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Abstract
In this research work, poly(o-phenylenediamine) was incorporated into the hydrous zirconium oxide matrix to form poly(o-
phenylenediamine)/hydrous zirconium oxide composite which is used for the removal of Cd(II) from aqueous solution. The
characterization of the material was done based on FTIR, XRD, SEM, and TGA-DTA. The effects of contact time, pH, adsorbent
dose, and initial concentration of Cd(II) on the removal of Cd(II) were studied by performing 29 sets of sorption runs using Box–
Behnken design combined with response surface methodology (RSM). Various isotherm models were tested to describe the
adsorption equilibrium. The adsorption equilibrium data fitted well with Freundlich isotherm model. The maximum adsorption
capacity of 66.66 mg g−1 was obtained from Langmuir isotherm. The pseudo-second-order kinetic model described the adsorp-
tion kinetics more accurately. Diffusion-based kinetics such as intraparticle diffusion and Bangham’s model suggested that both
film and intraparticle pore diffusion were involved in the adsorption process. The Elovich model pointed towards the chemi-
sorption. The investigation of desorption and regeneration suggested that the material can be used as an effective sorbent for
removal of Cd(II) from aqueous system.
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Introduction

The presence of heavy metals in the aquatic environment is of
great concern worldwide. Cadmium(II) is considered as one of
the most toxic elements which has high solubility and mov-
ability in aquatic systems. It is included in List 1 of the
Dangerous Substances Directive of the European Union
(Directive 2006/11/EC 2006). US Environmental Protection

Agency has declared cadmium as a probable human carcino-
gen (IRIS 1999). It is often found in industrial wastewaters of
rapidly growing industries such as Ni-Cd battery manufactur-
ing, electroplating, pharmaceutical, tanneries, petroleum refin-
ing, pigment manufacturing, and pesticides (Mahmoud et al.
2016; Vekateswarlu and Yoon 2015). Cadmium(II) ion has the
tendency to accumulate in living cells, and therefore affects
the functioning of livers, lungs, kidneys, and cardiovascular
systems (Bernard 2008). The irrigation of rice with river water
containing Cd(II) led to the contamination of rice. The con-
sumption of rice with high concentration of cadmium caused
Itai-Itai disease in Japan (Rocha et al. 2009). The activity of
enzymes is also prevented due to the combination of cadmium
with sulfhydryl group in protein (Chen et al. 2008). World
Health Organization (WHO) has recommended 3 μg L−1 cad-
mium as permissible limit in drinking water (WHO 2011).
According to Central Pollution Control Board, India, the tol-
erance limits for Cd(II) in discharge into inland surface water
and public sewer are 2.0 and 1.0 mg L−1, respectively (IS

Responsible editor: Tito Roberto Cadaval Jr

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-2566-1) contains supplementary
material, which is available to authorized users.

* Nafisur Rahman
nafisurrahman05@gmail.com

1 Department of Chemistry, Aligarh Muslim University,
Aligarh, UP 202002, India

Environmental Science and Pollution Research (2018) 25:26114–26134
https://doi.org/10.1007/s11356-018-2566-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-2566-1&domain=pdf
https://doi.org/10.1007/s11356-018-2566-1
mailto:nafisurrahman05@gmail.com


10500, Drinking water specification 1992). In view of this, the
removal of Cd(II) from wastewater is of great concern.

Literature survey revealed that several technologies such as
chemical precipitation (Gavris et al. 2013; Lin et al. 2005),
membrane separation (Ahamd et al. 2016), ion exchange
(Wang et al. 2014), electrocoagulation (Heffron et al. 2016),
ion floatation (Salmani et al. 2013), and adsorption (Rao et al.
2010) have been employed to remove Cd(II) ions from the
water environment. Among them, adsorption process is con-
sidered as one of the most important technique because of
easy operation, flexible in design, and reversible under certain
experimental conditions. The advantage of adsorption method
is the availability of large variety of adsorbents for the
intended purpose, but some time, high cost of adsorbents in-
creases the price of wastewater treatment. The performance of
the adsorption process is directly related to the quality and
selectivity of the adsorbent. Recently, agricultural waste ma-
terials such as rice husk (Hegazi 2013), black teawaste
(Mohammed 2012), sugarcane bagasse (Garg et al. 2008),
banana peels (Anwar et al. 2010), peanut shell (Xu and
Zhuang 2014), barley hull (Maleki et al. 2011), pineapple
waste (Mopoung and Kengkhetkit 2016), rice straw (Ding et
al. 2012), and watermelon rind (Husein et al. 2017) have been
considered as potential adsorbents for removal of Cd(II) from
polluted water. In recent years, activated carbons have been
used as adsorbents for removal of heavy metals. The adsorp-
tion capability and selectivity of activated carbons depends on
the activation process and the materials from which they are
produced. Activated carbons prepared from coffee residue
(Boudrahem et al. 2011), doum palm shell (Gaya et al.
2015), Cocos nucifera (Hema and Srinivasan 2011), apricot
stone (Kobya et al. 2005), madhucalongifolia fruit shell
(Vilayatkar et al. 2016), municipal organic solid waste (Al-
Malack et al. 2017), Vitellaria paradoxa shell (Jimoh et al.
2015), Typha angustata L. (Mohanapriya and Kumar 2016),
Tridax procumbens (Singanan 2011), and wood of Derris
indica (Venkatesan and Senthilnthan 2013) have shown po-
tential to adsorb Cd(II) from aqueous solutions. The potential
of magnetic nanocomposites has been exploited in the remov-
al of heavy metals (Liu et al. 2013; Mehdinia et al. 2015).
Hasanzadeh et al. have synthesized magnetic nanocomposite
p a r t i c l e s u s i n g i m i n o d i a c e t i c a c i d g r a f t e d
poly(glycidylmethacrylate-maleicanhydride) copolymer
(Hasanzadeh et al. 2017). The material showed high affinity
for Cd(II) ions, and its adsorption capacity was 48.53 mg g−1.
Venkateswarlu and Yoon (2015) have developed water-
dispersible diethyl-4-(4-amino-5-mercapto-4H-1,2,4-trizol-3-
yl) phenyl phosphonate capped biogenic Fe3O4 magnetic
nanocomposite which showed affinity for Cd(II). Magnetite
nanoparticles with carboxymethyl-β-cyclodextrin was found
to have properties that can selectively adsorb Cd(II)
(Badruddoza et al. 2013). Manganese oxide-coated magnetic
nanocomposite was prepared by a facile hydrothermal method

which proved to be a good adsorbent for removal of Cd(II)
(Kim et al. 2013). Magnetic iron oxide nanoparticles modified
with 2-(5-bromo-2-pyridylazo)-5 diethylaminophenol
showed affinity for Cd(II) with sorption capacity of
24.09 mg g−1 (Kakaei and Kazemeini 2016).

