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Abstract

Starch is an abundant natural and renewable carbohydrate polymer, with cation sorption deficiency due to its high crystal-
linity and amylose content which causes substantive mass transfer resistance during adsorption. Therefore, the present study
synthesized polyacrylonitrile grafted starch (graft-starch) that was subjected to heat treatment and saponification reaction
to facilitate a partial transformation of the available amide groups (due to copolymer grafting) into carboxylate groups. The
reactions afforded the desired polyacrylonitrile-grafted starch hydrogel (‘Poly-g-Hyd’) which was further utilized for zinc
ion uptake. It was observed that the polar nitrile (CN) groups of the grafted polyacrylonitrile substantially improved the
‘Poly-g-Hyd’ water absorption capacity and cation binding interaction, as well as entrenched stable network chains that are
insoluble in water. The water absorption and zinc ion sorption capacities of 490 g water/g ‘Poly-g-Hyd’ and 508.85 mg/g,
were respectively recorded. Furthermore, the optimum adsorption conditions were established at pH 5.0, 20 min and 0.3 g/L,
while the Freundlich and pseudo-second-order models provided the best fit to the isotherm and kinetic data, respectively.

The study, therefore, demonstrated the effectiveness of ‘Poly-g-Hyd’ in the uptake of aqueous zinc ions.

Keywords Starch hydrogel - adsorption - zinc ion - isotherm - kinetics

Introduction

The rapid industrialization and world population growth
have caused a surge in ecosystem toxicity due to the pres-
ence of aqueous heavy metal contamination [1-3]. The eco-
toxicological dangers associated with these heavy metal ion
accumulations in the aquatic environment is primarily linked
to their poor degradability [4]. Our choice adsorbate, zinc
ions (Zn ?*) has extensive application in process industries
(in steelwork, galvanization, brass plating, fibre manufactur-
ing, dye & pigment, etc.) [5]. When the contaminated waste
streams from these industries are poorly treated before dis-
charge into the environment, zinc ions could find their way
into the food chain of living species [6]. Although zinc is
an essential element, its high-level accumulation in living
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species could cause grave health damage [7, 8]. Some of its
adverse health impacts include depression, inactivity, abnor-
mal neurological functionality, etc. [9]. The World Health
Organization (WHO) stipulated a 5.0 mg L™ ! limit for aque-
ous zinc ion contamination [10], however, literature reports
showed a zinc ion concentration in the range of 1 > Zn>* >
48000 rngL_1 from different waste streams [4].

Considering the aforementioned health impacts of heavy
metal ion pollution, worthwhile research into the various
approaches for the reduction of their (heavy metal ions)
concentration in waste streams to within the WHO permis-
sible limits is plausible. Various approaches, such as coag-
flocculation, membrane filtration, ion exchange, etc. have
been previously adopted for aqueous zinc ion treatment,
with several associated drawbacks (like high cost, poor treat-
ment efficiency, etc.) [8]. Meanwhile, biosorption has been
regarded as a promising treatment option due to its treat-
ment efficiency, cost-effectiveness, operational flexibility,
etc. [11-13].

Many adsorbents, including natural carbohydrate poly-
mers (starch), have been extensively reported as efficient
for aqueous heavy metal ion biosorption. These materials
were either used raw [14-16] or with some form of chemi-
cal modifications [17, 18]. Meanwhile, the cation sorption
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capacity of these raw starch is limited by their high crys-
tallinity and amylose content [19]. They also hamper the
diffusion of the cations into the polymer chelation sites [5].
To forestall such limitation, researchers have attempted the
chemical modification/functionalization (via improvement
of the available functional groups) of these native carbohy-
drate polymers, aimed at yielding efficient adsorbents, with
superior heavy metal sorption capacity [8]. This is because
their (carbohydrate polymers) cation sorption efficiency is a
function of the electrostatic complexation, governed by the
adsorbate-adsorbent surface charge differences [20]. Poly-
mer sorbent functionalization could be achieved through dif-
ferent chemical techniques like copolymer grafting, hydroly-
sis, etc. [21]. Copolymer grafting (using suitable monomer),
an important functionalization avenue could successfully
introduce important metal-binding sites such as carboxyl,
amino group, etc., as well as significantly modify the starch/
polymer network [5, 22].

