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ARTICLE INFO ABSTRACT
Keywords: Mesoporous V-Mo-MCM-41 nano molecular sieves were synthesized via the direct hydrothermal
V-Mo-MCM-41 method, employing tetraethyl orthosilicate (TEOS) as a silica source and cetyl-
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trimethylammonium bromide (CTAB) as a surfactant template. Comprehensive characterization
through Na-adsorption (BET), Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), and scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX)
confirmed the mesoporous nature of the catalysts, revealing variations in specific surface area and
a significant pore diameter of 6.3 nm, enhancing their versatility for various chemical trans-
formations. The nanoscale structure was further validated through XRD analysis and SEM images.
The catalytic efficiency of V-Mo-MCM-41 was demonstrated by synthesizing oxalic acid from
molasses, and a response surface methodology (RSM) study on four key variables revealed a
maximum yield of 83 % within 1 h using minimal sulfuric acid, showcasing the effectiveness of
the prepared catalysts.

1. Introduction

Catalysis is a necessary process that helps convert raw materials into high-value, sustainable, and economically viable chemical
products. This makes it an essential tool for addressing global energy and environmental challenges [1]. Chemical manufacturing
processes in advanced countries rely heavily on catalysts, which contribute over 80 % to these processes and about one-fourth to their
overall Gross Domestic Product (GDP) [2]. Heterogeneous catalysis is the preferred method for about 90 % of catalytic chemical
reactions [3,4], The development of new materials based on support modification has been driven by the need to improve the effi-
ciency of industrial catalysts in various processes. The aim is to create a suitable porous structure.One of the most common hetero-
geneous catalysts is zeolite, which was prominent as an extensively studied microporous compound [5-7]. Despite their notable
characteristics, such as high adsorption capacity and large specific surface area, zeolites face a significant limitation that hinders their
practical applications. The restricted pore sizes, typically ranging from 0.5 to 1.2 nm, pose challenges in accommodating large mol-
ecules. Researchers have been focusing on developing new strategies and techniques for preparing and synthesizing novel porous
materials that meet the needs of the chemical industry. This is necessary because the geometric factor of the pores in zeolites is not
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always suitable for accelerating the flow and efficient reaction of compounds [8-11].

In order to create materials with large pores, it is necessary to use more prominent structure-directing agents (templates) during the
manufacturing process. Several porous materials, such as AIPOz® and VPI~>, were synthesized in the 1980s with pore diameters
ranging from 0.8 to 1.3 nm. The pores were irregularly spaced and widely distributed in size [12], and these materials had low thermal
and hydrothermal stability [13]. The material UTD ! was synthesized by the researcher Balkus and colleagues and exhibited high
silica content and stability. However, there were challenges in removing the structure-directing agent, limiting its practical applica-
tions [14]. Large-pore crystalline materials are not readily applicable in catalytic processes despite significant progress. Today, the
most promising materials in the porous domain appear to be those discovered in the late 1980s and early 1990s [13]. In the year 1988,
the researcher Yangisawa and colleagues synthesized a new mesoporous material by introducing stearyl trimethylammonium chloride
ions as structure-directing agents in layered silicates known as kanemite (NaHSi»0s5.3H20), The obtained mesoporous material
exhibited a pore diameter ranging between 2 and 4 nm [15].

In 1992, researchers at Mobil Oil Company developed a new mesoporous material called Mobil Composition of Matter (MCM). The
objective behind synthesizing these materials was to increase the pore diameter of zeolites. Since then, several molecular mesoporous
sieves have been prepared, following the liquid crystal templating (LCT) mechanism [16,17]. These materials are surfactant-based
directing agents made up of polar and nonpolar components. The importance of templates lies in their ability to control the pore
diameter by altering the hydrocarbon chain length in the template material, these molecular mesoporous sieves are prepared by
condensing and polymerizing a silicate source around the formed micelles resulting from the dissolution of the surfactant material,
which aggregates in cylindrical shapes. The template is then removed through a calcination process [10,18]. These materials differ
significantly from zeolites because the pore walls are non-crystalline [13,19]. MCM-41, which signifies Mobil’s 41st material
composition, holds significant importance within the family of Molecular Mesoporous Sieves (MMS). It is highly valued for its
well-defined hexagonal structure, ease of synthesis, customizable pore size, efficient adsorption of large organic molecules due to its
spacious pores, narrow pore size distribution, high specific surface area (1500 m?/g), uniform pore distribution ranging from 2 to 10
nm, as well as its remarkable chemical and thermal stability [18-25]. The impressive properties of MCM-41 have established it as a
significant and versatile material in catalytic applications. Its exceptionally high specific surface area has led to its utilization as an
effective adsorbent for water purification [26], mainly removing organic pollutants, such as eliminating phenol and chlorophenol
contaminants [27-29]. Furthermore, MCM-41 has demonstrated its utility in drug delivery systems, showcasing its potential for
controlled and targeted drug release [30-32]. In recent years, intensive efforts have been made to enhance the catalytic efficiency of
MCM-41 due to its limited catalytic applications resulting from a low number of active sites [33], moderate framework structure [34],
and low hydrothermal stability in aqueous solutions [27]. The methodology adopted to improve the effectiveness of MCM-41 involves
two methods:

The first involves the incorporation of active transition metal ions into the MCM-41 structure through direct hydrothermal syn-
thesis of a mixture containing the silicate source, template, and the desired metal salt. Alternatively, it may involve subsequent
treatment of the pre-synthesized mesoporous material. Consequently, the newly integrated silica catalysts in metals have enhanced
catalytic properties and the capability to oxidize large organic molecules. The integration of metal particles on the internal surface of
the medium-sized particles creates active sites for both acidic and oxidative-reductive functionalities. These active sites can be utilized
in various chemical reactions across multiple categories [3,35-38].

