMO and 

Doped-MMO with years of service life can make this process more economically feasible.  Taking 

all points into consideration scale-up factors like power consumption, volume handle, and energy 

factors are going to decide the real economy of the treatment process. However, the reduced cost of 

treatment at the lab scale definitely boost up the process economy during its commercial-scale 

visualization.  

Treatment of Actual Human Urine (AHU)  

4.7 Continuous Recirculation EO Treatment of AHU Wastewater with MMO in PV Driven 

Reactor  

               This section deal with the prominent application of studied EO technology for the treatment 

of AHU wastewater. For this application of the treatment process, AHU wastewater has been 

treated in a PV driven EO reactor. Actual validation of results would be possible only if the 

tested electrodes i.e. MMO and doped-MMO with optimized parameters would be suitable to 

treat AHU. In fact, this is the most challenging part where real type effluent would be subjected 

to studied EO process. Furthermore, in order to economize the treatment process, the energy 

required for the treatment of AHU was actually derived by installing solar panel (325W/24V). 

Moreover, to visualize its commercial-scale applications, the EO process was operated in a 
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continuous manner. The main emphasis of the study was to oxidize the recalcitrant organic 

pollutants present in urine wastewater into non-toxic byproducts so that this treated wastewater 

can be reused further as flush water or this technology could be successfully employed as 

primary/tertiary treatment option prior to biological methods in sewage treatment plants.  

              The AHU wastewater was initially characterized for the parameters including COD, TDS, 

pH, conductivity, chloride, total nitrogen, and concentration of urine metabolites (urea, uric acid, 

and creatinine) as listed in Table 4.7. The concentrations in AHU are much relating to the 

literature studies (Udert et al., 2006; Cho et al., 2014; Cid et al., 2018). 

Table 4.7 Characterization of AHU wastewater 

Parameters Values 

COD (mg/L) 8500-9600 

TDS (mg/L) 11.55-13.10 

Total nitrogen (mg/L) 8100-8800 

pH 6.2-6.8 

Conductivity (mS/cm) 14.55-16.80 

Urea (mg/L) 7500-8500 

Creatinine (mg/L) 1300-1500 

Uric acid (mg/L) 380-490 

Chloride (mg/L) 3000-3500 

 

 The EO experiments for the treatment of AHU were conducted at optimized conditions using 

MMO anodes. Figure 4.7.1a shows the plot of % removal (COD, urea, creatinine and uric acid) 

versus treatment time. As it can be seen that 68.33% reduction in COD was achieved in 6 h of 

electrolytic treatment of AHU under continuous recirculation mode. The degradation of nitrogen-

based organic components such as uric acid, creatinine, and urea was also checked. Furthermore, it 

has also been observed that 69.09% (urea), 95.180% (uric acid) and 67.95% (creatinine) were 

oxidized via generated RCS and ROS during the treatment process. However, with an increase in 

the size of the reactor and electrodes, the power of oxidation capacity to treat these pollutants could 

be further improved (Kete et al., 2018). Figure 4.7.1b represents the changes in the pH and 

conductivity of the AHU wastewater during the EO treatment process. The results indicate no 

significant change in the conductivity of treated urine wastewater. In contrast, a significant change 

in the pH of urine wastewater was observed during the treatment process.  



190 
 

 The initial pH of urine wastewater was maintained constant around 6.46. However, the pH 

of the wastewater was found decreasing rapidly to 4.45 pH within 3 h of electrolysis. Afterward, it 

was found increased from 4.45 to 6.97 pH and then remain unchanged until the end of the treatment. 

The decrease in the pH might be due to the electrochemical reactions occurred on the surface of 

MMO anode during the EO treatment process as discussed in former section A and B. This acidic 

pH expected to have an important role in prevention of volatilization of ammonia as well as helps in 

the speciation of the intermediates during the electrolysis process (Dbira et al., 2019). Thus 

concludes that change in pH depends largely on the type of electrode used for the particular treatment 

process.  

 In addition, the volumetric fraction of XH2 along with other gases i.e. N2 and CO2 during 

continuous EO treatment of AHU was also checked. The volumetric fraction of H2 and N2 generated 

during 6 h of electrolysis were in the range 69.74% – 2.617% and 18.019% – 62.133% respectively 

as shown in Figure 4.7.1c. Other by-product gases have also been generated in small fractions (not 

shown here) during electrolysis of AHU. However, the volumetric molecular fraction of H2 was 

found decreasing due to the oxidation of pollutants into molecular N2 and CO2.  

 Figure 4.7.2 showed the GCMS spectra of untreated and EO treated samples of urine 

wastewater, depicting the elimination of most of the organic components after the treatment process. 

Moreover, the detected identified byproducts present in the treated solution were found non-toxic as 

compared to the untreated sample as confirmed through toxicity analysis and shown in Figure 4.7.3. 
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Figure 4.7.1 Plot of (a) % Removal of COD and organic components (i.e. urea, uric acid and 

creatinine) present in AHU versus treatment time; (b) change in pH and conductivity versus 

treatment time and (c) volumetric fraction (X) of generated gases versus treatment time during 

continuous electrolysis of AHU with MMO. 

 

Figure 4.7.2 GC-MS spectra of untreated and treated samples of AHU with MMO anode. 
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Figure 4.7.3 Toxicity analysis of untreated and treated samples of AHU with MMO.  

 

Section-D 

4.8 Durability Studies  

 In order to visualize the practical applicability and economy of the EO process towards field-

scale applications, the durability and stability of the MMO and doped-MMO anodes were studied.  

In this context, efforts have been made to evaluate the stability and durability in terms of a number 

of recycles and % removal. From Figure 4.8a,b, it was observed that MMO and doped-MMO anodes 

were magnificently reused for approximately ≈400 times (1242.5 h) and ≈500 times (1853.166 h) 

respectively without any much substantial reduction in process efficiency. Generally, at acidic pH, 

high NaCl and high current density values, the life span of anodes decreased due to passivation and 

dissolution  (Martinez-Huitle and Ferro, 2006; Scialdone, 2009). Several studies in the literature 

have reported the stability of MMO anodes upto 100-300 h or a maximum of 600 days only (Wang 

et al., 2013; Herrada et al., 2018; Zahedi et al., 2018; Liu et al., 2015). Whereas, MMO and doped-

MMO used in the present study exhibits immense stability even after 1242.5 h (MMO) and 1853.166 
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h (doped-MMO) under extreme conditions and could be used further for a maximum of 5 years due 

to the presence of the appropriate amount of IrO2 in both anodes. These anode offers the advantage 

of generating a significant amount of ROS and RCS due to the high concentration of SnO2, Ta2O5, 

Pt, TiO2, and RuO2, in the oxide mixture which helps in the occurrence of both mechanism i.e. direct 

and indirect oxidation during the treatment process by both anodes (Chaplin, 2014).   

 

 

Figure 4.8 Recyclability studies of (a) MMO and (b) doped-MMO anodes for the % Removal 

of target pollutants 

4.9 Characterization of MMO and Doped-MMO anodes 

4.9.1 SEM/EDS Analysis 

 To characterize the surface morphology and structural properties of the MMO anodes SEM 

was performed. While for the elemental composition of the different metal oxide layers coated on 

the anode surface, EDS was used. The Ti plate (Figure 4.9.1a) showed an almost flat surface with 

some small grooves. From the SEM images of freshly coated MMO (Figure 4.9.1b), it can be seen 

that the appearance of anode generally corresponds to mud cracked morphology along with 

agglomerated points (Coteiro et al., 2006). This happens because electrodes were prepared via 

thermal anodic decomposition and after then successive cooling was done. The presence of Ti in the 

sheet has made the consequence for the formation of TiO2 as the first layer, which further allowed 

the better fixing of the oxide layers of other metals (Wu et al., 2014). Furthermore, the incorporation 

of oxides of Ruthenium, iridium, and titanium in the metal sheet has increased the surface area as 

well as making the structure relatively porous, smooth and uniform with wide and deep cracks hence 
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prevents the anode from corrosion along with greater stability for a longer period of time (Kumar et 

al., 2007; Goudarzi and Ghorbani, 2016). The addition of platinum in the anodes has affected the 

morphology by improving its homogeneity of the coated layers along with the formation of smaller 

size particles which formed due to the compacting effect (Rio et al., 2010). Figure 4.9.1c showed 

the surface allied characteristics of recycled MMO, which further implying intact homogeneous 

layers of the metal oxides even after 400 (1242.5 h) recycles. 

 Durability and stability of anodes were further proven with the presence of prominent peaks 

of all three metals i.e. Pt, Ir, Ru, Ti, and O even in a recycled plate. The quantitative analysis through 

EDS shows that the molecular concentration of these metals in the oxide mixture was found almost 

equal in both fresh and recycles MMO, thus confirming the stability of anodes even after multiple 

numbers of recycles. In addition, the elemental mapping images as shown in Figure 4.9.1d was 

obtained by analyzing the distribution of the different metal elements coated on the whole surface 

of the titanium metal sheet. The results reveal that the distribution of Ti, Ru, O, Ir and Pt are 

homogeneous throughout the oxide film, but the distribution of Ir and Pt is limited.  

In order to determine the surface morphology and structural properties of doped-MMO, SEM 

was performed. Figure 4.9.2a,b,c has shown the SEM images of the Ti sheet without any coating, 

freshly coated anode and recycled anodes. From the image of freshly coated doped-MMO (Figure 

4.9.2b), it was observed that thermally decomposed prepared doped-MMO anode exhibits a slightly 

rough, porous, smaller and shallower mud cracked type structure which indicates anode with 

enhanced working area. A larger active working area results in an increased catalytic activity which 

further facilitates the lowering of effective current density (Msindo et al., 2010). The appearance of 

cracks on the fabricated anode surface depicts that the islands (white bright spots) are made up of 

different oxide layers with an average width of 5 µm (Tian et al., 2007). The presence of Ti as a 

substrate in the anode has helped in the formation of the oxide layer of TiO2 which is UV active 

helps in the generation of OH• at the anode surface (Rodríguez et al., 2013). The addition of Ta in 

the anode has enabled the anode to work at higher values of current without causing any damage to 

an anode (Shestakova et al., 2014). Moreover, the results are consistent with other reported studies 

that show the incorporation of Sb along with Sn has affected the morphology by improving the 

structure of coatings. The SEM image of recycling anode (Figure 4.9.2c) showed relatively identical 
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surface characteristics and morphology thus confirms the uniformity of different metal oxide layers 

even after 500 (1853.166 h) recycles.  

 Similarly, for the elemental composition of the different metal oxides coated on anode 

surface (freshly as well as recycled doped-MMO), EDS was performed. The stability of novel doped-

MMO was further proven with the presence of a predominant peak of all the five elements i.e. Sb, 

Sn, Ir, Ta, O, and Ti even in the recycled sheet. EDS data (Inset) depicts the quantitative analysis in 

terms of molecular concentration of different metals in the oxide mixture which seemed almost the 

same in both fresh and recycle anode, thus confirming the stability of anodes even after 500 

(1853.166 h) recycles. In addition, the elemental mapping images as shown in Figure 4.9.2d was 

obtained by analyzing the distribution of the different metals coated on the whole surface of the Ti 

sheet. The results reveal that the distribution of Ti, Sn, Ir, O, Sb and Ta are homogeneous throughout 

the oxide film, but the distribution of Sb is limited.  

 

Figure 4.9.1 SEM-EDS images (a) Ti sheet, (b) MMO freshly coated plate and (c) MMO 

recycled plate; (d) Elemental mapping images. 
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Figure 4.9.2 SEM-EDS images (a) Ti sheet, (b) doped-MMO freshly coated plate and (c) doped-

MMO recycled plate; (d) Elemental mapping images. 

4.9.2 XRD Analysis 

Figure 4.9.3 shows an X-ray diffractogram of a Ti plate, a freshly coated sample of MMO 

and a recycled sample of MMO. XRD basically determines the crystalline planes of the structure of 

the oxide films which coated on the titanium sheet. Through XRD it became possible to distinctively 

identify the existence of oxides of Ru, Ir, and Ti in rutile structure. The presence of TiO2 and other 

oxide layers of metals have made a tetragonal structure and ionic radii of the same magnitude. 

Furthermore, the same peaks of oxides of metal have also been observed in recycled sheet, thus 

indicating the retention of all coated metal oxides even after 400 (1242.5 h) recycles. It was also 

observed that similar peaks were found even in the recycled MMO. But at the same time, it was also 

found that some metal peaks were deviated from their original position due to the loss of some 

amount of metals in the multiple runs of the experiment. Diffraction peaks corresponds to titanium 

(JCPDS No. 00-005-0682), titanium dioxide (JCPDS No. 00-034-0180) indicated as rutile syn, 

ruthenium (JCPDS No. 01-071-2273) referred to as ruthenium (IV) oxide, iridium (JCPDS No. 00-

015-0870) were indicated as iridium oxide and platinum (JCPDS No. 01-072-2997) were indicated 
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as platinum titanium. Most of the similar peaks were already reported in the literature (Makgae, 

2005). 

 

Figure 4.9.3 XRD pattern of Ti plate, freshly coated MMO plate and recycled MMO plate. 

Figure 4.9.4 shows X-ray diffractogram (XRD) of a Ti sheet only, the freshly coated doped-

MMO and recycled doped-MMO plate. XRD helps to identify the existence of different metals in 

the oxide mixture. From results, it was clearly seen that the sharp peaks of TiO2 with rutile phase, 

few peaks of anatase Ti along with the characteristic reflection of SnO2 with rutile-type structure. 

This indicates that the mixed coating of different metals has covered the surface of the Ti substrate 

significantly (Chen et al., 2010). Despite the incorporation of doping ions into SnO2 with a low 

doping level, few diffraction peaks of Sb was still observed in XRD spectra (Wang et al., 2013). The 

peak of IrO2 and Ta2O5 were also confirmed from XRD spectra. Furthermore, the same peaks of 

oxides of metal were observed in recycled doped-MMO, hence confirming the confinement of all 

metal oxide even after 500 (1853.166 h) recycles. It was observed that few metal oxide peaks were 

deviated from their original position due to the loss of some amount of metals in the multiple runs 

of the experiment. The diffraction peaks of all metals such as SnO2 (JCPDS No. 01-072-1147), Ti 

(JCPDS No. 01-089-3725), TiO2 (JCPDS No. 01-088-1175), IrO2 (JCPDS No. 01-088-0288), Ta2O5 

(JCPDS No. 01-070-4776) and Sb2O4 (JCPDS No. 01-074-8714) were identified. Most of the similar 
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peaks were already reported in the literature (Tian et al., 2007; Polonský et al., 2012; Shestakova et 

al., 2014; Qin et al., 2019). 

 

Figure 4.9.4 XRD pattern of Ti plate, freshly coated doped-MMO plate and recycled doped-

MMO plate. 

4.9.3 XPS Analysis 

 Figure 4.9.5 (i) depicts the XPS spectra of freshly coated MMO and recycled MMO anodes 

in order to analyze the surface compositions and electronic nature i.e. oxidation state of metal 

elements. From the results, it has been observed that no significant change in the oxidation state of 

metals, as well as the presence of each element, was found even after multiple recycles.  The 

occurrence of carbon (C 1s) in both samples could be attributed to adventitious carbon employed for 

appropriate binding energy shifts generated by samples. Figure 4.9.5 (ii) indicates the Ti 2p spectrum 

of MMO anode in which peaks correspond to binding energies of Ti 2p3/2 and Ti 2p1/2 states and 

were observed at 458.91 eV and 461.43 eV respectively (Tseng et al., 2014). Figure 4.9.5 (iii) shows 

the spectra shape of the O 1s signal in which one broad peak was visible at 530. 48 eV and could be 

assigned Ti─O bonds.  

 Figure 4.9.5 (iv),(v),(vi) demonstrates the spectrum of Ru 3d, Ir 4f, and Pt 4f signals, 

confirming their presence in MMO anode. In contrast to Ru and Ir, Pt signal indicates a single 

oxidation state i.e. Pt (V), belonging to Pt 4f5/2 level was observed around 74.93 eV and further 
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indicate the interstitial formation of Pt─Ti bonds.  However, in the case of Ru and Ir spectrum, two 

individual characteristic peaks of each element were observed at 279.87 eV, 284.10 eV, 60.43 eV, 

and 63.43 eV respectively. The data derived for Ru and Ir region from respective signals were 

correlated with Ru 3d5/2, Ru 3d3/2, Ir 4f7/2, and Ir 4f5/2 thus proposing the formation of hydrated RuO2 

and IrO2 metal oxides. The results in the present study are in good correlation with the reported 

studies in the literature (Reetz et al., 2003; Wang et al., 2015; Egorov et al., 2017). 

 

Figure 4.9.5 XPS analysis of (i) Fresh MMO and recycled MMO along with (ii) Ti 2p spectrum, 

(iii) O 1s spectrum, (iv) Ru 3d spectrum, (v) Ir 4f spectrum and (vi) Pt 4f spectrum. 

          Figure 4.9.6a depicts the XPS spectra of freshly coated doped-MMO and recycled doped-

MMO anodes in order to inspect the molecular information relevant to the electrode surface 

chemistry (Rio et al., 2009). The results depict the marginal change in the intensity of freshly coated 

samples and a recycled sample of doped-MMO without affecting the oxidation state of metals. The 

binding energies of metal elements in the XPS spectra were calibrated by using C 1s. The XPS 

examination was mainly focused on the detailed analysis of each element present in doped-MMO. 
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Figure 4.9.6b showed the spectrum of Ti 2p, which clearly indicated the prominent peaks at 458.88 

eV and 467.25 eV corresponds to binding energies of Ti 2p3/2 and Ti 2p1/2 states.  

           Figure 4.9.6c showed the core level O 1s spectra in which a symmetric peak appeared at 

530.66 eV, attributed to the low binding energy and could be ascribed to O2- ion in the doped-MMO 

lattice. Figure 4.9.6d indicates the profile of doublet Ta 4f photoelectron spectra, exhibiting the four 

peaks centered at 28.0 eV, 26.17 eV, 24.79 eV, and 22.87 eV, which could be assigned to 4f5/2 and 

4f7/2 core level Ta5+, Ta4+, Ta2+, and Ta1+  respectively. Figure 4.9.6e showed the spectrum of Ir 4f 

signal, exhibits two characteristics peak at 63.49 eV and 60.43 eV, which could be ascribed to Ir 

4f5/2  and Ir 4f7/2. Figure 4.9.6f showed the binding energy of Sn 3d core-level spectra at around 

496.0 eV, could be assigned to the 3d3/2 core level. Figure 4.9.6g demonstrates the Sb 3d core-level 

spectra at around 530.83 eV for Sb 3d5/2. The peak position showed the Sn4+ and Sb5+ were the major 

oxidation states of the Sn and Sb species. These peaks in Figure 4.9.6 correspond to the respective 

binding energies of fully oxidized stoichiometric TiO2, IrO2, Ta2O5, SnO2 and Sb2O5, which are in 

good agreement with other works (Kong et al., 2010; Wang et al., 2013; Denny et al., 2016).    

 

Figure 4.9.6 XPS analysis of (a) Fresh doped-MMO and recycled doped-MMO along with (b) 

Ti 2p spectrum, (c) O 1s spectrum, (d) Ta 4f spectrum, (e) Ir 4f spectrum, (f) Sn 3d spectrum 

and (g) Sb 3d spectrum. 
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4.9.4 Raman Spectroscopy 

In Figure 4.9.7, the Raman spectrum of the oxide film for both electrode samples (freshly 

coated MMO anode and recycled MMO anode) were compared in order to confirm the presence of 

the same respective oxide peaks. The results showed small peaks at 133 cm−1 for TiO2 (Lagopati et 

al., 2014), 525 cm−1 for RuO2, 728 cm−1 for IrO2 (Korotcov et al., 2007) and 1600 cm-1 for Pt (Singh 

et al., 2014). Raman spectrum of recycled anode shows the same peaks as freshly coated yet 

somewhat moved to 520 cm−1 and 751 cm−1 along with changed amplitude. From both the spectrums 

it can be seen that there was no change happen after utilization of MMO anode for electrochemical 

oxidation treatment of synthetic urine and its metabolites even after 400 (1242.5 h) recycles. Hence, 

it can be concluded that the addition of Ru and Ir metals has increased the stability of the coatings 

for a longer period of time.  

In Figure 4.9.8 the Raman spectra of freshly coated doped-MMO and recycled doped-MMO 

were compared. The result depicts two crests in number at 553 cm-1 and 798 cm-1 which could be 

attributed to SnO2/ IrO2 and Ta2O5. In addition, a small peak was also observed at 132 cm-1 for TiO2 

spectra. No separate peaks were found for oxides of Sb because of its low concentration in oxide 

mixture. The Raman spectra of recycled anode showed top with relatively same amplitude like 

freshly coated sample without any shift in wavenumber (cm-1). Therefore, both spectrum indicates 

that no change happens in the oxide lattice of recycling doped-MMO even after used for 

approximately 500 times. Hence, it concludes that the addition of Ir has increased the stability of 

doped-MMO anodes.  

Table 4.9 demonstrates the examination made between the Raman spectrums measured in 

this particular study and those found in the literature for different metal oxides present in the doped-

MMO anode. In literature, studies reported that SnO2 depicts rutile structure at around peaks in the 

range 400-500 cm-1 while crystalline at 630-640 cm-1. Few weak peaks were found in range 200-

300 cm-1 and 700-1000 cm-1 could be attributed to TiO2, formed due to the oxidation of the Ti surface 

(non-conductive substrate). Furthermore, the incorporation of other metal oxides on the Ti surface 

was done to increase the conductivity as well as the reactivity of the process. SnO2, n-type 

semiconductor with a wide ban gap was further upgraded by including other metal oxides in order 

to enhance its mechanical stability and electro-catalytic activity. Sb was added as a dopant in order 
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to have more oxygen opening in the oxide lattice of Sn (as Sb as higher valence (+5)) and could 

present more dynamic destinations for the EO treatment process. 

 

Figure 4.9.7 Raman spectra of MMO anodes (before and after application to EO treatment 

process). 

 

Figure 4.9.8 Raman spectra of doped-MMO anodes (before and after application to EO 

treatment process). 
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Table 4.9 Peak position of various metal oxides in doped-MMO in the Raman spectrum 

Oxides  Raman shift (cm-1) References  

Tin oxides (SnO2) 430, 474, 478, 550, 627 and 778 cm-1 Yaqub et al., 2015 

Iridium oxides (IrO2) 465, 527, 600 and 702 cm-1 Pavlovic et al., 2017 

Tantalum oxides (Ta2O5) 100, 251, 340, 490, 621, 705,  and 843 cm-1 Chen et al., 2003 

Titanium oxides (TiO2) 143, 197, 232, 399, 447, 519, 610, 639 and 

826 cm-1 

Lubas et al., 2014; 

Ekoi et al., 2019 

Antimony oxides (Sb2O4) 439, 499, 595 and 679 cm-1 Yaqub et al., 2015 

Doped-MMO 

(Ti/IrO2/Ta2O5/SnO2-Sb2O4) 

132,  553 and 798 cm-1 This thesis 
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Chapter-5 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

In the present study, the potential application of novel MMO (Ti/IrO2/RuO2/Pt)  and doped-MMO 

(Ti/IrO2/Ta2O5/SnO2-Sb2O4) anodes as an alternative source to costly electrodes have been 

visualized for the EO treatment of urine metabolites (i.e. uric acid, urea, and creatinine), SU and 

AHU. On the basis experimental results of the treatment study, some of the major conclusions are 

listed below. 

5.1.1 EO treatment of urine metabolites i.e. uric acid, creatinine and urea with MMO and 

doped-MMO anodes: 

 Parametric optimization for the treatment of each urine metabolite through the EO process by 

MMO and doped-MMO has been done successfully. 

 The high R2 values of both responses i.e. %Degradation and energy consumption for quadratic 

suggested by BBD under RSM advocates a good correlation between predicted and experimental 

data of EO treated urine metabolites by both anodes. 

 The maximum %Degradation and energy consumption at optimized conditions by EO treatment 

with MMO anodes was found to be (91.571%, 0.526 kWh/m3) for uric acid, (85.41%, 16.826 

kWh/m3) for creatinine and (94.78%, 20.54 kWh/m3) for urea respectively. 

 The maximum % Degradation and energy consumption at optimized conditions by EO 

treatment with doped-MMO anodes was found to be (95.35%, 2.479 kWh/m3) for uric acid, 

(90.002%, 25.83 kWh/m3) for creatinine and (91.15%, 51.53 kWh/m3) for urea respectively. 

 The degradation of uric acid, creatinine, and urea were found to be high at optimum conditions 

because of the involvement of both mechanisms direct and indirect oxidation. At low values of 

current density, NaCl and acidic pH, urine metabolites were oxidized directly by in-situ generated 

adsorbed OH• on MMO anode surface, however, RCS such as Cl2, HOCl, OCl- degraded the target 

pollutants through mediated oxidation. 

 While in the case of doped-MMO the maximum %Degradation of each urine metabolite was 

achieved at high values of current density, NaCl and acidic pH values as compared to with MMO 

anodes. 



205 
 

 The degradation of all urine metabolites was majorly happened due to the generation of strong 

chloro-oxidation species during EO treatment by both anodes.  

 Kinetic study with both types of anodes shows that the %Degradation was much faster in the 

case of dual-process PEC than the EO and PC. The %Degradation of all urine metabolites in each 

treatment process has followed the first-order kinetics.  

 Synergistic studies of both anodes showed maximum %Degradation for each urine metabolite 

was achieved in case of dual-process i.e. PEC over discreet process like EO and PC with a 

significant reduction in treatment time.  

 The overall % synergy for each urine metabolite was calculated to be uric acid (11.45%), 

creatinine (7.62%) and urea (24.66%) during the oxidation treatment with MMO anode. while in 

the case of doped-MMO, it found to be uric acid (24.94%), creatinine (7.19%) and urea (8.69%) 

over other processes. 

 Fluorescence spectroscopy results showed the maximum OH• production during PEC i.e. under 

UV light (MMO) and under sunlight (doped-MMO) over the EO process. Moreover, the production 

of OH• was found high in the case of doped-MMO as compared to MMO anode. This depicts that 

non-active anodes (doped-MMO) are more capable of producing OH• while active anodes (MMO) 

is for RCS.  

 Mineralization studies of uric acid and creatinine depict (87.05%, 83.75%) reduction in COD 

and (84.62%, 80.05%) decay in TOC respectively. However, in the case of doped-MMO maximum 

reduction in COD (90.05%, 93.10%) and (87.51%, 89.55%) removal in TOC was achieved at 

optimized conditions. While in the case of urea, approximately 90.05% and 90.45% reduction in 

TOC was achieved during EO treatment by MMO and doped-MMO anodes respectively. Further 

extension in treatment time has a lead marginal effect on both COD and TOC i.e. approximately 

4.0-6.0%. 

 Formations of inorganic ions such as NO2
-, NH4

+, and NO3
- have proved the almost complete 

mineralization of all urine metabolites (i.e. uric acid, creatinine, and urea) via EO treatment by both 

anodes.  

 The results of analytic techniques such as FT-IR and CV for each urine metabolite have proved 

the complete destruction and oxidation of cyclic structure of each urine metabolite through the 

oxidation and reduction mechanism that occurs during the EO treatment at optimized conditions by 

both anodes. 
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 The intermediates formed during the oxidation process of each urine metabolites by both anodes 

were identified through LC-MS analysis, which further validated the degradation of uric acid, 

creatinine, and urea. Based on these identified intermediates, a tentative degradation pathway has 

been proposed in the present study.  

 The total operating cost for treating per kg of uric acid, creatinine and urea with MMO came 

out to be 0.83 $/m3, 28.27 $/m3 and 0.78 $/m3 respectively.   

 The total operating cost for treating per kg of uric acid, creatinine and urea with doped-MMO 

came out to be 3.740 $/m3, 41.68 $/m3 and 2.05 $/m3 respectively.   

 The results show that the economic feasibility of the EO process for the treatment of synthetic 

urine wastewater by MMO and doped-MMO anodes. 