Therefore, the present study involved the synthesis of
polyacrylonitrile grafted starch (graft-starch) which was sub-
jected to heat treatment and subsequent saponification reac-
tion to facilitate a partial transformation of the entrenched
amide groups into carboxylic groups. The reactions afforded
the desired polyacrylonitrile-grafted starch hydrogel (*Poly-
g-Hyd’) which was then utilized for zinc ion uptake. The
objectives of the study are stated thus; (a) to measure the
nitrogen content of the synthesized hydrogel, as well as their
swelling capacity (b) to characterize the synthesized ‘Poly-
g-Hyd’ using FTIR, SEM, and SEM-EDX, (c) to evaluate
the effect of contact time, adsorbent dosage and adsorbate
solution pH on the adsorption capacity (c) to elucidate the
isotherm, kinetics and mechanism of the adsorption process.

Materials and methods
Materials

The starch precursor (maize starch) used in the study was
obtained from the Egyptian Starch and Glucose Manufactur-
ing Company, Cairo, Egypt. The acrylonitrile, ammonium
cerium (I'V) nitrate (CAN), zinc acetate, caustic soda, hydro-
gen trioxonitrate (v) acid, ethanoic acid, acetone, methanol,
ethyl alcohol and all other employed reagents were all labo-
ratory grade chemicals, supplied by Merck, Germany.

Methods
Synthesis of the grafted starch
The copolymerized (graft) starch was synthesized follow-

ing the procedure earlier reported by Abdel-Halim [23], with
slight modifications. The procedure involved the gelatination
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of a specific amount of maize starch in suitable (enough to
form a gel) volume of water followed by heat treatment of the result-
ant starch gel (at 85 °C for 30 min) and subsequent addition
(30 + °C and stirring at 150 rpm ) of a specific volume of
acrylonitrile, together with a binary mixture of freshly pre-
pared ammonium cerium (iv) nitrate and 1 N HNO; to afford
the starch copolymer. The reaction by-products (homopoly-
mers) were further eliminated via the precipitation of the
starch copolymer in N, N-dimethylformamide (DMF). The
resultant precipitates (homopolymer-free graft-starch) was
obtained, washed with deionized water and then oven-dried
at 50 °C to constant dry weight.

Following the micro-Kjeldahl method [24], the % nitro-
gen content of the graft-starch was estimated, while the %
graft yield was evaluated from Eq. (1) [17, 25].

(N(%)+53)

100—(N(%)53)
14

%CGraftyeld = (1)

NB 53 and 14 is the molar mass of acrylonitrile and Nitro-
gen (g/mol), respectively.

Hydrogel synthesis

10 mL of 0.7 N sodium hydroxide solution was added to
1.0 g of the graft-starch contained in a loosely stoppered (to
permit ammonia evolution) flask, followed by mechanical
stirring at 150 rpm and 95 °C. A subsequent change in the
colour of the solution (from deep red to light yellow informs
the climax of the saponification reaction. Furthermore, the
saponified starch was contacted with a predetermined vol-
ume of methanol, stirred for 5 min and excess volume of
ethanol was subsequently added to the mixture. The pre-
cipitate so obtained was washed with acidified ethanol (until
neutral pH), filtered off, oven-dried (60 °C, 3 h) to afford the
superabsorbent hydrogels (‘Poly-g-Hyd’).

Hydrogel swelling capacity measurement

The measurement was achieved via the impregnation of a
predetermined amount of the synthesized ‘Poly-g-Hyd’ in
a suitable volume of distilled water (at 30 + 3 °C ) until its
saturation. The fully swollen ‘Poly-g-Hyd’ was recovered as
filtrate, drained and reweighed. Its water absorption capacity
was then evaluated from Eq. (2) [23, 25].

