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A B S T R A C T  

 

Large volumes of contaminated industrial wastewater have caused growing concern among 
researchers and environmentalists. Benzene, toluene, ethylbenzene, xylene, and styrene 
(BTEXS) cyclic hydrocarbons in industrial effluents are often completely stable to 
biodegradation and must be treated before disposal. In this context, using adsorption processes 
is a potential alternative for treating a wide range of organic pollutants, especially aromatic 
compounds in industrial wastewater. This study investigated the preparation of MCM-41 from 
silica; extracted from rice husk ash; MCM-41 was green synthesized to evaluate the effect of 
mesoporous used in BTEXS removal of an aqueous medium using the Taguchi method. The 
aqueous solution contains cyclic hydrocarbons was synthetically prepred based on real 
industrial effluent in concentrations of 50, 100, and 150 mg/l using MCM-41 catalysts, in doses 
of 0.1, 0.5, and 1g, at different pH values. In the present study, the optimum results obtained by 
Taguchi method analysis were pH =11, for duration of 60 minutes, the concentration of cyclic 
hydrocarbon solution BTEXS 100 mg/l, and nanoparticle dose of 0.5 g. The maximum BTEXS 
removal of 77.36% was achieved by the use of hydrogen peroxide.  

doi: 10.5829/ijee.2023.14.04.02 
 

 
INTRODUCTION1 
 
Pollutants from activities that are harmful to human 

health and can pose a serious threat to all organisms as 

well as detrimental effects on the environment are 

currently a significant concern in petroleum  industry [1]. 

The separation of petroleum products from water has 

become the focus of global attention for wastewater 

treatment. Process water leakage and discharge of water 

contaminated with cyclic hydrocarbons into groundwater 

aquifers caused serious damage and created 

environmental hazards. Chronic exposure to these 

contaminants can cause various diseases. It can also 

negatively affect ecosystems and aquatic species due to 

the proximity of the processing unit to the sea. The 

treatment processes are generally a challenge for 

industrial production because of containing metals, 

heavy oil, petroleum sludge, and other pollutants [2]. The 

complexity of these systems requires compliance with 
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specific working conditions, and technical training, 

equipment, methodologies, and standards [3]. BTEX is a 

challenging group of volatile organic compounds in an 

industrial area [4-6]. Moreover, styrene monomer one of 

the most well-known aromatic volatile organic 

compounds [7] produced from petrochemicals affects 

workers' health [8]. Aromatic hydrocarbons are toxic 

compounds, which have negative effects on the skin, 

respiratory and nervous systems, and even carcinogens 

[9-11]. Different techniques and processes have been 

used to treat benzene and toluene-contaminated water 

and usually show different levels of success. Currently, 

conventional treatments include filtration [12], 

distillation [13], evaporation [14], reverse osmosis [15], 

and coagulation [16]. Although these techniques are 

particularly effective, some associated disadvantages 

such as high operating and maintenance costs and by-

product (such as toxic sludge), encourage researchers to 

find alternative therapies [17, 18]. In recent years, special 
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attention has been paid to adsorption processes, which is 

mainly due to some attractive features such as simplicity 

of work, low cost, and the absence of secondary pollution 

hazards [19-22]. 

In the early 1990s, scientists at Mobil Oil Corporation 

synthesized the first ordered mesoporous silicate 

materials known as the M41S family [23]. M41S is the 

general term used to describe the various types of Mobil 

Composition of Matter (MCM) synthesized at primary 

conditions in the presence of alkyl ammonium 

surfactants and silica sources whose pore sizes are 3-10 

nm in  diameter.  Mesoporous MCM-41 is the best-known 

type of this substance [24-26]. This has wide application 

in organic synthesis and was used in several types of 

reactions due to their diversity [27]. Today, a cheap silica 

source is used to synthesize MCM-41. Despite ensuring 

sustainable food security, the rice milling process 

produces the residual biomass of about 120 million tons 

per year of rice husk (RH) [28], which can act as 

significant feedstock storage for the activated silica in 

MCM-41 synthesis [29, 30]. In most developing 

countries, RH is often discarded in palatable water and 

left untreated in a landfill. Due to the fermentation of RH 

by microorganisms, these unethical activities pollute 

water and produce greenhouse gases (GHGs). 

Alternatively, only a small number of rice mills use 

incineration/on-site burning or open burning, which can 

cause severe air pollution and environmental problems  

[31][31](31)[32]. Rice husk ash (RHA) has distinct 

pozzolanic properties, meaning it provides reactive SiO2 

to react with water during the process [33].  

The efficient treatment of cyclic hydrocarbons is of 

considerable importance and has attracted much 

attention. In recent years; many articles have been 

published on the removal of cyclic hydrocarbons using 

adsorbent like MCM-41 catalyst. For example, organic 

vapors [34], sorbent of thiophene [35], toluene 

degradation [36], catalytic ozonation of toluene [37], 

reaction-type adsorption of o-xylene [38], volatile 

organic compounds [39], selective oxidation of styrene 

into benzaldehyde [40], and o-xylene removal from gas 

streams [41]. 