5.1.2 EO treatment (batch) of SU with MMO and doped-MMO anodes: 

 EO treatment of SU by both anodes i.e. MMO and doped-MMO has been done successfully. 

The statistical analysis showed a great correlation between predicted and experimental data. 

 From 3D response surface graphs, it has been concluded that low values of N/Cl ratio in case 

of doped-MMO and high values in the case of MMO was responsible for maximum %COD 

removed during EO treatment of SU. 

  Simultaneously optimization for the treatment of SU through the EO process by MMO and 

doped-MMO has been done successfully. 

 The maximum %COD removed and SEC at optimized conditions by EO treatment was found 

to be 85.25% and 11.75 kWh/kg of COD removed with MMO and 90.55%, 20.851 kWh/kg of COD 

removed with doped-MMO. 

 The overall % synergy for SU treated by MMO and the doped-MMO anode was calculated to 

be 12.14% and 9.65%.  The combination of EO with light radiations (UV light in case of MMO) 

and (sunlight in case of doped-MMO) can significantly reduce the treatment time as well as avoid 

the formation of toxic chlorinated oxidant species.  

 The in-situ chemical analysis depicts 87.25% reduction in COD and 85.88% reduction in TOC 

was achieved in 8.8 h at optimized conditions. While in the case of doped-MMO, the reduction was 

found slightly higher than MMO at optimized conditions.  

 The urine metabolites i.e. uric acid, creatinine, and urea were also found degraded through the 

attack of in-situ electro-generated oxidants during the treatment process. 
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 The oxidation of these urine metabolites present in SU by both anodes leads to the release of 

nitrogen from their chemical structure which further got transformed into NO2
-, NH4

+, and NO3
-. 

The maximum production of NO2
-, NH4

+, and NO3
- was observed in the case of doped-MMO as 

compared to MMO anodes. 

 LC-MS analysis clear that most of the diagnosed organic components got eliminated and 

converted into intermediates like oxalic acid, 1-methyl urea, guanidine, etc. during EO treatment of 

SU with MMO and doped-MMO. 

 The non-toxicity of diagnosed components in the final samples of SU treated by both anodes 

was confirmed through the zone of inhibition by Kirby-Bauer toxicity analysis test. 

 The electrochemical disinfection of SU wastewaters with MMO and doped-MMO allows the 

complete removal of E.coli within 45 and 75 min of the treatment process. 

 During the EO treatment process by both anodes, large amounts of oxidants were produced 

from the oxidation of the ions present in SU which are responsible for the removal of pathogenic 

microorganisms 

 The total operating cost for removing per kg of COD of SU during EO treatment with MMO 

and doped-MMO came out to be 0.85 $/kg of COD removed and 1.50 $/ kg of COD removed 

respectively.   

 The results depict a sustainable solution for the on-site treatment of urinal wastewaters in terms 

of the economic feasibility of the EO process as well as the stability of both anodes.  

5.1.3 EO treatment (continuous) of SU with MMO and doped-MMO anodes: 

 The EO experiments conducted at optimized conditions (batch) shows that 83.43% COD 

removal (MMO) and 74.20% COD removal (doped-MMO) was achieved within 6 h of electrolytic 

treatment of SU in PV driven electrolytic cell under continuous recirculation mode. 

 From the scale-up studies, the appropriate amount of molecular H2, N2, and CO2 were produced, 

depicting the fruitful degradation of nitrogen-based components into simpler components that are 

non-toxic.  

 The volumetric fraction of H2 generated during 6 h of electrolysis in the range of 70.58% -

1.7190% (MMO) and 59.142% – 3.340% (doped-MMO). Other byproduct gases such as N2, CO2, 

CH4, and CO has also been generated during electrolysis of SU by both anodes. 
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 Total capital expenditure (Capex) cost (per day) for continuous EO treatment of SU with MMO 

and doped-MMO was calculated to be 0.054 $ and 0.055 $ respectively. 

5.1.4 EO treatment (continuous) of AHU with MMO anode: 

 The continuous EO treatment of AHU wastewater conducted at optimized conditions using 

MMO anodes shows a 68.33% reduction in COD, 69.09% (urea), 95.180% (uric acid) and 67.95% 

(creatinine) was oxidized during 6 h of electrolytic treatment.  

 The volumetric fraction of H2 and N2 generated during 6 h of electrolysis were found in the 

range of 69.74% – 2.617% and 18.019% – 62.133% respectively. 

 GCMS spectra of untreated and EO treated samples of AHU wastewater confirms the 

elimination of most of the organic components after the treatment process. Moreover, the detected 

identified byproducts present in the treated solution were found non-toxic as compared to the 

untreated sample as confirmed through toxicity analysis. 

5.1.5 Durability studies of both anodes: 

 Various characterization techniques like SEM-EDS, XRD, Raman, XPS analysis have proved 

the durability and stability of MMO and doped-MMO even after 400 and 500 recycles respectively.  

 Thus the extended durability and stability of both anodes further highlight its commercial 

applications. 

5.2 Recommendations 

EO coupled light radiations using cheap anodes has shown its great potential for the treatment 

of SU/AHU wastewater containing nitrogen-based recalcitrant compounds such as urea, uric 

acid, and creatinine. The use of a PV driven reactor for the treatment of this type of mixed 

wastewater has represented an alternative sustainable solution for minimizing the consumption 

of electric power used during the particular treatment process. Thus, future investigations would 

emphasize the more techno-economic analysis of field-scale applications such as on-site 

treatment of urinal wastewater and reuse as flush water. The concept is more viable in developing 

countries like India, where a lot of population require common urinals in their community. Thus 

having a strong potential of harnessing the molecular H2 beside provides the eco-sanitation in 

terms of on-site treatment of urinal wastewaters. In addition, the use of these novel anodes with 

more efficient reactor design capable of handling large volume can open up new channels in the 

field of wastewater treatment (such as toilet wastewater, industrial wastewater, nitrogen-rich 

wastewater, and secondary waste) with electrochemical advanced oxidation technology.   
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Performance and Evaluation of Electro-Oxidation Treatment of
Human Urine Metabolite Uric Acid Using Response Surface
Methodology
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In this work, electrocatalytic treatment of uric acid has been performed by anodic oxidation using mixed metal oxide (MMO) anode
and stainless steel as a cathode. A full factorial Box-Behnken design under response surface methodology was applied to evaluate
the effect of various operating parameters such as current applied (i), pH of the solution, NaCl concentration (n) and treatment time
(t) in an electrochemical cell. 92% degradation of uric acid (C0 = 50 mg L−1) was achieved with all the optimal conditions e.g.
current intensity 0.3 A, pH of 2 and treatment time of 6.95 min. The main strength of the study lies in the reporting the durability of
electrodes besides being cost-effective. The electrodes were durable enough to be used even after sixty cycles as confirmed through
SEM/EDS and XRD. The mineralization of uric acid was confirmed through a reduction in COD and TOC along with generation
of nitrite and nitrate ions. A degradation pathway for uric acid has been proposed based on the intermediates formed as identified
through LC-MS analysis. Hence the attempts in the present study will open up new opportunities in the field of eco-sanitation
especially in developing countries for the on-site treatment of human urine.
© 2017 The Electrochemical Society. [DOI: 10.1149/2.0681712jes] All rights reserved.
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In developing country like India, water demand for the treatment
of domestic wastewater is growing exponentially high. Urine makes
more than 1% volume of domestic wastewater and contains a large
part of the plant nutrients and organic compounds such as urea, cre-
atinine and uric acid.1 Human urine is a special type of wastewater
with very complex chemical composition. When it left from human
body it becomes unpleasant, smelly and unstable with high biochem-
ical oxygen demand (BOD) which makes the degradation process
more complicated.2,3 Uric acid (UA) is one of the persistent polluting
components of urine wastewaters. It is an enzymatic final oxidation
product of dietary purine metabolism which works as an antioxidant in
human blood plasma and protects against oxidative stress.4–6 Its high
concentration in human body results in several diseases like leukemia,
kidney diseases arthritis and cardiovascular diseases.7 In addition, this
effluent is extensively used in agriculture as fertilizer as it contains
high nitrogen, phosphorous and potassium content.8 At the same time,
it is considered as toxic for human health and environment because of
pathogen’s transmission as well as the high content of nitrogen. Same
time it is rebellious to many conventional and biological treatments.9

Moreover, conventional treatment methods demand a huge amount of
water as well as consume a large percentage of energy.10 Moreover,
these techniques have proven to be inefficient for the treatment of
persistence and recalcitrant compounds.

Literature has consolidated the performance of advanced oxidation
processes (AOPs) as promising technologies for the treatment of wide
variety of bio-recalcitrant pollutants present in water/wastewater.11–13

Studies have been reported in the literature for the treatment of human
urine and its metabolites14–16 using heterogeneous photo catalysis.
However, continuous requirement of UV, as well as longer time for
complete disinfection, necessitates an immediate requirement for an
effective alternative technology. Electrochemical advanced oxidation
processes (EAOPs), have come-up in recent years as a promising
technology for degrading of a wide variety of pollutants.17–20

Electro-oxidation (EO) process is cost effective and eco-friendly
technique21,22 which offers better removal efficiencies as compared
to other processes. The effectiveness of the process and its feasibility
at a commercial level largely depend upon the innovation of new
electrodes material which is capable of generating a lot of strong
oxidizing agents such as hydroxyl radicals OH• and various chloro-
oxidant species.23

Different kinds of electrodes such as boron doped diamond (BDD),
dimensionally stable type electrodes (DSA), mixed metal oxides types
(MMO) have been studied for the degradation of a wide variety of

zE-mail: anoop.kumar@thapar.edu; vksangal@gmail.com

pollutants.24–26 EO using BDD proved to be efficient because of its
high overvoltage and oxidation potential27,28 along with an important
drawback that is a generation of toxic byproducts like chlorates and
perchlorates hence require additional treatment for the removal of
these toxic products. Moreover, the known high cost of conductive di-
amonds anodes makes there large scale industrial application unfeasi-
ble. In particular, various authors have reported that MMO anodes are
one of the effective and electrochemically stable electrodes which pos-
sess high quality for chlorine evolution and presents longer service life
as compared to other electrodes.29,30 Electrochemical water splitting
at MMO generate adsorbed hydroxyl radicals which further evolve to-
wards oxygen evolution reactions and likely to cause complete degra-
dation of organic compounds.25 These MMO anodes have established
their worth in treating a wide variety of pollutants like paper mill
water,31 reverse osmosis concentrate,32 synthetic wastewater,33 and
landfill leachate.34 Thus there is need to study the concept of applica-
tion of using these MMO anodes for the degradation of UA.

The present study attempts to explore the use of low-cost MMO
anodes for the degradation of UA by EO process. Attempts have been
made to reduce the treatment time along with maintaining the dura-
bility of electrodes. Thus citing its novelty. Furthermore, the effect
of operating input parameters like pH, current (i), chloride concen-
tration and time (t) on %degradation (Y1) and energy consumed (Y2)
were investigated. The Box-Behnken design (BBD) under response
surface methodology (RSM) was used for the optimization of process
parameters. Process efficiency was analyzed by different analytical
techniques which include total organic carbon (TOC), chemical oxy-
gen demand (COD) along with an investigation of mineralization end
products (i.e, NO3

−, NO2
− and NH4

+ ions). The formations of or-
ganic intermediates were analyzed by LC-MS. Hence, based on these
intermediates generation oxidative degradation pathway for UA has
been proposed in this study. Stability and durability studies have been
performed by characterizing the electrodes using SEM-EDS and XRD
techniques.

Materials and Methods

Chemicals.—All chemicals of analytical grade were used in the
present study. UA (C5H4N4O3) with (99.5% purity) was purchased
from Sigma- Aldrich, Missouri, U.S. Sodium chloride (NaCl), sulfuric
acid (H2SO4) and sodium hydroxide (NaOH) were purchased from
Loba Chemi Pvt. Ltd. Mumbai, India. All the solutions were prepared
with high-purity water obtained from a Millipore Milli-Q system,
with resistivity >18 M� cm−1 at 25◦C. HPLC grade acetonitrile and
formic acid were purchased from Sigma Aldrich for HPLC analysis.
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Figure 1. Schematic diagram of experimental setup used for the electrochem-
ical treatment of Uric acid.

Sample preparation and experimental setup.—Synthetic wastew-
ater solution was prepared by dissolving 100 mg of UA in one liter
(L) double distilled water. All samples and other reagents were stored
at 4◦C to prevent unwanted degradation. The initial concentration of
UA was selected be 50 mg/L accordingly for this study.

EO treatment UA was carried out in a single compartment electro-
chemical cell of working volume 500 ml under a batch operation mode
is shown in Figure 1. MMO was used as anode purchased from (Ex-
otic Elements Pvt. Ltd., Mumbai, India) having dimension 70 mm∗70
mm∗1 mm, whereas stainless steel as the cathode of the same dimen-
sion was purchased from (Bio age Pvt. Ltd., Mohali, India). These
electrodes were connected parallel with 10 mm inter-electrode spac-
ing. While performing scientific procedure current was maintained
using DC (DIGITECH, Ambala, India, Model: 0–30 V, 0–2 A). A
magnetic stirrer was used to stir the sample properly in a reactor at
650 rpm.

Experimental procedure.—An experimental study was carried out
under galvanostatic conditions. 0.1N HCl and 0.1N NaOH were used
for adjusting the pH of the solution during the experiment and NaCl
was used as supporting electrolyte to improve the electrical conductiv-
ity of the solution. At fixed time intervals, 1 ml of sample volume was
taken from the solution and filtered through 0.20 μm nylon filters and
analyzed with double beam UV Visible spectrophotometer at λ max
290 nm. The adsorption studies were carried out under dark conditions
using only MMO anode without providing current with continuous
stirring. There was no significant reduction in concentration of UA.
This confirmed that degradation of UA was because of EO only.

Analytical methods.—Electrochemical degradation studies were
carried out by analyzing the samples using high-performance liq-
uid chromatography (HPLC) and UV-Visible spectrophotometer (HI-
TACHI model no. U-2800) at 290 nm wavelength. The degradation of
the model compound was also confirmed by HPLC (Shimadzu, SED-
20A) having communication module, CBM-20A with diode array
detector, SPDM-20A, and pump, LC-20AD. The column temperature
was adjusted to 25◦C while sample injection volume used was 20 μl.
The HPLC was carried out in a binary system with 25 mM formic
acid and acetonitrile as mobile phase using C-18 column (250 mm ×
4.60 mm) having a particle size of 5 μm with detection wavelength
set at 290 nm for uric acid. Initially, 10% of acetonitrile was run for
using linear gradient which was incremented to 100% within 40 min.
Mineralization efficacy of UA was studied by the reduction in total
organic carbon (TOC) and chemical oxygen demand values (COD).
COD was checked with closed reflux method according to APHA
standard methods.35 TOC was analyzed with multi N/C 2100Ana-
lytik Jena TOC analyzer. The inorganic ions which include nitrate,
nitrite, NH4

+, total nitrogen formed during experimental work were

determined using APHA standard methods.36–38 The intermediates
and final products formed during the EO process were detected by
LC-MS. Sample analysis was conducted under an isocratic condition
with a mobile phase of solvent A (50%) and solvent B (50%). Solvent
A was composed of 0.1% formic acid in water solution and solvent B
was 0.1%formic acid in acetonitrile. Samples were diluted to 1:1 ratio
(sample: solvent) and then directly injected into the electrospray mass
spectrometer at a flow rate of 200 μl/min for data analysis in the posi-
tive ion mode. The instrument used was the Q-TOF mass spectrometer
from Micromass UK Ltd. The surface morphology and composition
of the coatings of purchased MMO anodes were characterized using a
JEOL 5900LV scanning electron microscope (SEM) along with X-ray
energy dispersive spectrometry (EDS). The crystalline phases of the
prepared electrodes were identified by X-ray diffraction (XRD) using
a Rigaku D/Max. III.V X-ray diffractometer with Cu K_ irradiation.

Experimental design and analysis.—Response Surface Method-
ology (RSM) is a statistical technique which is used to optimize
the effective operational parameters with reduced the number of ex-
periments as well as to analyze the inter-parametric interaction and
their effects on responses.39 Box-Behnken design (BBD) under RSM
was used for the parametric study. Several researchers in their stud-
ies have applied BBD for the optimization of various chemical and
physical.40–42

The sequential F-test, lack of fit test and other adequacy measures
are normally used for choosing the predominant model. To generate
the statistical and response plots, Design-Expert software V-6.0.8 was
used. To fit the experimental data and to identify the relevant model
terms a second-order polynomial, Eq. 1, was used through nonlinear
regression analysis. Considering all the linear terms, square terms and
the linear by linear interaction terms, the quadratic response model43,44

can be described as:

Y = γo +
4∑

i=1

γi Zi +
4∑

i=1

γi i Z 2
i +

3∑
i= j

4∑
i= j+1

γi j Zi j [1]

Where Y is response; γo, γi , γi i , γi j are constant quadratic coef-
ficients and Zi, the uncoded input factors. There are two responses
(%degradation, Y1 and energy consumption, Y2) in present study.
Therefore, multi-response process optimization with desirability func-
tion approach was used for the optimization of the multiple responses
simultaneously. The desirability (Di) value lies between 0 and 1, rep-
resenting the closeness of response to its ideal value.45

In multi-response optimization, all the individual desirability func-
tion are combined in order to obtain overall desirability function, Di
as shown below in Eq. 2.

Di = (d1 × d2)1/2 [2]

Where d1 is desirability of %degradation and d2 is desirability of
energy consumption.

In the present study, four operational parameters, pH, current (i),
time (t) and NaCl concentration (n) with three levels coding (−1(low)
and +1(high)), were followed by RSM modeling and (%degradation,
Y1 and energy consumption, Y2) were taken as responses of the sys-
tem. The energy consumption during EO treatment was calculated by
following Eq. 3.

E =
[

V ∗ I ∗ T

Sv

]
[3]

Where V = voltage; I = current (A); T = treatment time (h); Sv =
Sample volume (m3)

By conducting preliminary experiments for %degradation and en-
ergy consumption at various operational parameters, working ranges
of parameters were decided accordingly. The center of experiments
was defined by preliminary experimental runs so that RSM technique
could be used with confidence for defining the range of variables.
Levels of the operational parameter are shown in Table I. Table II
provides experimental design matrix of experimental runs, designed
using BBD.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.122.230.148Downloaded on 2017-08-12 to IP 



E314 Journal of The Electrochemical Society, 164 (12) E312-E320 (2017)

Table I. Range of variables and coded levels of design model.

Range of actual and
coded variables

Factors Variables −1 0 +1

A Initial pH 2 5.5 9
B Current, i (A) 0.1 0.3 0.5
C Time of electrolysis, t (min) 2 6 10
D NaCl conc., (n) (g/400 ml) 0.1 0.3 0.5

Results and Discussion

Model fitting and statistical analysis with BBD.—The statistical
design expert software version 6.0.8 (STAT-Ease INC., Minneapolis,
US) was applied for the regression analysis of experimental data.
The results of response Y1 and Y2 respectively for the EO treatment
of UA were determined according to the design matrix are listed in
Table II.

For selecting the best model, sequential F –test and other adequacy
measures were exploited as shown in Table III.46 The regression pro-
cess was adopted to fit the 2nd order polynomial equation and for
analyzing the statistical significance of relevant model terms. The se-
quential model sum of square and model summary statistic are two
different test that was performed in order to check the adequacy of the
model for both the responses (Y1 and Y2). The p value for a response
(Y1 and Y2) were found to be <0.0001 and hence model advised was
quadratic. This indicates that at least one term in regression equation
had a significant correlation with the response variables.47 The in-
significant model terms in the manual regression method were evicted
automatically which in turn provides the summarize results of anal-
ysis of variance (ANOVA) for each response with reduced quadratic
equation and shows significant model terms.

The ANOVA results obtained from regression analysis for the
%degradation and energy consumption for EO treatment of UA, with

model F-value of 14.12 and 76.75 respectively, implies model is sig-
nificant. The significant and highly significant model terms are de-
pendent upon the value of ANOVA results came for both responses
Y1 and Y2 respectively. The significant terms for response Y1 are n,
i2, t2, n2 while i and t are highly significant whereas for response Y2,
the significant model terms are n, i2, pH∗n while i, t, i∗t are shown
as highly significant. The model summary statistic showed the R2

(regression coefficient) value for both the responses were 0.933 and
0.987 respectively, implies a good correlation between observed and
predicted experimental values. For the %degradation and energy con-
sumed, the adequate precision ratio was found to be 13.813 and 35.407
respectively. An adequate precision ratio above 4 indicates that ade-
quate model is fit and can be used for navigating the design space.48

Second order polynomial equation of responses Y1 (% degradation)
and Y2 (energy consumed) respectively in terms of independent coded
factors for MMO anodes are summarized in (Eq. 4-5).

% Deg = +87.61 − 3.09 ∗ A + 17.31 ∗ B + 23.71 ∗ C

+ 6.86 ∗ D − 1.05 ∗ A2 − 12.70 − 14.68 ∗ C2 − 7.06 ∗ D2

− 2.98 ∗ A ∗ B + 2.04 ∗ A ∗ C + 5.97 ∗ A ∗ D

−4.45 ∗ B ∗ C + 0.57 ∗ B ∗ D − 5.48 ∗ C ∗ D [4]

Energy consumed =
+ 618.75 + 33.75 ∗ A + 561.56 ∗ B + 438.75 ∗ C

− 97.19 ∗ D − 41.09 ∗ A2 + 132.81 ∗ B2 + 17.03 ∗ C2 − 24.69∗D2

+ 7.50 ∗ A ∗ B + 0.00 ∗ A ∗ C + 108.75 ∗ A ∗ D + 375.00 ∗ B ∗ C

− 21.56 ∗ B ∗ D − 33.75 ∗ C ∗ D [5]

Where A, B, C, and D are pH, current (i), time (t) and NaCl concen-
tration (n) respectively.

Table II. Full factorial BBD matrix and their experimental results.

Run Std pH i (A) t (min) n (g/400 ml) % Degradation, Y1 Energy consumed, Y2 (kWh/m3)

1 3 2 0.5 6 0.3 98.4 1293.75
2 17 2 0.3 2 0.3 51.04 206.25
3 19 2 0.3 10 0.3 95.05 1031.25
4 1 2 0.1 6 0.3 71.5 168.75
5 9 2 0.3 6 0.1 78.8 675
6 11 2 0.3 6 0.5 74.22 138.75
7 29 5.5 0.3 6 0.3 95.05 618.75
8 25 5.5 0.3 6 0.3 85.95 618.75
9 24 5.5 0.5 6 0.5 96.07 1200
10 14 5.5 0.5 2 0.3 61.25 431.25
11 16 5.5 0.5 10 0.3 96.7 2156.25
12 7 5.5 0.3 2 0.5 58.4 191.25
13 26 5.5 0.3 6 0.3 75.5 618.75
14 6 5.5 0.3 10 0.1 93.5 1125
15 28 5.5 0.3 6 0.3 87.5 618.75
16 13 5.5 0.1 2 0.3 9.25 56.25
17 21 5.5 0.1 6 0.1 37.2 258.75
18 8 5.5 0.3 10 0.5 97.28 956.25
19 23 5.5 0.1 6 0.5 55.1 138.75
20 5 5.5 0.3 2 0.1 32.7 225
21 27 5.5 0.3 6 0.3 94.05 618.75
22 22 5.5 0.5 6 0.1 75.89 1406.25
23 15 5.5 0.1 10 0.3 62.5 281.25
24 4 9 0.5 6 0.3 79.45 1293.75
25 10 9 0.3 6 0.1 67.23 675
26 12 9 0.3 6 0.5 86.25 573.75
27 20 9 0.3 10 0.3 93.24 1031.25
28 18 9 0.3 2 0.3 41.07 206.25
29 2 9 0.1 6 0.3 64.48 138.75
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Table III. Selection of adequate model for degradation of Uric Acid.

Source Sum of squares DF Mean Square F Value p Remark

Sequential model sum of squares
Mean 1.542E + 005 1 1.542E + 005
Linear 11022.08 4 2755.52 18.55 < 0.0001

2FI 395.30 6 65.88 0.37 0.8859
Quadratic 2205.12 4 551.28 8.00 0.0014 Suggested

Cubic 461.15 8 57.64 0.69 0.6968 Aliased
Residual 246.25 4 61.56 - -

Total 1.688E + 005 29 5821.40 - -

Lack of fit tests
Linear 3319.18 20 165.96 2.70 0.1735

2FI 2923.87 14 208.85 3.39 0.1235
Quadratic 718.75 10 71.88 1.17 0.4783 Suggested

Cubic 257.61 2 128.80 2.09 0.2389 Aliased
Pure Error 246.25 4 61.56

Model Summary statistics
Source Std. dev R2 Adj. R2 Pre.R2 Press Remark
Linear 12.19 0.7556 0.7148 0.6619 4932.49

2FI 13.27 0.7827 0.6620 0.4825 7548.36
Quadratic 80.67 0.9338 0.8677 0.6898 4524.79 Suggested

Cubic 9.16 0.9655 0.8388 −1.5693 37480.10 Aliased

Figure 2a shows the residual points on normal probability plot and
dot diagram of these residuals lie very close to a straight line signifies
that the underlying assumptions of the analysis were satisfied. Figure
2b shows the relationship between the actual and predicted values
of Y (% degradation). It can be seen that the residuals are in the
proximity of the straight diagonal line between actual and predicted.
Hence it can be concluded that the developed model is considered to
be satisfactory and accurate because the residuals for the prediction
of each response are minimum.49,50

Effect of parameters.—The 3-D response surface graphs obtained
from RSM were investigated to look out the effects of various input
parameters on both the responses for EO treatment of UA.

pH as parameter defines which kind of Cl− species is predominant
as well as the adsorption rate of OH• radicals. In Figure 3a for pH
value 2 to 9 it can be observed that %degradation was increasing on
increasing i value from 0.1 A to 0.35 A. Further increase in i values
from 0.35 A to 0.5 A, a marginal increase in Y1 was seen. Also, it
can be observed that Y1 was maximum at acidic pH and thereafter
Y1 decreases gradually with further increase in pH. Therefore it can
be concluded that, at highly acidic pH, %degradation was maximum
while at highly basic pH %degradation was found to be minimum.

In EO treatment both direct and indirect process is involved. In
previous studies it has been reported that the adsorption rate of the
OH• radicals on the anodes is high in highly acidic pH leads to the
direct oxidation of compound at the anode. While in the case of highly

Figure 2. (a) The normal plot of Residuals for %degradation and (b) The regression plots of predicted vs actual for %degradation.
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Figure 3. 3-D response surface graph for the electro-oxidation of Uric acid (a) %degradation versus pH and i (b) %degradation versus t and i. (c) %degradation
versus i and n (d) energy consumed versus t and i and (e) energy consumed versus pH and n.

basic pH the adsorption rate of the OH• radicals on the anode surface
is decreased leads to the transformation of OH• radicals into H2O2

and HO2• (oxidants of lower potential) shown in (Eqs. 6–10)51 which
corresponds to indirect oxidation.

O2 + 2H+ + 2e− → H2O2 [6]

2H2O → 2 • OH + 2H+ + 2e− [7]

2 • OH → H2O2 [8]

• OH + H2O2 → HO2 • +H2O [9]

2H2O → O2 + 4H+ + 4e− [10]

Moreover, in addition to this in highly acidic pH generation of
HOCl oxidant species in bulk was maximum which dominates over
all other oxidant species like Cl2, ClO− etc, and leads to indirect oxi-
dation. While in basic pH, ClO- species were generated. On increasing
current these species increases and hence, enhances the % degrada-
tion. With the time ClO- species get converted to lower chloro-oxidant
species like ClO3

− and ClO4
− in alkaline pH (Eqs. 11–17)1,9 and hence

reduces the response (Y1).52,53 Also on increasing i value beyond 0.35
A in both acidic and basic pH, side reactions takes place leads to re-
duction in OH• radical generation and hence reduces the degradation
efficiency.54,23 Hence on increasing pH, response Y1 decreases for all
i values.

