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PREFACE

With increasing population, the requirement for pure water is increasing day by day. Moreover,
to fulfill the demand of society, industrial growth is also essential. These industries also require
pure water for developing their products. In turn, they discharge highly polluted water. Water
containing pollutants when dumped into water bodies causes harm to aquatic animals and
humans. Thus, the treatment of wastewater is the need of the hour. Among the available water
treatment techniques, adsorption and photocatalysis are fast, efficient, easy to implement and
cost effective. The most crucial factors in the adsorption of contaminants are porosity and
surface chemistry. Out of different adsorbents, porous activated carbons are considered as the
best for adsorption due to their porosity and surface area. Nitrogen doping in porous carbons
has shown the improved adsorption capacity of carbons by increasing their basicity and
selectivity. However, to dope nitrogen from green and clean synthesis methods using easily
available precursors is a great challenge. Proteins in bio-based materials act as the main source
for both nitrogen and carbons. Among different protein-containing agro-waste precursors, soy
flour is cheap, abundant and has> 40% of protein content. The hydrothermal carbonization
(HTC) approach, which is economical and environment friendly, can be used to synthesize N-
doped porous carbons from protein-based precursors. This makes it feasible to clean the
environment in two ways. Along the HTC sample, biochar is also considered to be a green
alternate for energy and environment applications. In this N doped carbons were synthesized
using HTC and pyrolysis method by soy flour as precursor. The entire work is presented in

nine chapters which are as follows:

Chapter 1 introduces briefly the problem of wastewater containing dyes, phenols,
pharmaceuticals, and phthalate esters wastes along with the discussion about different
wastewater treatment methods. The role of adsorption in pollutant removal has been discussed
in detail. For N-doped carbons, different synthesis methods, the significance of HTC, and the
pyrolysis approach have been explained. The importance of protein-based agro-waste
precursors for both carbon and nitrogen source has also been described along with their use in
the adsorption of various pollutants.

Chapter 2 describes the details of literature related to wastewater treatment for dyes, phenols,
pharmaceutical and phthalate esters wastes using agrowaste synthesized porous activated
carbons by adsorption and photodegradation. Different synthesis routes for the synthesis of
carbons reported in the literature has been discussed briefly. The role of hydrothermal

treatment, pyrolysis method and other methods in the synthesis of N-doped carbons has been
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discussed. The importance of protein based precurosrs for the synthesis of N doped carbons
has been described in details. Literature available on the use of soy flour as source of N and C
to synthesize N doped carbons has been discussed in detail.

Chapter 3 presents the details of precursors, approach for sample synthesis and their
characterization. All the characterization techniques used in the current work have been
discussed in this chapter. This include electron microscopy, X-ray diffraction, surface area
measurement, X-ray photoelectron spectroscopy, UV visible, FTIR, Raman spectroscopy,
thermogravimetric analysis, adsorption studies, and photodegradation studies. The
fundamental aspects of synthesis/characterizations, as well as the required test conditions, have
been described.

Chapter 4 presents the results of the optimized conditions to get high yield of N doped carbons
using hydrothermal method (HTC) where glucose as carbon source and protein-rich defatted
soy flour as nitrogen and carbon source were used. The synthesized carbons (GS1) were found
to be spherical in shape and show better adsorption efficiency than both glucose derived HTC
spheres and HTC synthesized soy flour hydrochar. To understand the properties of synthesized
samples, SEM, TEM, XRD, FTIR, UV-visible spectroscopy, N> adsorption-desorption
isotherm, XPS were carried out. The molten salt technique was used to determine the point of
zero charge (pHpzc) of the samples. The as-synthesized N-doped carbons have been used for
the treatment of wastewater containing cationic dyes MB and CV, anionic dye EBT,
pharmaceutical waste CIP, phenol PNP and phthalate ester DEP by adsorption. For the best
adsorption results, kinetic modeling and isotherm analysis has also been undertaken to
determine the adsorption rate and adsorption mechanism.

Chapter 5 reports the N-doped carbon spheres synthesized using glucose and soy flour via the
HTC method (GS1) and were heat-treated at 900 °C in Ar and N> atmospheres separately to
activate/modify the surface without additives. The effect of heating atmospheres on the sample
properties has been studied using SEM, XRD, FTIR, UV—Visible, Raman, XPS, BET, and TG-
DSC. The difference in surface chemistry was confirmed by XPS and the point of zero charge
values of synthesized samples. Variation in results was explained on the basis of the diffusivity
and density of the gases used and the corresponding mechanism has been proposed. The role
of heat treatment atmosphere has been compared for the adsorption efficiency of synthesized
samples for the chosen model pollutants: MB, CV, EBT, PNP, CIP and DEP. The adsorption
rate and mechanism have been determined using kinetic model and isotherm analysis based on

the best adsorption results.
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Chapter 6 describes the chemical activation of N-doped carbon spheres synthesized using
glucose and soy flour via the HTC method (GS1) explained in chapter 3 using KOH and ZnCl;
in different impregnation ratios, separately. The effect of the chemical activating agent on the
sample properties has been studied using FE-SEM, XRD, FTIR, UV-Visible, Raman, XPS,
and BET. The difference in surface area and surface chemistry with impregnation ration as well
as with activating agent was confirmed by BET, XPS and pHp.c of samples. Variation in the
results was explained on the basis of the reactivity of activating agents with the sample at low
temperature and the corresponding activation mechanism has been proposed. The adsorption
efficiency of the synthesized samples was carried out for cationic dyes MB and CV, anionic
dye EBT, pharmaceutical waste ciprofloxacin, PNP and phthalate easter DEP. Based on the
best adsorption data, the adsorption rate and the corresponding mechanism were determined
using kinetic model and isotherm analysis.

Chapter 7 describes single-step synthesis of biochar by pyrolysis of defatted soy flour in argon
atmospheres at various temperatures: 450, 650, and 750 °C. The pyrolysis temperatures were
determined by TG/DTG/DTA analysis. The pyrolyzed sample was treated with HNO3 for
complete demineralization. Further, the variation in the samples characteristics with pyrolysis
temperature and acid treatment was explained by FE-SEM, XRD, FTIR, UV-visible, FTIR,
Raman, BET and XRD results. pHpzc of the samples were also determined using the molten salt
method. The synthesized samples were used for the adsorption of pollutants viz MB, CV, EBT,
PNP, CIP, and DEP. The adsorption rate and mechanism were calculated using kinetic model
and isotherm analysis based on the best adsorption data as done in the previous chapters.
Chapter 8 presents the the photo-induced activity studies for the samples which had the best
adsorption chracteristics as observed and discussed in the previous chapters. These studies were
done under UV irradiation and sunlight. The % decolorization efficiency of the chosen samples
was tested for the pollutants viz. MB, EBT, PNP, CIP, and DEP. To determine the mechanism
for decolorization enhancement, scavenger tests were carried out and explained with the help
of valence band spectra and bandgap of the samples.

Chapter 9 summarizes the work done presented in this thesis. It also discusses the scope for

future work.
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Chapter 1

Introduction

Overview

The large quantities of pollutants such as pesticides, pharmaceutical wastes, phenolic
compounds, dyes, and other chemicals that are discharged into water resources are cause of
major concern. These make ground water toxic and are an important cause of concern for living
organisms. To treat wastewater, numerous techniques have been developed. Among these,
adsorption is considered as one of the most efficient, easy to implement, cost-effective, and
environment-friendly. N doped activated carbons synthesized using protein-based agro-waste
can be used as green adsorbents for a multitude of pollutants.

In this chapter, the problem of wastewater has been introduced along with a brief discussion
about different wastewater treatment methods. The role of adsorption in pollutant removal has
been discussed in detail. For N-doped carbons, different synthesis methods; the significance of
HTC, and the pyrolysis approach have been explained. The importance of protein-based agro-
waste precursors as both carbon and nitrogen source have also been described along with the

applications of synthesized adsorbents in pollutant removal.
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1.1 Background

Out of total water content available on the planet, only ~2.5 % is freshwater. From this
freshwater content, only 0.007 % is accessible for the population of 6.8 billion people [1]. In
the past 100 years due to the rapid growth of the world’s population, the requirement of fresh
and potable water has increased. According to a recent report from United Nations, 2.3 billion
inhabitants are living in water-stressed countries, with 733 million people living in high and
critically water-stressed countries [2]. A recent report from UNICEF stated that 1.42 billion
people live in areas of high or extremely high water insecurity zone, including 450 million
children [3]. Globally, 1.5 million children under the age of five die as a result of water-related
diseases in a year. In India, 4,00,000 people die each year due to the consumption of untreated
water as reported by the World Economic Forum [4]. Population growth has resulted in a large
scale proliferation of various industries such as paper and pulp industries, dyeing of cloths,
textiles, printing, food products, pesticides, pharmaceuticals, petrochemicals, etc. The
wastewater from these industries is released as effluent and contains the used dyes, phenols,
heavy metals, pharmaceuticals wastes etc. [5-13]. The pollutants dumped into water bodies
cause harm to aquatic animals and humans by degrading the amount of dissolved oxygen in
the water. These pollutants also result in hormonal disruptions, nervous system disorders and
are carcinogenic in nature [14]. The river Ganga, which runs for 2601 km, is one of the most

polluted rivers in the world, according to the Central Pollution Control Board (CPCB) of

India [15].
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Fig. 1.1: Major sources of emerging water pollutants.
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The effluents from textile, paper, rubber, jute and chemical industries contribute to
Ganga River pollution as a result of untreated or partially treated trash dumping. Industrial
waste accounts for approximately 12% of the total volume of effluents entering the river and
IS a major topic of concern as they are hazardous and non-biodegradable in nature [16]. Every
day, nearly 40 million litres of wastewater enters waterways from various sources (Fig. 1.1),
with only a small percentage appropriately treated. It is reported that approximately 70% of
India’s surface water is unsafe for consumption [4]. Thus, the treatment of wastewater is the
need of the hour.

1.2 Adsorption and photodegradation for wastewater treatment

There are multiple stages involved in cleaning the wastewater viz preliminary treatment,
primary treatment, secondary treatment, and tertiary treatment (Fig. 1.2). The preliminary,
primary and secondary treatments include physical and mechanical treatments to remove the
microorganisms and dissolved solids to get clean water. In preliminary treatment method,
heavy materials, sand, stones etc. are separated from water by different methods viz. screening,
grit removal, pre-aeration, flow metering and sampling. After preliminary treatment settleable
organic solids are removed by primary treatment via sedimentation and floatation method.
Secondary treatment is used to further break down organic matter and remove dissolved and
colloidal solids via biological methods (aerobic and anaerobic microorganisms found in
abundance in the ambient environment, such as lactic acid bacteria, photosynthetic bacteria,
fungi, and a small number of actinomycetes which are environmentally benign). The final and
most crucial phase involves an extensive tertiary treatment to clean the secondary treated water
and make it suitable for drinking purpose [17,18].

Preliminary | " i " /) " Tertiary
treatment ) D | o | O mm—

treatment

* Screening * Sedimentation * Biological

* Grit removal and floatation treatment
* Pre-Aeration

* Flow metering
and sampling

Fig. 1.2: Stages of wastewater treatment methods.

The tertiary treatment methods based on physical, chemical, and biological techniques
are available to extract or degrade waste out of wastewater (Fig. 1.3). These techniques involve
the processes such as precipitation, reverse osmosis, coagulation and flocculation, adsorption,
ozonation, electrochemical techniques and fungal decolonization [19-25]. The conventional
purification systems are either ineffective or too expensive for the tertiary treatment of
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wastewater. In case of chemical methods, the drawback of chlorination is that it may form
trihalomethane toxic disinfection by-product while in case of ozonation, its short life time and
high cost makes it least effective method. The physical methods viz. reverse osmosis, is
expensive and flocculation and filtration are inefficient methods to treat wastewater
effectively [26]. In case of biological treatments, the handling of the system becomes very
critical and also their dye removal efficiency is very less. Thus an efficient, cheap and easy to

handle method for waste water treatment is still required.

Tertiary waste water
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Fig. 1.3: Tertiary wastewater treatment methods.

Adsorption and advanced oxidation process (AOP) are fast, efficient and cost effective
techniques in comparison with other techniques and are also able to remove snags such as toxic
by-products, high cost and partial removal of pollutants. Adsorption is a surface phenomenon
in which a pollutant gets attached to the surface of an adsorbent via physical or chemical bond.
This process is called physisorption or chemisorption, respectively [27]. Physical adsorption
(physisorption) is caused by attractive intermolecular interactions between molecules of the
solid adsorbent and the material to be adsorbed, which is a reversible phenomenon.
Chemisorption is the outcome of a chemical reaction between the solid adsorbent and the
adsorbate (substance to be adsorbed) to form strong chemical bond. In certain adsorbents both
processes can occur at the same time or alternatively, dependent on the favourable conditions.
The pollutant can also enter the appropriate sized pores on the adsorbent surface and get
adsorbed (Fig. 1.4).

Adsorbate migration onto/into the solid adsorbent occurs in multiple stages: (1)
Migration of the adsorbate from the bulk fluid phase to a thin volume surrounding the
particle/solid and further diffuse through this boundary layer. This step is called film diffusion
or boundary layer diffusion; (2) Mass transfer of the adsorbate onto the particle surface as well

as recepient pores via intraparticle diffusion process. (3) Interaction with the adsorbate surface
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sites, either by physical or chemical mechanisms. These mechanisms are in general reversible
so the adsorption and desorption of the adsorbate species onto and from the active sites takes
place continuously. The rate of all of these processes is determined by the properties of the
adsorbate, adsorbent, and their matrix. Adsorption isotherms are used to calculate the
maximum adsorption capacity for the given adsorbent [28]. There are numerous parameters
which affect the adsorption capacity of the adsorbents. An increase in adsorbent porosity results
in more surface area being available for the adsorption [29]. Also it is important that size of
pores (diameter) should be greater than average molecular size of the pollutant for efficient
adsorption inside the pores. Other parameters that affect the process of adsorption are the pH
of solution, type of adsorbate and adsorbent, concentration of adsorbent and adsorbate,
temperature of adsorbate, adsorption time etc. [30]. Along with the surface porosity, surface
chemical groups are also key parameters for adsorption process and affect the acidic or basic
nature of adsorbent, interaction with certain specific compounds and improves their
hydrophilicity [31,32].
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Fig. 1.4: Adsorption and photodegradation mechanism of pollutants.

In AOP’s the pollutant adsorbed onto the surface of catalyst undergoes degradation by
light irradiation with energy > band gap of catalyst. Semiconductor photo degradation is a green
approach and most efficient process among all other AOPs. In this process, external and
expensive oxidants are not required. Due to irradiation of light, light photons falling on the
surface of sample generates electron-hole pair. The initially generated electron hole pair come
across certain reactions with water and oxygen and generates highly reactive radicals (OH and
0O2") which further oxidize the adsorbed pollutants on the surface of catalyst to form CO;and
minerals (Fig. 1.4) [27].
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1.3 N doped carbons for wastewater treatment

For wastewater treatment, adsorption method relies on a variety of materials as
adsorbents. Generally used adsorbents are silica gel, agro wastes (sawdust, bark), activated
carbons, chitosan, zeolites, clay minerals (bentonite, kaolinite, diatomite,), industrial wastes
(fly ash, red mud, sludge) etc. [33-39]. Table 1.1 lists the advantages and disadvantages of
most commonly used adsorbents.

Table 1.1: Advantages and disadvantages of different adsorbents.

Adsorbent Advantages Disadvantages Ref.
Silica gel It involves ion-exchange mechanism, High-cost adsorbent, [40]
very common adsorbent, found mainly Less abundant
in granular form
Chitosan Abundant, renewable, biodegradable, Non porous, high cost, [40]
and eco-friendly material low adsorption efficiency
Clay Low cost, abundant and natural Not effective for all pollutants [41]
minerals adsorbent Chemical modification or activation
is required
Zeolites Easily available and relatively cheap  adsorption properties depend on the  [40]
different materials (type of zeolite)
Agro Cheap, abundant and fungi in agro Low adsorption efficiency and [41]
wastes waste lowers the contaminate porosity
concentrations to ppb level
Industrial Low-cost materials and local Adsorption properties strongly [41]
wastes availability depend on the different materials,
hazardous nature
Activated Most effective adsorbents in industry, Initial cost of the carbon precursor  [40]
carbons cost effective, porous, versatile
material, easy to prepare, environment
friendly

Activated carbon has been found to be most efficient among other adsorbents in every
aspect viz. low cost, abundance, environment friendly, easy preparation, porosity and high
surface area etc. Also, these can adsorb diverse categories of pollutants from aqueous solution.
Many reports are available on the adsorptive removal of major industrial pollutants viz. cationic
dyes, anionic dyes, pharmaceutical wastes, plasticizers, pesticides, phenols and heavy metals
by activated carbons [42—46]. Activated carbon, is a type of carbon that has been processed by
chemical/physical treatment to have broad size range of pores that increase the available
surface area for adsorption/chemical reactions. Immense amount of literature is available about
the activation of carbons for increased surface area and thus their activity. Johann Lowitz, a
Russian chemist, discovered the initial decoloration characteristics of charcoal in liquid in
1776. The activated charcoal water filters are still popular today. Carbon activation for the

purpose of adsorption was first attempted in the early 1800s. Since then, significant work has
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been done in tailoring the carbon surface to improve its properties and activity. Other than
chemical and physical activations, the activity of carbon can also be improved by making
composites, changing morphologies, doping, varying precursors, synthesis methods, synthesis
conditions, etc.

The role of activated carbons in the photodegradation of contaminants in aqueous
solutions has not been investigated thoroughly. Vast amount of literature is available for the
synthesis of metal organic frameworks (MOFs) i.e. composite of activated carbon with any
metallic oxide (ZnO, TiO: etc.) to enhance the photo degradation efficiency for water
pollutants [47,48]. Only a few reports are available on the use of porous activated carbons for
photodegradation of pollutants and the activated carbons synthesized using NaOH and H3PO4
or gamma radiation [49-51]. Apart from activated carbons, different carbon allotropes such
as graphene, CNTSs, carbon spheres also find applications in treatment of waste water both by
photodegradation or adsorption mechanism due to their good electrical conductivity, high
surface area and porosity. Moreover, nano regime of these materials leads to enhancement of
the concentration of dangling bonds on the surface which enables them to be used in adsorption
and photodegradation reactions [52-54].

1.3.1. Why N doped carbon-based adsorbents?

Nitrogen doping in the porous carbon materials have received a lot of interest in recent
years because of their exceptional qualities such as superior electrical conductivity, enhanced
hydrophilic characteristics, increased surface wettability, and ease of functionalization.
Nitrogen atoms are more electronegative than carbon, resulting in charge delocalization in the
carbon matrix. This results in more surface sites available for the adsorption [55]. The carbon
atom close to the nitrogen atom will have a greater positive charge density due to relatively
higher electron affinity of the nitrogen atom. This results in the good electrochemical and
adsorption capabilities of N-doped activated carbons [56]. Due to the close size vicinity of the
C and N atoms, N-doped porous carbon form active catalytic sites by the redistribution of
atomic charge density or spin densities caused by the existence of N in the structure [57].
Furthermore, nitrogen doping has the potential to change carbon’s electronic and crystalline
structure which leads to an improvement in their chemical stability, surface polarity, and
electron-donor characteristics [58]. Nitrogen doping in porous carbon adsorbents results in
enhancement of their basic character with doping site acting as a Lewis basic site. This leads
to enhancement in their adsorption capacity as well as the selectivity for certain specific

materials [59,60]. N-doped carbons have recently gained popularity due to their superior
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ability to adsorb dyes in the agueous solution. Lian et al. [61] reported that for N-doped biochar
synthesized by direct annealing of crop straws in NHa, its dye adsorption capability enhanced
by more than 15 times over the undoped biochar [62]. Sanchez et al. [63] reported that there
is an enhancement in adsorption capacity of cationic and anionic dye by significant amount. N
doping improves the adsorption capacity of carbons but it is still a challenge to dope nitrogen

by green and clean method using natural precursors.

N\ = Pyrrolic
N = Pyridinic
N = Graphitic
N=— Oxidized

Fig. 1.5: Types of nitrogen functionalities in the carbons.

Fig. 1.5 shows the different types of N functionalities which exist in N doped carbons.
These N-doped species are of four types viz. pyrrolic-N (edge nitrogen in five membered ring),
pyridinic-N (edge nitrogen in six-membered ring), graphitic-N (present in bulk inbetween six
membered three rings) and oxidized-N (edge oxidized nitrogen in six-membered ring). The
individual N functionalities play important role in the adsorption process and surface chemistry
of the sample. The presence of pyrrolic-N (NH functional group) functionality improves the
CO- adsorption on the surface of N doped carbon by interaction with N and H atoms functional
groups [64]. The availability of pyrrolic-N and graphitic-N in the carbons skeleton improves
the wettability, resulting in increased dyes adsorption onto carbon surfaces via H-bonding and
Van der Waals interactions [65]. Ko et al. [66] reported that pyrrolic monomer improves the
Cr adsorption capability by reduction of hexavalent Cr ion to trivalent Cr ion. The pyridinic N,
on the other hand contains high electron density and acts more basic than pyrollic-N. At high
temeperature heating (above 500 °C), pyrrolic-N transforms to form pyridinic-N. The pyridinic
N combines with two adjacent sp? hybridised carbon atoms at the edge of the carbons, and it
can give one p electron to the n system, allowing the pyridinic N's lonely pair electron to be
unconfined. As a result, pyridinic N can improve the hydrophilicity of N doped carbons and
boost the adsorption process. Reports are available on the role of pyridinic-N showing an
enhanced adsorption of P-nitrophenol, P-chlorophenol, pharamaceutical compounds and
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CO. [66-69]. Pyrrolic and pyridinic-N being basic and hydrophilic in nature, adsorb acidic
pollutants (COy, various dyes, phthalates, phenols etc.) better.

With heating of N doped carbons above 800 °C , most of pyrrole and pyridine-N
converts to form graphitic-N making it most stable N species. Graphitic-N is reported to be
best for the adsorption of metal ions among other N species. The lone electron pair in graphitic
N atoms may give additional adsorption sites for heavy metals to adsorb. Also, It makes the
carbon surface more hydrophilic and tend to make better contact between metal ions and
adsorbent. The positive surface charge of graphitic-N makes it a suitable adsorbent for anionic
pollutants [60]. The oxidized nitrogen is induced on the surface due to chemisorbed oxygen by
the pyridinic-N while heating. It is also a stable species than pyrrole and pyridinic-N [70].
Balog et al. [71] reported that the adsorption of Ni(Il) on the oxidized-N site of N- CNTSs takes
place via ion exchange with the release of H* ions. The role of oxidized-N in the adsorption is
not much studied. This is because it is a neutral site and enhancemed of adsorption capacity
was found to be insignificant in several reports [72,73].

In order to synthesise N-doped carbon via eco friendly methods for wastewater
treatment, waste resources that are green and inexpensive must be used. This helps to clean the
environment in two ways. Abundant agrowastes with insignificant economic value can be used
as potential raw material for the synthesis of N doped carbon i.e. to convert waste to value
added products.

1.4 Synthesis methods and precursors for N doped carbons

1.4.1 Synthesis methods: Substitutional doping of nitrogen to numerous carbon materials,
including graphene, biochar, CNTs, carbon nanofibers, fullerenes, and carbon spheres, has
been done in the past three decades for various environmental applications. The spherically
shaped carbon materials have a long history of investigation and the spherical shape is acquired
by materials during synthesis via nucleation and growth of graphene flakes. Among other N
doped carbons, spherical carbons have piqued the interest of researchers due to their uniform
size, large surface area, and physicochemical features.

Multiple methods are in use for the synthesis of N doped carbon spheres viz. arc
discharge [74], chemical vapor deposition (CVD) [75], sol-gel [76], pyrolysis [77],
solvothermal [78], hydrothermal carbonization (HTC) [79] etc. For the arc discharge method,
low yield of carbon spheres are obtained, while CVD, sol-gel and pyrolysis routes require high
temperature and inert atmosphere. These methods also require specialized equipment which

are cost intensive and are also not eco-friendly due to use of harsh chemicals. Except for the
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solvent employed in the reaction, the solvothermal and HTC techniques are very similar.
Organic solvents such as ethanol, acetone, etc. are utilised as solvents in the solvothermal
approach, whereas water is used as a solvent in the HTC method. Both methods entail the
synthesis of sample in a closed autoclave at high pressure and low temperature (150-250 °C),
with the solvothermal technique requiring higher temperatures than the HTC method.

Among all these methods, the HTC method is found to be most suitable because it is a
low temperature, inexpensive and green process. It is a wet method which also possesses the
potential of converting waste (bio/agro) into value enriched products. In this method, the size
of the particles, yield and surface area can be tailored easily by changing the precursor
concentration, temperature or by adding templates etc. Hydrothermal carbonization of biomass
containing lignin, hemicellulose, and cellulose leads to formation of HTC sample via
hydrolysis, dehydration, polymerization and aromatization followed by interamolecular
condensation to form aromatic carbon network below 200 °C [80]. For HTC sample to be of
spherical shape, it is needed that precursors contain ring structure to avail nucleation sites [81].
Most of the agrowastes consists of long organic polymeric chains and thus require an additional
precursor such as saccharides, graphene oxide etc. for assistance to avail nucleation sites.
1.4.2 Precursors for N doped carbon spheres: Waste biomasses have attracted increased
attention due to their abundance, ease of availability and carbon neutrality. There is a need to
develop efficient materials using waste biomass for energy and environment applications.
Therefore, it becomes necessity in today’s world to treat and convert biomasses into sustainable
energy sources and usable commodities. For N doped carbon sphere synthesized via HTC
method, nitrogen doping is usually done by using melamine [82], ammonia [83], ethylene
diamine [84], thiourea [85] etc. Some studies based on bio-based precursors such as hair [86],
cocoon silk [87], egg [88] etc. are also available in literature. But these in general have low
yield and result in formation of N-carbon nanospheres of very small size which are difficult to
handle.

1.4.3 Protein based biomass precursors: Protein-based biomasses have gained the interest of
the research community as a source of both carbon and nitrogen. In HTC treatment, the Millard
reactions between cellulose/hemicellulose and protein or their derivatives can considerably
increase the retention of nitrogen in sample, resulting in high yield with enriched N-containing
functional groups [89]. The direct carbonization of protein leads to the formation of N doped
carbons by retaining high content of oxygen as well as nitrogen compared to HTC sample. Ma

et al. [90] compared HTC of egg and egg mixed with graphene oxide and concluded that
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carbonization occurred with graphene oxide mixed egg as GO acts as a catalyst for
carbonization to occur and template for self-assembled carbons as discussed above. Alatalo et
al. [91] reported the use of soy protein as nitrogen and carbon assisted by H>SO4 and glucose
for HTC to give self-assembled N doped graphitic structure. Falco et al. [92] reported the
synthesis of N doped spherical carbons using microalgae supported by glucose. In a study by
Ren et al. [93], only microalgae was used to synthesize N doped carbons via HTC method and
no spherical morphology was observed in resulting sample.

Table 1.2: % amount of protein present in the different biomasses and their price per kg.

Prawn  Silkworm Milk Corn

Biomass Egg Microalgae  Hairs shells £0COON oowder  stalk

%Protein 47 43-50 0 2 (extraz:table) 26 6

Min. Price

(Rs/Kg) 100 50 800 400 750 500 120

Biomass Chicken  Sunflower Fish ~ Mung  Cottonseed  Wheat Soy
bone meal scale bean meal flour flour

% Protein 19 37 21 24 43 36 47

Min. Price

(Rs/Kg) 150 50 150 60 32 35 39

1.4.4 Soy flour as precursor: There are a variety of protein containing biomasses available
for the synthesis of N doped carbons (Table 1.2). The protein content of some important
biomasses is given in Table 1.2. The amount of protein in biomass is directly related to amount
of nitrogen doped in the synthesized carbons. It is evident from Table 1.2 that eggs, microalgae,
hairs, cottonseed meal and soy flour contain a good amount of protein (>40%). Hairs,
microalgae and eggs need pretreatment such as heating, drying and grinding before HTC. The
cottonseed meal is available in dry state but is less abundant than soy flour. Soy flour is a
byproduct of soybean oil extraction, with global production currently exceeding one hundred
million tons. Because of its high protein content, this soybean meal has traditionally been
utilised in animal feed. In India, the production of cottonseed meal and soy meal were 4.5 and
8.1 million tons, respectively, in the year 2021. Therefore, among these biomasses, soy flour
is considered to be the best for N doping as soy flour is easily available and also easy to handle
as it is already available in a powdered and dry state. The cost of soy flour is also very low
among other protein containing biomasses (Table 1.2). Reports are available in literature
showing the conversion of soy flour to form potential N doped carbons. The synthesis methods

includes high temperature carbonization with chemical/physical activation [94-99]. Only a
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few reports are available in which soy flour was converted to N doped carbons using a "green*
approach like hydrothermal carbonization [91,100].
1.5 N doped biochar by pyrolysis of agrowaste

Alongwith the HTC sample, biochar is also considered to be a green alternate for energy
and environment applications. Protein based biomasses have been found to produce the most
effective biochars. Pyrolysis of protein-rich biomass leads to the formation of nitrogen (N)
containing biochar. Biochar is generally synthesized by the carbonization of biomass at high
temperature (400-900 °C) in an inert atmosphere. The properties of biochar completely
depends upon the type of biomass and its constituents.

Protein based biomass have been found to produce the most effective biochars.
Pyrolysis of protein-rich biomass leads to the formation of N containing biochar. The content
and functionalities of nitrogen in biochar depend upon the type of biomass and pyrolysis
temperature [101]. Different types of feedstocks show thermal stability at different
temperatures. The temperature for the pyrolysis of biomass can be determined from the thermal
analysis of biomass [100]. The presence of N functionalities in the biochar plays an important
role in adsorption of pollutants from aqueous solutions [63,103]. The electronegativity
difference between N and C atoms results in N-doped carbon material providing a significant

number of anchoring sites for the adsorption of positively charged ions [104].
1.6 Activation of N-doped carbons

Unless the HTC sample is synthesized in the presence of additives/activating agents, it
does not have a high surface area and porosity. To improve the surface area, porosity and
activity of the synthesized HTC sample, several post-processing methods are in use including
thermal activation, physical activation and chemical activation. The thermal activation is
carried out by heating the synthesized HTC sample at high temperature (500-1000 °C) in an
inert atmosphere (argon, nitrogen). The thermal treatment of HTC sample leads to the material
with enhanced physical-chemical characteristics. It results in changing surface area and
porosity, structure, chemical composition for a better adsorption efficiency of the HTC sample.
The temperature and atmosphere of thermal treatment plays an important role in the properties
of the synthesized materials. Some studies demonstrate the role of treatment temperature on
the properties of the HTC sample. However, there have been no systematic research on the

characteristics of HTC sample after thermal treatment under different atmospheres. There are
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reports available showing that thermally treated HTC sample has been useful as an electrode

material in metal ion batteries, supercapacitors, solar cells, and catalytic templates [105].

Physical activation comprises of pyrolysis/HTC of biomass followed by activation of
product obtained in steam or carbon dioxide. While chemical activation is activation of biochar/
HTC sample by adding chemical agents (strong acids and bases) such as KOH, ZnCl,, NaOH,
H3PO4, H2SO4, HCI, HNOsetc. and heating in an activation kiln at 400-700 °C [106]. Chemical
activation is recommended over physical activation because it requires less energy and has
better carbon yields and surface areas [107]. Among the several chemical activation agents,
ZnClz and KOH are the most commonly utilized because they produce high surface area as
well as yield [108,109]. The type of the activation agent, the impregnation ratios, activation
temperature and time plays a vital role in determining the surface area, pore size, and pore
volume. This is because the mechanism of the reaction of biochar/ HTC sample is different for

various activating agents [109,110].

Considering all the above aspects, the present work has been undertaken where the role
of N doped carbon spheres synthesized from soy flour and modified under different conditions

to adsorb different pollutants has been demonstrated in a systematic way.
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Chapter 2

Literature Survey

Overview

Present chapter describes the details of the literature related to wastewater treatment for dyes,
phenols, pharmaceutical wastes, and phthalate esters using agro-waste synthesized porous
activated carbons by adsorption and photodegradation. Various synthesis routes for the
synthesis of carbons reported in the literature have been discussed briefly. The role of
hydrothermal treatment, pyrolysis method, and other methods in the synthesis of N-doped
carbons has been discussed. The role of protein-based agro/bio-based precursors has been
described from available literature for N doped carbons synthesis. The use of soy flour as

protein containing precursor for both N and C source has been explained thoroughly.
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2.1 Introduction

Good water quality is crucial for ecological health, social and economic advancement,
and human health. Nearly 80% of wastewater is not treated or recycled before it is released
back into the environment leading to destruction of the human health and aquatic life. In the
previous chapter, it is discussed that adsorption and AOP are the best tertiary wastewater
treatment methods. The adsorption using agro waste precursors to form porous carbons has
been considered to be efficient, economic, and eco-friendly via cleaning waste from the
environment. Among agro-waste precursors, proteins are considered to be best to form N doped
carbons to treat wastewater. On the basis of literature survey, the different synthesis techniques
adopted so far and their related results are presented

2.2 Adsorption based wastewater treatment with porous carbons from agro-
waste
2.2.1 Adsorption of dyes
Babaei et al. [111] in 2016, prepared activated carbon biochar having surface area 245.7 m?/g
using oak wood agro-waste via pyrolysis method in an inert atmosphere at temperatures 450—
600 °C. The sample was used for MB adsorption with maximum adsorption capacity of 97.55
mg/g. From the kinetics and isotherm modeling, the adsorption process was found to follow
pseudo second order (PSO) kinetics and Langmuir adsorption isotherm.
Charola et al. [112] in 2018, utilized empty cotton flower as an agro waste precursor to
produce activated carbons. The sample was synthesized by pyrolysis assisted by KOH
activation in N, atmosphere at 600 °C with surface area 1058 m?/g and pore volume 0.69 cm®/g.
The activated carbon was used to adsorb reactive orange 84 dye from aqueous solution with a
maximum adsorption capacity of 154 mg/g.
Gupta et al. [113] in 2019, used bengal gram bean husk agro-waste to synthesize graphene-
like porous carbons using pyrolysis method (at 400 °C, N2 atm.) followed by chemical
activation (KOH, 850 °C, N2 atm.). Synthesized sample possesed high surface area and pore
volume (1710 m?/g, 0.834 cm®/g). The sample was used to adsorb cationic dye MB and anionic
dye MO and exhibited a maximum adsorption capacity of 469 and 418 mg/g, respectively.
Jasper et al. [114] in 2019, reported the carbonization of Millettia thonningii seed pods using
H3POs, in a muffle furnace at 400 °C for 30 minutes to form activated carbons. The study
examined the adsorption kinetics and equilibrium of cationic dyes viz. CV and MB adsorption

from aqueous media. The adsorption followed the Redlich-Peterson model closely followed by
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the Freundlich isotherm model and PSO kinetic model for both dyes. The maximum adsorption
capacity for CV and MB were 7.57 mg/g and 14.09 mg/g, respectively.

