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ABSTRACT

The versatile nature of layered double hydroxide (LDH) has made it the most widely used poten-
tial adsorbent for the decontamination of azo dye-polluted wastewater. Recently, the assembling
of organic molecules on LDH structure to improve its physicochemical characteristics is given
more attention by researchers. In this present work, the adsorption property of the CuAl-LDH was
enhanced by modification with anionic surfactants sodium dodecyl sulfate and the synthesized
materials were applied for the examination of methyl red removal from its aqueous solution. Both
the pristine and surfactants modified LDH were synthesized by a facile co-precipitation method
and characterized by X-ray diffraction, Brauner-Emmet-Teller surface area, thermogravimetric ana-
lysis, infrared spectroscopy, scanning emission microscopy, and energy dispersive x-ray spectros-
copy. The obtained experimental data were analyzed by different isotherm and kinetics models
and it shows higher degree of coefficient correlation with Langmuir isotherm and pseudo-second-
order kinetic model. However, the study of thermodynamic parameters reveals that the adsorption
process is spontaneous and endothermic in nature for both the adsorbents. The adsorption effi-
ciency of surfactant fabricated CuAl/SDS-LDH was increased compared to pristine LDH and the
maximum monolayer adsorption capacity gmax (Mg g ') for CUAI-LDH and CuAl/SDS-LDH were
209.9mg g ' and 411.47mg g ', respectively. The reusability of the materials indicates impressive
results and can be repeated for up to four cycles. The synthesized sorbents CuAl-LDH and
CuAl/SDS-LDH can significantly remove the target organic pollutant over a broad range of dye
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concentrations.

Introduction

Water pollution has become a global environmental problem
due to the development of rapidly growing modern industry,
increasing population and climate change. The increased
water pollution caused by various consumers has signifi-
cantly contributed and adversely intensified the contamin-
ation of scarce and freshwater resources.!'! Recently, the
major water contaminants are the organic azo dyes which
are utilized in various industries, including textile, paper,
cosmetics and food industries for coloring and dyeing pur-
poses.?! Subsequently, a large amount of wastewater are
generated which is directly drained over the natural water
bodies like lakes, seas, oceans rivers etc. Since, dyes are gen-
erally complex organic compounds and chemically inactive
which are synthesized to overcome degradation from various
contacts like sunlight, water, detergents.[3] Therefore, it is
difficult to remove it easily and can influence the environ-
ment by creating short- and long-term effects.'*! In addition,
these organic pollutants for instance the anionic methyl red
dye that contain -N = N- group in the structure are respon-
sible for various health issues including respiratory tract
damage and mucous membrane irritation, gastrointestinal
disturbances and liver damage, which had posed a threat to

the global environment.”) The serious consequences like
carcinogenicity and biotoxicity due to dye-polluted effluents
observed in aquatic plants and animals are also reported.'®
Therefore, the extraction of organic azo dye pollutants from
wastewater is very crucial.

In order to mitigate the problems now a day researchers
have adopted various methods for removing azo-dye contami-
nants from effluent which may include adsorption,m filtra-
tion,'®) photocatalytic degradation,”” magnetic separation,!”’
reverse osmosis,!'!) and flocculation.") Among the different
techniques employed, adsorption is one of the most efficient
processes for the treatment of toxic contaminants. Due to the
less expensive, more convenient and less generation of waste
products, it is considered to be more appropriate compared
to other techniques. Another advantage of this method relies
on the reversible characteristics between adsorbate-adsorbent
systems, which can facilitate the easy regeneration of the
adsorbent material for repeated usage. As a result, adsorption
can also be regarded as the most extensively used and prom-
ising method for developing nations.""®! Some of the previ-
ously reported materials applied for detoxification of aqueous
media include metal organic framework, biogenic nanocom-
posite, activated carbon-nanocomposite, bentonite, biochar
and mixed metal oxides."*'”! However, owing to less
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adsorption capacity and reusability of these sorbents, cur-
rently a large number of researchers are interested in modifi-
cation or fabrication of the material structure for increasing
the monolayer adsorption capacity and effective elimination
of dyestuffs from its aqueous media.

Layered double hydroxides are anionic clays generally con-
structed by the brucite type layers, which comprise divalent
M>" and trivalent M*"cations along with intergallery anions
like A* lying between the brucite layers. In addition, the
high-density positively charged layers are balanced by the
intergallery anions and the metal cations are coordinated
octahedrally by the hydroxyl group. In general, the molecular
formula of LDH is represented by M.
CIMAT(OH), ) (A™)ymnH,O where M*T and M*" are
divalent and trivalent cations and A is a counter anion with a
negative charge m.[¢! Accounting to its unique nature, LDH
is not only confined to the field of catalysis, but also to the
ability to tune its hetero architecture by isomorphic substitu-
tion, intercalation and surface modification which makes it
versatile, having potential applications in miscellaneous fields
including catalysis, drug delivery, flame retardants, environ-
mental remediations.!"””"®! Concerning the high efficient and
multi-dye removal adsorbent, the search for a better synthetic
protocol for altering the surface of LDH with organic surfac-
tants or molecules is extensively under study. Usually, in the
traditional methods of LDH synthesis due to the presence of
hydrated interlayer ions such as ClI”, NO;~ and COs*7, it
imparts hydrophilic properties to the LDH particle. As a
result, it does not preferentially adsorbed cationic dyes and
non-ionic organic molecules.'”) Therefore, fabrication with
organic sodium dodecyl sulfate molecules can provide hydro-
phobic nature to the resultant LDH material which is essential
for the removal of hydrophobic organic dye pollutants from
wastewater. The surface alteration with surfactants in the pre-
vious work reported by Zhang et al. can significantly enhance
the adsorption behavior of LDH during removal of methyl
orange dye. All these modified LDH have a broad range of
utilization in the environmental remediation field.!*"’

In this study, we have investigated the decontamination of
dye polluted water with surfactants fabricated LDH and com-
pared with its parent pristine LDH. The synthesized adsorb-
ents CuAl-LDH and CuAl-SDS-LDH are characterized and
used for investigating its adsorption performance for the
removal of Methyl Red dye from an aqueous solution. Under
the study, we have reported the effect of various physical
parameters such as contact time, adsorbent dosages, pH, tem-
perature, and reusability. From our literature study till now,
no reports regarding the sorption of methyl red by LDH are
available. However, the results shown by the current materials
are impressive. The possible mechanisms involved in kinetics
and isotherm studies during the reaction are also illustrated.

Experimental
Materials and methods

The precursor materials are copper nitrate trihydrate
(Cu(NOs3),-3H,0), aluminum nitrate nonahydrate
(Al(NO3)3-9H,0), sodium hydroxide (NaOH), sodium dodecyl

sulfate (CH3(CH,);;SO4Na), and methyl red (C;sH;sN;O,,
MW-269.3g/mol). All the chemicals are of analytical grade
and purchased from Merck India, and utilized for the synthesis
of materials without any further purification. In addition,
under all experimental conditions, the required solution was
prepared by using distilled water.

Synthesis

The sample represented as CuAl-LDH was prepared by a
simple co-precipitation method where the ratios of divalent
and trivalent cation M**/M>" were maintained at 2:1 with
the slight modification from the previously reported litera-
ture. The first metal precursor solution A was obtained by
mixing 0.2M AI(NO;);'9H,0 and 0.4 M Cu(NO3),'3H,0 in
an aqueous solution of 100 ml. The second solution B con-
tains 0.2M NaOH in 150ml distilled water. Subsequently,
solution B is then added slowly dropwise to solution A up
to 30 minutes under vigorous stirring at room temperature
with  simultaneous maintenance of pH at (9-10).
Furthermore, the reaction mixture is allowed to stir continu-
ously for 24h. The blue color slurry is obtained, which is
then centrifuged and washed with distilled water for several
times until the pH of the filtrate is neutral. The resulting
product is obtained by drying in an oven at 50°C for 12h
and crushed with mortar to get powdered form.

For the synthesis of surfactant-assisted CuAl/SDS-LDH,
similar procedures have been carried out, except 0.5g of
sodium dodecyl sulfate that has been added to solution B
and the remaining steps are performed under identical con-
ditions as in the case of earlier pristine CuAl-LDH material.

Adsorption experiment

The adsorption experiments were performed by adopting a
batch equilibrium adsorption method under a constant tem-
perature of 28°C. For the study of adsorption isotherm, a
series of methyl red dye solutions containing a total volume
of 20mL each with a different concentration ranging from
25 to 350 mg/L was taken in 150 mL conical glass bottle.
Subsequently, 22 mg of the adsorbent was added in the dye
solution, which is then allowed to shake in a thermostatic
shaker machine for a timeperiod of 6 h to reach equilibrium
adsorption. After completion of shaking the solution was fil-
tered, and the concentration of dye remaining in the filtrate
was measured by using UV-spectrophotometer (EI-3315) at
432nm. The amount of methyl red dye adsorbed on the
adsorbent was evaluated by the formula:

(Co—Ce) V

9de = —w (1)

The percentage of dye uptake was evaluated as:

Co —Ce) x 100
% of dye uptake = (Co=Co) x100 (2)
Co
where C, and C. are the initial concentration and equilib-
rium concentration of methyl red dye, respectively. V is the



volume of the solutions in litres (L) and W is the weight of
the adsorbent used in grams (g).

For the adsorption kinetics experiment, 44 mg of the
adsorbent was mixed with 50 mL of the methyl red dye solu-
tion having an initial concentration of 60mg/L, and then
the resulting solution was shaken. After a definite time
interval, the solution was withdrawn from the conical flask
and the residual dye concentration was measured. The vari-
ation in the amount of dye adsorbed at different time inter-
vals was studied for 0 to 4h. The amount of dye adsorbed
with time was calculated by:

(Co—Cy V

q = W 3)

where C, and C, are the initial concentration of dye solution
and concentration at time t, respectively. q; is the amount of
dye adsorbed at time t. However, in order to obtain better
reproducibility, all the experiments are carried out thrice.

Characterization techniques

X-ray diffraction analysis was conducted with Rigaku Ultima-
IV powder X-ray diffractometer at the Braggs angle ranging
between 5 and 70° by employing CuKo (4= 1.54A) radiation.
Fourier transform infrared spectroscopy FT-IR was recorded
on SHIMADZU-IR Affinity-1 at a frequency range of 300-
4000cm "' by using the KBr background. The microstructure
morphology of the sample was investigated by Gemini Carl
Zeiss Sigma 300, and the elemental composition was studied
by EDX. The thermal degradation of the sample was investi-
gated in between the temperature ranging from 29 to 900 C
by using TGA under the ramping rate of 20° C/min. The tex-
tural properties of the as-synthesized CuAl-LDH, including
specific surface area, pore size, and pore volume, were ana-
lyzed in an instrument Quantachrome Novawin version 11.05
by performing adsorption-desorption of the N, gas at 77.3K.
Initially, the sample was outgassed at 150 C for 6h. The BET
(Brunauer-Emmett-Teller) method was used for the evalu-
ation of specific surface area whereas for pore size and pore
volume the BJH (Brunauer-Joyner-Hallenda) method is
employed. The measurement in the concentration of the
unknown dye solution was made in UV-Spectrophotometer-
3375 (Electronics India).

Results and discussions
Characterization of adsorbents

The analysis of structure and crystalline size of the adsorb-
ent material was investigated with the help of powdered
XRD technique. The measurement of crystallite size was per-
formed by using the Debye-Scherrer equation, D =BA/f,/,
cosf where f, denotes full-width at half-maximum
(FWHM), B indicates Scherrer constant, A signifies wave-
length of the X-ray, and 0 is the diffracted angle. The XRD
diffraction pattern is presented in Figure 1. The synthesized
CuAl-LDH shows sharp reflections corresponding to
indexed plane 003, 006, 009, 015, 018, 110, and 113 which
infers the formation of well crystallized layered structure
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with a basal space of 7.4 A (dgo3). The lattice cell parameters
evaluated from the position of diffraction plane 110
(a=2dy19) and 003 (c=3dgg3) are 2.22nm and 0.3nm,
respectively. These values are consistent with the previously
reported literature.'”!) However, modification with surfac-
tants in LDH structure leads to shifting of the peaks at a
lower angle that results in increasing interlayer distance of
CuAl/SDS-LDH and the theoretically calculated length of
basal spacing was found to be 14 A. The observed results
suggest intercalation of sodium dodecyl sulfate molecule on
the inter lamellar region as well as assemblage on the exter-
nal surface of LDH. Accounting for LDH thickness
(0.48nm) and the length of SDS chain which is taken as
1.78 nm, the possible alignment of SDS inside the layer
sheets is tilted with respect to LDH sheets. The diffraction
peaks of CuAl/SDS-LDH at higher angles are quite similar
to parent LDH which indicates the retainment of LDH
structure whereas the initially observed peaks corresponding
to reflection plane 015, 018 vanish which may be attributed
to the lowering in the stacking order of LDH sheets.!?*~>*!
Nevertheless, the appearance of 001 plane at 20 <7 from
which the basal spacing value are evaluated is observed in
most organo modified LDH, which is obvious in the cur-
rently studied material.

The FT-IR spectrum of CuAl-LDH, CuAl/SDS-LDH
before and after adsorption of methyl red dye is displayed in
Figure 2. In CuAl-LDH, the observed bands are highlighted
at the stretching frequency of 3447 cm~ Y, 1626cm™ !,
1383cm ™', 827m~', and 639cm™'. The broad band at
3447 cm ™" indicates the presence of interlayer water mole-
cules corresponding to the v-OH stretch of free and H-
bonded OH groups. The broadness of such band increases
with number of increasing H-bonding which could be pos-
sible among interlayer NO;~, H,O, OH™ ions. Another
absorption at 1626 cm ™" is due to O-H bending vibration of
water molecules present in the interlayer region of LDH.

CuAl/SDS-LDH

- 003 —— CuAl-LDH
-] 006
=
Lo
>
.'0: 4
[7}]
—-
QD
= |oo1)
0 20 40 60 80

20(degree)

Figure 1. XRD patterns of pristine CuAl-LDH and surfactants modified
CuAl/SDS-LDH.
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Figure 2. FT-IR spectrum before and after adsorption of methyl red dye (a)
CuAl-LDH (b) CuAl-LDH-methyl red (c) CuAl/SDS-LDH (d) CuAl/SDS-LDH-
methyl red.

Furthermore, the presence of NO;  1is also revealed at
1383cm ™" and 827 cm ™' which is assigned to antisymmetric
stretching mode and non-planar bending mode vibration,
respectively. And the less intense band at 639cm™"' can be
attributed to the M-OH stretching vibration.?*! After
modification with the surfactant molecules the bands mani-
fested at 2851 cm™ !, 2920cm ™}, 1066cm ™!, and 811cm ™!
can be related to 6-CH, symmetric stretch, 6-CH, asymmet-
ric stretch, S-O-C bond stretch and out of plane SO;*~
stretch, respectively.””) The new additional weak and sharp
band at 1417cm™" and 1359 cm ™" arises in CuAl/SDS-LDH
after incorporation of methyl red which is corresponding to
-CHj; deformation and C-N stretching vibration of dye mol-
ecules. The appearance of a weak band at 1417cm™' and
1104cm ™' in CuAl-LDH after adsorption also accounts for
-CHj; deformation and C-H in plane bending vibration of
adsorbate. The obtained results confirm the presence of tar-
get dye pollutant on both adsorbents.*!

To illustrate the surface characteristics, the N, adsorp-
tion-desorption isotherm and pore size distribution curves
of the adsorbent are presented in Figure 3(a, b), respect-
ively. The specific surface area of CuAl-LDH and
CuAl/SDS-LDH was determined to be 65.146 and
74.055m°/g, respectively. The presence of mesopores
(9.086 nm) distribution can be anticipated from the analysis
which is shown in the insets of Figure 3(a, b). In addition
from the N, adsorption-desorption curves of both materi-
als, it manifests type IV isotherm with H3 hysteresis loop as
per the IUPAC classification and signifies mesoporous
materials.*”**! Moreover, the measured pore volume of
CuAl-LDH and CuAl/SDS-LDH are 0.289cc/g and
0.178 cc/g, respectively. After the introduction of surfac-
tants, it is apparent that the relatively higher surface area
and mesoporous characteristics of CuAl/SDS-LDH provide
it with a larger adsorption site and make it more suitable
for the adsorption performance of these materials.
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Figure 3. N, adsorption-desorption isotherm and pore size distribution of (a)
CuAl-LDH and (b) CuAl/SDS-LDH.

The thermal stability of the synthesized CuAl-LDH and
CuAl/SDS-LDH was studied by thermo gravimetric analysis
which is displayed in Figure 4(a, b). From the TGA curve of
CuAl-LDH, two distinct regions of weight loss can be identi-
fied. The mass loss of 9.67% noticed at a temperature below
210°C can be ascribed to the evaporation of adsorbed water
molecules, while the weight loss of 28.16% between 230 and
450°C is due to the removal of intergallery ions and the
hydroxyl group of the LDH sheets.**) In contrast the
CuAl/SDS-LDH showed weight loss of 9.11%, 32.31% and
19.64% at three different stages. The weight loss of 9.11%
corresponding to the first step is similarly related to the
removal of physical surface adsorbed water molecules. The
major amount of 32.31% weight loss has been observed
between the temperature 165-260°C which is associated
with the decomposition of surfactants molecule embedded
on LDH. In addition, the final step of mass decomposition
can be accounted for elimination of intercalated inorganic
anions and breakdown of LDH sheets.®!! For CuAl-LDH,
after the decomposition temperature of 435°C, the curve
tends to be constantly straight, which indicates no further
weight loss, whereas in CuAl/SDS-LDH, it was achieved
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Figure 4. TGA curves of (a) CuAl-LDH and (b) CuAl/SDS-LDH.

INORGANIC AND NANO-METAL CHEMISTRY e 5

100+
90+
80+
70+
60+

504

404®)
—CuAl/SDS-LDH

Weight loss%

|
| 19.64%

30 — T T
0 200 400 600 800

Tem perature(“c)

Figure 5. SEM images of CuAI-LDH (A, B) and CuAl/SDS-LDH (C, D).

after 580°C and the complete destruction of material struc-
ture is obtained beyond this temperature.

The SEM micrographs pattern of CuAl-LDH and
CuAl/SDS-LDH are depicted in Figure 5(a-d). The study of
surface morphology shows the formation of porous and thin
sharp sheet-like structure having a dimension below 100 nm
in CuAl-LDH which may be attributed to the irregular and
non-uniform arrangement of layer structures. It is also evi-
dent from Figure 5(a) that the LDH particles are highly dis-
persed and found stacked with each other. After fabrication
with surfactants, the SEM image of CuAl/SDS-LDH

illustrates the reduction in sharpness of LDH sheets and the
growth in thickness of particle size due to the expansion of
interlayer region.”*"?

The elemental analysis spectrum of the CuAl-LDH and
CuAl/SDS-LDH is presented in Figure 6(A, B). The chemical
constituents of the synthesized LDH were determined by an
energy dispersive x-ray method which indicates the forma-
tion of LDH with an expected molar ratio of Cu®"/AI’*
(2:1) is close to 2, as shown in Table 1. The observed atomic
percentage of the elements Cu, Al and O are 18.23%,
10.71%, and 71%, respectively. Similarly, the EDX spectrum



6 D. BRAHMA AND H. SAIKIA

s | CuAl-LDH

T

1l

i

1

Wl

| X

o

it &
A
W w wm owm w i "
e CuAl/SDS-LDH
w0

i

bl

Figure 6. (A) SEM-EDX spectra of CuAl-LDH at 1 um resolution. (B) SEM-EDX spectra of CuAl/SDS-LDH at 1 um resolution.

Table 1. Atomic percentage of the constituent elements present in the pro-
posed adsorbent determined by EDX analysis.

Adsorbents Cu% Al% % 0% S%
CuAl-LDH 18.23 10.76 - 71 -
CuAl/SDS-LDH 6.87 335 42.77 42.78 4.24

of CuAl/SDS-LDH also confirms the presence of all con-
stituent elements. Moreover, the presence of other impurity
elements of the precursor solutions like alkali metals are not
detected, thereby confirming efficient synthetic procedure
and resulting in pure form of the sample.

Adsorption isotherm

In order to have detailed information considering the affin-
ity of targeted anionic dyes toward the proposed adsorbent
materials, the distribution of dye molecules between solid
and liquid phases after reaching the equilibrium stage can
be best understood from the study of adsorption isotherm.
With the help of the isotherm study, it is also possible for
interpreting the qualitative nature of adsorbate-adsorbent
system. For a clear illustration of the adsorption behavior
and its underlying mechanisms, three models including
Langmuir, Freundlich, and Temkin are employed. These
model isotherms can easily explain the relation among the
quantity of dye adsorbed with equilibrium concentration.*!

Langmuir isotherm

It is a monolayer adsorption model which assumes, if the
complete saturation of homogeneous vacant site of the
adsorbent surface is reached, then there is no further add-
itional occupation of those sites by the adsorbate mole-
cules.** The non-linear form of the Langmuir equation is
represented as:

_ queKI
e T11KRC.

where qmn, Ce qe, and K; represent highest monolayer
adsorption capacity, final equilibrium concentration of dye
solution (mg/g), quantity of dye adsorbed at equilibrium
(mg/L), and Langmuir constant, respectively.

Figure 7(a-d) shows different isotherm model plots for
removal of methyl red dye. With the help of the Langmuir
isotherm plot, the highest monolayer adsorption capacity
Qmax Value for the adsorbents CuAl/SDS-LDH (411.47 mg/g)
and CuAl-LDH (209.97 mg/g) was evaluated. The favorabil-
ity of the adsorption process was determined by a factor Ry,
which is calculated from the equation:

(4)

R, = %)
T 14K G
where C, and K; are the initial dye concentration and
Langmuir constant, respectively. Moreover, if the equilib-

rium parameter R;>1 then the adsorption process is
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Figure 7. Non-linear plot of adsorption isotherm by using Langmuir, Freundlich and Temkin model for adsorption of methyl red dye on CuAl-LDH (a, ¢) and

CuAl/SDS-LDH (b, d).

unfavorable and for the values of Ry in between 0 and 1 it
indicates favorable process, while for irreversible process Ry
= 0. The obtained results shown in Figure 8(a, b) indicate
that for both adsorbents at different initial dye concentra-
tions, Ry values lie in the range from 0 to 1 that infers the
feasibility of the adsorption process.!”

Freundlich isotherm

Freundlich isotherm is an empirical equation representing the
relation between quantities of solute adsorbed per unit mass
of solid adsorbent. This model is more suitable for studying
the adsorption in the heterogeneous surface of the adsorb-
ent.*®! The equation for Freundlich isotherm is given as:

q. = K Um (6)

where q. and C. have their usual meaning, K¢ and n are
constants that provide information regarding capacity and
intensity of adsorption, respectively.

