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ABSTRACT

In this paper, two materials, namely zinc aluminium carbonate layered double hydroxide (ZAC-LDH)
and calcined LDH (CZA-LDH) are prepared and employed for the removal of Direct Red-7 (DR-7)
dye from aqueous solution. Batch mode studies are carried out for the removal of DR-7 using different
parameters such as initial dye concentration, adsorbent dosage, contact time, temperature and pH.
The adsorption kinetics is studied using classic equations of pseudo-first-order, pseudo-second-order
and intraparticle diffusion models. The pseudo-second-order kinetic model fits well with the high cor-
relation coefficient for the removal of DR-7 by both ZAC-LDH and CZA-LDH. The equilibrium data
are examined using Langmuir and Freundlich isotherm models. The maximum adsorption capacity
for the removal of DR-7 onto CZA-LDH is found to be 666.67 mg/g which is higher than the ZAC-LDH
(357.14 mg/g) at 30°C. X-ray diffraction and Fourier transform infrared spectroscopy analysis also
have been carried out to confirm the interaction of dye molecule onto the adsorbents. The evaluated
thermodynamic parameters of AG° and AH® indicate that the adsorption process is spontaneous and
endothermic in nature. The ZAC-LDH and CZA-LDH are thermally regenerated and reused for the
dye removal of DR-7 from aqueous solution. The enhanced dye removal of DR-7 by CZA-LDH proves
that the CZA-LDH is a more suitable adsorbent for the removal of DR-7 compared with ZAC-LDH
from aqueous solution.

Keywords: Calcined layered double hydroxide; Direct Red-7; Isotherm; Memory effect; Kinetics;

Thermodynamics

1. Introduction

Synthetic dyes play a major role in various industrial sec-
tors like textile, dyeing houses, paper printers, leather and
cosmetics. The effluents discharged from these industries
and especially from textile industries carry a large number
of dyes and other degraded products during the colouring
process [1]. Even 1.0 mg/L of dye present in water is highly
visible and undesirable that makes the water unfit for human
consumption [2]. The release of colour in wastewater can
affect the aquatic life in terms of hindering photosynthetic
activity. Moreover, dyes are mutagenic and carcinogenic and
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they may cause severe damage such as dysfunction of the kid-
neys, reproductive system, liver, brain and central nervous
system to human beings [3-5]. Therefore, various attempts
are made for the removal of dyes from textile industry waste-
water. Several methods are employed for the treatment of
dyes and toxic molecules are generated from wastewater
stream that includes coagulation, flocculation, precipitation
[6], ozonation [7], oxidation [8], photocatalysis [9] and so on.

Adsorption is a widely used technique over the other
methods for the removal of dyes because of its simple design
and cost-effective operation [10]. Activated carbon is one
such material used in adsorption process for the removal of
dyes. Since it is an expensive material, there is an urgent need
to investigate a low-cost adsorbent which is effective and
economical. Some of the adsorbents prepared from waste
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materials such as orange peel, banana peel, lemon peel, egg
shell, sawdust, rice husk, fly-ash, coir pith carbon, pomegran-
ate peel, tea waste [11-16] and so on are alternative choices for
activated carbon and employed as carbonaceous precursors
for the removal of dyes from water and wastewater. Many
researchers have reported the possibility of using activated
carbon for the removal of dyes and other pollutants from
aqueous solution. The wide spectrum of anionic pollutant
present in wastewater treatment by using inorganic nano-
structured layered double hydroxide (LDH) material attracts
much interest among researcher. The possibility of the LDH
material as adsorbent is attempted for treating the wastewa-
ter containing anionic dye pollutant like Direct Red-7 (DR-7).