For instance, the acidity of MCM-41 has been enhanced by incorporating zirconium metal [39]. Among the transition metals widely
incorporated into mesoporous silica of the MCM-41 type, vanadium and molybdenum have been notably integrated due to their su-
perior catalytic properties. Supported vanadium oxide species and mesoporous materials containing vanadium are recognized as
highly active and selective catalysts for catalytic transformations, such as selective oxidation of hydrocarbons and hydrogenation [40,
41]. Vanadium was introduced into the MCM-41 framework for the first time by Reddy et al. through a direct hydrothermal synthesis
approach, using vanadyl sulfate as the vanadium precursor. The catalytic performance of the V-MCM-41 catalyst was evaluated in
oxidation reactions of cyclooctane and 1-naphthol, using hydrogen peroxide as the oxidant. The results demonstrated the catalyst’s
effectiveness in producing new chemical compounds [42]. Supported molybdenum oxide catalysts exhibited high efficiency in the
oxidation of ethanol, methanol, propylene, and butane, as well as in sulfur removal from petroleum feedstocks [43].

The Ni-Mo/MCM-41 catalyst was employed in sulfur removal from thiophene and chlorine removal from polychlorinated bi-
phenyls [44]. The selectivity of vanadium oxides can be significantly enhanced by combining them with MoOs. V2O5-MoOs catalysts
were used in catalytic oxidation of benzene to maleic anhydride [45]. Mixed vanadium and molybdenum oxides appeared as highly
active and selective oxidative catalysts [46]. Researcher Selvaraj studied the catalytic performance of the V-Mo-MCM-41 catalyst
prepared by the direct hydrothermal method in the oxidation process of o-xylene to phthalic anhydride, showing the highest activity
when (Si/(V + Mo) = 46) [47]. Additionally, researcher Abbas Teimouri and colleagues prepared several samples of the catalyst
(Mo0O3/V205/MCM-41) by the impregnation method, and the prepared catalysts exhibited high efficiency in the oxidation of
dibenzothiophene for sulfur removal using H>O- as the oxidant compared to previously used catalysts [48]. It can be concluded that
mixed catalysts containing vanadium and molybdenum are essential in catalysis chemistry. These catalysts can achieve superior
catalytic activity and high selectivity in numerous crucial industrial catalytic transformations. Many studies have focused on corre-
lating catalytic activity with the nanoparticle size in addition to the geometric structure of the resulting catalyst [49]. Catalytic activity
increases with decreasing particle size, as it has been found that smaller nanoparticles are more active [50]. Therefore, the second
method involves reducing the particle size to create nanoporous catalysts with nano dimensions. Nanocatalysts come in different
shapes, such as nanoclusters, nanospheres, and nanosheets [51], and have properties that combine the benefits of both homogeneous
and heterogeneous catalysis. As a result, nano-mesoporous silica is highly versatile and has received significant research attention,
particularly in separation techniques, heterogeneous catalysis, water purification, and adsorption [52-54].
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Oxalic acid is vital in various industries as an essential chemical compound. It finds wide-ranging applications, including bleaching,
marble polishing, rust removal, and cleaning metal surfaces, thanks to its exceptional ability to dissolve iron oxides [55,56]. In recent
years, oxalic acid has been used in processing phosphate rocks to extract phosphate, a crucial component in producing phosphate
fertilizers essential for global food security [57,58]. Furthermore, studies have highlighted oxalic acid as one of the organic acids that
effectively extract valuable metals such as V, Mo, and Ni from catalysts used in refining processes. The reaction between these metals
and oxalic acid, which functions as an extraction agent, frees the metals from the catalysts and allows for their effective separation and
high recovery rate [59]. Previous studies have reported the preparation of oxalic acid through various methods, Depending on the raw
materials used. Still, the most important of them are the oxidation of carbohydrates by nitric acid [60], the Fermentation of carbo-
hydrates into oxalic acid using Aspergillus niger [61], The decomposition of sodium formate, Which can be prepared using glycol,
ethylene, molasses, sugars, propylene, plant residues, and wood tar as raw materials [62]. Pentavalent vanadium oxide has been
identified as the most effective catalyst for carbohydrate oxidation, mainly glucose. Studies have indicated that the support material
has a significant impact and can enhance the efficiency of pentavalent vanadium oxide [63,64]. Some researchers attempted to
synthesize oxalic acid without a catalyst and reported highly unsatisfactory results. In contrast, Deshpande and his colleague, in 1979,
successfully prepared oxalic acid from sugar as the starting material. They utilized V,0s/Fe>" as a catalyst, nitric acid as an oxidant,
and around 50 % sulfuric acid in the liquid phase. The reaction lasted 4 h, yielding approximately 71 % oxalic acid [64]. In 1989,
Douglas-fir bark was used as a raw material for producing oxalic acid using nitric acid (62.5 vol%) with a reaction time of 8 h, yielding
approximately 38 % oxalic acid [63]. In 2001, researcher Metin Guru and colleagues synthesized oxalic acid from molasses as a raw
material using a catalyst (7.5 % V205 on porous silica gel). A yield of 78 % oxalic acid was obtained using 1.95g of sulfuric acid, 5g of
nitric acid, and 0.7 mg of V505 per 1g of molasses, with a reaction time of 8 h [60].

