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ABSTRACT

Our study aims for the green synthesis of an effective biochar adsorbent from Agro-
waste to remove additional nutrients such as nitrogen and phosphorus from the
treated effluent of 3MLD SBR STP at IIT Roorkee campus. The biochar adsorbent
was successfully synthesized via single-step from agricultural waste i.e., sugarcane
bagasse by pyrolysis process in presence of nitrogen gas at 550°C for 30 min, 45
min, 1 hr., and 1 hr. 15 min. The material was further characterized by Raman
spectroscopy, Fourier transform infrared spectroscopy (FTIR), Scanning electron
microscopy (SEM) coupled with Energy dispersive X-ray analysis (EDX), and X-
ray powder diffraction (XRD). For the optimization of removal of additional
nutrients, four experimental columns made of borosilicate glass with an internal
diameter of 30 mm and a length of 250 mm. All 04 columns were packed with the
different adsorbent materials (35 mm) varying in preparation time viz. 30 min., 45
min., 1 hr., and 1 hr. 15 min. respectively between the supporting layers of glass
wool (10 mm) each (for improving the flow distribution and prevention of the loss
of adsorbent), and gravel (105mm and 90 mm). The Peristaltic pump was used to
draw water from the inlet water can to the column. The up-flow mode was used to
prevent channeling and assure consistent streaming. Columns of diameter 3.0cm and
length 25.0cm were fabricated with four different materials (varying in their
preparation time). The effect of initial adsorbate concentration, and the flow rate of
adsorbate in the column were studied for the optimization of the adsorption column
setup. Initially, there was an increase in the pH of the adsorbate by 3% for almost
one week indicating the release of alkali ions from the adsorbent. The maximum bed
capacity was obtained at the lowest flowrate and a highest initial concentration. The
experimental data were fitted with different models such as the Thomas, Yoon-

Nelson and, Adam-Bohart models. Both Thomas and Yoon-Nelson model were
v|Page



found to show a good agreement with the experimental data as compared to Adam-

Bohart model.
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CHAPTER 1

INTRODUCTION

1.1 Objective

One of the most common reasons for poor water quality is nutrient pollution. Aquatic ecosystems
are being harmed by nutrient pollution, which has detrimental effects on the economy, a decline
in biodiversity, and concern for human health. Nutrient pollution comes from a variety of sources,
but contributions from human waste, such as wastewater and fecal sludge containing compounds
of carbon, nitrogen, and phosphorus, are especially alarming (3). For this reason, phosphorus,
nitrogen, carbon, and other micronutrients present in wastewater in wastewater treatment units

should meet standard effluent limits for nutrients.

NITROGEN

Yellow water

m Black water

W Kitchen water

m Grey water (bath and wash
water)

Figure 1.1: Various sources of Nitrogen constituent loading in Residential wastewater(51)

PHOSPHOROUS

Yellow water
m Black water
57% m Kitchen water

m Grey water (bath and wash
water)

Figure 1.2: Various sources of Phosphorous constituent loading in Residential wastewater(51)
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In receiving waterbodies, nitrogen and phosphorus concentrations are rising, leading to
Eutrophication increasing aquatic and marine ecosystem damage by steering algal blooms, low
DO concentrations, and dead zones or hypoxia. Additionally, the development of algae brought on
by nutrient pollution produces carbon dioxide, which aids in the acidification of estuaries and

coasts.

The nitrogenous compounds, also known as Total Nitrogen, include oxidized nitrogen molecules
like nitrate and nitrite, as well as organic nitrogen and inorganic total ammonia nitrogen, which
are collectively represented by the Total Kjeldahl Nitrogen. Ammonia and ammonium nitrogen
make up the inorganic total ammonia nitrogen (1). In adults, an excess of nitrate anions is what
causes diseases like stomach cancer, shortness of breath, a quick heartbeat, frequent urination, and

physical collapse.

100%
90%
80%
70%
60%%
50%
40%
30%
20%
0%
Settled Raw
ENO3 & NO2 ENH3 & NH4

Soluble unbiodegradable organic nitrogen Particulate unbiodegradable organic nitrogen

u Soluble biodegradable organic nitrogen m Particulate biod egradable organic nitrogen

Figure 1.3: Classification of constituent fractions of total nitrogen in raw and settled

wastewater(51)

The phosphorus compounds, which are mostly present in wastewater as phosphates, can be
classified as phosphate compounds both physically i.e., dissolved or particulate fractions, and
chemically. The chemical fractions are made up of organically bound phosphate, polyphosphate
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or condensed phosphate, and dissolved inorganic orthophosphate (1). Phosphates are not harmful
unless they are present at extremely high levels. However, high levels of contamination are mostly

the result of extensive fertilizer use.

100%

90%

80%

70%
’ Polyphosph

60% ate, 31

50%
40%
30%
20%

10%

0%

Raw (USA)

Figure 1.4: Classification of phosphorus in wastewater as a percentage of total phosphorus (51)

Although nitrate and phosphate anions are essential nutrients for living things, if their
concentrations in water exceed the allowable limit, they can become contaminants. The
eutrophication of water bodies is triggered by those extra nutrients (2). Therefore, before releasing

polluted water into the environment, it must be treated to remove nutrients.
1.2 Objective

The objectives of the study are as follows:

e Performance Assessment of SMLD SBR in terms of COD, NHas-N, NO3-N and POas-P
removal.
e Synthesis of Graphene like biochar adsorbent from Agro waste.

e Characterization of Graphene like biochar adsorbent.
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e Fabrication of Lab scale or demonstrated scale setup for the removal of additional nutrients
from secondary treated effluent.

e Trial run and optimization of Graphene like biochar adsorption column setup.

1.3 Scope

The aim of this project is to evaluate the effectiveness of the synthesized Graphene like biochar
adsorbent in removing COD and additional nutrients (NH4-N, NOs-N, and POs-P) from secondary
treated effluent. Through this, we will be able to optimize the Graphene like biochar adsorption

column setup.

Even though graphene is made from the inexpensive and widely accessible material, graphite,
manufacturing is costly and limited. By eliminating volatile substances and raising the carbon
content of the structure, the use of biomass waste can solve this issue while lowering the pollution
it causes. This can be done through thermal processing, including low-temperature thermal
processing, high-temperature pyrolysis including metal precursors, etc. One advancement in
graphene technology may be seen in the creation of graphene by a green synthesis process. A
variety of studies employ agricultural and other wastes as carbon source materials, including oil

palm waste, rice husk, sugarcane bagasse, wheat straw, lignin, and animal byproducts.
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CHAPTER 02

LITERATURE REVIEW

2.1 Introduction to nutrients

Excess levels of nitrogen and phosphorous in water can cause a phenomenon known as
eutrophication, which can lead to the overgrowth of aquatic plants and algae. This can cause a
depletion of oxygen in the water, resulting in the death of fish and other aquatic organisms. High
levels of nitrogen and phosphorous can also lead to the formation of harmful algal blooms, which
can produce toxins that can be harmful to humans and animals. Additionally, eutrophication can

lead to the formation of dead zones in the water, where very little life can survive.

Nitrogen is a nutrient that can be found in various forms in water and wastewater, such as
ammonia, nitrite, and nitrate. In natural water bodies, nitrogen is present in low levels and plays
an important role in the ecosystem. However, when nitrogen levels become too high, it can lead to
eutrophication, which can cause the overgrowth of aquatic plants and algae, resulting in a depletion

of oxygen in the water, and the death of fish and other aquatic organisms.

In water treatment, nitrogen is typically removed from water through a process called
denitrification. This process converts nitrogen compounds, such as nitrate and nitrite, into nitrogen
gas, which is released into the atmosphere. Denitrification can be accomplished through a variety
of methods, including the use of bacteria that consume the nitrogen compounds and convert them
into nitrogen gas. Nitrogen in water and wastewater can be harmful but it can be removed by
various methods such as chemical reduction and ion exchange, depending on the specific form of
nitrogen present, the amount of nitrogen present, and the desired effluent water quality. It's
important to note that the specific method chosen for nitrogen removal will depend on the type
and concentration of nitrogen present in the water or wastewater, as well as the desired effluent

water quality and discharge regulations.