LDHs are cheap and nontoxic materials that belong to
the class of anionic clays [17]. The general formula of LDHs
is [M* _M* (OH),J*"(A™),, -mH,O, where M* is divalent
metal (Zn*, Mg?, Fe*, etc.), M™" is trivalent metal (Al*, Fe*,
etc.) and A is interlayer anions (CO,>, CI;, NO,;, SO 7, etc.)
[18,19]. Carbonates are the interlayer anion present in natu-
rally occurring mineral hydroxide which is a member of this
class of materials. LDH material shows a large flexibility of
composition that can be made by using different nature of the
divalent and trivalent cations in the layers, the type of inter-
layer anions (A™) and the stoichiometric coefficient (x) [20].
Due to the flexibility in composition and the exchangeability
of interlayer anions, LDHs possess a wide variety of proper-
ties. These materials find wide applications in various fields,
such as catalysis, adsorbents, ion exchanges, pharmaceutics,
purification and so on [21-25]. Calcination of LDHs around
550°C destroys the layered structure of the clay and gives rise
to porous mixtures of mixed oxides. Based on a unique prop-
erty of LDHs, the so-called structural “memory effect”, the
layered structure of these clays can be reconstructed when
the mixed oxides (calcined LDHs [CZA-LDH]) are exposed
to aqueous solutions of anions. The anions used during the
reconstruction process can be different from those of the orig-
inal LDHs [26].

In the present study, nanostructured zinc aluminium car-
bonate LDH (ZAC-LDH) and its CZA-LDH are synthesized
and employed as adsorbent for the removal of DR-7 from
aqueous solution.

2. Materials and methods
2.1. Preparation of ZAC-LDH and CZA-LDH

ZAC-LDH is synthesized by using aqueous solution of
ZnSO,.7H,O and AL(SO,),.16H,0. The aqueous solution of
zinc sulphate (1 M) and aluminium sulphate (1 M) are taken
in the molar ratio M?*/M? = 3 and mixed in magnetic stirrer.
Exactly 0.3 g of the cetyltrimethylammonium bromide (CTAB)
is added to the solution and it is made as a homogeneous
mixture with a magnetic stirrer. The mixture of precipitating
agent sodium hydroxide (1 M) and the intercalating carbon-
ate anion source sodium carbonate (0.5 M) are added drop by
drop until the pH is 9. The precipitate is poured into Teflon
lined stainless steel autoclave and heated to about 120°C and
maintained for about 8 h. The synthesized material is filtered,
washed several times with double distilled water until the
pH is neutral and dried at 80°C in hot air oven. The prod-
uct obtained is named as ZAC-LDH. The calcined ZAC-LDH

(CZA-LDH) is obtained by heating the original ZAC-LDH in
a muffle furnace at 450°C for 2 h in an air atmosphere with
heating and cooling rates of 10°C/min. Both the ZAC-LDH
and the CZA-LDH samples are finely powdered and used for
the analysis and adsorption studies.

2.2. Characterization

X-ray diffraction (XRD) pattern of both the samples are
characterized by using a Shimadzu XRD-6000 diffractome-
ter, with Ni-filtered Cu Ka radiation (A = 1.54 A) at 40 kV
and 200 mA. Solid samples are mounted on alumina sam-
ple holder and basal spacing (d-spacing) is determined via
powder technique. Sample scanning is done at 5°-80° range
with a scanning rate of 1°/min. Similarly, the morphology of
the samples before and after adsorption study is analyzed by
using field emission scanning electron microscope (FESEM).
The samples are coated with a gold/palladium film, and
the FESEM images are obtained using a secondary electron
detector. To investigate the interaction of functional group of
the dye molecule onto the adsorbent, Fourier transform infra-
red spectroscopic (FTIR) spectra are recorded over the range
of 400-4,000 cm™ using FTIR spectrophotometer.

2.3. Preparation of the adsorbate solution

The dye used for the adsorption study is DR-7. Molecular
formula of the dye is C,,H, N,Na,O,S, with colour index:
24100 and molecular weight: 756.72. The molecular structure
of the dye is given in Fig. 1.

A stock solution of 1,000 mg/L is prepared by dissolving
1,000 mg of commercial DR-7 dye (purchased from local dye
company) in 1,000 mL distilled water. The experimental solu-
tions of the desired concentration 25, 50,75 and 100 mg/L of
DR-7 are prepared from stock solutions. All the chemicals
used throughout this study are of analytical grade reagents.
Double distilled water is used for preparing all the solutions
and reagents. The initial pH adjusted with 0.1 M HCI or
0.1 M NaOH is obtained by successive dilutions.

