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Abstract

Agricultural biowaste derived biochar is carbonaceous material with strong affinity in removing
heavy metals from water. Amongst various agro-biomasses, sugarcane bagasse (SCB) has been
extensively produced annually i.e., 27 Mega Ton in Pakistan resulting in waste management issues.
Moreover, tannery industries are disposing untreated Cr-laden wastewater directly into freshwater
bodies. Therefore, in this study, we compare the effectiveness of raw biochar (RBC) and iron-
impregnated biochar (Fe-BC) produced from SCB for the removal of hexavalent chromium [Cr
(V1] under different solution chemistries. Moreover, different characterization techniques like
Scanning Electron Microscopy-Elemental Data X-ray spectroscopy (SEM-EDX), Fourier
Transform Infrared (FT-IR) spectroscopy and Brunauer-Emmett-Teller (BET) was implied to
investigate the structural properties of RBC and Fe-BC. The results indicated that (3 g/L) RBC
synthesized at pyrolysis temperature of 500°C (RBC500) presented superior Cr (VI) removal
performance (73%) when compared with those synthesized at pyrolysis temperatures of 400°C
(50%) and 600°C (47%). Therefore, RBC 500 was chemically activated using FeCls for further
sorption studies. The greater Cr (VI) removal (92.65%) was achieved using 3 g/L Fe-BC at
optimum pH (2), contact time (120 min) and initial Chromium (V1) concentration (20 mg/L) when
compared with RBC (73.82% Cr (VI) removal). Moreover, Cr (VI) removal performance was
influenced under the influence of interfering species and increasing solution temperature. The
kinetic study indicated that Cr (V1) sorption by Fe-BC followed Pseudo second order model while
Cr (V1) sorption by RBC followed Pseudo first-order model. Freundlich isotherm model presented
better fitting of experimental data of Chromium (V1) adsorption using both Fe-BC and RBC. The
characterization techniques indicated enhanced surface roughness and metal impregnation onto
biochar surface were mainly responsible for excellent Cr (VI) removal in case of Fe-BC when
compared with RBC. Furthermore, the FT-IR analysis results revealed that charge neutralization,
surface complexation, and ligands exchange reactions were the primary mechanism for the
adsorption of Chromium (V1) from aquatic environment. In conclusion, current study provides
mechanistic insights into the removal behavior of Cr (VI) species from aqueous streams using

indigenous biosorbent material.

Keywords: Biochar, FeClz impregnation, Cr (V1) removal, Mechanism, Water treatment
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Chapter 1

Introduction

1.1 Background
Agriculture is the backbone of economy of Pakistan as it gives food security, employment

opportunities, and a way to earn foreign exchange reserves. it constitutes 24% of Pakistan’s GDP
and employs 48% of the labor force(Saeed, MA, Irshad, A, Sattar, 2015). Agricultural waste is the
by-product that is produced due to agricultural operations after obtaining the useful products.
Agricultural waste includes harvest waste, animal waste, slaughterhouse waste, fertilizers run-off
from fields, and even pesticides that enter in air, soil, and water because of agricultural operation
(Fahmy et al., 2017). In 2020, 2.42 billion tons of agricultural waste were produced(Fahmy et al.,
2017). Pakistan produced 98 million tons in 2020 (Saeed, MA, Irshad, A, Sattar, 2015). Most of it
was discarded or incinerated which is a common practice in developing countries but this waste
should be managed properly as it presents a hazard to the public health and as well as ecosystem.
Managing agricultural waste will not only add value to the respective crop but also provide the
raw material for other industries. Agricultural waste can be converted into charcoal, biochar,
methanol, ethanol, and biodiesel but can be used for animal feed, composting, and biogas
production (EN, S., 2011).

Biomass is abundant and often recognized as the world's greatest source of renewable energy
(Farooq et al., 2018). Sugarcane bagasse (SCB) is a major biomass waste produced in many
sugarcane industries across the world to produce sugar and alcohol (Government of Pakistan,
2021). Sugarcane is a high-value cash crop in Pakistan, with significant implications for sugar-
related sectors. After textiles, the agricultural industry sector is the second largest. Its yield
comprises 3.4 percent of agricultural value addition and 0.7 percent of GDP. The crop was grown
on 1,165 thousand hectares in 2020-21, a 12.0 percent increase over the previous year's planted
area of 1,040 thousand hectares. Production climbed by 22% to 81.009 MT, up from 66.380 MT
the previous year (Government of Pakistan, 2021). Approximately 33% of it is obtained as
bagasse: a residue that is obtained after crushing and extracting the sugar from sugar cane(Saeed,
MA, Irshad, A, Sattar, 2015). Since reuse and recycling methods are highly affected by the

chemical configuration and proportion of the material. So, it is essential to take under consideration



the chemical composition of waste material to be reused and recycle (Grigore, 2017a; Grigore,
2017b). Bagasse is fibrous material whose chemical composition varies with place, season, and
species. Samples from Egyptian bagasse contain Alpha cellulose made up 43.2%, along with
pentosans (21.2%), ash (1.98%), lignin (18.2%), and extractives derived from methanol and
benzene (8.3%) (Fahmy et al., 2017). A lot of methods have been established to manage bagasse
waste which includes paper, pulp, and board production, raw material for composting, electricity,
and heat production, and conversion to a useful product like charcoal or biochar (Fahmy et al.,
2017; EN, S., 2011).

Carbon-rich substance called biochar that is obtained by heating the biomass under anaerobic
condition at low temperature(X. Guo et al., 2020). biochar is a cheap and environmental-friendly
adsorbent that can remove heavy metals (HMs) and organic containment from aqueous medium
because of its high specific surface area, nutrient retention capacity, cation exchange capacity, and
high oxygen-containing functional group that contains oxygen (Mohan et al., 2014). Biochar when
compared with activated carbon, it has a smaller pore size and specific surface area but adsorption
capability to adsorb pollutants is approximately equal to activated carbon in respect of hazardous
cations and anions(Zhou et al., 2016). However, biochar is anion naturally which can aid the
sorption of cations but resists the sorption of negatively charged particle which abundantly found
in wastewater(Min et al., 2020a). Several bio-engineering strategies have been established to
increase the capacity of biochar to adsorb anions (B. Chen et al., 2011, Z; Wang et al., 2015; R. Li
et al.; 2018). Many studies have found that loading a cation on biochar has boosted the removal of
anions by biochar (P. Xia et al. 2016; D. Xia et al., 2016).