M, - M,

. . g
Swelling capacity (—) 2
o M, @)

Where M, and M, are the Masses of swollen ‘Poly-g-
Hyd’ and dry ‘Poly-g-Hyd'.
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Hydrogel characterization

The surface chemistry/functional groups on the raw and
spent hydrogel, as well as that of the hydrogel precursor,
was elucidated via FTIR (Perkin—Elmer Spectrum1000
spectrophotometer) at 4000-400 cm™! and scan-interval
of 1 ecm™! (over 120 scans). Similarly, the surface mor-
phology was obtained via SEM measurement [TESCAN
CE VEGA 3 SBU (117-0195- Czech Republic)] at 1000x
magnification. Before the SEM analysis, the samples were
mounted on a standard microscope stub and coated with a
thin gold layer. Consequently, the presence of the adsorbed
zinc ions on the adsorbent was informed from the Energy-
dispersive X-ray (EDX) patterns.

Adsorption experiments

By dissolving an appropriate amount of zinc acetate in
deionized water, the zinc ion stock solution (1 g L™ 1y was
obtained. Meanwhile, the working zinc ion concentra-
tions were further achieved from the serial dilution (using
deionized water) of the stock solution.

During the adsorption experiment, a predetermined
amount of ‘Poly-g-Hyd’ was charged into the adsorbate
solution (100 mL) contained in a 250 mL conical flask.
The mixture was stirred mechanically on a magnetic stirrer
(Stuart, Model UC151/120V/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 Zn (II) ion concentration was meas-
ured using atomic absorption spectrophotometer (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 2.0-7.0. Similarly, the effect of time (0—60 min) and
adsorbent dosage (0.3-4.0 g/L) was also investigated.

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

c,—C
RE (%) =~

= - 100% (3)

o

_(C,-C)V

4. % 4

Where C, = Initial zinc ion concentration (mg L~ 1),
C. = zinc ion concentration at equilibrium (mg L™1),
W =Mass of ‘Poly-g-Hyd’ used (g), V=volume of adsorb-
ate solution used (L).

Results and discussion
Adsorbent characterization result
Physicochemical analyses

The % nitrogen content on the synthesized hydrogel (‘Poly-
g-Hyd’) as shown in Table 1 provide information on the
extent of the copolymer grafting. The result shows a deple-
tion in the % nitrogen content of the grafted starch following
the saponification reaction towards the hydrogel synthesis.
This finding could be linked to the transformation of some of
the cyano groups on the grafted starch to amide (-CONH,)
and carboxylate (-COONa) groups, although the carboxylate
groups were subsequently at the later stage of the hydrogel
synthesis process.

According to the value depicted in Table 1, ‘Poly-g-
Hyd’ showed a relatively high absorption capacity of 490 g
water/g ‘Poly-g-Hyd’, which could be due to the structural
changes occurring during the sequence of steps involved in
the copolymer grafting. For instance, it is believed that the
gelatination effect could be responsible for significant phys-
icochemical changes (such as molecule disorientation, free
volume magnification, etc.) observed on the starch structure
[17]. Similarly, the polymer crosslinking due to the copoly-
mer grafting significantly improved the ‘Poly-g-Hyd’ struc-
tural network [23].

