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Executive Summary

Contamination of water by heavy metal ions, in particular, hexavalent chromium (Cr®) ion,
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. Adsorption—based
research toward 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 adsorbents. In this work, novel type
of biopolymer—based hybrid hydrogel such as PPSgCG, PCCFG, and CZVI-CS-PVA were
designed for removal of Cr®*, Pb?*, and Cd* ions from aqueous solution. Polyvinyl alcohol
(PVA), polyvinylpyrrolidone (PVP), acrylamide—grafted native starch (Coccinia abyssinica)
(S—g—AAm), chitosan (CS), and graphene oxide (GO) were used to prepare PVA-PVP-S—g-
AAM-CS-GO (PPSgCG) hydrogel. L-cysteine—functionalized graphene oxide (CFG),
chitosan, and polyvinyl alcohol were used to synthesis polyvinyl alcohol-chitosan—cysteine—
functionalized graphene oxide (PCCFG) hydrogel. L—cysteine stabilized zero—valent iron
(CZVI), chitosan, and polyvinyl alcohol were used to prepare L—cysteine—zero—valent iron—
chitosan—polyvinyl alcohol (CZVI-CS-PVA) hydrogel. Physiochemical properties of
freeze—dried hydrogel were characterized by Fourier transform infrared spectroscopy (FTIR;
Spectrum 65, PerkinElmer), zetasizer (3000HS), scanning electron microscopy (SEM; JCM-
6000 Plus, Japan), energy dispersive X—ray spectroscopy (EDX; JSSM-IT 100, JEOL), X-Ray
Diffractometer (XRD; XRD-7000, Shimadzu, Japan), and thermogravimetric analysis
(TGA/DTA; HCT-1, China). Adsorptions of Cr®* ion onto PPSgCG and CZVI-CS-PVA
hydrogel, and Pb®* and Cd** ions onto PCCFG hydrogel as functions of initial heavy metal
ion concentration, pH, time, hydrogel dose, and temperature have been studied by following a
one—factor—at-a—time approach. The Cr®" ions concentration in solution was determined by
UV-vis spectrophotometer (Human, X-ma 1200). The Pb**, Cd*, and Cu*" ions
concentration in the solution after adsorption was determined by atomic adsorption
spectroscopy (AAS; ZEEnit 700p, Analytikajena).

The adsorption of Cr®* onto PPSgCG hydrogel, at optimum conditions: 2, 100 mg 1™, 120
minutes, 3 g I, and 25°C of pH, initial Cr®* ion concentration, hydrogel dose and
temperature, respectively; were obtained considering both adsorption capacity and removal

efficiency. The adsorption data agree with Langmuir (R® = 0.99) isotherm at 25°C and follow
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pseudo—second—order kinetic model (R?> = 0.999) at pH of 2. The maximum adsorption
capacity of the PPSgCG hydrogel towards to Cr®* was 93 mg g*. The obtained negative
standard Gibb’s free energy (AG°= — 1.120 kJ mol™) and negative enthalpy (AH°= — 2.360
kJ mol™) reveal the spontaneity and exothermic nature of Cr®* ijon adsorption onto the
hydrogel. Moreover, the adsorption thermodynamics shows enthalpically favoring host—guest
complexion along with decrease in entropy. Furthermore, the effect of common competing
ions such as sulfate (SOs%), phosphate (PO,%), nitrate (NO3), and chloride (Cal’) ions on
adsorption efficiency and selectivity of Cr®* ion on the hydrogel were investigated and the
result shows that sulfate ion has a significant effect on the Cr®* ion adsorption, which might

be related to identical chemical properties and geometrical configuration.

The adsorption of Cr®* onto CZVI-CS-PVA hydrogel, at optimum conditions: 3, 45 mg I*,
90 minutes, 4 g I, and 25°C of pH, initial Cr®* ion concentration, hydrogel dose and
temperature, respectively; were obtained considering both adsorption capacity and removal
efficiency. The adsorption data agree with Langmuir isotherm (R? = 0.99) at 25°C and follow
pseudo—second order (R? = 0.999) model at pH of 3. The maximum adsorption capacity of
the PPSgCG hydrogel towards to Cr®* was 15.86 mg g .

The adsorption of Pb?* and Cd®* onto PCCFG hydrogel, at optimum conditions: 5, 225 mg 1™,
50 minutes, 2 g I, and 25°C of pH, initial Pb?* and Cd** ion concentration, hydrogel dose
and temperature, respectively; were obtained considering both adsorption capacity and
removal efficiency. The experimental data well described by a pseudo—second-order kinetic
model (R? = 0.99 for Pb* and R® = 0.98 for Cd**) and Langmuir isotherm (R? = 0.980 for
Pb* & R? = 0.978) with maximum adsorption capacities of 250 and 192 mg g* at 25°C for
Pb* and Cd?*, respectively. The adsorption capacity of the PCCFG hydrogel increased with
the increase in temperature. The value of AG® was negative, which shows the spontaneity of
the reaction (electron exchange or ion exchange) between the metal ion and electron-rich
atoms (-N, —S, —0). The positive AH® shows that the adsorption reaction consumes energy
and the positive AS® shows the strong affinity of PCCFG toward the Pb®" and Cd** ions. Pb?*
had better affinity and less spontaneity than Cd*. The effect of competing ions was studied in
batch adsorption experiments in the solution containing the three metal ions (Pb?*, Cd**, and
Cu?") and the result shows that the coexistence of metal ions in the solution inhibits the
adsorption capacity of the hydrogel compared to solutions containing a single metal ion.

Vi



Theoretical investigation of adsorption mechanism of Cr® and Pb?*: Gauss View 6.0.16
interface were employed to construct the modeled system. The ground state geometry
optimization of modeled system were first optimized by Molecular Mechanics (MM) method
with aid of Universal Force Field (UFF) followed by Hartree fock (HF) and Density
Functional Theory (DFT) method, using Gaussian 09 software package. Moreover,
frequency, Natural Bond Orbital (NBO), and energy calculation were done by DFT method
with aid of Gaussian 09. Hybrid—generalized gradient approximation (hybrid-GGA),
B3PW91-D3 level of theory, where D3 denotes the third—generation dispersion correction by
Grimme and basis set, the Stuttgart—Dresden—Boon (SDD) basis set was employed for heavy
metal ions, and the 6-31G(d) basis were used for C, N, O, S, and H atoms during geometry
optimization, frequency and NBO calculation. Single—point energy calculations were
performed using the ®B97XD functional where basis set 6-311+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 (H,O) was evaluated with polarizable continuum model (PCM) to mimic the real
aqueous solution. The Gaussian simulation result shows that mainly the —N and —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; Cr®* ions

removal; DFT; Graphene oxide; Hybrid hydrogel; L—cysteine; Pb%* ions removal; PVA; PVP;

Starch; Starch grafting; Zero—valent iron

vii



Table of Contents

ACKNOWIBAGMENT. ... bbbttt e bbbt \Y;
EXECUTIVE SUMMATY .....viieie ettt e ta et e s e beeteeseesaeenneeneesneene e Y
(I TS o) o [N TP TR PP Xi
LIST OF TADIES ...ttt nre s XV
o] 0] 010 1 T TP P RSP PP PR PR PPPTI XVii
CHAPTER ONE ...ttt sttt sttt ne it 1
INTRODUGCTION. ..ottt ettt st se et st e s be st et e e e besaesaenaanas 1
O = T Vol 1o (011 ] o RSP UPTRRR 1
1.2.  Statement of the ProbIem ... 4
I T © ] o [T 1 Y= OSSR RPSSURR 5
1.3.1.  Main ODJECHIVE. ..ot 5
1.3.2.  SPECITIC ODJECTIVE ..ot 6

1.4, SCOPE OF the STUAY ...ccveeiicie et nre s 6
1.5.  Significance of the STUAY.........ccccoeiiiiiii e 6
1.6.  DIiSSErtation STIUCTUIE........oiiiiiiiie et bbb 7
CHAPTER TWO ...ttt ettt et et e s e e e st e e e sst e e e nna e e e nnteeaneeeanneeeas 8
LITERATURE REVIEW ..ottt 8
2.1, INAUSEFIAl WASTEWALET ........ocviiiiiiiiiiiieieie e e 8
2.2. Heavy Metal Removal TeChnolOgIes. ........c.ooiiiiiiiiieiicieeeeee e 9
2.3, AUSOTPLION. ...ttt bbbt 12
2.3.1.  AdSOrption KINELICS .....ueiveiiiieiiecie ettt e et e e e nee e 12
2.3.2.  AdSOrption ISOtNEIMS.........ccuiiiiiice e 13
2.3.3.  Adsorption thermodyNamiCS.........ccuieriieriiiieneee et 14
2.3.4.  Adsorption Mechanism of Heavy Metal.............ccooviiiiiiiiienieeen 14
2.3.5. Theoretical Investigation of Adsorption Mechanism of Heavy Metal .............. 16

2.4. Adsorbents for Heavy Metal Removal ..., 21
2.4.1. Biopolymer Based AdSOMDENT ...........ccoiiiiiiiiiee e 23
2.4.2.  Graphene Oxide based AdSOrDENTS........ccooviiiiiiiiie e 29
2.4.3. Zero—Valent Iron based AdSOrDENT..........cccovvveriieiiiieiiee e 31

2.5.  Summary of Literature REVIEW .........cccccveiiiiiiiiesice et 32
CHAPTER THREE ..ottt e 36
MATERIALS AND METHODS ...ttt are e snaa e 36



3.1, ResSearch FrameWoOrK ... 36

3.2, REAI WASTEWALET ......ecveiiiecieeie ettt ettt esae e e sreesteeneesreenseans 37
3.3, ChemUCAl USEA ..ottt bbbt 37
3.4, Apparatus Used for ANAlYSIS........cccuoiiiiiiiiie i 38
3.5.  Hydrogel and Intermediate Product Synthesis ..........cccocovviinnieninienene e, 39
3.5.1.  Acrylamide Grafted Starch Synthesis...........ccccviiniiiiiei e 39
3.5.2.  Graphene OXide SYNNESIS.......c.cccveiiiieiieiesiese e 40
3.5.3.  Graphene Oxide Functionalization with L-CYSteine ...........ccccevvvevivivieeiiennnnnn, 40
3.5.4.  PPSQ Hydrogel SYNtNESIS ........cccuiiiiiiiieieie e 41
3.5.5.  PPSQC Hydrogel SYNtNESIS. .......ccouiiiiiiiiiieie it 41
3.5.6.  PPSQG Hydrogel SYNthesis.........cccccviiiiiiiiiicceee e 42
3.5.7.  PPSgCG Hydrogel SYNthesIS.........cciviiiieiieiie e 42
3.5.8.  PCCFG Hydrogel SYNthesis .........cccoeiiiiiiiiiiiinisieeee e 43
3.5.9. L-Cysteine Stabilized Zero —Valent Iron Synthesis...........cccccvevvvieriveieiinnnnnn, 44
3.5.10.  CZVI-CS-PVA Hydrogel SYNthesis..........cccciveveiiieiieie e 45
3.6. Synthesized Intermediate Product and Hydrogel Characterization.................. 46
3.7.  Hydrogel SWelling RALIO .........ccoiiiiiiiieieee e 47
3.8.  Batch Adsorption EXPerimMENTS.......cccceiiieiieiieiieii e 47
3.8.1.  Adsorption of Cr®" onto PPSGCG HYArogel.........o.vveveeeereeeeeseeeeseeeeeeeeerene. 47
3.8.2.  Adsorption of Cr®" onto CZVI-CS-PVA Hydrogel ..........cccoovovvveeeeeeeeereenane. 48
3.8.3.  Adsorption of Pb*" and Cd®* onto PCCFG Hydrogel.........c..cccccvvvevvervrnrernrenne, 48
3.8.4.  AdSOrption ISOtNEIM ......cc.vciiiieiiee e 49
3.8.5.  AdSOrption KINELICS ......civiiiiiiiiiieeie et 51
3.8.6.  Adsorption ThermodyNaMICS........ccceiueiieririiereeie e 53
3.9. Theoretical Adsorption Mechanism Studies (DFT Calculation) .............cc....... 54
3.9.1. Geometry Optimization and Single—point Energy Calculation ......................... 54
CHAPTER FOUR ..ottt sttt abe e ne s 57
RESULTS and DISCUSSION .......oiiiiiiiieiie ettt sttt sbae e 57
4.1. Acrylamide Grafted Starch Synthesis..........ccccoiiiiiiiiici 57
4.2, Hydrogel SWEITING ......cooviiiie s 58
4.3.  Characterization RESUILS ........cccooiiiiiiiiieeee e 59
4.3.1. Functional Group Analysis USiNg FTIR ........ccccooviiiiiieie e 59
4.3.2.  Morphological Analysis USINg SEM .........ccccccoiiiiiiiiiieiiie e 63

iX



4.3.3. Elemental Composition Analysis Using EDX..........ccccceiiiiiiiiiinieneeiciie s 66

4.3.4.  Thermal Stability ANAlYSIS .......cccoiiiiiiiie e 69
4.3.5. XRD Pattern of Synthesized L-Cysteine-NZV 1 ........ccccceevviieiivenieiiesieeie e 71

4.4. Removal of Cr®* 1on by PPSGCG HYdrogel..........coooieimeeeseoeeeeeeesceeeeseeeeeeeens 72
4.4.1. Effect of AdSOrption Parameters..........cccoeriiirinininieieesese e 72
4.4.2. Adsorption Kinetic Models of Cr®* Adsorption onto PPSgCG Hydrogel ......... 77
4.43. Adsorption Isotherm Models of Cr®* Adsorption onto PPSgCG Hydrogel....... 80
4.4.4.  ThermodynamiC Parameters ........cccceiiieiiiiiieiie e 84
4.45. Theoretical Adsorption Studies (DFT) of Cr®* onto PPSgCG Hydrogel........... 85

4.5. Regeneration of PPSGCG Hydrogel..........cccooeiiiiiiiiiiiceseseens 98
4.6. Characteristics and Removal of Batu Tannery Wastewater............c.c.ccccoeevenen. 99
4.7. Removal of Cr®" lon by CZVI-CP-PVA Hydrogel .......ccccooeeeeoeeecreceeesrnene. 100
4.7.1. Effect of AdSOrption Parameters..........ccooeeeririiiniiieieie e 100
4.7.2.  Adsorption Kinetic MOdels..........cccooveieiiiiiii e 101
4.7.3.  Adsorption Isotherm ModelS ..........cccoviieiiiii i 106

4.8. Removal of Pb?" and Cd?** lons by PCCFG Hydrogel .........ccccoevevericveseneene. 108
4.8.1. Effect of AdSOrption Parameters..........ccooereririiininieiee e 108
4.8.2.  Adsorption Kinetic MOdels..........cccooveiiiiiiiicie e 116
4.8.3.  Adsorption Isotherm ModelS ...........ccoviiiiieie i 119
4.8.4. Theoretical Adsorption Mechanism Studies of Pb®* onto PCCFG Hydrogel..123
CHAPTER FIVE ...ttt sttt e et e ae e e ae e e et e e e neeennes 135
CONCLUSION and RECOMMENDATION .....ccoiiiiiiiieeieie et 135
TR R o] o Tod 11 ] o] o F PSSR 135
5.2, RECOMMENUALION .....coiiiiiiiiiieiieie ettt neeenes 136
REFERENGCES. ... .ottt e et e et e e et e e et e e e ne e e ennaeeanseeennns 137
AANINIEXES ..ttt R Rt R e Rt R e ne e ne e 156
PUDTHCATIONS ..ottt ettt st b e ne e e nens 167



List of Figures

Fig. 3.1 Experimental WOrkflow deSign..........cooveiiiiiiiiieiieseee e 36
Fig. 3.2 Schematic diagram showing CFG SYNtNESIS. ........ccccoviiiiiriiiiiene e 41
Fig. 3.3 Schematic diagram showing PPSg hydrogel synthesis. .........c.ccccoeviveiiiieiienivenene 41
Fig. 3.4 Schematic diagram showing PPSgC hydrogel synthesis..........cccccccvvvveiieiiiccie s, 42
Fig. 3.5 Schematic diagram showing PPSgG hydrogel synthesis. ..........ccocvvviviiiiininnnnnne 42
Fig. 3.6 Schematic diagram showing PPSQCG hydrogel synthesis...........cccoovvovivniiinnieiinnn. 43
Fig. 3.7 Schematic diagram showing synthesis of PCCFG hydrogel and possible Pb®* and
COZY DINAING STEE ..ottt e et n s s e e e et st en e en s 44
Fig. 3.8 L—cysteine Stabilized Zero—Valent Iron SYnthesis ..........ccccovoviieininincincicees 45
Fig. 3.9 CZVI-CS-PVA Hydrogel Synthesis (schematic diagram)...........cccccerveresieerrernene 46
Fig. 3.10 (a) PPSgCG-I Schematic representation; (b) optimized PPSgCG—I bond length (A)
.................................................................................................................................................. 55

Fig. 3.11 (a) PCCFG-I Schematic representation; (b) optimized PCCFG—I bond length (A) 56
Fig. 4.1 Swelling of Hydrogel. Error bar represent the standard deviations from triplicates. .58
Fig. 4.2 FTIR spectrum of: a) GO, S, S—~g—-AAm, PPSgCG, and PPSgCG + Cr®*; b) GO,

CFG, PCCFG, and PCCFG loaded with Pb?*/ Cd** (PCCFG + Pb?*/ Cd®*)....oovveveeererann. 61
Fig. 4.3 FTIR spectra of L—cysteine stabilized ZVI and CZVI-CS-PVA hydrogel................ 63
Fig. 4.4 SEM image of hydrogel: a) PPSg (EXP-04), b) PPSgG (EXP-05), ¢) PPSgC (E-10)
AN A) PPSYCG (E=11). .ouviiiiiieiie ettt sttt ne et 65
Fig. 4.5 SEM image of PCCFG hydrogel: (a) 20um & 700x, (b) 20um & 550x, (c) 50um &
500X, (d) SOM & 350X ...cuvieieiiirieiiieiieie ettt bbbttt e bbbt 65
Fig. 4.6 EDX spectra of PPSgCG hydrogel after Cr®* adSorption. ...........cocoeveveveevesrseeeennn, 66
Fig. 4.7 EDX spectra of PCCFG hydrogel: (a) before Pb®" adsorption, (b) after Pb*
10 K10 £ 011 o] o TSP 68
Fig. 4.8 a) TGA, b) DTA Curves of freeze—dried PPSgC and PPSgCG Hydrogel................. 70
Fig. 4.9 XRD pattern of synthesized L—CYSteiNe—ZV 1. .......ccccovveviiiiiiieiiiesiese e 71

Fig. 4.10 (a) Zeta potential of PPSgCG hydrogel; b) adsorption performance of PPSgCG at
different pH (t = 24 h). Adsorption conditions were, C, = 60 mg | *, hydrogel dose =1 g I'*,
agitation speed = 120 rpm, T = 25°C). Error bars represent the standard deviation from

TP ICALES. ...ttt bbbttt bbbt 73

Xi



Fig. 4.11 Adsorption capacity of PPSgCG at different times (pH = 2). Adsorption conditions
were, Co = 60 mg I'*, hydrogel dose = 1 g I'*, agitation speed = 120 rpm, T = 25°C). Error
bars represent the standard deviation from triplicates. .........c.cccooveviiieiiicce s 75
Fig. 4.12 Adsorption capacity of PPSgCG: a) at different Cr®* ion initial concentration
(hydrogel dose = 1g I"); b) at different hydrogel doses (C, = 60 mg I™). Adsorption
conditions were pH = 2, t = 120 min, agitation speed = 120 rpm, T = 25°C). Error bars
represent the standard deviation from tripliCates. ..........cccooveveiieiicie s 76
Fig. 4.13 Effect of computing ions (t =120 min) for adsorption of Cr®* on PPSgCG.
Adsorption conditions were at pH = 2, C, = 100 mg | %, hydrogel dose = 3 g I, agitation

speed =120 rPM, T =25°C)...viiiiiieiieieieece ettt 77
Fig. 4.14 PFO model for adsorption of Cr®* on PPSgCG. Adsorption conditions were at pH =
2, Co=100 mg I'*, hydrogel dose = 3 g I'*, agitation speed =120 rpm, T =25 °C)................. 78

Fig. 4.15 PSO kinetic model for adsorption of Cr®* ion on PPSgCG. Adsorption conditions
were at pH = 2, t = 120 min, C, = 100 mg I, hydrogel dose = 3 g I, agitation speed = 120
o0 L 03 TR 79
Fig. 4.16 Kinetic model for adsorption of Cr®* ion on PPSgCG: a) PSO; b) intra—particle
diffusion. Adsorption conditions were at pH = 2, t = 120 min, C, = 100 mg I}, hydrogel dose
=3g ™, agitation speed = 120 rpM, T = 25°C). ....vveeeeeeeeeeeeeeeeeeeeeee s 80
Fig. 4.17 Langmuir isotherm for adsorption of Cr®* ions on PPSgCG hydrogel adsorbents.
Adsorption conditions were at pH = 2, t = 120 min, C, = 100 mg | *, hydrogel dose =3 g I},
agitation SPEEd = 120 FPIM). .o.viiuiiiiiiieiee e bbbt b bt 82
Fig. 4.18 lsotherm for adsorption of Cr®" ions on PPSgCG hydrogel adsorbents: a)
Freundlich; b) Tempkin. Adsorption conditions were at pH = 2, t = 120 min, C, = 100 mg |

1 hydrogel dose = 3 g I, agitation speed = 120 rPM). ......ovvevevereeeeeereeeeeeeseeee e 83
Fig. 4.19 Optimized geometries of PPSgCG-I and PPSgCG-I@Cr®*. Calculated at
DFT/B3PW91-D3/6-3LG(d)/SDD. ....ceiiieieieiieieiesiesieeee et 86
Fig. 4.20 Representation of MEP: a) PPSgCG; b) PPSgCG—1@Cr®" (Model-2). Surface Map
value: -7.102e to 7.102e™. Calculated at DFT/B3PW91-D3/6-31G(d)/SDD........................ 88

Fig. 4.21 MO of PPSgCG-I: a) HOMO-1, b) HOMO-2, ¢) HOMO-3; MO of Cr®*: d)
LUMO+1 (p,), &) LUMO+2 (py), f) LUMO+3 (d,%), g) LUMO+4 (dyy); and MO of PPSgCG—
I@Cr®": h) HOMO-2, i) HOMO-5, j) HOMO-6. Calculated at DFT/wB97XD/6-311+G (d,
) VS 0] YOO OO 89

Xii



Fig. 4.22 HOMO-LUMO diagram of optimized system: a) PPSgCG-I; b) Cr®*; ¢) PPSgCG—
I@Cr® (Model-2). MO, Isoval = 0.02 (-ve = green, +ve = red). Calculated at DFT/wWB97XD/

Fig. 4.23 Labeled atoms of Optimized PPSgCG-I (used as reference for Table 4.6).............. 92
Fig. 4.24 Reuse times and adsorption capacity of PPSgCG hydrogel adsorbents for Cr®*
(where, pH = 2, C, = 100 mg I, t = 120 min, hydrogel dose = 3 g I}, agitation speed = 120

0] 1T I el ) SRS 98
Fig. 4.25 Effect of pH on Cr®* adsorption onto CZVI-CS—PVA .......c.cooveereeeeercrecercerennene. 100
Fig. 4.26 Effect of Cr®* initial concentration and time: a) g (mg g™); b) R (%). ......cvvnv...... 102
Fig. 4.27 Effect of hydrogel dose: @) g; D) R. ..o, 103
Fig. 4.28 Kinetic models: @) PFO; D) PSO........coo i 104
Fig. 4.29 Kinetic models: a) Elovich; b) Intra—particle diffusion..............ccccoooeiiiiiiieeinnn 105
Fig. 4.30 Isotherm models: a) Langmuir; b) Freundlich............c.ccoooiiiiiniicee, 107

Fig. 4.31 a) Zeta potential; b) Adsorption capacity of PCCFG hydrogel at different pH. Mean
of triplicate experimental data Were USEd. .........cccvccveiieiieiie i 109
Fig. 4.32 a) effect of initial Pb®" and Cd?* concentration; b) effect of hydrogel dose on

adsorption capacity and removal efficiency of PCCFG hydrogel. Mean of triplicate

experimental data WEIE USEA. .........ecueiieieeie e ettt sneeae e nne s 111
Fig. 4.33 Effect of time on adsorption capacity and removal of PCCFG hydrogel............... 112
Fig. 4.34 Effect of: a) temperature; b) competing ions (T = 25°C). Adsorption condition, pH
=5, Co = 225mg I %, t = 50 min, hydrogel dose = 2g I*, agitation speed =120rpm). ........... 115
Fig. 4.35 a) PFO; b) Elovich kinetic model for adsorption of Pb** and Cd** onto PCCFG
070 [T =] RS SRRPUSURRPIN 117

Fig. 4.36 PSO kinetic model for adsorption of Pb®* and Cd** onto PCCFG hydrogel.......... 118
Fig. 4.37 a) Langmuir isotherm; b) Freundlich isotherm for adsorption of Pb?* and Cd?* on to

PCCFG NYAIOQEL. ... .ottt ettt teeteaneenre s 120
Fig. 4.38 a) Temkin; b) Dubinin and Radushkevich (D-R) isotherm for adsorption of Pb?* and
CA?* 0N 10 PCCFG NYAIOGEL. ...ttt 122

Fig. 4.39 Representation of: a) optimized PCCFG-I; b) optimized PCCFG-I interacting with
Pb*: ¢) MEP of PCCFG-I; d) MEP of PCCFG-1@Pb*". Surface Map value: -8.047¢? to
8.047¢. Calculated at DFT/B3PW91-D3/6-31G(d)/SDD. ....ccccoveiveiiiieiieie e 124
Fig. 4.40 Modeling: a) closed shell (PCCFG-I), b) open shell (PCCFG-1@Pb*); MO
diagram of PCCFG-I. ¢) HOMO-1 (adsorption site), d) HOMO-5 (adsorption site); MO

Xiii



diagram of Pb**: ) LUMO + 2 (py), f) LUMO + 3 (dy,), 9) LUMO + 4 (d,?). Isoval = 0.02 (-
ve = green, +ve = red). Calculated at DFT/wB97XD/6-311+G (d, p)/SDD.........ccccvvvrrrnnnn. 125
Fig. 4.41 MO diagram of PCCFG-I: a) HOMO, b) LUMO; MO of Pb*: c) HOMO, d)
LUMO; MO of PCCFG-1@Pb?": ¢) tHOMO, f) BHOMO, g) sLUMO, h) BLUMO. Isoval =
0.02 (-ve = green, +ve = red). Calculated at DFT/wB97XD/6-311+G (d, p)/SDD............... 127
Fig. 4.42 Spin density of PCCFG-1@Pb?* (a); Labels for atoms of optimized PCCFG-1 (b)130

Xiv



List of Tables

Table 1.1 Comparison of adsorption with other water treatment technologies. .............c......... 4
Table 2.1. DFT FUNCHONAL.........coiieieee e nneas 19
Table 2.2 Chitosan based adsorbent for Cr®*, Pb*, and Cd*" removal...............cccccovevrverrrennnn. 33
Table 2.3 Starch based adsorbent for Pb*, and Cd®* removal .............ccooveereeeieesesrenrnenn. 34
Table 2.4 Graphene oxide based adsorbent for Pb%*, and Cd®* removal ............ccc.coevvurenene.n. 35
Table 2.5 ZVI based adsorbent for heavy metal ions removal ............cccccooviiiiiiiiiicceen, 35
Table 4.1 Summary of kinetic model parameters and coefficient of correlation..................... 78
Table 4.2 Summary of isotherm parameters and coefficient of correlation. ..............cccccue.e. 81

Table 4.3 Thermodynamic parameters for adsorption of Cr®* onto PPSgCG hydrogel
AUSOTDENTS. ...ttt bbbttt b e bbbt 84
Table 4.4 Energy of HOMO (Erowmo, €V), LUMO (ELumo, V), Band/Energy gap (Egap, €V),
Softness (S), Hardness (1), Chemical potential (i) and electronegative () of PPSgCG-1 and
heavy metals. Calculated at DFT/wB97XD/6-311+G (d, p)/SDD. ....cccceoiiiriiiniiiiieene 91
Table 4.5 Vibration frequencies of PPSgCG—I and PPSGCG—I@Cr® .......ovoovovereeeeeeinn. 91
Table 4.6 NBO total charge of PPSgCG-I. Calculated at DFT/B3PW91-D3/6-31G(d)/SDD 93
Table 4.7 Lewis and non — Lewis NBO (from NBO Summary) of PPSgCG-I1. Calculated at

DFT/B3PWI1-D3/6-31G(A)/SDD. ....cvvevereeeeeeeriiesessisseesseeseessessessessssssssssessssssssesssnseaes 93
Table 4.8 Lewis and Non-Lewis NBO (from NBO Summary) of PPSgCG-1@Cr®".
Calculated at DFT/B3PW91-D3/6-31G(d)/SDD. ......ccceiieiiiieiieieieese e, 94

Table 4.9 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PPSgCG-I/ DFT/wB97XD/6-311+G (d, p)/SDD. Threshold for printing: 0.50 kcal mol™ ..96
Table 4.10 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PPSgCG-1@Cr®/ DFT/wB97XD/6-311+G (d, p)/SDD. Threshold for printing:  0.50 kcal

Table 4.11 Characteristics of chromium from Batu tannery wastewater.............cc.ceoveevenennen. 99