2Cl− → Cl2 + 2e− [11]

Cl2 + H2O → HClO + Cl− + H+ [12]

HClO → ClO− + H+ [13]

Cl− + •OH → ClO− + H+ + e− [14]

ClO− + •OH → ClO2
− + H+ + e− [15]

ClO2
− + •OH → ClO3

− + H+ + e− [16]

ClO3
− + •OH → ClO4

− + H+ + e− [17]

Figure 3b shows the effect of i and t on Y1 (%degradation). It
was seen that increasing t value up to 7 mins, Y1 increases rapidly.
But for t > 7 mins, it was found that Y1 increases marginally. This
was followed for all i and all pH values. In previous studies, it has
been reported that during electrolysis passivation of electrodes occur
with time in which the interaction between the contaminant and anode
surface build up like an impermeable film. And this film resists the
MMO dissolution and electron transfer from electrode surface and
hence limits the process efficiency.40 More than 90% of degradation
was observed up to 7 mins of reaction time at highly acidic pH,
however, at higher pH for complete degradation more than 10 mins is
required.

Figure 3c shows the effect of n and i on %degradation (Y1). On
increasing electrolyte concentration (n) up to 0.3 g leads to higher
degradation. But on further increase in (n > 0.3 g), marginal decrease
in degradation efficiency was observed for all i values. Actually, the
amount of electrolyte concentration defines the amount of reactive
chlorine species formed. With a higher amount of chloride concen-
tration, more reactive chlorine species would be formed leading to
increases in Y1.55 At the same time, corrosion and fouling of the elec-
trodes could be observed at higher electrolyte concentrations. Keep-
ing this in consideration, the electrolyte concentration was kept at 0.3
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Figure 4. Plot of % degradation of uric acid vs number of recycles of MMO
anode.

g/400 ml for the present study. Besides this, the selected MMO elec-
trodes promote the direct oxidation which leads considerably higher
efficiency along with preventing fouling of electrodes.

Energy consumption (Y2) depends on the type of electrode varies
with each of the process parameters, the current applied is a most
important parameter. With an increase in i value the electrical con-
sumption varies directly. Higher pH shows higher energy consumption
even at lower i values as shown in Figure 3(d, e). NaCl concentra-
tion shows contrary effect, with higher NaCl concentration showing
lower energy consumption due to ease of flow of current through the
electrolyte.

Durability studies.—In electrochemical processes, the recyclabil-
ity, as well as stability of electrodes, decide the practical viability of
process towards its commercial applications. In this context, attempts
have been made in the present study to evaluate the durability of elec-
trodes in terms of a number of recycles and degradation efficiency of
uric acid. The electrodes were successfully recycled for at-least 60

Figure 6. XRD patterns of electrodes (Ti sheet, freshly coated MMO sheet
and recycled MMO sheet).

cycles without any significant loss in degradation efficiency (∼10%)
shown in Figure 4. Generally, the life of electrodes is largely de-
pendent upon fouling and passivation of the electrodes due to high
electrolyte concentration along with higher values of current.56,25 The
main reason for high durability of the electrodes in our present study
is due to moderate electrolyte concentration and lower values of cur-
rent. The stability of the electrodes after 60th cycle (180 h) was further
confirmed through SEM/EDS and XRD analysis as discussed in next
subsection.

Characterization of MMO anodes.—SEM and EDS were used
to study the surface morphology and elemental composition of elec-
trodes (Ti sheet, freshly coated MMO sheet and recycled MMO sheet)
respectively as shown in Figure 5. The SEM image of freshly coated
and recycled MMO sheet depicts almost similar surface characteris-
tics thus indicating a uniform layer of metals even after sixty cycles.
The prominent peaks of all three metals i.e. Ru, Ir and Pt along with
Ti and O even in recycled MMO sheet further confirms the durability
and stability of electrodes after sixty experimental runs.

Figure 5. SEM images of (a) Ti sheet, (b) freshly coated MMO sheet and (c) recycled MMO sheet along with EDS data.
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Figure 7. (a) Plot of % COD and TOC removal vs. time during electrolysis of uric acid (50 mg L−1) on MMO anodes. (b) Production of nitrite, nitrate and
ammonium ions during electrolysis of uric acid on MMO anodes. (c) Mass spectra analysis for the identification of intermediates during the electrolysis of uric
acid. (d) Suggested degradation pathway for Uric acid.

The XRD pattern of freshly coated MMO sheet and recycled
MMO sheet along with Ti sheet is depicted in Figure 6. The crys-
talline planes of Pt, Ru, and Ir along with Ti have been observed even
in recycled MMO sheet thus confirming the retention of all metals
even after sixty cycles. The diffraction peaks of titanium (reference
code: 01-089-2762), titanium dioxide (reference code: 01-078-1508),
ruthenium oxide (reference code: 00-021-1172), iridium (IV) oxide
(reference code: 01-088-0288) and Platinum oxide (reference code:
01-074-1870) were also identified. An additional peak in recycled
MMO sheet may pertain to some ionic species which may use in elec-
trolyte preparation. Almost similar peaks are reported earlier in the
literature.57–60

Optimization

The simultaneous optimization of process parameters was done
for maximizing the degradation for UA and minimizing the energy
consumption keeping the factor in the range. The optimum values of
input parameters and responses with corresponding desirability value
for individual and simultaneously optimization (%degradation, Y1

maximization, and energy consumption, Y2 minimization) has been
shown in Table IV. The optimized value of process parameters ob-
tained was pH 2, NaCl concentration 0.35 g/400 ml and current 0.3
A. Time of reaction obtained was 6.95 min with overall desirability,
D = 0.899 for degradation of uric acid. At optimum condition, Y1

and Y2 predicted by BBD were to be 93.319% and 581.491 kWh/m3

respectively. The actual value obtained in same time and following
optimum conditions were ∼91.571% and 525.593 kWh/m3 given in
Table V. During electrolysis of water, the formation of OH• radicals
takes place which directly oxidizes the compound. Further, these gen-

Table IV. Individual and simultaneously optimization results (with
maximization of Y1 and minimization of Y2) for desirability
calculation.

Individual response optimization
Response pH i (A) t (min) n (g/400 ml) Desirability

Y1 = 98.47% 2.10 0.5 6.37 0.35 1.00
Y2 = 140.849 kWh/m3 2.00 0.27 2.00 0.35 1.00

Simultaneous optimization of responses
Y1 = 93.319% 2 0.30 6.95 0.35 0.899
Y2 = 581.491 kWh/m3

erated OH• species with time transformed into H2O2 and HO2• which
aids in the indirect oxidation process. In addition to this, the presence
of chloro-oxidant species also helps in performing indirect oxidation.
Therefore the degradation of the target compound is due to both direct
and indirect oxidation at optimized conditions.

Table V. Comparison between predicted and experimental values
of responses at optimum conditions for electro-oxidation treatment.

Responses Predicted Value Experimental Value

%Degradation (Y1) 93.319% 91.571%
Energy consumption (Y2) 581.491 kWh/m3 525.593 kWh/m3
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Mineralization Studies

Mineralization of UA was confirmed in our study through a re-
duction in COD and TOC along with generation of anions like nitrite
and nitrate. Around 60% removal in COD and 55% removal in TOC
were achieved at optimized conditions which reached to more than
90% when the reaction was extended to 15 min as shown in Figure 7a.
An increasing trend was observed for the generation of nitrate ions
while the concentration of nitrite ions started decreasing after 6 min
of treatment as depicted in Figure 7b. The nitrite ions could possibly
convert into nitrate ions as reported in literature.3 In addition to this,
the peak of the parent compound at 291 nm got disappeared after 10
mins of treatment time as depicted by HPLC chromatograms. The
intermediates formed during the degradation of UA were identified
through LC-MS analysis shown in Figure 7c. Based on these interme-
diates (1–10), a degradation pathway has been proposed as shown in
Figure 7d. The end products (8 and 10) has also been earlier reported
for the degradation of UA.9

Conclusions

Removal of UA by EO through MMO anode using Multi-response
process optimization under RSM has been done successfully. In the
electro-oxidation process, degradation of UA was found to be maxi-
mum because of the involvement of both direct and indirect processes.
This includes (a) direct oxidation of compound and its intermediated
on the anode surface, (b) indirect oxidation with highly generated ox-
idant species like HOCl, ClO-, H2O2, HO2• etc and (c) oxidation via
in-situ electrochemically generated hydroxyl radicals on the surface
of electrodes. At optimum conditions, more than 90% degradation was
achieved. Complete removal of COD and TOC were obtained when
reaction time extended to 15 mins. The organic intermediates (oxalic
acid and urea) formed during the anodic oxidation treatment were con-
firmed by HPLC and LC-MS analysis. Based on these intermediates
the oxidative degradation pathway of UA has been proposed in the
study. During electrolysis, the transformation of the nitrogen content
of UA into ammonium ion, nitrate and nitrite has been analyzed by
APHA standard methods (4500). Results obtained from SEM-EADX
and XRD indicates the stability and efficacy of the electrodes for the
efficient degradation of compound even after 60 cycles of the experi-
mental run. Results indicate the efficacy of EO process as a promising
technique for the treatment of recalcitrant compounds.
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30. E. Lacasa, J. Llanos, P. Cañizares, and M. A. Rodrigo, Electrochemical denitrification
with chlorides using DSA and BDD anodes, Chemical Engineering Journal, 184, 66
(2012).
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A B S T R A C T

The efficacy and durability studies of the dimensionally stable anode (DSA) have been carried out for the
treatment of human urine metabolite, creatinine using electro-oxidation process. The influence of various input
parameters such as current density, treatment time, pH and concentration of electrolyte on responses like %
degradation and energy consumption were explained using Box-Behnken design. 85.41% pollutant degradation
along with complete mineralization was achieved at optimum conditions like pH-(2.4), current density-
(10.29 mA cm−2), NaCl concentration-(0.75 g L−1) and treatment time-(85 min). Interestingly, a treatment
time of was significantly lower than the reported values with similar kind of advanced technologies. Further
reduction in treatment time i.e. 60 min was achieved by incorporating synergistic effect through
Photoelectrocatalysis for the same %degradation. The electrodes used were durable enough even after forty-five
cycles as confirmed through SEM/EDS and Raman Spectra. Further, mineralization studies were carried out by
measuring the reduction in COD (81.25%) and TOC (84.37%) along with generation of various ions such as
nitrite, nitrate and ammonium ion under the optimized conditions. Based upon the detected intermediates
analyzed through FT-IR and LC-MS, a degradation mechanism for creatinine has been proposed.

1. Introduction

Creatinine (2-amino 1-methyl-5H-imidazol-4-one) is one of the
components present in human blood and eliminated through the body
via urine excretion [1,2]. Creatinine is the final end product of creatine
catabolism in skeletal muscle and considered as helpful in maintaining
the efficiency of kidney, thyroid, and muscles. Its high concentration in
human blood and serum can cause renal failure, muscular abnormal-
ities, thyroid malfunction and vascular diseases [3]. Furthermore,
creatinine is one of the principal nitrogen-based compound present in
the human urine [4]. Because of the high nitrogen content its direct
exposure and accumulation into the water streams can cause an adverse
effect on the environment, eutrophication of surface waters and trans-
mission of the pathogen as well [5]. Treatment of such wastewater
becomes a challenge because of its complexity and composition which
varies every day [6]. Hence require effective and strong technologies
for the treatment as well as removal of persistent and recalcitrant
compounds from wastewater.

Literature in the recent past has shown that efficiency of advanced
oxidation processes (AOP's) for the treatment of such complex, toxic
and persistent compounds present in water/wastewater [6–8].

However, continuous requirement of energy for a longer period of time
for complete degradation along with HO% scavenging makes this tech-
nology relatively expensive which necessitates a requirement for an
effective alternative technology. Studies pertaining to electrochemical-
based advanced treatment technologies (EAOP's) have confirmed that
these technologies are strong bet for the treatment of toxic and per-
sistent bio-refractive compounds [9]. These technologies (EAOP's) do
not require any chemical addition like H2O2 for the generation of HO%

moreover the HO% generate directly from the oxidation of water. Fur-
ther, in addition to this, the compounds which are unreactive to HO%

radicals can be degraded through direct electron transfer (DET) reac-
tions [10].

One of the most attractive and affordable technology that have
come under EAOP is the electrooxidation (EO). EO is considered as
highly efficient, versatile and eco-friendly technology with high oxi-
dation stability and has made considerably huge progress in water/
wastewaters treatment [11,12]. Despite, of such advantages, EAOP
carries certain deficiencies such as the cost of electrodes, the short
lifespan of anodes, mass transfer limitations and low current efficiencies
which actually limit their use on field-scale [13]. To overcome these
limitations, the recent studies have come up with use of dimensionally
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stable anodes (DSA) for the treatment of wastewater containing re-
calcitrant organics. DSA as anodes such as Sn-Sb binary DSA, Ir-Ru
binary DSA, Ir-Ta binary DSA, Ti-Ru binary DSA, Ti-Bi binary DSA, Ir-
Ru-Sn ternary DSA, Ce-Ru-Sn ternary DSA and Ru-Ir-Sn-Ti quaternary
DSA anodes [14] have been used for the EO treatment of large variety
of wastes such as dyes effluent [15,16] pesticides and herbicides
[17,18], phenolic compounds[19], pharmaceutical waste [20,21],
plasticizers[22], chelating agents [23] and Microcystin toxins [24].
These electrodes exhibit better process efficiency, has good electro-
chemical stability properties as well as proven to be highly competent
in the production of the chloro-oxidant species like hypochlorite and
hydroxyl radicals during EO treatment [25,26].

From the literature survey, it has been observed that several re-
search groups have presented the use of DSA such as Ti/(Pt-Ir), Pt-Ti,
Ti/(RuO2-IrO2), Ti/RuO2 and Ti/IrO2 for the treatment of synthetic/
human urine and its metabolites [27–32]. In this present study, the
novel combination of Pt-Ru-Ir-Ti quaternary DSA anode has been se-
lected to get the good resistance properties of Ru-Ir. The Pt layer de-
creases the adsorption of Cl- ions which further increases the process
efficiency at low current densities [33].

Further efforts have been made to increase the process efficiency by
incorporating photo-catalysis along with EO i.e. photo-electrocatalysis
(PEC). In PEC, the photogenerated electrons in the excited TiO2 coated
anode are taken towards cathode via external circuit hence preventing
its combination with photogenerated holes on the anode surface [34].
Photo-electrocatalytic oxidation process has received considerable at-
tention in the field of environmental protection and has been applied
for the treatment of different effluents like dye [35], phenolic com-
pounds [36], Humic substances [37], microbial pollutants [38] present
in water/wastewater. Hence photo-electrocatalysis can be considered as
a good alternative to conventional photo-catalysis for improving the
degradation rate by incorporating synergistic effect along with the
overcoming of pit-falls of photo-catalysis process [14].

The goal of this study is to evaluate the efficacy of DSA electrodes
for the EO as well as PEC treatment of human urine metabolite, crea-
tinine. Besides reporting its novelty in terms of first-time use of this type
of anode, efforts have also been done to reduce the treatment time as
reported in the literature. Box-Behnken design (BBD) under response

surface methodology (RSM) is used for investigating the effect of the
input parameters namely, initial pH, current density, electrolyte con-
centration (NaCl concentration) and time on percentage degradation (%
degradation) and energy consumption. Additionally, durability and
stability of electrodes are checked using various characterization
techniques such as SEM-EDS and Raman spectroscopy. The efficiency of
the process is investigated using various analytical methods such total
organic carbon (TOC), chemical oxygen demand (COD) along with
mineralization end products (i.e, NO3

−, NO2
− and NH4

+ ions). The
oxidative degradation pathway of creatinine during EO treatment is
also proposed in this study as analyzed by Fourier transformed infrared
spectroscopy (FT-IR) and cross-confirmed through liquid chromato-
graphy-mass spectroscopy (LC-MS).

2. Material and methods

2.1. Chemicals

Creatinine (C4H7NO3) with 99.5% purity, acetonitrile and formic
acid of analytical grade were purchased from Sigma-Aldrich, Missouri,
(U.S.). Sodium chloride (NaCl), sulfuric acid (H2SO4) and sodium hy-
droxide (NaOH) were purchased from Loba Chemicals Pvt. Ltd.
Mumbai, India. All the solutions were prepared in double distilled
water with resistivity> 18 MΩ cm−1 at 25 °C obtained from a
Millipore Milli-Q system.

2.2. Sample preparation and experimental setup

Standard synthetic wastewater sample was prepared by dissolving
50 mg creatinine in 1 L double distilled water. The sample was pre-
pared freshly each time. EO experiments for the treatment of creatinine
were carried out in a Glass reactor of working volume 500 ml under a
batch operation mode as shown in Fig. 1. The anode used in the study
was titanium sheet coated with oxides of (titanium, iridium and ru-
thenium), purchased from (Exotic Elements Pvt. Ltd., Mumbai, India)
having dimension (70 mm ∗ 70 mm ∗ 1 mm), whereas stainless steel as
cathode of the same dimension was purchased from (Bio age Pvt. Ltd.,
Mohali, India). The effective surface area of the anode was 42 cm2. In

Fig. 1. Schematic diagram of experimental setup used for
the electrochemical treatment of creatinine.
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the present study, the electrodes were positioned vertically in parallel
mode with 10 mm inter-electrode spacing. DC supply (DIGITECH,
Ambala, India, Model: 0–30 V, 0–2 A) was used to maintain the current
during the experimental runs. To maintain the uniform concentration of
the electrolyte, the solution was continuously agitated at 600 rpm using
a magnetic stirrer.

2.3. Experimental procedure

EO treatment was carried out under galvanostatic conditions. Before
starting the process experiments the pH of the solution was adjusted by
0.1 N HCl and 0.1 N NaOH while NaCl was used as supporting elec-
trolyte to improve the ionic strength of the wastewater solution. At
certain time intervals, 1 ml of sample volume was withdrawn from the
system, filtered using 0.20 μm nylon filters and analyzed by UV–Visible
spectrophotometer at λmax 238 nm. The adsorption of creatinine using
DSA was checked under dark without any current supply with con-
tinuous stirring. It was observed that no significant change in the op-
tical density occurred. Thus, the effectiveness of EO process was proved
in context to the degradation of creatinine.

2.4. Analytical methods

Analytical studies for creatinine were carried out by analyzing the
samples through UV–Visible spectrophotometer (HITACHI, model U-
2800) and HPLC (Shimadzu) with maximum absorption of creatinine at
238 nm wavelength. Total organic carbon (TOC) and chemical oxygen
demand (COD) analysis for the treated samples were monitored to
check the mineralization efficiency of EO process. APHA standard
methods (4500) were used to determine the reduction in COD as well as
the generation of inorganic ions such as nitrate, nitrite, and ammonium
ion during the treatment process [39–42]. TOC of the samples was
monitored using multi N/C 2100Analytik Jena TOC analyzer. The in-
termediates formed during the degradation of creatinine were con-
firmed through LC-MS analysis. Q-TOF mass spectrometer (Micromass
UK Ltd) was used for LC-MS analysis. The temperature of the ion spray
injector was adjusted to 480 °C while declustering potential was 73 V.
The analysis was carried out under isocratic mode using mobile phase
of 0.1% formic acid in water (50%) and 0.1% formic acid in acetonitrile
(50%). Data analysis was conducted in the positive ion mode with a
flow rate of 200 μl min−1. In order to analyze the structural and
functional characteristics of the pure sample and its complexes, FT-IR
was performed. The FT-IR spectrometer used in the present study was
the Perkin Elmer Spectrum 2. The FT-IR spectra were recorded in the
range 4100–400 cm−1. The surface morphology and elemental com-
position of the coatings of purchased DSA anodes were examined using
a JEOL 5900LV scanning electron microscope (SEM) along with energy
dispersive X-ray spectrometry (EDX) mapping. Before the analysis,
samples were coated with the thin layer of gold. Raman spectra were
recorded on a confocal micro Raman spectrophotometer (STR 500,
Airix Corporation, Japan) with a green diode laser source of 532 nm.

2.5. Experimental design

In the present study, Response Surface Methodology (RSM) was
used to optimize process parameters by reducing the number of ex-
periments as well as to investigate the inter-parametric interactions of
the independent variables and their effects on the responses [43]. Box-
Behnken design (BBD) under RSM, requires an experimental run ac-
cording to N = s2 + s +mp, where, s is the factor number and mp is
the replicate number of the central point [44]. The four input operating
variables used in the study were initial pH(X1), current density(X2),
time(X3) and NaCl concentration (X4). The factor level coded for these
process parameters were designated as −1(low), 0(center) and

+1(high), shown in Table 1. The experimental range for each variable
was decided based on the literature studies and preliminary experi-
ments. The total number of experiments designed by BBD for the pre-
sent study based on 3 level factorial experimental design was 29, as
illustrated in Table 2.

To fit the second order polynomial equation (Eq. (1)) to the ex-
perimental data and to analyze the relevant model terms, a manual
regression process was used. Considering all the linear terms, square
terms and the linear by linear interaction terms, the quadratic response
model [45] can be described as:

∑ ∑ ∑ ∑= + + + +
= =

= = +
Z α α X α X α X ei

i
i i

i
ii i i j i j ij ij

1

4

1

4
2 3

1

4
ₒ

(1)

where Z is the response; αₒ, α, αii, αij are constant coefficients, Xi, Xii, Xij

are independent input variables and ei is the error. In the present case,
due to the involvement of the two responses %degradation and energy
consumption, multi-response process optimization with desirability
function approach was used for the optimization of the multiple re-
sponses simultaneously [46,47]. In multi response optimization, each
response is converted into an individual desirability function whose
value lies between 0 and 1 [48]. All the individual desirability functions
are combined in order to obtain overall desirability function, by con-
verting multi-response into single response.

3. Result and discussion

3.1. Statistical analysis with BBD

For designing as well as for analyzing the experimental data through
multiple regression analysis, statistical design expert software version
6.0.8 (STAT-Ease Inc., Minneapolis, US) was used. The results of re-
sponses like % degradation and energy consumption for the EO treat-
ment of creatinine were calculated by conducting the experimental runs
at suggested set of process parameters shown in Table 2 by BBD.

The sequential model sum of square and model summary statistic
were two different test, performed in order to obtain best regression
model among various models like linear, 2FI, quadratic and cubic
[49,50]. A Logit transformation for % degradation and square root
transformation for energy consumed were applied to the experimental
data. From the results of the adequacy tests, the p-value for the quad-
ratic model was< 0.05 which indicates that the model to be statisti-
cally significant [51]. Similarly, R2 0.9726, 0.9770 for % degradation
and energy consumption were found to be maximum for the quadratic
model when compared with other models. The insignificant model
terms in the manual regression method were evicted automatically
which in turn provided the summarize results of analysis of variance
(ANOVA) for each response with reduced quadratic equation and
showed significant model terms [52].

The Second order polynomial equation of responses % degradation
and energy consumption, respectively in terms of independent coded
factors for DSA electrode are summarized in Eqs. (2)–(3).

Table 1
Range and coded levels of chosen variables for electro-oxidation of creatinine.

Factors Variables Range of actual and coded variables

−1 0 +1

A Initial pH 2 5.5 9
B Current density (mA cm−2) 6.12 12.24 18.36
C Time of electrolysis (min) 15 65 115
D NaCl conc. (g L−1) 0.25 0.75 1.25

J. Singla et al. Journal of Electroanalytical Chemistry 809 (2018) 136–146

138



= + − + + + − −
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%degradation 79.17 6.56 X 13.03 X 31.64 X 2.19 X 1.77 X
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where X1, X2, X3 and X4 are initial pH, current density, time and NaCl
concentration respectively.

Table 3 shows the ANOVA results obtained from the second order
quadratic equation for the responses % degradation and energy con-
sumption respectively, for EO treatment of creatinine using DSA. The
model F-value of 38.85 and 42.39 respectively, implies suggested the
model is significant. Values of “Prob > F”< 0.05 at the 95%prob-
ability level indicate that model terms are significant and highly sig-
nificant [53]. From the ANOVA results, the significant model term for
response % degradation are pH, current density, NaCl concentration,
current density2, NaCl concentration2, and current density ∗ time while
current density ∗ time are highly significant. For response energy con-
sumption, the significant model terms are time2, current density ∗ time
and current density ∗ NaCl concentration whereas current density,
time, and NaCl concentration are shown as highly significant. The
model summary statistic showed the R2 (regression coefficient) value
for both the responses were 0.9753 and 0.9770 respectively, implies a
good correlation between response and the factors [54]. For responses
% degradation and energy consumption, the adequate precision ratio
was found to be 22.544 and 25.768, respectively. An adequate precision
ratio above 4 indicates that adequate model is fit and can be used for
navigating the design space [55].

To come to decision for adequacy of the developed mathematical
model, construction of diagnostic plots between the actual versus pre-
dicted for experimental data were evaluated. These plots represent the

relationship between predicted and experimental values [56]. The data
points on the plot (Fig. 2a) were in the proximity of the straight diag-
onal line, which concludes that there is a good adequate agreement
between the experimental data and data predicted by developed
mathematical model [57]. Fig. 2b shows the residual points on normal
probability plot and dot diagram of these residuals lies reasonably close
to a straight line signifies that the underlying assumptions of the ana-
lysis were satisfied [58].

3.2. Effect of process parameters

3.2.1. Effect of initial pH on %degradation
pH of the solution is a crucial factor influencing the performance of

the electro-oxidation process. It explains the adsorption rate of HO%

radicals as well as the type of Cl− species is predominant. Fig. 3a shows
the interaction between pH and current density on % degradation.
From the results, it was found that for pH value ≈ 2, % degradation
was increasing at all the current density values. However, for pH > 2,
% degradation was first increasing for current density values up to
15.30 mA cm−2 and then started decreasing gradually for current
density > 15.30 mA cm−2.

In previous studies, it has been reported that the removal efficiency
of the pollutant tends to increase at lower pH values because at highly
acidic pH the adsorption rate of the HO% radicals on the DSA is high and
hence, leads to the direct oxidation of compound at the anode surface
shown in Eq. (6). Whereas at highly basic pH, the adsorption rate of the
HO% radicals on the anode surface is decreased leads to the transfor-
mation of HO% radicals into H2O2 and HO2% (oxidants of lower poten-
tial) shown in Eqs. (10)–(12) [14] thus, corresponds to mediated oxi-
dation. Furthermore, it was also observed that at highly acidic pH,
HOCl oxidant species generation was maximum which dominates over
all other oxidant species like Cl2, ClO− etc., shown in Eqs. (5)–(9) [31]
and hence led to indirect oxidation. While in the case of alkaline pH,
lower chloro-oxidant species like ClO3

− and ClO4
− were generated

with time and thus reducing the degradation efficiency shown in Eqs.

Table 2
BBD matrix and experimental results for electro-oxidation of creatinine.

Std Run pH Current density
(mA cm−2)

Time (min) NaCl conc. (g L−1) %Degradation Energy consumption
(kWh m−3)

3 1 2 18.36 65 0.75 84.63 37,536.3
2 2 2 6.12 65 0.75 40.222 5524.83
23 3 2 6.12 65 1.25 42.22 3818.63
21 4 2 6.12 65 0.25 52.09 5687.32
20 5 2 12.24 115 0.75 81.11 35,925
24 6 2 18.36 65 1.25 80.89 25,593
29 7 5.5 12.24 65 0.75 77.99 18,199.4
4 8 5.5 18.36 65 0.75 77.06 47,529.8
18 9 5.5 12.24 15 0.75 15.73 4575
27 10 5.5 12.24 65 0.75 80.74 18,199.4
5 11 5.5 12.24 15 0.25 8.86 5512.5
6 12 5.5 12.24 115 0.25 85.3 42,822.6
9 13 5.5 12.24 65 0.25 76.36 25,593
26 14 5.5 12.24 65 0.75 81.89 18,199.4
8 15 5.5 12.24 115 1.25 87.79 22,417.2
28 16 5.5 12.24 65 0.75 76.47 18,199.4
1 17 5.5 6.12 65 0.75 60.85 5118.59
19 18 5.5 12.24 115 0.75 87.94 32,763.6
13 19 5.5 6.12 15 0.75 7.124 1162.5
14 20 5.5 18.36 15 0.75 37.36 9956.25
12 21 5.5 12.24 65 1.25 73.84 12,837.1
11 22 5.5 12.24 65 1.25 82.74 11,699.6
16 23 5.5 18.36 115 0.75 86.6 47,991.7
7 24 9 12.24 15 1.25 21.63 2850
17 25 9 12.24 15 0.75 40.15 4050
25 26 9 18.36 65 0.75 78.78 18,199.4
22 27 9 12.24 65 0.25 74.13 64,835.5
15 28 9 12.24 115 0.75 81.85 9196.8
10 29 9 12.24 65 0.25 66.04 24,374.3
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(13)–(15) [59]. Thus, the oxidation of the target pollutant was found to
be maximum at acidic pH because of the involvement of both me-
chanisms, direct and indirect EO.