2.4. Batch adsorption experiments

The adsorption experiments are carried out with the two
adsorbents prepared ZAC-LDH and CZA-LDH. The opti-
mized dose 0.5 g/L of ZAC-LDH and 0.125 g/L of CZA-LDH
(except dose variation study) used for different initial con-
centration of DR-7 are agitated in an Orbital shaker (REMI)
at 170 rpm. The mixture is withdrawn at specified time inter-
vals and centrifuged using electrical centrifuge (Universal)
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Fig. 1. Molecular structure of Direct Red-7.
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at 5,000 rpm for 20 min. The unadsorbed supernatant liquid
is analyzed for the residual dye concentration using Elico
BL198 Bio spectrophotometer at A__ 514 nm. The effect of pH
study is made by using dilute HCl and NaOH solutions. The
effect of temperature is also carried out at three different tem-
peratures, that is, 30°C, 40°C and 45°C. All the experiments
are carried out in duplicate for accuracy.

The amount of dye adsorbed at equilibrium (g,) is calcu-
lated using the following equation:

\%4
7.=(C=C)x, M
where g, is the quantity of dye adsorbed at equilibrium
(mg/g), C,is the initial dye concentration (mg/L), C, is the dye
concentration at equilibrium (mg/L), V is the volume of the
solution (L) and m is the mass of the ZAC-LDH/CZA-LDH
sample (g).

2.5. Regeneration of the adsorbents

To check the reusability of the ZAC-LDH and CZA-LDH
material for the removal of DR-7, calcination is carried out in
a muffle furnace at 450°C for 2 h in an air atmosphere with
heating and cooling rates of 10°C/min. Then, the thermally
regenerated material is reused for the removal of DR-7 dye
from aqueous solution with the same adsorbent dosage
(0.5 g/L for ZAC-LDH and 0.125 g/L for CZA-LDH) for
100 mg/L initial dye concentration.

3. Results and discussion
3.1. Characterization

The X-ray diffractogram of the synthesized nanostruc-
tured ZAC-LDH fits well to the characteristic reflections of
regular layered structure of LDH materials [27] is shown
in Fig. 2(a) and its calcined product (CZA-LDH) is shown
in Fig. 3(a). The occurrence of basal reflections of planes
observed for ZAC-LDH resembles the previous study [28].
The synthesized material is highly crystalline inferred from
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Fig. 2. XRD pattern of ZAC-LDH (a) before adsorption and
(b) after adsorption of dye DR-7.

the appearance of sharp peak at lower 20 value. Secondary
phases ZnO and Al(OH), are also seen around the higher 20
value in the range of 35°-60° along with brucite-like layer
[29,30]. Since the interlayer distance between the layers in the
synthesized ZAC-LDH is observed as 7.33 A, itis known as a
nanostructured material.

On calcination of ZAC-LDH at 450°C, the original lay-
ered structure is collapsed with the loss of interlayer carbon-
ate anion, hydroxyl and water molecule with the formation
of mixed metal oxide. The disappearance of basal reflections
of planes (003) and (006) in XRD pattern in Fig. 3(a) confirms
the loss of original layered structure with the formation of
mixed metal oxides.

Figs. 2 and 3 give the XRD pattern of ZAC-LDH and
CZA-LDH before and after dye adsorption. The dye adsorp-
tion by ZAC-LDH is mainly due to surface adsorption and
slightly by intercalation which is shown in Fig. 4. This is con-
firmed by shifting basal reflection 4(003) to lower 20 value
of 11.866° from 12.065° and it causes slight increase in inter-
layer distance between the metal ions from 7.330 to 7.458 A
compared with original ZAC-LDH [31]. The much higher
uptake of dye by CZA-LDH is actually due to the reconstruc-
tion of the original LDH structure by intercalation of DR-7.
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Fig. 3. XRD pattern of CZA-LDH (a) before adsorption and
(b) after adsorption of dye DR-7.
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Fig. 4. Schematic representation of adsorption mechanism of
DR-7 dye onto ZAC-LDH.
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This is further evidenced by reappearance of basal reflections
of plane d(003) and 4(006) in Fig. 3(b). Thus, it proves the
anion-exchange capacity of CZA-LDH with the anion of the
DR-7 from wastewater.

