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ARTICLE INFO ABSTRACT

Keywords: The low temperature synthesis of MCM-48 was performed and its adsorptive properties were
Adsorption investigated for the first time in literature by studying Basic Red 29 (BR29) dye adsorption from
Wastewater model solutions. The modification of the surface properties and pore structure of silica-based
g;M'48 material MCM-48 induced by BR29 adsorption were characterized using XRD, nitrogen phys-

isorption, and SEM methods before and after dye adsorption.

The effects of contact time, solution pH, dye concentration, and temperature on the adsorption
capacity of MCM-48 were investigated. Different adsorption models and different kinetic models
were used, respectively to define the equilibrium data and the kinetics of adsorption. Adsorption
data was seen to fit the Langmuir isotherm and the pseudo-second-order kinetic model. In
addition, MCM-48 was found to be very successful for the removal of the BR29 dye model so-
lutions, even at an initial dye concentration of 500 mg/L for which the removal efficiency was
above 97%.

Basic red 29

1. Introduction

Since the M41S family of mesoporous materials was discovered, substantial studies have been done on both their preparation and
applications. The silica-based MCM-41, MCM-48, and MCM-50 are the three members of the M41S family, and they have hexagonal,
cubic, and stabilized lamellar structures, respectively [1]. These so-called mesostructured materials have drawn a lot of interest from
the scientific community over the last two decades. They were given certain qualities to give them in order to be used effectively in a
range of applications, including chemical sensing, adsorption, and catalysis [2-10]. MCM-48 (Mobil Composite Material No. 48) type
materials were found to be desirable adsorbents, catalysts and catalyst supports with high BET surface areas, narrow pore size dis-
tributions, and large pore volumes [11-15]. They have typically been utilized for the treatment of contaminants from wastewaters of
different industries including the textile industry [16-22].

Significant quantities of wastewater from the textile industry might have strong colors, suspended particles, salts, a high pH, and a
high chemical oxygen demand (COD) concentration. The first pollutant to be identified in wastewater is color. Water containing
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relatively low levels of dyes (less than 1 ppm for certain dyes) is aesthetically offensive and very detectable. Additionally, many dye
classes are stable compounds that can withstand exposure to light, chemicals, biological processes, and other factors without
degrading, and thus are thought to be potential human carcinogens or mutagens [23,24]. A significant issue for the sector and a danger
to the environment is the disposal of these colored wastewaters [25-27].

In the present study, The BR29 dye was removed from model solutions using a high surface area MCM-48 adsorbent, the influences
of the initial pH, contact time, temperature, and initial dye concentration on the removal effectiveness were investigated. Surface
characteristics and pore structure of MCM-48 were elucidated using XRD, nitrogen physisorption, and SEM methods before and after
adsorption. The equilibrium isotherms were described using the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich adsorption
models, while the kinetic data were defined utilizing pseudo-first/second-order and intraparticle diffusion models.