Temkin isotherm

Concerning the interaction between adsorbate-adsorbent
system Tembkin isotherms considers that heat of adsorption
of all the molecules present on the surface of LDH sheets
get reduced linearly with surface coverage and the nature of
the adsorption is best described by the orderly arrangement
of binding energies until a certain maximum value.””) The
non-linear equation of Temkin isotherm is given as:

qd. = BTln(KT Ce) (7)

where Br (kJ/mol) and Kt (L/mg) represent the heat of
adsorption and equilibrium binding constant, respectively.
The various adsorption isotherm parameters are sum-
marized in Table 2. The observed results from the adsorp-
tion isotherm data after nonlinear fitting showed a greater
coefficient of correlation regression R* for Langmuir fitting
in comparison to Freundlich and Temkin fitting which
implies that the Langmuir model can be best accounted for
the adsorption mechanism. Consequently, the surfaces of
the applied adsorbent are closer to homogeneous than
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Figure 8. Plot of R, vs C, for adsorption of methyl red dye over two adsorbents (a) CuAl-LDH and (b) CuAl/SDS-LDH.

Table 2. Isotherm parameters for adsorption of methyl red on CuAl-LDH and
CuAl/SDS-LDH.

Adsorbents
Isotherm model Constants CuAl-LDH CuAl/SDS-LDH
Langmuir K, (L/mg) 0.0365 +0.004 0.0200 +0.002
Umax (Ma/q) 209.97 +11.46 411.47+15.22
R 0.981 0.985
Freundlich n 2.0825+0.12 1.756 +0.14
K¢ 19.744+2.17 21.180£3.90
R? 0.978 0.961
Temkin Bt 39.088 +2.82 84.635+5.15
Ky 0.5733+0.10 0.2249 +0.02
R? 0.950 0.971

heterogeneous. The K¢ values for CuAl-SDS LDH and
CuAl-LDH were determined to be 21.18 and 19.74,
respectively. In addition, the values of constant n greater
than 1 in both adsorbents suggest that the adsorbate gets
suitably adsorbed on the material surface under the studied
experimental conditions.

In order to assess the adsorption performance of the cur-
rently proposed LDH, it is compared with the previously
reported material, which is displayed in Table 3. It high-
lights the maximum adsorption capacity and optimum
experimental conditions of several adsorbents for the elimin-
ation of methyl red dye from an aqueous medium. It is clear
from Table 3 that the dye adsorption capacity of the pro-
posed LDH material is comparatively higher than some of
the adsorbents such as biogenic Ag@Fe nanocomposite,
MIL-53(Fe), Pd-NP-AC while other adsorbents showed
greater monolayer adsorption capacity. However, few of
these materials involve harsh and complicated synthetic
methods. In contrast, synthesis of pristine and surfactant
LDH involves simple and less toxic reactions which is an
advantage in the materials. Therefore, it can be concluded
that CuAL-LDH and CuAl/SDS-LDH can be considered
promising material for removal of methyl red dye in terms
of less toxic, low cost, and good adsorption performances.

Adsorption kinetics

The evaluation of various kinetic parameters can have essential
practical value for technological utilization. In the present study,

in order to estimate the rate of dye adsorption and to have
detailed information about the regulated mechanism, a kinetic
study was performed and the two different most widely used
kinetic models, namely pseudo-first order and pseudo-second
order was adopted for the determination of kinetic parameters.
Based on the physical adsorption pseudo-first-order kinetic
model considers that the rate of dye intake is proportionate to
the ratio of the concentration of dye and the quantity of
adsorbent used. On the contrary, the pseudo-second order kin-
etics depends on chemisorptions where the chemical bond
either covalent or ionic holds the adsorbate-adsorbent sys-
tem.***] The linear form of pseudo-first order, second-order
kinetic and intraparticle diffusion equation is formulated as

Kit
log(q. —q,) = logq, -5~ (8)
t 1 t
— = + — ©)
@  Kg g
= Kt"”+ C (10)

where q. and q; represent the quantity of adsorbate taken
up by an adsorbent under equilibrium and time t (min),
respectively. As shown in Figure 9(a), the linear plot of log
(qe-q) vs t gives a straight line from which the obtained
slope and intercept values are used in the determination of
first-order rate constant K; and q.; amount of dye adsorbed
at equilibrium, respectively. Nevertheless, from Figure 9(b),
the plot of (t/q vs t) evaluates pseudo-second-order rate
constant K, and quantity of dye adsorbed at equilibrium qe,.

The detailed kinetic parameters are depicted in Table 4.
From the obtained results, it can be anticipated that the experi-
mental data fit well with a pseudo-second-order kinetic model
having a greater correlation coefficient (R*> > 0.994) value in
comparison to the first-order kinetic model. Moreover, it is
also evident that the pseudo-second-order rate constant for
CuAl-LDH and CuAl/SDS-LDH are 5.77 x 10~ * gmg~" min~"'
and 4.29 x 10~ * gmg ' min~', respectively, which implies that
the sorption rate of methyl red dye on CuAl-LDH is faster
than CuAl/SDS-LDH. Besides, the higher experimental q. value
for CuAl-SDS (69.48mgg ') compare to CuAl-LDH
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Figure 9. (a) Pseudo-first-order kinetic plot for adsorption of methyl red on
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(37.44mg.g ") further conveys enhancement in the adsorption
capacity of surfactant-assisted LDH. In the adsorption process
of methyl red dye, the relatively closer values of pseudo-
second-order g, with g, in both adsorbents infers that during
the studied experimental condition for the initial dye concen-
tration 50 mg/L and contact time from 0 to 220 minutes, the
adsorption behavior can be best described by pseudo-second-
order mechanism. In addition, the values of calculated q.;
from pseudo-first-order in both adsorbents do not agree with
experimental q. Thus, it confirms that the rate-determining
step in the adsorption process may be due to chemisorption.

The mechanism of the diffusion process during the
adsorption of methyl red dye has been described by employ-
ing the intraparticle diffusion model (Equation 10). From
Figure 9(c), the plot of q, vs t*° clearly manifests the
appearances of multiple step processes in both the adsorp-
tion system. The initial region observed in Figure 9(c) indi-
cates sorption on the external surface of the adsorbents
while the middle region represents the occupation of dye
molecules inside the pores, and the third region implies
completion of the equilibrium stage of adsorption due to a
lack of available vacant sites.l*®! The value of intraparticle
diffusion constants k; and the thickness of the boundary
layer C were determined from the slope and intercept of the
linear plot g, vs t”> which is demonstrated in Table 4.

Effect of temperature

Temperature is another important parameter affecting the
adsorption of organic dye molecules on the surface of the sub-
strate or LDH. In order to have a broad insight about the
adsorption process with the change in temperature the various
parameters AG, AH and AS were evaluated. The experimental
reactions with varying temperatures at 301 K, 313 K and 323
K were performed on 90mg/L of methyl red with 0.0220g
adsorbent dosages for a contact time of 1h. The equations for
the calculation of the thermodynamic parameters are given as:

AS AH

InKy =
R R RT

(11)

AG = —RT InKy (12)

where AG, Ky R, and T indicate standard free energy,
adsorption distribution coefficient, universal gas constant,
and temperature (K), respectively.!*”]

From the Vant Hoff plot (InKyq vs 1/T) is shown in
Figure 10(a, b). The values of enthalpy AH and entropy AS
are determined from the slope (AH/R) and intercept (AS/R),
respectively. The results obtained from the thermodynamic
parameters represented in Table 5 revealed the negative
value of AG in both materials CuAl-LDH and CuAl/SDS-
LDH, which infers the feasibility of the adsorption process.
With increasing temperature from 301K to 323K, AG value
decreases from —1.12 to —1.94kJ/mol (CuAl-LDH) and
—3.26 to —5.18kJ/mol (CuAl/SDS-LDH). The value of
enthalpy change AH provides information to interpret if the
nature of dye intake in the adsorption system is either phys-
ical or chemical. Moreover, values of AH lying between
(=20 to 40) kJ/mole indicates the physical nature of
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Table 3. Comparison of various adsorbents used for the removal of methyl red dye.

Dosages
Adsorbents Jmax (MQY/Q) pH Time(min) (9) Isotherm References
Biogenic Ag@Fe nanocomposite 125 5 160 0.042 Langmuir [14]
Natural raw Clay Anb 397 7 5 0.25 Langmuir [38]
Pd-NP-AC activated carbon 133.33 2 15 0.01 Langmuir [39]
Fe;0,@QMIL-100(Fe) 625 4 360 0.01 Langmuir [40]
Custard apple derived activated carbon AC 434.78 5 50 0.15 Langmuir [41]
Durian seed derived activated carbon AC 384.62 6 180 0.10 Langmuir [42]
MIL-53(Fe) 183.5 4 120 0.05 Langmuir [43]
CuAl-LDH 209.97 7 360 0.022 Langmuir This work
CuAl/SDS-LDH 411.47 7 360 0.022 Langmuir This work

Table 4. Parameters of two kinetic model for the adsorption of 50 mg/L methyl red by CuAl-LDH and CuAl/SDS-LDH.

Adsorbents Pseudo-first order Pseudo-second order Intraparticle diffusion
qelexp) Qez(cal) Ka(107%)
mag. g_1 Qer(cal) K:(1073) min~" R? mg. g_1 g. mg_1 min~! R? Ki C R?
CuAl/LDH 37.44+039 45.90 +0.06 22.36 +£0.09 0.90 43.95+0.35 5.77+0.16 0.99 2.28+0.02 6.92 0.95
+0.14
CuAl/SDS-LDH 69.48 +1.07 46.08 +1.42 16.65 £0.95 0.96 78.74+1.59 4.29+0.20 0.99 4.05+0.04 17.08 £0.71 0.84
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Figure 10. Vant Hoff plot for the adsorption behavior of the methyl red by the adsorbents (a) CuAl-LDH (b) CuAl/SDS-LDH (Initial dye concentration = 90 mg/L,

dosages = 22 mg, volume = 20 mL, contact time = 1h).

Table 5. Thermodynamic parameters for the adsorption of methyl red on
CuAl-LDH and CuAl/SDS-LDH.

—AG (kJ/mol)
Adsorbent +AH (kJ/mol) +AS (J/mol)
301 K 313 K 323 K
CuAl-LDH 9.1 3416 1.12 1.58 1.94
CuAl/SDS-LDH 20.86 80.55 3.26 439 5.18

adsorption, whereas the value within (—400 to —80) kJ/mol
refers to the chemical nature. The positive values of AH and
AS correspond to the endothermic and spontaneity of the
process. The obtained AH value for CuAl-LDH and
CuAl/SDS-LDH are +9.11kJ/mol and +20.86k]J/mol,
respectively, which indicates the physical nature of the pro-
cess. Again the entropy change AS value signifies the ran-
domness of molecules in the solid-liquid interfaces.!**
However, there is a slight enhancement in the adsorption
process with increasing temperature in both adsorbents
thereby revealing that the adsorption process takes place
through endothermic reactions. The obtained result shows
that surfactant-assisted CuAl-LDH has greater adsorption
for methyl red dye compared to pristine CuAl-LDH which
is achieved at higher temperature 323 K. Initially, the posi-
tively charged external surface and intergallery region of the

materials are saturated with dye molecules due to the cou-
lombic force and other interactions possibly H-bonding,
vander waals, etc. After filling up external surfaces the dye
molecule then gets attached to surfactants loaded LDH via
weak interactions.'*”) From the experimental data, it suggests
that surfactants can improve the capacity of dye removal.
Therefore, CuAl-LDH and CuAl/SDS-LDH prove to be
promising and effective adsorbents in the removal of anionic
dyes.

Effect of initial dye concentration

The effect of initial dye concentration on the adsorption
efficiency is depicted in Figure 11(a, b). The removal effi-
ciency of methyl red dye over CuAl-LDH and CuAl/SDS-
LDH decreases with increasing initial dye concentration. It
can be attributed to the less number of free sorption site on
the adsorbent surfaces. Moreover, the type of adsorption
process becomes monolayer at the initial low concentration
which then further extends to multilayer after the complete
saturation level is achieved at the higher concentration of
methyl red solution. As expected, it is not surprising that
the time required to attain equilibrium is less at low initial
concentration which is relatively higher in case of high
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Figure 11. Effect of initial dye concentration on adsorption efficiency of methyl red over (a) CuAl-LDH and (b) CuAl/SDS-LDH (adsorbent dosages = 22 mg, volume

= 20 mL, contact time = 6 h).

initial concentration. Nevertheless, in some cases, the higher
dye concentration can increase the adsorption percentage
due to the creation of the pressure gradient by large number
of dye molecules on the adsorption site.l*”! For the initial
dye concentration of methyl red (25-120mg/L) for CuAl-
LDH and (52-210mg/L) for CuAl/SDS-LDH, the sorption
percentage lies in the range (79.81-92.79%) and (82.45-
88.30%), respectively.

Effect of adsorbent dosages

It is very crucial to determine the suitable adsorbent dosages
for the maintenance of cost-effective system. Subsequently,
the variation in adsorbent dosages having a significant effect
on the decontamination of methyl red dye from its aqueous
solution was analyzed. From Figure 12(a, b), the adsorption
performance of SDS-modified CuAl-LDH at different dos-
ages from 0.010 to 0.030g are clearly distinguishable in
comparison to the pristine CuAl-LDH. However, with
increasing adsorbent amount the percentage of dye removal
also increases in both materials but the surfactants modified
LDH showed a relatively higher adsorption behavior. As
observed, the result implies that CuAl/SDS-LDH provides
stronger electrostatic attraction and holds the target dye
molecule more tightly. In contrast, the low positive charge
on CuAl-LDH and lesser anion exchange capacity can be
accounted for the poor removal efficiency of methyl red.
The amount of adsorbed dye increases sharply until 0.025g,
after this dose the percentage of adsorption almost remains
the same. This could be attributed to the well-dispersed par-
ticle of the adsorbent material on the dye solutions where
the active adsorption and interchangeable sites present over
the surface of the adsorbent are more exposed.[20’50] Besides,
the continuous and excessive increase in the amount of
adsorbent can possibly cause the accumulation of LDH par-
ticle which reduces the easily accessible adsorption site by
lowering specific surface area and providing higher diffusion
path length value.”'! Moreover, under the studied catalyst
dosages the maximum percentage of dye removal was
achieved up to 92% and 42.24% on CuAl/SDS-LDH and

CuAl-LDH, respectively, for the initial dye concentration of
95mg/L and a contact time of 1hr at room temperature.
The large number of available adsorption sites by increasing
the catalyst amount and high surface area can be responsible
for the higher removal of dye.

Effect of contact time

With an empbhasis to the rate of decontamination of dye from
its aqueous solution, the contact time between the adsorbent
and adsorbate molecule is an important factor. In general, most
of the previously utilized LDH-based adsorbents, it has been
observed that at the initial stage of contact time the rate of dye
removal is fast which then gradually declines to minimum and
reached the equilibrium stage. It is due to the sufficient and
excess number of free available adsorption site and highest con-
centration gradient of adsorbate molecule at the initial stage."!
The effect of contact time on the adsorbate-adsorbent system
are represented in Figure 13. It is evident that the rate of
adsorption starts increasing rapidly after a contact time of
15 minutes. The rapid intake of dye molecules can be ascribed
to the presence of large number of available vacant sites.
However, during the adsorption process, the external surface
and intergallery space of LDH are occupied by the dye mole-
cules with the association of different possible interactions
including electrostatic and H-bonding.”® In CuAl-LDH, the
curve displays inflexion at a contact time of 50-75minutes,
which can be ascertained due to the transportation of adsorbed
methyl red molecule present on the external surface to the
internal pores of LDH via slow diffusion. Consequently, the
rate of adsorption started to decline. **' The complete satur-
ation of free vacant site was attained at a contact time of
120min and 150 min for CuAl/SDS-LDH and CuAl-LDH,
respectively. Furthermore, it is also clear that for similar initial
concentration of methyl red dye the removal capacity of SDS-
modified LDH is found to be comparatively higher than CuAl-
LDH. After complete saturation, there exist a steric repulsion
between incoming dye molecules and adsorbed dye molecules
which is forming clusters with SDS-loaded LDH. As a result
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Figure 13. Effect of contact time on the adsorption capacities of CuAl-LDH and
CuAl/SDS-LDH (Initial dye concentration = 60 mg/L, pH = neutral, adsorbent
dosages = 44 mg, volume = 50 mL).

after reaching equilibrium contact time the amount of dye
adsorbed remains constant throughout the time.

Effect of solution pH

Another essential parameter that influences the adsorption
process is the solution pH, and it can also affect the liquid
phase chemistry and binding sites of LDH surface. The
effect of pH during the adsorption process was observed in
the range of 4-10, which is shown in Figure 14. It is seen
that for CuAl-LDH and CuAL/SDS-LDH under acidic pH-4,
the highest adsorption up to 86% and 96.93%, respectively,
was achieved while on moving toward the basic pH 10 it
denotes a lower amount of dye retained on the surface of
adsorbent. Under alkaline conditions, the increase in the
concentration of OH™ ions competes with anionic methyl
red dyes for the positively charged vacant sites and simul-
taneously the positively charged surface of the adsorbent
also gets reduced, as a result at high pH value adsorption
capacity is low. On the contrary, at low acidic solution pH
the existence of additional H" ion which get accumulated

over LDH surface imparts a large number of positively
charged that can easily interact with anionic dyes and favors
greater intake.'”® From the result displayed in Figure 14, it
can be analyzed that within the examined pH range (4-10)
the surfactant-modified LDH can enhance greater removal
of dye compared to unmodified LDH. At pH below 4 gener-
ally the structure of LDH gets destroyed which can decrease
the adsorption capacity for Methyl red. However, the main
factor contributing to the adsorption of methyl red dye on
pristine LDH and CuAl/SDS-LDH may be explained by the
electrostatic forces of attraction between positively charged
LDH surfaces and negatively charged anionic dye.”®’ The
chemical structure of methyl red possesses carboxy (-COO")
group can be easily attracted in the positively charged
adsorption site. From the theoretical consideration, the point
of zero charge value (PZC) can provide an optimum pH
value for better adsorption of dyes, in general if the solution
pH is less than PZC then the adsorbent will prefer anionic
dyes whereas for pH>PZC the adsorbent shows greater
adsorption for cationic dyes.!>”

Mechanism of adsorption

The schematic illustration of methyl red uptake mechanism
by CuAl-LDH and CuAl/SDS-LDH is demonstrated in
Figure 15. The adsorption behavior of the methyl red dye
on both CuAl-LDH and CuAl/SDS-LDH follows pseudo-
second-order kinetics. Considering the adsorption capacity,
this kinetic model envisages the nature of adsorption
throughout the entire concentration of dye solution and
favors chemisorption as the rate-determining mechanism.
Generally, most of the LDH material exhibits important
characteristics like high surface area, high porosity and
exchangeable interlayer ions that may be accounted for the
extraction of different anionic dye species from its aqueous
solution. Moreover, the main factor responsible for the
adsorption process can be owed to highly positive charged
density on LDH layers and the stronger interactions between
incoming anionic dyes and LDH.®! Besides, modification
with the surfactants molecules creates a partitioning medium
on both the internal and external surface of CuAl/SDS-LDH
which can improve the hydrophobic nature of LDH



particles. This organic medium is essential and preferably
increases the interaction among organic dyes and organo-
modified LDH and it also acts as a partitioning medium for
contaminants. However, the adsorption process involves an
intricate mechanism, and it may be due to a combination of
several possible interactions such as vander waals force,
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Figure 14. Effect of solution pH on the adsorption efficiency of methyl red dye
by two adsorbents (Initial concentration = 95 mg/L, volume = 20 mL, contact
time = 2 h, catalyst dosages = 22 mg).
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H-bonding, electrostatic ~ attraction and partitioning
effect.?>> To further investigate the adsorption process
analysis of FT-IR spectrum displayed in Figure 2 clearly
confirms adsorption of dye.

Reusability

Reusability performances can reveal the efficacy of the
material by using the same adsorbent repeatedly for indus-
trial applications therefore, it is important to determine the
economic feasibility of the adsorbents. The reusability
experiment displayed in Figure 16 for the pristine LDH and
surfactant-modified CuAl/SDS-LDH was examined up to the
fourth cycle on 60 mg/L methyl red dye at neutral pH and
22mg of adsorbent dosages. The initially adsorbed methyl
red dye on the surface of the adsorbent was removed after
each cycle by washing in a solvent acetone which is then
dried at room temperature. For CuAl/SDS-LDH, the per-
centage of dye removal efficiency declines after every con-
secutive cycle and in the first cycle the removal efficiency
reached up to 98% which then continuously decrease to
28.86% in the last cycle. In case of CuAl-LDH, the removal
percentage is comparatively lower and lies between 72.36%
and 28.86%. The gradual decreases in dye adsorption cap-
acity can be ascribed to the loss of active adsorption sites
due to the destruction in the structure of surfactant-
loaded LDH.
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Figure 15. Schematic illustration for the methyl red uptake mechanism by CuAl-LDH and CuAl/SDS-LDH.
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Figure 16. Reusability studies for the removal efficiency of methyl red dye over
two adsorbents (Initial dye concentration = 60mg/L, adsorbent dosages =
22 mg, pH = neutral, contact time = 12 h).

