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Abstract

The need for a viable and sustainable environment has triggered the increased prefer-
ence for eco-friendly agro-based biosorbents to synthetic ones. In this study, a super-
absorbent hydrogel (‘c-hydrogel’) synthesized from a renewable agro-based precur-
sor via polyacrylonitrile (PAN) graft copolymerization and subsequent hydrolysis
was utilized for aqueous lead [Pb(II)] uptake. The chemical structure (using Fourier
transform infrared spectroscopy, FTIR equipment), surface morphology (using scan-
ning electron microscopy, SEM equipment) and the physicochemical properties of
the synthesized ‘c-hydrogel’ were investigated. Similarly, the effect of some process
variables on the biosorbents’ adsorption capacity, as well as the process equilibrium
and kinetics modelling, was also undertaken in the study. The isotherm data were
best fitted to the Langmuir and Temkin model, with a maximum adsorption capacity
of 264.37 mg/g and fast kinetics of 40 min at pH 5.0. Conversely, the kinetic data
were well fitted to the pseudo-first-order model. The ‘c-hydrogel’ showed a high
water absorbency of 550 g water/g ‘c-hydrogel’ and demonstrated effectiveness, as
a renewable and eco-friendly biosorbent for the aqueous lead ion [Pb (II)] removal.
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Introduction

Heavy metal pollutants pose a major environmental sustainability challenge
[1-3]. Due to their relative non-degradability, these highly toxic contaminants
readily accumulate within living cells and as such cause serious long-term health
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damages [1, 4, 5]. Lead ion is one of the most commonly identified aqueous con-
taminants in the battery, paint, dye and pigment industrial waste streams [1, 6].
However, due to non-stringent waste disposal regulations and improper industrial
effluent disposal habit, some of these lead ions make their way into the food chain
(either in drinking waters or contaminated seafood). Based on literature reports,
the risk of lead ion pollution is enormous, as they can readily metabolize into an
invasive poison, with a strong enzymatic inhibitory effect [7]. Also, prolonged
exposure to lead contamination mainly through the ingestion/consumption of
lead-contaminated substances can result in various disease such as renal failure,
mental ineptitude and anaemia [1, 5, 8]. Since their permissible contamination
limit is set at 0.05 mg L~! [9], lead ion uptake using an efficient technique is
paramount.

Considering the aforementioned negative consequences of lead pollution, coupled
with their relative non-degradability, the need for their effective sequestration from
the aqueous environment is further justified. Consequently, various techniques like
ion exchange, membrane filtration, chemical precipitation, electrodeposition have
been applied for aqueous Pb(II) uptake [10—12]. Meanwhile, the large scale applica-
tion of these remedial techniques has shown several disadvantages which include
poor thermostability and reusability [13], exorbitant operational cost [11] and gen-
eration of a huge volume of post-treatment sludge [14]. The biosorption technique
using low-cost biosorbent precursor is currently explored as an efficient alterna-
tive for treating heavy metal-laden wastewater. The preference for the biosorption
approach is related to its operational flexibility, process efficiency, efficient regen-
eration of spent adsorbent, etc. [15].

The usefulness of natural polymers-based biosorbents in heavy metal sorption
either in its raw or modified form has been reported [4, 16-21]. However, the exist-
ence of structural crystallinity and high amylose content reduced the sorption capac-
ity of the raw polymers by limiting the cationic species’ access to the active sites
of these polymers [22]. To forestall such limitation, researches into the chemical
modification/functionalization (via improvement of the available functional groups)
of these native carbohydrate polymers are currently in progress [1]. Polymer sorb-
ent functionalization is often achieved through different chemical techniques like
copolymer grafting, hydrolysis, etc. [23]. The graft copolymerization process is used
to introduce relevant metal-binding sites such as carboxyl, amino group, etc., as well
as significantly modify the starch/polymer network [22, 24]. Abd El-Ghany et al.
[25] and Abd El-Ghany et al. [26] synthesized novel hydrogel adsorbents by graft-
ing of corn starch and 4-acrylamidobenzoic acid (4ABA). During the hydrogel syn-
thesis, diallyldimethylammonium chloride and ammonium persulfate (APS)/sodium
bisulfite were used as the cross-linker and redox initiator, respectively. By varying
the concentration of the crosslinker, thermally stable hydrogels of high swelling
capacity were obtained in the studies.

