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a b s t r a c t
In the present study, nanostructured β-Cd(OH)2 adsorbent was synthesized, characterized by 
Fourier-transform infrared spectroscopy, X-ray diffraction and scanning electron microscopy 
analysis, and applied for Cr(VI) ions capturing (adsorption) from environmental aqueous samples. 
The central composite design of 18 adsorption experiments was employed for multivariate sorp-
tion optimization. Maximum adsorption (%) of Cr(VI) ions was calculated and found to be 98.5% 
with relative standard deviation (RSD) ≤ 3.5 at optimum concentration 15 mg L–1, pH 4.0, adsorbent 
dosage 50 mg, shaking time 20 min and shaking speed 120 rpm at 25°C. Langmuir, Freundlich and 
Dubinin–Radushkevich isotherms fitted well to adsorption data with correlation coefficient (R2) of 
0.993, 0.982 and 0.994, respectively. Mono-layered (Qm) and multi-layered (Kf) capacities of β-Cd(OH)2 
adsorbent for Cr(VI) ions retention were calculated and found to be 202.02 ± 2.0 and 4.95 ± 2.5 mg g–1, 
respectively. Sorption energy was calculated and found to be 8.45 ± 2.0 kJ mol–1, indicated 
chemisorption or ion exchange mechanism for Cr(VI) ions adsorption onto β-Cd(OH)2 adsorbent.
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1. Introduction

Response surface methodology (RSM) was introduced 
by Box and Wilson [1] for the improvement of the process 
of manufacturing. The statistical method which solves the 
multivariate equation using quantitative data obtained 
from experiments is called RSM [2]. For multivariate 
optimization, RSM is an effective tool that can be used to 

optimize response. It has been widely used for process vari-
ables and their interaction affects [3]. RSM has been used for 
multivariate sorption optimization using central composite 
design (CCD) [4], Box–Behnken design [5], and Doehlert 
design (DD) [6]. Among these, the CCD model has been 
commonly used for sorption optimization with nk design 
(k = total number of factors and n = levels of factor). The mul-
tivariate sorption optimization by RSM can be performed 
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in the three steps, designing experiments by nk formula, 
estimating the coefficients in a mathematical model, and 
checking the accuracy and fitting of the proposed model [4].

In chemistry, various methods such as thermogravim-
etry, electroanalytical, capillary electrophoresis and pre-
concentration, adsorption based on co-precipitation, sol-
id-phase extraction, liquid–liquid extraction and cloud point 
extraction techniques have been optimized by multivariate 
optimization approach for a decade [7]. The methods can 
be optimized by univariate and multivariate approaches. 
In the univariate approach, the optimum response of all 
independent variables (factors) can be achieved by vary-
ing one parameter and keeping other parameters constant. 
In the multivariate approach, the optimum response of the 
independent variable (factor) can be achieved by varying 
two or more factors simultaneously. Usually, in removal 
studies, the response is removal (%) or sorption capacity 
and factors are pH, temperature, resin amount, shaking 
time, shaking speed, and concentration of analyte [4].

The natural ecosystem has been disturbing due to the 
continued discharging of harmful chemicals (pollutants) 
into water bodies. Mutagenic and genotoxic chemicals are 
comparatively more dangerous because they cause herita-
ble disorders, impacting generations [8,9]. Detoxification 
of contaminated water is becoming a prime task for sci-
entists [10]. Cr(VI) ions exists as CrO4

2− (chromate), Cr2O7
2− 

(dichromate) or HCrO4
− (hydrogen chromate) depending 

on pH [11]. Cr(VI) ion is a longstanding aquatic pollutant, 
caused by various industrial processes including, electro-
plating, leather tanning, metal polishing, oxidative dyeing 
and manufacturing of steel, paints, pigments and textiles 
[12,13]. Cr(VI) ions can be absorbed by the human body 
causing health problems. Cr(VI) ions can enter the human 
body through the skin, mucosa, respiratory tract and diges-
tive tract accumulating in blood, liver and kidney [14]. 
Cr(VI) ions readily transverse cell membranes through the 
sulfate transport system as it has structurally similar to 
sulfate (SO4

