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Abstract

Water, an essential part of the life cycle, is seriously affected during industrial, domestic
and agricultural activities. Tannery effluents contain a huge amount of toxic metal ions,
organic and inorganic pollutants that pose high risks to the environmental ecosystem and
human beings. Heavy metals, which are non-biodegradable and frequently accumulate in
the environment, need special consideration among the numerous pollutants found in
water since they can cause harm even at low concentrations. Adsorption has outperformed
other technologies in terms of efficiency and economic viability, particularly when it
comes to removing contaminants from diluted solutions. In this regard, substantial
research is being conducted on novel graphene-based adsorbents.

In this framework, the feasibility of using graphene-based adsorbents graphene oxide
(GO) and calcium alginate-graphene oxide (CA-GO) composite beads for the removal of
chromium(III), copper(ii) and cadmium(Il) for the aqueous solution and tannery effluents
has been studied.

This thesis is divided into five chapters, such as Chapter 1 (Introduction), Chapter 2
(Literature Review), Chapter 3 (Materials and Method), Chapter 4 (Results and
Discussion) and Chapter 5 (Conclusions).

Chapter 1 describes the background, problem statement, objectives, conceptual framework
and thesis outlines of the study.

Chapter 2 reviews the literature on water pollution and pollutants, tannery effluents,
physicochemical parameters of tannery effluents, heavy metals occurrence in the
environment, metal pollutants, different technologies of heavy metal removal and
graphene-based adsorbents.

Chapter 3 represents information on the materials which were used in this research. This
chapter also represents different methods, equations and models used for the research.
Chapter 4 1s related to the main research work and is divided into two parts.

Part 1 narrates the synthesis of graphene oxide (GO), its characterization and its
application for the removal of chromium(III), copper(Il) and cadmium(Il) from aqueous
solutions. Here graphite powder was used to prepare GO by modified Hummer’s method.
The prepared GO was characterized by FTIR, Raman spectroscopy, SEM, XRD, XPS and
BET analysis. The adsorption capacity of GO was found to be 366.3 mg/g for Cr(IIl) at
pH 4.0, 193.05 mg/g for Cu(Il) at pH 6.0 and 231.48 mg/g for Cd(II) at pH 7.0.
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Part 2 describes the preparation, characterization and application of calcium alginate-
graphene oxide (CA-GO) composite beads for heavy metals like chromium(III), copper(II)
and cadmium(Il) removal form an aqueous solution. The CA-GO composite beads were
prepared using the ratio of sodium alginate and GO (10:1) and 6% CaCl, w/w solution.
Characterization of CA-GO was carried out by FTIR, SEM, XRD and spectrum analysis.
The adsorption capacity of CA-GO is 90.58 mg/g for Cr(Ill) at pH 4.5, 108.57 mg for
Cu(II) at pH 6.0 and 134.77 mg/g for Cd(II) at pH 7.0.

Finally, the conclusion and further scope of work are presented in chapter 5.

From these results, it is realized that the prepared adsorbents showed significant
adsorption capacity for heavy metal removal from aqueous solution and tannery effluents.
The distribution of adsorbate (heavy metals) on the adsorbent (GO, CA-GO) surface was
explained by Langmuir and Freundlich isotherm models. It was observed that the
adsorption was followed both the models, preferably the Langmuir model.

The pseudo-first-order and pseudo-second-order reaction kinetic models were used to
analyze the experimental data. Analyzing the kinetic parameters, it was observed that the
pseudo-second-order kinetic models contributed better correlation for most of the metals
and adsorbents.

The thermodynamic analyses were also carried out for all adsorbents. It was observed that
the adsorptions were physical and spontaneous at lower temperatures in most cases.

The regeneration of the used GO and CA-GO composite beads was studied and found that
the used adsorbents can be regenerated. The regenerated adsorbents showed significant
adsorption capacity for removing heavy metals such as chromium, copper and cadmium

from aqueous solution.
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Chapter 1

Introduction



1.1. Research background

Leather production from animal hides/skins has been one of the oldest manufacturing
methods since the beginning of human civilization to meet the demand for garments and
foot covering [1, 2]. According to Sundar et al. (2011), the marvelous fiber texture of
leather is still unmatched by any other manmade fabrics and other poromeric materials [3].
Moreover, the premium quality of leather and its associated products such as shoes, leather
garments, gloves, etc. are unique, very much comfortable, and hygienic to use as daily
commodities [4]. As a result, the leather industry has always been an important business
sector as well as a source of employment for many countries [3, 5]. Despite having a
significant economic contribution, the leather industry is recognized as a potential
pollutant-generating industry. In the process of per ton wet salted hides/skins, 500 kg
chemicals, 15-50 m’ water, and 2600-11700 kW energy are consumed that yielding only
200-250 kg finished leather remaining 72 kg chemicals inside and release 600-750 kg of
various solid wastes (both tanned and untanned) and 30-35 m’ effluents [5-7]. These
effluents have no further possible application and need proper treatment before
discharging them into the environment, as they contain a significant quantity of heavy
metals, such as Cr, Cu, Cd, Fe, Pb, etc., colorants, and other organic and inorganic
pollutants that create toxicological problems for both environment and living species and
decrease the quality of water as well [8, 9]. As a major pollutants toxicity of heavy metals
is becoming an issue for ecological, nutritional, and environmental causes. Any metallic
elements with high density, which is toxic (non-biodegradable) and poisonous even at low
concentration is referred to as “heavy metals” [10]. Tannery effluents contain a various
toxic heavy metals, including Cr, Cd, Co, Pb, Ni, Se and As [11]. Moreover, excess water
wastage in leather production might cause a higher rate of water consumption and a
decrease in groundwater level too, since most of the required water is lifted from
underground [12]. Scientists have reported that the disposal of untreated chromium
enriched tannery effluents discharged from chrome-tanning and re-chroming operations
deposit a notable amount of chromium complexes into water streams which causes river
pollution in many parts of the world [13—15]. Tanneries are one of the most extensive
users of chromium salts. Ninety percent of the leather industries use chromium as ‘Basic
chromium sulfate’ [Cr(OH)(SO4)], a partially neutralized trivalent chromium salt for
tanning of leather as chrome-tanned leathers show exceptional shrinkage temperature and

few distinctive properties (smooth grain, good elasticity, and resistance to atmospheric



influences) [16]. Previous studies showed that the pickled pelts uptake only 60% of the
employed chromium salts and the residual 40% of them remained unreacted and
completely discharged with wastewater, ranging between 2656 and 5420 mg/L that is
much beyond its threshold limits in both surface water (0.1 mg/L) and industrial effluents
(6 mg/L) [17-20]. A substantial quantity of heavy metals, for example chromium,
cadmium, copper, iron, lead, barium, etc. are discharged through wastewater during
leather production [21]. Scholars observed that the metal loaded tannery effluents are one
of the most common routes to introduce chromium after a volcanic eruption,
sedimentation, and land filling of industrial sludge from effluent treatment plants. These
metal ions are first deposited into soil from leachates and become stable after reacting with
organic soil matters/inorganic anions (nitrates and phosphates) and turns into less
mobilized species [22]. These species are highly biocompatible and stored into vegetative
or reproductive parts of different plant species through bioaccumulation, then can affect
human health and even causing mortality during long-term intake of such plants as a daily
diet [23-25]. Paul et al. (2013) [7] found that in Bangladesh the estimated amount of
originated tannery effluents was 20,000 m’ per day when the tanneries were densely
located at Hazaribagh area and the untreated effluents were directly discharged into the
Buriganga river while passing the sewers line that completely destroyed the river
ecosystem, reduced its water quality and had lower the living standard of the surrounding
areas than satisfactory level. Also, the experimental studies of Alam et al. (2019) [26] and
Al-Mizan et al. (2020) [27] have reported that the spatial concentration of chromium was
measured in soil resulting in a higher pollution load index (PLI), in groundwater, and in
some cultivated vegetables at Hazaribagh which is of beyond level than the prescribed oral
reference dosage (Cr(Il) 1.5 mg/kg/day, and Cr(VI) 3x10~ mg/kg/day) of daily metal
intake by the US Environmental Protection Agency (USEPA) while possessing a
significant threat to both carcinogenic and non-carcinogenic health risks, even after
several years of tannery relocation from this area. In the previous study, author
investigated the metal contents, such as chromium and cadmium in tannery effluents
contaminated soil and found that they exceeded the permissible limits (Cr=100 mg/kg Dw
and Cd=1.5 mg/kg Dw) recommended by DoE (2015) [28]. Therefore, proper treatment of
chromium and other heavy metals containing tannery effluents should be of paramount
interest to protect the environment and for the sustainability of this age-old industry [26,
29]. At present, several conventional and advanced wastewater treatment techniques

(WWTTs) had been subjected to employ for remediation of toxic metals, proteinous
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particulates, refractory wastages (dyes and pigments), and other persistent organic
pollutants (phthalates, polyphenols, etc.) from tannery effluents [30]. The methods like
ion-exchange, chemical oxidation and reduction, membrane filtration, chemical
precipitation, coagulation-flocculation, adsorption, biological treatment, electrochemical
methods, etc. were developed for heavy metals removal from wastewater. A majority of
those methods required sophisticated equipment and selective components
(bacterial/fungal strains, chemical agents), which increase both machine maintenance and
effluent treatment expenses, resulting in a promotion of the manifestation for economical
and highly effective treatment technologies for the remediation of industrial effluents [31].
Adsorption is considered as the most capable of all WWTTs owing to its operational
simplicity, inexpensiveness, noticeable removal capacity of wide-ranged chemicals from a
very dilute aqueous solution, and less secondary waste formation [32]. Activated carbons,
zeolites, activated alumina, nanomagnetic materials, silica gels, polymeric organic resins
(POR), and molecular sieves are some common and market available adsorbents that are

used for the detoxification of different industrial effluents [33].

In recent times, graphene and graphene oxide (GO), a novel type of carbon materials has
drawn massive interests of research for the treatment of wastewater as they exhibit huge
adsorption capability towards different adsorbates. GO, a sheet materials have huge
specific surface area and several functional groups, for instance hydroxyl, carbonyl and
epoxide, linked to its surface that is just one atom thick [34]. Heavy metals like cd®,
Co+2, and Pb™> from wastewater can be eliminated by using GO [35-37]. However, the
GO 1s expensive and has some limitation in application as its dispersibility in aqueous
media and biotoxicity to human cell. It has also tendency to aggregate in aqueous solution
resulting in a reduced surface area which decrease the adsorption capacity. Hence,
developing eco-friendly graphene-based adsorbents, such as calcium alginate-graphene
oxide composite can be a solution to these problems which will be attractive as well as

viable to apply.

1.2. Problem statement

The presence of various emerging contaminants and persistent pollutants at a higher
concentration than their minimal acceptance limit causes water pollution that increases the

probability of breaking out severe water-borne diseases in different regions of the world.



For this reason, scientific community is very concern for developing low-cost, efficient
and eco-friendlier WWTTs for degrading toxic organic pollutants and heavy metals.
Although the conventional biological and chemical wastewater treatment methods are
vastly employed for large-scale treatment of industrial effluents, these techniques possess
certain drawbacks. For example, biological wastewater treatment processes are effective
for large-scale treatment effluents containing both organic and inorganic substances, they
produce toxic residues/secondary pollutants which requires further sophisticated treatment

for decontamination before their disposal.

1.3. Rationale

The availability of pure water is a prime concern for day-to-day activities of human life.
Since the world population is increasing at an accelerated rate, the usage of water for
drinking and personal hygiene purpose is also augmenting and it may cause fresh water
scarcity in future. Besides, the rapid industrial development is also a major reason of
excess water consumption and arises a possible risk of water pollution due to generating
large amount wastewaters containing pollutants of different chemical nature and
concentration. Water pollution is considered as one of the topmost global crises in recent
times. The elimination of emerging pollutants like heavy metals is a crucial challenge for
the scientific community in case of ensuring pure potable water for all. In the new
millennium, extensive research works have been conducted to point out the toxic effect of
metals and industrial effluents containing heavy metals discharged from textiles, leather,
paint and pigments, electroplating and metal finishing industries. For instance, a
significant number of research works showed that chromium can pass through the human
cell membranes and degrade to reactive intermediates in presence of human antibody that
are capable of decaying DNA structure, some essential biomolecules like proteins and
lipids, and can harm the cellular growth and functional characteristics. The Cr is 1000
times less toxic, immobilized and corrosive than Cr*® for its less affinity towards hydroxyl
ion (-OH). The Cr*’ is an indispensable micronutrient for plants growth and human body
metabolism. However, accumulation of chromium in edible plants may potentially
hazardous for animals and humans. Moreover, the other heavy metals are also toxic for
environment and human health. Therefore, in relation to the environmental conservation

perspective, heavy metals removal from tannery effluents is very essential in this era.



1.4. Aim and objectives

This research focuses on preparation of graphene-based adsorbent such as GO and calcium
alginate-GO hydrogel beads and find out the application and effectiveness of removing

chromium, copper and cadmium from tannery effluent. The specific objectives included-

a) Synthesis and characterization of GO and calcium alginate-GO hydrogel beads in
terms of various spectrophotometric and physicochemical analyses.

b) Evaluation of the metal adsorption efficiency of GO and calcium alginate-GO
hydrogel beads.

¢) Study the sorption kinetics, mechanism and thermodynamic effect on adsorption.

d) Examination of compatibility of the prepared adsorbent on metal removal and its
regeneration and reuse capability.

e) Application of adsorbent in real tannery effluent sample to remove heavy metals.

1.5. Conceptual framework

Framework of the study is categorized into three main sections. The first one is to

synthesis of GO from available commercial graphite flakes.

Secondly, the preparation of Calcium alginate-GO beads adsorbent from GO and standard
sodium alginate solution polymerization technique and reacting with CaCl, solution and

characterize the synthesized adsorbent.

Thirdly, the assessment of different adsorption parameters to determine the highest metal
removal condition, evaluation of adsorption equilibrium by isothermal study, adsorption
kinetics from standard reaction models, adsorption mechanism, and sorption randomness
by thermodynamic study, and the compatibility of the adsorbent in terms of metal removal
and economic perspective as compared to other adsorbents. The conceptual framework of

this research work is shown in Fig. 1.1.



* Synthesis of Graphene Oxide (GO)

* Preparation of Calcium Alginate-GO beads

» Characterization of GO and CA-GO composite beads

 Assessment of different adsorption parameters

+ Application on real sample

(€ -<€-<€-<-4

Fig. 1.1: Conceptual framework of the research

1.6. Outline of thesis

This thesis is contained five chapters that facilitate to evident information on the major
contributions of this research. Each chapter is demonstrated in such organized format that

they contain a general description including own bibliography list.

/I Chapter One highlights the major environmental problems of tannery effluents
including possible public health risks. It also elucidates the problem statement, the

rationale, significance, research objectives, and plausible outcomes.

/' Chapter Two demonstrates the consequences of water pollution in recent times,
translocation routes of heavy metals, such as chromium, copper and cadmium into
environmental elements, metal contamination in different natural elements, toxicity of
heavy metals in different living species, the pros and cons of conventional wastewater
treatment methods, implementation of nanotechnology in metal-loaded wastewater
treatment, recent advances in graphene-based adsorbents to remove chromium, copper and
cadmium from water media including their pros and cons and future prospects based on

recently published scholarly articles and related thesis.

/I Chapter Three briefs about the experimental procedures of this research. It describes
the synthesis of calcium alginate-graphene oxide hydrogel bead as adsorbent,
characterization of the prepared adsorbents through different spectral and morphological
analyses and their instrumentation to narrate its physical, chemical and surface nature. It

also ascertains the standardized models and methods to present the adsorption behavior of



calcium alginate-graphene oxide hydrogel bead to remove Cr(IIl), Cu(Il) and Cd(II) from
tannery effluents including information on optimized adsorption condition, adsorption

kinetics, mechanism and thermodynamic effect at an equilibrium condition.

// Chapter Four intends to illustrate the mechanism of bead formation, the
physicochemical and morphological characteristics of the prepared adsorbent, the
optimization of different influential variables on metal adsorption, the obtained results of

the adsorption equilibrium, kinetics, mechanistic, thermodynamic, and feasibility studies.

// Chapter Five concludes the summary with major findings of the work. It also

demonstrates the limitations, recommendations and future scope of progress in research.

1.7. Expected outcome

It is expected that the GO and CA-GO beads adsorbent will bring about satisfactory result
in chromium, copper and cadmium ions adsorption from harmful tannery effluents. If the
results of this research would be implemented industrially, the following outcomes could

be noticeable-

a) Introduction of prominent and efficient adsorbent for tannery effluent treatment.

b) Reduction of the toxic and hazardous impact of heavy metals like chromium,
copper and cadmium on both the environment and human health.

¢) Fulfillment of the demand of cost-effective adsorbent material for wastewater

treatment.

As a result, tannery will be compliant to buyers and become eco-friendlier that will
increase export earnings and accelerate economic development. Additionally, the research
will be helpful to achieve the United Nations Organization’s (UNO’s) sustainable
development Goal-6 (Clean water and sanitization), Goal-9 (Industry, innovation and
infrastructure) and partially beneficial to attain Goal-14 (Life below water) and Goal-15
(Life on land) for Bangladesh.



Chapter Two

Literature Review



2.1. Water pollution and pollutants

According to World Economic Forum, shortage of pure potable water ranks on top of all
global risks which have significant influences on the world’s socio-economic context, and
ranked eighth on the global risk index (based on sustainability prospects)within the last
decades [38]. The United Nations Organizations (UNO) has already announced that the
world water supply system will become even scarcer than to date by the year 2050, as in
its consequences it will be difficult to provide drinkable water for approximately 9 billion
locales (40% of the total world population) in near future which can be a notable barrier to
achieve the UNQO’s Sustainable Development Goal-6 (Clean Water and Sanitation) in

many countries [39].

A pollutant is a substance which occurs in the environment due to human activities, and
has detrimental effects on the environment. The term pollutant refers to a wide variety of
substances that may be carcinogenic, mutagenic, or teratogenic. The two main categories
of pollutants are those that have an impact on the physical environment and those that are
directly hazardous to organisms, including human beings. Global climate change,
desertification, changes in the courses of river basins, reduction in river navigability,
seawater invasion, the occurrence of various natural disasters have already taken away a
large portion of available water resources [40]. Heavy metals move into food chain by
multiple ways allowing them to progressively accumulate over the course of an
organism’s lifespan and have cumulative harmful effects. Therefore, reliable treatment
technologies should be developed for removal of heavy metals like Cr(III), Cu(Il) and

Cd(II) ion from aqueous media to keep its permissible concentration.

Extensive efforts have been devoted to obtain maximum removal of metal ion from
aqueous media. The most common wastewater treatment methods are used for de-
contamination of metal-loaded water samples include precipitation, floatation,

coagulation, flocculation, ion exchange, membrane filtration, adsorption and so on.

2.2. Tannery effluents

Tannery is the place where animal hides and skins, byproducts of meat industry are
processed into leather through a number of mechanical and chemical process, including
pre-tanning, tanning and post-tanning (retanning, dyeing, fatliquoring, drying, finishing,

etc.) the raw hides and skins with various chemicals, such as sodium hydroxide, calcium
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hydroxide, sodium hypochlorite, sodium meta-bi-sulfite, ammonium salts, enzymes,
sodium chloride, mineral acid, organic acid, various metallic salts, etc. [41]. In the leather
production, wet processing is the most water-intensive and waste generating process [42—
44]. In the post-tanning and finishing processes, various organometallic salts, including
chromium, cadmium, copper, lead, etc., are widely employed as colorants and mordants to
prepare the leather appropriate for their intended use in a variety of products
manufacturing [2][45]. Tannery effluent contain a significant quantity of various heavy
metals, e.g. Cr, Cu, Cd, Ni, Pb, Ba, As, Fe, etc. [46]. Effluent produced by tanneries
causes substantial pollution with high salinity, organic and inorganic materials, soluble
and suspended particles, ammonia, organic nitrogen and contaminants including sulfide,

chromium, and other harmful metal salt residues [47].