Table 4.12 Thermodynamic parameters for adsorption of Pb®* and Cd** on to PCCFG

10 {0 01T 01 (SO SRSUPPRURURPRRRN 114
Table 4.13 Summary of kinetic model parameters and coefficient of correlation................. 116
Table 4.14 Summary of isotherm model parameters and coefficient of correlation. ............ 119

XV



Table 4.15 Energy of HOMO (Enomo), LUMO (ELumo), Band/Energy gap (Egap), Softness
(S), Hardness (1), chemical potential (n), and electro negativity (y). Calculated at

DFT/wWB97XD/6-311+G (d, p)/SDD (ANNEX 15 & 16)....cceieiiiiiieiierieieesie e 128
Table 4.16 Vibrational frequencies of PCCFG and PCCFG@Pb?*. Calculated at
DFT/B3PWO1-D3/6-31G(A)/SDD. ...t 129
Table 4.17 NBO total charge of PCCFG-I/ DFT/B3PW91-D3/6-31G(d)/SDD.. .................. 131
Table 4.18 Lewis and non-Lewis NBO (from NBO Summary) of PCCFG-1/ DFT/B3PW91-
D3/6-3LG(U)/SDD......cieuiiiiiiiieiei ettt ettt a e ns 131
Table 4.19 Lewis and non-Lewis NBO (from NBO summary) of PCCFGI@Pb*/
DFT/B3PWI1-D3/6-31G (A)/SDD. ......ovvrrveeeeereeressesseisesseesessssissessssessssesssessss s 132

Table 4.20 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PCCFG-I/ DFT/B3PW91-D3/6-31G(d)/SDD. Threshold for printing: 0.50 kcal mol™.....133
Table 4.21 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PCCFG-1@Pb*/ DFT/B3PW91-D3/6-31G(d)/SDD. Threshold for printing: 0.25 kcal/mol

XVi



Acronyms

APHA
AWWA
BD
BD*
CZVI-CS-PVA
CNT
CR

DFT
GGA
GO

HF
IARC
LP

MEP
MM
MO
NBO
ONIOM
PCCFG
PPSgC
PPSgCG

PPSg
PPSgG

PVA
PVP
QM
Ry*
SDD
UFF

American Public Health Association

American Water Works Association

Bonding orbital

Anti-bonding orbital

Cysteine—zero—valent-iron—chitosan—polyvinyl alcohol

Carbon Nano Tube

Core pair

Density Functional Theory

Generalized gradient approximation

Graphene oxide

Hartree Fock

International Agency for Research on Cancer

Lone pair

Molecular Electrostatic Potential

Molecular Mechanics

Molecular Orbital

Natural Bond Orbital

Our own N-layered Integrated molecular Orbital and Molecular mechanics
Polyvinyl alcohol-chitosan—cysteine—functionalized graphene oxide
Polyvinyl alcohol-polyvinylpyrrolidone—acrylamide—grafted starch—chitosan
Polyvinyl alcohol-polyvinylpyrrolidone—acrylamide—grafted starch—chitosan—
graphene oxide

Polyvinyl alcohol-polyvinylpyrrolidone—acrylamide—grafted starch
Polyvinyl alcohol-polyvinylpyrrolidone—acrylamide—grafted starch—graphene
oxide

Polyvinyl alcohol

Polyvinyl pyrrolidone

Quantum Mechanics

Ant-Rydberg

Stuttgart-Dresden—Boon

Universal Force Field

XVil



CHAPTER ONE

INTRODUCTION
1.1. Background

Water is one of the most important components of life support in our ecosystem.
Sustainability of life is dependent on the quality of water, which is closely related to our
health. However, discharge of untreated effluent from industries such as leather tanning,
electroplating, mining and smelting, battery manufacturing, phosphate fertilizers, pigments
and alloys to the water bodies has become a serious issue (Preethi, Prabhu, and Meenakshi
2017). Pollutant, in particular heavy metals from 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 toxic, and impose
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 long term effects of heavy metal
damage liver, kidney, and lung. Hence, their maximum concentration level (MCL) in
drinking water should be 0.05 mg I *for Cr, 0.01 mg I™* for As, 0.001 mg I"* for Hg, 0.003 mg
I"* for Cd, 0.01 mg I™* for Pb, 0.02 mg I™* for Ni, 3.00 mg I"* for Zn and 2.00 mg I"* 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
location along the Little Akaki River were found to violate the drinking water quality criteria
set by Ethiopian Standards and World Health Organization (WHQO) (Aschale et al. 2015).
Besides, the river water also found to be inappropriate even for irrigation use. Owing to toxic
and carcinogenic character of heavy metals, release of them to aqueous solution should be

controlled.

Heavy metals 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 they are important
environmental problems. According to WHO, long term ingestion of these metals polluted
water could induce the risk of damage and cancer to liver, lung, kidney, and bladder (Edition
2011).



Lead, chromium, cadmium, and arsenic have received much attention among others because
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 accumulated in soft tissues. They may enter into the human body through food,
water, air, or by adsorption through the skin when they encounter human.

Contamination of water by heavy metal ions, in particular, hexavalent chromium (Cr®) ion,
lead (Pb?") ion, cadmium (Cd?*) ion, has become one of the most serious issues threatening
human health because of their toxicity, non—biodegradability, persistence, bio—accumulation
tendency, and their bio—magnification through food chain (Lee et al. 2019; Zhitkovich 2005).
They do not undergo microbial activities or chemical degradation, and consequently their
total concentration can last for a long time 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 environment 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 Cr®* jons to humans is primarily attributed to the chemical structure similarity
between Cr oxyanions (CrO4*) and sulfate ions (SO,%), making the oxyanions to cross the
cell membrane through the sulfate routes (Suwalsky et al. 2008). The Pb?* ion is the most
toxic heavy metal ion. Pb?* can form stable complexes with anionic molecules (containing —
N, =S, and —P ligands) in the natural environment (Town and Filella 2002), which rarely
degrade in the environment because of their single—atom—metal property (Liu et al. 2020).

Owing to toxic and carcinogenic character of these heavy metal ions, release of them to
aqueous environment should be controlled. The Cr®*, Pb*, and Cd** ions can be removed
from industrial effluents by means of chemical precipitation (Aziz, Adlan, and Ariffin 2008),
ion exchange (Lalmi et al. 2018; Nekouei et al. 2019), membrane filtration (Smara et al.
2005), coagulation (Liu et al. 2013), bio—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 including high investment, complicated
2



operation, low efficiency, and secondary pollution problems (Table 1.1). Secondary pollution
problems related to the chemical used or intermediate pollutant or byproduct generated
during the treatment processes and released to the environment, which cause additional
pollution in addition to the original pollutant. In case of adsorption phenomena, the adsorbate
after adsorption were desorbed from the surface and the concentrated, small volume pollutant
were dumped in appropriate damping 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 extremely low concentrations and in a
cost—effective manner (Vellingiri et al. 2018). Moreover, it can be applied for in situ removal
of numerous organic and inorganic compounds with ease of recycling (Dichiara, Weinstein,
and Rogers 2015). In this domain, adsorbents, including biopolymer (chitosan and starch in
this case), biopolymer derivatives, macro—porous resins, graphene oxide, and Metal-Organic
Framework (MOF), have been thoroughly studied for removal of heavy metal ions from

aqueous waste streams.

Biopolymer—based adsorption is generally considered as sustainable and cost effective
technique for heavy metal removal owing to its unique properties including biodegradability,
non-toxicity, good water absorptive, good gel strength and stability, high efficiency,
selectivity, easy synthesis and operation, improved chemical stability, and mechanical
strength (Musa, Musa, and Suleiman 2019). Biopolymer based hydrogel (bio—hydrogel)
adsorbents, which have three—dimensional (3D) hydrated hydrophilic polymeric network
demonstrate high swelling capacity and potential in heavy metal removal through adsorption

maintaining their physical structure without dissolving (Ma et al. 2017).

They are natural, biodegradable, and relatively low cost polymers that can be used as
adsorbent (bio—hydrogel in this case) of toxic heavy metal ions from aqueous environment.
They can possess amine (—NH,), 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 this case) and graphene oxide
(GO) to produce functional adsorbent for removal of heavy metal ions from aqueous solution
(T. Li et al. 2019; Pooresmaeil and Namazi 2020).



Table 1.1 Comparison of adsorption with other water treatment technologies.

Characteristics Adsorption  Membrane lon- Chemical Coagulation

exchange precipitation

Scope (removal)  Wide-range Widerange  Pure-water ~ 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 major contributors to contamination of aquatic ecosystems with
toxic heavy metals like lead, chromium, cadmium, arsenic, and mercury whose hazardous
bio—accumulative nature in aqueous solution is attributed to their high solubility. They can be
found in trace in water bodies, and still be very toxic, and impose serious health problems to
human and other ecosystem. It is shown from the toxicological studies that long—term effects
of these heavy metal ions (Cr®*, Pb?*, Cd*" in this case) damage liver, kidney, and lung. Their
maximum concentration limit in drinking water should be less than the permissible levels.
Therefore, always been a need for the removal of these toxic, non—biodegradable, and
persistent heavy metals from the industrial wastewater. For several decades, extensive
investigation have been performed for easy, efficient, and economic removal of heavy metals
with a varying degree of success. Membrane filtration, adsorption, chemical precipitation, ion
floatation, ion — exchange, electrochemical and coagulation/flocculation methods have been
the most readily available conventional methods for the removal of these heavy metals. These
methods however have posed some serious shortcomings such as high sludge production, low
removal efficiency, high energy requirements and high operational cost. In the present years,
newer more efficient, more economic and innovative technologies are being investigated.

Recently, hydrogel, membrane filtration/separation, photocatalysis and electrodialysis
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technique and introducing newer adsorbents have been developed and adopted for better
adsorption.

In spite of aforementioned achieved progresses in remediation of heavy metal ions polluted
waste stream, in recent years, still there are crucial drawbacks. These drawback includes non—
biodegradability, low regeneration for further use, long adsorption processing time, instability
and aggregation in aqueous solution and causing additional pollution during recovering. A
possible solution to aforementioned problem stated is using biodegradable adsorbents
hydrogel as scaffolds to generate new composite in an adsorbentl-@adsorbent2—
@adsorbent3—@adsorbent4@-@adsorbent... fashion.

This work addresses the problem stated above. In this work, biopolymer—based hydrogel:
polyvinyl alcohol—polyvinylpyrrolidone—acrylamide grafted starch—chitosan—graphene oxide
(PPSgCG), L-cysteine functionalized graphene oxide—chitosan—polyvinyl alcohol (PCCFG),
and L-cysteine stabilized zero valent iron—chitosan—polyvinyl alcohol (CZVI-CS-PVA)
hydrogel were synthesized by instantaneous gelation (physical cross—linking) method, which
avoids cytotoxicity. PPSgCG hydrogel was synthesized from PVA, PVP, S—-g—-AAm, CS and
GO. PCCFG hydrogel was synthesized from L-cysteine functionalized GO, chitosan and
PVA. CzZVI-CS-PVA hydrogel was synthesized from L-cysteine stabilized zero—valent
iron, chitosan and PVA. These hydrogels possess unique functional groups such as thiol,
amine, amide, carboxyl and hydroxyl, which have ability to scavenge heavy metals from
waste stream. To the best of our knowledge, there is no report on such novel composite
hybrid hydrogel employed for heavy metal 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 additional environmental pollutions.

1.3. Objective
1.3.1. Main Objective
The main objective of this work is to synthesis biopolymer—based adsorbent hydrogels and

adopt for Cr®*, Pb?* and Cd?* ions removal from aqueous solution.



1.3.2. Specific Objective
This work is try to achieve the following specific objectives. These are:
i.  To synthesis and characterized PPSgCG, PCCFG, and CZVI-CS-PVA adsorbent
hydrogel.
ii.  To investigate the adsorption capacity of PPSQCG and CZVI-CS-PVA adsorbent
hydrogel towards Cr®* ions in single and competitive environment.
iii.  To investigate the adsorption capacity of PCCFG adsorbent hydrogel towards to Pb**
and Cd?* ions in single and competitive environment.
iv.  To investigate the adsorption mechanism of Cr® ion onto PPSgCG and Pb?* ion onto
PCCFG by using DFT.

1.4, Scope of the Study

The scope of this work is to synthesized biodegradable adsorbent hydrogel and used for
removal of Cr®, Pb?* and Cd®* ions through adsorption from aqueous solution by batch
modes of operation. The adsorption capacity of PPSgQCG and CZVI-CS-PVA hydrogel
towards Cr®*, and PCCFG hydrogel towards 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 metals. The adsorption capacity of the hydrogel
also studied in competitive environment, i.e., adsorption capacity of PPSgCG hydrogel
towards Cr®" ion in presence of sulfate (SOs%) ion, phosphate (PO4¥) ion, nitrate (NO3) ion,
chloride (CI) ion; and adsorption capacity of PCCFG hydrogel towards Pb* and Cd** ions in
presence of Cu®* ion. The synthesized PPSgCG was also applied to remove Cr®* jon from
Batu Tannery effluent by batch modes of operation. The removal capacity of this hydrogel
adsorbent was compared with other similar reported adsorbents. Furthermore, the adsorption
mechanism of Cr®" onto PPSgCG and Pb* onto PCCFG were studied by DFT. The
conclusion was drawn based on the result and from observation of this work and further work

were recommended.

1.5.  Significance of the Study

These days, heavy metals in particular Cr®*, Pb** 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 that long—term effects of these heavy metal ions damage liver, kidney, lung and

bladder. According to WHO, the maximum concentration level in drinking water should be
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less than 0.05 mg 1™}, 0.01 mg I and 0.003 mg I for Cr®*, Pb?* and Cd*" ions, respectively.
However, most of the effluents from wastewater treatment plant did not met the standard set
by concerned 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 environment
resulted in bioaccumulation tendency and bio—magnification through food chain. This level
should be reduced to permissible level by using high technologies but it incurs cost,
complicated treatment processes, high—energy consumption, and additional pollution during
regeneration, and required skilled human power. Therefore, 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 heavy metal ions removal from wastewater
by adsorption and mechanism of adsorption using biopolymer based adsorbent hydrogel,

which was synthesized from biodegradable materials.

1.6. Dissertation Structure
This dissertation includes five main chapters:

o Chapter one: this 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 study, and the significance of the study.

o Chapter two: detailed literature review on the subject matter of the dissertation. It
includes adsorption isotherms, kinetics and thermodynamics, Cr®*, Pb?* and Cd*" ions
removal mechanisms (both experimental and theoretical investigation by using DFT),
reported Cr®*, Pb** 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,
characterization methods, concentration analysis methods, experimental set-up, 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 investigation 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
chemicals, fertilizers, and more. Lead, chromium, mercury, cadmium, arsenic, nitrates,
phosphates, oils, and petrochemicals are just a few of the substances that can be found in
industrial wastewater. Some are carcinogenic, poisonous to animals and aquatic life, and
non-biodegradable, making them extremely difficult to clear from ecosystems. When these
pollutants find their way into aqueous environment, they Kill animals and flora, and disrupt
important environmental processes. Eutrophication is one of these results, in 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 regulations on the proper
treatment of wastewater. Now, many manufactures have on-site treatment facilities for their
wastewater, or send their water to municipal treatment plants. However, these treatment

options are sometimes inefficient, costly and not practical 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 high solubility 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). These heavy metals are known to be toxic and are
usually generated by electroplating, printed circuit boards manufacturing industries, wood

processing industries, and tanning industries.



2.2. Heavy Metal Removal Technologies

Removal of pollutants in particular heavy 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 various industrial wastewater sources. These technologies
could be classified into conventional and modern technologies. The physical and chemical
conventional techniques that have been employed for decent amounts of removal of heavy
metals  include  precipitation,  adsorption, ion  floatation, ion  exchange,
coagulation/flocculation and electrochemical processes. Conventional 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 coagulation/flocculation while being among the simplest and least
expensive technology requiring easily operable equipment, are not quite effective for treating
wastewater with high acid content. Most metals are precipitated as hydroxides, however other
methods such as sulfide and carbonate precipitation also in common use(Wang, Hung, and
Shammas 2005). Use of MgO as a precipitating agent produce grainy, dense and easily
settleable and dewatered sludge than using lime as precipitating agent (Brbootl, Abid, and
Al-Shuwaikl 2011). Calcium hydroxide used as a precipitating agent for removal of Pb and
optimum removal efficiency was found at pH 5 (Wu 2019). Chemical precipitation is
characterized by production of a high water content sludge and expensive disposal process.
Besides, chemical precipitation process can be ineffective in the removal of metal ions of low

concentration.

Since the introduction of adsorption in the 1940s, activated carbon has been the important
and prime choice for the treatment and recycling of industrial wastewater to potable quality
water because of its good adsorption capacity due to small particle size, active free valences
and high surface area. However, large—scale utilization of activated carbon for wastewater
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
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aqueous solution by foam flotation with rhamnolipid bio-surfactant as an ion collector
(Bodagh et al. 2013). Taseidifar et al., reported that low—level removal of Cr, As, Pb, Cd and
Hg ions form aqueous solution have been achieved using cysteine reacted with octanoyl,
decanoyl and dodecanoyl chloride (Taseidifar et al. 2017). lon flotation characterized by its
simplicity, flexibility, low energy consumption, small volume 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 its large—scale

application (Peng et al. 2019).

lon exchange is another classical method for heavy metal removal from industrial wastewater
with a solid capable of exchanging cations/anions. Advantages 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 easily fouled by the organic and other solids in the waste (Bai and
Bartkiewicz 2009).

Electrochemical treatment of industrial wastewater is based on direct passage of current
through an aqueous solution containing metal ions between the cathode plates and insoluble
anodes. The reduction of hexavalent chromium to trivalent chromium, electrochemically
precipitation in an alkaline medium was mostly studied (Chaudhary, Goswami, and Grimes
2003; Cheballah et al. 2015). Electro—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, high—cost electrode and its subsequent electrical energy
requirement, which make it relatively higher cost technologies (Abdel-Raouf and Abdul-
Raheim 2017b).

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

semi—permeable membrane 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 cost—effective analysis and selectivity of materials are the

most important parameters that need to be analyzed for use of these materials (Shrestha et al.

2021). Electrodialysis (ED) is among the most economic in recent technology of membrane
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type that can be applied for the removal of metal ions through electrically driven ion —
exchange membrane (Rodrigues et al. 2008). The method further has the advantage of
producing effluent 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. prepared graft copolymers of polyacrylonitrile onto Arabic gum and
employed for removal of Pb?*, Cd*" and Cu?* from the wastewater (Dutta and De 2017). The
maximum super adsorbent capacities were found to be 1017, 396 and 413 mg g™ for Pb?",
Cd?* and Cu?* respectively. A large variety of materials has been observed recently for
fabricating the membranes and the adsorbents to find the best removal efficiency. Novel
chelating, membrane, the PVVA/poly(ethyl-eneimine) (PEI) has been prepared and studied for
the removal of Pb?*, Cd*" and Cu®" with maximum adsorption capacities of 0.729, 0.525 and
0.692 mmol g™ for Pb?*, Cd** and Cu®* respectively . Algureiri et al. prepared spiral bound
RO membrane and used for removal of Ni**, Pb?* and Cu?" from industrial wastewater with
removal efficiencies of 98.5, 97.5 and 96%, respectively (Algureiri 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%, respectively (Wei et al. 2013).

Although previously studied adsorbents have shown good retention and almost complete
removal of heavy metals, they have some limitations, such as higher mixing rates needing
higher energy, lower removal rates, high limiting capacity and slower reduction, fouled by
other pollutant (e.g. lon—exchange technology), highly pH and temperature dependence (e.g.
lon floatation technology) and high cost operation (e.g. Electrochemical method). To fulfill
the need for better technology, recent studies have focused on a particular method for heavy
metal ions removals, such as adsorption using synthetic and natural adsorbents, hydrogel,
nano—particles and nanotechnology, advanced oxidation processes, electrodialysis, and
membranes filtration. Adsorption-based separation of heavy metal ions from wastewater
used different adsorbents, such as carbon—, biopolymer—, mineral-, magnetic—, and metal—
organic frameworks —based adsorbent. Several polymeric materials and variety of
nanomaterial’s and hydrogel have 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 (500 — 1500 m* g™) (Karnib et al. 2014). The carbon
surface charges can be enhanced by surface functional groups functionalization 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 carbon-based adsorbents expensive, 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 models by Langmuir
and Freundlich, and the kinetic models developed by Lagergren and Ho were some pioneer
significant contributions in adsorption. Adsorption on solid phase is a process in which
adsorbate adsorbed on to the surface of adsorbent through physical and/or chemical 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 adsorption of adsorbate onto active site of adsorbent.
The adsorption may be through van der Waals forces, electrostatic attraction, ion exchange,
ion—pair interaction, cation—II, and hydrophobic hydration (Bhatt, Sreedhar, and Padmaja
2017). The adsorption is affected by nature and dosage of adsorbent and adsorbate, metal ion
concentration, co—ions concentration, pH and temperature of aqueous solution, isotherm and
kinetics of adsorption, contact time or adsorption rate, and presence of ionic salts and

surfactants.

2.3.1. Adsorption Kinetics

To predict the adsorption mechanism, rate of adsorption and rate—determining steps of the
adsorption process, adsorption kinetics models were used to interpret the experimental data.
Adsorption kinetics provides insight into the reaction rate and the sorption mechanism
involving mass transfer, diffusion, and reaction on the adsorbent surface during adsorption.
Adsorption kinetics involve the changes in the sorption properties with time for the system,
where the degree of surface coverage provides insight on the rate of a process. Both sorption
and desorption processes are time-dependent, and it is essential to evaluate the rates of

adsorption for the design and regeneration of the adsorbent. Hence, an understanding of
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adsorption and desorption kinetics and their kinetic parameters are important since such
parameters enable characterization of the movement of the sorbet within and onto the surface
sites of the sorbent. Knowledge of adsorption 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 possible rate-limiting
step. In order to investigate the mechanism of the adsorption process, kinetic models are used
to test the experimental isotherm results. Kinetic studies of this type provide information on
the rate at which the process occurs and insight on the non equilibrium steps of the adsorption
mechanism (Tan and Hameed 2017). The contact time between the adsorbent and the
adsorbate is an important parameter governing the extent of an adsorption process. This is
because it provides information on the sorption kinetics of the adsorbate for a given initial
dosage of the adsorbent (Singh, Tang, and Tachiev 2013). Hence, it is necessary to study the
effect of the contact time on the adsorption ability of biopolymer adsorbents with model
species of interest such as heavy metals. The most common kinetic models used to monitor
the kinetics of adsorption processes are Lagergren's pseudo-first-order model and Ho's
pseudo-second-order model, while interfacial and particle diffusion models are most
commonly used to determine the mechanism of adsorption. Details 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 (D-R) isotherms, describe the interaction between the amount of adsorbate
adsorbed and left in the solution at equilibrium. The Langmuir isotherm, 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 interaction between 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 adsorbent—adsorbate interactions. Details of the equations used
for each model are given in Chapter 3.
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2.3.3. Adsorption Thermodynamics

The thermodynamic parameters, typically Gibbs free energy change (AG®), standard enthalpy
change (AH°®), and standard entropy change (AS°) can predict the nature and direction of
adsorption. These parameters are important to understand nature of adsorption and to design
specific adsorbent at different temperature. The spontaneity and nature of adsorption of
adsorbate onto adsorbent also determined from these parameters.

Negative value of AG® indicates spontaneity of adsorption processes. The absolute value of
AG® decreases as temperature increases shows the degree of reaction decreases and decreases
with temperature indicating the adsorption process is favorable at high temperatures (Liu et
al. 2019). A positive AH® value shows that the process of adsorption is endothermic (Yana
Bagbi et al. 2017). The negative value of AH° indicates the exothermic nature of the
adsorption process. The entropy of the adsorbate is related to the degrees of freedom
associated with the adsorbent-adsorbate interactions. A positive AS° value shows that
randomness is enhanced whereas a negative value indicates a decrease in randomness at the
adsorbent surface during the adsorption process (Liu, Han, and Chen 2002). Details of the
equations used for each model are given in Chapter 3.

2.3.4. Adsorption Mechanism of Heavy Metal

Understanding the processes of heavy metal ions removal from aqueous solution is highly
dependents on the understanding of the 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 of heavy metal ions by the adsorbent. Researchers have
made some efforts to identify the mechanism through different methods such as XPS, XRD,
SEM-EDX, FTIR, and computational quantum mechanism. Generally, the adsorption
mechanism is through electrostatic attraction, complexation and chelation, ion exchange, ion—
pair, cation—II, Van der Waals force, and hydrophobic hydration. Electrostatic attraction, and

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

I.  Electrostatic attraction
Electrostatic attraction refers to the electrostatic force of long—range interaction occurring
between the attractive electrostatic adsorption in an aqueous solution with differently charged

particles or uncharged particles (Yu, Shao, and Hou 2017). An electrostatic attraction is a
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physical adsorption, which includes Van der Waals interactions between the adsorbent and
adsorbate. Physical adsorption is an exothermic process with low adsorption enthalpy, which
is normally favored at low temperature. Physical adsorption is characterized with low
adsorption or binding energy, which shows weak bonding between the surface of adsorbent
and adsorbate. Electrostatic attraction between heavy metal ions and functional groups of
adsorbent is based on the protonation and de—protonation of the functional groups in aqueous

solution, which depend on the solution pH.

Adsorption of Cr®* on the adsorbent is mainly through electrostatic attraction (Yuan et al.
2019), adsorption and reduction (Ren et al. 2017) or plain adsorption (Nasseh et al. 2017).
Reduction of Cr®* to Cr** is mandatory for effective removal of chromium. Acidic conditions
and existence of electrons causes the reduction of Cr®* to Cr**at the surface it was adsorbed.
The conversion (reduction) takes place directly or indirectly (Park et al. 2008). In direct
conversion the Cr* are attached to adsorbent sites that can donate electrons such as O —atom,
N —atom, and S —atom. Whereas in indirect conversion the Cr®* attached on the adsorbent site
is reduced by the electrons from the adjacent functional groups. In aqueous solution, Cr®*
oxyanions is mainly present in the form of chromate ion (CrO,*"), dichromate ion (Cr,07>),
chromic acid (H,CrO,), and hydrogen chromate ion (HCrO,4") depending on the solution pH
(Mukhopadhyay, Sundquist, and Schmitz 2007). A variation in pH is a determinant factor and

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

Protonation of the nitrogen, sulfur and oxygen—containing functional groups in adsorbent at
low pH (strong acidic condition) result in a large amount of H*. Low removal efficiency were
observed at lower pH due to the competition of H3O" or H* ions with Pb?** and Cd** in the
solution and repulsion of Pb*" and Cd** and the protonated functional group (Ahmad et al.
2017). When pH increased (weak acidic condition), the negative charges of the adsorbent and
the active site increased, which enhanced the complexation between the adsorbent and Pb®*
and Cd** via electrostatic attraction and/or chelation. However, in adsorption processes, the
adsorption efficiency is decreased as pH increases further even if the deprotonation of the
hydrogel surface increased as Pb* and Cd®* convert to a hydroxide form and precipitate
(Moradi et al. 2017). It was reported that the negative charge due to —~NH (Ghaedi et al. 2018;
Yin et al. 2016), —S (Zhang et al. 2016), and —O (Yu et al. 2017) present at the surface of the
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adsorbents can attract Pb?>" and Cd?" ions via coordination interactions and electrostatic
attractions.

ii.  Coordination—complexation or chelation

Complexation or chelation 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 due to chemical bonding formed between
the adsorbent and pollutant. Complexation occurred through electron sharing between the
metal ions and functional groups, which bears electron reach elements such as O, N and S
atoms. This phenomenon was explained by the decrease in electron cloud density of electron
reach element and the increasing of binding energy (He, Lu, and Luo 2014). Adsorbent—metal
complex occurs through a coordinated covalent bond. Chelation mechanism was more
elaborated based on bridge and pendant model (Ogawa, Oka, and Yui 1993). Bridge model
supposed that metal ions are bounded to several amine or thiol groups from the same chain or
from different chains, via intra— or intermolecular complexions. Pedant model proposed that

the metal ions bonded to amine or thiol groups in pedant fashion.

2.3.5. Theoretical Investigation of Adsorption Mechanism of Heavy Metal

I.  Quantum mechanics

In the early twentieth century Max Planck proposed blackbody radiation which was found to
be emitted by microscopic particles. This was limited to certain discrete values, i.e. it was
‘quantized’. Bound electrons in atoms, in particular, are limited to discrete energies (levels)
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 matter can 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
Energies) of the system. This led to the introduction of quantum mechanics and the basic
equation was the Schrodinger Equation as given below (Eq. 2.1):

HY = EW (2.1)
The wave function or ¥ describes the state of the system as a function of coordinates. This is
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., energy) operator of the system and E
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is the energy of that particular state. The equation can be solved approximately where the
approximation methods can be categorized as either ab—initio or semi empirical. While ab-
initio gets its origin from first principles (i.e. at start); semi empirical methods uses
parameters that compensate for neglecting some of the time consuming mathematical terms

in Schrodinger equation.

ii.  Density functional theory (DFT)

The electronic wave function of an n—electron molecule depends on 3n spatial and n spin
coordinates. Since the Hamiltonian contains only one— and two—electron spatial terms, the
energy can be written in terms of integrals involving only six spatial coordinates. In a sense,
the wave function of a many—electron molecule contains more molecular orbital’s than is
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
coordinates of one electron) and the second-order spinless density matrix (which is a

function of the spatial coordinates of two—electrons)?