FESEM images of ZAC-LDH and CZA-LDH before and
after the adsorption of DR-7 are shown in Figs. 5 and 6(a) and
(b). It is evidenced that the surface coverage and intrusion of
the dye molecule in Figs. 5(b) and 6(b) prove the adsorption
of DR-7 by both the adsorbents.

FTIR spectra of DR-7 and the dye adsorbed materi-
als ZAC-LDH DR-7 and CZA-LDH DR-7 are shown in
Figs. 7(a)-(c). The sulphonate (O=5-SO;) stretching vibra-
tions at 1,176 cm™ and (S=O) group in 1,046 cm™ appear in
DR-7 matches with both the adsorbed material confirming
the adsorption of DR-7 onto the adsorbents. The absorption
band appears at 1,515 cm™ corresponding to sulphonate
group and at 700 cm™ that corresponds to aromatic ring of
dye molecule. Moreover, the intensity of the absorption peak
at 1,360 cm™ in Fig. 7(c) is lower than in Fig. 7(b) that sup-
ports the intercalation of anionic part of the dye molecule in
the interlayer carbonate position through anion-exchange
mechanism on the adsorbent CZA-LDH.

3.2. Effect of agitation time and initial dye concentration

To determine the rate of adsorption, experiments are con-
ducted at different initial dye concentrations ranging from 25 to
100 mg/L at 30°C. It is observed that the adsorption capacity at
equilibrium (g ) is increased while increasing the concentration
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Fig. 5. FESEM image of ZAC-LDH (a) before adsorption of DR-7

and (b) after adsorption of DR-7.

of the dye solution. This is mainly due to an increase in the
availability of dye molecule over the active sites on the adsor-
bents [32]. The maximum amount of 650 and 164.5 mg/g of dye
is adsorbed within the contact time of 40 min by CZA-LDH
and ZAC-LDH, respectively. After this both the curves reach
equilibrium at 60 min and continue with no significant change
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Fig. 6. FESEM image of CZA-LDH (a) before adsorption of DR-7
and (b) after adsorption of DR-7.
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Fig. 7. FTIR spectra of (a) Direct Red-7, (b) ZAC-LDH DR-7 and
(c) CZA-LDH DR-7.
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in the extent of adsorption. The percentage removal of dye
decreases from 100% to 85.42% for CZA-LDH and from 96.15%
to 88.79% for ZAC-LDH while increasing the initial dye con-
centrations from 25 to 100 mg/L as shown in Fig. 8. This shows
that the adsorption is highly dependent on initial concentration
of dye. The reason is that at lower concentration, the available
surface area is more when compared with high concentration.
However, at high concentration, the available site of adsorption
becomes lesser and hence the percentage removal of dye gets
decreased with an increase in initial dye concentration.

3.3. Effect of temperature

To investigate the effect of temperature for the removal of
DR-7 by ZAC-LDH and CZA-LDH, the experiments are car-
ried out at three different temperatures 30°C, 40°C and 50°C.
From the results, it is observed that the percentage of DR-7
removal is increased from 88.79% to 94.50% by ZAC-LDH
and from 85.42% to 92.71% by CZA-LDH on increasing the
temperature. This proves that the sorption of direct dye onto
both adsorbents is endothermic.