At acidic pH:

→ + ++H O HO˙ H e2
– (4)

+ →Cl 2e 2Cl2
– – (5)

+ → + + +Cl H O HClO Cl H2 2
– (6)

→ + +HClO ClO H– (7)

+ + → +ClO H O 2e Cl 2OH–
2

– – – (8)

+ → + ++Cl ˙OH ClO H e– – – (9)

At basic pH:

+ → +HO˙ OH ˙O H O– –
2 (10)

+ → +H O OH HO H O2 2
–

2
–

2 (11)

+ → +HO ˙ OH O ˙ H O2
–

2
–

2 (12)

+ → + ++ClO OH ClO H e– –
2

– – (13)

+ → + ++ClO OH ClO H e2
– –

3
– – (14)

+ → + ++ClO OH ClO H e3
– –

4
– – (15)

3.2.2. Effect of current density on %degradation
Current density is one of the most important operating parameters

for EO treatment process for the analysis of both mechanistic study and
cost effectiveness. In EO process, the generation rate of oxidant species
like HO%, ozone, HO2% and chloro-oxidant species along with the cap-
ability of electron transfer is highly dependent upon the current den-
sity. From the literature it was found that chloro-oxidant species gen-
eration rate was significantly increased by increasing the current
density [60] thus, increasing the process efficiency. But at the same
time at higher current densities Oxygen evolution reaction was more
favored over chloro-oxidant species and thus lowering the process ef-
ficiency of electrodes [61]. At higher current densities the oxidation of
the pollutant may lead to side reactions such as OER in which the OH%

radicals were consumed. Moreover it would lead to increase in energy
consumption due to rise in temperature of the solution [14].

To examine the effect of the current density and time on the re-
sponse % degradation, the value of current density was varied from
6.12 to 18.36 mA cm−2. From Fig. 3b it was observed that % de-
gradation first increase gradually for current density up to
≈12.24 mA cm−2, then become constant for current density <
15.30 mA cm−2. Further increase in current density value > 15.30

Table 3
ANOVA suggested by BBD for %degradation and energy consumption.

Sources %Degradation (Y1) Energy consumption (Y2): (kWh/m3)

Sum of square DF Mean square F-value Prob > F Sum of square DF Mean square F-value Prob > F

Model 119.02 14 8.50 35.44 < 0.0001 91,610.54 14 6543.61 42.39 < 0.0001
pH 4.97 1 4.97 20.74 0.0005 139.17 1 139.17 0.90 0.3585
Current density 14.61 1 14.61 60.91 < 0.0001 44,668.49 1 44,668.49 289.35 < 0.0001
Time 85.62 1 85.62 356.96 < 0.0001 35,142.24 1 35,142.24 227.64 < 0.0001
NaCl conc. 1.80 1 1.80 7.51 0.9433 6579.03 1 6579.03 42.62 < 0.0001
pH2 1.257 ∗ 10−3 1 1.257 ∗ 10−3 5.241 ∗ 10−3 0.0013 91.67 1 91.67 0.59 0.4538
Current density2 3.82 1 3.82 15.94 0.0001 7.59 1 7.59 0.049 0.8277
Time2 6.63 1 6.63 27.63 0.0761 1765.50 1 1765.50 11.44 0.0045
NaCl conc.2 0.88 1 0.88 3.67 0.9268 4.59 1 4.59 0.030 0.8656
pH ∗ current density 2.097 ∗ 10−3 1 2.097 ∗ 10−3 8.741 ∗ 10−3 0.6355 115.41 1 115.41 0.75 0.4018
pH ∗ time 0.056 1 0.056 0.23 0.7979 5.14 1 5.14 0.033 0.8579
pH ∗ NaCl conc. 0.016 1 0.016 0.068 0.0144 20.21 1 20.21 0.13 0.7229
Current density ∗ time 1.87 1 1.87 7.79 0.0433 826.12 1 826.12 5.35 0.0364
Current density ∗ NaCl conc. 0.35 1 0.35 1.46 0.2470 1641.50 1 1641.50 10.63 0.0057
Time ∗ NaCl conc. 0.13 1 0.13 0.55 0.4713 330.36 1 330.36 2.14 0.1656
Residual 3.36 14 0.24 2161.25 14 154.37
Lack of fit 3.09 10 0.31 4.64 0.0762 2161.25 10 216.12
Pure error 0.27 4 0.067 0.000 4 0.000
Cor total 122.38 28 93,771.79 28

Fig. 2. (a) The normal plot of Residuals for %degradation
and (b) The regression plots of predicted vs actual for %
degradation.
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mA cm−2, % degradation was decreased marginally. This trend was
observed at all time values. This concludes that DSA performs better
oxidation at lower current densities.

3.2.3. Effect of NaCl concentration (c) on %degradation
Electrolyte concentration in EO process defines the quantity of re-

active chlorine species formed during the process. Fig. 3c shows the
effect of NaCl concentration and current density on % degradation. It
can be observed that for current density value from 6.12 to
≈15.30 mA cm−2, % degradation increases with increase in electrolyte
concentration values. Further increase in current density value beyond
15.30 mA cm−2, an increase in % degradation was observed for NaCl
concentration values up to 1 g L−1 and then % degradation become
constant for high values of NaCl concentration > 1.0 g L−1 showing
complete degradation of the target compound. The increase in the %
degradation is because of the increase in the synergistic effects of both
HO% and chloro-oxidant species [62]. At the same time, high con-
centration of chloride values leads to the corrosion and fouling of the
electrodes, thus affecting its stability. Hence, optimum dose of NaCl
concentration is very important from the stability point of view. Besides
this, it has been observed that DSA electrodes have proven to be very
effective in promoting the direct oxidation along with mediated oxi-
dation and hence prevents the fouling of electrodes.

3.2.4. Effect of electrolysis time on %degradation
In EO process the treatment time is an important parameter as it

controls the rate of the reaction. In order to evaluate the effect of
treatment time on response % degradation, time was varied from 10 to
115 min and result was shown in Fig. 3b. From the observation, it was
found that with an increase in time value, % degradation increases
gradually for all values of current density. Various studies also reported
that during electrolysis an impermeable film generates on the surface of
the electrode and hence increase the passivation on the electrode sur-
face which in turn increases the treatment time and further decreases

the process efficiency [57]. But in this case, no such problem was ob-
served because the DSA used has the advantage of coupling both direct
and mediated oxidation processes and thus, prevents the passivation of
the anode during the electrolysis.

3.2.5. Effect of initial pH, current density, time and NaCl concentration on
energy consumption

Energy consumption depends on the type of electrode used as well
as the process parameters. From Fig. 3d it was found that with an in-
crease in current density value the energy consumption varies directly,
at all-time values. From Fig. 3e it was observed that at higher values of
pH, energy consumption was found to be maximum. While NaCl con-
centration shows contrary effect, because at its higher concentration
values the energy consumption was found to be less, this could be due
to the ease of flow of current through the electrolyte solution [31].

3.3. Durability studies

In electrochemical oxidation processes, the durability study of the
anode was an important factor in deciding the economy as well as the
practical viability of the process towards commercial applications. In
the present study, attempts have been made to check the durability of
electrodes in terms of a number of recycles and degradation efficiency
of creatinine. The electrodes were successfully recycled for at-least
45 cycles without any much significant loss in degradation efficiency
(~8%) shown in Fig. 4. Generally at high electrolyte concentration and
higher current values, life of the electrodes decreases due to fouling and
passivation [31]. The reason for high robustness of the DSA electrodes
in our study is due to the temperate amount of electrolyte concentration
used as well as lower values of applied current. The stability of the
electrodes after 45th cycle (110 h) was further confirmed through SEM/
EDS and Raman spectroscopy analysis as discussed in Section 3.5.

Fig. 3. 3-D response surface graph for the electro-oxidation of creatinine (a) %degradation versus pH and current density (b) %degradation versus time and current density (c) %
degradation versus current density and chloride concentration (d) energy consumption versus time and current density and (e) energy consumption versus pH and chloride concentration.
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3.4. Characterization of DSA electrodes

SEM was performed to characterize the morphology and surface
structure of the electrodes (freshly coated anode and recycled anode)
respectively. As shown in Fig. 5a and b SEM image of the freshly coated
anode and recycled anode shows almost similar surface characteristics.
Thus indicating a uniform layer of metals even after forty-five cycles. The
incorporation of Ruthenium, irridium and platinum in the metal sheet has
made the structure of electrode relatively smooth, porous and uniform
with minor cracks, which in turn prevents the electrode from corrosion
thereby, enhancing the stability of electrode for a longer period of time
[58]. The prominent peaks of all three metals i.e. Ru, Ir and Pt along with
Ti and O even in recycled anode further confirms the durability and
stability of electrodes after forty-five experimental runs. Further, quanti-
tative analysis shows that the atomic concentration of various metals Ti,
Ru, Ir, O, and Pt in the oxide mixture were quietly same for both the
samples shown in Fig. 5a and b, thus confirming the stability of electrodes
even after multiple numbers of experimental runs. In addition, the

elemental mapping images as shown in Fig. 5c was obtained by analyzing
the distribution of the different metal elements coated on the whole
surface of titanium metal sheet. The results reveal that the distribution of
Ti, Ru, O, Ir and Pt are homogeneous throughout the oxide film, but the
distribution of iridium and platinum are limited.

In Fig. 6, Raman spectrum of the oxide film for both electrode
samples (freshly coated anode and recycled anode) were compared in
order to confirm the presence of the same respective oxide peaks. Fig. 5
shows small peaks at 133 cm−1 for TiO2 [63], 525 cm−1 for RuO2,
728 cm−1 for IrO2 [64] and 1600 cm−1 for Pt [65]. Raman spectrum of
recycled anode shows the same peaks like freshly coated yet somewhat
moved to 520 and 751 cm−1 along with changed amplitude as shown
in Fig. 5. From both the spectrums it can be seen that there was no
change happen after utilization of DSA electrode for electrochemical
oxidation treatment of creatinine even after forty-five runs. Hence, it
can be concluded that the addition of Ru and Ir metals has increased the
stability of the coatings for a longer period of time. Spectrophotometric
studies for DSA electrode were conducted to check the valence state of
metallic coatings of the purchased anode.

Fig. 4. Recyclability pattern of DSA electrode up-to 45 experimental runs.

Fig. 5. SEM and EDS images (a) freshly coated sheet and (b) recycled sheet (c) EDS elemental mapping images.

Fig. 6. Raman spectra of DSA electrodes (before and after application to Electro-oxidation
process).
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3.5. Optimization

In this study, the optimum conditions for the electro-oxidation
treatment of creatinine were carried out through simultaneous opti-
mization of multiple responses %degradation and energy consumption
respectively. For simultaneous optimization, the process parameters
were kept within range while the response % degradation was fixed as
maximum and response energy consumption was fixed as minimum
respectively. Table 4 shows the optimum conditions for input para-
meters and responses along with the corresponding desirability value
for individual and simultaneously optimization. The optimum condi-
tions for process parameters were found out to be pH = 2.4, current
density = 10.29 mA cm−2, time = 85 min and electrolyte con-
centration = 0.75 g L−1. At these optimized conditions, the value of
responses %degradation and energy consumption proposed by BBD
were 85.97% and 17,986.028 kWh/m3along with overall desirability,
D = 0.899. In order to confirm the adequacy of the developed model,
actual experiments were performed at these optimized conditions. The
values of responses at these optimum conditions were found out to be
85.41% and 16,826.875 kWh/cm3 respectively, which came out to be
very close to the predicted values as shown in Table 5. During elec-
trolysis, due to the generation of various oxidant species like (HO%,
H2O2, HO2

% HOCl, and OCl−) at optimized conditions, concludes that
both direct and indirect oxidation mechanisms were responsible for the
degradation of creatinine. The PEC was also conducted at optimized
conditions to observe the synergistic effect of dual effect (EO + PC) for
the degradation of creatinine. The treatment time was further reduced
to 60mins with the dual process, thus proving the effectiveness of dual
process over individual processes respectively. Actually, the process
would lead to activation of TiO2 coating on DSA under UV irradiation,
leading to the generation of more hydroxyl radicals which subsequently
reduce the treatment time. During this dual process, the recombination
of electrons and holes was inhibited by taking away the photo-gener-
ated electrons towards cathode via external circuit leaving behind
photogenerated holes or OH% at the surface of the anode which subse-
quently attacks the pollutant and degrades it [34].

3.6. Mineralization studies

In order to check the quality of treated effluent, samples were
analyzed for identification of latter transformed products through var-
ious techniques like UV–vis, FTIR, COD, TOC, inorganic ions(NO3

−,
NO2

− and NH4
+) and LC-MS analysis. Fig. 7 shows the UV–vis spec-

trophotometer results for untreated and treated samples after 85mins of
treatment time. From results, it can be concluded that the initial value

of absorbance for pure creatinine got changed during the electrolytic
treatment and some other peaks were seems to be formed at different
lambda max at different time intervals. This change in the lambda max
confirms the formation and destruction of various unstable inter-
mediate byproducts through oxidant species such as HO%, HO2%, and
HOCl which were generated in-situ during the EO process [48,66].

To examine the phenomenon of creatinine removal from aqueous
solution through the electro-oxidation process, FT-IR was performed
under optimal conditions. Fig. 8 shows the FT-IR spectra of creatinine
samples at different time intervals. The peaks at 1671.23, 1036.00 and
607.36 cm−1 accounts for –C]O stretch. A broad peak at
3252.44 cm−1 and intense peak at 1590.51 cm−1 shows the presence
of NeH and peak at 1330.25 cm−1 indicate the presence of CeN group.
Other peaks were also observed at 2800–3100 cm−1 and
600–800 cm−1 were accounts for CeH (stretch and bending). Some
other small peaks were also observed in the fingerprint region of raw
creatinine sample (t= 0 min) which got disappeared completely during
the electrolysis process. Broad and sharp peaks at 3400 cm−1 and
1600 cm−1 were formed (t > =15 min) due to OH radical generation
as well as due to- C]O stretching of intermediates formed during EO
process [48]. The peaks at 1100–800 cm−1 (t > 45 min) were formed

Table 4
Individual and simultaneously optimization results for desirability calculations.

Response pH Current density
(mA cm−2)

Time
(min)

NaCl conc.
(g L−1)

Desirability

Individual response optimization
% Degradation = 87.98% 2.31 14.02 107.21 0.96 1.00
Energy consumption = 1109.75 kWh m−3 2.39 7.35 16.22 1.22 1.00

Simultaneous optimization of responses
% Degradation = 85.97%
Energy consumption = 17,986.028 kWh m−3 2.4 10.29 85 0.75 0.899

Table 5
Comparison between predicted and actual experimental value at optimized conditions
suggested by BBD.

Responses Predicted Actual experimental value

% Degradation 85.97% 85.41%
Energy consumption 17,986.028 kWh m−3 16,826.875 kWh m−3

Fig. 7. UV–visible spectra of treated and untreated creatinine at optimized parameters
(pH-2.4, current density-10.29 mA cm−2, NaCl concentration-0.75 g L−1 and treatment
time- 85 min).

Fig. 8. FT-IR spectra of treated creatinine at different time intervals at optimized para-
meters (pH-2.4, current density-10.29 mA cm−2 and NaCl concentration-0.75 g L−1).
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which accounts for chloride inorganic anion, normally present in hy-
pochlorite solution [52].During EO treatment of creatinine, shifting of
peaks was observed because of the breaking of the bonds at particular
wavenumber. In addition to this, an increase in the % transmittance
was observed for most of the peaks after electrolysis, indicates the
complete oxidation of cyclic structure of creatinine.

The mineralization of creatinine by EO process was confirmed in the
study through a reduction in COD and TOC along with generation of
ions like nitrite, nitrate and ammonium ion. Around 80% removal in
COD and TOC were attained in 85mins at optimized conditions be
pH = 2.4, current density = 10.29 mA cm−2and electrolyte
concentration = 0.75 g L−1 which reached to> 90% when the reac-
tion was extended to 130 min as shown in Fig. 9a. An increasing trend
was observed for the generated nitrate and ammonium ions while in the
case of nitrite, ion concentration started decreasing after 20 min of
treatment time as shown in Fig. 9b. This could be possible due to the
conversion of nitrite ion into nitrate ions as reported in the literature
[6]. During EO treatment of creatinine, the intermediates formed were
identified through LC-MS analysis (Supplementary Information, S1).
Based on these intermediates (1–5), a degradation pathway has been
proposed as shown in Fig. 9c. The cleavage of CeN bond followed by
oxidation of the target pollutant led to the formation of intermediate
(1). While the fragmentation of (1) followed by oxidation and reduction
could lead to the generation of (2) and (4) respectively. Removal of a
methyl group from (2) could ultimately lead to the production of urea
(3). Whereas, further oxidation of (4) could possibly form (5). Similar
kind of products (3 and 5) has been reported in the literature [4].

4. Conclusion

EO removal of creatinine through titanium based DSA has been

studied successfully using BBD for parametric optimization. The op-
timal process parameters for obtaining the maximum degradation were
found to be pH≈ 2.4, current density ≈ 10.29 mA cm−2,
time ≈ 85 min and electrolyte concentration ≈ 0.75 g L−1. Multi-re-
sponse optimization by desirability function was found to be useful for
simultaneous maximization of % degradation and minimization of en-
ergy consumption. Actual experimental values for responses % de-
gradation and energy consumption were found to be very close to the
predicted values at optimized conditions. The degradation of creatinine
was found to be maximum because of the involvement of both me-
chanisms, direct and indirect processes. Primarily, due to the genera-
tion of OH% and chloro-oxidant species like HOCl, ClO and partially due
to the involvement of other electrochemically generated oxidants such
as H2O2 and HO2%. More than 90% reduction in COD and TOC values
were achieved when the reaction was further extended to 130 min.
Organic and inorganic intermediates formed at the different time of the
treatment were confirmed FT-IR and LC-MS analysis. Based on these
intermediates the oxidative degradation pathway of creatinine has been
proposed in the study. Characterization results obtained from SEM, EDS
and Raman spectroscopy has confirmed the stability and potency of
DSA electrodes for effective degradation of creatinine even after forty-
five cycles of the experimental run. Results indicate the efficiency of EO
process as a promising technique for eco-sanitation applications in
developing for the on-site treatment of human urine.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jelechem.2017.12.061.

Fig. 9. (a) Percentage of COD and TOC removal with time during electrolysis of creati-
nine at optimized parameters (pH-2.4, current density-10.29 mA cm−2 and NaCl con-
centration-0.75 g L−1).
(b) Nitrite, nitrate and ammonium ions concentration (mg L−1) during electrolysis of
creatinine at optimized parameters (pH-2.4, current density-10.29 mA cm−2 and NaCl
concentration-0.75 g L−1).
(c) Proposed degradation pathway for creatinine.

Fig. 9. (continued)
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a  b s  t r  a  c t

The  present study  investigates  the  electro-oxidation  (EO)  treatment  of  urea containing  wastewater  using
mixed  metal  oxide  (MMO) anodes.  Box-Behnken  design (BBD)  was employed  to  analyze  the  effects of
various  operational  process  parameters like  current density  (j), NaCl  dose  (n),  treatment  time  (t) and  pH
in  an  EO reactor  in  batch  mode.  The performance  of the treatment  process was evaluated  in terms  of  %
degradation  and energy  consumption.  Under  optimum  conditions,  the  experimental  results  showed  that
more  than  94.78%  of degradation  of urea was achieved.  Electro-oxidation  has  effectively  reduced  the  TOC
(90%)  under  optimum conditions.  Attempts were  made  to integrate the  two  process electro-oxidation  and
photocatalysis  i.e. Photoelectrocatalysis  within  the  same  treatment  unit for the enhanced  degradation
of  target  pollutant.  The electro-oxidation  process  with  mixed  metal  oxide  anode  has  also  attained  a
significant  removal  of nitrogen  by transforming  into  the NO3

− and NH4
+ through  the formation  of  OH•

and  reactive  chlorine  species.  Characterization  techniques  like  SEM-EDX  and XRD have  confirmed  the
durability  of  mixed metal  oxide  anodes  even after  90  recycles  of the experimental  run. The total  operating
cost  for  electro-oxidation  treatment  of  urea  under optimized  conditions  is found to be 0.78  $/m3.

©  2019 Published  by  Elsevier  B.V.  on behalf of Institution  of  Chemical  Engineers.

1. Introduction

Lack of proper sanitation along with rampant agriculture
activities in developing countries like India had led to  inflated con-
centrations of nitrogen in surface water, groundwater and rivers
(Amin et al., 2017). A recent study has shown that in India more
than 20 million ton of urea, which is a potential source of nitro-
gen, was used for the agriculture activities and apparently it has
put indirect and direct potential ill effects on human health as well
as on aquatic life (Yadav and Pandey, 2017). Apart from this, many
industries like pharmaceuticals, chemical industry, fertilizer com-
panies, etc are adding woes to the concern of pollution in water
due to continuous discharge of nitrogen-based components during
the manufacturing of chemicals and treatment of wastewater. Thus,
causing serious health problems as well as increasing the biological
oxygen demand (BOD) of surface and ground waters (Gupta et al.,
2017). Combined agriculture and open defecation contribute more

∗ Corresponding authors.
E-mail addresses: vksangal.chem@mnit.ac.in (V.K. Sangal),

anoop.kumar@thapar.edu (A. Verma).

than 70% of the total nitrogen nuisance in terms of urea discharge
in rivers (Showkat, 2016).

Urea, known as carbamide, is an organic compound which
plays an essential role in the living organisms. It participates in
the biological processes and metabolic pathways such as protein
decomposition (Urbańczyk et al., 2016). It is colorless, highly sol-
uble in water, odorless and non-toxic compound. In spite of its
low toxicity, its continuous discharge in the streams from sources
like toilet wastewater (contains 9  to 24 gm L−1), industries, and
fertilizers waste leads to the excessive N-loading in surface water
and cause algal blooming leaving adverse effects on the ecosystem
as well as human well-being (Cho and Hoffmann, 2014). More-
over, its readily automatic conversion to ammonia via enzymatic
hydrolyzes by urease leads to the serious environmental and health
problems such as an increase in the pH of the soil and release of free
ammonia into the atmosphere contributing toxic compounds like
ammonium, nitrates, and sulfates (Yan et al., 2012).

The technical feasibility of conventional processes like adsorp-
tion, biological decomposition, enzymatic decomposition, and
chemical oxidation is still under debate (Amstutz et al., 2012;
Cataldo Hernández et al., 2014). With the variable sources of con-
tamination, there is a requirement for effective on-site treatment

https://doi.org/10.1016/j.psep.2019.08.017
0957-5820/© 2019 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
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of urea-rich wastewater for removing the nitrogen loading as well
as avoiding the issues came from the storage of toilet wastewater
(Maurer et  al., 2006).

In recent years, the electrochemical oxidation (EO) process has
shown promising results for the treatment of the different types
of bio refractory organic pollutants which are not amenable to the
conventional biological treatment technologies (Barrera-Díaz et al.,
2017). For instance, the nitrogen removal through biological pro-
cesses for urea treatment may  have hydraulic retention time up
to a few days while electrochemical treatment can execute the
removal within a few hours (Cho and Hoffmann, 2014). It is a tech-
nique based on the transfer of electrons, with inherent advantages
of high energy efficiency, compatible, amenability to automation,
easy handling and safe as they operate under mild conditions. Same
time it is versatile with a  wide range of applications to treat bio-
recalcitrant compounds and a variety of effluents (Sirés et al., 2014).

A few studies have reported the EO treatment of urea because
of its complex removal mechanism, which depends on several
factors such as pH, the concentration of electrolyte, applied cur-
rent and type of electrode used (Mahmoud et al., 2013). Several
researchers have tested different electrodes such as glassy car-
bon, Ti/Ir, Ti/RuO2,  Ti/Pt, boron-doped diamond (BDD), Ni/Ni(OH2),
PbO2, graphite, etc. for the removal of urea in presence of chloride
(Cataldo Hernández et al., 2014; Simka et  al., 2007;  Osetrova and
Skundin, 2002). Although successful, yet the problem of dissolution
of Pb, low stability of Ni, deactivation of Pt anodes at high applied
potentials, the formation of hydrazine on Ir anode and production
of chlorates, perchlorates on BDD during the treatment process
(Bergmann et al., 2009). Moreover, the high cost of  BDD anodes
made their pilot-scale applications impractical. Hence, prompted
the scientist to  work with cost-effective mixed metal oxides (MMO)
anodes.

MMO  has exhibited a  wide variety of applications for the treat-
ment of dyes, pesticides, phenols, pharmaceuticals, landfill leachate
and even real wastewaters (Wu et al., 2014;  Zöllig et al., 2015;
Isarain-Chávez et al., 2017; Gurung et al., 2018). These anodes
are electrochemically stable, cheap, efficient and having good
electrocatalytic properties in terms of anodically generated reac-
tive chloro-oxidant species such as (Cl2, HOCl, ClO−, Cl

•
) which

likely to cause complete degradation of pollutants (Subba Rao and
Venkatarangaiah, 2014).

In this experimental study, Ti/Ir/Ru/Pt (ternary) MMO  anode was
chosen for EO treatment of urea. This novel combination of differ-

ent metal oxides was incorporated on titanium anodes in order to
have a more electro-active surface area (more active sites), bet-
ter stability in acidic solutions as well as a high temperature, good
resistance properties, durable enough at  high anodic potentials and
electrochemically effective even at lower current densities (Singla
et al., 2017). Through this study, authors claim the novelty in terms
of first-time use of ternary anodes for urea treatment.

The present study aims to understand the EO mechanism of urea
by identifying the optimal relationship between initial chloride
content and applied current density. Box-Behnken design (BBD)
was applied to design the experiments and to evaluate the inter-
parametric relation among different input process parameters such
as NaCl dose (n), pH, applied current density (j) and treatment time
(t) as well as their effect on % degradation (Q1) and energy con-
sumed (Q2). Further, the durability and stability of novel anodes
were studied through different characterization techniques such
as XRD and SEM-EDS. Fourier transformed infrared spectroscopy
(FTIR), cyclic voltammetry (CV), total organic carbon (TOC), total
available chlorine (TAC), total nitrogen along with an examina-
tion of inorganic ions (i.e., Cl−,  NO3

− and NH4
+ ions) were used

to analyze the quality of treated effluent.

2. Materials and methods

2.1. Materials

All chemicals used in the present study were analytical grade.
Urea (CH4N2O) with (>99% purity) was procured from Sigma-
Aldrich. Sodium sulfate, Na2SO4 and sodium chloride, NaCl were
supplied from Loba Chemie, India. H2SO4 (0.1 N) and NaOH (0.1 N)
used for initial pH adjustments were obtained from SD Fine Chemi-
cals Ltd. (India). The solutions were prepared with double-distilled
at 25 ◦C and collected through a Millipore Milli-Q system.

2.2. Experimental setup

The EO batch reactor (Fig. 1a) was  used in the present study for
the treatment of urea (2 g  L−1) with a working volume of 400 mL.
MMO (as an anode) and stainless steel (as a cathode) with dimen-
sions (70 mm  *70 mm  *1 mm)  and total effective surface area of 42
cm2 (20 mm inter-electrode spacing) was used for each experimen-
tal run. The current density desired for each experimental run was
maintained constant by the digital current power supply (5 A, 30 V).

