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Kinetic and equilibrium studies on the adsorption
of Direct Red 23 dye from aqueous solution using

montmorillonite nanoclay
Amir Hossein Mahvi and Arash Dalvand

ABSTRACT

In this research, the adsorption of the Direct Red 23 dye from synthetic textile wastewater using

nanoclay was studied in a batch system. The properties of nanoclay were investigated by scanning
electron microscope, Fourier transform infrared, and EDX analysis. The specific surface area of the
nanoclay was determined using Sear’s method. The results revealed that with increasing adsorbent
dose and contact time and decreasing pH, ionic strength, and adsorbate concentration, dye removal
efficiency has increased. Nanoclay could remove 99.4% dye from the solution containing 50 mg/L dye
at 30 min. The results indicated that dye removal followed pseudo-second-order kinetic (R? > 0.99)
and the Langmuir isotherm. According to the findings, nanoclay is an effective adsorbent for direct

dye removal from wastewater.
Key words | adsorption, direct dye, isotherms, kinetics, nanoclay

INTRODUCTION

Textile industries generate a high volume of colored
wastewater containing various synthetic dyes and pigments
(Mahmoodi & Dalvand 2013; Dalvand et al. 2017). The pres-
ence of a little amount of dyes in water is highly visible
(Maleki et al. 2010). Discharge of colored textile wastewater
in water bodies is harmful to aquatic organisms and imposes
serious damage to the environment (Kizilkaya 2012; Yousefi
et al. 2017). Some synthetic dyes are toxic, carcinogenic,
or mutagenic (Dalvand et al. 201, 2016; Ashrafi ef al. 2013;
Vu et al. 2019). Because of the low biochemical oxygen
demand (BOD)/chemical oxygen demand (COD) ratio of tex-
tile wastewater (Amin ef al. 2008), and the existence of
polyaromatic compounds in the structure of synthetic dyes
(Christie 2007), common wastewater treatment methods,
such as biological processes (conventional activated sludge
process), are not applicable for the efficient treatment of tex-
tile wastewater (Mahvi et al. 2009; Gholami-Borujeni ef al.
20t). Adsorption method due to advantages, such as high
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speed to remove contaminants, simplicity of design, easy
operation, and high efficiency to remove pollutants (Mahvi
2008; Shirmardi et al. 2013; Palamthodi & Lele 2016;
Dalvand et al. 2018), in recent years, has been widely
employed to remove pollutants, such as arsenic (Zarei et al.
2017), chromium (Aslani et al. 2018), lead (Khazaei et al.
2018), malachite green (Kooh et al. 2018), methyl orange dye
(Min-Yu & Su-Hsia 2006), methylene blue and crystal violet
(Chahm et al. 2018), and fluoride (Kaygusuz et al. 2015) from
water and wastewater.

Although activated carbon is the most widely used adsor-
bent in water and wastewater treatment (Min-Yu & Su-Hsia
20006), it has some disadvantages, such as high cost and
needs to regenerate, which limit its application for the
removal of pollutants from water and wastewater (Almeida
et al. 2009). To overcome these limitations, in recent years,
uses of new and low-cost adsorbents, such as sawdust
(Hebeish et al. 20m), orange peel (Arami et al. 2005), and clay
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(Min-Yu & Su-Hsia 2006; Moharami & Jalali 2013), to remove
pollutants from the aqueous environment have been increased.

Nanoclay is nanoparticles of layered mineral silicates
(Niroumand et al. 2013), which is one of the cheapest nanomater-
ials that possesses properties such as being non-toxic to the
environment, high specific surface area, high adsorption
capacity, and high surface reactivity and stability (Jamshidi
et al.2014; Salam ef al. 2017). In recent years, nanoclay has been
successfully applied for the removal of phosphorus (Yuan &
Wu 2007), Orange G dye (Salam et al. 2017), copper, and mercury
(Soleimani & Siahpoosh 2015) from water and wastewater.

Direct Red 23 (DR 23) is an anionic dye (Arami et al. 2005)
which contains two anionic sulfonate groups. This dye is not
biodegradable and has a carcinogenic nature (Konicki et al.
2012). The DR 23 dye is widely used for dyeing textile fibers.