2. Materials and methods

TEOS (tetraethyl orthosilicate, 98% solution, Merck) was employed as the silica source, CTMABr (Cetyltrimethylammonium
bromide, 99% purity, Merck) as the surfactant, ethanol (99.9% purity, Merck), and ammonium hydroxide (26% solution, Riedel de
Haen) as the mineralizing agents and distilled water as the solvent medium for the synthesis of MCM-48. The adsorbent was produced
at 30 °C by modifying the classical room temperature synthesis method [16] as follows: A clear surfactant solution was first prepared
by solving CTMABr in 140 mL of distilled water at 30 °C by continuous stirring on a magnetic stirrer. Ethanol and ammonium hy-
droxide were added to this solution dropwise, respectively, and mixed for 10 min at the same temperature. Finally, 10 mL of TEOS was
also mixed gently and a suspension with a molar composition of 1.0TEOS:0.4CTMABr:54EtOH:12.5NH4OH:174H0 at a pH value of
13.5 was obtained. The solid product obtained after stirring this suspension for two more hours at 30 °C was filtered and washed under
vacuum until the filtrate’s pH reached 7.0. The product was dried for 24 h at room temperature before being calcined in a tubular
furnace. In the calcination process, the synthesized sample was heated from room temperature to 550 °C at a rate of 1 °C/min under a
continuous flow of dry air moving at a rate of 1 L/min and was kept at 550 °C for 6 h. The adsorbent was kept in place during the
calcination process despite the passage of dry air via a quartz membrane that was located in the center of the quartz tube. The
as-synthesized material was then characterized by the XRD, BET, and SEM methods for the determination of the physical properties.
Employing CuKa radiation (A = 0.15406 nm) on a Rigaku Rint 2000 diffractometer with a step size of 0.02 and scanning speed of 0.025
(2 6/s) at 40 kV voltage and 30 mA current, XRD patterns of the MCM-48 adsorbent before and after adsorption tests were recorded.
Nitrogen physisorption isotherms at 77 K were obtained in a Quantachrome Autosorb 1C instrument. Before the experiments, the
purely siliceous samples were outgassed at 200 °C for 18 h, and the physisorption experiments were started at a point where the P/P,,
ratio was approximately 10~° to include any possible micropores present in the structure. The P/P, range of 0.05-0.30 was selected to
calculate surface area values by using the BET (Brunauer-Emmett-Teller) equation, and the desorption branch of the isotherms was
used to determine the pore size distributions and total pore volumes by applying the BJH (Barret-Joyner-Halenda) method. The Zeiss
Supra 50 VP Microscope with 20 kV accelerating voltage and 7.5-10.5 mm working distance was applied to achieve the SEM and EDS
results.

After the characterization procedures, adsorption experiments were performed to test the adsorptive capacity of the as-synthesized
MCM-48. Model dye solutions with different initial concentrations were prepared using distilled water and the BR29 dye. The mo-
lecular formula and properties of the BR29 dye are listed in Table 1. For each adsorption experiment, 0.1 g of MCM-48 was added into
100 mL of the model solution. To analyze the BR29 concentrations, samples were taken from the reactor at predetermined time in-
tervals, and they were then centrifuged at 7000 rpm. The as-synthesized purely siliceous adsorbent was called as MCM-48-LTS (MCM-
48 Low Temperature Synthesis) and after dye adsorption it was called as MCM-48-BR29 (BR29 adsorbed MCM-48).

3. Results and discussion

This section contains the surface characteristics and pore structure of MCM-48, as determined by the XRD, nitrogen physisorption,
SEM, and EDS studies before and after adsorption of the BR29 dye.

Results of the parametric investigations are also presented, including contact time, initial pH, temperature, and dye concentration.
The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models, which were used to study the adsorption equilib-
rium, are also included. Finally, the pseudo-first and second-order kinetics and intraparticle diffusion models utilized to explore the
adsorption kinetics are illustrated.

Fig. 1 shows the XRD patterns of the MCM-48 adsorbent synthesized at 30 °C before and after BR29 adsorption. The original
siliceous adsorbent, MCM-48-LTS, before the adsorption experiments, was seen to follow the typical XRD pattern of the MCM-48 type
materials with the characteristic main peak around 2.72° and two secondary peaks indicating long-range order of cubic pores.

Table 1

Properties of the BR29 dye.
Synonym Basacryl Red GL
Molecular Formula 19t 7€INgS
MW (g/mol) 368.88
Amax (nm) 511

Source Aldrich




Y. Giicbilmez et al. Heliyon 9 (2023) e15659

() (b)
620
—MCMsLTS
3 MCM-48-BR29
g 420
z >
£ =
g g
= = 220 1
‘ ; ‘ : 20 S —
1 3 5 7 9 11 0 20 40 60 80
20 20

Fig. 1. XRD patterns of (a) MCM-48-LTS and MCM-48-BR29 in the 2 6 range of 2-10° (b) MCM-48-BR29 in the 2 6 range of 2-80.°

However, after dye adsorption, the MCM-48 structure was destroyed (Fig. 1a) and amorphous silica regions [28] were formed in the
adsorbent represented by the large band centered around 23.7° in Fig. 1b.

