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ABSTRACT

In this investigation, the co-precipitation method is utilized to form ZnAl-layered double hydroxides
(LDHs). Samples with Zn/Al ratios of 1, 2, and 3 are denoted as ZnAll, ZnAl2, and ZnAl3, respectively,
and were used as adsorbents to decolorize C.I. Reactive Red 2 (RR2). The surface characteristics of
ZnAl-LDHs were measured by X-ray diffraction, specific surface area analysis, and scanning electron
microscopy. The effects of RR2 concentration, ZnAl3 dose, and pH on RR2 adsorption were elucidated.
Kinetic analyses were performed using pseudo-first-order and pseudo-second-order, and the intra-
particle diffusion models. Equilibrium results were plotted using Langmuir, Freundlich, and Temkin
isotherms. The particle size, specific surface area, pore volume, and pore width of ZnAl3 were 17 nm,
29.5 m%g, 0.23 cm®/g, and 31 nm, respectively. The regression results revealed that the adsorption kinet-
ics were more accurately represented by a pseudo-second-order model, and the equilibrium results
were most accurately fitted using the Temkin isotherm. The maximum RR2 adsorption capacity of
ZnAl3 was 66.7 mg/g. RR2 removal proceeded via physisorption, and the process parameters, enthalpy
(AH®) and entropy (AS®), for ZnAl3 were determined to be -5.26 kJ/mol and 102 J/mol/K, respectively.
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1. Introduction

Dyes are significant water pollutants and are typically
present in effluent from textile, leather, paper, and dye man-
ufacturers. Discharging dyes into the hydrosphere frequently
results in environmental damage as dyes give water an
undesirable color and reduce the penetration of sunlight. To
minimize the risk of pollution by such effluent, the effluent
must be treated before it is discharged into the environment.
Reactive dye production is characterized by great losses that
are caused by the high solubility of the dyes, which also gen-
erate economical and environmental problems. C.I. Reactive
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Red 2 (RR2), an azo dye with the most commonly used
anchor — the dichlorotriazine group — was used as the parent
compound in this study.

Adsorption has been found to outperform other meth-
ods for treating wastewater: it is low cost, highly efficient,
simple, easy to perform, and insensitive to toxic substances.
Several adsorbents, such as metal hydroxide sludge [1], chi-
tosan [2,3], zeolite [4], carbon nanotubes (CNTs) [5], fly ash
[6], wood-shaving bottom ash [7], sepiolite [8], chitin [9,10],
MgAl-layered double hydroxides (LDHs) [11], and In,TiO,
[12], have been tested for their capacity to remove reactive
dyes from wastewater, and adsorption by each adsorbent has
been demonstrated to be efficient.
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The general formula of LDHs is
[M(ID),_ M) (OH),]*(A™),_,-H,O, where M(II) is a divalent
metal cation; M(III) is a trivalent metal cation; and A" is the
interlayer anion. LDHs are a family of synthetic anionic clays
[13]. The hydrotalcite-type LDHs comprise positively charged
hydroxide layers, which are separated by anions and water
molecules, of which the interlayer anions can be exchanged.
The anions in the interlayers of LDHs can be exchanged with
other anions by an ion-exchange mechanism [14]; therefore,
LDHs are suitable for use as adsorbents to remove anionic
pollutants from wastewater. Zhang et al. [14] used ZnAl-
LDHs to take up and degrade Orange II. Zhang et al. [15]
coated Zn-LDHs (FeZn-, CoZn-, or AlZn-LDHs) on the sur-
face of the natural bio-ceramic and compared its phosphorus
removal efficiency with these Zn-LDHs. Their experimental
results revealed that AlZn-LDHs had the highest total phos-
phorus removal efficiency among these Zn-LDHs. Zhou et al.
[11] found that the maximum adsorption capacity of Reactive
Orange 5 by MgAI-LDHs was 53.8 mg/g. No literature has
addressed the adsorption efficiency of reactive dye by ZnAl-
LDHs; therefore, in this study ZnAl-LDHs were used as
adsorbents to decolorize RR2.

