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Abstract−Adsorption of BR 18 dye onto nano-clay adsorbent was investigated. Nano-clay was characterized by using
FTIR, SEM, TEM, XRD and BET analysis. The percent removal increased by increasing nano-clay dose, while pH and
stirring speed had no significant effect on the adsorption rate. It was observed that the uptake of dye onto nano-clay
initially increased rapidly, and then decreased slowly until the equilibrium was reached. The adsorption capacity rose
with an increase in temperature. Moreover, the adsorption kinetics was very fast and followed a pseudo second-order.
The intra-particle diffusion was observed to be the rate-controlling step. In addition, equilibrium data fitted well with
the Langmuir adsorption model. This paper also presents a numerical simulation incorporating the second-order
kinetic expression using COMSOL Multiphysics software. The numerical modelling results and the experimental data
were in excellent agreement.
Keywords: Computational Fluid Dynamics, COMSOL Multiphysics, Azo Dye, Adsorption, Montmorillonite

INTRODUCTION

Synthetic dyes are used widely in textile, paint, paper and print-
ing industries. Wastewaters from textile industries comprise vari-
ous pollutants, including a large amount of organic matter and color
problem, depending upon the types of dyes, surface active materi-
als and textile additives used in the process [1,2]. Generally, the
dyes used in the textile industry include basic dyes, acid dyes, reac-
tive dyes, direct dyes, azo dyes, mordant dyes, vat dyes, disperse
dyes and sulfur dyes [3]. Azo dyes having one or more azo groups
(-N=N-) in aromatic rings are considered to be the major type of
dyes used in industry [3,4]. So, the removal of such dyes from indus-
trial effluents should be considered in order to control water pollu-
tion and raise water quality.

The most widely applied techniques of dye removal from indus-
trial effluents are categorized into three groups: chemical (e.g., oxi-
dative processes), physical (e.g., adsorption) and biological (e.g.,
decolorization by white-rot fungi, adsorption by living/dead micro-
bial biomass). Currently, the main focus is to find environmen-
tally friendly and cost-effective physical and chemical methods of
textile dye treatment [5-7]. Among the abundant methods of dye
removal, adsorption is the best choice and gives appropriate results,
as this method can be applied to remove different types of color-
ing materials. Recently, a number of methods have been investigated
in developing the cheaper and effective adsorbents. Numerous re-
searchers have proposed non-conventional inexpensive adsor-
bents, comprising natural materials [8-12], biomaterials [13], and
waste materials from agriculture and industry [14]. Investigations

have revealed that these materials could be effectively used as ad-
sorbents to remove dyes from solution.

Clays are natural environment-friendly materials and are exten-
sively used for the adsorption of the organic pollutants due to their
high specific surface area, chemical and mechanical stabilities, high
ion exchange capacity, swelling property and a variety of surface
and structural properties. In addition, the most-used clays as nano-
adsorbents include montmorillonite/smectite group and kaolinite
group clays [15-21]. Among the various smectite minerals, mont-
morillonite is popularly utilized for modification purposes because
of its high adsorption capacity and favourable surface properties
[22]. So, raw and modified montmorillonite have been successfully
used as adsorbents for various dyes such as Crystal violet [23],
Disperse Blue 56 and Disperse Red 135 [24], Rhodamine B [25],
Methylene blue [26], and Malachite green [27].

Adsorption process has been modelled by many researchers.
According to Ardejani et al. (2007), a numerical model is a valu-
able tool which can provide insight into the adsorption process. A
numerical model can predict future events. It may indicate which
factor(s) in a real system are most important from a sensitivity view
point. A model can help to design, optimize and predict the per-
formance of field remediation and contaminated water treatment
programs [28]. In a batch system, there is usually one transport mode
and a major process occurring simultaneously, such as diffusion
and chemical reactions involved in adsorption.