3.4. Effect of pH

The effect of pH on the adsorption of DR-7 by ZAC-LDH
and CZA-LDH is investigated by varying the initial pH of
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Fig. 8. Effect of initial dye concentration on the adsorption of
DR-7 by (a) ZAC-LDH and (b) CZA-LDH.
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dye (concentration of dye 100 mg/L) between 4 and 12 as
the original colour of the dye gets changed below pH 4. The
point zero charge (PZC) of adsorbent is an important one
to explain the effect of pH for the dye removal. The PZC of
ZAC-LDH and CZA-LDH are determined by following the
procedure [33] which is found to be 8.07 and 8.6, respectively.
The percentage of dye removal by ZAC-LDH and CZA-LDH
is increased at pH < PZC and decreased at pH > PZC. At
pH <PZC, high concentration of H* in the dye solution results
in the positive charge on both the LDH surface that causes
electrostatic attraction between anionic dye and positively
charged LDH surface causes increase in the percentage of dye
removal, whereas at pH > PZC, the electrostatic repulsion of
deprotonated adsorbent of ZAC-LDH and CZA-LDH surface
and dye anion decreases the rate of adsorption. Fig. 9 clearly
shows that the maximum dye removal of 95.6% and 100%
for ZAC-LDH and CZA-LDH is observed in the acidic pH
between 3 and 6.

3.5. Effect of adsorbent dose

The effect of adsorbent dose for the removal of DR-7 by
ZAC-LDH and CZA-LDH is tested with 100 mg/L initial dye
concentration. Figs. 10(a) and (b) show the maximum dye
removal of 90.65% by ZAC-LDH with the adsorbent dose of
0.5 g/L and 88.79% by CZA-LDH with minimal increment of
adsorbent 0.125 g/L. After this there is no significant change
in the dye removal because of the attainment of equilibrium
between both the adsorbent ZAC-LDH and CZA-LDH and
dye molecule.

3.6. Kinetic studies
3.6.1. Pseudo-first-order model

In this study, the adsorption of DR-7 dyeby ZAC-LDH and
CZA-LDH are analyzed using pseudo-first-order, pseudo-
second-order and intraparticle diffusion models. Pseudo-
first-order kinetic model assumes that the rate of change
of solute uptake with time is directly proportional to the
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Fig. 9. Effect of pH on the removal of DR-7 dye by ZAC-LDH and
CZA-LDH (initial concentration 100 ppm; temperature 30°C).
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Fig. 10. The effect of adsorbent dose for the removal of DR-7
dye by (a) ZAC-LDH and (b) CZA-LDH (initial concentration
100 ppm; temperature 30°C).

difference in solution concentration and the amount of solid
uptake. The pseudo-first-order rate equation proposed by
Lagergren [34] is as follows:

k
log(q, —¢,) =1logg, —[2 3103} ()

where g, and g, are the amount of dye adsorbed at equilib-
rium and time ¢ (min), k, is the pseudo-first-order rate con-
stant (min™'). The value of g, and k, is calculated from the
intercept and the slope of the plot log(g, - g,) vs. time for dif-
ferent initial concentrations and different temperatures for
both the adsorbents. The values calculated are summarized
in Tables 1(a) and (b). The pseudo-first-order kinetic model of
Lagergren does not fit well with the experimental data over
the whole range of initial concentrations studied. Similar
results are observed for the adsorption of Congo red by chi-
tosan hydrogel beads impregnated with CTAB [35].

3.6.2. Pseudo-second-order model

The pseudo-second-order kinetic equation is expressed

—= +—t ®3)

The values of k, pseudo-second-order rate constant
(g/mg min) and g, equilibrium adsorption capacity (mg/g)
can be calculated from the intercept and the slope of the plot
between t/q, vs. t for different initial concentrations (shown
in Figs. 11(a) and (b)) and temperature. The pseudo-second-
order kinetic parameters calculated are given in Tables 1(a)
and (b). The calculated rate constant k, value decreases with
the increase in the initial dye concentration. This trend is
observed due to the decrease in the available active sites
on the adsorbent for the dye adsorption. The adsorption
of DR-7 onto ZAC-LDH and CZA-LDH fits well with the
pseudo-second-order kinetics than the pseudo-first-order
kinetic model with high correlation coefficient (R?) for all the
concentrations.