Phosphorus is a nutrient that plays an important role in the growth of plants and algae. However,
excess levels of phosphorus in water can lead to eutrophication, which can cause the overgrowth

of aquatic plants and algae, resulting in a depletion of oxygen in the water, and the death of fish
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and other aquatic organisms that's why various methods are used to remove phosphorus from
water, including chemical precipitation, adsorption, biological phosphorus removal, and reverse
osmosis, depending on the specific form of phosphorus present, the amount of phosphorus present,

and the desired effluent water quality.
2.2 Overview of nutrient removal technologies

Nutrient pollution is the most common reason for poor water quality is the reason why, aquatic
ecosystems are harmed by nutrient pollution, which has detrimental effects on the economy, a
decline in biodiversity, and concern for human health. Nutrient pollution comes from a variety of
sources, but contributions from human waste, such as wastewater and fecal sludge containing
compounds of carbon, nitrogen, and phosphorus, are especially alarming (25). For this reason,
phosphorus, nitrogen, carbon, and other micronutrients present in wastewater in wastewater

treatment units should meet standard effluent limits for nutrients.

In general, chemical, physical, and biological approaches are used to remove nutrients from
wastewater, however, chemical methods are less common due to their high cost, high sludge
concentration, altered pH, and reduced settling capacity (27). When choosing treatment
technology, there are additional considerations to consider, such as the solid handling capacity and
current manual capability. In recent years, nitrogen and phosphorus removal technologies have

been installed practically in all wastewater treatment facilities.

Floating materials, heavy settleable inorganic solids including grit, sand, and fats, oils, and grease
are removed from wastewater as part of the preliminary treatment process. Large suspended
particles are removed as the first step in treatment. Biological unit processes are used to carry out
the secondary treatment. The biological oxygen demand of the effluent following secondary
treatment is typically low and it may contain some dissolved oxygen. Tertiary treatment, also
known as advanced treatment, refers to all procedures and techniques utilised to get rid of
contaminants that weren't dealt with during conventional treatment. These pollutants could be
microorganisms, remaining organic residue, dissolved and suspended particles such inorganic

nitrogen and phosphorus compounds, etc.
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In the early stages of the development of nutrient removal technologies, the first effort was made
with the activated sludge process-based classical aerobic methods for the treatment of domestic
wastewater. The broad application of these technologies, particularly in developing nations, is
severely constrained by the high operational and capital expenses related to their deployment.
Additionally, physical approaches have been shown to be too expensive due to the use of
membranes, ineffective because they only remove around 10% of the total nutrients, and
complicated further by membrane fouling. To effectively reduce the nutrient concentration of the
effluent before releasing to surface waterways, nutrient removal through chemical dosing is also
frequently used. However, the chemicals are expensive, handling and storing the chemicals is
unsafe, and the approach produces more sludge, which drives up maintenance and operating costs.
Biological nutrient removal technology is typically more economical than physical or chemical

removal.

Table 2.1: A review of various technologies with their pollutant removal efficiencies.

Type of Pollutants  Efficiency Reference

technology/Material/adsorbent used removed

1 Nitrification and denitrification Organics 50-70% (23)
and
nutrients
2 Advanced oxidation processes Nitrogen >95%. (24)

(Hydroxyl radical)

3 Chemical precipitation Nitrogen 20-30% (24)
4 Xylem filter Bacteria 99.9 (25)
5 Reduced Graphene Oxide (RGO) Methylene 97.2% 27
blue 99.5%
Copper (1)
ions
6 Graphene oxide nanoplatelets Safranin dye 97.78% (26)
7 Graphene oxide nanoplatelets Crystal 90-99.8% (27)
violet
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8 Polonite adsorbent Phosphorous 91% (28)

Wetlands process 40-60%
lon exchange media (zeolite) 80-90%
Enhanced biological Phosphorous 88%
removal
MBR 53%
Granular sludge reactors 87%
Sequencing batch biofilm reactors 50%
Membrane Aerated Biofilm Reactors 90%
Microalgal biofilm photobioreactors 97%
9 Single-tank sludge treatment TN 88% (29)
POs-P 87%
10 Biological treatment with activated Phosphate- 97.8% (26)
sludge process ion 99.5%
Ammonium-
ion
11 Air stripping Total 70-92% (26)
Membrane separation Nitrogen 99-100%
Biological assimilation 83-87%
12 Intermittent cycle moving bed biofilm TN 91.8% (30)
reactor (ICMBBR) TP 88.95%
TKN 92.8%
NHs-N 93.3%
TKN 92%

(31) studied the performance of the adsorption capacity of chitosan and activated charcoal has
been scrutinized using a UV-Vis spectrophotometer. Both chitosan and activated charcoal has
been studied for their ability to absorb nitrate and phosphate anions from water/wastewater by
varying various parameters like pH, initial concentration, contact time, and adsorbent dosage. The

adsorption capacity of chitosan was found to be better than activated charcoal. Therefore, it was
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concluded by the author that chitosan is a less expensive, more biocompatible, and more effective
adsorbent for removing nitrate and phosphate ions from water samples. (32) presented the
techniques and significant findings regarding nitrogen and phosphorus recovery from wastewater.
It includes methods based on physical, chemical, and biological principles. Future studies are
required to integrate fundamental knowledge with technological adaptation for a specific
site/wastewater. (33) studied the comparison of the various techniques, while considering the
expenses and efficiency, as well as the procedures employed for the removal of nitrogen,
phosphorous, and their compounds. The author also discusses the ultimate disposal of the removed

contaminants.
2.3 Biological nutrient removal treatment

The term "biological nutrient removal™ refers to Activated Sludge Process variants that use
microorganisms in aerobic, anaerobic, and anoxic environments to remove Total Nitrogen, Total
Phosphorous, and Chemical Oxygen Demand through metabolic processes such as nitrification,
denitrification, and biological phosphorus removal. Biological nutrient removal is subject to a
wide range of conditions and factors, including nutrient ratios, loading rates, waste rates, dissolved
oxygen, and retention durations, among others (23).

a) Biological nitrogen removal: In recent years, biological nitrogen removal techniques have
become more popular. Nitrification occurs in the aerobic media first, followed by
denitrification in the anoxic medium, in the traditional biological nitrogen removal process.
The most popular and economical approach for removing nitrogen from wastewater is
biological nitrogen removal. In many instances, it aids in achieving the desired effluent
Total Nitrogen. First, under aerobic conditions, autotrophic bacteria oxidise ammonium
and nitrite to produce nitrate or nitrification; next, under anoxic conditions, heterotrophic
microorganisms decrease nitrate to produce nitrogen gas or denitrification. Suspended
growth systems, such as the Modified Ludzck Ettinger, four-stage Bardenpho process,
oxidation ditches, Sequencing Batch Reactors, and others, are the most often utilised
system modifications at WWTPs. Attached growth and hybrid systems are also employed.
When both aerobic and anoxic zones are present, as in oxidation ditches and membrane-
aerated biofilm reactors, nitrification and denitrification can take place sequentially or

simultaneously.
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Figure 2.1: Nitrogen Cycle with degradation processes of Nitrification and

Denitrification

The two-step autotrophic reactions that make up the nitrification process include the
conversion of ammonium to nitrite and the subsequent oxidation of nitrite to nitrate in the
presence of oxygen. Ammonia-oxidizing bacteria like Nitrosomonas, Nitrosococcus, and
Nitrosospira carry out the first step's oxidation of ammonia/ammonium to nitrite, which

results in the following reaction: (24)

10| Page



NHs +02 + Alkalinity + Nitrosomonas = NO2

Nitrobacter, Nitrospira, and Nitrococcus in particular, which are nitrite-oxidizing

microbes, convert nitrite to nitrate in the usual sequence, causing the following reaction:

NO:2 + Oz + Alkalinity + Nitrobacter = NO3

The BNR process' effectiveness is dependent on the growth and activity of the bacteria,
which are susceptible to changes in parameters including temperature, pH, alkalinity, DO,

C/N ratio, solids retention time, inorganic metals, and others (25).

Biological phosphorus removal: Enhanced Biological Phosphorous Removal removes
phosphorus from activated sludge using heterotrophic bacteria called Phosphorus
accumulating organisms which have a high affinity for ingesting and storing Phosphorus.
In the anaerobic phase, phosphorus-accumulating organisms release Phosphorus, which
those same phosphorus-accumulating organisms then take up in the aerobic phase.
Phosphorus is taken out of the influent and put into biomass. When compared to chemical
treatment for home wastewater, it is one of the most affordable environmentally sustainable
options. By uptaking polyphosphate, orthophosphate, and organically bound phosphorus
into cell biomass and then desludging the biomass from the treatment unit, biological

phosphorus removal from wastewater is accomplished.