Finite element method (FEM) is mostly used for the modelling
and simulation for solid mechanics problems. Besides, it is used for
multiphysics modelling and simulation including computational
fluid dynamics (CFD) [29,30]. In the present work, a novel solving
technology called COMSOL Multiphysics, was employed to solve
the partial differential equations of CFD models friendly and effi-
ciently [31-33]. It involves diffusion transport and adsorption process.
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In the present study, montmorillonite was used as a natural ad-
sorbent for removal of Basic Red 18 dye from aqueous solution.
Our aim was to determine the optimum conditions for removal of
Basic Red 18 from a simulated wastewater. In addition, a compu-
tational fluid dynamics (CFD) model has been presented using
COMSOL Multiphysics software to simulate Basic Red 18 dye re-
moval from an aqueous solution. This model can provide useful
data required for developing an appropriate treatment system based
on adsorption process.

MATERIALS AND METHODS

1. Adsorbent Characterization
Measurement of the surface area of the nanoclay involved using

standard Brunauer-Emmett-Teller (BET) analyzer (Belsorp mini-II).
FTIR spectra were obtained using Nicolet Instrument crop., USA,
spectrophotometer. Morphological features of samples were obtained
using a scanning electron microscope (SEM, LEO1455VP, England),
and transmission electron microscopy (TEM) techniques were car-
ried out on the clay powder. To investigate the crystalline structure
of the nanoclay, a X-ray diffractometer (Siemens D-500) was used.
2. Reagents and Solutions

BR 18 dye (analytical grade, C19H25Cl2N5O2, λmax=488 nm) was
used without further purification. Distilled water was throughout
used as solvent. For adsorption experiments, various concentrations
of dye solutions ranging from 10 to 200 mg/L) were prepared. The
pH adjustments of the solution were made by adding a slight amount
of HCl or NaOH.
3. Batch Adsorption Procedure

The adsorption measurements were conducted by mixing vari-
ous amounts of nanoclay (0.01-0.1 g) in jars comprising 200 mL of
a dye solution (20 mg/L) and an agitating speed of 200 rpm at tem-
perature 25±1 oC for 20min to achieve equilibrium conditions. After
adsorption experiments, the sorbent was separated from the solu-
tion by Hettich EBA20 centrifuge, and the concentration of dye was
then determined. In the batch system, effects of the major inde-
pendent parameters such as adsorbent dose, pH, stirring speed,
dye concentration, contact time and temperature were studied and
optimized.
4. Isotherm Studies

The isotherm experiments were carried out by changing the ini-
tial dye concentrations (C0) from 100 to 200 mg·L−1 and shaking
with 0.04 g adsorbent in 200 ml dye solution for an equilibrium
time at a constant temperature of 25±1 oC. The initial pH of dye
solutions was 4.8 and no adjustments were done on the pH after
nanoclay addition. The equilibrium dye concentrations (Ce) were
then measured and the quantities of dye adsorbed per unit weight
of adsorbent (qe) were calculated as follows [34]:

(1)

The adsorbate distribution between the liquid phase and solid phase
was assessed by different isotherm models once the BR 18 uptake
had reached equilibrium. Therefore, Langmuir, Freundlich, and
Temkin isothermal models were applied to the experimental data
obtained during the isothermal adsorption investigations.

4-1. Langmuir Isotherm
The well-known linear form of Langmuir equation (Eq. (2)),

which was applied on the experimental data, can be expressed as
follows [35]:

(2)

where qe denotes the amount of solute adsorbed per unit weight at
concentration C (mg·g−1), Ce represents the equilibrium concen-
tration of the dye (mg·L−1), Qo is referred to the maximum adsorp-
tion capacity and KL is Langmuir isotherm constant (L·mg−1).

The equilibrium parameter, RL, is a dimensionless constant [36],
which is given by Eq. (3):

(3)

RL shows the adsorption type to be unfavorable (RL>1), linear (RL=
1), favorable (0<RL<1), or irreversible process (RL=0) [36].
4-2. Freundlich Isotherm

Eq. (4) describes the Freundlich model for the adsorption of sol-
utes from a aqueous phase to a solid surface which was used in this
study [37]:

(4)

where qe denotes the amount of a solute adsorbed (mg·g−1), Ce is
the equilibrium concentration of the adsorbate (mg·L−1), KF and n
represent the Freundlich constants, describing the adsorption capac-
ity and adsorption intensity, respectively.
4-3. Temkin Isotherm

To evaluate the heat of adsorption of adsorbate molecules on the
surface of adsorbent particles, the equilibrium data was attempted
by applying a linear form (Eq. (5)) of Temkin equation [38].