Chromium is ranked as 24th by abundance present in earth crust and well known carcinogenic
(Lunk, 2015).Cr is primarily discharged into the environment from business for example
metallurgy, electroplating steel, manufacturing, leather tanning, mining, textile, painting, and
dyeing industry, etc. (Yi et al., 2021a; Bayazit & Kerkez, 2014). Chromium shows a widespread
oxidation state from -4 to +6. Two states are usually seen in Cr compounds that are trivalent
Chromium and hexavalent Chromium (Lunk, 2015). The first one is less soluble and more stable
whereas the second one is less stable and more soluble in an aqueous medium (Zhou et al., 2016).
Cr (111) is necessary for efficient human metabolism as it accelerates insulin action thus affecting

lipids and carbohydrates metabolism (Szydtowski & topatynski, 2003). Whereas Cr (V1) is toxic as



much as 500 times when compared to Cr (I11) and poses a threat to living creatures through its
carcinogenic, mutation, and teratogenesis effect (T. Chen et al., 2015). The USEPA has defined
the permissible limit of 0.05mg/L for Cr (V1) in effluent from industries that are being discharged
in surface water (Tyttak et al., 2015). In Pakistan, National environmental quality standards have
set the highest permitted limit of 0.1mg/L for Cr (V1) in the effluent. Due to the detrimental effect
of Cr (VI) on living creatures, it is essential to treat Cr (V1) containing water and reduce its
concentration to permissible limits by using economic, environmental-friendly, and sustainable
treatment methods. A lot of remediation technique and strategies has been established for Cr
treatment for example Reverse osmosis, ultrafiltration, adsorption, chemical precipitation,
oxidation/reduction, ion exchange, and membrane separation (Albadarin et al., 2012). Out of all
these remediation techniques, adsorption has emerged as a prominent technique because of its
cheap cost, selectivity, and simple process (T. Chen et al., 2015; Albadarin et al., 2012). Many
studies have found that biochar created through thermochemical method is effective in the
elimination of Cr (V1) from an aqueous environment (Dong et al., 2011; Kuppusamy et al., 2016;
Shakya & Agarwal, 2019). Also, many studies have revealed that the loading of anion on biochar has
increased the elimination affinity of biochar for Cr (Min et al., 2020a; B. Chen et al., 2011; Yi et
al., 2021a; F. Ma et al., 2019; B. Wang et al., 2020).

1.2 Production and composition of bagasse
Sugarcane is one of four major crops that are harvested in Pakistan which are wheat, rice,

maize, and sugarcane. Approximately, 55 MT Sugar-cane is produced annually in Pakistan, and
out of 55 MT, 27MT is wasted as residue called bagasse(Saeed, MA, Irshad, A, Sattar, 2015).
Bagasse is a fibrous substance that remains after sugarcane is crushed and its sugar is extracted as
shown in figure 1. The bagasse has chemical composition which changes from place to place, from
season to season and by species. Approximately, Bagasse has a 43% cellulose content. Ash 1.98
percent, pentosans 21.2%, lignin 18.2%, and methanol-benzene extractives 8.3% which is ideal to

produce carbon-based biochar (Fahmy et al., 2017).



Figure 1:Sugarcane bagasse

1.3 Methods for treatment of bagasse
The following methods have been developed to treat bagasse which includes:

1.3.1 Pulp, paper, and board production.
Bagasse pulp from sugarcane is a small in length fiber with little tearing which is same as

hardwood pulp. Sugarcane bagasse pulp may almost effectively replace hardwood pulp in almost
all types of paper and paperboard. The bleaching chemical bagasse pulp, after being merged with
a specific number of long fibers, may be used to produce a range of high-quality culture and
domestic papers, for example coated base paper, napkins, double-adhesive paper, high-grade

toilet paper, copy paper and so on.

The following steps are followed to make paper from bagasse.

1.3.1.1 Depithing
In this process, the shortest fibers are removed to make biomass of acceptable quality

which results in elimination of 30% of it.

1.3.1.2 Chemical pulping and leaching of bleaching.

1.3.1.3 Digestion
Throughout the course of digestion, the fibrous substance is divided into separate pulp

fibers, or sclerenchyma cells that are found in bagasse, which are generally 1.0-1.2 mm long.



1.3.1.4 Black liquor
In this process, silica present in bagasse is removed to enhance the quality of the paper.

1.3.1.5 Bleaching
Pulp bleaching is a process of addition of chemicals in the presence of gas to pulp or

secondary chemical to increase its brightness.

1.3.1.6 Papermaking
In a paper-making procedure, a suspension of fibers is accumulated one layer at a time and

water is allowed to drain through the resulting mat to create a fiber mat. The outcome is a sheet of

paper made of flexible fibers layered on top of one another(Rainey & Covey, 2016).

1.3.2 Raw material for electricity and heat production
The following steps are involved in producing electricity from bagasse as the raw material.

Bagasse is collected as a waste product from sugar refineries and stored in a dry place. To move
bagasse from storage to boilers, a railing system is in place. The boilers are massive cylindrical
chambers that are divided into two parts: a lower, smaller portion where bagasse is burnt, and a
larger part with thick tubes for increased surface area and water tubes nearby. To warm the water
that is present in tubes, it was run through an economizer. The water in these tubes will be
converted into high-pressure steam after bagasse burning. The steam then flows towards the target
through regulated tubes. The methods used to make sugar can benefit from this steam. High-
pressure steam is used to power turbines, which in turn causes the generator to rotate. The turbine
and generator are connected by a shaft. The generator subsequently generates power, which can
then be sold to WAPDA or stored for use by the sugar sector, easing the load of producing

electricity. The flow diagram of electricity generation is shown in figure 2.
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Figure 2: Flow diagram of electricity generation from sugarcane bagasse

1.3.3 Conversion to useful products
Biochar (BC) is substance that contain carbon as primary component which is produced

when biomass is pyrolyzed at temperatures above 250°C and in low-oxygen (or oxygen-free)
environments (O’Connor et al., 2018;Silva et al., 2017). Additionally, because of high carbon
present in its composition and high specific surface area (SSA), BC is a viable choice for a number
of environmental objectives, along with soil amendment (W. Guo et al., 2019; Joseph et al., 2018;
Rizwan et al., 2018; Shaaban et al., 2013). BC has been thoroughly studied for its application for
the purpose of adsorbent material for the removal of hazardous components for example heavy
metals(HMSs), organic and inorganic contaminates present in environment (Bashir et al., 2018; W.
Guo et al., 2019; Rizwan et al., 2018; Shen et al., 2018).

1.4 Chromium
Chromium is a heavy metal with different character traits depending on its valence states;

Cr (111), a trace element, is required by the body, but Cr (V1) is toxic and oxidative (Hayashi et al.,
2021).



Chromium and its derivatives are used mostly in metallurgy and pigments. Effluents from
these industries are released untreated into rivers, ponds, and seas, where they have a direct impact
on living species due to their carcinogenic and mutagenic characteristics. Exposure to heavy metals
such as chromium, even at low amounts, is harmful, and its removal remains a difficult issue for

current researchers.

1.4.1 Sources
Although chromium compounds are only found in minute levels in the water, the element

and its compounds can be disposed of in surface water by several industries. Chromium may be
found in both natural and man-made environments. Geological natural sources include ultramafic
and basaltic rocks, particularly serpentinites; these rocks are commonly replaced by amphiboles,
garnets, micas, pyroxenes, and spinel. Tanneries, metal finishing, cooling towers, pigment
synthesis, chemical industries and dyeing uses high chromium salts are examples of man-made

sources (Kanagaraj & Elango, 2019).