2−) and phosphate (PO4
3−). Cr(VI) ions can easily 

be incorporated into the cell, where it oxidizes biological 
molecules and causing various health problems. Cr(VI) ion 
is a strong oxidant, acts as mutagens, teratogens and car-
cinogens in biological systems [15,16]. US Environmental 
Protection Agency listed Cr(VI) as the most hazardous 
toxic pollutant due to its high toxicity and bioaccumu-
lation. US Environmental Protection Agency and World 
Health Organization fixed 0.1 and 0.05 mg L–1, respectively 
as the permissible levels of Cr(VI) ions in portable water 
[17]. Therefore, treatment of Cr(VI) ions containing efflu-
ents before discharging to environmental water bodies is 
strongly recommended. Various methods based on pre-
cipitation, electrochemical reduction, ion exchange, sol-
vent extraction, photodegradation, membrane separation 
and adsorption have been employed for the detoxifica-
tion of water. Adsorption is comparatively more attractive 
because of eco-friendly, operational ease, inexpensive, high 
selectivity, efficiency and recyclability of adsorbents [16].

This study focuses on the facile synthesis and charac-
terization of β-Cd(OH)2 nanostructures for the adsorp-
tive removal of Cr(VI) ions from wastewater. CCD model 
of RSM will be employed for multivariate sorption 
optimization.

2. Material and method

2.1. Materials

A flame atomic absorption spectrometer (FAAS) 
(AAnalyst 800, USA) was used for Cr(VI) ions determina-
tion. Thermo Scientific FT-IR spectrometer (Nicolet iS10, 
UK) was used for recording Fourier-transform infrared (FT-
IR) spectra. Powder X-ray diffraction (XRD) pattern was 
recorded on diffractometer (Bruker D8 Advance, Germany) 
by employing Cu-Kα (λ = 1.54056 Å). Scanning electron 
microscopy (SEM) images were scanned on a scanning 
electron microscope (JSM-6490LV, JEOL, Japan). For batch 
experiments, a shaker (model no. 1-4000, Germany) was 
used. For pH measurements, a pH meter (InoLab pH 720, 
Germany) was used. Chemicals (analytical reagent grade) 
such as Cd(NO3)2·4H2O (99.0%), CH3COONa (98.5%), 
NaOH (99.0%), NaH2PO4 (99.0%), CH3COOH (99.5%) 
and HCl (37.0%) were purchased from Merck (Germany) 
and used in this work. All the solutions were prepared in 
double-distilled water. For maintaining the desired pH, 
CH3COOH/CH3COONa, H3PO4/NaH2PO4 and NH4OH/
NH4Cl were used as buffer solutions. STATGRAPHICS ver-
sion 16.1.11/32 bit (Statpoint Technologies Incorporation, 
USA) was used for designing.

2.2. Preparation of adsorbent: nanostructured β-Cd(OH)2

Nanostructured β-Cd(OH)2 was synthesized following 
the procedure [18] as aqueous solutions A: 4.0 mol L–1 
NaOH and B: 2.0 mol L–1 Cd(NO3)2·4H2O were prepared. 
Solution A was added dropwise into 250 mL of B with stir-
ring magnetically. A was added continuously until the pH 
of the reaction mixture was reached to 10, and heated at 
50°C for 5.0 h. The mixture was settled at room temperature 
and filtered. The precipitated product was subsequently 
washed with water and ethanol and oven-dried at 40°C.