Therefore, the study aims at the synthesis of copolymerized starch-based hydrogel
(c-hydrogel) via a two-stage process involving grafting of polyacrylonitrile to the native
starch and further hydrolysis of the copolymerized starch to hydrogels. The lead ion
adsorption properties of the synthesized ‘c-hydrogel’ adsorbent were evaluated under
the effect of certain process variable via batch mode. Furthermore, physicochemical,
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morphological and structural characteristics, as well as the equilibrium and kinetic
modelling behaviour of the ‘c-hydrogel’, was elucidated in the study.

Materials and methods
Materials

Corn starch was obtained from the Egyptian Starch and Glucose Manufacturing Com-
pany, Cairo, Egypt. All other laboratory grade reagents utilized in this work including
polyacrylonitrile, ammonium cerium (IV) nitrate (CAN), lead acetate, etc., were sup-
plied by Merck, Germany.

Methods
Graft procedure

The procedure followed in this study for the polyacrylonitrile-starch grafting was
according to an earlier procedure reported by Abdel-Halim [16], with slight modifica-
tions. The procedure involves the gelatination of a 2.0 g of dried corn starch in a suit-
able (enough to form a gel) volume of water contained in a 100 mL Erlenmeyer flask.
The mixture was heated to and maintained at 85 °C for 30 min using a thermostatic
water-bath. Afterwards, 50 mL of polyacrylonitrile and 10 mL of a binary mixture of
freshly prepared ammonium cerium (IV) nitrate and 1 N HNO; (comprising 1:2 ratio,
respectively) were introduced into the flask containing the already cooled (30-33 °C)
gelatinized starch. The set-up was left to stand for 1 h at ambient temperature (30 +
3°C) and continuous stirring (150 rpm).

The reaction by-products (homopolymers) were further eliminated via the precipita-
tion of the starch copolymer in N, N-dimethylformamide (DMF). The resultant pre-
cipitates (homopolymer-free graft-starch) were consequently obtained, washed with
deionized water and then oven-dried at 50 °C to constant dry weight. Following the
micro-Kjeldahl method [27], the % nitrogen content of the graft-starch was estimated,
while the % graft yield was evaluated from Eq. (1) [21, 28].

(N(%)%53)

%Graft yield = ———
crait yie [100—(/\1(%)*53)] @)

14

NB: 53 and 14 are the molecular weight (g/mol) of polyacrylonitrile and nitrogen
(N), respectively.

Hydrogel synthesis
1.0 g of the grafted starch composite was treated with 10 mL of 0.7 N NaOH in a

loosely stoppered (to permit ammonia evolution) flask. The mixture was mechanically
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stirred using a thermostatic magnetic stirrer (at 150 rpm and 95 °C) until the com-
pletion of the saponification (indicated by a solution colour change from deep red to
light yellow). Afterwards, the hydrolyzed gel was dispersed in a predetermined vol-
ume of methanol (coupled with stirring for 5 min) and subsequently charged into an
excess volume of ethanol. The precipitate was washed with acidified ethanol until neu-
trality, filtered off and oven-dried (60 °C, 3 h) to obtain the superabsorbent hydrogel
(‘c-hydrogel’).

Hydrogel swelling capacity measurement

In the procedure, 1.0 g of the ‘c-hydrogel’ was impregnated in distilled water (100 mL)
at ambient temperature (30 + 3°C) and left to absorb water until its saturation point.
The fully swollen ‘c-hydrogel’ was recovered as filtrate, drained and reweighed. The
water absorption capacity of the ‘c-hydrogel’ was evaluated from Eq. (2) [16, 28].

8

. . M, - M,
Swelling capacity | = | = ———
8

7 @)

where M| and M, are the masses of swollen ‘c-hydrogel’ and dry ‘c-hydrogel’.

Adsorption experiments

By dissolving an appropriate amount of lead acetate in deionized water, the stock solu-
tion (1 g L™!) was obtained. Meanwhile, the working lead ion concentrations were fur-
ther achieved from the serial dilution (using deionized water) of the stock solution.

