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Executive Summary

Contaminatiorof water by heavy metal ions, in particular, hexavalent chromiufti)(@n,

lead (PB") ion and cadmium (Cd) ion, has become one of the most serious issues
threatening human health and thus remedial measure have to be taken. Adsmpédn
researchdward biodegradable polymers for heavy metal ions remediation has received much
attention in recent years due to environmental concerns. Polysaccharides in this domain are
interesting starting materials for the preparation of novel adsorteritss work, novel type

of biopolymei based hybrid hydrogel such as PPSgCG, PCCFG, andiCB/PVA were
designed for removal of €; PIf*, and Cd" ions from aqueous solution. Polyvinyl alcohol
(PVA), polyvinylpyrrolidone (PVP), acrylamidgrafted native starchCccinia abyssinica

(Si gi AAm), chitosan (CS), and graphene oxide (GO) were used to preparieFRNPASI gi
AAMICS GO (PPSgCG) hydrogel. -tysteinéfunctionalized graphene oxide (CFG),
chitosan, and polyvinyl alcohol were used to synthpsigvinyl alcohof chitosari cysteiné
functionalized graphene oxide (PCCFG) hydrogélcysteine stabilized zerwalent iron
(C2VI), chitosan, and polyvinyl alcohol were used to prepdreykteinézerd valent irori
chitosaiiipolyvinyl alcohol (CZVICS PVA) hydrogel. Physiochemicaproperties of
freezé dried hydrogel were characterized by Fourier transform infrared spectroscopy (FTIR;
Spectrum 65, PerkinElmengetasizer (3000HS)canning electron microscopy (SEM; JEM
6000 Plus, Japan), energy dispersivigay spectroscopy (EDX; JSNT 100, JEOL), XRay
Diffractometer (XRD; XRD 7000, Shimadzu, Japan), and thermogravimetric analysis
(TGA/DTA; HCTi 1, China). Adsorptions of €fion onto PPSgCG and CZMCS PVA
hydrogel, and PP and Cd" ions onto PCCFG hydrogel as functions of initiglavy metal

ion concentration, pH, time, hydrogel dose, and temperature have been bijuitikolwing a

oné factofi afi ai time approach. The €rions concentration in solution was determined by
UVivis spectrophotometer (Human,itéa 1200). The PH, Cd*, and CU** ions
concentration in the solution after adsorption was determined by atomic adsorption
spectroscopy (AAS; ZEEnit 700p, Analytikajena).

The adsorption of Ef onto PPSgCG hydrogel, aptimum conditions: 2, 100 mg' 120
minutes, 3 g t, and 28C of pH, initial CF* ion concentration, hydrogel dose and
temperaturerespectively were obtained considering both adsorption capacity and removal

efficiency. The adsorption da agree with LangmuiiR* = 0.99)isothermat 25°C and follow

\



pseuddsecondorder kinetic model (R= 0.999) at pH of 2. The maximum adsorption
capacity of the PPSgCG hydrogel towards t6'@ras 93 mg 4. The obtained negative
standard Gi bbosi1f120&«Emd® n earngdy n(eggGA =i vie2.380nt hal p
kJ mol?) reveal the spontaneity and exothermic nature &f @n adsorption onto the

hydrogel. Moreover, the adsorption thermodynamics stemitsalpically favoring hosguest

complexion along with decrease in entropwrthermore, e dfect of common competing

ions such as sulfate (S, phosphate (P§), nitrate (NQ'), and chloride Cal) ions on

adsorption #iciency and selectivity o€r°* ion on the hydrogel were investigated and the

result shows that sulfate ion hasigniycant dfect on the C¥ ion adsorption, which might

be related to identical chemicailp per t i es andud@gi@eometri cal conyc

The adsorption of &f onto CZVIi CSi PVA hydrogel, apbptimumconditions: 3, 45 mg,

90 minutes, 4 g1, and 28C of pH, initial CF* ion concentration, hydrogel dose and
temperaturerespectively were obtained considering both adsorption capacity and removal
efficiency. The adsorptionata agree with Langmuir isotherm?(R 0.99) at 25°C and follow
pseuddsecond order (R= 0.999 model at pH of 3. The maximum adsorption capacity of
the PPSgCG hydrogel towards tdGras 15.86 mg'd.

The adsorption of Phand Cd" onto PCCFG hydrogel, aptimumconditions: 5, 225 mg|

50 minutes, 2 g, and 28C of pH, initial PB" and Cd" ion concentration, hydrogel dose

and temperaturerespectively were obtained considering both ags@mn capacity and
removalefficiency. The experimental data well described by a pseselcondorder kinetic

model (R = 0.99 for PB* and R = 0.98 for C4") and Langmuir isotherm ¢R= 0.980 for

P & R? = 0.978) with maximum adsorption capacities 00 2d 192 mg'd at 25°C for

Pk and Cd", respectively. The adsorption capacity of the PCCFG hydrogel increased with
the increase in temperature. The value of
the reaction (electron exchange or ion exchange) betweemdta ion and electrémich

atoms (N,1S,710) . The positive ®HA shows that the
and the positive mSA shows t hBandGdfiens B af f i ni
had better affinity and less spontaneity thaR"CThe effect of competing ions was studied in

batch adsorption experiments in the solution containing the three metal iGhsqeh, and

CU?") and the result shows that the coexistence of metal ions in the solution inhibits the
adsorption capacity dhe hydrogel compared to solutions containing a single metal ion.
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Theoretical investigation of adsorption mechanism of @nd PB": Gauss View6.0.16
interface were employed toonstruct themodeled system. he ground state geometry
optimization of modled system were first optimized by Molecular Mecha(iid¢s1) method

with aid of Universal Force Field UFF) followed by Hartree fock (HF) and Density
Functional Theory FT) method, using Gaussian 09 software package. Moreover,
frequency,Natural Bond Orlial (NBO), and energy calculation were done by DFT method
with aid of Gaussian 09. Hybiideneralized gradient approximatiqybridi GGA),
B3PW91 D3 level of theory, where D3 denotes the thgeneration dispersion correction by
Grimme and basis set, tisuttgart DresdeiiBoon (SDD) basis set was employed for heavy
metal ions, and thei81G(d) basis were used for C, N, O, S, and H atoms during geometry
optimization, frequency and NBO calculation. Sirigleint energy calculations were
perf or med arxDfungional tivreere fyaBis set3d1+G (d, p) was employed for C,

N, O, S, and H atoms, and SDD basis set was employed for heavy metal ions. Solvation
effect (HO) was evaluated with polarizable continuum model (PCM) to mimic the real
aqueous solution. EhGaussian simulation result shows that matinéi N andi O atoms of
amine (NHy), amide (CONH,), and carboxyl (COOH) functional group of the hydrogel

were responsible for binding of heavy metal ions via electron sharing/covalent bonding.
Keywords: Acrylamide; Adsorbent; Adsorption; Cd ions removal; Chitosan; €rions

removal; DFT; Graphene oxide; Hybrid hydrogeiclsteine; PB ions removal; PVA; PVP;

Starch; Starch grafting; Zerealent iron
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CHAPTER ONE

INTRODUCTION
1.1. Background

Water is one of the most important components of life support in our ecosystem.
Sudainability of life is dependent on the quality of water, which is closely related to our
health. Hovever, discharge of untreated af#ht from industries such as leather tanning,
electroplating, mining and smelting, battery manufacturpitpsphate feriiters, pigments

and alloys to the water bodies has become a serious(Beemthi, Pabhu, and Meenakshi
2017) Pollutantin particularheavy metalérom such activities are transported by runoff and

end up accumulating in soil, and sediments of water bodies.

Heavy metals can be found in trace in water bodies, and still be very amxicimpose

serious health problems to human and other ecosystem. Toxicity level of metals depends on
type of organisms exposed, nature of metal and period at which the organisms are exposed to
the metal. It is shown from the toxicological studies that lg effects of heavy metal
damage liver, kidney, and lung. Hence, their maximum concentration level (MCL) in
drinking water should be 0.05 nfigfor Cr, 0.01 mgt for As, 0.001 mg T for Hg, 0.003 mg

It for Cd, 0.01 mgt for Pb, 0.02 mg'} for Ni, 3.00 mg T for Zn and 2.00 mg for Cu or
less(Edition 2011) In case of Ethiopia, in particular, studies have revealed that the levels of
some heavy metal exceed these limits. For instance, the concentration of Cr and Pb at some
locationalong the Little Akaki River wre found to violate the drinking water quality criteria

set by Ethiopian Standards aMdorld Health OrganizationWfHO) (Aschale et al. 2015)
Besides, the river water also found to be inappropriate even for irrigation use. Owing to toxic
and carcinogenic character of heawmgtals,release of them to aqueosslution should be

controlled.

Heavy méals such as lead (Pb), cadmium (Cd), arsenic (As), chromium (Cr), mercury (Hg),
nickel (Ni), zinc (Zn), cobalt (Co), and copper (Cu) are highly toxic even in minor quantities.
lons of these metallic species are found in industrial wastewater and thaypan¢ant
environmental problems. According to WHO, long term ingestion of these metals polluted
water could induce the risk of damage and cancer tg lweg, kidney, and bladd€Edition

2011)



Lead, chromium, cadmium, and arsenic have received much attention arhergyhmcause

of their high toxicity, and carcinogenic effect. They are classified as carcinogenic to humans
(Group 1) by IARC, which means that there is sufficient evidence for their carcinogenicity in
humans(Cancer 2012b)These metals become toxic when they are not metabolized by the
body and accumulateadh isoft tissues. They may enter into the human body through food,
water, air, or by adsorption through the skin when gregountehuman.

Contamination of water by heavy metal ions, in particular, hexavalent chromilii ir,

lead (PB") ion, cadmium Cd?") ion, has become one of the most serious issues threatening
human health because of their toxicity, hbiwdegradability, persistence, baccumulation
tendency, and their bBionagnification through food chaihee et al. 2019; Zhitkovich 2005)
They do not undergo microbial activities or chemical degradation, and consequently their
total concentration can last for a lotigne after their release to the environment. The
biodegradation rate of organic pollutants was decreased by the presence of heavy metal ions
in the environment, which doubles the environmental pollution. Their contamination is a
major problem of the envanment especially in developing countries due to uncontrolled
pollution level driven by industrial growth, addition of fertilizers and metal based pesticides
(Radwan and Salama 2006)

The toxicity of CP* ions to humans is primarily attributed to the chemical structure siryilarit
between Cr oxyanions (Cg®) and sulfate ions (S©), making theoxyanionsto cross the
cell membrane through the sulfate rou¢8siwalsky et al. 2008)The PI* ion is the most
toxic heavy metal ionPl?* can form stable complexes with anionic molecules (contaihing
N, 1S, am TP ligands) in the natural environmefitown and Filella 2002)which rarely
degrade in the environment because of their siagbei metal propertyLiu et al. 2020)

Owing to toxic and carcinogenic character of these heavy nwta) release of them to
aqueous environment should be controlle@he Cr**, Pi¥*, and Cd" ions can be reoved
from industrial effluents by means of chemical precipita{idniz, Adlan, and Ariffin 2008)
ion exdange(Lalmi et al. 2018; Nekouei et al. 2019nembrane filtration(Smara et al.
2005) coagulationLiu et al. 2013) biai sorption(Ahamad et al. 2019; Donner et al. 2019)
and adsorption(Ali et al. 2021; Hu et al. 2018)However, most of these conventional
methods, except adsorption, have many limitations includigly imvestment, complicated
2



operation, low efficiency, and secondary pobuatiproblemgTable 11). Secondary pollution
problems related to the chemical used or intermediate pollutant or byproduct generated
during the treatment processes and reledsethe environment, which cause additional
pollution in addition to the original pollutanin case of adsorption phenomena, the adsorbate
after adsorption were desorbed from the surface and the concentrated, small volume pollutant
were dumped in appropriatamping site without causing additional pollution.

Adsorption is typically a preferable method owing to its relatively low cost, simple synthesis,
and ease of operation. It can remove pollutants with extreraely}cbncentrations and in a
cost effective maner (Vellingiri et al. 2018) Moreover, it can be applied for gitu removal

of numerous organiand inorganic compounds with ease of recycliDgchiara, Weinstein,

and Rogers @15). In this domain, adsorbents, including biopolymer (chitosan and starch in
this case), biopolymer derivatives, magoorous resins, graphene oxide, anetali Organic
Framework MOF), have been thoroughly studied for removal of heavy metal ions from

aqueous waste streams.

Biopolymeii based adsorption is generally considered as sustainable and cost effective
technique for heavy metal removal owing to its unique properties including biodegradability,
nori toxicity, good waterabsorptive good gel strengthand stability, high efficiency,
selectivity, easy synthesis and operation, improved chemical stability, and mechanical
strength (Musa, Musa, and Suleiman 2Q1®Biopolymer based hydrogel (bibydroge)
adsorbents, which have thieimensional (3D) hydrated hydrophilic polymeric network
demonstrate high swelling capacity and potential in heavy metal removal through adsorption

maintaining their physical struceiwithout dissolvindMa et al. 2017)

They are natural, biodegradable, and relatively low cost polymers that can be used as
adsorbent (bithydrogel in this case) of toxic heavy metahsofrom agueous environment.
They can possess aminéNH,), amide (CONH,), hydroxyl {OH), thiol (SH) and
carboxyl { COOH) functional groups in their bulk structure after optimum modification.
They combined with synthetic polymers (PVA and PVP in thsefand graphene oxide
(GO) to produce functional adsorbent for removal of heavy metal ions from acgaotisn

(T. Li et al. 2019; Pooresmaeil and Namazi 2020)



Tablel.1 Comparison of adsption with other water treatment technologies

Characteristics  Adsorption Membrane lon- Chemical = Coagulation

exchange precipitation

Scope(remova)  Widerange Wide range Purewater Wide range Suspended

particles
Down-stream Not Not Not Required Required
processing required required required
Mechanism of Affinity Pressure Affinity Affinity Neutralizing
separation differences the forces
Application(scale) Large Large Small Large Large
2° pollutants No No Yes Yes Yes
Sensitivity High Low High Low Low
Cost economical Economical Moderate High Moderate

1.2. Statement of the Problem

Industrial wastewater is the majoontributorsto contamination of aquatic ecosystems with
toxic heavy metals like lead, chromium, cadmium, dcseand mercurywhose hazardous

biol accumulative nature iaqueoussolution is attributed to theligh solubility. Theycan be

found in trace in water bodies, and still be very toxic, and impose serious healthrstdle
human and other ecosystethis shown from the toxicological studies thangi term effects

of these heavy metal ions {rPE*, Cf* in this casdamage liver, kidney, and lungheir
maximum concentration limitin drinking water should be lseghan the permissible levels.
Therefore always been a need fahe removal of these toxic, nidmodegradable, and
persistent heavy metals from the industrial wastewdter. several decades, extensive
investigation have been performed &asy efficient, and economic removal of heavy metals
with a varying degree of success. Membrliration, adsorption, chemical precipitation, ion
floatation, ioni exchange, electrochemical and coagulation/flocculation methods have been
the mostreadilyavailable conventional methods for the removal of tiesery metalsThese
methods however have posed some serious shortcomings such as high sludge production, low
removal efficiency, high energy requirements and high operationallcdbe present years,
newer more efficient, more economic and innovateehhologies are being investigated.

Recently, hydroge] membrane filtration/separation, photocatalysis and electrodialysis

4



technique and introducing newer adsorbents have been developed and adopted for better
adsorption.

In spite of aforementioned achix progressem remediation oheavy metalons polluted

waste streamn recent years, stithere are crucial drawbackBhese drawbackcludesnon
biodegradabilitylow regeneration for furtharse long adsorption processing time, asitity

and aggegation in aqueousolution and causingadditional pollution during recovering\
possible solution to aforementioned problem stated is using biodegradable adsorbents
hydrogel as scaffolds to generate new composite in adsorbentl@adsorbentl
@adsorbent3@adsorbent4@@adsorbent fashion

This work addresss the problem stated above. In this work, biopolyihasedhydrogel
polyvinyl alcohol polyvinylpyrrolidond acrylamide grafted starthhitosari graphene oxide
(PPSgCG)L-cysteine functionalized grapne oxidéchitosatipolyvinyl alcohol (PCCFQG)

and L-cysteine stabilized zero valent ironi chitosaii polyvinyl alcohol CZVI-CSPVA)
hydrogelwere synthesized by instantaneous gelation (physicalidirdsag) method, which
avoids cytotoxicity. PPSgC8ydragelwas synthesized from PVA, PVP; g AAm, CS and

GO. PCCFGhydrogelwas synthesized fromilcysteine functionalized GQshitosanand
PVA. CzVIiCS PVA hydrogelwas synthesized fromilcysteinestabilized zerbvalent
iron, chitosan and PVAThese hydrogelpossesainique functional groups such as thiol,
amine, amide carboxyland hydroxyl, which have ability to scavenge heavy metals from
waste streamTo the bestof our knowledge, there is no report on such novel composite
hybrid hydrogel employed for heavgnetal decontamination from aqueous solution. The
result of this work can be an excellent model to decontaminate heavy metal ions from

wastewater by biodegradable materials, which avoids additenvironmental pollutions.

1.3. Objective
1.3.1. Main Objective

The man objective of this work is to synthesis biopolyintgased adsorbent hydrogels and

adopt for Ct*, PF* and Cd*ions removal from aqueosslution



1.3.2. Specific Objective
This work is try to achieve the following specific objectives. These are:
i. To synthesisand characterized®®PSgCG,PCCFG and CZVIi CS PVA adsorbent
hydrogel
ii. To investigate the adsorption capacity of PPSg&@ CZVIi CS PVA adsorbent
hydrogel towards Cf ions in single and competitive environment.
ii.  To investigate the adsorption capacity of PGC&dsorbent hydrogel towards to?Pb
and Cd" ions in singleand competitive environment.
iv.  To investigate the adsorption mechanism Jf @n onto PPSgCG an@l’* ion onto
PCCFG byusing DFT

1.4. Scope of the Study

The scope of this work is to synthesizeddsgradable adsorbehiydrogeland used for
removal of CF*, P¥* and Cd" ions through adsorption from aqueosisiution by batch
modes of operationThe adsorption capacity of PPSgCG abdVIi CS PVA hydrogel
towards Ct, and PCCFGhydrogeltowards PB" and Cd* in a single environment were
studied.Due to robust active adsorption sites they possess, these hydrogels may have high
adsorption performance towards these heavy mdthisadsorption capacity of the hydrogel
also studied in competitive environnie i.e., adsorption capacity of PPSgCG hydrogel
towards Ct* ion in presence of sulfate ($Q ion, phosphate (Pf) ion, nitrate (NQ@) ion,
chloride (CI) ion; and adsorption capacity of PCCFG hydrogel toward$dttal Cd" ions in
presence of Ciiion. The synthesized PPSgCG was also applied to remdtdo@rfrom
Batu Tannery effluent by batch modes of operatiime removal capacity of this hydrogel
adsorbent was compared with other similar reported adsorlbemteermorethe adsorption
mechanisy of CFP* onto PPSgCG and Pbonto PCCFG were studied by DFThe
conclusion was drawn based on the result and from observatibis work and further work

were recommendke

1.5. Significance of the Study

These days, heavy metals in particulat' " and Cd* ions can be found in trace in water
bodies, and still be very toxic, and impose serious health problems to human. Toxicological
study shows thdbngi termeffects of these heavy metal ions damage liver, kidney, lung and

bladder. According to WHOhe maximum concentration level in drinking water should be
6



less than 0.05 mb*, 0.01 mg T and 0.003 mg1 for C**, PF* and Cd" ions, respectively.
However, most of the effluents from wastewater treatment plant did not met the standard set
by concened organizations. For instance, the concentration of Cr and Pb at some sites along
the Little Akaki River were found to violate the drinking water quality criteria set by WHO
and Ethiopian Standards. Discharge of these effluents to the surrounding meviton
resulted inbioaccumulatiortendency and bionagnification through food chain. This level
should be reduced to permissible level by using high technologies but it incurs cost,
complicated treatment processhgghi energyconsumptionand additionapollution during
regenerationandrequired skilled human poweFherefore, developing low cost technologies
from biodegradable materials is recommended. The output of this dissertation will be an
alternative source of data for anyone interested in heatgl ilnas removal from wastewater

by adsorptionand mechanismof adsorptionusing biopolymer baseddsorbenthydroge)

which was synthesized from biodegradable materials.

1.6. Dissertation Structure
This dissertation includes five main chapters:

o Chapter onethis chapter intended to deliver a general overview of this study. It
comprises the background of the study, statement of the problem, objectives (both
main and specific objectives), the scope of the stagthe significance of the sdly.

o Chapter two:detailed literature review on the subject matter of the dissertation. It
includes adsorption isotherms, kinetics and thermodynamié$, ®¥* and Cd" ions
removal mechanisms (both experimental and theoretical investigation by using DFT),
reported CY, PK¥* and Cd" hydrogel adsorbents (in single and competitive
environment).

o Chapter three: this section is all about the materials and experimental design used to
conduct the experimental work. Detail chemicals, equipment, and software used,
characterizatio methods, concentration dysis methods, experimental sep, and
data analysis are included.

o Chapter four: this chapter discusses the results observed from the experimental and
theoretical work. All results observed during the specific objectives igetisih are
discussed in detail.

o Chapter five: conclusion and recommendations are provided briefly here



CHAPTER TWO
LITERATURE REVIEW

2.1. Industrial Wastewater

Water used for industrial purposes can be contaminated at any stages by heavy metals, toxic
chemials, fertilizers, and more. Lead, chromium, mercurgdmium arsenic, nitrates,
phosphates, oils, and petrochemicals are just a few of the substances that can be found in
industrial wastewaterSome are carcinogenic, poisonous tarats and aquatic lifeand

nori biodegradable, making them extremely difficult to clear from ecosystéfhen these
pollutants find their way into aqueous environment, they kill animals and flora, and disrupt
important environmental processd&autrophication is one of these réisuin which algae

forms in response to changes in the nutrients in water, and over time deplete oxygen, killing

other aquatic life and leading to dead zones.

Products like metals, textiles, and food contribute the most to hazardous wastewater through
contaminants like dyes and plastics as well as the chemicals used to treat those products. The
proliferation of water pollution prompted the Environmental Protection Agency (EPA) to
propose the Clean Water Act in 1972, which finally allowed for regulationthe proper
treatment of wastewateow, many manufactures haveiaite treatment facilities for their
wastewater, or send their water to municipal treatment pl&tdaever, these treatment

options are sometimes inefficient, costly and notfical for smaller facilities.

Chemical industries with their rapid growth have increasingly created nuisances for living
beings and the environment. One of these nuisances is the generation of large volumes of
wastewater contaminated with heavy metals whose Hlgibiity in the aquatic environment

poses serious threats to all living organisms. Several industries have contributed to this
problem, with the most prevalent contaminants being lead (Pb), chromium (Cr), cadmium
(Cd), arsenic (As) and mercury (Hg). Thedssavy metals are known to be toxic and are
usually generated by electroplating, printed circuit boards manufacturing industoied

processing industries, and tanning industries.



2.2. Heavy Metal Removal Technologies

Removal of pollutantg particularheary metal ions from wastewater is of prime importance

for a clean environment and human health. Different reported technologies were devoted to
heavy metal ions removal from variouslustrial wastewater sources. These technologies
could be classified inteonventional and modern technologies. The physical and chemical
conventional techniques that have been employed for decent amounts of removal of heavy
metals include  precipitation, adsorptjon ion  floatation, ion  exchange
coagulation/flocculation and el@ochemical processe€onventional techniques produce
large amount of toxic sludge that needs treatment with chemical stabilization followed by
proper disposal and selectivity encountered in the conventional methods

Chemical precipitation and coagulatiiocculation while being among the simplest and least
expensive technology requiring easily operable equipment, are not quite effective for treating
wastewater with high acid conteMost metals are precipitated as hydroxides, however other
methods suclas sulfide and carbonate precipitation also in commo(Weseg, Hung, and
Shammas 2005)Use of MgO as a precipitating aggmoduce grainy, dense and easily
settleableand dewatered sludge than using lime as precipitating #8emotl, Abid, and
Al-Shuwalikl 2011) Calcium hydroxide used as a precipitating agent for removal of Pb and
optimum removal efficiency was found at pH (®u 2019) Chemical precipitation is
characerized by production of a high water content sku@dgd expensive disposal process.
Besides, chemical precipitation process camb#ective in the removal of metal ions of low

concentration.