Hohenberg and Kohn (Hohenberg and Kohn 1964) proposed that the ground state molecular
energy, wave function, and all other molecular electronic properties are uniquely determined
by the ground state electron probability density p(x, y, z), a function of only three variables.
Here electrons interact with one another and with an ‘external potential’, which is nucleus. A
uniform electron gas where the external potential is uniformly distributed as a positive charge
is assumed. The Integration of Density should give thus give us the total number of electrons.
The final step leads to the solution of the Schrodinger equation (Eq. (2.1)), which is
prohibitively difficult due to the electron—electron interaction term. In order to make things
simpler, the electron—electron interaction terms the Hamiltonian operator for a non-
interacting system of electrons is assumed as a sum of one Electron Operator, which is
simpler to achieve. Then an external potential is devised for the electron—electron repulsion
term. The correction to the kinetic energy deriving from the interacting nature of the
electrons, which are simply the entire non—classical corrections to the electron—electron

repulsion energy and kinetic energy.

ELo(I=T Lo+ Ve Lo(D]+ Ve [o(N]+ AT p(N]+ AV, [o(N] (2.2)
Where
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Exchange—correlation potential V. is found as the functional derivative of Exc.
Vie = ol (2.9)

dp

If Exc[p] is known, its functional derivative is readily found, and V. is known. This is
similar to a Hartree-Fock operator, except that the exchange operators are replaced by V.
This handles the effects of both exchange (ant symmetry) and electron correlation. 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, also called as Generalized Gradient
Approximation (GGA). Hybrid functional, GGA and meta-GGA (Table 2.1) are used to

calculate Ex. by using Kohn—Sham orbital’s.
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Table 2.1. DFT Functional

GGA Meta—GGA Hybrid-GGA  Hybrid meta—-GGA  Range—separated hybrids

PBE MO6-L B3PWI1 PW6B95 oB97X-D3
OLYP TPSS BHLYP TPSSh oB97X
BLYP revTPSS PBEO MO06-2X ®B97
BP86 - B3LYP MO6 LC-BLYP
— - B3LYP/G — CAM-B3LYP

iii.  Heavy metal adsorption mechanism study by DFT

The adsorption mechanism and kinetic model of biopolymer such as chitosan based adsorbent
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. Theoretical investigation by
means of ab 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 chemistry were
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. Ribeiro et al., (Ribeiro, Reis,
and Pereira 2019) studied the interaction of vanillin monomer with Cd®*, Cu®*, Pb?*, Hg*,
Zn** and Cr** by using DFT with hybrid functional wB97X-D. The 6-31+G (d, p) basis set
was used for C, N, H and O atoms and the Los Alamos National 2 Double—Zeta effective
core potential basis set (LANL2DZ) 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 HOMO and
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 coordination of metal
ions with adsorbent. These regions were very electronegative and susceptible to electrophiles

attack. Based on electron density, Laplacian of electron density, total energy of the critical
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point of connection, and Pearson’s theory, Cu®" ions have a favorable interaction with the

monomer.

Zhao et al. (Zhao et al. 2014) synthesized magnetic modified polyacrylamide micro
composite adsorbent by inverse micro—emulsion polymerization via using N, N’—methylene—
bis(acrylamide) as cross—linker for removal of Cd**, Pb®*, Co®*, 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 NBO, O-atoms (more negative point
charge) of carbonyl and hydroxyl groups is responsible for chelation (O, O’-bi—dentate

hydroxamato coordination mode) of metal ions.

Hizhnyi et al. (Hizhnyi et al. 2017) studied chromium adsorption mechanism on graphene
and B— or N— doped graphene and CNT and B— or N-doped CNT by ab initio computational
calculation. Geometry optimization and the adsorption of CrOs> on the CNT were
investigated by DFT/B3LYP level of theory. The spilt—valance double zeta (6-31G) basis set
were used for C —atom and H —atom and correlational consistent polarized valence double—
zeta (cc-pVDZ) basis set were applied for Cr —atom and O —atom, and Gaussian 09 software
package used as a tool. The adsorbent—CrO,> system with optimized geometry was 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 C—atom and H—atoms treated by MM, while the CrO4>, which
comprised of Cr-atom and O- atom treated by QM. To account the electrostatic interaction
between QM and MM, the electronic embedding was used. Exited electronic state of CrO4*
anion and in adsorbed configuration were studied by time—dependent DFT (QM region).
Single energy calculation was carried out by the same model chemistry used in geometry
optimization. Change in charge density, Aq = — 2e — ¢, where q = go1 + Joz + Josz + Jos + Jcr
of CrO,% in adsorbed state were calculated using Mulliken population analysis. Electronic
charge was transferred from the CrO4% to adsorbent because Aq is negative and ranging from
—0.60e to —1.12e, which indicate Chemisorption mechanism of adsorption, transferred from
anion to the adsorbent. Bond formation occurs between one O—atom of CrO,* and either C,
B, or N atoms of the adsorbent. Doping the adsorbent with B —atom reduces the binding
energy (Ep) as well as the Aq, weakening the chemical bonding (weaker distortions) between
20



anions and the adsorbent. Whereas doping with N—atom strengthens (stronger distortions) the
bonding between the anions and the adsorbent.

Wang et al. (Wang, Chen, and Yang 2015) studies sorption mechanism of Pb?* ions onto GO
by DFT. The interaction of Pb?* with -COOH and —COC were calculated, and Pb*" ions
prefer to bind with -COOH groups on GO surfaces (i.e., the binding energy of Pb*" with —
COOH is higher than that of —-COC). Arshid B. et al. (Bashir et al. 2020) studied the
selective adsorption of Zn?*, Pb**, 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 terminal or glyosidic
oxygen, and hence responsible for adsorption of these heavy metal ions. Jiling Zhao et al.
(Zhao et al. 2020) studies the selective adsorption mechanism of Pb* ions by UiO-66-NH,
(MOF) modified with 1,8-dihydroxyanthraquinone by DFT. Geometry optimization were
performed by the B3PW91-D3 functional, and Stuttgart-Dresden-Bonn basis set for Pb** and
the 6-31G (d) basis for other atoms. PbNO3 was used as the model of Pb** and Solvation
effect (H,O) was evaluated with polarizable continuum model (PCM). Based on the bond
distance (i.e., with shortest bond distance) and binding energy (i.e., with greater binding
energy), Pb?*~N interaction (mono—dentate coordination) was more favorable than the Pb?*—

O (bi—dentate coordination) of C—O and O—H group for adsorption of Pb*".

2.4. Adsorbents for Heavy Metal Removal

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

to functionalize with polymerizable groups according to the nature of the pollutant.

21



In their natural form, bio—sorbents are soft and have a tendency to agglomerate in an aqueous
solution or form gel, and 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 organic—inorganic materials has been reported. It is possible to 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 intrinsic chemical reactivity of organic
materials perform better. Adsorbents are modified by cross—linking, grafting or by changing
their chemical form or by engineered composite materials. Researchers employed cross—
linking, grafting and/or impregnation methods to obtain 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 this case) 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, adsorption isotherm, Kinetics, and
thermodynamics, PVA, chitosan, grafted starch, functionalized graphene oxide, and stabilized
zero-valent iron adsorbent, Cr®*, Pb** and Cd®* ions removal mechanism, and DFT based

adsorption mechanism studies.

Adsorbents with remarkable adsorption capacity towards Cr®*, Pb®* and Cd®* ions have been
designed and developed by different researchers. A wide verities of adsorbent such as
biopolymer based hydrogel (Ahamad 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. 2016), activated
carbon (Valentin-Reyes et al. 2019), metal-organic framework (Ghaedi et al. 2018; Jamali et
al. 2016; Vellingiri et al. 2018; Yu et al. 2017), carbon nano-tubes (Hayati et al. 2017; Zhang
et al. 2012), silica (Li et al. 2011), smart nano—materials and nano engineered material
(Pandey and Ramontja 2016), GO and GO-derivatives (Daneshmand et al. 2018; Mondal and
Chakraborty 2020; Nuengmatcha, Mahachai, and Chanthai 2015; Sahraei, Pour, and Ghaemy
2017; Yap et al. 2020) have been reported for the removal of Cr®", Pb?* and Cd*" ions from

aqueous waste streams.
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2.4.1. Biopolymer Based Adsorbent

Biopolymers (natural polymers) based adsorbents are active area of research and promising
candidate for heavy metal removal 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 and bio—compatibility
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, low adsorption capacity, poor mechanical properties, low chemical stability and
thermal resistance and difficulty of regeneration for reuse.

In their natural form, bio—sorbents (adsorbent from biopolymer) are soft and have a tendency
to agglomerate in an aqueous 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 organic—inorganic 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 reactivity of organic materials perform better during the adsorption.

Chitosan and starch are the most abundant biopolymer (plant polysaccharides) and potential
candidates accepting chemical modification by various reactions such as amidation, carboxy
methylation, 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 nano—particles will facilitate separation and
recovery after heavy metal adsorption from aqueous environment (Dahlan et al. 2017). But

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

Bio—sorbent or sorbent containing biopolymer is mainly prepared by cross—linking 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) (Abdel-Raouf and Abdul-Raheim 2017a). For instance,

chitosan and starch modification is mainly by chemical methods where grafting functional
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groups or cross—linking is carried out or by physical methods where changing from flakes to
adsorbents occurred (Dahlan et al. 2017). Both the structural and the functional group
modification help chitosan and starch to perform better in adsorption (Kahu et al. 2016).
Ahamad et al., fabricate cobalt ferrite dispersed egg albumen—formaldehyde bio—based
polymer metal complex (CoFe,O4) novel adsorbent for removal of Cd** ion (182 mg g™ at
pH of 6) and methyl blue (480 mg g™* at pH of 12) from aqueous environment (Ahamad et al.
2019). According to the author, the egg aloumen behaves as a source of N—-doped carbon as
well as the capping agent, and adsorption occurs via electrostatic complexation. The bi-
metallic cobalt ferrite offers the adsorbent fast magnetic separation for further use. The
adsorption follows pseudo—second order kinetics and Langmuir isotherm for both pollutants.

Incorporation of magnetic nano—particles to the composite adsorbent 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 surface area (Fatehi et al.
2017). Leaching of nano—particles during their use should be considered during the inclusion

in the adsorbent.

Dax et al., synthesized cationic hemicelluloses (methacrylate inserted O-acetyl
galacotoglucomannan, GGM) based hydrogel by trans—esterification reaction for removal of
As>* and Cr® from aqueous environment (Dax et al. 2014). Methacrylate monomer bearing a
quaternary ammonium group was responsible for charge (+ve) of the adsorbent. Higher
sorption was determined for As>* for an increasing swelling rate because of increased amount
of quaternary ammonium groups available for ion exchange with arsenic oxyanions. The
maximum sorption was 48.17 mg of As®* per gram of hydrogel. For Cr®*, 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 modified polyacrylamide micro composite adsorbent by

inverse micro—emulsion polymerization via using N, N’—methylene—bis(acrylamide) as

cross—linker for removal of Pb®*, Cd**, Cu?*, and Ni®* from aqueous solution (Zhao et al.

2014). Hydroxamic acid group surface maodification/functionalization of magnetic

polyacrylamide was applied to lower swelling property and to from stable chelation with

heavy metal ions. Swelling rate of magnetic—polyacrylamide (ZPC = 5.26) was decreased
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with increasing pH of solution. At low pH, protonation of amide groups causes cation—cation
repulsion resulting in high swelling rate and the inverse is true at higher pH. Whereas the
swelling rate of Hydroxamic functionalized magnetic polyacrylamide (ZPC = 4.01) increased
with pH because of ionization of Hydroxamic groups (-CONHO-) resulting in electrostatic
repulsion among themselves. The adsorption for single metal follows the order of:
Cd?*>Co”">Ni*>Pb?*, which is the inverse of hydration number to hydrated radius ratio. But
Pb* is easily captured by the adsorbent under competitive adsorption because of highest
stability constant it forms with hydroxamate in aqueous solution, and the adsorbent is more

selective to Pb?* for multi metal adsorption.

Zhou et al., developed bio-based polymeric adsorbent for the removal of Pb®* from
wastewater. The adsorbent synthesized by graft polymerization reaction between surface
modified biomass cyclosorusinterruptus (Cl), which serve as a support and acrylonitrile
(AN), followed by amidoxime (NH,OH.HCI) functionalization (Zhou et al. 2016). The
protonation and de—protonation of amino groups of amidoxine highly dependent on the pH of
solution and maximum sorption capacity (78.76 mg g™ at 298 K) was obtained at pH of 5.5.
Since the first order hydrolysis constant of Pb®" is 6.3 x 10, hydrolysis of Pb?* occurred
above pH of 5.5. Moreover, they report that the adsorbent forms a bi—dentate ligand Pb** and
stable five—-membered chelating ring can occur between one Pb®*" and one amidoxime group.

The adsorption follows pseudo second order and Langmuir isotherms.

Boddu et al., prepared composite bio—sorbent (chitosan coated on alumina) characterized by
SEM, XPS, and BET, for removal of Cr®* from aqueous solution (Boddu et al. 2003). Oxalic
acid is used to form bridge between chitosan and alumina. Chelating groups such as —
CH,0H, —CO, and —NH; are responsible for adsorption of Cr®* and the maximum adsorption

capacity was 153.8 mg Cr®* per gram of chitosan at pH of 4.

I. Chitosan based adsorbent

One of the recent developments to remove pollutants from aqueous environment is the use of

modified chitosan as adsorbents (Table 2.2). However, low adsorption performance of

pristine chitosan adsorbents limits their application in wastewater treatment. For instance,

pristine chitosan has been widely studied and frequently applied for heavy metal removal due

to its good gale forming ability, biodegradability, 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 carbonaceous materials, such as graphene oxide (GO), 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 intermediate 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. The reactive amino and hydroxyl functional
group in chitosan are responsible for easily chemical modification of chitosan (Wang and
Zhuang 2017). Grafting (i.e., N —atom or O —atom reach groups such as amino, quaternary
ammonium, thiol, and carboxyl groups and cross—linking (H. Ge, Chen, and Huang 2012) are
widely used in chemical modification of chitosan. Moreover, introduction of materials
containing hetero atoms such as N, P, and S atoms into the backbone increases adsorption
performance of chitosan. Cross—linking is used to reinforce the chemical stability of chitosan,
which increases the chemical stability and physical strength. However, cross—linking
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 groups, amino groups, alky groups and B—cyclodextrininto (Alsbaiee et al.
2016) are grafted on the back bone of chitosan (Yu et al. 2016). Some report shows that
mechanical strength, thermal stability, and adsorption performance of chitosan were
enhanced by inclusion of carbon nano—materials, such as CNT (Gopi et al. 2014) and GO
nano—particles (Luo et al. 2019). Adsorption performance also enhanced by using targeted

pollutant as a template (Tang et al. 2017).

Chitosan based adsorbents have attracted increasing attention in wastewater treatment in the

past few years because it’s reactive amino and hydroxyl functional groups, it is easily

modified through physical and/or chemical methods, it is biodegradable polymer, it is non—

toxic, it is environmental friendly and it is cheap and abundant (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. 2013). Luo et al., synthesis GO/CMC
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composite aerogel for removal of heavy metals from water, and maximum adsorption
capacities were 249.38 mg g for Pb?*, 151.30 mg g™ for Ag®*, and 95.37 mg g™ for Cu**
(Luo et al. 2019). The aerogel was synthesized by using vacuum-assisted self-assembly, and
freeze—drying method. GO incorporation to CMC (decomposition temperature up to 300°C)
increases thermal stability of aerogel (decomposition temperature up to 900°C). Wu et al.,
synthesis hemi—cellulose cross—linked CMC for removal of toxic heavy metals from aqueous
environment, and the maximum adsorption capacity were 909.10 mg g™* for Cd**, 363.3 mg g°
! for Ni**, 333.3 mg g™ Cu**, 28.2 mg g™* for Hg?* and 49 mg g™ for Cr®* (Wu et al. 2017).

Yuvaraja et al., prepared ZnO incorporated terephthalaldenyde and thiosemicarbazide
modified chitosan for Pb®* ion removal from aqueous environment (Yuvaraja et al. 2019).
Chitosan modification (Schiff’s based formation) may occur through the free amino groups of
chitosan with an active aldehydes group of terephthalaldehyde. ZnO nano—particle employed
to offer stability and mechanical strength. This complex adsorbent contains sulphur
functional group in addition to hydroxyl and amine functional group and adsorption of Pb?*
occur through these sites. This result shows that Pb?* removal mechanism might be
complexation/coordination, electrostatic attraction, ionic exchange and/or precipitation. The
maximum removal was achieved at pH of 5.0. The adsorption follows PSO kinetics and

Langmuir adsorption isotherms.

Prakash et al., prepared nylon6 and montmorillonite clay blended chitosan by casting
processes (Prakash and Vendan 2016). They also add starch to facilitate binding effect,
binding of silk with chitosan, and glutaraldehyde were used as cross—linking agent.
According to the report, blending with clay and nylon foster the porosity, which facilitates
faster diffusion of ions. This novel adsorbent was employed for adsorption of Cu?*, and Cd?**
ions, and they reported that Cu®* has better recoveries when compared to Cd>*. Moreover,
maximum adsorption of both metal ions occurs near to potential of zero charge (PZC) of
chitosan. They also reported that the adsorption follows Langmuir isotherms and PSO
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 Cd?* and Pb®* on EGTA functionalized chitosan
adsorbent in aqueous solution (Zhao et al. 2013). EGTA immobilization on chitosan was
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characterized by FTIR spectroscopy. EGTA-chitosan contains six sites; four carboxyl
oxygen and other one oxygen of EGTA and one nitrogen atom in amine of chitosan, which
might participate in chelation. Six of these sites involved in binding Cd** and Pb** forming
octahedral structure. They recommend for further studies to understand the complexation by
theoretical calculations such as theoretically calculated natural bond 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 EGTA—chitosan form octahedral structure with divalent
metal ions. The maximum of uptake of Cd** and Pb** was 0.74 mmol g™* and 0.50 mmol g™,
respectively and adsorption kinetics followed PSO model but the rate of adsorption was
affected by intra—particle diffusion.

Gokila et al., studied the removal of Cr®* from aqueous solution by chitosan—alginate nano—
composites novel adsorbent prepared by ionic gelation method (Gokila et al. 2017). Sodium
tripolyphosphate and glutaraldehyde used as cross linker of chitosan nano—particle and
chitosan—alginate composite respectively. Alginate, water soluble linear polysaccharide, was
used as film forming property of chitosan, which is reduced upon cross—linking. 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 g™*) takes place at pH of 5. The decrease in adsorption
at high pH is due to the formation of soluble hydroxyl complexes. The adsorption follows

PSO kinetic model and Freundlich isotherms.

ii. Starch based adsorbent

Starch has wide application in industries due to its low cost, biodegradable, and renewable
with specific physic—chemical properties (X.-M. Li et al. 2019). It is a widely used material
for making biodegradable plastics. However, pure starch properties such as relative high
solubility, instability at high temperature, poor processability, and poor mechanical strength
or high brittleness limit its industrial application including wastewater treatment (Kan et al.
2017).

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

synthetic polymers such as polyvinyl alcohol (PVA). Physical modification is achieved by

using hydrothermal processing (gelatinization). Chemical modification is achieved by

incorporation of suitable functional groups into the starch structure using etherification,
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esterification, cross—linking, and grafting, acid or oxidation and enzymatic hydrolysis.
Chemical modification is mostly used method for improving starch physico—chemical

properties.

The hydroxyl group of starch is responsible for chemical modifications. They are chemically
bonded to various functional groups resulting in starch based composite with improved
physic—chemical properties. Cross—linked carboxymethyl starch (CMS) were used for
removal of Pb?* (80 mg g™), and Cd** (47 mg g™) from wastewater (Chen, Zhong, and Fang
2012). Carboxymethyl sago starch hydrogel was used for removal of Pb?* (109.89 mg g™),
Cu®* (21.93 mg g™, and Cd*" (14.58 mg g™) from aqueous environment (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 ferrite nano—particle covered
with thin layer of CMS also used for removal of Pb?* from wastewater (Perez et al. 2019).
Functionalization by cross—linking is other ways of enhancing the physico—chemical

properties of CMS.

Magnetic hydrogel adsorbents—polyvinyl alcohol-CMS grafted with polyvinyl imidazole was
employed as an adsorbent for removal of Cu** (83.60 mg g*), Pb** (65.00 mg g*), and Cd**
(53. 20 mg g*) in aqueous environment (Pour and Ghaemy 2015). This hydrogel has high
porosity, and BET surface area due to incorporation of the magnetite nano—particles. Starch
and starch derivatives adsorbent has been used for heavy metal remediation (Table 2.3).

2.4.2. Graphene Oxide based Adsorbents

Low adsorption performance of pristine GO adsorbents limits their application in wastewater
treatment. Pristine GO with hydrophilic polar functional groups (-OH, —-COOH) and large
surface area has unique adsorption properties towards heavy metals. However, hydrophobic
surfaces and toxicity, and un—recoverability after use (restacking) limit the application of GO.
The restacking and agglomeration problem of pristine GO in aqueous solutions can be
improved by covalent functionalization with electron rich atoms bearing materials or 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 functionalization with electron reach atom-bearing materials

(Daneshmand et al. 2018) improves the adsorption capacity as well as the selectivity of GO.
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However, mono—functional group (amine or thiol) surface modification limit the application
in wastewater treatment due to the presence of the multi—valent 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 groups (Javidparvar,
Naderi, and Ramezanzadeh 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 removal (Table 2.4). In addition to
this, carboxylic functional groups of GO easily react with amine (-NH;) (Huang et al. 2020;
T. Li et al. 2019) and thiol (-SH) (Javidparvar et al. 2020; Yap et al. 2020) functional groups
during functionalization with other materials such as L—cysteine. The nitrogen, oxygen, and
sulfur atoms are preferable in scavenging heavy metal ions owing to their strong interaction.
For instance, in Pb®* capturing, Pb—S > Pb—N > Pb—O during interaction with materials such

as L—cysteine based on their softness—hardness nature (Ali et al. 2021).

L—cysteine, which contains amine, thiol, and carboxylic functional groups is an amino acid
and a typical example of heavy metal scavengers in aqueous 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 metal-ligand interactions. The strong
coordinate covalent bond formation with heavy metal ions via soft-Lewis acid-base

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

Recently, research shows that supporting amine and thiol functional group—bearing materials
on solids, such as carbon nano tubes (Zhang et al. 2012), graphene oxide (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 and thiol rich 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 for Hg?* removal (Daneshmand et al. 2018).
Huang et al., studied the adsorption properties of amino functionalized GO towards Pb**,
Cd?*, cu®*, and Cr®" (Huang et al. 2020). Seenivasan et al., researched the synthesis of L-
cysteine functionalized GO/polypyrrole for nanocomposite film for Pb?* detection in water
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(Huang et al. 2020). Muralikrishna et al., studied the synthesis of L-cysteine reduced GO for
simultaneous electrochemical determination of Pb?*, Cd**, Cu®*, and Hg?* in the solution
(Muralikrishna et al. 2014). Nuengmatcha et al., researched the synthesis of thiol-
functionalized GO adsorbent and studied its adsorption properties for Hg®* removal
(Nuengmatcha et al. 2015).

2.4.3. Zero—Valent Iron based Adsorbent

The application of nano—zero valent iron (nZV1) in situ remediation of toxic heavy metal ions
in particular Cr®* and Pb®* polluted aqueous solution has attracted extensive attention (Qian et
al. 2019) (Table 2.5). nZVI have unique properties such as large surface area, fast reaction
speed, a strong reduction ability, eco—friend, strong adsorption ability and an ideal cost—
effectiveness (Fang et al. 2011), which makes them a promising candidates for a broad range
of pollutants. The nZVI1 was prepared, mostly in nano scale by reducing iron with NaBH,.
However, because of their advanced dispersive properties, these nano—adsorbents with small
dimensions are difficult to recycle and may lead to loss of the adsorbent and bring about
secondary pollution to the environment (Guan et al. 2011; Miao et al. 2012). Moreover, nZVI1
often aggregates and easily gets oxidize resulting in decrease in adsorption efficiency due to
decreases in surface area and producing a less negative oxidation—reduction potential (Y
Bagbi et al. 2017). For unmodified nZVI, high surface energy and strong magnetic
interactions accentuated the self-aggregation phenomenon, which becomes the main
difficulty in synthesizing the stabilized, well-dispersed nZVI suspensions that limits the
practical applications of nZVI in a variety of environmental systems. To over come such
limitation, nZVI have been supported on different materials such as chitosan, starch,
carboxymethyl cellulose, polyvinylpyrrolidone (PVP-K30), PVA, polyacrylic acid (PPA),
and zeolite. Zhang et al., prepared carboxymethyl cellulose—stabilized nZVI for in situ
remediation of Cr®" contaminated soil (Zhang, Zhang, and Fang 2018). Kustove et al.,
synthesized chitosan stabilized nZV1 for toxic heavy metal polluted wastewater remediation
(Kustov et al. 2011). Divya Chauhan et al., prepared chitosan/PVA/ZVI1 biopolymeric
nanofibers and employed for arsenic removal from wastewater (Chauhan, Dwivedi, and
Sankararamakrishnan 2014). Horzum et al., prepared chitosan fiber—supported nZVI1 particles
and used for the removal of arsenic from water (Horzum et al. 2013). Pei et al., employed
Vinegar residue—supported nZVI for remediation of Cr®*—contaminated soil in which Cr®*

adsorbed onto nZV1 and react with the surface containing nZVI to be reduced to Cr** (Pei et
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al. 2020). Esfahani et al., synthesized polyacrylic acid stabilized nZVI to remove Pb* from
aqueous solution (Esfahani et al. 2013). Zhang et al employed kaolinite—supported nZV1 for
Pb* removal from aqueous solution (Zhang et al. 2011). Kim et al., used zeolite—nZVI

composite for Pb?* remediation (Kim et al. 2013).

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 exchange, bio—sorption, chemical precipitation and
coagulation/flocculation have been used to treat the wastewater containing heavy metals.

Adsorption by low—cost adsorbents and bio—sorption is identified to be efficient and low
cost—effective even applicable for lower concentrations of heavy metals. Bio—sorption has
been given high importance keeping the environment—friendly nature of the bio—sorbents in

mind but stability is a problem.

Even though extensive research on adsorbents have been done and adopted, most of 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 other adsorbents. However, high
retention time, slow adsorption kinetics, non — selectivity and cycling stability of adsorbents

limit its wider application in industrial wastewater treatment.

Based on aforementioned limitations, synthesis of adsorbent form biodegradable 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 fast adsorption kinetic in order to minimize

operational costs.
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Table 2.2 Chitosan based adsorbent for Cr®*, Pb?*, and Cd?** removal

Adsorbent Pollutant Co(mgL™) om(mgg’) pH Kinetics Isotherms Reference
GO-CMC Pb** 500 249.38 — — — (Luo et al. 2019)
Arginine cross-linked chitosan—-CMCL adsorbent Pb** 325 182.5 — — — (Manzoor et al. 2019)
CMC-sewage sludge bio-char composite Pb** 100 594.17 — — — (Ifthikar et al. 2018)
Tannic acid modified Chitosan bio—sorbent Pb* 450 117.75 6 PSO Freundlich (Badawi et al. 2017)
Chitosan—-MA-DETA Pb** 300 239.2 5 PSO Langmuir (Zhang et al. 2017)
Chitosan/PEG/PAA Pb** 300 431.7 4.8 PSO — (Yuetal. 2016)
Lead-ion imprinted chitosan Pb* - 577 6 PSO - (Li, Qiu, and Xu 2013)
CMC Cd** — 121.00 3 — — (Borsagli and Borsagli 2019)
Arginine cross-linked chitosan—-CMCL adsorbent Cd** 300 168.50 — — — (Manzoor et al. 2019)
CMC-hemicelluloses resin composite Cd* 100 909.10 - - - (Wu et al. 2017)
Chitosan-MA-DETA Cd** — 201.60 5 PSO Langmuir (Zhang et al. 2017)
Chitosan-Iron oxide nanocomposite Pb** 100 214.9 5 PSO Langmuir (Ahmad and Mirza 2018)
Cd** 204.3
CMC cd™ 200 121.00 3 — - (Hayati et al. 2017)
cr® 147.20 8.5 - -
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Chitosan-GO/ CMCL aerogel cré* 127.40 - — — (Huang et al. 2019)

CMC-hemicelluloses resin composite cré* 49.00 - - - (Wu et al. 2017)

Chitosan cross-linked cré* 192.30 3 PSO Langmuir (Bhatt, Sreedhar,

with DETAA and Padmaja 2015)

Table 2.3 Starch based adsorbent for Pb?*, and Cd** removal

Adsorbent Pollutant  Co(mgL™)  gm(mgg™) pH Kinetics  Isotherms Reference

Manganese ferrite nano-particles CMS Pb* 300 46 55 PSO Sips (Perez et al. 2019)

CM sago starch—acid hydrogel Pb* 100 109.89 - - - (Basri et al. 2016)
Cd** 14.58

Magnetic hydrogel-PVA/ CMS-g-PVI Pb** 200 65.00 — — — (Pour and Ghaemy
Cd* 53.20 2015)

Cross linked CMS Pb* - 80.00 - - - (Pour and Ghaemy
Cd* 27.00 2015)

CMS grafted with N-VI cd* - 68.00 - - - (El-Hamshary et al.