Fig. 1. Schematic diagram of the experimental setup used for the treatment of urea (a) electro-oxidation and (b) photoelectrocatalysis.
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Table  1
Range of choose variables for electro-oxidation treatment of urea and their levels.

Variables Range of actual and
coded variables

−1 0 +1
X1 Current Density (mA  cm−2)  9.52 19.04 28.57
X2 NaCl dose (g L−1)  0.5 1.13 1.75
X3 Time (min) 60 120 180
X4 pH 3  6 9

Table 2
BBD matrix and their experimental results.

Std Run Block Current density (mA  cm−2)  NaCl dose (g L−1)  Time (min) pH %  Degradation Energy consumption
(kWhr m−3)

4 1 1 28.57 1.75 120 6 65 37.2
9  2 1 19.05 1.13 120 6 82 22.4
7  3 1 19.05 1.13 60 9 20 11.86
3  4 1 9.52 1.75 120 6 26 6.76
2  5 1 28.57 0.50 120 6 17 49.92
5  6 1 19.05 1.13 60 3 52 11
8  7 1 19.05 1.13 180 9 46 34.97
10  8 1 19.05 1.13 120 6 82 22.4
1  9 1 9.52 0.50 120 6 15 7.96
6  10 1 19.05 1.13 180 3 98 31.8
15  11 2 19.05 0.50 60 6 19 13.06
13  12 2 9.52 1.13 120 9 23 8.44
18  13 2 19.05 1.75 180 6 76 30
20  14 2 19.05 1.13 120 6 82 22.4
12  15 2 28.57 1.13 120 3 73 43.68
11  16 2 9.52 1.13 120 3 39 6.8
14  17 2 28.57 1.13 120 9 30 46.32
19  18 2 19.05 1.13 120 6 82 22.4
17  19 2 19.05 0.50 180 6 59 37.8
16  20 2 19.05 1.75 60 6 37 10.4
29  21 3 19.05 1.13 120 6 82 22.4
23  22 3 9.52 1.13 180 6 41 10.52
30  23 3 19.05 1.13 120 6 82 22.4
28  24 3 19.05 1.75 120 9 35 21.52
25  25 3 19.05 0.50 120 3 56 25.28
21  26 3 9.52 1.13 60 6 11.5 3.63
24  27 3 28.57 1.13 180 6 62 65.7
22  28 3 28.57 1.13 60 6 22 22.5
26  29 3 19.05 1.75 120 3 88 19.6
27  30 3 19.05 0.50 120 9 28 26.72

For each experimental run, the electrolytic solution in a reactor was
mixed homogeneously by a magnetic stirrer at 600 rpm.

For photo-electrocatalysis, the EO reactor (mentioned above)
has been placed in a fabricated wooden chamber. However, the DC
supply was placed outside the chamber for safety purposes. The
chamber contains 10 UV tubes, out of which 7 tubes (Philips) of
36 W (365 nm)  were attached beneath of the top roof while other
3  UV tubes of 18 W (365 nm)  attached to the one sidewall of the
wooden chamber and aligned horizontally as shown in Fig. 1b.
The experiments under UV light were executed at a UV intensity
of 23 ± 2 W m−2 measured by a radiometer (Eppley; model no.
33,013). For getting the appropriate intensity of UV light through-
out the reaction, the distance of the EO reactor was  fixed from the
tubes accordingly.

2.3. Electro-oxidation experiments

Electrochemical decomposition of urea was performed under
galvanostatic conditions. The pH of urea wastewater was adjusted
with NaOH (0.1 N) and H2SO4 (0.1 N) solution as per the require-
ment for a particular experimental run. For improving the
conductivity of the urea wastewater sample, necessitate an amount
of Na2SO4 (1 g L−1)  was added. The chemical analysis was carried
out periodically by withdrawing a sample volume of 1 mL after
filtering through 0.20 �m  nylon filters and analyzed spectrophoto-

metrically. Urea adsorption studies on MMO  were performed under
dark conditions without applying any voltage with continuous stir-
ring and negligible reduction in the concentration of urea was
noticed. Hence, the efficacy of the treatment process was proven
in context to urea degradation using EO. All experiments were per-
formed thrice to check the reproducibility of results. For validation
of results, suitable statics were applied. The mean value of results
has been quoted in the study along with the standard deviation that
has been represented in the form of bar graphs wherever required.

2.4. Analytical analysis

Double beam UV–vis spectrophotometer (U-2800, HITACHI,
Japan) was used to determine the percentage degradation of urea
in treated samples at �max 420 nm.  Urea concentration was deter-
mined on spectrophotometer by addition of hydrochloric acid and
p-dimethylaminobenzaldehyde in order to  obtain a yellow color
solution, which formed due to the formation of the complex. TOC
of urea samples were analyzed with TOC analyzer (Multi N/C
2100 Analytik Jena). The oxidative and reductive reaction occurred
during electrolysis of urea were measured through CV [auto lab,
model-CHI660C] by using three-electrode assembly with Pt wire
as the counter electrode, Ag/AgCl as a  reference and commer-
cially available Pt rod with 1cm2 area as a working electrode.
APHA standard methods were performed to analyze the mineral-
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ization by-products of urea such as  inorganic ions which include
(NO3

−, NH4
+, and Cl−), total available chlorine (TAC), total nitro-

gen. The study of OH
•

production during electro-oxidation and
photoelectrocalatysis (PEC) were checked using a fluorescence
spectrophotometer (PerkinElmer, LS 45). Terephthalic acid (TPA)
was used as a robe which readily reacts with the OH

•
and pro-

duces a fluorescence compound named 2-hydroxyterephthalic acid
(TAOH). The intensity of fluorescence compound was  taken at
an excitation wavelength at 315 nm and emission wavelength
at 425 nm.  The surface morphology and elemental composition
were checked through an SEM-EDS (scanning electron micro-
scope, [model-JSM-6510LV, JEOL, Japan]) and (energy dispersive
spectrometry [model-INCAX-act, Oxford instruments, U.K]. The
crystalline structure of MMO  anode was analyzed by XRD (X-ray
diffraction) using X’Pert pro diffractometer from 2 Theta = 20-90◦.
To analyze the functional and structural characteristics of samples,
FT-IR (Perkin Elmer Spectrum 2, 4100–400 cm−1) was performed.

2.5. Experimental design

In this study, three-level Box-Behnken design (BBD) based RSM
has employed for the experimental design, data analysis and para-
metric optimization of the EO treatment for urea. Each factor in BBD
was coded at three levels –1(low), 0 (neutral) and +1(high). The
design level limit of selected input parameters i.e. current density
(j) (X1), NaCl dose (n) (X2),  treatment time (t) (X3) and pH (X4) has
been shown in Table 1. Process parameters and their ranges for the
experimental study were determined on the basis of the literature
survey and preliminary experiments performed. The total number
of experimental runs were established based on BBD was  30 with
six replication runs at the center as shown in Table 2.  The perfor-
mance of the EO process was evaluated by analyzing the responses;
percentage degradation (Q1) and energy consumed (Q2). During
EO treatment of urea the response (Q2) i.e. energy consumption, E
(kWhr m−3)  was calculated by following Eq. (1).

E  =
[

V*I*t
Sv

]
(1)

where, I = current (A); V = voltage; t = treatment time (h);
Sv = Sample volume (m3). In the optimization process, the math-
ematical relationship of the response Q on these significant input
factors can be estimated by the second-order polynomial equation.
The experimental data obtained were fitted to  a second-order
polynomial equation, described in Eq. (2):

Q = ˇ◦ +
4∑
i=1

ˇiXi +
4∑
i=1

ˇiiX
2
i +

∑3

i=j

∑4

i=j+1
ˇijXij + ei (2)

where Q  is the response; ß0,  ßi, ßii, ßij are constant coefficients;
Xi,  Xii, Xij are input factors and ei is the error (Nair et al., 2014).
The quality of the resultant polynomial model was expressed by
the coefficient of determination R2 while statistical significance
was checked by F-Test. For the present case, due to the involve-
ment of more than one response multi-response optimization with
desirability approach was used to optimize the EO operational
parameters.

2.6. Operating cost analysis

The overall cost for EO treatment comprises of cost of electrodes,
cost of stirring, cost of chemical and electrical energy consumed.
However the treatment process is energy-intensive, therefore total
cost for operation is due to the electrode cost and electrical power

employed. Hence, in the present study, the total cost for EO opera-
tion was calculated using the following equation:

Operatingcost = CEC+CEL (3)

Where, CEC = cost of energy consumed (kWh m−3)  and CEL= cost of
electrodes (Kg m−3). The price of electricity in Punjab, (India) = R̃s
5.00/kWh. In the present study, the cost of MMO  anode was Rs 720
per piece. The manufacturer/supplier has specified the life span of
the electrode is 5 years.

3. Result and discussion

In the present study, Box-Behnken design with (4-factors,
3-levels, 2-responses) under RSM was developed by statistical
Design-Expert software version 6.0.8 (STAT-Ease Inc., Minneapo-
lis, US). All the experimental runs were performed according to
the design given by BBD. The data obtained from the experimental
runs were analyzed by two different tests in order to obtain effec-
tive regression models among various models. The model summary
statistics showed the highest regression coefficient R2 values for
the quadratic model. The R2 values for both response variables
were 0.9900 and 0.9986 respectively, indicating that models have
explained the experimental data very well and advocates satisfac-
tory adjustments between observed and predicted values.

Table 3 shows the results of the quadratic model fitting in the
form of analysis of variance (ANOVA). It is a statistical technique
which subdivides the total variation into parts i.e. variation related
to model and variation related to residual error for the purpose of
testing hypotheses on the parameters of the model (Fu et al., 2007).
The results of ANOVA implying that the model is highly significant,
with F values 92.35 and 647.44, respectively which further indi-
cate that adequate model is fit and can be used for design space
navigation (Sangal et al., 2012). The non-significant value lack-of-
fit (P > F  = 0.0001) indicate that the model is statistically significant
for responses (Q1 and Q2) and can be used for further analysis and
very low probability value.

An empirical relationship between the responses and the oper-
ational parameters in terms of independent coded factors obtained
from the design-expert software were expressed by the quadratic
model equation as shown in Eqs. (4)–(5):

Q 1= +82.00 + 9.46 ∗ X1+11.08 ∗ X2+18.37 ∗ X3–18.67 ∗  X4

–31.21 ∗ X1
2–19.15 ∗ X2

2–16.33 ∗ X3
2–10.77 ∗ X4

2

+9.25 ∗ X1∗X2-2.62 ∗ X1∗X3–6.75 ∗ X1∗X4–0.25 ∗  X2∗X3

-6.25 ∗ X2∗X4–5.00 ∗ X3∗X4 (4)

Q 2= +22.40 + 18.43 ∗ X1–2.94 ∗ X2+11.53 ∗  X3+0.97 ∗ X4

+3.17 ∗ X1
2+0.27 ∗ X2

2–0.10 ∗ X3
2+0.49 ∗ X4

2–2.88 ∗ X1∗X2

+9.08 ∗ X1∗X3+0.25 ∗ X1∗X4-1.29 ∗ X2∗X3+0.12 ∗ X2∗X4

+0.58 ∗ X3∗X4 (5)

where X1, X2, X3 and X4 are current density, electrolyte concen-
tration, treatment time and pH while Q1 and Q2 are % degradation
and energy consumed respectively. The important part of the data
analysis procedure is to evaluate the adequacy of developed math-
ematical models by constructing diagnostic plots such as predicted
versus actual for the experimental data. The data points on this plot
lie were found very close to  the diagonal line, indicating the good
correlation between experimental data and predicted data devel-
oped by the chosen model (Thirugnanasambandham et al., 2015)
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Table  3
ANOVA results suggested by BBD for responses (Q1 and Q2).

Sources % Degradation (Q1) Energy Consumed (Q2)

Sum of square DF Mean square F-value Prob > F  Sum of square DF Mean square F-value Prob > F

Block 15.52 2 7.76 1.41 2 0.71
Model 20575.85 14 1469.70 92.35 < 0.0001 6229.86 14 444.99 647.44 <0.0001
X1 1073.52 1 1073.52 67.46 < 0.0001 4077.82 1 4077.82 5933.06 < 0.0001
X2 1474.08 1 1474.08 92.63 < 0.0001 103.61 1 103.61 150.74 < 0.0001
X3 4051.69 1 4051.69 254.60 < 0.0001 1594.83 1 1594.83 2320.41 < 0.0001
X4 4181.33 1 4181.33 262.75 < 0.0001 11.35 1 11.35 16.51 0.0013
X1

2 6678.58 1 6678.58 419.67 < 0.0001 68.85 1 68.85 100.18 < 0.0001
X2

2 2513.57 1 2513.57 157.95 < 0.0001 0.49 1 0.49 0.71 0.4134
X3

2 1829.33 1 1829.33 114.95 < 0.0001 0.076 1 0.076 0.11 0.7454
X4

2 795.50 1 795.50 49.99 < 0.0001 1.64 1 1.64 2.38 0.1466
X1X2 342.25 1 342.25 21.51 0.0005 33.18 1 33.18 48.27 < 0.0001
X1X3 27.56 1 27.56 1.73 0.2109 329.60 1 329.60 479.56 < 0.0001
X1X4 182.25 1 182.25 11.45 0.0049 0.25 1 0.25 0.36 0.5568
X2X3 0.25 1 0.25 0.016 0.9022 6.60 1 6.60 9.61 0.0084
X2X4 156.25 1 156.25 9.82 0.0079 0.058 1 0.058 0.084 0.7768
X3X4 100.00 1 100.00 6.28 0.0263 1.33 1 1.33 1.94 0.1869
Residual 206.88 13 15.91 8.93 13 0.69
Lack  of fit 206.88 10 20.69 8.93 10 0.89
Pure  error 0.000 3 0.000 0.000 3 0.000
Core  total 20798.24 29 6240.21 29

Fig. 2. The plot of Normal % probability vs  Studentized Residuals for (a) %degradation and (b) energy consumption.

as shown in Fig. 2.  To visualize the effect of operational parame-
ters on responses and to find out the optimal condition of these
parameters, 3D response surface graphs were studied.

3.1. Effect of process variables

3.1.1. Effect of current density (j), NaCl dose (n), treatment
time(t) and pH on %  degradation, (Q1)

Current density, j is an important operating parameter in the
EO process because of the cost-effectiveness analysis and mech-
anistic study. Furthermore, the capability of transfer of electron
and generation of oxidant species all depend upon j (Wu et al.,
2014). For j values from 9.52 to ≈ 20 mA  cm−2, it can be observed
(Fig. 3a) that, Q1 increases with increasing n values up to 1.13 g
L−1. Further increase in j  values upto 28.57 mA cm−2 showed a
gradual decrease in Q1.  While at each n value beyond 1.13 g L−1,
shows a marginal effect on Q1 value. Urea degradation is highly
dependent upon current and non-linear. In literature, it has been
reported that at very lower values of current applied, generation of
chlorine species on MMO  anodes has fallen down gradually with

time and hence decreases the process efficiency (Hernlem, 2005).
But on increasing j values, it appeared that the generation of OH

•

and oxidation of chloride in reactive chlorine oxidant species (RCS)
increased, which helped in the better degradation of urea in the
aqueous solution. From the experimental results it has been found
that after certain values of j  and n, the removal efficiency of urea
becomes minimum. This might be due to the metal dissolution at
higher values of j, which propagated the growth of the flocs in the
solution as well as increase the temperature of the solution which
further interferes the degradation process and hence decreased the
process efficiency (Garg and Prasad, 2015). Furthermore, it has also
been reported that MMO  exhibits better process efficiency at lower
values of j because of the low oxygen evolution potential which
disfavored the other side reactions and hence provides effective
degradation of pollutant.

The concentration of sodium chloride plays a significant role
because it influences the efficiency of the EO process. Actually,
the dose of NaCl defines the amount of RCS such as HClO, ClO−,
etc. formed during EO treatment of urea at MMO  anodes. It has
been observed that an increase in n  values lead to the rise in urea
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Fig. 3. Effect of different operational parameters on % degradation and energy consumption during electrolysis of urea (a) j and n (b) t  and pH (c) n and pH and (d) t  and. j.

degradation. RuO2 and Pt, metal oxides are known to be the most
widely used electro-catalyst due to their enhanced performance for
Cl2 and oxygen evolution potential upto 1.7 V to 1.9 V  (Martínez-
Huitle and Andrade, 2011). Furthermore, it has been observed that
during EO treatment with increasing NaCl dose, the concentration
of chloride ions and hypochlorite ions might have also increased
in the solution which gets adsorbed on the surface of the anode.
These ions react with urea resulting in its decomposition either
directly on the surface of the anode or OH

•
and indirectly by chlo-

rine species and H2O2 species generated in the bulk. Hence, the
synergistic effects of chloro active species and OH

•
radicals have

led to the maximum degradation efficiency during the treatment
process (Hiwarkar et al., 2017). In addition to this, the average rate
of the degradation process increases due to the improvement in the
solution conductivity which substantially decreases the drop in the
voltage along with energy consumption. On further increase in the
n values, it has been found that urea degradation was minimum,
which might be due to the reactions between ammonium ion and
hypochlorous acid (Cataldo Hernández et al., 2014) as  shown in
following Eq. (6):

2NH4
+ + 3HClO → N2 + 3H2O + 5H+ + 3Cl− (6)

From Fig. 3b it can be seen that at lower values of pH ≈ 4.5, with
increasing t values up to 140 min  an increase in Q1 has been found.
On further increase in  t values beyond 140 min  showed a marginal
effect on Q1. Further, an increase in the pH value ≈ 6 showed a
marginal effect on Q1 with increasing t value. While at alkaline
conditions i.e. beyond 7 pH, showed a gradual decrease in the Q1
with time. Few studies in the literature have reported that during
EO treatment, at high values of j  with increasing t  values always
lead to the passivation of the electrode due to the bond formation
between pollutant and anode which grows like an impermeable
film. Moreover, at higher values of j, an increase in the oxygen evo-
lution reactions was there which ultimately affect the performance
of the EO process. However, the MMO  used for present experimen-
tal work exhibit enhanced service life for longer period of time as
well as are more electrochemical stable due to the presence of IrO2
metal oxide (Liu et al., 2019). Yet, for better EO performance and
longer service life of anodes, optimization of process variables is

also very important. More than 95% of degradation was observed
in 135 min  at acidic pH.

In the EO treatment process, both mechanisms i.e. direct and
indirect oxidation takes place simultaneously. The direct oxidation
method at the surface of anode takes place by adsorption of OH

•
,

generated in oxide lattice of ternary anode due to which oxida-
tion of pollutant was there. Also, it  was observed that adsorption
of OH

•
was found high at lower values of pH. Further, in addition

to this, at acidic pH with increasing j also increases the generation
rate of chloro-oxidant species such as HClO, ClO-, which indirectly
oxidize the urea in the bulk. While, in the case of basic pH, the
adsorption rate of generated OH

•
is decreased in oxide lattice and

transformed into lower oxidation potential oxidants such as H2O2
and HO

•
2. Also, the concentration of  ClO− decreases as well and fur-

ther oxidized to lower oxidant potential such as ClO3
− and ClO4

−.
Therefore, urea degradation is  reduced in alkaline pH in comparison
to the acidic pH (Kaur et al., 2015).

3.1.2. Effect of current density (j), NaCl dose (n), time (t) and pH
on energy consumption (Q2)

Fig. 3c  shows that at lower values of n with increasing j values,
Q2 has been found to be maximum because of the lower conduc-
tivity of the solution as well as an increase in the voltage drop. At
higher n  values, Q2 found to be minimal because of the ease of cur-
rent flow through the electrolyte solution. While in case of higher
values of j,  energy consumption gradually increased with time due
to various factors like might electrode deactivation, a decrease in
the concentration of ions and an increase in solution temperature.
However, the value of Q2 has been found to be minimum with a
decrease in solution pH as shown in Fig. 3d. This was due to the
production of high oxidation potential RCS at lower values of pH
lead to the maximum degradation and consumed less energy. While
at alkaline pH, low oxidation potential RCS was generated which
results in minimum degradation efficiency with maximum energy
consumption.

3.2. Multi-response optimization

In the present study, optimization of operational process vari-
ables such as NaCl dose, treatment time, current density, and pH has
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Table  4
Constraint applied for optimization process.

Variables Goal Lower limit Upper limit

j Is in range 9.52 28.57
n  Is in range 0.5 1.75
t  Is in range 60 180
pH  Is in range 3 9
%  Degradation Maximize 11.5 98
Energy consumed Minimize 3.63 65.7

been performed in order to get the maximum removal of urea from
synthetic wastewater along with minimum consumption of energy
using MMO  anodes. There are two responses Q1 and Q2 and opti-
mum conditions for these responses are not the same. Optimum
conditions for Q1 has been selected in such a way that it should
come out to be maximum and Q2 should be minimized using the
desirability function approach. To get this particular entity some
constraints have been applied on operational parameters as shown
in Table 4.

Table 5 shows the optimized values for the operational parame-
ters and output responses as well as corresponding individual and
simultaneous optimization desirability value. The optimum con-
ditions obtained at pH 4, the current density at 18.14 mA cm−2,
NaCl dose of 1.45 g L−1 and treatment time 135 min  which pro-
duced combined desirability value of responses, D 0.857. At these
conditions, the value for response Q1 was 96.06% and response Q2
was 21.11 kW h  m−3 as suggested by BBD. An experiment was  then
performed in order to verify the optimum results obtained from
the predicted model. The value of the response Q1 and Q2 came
out to be 94.78% and 20.54 kW h m−3 which seemed almost close
to the predicted values as depicted in Table 6.  During electrolysis,
both mechanism direct and indirect oxidation of urea takes place
due to the generation of various ions like OH

•
,  HOCl, OCl−, Cl2, etc.

Furthermore, the OH
•

generated during the process were highly
unstable hence, readily converted to H2O2 and HO2

•
thus helps in

mediated oxidation. In addition to direct oxidation, mediated oxi-
dation takes place also due to dominant chloride species like HOCl
and Cl2 at acidic pH which oxidize the urea rapidly. Due to the pres-
ence of more of chloro-oxidant spices in the bulk, the degradation
of urea was largely mediated because of indirect oxidation.

3.3. Durability studies

In order to check the practical applicability and economy of the
EO process towards pilot-scale application, the durability and sta-
bility of the MMO  anodes have been studied. In this context, efforts
have been made to evaluate the stability and durability in terms of
degradation efficiency of urea for subsequent recycles. Despite the
high concentration of NaCl and acidic pH, MMO  anodes have been
magnificently reused for approximately 90 times without any sub-
stantial reduction in process efficiency as  shown in Fig. 4. Generally,
at low pH, in the presence of high NaCl and current density values,
the life span of MMO  anode decreases due to passivation and dis-
solution (Singla et al., 2018).  Several studies in the literature have
reported the stability of MMO  anodes upto 100–200 h or a max-
imum of 600 days only (Wang et al., 2012; Herrada et al., 2018;

Fig. 4. Recyclability studies of MMO  anode for the degradation of urea.

Table 6
Comparison between predicted and actual value at optimized conditions.

Responses Predicted Actual experimental
values

% Degradation 96.06 % 94.78%
Energy consumed (kWh m−3) 21.11 20.54

Zahedi et al., 2018; Liu et al., 2019). Whereas, MMO  used in this
study exhibit immense stability even after 270 h under extreme
conditions and could be used further for a  maximum of 5 years
due to the presence of the appropriate amount of IrO2. This anode
offers the advantage of generating a significant amount of ROS and
RCS due to the high concentration of Pt, TiO2, and RuO2, in the oxide
mixture which helps in the occurrence of both mechanism i.e. direct
and indirect oxidation (Chaplin, 2014).

To confirm the electrochemical stability of the MMO  anodes
even after the 90 recycles (270 h), anodes were further character-
ized by SEM, EDS and XRD as discussed in Section 3.4. In fact, this
is the first reported study for such high durability of MMO  elec-
trodes in context to the degradation of urea or any other priority
pollutants.

3.4. Anode characterization

3.4.1. SEM/EDS analysis
To characterize the surface morphology and structural proper-

ties of the MMO  anodes, SEM was  performed while for elemental
composition of the different metal oxides layer coated on anode
surface (freshly as well as recycled MMO), EDS was used respec-
tively. The SEM images of fresh MMO  and recycled MMO  plates
were illustrated in Fig. 5a, b. The results show the surface allied
characteristics, which implying the even layers of metal oxides even
after ninety recycles. From the SEM images, it has been observed
that the appearance of the anode generally corresponds to mud
cracked morphology along with agglomerated points (Coteiro et al.,
2006). This happens because electrodes are prepared via thermal
anodic decomposition and after then successive cooling has been
done. The presence of titanium (Ti) in the sheet has made the con-

Table 5
Individual and MUlti-response optimization results for desirability calculations.

Response Current density(mA cm−2) NaCl dose(g L−1) Time(min) pH Desirability

Individual Response optimization
%  Degradation (Q1)  = 97.08% 20.75 1.6 142 4.17 1
Energy consumed (Q2) = 11.4 kW h m−3 17.84 0.5 61.02 4  0.935
Simultaneously optimization of responses
%  Degradation(Q1) = 96.06% 18.14 1.45 135 4  0.857
Energy consumed (Q2) = 21.11 kW h m−3
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Fig. 5. SEM along with EDS images of MMO  anode (a) freshly coated and (b) after 90 recycles.

sequence for the formation of TiO2 as the first layer, which further
allowed the better fixing of the oxide layers of other metals (Wu
et al., 2014).  Furthermore, the incorporation of oxides of Ti, irid-
ium (Ir), ruthenium (Ru) and platinum (Pt) in the metal sheet has
increased the surface area as well as making the structure relatively
porous, smooth and uniform with wide and deep cracks hence pre-
vents the anode from corrosion along with greater stability for a
longer period of time (Goudarzi and Ghorbani, 2016). Addition of
Pt in the anodes has affects the morphology by improving its homo-
geneity of the coated layers along with the formation of smaller size
particles which formed due to the compacting effect (del Río et al.,
2010). Furthermore, the appropriate content of Pt in MMO  anode
has increased the roughness factor as well as presented the higher
capacitance. Durability and stability of anodes are further proven
with the presence of extrusive peaks of all coated metals i.e. Pt,
Ir, Ru, Ti, and O  even in  a  recycled sheet. The quantitative analysis
through EDS depicts the atomic concentration of elements coated
in the oxide mixture, which has found almost equal in both fresh
and recycles MMO, thus affirming that MMO  can be used even for
further studies.

3.4.2. XRD analysis
Fig. 6 shows X-ray diffractogram of a  freshly coated sample of

MMO  and a recycled sample of MMO.  XRD basically determine the
crystalline planes of the structure of the oxide films which coated on
the titanium sheet. Through XRD it became possible to distinctively
identify the existence of  oxides of Ru, Ir, and Ti in rutile structure.
The presence of TiO2 and other oxide layers of  metals have made a
tetragonal structure and ionic radii of the same magnitude (Singla
et al., 2017). Furthermore, the same peaks of  oxides of metal have
also been observed in recycled sheet, thus indicating the retention
of all coated metal oxides even after ninety recycles. It was also
observed that similar peaks were found even in  the recycled MMO.
But at the same time, it was also found that some metal peaks were
deviated from their original position due to loss of some amount
of metals in the multiple runs of the experiment. Diffraction peaks
corresponds to titanium (JCPDS card: 00-005-0682), titanium diox-
ide (JCPDS card: 00-034-0180) indicated as rutile syn, ruthenium

Fig. 6.  XRD pattern of MMO  anodes (Freshly coated and recycled plate).

(JCPDS card: 01-071-2273) referred to as ruthenium (IV) oxide, irid-
ium (JCPDS card: 00-015-0870) were indicated as iridium oxide and
platinum (JCPDS card: 01-072-2997) were indicated as platinum
titanium. Most of the similar peaks were already reported in the
literature (Makgae et al., 2005).