3.6.3. Intraparticle diffusion model

It is important to determine the rate-determining step
in adsorption studies. Since the particles are vigorously agi-
tated during the experiment, there is a possibility to transport
the adsorbate ion from the solution into the pores of adsor-
bent which is the rate-limiting step. The pseudo-first-order
and pseudo-second-order kinetic models cannot identify the
diffusion mechanism. Then, the kinetic results are analyzed
by using the intraparticle diffusion model to elucidate the
diffusion mechanism. The intraparticle diffusion model is
expressed as:

g,=k, 1+ C 4)

where k, is the intraparticle rate constant (mg/g/min'?) and
g, is the amount of dye adsorbed at time t (mg/g). The intra-
particle diffusion model is tested by plotting a graph between
the amount of dye adsorbed g, and #* at different time inter-
vals for different concentrations as shown in Figs. 12(a) and
(b). The values of k,, for all the concentrations at 30°C and
for different temperatures for 100 mg/L initial dye concentra-
tion are determined from the slopes of plots and presented
in Tables 1(a) and (b). Since the plot is not linear to the whole
time range and not passed through the origin, it is implied
that the adsorption of DR-7 by ZAC-LDH and CZA-LDH fol-
low the boundary layer diffusion to some extent and not to
the whole range [36].

3.7. Adsorption isotherm

Adsorption isotherm is an important parameter to ana-
lyze the equilibrium relation between the adsorbate in the
liquid phase and the adsorbate adsorbed on the surface of the
adsorbent at constant temperatures. In this study, Langmuir
[37] and Freundlich [38] isotherm models are used to ana-
lyze the adsorption equilibrium of DR-7 by ZAC-LDH and
CZA-LDH.

3.7.1. Langmuir isotherm

The Langmuir adsorption isotherm is the best known
linear model for monolayer adsorption on the homogeneous
surface and the most frequently utilized isotherm to deter-
mine the adsorption parameters. Langmuir model is repre-
sented by the following equation:
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Table 1(a)
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Kinetic parameters for the adsorption of direct dye DR-7 by ZAC-LDH and CZA-LDH for different initial dye concentration at

temperature 30°C

Adsorbents ZAC-LDH CZA-LDH
Initial concentration (mg/L)
Parameter 25 50 75 100 25 50 75 100
q, experimental (mg/g)  48.08 94.00 136.36 177.57 200.00 377.60 545.45 683.33
Pseudo-first-order kinetic model
k, (min™) 0.081 0.076 0.080 0.059 0.067 0.071 0.069 0.076
g, calculated (mg/g) 32.90 68.79 114.87 128.91 168.42 336.28 535.92 802.23
R? 0.9432 0.9607 0.9808 0.9587 0.9899 0.9855 0.9933 0.9917
Pseudo-second-order kinetic model
k, (g/mg min) 0.005 0.002 0.001 0.001 0.0008 0.0003 0.0001 0.0001
h 12.920 17.094 19.763 24.814 38.314 52.356 58.480 62.893
g, calculated (mg/g) 50.76 102.04 151.52 196.08 217.39 416.67 625.00 833.33
R? 0.999 0.9981 0.9957 0.9972 0.9986 0.9961 0.9922 0.9898
Intraparticle diffusion model
k., (mg/g/min”*) 0.291 0.127 0.081 0.063 0.041 0.024 0.018 0.239
R? 0.7035 0.76 0.7759 0.8 0.7281 0.7539 0.787 0.9743
Table 1(b)
Kinetic parameters for the adsorption of direct dye DR-7 by ZAC-LDH and CZA-LDH at different temperatures (initial dye concen-
tration of 100 mg/L)
Adsorbents ZAC-LDH CZA-LDH
Temperature (°C)
Parameter 30 40 50 30 40 50
g, experimental (mg/g) 177.57 183.49 188.99 683.33 716.67 741.67
Pseudo-first-order kinetic model
k, (min™) 0.059 0.073 0.087 0.076 0.074 0.081
g, calculated (mg/g) 128.91 138.96 149.83 802.23 754.57 723.10
R? 0.9587 0.9856 0.9884 0.9917 0.9978 0.9925
Pseudo-second-order kinetic model
k, (g/mg min) 0.00065 0.00080 0.00092 0.00009 0.00012 0.00018
H 24.814 31.847 38.314 62.893 83.333 123.457
g, calculated (mg/g) 196.08 200.00 204.08 833.33 833.33 833.33
R? 0.9972 0.9988 0.999 0.9898 0.9957 0.9981
Intraparticle diffusion model
k,, (mg/g/min*) 0.063 0.065 0.066 0.018 0.020 0.024
R? 0.8 0.7904 0.7737 0.787 0.7907 0.7649
C 1 C intercept with b. The maximum monolayer coverage capac-