Recently, inorganic-organic hybrid composite materials
have received considerable attention for their efficient appli-
cation in the remediation of pollutants from aqueous systems.
These materials have been developed by incorporation of or-
ganic components with variable functional groups into the
inorganic matrix and thus providing superior rigidity, thermal
stability, and selectivity (Rahman and Khan 2016; Rahman
and Haseen 2014; Rahman and Haseen 2015). Tyrosine-
containing inorganic-organic hybrid material contains -OH
and -NH2 groups in its framework and thus provides sites
for selective interaction with metal ions (Kayan et al. 2014).
A n i n o r g a n i c - o r g a n i c h y b r i d m a t e r i a l w i t h
N-(aminothioxomethyl)-2-thiophen carboxamide group pro-
vides selectivity towards Cu(II) and Cd(II), and its adsorption
capacity for Cd(II) was 23.61 mg g−1 (Georgescu et al. 2013).
A layered inorganic-organic hybrid material containing nitro-
gen and sulfur in the attached organic component proved to be
an efficient adsorbent for adsorption of Cd(II) from water
bodies (Dey et al. 2010). The literature survey revealed that
hydrous zirconium oxide was exploited as adsorbent for re-
moval of Cr(VI), Zn(II), Hg(II), and Cd(II) because the mate-
rial possesses a rich amount of hydroxyl group which favors
the inner sphere complexation with the target ionic species
(Rodriguez et al. 2010; Mishra et al. 1996a; b; Mishra et al.
1997). However, the adsorption capacity of hydrous
zirconium(IV) oxide for Cd(II) was low (Soenarjo and
Wijaya 2006).

In classical method of experimental optimization, a large
number of experiments were carried out using varying com-
binations of the variables to get the maximum response.
Statistical experimental design such as response surface meth-
odology (RSM) has eliminated the limitations of classical
method by optimizing all the critical factors collectively
(Cerrahoglu et al. 2017; Tak et al. 2015). RSM is an important
statistical-based technique for evaluating the effects of several
parameters simultaneously and thus providing the optimum
conditions for desirable response (Tak et al. 2015). A mathe-
matical model is also generated for prediction of response of a
system under optimized conditions.

In the present study, a new composite material was pre-
pared by incorporation of poly(o-phenylenediamine) into hy-
drous zirconium oxide which is expected to show selectivity
for Cd(II). The analytical techniques such as fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX), and thermogravimetric
analysis-differential thermal analysis (TGA-DTA) have been
used to characterize the material. Box–Behnken design
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coupled with Derringer’s desirability function was employed
to optimize and examine the effects of contact time, solution
pH, initial concentration of Cd(II) and adsorbent dose on the
removal of Cd(II) from aqueous solution. The adsorption iso-
therms and kinetic features for the adsorption of Cd(II) onto
the composite material have also been studied.

Experimental

Reagents

Poly(o-phenylenediamine)/hydrous zirconium oxide was pre-
pared using the reagents such as o-phenylenediamine (98%,
Loba Chemie Pvt. Ltd., India), ammonium peroxodisulphate
(> 98%, Merck Specialities Pvt. Ltd., India), and zirconium
oxychloride (99%, Otto Chemie Pvt. Ltd., India). Cadmium
chloride (AR grade) was procured from Qualigens Fine
Chemicals Pvt. Ltd., India.

Instruments

Atomic absorption spectrometer (Model GBC 932 Plus, GBC
Scientific, Australia) was used to determine the concentration
of metal ions in the solution. FTIR spectra were recorded with
FTIR spectrophotometer (Perkin-Elmer Spectrum 2, UK).
Simultaneous TGA-DTA were performed using DTG 60H
thermal analyzer (Shimadzu, Japan) at the heating rate of
10 °C min−1.

X-ray diffraction patterns of the material were obtained
with XRD 1600 X-ray diffractometer (Shimadzu, Japan)
using Cu Kα radiation (λ = 1.5418 Å). SEM images with
EDX spectra were recorded with scanning electron micro-
scope (JEOL JSM-6510LV, Japan). The surface area of
PODA/HZO was determined by BET surface area analyzer
(S.I. company Pvt. Ltd., India) using nitrogen atmosphere
with degassing temperature of 80 °C. A water bath shaker
(NSW Pvt. Ltd., India) was used to control temperature and
shaking speed.

Preparation of poly-o-phenylenediamine/hydrous
zirconium oxide (POPDA/HZO)

The composite material was prepared in three steps. In the first
step, 1.4 g of o-phenylenediamine was dissolved in distilled
water at room temperature. To this solution, 100 mL of
0.10 M ammonium persulfate was added at 10 °C and stirred
for 30 min. The resulting mixture was kept for another 12 h at
10 °C, and finally, a brown colored poly-o-phenylenediamine
gel was obtained. In the second step, the gel of hydrous zirco-
nium oxide was obtained by mixing equal volumes of 6% am-
monium hydroxide and 0.10MZrOCl2.8H2O solutions. Lastly,
poly(o-phenylenediamine)/hydrous zirconium oxide composite

material was prepared by mixing both the gels with constant
stirring on a magnetic stirrer for 6 h at 30 °C, and then, the
resulting slurry was kept for another 24 h. It was filtered, and
adhering impurities were removed by washing with distilled
water. After drying in an oven at 50 °C, the material was placed
in distilled water to get small granules. Further, it was sieved to
obtain particles of uniform size (50–100 μm). The synthesis of
POPDA/HZO is shown in Scheme 1.

Batch adsorption experiments

The adsorption of Cd(II) ions onto POPDA/HZO composite
was studied in batch mode. The adsorption experiments were
performed by equilibrating the different amounts of adsorbent
with varying concentrations of Cd(II), pH, and contact time at
a fixed temperature. In general, a knownmass of the adsorbent
with 20 mL of each Cd(II) ions solution, adjusted to a known
pH, was agitated on a shaker for a given contact time. After
separation of the adsorbent from the solution, Cd(II) concen-
tration in the solution was determined by atomic absorption
spectroscopy (AAS). The percentage removal of Cd(II) and
adsorption capacity of POPDA/HZO can be obtained from the
following equations:

Removal efficiency %ð Þ ¼ C0−Ce

C0
100 ð1Þ

qe ¼
C0−Ceð ÞV

M
ð2Þ

where qe is experimental adsorption capacity (mg g−1).C0 and
Ce are the initial and equilibrium concentrations (mg L−1) of
Cd(II) in the liquid phase, respectively. M and V are the mass
of adsorbent (g) and volume of solution (L), respectively.