Scanning Electron micrograph

The morphology of the maize starch (precursors), ‘Poly-g-
Hyd’ and Zn (II)-loaded ‘Poly-g-Hyd’ was obtained using
SEM imagery and presented in Fig. 1. As shown in Fig. 1a,
the raw starch resembled a woollen matrix, with fibrous
interconnections and substantial surface heterogeneity.
Meanwhile, the hydrolysed grafted starch (Fig. 1b) showed
better surface aggregated patches, with evidence of parti-
cle agglomeration into more pronounced irregular shapes
of superior surface roughness and porosity. Furthermore,
the previously intact starch polymeric networks observed in
Fig. la partially crumbled into loosely bound biofilm-like
amorphous matrices (Fig. 1b) sequel to hydrogel formation.
This improved surface roughness and porosity is a direct
consequence of the precipitation stage, which eliminated the

Table 1 Characteristics of ‘Poly-g-Hyd’

N % in poly (AN)- N % in ‘Poly-g-Hyd’ Swelling capacity (g/g)
starch graft

copolymer

11.40 3.10 490.0
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Fig.1 SEM images for (a) maize starch (b) ‘Poly-g-Hyd’ and (c¢) Zn (II)-loaded ‘Poly-g-Hyd’

solubilized low molecular weight homopolymer. Further-
more, the flake-like smoothened surface morphology, with
no surface roughness and porosity observed in Fig. Ic, is
an indication of the presence of the adsorbed heavy metal
cation on the adsorbent pores.

Energy dispersion X-ray (EDX) study

Elemental mapping and % mass distribution on the spent
adsorbent (Zn (II)-loaded ‘Poly-g-Hyd’) is inscribed into
Fig. 2. The considerable presence of carbon (13.50 %) and oxy-
gen (21.45 %), which are the main component of starch com-
pounds was observed in the EDX mapping spectrum, as well as
the presence of the adsorbed zinc (11.59 %) ion. The observed
presence of zinc ions in the post adsorption EDX spectrum
confirms their adhesion onto the adsorbent. Furthermore, the
nitrogen group that was introduced onto the starch material
during its copolymerization with the acrylonitrile was not iden-
tified in Fig. 2. This development confirmed the exhaustion of
these nitrogen groups as a result of cation chelation.

Surface chemistry

Figure 3 shows the FTIR spectra for raw starch, grafted
starch, ‘Poly-g-Hyd’ and Zn (II)-loaded ‘Poly-g-Hyd’. The
H-bonded OH stretch (assigned to bands existing around
3400 cm™ ), C - H stretch (around 2900 cm™ "), amide/car-
boxylate C=0 stretch (1720-1550 cm™ 1), C — C stretch
(1400-1200 cm™") and C — O stretch (around 1150 cm™")
are the major functional groups common in all the spectra
(Fig. 3). Upon the comparison of the different spectra, it
was observed that the C - H stretch of the raw starch was
suppressed sequel to copolymer grafting operation. Simi-
larly, the C = N and C = C groups, respectively identified
on the grafted starch and raw starch spectra consequently
disappeared in the ‘Poly-g-Hyd’ (Fig. 3). Furthermore, the
diminished C =0 stretch peak on the grafted and raw starch
became more pronounced on the ‘Poly-g-Hyd’ spectra. A
conspicuous nitrile (C=N) group identified at 2237 cm™!
on the grafted starch spectra affirmed the success of the
copolymer grafting. The FTIR spectra of the post adsorption

Fig.2 Energy dispersion x-ray cps/eV
mapping spectrum ]
i Element % Mass
1 Carbon 13.50
1.4{ Oxygen 21.45
1 Zinc 11.59
1.2
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Fig.3 FTIR spectra for (a) raw
starch (b) grafted starch (c) ((.l)
‘Poly-g-Hyd’ (d) Loaded ‘Poly-
g-Hyd’
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sample did not differ much from that of the unused adsor-  and interaction [26]. Considering the pH,,. of ‘Poly-g-

bent, except for the observed reduction in peak intensity.