To minimize the number of require experiments, and 

maximize results effectiveness, some efficient schemes, 

such as fractional factorial schemes help identify 

essential factors and generate functional initial 

experiments [42, 43]. The orthogonal design and the 

Taguchi method are two common types of fractional 

factorial design matrices [44], where the latter ones used 

significantly in industrial countries [45-47], as a simple 

and effective way to improve products and increase 

process quality to reduce the number of experimental 

combinations. Compared to the orthogonal design, 

signal-to-noise ratio (S/N) was introduced in the Taguchi 

method to determine the quality of product 

characteristics in terms of product response to noise 

factors and signal factors [48, 49]. Since it requires a 

minimum number of experimental tests, and its 

conclusions are statistically reliable, this method is both 

cost-effective and efficient [43].  

The purpose of present research is to synthesize an 

active catalyst like MCM-41 by using rice husk silica as 

adsorbent for the removal of BTEXS in aqueous phase. 

Adsorption experiments were performed using the 

Taguchi method. Elimination experiments were 

performed in a double-walled reactor at a constant 

temperature. The effect of using hydrogen peroxide an 

aqueous solution containing cyclic hydrocarbons was 

tested. The reuse of MCM-41 catalyst in an aqueous 

solution containing BTEXS cyclic hydrocarbons was 

investigated and analyzed. 

 

 

MATERIALS AND METHODS 
 
Materials 

Hydrochloric acid and absolute ethanol supplied by 

Merck (Germany). Methanol withpurty of 99% was 

supplied by Zagrous petrochemical company. N-Cetyl-

N, N, NTrimethylammonium Bromide (CTAB), and 

hydrogen peroxide (32%) obtained from Merck. 

Benzene, Toluene and O-xylene supplied by Nouri 

petrochemical company (Iran); Ethylbenzene and 

Styrene monomer (99.9%) provided by Pars 

petrochemical company (Iran). Sodium iodide (99.5%), 

Sodium thiosulfate (97.0%) and Sodium hydroxide 

(99%) supplied by Merck. Rice husk was purchased from 

Sabs Golbaran company and was packaged from local 

farms (Rasht, Iran). All chemicals purchased from 

companies in this study were used without further 

purification. Distilled water was used in all stages of 

solution preparation. 

 

Extraction of silica from rice husk 

According to previous research, pure silica was extracted 

from rice husks with minor modifications [50].Thus, the 

first 30 g of purchased rice husk was first washed with 

distilled water to remove the dust sitting on it completely. 

This was then rinsed with 1 N hydrochloric acid and 

calcined and converted to ash at 550 °C for one hour. 5 g 

of ash with 50 ml of deionized water, with a constant ratio 

of 1 to 10 is added until 5 g is utterly mixed in 50 ml of 

water. An ultrasonic device with a frequency of 40 Hz, is 

used to place in water for 5 minutes to get uniform ash 

distribution. It was then mixed with 1 N sodium 

carbonate in equal volumes from the previous step and 

stirred for 2 hours at 90 °C by alternating stirrer. The 

solution was then cooled to room temperature and 

centrifuged for 15 minutes at 4650 rpm. The supernatant, 

carbonic acid, was stored as needed for further reduction 

and study, and the residue was neutralized with 1 N 

hydrochloric acid. The resulting residue was washed 

several times with distilled water. As follow 50 ml of 

distilled water was used during four steps, and after each 
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washing step, the solution was converted into two phases. 

The liquid surface solution was drained, and the next 

washing step was performed again on the sediment. This 

was then exposed to the open air for two days to dry the 

sample.  Finally,  the model was  placed  in an  oven at 

80 °C for 3 hours to dry completely. 

The equations for converting rice husk ash to silica 

are given below (Equations (1)-(3)), [50]. 

SiO2(RHA) + H2O → H2SiO3 (1) 

H2SiO3 + Na2CO3 → Na2SiO3 + H2CO3 (2) 

Na2SiO3 + 2HCL → SiO2 (aq) + 2NaCL + H2O (3) 

Final tests of silica extracted from rice husk, including 

XRF, XRD, and FTIR were performed to ensure the 

presence of silica in the sample. 

 
Conversion of silica extracted from rice husk to sodium 

silicate solution 

To prepare sodium silicate, according to previous 

research [40, 51] and some changes in the procedure 

firstly, 0.57 g of the extracted silica was added to 10 ml 

of 1 N sodium in a 10 ml flask and allowed to mix and 

become uniform. Stir well for 1 hour at 80 °C. The 

solution was then stirred continuously for 23 hours at 

room temperature. Later on, it was filtered with a filter 

syringe head. It was washed with 20 ml of distilled water, 

and finally, a clear solution of sodium silicate was 

obtained, according to the following formula (Equation 

(4)). 

