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a b s t r a c t
The nanoporous material, Mobil Composition of Matter No. 41 (MCM-41), was prepared and 
characterized in order to adsorb methyl green (MG) dye from artificial wastewater by adsorption 
method. The MCM-41 was characterized through X-ray diffraction spectroscopy, scanning electron 
microscopy, Fourier transform infrared spectroscopy and Brunauer–Emmett–Teller. The preliminary 
results were examined for adsorbent mesoporous material samples, in order to estimate the best 
states for the adsorption of the model dye: adsorbent dose (0.00–80.04 g) contact time (8–150 min), 
temperature (25°C–45°C), and initial concentration of dye (10–50 mg/L) where the removal efficiency 
of MG dye under optimum conditions was around 99%. The outcomes were elucidating that the 
adsorption isotherms can be quite befitting by the Temkin model, with a coefficient of determination 
0.9669. The adsorption kinetics of MG onto adsorbate was strongly represented by a pseudo- second-
order kinetic model.
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1. Introduction

More than 10,000 dyes are commercially accessible and 
widely used in different industrial sectors, including pulp 
and paper construction, dyeing of textiles, clothes, printing, 
leather processing and food industries [1]. There are vari-
ous approaches for dyes classifications. It can be divided in 
terms of composition, color and applying means [2]. Cationic 
triphenylmethane dyes are widespread in industry and bio-
medical applications as bacterial antigens. Methyl green 
(MG) [C27H35BrClN3·ZnCl2] is a basic triphenylmethane- type 
dicationic dye, commonly employed to change the solutions 
colors in biology and medicine plus as a photochromophore 
to excite coagulated films [3]. Its molecular structure is 
depicted in Fig. 1. 

Now notable consideration has been united on the 
expulsion of the effluents-containing dyes having inherent 

toxicity. Different modes for dye elimination were selected 
in order to limit their drastic effect on the environment. These 
techniques include ozonation, coagulation–flocculation, 
micro bial decom position, photo-catalytic decolonization, 
sono-chemical, filtration and membrane separation, liquid–
liquid extraction, wet air oxidation, electrochemical methods 
and adsorption. Amongst different ways of dye rejection, it 
can be noted that the common powerful approach that affords 
promising results is adsorption [4,5]. Adsorbents employed 
for water remediation are either of the natural source or the 
outcome of an industrialized production and/or activation 
method. Conventional natural adsorbents are natural zeo-
lites, clay minerals, biopolymers or oxides. After the inven-
tion of M41S silica in 1992, mesoporous substances such as 
MCM-41, MCM-48 and SBA-15 have brought serious regard 
due to their great surface areas, non-toxicity, well-defined 
pore constructions, biocompatibility and inert framework [6]. 
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The ordered mesoporous molecular sieve MCM-41 with pore 
diameters between 20 Å and 500 Å [7]. The unique features 
of the high inner surface area, controllable size of the pore 
and desirable unity has been considerably applied in mate-
rials science, chemistry, physics and other related areas. This 
innovative mesoporous solid is an excellent catalyst, hosts 
of quantum structures, shape/size selective adsorbents and 
catalyst supports [8]. Hexagonal MCM-41 substances have 
proved their potential affinity toward organic compounds. 
Recent studies associated with the adsorption of organic par-
ticles explained the application of MCM-41 with surfactant. 
It has been evident that the presence of surfactant cationic 
substance in the MCM-41 results in alterations not only in 
porosity but also in surface chemistry of the adsorbent, 
which in turn controlled their performance as adsorbents [9]. 
A number of studies used mesoporous materials in different 
fields such as drug delivery systems [10], catalysis [11], sep-
aration process [12] and also used to treat dyes from waste-
water effluents [13,14].