Since the introduction of adsorption in the 1940s, activated carbon has baepdnint

and prime choice fothe treatment and recycling of industrial wastewater to potable quality
waterbecausef its good adsorption capacity due to small particle size, activevéleaces

and high surface area. However, largmale utilization of activated carbon for wastesvat
treatment is not feasible because of its high cost of production and regeneration
(Cheremisinoff and Ellerbusch 1978)

lon flotation is one of the most accepted techniques in metal removal from industrial
wastewater. Various lab scale and industrial scale removal of metals from wastewater have

been reported with various efficiencies. Bodagh et al. studied the removal of cadmium from
9



aqueos solution by foam flotation with rhamnolipid bsurfactantas an ion collector
(Bodagh et al. 2013 aseidifa et al., eported that lowevel removal of Cr, As, Pb, Cd and

Hg ions form aqueous solution have been achieved using cysteine reacted with octanoyl,
decanoyl and dodecanoyl! chlorifiEaseidifar et al. 2017)on flotation characterized by its
simplicity, flexibility, low energy consumption, small wwhe sludge production, and acting
selectively in industrial applications. However, metal ions are difficult to be separated from
the collectors due to they remain still in the form of complexion, which limits itsilacgée

application(Peng et al. 2019)

lon exchangés another classical method for heavy metal removal from industrial wastewater
with a solid capable of exchanging castanionsAdvantages of using this method are that it
can remove the parts per billion (ppb) levels while managing the relatively large volume.
However, it cannot be effective in the case of using concentrated metal solution due to
exchange matrix gets elgsfouled by the organic and other solids in the wg&aei and
Bartkiewicz 2009)

Electrochemical treatment of industrial wastewater is based on direct passage of current
through an aqueous solution contaghimetal ions between tleathodeplates and insoluble
anodes. The reduction of hexavalent chromito trivalent chromium, electrochemically
precipitation in an alkaline medium was mostly studi€tdaudhary, Goswami, and Grimes
2003; Cheballah et al. 2013 lectoi chemical processes treatment of industrial wastewater
offers the following advantages: high removal efficiency, metal selectivity, lower level of
produced sludge and no additional chemicals required. However, it has some limitation, such
as pH sensitive process, higicost electrode and its subsequent electrical energy
requirement, which make it relatively higher cost technologhdsdelRaouf and Abdul
Raheim 2017hb)

Membrane separation process is a modern technique in which wastewater is forced through a

semi permeablemembrae at high pressure to separate specific heavy metal from the

solution. Membrane separation process mainly be governed by adsorption, sieving and

electrostatic basic principles. The dadtective analysis and selectivity of materials are the

most importat parametershat need to be analyzed for use of these matéB8aiestha et al.

2021) Electrodialysis (ED) is among the most economic in recent technology of membrane
10



type that can be applied for the removal of metal ions through electrically driveih ion
exchange membran@Rodrigues et al. 2008)The method further has theantage of
producingeffluent water that can be reused besides removing even lower concentrations of

metal ions from the effluents.

The other efficient solution for the treatment of wastewater is the use of super adsorbent
polymers. Dutta et al. preparegaft copolymers of polyacrylonitrile onto Arabic gum and
employed for removal of By Cdf* and Cd* from the wastewatgiDutta and De 2017)The
maximum super adsorbent capacities were found to be 1017, 396 and 413fongPty”,

Cd?* and Cd* respectively. Alarge variety of materials has beebservedrecently for
fabricating the membranes and the adsorbents to find the best removal efficiency. Novel
chelating, membrane, the PVA/poly(ethgheimine) (PEI) has been prepared and studied for
the removal of PB, Cd?* and C§* with maximum adsorption capacities of 0.729, 0.525 and
0.692 mmol g for PI¥*, Cdf* and Cd" respectively . Algureiri et al. prepared spiral bound
RO membrane and used femovalof Ni?*, P¥* and C3d* from industrial wastewater with
remozal efficiencies of 98.5, 97.5 and 96%, respecti@igureiri and Abdulmajeed 2016)

Wei et al. fabricate hollow fiber membrane with polyamide film on the inner side and
employed for removal of Cr, Cu and Ni from electroplating wastewater with removal
efficiencies of 95.76, 95.33 and 94.99%, respecti(@lgi et al. 2013)

Although previously studied adsorbents have shown good retention and almost complete
removal of heavy metals, they have solingtations such as higher mixing rates needing
higher energy, lower removal rates, high limgt capacity and slower reduction, fouled by
other pollutant (e.g. ldrexchange technology), highly pH and temperature dependence (e.g.
lon floatation technologyand high cost operation (e.g. Electrochemical methbal)fulfill
the need for better techmgjy, recent studies have focused on a particular method for heavy
metal ions removals, such as adsorption using synthetic and natural adsdrpemige)
nand partides and nanotechnologyadvanced oxidation processesgctrodialysis,and
membranediltration Adsorptiori based separation of heavy metal ions from wastewater
used different adsorbents, such as carbbiopolymei, mineral , magneti¢, and metal
organic frameworksibased adsbent. Several polymeric materials and variety of
n a n o ma tare hyidragelbase been developed to enhance the removal efficiency of the
heavy metals.
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Carbon based adsorbent is extensively used in the applications of heavy metal removal
owing to their tremendous surface area (5A®00 nf g*) (Karnib et al. 2014)The carbon
surface charges can be enhanced by surface functional groupsrfalization to improve

the heavy metal uptake. However, the current surface modification techniques demand high
heat/pressure, strong acid/base, or intensive oxidation/reduction reactions. This complex
preparation process makes the carlb@sed adsorbent&xpensive, burdening their

widespread use in industrial applications.

2.3. Adsorption

Adsorption is surface phenomenon of accumulation of species onto a liquid or solid phase
from a bulk phase is termed as adsorption. The development of isotherm modaisybyuir
andFreundlich and the kinetic models developed lygergrenand Ho were some pioneer
significant contributions in adsorption. Adsorption on solid phasa process in which
adsorbatedsorbed on to the surface of adsorbent through physicar aaimical processes

from bulk solution phase. These processes involve transfer of metal ion from bulk solution to
the surface of adsorbent, pore diffusion (internal mass transfer) from the surface to inner
surface of adsorbent pore structure and adsorgtiadsorbate onto active site of adsorbent.
The adsorption may be throughn der Waaldorces, electrostatic attraction, ion exchange,
ioni pair interaction, catidrd , and hydr op(Bhath iSreedhary ahd BRadmagan
2017) The adsorption is affected by nature and dosage of adsorbent and adsorbate, metal ion
concentration, ddons concentration, pH and temperature of aqueous solution, isotherm and
kinetics of adsorption, contact time or ags#tion rate, and presence of ionic salts and

surfactants.

2.3.1. Adsorption Kinetics

To predict the adsorption mechanism, ratead$orption and rateletermining steps of the
adsorption process, adsorption kinetics models were used to ibtdmprexperimentadata
Adsorption kinetics provides insight into the reaction rate and the sorption mechanism
involving mass transfer, diffusion, and reaction on the ddsursurface during adsorption.
Adsorption kinetics involve the changes in the sorption propertighstime for the system,

where the degree of surface coverage provides insight on the rate of a process. Both sorption
and desorption processes are tdependent, and it is essential to evaluate the rates of

adsorption for the design and regeneratidnthe adsorbentHence, an understanding of
12



adsorption and desorption kinetics and their kinetic parameters are important since such
parameters enable characterization of the movement gbtbetwithin and onto the surface

sites of the sorbent. Knowledgéadsorption kinetics has gained much attention because the
surface chemistry and the adsorption mechanisms contribute to practical applications in

wastewater treatment.

Kinetic adsorption studies provide information about optimum conditions (contact time
temperature, adsorbent dosage and pH), mechanism of sorption, and pas$sibigting

step In order to investigate the mechanism of the adsorption process, kinetic models are used
to test the experimental isotherm results. Kinetic studies of thesgygvide information on

the rate at which the process occurs and insight on thequolibrium steps of the adsorption
mechanism(Tan and Hameed 2017)he contact time between the adsorbent and the
adsorbate is an important parameter governing the extent of an amsg@muicess. This is
because it provides information on the sorption kinetics of the adsorbate for a given initial
dosage of tb adsorben{Singh, Tang, and Tachiev 2018)ence, it is necessary to study the
effect of the contact time on the adsorption ability of biopolymer adsorbents with model
species of interest such Bsavy metalsThe most common kinetic models used to monitor
the kinetics of adsorption processes asgergren'spseudefirst-order model and Ho's
pseudesecondorder model, while interfacial an particle diffusion models arenost
commonly used to determine theeahanism of adsorptioetails of the equations used for
each model are given in Chapter 3.

2.3.2. Adsorption Isotherms

The adsorption isotherm models, such as the Langmuir, Freundlich, Temkin, and Dubinin
Radushkevich (DR) isotherms, describe the interaction between the amount of adsorbate
adsorbed and left in the solution at equilibriubhe Langmuitisotherm, is based on constant
surface activity during adsorption and no lateral adsorbate interaction, hence monolayer
coverage assumption. The Freundlich model equation is an empirical equation that describes
multilayer adsorption with the interactiontiseen the adsorbent and adsorbate. The Temkin
isotherm, assumes that the heat of adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbeatisorbate interactions. Details of the equations used

for each model are given Chapter 3.
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2.3.3. Adsorption Thermodynamics

The thermodynamic parameters, typically Gibb
change ( stdhdhjde ntarnodpy change (@SU) can predic
adsorption. These parameters are important to understand nature of adsomptiordesign

specific adsorbent at different temperature. The spontaneity and nature of adsorption of

adsorbate onto adsorbent also determined from these parameters.

Negati ve Viadicates sponfeeitygpfzadsorption processeghe absolute vak of

o G decreases as temperature increases shows treedsgeaction decreasasd decreases

with temperature indicating the adsorption process is favorable at high tempetiiturets

al. 2019) A p o s valué sows tlptthe process of adsorptisrendothermiqYana

Bagbi et al. 2017) The negat i%imicatesatheuexotherrhic ngeHof the
adsorption processThe entropy of the adsorbate is related to the degrees of freedom
associated with the adsorbesdsorbate interactin s . A  powluet shaws thapS
randomness is enhanced whereas a negative value indicates a decrease in randomness at the
adsorbent surface during the adsorption @ss¢Liu, Han, and Chen 2002pPetails of the
equations used for each model are given in Chapter 3.

2.3.4. Adsorption Mechanism d Heavy Metal

Understanding the processes of heavy metal iongvahirom aqueous solution is highly
dependents on the understandifighe mechanism of adsorption on the surface of adsorbent
(through functional groups). However, it is very complicated, and time consuming work to
identify the adsorption mechanism ofdvg metal ions by the adsorbent. Researchers have

made some efforts to identify the mechanism through different methods such as XPS, XRD,
SEMI EDX, FTIR, and computational quantum mechanism. Generally, the adsorption
mechanism is through electrostatic attien, complexation and chelation, ion exchangei, ion

pair, cationtd , Van der Waals force, and hydrophobi c

chelation and complexation mechanism plays a great role in removal of heavy metal ions.

I.  Electrostatic attraction
Electrostatic attraction refers to the electrbstéorce of longrange interaction occurring
bet ween the attractive electrostatic adsorpt

particles or uncharged pmies (Yu, Shao, and Hou 2017An electrostatic attraction ia
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physical adsorptianwhich includesvVan der Waalsnteractions between the adsorbent and
adsorbatePhysical adsorption is an exothermic prooggh low adsorption enthalpy, which

is normally favored at low temperatur@®hysical adsorption is characterized with low
adsorption or binding energy, which shows weak bonding between the surface of adsorbent
and adsorbateElectrostatic attraction betweeneavy metal ions and functional groups of
adsorbent is based on the protonation angeonation of the functional groups in aqueous

solution, which depend on the solution pH.

Adsorption of CF* on the adsorbent is mainly through electrostatic aitnrad¢ivuan et al.
2019) adsorption and reductiqiRen et al. 2017pr plain adsorptior{Nasseh et al. 2017)
Reduction of C¥ to Cr* is mandatory for effective removal of chromium. Acidic conditions
and existence of electrons causes the reduction®t&Cr*at the surface it was adsorbed.
The conversion (reductiprtakes place directly or indirectlfPark et al. 2008)In direct
conversion the Cf are attached to adsorbent sites that can donate electrons suchtasQ

N i atom, and $atom Whereas in indirect conversion the’Cattached on the adsorbent site
is reduced by the electrons from the adjacent functional groups. In aqueous solttion, Cr
oxyanions is mainly present in the form of chromate ion ¢(€)Odichromate ion (GO7% ),
chromic acid (HCrOy), and hydrogen chromate ion (HGiOdepending on the solution pH
(Mukhopadhyay, Sundquist, and Schmitz 20@Vyariation in pH is a determinant factor and

plays an important role in the Cr removal from aqueous solution.

Protonation of the nitrogen, sulfur and oxygeontaining functional groups in adsonbeat

low pH (strong acidic condition) result in a large amount afltdw removal efficiency were
observed at lower pH due to the competition @Hor H' ions with PB* and Cd" in the
solution and repulsion of Pband Cd" and the protonated functiodngroup (Ahmad et al.

2017) When pH increased (weak a@diondition), the negative charges of the adsorbent and
the active site increased, which enhanced the complexation between the adsorbefit and Pb
and Cd" via electrostatic attraction and/or chelation. However, in adsorption processes, the
adsorption effieency is decreased as pH increases further even if the deprotonation of the
hydrogel surface increased as®*Pand Cd" convert to a hydroxide form and precipitate
(Moradi et al. 2017)It was reported thidahe negative charge dueithH (Ghaedi et al. 2018;

Yin et al. 2016)7 S (Zhang et al. 2016xandi O (Yu et al. 2017)present at the surface of the
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adsorbents can attract #tand Cd" ions via coordination interactions and electrostatic

attractions.

ii.  Coordinationi complexation or chelation

Complexation orchelation is chemisorption phenomena, which is characterized with high
enthalpy of adsorption and favors at high temperature. Moreover, the activation energy is
high during adsorption of pollutant via chelation daechemical bonding formeletween

the asorbent and pollutanComplexation occurred through electron sharing between the
metal ions and functional groupshich bears electron reach elements such as O, N and S
atoms. This phenomenon was explained by the decrease in electron cloud denstirani el
reach element and the increasing of binding en@tigy Lu, and Luo 2014)Adsorberitmetal
complex occurs through aoordinated covalent bond. Chelation mechanism was more
elaborated based on bridge and pendant m@igawa, Oka, and Yui 1993Bridge model
supposed that metal ions are bounded to seveiakamn thiol groups from the same chain or
from different chains, via intfaor intermolecular complexions. Pedant model proposed that

the metal ions bonded to aminetliol groups in pedant fashion.

2.3.5. Theoretical Investigation of Adsorption Mechanismof Heavy Metal

I.  Quantum mechanics

In the early twentieth century Max Planck propobktkbody radiation which wasund to

be emitted by microscopic particles. This was limited to certain discrete values, i.e. it was
6guanti zedd. B o u n dartieulare ard limited ® discrete enérgesifeyels)i n  p
as indicated by their ultraviolet and visible line spectra. Thus the promising candidate was
wave mechanics, since standing waves are also a quantized phenomenon. Later De Broglie
demonstrated that mattcan indeed be shown to have wavelike properties. Thus the primary
features from their work were that wave function does exist for any (chemical) system, and
that appropriate operators (functions) act upon to return the observable properties (such as
Enagies) of the system. This led to the introduction of quantum mechanics and the basic
equation was the Schrodinger Equation as given bitow?2.1)

HY =EY (2.1)

The wave function or  describes the state o

also known as state function or wave function and contains all the information that can be

determined about the system. H is the Hamiltonian (i.e., energyatopef the system and E
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is the energy of that particular state. The equation can be solved approximately where the
approximation methodsan be categorized as eitlai initio or semi empirical. While ab

initio gets its origin from first principles (i.eat start); semi empirical methods uses
parameters that compensate for neglecting some of the time consuming mathematical terms

in Schrédinger equation

ii.  Density functional theory (DFT)

The dectronic wave function of anielectron molecle depends on 3n agpal and nspin
coordinates. Since thidamiltonian contains only oineand twa electron spatial terms, the
energy can be written in terms of integrals involving only six spatial coordinates. Iseg sen

the wave function of a maihglectron molecule contzs more moleculap r b i tham lisé s
needed and is lacking in direct physical significance. Can the molecular energy be expressed
in terms of the first order spinless density matrix (which is a function of the spatial
coordinatesof one electron) and theesond order spinless density matrix (which is a

function ofthe spatial coordinates of tivelectrons)?

Hohenberg and Koh(Hohenberg and Kohn 196g¢yoposed that the ground state molecular

energy, wave function, and all other molecular electronic properties are uniquely determined

by the ground state electron probahbriadles.t y der
Here electrons interact with owhehisnoceasher and
uniform electron gas where the external potential is uniformly distributed as a positive charge

is assumed. The Integration of Density should give tfines us the total number of electrons.

The final step leads to the solution of the Schrodinger equation gEL), (which is

prohibitively difficult due to the electrdrelectron interaction term. In order to make things

simpler, the electrori electron inéraction terms theHamiltonian operator for a non

interacting system of electrons is assumed as a sum of one Electron Qpenatbris

simpler to achieve. Then an external patdns devised for the electrbalectron repulsion

term. The correction tohe kinetic energy deriving from the interacting nature of the
electrons,which are simply the entire nbclassical corrections to the electietectron

repulsion energy and kinetic energy.
ElrOIFT,L OI+V,L M ¥ [ Ol FO0] r V1.0 (2.2)
Where
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nuclei

VJJ(ralﬁ;LJ (2.3)

K r-r

rg) Ar.)
V4 ( r%)ﬁ]qﬁ_rinrldr2 (2.9

Here the last two terms indicate the corrections due to the kinetic energy and theielectron

electron repulsion energy. We have:

El ( ra Lolx) Ox A2 k) g ANt AT D bl x) B (25
‘ |r f 0, 2|‘r-r ‘
Hence
=a (x]x)) (26)
Solvefor
hex =g X 2.7)

1 nudlel 7. L r(r)

== ® 3 e dr v,
2 k |ri - rk| h-r ‘ (2.8)

VXC = dEXC
ar

Exchangécorrelation potential ¥ is found as the functional derivative of.E

dE_[r
XC:% (29)
If Exd } | i's known, it s f unagndiandn\g is kndwe.r Tihis st 1 v e

similar to aHartree-Fock operator, except that the exchange operators are replaceg.by V
This handles the effects of both exchangat (symmetry and electron correlath. The
equation above is a first derivative of a function of a single position which depends both on
the density and the gradient of the density, atslled as GeneralizedGradient
Approximation (GGA). Hylrid functiona] GGA and met&GGA (Table 2.1) are used to

calculate K by using Kohit'Shamo r bi.t al 6 s
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Table2.1. DFT Functional

GGA  Meta GGA Hybridi GGA  Hybrid metdaGGA Rangéseparated hybrids

PBE MOG6I L B3PW9I1 PW6B95 ¥ B9 ¥YD8
OLYP TPSS BHLYP TPSSh ¥yB97X
BLYP revTPSS PBEO MO6i 2X ¥B97
BP86 I B3LYP MO6 LCIBLYP

| | B3LYP/G T CAMTB3LYP

iii.  Heavymetal adsorption mechanism studyoy DFT

The adsorption mechanism and kinetic model of biopolymer such as chitosan based tadsorben
is still known not clearly. So, further understanding of adsorption mechanism via various
characterization methods and theoretical investigation (such as DFT) should be carried out in
order to get clues for modification and regeneration strategies. &ileadrinvestigation by
means ofab initio quantum mechanics calculations such as DFT is one way of estimating

possible adsorption mechanism of heavy metal onto the adsorbent.

Several computational quantum chemical methods with different model chemistey w
invoked to investigate mechanism of adsorption of heavy metal ions on adsorbent. Based on
interaction distance (bond length) and total binding energy, coordination potential of
chelating groups in adsorbent with metal ions were identified. Ribemb, éRibeiro, Reis,

and Pereira 201%tudied the interaction of vanillin monomer with dCu*, P, Ho,

Zn** and CPF* by using DFT with hybrid functional wB9MD. The 631+G (d, p) basis set

was used for C, N, H and O atoms and the Los Alamos National 2 Ddekdeeffective

core potatial basis sefLANL2DZ) was used for the heavy metal ions. The effect of water as

a solvent was simulated by using the Implicit Solvation Model based on Density (SMD). The
reactivity index such as chemical hardness and softness were calculated from &@MO
LUMO energies. Moreover, molecular electrostatic potential (MEP) was used to locate the
site of complexation/coordination, and nitrogen of amine group and oxygen of carboxyl
group, which has high density of negative charge, is responsible for comndinftmetal

ions with adsorbent. These regions were very electronegative and susceptible to electrophiles

attack. Based on electron densityplacianof electron density, total energy of the critical
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poi nt of connecti on? ions tade aRagomables interacton with e r y |

monomer.

Zhao et al.(Zhao et al. 2014)synthesized magnetic modified polyacrylamide micro
composite adsorbent by inverse migomu | si on pol ymer iimethylené n vi a
bis(acrylamide) as croitinker for removal of C#, P&*, C&**, and Ni** from aqueous

solution. They also reported that computational methods (DFT) was employed as a tool to
understand the adsorption mechanism. Based on the energy of HOMO (of adsorbent) and the
point charge, which is calculated with the help of NBQ,attms (more negative point

charge) of carbonyl and hydroxyl ibigdemateps i s

hydroxamato coordination mode) of metal ions.

Hizhnyi et al. (Hizhnyi et al. 2017)studied chromium adsorption mechanism on graphen

and B or Ni doped graphene and CNT and & Ni doped CNT byab initio computational

calculation. Geometry optimization and the adsorption of ,£rén the CNT were

investigated by DFT/B3LYP level of theory. The spithlance double zeta{&LG) basis ge

were used for GCatom and H atom and correlational cosgent polarized valence double

zeta (cepVDZ) basis set were applied for Catom and Q atom, and Gaussian 09 software

packag@ used as a tool. The adsorb@rO,* system with optimized geometryas divide

into two regions (two level ONIOM approach, low level and high level), the quantum

mechanical (QM) and the molecular mechanical (MM) during the calculation. The whole

adsorbent, which comprised of &om and Hatoms treated by MM, while the Cf which

comprised of Qratom and © atom treated by QM. To account the electrostatic interaction

between QM and MM, the electronic embedding was used. Exited electronic state,of CrO

anion and in adsorbed configuration were studied byitimeendent DFT{QM region).

Single energy calculation was carried out by the same model chemistry used in geometry

optimizati on. Chan gieeiighwhearehqe gug €o2 tdoesr ok HOy Qg =

of CrO in adsorbed state were calculated using Mullikenupaifon analysis. Electronic

charge was transferred fromthe GF®@ o adsor bent because @g i s n

70.60e toi 1.12e, which indicat€hemisorptionrmechanism of adsorption, transferred from

anion to the adsorbent. Bondrination occurdetween one Catom of CrQ* and either C,

B, or N atoms of the adsorbent. Doping the adsorbent wittatBm reduces the binding

energy () as wel | as the oq, weakening the chem
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anions and thedsorbent. Whereas gimg with N atom strengthens (stronger distortions) the
bonding between the anions and the adsorbent.

