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Abstract

Mobil composition of matter N. 41 (MCM-41) was investigated as a catalyst for the
adsorption of methyl orange (MO) and setazol black (SB) under dark conditions.
The MCM-41 catalyst was prepared via modified sol-gel method and fresh and spent
catalysts were characterized by X-ray diffraction, scanning electron microscope, and
Fourier-transform infrared spectroscopy. To examine the optimum conditions of dye
adsorption, the catalyst dosage (0.2—1 g/L), contact time (5-240 min), and dye con-
centration (10-100 mg/L) were identified. The best performance showed that over
99.5% of methyl orange was removed in 60 min (concentration of dye=20 mg/L,
adsorbent dosage=0.2 g/L, temperature =22 °C). In case of SB, MCM-41 catalyst
removed SB up to 95% under 60 min in 20 mg/L dye concentration. The MCM-41
catalyst was found to be more effective in removing MO through rather than SB
with the help of the generation of reactive oxygen species. The spent catalysts char-
acterization results concluded that the dark adsorption did not affect and announce
a serious disorder on the pore structure of MCM-4. Consequently, the prepared
MCM-41 presented a high catalytic efficiency and can be used especially for textile
industry wastewater treatment applications at dark atmosphere in an energy-saving
profile with no need of light irradiation.
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Introduction

The environmental crisis has reached extraordinary proportions across the globe,
acting major challenge for the biosphere [1]. As an important part of the envi-
ronmental crisis, access to clean water and sanitation is reported as one of the
Sustainable Development Goals accepted by the United Nations in 2015. Further-
more, it is reported that over two billion people in countries are suffering from
high water stress circumstances. This drawback is a result of overuse of water
resources with important influences on their sustainability [2]. The common pol-
lutants in water resources can be listed as antibiotics [3], dyes [4], and heavy
metals [5]. Anthropogenic activities resourcing from textile industry have envi-
ronmental exposure risks and threats to living organisms in the water bodies and
human health due to their discharge effluents include toxic components [6]. The
textile industry is the leading industry branch in Turkey, covering 20% of the total
industry. Besides, Turkey is one of the largest clothing suppliers in the European
Union, ranking first in textiles, second in apparel, and seventh in the world [7].
Therefore, one of the most important classes of pollutants can be accepted as
dyes. In case of existing in water, dye’s synthetic character and complex molec-
ular structure convert them to more stable and harder biodegradable pollutants
[8]. It is of great interest to investigate the dye adsorption under dark conditions,
especially room temperature and atmosphere pressure lacking additional lights or
chemical stimulants [9].

To date, MCM-41 type mesoporous materials were utilized as substitute candi-
dates for dye removal and metal removal in water depollution [10-24]. For exam-
ple, Lee et al. [10] reported MCM-41 as a successful candidate for the removal of
some basic dyes like rhodamine B (RB), crystal violet (CV), and methylene green
(MG) from water solution which results no disorder on the pore structure. Juang
et al. [16] pinpointed the possible effects of interaction between large dye mol-
ecules and concluded MCM-41 as a good catalyst for the removal of basic dyes.
Qin et al. presented that ammonium-functionalized MCM-41 had a high affinity
to four anionic dyes like methyl orange (MO), orange IV (OIV), reactive bril-
liant red X-3B (X-3B), and acid fuchsine (AF). They also claimed that while the
amount of dye uptake was found to increase with the increase of contact time, the
equilibrium time was independent of initial dye concentration [15]. Alardhi et al.
[19] reported that MCM-41 was used for the first time as an efficient adsorbent
to remove MG dye pollutants from synthetic wastewater in a fixed-bed column.
Rios et al. found that when MCM-41 catalyst was examined for basic blue 41,
methylene blue, basic red 18, and reactive red 239 dye, the catalyst was able to
adsorb cationic compounds due to its surface chemistry. Therefore, they explored
that their catalyst could not adsorb the reactive red 239 dye because of the neg-
atively charged surface’s adsorbing capability of cationic dyes through electro-
static interactions [24].