In previous studies, large amounts of sulfuric acid were employed during the reaction, along with extended reaction times.
Therefore, this nano-catalyst was developed as an effective tool for oxalic acid synthesis, aiming to reduce the quantity of sulfuric acid
used, minimize reaction time, and improve overall yield.Given the versatility and efficiency of V2,05 and MoOs catalysts in various vital
reactions, along with the exceptional properties exhibited by these supported catalysts on Si-MCM-41, it is anticipated that V-Mo-
MCM-41 nano-catalysts will also demonstrate excellent catalytic activity in glucose oxidation reactions. However, to the best of our
knowledge, no study has been conducted using bimetallic catalysts supported on MCM-41 supports for glucose oxidation reactions.
Instead, a few works have been reported on using V,0s5 catalysts to oxidize glucose to produce oxalic acid.

The scope of this study is divided into two parts: the first part aims to enhance the catalytic activity of the MCM-41 material by
incorporating varying amounts of active centers V and Mo. This part of the study aims to develop improved nano-catalysts that
enhance the material’s performance as a catalytic unit. Appropriate characterization techniques will be employed to understand and
analyze the physical and chemical properties of the designed nano-catalysts.

The second part will explore the catalytic activity in glucose oxidation reactions, which have not been studied before. Molasses
contains a high percentage of glucose, estimated at around 31 %. Consequently, using molasses for oxalic acid production is crucial in
the industry, providing an efficient and economical method to obtain this important compound for various industrial applications.

This will involve numerical and statistical analysis and simulation of oxalic acid production. Additionally, it will identify the factors
influencing the yield of oxalic acid. The study aims to identify new and potential applications for these prepared materials by analyzing
the various and interactive effects among the variables to balance performance and cost for the studied materials.

2. Experimental section
2.1. Materials

The V-Mo-MCM-41 catalysts were synthesized using different chemicals obtained from BDH Company. Tetraethyl orthosilicate
(TEOS, 98 %) was used as the silica source, cetyltrimethylammonium bromide (CTAB, 99 %) served as a template, ammonium
metavanadate (NH4VOs3, 98 %) was used as the vanadium precursor, sodium molybdate (NagMo004.2H50, 99.5 %) acted as the mo-
lybdenum source, oxalic acid (H2C204.2H20, 99.5 %), and sodium hydroxide (NaOH, 99 %). The catalyst’s performance was evaluated
using molasses, a secondary product obtained during sugar extraction from sugar beets containing (31%wt) of glucose. Commercial
nitric acid (HNOs, 49 %) and sulfuric acid (H2SO4, 98 %) were employed, along with the prepared catalysts.

2.2. Preparation of V-Mo-MCM-41 nanocatalyst

The V-Mo-MCM-41 catalysts were synthesized using the direct hydrothermal method under self-generated pressure inside the
autoclave. The preparation involved using different ratios of (Si/V + Mo), following a modified approach based on the methodology
outlined in references [65-67].

The preparation process for the catalyst with a ratio (Si/V + Mo = 34) involved several sequential steps. Firstly, 1g of cetyl-
trimethylammonium bromide (CTAB) was dissolved in 15 ml of distilled water at 30 °C to ensure the formation of a proper solution.
Then, 2.4 ml of tetraethylorthosilicate (TEOS) was slowly and gradually added with vigorous stirring for 2 h, resulting in the formation
of a homogeneous gel with a molar ratio (Sur/Si < 1). In the next step, 0.0368g of ammonium metavanadate and 0.0853g of oxalic acid
(molar ratio 1:2) were dissolved in 6 ml of distilled water. The resulting yellow solution was heated to 100 °C, yielding a stable blue
solution. This blue solution was added dropwise to the gel under vigorous stirring for 30 min. Subsequently, 0.0262g of sodium
molybdate was dissolved in 5 ml of distilled water, and the resulting solution was added dropwise to the gel with stirring for 30 min.
The pH value was adjusted to 11 by adding 1 N sodium hydroxide solution to the mixture, followed by stirring the suspension for 2 h to
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eliminate any insoluble components. The resulting suspension was transferred to a 100 ml stainless steel autoclave lined with Teflon
and heated to 130 °C for 48 h. The solid product obtained after the reaction was separated by filtration and washed with distilled water
until the pH of the filtrate reached 7, ensuring the absence of hydroxide ions and impurities. The product was then dried at 80 °C for 24
h. Finally, during the calcination process in a furnace to remove the organic template and facilitate pore formation, the temperature
was raised from room temperature to 550 °C at a heating rate of 1 °C/min and maintained at this temperature for 6 h,. The same
procedure was followed to create the remaining metal catalysts, varying the amounts of metal salts while maintaining the silica source
and template quantity constant.

2.3. Catalyst characterization

2.3.1. Ny-adsorption (BET)

N3 adsorption-desorption studies were carried out after the samples had been degassed for 2 h at 393.15 K. Isotherms were obtained
in a Micromeritics ASAP Instrument, and the corresponding specific areas were determined by the Brunauer-Emmett-Teller (BET)
method.

2.3.2. FT-IR

The calcined samples underwent analysis through a Fourier transform infrared (FT-IR) spectroscopy instrument manufactured by
JASCO with the model (FT-IR 4100), which covers the wavenumber range of 4000-400 cm ! for consistency in the scan range.
Spectroscopic grade potassium bromide (KBr) was used as the medium, and the collected data underwent further analysis.

2.3.3. XRD

X-ray diffraction patterns of the samples were captured using a Philips PW1730 XRD instrument equipped with Cu K, radiation. The
measurements were performed over a scanning range of 0.8°~10° with a precise 20 step size of 0.05 per second. The experiments were
performed at a controlled temperature of 25 °C. The X-ray generator was set at 0 kV and 0 mA for all measurements to ensure accuracy
and comparability. To avoid any problems with lighting when measuring low 26 angles, we used a standardized sample holder to
ensure that the samples were always positioned consistently.