Box–Behnken experimental design

The optimization of major operating parameters for Cd(II)
removal was carried out using Box–Behnken design tech-
nique under response surface methodology (Zhang et al.
2017). To study the influence of operating parameters on the
Cd(II) removal efficiency, four variables, each at three levels,
were selected: contact time (A), initial pH of solution (B),
adsorbent dose (C), and initial concentration of Cd(II) (D)
which are shown in Table 1. The experimental runs required
under Box–Behnken design can be calculated using the equa-
tion (Jain et al. 2011):

N ¼ k2 þ kþ Cp ð3Þ

where k is the factor number and Cp is the replicate number of
central point. Therefore, a total of 29 experiments have been
carried out under four-factor and three-level design. The actu-
al experimental design matrix is given in Table 2. RSM uses
the data obtained from experimental design to optimize the
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variables for the adsorption process. Fitting and analysis of
data obtained from experimental design followed the
second-order polynomial model. The general form of
second-order polynomial model for response surface analysis
is expressed as follows (Rahmanidn et al. 2012):

Y ¼ β0 þ ∑k
i¼1βiXi þ ∑k

i¼1∑
k
j¼1βijXiXj þ ∑k

i¼1βiiX
2
i ð4Þ

where Y is the predicted response (% removal); Xi and Xj are the
coded values of independent variables; and β0, βi, βii, and βij
are the regression coefficients for the intercept, linear, quadratic,

and interaction terms, respectively. Data were processed for Eq.
(4) using Design Expert program (free trial 10.0.7.0 version).

Desirability function

The modified desirability function approach (Derringer and
Suich 1980) was used to evaluate the optimum values of input
variables for obtaining the optimum performance levels for
one or more responses. During the optimization procedure,
each response (Yi) is changed into individual desirability func-
tion (di) that varies between 0 and 1, indicating towards unde-
sirable response (di = 0) and completely desirable response
(di = 1). The intermediate values of di pointed towards more
or less desirable responses.

Different desirability functions may be developed for a
response Yi which is to be maximized, minimized, or assigned
a target value within an acceptable range of response values.
The range of response is given by (β-α) whereβ andα are the
highest and lowest values of response, respectively. In order to
maximize the response, the individual desirability index can
be calculated using the following equation (Candioti et al.
2014):

Table 1 Independent variables and their levels used for Box–Behnken
design

Variables Unit Factors Range and level coded values

(− 1) 0 (+ 1)

Time min A 10 45 80

pH – B 3 6 9

Dosage mg C 10 25 40

Concentration mg L−1 D 30 50 70

Scheme 1 Synthesis of POPDA/HZO
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di ¼
0 if Y i < ∝

Y i−∝
β−α

� �p

if ∝≤Y i≤β

1 if Y i > β

2
664

3
775 ð5Þ

where p is the power value named Bweight^ which is set to
determine how important it is for predicted response to be
close to the maximum.

Equation (6) is used to calculate the diwhen the response Yi
is to be minimized.

di ¼
1 if Y i < ∝

β−Y i

β−α

� �q

if ∝≤Y i≤β

0 f Y i > β

2
664

3
775 ð6Þ

where q is the weight for determining how important it is for
the response to be close to the minimum.

Finally, Eq. (7) describes the individual desirability func-
tion when a target value Ti is the most desired response.

di ¼

0 if Y i < ∝
Y i−∝
Ti−α

� �q

if ∝ < Y i < β

1 Y i ¼ Ti

Y i−β
Ti−β

� �q

if T i < Y i < β

0 if Y i > β

2
6666666664

3
7777777775

ð7Þ

The overall desirability function, D, is obtained by com-
bining individual desirability function to achieve the best joint
responses using the following equation:

Table 2 Box–Behnken design matrix and experimental and predicted values (response) of Cd(II) removal (%) by POPDA/HZO

Experimental Independent variables Response

Run A: Time B: pH C: Dosage D: Concentration Actual removal Predicted removal
min mg 20 mL−1 mg L−1 % %

1 10 6 40 50 39.76 41.19

2 45 9 25 30 99.6 93.41

3 10 6 25 70 30.76 36.31

4 45 9 40 50 99.6 104.72

5 45 6 40 30 99.6 93.33

6 80 6 10 50 63.08 62.80

7 80 6 40 50 99.6 104.64

8 10 9 25 50 39.76 39.27

9 45 6 25 50 99.6 99.6

10 45 6 25 50 99.6 99.6

11 45 6 10 70 52.08 56.99

12 45 3 25 70 38.14 45.47

13 80 6 25 70 95.21 89.03

14 45 6 10 30 63.08 67.83

15 45 6 25 50 99.6 99.6

16 10 3 25 50 25.37 16.39

17 45 9 10 50 63.08 62.521

18 45 9 25 70 95.21 89.69

19 10 6 25 30 39.76 46.15

20 45 3 25 30 50.14 56.80

21 45 3 10 50 40.41 35.40

22 45 3 40 50 50.14 50.91

23 10 6 10 50 29.32 25.42

24 45 6 25 50 99.6 99.6

25 45 6 25 50 99.6 99.6

26 80 6 25 30 99.6 95.26

27 80 3 25 50 50.14 49.27

28 45 6 40 70 95.21 89.11

29 80 9 25 50 99.6 107.22
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D ¼ d1 � d2 �……� dmð Þ1=m ð8Þ
where m is the number of responses.

Kinetic studies

For kinetic studies, 25 mg of the adsorbent was agitated
with 20 mL of Cd(II) solution (50 mg L−1, pH 6) in
Erlenmeyer flask on a shaker at a constant temperature
(30, 40, or 50 °C). The adsorbent was separated from the
solution at time intervals of 5, 10, 15, 20, 25, 30, 35, 40,
and 45 min, and the concentration of Cd(II) ions was de-
termined by AAS.

Error analysis

Statistical analysis was carried out to judge the fitness of ad-
sorption isotherm and kinetic equations to the experimental
data. For this purpose, values of chi-square (χ2) and average
percentage error (APE) were calculated using the following
equations:

χ2 ¼ ∑n
i¼1

qe;exp−qe;cal
� �2

qe;exp
ð9Þ

APE %ð Þ ¼
∑N

i¼1 qe;exp−qe;cal
� �

=qe;exp

��� ���
N

ð10Þ

where qe,exp and qe,cal are experimental capacity data and ca-
pacity determined from a model, respectively. The values of
χ2 and APE will be smaller when the experimental capacity is
close to the capacity computed from a model.

Desorption and regeneration

To study the desorption, a known amount of Cd(II) sorbed
POPDA/HZO was treated with 0.2 M NaOH for about
20 min, and finally, the adsorbent was separated from liquid
phase. Atomic absorption spectrometer was used to determine
the Cd(II) released in the liquid phase. The regeneration was
tested by performing adsorption-desorption processes several
times using the same adsorbent.

Results and discussion

Physiochemical characterization of hybrid material

FTIR spectrum of HZO (Fig. S1) shows that broad absorption
band between 3000 and 3600 cm−1 peaking at 3402 cm−1 is
assigned to stretching vibration of O-H bands of coordinated
water. The absorption band peaking at 1627 cm−1 is due to H-
O-H bending vibration (Nakamoto 2009). The absorption
peak at 1580 cm−1 indicates the vibration of Zr-OH (Dou et
al. 2012). Another band peaking at 1400 cm−1is attributed to
the characteristic O-H bending vibration from Zr-OH (Zong et
al. 2013). The absorption bands peaking at 849, 666, and

Fig. 1 FTIR spectrum of
POPDA/HZO

Fig. 2 XRD pattern of POPDA/HZO
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473 cm−1 indicated the lattice vibration of Zr-O (Ali and Zaki
1998; Seredych and Bandosz 2010).