1.4.2 Applications
Because of its excellent physicochemical features, chromium oxide (Cr203) has become a

prominent research material. Chromium is used to stain glass green and emerald. Cr and its
derivatives are utilized as mordants in textile industry, as well as in the aerospace and other sectors
to anodize metal. Chromite has been utilized in the refractory sector to make bricks and forms due
to its high melting point, mild thermal expansion, and crystalline structural stability. Chromium is
used in alloy production, alloy steel preparation to increase corrosion and heat resistance, non-
ferrous alloy production to impart unique properties to the alloys, insoluble salt manufacturing and
processing, and moth-proofing wool (Babu et al., 2019). An overview of global chromium market
is shown in figure 3. Cr3+ and Cr6+ ions can coexist in various ratios in silicate and borate glasses
depending on the arrangement of the glass and the melting setting (Mortazavian et al., 2018).
Chromium'’s major purpose in the body is to control blood flow, regulate cholesterol levels,
maintain vascular health, boost the immune system, and stimulate protein synthesis (Costa, 2003).
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Figure 3: Global chromium market (2022-2029)

1.4.3 Effects
Plants require Cr (I11), whereas Cr (V1) is hazardous to both plants and animals in low

quantities. Because Cr (I11) oxides are only partially soluble in water, their concentration is
confined in water sources. Cr (V1) compounds are stable under aerobic environments, but under
anaerobic conditions, they have converted to Cr (I111) compounds. The opposite reaction is also
possible in an oxidizing atmosphere. Plants are not harmed by chromium concentrations in soils
when it is between 500 to 6000 mg/L (Mohamed et al., 2020). The mechanism of chromium
intoxication is pH dependent. As soluble chromates are transformed into insoluble Cr (I11) ions,
chromium availability to plants decreases. This process protects the food chain from high
chromium levels (Sanyal et al., 2015). Cr (V1) is a readily absorbed toxin that may be ingested or
breathed. By plundering the respiratory tract, skin contact with Cr (V1) can create vulnerable and
genetic abnormalities, as well as cancer (Mohamed et al., 2020). High chromium concentrations
in surface water caused by metal product discharge can harm the gills of fish swimming near the
disposal site (Wionczyk et al., 2006).



1.5 Problem statement

Growing industrialization and urbanization have created a severe danger to groundwater
and surface water quality. Groundwater pollution with chromium metal from the tanning and
leather industries is a possible environmental and public health problem globally. Chromium
occurs naturally as Cr (111) and Cr (V1), with Cr (V1) being more soluble and dangerous than Cr
(1. Chromium (V1) can create major health issues, for example lung damage, skin inflammation,

and even cancer.

On the other hand, a considerable amount of agricultural waste is burned each year, which
has a direct impact upon public health and the ecosystem. Sugarcane is grown in many places in
Pakistan, and the excess bagasse is considered trash. To control the surplus of bagasse, proper
management is essential. According to a literature review, inadequate handling techniques cause
issues and have a detrimental impact on the environment. As a result, its use in the form of biochar

through Pyrolysis can be a beneficial process.

Thus, in this research study, biochar was prepared from bagasse and then impregnated with
FeClz which was called Fe-modified biochar. (Fe-BC). Then a comparative study was done
between Raw bagasse biochar (RBC) and Fe-modified biochar (Fe-BC) through different
conditions like pH, the different dosages of adsorbate, different initial concentrations, different
temperatures, and the influence of the presence of different interfering ions. The different
characterization tools like FTIR, BET, and SEM-EDS were used to further explore the comparison
of Fe-impregnated biochar (Fe-BC and RBC). Additionally, the regeneration and recycling of Fe-

Impregnated biochar (Fe-BC) were also investigated.

1.6 Research objectives

The primary goal of this research project is as follows:

e Preparation, modification, and characterization of biochar obtained from sugarcane
bagasse through slow pyrolysis process.

e Influence of water chemistry parameters and conditions on the adsorption performance of
biochar towards Cr (V1) species

e Exploring the Cr (VI) elimination mechanism using mathematical models and analytical

techniques



Chapter 2

Literature Review

2.1 Background
Environmental contamination is one of the main problems with which the whole world is

dealing including Pakistan. This issue is being faced by many nations, including Pakistan, because
of population growth, the consumption of natural and manmade resources, industrialization, and
excessive reliance on fossil fuels. Every part of our lives in some way affects the quality of the air,
the water, or the soil. Water contamination is largely caused by rapid industrialization.

Water is regarded as a resource that is expandable and is therefore a necessity for
supporting life and the environment. Over eight billion people worldwide are currently
experiencing a severe water shortage. Pakistan has a water shortage having only 930 m?® of water
accessible per person per year. The country's water resources are being rapidly depleted due to
rapid industrialization, urbanization, and rising irrigation demands for agriculture. This harms
agricultural productivity and population health (WWF, 2021). Rivers, lakes, and freshwater
underground reservoirs are all contaminated by the wastewater that was released. The water is

consequently unfit for home use.

Due to their adverse effects both for aquatic flora and fauna and humans, toxic metals in
the environment are a worldwide problem. Although heavy metals cannot decompose, dumping
them into soil and water poses serious environmental threats (Agrafioti et al 2014). Among the
most hazardous heavy metals include arsenic (X. Sun et al., 2021), lead (Das et al., 2021), and
chromium (T. Li et al., 2021). Researchers from all over the world are focusing on eradicating or
reducing the concentration of these heavy metals present in wastewater to acceptable levels.

2.2 Chromium removal technologies

Chromium removal technologies include (Karimi-Maleh et al., 2021)
e Electrocoagulation
e lon exchange
e Photocatalysts

e Membrane technology
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e Adsorption

2.2.1 Electrocoagulation
Particularly, the efficient and effective processes for eliminating pollutants from water is

electrocoagulation that involved running an electric current through metal plates to remove fine
particles and contaminants and reverse the electric charge that is present on contaminants, causing
them to agglomerate (Nidheesh et al., 2021). Genawi et al. (2020) studied the removal of Cr (VI)
present in the real wastewater discharged from tannery industry using electrochemical cell with
iron electrode. They studied and optimized the operating parameters such as initial Cr (V1)
concentration, current density, pH, and power consumption. They achieved 100% Cr (V1) removal
at current density of 13mA/cm?, pH at 7 and initial concentration of 750 ppm (Genawi et al., 2020).
For limited wastewater with low temperature and turbidity, and flocks that are produced in this
process are stable and resistant to acid as compared to that are produced in chemical coagulation;
yet, when aluminum or aluminum sulfates are utilized in electrocoagulation, its efficiency for Cr
(V1) has increased three times (Golder et al., 2007). Although, Electrocoagulation has performed
well in wastewater treatment but sludge formation, high energy consumption, toxic intermediaries

of process are the disadvantages of this wastewater treatment technology (Akhter et al., 2022).

2.2.2 lon exchange
Another efficient and prominent physicochemical process is ion exchange that involves the

exchange of ions between solids and liquids (Hu et al., 2020) and has had great results in removing
Cr (V1). Several ion exchange resins have been developed to eliminate Cr (V1) from water. The
matrix of commonly used ion exchange resins is a three-dimensional molecular network with
chemically bound charged functional groups. Sapari et al. (1996) used synthetic ion exchange resin
(Dowex 2-X4) to obtain 100% removal of Cr (V1) for wastewater from plating industry (Sapari et
al., 1996). Amberlite™ IRN77 and SKN1 cation resins show good results and remove 95% Cr (V1)
from water. IRN77 and SKN1 displayed adsorption capacities of 35.38 and 46.34 mg/qg,
correspondingly (Rengaraj et al., 2001). The resin dosage, pH of solution, and original Cr (VI)

concentration are all crucial elements for the ion exchange process (Fu et al., 2013).

The primary disadvantages of this procedure include competition with competing ions, such as
sulfate, carbonate, and phosphate, reduce elimination efficiency. The other disadvantage is that the

procedure is costly due to the costs of resin, waste removal, and regeneration.
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2.2.3 Photocatalysts
Another extremely successful and cost-efficient technique for the reduction of Cr (VI) is

photocatalysts, which emit no hazardous compounds (Farooqi et al., 2021). Attempts have been
made to discover a very effective photocatalyst to reduce the Cr (VI) to Cr (I11) when exposed to
UV radiation, solar energy, and especially visible light (Liu et al., 2020). Some photocatalysts used
for this purpose include WOs3, SnSz, CdS, CuS, and Ag2S, however, they are limited by slower
reduction rates and low efficiency (Niu et al., 2020). Jamaluddin et al., 2022 studied the removal
of Cr (V1) by adsorption assisted photocatalyst which showed 28.9% more removal efficiency than

conventional adsorption technique.