Nitrogen physisorption analysis was also performed to determine how the adsorption of the BR29 dye affected the MCM-48
infrastructure. In Fig. 2, nitrogen physisorption isotherms are shown, while Fig. 3 presents the pore size distributions and Table 2
gives the BET surface areas, average BJH desorption pore diameters, and total pore volumes for MCM-48-LTS and MCM-48-BR29. The
physisorption isotherms for MCM-48-LTS fit the [UPAC type IV model, which is common for ordered mesoporous silicate materials, as
seen in Fig. 2 [29] and no significant hysteresis loop was formed indicating the presence of regular cylindrical pores [30-32]. After dye
adsorption, however, MCM-48-

BR29 displayed the IUPAC type IV isotherms with a detectable H3 type hysteresis loop starting around P/P, = 0.40 and ending
around P/P, = 0.95 indicating the formation of a complex network of various pore sizes as well pore blocking [20,23,24]. In addition, a
dramatic increase in the amount of adsorbed nitrogen was seen after P/Po = 0.95, which is interpreted as the formation of macropores
[33], the macropores are thought to be formed as a result of the pore networking effects [30,34].

As seen in Table 2 and Fig. 3a, the original adsorbent MCM-48-LTS had an average BJH desorption diameter of 21.7 A (2.17 nm),
thus, its pore structure was mainly in the mesopore region, however after BR29 adsorption, as Fig. 3b depicts, various pore sizes could
be detected. A close investigation of Fig. 3 shows that three peaks were obtained at 24.3, 33.9, and 48.4 A (2.43, 3.39, and 4.84 nm)
with the largest peak corresponding to 33.9 A (3.39 nm). Thus, nitrogen physisorption results proved the shifting of pore sizes to higher
diameters upon dye adsorption. This observation could be attributed to the insertion of part of the dye molecules in the silica walls, the
consequent structure deterioration accompanied with pore enlargement, and resulting networking effects. Table 2 also depicts the
reduction of BET surface area from 1703 m?/g to 543 m?/g and reduction of total pore volume from 1.07 cm®/g to 0.74 ecm®/g upon
BR29 adsorption. This reduction can be expressed by the blockage of pores by the dye molecules which were incorporated inside the
mesopores or by the collapse of part of the amorphous silica walls into the meso-channels.

SEM images of MCM-48-LTS and MCM-48-BR29 are depicted in Fig. 4a and Fig. 4b, respectively. As seen, both adsorbents had
spherical particles and homogeneous particle shape distributions. Thus, it is thought that most of the dye molecules were adsorbed
inside the pores and silica walls of MCM-48-LTS rather than forming clusters on the outside surfaces of its particles. However, it was
also seen that MCM-48-BR29 (Fig. 4b) had more spongy and larger particles.
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Fig. 2. Physisorption isotherms of the MCM-48 adsorbent prior to BR29 adsorption and after BR29 adsorption.
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Fig. 3. Pore size distributions of MCM-48 (a) prior to BR29 adsorption (b) after BR29 adsorption.

Table 2
Surface area and pore size properties of MCM-48-LTS and MCM-48-BR29.
MCM-48 MCM-48-BR29
BET Surface Area (m?/g) 1703 543
BJH Desorption Average 2.17 Various diameters with the largest peak at 3.39 nm (Fig. 3)
Pore Diameter (nm)
Total Pore Volume (cm®/g) 1.08 0.74

MCM-48-LTS £

Fig. 4. SEM photographs of MCM-48 (a) prior to BR29 adsorption (b) after BR29 adsorption.

compared to MCM-48-LTS. The spongy appearance is thought to be due to the formation of new pores with the diameters of 3.39
and 4.84 nm as depicted in Fig. 3b and the pore networking effects [35,36]. In addition, the increase in particle size from approxi-
mately 0.3 ym to 0.4 um after the adsorption experiments is thought to be due to some electrostatic interactions induced during the
adsorption experiments [36].