Conclusions

The study suggests that both adsorbents CuAl-LDH and sur-
factants modified CuAl/SDS-LDH can be easily synthesized
and showed excellent efficiency for the removal of targeted
anionic dyes. The results obtained from the physicochemical
characterization infers the mesoporous nature, crystallinity
and the expected elemental compositions of the materials
without impurity. However, the adsorption isotherm and
kinetics data are well fitted according to Langmuir and
pseudo-second-order kinetic model. The CuAl/SDS-LDH
indicates higher intake of organic dye pollutants with the
maximum monolayer adsorption capacity qm.x = 411 mg/g
compared to CuAl-LDH (qmax = 209 mg/g). The influence
of temperature toward the adsorption activity exhibits a
spontaneous and endothermic process. The adsorbents can
be reused up to the fourth cycle. Therefore, modification
with the surfactants in the present materials has shed light
on the emerging researchers for further investigation of the
surfactants fabricated LDH-based adsorbents.
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ARTICLE INFO ABSTRACT

Keywords: Recently, the treatment of waste water by Zr-based adsorbents had significantly attracted wide interest among
Congo red researchers owing to its distinct features. The unique properties of Zr such as thermal stability, large size, high
Dye removal ) positive charge, greater mechanical rigidity and acid-base nature are mainly responsible for its diverse appli-
Izj:ga/hl\ﬁgzb]:gil composite cation. In this work, designing of the new adsorbent material containing tetravalent Zr metal oxide layered
A ds<2)rption double hydroxide (LDH) composite for the removal of anionic dye was studied. The modification of LDH was

conducted via the urea hydrolysis method by using zirconium salts as a precursor material. The adsorption effi-
ciency of the as-synthesized material represented as ZrO,/MgAl-LDH was investigated for the decontamination
of congo red (CR) dye from an aqueous medium. The adsorbent ZrO,/MgAIl-LDH composite was characterized
by several instrumental techniques including powder X-ray diffraction (P-XRD), Brunauer-Emmett-Teller (BET),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy(FT-Ir), scanning emission mi-
croscopy(SEM), energy dispersive X-ray(EDX), transmission emission microscopy(TEM) and thermogravimetric
analysis(TGA). The influence of several experimental factors on the adsorption equilibrium studies such as pH,
temperature, initial dye concentration, contact time, adsorbent dosages, and interfering ions are examined un-
der optimized conditions. The thermodynamic study manifests the spontaneous and endothermic nature of the
sorption process. Additionally, based on fitting the experimental data with different models the isotherm and
kinetics mechanism are found to be more appropriate with Langmuir isotherm, Redlich-Peterson isotherm, and
pseudo-second-order kinetics. The spectral analysis further indicates the oxidizing nature of the material, there-
fore favoring the adsorption of anionic dye. The maximum dye removal efficiency of ZrO,/MgAl-LDH reached up
to 97.19% under the optimum reaction condition (initial dye concentration = 50 mg/L, contact dosages = 0.02
g, temperature = 303 K). In addition, the maximum monolayer adsorption capacity (q,.,= 169.42 mg) for CR
adsorption also reveals its superiority in adsorption test. Moreover, the adsorbent can be easily retrieved and
reused up to fifth cycle. Therefore, the characterization and experimental results of ZrO,/MgAIl-LDH affirms its
potential application for effective decontamination of waste water.

can change the biochemical characteristics of the fresh water system
which in turn leads to adverse effects on aquatic life. In addition, the
presence of such organic pollutants can also decrease the biological

1. Introduction

With the rapid expansion of modern industries, the increasing emis-

sions of potentially toxic synthetic dyes had caused a severe global
threats to the environment affecting aquatic systems and other habi-
tats living in the ecosystem. Despite, its high toxic effect synthetic
dyes are also widely used in various industries such as textile, paper,
paint, food, pharmaceuticals, cosmetics, and plastics for dyeing pur-
poses [1,2]. Currently, synthetic azo dyes are the major water pollu-
tants that are discharged from several manufacturing industries and car-
ried directly to natural water bodies, including rivers, oceans, canals,
lakes and other geographical regions [3,4]. Accounting for its stable
chemical structure, non-biodegradable and toxic nature, the azo dye

oxygen demand and increases chemical oxygen demand [5-7]. Nearly,
7 x 10° tons of varieties of dye are manufactured yearly all over the
world. In particular, congo red (CR) dye is one of the most extensively
used dyes which decompose to benzidine compound, and it is known
for its potential effect to cause carcinogenic activities in living crea-
tures [8-10]. Concerning the public health and environmental protec-
tion regulation, the development of environmental remediation material
for the elimination of CR dye from the effluent before releasing it into
the environment is very crucial and could be an interesting research
field.
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Over the past two decades, numerous wastewater remediation tech-
niques including photocatalytic degradation, reverse osmosis, mem-
brane filtration, flocculation, magnetic separation, and electrodialysis
are employed. Nevertheless, most of these methods involve high expen-
sive, low removal capacity, critical process, high energy consumption,
and generation of secondary waste products. Consequently, these meth-
ods are not appropriate for large scale treatment of dye contaminated
waste water [11-16]. Alternatively, the adsorption method has proven
to be an excellent process for separation of dye stuff contaminants. Ow-
ing to its reversible nature, robust, universal approach, low cost, high
efficiency, easy separation and simple operation, this technique have
a great potential to be utilized for a large scale industrial application
in developing nations. Several adsorbent materials for decontamination
of waste water are available which include agricultural waste-derived
activated carbon [17], metal organic frameworks [18], zeolite [19],
polymer-based gel [20], grapheme oxide nanomaterials [21] and clay
minerals [22]. Moreover, in search of outstanding adsorption perfor-
mances and to make sustainable adsorbents fabrication of these mate-
rials to enhance its adsorption characteristics are gaining considerable
attraction among researchers. For instance, Hu et al. have reported a
polyacrylic super adsorbent hydrogel, synthesized via free radical poly-
merization by using nano spherulites (CNS) crosslinker which display a
large adsorption capacity (2100 mg/g) for methylene dye [20]. Mosavi
et al. prepared MOF-5 through solvothermal method and modified with
CuCl, under ambient temperature, which is further adapted for a CR ad-
sorption [18]. Mao et al. fabricated pristine graphene oxide and synthe-
sized interconnected reduced graphene oxide and fluorinated graphene
oxide, and its adsorptive performance in aqueous medium were exam-
ined by implementing water pollutant dyes such as Rhodamine B and
methylene blue, where the maximum adsorption capacity obtained was
686.6 mg/g and 403.3 mg/g, respectively [21].

Layered double hydroxide (LDH) also known as anionic clays are the
hierarchically structured materials containing brucite sheets composed
of divalent M2+ and M3+ cations with interlayer anions A%~ such as
OH-, CO52-, CI~. The electro neutrality in the structure is ensured by
the colombic force of attraction between intergallery anions and positive
charge metals on LDH layer [23]. Due to its wide range of application,
including flame retardant, drug delivery, adsorbents, and catalysis, lay-
ered double hydroxide can be regarded as an exceptionally promising
material. Consequently, researchers find interesting to further explore
the ability of LDH to evaluate the issues emerging due to azo-dye con-
taminants. Among the clay materials, LDHs are the most versatile mate-
rial which displays excellent dye removal characteristics during the wa-
ter purification process. The structure of LDH is flexible and possesses
important structural features such as porosity, high surface area, anion
exchangeability, isomorphic substitution of metal ions on brucite sheets,
surface modification, and transformation to mixed metal oxides upon
calcinations at 500° C. Nevertheless, low cost and less toxic nature of
LDH are also other advantages making it more viable and environmen-
tally benign material for removal of hazardous organic contaminants
from effluents [24,25].

Based on the literature, most of the LDH employed for wastewa-
ter treatment are generally containing monovalent to trivalent cation
in their structure. However, modification with tetravalent cation can
alter the charge of LDH sheets which may enhance its sorption charac-
teristics. Since, Zr based sorbents are known for its effective removal
of various inorganic and organic contaminants, which can be attributed
due to the high positive charge of Zr ions possessing a strong tendency
for electronegative ions. Besides, zirconium has also been manifested as
a non-toxic, ecofriendly and cost effective metal precursors [26]. Thus,
the synthesis of the composite material ZrO,/MgAI-LDH by fabricating
LDH with Zr salts may benefit the resulting adsorbent by making it more
sustainable and also due to integration of characteristic features of both
LDH and Zr(IV) metal oxide. Additionally, it might widened its sorption
properties which is not only limited to anionic dyes, but the removal of
several other harmful inorganic ions such as F~, PO42~, AsO,~ could be
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feasible. On that account, grabbing the advantage of both Zr(IV) metal
oxide and LDH, the present work mainly focuses on the development of
novel composite material viz; ZrO,/MgAl-LDH by adopting urea hydrol-
ysis method and evaluated its adsorption efficiency by taking CR dye as
a model pollutant. The synthesized adsorbent ZrO,/MgAl-LDH is well
characterized and the influence of various experimental factors such as
adsorbent dosages, contact time, ionic strength, co-existing anions, pH,
and temperature are investigated. The adsorption isotherm and kinetics
model are used for fitting experimental data. In order to analyze the ad-
sorption mechanism powder XRD and FT-Ir spectra after adsorption is
recorded.

2. Experimental
2.1. Materials and Methods

Zirconium oxychloride (ZrOCl,.8H,0), Aluminium chloride (AICl5),
Magnesium chloridehexahydrate (MgCl,.6H,0) were purchased from
Merck. Urea (NH,CONH,) and CR (C3,H,,NgNa,0¢S,) (purity = 98%)
were obtained from Qualigens India Pvt. Limited. All the chemicals are
of analytical grade and used without any further purification. The re-
quired solution for adsorption experiments is prepared by using distilled
water.

2.1.1. Syntbhesis of the ZrO,/MgAIl-LDH composite

The synthesis of ZrO,/MgAl-LDH was prepared by the urea hydroly-
sis method. Initially, a mixture of 3 mmol MgCl,.6H,0, 1 mmol ZrOCl,,
and 2 mmol AICl; was dissolved in al00 mL distilled water taken in
a beaker. The resulting solution containing metal precursors was vig-
orously stirred in a magnetic stirrer. 2.1 g of urea is added further to
the solution, followed by continuous stirring for 15 minutes until the
clear homogeneous solution was obtained. This liquid suspension is then
transferred in an autoclave and heated in the oven at 150°C for 6 hours.
The resulting white precipitate was then centrifuged at 800 rpm and
washed with distilled water up to five times. The obtained slurry was
dried in the oven at 50°C for 12 hours. Finally, the white product is
ground with mortar to get powder form which is denoted as ZrO,/MgAl-
LDH.

2.1.2. Characterization

The synthesized sample ZrO,/MgAI-LDH was characterized by dif-
ferent spectroscopic techniques in order to get detailed information
about Physico-chemical properties. The X-ray diffraction pattern was
recorded by Rigaku Ultima-IV powder x-ray diffractometer by using
CuK, radiation. The FT-Ir spectrum of the sample was recorded on Shi-
madzu Ir Affinity-1 by using a KBr background. The thermal decom-
position of the adsorbent was studied in TGA (Mettler Toledo) under
N, atmosphere at the heating rate of 20°C/min and the operating tem-
perature was 30-1100°C. The external microstructure was examined by
scanning emission microscopy (Gemini Carl Zeiss Sigma 300). The in-
ternal morphology was investigated by using transmission emission mi-
croscopy (JEOL JEM-2100). The specific surface area, and porosity of
the sample were determined at 77K by using the surface area anal-
yser (Quantachrome Novawin version 11.05) by conducting adsorption-
desorption of N, gas. The atomic composition and valence state of the
constituent elements in the sample was estimated by X-ray photoelec-
tron spectroscopy (XPS) (PHI 5000 Versa Probe II). The residual dye con-
centration was measured by using UV-Spectrophotometer -3375 (Elec-
tronics India). The point of zero charge (PZC) of ZrO,/MgAl-LDH was
determined by pH drift method. Initially, a series of solutions at differ-
ent pH values (3-9) containing 20 mL each of 0.1M NaCl was prepared,
meanwhile the pH of the solution was adjusted by using 0.1M HCI and
0.1M NaOH. Subsequently, 0.3 g of the adsorbent was added to each of
the prepared solutions which is further stirred for 24 hours. After com-
pletion of stirring the final pH of the solution was measured by a digital
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pH meter MK VI and the point of zero charge (PZC) value was evaluated
from the plot of pH initial vs pH final.

2.1.3. Adsorption experiment

The various adsorption experiments are conducted in batch mode.
In isotherm studies, an aqueous CR dye solution at a varying initial con-
centration (30 mg/L-180 mg/L) containing 20 mL each were taken in a
150 mL conical flask. Thereafter, 0.02 g of the adsorbent ZrO,/MgAl-
LDH was mixed with a CR dye solution which was followed by agitation
in a water bath shaker for a time period of 4hours to attain equilib-
rium. The experiment was carried out at an operating temperatures of
30°C, 40°C, and 50°C. Furthermore, after reaching equilibrium the ad-
sorbent was separated from the solution by filtration and the residual
dye concentration remaining in the filtrate was calculated spectropho-
tometrically by UV-Spectrophotometer (EI-3315) which was set at the
maximum wavelength of 498 nm. The quantity of the CR adsorbed on
ZrO,/MgAI-LDH was estimated by the equation (1).

(Co-C.)V

qe = T (1)

The percentage of dye removal was calculated by the equation (2)

(Co—C, ) x100
%of dyeremoval = ——— 2)
G
where C, and C, indicates initial and the equilibrium concentration of
CR dye solution in mg/L. q. (mg/g) signifies the equilibrium adsorption
capacity, V is the total volume of solution in litres (L) and W denotes
amount of adsorbent in gram (g).

For kinetic studies the experiment was performed under a constant
temperature of 30°C. Initially, 0.02 g of adsorbent was dispersed in 40
mL of CR solution at different initial concentration 30, 60 and 90 mg/L.
The resulting solution is then agitated in a thermostatic shaker similar
to the isotherm experiment for a time period of 180 minutes. However,
2 mL of the solution is withdrawn after a definite time interval which is
separated from the adsorbent by centrifugation at 1000 rpm/min. After
separation the concentration of residual dye is analyzed to determine the
rate of dye adsorption with time. The CR dye uptake by the adsorbent
with time was evaluated by the equation (3).

(Co-C,)V

9 = —w 3)

where q, (mg/g) is the amount of dye uptake at time t(min), V is the
total volume of the solution(L), W is the quantity of adsorbent (g), C,
and C; are the concentration of dye at initial and at time t respectively.

2.1.4. Desorption Studies

The desorption experiment was investigated by using eluents of dif-
ferent nature such as acetone, ethanol, methanol, 0.1 M NaOH, and 0.1
M Na,COs. Initially, 20 mL of CR dye solution at 40 mg/L concentra-
tion was allowed to treat with 0.015 g of ZrO,/MgAIl-LDH for a contact
time of 3hours. After complete adsorption, the adsorbent was separated
from the suspension and dried. Subsequently, the dye-loaded adsorbent
was further agitated in 20 mL eluent solution to desorb the initially ad-
sorbed dye molecule under the same reaction time. The percentage of
desorption was calculated by the equation (4):

C
desorbed % 100 (4)

sorbed

where Cyesorbed @Nd Cgorpeq are the quantity of dye desorbed and ad-
sorbed respectively.

Desorption% =

2.1.5. Error Analysis

To test the best fitting of isotherm data with different adsorption
isotherm models, y2 value was computed which is represented by the
following equation [27]

Z (qe,exp— qe,cal )2

2 = ®)

Ye,exp
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where Qe ey, is the equilibrium sorption capacity calculated from the
experiment, and q, ¢, is the equilibrium sorption capacity predicted by
the isotherm model.

However, for determining the most appropriate kinetic model that
can describe the sorption process, the sum of the squares error was eval-

uated by the equation [28]
V Z (qe,cal - qe,exp )2

Sumof square error(SSE) = -~ (6)
where g, , is the equilibrium sorption capacity evaluated from pseudo-
first order and pseudo-second order kinetic model, g oy, is the experi-
mental amount of adsorbate adsorbed at equilibrium, N is the number
of data points.

2.2. Adsorption Isotherm

To investigate the affinity of CR dye towards the adsorbent
ZrO,/MgAI-LDH, the adsorption isotherm experiment was conducted.
From the isotherm studies the qualitative nature of the adsorbate-
adsorbent system can be well understood. The experimental equilibrium
data were fitted based on the four different isotherm models, especially
Langmuir, Freundlich, Temkin and Redlich-Peterson isotherm. Accord-
ing to Langmuir model it assumes that the heat of adsorption is equal
for all the adsorption site of the material and the solute molecules are
homogeneously adsorbed throughout the surface of the adsorbent [29].

The non linear equation for Langmuir model is formulated as:

clmaxCeKI
TETHKC, @
where q,,,, and q, indicates the maximum monolayer adsorption capac-
ity and the amount of dye adsorbed at equilibrium respectively. K| signi-
fies Langmuir constant which is related to the free energy of adsorption
and C, (mg/L) denotes the concentration of dye at equilibrium.

In order to interpret feasibility of the adsorption process, the dimen-
sionless separation factor R; was computed by the equation given as
[30]:

1

R=———
L™ 1+K,C,

®
where K; and C, (mg/L) are Langmuir constant and initial concentration
of dye, respectively.

2.2.1. Freundlich Isotherm

Freundlich isotherm is an empirical equation which describes ad-
sorption in the heterogeneous system and relates the amount of adsor-
bate intake per unit mass of the adsorbent. The model is generally more
appropriate for the adsorption on heterogeneous surfaces. The non lin-
ear Freundlich isotherm equation is given as [31]:

q. =K Cel /n )]

where n and K; are Freundlich constants related to intensity and adsorp-
tion capacity in the sorption process.

2.2.2. Temkin Isotherm

Accounting for the interaction with the adsorbate-adsorbent system,
the Temkin model considers that linear reduction in the heat of adsorp-
tion arises for the solute molecules by increasing coverage of the sites.
The non-linear Temkin isotherm is formulated as [32]:

q. = Brln(K;C,) (10)

Where B and Ky indicates Temkin constant which implies heat of ad-
sorption (KJ/mol) and equilibrium binding constant (L/mg).
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Figure. 2. FT-Ir spectra (a) ZrO2/MgAl-LDH (b) Congo red (c¢) ZrO2/MgAl-LDH
-CR.

2.2.3. Redlich-Peterson Isotherm

Redlich-Peterson isotherm is a three parameter isotherm model that
includes the elements present in both Langmuir and Freundlich equation
for better fitting with experimental data. Unlike ideal monolayer adsorp-
tion the mechanism of adsorption is unique and shows the combined
characteristic mechanism. The nonlinear equation of Redlich-Peterson
is given as [33]:

AC,
qe = /i
1+Bc’

an

It is a hybrid model which describes both homogeneous and hetero-
geneous adsorption by combining both Langmuir and Freundlich equa-
tion. Several studies shows that Redlich-Peterson model is more accurate
compare to both model. A and B is Redlich-Peterson constant and f is
the exponential factor lying between 0-1. If =1 then Redlich-Peterson
equation reduces to Langmuir whereas for =0 it is transformed to Fre-
undlich equation.

2.2.4. Adsorption Kinetics

To further analyze the rate of dye adsorption and the mechanism in-
volved kinetics studies were executed and further examined by using the
five most widely used models such as pseudo first order, pseudo second
order, intraparticle diffusion, Bangham and Boyd. Based on the pseudo
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Figure. 3. (a) N2 adsorption-desorption isotherm and pore sized distribution
of ZrO2/MgAI-LDH (b) Thermogravimetric analysis of ZrO2/MgAl-LDH.

first order kinetic model, it is assumed that the adsorption process is
physical in nature and the rate of solute intake is proportional to the
ratio of the concentration of the solute and the quantity of adsorbent.
The pseudo first order equation is represented as [34]:
Kt

2303

where g, and q; signifies the amount of dye adsorbed at equilibrium
and at time t, respectively. K; is the first order rate constant which is
obtained from the slope of linear plot log(q. - q;) vs t. In contrast, the
pseudo second order model postulates that the adsorption process in-
volves chemisorption where there is an interchange of electron between
the solute molecules and adsorbent used. The pseudo second order ki-
netic equation is given as [35]:

log(qe - q‘) =logq, — 12)

t 1 t
— = +— (13)
4 K@ Qe

where q;, q., t have their usual meaning and K, is the second order rate
constant which is evaluated from the intercept of the linear plot of t/q, vs
t. Besides, the intraparticle diffusion model proposed by Weber-Morris
assumes that there is a possibility for the diffusion of solute molecules
on the pores present on the surface of the adsorbents which may affect
the rate limiting step during the adsorption process. The equation for
the intraparticle diffusion model is presented as [36]:

Q=K 195 +C (14)

where K; and C are the intraparticle diffusion constant and boundary
layer thickness respectively, which is determined from the slope and
intercept of the linear plot g, vs t%5.

To further elucidate the actual process that controls the overall rate
of sorption, a complex mathematical expression proposed by Boyd was
applied to the kinetics data. This model helps in distinguishing between
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Figure. 5. EDX spectra of ZrO2/MgAIl-LDH composite.

boundary layer diffusion and pore diffusion. The Boyd equation is for-
mulated as [37]:

F= (1 - %)exp(—Bt) (15)
P

B,= -0.4977-In(1-F) (16)

F= Z_t (17
(<
nD;

B== (18)

where q; (mg/g), q. (ng/g) are the quantity of dye adsorbed at time
t and at equilibrium, B, is the mathematical function of F, D; is the
diffusion coefficient and r denotes radius of the adsorbent particle (m).
The value of B was determined from the slope of B, vs t plot.

In general, the rate limiting step during the sorption process in sev-
eral adsorbate-adsorbent systems could be only due to pore diffusion. As
a result, to confirm the possibility of pore diffusion in the ZrO,/MgAl-
LDH-CR system, it is further interpreted by fitting the kinetics data based
on Bangham equation. The Bangham equation is represented by the fol-
lowing equation [38]:

C K,
log [log(ﬁ)] = log< 3 38?\]) + alogt (19)
o t .

where K, and « are Bangham constant, Co indicates initial dye concen-
tration (mg/L), q; represents amount of dye adsorbed at any time t, V is
the volume of solution (mL) and m denotes the weight of the adsorbent

(g).
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Figure. 6. TEM images (A-E) and SAED pat-
tern (F) of ZrO2/MgAl-LDH composite.

Table 1

The characteristics cell parameters of ZrO,/MgAl-LDH before and after the adsorption

of CR dye.
Adsorbent doos (7\) dogo (10\) diy (7\) Unit cell a (7\) Unit cell ¢ (1°\)
Zr0,/MgAl-LDH 7.8 2.60 1.5 3 23.4
Zr0,/MgAl-LDH-CR 7.7 2.61 1.5 3 23.1

3. Results and Discussions
3.1. Characterization of ZrO,/MgAl-LDH

The powder X-ray diffraction (P-XRD) spectrum of ZrO,/MgAl-LDH
is presented in Fig. 1. The diffraction pattern reveals sharp and intense
peaks which are corresponding to indexed planes 003, 006, 009, 015,
018, 110, 113. The observed characteristic peaks are consistent with
a typical LDH diffraction pattern reported in previous work [39]. The
diffractograms of the synthesized sample reveal the formation of pure
sample ZrO,/MgAl-LDH. Moreover, the highly intense and sharp peaks
occur at lower 20 values while with increasing 260 value at a higher
angle the intensity of peak decreases. The absences of broad peaks in-
fers a crystalline phase in the sample. The lattice parameters a and ¢ of
ZrO,/MgAI-LDH was evaluated theoretically by the expression a=2d;;,
and c=3dyg3. The parameter a represents an intermetallic distance in
LDH and c is related to the thickness of the interlayer which relies on
the positively charged density of LDH sheets and intergallery anions.
The calculated values are summarized in Table 1 It is obvious from the
obtained results that the calculated cell parameter a=3A and ¢=23.4 A
of ZrO,/MgAl-LDH is found almost similar to the MgAl-LDH synthesized
in the previous literature. However, the incorporation of Zr ions having
a large ionic radius in brucite sheets should increase intermetallic dis-
tance a, meanwhile in our study it is seen that lattice parameter a value

does not increase, which reveals that Zr ions are not introduced inside
LDH sheets rather it exist as ZrO, phase. In addition, Fig. 1 does not
reveal the diffraction pattern of crystalline ZrO, which can be due to its
existence as an amorphous phase. Nevertheless, it can be suggested that
sample is a composite material containing MgAl-LDH and amorphous
ZrO, phase [40]. After adsorption of CR dye molecules new peak arises
at diffraction angle(20) of 32.40, 35.57, 42.81, 53.72, 50.37 which can
be ascribed to surface adsorbed congo red molecule. Besides, there are
no significant changes observed in cell parameters a and c before and
after adsorption. From Fig. 1 shifting of peaks corresponding to 003 and
110 was not noticed in ZrO,/MgAl-CR. The basal spacing dyg3 value was
almost identical for both ZrO,/MgAl-LDH (0.78nm) and CR adsorbed
Zr-MgAl-CR (0.77nm). Consequently, it can be envisaged that the ad-
sorption of CR dye takes place on external surfaces via weak interactions
such as H-bonding, electrostatic forces and surface complexation rather
than intercalation between the interlamellar regions [41].