Wanget al.(Wang, Chenand Yang 20153tudies sorption mechanism of?bns onto GO

by DFT. The interaction of Bbwith i COOH andi COC were calculated, and $hons

prefer to bind withi COOH groups on GO surfaces (i.e., the binding energy of with i

COOH is higher tharthat of TCOC). Arshid B. et al(Bashir et al. 2020studied the
selective adsorption of Zi, Pf*, Cd**, and HG" ions onto potato starch phosphate polymer
with both experimental and DFT calculation. Based on a Mulliken charge analysis, oxygen
atoms of phosphate group carry more negative partial charges than termimgabsidig
oxygen, and hence responsible for adsorption of these heavy metal ions. Jiling Zhao et al.
(Zhao et al. 20203tudies the selective adsorption mechanism 6f Bims by UiG66-NH,

(MOF) modified with 1,8dihydroxyanthraquinone by DFT. Geometry optimization were
pefformed by the B3PW9D3 functional, and StuttgaBresderBonn basis set for Bband

the 631G (d) basis for other atoms. Pbj®as used as the model of%Pland Solvation

effect (HO) was evaluated with polarizable continuum model (PCM). Based on tlik bon
distance (i.e., with shortest bond distance) and binding energy (i.e., with greater binding
energy), PBi N interaction (monbdentate coordination) was more favorable than tHéi Pb

O (bii dentate coordination) ofi© and @H group for adsorption of Bh

2.4. Adsorbents for Heavy Metal Removal

Biopolymers (chitosan and starch in this case) based adsdnynoigelare active area of
research and promising candidate for heavy metal removal from aqueous environment. The
attention has been focused more on thedpction of adsorbents from renewable and
abundant resources like chitosan and statdiidrogel synthesized from these biopolymers
have attracted great attention in the removal of pollutants because of their intrinsic properties,
including biodegradabilt biocompatibility, and nditoxicity. Biol hydrogel are
biocompatible, biodegradable, possess lower toxicity, high degree of flexibility, and they
have good transport properties. The advantage of usydgogel as adsorbents based on
biopolymer is due tohieir environmentally friendly nature, ease to modify their structure, or

to functionalize with polymerizable groups according to the nature of the pollutant.
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In their natural form, bitbsorbents are soft and have a tendency to agglomerate in an agueous
sdution or form gel, and the chelating groups are not readily available for sorption in their
natural form. Toovercome these limitations and to improve the adsorption performance,
modification with organitinorganic materials has been reported. It is fdssio make
functional modification by specific functional groups on the surface of polymeric matrix to
improve their selectivity, adsorption capacity, and reusability (F. Ge et al. 2012). The
physical properties of inorganic materials with the intrindiernical reactivity of organic
materials perform better. Adsorbents are modified by thogsng, grafting or by changing

their chemical form or by engineered composite materials. Researchers employéd cross
linking, grafting and/or impregnation methods dbtain composite materials, which was

superior in adsorption performance than the native adsorbent.

The mechanical properties and adsorption performance of adsorbent also can be improved
through the incorporation of synthetic polymer (PVA and PVP in ¢h&se) and graphene
oxide into the structures as well as through the formation of composites. Moreover, the
formation of composites improves thermal stability and the surface area of biopolymer. This
literature review section includes adsorption, adsorptisetherm, kinetics, and
thermodynamics, PVA, chitosan, grafted starch, functionalized graphene oxide, and stabilized
zerd valent iron adsorbent, & PE* and Cd" ions removal mechanism, and DFT based

adsorption mechanism studies.

Adsorbents with reméable adsorption capacity towards’GiPlF* and Cd* ions have been
designed and developed by different researchers. A wide verities of adsorbent such as
biopolymer based hydrogéAhamad et al. 2019; Gokila et al. 2017; Habiba et al. 2017; T. Li

et al. 2019; Prakash and Vendan 2016; Yuvaraja et al. 2019; Zhou et al, 2&h&ted
carbon(ValentinReyes et al. 2019jnetal organic frameworKGhaedi et al. 2018; Jamali et

al. 2016; Vellingiri et al. 2018; Yu et al. 201 ¢arbon nanitubes(Hayati et al. 2017; Zhang

et al. 2012) siica (Li et al. 2011) smart nanomaterialsand nao engineered material
(Pandey and Ramontja 20160 and G@derivatives(Daneshmand et al. 2018; Mondal and
Chakraborty 2020; Nuengmatcha, Mahachai, and Chanthai 2015; Sahraei, Pour, and Ghaemy
2017; Yap et al. 2020have been reported for the removal of*CPKF* and Cd* ions from

agueous waste streams.
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2.4.1. Biopolymer Based Adsorbent

Biopolymers(natural polymerspased adsorbents are active area of research and promising
candidate for heavy mdteemoval from aqueous environment. They are remained attractive
as they offer feature sustainability, easy availability, minimum chemical needed, non
toxicity, low cost, regeneration opportunities, potentially degradability ariccdmopatibility

in nature Moreover, in their bulk structure they possess functional groups like amine,
hydroxide, carboxyl, xanthate groups, aldehydes, ketones, alcohols, ethers, and esters
(Ahamad et al. 2019)However, direct use is not sustainable and practical because low
surface area, lowdsorption capacity, poor mechanical properties, low chemical stability and

thermal resistance and difficulty of regeneration for reuse.

In their natural form, bibsorbents (adsorbent from biopolymer) are soft and have a tendency
to agglomerate in an aqu#s solution or form gel. Besides, the chelating groups are not
readily available for sorption in their natural form. To overcome these limitations and to
improve the adsorption performance, modification with organarganic materials has been
reported.It is possible to make functional modification by specific functional groups on the
surface of biopolymer matrix to improve their selectivity, adsorption capacity, stability, and
reusability (F. Ge et al. 2012)The physical properties of inorganic materials with the

intrinsic chemical reaatity of organic materials perform better during the adsorption.

Chitosan and starch are the most abundant biopol{ypfent polysaccharidgsand potential
candidates accepting chemical modification by various reactions such as amidation, carboxy
methylaton, ethoxylation, etc. Generally, biopolymers are good adsorbent for heavy metals.
However, their industrial application is limited since it is difficult to separate after use. Some
literature revealed that incorporation of magnetic inpadicles will faditate separation and
recovery after heavy metal adsorption from aqueous environfDahtan et al. 2017)But

magnetic recovery entails the use of strong magnets, which is uneconomical.

Bioi sorbent or sorbent containing biopolymer is mapiepared by crosnking reactions
via hydroxyl or amino functional groups and chains with a cross linker (to form gels), and
immobilization of biopolymer on insoluble support by coupling or grafting reactions (to get
hybrid or composite materials)AbdelRaouf and AbduRaheim 2017a)For instance,

chitosan and starch modification is mainly by chemical methods where grafting functional
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grougs or crosslinking is carried out or by physical methods where changing from flakes to
adsorberg occurred(Dahlan et al. 2017)Both the structural and the functional group
modification help chitosan and starch to perform better in adsorfitiahu et al. 2016)
Ahamad et al.,fabricate cobalt ferrite dispersed egg albunfermaldehyde bibbased
polymer metal complex (Cok®,) novel adsorbent for removal of €don (182 mg ¢ at

pH of 6) and methyl blue (480 mg' @t pH of 12)from aqueous environmefAhamad et al.
2019) According to the author, the egg albumen behaves as a souré¢daged carbon as
well as the capping agenand adsorption occurs via electrostatic coxgtien The bi
metallic cobalt ferrite offers the adsorbent fast nedignseparation for further us&he
adsorption follows pseudsecond order kinetics and Langmuir isotherm for both pollutants.

Incorporation of magnetic nanparticles to the compositasorbent is not only offered easy

and quick separation with the aid of external magnet after use but also they foster the
adsorption due to their adsorption capacity and intrinsic large surfaceqFatedi et al.

2017) Leaching of narigarticles durig their use should be considered during the inclusion

in the adsorbent.

Dax et al., synthesized cationichemicelluloses (methacrylate inserted i@cetyl
galacotoglucomannan, GGM) based hydrogel by tresterification reaction for removal of

As>" and CF* from aqueous environme(ax et al. 2014)Methacrylate monomer bearing a
guaternary ammonium group was responsible for charge (+ve) of the adsorbent. Higher
sorption was determined for Ador an increasing swelling rate because of increased amount
of quaternary ammonium groups available for ion exchange with arsenic oxyamnlms
maximum sorption was 48.17 mg of Aper gram of hydrogel. For & sorption was higher

for lower swelling rate. Moreover, the sorption is pH dependent and maximum sorption for

both metals occurs at pH of 9.

Zhao et al.,synthesized magnetic mdiéid polyacrylamide micro composite adsorbent by
inverse microe mul si on pol ymer i z amethyenébis(acrygamide)s asn g N,
cross linker for removal of PH, Cd*, C/*, and Nf* from aqueous solutiofZhao et al.
2014) Hydroxamic acid group surface modification/functioraian of magnetic
polyacrylamide was applied to lower swelling property and to from stable chelation with
heavy metal ions. Swelling rate of magnigticlyacrylamide (ZPG= 5.26) was decreased

24



with increasing pH of solution. At low pH, protonation of amgieups causes catibcation
repulsion resulting in high swelling rate and the inverse is true at higher pH. Whereas the
swelling rate oHydroxamicfunctionalized magnetic polyacrylamide (ZRG.01) increased

with pH because of ionization éfydroxamicgroups ( CONHGO) resulting in electrostatic
repulsion among themselves. The adsorption for single metal follows the order of:
Cd*>C?*>Ni**>Pi*, which is the inverse of hydration number to hydrated radius ratio. But
Pk is easily captured by the adsorbemder competitive adsorption because of highest
stability constant it forms with hydroxamate in aqueous solution, and the adsorbent is more

selective to PH for multi metal adsorption.

Zhou et al.,developed bibbased polymeric adsorbent for the remoof PH* from
wastewater. The adsorbent synthesized by graft polymerization red&ettoereensurface
modified biomass cyclosorusinterruptus (CI), which serve as a support and acrylonitrile
(AN), followed by amidoxime (NRHOH.HCI) functionalization(Zhou et al. 2016) The
protonation and deprotonation of amino groups of amiioe highly dependent on the pH of
solution and maximum sorption capacity (78.76 rifgag 298 K) was obtained at pH of 5.5.
Since the first order hydrolysis constant ofPis 6.3 x 1, hydrolysis of P occurred
above pH of 5.5. Moreover, they reptat the adsorbent forms & bentate ligand P and

stable fivé membered chelating ring can occur between orfé &gl one amidoxime group.

The adsorption follows pseudo second order and Langmuir isotherms.

Boddu et al.prepared composite hisorbent(chitosan coated on alumina) characterized by
SEM, XPS, and BET, for removal of €ifrom aqueous solutiofBoddu et al. 2003) Oxalic

acid is used to form bridge between chitosan and alumina. Chelating groups such as
CH,OH, i CO, andi NH, are responsible for adsorption of’Cand the maximum adsorption

capacity was 153.8 mg €mer gram of chitosan at pH of 4.

I. Chitosan basedadsorbent
One of the recent developments to remove pollutants from aqueous environment is the use of
modified chitosan as adsorbenffable 2.2) However, low adsorption performance of
pristine chitosan adsorbentsnlis their application in wasieter treatment. For instance,
pristine chitosan has been widely studied and frequently applied for heavy metal removal due
to its good gale forming ability, biodeadability, and richness in the amine functional group
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(Yuvaraja et al. 2019)However, low surface area, poor chemical stability, and weak

mechanical strength limit its performance and application in wastewater treatment.

Chitosan blended with carbonaceouaterials, such agraphene oxideGO), is considered as
sustainable and cost effective for heavy metal ion removal owing to its unique properties
including better chemical stability and improved mechanical strength. However, non
selectivity, weak affinity, relatively interméte adsorption performance, and slow kinetic

adsorption limit its wide application in heavy metal treatment.

Chitosan is easily amenable to chemical modification and activation due to the presence of
reactive amino and hydroxyl functional groups. Thectiga amino and hydroxyl functional
group in chitosan are responsible for easily chemical modification of chif®8ang and
Zhuang 2017)Grafting (i.e., Ni atom or Oi atom reach groups such as amino, quaternary
ammoniumthiol, and carboxlygroupsand crosglinking (H. Ge, Chen, and Huang 2018k

widely used in chemical modification of chitosan. Mover, introduction of materials
containing hetero atoms such as N, P, anat@ns into the backbone increases adsorption
performance othitosan. Crogdinking is used to reinforce the chemical stability of chitosan,
which increases the chemical stabilignd physical strength. However, cridgsing
consume the reactive functional groups of chitosan. To overcome these problems and to get
adsorbent with better selectivity and adsorption, different functional groups, such as carboxyl
groups, sulfur groupsa mi no gr oups, iaycledextrignio(Alshpiseetaanh d b
2016) are grafted on the back bone of chitogam et al. 2016) Some report shows that
mechanical strength, thermal stability, and adsorption padoce of chitosan were
enhanced by inclusion of carbon namaterials, such as CN{Gopi et al. 2014and GO

nana partides (Luo et al. 2019) Adsorption performance also enhanced by using targeted

pollutant as a templat@ang et al. 2017)

Chitosan based adsorbehtsve attracted increasing attention in wastewater treatment in the
past f ew year svelamicoaand ledrokyt fanstional ggrups, it is easily
modified through physical and/or chemical methods, it is biodegradable polymer, ifiis non
toxic, it is environmental friendly and it is cheap and abun@@appuhamillage et al. 2019;
Gokila et al. 2017; Paulino et al. 2011; Prakash and Vendan 2016; Shaker and Yakout 2016;
Yuvaraja et al. 2019; Zhang et al. 2019; Zhao et al. 2Q18B) et al.,synthesis GO/CMC
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composite aerogel foremoval of heavy metals from water, and maximum adsorption
capacities were 249.38 mg' dor PK¥*, 151.30 mg @ for Ag*, and 95.37 mg §for C**
(Luo et al. 2019) The aerogel was synthesized by using vadassisted salassembly, and
freezé drying method. GO incorporation to CMC (decomposition temperature up t€B300
increases thermal stability of aerogel (decomposition temperature up %6)9090u et al.,
synthesis hericellulose crosdinked CMC for removal of toxic heavy metals from agueous
environment, and the maximum adsorption capacity were 909.10'fog §of*, 363.3 mg g

! for Ni?*, 333.3 mg g Cu**, 28.2 mg & for Hg?*and 49 mgy™ for Cr°* (Wu et al. 2017)

Yuvaraja et al.,prepared ZnO incorporated terephthalaldehyde and thiosemicarbazide
modified chitosan for PB ion removal from aqueous environméiuvaraja et al. 2019)
Chitosan modification$ ¢ h ibdséddosmation) may occur through the free amino groups of
chitosan with an activaldehydegroup ofterephthalaldehydeznO nanoparticle employed

to offer stability and mechanical strength. This complex adsorbent consaipfiur
functional group in addition to hydroxyl and amine functional group and adsorptiorfof Pb
occur through these sites. This result shows th&f Rémoval mechanism might be
complexation/coordination, electrostatic attraction, ionic exchange apoipitation. The
maximum removal was achieved at pH of 5.0. The adsorption folR®8@G kinetics and

Langmuir adsorption isotherms.

Prakash et al.prepared nylon6 and montmorillonite clay blended chitosan by casting
processeqPrakash and/endan 2016) They also add starch to facilitate binding effect,
binding of silk with chitosan, and glutaraldehyde were used as itirdgsg agent.
According to the report, blending with clay and nylon foster the porosity, which facilitates
faster diffuson of ions. This novel adsorbent was employed for adsorption Tf &ud C4"*

ions, and they reported that €thas better recoveries when compared t6"Cdoreover,
maximum adsorption of both metal ions occurs near to potential of zero charge (PZC) of
chitosan. They also reported that the adsorption follows Langmuir isotherm® 3@0d
kinetics, which is an indicator of concentration of both metal ions and adsorbent are

participating in the rate determining step.

Zhao et al. investigated adsorption of & and PB" on EGTA functionalized chitosan
adsorbent in aqueous soluti¢gdhao et al. 2013)EGTA immobilization on chitosan was
27



characterized by FTIR spectroscopy. EGTAitosan contains six sites; four carboxyl
oxygen and other one oxygen of EGTA and one nitrogen atom in amine of chitosem, wh
might participate in chelation. Six of these sites involved in bindintj &ud PB* forming
octahedral structure. They recommend for further studies to understand the complexation by
theoretical calculations such as theoretically calculatgdral bad orbital NBO) to predict

exact site of adsorption. They tried to locate point charge (both negative and positive) of each
atom by FTIR and concluded that EGilghitosan form octahedral structure with divalent
metal ions. The maximum of uptake of CdndPk* was 0.74 mmol g and 0.50 mmol g,
respectively and adsorption kinetics followP&O model but the rate of adsorption was
affeced by intréparticle diffusion.

Gokila et al, studied the removal of €rfrom aqueous solution by chitosaiginate mnd
composites novel adsorbent prepared by ionic gelation mé@akila et al. 2017)Sodium
tripolyphosphate and glutaraldehyde used as cross linker of chitosanpagiube and
chitosaiiialginate composite respectively. Alginate, water soluble linear polysaccharide, was
used as film forming propertyf chitosan, which is reduced upon ciidsking. The active

site on the adsorbent can either be protonated or deprotonated based on the pH of the solution
and maximum adsorption (147.15 mg)dakes place at pH of 5. The decrease in adsorption

at high 1 is due to the formation of soluble hydroxyl complexes. The adsorption follows

PSOkinetic model and Freundlich isotherms.

. Starch basedadsorbent

Starch has wide application in industries due to its low cost, biodegradable, and renewable
with specific ysid chemical propertieéX.-M. Li et al. 2019) It is a widely usé material

for making biodegradable plastics. However, pure starch properties such as relative high
solubility, instability at high temperature, pomrocesability, and poor mechanical strength

or high brittleness limit its industrial application includimwastewater treatmean et al.

2017)

To improve some of these drawbacks, starch was often blended with some biodegradable

synthetic polymers such as polyvinyl alcohol (PVA). Physical modifinaigsoachieved by

using hydrothermal processing (gelatinizatio@hemical modification is achieved by

incorporation of suitable functional groups into the starch structure using etherification,
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esterification, crogdinking, and grafting, acid or oxidatio@and enzymatic hydrolysis.
Chemical modification is mostly used method for improving starch phHyshemical

properties.

The hydroxyl group of starch is responsible for chemical modifications. They are chemically
bonded to various functional groups resigtin starch based composite with improved
physid chemical properties. Crddghked carboxymethyl starch QMS) were used for
removal of PB" (80 mg ¢"), and C4" (47 mg g') from wastewate(Chen, Zhong, and Fang
2012) Carboxymethyl sago starch hydrogel was used for removal®5f(E89.89 mg &),

CU** (21.93 mg ), and Cd" (14.58 mg ) from aqueous environme(Basri et al. 2016)
(Table 2.3) Result from TGA shows that the formation of hydrogel resulted in improvement
of thermal stability of carboxymethyl saga starch. Manganese ferrité pamicle covered

with thin layer of CMS also used for removal of’Pfrom wastewate(Perez et al. 2019)
Functionalization by crossinking is other waysof enhancing the physi¢ohemical

properties of CMS.

Magnetic hydrogehdsorberd polyvinyl alcohol CMS grafted with polyvinyl imidazole was
employed as an adsorbent for removal of'G83.60 mg &), PE* (65.00 mg ¢), and C4"
(53. 20 mg ) in agueous environmentPour and Ghaemy 2015Fhis hydrogel has high
porosity, and BET surface area due to incorporation of the magnetitépaaticies. Starch
and starch derivatives adsorbent has beet iosdheavy metal remedian (Table2.3).

2.4.2. Graphene Oxide based Adsorbents

Low adsorption performance of pristine GO adsorbentgditheir application in wasieter
treatment. Pristine GO with hydrophilic polar functional grotg®H, 1 COOH) and large
surface area has uniquesadption properties towards heavy metals. However, hydrophobic
surfaces and toxicity, and urecoverability after use (restacking) limit the application of GO.
The restacking and agglomeration problem of pristine GO in aqueous solutions can be
improved bycovalent functionalization with electron rich atoms bearing materials dr non
covalent modification/blending with polymers, such as chitosan, starch, PVA and PVP.
Blending GO with chitosan PVA (L. Li et al. 2015; T. Li et al. 2019)and surface
modification through functionalaion with electron reach atdfmearing materials

(Daneshmand et al. 201Bhproves the adsorption capacity as well as the selectivity of GO.
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However, monbfunctional group (amine or thiol) surface modification limit the application
in wastewater treatment due to the presence of theiwalint oxidation state of heavy

metal ions in wastewater.

Pristine GO contains an epoxide group on the basal plane and a hydroxyl group on the edge,
which easily react with other materials to form carboxylic functional gr@¢daeidparvar,

Naderi, and Ramanzadeh 2020)For instance, hydroxyl and amine functional groups
available on chitosan can establish effective interaction with GO to synthesizes new
environmentally friendly novel adsorbents for heavy metal rem@eddle 2.4) In addition to

this, carloxylic functional groups of GO easily react with amiin&ld,) (Huang et al. 2020;

T. Li et al. 2019)and thiol { SH) (Javidparvar et al. 2020; Yap et al. 202 ctional groups

during functionalization with other materials such &s\steine. The nitrogen, oxygen, and
sulfur atoms are preferable in scavenging heavy metalowing to their strong interaction.

For instance, in P capturing, PbS > PN > Pl O during interaction with materials such

as Li cysteine based on their softndsardness natur@li et al. 2021)

Li cysteine, which contains amine, thiol, and carboxylic functional groups is an amino acid
and a typical example of heavy metal scavengeraqueous solution. The thiol functional
group has excellent selectivity and a strong affinity for heavy metal ions. It shows remarkable
binding capacity with heavy metal ions through nidighnd interactions. The strong
coordinate covalent bond fort@n with heavy metal ions via softewis acid base

interaction makes {cysteine suitable for heavy metal removal form aqueous solution.

Recently, research shows that supporting amine and thiol functionali gemrpg materials
on solids, such as carboano tubegZhang et al. 2012)graphene oxid€Zhang et al. 2012)
silica gel (Li et al. 2014) and alumina(Xia et al. 2017) improves their adsorption
performance. For instance, surface modifications of GO with amine andith functional
group provides better selectivity, strong affinity, and improved adsorption capacity in binding
and removing heavy metal ions. In this regard, Daneshmand et al., showed synthesis of L
cysteine functionalized GO that can be used fof "Hgmoval (Daneshmand et al. 2018)
Huang et al., studied the adsorption properties of amino functionalized GO toR#fds
Ccd®*, CU*, and CF* (Huang et al. 2020)Seenivasan et al., researched the synthesis of L
cysteine functionalized GO/polypyrrole for nanocomposite film fof" Rletection m water
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(Huang et al. 2020Muralikrishna et al., studied the synthesis efyisteine reduced GO for
simultaneous electrochemical determination of ‘PEd*, C/**, and Hg" in the solution
(Muralikrishna et al. 2014) Nuengmatchaet al., researched the synthesis of thiol
functionalized GO adsorbent and studied its adsorption properties fOr rdmoval
(Nuengmatcha et al. 2015)

2.4.3. Zeroi Valent Iron based Adsorbent

The application of nafi@ero valent iron (nZVI) irsitu remediation of toxic heavy metal ions

in particular C#* and PB* pollutedaqueousolution has attracted extensive atten{i@ian et

al. 2019)(Table 2.5) nZVI have unique properties such as large surface area, fast reaction
speed, a strong reduction ability, éfreend, strong adsorption ability areh ideal cost
effectivenesgFang et al. 2011 )which makes them a promising candidates forcad range

of pollutants. The nZVI was prepared, mostlynano scaleby reducing iron with NaBH
However, because of their advanced dispersive properties, thesadsorents with small
dimensions are difficult to recycle and may lead to loss ofatteorbent and bring about
secondary pollution to the environmd@uan et al. 2011; Miao et al. 201R)oreover, nZVI
often aggregates arehsilygets oxidize resulting in decrease in adsorption efficiency due to
decreases isurfacearea and producing a less negative oxidatieduction potential’Y
Bagbi et al. 2017) For unmodified nzZVI, high surface energy and mstyomagnetic
interactions accentuated the saljgregation phenomenon, which becomes the main
difficulty in synthesizing the stabilized, walispersed nZVI suspensions that limits the
practical applications of nZVI in a variety of environmental systemsover come such
limitation, nZVI have been supported on different materislgh as chitosan, starch,
carboxymethyl cellulose, polyvinylpyrrolidone (PMR30), PVA, polyacrylic acid (PPA),
and zeolite. Zhang et al., prepared carboxymethyl cellugtgbilizzd nZVI for in situ
remediation of C¥ contaminatedsoil (Zhang, Zhang, and Fang 201&ustove et al.,
synthesized chitosan stabilized nzZVI for toxic heavy metal polluted wastewater remediation
(Kustov et al. 2011) Divya Chauhan et al., prepared chitosafZVI biopolymeric
nanofibers and employed for arsenic removal from wastew@ieauhan, Dwivedi, and
Sankararamakrishnan 201#)orzum et al., prepared chitosan fibgrpported nZVI particles
and used for the removal of arsenic from wdtéorzum et al. 2013)Pei et al., employed
Vinegar residuisupported nZVI for remediation of €fcontaninated soil in which G

adsorbed onto nZVI and react with the surface containing nZVI to be reducetf (E&ret
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al. 2020) Esfahani et al., synthesized polyacrylic acid stabilized nZV!I to remo¥/efien
aqueous sation (Esfahani et al. 2013¢hang et al employed kaoliniteupported nZVI for
PK** removal from aqueous solutio@hang et al. 2011)Kim et al., used zeoliteZVI

composite for P remediation(Kim et al. 213).