Previous studies demonstrated that MCM-41 dye removal efficiencies can be
improved by metal doping or modifying using some reagents like silica tungstic
acid (STA) [25], however, there are only a few studies focusing on improving the
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efficiency of metal undoped MCM-41 [10-12, 16, 18-20, 24]. On the other hand,
to the best of our knowledge, no studies have evaluated the removal of dye from
the surface of MCM-41 in a dark ambient according to the literature. Therefore,
this study examined the treatability of wastewaters with the dark ambient method
with presence of a metal undoped mesoporous catalyst for the first time. In the
experiments conducted with two different dye materials as MO and setazol black
(SB), it was firstly aimed to determine the parameters effect on the treatment pro-
cess used. With this way, besides searching dye concentration, catalyst dosage,
and reaction duration influence, the efficiency of the dark dye removal was exam-
ined not only in the absence of metal doping to MCM-41 catalyst but also in a
green and energy-saving way under dark conditions without adding any reducing
and oxidizing agent or energy/light irradiation.

Materials and methods
Materials

Cetyltrimethylammonium bromide (CTAB;>99%, C;sH;3(CH;);B), ammonia
(33%, Merck), and tetraethoxysilane (TEOS; > 98%, Si(OC,Hs),, Aldrich) were used
as received. Other reagents were of analytical grade from the suppliers. Distilled
water was used in all solution preparations.

Two typical dyes, namely methyl orange and setazol black were chosen for the
adsorption test in the dark at room temperature. SB which was produced by Setag
Kimya (Turkey) were used as received without further purification. Molecular
weight of SB is 991.82 g/mol [26]. The chemical structure of this reactive diazo dye
is given in Fig. 1 [27].

MO which was produced by Sigma-Aldrich is used without further purification
in the experiments. MO is known as an acidic anionic mono-azo dye commonly and
continuously used in textiles, laboratory experiments, and other commercial prod-
ucts [28]. MO has two chemical structures, whose chromophores are anthraqui-
none or azo bond depending on the pH of the solution, as can be expressed as [29]
(Fig. 2).
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Fig. 1 Chemical structure of setazol black dye [24]
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Fig.2 Chemical structure of
methyl orange dye [29-31] (H;C),N N=N SO;Na

Catalyst preparation

In the literature, many different routes were successfully applied to prepare
mesoporous MCM-41 material [10-24]. Although this material is commonly pre-
pared by hydrothermal method [25], new approaches are developed [32]. Even
though the sol-gel method is a very well-established method for catalyst prepara-
tion, the improvements of this method are shown to be applied in mesoporous mate-
rials in last years. Therefore, mesoporous MCM-41 was synthesized according to
the recipe published by Yarbay Sahin, 2021 [32]. The details of the recipe are given
in Fig. 3.

40 mL of distilled water ‘ ‘ 2 g of CTAB ’ ’ 60 mL of ethanol

Stirring for 60 min

k.

\ Adding 6 mL of 25% NHs solution \

Stirring for 30 min

‘ Adding 4 mL of TEOS dropwise ’

|

‘ Vigorously stirring at 30 °Cfor 2 h ‘

|

‘ Washing, filtering and drying at 100 °C overnight ’

|

’ Calcination at 550 °C for 6 h with 5 °C/min ‘

Fig. 3 Flow chart of the synthesis of MCM-41 using sol-gel method
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Characterization

Preliminary investigations related to MCM-41 preparation via sol-gel method are
done by our group and published in the reference given [32]. The BET results can
be found in that article. Other characterization methods, including SEM, XRD,
and FT-IR, were carried out in detail during this work. SEM micrographs of the
fresh and spent catalysts were attained in Zeiss Supra VP 40. Phase identification
of the fresh and spent catalysts was carried by Panalytical Empyrean diffractom-
eter at 40 kV under Ni-filtered CuKa radiation (41 =0.15418 nm). In the spectral
range of 2100-600 cm™!, FTIR analysis through Agilent Cary 630 Spectrometer
was obtained for the fresh and spent catalysts.

Dye adsorption experiments

Dark adsorption experiments were implemented in order to investigate the effects
of catalyst dosage (0.2-1 g/L), initial dye concentration (10-100 mg/L), and con-
tact time (5-240 min). In order to prepare the stock solution, 1 g of MO and
1 g of SB were dissolved in 1 L of distilled water separately in order to reach a
1000 mg/L. Then, the adsorption tests were done by adding the desired amounts
of MCM-41 to 50 mL of dye solution placed in 50 ml centrifuge tubes covered
with aluminum foil at solution pH. All experiments were carried with continu-
ous magnetic stirring in the dark at 22 °C. After the end of each run at desig-
nated intervals, suspensions were centrifuged at 7000 rpm for 10 min, filtered,
and then the filtrate was collected for residual dye concentration measurement.
Finally, the concentrations of dyes were determined at a maximum wavelength of
MO (465 nm) and SB (596 nm) in ultraviolet—visible (UV-Vis) absorption spec-
tra using a spectrophotometer (Agilent Cary 60). The concentrations of each dye
before and after adsorption were determined from the standard calibration curve
(R*>0.95). Calculations after adsorption experiments were performed using the
OriginPro 9.0 software. Each experiment was repeated two times. The adsorption
efficiency (DE) of the dye was defined as follows in Eq. (1):

C,-C
DE(%) = OCO L% 100 (1)

where C,, is the initial concentration of the dye and C, is the concentration at several
reaction times (min).