The FTIR spectrum of POPD/HZO (Fig. 1) shows that broad
absorption band centered at 3391 cm−1 is attributed to free N-H
stretching vibration which indicated the presence of secondary
amino groups (-N-H-) (Huang et al. 2001). The stretching vibra-
tion ofO-H bands of coordinatedwater is also overlapping in this
region. Two strong peaks centered at 1628 and 1502 cm−1 are
ascribed to aromatic C=C stretching vibrations (Socrates 1980).
The strong peak at 1628 cm−1 is also indicative of N-H defor-
mation vibrations associated with primary aromatic amine and

bending vibration due toH-O-H (Socrates 1980). Theweak band
at 1469 cm−1 pointed towards aromatic ring C=C stretching. The
absorption band observed at 1341 cm−1 is the result of C-N
stretching vibrations, confirming the presence of both primary
and secondary aromatic amines (Socrates 1980). The bands
appearing at 834 and 755 cm−1 are due to C-H out of plane
deformation of benzene nuclei (Ichinohe et al. 1998). FTIR spec-
trum also exhibits two bands at 1130 and 1061 cm−1 which can
be attributed to aromatic =C-H in-plane deformation vibration.
The lattice vibration of Zr-O can be characterized by the peaks at
834, 677, and 473 cm−1.

Fig. 3 SEM images of a HZO, b
POPDA, c POPD/HZO, and d
Cd-loaded POPD/HZO

Fig. 4 TGA and DTA curves of
PODA/HZO
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Figure 2 shows the XRD analysis of POPDA/HZO. Two
broad peaks at 2θ of 30° and 56° were observed corre-
sponding to d-spacing of 2.978 and 1.6422 Å, respectively,
which suggested towards the amorphous nature of the ma-
terial. The SEM image (Fig. 3a) of HZO showed the irreg-
ular surface morphology due to agglomeration of particles
of varying shape and size and also pointing towards its
porous nature. Similar observations for HZO have been
reported earlier (Rahman et al. 2015). The SEM image of
POPDA (Fig. 3b) exhibited rugged surface consisting of
particles of different sizes and shapes and also showing
void spaces between particles. The incorporation of
POPDA into HZO caused a change in surface morphology
(Fig. 3c). It is also evident from Fig. 3c that surface of the
composite is covered by the POPDA. The SEM image
(Fig. 3d) of Cd(II) sorbed POPDA/HZO is similar to that
of the parent composite material. The EDX spectrum of
POPDA/HZO (Fig. S2) showed the presence of Zr
(40.7%), C (39.8%), N (13.37%), and O (6.25%). The re-
sults of SEM-EDX demonstrated that the immobilization
of POPDA has taken place on HZO matrix. The EDX
spectrum of Cd(II) sorbed POPDA/HZO revealed the suc-
cessful adsorption of Cd(II) onto the composite material.

The BET surface area of POPDA/HZO was found to be
332.1 m2 g−1.

POPDA/HZO composite material was characterized by
TGA and DTA in the temperature range 30 to 600 °C
(Fig. 4). It was observed that the weight loss occurred in three
steps. In the first transition stage, the weight loss (15.85%)
occurred in the temperature interval of 30 to 150 °C, which
can be attributed to removal of interstitial water (Gupta et al.
2005; Singh et al. 2003). The second stage of thermal transi-
tion was observed from 150 to 400 °C. During this stage, the
weight loss was 11.76% which is due to the removal of -NH2

groups and degradation of organic moiety of the composite
material (Samanta et al. 2017). In the third stage, the weight
loss (3.53%) was observed in the temperature range of 400 to
560 °C. This weight loss may be due to the decomposition of
polymer chain (Muthirulan et al. 2013). Above 560 °C, the
weight becomes constant due to formation of zirconium ox-
ide. The DTA curve showed two broad endothermic peaks
centered at 131 and 345 °C. The first peak indicated the loss
of water molecules the second broad band suggested the re-
moval of substituted groups. An exothermic peak was ob-
served at 539 °C, conforming the degradation of organic
molecule.

Table 3 Results of ANOVA and percentage contribution of the components for the quadratic model

Source Sum of squares df Mean square F value p value
Prob > F

VIF PC

Model 22,326.99 14 1594.79 33.72 < 0.0001 Significant

A-Time 7625.52 1 7625.52 161.23 < 0.0001 1.00 34.15

B-pH 4900.93 1 4900.93 103.62 < 0.0001 1.00 21.95

C-Dosage 2490.05 1 2490.05 52.65 < 0.0001 1.00 11.15

D-Concentration 170.03 1 170.03 3.59 0.0788 1.00 0.76

AB 307.48 1 307.48 6.50 0.0231 1.00 1.138

AC 170.04 1 170.04 3.60 0.0788 0.76

AD 5.31 1 5.31 0.11 0.7425 0.024

BC 179.43 1 179.43 3.79 0.0718 0.80

BD 14.48 1 14.48 0.31 0.5888 0.064

CD 10.92 1 10.92 0.23 0.6382 0.05

A2 4294.96 1 4294.96 90.81 < 0.0001 1.08 19.04

B2 2813.96 1 2813.96 59.50 < 0.0001 1.08 12.60

C2 1529.77 1 1529.77 32.34 < 0.0001 1.08 6.85

D2 357.93 1 357.93 7.57 0.0156 1.08 1.60

Residual 662.16 14 47.30

Lack of fit 662.16 10 66.22

Pure error 0.000 4 0.000

Cor total 22,989.15 28

Fit statistics

R2 0.9712

Goodness of fit R2 0.9429

Goodness of prediction R2 0.8557

PC percentage contribution

Environ Sci Pollut Res (2018) 25:26114–26134 26121
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Box–Behnken statistical analysis

The experimental data obtained from Box–Behnken design
were fitted to linear, interactive, quadratic, and cubic models
to generate the regression equations. The suitability of models
to describe the removal of Cd(II) by POPDA/HZOwas judged
by comparing the sequential model sum of squares and model
statistics (Table S1). The quadratic model was selected on the
basis of high F value, lower p value (< 0.0001) and minimum
predicted residual sum of squares (PRESS) for further analy-
sis. Therefore, an empirical relationship between the predicted
response (% removal) and independent variable can be repre-
sented by the following quadratic model.