2.3.4. SEM-EDX

The surface morphology of the samples and the elemental composition of the catalysts were examined using a MIRA3 TESCAN-LMU
scanning electron microscope (SEM) equipped with an Energy-dispersive X-ray spectrometer (EDX) operating at an accelerating
voltage of 20 kV.

2.4. Oxidative glucose experiment using V-Mo-MCM-41 (34)

The experiment was conducted in a 250 ml Erlenmeyer flask equipped with a rubber stopper fitted with a tube to release NO;, gas, as
shown in Fig. 1. The experiments were generally carried out as follows.

Initially, the required amount of molasses was added to the Erlenmeyer flask and heated to the reaction temperature (65 °C) while
stirring with a magnetic stirrer. Once the desired reaction temperature was reached, the specified amount of nitric acid was added,
followed by gradually adding the required amount of sulfuric acid to the reaction mixture while continuing the stirring. Finally, the

Lab Thermometer ( ‘

NaOH(aq)

Magnatic stirer

Reaction mixture

Heating plate

Fig (1). Experimental setup.
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desired amount of the prepared nanocatalyst V-Mo-MCM-41 (34) was added to the reaction mixture, and the reaction temperature
was maintained constant while vigorous stirring was continued throughout the reaction period.

After completing the reaction time, the nanocatalyst was filtered out, and then approximately half of the resulting solution was
evaporated. The solution was then cooled to 5 °C for the crystallization process. The formed oxalic acid hydrate crystals were separated
by filtration and dried at 50 °C. Approximately 60 % of the resulting filtrate from the first evaporation was evaporated, and the solution
was cooled again to 5 °C. The formed crystals were separated by filtration and dried. The yield of oxalic acid was calculated by dividing
the weight of the obtained oxalic acid by the theoretical weight of oxalic acid:

Yield = (Weight of obtained oxalic acid/Theoretical weight of oxalic acid)*100.

The theoretical weight of oxalic acid was calculated using the following chemical equation.

The emitted nitrogen oxides (such as NO and NO2) are absorbed into a sodium hydroxide solution in another chamber to avoid
atmospheric pollution and utilize the resulting gases to produce useful chemicals. The chambers are connected using rubber pipes. The
absorption reaction occurs when the emitted nitrogen oxides react with the sodium hydroxide solution, forming sodium nitrite ac-
cording to the following reaction [60,63,64].

Sodium nitrate has various applications; it is used as a low-cost fertilizer and serves as an additive to prevent the expansion of
bacteria and fungi in packaged foods, pharmaceuticals, and other related products [64,68].

2.5. Response surface methodology

Response surface methodology (RSM) is a comprehensive experimental design and mathematical modeling approach that can be
used to understand the relationship between operational factors and improve various industrial processes. One of the most commonly
used designs is the Central Composite Design (CCD), the Fractional Factorial Design, with a central point connected to a set of axial
points. The CCD can be represented as a square (for a two-factor design) or a cube (for a three-factor design), with vertices representing
the low and high levels, denoted as —1 and +1, respectively [69].

The effectiveness of four vital operating factors, including catalyst dosage (X3), sulfuric acid quantity (X3), nitric acid quantity (Xs),
and reaction time (X4), was systematically evaluated using the CCD. Each independent variable was tested at five levels, including - «,
—1,0, +1, and + a, for low axial levels, low and central factors, and high factors and high axial levels, respectively. The encoded levels
of the selected variables are summarized in Table 1. The total number of required experimental runs (N) can be calculated using Eq (1):

N=2"+2n+n, 1)

Here, n, n, refer to the variable number and the number of repetitions for the central point, respectively. For statistical analyses and
optimization of each operation, a quadratic model was selected as the best-fit model and fitted to the results according to Eq (2) [70,
71]:

k k
Y=p,+ ZﬂiXi + Zﬂiixiz + Zﬂ,]X,X/ +¢€ )
=1 i=1

i<j

Where Y is the expected response predicted by RSM, i and j are the linear and quadratic terms, respectively, p is the regression co-
efficient, k is the number of factors studied and optimized in the experiment, and ¢ represents the random error.

3. Results and discussion
3.1. N; adsorption (BET)

The porous characteristics of the prepared V-Mo-MCM-41 nanocatalysts, such as specific surface area, pore diameter, and pore
volume, were determined by conducting physical adsorption measurements using nitrogen gas [72]. Nitrogen isotherms (adsorp-
tion-desorption) were obtained by subjecting the catalysts to liquid nitrogen at 77 K, as illustrated in Fig. 2. These isotherms represent
the changes in the amount of nitrogen gas adsorbed on the catalyst surface (1g) at relative pressure (p/po) under constant temperature.
The observed isotherm shapes belong to type IV, a characteristic feature of mesoporous materials according to the classification
defined by the International Union of Pure and Applied Chemistry (IUPAC) [73]. A key feature of Type IV isotherms is that capillary
condensation is accompanied by a slowdown, which initiates when the pore diameter exceeds 4 nm. This is evident in catalysts
prepared with pore diameters larger than 4 nm, explaining the absence of a hysteresis loop in the sample (Si/V + Mo = 85) with a pore

Table 1

The levels and ranges of the independent variables applied in the central composite design.
Factors Unit -o -1 0 +1 +o
Catalyst dosage gr 0.03125 0.0375 0.04375 0.05 0.05625
Sulfuric acid ml 1.5 2 2.5 3 3.5
Nitric acid ml 23.75 25 26.25 27.5 28.75
Time reaction min 37.5 45 52.5 60 67.5
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Fig (2). Ny-adsorption isotherms of calcined V-Mo-MCM-41 samples: Si/V + Mo = 85(a), Si/V + Mo = 39(b), Si/V + Mo = 34(c) and Si/V + Mo =
31(d).

diameter less than 4 nm [74-76].