2.5. Summary of Literature Review

In recent years, with more strict environmental regulations, there has been a need for an
improved quality of treated industrial wastewater. Technologies like adsorption, membrane
filtration, electrodialysis, ion exchge, bid sorption, chemical precipitation and

coagulation/flocculation have been used to treat the wastewater containing heavy metals.

Adsorption by lowcost adsorbents and beorption is identified to be efficient and low
costi effective even applicabléor lower concentrations of heavy metals. iBiorption has
been given high importance keeping the environiriaandly nature of the bicsorbents in

mind but stability is a problem.

Even though extensive research on adsorbents have been done and aduogited,them

lack selectivity and fast adsorption kinetics. Recent studies have focused on biopolymer
based adsorption for removal of heavy metals from industrial wastewater due to good affinity
and better overall removal efficiencies compared to othesorbddnts. However, high
retention time, slow adsorption kinetics, noselectivity and cycling stability of adsorbents

limit its wider application in industrial wastewater treatment.

Based onmaforementioned limitationssynthesis of adsorbent form bigpadable materials

with better selectivity, fast adsorption kinetics and cycling stability should be considered for
remediation of industrial wastewater. The synthesis adsorbent should also reduce the
retention time of adsorption and it should have fasbgation kinetic in order to minimize

operational costs.
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Table2.2 Chitosan based adsorbent foP TP, and Cd* removal

Adsorbent Pollutant Co(mg L") on(mgg?) pH Kinetics Isotherms Reference
GOi CMC PL 500 249.38 T T T (Luo et al. 2019)
Arginine crosdinked chitosahCMCL adsorbent  Pb** 325 182.5 T T T (Manzoor et al. 2019)
CMCi sewage sludge bichar composite PL 100 59417 T T T (Ifthikar et al. 2018)
Tannic acid modified Chitosan bisorbent PL* 450 117.75 PSO  Freundlich (Badawi et al. 2017)
Chitosai MATDETA P 300 239.2 5 PSO Langmuir (Zhang et al. 2017)
Chitosan/PEG/PAA PL 300 431.7 48 PO i (Yu et al. 2016)
Leadion imprinted chitosan PL* | 577 6 PSO | (Li, Qiu, and Xu 2013)
CMC Ccd* | 121.00 3 T T (Borsagli and Borsagli 2019
Arginine crosdinked citosai CMCL adsorbent  Cd* 300 168.50 T T T (Manzoor et al. 2019)
CMCi hemicelluloses resin composite cd* 100 909.10 | | | (Wu et al. 2017)
ChitosanMA-DETA Ccd* | 201.60 5 PSO Langmuir (Zhang et al. 2017)
Chitosanlron oxide nanocomposite PL 100 214.9 5 PSO Langmuir (Ahmad and Mirza 2018)
Ccd* 204.3
CMC cd* 200 121.00 3 i i (Hayati et al. 2017)
cr** 147.20 8.5 i i
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Chitosafi GO/ CMCL aerogel cr®* 127.40 i i i (Huang et al. 209)

CMCi hemicelluloses resibomposite cre* 49.00 T T T (Wu et al. 2017)
Chitosan cros$inked cr 192.30 3 PSO Langmuir (Bhatt, Sreedhar,
with DETAA and Padmaja 201&

Table2.3 Starch based adsorbent foPland Cd* removal

Adsorbent Pollutant ComgL")  gn(mg gh) pH Kinetics Isotherms Reference

Manganese ferrite narmarticles CMS PL 300 46 5.5 PSO Sips (Perez et al. 2019)

CM sago stardracid hydrogel PL* 100 109.89 | | | (Basri et al. 2016)
Cd” 14.58

Magnetic hydrogePVA/ CMS-g-PVI PL 200 65.00 i T i (Pour and Ghaemy
cd* 53.20 2015)

Cross linked CMS PL* | 80.00 | | | (Pour and Ghaemy
cd* 27.00 2015)

CMS grafted with NVI cd* i 68.00 i i i (El-Hamshary et al.

2014)
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Table2.4 Graphene oxide based adsorbent foi Rind Cd* remonal

Adsorbent Pollutant am (Mg g% pH Kinetics Isotherms Reference
Amino-functionalized GO PL* 71.89 5 PSO Langmuir (Huang et al. 2020)

cd* 10.04 5 PSO Langmuir

cuw* 26.25 4 PSO Freundlich

cr** 280.1 2 PSO Freundlich
GO cr* 1.22 4 PFO Langmuir (Mondal and Chakraborty 2020

Table2.5 ZVI based adsorbent for heavy metal ions removal

Adsorbent Pollutant Om pH Isotherms Reference

ChitosaiinzVI As** 0.02 mmol ¢ 6 Langmuir (Horzum et al. 2013)
As™ 0.03 mmol ¢ Freundlich

Chitosan/PVA/ZVI As** 142.9 mg g 7 Langmuir (Chauhan et al. 2014)
As>* 200 mg @ Freundlich

Vinegail nZVI Cr®* (soil) i 5.5 T (Pei et al. 2020)

PAAI nZVI PL* | 5 T (Esfahani et al. 2013)

Kaolinitei nZVI PE* i 5.1 i (Zhang et al. 2011)

Zeolitei nzVI PL 96.2 mg ¢ 4 i (Kim et al. 2013)
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CHAPTER THREE
MATERIALS AND METHODS

3.1. Research Framework

The experimental work required to attain planned general and specific objective of this
dissertation work is conceptually design&dy. 3.1) First, the locally available tuber pig
@anchoté (Coccinia abyssinica were collected, pidreated and ready for the starch
extraction. The starch was extracted and grafted with acryldimide/drogel synthesisThe
synthesized hydra adsorbet PPSgCG PCCFG and CZVI-CSPVA were characterized
before the adsorptionf heavy metal ionsUsing a onéfactoii ati ai time approach, batch
experiments were conducted using hydrogel adsorbent containing syntheticanctezal
wastewaterlsotherms, kingcs, hermodynamics, and effect ofi@xisting ions were studied
based on thenaximumvalues obtained fra a oné&factoii afi ai time approach. The batch

experiments were also conducted using Batu Tannery wasteffitient as real wastewater.

\Starch Extraction \ Starch Grafting Hydrogel Synthesis GO Synthesis
. ‘izati — | = Characterization — |n Ch terizati
Characterization aracterization
o FTIR o FTIR o FTIR
o SEM/EDX

CZVI Synthesis o TGA GO Functionalization
. . = Characterization

Cha;aﬁ;rlzatlon Batch Adsorption ‘J o FTIR

© XRD Experiments o SEM

© = Jsotherm

. = Kinetic Experimental Design

Synthetic Wastewater — p g ;
'yLea d (Pb2) —|® Thermodynamics = QOne-factor-at-a- é{dscl)llptfon
= Cadmium (Cd>) = Co-existing ions time cciafism
. effect |

Hexav‘alent Characterization l

chromium (Cr%") I o FTIR Output:
Real Wastewater DFT —|° EDX " TW.O.(Z) .
= Total Cré* Calculation o AAS Original article

o UV

Fig. 3.1 Experimentaworkflow design.

PPSgCG hydrogel were synthesized from PVA, PVRji BAm, chitosan and graphene
oxide.PCCFG hydrogel were synthesized from PVA, chitosanLamngsteinefunctionalized
graphene oxideAccording toFTIR and EDX analysis results, th€EONH, of Sigi AAm,
amine (NH,) of chitosan,i COOH of graphene oxide and thiol group otysteine were
involved in chelation of Gf and PB'. Based on thispne possiblemodel of schematic
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drawing of PPSgCG(Fig. 3.10(a)), which includesstructureof Sigi AAm, chitosan and
graphene oxidevere built byChem Draw 20.1.1 Similarly, the PCCFG (Fig. 3.11(a)),
which includes structure of chitosan aricclsteine functionalized graphene oxide were built
by ChemDraw 20.1.1 The possble adsorption sitsectionsof PPSgCGhereaftePPSgCG

) (Fig. 3.10(b)) andPCCFG (hereaftePCCFQG 1) (Fig. 3.11(b)), which was built byGauss
View 6.0.16werefirst optimized by MM (using UFF) antbw level of theory (HF/B21G)
followed by high level of theory (DFT), using Gaissian 09 Geometry optimizatign
frequency and NBO calculationvere performed by the B3PWRR3 functional with the 6
31G (d, p)basis set for C, N, O, S and H atoms, and SDD basi®iséeavy metal ions.
Singlé point energy calulation was performed using the wB97XD functiomath the 6
311+G(d, p)basis set for C, N, O, S and H atoms, and SDD basis set for heavy metal ions.

3.2. Real Wastewater

Real wastewater samples were taken from the effluent of primary treatment (chemical
precipitation) of the Batu Tannery, which is located in Addis Ababa, Ethidia.sample

were collected, treated, stored and analyzed according to A@blédrimetric method (3500

Cr. B) standard (Z3Edition). The collected wastewater sample was treated ¥t NaOH

to pH = 9 for total hexavalent chromiuf@r®*) determination, and stored atC4before
analysis. Prior to the analysis, this wastewater sample was filteredQudtiigm filter. The
procedure for measuring of total hexavalent chromium were maderding Standard
Methods: 3508Cr B: Chromium by ColorimetryAPHA, AWWA 2023)

3.3. Chemical Used

Sulfuric acid (HSO,, 360 ml), phosphoric acid ROy, 40 ml), potassium permanganate
(KMnOQOy, 1849), graphite powder (3 g), hydrochloric acid (HCI, 37%) and hydrogen peroxide
(H20,, 30%) were used to synthesis GO. 40 ml thionyl chloride were used for GO surface
activation and 0.2 g of ilcysteine dissolved in 50 ml DMF were used for GO
functionalization. APS (0.08 ggnd TEMED (0.4 ml) were used for starch graftifrgrric
chloride (Fed.6H,0, 14.2 g),sodium borohydride (NaBkl 7.2 g), and Lcysteine (6.0 g)

were used for synthesis ofi tysteine stabilizedhZVI. Polyvinylpyrrolidone (PVP k30,

M.W. 40000), polyvinylalcohol (PVA, degree of polymerization: 1,500), chitosan (CS,
degree of deacetylation: 75%, viscosity: min 200 cps.), and sodium alginate (assay: 91%)

with GO and grafted native starch were used to synthesis PPSgCG hydrogel. PVA, CS, and
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sodium alginate w#h LT cysteinefunctionalized GO were used to synthesis PCCFG hydrogel.

Li cysteine stabilized nZVI, chitosan, and PVA were used to syntheSBVI-CSPVA
hydrogel.CaCl} solution (boric acid saturated) were used to &nifpe mixture ofchitosan,

grafted sarch PVA, PVP,CFG and CZVI during the hydrogel preparation. Potassium
dichromate (KCiO7), sodium dihydrogen phosphate (NaPiO,.2H,O, 99%), sodium
sulphate (Ng5Qs, 99%), sodium chloride (NaCl, 99%), potassium nitrate (KN@9%),
Pb(NG),, Cd(NGs), and Cu(NQ), were dissolved in deionized water to prepare hexavalent
chromium, phosphate, sulphate, chloride, nitrate, lead, cadmium, and copper stock solutions
(1000 mgl™ each), respectively. During the experimental work, the pH was adjusted using
diluted (0.1 M) HCI and (0.1 MNaOH

3.4. Apparatus Used for Analysis

The concentration of €t (both in synthetic water and reaastewater), and Pband Cd* in
the solution after adsption were determined by UVis spectrophotometer (x human) at
350 nm waelength(for linear range from 0.5 to 100 mg®iL™) and AAS, respectively.
The concentration of total Erin real wastewater before and after adsorpitioa solution of
pH of 2 and ere determined &50nm, and373nm wavelengtf{for linear rangdrom 0.5
to 25 mg CFP* L™), respectively A calibration curve Annex ) (R*=0.999)of Eq. (3.1)was
obtained from seven standard solutions for the®* Cmeasurements by UWVis
spectrophotonter. This calibration curve wassed for measurement of concentration in
synthetic water anckalwastewater.

C(ppm) =78.49 A-0.3€ (3.1

Where C is C¥ concentration and A is absorbanc
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3.5. Hydrogel and Intermediate Product Synthesis
3.5.1. Acrylamide Grafted Starch Synthesis

Starch was extracted fromanchoté (Coccinia abyssinicd, an indigenous tubeplant
according to the mbod reportedAbera & al. 2019) White powder extracted starch was
grafted with acrylamide according to the method used elsewhere with some modification
(Lanthong, Nuisin, and Kiatkamjornwong 2006; Musa et al. 20l9Dp typical procedure
(Annex 2: starch (4 g) was mixed with 60 ml of distdlevater in three necked round bottom
flask. The solution was mechanically stirred (300 rpm) under heating at 82°C in nitrogen
environment for 60 min to form gelatinized white paste starch. Then the gelatinized starch
was cooled to 47°C. Hence, a 100 mluson containing 8.0 g of AAm (starch to monomer
ratio of 1:2), 0.08 g of ammonium per sulfate (APS, 1.0 wt%) and 0.4 ml of TEMED was
added to gelatinized starch and stirred for 40 uteieunder nitrogen environment. The
reaction product was precipitated300 ml methanol for 12 h and dried at 65°C. Afterwards,
the dry grafted starch powder (11 g) was placed into 300 ml distilled water and vigorously
stirred for 24 h at room temperature in order to remove free polymer. The solution was
centrifuged (6000pm) for 30 min and the supernatant (free polymer) was decanted away and
the filtrate was dried at 65°C for 12 h. Finally, 6.10 g of acnydke grafted pristine starch

(Si gi AAm) was obtained. The grafting efficiency (GE) and grafting percentage (GP) were
calculated by using Eq.3@R) and Eg. (), respectively. The reaction of starch with

acrylamide was shown in Schematic

Wgs - Wst

GE(%) = *100% (3.2)

Wgs - Wst

GP = *100% (3.3)

Where, w;, wgsand w,denote mass of pristine star@rafted pristine starch and monomer,

respectively.

C‘ HZOH CHuOH \\T{) C HzOH CHaOH
—o% >+o+<ﬂ * —o+<: %0%4 >+
NH,

H on OH OH H on

Starch polymer Acrylamide starch-g-acrylamide (S - g - AAm) NH,

Schematicl
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3.5.2. Graphene Oxide Synthesis

Graphene oxide was synthesized from graphit

method(Marcano et al. 2010)ith some modificationAnnex 3. Briefly, 18.0g of KMnO4
and 3.0g of graphite powder (6:1) was added to mixture of 360 mL®0OHaNd 40 ml of
H.PQO, (9:1) strong acid in ice both and stirred for 30 minut@sen, this mixture was reacted
for 10 hour at constant temperature of 8D (in water bathunder continug mixing at 250
rpm. After 10 hourof reaction, the slurry added to 500 ml of iced distilled wdtdlowed
by addition of3ml H,O, (30%), and washed repeatedly with excess distilled meatel
allowed to settle for 24 houfhe settled gray solid asfiltered by polyester fiber and the
filtrate was centrifuged (4000rpm, 2h). The supernatavére decanted away and the
remaining solid washed with 200ml of distilled water and filtered by polyester fiber and
centrifuged repeatedlyo remove unreacted graphipwder. The remaining solid after
filtration and centrifugatiorwas treated with 200ml of HCL (30%) and 200 ml piire
ethanol(99.9%)sequentiallyThen theobtainedsolid materials wereoagulated with 200 ml
of ether and resulting in suspension, whiehs filtered over PTFE membran&he solid
mateials obtained on the filter wereacuum dried for 2 hour at room temperatanel oven
dried at 60C for 20 hour. Finally, 1.0g of grapheme oxide (GO) were obtained.

3.5.3. Graphene Oxide Functionalization with L-cysteine

The L cysteine functionalized GO was prepared according to a previous method
(Daneshmand etl a. 2018; Javidparvar et avith. son2 0 2 0 ;
modification @Annex 4. Briefly, 0.2 g of GO powder was adtleto 10 ml of
dimethylformamide DMF) under ultrésonication for 1h and transferred to an oil bath
maintained at 8. After 20min, 40 ml of thionyl chloride was added to the GO solution for
surface activation (covalent modification) under a nitrogen environ(fénmt 3.2) During

the activation of GO surfaces, the carboxylic acid of GO was converted to acyl chloride.
After 24 hof reaction, the black solid activated GO was removed from the solvent, dried, and
dissolved in 50 ml of DMF at 86. Simultaneously, 0.2 g of-tysteine dissolved in DMF
solution was added drowise to the activated GO solution and left to react for.24inally,

the black precipitate was ceifilged and washed with ultrpure water and DMF several

times to remove any ueacted thionyl chloride and-tysteine, and then dried at°60
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Fig. 3.2 Schematicdiagram showin@FG synthesis

3.5.4. PPSg Hydrogel Synthesis

The PPSg hydrogel was synthesized as follglig. 33): 1.2 g PVA, 0.8 g PVP (3:2
PVA/PVP ratio), and 0.26 g sodium alginate powder were placed in ultrapure water (90°C)
and blended using magnetic stirrer (300 rpon)3 h. Then, 1.6 g of-§-AAm powder were
added to the white paste mixture in 30 min intervals and stirred for 5 h. Following this, the
mixture was added to 2% CaGolution (boric acid saturatedyop wiseto form cylindrical
hydrogel. After 72 h immeion, thehydrogelwere washed with ultrapure water several times

to remove excess calcium ions and preserved in ultrapure water until further use.

» CH.OH  CH,OH e PVP
c 0 0 . PVA
o pus HO OH OH \-_QNH
PVA/PVP S-g-AAm 2 PPSg hydrogel

Fig. 3.3 Schematiadiagram showing PPSg hydrogel synthesis

3.5.5. PPSgC HydrogelSynthesis

The PPSgC was synthesized as follqwgy. 34): 1.2 g PVA, 0.8 g PVP (3:2 PVA/PVP
ratio), and 0.26 g sodium alginate powder were placed in ultrapure water (90°C) and blended
using magnetic stirrer (300 rpm) for 3 h. Then, 1.6 g-0fAAm and0.4 g of CS powder

were added to the white paste mixture in 30 min intervals and stirred for 5 h. Then the
mixture was cooled to room temperature. Following this, the mixture was added to 296 CacCl
solution (boric acid saturatedjop wiseto form cylindrial hydrogel. After 72 h immersion,

the hydrogelwere washed with ultrapure water several times to remove excess calcium ions

and preserved in ultrapure water until further use.
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Fig. 3.4 Schematic diagram showing PPSgC hydtegathesis

3.5.6. PPSgG Hydrogel Synthesis

The PPSgG was synthesized as follawiy. 35): 1.2 g PVA, 0.8 g PVP (3:2 PVA/PVP
ratio), and 0.26 g sodium alginate powder were placed in ultrapure water (90°C) and blended
using magnetic stirrer (30@m) for 3h. Then, 1.6 g of i AAm powder were added to the
white paste mixture in 30 min intervals and stirred for 5 h. Then the mixture was cooled to
room temperature. The 2 mg 'MiGO dispersed solution was added to this mixture and
blended using magnetic stirréThis blend was dispersed by uitemnication for 40 min at

room temperature. Following this, the mixture was added to 2%,Galition (boric acid
saturateddrop wiseto form cylindrical hydrogel. After 72 h immersion, thgdrogelwere
washed with ulapure water several times to remove excess calcium ions and preserved in

ultrapure water until further use.

CH,0H  CH,0H
90°, Lo lo 90°C
. 0

HO OH OH ™

PVP PVA PVA/PVP S.0.AAm NH, PVA/PVP/S-g-AAm

Fig. 3.5 Schematic diagram showing PPSgG hydrogel synthesis

3.5.7. PPSgCG Hydrogel Synthesis

The PPSgCG was synthesizasl follows Annex 5& Fig. 3.6): 1.2 g PVA, 0.8 g PVP (3:2
PVA/PVP ratio), and 0.26 g sodium alginate powder were placed in ultrapure water (90°C)
and blended using magnetic stirrer (300 rpm) for Bhen, 1.6 g of Bgi AAm and 0.4 g of

CS powder were ae@d to the white paste mixture in 30 min intervals and stirred for 5 h.
Then the mixture was cooled to room temperature. The 2 ffg@@l dispersed solution was
added to this mixture and blended using magnetic stirrer. This blend was dispersed by ultra
sonication for 40 min at room temperature. Following this, the mixture was added to 2%
CaCl solution (boric acid saturatedjrop wiseto form cylindrical hydrogel. After 72 h
immersion, thehydrogelwere washed with ultrapure water several times to remove excess

calcium ions and preserved in ultrapure water until further Tise.adsorbent was engulfed
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in the network formed by the reamti between the carboxylic groups present in the alginate
backbone and &4 forming ionic crosslink hence no cytotoxicity.

_ CH;OH (|TH20H 00oc P HO._O o NH;
90° le) ) - - o > o
IR0, st t A OGSO
3h e rele) n HO NH-
HO OH OH oH
PVP  PVA PVA/PVD S-g-AAm NH, PVA/PVP/S-g-AAm Ccs sh lgol,c

=
2% CacCl,
25°C, 40 min

( HOOC

PPSgCG hydrogel

PVA/PVP/S-g-AAM/CS

Fig.3.6 Schematic diagram showing PPSgCG hydrogel synthesis.

3.5.8. PCCFG Hydrogel Synthesis

The PCCFG hyabgel was synthesized according to the method reported else(¥hérieet

al. 2019)with some modificationAnnex 6and Fig. 3.7. Briefly: 2 g of PVA anl 0.25 g of
sodium alginate powder were added to 60 ml of hof@PQltrapure water and mixed
vigorously (350 rpm) for 2 h in water bath. 2g of chitosan (CS) was added to 30 ml of 1%
(v/v) glacial acetic acid and stirred for about 2 h. The chitosan golutas added to a PVA
sodium alginate gel and mixed vigorously at@@or 6 h, which produced a white gel. Then,

20 ml of 1.0 mg mL* of CFG solution was sonicated for 30 min and added to th®Z8
mixture at room temperature. The I®S/Ai CFG mixture wastirred and sonicated for 2 h at
room temperature. Finally, the resulting slurry was added to a gently stirred 2% boric
saturated CaGlsolution drop wise and immersed in lfpare water for 72 h for stable
cros$ linking. At the end, the Q% VAI CFG (PCCIB) hydrogel was washed with uliggure

water several times and freédeied for furtheruse.The interaction among the polymers
depends on the type of functional groups they possessed in their bulk structure, molecular
size and compatibility mode. Theselyuers (PVA and CS) and CFG at least possess an
OH functional group, which favors intenolecular and intiamolecular hydrogen bonding
during the interaction. Hydroxyl functional groups of both PVA and CS are responsible for
the strong interactions betweéhem(Sandoval et al. 2005 he hydroxyl group and amine

group favor the interaction of chitosan with amine, thiol, and carboxylic groups of CFG.
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Fig.3.7 Schematic diagram showirsynthesis of PCCFG hydrogel apdssible PB and
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3.5.9. Li Cysteine Stabilized Zerai Valent Iron Synthesis

Licysteine stabilized zergalent iron (CZVI) was synthesized in conical flask with three
open necks at room temperature in a closed chamber with nitrogen gas environment to avoid
oxygen interference (Fig. 8. Borohydride (NaBhk) was used to reduce ferric ion to Zero
valent iron (Eqg. (3.4)). Briefly, 14.2 g of Fe@H,O was dispersed in a stion containing

35 ml absolute ethanol and 15 ml distilled water and stirred (500 rpm) for 3 h. Similarly, 7.2
g of NaBH, wasdissolvedin 100 ml distilled water and added to ferric ions solution. Slowly

the yellowislfired color solution turned black coland formed zefiovalent iron slurry. The
mixtures was continuously stirred for more 30 minutes and 4.2 g ofsteine was then
added slowly into the slurry. This mixture was continuousiyred for 50 minutes, the
stabilized ZVI was separated from thguid phasevia vacuum filtration, and the residue was
washed several times with ethanol. The resulting black solid was dried at room temperature

in desiccators for 36 hrs and store for CAV$PVA hydrogel synthesis.
4F" +3BH, +9H O- 4F® +3H BQ +12H +6 (3.4)
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Fig. 3.8 Li cysteine Stabilized Zeir&alent Iron Synthesis

3.5.10.C2VI -CS-PVA Hydrogel Synthesis

Chitosan (2 g) werdissolved in100 ml of 2 % acetic acidotution at room temperature with
magneticstirring for 24 h. The PVA solution (5 g in 100 ml distilled water) was prepared in
water at90°C under magnetictirrer, and then cooled to room temperatufden, the
chitosan solutiorpreparedwvas mixed with thé®VA solution prepared to obtain chitosan
PVA gel Finally, 100 ml of chitosarPVA white gel were mixed (500 rpm) withg mi™ of
synthesized Lcysteine stabilized ZVs$olutionto getCZVI-CSPVA (Annex 7& Fig. 3.9).