During the adsorption experiment, a predetermined amount of ‘c-hydrogel’
was charged into the adsorbate solution (100 mL) contained in a 250 mL conical
flask. The mixture was stirred mechanically using a magnetic stirrer (Stuart, Model
UCI151/120 V/60) at 150 rpm and 30 °C. At a specified interval, test samples were
withdrawn from the mixture, filtered through Whatman No. 41 filter paper and the
remaining lead ion concentration was measured using atomic absorption spectropho-
tometer (AAS, ZA3000, HITACHI, Japan). By varying the solution pH using either
0.1 M HNO; or 0.1 M NaOH as appropriate, the effect of pH studies was investigated
in the pH range of 2.0-5.0. Similarly, the effect of time (0—60 min) and adsorbent dos-
age (0.3—4.0 g/L) was also investigated.

The associated adsorption parameters such as the % uptake efficiency (RE %) and
the amount of lead ion adsorbed at equilibrium (g,) are calculated from Eqgs. (3)-(4),
respectively.

Cc,-C
RE (%) = OC < - 100% (3)

o

(c,-¢c,)Vv

= ° 4
q. W “4)
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where C,=Initial lead ion concentration (mg L_l), C,=lead ion concentration at
equilibrium (mg L™Y), W=Mass of ‘c-hydrogel’ used (g), V=volume of adsorbate
solution used (L).

Adsorption modelling
Kinetics models

The kinetic evaluation for the study was conducted using the pseudo-first-order, PFO
[29] and pseudo-second-order, PSO [30] model at varying initial adsorbate concen-
trations. The mathematical expression of the PFO and PSO models is, respectively,
presented in Eqs. (5) and (6).

q; = qe[l — €Xp (_klt)] )
ko g =t
" vk 1) ©

NB: PFO and PSO rate constants are denoted by k; (1/min) and k, (g/(mg min),
respectively.

Isotherm models

Four classical and commonly applied isotherm models, namely the Langmuir [31],
Freundlich [32], Temkin [33] and Dubinin—Radushkevich [34] models, were inves-
tigated for modelling the equilibrium data. The mathematical expression, as well
as other analogue equations associated with the respective isotherm models, is pre-
sented in Table 1.

Error function models

In this study, the kinetic and isotherm model parametric evaluations were achieved
via the nonlinear regression of the respective experimental kinetic and equilib-
rium data using the solver function of the Microsoft Excel, 2016 model. Consid-
ering the inadequacy of the coefficient of determination alone for describing non-
linearly regressed data, six error function models were consequently adopted. The
error models include the average relative error, ARE [35], average percentage error,
APE [36], the sum of squared error, SSE [37], hybrid fraction error, HYBRID [38],
Marquardt’s Percent Standard Deviation, MPSD [35] and nonlinear chi-square test,
27 [39]. The mathematical expressions of these error model are shown in Table 2.
Notably, the error models generated a given error value for each of the isotherm and
kinetic models. Due to obvious inconsistency in the obtained error values and the
need to perform holistic analyses, the error values were subsequently normalized
following the guide provided by Hashem et al. [40] and Menkiti et al. [41] to obtain
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Table 1 The applied isotherm

. Model name Model equation
model equations
Langmuir q, = 4nkCe
€7 14k,C,
R, = ——
L7 14k, C,
Freundlich P
qe = KF(Ce) "
i RT
Tempkin 9.=7% In ( KTCe)
D-R* B L1l 2
9. =4p * exp§ —fp [RT< + F)]
_ 1
V2P

NB: ¢, (mg/g) and C, (mg/L) are the adsorption capacity per unit
mass of adsorbent and the adsorbates’ equilibrium concentration,
respectively. The g,, (mg/g) denotes the monolayer adsorption capac-
ity, while k;, (L/mg) and R, are the Langmuir constants. K, (mg/g)
and nj are Freundlich parameters that denote Freundlich the adsorp-
tion capacity and adsorption intensity, respectively. The K; and b,
are Temkin constants, while /3, is the D-R model constant

D-R* Dubinin—Radushkevich

Table 2 Mathematical expression of the different error function models

Error function Equation
Average relative error (ARE) ARE = 2 () ep.~()cate.
i=1 (qz exp.
Average percentage error (APE) H((q‘) (4 ) /qcxp]
APE% = — x 100

Sum squares error (ERRSQ/SSE)

Hybrid fraction error function (Hybrid)