2.3. Physicochemical parameters of tannery effluents

The physicochemical parameters of tannery effluent such as color, odor, pH, Electrical
conductivity (EC), Total suspended solid (TSS), Total dissolved solids (TDS), Biological
Oxygen Demand (BODS), Chemical oxygen demand (COD), sulfates and chlorides were

determined.
2.3.1. Color
Color was assessed by visual comparison of the sample.
2.3.2. Odor

Half of a wide-mouthed bottle with a stopper was filled with the sample before it was
sealed, shaken forcefully for five seconds, and the smell was rapidly assessed. The
genuine scent of the sample at the bottle's mouth was noted as either pleasant or

objectionable.
2.3.3. pH

The instrument was verified in accordance with the directions after calibration using a
buffer solution with a pH that was close to that of the sample. The standard pH value of
industrial effluent is 6-9 and 6.5-8.5 according to DoE’97 [48] and ECR’97 [49],
respectively. Aquatic ecosystems (fish and plant life) may be at risk of becoming
unsustainable if the pH of the surface water deviates too far from the recommended pH

range.
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2.3.4. Total suspended solid (TSS)

Suspended solids are the amount of insoluble material found in wastewater. When released
from the tannery, the insoluble materials generate a variety of issues. Typically, they are
composed of solids with two different qualities, such as settleable solids and semi-
colloidal solids. Fine protein particles, residues from various chemicals, and reagents that
are being released from different effluents are among the settleable solids that are
produced at all stages of the beam house process. Additionally, semi-colloidal solids are
extremely tiny solids that take a long time to settle out of an effluent. These are typically
protein byproducts of operations like liming, vegetable tanning, and retanning that don't
directly contribute to sludge problems. Bacterial digestion may take some time to break

them down, but they finally settle
2.3.5. Total dissolved solids (TDS)

TDS are all dissolved materials in water other than pure water and suspended solids. It is
the total amount of mineral and organic materials dissolved in waste water. Sulfate and

chlorides are the two most important pertinent elements in the case of tannery waste water.
2.3.6. Electrical conductivity (EC)

EC is a measurement of a liquid's ability to convey an electric current. The amount of EC

rises when water is exposed to pollution because of metal ion contamination.
2.3.7. Biochemical oxygen demand (BODs)

The quantity of oxygen in milligram necessary to stabilize 1 liter of effluent biologically at
20°C 1n five days span is BODs. It measures the quantity of soluble oxygen consumed by
bacteria in biochemical oxidation of organic matter in the wastewater. Many tannery
effluents take longer to degrade; typically, vegetable tanning wastewater has a protracted
degradative period that can last up to 20 days. The variety of chemicals used in the
production of leather, including as retanning agents, synthetic fat liquors, colors, and
leftover keratin-containing proteins, necessitate a longer digestion time. The fact that the
waste water components must travel a lengthier distance before breaking down suggests

that the environmental impact is dispersed over a longer period of time.
2.3.8. Chemical Oxygen Demand (COD)

The COD indicates the oxygen required in milligram to oxidize or stabilize the chemicals

present in 1 liter of effluent under a definite condition. It is a water quality indicator that

12



calculates how much oxygen is needed to completely oxidize all of the organic and
inorganic molecules in a given water body. It represents a value for the chemicals that are
not affected by bacterial action, the longer-term biodegradable products, and the effluents
that are typically digested in the BOD analysis. Practically, the biodegradability of

chemicals used in leather manufacturing processes have an impact on COD value.
2.3.9. Nitrogen (N)

Numerous substances found in tannery effluents have nitrogen as part of their chemical
structure. Ammonia produced by deliming agents and nitrogen found in proteinaceous

materials from unhairing processes are the most common compounds.
2.3.10. Sulfides (S*)

The main causes of the sulfide concentration in tannery effluent is the unhairing process,

where sodium sulfide or hydrosulfide is used.
2.3.11. Neutral salts (chlorides, CI', and sulfates, SO42')

In order to preserve raw hides and skins or during the pickling process, which introduces
sodium chloride into the body, large quantities of ordinary salt are typically utilized. Since
they are highly soluble, persistent, and unaffected by effluent treatment or nature, they
continue to be a burden on the environment. Additionally, sulfates are produced when
sulfuric acid is used or when compounds with a high sulfate content are used. For instance,
several artificial tanning treatments and chrome tanning powder both contain high levels
of sulfate. These sulfates can be precipitated by calcium-containing substances by

producing the poorly soluble calcium sulfate.
2.3.12. Natural oil and grease

Natural oil and grease are released from the hide or skin during beam house processes.
However, some fatty compounds may mix with wastewater as a result of synthetic fat
liquor's low absorption during the fat liquoring process. These fats, oils, and greases
congregate to form floating layers, which bind other substances and cause blockages,

especially in effluent treatment plants.
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2.4. Heavy metals occurrence in environment

Heavy metals belongs to the cluster of trace elements with a high specific gravity (higher
than 5) and atomic weights between 63.5 and 200.6 [50, 51]. The term “heavy metals” is
now referred to hazardous metallic elements and metalloids those are detrimental to the
human beings and environment. Some metalloids as well as lighter metals including
selenium, arsenic, and aluminum, are poisonous. While some heavy metals, such as gold,
are not harmful, they are referred to be heavy metals [52]. By any authoritative
organization like the [IUPAC (International Union of Pure and Applied Chemistry), has not
defined “heavy metal” yet. Its interpretations have been varied so widely by many authors
that it is essentially meaningless. To further describe the possible toxicity of metallic
elements and their derivatives, the word '"bioavailability" can be wused. The
physicochemical characteristics of metallic elements, their ions, and their compounds
affect bioavailability, as do biological factors. These in turn depend on how the metallic
elements are arranged atomically [53]. Based on their function in biological systems,
heavy metals are divided into two categories: essential and non-essential. For their growth,
development and physiological processes living organisms need essential heavy metals
such as Fe, Mn, Ni and Zn, however they don’t need non-essential heavy metals such as
Cd, Pb, Hg and As [54]. Chromium, copper, cadmium, zinc, arsenic, mercury and other
heavy metals are the major pollutants of water which can come from both sources of
anthropogenic and natural. As they are non-biodegradable, and tend contamination of
living things, endangering human health by impeding growth and development, harming
the nervous system, destroying various organs, causing cancer and even death at low
concentrations [55-57]. Despite their substantial contribution to economic growth and
employment, tanneries have been identified as a potential source of heavy metal burden to

the environment [20].

2.5. Metal pollutants

Metal pollutant is one of the most harmful and persistent pollutant in aquatic environment.
Metal ions can be concentrated in aquatic species to a point where it impacts their
physiological status and can be assimilated into food chains. Due to their non-
biodegradability, toxicity, and ability to cause cancer in living organisms, several metal

ions are classified as priority pollutants [58—-60]. When treating industrial wastewaters, it
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is especially important to pay attention to toxic elements like mercury, lead, iron,

cadmium, nickel, copper, chromium, and zinc.
The description of few harmful metals is mentioned below.
2.5.1. Chromium

Chromium is naturally occurring element with multiple valence states out of which
trivalent form is most stable and can be found naturally in ores like ferrochromite. The
second most stable state is the hexavalent form, and Cr(0) is not naturally occurring
element. The chromium compounds are brightly colored. It is a brittle, hard, glossy metal
having 1907°C melting point, 2672°C boiling point and density of 7.19 g/cm3 at 20°C that
takes a high polish and resists tarnishing [61]. Chromium is the 21* supreme prevalent
metal in the earth’s mantle, ranging from 100 to 140 mg/kg [62, 63]. A variety of
anthropogenic and natural sources, with industrial operations being the primary source of
emission. Metal processing, leather processing, chromate manufacturing, stainless steel
welding, and ferrochrome and chrome pigments producing industries contribute most to
release chromium. Chromium emission into the air and wastewater, primarily from the
metallurgical, refractory, and chemical sectors, has been connected to a rise in the amounts
of the metal in the environment. The toxicity of chromium varies depending on its
oxidation state, ranging from the low toxicity metal form to high toxicity hexavalent form.
As atmospheric oxygen passivates pure chromium, it has a strong propensity to combine
with it, generating a thin coating of protective oxide on its surface that shields the
underlying metal from oxidation [63, 64]. The characteristics of chromium, which define
its toxicity and environmental impact, are influenced by its valence state and that of its
compounds. Only hexavalent chromium compounds are biologically active and create skin
irritation, mutagenesis, and cancer, However, trivalent compounds and metallic chromium
do not have these risky characteristics [65—-67]. Due to its greater water solubility and
mobility, hexavalent chromium is 1,000 times more hazardous than trivalent chromium
[20, 68]. However, high concentration of chromium(IIl) ions can affect significantly on

the ecosystem [69, 70].

Chromium is widely used in many industrial processes, and thus many environmental
systems are contaminated by it [71]. Commercial uses for chromium compounds include

welding, chrome plating, colourants, tanning, etc. Chromium is also utilized as an
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anticorrosive in boilers and cooking apparatus [72]. A plenty of trivalent chromium

discharged from chrome tanning and retanning process into the tannery effluent.
2.5.2. Copper

The ductile metal copper has a melting point at 1083°C, outstanding electrical conductivity
(59.6 x 10° S/m), and a density of 8.93 gm/cc at 20°C. Orange-red coloured pure copper is
turned to reddish tan colour when it exposed to air. Copper with oxidation states of +1 and
+2 can create a huge variety of compounds, either binary or coordination compounds with
ligands [73]. Copper is extensively used in industrial processes (copper/brass plating,
leather and textile dyeing, petroleum, paper, rayon manufacturing, etc.) and in agriculture
as fungicides [74, 75]. As a result, waste water contains a significant quantity of copper,
mostly in the form of Cu(Il), which is soluble can bio-accumulate and enter the food web
[76]. Copper is a micronutrient for metabolism of human body, however excess dosage
can cause of serious toxicological concerns, even death due to anemia, intestinal disorder,

stomach disorder, damage of kidney and liver [77].
2.5.3. Cadmium

Cadmium is a divalent metal which is soft, malleable, ductile, bluish-white in colour,
glossy and tarnishable. It has a melting point of 321°C and a density of 8.65 gm/cc at
20°C. The principal oxidation state of cadmium is +2, which is a minor component of the
majority of zinc ores. In the creation of plastic, batteries, pigments, and corrosion-resistant
plating, cadmium is widely employed. Excessive of cadmium is kidney dysfunction,

carcinogenic and even causes of death [51, 78].
2.5.4. Nickel

Silvery-white coloured hard, ductile and malleable nickel has a melting point at 1453°C
and a density of 8.91 gm/cc at 20°C. Nickel’s most prevalent oxidation state is +2, which
may combine with nearly all anions to generate compounds including hydroxide,
carboxylates, carbonate, sulfide, sulfate and halides. The major applications of nickel is in
alloy formation, metal finishing, battery production, welding, as a catalyst and in the glass
and ceramics industries [79]. Nickel exposure can occur through the air to breath, water to
drink, food to eat and cigarettes smoking. Excess intake of nickel can lead to serious
problems in lungs, kidneys, gastrointestinal distress, pulmonary fibrosis and skin

dermatitis though a small quantity is essential [80].
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2.5.5. Lead

Lead is a volatile, soft, ductile and malleable metal with a melting point of 327°C and
density of 11.34 gm/cc at 20°C. Among all of the stable elements, it is the heaviest non-
radioactive element. Lead is found naturally in mineral deposits. Out of three (0, +2 and
+4), Pb*? is the most reactive and prevalent in nature. It is generally used as pigments,
ceramics glazers, organ pipes, building materials, ammunition, paints, gasoline additives,
acid storage batteries, cosmetics (lipsticks, face powder, mascara, etc.). Due to widespread
use of lead, people are frequently exposed to it through their food, water and respiration

[81].

2.6. Technologies of heavy metal removal

There are a number of treatment approaches that were developed to safeguard
environmental safety, and this field of study has become crucial. Methods for removing
heavy metals that are more demanding and dependable include ion exchange,
precipitation, filtration, electrodialysis, microbiological systems, electrochemical process,
advanced oxidation, membrane bioreactors, adsorption, etc. All these methods are broadly
categorized as physical, chemical, and biological [82]. However, on the basis of type of
heavy metals the procedures of treatment are selected. Every technique has some merits
and demerits. Sometime heavy metal removal requires the sequential application of a

number of procedures for effective treatment.
A few common methodologies for wastewater treatment are mentioned briefly-
2.6.1. Sedimentation

Sedimentation is the method of allowing particles in suspension media to settle out of the
suspension under the effect of gravity. As a primary treatment, sedimentation is used to
separate suspended particles from municipal and industrial wastewater [83]. Chemical
flocculants, sedimentation basins and clarifiers are used to improve gravity settling of

suspended particles.
2.6.2. Filtration

Filtration is a physical process to trap the solid and allows the fluid to pass through using a
filter medium for separating solids from liquids or gases. Some popular filtering

techniques such as membrane filtration, microfiltration, ultrafiltration, nanofiltration,
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reverse osmosis, etc. are used in water treatment. Ultrafiltration and nanofiltration are
more effective over microfiltration due to its pore size [83]. Reverse osmosis is an
effective filtration technique which is impermeable to most of the contaminants. The RO
membrane has pores that are between 0.1 and 1.0 nm in size. Reverse osmosis is being

used today for removal of heavy metals from wastewater.
2.6.3. Coagulation and flocculation

The heavy metal precipitation into low solubility molecules such as carbonates, sulfides,
and hydroxides is currently treated in this way as an alternative [84]. A colloid cannot be
settled down due to the low-density equivalent to that of water. Coagulation treatment
techniques are used to either raise the density or remove such colloidal particles. The type
of coagulant, the dosage, pH, temperature, alkalinity, and mixing conditions all affect how
well a substance clots. Inorganic flocculants such as poly ferric chloride and poly
aluminum chloride, as well as Al,(SO4)3, Fe,(SO4)3, and FeCls [85] and their derivatives
were used in this process as chemical agents. The addition of flocculants causes the
destabilized particles to clump together into bigger particles through mixing or stirring. To
separate these larger particles, flotation, filtering, or stretching are used. A novel class of
macromolecule flocculants called mercaptoacetyl that can be able to eliminate heavy
metals along with turbidity [86]. Heavy metal complexes can be removed using
polyelectrolyte flocculation following centrifugation and filtering [51]. Additional
treatment methods including precipitation and spontaneous reduction must be used in
addition to the coagulation or flocculation process. A combination procedure (e.g.
spontaneous reduction-coagulation) is used to minimize copper and zinc ions effectively
for different concentrations [87]. Nanoparticles have the capacity to precipitate colloids
that are already present in the surface water, in accordance with the Smoluchowski
coagulation theory [88]. As a type of nano-coagulant, silver nanoparticles, can deposit
heavy metals and reduce TOC in wastewater [88]. Sludge forms during the coagulation
process due to the large amounts of sediment flocks and the use of coagulants such alum,
iron, etc. Heavy metals like cadmium, chromium, nickel, lead, and zinc are present in the
sludge created by the coagulation process and for managing sludge different methods such
as recovery, recycling, and reuse are exploited [89]. Though flocculation and coagulation
are effective at removing heavy metals from wastewater, they can also produce secondary
pollutants including flocks and low-reusable chemical solvents that are toxic to both

people and the environment. The main disadvantages of the process is the large quantity
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concentrated sludge [90]. Moreover, the control of coagulant dosage is very important and

the process is very pH dependent [91].
2.6.4. Ion exchange

Ion exchange is a method of separation that successfully eliminates metal from wastewater
by replacing one type of ion with another. In a chemical reaction that may be stopped, an
ion from a solution is exchanged for an equivalently charged ion attached to an immobile
solid particle. This method produces less sludge than coagulation procedure [92]. Metals
can be recovered or eliminated using ion exchange resin. lon exchange and adsorption
have many similarities when it comes to their use in batch and fixed bed processes to
produce high-quality water. A variety of heavy metals can be removed from wastewater
using this procedure quite well. Regeneration operations make it simple to recover and
reuse the used resin. The ions exchanged are not chemically altered as it is a physical

separation process [93].

Ion exchange has several drawbacks in treating heavy metals containing wastewater.
Appropriate pretreatment systems are required before ion exchange, e.g., removal of
suspended solid from waste water. Additionally, not all heavy metals can currently be

treated with effective ion exchange resins [94].
2.6.5. Chemical precipitation

Heavy metals can be removed from effluents cheaply and effectively via chemical
precipitation, which transferred the component in solution into insoluble form. The
solution pH is changed by addition of chemicals for precipitation of metals and preventing
the precipitate from dissolving in the solution [95]. This approach can be used with
wastewater that contains a lot of heavy metals. The theoretical mechanism for removal of

heavy metal by chemical precipitation is shown in the following equation [55].
M* +2(OH) = M(OH)

To remove the precipitates from treated water, additional procedures like sedimentation
and filtration is required. To attain acceptable amounts of metals in discharged effluents, a
significant amount of chemicals needed. Due of their simplicity and affordability, they are
typically used in industrial scale. The substantial amount of precipitant containing sludge
needs further treatment to prevent long-term environmental effects of sludge disposal.
Generally, hydroxide precipitation and sulfide precipitation are used as chemical

precipitation process. Although sulfide precipitation is a more effective method for the
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treatment of industrial waste containing highly hazardous heavy metals, lime and calcium
carbonate are still used as precipitant agents. Some metals can be effectively precipitated
even at very low pH values, and a high degree of metal removal can be achieved

throughout a wide pH range with a quick reaction [96].

However, there are significant drawbacks to chemical precipitation, such as the sizeable
sludge disposal and chemical requirements to bring metals down to a safe level for
discharge. The presence of these compounds must also be considered while performing the
posttreatment of sludge since they precipitate metals as well as raise the cost of process

[94].
2.6.6. Electrochemical process

Electrochemical process can be used together with other techniques to remove heavy
metals from aqueous media. Electrochemical separation technique is categorized in three
types, namely electro-sorption, electrocoagulation and electrodialysis [97]. In
electrocoagulation process electricity is used instead of chemical coagulants. The anode
becomes oxidized and releases metal ions into the system when electricity is exposed to
electrodes. Several studies opined that the electrocoagulation method is effective for
complete elimination of metal like arsenic [98-100]. Electrodialysis is the process of
removing ions by the utilization of selective ion or semipermeable membranes while being

influenced by an electric field [101, 102].
2.6.7. Ultrafiltration

Based on their molecular size of pollutant, this method employs a membrane to filter out
heavy metal ions, dissolved molecules, and other contaminants. Some of the membranes
prevent the passage of larger molecules and heavy metals, thus they must be sorted out.
Only low molecular solutes are permitted to pass through these membranes. Additionally,
it has been broken down into subcategories such complexation-ultrafiltration [103],

micellar enhanced ultrafiltration [104], and chelating enhanced ultrafiltration [105].
2.6.8. Nanofiltration

Pressure-driven approach, employed in a variety of chemical and biotech sectors, is
extremely reliable. It is an intermediate technique utilized between reverse osmosis and
ultrafiltration [82]. Nanofiltration has several advantages over reverse osmosis, including
low energy consumption, effectiveness in removing heavy metals, simplicity of usage, and

lower pressure requirements [88]. Numerous variables, such as pH, pressure, temperature,
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membrane propensity, membrane structure, and feed concentration, have an impact on
nanofiltration effectiveness [107]. Surface charges on synthetic polymers used to make
membranes for the nanofiltration process are frequently positive or negative due to the
membrane's electrostatic interaction with metal ions, this feature aids in the dissociation of
heavy metals or enhances membrane functionality. The separation mechanisms employed

in nanofiltration are size exclusion and charge exclusion [106].
2.6.9. Reverse osmosis

The principles of size exclusion and charge exclusion determine how reverse osmosis
(RO) works. A semi-permeable membrane is used which only allows water to go through
to remove dissolved species [92]. A RO membrane has pores that are between 0.1 to 1.0
nm and frequently used in the desalination procedure. Reverse osmosis is increasingly
being used in wastewater applications to remove heavy metals. This procedure' primary
flaw is that it uses a lot of energy to run. Several RO membrane experiments were
conducted to recycle or treat the wastewater from electroplating. The material of the
membrane, the pH, the temperature, the pressure, and the membrane's propensity for

clogging all affect the capacity of the RO membrane [107].
2.6.10. Biological treatment

The most common and widely used method for removing metal ions and discolouring
wastewater is biological treatment [108] as it is both affordable and results in benign
byproducts. The process could be aerobic (with oxygen present), anaerobic (without
oxygen present), or a combination of the two. In order to remediate wastewater,
microorganisms like bacteria, fungus, and yeast are frequently used. Bacillus cereus [109],
Pseudomonas aeruginosa [110], and Escherichia coli [111] are examples of metal-bearing

bacteria that exhibit very impressive biosorption abilities to metal ions.
2.6.11. Adsorption process

Adsorption is the most popular method for treating heavy metal contaminated wastewater
[112]. Tt is a cost effective and efficient treatment approach with flexibility in design and
operation. After a sufficient desorption procedure, the utilized adsorbents can be
regenerate and reused because most adsorption is reversible. Adsorption is the process of
transferring significant amounts of chemicals from a liquid or gaseous state to a solid
surface, where they subsequently bind and/or interact chemically [95]. It is a method

where molecules leave the solution and then connect physically and chemically to the
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surface of the adsorbent. After a sufficient desorption procedure, the utilized adsorbents
can be regenerate and reused because most adsorption is reversible. Adsorption is the
process of transferring significant amounts of chemicals from a liquid or gaseous state to a
solid surface, where they subsequently bind and/or interact chemically [95]. It is a
mechanism where molecules leave the solution and thereby get attached to the surface of
adsorbent through physical and chemical bonding [113]. Adsorption and absorption are
different process because adsorption is based on surface area whereas, absorption is based

on volume.

Adsorption is the process by which particles from a gas, liquid, or dissolved solid attach to
a surface as atoms, ions, or molecules. The adsorbate forms a coating on the adsorbent's
surface as a result of this activity. Adsorption efficiency is determined by the adsorbent's
surface area, surface shape, pore size distribution, polarity, and functional groups attached
to the adsorbent surface. For an adsorbent to be economically viable, it must possess a
number of characteristics, including high selectivity to enable quick separations, excellent
transport and kinetic properties, thermal and chemical stability, mechanical strength,
resistance to fouling, regeneration capacity, and low solubility in the contact liquid.
Compared to traditional techniques of heavy metal removal, the adsorption process has a
number of benefits. Adsorption process is economical, regenerative, metal selective, and
effective that does not produce hazardous sludge and can recovers of metal. Due to its ease
of application and low cost, adsorption is currently regarded as being particularly suited
for wastewater treatment [114—116]. Since occasionally adsorption is reversed, adsorbents

can be regenerated by appropriate desorption [51]. There are two categories adsorption:

1. Physiosorption: Physical adsorption or physiosorption is used to define an
adsorption in which the attraction between the molecules adsorbed and the solid
surface is of a physical nature. Physical adsorption is widely used to describe the
weak attractive interactions known as van der Waals forces, which cause reversible
adsorption between the molecules and the solid surface.

2. Chemisorption: The adsorption process is known as chemisorption if the attraction
force is brought about by chemical bonding. It is difficult to remove species that
have been chemisorbed from solid surfaces because of their increased propensity

for chemisorption.
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2.6.11.1. Influencing factors of adsorption

The quantity of solution is adsorbed on a solid surface depends on the nature of the
adsorbent and adsorbate, their interface, the temperature of the framework, the
concentration, the pH of the arrangement, the porosity of the adsorbent, the time period

allowed, and the method used for the frameworks.
Adsorbent’s nature:

The chemical makeup, the presence of pores, edges, corners, creaks, and pretreatment are
the main determinants of an adsorbent's nature. In general, adsorption capacity increased
as the surface area of the adsorbent increased. As a result, an adsorbent's surface that is

more uneven or rough has a higher adsorption capacity.
Adsorbate’s (solvent’s) nature:

Solubility has played a vital role within the study of surface adsorption. Solvent with

slightly soluble adsorbate is more adsorbable than the highly soluble ones.
Adsorbent particle size:

Smaller molecules have less internal resistance to mass transfer and diffusion, allowing the
adsorbate to almost completely fill the adsorbent's capacity for adsorption. Higher

adsorption rates are provided by the smaller molecular size of the adsorbent [118].
Solute affinity for the adsorbent:

The surface of a slightly polar adsorbent can now absorb non-polar molecules more

readily than polar ones [118].
Effect of dosage:

In order to bind metal ions more active sites are available at higher adsorbent

concentrations since more exchangeable sites for the ions are offered [117].
Influence of temperature:

Generally, a lower temperature facilitates better adsorption rate, i.e., the general
exothermic process. Increasing temperature promotes adsorption in some particular cases.
The temperature of the adsorption system boosts the intermolecular interactions between
the water molecules adsorbed at the interlayer portion, resulting in greater adsorption in
some cases. However, in some circumstances, adsorption decreases with as the

temperature increases [117].
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2.6.11.2. Activated carbon

Activated carbon (AC) is a popular adsorbent worldwide for heavy metals removal from

aqueous media. Typically, it is made from materials like coal, wood, lignite, coconut

shells, etc. that have a particularly porous structure and a huge surface area between 500

and 2000 m2/g [118]. AC is rich in micropores (<2 nm) and mesopores (2-50 nm) with

high surface area and surface activity which remove hazardous materials for wastewater

[119]. AC can be used both in chemical and physical adsorption.