The adsorption stages in the type IV isotherm exhibit variations depending on the applied gas pressure. In the initial stage,
adsorption occurs on the catalyst surface (external or internal) at low relative pressures below (P/Py = 0.2). A slow linear increase in
nitrogen adsorption characterizes it. This indicates the presence of monolayer to multilayer adsorption on the pore walls. The
adsorption data in this stage can be used to calculate the specific surface area using the BET method. In the second stage, multilayer
adsorption occurs at higher relative pressures, accompanied by a distinct step between (p/po = 0.28 and 0.34), as depicted in Fig. 2.
This sharp step indicates the occurrence of capillary condensation within the pores due to the filling of pores with liquid nitrogen. A
characteristic feature of mesoporous materials. This signifies the filling of mesopores, with no pore filling observed at low pressures.
The magnitude of this jump (the step) reflects the regularity and distribution of pore sizes. It correlates with the Kelvin equation linking
pore diameter to the relative pressure at which capillary condensation occurs. In the third and final stage, a second step appears at
higher relative pressures (P/P, > 0.84), signifying the filling of larger pores. This stage is characterized by a notable rise in nitrogen gas
adsorption, reaching saturation pressure at (P/Py = 1). A plateau at high relative pressures is associated with multilayer adsorption on
the external surface. The presence of some large pores in the samples suggests the existence of a hysteresis loop at high relative
pressures [23,75,77-79].

Table 2 shows how varying quantities of vanadium and molybdenum affect the specific surface area, pore volume, and diameter.
This variation indicates the drop in specific surface areas with increasing integrated metal content, followed by a slight increase in
specific surface areas in the sample (34) and a decrease in the sample (31).

As the concentration of integrated metals increases due to the substitution of silicon ions with vanadium or molybdenum ions, we

Table 2

N, adsorption data results of V-M0-MCM-41 samples and (V + Mo) contents.
Catalyst V + Mo% S BET Dp(nm) V(cmg/g)
V-Mo-MCM-41(85) 0.62 955.37 3.8399 0.9119
V-Mo-MCM-41(39) 1.24 875.59 6.3862 1.3988
V-Mo-MCM-41(34) 1.57 900.33 5.9667 1.2575
V-Mo-MCM-41(31) 1.79 854.28 5.8514 1.2467
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see a decrease in pore volume and pore diameter from sample (39) to sample (31), resulting in a longer (Si-O-M) bond than (Si—O-Si)
bond caused by larger metal ions diameter [24,47]. As a result, the process of metal incorporation into the MCM-41 structure sub-
stantially impacts pore properties while keeping some of the mesoporous structure.

The irregular variation in samples (34) and (85) is presumably due to the non-crystalline structure of MCM-41.

Where Sggt is the Surface Area (mz/g), D, is the Average pore Diameter (nm), and V is the pore Volume (cmg/g).

3.2. FT-IR

Infrared (IR) spectra were obtained for variously produced nanocatalysts (V-Mo-MCM-41) with varied vanadium and molybdenum
ratios and the MCM-41 material. The resulting absorption spectrums are depicted in Fig. 3, which show a discrete absorption band at
963 cm ™! attributable to the vibrational mode of the (Si-O-M) bond, suggesting the incorporation of a heterogeneous atom into the
MCM-41 structure where (M = V, Mo). Surprisingly, this band does not appear in the MCM-41 spectrum.

The band seen at (3450 cm™!) suggests asymmetric stretching of the surface silanol group (Si-OH) and its associated water
molecules. Similarly, the band at (1635 cm 1) reflects a water molecule bending vibration (H-OH). Furthermore, the bands seen at
(1081 and 804 cm 1) correspond to the siloxane bond’s symmetric and asymmetric stretching vibrations (Si—-O-Si). Similarly, the band
(456 cm™ 1) exhibits a bending vibration of the siloxane bond (Si-0-Si) [38,80-82].

3.3. XRD

Despite the amorphous nature of MCM-41, it exhibits a regular hexagonal porous structure resembling a honeycomb, indicating the
early stages of crystallization. Therefore, prepared catalysts can be characterized using X-ray diffraction (XRD). The XRD spectra show
a distinct and sharp peak (d;go) at small angles (20 = 1-10°), along with weaker secondary peaks (d;10, d200, d210)-

These secondary peaks represent long-range order in the material. The intensity of these secondary peaks decreases or even dis-
appears when the samples are calcined at 550 °C or higher. Additionally, by adding up the metal content incorporated into the MCM-
41 structure, the intensity of these secondary peaks declines or vanishes, indicating structural distortions caused by metal incorpo-
ration [24,72,83,84], In accordance with the references, it is noted that there is a singular peak, aligning with the observed data [70,
85,86].

It is evident that calcination and metal loading significantly impact the structural properties of V-Mo-MCM-41 catalysts. Calci-
nation is believed to induce structural changes within the material, affecting the distribution and arrangement of elements at the
crystalline network level. In this case, calcination may lead to the disappearance of secondary peaks. When incorporating metals into
the MCM-41 structure, the chemical composition of the material is altered, influencing the distribution of metals within the crystalline
network while maintaining prominent and sharp peaks (d100).