A final analysis performed to prove dye adsorption into MCM-48-LTS was EDS analysis given in Fig. 5. This figure illustrates that
before the adsorption experiments (Fig. 5a), MCM-48-LTS only contained Si and O atoms whereas the presence of C, Cl, N, and S atoms
were detected in MCM-48-BR29 after dye adsorption (Fig. 5b).
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Spectrum: Acquisition

(a)
Element unn. C norm. C Atom. C Compound Comp. C norm. Comp. C Error
[wt.%] [wt.%] [at.$%] [wt.%] [wt.%] [%]
Silicon 27.59 31.25 20.57 31.25 27.59 1.2
Oxygen 60.70 68.75 79.43 68.75 60.70 7.9

Total: 88.30 100.00 100.00
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(b)

Element unn. C norm. C Atom. C Compound Comp. C norm. Comp. C Error

[wt.%] [wt.%] [at.$%] [wt.%] [wt.%] [%]
Silicon 19.67 18.84 11.44 18.84 19.67 0.9
Oxygen 63.67 60.96 65.00 60.96 63.67 8.2
Carbon 4.87 4.66 6.62 4.66 4.87 1.2
Chlorine 0.77 0.73 0.35 0.73 0.77 0.1
Nitrogen 13.25 12.69 15.46 12.69 13.25 2.7
Sulfur 2,21 2,12 1.13 2.12 2.21 0.1

Total: 104.44 100.00 100.00
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Fig. 5. EDS analysis results of MCM-48 (a) prior to BR29 adsorption (b) after BR29 adsorption.
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3.1. Adsorption experiments

Seven initial pH values including the original pH (natural pH = 4.60) of the model solution were tested and the results obtained are
shown in Fig. 6. Model solutions were set at various pH levels, spanning from 2.03 to 7.99, to ascertain the impact of pH on the
adsorption capacity of MCM-48-LTS. According to Fig. 6, the adsorption capacity of BR29 onto MCM-48-LTS decreased only at the pH
value of 2.03. Adsorption performance was almost similar at all other initial pH values studied. It was concluded that MCM-48-LTS was
quite stable in a wide pH range. Hence, the natural pH was chosen as the best pH value since it was the most economical option which
did not require addition of any extra acidic or basic chemicals.

MCM-48-LTS was found to be very efficient for the treatment of different initial BR29 concentrations varying from 50 to 500 mg/L
as seen in Fig. 7. This figure illustrates that apparent adsorption equilibrium was obtained within 2 min for the initial BR29 con-
centrations of 50 mg/L and 100 mg/L. Besides, adsorption equilibria were reached within 10 min and 40 min for the initial BR29
concentrations of 200 mg/L and 500 mg/L, respectively. After the adsorption equilibrium, there were no discernible concentration
fluctuations, and the average BR29 dye removal effectiveness for all initial concentrations examined was >97%. It was also clear that
the time to reach the aforementioned decolorization yield was getting longer with the increasing dye concentration. It was believed
that adsorption mostly occurred at surface locations that were simple to access, involving no diffusion into the micropores. The quick
adsorption rate may also be caused by a hydrophobic contact between the adsorbent and the organic compound [37].

Since temperature is also an important parameter, decolorization efficiency versus time was recorded for different working tem-
peratures as given in Fig. 8. Three different working temperatures (25, 45, and 65 °C) were studied. According to the results, the
adsorption performance of the system was almost the same for the working temperatures of 25 °C (i.e., room temperature) and 45 °C.
However, the removal efficiency increased until a given time period (30 min) at the working temperature of 65 °C and then exhibited a
decreasing trend. This behavior of the system could be explained by the desorption process that might have been occurring around this
temperature. The findings of the temperature research still made the adsorption process economical since the temperature adjustment
was not necessary.

3.2. Adsorption isotherms and dynamics of BR29 adsorption onto MCM-48

To understand how the dye is adsorbed onto the adsorbent, to determine the maximum adsorption capacity, and to generate the
most relevant correlations from the experimental results at equilibrium, adsorption isotherms are used. Although there are many
different adsorption isotherm models available, the Freundlich and Langmuir models are the two that are most frequently recognized
and utilized in the treatment of waters and effluents [13,38-40]. The Freundlich equation is an empirical equation used to represent
heterogeneous systems and is not limited to the development of monolayers, in contrast to the Langmuir equation, which applies to
homogeneous adsorption systems [41-43].

