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This study deals with the decontamination of Pb (II) from aqueous environment using graphene oxide/
hydrous zirconium oxide/crosslinked starch bio-composite (GZS-BC). Various instrumental techniques
were used to characterize the GZS-BC. The main factors of Pb (II) sorption were optimized by Taguchi
method. Under optimum conditions, (adsorbent dose: 40 mg, contact time: 180 min and initial Pb (II)
concentration: 50 mg/L) maximum removal efficiency (98.50%) was achieved at pH 6. Various isotherm
models were tested to fit the adsorption data and Freundlich isotherm model was the best fit model with
high R2 values (0.9977–0.9983) and low values of v2 (0.01–0.02) and APE (0.90–1.14). The kinetic data
were investigated using classical and fractal-like kinetic equations. The fractal-like mixed 1,2-order
kinetic model was the best fit model which pointed towards heterogeneous surface of GZS-BC with more
than one type of sorption sites. Thermodynamic study shows that Pb (II) sorption onto GZS-BC was spon-
taneous and endothermic in nature. The values of DG� indicated that physisorption together with
chemisorption was responsible for uptake of Pb (II).
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water pollution generated by toxic metals and organic pollu-
tants has disturbed the ecological systems and posing severe haz-
ard to public health. Lead (Pb) is a toxic heavy metal which is
discharged from various industrial operations into the environ-
ment. The human body may take up heavy metals including Pb
(II) from polluted water, food and air. Inorganic lead enters human
body through inhalation (about 20–80%) and ingestion (5–15%)
(Matta and Gjyli, 2016). World Health Organization (WHO, 2017)
has set 0.01 mg/L as the maximum limit of lead in drinking water.
Moreover, the accumulated Pb (II) in body is believed to disturbing
the hemoglobin synthesis and functioning of renal, nervous,
reproductive and immune systems. Therefore, the scientific com-
munity has taken interest to develop technologies for removing
Pb (II) from contaminated water. Several water treatment tech-
niques (oxidation, chemical precipitation, ion exchange, adsorption
and biological methods) have been developed to eliminate Pb (II)
from wastewater (Maftouh, et al., 2023; Bayuo, et al., 2022;
Argun, et al., 2008; Rahman et al., 2021a; Rahman et al., 2021b).
Among them, adsorption is considered as the most suitable tech-
nique due to easy handling, economical and reusability of adsor-
bents (Rahman and Varshney, 2020; Azmi, et al., 2020).

Graphene oxide (GO) is frequently used as an adsorbent because
of its high surface area (Kyzas, et al., 2014). GO contains numerous
oxygen containing functional groups. However, it is tough task for
GO to reach the enormous theoretical surface area due to its nature
of stack and agglomeration through the strong Van derWaals inter-
action (Wang, et al., 2012). Additionally, high dispersibility of GO
made inconvenient to be isolated from the sample solution after
adsorption. To overcome aggregation/separation, GO based com-
posite materials have been developed with enhanced removal effi-
ciency (Rahman and Raheem, 2022a). Madadrang et al. have
synthesized ethylenediaminetetraacetate-GO which exhibited
improved capacity for Pb (II) (Madadrang, et al., 2012). GO
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Table 1
Experimental plan generated through orthogonal array.

Runs Dose
(mg)

Time
(min)

Conc.
(mg/L)