Zhu et al. [115] in 2021, derived the porous magnetic activated carbon using lignin (extracted
from cornstalk). The sample was synthesized by making a composite of lignin@Fe.O3 via
sonication and further carbonization at 400 °C in N. atmosphere followed by etching with
H2SO4. The sample showed the maximum adsorption capacity of 420.40 mg/g for MB dye.
Yagmur et al. [116] in 2021, reported the synthesis of magnetic porous carbons by activating
the coconut shell with ZnCl, and carbonization at 500 °C in N2 atmosphere followed by FezO4
treatment. The sample was used for the adsorption of MB and showed 156.25 mg/g of
maximum sorption capability. The Freundlich isotherm model and PSO kinetics produced the
best fits to the equilibrium data.

Maheshwarietal. [117] in 2022, utilised waste walnut shell (WNS) to derive activated carbon
by carbonization in muffle furnace at 350 °C for 3 hours. The synthesized sample showed a
maximum adsorption efficiency of 140.84 mg/g for congo red dye. Further, the PSO kinetics
and the Langmuir isotherm model provided the best fits to the equilibrium data.

Koli et al. [118] in 2022, synthesized N containing activated carbons by carbonization of
sugarcane pith agro-waste in N2 atmosphere at 500 °C with H.SO4 treatment. Surface area and
pore volume for the synthesized samples were 725 m?/g and 0.3377 cm?®(g, respectively.
Further, the synthesized N doped activated carbon sample was used to efficiently capture CO>
and anionic dye MO with maximum adsorption capacity- 527 mg/g.

2.2.2 Adsorption of phenols

Ahmaruzzaman et al. [119] in 2010, utilised tea waste to form activated carbons by treating
it with HsPO4 and carbonizing further in muffle furnace at 500 °C in N2 atmosphere. The study
investigated the effects of pH, contact time. The sample showed maximum adsorption capacity
of 142.85 mg/g via following Langmuir isotherm and PSO kinetic model.

Zhang et al. [120] in 2015, synthesized sunflower plates activated carbon by carbonization at
800 °C in N, atmosphere followed by activation in ammonia atmosphere. Further, for phenol,
4-chlorophenol, and p-nitrophenol (PNP), the synthesized sample showed adsorption
capacities of 316.5 mg/g, 330.24 mg/g, and 387.62 mg/g, respectively. The Langmuir model is
strongly supported by the adsorption isotherm data.

Chenetal. [121] in 2019, synthesized activated biochar using alfalfa by pyrolysis in two steps
at 700 °C in N2 atmosphere in muffle furnace. The sample showed a surface area of 119.98

m?/g with a pore volume 0.068 cm?®/g. The sample was used for the adsorption of PNP and
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showed maximum adsorption efficiency of 49.253 mg/g. The adsorption occurred via
monolayer by following Langmuir adsorption isotherm.

Ma et al. [122] in 2019, used platanus orientalis L. leaves to synthesize biochar via activation
using KOH followed by 3 stage carbonization in N2 atmosphere at 450 °C, 650 °C for 30
minutes and finally at 800 °C for 1 hour. The prepared biochar showed 622.73 mg/g maximum
adsorption capacity of PNP. The PSO model and the Langmuir adsorption isotherm model
explained the experimental results better than other kinetic and isotherm models.

Hadi et al. [123] in 2020, prepared activated carbons using pomegranate husk agro-waste by
first activating using ZnCl, followed by carbonization in N, atmosphere at 550 °C. The
synthesized activated carbon was magnetized further using FeClz. The sample showed a surface
area of 1168 m?/g with total pore volume of 0.623 cm?®/g. The maximum adsorption capacity
observed for p-chloropheol was 446.89 mg/g. Adsorption process followed Avrami model and
Liu isotherm model.

Liu et al. [124] in 2020, used pine sawdust to synthesis biochar by pyrolysis method at
temperatures 300-700 °C in N2 atmosphere. The maximum surface area and pore volume were
397.864 m?/g and 0.227 cm®/g, respectively. The adsorption of PNP onto biochar included
electrostatic interactions, H bonds, and n-n interactions. The maximum adsorption efficiency
was 117 mg/g with adsorption process followed Elovich kinetic model and Freundlich isotherm
model.

Talari et al. [125] in 2022, used bacterial cellulose to synthesize carbon fibre aerogel by
hydrothermal treatment of precursor followed by pyrolysis under N2 atmosphere at 800 °C. The
synthesized aerogel was used for the adsorption of MB and PNP. The MB and PNP followed
Langmuir and Freundlich isotherms and showed a maximum adsorption capacity of 106.3 and
60.2 mg/g, respectively.

2.2.3 Adsorption of pharmaceutical waste

Wang et al. [126] in 2015, prepared activated carbons by using bamboo raw materials via
following steps: Agro-waste was impregnated with HsPO4 followed by treatment at 450 °C in
N2 atmosphere and further treated with K.CO3 and carbonized at 700-850 °C in N2 atmosphere.
The sample showed a maximum surface area and pore volume of 2237 m?/g and 1.23 cm?/g,
respectively. The sample demonstrated a maximum ciprofloxacin adsorption of 613 mg/g, and
the adsorption mechanism followed the PSO kinetics and the Langmuir isotherm.

Shang et al. [127] in 2016, prepared activated carbon from herbal residue (Astragalus

mongholicus) agro-waste by thermal activation under oxygen-limited conditions at 200-800
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°C followed by HCI treatment. The surface area and pore volume of best sample were 176.33
m?/g and 0.044 cm?/g, respectively. The sample was used to adsorb ciprofloxacin from aqueous
solution with ge= 42.9 mg/g (maximum adsorption efficiency). The adsorption process
followed PSO kinetic model and Langmuir isotherm model.

Jang et al. [128] in 2019, used debarked loblolly pine chips agrowaste to synthesize activated
biochar by pretreatment of precursor at 300 °C in N2 atmosphere followed by NaOH activation
and carbonization at 800 °C in N2 atmosphere. The surface area and pore volume of the
synthesized sample were 959.9 m?/g and 0.4 cm®/g, respectively. The sample was used to
adsorb tetracycline with adsorption efficiency 274.8 mg/g and adsorption took place via
following Elovich kinetic model and Freundlich isotherm model suggesting multilayer
chemisorption.

Aietal. [129] in 2020, used orange peel as agro-waste precursor to synthesize activated carbon
for adsorption of ibuprofen and sulfamethoxazole from aqueous solution. The precarbonization
of orange peel was carried out at 200 °C followed by carbonization at 200-600 °C in N2
atmosphere. Further, the surface of sample was modified with CH3OH and HCI. The modified
biochar showed enhanced surface area (857.4 m?/g) and pore volume (0.12 cm®g). The
maximum adsorption efficiency for ibuprofen and sulfamethoxazole were 47.16 and 46.66
mg/g.

Wang et al. [130] in 2020, synthesized activated carbon using bagasse agro-waste by pre-
carbonization treatment of precursor at 350 °C in N2 atmosphere. Further sample was washed
with acetone and pyrolysed at 950 °C in N2 atmosphere. The surface area and pore volume of
the prepared sample were 1119.53 m?/g and 1.36 cm®/g, respectively. The maximum adsorption
capacity for sulfamethoxazole and tetracycline adsorption were 274.63 and 353.85 mg/g,
respectively.

Liakos etal. [131] in 2021, synthesized activated carbon using plane tree leaves and tea leaves
in 3 step. The synthesis involved carbonization at 650 °C in N, atmosphere followed by NaOH
activation and again carbonization at 650 °C in N2 atmosphere in final step. The activated tea
char showed maximum surface area (1151 m?/g) and pore volume (0.694 cm®/g). The
maximum adsorption capacity by this sample was observed to be 112 mg/g for pramipexole
dihydrochloride pharmaceutical compound. The adsorption process followed Langmuir
adsorption isotherm.

Al-Musawi et al. [132] in 2021, used azolla filiculoides fern to synthesize activated carbon to

remove ampicillin from water via adsorption. The samples were synthesized by impregnation
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of precursor with ZnCl, and carbonization at 450 °C in N2 atmosphere followed by HCI
washing. The sample showed specific surface area of 716.4 m?/g and pore volume 0.621 cm®/g.
The maximum adsorption capacity for ampicillin was 114.3 mg/g.

2.2.4 Adsorption of phthalate esters

Wang et al. [133] in 2015, synthesized activated carbons using phoenix leaves to adsorb
dibutyl phthalate. The samples were synthesized by carbonizing the precursor at 550 °C under
N atmosphere. The sample exhibited surface area 593.52 m?/g with total pore volume 0.52
cm?®g. The sample adsorbed a maximum 133.3 mg/g of pollutant and the adsorption process
followed PSO kinetic model and Langmuir adsorption isotherm.

Jing et al. [134] in 2018, used peanut hull and wheat straw biomasses to prepare activated
biochars by heating the biomasses in a muffle furnace at 450, 550, and 650 °C. The surface
area and pore volume for the best sample were 474.9 m?/g and 0.536 cm®/g, respectively. The
synthesized samples were used for the adsorption of dimethyl phthalate and diethyl phthalate
with a maximum adsorption capacities of 1980 and 3588 mg/kg, respectively.

Guo et al. [135] in 2020, synthesized N, S co doped porous carbons using peanut shell via
pyrolyzing in a muffle furnace at different temperatures viz. 200-800 °C under oxygen-limited
conditions. The best sample exhibited maximum adsorption capacity of 14.34 mg/g for diethyl
phthalate via following PSO kinetic model and Langmuir isotherm model.

Zhang et al. [136] in 2021, used the lotus stems agro-waste to synthesize activated carbon for
the adsorption of phthalic acid ester from aqueous solution. The biochar was prepared by
heating the agrowaste into muffle furnace at 600 °C under N2 atmosphere prior of NaOH
treatment. The surface area and pore volume for synthesized sample were 360.78 m?/g and 0.29
cm?®/g, respectively. The maximum adsorption capacity for phthalic acid ester was 125 mg/g
with adsorption took place through PSO kinetic model and Langmuir isotherm model.

Cheng et al. [137] in 2022, synthesized activated carbon by hydrothermal carbonization of
cotton straw powder at 240 °C followed by thermal activation at 900 °C in N2 atmosphere. The
synthesized sample was used further for the adsorption of diethyl phthalate (DEP) with a
maximum adsorption capacity of 657 mg/g. Lewis acid-based interactions, m-n stacking, and
hydrogen bonding were responsible for the DEP's sorption rate control, while pore filling and
partitioning processes were responsible for the DEP's sorption capacity onto synthesized
samples.

Zhang et al. [138] in 2022, compared hydrochar, raw biomass (Pistia stratiotes) and pyrochar

as precursors to synthesize porous activated carbon and their adsorption performance for
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phthalate esters. The pyrochar and hydrochar from pistia stratiotes were synthesized at 800 °C
under N2 atmosphere and at 240 °C in an autoclave, respectively. Among these adsorbents,
hydrochar was found to be the most effective with a maximum adsorption capacity of 595 mg/g
for phthalate esters and exhibited a surface area of 2284.4 m?/g and pore volume 0.68 cm®/g.

Fan et al. [139] in 2022, synthesized biochar using nutshells (apricot, peanut, walnut and
coconut shell) biomass by pyrolysis at different temperatures from 300-800 °C in N2
atmosphere. The walnut shell biochar showed a maximum surface area (454.17 m?/g) and pore
volume (0.1114 cm3/g). Among the four series of nutshell-derived biochar, peanut shell-
derived biochar (PSBs) exhibited the best DEP sorption efficiency. The adsorption process

followed Langmuir adsorption isotherm model.

2.3 Photocatalysis based wastewater treatment using porous carbons
Activated carbons have not been explored much for the photodegradation of pollutants
in aqueous solutions. The fabrication of metal organic frameworks (MOFs), which are
composites of activated carbon with any metallic oxide (eg. ZnO, TiO2) to increase the
photodegradation efficiency for water contaminants, is documented in a large amount of
research [47,48,140-142]. There are very few papers on the use of porous activated carbon for
photodegradation of contaminants.
Gala et al. [50] in 2013, purchased commercially available activated carbon from different
companies. The availed activated carbons were treated with gamma radiations to reduce the
band gap of the sample. This was done to make it suitable for photo degradation of model
pollutant sodium diatrizoate. It was demonstrated that materials exposed to gamma radiation
have a higher proportion of carbon atoms with sp? hybridization, which accounts for their
normally superior DTZ photodegradation performance.
Mahajan et al. [78] in 2015, prepared CNSs of average size 40-50 nm by solvothermal route
using acetone and Mg as a reducing agent at 600 °C in a sealed autoclave for 5 h. Photo catalytic
activity was studied for the degradation of MB in UV light in the presence of CNSs. The band
gap for direct transitions was calculated by UV-Vis spectra i.e. 3.54 eV.
Gala et al. [51] in 2017, availed commercially available activated carbon and treated with
gamma radiations to study the effect of surface chemistry on the photo degradation of model
pollutant sodium diatrizoate. It was observed that higher Eg values in activated carbons favour
superoxide anion concentration whereas lower Eg values favour the production of hydroxyl
radicals. Also, the availability of chemisorbed oxygen and the presence of dissolved oxygen in

the solution is crucial for the photoactive behaviour of activated carbons and its removal from
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the solution encourages the recombination of electron-hole pairs while inhibiting the formation
of superoxide anions and, consequently, the production of hydroxyl radicals.

Ahmad et al. [49] in 2020, synthesized activated carbons by soaking of egg shells powder into
NaOH solution and HsPO4 followed by carbonization at 550 °C for 3 hours. The photo
degradation of MB under UV-Visible irradiation was carried out. Photo degradation of
activated carbon achieved a maximum degradation efficiency of 83% after 2 hours.

2.4 Synthesis of N doped carbons

2.4.1 Hydrothermal carbonization (HTC) method

Wickramaratne et al. [143] in 2014, synthesized N containing carbon spheres via HTC
method. In the typical experiment, ethanol and water were mixed and added with
ethylenediamine, resorcinol and formaldehyde and subjected to HTC at 100 °C for 24 hours.
The obtained HTC products were subjected to thermal treatment at 600 °C in N2 atmosphere.
The post synthesis activation was carried out at 850 °C in CO atmosphere. The activated NCS
were used for adsorption of CO> and supercapacitor electrodes.

Xu et al. [144] in 2015, used glucose as carbon source to form carbon spheres (CS) via HTC
method. The CS were mixed with urea and pyrolyzed at 350 °C to form NCS and treated further
with KOH and pyrolyzed at 650 °C. The activated NCS was further used for CO> adsorption.
Gu et al. [145] in 2017, synthesized N doped carbon spheres (NCS) by HTC method (at 180
°C for 8 hours) using glucose as carbon source and N doping was done by treating the spherical
carbons in ammonia atmosphere. The NCS were further calcined in Ar atmosphere at 1000 °C
for activation. The sample was used for electrocatalytic oxygen reduction.

Xu et al. [146] in 2019, added nickel nitrate hexahydrate, 1, 3, 5-benzenetricarboxylic acid,
and polyvinylpyrrolidone to a mixed solution of water and DMF and subjected to HTC
treatment at 150 °C for 10 hours. The final product was further annealed with melamine (for N
doping) at 800 °C under Ar atmosphere. For high-performance sodium-ion batteries, the NCS
served as the anode.

Huang et al. [147] in 2019, used glucose, Ni foam, dextrose solution as carbon precursor and
subjected to HTC treatment at 180 °C for 8 hours. The HTC final product (CS/NF) was mixed
with urea for N doping and again carbonized with HTC method at 180 °C for 8 hours. The
obtained NCS/NF and CS/NF were heated at 800 °C in N2 atmosphere. The synthesized
samples were used as negative electrode in the super capacitance application.

Liang et al. [148] in 2019, mixed triblock copolymer pluronic F108 and ammonia solution and
treated by HTC at 170 °C for 6 h and the products obtained were heated at 600 °C in N2
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atmosphere. The NCS obtained were treated with KOH and annealed at 700 °C in N2
atmosphere. The obtained activated NCS were used in super capacitor application as an
electrode.

Li et al. [149] in 2019, used phenol, bis-tris, and CTAB or OTAB and mixed them followed
by stirring continuously. Further, formaldhyde was added and treated via two step HTC: 200
°C for 28 hours in thermostatic water bath and then at 200 °C for 6 hours in Teflon lined
autoclave. The obtained NCS were annealed at 800 °C under N2 atmosphere followed by KOH
activation and heat treated at 850 °C. The obtained activated NCS was applied as an electrode
material for super capacitance.

Zuo et al. [150] in 2020, derived N doped carbon spheres using dictyophora powder as
precursor via HTC at 180 °C for 24 hours. The NCS were activated with KOH and calcined at
750 °C in nitrogen atmosphere. The activated NCS were further used as electrode material for
high performance supercapacitor.

2.4.2 Pyrolysis method

Ren et al. [151] in 2017, synthesized N doped carbon nanospheres using 1,2-dichloroethane,
indole, formaldehyde dimethyl acetal and ferric chloride anhydrous. The precursors were
mixed and kept in microwave for 20 minutes at 45 °C and product was impregnated with KOH
and pyrolyzed at 500-700 °C in N2 atmosphere. The synthesized NCS were used for the capture
of CO..

Zhang et al. [152] in 2017, used porphyra for the synthesis of hierarchical N doped porous
carbons (NHPC) via KOH activation followed by pyrolysis at 800 °C in Ar atmosphere.
Further, Hemin was adsorbed onto the NHPC to form Hemin/NHPC composite. The
Hemin/NHPC composite was pyrolyzed at 800 °C in Ar atmosphere to form N-doped porous
carbon supported single Fe atoms (SA-Fe/NHPC). The SA-Fe/NHPC was used further as
electrocatalyst for oxygen reduction reaction.

Bi et al. [153] in 2018, used sodium citrate and melamine mixture to synthesize 3 dimensional
N doped porous carbon by single step pyrolysis at 800 °C in Ar atmosphere followed by
washing with HCI. The synthesized sample was used further as anode materials for microbial

fuel cells.

Xue et al. [154] in 2020, synthesized N doped porous carbons (NPC) using mixture of rice
husk and urea which was pyrolyzed at 800 °C in N, atmosphere. The pyrolysis product was

soaked in HF solution to remove silica template and washed with DI water to obtain NPC.

CHAPTER 2 24



Supercapacitors with great volumetric performance were made using the synthesised NPC as
well.

Tang et al. [155] in 2020, prepared magnetic N doped porous carbons (MNPC) by mixing 2-
methylimidazole, cobalt hydroxide, and ZnO nanoparticles and directly pyrolyzed at 600-900
°C in N2 atmosphere. The synthesized sample showed exceptional ciprofloxacin adsorption
capability and wide range of pH adaptability.

Gunasekaran et al. [156] in 2021, used dried bamboo woods to synthesize N doped activated
carbon by carbonizing in air atmosphere at 300 °C followed by impregnation of the product
with KOH and urea and pyrolyzed at 900 °C in an inert atmosphere. The obtained sample was
used as electrode material for asymmetric supercapacitor with high energy density.

2.4.3 Other methods

Li et al. [157] in 2010, used arc discharge method to synthesize N doped graphene sheets by
pure graphite rods. In a typical experiment, direct current arc discharge was done between
graphite rod electrodes with current held at 120A. In a 760 Torr mixture of He and NH3, the
anode was converted to steam. The created soot was collected under ambient circumstances
after the discharge was finished.

Parambhath et al. [158] in 2011, prepared N doped palladium decorated graphene by a
combination of hummer method and nitrogen plasma treatment. After synthesising the
graphene with hummer method, nitrogen plasma treatment of graphene (N-HEG) was carried
out for N doping in a planar RF magnetron sputtering apparatus outfitted with a high-frequency
generator operating at a frequency of 13.56 MHz. The synthesized sample was used for
Hydrogen Storage.

Lu et al. [159] in 2013, created N doped graphene using low pressure 1,3,5-triazine chemical
vapour deposition (CVD) on copper foils (1000 °C, 500 Torr). The tube was then heated to the
necessary growth temperatures (900, 800, and 700 °C) under a 10 sccm H> flow and a 100 sccm
Ar flow, while a total pressure of 5 Torr was maintained. The absorbed triazine molecules were
split apart at high temperatures, and with the help of Cu, they were then brought back together
to form N-doped graphene.

Tian et al. [160] in 2016, used Stober method (sol-gel method) to synthesize N doped carbon
spheres. Prior to NCS synthesis, polymeric nanospheres were synthesized by mixing ethanol
water and the 3-aminophenol and formaldehyde were added in the mixture (dropwise) and

subjected to HTC treatment at 100 °C in an autoclave. The synthesizsed polymeric nanospheres
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were heated in a furnace with N2 flow up to 350 °C, dwelled for 2 hours, and then resumed

upto 700 °C, dwelled for 4 hours, to produce the required N doped carbon spheres.

2.5 N doped porous carbons using protein based precursors

The HTC processes biomass in reaction solvents like water, is ideally suited for
processing wet biomass, which mostly has a high protein or nitrogen content. The protein
biomasses work as both carbon and nitrogen source during carbonization to form N doped
carbons. In the recent years, many researchers have reported the use of protein biomass to
synthesize N doped carbons with various methods. In 2016, Jia et al. [161] synthesized N
doped carbons from milk proteins by KOH activation and heating of milk powder in between
500-800 °C in N2 atmosphere. Gao et al. [162] in 2016, used prawn shells to synthesize N
doped activated carbons by annealing at 600-800 °C in Ar atmosphere assisted by KOH
activation. An et al. [163] studied the synthesis of N doped carbon using protein from tofu.
The protein was first heated at 400 °C and then carbonized in N2 atmosphere at 1100, 1200 and
1300 °C. The synthesized sample was used further for anode materials in Li ion batteries. In
2014, Song et al. [164] used chicken bones to produce N doped porous carbon materials by
washing and pyrolysing the precursors at 800 °C in N2 atmosphere. Other than these protein
based N doped carbons, reports are available on the synthesis of N doped carbons using honey
by Zhang et al. [165] in 2016, layer fish scale by Lu [166] in 2021, watermelon rind by Zhong
etal. [167]in 2019, corn protein by Park et al. [168] in 2014. In the recent years, the conversion
of soybean meal to potentially N-doped carbons has been documented in the literature.
Ferrero et al. [100] in 2015, used soybean meal and glucose to synthesize N doped carbons
by HTC method at 200 °C for 15 hours. The synthesized sample was mixed with KOH and
carbonized at 600, 650, 700 and 800 °C in N2 atmosphere. The N content reduced from 4 to
1.6 at% with temperature increased from 600 to 800 °C. In high performance supercapacitor,
the synthesised material was used as an electrode material.
Fang et al. [169] in 2016, synthesized C dots using soybean flour via HTC treatment at 200
°C for 3 hours and centrifuged at 10000 rpm to obtain the brown product. The HTC product
was further put through dialysis membrane for purification of C dots. The maximum N content
of the synthesized sample was 20.23 at%. The synthesized material was used further for Fe*
detection.
Zhao et al. [97] in 2018, synthesized N,O doped carbon by impregnation of soybean meal
with KOH and carbonizing at 600-900 °C in N2 atmosphere. The final products were washed
with HCI until neutral pH. The N content reduced from 5.64 to 1.34 at % with increasing
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temperature from 600-900 °C. The synthesized material was used as electrode material in high-
performance supercapacitor.

Lietal. [170] in 2019, synthesized N, O doped carbons using soybean dreg by HTC treatment
at 180 °C for 24 hours. The obtained products were washed and impregnated with KOH and
heat treated at 500, 650 and 800 °C in N2 atmosphere. The content of N reduced to 1.8 to 4.2
at% with increasing temperature.

Shen et al. [95] in 2020, used soybean meal to prepare N doped carbons by impregnating the
precursor with ZnCl2 and calcined at 500-800 °C. The excess ZnCl, was removed by washing
with HCI. The sample was used further as a catalyst for acetylene hydrochlorination.

Ding et al. [98] in 2021, synthesized N doped carbons using soybean meal by pyrolyzing at
700, 800 and 900 °C in CO. atmosphere. The N content was maximum for sample pyrolyzed
at 700 °C (6.6 at%) and reduced with increasing temperature to 900 °C (5.24 at%). The sample
showed good application in super capacitance.

Zhang et al. [94] in 2022, used soybean meal to synthesize N doped carbons via pyrolysis at
800 °C in N2 atmosphere. The sample was further mixed with KOH and melamine and
subjected to calcination at 800 °C in muffle furnace. The sample consisted of maximum 6.15
at% of nitrogen content. The synthesized sample was used further for CO> capture and DRM.
Tang et al. [96] in 2022, used molten salt method to synthesize N doped carbons using soybean
meal. The soybean meal was first mixed with NaCl, KCI and KHCO3 and heated in muffle
furnace at 750 °C followed by HCI washing. The N content was 2.86 at% in the synthesized

sample. The material was used further as electrode material in super capacitance application.

2.6 Gaps in the study

The detailed literature presented above gives insights about the various methods for the
synthesis of porous carbons, wastewater treatment by adsorption and photocatalysis using
porous carbons. Role of N-doping in enhancing the properties of the porous carbons and N-
doping in carbons by various precursors has been studied but, there are few gaps found in the

literature which are as follows:

1. There are reports available for the synthesis of N doped carbons using various nitrogen
sources such as thioamine, melamine, triblock copolymers and various other chemicals
which are exotic, expensive and require multistep synthesis involving highly toxic by-
products. Use of agro by-product soy flour for synthesizing N-doped activated porous

carbons especially with saccharides as source of carbon as well as catalyst/template has
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not yet been systematically studied. A structured study on the adsorption and
photocatalytic performance of these soy based porous carbons also needs to be undertaken.
Different studies show that by doping nitrogen in carbons, its applications in different areas
such as electrocatalysis, super capacitance, sensing, ion batteries, oxygen reduction
reaction (ORR) etc. are enhanced. The effect/role of nitrogen doping in porous carbons for
adsorption/degradation of toxic waste in the industrial wastewater has not yet been studied

systematically.

2.7 Objectives

On the basis of gaps in the literature, the following objectives are proposed in this work.

1.

To synthesize and characterize N-doped porous carbons from saccharides (sucrose,
glucose, xylose) and soy flour using hydrothermal and pyrolysis method.

To study the adsorption properties of synthesized material for dyes, phenols and
pharmaceutical waste.

To analyze the effect of pH variation on adsorption capacity of the synthesized materials.
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Chapter 3
Materials and Methods

Overview

The details of precursors and the approach for sample synthesis and their characterizations are
described in this chapter. All characterizations used in the current work have been discussed in
this chapter. This include electron microscopy, X-ray diffraction, surface area measurement,
X-ray photoelectron spectroscopy, UV visible, FTIR, Raman spectroscopy, thermogravimetric
analysis, adsorption studies, and decolorization studies under UV irradiation and sunlight. The
fundamental aspects of synthesis/characterizations, as well as the required test conditions, have

been defined.
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3.1 Materials

3.1.1 Precursors

To synthesize N-doped carbons, defatted soy meal (soy flour) (99.0%, Loba Chemie)
was used as nitrogen and carbon source, and saccharides viz. glucose (CsH120s, 99.0%; Loba
Chemie), sucrose (C12H22011, 99.0%; Loba Chemie), and xylose (CsH100s, 99.0%; S D Fine-
Chem. Limited) were used as carbon source, individually, without any pre-treatment or
purification. All the precursors were received in powdered form as shown in Fig. 3.1. Properties
of the precursors are given in Table 3.1 and Table 3.2 and their molecular structures are given
in Fig. 3.2.

Soy-flour

Xylose

PR -

Fig. 3.1: Precursors obtained in powdred form.

Table 3.1: Properties of soy flour.

Colour Protein Carbohydrate Crude pNogy C% 0% H% K% Other
content content fat elements
Light ~40% ~23% ~25% ~9 ~47 ~29 ~10 -~25 -~25
brown
Table 3.2: Properties of saccharides.
Property Glucose Sucrose Xylose
Colour White White White
crystalline solid  crystalline solid  crystalline solid
Molecular formula CsHi120s C12H22011 CsH100s
Molecular weight 180.16 g/mol 342.3 g/mol 150.13 g/mol
Density 1.54 g/cm?® 1.58 g/cm?® 1.52 g/cm?®
Melting point 146 °C 186 °C 153 °C
Type monosaccharide disaccharide ~ monosaccharide
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Glucose Sucrose Xylose

eC @0 eH

Fig. 3.2: Molecular structure of glucose, sucrose, and xylose.
3.1.2 Model pollutants

To carry out the adsorption/photo-induced decolorization experiments, cationic dyes
methylene blue (MB) and crystal violet (CV), anionic dye eriochrome black-T (EBT), P-
nitrophenol (PNP), ciprofloxacin (CIP) and diethyl phthalate (DEP) were used as model
pollutants. The molecular structures of all the model pollutants are given in Fig. 3.3 and their

properties are given in Table 3.3.

MB CvV EBTO:‘S?';'?}
) OzN
el i
Yoo
/N\.
S ;cfﬁ* ©¢ :
3
PNP (lP

Fig. 3.3: The molecular structure of model pollutants used in this work.

All the model pollutants that were chosen in this work pose a special threat to the
ecosystem. MB and EBT were chosen because both of them are sulphur-containing dyes and
belongs to direct class dyes. Moreover, these dyes are inexpensive, therefore used extensively
in textile industries [171]. CV has been identified as a refractory dye molecule that stays in the
environment for an extended length of time and has hazardous consequences. In some fish
species, it functions as a mitotic toxin, a carcinogen, and a clastogene, increasing tumour
formation. As a result, CV is categorized as a biohazard material [172]. PNP is used in the
production of pharmaceuticals, dyes, fungicides, insecticides, and in leather industries. PNP
has minimal effects on human health but is found to have significant effects on the health of
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animals when consumed directly [173]. CIP is a commonly used antibiotic, therefore its
consumption is high. CIP contamination in water bodies disturbs human health causing
diarrhoea, heartburn, nausea etc. Also, the continuous contamination may result in the growth
of antibiotic-resistant microorganisms [174]. DEP is used in personal care products produced
by pharmaceutical industries. DEP is easily bonded (non-covalent bond) with the products and
gets separated from the product easily in water bodies. Its exposure may cause androgen-
independent male reproductive toxicity alongwith developmental and hepatic toxicity, with a
modest indication of female reproductive toxicity [175].

Table 3.3: Properties of model pollutants used in current work.

MB Cv EBT PNP CIP DEP
Colour in blue violet black with a ellow colorless colorless
aqueous violet tinge y
solution

::V|O|eClI,l|al’ C16H18CIN3S Cos5N3H30Cl  CooH12N3O7SNa  CgHsNOs  CisHisFN3Os  C1oH1404
ormuia

Molecular 319.85 407.98 461.381 139.11 331.346 222.24
weight g/mol g/mol g/mol g/mol g/mol g/mol
Minimum

Molecular  >1.2nm >1.2 nm >1.3nm >0.8 nm >1nm >0.8 nm
size

3.2 Methodology
The schematic overview of the synthesised samples and characterizations in the present

study is shown in Fig. 3.4.

Thermal * Electon microscopy
AP + XRD
activation 1n )
Ar and N, > UV-Vis spectroscopy Pyrolysis of soy
N- atmosphere v Lansn flour in Ar
doped —_ — atmosphere
carbons /ey Chemical | |° XPS
activation _|" TGA
using KOH * pH,. ‘
and ZnCl » Adsorption studies
\|ane et .
z * Photodegrdation
studies

Fig. 3.4: Schematic representation of adopted methodology for synthesis and characterizations.
3.2.1 Synthesis of N-doped carbons

In a typical experiment, required amount of glucose/sucrose/xylose and soy flour in
1:0.3 w/w ratio were dispersed in 15 mL deionized water (resistivity- 18.2 MQ-cm, Millipore
Q3 system) by magnetic stirring. The solution was then transferred to a Teflon-lined stainless
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steel autoclave and placed in an oven which was heated to and maintained at 180 °C for 8
hours. The resulting brown colored precipitates were separated by centrifuge and washed
several times with deionized water and dried at 80 °C in a hot air oven for 24 hours. To optimize
the synthesis conditions following batch experiments were also undertaken:

)] Varying the total precursor weight in the same water volume.

i) Altering the glucose to soy flour ratio.
The details of exact parameter variations in these batch experiments are available in the Chapter
4. In another set of experiments, to understand the role of the simultaneous addition of soy
flour and glucose, samples with only soy flour and glucose were also synthesized with the same
total weight of the precursor (2.15 g). The schematic depiction of the approach used for the
optimization to obtain the N doped carbon with appropriate morphology and yield is shown in
Fig. 3.5.

“Only soy
flour as

precursor

~ Total
precursor
__ weight

Saccharide

+ soy flour
TR @ 180 °C N
eig nly
< ratio of for 8 hours glucose as)
_soy flour _ precursor

Fig. 3.5: Schematic depicftiiarfli of the selected approach for N dfépﬁ)’eid' carbon sample synthesis
optimization.