2.2.4 Membrane technology
Membrane filtration is another well-known wastewater treatment method.(Tanhaei et al., 2014)

and it is used to eliminate Cr (VI) from wastewater (Adam et al., 2018).Various membranes,
depending on pore size, are used for this purpose, including:

e Microfiltration
e Ultrafiltration
e Nano filtration

e Reverse Osmosis

2.2.4.1 Microfiltration (MF)
Since Cr (V1) ions are smaller in size, they are difficult to separate by microfiltration or

ultrafiltration. As a result, a chemical change is required to flocculate Cr (V1) ions with the other
large molecules and compounds present(Doke & Yadav, 2014). Doke and Yadav (2014) employed
a method which has surfactant-based membrane with cetylpyridinium chloride as a cationic
surfactant called micellar-enhanced microfiltration (MEMF). They found out that titania

membranes can be used effectively for the removal of Cr (V1) from the wastewater.

2.2.4.2 Ultrafiltration (UF)
One of the membrane technologies that use the least amount of pressure is ultrafiltration

(UF). The main use of UF is the separation of contaminants with a high molecular weight, such as
peptides and polysaccharides. UF membranes cannot separate ionic species because of their
limited pore size (Yoon et al., 2009). Basumatary et al. (2016) used MCM-48, MCM-41, and FAU

zeolite put over UF membranes with porous ceramic support to examine the removal of Cr (V1) in
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crossflow mode ultrafiltration. FAU, MCM-41, and MCM-48 membranes have removal
efficiencies of 82%, 75%, and 77%, respectively. Polymer-enhanced ultrafiltration (PEUF)
(Haktanir et al., 2017) and micellar-enhanced ultrafiltration (MEUF) (Elfeky et al., 2017)

membranes are also utilized for the elimination of Cr (VI).

2.2.4.3 Nanofiltration (NF)
In addition, nanofiltration is being utilized to achieve permissible limits of Cr (VI) for

wastewater (Wei et al.,, 2019). NF300 membrane outperformed the PN400 nanofiltration
membrane in terms of removal efficiency, removing 97% of Cr (VI) from dual medium,
respectively(Gaikwad & Balomajumder, 2017). It was discovered by them that as pressure increased,
so did the removal efficiency of Cr (VI) and that this removal efficiency would reduce as feed
concentration increased. Bohdziewicz et al. (2000) studied the elimination of Cr (V1) utilizing an
NF membrane with a thin coating of charge, the surface of which hinders the combination of Cr
and other negative surface particle that are anions (Bohdziewicz, 2000). As pH climbed by 10, the
data revealed a rising trend. This is because membrane surface deprotonation enhanced

electrostatic repulsion and CrO42 formation.

2.2.4.4 Reverse 0Smosis
The reverse membrane (RO) method is useful for removing Cr (V). To obtain the maximum

effluent water purity, RO membranes are operated at high pressures. Cr (V1) present in an aqueous
medium using polyamide RO membranes are removed by Gaikwad and Balomajumder (2017)
(Gaikwad & Balomajumder, 2017). Increasing the pressure and reducing the concentration of Cr (VI)
in the feed boosted their removal, according to the results. When the pH of the solution

environment was elevated to 8, elimination of contaminants increased as well.

A schematic diagram of membrane filtration is shown in figure 4. Since some of the membrane
technologies has the capacity to remove Cr (V1) from wastewater and surface water but these

technologies have high capital and operational cost.
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Figure 4: Schematic representation of membrane filtration

2.2.5 Adsorption

Heavy metals (HMs) like Cr (VI) can be removed by adsorption which is a suitable,
competent, and adaptable method (Yaashikaa et al., 2019). For elimination of Cr (VI) from
contaminated water, researchers have been seeking appropriate adsorbents with greater removal
capacity and adsorption ability. A range of adsorbents, including natural organic, natural inorganic,
and synthetic adsorbents, have been studied for this purpose (Pakade et al., 2019). These
adsorbents have been employed in their original form, but their modification, which includes
changes in chemical structure, cross-linking, and grafting, has piqued the interest of many
researchers. Four mechanisms for the interaction of Cr (VI) with adsorbents are described by
Pakade at el., 2019 (Pakade et al., 2019) as follows:

e Adsorption through electrostatic forces
e Cr (V1) to Cr (1) reduction
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¢ lon Exchange mechanism

e Complex formation

2.5.5.1 Features of ideal adsorbent
The size of the particles of adsorbent material is most important for improving adsorption

removal performance (Hamadi et al., 2001). The essential properties of an effective adsorbent are
followed as below as described by (Bhatnagar & Minocha, 2006).

e The adsorbent has pore structure of uniform of size.
e Adsorbent possesses a high volume of surface area.
e It requires less time to achieve reaction equilibrium.

e It possesses a high level of chemical and physical strength.

2.5.6 Adsorbents for the elimination of Cr (V1)
Adsorbents that are often implied for elimination of Cr (V1) include.

e Activated Carbon (AC)
e Graphene Oxide

e Biochar

2.5.6.1 Activated carbon
Because of their diversity, activated carbons are frequently used as adsorbents. Their

characteristics may be changed to meet specific needs. The most essential characteristics of
activated carbon are their large pore volume and specific surface area, which maximize interaction
between adsorbent and effluent for optimal removal efficiency. The biggest drawback of activated
carbon is their high production cost (Danish & Ahmad, 2018). The results revealed that the activated
carbon produced from fox nutshell has a large surface area, the overall process is endothermic, and

the greatest adsorption capacity determined to be at pH 2 (Kumar & Jena, 2017).

2.5.6.2 Graphene oxide
Graphene is a single-atom-film of covalently linked atoms of carbon in a two-dimensional

honeycomb crystal lattice (Yang et al., 2010). It exhibits specific electrical, thermal, and
mechanical characteristics, such as improved charge carrier mobility and thermal conductivity,
and has therefore been employed in sensors, supercapacitors, batteries, catalysts, and field-effect

transistors (Zhang et al., 2013). But treating wastewater with graphene-based adsorbents remains
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a difficulty. Ma et al. 2020 produced a graphene adsorbent containing an amine group (ED- RGO)
from graphene oxide and discovered that the removal of Cr (V1) by adsorbent was better whereas
the solution pH was less than 2 (H.-L. Ma et al., 2012)

2.5.6.3 Biochar
Biochar is often made from organic materials such as agricultural and industrial waste,

municipal rubbish, and algal biomass. Because of its effective adsorption characteristics for a
different contaminant, it is considered a useful adsorbent material. Potential uses of biochar are
shown in figure 5. Functional groups present on the surface of the biochar, for example lactones,
phenolic hydroxyls, carboxylic acids, carbonyls, quinone, ethers, and condensed aromatic rings,
presenting active position for metal adsorption (Herath et al., 2021b). Additionally, adopting
agricultural waste as a source for biochar production is compatible with the idea of sustainable
development and green economy. Extensive research has been done to explore the removal of
heavy metal by biochar using adsorption. Ai et al. (2019) discovered that adsorption affinity of Cr
(V1) by sugar beet tailing biochar under acidic conditions achieved 123 mg/g (Ai et al., 2019).
Corn cobs hydro char treated with polyethylene amine enhanced the efficiency of Cr (VI)
elimination, and the maximum adsorption capacity is 33.66 mg/g (Shi et al., 2020). A surge has
been recorded in biochar activation in recent years, and two approaches have been widely adopted

to produce porous structures to increase adsorption performance.