Until now, no studies have been conducted on the
adsorption of DR 23 by nanoclay. Thus, the main objective
of this study was to investigate the removal of DR 23 from
synthetic textile wastewater by using nanoclay. The effects
of parameters, such as pH, ionic strength, adsorbent dose,
contact time, and adsorbate concentration on dye removal
efficiency, were investigated. In addition, kinetics and
isotherms of adsorption were studied.

MATERIALS AND METHODS

Materials

DR 23 was obtained from Ciba Company and applied without
further purification. It was selected as the model dye since it

Table 1 | Properties of DR 23

Dye

was widely used for dyeing fibers by Iranian textile industries.
The properties of DR 23 are given in Table 1. Direct Red 80
(chemical formula: C45H26N1¢9NagO21Ss, molecular weight:
1,373 g/mol, Amax: 537 nm) was purchased from Ciba. The
montmorillonite nanoclay was purchased from the Nanosav
Company (Iran). According to the supplier information, the
density and the interlayer spacing of nanoclay sheets were
0.6 g/cm® and 5 nm, respectively. NaCl, NaOH, and HCI
were obtained from the Merck Company (Germany).

Adsorption experiments

For conducting of adsorption tests, each 100 ml Erlenmeyer
glass flask was filled with 50 ml of synthetic wastewater con-
taining a specific amount of dye (10-200 mg/L). A certain
dose of adsorbent (0.5-5g/L) was measured and added
to each flask and pH was adjusted to 2, 3, 4, 5, 6, 7, 8, 9,
10, or 11, and the mixture was shaken at 250 rpm for
specific times (2-150 min). After shaking, samples were
filtered using a 0.45 um filter to separate adsorbent from
the solution, and the solution was analyzed by a spectropho-
tometer to detect residual dye. All experiments were done at
room temperature (25 °C).

Analytical methods

Dye concentration was determined at the maximum
wavelength (505 nm) using a UV-Vis spectrophotometer
(Perkin Elmer, lambda 25, USA). For adjusting the pH,
0.1 M NaOH and 0.1 M HCIl were used. pH meter (Kent
Ell 7020, UK) was used for pH measurement.

C...DR 23

Chemical structure

Chemical formula
Molecular weight (g/mol)

Amax (nm)

L o
v o o™y
NaO,;S N’ILN SO3Na

Cs5H25N7Na010S,
813.7
505
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To understand the morphology of the adsorbent, the
image of nanoclay was recorded using a scanning electron
microscope (SEM) (AIS2300, Seron Technology, South
Korea) at an accelerating voltage of 20 kV. For recording
the infrared spectrum of nanoclay, a Fourier transform infra-
red (FTIR) spectrometer (Perkin Elmer, USA) was applied.

The percentage of dye removal was determined
according to Equation (1):
n= G -9 100 (1)

Co
where 7 is dye removal (%) and Cy and C are dye concen-
trations before and after adsorption (mg/L), respectively.

The amount of dye adsorbed onto the adsorbent at
equilibrium was calculated using the following equation
(Palamthodi & Lele 2016; Yuliani et al. 2017):

_ (CO - Ce)V
N m

@)

e

where g, is adsorption capacity (mg/g), Co and C, are initial
and equilibrium concentrations of dye in solution (mg/L),
V is the volume of solution (L), and m is the mass of the
adsorbent (g).

Specific surface area

Sear’s method was used to measure the specific surface area
of the nanoclay (Dada ef al. 2012). A total of 0.5 g nanoclay

Figure 1 | SEM images of nanoclay surface (magnification: 20 kx).
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was added to 50 ml of 0.1 M HCI on a magnetic stirrer, and
10g NaCl was poured into the solution. The resulting
mixture was titrated using standard 0.1 M NaOH in a
water bath at 298 K to pH 4, and then to pH 9. The specific
surface area was determined by Equation (3):

S=32V-25 3)

where S (m?/g) and V (ml) are the specific surface area and
the volume of NaOH required to raise the pH from 4 to 9,
respectively.

RESULTS AND DISCUSSION
Characteristics of nanoclay

The morphology of nanoclay was characterized using an
SEM. Figure 1 shows that nanoclay has a layered structure,
smooth surface, and the presence of a number of asym-
metric open pores in the adsorbent provides a large area
for the adsorption of dye molecules. According to the
result obtained from Sear’s method, the specific surface
area of nanoclay was 55 m?/g.