The optimized N-doped carbon sample, based on morphology and yield, was further
used in synthesis of porous carbon samples using thermal and chemical activation.
3.2.2 Thermal activation of N-doped carbons

For thermal activation, the optimized sample was heat-treated in a tubular furnace in
argon (Ar) and nitrogen (N2) atmosphere, separately, at 900 °C for 4 hours at the heating rate
of 10 °C/min. The obtained powder was used as such without further washing/modifications.

3.2.3 Chemical activation of N-doped carbons

The optimized sample synthesized via the hydrothermal method was activated by the
chemical method using KOH or ZnCl; at low temperature and time. In a typical experiment,
the optimized sample was mixed with KOH or ZnCl, powders in fixed ratios and kept for 24
hours. Further, the mixture was agitated for 4 hours after adding 10 ml water and afterwards

dried at 100 °C for 12 hours. The dried mixture was placed in a muffle furnace and heated at
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400 °C for 30 minutes. The resulting sample was washed three times with deionized water.
HCI (3M, 20 ml) was added to the washed samples and mixture was agitated for 4 hours to
remove any remaining K/Zn ions and/or any by-products. Finally the sample was centrifuged
out and washed with deionized water to neutralize the sample pH. The neutralized samples
were dried at 100 °C and used for characterizations and adsorption and photo-induced

decolorization study.

3.2.4 Pyrolysis of soy flour

The biochar was prepared using soy flour. In a typical experiment, 4g of soy flour was
placed in an alumina boat under Ar atmosphere in a tubular furnace and pyrolyzed at 450, 650,
and 750 °C (heating rate = 10 °C /min.) for 2 hours. The synthesized samples were treated with

HNO:s for demineralization and then DI water until the neutral pH.

3.3 Characterization techniques
3.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) and Field emission scanning electron microscopy
(FE-SEM) provide visual information on the topographical and morphological characteristics
of the synthesized samples. In a typical experiment the electron beam is focused on a sample
held in vacuum, resulting in inelastic and elastic scattering to eject secondary electrons and
backscattered electrons, respectively. Secondary electrons provide topography, whereas
backscattered electrons images reveal the contrast between particles of varying densities. The
image is formed by raster scanning the electron beam on the sample surface and using the
appropriate signal. The main difference between SEM and FE-SEM is electron generation
source. In SEM, an electron beam is generated from W or LaBs electron gun. In FE-SEM, the
electrons are ejected by a cold field emission source. The ejected electrons in FE-SEM are
more focused than those ejected in SEM. Therefore high resolution images are generated in
FE-SEM.

The SEM images of the synthesized samples were recorded using JSM-6510 SEM (at
15 kV). Elemental analysis of the samples was carried out using electron dispersive
spectroscopy (EDS) using the Oxford INCAXx-act detector attached with the SEM. The
micrographs of the synthesized samples were recorded at Carl Zeiss Sigma 500 FE-SEM (at
20kV). The SEM/FE-SEM images were analyzed by Carl Zeiss Axio Vision 4 software.
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3.3.2 High resolution transmission electron microscopy (HR-TEM)

In TEM electrons are transmitted through the sample to form image. HR-TEM relies
on a phenomenon known as phase contrast (depending upon the sample density) for generating
picture. Elastically scattered electrons leave the sample and pass through the microscope's
lenses to generate the high-resolution image.

High resolution images of the samples were recorded on JEOL2100F TEM (HR-TEM)
at 200 kV. These were used to explain the formation mechanism of N doped carbon spheres
synthesized using HTC method (section 4.4).

3.3.3 X-ray diffraction (XRD)

XRD is a non-destructive technique and provides the details of the crystallographic
phases present in the samples. The principle of XRD involves constructive interference of
waves generated by elastic scattering of electrons to generate diffraction peaks via Bragg’s law:

2d sinb = nA (3.1)

Where d is the distance between planes, 0 is the angle of diffraction, n is diffraction

order, and A is the wavelength of X-ray.

In the current work, the XRD patterns were scanned using PANalytical Xpert-Pro
diffractometer and Rigaku Xpert-Pro diffractometer. The XRD line profile of powdered sample
was taken between 5-90° (20) with Cu Ko radiation (1.5406 A; Ni filter), with a step size of
0.013° (28), and total scan time of 14 minutes.

3.3.4 Thermal analysis

Thermal analysis of the samples is carried out by thermogravimetric analysis (TGA),
differential thermal analysis (DTA), and Differential Scanning Calorimetry (DSC). TGA is a
thermal analysis method that measures the mass of a sample with time as the temperature
varies. DTA compares the temperature of a sample to that of inert reference material during a
controlled temperature change. DSC measures the variations in heat flow to and from a sample

when the temperature is varied.

In current work, TG/DTA/DTG was carried out to determine the pyrolysis temperatures
of soy flour at S11 6300 EXSTAR in Ar gas from room temperature to 800 °C at a heating rate
of 5 °C /min. TG/DSC/DTG analysis of the synthesized carbon samples was undertaken from

room temperature to 900 °C at a heating rate of 5 °C /min in the presence of Ar, N2, and air
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carrier gases using NETZSCH STA 449F3 to determine the thermal activation temperature of

sample.

3.3.5 N2 adsorption-desorption isotherms

N2 adsorption-desorption isotherms help in the determination of specific surface area,
pore-volume, pore size, and distribution. The porous structure of the adsorbent can be
determined by comparing the obtained isotherms with IUPAC hysteresis loops of the gas

adsorption-desorption curve.

In this study, Tristar 3000 (Micromeritics) was employed for N2 adsorption-desorption
analysis with a pretreatment temperature of 150 °C for 2 hours. To compute the specific surface
area (SSA) using N2 adsorption-desorption isotherms, the Brunauer-Emmett-Teller (BET)
analysis were used and pore size distribution was determined by non-linear density functional
theory (NLDFT) and Barrett-Joyner-Halenda (BJH) methods.

3.3.6 UV-Visible spectroscopy

UV-Vis spectroscopy gives the absorbance/reflectance behavior of the sample which is
used to determine its bandgap. It is an analytical method that compares the quantity of
wavelengths of UV or visible light absorbed/reflected/transmitted by a sample to a reference

or blank sample.

In this work, the absorbance/reflectance spectra were recorded using Hitachi double
beam UV-Visible Spectrophotometer U-3900H for liquid/solid samples. The bandgap from

absorbance spectra was determined by Tauc’s plot method:
B(Eg- hv) o (a*hv)*m (3.2)

Where a, B, Eg, h, and v are absorption coefficient, constant, bandgap, Planck’s
constant, and frequency of photons, respectively.

The bandgap from the reflectance spectra was determined using Kubelka-Munk

equation:
hv o (F*hv)¥" (3.3)
Where, 'F' is the Kubelka-Munk function related to the absorbance and can be given as:
_ (1-R)?
F = > (3.4)
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R is the % reflectance of the sample. In both the methods, 'n' represents the type of
transitions such as allowed direct (0.5), allowed indirect (2.0), forbidden indirect (1.5), and

forbidden direct (3.0) transitions. In carbon samples, n = 0.5 for allowed direct transitions [50].

3.3.7 Fourier transform infrared spectroscopy (FTIR)

FTIR gives the information of available surface functional groups on the sample. When
infrared radiation is passed through a sample, part of it is absorbed and some is transmitted.
The resulting signal at the detector is a spectrum that represents the sample's molecular
fingerprint.

In the current study, chemical bonds present in the samples were investigated using
Agilent Cary 660 FTIR and Shimadzu IRTracer-100 (from 400 to 4000 cm™) by making a
pellet with KBr powder. The available active functional groups and bonds on the surface of the
sample determine the interaction of the adsorbent with the surface. For preliminary qualitative

analysis of major functional groups present in the samples, FTIR was carried out.

3.3.8 Raman spectroscopy

Raman spectroscopy helps to investigate the structural perfection and defects in
samples. This approach is based on the monochromatic radiation interaction with matter, which
results in inelastic scattering of photons, generating a change in associated energy in terms of

wavenumber.

In the present study, to examine the samples' graphitization level, Raman spectra were
recorded using a LabRAM HR spectrometer and Renishaw spectrometer (spatial resolution of

~1 um) with a 532 nm laser excitation source.

3.3.9 X-ray photoelectron spectroscopy (XPS)

XPS provides the details of elemental composition as well as chemical state and density
of electronic states in the sample. XPS is a surface-sensitive quantitative technique and the
working principle of XPS involves the photoelectric effect. Valence band (VB) spectra
obtained from XPS provides the value/location of valence band edge of the sample. This, in
conjuction with the band gap of the sample, is further used to calculate conduction band edge.

To determine the surface elemental composition and VB spectra of the synthesized
samples, XPS was carried out using PHI 5000 Versa Prob II, FEI Inc. with Al oK radiation
XPS (1486.7 eV, Ag standard). The obtained results have been analysed using XPSPEAKA41

software.
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3.3.10 Point of zero charge (pHpzc)

PHpzc is the pH at which the surface of the sample has no net charge. The sample's
surface has a net positive charge below pHpzc and a net negative charge above pHpz. To
determine pHpz, the salt addition method was used. In a typical experiment, 10 mL NaCl
solution (0.005 M) having a pH value from 4 to 11 (adjusted by using HCI and NaOH) was
prepared. 3 mg of the sample was added to this solution and agitated for 24 hours by magnetic
stirring. The final pH of the solution was measured and the change in pH was calculated. The

plot between the initial pH and the change in pH is used to determine pHpc for the given sample.

3.4 Adsorption study

Adsorption studies were carried out for the requisite concentration of pollutant solution
(adsorbate) containing requisite concentration of synthesized sample (adsorbent), under
continuous stirring in dark conditions. After a specific time period, required amount of
pollutant solution was taken out. The adsorbents were separated by centrifugation and the dye
concentration in solution was determined using UV-Visible spectrophotometer. The details for

each individual sample are discussed in each chapter further.

The adsorption capacity of the synthesized samples has been studied by varying the
pollutant solution pH from 2 to 10 using 0.1M HCI or 0.1M NaOH solution. The recyclability
tests were carried out to test the reusability of synthesized samples. Recylability tests were
done by regenerating the sample by centrifuging out the sample and washing it with water. The
regenerated sample was used for further adsorption to check the recyclability of the sample for

the requisite number of consecutive cycles.

3.4.1 Adsorption isotherm modeling

To determine the efficiency of adsorbent material and the nature of adsorption, fitting
with adsorption isotherms was used [176]. Commonly used adsorption isotherm models viz.
Langmuir and Freundlich isotherm models have been fitted to the experimental data obtained
for adsorption of pollutants onto synthesized samples. There are various isotherms models
categorized as one parameter, two parameter, three parameter, four parameter and five
parameter isotherm models. Among them Langmuir and Freundlich isotherms belong to two
parameter isotherms category [177]. For adsorption of pollutants using carbon based systems,

these two models are commonly used [178].
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3.4.1.1 Langmuir isotherm
The Langmuir isotherm is applicable for monolayer adsorption. The equation with
which the experimentally obtained data for adsorption of pollutant onto sample was fitted is

expressed as [42]:

C 1 C
—€ _|__e

de kLdo Qo

(3.5)

Where Ce, ge, and qo represent the equilibrium concentration of pollutant (mg/L), amount of
pollutant adsorbed at equilibrium (mg/g) and amount of pollutant adsorbed initially (mg/g),
respectively. ki (L/min) is Langmuir isotherm constant and is determined from the slope and
intercept of the linear fitting of the graph between C./qe and Ce..

R is separation constant, gives the details of separation of adsorbate and adsorbent and
IS given by:

1

RL - 1+kLC0 (36)

Here, four possible cases can occur: R =0 (irreversible adsorption), 0<R. <1
(favorable), R.=1 (linear) and R.>1 (unfavorable) [42].

3.4.1.2 Freundlich isotherm
Freundlich isotherm is applicable in the case when multilayer adsorption takes

place [179]. The linear equation representing the Freundlich isotherm can be represented as:

log qe. =logks + %log Ce (3.7)
The parameters ks (L/g) and n (g/L) represent the Freundlich constant and Freundlich

exponent, respectively. The value of n between 1 and 10 represents that the adsorption process

is favorable.

3.4.2 Adsorption kinetic modeling

To determine the rate and mechanism of adsorption process, it is important to study the
adsorption kinetics. The kinetic data for the adsorption of pollutants onto synthesized samples
were tested for well-known kinetic models, namely pseudo first order (PFO) model and pseudo
second order (PSO) model and Elovich model. To study the diffusion mechanism involved in
the adsorption, the data were fitted with intraparticle diffusion (IPD) model. All these models

provided the information about adsorbate-adsorbent interaction [180].
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Following equations were used to calculate the experimental values of the amount of

pollutant adsorbed, g: (mg/g) at any time t and the amount adsorbed at equilibrium, Qe
(mg/g) [181]:

(Co—CV
q; = % (3.8)
(C _Ce)v
Qe == (3.9)

Co, Ct, and Ce represent the initial concentration, concentration at any time t, and
equilibrium concentration of pollutant (mg/L), while VV and m are the solution volume in liters
and adsorbent weight in grams, respectively. The details discussion of kinetic models is given
below.
3.4.2.1 Pseudo First Order (PFO) model

Lagergren proposed PFO to study the adsorption Kinetics. The basic equation involved

in PFO can be expressed as [181]:

In q:qut =kt (3.10)

Where ki is PFO rate constant. PFO model assumes that physisorption takes place
during adsorption and the adsorption amount is directly related to the available active
sites [181].

3.4.2.2 Pseudo Second Order (PSO) model
PSO model can be applied for the analysis of adsorption equilibrium. The equation

involved in the PSO model can be presented as [180]:

t 1 t
= + — 3.11
dc k293 Qe (3.11)

Here, k2 is the rate constant, and ge is the equilibrium adsorbate amount on the adsorbent
and was determined using slope and intercept of the linear fit, respectively. According to PSO,
the adsorption mechanism takes place via chemisorption, where, adsorption from a solution

occurs as a result of physicochemical interactions between the two phases.

3.4.2.3 Elovich model
The fitting of experimental data with the Elovich model can be expressed with the

equation:

ai= (5) In(@B) + () In(®) (3.12)
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Here, o is the initial adsorption rate and B is the desorption constant and were
determined using slope and intercept of straight-line fit, respectively. According to Elovich
model, the multilayer adsorption process occurs through chemisorption. The Elovich model
assumes that the adsorbent is heterogeneous in nature (contains more than one type of active
site) [180].
3.4.2.4 Intraparticle diffusion (IPD) model

The IPD model depicts adsorption processes in which the rate of adsorption is
determined by the rate at which adsorbate diffuses towards adsorbent (i.e., the process is
diffusion-controlled). IPD is the rate-limiting step in the adsorption process and follows the
equation [182]:

qt = KignVt + C (3.13)
Here, kidn are rate constants of multiple fits (1to n for n no. of fits) and were determined using
slopes of the multiple linear fits. If the linear fit passes through the origin, it implies that the
adsorption process was controlled by IPD [182]. A two-step linear fit indicates that the
adsorption occurs initially through boundary layer diffusion and then via intraparticle
diffusion [42].

3.5 Photo-induced decolorization studies

Photo-induced activity was tested for the samples which showed best adsorption
efficiency. The batch experiments were carried out similarly to the adsorption study in the
presence of UV irradiation/sunlight instead of dark. The experiments were conducted in the
presence of UV irradiation (Philips, 125 W; Hg lamp; Aem=250-400 nm; intensity=~14000 Ix)
and sunlight (intensity=~17500 Ix) under continuous cooling by water circulation. The setup
for decolorization study under UV irradiation is shown in Fig. 3.6. The decolorization
mechanism under UV irradiation was explained by carrying out the scavenger tests. In this
process, 0.5 mM each of isopropyl alcohol (IPA) ascorbic acid (AA), ammonium oxalate (AO),
sodium sulphate (SS), were taken as scavenging agents respectively for hydroxyl free radical
('OH), superoxide free radical anion (O2"7), holes (h"), and electrons (¢7). These scavenging

agents were mixed individually with dye solution during UV irradiation experiment.
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Fig. 3.6: Setup for photo decolorization study.
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Chapter 4
N-doped soy based carbons

Overview

This chapter presents the results for the optimized high yield synthesis of N doped carbons.
These were synthesized with hydrothermal method (HTC) using glucose as carbon source and
protein-rich defatted soy flour as nitrogen and carbon source. The synthesized carbons were
found to be spherical in shape and show better adsorption efficiency than both glucose derived
HTC spheres and HTC synthesized soy flour hydrochar. To understand the properties of
synthesized samples, SEM, TEM, XRD, FTIR, UV-visible spectroscopy, N> adsorption-
desorption isotherm, XPS were carried out. The salt addition technique were used to determine
the point of zero charge (pHpzc) of the samples. The as-synthesized N-doped carbons have been
used for the treatment of wastewater containing cationic dyes MB and CV, anionic dye EBT,
pharmaceutical waste CIP, phenol PNP and phthalate ester DEP by their adsorption. For the
best adsorption results, kinetic modeling and isotherm analysis has also been undertaken to

determine the adsorption rate and adsorption mechanism.
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4.1 Introduction

Nitrogen (N) doping of carbon adsorbates enhances the basic character of porous
carbons as N-doping sites act as lewis basic sites. This results in enhanced adsorption capacity
as well as selectivity [103]. S"anchez-S anchez et al. [63] reported that N-doping in carbon
adsorbent results in an enhanced adsorption capacity for cationic as well as anionic dyes. The
proteins in the precursor can act as the source for both nitrogen and carbons. Agro wastes rich
in proteins can emerge as the cheapest source to synthesize N-doped carbons. Defatted soy
meal contains 50.5% proteins, 34.2% carbohydrates and 15.3% fiber, ash and fat [183]. He et
al. [184] reported that the standard chemical composition of defatted soy meal is crude protein,
dietary fibre, amino acids and carbohydrate which makes soy flour a good source of carbon
and nitrogen. Among different synthesis methods hydrothermal method was found to be most
suitable because it is a low temperature green process.

The present chapter discusses in detail the synthesis parameter optimization and various
characterizations of soy flour based N-doped carbons using saccharides.

Table 4.1: Details of the synthesized samples.

Precursors
Precursor Average

f[e;mple Precursor(s) weight ratio  Vield Bandgap
(9) (Saccharide: (mg) (um) (eV)
soy flour)
XS1 Xylose+soy flour 2.150 1:0.3 596 4.2 -
Ss1 Surcose+soy flour 2.150 1:0.3 608 5.1 -
GSopl  Glucose+soy flour 2.150 1:0.1 257 4.01 -
GSop2  Glucose+soy flour 2.150 1:0.2 390 4.42 -
GS1 Glucose+soy flour 2.150 1:0.3 600 4.96 4.5
GSop3  Glucose+soy flour 2.150 1:0.4 670 No -
GS2 Glucose+soy flour 1.050 1:0.3 270 2.44 4.54
GS3 Glucose+soy flour 0.525 1:0.3 145 1.49 4.57
GS4 Glucose+soy flour 0.266 1:0.3 72 0.64 4.65
GS5 Glucose+soy flour 0.131 1:0.3 39 0.47 4.86
GS6 Glucose+soy flour 0.066 1:0.3 21 0.35 5
G Glucose 2.150 1.0 13 0.64 3.38
S Soy flour 2.150 0:1 350 No 55

4.2 Optimization of synthesis parameters for saccharide and soy-flour based
N-doped carbons

The hydrothermal synthesis conditions are discussed in the previous chapter (section

3.2.1). The final optimized synthesis conditions were arrived by varying the initial conditions
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such as precursor saccharide, precursors’ weight ratio and total weight ratio. The different
parameters taken into consideration before finalizing the parameters were: yield, cost, size, and
adsorption characteristics. The optimized sample was further used for the removal of various
pollutants from water via adsorption. Table 4.1 outlines the details of all synthesized samples.
4.2.1 Saccharide

The synthesis of N doped carbons was carried out using thee common saccharides viz.
xylose, sucrose and glucose. Fig. 4.1 gives the representative SEM images of XS1, SS1, and
GS1 samples. Spheres were formed for all the samples and the image analysis brought to fore
the log-normal distribution of the sphere size. It was observed that the size of spheres was
smaller for xylose (XS1) while the addition of sucrose resulted in larger size (SS1). The glucose
synthesized samples (GS1) are also nearly same size as SS1 (Table 4.1). The sample yield for
the three precursors was equal (Table 4.1). Though the xylose samples having the smallest size
spheres should be preferred, but considering the fact that xylose is much more expensive than
the other two saccharides so it was eliminated for further use. The average price per kg for
xylose (Rs 435/kg) is nearly 10 times the price of glucose (Rs 42/kg) and sucrose (Rs 45/kg).
Among sucrose and glucose, sucrose is a disaccharide and contains glycosides linkage and the
melting point of these linkages is above 260 °C. In the hydrothermal method, the maximum

temperature was kept at 180 °C, so glucose is preferred.
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Fig. 4.1: SEM micrograph of (a) XS1 (b) SS1 and (c) GS1 carbon spheres and their
corresponding log- normal distribution of size.

Also as observed in the literature, the surface area and uniformity observed for the

sample synthesized using glucose are higher than that of the sucrose [185,186]. Therefore

CHAPTER 4

48



keeping these facts in mind and the fact that size was slightly lower for the glucose sample,
glucose was used further for the synthesis of samples along with soy flour.
4.2.2 Glucose : soy flour ratio

To study the effect of variation of soy flour ratio on the morphology of samples, N-
doped carbons were synthesized by varying the ratio of soy flour and glucose as mentioned in
Table 4.1, and their SEM images are shown in Fig. 4.2. With the decrease in the ratio of soy
flour to less than 0.3, the size of spheres reduced insignificantly but the yield reduced
significantly (Table 4.1) than the GS1 sample. When the ratio of soy flour was increased i.e.
GSop3 sample, no spherical structure was observed, as shown in SEM images. Therefore, by
varying the ratios of soy flour and glucose, GS1 with the glucose to soy flour ratio of 1:0.3
emerged to give the best results in terms of yield and average spheres size. Therefore, for the

synthesis of N-doped carbons, the ratio of glucose and soy four was optimized to this value.
. 3 :

Fig. 4.2: SEM micrographs of samples synthesized for different ratio precursors: (a) GSopl
(b) GSop2, and (c) GSops3.

4.2.3 Total precursor weight

To optimize the total weight of precursors in the starting solution, samples were
synthesized with varying precursor concentrations while keeping the precursor’s ratio constant
(1:0.3) (Table 4.1). Fig. 4.3 gives the representative SEM micrographs of these samples. It
indicated that both precursors (glucose and soy flour) still combined together to form spheres,
but of different sizes. In certain areas, complete spherical features were observed, whereas in
other areas flattened curve surface, an indication of the beginning of formation of spheres was

observed. The spheres have smooth surfaces.

Fig. 4.4 (a) gives the variation of spheres size with initial precursor concentration. SEM
images and the analyzed data clearly show that the sphere size of the synthesized samples
decreases with decreasing precursor concentration in the initial dispersion. The effect of size
of spheres was also tested on the adsorption efficiency of the samples for MB dye. It can be
seen from Fig. 4.4 (b) (data was taken for 1 mg/L of MB adsorbed onto 4mg/L of synthesized
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sample) that not much variation in the adsorption efficiency of the material with size variation

occurs. Since, the yield obtained for GS1 sample is nearly double even when compared with

GS2 sample, so, only GS1 sample has been used for further studies.

a 1
P
> )

‘) /)"
» \ Axd

L) d‘,»
/ e d

10 pm ' 10 pm

Fig. 4.3: SEM micrographs of samples synthesized for different initial concentrations of
precursors: (a) GS1, (b) GS2, (c) GS3, (d) GS4, (e) GS5 and (f) GS6.
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Fig. 4.4: (a) Variation in sphere size with precursor concentration in the initial solution and (b)
% adsorption of MB onto the samples.

To compare the effect of mixing of glucose and soy flour, the samples were synthesized
with only soy flour (S) and only glucose (G) by keeping precursor weight same (Table 4.1).
Further characterizations were carried out for the optimized samples viz. S, G and GS1 sample.
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4.3 Characterizations of optimized samples
4.3.1 SEM and EDS

SEM micrographs of samples synthesized using only soy flour (S) and glucose (G)
samples (Fig. 4.5(a) and Fig. 4.5(b)) show that the hydrothermal treatment of soy flour alone
does not lead to self-assembled structures/spheres. Also, it clearly emerged that the presence
of soy flour in the initial dispersion has resulted in larger-sized spheres with non-uniform size
distribution as compared with when only glucose was used (Table 4.1). Another important
result emerged from the experiments was that the yield for the GS1 sample (600 mg) is much
higher as compared with samples S (350 mg) and G (13mg) with the starting precursor weight
of 2.15g. In general, the yield from an HTC experiment depends on the amount of precursor
and the reaction process. Thus combining the glucose (saccharide) and high protein precursors
such as soy flour resulted in enhanced carbonization with self-assembled spheres and high
yield.

Fig. 4.5: SEM micrographs of (a) S and (b) G samples.

The elemental analysis of GS1, S, and G samples using EDS is shown in Fig. 4.6. It can
be seen that sample G carries peak of only carbon and oxygen, while, GS1 and S have carbon,
nitrogen and oxygen. The results of the EDS analysis are given in Table 4.2.

Table 4.2: Amount of C, N, and O present in the synthesized samples obtained from EDS.

Sample Element Weight % Atomic %

C 64.04 69.83
GSl 6.14 5.74
o) 29.83 24.43
C 61.45 67.13
S N 10.77 10.09
o) 27.78 22.78
G C 67.21 73.20
0 32.79 26.80
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Fig. 4.6: EDS of G, S and GS1 samples
4.3.2 XRD

The structural nature of the synthesized material was investigated using XRD. The
XRD pattern for GS1 sample (Fig. 4.7(a)) shows a broad hump at 26 ~ 21°, and a peak at 20 =
26°. The hump at 21° is a signature of carbon quantum dots (CQDs) and attributed to (002)
lattice spacing of amorphous carbon material (indexed as (002)-CQD) [187]. For undoped
carbon nanospheres (Sample G and literature [188]) the XRD line profile shows a hump at 26
~ 24° that correspond with (002) plane of graphitic carbon (indexed as (002)-CNS). The XRD
line profile for the S Sample revealed prominent peaks at 20 ~ 22° and 26°. The peak at 22° is
attributed to the (002) plane in amorphous carbon having oxygen containing functional group
(indexed as (002)-A0) [189]. The peak at 26° is attributed to (002) plane of graphitic carbon
(indexed as (002)-g). Both these peaks confirm the hydrochar nature of the sample S. Presence
of the peak at 26° in the GS1 sample confirmed the presence of graphitic carbon in the sample
along with the CQDs.
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Fig. 4.7: (a) XRD and (b) absorbance spectra for G, S, and GS1 samples and inset (b) show
Tauc-plot of GS1 sample.

4.3.3 UV-Visible spectroscopy

Absorbance spectra from the UV-Visible spectroscopy measurement for the GS1, S and
G samples are shown in Fig. 4.7(b). It was observed that the main absorbance peak of S sample
appears at nearly 200 nm in the UV region, which shows the n-n" transition between the bands
of graphitic carbon material. Two main absorbance peaks of G sample at nearly 280 nm and
224 nm indicated the n-n” transition of C=0 and n-n" transition of the C=C bond [190]. GS1
sample shows an absorption peak near 250nm, clearly indicating the n-n* transition between
the domains of graphitic carbon, and this matches with data obtained for CQDs in
literature [191]. This data supported the presence of a broad peak in the XRD line profile at
~21° for GS1 rather than at 22° (for S) or 24° (for G). The low-intensity peak/hump near 280
nm indicates the lowered concentration of C=0 bonds in the sample. This indicated that the
CQDs are not exposed to oxygen-rich environs after formation. The inset of Fig. 4.7(b) gives
the Tauc’s plot for the GS1 sample. The band gaps for G, S, and GS1 to GS6 samples were
determined. The band gap increased from 4.5 to 5 eV with decrease in the size of the sample
from GS1 to GS6 (Table 4.1).

434 HR-TEM

SEM micrographs of GS1 sample show large spheres of average size 4.96 um. This
data is in contrast with the XRD line profile and UV-Vis data which indicated the presence of
CQDs in the sample. It can be conjectured that the CQDs will not be visible in the
magnifications of SEM. GS1 samples are separated at the centrifuge speed of 4500 rpm. CQDs
will not separate out of the solution at such low speeds. To understand the internal morphology

of the carbon spheres and the TEM/HR-TEM studies were carried out. To ensure that the clear
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picture emerges of the internal structure the GS6 sample with average size of 350 nm was used
for these studies. Fig. 4.8(a) gives the representative TEM image for the GS6 sample clearly
showing the nonuniform size distribution of solid spheres. The non speroidal material (also
seen in SEM micrographs) under HR-TEM analysis emerged as graphitic carbon with
interplaner spacing of ~0.33 nm, corresponding to 20 = 26° (Fig. 4.8(b)) [192]. HR-TEM of
the spheres shows that the core of the spheres consists of CQDs with interplanar spacing of
0.41 nm corresponding to 20 ~ 21° (Fig. 4.8(c)) [193]. These results have been used to
elucidate the synthesis mechanism of N doped carbon spheres using glucose and soy flour via
HTC method (Section 4.4).

Fig. 4.8: (a) TEM images of GS6, (b) HR-TEM of non-spheroid material indicating graphitic
carbon (c) HR-TEM of the core of sphere showing carbon quantum dots.

4.3.5 FTIR spectroscopy

Fig. 4.9(a) shows the FTIR spectra for the GS1 sample. The characteristic band for O-
H is available around 3380 cm™. Various bonds of carbon with carbon, oxygen, hydrogen are
visible and have been marked. C-H stretch band peak was observed around 2921 cm™. Another
broad peak at ~ 1640 cm™ represented the stretch vibration of C=C. Peak around 1460 cm™
indicated the presence of aliphatic C-H bending group. Low intensity peaks around 1200 and
1500 cmt indicate the presence of C-N and C=N bond confirming the presence of nitrogen in
the sample [84]. These FTIR results confirm the presence of adsorbed water and dangling
bonds on the surface of the synthesized samples as well as N-doping. All three are indicators
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for the synthesized samples to have good adsorption characteristics [188]. The exact nature of

N-doping was examined in detail by XPS analysis (section 4.3.7).
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Fig. 4.9: (a) FTIR spectra of GS1 sample and (b) N2 adsorption-desorption isotherm and inset
shows pore size distribution of GS1 sample.

4.3.6 N2 adsorption-desorption isotherm

Fig. 4.9(b) shows the N2 adsorption-desorption isotherm and the pore size distribution
(inset) for GS1 sample. The BET isotherm displays type Il IUPAC curve [194]. The H4 type
adsorption hysteresis of the BET data indicated that the sample contains both micropores and
mesopores. The calculated BET surface area was 7.43 m?/g. Pore size distribution graph
showed that pore size distribution is not uniform for the sample and ranged from micropore to
mesopore region with a the total calculated pore volume of 0.0393 cm®/g.. The pore size varies
from 1.5 to 25 nm in mesopore region with a mean pore diameter of 21.1 nm. An important
aspect of this data is that the microporous pores (pore size < 2 nm) were also substantial in

number.

4.3.7 XPS

Comparison of XPS survey spectra of GS1, S and G samples is shown in Fig. 4.10(a),
with peaks at ~ 284.0 eV, 400.0 eV and 531.0 eV for Cls, N1s and Ol1s, respectively [82].
Absence of N1s peak for G sample clearly indicated that the incorporation of N in the
synthesized samples occurred due to presence of soy flour in the initial precursor. The HR
spectra of C1s for GS1 sample deconvoluted into 3 peaks from 284 to 287 eV showing the
presence of sp? hybridized carbon atoms, C-N and C-O bonds (Fig. 4.10(b)) [195]. The
deconvolution of HR spectra of N1s for GS1 sample indicated the presence of pyrrolic and
graphitic N as indicated from peaks at 399.55 and 401.56 eV (Fig. 4.10(c)) [61,196]. Fig.
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4.10(d) shows the N1s spectra of S sample and shows the presence of pyrrolic, oxidized and

pyridinic nitrogen. From O1s HR spectra for GS1 sample, it can be seen that the C=0 bonds
are present along with the C-O bonds (Fig. 4.10(e)). Table 4.3 and Table 4.4 give the

parameters obtained from XPS analysis. It indicated the presence of 2.2% predominantly

pyrrolic nitrogen in the samples. Different types of N bonding are shown in Fig. 4.10(f).
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Fig. 4.10: (a) Comparison of the XPS survey spectrum of GS1, S and G samples, deconvoluted

peaks of (b) Cls of GS1 (c) N1s of GS1 (d) N1s of S (e) O1s of GS1 and (f) types
of N bonding.
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Table 4.3: atomic percentage amount of C, N, and O present in the synthesized samples.

Sample ID %C %N %0 PHpzc
G 75.55 0 24.44 2.13
S 69.34 7.03 23.52 3.6
GS1 74.10 2.22 23.68 4.6

Table 4.4: XPS analysis parameters for GS1.

Total %at. Group Position(eV) FWHM %oat.
C sp? 284.2 1.64 56.99
Cls 74.10 C-N 285.8 1.36 14.8
C-0 286.7 3.26 28.21
N1Ls 5 99 Pyrrolic-N 399.5 2.00 82.56
Graphitic-N 401.5 2.46 17.44
Ols 93 68 C=0 532.0 2.55 97.36
C-0 534.6 1.72 3.64

The % amount of nitrogen atoms present in the soy flour is about 8% [184]. For GS1
sample, the amount of soy flour is ~ 25% of the total precursor content. XPS results shows that
2.2% nitrogen is present in the sample, which is nearly 2% (25% of 8%). Thus, almost all the
nitrogen present in soy flour got doped in the synthesized samples.

4.3.8 Point of zero charge (pHpz)
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Fig. 4.11: Graph for point of zero charge (pHpzc) determination for GS1, S and G samples.
Surface charge plays a decisive role to determine the adsorption properties of a given
material. Point of zero charge (pHpzc) is the value of pH at which the net charge on the surface
of the material is zero and is used to determine the surface charge characteristics of the given

sample. Fig. 4.11 gives the salt addition method analysis for the GS1, S and G samples with
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the pHpzc values coming out to be 4.6, 3.6 and 2.13, respectively (Table 4.3). Larger pHpzc value
for sample S in comparison with sample G is due to the enhanced basicity of the surface as a
result of nitrogen presence. The highest pHpzc value at 4.6 is obtained for GS1 inspite of having
lower amount of nitrogen as compared with the S sample. This is because the nitrogen in S

sample is partially oxidized as confirmed by N1s XPS spectra of sample S [197].