Equation in terms of coded factors:

Removal %ð Þ ¼ þ99:60þ 25:21Aþ 20:21Bþ 14:41C−3:76Dþ 8:77ABþ 6:52ACþ
1:15ADþ 6:70BCþ 1:90BDþ 1:65CD−25:73A2−20:83B2−15:36C2−7:43D2 ð11Þ

Equation in terms of actual factors:

Removal %ð Þ ¼ �123:819þ 1:717 * Timeþ 25:444 * pHþ 2:646 * Dosageþ 1:267 *
Concentrationþ 0:084 * Time * pHþ 0:013 * Time * Dosageþ 1:646E� 003 * Time *
Concentrationþ 0:149 * pH * Dosageþ 0:032 pH* Concentrationþ 5:508E� 003* Dosage *
Concentration� 0:021* Time2 � 2:314 * pH2 � 0:068 Dosage2 � 0:019 * Concentration2

ð12Þ

The analysis of variance (ANOVA) was applied to ensure
the significance and adequacy of the model. The results of
ANOVA and test for the significance of the regression model
are summarized in Table 3. The F value for the model (33.72)
is greater than that obtained from the standard distribution
table (2.47 at 95% confidence level) which demonstrated the
significance of the model. The prob > F value for the model is
lower than 0.05 (95% confidence level) which further sug-
gested that the model is statistically significant. The lack-of-
fit test suggested that the selected model has insignificant
lack-of-fit. Moreover, the high correlation coefficient value
(R2 = 0.9712) demonstrated a good fit between the predicted
response and experimental data points (Fig. S3). The value of
variance inflation factor (VIF) (Table 3) for all the variables
(A, B, C, and D) is 1.0. This demonstrated that there is no
correlation among kth predictor and the remaining predictor
variables. Therefore, the variance is not inflated at all. The
VIF value for A2, B2, C2, and D2 is 1.08 which indicated the
existence of a very low level of multicollinearity. Further, the

normal probability plot of residual (Fig. S4) was used to check
the goodness of fit of the quadratic model. As can be seen in
Fig. S4, the data points lie reasonably close to a straight line,
confirming the adequacy of the quadratic model. The values
of adjusted R2 and predicted R2 should be within 0.20 of each
other to define the reasonable agreement (Mourabet et al.
2012). In this study, the values of goodness of fit (R2) and
goodness of prediction (R2) were 0.9424 and 0.8557, respec-
tively, which suggested a reasonable agreement between them
and confirming the adequacy of the quadratic model.

Effect of variables and response surface plots

The percentage contribution (PC) of each variable in the re-
sponse model can be calculated using the following expres-
sion (Bandari et al. 2015):

PC ¼ SSi
SSm

100 ð13Þ

Fig. 6 Perturbation plots for percent removal of Cd(II) by POPDA/HZO

�Fig. 5 Response surface plots for the percent removal of Cd(II) versus (a)
pH and contact time, (b) adsorbent dose and contact time, (c) initial
concentration and contact time, (d) adsorbent dose and pH, (e) initial
concentration and pH, and (f) initial and adsorbent dose
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where SSi and SSm are the sum of squares for the individ-
ual variable and sum of squares for the model. The results
are summarized in Table 3. The results revealed that the
contact time, initial pH of solution, and adsorbent dose
have exhibited high levels of contribution in the removal
of Cd(II) by POPDA/HZO with PC values of 34.15,
21.95, and 11.15, respectively. The contribution of initial
concentration of Cd(II) is minimum (0.76%) in the re-
sponse model. The interactive term AB showed PC value
of 1.38, whereas all other interactive terms have contrib-
uted to a smaller extent in the removal of Cd(II).

RSM in combination with Box–Behnken design is
employed to optimize the variables for obtaining the
maximum removal of Cd(II) by POPDA/HZO. The
three-dimensional response surface plots were obtained

for a given pair of variables while keeping other factors
constant. Figure 5a shows the interactive effect of pH
and contact time on the removal of Cd(II). As can be
seen in the figure that at any fixed pH, the removal of
Cd(II) increases with contact time and the maximum
removal (99.6%) was achieved at a contact time of
45 min. The interaction of adsorbent dose with contact
time and their relation to percentage removal of Cd(II)
at pH 6 and initial concentration of 50 mg L−1 is shown
in Fig. 5b. It is evident from the Fig. 5b that the re-
moval efficiency increases with increase in both adsor-
bent dose and contact time. This is due to the fact that
the greater amounts of POPDA/HZO could provide in-
creased surface area and more active sites for binding
with the Cd(II) ions.

Fig. 7 Profiles for the predicted response and desirability functions for the percent removal of Cd(II)

Fig. 8 Freundlich isotherm plots
for the adsorption of Cd(II) onto
POPDA/HZO
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The plot (Fig. 5c) for combined effect of initial con-
centration and contact time at constant pH (6) and adsor-
bent dose (25 mg 20 mL−1) revealed that at any fixed
contact time, the removal percentage increases with in-
creasing solution concentration. Above 50 mg L−1, per-
centage removal of Cd(II) decreases due to non-
availability of sufficient number of active sites for inter-
action with Cd(II).

Figure 5d shows the combined effect of pH and adsor-
bent dose on the uptake of Cd(II) by POPDA/HZO. It was
observed that the removal efficiency increased with in-
creasing amount of adsorbent at any given pH value.
Moreover, at pH < 6, the removal efficiency decreases,

which may be due to protonation of -NH2 group present
in POPDA and Zr-OH2

+. At pH 6–9, -NH2 group is freely
available for binding with the Cd(II), and thus exhibiting
the maximum removal in this pH range. It was also ob-
served that the percent removal of Cd(II) increases from
16.39 to 99.96% from pH 3 to 6.

Figure 5e shows the combined effect of pH and initial
concentration on the removal of Cd(II). The experimental
results revealed that the percent removal increases with
increase in pH up to 6 when the initial concentration
was 50 mg L−1. Above this concentration (i.e., >
50 mg L−1), percentage removal of Cd(II) decreases due
to nonavailability of sufficient number of active sites for

Table 4 Isotherm parameters, regression coefficient and error functions obtained by linear fitting for adsorption of Cd(II) onto POPDA/HZO (C0 10–
100 mg L−1, adsorbent dose 1.25 g L−1, contact time 45 min, pH 6)

Isotherm Temperature (K) Parameters Error function

Langmuir qm (mg g−1) KL (L mg−1) R2 APE χ2

303 66.66 2.14 0.998 2.00 0.026

313 71.42 4.66 0.998 5.81 5.810

323 76.92 6.57 0.990 7.71 0.425

Freundlich qm
a (mg g−1) n KF R2 APE χ2

303 64.26 3.75 33.41 0.999 1.60 0.017

313 68.04 6.45 45.60 0.998 1.13 0.008

323 71.44 6.13 50.46 0.997 0.05 0.000

Temkin qm (mg g−1) AT (10
3) BT R2 APE χ2

303 64.06 0.35 7.38 0.917 1.96 0.025

313 64.50 25.28 4.99 0.939 4.10 0.111

323 70.42 1.95 7.07 0.979 1.37 0.013

Dubinin-Radushkevich qm (mg g−1) Kad (10
−8) R2 APE χ2

303 53.03 2 0.588 18.85 2.322

313 56.59 0.9 0.881 15.82 1.678

323 57.22 0.6 0.818 19.87 2.819

a The experimental values of adsorption capacity (qe) for Cd(II) are 65.35, 67.27, and 71.41 mg g−1 at 303, 313, and 323 K, respectively

Fig. 9 Nonlinear Freundlich
isotherm plots for the adsorption
of Cd(II) onto POPDA/HZO
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interaction with Cd(II). The interactive effect of adsorbent
dose and initial concentration is shown in Fig. 5f. At
lower amount of adsorbent dose, the removal efficiency
decreased owing to the nonavailability of sufficient active
sites for interaction with the Cd(II) ions.