Marquardt’s percent standard deviation
(MPSD)

Nonlinear chi-square test (5°)

Coefficient of determination (R%)

ERRSQ = ;} [(qe)calc. - (qe)exp-r

100 ((qﬂ)ew,—(qa)calc,):
Hybrid = - g:l [T

i

v [ (@@ ) ]
| o] 1 9e)exp. ™\ e )carc
MPSD = J > ,; |:—(q")cxp :|

-y (40 exp=e theoreica)”

e theoreticd

—\2

R = S (Gecac—Teop)
- —\2 2
i (%,calrfh t:xp) +X (‘7« cale ~Fe exp)
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Starch—QH + H,C=CH-C=N _CAN StarCh—O——(CHz-(,JH)n—

Initiator
[Raw starch] [polyacrylonitrile, PAN] C=N

[PAN-grafted starch]

Scheme 1 Schematic representation for the synthesis of PAN-grafted starch

StarCh_O—(CHz-(,)H)n— Starch—

C=N

[PAN-grafted starch]

+NaOH —

[PAN-grafted starch hydrogel]

Scheme 2 Schematic representation for the conversion of the grafted starch to hydrogel

the sum of normalized error (SNE) values. Meanwhile, the isotherm and Kkinetic
model that depicts the lowest SNE value is thus considered the best fit.

Results and discussion
Mechanism of hydrogel synthesis

The reaction stages (polyacrylonitrile grafting and hydrogel formation) involved
during the synthesis of the biosorbent (‘c-hydrogel’) are represented stoichiometri-
cally in Schemes 1 and 2. The polymerization reaction between the starch hydroxyl
groups and the polyacrylonitrile (PAN) compound in the presence of ammonium
cerium (IV) nitrate, (CAN) initiator, afforded the PAN grafted starch as shown in
Scheme 1. By subjecting the PAN grafted starch to further saponification reaction
with sodium hydroxide, the desired hydrogel biosorbent (‘c-hydrogel’) is obtained
as illustrated in Scheme 2.

Biosorbent characterization
Surface morphology studies

The SEM equipment [TESCAN CE VEGA 3 SBU (117-0195- Czech Republic)]
operated at 1000 X magnification was used to obtain the surface morphologies of the
raw starch, grafted starch and ‘c-hydrogel’. The resulting SEM images as presented
in Fig. la—c show the resemblance of a heterogenous woollen matrix assemblage,
with fibrous interconnections. Upon further visual comparison, no significant dif-
ferences were observed between Fig. la, b. This is because the polyacrylonitrile
grafting simply introduced nitrogen-based functional groups which could only be
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Fig. 1 SEM images for a gelatinized maize starch b grafted starch and ¢ ‘c-hydrogel’

elucidated by surface chemistry analyses. Meanwhile, better surface aggregated
patches of superior particle agglomeration, surface roughness and porosity were
observed in the hydrolysed grafted starch, ‘c-hydrogel’ (Fig. 1c). These ‘c-hydrogel
characteristics of beneficial for cation binding.

Surface chemistry studies

The available surface functional groups of the biosorbent sample and the precur-
sors were obtained using FTIR equipment (FT-IR spectrometer 4100 JASCO
— JAPAN). Following the KBr disc technique, the spectra were recorded in the range
of 400—4000 cm™! (scanning speed: 2 mm/sec, resolution: 4 cm™'). Figure 2 (FTIR
spectra for raw starch, grafted starch and ‘c-hydrogel’) is characterized with some
common and identical peak at wavenumbers 3290 cm~' (H-bonded OH stretch),
2927 cm™! (C-H stretch) and 1010 cm™! (C-O stretch) [42]. The amide C=0 stretch
domicile at 1543 cm™' was very pronounced in the c-hydrogel spectra when com-
pared to that of the raw and grafted starch. Similarly, the C—H stretch of the grafted
starch was suppressed sequel to the saponification reaction. Consequently, several

27,

Pl 90 =\ \
\ I .
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- | - Y %
W/ e 1
o &
- ' | )
8 X P |
L 3
X/
" 23,
| 1656 1396
----- wsach 13
v Grafted stygh
‘c-hydrogel’

4000 3500 3000 2500 2000 1500 1000 5(']0
Wavenumber (cm™)