SiO2(s) + 2NaOH → Na2SiO3(aq) + H2O (4) 

Sodium silicate extracted from rice husk was added 

dropwise to the mixture in a specified amount for each 

synthesis stage according to the instructions. 

 
Synthesis of MCM-41 catalyst 

The synthesis of MCM-41 was performed with 

modifications according to previous research work 

presented by Cai et al. [52]. 0.28 g of NaOH was 

dissolved in 487 g of deionized water. This stirring 

continued to some extent until the NaOH pellet was 

wholly dissolved in deionized water. 1 g of CTAB 

surfactant was weighed and added to solution A at 80 ° C 

to be mixed. This stirring was continued for one hour 

until a homogeneous solution was obtained. At this stage, 

5 ml of silica source extracted from rice husk (solution 

made from the previous step) was added slowly and 

dropwise to the homogeneous solution obtained. The 

solution was stirred for 2 hours at 80°C. Erlenmeyer from 

the final solution was placed in a stationary place for 24 

hours after finishing the work so that the obtained 

sediment was almost wholly settled. Then, using a 

centrifuge for 15 minutes and 4650 rpm, was remove the 

resulting residue, and placed in the open air for three days 

until the sample is dry. 

To remove surfactants and impurities, the dried 

sample obtained from the previous step was placed in an 

electric furnace with a temperature of 550 degrees 

Celsius to heat up and a pure sample was obtained. By 

calcination, the organic compounds were blackened and 

removed from the catalyst structure, leaving the pure 

white compound of the MCM-41 catalyst. 

 

Analytical methods 

The surface areas and pore size distributions of the 

produced silica were determined by Brunauer–Emmett–

Teller (BET) and Barrett Joyner–Halenda (BJH) 

methods, (Manufacturer: BEL, Device model: 

BELSORP MINI II, and Country of manufacture: Japan). 

The chemical composition of each sample was 

determined by XRF using an energy-dispersive X-ray 

spectrometer, (Manufacturer: PHILIPS, Device model: 

PW1410, and Country of manufacture: Netherlands). 

Phase formation and crystallographic state of all models 

were analyzed using XRD analysis using an X-ray 

diffraction gauge, (Manufacturer: Philips, Device model: 

PW1730, and Country of manufacture: Netherlands), and 

CuKα as source (λ = 1.54056). Samples were scanned in 

the range of 2θ=10-80 degrees at a speed of 2 degrees per 

minute. The morphology of the samples was examined 

using a field emission scanning electron microscope, 

(Manufacturer: TESCAN, Device model: MIRA III, 

(Czech Republic), equipped with an accelerator voltage 

of 15 kV. The pieces were first placed in a vacuum 

chamber and covered with a thin layer of gold (Au). 

Transmission electron microscope images of the pieces 

were obtained using a transmission electron microscope, 

(Device model: CM120, and Country of manufacture: 

Netherlands), operating at a voltage of 100 kV. Samples 

were first prepared by dispersing the particles in ethanol 

and loading them onto a Formvar-coated copper mesh. 

To identify the presence of a catalyst used in the solution 

and to contaminate the existing materials used to make 

the catalyst, experiments were performed at a wavelength 

of 200 to 800 nm by a single-beam UV/Visible device, 

(Varian, Device model: CARY50, Australia). The 

density of the aqueous solution containing cyclic 

hydrocarbons was measured using densitometer 

(ANTON PAAR, Device model: DMA 4500, Australia).  

 

Procedures for catalytic tests 

After weighing the MCM-41 catalyst in different 

quantities tested, a purchased tea filter bag was used to 

hold the catalyst in an aqueous solution containing cyclic 

hydrocarbons (Figure 1). For this stage of the research, 

the solution was concentrated in methanol in a 20 ml vial 

with code. This concentrated solution was stored in the 

refrigerator until the end of the research experiments. 

Dilute solutions of 50, 100, and 150 mg/l were made 

separately from the concentrated solution in a 100 ml 

flask containing distilled water. This standard solution 

was performed  by Taguchi  experiments  to  evaluate  the 
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Figure 1. Example of a tea filter bag containing MCM-41 

catalyst 

 

 

synthesized sample of MCM-41 catalyst with doses (0.1, 

0.5, and 1.0) g; time (30, 60, and 90) minutes and pH (3,7, 

and 11). In this work, four effective factors, including 

reaction time, initial concentration of cyclic 

hydrocarbons (BTEXS), catalyst dose, and pH, are 

considered in 3 levels each. Table 1 summarized the 

studied factors with their related levels. According to the 

Taguchi software model for each test, the variables and 

their levels were proposed according to the L9 array with 

nine experiments, and the experiments were performed 

under the same conditions. 

The sampling stage was performed through a 10 ml 

sampler. In addition, at each stage of selection, a new 

sampler was used to remove contamination of the 

aqueous solution containing cyclic hydrocarbons. An 

aqueous solution containing BTEXS cyclic hydrocarbons 

was made in a 100 ml flask, and the total concentrations 

of cyclic hydrocarbons 250, 500, and 750 mg/kg were 

selected. All experiments were performed in a double-

walled reactor connected to the chiller at 24 °C. 