%R
Observed

(S/N) ratio
observed

1 10 30 30 63.74 36.09
2 10 60 50 77.37 37.77
3 10 120 100 75.32 37.54
4 10 180 150 76.02 37.62
5 10 200 200 73.92 37.38
6 20 30 50 79.98 38.06
7 20 60 100 83.01 38.38
8 20 120 150 84.06 38.49
9 20 180 200 83.76 38.46
10 20 200 30 85.76 38.67
11 30 30 100 80.73 38.14
12 30 60 150 86.86 38.78
13 30 120 200 86.91 38.78
14 30 180 30 90.71 39.15
15 30 200 50 96.11 39.66
16 40 30 150 82.02 38.28
17 40 60 200 87.15 38.81
18 40 120 30 91.30 39.21
19 40 180 50 98.50 39.87
20 40 200 100 94.30 39.49
21 50 30 200 78.92 37.94
22 50 60 30 88.15 38.90
23 50 120 50 95.70 39.62
24 50 180 100 93.30 39.40
25 50 200 150 92.20 39.29
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strengthened by chitosanwas utilized to remove Pb (II) (Najafabadi,
et al., 2015) due to functional groups present in chitosan moiety.
The aggregation of GO sheets can be prevented by modification of
GO surface with poly-3-aminopropyltriethoxysilane oligomers
(Huang, et al., 2015). Literature survey revealed that the composite
materials based on zirconium oxide could be an interesting option
for water purification due to their chemical and thermal stability
and non-toxicity (Rahman and Nasir, 2019). Further, starch, a cost
effective second plentiful polysaccharide, was utilized widely
because of its high biodegradability, non-harmful nature, eco-
friendliness and structural functionality (Oluwasina, et al., 2019).
The appearance of numerous functionalities on the starch molecule
can be utilized to enhance the number of active sites for the adsorp-
tion purpose (Mohiuddin, et al., 2021). The binding of starch mole-
cule with graphene oxide and zirconium should synergistically
enhance the physical and chemical properties of the composite
material with higher removal efficiency than would be expected
from the addition of their individual components.

For the kinetic study, several classical kinetic models have been
tested for the prediction of rate controlling steps in the uptake of
pollutants by adsorbents. The classical-kinetic models provide
time independent rate constants. However, Kopelman suggested
that the rate coefficients for the pollutant adsorption on adsorbent
is time-dependent (Kopelman, 1988). The fractal-like concept was
applied to determine the rate coefficients which were time-
dependent (Brouers and Sotolongo-Costa, 2006; Haerifar and
Azizian, 2014). Moreover, the variables of adsorption process have
been optimized for obtaining the maximum efficiency using one-
variable-at-a-time and design of experiment (DOE) approaches.
Among several DOE, Taguchi design of experiment was employed
to gain more knowledge via less experimental runs. Taguchi
method utilized the orthogonal array (OA) design for the optimiza-
tion purpose (Rahman and Raheem, 2022b).

The aim of this work was to synthesize graphene oxide/hydrous
zirconium oxide/crosslinked starch bio-composite (GZS-BC) using
N,N’-methylene bis-acrylamide (MBA) as a cross-linking agent
and to explore the potential as adsorbent to remove Pb (II). The
material was characterized by Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX), transmission electron
microscopy (TEM), and X-ray diffraction (XRD). Taguchi method
was applied to optimize the variables of Pb (II) adsorption onto
GZS-BC. The kinetic data were analyzed by fractal-like kinetic
approach to determine time-dependent rate coefficient.

2. Experimental

2.1. Materials and method

Graphite fine powder (CDH, India), sodium nitrate (Merck,
India), lead (II) nitrate (Merck, India), starch (SRL, India), zirconium
oxychloride (Otto, India), N,N’-methylene bis-acrylamide (MBA)
(Otto, India), potassium persulfate (Fisher Scientific, India), sodium
hydroxide (Fisher Scientific, India), potassium permanganate (Mer-
ck, India), hydrogen peroxide (30%, Fisher Scientific, India) were
used in this study.

2.2. Synthesis of graphene oxide (GO)

GO was prepared by our previously reported method (Rahman
and Raheem, 2022a).

2.3. Synthesis of graphene oxide/hydrous zirconium oxide (GZ)

GO (0.5 g) was dispersed in distilled water (100 mL) and stirred
for 30 min. Then 50 mL of 0.5 M ZrOCl2�8H2O was added in GO sus-
2

pension in drop-wise manner followed by stirring. After complete
addition, the pH was brought to � 10 by adding NaOH (2.5 M) and
magnetically stirred for 8 h at 80 �C. Finally, the material was
obtained after filtration and dried in an oven at 60 �C. The same
procedure was also adopted for the synthesis of hydrous zirconium
oxide (HZO) without addition of GO.