This gel was added to a gently stl 2% boric saturated CaCiolution drop wise and
immersed in ultripure water for 72 h for stable crofaking. At the end, theCZVIi CS

PVA hydrogel was washed with ultqaure water several times and freieged for further

use.

The thiol group of Lcysteine reacted with the iron oxide of nZVI forming strong chemical
bond. Thei OH of chitosan and PVA form strong intfaydrogen bonding witfi OH of Li

cysteine stabilized zerwalent iron. The amine of chitosan may react with amine iof L
cysteine stabiliz¢ ZVI, which form strong chemical bonding betweeni E8A and CZVI

during dispersion of CZVI in Q$VA. Biodegradable polymers (e.g., chitosan, PVA) are
regarded as an attractive candidates for changing surface charges and steric stabilization to
enhancetability due to large molecular weights, the abundance of charged functional groups
and their environmental friendliness. In addition tdcysteine stabilization of ZVI,

incorporation of CBPVA provides inteérparticle and electrostatic repulsion that rezhkic
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magnetic forces between magnetic particles, thereby reducing agglomeration and enhances
water dispersibility.

—OH
OH
OH

OH

—OH

PVA CZVI-CS-PVA

Fig.3. 9 CZVIi CS PVA Hydrogel Synthesiéschematic diagram)

3.6. Synthesizedintermediate Product and Hydrogel Characterization

Thefunctional groupof GO, pristine starcfS), grafted pristine starchi(§ AAm), PPSEG
hydrogel before and after €rion adsorption, and PCCFG hydrogel before and aftéf Pb
loading were analyzed by Fourier spectrometer (FTIR; SpectryniP&XinElmer) in the
wave number range of 4000 to 400 tnMorphology analysis was performed using a
scanning electron microcopy instrument (SEM; J6000 Plus, Japan) operated at high
acceleration 10 kV voltageElemental compositiomnalysis was perfated using energy
dispersive kray spectroscopy (EDX; JSNIT 100, JEOL) before and after adsorption of
PL**. The sample was coated (Sputter Coater; SCD 050) with an alloy of gold and palladium
(80 % Au, and 20 % Pd). The hydrogel sample was fiekrsl bebre imaging. Thermal
stability and decomposition behavior ofi peepared PPSgCG and PRESbydrogel was
performed using TGA (HCTL, China) in the temperature range of 25 to°80ét hating rate

20°C min'. The structures and atalline size of synthesizdd cysteine ZVI was obtained
using X ray Diffractometer (XRDi 7000, SHIMADZUiJ apan wi th CuKU r adi
1.5406A). The crystallographic analysis of samples in diffraction patterns was recorded from
106 to 80e count i ng™with an aaceemting ywkagedof 40.0 kVdee mi n
zeta potential of the sample were measl by a Zetasizer instrument (3000HShe Cr*

ions concentration in solution was determined byiWM spectrophotometer (Humani ida

1200) by direct methofSanche#Hachair and Hofmann 2018yhePt**, Cd**, and Cd"ions
concentration in the solution after adsorption was determined by atomic adsorption
spectroscopy (AASZEEnit 700p, Analytikajena).
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3.7. Hydrogel Swelling Ratio

The freezedried hydrogel with known mass was put into a tea bag anteised in beaker
containing ultrapure water at room temperature. The swollen hydrogel was continuously
taken out from the solution and its weight was recorded until it was constant. The swelling

ratio (SR) of hydrogel was calculated using Ecb)3
_Ws-Wd ,, '
SR(%) = (7W0| )*100% (3.5)

Where, wand w; are mass of swollen and dry hydrogel, respectively.

3.8. Batch Adsorption Experiments

Adsorption experimeils were conducted to investigate the adsorption properties of the
designedhydrogel. In particular, the ef€ts of initial solution pH, heavy metal ions
concentration, hydrogel dose, and timvere studied by following a onfactofi afi ai time

approach. All ltch adsorption studies were conducted in 100ml rubber stopped volumetric
pbasks. The pasks were placed inside incubat
USA, EXCELLA E24R) at 120 rpm for gs@eadi yed t
removal efficiency (R) of the freedalried hydrogel for C¥, Pi¥*, and Cd" ions were

calculated using Eq3(), Eq. 3.7) and Eq. 8.8), respectively.

C.-C,)*V
qtz% (36)
C.-C.)*V
== =Y (37)
- * 0,
- - (C, - C.)*100% 9

C

o

Where; ¢t and ge are the amounts of Eror PE* or C* ion adsorbed at time t arat
equilibrium (mg @), respectively. ¢ C and G are concentrations of Eror P&* or Cd*

ion in the solution (mgY) at time 0, t and equilibrium, respectively. V is the volume of heavy
metal ion slution used|{ter) and m is the mass of the é=¥ dried hydrogel used (g).

3.8.1. Adsorption of Cr® onto PPSgCG Hydrogel
A stock solution (1000 m§?) of C** ion was prepared by dissolving appropriate amount of
KCr,O; in ultrapure water. The €frion solttion ranging from 20 to 120 md®lwere

preparedby serial dilution of the regutive stock solutions and 25 rof the prepared
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solutions were used for the batch adsorption experiments. The effect of infttalo@r
concentration (20000 mg 1), pH (2 6), time (30240 minuts), and hydrogel dosei(@ g1’

1) on adsorption of &f onto PPSgCG were studied. The coexisting ions{PSQ*, NO;',
and C!) competing for the adsorption on the PPSgCG hydrogel durifigi®®r adsorption
were examined at thenitial concentration of 100 md*!l (20 ml) keeping other factors
constant. The kinetic adsorption experiments weneducted at pH of 2, 100 nig initial
Cr®" ion concentration, 3 g'lhydrogel dose, 2& temperature and in time range ofi2020
minutes. The isotherm experiments were coretliett pH of 2, 120 minute, 3 § hydrogel
dose, and various temperati@5, 35, 4%C). After adsorpion, the hydrogel was separated
and the remaining €F concentration in the solution was determined by iU¥
spectrophotometer by direct method. Absorbance at 350 nm wavelength of standard solutions
of 10, 20, 50, 80, 10&nd 120 mg't of C** ion in aidic condition (at pH of 2) was used for
calibration.

3.8.2. Adsorption of Cr®" onto CZVI -CS-PVA Hydrogel

A stock solution (1000 md?) of C** ion was prepared by dissolving appropriate amount of
KCr,0y7 in ultrapure water. The €rion solution ranging frons to 100 mg'l* were prepared

by serial dilution of the respective stock solutions and 25 ml of the prepared solutions were
used for the batch adsorption experiments. The effect of inittali@r concentration (5L00

mg M), pH (2 8), time (L0i 150 minutes), and hydrogel dos&i®6 g I'Y) on adsorption of Cf
ontoCZVIi CS PVA were studied. The kinetic adsorption experiments were conducted at pH
of 3, 45 mg It initial Cr®" ion concentration4 g I'* hydrogel dose, 2& temperature and in
time range of20i 100 minutes. The isotherm experiments were conducted at p3; 90
minute, 4 g I* hydrogel dose, and 25 temperatureAfter adsorption, the hydrogel was
separated and the remaining®Ceoncentration in the solution was determined byi U¥

spedrophotaneter by direct method

3.8.3. Adsorption of Pb*" and Cd** onto PCCFG Hydrogel

A stock solution (1000 mdf %) of Pi¥*, Cd* and Cd@" ions was prepared by dissolving
appropriate amount of Pb(NJ3, Cd(NQ;), and Cu(NQ) in ultrapure water. The Pband
Cd** ions solution ranging from 100 to 350 mg were prepared by serial dilution of the
respective stock solutions and 23 of the prepared solutions were used for the batch

adsorption experiments. The effect of initia”Pand Cd* ions concatration (50350 ny I
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Y, pH (i 8), time (5 100 minuts), and hydrogel dosei@ g I'') on adsorption of P, and

Cd** ions onto PCCFG were studied. The competitive adsorption experiments of heavy metal
ions adsorption onto PCCFG hydrogel conducted in a combined solatitairing PB',

Cd* and Cd', after the freedalried hydrogel was immersed in 25 mL of combined
solutions. The kinetic adsorption experimentsaveonducted at pH of 5, 225 mg ihitial

Pt** and Cd" ion concentration, 2 g'lhydrogel dose, 2& tempeature and in time range of

51 350 minutes. The isotherm experiments were conducted af p, time of 50 minute, 2 g

It hydrogel dose, and 25 temperature. After adsorption, the hydrogel was separated and the
remaining PB" and Cd* ions concentration ithe solution was etermined were measured by

AAS.

3.8.4. Adsorption Isotherm

Adsorption equilibrium is a fundamental property in adsorption studies, which describes the
phenomena prevailing in the retention of the adsorbate from aqueous solution to an adsorben
at constant pH and temperature. It describes the interaction between the adsorbate and
adsorbent.Many isotherm modelsre often used to describe the interaction phenomena

betwe=n the adsorbate and adsorbent.

I. Langmuir adsorption isotherm

The Langmuir o d e | i's based on the assumption that
which have the same energy with no lateral interacti@mgmuir 1918) The linearform of

Langmuir isotherm (Eq39)) was wused to yt experimental d
metal ions onto the hydrogatisorberd. In Langmuir isothernfavorability of adsorption is

expressed by separation factor, ®hich is expressed by E®.L0).

qe quCe qm
1
R, = 3.10
= e (310

Where qe is the amount of heavy metal ions adsorbed at equilibrium (Mg G is
concentration of solution at equilibrium (mgY), qm is the maximum adsorption capacity of

the hydrogel (mg'd), and b is the Langmuir adsorption constant (1'ng
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From the plot of X versus 1/G k andgm are determined from the slope aypahtercept,
respectively. The model applicability is evaluated from a linear fit of datp B value

varied between 0 and 1. R 1 suggests unfavorable adsorption, 0 <<R1 suggests
favorable adsorption, R 0 suggests irreversible adsorption, aRg=1 suggests linear
adsorptionThe Langmuir constant referred to as b, indicates the level of interaction between
the surface and the adsorbate. If the value of b is larger, it indicate a strong interaction
between the adsorbent and the adsorbateth®@rother hand b having a smaller value

indicates a weaker interaction between the surface and the adsorbate.

il. Freundlich adsorption isotherm

Freundlich model is known to describe the ndeal and reversible adsorption, which was
not restricted to the foration of monolayer. It is applied to multilayer adsorption over
heterogeneous surface. The linear form of Freundlich model @&ki)) is based on the

assumption that the sites of adsorption are heterogeneous.

logq, = logk: +% logG (311

Where k is the Freundlich isotherm constantdg ') and it implies that the energy of
adsorption on a homogeneous surface is indepenofesurface coverageMoreover, k

related to the adsorption capacity on heterogeneous sites drtehdsorbenadsorbate
affinity. The surface heterogeneity, which ranges between 0 to 1, is characterized by a
heterogeneity factor of 1/n, where n indes linearity between adsorbate solution and
adsorption processes. The value of n gives an indication of the favorability and capacity of
the adsorbent/adsorbate system. For 1/n < 1, adsorption process with chemical interaction is
suggested. But if the wa of 1/n (adsorption intensity) is abowee then it is an indication

of the cooperative process. From the plots ofilogrsus logg n and k were determined

from y-intercept and slope, respectively.

iii. Tempkin adsorption isotherm

Tempkin isotherm asswBs that the heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsoibesbrbate interactions, and that the
adsorption is characterized by a uniform distribution of the binding energies up to some
maximum bindingenergy. Tempkin isotherm assumes that adsorib@i¢orbate interaction

exist and the adsorption temperature of the molecules in the layer decreases linearly with the
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surface coverage othe molecules due to adsorliadsorbent repulsioni.e., heat of
adsaption of all molecules in the layer decreases linearly as a result of increase surface
coverageThe linear form of Tempkin isotherm is expressed by E42J.

RT RT
= —Ink,+ — InC
qe b T b

e

(3.12)

Where k is the equilibrium binding constaritrfiol' Y), b is related to adsorption heat, R is the
universal gas constant (8.314knol %), and T is temperature (K). After linear phptversus

InCe, ky, and b obtained from-ytercept and slope, respectivelihese values of RT/b>0 for
adsorption processes indicate that the adsorption of adsorbate on to adsorbent is endothermic

processes in nature.

V. Dubinin-Radushkevich isotherm

Dubinini Radushkevich (DR) model is based on the assumption that the adsorbent size is
equivalent to themicro poresize and for the given adsorbaésorbent;the adsorption
combination could be given independently of temperature using the adsorption Polanyi
pat e n t, kJanbol). Th& D R model is expressed by EG.13).

Ing, =Ing,-b € (3.13)

Wheregs is Di R constant (mole Y, andis the free energy of adsorption per adsorbate
molecule at the moment of its transfer to the solid surface from the bulk solution. According

to this model, E< 8kJ mdlindicates the adsorption is physical, and 8<E<16 kJ'mol
indicates the adsorption is due to the exchange of ions. The valegsaaid b coul d

determined by plotting lpv e r < foom th&yintercept and slope, respectively.

3.8.5. Adsorption Kinetics

Adsorption phenomena such ader of adsorption, ratdetermining steps (mass transport,
chemical reactions), and mechanisms of ad&orpvere evaluated biinetic models, such as
pseuddfirst order (PFO)pseuddsecondorder (PSO), and Elovich. These kinetic models
were employed to simulate the experimental data of heavy metal ions adsorption onto the
hydrogel.
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I. Pseudafirst order
Pseuddfirst order (FFO) kinetic model proposed by Lagergréragergren 1898yas used to
follow adsorption kinetic, which proceeds byffdsion through a boundary, and tleear

andnonri linear form of the PFO model is given &y. (3.14) andEqg. 3.15):

In(g.- g,) =Inq, - k1 (319

q =¢ (1- € (3.15)
Where, k (min) is PFO rate constarte (Mg g*) andg; (mg ¢*) are the amounts of heavy

metal ions adsorbed at equilibrium, andtinse (minutes).

. Pseudd secondorder

The pseudisecondorder (PSO)kinetic model describes the adsorption processes achieved
via chemical binding o&dsorbatento the surface of adsorbents, i.e., theifatgting step
during adsorption is the chemicalaction expressed bynear (Eq. (3.6)) and noiilinear

(Eq. 8.17)):

qi: qu2 +qi (3.16)
t 2le e
2kt
¢ = ﬁ (317)
Q. K5

Where ge (mg d?%) and g (mg d') are the amounts of heavy metal ions adsorbed at

equilibrium and at any time t, respectively, aadgkmd * min'!) is PSO rate constant.

iii. Intra -particle diffusion
During the adsorption processes, the adsorbate molecules might dittudeeimterior of the
pores of the adsorbent. The most widely applied intrapartidiustbn equation for

adsorption system is given bgear (Eg. (3.8)) and noiilinear Eq. 3.19)):
logq, = logk % logt (318

g =kt” (319
Where kis intraparticle dfusion rate constant (g ffgmin'*) andqt (mg d?) is the amount

of heavy metal ions adsorbed at any time.
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iv. Elovich kinetic model
The Elovich model, which is an extension of the PSO, asdraes the surface of adsorbent
is energetically heterogeneous and increasing activation energy with increasing adsorption

time expressed bynear (Eq. (R0)) and nori linear equation (Eq. (3.21L

1 - 1
== b)=_+ 3.20
o Un(U ) 0 (3.20)

g ==In10b (3.22)

Cdr

Where, *thnhmg sgthe initial Yidthedegpriptiomoonstanat e a
related to the extent of surface coverage and the activation enéZggmisorption

3.8.6. Adsorption Thermodynamics

Thethermdynami ¢ parameters, typically Gibbs fre
change (&HU), and entropy change (@SU) can
The value of the equilibrium constant(kg?) and &GU wer e &82)amdul at ed
Eqg. 3.23), respectively. The equilibrium constant is expressed as the ratio of the amount of
adsorbate adsorbed and that remaining in solution at equilibrium. The natural logarithm plot

of K4 versus the inverse of temperature (BR4)wasusd t o obtain the val

&3
_ 9
K,=—= 3.22
e (322
PG =° @H° (3.23)
nk, = “2H & (3.24)

RT R
Wh e r e°a n gpGageHn kJ mot;  °gsS$n kJ mot™. K, T is temperature (K), and R is
universal gas constant (8.314 3 wol ™).
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3.9. Theoretical Adsorption Mechanism Studies (DFT Calculation)

3.9.1. Geometry Optimization and Singlé point Energy Calculation

Geometry optimizationand energyalculationsvere performeavith the aid ofGaussiar09
(Frisch 2009)computational packageith Gauss View6.0.16 interfacéLiu, Lu, and Chen
2021) The ground state geometry optimization of modeled systeguency and NBO
calculation were doneusing the hybrid GGA, B3PW91D3 level of theory where D3
denotes the thiidyeneration dipersion correction by Grimmé&or basis set, the Stuttgart
DresdeinBoon (SDD)(T. H. Dunning Jr. and P. J. Hay 197/¥sisset was employed for
heavy metal ionsand the 631G(d) basis were used for C, N, O, S, and H atoms. $ingle
pointenergyc al cul ati ons were perfor m€Elh andsHeadg t he
Gordon 2008)where basis set811+G (d, p) was employed for C, N, O, S, and H atoms,
and SDD basis set was employedtieavy metal ionsSolvation effect (HO) was evaluated

with polarizable continuum model (PCMJo minimize the computational cost, sectioof
PPSgCG (hereafter PPSgdGwhich include unit structure ofi § AAm, chitosan andsO)

and PCCFG (hereafter PCCHGwhich include structure of chitosan and CHfgere sed as
model for simulation. The PPSgCIXFig. 3.10(a)) and PCCF@I (Fig. 3.11(a)) model was

built by usingGauss View6.0.16. First, the singular model PPSgC@&-ig. 3.10(b))and
PCCFQGI (Fig. 3.11(b))structure were optimized to obtain the minimunergy surface.
Besides the frequency calculation for both regions were carried out to check whether it is at
minima or in transition state guotential energy surfac®E9. Next, adsorption of €f and

PL** at the surface of PPSgCGand PCCFGI was invesgated by performing additional
optimization calculations to obtain the PPSg@@Cr and PCCFE@Pb complex model,
respectively. In this step, the stabilized model of PPId@&r and PCCFE@Pb complex

was obtained and the adsorption energy (AE) was mehgtig 3.5%). To evaluate the
electronic features, frontier molecularr b i ihctudling ghe highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were calculated to
measure their energy levels and energy gap (E€&amtiesMor eov e r chemical h
chemical softness (S), and chemical poter{iixlwere evaluated from HOMQUMO gap

for interpreting the reactivity tendency of the models, and calculated by using ), E)2
(3.27), and Eq. (3.8), respectively. Banahergy gap (kp €V) was calculated from Eg.
(3.29). Perturbation theory energy analysis for the given surfaces/adsorbent and
complexes/adsorbédrddsorbate was computed using Eq3@Bfor each donor NBO(i) and

acceptor NBO()).
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Eadsorption: E complex (E surface+ E metal io; (3-25)
lE LUMO _EHOMO ]
3.26
d > (3.26)
1
S== (3.27)
d
€ J:E LUMO +EHOMO ] (328)
2 b
Egap:EHOMO_ELUMO (3-29)
_ F (i)
K = pA I (3.30)

Wherec elestro negativity Ecomplex iS €nergy of complex (PPSgC@ PCCFG + heavy

metal ion), BuraceiS €nergy of PPSgCG ®CCFG, Ekowmo is energy of HOMO, Ewmo is

energy of LUMO, Bis stabilization energy, i s t he donor oisebdrgy of | 0CCL
the Lewis NBQ ; isltheenergy of the noewis NBO andF (i, j) is the oftdiagonal NBO

fock matrix elementThe ¢ di ffers from P aeldctromegatsity cl as s |
i . e. Athe power of an atom in a molecule toc

naural way to define electréattracting power.

PPSgCG

Fig.3.10(a) PPSgCGI Schematiagepresentatian(b) optimized PPSgC@ bond length (A)
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Fig.3. 11 (a) PCCFG | Schematiaepresentatian(b) optimized PCCFG bond length &)
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CHAPTER FOUR

RESULTS and DISCUSSION

4.1. Acrylamide Grafted Starch Synthesis

In aqueous medium, the efficient redox initiator system is the potassium or amnernium
sulfatefor the graft copolymerization of starchhe radical graft copolymerization reactions
occur onTOH groups of starch through radical polymerization reaction route with the
influence of ammoniumper sulfate (APS) redox initiator. The hydroxyl radicals are
produced, which abstracted hydrogen atommfeoacrylamide monomer, or from starch, so

the free radical sites are produced on the polymer backbone as suggested by the below
reaction scheme (Scimatid 1). Schamaticl illustrates the characteristic grafting of
acrylamide onto starch. At first, the prary radicals are producégcausef decomposition

of the reaction of théeating solution oAPS. The sulfate radical is formed and also many
other free radical specieBhe produced anionic radicals fall down the hydrogems of the

T OH groups and imtiate the macromolecular chains of the starch for the productioraoffo

radicals and radical reactive sites are able to initiate the acrylamide for processing of chain
propagationFinally, the reaction terminates witjrafting effi ciency of 26.25%Eq. 3.2) and

grafting percentage of 34.430aq. 3.3)starchi gi acrylamide(Si gi AAm) produced

8208 2804
SO4 +HZO- HSQ{ + OH
HOA+ M - HZO + M A

HOA+ S-H - SA+|—é O

Where M is the monomerj § is the starch molecule, an8iSthe starch free radical.

CHZOH cg,on CH,0H CH,0H

l—o =0
_0% >_l_0 0= + —)-— —o{—<; - 0%4 >+o
NH, _Pll X

I_| 85°C I—I I \

OH OH OH OH OH OH OHO 0

Starch polymer Acrylamide starch-g-acrylamide (S - g - AAm) NH,
Schamatitl

The acrylamide monomer free radical starch free radical can react with more acrylamide
producing homopolymer or with starch to produce the grafting copolymer. In this method,

significantamountsof homopolymer are usually formed.
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4.2. Hydrogel Swelling

As presented in Figd.l, the PPSgCGhydrogel swelled quickly, attaining a swelling of
1100%(swelling degree (SD)/distilled water absorption = 12%yand the saturation point of
1400% (SD/distilled water absorption = 15 ghgin 30 and 150 min, respectivelfhis
degree of swelling is compable with succinic anhydriderosslinked potato starch
(SD/distilled water absorption = 18 g')g(Pathak 2018)graft polymerization of staréh
acrylamide (15004500% in distilled waterjLuo et al. 2021pand starch grafter with acigl

acid and zhydroxy ethyl methacrylate (SD/distilled water absorption = 951gagj pH of 8)
(Sadceghi and Soleimani 20123welling capacity of PPSg is higher than that of PPSgC due to
consumption of hydrophilic functional group during ciidsking with chitosan. But the
swelling capacity of PPSgG is higher than both PPSg and PR$d©gel becauseof
abundancef i OH andi COOH functional group on basal aadgeof GO and high surface
area ofGO. The PPSgCG hydrogslvell faster than othenhydrogel The fast swellingate
andhighestcapacityis attributed to the super permeability of GO to watee iT®H group of
pristine starckand PVA might have attracted water into the hydrogel microstructure. In spite
of t his, the wvast porous microstructures

which resulted in fast swelling.
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1600

1400 i A A
1200 PPSgCG Hydrogel (swell)
1000

800 —

Swelling (%)
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-
s
— PPSg hydrogel

| — PPSgC hydrogel \ %

200 — PPSgG hydrogel
1 ——— PPSgCG hydrogel

0 T T T T
0 50 100 150 200

Time (minutes) Hydrogel (swell)

400

PPSgC Hydrogel

Fig.4. 1 Swelling ofHydrogel Error bar represent the standard deviations from triplicates.
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4.3. Characterization Results

4.3.1. Functional Group Analysis UsingFTIR

I. Pristine starch and acrylamide grafted starch

The FTIR spectraf pristine starch{) andgrafted starch&i gi AAm) are presented in Fig.