3.4.3. XPS analysis
Fig. 7 (i) depicts the XPS spectra of freshly coated MMO  and

recycled MMO  anodes in order to analyze the electronic nature i.e.
oxidation state of metal elements. From the results, it has been
observed that no significant change in the oxidation state of met-
als, as well as the presence of each element, was found even after
multiple recycles. The occurrence of carbon (C 1s) in  both samples
could be attributed to adventitious carbon employed for appropri-
ate binding energy shifts generated by samples. Fig. 7 (ii) indicate
the Ti 2p spectrum of MMO  anode in which peaks corresponds to
binding energies of Ti 2p3/2 and Ti 2p1/2 states and were observed
at 458.91 eV and 461.43 eV respectively (Tseng et al., 2014).  Fig. 7
(ii) shows the spectra shape of O 1s signal in which one broad peak
was visible at 530. 48 eV and could be assigned ti Ti O bonds. Fig. 7
(iii),(iv),(vi) demonstrates the spectrum of Ru 3d, Ir 4f, and Pt 4f
signals, confirming their presence in MMO  anode. In contrast to Ru
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Fig. 7. XPS analysis of (i) Fresh MMO and recycled MMO  along with (ii) Ti 2p spectrum (iii) O 1s spectrum (iv) Ru 3d spectrum (v) Ir 4f spectrum and (vi) Pt 4f spectrum.

and Ir, Pt signal indicates single oxidation state i.e. Pt (V), belonging
to Pt 4f5/2 level was observed around 74.93 eV and further indicate
the interstitial formation of Pt Ti  bonds. However, in the case of
Ru and Ir spectrum, two  individual characteristic peaks of each ele-
ment were observed at 279.87 eV, 284.10 eV, 60.43 eV, and 63.43 eV
respectively. The data derived for Ru and Ir  region from respec-
tive signals were correlated with Ru 3d5/2, Ru 3d3/2, Ir 4f7/2, and
Ir 4f5/2 thus proposing the formation of hydrated RuO2 and IrO2
metal oxides. The results in the present study are in good correla-
tion with the reported studies in the literature (Wang et al., 2015;
Egorov et al., 2017).

3.5. Photoelectrocatalysis

In the present study, the synergistic effect of the dual process
(photocatalysis and electro-oxidation) i.e. Photoelectrocatalysis
(PEC) has been also performed under UV light at optimized con-

Fig. 8. Comparison of photocatalysis, electro-oxidation, and dual-process i.e. pho-
toelectrocatalysis for the degradation of urea using MMO.

Fig. 9.  PL spectra of OH• (a) for different light sources at 0.5A (b) for different pH and different time intervals at 0.5A and (c) at different current densities using MMO  anode.
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Fig. 10. UV–vis spectra of untreated (t = 0 min) and treated sample (t = 135 min) of
urea  at optimized conditions.

Fig. 11. FT-IR spectra of urea at different time intervals.

ditions. It has been found that treatment time got reduced further
to 95 min  from 135 min  as depicted in Fig. 8. Hence, proving the
effectiveness of dual-process over a single process. Further studies
are performed in order to confirm the production of OH

•
during

EO and PEC at MMO.  Various experiments have been performed
with different parameters such as time, pH, current density and
light source in an aqueous solution consists of 0.5 mM TPA in 5 mM
NaOH. From Fig. 9a, it can be concluded that the production of OH

•

at MMO  is more in case of UV light over sunlight and EO alone. From
the experimental results, as shown in Fig. 9b, it has been observed
that more OH

•
production are there at acidic and basic pH over

neutral pH. Moreover, with increasing time generation of OH
•

at
MMO  was also increasing. In the case of applied voltage, the pro-
duction of OH

•
at MMO  first increases with increasing current up

to 0.7A after that it has been found that OH
•

production decreases
with increasing current values as shown in Fig. 9c.

3.6. Mineralization

For monitoring the mineralization of urea, in-situ chemical anal-
ysis of the treated samples was carried out by spectrophotometric
analysis and FT-IR. The UV–vis spectra for untreated and treated
samples of urea by EO were shown in Fig. 10.  From the results,
it was seen that the absorbance peak of pure urea got reduced to
a minimum after a treatment time of 135 min. Some other new
peaks at different �max were formed for different time intervals.
This change in �max confirms the electrolytic degradation of urea
as well as the formation of other intermediate byproducts.

Further, to confirm the degradation of urea in aqueous solu-
tion through EO treatment, FT-IR was performed. Fig. 11 gives
the FT-IR spectra of pure urea and its treated samples taken
at fixed time intervals. The C O stretching frequency appeared
at 1672 cm−1. The N H stretching and deformation frequencies
appear at 3450 cm−1 and 1628 cm−1 respectively. The C N stretch-

Fig. 12. Cyclic Voltammetric analysis for (a) untreated samples (0 h) and (b) treated
samples (135 min) of urea.

ing frequency appears at 1452 cm−1. Other small peaks have also
appeared in  the spectra of 0 h sample of urea (untreated). Broad
and sharp peaks at 3450 cm−1 and 1672 cm−1 were shifted to
3427 cm−1 and 1647 cm−1 respectively after 60 min  due to the
production of OH

•
at MMO  and C O stretching during the initial

stage of EO treatment (Piasek and Urbanski, 1962). The peaks at
1100–800 cm−1 have also seen in spectra for sample t > 60 min,
which generally accounts for Cl−, present in hypochlorite solution.
The peak at 1381 cm−1 at 180 min  shows degradation of urea into
nitrate ions. During electrolysis of urea, most of the peaks were
deviated due to the breakage of the bonds at distinct wavenumber.
Moreover, an increase in % transmittance was observed in a sample
taken at 135 min, indicates oxidation of urea into byproducts.

To confirm the indirect EO mechanism of  urea removal, cyclic
voltammeter (CV) analysis were performed and studied. Fig. 12
shows the CV analysis graph of before and after treatment sam-
ples of urea at optimum conditions taking 2 g L−1 concentration
with 0.1 M KCl and scanned at 50 mV s−1 using Pt anode as the
working electrode. The full CV of urea was  recorded in the potential
range of −1.2 to 1.2 V. The experimental results of urea show that no
additional peaks were found in the treated sample when compared
to before treatment sample. This concludes that the degradation
of urea was majorly due to  indirect oxidation and OH

•
. However,

few irreversible oxidation peaks in voltagramms were got disap-
peared in treated samples of urea at 135 min, which indicates the
generation of some oxidizable and reducible species during elec-
trolysis (Hiwarkar et al., 2017).  Moreover, the difference in the
anodic and cathodic parts of redox peaks for untreated and treated
samples indicate the good electrical conductivity and high surface
area properties of MMO  anode (Mudila et al., 2018).

To further, analyze the quality of treated and untreated sam-
ples various analytical test was performed such as TOC, inorganic
ions (NO3

−, NH4
+, Cl−), total available chlorine (TAC) and total

nitrogen at optimized conditions. Around 90% removal in TOC was
observed after 135 min  of treatment time which further reached
92% when the reaction continued to 240 min  as shown in Fig. 13a.
From Fig. 13b of  anions shows an increasing and then decreasing
trend in ammonium ion concentration while in case nitrate con-
tinuous increasing trend was observed. This might be  due to the
reaction between ammonium ion and hypochlorous acid. In the
case of nitrate, the increase was  observed due to the oxidation of
the chloramines by free chlorine. In comparison to total nitrogen,
the low yield of nitrates was  found during urea degradation which
could be due to the less availability of free chlorine to urea ratio
as shown in Fig. 13c. From this above discussion, it may conclude
that during electro-oxidation of urea molecular nitrogen may  also
generate.

From Fig. 13d it can be seen that chloride level was  continu-
ously decreasing during the electrolysis process. This is because of
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Fig. 13. Changes in the concentration of  (a) TOC (b) inorganic ions (c) total nitrogen and (d) chloride concentration and TAC concentration at different time intervals.

the oxidation of chloride on the anode to produce strong oxidant
species like HOCl/OCl− for the destruction of urea. From this dis-
cussion, we may  conclude that this intermediate step has followed
the pseudo-first-order rate during course period of the process. The
level of TAC increased gradually during the electro-oxidation treat-
ment of urea and then increased sharply to higher values when urea
was depleted to the maximum as shown in Fig. 13d. During the
treatment process TAC, an aggregate part of reactive intermediates
does not remain constant. This might be due to the balance between
the oxidation of urea and generation of chlorine species along with
their bond forms during the treatment process as reported in the
literature (Hernlem, 2005).

3.7. Economic evaluation

In order to visualize the large scale applications of studied EO
method, it becomes necessary to estimate the total cost of the treat-
ment process. As discussed above in Section 2.6,  the two effective
parameters like cost of electrodes and electrical energy consumed
have been considered for calculating the process economics. The
detailed cost analysis for the EO process has been included in the
supplementary information Table S1. By incorporating all the oper-
ating parameters, the total cost for removal of per kg urea from
aqueous solution came out to be 0.78 $/m3.  The results show that
the economic feasibility of the EO process for the on-site treatment
of urinal wastewaters. However, the cost can be further minimized
during scale-up studies by modifying the design of the reactor and
further optimizing the operating conditions accordingly.

4. Conclusion

The degradation studies of urea through EO with titanium-based
MMO has been done successfully. The optimized parameters for
urea electrolysis from BBD were found to be j=18.14 mA cm−2;
time = 135 min; NaCl dose=1.45 g L−1 and pH = 4, which has pro-
duced the combined desirability of both responses D = 0.857. At
optimized conditions, the value of responses Q1 and Q2 found out
to be 94.78% and 20.54 kW h m−3,  respectively. The degradation of
urea was maximum because of the generation of strong oxidants
like HOCl, OCl−,  OH

•
during both direct and indirect oxidation. For-

mations of ions such as nitrate and ammonium ion and reduction
in TOC have proved the almost complete degradation of urea. Char-
acterization techniques like SEM-EDS and XRD have proved the

durability and stability of MMO  anode for urea degradation even
after 90 recycles. From the above results, it can be concluded that
MMO  anodes proved to be effective for the degradation of urea
and can be used further research analysis which includes on-site
treatment of urinal wastewater.
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A B S T R A C T

Removal of nitrogen-based contaminants present in urine wastewater has become a considerable matter of
concern because of its potentially harmful effects on human health and can cause alterations to aquatic life.
Hence to avoid its dangerous effects, electro-assisted technology was employed for the voidance of this meta-
bolite with the doped-mixed metal oxide. The influence of various input factors such as time, pH, current density
and NaCl dose on treatment efficiency in terms of percent degradation and energy consumption were evaluated
using response surface methodology. Electrolysis results showed that 95.35% degradation of uric acid was
achieved at optimized conditions. In addition, to reduce the treatment time further, attempts have been made by
incorporating dual effect i.e. Photoelectrocatalysis. The anode used for multiple runs were proven to be effec-
tively stable through XRD and SEM/EDS. Analysis of treated uric acid solution was validated in terms of COD
(92%) and TOC (89%) reduction. The transformation products of uric acid were identified through LC–MS.
Based on these intermediates and literature survey, an oxidative mechanism for uric acid has been proposed. The
total operating cost for electro-oxidation treatment process is found to be 0.18 $/m3.

1. Introduction

In recent years, it was predicted that in a developing country like
India around 66% of the population still practice open defecation and
urination [1]. Moreover, it was observed that a great percent of un-
derprivileged areas and urban slums are not connected to properly to
any sewerage systems [2]. This will eventually lead to the discharge of
generated hazardous waste into nearby areas, causing a wide range of
health problems like malnutrition, diarrhea, anemia, retarded growth,
etc. due to contamination of soil and surface water [3]. This depicts that
huge proportion of the population living at risk of contamination of the
environment by human fecal and urine wastewater. One of primitive
way is the separation of urine and fecal. Out of which fecal can be
handled by traditional solid waste management tools and the reuse of
urine for re-flushing is something which can be worked on [4].

Human urine is mixed wastewater with complex chemical compo-
sition and contains most of the nitrogen-based compounds such as urea,
uric acid, creatinine, etc. Among them, uric acid is a principal com-
ponent of urinal wastewater. It is a primary enzymatic final breakdown
product of dietary purine metabolism in the human body. It is mainly
present in human blood with a normal range of 250mg/day to 750mg/
day with a period of over 24 h [5]. In addition, uric acid is excreted via

urine (2.4 mg/dL to 7.0mg/dL) as bio refractory pollutant which leads
to the serious alterations in the aquatic environment as well as can
cause potential risk on human health [6,7]. Due to its toxicity, persis-
tence and recalcitrant to conventional treatment technologies, there is
an urgent requirement of some effective alternative technologies for the
on-site treatment of urinal wastewater.

Electro-oxidation process (EO) have proven their potential for de-
stroying as well as mineralize the recalcitrant pollutants into simpler
compounds [8]. The process has received great attention for the
treatment of mixed wastewater because of its effectiveness, environ-
mental compatibility, economical (involvement of clean reagent i.e
electron) and provides easy process control [9]. Generally, during
electrolysis, the mineralization of toxic organic substances into in-
organic ions and biocompatible compounds takes place due to the in-
situ generation strong, powerful non-selective oxidant species of hy-
droxyl radicals (OH%) on the electrode surface [10]. In the development
of the EO process technology, electrodes play a very important key role.
Reviews have been reported for the EO treatment of various toxic or-
ganic pollutants present in wastewater with the different type of anodes
such as graphite, glassy carbon, Pt, RuO2, IrO2, PbO2, SnO2, boron-
doped diamond (BDD) and mixed metal oxide (MMO) [11,12]. Out of
these, BDD is found superior for the destruction of refectory pollutants
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and remediation of wastewaters [13] due to its high efficiency and
exceptional compatibility. But the main issue encountered with the
BDD is their high cost, difficulty in fabrication of coating complex
shapes and formation of toxic byproducts such as chlorates, per-
chlorates, etc. [14,15]. Unlike BDD, MMO has low production cost, easy
fabrication, highly stable with low oxygen potential, saves energy cost
at industrial scale and show similar properties of BDD by producing
OH% on anode surface [16]. In past few years, MMO anodes such as
binary (Ir-Ta, Ir-Ru, Sn-Sb), tertiary (Ir-Ru-Sn, Ir-Ru-Pt) and quaternary
(Ru-Ir-Sn-Ti) have received a great deal of interest for removal of a wide
range of toxic, organic components present in water and wastewater
[17]. Unlike others, SnO2 electrodes doped with antimony MMO have
shown a high percentage of destruction along with the minimal for-
mation of toxic byproduct [18]. Different type of electrodes have shown
their worth in detecting the level of uric acid in serum and urine
[19–26] but rarely discussed their removal. The reason could be the
complexity of urinal wastewater, limitations for on-site treatment and
process complications.

The present study attempts to cover some of these pitfalls using a
novel combination of different active/ non-active metals that is Sb-Sn-
Ta-Ir/Ti quaternary anode has been chosen for the treatment of uric
acid. In order to get excellent resistance properties and good service life
iridium (Ir) was incorporated. Tantalum (Ta) provides high current
densities and enable the anode to work on high values of applied cur-
rent without causing any damage. The integration of tin (Sn) was done
to get more active sites for the generation of reactive oxygen species.
Antimony (Sb) was doped in order to increases the conductivity of
anode as well as lowers the oxygen evolution overpotential [27].

To our best knowledge, this is one of the few reported studies for the
treatment of uric acid using novel quaternary doped-MMO. Systematic
studies using response surface methodology were carried out in order to
establish the process conditions where uric acid has been eliminated
completely from an aqueous medium. The efficiency of the treatment
process was evaluated in terms of responses, percent degradation and
energy consumption. In fact, this is the first reported study of doped-
MMO with more than 55 recycles for studying the degradation of uric
acid in aqueous solution. The electrochemical stability of anode was
analyzed through different characterization facilities. The quality of
treated effluent was also validated using different analytical techniques.

2. Material and methods

2.1. Chemicals and materials

Uric acid (C5H4N4O3) of analytical grade (99.5% purity), supplied
by Sigma-Aldrich (Missouri, U.S). Sulfuric acid, sodium hydroxide, so-
dium sulfate and sodium chloride were all of the analytical grade and
purchased from Loba Chemi Pvt. Ltd, (India). The double-distilled
water was utilized for the preparation of all solutions. Stainless steel
(SS) used as cathode and doped-MMO used as an anode were procured
from Bio age Pvt. Ltd. and Exotic Elements Pvt. Ltd. (India) respec-
tively. DC supply with the model (0–30 V, 0–2 A) was purchased from
DIGITECH, Ambala, India.

2.2. Experimental setup and procedure

The uric acid solution was prepared fresh every time by dissolving
50mg in 1 L double distilled water. For EO experiments, a single
compartment cell made up of borax glass beaker having a working
volume of 400mL was used (see graphical abstract). Single pair of
doped-MMO and SS plates having dimensions (7 cm* 7 cm* 1 cm) with
an effective working surface area of 42 cm2 were used in each experi-
mental run. In this study, both electrodes were placed parallel with
inter-electrode spacing was maintained at ∼2.0 cm for every experi-
ment. During electrolysis, the current was maintained throughout the
experiment run using DC power supply. For proper homogeneous

mixing of the aqueous solution during experimental runs magnetic
stirrer was used. All experiments were performed under controlled
temperature conditions of 25 °C.

EO experiments for the treatment of uric acid were performed under
galvanostatic conditions. Before electrolysis, aliquots of H2SO4 (0.1 N)
and NaOH (0.1 N) were added in order to adjust the solution pH to the
desired level. At certain time intervals, samples of 1mL volume were
taken out from the solution and filtered using 0.45 μm nylon filters and
analyzed through UV–vis at λmax 290 nm. All experiments were per-
formed thrice in order to check the reproducibility of results and sui-
table statics were applied for the validation of results. The final pH of
the uric acid solution was stabilized at 4.75.

2.3. Analytical methods

For the analytical evaluation of the withdrawn samples, several
instruments were used in the present study [28–33]. The detailed
procedure and information regarding the equipment have been pro-
vided in the supplementary information (Scheme S1).

2.4. Experimental design

For designing the experimental data for EO treatment of uric acid
with doped-MMO, Box-Behnken design (BBD) under response surface
methodology (RSM) was employed. The detailed description of ex-
perimental design using RSM has been given in supplementary in-
formation (Scheme S2) [34–36]. In order to evaluate the performance
of EO treatment process, four input parameters like current density,
NaCl dose, treatment time and pH and two responses i.e. %degradation
and energy consumed were selected. The responses for EO treatment
process were calculated by the following Eqs. (1) and (2) [37].

= ×−Y
C

C
100C

1
0

0

t

(1)

= ⎡
⎣⎢

⎤
⎦⎥

×Y
V

V I T 10
s

2
3

(2)

where, C0= initial uric acid concentration (mg/L); Ct = uric acid
concentration at different time intervals (mg/L) ; I = current (A);
V= cell voltage; t= treatment time (h); Vs = solution volume (L); Y1

= % degradation and Y2 = energy consumption (kWh/m3).

2.5. Synergy calculations

In this present study, the synergy of the dual-process i.e. photo-
electrocatalysis over individual processes has been calculated using the
following Eqs. (3) and (4) [40].
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Where ‘k’ = pseudo-first-order rate constant (min−1) of each process
and calculated from Eq. (5)
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2.6. Operating cost analysis

The overall cost for the treatment process includes the cost of
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electrodes, cost of stirring, cost of chemical and electrical energy con-
sumed. However the process is found to be energy-intensive, therefore
total cost for operation is due to the electrode cost and electrical power
consumed. Hence, in this study, the total operating cost for the EO
process was calculated using the following Eq. (6)

Operating cost= CEC + CEL (6)

Where, CEC = cost of energy consumed (kWh/m3) and CEL= cost of
electrodes (Rs). The price of electricity in Punjab, (India) = ∼ Rs 5.00
/kWh. The cost of the doped-MMO anode is Rs 820 per piece. The
manufacturer/supplier has specified the life span of the electrode is 5
years

3. Result and discussion

The present statistical investigation was carried out through Design-
Expert software version 6.0.8 (STAT-EASE Inc., Minneapolis, US) in
order to minimize the void content and to optimize the experimental
data. All the experimental runs were performed according to the design
given by BBD as listed in Table 1. A quadratic model was suggested by
exploiting sequential F-test and other adequacy measures [38]. The
results of model summary statistics showed the highest R2 values of
both responses for the quadratic model i.e. 0.9629 and 0.9907 respec-
tively. This advocates that model has explained the experimental data
very well and indicate the satisfactory interaction between predicted
and observed values of experimental runs. Hence, the model chosen
was quadratic which was used to describe the effect of various opera-
tional process parameters on the treatment of uric acid using the EO
process.

For processing the chosen quadratic model, manual regression
method was applied in which insignificant model terms were evicted
automatically and provide compiled results with a reduced quadratic
equation. Table 2 shows the results of the quadratic model fitting in the
form of analysis of variance (ANOVA). The detailed description of

ANOVA results was given in supplementary information (Scheme S3)
[41]. To check the reliability of chosen models for both responses, plots
of normal % probability vs studentized residuals as depicted in Fig. 1
and studentized residuals vs predicted (discussed (Scheme S3). From
the plots, it was observed that the points on this plot lie fairly close to
the diagonal straight line which indicates that the model well satisfies
the assumptions of the ANOVA [42]. Moreover, it also depicts that a
normal plot is also a suitable graphical method for judging residuals
normality and confirms the normal distribution of the observed data.

3.1. Effect of process parameters and Optimization

Three dimensional (3D) response graphs developed were studied in
order to see the interactive effect of each operational parameters on
responses as well as used to locate the optimal conditions for process
parameters.

3.1.1. Effect of j, n, t, and pH on %degradation, Y1

Fig. 2A shows the interaction between current density (j) and pH as
well as their effect on Y1. In the EO treatment study, it was always
found that j considered an important operating process factor because
of the cost-effective analysis. Moreover, transferring of electrons, gen-
eration of oxidant species, and process efficiency all depends upon
applied j. It can be seen that when j increased from 2.38mA/cm2 to
9.52mA/cm2, Y1 was also increased because of increase in production
of electrons during electrolysis which in turn has increased the gen-
eration of strong oxidants. But the further increase in values of j from
9.52mA/cm2 to 11.90mA/cm2, Y1 was found constant. This trend was
observed at pH≈ 3.5. Furthermore, when pH was increased from 3.5 to
11 it has been found that Y1 increases gradually with increasing j values
upto 7.14mA/cm2 then become decreasing with increasing j values.
This happened because, at very low and high values of j, generation of
reactive chlorine species (RCS) and reactive oxygen species (ROS) on
doped-MMO were falling down gradually with time. Due to which the

Table 1
BBD matrix used for electro-oxidation treatment of Uric acid.

Std Run Block Current density
(mA cm−2)

NaCl dose
(g L−1)

Time (min) pH % Degradation Energy consumption
(kWhr m−3)

2 1 1 11.90 0.25 30 7 15 6.68
1 2 1 2.38 0.25 30 7 19 0.5
5 3 1 7.14 0.75 5 3 27 0.34
8 4 1 7.14 0.75 55 11 50 3.93
4 5 1 11.90 1.25 30 7 60 4.2
3 6 1 2.38 1.25 30 7 17 0.35
10 7 1 7.14 0.75 30 7 65 2.1
6 8 1 7.14 0.75 55 3 98 3.45
7 9 1 7.14 0.75 5 11 24 0.37
9 10 1 7.14 0.75 30 7 65 2.1
18 11 2 7.14 1.25 55 7 55 3.2
20 12 2 7.14 0.75 30 7 65 2.1
17 13 2 7.14 0.25 55 7 31 6.83
11 14 2 2.38 0.75 30 3 36 0.39
12 15 2 11.90 0.75 30 3 75 4.86
14 16 2 11.90 0.75 30 11 40 5.2
13 17 2 2.38 0.75 30 11 29 0.45
19 18 2 7.14 0.75 30 7 65 2.1
15 19 2 7.14 0.25 5 7 7 0.64
16 20 2 7.14 1.25 5 7 10 0.31
26 21 3 7.14 1.25 30 3 88 1.69
25 22 3 7.14 0.25 30 3 42 3.68
22 23 3 11.90 0.75 5 7 12 0.86
29 24 3 7.14 0.75 30 7 65 2.1
23 25 3 2.38 0.75 55 7 22 0.74
21 26 3 2.38 0.75 5 7 4 0.07
24 27 3 11.90 0.75 55 7 44 9.08
30 28 3 7.14 0.75 30 7 65 2.1
27 29 3 7.14 0.25 30 11 20 3.86
28 30 3 7.14 1.25 30 11 48 1.86
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current efficiency of other side reactions such as oxygen evolution re-
action increased. But on increasing, j values from lower value helps in
generation of more oxidants such as OH%, HClO, ClO, etc.

The pH of the solution is considered as a crucial factor for influ-
encing the EO process performance. From results, it was observed that
maximum Y1 was achieved at lower values of pH. This was due to the
high adsorption rate of generated OH% in the oxide lattice of the anode
at acidic pH [43]. In the EO process, both mechanisms direct and in-
direct oxidation takes place simultaneously for the maximum de-
gradation of target pollutant. The generation rate of reactive oxidant
species like OH%, ozone, HO2

% and RCS along with the capability of e-
transfer is highly dependent upon the j and solution pH. Many studies in
the literature have confirmed that doped-MMO acts as active anode and
reactions occur on its surface during the EO treatment is the water
oxidation reactions which in turn leading to the formation of adsorbed
OH% and led to direct oxidation of compound. Furthermore, at acidic
pH, the generation of the strong oxidant species with high oxidant
potential such as OH%, HClO, ClO- in the bulk was more which in-
directly oxidize the target pollutant. While, in the case of basic pH, it

was found that the concentration of lower potential oxidant species
such as H2O2, HO%

2, ClO3- and ClO4- was more [44]. Thus, degradation
of uric acid was found minimum at neutral and basic pH. Therefore, the
oxidation of the target pollutant was found to be maximum at acidic pH
because of the involvement of both mechanisms, direct and indirect EO.

The concentration of NaCl (n) always plays a significant role be-
cause it influences the efficiency of the process by generating RCS in the
bulk. From the response graph (Fig. 2B), it has been observed that for
lower values of n ≈ 0.5 g/L and t ≈ 17.5 min, Y1 was found constant.
Further increase in values of n ≈ 0.5–1.0 g/L and t ≈
17.5 min–42.5min, it was found that Y1 was also increased. However,
when n and t were increased further to 1.25 g/L at 55min, Y1 was found
remained almost unchanged. From the results, it was concluded that an
increase in the Y1 may be attributed due to the change in the ionic
strength of the solution. The increase in ionic strength at higher values
of n will generally cause an increase in current density in the same cell
voltage and hence maximum Y1 was achieved [45]. It observed that
after certain values of n and j, Y1 was found the minimum. This might
be happening due to the (i) scavenging of OH% by high chloride dose,

Table 2
ANOVA results for responses Y1 and Y2.