e

= = ®)
7. Qb Q
where C, is the equilibrium concentration of the adsorbate
(mg/L), q,is the amount of adsorbate adsorbed per unit mass
of adsorbent (mg/g), Q, and b, are constants related to mono-
layer adsorption capacity and energy of adsorption (L/mg).
Langmuir dimensionless constant R, value indicates the
adsorption nature to be either unfavourable if R, > 1, linear if
R, =1, favourable if 0 < R, <1 and irreversible if R, = 0. From
the calculated value in Table 2, the R, value is in between 0
and 1 indicating that the adsorption is favourable. The plot
of C/q, against C, gives a straight line with slope 1/Q, and

ity (Q,) from Langmuir Isotherm model is found to be 357.14
and 666.67 mg/g at 30°C for ZAC-LDH and CZA-LDH,
respectively.

3.7.2. Freundlich model

The Freundlich isotherm is an empirical equation
employed to describe the multilayer adsorption and adsorp-
tion on heterogeneous systems. The linearized form of
Freundlich equation can be written as:

logg, =logk, +llogCe (6)
n
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where k, is the measure of adsorption capacity and n is
the adsorption intensity and these are calculated from the
intercept and the slope of a linear plot of logg, vs. logC,
as shown in Fig. 13. The value of 1/n is lower than one for
the adsorption of DR-7 dye onto ZAC-LDH and CZA-LDH
indicating that the adsorption of DR-7 by both the adsor-
bent materials is favourable. Moreover, equilibrium data fit
well to the Freundlich isotherm with high correlation coef-
ficient value (R?). The much higher correlation coefficients
value for the Freundlich isotherm predicts heterogeneity
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Fig. 11. Pseudo-second-order kinetic model for the removal of
DR-7 by (a) ZAC-LDH and (b) CZA-LDH.

Table 2

and multilayer adsorption of DR-7 by both the adsorbents
shown in Table 2.

3.8. Thermodynamic parameters

Thermodynamic parameters such as Gibb’s free energy
change (AG®), enthalpy change (AH®) and entropy change
(AS°) of adsorption are calculated from the binding constant
obtained from Langmuir equation using the following equa-
tions as given in Table 3.
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Fig. 12. Intraparticle diffusion model for the removal of DR-7 by
(a) ZAC-LDH and (b) CZA-LDH.

Isotherm parameters for adsorption of DR-7 by ZAC-LDH and CZA-LDH

Sample Temperature (°C)  Isotherm models
Langmuir Freundlich
Q, b R R? n k, R?
ZAC-LDH 30 357.14 0.0051 0.7969 0.8431 1.331 22.387 0.9912
40 263.16 0.0073 0.7332 0.9573 1.829 48.217 0.992
50 277.78 0.0069 0.7425 0.9599 1.065 31.601 0.9845
CZA-LDH 30 666.67 0.01157 0.6336 0.959 3.028 225.320 0.9889
40 714.29 0.0109 0.6472 0.9653 2.670 223.254 0.9832
50 714.29 0.0110 0.6450 0.9837 3.423 303.319 0.9819
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Fig. 13. Freundlich isotherms for adsorption of DR-7 by
(a) ZAC-LDH and (b) CZA-LDH.

