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1 Introduction
The greatest problem facing our world today is environ-
mental pollution. Water and soil contain different kinds of 
pollutants, i.e., heavy metal toxic ions,1,2 antibiotics,3 dyes, 
pesticides,4 herbicides, etc. Rhodamine 6G (Rh6G) is a 
heterocyclic xanthene ring containing cationic dye having 
high solubility in aqueous medium,5 it is the typical dye 
widely exploited as a colourant in cosmetics, textile, print-
ing, and food manufacturing.6,7 Rh6G dye is carcinogenic, 
neurotoxic, and causes chronic toxicity in humans and an-
imals.5 In addition, it may cause various health problems, 
such as irritation of eyes, skin, and respiratory tract.6,8 In 
this sense, developing an effective method for the removal 
of Rh6G in wastewater is urgently needed.

Reverse osmosis, ion exchange, precipitation,6,9 electroco-
agulation,10 photodegradation,11 photocatalyst,12,13 elec-
trochemical,14 and adsorption5,7 have been used for de-
colouration of Rh6G dye in aqueous systems. However, 
among these developed processes, it has been proved that 
the adsorption method is an effective purification tech-
nique due to its low cost, ease of operation, design, and 
environmentally friendly behaviour.15,16 In addition, ad-
sorption technology has shown its potential in removing 
different classes of dyes (ionic and molecular dyes) from 
industrial wastewater, and for single compound and mul-
ticomponent pollution.17 Notably, among the adsorbents 
reported in previous research, the adsorption efficiency of 
Rh6G using these adsorbents is still limited because of their 
properties, nature and lower performance. In this regard, 
it is significant to develop a new effective and eco-friendly 
adsorbent to remove the toxic dye Rh6G from wastewater.

The new kind of nanostructured mesoporous materials 
of the M41S family, discovered by Mobil Corporation in 

1992, has attracted intense interest due to well-ordered 
mesoporous materials with high surface area, controllable 
pore diameters (2–10 nm), and uniform structure of mes-
opores-channels.18 In particular, MCM-41 as mesoporous 
material has been widely applied for cationic dyes adsorp-
tion in environmental wastewater, and is a promising ad-
sorbent for the purification of organic contaminants.19–23 
Improving MCM-41 adsorption capacity and selectivity 
has attracted significant attention during the last decade.24 
In this context, the introduction of heteroatom or metal 
oxide into the MCM-41 structure was suggested, which is 
considered as one of the most effective approaches to en-
hance its sorption affinity to dye.24–26 On the other hand, 
the integration of Al into the MCM-41 structure can lead 
to the formation of Brönsted acid sites. Thus, the adsorp-
tion affinity could be enhanced.27 Similarly, Dhal et al.24 
evaluated the potential of iron oxide impregnation onto 
MCM-41 for methylene blue (MB) dye removal, and found 
a higher dye adsorption efficiency of 194 mg g−1 compared 
to the pure silica MCM-41, 149.5 mg g−1. Rashwan et al.28 
prepared aluminosilicate cation exchanger Al-MCM-41 by 
wet-method to remove the MB from aqueous solution, 
and the results showed maximum monolayer adsorption 
ability. However, this method has some limitations, such as 
low surface area (592 m2 g−1) and ion exchange capacity, 
which has limited its applications. Zanjanchi et al.29 studied 
the spectroscopic data of cationic dye loaded Al-MCM-41 
(Si/Al = 5) materials at room temperature using alumini-
um sulphate source. However, the synthesis of this mate-
rial at room temperature decreases the hydrothermal and 
structural stability.30,31 In another research, Al-MCM-41 
was synthesized by hydrothermal method, and showed a 
high affinity toward yellow dye molecules.32 Compared to 
the aforementioned approaches, hydrothermal method is 
the easiest method to prepare MCM-41 and Al-MCM-41 
with high stability and better ordered mesoporous struc-
ture. Consequently, the application of this material for the 
removal of other dyes could warrant research in the future. 
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Thus, the main objective of this study was to examine the 
potential of mesoporous material as a low-cost adsorbent 
for the removal of cationic dye in aqueous solution. To the 
best of our knowledge, the performance of Al-MCM-41 
and MCM-41 for Rh6G adsorption from aqueous solution 
with detailed mechanism has not been investigated previ-
ously.  

In this study, mesoporous materials such as MCM-41 and 
Al-MCM-41 were prepared using hydrothermal method. 
The aluminium was integrated into the structure of MCM-
41 by direct synthesis using aluminium isopropoxide with 
the molar ratio of Si/Al = 20. Due to the highly toxic Rh6G 
molecules that pollute water, the prepared mesoporous 
materials were used to remove this toxic dye from aque-
ous solution by batch adsorption experiments. The uptake 
capacity of the prepared adsorbents toward Rh6G under 
different factors, such as solution pH, contact time, Rh6G 
concentration, and temperature, was investigated. The 
non-linear modelling of kinetic and isotherm models were 
exploited to analyse adsorption kinetic data and test the 
equilibrium data, respectively. In addition, the thermody-
namics of the adsorption was further investigated. Finally, 
the possible mechanism between Rh6G dye and the sur-
face of mesoporous material was discussed. 