Anaerobic Aerobic

Organicfood
—BOD

&~ Glycogen

“= 5 Glycogen

PO, PO,
Figure 2.2: Mechanism of p removal (28)
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Biological nutrient removal technology needs higher standards of operator skill and
consideration, wider use of the research facility, and more serious cycle checking and change.
To get the desired effluent TN, it can require on external carbon sources or energy input. In
addition, it requires big footprints, has a slow reaction time, and other characteristics that
make funding difficult. The Biological nutrient removal process also has other drawbacks,
including difficulties with sludge settleability, the requirement for large reactors, settling
tanks, biomass recycling, slow reaction rates (24).

2.4 Chemical Precipitation

Salts containing nutrients are precipitated by adding chemicals to wastewater. Both N and P are
frequently present in precipitated salts, but P is usually eliminated in higher amounts. Chemical
precipitation, frequently using calcium, aluminium, or iron, can be the quickest and absolute
cheapest approach to remove excess dissolved phosphorus from wastewater effluent. Chemical
precipitation is the transformation of elements dissolved in water into solid particles during the
treatment of wastewater (24). When using chemical precipitation, alkalinity, pH, and hardness are
three important things to consider.

Magnesium salts are the most usual additive for crystallisation procedures; aluminium and iron
salts are the most widely used additives2 and can attain effluent concentrations of 0.3-0.5 mg/L
Total phosphorus. Although many additional configurations are available, the primary clarifier
effluent or the sludge treatment process are frequently supplemented with chemicals. Nutrient-rich
biosolids or crystallised materials like struvite, brushite, or calcium phosphate are examples of
process by-products. Different byproducts have different values; some are better fertilisers than
others. The method has advantages such as inexpensive initial investment and ease of operation,
but the operating expenses are significant because chemicals are used, energy is expensive, and
the precipitated sludge that is produced must be disposed of. Operations can be complicated, and
good operations require upstream treatment processes. Phosphorous- rich chemical recovery from

sludge might be difficult.
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2.5 Reverse 0smosis

Using a selectively permeable membrane, reverse osmosis is a technique used to extract dissolved
solids from wastewater. A high-pressure pump drives water molecule through a permeable
membrane to separate wastewater streams into discharge-continuous permeate and concentrate
streams. The fact that the primary equipment used in the Reverse Osmosis process is simple to
use, compact, and easy to maintain under control is one of its benefits. The apparatus is also
flexible, allowing it to be scaled up or used in confined spaces. Based on the operating
circumstances, the method has been shown to eliminate all bacteria, up to 99% of inorganic ions,
and more than 99% of the organic macromolecules from wastewater. It is a procedure that is
economically viable.

The concentration produced by nitrogen removal via Reverse Osmosis membrane separation is
quite large and needs additional processing. Because Reverse Osmosis membranes can't
effectively handle feed water that contains suspended solids, pre-treatment separation operations
must in some way stop solids from transferring to the membrane system. Membrane fouling,
which reduces the treatment's effectiveness and concentrates output, is a further drawback of using
RO to treat wastewater (24).

2.6 Breakpoint chlorination

Adding chlorine or hypochlorite direct to the wastewater is known as breakpoint chlorination.
Chloramines are created when ammonia and chlorine react (26). The pH affects the type of
chloramine that is produced. Chlorine added in excess causes the "breakpoint” to change from
chloramines to nitrogen gas. Chlorine overdose increases the amount of free chlorine in effluent,

creating breakpoints.

Breakpoint chlorination has the advantages of being able to completely oxidise ammonia and
having a straightforward application technique. Furthermore, reaction variables like temperature
and hazardous chemicals are not independent of the process. But because it cannot be used to treat
wastewater with a high concentration of NH4 *-N, this approach can only be used as an advanced
treatment. Due to the formation of halogenated organic compounds like chloramines, which can
be hazardous to both aquatic life and human health, environmental contamination is also a big

concern with this process. The cost of using this approach is substantial.
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2.7 lon exchange

lon exchange is a unit process in which solution-derived ions of various species displace ions of
a particular species from an insoluble exchange medium. In practice, the waste to be treated is
passed through an ion exchange resin that has been set up in a bed. A regenerative solution is
delivered through the bed when the feed is terminated once the exchange capacity of the bed has
been used up. Depending on the chemical makeup of the wastewater to be treated and the final
destination of the contaminants, the anion exchange method may be used to remove nitrogen and
phosphorus (26). Desalination and deionization of water both utilize ion exchange technology.
The advantage of ion exchange systems is that they can achieve phosphorous recovery by post-
treating the sorption medium. lon exchange is the process by which ions on a solid's surface trade
places with ions present in a solution to which the solid is subjected. Numerous variables,
including pH, temperature, particle size, initial nutrient concentration, contact time, and adsorbent
dosage, influence the removal of nutrients. The ion exchange process has various benefits,
including the capacity to remove organic materials and heavy metals from wastewater, minimal
costs, and good stability. lon exchangers and adsorbents, however, have a very short lifespan and

must be replaced frequently, creating extra waste that needs additional treatment and disposal.

2.8 Air stripping

When wastewater is exposed to air, volatile compounds that are present in the wastewater are
released and taken up by the air in gaseous form. This process is known as "air stripping.” The
procedure increases the exchange of the pollutant from the fluid stage to the vaporous stage by
generating a situation in which a large surface area of wastewater is exposed to the air. The
effectiveness of stripping is influenced by many variables, including temperature, pH, the length
of the stripping process, and the volume ratio of air to liquid. Poor stripping performance is caused
by the problem of fouling, which happens when calcium carbonate scale forms on the packing
equipment's surface. High sludge production and alkaline effluent are also linked to the air
stripping process, which increases cost and treatment. Environmental pollution arises from the
stripping process's discharge of ammonia gas into the atmosphere. Nitrogen removal has
traditionally been done by air-stripping ammonia. The procedure is carried out in a packed tower

because it offers a sizable mass transfer area and has a high stripping efficiency (22).
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2.9 Adsorption

A number of pollutants can be eliminated from wastewater using the purification method known
as adsorption. Adsorption is a process by which a concentrated version of the adsorbate, usually
as a gas or liquid, adheres to the surface or pores of a solid adsorbent. The effectiveness of the
adsorbent influences whether the adsorption process is successful or unsuccessful. In comparison
to other treatment techniques, the adsorption process has several benefits, including high removal
effectiveness, cheap cost, ease of application, minimal sensitivity to pH and temperature, and
environmental friendliness. The amount of ammonium removed by the adsorption process is
significantly influenced by pH. Because there are less ammonia ions in alkaline settings, the
effectiveness of ammonium removal decreases as pH increases. The table below illustrates two
different types of adsorption processes: physical adsorption and chemical adsorption. If the
attraction forces between the adsorbent and the adsorbate are VVander Waal forces, then physical
adsorption occurs. Assuming that the force of attraction between the adsorbate and the adsorbent
is about equal to the strength of chemical bonds, chemical adsorption takes place. Adsorption by
chemicals is a permanent process. The creation of inexpensive adsorbents with the best ability to
extract contaminants from wastewater, such as natural materials, agricultural wastes, and

industrial wastes, has been the focus of a recent study.
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CHAPTER 03
MATERIAL AND METHOD

3.1 Biochar adsorbent preparation

Sugarcane bagasse was collected from the sugar mills, and then it was cut into small pieces and
washed thoroughly with deionized water several times to remove the impurities. It was then dried
in the sunlight for a few days. After being sun-dried, it was dried at 70°C in a vacuum oven for 24
hrs. The material was triturated to a fine powder and subjected to pyrolysis at 550°C for 1 hr. 15
min, 1 hr., 45 min., and 30 min. in the presence of Nitrogen gas. The resultant powder was ground
further and then washed with 2 M of nitric acid to remove by-products. The final product was
filtered and washed with warm deionized water several times and then oven-dried for 24 hrs. The
resultant adsorbent was ultrasonicated at Time - 30 min; Temp - 30°C; Pulse- 20 05; and Ampl —
40%.