An understanding of adsorption kinetics, equilibrium,
and thermodynamics is critical in supplying the basic
information that is required for the design and operation
of adsorption equipment. The adsorption rates were deter-
mined quantitatively, and those obtained using the pseu-
do-first-order and pseudo-second-order, and the intraparticle
diffusion model were compared. The Langmuir, Freundlich,
and Temkin isotherms were fitted to the equilibrium data.
The objectives of this study were: (i) to evaluate the effects of
the Zn/Al ratio on the removal of RR2 during the preparation
of ZnAl-LDHs; (ii) to determine the effects of RR2 concentra-
tion, adsorbent dosage, and pH on the adsorption of RR?2; (iii)
to assess adsorption rates using various kinetic models; (iv)
to measure the coefficients of the Langmuir, Freundlich, and
Temkin isotherms, and (v) to derive changes in thermody-
namic parameters — free energy (AG®), enthalpy (AH®), and
entropy (AS°) during adsorption.

2. Materials and methods
2.1. Materials

Zinc nitrate (Zn(NO,),,6H,0) and alumina nitrate
(AI(NO,),"9H,0) were used as precursors in the formation
of Zn and Al, respectively, to generate AlZn-LDHs (Merck,
USA). The RR2 (C H, CLLNNa,O.S,) was purchased from
Sigma Aldrich (USA). The solution pH was controlled by add-
ing HNO, or NaOH during the reaction, and both reagents
were purchased from Merck (USA). All chemicals were used
without further purification.

2.2. Preparation of ZnAl-LDHs

ZnAl-LDHs was prepared by the co-precipitation method
at pH 10. To form solution A, 80 mL of Zn(NO,),-6H,O (0.25,
0.5 or 0.75 M) and 80 mL AI(NO,),-9H,0 (0.25 M) were mixed.
Then, 80 mL NaCl (0.2 M) was added dropwise to solution A.
Finally, the mixture was adjusted to pH 10 by adding NaOH
(5 M) under vigorous stirring (600 rpm) for 2 h. The resultant

slurries were sealed in a Teflon-lined stainless steel autoclave
and heated at 353 K for 24 h. The precipitates were collected
by filtration and washed with 200 mL deionized water three
times to remove any residual ions. The samples were finally
dried in air at 333 K for 12 h. Samples with Zn/Al ratios of 1,
2 and 3 denoted as ZnAll, ZnAl2 and ZnAl3, respectively.

2.3. Characterization of the adsorbents

The crystalline structure of the ZnAl-LDHs was analyzed
by X-ray diffraction (XRD; Bruker D8 SSS, Germany). The
accelerating voltage and applied current were 40 kV and
30 mA, respectively. The XRD patterns were recorded with
20 values of 5°-70°. The ZnAl-LDHs were examined by scan-
ning electron microscopy (SEM) to determine their size and
morphology (JEOL JSM-6500F, Japan), and their specific sur-
face areas were determined by BET method using a surface
area analyzer (ASAP 2010; Micromeritics, USA).

2.4. Adsorption experiments

All adsorption experiments were performed in a closed,
pyramidal, glass bottle with a volume of 250 mL. Adsorption
kinetics were measured over 2 h. An initial pH of 3.0 was
used in all RR2 adsorption experiments, except for the exper-
iments with variable pH in which the effect of pH on RR2
removal was studied. In adsorption experiments, 0.1 g of
adsorbent was placed in a bottle that contained 200 mL of
an RR2 solution with a concentration of 20 mg/L and shaken
at 100 rpm. The effect of RR2 concentration on removal by
ZnAl3 was investigated using [RR2] values of 20 and 40 mg/L
with [ZnAl3] = 0.5 g/L. The effect of adsorbent concentration
on removal by ZnAI3 was examined using [ZnAl3] values
of 0.3 and 0.5 g/L at [RR2] = 20 mg/L. The effect of pH on
removal by ZnAl3 was studied using initial pH values of 3
and 9 at [RR2] = 20 mg/L and [ZnAl3] = 0.5 g/L. To obtain
the equilibrium and thermodynamic parameters, adsorption
experiments were conducted at 298, 318, and 328 K over 24 h.
Suspended particles were separated by filtering through a
0.22-um filter (Millipore). The RR2 concentration was mea-
sured using a spectrophotometer (Hitachi U-2001) at 538 nm.
Decolorization efficiency was obtained from the difference
between RR2 concentrations before and after experiments.
Most experiments were performed in duplicate, and values
shown are averages.