2 Experimental 
2.1 Materials

Tetraethyl orthosilicate (TEOS, 98  %, Sigma-Aldrich) was 
used as the silica source, hexadecyltrimethylammoni-
um bromide (CTAB, ≥  98  %, Sigma-Aldrich) was used 
as structure-directing agent, ammonium hydroxide solu-
tion (NH4OH, 30 %, Sigma-Aldrich), and aluminium iso-
propoxide ([(CH3)2CHO]3Al, ≥ 98 %, Sigma-Aldrich) was 
used as the aluminium source. Rh 6G was used as a probe 
for adsorption study. The physical and chemical properties 
and molecular structure of Rh6G are given in Table 1.

2.2 Synthesis of MCM-41 

MCM-41 mesoporous silica was synthesized using a modi-
fied method from Kumar et al.33 A quantity of 2.4 g of CTAB 
was dissolved in 120 ml of distilled water and stirred contin-
uously to obtain a homogeneous solution. A volume of 8 ml 
of aqueous ammonia (30 wt. %) was added into the above 
solution. After 15 min under stirring, a known amount of sil-
ica source (TEOS) was added drop by drop into the mixture 
to prepare a gel with molar ratio of 1 TEOS: 0.15 CTAB: 
1.64 NH4OH: 126 H2O. The designed homogeneous gel 
was transferred into an autoclave under hydrothermal treat-
ment (100 °C for 72 h), after which the solution was col-
lected by filtration and washed consecutively with distilled 
water. Finally, the sample was dried and calcined at 550 °C 
for 6 h in order to remove the trapped surfactant. 

2.3 Synthesis of Al-MCM-41

Al-MCM-41 material was prepared according to the direct 
synthesis process in a molar ratio of Si/Al = 20. In a typ-
ical synthesis, a quantity of 2.4 g of CTAB was dissolved 
in 120 ml of distilled water at 25 °C and stirred continu-
ously to obtain a clear homogeneous solution. A volume 
of 8 ml of aqueous ammonia (30 wt. %) was added into 
the solution. After 15 min, 10 ml of TEOS and aluminium 
isopropoxide (Si/Al = 20 molar ratio) were added into the 
mixture. The designed homogeneous gel was transferred 
into an autoclave under hydrothermal treatment (100 °C 
for 72 h). The solid was then filtered and the template was 
extracted by calcination at 550 °C for 6 h.

2.4 Characterisation

The two MCM-41 and Al-MCM-41 calcined materials 
were analysed using a PANalytical XPERT-PRO X-ray dif-
fractometer with Cu Kα (λ = 0.154060 nm) radiation, op-
erating at 45  kV and 30  mA. The vibrational properties 
of pure and aluminium-containing MCM-41 were inves-
tigated by both FTIR and UV-Raman spectroscopy. FTIR 
spectra were recorded using BRUKER ALPHA Platinum 

Table 1 – Physical and chemical properties, and molecular structure of Rhodamine 6G (Rh6G) dye

Molecular 
name

Molecular 
formula Molecular structure Molecular weight

⁄ g mol−1 Colour Solubility in 
water ⁄ mg ml−1

Rh6G
(cationic dye) C28H31ClN2O3 479.02 Red-brown 20
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ATR in the wavenumber range of 4000–400  cm−1. UV–
Raman spectroscopy measurements were carried out at 
room temperature using HORIBA Scientific LabRAM HR 
Evolution RAMAN SPECTROMETER system with a 325 nm 
excitation laser source and 2400 groove/mm grating. The 
surface morphology and chemical identity of both sam-
ples were characterised by scanning electron microscopy 
(FEI QUANTA 650) equipped with energy-dispersive X-ray 
spectroscopy (BRUKER X Flash 6/10). The specific surface 
area and porosity of the solids were studied by N2 adsorp-
tion-desorption measurement at −196 °C (Quantachrome 
Instruments, Nova 1000e). 

The pH at the point of zero charge (pHPZC) is one of the most 
important factors in describing the ionisation behaviour of 
the adsorbent surface. In this study, 0.15 g of the adsorbent 
was added to 50 ml of 10−3 M NaCl solution. The initial pH 
value (pHi) of NaCl solution was adjusted to 2–11 by the 
addition of 0.1 M H2SO4 or 0.1 M NaOH. The mixture was 
agitated for 48 h at room temperature to reach equilibrium, 
and then the final pH (pHf) was measured. The pHPZC was 
obtained from the plot of pHi and pHf values.

2.5 Adsorption experiment 

The standard batch process was used for adsorption ex-
periments. The amount of 50 mg of adsorbent was added 
to 50 ml of Rh6G solution (30 mg l−1) in a dark flask of 
100 ml at pH 6.42, the resultant mixture was shaken with 
an orbital shaker (150 rpm) at room temperature for 5 h. 
The Rh6G solution was then centrifuged to separate Rh6G 
from the solid by FRONTIERTM 5706 centrifugation model. 
The supernatant was analysed by UV/Vis spectrophotom-
eter at the maximum absorbance wavelength of 527 nm. 
The adsorption capacity (qe, mg g−1) and the removal effi-
ciency (R, %) of Rh6G adsorbed on adsorbents at equilib-
rium were calculated using Eqs. (1) and (2), respectively. 
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where C0 and Ce are the initial and equilibrium Rh6G con-
centrations (mg l−1), respectively. V (l) is the initial volume 
of solution, and W (g) is mass of adsorbent.