qe=k1lnk2+k1lnCe (5)

where qe represents the solute quantity adsorbed at equilibrium
(mg·g−1), Ce denotes the dissolved concentration at equilibrium
(mg·L−1), k1 is referred to the Temkin isotherm energy constant
(L·mg−1) associated with the heat of adsorption and k2 is the Tem-
kin’s isotherm constant.
5. Kinetic Studies

The kinetic study was performed by measuring the concentra-
tion of the BR 18 solution at pre-set time intervals. The amount of
the dye adsorbed at time t, qt (mg·g−1) can be calculated by apply-
ing Eq. (6):

(6)

where Co and Ct (mg·L−1) are the liquid-phase concentration of
the dye at the initial and any time t, respectively; V(L) represents
the volume of the solution; and M(g) denotes the mass of the dried
adsorbent used [39]. Three kinetic models were used which are
discussed below.
5-1. Pseudo-first-order Kinetic Model

The pseudo-first order equation of Lagergren can be expressed
as:

qe = 

C0 − Ce( ) V⋅
M

---------------------------

Ce

qe
----- = 

1
Q0KL
------------ + 

1
Q0
------Ce

RL = 
1

1+ KLC0
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qe = KF + 
1
n
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⎝ ⎠
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(7)

where qt and qe represent the amounts of BR 18 adsorbed (in mg·
g−1) at time t and equilibrium, respectively, and k1 is the pseudo-
first order rate constant for the adsorption process (1·min−1) [40].
5-2. Pseudo-second-order Kinetic Model

The pseudo-second order kinetic equation describing the chem-
ical adsorption process is given below:

(8)

where k2 represents the equilibrium rate constant of pseudo-second
order equation (g·mg−1·min−1) [41].
5-3. Intraparticle Diffusion Model

The adsorption of solutes on an adsorbent is a two-step process:
transport of solute from the boundary film to the external surface
of the adsorbent which is termed film diffusion; transfer of solute
from the surface to the interlayer space active sites. The external
mass transfer resistance can be ignored with high agitation rate [42].

The interlayer diffusion equation can be expressed as follows [43]:

(9)

where qt is the adsorbed quantity of BR 18, Ki denotes the inter-
layer diffusion parameter, and Cb represents the thickness of the
boundary layer.
6. Adsorption Thermodynamics

The thermodynamic parameters including changes in standard
enthalpy (DH0), standard entropy (ΔS0) and standard Gibbs free
energy (ΔG0) were determined to understand the nature of RB 18
adsorption by nanoclay.

The Gibbs free energy change can be calculated at constant tem-
perature and from Van’t Hoff equation applying Eqs. (10) and (11),
respectively [44].

ΔG0=−RTlnKd (10)

where Kd represents the distribution constant at equilibrium, which
is equivalent to qe/Ce.

ΔG0=ΔH0−T ΔS0 (11)

According to Eqs. (10) and (11), the distribution constant is related
to the changes in the standard entropy, ΔS0 and enthalpy, ΔH0 as
given by Eq. (12).

(12)

7. Adsorption Modelling
7-1. Mass Transport Equation

The governing partial differential equation for transport of a
single solute in a saturated porous medium with considering the
equation for the pollutant mass balance on the solid phase can be
expressed as follows [45]:

(13)

where Ø is the porosity, ρ denotes the aqueous phase density, C is

the pollutant concentration, D is referred to the dispersion tensor,
ul is the Darcy velocity, q signifies the solute content adsorbed onto
the porous media, ρs represents the density of the solid phase, Øs

denotes the volumetric fraction of the solid and Y is the rate of
chemical interactions (sources or sinks).

Considering the diffusion mechanism in a batch system, Eq. (13)
can be reduced as follows:

(14)

where Ddiff and ρb are the diffusion coefficient and the bulk den-
sity of solid [46].
7-2. Modelling Tool

Simulation using COMSOL Multiphysics contains six general
steps: 1. Defining the governing equations and selection of spatial
dimensions, 2. Creating the system geometry in software environ-
ment, 3. Determining the boundary condition, 4. Defining the phys-
ical properties and initial guesses, 5. Generating the mesh generation,
selecting the necessary solver and solving the problem, 6. Post pro-
cessing step and creating the results.