 

Catalytic tests for removing BTEXS 

Based on the adapted ISO 11423 Method [53], BTEXS 

analysis was performed at the end of the experiment and 

sampling with a 10 ml sampler in special vials. 

According to previous research [40], Changes were made 

in the device conditions for the analysis of cyclic 

hydrocarbons. A Poly Ethylene Glagol column (CP-

WAX 30 m, 0.32 mm id, 0.5 µm thickness) was used for 

BTEXS analysis. The initial column temperature was 55 

°C for 10 min. Then, the temperature was increased to 

150 °C at a rate of 10 °C.min-1. The injector temperature 
 

 
Table 1. Parameters and test levels of MCM-41 catalyst 

No. Parameter 
Levels 

Level 1 Level 2 Level 3 

1 pH 3 7 11 

2 Time (minutes) 30 60 90 

3 
The concentration of cyclic 

hydrocarbon (mg/kg) 
50 100 150 

4 
MCM-41 catalyst dose 

change (g) 
0.1 0.5 1.0 

was 220 °C. The detector temperature was 240 °C with 

nitrogen as a carrier gas at 7 psig. The flame ionization 

detector was also used using synthetic air (300 mL min-

1), hydrogen (30 mL min-1), and nitrogen makeup (25 mL 

min-1). The injection volume was 1.0 ml. The 

temperature of the headspace system was 70 °C for 60 

min. 

To measure the values of COD and TOC in this study, 

a 2400 model spectrophotometer was tested at the 

beginning and end of the test from an aqueous solution 

containing cyclic hydrocarbons. It should be noted that 

for experiments, special reagents for COD and TOC 

testing in different ranges (LR, MR, and HR ranges) from 

HACH company were used. Also, the HACH DRB200 

reactor was used to heat the special COD and TOC vials. 

 

Removal of BTEXS using MCM-41 catalyst in the 

presence of H2O2 
Hydrogen peroxide is considered an energy and safety 

carrier and environmentally friendly oxidant that is 

widely used in biological sciences, medicine, and 

environmental remediation [54]. At this stage of the 

experiment, the highest and lowest point of removal of 

BTEXS cyclic hydrocarbons an aqueous solution 

obtained by the Taguchi method was investigated. 

According to previous research [3], a concentration of 0.1 

M of hydrogen peroxide was selected for this study.   

Numerous methods have been mentioned in recent 

research [55] to track consumed peroxide. However, due 

to the nature of the sample in this study and also the high 

cost of raw materials to perform hydrogen peroxide 

testing with previous methods, it is not economical, and 

besides, they have a test error. In this study, to correct the 

mentioned cases, it was suggested to perform a hydrogen 

peroxide test in an aqueous solution containing cyclic 

hydrocarbons using ASTM D-2340 [56]. To do this, 25 

ml of isopropyl alcohol was added to two 500 ml 

Erlenmeyer flakes, each containing several boiling stones 

and then 1 ml of glacial acetic acid was added to the 

Erlenmeyer flakes. In one of the Erlenmeyer flasks was 

added 5 ml of an aqueous solution containing cyclic 

hydrocarbons and hydrogen peroxide. This Erlenmeyer 

was considered a sample and the second Erlenmeyer as a 

control. Mount the condenser and set the temperature to 

20 °C. Heat the Erlenmeyer flask to boiling point and 

then add 5 ml of the NAI solution in isopropyl alcohol to 

each flask from the top of the condenser. The boiling was 

continued for 10 minutes, and after the end of the boiling 

step, the flasks were removed from the heater and 10 ml 

of distilled water was added to each condenser for 

washing. The flasks were cooled to room temperature, 

and the iodine released in each flask was titrated with 

Na2S2O3 solution until the yellow color of the solution 

disappeared, and the sodium thiosulfate dose was 

recorded as 0.01 N.  

The following formula was used to calculate the final 

results (Equation (5)): 
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 𝑥
𝑚𝑔

𝑘𝑔
𝐻2𝑂2 =

(𝐴−𝐵)∗𝑁∗1.7∗10000

𝑔𝑆𝑎𝑚𝑝𝑙𝑒 ∗𝐶
  (5) 

A: sodium thiosulfate consumed for sample (ml). 

B: sodium thiosulfate for blank (ml). 

N: Thiosulfate sodium normality (0.01 N). 

C: Density of aqueous solution containing BTEXS cyclic 

hydrocarbons at 24 °C. 

 
Reusability of MCM-41 Catalyst 

An essential characteristic of a catalyst is its ability to be 

reused and stable. These properties were investigated and 

tested in the synthesis of the MCM-41 catalyst. Based on 

previous studies [57], and with the changes made in it, 

MCM-41 catalyst regeneration was performed. Because 

methanol is a cheap solvent and it is also a suitable 

solvent for solving the aqueous and organic phases. 