4.2(a). As depicted in Fig4.2(a), the spectra associated with t8e broadband located at

3520 cm’ was attibuted to the stretching #OH (Spagnol et al. 2012Yhe band associated

with Ci H vibrations appeared at 2935 '¢mThe adsorption bands at 1648, 1541, and 1459
cm ! are related to BOH bending(Leng 2009) Grafting of pristine starch with acrylamide
changes the base spectrum of pristine starch, with decrease in vibrational frequencies after
grafting. Thereare new peak formations ori g AAm at 2350 crit, which are assigned to

the adsorption band of C=0 moiety 6€=0i NH, functional group (amidd) (Setty,
Deshmukh, and Badiger 2014; Turan, Demirci, and Caykara 2088)adsorption bands at

3830 cm® corresponding td OH stretching and at 3650 thfor Ni H amide stretching
conyrm the grafting of acrylamide on prist.i
and 1531 cm® are attributed to N stretching(Zhang, Li, and Kumar 2008)

il. Graphene oxide

In the GO spectrum (Figt.2(a)), the broadand aderption peaks observed at 348880
cm' !, which are attributed t6 OH stretching mode, indicate the presence of hydroxyl
functional group in the prepared GO. The adsorption band observed at 162Ppeak
corresponds to theCOOH moiety ofi Ci COOH functional group. The peak observed at
2935 cm® indicates the CH stretching vibration. Adsorption bands observed at 1300 and
1151 cm?! peaks correspond to epoxy @ and alkoxy €O vibrational frequencies at the
edges, respectively. Moreover, the adsorptimnds observed at 1625 and 1846 ‘came
related to the vibrations of C=C and C=0, respecti¢élyan et al. 2009)

ii. PPSgCG and PPSgCG + Ct

FTIR was employed to further explore the interaction among the components during
formation of PPSgCG and the interaction between PPSgCG &hibrFig. 4.2(a) depicts

the FTIR spectrum of PPSgCG, and the band at 3785 ismattributed to the stretching
vibraiions of N'H and GH. The peak observed at 3425 'énattributed toi OH stretching
modes indicates the hydrophilic properties dfpsspared PPSgCG. The peak observed at

2930 cm® indicates the CH stretching vibration. The peak height of adsorption bands
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observed at 1622, 2930, and 3425 tare reducedshowing the formation of composite
PPSgCGThe shift and reduction in peak indicates that there is hydrogen bondin®Mia
within the functional groupThese peaks are also observed in GO in the region of 1620
3420 cm® with better peak height. This iitdites successful incorporation of GO into the
hydrogel. The interaction between PPSgCG arfd i6n (PPSgCG + Cf) during adsorption
was also analyzed by FTIR. As presented in Fig. 4.2(a), the vibrational frequencies observed
on PPSgCG + Gt at 1490, 160, and 3425 chh are reduced with respect to that of PPSgCG,
indicating the formation of a new compound. Reduction in vibrational frequenciestbf N
amide stretching observed in the region of 32800 cm’ may be related to the interaction
between CY ion and theiN atoms of amine and amides. The vibrational frequencies
described by the adsorption bands in the region 1B cm® attributed to €N stretching
also reduced, which may be due to the interaction betivéeand CF* ion. It was found that
NiH and G N streth and bend were responsible for the effective removal Bfi@rs as it

can be elucidated from Fig. 4.2(a).

V. Graphene oxide and Li cysteine functionalized graphene oxide

The FTIR spectra for graphene oxide (GO), aiidyssteine functionalized graphepgides

(CFG) arepresented in Fig. 4.2(b). The broadband adsorption peaks observed in region IV

indicate the presence of hydroxyl functional grow@H) (at 6. =3425 cnit) in the prepared

GO. The swelling or water uptake capacity of hydrogel is directitedlto the availability of

hydrophilic functional group in particul&OH, which is attached to the polymeric backbone.

As the hydrogel takes more water, it opens up and the active adsorption sites are easily

accessible to the heavy metal ions. The adswrfband observed in region Il illustrate the

C=C, 1C=0, and moiety of Ci COOH functional groups in GQ@Turan et al. 2009and

formation of amide grqu (Vo=1645 cn') from the reaction between amine dfdysteine

andi COOH of GO(Daneshmand et al. 2018)'he peakselated to vibrational frequencies

of functional groups observed in region | correspond to epdxy (. =1105 cnit) and

alkoxy Q O groups of GO. The peak observed in region IV is related to the stretching of

OH (Spagnol et al. 2012)As shown in region lll, there are new peak formationsCFG,

which are assigned to the adsorption bantiH ( P a wl u &.@005%) and €=O moiety

of T C=0i NH; functional group(Setty et al. 2014)The adsorption bands observed in region

IV correspond to iNiH stretching (¥=3250 3500 cn1) confirming that GO

functionalization with [Lcysteine, which is a similar finding to that previously reported
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(Muralikrishna et al. 2014Moreover, the peaks observed in region Il are due to presence of
iSiH (at we=2500 cnt, 2640 cnT) and G N functional groups, wish indicate successful
functionalization of Lcysteine on to GO.
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Fig.4. 2 FTIR spectrum of: a) GO, Sj § AAm, PPSgCGandPPSgCG + Cf: b) GO,
CFG, PCCFG, and PCCHGaded withPt*/ Cd** (PCCFG+ P/ Cd™).
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v.  PCCFG and PCCFG loaded with Pb**/Cd**

The FTIR spectra for PCCF&d PCCFG after BHCH?* loading (PCCFG + PH/Cd") are
presented in Fig. 2(b). The peak in region IV, which were attributed to the stretching
vibrations ofi NiH and G H, indicate the successfulaorporation ofi CONH, andi NH-

into the prepared PCCFG hydrogel. The peaks observed in regions Il, Ill, and IV were
reduced after PYCd** loading, which illustrate adsorption of PHCd™* onto the hydrogel.

After adsorption of PB/Cd*, in particular, paks ofi NH, andi SH groups were reduced,
illustrating the involvement of the amine and thiol groups in the adsorption process. The
peaks described by the adsorption bands in regions | and Il which were attributéd to C
stretching also reduced. This mag lklue to the interaction between the atom and
PL**/Cd*. The above phenomena reveal the successful syntheses of PCCFG hydrogel from
CFG, chitosan, and PVA and adsorption of ’d* on to the hydrogel.

Vi. L1 cysteine stabilized zerbvalent iron (CZVI)

The bonding between the stabilizer iicysteine and ZVI was confirmed by the FTIR
measurementgFig. 4.3). In the FTIR spectrum of ilcysteine stabilized ZVIthe peak
observed a2917 cnt is assigned to the argymmetric stretching 6fCH,. Compared to the
FTIR absorption spectrum of pure ¢ysteine(Li et al. 20T7), the characteristic peak in
22502800 cnt, which is corresponding to the stretching vibration ®HSs completely
disappeared after stabilized with ZVIThis shows a chemical bond formation between the
thiol group andron oxideon the surface of ZVMoreover the adsorption peak at 2086 ¢m
which is corresponds to thei N of Li cysteine stretching also disappeared after stabilization
with ZVI. The abovementionedresults shows the successful stabilizatidrryisteine with
ZVI.

Vii. CzVIi CSi PVA hydrogel

The FTIR spectra of Q¥VA and CZVIi CS PVA is shown in Fig4.3. The strong peak
around 3422 cnit corresponds to the axial stretching vibration éHXsuperimposed to the
NiH stretching band, and inter hydrogen bonds of the chitoBa@.band correspoimdy
amide | GO stretching mode of the chitosan chains were observed at 1625/imation
band at 848 cih confirms the presence ofeFO bond which is also confirmed in XRD

pattern at peak of 28.58¢.

62



3422

(a) CZVI
] (b)Ccs-pPva
(¢) CZVI-CS-PVA

Transimittance (%)

848 2086 2917

I 4 I T I U I U I ¥ I U I T
500 1000 1500 2000 2500 3000 3500 4000
Wave numbers (cm‘])

Fig.4. 3FTIR spectreaof Li cysteine stabilized ZVI and CZYCS PVA hydrogel

4.3.2. Morphological Analysis UsingSEM

I. PPSgCG hydrogel

The adsorption performance of an adsorbent is influenced by its morphological structure. The
morphobgy of asprepared PPSgCG hydrogel was observed by, Sas presented in Fig.

4.4. Here, different SEM images of iggepared hydrogel were presented for comparison
with the PPSgCGydrogel As shown on Fig. .4(a), the clusters/agglomerates observed on
the surface of PPSg are from dome shape with polygenakgular geometries @anchoté
starch(Abera et al. 2019)These irregularities were not observed in the dilgdrogeldue to
addition of CS and/or GO. As depicted in Figi(8), instead of cluster/agglomégachannel

like sheet with a few microstructures were observed on PPSgG due to addition of GO. This
may be due to successful incorporation of GO in polymer chains. As presented i4(Elg. 4

fiber like thin sheet is observed on the smooth surface 8§ERlue to addition of CS. The
hydrogen bonding betwedr©OH of PPSgG andOH of CS forms interconnected and stable
polymer chain. The SEM image of the PPSgCG hydrogel (F§d)} shows formation of
interconnected internal structure with heterogenenaso poresand rough surfaces in the
presence of CS and GO, which is not observed on PPSg, PPSgG and PPSgC surfaces. After

addition of GO, the microstructure of PPSgCG (Figi{d) shows highly porous and
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interconnected structure. This may be due to intema among the GO and polymer chains
which |l imits aggl oméerasiankiand resérma&iingn o
leading to microstructure formatiom. hei” " i nt efachi balk overl ap be
bonds)oc cur when ar o nthfaa to face with pre tamotner and involve a
combination of dispersion and dipdlanduced dipole interactions leading agglomeration or
stacking.This attractivestackirg can occur in either a perpendiculdrshapedor aparallel

displaced stacking arrgament of GO layei.ayer stacking reduces the surface area of GO

and this phenomena can be reduced by dispersing GO in polymer chain or by
functionalization of GO surfaces, which reduces dipolduced dipole interactionThe

highly porous microstructuresan provide not only large surface area but also easy mass
transfer channels, less mass transfer resistance, resulting in high swelling, fast adsorption
kinetics and high adsorption capacity. The film like sheet observed especially around the
outer surfae of macro poress due to the polymer chains of CS. Besides, the dome shape of
‘anchot@ starch granulgAbera et al. 2019)s not observed in SEM image of PPSgCG

because of interconnected polymer chains of CS iandrporation of GO. The above
phenomenon describes the successful formation of the hybrid hydrogel which hag a well

connected 3D porous structure.

il. PCCFG hydrogel

As presented in Fig. 4.5, the morphology of fréelzeed PCCFG hydrogel was olrged by

SEM. The SEM image of PCCFG shows formation of an interconnected polymer network
blended with CFG. The surface of PCCFG hydrogel shows a smooth and interconnected
structure. This may be due to interaction among the CFG and polymer chains whigh limi
aggl omerati on @ndstraecsktianggk iinngt eafacti on bet wee
was also limited by addition ofilcysteine, leading to the formation of a smooth surface. The
SEM image of PCCFG shows flower shaped morphologies, which is thk oéscros$

linking between PVA and chitosan via hydrogen bonding. A close observation of Fig. 4.5(a)
reveals that pores and cavities are visible on the morphology of the hydrogel, which might be
related to the action of alkaline on the polymer chain.r@keblending of CFG in the
polymer network is clearly observed in the morphology of PCCFG. The above phenomenon

describes the successful formation of the hydrogel composite adsorbent.
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4.3.3. Elemental Composition Analysis UsingeDX

I. PPSgCG hydrogel before and after C¥* adsorption

The Xiray spectra emigid by the material under a higihergy beam provides information
on the elemental composit of the material under examinatiofs illustratedin Fig. 46,
PPSgCG hydrogel contains a high composition of oxygen, carbon, nitrogen, and calcium with
naturally occurring aluminum and chloride. The complexation via electrostatic
attraction/chelatiorbetween the ¢f andi N atons are clearly shown in the EDX spectra.
This observation reveals tlieecreasesN atom in the composition and the spectra, and the
increase of the €f peak after adsorption (Fig.6}. As illustrated in Fig. 4, the higher C¥

peak shows the higher concentration of'@r the hydrogel, which indicate the adsorption of
Cr®* on the hydrogebdsorbers. Moreover, disappearance of calcium and the significant
changefor aluminum afterCr®* adsorption indicate displacement and exue of ions
between C&, Al**, andCr®*. The Cr®* adsorbed onto the hydrogel via the ion exchange of
cd&* and AP, coordination, electrostatic atition/chelation with aminéunctional group
From the above, it can be noted that the EDX results wergistent with the FTIR results.
The result of the EDX analysis before and a@éf adsorption shows thaPSgds hydrogel

has an ability to remov@r®* from wastewater

51470

Element Oxygen | Carbon | Calcium | Nitrogen | Chlorine Aluminum
. Before Cr* Wt (%) 455 2938 14.17 4.86 3.79 229
adsorption Atom (%) 46 39.56 5.72 5.62 1.73 137
10
N Flement | After Cié* adsorption
N E Al Au Pd Cr Wi®%) | Atom(%)
5 ; ' ; Oxygen 5930 | 5373
%’ . Vo «<--Cr ¥ Y Y | Carbon 34.44 41.57
E') o VN* - - 0 Al Ay Pd cr Calcium - -
. Nitrogen 372 385
¢ C Chrome 1.96 0.55
Chlorine - -
2 Aluminum 0.59 032
o [ ] —
1 2 3 4 5 6 7 8
Energie [keV]
Energy (keV)

Fig.4.6 EDX spectra of PPSgCG hydrogel aftef'Grdsorpion.
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il. PCCFG hydrogel before and after PB* adsorption

In this study, only single Pbadsorption on to PCCFG was studied by the EDX to illustrate
the adsorption mechanism. As shown in Figi(a), PCCFG hydrogel contains a high
composition of oxygen, c¢bon, nitrogen, sulfur, and calcium with naturally occurring
aluminum and chloride. The complexation via electrostatic attraction/chelation between the
P andi N andi S atoms is clearly shown in the EDX specirhais observation reveals the
disappearancef i N andi S atom in the composition and the spectra, and the increase of the
PK** peak after adsorption (Fig. #4b)). As illustrated in Fig. Z(b), the higher PB peak
shows the higher concentration of’Pim the hydrogel, which indicate the adsooptiof PB*

on the hydrogeadsorberd. Moreover, there were significant changes in the composition of
oxygen and carbon of PCCFG afterPadsorption, indicating that hydroxyl and carboxylic
functional groups of the hydrogel are also responsible for dserption of PB" (Afolabi,

Musonge, and Bakare 2021)

TheiN, i S, andi O atoms are responsibfor adsorption of Pb (Alboghbeish, Larki, and
Saghanezhad 20223nd the PB might be coordinated or electrostatically attractetiNél,,

TSH, 1COOH andi OH functional groupsFurthermore, disappearance of calcium and the
significant change in the amount of aluminum afé&f* adsorption indicate displacement
and exchange of ions betweern*Ga\I**, and PB" (Fig. 4.7(b)). The PB" adsorbed onto the
hydrogel via the ion exchange of Taand AFPF*, coordination, electrostatic
attraction/chelation with amine and thiol funct&d group, and surface precipitation is likely
due to thei OH functional group present in the PCCFG hydrogel. Similar results were
reported previouslyLiang etal. 2020; Yuvaraja et al. 201%rom the above, it can be noted
that the EDX results were consistent with the FTIR results. The result of the EDX analysis
before and after Bbadsorption shows that PCCFG hydrogel has an ability to remdie Pb

and othedivalent oxidation state heavy metals from aqueous solutions.
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Fig.4.7 EDX spectra of PCCFG hydrogel: (a) beforé Riglsorption, (b) after Bb

adsorption.
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4.3.4. Thermal Stability Analysis

I. PPSgC and PPSgCG hydrogel

Thethermal stability and decomposition behavior of a composite may depend on the thermal
properties of the individual components and their interactipasgMantia and Valenza 1994)

The thermogravimetric analysisTGA) and differential thermal analysis (DTAurves of

PPSgC and PP&g areshown in Fig. 4.8An endothermic peak observed2°Cin DTA

curves shows the efiination of water molecule3.he onsets of weight loss of the PPSgCG

and PPSgC are observed at 255 and 235°C, respectively. The PPSgC begins to lose weight
earlier than PPSgCG. The PVP exhibited only one mass loss region, which started at 400°C,
and its maimum rate of decomposition was observed at 480°C. It is reported that the vinyl
pyrrolidone monomer is the main volatile gas involved during the thermal decomposition
(Loria-Bastarrachea et al. 2011 blend of PVA and PVP undergoes three stages of mass
loss in the temperature range of PB00°C (Rao et al. 1999)Addition of PVP to PVA
increases initial thermal decomposition. As can be observed in Fig. 4.8, PPSgCG and PPSgC
hydrogel exhibitedyve st ep degr adati on. The yrst stage
attributed to evaporation of water. The second stage (up to 235°C) is due to water elimination
from PVA and PVP, decomposition of grafted starch, and cracking of {¥ghizadeh and
Sabouri 2013) which related to decomposition of unstable oxygen containing functional

groups

The third stage of degradation was predominantly the characteristic of degradation of
polymer structure and decomposition of functional graanms the oxidation of GO related to

CO, CQ (Zhu, Hu, and Wang 2014) The mass |l oss in the four
attributed to the combustion of the graphite redidksu and Tung¢ 2005)Further heating

cracks the polymer backbone.

The major mass loss was observed in the thirdi@35°C) and fourth stages (33310°C)

and was followed by smaller mass lossiathy f t h st age before compl e
yfth stage, the PPSgC hydrogel was destroye
PPSgCG (about 650°C). As illustrated in Fig. 4.8, the weight loss of PPSgC is observed at
lower temperatures than that PPSgCG, indicating that the latter is thermally more stable.
Addition of GO to the hydrogel increases both initial and final decomposition temperature.

This indicates that the addition of GO has enhanced the thermal stability of the hydrogel.
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4.3.5. XRD Pattern of Synthesized l-cysteinenzZVI

As shown in Fig. 4.9, the dominant peak appe
interplanar spacing (d = 3.118 A), confirming the formation of iron in itsi z@tent stat€Y

Bagbi et al. 2017)The minor peak appeared at 5809 cor r esponds to t he
interplanar spacing (d = 1.562 A) of iron oxides existed as a thin shell packing on the surface

of ZVI. As illustrated in the figure, no extra peaks were observed in the diffraction pattern

confirming there is no impitres present in the sample.
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Fig.4. 9 XRD pattern of synthesized cysteingé ZVI.
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4.4. Removal of C** lon by PPSgCG Hydrogel

4.4.1. Effect of Adsorption Parameters

I. Zeta Potential andEffect of pH

As shown in Fig. 4.1@), the 2ro charge point (pid,) of PPSgCG hydrogel was at pH 3.5.
The nitrogen atomef amine and amide functional group of PPSgCG were protonated in the
presence of Hat lower pH (lower than pld,), which make the surface of PPSgCG positively
charged. This allwed the surface to interact with HGf@y electrostatic attraction, thereby

improving the ion exchange performance of the hydrogel.

pH is an important factor that affects the swelling capacity of hydrogel and the degree of
associationdisassociation ofheavy metal ions on the adsorbent surfaces. It is a key
parameter for the evaluation of adsorption capacity of materials. The effect of the initial pH
of Cr®* ion solution was studied in the pH range 62The pH of the solution was adjusted

by using 0.1M of HCI and NaOH solution as needed. .Hd.0(b) shows the effect of pH on

the adsorption capacity of thei@separed PPSgCG. The availability of protonation of amine
group at low pH results in complexation with chrome spe¢i&rQ?4). At low pH, CF* ion

is present as dichromate anion. Furthermore, the amine groups contained in hydrogel are
easily protonated. Thus, the dichromate anion interacts with adsorbent throiighiron
formation. However, at higher pthigher than pkty) there are competitionsetweeni OH

and CO,* ion for adsorption on the hydrogel surface, which decrease chrome ions uptake. In
addition, as pH increases from 2 to 6, the amine groupotteyates, resulting in electro
static repulsion of ErO,4 ions, further contributing to théecrease in the adsorption capacity

of the hydrogel. Maximum adsorption was obtained at pH of 2, similar to the result reported
in the literaturgKalidhasan et al. 2013)

il. Effect of adsorption time

The effect of contact time on the adsorption capacitthefPPSgCG was studied at 30, 60,
90, 120, 150, 180, 210, and 240 min, keeping the other variables constaitn@dsorption
capacity (mg ) and removal efficiency (RE %) were measuasda function of time (Fig.
4.11). The adsorption capacity on®ion sharply increased in the first 120 min and declined
afterward. The fast adsorption in the first 120 min may be attributed to the paiarerels
and porous microstructure of thei peepared PPSgCG hydrogel, which affect diffusion of

ions into the pore structure.
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Fig4. 10 (a) Zeta potential of PPSgCG hydrogb) adsorption performance of PPSg@6&
differert pH (t = 24 h). Adsorption conditions were, €60 mg 1*, hydrogeldose = 1 g'f,
agitation speed = 120 rpm, T =°29. Error bars represent the standard deviation from

triplicates

The decline in adsorption after 120 min may be due to the oxidadiduction process that
occurs at the adsorbent surfatéu et al. 2018) The electrostatic bonding of €rion to
protonated sites at lower pH and existence of eleiticin hetero atoms (O, N) may oxidize
the adsorption sites while the ®pets reduced to & after alsorption, thus reducing the
available adsorption sites for Cion. Therefore, the equilibrium time of 120 min was chosen

as optimum contact time for adsorptiorfon on the PPSgCG hydrogel. The fastest time of
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adsorption shows the excellent affinif as prepared PPSgCG hydrogel toward*Gon in

spite of the complex polymeric network and high degree of Tinksg. Different
adsorption experiments have shown a wide range of adsorption equilibrium time. The
adsorption equilibrium of trimesic agidross linked CS was 14.5 h for Erion (Bhatt et al.
2017)and the equilibrium time of MS@APTES@PNIPAnasvé h for CY ion (Chang,

Kim, and Lee 2017)

iii. Effect of Cr® initial concentration

The effect of C¥ ion initial concentration on adsorption capacity of éisgrepared PPSgCG
hydrogel was evaluated at different initial°Cion concentrations (20 100 mg 1%). As

shown in Fig. 4.12(a), the adsorption of®Cgradually increased with increasing initial
concentration. As Cf ion concentration increases, the chance of collusion betwe®n Cr
molecule and hydrogel surface increases that tends to increase reasdsrtrate from
solution to hydrogel surface. The equilibrium adsorption capacity was increased and removal
efficiency was decreased with increasing concentrattomsidering both the adsorption
ability (ge) and removal efficiency, we chose initial°Cion concentration of 100 m§*Ifor

the kinetic, isotherm and thermodynamics studies.

V. Effect of PPSgCG hydrogel dose

The effect of adsorbent dose on thé*Gon removal cpacity is presented in Fig. 4.1(

The figure shows that the amount of Obn removed decreased and the reai@fficiency
increased with the increase in hydrogel dose. At lower hydrogel dose, the adsorptive sites
were easily and quickly saturated, resulting in higher adsorption capacity and lower removal
efficiency. The sorption efficiency is fast in the ficsise of hydrogel (2 g %) due to the
availability of effective adsorption sites for ®rions, which resulted in sufficient
electrostatic attractions between anii@eide of hydrogel and €rO4 ions. Considering

both the adsorption ability {gand removal efficiency, we chosgdnogel dose of 3 d1 for

the kinetic, isotherm and thermodynamics studies.

74



26 — 100

25 5
= 05
24 <
. 23 - 90
_I;.,.g g
£ 22 - E
. -85
<

21 1

20 R

19 A
=75

18 . I . 1 . 1 . 1 . I
0 50 100 150 200 250

Time (minute)

Fig. 4.11 Adsorption capacity of PPSgC& diferent times (pH = 2). Adsorption conditions
were, G=60mg ', hydrogeldose= 1 g I'*, agtation speed = 120 rpm, T = %5). Error

bars represent the standard deviation from triplicates

V. Effect of competing ions

Studying the competitive adsorption of different adsorbate is important in order to know the
adsorption performance of the adsorbent ial mwater samples. Chromate adsorption is
affected by the presence of coexisting anions such as phosphate, sulfate, chloride, nitrate, and
carbonate in the solutioffahmasebi 2020)Identical chemical properties and geometrical
configuration enhance the competitive adsorption between sulfates and chromate under acidic
condition (Lin et al. 2021; Meena and Arai 2016)he effect of common competing ions

such as sulfate (S6), phosphate (P§), nitrate (NQ'), and chloride (C) on adorption
efficiency and selectivity of €fion on the hydrogel (PPSgCG) was investigated. The results
show that the effect of chlorine ion was not significant compardfat of the control (Fig.