In the present study, the Methyl Green (MG) model dye 
was treated using MCM-41 after its characterization, then the 
effect of the different variables on the treatment by adsorp-
tion process was studied, including the impact of adsorbent 
dose, contact time, temperature and initial concentration of 
dye. Isotherm, kinetics and thermodynamic investigations 
were carried out to estimate the governing mechanisms 
of the adsorption process. MCM-41 mesoporous nanoma-
terial has already been applied for the removal of many 
kinds of contaminants from wastewater. However, there is 
little research reporting the adsorption and separation of 
Methyl Green (MG) from aqueous solution by MCM-41. 
It is acquiring special recognition and considers as a prom-
ising alternative to conventional water treatment in textile 
industries. 

2. Materials and methods

2.1. Chemicals

Methyl green (MG) C27H35BrClN3·ZnCl2, cetyltrimethyl 
ammonium bromide (CTAB, 99%), tetraethyl orthosilicate 
(TEOS, 98%), sodium hydroxide (NaOH), ethanol (EtOH, 
99%) and citric acid (C6H8O7) were purchased from Sigma-
Aldrich (Germany).

2.2. MCM-41 mesoporous preparation

The preparation procedure involves dissolving 0.34 g of 
sodium hydroxide and 1.01 g of cetyltrimethyl ammonium 

bromide in 30 mL distilled water, the solution was then 
left for 1 h with constant mixing and at room temperature, 
under static hydrothermal conditions the prepared solution 
was blend for 4 d at 110°C in a batch autoclaved reactor, 
The resulting material was filtered and washed with distilled 
water and ethanol, after that left to dry in air at 25°C [8].

2.3. Characterization

The crystalline structure of the prepared mesoporous 
material was characterized by the X-ray diffraction (XRD) 
device (XRD-6000, Shimadzu, Japan), the X-ray source 
emits radiation at 0.15405 nm wavelength. The system oper-
ates at 80 mA emission current and 60 kV.

The macrospores composition was identified by scanning 
electron microscopy (Tescan VEGA 3 SB, SEM). The chemi-
cal composition analysis of MCM-41, (FT-IR, infrared spec-
tra) was used. The specific surface area of the samples was 
checked by Brunauer–Emmett–Teller device (Type: Q-surf 
9600, Origin: USA).

2.4. Batch MG adsorption

The stock solution was made by dissolving 1 g of MG dye 
in 1 L of distilled water to produce 1,000 ppm. Batch adsorp-
tion tests were performed by adding the desired amounts 
of MCM-41 to 50 mL of MG dye solution (10–50 ppm) and 
solution pH equals 6. Then, the mixture had settled in an 
electrical shaker (Type: BS-21, Heidolph Origin: Germany) 
set at 250 rpm and a desired temperature 25°C–45°C where 
the contact time is 15–80 min. After the end of each run, 
spent MCM-41 was centrifuged, filtered, and then the filtrate 
was collected for residual MG concentration measure-
ment. The concentration of MG was determined at a maxi-
mum wavelength of 630 nm by UV–Vis spectrophotometer 
(Type: U.V-1100, Origin: China). The adsorbed amount per 
gram of MCM-41 (mg/g) or the adsorption capacity (q), was 
achieved using the following equation [15]:

q
C C V
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i f
=

−( )
 (1)

where q
e 
is the adsorption capacity at equilibrium (mg/g), 

C
i
 and C

f 
(mg/L) are the initial and final concentrations, 

respectively, V (L) is the solution volume, and M (g) is the 
amount of MCM-41 used.

The dye removal ratio was calculated using the 
equation [16]: 
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−

×
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C

i e

i

100  (2)

where C
e
 is the concentration of adsorbate at the equilibrium 

(mg/L).

2.5. Adsorption isotherm model

2.5.1. Langmuir isotherm

This model assumes the formation of monolayer adsorp-
tion with equal heat of adsorption on the surface [17]. 
The linearization form is shown as follows [18]: 

Fig. 1. Molecular structure of methyl green.
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where qmax: Langmuir constant associating to adsorption 
capacity (mg/g), b: constant refers to energy of adsorption 
(L/mg).