Figure 2 depicts the FTIR spectra of nanoclay. The peak
at 3,622 cm ! is related to the O-H group. The bands at
3,426 and 1,636 cm™ ! are attributed to H-O-H molecules
of water adsorbed on the mineral. Two peaks at 914 and
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Figure 2 | FTIR spectra of nanoclay.

1,032 cm ™! are ascribed to aluminol (Al-OH,) and silanol
(Si-O) groups, respectively (Feng et al. 2000). The bands at
466 and 528 cm ! indicate the presence of Si-O-Si and
Si-O-Al in the structure of montmorillonite nanoclay.

The elemental analysis maps for Al, Si, O, Fe, Na, Mg,
Ca, and K, and EDX spectra of nanoclay are given in
Figure 3. Figure 3 confirms the complete dispersion of all
elements in the structure of nanoclay. According to the
EDX spectra (Figure 3(i)), the nanoclay was majorly
comprised of 10.44% Al, 32.78% Si, 47.08% O, 5.53% Fe,
0.79% Na, 1.32% Mg, 1.56% Ca, and 0.5% K.

Effect of contact time

It has been proven that enough contact time provides an
opportunity for interaction between the adsorbate and the
adsorbent (Hebeish et al. 2011). To determine the effect of con-
tact time on dye removal by nanoclay at various doses (0.5, 2,
and 5 g/L) and the initial dye concentration of 50 mg/L,
according to pretest, different time intervals (2, 5, 10, 20,
30, 40, 50, 60, 90, 120, and 150 min) were chosen and the
results are presented in Figure 4. This figure shows that with
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increasing contact time, dye removal efficiency increases
and the highest dye removal efficiency and adsorption
capacity were obtained after 30, 60, and 120 min for adsor-
bent doses of 5, 2, and 0.5 g/L, respectively. As it is clear
from the results, dye removal is rapid in the initial stages of
sorption and then becomes slow and eventually depending
on the adsorbent dose achieves to equilibrium at a specific
time (Hassan et al. 2014). By increasing the adsorbent dose
from 0.5 to 5 g/L, the required time to reach equilibrium
decreases. In the first stage of adsorption, many vacant sites
are available and adsorption is fast (Weber ef al. 2014), but
later due to occupying and decreasing vacant sites, driving
force decreases that lead to a decrease in the rate of adsorp-
tion (Yan et al. 2013). These results are in agreement with
the results reported by Hebeish et al. (2011).

Effect of adsorbent dose

In order to assess the effect of the adsorbent dose on DR 23 dye
removal efficiency and adsorption capacity, eight adsorbent
doses (0.5, 1, 1.5, 2, 3, 4, and 5 g/L) were tested, while other
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Figure 3 | Elemental analysis maps for (a) AL, (b) Si, (c) O, (d) Mg, (e) Na, (f) Fe, (g) K, (h) Ca, and (i) the EDX spectra of nanoclay.

parameters were kept constant (pH: 2, time: equilibrium time,
and dye concentration: 50 and 200 mg/L) and the results are
shown in Figure 5. As it can be seen in this figure, the increase
of dye removal from 82.26 to 99.4% and from 46.25 to 97%, at
initial dye concentrations of 50 and 200 mg/L, by increasing
the adsorbent dose from 0.5 to 5 g/L is due to the increment
of the surface area and the availability of more vacant sites
for adsorption (Abdel-Halim & Al-Deyab 201; Hebeish ef al.
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20m). In this study, the efficiency of nanoclay for the removal
of Direct Red 80 dye was also investigated, and the results
showed that with increasing the adsorbent dose from 0.5 to
5 g/L at initial dye concentrations of 50 and 200 mg/L, the
dye removal efficiency enhanced from 16.7 to 92.4% and
from 5.9 to 73.4%, respectively.

Figure 5 shows that the adsorption capacity decreases
from 81.26 to 9.94 mg/g by increasing adsorbent doses
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Figure 4 | Effect of contact time on DR 23 dye removal (dye concentration: 50 mg/L;
adsorbent dose: 0.5, 2, and 5 g/L; and pH: 2).
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Figure 5 | Effect of the adsorbent dose on DR 23 dye removal (dye concentrations:
50 and 200 mg/L and pH: 2).

from 0.5 to 5g/L. These results could be attributed to
overcrowding of the adsorbent particles that result in the
overlapping or aggregation of the adsorption sites, reducing
the available surface area and an increase in the diffusion
path length (Hebeish ef al. 2011). Similar results have been
observed by Mahmoodi et al. (2011).