RESULTS AND DISCUSSION

1. Characteristics of Adsorbent
1-1. XRD Analysis

XRD is often used to determine the mineralogical structure of
the raw material constituents as well as qualitative and quantitative
phase analysis of multiphase mixtures [47]. XRD pattern of nano-
clay sample is shown in Fig. 1. A sharp peak at approximately 7o

(2θ) in the XRD pattern of adsorbent can be attributed to the (001)
reflection of montmorillonite (Mt). A small peak at approximately
27o (2θ) as an impurity is attributed to quartz (Q). A peak at around
22o (2θ) is related to high-temperature form of cristobalite (β-Cris-
tobalite).

The wavenumbers and assignments of the main vibration modes
in the FTIR spectra of nanoclay (Fig. 2) were obtained. The char-
acteristic band at ~3,630 cm−1 is related to the stretching vibration
of structural OH (Al-OH). Vibration bands centered at ~1,639 cm−1

in montmorillonite are attributed to the bending vibrations of the
adsorbed water [48]. The clay mineral spectra show a band at 1,036
cm−1, associated with Si-O-Si stretching vibrations, a band at 624
cm−1 which signifies coupled Al-O and Si-O [49]. A broad band at
1,091 cm−1 is related to Si-O stretching vibrations. In addition, tet-

dqt

dt
------- = k1 qe − qt( )

dqt

dt
------- = k2 qe − qt( )2

qt = Cb + Ki t

Kd = 
ΔS0

R
-------- − 

ΔH0

RT
----------ln

∂ ØC( )
∂t

---------------- = ∇ ØD ∇C⋅[ ]  − ∇ ulC( ) − 
∂ ρsØsq( )

∂t
---------------------  ± ØρY⋅ ⋅

∂C
∂t
------- = ∇ Ddiff∇ C⋅( )  − 

ρb

Ø
-----

∂ q( )
∂t
----------  ± ρY⋅

Fig. 1. XRD pattern of montmorillonite (Mt).
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rahedral Si-O-Al and Si-O-Mg bending frequencies were at 520
and 470 cm−1, respectively. The band at 796 cm−1 might be caused
by the presence of amorphous silica in the clay minerals [23]. The
presence of -OH groups on the surface of adsorbent has an import-
ant role for the adsorption of cationic species such as BR 18 [50].

New bands were observed at 1,600 cm−1 and 1,343 cm−1 after ab-
sorbing the BR 18. A peak at 1,600 cm−1 proves the presence of azo
dye and a band at 1,343 cm−1 could be used as an evidence for ad-
sorption of BR 18 on montmorillonite surface [51]. These bands
could be related to CH bending and N-H bending vibrations.

The surface area of nanoclay was determined by BET method
and a value of 49.5 m2·g−1 was calculated.

The morphology of montmorillonite can be seen in SEM image
of Fig. 3(a). This figure shows uniformly layered structured with
an ultrathin shelly. The TEM micrograph of the adsorbent (Fig.
3(b)) indicates the partial exfoliation of montmorillonite.
2. Effect of Adsorbent Dosage

Adsorption of BR 18 was conducted by adding 0.01-0.1 g of
nanoclay to 200 mL of 20 mg·L−1 dye solution at a speed of 200
rpm with a temperature control of 25±1 oC for 20 minutes. At cer-
tain time intervals, the samples were taken and removed by centrif-
ugation at a speed of 4,000 rpm for 5 min. The remaining concen-

tration was determined spectrophotometrically at its correspond-
ing λmax.

The percentage of BR 18 absorption increased from 80.19 to
96.9%, as the nanoclay dose was increased from 0.01 g to 0.04 g/
200 ml at equilibrium time (20 min). Further increase in adsorbent
dosage from 0.04 to 0.1 g/200 ml did not enhance the removal per-
centage, so the optimum adsorbent was considered 0.04 g (Fig. 4).
Increase in the removal percentage with increase in nanoclay con-
tent can be attributed to increased surface area and the availability
of more adsorption sites [52,53]. However, as expected, the adsorp-
tion capacity decreased with an increase in adsorbent mass, due to
the reduction in effective surface area and adsorbate/adsorbent ratio
[54,55].
3. Effect of pH

Generally, solution pH can affect the surface charge of the adsor-
bent, the degree of ionization of the material present in the aque-
ous system, the dissociation of functional groups on the active sites
of the adsorbent, and the chemistry of dye solution [56].