2014)
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Table 2.4 Graphene oxide based adsorbent for Pb**, and Cd** removal

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

Cd* 10.04 5 PSO Langmuir

cu** 26.25 4 PSO Freundlich

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

Table 2.5 ZV1 based adsorbent for heavy metal ions removal

Adsorbent Pollutant Om pH Isotherms Reference

Chitosan-nz VI As>* 0.02 mmol g™ 6 Langmuir (Horzum et al. 2013)
As®* 0.03 mmol g* Freundlich

Chitosan/PVA/ZVI As* 1429 mg g™ 7 Langmuir (Chauhan et al. 2014)
As> 200mg g™ Freundlich

Vinegar-nZVI Cr®* (soil) - 5.5 - (Pei et al. 2020)

PAA-nZVI Pb* - 5 - (Esfahani et al. 2013)

Kaolinite—nZVI Pb** — 5.1 — (Zhang et al. 2011)

Zeolite — nZVI Pb** 96.2mgg* 4 - (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 designed (Fig. 3.1). First, the locally available tuber plant,
‘anchote’ (Coccinia abyssinica) were collected, pre—treated and ready for the starch
extraction. The starch was extracted and grafted with acrylamide for hydrogel synthesis. The
synthesized hydrogel adsorbent PPSQCG, PCCFG, and CZVI-CS-PVA were characterized
before the adsorption of heavy metal ions. Using a one—factor—at-a-time approach, batch
experiments were conducted using hydrogel adsorbent containing synthetic water and real
wastewater. Isotherms, kinetics, thermodynamics, and effect of co—existing ions were studied
based on the maximum values obtained from a one—factor—at-a—time approach. The batch

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

\Starch Extraction \ Starch Grafting Hydrogel Synthesis GO Synthesis
. ‘izati — | = Characterization — |n Ch terizati
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o SEM/EDX
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= Total Cré* Calculation o AAS Original article
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Fig. 3.1 Experimental workflow design.

PPSgCG hydrogel were synthesized from PVA, PVP, S—-g—-AAm, chitosan and graphene
oxide. PCCFG hydrogel were synthesized from PVA, chitosan and L—cysteine functionalized
graphene oxide. According to FTIR and EDX analysis results, the CONH, of S—g-AAm,
amine (-NH,) of chitosan, —-COOH of graphene oxide and thiol group of L-cysteine were
involved in chelation of Cr®* and Pb?*. Based on this, one possible model of schematic
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drawing of PPSQCG (Fig. 3.10(a)), which includes structure of S—g—AAm, chitosan and
graphene oxide were built by Chem Draw 20.1.1. Similarly, the PCCFG (Fig. 3.11(a)),
which includes structure of chitosan and L—cysteine functionalized graphene oxide were built
by Chem Draw 20.1.1. The possible adsorption site sections of PPSgCG (hereafter PPSgCG—
1) (Fig. 3.10(b)) and PCCFG (hereafter PCCFG-I) (Fig. 3.11(b)), which was built by Gauss
View 6.0.16 were first optimized by MM (using UFF) and low level of theory (HF/3-21G)
followed by high level of theory (DFT), using Gaussian 09. Geometry optimization,
frequency, and NBO calculation were performed by the B3PW91-D3 functional with the 6-
31G (d, p) basis set for C, N, O, S and H atoms, and SDD basis set for heavy metal ions.
Single—point energy calculation was performed using the wB97XD functional with 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, Ethiopia. The sample
were collected, treated, stored and analyzed according to APHA-Colorimetric method (3500
Cr. B) standard (23" Edition). The collected wastewater sample was treated with 1IN NaOH
to pH = 9 for total hexavalent chromium (Cr®") determination, and stored at 4°C before
analysis. Prior to the analysis, this wastewater sample was filtered using 0.45—um filter. The
procedure for measuring of total hexavalent chromium were made according Standard
Methods: 3500-Cr B: Chromium by Colorimetry (APHA, AWWA 2023).

3.3.  Chemical Used

Sulfuric acid (H,SO4, 360 ml), phosphoric acid (H3PO4, 40 ml), potassium permanganate
(KMnQy, 18 g), 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 L-cysteine dissolved in 50 ml DMF were used for GO
functionalization. APS (0.08 g) and TEMED (0.4 ml) were used for starch grafting. Ferric
chloride (FeCl3.6H,0, 14.2 g), sodium borohydride (NaBH,4, 7.2 g), and L—cysteine (6.0 g)
were used for synthesis of L-cysteine stabilized nZVI. Polyvinylpyrrolidone (PVP k-30,
M.W. 40000), polyvinyl alcohol (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 with L—cysteine functionalized GO were used to synthesis PCCFG hydrogel.
L—cysteine stabilized nZVI, chitosan, and PVA were used to synthesis CZVI-CS-PVA
hydrogel. CaCl, solution (boric acid saturated) were used to engulf the mixture of chitosan,
grafted starch, PVA, PVP, CFG and CZVI during the hydrogel preparation. Potassium
dichromate (KCr,0y), sodium di-hydrogen phosphate (NaH,PO,.2H,O, 99%), sodium
sulphate (Na;SO4, 99%), sodium chloride (NaCl, 99%), potassium nitrate (KNO3, 99%),
Pb(NOs3),, Cd(NO3), and Cu(NO3), were dissolved in deionized water to prepare hexavalent
chromium, phosphate, sulphate, chloride, nitrate, lead, cadmium, and copper stock solutions
(1000 mg I"* each), respectively. During the experimental work, the pH was adjusted using
diluted (0.1 M) HCl and (0.1 M) NaOH.

3.4. Apparatus Used for Analysis

The concentration of Cr®* (both in synthetic water and real wastewater), and Pb* and Cd** in
the solution after adsorption were determined by UV-vis spectrophotometer (x — human) at
350 nm wavelength (for linear range from 0.5 to 100 mg Cr®* L™) and AAS, respectively.
The concentration of total Cr®" in real wastewater before and after adsorption in a solution of
pH of 2 and 9 were determined at 350 nm, and 373 nm wavelength (for linear range from 0.5
to 25 mg Cr® L™), respectively. A calibration curve (Annex 1) (R°=0.999) of Eq. (3.1) was
obtained from seven standard solutions for the Cr® measurements by UV-vis
spectrophotometer. This calibration curve was used for measurement of Cr®* concentration in
synthetic water and real wastewater.

C(ppm) = 78.49* A - 0.396 (3.2)

Where C is Cr®" concentration and A is absorbance.
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3.5.  Hydrogel and Intermediate Product Synthesis
3.5.1. Acrylamide Grafted Starch Synthesis

Starch was extracted from ‘anchote’ (Coccinia abyssinica), an indigenous tuber plant
according to the method reported (Abera et 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. 2019). In a typical procedure
(Annex 2): starch (4 g) was mixed with 60 ml of distilled water 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 ml solution 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 minutes under nitrogen environment. The
reaction product was precipitated in 300 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 (6000 rpm) 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 acrylamide grafted pristine starch
(S—g—AAm) was obtained. The grafting efficiency (GE) and grafting percentage (GP) were
calculated by using Eq. (3.2) and Eq. (3.3), respectively. The reaction of starch with

acrylamide was shown in Schematic—I.

Wgs - Wst

GE(%) = *100% (3.2)

Wgs - Wst

GP= *100% (3.3)

Where, ws;, Wgs and Wi, denote mass of pristine starch, grafted pristine starch and monomer,

respectively.

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

H on OH OH H OH

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

Schematic—I
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3.5.2. Graphene Oxide Synthesis

Graphene oxide was synthesized from graphite powder according to improved Hummer’s
method (Marcano et al. 2010) with some modification (Annex 3). Briefly, 18.0g of KMnO4
and 3.0g of graphite powder (6:1) was added to mixture of 360 ml of H,SO,4 and 40 ml of
H,PO, (9:1) strong acid in ice both and stirred for 30 minutes. Then, this mixture was reacted
for 10 hour at constant temperature of 50 °C (in water bath) under continues mixing at 250
rpm. After 10 hour of reaction, the slurry added to 500 ml of iced distilled water, followed
by addition of 3ml H,O, (30%), and washed repeatedly with excess distilled water and
allowed to settle for 24 hour. The settled gray solid was filtered by polyester fiber and the
filtrate was centrifuged (4000rpm, 2h). The supernatant were decanted away and the
remaining solid washed with 200ml of distilled water and filtered by polyester fiber and
centrifuged repeatedly to remove unreacted graphite powder. The remaining solid after
filtration and centrifugation was treated with 200ml of HCL (30%) and 200 ml of pure
ethanol (99.9%) sequentially. Then the obtained solid materials were coagulated with 200 ml
of ether and resulting in suspension, which was filtered over PTFE membrane. The solid
materials obtained on the filter were vacuum dried for 2 hour at room temperature and oven

dried at 60 °C 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 et al. 2018; Javidparvar et al. 2020; Milenkovi¢ et al. 2021) with some
modification (Annex 4). Briefly, 0.2 g of GO powder was added to 10 ml of
dimethylformamide (DMF) under ultra—sonication for 1h and transferred to an oil bath
maintained at 85°C. After 20 min, 40 ml of thionyl chloride was added to the GO solution for
surface activation (covalent modification) under a nitrogen environment (Fig. 3.2). During
the activation of GO surfaces, the carboxylic acid of GO was converted to acyl chloride.
After 24 h of reaction, the black solid activated GO was removed from the solvent, dried, and
dissolved in 50 ml of DMF at 85°C. Simultaneously, 0.2 g of L-cysteine dissolved in DMF
solution was added drop—wise to the activated GO solution and left to react for 24 h. Finally,
the black precipitate was centrifuged and washed with ultra—pure water and DMF several

times to remove any un reacted thionyl chloride and L-cysteine, and then dried at 60°C.
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Fig. 3.2 Schematic diagram showing CFG synthesis.

3.5.4. PPSg Hydrogel Synthesis

The PPSg hydrogel was synthesized as follows (Fig. 3.3): 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 of S-g-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% CaCl; solution (boric acid saturated) drop wise to form cylindrical
hydrogel. After 72 h immersion, the hydrogel were 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 Schematic diagram showing PPSg hydrogel synthesis.

3.5.5. PPSgC Hydrogel Synthesis

The PPSgC was synthesized as follows (Fig. 3.4): 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 of S-g-AAm and 0.4 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 2% CacCl,
solution (boric acid saturated) drop wise to form cylindrical hydrogel. After 72 h immersion,
the hydrogel were 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 hydrogel synthesis.

3.5.6. PPSgG Hydrogel Synthesis

The PPSgG was synthesized as follows (Fig. 3.5): 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 of S—g—AAmM 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 ml™* GO 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% CacCl, solution (boric acid
saturated) drop wise to form cylindrical hydrogel. After 72 h immersion, the hydrogel were
washed with ultrapure water several times to remove excess calcium ions and preserved in

ultrapure water until further use.
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Fig. 3.5 Schematic diagram showing PPSgG hydrogel synthesis.

3.5.7. PPSgCG Hydrogel Synthesis

The PPSgQCG was synthesized as 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 3 h. Then, 1.6 g of S-g—-AAm and 0.4 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. The 2 mg ml™* GO 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 saturated) drop wise to form cylindrical hydrogel. After 72 h
immersion, the hydrogel were washed with ultrapure water several times to remove excess

calcium ions and preserved in ultrapure water until further use. The adsorbent was engulfed
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in the network formed by the reaction between the carboxylic groups present in the alginate

backbone and Ca®*, forming ionic cross—link hence no cytotoxicity.
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Fig.3.6 Schematic diagram showing PPSgCG hydrogel synthesis.

3.5.8. PCCFG Hydrogel Synthesis

The PCCFG hydrogel was synthesized according to the method reported elsewhere (T. Li et
al. 2019) with some modification (Annex 6 and Fig. 3.7). Briefly: 2 g of PVA and 0.25 g of
sodium alginate powder were added to 60 ml of hot (90°C) ultrapure 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 solution was added to a PVA-
sodium alginate gel and mixed vigorously at 80°C for 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 the CS—PVA
mixture at room temperature. The CS-PVA-CFG mixture was stirred and sonicated for 2 h at
room temperature. Finally, the resulting slurry was added to a gently stirred 2% boric
saturated CacCl, solution drop wise and immersed in ultra—pure water for 72 h for stable
cross—linking. At the end, the CS-PVA-CFG (PCCFG) hydrogel was washed with ultra—pure
water several times and freeze—dried for further use. The interaction among the polymers
depends on the type of functional groups they possessed in their bulk structure, molecular
size and compatibility mode. These polymers (PVA and CS) and CFG at least possess an —
OH functional group, which favors inter—-molecular and intra—molecular hydrogen bonding
during the interaction. Hydroxyl functional groups of both PVA and CS are responsible for
the strong interactions between them (Sandoval et al. 2005). The 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 showing synthesis of PCCFG hydrogel and possible Pb?* and
Cd?* binding site

3.5.9. L-Cysteine Stabilized Zero —Valent Iron Synthesis

L—cysteine stabilized zero—valent 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. 3.8). Borohydride (NaBH,4) was used to reduce ferric ion to zero—
valent iron (Eq. (3.4)). Briefly, 14.2 g of FeCl3.6H,O was dispersed in a solution containing
35 ml absolute ethanol and 15 ml distilled water and stirred (500 rpm) for 3 h. Similarly, 7.2
g of NaBH, was dissolved in 100 ml distilled water and added to ferric ions solution. Slowly
the yellowish—red color solution turned black color and formed zero—valent iron slurry. The
mixtures was continuously stirred for more 30 minutes and 4.2 g of L—cysteine was then
added slowly into the slurry. This mixture was continuously stirred for 50 minutes, the
stabilized ZV1 was separated from the liquid phase via 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 CZVI-CS-PVA hydrogel synthesis.

4F* +3BH, +9H,0 — 4F° | +3H,BO; + 12H" + 6H, (3.4)
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Fig. 3.8 L—cysteine Stabilized Zero—Valent Iron Synthesis

3.5.10. CZVI-CS-PVA Hydrogel Synthesis

Chitosan (2 g) were dissolved in 100 ml of 2 % acetic acid solution at room temperature with
magnetic stirring for 24 h. The PVA solution (5 g in 100 ml distilled water) was prepared in
water at 90°C under magnetic stirrer, and then cooled to room temperature. Then, the
chitosan solution prepared was mixed with the PVA solution prepared to obtain chitosan —
PVA gel. Finally, 100 ml of chitosan—PVA white gel were mixed (500 rpm) with 2 g mI™ of
synthesized L—cysteine stabilized ZVI solution to get CZVI-CS-PVA (Annex 7 & Fig. 3.9).
This gel was added to a gently stirred 2% boric saturated CaCl, solution drop wise and
immersed in ultra—pure water for 72 h for stable cross—linking. At the end, the CZVI-CS-
PVA hydrogel was washed with ultra—pure water several times and freeze—dried for further

use.

The thiol group of L—cysteine reacted with the iron oxide of nZVI1 forming strong chemical
bond. The —OH of chitosan and PVA form strong intra—hydrogen bonding with —OH of L-
cysteine stabilized zero—valent iron. The amine of chitosan may react with amine of L-
cysteine stabilized ZVI, which form strong chemical bonding between CS—PVA and CZVI
during dispersion of CZVI in CS-PVA. Biodegradable polymers (e.g., chitosan, PVA) are
regarded as an attractive candidates for changing surface charges and steric stabilization to
enhance stability due to large molecular weights, the abundance of charged functional groups
and their environmental friendliness. In addition to L-cysteine stabilization of ZVI,

incorporation of CS-PVA provides inter—particle and electrostatic repulsion that reduces
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magnetic forces between magnetic particles, thereby reducing agglomeration and enhances
water dispersibility.
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Fig.3. 9 CZVI-CS-PVA Hydrogel Synthesis (schematic diagram)
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3.6.  Synthesized Intermediate Product and Hydrogel Characterization

The functional group of GO, pristine starch (S), grafted pristine starch (S—g—AAm), PPSgCG
hydrogel before and after Cr®* ion adsorption, and PCCFG hydrogel before and after Pb**
loading were analyzed by Fourier spectrometer (FTIR; Spectrum 65, PerkinElmer) in the
wave number range of 4000 to 400 cm™. Morphology analysis was performed using a
scanning electron microcopy instrument (SEM; JCM-6000 Plus, Japan) operated at high
acceleration 10 kV voltage. Elemental composition analysis was performed using energy
dispersive x—ray spectroscopy (EDX; JSM-IT 100, JEOL) before and after adsorption of
Pb*. The sample was coated (Sputter Coater; SCD 050) with an alloy of gold and palladium
(80 % Au, and 20 % Pd). The hydrogel sample was freeze—dried before imaging. Thermal
stability and decomposition behavior of as—prepared PPSgCG and PPSgC hydrogel was
performed using TGA (HCT-1, China) in the temperature range of 25 to 800°C at hating rate
20°C min™. The structures and crystalline size of synthesized L—cysteine ZVI was obtained
using X—ray Diffractometer (XRD-7000, SHIMADZU-Japan with CuKa radiation at A =
1.5406 A). The crystallographic analysis of samples in diffraction patterns was recorded from
10° to 80° counting at scan speed of 3° min™ with an accelerating voltage of 40.0 kV. The
zeta potential of the sample were measured by a Zetasizer instrument (3000HS). The Cr®*
ions concentration in solution was determined by UV-vis spectrophotometer (Human, X-ma
1200) by direct method (Sanchez-Hachair and Hofmann 2018). The Pb*, Cd**, and Cu** ions
concentration in the solution after adsorption was determined by atomic adsorption
spectroscopy (AAS; ZEEnit 700p, Analytikajena).
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3.7.  Hydrogel Swelling Ratio

The freeze—dried hydrogel with known mass was put into a tea bag and immersed 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 Eg. (3.5).
_(Ws -Wd ,,
SR(%) = ( g )*100% (3.5

Where, wsand wy are mass of swollen and dry hydrogel, respectively.

3.8. Batch Adsorption Experiments

Adsorption experiments were conducted to investigate the adsorption properties of the
designed hydrogel. In particular, the effects of initial solution pH, heavy metal ions
concentration, hydrogel dose, and time were studied by following a one—factor-at—a-time
approach. All batch adsorption studies were conducted in 100ml rubber stopped volumetric
flasks. The flasks were placed inside incubator shaker (New Brunswick Scientific Edison,
USA, EXCELLA E24R) at 120 rpm for specified times. The adsorption capacities (q, ge) and
removal efficiency (R) of the freeze—dried hydrogel for Cr®*, Pb*, and Cd** ions were

calculated using Eq. (3.6), Eq. (3.7) and Eq. (3.8), respectively.

C,-C,)*V
qt:% (3.6)
C,-C.)*V
=Y 3
n - (Cy - C)*100% 9
C

Where; g; and g are the amounts of Cr®" or Pb®*" or Cd*" ion adsorbed at time t and at
equilibrium (mg g™), respectively. C,, C; and C. are concentrations of Cr®* or Pb** or Cd?*
ion in the solution (mg I™) at time 0, t and equilibrium, respectively. V is the volume of heavy
metal ion solution used (liter) and m is the mass of the freeze—dried hydrogel used (g).

3.8.1. Adsorption of Cr®* onto PPSgCG Hydrogel
A stock solution (1000 mg I™!) of Cr®* ion was prepared by dissolving appropriate amount of
KCr,07 in ultrapure water. The Cr®* ion solution ranging from 20 to 120 mg I* were

prepared by serial dilution of the respective stock solutions and 25 ml of the prepared
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solutions were used for the batch adsorption experiments. The effect of initial Cr® ion
concentration (20-100 mg I™%), pH (2-6), time (30—240 minutes), and hydrogel dose (2—4 g I
1) on adsorption of Cr®* onto PPSgCG were studied. The coexisting ions (PO,*, SO,%, NO3
and CI") competing for the adsorption on the PPSgCG hydrogel during Cr®* ion adsorption
were examined at the initial concentration of 100 mg It (20 ml) keeping other factors
constant. The kinetic adsorption experiments were conducted at pH of 2, 100 mg I"* initial
Cr®" ion concentration, 3 g I'* hydrogel dose, 25°C temperature and in time range of 20 — 120
minutes. The isotherm experiments were conducted at pH of 2, 120 minute, 3 g I"* hydrogel
dose, and various temperatures (25, 35, 45°C). After adsorption, the hydrogel was separated
and the remaining Cr®* concentration in the solution was determined by UV-vis
spectrophotometer by direct method. Absorbance at 350 nm wavelength of standard solutions
of 10, 20, 50, 80, 100, and 120 mg I"* of Cr®* ion in acidic condition (at pH of 2) was used for
calibration.

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

A stock solution (1000 mg ™) of Cr®* ion was prepared by dissolving appropriate amount of
KCr,0; in ultrapure water. The Cr®* ion solution ranging from 5 to 100 mg I"* 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 initial Cr®* ion concentration (5-100
mg 1), pH (2-8), time (10-150 minutes), and hydrogel dose (1-5 g I™*) on adsorption of Cr®*
onto CZVI-CS-PVA were studied. The kinetic adsorption experiments were conducted at pH
of 3, 45 mg I initial Cr®* ion concentration, 4 g I"* hydrogel dose, 25°C temperature and in
time range of 20-100 minutes. The isotherm experiments were conducted at pH of 3, 90
minute, 4 g I hydrogel dose, and 25°C temperature. After adsorption, the hydrogel was
separated and the remaining Cr®" concentration in the solution was determined by UV-vis

spectrophotometer by direct method.

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

A stock solution (1000 mg 1Y) of Pb**, Cd** and Cu®* ions was prepared by dissolving
appropriate amount of Pb(NOs),, Cd(NO3), and Cu(NOs), in ultrapure water. The Pb®* and
Cd* ions solution ranging from 100 to 350 mg I 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 initial Pb** and Cd** ions concentration (50-350 mg I’
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1, pH (1-8), time (5-100 minutes), and hydrogel dose (1-8 g I™") on adsorption of Pb**, and
Cd?* ions onto PCCFG were studied. The competitive adsorption experiments of heavy metal
ions adsorption onto PCCFG hydrogel conducted in a combined solution containing Pb**,
Cd?* and Cu®, after the freeze—dried hydrogel was immersed in 25 mL of combined
solutions. The kinetic adsorption experiments were conducted at pH of 5, 225 mg I initial
Pb* and Cd** ion concentration, 2 g I hydrogel dose, 25°C temperature and in time range of
5-350 minutes. The isotherm experiments were conducted at pH of 5, time of 50 minute, 2 g
I'* hydrogel dose, and 25°C temperature. After adsorption, the hydrogel was separated and the
remaining Pb*" and Cd”" ions concentration in the solution was determined 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 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
between the adsorbate and adsorbent.

I. Langmuir adsorption isotherm

The Langmuir model is based on the assumption that molecules are adsorbed on fixed sites,
which have the same energy with no lateral interaction (Langmuir 1918). The linear form of
Langmuir isotherm (Eqg. (3.9)) was used to fit experimental data for the adsorption of heavy
metal ions onto the hydrogel adsorbents. In Langmuir isotherm, favorability of adsorption is

expressed by separation factor, R, which is expressed by Eqg. (3.10).

qe quCe qm
1
R, = 3.10
= Tope. (3.10)

Where q. is the amount of heavy metal ions adsorbed at equilibrium (mg g™%), C. is
concentration of solution at equilibrium (mg L™), qm is the maximum adsorption capacity of

the hydrogel (mg g ), and b is the Langmuir adsorption constant (I mg™).
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From the plot of 1/g. versus 1/Ce, k and qm are determined from the slope and y-intercept,
respectively. The model applicability is evaluated from a linear fit of data (R?). R_ value
varied between 0 and 1. R_ > 1 suggests unfavorable adsorption, 0 < R < 1 suggests
favorable adsorption, R .= 0 suggests irreversible adsorption, and R =1 suggests linear
adsorption. The 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 adsorbate. On the other hand, b having a smaller value

indicates a weaker interaction between the surface and the adsorbate.

ii. Freundlich adsorption isotherm

Freundlich model is known to describe the non-ideal and reversible adsorption, which was
not restricted to the formation of monolayer. It is applied to multilayer adsorption over
heterogeneous surface. The linear form of Freundlich model (Eqg. (3.11)) is based on the

assumption that the sites of adsorption are heterogeneous.
logg, = logk, + %IogCe (3.11)

Where kg is the Freundlich isotherm constant (I g™*) and it implies that the energy of
adsorption on a homogeneous surface is independent of surface coverage. Moreover, K¢
related to the adsorption capacity on heterogeneous sites level and adsorbent—adsorbate
affinity. The surface heterogeneity, which ranges between 0 to 1, is characterized by a
heterogeneity factor of 1/n, where n indicates 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 value of 1/n (adsorption intensity) is above one, then it is an indication
of the cooperative process. From the plots of logqge versus logCe, n and ke were determined

from y-intercept and slope, respectively.

iii. Tempkin adsorption isotherm

Tempkin isotherm assumes that the heat of adsorption of all the molecules in the layer
decreases linearly with coverage due to adsorbent-adsorbate interactions, and that the
adsorption is characterized by a uniform distribution of the binding energies up to some
maximum binding energy. Tempkin isotherm assumes that adsorbent—adsorbate interaction
exist and the adsorption temperature of the molecules in the layer decreases linearly with the
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surface coverage of the molecules due to adsorbate—adsorbent repulsion, i.e., heat of
adsorption of all molecules in the layer decreases linearly as a result of increase surface
coverage. The linear form of Tempkin isotherm is expressed by Eq. (3.12).

RT RT

q. = TlnkT+ TInC (3.12)

e

Where kr is the equilibrium binding constant (I mol™), b is related to adsorption heat, R is the
universal gas constant (8.314K * mol ), and T is temperature (K). After linear plot ge versus
InC,, kr, and b obtained from y-intercept and slope, respectively. These values of RT/b>0 for
adsorption processes indicate that the adsorption of adsorbate on to adsorbent is endothermic

processes in nature.

iv. Dubinin-Radushkevich isotherm

Dubinin—Radushkevich (D—R) model is based on the assumption that the adsorbent size is
equivalent to the micro pore size and for the given adsorbate-adsorbent; the adsorption
combination could be given independently of temperature using the adsorption Polanyi
potential (g, kJ mol™). The D-R model is expressed by Eg. (3.13).

Ing, = Inq, - Be’ (3.13)
Where gs is D-R constant (mole g™), and is 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 mol™ indicates the adsorption is physical, and 8<E<16 kJ mol™,
indicates the adsorption is due to the exchange of ions. The values of gs and B could be

determined by plotting Inge versus € from the y-intercept and slope, respectively.

3.8.5. Adsorption Kinetics

Adsorption phenomena such as rate of adsorption, rate—determining steps (mass transport,
chemical reactions), and mechanisms of adsorption were evaluated by kinetic models, such as
pseudo—first order (PFO), pseudo—second order (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. Pseudo—first order

Pseudo—first order (PFO) kinetic model proposed by Lagergren (Lagergren 1898) was used to
follow adsorption kinetic, which proceeds by diffusion through a boundary, and the linear
and non-linear form of the PFO model is given by Eq. (3.14) and Eq. (3.15):

In(qe- qt) = Inqe- klt (314)
g, =g, (1-e™") (3.15)
Where, k; (min™) is PFO rate constant, ge (mg g*) and q; (mg g*) are the amounts of heavy

metal ions adsorbed at equilibrium, and t is time (minutes).

ii. Pseudo—second order
The pseudo-second order (PSO) kinetic model describes the adsorption processes achieved
via chemical binding of adsorbate onto the surface of adsorbents, i.e., the rate—limiting step

during adsorption is the chemical reaction expressed by linear (Eg. (3.16)) and non—linear
(Eq. (3.17)):

t 2e e
2Kt

. - 1je I2< t (317)
0K,

Where g, (mg g ™) and q: (mg g*) are the amounts of heavy metal ions adsorbed at

equilibrium and at any time t, respectively, and k» (g mg > min %) is PSO rate constant.

iii. Intra-particle diffusion
During the adsorption processes, the adsorbate molecules might diffuse into the interior of the
pores of the adsorbent. The most widely applied intraparticle diffusion equation for

adsorption system is given by linear (Eq. (3.18)) and non-linear (Eqg. (3.19)):
logq, = logk; +% logt (3.18)

g =kt (3.19)
Where k; is intraparticle diffusion rate constant (g mg* min™*) and gt (mg g %) 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, and assumes the surface of adsorbent
is energetically heterogeneous and increasing activation energy with increasing adsorption

time expressed by linear (Eq. (3.20)) and non-linear equation (Eq. (3.21)).

q,= éln(a[}) + ilm (3.20)

q, = 1llﬂ(l+oc[3t) (3.21)
(08

Where, o (mg g™ min™) is the initial adsorption rate and p (g mg™) is the desorption constant

related to the extent of surface coverage and the activation energy in Chemisorption.

3.8.6. Adsorption Thermodynamics

The thermodynamic parameters, typically Gibbs free energy change (AG®), standard enthalpy
change (AH®), and entropy change (AS°) can predict the nature and direction of adsorption.
The value of the equilibrium constant (Kg, | g™*) and AG® were calculated from Eq. (3.22) and
Eq. (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 Kq versus the inverse of temperature (Eq. (3.24)) was used to obtain the value of AH® and
AS°.