Effect of the process variables
Effect of solution pH
The pH of the adsorbate solution and the surface charge

of the adsorbent (point of zero charge) is crucial for deter-
mining the extent of the adsorbate-adsorbent complexation

Hyd’, which was recorded at pH 2.4 (plot not shown), the
operational pH for the study was obtained at pH above
pH 2.4 (Fig. 4a). This observation is so much as expected
because, at a lower pH (pH < pHp,), the adsorption sites
on the ‘Poly-g-Hyd’ were mostly protonated, such that the
hydrogen ion (H") tends to compete with cations. A steady
increment in the solution pH towards and above the pHp,
expectedly resulted in substantive negativity of the adsor-
bents’ surface charge, thus allowing for increased cation
affinity and subsequent binding [27]. For instance, no

Fig.4 The plot of the effect of 400 400 100
(a) solution pH on the adsorbed (a) r (b)
amount (b) adsorbent dose on L 80
the % removal and adsorbed 300 + 300 + —e—qe(mg/g)
amount (c.) ygriation of contact ® ) —=— % Removal L 60 3
time and initial concentration on gg 200 4 %ﬂ 200 4 2z
the adsorbed amount = = £
c‘.‘ = - 40 é
N
J 100 - ©
100 F 20
0 N . . 0 : : : : 0
1 3 pH 5 7 0 1 2 3 4
Adsorbent conc. (g/)
500
©
400 —= . . N
= 300
E
;) 200 ——e(400 mg/l)
—&—qe(500 mg/l)
100
0

10 20 30 40 50 60
Contact time (min)
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observable zinc cation uptake occurred at pH 2.0, hence the
adsorption capacity at that pH was 0. Similarly, only 10 %
(36.54 mg/g) of the total adsorption capacity recorded at
optimum condition was realised at pH 3.0. Meanwhile, at an
optimum condition of pH 5.0, the highest adsorption capac-
ity of 365.44 mg/g was recorded.

Effect of adsorbent dosage

The effect of the adsorbent dosage on cation uptake capac-
ity and removal efficiency was simultaneously investigated
and the finding is shown in form of a plot in Fig. 4b. It
is observed that the removal efficiency varies inversely
with the adsorption capacity. Meanwhile, the relationship
between that adsorbent dosage and adsorption capacity will
be emphasized in this discussion. This is because the adsorp-
tion capacity is a function of the intrinsic adequacy of the
adsorbent, while the initial adsorbate concentration signifi-
cantly affects the removal efficiency [28].

Analysis of Fig. 4b showed that an increase in the adsor-
bent mass (from 0.3 to 1.0 g/L) resulted in a sharp decline
(about 47 % reduction) in the ‘Poly-g-Hyd’ adsorption
capacity. This trend of sustained decrease in the adsorption
capacity persisted with an increase in the amount of ‘Poly-
g-Hyd’ at every instant. Hence, the adsorption capacity
ultimately reduced from 368.761 mg/g (at 0.3 g of ‘Poly-
g-Hyd’/litre of adsorbate) to as low as 85.64 mg/g (at4.0 g
of ‘Poly-g-Hyd’/litre of adsorbate). This observation could
be linked to the possible active site clogging, overcrowding
and their subsequent agglomeration at high adsorbent dos-
age [26, 29]. Therefore, an optimum ‘Poly-g-Hyd’ mass of
0.3 g/L was subsequently adopted in the study.