Table 3

Thermodynamic parameters from Van't Hoff plots for the
adsorption of direct dye DR-7 by ZAC-LDH and CZA-LDH at
different temperature

Adsorbent  Temperature = AG° AH° AS°
(°O) (kJ/mol)  (kJ/mol) (J/K/mol)
ZAC-LDH 30 -5.21 31.45 120.84
40 -6.27
50 —7.64
CZA-LDH 30 —4.45 31.52 118.67
40 -5.60
50 -6.83
AG°=-RTInK, )
AS°  AH°
InK, = R RT 8)

The AH° values are calculated from the slopes of linear
variation of InK vs. 1/T. The negative value of AG® indicates
the high affinity of DR-7 dye to the surface of ZAC-LDH and
CZA-LDH and demonstrates that the adsorption is favour-
able and spontaneous in nature.

The positive value AH® calculated for both the adsorbents
ZAC-LDH and CZA-LDH for the adsorption of DR-7 dye is
an endothermic process which is supported by the increase
in the adsorption of the dye with the increase in temperature.
Furthermore, the positive AS® values indicate that the degree
of freedom gets increased at the solid-liquid interface during
adsorption of the direct dye. The enthalpy value AH® is used
to distinguish between the chemical and physical adsorption
[39,40]. The enthalpy change value (AH°) observed for the
removal of dye by both adsorbents is below 40 kJ/mol sup-
porting the nature of the adsorption process to be physisorp-
tion [41]. All the values in Table 3 are in good agreement with
previous studies reported for the removal of anionic dyes
with LDH materials [42-44].

3.9. Reusability of the adsorbents

To analyze the reusability of the adsorbent, thermal
regeneration is carried out in a muffle furnace at 450°C for
2 h in an air atmosphere with heating and cooling rates of
10°C/min for each cycle. The regenerated material is used
for the removal of DR-7 dye from aqueous solution with
the same adsorbent dosage (0.5 g/L for ZAC-LDH and
0.125 g/L for CZA-LDH) for 100 mg/L initial dye concen-
tration. Three regeneration cycles are performed to under-
stand the efficiency and reusability of the materials for the
removal of DR-7 from aqueous solution. In the first cycle,
7.47% of increase and 6.55% of decrease in the removal of
DR-7 are observed for ZAC-LDH and CZA-LDH, respec-
tively. The increase of percentage removal in first cycle by
ZAC-LDH may be due to loss and reconstruction of original
LDH structure by the intercalation of dye molecule. On suc-
cessive cycle, there is a decrease in the removal by both the
adsorbents ZAC-LDH and CZA-LDH observed as 85.05%
and 72.9% (second cycle) and 75.70% and 57.01% (third
cycle), respectively, for the removal of DR-7 from aqueous
solution.

4. Conclusion

In this study, the adsorption behaviour of synthesized
ZAC-LDH and CZA-LDH is examined for the removal of
DR-7 dye from aqueous solution. The amount of adsorption
of DR-7 gets increased from 48.08 to 177.57 mg/g for ZAC-
LDH and from 200 to 683.33 mg/g for CZA-LDH with an
increase in the initial concentrations from 25 to 100 mg/L.
The results obtained from the studies reveal that the pseudo-
second-order kinetic model and Freundlich isotherm models
are more appropriate for the DR-7 dye uptake by ZAC-LDH
and CZA-LDH with heterogeneity and multilayer adsorp-
tion. The maximum Langmuir adsorption capacity (Q,)
from Langmuir isotherm model is found to be 357.14 and
666.67 mg/g at 30°C for ZAC-LDH and CZA-LDH, respec-
tively. The XRD pattern and FTIR spectra substantiate the
adsorption of DR-7 onto ZAC-LDH and CZA-LDH. Acidic
pH preferably below 7 influences much the removal of DR-7
dye by both the adsorbents. The negative value of AG°® and
positive value of AH® indicate that the adsorption process
is spontaneous and endothermic in nature. Endothermic
nature is further evidenced by the increase in the adsorption
of the dye with the increase in temperature. From the results,



K. Manjula Rani, P.N. Palanisamy / Desalination and Water Treatment 85 (2017) 226-236

it is clear that the CZA-LDH is a more suitable adsorbent
than the ZAC-LDH for the removal of high concentration of
DR-7 dye from aqueous solution.
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