The effect of variation of different adsorption parame-
ters was investigated as a function of solution pH in the 
range 2–11, contact time (0–120  min), adsorbent dose 
(5–100 mg), and initial Rh6G concentration (2–80 mg l−1). 
For thermodynamic studies, 25 mg of the adsorbent was 
added to 50 ml of Rh6G solution. The mixture was agitat-
ed in a thermostatic shaker bath at varying temperatures of 
20, 30, 45, and 75 °C for 60 min.

2.6 Adsorption isotherm studies

Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich 
models were used to describe the adsorption equilibrium 

of Rh6G onto both adsorbents. The nonlinear equations 
of these isotherm models34 are expressed by Eqs. (3)–(6).
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where Ce (mg l−1) and qe (mg g−1) are the Rh6G concentra-
tion at equilibrium time and the adsorbent adsorption ca-
pacity, respectively. qm (mg g−1) is the maximum adsorption 
capacity, and KL (l mg−1) the Langmuir constant. 1/n, KF, and 
KT are adsorption intensity coefficient, Freundlich constant, 
and Temkin constant, respectively. RT/bt = B is related to 
the heat of adsorption. qD–R is the maximum adsorption 
capacity. E (kJ mol−1) is the mean sorption energy, β is the 
activity coefficient, and ε is the Polanyi potential (kJ mol−1), 
which are expressed by Eqs. (7) and (8), respectively.

(7)

(8)

where R (8.314 J mol−1 K−1) is the gas constant, and T (K) is 
the absolute temperature.

2.7 Kinetic studies 

The pseudo-first-order, pseudo-second-order, intraparticle 
diffusion, and Elovich models were employed to evaluate 
the adsorption kinetics of Rh6G onto MCM-41 and Al-
MCM-41. Nonlinear equations of these kinetic models34 
are expressed by Eqs. (9)–(12):
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where qe and qt are the adsorption capacities (mg g−1) at 
equilibrium and at time t, respectively. K1 (min−1) is the 
first-order kinetic rate constant, and K2 (g mg−1 min−1) is the 
pseudo-second-order kinetic rate constant. K2qe

2 = h is the 
initial adsorption rate (mg g−1 min−1). Kid (mg g−1 min−1/2) and 
C (mg g−1) are the rate constant of intraparticle diffusion and 
the constant varied directly with the boundary layer thick-
ness, respectively. α (mg g−1 min−1) is the initial adsorption 
rate, and β (g mg−1) is the extent of surface coverage.



572   H. DOUBA et al.: Adsorption of Rhodamine 6G Dye onto Al-MCM-41 and MCM-41 Mesoporous..., Kem. Ind. 71 (9-10) (2022) 569−582

3 Results and discussion
3.1 Characterisation

The small-angle XRD patterns of MCM-41 and Al-MCM-41 
are given in Fig. 1. As shown in Fig. 1A, MCM-41 sample 
reveals a strong reflection peak (100) at 2θ = 1.56° and 
three small peaks at 2θ = 3.18°, 3.74°, and 5.27° correlate 
to (110), (200), and (210) reflections, respectively. The ob-
served three well-resolved diffraction peaks (100), (110), 
and (200) confirmed the highly ordered and hexagonal 
mesoporous structure (space group P6mm) of MCM-41 
type.23,35 However, for Al-MCM-41, the reflection of (100) 
plane appeared at 2θ = 2.30°, and the presence of two 
small peaks at 2θ = 3.59° (110) and 2θ = 4.26° (200). The 
presence of three diffraction peaks confirmed the regular 
structure of the Al-containing MCM-41 sample with hex-
agonal symmetry. Indeed, as shown in Fig. 1B, the main re-
flection peak (100) became less intense and broader com-
pared to MCM-41. As a result, the mesoporous structure 
of the MCM-41 sample was retained after the aluminium 
incorporation process.

To study the surface morphology and composition of both 
mesoporous materials, scanning electron microscopy 
(SEM) images and energy dispersive X-ray (EDX) spectra 
prevailed, and the corresponding images SEM analysis are 
presented in Fig. 2 (A-B). In both synthesized samples, the 

particles have a spherical morphology with particle size in 
the range of 0.4–0.7  µm. Furthermore, the morphology 
of the mesoporous material Al-MCM-41 was maintained 
during the synthesis process. The EDX spectroscopy study 
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of Al-MCM-41, shown in Fig. 2D, suggested the presence 
of sharp peaks corresponding to Al, Si, C, and O atoms, 
indicating that the Al atom had incorporated into the sur-
face of MCM-41 framework. Moreover, the peak of C in 
the spectrum was obtained from the carbon used during 
the preparation as a support of the sample. Therefore, the 
incorporation of aluminium into the mesoporous systems 
was confirmed by the EDX analysis (Fig. 2D).