Interactive effects of four variables

The perturbation graph is commonly used to study the inter-
active effects of all variables at a time. The perturbation plot
(Fig. 6) shows the percent removal of Cd(II) as a function of

Table 5 Isotherm parameters, regression coefficient, and error functions obtained by nonlinear fitting for the adsorption of Cd(II) onto POPDA/HZO
(C0 10–100 mg L−1, adsorbent dose 1.25 g L−1, contact time 45 min, pH 6)

Isotherm Temperature (K) Parameters Error function

Langmuir qm
a(mg g−1) KL (L mg−1) R2 APE χ2

303 65.939 2.14 0.960 0.80 0.005

313 70.469 4.66 0.949 4.75 0.152

323 75.835 6.57 0.949 6.196 0.274

Freundlich qm (mg g−1) n KF R2

303 65.470 3.75 33.41 0.979 0.18 0.000

313 70.020 6.45 45.60 0.981 4.05 0.110

323 74.299 6.13 50.46 0.981 3.90 0.109

Temkin qm (mg g−1) AT (10
3) BT R2

303 65.682 0.35 7.38 0.977 0.508 0.001

313 70.251 25.28 4.99 0.978 4.431 0.132

323 74.827 1.95 7.07 0.978 4.785 0.163

a The experimental values of adsorption capacities (qe) of cadmium are 65.35, 67.27, and 71.41 mg g−1 at 303, 313, and 323 K temperature, respectively

Table 6 Kinetic parameters for adsorption of Cd(II) onto POPDA/HZO

Kinetics Temperature (K) Parameters

qe,cal
a (mg g−1) K1 R2

Pseudo-first-order 303 31.08 0.039 0.925

313 33.02 0.055 0.824

323 35.12 0.056 0.968

qe,cal (mg g−1) K2 R2

Pseudo-second-order 303 47.46 0.008 0.997

313 48.66 0.007 0.997

323 49.96 0.006 0.998

∝ β R2

Elovich model 303 176.97 0.19 0.991

313 177.79 0.18 0.985

323 213.89 0.15 0.974

Cid Kid R2

Intraparticle diffusion model 303 I 16.29 4.65 0.980

II 28.30 1.36 0.988

313 I 16.29 4.65 0.980

II 33.70 0.65 0.995

323 I 15.53 5.06 0.995

II 34.41 0.42 0.987

K0 ∝ R2

Bangham’s equation 303 9.917 0.386 0.961

313 9.894 0.394 0.962

323 10.219 0.389 0.957

a The experimental values of adsorption capacity (qe) are 49.52, 49.67, and 49.90 mg g−1 at 303, 313, and 323 K, respectively, when C0 = 50 mg L−1
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each variable moving from the lowest coded value while all
other variables kept constant at the center point of the design
(coded zero level). As can be seen in Fig. 6, the factors such as
contact time, initial pH, and adsorbent dose have pronounced
effect on the removal of Cd(II) The flat curve for initial con-
centration indicated that the removal is less affected by this
variable. Similar observations were also reported for the ad-
sorption of Cd(II) using trichodermaviride as adsorbent
(Singh et al. 2010).

Optimization of variables

In order to study numerical optimization, a minimum and a
maximum level must be given for each input variable whereas
the response was designed to obtain the maximum. The results
presented in Fig. 7 demonstrated the ranges of input variables
obtained from the model. Response surface methodology with
desirability function has predicted the optimum values for
each independent variables for achieving the maximum re-
moval (99.6%) of Cd(II). The optimum values of variables
are as follows: contact time = 45 min, initial pH of solution =
6, adsorbent mass = 25 mg 20 mL−1, and initial concentration

of Cd(II) ions = 50 mg L−1. The confirmatory experiments
were also carried out under the optimized conditions which
agreed well with the predicted value.

Equilibrium modeling

The experimental equilibrium data for adsorption of Cd(II)
onto POPDA/HZO were examined using Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich isotherm
models. The linear and nonlinear equations of the above
models are given in Table S2.

Linear fitting of isotherm models

The linear plots for Freundlich isotherm model is shown in
Fig. 8. The plots for Langmuir, Temkin, and Dubinin-
Radushkevich (D-R) isotherm models are shown in Figs. S5,
S6, and S7, respectively. The isotherm parameters for each
model were calculated from corresponding isotherm plots
and summarized in Table 4. In addition, the separation factor,
RL, was calculated from the KL values of Langmuir model to
examine the types of isotherm (Talebi et al. 2017; Tehrani et
al. 2017) and is defined as follows:

RL ¼ 1

1þ kLCo
ð14Þ

where C0 is the initial concentration of Cd(II) ions (mg L−1).
The adsorption process is considered favorable when 0 > RL <
1. In the present study, the values of RL were found to be less
than unity at all concentrations (10–100 mg L−1) and temper-
atures (303, 313, and 323 K) (Fig. S8). This demonstrated that
the adsorption of Cd(II) onto POPDA/HZO is a favorable
process. The mean free energy, E (kJ mol−1), was calculated
from Kd values (Dubinin-Radushkevich isotherm constant)
using the following equation:

Fig. 11 Elovich plots for the
adsorption of Cd(II) onto
POPDA/HZO
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Fig. 10 Pseudo-second-order kinetic plots for the adsorption of Cd(II)
onto POPDA/HZO
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E ¼ 1ffiffiffiffiffiffiffiffiffiffi
2 Kd

p ð15Þ

The values of mean free energy (E) were 5.0, 7.6, and
9.13 kJ mol−1 at 303, 313, and 323 K, respectively.
Moreover, the R2 values obtained for D-R isotherm model
for adsorption of Cd(II) indicated a poor fit to the experimental
data. Therefore, the mean energy calculated from D-R model
could not necessarily explain the mechanism of adsorption.

On the basis of R2 values, the order of best fit was
Freundlich > Langmuir > Temkin > Dubinin-Radushkevich
model at all temperatures. Moreover, error functions such as
χ2 and APE with respect to experimental adsorption capacity
were also calculated. The error analysis indicated that
Freundlich isotherm model described more accurately the ad-
sorption of Cd(II) onto POPDA/HZO as compared to other
isotherm models. This study also demonstrated that the ad-
sorption occurred on heterogeneous surface with multilayer
coverage.