4.4 Formation mechanism of N-doped carbon spheres from glucose and soy
flour

The formation mechanism of the spherical shaped carbons using saccharides via HTC
is well documented [189,198]. Under hydrothermal conditions the saccharides undergo
dehydration and fragmentation to form phenols, aldehydes and furfural like molecules. These
water soluble molecules further polymerize via condensation reactions resulting in
aromatization of these polymeric chains through dehydration to form graphene flakes at
temperature greater than 160 °C. These graphene flakes act as nuclei and curve around each

other during carbonization to form spherical carbons [189,199].
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Fig. 4.12: Formation mechanism of GS1 spheres.

For the protein-rich biomaterials, under the HTC conditions the lower content of
hydrocarbons in comparison with proteins results in formation of hydrochar/biochar [199].
The small fraction of carbohydrates present undergo a series of reactions such as hydrolysis,

dehydration, polymerization and aggregation to form coke. Simultaneously, the excess amount
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of proteins undergo hydrolysis to form amino acids which undergo the Maillard reaction with
the degradation products of carbohydrates to form N containing ring compounds. These
compounds finally combine with the coke to form hydrochar of undetermined structure. The
complexity of reaction mechanism followed by proteins interactions hinders the nucleation.
This lack of available nucleation sites prevent the formation of the spherical
structures [90,200,201].

In the present work, glucose has been added in addition to soy flour as a precursor to
provide nucleation sites and assist in carbonization. When taken into consideration various
characterization results (XRD, UV-Vis, TEM, HR TEM, SEM) for the N-doped spheres, the
following formation mechanism has been proposed (Fig. 4.12). The glucose molecules undergo
simultaneous dehydration-hydrolysis and then polymerize to form long chains. After that,
through aromatization, pentagonal, hexagonal and heptagonal graphitic rings are formed. Here,
partial carbonization led to form carbon dots prior to the process of nucleation. The formation
of carbon dots and their presence in the core of the carbon spheres is confirmed by UV-Visible
spectroscopy, XRD and HR-TEM for GS1 sample. These carbon dots provide the nucleation
sites for the spherical structures to be formed around them. The carbonized soy flour with N
containing ring compounds and aromatized glucose curves around the nucleus to form a sphere.
Due to involvement of bigger polymeric chains of soy flour, the size of the spheres formed is
multiple times more than that of G sample spheres [91,200].

This synthesis mechanism brings together the characterization results for the present
samples and the available literature in the field of high protein carbonization [199]. The role
of carbon rich saccharide (glucose) in providing the nucleation sites in the form of CQDs which
facilitate the carbonization of the protein and spheres formation is confirmed.

4.5 Adsorption studies
4.5.1 Optimization of adsorbate and adsorbent concentrations for adsorption studies

To determine the optimum concentration of pollutants and adsorbent, the adsorption
tests were conducted using varying concentration of pollutants (1, 5, 10, 20, 50 mg/L) and GS1
sample (20, 40, 60, 80, 100 mg/L). The % adsorption after 3 hours with varying aforementioned
parameters is shown in Fig. 4.13. It was observed that for MB and EBT dye, the maximum %
adsorption was observed for 1 mg/L of dyes. With variation in the GS1 concentration at Img/L
of dye, no difference in the % adsorption was observed. Therefore, the amount of dyes (MB
and EBT) for further studies were taken as 1 mg/L with 20 mg/L of adsorbent. The variation
in % adsorption was not much with the dye and adsorbent concentration variation for PNP, CIP
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and DEP. But for 20mg/L of PNP, CIP and DEP, maximum % adsorption was observed for
100 mg/L of adsorbent. Therefore for further studies, 20 mg/L of PNP, CIP and DEP with 100

mg/L of adsorbent amount were used.
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Fig. 4.13: % Adsorption with change in GS1 concentration (20, 40, 60, 80 100 mg/L) and
adsorbate concentration (1, 5, 10, 20, 50 mg/L) with (a) MB, (b) EBT, (c) PNP, (d)
CIP and, (e) DEP.

4.5.2 Adsorption study of N-doped carbons for model pollutants
From pHpzc of samples, GS1 sample was found to be more suitable to adsorb both

cationic and anionic pollutants at natural water conditions. While the other two samples are

more likely to adsorb cationic pollutants because above the pHpzc value the surface has a net

negative charge.
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The adsorption studies were carried out for the removal of MB, CV, EBT, PNP, CIP,
and DEP using GS1 sample. For adsorption of dyes, the amount of adsorbate and adsorbent
were taken as 1 mg/L and 20 mg/L, respectively. After 3 hours, the amount of MB and CV
adsorbed on the surface of sample GS1 are 51.5% and 50%, respectively. For anionic dye EBT,
the % adsorption was decreased to 6.1%. The adsorption study for PNP, CIP and DEP were
conducted in dark for 20 mg/L of pollutant and 100 mg/L of GS1 sample. It was observed that
after 3 hours of agitation, the % adsorption for PNP, CIP and DEP were 3.8%, 4.4% and
10.05%, respectively. The maximum adsorption was observed for cationic dyes only (Fig 4.14
(@)). Fig. 4.14(b) shows the evolution of MB dye adsorption onto sample GS1 with time.
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Fig. 4.14: The % adsorption of (a) pollutants, (b) MB in dark onto GS1 sample with time.
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Fig. 4.15: (a) Comparison of % adsorption of MB dye (1mg/L) in dark for GS1, S and G
samples (20 mg/L), (b) % adsorption change with pH for MB, CV and EBT.

Fig. 4.15(a) compares the adsorption properties in dark (for cationic dye MB) of GS1
sample with the S and G samples. The results clearly show that despite of the larger size (4.96
um) the adsorption properties of the GS1 sample (51%) are superior in comparison to the
undoped G sample (640 nm, 38%). Moreover, despite the lesser content of nitrogen as

compared to S sample the GS1 has shown better adsorption. It is believed that this may be due
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to partial oxidation of the nitrogen in the S sample (as indicated by the XPS results) which
modified the surface charge and hence the adsorption.

4.5.3 Effect of pH on adsorption of cationic and anionic dyes

The pH of all the dye solutions (at the considered concentrations) lies between 5-6. The
effect of pH on adsorption of cationic as well as anionic dyes was investigated and the results
are shown in Fig. 4.15(b). The effect of pH was also observed for DEP, but no significant
variation was observed (data not shown). At low pH the adsorption of the cationic dye onto the
samples is hindered due to more positive charge on the surface of the carbon spheres. With
increasing pH, the surface of carbon spheres becomes more and more negative and due to
electrostatic attraction and/or hydrogen bonding, uptake of cationic dyes increases on the
surface of synthesized sample [176]. It can be observed from Fig. 4.15(b), that the %
adsorption of the cationic dyes (MB and CV) reaches the value of 92.2% (MB) and 84.9%
(CV) at pH 10. The effect of pH on adsorption was reversed for anionic dye (EBT). It is clear
from Fig. 4.15(b) that for EBT, adsorption of about 98% took place at pH 2.4 but with an
increase in pH, there is a decrease in the adsorption and it reaches a value of 6% at pH 6.5. The
adsorption results are in line with the pHpz value of 4.5 for GS1. Above this pH the cationic
dyes were adsorbed more and below it the anionic dyes adsorption increases.

4.5.4 Recyclability of GS1

The GS1 was also checked for reusability. This was done by regenerating the sample
by centrifuging and washing with water. The regenerated sample was used for further
adsorption to check the recyclability of the sample for 14 consecutive cycles for MB dye (100
mg/L of GS1 sample). The small decrease of 6% was observed in the adsorption capacity after

14 cycles. This shows the recyclability of the sample as shown in Fig. 4.16.
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Fig. 4.16: Recyclability of GS1 (100 mg/L) in dark for MB dye (1 mg/L).
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The small amount of decrease in % adsorption observed with increase in number of
cycle was due to loss of sample during washing. Here it is important to note that GS1 sample
consisted of large spheres so it was easy to centrifuge them out of the solution even at low
speed of 4500 rpm rather than needing high speed centrifuge or other specialized techniques
such as dialysis etc.

4.5.5 Adsorption Isotherm modeling

The adsorption isotherms for MB and EBT dyes (Fig. 4.17(a) and Fig. 4.17(b)) are
obtained for change in % adsorption with change in dye (adsorbate) concentrations (1-50 mg/L)
for a constant amount of adsorbent (100 mg/L). The increase in the dye amount increases the
mass transfer force. This resulted in a higher amount of dye absorbed onto the surface of GS1
sample [9]. It is clear from the Fig. 4.17(a) that the amount of MB adsorbed has a maximum
value ge ~ 52 mg/g at Ce ~ 20 mg/L. A further increase in the dye concentration (50mg/L)
results in a slight decrease which may be due to stearic hindrance offered by already adsorbed
dye to further adsorption on the surface. For the EBT since the overall adsorption is less so no

saturation is observed. The GS1 sample shows ge ~ 31.5 mg/g of EBT for Ce ~ 50 mg/L.
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Fig. 4.17: Adsorption isotherm obtained for adsorption of (a) MB and (b) EBT dye with change
in adsorbate amount.

Adsorption isotherms help with the adsorbent materials efficiency interpretation and
the theoretical model fits to the data provide information about the nature of the
adsorption [176]. Two adsorption isotherm models, namely Langmuir and Freundlich
isotherm models have been fitted to the experimental data obtained for adsorption of MB and
EBT dyes onto GS1 sample. Fig. 4.18 and Fig. 4.19 give the graphs for isotherm fitting for MB
and EBT dye, respectively.
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The experimentally calculated values of amount of dye adsorbed at time t, g: (mg/g) and
amount of dye adsorbed at equilibrium, ge (mg/g), for MB and EBT adsorbed at any time t onto
GS1 sample are obtained using equation 3.5 and 3.6 as explained in chapter 3 (section 3.4.2).
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Fig. 4.18: Isotherm fitting for MB (1mg/L) adsorbed on GS1 using (a) Langmuir and (b)
Freundlich models.
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Fig. 4.19: Isotherm fitting for EBT (1mg/L) adsorbed on GS1 using (a) Langmuir and (b)
Freundlich models.

4.5.5.1 Langmuir isotherm

ki and ge for MB and EBT are determined from the linear fit of plots in Fig. 4.18(a) and
Fig. 4.19(a) (Table 4.5). The value of R. for MB and EBT is 0.8 and 0.98, respectively. It
indicated favourable adsorption for both the dyes. The values of regression coefficient for MB
and EBT are 0.981 and 0.0049, respectively. The very small regression coefficient value for
EBT dye adsorption data clearly indicates the non-adherence to Langmuir model adsorption

model for this dye.

CHAPTER 4 64



4.5.5.2 Freundlich isotherm

The experimentally obtained data for MB and EBT dyes were fitted with Freundlich
isotherm equation and are shown in Fig. 4.18(b) and Fig. 4.19(b), respectively. The parameters
obtained from the Freundlich fitting are given in Table 4.5. The value of n between 1 to 10
indicates that adsorption processes are favorable. The values of n obtained are 2.330 and 1.087
for MB and EBT, respectively, indicating that the adsorption is favorable in both cases. The
values of regression coefficients for MB and EBT are 0.9591 and 0.9095, respectively.

The comparison of regression coefficient values for both models discerned that the MB
dye adsorbs onto GS1 sample by monolayer formation [202]. The emergence of Freundlich
model is a better fit for EBT indicating that the adsorption occurred via multilayer
adsorption [179].

Table 4.5: Parameters obtained from Langmuir and Freudlich isotherm models obtained for
adsorption of MB with 100 mg/L of GS1.

Adsorption Dye Adsorbed ~ Parameter Value R?
isotherm (units)
kL (L/9) 0.251
M8 d (Mg/g) 52.1 0.981
Langmuir RL 08
isotherm ) 00T
EBT ge (MQ/Q) 31.5 0.0049
RL 0.98
. MB ke (L/g) 2.907 09501
Freundlich n 5330
isotherm
EBT ke (L/9) 0.339 0.9095
n 1.087

4.5.6 Adsorption Kinetics modeling

To determine the rate and mechanism of adsorption process, it is important to study the
adsorption kinetics. The kinetic data for the adsorption of cationic dye (MB) and anionic dye
(EBT) onto GS1 sample was tested for well-known kinetic models, namely pseudo first order
(PFO) model and pseudo second order (PSO) model and Elovich model. To study the diffusion
mechanism involved in the adsorption, the data were fitted with intraparticle diffusion (IPD)
model. Fitting of models was done in the experiments in which 1 mg/L of the respective dye
was used as adsorbate and 20 mg/L of GS1 sample was used as adsorbent. The experimental

obtained values of ge using equation (ii) are 25.70 and 3.07 mg/g for MB and EBT, respectively.
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Details of the experimental data fitted with PFO model are shown in Fig. 4.20(a) and
Fig. 4.21(a) for MB and EBT, respectively. The parameters obtained from the PFO fitting are
given in Table 4.6. The values of % Aqe (the difference between experimental and theoretically
calculated values of ge) for MB and EBT are 9.6% and 1.2% respectively.
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Fig. 4.20: Kinetic modeling of MB (1mg/L) adsorbed on GS1 using (a) PFO, (b) PSO, (c)
Elovich and (d) IPD model.

Fig. 4.20(b) and Fig. 4.21(b) show the fitting of experimental data with PSO model for
MB and EBT dye, respectively and the parameters obtained are mentioned in Table 4.6 along
with regression coefficients. The values of % Aqe for MB and EBT are 25.8% and 25.7%,
respectively. The fitting of experimental data with Elovich model is shown in Fig. 4.20(c) and
Fig. 4.21(c) for MB and EBT dye, respectively. The kinetic parameters are given in Table 4.6.
Based on the values of % Aqe and regression coefficients, it emerged that the adsorption of
EBT dye follows PFO adsorption kinetics more favorably than PSO and Elovich adsorption
kinetics [42]. In case of MB dye while considering %Aqe values the PFO model seems to be
in better agreement with the experimental data among with the PFO and PSO model. But the
value of regression coefficient indicates that Elovich model is more consistent for MB dye i.e.

the adsorption is taking place via chemisorption. Fig. 4.20 (d) and Fig. 4.21(d) give the fitting
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of experimental data with IPD model for MB and EBT dye, respectively. The parameters
obtained from fitting of IPD model are given in Table 4.7. For both the dyes the regression
coefficient values are high (>0.99) for the IPD fits to the adsorption data. So, it can be
concluded that in both the cases, adsorption is taking place by intrapaticle diffusion [203]. The
linear fits pass through origin indicating that the mechanism is completely IPD controlled for
both MB and EBT [182].
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Fig. 4.21: Kinetic modeling of EBT (1mg/L) adsorbed on GS1 using (a) PFO, (b) PSO, (c)
Elovich and (d) IPD model.
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Table 4.6: Parameters of kinetic modeling of MB and EBT adsorbed at GS1 sample. (ge (MB)
= 25.70 mg/g and ge (EBT) = 3.07 mg/qg).

Kinetic model Dye Parameter (unit) Value R?
Adsorbed
MB K1 (1/min) 0.01619 08510
PFO ge (Mg/Q) 28.4400
EBT k1 (1/min) 0.0109 0.85014
ge(Ma/g) 3.11
MB Ko (g/mg min.) 0.0003547 0.9185
PSO ge(mg/q) 34.662
EBT ko2 (g/mg min.) 0.00237 0.6774
ge(ma/q) 4.135
MB a (mg/g min.) 1.0340 0.90872
Elovich model p : 0.1431
EBT a(mg/g min.) 2.392 0.75038
B 1.395

Table 4.7: Parameters of diffusion model (IPD) of MB and EBT adsorbed at GS1 sample.

Dye Adsorbed Parameter (unit) Value R?
Kigzmg/g min*? 2.43091

EBT Kig1 (mg/g min'? 0.15387 0.991
Kigzmg/g min*? 0.46821

4.5.7 Adsorption mechanism

For both MB and EBT the adsorption onto the GS1 sample is initially fast and saturates
to a final value at a later stage (>150 min) as shown in Fig. 4.17(a). Table 4.8 lists the results
obtained from different model fittings to various isotherm and kinetics data.

Table 4.8: Results of different adsorption isotherm and kinetics modeling.

Dye Adsorbed Isotherm model Kinetics Model IPD
MB Langmuir Elovich 2 step
EBT Freundlich PFO 2 step

For MB: Langmuir nature of the isotherm indicated that for MB the reversible
adsorption at multiple equivalent sites leading to monolayer formation on the surface of GS1.
The monolayer nature of the adsorption is also confirmed by the saturation of the % Adsorption
in Fig. 4.17(a) with the increase in dye concentration in the solution. Elovich kinetic fit
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indicated that the MB strongly adsorbs on to GS1 via chemisorption. This is in accordance with
the opposite charge of the dye and GS1 at the relevant pH (section 4.5.3). Two step fit of IPD
indicated that initially adsorption takes place through boundary layer diffusion and then by
intraparticle diffusion beyond ~ 91 min [42].

For EBT: Freundlich nature of the isotherm indicated that for EBT GS1 is a
heterogeneous adsorbent with the sites of N-doping (Lewis-Acid sites) behaving as favourable
adsorption sites. This information in conjuntion with the PFO kinetics model emerging as the
most favourable model clearly indicated that adsorption occurs by multilayer physisorption.
The multilayer nature of the adsorption is also confirmed by the non-saturation of the %
Adsorption in Fig. 4.17(b) with the increase in dye concentration in the solution. Two step fit
of IPD indicated that initially adsorption takes place through boundary layer diffusion and then
by intraparticle diffusion beyond ~ 109 min [42].

The value of kinetics rate constants is higher for MB as compared with those for EBT.
This is because the MB is a basic dye and the adsorbent is acidic (pHpz=4.6) so the MB dye
uptake on the adsorbent is faster than that of anionic EBT. EBT contain acidic functional group
on its surface and hence the same nature of adsorbate adsorbent makes the adsorption slower.
This difference in interaction mechanism of the two dyes is also clear from the rate constants
values of the two dyes with kiq1 value of EBT (0.153) is an order of magnitude smaller than
that for MB (1.687). After diffusive mass transefer, intrapaticle diffusion occurs in both the
cases as shown by second linear curve. The rate constants for interaparticle diffusion are higher
compared with that for the initial boundary layer diffusion which indicated the enhancement
of adsorption rates for both the dyes after the initial boundary layer diffusion.

Table 4.9 shows the conclusion of adsorption results obtained using the GS1 sample for
MB and EBT adsorption.

Table 4.9: Adsorption results for the best sample.

Sample ID Pollutant ge (My/Q) Kinetic model Kinetic isotherm
GS1 MB 52.1 Elovich Langmuir
EBT 31.5 PFO Freundlich
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Chapter 5
Thermal activation of soy flour based N-doped carbons

Overview

In this chapter, the N-doped carbon spheres synthesized using glucose and soy flour via the
HTC method (GS1) were heat-treated at 900 °C in Ar and N2 atmospheres separately to
activate/modify the surface without additives. The effect of heating atmospheres on the sample
properties has been studied using SEM, XRD, FTIR, UV—-Visible, Raman, XPS, BET, and TG-
DSC. The difference in surface chemistry was confirmed by XPS and the point of zero charge
values of synthesized samples. The variation in the results is explained on the basis of the
diffusivity and density of the gases used and the corresponding mechanism has been proposed.
The role of heat treatment atmosphere has been compared for the adsorption efficiency of
synthesized samples for the chosen model pollutants: MB, CV, EBT, PNP, CIP and DEP. The
adsorption rate and mechanism have been determined using kinetic modeling and isotherm

analysis based on the best adsorption results obtained.

GS1 sample

/ S T T | S |
MB EBT v PNP cIp DEP

After
heat treatment
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5.1 Introduction

The N-doped carbon spheres obtained from hydrothermal carbonization carry a
lower specific surface area. Various techniques have been used to improve the surface
properties of N-doped carbons, such as chemical activation, thermal activation, and both. There
are various reports available on the comparison of various atmospheres for high-temperature
thermal treatment of carbon materials such as CO> and nitrogen (N2) [204], N2and H, [205],
argon (Ar), CO2and water vapor [206] and CHsand H, [207] etc.

One of the simplest methods to activate N-doped carbon sphere for improvement of
surface area and surface properties is thermal treatment at high temperatures in an inert
atmosphere. Usually, N2 or Ar gases are used for the thermal treatment process. Ar and N> are
quite different from each other except for their non-reactivity. Ar has a higher density than N>
gas and differs in other properties such as diffusivity, thermal conductivity, specific heat, etc.
All these properties of carrier gas have a profound effect on the heat treatment of the sample.
Hence it is expected that N2> and Ar may differ in their effect on the sample being heat-treated.
Thus it is essential to study the effect of Ar and N2 heating atmosphere on the properties and
applications of the heat-treated sample.

In this work, the GS1 sample was heat-treated in Ar and N> atmospheres for thermal
activation. These are the two most commonly used inert gases. In literature many times no
distinction is made between the two. Therefore, to delineate the effect of the atmosphere, if
any, during thermal treatment, heating was carried out under Ar and N2 atmosphere.

5.2 Heat treatment temperature

The temperature for thermal activation was determined by TGA/DSC/DTG of the GS1
sample. The TG/DSC curves were taken in the air, Ar, and N2 at a heating rate of 5 °C/min as
shown in Fig. 5.1.

Fig. 5.1 (a) clearly shows that when the GS1 sample was heated with air as the carrier
gas, a slow weight loss process occurred from room temperature to 100 °C and ~ 11% of mass
loss occurred, which can be attributed to the evaporation of volatile substances and water
content. On further increasing the temperature, the sample started to lose mass again at 212 °C,
which continued till 510 °C when the sample got wholly burned. DTG and DSC curves clearly
show that the mass loss in the sample was a two-step reaction. DSC data indicated that the
reactions were exothermic in nature. The DTG/DSC peaks at 291 °C and 438 °C can be
attributed to the decomposition of surface functional groups and oxidation of the sp? hybridized

carbon skeleton of the flakes (which formed the microspheres) into CO, respectively [208].
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Fig. 5.1: Thermal analysis of GS1 sample: (a) TGA/DSC/DTG in air, (b) TG/DTG in Ar and
N2 atmosphere, and (c) DSC in Ar and N2 atmosphere.

Fig. 5.1(b) shows TG and DTG curves for Ar and N carrier gases. From the TG data,
it can be observed that slow mass loss occurred from room temperature to 150 °C, and all the
adsorbed water content and volatile matter were lost by this temperature. On further heating,
mass loss started to occur after 250 °C and continued till ~700 °C. Beyond ~ 700 °C, no more
mass loss occurred up to 900 °C. The residual masses in the Ar and N carrier gases at 900 °C
were 39% and 42%, respectively. Observation of single peak in DTG data indicated that during
heat treatment the removal of the volatile matters from the carbon sphere samples is a single
step process. The single peak observed at 345 °C and 352 °C for Ar and N2 carrier gases
respectively in DTG, indicated that the decomposition started earlier in Ar. This can be
attributed to higher density of Ar gas in comparison with the N2 gases. Thus, the slow-moving
volatile gases along with Ar gas caused localized heating and early onset of mass loss than N
gas. For both the carrier gases, sharp DSC peaks were not observed at all, while broad humps
were observed at nearly 520 °C and 554 °C for Ar and N2 carrier gas, respectively (Fig. 5.1(c)).
These DSC humps indicated the exothermic process in the system during the mass loss. It has

slowed down due to the graphitization of the sample in the inert atmosphere after the removal

CHAPTER 5 74



of volatile substances. The DSC peak in the Ar atmosphere was observed earlier due to more

localized heating, and hence earlier carbonization onset.

It was observed that all the reactions were completed before 900 °C, for both the carrier
gases. Also, it has been reported that the temperature required for the thermal activation of
carbon takes place generally between 800-1000°C [209,210]. Therefore, the GS1 sample was
heated in Ar and N2 atmosphere at 900 °C, and the samples were named GS-Ar and GS-N,
respectively (Table 5.1).

Table 5.1: Properties of the synthesized samples.

GS1 GS-Ar GS-N

Precursors Soy flour and GS1 GS1
Glucose

Carrier gas - Ar N2
Size of sphere (um) 4.95 4 3.9
Nature of carbon (majority) Amorphous C Crystalline C Crystalline C
Nature of Nitrogen (majority) Pyrrolic N Graphitic N Graphitic N
Band gap (eV) 4.5 4.8 4.8
Surface area (m?/g) 7.43 449 468.31
DFT mean pore diameter 14.86 1.1 0.8
DFT pore volume (cm?®/g) 0.029 0.261 0.270
pPHpzc 4.6 8.8 9.5

5.3 Characterizations of thermally activated soy flour based N doped
carbons

5.3.1 SEM

The SEM micrographs of GS1, GS-Ar, and GS-N samples are shown in Fig. 5.2.
Smooth spheres of average size 4.95 um were clearly visible for the GS1 sample (Fig. 5.2(a))
(size determined using Axio-vision software and fitted log normally with Origin™ Software
and shown in the inset of Fig. 5.2). After heat treatment, the average size became 4 and 3.9 pm
for GS-Ar and GS-N samples, respectively (Fig. 5.2(b) and (c)). As discussed in chapter 4
(section 4.4), N-doped carbon spheres derived from HTC of soy flour and sucrose consisted of
the concentric accumulation of carbon nano flakes around the carbon quantum dot [211].
During heat treatment in an inert atmosphere at high temperature, the elimination of some of
the outer graphene flakes may have reduced the size of spheres. It was observed from the SEM
images that the sphere’s surface was no longer smooth after thermal treatment (Fig. 5.2). This
may be because of porous structure developed after high-temperature heat treatment in inert
atmosphere. The extent of the porosity was probed further by the BET analysis of the samples.
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Fig. 5.2: SEM micrograph of (a) GS1, (b) GS-Ar, and (c) GS-N sample. The lower images
show the enlarged detailing the surface morphology. Inset shows the log normal
distribution of size for the carbon spheres.

5.3.2 XRD

The material's structural features were characterized using the XRD. A broad hump at
20 =~ 21° for the XRD pattern of the GS1 sample (Fig. 5.3(a)), is a signature for the presence
of carbon quantum dots in the core of the sphere [211]. It indicated (002) plane of amorphous
carbon [212]. The appearance of a broad peak at 20 ~ 24° in GS-Ar and GS-N showed the
presence of (002) plane of disordered graphitic carbon of carbon spheres [211]. The absence
of 21° peak and the emergence of 24° peak for GS-N and GS-Ar samples (Fig. 5.3(a)), clearly
indicated that even though the carbon sphere structure is persisting, it is now extensively porous
with pores extending to the inner core of the sphere. The sharp peak at 260 ~26° which persisted
for all the samples was for the (002) plane of graphitic carbon [197].

For the XRD line profiles of GS-N and GS-Ar, multiple sharp diffraction peaks not
available in the XRD line spectra of the GS1 sample were observed. The appearance of these
sharp peaks indicated an increase in the degree of crystallization of the samples after heat
treatment in the inert atmosphere [213]. The sharp peaks observed at 31.4° and 44.9°
represented the presence of graphitic carbon [214] and (100) planes of graphite [84],
respectively. The graphitization for samples occurred at high temperatures due to
rearrangement and ordering of carbons with release of volatile components (such as Hz, CO»,
NHzs, CO, H20, and CHa4). This would have resulted in lowered oxygen and nitrogen content in

these samples [215]. This conjecture was confirmed by further characterizations. The XRD
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data of GS-Ar and GS-N samples are similar, indicating that no change in structural phase

occurred due to change in heat treatment atmosphere.
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Fig. 5.3: (a) XRD, and (b) FTIR spectra of GS1, GS-Ar, and GS-N samples.

5.3.3 FTIR spectroscopy

To investigate the chemical bonds present in the samples, FTIR spectroscopy was
carried out. Fig. 5.3 (b) shows the FT-IR spectra of GS1, GS-Ar, and GS-N. The characteristic
band available around 3436 cm™ for all the samples indicated an oxygen-containing O-H
functional group. This band was due to adsorbed water and was maximum for GS-Ar and GS-
N samples, indicating enhanced surface area [216]. The firm C-H stretch band peaks were
observed around 2921 cm™ for all the samples. Another broad peak at ~ 1640 cm™ represented
the stretch vibration of C=C for GS1 sample while for heat-treated samples C=C bond was
observed ~1600 cm™. With heat treatment in inert atmosphere, the intensity of the C=C band
decreased, indicating the breakage of some of the aromatic carbon chains [217]. Peaks around
1460 cm™ and 1380 cm for all the samples indicated the presence of aliphatic C-H bending
group. At 1170 cm™tand 1027 cm™, peaks of C-N and C-O stretching vibrations were observed,
respectively. The GS1 sample spectra has the characteristic peak of C=N at 1523 cm™ not
observed for the GS-N and GS-Ar samples. This supports the conjecture that heat treatment
resulted in breakage/restructuring of bonds with release of volatile compounds. The bond
restructuring will lead to significant changes in the surface chemistry of GS-N and GS-Ar

samples.
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5.3.4 UV-Visible spectroscopy

UV-Visible spectroscopy was performed for GS1, GS-Ar, and GS-N samples to obtain
their reflectance spectra, as shown in Fig. 5.4(a). These samples showed a reflectance peak at
~ 250 nm, which indicated the n-n" transition of sp? graphitic carbon [218]. The Kubelka-
Munk model was used to calculate the bandgap of GS1, GS-Ar, and GS-N samples and the

details of the analysis are given in chapter 3 (section 3.3.5).
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Fig. 5.4: (a) UV-Visible diffuse reflectance spectra, and (b) optical band gap energy curves of
GS1, GS-Ar, and GS-N samples.

The allowed direct bandgap obtained for GS-Ar, and GS-N was 4.8 eV, (Fig. 5.4(b)).
The variation in the heat treatment gas does not change the reflectance spectra and optical
bandgap of samples. The increased bandgap of the thermally treated samples can be attributed
to the lower surface oxygen and nitrogen content present in these samples [12, 13].

This conjecture of lower oxygen and nitrogen content with heat treatment in inert
atmospheres emerging from XRD, FTIR and UV-Visible data need to be confirmed by XPS.
5.3.5 Raman spectroscopy

Fig. 5.5 (a) gives the Raman spectrum of GS1, GS-Ar, and GS-N samples, clearly
showing peaks at = 1350 and 1590 cm™. These peaks represent D and G bands, respectively.
The D-band is attributed to disorder in graphitic carbon, and G-band exhibits the ordering in
the carbon structure [221]. For the GS1 sample, negligible peak intensities and broader bands
were observed compared to GS-N and GS-Ar samples because the GS1 sample has less amount
of graphitization as confirmed by the XRD line profile comparisons (Fig. 5.3(a)) [213,221].
The ratio of D and G-band intensities (Ip/lg) is a measure of the number of defects present in
the material [222]. The values of Ip/lg obtained for GS-N and GS-Ar were the same (=0.99).
The band between 2500-3000 cm™ for GS-Ar and GS-N samples represented the G" band,

induced due to disorder, and was overtone of the D band [104]. This band confirmed the
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graphitization of carbon in the heat-treated samples [221]. Thus Raman data add to XRD data
results of intense graphitization peaks and the FTIR data indicating rearrangement of C=C and
C=N bonds.
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Fig. 5.5: (a) Raman spectra, and (b) XPS survey spectra of GS1, GS-Ar, and GS-N samples.

5.3.6. XPS

XPS measurements determined the elemental composition and various bonding
configurations of GS1, GS-Ar, and GS-N samples. From survey spectra (Fig. 5.5(b)), peaks at
~ 284.0, 531.0, and 400.0 eV for Cl1s, O1s, and N1s, respectively, were visible for these
samples [82]. The C, N, and O content in all the samples as obtained from the survey spectra
are mentioned in Table 5.2. The data clearly shows that during the heat treatment in the inert
atmosphere, %C content was enhanced significantly, with corresponding decrease in %0 and
%N content for both the gases. The observed change in C, N, and O content resulted from the
formation and removal of oxygen and nitrogen containing volatile species at high
temperatures [223]. The lowered O and N content for GS-Ar and GS-N samples also supports
the earlier conjecture regarding graphitization as visible in XRD line profile [215], the C=N

peak removal in FTIR spectra and enhanced band gap in UV-Visible data.

The deconvoluted HR spectra of C1s, N1s, and O1s for GS-Ar and GS-N samples are
shown in Fig. 5.6. The parameters obtained from the deconvolution of C1s, O1s, and N1s HR

spectra for all three samples are mentioned in Table 5.2. The peak at 284.2 eV corresponding
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to sp? hybridized carbons dominates the C1s spectra of all the synthesized samples. The O1s

spectra deconvoluted into O-C and O=C functionalities.
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Fig. 5.6: HR-XPS spectra of C1s, N1s, and O1s of GS-N, and GS-Ar samples (mentioned on
top of the graph).

Table 5.2: The values of parameters obtained by fitting the XPS data.