The FT-Ir spectroscopy technique has been used to analyze the
stretching vibration of existing functional groups present on adsorbents.
Fig. 2(a-c) demonstrates the FT-Ir spectrum of ZrO,/MgAl-LDH, congo
red and ZrO,/MgAI-CR after adsorption of CR dye molecules. In pris-
tine ZrO,/MgAl-LDH (Fig. 2a) the broad band at 3457cm~! arises due
to stretching vibration of v-OH functional group present on metal hy-
droxide brucite layers. Another band observed at 1628 cm~! may be
attributed to the —OH bending vibration of interlayer water molecule.
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A weak band at 1354cm~! may be due to the presences of asymmetric
stretching vibration of CO32~ ions. Since, LDH has a strong affinity for
CO, small amount of atmospheric CO, gets adsorbed. The broad absorp-
tion band at 781cm~! can be assigned to Mg-Al-O vibration and the less
intense weak band at 685cm™~! can be accounted for M-O stretching vi-
brations. Moreover, after adsorption of CR dye molecule in Fig. 2c, the
appearance of new small peak at 1231cm™! could be due to S=O stretch-
ing vibration of dye adsorbed on the LDH surfaces. The obtained result
confirms the successful intake of CR dye over the proposed adsorbent
ZrO,/MgAl-LDH [42,43].

In general, the adsorption property of the adsorbent is greatly in-
fluenced by their specific surface area and porosity which can provide
imperative information about sorption characteristics. Consequently,
it is essential to measure the structural properties such as surface
area and porosity which is conducted by the BET adsorption method.
The N,-adsorption-desorption isotherm and pore size distribution of
ZrO,/MgAI-LDH is presented in Fig. 3(a). The estimated BET specific
surface area, pore volume and pore diameter are 71.55m?/g, 0.119cc/g
and 3.04nm, respectively. The inset of Fig. 3(a) indicates that the pore
size distribution lies in the range between 3.22nm to 8.15nm. However,
it is seen that the area of the pore size distribution is narrow which re-
veals that distribution of pores is uniform throughout the structure. The
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sample ZrO,/MgAl-LDH exhibits type IV isotherm with H-4 hysteresis
loop which infers the mesoporous nature of the materials based on IU-
PAC classification [44].

The thermal stability of ZrO,/MgAI-LDH was investigated by TGA
which is depicted in Fig. 3b. The TGA profile reveals that weight loss
takes place in four steps which is noted by exothermic peaks in DTG
curves. The initial weight loss of 11.26% in the first step lying below
262°C may be attributed to evaporation of physically adsorbed water
molecules. In the second and third step the small amount of weight loss
5.83% and 8.95% identified between 263-446.28°C were observed due
to the removal of interlayer ions such as Cl~, CO32~ and OH~. The mass
loss of 12.97% in the last stage indicates the complete breakdown of
LDH structure into mixed metal oxide due to complete dehydroxylation
of brucite layers. After 610°C there is no further weight loss observed
leading to a constant straight line curve [45,46].

SEM images of ZrO,/MgAI-LDH depict the detailed surface mor-
phology at different resolution, which is shown in Fig. 4(A-D). The
image confirms aggregation of plate like particles at a resolution be-
low 1 pym which is typical for LDH morphology. The hexagonal shape
LDH platelets are found stacked upon one another at an average size
greater than 1xm. From the analysis of SEM micrograph, it is also evi-
dent that the surface feature of LDH is not uniform and reveals existences
of pores between LDH platelets [47]. Fig. 5 revealed the elemental com-
position of ZrO,/MgAl-LDH composite obtained by energy dispersive
x-ray (EDX) analysis. It is obvious that the main constituent elements

present in the adsorbents in terms of weight percentage are Zr(13.92%),
Mg(19.38%), Al(11.50%) and O(55.20%), respectively.

The high resolution TEM micrograph of ZrO,/MgAl-LDH was pre-
sented in Fig. 6(A-F). It is seen that in Fig. 6(A) the evaluated lattice
fringes dyp9 (0.26nm) corresponding to 009 plane of ZrO,/MgAl-LDH
was manifested, which is consistent with powder XRD results. Fig. 6(C-
E) depicts the structure of LDH platelets. The pattern observed in the
selected area electron diffraction shown in Fig. 6(F) conforms to the
polycrystalline nature of the materials. In addition, the d-spacing value
of 0.26 nm, 0.2 nm and 0.14 nm was measured from SAED pattern which
can be related corresponding to 009, 018 and 110 planes [48].

Fig. 7(a) depicts the full XPS spectrum of ZrO,/MgAl-LDH which
shows the presences of constituting elements such as Zr, Mg, Al, O and
C. The XPS spectra of C 1s presented in Fig. 7(b) reveals three peaks
at 291.82 eV, 293.57 eV and 295.76 eV, which can be accounted due
to the small quantity of atmospheric CO, adsorbed on LDH. The peak
for O 1s was visible at 539.09 eV, which may be ascribed to the CO3%~
and OH™ ion present in the LDH structure [49]. In Fig. 7(f) the doublet
peak corresponds to Zr-O-Zr bonds, meanwhile Zr (3d) have a binding
energy of 186.94 eV and 191.16 eV with energy separation (4.22 eV),
which are mainly contributed from Zr 3ds,, and Zr 3d3,, respectively.
Besides, the peak noted at a binding energy of 337 eV corresponds to
Zr 3p3,, as shown in Fig. 6(a). The existence of Zr metal in 3p;,, and
3ds,, states affirms its oxidizing nature. Additionally, the Zr metal in
ZrO, form having +4 valency state in the composite material can also
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be anticipated. In general, the binding energy of Zr for valency state (0,
+1, +2, +3) lies in between the range (178 to 184 eV) as per the results
reported by Lackner et al. The peak corresponding to Mg 2s and Al 2p
was obtained at 75.49 eV and 96 eV respectively [50, 51].

3.1.1. Effect of adsorption parameters

3.1.1.1. Effect of pH. During the adsorption process, the pH of the solu-
tion plays a significant role which can have an impact on the structure
and charge of the sorbents. It can influence the dissociation of functional
group presents on the binding sites of adsorbents, and it also affects the
solubility of solutes in an aqueous solution. Fig. 9(a) demonstrates the
removal efficiency of CR by ZrO,/MgAIl-LDH over a pH ranging between
4-9. The pH of the dye solution is varied from 4-9, while other parame-
ters in the reaction conditions such as adsorbent dosages, temperature,
contact time, initial dye concentration, and volume of solution were
fixed at 0.02g, room temperature, 90 minutes, 50 mg/L and 20 mL re-
spectively. The observed results shown in Fig. 9(a), it implies that the ef-
fects of pH change is remarkable and possess characteristic information
regarding the interaction between adsorbate and adsorbent molecules.
The maximum removal of CR dye (81.96%) was achieved at pH 4 while
on increasing pH from 4 to 9 there is a continuous decrease in the dye
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removal percentages which declines up to 58.64%. In general, below pH
4 the structure of LDH breaks down and loses its adsorption property.
However, the characteristic variation displayed in removal efficiency
of ZrO,/MgAIl-LDH can be well understood from the ionic chemistry of
the solution and the charge of the sorbents [24,52]. Consequently, the
point of zero charge (PZC) described in terms of pH value where the
net charge on the adsorbent surface is zero was estimated by pH drift
method. From Fig. 8 the point of intersection in the pH initial vs pH final
plot lies at 5.49, which refers to the point of zero charge value (PZC). At
pH values less than PZC, around 4 to 5.49 the presences of a greater num-
ber of protonated ions H* which accumulates on the LDH surfaces pro-
vides additional positive charges on the ZrO,/MgAl-LDH. These positive
charges on the ZrO,/MgAI-LDH surface attracts the negatively charge
anionic dyes more strongly and bound with the help of electrostatic
forces. In contrast, at pH>PZC (5.49), the surface of the particle acquires
negatively charged and the existing hydroxyl ion competes with the in-
coming negative charged anionic dyes for the adsorption sites. Hence,
the adsorption capacities of ZrO2/MgAI-LDH get reduced with increas-
ing pH. Nevertheless, the main factor on which adsorption of CR over
ZrO,/MgAI-LDH strongly depends on the electrostatic forces between
functional groups of dyes and positive charge LDH sheets [34,53].

3.1.2. Effect of contact time

The contact time between adsorbate and adsorbent is another impor-
tant parameter to be investigated during the sorption process. The effect
of contact time on the adsorption of CR dye by ZrO,/MgAl-LDH at dif-
ferent initial dye concentration 30, 60, 90 mg/L is depicted in Fig. 9(b).
The result obtained manifests that at the initial stage of contact time up
to 20 minutes, the rate of dye adsorption is fast for all the concentra-
tion of CR dye. It can be attributed to the large number of adsorption
site and high concentration gradient of dye at the initial stage, which
can promote the rapid intake of solute dye molecules [22, 54]. Sub-
sequently, the inflexion of the curve observed in the region between
20-50 minutes can be ascribed to the slow diffusion of dye molecules
inside the pores of LDH, therefore the rate of adsorption becomes slow.
However, the equilibrium state of CR adsorption was achieved near the
contact time of 180 minutes. In addition, with the progress of adsorp-
tion process the access to the remaining vacant site are less available
for sorption because of the steric repulsion between the incoming solute
molecules and the adsorbed molecules [55]. After complete saturation
at 180 minutes the maximum q, value obtained corresponding to ini-
tial concentration 30 mg/L, 60 mg/L, 90 mg/L are 55.74, 101.19 and
127.14 mg/g, respectively.
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3.1.3. Effect of initial dye concentration

The effect of initial dye concentration on adsorption over
ZrO,/MgAIl-LDH was investigated by varying the concentration from
30-150 mg/L under the reaction temperature of 303 K, 313 K and 333
K which is shown in Fig. 9(c). The results clearly indicate that there is
a gradual decrease in dye removal percentage with the increase in the
initial concentration of solute at all temperatures. This can be ascribed
to the limited number of active sites in adsorbent due to increasing so-
lute concentration. In general, at a low initial dye concentration the
adsorption process is mainly monolayer, which is further extended to
multilayer until the equilibrium stage is reached at high solute concen-
trations. Moreover, the driving force required is more to overcome the
mass transfer resistance of solute molecules between solid and liquid
phase at high dye concentrations [43,56]. The dye removal efficiency
decreases from 95.90-68.18%, 97-71.91% and 98.33-88.87% at 303 K,
313 K and 323 K, respectively. In addition dye removal efficiency is
found to be higher at 323K.

3.1.4. Effect of dosages

Accounting for the cost effective system, it is important to evaluate
the optimum dosages of adsorbent. The influence of dosages on the re-
moval efficiency of CR dye was examined by changing the quantity of

10

adsorbent from 0.005 g to 0.030 g which is presented in Fig. 9(d). It is
obvious that the percentage removal of dye increases initially with an
increase in adsorbent amount until 0.02 g, beyond this dosages the re-
moval percentage remains almost similar. This can be attributed to the
presences of a greater number of available adsorption sites with increas-
ing adsorbent dosages. However, it was noted that there is no remark-
able changes observed in adsorption performances after 0.02 g. More-
over, the excessive use of adsorbent beyond optimum ranges can lead to
aggregation of LDH particle due to collision which can restrict the acces-
sible adsorption site for the incoming dye molecules by declining specific
surface area and increasing diffusion path length value [43,57]. On the
other hand, it is observed that the equilibrium adsorption capacity q.
decreases from 150.34 mg/L to 32.44 mg/L with increasing dosages of
0.005 g to 0.030 g. Moreover, the maximum removal efficiency up to
97.19 was achieved at 0.02 g dosages which can be considered as an
optimum dosages for the reaction condition fixed at 50 mg/L initial dye
concentration and a contact time of 4 hours.

3.1.5. Effect of ionic strength and coexisting ions

The effluent discharges from various textile industries have adequate
amounts of salts which can affect the adsorption performances. Conse-
quently, it is important to investigate the effect of ionic strength during
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adsorption process. The increasing ionic strength of the solution can ei-
ther enhance or retards the adsorption of organic dyes or it may not
be effective in some adsorbate-adsorbent system which is clearly not
known due to less report. However, the ionic strength is controlled by
the nature of the salt, dyes and adsorbent used during the reaction [58].
In this work, the ionic strength is adjusted by adding 0.5 mL each of
Na,COj5 solution at different strengths from 0.1 M to 0.4 M to the congo
red dye solution fixed at an initial concentration 50 mg/L and adsorbent
dosages 0.02 g. From the result shown in Fig. 10(a) it was obvious that
the removal efficiency of CR dye decreases with an increase in the ionic
strength of Na,CO5 which may be due to the competition existing be-
tween CO5;~ ion and CR dye ions for surface adsorption on ZrO,/MgAl-
LDH. It is noticed that the dye removal % gets reduced from 73.03% to
60.11 by increasing the concentration of Na,COs.

The influence of coexisting ions such as OH™, Cl~, SO,2~, CO32~ on
the removal efficiency of congo red dye was examined under the oper-
ating conditions: 50 mg/L congo red solution, 0.02 g adsorbent, contact
time = 2 hours, 0.5 mL from each of the 0.1 M salt solutions (NaOH,
NaCl, Na,SO,4, Na,CO3) was added . The observed result in Fig. 9(b)
indicates that the competitive effects of coexisting ions are in the order:
CO42~ > SO42~> OH™> Cl~ . Moreover, the dye removal % increases
from 68% to 74.38% where the lowest efficiency is found in the case
of CO42~ ions which infers that CO42~ is more competitive compared
to other anions. Nevertheless, it is believed that the divalent ions have
more competitive effects than monovalent anions, since the ionic poten-
tials of divalent ions are greater than monovalent ions [59,60].
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3.1.6. Effect of agitation speed

Graphical representation of CR adsorption over ZrO,/MgAl-LDH as
a function of agitation speed is shown in Fig. 11 The influence in CR
adsorption was conducted by varying the agitation speed from 60rpm to
240 rpm at a contact time of 60minutes with 0.015 g adsorbent dosages.
The degree of agitation can influence the distribution of solute in bulk
solution as well as the creation of boundary film. Usually, the increase in
agitation speed can lead to a better interaction between adsorbate and
adsorbent molecules by exposing all the vacant sites more effectively
to the incoming CR molecules. As a result, the adsorption efficiency
was found to increase from 28.97 to 52.73% by increasing agitation
speed. At low agitation speed the contact between the adsorbent and
solute molecules was found less which could be responsible for the low
sorption percentage. Thus, it also suggests that rate of dye removal is
also depended on agitation speed and is relatively faster at greater speed
[61].

3.2. Isotherm Studies

Adsorption isotherm studies can provide qualitative information
concerning the adsorption capacity of the adsorbent, and the distribu-
tion of solute molecules between solid-liquid phases at equilibrium. The
isotherms data obtained at 303 K, 313 K, and 333 K were fitted based
on Langmuir, Freundlich, Temkin and Redlich-Peterson model which
is shown in Fig. 12(a-d). The isotherm parameters of all models are
summarized in Table 2. It is evident that after non linear fitting of the
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Table 2
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Adsorption isotherm parameters for adsorption of CR dye on to ZrO,/MgAIl-LDH obtained from
the non linear fitting of Langmuir, Freundlich, Temkin and Redlich-Peterson model.

Temperature
Isotherm model Parameters 303K 313K 333K
Langmuir Qnax(Mg/8) 107.05+2.28 114.48+1.34 169.42+11
K; (L/mg) 0.27+0.02 0.41+0.01 0.21+0.04
R? 0.993 0.998 0.970
72 5.520 2.102 62.249
Freundlich 36.06+5.29 44.85+7.90 44.91+3.63
K¢(mg/g)(L/mg)"/»
n 3.55+0.58 3.93+0.92 2.72+0.21
R? 0.927 0.851 0.980
7 63.42 157.34 40.37
Temkin B; 20+1.06 20.66+2.41 30.42+2.57
K; 3.88+0.79 6.17+2.84 3.93+1.12
R? 0.988 0.947 0.965
e 9.93 55.762 73
Redlich-Peterson A (L/g) 36.42+3.60 44.90+3.10 99.31+47.23
B (L/g)’ 0.43+0.08 0.36+0.05 1.47+0.99
p 0.932+0.02 1.02+0.02 0.742+0.05
R? 0.997 0.998 0.990
7 1.779 2.117 20.95
5.0
3.04(a) g 2‘;:"13';t ] @ 30mg/L
1 4.5+ 120mg/L
25 @ 90mglL , ® 9
1 4.0+
2.04 a
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e @ 60mg/L Figure. 15. Vant Hoff plot for the adsorption behavior of the CR by the adsor-
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E’ -1.804 g sorbent dosages=0.02g, volume=20mL, contact time=240min).
o
o -1.854 o 2 0.5
O .1.90] Ad 1 @ 30mg/L
S -1.95. 21 @ 120mg/L
D - 00.] o -1.54
S 2.00 |
o) -2.05+ -2.0 4
k) =
-2.10+ % L 254
-2.15 o o]
T T T T T T v - -3.04
10 12 14 16 18 20 22 24 - i 1
log(t) o
-4.0 -
Figure. 14. (a) Boyd kinetic plot and (b) Bangham kinetic plot. 45 1
-5.0 T Y T o T ol T v T . T v T
. . . o 2 . 0.003000.003050.003100.003150.003200.003250.00330
experimental data the greater coefficient of determination R* value is 1
in the order: Redlich-Peterson> Langmuir> Temkin> Freundlich. How- 1T (K- )

ever, the acceptability of the isotherm model that best fit the experi-

mental data is determined based on the lowest value of y2 and closer
value of coefficient of determination (R%) to unity. Comparing the y2
and R? value shown in Table 2. it implies that the two isotherm model,
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Figure. 16. Modified Arrhenius plot for the adsorption behavior of the CR by
the adsorbent ZrO2/MgAl-LDH. (C0=30,120mg/L, temperature=303K, 313K,
333K, adsorbent dosages=0.02g, volume=20mL, contact time=240min).
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Figure. 17. (a) Reusability studies for the adsorption of CR dye by ZrO2/MgAl-
LDH (C0=50mg/L, adsorbent dosages=0.02g, volume=20mL, contact time=
6hours). (b) Desorption percentage of CR dye from ZrO2/MgAI-LDH at different
eluents.

especially Redlich-Peterson and Langmuir can better explain the studied
adsorption process contrary to other models. In addition, it also suggests
that the surface of the adsorbent is a combination of both homogeneous
and heterogeneous nature [52,62]. Fig. 13(a) represent the plot of Ry,
vs Cy, It is believed that for R; value lying between 0-1, the adsorp-
tion process is feasible while for R;, >1, it indicates unfavorable process.
For irreversible process Ry is equal to zero. Table 2 clearly shows that
values of the Langmuir constant lie between 0-1 which further repre-
sents that the sorption process is highly favored. Moreover, it is obvious
that Freundlich constant n values are greater than 1 at all temperatures,
which also implies that the adsorbate molecules are suitably adsorbed
on ZrO,/MgAI-LDH under the operated experimental conditions. The
maximum monolayer adsorption capacity by ZrO,/MgAl-LDH for CR
dye at 303K, 313K and 333K are 107.05, 114.48 and 169.42 mg/g, re-
spectively.

3.3. Kinetics studies

The kinetic parameters of pseudo first order, pseudo second order,
intraparticle diffusion, Boyd, and Bangham model for the adsorption
of CR dye by ZrO,/MgAIl-LDH, at different initial concentrations (30,
60, 90 mg/L) is shown in Table 3. The linear fitting of employed ki-
netic models are demonstrated in Fig. 13(b-d). The suitability of kinetic
model was determined by comparing sum of square error (SSE) function
and of determination (R2). The lower values of SSE and higher values
of R2 are expected to give better fitting in a kinetic model as shown in
Table 3. Concomitantly, for all initial dye concentrations (30-90 mg/L),
it implies that the obtained kinetics data fit well, according to pseudo
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second order model which can be considered as a predominant mech-
anism [30, 63]. Moreover, the pseudo second order rate constant (K,)
constant value decreases with the increase in dye concentration and is
in the magnitude of 1074, the lower values further indicate the longer
time taken to attain equilibrium. Besides, the q., value calculated by
the pseudo second order model resembles the experimental q, value
more closely compare to pseudo first order which further envisages that
the associated rate controlling mechanism during the adsorption process
can be best described by the pseudo second kinetic model. The second
order rate constant K, corresponding to initial concentrations 30 mg/L,
60 mg/L and 90 mg/L is (18.55, 4.18, 1.82) x 10~* g.mg 'min~! re-
spectively.

Furthermore, the plot of q, vs t%5 displayed in Fig. 13(d) clearly
reveals the existences of multiple steps during the adsorption process.
The initial step represents adsorption on the freely available external
adsorption site, while in the middle region, it indicates diffusion of dye
molecules inside the pores, and the last step represents the equilibrium
stage where complete adsorption on vacant sites was achieved. Accord-
ing to this model if the linear plot passed through the origin, then in-
traparticle diffusion controls the rate of adsorption kinetics. But from
Fig. 13(d) it is clearly seen that the plot did not pass through the origin,
which manifests that although the adsorption process involves intra-
particle diffusion, it is not the sole rate limiting step. In addition, the
thickness of boundary layer C increases (35.15-85.63 mg/g) with the
increase in CR dye concentration (30-90 mg/L) which can be explained
on the basis of the increasing boundary layer effect due to instantaneous
occupation of readily available adsorption sites [52,64].

The dual nature of the adsorbent particle, especially film and pore
diffusion during the sorption process can be easily identified by analyz-
ing Boyd plot. The graph of B, vs t at different initial dye concentration
(30, 60, 90 mg/L) was illustrated in Fig. 14(a). The plot was found to
be almost linear for all concentration and did not pass through the ori-
gin, thus film diffusion seems to be governing the sorption rate of CR
dye on to ZrO,/MgAIl-LDH composite, but it is not the only rate con-
trolling step. The values of effective diffusion coefficient D; (cm?/min)
were evaluated according to equation (18) and summarized in Table 3.
In this study, the D; value was found to be increased with the increase
in concentration of CR dye, which can be attributed due to the greater
concentration gradient at high CR content [65].

The graph of log[logCo/Co-q;m)] vs logt based on Bangham equation
was presented in Fig. 14(b) The values of the parameter Ko and a were
evaluated from the intercept and slope of the graph as shown in Table 3.
The experimental data modeled by the equation (19) corresponding to
the initial dye concentration (60, 90 mg/L) showed linear plot, while
for lower concentration (30 mg/L) it did not yield desired linear fit. The
higher coefficient of determination (R2) value obtained from this model
also suggests good fitting with the experimental data. This observation
further conveys the applicability of this model which can perfectly ex-
plains adsorption kinetics data as a pore diffusion controlled adsorption.
Thus, from the overall results obtained in kinetic studies, it can be con-
cluded that both film and pore diffusion plays a key role at different
stages of the sorption process [38].