The effect of the initial pH on the adsorption of the BR 18 dye
solution onto the nanoclay was studied in the pH range of 3.0-
10.0 with a fixed adsorbent concentration (0.04 g in 200.0 mL of
20.0 mg L−1 of dye solution). The pH value of the initial dye solu-

Fig. 2. FTIR spectra of the nanoclay, (top) before and (bottom) after
adsorption of azo dye.

Fig. 4. Effect of adsorbent dosage on the removal of BR 18; qe and R
are the amount of equilibrium adsorption and the percent
removal, respectively (Condition: pH=4.8, T=25±1 oC, C0=20
mg L−1, equilibrium time=20 min and stirring speed=200
rpm).

Fig. 3. (a) SEM image of montmorillonite (b) TEM micrograph of montmorillonite.
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tion was adjusted using a 0.1 M HCl or NaOH solution. Nanoclay
was then added to the solution and agitated for enough time to
attain equilibrium.

It is expected that the amount of BR 18 adsorption will decrease
in acidic pH, due to electrostatic repulsion and competitive sorp-
tion between H+ and BR 18 cations. But, as Fig. 5 shows, the solu-
tion pH in the range of 3-10 did not affect the BR 18 adsorption
by nanoclay. This means that BR 18 removal from the solution is
almost independent of pH because of higher adsorption capacities
of montmorillonite. In addition, BR 18 adsorption occurs quickly
due to a higher number of montmorillonite active sites. This type of
the surface reaction is very similar to ion exchange process [57,58].
4. Effect of Agitation Speed

Agitation is an important parameter in adsorption phenom-
ena. It can influence on the distribution of the solute in the bulk
solution. Also, it can result in the formation of the external bound-
ary film [59]. Adsorption studies were carried out at optimum pH
and adsorbent dosage (pH=4.8 and M=0.04 g) and for dye initial
concentration of 20 mg/L. The stirring speed varied from 30 to 200
rpm. Samples were taken at equilibrium time and analyzed for BR
18 concentration in solution.

Fig. 6 shows the amount of BR 18 adsorbed using nanoclay at
different agitation speed for contact time of 20 min. As can be seen,
one can say that stirring speed had no a significant effect on adsorp-

tion rate. Therefore, a stirring speed of 200 rpm was considered for
further experiments.
5. Dye Concentration and Contact Time

The influence of dye concentration on adsorption percentage of
dye was investigated at a range of 10-200 mg·L−1. The experiments
were carried out at optimum adsorbent dose (0.04 g/200 ml) in the
test solution, temperature (25±1 oC), pH (4.8) and for different time
intervals (2, 4, 6, 8, 10, 15, and 20 min).

From Fig. 7, it is observed that the uptake of dye onto nanoclay
increased rapidly at the early stages of adsorption process, followed
by a gradual increase again and then decreased gradually until equi-
librium was reached. Similar result was reported by Anirudhan et
al. in the case of the adsorption of basic dyes onto modified ben-
tonite clay [60]. The time required to reach equilibrium was 20 min.
The amount of BR 18 dye adsorbed at equilibrium was 93.5 mg·g−1

(94.35%) at an initial concentration of 20 mg/L and a pH of 4.8 at
25±1 oC. The high efficiency in uptake at the initial stages was due
to the high availability of adsorption sites on the surface of nano-
clay. After a rapid uptake, a transitional phase occurred in which
the rate of removal was slow and then reached a constant value.

Fig. 7 further shows that the increase in dye concentration in-
creased the dye removal. When the concentration was increased
from 10 to 200 mg/L, the amount of removal increased from 44.72
to 700.73 mg·g−1. From this one can say that BR 18 dye uptake is
highly dependent on concentration of the adsorbate.
6. Effect of Temperature

A study of the temperature dependence of adsorption reaction
gives valuable knowledge about the enthalpy and entropy changes
during adsorption. The removal of BR 18 onto nanoclay was stud-
ied at 298, 308, and 318 K to determine the thermo-dynamic par-
ameters such as changes in Gibbs energy ΔG0 (kJ·mol−1), enthalpy
change ΔH0 (kJ·mol−1), and entropy change ΔS0 (J·mol−1 K−1).