2.4. Synthesis of graphene oxide/hydrous zirconium oxide/crosslinked
starch bio-composite (GZS-BC)

Starch (4.5 g) was hydrolyzed in 100 mL of sodium hydroxide
solution (0.15 M) by stirring at 60 �C for 1 h. The prepared GZ
(1.5 g) was sonicated in distilled water for 30 min and then added
to hydrolyzed starch. The reaction mixture was stirred for 1 h at
60 �C. In a separate beaker, 2.25 g potassium persulfate was dis-
solved in distilled water at 70 �C. In another beaker, 675 mg
MBA was dissolved in distilled water at 40 �C. The solutions of
potassium persulfate and MBA were added to the reaction mixture
containing GZ and starch and stirred continuously at 70 �C for 3 h.
After sonication for 1 h, the material was collected by filtration and
dried at 60 �C.

2.5. Characterization of the GZS-BC.

The instrumentation details are presented in supplementary file
(Text S1).

2.6. Taguchi method for optimization

Taguchi method was adopted for obtaining the optimum condi-
tions for Pb (II) removal by adsorption. The effect of three factors,
each at five levels, on the percent removal of Pb (II) was investi-
gated. The selected factors (A: adsorbent dose, B: contact time
and C: initial Pb (II) concentration) and their levels (1, 2, 3, 4 and
5) are given in Table S1.

[L25 (54)] orthogonal array (OA) for three factors, each at five
different levels, are given in Table 1. The experiments were con-
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ducted according to [L25 (54)] design. Experimental results were
analyzed using signal to noise S=Nð Þ ratio. Three types of S=Nð Þ
ratio (nominal-the-better, smaller-the-better, and larger-the-
better) were utilized for data evaluation. In this study maximum
response (% removal) is required and thus, larger-the-better cate-
gory was adopted to probe the experimental data. The larger the
better S=Nð Þ ratio is presented as:

S
N

¼ �10log
1
n

X 1
y2

� �
ð1Þ

where n and y represent the replicating number of experiment
and Pb (II) removal (%R), respectively. The analysis of variance
(ANOVA) was adopted to reveal the impact of process variables
on Pb (II) removal.
2.7. Adsorption studies

For adsorption isotherm studies, the optimum value of adsor-
bent (40 mg) was added to different conical flasks holding 25 mL
of Pb (II) solution of varying concentrations (30–200 mg/L, pH 6)
and agitated on a water shaker for 180 min at 303, 313 and
323 K. After separation of adsorbent, Pb (II) concentration was
determined in the solution phase. The amount of Pb (II) adsorbed
per unit mass of GZS-BC (qe; mg/g) and removal (%) were quanti-
fied as:

%Removal ¼ C0 � Ce

C0
� 100 ð2Þ
qe ¼
C0 � Ceð ÞV

m
ð3Þ

Where C0 and Ce denote initial and equilibrium concentration
(mg/L), respectively. V and m are solution volume (L) and mass
of GZS-BC (g).

For kinetic studies, adsorbent (40 mg) was added to Pb (II) solu-
tion (25 mL, 50 mg/L; pH 6) and stirred for different time intervals
at three temperatures (303, 313 and 323 K). After filtration, Pb (II)
concentration was determined in aqueous phase and capacity was
calculated at different time intervals.
2.8. Error analysis

Values of Chi-square (v2) and average percentage error (APE)
were estimated using Eqs. (4) and (5) to judge the fitness of iso-
therm and kinetic models.

v2 ¼
XN

i¼1

ðqe;exp � qe;calÞ2
qe;exp

ð4Þ
APE ¼
XN
i¼1

jqe;exp � qe;cal=qe;expj
N

� 100 ð5Þ

where qe;exp and qe;cal are measured capacity and capacity (sim-
ulated) from the model, respectively.
3. Results and discussion

3.1. Synthesis of bio-composite

To increase the chemical stability of the bio-composite in an
aqueous solution, it was cross-linked using MBA as a cross-
linking agent and potassium persulfate as radical initiator. The syn-
thesis procedure is shown in Scheme 1.
3