The constants qmax 
and b can be calculated from Eq. (3) 

by the slope of the linear plot of C
e
/q

e
 vs. C

e
. Moreover, the 

dimensionless equilibrium parameter R
L
 shows the iso-

therm is favorable, unfavorable, irreversible or linear when 
the value of R

L 
< 1, R

L 
> 1, R

L 
= 0 and R

L 
= 1, respectively. It is 

expressed by Eq. (4) as follows: 
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2.5.2. Freundlich isotherm

The depiction of the surface energy is accomplished 
using the equation given by [19]: 

ln ln lnq K
n

C
e f e
= +

1
 (5)

where K
f
: constant related to adsorption capacity of the sor-

bent; n: adsorption intensity based on the value of n, the 
poor adsorption, moderate adsorption, and good character-
istics have been found when the value of n < 1, n = 1–2, and 
n = 2–10, respectively [20].

2.5.3. Temkin isotherm

The linearized form of Temkin isotherm model is 
expressed as: 

q B K B C
e t e
= +ln ln  (6)

where K
t
 is the equilibrium binding constant (L/g) corre-

sponding to the maximum binding energy, B = (RT/b) is a 
Temkin constant (J/kJ), b is the heat of adsorption (kJ/mol), 
R is the universal gas constant (8.314 J/mol K), and T is 
absolute temperature (K). 

3. Results and discussion

3.1. Characterization of adsorbents

The crystalline construction, structural character and 
phase structure of the manufactured MCM-41 elements were 
analyzed by XRD (Type: Shimadzu-6000, Origin: Japan). 
X-ray diffractometer with 2θ range from 0° to 10° with scan 
rate 2 (deg/min) and Cu-kα (λ = 1.541) as radiation source 
was applied (Fig. 2a). The small-angle XRD pattern shows 
characteristic diffraction peaks for MCM-41. A strong dif-
fraction peak for 100 plane at 2.8 indicates the mesoporosity 
and existence of a periodic hexagonal long range order of 
the channel [6].

Morphology analysis of MCM-41 was conducted using 
SEM instrument (Type: VEGA 3 LM, Origin: Germany) 

(Fig. 2b). The SEM image of MCM-41 clearly demonstrates 
the well-ordered hexagonal array construction. Closer scop-
ing on the surface of the MCM-41 assures the presence of 
mesoporous uniform size channels with a sphere shape, 
puffy or swollen structures and smooth surfaces in the 
range of 5–100 nm in diameter, similar results have been 
reported by Farjadian et al. [21]. These swollen structures 
are preferable for absorption of contaminated dye. A nar-
row pore configuration can also be recognized from the 
micrographs.

Fig. 2c shows the FTIR spectrum of the MCM-41. For 
MCM-41, the peaks around 1,024 and 1,193 cm−1 are assigned 
to the asymmetric stretching of Si–O–Si groups. Furthermore, 
broad and weak bands at 960 and 958 cm–1 are indexed to 
the symmetric stretching vibration of Si–OH moieties pre-
sented in the pore channels. The broad peak around 3,446 
to 3,221 cm−1 is marked for Si–OH; moreover, O–H bending 
peaks are present at 1,641 and 1,639 cm−1. The absorption 
bands at 489 to 433 cm−1 were corresponding to the bend-
ing vibration of Si–O–Si. The absorption band at 1,481 and 
1,483 cm−1 indicates C–H stretching vibration of alkyl group. 
The Brunauer–Emmett–Teller (BET) surface area, pore vol-
ume, pore diameter of MCM-41 sample were measured and 
the results are summarized in Table 1.

3.2. Removal of MG dye

3.2.1. Effect of pH

The chemical characteristics of both adsorbent and 
adsorbate may vary with pH. The pH of the solution affects 
the degree of ionization and speciation of various dyes 
which subsequently leads to a change in the reaction kinetics 
and equilibrium characteristics of the adsorption process [9]. 
The value of pH for the pre-treatment solution without any 
additives was equal to 6 in order to study the effect of the 
pH on the dye removal. Then different solutions having 
different values of pH were prepared and adjusted from 2 
to 12 by using sodium hydroxide (NaOH) and citric acid 
(C6H8O7) as shown in Fig. 3. It is clear from this figure that 
when pH exceeds 8, the color of the solution changes from 
blue to approximately colorless, even with the absence of 
sorbent. This is an indication of the interaction between 
the dye solution and alkali solution; therefore, the pH 
was set to be unchanged for subsequent experiments. 
In particular if the surface charge density is low, only the 
influence of the pH value on the adsorbate properties has 
to be considered [22].