Fig. 8 shows the relationship between the amount of dye ad-
sorbed per unit mass of adsorbent and solution temperature. The
adsorption capacity rose from 93.5 to 97 mg·g−1 with an increase
in temperature, due to a greater number of molecules to acquire
sufficient energy to undergo an interaction with active sites on the
adsorbent surface [61].
7. Isotherm Studies

When the dye concentration was increased from 10 to 100 mg·

Fig. 6. Effect of stirring speed on the adsorption of BR 18 (Condi-
tion: pH=4.8, M=0.04 g, T=25±1 oC, C0=20 mg L−1 and equi-
librium time=20 min).

Fig. 5. Effect of pH on the adsorption of BR 18 (Condition: M=0.04
g, T=25±1 oC, C0=20 mg L−1, equilibrium time=20 min and
stirring speed=200 rpm).

Fig. 7. Effect of Dye concentration on the adsorption of BR 18 (Con-
dition: pH=4.8, M=0.04g, T=25±1o, equilibrium time=20min
and stirring speed=200 rpm).
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muir model was preferred due to the physical meaning attributed
to its constants, particularly qm, which is used for the discussion of
results on the basis of the chemical properties of samples. Also, the
adsorption isotherms fitted well the Langmuir model in compari-
son to Freundlich one, which indicates that the adsorption of BR
18 on the surface of montmorillonite is monolayer. Similar results
were observed in the isotherm experiment of Methylene blue on
broad bean peels [62] and Reactive red 241 and Acid blue 113 on
activate carbon [63].

Moreover, based on the RL value (presented in Table 1), the ad-
sorption of the dye onto the nanoclay is favorable, which suggests
that adsorption occurs on the homogeneous surface of the adsor-
bent with identical binding positions.
8. Kinetic Studies

The kinetic parameters of different models are given in Table 2.
As can be seen, pseudo-second-order expression shows the high-
est correlation (R2=1.00) than the other kinetic models, which indi-
cates that the adsorption of BR18 onto nanoclay follows a pseudo-
second-order kinetic model. The values of k2 and qe were deter-
mined experimentally from the slope and intercept of a plot of t/qt

versus t (Fig. 10). According to the assumptions of pseudo-sec-
ond-order model, adsorption involves various mechanisms com-
prising chemical and electrostatic interactions between adsorbate
molecules and functional groups on the adsorbent surface [64].

The values of k1 and qe were obtained from the slope and inter-
cept of log (qe−qt) versus t plot, respectively [65]. It is obvious from

L−1, the rate of dye adsorbed kept basically unchanged and fluctu-
ated between 94.3 and 99.4 (%). So, to perform isotherm studies,
the dye concentration was varied in the range of 100-200 mg·L−1.
The parameters of isotherm models are given in Table 1. The ad-
sorption isotherm of the BR 18 dye onto the nanoclay is shown in
Fig. 9.

According to Table 1 and the R2 values, the experimental equi-
librium data have a good agreement with both Langmuir and Fre-
undlich models; however, the adsorption data fit the Langmuir
model better than the Freundlich and Temkin models. The Lang-

Fig. 8. Effect of temperature on the adsorption of BR 18 (Condition:
pH=4.8, M=0.04 g, C0=20 mg L−1, equilibrium time=20 min
and stirring speed=200 rpm).

Table 1. The Freundlich, Langmuir and Temkin adsorption isotherm constants

Dye
Langmuir isotherm Freundlich isotherm Temkin isotherm

Q0 KL RL R2 KF n R2 K1 K2 R2

BR 18 714.3 0.5 0.09 0.9963 457.1 10.55 0.9891 50.44 10216.36 0.96

Fig. 9. Adsorption isotherms of BR 18 on nanoclay at T=25±1o, (a) Langmuir, (b) Freundlich, (c) Temkin isotherm models.
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Table 2 that the calculated qe values did not agree with the experi-
mental qe values. Thus, the pseudo-first-order model did not fit well.

Intra-particle diffusion model based on the theory proposed by
Weber and Morris was attempted to identify the diffusion mecha-
nism, and Cb and Ki, were obtained from the slope and intercept
of the straight line of qt versus t1/2, respectively (Fig. 11).