Numerous scientists were used activated carbon to remove heavy metals from aqueous

solutions, a few are mentioned below-

Table 2.1: Heavy metal adsorption capacities of activated carbon from various

sources
Name of adsorbent Metal | Parameters studied | Capacity of | References

ions adsorption

(mg/g)
Activated carbon fabric | Cr* Temperature, particle 40.29 [120]
cloth (ACF) size, pH, adsorbent
dosage
Activated carbon from date | Cr*° pH, time, dosage, 44.05 [120]
seeds temperature, and
concentration

Commercial activated | Pb* pH, contact time, and 42.50 [121]
carbon (CAC) ™ temperature 15.00

Zn™* 14.00
Tire-derived activated | Pb™ 322.50
carbon (TAC) CuF 185.20

Zn™ 71.90
Activated carbon from poly | Cr*® | pH, dosage, contact 8.92 [122]

sulfide rubber

time
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Activated charcoal of neem | Pb Adsorbent dosage, 205.00 [123]
leaf powder (AC-NLP) Cr temperature and 110.90
contact time
Cu 185.80
Cd 157.50
Zn 133.30
Ni 120.60
Olive stones activated Cu*? pH, contact time, 17.66 [124]
Cd? dosage 57.09
Pb* 147.52
Tron oxide/activated carbon | Cr™ 8.06 [125]
(Fes0/AC) Cu™? i 3.20
Cd* 2.15
Char of peanut straw pH, contact time, 0.48 [126]
Char of soybean straw metal ion 0.33
concentration
Char of rice straw Crt 0.27
Char of canola straw 0.28
Fruit peel litchi Cr* Temperature, 50.00 [127]
concentration, time,
pH
Ficus natalensis  fruits | Cu™ pH, dosage, contact 161.29 [128]
(FNF) time, temperature,
Pb™ | initial concentration 1250

2.6.11.3. Low-cost adsorbents (LCAs)

The low cost economical adsorbents use to remove heavy metals is more encouraging as

there are numerous readily available materials that are less expensive, re-generable after

use, environmentally friendly, and useful over a wide pH range [129-131]. These
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materials can be either natural or waste products or by-products of industrial, agricultural,

biological, and domestic activities. Many researchers have adopted and reported in the

literature a variety of research for the creation, usage, and applications of economical cost-

effective adsorbents to remove different contaminants from aqueous and industrial wastes.

The following list of LCAs is employed, along with a description of their adsorption

capacities.

Table 2.2: Heavy metal adsorption capacity of low-cost materials metals from

wastewater
Name of adsorbents Metals Capacity of References
ions adsorption (mg/g)
Natural rice husk Cr 22.5 [132]
Natural rice husk Cu'? 7.1 [133]
Natural rice husk Cu® 30.0 [132]
Wheat straw Cu'? 11.43 [134]
Wheat straw (Urea modified) Ccd*™ 39.22 [135]
Barley straw Cu™ 4.64 [136]
Pb" 232
Mango peel Ccd* 68.92 [137]
Cu® 46.09 [138]
Orange peel (nitric acid modified) Ccd™ 13.7 [139]
Cu® 15.27
Banana peel Cd* 35.52 [140]
Potato peel cr? 38.46 [141]
Thermally activated potato peel Cu* 84.74 [142]
Sulfuric acid modified sugarcane bagasse cd®? 38.03 [143]
Corn stalk (copolymerization grafted) Cd* 21.37 [144]
Sunflower stalk Ccd™ 69.80 [145]
Cashew nut shell Cd*™ 22.11 [146]
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Chemically modified (NaOH treated) Ccd™ 47.505 [147]

cashew  nut  shell  (Anacardium cr 42 68

occidentale)

Oil palm shell Cu* 1.75 [148]

Fish scale Cr™ 18.35 [149]

Lentil Cu® 9.59 [150]

Rice 2.95

Wheat 17.42

Acacia leucocephala cd™ 147.1 [151]
Cu® 167.7

Cauliflower waste Ccd™ 21.32 [152]

Carrot residue (CR) Cr™ 45.09 [153]
Cu* 32.74
Zn* 29.61

Cassava peelings (mercapto acetic acid Cd* 119.6 [154]

modified) Cu™? 1273

Sawdust (modified) Cr'® 8.84 [155]

Saw dust (sodium hydroxide treated) Ccd*™ 73.62 [156]

Wheat bran cd* 15.71 [157]

Eggshell Cr 160 [158]

Eggshell Ccd* 329 [159]

Mlitic clay Cr* 46.44 [160]

Eggshell waste Cu* 142.86 [161]
Cd™ 111.1

Chitosan beads Cr 30.03 [162]
Cr' 76.92

Coal fly ash Cu* 20.92 [163]
Cd™ 18.98

Treated waste newspaper (TWNP) Cr* 59.88 [164]
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2.7. Graphene based adsorbents

Graphene is one atom thick sheet of graphite in a 2-dimentional plane of densely packed
sp2 hybridized carbon atoms organized in a hexagonal configuration. Graphene emerged
as a ‘miracle material’ being integrated worldwide in electronics, drug delivery, energy
storage, bio-sensing, filtration, etc. due to its extraordinary physico-chemical properties
[165]. However, the use of graphene-based adsorbents for heavy metal removal from

tannery effluents is quiet an emerging area of application.

Owing to having excellent theoretical surface area (2630 m*g) as well as controllable
surface functionality with various groups like hydroxyl, epoxy, and carboxylic that
facilitate adsorption capacity, graphene is an exciting candidate to be utilized as an
adsorbent [166—168]. The surface of graphene needs to be functionalized enabling them to
interact with various component in order to formation of graphene-based composites. The
most common graphene derivative is graphene oxide (GO), contain an innumerable
oxygen functionality including hydroxyl, carbonyl and carboxyl groups that give the
carbon surface a negative charge. As a result, GO can be utilized to bind divalent heavy
metals including Cu, Pb, Cd and Zn from water forming coordination and electrostatic
interactions [169, 170]. Since oxygen-containing functional groups (C-O, C=0, and -OH)
induce structural flaws in GO, it is highly hydrophilic and may disperse in a variety of

solvents, including water [171-176].

Graphene oxide is a layered structural material where hydrogen and epoxy groups are
connected to the surface of it [177]. The swelling, intercalating and ion exchanging
features of the dispersion are caused by the associated hydrophilic polar groups, which
also increase the dispersibility of graphene oxide in aqueous media [177, 178]. Graphene
oxide’s huge surface area also offers the ability to achieve high adsorption abilities using
both electrostatic and coordinate methods [179]. According to previous studies, graphene
oxide is an excellent adsorbent of Pb**, Hg**, Co** and Ni** [180-183]. To further
improve their capacity for adsorption, graphene oxide was decorated with a number of
functional groups, including chitosan [184], amino [185], poly(N-vinyl carbazole) [186],
4-aminothiophenol and 3-aminopropyltriethoxysilane [187]. The heavy metals removal
capacity of graphene and graphene-based adsorbents had been studied by many

researchers. A few of them are discussed below:
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Chang and co-workers [188] described how graphene adsorb Co(II) and Fe(II) from water.
Adsorption was inspected by batch mode and graphene demonstrated excellent adsorption

capacities of 370.00 and 299.30 mg/g for Fe*? and Co*?, respectively.

The ability of graphene oxide (GO) to adsorb Cu** from aqueous solution was examined
by Wu and co-workers [189]. The optimal parameters for Cu(Il) adsorption by GO in a
batch mode were dosage of 1.0 mg/mL, pH 5.3 and contact duration of 150 min. The
adsorption of Cu** on GO was found 117.50 mg/g and the equilibrium data was

completely matched to Freundlich isotherm.

Zhang et al. [190] experimented on adsorption behavior of prepared graphene
oxide/polyamidoamine dendrimers (GO/PAMAMs) for divalent metal ions and found the
adsorption capacity were 568.18, 253.81, 68.68 and 18.29 mg/g for Pb, Cd, Cu, and Mn,
respectively. The equilibrium adsorption was 60 min and the sorption was chemical in

nature.

Sitko et al. [169] worked on the usage of GO to remove Cu*?, Cd*?, Zn**, and Pb*?, those
were displayed in the following sequences in one metal arrangement: Pb** > Cd** > Zn**
>Cu*™ and in two metal arrangements: Pb** > Cu** >Cd*™ > Zn*?. The adsorption kinetic
data revealed that monolayer adsorption was carried out and chemisorption process was

also defined.

Wang et al. [191] used GO to remove Zn(Il) ions in water that varied in dosage, pH, and
amount. The data followed pseudo-second-order kinetics and Langmuir isotherms.
Adsorption capacity of Zn(Il) was 246.0 mg/g at 293 K, which was praiseworthy with

quick exothermic adsorption.

A comparison was studied by White and co-worker [192] on GO and functionalized GO
(GO-COOH) nanoparticles for Cu(Il) adsorption. The adsorption capacity of GO and GO-
COOH were found maximum as 277.77 and 357.14 mg/g, respectively and the data were
matched well with Langmuir isotherm for both cases. Removal efficiencies was found to

be 97 and 99.4%, respectively at pH 6.0, and 60 min duration.

Chang et al. [193] synthesized magnetic core-shell MnFe,0,@TiO, nanoparticles on RGO
(MnFe,04@Ti0O,.rGO) and found the maximum adsorption of Cu*? as 225.99 mg/g.
Langmuir isotherm and pseudo-second-order kinetic model were followed. The nature of
adsorption was spontaneous, chemisorption and endothermic. The adsorbent can be

recycled several times using simple external magnetic field.
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GO aerogels were developed by Mi and co-worker [177] for removal of Cu** from
aqueous solution. The GO aerogel had lots of oxygen atoms with certain groups and was
thus an excellent adsorbent. A quick adsorption rate was found by GO aerogel ranging
from 17.73 mg/g at 283 K to 29.59 mg/g at 313 K, which was dependent on pH and
concentrations. Based on pseudo-second-order data the adsorption was occurred through

chemisorption.

Ahmed et al. [194] studied on removal Cr(IIl) from tanning through adsorption on GO.
The results were demonstrated that treating chrome tanning effluent with 0.6 mg/L GO at
pH 4.0 for 20 min could attain 98.77% chromium removal. The maximum capacity was
found 366.3 mg/g and equilibrium was followed both the Langmuir and Freundlich
isotherms. Thermodynamically it was exothermic and spontaneous at low temperature and

followed well pseudo-second-order kinetics.

Mondal and Chakraborty [20] worked on adsorption of Cr*® on GO and found the
adsorption capacity 1.222g/g and was fitted with Langmuir isotherm model.

Thermodynamics showed the process was spontaneous, endothermic, and entropy-driven.

Use of GO nano-sheets for Cd** and Co*™ adsorption was described by Zhao et at. [37]. It
was followed Langmuir isotherm due to monolayer adsorption with 106.3 and 68.2 mg/g
for Cd** and Co™ at pH 6.0. Thermodynamic parameters denoted the process as

spontaneous and endothermic in nature.

Tan et al. [197] studied the maximal adsorption capacities for Cu(Il), Cd(II), and Ni(II)
onto GO membranes from single metal aqueous solutions were found to be 72.6, 83.8, and
62.3 mg/g, respectively. The Langmuir isotherm model and the pseudo-second-order
model was maintained for the adsorption process. Within a short period of time, the
adsorption equilibrium was reached. Based on the adsorption/desorption cycles, the GO
membranes could be regenerated several times with just a minor reduction in adsorption

capacity.
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3.1. Materials

Chromium sulfate (Cr,(S0O4)3.6H,0), Copper chloride (CuCl,.2H,0) and cadmium sulfate
(3CdS0O4.8H,0O) were collected from Merck, India and used to prepare the standard
solution of Cr(Ill), Cu(Il) and Cd(Il). Graphite powder (99.5%, Merck, India), Sulfuric
acid (98%, RCI Labscan, Thailand), Hydrogen peroxide (30%, Merck, India), Nitric acid
(65%, RCI Labscan, Thailand), Sodium nitrate (Unichem, China), Potassium
permanganate (97%, Merck, India), Hydrochloric acid (37%, RCI Labscan, Thailand),
Sodium alginate (Merck, India) and Calcium chloride (Unichem, China) were procured

and used for preparation of graphene oxide (GO) and calcium alginate-graphene oxide

(CA-GO) composite.

The structure of GO and sodium alginate molecule are shown in the Fig. 3.1 and 3.2,

respectively.

Fig. 3.1: Structure of GO
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Fig. 3.2: Structure of sodium alginate molecule [195]
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3.2. Collection of tannery effluent

In this study adequate tannery effluent samples were collected from Tannery Industrial
Estate, Dhaka (TIED), Savar, Dhaka at several times from a big tannery discharge point
following a standard method. The collected effluents were filtered with Whatman filter
paper no. 41 for removal of suspended particles. The filtrate was then stored for

experiment at 4°C to prevent hydrolysis.

3.3. Physicochemical parameters of tannery effluents

In this study, HANNA Instrument (HI-98107) was used to judge the pH and mercury
digital thermometer was used to measure the temperature. TDS, EC and % NaCl of
effluent were investigated with HANNA instrument (HI-2300) and BODS was determined
by HANNA instrument (HI-98193). COD was determined by following official standard
method (DIN 38409).

3.4. Heavy metal analysis of tannery effluents

The heavy metals (such as Cr, Cu, Cd, and Pb) in tannery effluent, were analyzed using
inductively coupled plasma-mass spectrometry (Agilent 7900 ICP-MS, Model no.
G8403A, Agilent Technologies International Japan Ltd.) after acid digestion.

3.5. Synthesis of adsorbents
3.5.1. Preparation of graphene oxide (GO)

Modified Hummers’ method was followed to prepare graphene oxide [196]. Graphite
powder was oxidized by using conc. H;SO4, conc. HNO3;, KMnO, and NaNO:s.

3.5.2. Preparation of calcium alginate beads

Sodium alginate solution and calcium chloride solution were used to prepare calcium

alginate beads.
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3.5.3. Preparation of calcium alginate-graphene oxide (CA-GO) composite beads

Graphite was oxidized to graphene oxide using Hummers’ method. Then sodium alginate
and graphene oxide homogeneous suspension were prepared and dropped into calcium

chloride solution to prepare calcium alginate-graphene oxide beads.

3.6. Characterization of GO and CA-GO composite beads

In order to characterize the produced graphene oxide (GO) and calcium alginate graphene
oxide (CA-GO) composite, Fourier Transform Infrared Spectroscopy (FTIR) (8400S
Shimadzu, Japan), Scanning Electron Microscopy (SEM) (JEOL, USA), X-Ray
Diffraction (XRD) analysis, and Raman spectroscopy were used. Malvern Zetasizer
(Nano-ZS ZEN 3600) was used to measure the zeta potential for produced adsorbent as a
function of pH. X-ray photoelectron spectrometer (Model: K-ALPHA, Thermo Fisher
Scientific, Czech Republic) was used for elemental analysis of GO. The Brunauer-
Emmett-Teller (BET) surface area, pore volume, and pore size distribution of GO were
analyzed with BET sorptometer (Model: BET-201-A, PMI, USA). Particle size analyzer

(Model: Litesizer 500, Anton Paar) was used for particle size determination.

3.7. Adsorption study

A number of batch studies were run at a range of pH values, adsorbent dosages, initial
metal salt concentrations, and contact times. Amounts of metals in the untreated and
treated water samples were determined using atomic adsorption spectroscopy (AAS). To
determine the adsorbents' capacity for metal adsorption, a fixed quantity of adsorbent was
introduced to metal solutions of a specific concentration and pH. After filtering the
mixtures and stirring them for a fixed span of time, the AAS was utilized to measure the
concentration change. Equations (3.1) and (3.2) were used to determine the adsorption
capacity at time t, q; (mg/g), and the percentage of metal removal, respectively. Equation

(3.3) provided the adsorption capacity at equilibrium, q. (mg/g).

Adsorption capacity at time t, q,— (CO_% (3.1

% of removal = 2= x 100 (3.2)
0

Adsorption capacity at equilibrium, q,= W (3.3)
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where, V= volume of metal ions containing solution (L), Cy = initial concentration of
metal ions (mg/L), C; = concentration of metal ions at time t (mg/L), C. = concentration of

metal ions at equilibrium (mg/L), and W = mass of the GO employed for adsorption (g).

Plotting adsorption capacity against pH allowed researchers to identify the impact of pH
on adsorption capacity in this study. At pH values above pHzpc, the greatest metal
adsorption capacity was discovered. The optimum dosage was determined through plotting
of adsorption capacity and percentage (%) of metal removal against dosage of adsorbents.
The point at which the adsorption capacity and percentage (%) of removal intersect with
each other, were considered as optimum dosage of adsorbent.

The theoretical maximum adsorption capacity, qn, (mg/g), was calculated using Langmuir
isotherm model. The adsorption capabilities at various concentrations and time intervals
were plotted to calculate the equilibrium adsorption capacity (q.). When the concentration
is at a specific level, the adsorption capacity rises with time, and after a while, it becomes
nearly constant, which is considered as equilibrium adsorption capacity (qe). The
concentration at which the adsorption capacity became constant was considered as
equilibrium concentration (Ce).

At a constant temperature, the relationship between adsorption capacity and the amount of
residual adsorbate is described by adsorption isotherms [197]. Experimental results was
analyzed by Langmuir and Frueundlich isotherms to determine the distribution of
adsorbate molecules on adsorbent surface [198]. By creating equilibrium between
adsorbate in solution and adsorbate on adsorbent, equilibrium isotherm studies concentrate
on adsorption mechanism. It also determines an adsorbent's maximum adsorption capacity
when adsorbing a specific material as an adsorbate. The equilibrium adsorption condition
was explained using the Langmuir [eq. (3.4) and (3.5)] and Freundlich [eq. (3.6)]

isotherms (in their linearized version).

Ce _ 1 + ! C (3.4)

Ge qmb  qm © '

R, = — 3.5

71+ c,b (3:5)
1

Inq, = Inkp + glnCe (3.6)
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Where C. = equilibrium metal ion concentration in grams per liter, C;, = maximum metal
ion concentration in grams per liter, b = Langmuir constant in grams per liter, Ry =
separation factor, and q. and qy, are the equilibrium and theoretical maximum adsorption
capacities in grams per liter, respectively. Plotting the value of C./qe vs. C. yielded the
theoretical maximum adsorption capacity, or qm, according to the Langmuir model. The
separation factor Ry value was determined using the equation (3.5) to ascertain the
advantageous nature of the adsorption process. The R; number provides a qualitative
assessment of the process' favorability; Rp>1 denotes unfavorable monolayer adsorption,
whereas 0<Rp <1 denotes favorable monolayer adsorption [199].

Freundlich isotherm [eq. (3.6)] shows non-uniform multilayer distribution of adsorbate
molecules when n is the Freundlich constant and kg is the theoretical maximal adsorption
capacity (mg/g). Based on the value of n, a favorable assumption regarding adsorption is
established. Adsorption becomes more difficult when n decreases, (n=2—10 indicates
excellent adsorption, n=1-2 indicates hard adsorption and n<1 indicates poor adsorption)

[199].

Adsorption kinetics is vital for evaluating an adsorbent’s performance and gaining insight
into the underlying mechanisms. In this study, pseudo-first-order and pseudo-second-order
kinetic models were used to characterize the adsorption processes. In 1998, Ho and
McKay proposed a pseudo-second order rate equation, and Lagergren presented a pseudo-

first order rate equation to characterize kinetic process [203].

Using eq. (3.7), a plot of log(qe-q:) vs. t was made to analyze the pseudo-first-order model.
Researchers could analyze the pseudo-second-order model by plotting t/q; vs. t following

the eq. (3.8), where k; is the rate constant (g/mg min).

k
log(qe — q¢) = logq. — (ﬁ) t (3.7)

) )

where, q. and q, represent the adsorption capacity at equilibrium (mg/g) and the adsorption

capacity at time t (mg/g) respectively, and k; and k; represent the constant of pseudo-first-

order reaction (1/min) and pseudo-second-order reaction (g/mg min), respectively.
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The change of Gibb’s free energy (AG) provides a hypothesis regarding the adsorption
process. Physical adsorption is indicated if AG values increase with increased temperature
and the process favorable at low temperatures. A thermodynamic assessment of an
adsorption determines its randomness, spontaneity, and feasibility [200]. The
thermodynamic parameters were assessed at various temperatures (293-338K). The van't
Hoff equations were used to calculate the changes of standard free energy, enthalpy and
entropy [201]. A calculation of Gibbs free energy change (AG) was made using eq. (3.9)
and (3.10).
AG = —RTlInk, (3.9

where, kg, T and R denote the equilibrium sorption distribution constant, the absolute

temperature (K) and the universal gas constant (8.314J mole™ K), respectively.

_ 2

k
a=C

(3.10)

The enthalpy change (AH) and entropy change (AS) are calculated using the linearized
van’t Hoff isotherm eq. (3.11). A straight line was produced when InKy was plotted
against 1/T. The AH and AS values were found by measuring the slope and intercept of the

plot’s straight line.

Ink, = —>H 45 3.11

Adsorbent’s regeneration ability provides important information about the adsorption
mechanism and commercial uses of an adsorbent. Therefore, in this study regeneration of

all the used adsorbents were carried out.

The effectiveness of produced adsorbents was tested using diluted real samples of tannery

effluent.

3.8. Safety precautions

While conducting this research sufficient precautionary measures were taken as it was
dealt with heavy metals, tannery effluents and some other chemicals. Proper personal
protective equipment and lab aid were utilized while handling the samples. All activities

and processes were carried out in a hygienic and safe manner.
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4.1. Part 1. Synthesis, characterization and application of graphene oxide (GO) for

the removal of Cr(III), Cu(Il) and Cd(II) ions from aqueous solutions.
4.1.1. Preparation of graphene oxide (GO)

Graphene oxide (GO) is prepared by following modified Hummer’s method. To prepare
graphene oxide, in a round bottom flask graphite powder (3.0 g) was taken to a blend of
concentrated H,SO4 and HNOjs (3:1, 75 mL) with vigorous stirring in a water bath to form
homogenous suspension. Then addition of KMnQOy (9.0 g) followed by HNOs (1.5 g) to
the flask was carried out slowly and stirred for 2 h. The mixture was stirred further for
overnight to make a thick paste. A deep brown reaction mixture was formed after addition
deionized water (120 mL) in the paste and stirred in an oil bath at 35 °C for 4 h. Then,
additional DI water (420 mL) was added, followed by 30% H,0, (20 mL) addition with
continuous stirring to wash and produce mixture that was bright yellow. Finally, 5% HCI
(200 mL) added to remove Mn”* ions from produced graphene oxide. The synthesized GO
was washed several times to reach the pH at neutral (7.0). Centrifugation was employed to

expedite the process of neutralization.

KMnOy and NaNO;

l

Stirring for 2h

i Mixture of Homogeneous
Graphite | : g
powder H2S04 and HNO3 Water bath mixture
35 % 1!‘ H,0:
Addition of
Déep water Thick 4h oil Stirring over night
b.rown < : i P
mixture Stirring paste bath | 4q4dition of distilled water
5 % HCI
Stirring Golden vellow Washing up to neutralization
£ > » GO
mixture

Fig. 4.1: Flow diagram of graphene oxide (GO) synthesis
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4.1.2. Characterization of GO
4.1.2.1. Elemental Analysis

Elemental analysis was carried out to find the composition of GO and it was found to
contain C (41.23 %), H (3.07 %), N (4.13 %) and S (0.40 %). A significant amount of
oxygen (51.17 %) was found to contain which was determined indirectly, it was well-

aligned with the literature [202].

