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Synthesis and characterization of CdCr-NO, layered double hydroxides
nanostructures for Cr(VI) ions adsorption: factorial design and statistical
analysis for multivariate sorption optimization
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ABSTRACT

In present study, nitrate anion containing CdCr layered double hydroxides (LDH) was synthesized,
and characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
thermogravimetric analysis-differential scanning calorimetry (TGA-DSC) and energy-dispersive
X-ray-scanning electron microscopy techniques (EDX-SEM). The characteristic diffraction peaks in
the XRD pattern of CdCr-NO, LDH at 20 values of 15.10 and 26.02° correspond to (003) and (006)
planes (hkl), respectively of crystal system of the LDH, revealing layered structure of material with
basal (d) spacing of d: 0.59 nm and 4, 0.34 nm, containing intercalated water and nitrate anions.
Stretching vibrations in FT-IR spectrum of the LDH at 3,378.01 and 1,355.51 cm™ confirmed the
intercalation of water and nitrate ions, respectively, in between hydrotalcite-like layers. EDX study
confirmed that CdCr-NO, LDH contained 20.07%, 72.75% and 7.18% of O, Cd(II) and Cr(III), respec-
tively. SEM image revealed that nanostructured material is porous and layered in nature. TGA-DSC
confirmed the thermal stability of material at below 509.44°C. CdCr-NO, LDH was investigated as
an efficient adsorbent for capturing of Cr(VI) ions form industrial effluents. The adsorption was opti-
mized by factorial design approach. Maximum response of CdCr-NO, LDH for capturing/adsorption
of Cr(VI) ions was achieved at optimum concentration of Cr(VI) ions: 10 mg L, pH: 4.0, adsorbent
amount: 40 mg and shaking time: 30 min at 25°C. Method worked well on real wastewater samples.
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1. Introduction

Globally, heavy metal ions contamination is emerg-
ing issue because of their genotoxicity, mutagenicity, car-
cinogenicity, and bioaccumulation characteristics, causing

* Corresponding author.

serious health and environmental problems [1]. Various
heavy metals such as Cr, Ni, Zn, Cu, As, Pb, and Hg and
their compounds have been routinely used in industrial
activities. The discharge of industrial effluents from various
activities such as tanneries, electroplating, mining opera-
tions, dyeing, glass manufacture, battery manufacturing,
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chemical manufacturing, and pharmaceutical preparations
is accountable for metallic pollutants in environmental
aquatic bodies [2]. Primarily, Cr exists as Cr(III) and Cr(VI)
ions [3]. Among these, Cr(IlI) is considered as an essential
element for biological functioning in human [4], whereas
Cr(VI) is toxic in nature, and regarded as a priority pollut-
ant because of its non-biodegradability and accumulation
features [5]. Cr(VI) is limited to 50 and 100 pg L in drink-
ing water by WHO and US-EPA, respectively. Therefore,
treatment of Cr(VI) ions contaminated effluent prior to its
discharge into environmental water bodies is mandatory
for human health and environmental safety [6]. Various
techniques such as adsorption [7-10], reduction [11-14],
membrane separation [15-18], ion exchange [19-22], and
electrochemical [23-25] have been in use for the treatment
of Cr(VI) ions contaminated water. Among these techniques
adsorption is considered as comparatively attractive because
of operational simplicity, cost effective, high selectivity and
sensitivity of the solid phases [26].

Layered double hydroxides (LDHs) are anionic clays,
and generally represented as [M}' M¥*(OH),J**(A™)_ -mH,O.
Where A™ is an interlayer anion, M* is a trivalent cation,
M?" is a divalent cation. The charge on the layers depends on
the M?/M? ratio, and x is the molar ratio of M*/(M?* + M*).
LDH is attractive adsorbent for adsorptive removal of pol-
lutants/contaminations from wastewater samples because
of its structural features, interlayered anions mobility, larger
surface area, porosity, and high efficiency and selectivity
[27]. In this study, CdCr-NO, LDH was synthesized, and
applied as an efficient adsorbent for adsorptive removal/
capturing of Cr(VI) ions from industrial effluents.

2. Materials and methods
2.1. Materials

Table 1 contains equipment and chemicals, used in
this study. Double distilled water was used throughout
the experiment. For statistical analysis, STATGRAPHICS
software (version 16.1.11, 32 bit, Statpoint Technologies
Incorporation, USA) was employed.