Fig. 4 and Table 3 show the patterns and XRD data of the prepared and calcined V-Mo-MCM-41 samples at 550 °C for 6 h, within the
20 range of 1-10°. We observe from the figure the absence of secondary peaks (d110, d200, d210) as indicated in the reference studies,
which are characteristic of pure MCM-41 material. This absence can be attributed to the reasons mentioned earlier in the prepared
catalysts (V-Mo-MCM-41).

Revealing a prominent and robust peak (d1qo) at 20 = 1° for samples with Si/V + Mo ratios of 85, 39, and 34. However, no peak is
observed for the sample with a Si/V + Mo ratio of 31. Additionally, increasing metal content was observed with a fall in peak intensity
and an increase in peak width at half maximum (FWHM).

MCM-41
V-Mo-MCM-41(85)

V-Mo-MCM-41(39)
V-Mo-MCM-41(34)
V-Mo-MCM-41(31)

22

L . A
4000 3000 2000 1000 400

Fig (3). Presents the observed absorption bands in the spectrum and their corresponding wavenumbers.
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Fig (4). X-ray diffraction patterns of calcined V-Mo-MCM-41 sample.

Table (3)
Results of XRD data for V-Mo-MCM-41 samples.
Si/(V + Mo) 20 FWHM d spacing oy (nm) T (nm)
digo (nm)
85 1.018 0.295 8.673776 10.015 6.17571
39 1.425 0.344 6.195899 7.154 0.7682
34 1.142 0.492 7.730171 8.926 2.9593

Where « is the unit cell parameter (oco = 2%0) , and T is the wall thickness (T = ap — D).

Subsequently, calculations were performed to determine the dimensions of the resulting crystals using Scherrer equation Eq (3)
[87].
K2

b :ﬁFWHM'COS(g) ©

where (K) is a constant with a value of (0.94), the peak width at half maximum is measured in radians, and (D) represents the crystal
dimensions in nanometers. Additionally, the strain density (8) was calculated, which is defined as the distance between dislocation
lines per unit volume of the crystal and is determined using Eq (4):
1
o= ﬁ (4)

The internal strain (¢) is a defect that occurs during the crystallization process and is closely linked to the presence of different types



J. Suliman Al Ebraheem et al. Heliyon 10 (2024) e24652

of crystal defects (point defects, surface defects, and volume defects) [87]. Its calculation was based on Eq (5) [88]:

cos(6
€= ﬂFWHM# )
Table 4 shows a drop in (D) value and a rise in (8, €) values as metal levels increase, attributable to structural distortions produced

by metal incorporation, which caused the XRD peak in the (31) sample pattern to decline [89]. The calculated and measured values in
Table 4 confirm the attainment of nanoscale dimensions.

3.4. SEM analysis

These microscopy results provide valuable insights into the nanoscale characteristics of the catalysts, reflecting the influence of
metal content on their particle size and aggregation behavior.

Fig. 5 displays the prepared catalysts’ scanning electron microscopy (SEM) images. The nanoscale dimensions are evident in all four
samples, and there is a decrease in the size of the nanocrystals with increasing metal content, consistent with the XRD data obtained
from the Scherrer equation. In sample (V-Mo-MCM-41 (85)), as shown in Fig. 5(a), most particles appear relatively large and singular,
with dimensions ranging from 40 to 140 nm. In contrast, Fig. 5(b) of the catalyst (V-Mo-MCM-41 (39)) reveals nanoparticles
aggregating in clusters, with dimensions ranging from 25 to 55 nm.

Moving on to sample (V-Mo-MCM-41 (34)) in Fig. 5(c), it exhibits smaller particle size within the range of 25-70 nm compared to
the previous catalysts. The particles have a more regular spherical shape and aggregate in nanoclusters. The same observation applies
to sample (V-Mo-MCM-41 (31)) in Fig. 5(d), where a decrease in particle size is noticeable.

3.5. EDX analysis

The EDX spectra of the prepared catalysts in Fig. 6(A-D) illustrate silicon, oxygen, vanadium, and molybdenum weight percentages.
The obtained results indicate that oxygen and silicon are the primary elements in the structure of the prepared mesoporous nanoscale
silica particles (MCM-41). In Fig. 6, a decrease in the Si/V + Mo ratio is observed in the prepared nanocatalysts with an increase in the
loading ratio, indicating an enhanced dispersion of additional metals on the MCM-41 surface. As depicted in Fig. 6(A), the Si/V + Mo
ratio is 85; in Fig. 6(B), it reduces to 39. Moving to Fig. 6(C), the Si/V + Mo ratio further decreases to 34, demonstrating an increase in
the calcined nanocatalysts’ total (V + Mo) content. Finally, in Fig. 6(D), the Si/V + Mo ratio reaches 31, representing the highest
loading ratio. This signifies an elevated concentration of (V + Mo) in the nanocatalysts, highlighting the impact of loading on metal
dispersion on the MCM-41 surface.

3.6. Central composite design

The synthesis of oxalic acid from molasses was enhanced using Central Composite Design (CCD). A total of 30 experiments were
randomized based on the CCD design, using a V-Mo-MCM-41 (34) catalyst. The experimental data and results presented in Table 5
highlight the significant impact of the selected operational variables, their actual values, and the corresponding responses (predicted
values). Utilizing the Response Surface Methodology (RSM), the effects of four key process factors, namely catalyst dosage (X;),
sulfuric acid quantity (X»), nitric acid quantity (X3), and reaction time (X4), as well as their interactions, were thoroughly investigated.
Then, the collected data was analyzed and fitted into a mathematical model eq (6).