2.3. Factors and CCD model

Factors are independent variables such as, A: adsorbent 
dose, B: initial concentration of adsorbate, C: pH of solu-
tion and D: shaking time. Response (removal) changes with 
change in factors. In the CCD model, factors were fixed at 
minimum (–1), maximum (+1) and intermediate (0) levels 
(Table 1) for multivariate sorption optimization [4]. CCD 
model with nk design, where k = 4 (number of indepen-
dent variables and n = 2 (levels of variables: minimum and 
maximum)) formulated 16 adsorption experiments with 
two replicates (Table 2). Hypothetically, the adsorption 
(%) of Cr(VI) ions for 18 experiments were predicted by 

Table 1
Factors and their levels for CCD model

Factors –1 0 +1

A: adsorbent dose (mg) 10.0 55.0 100.0
B: concentration (mg L–1) 5.0 15.0 25.0
C: pH 2.0 5.5 9.0
D: shaking time (min) 10.0 95.0 180.0
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the CCD model. The 18 adsorption experiments for Cr(VI) 
ions retention onto nanostructured β-Cd(OH)2 adsorbent 
were performed in the laboratory, results (Table 2) revealed 
that experimental and predicted removals were found 
good in agreement with R2 of 99.97%, which indicated 
well-fitting of CCD model to adsorption experiments.

2.4. Adsorption experiment

The optimum factors for adsorption of Cr(VI) on 
β-Cd(OH)2 adsorbent was predicted by the CCD model as 

50 mg of Cd(OH)2 adsorbent was placed into a 25 mL bot-
tle, containing 10 mL of 15 mg L–1 Cr(VI) ions of pH 4.0 and 
shaken at 120 rpm for 20 min at 25°C. The mixture was fil-
tered and filtrated was subjected to FAAS for determina-
tion of residual Cr(VI) ions. The adsorption (%) of Cr(VI) 
ions was calculated by Eq. (1) and found to be 98.5% with  
RSD ≤ 3.5.

Adsorption %( ) =
−( )

×
C C

C
i f

i

100  (1)

where Ci and Cf are the initial and final concentrations of 
Cr(VI) ions, respectively.

3. Results and discussions

3.1. Characterization

3.1.1. FT-IR spectroscopy

FT-IR spectrum (Fig. 1) of as-synthesized  β-Cd(OH)2 
shows stretching vibrations at 3,600.85 and 3,333.86 cm–1 
correspond to O–H bonds of β-Cd(OH)2 and water, 
respectively [19], bending vibration at 1,645.97 cm–1 corre-
sponds to O–H bond of water [20], and stretching vibra-
tion at 857.26 cm–1 attributed to Cd–O bond of β-Cd(OH)2, 
which confirmed the formation of β-Cd(OH)2 [21].

3.1.2. X-ray diffraction

Powder XRD pattern (Fig. 2) of nanostructured 
β-Cd(OH)2 shows diffraction peaks at 2θ values 19.09°, 
29.75°, 35.49°, 38.43°, 49.23°, 52.51°, 56.33°, 61.46°, 64.87°, 
67.06°, 67.39° and 74.74° correspond to (001), (100), (101), 
(002), (102), (110), (111), (200), (201), (112), (103) and (202) 
planes (hkl) of hexagonal crystal system of β-Cd(OH)2, 
respectively, which confirmed the formation of hexagonal 
crystal system of β-Cd(OH)2 [18,22]. According to Bragg’s 
law (d = nλ/2Sinθ, where λ is the wavelength of X-ray 

Table 2
Design and experiments

Run A B C D Removal (%)

Observed Predicted Residual

1 1 1 –1 1 92.8 92.9 7.2
2 0 1 0 0 88.3 88.2 11.7
3 1 1 1 –1 93.6 94.0 6.4
4 –1 1 –1 –1 93.5 93.5 6.5
5 –1 0 0 0 99.9 99.9 0.1
6 –1 –1 –1 –1 94.2 94.1 5.8
7 –1 1 1 1 85.9 86.1 14.1
8 0 0 –1 0 89.7 89.7 10.3
9 0 –1 0 0 97.3 97.2 2.7
10 1 –1 –1 1 95.5 95.6 4.5
11 1 –1 1 –1 98.5 98.4 1.5
12 0 0 0 1 84.4 84.3 15.6
13 –1 –1 1 1 96.1 95.7 3.9
14 0 0 0 –1 99.3 99.5 0.7
15 0 0 1 0 88.8 88.7 11.2
16 1 0 0 0 96.3 96.2 3.7
17 0 0 0 0 90.8 90.7 9.2
18 0 0 0 0 89.9 90.3 10.1