FTIR spectra of MCM-41 and Al-MCM-41 before and af-
ter adsorption between 4000 and 450 cm−1 are shown in 
Fig. 3. The broad band about 3397 cm−1 may be assigned 
to stretching vibrations of water adsorbed on the surface 
and Si−OH silanol groups. In addition, a short peak at 
1637 cm−1 is attributed to the H−O−H deformation vi-
bration. The broad and most intense band at 1071 cm−1 is 
ascribed to the asymmetric stretching vibration of Si−O−
Si, and a sharp band at 800 cm−1 corresponds to the sym-
metric stretching vibration of Si−O−Si. In addition, the 
intense band at 452 cm−1 is attributed to Si−O bending 
vibration. The typical bands of pure silica MCM-41 can be 
clearly observed on the spectra of Al-containing MCM-41, 
indicating the structure had been maintained. The absorp-
tion band at 960 cm−1 is usually attributed to the stretching 
vibrations of (Si−OH) or (Si−O−Al) vibration for hetero-

geneous metal loaded samples.36 The displacement of the 
asymmetric stretching vibration band in the Al-MCM-41 is 
shifted toward lower wavenumbers (1069 cm−1) compared 
with Si-MCM-41 (1071  cm−1). This shift may have been 
caused by the incorporation of Al species into the frame-
work of the mesostructure.

Based on Fig.  3B, the characteristic peak of pure Rh6G 
dye can be observed at 1313, 1610, and 2979  cm−1, 
which is attributed to C−N stretching, C−C stretching in 
the aromatic ring, and C−H stretching, respectively.37 The 
peak observed at 1647 cm−1 corresponds to the stretch-
ing vibration of carbonyl group (−COOH or −CONH) 
and N−H stretching vibration of amine groups.38 Further-
more, the peaks at 1534  cm−1 and 1717 were assigned 
to C−N in-plane bending vibration and C=O stretching 
vibration of ester groups, respectively, and the band at 
about 3170 cm−1 was assigned to stretching vibration of 
the N−H secondary amine group, respectively.39

After Rh6G adsorption, the bands at 1069 and 1071 cm−1 
shifted to lower wavenumber toward 1055 and 1051 cm−1 
of MCM-41 and Al-MCM-41, respectively (Fig. 3B), indi-
cating the interaction between Rh6G and adsorbent. Ad-
ditionally, the band at 1637  cm−1 also shifted to lower 
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wavenumber up to 1633 cm−1, the −OH broad band at 
3397 cm−1 also shifted to a lower wavenumber of approx-
imately 3376 cm−1. This phenomenon indicated that the 
hydrogen bonding between the amine groups of Rh6G with 
O−H groups of the mesoporous material surface was the 
dominant interaction mechanism. On the other hand, new 
bands were observed in the FTIR spectrum of Al-MCM-41 
at 1610 cm−1 and at 2981 cm−1, which corresponded to 
the C−C stretching of the aromatic ring and C−H stretch-
ing vibrations, respectively. This can probably be due to 
the existence of n-π interaction between Al-MCM-41 and 
Rh6G.40 Hence, the shift and the presence of new bands 
confirmed that the Rh6G molecules had been successfully 
adsorbed onto the mesoporous material surface.

Raman spectroscopy is a complementary technique that 
can identify the vibration modes of these materials. The 
Raman spectra of Al-containing MCM-41 and pure sil-
ica MCM-41 in the range between 100 and 2000  cm−1 
are given in Fig.  3C. In the spectrum of pure MCM-41, 
UV-Raman bands at 122, 484, 605, 800, 973, 1052, and 
1600 cm−1 are clearly observed. The broad and most in-
tense band around to 484 cm−1 is attributed to the asym-
metric stretching vibrations of the Si−O−Si bond.35,41 Oth-
erwise, the less intense band at 800 cm−1 is associated with 
symmetric Si−O−Si stretching. However, Raman band at 
973 cm−1 is associated with Si−OH stretching mode of vi-

brations of the surface silanol group.42 Moreover, this band 
shifted to lower wavenumbers at 961 cm−1 after addition 
of Al species in the MCM-41 synthesis. This shift can be 
due to the interaction between Si−OH silanol groups and 
the aluminium oxide on the MCM-41 surface. UV–Raman 
analysis confirmed that the aluminium species had been 
successfully incorporated into the MCM-41 framework, 
which is in good agreement with the results observed by 
XRD, EDX and FT-IR analysis (Figs. 1–3).

In order to evaluate the textural properties, pore-size dis-
tribution, and surface area of both samples, N2 adsorp-
tion-desorption analysis was performed. The N2 adsorp-
tion-desorption isotherms and BJH pore-size distributions 
of two Al-MCM-41 and pure MCM-41 samples are given 
in Fig. 4. The BET surface areas, pore sizes, and pore vol-
umes are also presented in Table 2. 