GS1 GS-Ar GS-N
% o % o % o
Content Group Yoat Content Group Yoat Content Group Yoat
C sp? 56.99 C sp? 73.61 C sp? 73.26
Csp® - Csp® 8.13 C sp® 7.07
Cils 74.10 C-N/ 14.8 91.93 C-N/ 5.56 93.65 C-N/ 5.87
C=0 28.21 C=0 5.87 C=0 6.68
n-m* - -m* 6.79 - 7.12
Pyridine - Pyridine 18.8 Pyridine | 10.3
Pyrrole | 82.56 Pyrrole - Pyrrole -
N1s 2.22 _ 1.54 _ 1.17 _
Graphitic | 17.44 Graphitic | 55.5 Graphitic | 61.7
N-X - N-X 25.62 N-X 27.9
C=0 97.36 C=0 88.34 C=0 87.1
Ols 23.68 6.53 5.18
C-O 3.64 C-0O 11.66 C-0 12.9

In the deconvoluted N1s spectra of GS1, only pyrrolic and graphitic N were seen,

having peaks at 399.55 and 401.56 eV [211]. The deconvoluted N1s spectra for GS-Ar and
GS-N consisted of peaks of pyridinic (~397-398 eV) [224], graphitic (~400.7-402) [225], and
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chemisorbed N-oxide (~405-406 eV) [224]. These results indicated that at temperatures above
500°C, the pyrrolic N transformed to form graphitic N [226] due to its higher theramal stability
compared to other nitrogen functionalities [227]. With heat treatment, the oxidized nitrogen
appeared as a result of pyrrolic N and pyridinic N oxidation during heat treatment. The
availability of pyrrolic and pyridinic N functionalities leads to negatively charged surfaces,
while the presence of graphitic and oxidized N results in a positively charged surface [224].
The net effect on surface charge of heat-treated samples needs to be verified by determination
of pHpc for the samples.
5.3.7 N2 adsorption-desorption isotherms

Fig. 5.7(a) and 5.7(b) show the N2 adsorption-desorption isotherms and pore size
distribution curves for GS1, GS-Ar, and GS-N samples. According to IUPAC classification,
the adsorption isotherms were of H4 type and show type—II characteristics [194]. The BET
surface area obtained for the GS1 sample was 7.43 m?/g. The BET surface area for GS-Ar and
GS-N were 449 m?/g and 468.31 m?/g (Table 5.1), respectively. This manifold increase in the
surface area indicated enhanced porosity in samples during heat treatment. The BET surface
areas were similar for the GS-Ar and GS-N samples. The pore size distribution, calculated
using NLDFT method is shown in Fig. 6(b). Availability of micropores in GS1 sample was not
observed and obtained mean pore diameter was 14.86 nm in mesopore region with the pore
volume of 0.029 cm®/g. The graph clearly showed that both GS-Ar and GS-N samples consisted
of micropores only (diameter <2 nm). The mean pore diameter obtained for GS-Ar and GS-N
samples was 1.1 nm and 0.8 nm, respectively. The mean pore volume for GS-Ar and GS-N
samples obtained was nearly equal (Table 5.1). Since large micropores can allow for fast charge
transport and entrance of pollutant molecules, the large micropore size (>1 nm) of GS-Ar
sample may result in its enhanced applicability in various fields such as adsorption,

photocatalysis, and electrocatalysis than GS-N sample.

The size and size distribution of pores in the heat-treated samples seemed to depend on
the carrier gas. Carrier gases seemed to have played an important role in pore formation
mechanism. The pore formation mechanism during heat treatment under Ar and N2 carrier gas
which provides insight into this apparent difference in porosity of the heat-treated samples has

been proposed here.
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Fig. 5.7: (a) N2 adsorption-desorption isotherm and (b) NLDFT pore size distribution for GS1,
GS-Ar, and GS-N samples.
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5.4 Mechanism of pore formation during heat treatment

After
Heat treatment

Fig. 5.8: Mechanism of pore formation during heat treatment in the inert carrier gas.

When the carbon spheres undergo heat treatment in presence of inert gas, volatile gases
such as Hz, CO2, NH3, CO, H»0, and CHsare produced. The volatile gas bubbles migrate with
the carrier gas and perforate through the carbon spheres consisting of carbon nanosheets of N
contained ring compounds and aromatized glucose to form pores [211,228]. For Ar, with
higher density, the diffusivity was lower than the N2. When the furnace was heated to a specific
temperature, the produced volatile matter migrates slowly with Ar compared to N2 due to its
higher density and lower diffusivity [229]. Therefore, the bubbles nucleate and explode within

the carbon sphere eventually to form micropores of large diameter compared to N2 gas. The
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penetration of the carrier gas with the volatile matter throughout the pum sized carbon sphere is
supported by absence of carbon quantum dot signature which was present in the core of GS1
sample as observed in the XRD line profile for the heat-treated samples. The mechanism of
pore formation by heat treatment in an inert atmosphere is shown in Fig. 5.8.

5.5 Adsorption studies
5.5.1 Point of zero charge (pHpzc) of samples

The pHpz for a sample is the pH at which the sample's surface has no net charge. The
values of pHp.c obtained for GS1, GS-Ar, and GS-N were 4.6, 8.8, and 9.5, respectively as
shown in Fig. 5.9 (Table 5.1). Heating in Ar and N2 increased the pHpzc and was attributed to
the change in surface functional groups. Increase in the pHp.c of the sample is an indicator that
the surface of the sample is having more positive surface groups [230]. The more positive
surface of GS-N sample was due to availability of more graphitic N as indicated by XPS
results [224].

Below the pHpzc, the sample's surface has a net positive charge, and above the pHpzc, the
sample’s surface carries a net negative charge. Most dye solutions have pH of 5-6. The pHpzc
values of the heat-treated samples signal better performance for anionic dye adsorption in

contrast with cationic dye adsorption on the GS1 sample.

2.51 °—o
2.0- /
1.5- d

1.01 ‘.\ 4

‘§ o /.
3(5) /:%"—\'kg\ngg.s
_0.54 651:4'6:/ Gs-Arzs.s/\ A.X
-1.01 'A
2 4 6 8 10 12 14
pH initial

Change in pH

Fig. 5.9: Point of zero charge (pHpzc) of GS1, GS-Ar and GS-N sample.
5.5.2 Model Pollutants

MB and CV: The adsorption efficiencies of 20mg/L of GS1, GS-Ar, and GS-N samples
for the adsorption of 1 mg/L of MB dye were 51.5, 20.4, and 17.3%. The % adsorption for CV
dye for GS1, GS-Ar, and GS-N samples were 50, 23.5 and 18.6% (Fig. 5.10 and Table 5.3).
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This is because the pHpzc of GS-Ar and GS-N were higher than the GS1 sample, and thus at
normal pH of MB and CV solutions (~5.2), the GS1 sample adsorbed the cationic dyes more
efficiently. Compared to the GS-Ar sample, the GS-N sample's pHpzc was higher and thus
leading to a slightly lower adsorption efficiency. Also, the meanpore diameter of GS-Ar sample
was higher than GS-N sample. It has led to more accessibility to the dye molecule on the surface
as the MB and CV molecules possess diameter > 1nm. The adsorption studies of MB for GS1

sample were carried out in detail in chapter 3 [211].

EBT: For 1mg/L of EBT dye, the observed adsorption efficiencies for GS1, GS-Ar,
and GS-N samples were 6.1, 67.4, and 50.7% (Fig. 5.10 and Table 5.3). Normal pH of the
anionic dye EBT solution was 6.6. For GS1 sample, this pH was higher than its pHpz (4.6).
Thus sample surface is negative and repels the dye resulting in lowered adsorption. The
enhanced adsorption efficiency for heat-treated samples was because their pHpzc were greater
than the normal pH of EBT solution. The % adsorption for GS-N was lower than GS-Ar sample
despite its high pHpzc, because of the availability of micropores having size comparable to EBT
molecule on the GS-Ar surface. Also, GS-Ar has more pyridinic N functionality resulting in
enhanced adsorption [231].

PNP: PNP was used as a neutral model pollutant to study the effect of activation
atmosphere on as-prepared samples' adsorption capacity. For PNP, sample GS1's adsorption
capacity was negligible. The negligible adsorption capacity of PNP onto the GS1 sample may
be attributed to its lower surface area (7.43 m?/g). There was a significant difference in the GS-
N and GS-Ar adsorption efficiency i.e. 9.9% and 56.8%, respectively, (Fig. 5.10, Table 5.3).
Despite nearly equal surface area, the low adsorption efficiency of the GS-N sample compared
to the GS-Ar sample was due to following reasons. The content of pyridinic-N in GS-Ar sample
was higher than that for GS-N sample. The pyridinic N has high electron density whereas the
aromatic ring and the basal plane of PNP have delocalized & electrons. Therefore due to n-n
dispersive interaction among adsorbate and adsorbent, more adsorption occurs on the surface
of GS-Ar sample than for GS-N sample [66]. Also, the mean pore diameter obtained for GS-
Ar sample (1.1 nm) was higher than that for the GS-N sample (0.8 nm). Therefore, for the PNP

molecule having size >0.8 nm, the pores of GS-Ar were more accessible.

CIP and DEP: CIP was employed as a neutral pharmaceutical model pollutant to
investigate the influence of activating atmosphere on the adsorption capacity of as-prepared

samples. For CIP, sample GS1's adsorption capacity was negligible due to its lower surface
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area. The adsorption efficiency of GS-Ar and GS-N does not change significantly and showed
adsorption efficiency of 8.9% and 4.7 %, respectively, (Fig. 5.10, Table 5.3). Despite increased
surface area, the low adsorption efficiency of the GS-N and GS-Ar samples for CIP was due to
its molecular size being above 1 nm and therefore pores were not accessible to the CIP. Also
due to higher pyridinic-N content in GS-Ar sample, it showed a little enhanced adsorption
compared to the GS-N sample [66]. DEP being acidic in nature, it showed % adsorption of
10.5, 38.1, and 13.6% for GS1, GS-Ar and GS-N sample, respectively (Fig. 5.10, Table 5.3).
The molecular size of DEP being >0.8 nm and therefore it showed an insignificant increase in
the % adsorption value for GS-N sample when compared with GS1. The significant increase
in the % adsorption for GS-Ar sample was due to accessibility of its pores by the DEP
molecules. Also, the availability of graphitic-N in the GS-Ar contributes to enhanced

adsorption of DEP onto its surface [135].
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Fig. 5.10: %Adsorption of model pollutants using GS1, GS-Ar and GS-N samples after 3
hours under dark conditions.

Table 5.3: %Adsorption of pollutants after 3 hours using GS1, GS-Ar and GS-N sample.

Pollutant Sample %Adsorption after 3
Pollutant concentration  Concentration hours
(mg/L) (mg/L) GS1  GS-Ar  GS-N
MB 1 20 51.5 20.4 17.3
CVv 1 20 50 23.5 18.6
EBT 1 20 6.1 67.4 50.7
PNP 20 100 1.1 56.8 9.9
CIP 20 100 4.4 8.9 4.7
DEP 20 100 10.5 38.1 13.6
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5.5.3 Effect of pH on the adsorption efficiency

PNP: To study the effect of pH variation on the adsorption efficiency of the GS-Ar
sample, the solution pH of the PNP was varied from 2 to 12. The PNP in the aqueous solution
exists in the form of following species: CeH4(NO2)OH and CsH4(NO2)O™. In acidic solutions,
PNP exists in the form of neutral species: CsH4(NO3). In alkaline solution, PNP was present in
the form of anionic species: CeHs(NO2)O™. Fig. 5.11 (a) shows the variation of % adsorption
of PNP on GS-Ar sample with pH variation. The % adsorption of PNP first increased with
increasing pH from 2 to 7.4. Further increase in the pH up to 12 showed a sharp decrease in
the adsorption efficiency. The key processes which determine PNP adsorption on the GS-Ar
surface include donor-acceptor interaction, n—m dispersion, and hydrogen bonding
interactions [232]. The more positive charge on the sample surface will hinder the neutral
phenol adsorption [9]. In an acidic medium, an increase in the adsorption efficiency with an
increase in the pH from 2 to neutral can be attributed to the decreasing positive surface charge
of the GS-Ar sample (pHpzc =8.8). Increasing surface acidity of GS-Ar led to donor-acceptor
interaction among electron and phenolic rings, hence increased removal efficiency. The
maximum adsorption efficiency of GS-Ar was observed at the neutral pH, which was due to
hydrogen bonding among the phenol molecule and adsorbed water molecule at the GS-Ar
surface [232]. At pH above 8.8, the surface became negatively charged, and it interacted with
the phenolate ions (CeéHa(NO2)O") to undergo electrostatic repulsion and showed a sharp

decrease in the adsorption efficiency [9].
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Fig. 5.11: %Adsorption with pH variation using GS-Ar for (a) PNP and (b) MB and EBT dye.

MB: The GS-Ar sample's adsorption efficiency for MB increased with an increase in
the pH (Fig. 5.11 (b)). The sample's surface carried a net positive charge at lower pH values,
thus restricting cationic dye adsorption on its surface. With the increase in the pH above the
pPHpzc (8.8), the surface of the GS-Ar sample carried a net negative charge, and hence due to

electrostatic interaction/hydrogen bonding, the surface adsorbed the MB dye more efficiently.
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EBT: The adsorption capacity for the GS-Ar sample decreases with an increase in the
EBT solution pH, as shown in Fig. 5.11 (b). The sample's surface carried a net positive charge
at lower pH and showed electrostatic interaction towards negatively charged anionic dye EBT.
At higher pH i.e., above pHpzc (8.8), the surface of the sample carried a net negative charge and
repelled the negatively charged EBT dye and, hence, lower adsorption.
5.5.4. Recyclability test of GS-Ar for MB and PNP adsorption

Recyclability tests were conducted to check the recyclability of GS-Ar for the
adsorption of PNP and MB dye (Fig. 5.12). PNP and MB were taken 20 mg/L and 1 mg/L for
the recyclability test, respectively, with an adsorbent amount of 100 mg/L. The adsorption
efficiency of the GS-Ar sample was tested for 14 consecutive cycles. The variation in
%adsorption from the 1% to 14" cycle for PNP and MB dye were 3.7% and 4%, respectively.
This small variation may be due to the loss of samples during the recycling experiments. Thus
the sample was recyclable for both PNP and MB adsorption without any change of efficiency.
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Fig. 5.12: Recyclability test of GS-Ar for the adsorption of (a) PNP and (b) MB dye.

5.5.5 Adsorption Isotherm Modeling
Langmuir and Freundlich isotherms were studied for PNP, EBT and DEP adsorption

onto GS-Ar and GS-N samples. The calculation details for isotherm fitting are given in chapter

3 (section 3.4.1).
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Fig. 5.13: Isotherm fitting for PNP adsorbed on GS-N and GS-Ar (100mg/L) using (a) Langmuir
and (b) Freundlich model.

PNP: Langmuir and Freundlich adsorption isotherms for PNP were studied for change

in PNP concentration from 1-50mg/L for a constant amount of GS-Ar and GS-N samples

(100mg/L) and are shown in Fig. 5.13(a) and Fig. 5.13(b), respectively.

For Langmuir isotherm, the parameters obtained from the linear fit are given in Table
5.4. In both the samples, R value lies between 0 and 1, showing that adsorption was favorable.
The parameters obtained from Freundlich fit are given in Table 5.4. The value of n was between

1 and 10 for both the samples representing favorable adsorption.

By comparing the regression coefficients of fitted isotherm models, one can conclude
that Langmuir model was more satisfactory fit for GS-N indicating the monolayer adsorption
of PNP onto the GS-N sample [202]. In the case of GS-Ar, Freundlich model fit was better,
thus the adsorption process followed the multilayer adsorption.

Table 5.4: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
adsorption of PNP onto GS-N and GS-Ar (100 mg/L).

Adsorption Adsorbent Parameter Value R?
isotherm (units)
kL (L/g) 0.116
GS-N ge (Mg/g) 19.844 0.787
Langmuir Re 0.632
isotherm ki (L/g) 0.640
GS-Ar ge (Mg/Q) 113.678 0.985
RL 0.238
ks (L/g) 2.719
Freundlich GS-N n 3.745 0.044
isotherm ks (L/Q) 7.068
GS-Ar - 5756 0.996
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EBT: For isotherm studies of EBT adsorption onto the GS-Ar and GS-N samples the
amount of adsorbent was constant (100 mg/L), and the amount of EBT was varied from 1-50
mg/L. The values obtained by fitting the isotherms in the experimental results are given in
Table 5.5, and the fitted graphs are shown in Fig. 5.14. From Langmuir fitting, the value
obtained for RL is lying between 0 and 1, indicating favourable adsorption for both the
adsorbents. From the Freundlich model, the obtained values of n for both samples were lying
between 1 to 10, thus showed that adsorption was favorable. The Regression coefficient values
in both cases show that the adsorption followed the Langmuir isotherm model, and hence the

adsorption of EBT on GS-Ar occurred via monolayer adsorption.
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Fig. 5.14: Isotherm fitting EBT adsorbed on GS-Ar and GS-N samples (100 mg/L) using (a)
Langmuir and (b) Freundlich model.

Table 5.5: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
EBT adsorption onto GS-Ar and GS-N samples (100 mg/L).

Adsorption Parameter

2
isotherm Adsorbent (units) Value R
ke (L/9) 0.093
GS-N e (Mg/g) 25.378 0.878
Langmuir RL 0.914
isotherm ke (L/g) 0.087
GS-Ar ge (Mg/g) 33.712 0.864
RL 0.919
ke (L/g) 2.275
GS-N 0.840
Freundlich n 2.941
isotherm ks (L/Q) 2.492
GS-Ar 2949 0.784

DEP: For isotherm studies of DEP adsorption the amount of GS-Ar and GS-N was constant
(100 mg/L), and the amount of DEP was varied from 5-50 mg/L. Table 5.6 gives the values

obtained by fitting the isotherms in the experimental results, and the fitted graphs are shown in
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Fig. 5.15. The value for R. obtained through Langmuir fitting is between 0 and 1, showing
favourable adsorption for both adsorbents. The obtained values of n for both samples from the
Freundlich model were in the range of 1 to 10, indicating that adsorption was favorable. The
values of the regression coefficients in both situations indicate that the adsorption followed the

Langmuir isotherm model, and as a result, DEP was adsorbed on GS-Ar via monolayer

adsorption.
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Fig. 5.15: Isotherm fitting DEP adsorbed on GS-Ar and GS-N samples (100 mg/L) using (a)
Langmuir and (b) Freundlich model.

Table 5.6: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
DEP adsorption onto GS-Ar and GS-N samples (100 mg/L).

Adsorption Parameter

isotherm Sample (units) Value R?
ki (L/g) 0.035
GS-N gm (MQ/Q) 37.70 0.99
Langmuir RL 0.588
isotherm kL (L/g) 0.220
GS-Ar gm (Mg/g) 92.29 0.99
RL 0.18
ks (L/Q) 1.443
Freundlich GS-N n 1.55 0.86
isotherm GS-Ar ks (L/Q) 3.873 0.99
n 2.71

5.5.6 Adsorption Kinetic Modeling

The understanding of adsorption kinetics is vital for determining the adsorption
process's rate and mechanism. In the present work, the heat-treated samples showed better
adsorption efficiency for EBT as compared with MB. So, the adsorption kinetics and isotherms
of EBT adsorption for GS-Ar and GS-N samples has been studied. The kinetics of adsorption
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of PNP, EBT and DEP onto GS-N and GS-Ar samples were studied using kinetic models as
discussed in chapter 3 (section 3.4.2) viz. PFO model, PSO model, and Elovich model. The

IPD model was applied to study the diffusion mechanism during the adsorption process.
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1204 m GS-Ar
K GS-N

_80{@

20 25 30 35 40 45 50 55 2 0 2 4 (gos 8 10 12 14
Int '
Fig. 5.16: Kinetic modeling of PNP (20mg/L) adsorbed on GS-N and GS-Ar (100mg/L) using
(@) PFO, (b) PSO, (c) Elovich and (d) IPD model.

Table 5.7: Parameters of kinetic modeling of PNP adsorbed at GS-N and GS-Ar samples. (ge
(GS-N)=19.844 mg/g and ge (GS-Ar)=113.678 mg/q).

Kinetic model Adsorbent  Parameter (unit) Value R?
k1 (1/min) 0.015
GS-N % (M) 5599 0.562
PFO ke (Umin) 0.033
GS-Ar 0(Mag) 146.29 0.962
k2 (g/mg min.) 0.01880
GSN ge(mg/g) 19.557 0.997
PSO kz (g/mg min.) 0.00023
GS-Ar YT 313 0.919
a (mg/g min.) 43095.2
_ GS-N B 0.800 0.868
Elovich model o (mg/g min.) 178.219
GS-Ar B 0.029 0.963
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PNP: Various models were fitted for 100 mg/L of adsorbent used in 20 mg/L of PNP
solution. The experimentally calculated values of ge (amount of adsorbate (in mg) adsorbed on
per gram of adsorbent) for PNP adsorption on GS-Ar and GS-N samples were 113.678 mg/g
and 19.844 mg/g.

For PFO, the linear fitted graphs between In(ge-gt) and time are shown in Fig. 5.16(a).
The parameters obtained from PFO fiiting are given Table 5.7. Here, the rate constant for PFO
(k1 (min)) was determined using linear fitting slope. The values of %Aqe (the difference
between experimental and theoretically calculated values of ge) for GS-N and GS-Ar were
68.25% and 28.68%, respectively. The fitting of experimental data of adsorption of PNP with
the PSO model is shown in Fig. 5.16(b) for GS-N and GS-Ar samples. The parameters obtained
from PSO fit are mentioned in Table 5.7. For PSO, The values of %Aqe for GS-N and GS-Ar
samples were 1.4% and 16.3%, respectively. The fitting for adsorption of PNP using GS-N and
GS-Ar with the Elovich model is shown in Fig. 5.16(c). The Elovich fit parameters are given
in Table 5.7.

Table 5.8: Parameters of diffusion model (IPD) of PNP adsorbed at GS-N and GS-Ar samples.

Adsorbent Parameter (unit) (mg\/ga#:ien“?) R?
Kig1 6.719
-N 0.975
GS Kitz 0.331
Kig1 11.586
GS-A 0.930
' Kida 1.218

For GS-Ar sample, %Aqe values indicated that PSO is more suitable model as compared
to PFO model indicating chemisorption nature of PNP adsorption. A comparison with the
regression coefficient values of Elovich model indicated that adsorption was multilayer

chemisorption [42].

Fig. 5.16(d) shows the IPD fit of the adsorption process of PNP onto GS-N and GS-Ar
samples. The parameters obtained from fitting are given in Table 5.8. In both cases, two-step
linear fits were obtained with a regression coefficient >0.9, showing that initially adsorption
via boundary layer diffusion was taking place followed by intraparticle diffusion [203]. The
linear fits in both cases were passing through the origin, which showed that adsorption process
was IPD controlled. The rate constant obtained was higher for the GS-Ar sample, showing that

adsorption occured at faster rate on this sample.
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EBT: To study the adsorption kinetics for EBT, the adsorbent and adsorbate
concentrations were taken as 20 mg/L and 1 mg/L, respectively. The experimentally calculated
values of ge were 33.71 mg/g and 25.38 mg/g for GS-Ar and GS-N samples, respectively. The
values obtained by fitting the kinetic models are given in Table 5.9, and the fitted graphs are
shown in Fig. 5.17.

The %Aqe values for PFO and PSO models for the GS-Ar and GS-N samples were
71.8% and 66.9%, respectively. The %Aqe values for PSO fit for GS-Ar and GS-N sample were
28.9% and 15.8%, respectively. Based on %Aqe values and regression coefficient obtained by
PFO, PSO and Elovich fit, adsorption of EBT onto both GS-Ar and GS-N followed the PSO
model. This indicated that the adsorption was taking place via chemisorption.
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Fig. 5.17: Kinetic modeling of EBT (1mg/L) adsorbed on GS-Ar and GS-N samples (20 mg/L)
using (a) PFO, (b) PSO, (c) Elovich and (d) IPD model.

To know the type of diffusion during adsorption mechanism, the IPD model was also
fitted. Table 5.10 gives the parameters obtained from IPD fit. The regression coefficients
obtained for the IPD mechanism were satisfactory (>0.9). In the case of the GS-Ar sample, the
adsorption is single-step process indicating only IPD is controlling the process [233]. The

adsorption takes place via two steps for GS-N sample, showing that the adsorption was first
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via film diffusion and then via the IPD mechanism. It is clear from Fig. 5.17(d) that fitted lines

pass through origin, showing that IPD mechanism controls the adsorption process.

Table 5.9: Parameters of kinetic modeling of EBT adsorbed at GS-Ar and GS-N samples. (ge
(GS-Ar)=33.712 mg/g and ge (GS-N)=25.378 mg/q).

Kinetic model Adsorbent  Parameter (unit) Value R?
K1 (1/min) 0.0194
GS-N % (Mg/) 8385 0.940
PFO ke (U/min) 0.0152
GS-Ar 3(Mgl0) 9.485 0.977
ko (g/mg min) 0.0011
GS-N 3(Mgl0) 5941 0.973
PSO k2 (g/mg min) 0.0004
GS-Ar 3(Mgio) 1347 0.918
a (mg/g min) 11.035
. GS-N B 0176 0.925
Elovich model « (mg/g min) 11064
GS-Ar B 0122 0.888

Table 5.10: Parameters of diffusion model (IPD) of EBT adsorbed at GS-N and GS-Ar

samples.
. Value 2
Adsorbent Parameter (unit) (Mmglg min'’?) R
Kid1 2.456
- 0.982
GSN Kidz 2.592
GS-Ar Kid1 2.994 0.963

DEP: The %Aqe values for PFO models using GS-Ar and GS-N sample were 84.3%
and 61.4%, respectively. The %Aqe values for PSO fit for the GS-Ar and GS-N sample were
38.8% and 17.6%, respectively. Adsorption of DEP onto GS-Ar and GS-N sample followed
the PSO model, based on %Aqe values and regression coefficient produced by PFO, PSO, and
Elovich fit (Fig. 5.18 (a-c), Table 5.11). This demonstrated that chemisorption was involved in
the adsorption process. For both samples, the adsorption process for DEP consists of two steps:
initial adsorption via boundary layer diffusion, followed by intraparticle diffusion [42].
Boundary layer diffusion for adsorption using GS-Ar and GS-N sample occurs up to 118 and
60 minutes, respectively, while intraparticle diffusion occurs beyond these durations (Fig.
5.18(d)). The IPD fitting parameters obtained are given in Table 5.12,
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Fig. 5.18: Kinetic modeling of DEP (20mg/L) adsorbed on GS-Ar and GS-N samples (100
mg/L) using (a) PFO, (b) PSO, (c) Elovich and (d) IPD model

Table 5.11: Parameters of kinetic modeling of DEP adsorbed at GS-Ar and GS-N samples. (Qe
(GS-Ar)=76.43 mg/g and ge (GS-N)=21.11 mg/qg).

Kinetic model Sample Parameter (unit) Value R?
K1 (1/min) 0.020
GS-N 0.99
PEO ge (Mg/g) 8.13
GS-Ar K1 (1/min) 0.024 0.98
ge(ma/g) 12.01 '
) Ko (g/mg min) 0.0010
. GS-N ge(mg/g) 25.64 0.99
GS-Ar ko (g/mg min) 0.00009 0.98
ge(mg/q) 125.00 '
GS-N a (mg/g min) 108.108471 0.99
Elovich model p - '
GS-Ar a (mg/g min) 129.7 0.98
B 0.041 '

Table 5.12: Parameters of diffusion model (IPD) of DEP adsorbed at GS-N and GS-Ar

samples.
Sample Parameter Value R?
Kid1 2.002
GS-N Kiso 1.106 0.99
Kid1 6.987
GS-Ar K 149 0.98
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From the kinetic model fitting, the results obtained shows that the adsorption was
multilayer chemisorption and hence verifying the results obtained from isotherms modeling.
The values of regression coefficient obtained for GS-Ar sample (>0.9) were better in
comparison to GS-N (<0.9) sample validating the better adsorption efficiency of GS-Ar sample
for PNP and DEP as discussed earlier under section 5.5.2.

5.5.7 Adsorption mechanism

On the basis of adsorption kinetic model and adsorption isotherms fitted for PNP, EBT

and DEP adsorption onto GS-Ar, the best fitted models are mentioned in Table 5.13. The

adsorption mechanism can be explained as follows.

Table 5.13: Results of different adsorption kinetics and isotherm modeling for GS-Ar sample.

Pollutant adsorbed Kinetic model Isotherm model IPD

PNP PSO Freundlich 2 step
EBT PSO Langmuir 1 step
DEP PSO Langmuir 2 step

For PNP: The Freundlich isotherm fit indicated the heterogeneous nature of GS-Ar
sample for PNP adsorption with N-doping sites as favorable adsorption sites. The PSO kinetic
model indicates the physicochemical interaction occurring between PNP and the sample via
multilayer adsorption. Two step IPD fit indicated that initially adsorption takes place through
boundary layer diffusion and beyond 91 minutes intraparticle diffusion occurred. This shows
that initially, the external resistance to mass transfer occurred upto 91 minutes and thus slow
adsorption took place via multilayer adsorption [233]. So for the GS-Ar sample the N-doped
sites on the surface act as main adsorption sites for PNP with initial adsorption resulting in

slow multilayer formation followed by fast intraparticle diffusion.

For EBT: For EBT, the reversible adsorption occurs at multiple equivalent sites leading
to monolayer formation on the surface of GS-Ar as indicated by the Langmuir nature of the
isotherm. PSO kinetic fit indicated that the EBT adsorbs strongly on to GS-Ar via
chemisorption. This is in accordance with the opposite charge of the dye and GS-Ar at the
relevant pH. Single step fit of IPD indicated that the adsorption takes place through intraparticle
diffusion during the entire time period [233]. Thus the adsorption of EBT onto the GS-Ar
sample takes place through the monolayer formation by multipoint adsorption as a result of
electrostatic charge interaction.
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For DEP: Isotherm's Langmuir nature showed that DEP undergo reversible adsorption
at many equivalent sites, resulting in the formation of a monolayer on the adsorbent's surface.
According to the PSO kinetic fit, the adsorption was by strong chemisorption. The strong
interactions can be explained by acidic nature of DEP positively charged surface of the sample.
Adsorption proceeds initially by boundary layer diffusion and then through intraparticle
diffusion, according to a two-step fit of the IPD. For DEP adsorption onto GS-Ar and GS-N
sample, boundary layer diffusion was followed by intraparticle diffusion after 118 and 60
minutes, respectively. The acidic nature of DEP (at the relevant pH) results in strong
interactions with both the samples. This results in formation of monolayer on the sample
surface by adsorption due to multipoint interaction. The formation of the monolayer proceeds

initially by boundary layer diffusion and then by intraparticle diffusion.

Table 5.14 shows the conclusion of adsorption results obtained using the GS-Ar sample
for EBT and PNP adsorption.

Table 5.14: Adsorption results for the best sample.

Sample ID Pollutant ge (Mmg/g) Kinetic model i;l{?}iﬂ%
PNP 113.67 PSO Freundlich
GS-Ar EBT 25.37 PSO Langmuir
DEP 92.29 PSO Langmuir

5.6 Summary

GS1 sample was heat-treated at 900°C in carrier gases Ar or N for 4 h to test the effect
of heating atmospheres on the properties of the resulting samples. SEM analysis indicated an
increment in surface area. The XRD line profile, Raman spectroscopy, FTIR, UV-visible
spectroscopy and XPS indicated that the amorphous GS1 sample underwent graphitization and
a decrease in the O and N content due to breakage/restructuring of bonds and release of volatile
substances upon heating in the inert atmosphere. The results of a TG/DSC/DTG analysis of the
sample revealed that inert atmospheres experienced simultaneous volatile release and
graphitization, with Ar experiencing graphitization at a lower temperature (345 °C) than N2
(352 °C). The bandgap increased for GS-Ar and GS-N samples to 4.8 eV from 4.5 eV of the
GS1 sample. From XPS the N content obtained in GS1, GS-Ar, and GS-N samples were 2.22,
1.54, and 1.17%, respectively. The pyrrolic and graphitic N functionalities in GS1 sample
changed to pyridinic, graphitic, and oxidized N upon heat treatment with graphitic N in highest
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concentration due to its higher thermal stability. The BET surface area for GS1, GS-Ar, and
GS-N samples were 7.43 m?/g, 449 m?/g, and 468.31 m?/g, respectively. From the NLDFT
analysis, the micropore size of GS-Ar, and GS-N samples were calculated as 1.1 nm and 0.8
nm with same pore volume. The mechanism of pore development in various atmospheres (N2
and Ar) was thoroughly elucidated from the thermal treatment of GS1. During heat treatment,
the high density and low diffusivity of Ar resulted in the formation of micropores larger than

1 nm by the nucleation and explosion of volatile gases inside the carbon spheres.

The pHpzc for GS1, GS-Ar and GS-N samples of 4.6, 8.8 and 9.6, respectively indicated drastic
change in surface chemistry of heat-treated samples. The %adsorption in dark for PNP, EBT
and DEP was observed maximum for the GS-Ar sample and were 56.8%, 67.4%, and 38.1%,
respectively. The adsorption with pH variation of pollutants were also studied and explained
in conjugation with surface chemistry. From the adsorption kinetics and adsorption isotherm
studies of PNP for GS-Ar sample, it was emerged that the adsorption was taking place via
chemisorption and the diffusion mechanism was controlled by boundary layer and IPD with
multilayer adsorption. For EBT and DEP, adsorption was taking place via chemisorption with
monolayer adsorption and diffusion was controlled by IPD. In conclusion, the sample prepared
under Ar atmosphere has emerged as a good candidate for wastewater treatment with manifold

efficiency.
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Chapter 6

Chemical activation of soy flour based N doped carbons

Overview

This chapter describes the chemical activation of N-doped carbon spheres synthesized using
glucose and soy flour via the HTC method explained in chapter 3 using KOH and ZnCl; in
different impregnation ratios. The details of it has been presented in chapter 3. The effect of
low temperature and time dependency on the sample properties has been studied using FE-
SEM, XRD, FTIR, UV-Visible, Raman, XPS, and BET. The difference in surface area and
surface chemistry with impregnation ration as well as with activating agent was confirmed by
BET and XPS & pHpz of samples. The variation in the results has been explained on the basis
of the reactivity of activating agent with the sample along with the corresponding mechanism.
The adsorption efficiency of the synthesized samples was carried out for cationic dyes MB and
CV, anionic dye EBT, pharmaceutical waste CIP, PNP and DEP as done in chapter 4. Based
on the best adsorption data, the adsorption rate and mechanism were determined using kinetic

modeling and isotherm analysis.