2.2. Synthesis of CdCr-NO, LDH

In a typical synthetic procedure, 250 mL of an aque-
ous solution, containing 0.05 mol L Cd(NO,),4H,0O and
0.025 mol L' Cr(NO,), was prepared and poured into
1,000 mL of beaker. Another aqueous solution, 0.5 mol L™
NaOH solution was added drop-wise into the solution of
mixed metal salts with magnetically stirring at 50°C, main-
taining pH at 9. A thick precipitated product was obtained
which was filtered followed by repeated washing with
de-ionized water until the pH of filtrate became neutral.
The product CdCr-NO, LDH was oven-dried at 80°C for 8 h.

2.3. Factorial design
2.3.1. Variable factors and response

Independent variables which can affect the adsorption
are called “factors”. Whereas response is dependent vari-
able which is adsorption (%) of Cr(VI) ions in this study.

For CCD model with #n* design, where is number of factors
and n is number of levels. In this study, k = 4 (four factors:
adsorbent dose, initial concentration, pH and shaking time)
and n =2 (two levels: minimum and maximum).

2.3.2. Experimental design

The n* design with k = 4 and n = 2, formulated sixteen
(16) adsorption experiments with two replicate as shown
in Table 3. All the adsorption experiments were performed
and results are summarized in Table 4.

2.4. Adsorption experiment

The adsorption experiment was carried out at optimum
values of factors as predicted by CCD model. In a typ-
ical experiment, 50 mL bottle, contains 25 mL of 10 mg L™
Cr(VI) ions of pH 4.0 and 40 mg of CdCr-NO, LDH adsor-
bent, was shaken at 120 rpm for 30 min at 25°C. The mix-
ture was filtered, and filtrate was subjected to FAAS for Cr
quantification. Adsorption of Cr(VI) ions was calculated
by Eq. (1) and found to be 97.5% with RDS (%) <4.0.

C,-C p
Adsorption (%) = o |x100 1)
where C, and C, are the initial and final concentrations of
Cr(VI) ions, respectively.

3. Results and discussion
3.1. Characterization
3.1.1. Fourier transform infrared spectroscopy

Stretching vibrations at 3,378.01 and 1,355.51 cm™ in
Fourier transform infrared (FT-IR) spectrum (Fig. 1) of
CdCr-NO, LDH attributed to the hydroxyl moiety of LDH
and water. Bending vibration at 1,641.47 cm™ confirmed
the presence of water. Stretching vibration at 1,355.51 cm™
attributed to the nitrate anions. Stretching vibrations at
748.87 and 685.54 cm™! attributed to M-O (Cd-O and Cr-O)
linkage in LDH [28,29]. This spectral information revealed
the formation CdCr LDH which was intercalated with
nitrate anions and water molecules.

3.1.2. Powder X-ray diffraction

The characteristic diffraction peaks in the X-ray diffrac-
tion (XRD) pattern (Fig. 2) of CdCr-NO, LDH at 20 values
15.10 and 26.02° correspond to (003) and (006) planes (hkl)
of crystal system of the LDH, respectively, revealing the lay-
ered structure of CdCr-NO, LDH [30]. The basal (d) spac-
ing of 003 and 006 planes were calculated and found to be
0.58 and 0.35 nm respectively. The broadness and noise
is due to the least crystallinity of the synthesized material.

3.1.3. Energy-dispersive X-ray-scanning electron microscopy

Energy-dispersive X-ray analysis of CdCr-NO, LDH was
carried out for elemental analysis. The material contained
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Table 1
Equipment and chemicals used in the study

Items Particulars Brand/Company Purposes
Equipment Flame Atomic Absorption Spectrometer PerkinElmer AAnalyst 800, USA  Quantification of
metal ions
Nicolet 510 FT-IR Spectrometer Thermo Fisher Scientific FT-IR ~ FT-IR spectra
Spectrometer, UK recording
D8 ADVANCE X-ray diffractometer, X-ray: ~ Bruker, Germany XRD analysis
Cu-Ka (A =1.54056 A)
Scanning electron microscope JSM-6490LV, JEOL, Japan SEM images scanning
XFlash detector 4010 133 eV, X-ray: Cu-Ka Bruker, Germany Energy-dispersive
(A =1.5406 A) X-ray (EDX) analysis
Shaker Model No.1-4000, Germany Shaking
pH meter inoLab pH 720, Germany pH measurement
Chemicals (ACS Cd(NO,),4H,0 Sigma-Aldrich, China Synthesis
reagent) Cr(NO,),
NaOH
HCI/KCI, CH,COOH/CH,COONa Sigma-Aldrich, China Buffer solutions
NH,/NH,CI preparation
Table 2 Table 3
Factors and their levels for n* design Experimental design
Factors Levels of factors Run No. A B C D
Minimum  Intermediate = Maximum 1 1 1 -1 1
(-1) 0) (+1) 2 0 1 0 0
A: Adsorbent 10 55.0 100 3 ! ! ! -1
dose (mg) 4 -1 1 -1 -1
B: Concentration 5 12.5 25 5 -1 0 0 0
(mg L—l) 6 -1 -1 -1 -1
C:pH 2.0 05.5 9.0 7 -1 1 1 1
D: Shaking time 10 95.0 180 8 0 -1
(min) 9 0 -1 0
10 1 -1 -1 1
11 1 -1 1 -1
20.07, 72.75 and 7.18% of O, Cd(Il) and Cr(III), respectively as 12 0 0 0 1
shown in Fig. 3. Scanning electron microscopy (SEM) image 13 -1 -1 1 1
(Fig. 4) of nanostructured CdCr-NO, LDH revealed that 14 0 0 0 -1
material is aggregated and porous. Clear layers of the synth- 15 0 0 1 0
esized material are seen in the image, which are highlighted. 16 1 0 0 0
17 0 0 0 0
18 0 0 0 0