_q
K, = Je 3.22
S (3.22)
AG® = AHP - TAS? (3.23)
Ik, = A, 45 (3.24)
RT R

Where, AG® and AH° are in k] mol™; AS® is in k mol™. K™, T is temperature (K), and R is

universal gas constant (8.314 J K™ mol™).
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3.9. Theoretical Adsorption Mechanism Studies (DFT Calculation)
3.9.1. Geometry Optimization and Single—point Energy Calculation

Geometry optimizations and energy calculations were performed with the aid of Gaussian 09
(Frisch 2009) computational package with Gauss View 6.0.16 interface (Liu, Lu, and Chen
2021). The ground state geometry optimization of modeled system, frequency and NBO
calculation were done using the hybrid-GGA, B3PW91-D3 level of theory, where D3
denotes the third—generation dispersion correction by Grimme. For basis set, the Stuttgart—
Dresden—Boon (SDD) (T. H. Dunning Jr. and P. J. Hay 1977) basis set was employed for
heavy metal ions, and the 6-31G(d) basis were used for C, N, O, S, and H atoms. Single—
point energy calculations were performed using the ®B97XD functional (Chai and Head-
Gordon 2008), where basis set 6-311+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 (H,O) was evaluated
with polarizable continuum model (PCM). To minimize the computational cost, section | of
PPSgCG (hereafter PPSgCG-I, which include unit structure of S—g—AAm, chitosan and GO)
and PCCFG (hereafter PCCFG-I, which include structure of chitosan and CFG) were used as
model for simulation. The PPSgCG-I (Fig. 3.10(a)) and PCCFG-I (Fig. 3.11(a)) model was
built by using Gauss View 6.0.16. First, the singular model PPSgCG-1 (Fig. 3.10(b)) and
PCCFG-I (Fig. 3.11(b)) structure were optimized to obtain the minimum energy surface.
Besides the frequency calculation for both regions were carried out to check whether it is at
minima or in transition state on potential energy surface (PES). Next, adsorption of Cr®" and
Pb* at the surface of PPSgCG—I and PCCFG-I was investigated by performing additional
optimization calculations to obtain the PPSgCG-I@Cr and PCCFG-1@Pb complex model,
respectively. In this step, the stabilized model of PPSgCG-1@Cr and PCCFG-I@Pb complex
was obtained and the adsorption energy (AE) was measured (Eg. 3.25). To evaluate the
electronic features, frontier molecular orbital’s including the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were calculated to
measure their energy levels and energy gap (EG) distances. Moreover, chemical hardness (1),
chemical softness (S), and chemical potential (1) were evaluated from HOMO-LUMO gap
for interpreting the reactivity tendency of the models, and calculated by using Eq. (3.26), Eq.
(3.27), and Eq. (3.28), respectively. Band/energy gap (Egp, €V) was calculated from Eq.
(3.29). Perturbation theory energy analysis for the given surfaces/adsorbent and
complexes/adsorbent—adsorbate was computed using Eq. (3.30) for each donor NBO(i) and

acceptor NBO(j).
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Where y is electro negativity, Ecomplex 1S €nergy of complex (PPSgCG or PCCFG + heavy
metal ion), Esyrace IS €nergy of PPSgQCG or PCCFG, Epowmo is energy of HOMO, E umo is

energy of LUMO, E? is stabilization energy, q; is the donor orbital occupancy, ; is energy of
the Lewis NBO, ¢; is the energy of the non-Lewis NBO and F (i, j) is the off-diagonal NBO

fock matrix element. The y differs from Pauling’s classical definition of electro negativity,

i.e. “the power of an atom in a molecule to attract electrons to itself”. It seems to be the

natural way to define electron—attracting power.

PPSgCG

- PPSYCG-I

Fig.3.10 (a) PPSgCG-I Schematic representation; (b) optimized PPSgCG—I bond length (A)
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Fig.3. 11 (a) PCCFG-I Schematic representation; (b) optimized PCCFG—I bond length (A)
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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 ammonium per
sulfate for the graft copolymerization of starch. The radical graft copolymerization reactions
occur on —OH groups of starch through radical polymerization reaction route with the
influence of ammonium per sulfate (APS) redox initiator. The hydroxyl radicals are
produced, which abstracted hydrogen atoms from a acrylamide monomer, or from starch, so
the free radical sites are produced on the polymer backbone as suggested by the below
reaction scheme (Schamatic-1). Schamatic—1 illustrates the characteristic grafting of
acrylamide onto starch. At first, the primary radicals are produced because of decomposition
of the reaction of the heating solution of APS. The sulfate radical is formed and also many
other free radical species. The produced anionic radicals fall down the hydrogen atoms of the
—OH groups and initiate the macromolecular chains of the starch for the production of macro
radicals, and radical reactive sites are able to initiate the acrylamide for processing of chain
propagation. Finally, the reaction terminates with grafting efficiency of 26.25% (Eq. 3.2) and
grafting percentage of 34.43% (Eq. 3.3) starch—-g—acrylamide (S—g—AAm) produced.

S,0, — 2SO0,

278 4

SO4 + HZO — HSOZ1 + OH

HO® + M — H20+M'

HO® +S-H —»S° + H,0

Where M is the monomer, S—H is the starch molecule, and S’ is the 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—I 85°C ! I \

OH OH OH Ol—l OH OH OHO 0

Starch polymer Acrylamide starch-g-acrylamide (S - g - AAm) NH,
Schamatic-1

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

significant amounts of homopolymer are usually formed.
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4.2.  Hydrogel Swelling

As presented in Fig. 4.1, the PPSgCG hydrogel swelled quickly, attaining a swelling of
1100% (swelling degree (SD)/distilled water absorption = 12 g g™*) and the saturation point of
1400% (SD/distilled water absorption = 15 g g™) in 30 and 150 min, respectively. This
degree of swelling is comparable with succinic anhydride—cross-linked potato starch
(SD/distilled water absorption = 18 g g™) (Pathak 2018), graft polymerization of starch—
acrylamide (1500-4500% in distilled water) (Luo et al. 2021) and starch grafter with acrylic
acid and 2-hydroxy ethyl methacrylate (SD/distilled water absorption = 95 g g-1 at pH of 8)
(Sadeghi and Soleimani 2012). Swelling capacity of PPSq is higher than that of PPSgC due to
consumption of hydrophilic functional group during cross—linking with chitosan. But the
swelling capacity of PPSgG is higher than both PPSg and PPSgC hydrogel because of
abundance of -OH and —-COOH functional group on basal and edge of GO and high surface
area of GO. The PPSgCG hydrogel swell faster than other hydrogel. The fast swelling rate
and highest capacity is attributed to the super permeability of GO to water. The —OH group of
pristine starch and PVA might have attracted water into the hydrogel microstructure. In spite
of this, the vast porous microstructures of the hydrogel provide easy water flow channels,

which resulted in fast swelling.
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Fig.4. 1 Swelling of Hydrogel. Error bar represent the standard deviations from triplicates.
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4.3. Characterization Results

4.3.1. Functional Group Analysis Using FTIR

I. Pristine starch and acrylamide grafted starch

The FTIR spectra of pristine starch (S) and grafted starch (S—g—AAm) are presented in Fig.
4.2(a). As depicted in Fig. 4.2(a), the spectra associated with S, the broadband located at
3520 cm ! was attributed to the stretching of —OH (Spagnol et al. 2012). The band associated
with C—H vibrations appeared at 2935 cm™*. The adsorption bands at 1648, 1541, and 1459
cm * are related to C-OH bending (Leng 2009). Grafting of pristine starch with acrylamide
changes the base spectrum of pristine starch, with decrease in vibrational frequencies after
grafting. There are new peak formations on S—g—AAm at 2350 cm *, which are assigned to
the adsorption band of C=0 moiety of —C=0-NH, functional group (amide—I) (Setty,
Deshmukh, and Badiger 2014; Turan, Demirci, and Caykara 2009). The adsorption bands at
3830 cm* corresponding to —OH stretching and at 3650 cm™* for N-H amide stretching
confirm the grafting of acrylamide on pristine starch. The adsorption bands at 1845, 1665,
and 1531 cm " are attributed to C—N stretching (Zhang, Li, and Kumar 2008).

ii. Graphene oxide

In the GO spectrum (Fig. 4.2(a)), the broadband adsorption peaks observed at 3410-3880
cm, which are attributed to —OH stretching mode, indicate the presence of hydroxyl
functional group in the prepared GO. The adsorption band observed at 1625 cm™* peak
corresponds to the -COOH moiety of -C—-COOH functional group. The peak observed at
2935 cm ™ indicates the C—H stretching vibration. Adsorption bands observed at 1300 and
1151 cm™* peaks correspond to epoxy C—O and alkoxy C—O vibrational frequencies at the
edges, respectively. Moreover, the adsorption bands observed at 1625 and 1846 cm™* are

related to the vibrations of C=C and C=0, respectively (Turan et al. 2009).

iii. PPSgCG and PPSgCG + Cr®

FTIR was employed to further explore the interaction among the components during
formation of PPSgCG and the interaction between PPSgCG and Cr®* ion. Fig. 4.2(a) depicts
the FTIR spectrum of PPSgCG, and the band at 3785 cm™ is attributed to the stretching
vibrations of N-H and O—H. The peak observed at 3425 cm* attributed to —~OH stretching
modes indicates the hydrophilic properties of as—prepared PPSgCG. The peak observed at

2930 cm ' indicates the C—H stretching vibration. The peak height of adsorption bands
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observed at 1622, 2930, and 3425 cm * are reduced, showing the formation of composite
PPSgCG. The shift and reduction in peak indicates that there is hydrogen bonding via —OH
within the functional group. These peaks are also observed in GO in the region of 1620 —
3420 cm™* with better peak height. This indicates successful incorporation of GO into the
hydrogel. The interaction between PPSgCG and Cr®* ion (PPSgCG + Cr®*) during adsorption
was also analyzed by FTIR. As presented in Fig. 4.2(a), the vibrational frequencies observed
on PPSgCG + Cr®* at 1490, 1650, and 3425 cm * are reduced with respect to that of PPSgCG,
indicating the formation of a new compound. Reduction in vibrational frequencies of N-H
amide stretching observed in the region of 3250-3800 cm * may be related to the interaction
between Cr® ion and the —N atoms of amine and amides. The vibrational frequencies
described by the adsorption bands in the region 1800—1400 cm* attributed to C—N stretching
also reduced, which may be due to the interaction between —N and Cr®* ion. It was found that
N—H and C-N stretch and bend were responsible for the effective removal of Cr®" ions as it

can be elucidated from Fig. 4.2(a).

Iv. Graphene oxide and L—cysteine functionalized graphene oxide

The FTIR spectra for graphene oxide (GO), and L—cysteine functionalized graphene oxides
(CFG) are presented in Fig. 4.2(b). The broadband adsorption peaks observed in region IV
indicate the presence of hydroxyl functional groups (-OH) (at Vo, =3425 cm™) in the prepared
GO. The swelling or water uptake capacity of hydrogel is directly related to the availability of
hydrophilic functional group in particular —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 adsorption band observed in region Il illustrate the —
C=C, -C=0, and moiety of -C-COOH functional groups in GO (Turan et al. 2009) and
formation of amide group (vo:=1645 cm™) from the reaction between amine of L—cysteine
and —COOH of GO (Daneshmand et al. 2018). The peaks related to vibrational frequencies
of functional groups observed in region | correspond to epoxy C—O (Vo =1105 cm™) and
alkoxy C-O groups of GO. The peak observed in region 1V is related to the stretching of —
OH (Spagnol et al. 2012). As shown in region 1ll, there are new peak formations on CFG,
which are assigned to the adsorption band of —S—H (Pawlukoj¢ et al. 2005), and C=0 moiety
of —C=0-NH;, functional group (Setty et al. 2014). The adsorption bands observed in region
IV correspond to —N-H stretching (vo:=3250-3500 cm™) confirming that GO
functionalization with L—cysteine, which is a similar finding to that previously reported
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(Muralikrishna et al. 2014). Moreover, the peaks observed in region Il are due to presence of
—S—H (at voc=2500 cm™, 2640 cm™) and C—N functional groups, which indicate successful

functionalization of L—cysteine on to GO.
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Fig.4. 2 FTIR spectrum of: a) GO, S, S-g~AAm, PPSgCG, and PPSgCG + Cr®*; b) GO,
CFG, PCCFG, and PCCFG loaded with Pb*/ Cd** (PCCFG + Pb?*/ Cd*").
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v.  PCCFG and PCCFG loaded with Pb*/Cd**

The FTIR spectra for PCCFG and PCCFG after Pb®>"'Cd?* loading (PCCFG + Pb*"/Cd?*") are
presented in Fig. 4.2(b). The peak in region IV, which were attributed to the stretching
vibrations of -N-H and O-H, indicate the successful incorporation of -CONH, and —NH;
into the prepared PCCFG hydrogel. The peaks observed in regions II, Ill, and IV were
reduced after Ph?*/Cd** loading, which illustrate adsorption of Pb?*/Cd** onto the hydrogel.
After adsorption of Pb*/Cd®*, in particular, peaks of —NH, and —~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 attributed to C-N
stretching also reduced. This may be due to the interaction between the —N atom and
Pb*/Cd*". The above phenomena reveal the successful syntheses of PCCFG hydrogel from
CFG, chitosan, and PVA and adsorption of Ph?*/Cd* on to the hydrogel.

Vi. L—cysteine stabilized zero—valent iron (CZVI)

The bonding between the stabilizer L—cysteine and ZVI was confirmed by the FTIR
measurements (Fig. 4.3). In the FTIR spectrum of L-cysteine stabilized ZVI, the peak
observed at 2917 cm™ is assigned to the anti-symmetric stretching of ~CH,. Compared to the
FTIR absorption spectrum of pure L—cysteine (Li et al. 2017), the characteristic peak in
2250-2800 cm™, which is corresponding to the stretching vibration of S—H is completely
disappeared after stabilized with ZVI1. This shows a chemical bond formation between the
thiol group and iron oxide on the surface of ZVI. Moreover, the adsorption peak at 2086 cm™,
which is corresponds to the N-H of L—cysteine stretching also disappeared after stabilization
with ZVI. The above-mentioned results shows the successful stabilization L—cysteine with
ZVI.

vii.  CZVI-CS-PVA hydrogel

The FTIR spectra of CS-PVA and CZVI-CS-PVA is shown in Fig. 4.3. The strong peak
around 3422 cm ™ corresponds to the axial stretching vibration of O—H superimposed to the
N-H stretching band, and inter hydrogen bonds of the chitosan. The band corresponding
amide | C=0 stretching mode of the chitosan chains were observed at 1625 cm™. Vibration
band at 848 cm™ confirms the presence of Fe—O bond, which is also confirmed in XRD

pattern at peak of 28.58".
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Fig.4. 3 FTIR spectra of L—cysteine stabilized ZVI1 and CZVI-CS—PVA hydrogel

4.3.2. Morphological Analysis Using SEM

I. PPSgCG hydrogel

The adsorption performance of an adsorbent is influenced by its morphological structure. The
morphology of as—prepared PPSgCG hydrogel was observed by SEM, as presented in Fig.
4.4. Here, different SEM images of as—prepared hydrogel were presented for comparison
with the PPSQCG hydrogel. As shown on Fig. 4.4(a), the clusters/agglomerates observed on
the surface of PPSg are from dome shape with polygonal or irregular geometries of ‘anchote’
starch (Abera et al. 2019). These irregularities were not observed in the other hydrogel due to
addition of CS and/or GO. As depicted in Fig. 4.4(b), instead of cluster/agglomerate, channel
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 in Fig. 4.4(c),
fiber like thin sheet is observed on the smooth surface of PPSgC due to addition of CS. The
hydrogen bonding between —OH of PPSgG and —OH of CS forms interconnected and stable
polymer chain. The SEM image of the PPSgCG hydrogel (Fig. 4.4(d)) shows formation of
interconnected internal structure with heterogeneous macro pores and 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 (Fig. 4.4(d)) shows highly porous and
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interconnected structure. This may be due to interaction among the GO and polymer chains
which limits agglomeration and restacking of m—mn stacking interaction between GO sheets,
leading to microstructure formation. The n—n interactions (orbital overlap between the ©
bonds) occur when aromatic m systems bind face to face with one another and involve a
combination of dispersion and dipole — induced dipole interactions leading agglomeration or
stacking. This attractive stacking can occur in either a perpendicular T—shaped or a parallel
displaced stacking arrangement of GO layer. Layer 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 dipole—induced dipole interaction. The
highly porous microstructures can 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 surface of macro pores is due to the polymer chains of CS. Besides, the dome shape of
‘anchote’ starch granule (Abera et al. 2019) is not observed in SEM image of PPSgCG
because of interconnected polymer chains of CS and incorporation of GO. The above
phenomenon describes the successful formation of the hybrid hydrogel which has a well-

connected 3D porous structure.

ii. PCCFG hydrogel

As presented in Fig. 4.5, the morphology of freeze—dried PCCFG hydrogel was observed 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 which limits
agglomeration and restacking of m—m stacking interaction between GO sheets which actually
was also limited by addition of L—cysteine, leading to the formation of a smooth surface. The
SEM image of PCCFG shows flower shaped morphologies, which is the result of cross—
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. Overall, blending 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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Fig.4. 4 SEM image of hydrogel: a) PPSg (EXP-04), b) PPSgG (EXP-05), ¢) PPSgC (E-10) and
d) PPSgCG (E-11).

Fig. 4.5 SEM image of PCCFG hydrogel: (a) 20um & 700x, (b) 20pm & 550, (¢) 50um &

500x, (d) 50pum & 350x.
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4.3.3. Elemental Composition Analysis Using EDX

I. PPSgCG hydrogel before and after Cr®* adsorption

The X-ray spectra emitted by the material under a high—energy beam provides information
on the elemental composition of the material under examination. As illustrated in Fig. 4.6,
PPSgCG hydrogel contains a high composition of oxygen, carbon, nitrogen, and calcium with
naturally occurring aluminum and chloride. The complexation via electrostatic
attraction/chelation between the Cr®* and —N atoms are clearly shown in the EDX spectra.
This observation reveals the decreases —N atom in the composition and the spectra, and the
increase of the Cr®* peak after adsorption (Fig. 4.6). As illustrated in Fig. 4.6, the higher Cr®*
peak shows the higher concentration of Cr®" in the hydrogel, which indicate the adsorption of
Cr® on the hydrogel adsorbents. Moreover, disappearance of calcium and the significant
change for aluminum after Cr®" adsorption indicate displacement and exchange of ions
between Ca?*, AI**, and Cr®*. The Cr® adsorbed onto the hydrogel via the ion exchange of
Ca®* and AI**, coordination, electrostatic attraction/chelation with amine functional group.
From 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 Cr®* adsorption shows that PPSgCG hydrogel

has an ability to remove Cr®* from wastewater.
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Fig.4.6 EDX spectra of PPSgCG hydrogel after Cr®* adsorption.
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ii. PCCFG hydrogel before and after Pb** adsorption

In this study, only single Pb®* adsorption on to PCCFG was studied by the EDX to illustrate
the adsorption mechanism. As shown in Fig. 4.7(a), PCCFG hydrogel contains a high
composition of oxygen, carbon, nitrogen, sulfur, and calcium with naturally occurring
aluminum and chloride. The complexation via electrostatic attraction/chelation between the
Pb* and —N and —S atoms is clearly shown in the EDX spectra. This observation reveals the
disappearance of —N and —S atom in the composition and the spectra, and the increase of the
Pb?* peak after adsorption (Fig. 4.7(b)). As illustrated in Fig. 4.7(b), the higher Pb*" peak
shows the higher concentration of Pb®" in the hydrogel, which indicate the adsorption of Pb**
on the hydrogel adsorbents. Moreover, there were significant changes in the composition of
oxygen and carbon of PCCFG after Pb®* adsorption, indicating that hydroxyl and carboxylic
functional groups of the hydrogel are also responsible for the adsorption of Pb** (Afolabi,
Musonge, and Bakare 2021).

The —N, —S, and —O atoms are responsible for adsorption of Pb?* (Alboghbeish, Larki, and
Saghanezhad 2022), and the Pb®* might be coordinated or electrostatically attracted to —NH,,
—SH, —COOH and —OH functional groups. Furthermore, disappearance of calcium and the
significant change in the amount of aluminum after Pb** adsorption indicate displacement
and exchange of ions between Ca®*, AI**, and Pb* (Fig. 4.7(b)). The Pb*" adsorbed onto the
hydrogel via the ion exchange of Ca®* and AI*, coordination, electrostatic
attraction/chelation with amine and thiol functional group, and surface precipitation is likely
due to the —OH functional group present in the PCCFG hydrogel. Similar results were
reported previously (Liang et al. 2020; Yuvaraja et al. 2019). From 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 Pb** adsorption shows that PCCFG hydrogel has an ability to remove Pb**

and other divalent oxidation state heavy metals from aqueous solutions.
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Fig.4. 7 EDX spectra of PCCFG hydrogel: (a) before Ph?* adsorption, (b) after Pb**

adsorption.
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4.3.4. Thermal Stability Analysis

I. PPSgC and PPSgCG hydrogel

The thermal stability and decomposition behavior of a composite may depend on the thermal
properties of the individual components and their interactions (La Mantia and Valenza 1994).
The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves of
PPSgC and PPSgCG are shown in Fig. 4.8. An endothermic peak observed at 95°C in DTA
curves shows the elimination of water molecules. The 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 maximum 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). A blend of PVA and PVP undergoes three stages of mass
loss in the temperature range of 200-500°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 exhibited five step degradation. The first stage of degradation (up to 95°C) is
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 PVA (Taghizadeh 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 groups and the oxidation of GO related to
CO, CO; (Zhu, Hu, and Wang 2014). The mass loss in the fourth and fifth stages was
attributed to the combustion of the graphite region (Aksu and Tung¢ 2005). Further heating
cracks the polymer backbone.

The major mass loss was observed in the third (235-333°C) and fourth stages (333-640°C)
and was followed by smaller mass loss in the fifth stage before complete degradation. In the
fifth stage, the PPSgC hydrogel was destroyed at lower temperature (about 575°C) than the
PPSgCG (about 650°C). As illustrated in Fig. 4.8, the weight loss of PPSgC is observed at
lower temperatures than that of 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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Fig.4. 8 a) TGA, b) DTA Curves of freeze-dried PPSgC and PPSgCG Hydrogel
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4.3.5. XRD Pattern of Synthesized L-cysteine-nZVI

As shown in Fig. 4.9, the dominant peak appear at 28.58° corresponds to the plane (111) and
interplanar spacing (d = 3.118 A), confirming the formation of iron in its zero—valent state (Y
Bagbi et al. 2017). The minor peak appeared at 59.09° corresponds to the (222) plane and
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 impurities present in the sample.
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Fig.4. 9 XRD pattern of synthesized L—cysteine-ZVI.
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4.4. Removal of Cr® lon by PPSgCG Hydrogel

4.4.1. Effect of Adsorption Parameters

I. Zeta Potential and Effect of pH

As shown in Fig. 4.10(a), the zero charge point (pH,cp) of PPSgCG hydrogel was at pH 3.5.
The nitrogen atoms of amine and amide functional group of PPSgCG were protonated in the
presence of H™ at lower pH (lower than pH,c,), which make the surface of PPSgCG positively
charged. This allowed the surface to interact with HCrO,4 by 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
association—disassociation of heavy 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 of 2—6. The pH of the solution was adjusted
by using 0.1 M of HCI and NaOH solution as needed. Fig. 4.10(b) shows the effect of pH on
the adsorption capacity of the as—prepared PPSgCG. The availability of protonation of amine
group at low pH results in complexation with chrome species (HCrO?4). At low pH, Cr®* ion
is present as dichromate anion. Furthermore, the amine groups contained in hydrogel are
easily protonated. Thus, the dichromate anion interacts with adsorbent through ion—pair
formation. However, at higher pH (higher than pH,c,) there are competitions between —OH
and CrO4* ion for adsorption on the hydrogel surface, which decrease chrome ions uptake. In
addition, as pH increases from 2 to 6, the amine group deprotonates, resulting in electro—
static repulsion of HcrO4 ions, further contributing to the decrease in the adsorption capacity
of the hydrogel. Maximum adsorption was obtained at pH of 2, similar to the result reported
in the literature (Kalidhasan et al. 2013).

ii. Effect of adsorption time

The effect of contact time on the adsorption capacity of the PPSgCG was studied at 30, 60,
90, 120, 150, 180, 210, and 240 min, keeping the other variables constant. Cr®* ion adsorption
capacity (mg g*) and removal efficiency (RE %) were measured as a function of time (Fig.
4.11). The adsorption capacity on Cr®* ion sharply increased in the first 120 min and declined
afterward. The fast adsorption in the first 120 min may be attributed to the polymer channels
and porous microstructure of the as—prepared PPSgCG hydrogel, which affect diffusion of

ions into the pore structure.
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Fig.4. 10 (a) Zeta potential of PPSgCG hydrogel; b) adsorption performance of PPSgCG at
different pH (t = 24 h). Adsorption conditions were, C, = 60 mg I*, hydrogel dose =1 g 1'%,

agitation speed = 120 rpm, T = 25°C). Error bars represent the standard deviation from

triplicates.

The decline in adsorption after 120 min may be due to the oxidation—reduction process that
occurs at the adsorbent surface (Liu et al. 2018). The electrostatic bonding of Cr®" ion to
protonated sites at lower pH and existence of electron—rich hetero atoms (O, N) may oxidize
the adsorption sites while the Cr® gets reduced to Cr** after adsorption, thus reducing the
available adsorption sites for Cr®* ion. Therefore, the equilibrium time of 120 min was chosen

as optimum contact time for adsorption Cr®* ion on the PPSgCG hydrogel. The fastest time of

pH
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adsorption shows the excellent affinity of as—prepared PPSgCG hydrogel toward Cr®* ion in
spite of the complex polymeric network and high degree of cross—linking. Different
adsorption experiments have shown a wide range of adsorption equilibrium time. The
adsorption equilibrium of trimesic acid—cross—linked CS was 14.5 h for Cr®* ion (Bhatt et al.
2017) and the equilibrium time of MS@APTES@PNIPAm was 6 h for Cr® ion (Chang,
Kim, and Lee 2017).

iii.  Effect of Cr®" initial concentration

The effect of Cr®" ion initial concentration on adsorption capacity of the as-prepared PPSgCG
hydrogel was evaluated at different initial Cr®* ion concentrations (20 — 100 mg I™%). As
shown in Fig. 4.12(a), the adsorption of Cr®* gradually increased with increasing initial
concentration. As Cr® jon concentration increases, the chance of collusion between Cr®*
molecule and hydrogel surface increases that tends to increase mass transfer rate from
solution to hydrogel surface. The equilibrium adsorption capacity was increased and removal
efficiency was decreased with increasing concentration. Considering both the adsorption
ability (ge) and removal efficiency, we chose initial Cr®* ion concentration of 100 mg 1"* for

the kinetic, isotherm and thermodynamics studies.

iv. Effect of PPSgCG hydrogel dose

The effect of adsorbent dose on the Cr®* ion removal capacity is presented in Fig. 4.12(b).
The figure shows that the amount of Cr®* ion removed decreased and the removal efficiency
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 first dose of hydrogel (2-4 g I"*) due to the
availability of effective adsorption sites for Cr®" ions, which resulted in sufficient
electrostatic attractions between amine—amide of hydrogel and HCrO, ions. Considering
both the adsorption ability (qe) and removal efficiency, we chose hydrogel dose of 3 g I* for

the Kinetic, isotherm and thermodynamics studies.

74



26 — 100

25
= 05
24
234 - 90
_.,_ —
’éﬁ 22 <
=3 L85 oo
< a1
20 R
19
- 75
18 . I . 1 . 1 . 1 . I

0 50 100 150 200 250

Time (minute)

Fig. 4.11 Adsorption capacity of PPSgCG at different times (pH = 2). Adsorption conditions
were, Co, = 60 mg I, hydrogel dose = 1 g I, agitation speed = 120 rpm, T = 25°C). 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 in real water samples. Chromate adsorption is
affected by the presence of coexisting anions such as phosphate, sulfate, chloride, nitrate, and
carbonate in the solution (Tahmasebi 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). The effect of common competing ions
such as sulfate (SOs%), phosphate (PO,%), nitrate (NOs ), and chloride (CI") on adsorption
efficiency and selectivity of Cr®* ion on the hydrogel (PPSgCG) was investigated. The results
show that the effect of chlorine ion was not significant compared to that of the control (Fig.
4.13). The effects of phosphate and nitrate ions were somewhat significant compared to the
control. As illustrated in Fig. 4.13, sulfate ion has a significant effect on the Cr®* ion
adsorption, which might be related to identical chemical properties and geometrical

configuration.
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Fig.4.12 Adsorption capacity of PPSgCG: a) at different Cr®* ion initial concentration
(hydrogel dose = 1g I™"); b) at different hydrogel doses (C, = 60 mg I™*). Adsorption
conditions were pH = 2, t = 120 min, agitation speed = 120 rpm, T = 25°C). Error bars
represent the standard deviation from triplicates.
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Fig.4.13 Effect of computing ions (t =120 min) for adsorption of Cr®* on PPSgCG.
Adsorption conditions were at pH = 2, C, = 100 mg I"*, hydrogel dose = 3 g I™*, agitation
speed =120 rpm, T =25°C).

4.4.2. Adsorption Kinetic Models of Cr®* Adsorption onto PPSgCG Hydrogel

To predict the adsorption mechanism of the adsorption process, adsorption kinetics models
were used to interpret the experimental data. The Cr®* ion removal through synthesized
PPSgCG hydrogel was evaluated in terms of the Cr® ion removal kinetics by measuring

removal at different time.