Sources % Degradation (Y1) Energy Consumed (Y2)

Sum of square DF Mean square F-value Prob > F Sum of square DF Mean
square

F-value Prob > F

Block 54.60 2 27.30 0.28 2 0.14
Model 17617.12 14 1258.37 24.09 < 0.0001 148.68 14 10.62 98.98 < 0.0001
Z1 1180.08 1 1180.08 22.59 0.0004 67.12 1 67.12 625.52 < 0.0001
Z2 1728.00 1 1728.00 33.08 < 0.0001 9.33 1 9.33 86.93 < 0.0001
Z3 3888.00 1 3888.00 74.44 < 0.0001 50.59 1 50.59 471.52 < 0.0001
Z4 2002.08 1 2002.08 38.33 < 0.0001 0.13 1 0.13 1.23 0.2869
Z12 3394.71 1 3394.71 65.00 < 0.0001 1.55 1 1.55 14.42 0.0022
Z22 2070.11 1 2070.11 39.63 < 0.0001 1.91 1 1.91 17.78 0.0010
Z32 2988.11 1 2988.11 57.21 < 0.0001 6.171E-003 1 6.171E-003 0.058 0.8142
Z42 72.43 1 72.43 1.39 0.2601 0.027 1 0.027 0.25 0.6257
Z1Z2 552.25 1 552.25 10.57 0.0063 1.36 1 1.36 12.65 0.0035
Z1Z3 49.00 1 49.00 0.94 0.3504 14.25 1 14.25 132.81 < 0.0001
Z1Z4 196.00 1 196.00 3.75 0.0748 0.020 1 0.020 0.18 0.6761
Z2Z3 110.25 1 110.25 2.11 0.1700 2.72 1 2.72 25.37 0.0002
Z2Z4 81.00 1 81.00 1.55 0.2350 2.500E-005 1 2.500E-005 2.330E-004 0.9881
Z3Z4 506.25 1 506.25 9.69 0.0082 0.051 1 0.051 0.47 0.5042
Residual 678.98 13 52.23 1.39 13 0.11
Lack of fit 678.98 10 67.90 1.39 10 0.14
Pure error 0.000 3 0.000 0.000 3 0.000
Core total 18350.70 29 150.36 29

Fig. 1. Model adequacy plots for responses (a) %Degradation and (b) Energy consumption.
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(ii)formation of more chloramines in the system [46], (ii) metal dis-
solution which leads to the formation of bigger flocs, (iii) most of the
applied current consume by gas evolution and side reactions and (iv)
increases the temperature of the solution.

Moreover, it was observed that prolonged EO at higher j values
always leads to the fouling of the anode because of the bond formation
between pollutant and oxide lattice of an anode which grows like an
impermeable film with time. Hence, for better process performance and
longer service life of anodes optimization of process variables is very
important.

3.1.2. Effect of j, n, t, and pH on energy consumption, Y2

From Fig. 2C, it can be seen that at lower values of n ≈ 0.25 g/L, Y2

was found maximum for all values of pH. But further increase in n
values from 0.25 g/L to 0.75 g/L, Y2 was found minimum. This trend
was observed for all values of pH. However further increase in n value
≈ 1.0 g/L, Y1 was found increased at all values of pH. Thereafter, it was
observed that at very high values of n ≈ 1.25 g/L, Y1 found maximum
at lower (3) and higher (11) values of pH while minimum at pH from 5
to 9. At lower values of n, the conductivity of the solution was also
lower due to which an increase in voltage drops took place which
further leads to the increase in Y2 value. While at higher values of n, Y2

was found to be minimal because of the ease of current flow through the
electrolyte solution. From Fig. 2D it can be seen that with increasing j

and t values, Y2 was also found increasing. This might happened be-
cause electrical power consumption is directly proportional to the
current and time [47]. However, it was found that the effect of pH on Y2

was found to be marginal or less when compared to other parameters.

3.1.3. Optimization
For the present study, simultaneous optimization of multi-responses

was done in order to find out optimized conditions for EO treatment of
uric acid using doped-MMO [39]. Optimum conditions selected for both
responses were done in such a way that Y1 should come out to be
maximum and Y2 should be minimized. This optimization technique
basically evaluates a point that maximizes the desirability function. The
optimum conditions obtained using desirability function approach were
j=7.46mA/cm2, n=1.11 g/L, pH=3.25 and t=42.79min along with
combined desirability value D=0.880. Under these conditions, value
for responses Y1 and Y2 were 97.20% and 2.588 kW h/m3 respectively
as suggested by BBD as shown in Table 3. To validate these results
further additional experiments have been performed at optimized
conditions. The value of the response Y1= 95.35% and
Y2= 2.479 kW h/m3 which was found in close agreement to the pre-
dicted values as listed in Table 4. On seeing the good correlation be-
tween predicted and observed values depicts the reliability of in-
corporating the desirability function approach by BBD and has
effectively optimized the process parameters for the EO treatment of
uric acid.

3.2. Synergistic studies

As discussed in Section 2.5, synergistic studies have been performed
using kinetic rate constant obtained through pseudo-first-order reac-
tions. The oxidation experiments of uric acid were performed with
doped-MMO in a batch reactor and three different techniques were

Fig. 2. Effect of various input parameters on %degradation and energy consumption during the EO treatment of uric acid (a) pH & j; (b) t & n; (c) n & pH and (d) t &.
j.

Table 3
Individual and Synchronized optimization results.

Response Current
density
(mA
cm−2)

NaCl
dose
(g
L−1)

Time
(min)

pH Desirability

Individual optimization
% Degradation (Y1)= 98.02 9.15 1.16 39.76 3.36 1.00
Energy consumed

(Y2)= 0.067 kW h m−3
5.50 0.70 5.57 3.42 1.00

Synchronized optimization
% Degradation(Y1)= 97.20% 7.46 1.11 42.79 3.25 0.880
Energy consumed

(Y2)= 2.588 kW h m−3

Table 4
Comparison between predicted and actual experimental values.

Responses Predicted Actual

% Degradation 97.20 95.35
Energy consumed (kWh m−3) 2.588 2.479
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applied which include photo-catalysis (only light source), EO (constant
current supply only) and photoelectrocatalysis (constant applied cur-
rent and light). Fig. 3 shows that only 12% (under solar light) and 8.5%
(under UV) degradation of uric acid were achieved through photo-
catalysis after 1 h. In case of photoelectrocatalysis, 89.5% (under UV
light) and 96% (under solar radiation) degradation of uric acid were
achieved within 30min of electrolysis, while EO took almost 1 h to
reach that value (95.35%). Moreover, an immense increase in the first-
order rate constant in case of the integrated process (0.0854 min−1)
which was 3.4 times of photo-catalysis (0.0025min−1) and 1.4 times as
compared to EO (0.0616min−1) confirms the viability of dual-process
over single treatment processes as shown in Fig. 4. The synergistic effect
of the dual-process over EO came out to be 27.86% and over photo-
catalysis, it was 97.07% as quantified from (Eq. (5)). While the overall
synergy of the dual-process was found to be 24.94% as calculated from
(Eq. (6)). Therefore, it concludes that the dual-process with synergistic
results prompts it field-scale applications for the wastewater treatment
with a significant decrease in treatment time.

To further confirm our claim, experimental studies were carried out
using fluorescence spectroscopy for the estimation of OH% production at
doped-MMO under different light sources. Fig. 5A showed that max-
imum OH% production was found under solar radiations (photoelec-
trocatalysis) than UV and EO. This might happen due to the activation
of photoactive layers i.e TiO2 and SnO2 of anode under light sources
leading to the generation of more OH% on the surface of anode resulting
more percentage degradation of uric acid in less time. Some researchers
have also reported that doping can improve the photoactivity of the
anode by increasing the charge separation of holes and electrons [48].

In order to verify the effect of pH on the generation of OH%, ex-
periments were performed at different pH. From the results, it was
found that more OH% production was observed at basic pH over acidic

and neutral pH (Fig. 5B). But at the same time, it was also observed that
in the case of basic and neutral pH generation of OH% decreases with
increasing time. While in the case of acidic pH it was opposite. Hence,
this advocates that degradation of uric acid was found to be largely due
to indirect oxidation and minutely by OH% at optimized conditions.

3.3. Durability studies

The economy of the treatment process for the pilot-scale applica-
tions majorly depends upon the stability of the anode [49]. Thus, in
order to evaluate its ability to oxidize the pollutant, the doped-MMO
anodes were used for multiple time in all extreme conditions. From
Fig. 6, it was found that despite the harsh conditions, doped-MMO
performed significantly well even after 55 recycles (64.166 h) without
much substantial loss in electro-oxidation process efficiency. The sta-
bility of theses active doped-MMO was due to the incorporation of
different metal oxide combinations which not only increased its service
life as well as enhanced its electrochemical activity for a longer period
of time. To further confirm its stability as well as to investigate the
electrochemical and photochemical properties, anodes were char-
acterized through SEM/EDS and XRD analysis as described in Section
3.4.

3.4. Characterization of a doped-MMO anode

Fig. 7(A–C) shows the SEM images of the Ti sheet without any
coating, freshly coated anode and recycled anodes. From the image
(Fig. 7B), it was observed that thermally decomposed prepared anode
exhibits a slightly rough, porous, smaller and shallower mud cracked
type structure, thus depicted anode with enhanced working area. A
larger active working area resulted in an increased catalytic activity
which further facilitates the lowering of effective current density [50].
The appearance of cracks on the fabricated anode surface depicts that
the islands (white bright spots) are made up of different oxide layers
with an average width of 5 μm [51]. The presence of Ti as a substrate in
the anode has helped in the formation of the oxide layer of TiO2 which
is UV active helps in the generation of OH% at the anode surface [52].
Addition of Ta in the anode has enabled the anode to work at higher
values of current without causing any damage to an anode [53].
Moreover, the results are consistent with other reported studies that
show the incorporation of Sb and Sn has affected the morphology by
improving the structure of coatings. The SEM image of recycling anode
(Fig. 7C) showed relatively identical surface characteristics and mor-
phology thus confirms the uniformity of different metal oxide layer
even after fifty-five recycles.

For an elemental composition of the different metal oxides coated
on anode surface (freshly as well as recycled doped-MMO), EDS was

Fig. 3. Synergistic study of the dual-process Photo-electrocatalysis.

Fig. 4. Plot of pseudo-first-order rate constant for uric acid degradation through different processes. The plot of Ct/Co vs time for different technologies (inset).
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performed. The stability of novel doped-MMO was further proven with
the presence of a predominant peak of all the five elements i.e. Sb, Sn,
Ir, Ta, O, and Ti even in the recycled sheet. EDS data (Inset) depicts the

quantitative analysis in terms of molecular concentration of different
metals in the oxide mixture which seemed almost the same in both fresh
and recycle anode, thus confirming the stability of anodes even after 55
recycles.

Fig. 8(A–C) shows X-ray diffractogram (XRD) of a Ti sheet only, the
freshly coated and recycled plate. XRD helps to identify the existence of
different metals in the oxide mixture. From results, it was clearly seen
that the sharp peaks of TiO2 with rutile phase, few peaks of anatase Ti
along with the characteristic reflection of SnO2 with rutile-type struc-
ture. This indicates that the mixed coating of different metals has
covered the surface of the Ti substrate significantly [54]. Despite the
incorporation of doping ions into SnO2 with low doping level, few
diffraction peaks of Sb was still observed in XRD spectra [55]. The peak
of IrO2 and Ta2O5 were also confirmed from XRD spectra. Furthermore,
the same peaks of oxides of metal were observed in recycled doped-
MMO, hence confirming the confinement of all metal oxide even after
multiple runs. It was observed that few metal oxide peaks were deviated
from their original position due to loss of some amount of metals in the
multiple runs of the experiment. Further details regarding the

Fig. 5. PL spectra of OH% at doped-MMO for (a) different light sources (b) different pH and time intervals at 0.6 A.

Fig. 6. Recyclability pattern of doped-MMO.

Fig. 7. The atomic percentage of different metals analyzed by EDS and SEM images of (a) Ti Sheet, (b) freshly coated doped-MMO (c) recycled doped-MMO.
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diffractions peaks have been discussed in Scheme S4 [56,57].

3.5. Mineralization studies

The mineralization studies of uric acid were performed using
spectrophotometric analysis (Fig. 9) for the treated samples initially
and to further confirm the degradation of uric acid, some analytical test
such as COD, TOC, total available chlorine (TAC) and inorganic ions
were performed at optimized conditions. Fig. 10A shows the results of

mineralization of uric acid in terms of reduction of COD and TOC. More
than 90% decrement in COD and 80% reduction in TOC were observed
in 43min. When treatment was further continued to 70min it was
found that reduction in COD and TOC became constant depicting that
oxidation of uric acid into byproducts was completed.

Production of inorganic ions such as NO2
−, NH4

+ and NO3
− were

observed after 5min of EO treatment of uric acid as shown in Fig. 10B.
Furthermore, it was also observed that the concentration of nitrite ion

Fig. 8. XRD pattern of doped-MMO (Ti sheet, freshly coated and recycled
plate).

Fig. 9. UV–vis spectra of untreated (t= 0min) and treated samples (EO
[t= 55min] & photoelectrocatalysis [t= 30min]) at optimized conditions.

Fig. 10. Evolution plots of (a) COD and TOC (b) inorganic ions (c) chloride and TAC concentration at optimized conditions.

Fig. 11. FT-IR spectra of uric acid at certain intervals of time.

Fig. 12. Cyclic Voltammetric analysis of uric acid (a) untreated samples (0 h)
and (b) treated samples (43min).
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decreased after 15min of electrolysis while NH4
+ got reduced after

30min of EO treatment. In the case of NO3
− concentration, a con-

tinuously increasing trend was observed. This might be due to the
oxidation of NO2

− and NH4
+ by strong oxidants such as OH%, HOCl,

etc. into nitrate ions as per reported in literature studies [5]. Fig. 10C
depicts the decreasing concentration of Cl-1 and increasing concentra-
tion of TAC, because of the oxidation of Cl-1 into strong oxidant species
such as active chlorine, HOCl, OCl− for the electrolytic treatment of
uric acid. While TAC is comprised of the sum of all forms of chlorine
species and combined chlorine species which results from a reaction
with nitrogenous organic and inorganic ions [58].

During EO treatment of uric acid, its removal phenomena from
aqueous solution at different time intervals were investigated through
FT-IR spectra. From Fig. 11, it was found that most of the peaks were
got shifted distinct wave number this might be due to the structural
changes occurred during the EO process. Some of the broad and sharp
peaks during electrolysis were found disappeared due to the oxidation
of uric acid and its intermediates via reactive oxidant species. Fur-
thermore, few peaks during electrolysis were seemed to appear which
accounts for OH% and chlorine species as reported in the literature
[59,60]. Moreover, the % transmittance for maximum peaks was found
increased after a treatment time of 55min, which indicates that the
oxidation of uric acid was complete and converted into simple com-
pounds.

Fig. 12 shows the continuous CVs for the EO treatment of uric acid
of 50mg/L at platinum rod with potential range of −1.2 to 1.2 V. As it
can be seen that in 0 h sample (untreated) of uric acid one oxidation
peak at −0.2 V potential in cycle 1 and one reduction peak at – 0.7 V in
cycle 2 were observed. However, in the case of the treated sample, cycle
1 shows the disappearance of oxidation peak while cycle 2 exhibit a
remarkable decrease in reduction peak. The dissolution/shifting of
peaks depicts the formation of simpler oxidative and reductive species
during the degradation of uric acid with a doped-MMO anode [26].
Moreover, decreased oxidation peak potential and enhanced oxidation
peak current indicates the great electro-catalytic activity towards the
oxidation of uric acid and amplified active electrochemical surface area
[25].

To further examine the possible intermediates formed during EO
treatment were identified through LC–MS analysis. On the basis of the
results of LC–MS analysis, a possible oxidative pathway of uric acid has
been proposed in Fig. 13. The reduction in uric acid led to the formation
of intermediates (2) which further undergo through successive me-
chanisms such as CeN bond cleavage, dehydroxylation, deamination,
etc. and yield final byproducts (9)-(11). The final products of the oxi-
dative pathway of uric acid have also been reported in the literature
studies [5,44]. The mass spectra from which the degradation pathway
proposed were shown in Fig. S3

3.6. Economic evaluation

In order to visualize the successful commercialization of a process,
treatment technology must provide a significant reduction in the
overall cost of the treatment process over conventional techniques. In
the case of EO treatment unit, the overall economy for removal of per
kg of uric acid came out to be 0.18 $/m3 (Table S2). The results depict a
sustainable solution for the on-site treatment of urinal wastewaters in
terms of economic feasibility of EO process as well as the stability of
anodes. However, the overall cost could be reduced further during
scale-up studies by modifying the reactor design and operating condi-
tions accordingly.

4. Conclusion

The present study depicts the successful applicability of novel fab-
ricated doped-MMO for the EO treatment of target compound that is
uric acid. Parametric optimization for the treatment process was done
using BBD in which the desirability function approach found suitable
for simultaneous minimization of energy consumption and maximiza-
tion of %degradation. The degradation of uric acid was found max-
imum due to the generation of strong oxidants like HOCl, OCl−, OH%

during electrolysis. The dual effect of two processes has shown the
synergistic effect on the degradation of uric acid as better %degradation
was achieved in lesser time. Characterization techniques like SEM-EDS
and XRD have proved the durability and stability of doped-MMO in

Fig. 13. Proposed oxidative pathway of uric acid with doped-MMO.
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terms of significant degradation of uric acid even after 55 recycles.
UV–vis, FTIR and LC–MS analysis were used for the detection of in-
termediates formed during the treatment process at different time in-
tervals. Furthermore, future investigations would emphasize more
techno-economic analysis of field-scale applications such as on-site
treatment of urinal wastewater and reuse as flush water.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jwpe.2019.100944.
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A B S T R A C T   

The efficacy of electro-oxidation has been checked for the deterioration of synthetic urine (SU) using mixed metal 
oxide anode along with the potential of harnessing the commercially useful byproduct i.e. molecular hydrogen 
gas. The results from batch have been used to execute the scale-up studies for the continuous electro-oxidation 
treatment of SU in a photovoltaic driven reactor. The effect of different operational variables like pH, time, 
current density and N/Cl ratio on process efficiency was evaluated in terms of %COD removal and specific energy 
consumption using response surface methodology. The results showed that 87.25% removal in COD and 85.88% 
in TOC were achieved in 8.8 h. The complete deactivation of E. coli spiked synthetic urine wastewater was 
achieved in 45 min only. The main strength lies in the demonstration of the significant reduction in treatment 
time to 6 h by incorporating dual effect i.e. Photo-electrocatalysis. The anode used was proven to be stable and 
effective even after 100 recycles (207.5 h). The intermediates formed during the treatment process were 
analyzed through LC-MS. The techno-economic analysis for the proposed technology under optimized conditions 
was calculated to be 0.85 $/kg of COD removed.   

1. Introduction 

Despite socio-economic growth in the past several years, India has 
failed to provide proportionate sustainable development (Ganesapillai 
et al., 2016). According to the Joint Monitoring Programme (JMP) for 
Water Supply and Sanitation conducted by the WHO and the United 
Nations Children’s Fund, approximately 2.4 billion people in word lack 
access to basic sanitation and waste disposal facilities while 66% pop
ulation still practice open defecation (Daudey, 2018) and about a 
million people die from diseases like diarrhea, malnutrition, typhoid, 
dengue (Singh and Cheema, 2016). The eco-sanitation is a sustainable 
yet affordable solution for the safe disposal of human waste, which uses 
human urine as a resource of water (Simha and Ganesapillai, 2017). 

Urine is a complex mixer containing both molecular and ionic 
compounds. It represents a small volume (�1%) of domestic waste
water, but the major source of water pollution (Spångberg et al., 2014). 
Urine is difficult to describe as one particular formula because of its high 
dependence on various factors like climate, age, diet, physical activities. 

It also contains various micro-pollutants such as synthetic hormones, 
vitamins, organic acids, pharmaceutical residues which are considered 
as emerging environmental pollutants (Dbira et al., 2019). The principal 
organic fraction of urine is mainly comprised of nitrogen-based com
ponents such as urea, creatinine and uric acid. 

The continuous discharge of untreated urinal wastewater is 
becoming a potential threat to the environment and human health (Cho 
et al., 2014), as pathogens present in human urine can remain alive for a 
longer period of time. The treatment of urinal wastewater could prevent 
environmental pollution by treating harmful micropollutants and recy
cling as flush water, which is a sustainable solution for water shortage 
(Ikematsu et al., 2007). 

Recently several authors have reported the applications of electro- 
oxidation (EO) treatment technology for the treatment of several toxic 
effluents via in-situ reactive oxygen species (ROS) such as hydroxyl 
radical (OH�) (Zhuo et al., 2011). EO treatment process has been used 
for the treatment of Escherichia coli (E. coli) by producing disinfectants 
from the ions naturally contained in the water (Bergmann et al., 2009). 
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However, the effectiveness of a particular process is dependent upon 
electrodes, many authors have reported the removal of microorganisms 
from human urine using boron-doped diamond (BDD) as an anode 
(Cotillas et al., 2018). However, the drawback of this anode is the 
generation of hazardous chloro-oxidant species such as chlorates and 
perchlorates (Bergmann et al., 2009). Moreover, the high cost of BDD to 
treat a large volume of effluents made the pilot scale applications 
impractical. 

In this context, mixed metal oxide (MMO) anode has been chosen 
because it is electrochemically stability, low in cost and promotes the 
generation of a significant amount of reactive chlorine species (RCS) and 
ROS at low current densities (Isarain-Chavez et al., 2017; Zahedi et al., 
2018; Baddouh et al., 2018; Cruz-Diaz et al., 2018; Gurung et al., 2018). 

In the experimental study, ternary MMO i. e Ti/Ir/Ru/Pt was chosen 
for EO treatment of synthetic urine (SU). The unique properties of 
ternary anode have been discussed in previous research works (Singla 
et al., 2018). The present study aims to investigate MMO anodes for the 
combined EO and disinfection of SU wastewaters by optimizing different 
process parameters such as nitrogen to chloride ratio (N/Cl), pH, applied 
current density and treatment time as well as their effect on responses 
using response surface methodology (RSM). Several analytical tech
niques were used to identify the intermediates formed during the elec
trolysis of synthetic urine. In addition, efforts have been made for the 
development of a photovoltaic (PV) driven electrolysis reactor for the 
EO treatment, a low-cost solution for on-site treatment of urinal 
wastewater for developing countries and providing a social-economic 
boost with the harnessing of hydrogen production. 

2. Materials and methods 

2.1. Chemicals and microorganisms 

The bacterial strain i.e. E. coli (MTCC K-12) was procured from CSIR, 
Chandigarh, (India). The chemicals required for SU preparation, 
chemical oxygen demand (COD) estimation and anions test analysis 
have been discussed in detail in the Supplementary file (File S1). 

2.2. Analytical methods 

The analysis of untreated and treated samples of SU was carried out 

using various analytical techniques such as COD, total organic carbon 
(TOC), cyclic voltammetry (CV), FTIR along with the quantification of 
anions. The estimation of OH� production was validated through a 
fluorescence spectrophotometer. The identification of intermediates 
generated during the process was checked through LC-MS. The MMO 
anode was characterized through SEM-EDS and XRD. The detailed 
description of these techniques has been discussed in File S2. 

2.3. Electrodes fabrication 

The MMO anodes were purchased from Exotic Elements Private 
Limited, Mumbai, while stainless steel (SS) from Bio age Private Limited, 
Mohali (India). The detailed discussion regarding the fabrication of 
MMO anode has been discussed in File S3. 

2.4. Experimental reactor setup 

EO experiments were carried out under batch operation mode in a 
single compartment electrochemical cell made up of glass with a total 
volume of 500 mL (Fig. 1A). Electrodes (MMO and SS) were used having 
dimensions of (7  cm x7  cm x 0.5 cm) and active surface area of 42 cm2 

and were connected parallel with an inter-electrode spacing of ~2.0 cm 
for every experiment and current was maintained using DC power 
supply (Model: 0–30 V with 0–2 A and 0–5 A) purchased from DIG
ITECH, Ambala, (India). 

For photo-electrocatalysis (PEC), above mentioned EO reactor was 
placed in a wooden chamber, contains 10 UV tubes. Out of the 10 UV 
tubes, 7 tubes (Philips) of 36 W (365 nm) were attached beneath of the 
top roof while other 3 UV tubes of 18 W (365 nm) attached to the one 
sidewall of the wooden chamber and aligned horizontally (Fig. 1B) to 
maintain UV intensity of 23 � 2 W/m2 throughout the reaction 
measured by a radiometer (Eppley; model no. 33013). 

For continuous EO experiments, a glass reactor fabricated with a 
plexiglass sheet having dimensions of 90 mm � 90 mm x 40 mm. The 
reactor was designed to treat 1–2 L of total sample volume, with one 
inlet and outlet along with one detachable baffle made up of acrylic 
fiber. An aqueous solution of SU with a working volume of 2 L was used 
for EO experiments. In order to capture different gases during EO 
treatment of SU, a glass box equipped with a sampling port (inlet and 
outlet) and a gas outlet port on top, was placed inversely over the EO 

Fig. 1. Schematic diagram of the experimental setup used for the (a) EO and (b) PEC treatment of SU.  
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reactor. Furthermore, the whole setup was placed on a jack and the 
infiltration of air was stopped using clay (Fig. 2). The detailed discussion 
of cont. EO operation has been discussed under Section 3.6. 

2.5. Experimental procedure 

The lab-scale EO experiments for the treatment of SU working so
lution of 400 mL were freshly prepared and the pH of SU was adjusted 
with 0.1 N NaOH and 0.1 N H2SO4 solution as per the requirement. For 
homogeneous mixing of the aqueous solution during experimental runs; 
magnetic stirrer at 600 rpm was used. Prior to every EO experiment, 
electrodes were cleaned by dipping it into a 10% H2SO4 solution and 
then dried at room temperature. All experiments were performed at 
room temperature i.e. 25 �C � 2 �C. The chemical analysis was carried 
out periodically by withdrawing a sample of appropriate volume. All 
experiments were performed thrice to check the reproducibility of 
results. 

For continuous recirculation EO experiments for the treatment of SU, 
2 L sample was stored in a tank and circulated through the single 
compartment EO reactor by a booster pump with 12 LPH flow rate. 
Further, to remove dissolved oxygen, molecular nitrogen was purged 
into the system for 1 h prior to the EO treatment process. The current to 
the electrodes were supplied through photovoltaic (PV) panels. At 
certain time intervals, samples of 10 mL were withdrawn and filtered for 
different test analysis and the sample for gas analysis was withdrawn by 
glass syringe through the inverted glass box. 

2.6. Experimental design and statistical analysis 

For designing the experimental matrix three-level Box-Behnken 
design (BBD) under RSM was employed. RSM is a chemometric tool 
which helps in the determination of the contribution of each operational 
parameters such as current density (j), pH, N/Cl ratio and treatment 
time (t) as well as the interaction between them. Two responses were 
selected i.e. % COD removed (Z1) and specific energy consumption (Z2) 
and calculated by the following Eqs. (1) and (2) (Kaur et al., 2017). 

Z1ð% COD removalÞ¼
CODo � CODt

COD0
X100 (1)  

Z2ðSECÞ¼

��
Vit
Sv

��

103
�

CODr
�

106
(2)  

where, COD0 ¼ Initial COD (mg/L); CODt ¼ COD at fixed time intervals 
(mg/L); SEC ¼ specific energy consumption (kWh/kg of COD removed); 
i ¼ current (A); V ¼ voltage; t ¼ electrolysis time (h) and Sv ¼ Volume of 
sample (L). Further details has been discussed in File S4. 

The total number of experimental runs established by BBD was 30 
with six replication runs at the center as shown in Table 1. The adequacy 
of the chosen polynomial model was determined by two different tests i. 
e. model summary statistic and sequential model summary. The quality 
of the model was checked as the coefficient of determination R2 while 
statistical significance was checked by F-Test. In the study of multi- 
response optimization with desirability, the approach was used to 
optimize the EO operational parameters and calculated by the following 
Eqs. (3) and (4) (Mondal et al., 2013). 

Di¼ðd1Xd2Þ
1=2 (3)  

d¼

8
>>><

>>>:

�
0

Zi � Zi� min

Zi� max � Zi� min

�k

1

if Zi � Zi� min
if Zi� min < Zi
if Zi � Zi� max

< Zi� max (4)  

where Di is the desirability function (0>di < 1); d1 and d2 are de
sirabilities of responses Z1 and Z2. 

2.7. Synergy calculations 

The synergy of the dual-process i.e. PEC over single processes ie 
photocatalysis (PC) and EO in the present study was calculated by 
following Eqs. (5) and (6) (Bansal and Verma, 2018). 

Synergy over single processes [PC or EO]: 

%Synergy¼ 100�
�
½kdual � ðkPC or kEOÞ�

kdual

�

(5) 

Overall Synergy: 

%Synergy¼ 100�
�
½kdual � ðkPC þ kEOÞ�

kdual

�

(6)  

where ‘k’ ¼ pseudo-first-order rate constant (h� 1) for every process and 
calculated from Eq. (7). 