Fig.2 The FTIR spectra of raw starch, grafted starch and ‘c-hydrogel’
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Table 3 The ‘c-hydrogel’ physicochemical characterization result

N% in grafted starch composite N% in hydrolyzed grafted starch (Hydrogel) Water uptake (g/g)

10.3 3.0 550
A 250 B 250

200 1 2001
@ 150 4 % 150 4
g E
o 1001 o 100+
=

50 501

0 Adsorbent concentration(g/L) 0 pH
0 1 2 3 4 5 1.6 22 2.8 3.4 4 4.6 5.2

Fig.3 The effect of a adsorbent concentration and b solution pH on adsorption capacity

nitrogen-based functional groups introduced during polyacrylonitrile grafting were
identified on the ‘c-hydrogel’ spectra at 1396 cm™" (CN stretch) and 1656 cm™' (NH
bend of primary amine).

Physicochemical analyses result

The extent of grafting expressed as % nitrogen content and the water absorption
capacity of the biosorbent are shown in Table 3. The % nitrogen content of the
‘c-hydrogel’ is about 3 times less than that of the PAN grafted starch. This result
is very much as expected since most of the cyano groups of the grafted starch were
converted to amide and carboxylate groups during hydrogel formation. However,
these carboxylate groups were not so pronounced in the FTIR analyses result as they
were subsequently eliminated from the saponification precipitates.

Furthermore, the water absorption capacity of the synthesized ‘c-hydrogel’ is
recorded as 550 g water/g ‘c-hydrogel’ (Table 3). This water absorption value is
reasonably high and according to Abdel-Halim [16], such high water absorbency
could have resulted from the structural alteration (such as molecule disorientation,
free volume magnification, etc.) associated with the PAN copolymer grafting.

Effect of the process variable

The relationship between the adsorbent dosage and the adsorption capacity is very
useful in the study of adsorption systems as they relate to the number of adsorp-
tion sites [43]. A plot of the aforementioned relationship as presented in Fig. 3.
The plot depicted an inverse relationship between both factors (adsorption capac-
ity and adsorbent dosage). An increase in the adsorbent dosage from 0.3 to 4.0 g/L
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resulted in about an 80% reduction in the adsorption capacity. Hence, for every
1.0 g/L increase in adsorbent dosage, there is about a 10% reduction in the adsorp-
tion capacity until no more substantive adsorption capacity was recorded (beyond
4.0 g/ adsorbent dosage). The above observation is explained thus, at the initial low
adsorbent dosage (0.3 g/L), there is a high affinity between the adsorbate molecules
and the available active sites [44]. However, as the amount of adsorbent increased,
the adsorption capacity dropped (despite the supposed active sites increment), due
to possible active sites clogging, overcrowding and interference [45].

A proper study and understanding of the pH effect on a given metal ion adsorp-
tion system is key to establishing the nature and degree of interaction between the
adsorbent and adsorbate [46]. According to Fig. 3b, a consistent increase in adsorb-
ate solution pH from pH 2.0 to pH 5.0 favoured the adsorption capacity and raised it
from 0 mg/g (at pH 2.0) to 213.8 mg/g (at pH 5.0). This observation is due to signif-
icant protonation of the ‘c-hydrogel’ active sites at lower pH ranges, thus resulting
in ionic competition between the adsorbates and the hydrogen ion (H™). Preliminary
studies showed a reduction in adsorption capacity as the adsorbate solution pH was
increased beyond pH 5.0 due to precipitation of the lead molecules as hydroxides.
Therefore, the optimum adsorbate solution pH condition was established at pH 5.0.

Equilibrium studies

Equilibrium studies help in predicting the maximum adsorption capacity, uptake
process design and biosorbent optimization for large scale applications [47, 48]. The
present study evaluated the fitting ability of four (4) classical 2-parameter isotherm
models (namely Langmuir, Freundlich, Temkin and Dubinin—Radushkevich models)
to the experimental equilibrium data. The isotherm plot generated for the study is
presented in Fig. 4. The plot showed an ordered curve line of initial rapid adsorp-
tion which further equilibrated towards the equilibrium concentration (C,) axis at
a higher concentration range. This isotherm shape is typical of an L-type isotherm
based on the Giles classification system [49] and specifies progressive ‘c-hydrogel’

240 . :

180 1

q.(mg/g)

® Experimental
/. .