The Langmuir equation (Eq. 1) is expressed as:

C, 1 C,
+

e 1
Qe QmuxKL Qmax ( )

In the Langmuir equation, the equilibrium BR29 concentration adsorbed on the adsorbent is denoted as Q. (mg/g), the equilibrium
BR29 concentration in the solution as C, (mg/L), the monolayer adsorption capacity of MCM-48-LTS as Qmax (mg/g), and K;, (L/mg) is
the Langmuir adsorption constant. The concentration at which half the maximal adsorption capacity of the adsorbent is reached is
given by the reciprocal value of the Langmuir constant Kj, which evaluates the affinity between the adsorbate and adsorbent. When the
Langmuir model is accurate, a plot of C./Q, vs C, will result in a straight line with a slope of 1/Qnax and an intercept of 1/QmaxKy, [411.
Otherwise, the Freundlich equation (Eq. 2) is shown as:
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Fig. 6. Alteration of the decolorization efficiency with initial pH (C, = 200 mg/L BR29).
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Fig. 8. Alteration of the decolorization efficiency with temperature (C, = 500 mg/L BR29, natural pH).

In the Freundlich equation, two Freundlich constants that relate to the adsorption capacity and adsorption intensity are denoted as Kr
[mg/g(L/g)!/"] and 1/n, respectively. It is well acknowledged that a favourable adsorption and a rise in the adsorption capacity are
associated with 1/n < 1 [44]. The plot of [nQ, vs InC, is used to obtain the intercept Ky and slope 1/n.

In addition to the basic models of Langmuir and Freundlich, Temkin and Dubinin-Radushkevich isotherm models can also be
utilized to examine the equilibrium data. The equations used for the Dubinin-Radushkevich (Egs. (3) and (4)) and Temkin (Egs. (5) and
(6)) models are as follows:

InQ,=1nQ,, - pe2 3
e=RTIn(1+1/C,) )
Q. =BInAT + BInC, 5)
B = RT/b, (6)

In the Dubinin-Radushkevich equations, € and g denote the Polanyi potential and the constant concerned with the adsorption energy
(mol?/kJ?), respectively. The average adsorption energy (E) is computed from the expression 1/ /28 as kJ/mol. Following symbols are
used in the Temkin model: Isotherm equilibrium binding constant (A1, L/g), constant related to the heat of sorption (B), Temkin
isotherm constant (b;, J/mol), universal gas constant (R, J/molK), and absolute temperature (T, K) [45].

For the abovementioned isotherm models, experimental data collected at room temperature and natural pH for a BR29 concen-
tration of 200 mg/L were used; natural pH was preferred since it was the most economical pH value for the given system. The isotherms
are displayed in Fig. 9(a-d) and the values for the isotherm parameters of Kj, Qmax, Kg, 1/n, Ar, B, by, f, and E are given in Table 3. This
table also includes the linear regression correlations for the Langmuir (rf), Freundlich (r%), Dubinin-Radushkevich (r%R), and Temkin
(rZT) isotherms. As can be seen, the Langmuir model better described the BR29 adsorption mechanism onto MCM-48-LTS since its linear
regression correlation value ) was higher than those for the other isotherm models (3, %, and r%R). Additionally, Qmax, for the initial
BR29 concentration of 200 mg/L was calculated as 500 mg/g with a correlation coefficient (%) of 0.9986. The value of 1/n was
confirmed to be less than 1.0 when the Freundlich model was taken into account, suggesting strong adsorption intensity.

As seen in Table 3, the average energy of adsorption estimated using the Dubinin-Radushkevich isotherm model was 0.2957 kJ/
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Fig. 9. Fitting (a) Langmuir, (b) Freundlich, (c) Dubinin-Radushkevich, and (d) Temkin models to the adsorption isotherms of MCM-48-BR29 (C, =
200 mg/L BR29, natural pH, room temperature).

Table 3
Isotherm constants for the adsorption of BR29 onto MCM-48 (C, = 200 mg/L BR29, natural pH, room temperature).
Model Parameters Adsorption via MCM-48
Langmuir model 2 0.9986
Qmax (Mg/g) 500
Ky, (L/mg) 0.089
Freundlich model 2 0.8509
1/n 0.31
Kr [mg/g(L/8)"™] 108.75
Temkin model % 0.6629
B 63.407
b, (J/mol) 0.0256
Ar (L/g) 3.7434
Dubinin- Radushkevich model r2r 0.7938
qm (mg/g) 364.27
B (mol?/kJ?) 5.7200
E (kJ/mol) 0.2957

mol. It is known that, for this model, the physical and chemical mechanism of adsorption can be analyzed by calculating the average
energy of the process (E, kJ/mol): Physical forces are effective on adsorption when E < 8 kJ/mol, particle diffusion is effective when E
> 16 kJ/mol, and adsorption originates via the ion exchange mechanism for 8 < E < 16 kJ/mol [46]. Accordingly, it was found that for
the BR29 adsorption on MCM-48-LTS, physical forces were effective.