3.4. Thermodynamic studies

Temperature is an essential parameter that can affect the adsorp-
tion process by influencing mobility, solubility of adsorbate and also
by changing the equilibrium adsorption capacity. The thermodynamic
studies of adsorption process were executed by subjecting at various re-
action temperature (303 K, 313 K, 333 K) corresponding to the initial
dye concentration (30 mg/L, 120 mg/L), whereas other parameters in
reaction conditions usually adsorbent dosages, contact time are fixed
at 0.02 g, 4 hours respectively. The essential thermodynamic parame-
ters such as AG, AH, AS were evaluated. For thermodynamic studies the
equation for the determination of related parameters are formulated as
[55,66]:
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Figure. 18. Schematic representation of the
plausible adsorption mechanism in CR adsorp-
tion on to ZrO2/MgAl-LDH.
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Table 3

Parameters of pseudo first order, pseudo second order and intraparticle diffusion model for the adsorptive

removal of CR by ZrO,/MgAl-LDH.

Initial concentration (mg/L)

Kinetics model Parameters 30 60 90
q.(exp) 57.53 112.12 166
Pseudo-first Qe (mg/g) 17.98 60.39 68.94
order K; x 1072 min~! 1.25 0.92 0.32
R? 0.931 0.979 0.967
SSE 3.29 4.30 8.08
Pseudo-second Qep(mg/g) 57.97 110.37 130.89
order K, x 1074 18.55 4.18 1.82
(g-mg~'min™")
R? 0.999 0.997 0.997
SSE 0.036 0.145 2.925
Intraparticle K;(mg/g.min"1) 1.654 4.735 3.092
diffusion C(mg/g) 35.15 39.81 85.63
R? 0.768 0.949 0.983
Boyd D; x 10715 0.319 0.236 0.083
(m?/min)
B 0.012 0.009 0.003
R? 0.931 0.980 0.967
Bangham K, 34.44 17.93 31.38
a 0.156 0.261 0.113
R? 0.925 0.988 0.997

AG = -RT InK, (20)
nKd = &5 _ AH @)
R RT

where Ky (C./q,) signifies adsorption distribution coefficient, AG indi-
cates standard free energy (KJ/mol), R denotes universal gas constant,
T is the temperature in Kelvin, AH is the standard enthalpy (KJ/mol)
and AS represents standard entropy (J/mol).

The Vant Hoff plot shown in Fig. 15 is obtained from the linear plot
of InK4 vs 1/T. The standard entropy AS and enthalpy AH can be de-
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termined from the intercept and slope of the plot. The thermodynamic
parameters are demonstrated in Table 4. It was noted that for both initial
dye concentration (30,120mg/L) with the increasing temperature from
303K to 333K the negative value of AG is observed which infers that the
adsorption of CR dye by ZrO,/MgAl-LDH is spontaneous in nature. The
standard free energy AG decreases from -7.94 to -11.29 KJ/mol and -
3.06 to -6.54 KJ/mol for initial dye concentration 30 mg/L and 120
mg/L respectively. Nevertheless, the obtained AH values are positive
(+25.70 KJ/mol, +31.51 KJ/mol) which refers to endothermic nature
during the adsorption process. The positive AS value also signifies the
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Table 4
Thermodynamic parameters for the CR uptake on to ZrO,/MgAl-LDH.
Cy (mg/L) T(K) Ky AG(KJ/mol) AH(KJ/mol) AS(J/molK) E, (KJ/mol) S*
30 303 23.390 -7.940 25.708 111.032 25.15 0.1913 x 10~
313 32.333 -9.045
333 59.118 -11.292
120 303 3.373 -3.062 31.513 114.332 27.04 0.4943 x 10-5
313 5.416 -4.395
333 10.650 -6.549
Table 5
The comparison of optimum experimental conditions for the removal of CR dye by several reported ad-
sorbents.
Adsorbent Qmax (Mg/g)  pH Time(min)  Dosages(g)  Isotherm  References
NiFeTi-LDH 29.97 7 10 0.02 L [52]
ZnAl-LDH 591.80 3 2-200 0.7 F [53]
Cornuluca monacantha Stem 43.42 2 135 0.05 L [55]
MgAl-mixed metal oxide 96.99 9 120 0.03 L [56]
NiAl-LDH 120.5 6 30 0.01 L [63]
Nanocrystalline Hydroxyapatite 139 5.5 20 2 F [71]
MgAI-LDH/CF 271 3 4320 0.05 L [72]
Al(OH)3;/CuMnAl-LDH 172 7 - 0.02 L [73]
GO-NiFe-LDH 489 6-7 350 - Liu [74]
ZrO,/MgAl-LDH 169.42 7 240 0.02 L This work

increase in randomness of adsorbate molecules on solid liquid phase.
Furthermore, it has been found that the adsorption of CR increases at
higher temperature which indicates more feasibility at 333 K.

To further discern whether the adsorption process is governed by
chemisorption or physisorption, the activation energy (E,) and sticking
probability (§*) value during the thermodynamic studies was estimated
from the modified Arrhenius equation which is expressed by the follow-
ing equation [67]:

S = (1_9) e—Ea/RT 22)
CE
0= (1 — C_> (23)
o
Ea
IS+ = In(1 ~0) - =% 4
E,
In(1 —0) = InS * + RT (25)

where Co and Ce are the initial and equilibrium concentration of dye
solution (mg/L), # denotes surface coverage, E, (KJ/mol) signifies ac-
tivation energy, T is the temperature in Kelvin, S* indicates sticking
probability which is dependent on the adsorbate- adsorbent system.

The plot of In(1-6) vs 1/T was depicted in Fig. 16 and the values
of thermodynamic parameters E, and S* are presented in Table. 5. It is
evident that the activation energy (E,) values obtained corresponding
to the initial CR dye concentration 30 mg/L and 120 mg/L are 25.15
KJ/mol and 27.04 KJ/mol respectively, while the sticking probability
was found between (0<S*<1). Usually the chemisorption mechanism
has activation energy (E,) ranging between (40-800 KJ/mol), while in
case of physisorption the relatively lower E, (5-40 KJ/mol) is associ-
ated during the process. Since, the activation energy of CR adsorption
lies between 5-40 KJ/mol, it further implies the existences of low poten-
tial energy barrier. Thus, it can be suggested that adsorption of CR dye
over ZrO,/MgAl-LDH composite involved physisorption as a dominant
process [68].

3.5. Mechanism of Congo red adsorption on ZrO,/MgAl-LDH

The plausible adsorption mechanism of CR dye onto ZrO,/MgAl-
LDH composite is depicted in Fig. 18. To further analyze the adsorption
mechanism, FT-Ir and powder XRD spectra are recorded after adsorp-
tion experiment which is presented in Fig. 1 and Fig. 2 respectively. As
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it is confirmed from powder XRD spectra of ZrO,/MgAIl-CR displayed
in Fig. 1 It does not reveal any significant changes in the peak position
corresponding to 003 and 110 planes, which further suggests that in-
sertion of adsorbate molecules between interlayer space of LDH sheets
does not occur, rather it is held on the adsorbent surfaces through a
combination of several weak and strong bond interactions. Since, ad-
sorption mechanism is dependent on solution pH, it occurs differently
at varying pH. At lower pH values, the —OH group of LDH surface gets
partially protonated thereby making it relatively suitable for the strong
interaction with -SO5~ anion. In contrast, at higher pH values, the repul-
sion between -OH™ and SO5;~ counteracted the electrostatic interaction
where only anion exchangeability may be possible for adsorption. Ad-
ditionally, the FT-Ir spectra after adsorption showed the existences of
stretching vibration corresponding to SO3~ group of CR dye. Therefore,
the electrostatic attraction between the SO;~ groups of CR and positive
charge (OH,*) on the LDH sheets are predominantly responsible for de-
contamination of aqueous solution from azo dye. Besides, the presences
of other weak interactions such as Vander waals, H-bonding, surface
complexation may also be prevalent [41,43].

3.6. Reusability and Desorption studies

Reusability performance of a material is an important aspect to eval-
uate the efficacy of adsorbent for its industrial application. The reusabil-
ity studies of ZrO,/MgAl-LDH shown in Fig. 17(a) was investigated up
to fifth cycle at an operating conditions fixed at initial concentration
50 mg/L, adsorbent dosages 0.02 g, contact time 6 hours. The initially
adsorbed CR dye on the material surface was desorbed by dispersing
in a 0.1M NaOH solution after each cycle. The alkaninity of the solu-
tion can decrease the strong electrostatic interaction between adsorbent
and adsorbate, thereby leading to an ease desorption of CR dye. Subse-
quently, the regenerated adsorbent is dried and reuse up to fifth cycle.
From Fig. 17(a) it is obvious that the adsorbent showed reduction in its
performance after each cycle. The maximum dye removal percentage in
the first cycle showed up to 97.19%, which slowly decreases to 59.04%
in the fifth cycle. The dye removal efficiency reduces to 38.15% between
initial and last cycle. However, the decrease in adsorption capacity can
be attributed to the loss of adsorption sites during the repeated regen-
eration process [69].

The graphical representation of the desorption studies conducted in
various solvents were displayed in Fig. 17(b). In aqueous solution the
desorption activity of CR dye from the adsorbent ZrO,/MgAl-LDH sur-
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face was not observed, thus indicating that adsorption process is com-
pletely opposite to the desorption process in aqueous medium. How-
ever, the maximum desorption percentage of CR dye was obtained in
methanol solvent with 85.47% desorption efficiency, which is compar-
atively higher than other desorbing eluents such as ethanol (71.37%),
acetone (16.28%), 0.1M NaOH (60.27%) and 0.1M Na,CO3; (45%). The
tendency to desorb CR dye in different solvents can be explained on the
basis of their relative ability to weaken the strongly bound adsorbate-
adsorbent interaction especially electrostatic attraction and H-bonding.
In solvent such as methanol and ethanol the higher affinity towards the
CR dye molecule may be accounted to the greater desorption percent-
age. In alkaline medium the desorption takes place due to hydrophobic
interaction and greater anionic exchangeability between existing OH™
and CR ions over the positively charged adsorbent [70].

3.7. Comparison with reported adsorbents

With an emphasis to the maximum monolayer adsorption capac-
ity shown by previously reported adsorbent for CR, the currently pro-
posed adsorbent ZrO,/MgAIl-LDH displays greater q,,,, value of 169.42
mg/g. In Table 5 several adsorbents such as nanocrystalline hydroxya-
patite, NiAl-LDH, MgAl-mixed metal oxide and NiFeTi-LDH have rela-
tively lower adsorption capacity than currently studied material. Only a
few of the materials such as ZnAl-LDH and GO-NiFe-LDH showed better
performances than ZrO,/MgAl-LDH. Besides, due to its facile synthetic
procedure and comparatively remarkable higher sorption activity than
most of the presented adsorbents, ZrO,/MgAI-LDH can be regarded as
the potential candidate for the efficient removal of CR dye from aqueous
solution [71-74].

4. Conclusions

In this work, we have reported the synthesis of novel tetravalent
metal-containing as-synthesized ZrO,/MgAl-LDH and its potential ad-
sorption performance toward CR dye. The as synthesized ZrO,/MgAl-
LDH prepared by urea hydrolysis method offers high crystallinity, poros-
ity within the mesopore range and intermediate specific surface area of
71.55 m?/g .The maximum removal of congo red was observed at the
optimum pH-4 for a contact time of 90 minutes. However, isotherm and
kinetics analysis showed that the mechanism can be best described by
Redlich-Peterson, Langmuir and pseudo second order kinetic model. In
addition, the proposed adsorbent ZrO,/MgAIl-LDH revealed higher up-
take of CR (qu,2x=169.42 mg/g) compare to pristine MgAl-LDH previ-
ously reported. The thermodynamic parameter AG decreases with the
increase in temperature from 301 to 333K indicating the spontaneous
and endothermic process. The reusability test up to fifth cycle infers the
superiority of the adsorbent materials. Moreover, this study has made a
new approach to modify MgAl-LDH with tetravalent Zr** metal to en-
hance its sorption characteristics. The obtained results may encourage
new emerging researchers and shed light to further explore designing of
multivalent metal containing LDH for dye adsorption.
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ABSTRACT

In this work, the new composite material has been designed by using coconut husk ash (CHA) as the supporting
material for CoAl layered double hydroxide (LDH), and investigated the adsorptive removal of organic dye
malachite green (MG) from the aqueous media. The as-synthesized sorbent was prepared via simple co-
precipitation method by loading 3 g of coconut husk derived carbon on to the structure of CoAl-LDH. The
physicochemical properties and the formation of the composite material was confirmed by various character-
ization techniques such as powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR),
Scanning emission microscopy (SEM), Energy dispersive X-ray (EDX), Transmission emission microscopy (TEM)
and Brunauer-Emmett-Teller (BET). The experimental results envisages that the proposed adsorbent CHA/CoAl-
LDH composite showed the significant removal efficiency up to 98.16 % at 0.015 g dosages under initial dye
concentration of 100 mg/L and pH 10. In addition, the maximum monolayer adsorption capacity exhibited by
CHA/CoAIl-LDH from the isotherm studies was 666.4 mg/g. The isotherm and kinetics data was fitted well ac-
cording to Langmuir and pseudo second order model. The thermodynamic studies obtained positive value of AH
(CHA = 72.49 KJ/mol, CHA/CoAIl-LDH = 110 KJ/mol) and negative AG values (CHA = -9.36 KJ/mol, CHA/
CoAl-LDH = -6.62KJ/mol) at 303 K, which further confirmed the spontaneous and endothermic nature of
adsorption process. Furthermore, the estimated value of activation energy (E,) determined from the modified
Arrhenius equation was 101.35 KJ/mol and 69.50 KJ/mol for CHA and CHA/CoAl-LDH, respectively. Besides,
the proposed adsorbent also reveals excellent reusability up to third cycle, as well as effective for the removal of
other cationic and anionic dyes. Therefore, the overall result advocated that the adsorbent CHA/CoAl-LDH can
be chosen as an alternative for dye treatment in aqueous media.

1. Introduction

causes severe health hazard to the residential communities. These
harmful effects include carcinogenic, mutagenic, heart diseases, skin

The availability of fresh and quality water has decline across the
world due to the rapid advancement in manufacturing industry. Since,
water is a universal solvent, most of the water soluble pollutants either
organic or inorganic molecules get readily dissolved into it. Conse-
quently, the chemical properties of the safe and quality drinking water
get altered due to the contaminants from various industrial discharged
[1]. Among several water pollutants the problem emerging from organic
dyes are regarded as a serious issue. The ubiquitous presence of dye in
the effluents discharged from various industries such as textiles, cos-
metics, food, pharmaceuticals, paints, plastics and leather are toxic, and

* Corresponding author.

irritation and allergies [2,3]. In addition, the toxicity of these organic
dyes had also posed detrimental effect in the aquatic ecosystem and is of
great concern. Among different cationic dyes, Malachite green (MG) a
triphenylmethane dye has been extensively used for coloring wool, silk,
paper, cotton, leather and several printed products. As a result, these
toxic dyes present in the form of untreated industrial wastes when dis-
charged freely into natural environment could enter into the food chain
that can further lead to severe diseases for all living organism [4,5].
Thus, effective removal of this pollutant is very crucial in order to pre-
vent potential hazards. Although, the treatment of waste water
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contaminants is a major challenge, therefore investigation on the sci-
ence of interface between water pollutants and adsorbent, and the
development of smart material is highly urgent.

Several approaches such as filtration [6], photocatalytic degradation
[71, ozonation [8], oxidation [9], reverse osmosis [10], microbiological
process [11], flocculation [12] and adsorption [13] techniques were
addressed for the efficient removal of organic and inorganic contami-
nants from the effluents. Despite numerous methods for water remedi-
ation are available, most of these techniques encounter major
drawbacks. However, adsorption process is one of the most widely used
superior treatment alternatives due to its low lost, high efficiency, eco-
friendly and simplicity [14].

In previous works, various types of adsorbents viz; MOF [15,16],
inorganic polymer [17], metal oxide nanocomposite [18-20], biochar
[21,22] and MXenes [23] were investigated and found capable of pur-
ifying dyes contaminated waste water. Nevertheless, LDH was also used
in water detoxification process which are the ionic lamellar solids
constituted by brucite sheets containing divalent and trivalent metal
cations along with interlayer anions like NO3, CI, C0%, SOF. These
hierarchically structured materials display attractive features such as
low toxicity, high surface area, anion exchangeability, tunable structure
with various transition metal cations, and facile synthesis method [24].
Due to its diverse application such as adsorption related process, poly-
mer chemistry, photocatalysis, biomedicine and electrochemistry, these
materials have been extensively used as a component of hybrid mate-
rials. Despite, its numerous advantages the main drawbacks of pristine
LDH were its in adequate surface functional groups and limited for only
anionic dyes [25,26].

Recently, the synthesis of hybrid materials between LDH and
biomass derived carbon had received wide attention among researchers
due to its promising sorption potentiality towards hazardous organic
and inorganic toxins from the effluents. For instance, Zubair et al.
studied the adsorption performance of date palm biochar/CuFe-LDH
composite for the removal of eriochrome black T and suggested that
the strong electrostatic attraction between protonated hydroxyl group of
the adsorbent and SO3 anion of eriochrome black T was mainly
responsible for exhibiting maximum adsorption of 565.32 mg/g [27].
Zhang et al. have reported the effective and simultaneous adsorption of
inorganic nitrogen and heavy metal by MgFe/biochar composite, which
is prepared by in situ loading of LDH particles over the surface of acti-
vated biochar [28]. Qu et al. investigated the removal of malachite green
dye by four types of commercial activated carbon where they have
advocated that the presence of strong acidic group over adsorbent sur-
face had negative effects on adsorption performance [29]. Meili et al.
successfully synthesized a series of bovine based biochar/LDH com-
posite as an adsorbent via simple co-precipitation method and observed
the removal of methylene blue dye from aqueous solution with high
adsorption capacity (406.47 mg/g) [30].

During the fiscal year 2021, India is the second largest producer of
coconut in the world accounting to over 14 million metric tons. It is a
permanent crop, easily available and largely supplied across different
nations throughout the year. However, this massive production gener-
ates agricultural waste which can be transformed in to carbon material
like charcoal and ash, otherwise left unused. Due to the great sorption
capacity, high surface area, renewable and high availability of these
resources, further research on development of adsorbents based on this
material could be significant in the progress of water treatment tech-
nologies. Consequently, the utilization of cheap coconut husk biomass in
synthesizing composite material with layered double hydroxide (LDH)
can be considered as a sustainable approach in the field of water
remediation. Since, a large quantity of locally available feedstock such
as coconut husk has been used only for the purposes of burning fuel and
fibers, while its application in waste water treatment was not explored.
The availability of such low cost feedstock could be utilized in preparing
carbonaceous material which can act as an ideal supporting material for
LDH [31,32]. Accordingly, we have adopted a suitable strategy of
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coupling the coconut husk derived ash with LDH to enhance their
properties. The synergistic effects of LDH and coconut husk ash might
widen its adsorption affinity for various water pollutants including both
cationic and anionic.

Based on the detailed literature, adsorption studies of MG dye by
CHA/CoAl-LDH composite was not reported. Herein, in this work we
have fabricated CoAl-LDH by introducing coconut husk derived ash as a
supporting material. The hybrid material CHA/CoAl-LDH was prepared
via facile co-precipitation method and its dye remediation efficiency was
tested for cationic dye (MG) from the aqueous solution. The as-
synthesized adsorbent was characterized by various spectroscopic
techniques and the effect of several experimental parameters such as
temperature; pH, dosages, initial dye concentration and contact time
were studied. In addition, the isotherm and kinetic modeling of the
experimental data were analyzed and the possible adsorption mecha-
nism was also demonstrated after recording the FTIRspectra of MG
loaded adsorbents.

2. Experimental
2.1. Materials and methods

The coconut husk was collected from the local place Dotma Bazar
part-II, Assam, India. Cobalt(II) nitrate hexahydrate (Co(NO3),-6H20)
(98 %), Alumimium nitrate nonahydrate Al(NO3)2-9H20 (98 %), NaOH
(97 %) and Malachite green (Ca3H25CIN3) (98 %) was procured from
Merck. The obtained chemicals are of analytical grade and used without
any further purification. The required solution in the experiment was
prepared by deionised water.

2.1.1. Synthesis of CHA/CoAl-LDH Composite

The synthesis of CHA/CoAl-LDH composite was conducted via co-
precipitation method. Initially, the collected coconut husk was heated
in a muffle furnace at 300 °C until it was completely carbonized and
transformed in to ash which is denoted by CHA. Subsequently, 2 g of
coconut husk ash (CHA) was added in 100 mL aqueous solution con-
taining mixture of 0.1 M AINO3 and 0.2 M CoNOs3 metal precursors salts.
The resulting mixture was allowed to agitate in a magnetic stirrer for 30
min. Subsequently, the alkalinity of the solution was maintained at pH
10 by adding 50 mL of 0.1 M NaOH solution in a drop wise manner
which was followed by continuous stirring the liquid suspension for 3 h.
The precipitate obtained was centrifuged and washed several times with
deionised water. The resulting black slurry was then dried in an oven at
50 °C for 6 hour. The final product obtained was denoted as CHA/CoAl-
LDH composite.

2.1.2. Characterisation

Several instrumental techniques were adopted to characterize the
synthesized composites. X-ray diffraction pattern of the adsorbents were
obtained from Rigaku Ultima-IV powder X-ray diffractometer. The Cu-
Ka radiation (A = 0.154 A, 40 KV, 30 mA) was employed as an X-ray
sources. The PXRD spectrum was recorded in the 20 range from 0 to 80°.
The external microstructure of the sample was observed by SEM (Gemini
Carl Zeiss Sigma 300). The internal morphology was discerned by using
TEM (JEOL JEM-2100) under the accelerating potential of 200 KV. The
FTIRspectra of the sample were recorded by Shimadzu IRAffinity-1 by
taking KBr as a reference background under the frequency range of
0-4000 cm'. The thermal stability of the composite was investigated
with TGA (Mettlab Toledo). The specific surface area and pore volume
was measured by conducting Ny-adsorption-desorption with BET and
BJH method by employing an instrument Quantachrome Novawin
version 11.05. For the determination of the residual dye concentration
UV-Spectrophotometer-3375 (Electronics India) was utilized. The per-
centage composition of the constituent elements was examined by EDX.
The point of zero charge (PZC) of the adsorbents CHA and CHA/CoAl-
LDH was evaluated by using pH drift method. During the experiment
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Fig. 1. Powder XRD pattern of CoAl-LDH, coconut husk ash (CHA) and CHA/
CoAl-LDH composite.
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Fig. 2. FTIR spectra of (a) CHA (b) CHA-MG (c) CHA/CoAl-LDH (d) CHA/CoAl-
LDH-MG.

a series of 20 mL NaCl (0.1 M) solution was poured in a conical flask, and
the pH value of the solution was varied from 2 to 12. Eventually, 0.15 g
of the adsorbents were dispersed in the solution and shaken at room
temperature for a time period of 24 h. Afterwards, the suspension was
filtered to separate the adsorbent and the final pH of the supernatant
liquid was measured by digital pH meter (EI). The PZC value can be
estimated from the point of intersection of line which is obtained from
the graph of pH initial vs pH final.