4 = = = Langmuir

= + = Freundlich
Temkin

— .- DR

60 4

0 100 200 300 400
C.(mg/l)

Fig.4 Isotherm model plots
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Table 4 Isotherm model Langmuir Freundlich Temkin D-R*
parameters
Grnax =264.37 np=2.51 A;=89.68 qp=1261.92
K;=8.88 K;=25.87 br=108.30 Pp=9.3E-04
R,=0.033 R*=0.987 R*=0.982 R*=0.996
R*=0.986
D-R* Dubinin—Radushkevich
Table 5 Error values for isotherm modelling
Langmuir Freundlich Temkin D-R*
ARE=0.548 ARE=0.681 ARE=0.618 ARE=0.248
APE=7.835 APE=9.730 APE=8.829 APE=3.538
EABS =79.501 EABS =139.555 EABS =89.061 EABS =55.404

ERRSQ=4402.719
Hybrid=32.571

ERRSQ=3939.494
Hybrid=18.916

ERRSQ=5776.996
Hybrid=42.679

ERRSQ=1259.337
Hybrid=5.708

MPSD=0.241 MPSD =0.095 MPSD=0.316 MPSD =0.026
X?=21.909 X>=19.826 X?=27.448 X>=6.515
SNE =1.032 SNE =1.048 SNE =1.029 SNE =1.057

D—-R* Dubinin—Radushkevich

sites saturation during biosorption. Furthermore, L-type isotherm is analogous to
monolayer adsorption, with significant adsorbate—biosorbent interaction and negligi-
ble solvent-adsorbate ionic competition [50].

Tables 4 and 5, respectively, present the nonlinearly regressed isotherm param-
eters and the corresponding sum of normalized error values for the respective mod-
els. The result shows that the Langmuir (R>=0.986 & SNE=1.032) and Temkin
(R*=0.982 & SNE = 1.029) model provided the best fit to the experimental equilib-
rium data despite the higher R* values depicted by the Freundlich (R?=0.987) and
D-R (R?>=0.996) models. This decision on the best fit model was reached on basis
of the sum of normalized error (SNE) values, as the Freundlich and D-R models
depicted relatively larger SNE values. The Langmuir maximum adsorption capac-
ity was recorded as 264.37 mg/g, while its R, value indicates favourable adsorption,
as well as confirms the biosorbent effectiveness. Similarly, the large positive Tem-
kin constant (b;) value is synonymous with the exothermic adsorption process. The
emergence of the Langmuir and Temkin model as the top best fit models suggests
the predominance of the homogeneous monolayer chemisorption process [51]. This
finding is also in line with the earlier proposed L-type isotherm classification.
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Fig.5 Plots of the a effect of contact time b kinetic model plot for 200 mg/L system c¢ kinetic model plot
for 300 mg/L system d kinetic model plot for 400 mg/L system

Kinetics studies

The effect of contact time on the amount of Pb (II) adsorbed at varying concen-
trations is presented in Fig. 5a. Judging from the plot, an initial fast adsorption
rate was experienced within the first 5 min of biosorbent-adsorbate contact, while
attaining about 87% (for 400 mg/L system), 83% (for 300 mg/L system) and 78%
(for 200 mg/L system) of the total and optimum adsorbed amount at the respective
initial concentrations. Such finding is an indication of a high affinity between the
‘c-hydrogel’ and the Pb (II) ion. The uptake rate subsequently equilibrated at 40 min
at all initial concentrations, with optimum adsorption amounts of 242.77, 225.70
and 218.14 mg/g for 400, 300 and 200 mg/L adsorption systems. The observed
increment in the amount of lead ion adsorbed as the initial adsorbate concentration
increased is attributed to an increase in the chemical potential and concentration
instilled driving force at higher initial adsorbate concentration [52].