The isotherms of both samples observed are typical for 
type IV adsorption/desorption pattern, corresponding to 
ordered mesoporous material.43 BET surface area of pure 
silica MCM-41 was 998 m2 g−1 with an average pore diam-
eter of 3.4 nm. Compared to pure silica MCM-41, after al-
uminium incorporation, the BET surface area and average 
pore diameter decreased to 969 m2 g−1 and 3.0 nm, re-
spectively. Nevertheless, the pore volume of pure MCM-41 
(0.38 cm3 g−1) was slightly higher than that of Al-MCM-41 
(0.35 cm3 g−1). 
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Table 2 – Textural properties of MCM-41 and Al-MCM-41 samples

Sample
X-ray diffraction N2 adsorption

d100 spacing ⁄ 
nm

Unit cell parameter, a0
a 

⁄ nm
BET surface area ⁄ 

m2 g−1
Pore volume ⁄ 

cm3 g−1
Pore diameter, Dp 

⁄ nm
Wall thicknessb 

⁄ nm

MCM-41 3.549 4.098 998 0.380 3.401 0.698

Al-MCM-41 3.321 3.835 969 0.350 3.021 0.835
a a0 = 2 ∙ d100/√3; d100 is the d-spacing of (100) reflection
b Wall thickness = a0 − Dp.
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3.2 Effect of pH

It is well known that the properties of the active sites of 
adsorbents and dye species during the adsorption reaction 
are affected by pH solution.26 The effect of initial pH on 
equilibrium adsorption capacity of Rh6G using the meso-
porous material was examined at varied pH from 2 to 11, 
and the results are given in Fig. 5A. At pH 2, the removal 
efficiency of Rh6G was very low, while the removal grad-
ually increased with pH. Thus, lower adsorption of Rh6G 
at acidic pH is probably due to the presence of H+ ions 
competing with the positively charged dye molecules for 
adsorption sites. The increase in Rh6G adsorption capaci-
ty with increasing pH (Fig. 5A), suggested the presence of 
more Si−O− due to the deprotonation of silanol groups, 
which caused a strong electrostatic interaction between 
the Rh6G dye ion and adsorbent.44 

On the other hand, in alkaline solution at pH 11, the ad-
sorption capacity of the cationic dye adsorbed was de-
creased. This fact can be explained by the interaction of 
dye with hydroxyl groups appearing to be the prevalent 
element. A study evaluated by Mathew et al.45 showed that 
all dyes, including metanil yellow (MY), methylene blue 
(MB) and Rh6G, possess a maximum adsorption capacity 
on succinamic acid-functionalised MCM-41 (SA-MCM-41) 
observed at pH = 7, where the effect of pH was not im-
portant. As displayed in Fig. 5A, the maximum adsorption 
capacity for Rh6G was observed at pH 6.42 and 9 for Al-
MCM-41 and pure silica MCM-41, respectively, but a slight 
difference was observed at pH 6.42 and 9 for MCM-41. 
From these results, other adsorption experiments were car-
ried out with a neutral pH of the dye solution. 

Another important factor for interpretation of the adsorp-
tion process of Rh6G is the point of zero charge (pHPZC) 
of the adsorbent surface. The PZC is pH value at which 
the net total charge on MCM-41 surface is zero. When 
pH was lower than the pHPZC (pH  <  pHPZC), the global 
surface charge on MCM-41 was positive, which reduced 
the removal efficiency of cationic dyes Rh6G. Conversely, 

at pH > pHPZC, the surface was negatively charged, which 
was further favourable for the removal efficiency of cat-
ionic dyes. In this study, the pHPZC values of Al-MCM-41 
and pure silica MCM-41 were estimated to be 4.48 and 
6.38, respectively (Fig.  5B). Consequently, these results 
clearly indicated that, when the pH was greater than pHP-

ZC (pH > 4.48), deprotonation of the Al-MCM-41 surface 
(Si−O−) occurred, resulting in a strong electrostatic attrac-
tion between the positively charged Rh6G with the nega-
tive surface of Al-MCM-41.

3.3 Effect of adsorbent dose

To study the effect of adsorbent dose of mesoporous sili-
ca MCM-41 and Al-MCM-41 on Rh6G adsorption, 8 dif-
ferent dosages between 5 to 100  mg were investigated. 
According to Fig. 6B, the adsorption efficiency increased 
linearly with the increase in the amount of adsorbent until 
it reached maximum adsorption efficiency at 25 mg. In our 
study, the amount of 25 mg was selected as the optimum 
adsorbent dose.

3.4 Effect of contact time and adsorption kinetic

Contact time is one of the very important factors in the ad-
sorption process. The influence of contact time on Rh6G 
adsorption of both MCM-41 and Al-MCM-41 adsorbents 
was studied for different times (0–120 min) at room tem-
perature. The effects of contact time on Rh6G adsorption 
capacity are given in Fig.  6A. It is clear that the rate of 
adsorption was very quick, and afterward decreased grad-
ually with time until adsorption reached equilibrium. This 
result was assigned to the progressive saturation of the 
adsorption sites of mesoporous material. According to 
Fig. 6A, Al-MCM-41 displayed excellent affinity for Rh6G 
dye removal in aqueous solution compared to MCM-41, 
which indicated a strong interaction between Rh6G and 
Al-MCM-41. In our study, the time of 60 min was selected 
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as the optimum contact time to assure that equilibrium is 
achieved.