3.2. FTIR studies

Fig. 1a represents the FTIR spectra of MBA, GO, HZO, GZ, starch
and GZS-BC. FTIR spectrum of GO gives a broad peak centered at
3399 cm�1 which represented the O–H stretching vibration. The
peak at 1174 cm�1 indicated the C-O-C (epoxy) vibration. Further,
the bands at 1722 cm�1, 1624 cm�1 and 1068 cm�1 are designated
to the stretching of C = O (carboxylic acid), C = C (aromatic) and C-
OH, respectively (Huang, et al., 2016). In the FTIR spectrum of HZO,
a broad band (3300–3600 cm�1) centered at 3410 cm�1 represents
the stretching mode of O–H vibration of coordinated water on
hydrated zirconium oxide (Cho, et al., 2016). Band at 1630 cm�1

and 1576 cm�1 are due to O–H vibration of water molecule
(Pérez, et al., 2016; Mohammadi and Fray, 2011). Further, lattice
vibration of Zr-O was identified by the peaks at 850 cm�1 and
484 cm�1 (Rahman and Nasir, 2018). The band at 1341 cm�1 was
due to bending mode of Zr-OH (Wang, et al., 2019). However, in
the FTIR spectrum of GZ, the peak at 1722 cm�1 (C = O) disap-
peared which may be due to incorporation of zirconium oxide on
the GO surface. Other peaks of GO were weakened which further
illustrated the formation of GZ. In the FTIR spectrum of starch,
band at 1650 cm�1 is associated with bending vibration of water
molecule (Kibar and Us, 2014). In case of GZS-BC, the intensity of
the band in the range 3300–3600 cm�1 increases as compared to
GZ, and shifting in peak was observed from 3408 cm�1 to
3371 cm�1 which may be due to H-bond formation of starch mole-
cule with GZ. A new peak at 1456 cm�1 appears in bio composite
which confirmed the C-N linkage (Nesic, et al., 2016; Anirudhan
and Rejeena, 2014). These results indicated the successful forma-
tion of bio composite GZS-BC.

3.3. XRD data

XRD patterns of GO, HZO, GZ and GZS-BC are shown in Fig. 1b.
In the case of GO, a sharp peak is obtained at 2h = 12.12� which is
the characteristic peak of GO (Rahman and Raheem, 2022a). In case
of HZO, a broad peak was observed from 20�-40� confirming its
amorphous nature (Luo, et al., 2013). The GO peak disappeared in
the GZ which may be because of incorporation of HZO on the GO
surface. There is no change in XRD pattern of GZS-BC except sharp-
ness of peak nearly at 30� which may be due to linkage of starch
molecules with HZO.

3.4. Morphological study

SEM images of GZ and GZS-BC are shown in Fig. 2a and 2b,
respectively. In the SEM image of GZ (Fig. 2a), the surface of GO
sheet is covered with HZO particles which makes the surface irreg-
ular shaped. The SEM image of GZS-BC shows small pores which
suggested the incorporation of starch molecules on GZ. The EDX
spectrum of the bio-composite (Fig. 2c) indicated the presence of
Zr (38.02%), O (31.89%), C (24.67%) and N (5.42%). The SEM results
confirm that the starch molecules are successfully incorporated on
the GZ surface. TEM images of bio-composite are shown in Fig. 2d,
which clearly shows the amorphous nature of the material and
successful synthesis of bio-composite.

3.5. Taguchi design for optimization

Experiments were conducted according to [L25 (54)] orthogonal
array and percent removal as well as the S=Nð Þ ratio are presented
in Table 1. Optimum value of controlling factor was determined
based on the highest S=Nð Þ ratio (Fig. 3a). Estimated value of
max–min (D) was used to address the impact of controlling factor
on the removal efficiency (Table S2). The optimum combination



Scheme 1. Systematic procedure for the synthesis of GZS-BC.
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was obtained as A4-B4-C2 with corresponding S=Nð Þ ratio as 39.13,
38.90 and 38.99 for Pb (II), respectively.