Methanol was used in this study instead of ethanol an 

expensive substance used in previous studies. The 

changes made in this study to regenerate the MCM-41 

catalyst include the following: In the first stage, the 

MCM-41 catalyst was weighed in a tea filter bag before 

being added and packaged. The initial weight of 0.5001 

g was removed from the MCM-41 catalyst and embedded 

in a filter. After completion and adsorption of 

hydrocarbons by the MCM-41 catalyst, the catalyst was 

removed from an aqueous solution containing BTEXS 

cyclic hydrocarbons and placed in a 60 ml vial containing 

25 ml of methanol. The reason for choosing a wash with 

a selected volume of 25 ml of methanol is that the tea 

filter bag is wholly immersed in methanol. 

Each washing step, which includes three steps until the 

end of the complete removal of hydrocarbons, was 

performed by an ultrasonic device of the ELMA model 

with a frequency of 40 Hz at a temperature of 35 °C, and 

each step was performed for 25 minutes. At each stage of 

leaching methanol and leaching methanol containing 

hydrocarbons extracted from the catalyst, the adsorption 

values were analyzed. After washing, the filter 

containing the MCM-41 catalyst was removed from the 

vial and rinsed with distilled water, and dried in the open 

air for 24 hours. Then the contents of the filter were 

removed and poured on the watch glass and kept in the 

oven at 200 °C for one hour. The reason for choosing a 

temperature of 200 °C is that if there is any hydrocarbon 

left, it will be destroyed entirely and evacuated at this 

temperature. Because the last welding temperature of the 

five selected cyclic hydrocarbon materials is 170 °C, 30 

°C was also chosen higher. 

 

 
RESULTS AND DISCUSSION 
 
Characterization of silica from rice husk 

FTIR analysis 

The silica obtained from this study had bands 

approximately similar to commercial-grade silica, as 

shown in Figure 2. The silanol (Si-O-H) and siloxane (Si-

O-Si) groups were covered with no other impurity bands 

between 1630 and 3442 cm-1. The obtained results 

confirm the research results [50, 58]. The band at 3442 is 

attributed to the stretching vibration of the O-H group, 

whereas the band position at 1630 cm−1 is attributed to 

the bending vibration of the H2O molecule in the Si-OH 

group. The band at 1090 cm−1 is denoted by the 

asymmetric stretching vibration of Si-O-Si. The 

wavenumber at 798 cm−1 is arisen due to the symmetric 

stretching vibration of the Si-O bond while a band at 463 

cm−1 is designated for the Si-O bending of the siloxane 

group [50, 59]. 

 

XRD analysis 

Figure 3 shows the XRD pattern of the extracted silica. 

A broad hump at a 2   Ɵ = 22 ° was observed for silica, 

indicating the amorphous nature of the sample. In 

addition, at other scan angles from 10 ° to 80 °, no other 

sharp peaks were observed, indicating the absence of a 

regular crystal structure. Irregular particle geometry also 

shows a high proportion of silica. This result proves that 

typical amorphous components existed in the absence of 

any stable crystalline phase. The obtained results confirm 

the research results [50, 51, 60]. 

 

XRF analysis 

An XRF analysis of (Table 2) shows that siliceous 

sediments are primarily composed of SiO2, with very few 

metal impurities. 

 

 

 
Figure 2. FTIR test of silica extracted from rice husk 

 

 

 
Figure 3. XRD test of silica extracted from rice husk 
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Table 2. Chemical composition  properties of processed rice 

husk ash 

Chemical 

properties 

Rice husk ash 

(%) 

Chemical 

properties 

Rice husk ash 

(ppm) 

SiO2 97.512 S 151 

Al2O3 0.093 Cl 988 

Fe2O3 0.033 Cr 6 

Cao 0.63 Cu 36 

MgO 0.49 Ni 34 

Na2O 0.457 Sr 46 

K2O 0.303 V 14 

TiO2 0.032 Zn 152 

Mno 0.112 Zr 1 

P2O5 0.171 Ce 57 

LOI* 0 La 12 

* LOI: loss on ignition 

 

 
Characterization of MCM-41 catalysts 

XRD analysis 

To evaluate the crystallinity and structure of the 

synthesized MCM-41 catalyst, X-ray diffraction analysis 

was used. Figure 4 illustrated the high angel XRD trend 

of the synthesized MCM-41 catalyst. The characteristic 

peaks of MCM-41, at 2θ= 22.51°corresponding to (200) 

Miller indices, which are commonly used to identify 

MCM-41catalyst from this region. We can see the peak 

that marks the plates forming the typical hexagonal 

material of the MCM-41 type. This indicates that the 

MCM-41 catalyst with a hexagonal structure has been 

synthesized correctly. The results obtained are consistent 

with the results [61]. 