The intra-particle diffusion model usually includes three steps.
The first, sharper portion, is the instantaneous adsorption or exter-

nal surface adsorption. The second portion represents the gradual
adsorption stage where intra-particle diffusion is the rate-limiting
process. The third portion may exist in some cases, which denotes
the final equilibrium stage where intra-particle diffusion begins to
decelerate due to the highly low adsorbate concentrations left in
the solution phase [64]. Fig. 11 shows that the linear plot did not
pass through the origin, which indicates that the intra-particle dif-
fusion was not the only rate-controlling step and the boundary layer
diffusion governed the adsorption to some degree. According to
Mahmoud et al. [66], this deviation may be due to the difference
in mass transfer rate in the early and final stages of adsorption pro-
cess. The values of the intercept C increased with an growth in ini-
tial dye concentration (100 to 200 mg·L−1), which indicated an in-
creasing boundary layer influence.

In this study, adsorption mechanism was independent of stir-
ring speed changes, so the intra-particle diffusion model was also
independent of the change in stirring speed. The intra-particle dif-
fusion model of BR 18 adsorption on montmorillonite depends
on initial concentration. Similar phenomena were observed in the
kinetic experiments of Methylene blue on kaolin [42] and maxilon
blue 5G on sepiolite [11].
9. Adsorption Thermodynamics

Thermodynamic parameters of the adsorption process were cal-
culated using Eqs. (11) and (12) (Table 3). ΔG0 values were negative
at all investigated temperatures, describing the spontaneous nature
of adsorption of BR 18 onto nanoclay [67]. The positive value of
ΔH0 further confirms the endothermic nature of the adsorption
process and shows high value of reaction heat (35.22kJ/mol). It indi-
cates that the temperatures slightly above the ambient would be
favorable to conduct the BR 18 adsorption. The positive ΔS value
shows an increased randomness of the adsorbed dye molecules on
nanoclay surface [68].
10. Adsorption Modelling

As mentioned, a pseudo-second-order model can well describe
the kinetic of adsorption process. Taking the kinetic rate into account,
Eq. (14) is simplified to:

Table 2. The parameters of pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models

C0
 Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion model

qe, exp qe, cal K1 R2 qe, cal K2 R2 Ki, 1 Ki, 2

100
120
140
160
180
200

451.1
571.2
598.9
630.5
665.6
700.7

15.5
88.6
65.7
68.6
79.5
24.3

0.2797
0.2584
0.1933
0.2053
0.1850
0.1170

0.9060
0.9418
0.9729
0.9457
0.9834
0.9600

454.5
588.2
588.2
625.0
666.7
714.3

0.0484
0.0058
0.0073
0.0064
0.0056
0.0098

1
1
1
1
1
1

6.2684
40.859
27.815
32.537
37.332
6.3380

1.3389
4.2976
7.0811
8.2910
12.063

-

Fig. 11. Intra-particle diffusion model for adsorption of BR 18 onto
nanoclay (Condition: pH=4.8, T=25±1o, M=0.04 g, C0=20
mg·L−1, equilibrium time=20 min and stirring speed=200
rpm).

Fig. 10. Pseudo-second-order kinetics for the adsorption of BR 18
onto nanoclay (Condition: pH=4.8, T=25±1o, M=0.04g, C0=
20 mg·L−1, equilibrium time=20 min and stirring speed=
200 rpm).

Table 3. Thermodynamic parameters for adsorption of BR 18 onto
nanoclay (Condition: M=0.04 g/200 ml, t=20 min and C0=
20 mg·g−1)

Dye
ΔG (kj/mol) ΔH

(kj/mol)
ΔS

(J/mol·K) R2

298 308 318
BR 18 −3.87 −5.43 −6.99 35.22 156.09 0.9104
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(15)

Considering that i-component participates in the reaction process,
then:

(16)

where P indicates the order of the reaction, and ki represents the
kinetic rate constant. It is assumed that the kinetic of dye adsorp-
tion on solid surfaces is almost identical to the rate of concentra-
tion change in solution phase (∂C/∂t) [69]. Substituting Eq. (8)
into Eq. (15) yields the following equation:

(17)

Considering Eq. (1) and Eq. (6), Eq. (17) can be now rewritten as:

(18)

where b is a constant which depends on the volume of the solu-
tion and the amount of adsorbent.
11. Definition of Physical Laws and Equations in COMSOL
Multiphysics

The transport of diluted species (tds) was chosen for this mod-
elling. In the mass transfer mode, COMSOL Multiphysics allows
the user to apply the general mass transport equation (Eq. (19)). The
user must provide the numerical values or expressions for the con-
stants in the model such as diffusion coefficient [70].