e Physical Activation

e Chemical activation

2.5.6.3.1 Physical activation
Biochar is typically activated physically at 900°C using steam or CO..(Qu et al., 2021)

Carbonizing feedstock is followed by activating the resultant biochar at high temperatures with
appropriate oxidizing gases, such as carbon dioxide, steam, air, or sometimes both gases together
(Di Stasi et al., 2019). The activation temperature lies in the range of 600°C and 900°C, while the
carbonization temperature is between 400°C and 850°C, with temperatures surpassing 1000°C on
occasion. Physically activated carbon lacks the necessary characteristics to be used as an adsorbent

or filter (loannidou & Zabaniotou, 2007).
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2.5.6.3.2 Chemical activation
Chemical activation has received more attention than physical activation due to its more

cost-effective working conditions and greater product attributes for example increased specific
surface area and as well as increased porosity (Aghababaei et al., 2017). The primary con of
chemical activation is corrosivity of the apparatus. Furthermore, after activation, the obtained
adsorbent must be rinsed with a suitable solvent to remove the excessive activating agent
(loannidou & Zabaniotou, 2007). Chemical activators often applied include ZnCl,, KOH, H3POsg,
FeCls, and KoCOs. Biochar synthesis and activation might be accomplished in a single or two-step
process. The feedstock is combined with the activating agent before being pyrolyzed in a single
process at a sufficient temperature. In a two-step method, biochar is synthesized in the first stage
and then treated with the agent in the second. However, because of better surface characteristics
of the adsorbent produced using former technique, the two-step procedure has been regarded as
preferable to the one-step technique (Abbaci et al., 2022).

Reduces N;0
& CH, soil
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Figure 5: Uses of biochar
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Chapter 3

Material and Methods

3.1 Feedstock preparation

SCB used to produce BC was obtained from local sugarcane juice shop in Rawalpindi,
Pakistan. Firstly, the SCB was washed to eliminate the dirt and other impurities and then sun-
dried. Secondly, the sun-dried SCB was crushed to convert into powder form using an electric

grinder to achieve a particle size of 0.25mm-2mm.

3.2 Experimental setup and pyrolysis procedure

Figure 6 depicts different components of the experimental setup that was used to produce
biochar. The setup includes:

Fixed Bed reactor

Heater

e PID temperature controller
e Flow meter for Nitrogen

e Condenser

e Nitrogen cylinder

e Thermocouples

The fixed bed reactor was prepared from stainless steel which has dimensions of 20 inches.
The external and internal diameter of the reactor is approximately 4 and 4.5 inches respectively.
The heater is attached outside the reactor to approach the temperature of 1000°C at the rate of 20
°C / minute. PID temperature control and thermocouple are there to control the temperature of the
reactor. A flow meter and nitrogen cylinder are used to store and regulate the flow of nitrogen.
Condenser was used to condense the heated gas that came out of the reactor to obtain the liquid

for further studies.

For biochar preparation, 100 g of biochar was fed into a fixed bed reactor. Before turning on the
heater, N> was introduced into the reactor at the rate of 600 ml per minute to achieve an oxygen-

free environment. The purging of nitrogen was done for 30 minutes After 30 minutes, the heater
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was turned on and the purging rate decreased to 50 ml/min. Biochar was prepared at three different
temperatures of 400 °C, 500 °C, and 600 °C. The desired temperature was achieved by increasing
temperature at a rate of 20 °C/min and maintained for 2 hrs. Afterwards, the heating is turned off.
A condenser was attached to the reactor to condensable gases to obtain bio-oils. The biochar was
obtained from the reactor after it was cooled. The obtained biochar was stored in airtight bags for

further use.

PID -Temperature Controller

.
.,

> Non-Condensable Gas

Flow control Valve
’ Collection in Tedlar bags

Ceramic Heater

Figure 6: The schematic diagram of the experimental setup

3.3 Biochar selection and modification

After the production of BC at three different temperatures, Cr (V1) removal experiments
were performed. the BC performed better and was selected for modification that was biochar
obtained at 500°C. For modification of BC, 1000 mL of 0.1 Molar FeCls solution was processed
and prepared. 10 grams of RBC was added into this solution and stirred for 45 minutes. The pH of
the suspension was changed to 11 by addition of NaOH pallets with continuous stirring. After 45

minutes, the suspension was then filtered, and the filtrate was washed several times with DI water
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to normalize its pH (7-8). Finally, the washed filtrate was put in the oven at 70°C for 24 hours. The
modified BC was named Fe-BC.

3.4 Characterization of biochar and Fe-biochar
A variety of analytical methods were used to analyze raw biochar and Fe-impregnated
biochar to evaluate the effect of chemical addition with biochar. The section that follows provides

the experimental process as well as some theoretical background for each technique.

3.4.1 Proximate analysis
For proximate analysis, raw and Fe-modified biochar were examined using ASTM

standards D3175, D3174 and D3173 for ash content, fixed carbon, volatile matter, and moisture
content respectively. To evaluate moisture content, measured samples were heated for 24 hours at
105°C degrees Celsius. After oven drying, samples were taken from the oven and the change in
weight was used to calculate the moisture content. VVolatile matter samples were put in crucibles
with covers and put in a muffle furnace and heated at 950 °C for 7 minutes. After the time was
over, samples were obtained, and the difference in weight of the samples revealed volatile
materials. For ash content tests, crucibles having samples covered with lids were put in a muffle

furnace at 725°C for 3 hours.

3.4.2 BET analysis
The surface area & pore size analyzer was used to calculate the Surface textural parameters

of all adsorbents at a temperature of 77K. (NOVA 2200e, Quanta-chrome Instruments). All the
adsorbents were degassed overnight to eliminate moisture before the testing. The temperature for
degassing was set at 150 °C. The BET surface area was calculated using the multipoint technique
(SBET). Isotherms for all adsorbents were plotted between relative pressure p/po = 0.99 and
quantity of N adsorbed in cm®g. pore volume was measured by calculating the amount of
Nitrogen absorbed at relative pressure p/po = 0.99. Average pore width was measured using data
from density functional theory (DFT) approach, and the pore width was plotted versus the amount

of N absorbed in cm? /g.

3.4.3 SEM-EDS analysis
SEM and energy dispersive spectroscopy were applied to examine surface morphology of

raw and activated samples (51-ADDO007, Oxfords Instruments). The voltage of acceleration was
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adjusted at 20 kV to capture the SEM pictures. And various magnifications, such as 10X, 100X,
and 1000X, were employed.

3.4.4 Fourier infrared spectroscopy (FTIR)
Fourier infrared spectroscopy was implied to identify the functional groups present on the

surface of adsorbents (FTIR; Bruker Spectrum 400 spectrometer). The KBr disc approach was
employed for this purpose with a wavenumber between the range of 4000 to 400 cm™ and a

resolution of 1 cm!

3.4.5 Point of zero charge (PZC)
The adsorbent’s Point of Zero Charge (PZC) was calculated using the approach used by

(Godinho et al., 2017; Mortazavian et al., 2018). In each flask, 0.1 g of adsorbent was blended
with 50 mL of 0.1 Molar solution of NaCl. The NaCl solutions’ pH was initially changed to 3, 4,
5, 6, 7, 8, and 9 by using 0.1 Molar HCI or 0.1 Molar NaOH. The samples were shaken for 24
hours, following which the concluding pH of the samples were measured using a pH 700,
pH/mV/°C/°F meter. A plot between initial pH against pH at equilibrium was used to calculate the
PZC.