Fig. 1. FT-IR spectrum of as-synthesized nanostructured β-Cd(OH)2.
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(for Cu-Kα, λ = 1.54056 Å) and n = 1 (order of diffraction) 
and θ is Bragg’s angle in radian [21], the d-spacings (dhkl) 
of hexagonal crystal system of β-Cd(OH)2 were calculated 
(Table 3) and lattice parameters such as a and c were found 
to be 3.46 and 4.60 Å using (001) and (100) planes, respec-
tively. Using Scherrer equation (D = Kλ/βCosθ, where 
D = crystalline diameter (nm), λ is the wavelength (nm) of 
X-ray (for Cu-Kα, λ = 1.54056 Å), K is Scherrer’s constant 
(K = 0.9) and θ is Bragg’s angle in radian, β is the full-width 
at half-maximum of planes in radian [23], the average crys-
tallite size of β-Cd(OH)2 was calculated and found to be 
166.68 nm (Table 3). The SEM image (Fig. 3) of β-Cd(OH)2 
revealed the successful construction of nano-sized material.

3.2. Multivariate sorption optimization

3.2.1. Effect of concentration and pH

Effect of factors such as, concentration 5–25 mg L–1 and 
pH 1–10 on the removal (%) of Cr(VI) ions at optimum 

adsorbent dosage 50 mg and contact time 20 min was 
examined. Plot (Fig. 4) depicts that the retention was 
slightly decreased 100%–95% with increasing of the con-
centration 5–20 mg L–1 at any pH. The removal was signifi-
cantly decreased with further increasing of concentration 
20–25 mg L–1 due to the saturation at the surface of the 
adsorbent.

3.2.2. Effect of adsorbent dosage and pH

Fig. 5 depicts the effect of two factors such as, adsor-
bent dosage 10–100 mg and pH 1–10 on Cr(VI) ions 
adsorption at concentration 15 mg L–1 and agitating time 
20 min was examined. The plot shows that removal was 
decreased significantly with increasing of pH of sorbent 
as nanostructured β-Cd(OH)2 became least active for 
retention of Cr(VI) ions at higher pH. At pH 1–4, nano-
structured β-Cd(OH)2 worked well for removal (>95%) of  
Cr(VI) ions.

Fig. 2. XRD pattern of as-synthesized nanostructured β-Cd(OH)2.

Table 3
XRD parameters of as synthesized nanostructured β-Cd(OH)2

2θ hkl Full-width  
half-maximum

Crystallite  
size (nm)

Lattice  
strain (nm)

d-spacing 
(nm)

19.09 001 0.436 19.31 0.0113 0.46
29.75 100 0.470 18.27 0.0077 0.30
35.49 101 0.439 19.85 0.0060 0.25
38.43 002 0.194 45.31 0.0024 0.23
49.23 102 0.462 19.76 0.0044 0.18
52.51 110 0.347 26.67 0.0031 0.17
56.33 111 0.339 27.77 0.0028 0.16
61.46 200 0.006 1,609.31 0.0000 0.15
64.87 201 0.099 99.33 0.0007 0.14
67.06 112 0.624 15.96 0.0041 0.14
67.39 103 0.135 73.89 0.0009 0.14
74.78 202 0.422 24.75 0.0024 0.13
Average crystallite size (nm) 166.68
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3.2.3. Effect of adsorbent dosage and shaking time

Effect of two factors such as, dosage 10–100 mg and 
shaking time 10–180 min on the removal (%) of Cr(VI) 
ions at concentration 15 mg L–1 and pH 4.0 was examined. 
The plot (Fig. 6) depicts that adsorption was significantly 
enhanced by increasing shaking time at any dose of 
the adsorbent. The adsorbent dosage of 50 mg worked 
well for removal (>95%) of Cr(VI) ions.