(19)

where Di represents diffusion coefficient, Ri and u are chemical reac-
tion term and convection process, respectively.

12. The Equivalent of Defined Model (Eq. (18)) and COMSOL
Coefficients

Adsorption is a mass transfer reaction that converts BR 18 from
a dissolved state into an adsorbed state. Table 4 relates the COMSOL
coefficients (Eq. (19)) with the equivalent term in defined model
(Eq. (18)).
13. Modelling Setting and Input Data

To model the adsorption process, a three-dimensional geometry
was first built using COMSOL Multiphysics. The radius and height
of a one-dimensional finite element model were 75 mm and 95
mm, respectively (Fig. 12). It was assumed that the adsorption takes
place in a batch system.

A molecular diffusion coefficient of 1×10−8 m2/s was assigned for
BR 18 dye in the solution phase [69]. An initial condition equal to
dye initial concentration in the aqueous system was specified in
order to solve model equation governing the adsorption process
numerically.

Fig. 13 compares the dye concentrations in solution system ver-
sus time and as a function of dye concentration predicted by the
numerical finite element model (solid lines) and experimental data
(dots). As Fig. 13 shows, an excellent agreement was achieved. Both
numerical model and experimental data show that BR 18 dye re-

∂C
∂t
------- = ∇ Ddiff∇ C⋅( )  − ρY⋅

ρY = kiCi
p

i=1

i
∑

∂C
∂t
------- = ∇ Ddiff∇ C⋅( )  − K2 qe − qt( )2⋅

∂C
∂t
------- = ∇ Ddiff∇ C⋅( )  − K2 b Ct − Ce( )2⋅ ⋅⋅

∂Ci

∂t
--------  + ∇ −  Di∇ Ci⋅( ) = Ri − u∇ Ci⋅ ⋅

Table 4. The equivalent of defined model and COMSOL coefficients
COMSOL coefficients Defined model

Di Ddiff

Ri −K2·b·(Ct−Ce)2

Fig. 12. The finite element model of a batch system.

Fig. 13. Comparison of the concentrations of BR 18 dye in aqueous
phase versus time predicted by the numerical model (solid
lines) and determined at laboratory (dots) (Condition: pH=
4.7, stirring speed=200 rpm, T=25±oC, C0=100-200 mg·L−1

and M=0.04 g).
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moval by nanoclay occurred fast in the early stages of adsorption
process.

CONCLUSIONS

The application of montmorillonite for adsorption of the Basic
Red 18 dye in aqueous solutions was investigated. The adsorption
was highly dependent on various operating parameters such as
adsorbent dose, contact time, dye initial concentration and tem-
perature. Increase in the dye initial concentration and temperature
enhanced the interaction between dye and nanoclay, resulting in
greater adsorption capacity.

The equilibrium analysis showed that the Langmuir isotherm
yielded a better fit to the adsorption data, signifying that the BR 18
forms a monolayer on the adsorbent. The pseudo-second-order
model showed the best correlation for the experimental data. The
results of intra-particle diffusion model revealed that intra-particle
diffusion is not the only process controlling the BR 18 adsorption
on nanoclay. Thermodynamic parameters suggest that the adsorp-
tion is spontaneous and endothermic. Montmorillonite resulted in
a maximum adsorption of 714.3 mg g−1 for BR 18 dye. The high
adsorption capacity, less pH sensitivity and thermodynamic stabil-
ity of nanoclay showed that this adsorbent can be used as an alter-
native for removal of BR 18 dye from industrial wastewater.

Adsorption modelling is important in developing an appropri-
ate treatment system and controlling pollution load discharging to
the environment. BR 18 adsorption was modelled using COM-
SOL Multiphysics. The model was homogeneous and included
diffusion term and kinetics expression. The predicted outputs of
the model were in close agreement with the experimental data.
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