Figure 3.1: a) Sugarcane bagasse being dried in sunlight. b) Sugarcane bagasse being
Vacuum oven dried at 70°C. c) Grinding of oven-dried sugarcane bagasse. d) Pyrolysis
equipment setup. e) Resultant black powder obtained after Pyrolysis. f) Ground Resultant
black powder. g) Washing and Filtering of Resultant black powder.
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3.2 Adsorbate

The treated effluent from the 3MLD Sequencing Batch Reactor sewage treatment plant located
at Solani Kunj near the C-class club at the 11T Roorkee campus was used as the adsorbate for the
column setup. The SBR system is the foundation of the STP. In order to achieve biological
treatment and sedimentation in the same basin, it employs a fill-and-draw cyclical approach with
both aeration and non-aeration sequencing. The deodourization system for further odour control
for sump wells and pre-treatment units, and the advanced tertiary treatment facility (Fibre Disc
filtration and UV as well as chlorine dosing for disinfection) are the key components of this
established STP (4).
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Figure 3.2: Schematic Layout of 3MLD STP (4)
3.3 Column study experimental details

The Experimental column setup shown in the figure below was used for the dynamic column
studies. It consists of 4 columns made of borosilicate glass with an internal diameter of 30 mm and
a length of 250 mm. All 04 columns were packed with the different adsorbent materials (35 mm)
varying in preparation time viz. 30 min., 45 min., 1 hr., and 1 hr. 15 min. respectively between the
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supporting layers of glass wool (10 mm) each (for improving the flow distribution and prevention
of the loss of adsorbent (6)), and gravel (105mm and 90 mm). The Peristaltic pump RH-P100L-
100-4R was used to draw water from the inlet water can to the column. The up-flow mode was
used to prevent channeling and assure consistent streaming. Before starting the experiment, the

filter was fed with distilled water for some time to remove impurities from the absorbent.

Outlet

Gravel Test column
% Glass wool
" 35em

(5.5¢) 1 Glass wool

Figure 3.3: a) Column setup b) Column packing

3.4 Mathematical models

The "effluent concentration-time™ profile, often known as the breakthrough curve, is used to
characterise the dynamic behaviour of continuous adsorption columns (35). It is necessary to use
mathematical models to represent and correlate the experimental breakthrough curve data while
designing and optimising adsorption columns (36). The experiment results in breakthrough curves
and the estimation of some kinetic coefficients are frequently described using the Thomas model,

Yoon-Nelson model, and Bohart-Adams model (34).
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3.4.1 Thomas Model

One of the most general and commonly applied models in continuous column adsorption
performance theory is the Thomas model. It is produced on the assumption that the adsorption
process shows a pseudo-second-order kinetics and Langmuir isotherm with no axial dispersion in
the adsorption column. (36). The main drawback is that its derivation is based on second-order
kinetics and assumes that sorption is regulated by mass transfer at the interface rather than the
chemical reaction, which limits sorption (35). The following expression may be used to describe

this model's linearized form:

k
lnl——ll T”q" — ke Cit 1)

Where,

Ci = influent concentration (mg L)

Cr = effluent concentration (mg L)

kth = thomas rate constant (ml min™® mg?)

0o = maximum solid-phase concentration of solute or adsorption capacity (mg g)
w = mass of the adsorbent in column (g)

Q = the flow rate (ml min?)

t = total flow time (min)

3.4.2 Adams-Bohart Model

The basic equation, which defines the relationship between Ct/ Ci and t in a continuous system,
was developed by Adams and Bohart. The Adams-Bohart model offers a straightforward and all-
inclusive method for carrying out and analysing sorption-column tests. The assumption of a
negligible mass transfer or axial dispersion makes the adsorption rate advantageous, dependent on
the residual capacity of the adsorbent and the concentration of the adsorbed species (35). The
breakthrough curve's beginning is mostly described using the model. It can be expressed by

following expression
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Ci VA
ln C_f -1 = kABNOE - kABCit (2)

Where,

Ci= influent concentration (mg L)
Cr = effluent concentration (mg L)
kas = Kinetic constant (ml mint mg™)
No = sorption capacity (mg L)

z = bed-depth (cm)

u = linear velocity (mmh)

t = total flow time (min)

3.4.3 Yoon Nelson Model

The Yoon-Nelson model is a very straightforward breakthrough model that assumes that the
chance of each molecule adsorbing at a given rate is inversely proportional to the probability of
adsorbate adsorption and breakthrough inside the bed (36). This model is less complex and does
not require specific details on the sorbate's properties, the kind of adsorbent, or the sorption bed's

physical parameters. It can be expressed by following expression

C
In Li L Cfl = kynt — Thyy (3)

Where,

Ci= influent concentration (mg L)

Cr = effluent concentration (mg L)

kyn = rate constant (ml min mg?)

T = time required for 50% sorbate breakthrough

t = total flow time (min)
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3.5 Characterization of adsorbent

In order to provide a more accurate interpretation of the mechanism at play during the adsorption
process, the adsorbent was characterised with the goal of evaluating its numerous physical and
chemical properties (5). The surface morphology in the adsorbent was visualized by using
scanning electron microscopy (SEM) with Scanning Tunneling Electron Microscope with
magnifications 12- 200,000X (SE) and 100- 100,000X (BSE). The SEM's energy dispersive X-ray
(EDX) instrument was used to conduct the EDX. A diffractometer with 2.2 kW Cu radiation
running at 40 kV with 40 mA was utilised to record the X-ray Diffraction (XRD) patterns, and the
2 theta values investigated varied from 5 to 120° The vibration frequency variations in the
functional groups of the carbons were measured using Fourier transform infrared spectroscopy
(FTIR) (5). A Thermo Nicolet Nexus FTIR spectrophotometer was used to measure the carbons'
spectra in the 400-4000 cm™* wavenumber region. Raman measurements were performed using a
Raman spectrometer with the serial number 021R88 that is outfitted with a CCD detector, 50x

objective lens, and an argon ion laser as the source of excitation.

21| Page



CHAPTER 04

RESULTS AND DISCUSSION

4.1 Characterization of adsorbent
4.1.1 Scanning Electron Microscopy and Electron Dispersive X-ray Analysis

The surface morphological characteristics of the adsorbent made from sugarcane bagasse at 550°C
were examined in this work using FE-SEM (Zeiss GeminiSEM) and EDX. Samples were initially
coated with a 9 nm gold coating using a sputter coater for FE-SEM analysis in order to reduce
sample charging due to non-conducting materials. The binary images are segmented into black
and white regions that represent solid surfaces and void spaces, respectively, to identify the
microporous regions (7). FE-SEM images of all adsorbent samples produced at 550°C varying in
preparation time viz. 30 min., 45 min., 1 hr., and 1 hr. 15 min. are shown below in Figure 1a,1b,1c
and 1d, respectively. EDX analysis results are shown in Figure 2, where the results are presented
in the weight percentage of all 04 samples. EDX of these samples detects Carbon (78.26% for
sample 01, 77.85% for sample 02, 76.26% for sample 03, and 77.34% for sample 04), Oxygen
(21.13% for sample 01, 21.06% for sample 02, 22.99% for sample 03 and 21.91% for sample 04),
and some amount of minerals such as silicon (0.61% for sample 01, 1.09% for sample 02, 0.76%
for sample 03 and 0.75% for sample 04) and gold. As a result of the gold coating used to charge
each sample prior to the examination and the sample's non-conducting nature, it is evident that
each sample contains some gold. These findings showed that carbon was the primary skeleton in
all of the 04 adsorbent samples, with oxygen present in functional groups (such as -COOH and -
OH) or metal mineral particles (e.g., carbonate, phosphate, and sulfate) (8). Generally, all
adsorbents had porous meso and micropore and honeycomb structures. SEM image observation of

all samples also showed the structure of the graphene layers formation along the structure (9).
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Figure 4.1: SEM for all 04 samples

Table 4.1: EDX analysis results for Sample 01

Element Weight Percentage Atomic Percentage

C 78.26 82.92

O 21.13 16.80

Si 0.61 0.28

Total: 100.00 100.00
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Table 4.2: EDX analysis results for Sample 02

Weight Percentage

Atomic Percentage

C 77.85 82.71
O 21.06 16.80
Si 1.09 0.50
Total: 100.00 100.00

Table 4.3: EDX analysis results for Sample 03

Element Weight Percentage Atomic Percentage
C 76.26 81.26

O 22.99 18.39

Si 0.76 0.35

Total: 100.00 100.00

Table 4.4: EDX analysis results for Sample 04

Element Weight Percentage Atomic Percentage
C 77.34 82.18

@) 21.91 17.48

Si 0.75 0.34

Total: 100.00 100.00
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4.1.2 Fourier Transform Infrared Spectroscopy

The vibration frequency variations in the functional groups of the carbons were measured using
Fourier transform infrared spectroscopy (FTIR) (5). A Thermo Nicolet Nexus FTIR
spectrophotometer was used to measure the carbons' spectra in the 400-4000 cm~* wavenumber
region. As indicated in the figure below, spectra were plotted for the adsorbents using the same
scale on the transmittance axis. The O-H stretching vibrations of the C-OH groups and water are
responsible for the prominent peak centered at 3427, 3449, 3442, and 3454 cm? for all 04 samples,
respectively (12,13). It is significant to note that the oxygen content in the samples has a direct
correlation with the intensity of the wide peak associated with the C-OH stretching vibration,
which results in hydrogen bonding between Graphene Oxide layers and between GO and water
molecules, creating, the hydrophilic moiety of the sample (11). The adsorption band was attributed
to C=0 stretching at a wavelength of 1614,1631, 1626, and 1629 cm™ for all the samples,
respectively. The strongest bands in the spectra of samples were found at 3420-3460 cm™, in the
fingerprint area, and were attributed to C-OH stretching (9). While examining the spectrum of all
the samples, certain peaks roughly at 1180, 600, and 470 cm™ could be clearly recognised. These

peaks were attributed to the carbon silicon (14,15).
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4.1.3 Raman Spectroscopy