3. Results and discussion
3.1. Surface characteristics of ZnAl-LDHs

Fig. 1 shows the XRD patterns of ZnAl-LDHs. The dif-
fraction peaks of all of the ZnAl-LDHs at 20 equal to 11.7°,
23.4°,34.6°,39.2°, and 46.7° are assigned to the (00 3), (00 6),
(012),(0.15)and (01 8) crystal faces of standard LDHs,
respectively. The peaks of ZnAll, ZnAl2, and ZnAl3 barely
change with the Zn/Al ratio of ZnAl-LDHs (JCPDS (Joint
Committee on Powder Diffraction Standards) No. 38-0486).
Accordingly, all of the samples have the typical LDHs struc-
ture. Moreover, the intensity of (0 0 3) crystal face showed
the order ZnAlI3 > ZnAl2 > ZnAll. The diffraction peaks of
ZnAl2 and ZnAlI3 at 20 equal to 31.8°, 36.3°, 56.6° and 62.9°
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are assigned to the (11 0), (11 3), (300)and (1 19) crystal
faces of standard Zn(OH),, respectively (JCPDS No. 48-1066).
The intensity of the XRD peaks of Zn(OH), increased with
the Zn*/AP** ratio. Using the Scherrer equation, the parti-
cle sizes of ZnAll, ZnAl2, and ZnAl3 were calculated to be
11, 15, and 17 nm, respectively. The specific surface areas
of ZnAll, ZnAl2, and ZnAI3 were 56.9, 18.5, and 29.5 m%/g,
respectively; the pore widths were 11, 24, and 31 nm, and the
pore volumes were 0.15, 0.11, and 0.23 cm®/g, respectively.

SEM was utilized to characterize the surface structure
and morphology of ZnAl-LDHs and to determine their shape
and pore structures in particular. The surface of ZnAl-LDHs
comprised overlapping crystals in the form of stacked layers
(Fig. 2). Wen et al. [13] found that ZnAl-LDHs have a hexag-
onal layered structure, which is typical of hydrotalcite-like
material. ZnAl samples exhibited the typical plate-like mor-
phology of LDHs with a lamellar structure.

3.2. Effects of Zn/Al ratio, RR2 concentration, adsorbent dose,
and pH on RR2 removal

Fig. 3 plots the effects of Zn/Al ratio in the prepara-
tion of ZnAl-LDHs on RR2 removal. After the reaction had
proceeded for 30 min, the percentages of RR2 adsorbed
onto ZnAll, ZnAl2, and ZnAl3 were 65%, 76%, and 85%,
respectively. The adsorption process was rapid for the
first 60 min, after which time its rate gradually decreased
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Fig. 1. XRD patterns of ZnAl-LDHs.
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until equilibrium was reached. Initially, all surface sites
on the adsorbent were vacant, and the RR2 concentration
gradient was relatively high, so the initial adsorption rate
was high. This initial phase may be explained by passive
uptake via physical adsorption or ion exchange at the sur-
face [16]. In this investigation, the molar ratio of Zn* to
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Fig. 2. SEM micrographs of ZnAl-LDHs: (a) ZnAll, (b) ZnAl2,
and (c) ZnAl3.
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APP* was in the range 1:1-3:1. The Zn/Al ratio can be used
to tune the layer charge density, the inherent ion exchange
capacity, and the interlamellar anion concentration in ZnAl-
LDHs [14]. The experimental results herein suggested that
increasing the initial amount of Zn* ions increases the size
of ZnAl-LDHs crystals (from 11 to 17 nm). In XRD analysis
(Fig. 1), ZnAlI3 had the (0 0 3) crystal face that yielded the
most intense signal, and the largest mean crystal size, sug-
gesting that it most strongly adsorbed RR2. Of the samples,
ZnAl3 exhibited the highest adsorption efficiency for RR2,
so ZnAl3 was used as the model adsorbent to analyze kinet-
ics, equilibrium, and thermodynamics.

The anions of RR2 intercalate in the interlayer of ZnAl-
LDHs with SO, groups that are bonded to metal ions and
hydroxyl groups in two layers of LDHs via electrostatic
attraction and hydrogen bonding, respectively. ZnAl-LDHs
adsorb ionic molecules in the solution by surface adsorp-
tion and ionic exchange, depending on the charge-balancing
anions in the interlayer, and the charge density of the ZnAl-
LDHs [14]. This study uses XRD findings and adsorption
results to propose mechanisms by which ZnAI3 adsorbs RR2.
Egs. (1)—(4) describe the formation of ZnAl3. Eq. (5) describes
the surface adsorption of RR2 on ZnAl3, and Eq. (6) describes
the ionic exchange process of RR2 on ZnAlI3.