Adsorption kinetics is one of the more important features 
in defining the efficiency of pollutants adsorption process. 
To understand most of the mechanism of the adsorption 
process of Rh6G onto both mesoporous materials, four ki-
netic models were studied: pseudo-first-order, pseudo-sec-
ond-order, intraparticle diffusion, and the Elovich models. 
The calculated parameters of these models by nonlinear 
regression analysis method, as well as correlation coeffi-
cients (R2), are presented in Table 3, and the plots in Fig. 7. 

Based on the correlation coefficients (R2) of the kinetic 
models, the R2 value of the pseudo-second-order kinetic 
model was much higher compared to the other models 
(Table 3), which was 0.999 close to unit for both adsor-
bents. Besides, the value of calculated adsorption capacity 
(qe,cal) and experimental adsorption capacity (qe,exp) were 
very close compared to qe,cal for pseudo-first-order kinet-
ic model. Therefore, the pseudo-second-order model was 
the best-fitted kinetic model with satisfactory correlation 
coefficients. Similar results were reported for the removal 
of Rh6G on different adsorbents.46,47
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Table 3 – Kinetic modelling for the adsorption of Rh6G in aque-
ous solution

Model Parameter MCM-41 Al-MCM-41

Pseudo-first-order

K1 ⁄ min−1 1.63 1.81
qe,exp ⁄ mg g−1 18.98 26.62
qe,cal ⁄ mg g−1 18.23 25.78

R2 0.978 0.991

Pseudo-second-
order

K2 ⁄ g mg−1 min−1 0.18 0.16
qe,cal ⁄ mg g−1 18.73 26.38

R2 0.995 0.999
h ⁄ mg g−1 min−1 62.39 114.56

Intraparticle 
diffusion

Kid1 ⁄ mg g−1 min−0.5 2.11 2.77
C1 ⁄ mg g−1 12.70 19.03

R2 0.983 0.963
Kid2 ⁄ mg g−1 min−0.5 0.16 0.17

C2 ⁄ mg g−1 17.62 25.24
R2 0.795 0.837

Elovich
α · 10−8 ⁄ mg g−1 min−1 0.02 7.84

β ⁄ g mg−1 1.11 0.90
R2 0.994 0.996
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Based on the intraparticle diffusion model, if the plot of 
qt versus t1/2 is linear and passes through the origin, the 
intraparticle diffusion is the only rate-limiting step. On the 
contrary, the film diffusion might be involved in the ad-
sorption system.48,49 From Fig.  7C, intraparticle diffusion 
plot did not pass through the origin (C ≠ 0), indicating that 
the intraparticle diffusion was not the only step controlling 
the rate of Rh6G dye adsorption. According to this plot, 
two clear stages were observed. The first step is the rapid 
external mass transfer, while the second step is a gradual 
adsorption process.

3.5 Adsorption isotherm

In order to interpret the experimental data, four models 
of equilibrium data, Langmuir, Freundlich, Temkin, and 
Dubinin-Radushkevich isotherm models were applied. 
The calculated parameters of these models by non-linear 
regression analysis method are given in Table 4, and the 
non-linear plots are presented in Fig.  8. The maximum 
adsorption capacities of pure MCM-41 and Al-MCM-41 
calculated from the Langmuir isotherm model were found 
to be 96.01 and 187.39 mg g−1, respectively. 

Table 4 – Equilibrium modelling for adsorption of Rh6G onto 
MCM-41 and Al-MCM-41

Isotherm Parameters MCM-41 Al-MCM-41

Langmuir
qm ⁄ mg g−1 96.01 187.39
KL ⁄ l mg−1 0.02 0.03

R2 0.967 0.993

Freundlich
KF ⁄ mg g−1 2.36 5.14

1/n 0.84 0.85
R2 0.963 0.988

Temkin
B 10.06 19.84

KT ⁄ l mg−1 0.66 0.86
R2 0.924 0.960

Dubinin-Radushkevich

β · 106 ⁄ mol2 J−2 7.25 2.59
qD–R ⁄ mg g−1 32.04 56.45
E ⁄ kJ mol−1 0.26 0.44

R2 0.877 0.954
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As displayed in Table  4, the correlation coefficient 
(R2 = 0.967, 0.993) calculated from the Langmuir mod-
el was better than those calculated from D-R isotherm 
model (R2  =  0.848, 0.946), Freundlich isotherm mod-
el (R2  =  0.962, 0.988), and Temkin isotherm model 
(R2 = 0.906, 0.953) onto MCM-41 and Al-MCM-41, re-
spectively. These results clarify that the equilibrium iso-
therms data of Rh6G dye onto MCM-41 and Al-MCM-41, 
are better described by Langmuir isotherm models. Thus, it 
can be predicted that the adsorption of cationic dye Rh6G 
on the surface of MCM-41 type mesoporous materials fol-
lows the homogeneous monolayer adsorption.