3.2.4. Effect of concentration and shaking time

Effect of two factors such as, concentration 5–25 mg L–1 
and shaking time 10–180 min on of Cr(VI) ions reten-
tion at pH 4.0 and adsorbent dosage 50 mg was exam-
ined. The plot (Fig. 7) shows that adsorption was declined 
with increasing concentration, and the extent of the 
decline was increased with increasing shaking time. 
The adsorption was enhanced by increasing agitating time.

3.2.5. Effect of pH and shaking time

Effect of two factors such as, adsorbent dosage 10–100 mg 
and pH 2–9 on Cr(VI) ions adsorption at concentration 
15 mg L–1 and dosage 50 mg was examined. The plot 
(Fig. 8) shows that at shaking time 10–100 min, the removal 
was decreased with increasing of pH 1–6, remained almost 
unchanged at pH 6–7 and slightly increased at pH 7–10.

3.2.6. Effect of adsorbent dosage and concentration

Effect of two factors such as, adsorbent dosage 
10–100 mg and concentration 5–25 mg L–1 on the response 
at pH 5 and shaking time 20 min was examined. The 
plot (Fig. 9) shows that the removal was declined with 
increasing of adsorbent dosage at lower concentration 
levels and slightly increased at higher concentration lev-
els. Similarly, the removal was decreased with increas-
ing of concentration at adsorbent dosages of 10–50 mg 
and slightly changed at adsorbent dosages of 50–100 mg.

3.3. Effect of factors

The individual effects (Fig. 10) of the factors were 
predicted by statistical analysis. Trends show that three 
factors (adsorbent dosage, concentration and shaking 
time) have the almost same effect as removal (%) was 
enhanced by increasing of the factors and then decreased 
with further increasing of the factors (adsorbent dos-
age, concentration and shaking time), while a significant 
decrease in removal (%) was achieved with increasing 
of pH. The effect of pH can be justified as the adsorbent 
was positively charged due to the protonation in an acidic 
medium. The Cr(VI) species possessing a negative charge 

Fig. 3. SEM image of as-synthesized nanostructured β-Cd(OH)2.
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which adsorbed predominantly onto the positively charged 
adsorbent. In an alkaline medium, the adsorbent became 
negatively charged due to the deprotonation, which pre-
vented the adsorption of negatively charged Cr(VI) ion 
species [11].

3.4. Analysis of variance

Analysis of variance (ANOVA) (Table 4) with four 
factors (three levels) evaluated the significance of fac-
tors and fitting of the CCD model. The model was fitted 
well to the data as P ≤ 0.05 and a higher value of F for all 
interactions except DD (P: 0.9260 and F: 0.0100), which 

indicated all null hypotheses were rejected except DD 
[24,25]. The sum of squares (SS) is the measure of scatter-
ing of experimental data from the mean of replicated runs. 
Statistically, SS can be used to find the function that best 
fits the data. The SS was calculated by Eq. (2) for each of 
the replicates (n = 2). Mathematically, the term mean square 
(MS) was obtained by dividing SS by degrees of freedom 
(n–1) as calculated by Eq. (3).

SS Mean= −( )
=
∑ Xi
i

n 2

0
 (2)

MS SS
=

−( )n 1
 (3)

where Xi is output (response) of individual replicates of 
the run, and (Xi-mean) is the deviation of response from 
the mean of responses of replicates. R-squared (R²) mea-
sures the proportion of the variation in response (removal) 
against the factors (independent variables) in the CCD 
model. It assumes that all factors participate in varying the 
response. R² can be obtained by dividing the sum of squares 
of residuals (SSr) by the total sum of squares (SST) as calcu-
lated by Eq. (4). The R² statistic indicated the well-fitting of 
the CCD model and explained 99.88% of the variability in 
removal with the factors.

R r

T

2 1 100= −








×

SS
SS

 (4)

3.5. Effect of matrix ions

Effect matrix ions on the adsorption of Cr(VI) ions 
onto nanostructured β-Cd(OH)2 adsorbent was exam-
ined. Thus, the adsorbent worked well for the retention of 
Cr(VI) ions in presence of various ions. Therefore, nano-
structured β-Cd(OH)2 adsorbent possessed high tolerance 
limit for studied ions as shown in Table 5.