ANOVA was performed to validate the design model using F-
value, p-value, predicted R2 and adjusted R2 values (Table 2). The
chosen factors i.e., adsorbent dose, contact time and initial concen-
tration influence the removal efficiency because F-value of the con-
4

trolling factors > critical value F0:05 1;12ð Þ ¼ 4:75. All controlling
factors are statistically significant since their p-values were < 0.05.

Percent contribution of each controlling factor to the removal
efficiency was assessed using Eq. (6) (Rahman et al., 2021).

contribution %ð Þ ¼ SSadj
SSTadj

� 100 ð6Þ



Fig. 1. (a) FTIR spectra of MBA, GO, HZO, GZ, starch and GZS-BC, and (b) XRD spectra of GO, HZO, GZ and GZS-BC biocomposite.

Fig. 2. SEM images of (a) GZ (b) GZS-BC (c) EDX spectrum of GZS-BC, and (d) TEM image of GZS-BC.
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Where SSadj and SSTadj are individual sum of square and overall
sum of square values, respectively. The order of percent contribu-
tion (Table 2) was obtained as: adsorbent dose (62.96%) > contact
time (27.59%) > initial concentration (9.42%). The controlling fac-
tors i.e. A: adsorbent dose, B: contact time and C: initial concentra-
tion at the selected levels 4, 4, and 2, respectively, are significant
and the optimum combination is: adsorbent dose-40 mg, contact
time-180 min and initial concentration-50 mg/L for obtaining the
highest removal efficiency.
5

3.6. Effect of pH

Solution pH played the dominant role for Pb (II) adsorption on
adsorbent surfaces. The impact of pH was studied in the pH range
3–7 using the optimal values of other factors (A: adsorbent dose, B:
contact time and C: initial Pb (II) concentration) obtained from
Taguchi method. It was noticed that the removal efficiency
increases with increasing pH and maximum removal of Pb (II)
was obtained at pH 6. Beyond pH 6, decreasing trend in removal



Fig. 3. (a) Plot of controlling factors for S=Nð Þ ratios utilizing larger is better category through Taguchi model, and (b, c, d) Non-linear isotherm plots for adsorption of Pb (II)
onto GZS-BC.

Table 2
Analysis of Variance (ANOVA) table.

Source df Adj SS Adj MS F-Value P-Value % Contribution

adsorbent dose (mg) 4 1023.09 255.772 6394.30 0.000 62.96
contact time (min) 4 448.30 112.074 2801.86 0.000 27.59
initial conc. (mg/L) 4 153.00 38.250 956.25 0.000 9.42
error 12 0.48 0.040 0.03
Total 24 1624.87 100.00
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efficiency was noticed (Fig. S1). Further, adsorption experiments
were carried out at pH 6.

3.7. Adsorption isotherm

The adsorption data were assessed by Langmuir, Freundlich,
Temkin, Khan, and Toth isotherm models and Table S3 shows
their non-linear equations The non-linear regression analysis
using Origin 2023 software yielded the isotherm parameters
(Table 3). The plots of qe (mg/g; experimental and estimated from
isotherm models)) against the Ce (mg/L) of Pb (II) at 303, 313 and
323 K for the studied isotherm models are displayed in Fig. 3 (b, c
and d). The best fitting of isotherm model was judged based on
highest R2 and lowest v2 and APE values (Table 3). Based on R2,
v2 and APE values, the fitting of isotherm models with measured
data followed the sequence: Freundlich > Temkin > Lang-
6

muir > Toth > Khan. Thus, the Freundlich isotherm model was
able to explain more accurately the measured data as it provided
highest R2 (0.9977–0.9983) and lowest v2 (0.01 – 0.02) and APE
(0.90–1.14) values. The adsorption capacity of GZS-BC for Pb (II)
was found to be 112.52 mg/g at 303 K. The best fitting of Fre-
undlich isotherm model demonstrated that multi-layer adsorp-
tion took place on heterogeneous surface of GZS-BC. The
Freundlich constant (n) is referred as heterogeneity factor. The
value of n > 1 is indicative of favourable adsorption and the
adsorption intensity increases with increase in n value (Rahman
and Haseen, 2014). Herein, the values of n were 2.53, 2.56, and
2.61 at 303, 313 and 323 K, respectively, which illustrated the
uptake of Pb (II) onto GZS-BC is favourable. The increase in
heterogeneity factor (n) with the rising temperature suggested
the improvement in adsorption intensity and endothermic nature
of uptake of Pb (II) onto GZS-BC.