Using an argon ion laser as the source of excitation, measurements of the Raman spectrum were
performed using a Raman spectrometer (series no. 021R88) with a CCD detector and 50x objective
lens. The existence of the G-bands, which result from the graphitic hexagon-pinch mode's
stretching of sp? carbon, can be seen clearly in the figure below. For samples 01, 02, 03, and 04
the G-band is at 1602, 1599, 1597, and 1595cm™. Impurities and edges, which cause atomic
arrangement disorder, are the cause of the D-appearance bands. The distinctive D-bands, which
result from bending the sp® carbons in graphene sheets, are situated at 1364, 1365, 1346, and 1371
for samples 01, 02, 03 and 04, respectively (9). Raman spectroscopy revealed two primary peaks
at the D band and G band, which, respectively, represented the edge of the graphene layer and a
perfect lattice of carbon. In an aromatic molecule that corresponds to the amorphous state of the
benzene ring, both peaks demonstrated the presence of carbon atoms (10). The 2D band is the
second strongest feature in the Raman spectrum of graphene and is associated with the out-of-
plane vibrational mode of the carbon atoms. The 2D band is typically located roughly at 2700 cm"
Lfor all the samples.

27 |Page



400 1
350 i
300 i
250 i

200

Intensity

150 +
100 +

50+

Sample 01

(1602.95,391.29841)

i,
ﬂ)f R
v

(1284, 44 269.0734)

NNI

df‘w

1000

800

600 +

Intensity

400

200

I
2000 4000

Raman shift

T
1000 3000

Sample 03

(1597 87,902.09852) g

(1346.57 618.97971) @

T T T
2000 3000 4000

Raman Shift

T
1000

Figure 5.3: Raman for all 04 samples

4.1.4 X-ray Diffraction
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A diffractometer with 2.2 kW Cu radiation running at 40 kV with 40 mA was utilised to record
the X-ray Diffraction (XRD) patterns, and the 2 theta values investigated varied from 5 to 120°.

The absence of a peak indicating the formation of the crystal phase and the two broad peaks

roughly at 26= 22° and 2 © = 26° suggest that all the samples were amorphous carbon. The
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position and intensity of this peak from the figure below provides information about the degree of
graphitization in the biochar sample. When materials originating from agricultural byproducts are

pyrolyzed, graphene structures can emerge (16).

|Samp|e 01 Sample 02
12000
12000
10000 - : @201
(22.06,8979) 10000 4 T 26.58,10259)
8000 4 , ® (26 65,8303)
\,' 8000 4 \
3 C
[7] | >
c i E=)
g 6000 | \/ \ @ 000
=
= L
=
4000 4 4000 4
2000 20001 \\M‘\
0 T 1 T 1 1 0 T T T T T 1
0 20 40 60 80 100 0 20 40 0 80 100
20° 26°
Sample 03 Sample 04
18000
12000 16000 PR
10000 - \ 14000
(22 289818)
12000
8000 . \ (26.56,8407)
10000
> 6000 4 5 8000 -
% 5
5 ‘T 6000 -
E 4000 4 4212,3750) -
oy, 4000
2000 \\4\ 20001
04
0 T T T T T T T T T T 1 r . r r r
0 20 40 60 80 100 [') 2'0 4'0 e'o 3'0 160
28° 20°

Figure 5.4: XRD for all 04 samples
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415 Surface area measurement

The pore volume, pore size and BET surface area of all four samples were determined using the
ASAP 2020 Micromeritics surface area analyzer which is illustrated in table below. According to
the IUPAC, there are three types of porous structure: micropore (diameter < 2 nm), mesopore

(diameter 2— 50 nm), and macropore (diameter > 50 nm).

Table 4.5: BET surface and pore volume of all 04 samples.

BET surface area  Mean pore diameter  Total pore Volume

(m?/g) (mm)
(cm®/g)

Sample 01

Sample 02
Sample 03
Sample 04

4.2 Performance evaluation of 3SMLD SBR Plant at 11T Roorkee campus

Table 4.5 displays the appraisal of STP's overall performance. A full-scale plant designed to
process 3.2 million liters of water per day, with an average flow of 3 million liters and a recycled
discharge of 0.2 million liters, was operated using an 18.1-hour hydraulic retention time. The
facility met the most recent effluent standards criteria and was effective in eliminating COD, BOD,
NHaz-N, and TSS. The plant has performed well since it was put into service and has consistently
produced low values for operating parameters in the effluent. COD, BODs, NHs-N, PO4-P and
TSS removal was 95.2+2.2%, 95.84+2.9%, 97.3+2.1 ,45.5+10.8 and 95.1+1.8%, respectively, in
the 3-MLD SBR plant.
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Table 4.6: Performance evaluation of the SBR plant from 30" June 2022 to 18" July 2022.

Parameters

1 pH

2 Color

3 Odor

4 COD

5 BOD

6 NHas-N
7 NOs-N

8 PO4-P

9 TSS

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

74+0.2

Grey

Foul

355 + 63

165 + 47

26+ 3.8

09+04

3.2+0.5

233 + 80

7.5+£0.3

Color less

Odorless

16.2+8

5+3

0.7+0.5

58%14

1.7+0.3

9.7+24
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Figure 4.5: Performance Assessment of 3MLD SBR in terms of COD, NHs-N, NOs-N and POs-P

removal

4.3 Effect of flowrate on COD, NHs-N, and POs-P removal breakthrough curve

Three different flow rates were used to study the dynamic adsorption of COD, NH4-N, and PO4-P
in all 04 continuous fixed bed columns. Figures 4.6, 4.7, and 4.8 show the breakthrough curves for
COD, NHs-N, and POs-P inlet concentrations at 2.5, 5, and 7.5 mL/min flow rates, respectively,
at 3.5 cm of bed depth in each of the 04 continuous fixed bed columns. The results demonstrate
that the breakthrough time and exhaustion time increased with decreasing flow rate for the
elimination of COD, NH4-N, and POs-P. From 2.5 to 7.5 ml min, the flow rate rises, the slopes
of these graphs reflect a reduction in the time from breakthrough to exhaustion. The COD, NHa-
N, and PO4-P adsorption breakthrough period in all 04 columns dropped from 17 to 13 h then
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further to 11h, 17 to 12, and 17 to 12h then further to 10 hours, respectively correspondingly when
the flowrates were increased. The synthesized biochar was successful in treating COD, NHa-N,
and POs-P in real wastewater for all of the investigated flow rates. This was supported by the
biochar columns' ability to remove these contaminants from the secondary treated waste water.
Decreased flowrate may enable prolonged contact time between the designed biochar in the
columns and the COD, NHa-N, and PO4-P in secondary treated effluent. Therefore, when the flow
rate was decreased, COD, NHs-N, and PO4-P in the effluents displayed a delayed breakthrough

time and lower concentration (40).
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Figure 4.6: Breakthrough curves of COD removal by biochar adsorbent for all 04 columns

This is corroborated by the fact that when the flow rate drops, the breakthrough curves get steeper.
Increased contact time of the adsorbate with the biochar leads to greater removal of COD, NHs-
N, and PO4-P, which may be the cause of the high breakthrough time associated with low flowrates
(37).
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Figure 4.7: Breakthrough curves of NHs-N removal by biochar adsorbent for all 04

columns

High flow rates cause the mass transfer rate to increase, which accelerates saturation. This is
characterised by a decrease in the slope of the curve, which denotes a significant amount of
unsaturated zone because of inadequate contact time (37). Adsorbate is removed more quickly
from the column when the flowrate is lower because the adsorbate has more opportunity to come
into contact with the adsorbent. In general, higher flowrates cause breakthrough points for COD,

NHa4-N, and PO4-P elimination to occur more quickly (38).
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Figure 4.8: Breakthrough curves of POs-P removal by biochar adsorbent for all 04 columns