For the modelling of experimental kinetic data, two classical and fundamen-
tal models (namely, pseudo-first-order, PFO and pseudo-second-order, PSO) were
applied at varying initial adsorbate concentrations. The generated kinetic plot,
the corresponding SNE values and the nonlinearly regressed parameters are pre-
sented in Fig. 5b—d, Tables 6 and 7, respectively. According to the data presented
in the Tables, both the PFO and PSO model depicted some reasonably high R?
values (>0.9) at all initial adsorbate concentrations. Meanwhile, the second-order
adsorption rate constant (k,) was quite lower than the first-order rate constant (k;),
thus implying faster adsorption concerning the PSO. Despite all these important
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Table 6 Error values for kinetic modelling

200 mg/L 300 mg/L 400 mg/L

PFO PSO PFO PSO PFO PSO
ARE=0.12 ARE=0.06 ARE=0.08 ARE=0.0412 ARE=0.087 ARE=0.014
APE=1.70 APE=0.79 APE=1.10 APE=0.589 APE=1.249 APE=0.206
EABS =23.37 EABS=11.62 EABS=16.21 EABS=9.17 EABS=20.30 EABS=3.45
ERRSQ=314.28 ERRSQ=31.43 ERRSQ=171.59 ERRSQ=18.55 ERRSQ=164.23 ERRSQ=2.89
Hybrid=1.617 Hybrid=0.151 Hybrid =0.825 Hybrid=0.083 Hybrid=0.713 Hybrid=0.012
MPSD =8E-03 MPSD =7E-04 MPSD =4E-03 MPSD =4E-04 MPSD =3E-03 MPSD =5E-05
X?=1.501 X2=0.150 X?=0.781 X2=0.083 X2=0.685 X?=0.012
SNE=1.090 SNE=1.406 SNE=1.111 SNE=1.537 SNE=1.140 SNE=1.907

Table 7 Kinetic model

Pseudo-first order

Pseudo-second order

parameters

200 mg/L
q,=218.11 q,=227.13
k=031 k,=2.6E-03
R?>=0.998 R*=0.999

300 mg/L
q,=225.70 q,=232.41
k;=0.36 k,=3.6E-03
R*=0.999 R*=0.999

400 mg/L
q,=242.76 q.=246.96
k; =0.40 k,=4.6E-03
R*=0.999 R*=0.999

NB: ¢, op=218.14 mg/g (for 200 mg/L), 225.73 mg/g (for
300 mg/L) and 242.77 mg/g (for 400 mg/L)

parameters depicted by PSO, it is considered unfit for modelling the experimental
kinetic data, since its SNE value is larger than that of PFO at all initial adsorbate
concentration. Also, the PSO calculated adsorption capacity as shown in Table 7
varied widely from the experimentally derived adsorption capacity. Thus, the PFO
with the lowest SNE values at all initial adsorbate concentrations is selected as
the model of best fit. The first-order adsorption rate (k;) and calculated adsorption
capacity (q,, ., ranged from 0.31 to 0.40 (1/min) and 218.11 to 242.76 mg/g and
were found to consistently increase with an increase in initial adsorbate concentra-
tion. Similarly, the strong numerical correlation between the experimentally derived
(4, exp) and PFO calculated (g, .,) adsorption capacity is a further confirmation of
the superior fitting of the PFO model.
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Conclusion

A low-cost starch-based hydrogel (‘c-hydrogel’) was successfully synthesized and
subsequently applied for lead ion adsorption. Due to its structural modification and
reduced carboxylate group repulsion, the ‘c-hydrogel’ achieved a pure water swell-
ing capacity of 550 g water/g ‘c-hydrogel’. The % nitrogen content of the ‘c-hydro-
gel’ was about 3 times less than that of its direct precursor (PAN grafted starch) due
to the conversion of some of its cyano groups into amide and carboxylate groups.
The experimental equilibrium and kinetic data were modelled accordingly. The Tem-
kin model emerged as the isotherm model of best fit, while the pseudo-first-order
model was recorded as the kinetic model of best fit. During the effect of process
variable investigations, it was observed that for every 1.0 g/L increase in adsorbent
dosage, there is about a 10% reduction in the adsorption capacity until no more sub-
stantive adsorption capacity was recorded (beyond 4.0 g/L adsorbent dosage). Simi-
larly, a consistent increase in adsorbate solution pH from pH 2.0 to pH 5.0 favoured
the adsorption capacity and raised it from O (at pH 2.0) to 213.8 mg/g (at pH 5.0).
The study has therefore demonstrated the potential application of ‘c-hydrogel’ as a
renewable and eco-friendly biosorbent for lead ion removal from wastewater.
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