3.5 Adsorption experiments
To make stock solution of Cr (VI) of concentration (1000 mg/L), 2.82g of potassium

dichromate (K.Cr.07) was dissolved in 1000 ml of distilled water.

3.5.1 Selection of efficient adsorbent
Adsorption studies were performed to choose the most effective adsorbent by stirring 0.3

g of adsorbent biochar in 200 mL Cr (V1) solution at 200 rpm. Initial Cr (V1) value was 20 mg/100
ml. The concluding concentration of Cr (VI) was evaluated by UV-Spectrometer after filtering
(Specord 200 plus Germany). The adsorbent's removal percentage (%) and adsorption capacity
(mg/g) was determined as follows.

C, — Cs

R (%) = * 100

(o]
mg \'
Je (?) = (Co — Cp) * B

where Co (mg/L) and Cr (mg/L) are the starting and final Cr (V1) concentration, respectively. V(L)

represents the volume of the solution, and m represents mass of the absorbent.

21



Following the selection of an effective adsorbent, batch tests were performed to improve the
experimental parameters, which included adsorbent dose, pH, contact duration, starting

concentration, and temperature.

3.5.2 Experimental parameter optimization
To optimize the experimental set-up for the adsorption of Cr (VI), each parameter was

modified one at a time while the others remained constant.

The influence of the adsorbent dosage was explored by adjusting it from 0.1 to 0.5 g/L. Other
parameters include an initial Cr (V1) concentration of 100 mg/L, a pH of 2, a contact duration of
120 minutes, a temperature of 25°C, and an RPM of 200.

The influence of pH was explored by altering the pH value in the range of 2-10. Other parameters
include an initial concentration of Cr (VI) of 100 mg/L, an adsorbent dosage of 3 g/L, a contact

period of 120 minutes,25°C temperature, and a 200RPM rotational speed.

The effect of contact duration varied from 0 to 180 minutes, with samples tested at various time
duration (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180 minutes).
Other criteria are the starting Cr (V1) concentration of 20 mg/L, dose of adsorbent 3g/L, pH 2,
temperature 25°C, and RPM 200.

3.5.3 Adsorption kinetic studies
Two well-known kinetic models, the Pseudo-first order (PFO) kinetic model and the

Pseudo-second order (PSO) kinetic model, were employed to quantify the adsorption of Cr (V1)

by the adsorbent.

Qe = Qe * (1 — e™¥b)

qez* kz*t
14+ qe* kyx2

dt =

where ge (mg/g) shows the concentration of Cr (VI) absorbed at equilibrium and g: (mg/g)
represents the concentration of Cr (VI) absorbed at time ‘t’. K1 (minWWW1) and k2 (g/mg/min)

are the rate constants.
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3.6 Adsorption isotherm studies
To quantify the adsorption data, two prominent isotherm models, namely the Langmuir

Isotherm model and the Freundlich Isotherm model, were implied. These models predict both

single and multilayer adsorption.

— qmax*kL*Ce
e 1+ kL* Ce

de = kg * Cel/nF

where gmax (MQ/g) represents the adsorbate absorption capacity onto the adsorbent. K is the energy
constant, 1/nF represents sorption intensity coefficient, and Kr is the adsorption capacity (mg/g)

coefficient.

3.7 Reusability test

Reusability experiments of adsorbent material were also performed to identify the
employed adsorbent's removal effectiveness and adsorption capacity. The procedure for the
regeneration of the absorbent was followed as described. The Cr (V1) loaded biochar was collected
after filtration and stirred for 12 hours in 1Molar NaOH solution for desorption purposes. After
stirring for 12 hours. After that the sample was filtered and washed several times to neutralize pH.
The washed sample was put in an oven at 105°C for 24 hours for drying purposes. The reusability

experiments were performed several times.

3.8 Effect of interfering ions
Several interfering ions i.e., CaCOs, Na:P0O4.12H>0, Na;SO4, MgCl,, and Humic acid

along with Cr (V1) were also tested to investigate their effect on the elimination percentage of Cr
(VI). The adsorbent dosage of biochar for these experiments was 3g/L and the contact time was 2
hours. The concentration of these interfering ions was 20 mg/L.
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Chapter 4

Results and Discussion

4.1 Proximate analysis
The proximate analysis of Feedstock, RBC, and Fe-BC are tabulated in Table.1. The results

showed that pyrolysis temperature affects the content of ash content, volatile matter, moisture
content, and fixed carbon of feedstock and RBC. The moisture content of feedstock was 7.51%
which reduces to 4.57% for RBC. The ash content of feedstock and RBC were 6.11% and 14.65%
respectively. The ash content of RBC increased as pyrolysis temperature increased. This could
because of higher degree of decomposition and mineral impurities (Hass & Lima, 2018). Similarly,
the fixed carbon content of feedstock and RBC were 11.75% and 45.21% respectively. This
increase in fixed carbon with pyrolysis temperature indicates the development of aromaticity (Hass
& Lima, 2018)(Table 1).

Table 1: The proximate analysis of feedstock and RBC

Samples Proximate Analysis

Moisture content  Volatile matter Ash content Fixed carbon

(%) (%) (%) (%)
Feedstock 7.51 74.63 6.11 11.75
RBC 457 35.57 14.65 4521

4.2 SEM analysis
Figure 7-10 (a, b) shows the SEM analysis of raw and Fe-BC. The SEM analysis identifies that

the surface of the BC produced at a pyrolysis temperature of 500°C was smooth and had multiple
pores. However, after modification with FeCls the BC surface becomes rough, and different
irregular particles are attached to the surface, tells that the impregnation of Fe onto the surface and
in the pores of BC was successful (Y. Wang et al., 2022a). These results are confirmed by EDS

analysis.
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Figure 8:(a) and (b) displays SEM images of Fe-biochar.
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Figures 9(a) and (b) displays EDS analysis of raw biochar.
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Figures 10(a) and (b) displays the EDS analysis of Fe-biochar.

43 FTIR

The FTIR analysis technique was applied to explore the functional groups that are present on
the surface of unmodified and modified BC before and after the adsorption experiments are done.
The results are displayed in Figure 11. The broad FTIR absorbance peak of RBC ad Fe-BC at 3300
— 3600 cm™ was corresponding to the aldehydes and alcohols or -OH (Min et al., 2020b),
demonstrating the existence of certain hydroxyl groups on the RBC and Fe-BC surfaces. The peaks
present at 2850 and 2930 cm are attributable to the vibrations of aliphatic hydrocarbon and C-H
and -CH_ (Jinn et al., 2018). The distinctive peak at 1606 and 1608 cm™ appears due to Aromatic
C-C groups or because of stretching vibration of C-O functional groups present in ketones,
quinones, and amides (H. Wang et al., 2017). The presence of carboxylate groups (O=C-O) is
shown by the peak that appeared at 1238 cm™ reference as displayed in Fig.11(a). The FTIR shows
that the RBC had numerous functional groups of -OH, -COOH, and -C-O-C that are present on its
surface, which present several effective locations to remove Cr (VI). Additionally, a new peak at
573cm™ was also observed for Fe-BC as shown in Figure 11(b) which corresponds to the formation
of Fe-O stretch, demonstrating that FeOz and FezO4 were impregnated onto the surface of BC.
Results show that after modification, the intensity of peaks at 1809 and 849 has increased which
showed that mass per unit volume of corresponding compounds have increased after modification.
(Khan et al., 2015). After removal of Cr (V1) by RBC, and Fe-BC, the FTIR spectrum as shown in
Figure 11(b) shows some observable changes like a new peak appeared at 2325. This may be
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because of the formation of the complexion between functional groups present on BC surface and
Cr (VI) in aqueous solution (Lin et al., 2018).
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Figure 11: FTIR analysis of (a) RBC and Fe-BC before and (b) after Cr (V1) removal

4.4 BET analysis
The BET analysis results of RBC and Fe-BC samples are presented in Table.2. The RBC

sample possess a BET surface area of 31.63 m?/g and has a total pore volume of 0.054 cm®/g.
Whereas, the BET surface area and total pore volume in the case of Fe-BC are 27.18 m?/g and
0.027cm?®/g respectively. The reduction in BET surface area and pore volume after modification
with FeCls could be because of the loading of iron oxide particles on the surface of RBC which
ultimately blocked the pores. Same results were also presented by Yi et al.2021 (Yi et al., 2021b).
These results are consistent with the SEM analysis.