I. Pseudo-first order

Pseudo-first order (PFO) kinetic model is applicable at initial stage of adsorption and if a few
active sites exist in the adsorbent (Wang and Guo 2020). It assumes that the adsorption
process occurs through a first—order reaction mechanism, where the rate of adsorption is
directly proportional to the number of unoccupied sites on the adsorbent surface. As shown in
Table 4.1 and Fig. 4.14, the experimental data for adsorption of Cr®* onto PPSgCG is not
correlated well by pseudo—first order (R? = 0.71). The adsorption of Cr®* onto PPSgCG is not

follow the assumption behind the pseudo—first order kinetic model.
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Table 4.1 Summary of kinetic model parameters and coefficient of correlation

Pseudo—first order Pseudo—second order Intraparticle diffusion

Ge (Mg’ ki R Qe (Mg g™) ko R? ki R?
4.68 001 071 26.62 0004  0.999 15.65 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 Cr®* on PPSgCG. Adsorption conditions were at pH =
2, Co=100 mg I'*, hydrogel dose = 3 g I, agitation speed =120 rpm, T =25 °C).

ii. Pseudo-second order

Pseudo-second order (PSO) is used to describe adsorption processes that are governed by
surface Chemisorption. The 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 on to active sites (Wang and Guo 2020). The R? is one
of the most important parameters that determine which experimental data best fit the model.
It is clear from the result (Table 4.1) that the value of R? obtained for PSO (R? = 0.999) is
higher than those obtained for PFO (R® = 0.71) and intraparticle diffusion (R*> = 0.77).
Besides, the calculated ge was close to the experimental value (25.54 mg g *). Hence, PSO

(Fig. 4.15) provides an excellent agreement for the adsorption of Cr®* ion onto the PPSgCG
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hydrogel adsorbents, showing that it fits the assumption behind this model. This model
assumes that the rate—limiting step might be Chemisorption involving exchange of electrons
between the active sites and the Cr® ions. The adsorption process is controlled by the
adsorption on active sites. The Cr®* ions may be adsorbed due to electrostatic interaction
(cation adsorption by acid site) with the functional group. The HCrO,4 electrostatically
bonded to two —N atoms in amine of CS and one —N atom in amide of grafted pristine starch
and might be followed by reduction to Cr** (Liu et al. 2018).

5.0 . , ; , ; . : ,
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Fig.4.15 PSO kinetic model for adsorption of Cr®* ion on PPSgCG. Adsorption conditions
were at pH = 2, t = 120 min, C, = 100 mg I, hydrogel dose = 3 g I, agitation speed = 120
rom, T = 25°C).

iii. Intra—particle diffusion

In pore diffusion model, diffusion is assumed to take place in the liquid—filled pore. The
driving force for intraparticle mass transfer is solute concentration gradient in the pore phase
of the particle. For reactions that are pore diffusion controlled, it is recommended to locate
the active adsorption site close to the fluid—solid interface in order to decrease the diffusion
path of reactants and products. As shown in Table 4.1, the experimental data is well
correlated with pseudo—second order kinetic model, which shows pore diffusion is not rate

limiting step rather chemisorption controlled the adsorption processes. As we can see from

79



Table 4.1, the intra—particle diffusion (R? = 0.77), internal surface and pore diffusion is not a
rate—limiting step. Besides, it is observed that (Fig. 4.16) the plot did not pass through the
origin, indicating that intraparticle diffusion was not the rate—limiting step. The formation of
microspore structure (Section 4.3.2) might be makes easy for the diffusion of the Cr®* jons to

the active sites of the hydrogel.

I ! I ! I ' 1

y=0.09221x+1.222

logQ, (mg g))

[
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|
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logt (minute)
Fig.4.16 Kinetic model for adsorption of Cr®* ion on PPSgCG: a) PSO; b) intra—particle
diffusion. Adsorption conditions were at pH = 2, t = 120 min, C, = 100 mg I"*, hydrogel dose
=3 g™, agitation speed = 120 rpm, T = 25°C).

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 the retention 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

between the adsorbate and 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 interaction (Langmuir 1918). The linear form of
Langmuir isotherm was used to fit experimental data for the adsorption of Cr®* ion onto the
PPSgCG hydrogel adsorbents at 25, 35, and 45°C (Fig. 4.17). The correlation coefficient (R?)
and kinetic parameters are summarized in Table 4.2. The Langmuir isotherm agreed with the
experimental data with R? = 0.99 at 25°C (Table 4.2). The values of qm, R., and R? decline
while the temperature rises, suggesting that the process is less favorable at higher
temperatures. In Langmuir isotherm, favorability of adsorption is expressed by separation
factor, R.. The values of R, calculated at 25, 35, and 45°C (Table 4.2) are between zero and
one suggesting that the adsorption of Cr®* on PPSgCG hydrogel adsorbents is favorable.
However, R is found to decrease as temperature rises, showing that the adsorption is less
favorable at higher temperatures. Hence, 25°C is an optimum temperature for the adsorption

of Cr®" ions on PPSgCG hydrogel adsorbents.

Table 4.2 Summary of isotherm parameters and coefficient of correlation.

Langmuir isotherm Freundlich isotherm Temkin isotherm
TCC) agm(mgg?) b(mg") R? R.  k(gh) 1m R* b kr  R?
25 93.00 0.001 0.989 0.92 0.07 1.03 098 789.72 0.08 0.86
35 51.47 0.001 0.942 0.89 0.04 1.10 0.91 893.61 0.07 0.75
45 8.86 0.007 0.826 0.59 0.18 0.67 049 152432 0.10 0.51
ii. Freundlich

Freundlich model is known to describe the non-ideal and reversible adsorption, which was
not restricted to the formation of monolayer. It 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 heterogeneous. The surface heterogeneity, which ranges zero to
one, is characterized by a heterogeneity factor of 1/n, where n indicates linearity between
adsorbate solution and adsorption processes. A typical plot of Freundlich isotherm (Fig.
4.18(a)) and the values of kg, n, and R? are listed in Table 4.2. 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 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 Cr®* ions on PPSgCG hydrogel adsorbents.
Adsorption conditions were at pH = 2, t = 120 min, C, = 100 mg | *, hydrogel dose =3 g I *,
agitation speed = 120 rpm).

It is quite clear that the value of 1/n is above one (Table 4.2) at 25 and 35°C, suggesting that
the interactions between the Cr® ions in the solution with the PPSgCG hydrogel adsorbents

are both physical and chemical.

iii. Tempkin

Besides, the linear form of Tempkin isotherm was used to fit experimental data for the
adsorption of Cr®* ions on to PPSgCG adsorbents at different temperatures (Fig. 4.18(b)). It
assumes that the heat of adsorption of all the molecules in the layer decreases linearly with
coverage due to adsorbent—adsorbate interactions, and that the adsorption is characterized by
a uniform distribution of the binding energies up to some maximum binding energy. As
shown in Table 4.2, the value of R? decreases as temperature rises and the experimental data
were not described well by this model (R* = 0.86 at 25°C).
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Fig.4.18 Isotherm for adsorption of Cr®* ions on PPSgCG hydrogel adsorbents: a) Freundlich;
b) Tempkin. Adsorption conditions were at pH = 2, t = 120 min, C, = 100 mg | *, hydrogel
dose =3 g |, agitation speed = 120 rpm).
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4.4.4. Thermodynamic Parameters

The thermodynamic parameters such as standard enthalpy change (AH®), standard entropy
change (AS°), and Gibbs free energy change (AG®) were studied to understand the adsorption
performance under different temperatures. The equilibrium constant Kg (I g™) and AG® for
the adsorption of Cr®* ion on PPSgCG hydrogel adsorbents was calculated at 25, 35, and
45°C by using Eq. (3.22) and Eq. (3.23), respectively. AH® and AS°® were obtained from the
slope and intercept of Van 't Hoff plot of In K versus 1/T (Eq. (3.24)), respectively. The values
of AH®, AS°, and AG® are presented in Table 4.3. The value of AS° is negative, which is
similar to Kalidhasan (Kalidhasan et al. 2013). The negative value of AG® (Table 4.3)
confirms that the adsorption of Cr® ions on to PPSgCG hydrogel adsorbents is spontaneous
but the degree of reaction decreases as temperature rises. The decrease of AG® in absolute
value observed as temperature increases might be due 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 between the Cr®*
ions and PPSgCG hydrogel adsorbents enhanced exothermically. The entropy of the
adsorbate is related to the degrees of freedom associated with the adsorbent-adsorbate
interactions. The negative change in entropy (decrease in overall entropy) is due to the
detachment of water molecules after hydrophobic hydration (guest—host complexion) (Liu et
al. 2002). This might be due to localized ion—pair interaction between the HCrO, anion with
cation of protonated amine and amide functional group in the hydrogel. Moreover, it might be
related to rotational and translational motion of HCrO,4 anion and cation of functional group
restriction in multi polymer matrix that resulted in negative entropy change. The size and
orientation of chain length of polymer also affect the randomness of the system here in the
PPSgCG hydrogel adsorbents (Valentin-Reyes et al. 2019).

Table 4.3 Thermodynamic parameters for adsorption of Cr®" onto PPSgCG hydrogel

adsorbents.

Temperature (0C) AH° (kJ mol™) AS® (kJ mol™ K™ AG® (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 analysis of PPSgCG-1 and PPSgCG-1@Cr®*

The geometrical structures of PPSgCG-I are depicted in Fig. 3.10 (Section 3.9.1) and were
thoroughly optimized using DFT/B3PW91-D3 at the 6-31G (d) level. The optimization
completed with convergence and stationary point found on potential energy surfaces (PES)
(Annex 8). The +ve frequency of converged PPSgCG-I shows that the structures are at local
minima on PES (Annex 9). The PPSgCG—1@Cr®" were optimized using DFT/B3PW91-D3 at
the 6-31G (d)/SDD level. Optimization helps to determine the minimum energies and
configuration of system and enables one to evaluate the structural parameters within the
system, before and after interactions. As shown in Fig. 4.19, the bond distance of adsorption
site (-(CONH,) of PPSgCG—I were changed after the adsorption of Cr®* (Annex 10 & 11). It
was observed that PPSgCG tends to chelate with Cr®* through a mono—denate nitrogen atom
ligand (Model-1). On the other hand, the coordination sites were through nitrogen and
oxygen atom of amide by bi—dentate coordination as presented in Model-2. In Model-1, the
Cr—N bond distance was 2.005A and in Model-2, Cr—N and Cr-O bond distance were
2.005A and 2.019A, respectively. The nitrogen of amide was more closed to Cr®* than the
oxygen of amide, suggesting that nitrogen played a more important role in the interaction
with Cr®* during the adsorption. This result were agreed with the result from FTIR (Section

4.4.1, sub-section iii.) and EDX (Section 4.4.3, sub-section i.) analysis.

ii. Molecular electrostatic potential of PPSgCG-I and PPSgCG-1@Cr®

Information about the local reactivity’s of a molecule were obtained from molecular
electrostatic potential (MEP), due to the density of electrons present from atoms that make up
the molecule (Raghi et al. 2018). It is possible to determine the possible site of reaction or
formation of complex by analyzing the MEPs (Hakiri et al. 2018). The points of greatest

reactivity of the molecule can be identified from MEP.
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Fig.4.19 Optimized geometries of PPSgCG-I and PPSgCG-I@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 partially positive region. All surfaces
were generated with a density 0.0004 a. u. Fig. 4.20 shows the MEPs of PPSgCG-I and
PPSgCG-1@Cr®* and the coloring related to charge density. In the PPSgCG-I, it is possible
to observe the presence of two regions (Fig. 4.19(a)) with high density of partially negative
region. High density of negative region (more red) were observed in amide (—-CONH_) region
due to the nitrogen and oxygen atoms, which is the region of interest for adsorption site for
Cr®. These regions is very electronegative and thus susceptible to interactions involving

electrophiles.

iii. Frontier molecular orbital’s and reactive indices of PPSgCG-I and PPSgCG-
I@heavy metals

The molecular orbital (MO) of PPSgCG-I before and after Cr®* interaction and Cr®* where

illustrated in Fig. 4.21. In PPSgCG-I (Fig. 4.21(a)), in the HOMO-1, the orbital’s have

opposite signs, and so they combine to form an anti-bonding II" molecular orbital. The

HOMO-1, HOMO-2, and HOMO-3 (Fig. 4.21(a — c)) in PPSgCG-I is an orbital formed

from p orbital’s from the two-carbon atom, the nitrogen atom and the oxygen atom. The

contributions from the carbon—carbon atoms, and the carbon atoms 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 PPSgQCG and heavy metal ions, the study of frontier
molecular orbital’s (FMO) were carried out (Annex 12 & 13) and the reactivity were
calculated (Table 4.4) from molecular orbital’s (MO). Molecular orbital’s are important to
analysis the qualitatively as well as quantitatively possibility of reaction from its positioning.
After analyzing the results found form the Gaussian output (Table 4.4), it is possible to infer
the PPSgCG s relatively soft compound with respect to Pb*, Cd**, Cu®* and Hg?". This is
due to the presence of amine, amide, and carboxyl groups, generating an increase of the
softness. PPSgCG-I molecule have positive electron affinity (+ve LUMO); that is, energy is

not required to force an electron on to the PPSgCG-I molecule.

We can see that Pb®*, Cd**, Cu®* and Cr® are more electronegative (Lewis acid, electron
acceptor, electrophiles) than PPSgCG-I and will accept electrons from PPSgCG-I resulting in
a coordinate covalently bonded compound. Molecular orbital interaction of PPSgCG-I and
Cr® were observed in Fig. 4.22. Where as PPSgCG-I is more electronegative (Lewis acid,
electron acceptor) than HCrO'4 (Lewis base, electron donor, nucleophile) and will accept
electrons from HCrO,. This is a result of large negative electron affinity (large LUMO). A
hard molecule has a large HOMO-LUMO 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
mixing of the orbital’s (delocalization effect). The Cr® is the harder acid (high Egap) metal
ion, which limits the amount of electron transfer and HCrO’4 is the softer (low Egp) ions
(Table 4.4). For the metal ions, Cu** ion was the one with the greatest softness (soft-soft
interaction, strongest covalent bonding) and Pb?*, Cd®* and Hg?* (soft acids) were with better
softness with respect to PPSgCG. By far HCrO7 is the soft ions with small HOMO-LUMO
gap and forms weak interaction (hard-soft interaction) with PPSgCG. It is possible to infer
that Cu*, Pb**, Cd?* and Hg®* ions tends to have a favorable interaction (covalent bonding,

soft—soft interaction) with PPSgCG according to Pearson’s theory.
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(transparent)
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PPSgCG-I: Electron density from Total SCF Density (isoval=0.0004; [mapped with ESP])
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PPSgCG-I@Cr®": Electron density from Total SCF Density (isoval=0.0004; [mapped with ESP])

Fig.4.20 Representation of MEP: a) PPSgCG; b) PPSgCG-1@Cr®" (Model-2). Surface Map
value: -7.102e” to 7.102e™%. Calculated at DFT/B3PW91-D3/6-31G(d)/SDD.
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From Perturbation theory, there are electron delocalization and polarization-bonding
interaction between molecules, which is greatest when energy of HOMO is small for both
reactants and the energy of LUMO is large and positive (i.e. both molecules should be soft).
The MO diagrams of PPSgCG-I derived from PPSgCG before and after Cr®* adsorption are
shown in Fig. 4.22 (a) and (c), respectively. After adsorption of Cr®*, the HOMO-LUMO
energy gap of PPSgCG-I is reduced (Table 4.4), which indicate the PPSgCG-1@Cr®*

complex was soft compound (high polarity) and stable.

@ o
9
2.2,
(d) 3 ©

Fig.4.21 MO of PPSgCG-I: a) HOMO-1, b) HOMO-2, ¢) HOMO-3; MO of Cr®": d)
LUMO+1 (p,), €) LUMO+2 (py), f) LUMO+3 (d,%), g) LUMO+4 (dyy); and MO of PPSgCG—
I@Cr®": h) HOMO-2, i) HOMO-5, j) HOMO-6. Calculated at DFT/wB97XD/6-311+G (d,
p)/SDD.
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Fig.3.22 HOMO-LUMO diagram of optimized system: a) PPSgCG—I; b) Cr®*; ¢) PPSgCG—
I@Cr®" (Model-2). MO, Isoval = 0.02 (-ve = green, +ve = red). Calculated at DFT/wB97XD/
6-311+G (d, p)/SDD.
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Table 4.4 Energy of HOMO (Enowmo, eV), LUMO (ELumo, eV), Band/Energy gap (Egap, €V),
Softness (S), Hardness (1), Chemical potential (1) and electronegative () of PPSgCG-1 and
heavy metals. Calculated at DFT/wB97XD/6-311+G (d, p)/SDD.

Group Enomo ELumo Ecap n S M X
PPSgCG-I -9.170  0.925 10.10 505  0.20 -4.12 4.12
Cr°* -151.65 -99.35 52.30 26.15 0.04 12550 1255
HCrO4 -2.90 -0.46 2.44 122  0.82 -1.68 1.68
Pb** -27.70  -15.86 11.86 593  0.17 2179 21.79
cd* 3214 -20.22 11.92 592 017 -26.18  26.18
cu® -32.05  -21.71 10.34 517 0.9 -26.88  26.88
Hg** -7.46 -0.52 6.97 348  0.29 -4.00 4.00
PPSgCG-I@Cr**  -2546  -24.96 0.50 0.25  4.00 2521  25.21

iv. Structural and vibrational analysis of PPSgCG-I and PPSgCG-1@Cr®*

Complexes formation between PPSgCG and Cr® were also confirmed by analyzing the
vibrational frequencies of the adsorption site. The vibrational frequencies of -C=0 and -C—
N of amide in isolated PPSgCG—I and corresponding Cr®* complexes were investigated and
presented in Table 4.5. Based on the data output from frequency calculation, vibration
frequencies of C-N and C=0 of amide of PPSgCG-I are 3544.90 cm™ and 1843.70 cm™,
respectively, which is shifted to lower frequencies after PPSgCG—Cr®" complexes. This result
were similar with the FTIR analysis (Section 4.4.1. subsection—iii). The vibrational
frequencies of C-N shifted more to lower than that of C-O after complexes (Annex 14 & 15),
which shows that Cr®* is more attracted to nitrogen atoms than oxygen atom. This result is

similar with bond distance calculated after complexes (Fig. 4.19).

Table 4.5 Vibration frequencies of PPSgCG—I and PPSgCG-1@Cr®".

Complex Interaction position Frequency (cm™)
Experimental (FTIR) Theoretical (DFT)
PPSgCG-I —amine 3425 - 3785 vC =N/3544.90
—amide | 1670 vC =0/1843.70
PPSgCG-I@Cr®* N-Cr®* 3675 — 3370 vC =N/1583.83
o-Cr* 1650 vC = 0/1347.11
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V. Natural bond orbital analysis of PPSgCG-I and PPSgCG-1@Cr®*

NBO analysis is one of many available options (e.g. of QTAIM, Mulliken, graphical maps of
electrostatic potential (ESP) etc.) for translating computational solutions of Schrodinger’s
wave equations into familiar language of chemical bonding concepts. Natural bond orbital
(NBO) analysis was used for the study of the charge transfer occurring within the atom,
adjacent atom or more remote atom during the interaction/adsorption processes. The charge
transfer calculation were carried out with the DFT/B3PW91-D3/6-31G(d)/SDD level of
theory. Atoms of potential adsorption site, which has total NBO charges greater than -0.5
were selected for Lewis and non-Lewis NBO analysis (Table 4.6). The calculated Lewis and
non—Lewis NBO (from NBO summary of Gaussian output, Annex 16) of these atoms before

and after Cr®* adsorption were presented in Table 4.7 and Table 4.8, 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 4.7. This table allows quickly to observe the principal delocalizing
acceptor orbital’s associated 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 in Table 4.7, the adsorption site (-CONH,) of PPSgCG-I
atoms, the oxygen lone pair (LP(2)O,1) and nitrogen lone pair (LP(1)N22) are seen to be the
lowest—occupancy (1.85640 electrons for 021, 1.74773 electrons for N22) and highest—
energy (-0.24928 a. u for 021, -0.30184 a. u for N22). The strongest interaction were
identified for the interaction of lone pair (LP) orbital NBO of localized on 021 and N22 with
the adjacent sigma (¢”) (O—C and C-C) and ¢ (C—-O and O-H), respectively. At the bottom
of table, summary shows that the Lewis NBOs is about 98.74% of the total electron density,
with the remaining non—Lewis density found primarily in the valence—shell anti-bonds.

:‘a‘

%’Z

,ea ye

Fig.4.23 Labeled atoms of Optimized PPSgCG-I1 (used as reference for Table 4.6).
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Table 4.6 NBO total charge of PPSgCG-I1. Calculated at DFT/B3PW91-D3/6-31G(d)/SDD

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

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

Table 4.7 Lewis and non — Lewis NBO (from NBO Summary) of PPSgCG-I. 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 v
LP (1)Os 1.97878 -0.59724 BD ¢, BD c.o

PPSgCG-1  LP(2)Oss 1.90043 -0.31741 BD c.h, BD c.o
LP(2)Os 1.92703 -0.31241 BD c.o, BD 0.4
LP(2)07 1.94664 -0.28569 BD c.c, BD o4
LP(1)O1s 1.94853 -0.57338 BD c.h BD on
LP(1)O; 1.97776 -0.67964 BD cn, BD cc
LP(2)O,, 1.85548 -0.24928 BD o.c, BD c.c
LP(1)N2, 1.75119 -0.30184 BD c.0, BD o-
LP(1)Na3 1.94738 -0.30027 BD c.h BD on
LP(1)O4 1.97620 -0.61159 BD c.c, BD o4
LP(2)O2 1.93456 -0.32334 BD c.h BD on
LP(1)Ou3 1.98391 -0.69366 BD c.c, BD on
LP(2)O.3 1.94914 -0.32575 BD ¢ BD c.H

Total Lewis = 223.15736 (98.7422%)
Valence non-Lewis = 2.40438 (1.0639%)
Rydberg non-Lewis = 0.43826 (0.1939%)
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After adsorption of Cr®* onto PPSgCG, it was observed that the electron occupancy and
energy were changed in both LP(1)O2; and LP(1)N2, Lewis NBOs (Table 4.9). Transfer of
electrons were observed from oxygen (021) to chromium (Cr52) (LP(1)O2 — BD 0-cr), and
from chromium (Cr52) to oxygen (021) (LP (2)Crs,—> BD'c-0) and nitrogen (N22)
(LP(1)Crs—>0 N-H (Table 4.9). After Cr®* adsorption, the strongest interaction were
identified for the interaction of lone pair (LP) orbital NBO of localized on Cr52 with o (N-
H) and the adjacent o (C—C). The second strongest interaction were identified for the
interaction of lone pair (LP) orbital NBO of localized on Cr52 with ¢ (C-O). This shows Cr
IS more attracted to —N atom than it is attracted to —O atom. From these results, we can infer
that there were chemical bonding between chromium and oxygen and nitrogen atoms, which
shows adsorption of Cr®* onto the PPSgCG hydrogel by covalent bonding, which is similar to
FTIR and EDX analysis.

Table 4.8 Lewis and Non-Lewis NBO (from NBO Summary) of PPSgCG-1@Cr®".
Calculated at DFT/B3PW91-D3/6-31G(d)/SDD.

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

PPSGCG- | LP(1)Oss 1.95442 -1.22316 BD ch, BD co

l@cr® LP(2)O16 1.74953 -0.93749 BD c.0, BD 0.1
LP(2)0y7 1.69519 -0.96780 BD c.+, BD 0.1
LP(1)O1s 1.95804 -1.24989 BD c-c, BD on
LP(1)O 1.96019 -1.40766 BD o.cr, BD e
LP(1)N2 1.63522 -0.98880 BDc-c, BD ¢
LP(1)N3 1.31042 -0.95086 BD c.h BD on
LP(1)O2 1.96459 -1.23024 BD ¢+, BD ot
LP(2)02 1.86244 -0.95663 BD c.c, BD o4
LP(1)O42 1.97971 -1.36665 BD c.c, BD o~
LP(2)O4 1.88752 -1.00266 BD'cc, BD ¢y,
LP (1)Crs, 1.99457 -0.96742 BD n.H BD c.c
LP (2)Crs; 1.98769 -0.97078 BD co
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Vi. Perturbation energy analysis

The perturbation energy of active adsorption site, which contains the highest, and the lowest
second-—order perturbation energy is selected for discussion in this thesis. From Table 4.9, it
was observed that the highest stabilization energy were found on 021 (26.70 kcal mol™) and
N22 (23.66 kcal mol™) of -CONH, of PPSgCG. Therefore, most effective interacted atoms
(021 and N22) among the atoms with NBO charge greater than —0.5 charge atoms of
PPSgCG-I were extracted for discussion in this section. In particular, we focus on active
adsorption site (-CONH;) of PPSgCG. The highest and lowest stabilization energy of 021
were observed at interacting orbital’s LP(2)02 —> BD'(1)Cz—Nz and LP(1)Oz—>
BD"(1)C20-N2, with values of 26.70 and 2.11 kcal mol™®, respectively. The highest
stabilization energy of N22 were observed at interacting orbital’s LP(1)N22 — BD"(2)Cao—
021 with values of 23.66 kcal mol™ (Table 4.9). The strongest interaction were identified for
the interaction of lone pair orbital NBO localized on 021 and N22 with adjacent sigma (C—
N, C—C) and sigma” (C—O, O—H) bonds, respectively. These shows increased electron density
around 021 and indicates possible adsorption site for Cr®*. Among the atoms in PPSgCG-I
with higher NBO charges (>-0.5), 021 atom with the highest stabilization energy is
perturbed (unstable) due to reactivity (Louis et al. 2022). Moreover, N22 is the second
highest stabilization energy (23.66 kcal mol™) with LP(1)N2;— BD"(2)C2-O21 interacting
orbital’s, showing increased electron density. Hence, both —-O and —N atoms are susceptible

to interactions involving electrophiles, which agreed with EPS (Section 4.4.5: ii).

For PPSgCG-1@Cr®, after Cr®" interacting with 021 and N22, interacting orbital’s were
observed at LP(1)021—BD’(1)O,-Crs;, LP(1)Crs;—BD’(1)C19-Cz0, LP(1)Crs;—
BD'(2)Nz—Hs1;, LP(2)Crs,—>BD'(1)C20-021, and LP(2)Crs;—BD (1)Nay—Hzy  with
stabilization energy of 0.96, 0.73, 0.65, 0.50, and 1.46 kcal mol™, respectively (Table 4.10).
These shows decreases in electron density around 021 and N22 after interacted with Cr®*.
These interacting orbital’s shows the transfer of electron from —O 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 with 6 (O—Cr) bonds. There are also electron transfer from Cr to —
N atoms with interacting orbital’s LP(1)Crs;— BD"(2)N22—Hs; and LP(2)Crs;— BD"(1)Nzo—
H27, which shows the interaction of lone pair orbital NBO of localized on Cr52 with adjacent
o (N-H) bonds. On the other hand, electron transfer occurred from —Cr to adjacent —C atom

with interacting orbital’s LP(1)Crs, — BD"(1)C19—C20 and LP(2)Crs, — BD"(1)Cy—O21, which
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shows the interaction of lone pair orbital NBO of localized on Cr52 with adjacent " (C—C
and C-O) bonds. From these results, we can infer that electron transfer or electron sharing

where occurred between the Cr and active adsorption site of PPSgCG.