� ln
COD0

CODt
¼ k1t (7) 

Fig. 2. Schematic diagram of the photovoltaic driven EO experimental setup.  
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2.8. Operating cost analysis 

The total cost for EO treatment comprises of cost of electrodes, the 
electrical energy consumed, calculated using the following Eq. (8) (Kaur 
et al., 2017). 

Operating cost¼CEC þ CEL (8)  

where, CEC ¼ cost of energy consumed (kWh/m3) and CEL ¼ cost of 
electrodes (Rs/per piece). 

3. Results and discussion 

The statistical investigation of experimental data was done using 
Design-Expert software version 6.0.8. The results of the model summary 
statistic showed the highest R2 values of both responses i.e. 0.9801 and 
0.9930 for a quadratic model, which indicates the satisfactory interac
tion between predicted and actual values of the experimental run. For 
further analysis, the manual regression method was applied with a 
reduced quadratic equation. Table 2 shows the results of the quadratic 
model fitting in the form of an analysis of variance (ANOVA). The 
detailed information has been discussed in File S5. 

Table 1 
BBD matrix and their experimental results for measured responses.  

Std Run Block Current density 
(mA cm� 2) 

N/Cl 
ratio 

Time 
(h) 

pH % COD 
removed, 
Z1 

SEC, Z2 

(kWhr/kg COD removed) 

2 1 1 47.61 1.00 9.00 3.00 87 34.08 
6 2 1 33.33 1.70 6.00 6.00 22 77.5 
5 3 1 33.33 0.30 6.00 6.00 67 13.27 
8 4 1 33.33 1.70 12.00 6.00 26 121.63 
10 5 1 33.33 1.00 9.00 6.00 65.5 30.55 
7 6 1 33.33 0.30 12.00 6.00 72 22.65 
9 7 1 33.33 1.00 9.00 6.00 65.5 30.55 
3 8 1 19.04 1.00 9.00 9.00 33 34.01 
4 9 1 47.61 1.00 9.00 9.00 62 52.94 
1 10 1 19.04 1.00 9.00 3.00 57 18.58 
16 11 2 33.33 0.30 9.00 9.00 59 23.87 
19 12 2 33.33 1.00 9.00 6.00 65.5 30.55 
11 13 2 19.04 1.00 6.00 6.00 40 18.35 
20 14 2 33.33 1.00 9.00 6.00 65.5 30.55 
14 15 2 47.61 1.00 12.00 6.00 69 60.36 
17 16 2 33.33 1.70 9.00 3.00 31 75.31 
15 17 2 33.33 0.30 9.00 3.00 88.5 12.98 
18 18 2 33.33 1.70 9.00 9.00 24.5 102.86 
12 19 2 47.61 1.00 6.00 6.00 64 33.64 
13 20 2 19.04 1.00 12.00 6.00 45 32 
29 21 3 33.33 1.00 9.00 6.00 65.5 30.55 
21 22 3 19.04 0.30 9.00 6.00 53 11.19 
23 23 3 19.04 1.70 9.00 6.00 28 55 
25 24 3 33.33 1.00 6.00 3.00 74 17.36 
26 25 3 33.33 1.00 6.00 9.00 53 26.57 
24 26 3 47.61 1.70 9.00 6.00 23 140 
22 27 3 47.61 0.30 9.00 6.00 80.5 24.33 
30 28 3 33.33 1.00 9.00 6.00 65.5 30.55 
27 29 3 33.33 1.00 12.00 3.00 79 30.65 
28 30 3 33.33 1.00 12.00 9.00 58 49  

Table 2 
ANOVA results suggested by BBD for responses (Z1 and Z2).  

Sources Z1 Z2 

Sum of square DF Mean square F-value Prob > F Sum of square DF Mean square F-value Prob > F 

Block 42.92 2 21.46   0.037 2 0.019   
Model 10,875.95 14 776.85 45.70 <0.0001 11.72 14 0.84 132.37 <0.0001 
Y1 1397.52 1 1397.52 82.21 <0.0001 1.33 1 1.33 210.82 <0.0001 
Y2 1344.08 1 1344.08 79.07 <0.0001 0.68 1 0.68 107.79 <0.0001 
Y3 5874.19 1 5874.19 345.57 <0.0001 8.34 1 8.34 1318.86 <0.0001 
Y4 70.08 1 70.08 4.12 0.0633 0.91 1 0.91 144.00 <0.0001 
Y1

2 293.44 1 293.44 17.26 0.0011 0.011 1 0.011 1.73 0.2112 
Y2

2 15.86 1 15.86 0.93 0.3517 8.320E-004 1 8.320E-004 0.13 0.7227 
Y3

2 1525.76 1 1525.76 89.76 <0.0001 0.40 1 0.40 63.04 <0.0001 
Y4

2 66.07 1 66.07 3.89 0.0703 1.610E-003 1 1.610E-003 0.25 0.6224 
Y1Y2 0.25 1 0.25 0.015 0.9053 6.734E-003 1 6.734E-003 1.06 0.3211 
Y1Y3 264.06 1 264.06 15.53 0.0017 6.211E-003 1 6.211E-003 0.98 0.3399 
Y1Y4 0.000 1 0.000 0.000 1.0000 2.031E-004 1 2.031E-004 0.032 0.8606 
Y2Y3 132.25 1 132.25 7.78 0.0153 0.022 1 0.022 3.50 0.0842 
Y2Y4 0.000 1 0.000 0.000 1.0000 4.747E-004 1 4.747E-004 0.075 0.7885 
Y3Y4 0.25 1 0.25 0.015 0.9053 1.762E-003 1 1.762E-003 0.28 0.6066 
Residual 220.98 13 17.00   0.082 13 6.327E-003   
Lack of fit 220.98 10 22.10   0.082 10 8.225E-003   
Pure error 0.000 3 0.000   0.000 3 0.000   
Core total 11,139.84 29    11.84 29     
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3.1. Effect of process parameters and optimization 

Three dimensional (3D) response graphs developed from the model 
were studied in order to analyze the interaction between operational 
parameters and their effect on responses. 

3.1.1. Effect of j and N/Cl on % COD removed, Z1 
j is an important operating parameter in the EO remediation process 

because of cost-effectiveness analysis. The effect of j and N/Cl on EO of 
SU was analyzed by varying j from 19.04 to 47.61 mA/cm2 and N/Cl 
ratio from 0.3 to 1.7. Fig. 3A has shown the interaction between them as 
well as their simultaneous effect on % COD removal, Z1. The graph 
showed that Z1 was maximum at low values of N/Cl ratio up to 0.65 and 
then decreases gradually with an increasing ratio of �1.70. This trend 
was visible on all values of j. However, with increasing values of j, a 
marginal increase in Z1 was observed at the N/Cl ratio of �0.45. Further, 
an increase in N/Cl ratio from 1 to 1.7, it was found that Z1 first 
increased to 33.33 mA/cm2 and then decreased with increasing j values 
� 47.61 mA/cm2. From the experimental, it was found that at lower 
values j and higher values of N/Cl ratio, Z1 was minimum. However, 
when j was increased and N/Cl ratio decreased, Z1 was found maximum. 
This happens because, at lower values of j, generation of ROS on MMO 
anodes falls gradually with time. But when j increases, the removal ef
ficiency of pollutants was maximum because of the increased generation 
of OH� and RCS. At lower values of j, the EO process is not kinetically 
limited by mass transport of pollutants so, the increase in j value led to 
maximum removal efficiency. But at high values of j, the EO process is 
controlled by mass transport and an increase in j value leads to the 
enhancement of oxygen evolution reaction (Moreira et al., 2017). Due to 
which ROS was consumed rapidly decreasing the Z1. While in the case of 
intermediate j values, an increase in j values leads to the increase in 
pollutant removal rate but decreases the current efficiency as discussed 
in File S5. 

The N/Cl ratio plays a significant role as it influences the efficiency of 
the EO process by increasing the conductivity of a solution. It defines the 
amount of RCS formed during EO treatment of pollutants at MMO an
odes. At higher values of N/Cl ratio, the concentration of chloride is less 

as compared to the concentration of nitrogen due to which the active 
sites on anode surface blocked, decreasing the oxidation of chloride into 
RCS. However, at lower values of the N/Cl ratio, depletion of pollutants 
rapid as more RCS is generated resulting in maximum Z1. The increase in 
Z1 values was due to the synergistic effect of RCS and OH� (Moreira 
et al., 2017). 

3.1.2. Effect of t and pH on Z1 
Fig. 3B shows the interaction between pH and t as well as their effect 

on Z1. To see the effect of t and pH on the oxidation process, values of t 
varied from 6 h to 12 h while pH was varied from 3 to 9. The graph 
showed that Z1 was found maximum with increasing values of t at all pH 
values. However, Z1 was found decreasing with increasing values of pH 
for all t values. The maximum value of Z1 was observed at higher values 
of t at 10.50 h, however, a further increase in t values � 12 h, Z1 was 
found constant. While in the case of pH, Z1 was found maximum at lower 
values of pH � 4.5 and minimum at higher values of pH � 9. Several 
authors have reported the maximum removal efficiency at acidic pH 
because the adsorption rate of OH� on the surface of MMO is high, hence 
led to direct oxidation of pollutants, as at basic pH, the adsorption rate of 
OH� decreases, due to which OH� transform into lower potential oxi
dants H2O2 and HO2

� as shown in Eqs. (12) and (13). Furthermore, at 
acidic pH, the generation rate of high potential oxidants like HOCl, Cl2, 
ClO� was maximum as shown in Eqs. (9)–(11), which led to the 
maximum degradation. While in the case of alkaline pH, lower potential 
oxidants like ClO2

� , ClO3
� and ClO4

� reducing degradation efficiency as 
shown in Eq. (14). Moreover, acidic pH helps to prevent the volatiliza
tion of ammonia during the electrolysis (Barrera-Díaz et al., 2017) and 
also stops the oxidization of other ions such as sulfate, phosphate, car
bonate in bulk (Cotillas et al., 2018). Thus, the destruction of the organic 
pollutant was better at acidic pH than basic pH. 

At acidic pH: 

(9)  

(10)  

(11) 

Fig. 3. Effect of different operational parameters on %COD removal and SEC during SU electrolysis (a) j and N/Cl ratio, (b) t and pH, (c) N/Cl ratio and pH and (d) t 
and j. 
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At basic pH: 

(12)  

(13)  

(14)  

3.1.3. Effect of j, pH, n, and t on SEC, Z2 
Fig. 3C shows the interaction between pH and N/Cl ratio as well as 

their effect on SEC, Z2. The results depict that Z2 was found decreasing 
with increasing N/Cl ratio up to 1.0, for all values of pH. Further in
crease in N/Cl ratio from 1.0 to 1.7, led to an increase in values of Z2 for 
all values of pH. However, the values of Z2 was found maximum at 
higher values of pH from 7.5 to 9.0 at N/Cl ratio �1.7. At lower values of 
N/Cl ratio up to 0.3, Z2 was found constant for all values of pH. It depicts 
that at lower values of the N/Cl ratio, there was no effect of pH was 
observed on Z2. While at higher values of N/Cl ratio �1.7, Z2 was found 
increasing with increasing values of pH. Fig. 3D shows the interaction 
between j and t as well as their effect on Z2. The results showed that at 
lower values of t to 7.5 h and j to 26.18 mA/cm2, Z2 was found to be 
minimum. However, a further increase in j and t values i.e. 47.61 mA/ 
cm2 and 12 h respectively showed a gradual increase in values of Z2. 
Furthermore, at higher values of pH Z2 was found maximum while 
minimum (Z2) at lower values of pH. This was due to the production of 
strong oxidant species at lower pH lead to maximum oxidation and re
quires less energy (Singla et al., 2017). 

Optimization of operating parameters for the EO treatment of SU 
with MMO anode was done for maximizing the Z1 and minimizing the 
Z2. One-sided desirabilities (di) and overall desirability (D) were 
calculated by using maximum (Z1) and minimum (Z2) acceptable values 
of both responses as shown in Eqs. (15) and (16). 

The desirability for response Z1 for SU was calculated by Eq. (5) with 
acceptable values of Z1-min as 22.0% and Z1-max as 88.5%. Similarly, for 
the response, Z2 was calculated by taking Z2-min as 11.19 and Z2-max as 
140.00 kWh/kg of COD removed respectively. 

d1ðSUÞ ¼

8
>>><

>>>:

�
0

Z1 � 22:0
88:5–22:0

�

1

if Z1 � 22:0
if 22:0 < Z1
if Z1 � 88:5

< 88:5 (15)  

d2ðSUÞ ¼

8
>>><

>>>:

�
0

Z2 � 11:19
140:00–11:19

�

1

if Z2 � 11:19
if 11:19 < Z2
if Z2 � 140:00

< 140:00 (16) 

In above all equations value of r was taken as 1. Therefore, overall 
desirability (D) for SU was calculated using Eq. (4). The best optimized 
conditions of process parameters for SU were obtained at pH ¼ 3.42, N/ 
Cl ratio ¼ 0.42, j ¼ 30.33 mA/cm2, t ¼ 8.8 h and showed highest overall 
desirability, D ¼ 0.985 as shown in Table 3. At this optimum condition, 
the value for responses Z1 and Z2 suggested by BBD were found out to be 
86.056% and 11.88 kWh/kg of COD removed. In order to confirm the 
values of responses, further experiments were conducted in triplicate at 
the optimized condition. The average experimental value of both re
sponses Z1 and Z2 for SU were found close to the predicted values i.e. 
85.25% and 11.75 kWh/kg of COD removed respectively as shown in 
Table 4. 

During the EO treatment process, it has been observed that con
ductivity and pH of SU changes (Fig. 4A and B). It was observed the 
change in conductivity is insignificant, while pH was found to be 
increased during the treatment process. The increase in pH at the 
beginning of the treatment test was observed and kept constant at pH 8.0 
until the end of the process. This shift of pH from acidic towards neutral 
was due to the production of hydroxyl ion (OH� ) by water reduction at 
the surface of the cathode. Furthermore, pH during electrolysis between 

7.5 h and 9 h was found stabilized due to the formation of the HCO3
�

buffer from the produced CO2 while degrading the organic pollutants 
present in SU (Dbira et al., 2015). 

3.2. Synergistic studies 

In order to investigate the photoactivity of MMO anode, studies were 
performed by three different techniques which include PC (interaction 
of light with anode surface), EO (constant applied current only) and PEC 
(constant applied current and light) at optimized conditions. The syn
ergistic studies were performed in order to check the degradation effi
ciency of dual-process over single processes. The effect was calculated 
and quantified using kinetic rate constant obtained through pseudo-first- 
order reactions as discussed in Section 2.8. The oxidation experiments 
for SU were performed with MMO in a batch reactor under UV light. 
Fig. 5A shows the results for % COD removal of SU treated with different 
processes i.e. PC, EO, and PEC. Among all the processes, % COD of SU 
was found maximum in the dual process i.e. PEC over individual pro
cesses. Furthermore, treatment time for SU through PEC was also found 
to be reduced from 8.8 h to 6 h. PC treatment was found less efficient for 
the % COD removal as compared to the other two processes. A similar 
kind of results was also observed when the plot between CODt/CODo and 
electrolysis time was studied (Fig. 5B). Fig. 5C shows the plot of the rate 
constant versus different treatment processes. From the results, it was 
depicted that an immense increase in the first-order rate constant in case 
of the integrated process (0.2991 h� 1) which was 10.2 times of PC 
(0.0294 h� 1) and 1.25 times to EO (0.2334 h� 1). Proving the viability of 
the dual-process over a single treatment process. To further confirm, 
experimental studies were carried out using fluorescence spectroscopy 
for the estimation of OH� production at MMO under different light 
sources, at different pH and time intervals. The detailed information has 
been discussed in File S6. 

3.3. Mineralization 

Mineralization studies were performed at optimized conditions in 
terms of in-situ chemical analysis, CV, FT-IR, LC-MS analysis. 

Chemical analysis: The quality of treated and untreated samples 
were checked by performing in-situ analysis, which depicts the results of 

Table 3 
Individual and multi-response optimization results for desirability calculations.  

Response Current 
density 
(mA 
cm� 2) 

N/Cl 
ratio 

Time 
(h) 

pH Desirability 

Individual Response optimization 
% COD removed ¼

91.234% 
43.06 0.46 10.26 4.42 1 

Specific energy 
consumption ¼ 2.400 
kWh/kg of COD 
removed 

21.82 0.35 7.00 5.51 1 

Simultaneously optimization of responses 
% COD removed ¼

86.056% 
30.33 0.42 8.79 3.42 0.985 

Specific energy 
consumption ¼ 11.78 
kWh/kg of COD 
removed       

Table 4 
Comparison between predicted and actual value at optimized conditions.  

Responses Predicted Actual 

% COD removed 86.056% 85.25% 
Specific energy consumption (kWh/kg of COD removed) 11.88 11.75  
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the transformation of micro-pollutants into carbon dioxide, water and 
inorganic salts; confirmed through a reduction in COD (87.25%) and 
TOC (85.88%) at optimized conditions, which reached up to 89.0% and 
86.9% when the reaction was extended to 12 h (Fig. 6A). The reduction 
in COD confirms the degradation of initial pollutants and the formation 
of intermediates chemical species during the treatment and decay in 
TOC value corresponds to the conversion of organic carbon into carbon 
dioxide (CO2) (Dbira et al., 2019). 

The oxidation of nitrogen-based organic matter (present in SU i.e. 
uric acid, creatinine and urea) into inorganic ions such as NO2

� , NO3
� and 

NH4
þ was checked by ion testing analysis along with the estimation of 

reduction in total nitrogen. The total nitrogen present in SU was around 
6300 mg/L. The most of the nitrogen (�95%) associated with urea 
present in raw SU, rest is being free ammonium ion and organic nitrogen 
associated with creatinine and uric acid respectively. A continuous 
generation of nitrite and ammonium ions was observed, while the 

concentration of nitrate increases slowly (Fig. 6B). The concentration of 
nitrite and ammonium ions were found depleting after 3.0 h and 4.5 h 
indicating the conversion of NO2

� into NO3
� . While in the case of NO3

� , a 
continuous increase in concentration was observed. This might be due to 
the reaction between ammonium ion and hypochlorous acid. 

From Fig. 6C it can be observed that chloride level was continuously 
decreasing due to oxidation of chloride on the anode to produce strong 
oxidant species like HOCl/OCl� for the destruction of organic matter 
present in SU. The level of TAC increased gradually during the electro- 
oxidation treatment of urea and then increased sharply to higher 
values when urea was depleted to the maximum. During the treatment 
process TAC, an aggregate part of reactive intermediates does not 
remain constant. This might be due to the balance between the oxidation 
of nitrogen-based components and the generation of chlorine species 
along with their bond forms during the treatment process as reported in 
the literature (Hernlem, 2005). 

Fig. 4. Changes in the (a) conductivity and (b) pH during electrolysis of SU with MMO anode at optimized conditions.  

Fig. 5. Plot of synergistic effect for SU through different processes (a) % COD removal vs time, (b) plot of Ct/Co vs time and (c) pseudo-first-order rate constant versus 
different processes. 
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Fig. 6D represents changes in the concentration of sulfates and 
phosphates with time during the EO treatment of SU wastewater. From 
the plot, it can be observed that the concentration of phosphate was 
found decreasing with increasing time. This might be happening due to 
the acid-base distribution and solubility dependence of inorganic ions 
(phosphates). However, in the case of sulfates, negligible change in 
concentration was found during the 8.8 h of electrolysis, depicting the 
non-dependency on values of pH due to the higher solubility of sulfates 
in water (Dbira et al., 2015). 

Cyclic Voltammetry (CV): Fig. 7A shows the continuous CV for 
untreated and treated samples of SU at platinum rod with a potential 
range of � 1.2 to 0.0 V. The treated and untreated samples of SU has also 
shown a few visible peaks in the potential range window. As it can be 
seen that in 0 h samples one oxidation peak at � 0.0001 A in a first cycle 
and one reduction peak at � 0.0001 A was observed. However, in the 
case of the treated sample, cycle 1 showed the disappearance of the 
oxidation peak while cycle 2 exhibit a remarkable decrease in reduction 
peak (<� 0.0001 A). The shifting of the peaks depicts the generation of 

Fig. 6. Plot of mineralization at optimized conditions at different time intervals (a) concentration (COD &TOC), (b) generation of different nitrogen species, (c) 
chloride and total available chlorine (d) concentration of ions and (e) % degradation of organic pollutants present in SU. 

Fig. 7. Plot of (a) cyclic voltammeter and (b) FTIR for untreated and treated SU samples.  
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simpler oxidative and reductive species during the oxidation of SU with 
MMO anode. Moreover, an increase in oxidation peak current and a 
decrease in oxidation peak potential indicates the great electrocatalytic 
activity (Zhang and Yin, 2014). 

FT-IR (Fourier transformed infrared spectroscopy) analysis: To 
examine the removal phenomenon of pollutants present in SU during 
electrolysis, FT-IR of untreated and treated samples were performed 
under optimal conditions. Fig. 7B represents the FT-IR spectra of SU and 
results show the characteristic absorption broad peaks with wave
number (cm� 1) at 3254.8, 3388.64, 3455.08, 612.10, 698.80 and 
781.84, respectively were formed due to the OH� and chloro-oxidant 
species generated during EO of SU. The sharp peaks at 1600.69, 
1738.41, 3356.12 and 3455.08, respectively were due to the presence of 
characteristic absorption of C––O, C–H and N–H groups. The vibrational 
frequency of C–––N, C––N, C–N, C––C stretching linked with the hetero
cyclic structure was around at 1101.36, 1215.1, 1349.93, 1581.68, 
1656.12 and 1738.40, respectively (Hiwarkar et al., 2017). The results 
show that most of the peaks were got shifted at distinct wavenumber, 
might be due to the structural changes occurred during the EO process. 

LC-MS analysis: The organic and inorganic components present in 
untreated and treated samples of SU were identified through LCMS 
(Fig. S3). The results of the untreated sample (0 h) have shown the sharp 
peaks of metabolites like urea, uric acid, and creatinine. However, it was 
observed that after electrolysis most of the diagnosed organic compo
nents got erased and converted into intermediates like oxalic acid, 1- 
methylurea, guanidine, etc. while some new components were also 
diagnosed in trivial proportions. Based on the above discussion, a pro
visional mechanism has been proposed for the treated SU (Fig. 8). 
Moreover, most of the intermediates generated during the electrolytes of 
SU were found almost similar to the intermediates generated during 
electrolysis of urine metabolites alone (Singla et al., 2017, 2018). 
Further to confirm the oxidation of organic components a spectropho
tometric analysis was done. Fig. 6E shows that 97.5% of uric acid 
remove in 1.0 h only while urea (91%) and creatinine (87.5%) took 7.5 
h. In addition, the non-toxicity of diagnosed components in the final 
samples was confirmed through the toxicity analysis test discussed in 
detailed in File S7. 

3.4. Treatment of SU spiked with E. coli 

The efficacy of EO and PEC processes were checked for the 

disinfection of SU containing pathogenic microorganisms (Fig. 9). The 
experimental study was carried out at optimized conditions using MMO 
anodes. Besides its efficacy towards oxidation of organic components, 
the disinfection efficiency of EO and PEC was studied using E. coli as 
(pathogenic microorganism) spiked SU. The untreated and treated 
samples of volume 1 mL was poured in plates containing media called 
MacConkey agar. After that, media plates were then placed at 37 �C for 
getting discreet colonies of E. coli. The concentration of coliform in SU 
samples was estimated in terms of CFU 100 mL� 1. Fig. 9A showed that 
the total removal of E. coli from SU was achieved within 30 min through 
PEC and 45 min via EO as compared to the untreated sample. Based on 
these observations a plot was made between CFU 100 mL� 1 vs treatment 
time. Fig. 9B represents the changes in the concentration of E. coli during 
electrolysis of SU at different time intervals at optimized conditions. As 
it can be seen that the concentration of E. coli was found decreasing 
rapidly with time. However, it was observed that the time required to 
disinfect SU wastewater was very less as compared to complete/partial 
oxidation of organic matter present in SU. The complete disinfection of 
wastewater was seemed dependent directly on the production of disin
fectants which further depends on the concentration of chlorides added 
and the concentration of reduced nitrogen species present in solution. 
Additionally, the treatment processes convert the organic matter into 
inorganic ions such as nitrates, sulfates, phosphates, chlorides, etc., 
water and carbon dioxide (Cotillas et al., 2018). 

3.5. Economic evaluation 

To visualize the successful commercialization of the proposed 
method, treatment technology must provide viable solution economi
cally. In the case of the EO treatment unit, the overall economy for 
removal of per kg of COD removal came out to be 0.85 $/kg of COD 
removed as shown in Table S2. 

3.6. Continuous recirculation EO treatment of SU along with 
simultaneous production of molecular hydrogen 

In order to promote the field scale applications, scale-up trials are 
required with continuous recirculation treatment of human urine. Be
sides this, there is a strong possibility of harnessing molecular H2 pro
duction as commercial fuel during EO treatment of urine. In this context, 
lab-scale trials have been used to execute the scaled-up version of EO 

Fig. 8. The tentative proposed degradation pathway for electrochemically treated SU.  
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treatment of SU under continuous recirculation mode in a PV driven 
wastewater electrolytic reactor. The EO experiments were conducted at 
optimized conditions. Fig. 10A shows the plot of % removal (COD, urea, 
creatinine and uric acid) versus treatment time. As it can be seen that 
80.85% removal in COD was achieved in 6 h of electrolysis. The volu
metric fraction of molecular hydrogen (XH2) during 6 h electrolysis was 
generated in the range of 69.740%–1.7190%. Other gases as a byproduct 
such as N2, CO2, CH4, and CO has also been generated during electrol
ysis, the volumetric molecular fraction of these gaseous byproducts was 
found increasing with treatment time due to the oxidation of micro- 
pollutants into molecular N2 and CO2 (Fig. 10B). 

3.7. Durability studies, SEM/EDS and XRD analysis 

The practical applicability and economy of the EO process towards 
pilot scale application were also studied in terms of the durability and 
stability of MMO anodes. Evaluation of the stability and durability in 
terms number of recycles and % COD removal of SU (Fig. 11A). Along 
with surface morphology and structural properties of freshly coated and 
recycled MMO anodes were checked through SEM while EDS was used 
for elemental composition of the different metal oxides layer coated on 

anode surface (Fig. 11B). To know the structure of MMO anodes, X-ray 
diffractogram analysis of the Ti sheet, freshly coated MMO and recycled 
MMO was done (Fig. 11C). Further information has been discussed in 
File S8, along with SEM/EDS and XRD analysis. 

4. Conclusion 

The electrochemical oxidation treatment with MMO leads to the 
complete deactivation of E. coli present in SU wastewater with 85.25% 
removal in COD at low current densities of 30.33 mA/cm2. It was found 
that most of the nitrogen-based organic components got mineralized 
into inorganic ions in a few hours. The final products generated were 
confirmed non-toxic as checked by toxicity analysis. The combination of 
EO with UV photolysis significantly reduced the treatment by 2.8 h. 
During the electrolysis, a significant amount of RCS and OH� species 
were generated during electrolysis resulting in the destruction of micro- 
pollutants and disinfection of urinal wastewater. Characterization 
techniques like SEM-EDS and XRD have proved the durability and sta
bility of MMO in terms of significant % COD removal even after 100 
recycles. From the scale-up studies, the appropriate amount of molec
ular hydrogen and nitrogen was produced. Future investigations would 

Fig. 9. (a) Total coliform (E.coli) count images of treated and untreated samples of SU and (b) plot of CFU 100 mL� 1 versus treatment time.  

Fig. 10. (a) Percentage removal versus time and (b) volumetric fraction (X%) of gases versus treatment time during continuous EO treatment of SU.  
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emphasize on more techno-economic analysis of field-scale applications 
such as on-site treatment of urinal wastewater and reuse as flush water 
using these anodes along with harnessing the molecular H2. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvman.2019.109847. 
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