Y= 47567+ 1.17X; + 1.63X, +2.58X; + 1.12X, — 3.08X, X, — 0.2928X, X5 + 0.4164X, X, + 0.3152X,X; — 0.0500X,X,
—0.0135X;X, (6)

This mathematical equation helped to analyze the connections between independent variables and dependent responses. It aimed
to determine the optimal conditions for producing the highest amount of oxalic acid from molasses.

3.7. Statistical analysis and the model fitting

Table 6 contains the outcomes of the analysis of variance (ANOVA). The significant F-value of 105.59 suggests the importance of
the model, with only a 0.01 % chance of such a large F-value occurring due to noise. The p-values less than 0.0500 indicate the
significance of the selected model terms. Terms Xj, Xo, X3, X4, X1X2, and X;X4 are identified as notable model terms. On the other hand,
values greater than 0.1000 imply that specific model terms are not statistically significant. The insignificant lack of fit F-value of 0.51

Table (4)

values of D, 8, € for V-Mo-MCM-41 (85, 39, 34) samples.
Si/(V + Mo) V + Mo% 20 D(n) 5 £*1000
85 0.62 1.018519 28.10873 1.26566E+15 0.695981
39 1.24 1.425865 24.09411 1.72258E+15 0.812026
34 1.57 1.142851 16.86541 3.51565E+15 1.159987




J. Suliman Al Ebraheem et al. Heliyon 10 (2024) e24652
0 ViMo-MCM-4 1 (3552, q I V-Mo-MCM-41 (39)f%= -

4
5

>

et S 143 nm
@70 Am

¥ ) £n.
Dot: InBeam MIRAJ TESCAN SEM MAG: 100 kx Dot: InBeam
BI: 7.00 500 nm WD: 5.25 mm BI: 7.00
: 2.08 ""; Date(m/dly): 10/02/22 View field: 2.08 ym |Date(m/dly): 10/02/22

V-Mo-MCM-41 (34)

11.29 nm. - 50.96:\nm

& 14.73 nm

37
SEM MAG: 100 kx Det: InBeam | MIRA3 TESCANl SEM MAG: 200 kx Det: InBeam L1 | MIRA3 TESCAN

WD: 536 mm BI: 7.00 500 nm WD: 4.67 mm BI: 7.00 200 nm
Viow flold: 2.08 ym |Dato(m/dly): 10/02/22 View fiold: 1.04 ypm |Date(m/dly): 10/02/22

Fig (5). SEM images for samples: Si/V + Mo = 85(a), Si/V + Mo = 39(b), Si/V + Mo = 34(c) and Si/V + Mo = 31(d).

indicates that lack of fit is not a significant factor in pure error. There is an 85.57 % chance that such a lack of fit could happen due to
noise. It is favorable to have a slight lack of fit.

The high R-squared value of 0.9823 for glucose oxidation indicates that the proposed model reasonably fits the experimental data.
The expected R-squared value of 0.9671 reasonably agrees with the adjusted R-squared value of 0.9730, with a difference of less than
0.2. Fig. 7 compares the experimental data conducted in the laboratory and the predicted values for oxalic acid yield. Adeq Precision,
which measures the signal-to-noise ratio, exceeds the desired threshold of 4 with a value of 42.189, indicating a sufficient signal. This
model can be effectively used to explore the design space.

The small coefficient of variation (C.V. %) value of 0.8568 indicates a high degree of precision in comparing the experiments, where
lower C.V. values imply greater reliability. The standard deviation (Std. Dev.) of 0.6484 indicates good reliability. Based on the small
predicted residual error sum of squares (PRESS) value of 14.87, the model can fit each data point well. A smaller PRESS value indicates
a better fit for the data points [90].

The estimated coefficient represents the expected change in the response for each unit change in the factor value while keeping all
other remaining factors constant. The effects of the significant variables were indicated by positive and negative signs of the variable
coefficients within the proposed model equation [91]. By examining the variable coefficients in this model equation, four independent
variables (X, X2, X3, and X4) showed primary significance with a positive effect on the response. Fig. 8 illustrates the main effects of
these factors on oxalic acid productivity at the central point of the other variables.

3.8. Response surface plots

To investigate the impact of different factors on oxalic acid production and determine the optimal values for these factors, a three-
dimensional (3D) response surface was plotted in Figure (8), which provides insights into oxalic acid production. Fig. 8(a) shows that
nitric acid quantity and reaction time were kept constant at the central points (26.25 ml, 52.5 min). It illustrates that increasing the
sulfuric acid and decreasing the catalyst quantity led to an improved yield. Furthermore, the contour plot Fig. 8(b) associated with

10
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Fig (6). EDX Spectra for samples: Si/V + Mo = 85(a), Si/V + Mo = 39(b), Si/V + Mo = 34(c) and Si/V + Mo = 31(d).