 
Figure 4. XRD test of MCM-41 catalyst synthesized from 

rice husk 

 

 

BET analysis 

After adsorption/desorption of N2, a type-A hysteresis 

ring was formed for MCM-41 (Figure 5). The residual 

ring observed for the MCM-41 catalyst contained a berry 

gradient in adsorption and desorption, indicating that the 

pores were created by two parallel plates. Considering 

(Table 3), it is clear that the MCM-41 catalyst has a 

practically large surface area. The structural data of the 

MCM-41 catalyst nanoparticles are summarized in 

(Table 3). The obtained results confirm the results of the 

research [62]. 

 

SEM analysis 

The morphology of the synthesized catalyst was 

investigated using a field diffusion scanning electron 

microscope. (Figure 6) shows the SEM image of the 

 

 
Table 3. Summary of BET and BJH plots 

Composition 

name 

Total pore Mean pore 

diameter 

(nm) 

as, BET 

(m2/g) 

Vm 

(cm3(STP)/g) Volume 

(cm3/g) 

MCM-41 1.0616 5.7474 738.82 169.75 

 

 

 

 
Figure 5. (A) Adsorption/desorption N2 isotherms and (B) pore size distribution of MCM-41 
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MCM-41 catalyst. Using the synthesized MCM-41, it 

was determined that its morphology is uniform and 

spherical. The obtained results confirm the results of the 

research [63]. 

 

TEM analysis 

The MCM-41 Transmission Electron Microscope (TEM) 

image is shown in Figure 7. The elliptical particles 

confirm the MCM-41 catalyst. This shape is usually the 

distinction between mesoporous and hexagonal pores, 

which is related to the MCM-41 catalyst. The obtained 

results confirm the results of the research [64]. 

 

MCM-41 catalytic activity 

In this study, to reduce or eliminate errors, each sample 

was made twice based on the Taguchi L9 array and tested 

in each step. For this purpose, we have nine experiments 

for each step, each experiment was repeated twice, and a 

total of 18 experiments were performed for each 

synthesis step. 

 

Removal of cyclic hydrocarbons using MCM-41 catalyst 

In the first step, the solution was concentrated in 

methanol in a 20 ml vial. This concentrated solution was 

 

stored in the refrigerator until the end of the research 

experiments. Before adding the MCM-41 catalyst to 100 

ml balloons, standard samples made at three 

concentrations of 50, 100, and 150 mg/kg were first 

analyzed. Considering the bias values in the table above, 

which is less than 5%, the results showed that the 

standard sample made using theoretical calculations and 

the output of the chromatographic device is the same. 

Preliminary COD and TOC tests were performed 

before adding the MCM-41 catalyst to the standard 

sample. The values obtained are given in the tables 

below. The mean value for the next calculations was 

considered for the COD and TOC tests and the ratio of 

the two. The (Equation (6)) was used to determination of 

removal efficiency [65]: 

𝑅𝐸 (%) =
(C0−C)

C0
∗ 100  (6) 

 
 

Results of MCM-41 catalyst samples based on Taguchi 

experiments 

• Results design of experiment 

By applying the Taguchi method, the variability can be 

shown at the signal-to-noise ratio. The highest S/N ratio  

 

 

 

 
Figure 6. SEM images of MCM-41catalyst 

 

 

 
Figure 7. TEM image of MCM-41 catalyst 
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indicates the optimal conditions. The orthogonal arrays 

are represented by the following formula: Ln (Xy), where 

n is the value of the designed experiments, where X is the 

number of levels, and y is the maximum value of the 

factors [66]. After introducing the studied factors and 

related to the levels, the results of the S/N ratio, nine 

experiments were obtained by Taguchi software which is 

shown in (Table 4). According to Figure 8, the highest 

removal conditions of BTEXS cyclic hydrocarbons were 

obtained at pH = 11; time 60 minutes, the concentration 

of 100 mg/kg, and a dose of 0.5 g of MCM-41 catalyst. 

According to Figure 9, an evaluation of the obtained data 

showed that pH has the most minor importance and 

interaction in the removal efficiency of BTEXS. 

According to the graphs obtained from the Taguchi 

experiment, it was found that the highest removal of 

BTEXS cyclic hydrocarbons in an aqueous solution is 

related to experiment number four, in which the results 

of GC, COD, and TOC also indicate and confirm each 

other. 

 

• Relation of COD and TOC to an aqueous, solution 

containing BTEXS cyclic hydrocarbons 

Due to the similarity of the COD to TOC ratio from the 

results of nine experiments, and previous research [67]. 

The COD and TOC results of this study were related, and 

the approximate formula for the two was obtained, which 

can be considered in future research. According to Figure 

10, the results showed that if the value obtained from the 

TOC test is multiplied by 4.2, the numerical value of 

COD is obtained. 