4.1.2.2. FTIR Analysis

The FTIR spectroscopy study was performed to investigate the functional groups present
in GO. In the Fig. 4, the multiple absorption peaks at different wavenumbers in the
infrared area indicated the presence of diverse functional groups on GO surface. A strong
and wide O-H stretching vibration was observed at wavelength 3414 cm™, C-H stretching
vibration band was observed at wavelength of 2989 cm™ and 2870 cm™, a carboxylic
group C=0 stretching vibration band was observed at wavelength of 1732 cm™, an
aromatic C=C stretching vibration band was observed at a wavelength of 1519 cm’, a
symmetric C-O stretching in the C-O-C group was observed at a wavelength of 1209 cm™,
and a C-O (epoxy) band was observed at a wavelength of 964 cm™ due to extensive

oxidation. The FT-IR spectra of GO were consistent with the results of the earlier research

[203], [204].
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Fig. 4.2: FTIR of GO
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4.1.2.3. Scanning Electron Microscopy (SEM)

The scanning electron microscopy was exploited to investigate the microstructure and
morphology of GO. The image of GO (Fig. 4.3) was captured in high vacuum mode with
5.0 kV at 20,000X magnification and approximately 6.6 mm working distance. The
photographs depicted randomly arranged, fluffy, crumpled sheets with an orientation of
variety of pores, which are vital for absorbing metal ions [205]. The fluffiness and
wrinkles were the result of layer separation and oxidation of GO. The membrane was
employed to absorb some particular heavy metal ions from water showed the similar

outcome in the SEM structure [206].

1pm JEOL  12/3/2020
X 20,000 5.0kV SEI SEM WD 6.6mm 16:01:41

Fig. 4.3: SEM image of prepared GO

4.1.2.4. X-Ray Diffraction (XRD) analysis of GO

The XRD pattern of prepared GO is displayed in Fig. 4.4. It revealed a broad peak at
20=10.399°, which corresponded to an interlayer spacing of 8.5A and was in good
agreement with the value of literature as 20 of 11.4° and d-spacing of 7.8 A [199]. This is

due to introduction of oxygen and formation of amorphous structure of GO.
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Fig. 4.4: XRD patterns of GO

4.1.2.5. Spectrum analysis of GO

The existence both the D-band and G-band was confirmed by Raman spectrum of GO,

which was displayed in Fig. 4.5.
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Fig. 4.5: Raman Spectrum of GO
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The values of D-band and G-bands are 1356 cm™ and 1607 cm™ respectively and are well
in line with other published material somewhere else. The presence of D-band made it
possible to determine the size the size of in-plane sp2 domain and the existence of
defective sites in GO sheets [207]. The D-band and G-band intensity ratio (Ip/Ig) was

0.93, which indicated the amount of structural disorder of graphene oxide [208].

4.1.2.6. XPS Analysis of GO

The XPS spectra of GO (Fig. 4.6) showed the significant strong signals of C and O with

corresponding binding energy.
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Fig. 4.6: XPS Spectrum of GO
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The peaks at 284.82, 286.82, 288.28, and 290.90 eV were assignable to C-C/C-H, C-O,
C=0, and O-C=0, respectively (Fig. 4.6b). The C=0 and C-O types of oxygen were
responsible for the peaks at 532.74 and 531.43 eV, respectively (Fig. 4.6¢). Similar XPS

spectrum of GO were observed in earlier research [209].

4.1.2.7 Brunaur-Emmett-Teller (BET) analysis of GO

Surface area, pore volume and pore size/diameter of GO were analyzed through nitrogen
sorption system are showed in Table 4.1 and Fig. 4.7. The BET analysis recommends that
GO has a specific surface area of 127.32 mz/g which is much lower than the theoretical
specific surface area for completely exfoliated and isolated graphene sheets (~2620 mzlg)
[210], which could be due to the agglomeration and overlapping of the GO sheets [211],
[212]. Pore sizes are categorized by the International Union of Pure and Applied
Chemistry (IUPAC) as micropores (diameter, (d)<20A), mesopores (20A<d<500A)
macropores (d>500A) [213]. Barrett-Joiner-Halenda (BJH) method was followed and the
average pore size/diameter was found to be 27.47A, which indicated that prepared GO was
mesoporous and had a total pore volume of 0.0875 cc/g. These characteristics showed the

affinity towards the metals like chromium, copper and cadmium.

Table 4.1: Parameters of BET analysis for GO

BET Parameter Results
BET specific surface area 127.32 m*/g
Total pore volume 0.0875 cclg
Average pore diameter 27.47 A
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Fig. 4.7: BET analysis of GO
4.1.2.8 Particle size analysis

The size of GO particles in DI water was measured by diffraction light scattering (DLS)
using Particle Size Analyzer. The particle size and poly dispersity index were found to be
665.3 nm and 23.9 %, respectively (Table 4.2, Fig. 4.8), which showed good agreement
with previous report [214]. The particle size of adsorbents affected their buffering capacity
and the buffering capacity increased with decreasing the particle size due to increased

surface area [215].

Table 4.2: Parameter of particle size analysis for GO

Parameters Values
Particle size 665.3 nm
Polydispersity index 23.9 %
Diffusion coefficient 0.7 um®/s
Transmittance 75.7 %
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Fig. 4.8: Particle size distribution of GO

4.1.2.9. Zeta potential value of GO

The value of zeta potential for GO was investigated as a function pH. To produce the
sample, GO was dispersed in DI water and pH adjusted at 2.0-10.0 with dilute acid and
alkali. The results depicted (Table 4.3, Fig. 4.9) that the zeta potential value of GO was
positive (0.1710 mV) at pH 2.0, whereas the values was negative (-0.0444 to -0.4400 mV)
with an increase of pH from 4.0 to 10.0. It was revealed from the figure that the ZPC of
GO was pH 3.5. At pH higher than the ZPC, the carboxyl group of GO deprotonates and
becomes negatively charged. Therefore, metal adsorption capacity of GO is boosted at pH

higher than ZPC.

Table 4.3: pH and Zeta potential data of GO

pH 2.0 4.0 6.0 8.0 10.0

Zeta potential value (mV) 0.1710 -0.0444  -0.0800  -0.2330 -0.4400
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Fig. 4.9: Zeta potential value of GO at diverse pH

4.1.2.10. Ionic behaviour of GO at different pH

The ionic behavior of GO at lower and higher pH is explained through the Fig 4.10. The
adsorption process dealt with the attraction between oppositely charged particles through
formation of various bonds, including hydrogen bonding, electrostatic attraction or m-m
interactions, van der Waals forces, and dipole-dipole induction. Adsorption of solute on an
adsorbent was significantly influenced by the chemistry of surface complexation and pore
density or pore volume.
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Fig. 4.10: Ionic behaviour of GO at low and high pH

Adsorbents surface became negatively charged when pH of the solution exceeded pHp..

Graphene oxide exhibited electrostatic interaction with cationic metal ions at pH>pH,c
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due to its negatively charged surface. The net charge on the surface of the particles was

zero at pHyp.. The possible mechanism of heavy metals adsorption on GO is shown Fig.

4.11.
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Ce m\plpxnmn / \

/ C /0
\ \ O- Electrostatic
attraction
Graphene Oxide
Yo LW\
\ / H H+ Functionalized
Hydrogen - materials
\urf ace Bonding
Complexation O 4 M

Fig. 4.11: Possible heavy metal (M) removals mechanism on GO adsorbents [216]

4.1.3. Adsorption studies

The efficacy of adsorbent for heavy metal removal is impacted by pH, adsorbent dosages,

contact time and initial metal concentration, temperature and other parameters.

4.1.3.1. Adsorption of Cr(III) on GO
4.1.3.1.1. Effect of pH

pH is an important parameter as it influences both the property the adsorbent surface and
the nature of the adsorbate [217]. The surface charge of adsorbent and adsorbate can be
altered by changing pH. The effects of pH on adsorption of chromium was studied with
chromium(III) salt solution (245.5 ppm, 10 mL) was placed in a number of conical flasks
and the pH was adjusted to 2.0, 3.0, 4.0, and 5.0. Then GO (0.039 g) was added to each
solution and the mixture was shaken for 2 h at room temperature at 150 rpm in an orbital
shaker. The mixtures were then filtered and the changes of concentrations were
determined by AAS. The percentage of removal and optimum adsorption capacity of GO
was found as 99.68% and 125.49 mg/g, respectively at pH 4.0 (Table 4.4, Fig. 4.12).
Studies on pH revealed that GO surface had zero charge at pH 3.5 (pH,,.) and below this
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pH adsorbent surface was positively charged due to protonation of carboxylic group,
which resulted electrostatic repulsion with metal ions. Moreover, at lower pH there was a
high competition between the H" and metal ions, where adsorbent surface was mostly
occupied by proton because of its smaller size and both these phenomena led to lower
adsorption of metal ions [218, 219]. On the other hand, at pH above the ZPC, GO surface
became negatively charged due to deprotonation of carboxylic group (Fig. 4.10) and
resulted electrostatic attraction between the GO surface and metal ions [220]. In addition
to that at higher pH, the proton concentration was reduced leading to less competition of

protons with cations and resulted higher adsorption of metal ions [221].

Table 4.4: pH, adsorption capacity and % removal data for adsorption of Cr(III) on
GO

pH 2.0 3.0 4.0 5.0

Adsorption capacity (mg/g) 76.67 110.08 125.49 125.74

% removal 60.90 87.44 99.68 99.89
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Fig. 4.12: Effect of pH on adsorption capacity and % removal of Cr(III) on to GO
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4.1.3.1.2. Effect of dosage

The effects of adsorbent dosage on adsorption of chromium were studied. In order to
optimize the dosage of adsorbent, standard chromium salt solution (10 mL, 245.5 ppm)
was treated with various dosages (0.25, 0.50, 1.00, 1.50 and 2.0 g/L) at optimum pH (4.0)
in an orbital shaker at 150 rpm for 2 h. Adsorption capacity and percentage of removal
were measured using the equations (eq. 3.1 and 3.2). It was observed that with the increase
of adsorbent dosage the percentage of metal removal increased and adsorption capacity
decreased (Table 4.5, Fig. 4.13). Typically, when adsorbent dosages increased, the number
of active sites and surface area increased, allowing maximum metal ions to interact with
the active sites [206, 222]. At the higher dosage of adsorbent, many of active sites were
still unsaturated and remained unreacted. According to the findings of the experiments, the
optimum dosage was 0.6 g/L and that was maintained throughout the study.

Table 4.5: Dosage, adsorption capacity and % removal data of GO for Cr(III)
adsorption

Dosage (g/L) 0.25 0.50 1.00 1.50 2.00

Adsorption capacity (mg/g)  716.00 410.60 21530  157.60 120.70

% removal 72.91 83.63 87.70 96.29 98.40
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Fig. 4.13: Effect of dosage on adsorption capacity of GO and % of removal

4.1.3.1.3. Effect of contact time and metal concentrations

The impact of contact time and initial chromium concentration were studied using batch
method. In the experiments, standard chromium salt solution (10 mL) of several
concentrations (104.22, 125.40, 174.00, and 198.57 ppm) were treated with adsorbent at
optimum pH (4.0) and dosage (0.6 g/L) for a predefined interval of time (2-120 min). The
result depicted that adsorption capacity increased as the span of time passes till reached at
equilibrium (Table 4.6, Fig. 4.14). At 20 minutes, the increase in adsorption achieved
equilibrium and prolonging the contact duration did not result in any appreciable changes.
After reaching equilibrium time, the adsorbate progressively fills the open active sites of
adsorbent surface and increase adsorption capacity without any discernable impact [222].
This is because, at initially there were plenty of active sites available, however those sites

become saturated with passes time.

Initial metal ions concentration is one of the most significant driving forces for adsorption.
It explains the relationship between mass transfer and mass balance for solutes in liquid
(adsorbate) and solid (adsorbent) phase [223]. The % removal was high at lower

concentration as the amount of adsorbent is high compare to metal adsorbate in the
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solution (Table 4.7, Fig. 4.15). The adsorption capacity of GO was increased when the
initial chromium concentration increased. Over the time, adsorbate occupied adsorbent’s
active sites on the surface as long as it had unoccupied active sites, thus the adsorption
capacity increased until equilibrium was reached [224] and then the ratio of active sites on

the adsorbent was almost equal [225].

Table 4.6: Adsorption capacity of GO at different concentration of Cr(III) at
different time intervals

Time (min) 104.22 ppm 12540 ppm 174.00 ppm 198.57 ppm

2 131.37 145.25 211.58 200.28

5 135.07 153.08 210.75 208.28
10 144.36 160.17 218.67 243.95
15 146.38 169.33 223.50 247.28
20 149.28 174.63 228.67 251.70
30 147.28 175.32 228.13 250.28
60 147.70 173.80 229.62 251.93
120 149.98 174.30 229.35 252.53

Table 4.7: Percentage of Cr(III) removal with GO at different concentration and
time intervals

Time (min) 104.22 ppm 12540 ppm 174.00 ppm  198.57 ppm

2 75.63 69.50 72.96 60.52
5 77.76 73.25 7267 62.92
10 83.11 76.64 75.40 73.71
15 84.27 81.02 77.07 74.72
20 85.94 83.56 78.85 76.05
30 84.79 83.88 78.67 75.63
60 85.03 83.16 79.18 76.12
120 86.35 83.40 79.09 76.30

52



2509 v Vorwooorooes 2 AR v
J ::‘ A& A - -A--------- A- - e e i i A
oy
5200V
1 e .
~ : f.'
5150". p-m®--E--------- R LR T ]
= m®
~N— 1=
.g ;
2,100 =
“ L]
o £
50 E - 4 -104.22 ppm
! - @ -125.40 ppm
- 4 -174.00 ppm
= ¥ -198.57 ppm
0 B— T . T . r . T . r . :
0 20 40 60 80 100 120

Time, t (min)

Fig. 4.14: Effect of time and concentration on adsorption of Cr(III) on GO

—
85 1 —l—
—— —®
30 4 - A
=75 v v
g
& 70
S
65 -
= 10422 ppm
—@— 12540 ppm
60 - —d— 174.00 ppm
—¥— 198.57 ppm
SS T T T T T T T T

0 10 20 30 40 50 60 70 S0 90 100 110 120
Time, t (Imin)

Fig. 4.15: Effect of time and % removal of Cr(IlI) on GO at different concentration

4.1.3.1.4. Adsorption isotherms for adsorption of Cr(III) on GO
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Isothermal studies establish a relation between the adsorbent and the adsorbate at
equilibrium state to explain the adsorption mechanism. It also determines an adsorbent's
maximum adsorption capacity when adsorbing a specific material as an adsorbate. After
the experimental findings were analyzed using Langmuir and Freundlich isotherms, the
distribution of adsorbate molecules on the adsorbent surface was examined. Adsorbate is
considered to be adsorbed in a monolayer form on unique, equal sites in the Langmuir
isotherm without any interaction among adsorbate molecules. On the contrary, adsorbate is
considered to be adsorbed in multilayer with non-uniform distribution in the Freundlich

isotherm.

4.1.3.1.4.1. Langmuir isotherm

Langmuir isotherm was applied by graphing the values of C./q. against C. following the
eq. (3.4) (Table 4.8, Fig. 4.16). It was observed a linear relationship between C./q. with an
acceptable regression co-efficient (R*=0.998). The slope was used to calculate the
theoretical maximum adsorption capacity, qm, which was 366.3 mg/g for chromium. The
separation factor Ry, was used to determine the favorability of the adsorption process. A
process 1s considered positive and favorable when the value of Ry, stands between 0 and 1
and unfavorable if Ry, is greater than 1. Ry, value was determined by eq. (3.5) in this study

and was found 0.098, which indicated a favorable monolayer adsorption.

Table 4.8: C. and C./q. data of GO at different concentrations for Cr(III) adsorption

Initial concentration (ppm) 104.22 125.40 174.00 198.57
Equilibrium concentration (C,)  14.65 20.62 36.8 47.55
Cd/qe 0.0981 0.118 0.161 0.189
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Fig. 4.16: Langmuir adsorption isotherm for adsorption of Cr(III) on GO

4.1.3.1.4.2. Freundlich isotherm

Freundlich adsorption isotherm using eq. (3.6) was also applied by plotting InC. versus
Ing. (Table 4.9, Fig. 4.17) for verifying multilayer adsorption mechanism. A linear relation
was found with excellent regression coefficient (R*= 0.998) which indicated favorable
multilayer adsorption. The value of n was computed as 2.232 by eq. (3.6) that indicated

moderate adsorption. As the n value decreases the adsorption becomes more difficult.

Table 4.9: InC. and Inq. data of GO at different concentrations for Cr(III)

adsorption

Initial concentration (ppm) 104.22 125.40 174.00 198.57
InC, 2.684 3.026 3.605 3.862
Inqe 5.006 5.163 5432 5.528
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Fig. 4.17: Freundlich adsorption isotherm for adsorption of Cr(III) on GO

Chromium(III) adsorption on GO was followed both the isotherm, showing monolayer and
multilayer adsorption with the maximum adsorption capacity, qm 366.3 mg/g. The
equilibrium adsorption model parameters and the correlation coefficient (R”) values were
calculated using OriginPro 2019B software and the results of both the isotherms were
reported in a table (Table 4.10).

Table 4.10: Theoretical values of qmm, b, Ry, n, kg and R’ of adsorbent GO for CrdII)
adsorption

Parameters qm (mg/g) b, ng'1 R* Ry n kg
Langmuir isotherm  366.3 0.046 0.998 0.098 - -
Freundlich isotherm - - 0.998 - 2.232 45.02
4.1.3.1.5. Adsorption kinetics for Cr(III) on GO

Adsorption kinetics was used to assess the type of adsorption and adsorbent's
effectiveness. The most widely used kinetics, pseudo-first-order and pseudo-second-order

reaction models were used in this study to analyze the adsorption processes.
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4.1.3.1.5.1. Pseudo-first-order reaction kinetics

Kinetic process pseudo-first-order model is employed through plotting log(q.-q;) versus t,

where a linear relation between log(qe-q;) and t was observed (Table 4.11, Fig. 4.18).

Table 4.11: Time, t and log(q.-q;) data of GO at different concentration for Cr(III)

adsorption
Time, t log(qe-qy) at log(qe-qq) at log(q.-q¢) at log(q.-qq) at
(min) 104.22 ppm 125.40 ppm 174.00 ppm 198.57 ppm
2 1.253 1.468 1.235 1.711
5 1.153 1.333 1.252 1.638
10 0.69 1.16 0.998 0.888
15 0.462 0.724 0.71 0.645
1.8
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Fig. 4.18: Pseudo-first-order kinetics for adsorption of Cr(III) on GO
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4.1.3.1.5.2. Pseudo-second-order reaction Kkinetics

Pseudo-second-order reaction model was also practiced to evaluate kinetic process where
t/q. versus t was plotted following the eq. (3.8). The time (t) and t/q; data are represented
with the Table 4.12 and Fig. 4.19.

Table 4.12: Time, t and t/q; data of GO at different concentration for Cr(III)
adsorption

Time, t t/q; at 104.22 t/q; at 125.40 t/q; at 174.00 t/q; at 198.57

(min) ppm ppm ppm pPpm
2 0.0152 0.0138 0.0095 0.00998
5 0.037 0.0327 0.0237 0.024
10 0.0693 0.0624 0.0457 0.04099
15 0.1025 0.0886 0.067 0.0606
20 0.1339 0.1145 0.0875 0.0795
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Fig. 4.19: Pseudo-second-order Kinetics for adsorption of Cr(IIT) on GO

Kinetic parameter of experimental work is represented in the Table 4.13. The values of

correlation coefficient of pseudo-second-order kinetic model were far better than pseudo-
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first-order kinetics. This information also demonstrated that the adsorption process is
chemisorption-based. As a result, covalent bonds were formed between metal ion and

anionic functional groups of GO (hydroxyl, carboxylates, carbonyl, etc.).

Table 4.13: Kinetics parameters of Cr(III) adsorption on GO

Types of Parameters Initial concentration of chromium(III)

kinetics model 104.22 ppm 125.40 ppm 174.00 ppm  198.57 ppm

Pseudo-first-  q. (mg/g) 149.28 174.63 228.67 251.70
order k; (1/min) 0.149 0.127 0.0986 0.2089
R’ 0.974 0.953 0.931 0.941
qe  (mg/g) 25.64 41.11 24.66 88.31
Pseudo- k; (g/fmg min) 0.0135 0.0071 0.011 0.0042
second-order > 0.999 0.998 0.999 0.998
Qe (mg/g) 152.21 179.21 230.95 262.47

" Experimental, Theoretical

1 Experimental 262.47
250 - First-order
I Second-order 228.67 230.95

| 149.28 152.21

104.22 ppm 12540 ppm 174.00 ppm  198.57 ppm

Fig. 4.20: Comparison of Cr(III) adsorption capacities on GO

The experimental values also matched better with the adsorption capacities of pseudo-

second-order kinetics (Fig. 4.20).
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4.1.3.1.6. Thermodynamic analysis

A thermodynamic analysis of adsorption determined its viability and randomness on the
basis of temperature. Using the linearized van't Hoff equation, the thermodynamic
parameters, such as Gibb's free energy (AG) and standard enthalpy (AS), were examined
throughout a range of temperatures (293-338 K). The computed results showed that when
the temperature rose, the GO's adsorption capabilities decreased. The kinetic energy
increases at elevated temperature that helps to release the adsorbate from GO. The studied

enthalpy value (-0.0981) specified that the adsorption was entropy-driven and exothermic.

Table 4.14: Inkq and 1/T data of GO for Cr(III) adsorption

/T 0.0033 0.0032 0.0031 0.0030

Inkq 2.905 2.554 2.055 1.582

Inkd

1T (1/K)

Fig. 4.21: van’t Hoff equation data of Cr(III) adsorption on GO

It was obtained a straight line by plotting Inky versus 1/T (Table 4.14, Fig. 4.21). Entropy
change AS from the intercept was -37.147 kJ mol™, and enthalpy change AH from the
slope was -0.0981 kJ K™' mol™. The value of AG increased from -7.197 to -4.314 kJ mol”
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when the temperature increased from 298 K to 328 K. (Table 4.15). As a result, at lower

temperatures, the Cr(III) adsorption on GO was spontaneous and of a physical nature.