Kinetic studies were also performed to define the rate law of BR29 uptake from model solutions using the MCM-48-LTS adsorbent.
The pseudo-first and second order, and intraparticle diffusion kinetic models were tested for which the corresponding rate laws are
given in Egs. (7)-(9) [47-49]:

log(Q, — Q,) =log Q, — (kit) /2.303 o

1/0=1/(kQ}) + (1/Q0)t ®
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O =kt +C ©)

The amounts of BR29 adsorbed at equilibrium and at time t (min) are denoted by Q. (mg/g) and Q, (mg/g), the equilibrium rate
constants of the pseudo-first and second order adsorption are k; (min ) and k, (g/mg-min), the rate constant of intraparticle diffusion
is k;, and C is the intercept. The log(Q.-Q;) vs t and t/ Q; vs t plots are used to determine the values of the rate constants and Q, for the
pseudo-first and second-order kinetic models, respectively. In the case of the intraparticle diffusion kinetic model, k; is calculated from
the slope of the Q; (mg/g) versus ' (minl/ 2) plot.

The experimental adsorption data plotted using Eqs (7)-(9) are given in Fig. 10(a—c) while the values of the fitted model parameters
and the correlation coefficients are given in Table 4. This table depicts that when the experimental data was plotted using Equation (8),
the pseudo-second order model yielded a linear regression coefficient greater than 0.99. Thus, it is concluded that the adsorption of
BR29 onto MCM-48-LTS follows pseudo-second order kinetics.

4. Conclusions

In this study, a. high surface area MCM-48 adsorbent was prepared by a low temperature synthesis method at 30 °C. The as-
synthesized adsorbent was found to be very effective in BR29 dye adsorption from model solutions. XRD, Ny physisorption, and
SEM techniques were performed in order to determine the modification of the surface characteristics and pore structure upon dye
adsorption. Nitrogen physisorption results depicted a significant reduce in the specific surface area and pore volume while the XRD
patterns illustrated that dye adsorption destroyed the cubic mesoporous infrastructure and a more complex structure with various pore
sizes was formed. The adsorption capacity of MCM-48 was explored by performing experiments at different initial pH values, initial
dye concentrations, and temperatures. The best pH value was found as the natural pH and the adsorbent was found to be very efficient
for the treatment of different initial BR29 concentrations varying from 50 to 500 mg/L with an average removal efficiency of >97%.
Adsorption performance was found to be almost identical for the temperatures of 25 and 45 °C while removal efficiency decreased after
30 min at 65 °C. The equilibrium data were fitted using the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm
models, and it was revealed that the Langmuir model best qualified the adsorption process. Finally, the adsorption kinetics was seen to

0.6

t=25°C
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Fig. 10. Kinetic models for the adsorption of BR29 onto MCM-48-LTS: (a) pseudo-first order model, (b) pseudo-second order model, and (c)
intraparticle diffusion model (C, = 500 mg/L BR29, natural pH).
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Table 4
Kinetic model parameters for the adsorption of BR29 onto MCM-48 (C, = 500 mg/L BR29, natural pH).
T (°C) 25 45 65
Pseudo-first-order r? 0.8938 0.7833 0.9628
Ge,calc (MZ/g) 87.19 51.38 221.16
k; (min~1) 0.0592 0.0735 0.4977
Pseudo-second-order 2 0.9995 0.9999 0.9934
Qe (mg/g) 256.41 250.00 192.31
ko (g/mg.min) 0.0023 0.0055 0.0038
Intraparticle diffusion r 0.6404 0.5033 0.2423
C 105.75 141.98 146.98
k; (mg/gemin®-®) 20.9060 15.9340 9.5201
follow pseudo-second order kinetics.
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