Effect of pH

The initial pH of the aqueous solution is an important
parameter that influences the adsorption process (Almeida
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et al. 2009) by controlling the surface charge of the adsor-
bent, the adsorption availability of the dyes, and the
degree of ionization of the atoms or molecules in the
solution (Errais et al. 2011). The effect of solution pH on
the dye removal efficiency and adsorption capacity was
evaluated at pH 2-11 (Figure 6). According to Figure 6, by
increasing pH from 2 to 11, a decrease in the dye removal
efficiency and adsorption capacity was observed. At all
adsorbent doses, maximum dye removal was achieved at
pH 2. At low pH, the aluminol and silanol groups on
the nanoclay surface were protonated in the form of
AIOH3Z (Bajpai & Sachdeva 2002) and SiOHZ (=Si-OH +

* - =Si-OHZ) (Kubilay et al. 2007) due to the presence
of excess H* ions in the solution. Higher dye removal effi-
ciency at pH 2 can be attributed to the protonation of
active groups on the surface of the adsorbent, which
improves the electrostatic attraction of negatively charged
dye molecules (each dye molecule contains two anionic
sulfonate groups) toward positively charged adsorbent
(Konicki ef al. 2012). With increasing pH, due to the deproto-
nation mechanism (AIOH and SiOH change to AlIO™ and
SiO™), the number of positively charged sites on the adsor-
bent decreases and as a result the dye removal efficiency
decreases (Si et al. 2015). Moreover, lower dye adsorption at
higher pH is because of the presence of negatively charged
hydroxyl ions which compete with the anionic dye molecules
for the adsorption sites (Gopal et al. 2014).
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Figure 6 | Effect of pH on DR 23 dye removal (dye concentration: 50 mg/L; adsorbent
dose: 0.5, 2, and 5 g/L; and contact time: equilibrium time).
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transfer resistance between the solution and the solid
adsorbent (Almeida et al. 2009). The influence of adsorbate

t/q,

concentration on adsorption efficiency was studied at
various initial DR 23 dye concentrations, while other par-

ameters were kept fixed (pH: 2, contact time: equilibrium .//I'
time, and adsorbent dose: 0.5, 2, and 5g/L). Figure 7
shows all adsorbent doses when the initial dye concentration ;
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Figure 8 | Effect of NaCl concentration on DR 23 dye removal (dye concentration: 50 mg/L; kinetics for the adsorption of DR 23 onto nanoclay (dye concentration:
adsorbent dose: 0.5, 2, and 5 g/L; contact time: equilibrium time; and pH: 2). 50 mg/L; adsorbent dose: 0.5, 2, and 5 g/L; and pH: 2).
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77.5, and 97% at adsorbent doses of 0.5, 2, and 5 g/L,
respectively. The effect of adsorbate dose on dye removal
efficiency was also studied for the Direct Red 80 dye, and
the results indicate that with increasing Direct Red 80 dye
concentration from 10 to 200 mg/L, dye removal efficiency
declines from 38.9 and 98% to 5.9 and 73.48% at adsorbent
doses of 0.5 and 5 g/L, respectively.

This result can be explained by the fact that the number
of adsorption sites on a specific amount of adsorbent is lim-
ited (Si et al. 2015); therefore, with increasing the number of
dye molecules, the number of active sites on the adsorbent
is not enough to adsorb all dye molecules and, conse-
quently, dye removal decreases. By increasing the initial
DR 23 dye concentration from 10 to 200 mg/L, the
amount of dye adsorbed onto the adsorbent increased
from 17.7, 4.9, and 1.99 mg/g to 185, 77.5, and 38.8 mg/g
at adsorbent doses of 0.5, 2, and 5 g/L, respectively. An
increase in the concentration gradient between dye mol-
ecules in the solution and dye molecules on the
adsorbent surface at higher initial dye concentrations
causes an increase in the driving force and adsorption
capacity (Gopal et al. 2014).