3.1.4. Thermogravimetric analysis-differential scanning
calorimetry

Thermal stability of CdCr-NO, LDH was investigated
by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). Thermogram (Fig. 5) revealed
the fragmentation of CdCr-NO, LDH in three steps. First-
step corresponds to surface-adsorbed-moisture loss at
below 144.39°C, second-step corresponds to intercalat-
ed-water loss at 159.53-195.5°C (start-end) [31], and third
Step corresponds to intercalated-nitrate loss and dehy-
droxylation of LDH sheets at 509.44-572.31°C (start-end)
[32,33].

3.2. Effect of factors on adsorption

Fig. 6 depicts the individual effect factors. Adsorption
(%) of Cr(VI) ions was slightly increased with increasing
of adsorbent dosage, then became almost unchanged with
further increasing of CdCr-NO, LDH amount, as the num-
ber of adsorbent-particles were increased for capturing of
Cr(VI) ions. Adsorption (%) was declined with increasing of
concentration, as the active sites onto the surface of adsor-
bent become occupied. The adsorption (%) was potentially
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declined with increasing of pH as nitrated ions were de-
intercalated in acidic medium, so the adsorbent became
active for dichromate ions in acidic medium. The adsorp-
tion (%) was increased and then decreased with increas-
ing of shaking time. The decreasing of adsorption was
probably due to the possible desorption.

3.3. Analysis of variance

Analysis of variance (Table 5) suggests that all the
effects, that is, main effects as well as interaction effects

Table 4
Adsorption (%) of Cr(VI) ions at designed experiments

Run No. Adsorption (%)
Observed  Fitted  Lower Upper
95.0% CL  95.0% CL

1 93.0 93.1 91.6 94.5
2 88.3 88.3 86.9 89.7
3 88.9 88.9 87.5 90.3
4 92.5 92.7 92.1 93.3
5 99.7 99.8 99.4 98.9
6 93.2 92.7 92.1 93.3
7 86.0 86.4 85.3 87.5
8 89.7 89.6 88.2 91.0
9 97.3 97.3 95.9 98.7
10 95.5 95.5 94.1 96.9
11 98.5 98.5 97.2 99.9
12 84.4 84.3 82.9 85.7
13 97.1 96.8 95.7 97.8
14 99.3 99.4 98.0 99.8
15 88.8 88.8 87.4 90.2
16 96.3 96.4 95.0 97.8
17 90.8 90.7 89.3 92.1
18 83.6 83.5 82.1 84.9

CL: Confidence level

cps/eV.

except BB, CD and DD have P < 0.05, and high F-value,
indicating the significant effect of these terms on response
variable, that is, percentage adsorption at the 95.0% con-
fidence level [34-36]. The R? statistic indicates that the
CCD model was a good fit and explained 99.87% of the
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Fig. 4. SEM image of CdCr-NO, LDH.
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Fig. 6. Effect of factors on the adsorption (%) of Cr(VI) ions.

variability in adsorptive removal (%). R* (adjusted) was
99.26%, which is more suitable for comparing model with
different numbers of independent variables. The stan-
dard error of the estimate shows the standard deviation of
the residuals, which was found to be 0.448193 and mean

absolute error was found to be 0.132875.