Table 3
Isotherm parameters for adsorption of Pb (II) onto GZS-BC.

Isotherm model Parameter 303 K 313 K 323 K

Langmuir qm(mg/g) 128.03 127.13 125.71
KL (L/mg) 0.25 0.26 0.28
R2 0.9635 0.9596 0.9546
v2 2.14 1.89 1.53
APE 13.78 12.94 1.53

Freundlich KF ((mg/g)/(mg/L)n) 34.85 35.42 36.13
n 2.53 2.56 2.61
R2 0.9977 0.9977 0.9983
v2 0.02 0.01 0.01
APE 1.14 1.08 0.90

Temkin b 25.38 24.91 24.34
AT (L/g) 3.33 3.59 3.94
R2 0.9702 0.9675 0.9658
v2 0.32 0.34 0.38
APE 5.30 5.53 5.58

Khan qm(mg/g) 16.67 13.83 10.77
bK 8.06 13.05 25.89
aK 0.62 0.62 0.62
R2 0.9981 0.9979 0.9983
v2 81.65 86.60 92.09
APE 85.18 87.71 90.44

Toth qm(mg/g) 34.35 35.04 35.90
aT 1 � 10-16 1 � 10-16 1 � 10-16

t 1.67 1.65 1.63
R2 0.9974 0.9972 0.9978
v2 54.31 53.39 52.25
APE 69.47 68.87 68.12

Experimental adsorption capacities were obtained as 112.52 mg/g, 112.56 mg/g and
112.60 mg/g at 303 K, 313 K and 323 K, respectively.
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3.8. Adsorption kinetics

3.8.1. Classical kinetic model
The kinetic data were investigated by the classical kinetic mod-

els (pseudo-first order (PFO), pseudo-second order (PSO), mixed
1,2 order (MO) and exponential (Exp)) and fractal-like (f) kinetic
models (f-PFO, f-PSO, f-MO and f-Exp). The equations for the clas-
sical kinetic models are expressed as:

qt ¼ qe 1� expð�k1tÞ½ � PFO ð7Þ

qt ¼
k2q2

e t
1þ k2qet

PSO ð8Þ

qt ¼ qe
1� expð�k1tÞ
1� f 2expð�k1tÞ

MO ð9Þ

qt ¼ qeln½2:72� 1:72expð�k0ExptÞ� Exp ð10Þ
Where qt is the adsorbed amount of Pb (II) in mg/g at time t

(hour), k1; k2; and k0Exp are the rate constants of PFO (hour�1), PSO
(g mg�1 hour-1) and Exp (mg g�1 hour-1) kinetic models,
respectively.

f 2 ¼ k2qe
k1þk2qe

which determines the contribution of second order

term.

3.8.2. Fractal-like kinetic modeling
The fractal-like approach is utilized to describe the adsorption

of Pb (II) on GZS-BC/solution interface. The rate coefficient with
temporal ‘‘memories” is defined as:

kf ¼ k0 t�h 0 � h � 1; t � 1 ð11Þ
7

where kf and k0 are the instantaneous and time independent
rate coefficients, respectively. h is the fractal exponent determin-
ing the heterogeneity of adsorbent surface and is related to frac-
tional time index a as:

a ¼ 1� h ð12Þ
According to Eq. (11), the concept of fractal dependence for the

adsorption coefficient has permitted to develop rate equations for
fractal-like kinetic models which are expressed as:

qt ¼ qe½1� expð�k01;0t
aÞ� f � PFO ð13Þ

qt ¼
k02;0q

2
e t

a

1þ k02;0qet
a f � PSO ð14Þ

qt ¼ qe

1� expð�k01;0t
aÞ

1� f 2expð�k01;0t
aÞ f �MO ð15Þ

qt ¼ qeln½2:72� 1:72expð�k00Exp;0t
aÞ� f � Exp ð16Þ

Where k01;0; k
0
2;0; and k00Exp;0 are the rate coefficients of f- PFO,

f- PSO, and f- exponential equations; where k0n;0 n ¼ 1;2ð Þ ¼
kn;0=a,.k

00
Exp;0 ¼ k0Exp;0=a

The modeling of kinetic data for adsorption of Pb (II) onto GZS-
BC was carried out by non-linear regression of qt profiles according
to classical kinetic (Eq. (7), 8, 9 and 10) and fractal-like kinetic
equations (Eq. (13), 14, 15 and 16). The kinetic plot of classical
and fractal kinetic models are shown in Fig. 4 (a, c, e) and Fig. 4
(b, d, f), respectively and their parameters are listed in Table 4.
When classical kinetic models are considered, the PSO model gives
best data fitting as compared to PFO, MO and Exp models because
it is associated with high R2 values, and low v2 value with respect
to MO model. For PSO model, the value of time independent rate
coefficient (k2Þwas 0.12 g mg�1 hour-1 at the studied temperatures
(303–323 K). On the other hand, each fractal kinetic model pro-
vides improved adsorption dynamics prediction in comparison to
its classical model because of higher R2 values. When fractal-like
kinetic models are taken into account, the f-MO model fits best
to the kinetic data with high R2 values (0.9906–0.9911) and low
v2 value (0.01) and thus, it is the appropriate model for narrating
the Pb (II) uptake at all temperatures studied. For f-MO model, the
values of k01 were found in the range 1.76–1.78 hour-(1-h) (1-
h = 0.60 to 0.61). At initial stage (t < 2 hour), the adsorption of
Pb (II) mainly takes place on the external surface and therefore,
the hypothesis of uniform adsorbate concentration is reasonably
valid. In this stage, both the classical and fractal-like kinetic models
would be suitable to explain the uptake of Pb (II). At later stage
(t > 2 hour), intraparticle diffusion occurred where uniform distri-
bution of adsorbate concentration in inner pore with blind and
open spaces is not possible which is responsible for fractal-like
behaviour.

3.9. Thermodynamic studies

The uptake of Pb (II) by GZS-BC was investigated at 303, 313
and 323 K and thermodynamic parameters (DGo, DHo and DSo)
were assessed using Eqs. (17) and (18) (Rahman and Haseen,
2014):

DGo ¼ �RTlnKc ð17Þ

lnKc ¼ DSo

R
� DHo

RT
ð18Þ



Fig. 4. Classical and fractal- like PFO, PSO, MO and Exp kinetic models for adsorption of Pb (II) onto GZS-BC.
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The value of kc , equilibrium constant as a dimensionless quan-
tity, was obtained as (Milonjić, S.K., 2007):

Kc ¼ 1000qe

Ce
ð19Þ

Where R and T are known as universal gas constant (J K�1

mol�1) and temperature (Kelvin), respectively. The values of DHo

and DSo were assessed from the plot of lnKc versus 1
T (Fig. S2).

The values of D G0 (-26.76, �27.82 and �28.96 kJ mol�1 at 303,
313 and 323 K, respectively) elucidated the spontaneity in the
uptake of Pb (II) on GZS-BC. Based on DG� values, the nature of
sorption can be predicted. DG� values falling in the range of �20
to 0 kJ mol�1 pointed towards physisorption whereas �20 to
�80 kJ�1 mol suggested the involvement of both physisorption
8

and chemisorption (Kumar, et al., 2014). On the basis of D G0 val-
ues, it is suggested that both physisorption and chemisorption pro-
cesses are involved in the uptake of Pb (II) onto GZS-BC. Positive
values of DHo (6.53 kJ mol�1) and DSo (109.84 J mol�1 K�1) are
indicative of endothermic nature of Pb (II) sorption and random-
ness at solution/GZS-BC interface, respectively.
3.10. Application of GZS-BC for removal of Pb (II) from natural water

For the removal of Pb (II) from natural water samples (surface
water and municipal wastewater), a fixed concentration of Pb (II)
was added (50 mg/L) and sorption experiment was conducted in
batch mode using GZS-BC as adsorbent. The percentage removal
of Pb (II) was obtained as 97.85% and 98.02% from surface water



Table 4
Kinetic parameters for adsorption of Pb (II) onto GZS-BC.