Table 4.15: Thermodynamic parameters for adsorption of Cr(III) on GO

T(K) AG (kJmol™) AH (kJmol™)  AS (kJ K mol™)

298 -7.197 -37.147 -0.0981
308 -6.54
318 -5.433
328 -4.314
4.1.3.1.7. Plausible mechanism for Cr(III) adsorption on GO

Adsorption process deals with interaction between oppositely charged particles forming
various bonds, including hydrogen bond, electrostatic bond, van der Waals forces, dipole-
dipole interaction, ion exchange, etc. Pore density or pore volume and surface chemistry
are the two main variables that significantly affect the adsorption process. GO exhibits
electrostatic interaction with the cationic metal ion at pH levels greater than ZPC (3.5) due
to its negative surface charge. At pH>ZPC the carboxylate groups of GO create hexa-
coordinate complexes by arresting Cr(III) ions (Fig. 4.22)
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Fig. 4.22: Possible mechanism of adsorption for Cr(III) onto GO

4.1.3.1.8. Regeneration of used GO for Cr(III) adsorption

Using 2% dilute HCI, chromium loaded GO was regenerated and used again for Cr(III)
adsorption at optimum pH, dosage and duration to evaluate the feasibility (Fig. 4.23). The
results of the regeneration investigations showed that with further development, the

regenerate may be utilized to remove Cr(III) from the aqueous solution once more. The
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adsorption capacity steadily decreased from 150.85 to 142.87, 118.23 and 68.92 mg/g after
recycle-1, recycle-2 and recycle-3, respectively (Fig. 4.24).
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Fig. 4.23: Flow diagram of used GO of regeneration

150.85

-

(=}

o
1

Capacity (mg/g)
o]
o

Fresh GO Recycle-1 Recycle-2 Recycle-3

Fig. 4.24: Regeneration of used GO for Cr(III) adsorption

4.1.3.2. Adsorption of Cu(II) on GO

The efficiency of GO for Cu(Il) removal is influenced by pH, adsorbent dosage, contact

time, metal concentration, temperature and other parameters.

4.1.3.2.1. Effect of pH

pH is a vital parameter to assess the adsorption capacity of prepared GO due to its

significant impact on the surface charge of both adsorbent and metal molecules. In order to
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investigate the effect of pH on adsorption process, copper(Il) solution (166.5 ppm, 20 mL)
was taken in five conical flasks and the pH was adjusted to 3.0, 4.0, 5.0, 6.0 and 7.0. Then
GO (0.039 g) was added to each solution and agitated at 150 rpm for 2 h at room
temperature. The adsorption capacity of Cu(Il) on GO surface was calculated and found
maximum (84.95 mg/g) at pH 7.0 (Table 4.16, Fig. 4.25). However, it was observed that
copper was precipitated at pH>6.0. Therefore pH 6.0 had been chosen as optimum for the
adsorption study. The % removal and the optimum adsorption capacity of GO was 87.09%
and 74.36 mg/g at pH 6.0 for copper(Il) adsorption. The carboxylic groups of GO were
deprotonated as pH increased, providing a negatively charged surface that cause the
enhancement of Cu(Il) adsorption. According to studies on ZPC, the GO had zero charge
at pH 3.5 and beyond this pH surface become negatively charged and contributed to the
adsorption process because of electrostatic attraction between the GO surface and Cu(II).
Furthermore, pH below the ZPC, adsorbent surface was positively charged due to
protonation of carboxylic group, which resulted electrostatic repulsion with metal ions.
Moreover, at lower pH there was a high competition between the H" and metal ions, where
adsorbent surface was mostly occupied by proton because of its smaller size and both
these phenomena also led to lower adsorption of metal ions [218, 219]. With increasing
pH, protonation and competition of H+ decreases, the amount of the negatively charged
surfaces increases gradually until the solution pH approaches neutrality and towards the
pHpzc. At pH higher than ZPC, GO surface became negatively charged due to
deprotonation of carboxylic group (Fig. 4.10) and resulted electrostatic attraction between
the GO surface and metal ions [226]. In addition to that at higher pH the proton
concentration was reduced leading to less competition of protons with cations and resulted
higher adsorption of metal ions [221]. This may result in increased electrostatic interaction

and higher adsorption of copper(Il) ion.
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Table 4.16: pH, adsorption capacity and % removal data of GO for Cu(Il)

adsorption
pH 3.0 4.0 5.0 6.0 7.0
Adsorption capacity (mg/g) 31.1 48.97 51.03 74.36 84.94
% removal 40.00 57.36 59.76 87.09 99.48
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Fig. 4.25: Effect of pH on capacity and % removal of Cu(Il) adsorption on GO

4.1.3.2.2. Effect of dosage

Experiment on adsorbent dosage optimization was carried out using standard copper salt
(166.5 ppm, 10 mL) solution at optimum pH (6.0) with different dosages (0.25, 0.5, 1.0,
1.5, 2.0 and 2.5 g/L). The mixture was shaken in an orbital shaker at 150 rpm for 2 h.
Adsorption capacity and percentage of removal were measured using equation (3.1 and
3.2). It was observed that the adsorption capacity was decreased, and the percentage of
copper removal was increased with the increase of adsorbent dosage. In this study, 1.0 g/L
dosage demonstrated optimum result as it was meet both the percentage of removal and
adsorption capacity (Table 4.17, Fig. 4.26). Therefore, this dosage was taken as optimum
for copper(Il) adsorption.
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Table 4.17: Dosage, adsorption capacity and % removal data of GO for Cu(Il)
adsorption

Dosage (g/L) 0.25 0.50 1.00 1.50 2.00 2.50

Adsorption capacity (mg/g) 204.80 14620 13400 9833 7920 69.24

% removal 30.75 43.90 80.48 88.59 95.14 96.46
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Fig. 4.26: Effect of dosage on capacity of Cu(II) adsorption on GO

4.1.3.2.3. Effect of Cu(Il) ion concentration and contact duration

Batch experiments were used to investigate the impact of the initial Cu(II) concentration
and contact time on adsorption capacity of GO (Table 4.18, Fig. 4.27). In the experiment,
copper salt solution (10 mL) of different concentrations (99.3, 151.23, 203.6 and 240.3
ppm) were used at optimum pH (6.0) and dosage (1.0 g/L) for a certain time (2-120 min).
The adsorption process was reached at equilibrium just after 20 min. The adsorbent
surface’s active sites gradually engaged by adsorbate as long as it had unoccupied active
sites and increased adsorbent capacity until equilibrium was reached [224]. However, at
lower concentration, the % removal was high since the quantity of metal was less as

compared to the amount of adsorbents (Table 4.19, Fig. 4.28).
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Table 4.18: Time and adsorption capacity data for Cu(Il) adsorption on GO at
different concentration

Time (min) 99.30 ppm  151.23 ppm  203.60 ppm  240.30 ppm

2 81.02 111.66 117.9 91.62
5 83.13 115.75 122.29 105.66
10 85.71 120.04 127.4 116.76
15 88.86 123.98 133.66 122.13
20 92.85 131.97 152.48 156.75
30 92.92 132.47 159.36 174.36
60 92.88 132.06 159.41 174.39
120 93.02 131.78 158.87 174.03

Table 4.19: Time and % removal data for Cu(Il) adsorption on GO at different
concentration

Time (min) 99.30 ppm  151.23 ppm  203.60 ppm  240.30 ppm

2 87.85 73.17 5791 38.13
5 89.22 76.54 60.06 43.97
10 90.94 79.38 62.57 48.60
15 93.04 81.98 65.65 50.82
20 95.70 87.26 74.89 65.36
30 95.75 87.60 78.27 72.56
60 95.72 87.32 78.30 72.57
120 95.81 87.14 78.03 72.42
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Fig. 4.27: Effect of time and concentration of Cr(III) on adsorption capacity of GO
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Fig. 4.28: Time and % removal of Cu(Il) on GO at different concentration

4.1.3.2.4. Adsorption isotherms for Cu(II) adsorption on GO

Equilibrium isotherm studies have focused on the adsorption mechanism by generating

equilibrium between adsorbate in solution and adsorbate on the surface of adsorbent.
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Additionally, it establishes an adsorbent’s maximum adsorption capacity when using a
specific substance as an adsorbent. Copper(Il) ion distribution on the GO surface was
studied using both the Langmuir and Freundlich isotherm. The equilibrium adsorption
model parameters and the correlation coefficient (Rz) values were calculated using
OriginPro 2019B software and the results of both the isotherms were reported in a table

(Table 4.22).

4.1.3.2.4.1. Langmuir isotherms

The theoretical maximum adsorption capacity, g, from Langmuir model was calculated by
plotting C./q. versus C. following the eq. (3.4) eq. (3.4) (Table 4.20, Fig. 4.29).
Adsorption revealed a linear relationship between C./q. and C. with an acceptable
regression coefficient (R*=0.997). The slope was used calculate the theoretical maximum
adsorption capacity, qm which was 193.05 mg/g. The separation factor Ry, was determined

0.032, which indicated favorable monolayer adsorption mechanism.

Table 4.20: C./q. and C, data for Cu(II) adsorption on GO at different concentration

Initial concentration (ppm) 99.30 151.23 203.60 240.30
Equilibrium concentration (C,) 6.45 19.26 44.24 65.94
Ce/qe 0.0694 0.1459 0.2776 0.3782
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Fig. 4.29: Langmuir adsorption isotherm for Cu(II) adsorption on GO

4.1.3.2.4.2. Freundlich Isotherms

Plotting InC, versus Inq. following eq. (3.6) was done to test the experimental data for the
multilayer adsorption mechanism (Table 4.21, Fig. 4.30). An excellent regression
coefficient (R’=0.991) was observed along with a linear relationship. The n value was

found to be 3.7, indicating that the adsorption was good (Table 4.20).

Table 4.21: InC, and Inq. data of GO at different concentration for Cu(Il) adsorption

Initial concentration (ppm) 99.30 151.23 203.60 240.30
InC, 1.864 2.958 3.789 4.189
Inq, 4.531 4.883 5.071 5.161
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Fig. 4.30: Freundlich adsorption isotherm for Cu(Il) adsorption on GO

The several parameters of both the isotherms are furnished in Table 4.22. The results show

that the adsorption of Cu(II) on GO is consistent with the models.

Table 4.22: Theoretical values of qm, b, Ry, n, ky and R? of adsorbent GO for Cu(Il)
adsorption

Parameters Qm, (mg/g) b,Lmg’ R’ Ry n kg
Langmuir isotherm  193.05 0.1239 0.997 0.032 - -
Freundlich isotherm - - 0.991 - 3.70 57.23

Considering the parameters and the value of R Cu(Il) adsorption on GO surfaces
followed both the Langmuir and Freundlich isotherm model (Table 2.22, Fig. 4.29, 4.30)
that represented monolayer and multilayer adsorption with maximum adsorption capacity
(qmax) of 193.05 mg/g. The Ry value of Cu(Il) was 0.032, which supported the monolayer
adsorption mechanism [227], the overlapping patterns of several Langmuir-type sorption
phenomena occurring at different sites on adsorbents could result Freundlich type
isotherms [228]. Therefore, both the Langmuir and Freundlich isotherms were followed,
which was regarded as the composite type isotherm. The composite isotherm was linear

since the component Langmuir isotherms were linear.
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4.1.3.2.5. Adsorption kinetics for Cu(II) on GO

Pseudo-first-order and pseudo-second-order kinetic models were used to describe the

adsorption process of Cu(Il) on GO.

4.1.3.2.5.1. Pseudo-first-order Kinetics

Pseudo-first-order model was achieved by plotting log(qe-q;) versus t following the eq. (7),

where a linear relation between them was found (Table 4.23, Fig. 4.29).

Table 4.23: Time, t (min) and log(q.-q;) data of GO at different concentration for

Cu(II) adsorption
Time, t log(qe-q¢) at log(qe-q¢) at log(qe-q¢) at log(qe-q¢) at
(min) 99.30 ppm 151.23 ppm 203.60 ppm 240.30 ppm
2 1.073 1.307 1.618 1.918
5 0.988 1.21 1.569 1.837
10 0.854 1.076 1.504 1.76
15 0.601 0.903 1.409 1.717
20 - - 0.837 1.245
2.0 H 99.30
1 v ® 15i.2; ]l))pm
1.8 - A 203.60 ppm
] V¥ 240.30 ppm
164 4
~ 1.4
T ]
?D 1.2 1 v
S ]
1.0
0.8 S A
0.6 [ |
0 1I0 1I5 2I0

Time, t (min)

Fig: 4.31: Pseudo-first-order kinetics for adsorption of Cu(II) on GO
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4.1.3.2.5.2. Pseudo-second-order Kkinetics

Pseudo-second-order model were gained by plotting the value of t/q; versus t (Table 4.24,

Fig. 4.32), following the eq. (3.8).

Table 4.24: Time, t (min) and t/q; data of GO at different concentration for Cu(Il)

adsorption
Time, t t/q; at 99.30 t/q; at 151.23 t/q; at 203.60 t/q; at 240.30
(min) ppm ppm ppm ppm
2 0.025 0.018 0.017 0.021
5 0.06 0.043 0.041 0.047
10 0.117 0.083 0.078 0.086
15 0.168 0.121 0.112 0.123
20 0.215 0.152 0.131 0.128
30 - - 0.188 0.172
0.25
B 99.30 ppm
® 151.23 ppm
A 203.60 ppm
0207 v 240.30 ppm
0.15
g
0.10
0.05
0.00 T T T T T

10

: , :
15 20 25

Time, t (min)

30

Fig: 4.32: Pseudo-second-order Kinetics for adsorption of Cu(Il) on GO

Considering the values of various parameters (Table 4.25), the results best fitted with

pseudo-second-order model as the experimental values of . matched better and the

regression coefficient value (R?) of copper (0.998, 0.997, 0.989 and 0.949) also supportive
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of pseudo-second-order model. The evidence suggests that the adsorption process is
chemisorption. Hence, a strong attraction force develops between metal ions and the
anionic functional groups present in the GO, resulting in the formation of electrostatic
bonds during the adsorption process. The comparison of adsorption capacities for

adsorption of Cu(II) on GO is shown in the Fig. 4.33.

Table 4.25: Kinetics parameter for Cu(Il) adsorption on GO

Types of Parameters Initial concentrations of Cu(II)

Kineti del
inetics mode 99.30 ppm 151.23 ppm 203.60 ppm  240.30 ppm

Pseudo-first- Qe (mg/g) 92.85 131.97 159.36 174.36
order ki (Umin) 00817 007 0.087 0.074
R’ 0.973 0.997 0.772 0.802
Qe (mg/g) 14.57 23.38 55.98 107.64
Pseudo- k» (g/mg min)  0.016 0.01 0.0029 0.0012
second-order 53 0.998 0.997 0.989 0.949
Qe (mg/g) 94.52 133.33 166.11 189.39

" Experimental, Theoretical

I Experimental

200 -| ] First-order 189.39
B Second-order

150

100 1 9285

q (mg/g)

50

9930 ppm  151.23 ppm  203.60 ppm  240.30 ppm

Fig. 4.33: Comparison of Cu(II) adsorption capacities for adsorption on GO
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4.1.3.2.6. Thermodynamic analysis for Cu(Il) adsorption on GO

At different temperatures (298-328 K), the Gibb’s free energy changes (AG) for Cu(Il)
adsorption on GO were investigated. The parameters were evaluated using eq. (3.9) and
(3.10), by calculating the changes of standard free energy, enthalpy and entropy. A straight
line was found through plotting Inky versus 1/T (Table 4.26, Fig. 4.34). The process was
demonstrated exothermic and spontaneous nature by values of changes in free energy

(AG) and enthalpy (AH) (Table 4.27).

Table 4.26: Inkq and 1/T data of GO for Cu(II) adsorption

1/T 0.0033 0.0032 0.0031 0.003
Inkq 1.925 1.498 1.066 0.728
2.0
1.8 -
1.6 -
P 14+
=
1.2 -
1.0 -
0.8
0.6 I r I r I r I r I r I r T
N & Q Q \e) Q
o o o> > <X <4 >
Q] A\ S S Q A\ A\
Q’Q Q’Q Q'Q Q‘Q Q‘Q QQ Q'Q
1/T (1/K)

Fig. 4.34: van’t Hoff equation data for Cu(Il) adsorption on GO
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Table 4.27: Thermodynamic parameters of GO for Cu(Il) adsorption

T(K) AG (kJmol') AH (kJ) AS (kJ K' mol™)

298 -4.769 -33.447 -0.0945
308 -3.836
318 -2.818
328 -1.985
4.1.3.2.7. Plausible mechanism for Cu(II) adsorption on GO

Generally, hydrogen bonds, electrostatic interactions, dipole-dipole interaction, Vander
Waals forces, etc. are the reasons of metal adsorption. Graphene oxide possesses negative
surface charge at pH higher than its ZPC (>3.5), which interacts with positively charged
copper ion through electrostatic bond (Fig. 4.35).

GO/\/\I\/\/\/\N\/\ GO

-0
HO 0 HO 0 © \ /
+ Cu2+4> Cu?”
0. OH 0 OH RN

GO m:u

Fig. 4.35: Adsorption mechanism Cu(Il) onto GO

Electrostatic attraction, external ion exchange and complexation were mostly responsible

for Cu(II) adsorption onto GO as per the equations below:

GO — COOH + Cu** - GO — COO — Cu** + H* (i)

(GO — COOH), + Cu** — (GO — CO0"),— Cu** + 2H (ii)
GO — OH + Cu** - GO — O — Cu** + 2H" (iii)
(GO — OH), + Cu** — (GO — O’), — Cu** + 2H" (iv)

The projected adsorption mechanism was also supported by the fact that the equilibrium

pH was lower than the initial pH that was mainly caused by the discharge of protons from

75



the -COOH and —OH groups of GO [229]. The possible chelation of copper ions may be
represented as the Fig. 4.35.

4.1.3.2.8. Regeneration of used GO for Cu(II) adsorption

Regeneration studies of exhausted adsorbents provide valuable information about
mechanism of adsorption. The regeneration was conducted with 2% HCI and reused for
Cu(Il) adsorption. The experiments revealed that adsorption capacity gradually reduced
with multiple recycling. The Cu(Il) adsorption capacity of fresh GO was 105.61 mg/g
whereas after recycle-1, recycle-2, and recycle-3, it was reduced to 91.72, 81.21 and 77.49
mg/g, respectively (Fig. 4.36).

120

100

Capacity, mg/g
= [=2) (2]
< =] <>

o
<
1

Fresh GO Recycle-1 Recycle-2 Recycle-3

Fig. 4.36: Regeneration of used GO for Cu(II) adsorption

4.1.3.3. Adsorption of Cd(IT) on GO
4.1.3.3.1. Effect of pH

pH of solution is a vital indicator as it can alter the surface charge of adsorbent and
adsorbate. Effect of pH were studied at the range of pH 3-8. In these studies, cadmium(II)
solutions (201.50 ppm, 20 mL) were taken in each of five conical flasks and the pH was
adjusted to 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0. Then GO (0.039 g) was added to each solution

and stirred for 2 h at room temperature at 150 rpm in an orbital shaker. It was observed
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that precipitation of Cd(II) was occurred at pH>7.0. Therefore, the pH 7.0 was considered
as optimum at which the adsorption capacity and % removal were 87.45 mg/g and
84.62%, respectively (Table 4.28, Fig. 4.37). Studies on pH revealed that GO surface had
zero charge at pH 3.5 (pH,,c) and below this pH adsorbent surface was positively charged
due to protonation of carboxylic group, which resulted electrostatic repulsion with metal
ions. Moreover, at lower pH there was a high competition between the H" and metal ions,
where adsorbent surface was mostly occupied by proton due to its smaller size. As a result,
lower adsorption of cadmium(II) ions onto GO. On the contrary, at pH higher than ZPC,
GO surface became negatively charged because of deprotonation of carboxylic group and
resulted electrostatic attraction between the GO surface and cadmium ions. Moreover, at
higher pH the proton concentration was reduced leading to less competition of protons

with cadmium ions and resulted higher adsorption of Cd(II) ions.

Table 4.28: pH vs adsorption capacity and % removal data of GO for Cd(II)

adsorption

pH 3.0 4.0 5.0 6.0 7.0 8.0

Adsorption capacity (mg/g) 65.9 81.54 85.4 85.64 87.45 103.09

% removal 63.77 7891 82.63 82.88 84.62 99.77
110 T T T T T T T T T T T 110
{ |=#=Adsomption Capacity
100 - [=l=% Removal L 100

g 90 4 90
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Fig. 4.37: Effect of pH on adsorption capacity and % removal of Cd(II) on GO
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4.1.3.3.2. Effect of adsorbent dosage

Effects of dosage on adsorption of cadmium(Il) were investigated using cadmium(II) salt
solution at different dosages (0.25-2.5 g/L) at optimum pH 7.0. Adsorbent capacities and
percentage of removals were measured and found that % of Cd(Il) removals were
increased with the increase of dosages, however adsorption capacity of GO decreased
(Table 4.29, Fig. 4.38). The optimum dosage of GO for was observed 1.5 g/L for cadmium
removal.

Table 4.29: Dosage, adsorption capacity and % removal data of GO for Cd(I)
adsorption

Dosage (g/L) 0.50 1.00 1.50 2.00 2.50
Adsorption capacity (mg/g) 147 131.9 102.6 90.4 75.68
% removal 36.48 65.46 76.38 89.73 93.89
T T T T R T B T T T . '*
107k A Remeal Y ke 90
140 .
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Fig. 4.38: Effect of dosage for adsorption of Cd(Il) on GO

4.1.3.3.3. Effect of Cd(II) ion concentrations and contact duration

Batch experiments were conducted using cadmium salt solution (10 mL) of different
concentration (103.82, 152.15, 201.40 and 250.65 ppm) at pH (7.0) and dosage (1.5 g/L)

for a certain time (2-120 min) to study the effect of metal concentration and contact
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duration (Table 4.30, Fig. 4.39). The cadmium adsorption process reached at equilibrium
at 20 min. Enormous active sites of adsorbent were available initially, however as the time
passed on those sites became saturated. Therefore, the adsorption capacity of GO
increased over time until it stabilized at equilibrium. If initial cadmium concentration
increased, equilibrium adsorption capacity also increased due to higher concentration

gradient.

Table 4.30: Adsorption capacity of GO at different concentration of Cd(II) at
different time intervals

Time (min) 103.82 ppm 152.15ppm 201.40 ppm 250.65 ppm

2 49.32 70.57 97.17 117.18
5 52.59 76.59 99.46 118.71
10 55.03 78.58 102.55 122.69
15 57.11 81.31 105.41 126.13
20 59.31 84.56 108.37 130.08
30 60.03 84.69 108.85 130.45
60 59.69 84.47 108.24 130.02
120 59.38 83.93 108.54 130.55

Table 4.31: Time and % removal data for Cu(Il) adsorption on GO at different
concentration

Time (min) 103.82 ppm 152.15 ppm 201.40 ppm 250.65 ppm

2 71.26 69.58 72.38 70.13
5 75.91 74.78 74.09 71.04
10 79.51 77.48 76.39 73.42
15 82.50 80.17 78.52 75.48
20 85.68 83.37 80.71 77.85
30 86.74 83.51 81.08 78.07
60 86.25 83.29 80.62 77.67
120 85.79 82.75 80.84 77.93
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As a result, mass transfer occurred between the cadmium solution and adsorbent GO
[230]. However, the % removal was higher at lower cadmium concentration since the

amount of Cd was less as compared to the amount of adsorbent, GO (Table 4.31, Fig.