3.6. Equilibrium studies

Adsorption equilibrium experiments were carried out 
by varying the initial concentration of Cr(VI) ions in the 
range of 2.5–50 mg L–1, and keeping optimum levels adsor-
bent dosage 50 mg, pH 4.0, shaking time 20 min at 25°C. 
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Fig. 10. Effects of four factors on Cr(VI) ions adsorption.
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Langmuir, Dubinin–Radushkevich (D–R), and Freundlich 
isotherms were plotted for analyzing the adsorption data.

3.6.1. Langmuir isotherm

Based on assumptions that adsorbent possesses struc-
turally identical actives sites which are homogeneously 
distributed and energetically equivalent. Adsorption 
takes place at the active sites onto the adsorbent with-
out interaction between adsorbate molecules or ions. 
Mathematically, the Langmuir isotherm model (lin-
ear form) and RL (separation factor) are represented by 
Eqs. (5) and (6), respectively [26].

C
C Q Q b

Ce

m
e

m Lads.

= +
1 1  (5)

R
b CL
L i

=
+ ( )

1
1

 (6)

where Ci: initial concentration (mg L–1) of Cr(VI) ions in the 
aqueous phase, Ce: concentration (mg L–1) of Cr(VI) ions 

in aqueous at equilibrium stage, Cads.: amount of Cr(VI) 
ions (mg) adsorbed onto 1 g of adsorbent at equilibrium 
stage. Qm: mono-layered sorption capacity (mg g–1) and 
bL is Langmuir constant (L mg–1), which is related to the 
binding energy of adsorbate and the affinity of active sites 
for adsorbate. The Langmuir isotherm (Ce/Cads. vs. Ce) was 
plotted (Fig. 11) and fitted well to the experimental data 
with R2 of 0.993. The Qm for Cr(VI) ions was calculated and 
found to be 202.02 ± 2.0 mg g–1. RL values were calculated 
and found in the range of 0.027–0.881, which indicated that 
adsorption of Cr(VI) ions was favorable as 0 < RL < 1 [27].

3.6.2. Freundlich isotherm

Based on assumptions that adsorbent is heteroge-
neous which possesses structurally and energetically 
unequal active sites, possessing unlike affinity for adsor-
bate with different adsorption energy. Multi-layered 
adsorption takes place onto the adsorbent by interacting 
with adsorbate to active sites and adsorbate to adsor-
bate. Mathematically, Freundlich isotherm (linear form) is 
represented by Eq. (7) [28].

Table 4
Analysis of variance

Factors Mean  
squares

DF Sum of  
squares

F-ratio P-value

A: adsorbent dosage 5.24912 1 5.24912 31.050 0.0121
B: concentration 82.9214 1 82.9214 490.56 0.0001
C: pH 36.4517 1 36.4517 215.65 0.0014
D: shaking time 68.5322 1 68.5322 405.44 0.0010
AA 19.1086 1 19.1086 113.05 0.0070
AB 66.1468 1 66.1468 391.33 0.0001
AC 27.5075 1 27.5075 162.73 0.0211
AD 33.0448 1 33.0448 195.49 0.0007
BB 27.2210 1 27.221 161.04 0.0011
BC 69.8505 1 69.8505 413.24 0.0003
BD 20.4151 1 20.4151 120.78 0.0016
CC 32.3745 1 32.3745 191.53 0.0019
CD 2.32118 1 2.32118 13.730 0.0341
DD 0.00172 1 0.00172 0.0100 0.9260
Total error 0.16903 3 0.50709 – –
Total (corr.) 431.971 17 – – –

R-squared = 99.88%; R-squared (adjusted for DF) = 99.33%; standard error of estimate = 0.41; mean absolute error = 0.119.
DF: degree of freedom.