Effect of competing ion

The high concentration of salts (especially NaCl) in
common textile wastewater can affect the adsorption of
pollutants onto the adsorbent (Si ef al. 2015). To investigate
the effect of the competing ion on dye adsorption, NaCl
in different concentrations of 100, 250, and 500 mg/L

was added to textile wastewater (Figure 8). As is clear
from Figure 8, increasing NaCl concentration from 0 to
500 mg/L results in decreasing dye removal at all adsorbent
doses. This result is due to the presence of salt molecules in
adsorption sites on the surface of the adsorbent (Mahmoodi
et al. 2011), and the competition of chloride ions with DR 23
dye molecules for adsorption sites on the adsorbent surface
(Errais et al. 201). At a high adsorbent dose, when NaCl was
added to the solution, only a negligible decrease in dye
adsorption by the adsorbent was observed. The low decrease
in dye removal at higher adsorbent doses is due to the pres-
ence of enough available active sites for the adsorption of
both dye and salt molecules.

Adsorption kinetics

Until now, many kinetic models have been presented for
investigating the rate of adsorption process (Gopal et al.
2014). In the current study, the kinetics of dye adsorption
onto nanoclay was assayed by pseudo-first-order (Lagergren
1898; Mahmoodi & Masrouri 2015), pseudo-second-order
(Ho & McKay 1998; Magdy & Altaher 2018), and intraparticle
diffusion models (Weber & Morris 1963) (Figure 9). The intra-
particle diffusion model assumes that diffusion is the only
rate-controlling step during the adsorption process (Oztiirk
& Malkoc 2014).

The kinetic parameters for dye adsorption onto nano-
clay are presented in Table 2. The values of C (Table 2)
showed that increasing the adsorbent dose decreased the
boundary layer diffusion effect. According to the correlation

Table 2 | Kinetic parameters for dye adsorption onto the adsorbent (pH: 2 and adsorbent dose: 0.5, 2, and 5 g/L)

Adsorbent dose (g/L)

Kinetic model Linear form of equation Kinetic coefficient 0.5 2 5
Pseudo-first-order log (ge — q1) = logq. — 2@153 ky (min™?) 0.03 0.059 0.002
: R? 0.458 0.37 0.077
Pseudo-second-order Lt A d 5+ i3 k, (g/mg min) 0.0014 0.031 1
9 24¢ 9e {e,calculated (mg/g) 90.9 25 10
h 11.49 19.6 100
R? 0.993 0.999 1
Intraparticle diffusion q: = kigt'? + C kiq (mg/g min'’?) 5.978 1.449 0.76
C (mg/g) 24.8 13.27 5.71
R? 0.819 0.489 0.38
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coefficient from Table 2, the adsorption data were best fitted
to the pseudo-second-order model at various adsorbent
doses (0.993 < R% < 1). Also, the values of g, calculated
using the pseudo-second-order model were near to g,
gathered from experimental results. The values of g, exper-
imental were 82.26, 24.29, and 9.94 mg/g for adsorbent
doses of 0.5, 2, and 5 g/L, respectively. Although with an
increase in the adsorbent dose from 0.5 to 5 g/L the g,
parameter decreases, the rate of reaction increases from
0.001 to 1g/mg min. These results agree with the results
reported by previous studies (Mahmoodi et al. 2011; Gopal
et al. 2014). At higher adsorbent doses, more adsorption
sites are available; hence, the adsorption process is com-
pleted in a short time, and the rate of reaction (k,) increases.

Adsorption isotherms study

The adsorption capacity of any adsorbent can be computed by
using a suitable isotherm model (Almeida et al. 2009). In this
study, Langmuir (1916), Freundlich (1906), and Dubinin-
Radushkevich (Dubinin 1947) models were selected for study-
ing the adsorption isotherm (Figure 10), and adsorption
parameters are shown in Table 3. The Langmuir isotherm
describes the monolayer and homogeneous sorption of pollu-
tants on the surface of the adsorbent (Kaygusuz et al. 2015),
while the Freundlich model assumes that the adsorption of
pollutants on the adsorbent is multilayer and heterogeneous.
The results presented in Table 3 indicated that DR 23 dye
removal followed the Langmuir isotherm (R? > 0.99).