2.2. Adsorption Experiment

The adsorption activity of the two proposed adsorbents was inves-
tigated by applying batch equilibrium method at the room temperature
of 30 °C. For isotherm studies, a series of malachite green dye solution
having initial concentration (25 mg/L to 150 mg/L) was prepared in a
conical flask bottle containing 20 mL each. 0.015 g of the adsorbent was
dispersed in the dye solution which is followed by agitation in a ther-
mostatic shaker. The batches were shaken for a time period of 6 hour to
achieve adsorption equilibrium. Furthermore, the resulting dye solution
was filtered to separate the adsorbent and the filtrate was analyzed with
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UV-vis spectrophotometer to evaluate malachite green concentration.
The amount of malachite green dye adsorbed on to the adsorbents is
determined by the equation:
(Co — CV

=y )

The percentage of malachite green dye removal efficiency.

(Co — Ce) x 100

C (2

%of dye removal =

where C, and C, represents the equilibrium and initial concentration of
malachite green dye solution in mg/L. q. (mg/g) denotes the equilib-
rium adsorption capacity, W and V indicates quantity of adsorbent (g)
and volume of the dye solution (L), respectively.

For conducting the kinetics experiments, 0.015 g of the adsorbents
was mixed with 40 mL of malachite green dye solution having initial
concentrations (50,100 mg/L). The dye solution is then subjected to
agitation in a thermostatic shaker which is followed by withdrawal of 2
mL liquid suspension after a specific time interval. Subsequently, the
amount of dye adsorbed over the adsorbent was analyzed for the reac-
tion time period of 0 to 180 min. Again, the adsorbent was separated
from the dye solution by filtration and its absorbance value was
measured at the A-max value (655 nm) of the pollutant. The adsorption
capacity at time t is evaluated by the equation:

Cy—C,)V
RRCEL -
where C, and C; are the concentrations of dye at initial and at time t.

However, for determining the most appropriate kinetic model that
can describe the sorption process, the normalized standard deviation
was evaluated by the equation [33]:

aq - F [CONETURTIN

-1

4

where Qe ca1 is the equilibrium sorption capacity evaluated from pseudo-
first order and pseudo-second order kinetic model, e xp is the experi-
mental amount of adsorbate adsorbed at equilibrium, N is the number of
data points.

2.2.1. Adsorption Isotherm

The adsorption isotherm is an important parameter for describing
the adsorbate-adsorbent interaction. It interprets the distribution of
solute molecules between solid-liquid interfaces, and it is also essential
for the experimental designing of the adsorption application in in-
dustries. Several empirical models for adsorption isotherm were utilized
to analyze the experimental data, and for identifying the most appro-
priate isotherm model. The most widely used adsorption isotherm
models are especially Langmuir, Freundlich and Temkin. Based on the
Langmuir model, it assumed a uniform and single layer adsorption of the
molecules over the surface of the adsorbents [34]. The linear equation
for the Langmuir model is represented as:

1 1

— +
4 Kgq,C q,

where C. denotes the equilibrium concentration of malachite green dye,
gm represents maximum monolayer adsorption capacity, K; signifies the
Langmuir constant which indicates the affinity between adsorbate and
adsorbent, q. indicates quantity of dye adsorbed at equilibrium (mg/L).
The dimensionless separation factor for determining the feasibility of
adsorption is given by the equation [35]:
1

Ri=—
T 1FKC, ©®

where C, and K; signifies initial concentration of malachite green dye



D. Brahma et al.

Inorganic Chemistry Communications 144 (2022) 109878

tI‘.

10 ym EHT= 500kV  WD= &1mm

Toum  gxT= 500KV

WD=40mm  Mag= 300KX SignalA=inLens

Mag= 100KX SignalA= inlens
|

Fig. 3. SEM images of coconut husk ash (CHA).

and Langmuir constant, respectively.

2.2.2. Freundlich

The Freundlich model is a multilayer non uniform adsorption model
which is found to be more appropriate with the heterogeneous surface of
the adsorbents [36]. The linearized equation is denoted by:

logq, = logK; + 1/n logC, )

where C. and q. have their usual meanings, n and K¢ are Freundlich
exponent and constant, respectively. The exponent n indicates the
favorability or the intensity of the adsorption process while K reveals
the adsorption capacity.

2.2.3. Temkin
According to Temkin model, it considers that the adsorption heat of
all the incoming adsorbate molecules decreases linearly with the in-

crease in the coverage of the adsorption site on to adsorbent surfaces.
The nature of adsorption system is characterized by the uniform
arrangement of binding energy until certain maximum value [37]. The
linear form of Temkin equation is described by:

qd. = BTIHAT + BTlI'lCe (8)

where Bt = ‘E—TT, Br is related to the heat of adsorption (KJ/mol) and At is
the binding constant with respect to the maximum binding energy (L/
mg), T is the temperature in Kelvin, R is the universal gas constant
(8.314 J/mol.K).

2.2.4. Adsorption Kinetics

The time dependent adsorption rate and the transfer characteristic of
adsorbate molecules in the adsorption system can be well understood
from the kinetics studies. As a result, the kinetic parameters are very
important for the evaluating the adsorbent performances, and also the
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Fig. 4. SEM images of CHA/CoAl-LDH composite.

mechanism associated during the reaction process. The different kinetics
model employed for evaluating the kinetic parameters are pseudo first
order, pseudo second order, intraparticle diffusion, Bangham and Elo-
vich model. According to pseudo first order model, the rate of adsorption
is directly proportional to the ratio of the concentration of solutes and
the amount of adsorbent [38]. The linear form of pseudo first order
equation is formulated as:

Kt
2.303

log(q, —q,) = logq. — ©
where q; and q. are the quantity of dye adsorbed at time t and at equi-
librium stage respectively. The values of the rate constant K; can be
evaluated from the slope of the log (qe-q0) vs t plot. On the contrary,
pseudo second model is based on chemisorption where exchange of
electrons between adsorbate and adsorbent molecules occurs [39]. The
linearised equation for pseudo second order is given as:

t 1 t
t_ L 10
q, K, q§+qe 10

where Kj is the pseudo second order rate constant and its value is
calculated from the intercept of the plot (t/q; vs t).

Another model proposed by Weber-Morris is the intraparticle diffu-
sion model, which assumes that the diffusion of adsorbed molecules
inside the pores of the adsorbent can also contribute in the rate deter-
mining step of the adsorption process [40]. The equation for the intra-
particle diffusion model is given by:

q = Kit" +1 (11)

where K;j and I are the intraparticle diffusion constant and boundary
layer thickness, respectively. The values of K; and I can be determined
from the slope and intercept of g; against t> plot.
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Fig. 5. EDX spectra of (a) CHA/CoAl-LDH composite and (b) CHA.
Table 1
The elemental composition of the proposed adsorbents CHA and CHA/CoAl-LDH.
Adsorbent Elemental Composition
C% 0% Co% Al% Na% Mg% K% Ca% Si% Cl% P%
CHA 38.55 39.62 - - 2.48 2.66 5.81 0.90 5.61 0.35 0.32
CHA/CoAl-LDH 32.63 47.18 9.24 3.08 1.48 1.07 0.18 0.50 0.97 0.11 0.17

2.2.5. Elovich model

To elaborate the chemisorption nature of the adsorption system,
Elovich model was applied to the experimental kinetics data, and with
the help of this model the activation and deactivation energy of the
system can be estimated. Initially, it was utilized only in gaseous system,
later on its application in the solid-liquid system was also considered

q = %ln((xﬁ) + %ln(t)

valid [41]. The linearised form of Elovich equation is represented as:

12)

where q; is the amount of malachite green dye adsorbed on CHA and
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Fig. 6. TEM images of coconut husk ash (CHA) at different magnifications (A-E) and SAED pattern (F).

CHA/LDH nanocomposite at time t, p indicates the extent of surface
coverage (g/mg), o denotes the initial sorption rate (mg/g.min). The
magnitude of slope and intercepts obtained from the q vs In(t) plot was
used for the determination of a and f values.

2.2.6. Bangham model

The Bangham kinetic model also known as pore diffusion model
explores the influence of pore diffusions in adsorption kinetic system. To
corroborate the existence of pore diffusion, the obtained kinetics data
was further analyzed by Bangham model [42]. The mathematical
expression of Bangham equation is given as:

C, Kgm
log[log (m)} = log(2 3]83\/) + ABlogt 13)
o t .

where m is the mass of the adsorbent (g), q; is the quantity of dye
adsorbed at time t, V indicates volume of the solution (mL), C, repre-
sents initial dye concentration, Kg and AB are Bangham constants.

3. Results and Discussion
3.1. Characterisation of CHA and CHA/CoAl-LDH composite

The XRD pattern of the CHA and CHA/CoAl-LDH composite was
illustrated in Fig. 1. The diffraction spectrum of CHA/CoAl-LDH com-
posite displayed characteristic peaks of pristine LDH, which is observed
at the 20 values of 11.35, 23.32, 34.28, 38.88, 46.33, 60.04 and 61.38.
Moreover, the indexed plane corresponding to each observed peaks were
003, 006, 012, 015, 018, 110 and 113, respectively. The obtained result
is consistent with the formation of typical LDH structure, which is based
on the previous report [43]. In addition, the peak observed in CHA at
corresponding 20 values (26.51, 38.29, 39.14, 41.29 and 58.58) was also
manifested in CHA/CoAl-LDH composite, which further implies the as-
sociation of carbonaceous material derived from coconut husk on to
LDH structure. The appearance of sharp and intense peaks corroborates
with the well defined crystalline nature of the synthesized sample.
However, the peak intensity in CHA/CoAl-LDH composite was
decreased slightly in comparison to pristine CoAl-LDH, which might be
due to the accumulation of coconut husk carbon over the crystallo-
graphic structure of LDH [44]. The lattice parameter a and c of the LDH
present in composite material was evaluated by the expression a = 2d1¢



D. Brahma et al.

Inorganic Chemistry Communications 144 (2022) 109878

21/nm

Fig. 7. TEM images of CHA/CoAl-LDH composites (A-E) and SAED pattern (F).

and ¢ = 3dgos, respectively. However, the determined value (a = 3 A c
= 23.4 A) was found almost similar to the pristine LDH. Moreover, the d-
spacing value of 0.28 nm, obtained from the 003 plane indicates the
interlayer distance of LDH sheet which is not disrupted after modifica-
tion with CHA material [45].

The surface functionalities of the two adsorbents viz; CHA and CHA/
CoAl-LDH composites were elucidated by recording the FTIRspectra, as
shown in Fig. 2. The respective functional groups present in CHA
adsorbent (Fig. 2a) were observed at the stretching frequency of 3443
em '(-OH), 1631 cm (C=C stretch in aromatic ring), 1591
em™!(conjugated C—O group of aromatic skeletal), 1466.73 cm™* (C—H
bond), 1143 cm™! (C—O stretching vibration of ether, phenol, ester) and
2920 cm ! (C—H bond stretch) [46]. After modification, in CHA/CoAl-
LDH composite (Fig. 2c), the absorption peak observed at 3450 cm~! can
be attributed to —OH group, while the weak band at 2923 and 2848 cm*
were related to the C—H stretching vibration. Another band detected at
1637 cm ™! is also assigned due to ~OH bending vibration. The stretching
vibration of C—O bond and -NO3 ion was also visible around 1593 and
1404.81 cm™?, respectively. Moreover, the presence of M—O stretching
vibration was displayed between 500 and 800 cm ™. After analysis of
FTIRspectrum the overall results confirmed the presences of C=C, C—O,

C—H, OH and other chemical groups over the surface of CHA adsor-
bents. However, few functional groups were not observed in CHA/CoAl-
LDH composite, which indicates the destruction in surface functional
groups during the synthesis of composite material [47,48].

The external surface morphology and the particle size of the sample
CHA and CHA/CoAl-LDH composite were examined by SEM analysis.
Fig. 3 and Fig. 4illustrates the SEM images of CHA and fabricated CHA/
CoAl-LDH composite. The micrograph of CHA depicted presences of
porous structure with pore diameter lying in the range of 1 ym to 10 pm.
This porous nature facilitates in trapping the incoming malachite green
dye molecules during the adsorption process. However, existences of
micropore and mesopore were not visible which lie covered within the
macropores. Furthermore, after fabrication of CHA with LDH, it is
evident that the hexagonal platelets of LDH sheets get highly distributed
over the surface of coconut husk carbon particles. Nevertheless, the
relative number of macropores was also found to decrease in the com-
posite material which may be due to the deposition of nanosized hex-
agonal shape LDH particles over the outer surface of coconut husk ash.
The surface of CHA/CoAl-LDH composite (Fig. 4.) also revealed irreg-
ular shape and the typical crystalline hexagonal CoAl nanoparticles was
successfully assembled on the carbon matrix [30].
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The EDX analysis of the two adsorbents CHA and CHA/CoAl-LDH
composite was executed to determine the chemical composition, and
to confirm the successful formation of composite materials between
CoAl-LDH and CHA. Fig. 5(a) shows the EDX spectra of CHA, indicating
the presences of high intense peak corresponding to C(38.55 %) and O
(39.62 %) having greater weight % value compare to other existing el-
ements such as Si, K, Na, Mg, P, Ca and Cl (Table 1). After fabrication of
coconut husk ash with LDH, the EDX spectra (Fig. 5b) of the composite
material CHA/CoAl-LDH also revealed detection of all the constituent
elements present in the sample CHA in addition to Co and Al. Therefore,
it confirmed the formation of composite material containing both LDH
phase and carbon material derived from CHA. However, the weight
percentage of all the elements including C slightly decreased in CHA/
CoAl-LDH composite material, due to the incorporation of LDH phase.
In addition, the high C and O content in both CHA and CHA/CoAl-LDH
composite infers the presences of acidic O containing functional groups
such as -R-OH, —OH, -C-OR and C—C. Overall, the EDX results affirmed
the greater quantity of carbonaceous material exists in the composite
material compare to LDH phase [49].

The size, shape and internal morphology of the as-synthesized sam-
ple were visualized by TEM analysis. TEM micrographs of the adsorbent
at different resolution were depicted in Fig. 6 and Fig. 7, respectively.
From Fig. 7 the structure of CHA/CoAl-LDH composite also displayed
aggregation of LDH particles with an average size below 100 nm, as
already confirmed from SEM analysis. The heterogeneous structure of
CHA/CoAl-LDH observed in Fig. 7-(B,C) shows that CoAl platelets was
not suppressed, which further infers that the layered structure remains
unaltered. However, the increasing content of coconut husk ash could
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lead to the significant reduction in crystallinity of the sample. The
relatively darker region spotted in Fig. 7-(C, E) can be attributed to the
carbon material derived from CHA. In addition, the TEM images in
Fig. 6-(C, D, E) also manifests the development of porous nature of CHA
adsorbents. The selected area electron diffraction (SAED) pattern
observed in Fig. 6 (F) and Fig. 7(F), further corroborates with the pol-
yerystallinity of the as-synthesized sorbents [50].

The surface properties including specific surface area, pore volume
and pore size of the adsorbents CHA and CHA/CoAl-LDH composite
were investigated by BET method. The porosity and specific surface area
of the material is an important structural feature that can delineate
characteristic information about the sorption capacity. In several cases,
it was reported that an adsorbent with high specific surface area is
highly preferable over low surface area due to its ability for a greater
sorption capacity for organic and inorganic pollutants [51]. The Ny
adsorption—desorption isotherm curve of CHA and CHA/CoAl-LDH
composite is depicted in Fig. 8(a,b). The insets of Fig. 8(a,b) repre-
sents the pore size distribution based on the BJH method analysis. The
specific surface area and pore volume of CHA (20.71 m?/g, 0.051 cc/g)
was relatively lower than CHA/CoAI-LDH composite (49.52 m?/g,
0.202 cc/g). Despite its lower value of specific surface area and pore
volume, the sorption capacity of CHA was better and showed greater
Qmax value than CHA/CoAl-LDH composite. Thus, in the present studies
the specific surface area of the adsorbents cannot be directly correlated
in terms of adsorption capacity. Furthermore, in case of CHA (Fig. 8(a)
the hysteresis loop is generated quickly at low relative pressure (0.127)
while for CHA/CoAl-LDH composite it initiates from higher relative
pressure value (0.8). Again, from the pore size distribution curve, it is
evident that porosity inside CHA adsorbent is mainly composed of
mesopores which is mainly distributed between 4.01 nm and 10.17 nm.
Similarly, in CHA/ CoAl-LDH composite, the mesopores dominate over
micropores and the pore size lies in the range (3.88 nm to 18.32 nm).
Thus, the existences of mesopores can be advantageous for adsorption of
small molecules. However, the adsorption—desorption isotherm curves
of both adsorbents can be categorized under type-IV isotherm and hys-
teresis loop exhibits type-III based on IUPAC classification [52,53].

3.2. Effect of adsorption parameters

3.2.1. Effect of contact time

Fig. 9(a) demonstrates the effect of contact time in the adsorption of
malachite green dye on to CHA and CHA/CoAl-LDH composite. The
influence of contact time on the adsorption capacity of the proposed
adsorbent was studied under the initial dye concentration (50, 100 mg/
L) and adsorbent dosages (0.015 g). Several noteworthy results can be
seen in Fig. 9(a) in which q; value increases with the extension of
adsorption time. At the initial stage of contact time up to 15 min the
rapid adsorption rate was noticed for both adsorbent which can be
ascribed to the large number of freely available adsorption sites [54].
The bending of curve between (15-60 min) could be ascertained due to
the diffusion of solute molecules inside the internal pores of the adsor-
bent. Subsequently, the adsorption rate slowed down due to decrease in
active site and attained equilibrium stage after 165 min, where the
complete coverage of the adsorption site was achieved [55]. Notably, for
the studied initial adsorbate concentration (50, 100 mg/L), the
maximum quantity of dye adsorbed (q;) at 180 min for CHA and CHA/
CoAl-LDH composite were 131.38, 258.21, 115.34 and 235.09 mg/g,
respectively. Since, adsorption occurred over the surface, during the
process when the complete saturation of the adsorption site was
attained, the steric hindrance between the incoming dye molecules and
the initially adsorbed dye arises which leads to the restriction of further
dye intake. In addition, it was observed that at the fixed adsorbent
dosages the adsorption capacity of adsorbent decreased with the in-
crease in the molar mass of the solute molecules [56].
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Fig. 9. Effect of various parameters for adsorption of MG dye over CHA and CHA/CoAl-LDH composite (a) Contact time (Cp = 50, 100 mg/L, adsorbent dosages =
0.015 g, time = 180 min, volume = 40 mL) (b) Initial dye concentration (Co = 25-150 mg/L, adsorbent dosages = 0.015 g, time = 120 min, volume = 40 mL) (c) and

(d) Adsorbent dosages (Co = 70 mg/L, time = 180 min, volume = 20 mL).

3.2.2. Effect of initial dye concentration

The effect of initial dye concentration on the adsorption capacity of
CHA and CHA/CoAl-LDH composites was plotted and presented in Fig. 9
(b). The experiment was performed under the given operating condition:
(Co = 25-150 mg/L, dosages = 0.015 g, time = 120 min, volume = 40
mL). It is obvious that the equilibrium adsorption capacity increased
linearly for both CHA (qe = 60.77 to 346.36 mg/L) and CHA/CoAl-LDH
composite (qe = 49.12 to 332.89 mg/L) with the increase in the initial
dye concentration. In general, at constant adsorbent dosages with the
increase in dye concentration, the diffusion of solute molecules in the
solution also increases. Consequently, the physical contact of dye
molecule with the adsorbent surface occurs significantly which can
make the adsorption process more favorable. Moreover, the creation of a
large concentration gradient in the adsorption site could help to over-
come the mass transfer resistance of the dye molecules in the solid liquid
interfaces. As a result, the adsorbent reveals greater capacity to capture
dye molecules at high concentrations [57].

3.2.3. Effect of adsorbent dosages

The quantity of adsorbent dosages added in the dye solution can
affect the adsorption process. To evaluate the effect of adsorbent dosages
for the removal of malachite green dye, the amount of adsorbent was
varied from 0.005 to 0.03 g for both CHA and CHA/CoAl-LDH composite
sorbents. The experimental condition was fixed at initial dye
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concentration (C,) = 70 mg/L, volume = 20 mL and contact time = 180
min. In Fig. 9(c) it is noteworthy that the percentage of dye removal
increases rapidly at the adsorbent dosages of 0.005 g to 0.015 g for both
adsorbent which then slowly elevates further from 0.02 to 0.03 g. The
greater percentage of dye adsorption with the increase in quantity of
adsorbent can be attributed to the larger adsorption sites and also due to
the stronger driving force [58]. However, in Fig. 9(c) it is apparent that
there is no significant change observed in the dye removal percentage
beyond 0.025 g dosages. Moreover, the equilibrium adsorption capacity
qe (mg/g) in Fig. 9(d) decreases from 250.32 to 45.92 mg/g for coconut
husk ash (CHA), whereas in CHA/CoAl-LDH composite q. (mg/g) value
get reduced from 201.56 to 43.64 mg/g with the rise in adsorbent
dosages. Nevertheless, the excessive use of adsorbent beyond the opti-
mum dosages can cause accumulation of adsorbent particles due to the
collision which can further hinder the adsorption of incoming dye
molecule. In addition, the maximum dye percentage for CHA (98.39 %)
and CHA/CoAl-LDH (93.52 %) was achieved at 0.03 g dosages [59].

3.2.4. Effect of pH

The pH value of the aqueous solution is an essential factor to be
accounted that can influence the adsorption of malachite green dye. The
dye removal % of malachite green was investigated in the pH range of
3-10 at 100 mg/L MG concentration and 0.015 g adsorbent dosages. The
pH of the solution can change the binding site of the adsorbent as well as
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Fig. 10. Determination of the point of zero charge (PZC) value of CHA (a) and CHA/CoAl-LDH composite (b) from pH initial vs pH final plot. Uv-Visible Spectra for
the adsorption of MG dye on to CHA (c) and CHA/CoAl-LDH (d) adsorbents at different solution pH.

the degree of ionization of the adsorbate molecule [60]. The point of
zero charge value (PZC) of CHA and CHA/CoAl-LDH was determined by
pH drift method and their respective values were obtained at 9.67 and
7.56, as displayed in Fig. 10 (a,b). In general, it is believed that at pH >
PZC, the surface charge of the adsorbent becomes negative while for pH
< PZC, it acquires + ve charge. Under acidic medium at low pH, the H"
ion get accumulated over the surface and impart additional positive
charge on the adsorbent which causes repulsion to the cationic MG dye.
Therefore, it leads to the decreased % in dye uptake. However, at higher
pH under alkaline medium, dye removal % increases due to deproto-
nation of the surface group [61]. Fig. 10 (c,d) depicted the decrease in
absorbance intensity after the adsorption of MG dye on to CHA and
CHA/CoAl-LDH when the pH value increases from 3 to 10. In CHA, the
sorption efficiency increased rapidly from 77.94 to 90.83 % up to pH 5,
while above pH7 the sorption % elevates slowly from 95.38 % to 98.39
% as shown in Fig. 11(a). Similarly, the uptake of MG dye by CHA/LDH
composite also rises with the pH value ranging from (3-10) and attained
maximum adsorption of 98.16 % at pH 10, towards the end of the
experiment. Thus, the obtained results indicates that the variation in the
pH values significantly affects the adsorption of MG dye due to altered
charged from + ve to —ve over surface.