Kinetic model 303 K 313 K 323 K Kinetic model 303 K 313 K 323 K

PFO f- PFO
qe(mg/g) 29.48 29.52 29.55 qe(mg/g) 31.47 31.48 31.53

k1 2.71 2.72 2.73 k01;0 1.76 1.78 1.78

R2 0.9194 0.9205 0.9197 a 0.60 0.61 0.60
v2 0.05 0.05 0.05 R2 0.9906 0.9911 0.9911

APE 4.21 4.18 4.21 v2 0.02 0.01 0.01

APE 2.23 2.19 2.19

PSO f- PSO
qe(mg/g) 34.01 34.01 34.04 qe(mg/g) 33.74 33.73 33.77

k2 0.12 0.12 0.12 k02;0 0.09 0.09 0.09

R2 0.9858 0.9866 0.9865 a 0.85 0.86 0.86
v2 0.34 0.33 0.33 R2 0.9884 0.9889 0.9889

APE 10.49 10.40 10.33 v2 0.28 0.28 0.28

APE 9.62 9.48 9.48

MO f- MO
qe(mg/g) 34.52 34.49 34.52 qe(mg/g) 31.37 31.45 31.49

k1 0.09 0.09 0.09 k01;0 1.76 1.78 1.78

f 2 0.98 0.98 0.98 f 2 3.32 � 10-13 1 � 10-14 9.20 � 10-16

R2 0.9858 0.9865 0.9865 a 0.60 0.61 0.60
v2 0.45 0.44 0.44 R2 0.9906 0.9911 0.9911

APE 12.14 11.98 11.90 v2 0.01 0.01 0.01

APE 1.90 2.07 2.06

Exp f- Exp
qe(mg/g) 29.93 29.96 29.99 qe(mg/g) 32.81 32.76 32.80

k0Exp 1.95 1.97 1.97 k00Exp;0 1.39 1.40 1.40

R2 0.9571 0.9580 0.9575 a 0.70 0.70 0.70
v2 0.02 0.02 0.02 R2 0.9904 0.9909 0.9909

APE 3.00 2.76 2.79 v2 0.13 0.12 0.12

APE 6.61 6.34 6.34

Experimental adsorption capacities were obtained as 30.78 mg/g, 30.81 mg/g and 30.85 mg/g at 303 K, 313 K and 323 K, respectively.
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and municipal wastewater, respectively. Therefore, the prepared
material is a potential adsorbent for removal of Pb (II) from natural
water samples.
4. Conclusion

The prepared bio-composite GZS-BC was found as an efficient
adsorbent for removal of Pb (II) from aqueous environment. Vari-
ous analytical techniques confirm the synthesis of bio-composite.
The optimization of dependent variables was done with the help
of Taguchi approach and optimum conditions were obtained as:
adsorbent dose = 40 mg; contact time = 180 min and initial Pb
(II) concentration = 50 mg/L. The maximum removal of Pb (II)
was obtained at pH 6. The maximum sorption capacity was
obtained as 112.52 mg/g at 303 K. Freundlich model was fitted well
among various isotherm models based on high R2 values (0.9977–
0.9983) and low error functions v2 (0.01–0.02), APE (0.90–1.14).
Kinetic study shows that the adsorption was done in fractal man-
ner confirming the heterogeneity of the adsorbent and existence
9

of more than one adsorption sites. The values of DG� (-26.76,
�27.82 and �28.96 kJ mol�1 at 303, 313 and 323 K, respectively)
indicated that the sorption was occurring through physisorption
along with chemisorption.
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