4.4 Effect of initial adsorbate concentration on COD, NHs-N, and PO4-P removal
breakthrough curve
The effect of initial adsorbate concentration on the breakthrough curve was studied by increasing
the initial concentration of COD (19.6, 47.3 mg/L), NH4-N (0.47, 7, 14.8 mg/L), and PO4-P (1.4,
3.4, 5.2 mg/L) at flowrate 2.5mL/min as shown in Figure 4.9, 4.10, and 4.11 below. In general,
higher initial adsorbate concentrations cause the medium's adsorption sites to saturate more
quickly. The breakthrough point occurs earlier as a result, and the concentration of the effluent
rises more quickly. Greater mass transfer rates can result from steeper concentration gradients
caused by higher initial concentrations. As a consequence, the adsorption kinetics may be
accelerated, which might reduce the breakthrough time and speed up the increase in effluent

concentration. The initial adsorbate concentration affects how effective the adsorption process is.
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Adsorbent removal efficiency may be higher at lower concentrations, leading to a longer

breakthrough curve and lower effluent concentrations (43).
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Figure 4.9: Effect of increase in initial concentration on the removal of COD by biochar

adsorbent for all 04 columns

The adsorption saturation of biochar was more readily accomplished at higher initial COD, NHs-
N, and POs-P concentrations because the adsorption sites on the surface of the biochar were
constrained (41). Because more active sites become accessible for the adsorbate as the initial
concentration decreases, the increasing trend in adsorption uptake with a drop in initial
concentration may be explained (42). The breakthrough curve shown in Figure 5.9 at an initial
concentration of 19.6 mg/L shows a more prolonged breakthrough time compared to the curve at
47.3 mg/L of COD. The higher initial concentration is expected to lead to a faster saturation and
an earlier breakthrough, resulting in a steeper increase in effluent concentration. The COD
adsorption breakthrough period in all 04 columns dropped from 17 to 10 h, correspondingly when
the initial COD concentrations increased.
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The breakthrough curves as shown in Figure 5.11 at initial concentrations of 1.4 mg/L, 3.4 mg/L,

and 5.2 mg/L of POs-P would likely exhibit shorter breakthrough times and higher effluent

concentrations as the initial concentration increases. The higher initial concentrations would result

in a more rapid saturation and earlier breakthrough. This might be explained by the increased

influent concentration giving more driving power for the transfer process to get beyond the mass

transfer barrier. The PO4-P adsorption breakthrough periods in all 04 columns dropped from 17 to

12 h then further to 8 h, correspondingly when the initial PO4-P concentrations increased.
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Figure 4.11: Effect of increase in initial concentration on the removal of POs-P by biochar
adsorbent for all 04 columns

Similarly, the breakthrough curves as shown in Figure 5.10 at initial concentrations of 0.47 mg/L,
7 mg/L, and 14.8 mg/L of NH4-N show progressively shorter breakthrough times and higher
effluent concentrations as the initial concentration increases. Again, the higher initial
concentrations would lead to faster saturation and earlier breakthroughs. The NH4-N adsorption
breakthrough periods in all 04 columns dropped from 17 to 13 h then further to 9 h,
correspondingly when the initial NHs-N concentrations increased.

4.5 Dynamic models

Predicting the breakthrough curve for the effluent is necessary for the effective design of a column
adsorption process. For the goal of industrial applications, a number of straightforward
mathematical models have been created throughout time to describe and analyse lab-scale column
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Investigations (44). To determine the optimum model for forecasting the dynamic behaviour of
the column, Thomas, Adams-Bohart, and Yoon-Nelson models were developed in this study.
These models are useful for understanding and predicting the dynamic behavior of adsorption

systems, optimizing process parameters, and designing efficient adsorption processes.

45.1 The Thomas model

Under constant bed-depth, variable influent concentration, and variable flowrates, the model was
applied to the experimental data. Following Eq. (1), the linear regression analysis was used to
determine the relative constants and coefficients, and the results are shown in the table below. R?
refers to the coefficient of determination. It is a statistical measure that represents the goodness of
fit of a regression model. The coefficient of determination is helpful because it indicates the
percentage of a variable's variation that can be predicted from the other variables. It is a
measurement that enables us to decide how confidently one may draw conclusions from a certain
model. The best isotherm model is one in which the coefficient value is closer to unity (45). The
higher R? values indicate a better fit and a higher level of confidence in the model's ability to
explain the adsorption process. In this case, R? values are reported for four different columns (01,
02, 03, and 04). R? ranges from 0.71 t0 0.96, 0.76 t0 0.96, 0.67 to 0.99, and 0.80 to 0.98 for columns
01, 02, 03, and 04, respectively.

Table 4.7: Thomas model parameters at different conditions for Column 01

Parameter Initial pH Flowrate Bed kth (ML

Concentration (mL min~  height min-mg?)

(mg L) Y (cm)

84566.3

0.93

17.9 7.7 5 3.5 2.7x10° 134821.4 0.86

21 7.8 7.5 3.5 3.3x10° 181452.9 0.92

47.3 7.6 2.5 SE5 2.3x10° 215683.2 0.92

0.47 7.8 2.5 3.5 6.3 x 10* 2746.5 0.79
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0.53 7.7 5 <8 1.1x103 2011.3 0.94

0.55 7.8 7.5 3.5 1.09 x 1073 2678.5 0.96

7.3 7.6 2.5 3.5 1.6 x 10 228404 0.88

14.8 7.7 2.5 3.5 1x10% 31683 0.88

1.4 7.8 2.5 3.5 3.2x10% 7730.8 0.71

1.7 7.7 5 3.5 1.2x 103 16299.1 0.88

1.49 7.8 7.5 3.5 1.3x 103 211936 0.79

3.4 7.6 2.5 oG 3.8x10* 20695.7  0.95

5.2 7.7 2.5 3.5 2.6x10* 259649 0.94

This indicates that the regression model used to describe the adsorption process in column 01 has
a good to excellent fit with the experimental data, explaining approximately 71% to 96% of the
variance in the data. Similar to column 01, the regression model used for column 02 demonstrates
a good to excellent fit with the data, explaining approximately 76% to 96% of the variance. For
column 03, the lower end of this range suggests a slightly weaker fit compared to the previous
columns, explaining approximately 67% of the variance in the data. However, the higher end of
the range indicates an excellent fit with an explanation of approximately 99% of the variance.
Column 04, shows a consistently strong fit between the regression model and the experimental
data, explaining approximately 80% to 98% of the variance. It was shown that the Thomas model
provided a better fitting than the Adams-Bohart model. From the table, it can be seen that ktu for
COD, NHs-N, and POs-P initially increased with increasing flow rate at constant bed-depth, but
then further decreased. After increasing the initial concentration, ktn decreased at constant
flowrate and bed-depth. On the other hand, o for COD, and POs-P increased with an increase in
flowrate at constant bed depth, whereas for NH4-N initially go decreased as the flowrate was
increased to 5SmL/min at constant bed-depth. o saw a corresponding increase for COD, NHa-N,

and POs-P at constant bed depth and flowrate of 2.5 mL min for increasing initial concentrations
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of adsorbate. A maximum bed capacity of 215683.2 mg g%, 31683 mg g™* and 25964.9 mg g* were
obtained for COD, NHas-N, and POs-P respectively at flowrate of 2.5mL min! and a bed-depth of
3.5cm with increased initial concentration for column 01. For column 02 maximum bed capacity
of 216921.7 mg g%, 31408.2 mg g* and 24919 mg g were obtained for COD, NHs-N, and PO:-
P respectively at flowrate of 2.5 mL mint and a bed-depth of 3.5cm with increased initial

concentration.

Table 4.8: Thomas model parameters at different conditions for Column 02

Parameter Initial pH Flowrate Bed kth (ML

Concentration (mL min-  height min-mg?)

(mg L) Y (cm)

81849.4 0.93

17.9 7.7 5 SiS 44x10° 119318.1 0.95
21 7.8 7.5 3.5 3.3x10° 1855519 0.93
47.3 7.6 2.5 3:9 21x10° 216921.7 0.90
0.47 7.8 2.5 3.5 8.5x10% 23119 0.82
0.53 7.7 5 3.5 1.1x10° 1861.2 0.88
0.55 7.8 7.5 3.9 1x103 2710.7 0.92
7.3 7.6 2.5 3.5 1.7x10*% 232589 0.96
14.8 7.7 2.5 3.5 1.1x10* 31408.2 0.83
1.4 7.8 2.5 35 1.4x10°  4457.2 0.92
1.7 7.7 5 3.5 1.6x10° 14515 0.85
1.49 7.8 7.5 3.5 2x103 19567.6 0.76
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3.4 7.6 2.5 3.5 3.8x10* 14870.7 0.85

5.2 7.7 2.5 8 32x10* 24919 0.92

For column 03 maximum bed capacity of 220357.1mg g, 31246.2 mg g* and 63155.8 mg g*
were obtained for COD, NHa-N, and PO4-P respectively at flowrate of 2.5mL min and a bed-
depth of 3.5cm with increased initial concentration. Similarly for column 04 , maximum bed
capacity of 219196.4 mg g, 30110 mg g and 25749.2 mg g** were obtained for COD, NH4-N,
and POa-P respectively at flowrate of 2.5mL min! and a bed-depth of 3.5cm with increased initial

concentration.