3.2.2. Effect of adsorbent dose

Effect of adsorbent dose on MG adsorption is shown in 
Fig. 4. It can be observed that as the adsorbent dose increased 
from 0.008 to 0.02 g, the removal efficiency increased from 
85% to 99%, respectively. These results can be interpreted 
in terms of an increase in the availability of binding sites 
occurs, and consequently reflected in the adsorption capac-
ity [23]. No notable advance in dye removal was noticed 
using more than 0.02 g of the adsorbent dosage where the 
molecules are clustered into active sites which minimize 
MCM-41 available surface area.
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3.2.3. Effect of contact time

The results obtained by testing the effect of contact time 
on the adsorption performance of MG are presented in Fig. 5. 
The results showed that adsorption rate was relatively high 
at the beginning of the experiment which can be attributed 
to the availability of active sites for MG adsorption, the 
previously mentioned binding sites become limited as the 
time passed [24]. The adsorption rate gets slower with time 
due to the equilibrium state occurs at 60 min, followed by 
a plateau up until the end of the experiment.

3.2.4. Effect of initial dye concentration

It is of the essence to study the effect of varying the ini-
tial concentration of MG due to the fact that for a certain 
adsorbent amount, only limited adsorbate concentration can 
be adsorbed [25]. Initial MG concentrations ranging from 10 

to 50 ppm were tested. Fig. 6 shows that the removal effi-
ciency of the initial MG concentration was the higher range 
of the studied concentration 10 and 20 mg/L and almost equi-
librium, the ability of the sorbent MCM-41 to remove the 
dye was lower, while as the initial concentrations increased 
from 30 to 50 mg/L, the removal efficiency decreased. The 
reason can be due to an increase in the driving force of the 
concentration gradient happens as the initial concentration 
increases [26].

3.2.5. Effect of temperature

In order to ascertain the extent of temperature effect on 
MG adsorption capacity using MCM-41, the recent work 
examined the effect of 25°C, 35°C and 45°C. It can be con-
cluded from Fig. 7, that there is no significant and notice-
able difference in the adsorption capacities by applying 

Fig. 2. (a) XRD pattern of the synthesized MCM-41 nano adsorbent, (b) scanning electron microscopic (SEM) images of MCM-41 
specimen powder and (c) FT-IR spectra of MCM-41 before and after adsorption of dye.

Table 1
Physicochemical properties of MCM-41

Sample d100 (nm) a0 (nm) SBET (m
2/g) V

p (cm3/g) DBJH (nm) W
t (nm) μ

p (cm3/g)

MCM-41 3.35 3.868 1,500 0.7 2.5 1.37 0.6
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the three suggested temperatures, with 99.4%, 99.45% and 
99.45%, respectively. The latter system behavior minimizes 
the necessity of temperature control, and hence enhances 
the system’s economical aspect. These results are in agree-
ment with Bhattacharyya and Sharma [27].

3.2.6. Adsorption isotherm models

The equilibrium adsorption data were fitted into Lang-
muir, Freundlich and Temkin isotherms. For each isotherm, 
the equilibrium capacities, rate constants and related cor-
relation coefficients are shown in Figs. 8a–c. As presented 
in Table 2, Temkin isotherm offered the highest regression 
coefficient (R2 = 0.9669). In Temkin isotherm, the heat of 
adsorption of all the molecules in the layer reduces linearly 
with covering due to adsorbent–adsorbate interactions. 

Fig. 3. Effect of pH on MG removal (concentration of dye = 20 mg/L, contact time = 60 min, temperature = 25°C).