Table 4.9 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PPSgCG-I/ DFT/wB97XD/6-311+G (d, p)/SDD. Threshold for printing: 0.50 kcal mol™

Surface Donor (i) Acceptor (j) E%(i, j) E()-E()) F(@, ))
(kcal mol™) (a. u) (a. u)
PPSgCG-I LP(1)O; BD"(1)Cs - Og 3.92 0.90 0.053
LP(2)0, BD"(1)Cs - Ou 12.47 0.61 0.078
LP (1)Og BD (1)Cs - Hs; 3.07 1.04 0.051
LP(2)Os BD'(1)Cs - Oy 16.04 0.59 0.087
LP(1)O1s  BD'(1)Cis- Ogs 3.91 0.91 0.053
LP(2)O1s BD (1)Cy1 - O 13.06 0.61 0.081
LP(2)0;6  BD'(1)Cu- Oss 9.55 0.59 0.067
LP(1)0;;  BD'(1)Cio- Ci2 4.26 0.93 0.057
LP(2)Oy7 BD(1)Cyo - Cu1 8.70 0.65 0.067
LP(1)Ois  BD'(1)O17 - Hss 9.19 1.04 0.088
LP(2)01s  BD'(1)Cio— Cao 6.90 0.70 0.062
LP(1)Oz1  BD'(1)Cx - N2 2.11 1.13 0.044
LP(2)0,;1  BD'(1)Ca - Na 26.70 0.70 0.124
LP(1)Nzz  BD'(2)Cy - O 23.66 0.44 0.092
LP(1)N;zs  BD'(1)Cs4-Cs 9.83 0.66 0.072
LP(2)0;s  BD'(1)Cy:- Oss 11.78 0.62 0.076
LP(1)0Os2z  BD'(1)Cs - Has 2.35 1.06 0.045
LP(2)02  BD'(1)Cs- Oy 15.16 0.62 0.087
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Table 4.10 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PPSgCG-1@Cr®*/ DFT/wB97XD/6-311+G (d, p)/SDD. Threshold for printing: 0.50 kcal

mol™*

Surface Donor (i) Acceptor (j) E*(i, j) E()-E() F(, )
(kcal mol™)  (a. u) (a. u)
PPSgCG-I@Cr"*  LP(1)0;  BD'(1)Cs-Os 4.13 0.94 0.056
LP (1)0g  BD'(1)Cs- Oy 9.10 0.84 0.078
LP(2)Og BD'(2)Cs - Oy 49.66 0.23 0.102
LP(1)O;5  BD'(1)Cyi- Oy 4.18 1.01 0.058
LP(1)0; BD'(1)Cu- Oss 8.03 0.75 0.070
LP(2)01s6  BD'(1)Ci3- Cuy 18.35 0.47 0.086
LP(2)0;; BD'(1)Cip- Ci 9.62 0.58 0.071
LP(1)O13  BD'(1)Cio- Ha 1.83 1.05 0.039
LP(2)01s BD(1)Ci3- Cus 9.97 0.54 0.066
LP(1)O  LP(5)Crs, 5.68 0.90 0.064
LP(1)Os  LP'(6)Crs, 0.80 0.89 0.024
LP(1)Oz  LP’(7)Crs; 0.52 0.97 0.020
LP(1)O  BD'(1)Oz — Crsp 0.96 0.69 0.023
LP(1)N2;  LP'(3)Crs, 0.79 0.21 0.013
LP(1)N22  LP’(4)Crs, 0.73 0.26 0.013
LP(1)N,,  LP(6)Crs, 1.16 0.48 0.023
LP(1)Crs, BD"(1)Cig— Cao 0.73 0.59 0.019
LP(1)Crs; BD"(2)Na; — Hsy 0.65 0.67 0.019
LP(2)Crs, BD'(1)Ca— Oz 0.50 0.20 0.01
LP(2)Crs, BD"(1)Naz — Hzy 1.46 0.65 0.027
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4.5. Regeneration of PPSgCG Hydrogel

Desorption and reusability of the adsorbent is an important characteristic from design,
practical and economical point of view. In this study, the adsorption capacity of PPSgCG
hydrogel towards to Cr®* ion during consecutive adsorption—desorption cycle was
investigated. During the adsorption—desorption cyclic process, 0.1 M HNO3; was used as
desorption agent. The effects of reuse time on PPSgCG for Cr®* adsorption from aqueous
solution were presented in Fig. 4.24. It can be observed that the adsorption capacity of the
hydrogel decreases slowly as the number of cycle of using increase. The adsorption capacity
of PPSgCG in removing Cr® after five—cycle was 90% of its initial capacity. The slight
decreases in adsorption capacity during adsorption — desorption cycle is attributed to losses
due to rewashing and difficulty to recovery the whole active site form the hydrogel. The
above result indicates that the adsorption—desorption cycle did not affect the adsorption
capacity of the PPSgCG hydrogel significantly, suggesting that the hydrogel can be
considered as an effective adsorbent in decontamination of metal ions form wastewater.

100

80

(=)
=]

Percent (%)

LS
=

20

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Fig.4. 24 Reuse times and adsorption capacity of PPSgCG hydrogel adsorbents for Cr®*
(where, pH = 2, C, = 100 mg I, t = 120 min, hydrogel dose = 3 g I}, agitation speed = 120
rpm, T = 25°C).
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4.6. Characteristics and Removal of Batu Tannery Wastewater

The sample from Batu Tannery wastewater were collected, treated, stored and analyzed
according to APHA—Colorimetric method (3500—Cr. B) standard (23" Edition) (Section 3.2.).
Batch adsorption studies were conducted in 100ml rubber stopped volumetric flasks. The
flasks (25 ml wastewater) were placed inside incubator shaker (New Brunswick Scientific
Edison, USA, EXCELLA E24R) at 120 rpm for 2h. PPSgCG Hydrogel dose of 3.0 g I'* were
used for adsorption. The concentration of the total Cr in the solution before and after
adsorption were determined by UV-vis spectrophotometer (Section 3.4.). The concentration
of total Cr in the Batu Tannery wastewater, which was measure at 350 nm and pH of 2 were
6.86 mg 1. Where as the concentration of total Cr measured at 373 nm and pH of 9 were
14.89 mg I". According to different studies, Cr shows charge transfer absorption bands,
which differ in acid and alkaline solution. HCrO’4, has a maximum absorption at 350 nm,
whereas CrO”, peaks at 373 nm. In both acidic and basic conditions, the concentration of
total Cr were reduced to 5.97 and 9.76 mg I}, respectively, after adsorption onto the PPSgCG
hydrogel adsorbents. The removal efficiency (R %) were calculated using Eq. (3.8) and the
result is presented in (Table 4.11). Only 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 adsorbent for real wastewater remediation. The low performance of PPSgCG at
lower pH might be attributed to the competition for adsorption between chromate 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 surfaces. Both show strong competitive adsorption
under acidic condition. With the increases in pH, the competitive adsorption between sulfate
and chromate decreases. Overall, 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 ions, and precipitating agents used during chemical

precipitation.

Table 4.11 Characteristics of chromium from Batu tannery wastewater

Chromium (Cr) pH Concentration (mg I™) R (%)
Total Cr®* Before/ After adsorption 2 6.86/ 5.97 13.6
Total Cr®* Before/ After adsorption 9 14.89/9.76 34.5
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4.7. Removal of Cr® lon by CZVI-CP-PVA Hydrogel

4.7.1. Effect of Adsorption Parameters

I. Effect of pH

The effect of initial pH in the range of 1-10 on the removal of Cr®* was examined using
CZVI-CS-PVA at the concentration of 25 mg I'* and hydrogel dose of 2 g I (Fig. 4.25). As
illustrated in Fig. 4.25, the adsorbent hydrogel was found to be efficient over the wide range
of pH. The mechanism of adsorption could be explained by electrostatic attraction of amine
and solution—oxidation adsorption by ZVI (Katsoyiannis, Ruettimann, and Hug 2008).
Significant decreases in adsorption capacity were observed in Cr®* sorption beyond pH of
3.0. The underlying reason for the decrease in Cr®* removal was explained by formation of its

anionic species that undergoes repulsion by the negatively charged sorbent surface.

20

pH

Fig.4. 25 Effect of pH on Cr®* adsorption onto CZVI-CS-PVA

ii. Effect of Cr® initial concentration and time

The initial concentration of metal ion in the solution and duration of contact between the
metal ion and the adsorbent were highly affect the adsorption capacity and the removal
efficiency of adsorbent. As illustrated in Fig. 4.26 (a), the adsorption capacity (qm) of the
CZVI-CS-PVA were increased as the initial concentration of Cr®* in the solution were
increased. The adsorption capacity were increased during the first 40 minutes contact time

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 adsorption—reduction of Cr®* to Cr**. The removal efficiency (R) were
decreased as the concentration of Cr®* in the solution increased (Fig. 4.26(b)).

iii. Effect of CZVI-CS-PVA hydrogel dose

The effect of adsorbent dose on Cr®* removal was studied to optimize the exact quantity of
hydrogel. The CZVI-CS-PVA adsorption capacity (q) decreased with increasing in CZVI-
CS-PVA dosage (Fig. 4.27(a)). The Cr®* removal efficiency (R) increased with increase in
CZVI-CS-PVA dosage (Fig. 4.27(b)); thereby indicating that higher is the adsorbent dose,
higher will be its binding active sites for Cr®* adsorption.

4.7.2. Adsorption Kinetic Models

The Cr® removal kinetic date were obtained by CZVI-CS-PVA hydrogel adsorption
performance were fitted to pseudo—first order (PFO) (Fig. 4.28(a)), pseudo—second order
(PSO) (Fig. 4.28(b)), Elovich (Fig. 4.29(a)) and intra—particle diffusion (Fig. 4.29(b)) Kkinetic
models to select the most appropriate Kinetic equation. The obtained Kinetic parameters, i.e.,
the coefficient of determination (R?) and kinetic rate constant (k) are illustrated in Fig. 4.28 &
4.29. 1t was observed that the highest coefficient of determination (R? = 0.999) belongs to
PSO kinetic model that appears to be the best fitted model with the experimental data of Cr®*
removal as compared to the rest of models which indicates that the adsorption of Cr®* ions
onto the CZVI-CS-PVA hydrogel was controlled by chemisorptions. This model assumes
that the rate—limiting step is chemical sorption or chemosorption and predicts the behavior

over the whole range of adsorption.

Elovich kinetic model is used to describes the chemical adsorption (chemical reaction)
mechanism in nature during the adsorption processes. As seen from Fig. 29 (a), R* values is
high (0.944) which also indicates that the adsorption process obeys Elovich kinetic model,
however, these value is less than the results obtained from PSO kinetic model (0.999). When
the kinetic data was analyzed using intraparticle diffusion model, it was observed that the plot
(Fig. 29 (b)) did not pass through the origin indicating that intraparticle diffusion was not the
only rate—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
processes fairly obeyed the intraparticle diffusion model, however, it was not the sole rate—

determining step.
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Fig.4. 26 Effect of Cr®* initial concentration and time: a) q (mg g™); b) R (%).
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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 reached. Although 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 with moderately low coverage and can be easily extended to describe the
behavior of the binary adsorption system. The values of Langmuir and Freundlich constants
were obtained from linear fits of the sorption data and shown in Fig. 4.30. Adequate linear
correlations was observed for Langmuir isotherm models (Fig. 4.30 (a)). The adsorption
capacities (qmax) of Cr®* for CZVI-CS-PVA hydrogel adsorbent have been evaluated to be
15.86 mg g™. The separation factor (R.) calculated form the Langmuir constant (b) is 0.2,

which shows favorability of adsorption of Cr®* onto the CZVI-CS-PVA hydrogel surfaces.

The Freundlich isotherm is employed for non — ideal adsorption that takes place on
heterogeneous solid surfaces with non — equivalent and/or independent binding sites as well
as for description of multilayer adsorption with interaction between adsorbed molecules. The
value of Freundlich constant (1/n) reflects sorption linearity, and it usually varies between
zero and one. The corresponding values obtained from linear regression (Fig. 4.30((b))
indicate that sorption is nonlinear, which is a typical behavior for surfaces with fixed and
limited sorption capacities. A typical plot of Freundlich isotherm (Fig. 4.30(b)) shows the
values of n, and 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 value of 1/n (adsorption intensity) is above 1, then it is an indication of
the cooperative process. 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 Pb** and Cd** lons by PCCFG Hydrogel

4.8.1. Effect of Adsorption Parameters

I. Zeta Potential and Effect of pH

As shown in Fig. 4.31(a), the zero charge point (pHzcp) of PCCFG hydrogel was at pH 1.8.
The nitrogen atoms of amine functional group of chitosan of PCCFG were protonated in the
presence of H* at lower pH, which makes the surface of PCCFG positively charged and

create repulsion with P**

those reducing adsorption. Zeta potential of chitosan was positive
at lower pH (3-7) and negative at higher pH (7-12). The zeta potential was negative at all pH
values for GO due to the massive oxygen containing sites on its surface. The zeta potential of
L—cysteine varies with pH. L-Cysteine is negatively charged due to the presence of carboxyl
group at lower pH (<5) and positively charged due to the presence of ammonium group at
higher pH (>5). As pH increase, the negative surface charge of PCCFG increased due to the
presence of oxygen and carboxyl containing functional group. This allowed the surface to
interact with Pb** and Cd?* by electrostatic attraction, thereby improving the adsorption

performance of the PCCFG hydrogel.

The effects of initial solution pH on adsorption of Pb?* and Cd** by PCCFG hydrogel was
investigated in the pH range of 1-8 and the results are shown in Fig. 4.31(b). It can be seen
from the figure that adsorption of Pb®* and 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< pHyep) result in a large amount of H*. Therefore, the low adsorption capacity
(q) and removal efficiency (R) at lower pH can be attributed to the competition of H;O" or H*
ions with Pb®" and Cd*" in the solution and repulsion of Pb?*and Cd*" and the protonated
amine—amide functional group (Ahmad et al. 2017). The significant increases in adsorption
efficiency from pH 3 to 5 can be related to the reduction in the amount of H" ions 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 Pb** and Cd** convert to a hydroxide form and precipitate
(Moradi et al. 2017), eventually reducing the removal efficiency. Precipitation of Pb?* and
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). Hence, an initial pH of 5 was selected as an

optimum condition for both sorption of Pb*" and Cd**.
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Fig.4. 31 a) Zeta potential; b) Adsorption capacity of PCCFG hydrogel at different pH. Mean

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

As depicted in Fig. 4.32(a), the removal efficiency (R %) of Pb?* and Cd** by the hydrogel
decreased with increasing concentration of both ions in the solution while the adsorption
capacity (q) increased. Initially the removal efficiency was 97% for Pb®" and 85% for Cd*" at
50 mg I, which decreased to 92% for Pb** and 81% for Cd?* when the initial concentrations
were increased to 200 mg |I™. The adsorption capacity of the hydrogel increased sharply as
the initial concentrations increased due to the availability of high amount of Pb®* and Cd?** in
the solution, which has a higher concentration gradient. The adsorption capacity did not
further increase beyond the 250 mg I concentration 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 both ions in the solution increased, which might be related to quick
saturation of the adsorption site and lack of enough space for additional adsorption. Thus,
considering both adsorption capacity and removal efficiency, a concentration of 225 mg I™*

was chosen for adsorption experiments.

iii. Effect of PCCFG hydrogel dose

Adsorption capacity and removal efficiency of both Pb** and Cd®* on to the PCCFG hydrogel
were studied by varying the adsorbent dose from 1 to 8 g I"* while keeping other adsorption
parameters constant. As presented in Fig. 4.32(b), the adsorption capacity (q) of the hydrogel
decreased as the hydrogel dose increased. However, the removal (R) increased as the
hydrogel dose increased. The increases in removal efficiency as the hydrogel dose increased
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 the solution. The adsorption capacity
decreased sharply while removal increased as the dose was increased from 1 to 5 g I™%. As the
dose increased further to 8 g %, the adsorption capacity decreased slowly and the removal
efficiency was almost constant. This may be due to the pore space in the PCCFG becoming
completely occupied by Pb?* or Cd**, and the active sites (-NH,, —~SH, —OH, and —COOH)
were saturated. Thus, considering both the adsorption capacity and removal efficiency, 2 g I™*

of hydrogel dose was optimum for Pb** and Cd** sorption.
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iv. Effect of time

As illustrated in Fig. 4.33, the adsorption capacity (q) and removal efficiency (R) of both Pb?*
and Cd?* increased sharply as time increased in the first 40 min of adsorption and remained
nearly constant as time further elapsed. Generally, the adsorption phenomena involve
transportation of metal ions from bulk solution to the adsorbent surface followed by diffusion
into pores. The adsorption capacity and removal efficiency were fast during the first 20 min,
which can be attributed to availability of plenty of active sites and external surface
adsorption. Moreover, the adsorption capacity and removal efficiency increased as the
adsorption time increased from 20 to 40 min, which is attributed to availability of abundant
adsorption sites and less mass transfer resistance in the internal pores of the adsorbent
hydrogel. The maximum removal efficiencies of 90% and 86% were obtained within 40 min
for Pb*" and Cd**, respectively. After 40 min of adsorption time, both adsorption capacity and
removal efficiency for both metal ions reached equilibrium, which might be related to
saturation of active sites, and increases in mass transfer resistance as the metal ions

accumulated at the adsorbent—solution boundary.
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Fig.4. 33 Effect of time on adsorption capacity and removal of PCCFG hydrogel.
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V. Effect of temperature and adsorption thermodynamics

The adsorption capacity as well as the removal efficiency of metal ions were also influenced
by temperature. The effect of temperature on adsorption performance of PCCFG hydrogel
towards Pb®" and Cd** was studied at 25, 30, and 45°C while keeping other adsorption
parameters constant (C, = 100 mg I"*, pH = 2, t = 120 minutes, hydrogel dose = 3 g I™%). As
shown in Fig. 4.34(a), both the adsorption capacity and removal efficiency increased slightly
as temperature increased, which is, suggesting endothermic processes (Ali et al. 2016; Yana
Bagbi et al. 2017). In the case of Chemisorption, the adsorption increases as temperature
increases as the adsorbate molecules gain energy higher than the activation energy (Ren, Wei,
and Zhang 2008). Thus, adsorption capacity increases as temperature increases (Yuvaraja et
al. 2019). The adsorption capacity as well as the removal efficiency increased slightly during
the first course of temperature increases from 25°C to 35°C. As temperature was raised
further from 35°C to 45°C, the intensity of adsorption and removal efficiency showed less
increment because the increases in temperature increased the energy of the metal ions

adsorbed and hence enhanced the rate of desorption.

As presented in Table 4.12, the value of AG® is negative, showing the spontaneity of the
reaction (electron exchange or ion exchange) between the metal ions and electron reach
atoms (-N, -S, —O). These value increased as temperature increased, indicating the
adsorption of both Pb?* and Cd* onto the hydrogel was more favorable at higher
temperature. The positive enthalpy change demonstrates that the interaction between the
adsorbent and adsorbate is endothermic in nature, that is, the adsorption reaction consumes
energy. The positive AS® indicates the interaction between the system (PCCFG and the metal
ions) and surrounding environment were spontaneous in nature. Moreover, the positive AS®
shows the strong affinity of PCCFG towards the Pb*" and Cd**, and the increased randomness
at the solution—PCCFG interfaces during the adsorption of both metal ions. The Pb* has
better affinity and less spontaneity than Cd** due to the fact that Pb?* can form more stable
complexes with anionic molecules (those containing —N, —-S, and —P ligands) (Town &
Filella, 2002).
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Table 4.12 Thermodynamic parameters for adsorption of Pb?* and Cd** on to PCCFG

adsorbents

Temp. Heavy metal ion ~ AH° (ki mol?) AS°(Jmol K™ AGe (kJ mol™?)

25°C Pb** 11.23 41.57 -1.16
cd* 8.02 33.25 -1.89

35°C Pb** 11.23 41.57 -1.57
cd™ 8.02 33.25 -2.22

45°C Pb** 11.23 41.57 -1.99
cd** 8.02 33.25 -2.55

Vi. Effect of competing ions

The effect of competing ions was studied in batch adsorption experiments in the solution
containing the three metal ions (Pb®*, Cd**, and Cu®") using PCCFG hydrogel as the
adsorbent. The competitive (gmm) and single (gms) adsorption capacity of the hydrogel
towards the metal ions were calculated and compared. As depicted in Fig. 4.34(b), the
PCCFG hydrogel adsorbents could effectively adsorb all three metal ions in the solution
simultaneously, showing higher selectivity towards Pb?*. The adsorption capacity of the
hydrogel towards single metal ions decreased in a competitive adsorption (Qmm <Qms) System.
This indicates that the coexistence of metal ions in the solution inhibits the adsorption

capacity of the hydrogel compared to solutions containing a single metal ion.
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4.8.2. Adsorption Kinetic Models

I. Pseudo—first order

Fig. 4. 35(a) depicts the PFO kinetic model obtained for adsorption of both Pb* and Cd** by
PCCFG hydrogel adsorbents. The calculated value of R? (Table 4.13) is high but relatively
less than the results obtained from PSO and Elovich; there exist a good agreement between g
(calculated) and g (theoretical) for both Pb** and Cd®*. The rate constant of adsorption (ki,
min™) of Cd?* is higher than that of Pb?*, indicates more adsorption rate and spontaneity of
Cd?* adsorption onto PCCFG, which is agree with thermodynamics properties of adsorption
(Table 4.12).

Table 4.13 Summary of kinetic model parameters and coefficient of correlation

Model Metal Qeexp. (Mg Q")  Qecac (MY Q™) Parameters R
PFO Pb** 224.36 232 ki=0.09 min™ 0.96
Cd* 174.51 189 ki;=0.1 min™ 0.92
PSO Pb** 224.36 227 k,=0.0004 g mg™ min™* 0.99
Cd* 17451 179 k,=0.001 g mg™* min™* 0.98
Elovich Pb** 224.36 - 0=0.27mg g min™, p=2.6 gmg™  0.98
Cd* 17451 - 0=0.35mg g min™, =3.5gmg”  0.98
ii. Elovich

The plot of the Elovich kinetic model (Fig. 4.35(b)) and the calculated value of R? (Table
4.13) shows the experimental data correlated better with the Elovich model than for the PFO
model, but not the PSO model. As seen from Table 4.13, R? is high (0.98) which also
indicates that the adsorption process obeys Elovich kinetic model. The calculated value of
initial adsorption rate (o) and desorption constant (3) (Table 4.13) for Cd?* is higher than that
for Pb?*, which indicates that PCCFG hydrogel has less affinity but more spontaneity towards
to Cd** than Pb?*. This phenomenon is also agreed with the thermodynamics adsorption
properties of Cd** and Pb** onto PCCFG (Table 4.12). This shows the adsorption—desorption
of Cd?* is higher and the PCCFG has weak affinity towards Cd?* relative to Pb**.
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iii. Pseudo—second order

Fig. 4.36 illustrates the PSO kinetic model obtained for adsorption of both Pb?* and Cd** by
PCCFG hydrogel adsorbents. As presented in Table 4.13, the numerical value of R? for
adsorption of both Pb?* and Cd®* or the PSO model is higher than those for the PFO and
Elovich kinetic models. Besides, the calculated values of ge (Qecac) (Table 4.13) from the
PSO kinetic model for both metal ions were closer to the experimental Qe (Qe, exp.). This
clearly shows that the PSO correlated with experimental data better than the PFO and Elovich
models. These results show that Chemisorption is the rate—limiting step during the adsorption
processes of Pb®" and Cd** onto the PCCFG. Similar results were reported in the literature
(Yana Bagbi et al. 2017; Yuvaraja et al. 2019). These phenomena describe the strong
coordinate covalent bond formation between heavy metal ions (Pb®* and Cd?*) and functional
groups (-NH;, —SH, —-COOH) of PCCFG via the soft-Lewis acid—base interaction.
Furthermore, the calculated values of k, of Cd®* were greater than k, of Pb**, which indicate
Cd** has higher Columbus forces than Pb?* towards the PCCFG hydrogel surfaces
(Hokkanen, Repo, and Sillanpéda 2013).
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Fig.4. 36 PSO kinetic model for adsorption of Ph?* and Cd** onto PCCFG hydrogel.
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4.8.3. Adsorption Isotherm Models

I. Langmuir

The experimental data of both Pb®* and Cd®* adsorption on to the hydrogel were well
described by the Langmuir isotherm (Fig. 4.37(a). The coefficient of determination (R?) of
Langmuir for both metal ions is higher than the R? of Freundlich, Temkin, and D-R
isotherms (Table 4.14), which indicates the experimental data correlated well with the
Langmuir isotherm. As illustrated in Table 4.14, the maximum adsorption capacity (qm) of
the PCCFG hydrogel at 298K was 250 and 192 mg g * for Pb*" and Cd**, respectively, which
is close to the experimental qp. The observed values of gy, for Pb®* are higher than the gy, of
Cd?*, which indicates the hydrogel has more affinity towards Pb®* as illustrated with positive
change in entropy. The calculated values of R were 0.043 for Pb* and 0.034 for Cd*" at the
initial concentration of 225 mg 1%, which show favorable adsorption of both Pb** and Cd**
onto the PCCFG hydrogel adsorbent.

Table 4.14 Summary of isotherm model parameters and coefficient of correlation.

Isotherms Heavy metal ions Parameters R?
Langmuir Pb** gm=250mg g™, k=0.099 L mg* 0.980
Cd** gm=192mgg™* k=0.128 L mg* 0.98
Freundlich Pb** Kr=1730Lg" n=2.03 0.97
Cd* Kr=17.06 Lg™", n=2.40 0.98
Temkin Pb** Kt =1.01 L mol™, b = 49.60 kJ/mol 0.97
cd** Kr=1.16 L mol™, b = 56.75 kJ/mol 0.97
D-R Pb** gs=135.7mg g™, E = 13.9 k mol™ 0.88
Cd** gs=125.5mg g™, E = 14.3 k mol™ 0.88
ii. Freundlich

Fig. 4.37(b) shows the Freundlich isotherm obtained for adsorption of both Pb?* and Cd** by
PCCFG hydrogel adsorbents. The R? values are relatively high (0.97 for Pb** & 0.98 for
Cd*) but less than the R? of Langmuir, which showed that the adsorption process fairly
obeyed the assumption behind Freundlich isotherm model. The numerical values of n>1
(Table 4.14) for both Pb?* and Cd*" shows a favorable adsorption of both metal ions on to
PCCFG hydrogel.
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iii. Temkin

The Temkin isotherm model assumes that adsorption free energy is dependent on the
coverage of the adsorbent surface and it takes into account the adsorbents interaction with
sorbate to be adsorbed. Fig. 4.38(a) shows the Temkin isotherm obtained for adsorption of
both Pb?* and Cd?* by PCCFG hydrogel adsorbents. The R? values are relatively high (0.97)
but less than the R? of Langmuir, which showed that the adsorption process fairly obeyed the
assumption behind Temkin isotherm model. The higher values of Temkin constant (b = 49.6
kJ mol™ for Pb%*" & 56.75 kJ mol™ for Cd**), which is greater than 8 kJ mol” revealed that the
interaction between Pb* and Cd**, and PCCFG was strong. The numerical values of
adsorption heat constant (RT/b) were 49.95 and 43.66 kJ mol™ for Pb?* and Cd*,
respectively. These values of RT/b>0 for both Pb?* and Cd®* indicate that the adsorption of
both metal ions on to PCCFG are endothermic processes. These observations are also

supported by the positive enthalpy changes (Table 4.12).

iv. Dubinin—-Radushkevich (D-R)

The main feature of this approach is related to the fact that the sorption capacity depends on
the adsorbed amount on the surface of the material, differently from Langmuir model. To
further understand the nature of the adsorption mechanism (chemisorption or physisorption)
of Pb?* and Cd** onto PCCFG, experimental data were also fitted to the D-R model. The
correlated experimental data of the D-R model are depicted in Fig. 4.38 (b). The R? values
are relatively high (0.88) but less than the R? of other isotherm model, which showed that the
adsorption process fairly obeyed the assumption behind D—R isotherm model. As presented
in Table 4.14, the calculated values of free energy of adsorption (E) are 13.9 and 14.03 kJ
mol™* for Pb?* and Cd?*, respectively. These values are in the range of 8-16 kJ mol ™,
showing that the adsorption of both metal ions onto the hydrogel were somewhat chemical
processes. However, the experimental data was not fully explained by with model with

respect to Langmuir isotherm that emphasize on physical adsorption.
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4.8.4. Theoretical Adsorption Mechanism Studies of Pb** onto PCCFG Hydrogel
I. Geometry and structural analysis

The geometrical structures of PCCFG-I built by Gauss View 6.0.16 were fist optimized by
molecular mechanics (MM) method with UFF. Then geometrical structures were optimized
before Pb?* adsorption (a spin restricted model: closed shell modeling system) and after Pb**
adsorption (a spin unrestricted model: open shell modeling system) thoroughly using
DFT/B3PW91-D3 at the 6-31G(d)/SDD level. The optimization completed with convergence
and stationary point found on PES (Annex 11 & 19). The +ve frequency of both converged
PCCFG-I and PCCFG-1@Ph?* shows that the structures are at local minima on PES (Annex
17 & 20). As shown in Fig. 4.39 (a&b), the bond distance of adsorption site (-NH,) of
PCCFG-I were changed after the adsorption of Pb*. It was observed that PCCFG tends to
chelate with Pb?* through a mono—denate nitrogen atom ligand with binding energy of —62.33
kcal mol™ and bond distance (Pb—N) of 2.159A (Annex 13 & 14). DFT simulation results

shows that the coordination binding between Pb* and N of amine occurs.

PCCFG-I have an even number of electrons divided into pairs of opposite spin hence
calculations on closed shell systems were used (Fig. 4.40(a)). Closed shell systems uses a
spin-restricted model assumes that all molecular orbital’s are doubly occupied, each
containing two electrons of opposite spin (force each electron pair into a single spatial
orbital). In contrast, PCCFG-1@Pb*" were modeled by a spin unrestricted, which separate
spatial orbital’s for the spin up and spin down electrons, known as o and B orbital’s (Fig.
4.40(b)), respectively. The illustration in Fig. 4.40(b) depicts orbital’s from open shell system
(PCCFG-I@Pb®"). The diagram shows the unpaired electron in orbital 117a.
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1.457A 1.530A

Optimized PCCFG-I Optimized PCCFG-I@Pb**

Surface(transparent) (C) Surface(solid)

™

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

PCCFG-I@Pb*": Electron density from Total SCF Density (isoval=0.0004;[mapped with ESP])

Fig.4. 39 Representation of: a) optimized PCCFG-I; b) optimized PCCFG-I interacting with
Pb?*; ¢) MEP of PCCFG-I; d) MEP of PCCFG-I@Pb?*. Surface Map value: -8.047e” to
8.047e”. Calculated at DFT/B3PW91-D3/6-31G(d)/SDD.
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(a) (b) a MO B MO

Fig.4. 40 Modeling: a) closed shell (PCCFG-I), b) open shell (PCCFG-1@Pb*); MO
diagram of PCCFG-I: ¢) HOMO-1 (adsorption site), d) HOMO-5 (adsorption site); MO
diagram of Pb®": ) LUMO + 2 (py), f) LUMO + 3 (dyy), g) LUMO + 4 (d,?). Isoval = 0.02 (-
ve = green, +ve = red). Calculated at DFT/wB97XD/6-311+G (d, p)/SDD.
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ii. Molecular electrostatic potential

Fig. 4.39 (c & d) shows the molecular electrostatic potential (MEPs) of PCCFG-I and
PCCFG-1@Pb?**, respectively and the coloring related to charge density. All surfaces were
generated with a density 0.0004 a. u. In the PCCFG-I, it is possible to observe the presence
of two regions (Fig. 4.39(c)) with high density of partially negative region. High density of
negative region (more red) were observed in amide (-NHy) region due to the nitrogen atoms,
which is the region of interest for adsorption site for Pb?*. These regions is very electro—
negative and thus susceptible to interactions involving electrophiles. After the interaction of
PCCFG with Pb*, MEP were changed to high density of positive region (Fig. 4.39 (d))
which shows the adsorption of Pb®* onto the PCCFG hydrogel.

iii. Frontier molecular orbital’s and reactive indices

To verify the reactivity between the PCCFG and heavy metal ions, the study of frontier
molecular orbital’s (FMO) were carried out and the reactivity were calculated (Table 4.15)
from molecular orbital’s (MO). Molecular orbital’s is a mathematical function that describes
the behavior of an electron or pair of electrons within a molecule. Orbital’s are actually
mathematical conveniences and not physical quantities, despite how real visualization may
make them seem. While the optimized geometries, energy, and electron density are physical
observables, the orbital’s are not. Orbital’s are very useful for qualitative descriptions of
bonding and reactivity. The MO diagrams of PCCFG-I derived from PCCFG before and after
Pb** adsorption are shown in Fig. 4.40 and 4.41. In PCCFG-I, HOMO-5 (Fig. 4.40 (d)) is an
orbital formed from p orbital’s from the nitrogen atom and the carbon atom and from the s
orbital on the hydrogen atoms. The contributions from the nitrogen atom and the carbon

atom are situated perpendicular to the single bond, which connect the carbon—nitrogen atoms.