 

• Removal of cyclic hydrocarbons using MCM-41 

catalyst in the presence of H2O2 

At this stage of the experiment, the highest and lowest 

removal points of BTEXS cyclic hydrocarbons in an 

aqueous solution were investigated. According to 

Taguchi’s results, Experiment 3 had the lowest removal 

 
 

Table 4. Responses, S/N ratio, and removal 

Taguchi 

RUN 

GC 

(%) 

COD 

(%) 

TOC 

(%) 

S/N 

Ratio 

1 26.21 24.66 24.81 28.027 

2 16.72 16.22 16.5 24.336 

3 15.3 14.83 15.14 23.571 

4 70.12 70.12 70.06 36.914 

5 49.43 50 50.12 33.952 

6 41.8 40.07 40 32.17 

7 37.01 37.04 37.05 31.371 

8 31.76 32.63 32.51 30.182 

9 30.2 30.32 30.32 30.016 

Remark: The Taguchi run (Efficiency%) is the total BTEXS. 

Average signal-to-noise (average of 18 samples made) output from 

Taguchi software. 

 

 

 
Figure 8. Effect of parameters on the removal of cyclic hydrocarbons under optimal conditions: A) pH, B) Time (minutes), C) 

Concentration change (mg/kg), and D) MCM-41 catalyst dose (g) 
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Figure 9. Interaction and significant factors in the optimal 

conditions were obtained from Taguchi software 

 
 

 
Figure 10. COD and TOC relationship diagram for an 

aqueous solution containing BTEXS cyclic hydrocarbons 

 
 

efficiency, and Experiment 4 had the highest removal 

efficiency. Experimental steps were performed in the 

presence of hydrogen peroxide in these two experiments. 

The amount of hydrogen peroxide used in the first 

experiment was 183 mg/kg, which means that 

approximately 6% of the hydrogen peroxide in this 

aqueous solution containing cyclic hydrocarbons was 

used. In an acidic environment, according to the results 

obtained from GC, the reaction was not performed well 

at the desired time; the amount of hydrogen peroxide 

used in the second experiment was calculated to be 538.5 

mg/kg, which means that approximately 19% of the 

hydrogen peroxide in this aqueous solution containing 

cyclic hydrocarbons was used. In other words, in an 

alkaline environment, the reaction is done well at the 

desired time. Hydrogen peroxide may act as an additional 

source of hydroxyl radicals and enhance the degradation 

process resulting from the removal of organic pollutants 

(Equations (7)-(13)) [68] The results of this study showed 

that by increasing the concentration of hydrogen 

peroxide, the efficiency of removing pollutants increases 

and it has been confirmed by other similar studies [69-

71].  

H2O2   →    2OH (7) 

H2O      →      H• + OH (8) 

OH• + OH•  →     H2O2 (9) 

OH• + H2O2   → HO2
• + H2O (10) 

OH• + HO2
•  →  H2O + O2 (11) 

HO2
• + H2O2       →        OH• + H2O + O2 (12) 

In fact the hydroxyl free radical generated from hydrogen 

peroxide can degrade BTEXS to simple intermediate 

products as stated below [72]: 

BTEXS + OH  → Intermediate products of 

degradation + CO2 + H2O 

(13) 

The result of the results (Figure 11) is that in two 

experiments, the removal of cyclic hydrocarbons BTEXS 

in the presence of hydrogen peroxide increased in the 

presence of alkaline pH and increased in the absence of 

4%. Hydrogen peroxide did not show a significant 

change in acidic pH. The results also confirm with data 

reported in literature [3] at alkaline conditions.

 
 

 
Figure 11. A comparison of GC, COD, and TOC results before and after hydrogen peroxide addition 
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Removal of cyclic hydrocarbons using MCM-41 catalyst 

on actual industrial effluent sample 

For this research stage, an actual sample of industrial 

effluent containing cyclic hydrocarbons was selected. 

The average of last year's data of cyclic hydrocarbons of 

industrial effluent samples showed that its value is close 

to level 2 of the standard sample test. Due to the changing 

conditions of the industrial wastewater, the reason for 

choosing three different concentrations for Taguchi 

software was to be able to examine the removal of 

contaminants to a greater or lesser extent by the MCM-

41 catalyst. The final data are given in Table 5. 

According to Figure 12, one of the reasons for the 3% 

increase in the removal, of industrial wastewater samples 

could be less material in the structure of industrial 

wastewater, which has led to a 4.52 % increase compared 

to the previous sample in the standard state. The amount 

of xylene in industrial wastewater samples is close to 

zero. The numbers obtained are confirmed by the results 

and previous coverage. Accordingly, MCM-41 Catalyst 

is a promising approach for the treatment of wastewater 

containing organic pollutants like BTEXS. 