0 20 40 60 80 100 120
Time (min)

Fig. 3. Effect of Zn/Al ratio in preparation of ZnAl-LDHs on RR2
adsorption ([RR2] = 20 mg/L, [adsorbent] = 0.5 g/L, pH =3, and
T =298 K).

0.8
5 ——RR2=20mg/L, ZnAl3 =03 g/L, pH=3
0.6 —BRR2=40mg/L, ZnAl3 =05 g/L,pH=3
O ——RR2=20mg/L, ZnAl3 =05 g/L,pH=9
——RR2=20mg/L, ZnAl3 =05 g/L, pH=3
0.4 -
0.2 -
0 T T T T . '
0 20 40 60 80 100 120
Time (min)

Fig. 4. Effects of adsorbent dose, RR2 concentration and pH on
adsorption of RR2 by ZnAl3.
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Fig. 4 plots the effects of adsorbent dose, RR2 concentra-
tion, and pH on the adsorption of RR2 by ZnAlI3. Increasing
the ZnAl3 dosage increased RR2 adsorption, mainly because
of the increase in adsorptive surface area and availability
of adsorption sites on ZnAl3. However, the amount of RR2
adsorbed per unit mass of ZnAl3 declined as the ZnAl3 dose
increased (Table 1). The decrease in unit adsorption as the
ZnAl3 dose increased follows from the fact that adsorption
sites remain unsaturated during the adsorption process, and
possibly from the fact that adsorption sites overlap because
of ZnAl3 particle overcrowding. Several studies have also
determined that unit adsorption capacity declines as the
adsorbent dosage increases [17,18].

The RR2 removal percentage declined as the initial RR2
concentration increased, even though the amount of RR2
adsorbed per unit mass of ZnAl3 increased with the initial
RR2 concentration (Table 1). This increase is caused by an
increase in the driving force of the concentration gradient as
the initial RR2 concentration increases. Various studies have
found that adsorption capacity increases with the dye con-
centration [17-19].

Solution pH is an important adsorption parameter
because pH depends on complex reactions or electrostatic
interactions in physisorption processes at the adsorption
surface. Reducing pH increased the adsorption of RR2
onto ZnAl3. At a lower solution pH, more H* causes more
hydroxyl groups to become protonated (-OH,") on the sur-
face of ZnAl3, promoting the electrostatic attraction between
the surface of ZnAl3 and the SO, group in RR2. At a higher
solution pH, the surfaces of ZnAl3 are more negatively
charged, causing a stronger electrostatic repulsion between
negatively charged surface sites and the SO, groups of RR2.

The adsorption kinetics of an adsorbent determines the
rate of the adsorption process. The pseudo-first-order model
[20], pseudo-second-order model [20,21], and intraparticle
diffusion model [22] were used to fit the experimental data
and determine the adsorption kinetics. Eq. (7) is the pseu-
do-first-order model:

ln(qe fq):ln(qe)fklt (7)

whereq and g (mg/g) are theamounts of RR2 that are adsorbed
on the absorbent at equilibrium and at time ¢, respectively,
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Table 1

Kinetic parameters of RR2 removal by ZnAl-LDHs

Pseudo-first-order model Deexp. (ME/8) k, (min™") 910 (ME/8) R?

[RR2] =20 mg/L, [ZnAll] =0.5 g/L, pH 3 36.3 0.0237 29.3 0.990
[RR2] = 20 mg/L, [ZnAl2] = 0.5 g/L, pH 3 372 0.0389 313 0.999
[RR2] = 20 mg/L, [ZnAl3] = 0.5 g/L, pH 3 375 0.0495 26.4 0.990
[RR2] = 20 mg/L, [ZnAl3] = 0.3 g/L, pH 3 403 0.015 49.0 0.984
[RR2] = 40 mg/L, [ZnAl3] = 0.5 g/L, pH 3 47.1 0.015 60.8 0.975
[RR2] =20 mg/L, [ZnAl3] = 0.5 g/L, pH 9 10.6 0.007 36.2 0.836
Pseudo-second-order model Gy (ME/8) k, (g/mg/min) R?