3.2.5. Adsorption efficiency for various organic dyes

The removal efficiency of various organic dyes on to CHA and CHA/
CoAl-LDH composite was examined. Fig. 11(b). clearly shows that the
cationic dyes methylene blue (MB) (91.4 %) and malachite green (MG)
(99.39 %) were more effectively adsorbed over CHA adsorbent than
anionic dye congo red (CR) (35.45). However, in CHA/CoAl-LDH com-
posite, both cationic (MG, MB) and anionic (CR) dyes are retained with
the respective adsorption percentage of 91.4, 66.15 and 92 %. The lower
affinity for anionic (CR) in CHA adsorbent is due to the resistance
offered by negatively charged functional groups(-COO’, COOR, OH")
present in the adsorbent surface. On the contrary, despite having
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negatively charged functional sites, the existing positively charge LDH
sheets and surface hydroxyl OH™ in CHA/CoAl-LDH composites makes it
a suitable candidate for adsorption of both cationic and anionic dyes.
Anionic dyes (CR) can be easily retained in CHA/CoAl-LDH composite
due to the electrostatic forces and H-bonding, whereas the adsorption of
cationic dyes is also attributed due to the presences of oppositely
charged attraction between CHA/CoAl-LDH and dye molecules [62].
Although CHA reveal high adsorption capacity for cationic dyes while its
affinity for anionic dyes was found relatively lower than CHA/CoAl-LDH
composites.

3.3. Effect of Temperature

Thermodynamic studies were relevant to elucidate the spontaneity,
adsorption mechanism, nature of adsorption and heterogeneity of the
adsorbent surface. For the in depth information about the effect of
temperature in adsorption process, the adsorption reaction was carried
out at three different temperature (303 K, 313 K, 323 K) for the initial
dye concentration of 50 mg/L, with 0.015 g dosages and a contact time
of 120 min. The thermodynamic nature in the present adsorbate-
adsorbent system was interpreted by evaluating various thermody-
namic parameters such as Gibbs free energy (AG), enthalpy (AH) and
entropy (AS) with the following equations [63,64]:

AG = —RTInK,4 14
AS AH

InKg = — —=— 1

= R TR as

where AG refers to Gibbs free energy, Kq = (qe/Ce) indicates adsorption
distribution coefficient, T is the temperature in Kelvin and R denotes
universal gas constant. Based on the malachite green adsorption data
which is obtained from the thermodynamic studies, the Vant-Hoff plot i.
e the linear plot of InKq vs 1/T was obtained. The values of the enthalpy
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AH and entropy AS were calculated from the slope and intercept of the
plot as shown in Fig. 11 (¢). Table 4 summarizes the determined values
of various thermodynamic parameters during sorption experiment. It is
apparent that AG values decreases as the temperature increases from
303 K to 323 K in both cases which further implies the feasibility and
spontaneity of adsorption process. The positive values of enthalpy
change AH for malachite green adsorption over CHA (72.49 KJ/mol)
and CHA/CoAl-LDH composite (110.24 KJ/mol) indicates the endo-
thermic nature of adsorption. Again, the entropy change AS indicate the
randomness of solute molecules in the solid-liquid interface. It is
obvious that the greater + ve value of AH incase of CHA/CoAl-LDH
composite revealed increased randomness in CHA/CoAl-LDH-MG
interface thereby reflecting its affinity for the dye molecules. More-
over, the obtained result shows that the adsorbent CHA have relatively
higher adsorption capacity than CHA/CoAl-LDH composite. In addition,
the adsorption has been found to be favored at higher temperature
which confirms more feasibility at 323 K.

To further elucidate the dominance of either chemisorption or
physisorption as the most appropriate adsorption mechanism, thermo-
dynamic parameters such as activation energy (E,) and sticking proba-
bility (S*) were evaluated by applying the experimental data in modified
Arrhenius equation related to surface coverage (6). The modified
Arrhenius equation is presented by the following equations [65]:

S" = (1 —@)e B/RT (16)
6=1 —%) a7
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LDH composite.

Table 2
Langmuir, Freundlich and Temkin isotherm parameters for the adsorption of MG dye on to CHA and CHA/CoAl-LDH composite.
Adsorbent Langmuir Freundlich Temkin
Qmax K R? K{(mg/g) n R? By Ar R2
mg/g L/mg (L/mg)"""
CHA 943.39 0.12755 0.981 119.53 1.452 0.966 223.30 1.087 0.947
CHA/CoAl-LDH 666.65 0.03772 0.993 30.25 1.374 0.976 113.12 0.527 0.917

. E,
InS* =1In(1 —0) — RT (18)
In(1 — 6) =InS™ + B (19)
N RT

where 0 indicates surface coverage, E, (KJ/mol) denotes activation en-
ergy, S* represents the sticking probability, which is a temperature
dependent parameter and its magnitude lies between (0-1) for a pref-
erable process. Cy and C, are the concentration of adsorbate at initial
and at equilibrium, respectively.

The graphical representation of In (1-6) vs 1/T is displayed in Fig. 11
(d). The activation energy E, and sticking probability (S*) were calcu-
lated from the slope and intercept of the plot (Fig. 11 d). In Table 4, it is
clearly seen that the activation energy (E,) of CHA and CHA/CoAl-LDH
composite in malachite green adsorption were 101.35 and 69.50 KJ/
mol, respectively. In general, the chemisorption process requires more
energy, as a result it is associated with high activation energy (E,)
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(40-800 KJ/mol). On the contrary, the relatively lower activation en-
ergy (E,) below 40 KJ/mol is involved in physisorption process. Since,
the magnitude of E, ranges between 40-800 KJ/mol for both adsorbents,
therefore, it further corroborates chemisorption, possessing higher po-
tential energy barrier as the most suitable mechanism during the sorp-
tion process [66].

The influence of temperature on the removal efficiency of MG onto
CHA and CHA/CoAl-LDH was illustrated in Fig. 12. It was observed that
as the temperature elevates from 303 K to 323 K, both CHA and CHA/
CoAl-LDH showed increased in dye removal %. This ensures with the
endothermic properties of the adsorption process. Moreover, the ob-
tained results in thermodynamic studies also validate the suitability of
the present adsorbents to be applied at high temperature reaction
conditions.
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Table 3

Parameters of pseudo first order, pseudo second order, intraparticle diffusion,
Elovich model and Bangham model for the adsorptive removal of MG dye by
CHA and CHA/CoAl-LDH adsorbent.

Kinetics Parameters CHA CHA/
model CoAl-
LDH
Dye
Concentration
50 100 mg/L 50 mg/ 100
mg/L L mg/L
qe(exp) 133.33  266.65 128 253.32
Pseudo-first Qe1(mg/g) 90.03 102.72 75.04 77.76
order
Ky x 102 2.12 1.47 1.03 0.74
min~!
R? 0.978 0.964 0.991 0.951
Aq 0.097 0.185 0.124 0.208
Pseudo- Qe2(mg/g) 148.14  276.24 130.71 242.71
second
order
Ko x 10 (g. 313 2.88 2.95 4.05
mg'min~1)
R? 0.996 0.996 0.992 0.995
Aq 0.033 0.010 0.006 0.012
Intraparticle Ki(mg/g. 5.68 7.96 6.81 4.78
diffusion min~ %)
C(mg/g) 42.80 158.89 48.94 167.86
R? 0.976 0.905 0.869 0.919
Elovich i 0.035 0.031 0.044 0.034
o 19.40 693.58 20.74 953.89
R? 0.947 0.872 0.949 0.793
Bangham Kg 24.92 51.46 25.31 59.46
AB 0.294 0.141 0.254 0.085
R? 0.924 0.870 0.962 0.805
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3.4. Adsorption Isotherm

The adsorption isotherm behavior of malachite green over CHA and
CHA/CoAL-LDH composite was evaluated to discern the quantitative
information regarding adsorption capacity of the adsorbent and the
distribution of dye molecules between solid-liquid interfaces on reach-
ing equilibrium. The experimental isotherm data was analyzed based on
the widely used three isotherm models namely Langmuir, Freundlich
and Temkin which is presented in Fig. 13. However, the linear regres-
sion R? value for CHA and CHA/CoAl-LDH composite in Langmuir
model are 0.981 and 0.993, respectively which is relatively greater in
comparison to Freundlich and Temkin model as shown in Table 2.
Consequently, Langmuir model is found to be more appropriate and can
best describe the experimental isotherm data. Nevertheless, it suggests
that the adsorption of solute molecules takes place in a homogeneous
surface through the formation of monolayer [67]. The calculated qp
value obtained from the linear plot of 1/C, vs 1/q, for CHA (943.39 mg/
g) and CHA/CoAl-LDH composite (666.65 mg/g) were significantly
higher compare to the other adsorbents for malachite green removal.

The plot of Ryvs C, is displayed in Fig. 14(a, b). The dimensionless
separation R;, which is an important parameter for elucidation of
Langmuir isotherm is determined and lies in the range of 0-1 for both
adsorbents. In general, the values of Ry, indicates the type of isotherm
such as irreversible (Ry, = 0), favorable (0 < Ry, < 1) and unfavorable (Ry,
greater than 1). Since, the Ry, value is less than unity for both CHA and
CHA/CoAI-LDH composite. Therefore, it implies favorable intake of
malachite green dye during sorption process [68].

3.5. Kinetics studies

The experimental data obtained from the kinetics studies was
interpreted by pseudo first order, pseudo second order, Elovich, intra-
particle diffusion and Bangham model. The determined values of ki-
netics parameters for the adsorption of malachite green dye by two
adsorbents were presented in Table 3. The linear fitting of the kinetics
data based on these four models are shown in Fig. 15. The coefficient
correlation R? value listed in Table 3 corresponding to pseudo second
order model is closer to unity, and also lower normalized standard de-
viation Aq value was obtained compare to the first order kinetic model.
Thus, it is apparent that pseudo second order model is more appropriate
model for elucidation of adsorption kinetics while adsorption of mala-
chite green dye over CHA and CHA/CoAL-LDH composites. Further-
more, the rate limiting step during the sorption process is predominantly
controlled due to chemisorption. In addition the q.(mg/g) values
calculated from pseudo second order model for CHA and CHA/CoAl-
LDH composite at the initial dye concentration (50 mg/L) were
148.14 and 130.71 mg/L, respectively. The obtained values are rela-
tively consistent with experimental g, values which are higher than the
ge1 value evaluated from pseudo first order model [69].

The Weber Morris plot of q; vs t* illustrated in Fig. 15 (c) was not a
straight line passing through the origin which confirmed that intra-
particle diffusion is not the rate limiting step in the adsorption of mal-
achite green from aqueous solution. The coefficient of determination R?
lies between (0.86-0.97) for the entire range of contact time while
fitting the kinetics data based on this model. However, it is evident that
sorption of dye takes place in three stages, initially most of the malachite
green molecules quickly occupy the vacant adsorption site present on
the external surface. In the second stage, the rate of adsorption retards
due to the slow diffusion of adsorbed dye molecules inside the pore of
adsorbent. Subsequently, the equilibrium adsorption was achieved at
the last stage. The thickness of boundary layer C corresponding to CHA
and CHA/CoAl-LDH was listed in Table 3 which displayed higher value
at greater initial dye concentration. The obtained results can be
described based on the increasing boundary layer effect which is due to
the rapid adsorption of vacant site by adsorbate molecules at high
concentration [70].
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Table 4
Thermodynamic parameters for the adsorption of MG dye on to CHA and CHA/CoAl-LDH composite.
Adsorbent T(K) Kq AG(KJ/mol) AH(KJ/mol) AS (J/ mol. K) E,(KJ/mol) S*
CHA 303 3.701 —9.367 72.498 269.872 101.35 6.45 x 10°"°
313 4.789 ~12.468
323 5.445 —14.059
CHA/CoAl-LDH 303 2.629 —6.628 110.24 383.716 69.50 6.23 x 107
313 3.652 —9.508
323 5.281 —13.751
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Fig. 15. Linear plot of different kinetic models (a) Pseudo-first order (b) Pseudo-second order (c) Intraparticle diffusion and (d) Elovich model.

The plot of q; vs In t was demonstrated in Fig. 15 (d). Based on fitting
the experimental kinetics data by Elovich model, the obtained values of
a were greater than p, which is summarized in Table 3 for all initial dye
concentration (50, 100 mg/L). Thus, it suggests that the adsorption rate
of malachite green dye on to CHA and CHA/CoAl-LDH composite were
comparatively higher than desorption rate. Moreover, the coefficient of
determination R? values of the linear fit were greater than 0.90 at low
dye concentration which also further validate the applicability of this
model [71].

Kinetics data were further investigated by Bangham model to iden-
tify if pore diffusion is the slowest step occurring in adsorption kinetics
experiment. The results obtained from Bangham model was displayed in
Fig. 16(a) and Table 3. The non linear graph was obtained from the
kinetics data which reveals that pore diffusion is not the rate limiting
step during the sorption process [72]. However, the value of linear
regression coefficient (RZ) for MG (50 mg/L) adsorption over CHA and
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CHA/CoAl-LDH composite adsorbent was in the range between
(0.92-0.96). Although, it is not significantly high enough but it also
indicates the applicability of this model to interpret the diffusion of MG
dyes molecules over adsorbent surface. The determined values of Kg and
AB were CHA(0.294, 24.92) and CHA/ CoAl-LDH (0.254, 25.31),
respectively.

3.6. Adsorption Mechanism

The adsorption of MG onto CHA and CHA/CoAL-LDH composite
involves a complicated mechanism. However, the various plausible
interaction associated during dye sorption are electrostatic attraction,
H-bonding, n-r, n-, ion exchange and pore filling, which is illustrated in
Fig. 17. The effect of pH studies had already confirmed the influence of
solution pH in the electrostatic attraction between adsorbate and
adsorbent molecules. Besides, electrostatic attractions the aromatic
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Fig. 16. (a) Bangham kinetic plot and (b) Reusability studies.

structure of MG dye could also be adsorbed through weak n-r and n-n
interactions. The n-t and n-n interaction was initially proposed by
Mattson et al. [73] and Coughlin et al. [74]. As depicted in Fig. 16 the n-n
interaction takes place between n electrons of the negatively charged
CHA or CHA/CoAIl-LDH surface, and the = electrons of the aromatic ring
of MG. Moreover, the oxygen containing functional group such as OH,
C—O can also act as an electron donor, in which the aromatic ring of MG
can accept this electron, thereby making the n-n interaction feasible.
Thus, the existence of n-n and n-x interaction can be speculated in the
present studies [75,76]. However, H-bonding is another possible
mechanism that can occur between OH group of the adsorbent and the
electronegative elements O and N of the MG dye. The shifting of the -OH
peaks in CHA (3453 to 3438 cm™!) and CHA/CoAl-LDH composite
(3447 to 3455 cm 1) can be observed from the IR spectrum after MG
adsorption which further clarify the existences of H-bonding. Further-
more, the contribution of ion exchange and pore filling mechanism are
also reported in the adsorption of cationic dye by several activated
carbon and LDH/biochar composites [77]. Although, the contribution of
ion exchange in the current system is not clearly known, a small quantity
of cations such as K, Na™ and Ca?* present in the adsorbents CHA and
CHA/CoAl-LDH may be substituted with the positively charged MG dye.
Since, CHA and CHA/CoAl-LDH are porous material as evidenced from
the aforementioned BET and SEM analysis, so it can also be predicted
that adsorption of MG dye into its non micropore might take place via
pore filling mechanism. Additionally, after adsorption of MG dye several
new peaks were detected in between (300-1700 c¢m 1) in both CHA and
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CHA/CoAl-LDH composite. The peak observed at stretching frequency
ranging between (1162-1225 cm™') can be attributed to the C—N
stretching vibrations of the aromatic ring. In addition, the peak corre-
sponding to C=C stretch, CH> scissoring, CHs asymmetric and NH; wag
were displayed at 1520 cm ™}, 1444 cm™?, 1350 cm ™! and 816 cm™!
respectively [35]. Thus, the obtained result further supports the suc-
cessful adsorption of MG dye over the proposed adsorbents.

3.7. Comparative analysis with other adsorbents

The maximum monolayer adsorption capacity (qmax) value of CHA
and CHA/CoAl-LDH composite was compared with previously explored
LDH and activated carbon, to determine the potentiality of the currently
studied adsorbent. From Table 5 it was observed that the adsorption
capacity of CHA and CHA/CoAl-LDH composite for MG adsorption was
significantly high compare to most of the listed adsorbents. However,
along with high qmax value another advantage of CHA/ CoAl-LDH
composite was its feasibility for removing both cationic and anionic
dye [78-85].

3.8. Reusability

The reusability test of the adsorbent is an important aspect to un-
derstand the stability and economic feasibility for commercial and in-
dustrial application. The reusability performance of CHA and CHA/
CoAl-LDH composite was executed up to third cycle under the experi-
mental condition fixed at C, = 60 mg/L, dosages = 0.015 g and contact
time = 6 h. After each consecutive cycle the initially adsorbed MG dye
was desorbed from the adsorbent by washing thoroughly with ethanol
and distilled water. The graph of reusability test is depicted in Fig. 15(b),
it is evident that both the adsorbent showed decrease in dye removal %
after each cycle. At first run, the removal capacity of MG dye by the
adsorbent CHA (95 %) and CHA/ CoAl-LDH composite (94.2 %) was
achieved, which then slowly declines to 71.35 % and 60.3 %, respec-
tively. However, this reduction in adsorption performance can occur due
to the loss of the active sites during the regeneration of the adsorbents.

4. Conclusion

In summary, the composite material CHA/CoAl-LDH was success-
fully prepared by a facile co-precipitation method and employed for
investigating its adsorptive removal of malachite green dye from the
aqueous medium. SEM and TEM results indicate that CHA/CoAl-LDH as
a composite exhibited porous carbon and nano sized hexagonal LDH
platelets. The modification of CoAl-LDH with coconut husk ash (CHA)
had significantly improved the surface characteristics by enriching with
several functionalities and promoted better adsorption performance
towards the targeted organic pollutant. Nevertheless, the pristine CoAl-
LDH does not show its adsorption affinity to cationic dye (MG), due to its
inherent positively charge brucite sheets which caused repulsion to the
adsorbate molecule, while after fabrication with CHA the maximum
monolayer adsorption capacity was exceeded up to 666.4 mg/g. The
effect of pH studies showed better feasibility of CHA/CoAl-LDH in dye
removal under basic pH conditions. The reusability test of the composite
material indicates that after third cycle the removal capacity drops to
60.3 %. The utilization of such low cost and environmentally benign
carbonaceous material had produced a suitable candidate which can be
exploited in multi dye removal system. The adsorption data has been
validated well according to Langmuir and pseudo second order model,
which mainly supports that the uptake of MG dye occurs through the
formation of monolayer over the surface of CHA/CoAl-LDH, and also
hinted the existence of chemisorption process. The probable sorption
mechanism associated in CHA-MG and CHA/CoAl-LDH-MG system
resulted from several interactions including electrostatic, H- bonding,
n-n, n-x, pore filling and ion exchange. Therefore, the present study
would intrigued the new researchers for designing LDH composite by
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Fig. 17. Plausible adsorption mechanism for adsorption of MG dye on to CHA/CoAl-LDH composite.

Table 5

Comparison of the optimum experimental condition for the adsorption of MG dye by previously reported adsorbents.
Adsorbent pH Dosages Isotherm Kinetics Qmax (Mg/8) Reference
Mn-Fe LDH/PES composite membrane 7 0.02 g Langmuir Pseudo-second 13.49 [78]
Amygdalus Scoparia AC 7 0.01g Langmuir Pseudo-second 144.30 [79]
Zn Fe-LDH 6 0.05g Langmuir-Freundlich - 71.74 [80]

Nanostructure

CuAl-SiW;5049 - - Langmuir Pseudo-second 149.25 [81]
ZIF@ZnAl-LDH 10 001g Langmuir - 155.27 [82]
NiCoAl-LDH 10 - Langmuir - 110.13 [83]
MgAl/Biochar - - Freundlich Pseudo-second 70.92 [84]
Heveabrasiliensis root AC 4-10 02g n-BET Avrami model 259.49 [85]
CHA 10 0.03g Langmuir Pseudo-second 943.39 This Work
CHA/CoAl-LDH nanocomposite 10 0.03g Langmuir Pseudo-second 666.40 This Work

using various agricultural waste derived carbon for decontamination of
various organic and inorganic water pollutants.
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Synthesis of Ternary CaNiAl-Layered Double Hydroxide as Potential
Adsorbent for Congo Red Dye Removal in Aqueous Solution
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A hierarchically porous ternary CaNiAl-LDH material was synthesized via a facile urea hydrolysis method and characterized by PXRD,
FT-IR, BET, SEM and TGA techniques. The adsorption efficiency of synthesized ternary CaNiAl-layered double hydroxide was also
examined using Congo red dye as a model pollutant. Material characteristics affirmed with the formation of circular and flower-like LDH
particles with accessible mesopores of 3.85 nm and intermediate surface area of 58.45 m?*/g. The synthesized ternary CaNiAl-LDH
material exhibited the maximum adsorption capacity of 135.21 mg/g towards the targeted organic pollutant from an aqueous medium. The

isotherm and pseudo-second order model, respectively. In addition, the thermodynamic studies also suggested the endothermic and
spontaneity of the sorption process. The reusability studies confirmed that CaNiAl-LDH can be reused up to fourth cycle. Therefore, the
proposed material CaNiAl-LDH can be advocated as a highly effective low cost adsorbent for the treatment of water contaminants.

INTRODUCTION

With the fast growth of urbanization, the discharge of
effluents from various manufacturing industries had created
environmental hazard for all living species due to its diverse
effect. Among several water pollutants, the use of synthetic
azo dyes had emerged rapidly due to its wide applications in
industries such as textile, plastic, leather, foods, cosmetics,
medicine and paper [1]. Dyes disperse in water bodies leads
to coloured water, which can block the radiation from sunlight
and can affect aquatic life forms. In addition, azo dyes have
complex and stable chemical structure that makes it very diffi-
cult to separate or degrade from the water bodies via conven-
tional methods [2]. Due to its recognized carcinogenic and
mutagenic effects, it is also extremely poisonous and causes
variations in parameters like BOD and COD levels, which can
be harmful for all types of habitat. In particular, Congo red
(CR) dye a type of azo dye is highlighted toxic and causes
adverse effects such as irritation, cancer, photosynthesis inhi-
bition, reduction in oxygen level and suffocating flora and fauna
[3]. Therefore, it is imperative to treat azo dye-polluted waste-

obtained results in isotherm and kinetic studies demonstrated that sorption of Congo red dye onto CaNiAl-LDH followed Langmuir |

Keywords: Layered double hydroxide, Congo red dye, Adsorption, Intercalation.

waters in order to reduce the pollutants present in the industrial
effluents.