Table 5
Adsorption of Cr(VI) ions: effect of matrix ions

Interfering ions Salts added Concentration  
(mg L–1)

Removal  
(%) ± RSD

Na+, K+, Mg2+, Ca2+ Chloride salts 500 ≥91.2 ± ≤4.0
Zn(II), Pb(II), Cu(II), Cd(II), Co(II) Nitrate salts 50 ≥95.2 ± ≤3.5
Cl−, F−, HCO3

−, CO3
2−, SO4

2−, NO3
−, CH3COO− Sodium salts 200 ≥89.7 ± ≤3.5

RSD: Relative standard deviation.
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log log logads.C
n

C K
f

e f= +
1  (7)

where Kf (mg g–1) and nf (L mg–1) are Freundlich constants, 
related to capacity (multi-layered) and adsorption favor-
ability, respectively. The adsorption may be poor (n < 1), 
moderate (n = 1–2) and good (n = 2–10) [28]. Freundlich iso-
therm (logCads. vs. logCe) was plotted (Fig. 12) and fitted well 
to the data with R2 of 0.982. Kf for Cr(VI) ions was calculated 
and found to be 4.95 ± 2.5 mg g–1 with n value of 4.65, sug-
gested good adsorption onto the active sites, heterogene-
ously distributed onto the surface of the adsorbent.

3.6.3. Redlich–Peterson isotherm

This isotherm is a three-parameter based adsorp-
tion model, including the parameters of Langmuir and 
Freundlich isotherms models. The Redlich–Peterson (R–P) 
isotherm is considered as an accurate isotherm to determine 
the best fitting of either Langmuir or Freundlich isotherms 
[29]. The non-linear form of R–P isotherm (Eq. (8)) was plot-
ted (Fig. 13) and all three constant values were determined 
by Microsoft Excel Add-In solver.

C
AC
BC
e

e
ads. = +1 β

 (8)

where A (L g−1) and B (L mg−1) are R–P isotherm constants, 
were calculated and found to be 20.11 and 3.24, respec-
tively, and β is exponent, that can be in the range of 0–1. 
The value of β was calculated and found to be 0.85, indicat-
ing that data is following more Langmuir than Freundlich 
isotherm and the value of β is near to the unity [30].

3.6.4. Dubinin–Radushkevich isotherm

Based on assumptions that the adsorbent’s surface is not 
heterogeneous and possessing porosity. D–R isotherm esti-
mates the porosity of the adsorbent and sorption energy. 
Mathematically, D–R isotherm (linear form) is represented 
by Eq. (9) [26,28].

lnC Kads. D Rln= −− βε2  (9)

where KD–R: total sorption capacity (mg g–1), β: activity coef-
ficient, related to the slope of D–R isotherm plot and ε is 
Polanyi potential, calculated by Eq. (10).

ε = +








RT

Ce
ln 1 1  (10)

where R: general gas constant = 8.314 J mol–1 K–1, T: tem-
perature in Kelvin = 298 K and E is sorption energy, can be 
calculated by Eq. (11).

E =
−

1
2β

 (11)

D–R isotherm (lnCads. vs. є2) was plotted (Fig. 14) and 
fitted well with R2 of 0.994. The total sorption capacity 
(KD–R) was calculated from intercept (–1.663) of the plot 
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and found to 9.86 ± 2.5 mg g–1. The E was calculated from 
the slope of the plot and found to 8.45 ± 2.0 kJ mol–1, 
indicated adsorption of Cr(VI) ions proceeded via 
chemisorption or ion exchange as E is 8–16 kJ mol–1 [27].

3.7. Comparative capacities

Different adsorbents have been reported for adsorp-
tive removal of Cr(VI) ions. As synthesized nanostructured 
β-Cd(OH)2 possesses a comparatively high capacity for 
Cr(VI) ions uptake as shown in Table 6.

3.8. Application of the method

The water samples were spiked by standard addition. 
All the samples were subjected to the removal of Cr(VI) 
ions according to the developed method. Removals (%) of 
Cr(VI) ions from water samples were calculated by Eq. (2) 
and found to be ≥86.4 with RSD ≤ 5.5% (Table 7).