Shaking time (min)

105
Table 5
Analysis of variance
Factors Sumof DF Mean F-ratio P-value
squares squares

A 473701 1 47.3701  235.82 0.0006
B 35.1047 1 35.1047 174.76 0.0009
C 269.045 1 269.045 1,339.35  0.0000
D 26.0025 1 26.0025 129.45 0.0015
AA 239102 1 2.39102 11.90 0.0409
AB 20.8606 1 20.8606  103.85 0.0020
AC 3.07818 1 3.07818 1532 0.0296
AD 31.3025 1 31.3025 155.83 0.0011
BB 0.44263 1 0.44263 144 0.2344
BC 67.9848 1 67.9848  338.44 0.0004
BD 29.7066 1 29.7066  147.88 0.0012
cC 3.18609 1 3.18609 15.86 0.0283
CD 1.82825 1 1.82825 1.10 0.5691
DD 149011 1 1.49011 242 0.7231
Total error 0.60263 3 0.20087 - -
Total (corr) 460504 17 - - -

A: Adsorbent dosage (mg), B: Concentration (mg L), C: pH,
D: Shaking time (min), DF: Degree of freedom, R?> = 99.87%,
R? (adjusted for DF) = 99.26%, Standard error of estimate = 0.448193

and Mean absolute error = 0.132875.

Table 6

Factors and regression coefficients for the removal of Cr(VI) ions

Factors Estimated coefficients
A: Amount 0.045399000
B: Concentration —0.219141000
C:pH 3.444940000
D: Time 0.073107400
A? 0.000480661
AB 0.001783110
AC 0.003938410
AD -0.001156370
B? 0.000206809
BC —-0.018508900
BD 0.001126510
(& —-0.091720100
CD —0.001606890
D? -0.000106351
Constant 60.23730000

3.4. Regression equation

Regression equation [Eq. (2)] with regression coef-
ficients (Table 6) for removal/capturing of Cr(VI) ions is
fitted well to the experimental data. By putting the coeffi-
cients in Eq. (2), the removal was calculated and found to be

98.6%.
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Removal(%) =60.2373 + 0.0453998 A — 0.219141B + 3.44494C +0.0731074D + 0.000480661 A + 0.00178311AB
+0.00393841AC - 0.00115637 AD + 0.000206809 B> — 0.0185089BC + 0.00112651BD — 0.0917201C>

-0.00160689CD —0.000106351D*

3.5. Effect of matrix ions

Performance of CdCr-NO, LDH adsorption of Cr(VI) ions
was investigated in presence of Na*, K*, Mg*, Ca*, CI', F;,
HCO;, COZF, SO, NO; and CH,COO". The Cr(VI) ions were
adsorbed (%) 295.5 + <4.0 in presence of 500 mg L™ individ-
ual cations, and 70.5-81.7 + <3.5 in presence of 400 mg L
individual anions. The adsorption was decreased in pres-
ence of anions, which was probably due to the possible
adsorption competition between anions and dichromate
anions.

3.6. Equilibrium studies

Equilibrium experiments were performed by varying
concentration (3.0-20 mg L") of Cr(VI) ions, pH 3, adsorbent
dosage 40 mg and shaking time 30 min at 25°C.

3.6.1. Langmuir isotherm

Mono-layer adsorption can be explained by use of
Langmuir isotherm model, Eq. (3) shows the liner form of
Langmuir model. An important Langmuir parameter is sep-
aration factor (R,), which is represented by Eq. (4), respec-
tively [34,37].

C. = lCe + i 3)
Cads. Q QbL
1
R =—F— 4
bo1+(b,C) @)

where C (mg L) and C_, (mg g™) are concentration of Cr(VI)
ions at equilibrium and adsorbed amount respectively.
Q (mg g™) is sorption capacity (monolayer) and b, (L mg™)
is Langmuir constant. C/C_,_ vs. C, plot (Fig. 7) was found

0.6

y =0.0243x + 0.0312
R?=0.9977

0.0 5.0 10.0 15.0 20.0
Ce (mglL?)

Fig. 7. Langmuir isotherm for the adsorption of Cr(VI) ions onto
CdCr-NO, LDH.

)

to be a good fit to the adsorption data with R* of 0.997. The
Q of CdCr-NO, LDH for Cr(VI) ions was calculated and
found to be 1,028.8 + 2.5 mg g™'. R, values were calculated
and found in the range of 0.37-0.89, revealing favorable
adsorption of Cr(VI) ions onto CdCr-NO, LDH [34].