The value of n above 1 suggests that the adsorption of
DR23 onto nanoclay is favorable and indicates the presence
of high energy sites on the adsorbent surface (Ratnamala
et al. 2012). To determine the nature of adsorption (physical
or chemical), the Dubinin-Radushkevich model was also
used (Ghaedi et al. 2015). The value of mean sorption
energy (E) can give useful information about the nature of
adsorption. The value of E < 8XkJ/mol indicates physical
adsorption. When the value of E ranges from 8 to 16 kJ/mol,
the adsorption process follows chemical ion exchange.
According to Table 3, the values of E for the adsorption of
DR 23 onto nanoclay are 0.79, 2.236, and 3.535 kJ/mol for
initial adsorbent doses of 0.5, 2, and 5 g/L; therefore, the
nature of dye adsorption onto nanoclay is physical.
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Figure 10 | (a) Langmuir, (b) Freundlich, and (c) Dubinin-Radushkevich isotherms for the
adsorption of DR 23 onto nanoclay (adsorbent dose: 0.5, 2, and 5 g/L, and pH: 2).

Comparison of nanoclay with other adsorbents

Nanoclay has been compared with other adsorbents for DR
23 dye adsorption (Table 4). The results in this table show
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Table 3 | Isotherm parameters for dye adsorption onto the adsorbent (pH: 2, contact time: equilibrium time, and adsorbent dose: 0.5, 2, and 5 g/L)

Adsorbent dose (g/L)

Adsorption isotherm Linear form of equation Isotherm coefficient 0.5 2 5
Langmuir 1 1 11 Gmax (Mg/) 166.6 58.82 25.64
= T b (L/mg) 0.107 0.566 3
e qmax Dmaxte R 0.998 0.992 0.994
Freundlich logg. = logk; + l]()g C, kg (mg/g)(L/mg)l/n 21.42 15.66 16.18
n n 2.1 2.07 1.84
R? 0.95 0.947 0.987
Dubinin-Radushkevich Ing, = Ingy, — pe? B (mol?/J?) 8x1077 1077 4x10°8
qm (Mg/g) 114.2 45.51 2441
1 E (kJ/mol) 0.79 2.236 3.535
E= (2 )1/2
B R? 0.787 0.801 0.904
Table 4 | Comparison of the various adsorbents for DR 23 removal
Maximum adsorption Applicable
Adsorbent capacity (mg/g) pH Applicable kinetic model isotherm model Reference
Cationized sawdust 65.8 55 - Langmuir Hebeish et al. (201)
Polyaniline coated activated carbon 90.9-109.8 3  Pseudo-second-order Langmuir Gopal et al. (2014)
Magnetic multi-walled carbon nanotubes-Fe;C 172.4 3.7 Pseudo-second-order Freundlich Konicki et al. (2012)
Chitosan 155 2 Pseudo-second-order Temkin Mahmoodi ef al. (2011)
Corn stalk 27-52 3  Pseudo-second-order Freundlich Fathi et al. (2015)
Orange peel 10.72 2  Pseudo-second-order Langmuir Arami et al. (2005)
Uncariagambir 26.67 2 Pseudo-second-order Langmuir Achmad et al. (2012)
Pretreated Mangrove bark 21.55 2 Pseudo-second-order Langmuir Tan et al. (2010)
Zinc aluminum hydroxide 75 - Pseudo-second-order Langmuir Mahmoodi ef al. (2014)
Nanoclay 25-166 2 Pseudo-second-order Langmuir This study

that pH 2 is the most desirable pH for DR 23 adsorption.
The adsorption of DR 23 onto the whole of adsorbents has
followed the pseudo-second-order model. Compared to
other low-cost adsorbents (corn stalk, orange peel, Man-
grove bark, sawdust, and Uncariagambir), nanoclay has a
higher capability for DR 23 removal. In addition, nanoclay
in price and adsorption capacity can compete well with
modified adsorbents and other nano-adsorbents.

CONCLUSION

The adsorption of DR 23 onto nanoclay was studied at different
conditions. The results revealed that by increasing the adsor-
bent dose and contact time and decreasing the pH, ionic
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strength, and adsorbate concentration, DR 23 dye removal effi-
ciency has increased. Nanoclay could remove DR 23 from
aqueous solution as high as 99.4%. The equilibrium data were
fitted well with the Langmuir isotherm. Kinetic studies revealed
that dye removal onto adsorbent followed the pseudo-second-
order model. The nature of dye adsorption onto nanoclay
was physical. It was found that nanoclay was an efficient adsor-
bent for direct dye removal from textile wastewater.
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