The adsorbed amount per gram of MCM-41 (mg/g) or the adsorption capacity
(g.), was calculated using the following Eq. (2):

(C;=Cp)v
- _ 2
e I 2)
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where ¢, is the adsorption capacity at equilibrium (mg/g), C; and C; (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 [11].

Intensity (a.u.)
—
(1)
-
Intensity (a.u.)
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Fig.4 SEM images of MCM-41 at ax20,000, and bx 50,000 magnifications, XRD of MCM-41 ¢ for
low-angle measurement, and d for wide-angle measurement, e FT-IR of MCM-41

@ Springer



A comparative study on dark adsorption of dyes using mesoporous... 547

Results and discussion
Characterization of MCM-41

SEM, FTIR, and low-angle and wide-angle XRD results of the MCM-41 are shown
in Fig. 4. SEM micrographs of the catalyst presented in Fig. 4a, b are spherical and
elliptic nanoparticles. Similar achievements have been stated by Zhang et al. [14].
As shown in Fig. 4¢ FT-IR data, the absorption band at 1478 cm™' corresponded
to C-H vibrations of the surfactant molecules [33]. The Si—O-Si bands at 1037 and
783 cm™! were attributed to asymmetrical and symmetrical stretching vibrations,
respectively, and the band at about 560 cm™" indicated the bending vibrations of the
Si—O-Si groups. The absorption band at 437 cm™" corresponds to the bending vibra-
tion of Si—O-Si. The small-angle XRD pattern given in Fig. 4c displayed a limited
characteristic diffraction reflection for MCM-41. According to the results, a strong
and sharp diffraction peak for d(100) at 2.8 indicated a well-ordered lattice struc-
ture with hexagonal unit cell with JCPDS of 00-049-1712 [11, 34]. At a high-angle
region (Fig. 4d), MCM-41 showed a broad peak (260=23°) ascribed to amorphous
silica [35].

The Scherrer and the Williamson—Hall (W—H) equations were used to estimate
the crystallite size for the MCM-41 sample. The Scherer equation is useful for the
estimation of the samples with a grain size below 100 nm [36]. The MCM-41 par-
ticle diameter was estimated with Scherrer’s equation [5] using the line-width at
half-maximum of the X-ray diffraction peak at 26=2.15141 with (100) reflection
on XRD pattern was found as 52.58 nm. On the other hand, the W-H equation can
evaluate the effects of both the crystallite size and lattice strain on the peak broad-
ening simultaneously. This ability causes the wide application of this equation for
the estimation of the size of crystals [37]. From the intercept of the W-H plot, a
crystalline size of 68.64 nm was estimated for the composite. Therefore, it can be
concluded that the closed size values confirmed that there is no strain effect, and
thus, the results obtained by the Scherrer and Williamson—Hall equations are nearly
equal [36].