Table 2:Textural properties of RBC and Fe-BC

Samples Seet (M%Q) Pore volume (cm®/g)  Pore width (nm)
RBC 31.63 0.054 1.731
Fe-BC 27.18 0.027 1.214
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4.5 Point of zero charge (PZC)
The pH at which surface charge on biochar surface is zero is called the point of zero charge

(PZC). The raw BC in this work presents neutral to slightly basic pH values (7.72 £0.2). After
modification with FeCls, the adsorbent shows a PZC value of (7.5 = 0.2). High PZC value for
RBC and Fe-BC as displayed in Figure 12 (a) and (b) respectively suggests that the basic
functional groups dominate on their surfaces (Herath et al., 2021a). The washing step after
modification removes some of the ash content which results in decreasing the PZC for Fe-BC
to 7.5 £ 0.2. These findings are matched with the results of Dias et. 2020 (Dias et al., 2020).
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Figure 12: Point of zero charge (PZC) of (a) RBC (b) Fe-BC.

4.6 Adsorption results

4.6.1 Selection of suitable biochar

To select the most suitable BC for modification and eventually for the elimination of Cr (V1)
from water, adsorbent dosage experiments were conducted. Three BC samples were prepared at
three distinctive temperatures i.e., 400°C, 500°C, and 600°C and experiments were conducted for
the adsorbent dosage of 1-5 g/L. Figure 13 depicts that the removal percentage enhances with the
enhance in adsorbent dosage and is maximum for BC prepared at the temperature of 500°C. Thus,
the BC prepared at 500°C was selected for modification with FeCls and further removal

experiments of Cr (VI).
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Figure 13: Selection of suitable biochar (RBC) for modification and removal of Cr (V1)

4.6.2 Effect of adsorbent dosage

Figure 14 illustrates how the dosage of RBC and Fe-BC affected the effectiveness of the
elimination and adsorption of Cr (VI). When the adsorbent dose rose from 1 g/L to 5 g/L, the
elimination efficiency for RBC improved from 36.19% to 89.78%. Similarly, the removal
efficiency increased from 63.86% to 100% as displayed in Figure 14(b) with the enhance in
adsorbent dosage of Fe-BC from 1 g/L to 5 g/L. The elimination percentage enhanced rapidly
when the adsorbent dose increased from 1 to 3 g/L as compared to 3 to 5 g/L for both absorbents,
however the efficiency is higher for Fe-BC. This could be because of the existence of Fe ions that
are impregnated on the surface of Fe-BC as can be identified from the SEM and FTIR results in
sections 4.2 and 4.3 respectively. Moreover, the adsorption capacity showed reduction for both
adsorbents as adsorbent dosage enhances. The gradient of Cr (V1) concentration between sorbate
and adsorbent fell, which results in a reduction in Cr (V1) adsorption capacity (Pelleraet al., 2012).
3 g/L of the adsorbent dosage was found to be ideal in terms of removal effectiveness and cost-
benefit and was employed in future studies.
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Figure 14: Impact of adsorbent dose on the elimination percentage (%) and adsorption capacity
(mg/g) of (a) RBC and (b) Fe-BC.

4.6.3 pH effect
To identify ideal pH, the impact of pH on the reaction of adsorption of Cr (VI) from RBC

and Fe-BC was investigated between the range of pH 2 to 10. The results are depicted in Figure
15. All other parameters i.e., Adsorbent dosage, temperature, contact time, and initial
concentration of Cr (V1) were kept constant. The removal efficiency was 73.82% and 92.65% for
RBC and Fe-BC at pH 2 respectively. Similarly, the adsorption capacity of Fe-BC reached 6.18
mg/g as compared to 4.92 mg/g for RBC. The increase in removal efficiency and adsorption
capacity for Fe-BC because of the impregnation of iron particles on the surface as shown in the
FTIR results in section 4.3. Chromium occurs as HCrO4, Cr.07% at pH less than 6 and as chromate
ion (CrO4?) at pH above 6. PZC of RBC and Fe-BC was 7.72 and 7.5 respectively as depicted in
Figure 12(a, b) demonstrating that the adsorbent has positive charge when the pH of the solution
is below than the PZC value i.e., (7.72 and 7.5) and negatively charged as pH value goes beyond
PZC value (Jain et al., 2018a). When the pH of the solution is less than PZC, the positive charge
appears on the adsorbent surface and contributes to eliminating the negatively charged species of
Cri.e., HCrO4, Cr,07% . The conflict between chromate (CrO4?) and hydroxyl ions (OH") for the

adsorption surface of the adsorbent may, however, be the reason of the reduction in removal at
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higher pH (Sun et al., 2021). Thus, to avoid the addition of chemicals for pH adjustment and for
better removal efficiencies, The ideal pH was determined to be pH 2 which was selected for

subsequent experiments.
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Figure 15:Impact of pH on the elimination efficiency (%) and adsorption capacity (mg/g) of (a)
RBC and (b) Fe-BC.

4.6.4 Adsorption kinetics

The findings of the investigation into the impact of contact duration on effectiveness of Cr (V1)
removal and adsorption capacity by RBC and Fe-BC are depicted in Figure 16. The contact time
ranged from 0 to 180 minutes with an interval of 10 minutes. The other parameters were kept
constant i.e., starting Cr (V1) concentration 20 mg/L, adsorbent dose 3 g/L, and pH 2. The results
have shown that RBC removed more than 50% Cr (VI) from the solution during the first 60
minutes similarly in the meantime Fe-BC removed above 95% of the Cr (VI). High elimination
percentage during the first 60 minutes. This could be because of the presence of more reaction
sites on the surface of RBC and Fe-BC. However, as the contact time exceeds 60 minutes the
process of Cr (V1) removal tends to decrease and reach equilibrium after 120 minutes for RBC.
Further, an enhancement in contact time did not have any prominent effect on the removal

efficiency of Cr (VI) and 120 minutes were chosen as the optimum time.

Moreover, pseudo-first order and pseudo-second-order kinetic models were implied to assess the

experimental data; the findings are depicted in Figure 16. The obtained parameters from the
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experimental data are presented in Table.3. The pseudo-second-order kinetic model better fits for
both RBC and Fe-BC with regression co-efficient R? of 0.997 and 0.996 respectively as compared
to pseudo-first-order kinetic model. This suggests that the rate-limiting step for the elimination of
Cr (VI) was chemisorption and sharing or exchange of electrons between RBC, Fe-BC, and Cr

(V1) are involved in the removal process.