4. Conclusion

Nanostructured β-Cd(OH)2 adsorbent was crystalline 
in nature with an average crystallite size of 166.68 nm. 
The synthesized material is novel and worked well for 
the adsorption of Cr(VI) ions from wastewater samples. 
The method is comparatively more attractive because 
of its eco-friendly, operational ease, inexpensive, high 

Table 6
Capacities of different adsorbents for adsorption of Cr(VI) ions

Adsorbents pH Q (mg g–1) Kf (mg g–1) References

MgAl mixed hydroxides 4.0 109.6 45.76 [31]
MgAl–CO3 LDH 6.0 – 17.0 [32]
NiMgAl–SO4 LDH – 103.4 67.7 [33]
NiMgAl–SO4 LDH – 49.6 4.9 [33]
NiFe–NO3 LDH – 26.8 – [34]
MgAl–CO3 LDH 12 339.0 13.3 [35]
NiAl–NO3 LDH 2.0 34.1 – [36]
ZnAl–Cl LDH 5.0 172.4 76.2 [37]
MgAl–NO3 LDH 6.5 30.3 1.4 [38]
NiAl–NO3 LDH 6.5 57.5 2.0 [38]
ZnAl–NO3 LDH 6.5 68.1 1.7 [38]
CoFe–CO3 LDH 7.5 27.6 – [39]
MgAl–Cl LDH 6.0 58.8 33.3 [40]
MgAl–NO3 LDH 6.0 71.9 18.4 [40]
MgAl–SO4 LDH 6.0 55.6 0.4 [40]
NiAl–Cl LDH – 104.0 – [41]
CoAl–Cl LDH – 98.8 – [41]
CoAl–NO3 LDH 2.0 109.5 8.61 [42]
CoAl–NO3 LDH/Bentonite 2.0 211.9 4.4 [42]
MgAl–NO3 LDH/Graphene – 172.6 183.8 [43]
ZnAl–NO3 LDH/NiFe2O4/EDTA 6.0 66.1 21.4 [44]
MgAl–NO3 LDH/CoFe2O4 2.0 72.4 6.76 [45]
MgAl–NO3 LDH/L-Arginine 8.0 84.2 – [46]
CoAl–NO3 LDH/L-Arginine 8.0 77.8 – [46]
ZnAl–NO3 LDH/L-Arginine 8.0 55.9 – [46]
MgAl–NO3 LDH/Polyaniline 3.0 435.0 – [47]
β-Cd(OH)2 nanostructures 4.0 202.02 ± 2.0 4.95 ± 2.5 This work

LDH – layered double hydroxide; EDTA – ethylenediaminetetraacetic acid.
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selectivity, efficiency and recyclability of the adsorbent. 
CCD model of 18 experiments employed for multivar-
iate sorption optimization. ANOVA suggested that the 
CCD model was fitted well to the experimental data as 
P ≤ 0.05 and higher value of F for all interactions except 
DD (P: 0.9260 and F: 0.0100), indicating null hypotheses 
were rejected except DD interaction. Individually, three 
factors (adsorbent dosage, concentration and shaking 
time) have almost the same effect as removal (%) was 
increased with increasing of the factors and then decreased 
with further increasing of the factors, while a significant 
decrease in removal (%) was observed with increasing of 
pH. Equilibrium study suggested monolayered and multi- 
layered adsorption with sorption energy of 8.45 ± 2.0 
kJ mol–1. The non-linear form of R–P isotherm was plotted. 
The value of β was calculated and found to be 0.85, indicat-
ing that data is following more Langmuir than Freundlich 
isotherm and the value of β is near to the unity. The Cr(VI) 
species possessing a negative charge which adsorbed 
predominantly onto the positively charged adsorbent. 
The material can be applied for adsorptive and/or degra-
dative removal of organic pollutants. In acidic medium, 
adsorbent became positively charged due to protonation.
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