Nonlinear fitting of isotherm models

Nonlinear isothermmodels have also been applied to examine
the equilibrium adsorption data. Microsoft Excel SOLVER
function-spread sheet method was used to determine the iso-
therm parameters (Rahman and Nasir 2017; Hossain et al.
2013). Plots of qe vs Ce using experimental and predicted
values by nonlinear Freundlich model are shown in Fig. 9.
The calculated coefficients for Langmuir (Fig. S9),
Freundlich (Fig. 9), and Temkin (Fig. S10) isotherm models
are summarized in Table 5. The values ofR2 obtained by linear
regression method for Langmuir and Freundlich isotherm
models were slightly higher than that obtained by nonlinear
regression method at 303, 313, and 323 K. However, nonlin-
ear regression method yielded higher R2 values for Temkin
model. Moreover, both linear and nonlinear fitting methods
provided higher R2 values and lowest values of error functions
such as APE and χ2 for Freundlich isotherm model at all
temperatures studied. Therefore, it is concluded that

Fig. 12 Intraparticle diffusion
plots for the adsorption of Cd(II)
onto POPDA/HZO

Fig. 13 Banghum’s plots for the
adsorption of Cd(II) onto
POPDA/HZO
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Freundlich isotherm model successfully describes the adsorp-
tion of Cd(II) onto POPDA/HZO composite.

Adsorption kinetics

The kinetic adsorption data were examined by pseudo-first-
order, pseudo-second order, intraparticle diffusion, Elovich,
and Bangham’s models to determine the rate of adsorption
onto POPDA/HZO.

Pseudo-first-order kinetic model

The following equation represents the nonlinear form of
pseudo-first-order kinetic model (Markandeya et al. 2015):

qt ¼ qe 1−e−k1t
� 	 ð16Þ

where k1 is the pseudo-first-order rate constant (min−1), qe and
qt are the amount of Cd(II) adsorbed (mg g−1) at equilibrium
and at time t, respectively. The kinetic parameters were calcu-
lated by Microsoft Excel SOLVER function-spread sheet
method (Hossain et al. 2013). Plots of qt vs t for adsorption
of Cd(II) at 303, 313, and 323 K are shown in Fig. S11. The
values of k1 and qe (cal) were determined and summarized in
Table 6.

Pseudo-second-order kinetic model

The rate of adsorption of adsorbate onto adsorbent can be
described by pseudo-second-order kinetic model using the
following nonlinear equation (Markandeya et al. 2015):

qt ¼
k2q2e t

1þ k2qet
ð17Þ

where k2 is the rate constant (g mg−1 min−1) for pseudo-
second-order kinetics. The plots of qt vs t at 303, 313, and

323 K are presented in Fig. 10. The values of k2 and qe were
evaluated from Microsoft Excel SOLVER function-spread
sheet method (Hossain et al. 2013) and summarized in Table
6. The best fitting of kinetic model for the adsorption of Cd(II)
onto POPDA/HZO was judged on comparing the correlation
coefficient (R2) and calculated adsorption capacity. The values
of correlation coefficient (R2) for pseudo-second-order kinetic
plots were > 0.99 at all temperatures studied while these
values were < 0.97 for pseudo-first-order kinetic plots.
Moreover, the adsorption capacity calculated from the plots
of qt vs t were very close to experimental adsorption capacity
at all the temperatures studied for the pseudo-second-order
kinetics. These results demonstrated that the kinetic data for
adsorption of Cd(II) onto POPDA/HZO fitted well to the
pseudo-second-order kinetic equation.

Elovich equation

Elovich model is mainly used to explain the chemisorption
process and is expressed by the following equation (Wu et
al. 2009):

qt ¼
1

β
ln ∝βð Þ þ 1

β

� �
lnt ð18Þ

where α and β are initial rate of sorption (mg g−1 min−1) and a
constant(g mg−1) that gives information about the extent of
surface coverage, respectively. Figure 11 shows the plots of qt
vs ln t at three temperatures (303, 313, and 323 K) and values
of α and β were evaluated from the linear plots and summa-
rized in Table 6. As can be seen in the table that correlation
coefficients (R2) are greater than 0.97 at all the temperatures
which indicated the good fit of Elovich equation to the exper-
imental kinetic data. The applicability of Elovich model indi-
cated that the adsorption of Cd(II) occurred through chemi-
sorption process.

Fig. 14 Vant’ Hoff plot for the
adsorption of Cd(II) onto
POPDA/HZO
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Diffusion-based kinetics

Weber–Morris’ intraparticle diffusion model was applied to
investigate the influence of diffusion on sorption of Cd(II)
onto POPDA/HZO. The rate of intraparticle diffusion can be
evaluated from the following equation (Weber and Morris
1963):

qt¼Kid
t
1
2 þ Cid ð19Þ

where kid is the intraparticle diffusion rate constant
(mg g−1 min−1/2) and Cid is the intercept which provides in-
formation about the thickness of the boundary layer (mg g−1).
Figure 12 shows the plots of qt vs t

1/2 for adsorption of Cd(II)
onto POPDA/HZO at different temperatures (303, 313, and
323 K). The values of kid and Cid were calculated for both the
linear portions of the plot and summarized in Table 6. As can
be seen in the Fig. 12, plots showed two distinct linear por-
tions, indicating that two stages were involved in the sorption
of Cd(II). In stage I (first linear portion), the rate of adsorption
was high up to 10 min which was due to external surface
adsorption through film diffusion from solution to adsorbent

surface. In stage II, the rate of uptake is slow which can be
attributed to intraparticle diffusion. From this study, it can be
suggested that both external film and intraparticle pore diffu-
sion mechanisms are involved in the sorption of Cd(II) onto
POPDA/HZO composite.

Bangham’s equation

Bangham’s equation has been applied to gain insight into the
pore diffusion, and it is expressed as follows (Inyinbor et al.
2016):

log log
Ce

Co
−qtM


 �� 
¼ log Ko

M

2:303 V

� �
þ ∝logt ð20Þ

where M and V are adsorbent mass (g L−1) and solution vol-
ume (mL), respectively. α and K0 are the constants of
Bangham’s equation where the value of α is less than 1.

Figure 13 shows the plots of log log Ce
Co
−qt M

h in o
vs log t

for the adsorption of Cd(II) onto POPDA/HZO at 303, 313,
and 323 K. The parameters of Bangham’s equation and

Table 7 Comparison of adsorption characteristics of cadmium(II) ions on various adsorbents

S.
no.

Adsorbents Contact time
(min)

Optimum
pH

Adsorption capacity
(mg g−1)

Isotherm model Ref.