Table 3: Parameters of adsorption kinetics

Pseudo-first order Pseudo-second order
Model Model
Adsorbents  Qe, eXp. e, cal. K1 R? U, cal K> R?
(mg/g) (mg/g) (Min™) (mg/g) (g mg™ min)
RBC 5.52 5.82 0.019 0.997 7.52 0.0024 0.995
Fe-BC 6.49 6.42 0.220  0.987 6.56 0.093 0.996

Je, €XP. — (e, eXperimental; ge, cal. — ge, calculated

7 4
6 -
5 -
g 4
E
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Figure 16: Adsorption kinetic fitted plots of (a) RBC and (b) Fe-BC.
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4.6.5 Impact of initial concentration
In Figure 17, the impact of the starting Cr (V1) concentration on the elimination of Cr (V1)

was investigated in range of 10 to 100 mg/L. The removal efficiencies of Cr (V1) are seen to decline
as the starting concentration enhances. The elimination efficiency of RBC and Fe-BC decreased
from 96.85% and 97.54% to 9.04% and 67.22% for initial concentration of 10mg/L to 100mg/L
respectively. This is because of fewer active sites accessible and more intra-particle diffusion, the
removal % showed reduction as the initial Cr (V1) concentrations increased (H. Wang et al., 2019).
To increase elimination percentage, more adsorbents were required to keep balance of adequate
ratio of adsorbate to adsorbent at high starting concentrations (de Paula et al., 2008). During the
next studies, Cr (V1) at its ideal starting concentration of 20 mg/L was chosen due to its outstanding
Cr (VI) adsorption capability.
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Figure 17: Impact of starting concentration on the elimination percentage (%) of RBC and Fe-BC

4.6.6 Adsorption isotherms
The creation of layers, the surface of the adsorbent, and the general mechanism of

adsorption are all described by the adsorption isotherms model (Y. Wang et al., 2022b). In this
work, the experimental data of initial Cr (V1) concentration ranging from 10 mg/L to 100 mg/L
were used for Langmuir isotherm and Freundlich isotherm adsorption isotherm models. The fitted
results are displayed in Figure 19 and the other parameters are displayed in Table. 3. The
correlation co-efficient R? of Freundlich Isotherm is 0.99 and 0.97 for RBC and Fe-BC respectively

as compared to the Langmuir Isotherm i.e., 0.93 and 0.93. The results depict that the Freundlich
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Isotherm model better explains the adsorption behavior of Cr (VI) onto the surface of RBC and
Fe-BC (Figure 18). This shows that the elimination of Cr (VI) by RBC and Fe-BC is governed
through multilayer adsorption process (Shan et al., 2020). Additionally, the lower value of 1/n of
Fe-BC indicates that Fe-BC had the greatest adsorption affinity for removal towards Cr (V1) in
comparison with RBC (Yi et al., 2021c).
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Figure 18: Adsorption isotherms fitted plots of (a) RBC and (b) Fe-BC

Table 4: Isotherm parameters for the adsorption of Cr (VI)

Langmuir parameters Freundlich parameters
(max KL ke
Adsorbents R? 1/ne n R?
(mg/g)  (L/mg) (mg/g) (L/mg)
RBC 5.86 2.55 0.93 0.12 3.75 0.99
Fe-BC 25.05 0.38 0.93 0.34 8.34 0.97
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4.6.7 Effect of temperature
The elimination percentage of Cr (VI) is affected by variation in temperature. Removal

experiments of Cr (VI) were performed by changing temperature value between 15°C and 35°C
and the obtained results are depicted in Figure 19. For RBC, the elimination percentage at 15°C
was 63.64% while for Fe-BC, the removal efficiency was 83.08%. Similarly, at 35°C the removal
efficiency increased to 78.37% for RBC and 99.25% for Fe-BC. The findings demonstrated that,
for RBC and Fe-BC, the increase in temperature favored elimination of Cr (V1) respectively. This
phenomenon is primarily explained by the fact that a greater temperature enhances the rate of
transfer of Cr (V1) by expanding the opportunities for interaction between Cr (VI) and RBC and
Fe-BC, which eventually leads to a higher elimination percentage efficiency (Nassar, 2010).
Moreover, the result shows that the reaction between adsorbent (RBC and Fe-BC) and Cr (V1) was
an endothermic reaction in which rate of reaction increases with increase in temperature. (Jain et
al., 2018b)
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Figure 19: Effect of temperature

4.7 Interfering ions

Other than chromium ion, such as anions and cations are frequently present in the

chromium-containing wastewater which battles with Chromium (V1) for adsorption sites present
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on the surface of the adsorbent and lessen the efficiency of removal. Examples of these interfering
ions are CaCOs, Na,P04.12H,0, Na,SO4, MgCl2, and Humic acid. The influence of coexisting
ions on the elimination of Cr (VI) are displayed in Fig. 20. After a 30-minute reaction, the
elimination percentage of Chromium (V1) by Fe-based adsorbent were all reduced to around 70%,

showing that the co-existing cations had an impact on the process.
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Figure 20: Impact of interfering ions

4.8 Regeneration experiment

The possibility of reuse of biochar material is a crucial requirement for effective and
efficient practical use in wastewater treatment, indicating the system's re-generation efficiency and
hence cost-effectiveness (Qin et al., 2022). Regeneration experiments were performed to analyze
industrial application of Fe-based adsorbent for the elimination of Cr (VI1). Several reusability
experiments were performed, and the results are depicted in Figure 21. It was noted that the
removal of Cr (V1) after the first three cycles was over 60% however after the fourth cycle it
reduced to 49.31 %. These results of Cr (VI) removal after each cycle indicates that strong
chemisorption occurs on the Fe-based adsorbent (Qin et al., 2022). Total use of surface functional
groups or partial saturation of surface-active sites may also be reason for the steady decline in

removal effectiveness of Chromium (VI) with each subsequent cycle (H. Guo et al., 2018). Thus,
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the overall results portray Fe-based absorbent to be a useable adsorbent for the elimination of Cr
(V).
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Figure 21:Impact of Regeneration cycle on removal Efficiency of Fe-BC
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Chapter 5

Conclusion

5.1 Conclusion
The outcome of this study indicates that biochar prepared from sugarcane bagasse at

temperature of 500°C is more efficient adsorbent than biochar prepared at temperature of 400°C
and 600°C. the removal of Cr (V1) is probably due to the presence functional group present on the
surface of biochar which forms complexion with Cr (V1) in the aqueous medium. the modification
of RBC with FeCls results in increase in removal efficiency of Cr (V1) which enhances the positive
charge on the surface of biochar which attract the Cr (V1) by electrostatic force. The results indicate
that the adsorption equilibrium was achieved within 120 minutes. Moreover, the experimental data
of RBC better fitted the pseudo-first order kinetic model and the experimental data of Fe-BC better
fitted the second order kinetic model. Both RBC and Fe-BC both followed Freundlich isotherm
model. The greater Cr (VI) removal (92.65%) was achieved using 3 g/L Fe-BC at optimum pH
(2), contact time (120 min) and initial Chromium (V1) concentration (20 mg/L) when compared
with RBC (73.82% Cr (V1) removal). The maximum adsorption capacity (Qmax) of Fe-BC for the
elimination of Cr (VI) was 6.5 mg/g whereas, for RBC the gmax was 4.92 mg/g. The regeneration
experiment results showed the removal of Cr (V1) is maintained at over 50 % after the first three
cycles which proved Fe-BC to be a promising adsorbent for the elimination of Cr (V1) for the water

treatment.

5.2 Recommendations
For the future perspective, further studies should be focused in the following areas:

e removal of contaminants from the real wastewater
e Comparison with other feedstock material or combination should be explored

e Further work needs to be done to explore the removal mechanism of Cr (VI).
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