Fig. 4. Effect of adsorbent dose on MG removal (concentra-
tion of dye = 20 mg/L, contact time = 60 min, pH = 6, tempera-
ture = 25°C). Fig. 6. Effect of initial dye concentration on adsorption of MG 

(adsorbent dose = 0.02 g, contact time = 60 min, pH = 6, tempera-
ture = 25°C).

Fig. 5. Effect of contact time on MG removal (concentration 
of dye = 20 mg/L, adsorbent dose = 0.02 g, pH = 6, tempera-
ture = 25°C).
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This model assumes that adsorption is described by a regular 
distribution of binding energies in the layer, up to a certain 
maximum binding energy [24,26]. Furthermore, from the 
experimental data calculated in Table 2. For Langmuir iso-
therm, the R

L 
value is greater than 0 but less than 1 indicating 

that Langmuir isotherm was also favorable, the maximum 
monolayer coverage capacity qmax = 18.45 mg/g with correla-
tion coefficient R2 = 0.9336.

3.3. Adsorption kinetics

The rate constant of adsorption is determined by the 
following first order rate expression:

log log
.

q q q
K

t
e t e
−( ) = −











1

2 303
 (7)

where q
t
; is the quantity of dye adsorbed at time t (min) 

and K1 is pseudo-first-order of the adsorption rate constant. 
The pseudo-second-order equation is based on the 

following equation:

t

q K q q
t

t e e

= + ×
1 1

2

2
 (8)

where K2 is the pseudo-second-order rate constant for 
adsorption (g/mg min), which can be estimated by plotting 
t/q

t
 vs. t. The possibility of film or intraparticle diffusion was 

explored by using the Weber–Morris model:

q K t I
t P
= +

0 5.  (9)

where K
P
 is intraparticle diffusion rate constant (mg/g min0.5); 

I is the intraparticle diffusion constant. Table 3 and Figs. 9a–c 
represents the kinetic parameters of the three suggested 
kinetic models. The correlation coefficient of the second order 
kinetic model (0.9835) is relatively higher than that resulted 
from the first-order kinetic model (0.8966). The previously 
mentioned results were confirmed the rate-limiting step, with 
valence forces activity throughout the replacement or shar-
ing of electrons [27]. If the linear portion of the intraparticle 
diffusion kinetic plot does not pass through the origin, then 
some extent of boundary layer control is involved, and that 
intraparticle diffusion is not the single rate controlling step, 
but additional processes are also controlling the rate of sorp-
tion. The latter explanation fits well the plot in Fig. 9c [28]. 

3.4. Adsorption thermodynamics

Thermodynamic parameters were evaluated to determine 
the free energy change (ΔG°), enthalpy change (ΔH°) and 
entropy change (ΔS°) by using the following:

Gibbs free energy change [29]:

∆G RT K
C

° = − ln  (10)

where R is universal gas constant (8.314 J/mol K) and T is 
the absolute temperature in K. The apparent equilibrium 
constant (K

C
) of the adsorption is defined as follows:

Fig. 7. Effect of temperature on MG removal (adsorbent dos-
age = 0.02 g, contact time = 60 min, pH = 6, concentration of 
dye = 20 mg/L).

Fig. 8. (a) Langmuir model, (b) Freundlich model and (c) Temkin 
model for MG adsorption.



329S.M. Alardhi et al. / Desalination and Water Treatment 179 (2020) 323–331

K
q

CC
e

e

=  (11)

In this case, the activity should be used instead of con-
centration in order to obtain the standard thermodynamic 
equilibrium constant (K

C
) of the adsorption system.