Effect of contact time and initial concentration

Adsorption is majorly a mass transfer operation; thus, a
sustained extension of adsorption duration is expected to
improve the rate of adsorbates’ molecular diffusion from
the bulk liquid phase, through the solid-liquid interface
and into the adsorbents active sites. The effect of con-
tact time at varying adsorbate initial concentrations was
investigated and the finding presented in Fig. 4c. The
results showed that about 91 % (384.125 mg/g) and 93 %
(328.153 mg/g) of the optimum adsorption capacities,
at the initial concentration of 500 mg/L and 400 mg/L,
respectively was realized within the first 5 min of adsorp-
tion operation. This observation speaks volumes of the
affinity between the ‘Poly-g-Hyd’ and the zinc cation, due
to the recorded fast adsorption kinetics [11]. Meanwhile,
the remaining 9 % and 7 % increment in the optimum
adsorption capacity for 500 mg/L and 400 mg/L systems,
respectively occurred at the brink of adsorption equili-
bration at 20 min contact time. This finding suggests a
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possible saturation of the ‘Poly-g-Hyd’ active sites [30].
The rapid adsorption rate observed within the first 5 min
of operation is related to the availability of a large num-
ber of zinc cations (which increased with an increase in
adsorbate concentration) and ‘Poly-g-Hyd’ active sites.
Conversely, the abated adsorption rate experienced as
the process proceeded beyond 5 min until the attainment
of equilibrium at 20 min resulted from the active site
saturation and reduction in the adsorbate concentration at
the bulk liquid phase [31]. Further observation of Fig. 4c
shows that the adsorption capacity increased as the initial
adsorbate concentration. This phenomenon characterizes
a surface reaction, where the concentration induced driv-
ing force between the zinc cations and the ‘Poly-g-Hyd’
active sites is strengthened [32, 33].

Equilibrium studies

In this study, the experimental equilibrium data were modelled
with four (4) isotherm models namely Langmuir, Freundlich,
Temkin, and Dubinin—Radushkevich (D-R) models [34] to
obtain the model of best fit. However, the smaller the average
percentage error (APE) for a given model as evaluated from
Eq. (5), the better the model fit due to reduced error variance
between the experimental and model-predicted adsorption
capacity values. The import of the respective isotherm model
parameters to the present adsorption system is discussed in
the subsequent subsections, while the combined isotherm plot
and parameter table for all the models are presented in Fig. 5;
Table 2, respectively.

Z?zl | (qe,exp - qe,pred)/qe,expl
n

APE(%) = % 100 5

Where ‘n’ is the number of the experimental data point.
Langmuir model

This model is hinged on the fundamental assumption of
monolayer adsorption onto a homogenous adsorbent sur-
face, with identical/energetically uniform adsorption sites.
The nonlinear Langmuir model equation and the associated
favorability constant (R} ) is expressed as Eqs. (6)—(7) [35].
Where R; > 1, R; =1,R; =0and 0 <Ry < 1implies unfa-
vourable, linear, irreversible and favourable nature of the
adsorption process, respectively.

_ quLCe
%= TiK.C, ©)
1
R = —
LT1+K,C, O
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Fig.5 A plot showing the
Experimental Langmuir, Freun- 500 - —
dlich, Temkin and D-R isotherm
data L e i e
L
400 - o
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-------- Langmuir
= — — Freundlich
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=
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According to Table 2, the model showed a sufficiently
large maximum adsorption capacity of 508.859 mg/g. Simi-
larly, the models’ separation factor, R; depicted a positive
value of 0.016 (0 <R, < 1), thus suggesting adsorption
favorability. Its coefficient of determination (R?) and APE
values of 0.937 and 4.86, respectively is relatively good and
within a suitable range but these values are inferior to those
recorded by Freundlich and Temkin model. Based on the
model of best fit selection criteria, the Langmuir model can-
not be regarded as the best fit, however, its predicted data
provided a reasonable fit to the experimental data.

Freundlich model

This model is synonymous with heterogeneous multilayer
adsorption and uneven adsorption energy distribution [36].
The model is mathematically expressed as Eq. (8), while the
model constant (ng) value suggests the extent of the adsorbent-
adsorbate affinity.

1

qe = Kg(C,) 8)

Table 2 Isotherm model parameters

Langmuir Freundlich Temkin D-R*

Quax = 508.859  np=3.05 Ar = 0.094 qp = 451.99
K; = 8.009 Kp = 62.36 by = 20.63 Bp=2.8E-04
R, =0.016 R%=0.987 R%>=0.917 R%=0.966
R?=0.937 APE (%)=2.80 APE (%)=3.64 APE (%)=6.29

APE(%)=4.86

The fitting of the equilibrium experimental data to this
model (Fig. 5) depicted the highest R? and the lowest APE
values of 0.987 and 2.80, respectively (Table 2). Based
on these values, the model predicted data is believed to
have provided the best description of experimental data.
Similarly, the evaluated ng value of 3.05 is well within the
expected range (1 <ng < 10), thus implying a favourable
interaction between the zinc cation and the ‘Poly-g-Hyd’
adsorbent. Consequently, the zinc cation sustained a multi-
layer binding onto the ‘Poly-g-Hyd’ surface.