In order to evaluate the feasibility of the adsorption pro-
cess, the constant separation factor (RL) was calculated 
from the following equation:37

L
L 0

1
1

R
K C

=
+ (13)

The RL values signify isotherm types: unfavourable (RL > 1), 
irreversible (RL = 0), favourable (0 < RL < 1), and linear 
(RL = 1). The calculated RL values by this isotherm were 
found to be less than 1 and greater than 0, revealing the fa-
vourable adsorption nature of dye Rh6G onto both meso-
porous materials. On the other hand, based on the concept 
of Freundlich, the values of n for the Rh6G uptake were 
found to be 1.17 and 1.19 for Al-MCM-41 and MCM-41, 
respectively. These values are at the limit of 1 < n < 10, 
which indicates the better adsorption of the cationic dye 
Rh6G.50

The value of E is one of the most imperative parameters to 
evaluate the adsorption type. Furthermore, the physical or 
chemical type of adsorption process can be predicted de-
pending on the energy value E, which was obtained from 
the Dubinin-Radushkevich isotherm model. The value of E 
should be lower than 8.0 kJ mol−1, the adsorption process 
is physical in nature, but when the value of energy (E) is be-

tween 8 and 16.0 kJ mol−1, the sorption process is chemical 
in nature.51 The calculated energy E value was found to be 
0.26 and 0.44 kJ mol−1 for pure MCM-41 and Al-MCM-41, 
respectively, which suggested that the adsorption process 
of cationic dye Rh6G was physical in nature. Similar results 
were found for the adsorption of cationic reactive dye.23
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Fig. 9 – Proposed mechanism of Rhodamine 6G (Rh6G) dye 
onto mesoporous material

3.6 Adsorption mechanism

The possible interactions between Rh6G molecules and 
mesoporous material are presented in Fig.  9. The nega-
tive charge of MCM-41 and Al-MCM-41 surface due to 
the deprotonation of silanol (Si−O−) groups can develop 
electrostatic interaction with the positive charge (−N+) of 
Rh6G dye. According to the pH study, when the pH was 
greater than pHPZC, the much higher adsorption of Rh6G 
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was mainly related to the electrostatic attraction of the 
cationic dye (−N+) with the negative surface (Si−O−) of 
Al-MCM-41. 

According to the FTIR results, some significant changes on 
the adsorbent surface after Rh6G adsorption could be re-
lated to the interaction of Rh6G molecules with the meso-
porous material surface through hydrogen bonding. Con-
sequently, the amine groups (−NHC2H5) or oxygen atom 
(−C−O−C−) of Rh6G dye molecules could interact with 
the surface hydroxyl groups (−OH) of mesoporous mate-
rial through hydrogen bonding, thus playing the dominant 
interaction mechanism. Hence, the mechanism of Rh6G 
dye from water onto both Al-MCM-41 and MCM-41 were 
found to result mainly from the electrostatic interaction 
and hydrogen bonding. Furthermore, the existence of n-π 
interaction between Al-MCM-41 and Rh6G dye can prob-
ably be involved. The oxygen groups of Al-MCM-41 could 
interact with the aromatic rings of Rh6G dye through n-π 
interaction.40 

3.7 Thermodynamic study

To study the effect of temperature, Rh6G adsorption stud-
ies were performed at different temperatures: 20, 30, 45, 
and 75  °C, during 60 min (Fig.  6C). The thermodynam-
ic parameters, namely, the distribution coefficient (Kd), 
change of standard Gibbs free energy (ΔG°), standard en-
thalpy change (ΔH°), and standard entropy change (ΔS°), 
were estimated by Eqs. (14)–(16).15

d e eK q C= (14)

(15)

(16)

where T (K) is the absolute temperature, R is the gas con-
stant, ΔS° and ΔH° values are calculated from Van’t Hoff’s 
equation (Eq. (16)) as the slope and intercept of ln Kd vs. 
1/T plot. The calculated values of these parameters are giv-
en in Table 5.

ΔG° values (−1.37 to −3.87 kJ mol−1) confirm the feasi-
bility and spontaneous nature of Rh6G adsorption on the 
Al-MCM-41 adsorbent. Furthermore, the decrease of ΔG° 
negative value with increased temperature indicated that 
the adsorption of Rh6G was more favourable at lower tem-
perature. In contrast, the positive value of ΔG° suggested 
the nonspontaneous nature of R6G adsorption onto pure 
silica MCM-41 adsorbent at 45 and 75 °C, which confirmed 
that the adsorption was spontaneous at lower temperature. 
The negative values of ΔH° shown in Table 5 suggest that 
the interaction of Rh6G adsorbed by the synthesized ad-
sorbent was exothermic, confirming that the adsorption of 
Rh6G increased as the temperature decreased. Similar re-
sults have been reported for the removal of Rh6G by other 
adsorbents.47,52 Consequently, the obtained absolute value 
of ΔH° was in the range of 17–20 kJ mol−1, indicating the 
adsorption process to be physical in nature.16,53 This result 
was in good agreement with those obtained by the value 
of E calculated from the R-D model (Table 4). Besides, the 
negative ΔS° value indicated the increase in the molecular 

organisation and the decrease in randomness at the sol-
id-solution interface during the adsorption process.47,54