Adsorption results

Dark adsorption is known as a new feasible alternative that discharges the neces-
sity for light, and dissimilar other dark oxidation techniques with the help of not
demanding supplementary chemicals (O;, H,0,, SO,) neither pH nor temperature
regulations to run efficiently [33]. In the current dark adsorption experiments, the
effects of catalyst dosage, initial dye concentration, and contact time were exam-
ined. All the experiments were studied at solution pH. The chemical characteris-
tics of both adsorbent and adsorbate may differ with the pH value. The pH of the
solution influences the degree of ionization and speciation of various dyes which
subsequently primes to a variation in the reaction kinetics and equilibrium charac-
teristics of the adsorption [8]. The pH of our pre-treatment solution without any
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additives was measured as 6. In the literature, some investigations were carried at
pH unchanged. Alardhi et al. studied “Adsorption of Methyl Green dye onto MCM-
41” and their results indicated that when pH is higher than 8, the color of the solu-
tion turns from blue to approximately colorless, even with the absence of sorbent.
Monash and Pugazhenthi measured the point of zero charge (PZC) of MCM-41
calcined at 550 C as 4.87. They stated that the favorable adsorption of a dye on
MCM-41 can only take place when the solution pH is greater than pHpzc. There-
fore, as a result, at higher pH (4-11), the pH of the solution is higher than pHpzc of
the MCM-41 (4.87), which generally favors the adsorption of dye on MCM-41. The
increased adsorption at higher pH (greater than pHpzc) is mainly related to the elec-
trostatic attraction force of the dye compound with MCM-41 [20]. From the point of
view of Methyl orange dye, Abo El Naga et al. studied about “Metal-organic frame-
work-derived nitrogen-doped nanoporous carbon as an efficient adsorbent for methyl
orange removal from aqueous solution”. They reported that the pKa value of MO
was 3.76 [38]. As a result, below pH 4.0 (lower than the pKa value of MO), MO
anions would be protonated and thus positively charged. The electrostatic repulsion
between the positively charged adsorbent surface and the protonated dye molecules
may account for the low percentage of MO removal. At pH range from 4 to 6 (higher
than the pKa value of MO), MO would exist mostly in anionic form. Consequently,
the high percentage of MO removal in this pH range can be attributed to the strong
electrostatic force of attraction between the positively charged adsorbent surface and
the negatively charged dye molecules. Subsequent increase of solution pH makes
the adsorbent surface negatively charged, and electrostatic repulsion exists between
MO anions and adsorbent (in our study MCM-41), resulting in the decrease in the
percentage of MO removal. In addition, the lower percentage of MO removal in
basic environment was also ascribed to the competition between MO anions and the
hydroxyl ions (OH™) for the binding sites on the surface of the adsorbent. These
results gave them an idea about evidence that the electrostatic interaction could be
the main driving force governing the current adsorption process. Consequently, they
carried out their experiments at a pH value of 6 [38]. Consequently, the pH was kept
unchanged for subsequent experiments in their experiments.

For all dyes, the adsorption percentage tendency was recorded quite simi-
larly as shown in Fig. 5a—c. This behavior of the catalyst highlights that the cata-
lyst possesses high removal performance in all types of dyes. The high effective-
ness for MCM-41 is ascribed to the higher accessibility of pores for the adsorption
of dye molecules as possessing greater surface-active sites with high electrostatic
attraction.

Catalyst dosage is an important factor to evaluate the adsorption activity of
the catalyst [39]. Effect of catalyst dosage on MO and SB adsorption is shown
in Fig. 5a. Both dyes displayed similar uptake values. It can be observed that as
the catalyst dosage increased up to 0.2 g/L, the removal effectiveness improved to
75% and 87% for MO and SB, respectively. Indeed, SB displayed the maximum
removal with 0.02 g catalyst as 79% which is quite similar to the 0.2 g/L catalyst
used in experiment uptake. These results highlighted that any noteworthy improve-
ment in dye removal was recorded using more than 0.2 g/L. of the adsorbent dos-
age where the molecules are clustered into active sites which diminish MCM-41
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Fig.5 Effect of a catalyst dosage (concentration of dye=20 mg/L, contact time =60 min, pH=6, tem-
perature=22 °C), b dye concentration (catalyst dosage=0.2 g/L, contact time=60 min, pH=6, tem-
perature =22 °C), and ¢ contact time (concentration of dye=20 mg/L, catalyst dosage=0.2 g/L, pH=6,
temperature =22 °C) on dye removal

available surface area [11]. As the adsorbent amount increased from 0.2 to 1 g/L,
the adsorption capacities decreased from = 87 mg/g for SB and 75 mg/g for MO
to both = 14 mg/g. This tendency could be understood in view of the surface area
increment and the availability of more free adsorption sites, while the reduction in
the adsorption capacities could be clarified bearing in mind that some of the adsorp-
tion sites endured unsaturated during the adsorption [40]. Therefore, the catalyst
content at 0.2 g/L is optimum for the MCM-41 catalyst to remove MO and SB dyes,
and all the reactions were performed using the above-optimized condition.