N doped carbon sphere (GS1 sample)

® @

Intermediate formation
l Heating at 400 °C Heating at 400 °C of Zn0O, ZnCl, gas, and
ZnOCL,.2H,0
No pore formation
& M Emm CV um EBT mm PNP
1o = CTPmmDEP
No K,0 formation, only breaking of spheres Formation nf micropores
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6.1 Introduction

These days, N-doped activated carbon is being employed as an effective adsorbent for
wastewater treatment. The activation of HTC samples or biochar can be done either by physical
or chemical activation. Chemical activation is recommended over physical activation since it
requires less energy and has better yields and surface areas [107]. Chemical activation agent
(AA) and its impregnation ratio along with activation temperature, atmosphere and time plays
a vital role in determining the surface area, pore size, pore volume and surface
chemistry [109,110].

In this chapter, chemical activation of GS1 sample was done in a muffle furnace using
KOH and ZnCl as explained in chapter 3 (section 3.4.3). Activation agent and its impregnation
ratios play an important role in determining the surface area and pore formation/distribution.
The effect of chemical activation on the adsorption of MB, CV, EBT, PNP, CIP and DEP is

explained in details. The properties of the synthesized samples are given in Table 6.1

Table 6.1: Properties of the synthesized samples.

SampleID —»| GS1 | GSKO5 | GSKL | GSK15 | GSK2 [ GSz05 [ GSz1 | GSzZ15 | GSz2
Activation agent KOH | KOH | KOH KOH znClh | znClh | znCl, | znCl
(AA)

Activation | 400 400 400 400 400 400 400 400
temperature (°C)

Ratio (GS1: AA) - 1:05 11 115 1:2 1:05 11 115 1:2
%C 74.10 - 67.32 - 61.23 - 79.51 74.72
%N 2.22 - 2.67 - 3.22 - 2.91 3.72
%0 23.60 - 30.01 - 3553 - 17.58 21.56
Nature of . . . . .
Nitrogen (major) Pyrrolic - Pyrrolic - Graphitic - Graphitic Graphitic
Band gap (eV) 4.50 - 4.82 - 4.79 - 4.77 4.75
Io/le - 0.8 - 0.7 - 07 0.7
fr‘:]gg‘)ce area 7.43 5.40 5.12 6.45 7.60 58.51 23239 | 22647 | 110.93
Mean pore 14.80 - - - 0.33 0.60 0.81
diameter(nm)

pHpzc 46 6.2 6.8 7.1 7.2 73 73 7.8 8.0

6.2 Characterizations of chemically activated soy flour based N doped
carbons

6.2.1 FE-SEM

Fig. 6.1 presents FE-SEM micrographs of all the synthesized samples. It can be
observed that with the increase in the ratio of activators, no variation in the average size of the

spheres was observed. The comparison of micrographs of GS1, GSK2, and GSZ2 samples is
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shown in Fig. 6.2. Surface of the GS1 sample was observed to be smooth without any pores as
already discussed in previous chapter (chapter 4) [211,234]. For the GSK2 sample, surface of
spheres was uneven and shape had become distorted. Whereas for the GSZ2 sample, the surface
of the spheres was observed to be dappled without distortion in spherical shape. It shows that
reaction of ZnCl, with the spheres took place evenly and followed a different mechanism than
that for KOH. It can be observed in Fig. 6.1 that with increase in the KOH ratio, the distortion
of surface increased. In the case of ZnCl; activated samples, the formation of the visible pores
was not observed. The formation of nanosized pores may occur with an increasing ZnCl. ratio,

which will need to be confirmed by the N, adsorption-desorption isotherms.

Fig. 6.2: FE-SEM images of (a) GS1, (b) GSK2, and (c) GSZ2.
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6.2.2 XRD

The X-ray diffraction pattern of all the synthesized samples are shown in Fig 6.3. The
samples activated with KOH (Fig. 6.3(a)) showed amorphous peaks at 26 ~21° and ~44°. While
the samples activated with ZnCl had diffraction peaks at 20 ~26° and ~44° (Fig. 6.3(b)).
Comparison of XRD pattern for GS1, GSK2 and GSZ2 samples is shown in Fig. 6.4(a). For
KOH activated samples, the first peak observed at 21°, was similar to as observed in the GS1
sample (as reported in chapter 4). It signified carbon quantum dots in the sphere's centre and
having (002) plane of amorphous carbon [211]. This suggested that the quantum dots present
in the core of the GS1 sample spheres remained intact when the activation of GS1 was done by
KOH. This was a clear indication that effects of KOH were limited to surface and it does not
penetrate to the inner core of the GS1. For the ZnCl> activated samples, a less broad peak
observed at 20 ~26° indicated (002) plane of the graphitic carbon and suggested that GSZ2
samples had a more ordered structure than GSK2 and GS1 samples [234]. This variation in the
XRD line profile of GSZ2 sample indicated that the available quantum dots in the centre of
GS1 were restructured during activation with ZnCl,. The peak at 26 ~44° in both GSZ2 and
GSK2 indicated the presence of (100) plane of graphitic carbon [235].

(a) — GSK2 — GSK1.5 — GSK1 — GSKO0.5 (b)y — GSZ2 — GSZ1.5 — GSZ1 — GSZ0.5

Intensity(a.u.)

Intensity (a.u.)

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 () 20(°)

Fig. 6.3: XRD of samples activated by (a) KOH and (b) ZnCl..
6.2.3 N2 adsorption-desorption isotherms

Fig. 6.5 shows the N2 adsorption-desorption isotherms curves for KOH and ZnCl;
activated samples, respectively. The comparison of N2 adsorption-desorption isotherms of
GS1, GSK2 and GSZ2 is shown in Fig. 6.4(b). The adsorption isotherms exhibited type—II
characteristics and were of the H4 type, according to IUPAC classification. [194]. From
chapter 4, the BET surface area for the GS1 sample was 7.43 m?/g [211]. The BET surface
area for samples activated with KOH has not changed (Table 6.1). The surface of the sample

observed to be distorted in the FE-SEM images of KOH activated samples, which had no
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significant impact on surface area. The sample's inner structure remained intact after KOH

activation also as indicated by the XRD line profile.
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In the case of ZnCl> activated samples, the surface area changed significantly with
impregnation ratio of ZnCl,. Fig. 6.4(c) gives the variation of surface area with changing
impregnation ratios. For GSZ0.5 and GSZ1 samples, the surface area increased but with further
increase in the impregnation ratio the surface area starts to decrease. Further, for the GSZ2
sample, surface area decreased to 110.93 m?/g. This can be attributed to the reason that the
formation of new micropores has been restricted and excess of ZnCl; resulted in widening of
micropores developed. This is confirmed from the pore size distribution analysis using
Horvath-Kawazoe method of ZnCl, samples (Fig. 6.4(c) and 6.4(d)) showing the increase in
the average pore size with increased ZnCl, impregnation ratio (Table 6.1). The largest average
pore size of 0.8 nm in the GSZ2 sample is the best for adsorption as it will allow for volume
within the pores to be available for the pollutants of larger size to be adsorbed. This fact will
need to be confirmed further by adsorption study of the synthesized samples.

6.2.4 UV-Visible spectroscopy

UV-Visible spectroscopy was performed to get the reflectance spectra of synthesised
samples, as shown in Fig. 6.6 (a) and 6.6 (b). A reflectance peak at 250 nm indicated n-m
transition of sp? graphitic carbon [218]. The Kubelka-Munk model was used to evaluate the
bandgap of synthesized samples (Fig. 6.6 (c) and 6.6(d)). The equation for the Kubelka Munk
model is explained in chapter 3 (section 3.3.6)

The values of allowed direct bandgap calculated using the above equations for all the
synthesized samples are given in Table 6.1. It can be observed that values of bandgaps
increased for samples after activation and data of comparison of GS1 with GSK2 and GSZ2
samples is shown in Fig. 6.7 (a) and 6.7 (b). The increased bandgap of chemically activated
samples can be attributed to the reduced oxygen or nitrogen concentration in these
samples [219,220]. Also, the value of band gap depends upon the % oxidation of sample during
the activation [236]. These conjectures need to be probed further by XPS analysis of the
samples. Further, the value obtained for the bandgap of activated samples did not significantly

vary with variation in impregnation ratios of the activators.
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Fig. 6.7: (a) Diffuse reflectance spectra and (b) band gap of GS1, GSK2 and GSZ2.

6.2.5 FTIR spectroscopy

Fig. 6.8 shows the FTIR spectra obtained for KOH and ZnCl, activated samples,
respectively. Peaks in the spectra of KOH activated samples were determined at 3360, 2920,
2100, 1880, 1710, 1600, 1200, and 760 cm™ indicating the presence of functional groups —OH
(hydroxyl), —CH3 (alkane), C=C (alkyne), C-H (aromatic), C=0 (stretching), C=C (stretching),
C-N (stretching) and C=C (bending), respectively. The spectra of ZnCl, activated samples
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show peaks at 3300, 2070, 1870, 1600, 1200, 760 cm™ indicating the presence of —OH
(hydroxyl), C=C (alkyne), C-H (aromatic), C=C (stretching), C-N (stretching) and C=C
(bending) functional groups, respectively.

forn—| S —

(a) — GSK2 — GSK1.5— GSK1— GSKO0.5 (b) —GSZ2 — GSZ15— GSZ1— GSZ0.5
— — A~ L~
—
< HERAZ T
2 2
/—\

/\/\ P

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 . 3000 3500 4000

Wave no. (cm™1) Wave no. (cm™)
—_Gsz2

—_GsK2
El
=
=
=

=

(©)

1000 1500 2000 2500 3000 3500 4000
Wave no. (cm-1)

Fig. 6.8: FTIR of samples activated using (a) KOH and (b) ZnClzand (c) comparison of GS1,
GSK2 and GSZ2 samples.

The comparison of FTIR spectra for GS1, GSK2 and GSZ2 sample is shown in Fig. 6.8
(c). The results show that with the chemical activation of sample, the availability of surface
functional groups remains consistent with GS1 sample. For the GSK2 sample, intense C=0
band of carboxyl group was observed at 1710 cm™ indicating the oxidation of sample after
KOH activation [237]. Also, the intensity of C-N observed at 1200 cm™ in GSK2 was more
than that in the GSZ2 and GS1 sample. The intensity of aromatic C=C at 1600 cm™in the GSZ2
sample indicated a more evolved aromatic structure. This supports the conjecture obtained from

XRD that GSZ2 has a more ordered graphitic structure.
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6.2.6 Raman spectroscopy

Raman spectroscopy is most extensively utilized in amorphous and nanocrystalline
carbon materials to understand the degree of graphitization. Carbon compounds commonly
exhibit broad bands in the range of 13001600 cm™. The D band available at nearly 1350 cm"
1'is associated with the disordered graphitic carbon while the G band around 1590 cm™ is
associated with ordering in the amorphous carbon materials. The G band’s position and the D
to G bands intensity ratio (Ip/lc ratio) are the most critical characteristics in identifying the

nature of carbon in a material structure.
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Fig. 6.9: Raman spectra of (a) KOH, (b) ZnCl: activated samples and (c) comparison of GS1,

GSK2 and GSZ2 samples and (d) XPS survey spectra of GS1, GSK1, GSK2, GSZ1,
and GSZ2.

Fig. 6.9 (a) and 6.9 (b) demonstrates the availability of D and G bands at 1380 and 1580
cmt in both GSK and GSZ samples. It can be observed that no changes in the positions of the
D and G bands were detected. Furthermore, the Ip/lc ratios were similar (Table 1) for the
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synthesized samples and were below 1 indicating that ordered graphitic carbons dominates in
the activated samples [234]. Fig 6.9 (c) exhibit the comparison of Raman spectra of GS1,
GSK2 and GSZ2 samples. GS1 sample exhibits lower peak intensities and wider bands than
the GSZ2 and GSK2 samples because of its low degree of graphitization as concluded from

XRD line profile results.

6.2.7 XPS

The elemental composition and bonding configurations of GS1, GSK1, GSK2, GSZ1
and GSZ2 samples were determined using XPS studies. Peaks at 284.0, 531.0, and 400.0 eV
for C1s, O1s, and N1s, respectively, were apparent in survey spectra (Fig. 6.9(d)) [223]. Table
6.1 shows the %C, %N, and %0 content of all samples based on the survey spectra. The data
clearly reveals that as KOH concentration increased, the %C content dropped significantly,
whereas the %0 and % N contents increased. This indicated that during the KOH assisted
activation of sample the carbon is removed by direct reaction of the sample with the reagent to
form oxidized carbon on the surface. Therefore, with the increase in KOH concentration, the
%O content increased with a lowering in %C content. With rising KOH concentration, the
overall N content remained stable or seemed to increase insignificantly, presumably due to
lower C content. While for the ZnCl; activation of GS1 sample, with increasing concentration
of ZnCly, the content of %C and %N increased while the %O content lowered significantly.
This is because ZnCl> being a Lewis acid, acts as a dehydrating agent in the activation process.
Therefore, it helps in aromatization of carbon structure without reacting directly with the

carbon. Due to dehydration, the content of %0 lowered and %C and %N increased [238].

Fig. 6.10 depicts the deconvoluted HR spectra of C1s, N1s, and O1s for for GSK1,
GSK2, GSZ1 and GSZ2 samples. Table 6.2 lists the parameters obtained from deconvolution
of C1s, O1s, and N1s HR spectra for all the samples. The peak at 284.2 eV, corresponding to
sp? hybridised carbons, dominates all of the synthesised samples' C1s spectra. The remaining
C1s peaks were deconvoluted as C-N/C=N, O-C=0 for GSK1 and GSK2 samples, and C-
N/C=N, C=0 for GSZ1 and GSZ2 samples. The O1ls spectra were deconvoluted into the
functionality O-C, O=C, and O-C=0.
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Fig. 6.10: HR-XPS spectra of C1s, N1s, and O1s of for GSK1, GSK2, GSZ1 and GSZ2

samples.

In the deconvoluted N1s spectra of GS1, only pyrrolic and graphitic N were seen,
having peaks at 399.55 and 401.56 eV [211]. The deconvoluted N1s spectra for GSK1, GSK2,
GSZ1, and GSZ2 samples consisted of peaks of pyrrolic-N (~399-400 eV), graphitic-N
(~400.5-401.5 eV) and oxidized nitrogen (~402-403 eV) [224,225]. These results indicated that
with KOH activation, pyrrolic N content decreases and transformed to form graphitic-N and

oxidized-N in case of GSK1 sample and with further increase in KOH concentration i.e. for

GSK2 sample, the graphitic-N content increased significantly. Similarly, in the case of ZnCl>

activation the pyrrolic-N transformed to form oxidized-N and graphitic—N content. In the GSZ2
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sample, the pyrrolic-N transforms to form the majority of graphitic-N functionality with a small
amount of oxidized-N functionality. The enhanced graphitic-N was obtained for the activated
samples due to thermal treatment at 400 °C during which the activation occured due to its
thermal stability at higher temperature [239]. The availability of oxidized N was because of
increased oxygen functionalities due to chemical activation. The KOH activated sample

showed higher N-X concentration confirming the direct surface oxidation of these samples.

The presence of pyrrolic-N functionalities results in negatively charged surfaces,
whereas the presence of graphitic-N and chemisorbed-N results in positively charged
surfaces [224]. The net impact on surface charge of activated samples need to be validated by
determining the sample's pHpzc.

Table 6.2: Parameters obtained from XPS HR-spectra of C1s, N1s and O1s for GS1, GSK1,
GSK2, GSZ1 and GSZ2 samples.

Cls N1s Ols
sample 10 C-N/ 0 N-X 0
2 - — - i - _ ; -
Csp C=N C=0 c=0 Pyrrole | Graphitic C=0 | C-O c=0
%at | 5699 | 148 |2821| - | 8256 | 17.44 97.36 | 364 | -
GS1 %
Content 74.10 2.22 23.60
N Y 8046 | 129 | - [ 659 | 7231 | 1759 | 10.10 [6235]30.09 | 7.56
%
Content 67.32 2.67 30.01
%at | 7067 | 2545 | - | 387 | 2606 | 6173 | 1221 |28.12 5349 | 18.38
GSK2 — -
0
Content 61.23 3.22 35.53
%at | 67.98 | 17.20 | 1480 | - 3203 | 4473 | 2323 [50.78 | 44.47 | 4.74
GSZL | %
Content 79.51 2.91 17.58
%at | 6587 | 2220 [1191] - | 1791 | 7643 | 566 |4531[5257 | 212
GSZz2 %
Content 74.72 3.72 21.56

6.3 Activation mechanism using KOH and ZnCl;

The characterization results revealed that activation with ZnCl, and KOH under same
conditions resulted in considerable variations in the pore size and surface chemistry properties
of the final activated carbons. The details of contrasting activation mechanisms of KOH and

ZnCl> can be used to explain the results.
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In general, for KOH activation, when the mixture of KOH and carbon sample is heated, three
stage reaction takes place. At 200-300 °C, KOH becomes dehydrated and reacts with the
oxygen containing functional groups of the sample (eqg. (6.1) and (6.2)). Further, at 400-500 °C,
oxidation of the carbon frame work takes pace through redox reactions of KOH or H0 with
the sample (eq. (6.3-6.6)). In the last stage, above 500 °C, the formation of K>CO3z and KO
takes places resulting in the pore formation. So, in this work with the heat treatment limited to
400 °C, only the partial oxidation of the carbon framework at the carbon sphere surface will
occur and the pore formation will not take place [240,241]. The oxygen containing functional
group of sample (GS1) reacted with dehydrated KOH and oxidized partially, thus enhancing
the oxygen containing surface functional groups. The BET results for no significant
enhancement in the surface area observed for KOH activation confirmed the negligible pore
formation. The increase in amount of oxygen containing surface functional groups was
confirmed by FTIR and XPS results [242]. XRD line profile results also confirmed that the

KOH and GS1 reaction does not penetrate the inner structure of the sample.

2KOH —23 K20 +H20 (6.1)

-COOH (GS1) + K20 —2» -COOK(GS1) + H,0 (6.2)
-COOK(GS1) + KOH —24 K,CO3(GS1) + 1/2H; (6.3)
-CH2(GS1) + 4KOH —25 K,CO3 (GS1)+ K0 +3H,  (6.4)
H.0 + C(GS1) —2, CO+H; (6.5)
H,0+CO —2, CO;+H; (6.6)

The mechanism of activation by ZnCl, was fundamentally different from that of KOH
activation. ZnCl. is a powerful dehydrating agent with a melting point of 290 °C. So it got
fused at this temperature and thus was uniformly mixed with the GS1 sample matrix [109].
Heat treatment enabled ZnCl; to react with the GS1 sample, reducing the hydroxyl groups to
generate zinc oxide chloride hydrate (Zn.OCl,.2H,0). Heat treatment further decomposed
Zn,0Cl2.2H>0 to generate ZnCl, gas and ZnO. The migration of ZnCl, gas resulted in
formation of channel and hence the porous samples. The following chemical reactions explain
the activation of GS1 by ZnCl>:
C (GS1) +2ZnClz+ 2H20 _2 | Zn,0Cl2.2H20+2HCI+ C (GS1) (dehydrated)  (6.7)

C (GS1) + Zn20Cl2.2H20 -2 ZnCl+Zn0+2H,0+ Activated C (GS) (6.8)
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From the XRD line spectra of GSZ2 sample, it was observed that peak at 26 ~21° for
the quantum dot in the centre of the sphere was not observed. This confirmed that the formation
of molten phase with ZnCl> resulted in restructured porous carbon spheres. Also, the BET
results showed that higher impregnation ratios resulted in pores of larger radii due to higher

emission of ZnClo.

6.4 Adsorption studies
6.4.1 Point of zero charge (pHpz) of samples

A sample's pHpzc is the pH at which the surface of the sample has no net charge under
specific conditions of temperature, pressure, and solution composition. This does not imply
that the surface is chargeless at pHpzc, but rather that the positive and negative charges are
balanced. pHpzc readings might aid in the selection of the best adsorbent for treating pollutants.
Adsorbents with low pHpzc values are excellent for treating cationic-contaminated effluents,

whereas adsorbents with high pHpzc values are better for capturing anions.

The graphs for initial pH vs change in pH are shown in Fig. 6.11 for all the synthesized
samples. The pHpzc values obtained for the synthesized samples are given in Table 6.1. It can
be observed that with increase in the ratio of impregnation, the pHp.c of the samples increased.
The increase in the sample's pHp.c indicated that the sample's surface has more positive surface
groups. This conjecture was also supported using XPS results. The pHpzc of GSZ2 (8.0) was
more than that of GSK2 (7.2) and GS1 (4.6) sample. This was due to availability of more
graphitic N in the sample.

3
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Fig. 6.11: pHpz of samples activated by (a) KOH and (b) ZnCl..
6.4.2 Model pollutants

The adsorption studies were carried out using all the synthesized samples for anionic

dye EBT cationic dyes MB and CV, neutral PNP, phthalic ester DEP and pharmaceutical
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compound CIP. For adsorption of dyes (MB, CV, and EBT), the amount of adsorbate and
adsorbent were taken 1 mg/L and 20 mg/L, respectively. For PNP, DEP and CIP adsorption
the adsorbate and adsorbent were 20 mg/L and 100 mg/L, respectively. The % adsorption of
the various pollutants using KOH and ZnCl; activated samples is shown in Fig. 6.12 (a) and

6.12 (b), respectively.

: 1[315:: @) I PNP (b)
i CIP 1og

mm EBT <

mm MB §

= CV 40 ‘_e§

B MBmm CV e EBT mm PNP
1001 I CIPmm DEP

A O
o O o

% Adsorption

N
o

Gs1 GSK2 GSz2
Sample ID

Fig. 6.12: % Adsorption of MB, CV, EBT, CIP, PNP and DEP onto (a) KOH activated and
(b) ZnCl; activated samples after 3 hours.

The adsorption efficiency of GS1 sample for the given pollutant was observed to be
least among all the synthesized samples (Fig. 6.12(c)). The adsorption of pollutants onto the
samples increased with increase in AA impregnation ratio due to increased surface area and
hence availability of more adsorption sites. Thus, the maximum adsorption was observed for
GSK2 and GSZ2 samples. GSK2 sample showed significant adsorption of dyes in spite of very
negligible surface area and porosity. This is attributed to the oxygen containing surface
functional groups on the sample surface which interacted with dye species by hydrogen
bonding and electrostatic interaction [237,243]. GSZ2 showed better efficiency for the
adsorption for all the pollutants due to its enhanced surface area. Also, the availability of more

graphitic N in GSZ2 sample compared to other samples makes its surface more positive and
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led to electrostatic interaction between negatively charge pollutant and the sample showing
enhanced adsorption. The surface area of GSZ1 and GSZ1.5 sample was more than GSZ2
sample but both samples shows lower adsorption efficiency compared to GSZ2 sample due to

their lower pore size.

6.4.3 Effect of solution pH variation

From the adsorption study, it was concluded that GSK2 and GSZ2 samples showed
better adsorption for all the pollutants. Therefore the effect of pH of pollutant solution on the
adsorption efficiency of GSK2 and GSZ2 samples was studied. The pH of the solutions varied
from 2 to 12 using HCI and NaOH. The % adsorption with the change in pH of MB, EBT, PNP,
and CIP solution using GSK2 and GSZ2 samples is shown in Fig. 6.13 (a) and 6.13 (b),
respectively.

MB: The adsorption efficiency for MB increased for both GSK2 and GSZ2 samples
with an increase in the pH. At lower pH values, the sample's surface had a net positive charge,
which prevented cationic dye adsorption. The surface of the adsorbents held a net negative
charge when the pH increased beyond pHpz (7.2 for GSK2 and 8.0 for GSZ2), and hence
adsorbed the MB dye more effectively owing to electrostatic interaction/hydrogen
bonding [176].

EBT and DEP: EBT and DEP are both negatively charged species. With a rise in the
EBT and DEP solution pH, the adsorption capacity of both GSK2 and GSZ2 samples decreases.
At lower pH, the sample’s surface had a net positive charge and electrostatic interaction occurs
with the negatively charged anionic dye EBT and acidic DEP. The surface of the sample had a
net negative charge at higher pH, i.e., above pHpzc, which resisted the negatively charged EBT
dye and acidic DEP and resulted in decreased adsorption.

PNP: In acidic and alkaline solutions, PNP exists in the form of neutral species:
CsH4(NO3) and anionic species: CsHa(NO2)O, respectively. When the pH was elevated from
2 to 7, the % adsorption of PNP increased. Further increase in pH up to 12 resulted in a
significant decrease in adsorption efficiency. Donor-acceptor interactions, n—n dispersion, and
hydrogen bonding interactions are all important factors in PNP adsorption on adsorbent’s
surfaces. The neutral phenol adsorption will be hampered by a higher positive charge on the
sample surface. With increase in pH from 2 to neutral, positive surface charge of the GSK2 and
GSZ2 samples decrease and hence improvement in adsorption efficiency occurred in an acidic
medium. Increased removal efficiency was achieved by increasing the surface acidity of the

adsorbents, which resulted in a donor-acceptor interaction between electron and phenolic rings.
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At neutral pH, both adsorbents had the maximum adsorption efficiency, which was attributed
to hydrogen bonding between the phenol molecule and the adsorbed water molecule on the
sample surface. At pH beyond neutral for GSK2 and GSZ2 the surface became negatively
charged, and it interacted with the phenolate ions (CeH4(NO2)O") to undergo electrostatic

repulsion, resulting in a significant reduction in adsorption efficiency [9,232].
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Fig. 6.13: % Adsorption of MB, EBT, CIP, and PNP with pH variation onto (a) GSK2 and (b)
GSZz2 sample after 3 hours.

CIP: CIP is an ionizable chemical with variation in the solution. It exhibits pKa values
of 5.9 and 8.9. Therefore, it exists in the cationic form CIP* below pH 5.9, in the anionic form
CIP above pH 8.9, and as zwitterion CIP* between these pH values. The % adsorption of CIP
on GSK2 and GSZ2 increased slowly from 2 to 4.5 and further a sharp increase in % adsorption
was observed. The maximum % adsorption was observed at pH 6.1 for both the adsorbents.
Beyond pH 8.9, the decrease in % adsorption was observed with increasing alkalinity. The
results indicate that the predominant cationic form of CIP was responsible for the maximum
amount of adsorption blow pH 6.1. Due to electrostatic interaction between the negative charge
surface and cationic CIP, the adsorption increased. In the pH range 6.1-8.9, electrostatic
interaction is believed to take place between the positively charged amine group in the CIP
zwitterion and negatively charged carbon-oxygen groups on the adsorbent surface. However,
a degree of repulsion between negatively charged carboxylate in the CIP zwitterion and the
negatively charged surface probably takes place, leading to a slight decrease in CIP sorption
above pH 6.1. When pH was increased above 8.9, the anionic form of CIP was the dominating
species in aqueous solution. The oxygen-containing functional groups on the adsorbents, such
as -OH and -COOH, are negatively charged and the electrostatic repulsion occurred between
CIP and adsorbent thus reducing the CIP adsorption. As the pH moved toward high alkalinity,
the adsorption affinity of adsorbents to CIP fell significantly [244,245].
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6.4.4 Recyclability test

Recyclability experiments were carried out to investigate the recyclability of GSZ2
sample for the adsorption of MB, EBT, PNP, CIP and DEP (Fig. 6.14). The concentration of
MB and EBT dyes were 1 mg/L and PNP, CIP and DEP were 20 mg/L for the recyclability
tests, with an adsorbent concentration of 100 mg/L. The adsorption efficiency of the GSZ2
sample was measured 14 times in a row. The % adsorption of MB EBT, PNP, CIP and DEP
reduced by 6, 8, 2.5, 5 and 6.3%, respectively, from the first to the fourteenth cycle. This minor
variation could be attributed to sample loss during the recycling trials. As a result, the sample

may be reused without reducing efficiency for the model pollutants adsorption.
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Fig. 6.14: Recyclability using GSZ2 sample for MB, EBT, PNP, CIP and DEP.
6.4.5 Adsorption isotherm modeling

Langmuir and Freundlich isotherm models were investigated for MB, EBT, PNP, CIP
adsorption onto GSZ2 and MB, EBT adsorption onto GSK2 sample. The amount of adsorbent
was kept constant (100 mg/L) for all the cases with different concentrations of pollutants. The
details and calculations for isotherm models are given in section 3.4.1 (chapter 3). The graphs
obtained from the isotherms are shown in Fig. 6.15 and Fig. 6.16 for GSZ2 and GSK2 samples,
respectively. The parameters obtained from isotherms are given in Table 6.3 and Table 6.4 for
GSZ2 and GSK2 sample, respectively. In case of Langmuir model fit, the R value lies between
0 and 1 for all the pollutnats for both types of adsorbent. This shows that the process of
adsorption was favorable. Also, from Freundlich fit, the obtained n values were between 1 and

10 for both the samples for all the pollutants showing favorable adsorption.
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Fig. 6.15: Isotherm fitting of MB, EBT, PNP, CIP and DEP adsorbed on GSZ2 sample (100
mg/L) using (a) Langmuir and (b) Freundlich models.

Table 6.3: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
adsorption of MB, EBT, PNP, CIP and DEP onto GSZ2 sample (100 mg/L).

Adsorption Pollutant Parameter Value R2
kL (L/g) 2.14
MB Qm (MY/9) 62.09 0.99
RL 0.32
k. (L/g) 0.86
EBT gm (Mg/g) 54.03 0.97
Ru 0.536
i kL (L/g) 1.09
t??ﬁé?%" PNP gm (Mg/g) 49.17 0.95
RL 0.48
k. (L/g) 0.65
CIP gm (Mg/g) 84.10 0.99
Ru 0.61
ki (L/g) 0.20
DEP m (M/g) 114.59 0.99
RL 0.19
ki (L/g) 413
MB - 377 0.92
ke (L/g) 3.38
EBT - 506 0.80
Freundlich ke (L/Q) 3.34
isotherm PNP n 358 0.59
ks (L/Q) 4.72
CIP - 928 0.96
ke (L/g) 3.97
DEP - 544 0.87

In case of GSZ2 sample, from the regression coefficient values, it was concluded that
all the pollutant adsorbed on the surface of adsorbent via following Langmuir isotherm model.

This indicated that the adsorption of pollutants was taking place via monolayer adsorption onto
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GSZz2 sample. In case of GSK2 sample, the regression coefficient values indicated that MB
was adsorbed on the sample’s surface via monolayer adsorption following Langmuir isotherm
model. While EBT followed Freundlich isotherm model to adsorb on GSK2 sample via
multilayer adsorption.
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Fig. 6.16: Isotherm fitting of MB and EBT adsorbed on GSK2 sample (100 mg/L) using (a)
Langmuir and (b) Freundlich models.

Table 6.4: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
adsorption of MB and EBT onto GSK2 sample (100 mg/L).

Adsorption Pollutant Parameter Value R?
isotherm (units)
ki (L/g) 1.85
MB dm (Mg/g) 70.84 0.98
Langmuir Ru 0.35
isotherm ke (L/9) 0.12
EBT g (Mg/g) 60.44 0.90
RL 0.89
ki (L/9) 4.27
Freundlich MB n 3.90 096
isotherm EBT ke (L/g) 2.17 0.98
n 1.45

6.4.6 Adsorption kinetics modeling

By fitting the adsorption kinetic models to the experimental data, the kinetic parameters
were obtained to understand the adsorption processes and rate-limiting steps. Adsorption
studies revealed that GSZ2 had the highest adsorption efficiency for all the model pollutants.
As a result, employing the GSZ2 sample, kinetic modeling was performed for all four
pollutants. MB and EBT were given at 1 mg/L with 20 mg/L of GSZ2, whereas, PNP, CIP and
DEP were taken at 5 mg/L with 100 mg/L of GSZ2. The experimental data were fitted using
the pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and intraparticle diffusion
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(IPD) models in this study. The fitted graphs are shown in Fig. 6.17 and Fig. 6.18 and the
models are explained under section 3.4.2. (chapter 3). The parameters obtained from the fitting
the models are given in Table 6.5 and Table 6.6. Also, GSK2 sample was observed to be best
for dye adsorption, therefore kinetic studies were also performed for 1mg/L of MB and EBT
adsorption onto 20 mg/L of GSK2 sample (Table 6.7 and Table 6.8).
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Fig. 6.17: Kinetic modeling of MB, EBT (1 mg/L with adsorbent 20 mg/L), PNP CIP and DEP
(20 mg/L with adsorbent 100 mg/L) adsorbed on GSZ2 sample (a) PFO, (b) PSO,
(c) Elovich and (d) IPD model.

When using GSZ2 as an adsorbent, all five pollutants were shown to follow the PSO
kinetic model better than the PFO model. The conclusions was obtained using the Aqe value
(the difference in the amount of dye adsorbed on the surface of the sample obtained
experimentally vs estimated through kinetic fitting) and the regression coefficient R%. The Aqe
value for the PSO model was much lower than for the PFO model, and PSO fitting gave a
higher R? value than PFO, indicating a stronger fit for all pollutants (Table 6.9). The adsorption,
therefore, occurred via chemisorption for all the pollutants, as the value of R? obtained from
Elovich fit was also comparable to PSO. The parameters derived from the IPD fit are shown in
Table 6.6. The IPD mechanism's regression coefficients were adequate (> 0.9). Adsorption

occurs in two stages for all four pollutants onto the GSZ2 sample, indicating that adsorption
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occurred first via film diffusion and subsequently via the IPD mechanism. The fitted lines in
Fig. 6.17 (d) clearly pass through the origin, indicating that the IPD mechanism regulates the
adsorption process.

Table 6.5: Parameters of kinetic modeling of MB, EBT, PNP, CIP adsorbed at GSZ2 sample.

(e (MB)= 44.46 mgl/g, ge (EBT)= 14.23 mg/g, ge (PNP)= 40.21 mg/g, Qe
(CIP)=71.40 mg/g and ge (DEP)=92.32 mg/g).