Temkin model

The adsorbate-adsorbent interaction during adsorption is
correlated by the Temkin model [37]. The model postulates
a uniform distribution of adsorption energy, with a direct
variation between the heat of adsorption and surface cover-
age. Its nonlinear equation is expressed as Eq. (9).

gln(

=3 K;C,) )

T

The model parameters and their associated goodness of
fit (R?> and APE) values that are presented in Table 2 are
reasonable good. For instance, its R? value of 0.917 implies
that about 90 % of the experimental data was explained by
the model predicted data. Similarly, the by constant which is
related to the adsorption energy variation depicted a positive
value. Hence, the increase in temperature of the adsorption
system will have a detrimental effect on the entire sorption
process. Despite the high R? and relatively low APE value,
the comparison of the model and experimental isotherm
curve (Fig. 5) showed that the Temkin model curve varied
widely from the experimental equilibrium curves. Therefore,
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although the Temkin isotherm can describe the zinc cation
sorption onto ‘Poly-g-Hyd’, it’s fitting ability still fell short
of those provided by the Freundlich model.

Dubinin-Radushkevich (D-R) model

As an empirical model, Dubinin—Radushkevich isotherm
[38], effectively relates the mechanism of heterogeneous
surface adsorption, with Gaussian distribution of energy [39,
40]. The model term ‘E’ which denote the mean free energy
and is evaluated from Eq. (10) offers a distinction between
physical (E <8 kJ/mol) and chemical adsorption [41]. The
D-R model equation is shown in Eq. (11).

(10)

2
qequ*exp{—BD[RT<l+CL>] } (11

This model showed a reasonably high R? value, however,
it’s the magnitude of its APE value of 6.29 was the larg-
est of all. Figure 5 also showed a wide variation between
the experimental isotherm curve and the model curve. This
finding portrays the model’s inefficiency at describing the
experimental equilibrium data. Meanwhile, the magnitudes
of the D-R mean energy, E (42.25 KJ/mol), as evaluated
from Eq. (10), is larger than 8 kJ/mol; a suggestion for the
dominance of chemisorption [42, 43].

Kinetic studies

The experimental kinetic data was modelled using
two (2) classical and commonly applied models, the

400

® Experimental 400 mg/L

PFO_400 mg/L
- = = PSO_400 mg/L

Time (min)

0 20 40 60 80

pseudo-first-order and pseudo-second-order [44, 45]. The
mathematical expression of these models, their respective
supporting parameters and the import of the respective model
parameters (at different initial adsorbate concentrations) to the
present adsorption system are discussed elaborately in the
following subsections. The judgement on the goodness of fit
of the respective model is made based on the magnitude of
the APE- values which are evaluated from Eq. (5).

Pseudo-first-order (PFO) model

The PFO [46] postulates that the adsorption rate constant
(k,) varies inversely as the adsorbate concentration (c,), with
a characteristic first-order reaction mechanism. The nonlin-
ear form of the PFO model is presented in Eq. (12).

q = q.[1 — exp(—k;t)] (12)

The models’ plot and the corresponding parameters
obtained for the 400 and 500 mg/L adsorption system are
presented in Fig. 6; Table 3, respectively. Observation from
the Table showed that the rate constant (k;) and calculated
adsorption capacity (q, .,) increased correspondingly as
the initial concentration. Meanwhile, theoretical maximum
adsorption capacity (q,, c,) values of 370.34 mg/g (for
400 mg/L system) and 420.0 mg/g (for 500 mg/L system) are
consistent with the experimentally derived uptake amount
(9e @ 400 mg. = 368.76 mg/g and g, @ 500 mgr. = 41979 mg/g).
Furthermore, the coefficient of determination (R?) was in all
cases greater than 0.9, while relatively low APE values were
also recorded. These results are indications of the good fit-
ting of the PFO model. The experiment-isotherm plot shown
in Fig. 6 depicted a close correlation between the experi-
mental curve and the PFO model curve, an indication for
the PFO model prediction adequacy.