4.13. The effects of phosphate and nitrate ions were sdraesignificant compared to the
control. As illustrated in Fig. 43l sulfate ion has a significant effect on the®*Qon
adsorption, which might be related to identical chemical properties and geometrical

configuration.
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Fig.4.13 Effect d computing ions (t =120 minfor adsorption of Cf on PPSgCG.

Adsorption conditions were at pH 5 2, = 100 mg 1*, hydrogel dose = 3 d* agitation

speed =120 rpm, T =26).

4.4.2. Adsorption Kinetic M odelsof Cr®* Adsorption onto PPSgCG Hydrogel

To predict the adsorption mechanism of the adsorption process, adsorption kinetics models
were used to interpret the expeeintal data. The €fion removal through synthesized
PPSgCG hydrogel was evaluated in terms of tH& i®n removal kinetics by measuring

removal at different time.

I. Pseudafirst order

Pseudofirst order PFO) kinetic model is applicable at initial seagf adsorption and if a few
active sites exist in the adsorbgf¥ang and Guo 2020)t assumes that the adsorption
process occurs through a firstder reaction mechanism, where the rate of adsorption is
directly proportional to the number of unoccupied sites on the adsorbent sAdatewn in
Table 4.1 and Fig. 4.14, the experimental dattor adsorption of (¥ onto PPSgCGs not
correlatedwvell by pseudéfirst order (R = 0.71) The adsorption of Cf onto PPSgCG is not

follow the assumption behind the pseifist order kinetic model.
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Table4.1 Summary of kinetic model parameters and coefficient of correlation

Pseudofirst order Pseudodsecondorder Intraparticle diffusion

G(Mmgg) ki R® Qe (Mg §°) ka R ki R?
4.68 001 0.71 26.62 0.004 0.999 15.66 0.77

y=1.54216x-0.01727

0.8 4
0.6 -
0.4 -

0.2 -

In(Q.-Q) (mg g")

0.0 -
0.2 -

0.4 - -

_0. 6 T I T I T I T I I
20 40 60 80 100 120

Time (minute)
Fig.4.14 PFO model for adsorption of €ron PPSgCG. Adsption conditions were at pH =
2,Co=100 mg %, hydrogel dose 3 g ['*, agitation speed =120 rpm, R5°C).

il. Pseudd second order

Pseudosecond order (PSO) is used to describe rptiem processes that are governed by
surfaceChemisorptionThe PSO model is widely adopted to describe adsorption processes at
final stage of adsorption and for adsorbents with abundant active sites, and for adsorption
kinetics dominated by the adsorption to active site@NVang and Guo 2020¥he R is one

of the most important parameters that determine which experimental data best fit the model.
It is clear from the result (TableX.that the value of Robtained for PSO (R= 0.999) is

higher than those obtained for PFO?*® 0.71) and intraparticle diffisn (R* = 0.779.
Besides, the calculated was close to the experimental value (25.54 . ddence, PSO

(Fig. 4.15) provides an excellent agreement for the adsorption fi@r onto the PPSgCG
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hydrogel adsorberst, showing that it fits the assumptioehind this modelThis model
assumes that the rateniting step might beChemisorptioninvolving exchange of electrons
between the active sites and the®*pns. The adsorption process is controlled by the
adsorption on active sites. The®Cions may beadsorbed due to electrostatic interaction
(cation adsorption by acid site) with the functional group. The HCelctrostatically
bonded to twa N atoms in amine of CS and ohd atom in amide of grafted pristine starch
and might be followed by reductiaga CF* (Liu et al. 2018)

5.0 . , ; , ; . : ,

4.5—- y=0.03757x+0.17873
4.0
3.5 -
30-

2.5 1

t/Q, (min g mg)

2.0 1

1.5 1

1.0 . T : T J T J T L T
20 40 60 80 100 120

Time (minute)
Fig.4.15 PSOkinetic model for adsorption of &rion on PPSgCGAdsorption conditions
were at pH = 2, t = 120 min,,& 100 mg 1}, hydrogel dose = 3 | agitation speed = 120
rpom, T = 25C).

iii. Intra 1 particle diffusion

In pore diffusionmode]| diffusion is assmed to take place in the liquifilled pore. The
driving force for intraparticle mass transfer is solute concentration gradient in the pore phase
of the particleFor reactions that are pore diffusion controlled, it is recommended to locate
the active adsrption site close to the fluidolid interface in order to decrease the diffusion
path of reactants and productss shown in Table 4, the expemental data is well
correlated withpseuddsecond order kinetic model, which shows pore diffusion is not rate

limiting step rather chemisorption controlled the adsorption procegsesve can see from
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Table 4.1the intrd particle diffusion(R* = 0.77), internal surface and pore diffusi@not a
ratd limiting step. Besides, it is observed that (Fig.6}.the plot did not pass through the
origin, indicating that intraparticle diffusion was not the irlteiting step. The formation of
microspore structer (Section 4.3.2night bemakes easy for the diffusion of the®Cions to

the active sitesf the hydrogel

I ! I ! I ' 1

y=0.09221x+1.222

logQ, (mg g))

[
~J
|

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
logt (minute)
Fig.4.16 Kinetic model for adsorption of €rion on PPSgCG: a) PS®) intra particle
diffusion. Adsorption condions were at pH = 2, t = 120 min, € 100 mg *, hydrogel dose
=3gl? agitation speed = 120 rpm, T =°25.

4.4.3. Adsorption Isotherm Models of Cr®* Adsorption onto PPSgCG Hydrogel
Adsorption equilibrium is a fundamental property in adsorption studies, which describes the
phenomena prevailing in thetention of the adsorbate from aqueous solution to an adsorbent

at constant pH and temperature. It describes the interaction between the adsorbate and
adsorbent. Many isotherm models are often used to describe the interaction phenomena

betwesn the adsorbatand adsorbent.
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I. Langmuir

The Langmuir model is based on the assumption that molecules are adsorbed on fixed sites,
which have the same energy with no lateral interadti@mgmuir 1918) The linear form of
Langmuir isotherm was used to fit experimental data for the adsorptior?‘oib@&ronto the
PPSgCG hydrogeldsorbert at 25, 35, and 45°C (Fig.17). The correlation coefficient @R

and kinetic paramets are summarized in Tabkle. The Langmuiisotherm agreed with the
experimental data withR= 0.99at 25°C (Tablet.2). The values ofjn,, R., and R decline

while the temperature rises, suggestifmttthe process is less favoralde higher
temperatees. In Langmuir isotherm, favorability of adsorption is expressed by separation
factor, R. The values of Rcalculated at 25, 35, and 45°C (Tablg) are between zerand

one suggesting that the adsorption of°Con PPSgCG hydrogeddsorbert is favorale.
However, R is found to decrease as temperature rises, showing that the adsorption is less
favorable at higher temperatures. Hence, 25°@noptimum temperature for the adsorption

of Cr** ions on PPSgCG hydrogatisorbers.

Table 42 Summary of isotherm parameters and coefficient of correlation

Langmuir isotherm Freundlich isotherm  Temkin isotherm

TCC) agmw(mgg? b(mgh) R? R. k(gh) 1n R* b kr R?

25 93.00 0.001 0.989 0.92 0.07 1.03 0.98 789.72 0.08 0.86
35 51.47 0.001 0.942 0.89 0.04 110 0.91 893.61 0.07 0.75
45 8.86 0.007 0.826 0.59 0.18 0.67 0.49 1524.32 0.10 0.51
. Freundlich

Freundlich model is known to describe the indeal and reversible adsorption, which was

not restricted to the formation of monolayédtr is applied to multilayer adsorption over
heterogeneous surface. The linear form of Freundlich model is based on the assumption that
the sites of adsorption are heterogenedie surfae heterogeneity, which ranges zero to

one is characterized by aeterogeneity factor of 1/n, where n indicates linearity between
adsorbate solution and adsorption proces8esypical plot of Freundlich isotherm (Fig.
4.18(a) and the values ofgk n, and R are listed in Table 2. The value of n gives an
indication ofthe favorability and capacity of the adsorbent/ adsorbate system. For 1/n < 1,
adsorption process with chemical interaction is suggested. But if the value of 1/n (adsorption

intensity) is above 1, then it is an indication of the cooperative process.
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Fig.4.17 Langmuir isotherm for adsorption of €rions on PPSgCG hydrogedsorberst

Adsorption conditions were at pH = 2, t = 120 mig,/C100 mg I'!, hydrogel dose = 3 §

agitation speed = 120 rpm).

It is quite clear thiathe value of 1/n is above one (Tabl@)4at 25 and 35°C, suggesting that
the interactions between the®Cions in the solution with the PPSgCG hydrogdsorberst

are both physical and chemical.

iii. Tempkin

Besides, the linear form of Tempkin isothermswased to fit experimental data for the
adsorption of C¥ ions on to PPSgC@dsorbert at different temperatures (Fig. &(l)). It
assumes that the heat of adsorption of all the molecules in the layer decreases linearly with
coverage de to adsorbenadorbate inteactions, and that the adsorption is characterized by

a uniform distribution of the binding energies up to some maximum binding energy. As
shown in Table 2, the value of Rdecreases as temperature rises and the experimental data
were not desibed well by this model (R= 0.86at 25°C).
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Fig.4.181sotherm for adsorption of Erions on PPSgCG hydrogatisorbers: a) Freundlich
b) Tempkin. Adsorption conditions were at pH = 2, t = 120 miyg= @00 mg I'*, hydrogel
dose = 3 g'f', agitation speed = 120 rpm).
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4.4.4. Thermodynamic Parameters

The thermodynamic parameters such as standa
change (&SA), and Gibbs free energy pitohange (
performance under different temperatures. The equilibrium constaitgk’) and @&GA fc
the adsorption of Gf ion on PPSgCG hydrogeldsorbers was calculated at 25, 35, and

45AC by using Eq. (3.22) and Eqbtained8am2i@) , r e
slope and intercept & a n 6 t plotoblri K versus 1/T (Eq. (3.24)), respectively. The values

of @HA, @SA, and @&GA3 aTdepvastert od i@BATalsl e
similar to KalidhasanKalidhasan et al. 2013)The negt i ve val ue @8)f ®GA
confirms that the adsorption of Ciions on to PPSgCG hydrogadisorbert is spontaneous

but the degree of reaction decreases as tem
value observed as temperature increasestrigldue to growth of film boundary layer near

the adsorbent surface and decrease in electron density in the vicinity of adsorption site. The
negative enthalpy change shows the attractive van der Waals interaction betweeti the Cr

ions and PPSgCG hydrogeldsorberd enhanced exothermically. The entropy of the
adsorbate is related to the degrees of freedom associated with the adasddmebate
interactions. The negative change in entropy (decrease in overall entropy) is due to the
detachment of water moleles after hydrophobic hydration (gugsbst complexion)Liu et

al. 2002) This might be due to localized igair interactiorbetween the HCr§ anion with

cation of protonated amine and amide functional group in the hydrogel. Moreover, it might be
related to rotational and translational motion of Hgr@nion and cation of functional group

restriction in multi polymer matrix that resulted in aége entropy change. The size and
orientation of chain length of polymer also affect the randomness of the system here in the
PPSgCG hydrogeldsorbert (ValentinReyes et al. 2019)

Table 4.3 Thermodynamic parameters for adsorption of*Conto PPSgCG hydrogel

adsorbert.

Temperature (0C) aH° (kJ molh) as° (kJ mof- K™ a&G° (kJ mol)
25 -2.36 -0.004 -1.120
35 -2.36 -0.004 -1.067
45 -2.36 -0.004 -1.025
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4.4.5. Theoretical Adsorption Studies (DFT)of Cr® onto PPSgCG Hydrogel

I. Geometry and structural analysisof PPSgCQG | and PPSgCG I@Cr®*

The geometrical structures of PPSgC@re depicted in Fig3.10 (Section 3.9.1and were
thoroughly optimized using DFT/B3PWBD3 at the 631G () levd. The opimization
completed with convgenceand stationary point found gootential energy surfacePES
(Annex8). The +ve frequency of converged PPSGC&hows that the structes are at local
minima on PES (Anne®). The PPSgCT@Cr** were optimized using DFT/B3PWBD3 at

the 631G (d)/SDD level.Optimization helps to determine the minimum energies and
configuration of system and enables one to evaluate the structural parawigiersthe
system, before and after interactions. As shown in£it9, the baxd distance of adsorption

site { CONH,) of PPSgCGI were changed after the adsorption of ‘GAnnex10 & 11). It

was observed that PPSgCG tends to chelate wfthti@ough amond denate nitrogen atom
ligand (Model 1). On the other hand, the coordination sites were through nitrogen and
oxygen atom of amide byidentate cooridation as presented Model 2. In Model 1, the

CriN bond distance was 2.005A and Nodel 2, CiiN and Cri O bond distance were
2.005A and 2.019Arespectively. The nitrogen of amide was more closed {6 tBan the
oxygen of amide, suggesting that nitrogen played a more important role in the interaction
with Cr®* during the adsorptiorThis result were aged with the result from FTIR (Section

4.4.1, subsection iii.) and EDX (SectioA.4.3, subsection i.) analysis.

il. Molecular electrostatic potential of PPSgC®I and PPSgCQ I@Cr®*

Information about the local e a c t iofva mojeéuke were obtained from haoular
electrostatic potential (MEP), due to the density of electrons present from atoms that make up
the moleculg(Raghi et al. 2018)It is possibleto determine the possible site of reaction or
formation of complex byanalyzingthe MEPs(Hakiri et al. 2018) The points of greatest

reactivity of the molecule can be identified from MEP.
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Fig4.19 Optimized geometries of PPSgC®lI and PPSgCE@@Cr*. Calculated at
DFT/B3PW91 D3/6-31G(d)/SDD.

From total density mapped with EPS, in the regions with the most intense colors, where more
orange or red are partially negative and blue indicates a papiaitive regionAll surfaces

were generated with density 0.0004 a. u. Fig. 4.2bows the MEPs of PPSgCiGand
PPSgCGI@Cr*" and the coloring related to charge density. In the PP$4Q@Gs possible

to observe the presence of two regions (Fig9(@)) with high density of partially negative
region. High density of negative region (more red) were observed in and@ENH,) region

due to the nitrogen and oxygen atoms, which is the region of interest for adsorption site for
Cr®". These regions is verglectronegative and thus susceptible to interactions involving

electrophiles.

iii. Frontier molecular o r b i &nd leakts/e indices of PPSgCd and PPSgCQ

|@heavy metals
The molecular orbital KIO) of PPSgC@l before and after €f interaction and Cf where
illustratedin Fig. 4.21 In PPSgCGI (Fig. 4.2X@)), in the HOMQ 1, theo r b i haeel 6 s
opposite signs, and so they combine to form anilantin d i nmglecuar orbital. The
HOMOi 1, HOMG 2, and HOM@3 (Fig. 4.21ai c)) in PPSgCG®Gl is an orbital formed
frompor bi ftom Ithé swecarbon atom, the nitrogen atoamd the oxygen atom. The

contributions from the carbonarbon atoms, and the carbatoms and the nitrogen atoms
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are situated along the single bond where as the contribution from the carbon atoms and the
oxygen atoms are situated along the double bond.

To verify the reactivity between the PPSgCG and heavy metal ions, the study drfront
molecularo r b i (FMO®) dwere carried out (Anned2 & 13) and the reantity were
calculated (Table 4)4from molecularo r b i (M@)l NMosecularo r b i dreailnpdrsant to
analysis thequalitativelyas well agguantitativelypossibility of reactionrom its positioning.
After analyzing the results found farthe Gaussian output (Table ¥.# is possible to infer
the PPSgCG is relatively soft compouwith respect tPt**, Cd*, CU** and HdG". This is
due to the presence of amine, amide, and catbgroups, generating an increase of the
softnessPPSgCGI molecule have positive electron affinity (+ve LUMO); that is, energy is

not required to force an electron on to the PPSg@alecule.

We can see that Ph Cdf*, C/** and CP* are more electromgtive (Lewis acid electron
acceptor, electrophileshanPPSgCG and will accept electrons froPPSgCG resulting in

a coordinate covalently bonded compouMblecular orbital interaction of PPSgCiGand
Cr®* were observed in Fig. £2 Where aPPSg@G-| is more electronegative (Lewis acid,
electron acceptor) thaHICrO,4 (Lewis basg electron donor, nucleophilend will accept
electrons from HCrQ. This is a result of large negative electron affinity (large LUMD).
hard molecule has a large HOMOJMO gap and a soft molecule has a small HOMO
LUMO gap. Soft molecules are more polarizable than are hard molecules.

Electrons transfer from HOMO of each molecule to the LUMO of other takes place by

mi xing of the orbital 6%isthahalde acal l(high métabn e f f
ion, which limits the amount of electron transfer ah@rO, is the softer (low Ey ions

(Table 4.4). For the metal ionsCU?* ion was the one with the greatest softnesst soft

interaction, strongest covalent bamg) and PB*, Cd** and Hg" (soft acids) were with better

softness with respect to PPSg@y far HCrQO;, is the soft ions with small HOMQ.UMO

gap and forms weak interaction (hasdft interaction) with PPSgC@t is possible to infer

that Cd*, P¥*, Cd#* and Hg" ions tends to have a favorable interactfoavalent bonding,

softi soft interactionwi t h PPSgCG according to Pearsonods
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Surface Surface (solid)
(transparent)
(a)

PPSgCG-I: Electron density from Total SCF Density (isoval=0.0004; [mapped with ESP])

Surface Surface (solid y
(transparent) (b) (ol

PPSgCG-I@Cr®": Electron density from Total SCF Density (isoval=0.0004; [mapped with ESP])

Fig.4.20 Representationf MEP: a) PPSgCGh) PPSgCGI@Cr* (Model2). Surface Ma
value:-7.102¢& to 7.102&. Calculated at DFT/B3PW9D3/6-31G(d)/SDD.
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From Perturbation theory, there are electron delocalization and polaribatioing
interaction between molecules, which is greatest when energy of HOMO is small for both
reactantsand the energy of LUMO is large and positive (i.e. both molecules should be soft).
The MO diagrams of PPSg@Gderived from PPSgCG before and aftef*Grdsorption are
shown in Fig. 22 (a) and €), respectively After adsorption of C¥, the HOMQ LUMO
energy gap of PPSgGGis reduced (Table 4.4), which indicate the PPSHI@sr

complex was soft compound (high polarity) and stable.

Fig4.21 MO of PPSgCGI: a) HOMO' 1, b) HOMQ 2, ¢) HOMQ 3; MO of CF*: d)
LUMO+1 (p,), €) LUMO+2 (py), f) LUMO+3 (d,?), g) LUMO+4 (dyy); and MO of PPSgCG
@Cr*": h) HOMGi 2, i) HOMGi 5, j) HOMGi 6. Calculated aDFT/wB97XD/6-311+G (d,
p)/SDD.
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Fig.3.22 HOMOi LUMO diagram ofoptimized systema) PPSgC®l; b) Cr°*; c) PPSgCG®
@Cr°* (Model2). MO, Isoval = 0.0%-ve = gree, +ve = red)Calculated aDFTAWB97XD/
6-311+G(d, p)/SDD.
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Table4.4 Energy of HOMO (kowmo, €V), LUMO (B.uwo, €V), Band/Energy gap {k €eV),
Softnesy B Hardnesg d Ghemical potentiafy) a nd el e ct robRPPSgL&Itandv e
heavy metals. Calculated at DFT/wB97XEB61+G (d, p)/SDD.

Group Evomo  ELumo Ecap d B H G
PPSgCG -9.170  0.925 10.10 505 020 -412  4.12
cr** -151.65 -99.35  52.30 26.15 0.04  -125550 1255
HCrO4 -2.90 -0.46 2.44 122 082  -1.68 1.68
PL 2770 -15.86  11.86 593 0.17 -21.79 21.79
cd* -32.14 -20.22  11.92 592 017 -26.18 26.18
cu -32.05 -21.71  10.34 517 019  -26.88 26.88
Hg** -7.46 -0.52 6.97 348 0.29 -4.00 4.00
PPSgCEA@Cr* -25.46 -2496  0.50 025 4.00 -2521 2521

V. Structural and vibrational analysis of PPSgCG | and PPSgCQ I@Cr®*

Complexes formation between PPSgCG anfl” Grere also confirmed by analyzing the
vibrational frequenciesfdhe adsorption site. The vibrational frequencies @£O andi Ci

N of amide in isolated PPSgCGand corresponding €rcomplexes were investigated and
presented in Table 3. Based on the data output fromeduency calculation, vibration
frequenciesof C-N and C=0 of amide of PPSgCGare 3544.90 cihand 1843.70 cih
respectivelywhich is shifted to lower frequencies after PPS§C" complexesThis result
were similar with the FTIR analysis (Section44. subsectidnii). The vibrational
frequencesof C-N shifted mordo lower than that of €O after complexegAnnex 14 & 19,
which shows that &f is more attracted to nitrogen atoms than oxygen afdnis result is

similar with bond distance calculated after complexes (Fi@)4.1

Table4.5 Vibration frequencies of PPSgCGand PPSgCE@Cr™".

Complex Interaction position Frequency (cr)
Experimental (FTIR)  Theoretical (DFT)
PPSgCGI Tamine 34251 3785 3C = N/ 3¢
iamide | 1670 3C = 0/ 1¢
PPSgCGl@Cr* Ni Cr®* 3675i 3370 3C = N/ 1°F
oi Cr*” 1650 3C = 0O/ 1:
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V. Natural bond orbital analysis of PPSgCGI| and PPSgCQ |I@Cr°®*

NBO analysis is one of many available options (e.g. of QTAIM, Mulliken, grapmeps of

el ectrostatic potenti al (ESP) etc.) for tra
wave equations into familiar language of chemical bonding concepts. Natural bond orbital
(NBO) analysis was used for the study of the charge transterrowy within the atom,
adjacentatom or more remote atom during the interaction/adsorption procé$sesharge

transfer calculation were carried out with tB&T/B3PW91 D3/6-31G(d)/SDD level of

theory. Atomsof potential adsorption sitevhich has totaNBO charges greater tha0.5

were selected fdrewis and nonLewis NBO analysis(Table 46). The calculated.ewis and

nori Lewis NBO (from NBO summary oGaussiaroutput Annex 16 of these atoms before

and after C¥ adsorption were presented in Tablé dnd Table 4, respectively

Condensed summary of the principal NBOs, showing the electron occupancy, orbital energy,
and the qualitative pattern of delocalization interaction with each and other atoms are
presented in Table A. This table allows quidy to observe theprincipal delocalizing
acceptoro r b i assmdiaed with each donor NBO and their topological relationships to this
NBO. NBO is also used to identified electron occupancy and energy of orbital associated
with each atom. As presented Trable 47, the adsorption site-CONH,) of PPSgCGI

atoms, the oxygen lone pair (LP(2)Pand nitrogen lone pair (LP(1)N22) are seen to be the
lowest occupancy (1.85640 electrons for O21, 1.74773 electrons for N22) and highest
energy €0.24928 a.u for O2L, -0.30184 a.u for N22). The strongest interaction were
identified for the interaction of lone pair (LP) orbital NBO of localized on O21 and N22 with
the adjacent sigmél’) (Oi C and GC) andd (Ci O and @ H), respectively At the bottom

of table, summarghows that the Lewis NBOs is about 98.74% of the total electron density,

with the remaining ndrLewis densityfound primarily in the valenéshell anti bonds.

’3‘

Q‘J

,ea ye

Fig.4.23 Labeledatoms of Optimized PPSgCIJused as referencerfdable 4.6.
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Table4.6 NBO total charge of PPSgCIGCalculated at DFT/B3PW9D3/6-31G(d)/SDD

Labels Atom NBO charge Labels(Fig. 423 Atom NBO charge
(Fig. 4.23

7 O -0.615 21 O -0.600
8 @] -0.746 22 N -0.902
15 @) -0.626 23 N -0.898
16 @) -0.758 24 @) -0.778
17 O -0.759 39 O -0.555
18 @) -0.620 42 @) -0.749

Table4.7 Lewis andnoni Lewis NBO (from NBO Summary) of PPSgCG Calculated at
DFT/B3PW91 D3/6-31G(d)/SDD.