4.40).
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Fig. 4.39: Effect of Cd(II) ion concentration and contact duration on adsorption
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Fig. 4.40: Effect of time and % removal at different concentration of Cu(II)
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4.1.3.3.4. Adsorption isotherms for Cd(II) adsorption on GO

Langmuir and Freundlich isotherm were used to investigate the distribution of cadmium
on GO. Monolayer adsorption followed by Langmuir isotherm and multilayer adsorption

followed by Freundlich adsorption.

4.1.3.3.4.1. Langmuir isotherm

Langmuir model was applied by plotting C./q. versus C. following the eq. (3.4) and (3.5)
for cadmium(II) adsorption on GO. A linear relationship between C./q. and C. was found
(Table 4.32, Fig. 4.41) with an acceptable regression coefficient (R2=O.999). The
calculated theoretical maximum adsorption capacity, qm was observed to be 231.48 mg/g
and separation factor, Ry, was 0.148, which indicated a favorable monolayer adsorption

process.

Table 4.32: C. and C¢/q. data of GO at different concentration for Cd(II) adsorption

Initial concentration (ppm) 103.82 152.15 201.40 250.65
Equilibrium concentration (C,) 14.86 25.31 38.84 55.53
Ced/qe 0.251 0.299 0.358 0.427
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Fig. 4.41: Langmuir adsorption isotherm for adsorption of Cd(II) on GO

4.1.3.3.4.2. Freundlich isotherm

Freundlich isotherm was carried out by plotting InC. versus Ing. following eq. (3.6). A
linear relation was observed (Table 4.33, Fig. 4.42) with an excellent regression
coefficient (R2=O.996). The n value was calculated and found to be 1.675 which indicated

the adsorption was difficult.

Table 4.33: InC, and Inq, data of GO at different concentration for Cd(II) adsorption

Initial concentration (ppm) 103.82 152.15 201.40 250.65
InC, 2.699 3.231 3.659 4.017
Inq, 4.083 4.437 4.686 4.868
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Fig. 4.42: Freundlich adsorption isotherm for Cd(II) adsorption on GO

The several Langmuir and Freundlich isotherm parameters and the correlation coefficient
(R?) values were calculated using OriginPro 2019B software and were furnished in the
Table 4.34 which evidenced that the cadmium ion was adsorbed on GO following both the
models.

Table 4.34: Theoretical values of qn, b, Ry, n, kg and R? of adsorbent GO for Cu(I)
adsorption

Parameters Qm, (mg/g) b, Lmg”’ R’ RL n kp

Langmuir isotherm 231.48 0.023 0.999 0.148 - -

Freundlich isotherm 0.996 - 1.675 12.019

Considering the parameters and the value of R, cadmium(II) adsorption on GO surfaces
followed both the Langmuir and Freundlich isotherm model (Table 4.34, Fig. 4.41, 4.42),
which represented monolayer and multilayer adsorption of Cd(II) ion with maximum
adsorption capacity (qmax) of 231.48 mg/g. The Ry value 0.148 supported the advantageous
monolayer adsorption mechanism [227]. The overlapping patterns of several Langmuir-
type sorption phenomena occurring at different sites on adsorbents could result Freundlich

type isotherms [228]. Therefore, both the Langmuir and Freundlich isotherms were
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followed, which was regarded as the composite type isotherm. The composite isotherm

was linear since the component Langmuir isotherms were linear.

4.1.3.3.5. Adsorption kinetics for Cd(II) adsorption on GO

Adsorption kinetics is very significant for evaluating the performance of an adsorbent.
Pseudo-first-order and pseudo-second-order kinetic models were used to explain the

adsorption of cadmium on GO.

4.1.3.3.5.1. Pseudo-first-order kinetics

Pseudo—first-order model was attained by plotting log(qe-q:) versus t at several initial
concentrations of cadmium following the eq. (3.7) where a linear relationship between
log(ge-qr) and t was found. The time (t) and log(qe-q;) data at different concentrations for
Cd(II) adsorption is shown in Table 4.35 and pseudo-first-order kinetics for adsorption of
Cd(II) on GO is shown in Fig. 4.43.

Table 4.35: Time, t and log(q.-q;) data of GO at different concentration for Cd(II)
adsorption

Time, t log(qe-q¢) at log(q.-q¢) at log(q.-qy) at log(q.-qy) at
(min) 103.82 ppm 152.15 ppm 201.40 ppm 250.65 ppm
2 0.999 1.146 1.049 1.111
5 0.827 0.901 0.949 1.055
10 0.631 0.776 0.764 0.868
15 0.342 0.512 0.471 0.596
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Fig. 4.43: Pseudo-first-order kinetics for adsorption of Cd(II) on GO

4.1.3.3.5.2. Pseudo-second-order Kkinetics

Pseudo-second-order model was obtained by plotting t/q; versus t following the eq. (3.8).
A linear relation was found between t/q; and t (Table 4.36, Fig. 4.44). Taking into account
the kinetic parameters listed in the Table 4.37, it was found that second-order kinetics
consistently performed notably better than first-order kinetics in terms of correlation
coefficient values.

Table 4.36: Time, t and t/q; data of GO at different concentration for Cd(II)
adsorption

Time, t t/q. at 103.82 t/qi at 152.15  t/qcat 201.40  t/q at 250.65

(min) ppm ppm ppm ppm
2 0.041 0.028 0.021 0.017
5 0.0951 0.065 0.05 0.042
10 0.182 0.127 0.098 0.082
15 0.263 0.184 0.142 0.119
20 0.337 0.236 0.185 0.154
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Fig. 4.44: Pseudo-second-order model for adsorption of Cd(II) on GO

Table 4.37: Kinetic parameters for adsorption of Cd(II) on GO

Kinetics model Parameters 103.82 ppm 152.15 ppm 201.40 ppm 250.65 ppm

Pseudo-first- Qe (mg/g) 59.31 84.56 108.37 130.08
order ki(1/min) 0.1131 0.1043 0.101 0.092
R’ 0.993 0.964 0.982 0.971
Qe (mg/g) 12.39 15.72 14.47 16.89
Pseudo-second-  k; (g/mg min) 0.022 0.018 0.0189 0.016
order R? 0.998 0.998 0.999 0.998
Qe (mg/g) 60.68 86.13 109.65 131.41

" Experimental,  Theoretical
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Fig. 4.45: Comparison of Cd(Il) adsorption capacities on GO

The regression coefficient value (Rz) of cadmium (0.998, 0.998, 0.999, 0.998) are
supportive of pseudo-second-order model (Table 4.37). The evidence suggests that the
adsorption process is chemisorption, where a strong attraction force develops between
metal ions and the anionic functional groups present in the GO resulting in the formation
of electrostatic bonds during the adsorption process. It was also evidenced that the
estimated values of adsorption capacities for pseudo-second-order kinetics fitted better

with the observed experimental values (Fig. 4.45).

4.1.3.3.6. Thermodynamic analysis for adsorption of Cd(II) on GO

Thermodynamic parameters were evaluated using van’t Hoff equations for removal of
cadmium(Il) with GO at different temperatures (298-328 K) by calculating change of
Gibb’s free energy, enthalpy and entropy. It was obvious from the findings (Table 4.38,
Fig. 4.46, Table 4.39) as well as free energy change (AG) and enthalpy change (AH), that
the process was exothermic, spontaneous and the Cd(II) adsorption on GO was a physical

adsorption.

Table 4.38: 1/T and Inkq4 data of GO for Cd(II) adsorption

1/T 0.0033 0.0032 0.0031 0.003

Inkq 1.206 0.951 0.639 0.289
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Fig. 4.46: van’t Hoff equation data for adsorption of Cd(II) on GO

Table 4.39: Parameters of thermodynamic study for adsorption of Cd(II) on GO

T(K) AGkJmol") AH(KJ)  AS (kJK'mol?)

298 -2.987 -25.465 -0.0738
308 -2.434
318 - 1.689
328 -0.788
4.1.3.3.7. Plausible mechanism for Cd(II) adsorption on GO

Adsorption occurs when oppositely charged particles come into contact through a variety
of binding mechanisms, including electrostatic interactions, hydrogen bonds, dipole-dipole
interactions, van der Waals forces, ion exchange, etc. Graphene oxide has a negative
surface charge at pH higher than ZPC (>3.5), positively charged cadmium ions can
interact electrostatically with it. The GO surface contained negatively charged carboxylate
groups at pH >ZPC and resulted electrostatic attraction between the GO surface and

cadmium ions. In addition to that at higher pH the proton concentration was reduced

88



leading to less competition of protons with cations and resulted higher adsorption of
cadmium ions on to GO. The Fig. 4.47 may be used to illustrate the potential chelation of

cadmium(II) ions.
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Fig. 4.47: Possible adsorption mechanism of Cd(II) onto GO

4.1.3.3.8. Regeneration of used GO for Cd(II) adsorption

The regeneration was done with 2% HCI and reused for Cd(II) adsorption to investigate
the potential re-use. It is revealed that adsorption capacity gradually decreased with
multiple recycling (Fig. 4.48). Adsorption capacity of fresh GO was 63.13 mg/g, however,
it was 61.54, 54.23 and 45.24 mg/g after first, second and third recycling, respectively.
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Fig. 4.48: Regeneration of GO for Cd(II) adsorption
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4.1.3.3.9. Application of GO on tanning effluents

After assessing the capacity of GO in removing Cr(III), Cu(Il) and Cd(II) form prepared
standard solution by various batch adsorption methods, the performance to remove
chromium, copper and cadmium ions from real sample of chrome tanning effluent was
verified. In order to observe the adsorption of Cr(Ill), Cu(Il) and Cd(II) from concentrated
effluent, 5 g of GO was added to 500 mL of chrome tanning effluent and shaken for 4 h at
pH 4.8 at room temperature. After filtration, the concentrations of chromium, copper and
cadmium were analyzed by ICP-MS and other water quality parameters such as pH, TDS,
EC, % of NaCl, BODs, and COD were also evaluated and the results were shown in the
Table 4.40.

Table 4.40: Physicochemical characteristics of chrome tanning effluent before and

after adsorption with GO

Parameters Before After % of DoE
adsorption adsorption removal Standard

Cr(I1II) (ppm) 3276.64 1278.41 60.98 2.00
Adsorption capacity (mg/g) - 199.82 - -
Cu(II) (ppm) 1.29 0.57 55.81 0.50
CddI) (ppm) 0.94 0.10 52.38 0.50
pH 4.60 5.40 - 6-9
TDS (ppm) 6,014 2,307 61.64 2,100
EC (uS/cm) 9,875 3,124 68.36 1200
NaCl (%) 14.97 7.84 47.63 -
BODs (ppm) 3,678 1,126 69.39 100
COD (ppm) 10,516 3,115 71.33 200
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4.1.3.3.10. Application of GO on tannery effluents

To examine the performance of prepared GO for removal of chromium, copper and
cadmium ions from real sample of tannery effluents, 1.25 g of GO was added to 500 mL
of tannery effluents and agitated at 150 rpm at room temperature for 4 h at pH 5.8. The
concentration of chromium, copper and cadmium before and after adsorption was
determined by ICPMS. The other quality parameters like pH, TDS, EC, NaCl %, BODs

and COD were also determined. The evaluated data are shown in Table 4.41.

Table 4.41: Physicochemical characteristics of tannery effluents before and after

adsorption with GO
Parameters Before After % of DoE
adsorption adsorption  removal Standard
Cr(III) (ppm) 423.28 62.47 85.24 2.00
Adsorption Capacity (mg/g) - 144.32 -
Cu(II) (ppm) 2.05 0.64 68.78 0.50
CddI) (ppm) 1.17 0.35 74.36 0.50
pH 5.8 6.1 - 6-9
TDS (ppm) 7,842 2,792 66.42 2100
EC (uS/cm) 5,426 1,656 69.48 1200
NaCl (%) 12.57 7.32 58.24 -
BODs (ppm) 2,149 1,248 58.08 100
COD (ppm) 6,332 2,480 60.83 200
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4.2 Part 2. Synthesis, characterization and application of calcium alginate graphene

oxide (CA-GO) for Cr(I1I), Cu(IT) and Cd(II) ions removal from aqueous solutions

4.2.1 Synthesis of calcium alginate (CA) and CA-GO composite beads
4.2.1.1 Preparation of CA beads

Calcium-alginate beads were synthesized using a calcium chloride solution and a sodium
alginate solution. In order to achieve homogeneous dispersion in the solution media, 2 g of
sodium alginate were first dissolved in 50 mL deionized (DI) water under magnetic
stirring at 150 rpm for three h at room temperature and then ultrasonicated for 30 min to
produce uniform dispersion. This dispersion was then carefully dropped into an aqueous
coagulation bath containing 6% CaCl, (w/v). The bath was continuously agitated with a
magnetic stirrer to prevent agglomeration of beads. The beads were left for 24 h without
agitation to complete cross-linking and formation of calcium alginate beads. The

simplified flow chart for the calcium alginate beads formation is shown in Fig. 4.49.

Addition of 2 g sodium alginate in 50 mL DI water

!

Stirred for 3 h at 150 rpm at ambient temperature

J

Homogenized in ultrasonic bath

!

Addition into CaCl, 6% w/v solution

J

Left for overnight for complete crosslinking

J

Washing for several times with deionized water and dried

Fig. 4.49: Flow diagram of CA beads fabrication
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4.2.1.2 Preparation of CA-GO beads

To prepare CA-GO beads, first graphite was oxidized to graphene oxide using Hummers’
method. In 50 mL of DI water, 2 g of sodium alginate was dissolved under magnetic
stirring at 150 rpm for 3 h at room temperature. Then the addition of 20 mg GO was
followed by homogenization using an ultra-sonic device. This mixture was then carefully
dropped into an aqueous coagulation bath containing 6% CaCl, w/v solution. The bath
was continuously agitated with a magnetic stirrer to prevent agglomeration of CA-GO
beads. The beads were left for 24 h without agitation to complete cross-linking. Fig. 4.50
is a simplified flow sheet for the preparation of CA-GO.

‘ Graphite

O

[ Graphene Oxide (GO)

O

‘ Addition of 2 g sodium alginate in 50 mL DI water

-

‘ Stirring for 3 h at rpm 150 at ambient temperature

@

‘ Addition of 20 mg GO and homogenized in ultrasonic bath

-

Dropping the homogenized mixture into CaCl, 6% (w/v) solution

&

‘ Left for overnight for complete crosslinking

O

{ Washing for several times with deionized water and dried

Fig. 4.50: Preparation of CA-GO beads

The Fig. 4.51 show the picture of prepared CA beads and CA-GO beads.
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Fig. 4.51: Image of prepared CA and CA-GO composite beads

4.2.2 Characterization of CA-GO beads
4.2.2.1 Structure of CA-GO beads

The Fig. 4.52 shows the structure of CA-GO composite beads where graphene sheet is

mentioned separately.

Fig. 4.52: Structure of CA-GO composite beads
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The sodium cations in the alginate are driven away from the -COONa on the mannuronic
and guluronic acid residues in the presence of the CaCl, solution resulting in crosslinking

of the carboxylate ions with the Ca’t cations, forming calcium alginate (C;;H;4CaO;)n.

4.2.2.2 FTIR Analysis

In the infrared region, quite significant adsorptive peaks were observed in the GO, SA and
CA-GO spectrum at various wavenumbers (Fig. 4.53). For GO, the peaks found at 3414
cm™, 2989 cm™, 1732 cm™ and 1209 cm™ corresponded to O-H stretching vibration, C-H
stretching vibration, C=0O stretching vibration of carboxylic group and C-O stretching
vibration of C-O-C group. In the CA-GO spectrum, peaks were found at 3367 cm™, 2870
cm™, 1726 cm™, and 1099 cm™ corresponding to O-H stretching vibration, C-H stretching
vibration, C=0 stretching vibration of carboxylic group, C-O stretching vibration in the C-
O-C group. During formation of CA-GO beads, the stretching vibration peaks of O-H for
GO shifted from 3414 cm™ to 3367 cm™', C=0 stretching vibration shifted from 1732 cm
to 1726 cm™ and C-O stretching vibration shifted from 1209 cm™ to 1099 cm™. Some

other peaks also little changed due to forming composition of CA-GO beads.
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Fig. 4.53: FTIR of (a) GO, (b) CA-GO

4.2.2.3. Scanning Electron Microscopy (SEM)

CA-GO micrograph was studied with SEM. The SEM image of CA-GO was captured at

3000X magnification and approximately 14.3 mm working distance at high vacuum mode
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with 15.00 kV. A layered structure was observed because of incorporation of GO in

sodium alginate and finally reacted with CaCl, (Fig. 4.54).

Fig. 4.54: SEM image of CA-GO composite beads

4.2.2.4. XRD Analysis of CA-GO beads

The XRD patterns of GO, CA and CA-GO composite is represented in Fig. 4.55. The
XRD pattern of CA presented peaks at 20=17.76° corresponding to interlayer spacing
3.341A indicating an amorphous structure. The XRD pattern was observed at 26=17.5°
and interlayer spacing of 3.023A for CA-GO. For GO, the value of 20 was 10.399°
corresponding to an interlayer spacing of 8.5 8A. These results revealed that the diffraction

as well as interlayer spacing of CA-GO becomes close to calcium alginate.
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Fig. 4.55: XRD patterns of CA-GO composite beads

4.2.2.5. Spectrum Analysis of CA-GO beads

The existence of the D-band and G-band was confirmed by the Raman spectrum of GO
and CA-GO (Fig. 4.56). The D-band indicate the existence defect sites on the adsorbents.
The values of D-band and G-band for GO are 1356 cm™ and 1607 cm™' whereas these
values for CA-GO were 1359 cm™ and 1670 cm™. The structural disorder is measured by
integrated intensity of D-band and G-band (Ip/Ig) ratio which were 0.93 for GO and 0.86
for CA-GO, thus CA-GO has fewer defective sites as compared to GO.
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Fig. 4.56: Raman Spectrum of GO and CA-GO composite beads

4.2.2.6. Brunaur-Emmett-Teller (BET) analysis of CA-GO

Nitrogen sorption system was used to analyze the surface area, pore diameter of CA-GO
(Table 4.42, Fig. 4.57). It was found that the CA-GO has a specific surface area of 188.27
mz/g, which is higher than the GO since is a bit spongy than the GO. The average pore
diameter was determined by Barrett-Joiner-Halenda (BJH) method and found to be 47.18

A, which indicate that CA-GO consists of mesopores [213]. It was found the total pore
volume of CA-GO was 0.2221 cc/g.

Table 4.42: Parameters of BET analysis for CA-GO composite beads

BET Parameter Results
BET specific surface area 188.27 m*/g
Total pore volume 0.2221 cclg
Average pore diameter 47.18 A
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Fig. 4.57: BET analysis of CA-GO composite beads

4.2.2.7. Zeta potential charge of CA-GO beads

The CA-GO composite was dispersed in DI water and the pH were adjusted using dilute
HCI and NaOH solution to 2.0, 4.0, 6.0, 8.0, and 10.0. A zeta potential analyzer (Nano-ZS
ZEN 3600) was used to measure the zeta potential charge (ZPC). The result showed that
the zeta potential value of CA-GO was positive (0.0908 mV) at pH 2.0 which became
negative (-0.160 to -0.419 mV) as the pH increased from 4.0 to 10.0. The ZPC of CA-GO
was zero at pH nearly 3.0 (Table 4.43, Fig. 4.58).

Table 4.43: pH and Zeta potential data of CA-GO beads

pH 2.0 4.0 6.0 8.0 10.0

Zeta potential value (mV) 0.0908 -0.160 -0.265 -0.387 -0.419
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Fig. 4.58: Zeta potential value of CA-GO at different pH

4.2.2.8. Ionic behaviour of CA-GO

The carboxyl group of CA-GO was deprotonated at pH higher than the ZPC and became
negatively charged. The positively charged sites of CA-GO increased at pH lower than the
ZPC (Fig. 4.56). Therefore, the metal adsorption capacity was favoured at higher pH since

cationic metal ion and negative surface charge of CA-GO interacted electrostatically.

+
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CA-GO PH>zpe

cago O

Fig. 4.59: pH effect on ionic behavior of CA-GO beads

4.2.3. Adsorption studies

The efficiency of adsorbent for heavy metal removal is impacted by pH, adsorbent

dosages, contact time and initial metal concentration, temperature and other parameters.
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4.2.3.1. Adsorption of Cr(IIT) on CA-GO
4.2.3.1.1. Effect of pH

pH has a substantial effect on the surface charges of CA-GO and metal, which in turn
affects the ability of adsorption. The impact of pH on metal adsorption capacity of CA-GO
was investigated with chromium(IIl) salt solution (20 mL, 146.7 ppm) and treated with
CA-GO beads (1.116 g/L, 22.0 mg) at the pH range (2.0-6.0). The mixture was agitated
for 2 h at room temperature at rpm 150 in an orbital shaker. The concentration changes
were determined by AAS after filtering the mixtures. The result revealed that adsorption
capacity increased with increasing pH (Table 4.44, Fig. 4.60). However, after pH 5.0 the
removal rate drastically increased (51.88 mg/g to 99.82 mg/g) which was due to
precipitation of chromium. Therefore, optimum pH was selected as pH 4.5, at which the

adsorption capacity and % removal were 45.96% and 34.97 mg/g.

Table 4.44: pH, adsorption capacity and % removal data of CA-GO for Cr(IIl)

adsorption

pH 2.0 3.0 3.5 4.0 4.5 5.0 55 6.0
Adsorption 11.60 16.39 26.16 3440 4596 51.88 99.82 117.29
Capacity (mg/g)

% removal 8.83 1247 1990 26.18 3497 3995 7594  89.23
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Fig. 4.60: Effect of pH on capacity and % removal of Cr(III) adsorption on CA-GO

4.2.3.1.2. Effect of dosage

The effect of CA-GO dosage on adsorption of chromium(III) was investigated using 89.23
ppm Cr(III) solution at pH 4.5. The process was conducted for 2 h at 150 rpm with the
different dosages (0.248-1.612 g/L). It was found that with increasing of dosage, the
percentage of Cr(IlI) removal increased, however the adsorption capacity was decreased
(Table 4.45, Fig. 4.61). The optimum dosage selected 0.62 g/L by the experimental results,
which was maintained throughout the study.