Table 5. General data of optimal standard sample and industrial 

wastewater sample 

No. Sample Name 
COD 

(%) 

TOC 

(%) 

GC 

(%) 

1 
Standard optimized 

sample+H2O2 
74.26 74.22 74.02 

2 Standard optimized sample 70.12 70.06 70.12 

3 
Sample of industrial 
wastewater+H2O2 

77.36 77.33 76.8 

4 
Sample of industrial 

wastewater 
72.84 72.79 72.62 

Remark: Final comparison of the removal percentage of cyclic 

hydrocarbons in the optimal standard solution and the sample of 
industrial wastewater 

 

 

MCM-41 catalyst reusability 

As seen from the scan of (Figure 13), at each step of the 

wash, the amount of hydrocarbon output in methanol 

showed a decreasing trend, indicating that it was 

completely removed from the MCM-41 catalyst. 

 

 
Figure 12. General comparison chart of optimal standard sample and industrial wastewater sample 

 
 

 
Figure 13. Absorption at a wavelength of 200 to 800 nm, A) pure methanol, B) first washing, B) second washing, and C) third washing 
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The reduced catalyst was re-weighed on a digital 

scale,   and  its  final  weight  after  reduction  was  0.5001 

g.  The  conclusion  that  can  be  drawn  from  the  weight 

of  the  catalyst  before  and  after  reduction  is  that  we  

did  not  have  the  amount  of  MCM-41  catalyst  during 

the  weight  loss  process,  and  the  catalyst  can  be  

reused  after  reduction.  The  bias  values  of  the  initial 

and final weight of the catalyst are less than 5%. The 

results showed that the reduced MCM-41 catalyst can be 

reused.   

 

• Regeneration of MCM-41 

As shown in (Figure 14), after eight of reconstitution 

periods, the removal efficiency of MCM-41 to BTEXS in 

an aqueous solution remains above 90%, indicating that 

MCM-41 has a good performance after reconstitution. 

MCM-41 remains a mesoporous structure and has the 

potential to regenerate after the reaction. The results of 

our group also confirmed the results of the research [57]. 

Future work could focus on further improving the MCM-

41 regeneration performance with other solvents.  

 

 
Figure 14. BTEXS removal recovery by MCM-41 catalyst after repeated reconstructions 

 

 
CONCLUSIONS 
 
The present work investigates the performance of a 

catalyst  (MCM-41)  in  the  adsorption  of  BTEXS  

cyclic  hydrocarbons  at  24 °C.  The  results  showed  that 

the  catalyst  with  a  dose  of  0.5  g,  a  reaction  time  of 

60 minutes, the number of cyclic hydrocarbons of 100 

mg/l, and pH=11 of major catalytic activities. In addition, 

COD analysis and analysis show that in addition to the 

removal of cyclic hydrocarbons, by reducing cyclic 

hydrocarbons, the systems can reduce the average 

mineralization of organic matter in solution. The three 

parameters of catalyst dose, cyclic hydrocarbon 

concentration, and reaction time; had the largest share in 

MCM-41 catalyst activity, according to Taguchi’s 

results. In catalyst reusability tests, the highest catalytic 

activity was present in the reaction cycles of eight 

consecutive cycles.  
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Persian Abstract 

 چکیده 

 لیبنزن، تولوئن، ات ی حلقو  ی هادروکربنیشده است. ه  ست یز   ط یمحققان و دوستداران مح  ن یدر ب   ی اندهیفزا  ی آلوده باعث نگران   ی از فاضلاب صنعت یادی حجم ز

  نه، یزم  نی شوند. در ا  هیتصفقبل از دفع،    دیهستند و با   داریکاملاً پا   یکیولوژ یب   هیاغلب در برابر تجز   یصنعت  یها( در پسابBTEXS)  رنیو استا  لنیبنزن، زا

مطالعه به   ن یاست. ا  یصنعت ی هامعطر در پساب باتیترک ژهیو به  ،یآل یهاندهی از آلا یعیوس فیط ه یتصف یبالقوه برا نی گز یجا   کی جذب   یندهایاستفاده از فرآ

اثر مزوپور مورد استفاده در حذف    تاسبز سنتز شد    MCM-41استخراج شده از خاکستر پوسته برنج  ماده  .  ه استپرداخت  سیلیاز س  MCM-41  ه یته  یبررس

BTEXS    ی بر اساس پساب صنعت  یبه صورت مصنوع  یحلقو  ی هادروکربنیه  یحاو  یشود. محلول آب  ی اب ی ارز  ی با استفاده از روش تاگوچ  یآب   طیمح  کی از  

شد.   ه یته  pHمختلف    ری گرم، در مقاد  1و    5/0،  1/0  ی دوزها، در  MCM-41  ی زورهایبا استفاده از کاتال تریگرم در لیلی م  150و    100،  50  ی هادر غلظت  یواقع

  تریدر ل  گرمی لیم  BTEXS 100  یحلقو   یدروکربنیغلظت محلول ه  قه،یدق  60، به مدت  pH=11  ،یآمده از روش تاگوچدستبه  نهیبه  جیدر مطالعه حاضر، نتا 

 به دست آمد.  دروژنیه دیاستفاده از پراکسبا درصد   BTEXS  36/77گرم بود. حداکثر حذف  5/0و دوز نانوذره 
 