∆ ∆ ∆G H T S° = ° − °  (12)

lnK
S

R

H

RT
C
=

°
−
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 (13)

where ΔH° and ΔS° (J/mol) are resulted from the slope 
and intercept of Van’t Hoff scheme of lnKC vs. 1/T Eq. (13). 
The experimental results of thermodynamic parameters for 
the sorption of MG using MCM-41 are presented in Table 
4. The positive value of (ΔH°) assures that the adsorption 
of MG onto MCM41 is an endothermic reaction. Therefore, 
physical sorption is described by a slight change in enthalpy, 
typically in the range –10 to –40 kJ/mol (heats of sorption of 
10–40 kJ/mol), whereas heat of chemisorption is rarely less 
than 80 kJ/mol and often exceeds 400 kJ/mol [30,31]. ΔG° 
must always be negative for a method to be thermodynami-
cally acceptable [32]. The negative values of ΔG° are signs of 
the spontaneous nature of the sorption system. The increase 
in ΔG° with an increase in temperature records that the 
sorption favorable at low temperatures.The positive value 
of ΔS° verifies randomness increasing at the adsorbate-solu-
tion interface during the process of adsorption process [16].

3.5. Batch regeneration system

To investigate the performance of the MCM-41 sor-
bent, reuse experiments were carried out. At the end of the 
sorption process, the saturated sorbent was separated by 
filtration, and then regenerated by shaking in 0.1 M NaOH 
solution, followed by centrifugation, washing and drying at 
70°C. The regenerated adsorbent was reused in subsequent 
run under the same conditions. Fig. 10 shows the regenerated 
and recycled results of MCM-41. It indicated that the removal 
percentage of MG declined by about 2.4% in the first reuse of 
MCM-41, and decreased slightly in the third cycle. This may 
be due to the loss of some of the surfactant template from 
the MCM-41 during regeneration leading to subsequent loss 
of adsorption. As a result, the MCM-41 adsorbent could be 
recycled several times.

3.6. Comparative study

The comparison between the MCM-41 with other adsor-
bents, which is reported in the literature, is shown in Table 5. 
This table provides useful information about how efficient 

Fig. 9. (a) Pseudo-first-order kinetic plot for MG adsorption, 
(b) pseudo-second-order kinetic plot or MG adsorption and 
(c) intraparticle diffusion plot for MG adsorption.

Table 2
Parameters of isotherm models

Langmuir Freundlich Temkin

qmax R
L

b R2 K
f

n R2 b K
t

R2

18.45 0.035 1.355 0.9336 88.322 1.685 0.9128 0.147 1.31 0.9669

Table 3
Kinetic models for the sorption of MG onto MCM-41

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

q
e (mg/g) K1 (min–1) R2 q

e (mg/g) K2 (g/mg min) R2 I K
p (mg/g min0.5) R2

196.38 0.0944 0.8966 285.7 0.000014 0.9835 8.9594 7.383 0.894
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MCM-41 adsorbent can enhance the adsorption capacity of 
MG from other adsorbents materials. It can be noted from 
Table 5 that MCM-41 is a good adsorbent to remove MG 
dye because it has a high surface area reach to 1,500 m2/g 
compared with the other adsorbents.

4. Conclusions

The adsorption of methyl green from aqueous solu-
tions was performed using the adsorbent MCM-41. The 
results confirmed that MCM-41 is a promising adsorbent 
material for the treatment of contaminated dyes wastewa-
ter in ambient temperatures. The adsorption efficiency is 
strongly dependent on the adsorbent dose, contact time and 
initial dye concentration. The highest removal efficiency 
was obtained at 0.02 g of MCM-41, 60 min and 20 ppm, 
respectively. Furthermore, the obtained results showed 
that temperature did not offer significant effect on pro-
cess efficiency. Adsorption parameters determined from 
Langmuir, Freundlich and Temkin isotherms are valuable 

for the analysis of adsorption mechanisms shown by the 
stable linear regression coefficient values. For the given 
experimental conditions, the capacity of the MCM-41 for 
MG removal was 285.7 mg/g, which may be associated to 
the structural features of the tested dye and to the nature of 
their interaction with the surface of MCM-41. The adsorption 
kinetic data were well illustrated by pseudo-second- order 
kinetic model. Thermodynamic studies confirmed that the 
adsorption method is endothermic and spontaneous.
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