Table 4.9: Thomas model parameters at different conditions for Column 03

Parameter Initial pH Flowrate Bed krh (ML

Concentration (mL min~ height  min-mg
(mg L) Y (cm)

91862.2

17.9 7.7 5 3:9 4.4x10° 136120.1 0.99
21 7.8 7.5 3.5 4.2x10° 2012755 0.99
47.3 7.6 2.5 35 25x10° 220357.1 0.94
0.47 7.8 2.5 3.9 1x10°3 2228.5 0.80
0.53 7.7 5 3.5 1.1x10° 2543 0.95
0.55 7.8 7.5 3.5 1x10°3 4195.9 0.95
7.3 7.6 2.5 3:9 23x10* 216614 0.88
14.8 7.7 2.5 3.5 12x10% 312462 0.67
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1.4 7.8 2.5 3.5 25x10° 8453 0.90

1.7 7.7 5 3.5 15x10° 153345 0.90
1.49 7.8 7.5 35 6x 10 55084.8 0.88
3.4 7.6 2.5 3.5 35x10* 9896.6 0.87
5.2 7.7 2.5 3.5 4.2x10* 631558 0.86

This maximum bed capacity was obtained at the lowest flowrate and a highest initial concentration.
The maximum bed capacity occurring at this point can be due to the fact that at lower flowrates,
the adsorption capacity is high due to sufficient residence time which allows for effective
utilization of the vacant sites before equilibrium is reached (46). Comparing the qo, it can also be
seen that the go for COD is higher than NHs-N, and PO4-P indicating a higher uptake capacity of
the graphene like biochar adsorbent to reduce higher proportions of COD than NHs-N, and POs-
P.

Table 4.10: Thomas model parameters at different conditions for Column 04

Parameter [Initial pH Flowrate Bed krh (ML

Concentration (mL min~  height  min-mg
(mg L) 9 (cm)

87321.4

0.95

17.9 7.7 5 3.5 39x10° 121382.7 0.97
21 7.8 7.5 3.5 3.3x10° 201785.7 0.91
47.3 7.6 2.5 35 2.1x10° 219196.4 0.92
0.47 7.8 2.5 3.5 8.5x10% 2184.3 0.85
0.53 7.7 5 3.5 9.4x10* 1769.5 0.91
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The model was applied to the experimental data under constant bed-depth, variable influent

concentration, and variable flowrates. Following Eq. (2), the linear regression analysis was used

to determine the relative constants and coefficients, and the results are shown in the table below.

In this case, R? values are reported for four different columns (01, 02, 03, and 04). R? ranges from
0.78 to 0.98, 0.81 to 0.96, 0.70 to 0.99, and 0.80 to 0.98 for columns 01, 02, 03, and 04,
respectively. The R? range of 0.78 to 0.98 suggests that the regression model for column 01 has a

good to excellent fit with the experimental data. This means that the model can explain

approximately 78% to 98% of the variance observed in column 01, indicating a high level of

effectiveness in capturing the relationship between the independent and dependent variables. The

R? range of 0.81 to 0.96 indicates that the regression model for column 02 also has a good to

excellent fit.
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Table 4.11: Adam-Bohart model parameters at different conditions for Column 01

Parameter Initial pH Flowrate Bed Kas (ML N

Concentration (mL min~  height min-mg- (Mg g
(mg L) D) (cm) Y Y

19.6 7.8 2.5 3.5 3x10° 478 0.93
17.9 7.7 5 3.5 3.7x10° 610.13 0.86
21 7.8 7.5 3.5 43x10° 8629 0.92
47.3 7.6 2.5 3.5 23x10° 6111 0.92
0.47 7.8 2.5 3.5 1.2x10% 10.1 0.78
0.53 7.7 5 3.5 1.3x10% 17.81 0.89
0.55 7.8 7.5 3.5 1.4x10°% 272 0.90
7.3 7.6 2.5 3.5 1.3x10* 106 0.89
14.8 7.7 2.5 3.5 9.4x10° 156 0.89
1.4 7.8 2.5 3.5 3.5x10* 428 0.98
1.7 7.7 5 3.5 4.1x10% 55.08 0.89
1.49 7.8 7.5 3.5 4.4x10*%  59.4 0.79
3.4 7.6 2.5 3.5 3.8x10* 37.1 0.95
52 7.7 2.5 3.5 2.1x10* 648 0.95

This range implies that the model can explain approximately 81% to 96% of the variance in column
02, signifying a strong relationship between the variables. For column 03, the R? range of 0.70 to

0.99 suggests a broader range of fit. The lower end of the range, 0.70, indicates a relatively good
45| Page



fit, explaining approximately 70% of the variance in the data. However, the higher end of the
range, 0.99, suggests an excellent fit, explaining approximately 99% of the variance. This indicates
that the model performs well in capturing the relationship between the variables in column 03,
with a higher level of explanation at the upper end of the range. Similarly, for column 04, the R?
range of 0.80 to 0.98 suggests a consistently strong fit. The model can explain approximately 80%
to 98% of the variance in column 04, indicating a high level of effectiveness in capturing the
relationship between the variables.

Table 4.12: Adam-Bohart model parameters at different conditions for Column 02

Parameter Initial pH Flowrate Bed Kag (ML N

Concentration (mL min~  height min-mg?') (mgg

(mg L?) D) (cm) 1)

0.93

17.9 7.7 5 S 3.9x10° 6369 0.95
21 7.8 7.5 3.5 43x10° 884.4 0.94
47.3 7.6 2.5 3.9 2.1x10° 616 0.90
0.47 7.8 2.5 3.5 1.9x10° 8.1 0.81
0.53 7.7 5 3.5 23x10° 167  0.83
0.55 7.8 7.5 3.9 24x10° 259  0.86
7.3 7.6 2.5 3.5 1.7x10* 89.8  0.96
14.8 7.7 2.5 3.5 1.1x10* 146.1 0.83
14 7.8 2.5 3.9 5x10* 393  0.92
1.7 7.7 5 3.5 57x10* 553  0.92
1.49 7.8 7.5 3.5 59x10% 557  0.90
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3.4 7.6 2.5 3.5 23x10* 628  0.89

5.2 7.7 2.5 3.5 25x10* 64 0.94

The experimental data were transformed into the linear form of the Adams-Bohart model by
graphing C+/Civersus t for COD, NH4-N, and POs-P. The adsorption rate depends on the residual
capacity of the adsorbent as well as the concentration of the adsorbate because this model is based
on the surface response theory and implies that equilibrium is not immediate. (47). The model's No
and kas values have been calculated and are shown in tables for all 04 columns in this section. For
all of the examined conditions, COD values are greater than NHs-N and POs-P in comparison. For
COD, NHs-N, and PO4-P, the values of kas and No increase as flowrate is increased. (48,49 and
50).

Table 4.13: Adam-Bohart model parameters at different conditions for Column 03

Parameter Initial pH Flowrate Bed Kag (ML N
Concentration (mL min~ height min-mg- (Mg g
(mg L) Y (cm) 9

0.98

17.9 7.7 5 3.5 44x10° 6513 0.99
21 7.8 7.5 3.5 4.8x10° 921 0.99
47.3 7.6 2.5 3.5 25x10° 638.1 0.94
0.47 7.8 2.5 3.5 27x10° 7.8 0.84
0.53 7.7 5 3.5 3.8x10° 16.7 0.88
0.55 7.8 7.5 3.5 4.7x10°  25.2 0.88
7.3 7.6 2.5 3.5 2.3x10* 849 0.88
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-14.8 7.7 2.5 3.5 1.4x10* 1349 0.70

14 7.8 2.5 3.5 6.4x10* 37.07 0.95
1.7 7.7 5 3.5 7.2x10* 574 0.92
1.49 7.8 7.5 3.5 8.6x10* 220.6 0.89
3.4 7.6 2.5 3.5 35x10* 557 0.87
5.2 7.7 2.5 3.5 3 x10* 62.1 0.89

The Adam-Bohart model may not be the best model to employ to predict the experimental data
under the range of circumstances tested, as seen by the lower values of the R? > 0.70 observed
when compared to the other models investigated. This could be because the Adams-Bohart model
is only used in low-concentration areas, and if it were used elsewhere, there would likely be
significant differences between the experimental and anticipated curves.