Dye concentration is an important indicator to estimate the activity of the cata-
lysts for the adsorption of the organic dye [39]. Figure 5b presents the effect of dye
concentration on the dark adsorption of MO and SB dyes of the MCM-41 catalyst.
The adsorption percentage of the MCM-41 catalyst was highly dependent on the dye
concentration. It is clear that the adsorption percentage decreases with the increasing
the dye concentration for the dye concentration < 20 mg/L. The reason can be due to
an increase in the driving force of the concentration gradient as the initial concen-
tration increases [11]. On the other hand, the adsorption capacity of the MCM-41
was improved by increasing the dye concentration for both dyes. The result indicates
that the dye concentration at about 20 mg/L is optimum for the MCM-41 catalyst to
degrade both dyes [39].

The results obtained by investigating the effect of contact time/duration on the
adsorption of the dyes are shown in Fig. 5¢c. The results indicated that the adsorption
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rate was comparatively high at the beginning of the experiment which can be
ascribed to the availability of active sites for dye adsorption, the previously men-
tioned binding sites turn out to be limited as the time runs [11]. The adsorption rate
of the dyes was very fast achieving an amount above 90% which indicates that the
dyes are not very stable in the dark in the presence of MCM-41 catalyst. After the
initial 60 min of reaction, the MO dye was removed by 99.6% meanwhile SB was
decomposed by 92%. The adsorption rate becomes slower with time as a result of
the equilibrium state arises after 60 min, followed by an almost plateau up until the
end of the experiment.

Characterization of the spent catalysts

The catalysts used in SB, and MO adsorption were characterized with XRD, SEM,
and FT-IR techniques. The XRD patterns of the spent catalysts are demonstrated in
Fig. 6a, b. The presence of d(100) diffraction peak in the fresh MCM-41 is an indi-
cation of good crystallinity but a slight change of the phase structure appears after
adsorbing dyes. This change is recorded in only phase intensities. The XRD patterns
of dye adsorbed catalysts showed much wider d(100) values than the corresponding
peak observed for fresh MCM-41. The wide band corresponds to a wide distribution
of pore sizes [33]. On the other hand, there is no sharp decrease in the intensity of
MCM-41 peaks consequently there is no disorder in the pore structure of MCM- 41
which is consistent with FT-IR results.

The SEM images of MCM-41 after dye adsorption are shown in Fig. 5. When
fresh (Fig. 4a, b) and spent catalysts (Fig. 6¢c—f) SEM images were compared, the
mesoporous structure of fresh MCM-41 and spent MCM-41s can be clearly seen.
Same crystals were observed before and after the dye adsorption. Particle size was
also unchanged. The morphology investigations indicate that the morphology of
MCM-41 is not demolished after dye adsorption. Dye adsorption made no visible
difference to the particle morphology.

The FT-IR data in Fig. 6g show that dye adsorption made no visible difference
to the catalyst structure. Furthermore, all characteristic peaks of fresh catalyst were
detected for all spent samples, signifying the modification in the pore structure of
MCM-41 encouraged by the dye’s adsorption is more likely owing to the inherent
disorder but not the collapse of the MCM-41 mesoporous structure [10]. Therefore,
it can be stated that dye adsorption on the catalyst surface was insignificant during
the adsorption [41].

Conclusion

A careful investigation about the removal of MO, and SB dyes by MCM-41
mesoporous catalyst is presented during this work. MCM-41 catalyst was syn-
thesized by the sol—gel method. This catalyst was confirmed to be effective in the
adsorption of the pollutants MO, and SB, under dark conditions without adding
any reducing and oxidizing agent or energy/light irradiation. The catalyst shows
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high removal performance in both types of dyes. The high removal performance
is ascribed to the higher availability of pores for the adsorption of dye molecules
with its larger surface-active sites. Notably, the MCM-41 was more effective in the
adsorption of MO when compared to SB removal, reaching an abatement of 99.6%
for MO and 96% for SB for 20 mg/L dye concentration during 60 min reaction dura-
tion irrespective of the pH. The detailed characterization investigations including
SEM, FT-IR, and XRD analysis which were carried out for both fresh and spent
catalysts indicated that no disorder of the mesoporous characteristic was observed
for the catalyst. No visible difference in the catalyst structure after dye adsorption
highlights that the change in the pore structure of MCM-41 encouraged by the dye’s
adsorption is more likely because of the inherent disorder but not the collapse of
the MCM-41 mesoporous structure. Therefore, the dye adsorption on MCM-41 sur-
face was unimportant during the dark adsorption. According to the results, it is easy
to remove both dyes used in this study under dark conditions with higher levels of
removal. This study highlights that the removal of dyes using MCM-41 prepared by
sol-gel method is an extremely desirable energy-saving and efficient process that
might find applications in dealing with environmental pollution.
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