For wastewater treatment, a number of techniques and
methods are developed in order to reduce the adverse affects
of poisonous dyes. Some widely used efficient techniques that
can achieve dye separation from an aqueous medium are filtr-
ation [4], coagulation/flocculation [5], ozonation [6], photo-
degradation [7] and adsorption [8]. However, adsorption method
is deemed as one of the most preferred approach in remediation
of various toxins from liquid phase. Due to ease of operation,
low cost, high efficiency, non-toxic and mild reaction condition,
it can be easily afforded. This technique can be applied to
separate, purify, detoxify and deordorize the toxic product in
both liquid and gaseous medium. A large number of adsorbents
were reported for the removal of Congo red dye, for instances
Metal-organic frameworks (MOFs) [9], activated carbon [10],
polymer composite [11], zeolite [12] and LDH [13]. Moreover,
due to its multiple advantages, such as flexible structure, high
surface area, thermal stability, ease of regeneration and non-
toxicity, layered double hydroxide (LDH) can be considered one
of the most promising candidates in water pollution treatment.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.
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Layered double hydroxides (LDHs) are the broad class
of anionic clays, which is generally represented by the chemical
formula [MT"M;3*(OH,)|**(A™)»-H,O] where M** (Ca**, Mg,
Fe™, Ni*"), M¥*(Fe™, AI**, Cr*) and A™(CO3", CI", NO3) are
divalent metal cation, trivalent metal cations and interlayer
ions, respectively. Designing of LDH can be achieved through
various synthetic routes such as hydrothermal, urea hydrolysis,
co-precipitation, rehydration/construction, ion exchange. In
addition, anion exchange in the structure can be tuned by inter-
calating with various organic and inorganic ions, which plays
a key role in the adsorption process [14,15]. Consequently, to
improve the sorption characteristics of binary LDH, the
variation in the structure can be made by introducing third
metal ions.

In this work, an attempt is made to synthesize ternary
CaNiAl-LDH via urea hydrolysis method. The as-synthesized
sorbents were implemented for the removal of targeted azo-
dye (Congo red dye) from the aqueous solution. The influence
of the adsorption parameters such as pH, temperature, dosages,
contact time, initial dye concentration on the adsorption
performances was investigated. The reusability studies are also
conducted. The isotherm and kinetic studies were also reported
and the plausible mechanism of dye sorption were also anal-
yzed by recording P-XRD and FT-1R spectra of the sample after
adsorption of Congo red dye.

EXPERIMENTAL

Nickel chloride hexahydrate (NiCl,-6H,0), calcium
chloride dihydrate (CaCl,-2H,0), aluminium chloride, sodium
hydroxide were procured from Merck, while urea and Congo
red dye (C3Hx»NO6S:Na,) were purchased from Qualigens
India Pvt. Ltd. All the obtained chemicals were of analytical
grade and utilized directly without any further purifications.

Preparation of adsorbents: Layered double hydroxide
(LDH) sample was prepared via a facile urea hydrolysis method.
Initially, a mixture of metal precursor’s solutions containing
8 mmol NiCl,-6H,0, 8 mmol CaCl,-H,O and 4 mmol AICl; in
a 100 mL aqueous solution was stirred. Subsequently, 2.1 g of
urea was further added to the above solution mixture and conti-
nuously stirred until the precursors were completely dissolved.
The resulting suspension was then transferred in autoclave and
heated at 150 °C in an oven for 6 h. The obtained green preci-
pitate was collected and washed several times with deionized
water. Finally, the resulting product was dried in a vacuum at
50 °C and crushed with mortar to obtain the powder form,
which is denoted as CaNiAl-LDH.

Adsorption experiments: To investigate the adsorption
efficiency of ternary CaNiAl-LDH, the adsorption isotherm
experiment was conducted in a batch mode. In isotherm studies,
a stock solution of Congo red dye having initial concentration
from 30 to 270 mg/L was prepared in distilled water. A Congo
red dye solution (20 mL) at varying initial concentration was
taken in a conical flask and 0.025 g of adsorbent was mixed.
The resulting solution was then allowed to stir at 28 °C (room
temperature) in a water bath shaker for time period of 6 h to
attain equilibrium. The adsorbent was separated from the liquid

suspension by filtration and the concentration of Congo red dye
in filtrate was measured by using UV-Spectrophotometer at the
absorption maximum wavelength of 498 nm. The percentage
removal and quantity of Congo red dye adsorbed on to CaNiAl-
LDH was calculated by the given equation:

C -C
Dye removal (%) =—2 € %100
y (%) C. 1)
(C -C)V
— [ e 2
e @)

where C, and C. denotes initial and equilibrium dye concen-
tration, respectively; q. indicates amount of dye adsorbed at
equilibrium, V represents volume of the adsorbate solution
(mL) and W signifies the quantity of adsorbent (g).

In kinetic studies, 0.025 g of adsorbent CaNiAl-LDH was
mixed with 40 mL of Congo red dye solution at the initial dye
concentration (50 mg/L). The liquid suspension is then allowed
to agitate in a shaker for a time period of 3 h. After a definite
time interval, 2 mL of the solution was withdrawn and separ-
ated from the adsorbent by centrifugation at 1000 rpm. Similarly,
the residual dye concentration was estimated at the maximum
absorption wavelength of 498 nm. The quantity of dye uptake
at time ‘t” was evaluated by the equation:

_C -C)HV
q.= W (3)

where g, represents amount of dye adsorbed at time ‘t’, C,
indicates the concentration of dye at time ‘t’.

RESULTS AND DISCUSSION

XRD studies: The PXRD spectra of the synthesized hier-
archically porous ternary CaNiAl-LDH before and after sorption
of Congo red dye are shown in Fig. 1. The characteristics
pattern of the typical layered double hydroxide structure was
exhibited in pristine CaNiAl-LDH. The peaks observed at 26
values 11.34°, 22.94°, 34.88°, 39.17°, 46.48°, 60.75°, 62.17°
were attributed to corresponding indexed plane 003, 006, 009,
015,018, 110, 113, respectively [ 16]. A well-crystalline character
of the as-synthesised sample is further supported by a strong
reflection in the XRD spectrum. However, the evaluated values
of a=0.3 nm and ¢ =2.34 nm based on expressions (a = 2d| o,
¢ = 3dy:) were found almost constant for CaNiAl-LDH and
CaNiAl-LDH-Congo red. Since, the shifting of peaks was not
observed after the adsorption of Congo red dye, thus it can be
anticipated that sorption takes place on the external surface
rather than intercalation on the interlamellar spaces [17].

FT-IR studies: The identification of surface functionalities
was performed by FT-IR analysis as shown in Fig. 2. The broad
band at 3489 cm™ arises due to —OH stretching vibration of
water molecule. Another band detected at 1641 cm™ is attri-
buted to the bending vibration of -OH group. A sharp absor-
ption peak at 1370 is assigned to the interlayer NO5™ ion and
the low intensity band between 800-600 cm™ was noticed due
to M-O stretching vibration (Ca-O, Al-O, Ni-O). After adsor-
ption of Congo red molecule, the spectrum of CaNiAl-LDH-
Congo red manifested two small new peaks at 1043 cm™ and
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Fig. 2. FT-IR spectra of CaNiAl-LDH before and after adsorption of Congo
red dye

522 cm™, which confirms that sorption of Congo red dye mole-
cules over the surface of adsorbent occurred. In addition, the
intensity of the peaks also reduced after adsorption in comp-
arison to pristine CaNiAl-LDH. Thus, the result was consistent
and strongly suggests the active role of surface functional
groups during the adsorption of targeted pollutants [18,19].
Adsorption-desorption isotherms: Fig. 3 illustrates the
N,-adsorption desorption isotherms of ternary CaNiAl-LDH;
while the insets of Fig. 3 showed the pore size distribution curve
determined based on BJH method of the sample. The isotherm
curve is consistent with type-IV isotherm and Hs-hysteresis
loop, which signifies the presences of mesopores on the material.
InFig. 3, itis observed that the isotherm curve generates slowly
at higher relative pressure (P/P, < 0.8), which depicts the inter
particle mesoporosity of CaNiAl-LDH. The specific surface
area, pore size and pore volume of the as synthesized sample
were 58.45 m/g, 3.85 nm and 0.106 cc/g, respectively [20].
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Fig. 3. N,-adsorption desorption isotherm curve of CaNiAl-LDH

Thermal studies: The mass decomposition of the synthe-
sized CaNiAl-LDH sample was studied by thermogravimetric
analysis. The TGA curve (Fig. 4) shows that mass losses takes
place at three different stages. The initial mass loss of 11.62%
in the region between 30-220 °C was observed due to the elimi-
nation of physio adsorbed water molecule. The highest mass
loss of 19.07% takes place in the second step around (220-
574 °C), which can be ascribed to the removal of interlayer
ions such as NO3, CO3", CI". Moreover, the final stage of mass
loss (4.4%) arises between 574-721 °C, where the layered stru-
cture of CaNiAl-LDH gets completely destructed and beyond
720 °C, the curve appears to be a constant straight line without
further mass loss [21].
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Fig. 4. TGA profile of the adsorbent CaNiAl-LDH
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Morphology studies: The SEM images of pristine
CaNiAl-LDH at different resolution (100 nm, 200 nm, 1 wm)
are shown in Fig. 5. The synthesized hierarchically porous
ternary LDH showed smooth structure with circular and flower
petals like shape with an average size below 300 nm. The uni-
form distribution of the LDH particle over the adsorbent
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Fig. 5. SEM images of the adsorbent at different magnifications (10 Kx, 50 Kx and 100 Kx)

surface can be ruled out (Fig. 5¢), which also reflect the form- Fig. 6 demonstrates the non-linear fitting of adsorption
ation of characteristics LDH platelets with many pores existing isotherms data for the sorption of Congo red dye molecules on
in it, which could be responsible and contributes in the good to CaNiAl-LDH. The isotherm parameters are listed in Table-1.
adsorption performance of the material [22,23]. Itis observed that the coefficient of determination for Langmuir

Adsorption isotherm: In isotherm studies the three most (R*=0.972) was found higher than other isotherm models such
widely used models namely Langmuir [24], Freundlich [25] as Fruendlich (R*=0.850) and Temkin (R?=0.926). The maxi-
and Temkin [26] were employed for investigating the sorption mum monolayer adsorption capacity (gm. = 135.21 mg/g)
behaviour of Congo red dye on to ternary CaNiAl-LDH. Based value was evaluated from Langmuir model. The adsorption of
on Langmuir model, it assumes that adsorption of the solute Congo red dye on to CaNiAl-LDH was more suitable and can
molecules over the homogeneous surface takes place through be best described according to Langmuir model, which shown
the formation of monolayer, while the Freundlich model explains

the adsorption process where development of multiple layer TABLE-1

occurs in the heterogeneous surface. The non-linear expression ADSORPTION ISOTHERM PARAMETERS DETERMINED
. g . . . P BY LANGMUIR, FREUNDLICH AND TEMKIN MODELS

for Langmuir, Freundlich and Temkin model are given as:

Isotherm model Isotherm constant Values
q = Qe C KL @ o (Mg/2) 13521
°1+K,.C : K, (L/mg) 04543
b Langmuir R 0.972
q. =K,C" ) 7 44.62
K, (mg/g)(L/mg)" 55.59
q. =B;In(K,C,) (6) : n 4.72
. o . . Freundlich 2 0.850
where C. (mg/g) is the equilibrium concentration of dye solution; R2 -
(m 1s the maximum monolayer adsorption capacity, K. and K¢ X 245.09
are the Langmuir constant and Freundlich constant, respectively. ETF g lsgz
The index ‘n’ indicates the intensity of adsorption; Br and Kr Temkin R 0.926
are the Temkin constant, which signifies heat of adsorption 7 12043
and equilibrium binding constant.
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Fig. 6. (a) Non-linear adsorption isotherm curves based on Langmuir, Freundlich and Temkin models, (b) Graph of Ry vs. C, plot
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that adsorption was more likely to occur through single layer
development.

The feasibility of the adsorption process was predicted by
a separation factor (Rr), which can be estimated by the following
equation:

1
L TI+K,C, )

The evaluated value of R lies in the range of 0-1 for all
initial dye concentration (30-270 mg/L). Thus, the obtained
results indicated that adsorption was favourable [27].

Adsorption Kinetics: To understand the adsorption rate
of Congo red dye and the dynamics associated during the
process, the kinetics studies was executed. The kinetic models
applied for investigating Congo red dye adsorption on to the
synthesized CaNiAl-LDH were pseudo-first order [28], pseudo-
second order [29], intraparticle diffusion [30] and Elovich model
[31]. The linearized equation for the respective models are
given by:

Kt
log(q, —q,) =logq, ———
2(q, —q,)=1logq, 2303 (8)
1 Lot
Lt 9
q K. q ©)
q, =Kt +C (10)
1 1
q, = In(aB)+—In(t) (11)

B B

where q. is the quantity of dye adsorbed at equilibrium (mg g™');
q: indicates the quantity of dye adsorbed at time t (mg g™); K;
represents intraparticle diffusion constant and C is the boun-
dary layer thickness.

The kinetics parameters for Congo red dye adsorption
are summarized in Table-2. The best fitting of the kinetic model
was determined by comparing the coefficient of determination
(R?) value. It is obvious that R* value (0.919) for pseudo-first
order was lower than pseudo-second order (0.998), which indi-
cates the more suitability of experimental data based on pseudo-
second order model. The experimental q. (mg/g) value was

TABLE-2
KINETIC PARAMETERS FOR THE ADSORPTION
OF CONGO RED DYE ON To CaNiAl-LDH

Kinetic model Parameters Values
Qoo 38.396

Pseudo-first order K, %i((){rzlg(;gﬂ)n?l) 1’1185'2% 6
R’ 0.919
41.152

Pseudossecond g x 107 (zeing*‘ min™) 1072451
R’ 0.998
Intraparticle K, (mefg min”) 1.620
diffusion C (m;g/g) 15.245
R 0.774
B 0.3215
Elovich o 0.1284
R’ 0.923

also close to qe; (mg/g) than q.; (mg/g). Thus, the adsorption
kinetics can be well explained with pseudo-second order model
and thereby indicating the presences of chemisorptions [32].

Fig. 7c displayed the intraparticle diffusion plot (q; vs.
t%), which showed the presences of multiple stages during
the sorption of Congo red dye molecules. The q, value between
(tos = 0.385-0.833) increased quickly, while in the middle
region bending of curves occurs due to diffusion into external
pores. At the last stage, it tends to a constant straight line due
to the achievement of equilibrium. Since, the plot of g, vs. t*
did not pass through the origin, therefore the intraparticle
diffusion is not the rate limiting step [33].

Similarly, based on Elovich model, the determined value
of adsorption rate (o) and desorption rate () were found to
be 0.128 and 0.321, respectively. The coefficient of determi-
nation value (R*=0.923) also further suggests the applicability
of this model [34].

Effect of contact time: The effect of contact time plays a
key role in dye uptake. The removal efficiency of the adsorbate
species as a function of contact time was investigated by fixing
the experimental conditions with 50 mg/L initial concentration,
0.025 g dosages and contact time of 260 min, respectively. As
shown in Fig. 8a, it is apparent that the adsorption rate occurs
rapidly at the first 70 min where adsorption capacity (q,) reaches
up to 31.62 mg/g. This can be explained due to the easily avail-
able active site at the initial stage of contact time, which is
followed by the steric repulsion of incoming Congo red dye
molecules on the sorption site, thereby leading to the equili-
brium stage after 175 min [35].

Effect of adsorbent dosages: Estimating the optimal
dosages is critical for maintaining a cost-effective system. To
investigate the effect of doses, the amount of adsorbent was
varied from 0.005 g to 0.03 g at an initial dye concentration of
50 mg/L. The quantity of dye adsorbed (q.) decreases from
170.16 to 32.44 mg/g and the removal percentage elevates from
85.08 to 97.34%. After 0.02 g dosages the removal efficiency
does not increase significantly and remains constant (Fig. 8b).
Itis due to the fact that further increase in the applied adsorbent
quantity may results in the accumulation of LDH particles
which will not promote sorption of Congo red dye [36].

Effect of initial dye concentration: The effect of initial
dye concentration is an important parameter and provides the
essential driving force for adsorbing Congo red dye ions over
the surface of adsorbents. Fig. 9a displayed the influence of
initial dye concentration (30 to 270 mg/L) with 0.025 g dosages
on the adsorption of Congo red dye molecules on to CaNiAl-
LDH. Initially, high adsorption efficiency (97.77%) was obser-
ved at low adsorbate concentration due to the freely accessible
sorption site, when the concentration of Congo red dye solution
increases, the saturation on the adsorbent surfaces steadily
decreases the removal efficiency [37].

Effect of pH: In present study, Congo red dye dye was
selected as adsorbate and considering the effect of pH, the
adsorption % were analyzed under pH 4, 7 and 10. The maxi-
mum removal % at pH 4, 7, 10 corresponding to the initial dye
concentration (30 mg/L) were 97, 95.7 and 80%, respectively.
Under acidic pH 4, the surface of CaNiAl-LDH bears the
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additional positvie charge due to protonation (H;O") from the
solution (Fig. 9b). As a result, the electrostatic attraction bet-
ween anionic Congo red dye ions and the positive charge LDH
surfaces increases the sorption efficiency. On the contrary, at

basic pH due to the the presences of competing negatively
charged OH™ ion, the adsorption of excess Congo red dye ions
on the active site declines. Thus, the pH of the solution during

the studies had shown notable effect [38].
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Thermodynamic studies: The thermodynamic studies
were carried out for the adsorptive removal of Congo red dye
ions at various temperature (30, 40, 50 °C) using ternary CaNiAl-
LDH adsorbents. The thermodynamic parameters such as Gibbs
free energy (AG), enthalpy (AH) and entropy (AS) provide
essential information regarding the feasibility of adsorption
process. As a result, the estimation of these parameters was
executed by using the following equations [39]:

AS AH

InK,=—>-==
R RT

AG =-RTInK, (13)

where Kqindicates adsorption distribution coefficient and R
denotes the universal gas constant. The values of enthalpy
change (AH) and entropy change (AS) was measured from the
slope and intercept of the graph In Ky vs. 1/T (K™), respectively.
The vant Hoff’s plot was displayed in Fig. 10a and the obtained
thermodynamic parameters are listed in Table-3. The negative
value of AG implies that Congo red dye adsorption onto the
CaNiAl-LDH was spontaneous and feasible process. As the
temperature increased from 313 K to 333 K, AG value was
found to decrease from -2.14 KJ/mol to -6.31 KJ/mol, thereby
indicating the favourable adsorption process at higher temper-
ature. However, the positive value of AH and AS, both demons-
trated the endothermic nature of adsorption and increase in the
randomness of the solid-liquid interfaces, respectively. The
calculated AH value (63.10 KJ/mol) in the current research
falls within the range for chemisorption processes, which typi-
cally have AH values between 80 and 200 KJ/mol. Therefore,
itis hypothesized that the process of Congo red dye adsorption
on CaNiAl-LDH will occur through physisorption [40].
Comparison with reported adsorbents: In previous
report, various modified LDH listed in Table-4 showed the
removal of Congo red dye from an aqueous solution. However,
in recent studies, it is notable that the use of ternary CaNiAl-
LDH exhibits greater adsorption capacity (135.21 mg/g) when
compared to other adsorbents such as Mg-Fe-Al-LDH, MgAl-
LDH, MNPs@NiFe-LDH and DS-Zn-Y hydroxide [41-48].
Therefore, the comparative result shows the feasibility of

(12)

1.0 =

0.8 =

L] L] L
0.00310  0.00315  0.00320
1T (K™)
Fig. 10. vant-Hoff plot for estimation of various thermodynamic parameters

in the sorption of Congo red dye

L] L
0.00300  0.00305

TABLE-3
CALCULATED THERMODYNAMIC PARAMETERS
FOR THE CaNiAl-LDH-CR SYSTEM

Adsorbent +AH +AS -AG (KJ/mol)
(KJ/mol) (I/mol) 313K 323K 333K
CaNiALLDH ~ 63.038 208.032 214 4,02 631

TABLE-4
LIST OF REPORTED LDH BASED SORBENTS WITH
THEIR q,,, VALUE FOR CONGO RED REMOVAL

Adsorbents Qe (ME/) Ref.
MgAI-LDH 111.11 [40]
LDH-EDTA-AM 632.9 [41]
Mg-Fe-Al-LDH 11 [42]
ZnAl-LDH 571.43 [43]
Mg-Fe-CO,-LDH 104.6 [44]
MNPs @NiFe-LDH 79.6 [45]
B-Ni(OH),/y-Fe,0,/NiFe-LDH 98.6-142.4 [46]
DS-Zn-Y hydroxide 96.24 [47]
MgAl-LDH/y-AlIO(OH)/C 447 [48]
CaNiAl-LDH 135.21 This work
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CaNiAl-LDH as an effective adsorbent in Congo red dye
removal.

Reusability: To determine the potentiality of the proposed
adsorbents on industrial applications, the reusability test in
the adsorption process was examined. For good adsorbents,
the repeated use does not significantly decline its affinity towards
targeted contaminants. In present studies, the reusability test
was investigated up to fifth cycle. Fig. 11 revealed that the removal
efficiency decreases from 95.73% to 75.99% as the recycle
proceeds from first to last cycle. However, it is observed that
the high sorption % of adsorbate molecules up to 75.99% was
maintained even after fifth cycle, which shows its excellent
performance for Congo red dye sorption. The slight decrease
in removal percentage after successive use might be attributed
to the loss of active site during regeneration.

100 =

804

D
o
L

Dye removal (%)
S
o
'l

n
o
1

Number of recycle

Fig. 11. Reusability efficiency of ternary CaNiAl-LDH in the removal of
Congo red dye from an aqueous solution

Conclusion

In summary, a ternary CaNiAl-LDH was synthesized by
urea hydrolysis method and applied for the treatment of aqueous
solution by selecting Congo red dye as a targeted pollutant.
The unique physico-chemical properties of the proposed adsor-
bent CaNiAl-LDH such as porosity, high surface area and flower
shaped LDH particles have contributed for the enhance sorption
of Congo red dye. Moreover, the isotherm and kinetics data
fitted well according to the Langmuir and pseudo-second order
kinetic models. In addition, the main factor responsible for
the adsorption of Congo red dye is due to the electrostatic
attraction between the positively charged brucite sheets of LDH
and negatively charged Congo red dye molcules. Thus, the
present study sheds light in exploring ternary LDH and suggest
that CaNiAl-LDH can be use as an alternative adsorbent for
the treatment of dye contaminated wastewater.
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