Kinetic model Pollutant Parameter (unit) Value R?
MB 21%?/3) 59500 0.98
o umm omw
PFO PNP ‘;16 ((% rg/i;)) 8:(;%2388 0.97
CIP l;leErlnEIgr;) 10(596212000 0.9
DEP l;leérln/gmllgr;) 102'.07220000 0.95
MB i éfémg/';;' " 50690001000 0.99
EBT kz éf@g/?)' " 10598073020 0.99
PSO PNP ke égémg /g‘)i n) 405_04051010 0.99
CIP ; éfﬁg/g}' 2 70699020090 0.99
MB « (mggg min) S:ﬁ?g 0.99
EBT a (m%g min) 8:3228 0.96
Elovich model PNP a (mgég min) ézggg 0.99
clp a (mgég min) 205,63882000 0.99
DEP a (mgf}g min) 13%:63580 0.99
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Table 6.6: Parameters of diffusion model (IPD) of MB, EBT, PNP and CIP adsorbed at GSZ2

sample.
Pollutant Parameter (unit) Value R?
Kid1 5.346
MB Kid2 1.555 0.99
Kid1 1.715
EBT Kidz 0.582 0.96
Kid1 4,981
PNP Kigz 1.455 098
Kid1 9.610
CIP Kid2 2.001 0.98
Kid1 8.140
DEP Kidz 1.940 0.98
4] . (@) = MB 0] ™ MB |(b)
e EBT
3.
[)
3’ .
! o
=3
N ° _:,//./
Y _
2 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 180
Time (min.) Time (min.)
Teve © 2 VNI
40) ® EBT 404 @ EBT
301 301
- O
S 20-
20-
101
101
.___/—0—”""__'_._“ 0+
0—> ' ' ' ' ' 0 2 4 8 10 12 14

25

3.0 35 4.0 45
Int

5.0

6
™

Fig. 6.18: Kinetic modeling of MB and EBT (1 mg/L with adsorbent 20 mg/L), adsorbed on
GSK2 sample (a) PFO, (b) PSO, (c) Elovich, and (d) IPD model

With GSK2 adsorbent, similar to the GSZ2 sample, MB and EBT both followed PSO
kinetic model. The PSO fitting gave a higher R? value and lower Age value than PFO thus

showing better fit for all the pollutants (Table 6.9). Therefore, it can be concluded that

adsorption occurring via chemisorption for both MB and EBT. With IPD fit, the R? values for

both the dyes were satisfactory (> 0.9) and the adsorption was found to occur via two stages
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for both the dyes. The two step IPD fit shows that adsorption proceeded first by film diffusion
and then via the IPD process for both MB and EBT.

Table 6.7: Parameters of kinetic modeling of MB, EBT, PNP, CIP adsorbed at GSK2 sample.
(ge (MB)=46.23 mg/g, and g. (EBT)= 8.69 mg/qg).

Kinetic model Pollutant  Parameter (unit) Value R?
K1 (1/min) 0.023
PEO MB ge (Mg/q) 9.74 0.97
EBT k1 (1/min) 0.019 0.90
ge(mg/q) 5.49 '
K> (g/mg min) 0.0012
. MB 3(My/g) 50.00 0.99
EBT k> (g/mg min) 0.0041 0.98
ge(mg/q) 9.61 '
MB a (mg/g min) 37128 0.97
Elovich model p - '
EBT a (mg/g min) 0.6768 0.96
B 0.598 '

Table 6.8: Parameters of diffusion model (IPD) of MB and EBT adsorbed at GSZK2 sample.

Pollutant Parameter Value R?
Kid1 8.045
MB Kig2 1.983 0.99
Kid1 1.216
EBT Kig2 0.438 0.99
Table 6.9: ge and Aqe values for kinetic and isotherm models for both samples (GSZ2 and
GSK2).
Sample ge(mMg/q) AQe Max.
ID Pollutant 2 = pF5"  psO | PFO  PSO | Langmuir
MB 4446  9.93  50.00 77.60 12.40 62.09
EBT 14.23 6.99 15.87 50.87 11.52 54.03
GSZ2 PNP 40.21 9.65 45.45 76.00 13.03 49.17
CIP 7140 10.61 76.92 86.09 7.73 84.10
DEP 9232 1272 111.11 88.5 16.9 114.59
GSK2 MB 46.23  9.74  50.00 78.93 8.15 70.84
EBT 8.69 5.49 9.61 36.82 10.58 60.44

6.4.7 Adsorption mechanism

Table 6.10 shows the list of kinetic model and isotherms followed during the adsorption
of various pollutants onto GSZ2 and GSK2 samples. It was observed that MB adsorption onto
GSZ2 and GSK2 and EBT, PNP, CIP, and DEP adsorption onto GSZ2 followed the PSO model
with 2-step IPD and Langmuir isotherm model.
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For the GSZ2 sample, the isotherm’'s Langmuir nature showed that pollutants undergo
reversible adsorption at many equivalent sites, resulting in the formation of a monolayer on the
adsorbent's surface. According to the PSO kinetic fit, the adsorption was by strong
chemisorption. This was consistent with the pollutants and adsorbent having opposite charges
at the optimum pH (Section 6.4.3). At optimum pH, strong interactions was observed between
adsorbate (MB, EBT, PNP, CIP and DEP) and adsorbent (GSZ2 sample). This results in
formation of monolayer on the sample surface by adsorption due to multipoint interaction.
Adsorption proceeds initially by boundary layer diffusion and then through intraparticle
diffusion, according to a two-step fit of the IPD. For MB, EBT, PNP, CIP and DEP onto GSZ2
sample, boundary layer diffusion was followed by intraparticle diffusion after 40, 32, 34, 33
and 120 minutes. IPD occurs after 12 minutes for MB in the GSK2 sample.

Table 6.10: Results of different adsorption isotherm and kinetics modeling.

Sample ID Pollutant Kinetic model Isotherm IPD
MB PSO Langmuir 2 Step
EBT PSO Langmuir 2 Step

GSz2 PNP PSO Langmuir 2 Step
CIP PSO Langmuir 2 Step
DEP PSO Langmuir 2 Step

GSK2 MB PSO Langmuir 2 Step
EBT PSO Freundlich 2 Step

The adsorption of EBT onto GSK2 sample followed the Freundlich and PSO models.
According to the Freundlich model, multilayer adsorption occurs when adsorption site is
heterogeneous in nature. When n is less than one, the surface is heterogeneous, and when n is
more than one, the surface becomes more homogeneous. The value of n found for EBT was
1.45. As a result, multilayer adsorption did not occur here. Adsorption on the surface of the
sample occurs by chemisorption as per PSO model with a monolayer or bilayer. A two-step fit
of IPD revealed that adsorption occurs first via boundary layer diffusion and subsequently via
intraparticle diffusion after 14 minutes. Table 6.11 shows the adsorption results obtained using
the GSZ2 sample for MB, EBT, PNP, CIP and DEP adsorption.
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Table 6.11: Adsorption results for the best sample.

Sample ID Pollutant ge (mg/g) Kinetic model i;[[rr]\itrlfn
MB 62.09 PSO Langmuir
EBT 54.03 PSO Langmuir
GSz2 PNP 49.17 PSO Langmuir
CIP 84.10 PSO Langmuir
DEP 114.59 PSO Langmuir

6.5 Summary

In the present chapter, low temperature and time (400 °C and 30 min.) chemical
activation was carried out for N-doped carbon spheres (GS1) using ZnCl> and KOH. The
different impregnation ratios of AA with the sample were: GS1: activating agent :: 1:0.5, 1:1,
1:1.5, and 1:2. SEM analysis showed that the shapes of the spheres distorted unevenly with
increased KOH ratio and the dappled surface with no visible pores was seen in ZnCl; activated
samples. XRD line profile and Raman spectra confirmed that ZnCl; activated samples show a
more ordered structure. On the basis of activation parameters and available literature, it was
proposed that activation of GS1 with KOH results in the partial oxidation of the surface without
development of pores and enhanced surface area. ZnCl, on the other hand resulted in
completely restructured sample morphology at same activation parameters. The proposed

mechanisms were validated by N2 adsorption-desorption isotherms, FTIR and XPS results.

The adsorption efficiency of synthesized samples was studied for MB, CV, EBT, PNP, CIP
and DEP as model pollutants. The sample activated with ZnCl, and having appropriate pore
size (GSZ2 sample) showed the best adsorption efficiency towards all the pollutants. Despite
having a low surface area and porosity, GSK2 sample exhibited increased dye adsorption due
to availability of abundant oxygen containing surface functional groups. The effect of solution
pH on the adsorption efficiency of the pollutants has been explained on the basis of pHpxc,
nitrogen functionalities of the sample and chemical species of the model pollutants at given
pH. From the adsorption kinetic modeling fitted for GSZ2 and GSK2 sample, the adsorption
process followed PSO model with two step IPD model for all the pollutants and dye,
respectively. The isotherm fit shows that Langmuir isotherm was found to follow during
adsorption of all the pollutants onto the GSZ2 sample. For GSK2 sample adsorption of MB
followed Langmuir isotherm while EBT adsorption takes place via Freundlich isotherm model.
For GSZ2, the obtained ge values for MB, EBT, PNP, CIP and DEP were 62.09, 54.02, 49.16,
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84.20 and 114.59 mg/qg, respectively and for GSK2 obtained ge values for MB and EBT were
70.84 and 60.44 mg/g. In conclusion, for least possible conditions of activation i.e. temperature,
time and atmosphere, ZnCl activated samples showed enhanced results in terms of surface
area, graphitic-N content and hence adsorption for a variety of pollutants. While, KOH
activation resulted samples which showed significantly enhanced adsorption for dyes. When
compared with the reports available in literature for similar materials, samples have enhanced

adsorption properties.
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Chapter 7

Pyrolysis of soy flour

Overview

This chapter describes the single-step synthesis of biochar from defatted soy flour by pyrolysis
in Ar atmosphere at various temperatures: 450, 650, and 750 °C, determined by TG/DTG/DTA
analysis. The pyrolyzed sample with the best adsorption characteristics was further treated with
HNO3 for complete demineralization. The variation in the properties of the synthesized samples
with pyrolysis temperature and acid treatment were explained by characterizing the biochar
using FE-SEM, XRD, FTIR, UV-visible, FTIR, Raman, BET and XRD. pHp of the samples
was determined using the salt addition method. The synthesized samples were used for the
adsorption of pollutants viz MB, CV, EBT, PNP, CIP, and DEP. The adsorption rates and

mechanisms were determined using kinetic modeling and isotherm analysis.

Pyrolysis at 450,
650 and 750 °C
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7.1 Introduction

Biochars are heterogeneous carbonaceous substances derived from the pyrolysis of
animal and agricultural biomass. There are reports on the synthesis of biochar from various
biomasses, including agricultural, marine, food, forest, and industrial biomass [244, 245].
Protein based biomasses have been found to produce the most effective biochars. Pyrolysis of
protein-rich biomass leads to the formation of nitrogen (N) containing biochar. The content
and functionalities of N in biochar depend upon the type of biomass and pyrolysis
temperature [99, 246]. The presence of N functionalities in the biochar plays an important role
in adsorption of pollutants from aqueous solutions [63,103]. Current chapter investigates the
evolution of pollutant adsorption properties of protein-rich soy flour biomass converted to
nitrogen-doped biochar. Biochars were synthesized from the single step pyrolysis of soy flour
at different temperatures: 450, 650, and 750 °C, determined from the TG/DTA/DTG studies.
The 750 °C pyrolyzed sample was further treated with HNOs for demineralization.

7.2. Soy flour thermal analysis

Fig. 7.1(a) gives the thermal analysis data for soy flour under argon atmosphere.
Initially the TG shows a gradual weight loss process that occurred from room temperature to
110 °C, with ~9 % mass loss, which may be attributed to the evaporation of volatile chemicals
and water content. On further heating, the sample started to lose mass at 160 °C which
continued till ~418 °C. This mass loss was also confirmed from the DTG peak. The
decomposition of cellulose, hemicellulose and lignin usually starts at 200 °C and completes
below 400 °C [249]. In DTG data, a shoulder at 243 °C was followed by a single sharp peak
at 294 °C indicating that the decomposition of cellulose, hemicellulose and lignin available in
the soy flour occurred at these temperatures [250]. In DTA curve shoulder humps observed at
164 °C and 273 °C indicated the exothermic nature of decomposition process. From 350 °C to
500 °C the residual mass values decreased from 48 % to 38 % which further reduced to 30 %

at 800 °C.

For the DTA data the broad exothermic peak was observed at ~418 °C with small
gradual weight loss in TG data. This indicated the start of the final step of soy flour pyrolysis—
residual carbon condensation into biochar, creating graphite-like rings [251]. Further a
shoulder in DTA data ~750 °C was observed indicating the completion of biochar formation.

Therefore, for biochar synthesis, the temperatures were fixed at 450 °C (start of biochar
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formation), 650 °C (before completion of biochar formation) and 750 °C (beyond the end of

biochar formation).
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Fig. 7.1: (a) TG/DTA/DTG of soy flour in argon atmosphere at 5 °C/min. and (b) XRD line
profiles of the synthesized samples.

Table 7.1: Properties of the synthesized biochar samples.

Sample 1D SBc450 SBc650 SBc750 SBc750-NA
Pyrolysis temperature (°C) 450 650 750 750
Treatment - - - HNO3
%C 36.29 28.89 28.7 72.15
%N 10.8 4.9 4.6 7.31
%0 30.76 26.09 25.53 20.54
%Mlinerals 22.15 40.12 41.17 -
Nature of carbon . . Amorphous Amorphous
(majority) Graphitic C Graphitic C graph?tic C graphFi)tic C
Nature of nitrogen Pyrrolicand  Graphiticand  Graphitic and Graphitic and
(majority) pyridinic N pyridinic N pyridinic N pyridinic N
Band gap (eV) 4.70 4.78 4.81 4.83
I/l 0.91 1.01 1.04 0.98
Surface area (m?/g) 0.82 0.60 0.50 94.09
Mean pore diameter (nm) 16.6 37.8 28.8 0.76
Pore volume (cm®/g) 0.0034 0.0057 0.0036 0.043
PHpz 5.3 5.4 5.4 4.7

7.3 Characterization of pyrolyzed soy flour

7.3.1 XRD

The structure and phase identification of biochars were undertaken by employing XRD

line profile analysis. X'Pert HighScore Plus software was used to locate and match the peaks

present in XRD line profile data. The presence of a wide range of mineral crystals and other

inorganic compounds was validated for the XRD line profiles of biochars synthesized at 450,

CHAPTER 7

130



650, and 750 °C (Fig. 7.1 (b)). Peaks visible at various 28 values for SBc450, SBc650, and
SBc750 samples indicated the existence of graphite (C, ICDD-03-065-6212), calcite (CaCOs3,
ICDD-01-072-1937), kalicinite (KHCOs, ICDD-01-074-1846), and chaoite (C, ICDD-00-022-
1069), as shown in Fig. 7.1(b).

The availability of graphitic C confirmed the conjectures postulated from
TG/DTG/DTA analysis. It can be seen that as the pyrolysis temperature was increased, more
mineralization peaks appeared, marking an increase in the mineral content of the sample. The
humps observed in the XRD pattern of SBc750 at 26 ~26° and 44° could be due to amorphous
graphitic carbon formed at higher temperature [252]. These results clearly indicated that
pyrolysis of soy flour lead to formation of oxide ashes containing K and Ca, and the content of
minerals increased with increasing temperature. Since soy flour was pyrolyzed in an inert
atmosphere, so the carbon in the soy flour did not entirely burn off, and available carbon reacted
with existing elements to generate the aforementioned ashes. In the case of SBc750-NA, only
two broad peaks at 20 ~26° and 44°, along with the peak for graphite, were observed. These
peaks indicated the presence of amorphous carbon. In SBc750-NA sample, absence of sharp
peaks for K and Ca based minerals indicated the complete demineralization after treatment
with the HNO:s.

7.3.2 FE-SEM

The morphological details obtained for the soy flour, SBc450, SBc650, SBc750 and
SBc750-NA samples using FE-SEM are shown in Fig. 7.2. Fig. 7.2(a) shows that the soy flour
consisted of particles with uneven morphologies. After pyrolysis these particles decomposed

into powder with no distinct morphology or uniform pore size (Fig 7.2(b-d)).

Change in the morphology including the pore formation for biochar samples occurred
due to release of volatiles during decomposition (decrease of mass in TG) and condensation of
residual carbon [253]. The FE-SEM image of SBc750-NA sample shows the removal of small
granular remains from the sample surface and also emergence of more/new type of pores
(indicated by arrows) after the HNOstreatment (Fig. 7.2(e)). This may lead to increased surface
area and needs to be probed further by using N2 adsorption-desorption isotherm. The results

about the porosity of the pyrolyzed samples will also have to be confirmed by BET analysis.
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Fig. 7.2: FE-SEM image of (a) soy flour, (b) SBc450, (c) SBc650, (d) SBc750 and (e) SBc750-
NA sample (Arrows indicated the new type of pores which emerged after acid
treatment).

7.3.3 Raman spectroscopy

Raman spectroscopy was carried out to investigate the structural perfection and defects
in the synthesized samples. The obtained Raman spectra for SBc450, SBc650, SBc750, and
SBc750-NA samples are shown in Fig. 7.3. The spectra exhibit prominent peaks at 1350 cm™,
1590 cm™ and 2900 cm:, designated as D, G, and G” bands, respectively. D-band is associated
with the disorder in carbon, G-band with ordering in the carbon structure, and the G" band is
induced due to disorder, and is an overtone of the D band. The ratio of the intensity of the D
and G band was termed as Io/lc. The values of 1o/l for SBc450, SBc650, SBc750 and SBc750-
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NA obtained were 0.91, 1.01, 1.04, and 0.98, respectively. With increasing pyrolysis
temperature, the Ip/lg ratio has increased, indicating that the structure of biochar becomes more
disordered with increasing pyrolysis temperature [254]. This may also be attributed to the
increased content of mineral ashes as confirmed from XRD. These results were in line with the
XRD results which indicated that with increase in the pyrolysis temperature, the sample
becomes amorphous and hence disordered. It was also observed that with increase in the
pyrolysis temperature, the intensity of the G” band decreased indicating the decreased
graphitization of carbon in the heat-treated samples [104,221]. For the SBc750-NA sample,
the intensity of G band increased showing the increased content of ordered graphitic carbon for

this sample.
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Fig. 7.3: Raman spectra of synthesized samples.

7.3.4 UV-Visible spectroscopy

Reflectance spectra of the synthesized samples were obtained using UV-Visible
spectroscopy, as shown in Fig. 7.4(a). The n-n" transition of sp? graphitic carbon was visible
as a reflectance peak at 250 nm in these samples [218]. The bandgap of SBc750 and SBc750-
NA samples were calculated using the Kubelka-Munk model (Fig. 7.4(b)) as explained in
chapter 3 (section- 3.3.6)

For SBc750 and SBc750-NA samples, the calculated allowed direct bandgaps were 4.81
eV and 4.83 eV, respectively (Fig. 7.4(b)). The slight increase in bandgap with modification
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with HNOs may be attributable to the reduced nitrogen content in these samples [219,220].

This conjecture needs to be confirmed further by XPS.
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Fig. 7.4: (a) UV-Visible diffuse reflectance spectra, (b) band gap of SBc750 and SBc750- NA
samples (c) FTIR spectra and (d) XPS survey spectra of all the synthesized samples.

7.3.5 FTIR Spectroscopy

FTIR spectroscopy was used to study the chemical bonds present in the samples. The
FTIR spectra of the synthesized samples are shown in Fig. 7.4(c). The characteristic band
observed at ~ 3436 cm™ indicated oxygen-containing O-H functional group for all four
samples. This band was generated due to adsorbed water. Few shoulders were observed in non
HNOg treated samples, which were not available in the SBc750-NA sample. These shoulders
might have appeared due to adsorbed water on the various adsorption sites of minerals in the
samples. The bands at ~1375 cm™ and 1100 cm™ were observed only in SBc750-NA sample
and indicated the presence of oxygen containing nitrate group (NO2) and strong C-O stretch.
These bands appeared due to oxidation of the sample by HNO3s [255]. For pyrolyzed samples,
the wide peak at 1610 cm™ indicated the stretch vibration of aliphatic -C=C-/C-C [102,256].
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For increasing pyrolysis temperature and acid treatment, due of the availability of excess
energy the breaking of aliphatic C=C/C-C band took place resulting in the decrease of its
intensity [256]. The decreased intensity signalled that the biomass was transformed from
aliphatic structure to aromatic structure [257]. All of the samples contained a small peak
around 1380 cm!, indicating the existence of an aliphatic C-H bending group. A lower intensity
band around 2030 cm™* shows the presence of C=C [258].

7.3.6 XPS

XPS was performed to characterize the surface elemental composition and chemical
bonds of the synthesized samples. In the survey spectra of the samples as shown in Fig. 7.4(d),
the distinct peaks at 285.8, 400.6, and 531.4 eV are assigned to C1s, N1s, and O1s, respectively.
Along with C1s, N1s, and O1s, prominent peaks of K2p, K2s and Ca2p were also observed at
293 eV, 378 eV and 348 eV, respectively, in the pyrolyzed samples. In case of SBc750-NA
sample, peaks of only C1s, N1s, and Ols were observed. The elemental content of all the
samples is given in Table 7.1. The ratio of N/C in SBc450, SBc650, SBc750 and SBc750-NA
samples were 0.29, 0.17, 0.16 and 0.10, respectively. This confirms the conjecture from UV
visible spectroscopy that the increased band gap was due to decreasing content of N and O in
the samples. It can be observed that with increase in the pyrolysis temperature, the fractional
content of Cl1s, N1s, and Ols decreased (Table 7.1) while that for K2p, K2s, and Ca2p
increased. Soy flour consists of >50% protein resulting in ~7% nitrogen with C, H, O, N, K,
Ca, S, P, and Mg as the primary elements [259]. The XPS survey spectra indicated that under
pyrolysis the breakdown of S, P, and Mg compounds must have resulted in volatile products.
These results also confirmed the XRD peak assignment for the presence of primarily Ca and K
based minerals in the biochar (calcite and kalicinite). For SBc750-NA, the presence of only C,
N and O confirmed the results obtained from XRD line profile for complete demineralization.

HR XPS spectra of C1s, N1s, and O1s for the synthesized samples are shown in Fig. 7.5
and the parameters obtained from fitting are given in Table 7.2. For all the samples, C1s
exhibited C=C peak at 284.2 eV. The % availability of C=C increased with an increase in the
pyrolysis temperature and acid treatment. For SBc450 and SBc650 samples, the presence of
C=N peak is observed which were not observed in SBc750 and SBc750-NA samples indicating
lowering N content with increasing pyrolysis temperature. The presence C=0 peaks were
observed in SBc750, and SBc750-NA samples [260]. The increase in the sp? carbon content
shows that the aliphatic structure is converting to aromatic structure with increasing

temperature and acid treatment.

CHAPTER 7 135



— Eyridilr)ic’-\‘N N1s Ols —C=0
— Pyrrolic- _C-O
o |3 El 3
0 | 3 8 8
S|z 2 s
Q| g 5 2
(7p] € = \f\ g
282 284 286 288 290 394 395 393 400 402 404 528 5% 532 534 536
Binding Energy (eV) Binding Energy (eV) Binding Energy (V)
Cls —C=C — Pyridinic-N N1s O1ls _Cc=0
~ _C-C = Graphitic-N ‘ _Co
8 (:é — C-N/C=N i -
Q| z z g
m |5 g g
wn | E E 5
- £
282 284 286 288 304 396 398 400 402 404 528 530 532 534 536
Binding Energy (eV) Binding Energy (eV) Binding Energy (V)
Cils _c=C — Pyridnic-N — Graphitic-N| N1g O1ls —C=0
—cC =N-X —C0
B2 —c=0] & 3
S| z 3
(7p] § c E
A,
| ~
282 284 286 288 290 392 394 396 398 400 402 404 406 528 530 532 534 536
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Cls cc NIs — Pyridinic-N | [O1s —C=0
< __ Graphitic-N —C0
zZ -~ —C-C —~ -

T 3 =] 3
o | < —C=0|| = 8
o |2 > 2
3 |: : E
~ A
282 284 285 288 290 394 3% 398 400 402 404 406 526 528 530 532 534 53
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 7.5: HR-XPS spectra of C1s, N1s, and O1s of SBc450, SBc650, SBc750, and SBc750-
NA samples.

From the high resolution N1s spectra of all the samples, it can be seen that the pyridinic-
N content increased first with the increase in the pyrolysis temperature and decreased beyond
650 °C. Also, in SBc450 sample, pyrrolic-N was present while in SBc650, SBc750 and
SBc750-NA samples, graphitic-N was observed. This is because the pyridinic and graphitic-N
are more stable functionalities than pyrrolic-N above 500 °C [227,261]. The presence of
oxidized-N (N-X) in SBc750 and SBc750-NA samples was observed due to the oxidation of
pyrrolic-N and pyridinic-N with increase in pyrolysis tempaerature and further with acid
treatment. From O1s spectra, the exhibition of C-O and C=0 peaks were observed for all the

samples. These results clearly show that even though the overall oxygen content of the samples
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has decreased, the carbon as well as nitrogen were more oxidized for the SBc750 and SBc750-

NA samples.

Table 7.2: Parameters obtained from XPS peak fitting.

%oat
Group SBc450 SBc650 SBc750 SBc750-NA
C sp? 34.2 46.9 59.6 63.7
Cls C sp® 55.3 38.3 32.0 23.1
C-N/C=N 10.5 14.8 - -
C=0 - - 8.4 13.2
pyridine 46.6 55.3 43.9 32.3
N1s Pyrrole 53.4 - - -
Graphitic - 44.7 38.2 47.2
N-X - - 17.9 20.5
Ols C=0 48.4 41.5 50.8 67.9
C-0O 51.6 58.5 49.2 321

7.3.7 N2 adsorption-desorption isotherms

The N2 adsorption-desorption isotherms and pore size distribution curves for all the
synthesized samples are shown in Fig. 7.6(a) and 7.6(b). The BET surface areas obtained for
only pyrolyzed samples were insignificant and below 1 m?/g (Table 7.1). The BET surface area
for SBc750-NA was observed to be enhanced multiple times (~100) and was 94.09 m?/g. The
adsorption behaviour of the SBc750-NA sample was similar to the type | and H4 adsorption
classifications showing the adsorption amount increased sharply in the low relative pressure

range due to the micropore filling effect [262].
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Fig. 7.6: (a) N2 adsorption-desorption isotherm and (b) pore size distribution with inset
showing the pore distribution in the microporous region for all the synthesized
samples.

This significant increase in surface area post acid treatment indicated increased
porosity. The pore size distribution, calculated using BJH (SBc450, SBc650, SBc750) and
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Horvath-Kawazoe method (SBc750-NA) is shown in Fig. 7.6(b). The results clearly indicate
that the lower surface area of SBc450, SBc650, SBc750 samples was observed due to
insignificant number of micropores available for the samples. For SBc750-NA sample there
were significantly large number of pores observed in the microporous region (diameter < 2 nm)
with average mean pore diameter of 0.8 nm. Pores resulted in enhanced surface area for the
sample and might be helpful for the adsorption of lower molecular size pollutant molecules (<
0.8 nm).

7.3.8 Point of zero charge (pHpzc) of samples

A pHpzc is the pH at which the surface of the sample has no net charge. The sample's
surface has a net positive charge below pHpzc and a net negative charge above pHpz. As shown
in Fig. 7.7, the pHpzc values obtained for SBc450, SBc650, SBc750 and SBc750-NA were 5.3,
5.4, 5.4, and 4.7, respectively. The decrease in the pHpzc for SBc750-NA sample was due to
acid treatment resulting in demineralization, thus reducing the ash content and also resulted in
oxidation of sample making it acidic [260,263]. The pH of most dye solutions lies between 5-
6 and pHpzc obtained for the synthesized samples was in same range, therefore, all the samples
will be able to show the better adsorption for both cationic and anionic dyes.

4
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Fig. 7.7: pHpzc of the synthesized samples.
7.4 Adsorption studies
7.4.1 Model Pollutants

The adsorption studies for MB, CV, EBT, PNP, CIP and DEP as model pollutants were
carried out to study the effect of pyrolysis temperature and acid wash on the potential

adsorption applications of synthesized biochar samples. The % adsorption of pollutants after 3

hours is shown in Fig. 7.8 (a). It was observed that all the samples show better adsorption for

CHAPTER 7 138



dyes as compared with other pollutants (<10%). Therefore, further studies were carried out on
cationic dye MB and anionic dye EBT. Fig. 7.8 (b) shows the % adsorption of MB and EBT
with time on SBc750 sample. It is clear from the data that with increase in pyrolysis
temperature, the % adsorption increased for all the pollutants. For cationic dyes, the lower N
functionality resulted in higher adsorption capacity. The higher N functionality in a sample
leads to an enhancement in the basic nature of the sample and results in an electrostatic
repulsion between N containing sample and cationic dyes. Thus, for the pyrolyzed samples the
adsorption of cationic dyes MB and CV was maximum for the SBc750 sample as the N-content
was lowest in this sample [63]. In case of anionic dye EBT also the adsorption efficiency
increased with the increasing pyrolysis temperature. This was due to enhanced Lewis basic
nature as a result of higher pyridinic-N and graphitic-N content. The electrostatic interaction
between Lewis basic sites and anionic surface of dye resulted in increased adsorption. The
surface chemistry clearly played a vital role in the dye adsorption process and inspite of very
low surface area of pyrolyzed samples, significant amount of adsorption was observed for the
SBc750 sample. For SBc750-NA sample, the enhanced % adsorption can be attributed to
increased porosity and thus surface area. The enhanced surface area led to availability of more
active sites for adsorption process. Also, the increased graphitic-N content in this sample
enhanced positive surface which led to enhanced adsorption of EBT. The increased efficiency
for cationic dye adsorption onto SBc750-NA sample was also attributed to the decreased pHpzc
of the sample due to enhanced N-X content. The adsorption of dyes onto SBc750-NA sample
enhanced only by ~1.5 times in spite of having ~100 times of the surface area than SBc750
sample. This is attributed to the lower average micropore size (0.8 nm) of SBc750-NA sample.
The size of MB and EBT molecules are >0.8 nm and therefore the volume within the

micropores was not accessible for adsorption.

For all the samples, cationic dyes adsorbed better than anionic dye. Since the point of
zero charge of the samples was below the normal pH of EBT dye (6.6) so the sample possessed
net negative charge on the surface. Therefore, due to electrostatic repulsion between negative
surfaces of adsorbate and adsorbent, the adsorption of EBT was lower than cationic dyes for
all the samples [264].

CHAPTER 7 139



100

= VB mm CV (a) 60{-=MB |(b)
g0/ EBT mm PNP ~-EBT

. |mm CiPmm DEP 501
i) c

5601 2 401
= B

172 - 304
240 2

< < 20
X

201 10

0. l

SBc450  SBc650  SBc750 SBc750-NA 0 20 40 60 80 100 120 140 160 180
Sample ID Time (min.)

Fig. 7.8: % Adsorption of (a) MB, CV, EBT, PNP, CIP and DEP on SBc450, SBc650, SBc750
and SBc750-NA samples after 3 hours and (b) MB and EBT with time on SBc750
sample.

7.4.2 Effect of pH variation of dyes

The effect of pH variation was studied for SBc750 sample with MB and EBT dyes using
1 mg/L of dye and 20 mg/L of adsorbent.

MB: The MB adsorption efficiency of the SBc750 sample increased as the pH was
elevated (Fig. 7.9 (a)). At lower pH values, the sample's surface had a net positive charge,
which lowered the cationic dye adsorption. The surface of the SBc750 sample had a more and
more of net negative charge as the pH increased over pHpzc (5.4), and therefore the sample
absorbed the MB dye more efficiently due to electrostatic interaction/hydrogen bonding.

EBT: As demonstrated in Fig. 7.9(a), the adsorption capacity of the SBc750 sample
drops with the pH of the EBT solution. At lower pH, the sample's surface had a net positive
charge, and an increased electrostatic interaction with the negatively charged anionic dye EBT
was observed. The surface of the sample had a net negative charge at higher pH, i.e., above
pHpzc (5.4), which resisted the negatively charged EBT dye, resulting in decreased adsorption.
7.4.3 Recyclability test

To examine the recyclability of synthesized samples for adsorption of MB and EBT
dye, recyclability studies were carried out (Fig. 7.9(b)). For the recyclability test, MB and EBT
dyes were used at concentrations of 1mg/L, with an adsorbent concentration of 100 mg/L. The
SBc750 sample's adsorption efficiency was measured for 14 cycles in a row. From the first to
the fourteenth cycle, the % adsorption of MB and EBT dye varied by 8.1% and 9.6%,
respectively. This difference might be attributed to sample loss during the recycling studies.
So, the sample is reusable for both MB and EBT dye adsorption without compromising

efficiency.
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Fig. 7.9: % Adsorption of MB and EBT on SBc750 sample (a) with variation in pH after 3
hours and (b) recyclability test for 14 cycles.

7.4.4 Adsorption isotherm modeling

Fitting with adsorption isotherms was utilized to estimate the effectiveness of adsorbent
material and the type of adsorption [176]. Langmuir and Freundlich isotherm models were
utilized to fit the experimental data for MB and EBT adsorption onto the SBc750 and SBc750-
NA sample (explained in chapter 3 (section 3.4.1)). The fitted graphs for the isotherms are
shown in Fig. 7.10 and Fig. 7.11 and the parameters obtained from fitting both the isotherms
are given in Table 7.3 and Table 7.4.

SBc750: The obtained n values for MB and EBT for the Freundlich fitting were 4.01
and 2.20, respectively, demonstrating that adsorption was favored in both instances. According
to the regression coefficient values for both models, the MB dye adsorbs onto the SBc750
sample through monolayer formation following Langmuir isotherm model. The emergence of

Freundlich model as a better fit for EBT revealed that it forms multilayers on the surface of the

SBc750 sample [179].
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Fig. 7.10: Isotherm fitting for MB and EBT adsorbed on SBc750 (100 mg/L) using (a)
Langmuir and (b) Freundlich model.
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Table 7.3: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
MB and EBT adsorption onto SBc750 sample (100 mg/L).