400 + ¢
|
[
300 4 1 ® Experimental 500 mg/L
g'g PFO_500 mg/L
g -
£ 200 PSO_500 mg/L
=
100
0 Time (min)
0 20 40 60 80

Fig. 6 Plots of the Experimental, Pseudo-first-order, and Pseudo-second-order kinetics data at varying initial concentrations
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Table 3 Kinetic model parameters

Pseudo-first order Pseudo-second order

400 mg/L

q. = 370.34 q.=371.33
k,=0.300 k,=0.004
R%2=0.997 R2=0.999
APE=0.253 APE=0.082
500 mg/L

q. = 420.00 q. = 425.43
k,=0.310 k,=0.004
R>=0.997 R2=0.999
APE=0.164 APE=0.046

NB: q ¢ oxp = 368.76 mg/g (for 400 mg/L system) and 419.79 mg/g
(for 500 mg/L system)

Pseudo-second-order (PSO) model

The PSO [47] model assumes that the adsorption rate is
a direct function of the available adsorption sites on the
adsorbent and also provides information on the adsor-
bents’ adsorption capacity. The PSO nonlinear equation is
expressed as Eq. (13).

q_kz*qg*t "
T4k xt) (13

The models’ plot and the corresponding parameters
obtained for the 400 and 500 mg/L adsorption system are
presented in Fig. 6; Table 3, respectively. In comparison
with the PFO data, the PSO model depicted lower APE val-
ues and higher RZ%-values; thus, it provides a better fit to the
experimental data. Just like in the case of the PFO model, its
adsorption capacity increased as the initial adsorbate con-
centration, however, the k,-value remained constant for both
adsorption systems (Table 3). This signifies that the PSO
rate constant (k,) is independent of bulk liquid phase metal
ion concentration, with increased adsorbate-adsorbent affin-
ity as the initial concentration increased. The experiment-
isotherm plot shown in Fig. 6 depicted a closer correlation
between the experimental curve and the PSO model curve
when compared with that of the PFO model. Therefore, it
is believed that the PSO model provided the best fit to the
experimental kinetic data.

Conclusions

Hydrogel based adsorbent (‘Poly-g-Hyd’) was successfully
synthesized via the saponification of acrylonitrile grafted
starch precursor. The extent of the initial copolymer graft-
ing was determined from the % nitrogen content of the graft

product. Meanwhile, due to the transformation of some of
the cyano groups on the grafted starch to amide (-CONH,)
and carboxylate (-COONa) groups, the synthesized hydrogel
(‘Poly-g-Hyd’) depicted a lower % nitrogen content when
compared to that of the grafted starch. Furthermore, the
‘Poly-g-Hyd’ showed a relatively high-water absorption
capacity of 490 g water/g ‘Poly-g-Hyd’, which could be due
to the structural changes occurring during the sequential
stages of gelatination and crosslinking involved in the adsor-
bent synthesis protocol. The maximum zinc ion uptake was
recorded at pH 5.0, 20 min and 0.3 g/L adsorbent concen-
trations. The adsorption experimental data was effectively
modelled using equilibrium and kinetic models, while the
effect of some process variables on the ‘Poly-g-Hyd’ adsorp-
tion capacity was also elucidated in the study.

Data availability statement The raw/processed data required to repro-
duce these findings cannot be shared at this time as the data also forms
part of an ongoing study.
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