Table 4.45: Dosage, adsorption capacity and % removal data of CA-GO for Cr(III)
adsorption

Dosage (g/L) 0.248 0.372 0.620 0.868 1.116 1.364 1.612

Adsorption capacity (mg/g)  84.79 7892 63.44 55.03 51.12 50.66 50.33

% removal 2356 329  44.07 5353 6393 7745 90.93
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Fig. 4.61: Effect of dosage on Cr(III) adsorption capacity and % of removal

4.2.3.1.3. Effect of Cr(III) concentration and contact duration

Chromium salt solutions (20 mL) of different concentrations at pH 4.5 were prepared and
0.62 g/L dosage of CA-GO were added to each solution to observe the effect of Cr(IlI)
concentration and contact duration on adsorption capacity of CA-GO. The mixture was
agitated for 5 to 120 mins. Initially, more adsorbent active sites were available, however as
time passed, those sites got saturated. Therefore, the adsorption capacity of CA-GO
enhanced with increasing time until reached at equilibrium and became constant at 40 min
(Table 4.46, Fig. 4.62). Equilibrium metal ion adsorption capacity increased with
increasing initial metal ion concentration due to increase in concentration gradient
between metal ions in the bulk solution, which favoured mass transfer of chromium ions
onto the CA-GO surface [230]. However, the % removal was higher at lower initial
concentration of chromium since the amount of Cr was less as compared to the amount of

adsorbent, CA-GO composite (Table 4.47, Fig. 4.63).
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Table 4.46: Adsorption capacity of CA-GO at different concentration of Cr(III) at
different time intervals

Time (min) 45.80 ppm  65.29 ppm 83.57 ppm 98.86 ppm

5 13.58 21.32 18.35 21.26
10 23.48 33.35 30.59 34.33
20 32.53 43.77 49.52 49.59
30 40.26 54.67 61.64 59.88
40 56.02 66.08 73.24 79.74
60 56.79 66.35 72.82 80.81
120 55.93 67.45 73.59 79.96

Table 4.47: Time and % removal data of Cr(III) adsorption on CA-GO at different
concentration

Time (min) 45.80 ppm  65.29 ppm 83.57 ppm 98.86 ppm

5 18.38 20.25 13.62 13.33
10 31.79 31.67 22.70 21.54
20 44.04 41.57 36.74 31.10
30 54.50 51.92 45.73 37.56
40 75.83 62.75 54.34 50.01
60 76.88 63.01 54.03 50.68
120 75.72 64.05 54.60 50.15
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4.2.3.1.4. Adsorption isotherms for adsorption of Cr(III) on CA-GO

Langmuir and Freundlich models were applied to understand how chromium ions were

distributed on the CA-GO surface.
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4.2.3.1.4.1. Langmuir isotherm

Langmuir model was verified by plotting C./q. versus Ce value following the eq. (3.4). A
linear relationship between C./q. and Ce was found (Table-4.48, Fig. 4.64) with regression
coefficient (R2:0.993) (Table-4.50). The slope was used to calculate the maximum
theoretical adsorption capacity, q, which was found to be 90.58 mg/g. Using eq. (3.5), the
separation factor Ry was calculated and the resultant value of 0.126 indicated that

monolayer adsorption was favorable.

Table 4.48: C., C/q. data of CA-GO at different concentration for Cr(III) adsorption

Initial concentration (ppm) 45.80 65.29 83.57 98.86

Equilibrium concentration (C,) 11.07 24.32 38.16 49.42

Ce/qe 0.1976 0.368 0.521 0.6197

0.7
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Fig. 4.64: Langmuir adsorption isotherm for Cr(III) on CA-GO

4.2.3.1.4.2. Freundlich isotherm

The experimental data were examined for multilayer adsorption mechanism applying

Freundlich isotherm by plotting InC. versus Inge using the eq. (3.6). A linear connection
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was found (Table 4.49, Fig. 4.65) with an excellent regression coefficient (R2=0.992)
(Table 4.50). The n value was calculated using the eq. (3.6) and the result was 2.58,

indicating that the adsorption was of a moderate to good quality.

Table 4.49: InC,. and Inq. data of CA-GO at different concentration for Cr(III)

adsorption

Initial concentration (ppm) 45.80 65.29 83.57 98.86

InC, 2.404 3.191 3.642 39

Inq. 4.026 4.19 4.293 4.378

4.40
4.35 —
4.30 —
4.25 —

4.20
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4.15
4.10
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— T T T T T T T 1
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lnCe

Fig. 4.65: Freundlich adsorption isotherm for Cr(III) on CA-GO

The various parameters of both the models are shown in the Table 4.46. It was marked that
both models, preferably the Langmuir isotherm model were followed in the chromium(III)
adsorption of CA-GO beads.

Table 4.50: Theoretical values of q,, b, Ry, n, ky and R’ of adsorbent CA-GO for
Cr(III) adsorption

Parameters m, (mg/g) b (ng'l) R’ Ry n kg
Langmuir isotherm  90.58 0.126 0.993 0.074 - -
Freundlich isotherm - - 0.992 - 4.346 32.01
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4.2.3.1.5. Adsorption kinetics for adsorption of Cr(IIT) on CA-GO

Adsorption kinetics was investigated to evaluate the efficacy of an adsorbent and learn
more about underlying causes. Two kinetic models were applied to explain the adsorption

processes, in this study.
4.2.3.1.5.1. Pseudo-first-order kinetics

Pseudo-first-order model is produced by plotting log(qe-q:) versus t using the eq. (3.7). In
the graph, a linear relation between log(qe-q;) and t was observed (Table 4.51, Fig. 4.66).

Table 4.51: Time, t (min) and log(q.-q;) data of CA-GO at different concentration for
Cr(III) adsorption

Time, t log(qe-q¢) at log(qe-qq) at log(qe-qy) at log(qe-q¢) at
(min) 45.80 ppm 65.29 ppm 83.57 ppm 98.86 ppm
5 1.627 1.651 1.739 1.767
10 1.512 1.514 1.629 1.657
20 1.371 1.348 1.375 1.479
30 1.197 1.057 1.064 1.297

B 45.80 ppm
1.8 @® 65.29 ppm
A 8357 ppm
V 98.86 ppm
1.6
=
=
B0 1.4 -
=
1.2 1
1-0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

Time, t (min)

Fig. 4.66: Pseudo-first-order kinetics for Cr(III) adsorption on CA-GO
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4.2.3.1.5.2. Pseudo-second-order Kkinetics

Pseudo-second-order model was achieved by potting t/q. against t using eq. (3.8) and a

linear relationship between t/q; and t was observed (Table 4.52, Fig. 4.67).

Table 4.52: Time, t (min) and t/q; data of CA-GO at different concentration for
Cr(III) adsorption

Time, t t/q. at 45.80 t/q. at 65.29 t/q. at 83.57 t/q. at 98.86
(min) ppm pPpm pPpm ppm
5 0.368 0.235 0.272 0.235
10 0.426 0.299 0.327 0.291
20 0.615 0.457 0.403 0.403
30 0.745 0.549 0.487 0.501
40 0.714 0.605 0.546 0.502
0.8
0.7
0.6
= 0.5
0.4
B 45.80 ppm
0.3 ® 65.29 ppm
A 83.57 ppm
| Vv 98.86 ppm
0-2 T T T T T T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45
Time, t (min)

Fig. 4.67 Pseudo-second-order Kkinetics for Cr(III) adsorption on CA-GO
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Kinetic parameters are recorded in the Table 4.53 and it was found that the correlation

coefficient (R?) values for pseudo-first-order kinetics were significantly higher than those

of pseudo-second-order kinetics.

Table 4.53: Kinetics parameters for adsorption of Cr(IIl) on CA-GO

Kinetics Parameters Initial concentration of chromium(III)
del
mode 45.80 ppm 65.29 ppm 83.57 ppm 98.86 ppm
Pseudo-first- qe* (mgg') 56.02 66.08 73.24 79.74
order ki(1/min) 0.038 0.051 0.0621 0.0426
R? 0.994 0.986 0.995 0.998
qQ. (mgg')  49.79 58.07 77.62 71.12
. -4 -4 -4 -4
Pseudo- ky (g/mgmin) 3548 X 10 5823X10 3.048X10  2.511X 10
second-order 5
R 0.875 0.965 0.926 0.993
qQ. (mgg') 9091 92.59 123.45 128.04
" Experimental, Theoretical
150
- Experimental
[ First-order 128.04

] - Second-order

100

q (mg/g)

50

104.22 ppm

125.40 ppm

Fig. 4.68: Comparison of Cr(III) adsorption capacities on CA-GO

123.45

174.00 ppm

198.57 ppm

It is observed from the Fig. 4.68 that pseudo-first-order kinetics adsorption capacity

closely matched with the experimental results. In contrast to pseudo-second-order model,
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pseudo-first-order kinetic model showed better correlation for chromium(IIl) adsorption

on CA-GO.

4.2.3.1.6. Thermodynamic analysis for Cr(III) adsorption on CA-GO

The Gibb’s free energy change for adsorption of chromium onto CA-GO at various
temperatures was investigated using CA-GO dosage of 0.62 g/L. employing 55.33 ppm
Cr(III) solution at a pH 4.5 for each experiment. The solutions (20 mL each) were shaken
for optimum time of 40 mins at 298 K, 308 K, 318 K, and 328 K. A straight line was
produced after plotting the values of Inky against 1/T (Table 4.54, Fig. 4.69). The van’t
Hoff equation [eq. (10)] was used to calculate the Gibb’s free energy change (AQG),
enthalpy change (AH) and entropy change (AS) during adsorption. The calculated Gibb’s
free energy was obtained -3.580 kJ mol™, -2.461 kJ mol™, -1.374 kJ mol™, and 0.592 kJ
mol ™! at 298 K, 308 K, 318 K, and 328 K, respectively.

Table 4.54: Inkq vs 1/T data for Cr(III) adsorption on CA-GO

/T 0.0033 0.0032 0.0031 0.0030

Inkq 1.445 0.961 0.520 0.217

1.6
1.4 1
1.2

1.0 1

0.6
0.4

0.2 o

T T T T T T T T T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330
/T (1/K)

Fig. 4.69: Plot for van’t Hoff equation for Cr(IIl) adsorption on CA-GO
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The enthalpy change (AH) and entropy change (AS) were estimated from the slope and
intercept, respectively and their values were -34.295 kJ mol™ and -0.1014 kJ K™ mol™
(Table 4.55). The value of AG increased from -3.580 to -0.592 kJ mol™' with increasing the
temperature from 298 to 328 K. Therefore, the chromium(IIl) adsorption on CA-GO was

physical and spontaneous at lower temperatures.

Table 4.55: Thermodynamic parameters of Cr(III) adsorption on CA-GO

T(K) AG (kJ mol") AH (kJ mol") AS (kJ K" mol™)
298 -3.580 -34.295 -0.1014
308 -2.461
318 -1.374
328 -0.592
4.2.3.1.7. Plausible mechanism for Cr(III) adsorption on CA-GO

Adsorption involves interactions between particles having opposite charges that produces
a variety of bondings, including hydrogen bonds, electrostatic bonds, van der Waals
forces, dipole-dipole interactions, ion exchange, etc. CA-GO exhibits electrostatic
interaction with the cationic chromium ion due to its negative surface charge at pH 4.5.
The CA-GO’s carboxylate groups bind Cr(Ill) ions from the solution to create coordinate

complexes (Fig. 4.70).

CA-GO 2, CA-GO /
100 HO/KO HO O 0 0
+Cr(D) . \/
OYOH 0_OH A l;(\III
CA-GO O/ o o OH
X N
hd h CA-GO

Fig. 4.70: Possible mechanism Cr(III) adsorption onto SA-GO

4.2.3.1.8. Regeneration of used CA-GO for Cr(III) adsorption

Regeneration studies of used adsorbents provide valuable information about commercial

application of an adsorbent. 2% HCIl was used to regenerate CA-GO, which was then
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neutralized by repeatedly washing with distilled. The feasibility of reuse was investigated
by drying the regenerated CA-GO and using it for further adsorption at optimum pH,
duration and adsorption dosage. The experiments results showed that the adsorption
capacity of regenerated CA-GO gradually decreased from 59.74 mg/g to 47.29, 35.02 and
21.20 mg/g after first, second and third recycle, accordingly (Fig. 4.71).
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Fig. 4.71: Regeneration of used CA-GO for Cr (III) adsorption

4.2.3.2. Adsorption of Copper(II) on CA-GO

Copper(Il) adsorption on CA-GO is influenced by a number of factors, including pH,

adsorbent dosage, contact time, metal concentration, temperature and others parameters.
4.2.3.2.1. Effect of pH

The surface charge of CA-GO and copper as well as the adsorption capacity are
significantly influenced by pH. The effect pH on copper adsorption on CA-GO was
investigated at pH ranging from 3.0 to 7.0. In this study, copper(Il) salt solution (20 mL,
124.3 ppm) was collected, the pH was adjusted to 3.0, 4.0, 5.0, 6.0 and 7.0 and then
treated with CA-GO (22.32 mg, 1.116 g/L). The mixture was agitated for 2 h at room
temperature at 150 rpm in an orbital shaker. The concentration changes were determined

by AAS after filtering the mixtures. The results revealed that as pH increased, adsorption
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capacity increased steadily and suddenly it increased higher and reached maximum
(108.37 mg/g) at pH 7.0 due to precipitation occurred (Table 4.56, Fig. 4.72). However, it
was observed that copper was precipitated at pH>6.0. Hence, pH 6.0 had been selected as
optimized for the study. At pH 6.0 the adsorption capacity of CA-GO was 76.95 mg/g and
% removal of Cu(Il) was 85.58%. The pH,p. of CA-GO is nearly 3.0 and beyond this the
CA-GO surface become negatively charged and contributed to cationic copper ion

adsorption process through the electrostatic attraction.

Table 4.56: pH, adsorption capacity and % removal data of CA-GO for Cu(Il)

adsorption

pH 3.0 4.0 5.0 6.0 7.0

Adsorption Capacity (mg/g) 38.98 47.49 69.53 76.95 108.37

% removal 35.00 42.64 62.43 85.58 97.30
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Fig. 4.72: Effect of pH on capacity and % removal of Cu(Il) adsorption on CA-GO
beads
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4.2.3.2.2. Effect of dosage

Using a standard solution of copper salt (102.8 ppm, 20 mL) at optimum pH (6.0) with
different dosages (0.248, 0.372, 0.620, 0.868, 1.116 and 1.364 g/L), the effect of CA-GO
dosage on Cu(Il) adsorption was studied. It was found that with increasing dosages, the
percentage of Cu(Il) removal was increased and the adsorption capacity of CA-GO was
decreased due to a decrease the amount of adsorbate per unit mass of adsorbent (Table
4.57, Fig. 4.73). Here, the dosage (0.6 g/L) demonstrated the optimum result since it was
meet the balance of the adsorption capacity and percentage of removal.

Table 4.57: Dosage, adsorption capacity and % removal data for Cu(Il) adsorption
on CA-GO

Dosage (g/L) 0.248 0.372 0.620 0.868 1.116 1.364
Adsorption capacity (mg/g) 150 146.77 108.38 82.02  65.77 55.43
% of removal 36.19 53.11 65.36 6926 714 73.54
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Fig. 4.73: Effect of adsorbent dosage for Cu(II) adsorption on CA-GO

4.2.3.2.3. Effect of Cu(Il) ion concentrations and contact duration

To investigate the effect of initial Cu(Il) ion concentration and contact duration on

adsorption capacity of CA-GO, batch experiments were conducted (Table 4.58, Fig. 4.74).
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In the experiments, copper salt solution (20 mL) of different concentrations (49.90, 57.45,
76.60, and 90.75 ppm) were used at optimum pH (6.0) and dosage (0.6 g/L) for a certain
period (5-120 min). After 40 min, the adsorption process was reached at equilibrium. The
adsorption capacity increased with time due to the presence of additional active sites until
equilibrium was attained and these sites became saturated [230]. At lower initial Cu(II)
concentration, the % removal was higher since the amount of chromium was less as
compared to the amount of adsorbent, CA-GO composite (Table 4.59, Fig. 4.75).

Table 4.58: Adsorption capacity of CA-GO at different concentration of Cu(Il) at
different time intervals

Time (min) 49.90 ppm  57.45 ppm 76.60 ppm 90.75 ppm

5 22.25 26.85 38.54 48.5
10 27.58 41.37 54.95 53.24
20 47.26 52.63 63.06 66.03
30 52.74 57.66 71.04 77.79
40 61.27 66.69 78.71 86.8
60 62.29 66.25 79.76 88.59
120 61.4 64.91 80.08 89

Table 4.59: Time and % removal data of Cu(Il) on CA-GO at different concentration

Time (min) 49.90 ppm  57.45 ppm 76.60 ppm 90.75 ppm

5 27.66 29.50 31.20 33.14
10 43.69 44.64 44.48 36.37
20 58.72 56.48 51.04 45.11
30 65.53 62.23 57.51 53.15
40 76.13 71.98 63.71 59.31
60 77.39 71.47 64.56 60.53
120 76.29 70.06 64.82 60.80
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4.2.3.2.4. Adsorption isotherms for Cu(Il) adsorption on CA-GO

To study the distribution of Cu(Il) on CA-GO, the Langmuir and Freundlich isotherm
models were employed. Langmuir isotherms provide assumption about monolayer

adsorption and Freundlich isotherm gives assumption about multilayer adsorption.

4.2.3.2.4.1. Langmuir isotherm

The Langmuir isotherm model was verified by plotting Cc/qe versus C. values following
the eq. (3.4) and theoretical maximum adsorption capacity, ¢, was estimated. A linear
connection between C./q. and C. was observed for adsorption with acceptable regression
coefficient (R*=0.996). The q. was determined 108.57 mg/g from the slope and the
separation factor, Ry, was 0.097, which indicated a favorable monolayer adsorption process

of CA-GO (Table 4.60, Fig. 4.76).

Table 4.60: C. vs Cg/q. data of CA-GO at different concentration for Cu(Il)

adsorption

Initial concentration (ppm) 49.90 57.45 76.60 90.75

Equilibrium concentration (C,) 11.91 16.1 27.8 36.93

Cd/qe 0.1943 0.2421 0.353 0.425

0.45

0.42 i
0.39 i
0.36 1
0.33 i

0.30

Ce/qe

0.27
0.24
0.21 -

0.18

10 15 20 25 30 35 40
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Fig. 4.76: Langmuir adsorption isotherm of Cu(II) adsorption on CA-GO
4.2.3.2.4.2. Freundlich Isotherm

Freundlich isotherm was studied by plotting InC. versus Ing. following the eq. (3.6) to test
the experimental data for multilayer adsorption mechanism. A linear relationship was
observed (Table 4.61, Fig. 4.77) with an excellent regression coefficient (R2=0.998). The
value of n was found 3.254 that identified the adsorption was moderate to good (Table

4.62).

Table 4.61: InC, and Inq. data of CA-GO at different concentration for Cu(Il)

adsorption

Initial concentration (ppm) 49.90 57.45 76.60 90.75

InC, 2477 2.778 3.325 3.609

Inq. 4.115 4.200 4.366 4.464

4.50

4.45 -
4.40
4.35

4.30

Inqe

4.25
4.20
4.15

4.10

. : . . .
2.4 2.6 2.8 3.0 3.2 34 3.6
lnCe

Fig. 4.77: Freundlich adsorption isotherm of Cu(II) adsorption on CA-GO

The different parameters of both isotherms were enlisted in the Table 4.62, which

evidenced that the adsorption Cu(Il) on CA-GO was followed both the models.
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Table 4.62: Theoretical values of q,, b, Ry, n, ky and R’ of adsorbent CA-GO for
Cu(II) adsorption

Parameters (m, (Mg/g) b, ng'1 R’ R n kg

Langmuir isotherm 108.57 0.102 0.996 0.097 - -

Freundlich isotherm - - 0.998 - 3.254 28.49

4.2.3.2.5. Adsorption kinetics for Cu(II) adsorption on CA-GO

Adsorption kinetics is of great importance for evaluating the performance of adsorbent.
Both pseudo-first —order and second-order models were used to relate the adsorption

process of Cu(Il) on CA-GO.
4.2.3.2.5.1. Pseudo-first-order kinetics

By plotting log(qe-q¢) versus t following the eq. (3.7) pseudo-first-order model was yield,
where a linear relationship between log(qe-q;) and t was observed (Table 4.63, Fig. 4.78).

Table 4.63: Time, t and log(qe.-q:) data of CA-GO at different concentration for
Cu(II) adsorption

Time, t log(qe-qq) at log(q.-q¢) at log(q.-q¢) at log(qe-qq) at
(min) 49.90 ppm 57.45 ppm 76.60 ppm 90.75 ppm
5 1.591 1.6 1.604 1.583
10 1.417 1.403 1.376 1.526
20 1.146 1.156 1.195 1.317
30 0.931 0.956 0.883 0.956
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Fig. 4.78: Pseudo-first-order kinetics for Cu(Il) adsorption on CA-GO

4.2.3.2.5.2. Pseudo-second-order Kkinetics

Pseudo-second-order kinetic model was achieved by plotting t/q; versus t values following

the eq. (3.8). A linear relationship between them was observed (Table 4.64, Fig. 4.79).

Table 4.64: Time, t and t/q; data of CA-GO at different concentration for Cu(II)
adsorption

Time, t t/q. at 49.90 t/q at 57.45 t/q. at 76.60 t/q at 90.75
(min) ppm ppm ppm ppm
5 0.224 0.186 0.129 0.103
10 0.284 0.242 0.182 0.187
20 0.423 0.382 0.317 0.303
30 0.569 0.52 0.422 0.386
40 0.653 0.599 0.508 0.461
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Fig. 4.79: Pseudo-second-order Kkinetics for Cu(II) adsorption on CA-GO

The values of various Kkinetics parameters are listed in Table 4.65 and Fig. 4.80.

Regression coefficient (R?) values and experimental values of q. for pseudo-second-order

kinetics were found to be significantly better than pseudo-first-order model.

Table 4.65: Kinetic parameter for Cu(Il) adsorption on CA-GO

Kinetics Parameters Initial concentration of copper(Il)
model 49.90 ppm  57.45ppm _ 76.60 ppm _ 90.75 ppm
Pseudo-first- q. (mgg')  61.27 66.69 78.71 86.80
order ki (1/min) 0.0645 0.0575 0.0621 0.0575

R’ 0.991 0.983 0.979 0.963

g (mggh)  49.65 48.75 50.82 56.70
Pseudo- ko (¢/mgmin) 599x10° 1.12X10  1.52X10  129X10
second-order .

R 0.992 0.990 0.993 0.980

g (mggh)  79.36 83.33 90.91 100.00
: Experimental, “Theoretical
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Fig. 4.80: Comparison of Cu(II) adsorption capacities of CA-GO

4.2.3.2.6. Thermodynamic analysis for Cu(Il) adsorption on CA-GO

The Gibb’s free energy, enthalpy and entropy change for Cu(Il) adsorption on CA-GO at
various temperatures (298-328 K) were evaluated using van’t Hoff equation [eq. (3.10)]. A
linear relationship was found while plotting Inky versus 1/T values (Table 4.66, Fig. 4.81).

Table 4.66: 1/T vs Inkq data of CA-GO for Cu(II) adsorption

/T 0.0033 0.0032 0.0031 0.003

Inkq 1.134 0.626 0.318 0.071
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Fig. 4.81: van’t Hoff equation data of Cu(Il) adsorption on CA-GO

Enthalpy change (AH) and entropy change (AS) were calculated from the slope and
intercept, respectively which were of -29.07 kJ mol™ and -0.0871 kJ K' mol™,
respectively. As temperature increase from 298 to 328 K, AG changed from -2.809 to -
0.193 kJmol™ (Table 4.67). Cu(Il) was thus spontaneously adsorbed on CA-GO at lower

temperatures and the adsorption was physical in nature.