Adsorption Dye Adsorbed Parameter Value R?
kL (L/g) 0.65
MB ge (Mg/g) 32.60 0.93
Langmuir RL 0.60
isotherm ki (L/g) 0.24
EBT ge (Mg/g) 22.91 0.89
RL 0.80
ke (L/Q) 3.23
Freundlich MB n 4.01 0.87
isotherm EBT ks (L/Q) 2.23 0.94
n 2.20
0.20- (@) 1.8{(0)
0.151 161
1.4
E-G)O.lo UCD
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Fig. 7.11: Isotherm fitting for MB and EBT adsorbed on SBc750-NA (100 mg/L) using (a)
Langmuir and (b) Freundlich model.

Table 7.4: Parameters obtained from Langmuir and Freundlich isotherm models obtained for
MB and EBT adsorption onto SBc750-NA sample (100 mg/L).

Adsorption Dye Adsorbed Parameter Value R?
ke (L/g) 1.52
MB ge (Mg/Q) 51.11 0.974
Langmuir RL 0.39
isotherm kL (L/g) 0.92
EBT ge (Mg/g) 54.30 0.950
RL 0.52
ks (L/Q) 3.89
Freundlich MB n 3.12 0.993
isotherm EBT ks (L/g) 3.69 0.945
n 2.30

SBc750-NA: The obtained n values for MB and EBT for the Freundlich fitting were
3.12 and 2.30, indicating that adsorption was favoured for both dyes. The Freundlich model's
occurrence as a superior fit for MB revealed that it creates multilayers on the surface of the
SBc750-NA sample. The EBT dye adsorbs onto the SBc750 sample via monolayer formation
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using the Langmuir isotherm model, according to the regression coefficient values for both

models.

7.4.5 Adsorption kinetic modeling

For estimating the adsorption rates of MB and EBT dyes (1mg/L) onto SBc750 and
SBc750-NA sample (20 mg/L), PFO, PSO and Elovich models were used to examine and
evaluate the adsorption kinetics (explained in chapter 3 (section 3.4.2)). Simultaneously, the
IPD model was used to investigate the diffusion process during adsorption. The fitted kinetic
models curves for SBc750 sample are shown in Fig. 7.12(a-d) and parameters obtained from
the fittings are given in Table 7.5 and Table 7.6. The kinetic model fits for SBc750-NA sample
are shown in Fig. 7.13(a-d) and parameters obtained from the fittings are given in Table 7.7
and Table 7.8. The experimental data of the amount of MB and EBT adsorbed, gt (mg/g), at
time t and the amount adsorbed at equilibrium, ge (mg/g) were calculated using the equations

as explained in chapter 3 (section 3.4.2).
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Fig. 7.12: Kinetic modeling of MB and EBT (1 mg/L) adsorbed on SBc750 (20 mg/L) using
(@) PFO, (b) PSO, (c) Elovich, and (d) IPD model.

The experimentally obtained ge values for MB and EBT dye using SBc750 sample were
29.34 and 19.69 mg/g, respectively. The experimentally obtained ge values for MB and EBT
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dye using SBc750-NA sample were 43.80 and 34.46 mg/g, respectively. The variation in the
values of ge was not much despite of higher surface area of SBc750-NA sample because of its
lower average micropore size (0.8 nm). The size of MB and EBT molecules are above 0.8 nm
and therefore could not enter in the pores <0.8 nm for adsorption.

Table 7.5: Parameters of kinetic modeling of MB and EBT adsorbed at SBc750 sample. (qe
(MB) =29.34 mg/g and ge (EBT) = 19.69 mg/qg).

Dye Kinetic Parameters Value R?
PFO Ele((%r;/i;)) pags 0975
MB PSO ke fqge/ &ggg;”') 03;(1).07{43 0.982
coven o) 3% oo
PFO Et((%r;/ig)) co 0926
EBT PSO ke Sﬂ’ &ggg;”') 02'898237 0.990
covtrarggmin) 928 g
Table 7.6: Parameters of diffusion model (IPD) of MB and EBT adsorbed at SBc750 sample.
Dye Parameters Value R?
Ve o amin, 1o 0%
A R

SBc750-NA: The %Aqe values for the MB and EBT dyes were 76.3% and 73.6%,
respectively. For the MB and EBT dyes, the %Aqe values for PSO fit were 17.3% and 8.5%,
respectively. Based on %Aqe values and regression coefficients derived by PFO, PSO, and
Elovich fits, adsorption of both MB and EBT onto SBc750-NA sample followed the PSO model
(Table 7.7). This showed that chemisorption played a role in the adsorption process. The
adsorption mechanism for both dyes in the SBc750-NA sample is divided into two steps: initial
adsorption via boundary layer diffusion, followed by intraparticle diffusion [46]. For MB and
EBT adsorption, boundary layer diffusion occurs up to 30 and 45 minutes, respectively, but

intraparticle diffusion occurs beyond these times (Fig. 7.13(d)).
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Fig. 7.13: Kinetic modeling of MB and EBT (1 mg/L) adsorbed on SBc750-NA (20 mg/L)
using (a) PFO, (b) PSO, (c) Elovich, and (d) IPD model.

Table 7.7: Parameters of kinetic modeling of MB and EBT adsorbed at SBc750-NA sample.
(ge (MB) = 43.80 mg/g and ge (EBT) = 34.46 mg/q).

Dye Kinetic Parameters Value R?
PFO EZ((%EL”)) losy 0958
MB PSO ko g%/(rpnggg;n.) 0503(?8;8 0.984
N
PFO zle ((# g‘/ig)) %90197 0.982
EBT PSO k2 g%/(r:]ngg/rg;n.) 05099227 0.996
ErL%\:jlgr a (mg/é:; min.) 108..192768 0.998

Table 7.8: Parameters of diffusion model (IPD) of MB and EBT adsorbed at SBc750-NA

sample.

Dye Parameters Value R?
Kigr(mg/g min*? 4.459

MB Kid2 (mg/g min'/?) 2.701 0.986
Kiar(mg/g min*? 3.596

EBT Kid2 (mg/g min'/?) 1.567 0.999
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7.4.6 Adsorption Mechanism
The adsorption of both MB and EBT onto the SBc750 sample was fast at first, but it
saturated to the final value later (>120 min), as seen in Fig. 7.8 (b). Table 7.9 shows the results

of different isotherm and kinetics fit with experimental data.

SBc750: For MB dye, the Langmuir nature of the isotherm suggested that MB
undergoes reversible adsorption at several equivalent sites, resulting in the development of a
monolayer on the surface of SBc750 via chemisorption as confirmed by PSO model. A two-
step fit of the IPD revealed that adsorption occurs first through boundary layer diffusion and
subsequently through intraparticle diffusion after 12 minutes. For EBT dye, the adsorption
followed Freundlich isotherm, the value of n obtained was 2.22 (>1) indicating the
homogeneous nature of the surface for adsorption. Thus the adsorption on the surface of the
sample takes place by chemisorption as it follows PSO model with a monolayer or may be by
bilayer. The bilayer adsorption may occur due to strong electrostatic interaction of EBT and
SBc750 sample due to presence of Graphitic-N in the sample. Two step fit of IPD indicated
that initially adsorption takes place through boundary layer diffusion and then by intraparticle
diffusion beyond ~10 min.

SBc750-NA: The adsorption of MB followed Freundlich model and PSO model. In this
case, value of n obtained for MB was 3.12. Therefore, the adsorption on the surface of the
sample takes place by chemisorption as it follows PSO model with a monolayer or may be by
bilayer. This was in agreement with opposite charge between the dye and SBc750-NA at the
optimal pH. (Section 3.10.2). Two step fit of IPD indicated that initially adsorption takes place
through boundary layer diffusion and then by intraparticle diffusion beyond ~30 min. For EBT
dye, the isotherm's Langmuir nature revealed the formation of a monolayer on the surface of
sample with chemisorption as confirmed by PSO. A two-step fit of the IPD revealed that
adsorption occurs first by boundary layer diffusion and then after 45 minutes, occurs via
intraparticle diffusion.

Table 7.9: Results of different adsorption isotherm and kinetic modeling.

Sample ID Dye adsorbed Isotherm  Kinetic model IPD
MB Langmuir PSO 2 step

SBC750 EBT Freundlich PSO 2 step
MB Freundlich PSO 2 step

SBC750-NA EBT Langmuir PSO 2 step

Table 7.10 shows the conclusion of adsorption results obtained using the SBc750-NA

sample for MB and EBT adsorption.
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Table 7.10: Adsorption results for the best sample.

Sample ID Pollutant ge (mg/g) Kinetic model  Kinetic
SBc750-NA MB 51.11 PSO Freundlich
EBT 54.30 PSO Langmuir
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Chapter 8

Photo-induced decolorization studies

Overview

The present chapter describes the photo-induced activity studies for those samples which had
the best adsorption chracteristics as described in the previous chapters by testing their
properties under UV irradiation and sunlight. The % decolorization efficiency of the chosen
samples was tested for the pollutants viz. MB, EBT, PNP, CIP, and DEP. To determine the
mechanism for decolorization enhancement, scavenger tests were carried out and explained

with the help of valence band spectra and bandgap of the samples.
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8.1 Introduction

It has been reported that carbon spheres show photodegradation of organic
compounds [78,265]. The photodegradation ability of the material directly depends upon the
band gap of the sample. There are few studies where the photodegradation of pollutants using
porous/activated spherical carbons are reported. The photo-induced activity of the synthesized
samples is discussed in this chapter. The samples were selected for these studies based on their

adsorption results.

8.2 Selection of samples

On the basis of the results obtained for adsorption of various pollutants (discussed in
chapter 4-7), selection of samples was done for the irradiation studies. From HTC synthesized
samples, GS1 sample was concluded to be the best sample for adsorption. Further from thermal
and chemical activation of GS1 sample, GS-Ar, GSK2 and GSZ2 samples were found to be
better among other samples, respectively. From the pyrolysis of soy flour, the best sample for
adsorption was SBc750-NA. So, these 5 samples were selected to test their photo-induced

activity, if any.

8.3 Photo-induced decolorization studies
8.3.1 GS1 sample

GS1 sample was tested for pollutants viz. MB, EBT, PNP, CIP and DEP, under UV
irradiation, and sunlight and the results are shown in Fig. 8.1(a). The data clearly showed that
the % decolorization of MB and EBT dyes is enhanced under sunlight and UV irradiation in
comparison with that for dark than other pollutants. The enhancement was maximum for
sunlight containing mixture of UV and visible light having higher intensity (~17500 Ix) as
compared to UV lamp (~14000 Ix). The further photo-induced activity studies have been
undertaken only for UV irradiation (A<400 nm). To test the recyclability of the sample under
UV irradiation, it was tested for 5 consecutive cycles for MB % decolorization under UV
irradiation. The sample shows similar % decolorization in all cases without any decrement (Fig.

8.1 (b)). Hence, the sample is completely recyclable for use under UV irradiation.
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Fig. 8.1: Representing the % decolorization of (a) pollutants using GS1 under dark, UV
irradiation and sunlight (b) recyclability of GS1 under UV irradiation for MB dye,
UV-Vis absorbance spectra of (¢) MB and (d) EBT under UV irradiation and in dark.

Fig. 8.1 (c) and (d) show the comparison of the UV-Vis absorbance spectra for dark and
UV irradiation after 3 hours for both dyes. The data clearly showed that even though there was
a decrease in intensity but no new peaks emerged. This indicated that though the %
decolorization is increasing but this photo-induced activity may not have resulted in any
significant degradation of dyes. The enhancement in % decolorization is ~20% for MB whereas
for EBT it is 53 % after 3 hours. The possible reason for the stark contrast in the behavior of
the MB and EBT can be explained by the adsorption isotherm fitting data for the two systems.
The Langmuir model fit for MB dye adsorption already indicated a strong interaction between
GS1 sample and dye (section 4.5.5, chapter 4). Whereas for EBT, the % decolorization in dark
is ~ 6.1 % and under irradiation, it is increasing manifolds indicating photo-induced
enhancement of surface characteristics and hence adsorption.

The effect of concentration of the sample on % decolorization under UV irradiation was
also studied for MB dye. From Fig. 8.2(a), it can be noted that with the increase in the sample
concentration from 4 mg/L to 20 mg/L, % decolorization increases from 65 to 71.5% due to

increased availability of surface sites.
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Fig. 8.2: (a) Variation in % decolorization of MB with increase in adsorbent amount and (b)
% decolorization of MB and EBT (1 mg/L) for GS1 sample (20 mg/L) under UV
irradiation with and without scavengers after 3 hours.

The mechanism of enhanced photo-induced activity under UV irradiation was
explained using a combination of scavenger tests and valence band spectra. In this process, 0.5
mM each of isopropyl alcohol (IPA) ascorbic acid (AA), ammonium oxalate (AO), sodium
sulphate (SS), were taken as scavenging agents respectively for hydroxyl free radical ("OH),
superoxide free radical anion (O2"), holes (h™), and electrons (e ). The % decolorization of
MB and EBT in the presence of all the scavengers and without any scavenger under UV
irradiation is shown in Fig. 8.2(b).

The retardation in the % photo-induced activity of MB using IPA AA, SS, and AO,
were ~6%, 49%, 11%, and 44%, respectively. The retardation in the % photo-induced activity
of EBT using IPA AA, SS, and AO, were nearly 14%, 52%, 7%, and 47%, respectively. It is
clear from the results obtained that all the active species participated in the decolorization of
MB and EBT but O, and e were the predominant active species in the decolorization process
while hydroxyl free radical and hole participated least. During the photo-induced activity
process, the possible participation trend is: 02 ~e >h"~ "OH. The valence band spectra from
the XPS data and band diagram obtained for the GS1 sample in conjunction with the UV data
are shown in Fig. 8.3(a). From VB spectra, the Valence Band Edge (VBE) is found to be lying
at 0.5 eV. With the help of UV-Visible spectroscopy, the calculated band gap (Eg) of GS1 is
4.5 eV. Hence, the value of conduction band edge (CBE) (Fig. 8.3(b).) came out to be -4 eV
using formula:

Bandgap = ICB-VB| (8.1)
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Fig. 8.3: (a) VB spectra and (b) band diagram for GS1 sample.

The other pollutants showed negligible change in % decolorization under UV
irradiation, so they were not tested further. The mechanism for the enhanced decolorization is
discussed in section 8.4.

8.3.2 GS-Ar sample

The photo-induced activity studies were carried out with MB, EBT, PNP, CIP and DEP,
under UV irradiation and sunlight for GS-Ar sample. The absorbance spectra of MB and EBT
after 3 hours under dark and UV irradiation in the presence of GS-Ar sample are given in Fig.
8.4 (a) and (b), respectively. There was a clear shift in intensity but no new peaks emerged.
The irradiation data for all the samples in comparison with dark is given in Fig. 8.4 (c). It was
clear from the data that GS-Ar sample was not photoactive for PNP, CIP, and DEP. Therefore,
further studies were carried out only for MB and EBT dye. The enhacement in % decolorization
of MB and EBT obtained after 3 hours of exposure of UV irradiation were 62% and 14%,
respectively. The adsorption isotherm fitting data for the two systems can be used to understand
the potential cause of the major distinction in behaviour between the MB and EBT. A
substantial interaction between the GS-Ar sample and EBT dye was evident from the Langmuir
model fit for its adsorption (section 5.5.5, chapter 5). In contrast, for MB, the percentage of
decolorization in the dark was only 20.4%, and when exposed to light, it multiplies, indicating

photo-induced improvement of surface characteristics and consequently adsorption.
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Fig. 8.5: (a) VB spectra and (b) band diagram of GS-Ar sample.

The results for the scavenger tests conducted for MB and EBT dyes are shown in Fig.
8.4(d). The retardation in the % photo-induced activity of MB using IPA AA, SS, and AO,
were ~26%, 58%, 49%, and 47%, respectively. It is clear from the results obtained that all the

active species participated in the decolorization of MB but O2"  was the predominant active
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species in the decolorization process while hydroxyl free radical participated least. During the
photo-induced decolorization process, the possible participation trend is: 02" >e ~h™ "OH.
The retardation in the % photo-induced activity of EBT using IPA, AA, SS, and AO, were
~27%, 80%, 26%, and 51%, respectively. The results clearly indicated that all the active species
participated in the decolorization process but O, was predominant active species for
decolorization process followed by h*, ‘OH and ¢ . For EBT dye, in presence of scavengers,
the % decolorization was decreased below its adsorption efficiency in dark, strengthening the

conjecture of photo-induced surface characteristics modification.

The band diagram of the GS-Ar sample was obtained using VB spectra (Fig. 8.5(a))
and UV-Visible spectra, as shown in Fig. 8.5(b). The position of VB was calculated to lie at

0.23 eV, and the position of CB was calculated at -4.57 eV.

1004 (2)|mum Dark (b) |mmDark
i iati 1001
mm UV irradiation B UV Irradiation
c 80; I Sunlight Sg04 mm Sunlight
= g
S N
.'g‘ 601 §60-
—_ o
§ 40 2401
(=]
8 20 3
20
0.
MB EBT PNP CIP DEP MB EBT PNP CIP DEP
Pollutant Pollutant
— MB initial (© (d)| — EBT initial

— EBT dark 3h
— EBT UV irradiation 3h

— MB dark 3h
— MB UV irradiation 3h

Absorbance (a.u.)
Absorbance (a.u.)

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (a.u.) Wavelength (nm)

Fig. 8.6: % Decolorization of MB, EBT, PNP, CIP, and DEP in dark, UV irradiation and
sunlight, using (a) GSK2 and (b) GSZ2, absorbance spectra of (c) MB and (d) EBT
under UV irradiation, dark, using GSZ2 after 3 hours.
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8.3.3 GSK2 and GSZ2 samples

For photo-induced activity study, GSK2 and GSZ2 samples were used for the pollutants
including MB, EBT, PNP, CIP and DEP. Fig. 8.6(a) and 8.6(b) show the % decolorization of
pollutants under dark, UV irradiation and sunlight using GSK2 and GSZ2 samples,
respectively. It can be observed that GSK2 sample showed enhanced decolorization under UV
irradiation and sunlight for MB and EBT dyes. In case of PNP, CIP and DEP, no significant
variation in the decolorization was observed under UV irradiation and sunlight. The change in
% decolorization for MB and EBT using GSK2 sample were 2% and 27%, respectively. The
Langmuir model fit for MB dye adsorption showed that the GSK2 sample and dye had a
significant interaction (section 6.4.5, chapter 6). The percentage of decolorization for EBT, in
comparison, is only 17.1% in the dark, and it increases when exposed to light, demonstrating
the photo-induced enhancement of surface properties and thus adsorption. In the case of GSZ2
sample, the decolorization was observed to be enhanced under UV irradiation and sunlight for
MB, EBT, PNP, and CIP. The % adsorption under sunlight observed were nearly same as under
UV irradiation indicating more dominating role of UV irradiation. For the GSZ2 sample, the
change in % decolorization for MB, EBT, PNP and CIP were ~11%, 20%, 11% and 15%,
respectively. The Langmuir model fit for all the pollutants during adsorption showed that the
GSZz2 sample and pollutants had a significant interaction and therefore, the photo enhancement
occurred was small but not insignificant (section 6.4.5, chapter 6). The UV visible absorbance
spectra for MB and EBT under dark and UV irradiation using GSZ2 sample are shown in Fig.
8.6 (c) and (d), respectively. Under UV irradiation for 3 hours, the initial peak diminished and
no new peak emerged indicating that enhanced photo-induced adsorption rather than

degradation occurred.

Fig. 8.7(a) shows the % decolorization of MB, EBT under UV irradiation and in
presence of scavengers using GSK2 samples. From scavenger tests, the retardation in the %
photo-induced activity of MB using IPA AA, SS, and AO, were nearly 5.6%, 37.7%, 16.6%,
and 24.7%, respectively. The following is a possible participation pattern throughout the photo-
induced activity: O2" >h*~e > "OH. The retardation in the % photo-induced activity of EBT
using IPA AA, SS, and AO, were 3.5%, 21.3%, 14.7%, and 11.6%, respectively. The possible
participation pattern throughout the photo-induced activity is: 02" >e¢ ~h™> "OH. Data show
that O2" was the most participating active species and that ‘OH was the least participating
during the decolorization process of MB and EBT using GSK2 sample. For MB dye using

GSK2 sample, in presence of scavengers, the % decolorization was decreased below its
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adsorption efficiency in dark, strengthening the conjecture of photo-induced surface

characteristics modification.
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Fig. 8.7: % Decolorization of (a) MB, EBT using GSK2 and (b) MB, EBT, PNP and CIP using
GSZ2 in presence of scavengers (c) VB spectra of GSZ2 sample and (d) photo-
induced decolorization mechanism of pollutants using GSZ2 sample.

In case of GSZ2 sample, Fig. 8.7(b) shows the % decolorization of MB, EBT, PNP and
CIP under UV irradiation and in presence of scavengers. For MB dye, using IPA AA, SS, and
AO, the % photo-induced activity was retarded by almost 2.5 %, 14.6 %, 6.4 %, and 8.8 %,
respectively. The results show that while all active species contribute in the decolorization of
MB, O2" was the most prevalent active species in the decolorization process, while the
hydroxyl free radical played the least important role. The following is a possible participation
pattern throughout the photo-induced activity: O2° >h" ~e > "OH. In the case of EBT dye,
the % photo-induced activity was retarded by ~12%, 48%, 32%, and 25%, using IPA AA, SS,
and AO, respectively. The results show that O~ was the most prevalent active species and
"OH was least prevalent in the decolorization process. The following is a possible participation
pattern throughout the photo-induced activity: O2° >e >h* > "OH. For PNP, the retardation
in % decolorization was ~6, 13%, 34% and 8%, using IPA AA, SS, and AO, respectively. The

CHAPTER 8 158



results showed that ¢ participated most actively and "OH participated least in the photo-
induced activity and followed the trend: e >h" ~O2" > "OH. IPA, AA, SS, and AO retarded
the % photo-induced activity of CIP by almost 5.1 %, 30.6 %, 19.5%, and 17.3 %, respectively.
The data demonstrate that O2"  was the most prevalent active species and "OH was the least
prevalent in the decolorization process. During the photo-induced activity, 02" >e >h' >

"OH is a possible participation pattern.

The VB spectra of GSZ2 sample is shown in Fig. 8.7 (c). The position of VB edge was
obtained at 0.19 eV, and the position of CB edge was obtained at -4.56 eV using band gap and
VB spectra. The band diagram for GSZ2 sample is shown in Fig. 8.7 (d).

Combination of scavenger tests and UV spectra clearly indicated that for all the
synthesized samples, the photo-induced activity is the result of change in surface adsorption
characteristics due to Oz formation.

8.3.4 SBc750-NA sample

The photo-induced activity study using SBc750-NA sample for the pollutants including
MB, EBT, PNP, CIP and DEP. The sample showed no significant variation in the %
decolorization of pollutants under UV irradiation and sunlight as compared to dark. Therefore,
further, photo induced decolorization studies were not carried out for this sample.

8.4 Mechanism of photo-induced activity

For all the four samples viz. GS1, GS-Ar, GSK2 and GSZ2, the positioning of the CB
edge has a higher negative value than the usual O»/O2 redox potential (0.046 eV vs NHE),
which aids in the reduction of dissolved Oz in H20 to create O2" . The VB edge of the OH /"OH
(+1.99 eV vs NHE) is greater than the VB edge of the samples. As a result, oxidation of OH
to produce "OH was prohibited [266,267]. The results were consistent with the scavenger tests
for all the samples. The scavenger test results showed that O2" was maximum while OH was
least responsible for the enhanced photoactivation of the synthesized samples. When the light
of suitable energy (energy above the bandgap) falls on the sample surface, electron-hole pair
is generated. These e react with the dissolved oxygen molecule (O2) in water to form Oz
and the h* in the valence band react with the water to produce "OH (limited in our samples).
Presence of these ions may be responsible for modifying the adsorbate surface chemistry

leading to enhanced adsorption and hence % decolorization.

The proposed mechanism for various pollutants based on the scavenger tests and VB
spectra is shown in Fig. 8.8.
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Chapter 9

Conclusions and future scope

Overview

In this chapter, the conclusions obtained from the work undertaken for the synthesis of soy
flour-based N doped carbons via the HTC method and their activation by thermal and chemical
treatment, and also with the pyrolysis of soy flour, is discussed. The effect of N functionalities,
surface area, and porosity on the adsorption and photo-induced activity of synthesized samples
is also summarized. Suggestions for future work are also made based on the work

accomplished.

CHAPTER 9 161



CHAPTER 9 162



9.1 Conclusions

N doped spherical carbons synthesized using a protein-containing bio/agro-based
precursor via a green and low-cost approach with a high yield are believed to be strong
candidates for treating wastewater containing various industrial contaminants such as dyes,
phenols, pharmaceutical wastes, and plasticizers.

In the current work, N-doped high yield carbon spheroids were synthesized using
agrowaste (soy flour) assisted by glucose via the simple HTC method (GS1). Further, the GS1
sample was modified by thermal and chemical treatment to enhance the pollutant removal
efficiency from the aqueous solution. During thermal treatment, GS1 sample was heat-treated
at 900 °C in carrier gases Ar or N2 for 4 hours to test the effect of heating atmospheres on the
properties of the resulting samples (GS-Ar and GS-N). For chemical treatment, low
temperature and time (400 °C, 30 min.) chemical activation of GS1 sample was carried out in
closed muffle furnace using ZnCl, and KOH in varying ratios (the best samples: GSZ2 and
GSK?2). To compare the properties and efficiency of HTC synthesized samples with pyrolysis
synthesized sample, pyrolysis of soy flour was carried out in a tube furnace under argon
atmosphere at 450, 650, and 750 °C. The sample pyrolyzed at 750 °C SBc750 sample was
treated further with HNOs for demineralization (SBc750-NA). To understand the
physicochemical properties of all the synthesized samples, characterization of all the samples
was carried out using SEM, XRD, UV-Visible, XPS, FTIR, Raman, BET, Thermo gravimetric
analysis, and pHpzc. The samples synthesized were further used for adsorption and photo-
induced decolorization (UV irradiation and sunlight) studies of MB, CV, EBT, PNP, CIP and
DEP.

In this work, the HTC sphere (GS1) formation mechanism for protein-rich systems in
the presence of the saccharides has been explained completely. Also, the activation mechanism
for each activation route has also been delineated and discussed based on the characterization
results.

e Synthesis of HTC sample using soy flour and glucose: The nucleation of the spheres
starts with the derivatives of the glucose forming carbon quantum dots (CQDs). These
CQDs are successively encapsulated by the N-doped graphene/graphene oxide platelets.
The nitrogen and oxygen in the constituent platelets (formed from soy protein) ensures
that the final structures formed are expanded/enlarged in morphology. This is especially
useful for pollutant adsorbent application since these samples can be centrifuged out at

low speeds at ambient temperature.
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e Thermal activation of HTC sample: from thermal treatment of GS1 the mechanism of
pore formation in different atmospheres (N2 and Ar) was explained in detail. High density
and lower diffusivity of Ar led to the nucleation and explosion of volatile gases within the
carbon spheres to form micropores of size > 1nm during heat treatment. TG/DSC/DTG
study of the sample showed that the release of volatiles and graphitization occurred
simultaneously in inert atmosphere and graphitization started earlier (345 °C) in Ar than
N2 (352 °C).

e Chemical activation of HTC sample: the chemical activation of GS1 was carried at 400
°C for 30 min. in a closed air atmosphere. On the basis of activation parameters and
available literature, it was proposed that activation of GS1 with KOH results in the partial
oxidation of the surface without the development of pores and surface area. While ZnCl>
completely penetrated the GS1 sample and restructured the morphology at given activation
parameters. The proposed mechanisms were validated by N2 adsorption-desorption
isotherms, FTIR, and XPS results.

e Pyrolysis of soy flour: based on the TG/DTA/DTG results of soy flour under Ar
atmosphere, the biomass sample was pyrolyzed in a tube furnace under argon atmosphere
at 450, 650, and 750 °C. With pyrolysis in an inert atmosphere, the carbon in the soy flour
did not entirely burn off, and available carbon reacted with existing elements to generate
the ashes. Treatment of SBc750 sample with HNOs results in complete removal of mineral
content, the emergence of micropores, multifold increase in the surface area, higher
oxidation of the surface, and lower pHpc (4.7).

The parameters that affected the adsorption of pollutants on the surface of synthesized
samples were pHpzc, N functionality, surface area, and pore size of the samples. Along with
these parameters, the molecular size and surface charge of pollutants directly affected the
interactions between adsorbate and adsorbent. The presence of various N type functionalities
played a different role in the adsorption of different pollutants. The availability of pyrrolic-N
and pyridinic-N makes the surface negative and help in the adsorption of positively charged
pollutants. The modification of sample surface with temperature resulted in conversion to more
stable graphitic-N functionality which makes the sample more positive and show enhanced
adsorption for negatively charged pollutants. The sample with meanpore diameter equal to or
greater than the molecular size of pollutant show enhanced adsorption for the particular
pollutant. The variation in the adsorption efficiency with the pH variation of the adsorbate
solution was thus explained on the basis of pHpzc and the charge of the pollutants.
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The comparison of the data obtained for the best samples synthesized using soy flour

from various methods and treatments are given in Table 9.1.

Table 9.1: Comparative data of best samples obtained from soy flour by various methods.

Chapter4 | Chapterb Chapter6 Chapter7
Chapter and best sample GSL GSAr | GSK2 | GSz2 | SBC750-NA
nl’\llaa_jt(;Jrl}iyoL Pyrrolic Graphitic | Graphitic | Graphitic Graphitic
Ba?e‘i/gap 450 4.80 4.80 4.70 4.80
Properties | Surface 7.43 449.00 7.60 110.93 94.09
area (m?/g)
Pore size 14.86 1.10 >10.00 0.81 0.76
(hm)
PHpzc 4.60 8.80 7.20 8.00 4.70
MB 52.10 - 70.84 62.09 51.11
EBT 31.50 25.37 60.44 54.03 54.30
ge (Mg/g) PNP - 113.67 - 49.16 -
CIP - - - 84.10 -
DEP - 92.29 - 114.59 -
MB Elovich | - PSO PSO PSO
EBT PFO PSO PSO PSO PSO
Kinetic model PNP - PSO PSO -
CIP - - - PSO -
DEP - PSO - PSO -
MB Langmuir - Langmuir | Langmuir Freundlich
Kinetic EBT Freundlich LangmL_Jir Freundlich Langmuir Langmuir
isotherm PNP - Freundlich - Langmu!r -
CIP - - - Langmuir -
DEP - Langmuir - Langmuir -
MB 51.50 20.40 - 89.10 -
% EBT 6.10 64.40 - 28.50 -
Decolorization PNP - - - 20.10 -
(Dark) CIP - - - 35.70 -
DEP - - - 46.13 -
% MB 71.50 82.00 - 100.00 -
Decolorization EBT 60.00 78.10 - 48.5 -
e i B -~
. L IP - - - . -
irradiation) DEP - - - 48.90 -
MB 87.00 84.20 - 100.00 -
% EBT 77.00 81.30 - 52.10 -
Decolorization PNP - - - 30.50 -
(Sunlight) CIP - - - 54.70 -
DEP - - - 49.00 -

From table, it was observed that GS-Ar, GSZ2 and SBc750-NA samples showed better
adsorption efficiencies than GS1 sample due to availabilities of graphitic-N, increased surface

area and porosity. Despite having a low surface area and porosity, GSK2 sample exhibited
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increased dye adsorption due to availability of abundant oxygen containing surface functional
groups. The presence of graphitic-N helped in the adsorption of pollutants via chemisorption
and the adsorption process was found to follow PSO adsorption model. The adsorption of
pollutants onto samples followed either Langmuir or Freundlich kinetic isotherm (Table 9.1).
The GS1, GS-Ar and GSZ2 samples showed enhanced decolorization for pollutants in the
presence of UV irradiation or sunlight. Based on the scavenger tests and VB spectra of sample,
superoxide free radical anion (O2" ) was found to play major role in the photo-induced
decolorization process and mechanism was proposed.

In conclusion, comparing the availability and low cost of the precursors, followed by
low temperature synthesis, high yield and ease of handling makes soy flour a very attractive
candidate as a precursor for industrial pollutant removal adsorbents from aqueous solutions.
The GS-Ar sample has emerged as a good candidate for wastewater treatment via adsorption
and photo-induced decolorization. At least possible conditions for activation i.e. temperature,
time and atmosphere, GSZ2 sample showed enhanced results in terms of surface area,
graphitic-N content and hence adsorption for variety of pollutants. While GSK2 sample showed
enhanced adsorption for dyes inspite of insignificant surface area. The sample synthesized
using single step pyrolysis of soy flour to form N doped biochar (SBc750) showed better
adsorption efficiency for all types of dyes despite its very low surface area (0.5 m?/g). The
SBc750-NA sample showed manifolds enhanced adsorption for the pollutants having
molecular size equal to or below its meanpore diameter (0.8nm). When compared with the
reports available in literature for similar materials, samples show enhanced adsorption
properties. Further, the synthesized sample also shows photo-induced enhanced adsorption
under UV irradiation and sunlight. Combination of scavenger tests and UV spectra clearly
indicated that for all the synthesized samples, the photo-induced activity is the result of change
in surface adsorption characteristics due to O2" formation. This aspect of the synthesized
samples opens new avenues and needs to be studied further to arrive at the mechanism of photo-
induced decolorization.

9.2 Future scope

The present work reported the synthesis of high yield N doped carbon spheres using
agro-based protein containing soy flour with cost-effective and green methods viz. HTC and
pyrolysis method. Surface modification of HTC samples was done by thermal, and chemical
activation. The samples showed good adsorption efficiencies for various pollutants. Some of

the future possibilities are listed below:
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Role of saccharides in assisting other protein-containing biobased materials to form
spherical N-doped carbons via HTC can be explored.

Study the mechanism of pore formation during thermal treatment under gases such as
ammonia, He, Hz, COa.

The effect of other chemical activating agents (HsPOs, HCI, H2SO4, HNOgz, NaOH) on the
porosity and surface area of carbon samples at low activation condition of temperature, time
and atmosphere can be studied.

Only a very few reports are available in literature showing the photodegradation efficiency
of porous activated carbon after surface modification. The synthesized samples in the
current work show photo-induced decolorization of pollutants under UV irradiation and
sunlight. This aspect of the synthesized samples opens new avenues and needs to be studied
further.
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