After analyzing the results found form the Gaussian output (Table 4.15), it is possible to infer
the PCCFG is relatively soft compound. This is due to the presence of amine and carboxyl
groups, generating an increase of the softness. For the metal ions, Hg?* ion was the one with
the greatest softness and Cu?*, Pb**, and Cd®* were with better softness, and Cr®* was with
greatest hardness or list softness. It is possible to infer that Hg®*, Cu?*, Pb?* and Cd** ions
tends to have a favorable interactions with PCCFG (soft-soft interactions) according to

Pearson’s theory. The electronegative of Cr®*, Cu*, Cd?* and Pb®* are greater than the
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electronegative of PCCFG-I and the Cr®*, Cu®, Cd*" and Pb* will accept electron from
PCCFG-I.

(a)
I

Fig.4. 41 MO diagram of PCCFG-I: a) HOMO, b) LUMO; MO of Pb*: ¢) HOMO, d)
LUMO; MO of PCCFG-1@Pb?*": &) tHOMO, f) BHOMO, g) sLUMO, h) BLUMO. Isoval =
0.02 (-ve = green, +ve = red). Calculated at DFT/wB97XD/6-311+G (d, p)/SDD.
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Hence, during the PCCFG-I and Pb* interaction, HOMO of PCCFG-I act as Lewis base
(electron donor) and LUMO of Pb*" act as Lewis acid (electron acceptor) (Fig. 4.41). The
stability or reactivity of a molecule were depends on the HOMO-LUMO energy gap. Soft
molecules are more reactive than harder molecules. The electronegative of PCCFG is greater
than the electronegative of Hg®* and the PCCFG-I will accept electron from Hg?*. The
direction of spontaneous electron flow will be from PCCFG-I to Cr®*, Cu®*, Cd**, Pb*"and
from Hg?* to PCCFG-I. After adsorption of Pb?* on to PCCFG-I, the electronegative and
energy gap of the PCCFG—I@Pb®* were decreases and it is more soft showing that it is more
stable. Generally, the hardness measures the rate of change of chemical potential with density
of electrons. A hard system is one where a small change in electron density produces a large
change in chemical potential. The more the hardness of the molecule is the less change in the
electron density for a given change in chemical potential. There will be flow of electron

density from one system to the other until chemical potential is constant.

Table 4.15 Energy of HOMO (Enomo), LUMO (ELumo), Band/Energy gap (Egap), Softness
(S), Hardness (1), chemical potential (p), and electro negativity (x). Calculated at
DFT/wB97XD/6-311+G (d, p)/SDD (Annex 15 & 16).

Group Ervomo/eV  Erumo/eV  Egyp/eV n S M X
PCCFG-I -8.26 -1.01 7.25 3.62 028 -4.64 4.64
cré* -151.66 -99.35 52.31 26.15 0.04 -12551 12551
Pb** -27.73 -15.87 11.86 593 017 -21.80 21.80
Cd** -32.14 -20.21 11.93 597 017 -26.18 26.18
cu® -32.05 -21.71 10.34 517 0.19 -26.88 26.88
Hg** -1.47 -0.51 6.96 348 029 -3.99 3.99
PCCFG-1@Pb** -5.56 -1.07 4.49 225 044 -3.32 3.32
iv. Structural and vibrational analysis

Complexes formation between PCCFG and Pb?* were also confirmed by analyzing the
vibrational frequencies of the adsorption site. The vibrational frequencies of —-C—N of amine
in isolated PCCFG, which is part | and corresponding Pb®* complexes were investigated and
presented in Table 4.16. Based on the data output from frequency calculation, vibration
frequencies of C-N of amine of PCCFG-I is 3478.48 cm™, which is shifted to lower
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frequencies, 542.26 cm™ after PPSgCG—Pb*" complexes. This result is similar with the result
from FTIR analysis (Section 4.3.1: v).

Table 4.16 Vibrational frequencies of PCCFG and PCCFG@Pb?*. Calculated at
DFT/B3PW91-D3/6-31G(d)/SDD.

Complex Interaction position Frequency (cm'l)
PCCFG-I — vC = N/3478.48
PCCFCG-1@Pb* N-Pbh** vC=N/542.26

V. Spin density analysis

Spin densities are computed as part of the population analysis. The spin density is the
electron density in a molecule with odd numbers of electrons: e.g., radical species, taking into
account spin polarization. Spin density is positive (blue in Fig. 4.42 (a)) in areas where an
electron is more likely to be found in the a spin state (around Pb in this case) and negative
(greenin Fig. 4.42 (a)) where an electron is more likely to be found in the B spin state. As the
difference of a and B electron densities, it indicates likely regions for unpaired electrons.
After adsorption of Pb** onto PCCFG-I, the MO (Fig. 4.41 and spin density (Fig. 4.42 (a))
shows that there is unpaired elections in N-Pb regions. These indicates that Pb follows bi—
dentate or poly—dentate than monodentate during coordination with—N and other atoms of
PCCFG-I.

Vi. Natural bond orbital analysis

Natural bond orbital (NBO) were calculated by Gaussian 09 with “pop full NBO " keywords.
NBO analysis was used for the study of the charge transfer occurring within the atom,
adjacent atom or more remote atom during the interaction/adsorption processes. The charge
transfer calculation were carried out with the DFT/B3PW91-D3/6-31G(d)/SDD level of
theory. Potential adsorption sites atoms with NBO charge greater than or equal to —0.5 were
selected for NBO analysis (Table 4.17). The calculated NBO (from NBO summary of
Gaussian output), before and after Pb?* interactions are presented in Table 4.18 and Table
4.19, respectively. The perturbation energy of PCCFG-I and PCCF-I@Pb*" of atoms of
NBO total charge greater than or equal to —0.5, with largest stabilization energy and list
stabilization energy, calculated using Eq. (3.30) were presented in Table 4.20 and Table 4.21,

respectively. As presented in Table 4.18, the possible adsorption site, nitrogen (N26) of
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chitosan, and oxygen (O30) of L—cysteine, and oxygen (020) of GO of PCCFG-I have a
potential for adsorption of heavy metal ions.

Fig.4. 42 Spin density of PCCFG-1@Pb*" (a); Labels for atoms of optimized PCCFG-I (b)

The oxygen lone pair (LP(2)O2) and nitrogen lone pair (LP(1)N2s) were seen to be the
highest—energy Lewis NBO, and to be primarily delocalized into anti-bonds BD"C-C, BD"N-
H, BD'C-0, and BDC-C, BDC-H, respectively, before adsorption of Pb®". This region was
experienced with high electron density (-ve) as observed from MEP (Fig. 4.39(c)) and low
electron occupancy (Fig. 4.40(a)). These two atoms with highest energy (-0.27002 a. u. for
020 and -0.28812 a. u. for N26) indicate the possibility of adsorption site relative to other
atoms with lowest energy. At the bottom of table, summary shows that the Lewis NBOs is
about 98.104% of the total electron density, with the remaining non-Lewis density found
primarily in the valence—shell anti-bonds.
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Table 4.17 NBO total charge of PCCFG-1/ DFT/B3PW91-D3/6-31G(d)/SDD.

Labels Atom NBO charge Labels Atom NBO charge
(Fig. 4.39b) (Fig. 4.39hb)

15 O -0.531 20 O -0.574

17 O -0.678 26 N -0.905

18 O -0.674 37 N -0.898

Table 4.18 Lewis and non-Lewis NBO (from NBO Summary) of PCCFG-1/ DFT/B3PW91-
D3/6-31G(d)/SDD.

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

LP(1)O1s 1.97559 -0.72543 BDcc

PCCFG-l  LP(1)Oy; 1.97855 -0.61039 BD'c-C
LP(2)017 1.86761 -0.33650 BDc-c
LP(1)O1s 1.97919 -0.61138 BDc-0
LP(2)O1s 1.86136 -0.33573 BD'c-C
LP(1)Ox 1.97252 -0.70106  BD'N-H, BD’C-0
LP(2)Ox 1.83271 -0.27002  BD'N-H, BD'C-0
LP(1)N2s 1.95073 -0.28812 BD'c-c,BDC-H
LP(1)Ns 1.95684 -0.33029 BDc-c, BD'C-H

Total Lewis 225.64006 ( 98.1044%)
Valence non-Lewis 3.96270 ( 1.7229%)
Rydberg non-Lewis 0.39723 ( 0.1727%)

After adsorption of Pb®* onto PCCFG, it was observed that the electron occupancy and
energy were changed in LP(1)Ny Lewis NBOs (Table 4.19). Transfer of electrons were
observed from nitrogen (LP(2)Nys) to lead (Pb50) [LP(2)Nzs—>LP (1)Pb], and from lead
(Pb50) to nitrogen (N26) [LP(1)Pbsp—> BD Nzs-Hz7, LP(1)Pbsp—> BD Cays-Nys] (Table
4.19). From this, we can infer that there were chemical bonding between lead and nitrogen
atoms during orbital over lapping, which shows adsorption of Pb?* onto the PPSgCG
hydrogel by chemical means. As observed in Table 4.18 and Table 4.19, the electron

occupancy was reduced after Pb** adsorption onto the PCCFG-I for all atoms. The minimum
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electron occupancy observed in PCCFG-I (before Pb?* interaction) was 1.80551 electron
were as the maximum electron occupancy was 0.99029 electron after Pb*
adsorption/interaction, which shows electron transfer during orbital overlapping and

interaction.

Table 4.19 Lewis and non-Lewis NBO (from NBO summary) of PCCFGI@Pb*/
DFT/B3PW91-D3/6-31G (d)/SDD.

Surface Lewis NBO  Occupancy (electrons) Energy(a. u) Non-Lewis NBO

PCCFG- LP(1)Oss 0.98864 -0.72167 BDc-C

|@Pb** LP(1)Oy7 0.98956 -0.62433 BDc-C
LP(2)Oy7 0.93444 -0.33683 BD'c-C
LP(1)O1s 0.98989 -0.61014 BDc-C
LP(2)O1s 0.93066 -0.33341 BDc-C
LP(1)O2 0.97601 -0.70566 BD'N-H, BD C-0
LP(2)Oz 0.92135 -0.29665 BD'N-H, BD'C-0
LP(1)Nag 0.9168 -0.28387 BD"c-c, BD'C-H
LP(2)Nyg 0.85754 -0.31618 LP"(1)Pb, RY Pb
LP(1)Ns; 0.97938 -0.32859 BDc-c, BD'C-H
LP(1)Pb50 0.99586 -0.39088  BD Ngg-Hz7, BD Cyo-

020, BD C25-Ngg

Total Lewis 112.33392 (97.8806%)
Valence non-Lewis 2.23917 ( 1.9511%)
Rydberg non-Lewis 0.19316 ( 0.1683%)

Vil. Perturbation energy analysis

The highest and the lowest second—order perturbation energy is selected for discussion in this
section. In particular, we focus on active adsorption site (-NH,, -COOH) of PCCFG-I. For
PCCFG-I surfaces, the three highest stabilization energy was observed at interacting orbital’s
LP(2)015— BD"(1)C1-O1, LP(2)030— BD’(1)C2-O31 and LP(2)O—> BD*(1)C1g-O21
with values of 39.20, 38.10 and 37.55 kcal mol™, respectively (Table 4.20). The three lowest

stabilization energy was observed at interacting orbital’s LP(1)O15—> BD"(1)Cs-Hs,
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LP(1)N2s—> RY (4)Css, and LP(1)N3;— BD'(1)Cs-C3s with values of 0.5, 0.61, and 0.69
kcal mol™, respectively. The 015, O17, 020, 030, and N26 are atoms with the highest
stabilization energy, which is perturbed (unstable) due to reactivity (Louis et al. 2022).
Hence, these atoms are susceptible to interactions involving electrophiles which agreed with

electrostatic potential (ESP).

After Pb?* adsorption (Pb*" adsorbed onto N26), for PPSgCG-1@Pb** (Table 4.21), the lower
stabilization energy (perturbation energy) was observed in adsorption site (020 and N26) at
interacting orbital’s LP(2)O2—> LP (4)Pbso, LP(2)Ns— LP (4)Pbso, and
LP(1)O2— LP*(3)Pbso with values of 0.24, 0.26, and 3,68 kcal mol™, respectively. These
shows decreases in electron density around 022 and N26 after interacted with Pb*, which

shows the transfer of electron from —O and —N atoms to Pb.

Table 4.20 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PCCFG-I/ DFT/B3PW91-D3/6-31G(d)/SDD. Threshold for printing: 0.50 kcal mol™

Surface  Donor (i)  Acceptor (j) E*(i, j)(kcal mol™)  E(i)-E(j)(a. u) F(, j)(a. u)

LP(1)O;s BD’(1)Cs-Hg 0.50 1.18 0.022
PCCFG- LP(2)01;; BD'(2)C,-Cs 28.92 0.35 0.095
| LP(1)0O1s BD’(1)C-Co 6.80 1.19 0.080
LP(2)0% BD'(1) C11-Cig 19.64 0.67 0.105
LP(2)O% BD'(1)C19-Ox 37.55 0.60 0.135
LP(1)N2s BD'(1) C2-Css 9.44 0.66 0.070
LP(1)N2s  RY'(4)Cys 0.61 2.26 0.034
LP(1)Ns; BD’(1)Cas-Has 8.16 0.76 0.070
LP(1)N3; BD’(1)C32-Cas 0.69 0.68 0.019

On the other hand, electron transfer from Pb to —-N and —O atoms with interacting orbital’s
LP(1)Pbso— RY (4)Nzs,  LP(1)Pbso— BD (1)Nag-Hz7, LP(1)Pbsg— BD'(2)C1g — O2, and
LP(1)Pbsy— BD"(1)Cas - N2 with values 0.05, 0.17, 0.29 and 0.63 kcal mol™ stabilization
energy, respectively. Overall, the stabilization energy of O15, 017, 020, O30, and N26
atoms were decreased after the adsorption of Pb®* onto PCCFG. For instance, the maximum
stabilization energy of 020 (LP(2)O2 —> BD"(1)Cig - O,1) and N26 (LP(1)Nzs— BD*(1)Cps-
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C,s) before interacted with Pb?* were 37.55 and 9.44 kcal mol™. However, after interaction
with Pb?*, the maximum stabilization energy of 020 (LP(1)O2—> LP (3)Pbso) and N26
(LP(2)N26 — LP"(4)Pbso) were 3.68 and 0.26 kcal mol™, respectively. These shows strong
interaction and orbital over lapping between Pb?*, oxygen, and nitrogen atoms. Moreover, the

oxygen and nitrogen atoms were less perturbat (more stable) after interaction with Pb*".

Table 4.21 Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of
PCCFG-1@Pb?*/ DFT/B3PW91-D3/6-31G(d)/SDD. Threshold for printing: 0.25 kcal/mol

Surface Donor (i)  Acceptor (j) E%(i, j)(kcal mol™)  E(i)-E(j)(a.u) F(ij)(a. u)

PCCFG- LP(2)0;5 BD'(1)Cis- Os6 19.19 0.56 0.132

I@Pb**  LP(2)0;; BD'(2)C;- C4 14.28 0.35 0.094
LP(2)0;3 BD'(2)C;- Co 15.60 0.35 0.098
LP(2)02% BD'(1)Cy-Ox 14.80 0.63 0.123
LP(1)N2s BD'(1)Ca - Czs 4.32 0.65 0.069
LP(1)N2s BD (1)Cos - Has 0.28 0.73 0.019
LP(1)Ns; BD’(1)Ca1 - Ha» 3.92 0.77 0.069
LP(1)Pbsy BD'(2)Ci9— Oz 0.29 0.39 0.014
LP(1)Pbsy BD"(1)Cus - Nog 0.63 0.80 0.028
LP(1)Pbsy BD"(1)Nas - Ha 0.17 0.89 0.015
LP(1)Pbsy LP(2)Pbso 1.17 0.45 0.031
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CHAPTER FIVE
CONCLUSION and RECOMMENDATION

5.1. Conclusion

The synthesized hybrid bio-hydrogels were biodegradable; possess robust regeneration
ability for further use, short adsorption processing time and better stability with good

adsorption performance towards heavy metals both in single and competitive environment.

The synthesized hybrid bio-hydrogel also shows moderate adsorption performance in

sequestration of heavy metals from real wastewater.

The output result from this work reveals high surface area of graphene oxide together with
modified/functionalized with L—cysteine and blending with chitosan—grafted starch makes the
synthesized hydrogels to possess high adsorption performance. Besides, surface modification
of biopolymer materials changes the intrinsic properties such as instability, weak affinity, low

degree of swelling, and slow kinetic adsorption time.

Together with kinetic model, the DFT result shows that the metal ions adsorption involves
exchange of electrons between the adsorption site (-NH;, -CONH;, -COOH, —SH) of the
hydrogel and the metal ions. The results from EDX also reveal that the metal ions were
adsorbed onto the hydrogel via complexation/coordination and ion exchange.

Results from theoretical investigation (DFT calculation) such as Frontier molecular orbital’s
(FMO) analysis, natural bond orbital (NBO) result, and perturbation energy analysis as well
as results from experimental investigation such as FTIR and EDX shows heavy metal

adsorption onto the hydrogel were via chemical bonding/covalently bonded.

Overall, synthesized hybrid bio—hydrogel adsorbents possess remarkable adsorption capacity,
robust regeneration ability for further use, short adsorption time and fast adsorption kinetics.
These analysis and the aforementioned results indicate that the synthesized hybrid bio-
hydrogel adsorbent have a potential for the removal of heavy metal ions from real wastewater

with fairly losing adsorption capacity after repeatedly regenerated for further use.
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5.2.

Recommendation

Based on our findings, we recommend XPS analysis and study the Quantum Theory of
Atoms in Molecules (QTAIM) by using DFT and other level of theory to understand

deeply the adsorption mechanism of heavy metals.

Based on our findings, we recommend on future work should be focus on improving

the grafting efficiency of biopolymer.

To know the stability of the hydrogel in continuous flow industrial wastewater

treatment, we recommended in future work to studies in fixed—bed column mode.

To develop the practical application of the PPSgCG, CZVI-CS-PVA, and PCCFG for

heavy metal removal, a pilot—scale experimental test is recommended.

It is recommended to do a thorough cost—benefit analysis for using PPSgCG, CZVI-
CS-PVA, and PCCFG hydrogel for heavy metal remediation.
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Annexes

Annex 1| Calibration curve
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Annex 2| Grafted starch synthesis (lab images and Schematic diagram).
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Annex 3| Graphene oxide synthesis by improved Hummer’s method.
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Annex 4| Graphene oxide functionalization with L-cysteine
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Annex 5| PPSgCG hydrogel synthesis
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Annex 6| PCCFG hydrogel synthesis
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Annex 7| CZVI — CS — PVA hydrogel synthesis
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Annex 8| Optimization—frequency calculation of PPSgCG-I: showing
convergence/DFT/B3PW91-D3/6-31G(d).
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Annex 9| Optimization—frequency calculation of PPSgCG-I: showing +ve
frequency/DFT/B3PW91-D3/6-31G(d).
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Annex 11| Bond length (A) of converged PPSgCG-1@Cr®"/ DFT/B3PW91-D3/6-
31G(d)/SDD.

Annex 12| HOMO (with orbital energy) of PPSgCG-1I/DFT/wB97XD/6-311+G(d,p)
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Annex 13| LUMO (with orbital energy) of PPSgCG-I/DFT/wB97XD/6-311+G(d,p)
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Annex 14| IR (from frequency calculation) of PPSgCG-I/ DFT/B3PW91-D3/6-31G(d)/SDD.
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Annex 15| IR of converged PPSgCG-I@Cr®*/ DFT/B3PW91-D3/6-31G(d)/SDD.
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Annex 12| Total NBO charge of PPSgCG-I/ DFT/B3PW91-D3/6-31G(d).
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Annex 18| Optimization — frequency calculation of PCCFG-I: showing convergence
criteria/DFT/B3PW91-D3/6-31G(d).

) GEMI:VI - opt-cys-GO-CS-uff-dft.chk (s fchina/Desktop/For thesis-PCCFG and PPSgCG/opt-cys-GO-CS-uff-dft.chk)
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File Edit Formst View Help
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D115 -2.96146 ©.00000 ©.00000 -9.00030 -0.90030 -2.96
Ttem Value Threshold Converged?
Maximum Force 8.000014 8.000450 YES
RMS Force ©.a00003 @.e00300 YES
Maximum Displacement 8.001200 8.001800 YES
RMS Displacement 8.000241 8.001200 YES
Predicted change in Energy=-1.356865D-88
Optimization completed.
-~ Stationary point found.
! Optimized Parameters !
! (Angstroms and Degrees) !
! Neme Definition Value Derivative Info.
1Rl R(1,2) 1.4036 -DE/DX = 8.8
1R2 R(1,3) 1.3817 -DE/DX = 8.8
1 R3  R(1,50) 1.0859 -DE/DX = 8.8
1 RA R(2,4) 1.3795 -DE/DX = 8.8
1 RS R(2,17) 1.3588 -DE/DX = 8.8
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! R17  R(10,11) 1.377 -DE/DX = e.e
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Annex 20| Bond length (A) of optimized PCCFG-1@Pb**/DFT/B3PW91-D3/6-31G(d).

Annex 21| HOMO (with orbital energy) of PCCFG-I/DFT/wB97XD/6-311+G(d,p)
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Annex 22|LUMO (with orbital energy) of PCCFG-I/DFT/wB97XD/6-311+G(d,p)

1) G3M1- MOs. - X
Current Surface 118 —-— 0.02660 »
118 i 0.02317
117 i 0.00363
116—.— -0.03715 W
PPN e
114 i -0.32516
113 —.— -0.33082
112 —l -0.34265
111 i -0.36236
110 —.— -0.38185
109 —l -0.38578
lo8 i -0.39078
107 i -0.39987
MO ( (MO = 116) ; Isovalue = 0.02)
o v

Charge: Spin: Gaussian MOs from: energy-opt-PCCFG-I-dft.chk (Ci/Users/china/Desktop/For thesis-PCCFG and PPSgCG/energy-opt-PCCFG-I-dft.chk)
New Gaussian MOs New Ampac MOs Visualize Calaulation Diagram

—_— Cube o

Add Type: |LUMO - | addust: 1162 ]

CurrentList: | 1162 ) i

- |}J Type here to search | (o] [=f e -L i % e e 2 g &Ei A~ E o) NG ;:;:;; %‘

Annex 23| Frequency of converged PCCFG-I/ DFT/B3PW91-D3/6-31G(d)/SDD

2] G5:M1:V1 - opt-frq-PCCFG-1-uff-dft.chik (D:/opt-frq-PCCFG-1-uff-dft.chk)

G5:M1:V1 - Vibrations - o x |X

acive oot [p3m0 7] o [Rewpemn] [Facmsmom]
Harmonic
Mode £ Frequency Infrared 2
1 1 2006 0.3852
2 2 2941 0.8240
3 3 3429 0.1436
4 4 4229 0.6326
5 5 4476 0.2627
6 6 56.23 3.0697
7 7 65.84 0.1630
8 8 67.22 0.3660
9 9 8182 27848
10 10 2479 1.1996 .

Animate Vibration:

o s Frame Dely (rsec):
Displacement Amplitude: 1

[ show Displacement Vectors Scale:

[ show Dipole Derivative Unit Vector ~ Scale:

[ Manual Displacement: 0.00 Save Structure...

Scale frequendes? |Don'tscale v | 10000

D [ onw | e | e |

50 atoms, 230 electrons, neutral, singlet

tom 1

vamn By

SR P Typeheretosearch [e]

hing
|®
|3
B
D
e
)
o]
]
=)
&
H
(0]
n
&
>
0
0
[
9
z
%

165



Annex 24| IR (from frequency calculation) of PCCFG-I/ DFT/B3PW91-D3/6-31G(d)/SDD
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Annex 25| Optimization — frequency calculation of PCCFG-1@Pb**:
Showing convergence criteria/DFT/B3PW91-D3/6-31G(d)/SDD.
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Annex 26| Frequency of converged PCCFG-I@Ph?*/ DFT/B3PW91-D3/6-31G(d)/SDD
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Adsorption of Cr (VI) ion from aqueous solution on acrylamide - grafted starch
(Coccinia abyssinicca) - PVA/PVP/chitosan/graphene oxide blended hydrogel:
isotherms, kinetics, and thermodynamics studies

Endalu Lemma, Zebene Kiflie, and Shimelis Kebede Kassahun

School of Chemical and Bio-Engineering, Environmental Engineering Chair, Addis Ababa Institute of Technology, Addis Ababa University,
Addis Ababa, Ethiopia

ABSTRACT

Adsorption-based research toward biodegradable polymers has received much attention in recent
years due to environmental concerns. Polysaccharides in this domain are interesting starting
materials for the preparation of novel adsorbents. In this work, novel type of biopolymer-based
hybrid hydrogel (HH) was designed for removal of Cr (V1) ion from aqueous solution. Polyvinyl
aleohol (PVA), polyvinylpyrrolidone (PVP), acrylamide-grafted native starch (Coccinia abyssinica) (ST-
g-AAm), chitosan (C5), and graphene oxide {GO) were used to prepare PVA/PVP/ST-g-AAmMACS/GO
HH. Physiochemical properties of freeze-dried hydrogel were characterized by Fourier transform
infrared spectroscopy, scanning electron microscopy, thermogravimetric analysis, and swelling
tests. Adsorptions of Cr (V1) ion onto the hydrogel as functions of initial Cr (V1) ion concentration,
pH, time, hydrogel dose, and temperature have been studied. The adsorption data agree with
Langmuir isotherm at 25°C and follow pseudo-second-order kinetic model at pH of 2. The maximum
adsorption capacity of the hydrogel was 93 mg g". The obtained negative standard Gibb's free
energy (AG* = - 1.120 kJ mel™') and negative enthalpy (AH® = - 2.360 kI mel™') reveal the
spontaneity and exothermic nature of Cr (VI) ion adsorption. Moreover, the adsorption thermo-
dynamics shows enthalpically favering host-guest complexion along with decrease in entropy.
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Adsorption of Pb?* and Cd?* on the L-cysteine-functionalized
graphene oxide/chitosan/polyvinyl alcohol hydrogel:
Kinetic, isotherm, and thermodynamic study

Leta Lemma © | Zebene Kiflie | Shimelis K. Kassahun

Abstract

In this study, Palyvimd akcohal-chitosan-cysteine-functionalized graphene oxide
{PCCFC) hydrogel was synthesized from 1-cysteine-functionalized graphene axide
{CFG), chitasan (CS), and potyvind alcohol (PYAL The hydrogel was characterized by

Al Ababa Wstibte of Tedwology, Addis
Ahaba University, P.O. Box 385, King George:
W1 St Adidis Ababa, Ethioga.

Emsail: rebeme kifle@amnede et and
kiflez @ pmail com

Fourier transform infrared specirscopy, scanning electnon microscopy, and energy-
dispersive X-ray spectroscopy and employed for decontamination for kead bon [PE™)
and cadmium jon (Cd™) from agueous solution. The effects of initial metal jon
concentration, hydrogel dose, pH, time, and temperature were studied. The
experimental data were well described by a pseudo-second-order kinetic model and
Langmuir isotherm with maximum adsorption capacities of 250 and 192 mgg™ at
259C for Pb®' and Cd®', respectively. The adsorption capacity of the PCCFG
Iwydrogel increased with the increase in temperature. The value of AG® was negative,
which shows the spontaneity of the reaction felectron exchange or ion exchange)
Ibetween the metal ion and electron-rich atoms (-N, -5, -0 The positive AH® shows
affinity of PCCFG toward the Pb™ and Cd®* jons. Po™ had better affinity and less
spontaneity than Cd™. The results show that the coexistence of Po™*, Cd™, and
Cu™ in the solution inhibits the sdsorption capacity of POCFG.
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