3.6.2. Freundlich isotherm

Eq. (5) represents the linear form of Freundlich isotherm,
which was tested by plotting logC_, vs. logC, (Fig. 8). A good
linear relationship with R? of 0.997 showed the good co-
relation between both factors. Multi-layered sorption capac-
ity (K,) was calculated and found to be 595.6 + 3.5 mg g
While 1/n (dimensionless constant) is related to the adsorp-
tion intensity or energy, was calculated and found to be
0.172, revealing heterogeneously-distributed active sites
onto the surface of adsorbent [34,37].

logC llog C, +logK, (5)
n

ads —

3.6.3. Dubinin—Radushkevich isotherm

Dubinin-Radushkevich isotherm (linear form), Polanyi
potential (¢), and sorption energy (E) are is represented
by Egs. (6)—(8), respectively [38]. Dubinin-Radushkevich
isotherm (Fig. 9) yielded R? of 0.998 showing good co-rela-
tion ¢ to the amount adsorbed. The total sorption capacity
(K,_g) was calculated from intercept (-0.7697) of the plot and
was found to be 11.58 + 3.0 mg g™. The E value calculated
from the slope of the plot was 9.13 + 2.5 k] mol™, which is
>8 kJ mol™ showing the possibility of chemisorption or ion
exchange sorption mechanism of Cr(VI) ions onto CdCr-NO,
LDH [34].

_ 2
lncads - lnI<D—R - BS (6)
1.65 +
y=0.1719x + 1.377
16 + R?=0.9974
o 1.55
£
4
3 15
o
oo
o
= 1.45
1.4
1.35 e e L e o e e e B e e e BLENL s o e S e S |
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Log Ce (mg L)

Fig. 8. Freundlich isotherm for the adsorption of Cr(VI) ions onto
CdCr-NO, LDH.
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Fig. 9. Dubinin-Radushkevich isotherm for the adsorption of
Cr(VI) ions onto CdCr-NO, LDH.

Table 7
Different LDHs adsorbents for Cr(VI) ions adsorption

Adsorbents pH Q(mgg’) K.(mgg') References
NiFe-NO,LDH -  26.8 - [40]
NiAl-NO,LDH 2.0 34.1 - [41]
MgAI-NO,LDH 6.5 30.3 1.4 [42]
NiAl-NO,LDH 65 57.5 2.0 [42]
ZnAl-NO,LDH 6.5 68.1 1.7 [42]
MgAI-NO,LDH 6.0 719 18.4 [43]
CoAI-NO,LDH 2.0 109.5 8.6 [44]
MgAI-NO,LDH 8.1 143 15 [45]
CuFeCr-NO, 2.0 222 222 [46]
CdCr-NO,LDH 4.0 1,0288+25 595.6+3.5 Thiswork
e
€=RTIn[1+— (7)
Ce
E= _1 8)

J-2B

3.7. Different LDHs for Cr(VI) ions adsorption

Different LDHs adsorbents such as NiFe-NO,, MgAI-NO,,
ZnAl-NO,, CoAl-NO, and CuFeCr-NO,, etc. have been
applied for removal/capturing of Cr(VI) ions. As synthesized
nanostructured CdCr-NO, LDH possessed comparatively
high adsorption capacity for Cr(VI) ions from aqueous solu-
tions as shown in Table 7.

3.8. Application of the method

CdCr-NO, LDH worked well for adsorptive removal
of Cr(VI) ions form spiked wastewater samples. The Cr(VI)
ions were removed 285.0% with RDS <2.4% (Table 8).

4. Conclusion

LDH is an attractive adsorbent for adsorptive removal
of pollutants/contaminations from industrial effluents

Table 8
Removal of Cr(VI) ions from spiked wastewater samples
Sample Added Found Removal
(mg L) (mg L") (%) + RSD (%)
0.0 ND -
S 5.0 49 98.0+4.0
10 9.7 97.0+3.0
20 18.0 90.0+2.5
0.0 2.5 -
SII 5.0 7.3 96.0+4.0
10 12.4 99.0+2.4
20 19.5 85.0+4.0

S-1: Tap water sample, collected from Research Laboratory, Institute
of Chemistry University of Sindh Jamshoro 76080, Pakistan. S-II:
Industrial effluent collection from Industrial Area in Hyderabad,
Pakistan.

because of its structural features, interlayered anions mobil-
ity, larger surface area, porosity, and high efficiency and
selectivity. XRD and analysis confirmed layered structured
of the syntheses material, while IR spectroscopy confirmed
the presence of intercalated nitrate anions in between
sheets of LDH, which are exchangeable. Therefore Cr(VI)
ions were adsorbed onto CdCr-NO, LDH by exchangeable
mechanism as Cr(VI) exists as Cr,02" and HCrO; ions at
pH < 6.0 [39]. CCD model predicted the optimum values of
factors for quantitative adsorption of the Cr(VI) ions.
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