[RR2] = 20 mg/L, [ZnAl1] = 0.5 g/L, pH 3 274 0.0088 0.960
[RR2] = 20 mg/L, [ZnAl2] = 0.5 g/L, pH 3 34.1 0.0050 0.959
[RR2] =20 mg/L, [ZnAl3] =0.5 g/L, pH 3 36.6 0.0075 0.985
[RR2] =20 mg/L, [ZnAl3] =0.3 g/L, pH 3 36.9 0.0086 0.981
[RR2] =40 mg/L, [ZnAl3] =0.5 g/L, pH 3 424 0.0070 0.983
[RR2] =20 mg/L, [ZnAl3] = 0.5 g/L, pH 9 10.7 0.0020 0.995
Intraparticle diffusion model k, (mg/g/min®?) C (mg/g) R?

[RR2] = 20 mg/L, [ZnAll] = 0.5 g/L, pH 3 3.231 7.198 0.977
[RR2] =20 mg/L, [ZnAl2] =0.5 g/L, pH 3 4.710 4.176 0.997
[RR2] = 20 mg/L, [ZnAl3] = 0.5 g/L, pH 3 4636 9.211 0.987
[RR2] = 20 mg/L, [ZnAl3] = 0.3 g/L, pH 3 3.952 12.91 0.981
[RR2] =40 mg/L, [ZnAl3]=0.5 g/L, pH 3 4.884 13.10 0.991
[RR2] =20 mg/L, [ZnAl3] = 0.5 g/L, pH 9 1.544 1.590 0.932

and k, (min™) is the rate constant of the pseudo-first-order
model. Eq. (8) is the pseudo-second-order model:

L )
q kgl 4.

where g and g (mg/g) are as defined for the pseudo-first-order
model, and k, (g/mgmin) is the rate constant of the
pseudo-second-order model. Since neither model yielded a
potential diffusion mechanism, kinetic results were analyzed
using the intraparticle diffusion model. In the intraparticle
diffusion model, film diffusion was negligible, and intrapar-
ticle diffusion was the only rate-controlling step. Eq. (9) is the
intraparticle diffusion model:

g=kt"*+C )

where C (mg/g) is the intercept value, and k, (mg/g-min®’) is
the intraparticle diffusion rate constant.

Table 1 presents the kinetic parameters of RR2 removal
by ZnAl-LDHs. The q values (g, ) that were calculated
using the pseudo-second-order model were more consistent
with the experimental g values (g, ) than those calculated
using the pseudo-first-order modef. Therefore, this study
suggests that the pseudo-second-order model more accu-
rately represents the adsorption kinetics. A similar result
has been obtained concerning the adsorption of RR2 by chi-
tin [10], CNTs [5], and In,TiO, [12]. When the regression of
g as a function of "% is linear and passes through the origin,
intraparticle diffusion is the only rate-limiting step [19].

Although the regression was linear, the plot did not pass
through the origin (Table 1), suggesting that adsorption
involved intraparticle diffusion, but that it was not the only
rate-controlling step. Other kinetic mechanisms probably
controlled the adsorption rate, which finding is consis-
tent with one obtained by other adsorption studies [5,10].
Akkaya et al. [9] suggested that pore diffusion and surface
diffusion occur simultaneously within the adsorbent par-
ticle. RR2 adsorption capacities (q, ) followed the order
ZnAl3 > ZnAl2 > ZnAll. This experimental result reveals
that ZnAl3 had the highest density of active sites. The
adsorption rates (k,) followed the order ZnAll > ZnAl3 >
ZnAl2, as did the surface areas of ZnAl-LDHs. Accordingly,
increasing the surface area shortened the equilibrium time
of RR2 adsorption.

3.3. Adsorption isotherms

The adsorption isotherm is the most important infor-
mation, which explicates how adsorbate molecules are dis-
tributed between the liquid phase and solid phase when the
adsorption process is at equilibrium. The equation parameters
and thermodynamic assumptions that underlie these equilib-
rium isotherms commonly provide insights into the adsorp-
tion mechanisms, surface properties, and affinities of the
adsorbent. Langmuir [23], Freundlich [24], and Temkin [25]
isotherms were used herein to describe the observed adsorp-
tion equilibrium. The Langmuir isotherm assumes monolayer
coverage of the adsorption surface and no subsequent inter-
action among adsorbed molecules. Therefore, the adsorption
saturates, and then no further adsorption can occur. Eq. (10)
describes the Langmuir isotherm:
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— quLCe
e = (1+K,C,) (10)

where ¢, is the mass of RR2 that is adsorbed per unit mass of
ZnAl3 (mg/g) at equilibrium; C, is the aqueous concentration
of RR2 (mg/L) at equilibrium; K, is the Langmuir constant
(L/mg) that is related to the affinity of binding sites; and g, is
the maximum adsorption capacity (mg/g). Parameters g, and
K, are obtained from the intercept and slope of the best linear
fit of 1/g, as a function of 1/C..