Table 4.67: Thermodynamic parameters of CA-GO for Cu(Il) adsorption

T (K) AG (kJ mol™")  AH (kJ mol") AS (kJ K mol?)

298 -2.809 -29.07 -0.0871
308 -1.603
318 -0.841
328 -0.193
4.2.3.2.7. Plausible mechanism for Cu(II) adsorption on CA-GO

The two most important factors have a key impact on adsorption of a solute on an

adsorbent are the surface chemistry and pore density. The interaction between oppositely
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charged particles formed various bonds. Calcium alginate-graphene oxide surface
possesses negative surface charge at pH higher than ZPC (pH 3.0) and unveils electrostatic
interaction with cationic copper ion (Fig. 4.82). Electrostatic attraction, external ion

exchange and complexation were mostly responsible for adsorption of Cu(Il) on CA-GO.

CA-GO
CA-GO T PN HO 0 /J\o
HO" 0 HO" 0 ey Nl
uIn

Nl
CA-GO 0\/ \/OH CALGO

Fig. 4.82: Possible mechanism for Cu(II) adsorption onto CA-GO

4.2.3.2.8. Regeneration of used CA-GO for Cu(II) adsorption

To regenerate CA-GO, 2% dilute HCI was added with used adsorbent to take out copper
and then neutralized by washing with distilled water. This neutralized CA-GO was then
dried and used for further adsorption at optimum pH, time and adsorption dosage to
examine the suitability of reuse. Fresh CA-GO had a Cu(Il) adsorption capacity of 52.27
mg/g for 63.62 ppm salt solution, whereas it was reduced to 40.29, 33.79 and 18.45 mg/g
after first, second and third recyclel®, 2" and 3" recycle, respectively (Fig. 4.83).
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Fig. 4.83: Regeneration of used CA-GO beads for Cu(II) adsorption
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4.2.3.3. Adsorption of Cd(II) on CA-GO
4.2.3.3.1. Effect of pH

Effects of pH on Cd(II) adsorption on CA-GO were investigated at a range of pH 3 to 8. In
the experiments, the pH of cadmium(II) salt solutions (102.69 ppm, 20 mL) were adjusted
3.0,4.0, 5.0, 6.0, 7.0 and 8.0. The CA-GO beads (22.32 mg, 1.116 g/L) was added to each
solution and stirred at room temperature for 2 h at 150 rpm. The changes of concentration
were measured by AAS, after filtering the mixtures. Then the adsorption capacity was
determined and found high at higher pH. It was noticed that the capacity increased
drastically at pH 8.0 (Table 4.68, Fig. 4.84), which was due to the precipitation of

cadmium. It was observed that precipitation of Cd(II) occurred at pH>7.0.

Table 4.68: pH, adsorption capacity and % removal data of CA-GO for CdII)

adsorption

pH 3.0 4.0 5.0 6.0 7.0 8.0

Adsorption capacity (mg/g)  26.78 4345 61.73 6477 6621  86.01

% removal 29.11 4722 67.09 7037 7195 9348

—
=

110 T v T . T v T v r v T
=¥=A dsorpron Capacity
100 r=ill— % Femoval

L 100
o5 90 R
@ * |
Z 50 - - 50
£ L =
= 70 -5 B
=9 =
= &
= 60 - 60 =
= 3
B 50 L =0
=
o
=
- 40 - L 40

30 - L 30

:[. I I 1 ] ) I I{I

3 4 5 6 7 g
pH

Fig. 4.84: Effect of pH on capacity and % removal of Cd(II) on CA-GO
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Therefore, the pH 7.0 was selected as optimum for adsorption study. At this pH the
adsorption capacity and % removal was 66.21 mg/g and 71.95%, respectively.

4.2.3.3.2. Effect of adsorbent dosage

The study was performed to evaluate adsorbent dosage effect of cadmium(Il) adsorption
ions on CA-GO. In view of optimization of adsorbent dosage, standard cadmium salt
solution (20 mL, 80.68 ppm) was treated with different dosages (0.248-1.364 g/L) at
optimum pH (7.0). Adsorbent capacities and percentage of removals were measured and it
was apparent that adsorbent capacity was decreased with increasing adsorbent dosage,
however percent of cadmium removal was increased (Table 4.69, Fig. 4.85). It is clear that
the quantity of adsorbate per unit mass of adsorbent dropped when adsorbent dosage was
increased [231]. The unsaturation of some active sites of adsorbent (CA-GO) and few of
them were remained unreacted at the higher dosage of adsorbent. According to the
findings of the experiments, the optimum dosage was selected 0.6 g/L, which was
maintained throughout the study.

Table 4.69: Dosage, adsorption capacity and % removal data of CA-GO for Cd(II)
adsorption

Dosage (g/L) 0.248 0.372 0.620 0.868 1.116 1.364

Adsorption capacity (mg/g) 91.05 80.05 6277 523 4236  38.76

% removal 27.98 36.91 48.24 56.27 58.6 65.56

128



100 T T T T T T T T T T T T T 70

= — M — Adsorption capacity
RA— Removal /

>

T
=2
n

_ L 60
b A
h . /

80 ] e
g L 55
> S
’§ 50 S
= a E
> [ F45 €
: «- :
g - 40 R
5 A [
|72} -
= - 35
< / \

40 -

0.2 0.4 1.0 1.2 1.4

0.6 0.8
Dosage (g/L)

Fig. 4.85: Effect of dosage of Cd(II) adsorption on CA-GO composite beads

4.2.3.3.3. Effect of Cd(II) ion concentration and contact duration

To observe effect of concentration and contact duration on adsorption capacity of CA-GO
for Cd(II), standard cadmium salt solution (20 mL) of different concentrations (45.69,
62.92, 76.82, and 90.16 ppm) at pH (7.0) and dosage (0.6 g/L) were treated with batch
experiments (Table 4.70, Fig. 4.86) for a certain time (0-120 min). Initially abundant
active sites of adsorbent were available, however as time passing those sites were
saturated. As a result, the adsorption capacity of CA-GO was increased over time until it
approached equilibrium. Owing to an increase in concentration gradient and mass transfer
between adsorbate and adsorbent, equilibrium adsorption capacity also improves when
adsorbent concentration increases [230]. The adsorption process of cadmium by CA-GO
reached at equilibrium at around 40 min. The % removal was high at lower concentration
as the amount of adsorbent is high compare to metal adsorbate in the solution (Table 4.71,
Fig. 4.87). When the initial concentration of Cd increased, the adsorption capacity of CA-

GO was increased and % removal of Cd decreased.
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Table 4.70: Time and adsorption capacity data of CA-GO at different concentration
for Cd(II) adsorption

Time (min) 45.69 ppm  62.92 ppm 76.82 ppm 90.16 ppm

5 19.66 20.32 23.79 29.49
10 35.08 24.48 34.37 37.53
20 38.41 38.68 51.22 45.48
30 42.00 54.55 61.69 55.40
40 51.53 60.71 72.88 76.08
60 51.87 64.06 75.15 84.56
120 52.08 61.85 73.16 84.34

Table 4.71: Time and % removal data of CA-GO at different concentration for
Cd(II) adsorption

Time (min) 45.69 ppm  62.92 ppm 76.82 ppm 90.16 ppm

5 26.68 20.03 19.20 20.26
10 47.60 24.13 27.74 25.81
20 52.13 38.11 41.34 31.28
30 56.99 53.75 49.79 38.10
40 69.93 59.82 56.22 52.32
60 70.39 63.13 60.65 58.15
120 70.67 60.95 59.05 58.00
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4.2.3.3.4. Adsorption isotherms of Cd(II) adsorption on CA-GO beads

Langmuir and Freundlich isotherm were exploited to investigate distribution of cadmium
ion on CA-GO beads. Langmuir isotherm provides the information about monolayer

adsorption and Freundlich isotherm provides assumption about multilayer adsorption.

4.2.3.3.4.1. Langmuir isotherm

Langmuir isotherm was verified by plotting Ce/qe against Ce following the eq. (4) and (5).
A linear relationship between C/q. and C. was observed (Table 4.72, Fig. 4.88) with a
good regression coefficient (R*=0.975). The theoretical maximum adsorption capacity, qm
was calculated as 134.77 mg/g and the separation factor, Ry, was 0.207 that indicated a
favorable monolayer adsorption process.

Table 4.72: C. and C./q. data of CA-GO at different concentration for Cd(II)
adsorption

Initial concentration (ppm) 45.69 62.92 76.82 90.16
Equilibrium concentration (C,) 13.74 23.2 30.23 37.73
Cd/qe 0.266 0.362 0.402 0.446
0.45 - -
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0.39 -
-*]
=2
~ 0.36 - m
@]
0.33
0.30 -
0.27 - =
10'1|5'2|0'2|5'3|0'3|5'40
Ce

Fig. 4.88: Langmuir adsorption isotherm for Cd(Il) adsorption on CA-GO

composite beads
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4.2.3.3.4.2. Freundlich isotherm

Freundlich adsorption isotherm was verified by plotting InC. against Inq. following the eq,
(3.6). An acceptable regression coefficient (RZ: 0.992) and a linear relation between InC,
and Ing. was observed (Table 4.73, Fig. 4.89). The calculated n value (2.037) indicated the
adsorption was good.

Table 4.73: InC, and Inq. data of CA-GO at different concentration for Cd(II)
adsorption

Initial concentration (ppm) 45.69 62.92 76.82 90.16
InC, 2.62 3.144 3.408 3.63
Inq, 3.942 4.159 4.319 4.437

4.5
[ ]
4.4 1
4.3
&
= 4.2
= |
4.1
4.0
3'9 T T T T T T T T T T T T
2.6 2.8 3.0 3.2 34 3.6 3.8
lnCe

Fig. 4.89: Freundlich adsorption isotherm for Cd(II) adsorption on CA-GO

composite
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The different parameters of isotherms were listed in the Table 4.74. It was noticeable that
the cadmium adsorption on CA-GO followed both the models, preferably the Freundlich
isotherm model.

Table 4.74: Theoretical values of q,, b, Ry, n, ky and R? of adsorbent CA-GO for
Cu(II) adsorption

Parameters Qqm, (mg/g) b (ng'l) R’ Ry n ky
Langmuir isotherm 134.77 0.0425 0.975 0.207 - -
Freundlich isotherm - - 0.992 - 2.037 14.06
4.2.3.3.5. Adsorption kinetics for Cd(II) adsorption on CA-GO

Adsorption kinetics is very significant for assessing adsorbent’s performance. Pseudo-
first-order and second-order kinetic models were used to explain adsorption process of

CA-GO for cadmium(II) ions.
4.2.3.3.5.1. Pseudo-first-order reaction kinetics

Following eq. (3.7), pseudo-first-order model was obtained by plotting log(qe-q;) against t
at various initial concentrations of cadmium, where a linear relation between log(q.-q;) and
t was observed (Table 4.75, Fig. 4.90).

Table 4.75: Time and log(q.-q;) data of CA-GO at different concentration for Cd(II)
adsorption

Time, t log(q.-q) at log(qe-qq) at log(qe-qq) at log(qe-qq) at
(min) 45.69 ppm 62.92 ppm 76.82 ppm 90.16 ppm
5 1.503 1.641 1.711 1.741
10 1.216 1.597 1.610 1.672
20 1.117 1.404 1.379 1.592
30 0.979 0.979 1.129 1.464
40 - 0.527 0.356 0.928
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Fig. 4.90: Pseudo-first-order kinetics for Cd(II) adsorption on Ca-GO composite

4.2.3.3.5.2. Pseudo-second-order reaction Kinetics

Pseudo-second-order model was attained by plotting the value of t/q; versus t at different
initial concentrations of cadmium solution following the eq. (3.8) (Table 4.76, Fig. 4.91).

A linear relation was observed between t/q; and t.

Table 4.76: Time, t (min) and t/q; data of CA-GO at different concentration for
Cd(II) adsorption

Time, t t/q; at t/q; at t/q; at t/q; at
(min) 45.69 ppm 62.92 ppm 76.82 ppm 90.16 ppm
5 0.254 0.246 0.21 0.169
10 0.302 0.408 0.291 0.266
20 0.521 0.517 0.39 0.439
30 0.714 0.549 0.486 0.541
40 0.776 0.659 0.548 0.526
60 - 0.936 0.798 0.709
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Fig. 4.91: Pseudo-second-order Kinetics for adsorption of Cd(II) on CA-GO

It was demonstrated that the correlation coefficient (Rz) values for second-order-kinetics
were much greater than that of first-order model (Table 4.77). However, the estimated
pseudo-first-order kinetics adsorption capabilities were in good agreement with the
experimental values (Fig. 4.92). Therefore, the adsorption of cadmium on CA-GO was

physicochemical adsorption.

Table 4.77: Kinetics parameter for adsorption on Cd(II) on CA-GO

Kinetics model Parameters 45.69 ppm 62.92 ppm 76.82 ppm 90.16 ppm
qe (mgg") 51.53 64.08 75.15 84.56

Pseudo-first-order  k;(1/min) 0.0414 0.0736 0.0829 0.0476
R* 0.863 0.954 0.908 0.837
qe (mgg™") 32.06 80.48 98.51 82.32

. -3 -3 -3 -3
ky (g/mgmin) | 479X10 ~ 0.497X10  0.575X10  0.43X10

Pseudo-second- R’ 0.969 0.961 0.991 0.913
order

q. (mggh) 62.50 90.91 100.00 111.11

: Experimental, “Theoretical
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Fig. 4.92: Comparison of adsorption capacities for Cd(II) adsorption on CA-GO
beads

4.2.3.3.6. Thermodynamic analysis for adsorption of Cd(II) on CA-GO

The thermodynamic analysis of an adsorption system determined its viability and
randomness in terms of temperature. Using linearized van’t Hoff isotherm eq. (3.11),
changes of thermodynamic parameters, such as Gibb’s free energy (AG), enthalpy (AS)
and entropy (AH) for cadmium(Il) adsorption on CA-GO at different temperatures (298-
328 K) were studied. The estimated results revealed that as the temperature were raised,
cadmium adsorption capacities of CA-GO were reduced due to release of adsorbate
(cadmium) from adsorbent (CA-GO), which was assisted by higher kinetic energy at
increased temperature. Following eq. (3.10), Gibb’s free energies were calculated and
were found to be -3.723, -2.469, -1.328, and -0.408 kJmol ! at 298, 308, 318 and 328 K,
respectively. A straight line was achieved by plotting Inky values against 1/T (Table 4.78,
Fig. 4.93).

Table 4.78: 1/T and Inkq4 data of GO for Cd(II) adsorption

/T 0.0033 0.0032 0.0031 0.003

Inkq 1.503 0.9645 0.5025 0.1498
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Fig. 4.93: van’t Hoff equation data of Cd(II) adsorption on CA-GO

The enthalpy change (AH) and entropy change (AS) were calculated from the line’s slope
and intercept, respectively and their values were found to be -37.59 kImol™ and -0.1119
kJK 'mol”. When temperature was increased from 298 K to 328 K, the value of AG was
also increased from -3.723 to -0.408 kJ mol-1 (Table 4.79). Hence, the adsorption of
cadmium(Il) ions on CA-GO beads was physicochemical and spontaneous at lower

temperatures.

Table 4.79: Thermodynamic parameters of CA-GO for Cd(II) adsorption

T(K) AG (kJ mol™) AH (kJ mol™) AS (kJ K mol™)
298 -3.723 -37.59 -0.1119
308 -2.469
318 -1.328
328 -0.408
4.2.3.3.7. Plausible Mechanism for adsorption of Cd(II) on CA-GO

Surface chemistry of an adsorbent plays a major role on adsorption process. The

adsorption mechanism deals with interactions between oppositely charged particles which
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forms a variety of bonding like hydrogen bonds, electrostatic bonds, dipole-dipole
interaction, van der Waals forces, and ion exchange. Calcium alginate-graphene oxide
composite demonstrates electrostatic interaction with cationic cadmium ion because of its
negative surface charge at pH higher than its ZPC (3.0). The negatively charged
carboxylate group of CA-GO bind cationic Cd(Il) ions from the solution electrostatic

interaction and forming coordinate complexes (Fig. 4.94).

CA-GO =

CA-GO. 1 /K 100 0o
HO" 0 HO 0 \ /
+ CdI) — Sdn
OYOH O\(OH A\
— CA-GO O\/O OYOH Ao

Fig. 4.94: Possible mechanism for Cd(II) adsorption on CA-GO

4.2.3.3.8. Regeneration of used CA-GO for Cd (II) adsorption

Regeneration studies of used adsorbents provide valuable information about commercial
application. The regeneration of CA-GO was conducted using 2% dilute HCI to eliminate
cadmium and then neutralize by repeated washing with distilled water. This regenerated
CA-GO composite was dried properly and used further for adsorption of Cd(I) at

optimum condition to examine the possibility of usefulness.

60

Capacity (mg/g)
=
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N
<
1

14.4

Fresh CA-GO Recycle-1 Recycle-2 Recycle-3

Fig. 4.95: Regeneration of CA-GO for Cd(II) adsorption
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Fresh CA-GO composite demonstrated adsorption capacity 61.58 mg/g for 65.64 ppm
Cd(II) solution at pH 7.0 while the regenerated CA-GO of recyle-1, recycle-2 and recycle-
3 showed the adsorption capacities of 39.87, 14.4 and 9.28 mg/g, respectively (Fig. 4.95).

4.2.3.3.9. Adsorption capacity of GO, CA and CA-GO

The adsorption capacity of GO, CA and CA-GO are compared in the bar chart with the
values (Fig. 4.96). The adsorption capacity of GO was found highest in case of all the
metals of chromium, copper and cadmium, whereas it was the lowest for CA. The
moderate and acceptable adsorption capacity were observed for CA-GO composite for all

the metals studied.
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Fig. 4.96: Comparison of adsorption capacity of GO, CA and CA-GO

4.2.3.3.10. Application of CA-GO on chrome tanning effluents

After evaluating the capacity of CA-GO for removal of chromium, copper and cadmium
ions from standard salt solutions through a number of batch experiments, the effectiveness
in removing selective metal ions from real sample, i.e., chrome tanning effluent was
justified. In order to measure the adsorption of Cr, Cu, and Cd ions from real chrome
tanning effluent, 15 g of CA-GO composite beads added to 500 mL of chrome tanning

effluent and agitated at room temperature for 4 h duration at 150 rpm. The concentration
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of Cr, Cu and Cd before and after adsorption was analyzed by ICP-MS. The other water
quality parameters, such as pH, TDS, EC, NaCl %, BODS, and COD were also assessed

and presented in the Table 4.80.

Table 4.80: Physicochemical characteristics of chrome tanning effluent before and

after adsorption with CA-GO beads

Parameters Before After % of DoE
adsorption adsorption removal  Standard

Cr(III) (ppm) 3145.57 1258.84 59.98 2.00
Adsorption Capacity (mg/g) - 62.89 - -
Cu(Il) (ppm) 1.26 0.62 50.79 0.50
Cd(II) (ppm) 0.98 0.49 50.00 0.50
pH 4.70 5.20 - 6-9
TDS (ppm) 5,980 2,817 52.89 2100
EC (uS/cm) 9,213 3,120 66.13 1200
NaCl (%) 13.42 7.32 45.45
BODs (ppm) 3,123 1,216 61.06 100
COD (ppm) 8,938 2,870 67.88 200

4.2.3.3.11. Application of CA-GO on tannery effluents

To investigate the adsorption performance of CA-GO on tannery effluent, 5.0 g of CA-GO

adsorbent was added to 500 mL of tannery effluent and shaken at ambient temperature for

4 h at 150 rpm. The concentration of chromium, copper and cadmium before and after

adsorption was determined by ICP-MS. Moreover, water quality parameter such as pH,

TDS, EC, NaCl %, BODs, and COD were also determined, and the results are tabulated in

the Table 4.81.
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Table 4.81: Physicochemical characteristics

adsorption with CA-GO beads

of tannery effluents before and after

Parameters Before After % of DoE
adsorption adsorption removal  Standard

Cr(III) (ppm) 526.12 102.36 80.54 2.0
Adsorption Capacity (mg/g) - 42.38 -
Cu(II) (ppm) 2.17 0.63 70.96 0.50
Cd(II) (ppm) 1.28 0.53 58.59 0.50
pH 5.75 6.0 6-9
TDS (ppm) 7,338 2698 63.23 2100
EC (uS/cm) 5,120 1,535 70.02 1200
NaCl (%) 11.46 6.92 39.61
BODs (ppm) 3,050 982 67.80 <100
COD (ppm) 7,132 1291 81.90 200
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Chapter 5

Conclusions and Scope of Further Study
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5.1. Conclusions
The following conclusions may be drawn from the present study-

* Graphene oxide (GO) can be synthesized from inexpensive and available graphite
powder that minimizes the production cost and make it usable in the treatment of tannery

effluent.

* The prepared GO possesses a negative surface charge and shows excellent adsorption
capacity towards cationic metal ions. The adsorption capacity of the prepared graphene
oxide was 366.3 mg/g for Cr(Ill) at pH 4.0, 193.05 mg/g for Cu(Il) at pH 6.0 and 231.48
mg/g for Cd(II) at pH 7.0, which is quite significant.

* GO can be used as a cost-effective and efficient adsorbent for heavy metals (Cr, Cu and

Cd) removal from aqueous media.

* CA-GO composite beads can be prepared using the ratio sodium alginate and GO (10:1)
and 6% CaCl, w/w solution, which also provide good results for the removal of metals
from aqueous solution. The adsorption capacity of CA-GO was 90.58 mg/g for Cr(IIl) at
pH 4.5, 108.57 mg for Cu(II) at pH 6.0 and 134.77 mg/g for Cd(II) at pH 7.0.

* The used GO and CA-GO composite can be regenerated and reused several times.

* The pseudo-second-order kinetic model provided a better correlation for metals (Cr, Cu

and Cd) and adsorbents (GO and CA-GO) than the pseudo-first-order model.

* The adsorption isotherm of Cr(Ill), Cu(Il) and Cd(II) followed both the Langmuir and
Freundlich models by GO and CA-GO adsorbents.

* The value of Gibb’s free energy and enthalpy change for both the GO and CA-GO
composite bead adsorbents were negative at different temperatures, which revealed the

adsorption processes were spontaneous and physico-chemical.

5.2. Scope of Further Study
* Prepared GO and CA-GO composite can be applied for the removal of other heavy

metals also.

* Prepared graphene-based adsorbents can be used for the treatment of any other industrial

effluents.
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* GO composite can be prepared by mixing various materials, like polymers and

adsorption capacity can be studied with different heavy metals and pollutants.

* Further research can be designed for developing high mechanical strength tailored

composite adsorbents to separate easily from the liquid phase after wastewater treatment.

* The graphene-based adsorbents used for heavy metal removal are limited to lab scale, at

present. Therefore, further research is required to scale up for a large-scale practical

application.
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