Table 4.14: Adam-Bohart model parameters at different conditions for Column 04

Parameter Initial pH Flowrate Bed Kas (ML N

Concentration (mL min~  height min-mg?') (mgg

(mgL™) Y (cm) )

0.95

17.9 1.7 5 3.9 43x10° 6721 0.97
21 7.8 7.5 3.5 48 x10° 917 0.91
47.3 7.6 2.5 3.5 2.1x10° 6285 0.92
0.47 7.8 2.5 3.9 1.4x10% 9.1 0.82
0.53 7.7 5 3.5 23x10° 153  0.89
0.55 7.8 7.5 3.5 32x10° 241  0.89
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45.3 The Yoon-Nelson model
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Under constant bed-depth, variable influent concentration, and variable flowrates, the model was

applied to the experimental data. Following Eq. (1), the linear regression analysis was used to

determine the relative constants and coefficients, and the results are shown in the table below. In

this case, R? values are reported for four different columns (01, 02, 03, and 04). R? ranges from
0.71 to 0.96, 0.76 to 0.96, 0.67 to 0.99, and 0.80 to 0.98 for columns 01, 02, 03, and 04,

respectively.
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Table 4.15: Yoon-Nelson model parameters at different conditions for Column 01

Parameter Initial pH Flowrate Bed Kvyn T (min) R?

Concentration (mL min~  height (mL

(mg LY h (cm) min-
mg?) x
102
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This indicates that the regression model used to describe the adsorption process in column 01 has
a good to excellent fit with the experimental data, explaining approximately 71% to 96% of the
variance in the data. Similar to column 01, the regression model used for column 02 demonstrates
a good to excellent fit with the data, explaining approximately 76% to 96% of the variance. For
column 03, the lower end of this range suggests a slightly weaker fit compared to the previous
columns, explaining approximately 67% of the variance in the data. However, the higher end of
the range indicates an excellent fit with an explanation of approximately 99% of the variance.
Column 04, shows a consistently strong fit between the regression model and the experimental
data, explaining approximately 80% to 98% of the variance.

Table 4.16: Yoon-Nelson model parameters at different conditions for Column 02

Parameter Initial pH Flowrate Bed T (min) R?

Concentration (mL min~  height
(mg L) Y (cm)

0.95

17.9 7.7 5 SE5 0.62 360 0.89
21 7.8 7.5 45 0.63 275 0.95
47.3 7.6 2.5 3.9 0.68 230 0.99
0.47 7.8 2.5 SE5 0.73 270.5 0.96
0.53 7.7 S 3.5 0.88 240 0.93
0.55 7.8 7.5 3.9 0.98 223 0.97
778 7.6 2.5 SE5 0.69 246 0.92
14.8 7.7 2.5 48 1.06 170 0.97
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14 7.8 2.5 3.5 0.33 720 0.67

1.7 7.7 5 3.5 0.58 297 0.90
1.49 7.8 7.5 Sh5 0.87 230 0.96
3.4 7.6 2.5 3.5 0.49 307 0.93
5.2 7.7 2.5 BLS 0.66 190 0.94

It was demonstrated that the Thomas model fit the data more accurately than the Adams-Bohart
model. The kyn and t values were calculated using the linear version of the Yoon-Nelson model,
which is shown in tables for all 04 columns in this section. In general, it can be shown that the
KYN for COD, NH4-N, and PO:-P increases as the flowrate increases at constant bed-depth. more
mass transfer coefficient suggests a more constrained mass transfer zone, more transfer between
phases, and hence reduced mass transfer resistance. This suggests that higher values of kyn make
COD, NHs-N, and POs-P adsorption simpler. As flowrate is raised, there is a commensurate
reduction in the time needed to attain 50% breakthrough. The changes observed can be attributed

to reduced residence time associated with high flowrates.

Table 4.17: Yoon-Nelson model parameters at different conditions for Column 03

Parameter Initial pH Flowrate Bed T (min) R?
Concentration (mL min~  height
(mg L) Y (cm)
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47.3 7.6 2.5 3.5 0.76 270 0.96

0.47 7.8 2.5 3.5 0.78 330 0.96
0.53 7.7 5 Sh5 0.82 220 0.88
0.55 7.8 7.5 3.5 0.87 197 0.88
7.3 7.6 2.5 BLS 0.97 265 0.88
14.8 7.7 2.5 S85 1.02 167 0.95
PO4- P 1.4 7.8 2.5 3.5 0.38 682.7 0.70
1.7 7.7 5 315 0.66 300 0.94
1.49 7.8 7.5 Sh5 0.75 229 0.96
3.4 7.6 2.5 3.5 0.54 213 0.98
5.2 7.7 2.5 3.5 0.81 200 0.99

Table 4.18: Yoon-Nelson model parameters at different conditions for Column 04

Parameter Initial pH Flowrate Bed
Concentration (mL min~  height
(mg L) Y (cm)
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21

47.3

0.47

0.53

0.55

7.3

14.8

1.7

1.49

3.4

5.2

7.8

7.6

7.8

1.7

7.8

7.6

7.7

7.8

1.7

7.8

7.6

1.7

7.5

2.5

2.5

7.5

2.5

2.5

2.5

7.5

2.5

2.5

3.5

3.5

3.5

3.5

SLS

3.5

3.5

S

3.5

3.5

ShS

3.5

0.66

0.71

0.59

0.72

0.82

0.86

0.92

0.35

0.61

0.67

0.44

0.70

290

267

283

233

215

234

165

480

336

230

390

290

0.93

0.98

0.98

0.97

0.97

0.94

0.98

0.81

0.88

0.98

0.80

0.91
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CHAPTER 05

CONCLUSION

A number of pollutants can be eliminated from wastewater using the purification method known
as adsorption. Adsorption is frequently employed as a tertiary cleaning method following
biological water purification to remove non-degradable organic contaminants from groundwater,

drinking water preparation, process water, and other drinkable water.

Even though graphene is made from the inexpensive and widely accessible material, graphite,
manufacturing is costly and limited. By using biomass waste, this issue may be resolved while the
resulting pollution is minimised. One step towards improving graphene technology may be seen
in the production of the material employing a green synthesis method. This graphene may then be
utilised as a graphene-based adsorbent, and its employment in the field of water filtration involves
developing water filters and examining how well they can purify contaminated water for both
domestic and commercial uses. The graphene like biochar a adsorbent was successfully
synthesized via single-step from agricultural waste i.e., sugarcane bagasse by pyrolysis process in
presence of nitrogen gas at 550°C for 30 min, 45 min, 1 hr., and 1 hr. 15 min. The material was
further characterized by Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR),
Scanning electron microscopy (SEM) coupled with Energy dispersive X-ray analysis (EDX), and
X-ray powder diffraction (XRD). Four experimental columns made of borosilicate glass with an
internal diameter of 30 mm and a length of 250 mm. All 04 columns were packed with the different
adsorbent materials (35 mm) varying in preparation time viz. 30 min., 45 min., 1 hr., and 1 hr. 15
min. respectively between the supporting layers of glass wool (10 mm) each (for improving the
flow distribution and prevention of the loss of adsorbent), and gravel (105mm and 90 mm). The
Peristaltic pump RH-P100L-100-4R was used to draw water from the inlet water can to the column.
The up-flow mode was used to prevent channeling and assure consistent streaming. columns of
diameter 3cm and length 25cm were fabricated with four different materials (varying in their
preparation time). The effect of initial adsorbate concentration, and the flow rate of adsorbate in
the column were studied for the optimization of the adsorption column setup. Initially, there was
an increase in the pH of the adsorbate by 3% for almost one week indicating the release of alkali

ions from the adsorbent. The experimental data were fitted with different models such as the
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Thomas, Yoon-Nelson and, Adam-Bohart models. Both Thomas and Yoon-Nelson model were
found to show a good agreement with the experimental data as compared to Adam-Bohart model.
It was concluded that the synthesized green adsorbent could effectively remove COD, NHs-N, and
PO4-P according to the allowable limits for stringent discharge standards. The sorption of COD,
NHa4-N, and PO4-P was strongly dependent on flowrate and initial concentration of adsorbate. An
increase in initial concentration of adsorbate resulted in increased uptake capacity while an
increase in flowrate resulted in a reduced uptake capacity for COD, NHz-N, and PO4-P. This study
has established the potential of using a free, locally and abundantly available waste material for

the preparation of graphene like biochar in reducing COD, NH4-N, and PO4-P in wastewater.
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