Surface Lewis NBO Occupancy(electrons) Energy (a. u) Principal Delocalization
(non-Lewis NBO)

LP(1)O; 1.95345 -0.58037 BD c.0,BD cn
LP (1) 1.97878 -0.59724 BD ¢, BD c.o
PPSgCG LP(2)Ois 1.90043 -0.31741 BD ch, BD co
LP(2)Oi6 1.92703 -0.31241 BD c.o, BD on
LP(2)O7 1.94664 -0.28569 BD c.c, BD o
LP(1)Os 1.94853 -0.57338 BD ch BD on
LP(1)Oxn 1.97776 -0.67964 BD cn, BDcc
LP(2)On 1.85548 -0.24928 BD o.c, BD cc
LP(1)Nz2 1.75119 -0.30184 BD co, BD o
LP(1)Nx3 1.94738 -0.30027 BD ¢, BD o
LP(1)Ox 1.97620 -0.61159 BD c.c, BD o
LP(2)Oz4 1.93456 -0.32334 BD cx BD on
LP(1)Os3 1.98391 -0.69366 BD c.c, BD on
LP(2)Ou3 1.94914 -0.32575 BD ¢, BD cH

Total Lewis = 223.15736 (98.7422%)
Valence norLewis = 2.40438 (1.0639%)
Rydbeg nontLewis = 0.43826 (0.1939%)
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After adsorption of Cf onto PPSgCG, it was observed that the electron occupancy and
energy were changed in both LP(})@nd LP(1)N, Lewis NBOs (Table 4.9). Transfer of
electrons were observed from oxyd@®21) to chromium (Cr52) (LP(1@- BD o-Cr), and

from chromium (Cr52) to oxygen (0O21) (LP (2)gr BD'c-0) and nitrogen (N22)
(LP(1)Cro- O'N-H (Table 4.9). After C¥ adsorpion, the strongest interaction were
identified for the interaction of lone pair (LP) orbital NBO of localized on Cr52 WifNi

H) and the adjacentli (Ci C). The second strongest interaction were identified for the
interaction of lone pair (LP) orbital NBOf localized on Cr52 witlii (Ci O). This shows Cr

is more attracted toN atom than it is attracted i@ atom. Frontheseresults, we can infer

that there were chemical bonding between chromium and oxygen and nitrogen atoms, which
shows adsorption of €ronto the PPSgCG hydrogel by covalent bonding, which is similar to
FTIR and EDX analysis.

Table 48 Lewis and NonLewis NBO (from NBO Summary)of PPSgCE@Cr".
Calculated at DFT/B3PW9D3/6-31G(d)/SDD

Surface Lewis NBO Occpancy(electrons)| Energy (a. u) | Non-Lewis NBO
LP(1)O; 1.95495 -1.23755 | BD c.0 BD cH
LP (1)Os 1.93775 -1.19400 BD ¢, BD co

PPSQCG | LP(1)Os 1.95442 -1.22316 BD ¢+, BD co

l@Cr** LP(2)Ox6 1.74953 -0.93749 BD c.0, BD o1
LP(2)Or7 1.69519 -0.96780 BD .+, BD o
LP(1)Os 1.95804 -1.24989 BD c-c, BD on
LP(1)Oy1 1.96019 -1.40766 BD o.cr, BD cn
LP(1)Ny2 1.63522 -0.98880 BD c-c, BD ¢
LP(1)Nas 1.31042 -0.95086 BD ch BD on
LP(1)Oz4 1.96459 -1.23024 BD ¢, BD on
LP(2)Ous 1.86244 -0.95663 BD c.c, BD o
LP(1)Qu2 1.97971 -1.36665 BD c.c, BD o
LP(2)Os, 1.88752 -1.00266 BD cc, BD ¢y,
LP (1)Ck; 1.99457 -0.96742 BD n.n BD cc
LP (2)Ck; 1.98769 -0.97078 BD co
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Vi. Perturbation energy analysis

The perturbation energyf activeadsorptionsite, which contains the highesnd the lowest
secondorder perturbation energy is selected for discusgidhis thesis. From Table 4.8
was observed that theghest stabilizéon energy were found on 0Z26.70 kcal mot) and
N22 (23.66 kcal mal) of i CONH, of PPSgCG. Thereforenost effective interacted atoms
(021 and N22) among the atomsttwNBO charge greater thai0.5 chargeatoms of
PPSgCG were extractedfor discussbn in this sectionln particular we focus on active
adsorption sitei(CONH,) of PPSgCGThe highest and lowest stabilization eneofyO21
were observedat interactingo r b i tP{2)s- BD (1)CoxiN2; and LPQ)Oyi-
BD'(1)Cogi N2, with values of 26.70and 2.11kcal mol', respectively The highest
stabilization energy of N22 were observed at interaatingb i LPA)NZR2s BD (2)Cui
0,1 with values of 23.66 kcal modl(Tabe 4.9). The strongest interaction were identified for
the interaction of lone pair orbital NBO localized on 021 and N22 with adjacent §jma
N, Ci C) and sigma(Ci O, Oi H) bonds, respectivel{These shows increased electron density
around 021 anéhdicatespossibleadsorption site for €f. Among the atoms in PPS@CTI
with higher NBO charges (#®.5), 021 atom with the highest stabilization energy is
perturbed (unstable) due to reait (Louis et al. 2022) Moreover N22 is the second
highest stabilization energy (23.66 kcal Mowith LP(1)Npo- BD (2)Co-O21  interacting

o r b i, shawing iscreased electralensity Hence, botfiO andi N atoms aresusceptible

to interactions involvinglectrophiles, whiclagreed with EP$Section 4.5: ii).

For PPSgC@@Cr™*, after CP* interacting with 021 and N2dnteractingo r b i weeel 6 s
observed at LP(1)021 BD'(1)OxiCrs,, LP(1)Chz- BD(1)Cigi Coo,  LP(1)Cha-

BD (2)Nosi Hsy, LP(2)Chz- BD'(1)Cogi Oo;, and LP(2)Crz- BD'(1)Nasi Hoy — with
stabilization energy 08.96 0.73 0.65, 0.50and 1.46kcal mol*, respectively Table 4.10).
These shows decreases in electron density around 021 and N22 after interactedwith Cr
These interacting r b i shawis bestransfer of electron fromO to Cr with interacting
orbital of LP(1)021- BD'(1)021 Cr52, which shows the interaction of lone pair orbital
NBO of localized on 021 witli (Oi Cr) bondsThere are alsolectron transfer from Cr to

N atoms with interacting r b i UPE)CE,-s BD (2)Nzsi Hsy and LP(2)Cso- BD'(1)Noai

H.7, which shows the interaction of lone pair orbital NBO of localized on Cr52 with adjacent
& (N7 H) bonds On the otler hand,electrontransferoccurredfrom i Cr to adjacenti C atom

with interactingo r b i LPE)CE-s BD (1)Cii CooandLP(2)Chy- BD'(1)Cagi Oo1, which
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shows the interaction of lone pair orbital NBO of lozetl on Cr52 with adjacet (Ci C
and G O) bonds From these results,evcan infer that electrotmansferor electronsharing

where occurred betweeretlr and activeadsorption site of PPSgCG.

Table 4.9 Second Order Perturbation Theory Analysis otidatrix in NBO Basis of
PPSgCGI/ DFT/WB97XD/6-311+G (d, p)/SDD. Threshold for printing: 0.50 kcal ol

Surface Donor (i) Acceptor (j) E%(i, j) E@) E() F(, j)
(kcal mol*) (a. u) (a. u)
PPSgCG LP(1)O; BD(1)Cs - Og 3.92 0.90 0.053
LP(2)O; BD'(1)Cs - Os2 12.47 0.61 0.078
LP (1)C BD (1)Gs - Hsz 3.07 1.04 0.051
LP(2)0s BD (1)Gs- O, 16.04 0.59 0.087
LP(1)Ois  BD'(1)Cus- Os6 3.91 0.91 0.053
LP(2)Ois  BD (1)Ci1- O 13.06 0.61 0.081
LP(2)Os  BD'(1)Cis- Ois 9.55 0.59 0.067
LP(1)O;  BD'(1)Cio- Ci2 4.26 0.93 0.057
LP(2)0;7 BD (1)Ci- Ci1 8.70 0.65 0.067
LP(1)Os  BD(1)Oy7- Has 9.19 1.04 0.088
LP(2)Os  BD'(1)Cioi Coo 6.90 0.70 0.062
LP(1)O;;  BD'(1)Cao- N22 2.11 1.13 0.044
LP(2) 0z BD'(1)Co- Na 26.70 0.70 0.124
LP(1)N,;,  BD'(2)Co- On 23.66 0.44 0.092
LP(1)N2s  BD'(1)C4-Cs 9.83 0.66 0.072
LP(2) 04  BD'(1)Cii- Oss 11.78 0.62 0.076
LP(1)Qsz  BD (1)GCs- Haa 2.35 1.06 0.045
LP(2)Qs,  BD(1)Gs- Oy 15.16 0.62 0.087
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Table 4.10 Second OrdePerturbation Theory Analysis of Fock Matrix in NBO Baseis
PPSgCGI@Cr**/ DFT/wB97XD/6-311+G (d, p)/SDD. Threshold for printing:  0.50 kcal

mol*

Surface Donor (i)  Acceptor ()) E“(, j) EDTE() F(@, )
(kcal molY)  (a. u) (a. u)
PPSgCG@Cr* LP(1)O; BD'(1)Gs-Os 4.13 0.94 0.056
LP (1)&s BD(1)Gs- O 9.10 0.84 0.078
LP(2)Qs BD(2)Gs- O 49.66 0.23 0.102
LP(1)Ois BD(1)Ci1- Oz 4.18 1.01 0.058
LP(1)Os BD (1)Cis- Oss 8.03 0.75 0.070
LP(2)Os BD (1)Ciz- Cis 18.35 0.47 0.086
LP(2)0;  BD'(1)Cio- Ciz 9.62 0.58 0.071
LP(1)Ois  BD (1)Cio- Has 1.83 1.05 0.039
LP(2)Ois  BD (1)Ciz- Cia 9.97 0.54 0.066
LP(1)O»  LP'(5)Crs; 5.68 0.90 0.064
LP(1)Q1  LP'(6)Crsy 0.80 0.89 0.024
LP(1)Q:1  LP(7)Crs 0.52 0.97 0.020
LP(1)O»  BD'(1)Ou1i Crsy 0.96 0.69 0.023
LP(1)N;  LP'(3)Crs, 0.79 0.21 0.013
LP(1)Nz  LP'(4)Crs, 0.73 0.26 0.013
LP(1)N;;  LP(6)Crsy 1.16 0.48 0.023
LP(1)Cs; BD'(1)Cioi Cyo 0.73 0.59 0.019
LP(1)Ck2, BD (2)Nx2i Hs1 0.65 0.67 0.019
LP(2)Ck, BD'(1)Cxoi Oxn 0.50 0.20 0.01
LP(2)Cs2 BD (1)Na2i Haz 1.46 0.65 0.027
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4.5. Regeneration of PPSgCG Hydrogel

Desorption and reusability of the adsorbent is important characteristic from design,
practical and economical point of view. In this study, the adsorption capacity of PPSgCG
hydrogel towards to €Ff ion during consecutive adsorptiaiesorption cycle was
investigated. During the adsorptiatesorptioncyclic process, 0.1 M HNOwas used as
desorption agent. The effects of reuse time on PPSgCG f6ra@sorption from aqueous
soluion were presented in Fig. 4.24t can be observed that the adsorption capacity of the
hydrogel decreases slowly as thaniner of cycle of using increase. The adsorption capacity
of PPSgCG in removing € after fivei cycle was 90% of its initial capacity. The slight
decreases in adsorption capacity during adsorptidasorption cycle is attributed to losses
due to rewashin@nd difficulty to recovery the whole active site form the hydrogel. The
above result indicates that the adsorgtamsorption cycle did not affect the adsorption
capacity of the PPSgCG hydrogel significantly, suggesting that the hydrogel can be
consideredhs an effective adsorbent in decontamination of metal ions form wastewater.

100

80

(=)
=]

Percent (%)
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=

20

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Fig4. 24 Reuse times and adsorption capacity of PPSgCG hydemgrbers for CF*
(where, pH =2, C, = 100mg ™, t = 120 min, hydrogel dose 3 g I}, agitation speed = 120
rpm, T = 25°C)
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4.6. Characteristics and Removal oBatu Tannery Wastewater

The sample from Batu Tannery wastewater were collected, treated, stored and analyzed
according to APHAColorimetric method (350(r. B) standard (Z3Edition) (Section 3.2.).
Batch adsorption studies were conducted in
pbasks (25 ml wastewat er) were placed inside
Edison, USA, EXCELLA E24R) at 120 rpm for 2h. PPSgCG Hydrdgse of 3.0 g't were

used for adsormin. The concentration of the total @r the solution before and after
adsorption were determined by UMs spectrophotometer (Section 3.4.). The concentration

of total Crin the Batu Tannery wastewater, which wasasure at 350 nm and pH of 2 were
6.86 mg I'. Where as the concentration of total Cr measured at 373 nm and pH of 9 were
14.89 mg 1. According to different studies, Cr shows charge transfer absorption bands,
which differ in acid and alkaline solutioflCrO 4 has a maximum absorption at 350 nm,
whereas Cr®, peaks at 373 nm. In both acidic and basic conditions, the concentration of
total Cr were reduced to 5.97 and 9.76 rfigrespectively, after adsorption onto the PPSgCG
hydrogeladsorberd. The renoval efficiency (R %) were calculated using Eg. (3.8) and the
result is presented in (Table 2)10nly 13% at pH of 2 and 34.45 % at pH 9 of total'Cr

were removed from real wastewater by this hydrogel in two hour of contact, which is
promising adsorbérfor real wastewater remediatiomhe low performance of PPSgCG at
lower pH mightbe attributed to the competition for adsorption betwd@omate and sulfate

ions. Due to the identical chemical properties and geometrical configuration between sulfate
and chromate, they should display not only similar adsorption behavior but also strong
competitive adsorption on adsorbent surfadgsth show strong competitive adsorption
under acidic conditionwith the increases in pH, the competitive adsorption betwealstes

and chromatalecreasesOverall, the adsorption performance of PPSgCG was low in real
wastewater (effluents from chemical precipitation) treatment, which might be related to large
amount of sulfate and other competitive ioasd precipitating agestised duringchemical

precipitation.

Table4.11 Characteristicef chromium from Batu tannemyastewater

Chromium (Cr) pH Concentration (mg) R (%)
Total CP* Before/ After adsorption 2 6.86/ 5.97 13.6
Total CFP* Beford After adsorption 9 14.89/9.76 34.5
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4.7. Removal of C" lon by CZVIi CPi PVA Hydrogel

4.7.1. Effect of Adsorption Parameters

I. Effect of pH

The effect ofinitial pH in the range of i110 on the removal of €f was examined using
CZVIi CS PVA at the concentration @5 mg I' and hydrogel dose of 2 ¢ (Fig. 4.5). As
illustrated in Fig. 25, the adsorbent hydrogel was found to be efficient over the wide range
of pH. The mechanism of adsorption could be explained by electrostadictiaih of amine

and solutioinoxidation adsorption by ZVI(Katsoyiannis Ruettimann, and Hug 2008)
Significant decreases in adsorption capacity were observed®irs@ption beyond pH of

3.0. The underlying reason for the decrease ffi @moval was explained by formation of its

anionic species that undergoes repulsiothieynegatively charged sorbent surface.

20

pH

Fig.4. 25 Effect of pH on C} adsorption onto CZVICS PVA

. Effect of Cr® initial concentration and time

The initial concentration of metal ion in the solution and duration of cobgteteen the
metal ion ad the adsorbent werbighly affect the adsorptioncapacity and the removal
efficiency of adsorbent. Agllustratedin Fig. 4.26 (a), the adsorption capacity{qof the
CZVIi CS PVA were increased as the initial concentration of*@n the solution were
increased. The adsorption capacity were increased dimandjrst 40 minutes contatime

and nearly constant for the rest of 120 minutes. The fast adsorption rate during the 40 minutes
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might be related the adsorptiorduction of Ct' to CP**. The removal efficiency (R) were
decreased as the concentration df @rthe solution increased (Fig. 4(B)).

iii. Effect of CZVIT CSi PVA hydrogel dose

The effect of adsorbent dose on"Qremoval was studied to optimize the exact quantity of
hydrogel. The CZVICS PVA adsorption capacity (q) decreased with increasing in CZVI
CSi PVA dosage (Fig. 4%Za)). The C¥ removal efficiency (R) increased with increase in
CZVIi CS PVA dosage Kig. 4.Z(b)); thereby indicating that higher is the adsorberteq
higher will be its binding active sites for Cadsorption.

4.7.2. Adsorption Kinetic Models

The CP* removal kinetic date were obtained by CZES PVA hydrogel adsorption
performance were fitted to psetdiost order (PFO) (Fig. 4.28a)), pseudbsecond ader
(PSO)(Fig. 4.28Db)), Elovich(Fig. 4.29a)) and intraparticle diffusion (Fig. 4.2(b)) kinetic
models to select the most appropriate kinetic equation. The obtained kinetic parameters, i.e.,
the coefficient of determination fRand kinetic rate coment (k) are illustrated in Fig. 482%

4.29 It was observed that the highest coefficient of determinatién=(R999) belongs to
PSO kinetic model that appears to be the best fitted model with the experimental d&ta of Cr
removal as compared to the re$ models which indicates that the adsorption dof @ms

onto the CZViCS PVA hydrogel was controlled by chemisorptio$is model assumes
that therata limiting step is chemical sorption or chemosorption and predicts the behavior

over the whole rangef adsorption.

Elovich kinetic model is used to describes the chemical adsorption (chemical reaction)
mechanism in nature during the adsorption proceggeseen from Fig. 29 (a),’Ralues is

high (0.944) which also indicates that the adsorption pobdeys Eloviclkinetic model,
however, these value is less than the results obtained from PSO kne#t(0.999) When

the kinetic data was analyzed using intraparticle diffusion model, it was observed that the plot
(Fig. 29 (b))did not pass througthe origin indicating that intraparticle diffusion wast the

only raté limiting step This deviation from the origin reveals the existence of some boundary
layer effect. The R values are relatively high (0.94) which showed that the adsorption
processesairly obeyed the intraparticle diffusion model,wever, it was not the sole rate

determining step.
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4.7.3. Adsorption Isotherm Models

I. Langmuir and Freundlich isotherm

The Langmuir isotherm is used to describe the equilibrium between adsorbate and adsorbent
system, where the adsorbate adsorption is limited to one molecular layer at or before a
relative pressure of unity is reachédthough the isotherm initially proposed by Langmuir in

1918 is generally suitable for describing the chemisorption process when ionic or covalent
chemical bonds are formed between the adsorbent and the adsorbate, the equation is obeyed
in many systems wh moderately low coverage and can be easily extended to describe the
behavior of the binary adsorption systeéfhe values of Langmuir and Freundlich constants
were obtained from linedits of the sorption dat and shown in Fig. 4.3®\dequatdinear
correlations was observed for hgmuir isotherm models (Fig. 4.3@)). The adsorption
capacities (ga) of C** for CZVIi CSi PVA hydrogel adsorbent have been evaluated to be
15.86 mg @. The separation factor (Rcalculated form the Langmuir constant (b)i&,

which shows favorability of adsorption of Conto the CZVi CSi PVA hydrogel surfaces

The Freundlich isotherm is employed for nonideal adsorption that takes place on
heterogeneous solid surfaces with rioequivalent and/or independent bindinges as well

as for description of multilayer adsorption with interaction between adsorbed mol@ddes.
value of Freundlich constant (1/n) reflects sorption linearity, and it usually varies between
zero and one. The corresponding values obtafmech linear regression (Fig. 4.30))
indicate that sorption is nonlinear, which is a typical behavior for surfaces with dixad
limited sorption capacitiesA typical plot of Freundlich isotherm (Fig.3Q(b)) shows the
values ofn, and the value of n gives amdication of the favorability and capacity of the
adsorbent/adsorbate system. For 1/n < 1, adsorption process with chemical interaction is
suggested. But if the value of 1/n (adsorption intensity) is above 1, then it is an indication of
the cooperative npcess.As we can see from the plot, the value of 1/n is greater than one

suggesting a cooperative adsorption processes.
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4.8. Removal of PG* and Cd?* lons by PCCFG Hydrogel

4.8.1. Effect of Adsorption Parameters

I. Zeta Potential andEffect of pH

As shown in Fig. 4.3h), the zero charge point (pHzcp) of P& Rydrogel was at pH.&

The nirogen atoms of aminteinctional groupof chitosan of ECFG were protonatedh the
presence foH" at lower pH, which make the surface of €CFG positively chargednd
create repulsion with®" those reducing adsorptiorZeta potential of chitosan was positive
at lower pH (37) and negative at higher pHi (2). The zeta potential was negativeaditpH
values for GO due to the massive oxygen containing sites on its suUiffeceeta potential of

Li cysteinevaries with pH. L Cysteineis negatively charged due to the presence of carboxyl
group at lower pH<5) and positively charged due to the prase of ammonium group at
higher pH(>5). As pH increasethe negative surface charge of PCCFG increased due to the
presence of oxygen and carboxyl containing functional gréus allowed thesurface to
interact with PB" and Cd" by electrostatic attraicn, thereby improving thedsorption
performance of the CCFGhydrogel

The effects of initial solution pH on adsorption offPand Cd* by PCCFG hydrogel was
investigated in the pH range of&8 and tke results are shown in Fig. 4(BL It can be seen

from the figure that adsorption of Pland Cd" increases with increasing solution pH up to a

pH of 5. Protonation of the amine functional group and oxygen containing functional groups
at low pH(pH< pH,cp) result in a large amount of HTherefore, theow adsorption capacity

(9) and removal efficiency (R) at lower pH can be attributed to the competitiogO3fdf H*

ions with PB* and Cd" in the solution and repulsion of fand Cd" and the protonated
amindg amide functional grougAhmad et al. 2017)The significant increases in adsorption
efficiency from pH3 to 5 can be related to the reduction in the amount’abhk in the
solution leading to weaker competition. Besides, when pH increased, the negative charges of
the adsorbent and the active site increased, which enhanced the complexation between the
hydrogel and PB and Cd* via electrostatic attraction and/or chelation. However, the
adsorption efficiency was found to decrease beyond a pH of 5 even if the deprotonating of the
hydrogel surface increased as*Pand Cd* convert to a hydroxide form and qmipitate
(Moradi et al. 2017)eventually reducing the removal efficiency. Precipitation of' Rind

Cd?* occurred when the pH value was greater than 6 and 8, respectively. Similar results were
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reported previously (Afolabi et al., 2021). Hen an initial pH of 5 was selected as an

optimum condition for both sorption of Ptand Cd".
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Fig.4. 31 a) Zeta potential; bAdsorption capacity oPCCFG hydrogel at different pHlean

of triplicate experimental data were used.
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i, Effect of Pb?* and Cd?" initial concentration

As depicted in Fig. 4.33), the removal efficiency (R %) of Pband Cd* by the hydrogel
decreased with increasing concentration of both ions in the solution whilelsbepton
capacity (q) increased. Initially the removal efficiency was 97% {6t &l 85% for Ct at

50 mg |*, which decreased to 92% for®land 81% for Ctf when the initial concentrations

were increased to 200 mi.I The adsorption capacity of tiydrogel increased sharply as

the initial concentrations increased due to the availability of high amountbafi Cd"* in

the solution, which has a higher concentration gradient. The adsorption capacity did not
further increase beyond the 250 Mg doncentration increment. This might be related to
overcrowding adsorbate at the surface of the adsorbent, which enhances mass transfer
resistance and, hence, reduces the diffusion rate. The removal efficiency further decreased as
the concentration of bottoms in the solution increased, which might be related to quick
saturation of the adsorption site and lack of enoymte for additional adsorptioithus
consideringboth adsorption capacity and removal efficiency, a concentration of 225'mg |

was chosen for adsorption experiments.

iii. Effect of PCCFG hydrogel dose

Adsorption capacity and removal efficiency of botlfRind Cd" on to the PCCFG hydrogel
were studied by varying the adsorbent dose from 1 to' 8wghiile keeping other adsorption
parameters constant. As presented in Fig2(%), the adsorption capacity (q) of the hydrogel
decreased as the hydrogel dose increased. However, the removal (R) increased as the
hydrogel dose increasetlhe increases in removal efficiency as the hydrogskedncreased

were attributed to availability of more adsorption sites. The higher adsorbent dose provided
more chelating active sites and the metal ions got a higher probability of adsorption, which
resulted in higher removal of the metal ions from thkitsm. The adsorption capacity
decreased sharply while removal increased as the dose was increased from 't.ta$thd

dose increased further to 8'd,Ithe adsorption capacity decreased slowly and the removal
efficiency was almost constant. Thisaynbe due to the pore space in the PCCFG becoming
completely occupied by Pbor Cd**, and the active site$ \H., i SH, i OH, andi COOH)

were saturated. Thus, considering both the adsorption capacity and removal efficieridy, 2 g |

of hydrogel dose was optum for P6* and Cd* sorption.
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