The Freundlich isotherm is an empirical relationship that
describes multilayer adsorption on heterogeneous surface
sites, and is given by Eq. (11):

1
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Fig. 5. Isotherms for the adsorption of RR2 on ZnAl3 at various
temperatures: (a) Freundlich, (b) Langmuir, and (c) Temkin.

where g, and C, are as defined as above, and K, and 7 are
Freundlich constants that specify the adsorption capacity
and adsorption strength, respectively. Parameters K, and 1/n
are obtained from the intercept and slope of the best linear fit
of In(g,) as a function of In(C).

The Temkin model assumes that the heat of adsorption
of all molecules in a layer declines linearly as surface cov-
erage increases owing to adsorbent-adsorbate interactions.
Adsorption is characterized by a uniform distribution of
binding energies up to a maximum value. The Temkin iso-
therm describes the behavior of adsorption systems on a
heterogeneous surface. Eq. (12) gives the linear form of the
Temkin isotherm:

q, = B,In(K,) + B, In(C,) (12)

where B, is a constant that is related to heat of adsorption,
and K, is the equilibrium binding constant (L/mol) that cor-
responds to the maximum binding energy. A plot of g, as a
function of In(C)) yields constants of the isotherm.

Fig. 5 displays different isotherms at various temperatures
for the adsorption of RR2 on ZnAlI3. The adsorption capaci-
ties increased with concentration, up to a plateau, which rep-
resents the maximum adsorption capacity. Table 2 presents
the isotherm parameters for the RR2 removal by ZnAlI3. The
high correlation coefficient of the Temkin isotherm reveals
that it accurately describes the adsorption process, suggesting
that the adsorption system was on a heterogeneous surface. In
most cases, an exponent between 1 <n <10 indicates beneficial
adsorption [3]. The value of 1/n in the Freundlich model is
significantly less than one in this study, revealing a favorable
adsorption system. If 1 is below unity, then the adsorption is
chemical; otherwise, the adsorption is physical [26]. All val-
ues of n exceeded 4, suggesting that the adsorption of RR2
on ZnAl3 is physical. Notably, K, q,, K,, and B, declined as
the temperature increased, suggesting that RR2 adsorption on
ZnAl3 increased as the temperature declined (Table 2).

3.4. Thermodynamic analyses

Thermodynamic parameters provide in-depth informa-
tion concerning the energetic changes that are associated

Table 2
Isotherm parameters of RR2 removal by ZnAl3 (pH = 3)

Langmuir constants K, (L/mg) g, (mg/g) R*

298 K 2.88 66.7 0.986
318K 2.60 55.0 0.955
328 K 2.36 53.8 0.981
Freundlich constants K, n R?

298 K 38.6 4.37 0.949
318K 32,5 4.60 0.964
328 K 323 444 0.961
Temkin constants B, K, (L/mol) R?

298 K 10.2 62.1 0.988
318K 8.68 51.9 0.958
328K 8.58 52.4 0.988
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with adsorption; therefore, these parameters must be eval-
uated accurately. Changes to AG°, AH®, and AS° were calcu-
lated to elucidate the adsorption process. These values were
obtained from the Langmuir isotherm and Eqs. (13) and (14):

14.45

1435 4

In(K,)

14.25 4

14.2 A

14.15
0.003

0.0032 0.0033

T

0.0031 0.0034

Fig. 6. Dependence of adsorption on temperature, shown as van
't Hoff plot.