1 Polyacrylamide-modified Fe3O4/MnO2 400 6 39.05 – Liu et al. (2018)

2 Ion-imprinted thiol-functionalized polymer 240 7 62.79 Langmuir Kong et al. (2018)

3 Zeolite-based geopolymer 420 5.0 26.24 Langmuir Javadian et al. (2015)

4 Polyaniline-grafted-chitosan 60 6.0 12.87 Langmuir Karthik and
Meenakshi (2015)

5 Granular-activated carbon-supported
magnesium hydroxide

400 6 8.08 – Wang et al. (2016)

6 Poly(vinyl alcohol) and amino-modified
MCM-41

160 6 46.73 Langmuir Soltani et al. (2018)

7 4-Amino-3-hydroxynaphthalene sulfonic
acid-doped polypyrrole films

– 5 50.4 Langmuir Sall et al. (2018)

8 Sugarcane bagasse 25 7 0.95 – Moubarik and Grimi
(2015)

9 Untreated coffee grounds 120 – 15.65 Langmuir Azouaou and
Mokaddem (2010)

10 Cork biomass 60 6 14.77 Langmuir Krika et al. (2016)

11 Corn stalk xanthates 120 7 20.58 Langmuir Zheng and Meng
(2016)

12 Nanomaganetized biochar 120 5 16 – Karunanayake et al.
(2018)

13 Portulaca oleracea plant biomass 100 6 43.48 Langmuir and
Freundlich

Dubey et al. (2014)

14 Sugarcane straw 30 4 7.78 Freundlich Farasati et al. (2016)

15 Mesoporous treated sewage sludge 60 6 56.2 Langmuir Ahsainea et al. (2017)

16 Iron oxide-coated sewage sludge – 7 14.7 Langmuir Phuengprasop et al.
(2011)

17 Poly(o-phenylenediamine)/hydrous
zirconium oxide

45 6 66.66 Freundlich This work
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regression coefficients were evaluated from the linear plots
(Fig. 13) and reported in Table 6. The values of R2 were
0.961, 0.962, and 0.957 at 303, 313, and 323 K, respectively,
which pointed that the kinetic data fitted well to Bangham’s
equation. Therefore, the sorption of Cd(II) onto POPDA/HZO
can be regarded as pore diffusion-controlled process.

Thermodynamic studies

The effect of temperature on the adsorption of Cd(II) onto
POPDA/HZO was studied which indicated that the extent of
adsorption increased with increasing temperature. To gain an
insight into the feasibility of adsorption, the values of ΔG0,
ΔH0, and ΔS0 were computed by considering the equations
given below:

ΔG0 ¼ −RT lnkc ð21Þ

lnkC ¼ ΔS0

R
−
ΔH0

RT
ð22Þ

where kc, R, and T are the equilibrium constant, universal gas
constant (8.314 J K−1 mol−1), and temperature (K), respective-
ly. The values of equilibrium constant at different tempera-
tures were calculated following the reported methods
(Cadaval Jr. et al. 2016; Milonjic 2007). The values of ΔH0

and ΔS0 were evaluated from the linear plot of ln kc vs 1/T
(Fig. 14). The values of ΔG0 were found to be − 20.606, −
20.726, and − 23.639 k J mol−1 at 303, 313, and 323 K, re-
spectively, which pointed towards the spontaneous nature of
the adsorption process and the spontaneity increases with in-
creasing temperature. The value of ΔH0 was 36.34 k J mol−1

which demonstrated the endothermic nature of the sorption
process whereas the value ofΔS0 (0.185 k J K−1 mol−1) point-
ed towards the randomness on liquid/solid interface. All cal-
culated thermodynamic data demonstrated that the uptake of
Cd(II) onto POPDA/HZO is feasible and favorable process.

Comparison of adsorption characteristics of various
adsorbents

The adsorption characteristics of various adsorbents for the
removal of Cd(II) from water are shown in Table 7. The ad-
sorption capacity of POPDA/HZO for Cd(II) ions was found
to be 66.66 mg g−1. Table 7 shows that the low cost adsorbents
such as iron oxide-coated sewage sludge (Phuengprasop et al.
2011), sugarcane straw (Farasati et al. 2016), nanomagnatized
biochar (Karunanayake et al. 2018), corn stalk xanthates
(Zheng and Meng 2016), cork biomass (Krika et al. 2016),
untreated coffee grounds (Azouaou and Mokaddem 2010),
and sugarcane bagasse (Moubarik and Grimi 2015) possess
Cd(II) adsorption capacity smaller than 21mg g−1. In addition,
most of the low-cost adsorbents required longer time to
achieve equilibrium. Mesoporous treated sewage sludge have
showed a capacity of 56.2 mg g−1 and achieved equilibrium in
60min. The results of adsorption of Cd(II) onto POPDA/HZO
revealed that this material is superior to the low-cost adsor-
bents reported in the literature because it has higher adsorption
capacity and requiring lesser time to achieve equilibrium.
Other adsorbents such as polyacrylamide-modified Fe3O4/
MnO2 (Liu et al. 2018), ion-imprinted thiol-functionalized
polymer (Kong et al. 2018), zeolite-based geopolymer
(Javadian et al. 2015), granular-activated carbon (Wang et al.
2016), and poly(vinyl alcohol) and amino-modified MCM-41
(Soltani et al. 2018) required much longer time to achieve
equilibrium. Moreover, the adsorption capacity of such mate-
rials for Cd(II) was lower than that of POPDA/HZO.

Desorption study

The desorption of Cd(II) from the adsorbent was studied by
varying the concentration of NaOH (0.01–0.20 M). It was
observed that the adsorbent was effectively regenerated
(99.35%) by desorption of adsorbed Cd(II) by treatment of

Fig. 15 Bar diagram shows the
percentage uptake of cadmium by
POPDA-Zr(IV)oxide in different
cycles of batch operations
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Cd(II)-loaded POPDA/HZO with 0.20 M NaOH for about
20 min. The results demonstrated that the adsorption efficien-
cy was maintained nearly constant up to six adsorption-
desorption cycles, but after this, the efficiency decreased to a
larger extent (Fig. 15). Therefore, it is concluded that POPDA/
HZO composite material can be used effectively as an adsor-
bent for Cd(II) removal from polluted water.

Conclusion

A new adsorbent was prepared by incorporation of poly(o-
phenylenediamine) into hydrous zirconium oxide for removal
of Cd(II) from aqueous systems. The effects of experimental
parameters on the removal percentage were investigated using
BBD combined with RSM. The optimum variables to achieve
99.6% Cd(II) removal were determined by desirability func-
tion. The equilibrium data were fitted into various isotherm
equations. On comparing the values of R2, χ2, and APS, it was
judged that Freundlich isotherm model was the best model to
describe the sorption of Cd(II). Elovich model suggested that
chemisorption was involved in the uptake of Cd(II). The re-
sults of analysis of kinetic data indicated that the adsorption of
Cd(II) onto POPDA/HZO obeyed the pseudo-second-order
kinetic equation. The kinetic data were also analyzed by
diffusion-based kinetics such as Weber-Morris intraparticle
diffusion and Bangham’s models. The results suggested the
involvement of both external film and intraparticle pore diffu-
sionmechanisms in the uptake of Cd(II). The desorption study
revealed that POPDA/HZO can be used as potential sorbent to
removal Cd(II) from polluted water.
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