Table 5 – Thermodynamic parameters associated with the ad-
sorption process

Adsorbent Temperature 
⁄ °C ∆G° ⁄ kJ mol−1 ∆H° ⁄ 

kJ mol−1
∆S° ⁄ 

J mol−1 K−1

MCM-41

20 −0.71

−18.57 −60.97
30 −0.10
45    0.81
75    2.64

Al-MCM-41

20 −3.87

−17.19 −45.49
30 −3.41
45 −2.73
75 −1.37

3.8 Comparison with other adsorbents 

The maximum adsorption capacities for Rh6G uptake ob-
tained from the Langmuir model by the materials of the 
current study and different adsorbents of the brief review 
are summarised in Table 6. It can be observed from this 
comparison that MCM-41 and Al-MCM-41 exhibited high-
er adsorption capacity for cationic Rh6G dye compared 
with other reported adsorbents. Obviously, Al-MCM-41 
showed an excellent adsorption capacity (187.39 mg g−1) 
for cationic dye Rh6G at room temperature. Therefore, it 
exhibits good removal ability for Rh6G. 

Table 6 – Comparison of maximum adsorption capacity (qmax) 
of various adsorbents for Rh6G removal

Entry Adsorbent pH qmax ⁄ 
mg g−1 Ref.

1 Pec-g-PHEAA – 43.50 5
2 Pec-g-PHEAA/Fe3O4 – 57.20 5
3 Coffee ground powder – 17.37 7
4 Activated carbon 7 44.70 55

5 Almond shell  
(Prunus dulcis) 8 32.60 46

6
Hexadecyl functionalised 
magnetic silica 
nanoparticles

9 35.60 47

7 Graphene oxide – 23.30 39
8 Y type zeolite 5–6   9.90 37
9 PANI@TiO2 Neutral 94 56

10 PANI@SiO2 Neutral 61 56
11 Clitoria fairchildiana (CF) 6.4 73.84 53

12 Magnetic biochar 
(MB500) 7   9.42 54

13 MCM-41 6.4 96.01 This study
14 Al-MCM-41 6.4 187.39 This study
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4 Conclusions
In this study, the prepared adsorbents were characterised 
by chemical and physical methods, and applied for re-
moval of Rh6G from aqueous solution. BET surface area 
and average BJH pore diameter of pure silica MCM-41 
decreased with the incorporation of aluminium species 
onto the surface of MCM-41. XRD analysis showed that 
the structure of Al-MCM-41 had been preserved during 
the incorporation process. 

The kinetics of the adsorption process and isotherm data 
were best described by the pseudo-second-order kinetic 
(R2 = 0.99) and Langmuir models. Al-MCM-41 showed a 
higher adsorption capacity of 187.39 mg g−1 than MCM-
41 (96.01 mg g−1) and other used adsorbents. Therefore, 
Al-MCM-41 material proved to be a potent and qualified 
adsorbent for the separation of Rh6G dye from wastewa-
ter. The study of intraparticle diffusion indicated that the 
adsorption phenomenon was not controlled by the intra-
particle diffusion. 

The spontaneous and exothermic nature of adsorption was 
demonstrated by the thermodynamic parameters. More-
over, the physical nature of Rh6G uptake was confirmed 
by the value of standard enthalpy change (ΔH°) and the 
mean sorption energy E calculated from the Dubinin-Ra-
dushkevich model. The negative values of ΔS° (−45.49 to 
−60.97 J mol−1 k−1) suggested that the randomness at the 
adsorbent/solution interface decreased during the adsorp-
tion of Rh6G. Based on the FTIR analysis, the Rh6G mole-
cules were successfully adsorbed onto the surface of both 
mesoporous materials, confirming that hydrogen bonding 
was the dominant interaction mechanism, while the pH 
results showed that the electrostatic interaction was also 
a key factor. Consequently, the two mesoporous materi-
als have enormous potential for the adsorption of cationic 
dyes.
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SAŽETAK
Adsorpcija bojila rodamin 6G na mezoporozne materijale Al-MCM-41 i 

MCM-41
Houda Douba, Ourida Mohammedi i Benamar Cheknane*

Cilj ovog istraživanja bio je procijeniti potencijal mezoporoznih silikata MCM-41 i Al-MCM-41 
(molarni omjer Si/Al = 20) za uklanjanje rodamina 6G (Rh6G) iz vodene otopine. Za karakteri-
zaciju adsorbensa primijenjeni su XRD, FTIR, SEM-EDX, BET i UV-Raman. Rezultati XRD analize 
pokazali su da je struktura MCM-41 nakon ugradnje iona Al ostala netaknuta. Kinetička analiza 
adsorpcije pokazala je da je u 60. minuti veće uklanjanje Rh6G bojila postignuto uporabom 
Al-MCM-41 (88,75 %, 26,62 mg g−1). FTIR analiza pokazala je da vodikova veza ima dominantnu 
ulogu u mehanizmu uklanjanja Rh6G, dok su rezultati pH pokazali da je elektrostatička interakcija 
također ključni čimbenik. Ovo istraživanje pokazalo je da su pripremljeni mezoporozni materijali 
jeftini, ali učinkoviti adsorbensi za uklanjanje kationskih boja. 

Ključne riječi 
Adsorpcija, kationska bojila, izoterme, mezoporozni silikati, rodamin 6G
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