Table 3
Thermodynamic parameters of RR2 adsorption onto ZnAl3

AG’=-RTIn(K,) (13)

In(K, )= 25" A (14)

R RT

where K| is the Langmuir equilibrium constant (L/mol); R is
the gas constant (8.314 x 10~ kJ/mol'K); and T is the tempera-
ture (K). AH® and AS° were obtained from the slope and inter-
cept of the van 't Hoff plot of In(K)) as a function of 1/T [27].
Fig. 6 shows the van 't Hoff plot. Table 3 presents the
thermodynamic parameters of the RR2 adsorption onto
ZnAl3. The AG® values were negative at all tested tempera-
tures, confirming that the adsorption of RR2 onto ZnAlI3
was spontaneous and thermodynamically favorable. The
positive AS° values suggest an increase in the randomness
at the solid-solution interface during RR2 adsorption onto
ZnAl3. Physisorption and chemisorption can be identified, in
part, by the magnitude of the enthalpy change. The change
in adsorption enthalpy for physisorption is in the range
of —20-40 kJ/mol [28]. The value of AH° suggests that the
adsorption of RR2 onto ZnAl3 involved physisorption. The
negative AH° value suggested that the adsorption of RR2
onto ZnAl3 is exothermic, which finding is supported by the
drop in the adsorption of RR2 as the temperature increases.
This effect may follow from the fact that an increase in tem-

AG® (kJ/mol) — AH® (k]/mol)  AS® (J/mol/K) perature reduces the adsorptive forces between RR2 and the
298 K 357 _5.06 102 active sites on the ZnAl3 surface, reducing the adsorption.
318 K 378 Table 4 compares the adsorption capacities of various
108K 387 adso.rbents for reactive dyes and .the relevant thermogly-
namic parameters, taken from the literature. The adsorption
Table 4
Adsorption characteristics of reactive dyes in various adsorbents
Adsorbent Dye Adsorption Conditions AS° (J/mol-K) AH® (kJ/mol) References
capacity (mg/g)
ZnAl3 RR2 66.7 298 K, pH 3 102 -5.26 This study
Chitin RR2 20.2 298 K, pH 5 152.10 16.34 [10]
CNTs RR2 39.8 301K, pH 6.5 216.99 31.55 [5]
In,TiO, RR2 70.5 298 K, pH 3 - - [12]
27.3 298 K, pH 7 - -
Metal hydroxide sludge RR2 61.7 303 K, pH 8-9 - -5.56 [1]
RR120 459 2.77
RR141 51.6 6.41
MgAI-LDHs RO5 53.8 298 K, pH 6.5 151.34 38.23 [11]
Chitosan RR141 67.9 293K, pH 11 -37.88 -18.20 [2]
Surfactant-modified zeolite RR239 15.9 303K, pH 5 -14.029 -11.964 [4]
RB5 1129 -23.207 -6.891
Fly ash RB*19 135.7 293K, pH6 122 28.85 [6]
RR198 47.3 63 13.93
RY84 37.3 64 13.29
Wood-shaving bottom ash ~ RR141 30.8 293K, pH 11 165 26.38 [7]
Turkish Sepiolite RB*15 32.0 295K, pH 6 15 1.95 [8]

Note: RR — Reactive Red; RO — Reactive Orange; RB — Reactive Black; RB* — Reactive Blue; and RY — Reactive Yellow.
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capacity of each adsorbent for a reactive dye is determined
by its properties, such as structure, functional groups, and
surface area. For metal hydroxide sludge, chitosan, and sur-
factant-modified zeolite, the adsorption of reactive dye is an
exothermic process. Furthermore, most adsorption of reac-
tive dyes onto most of the adsorbents herein, excluding chi-
tosan and surfactant-modified zeolite, exhibited a positive
entropic change. The capacity of ZnAl3 to adsorb RR2, an
anionic dye, exceeded that of chitin and CNTs. Although the
RR2 adsorption capacity of In,TiO, exceeded that of ZnAl3,
so did its cost. This study suggests that the cost of ZnAl3 is
reasonable, and the adsorption capacity of ZnAlI3 is accept-
able for practical wastewater treatment, so ZnAl3 has import-
ant advantages over other adsorbents.

4, Conclusions

In this investigation, co-precipitation was used to syn-
thesize ZnAl-LDHs as an adsorbent to remove RR2. The
RR2 adsorption efficiency was highest when the Zn/Al ratio
was 3. Increasing the ZnAl3 dosage increased RR2 adsorp-
tion, whereas increasing the RR2 concentration or pH
reduced RR2 adsorption. According to kinetic analyses, the
adsorption involved intraparticle diffusion, but this was not
the only rate-controlling step. Equilibrium isotherm analyses
suggested that RR2 was adsorbed onto a heterogeneous sur-
face. The adsorption of RR2 onto ZnAl3 was a spontaneous,
exothermic process that involved physisorption.
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