Table (5)
Data for experimental and predicted oxalic acid yield.
Run Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2
X;: Catalyst dosage (gr) X5: Sulfuric acid (ml) X3: Nitric acid (ml) X4: Time reaction (min) Experimental (%) Predicted (%)

1 0.04375 2.5 26.25 52.5 75.1436 75.6752
2 0.05 3 25 45 71.2807 71.3069
3 0.0375 3 27.5 60 82.9721 83.0353
4 0.04375 2.5 26.25 37.5 73.1206 73.4434
5 0.04375 2.5 26.25 52.5 76.3424 75.6752
6 0.0375 3 25 45 75.2879 75.3648
7 0.04375 3.5 26.25 52.5 79.1147 78.9413
8 0.05 3 25 60 74.3194 74.2985
9 0.05 2 25 45 74.9954 74.7291
10 0.05 2 27.5 60 82.1132 81.8331
11 0.04375 2.5 26.25 52.5 76.2314 75.6752
12 0.05 2 25 60 77.9378 77.9206
13 0.03125 2.5 26.25 52.5 73.1521 73.328
14 0.0375 3 27.5 45 81.851 81.7633
15 0.0375 3 25 60 76.7792 76.6909
16 0.0375 2 27.5 45 71.7913 71.609
17 0.04375 2.5 26.25 52.5 75.1139 75.6752
18 0.0375 2 25 60 67.8923 67.9973
19 0.04375 2.5 23.75 52.5 71.6664 70.5197
20 0.04375 2.5 26.25 52.5 74.2528 75.6752
21 0.0375 2 27.5 60 73.212 73.0809
22 0.04375 2.5 28.75 52.5 81.0101 80.8307
23 0.05 3 27.5 45 76.8425 76.5343
24 0.05 3 27.5 60 80.1122 79.4718
25 0.04375 2.5 26.25 67.5 77.1898 77.9069
26 0.05 2 27.5 45 78.7124 78.6957
27 0.04375 2.5 26.25 52.5 75.9828 75.6752
28 0.04375 1.5 26.25 52.5 72.9454 72.4091
29 0.05625 2.5 26.25 52.5 76.9391 78.0223
30 0.0375 2 25 45 65.9359 66.4713

11
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Table (6)

Analysis of variance (ANOVA) for oxidative glucose.
Source Sum of Squares df Mean Square F-value p-value
Model 443.87 10 44.39 105.59 <0.0001 significant
X;- Catalyst dosage 33.05 1 33.05 78.63 <0.0001
Xo-Sulfuric acid 64.00 1 64.00 152.25 <0.0001
X3-Nitric acid 159.47 1 159.47 379.35 <0.0001
X4-Time reaction 29.88 1 29.88 71.08 <0.0001
X1Xo 151.68 1 151.68 360.80 <0.0001
X1X3 1.37 1 1.37 3.26 0.0868
X1X4 2.77 1 2.77 6.60 0.0188
XoX3 1.59 1 1.59 3.78 0.0668
XoX4 0.0400 1 0.0400 0.0950 0.7612
X3X4 0.0029 1 0.0029 0.0070 0.9343
Residual 7.99 19 0.4204
Lack of Fit 4.68 14 0.3342 0.5051 0.8557 not significant
Pure Error 3.31 5 0.6617
Cor Total 451.85 29
Std. Dev. 0.6484 R? 0.9823
Mean 75.67 Adjusted R? 0.9730
C.V. % 0.8568 Predicted R? 0.9671

Adeq Precision 42.1891

Predicted vs. Actual

85 —

80 —

75 —

Predicted

70 —

65 —

65 70 s -To] as

Actual

Fig (7). Comparison of the experimental results of oxalic acid conversion with those calculated via the CCD equation.

these variables demonstrated a significant interaction, indicating the effective influence of these factors on oxalic acid production.
Notably, sulfuric acid had a more substantial impact on yield when the catalyst dosage was low, as supported by the higher coefficient
estimate for the response to sulfuric acid (1.63) compared to the response to catalyst dosage (1.17), as shown in Eq (6).

Fig. 8(c) highlights the effects of catalyst dosage and reaction time on oxalic acid yield while keeping nitrogen acid and sulfuric acid
quantities constant at (27.5 ml, 2 ml) respectively. The figure shows that increasing reaction time and catalyst dosage increases oxalic
acid yield. Moreover, the contour plot in Fig. 8(d) reveals a notable interaction between the variables, underscoring the substantial
influence of these factors on oxalic acid production. It is important to highlight that, as demonstrated by equation (6), the catalyst
dosage exerts a slightly greater impact on the yield, particularly when the reaction time is extended. The response factor for catalyst
dosage, at 1.17, surpasses that of reaction time, which stands at 1.12, underscoring the significance of the catalyst dosage in optimizing
oxalic acid production.

3.9. Evaluation of the efficiency of the other catalysts
The performance of different prepared catalysts with varying compositions (Si/V + Mo = 85, 39, 31) was assessed to determine the
most effective mesoporous nanocatalyst for glucose oxidation. To achieve this, the reaction was carried out using these catalysts at the

central point of each factor, involving specific catalyst dosage (X; = 0.04375g), quantities of sulfuric acid (X3 = 2.5 ml), and nitric acid

12
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Fig (8). Response surface and contour plot for oxalic acid production as a function of (a,b) sulfuric acid amount and catalyst dosage, (c,d) reaction
time and catalyst dosage.

(X3 = 26.25 ml), as well as reaction time (X4 = 52.5min). The efficacy of the prepared catalysts was also compared to that of the V505
catalyst and the VK38 catalyst (6-8% V30s).

Fig. 9 compares the performance of the prepared catalysts, the V05 catalyst, the VK38 catalyst (6-8% V205%), and the reaction
conducted without a catalyst. The V-Mo-MCM-41 (34) catalyst stands out for its superior efficiency. Nonetheless, there’s an observed
decrease in yield to 80 % with the V-Mo-MCM-41 (31) catalyst, characterized by a higher loading ratio. This drop can be attributed to
structural distortions in the catalyst, as evident from the XRD analysis results.

We observe an increase in catalytic activity with an increase in the quantity of vanadium and molybdenum incorporated into the
structure of MCM-41. This is due to the decrease in particle size and the increase in Lewis acid sites on the catalyst surface, resulting
from the complex species of supported vanadium and molybdenum oxides on the catalyst surface [47,49,50].

After conducting the application using the catalyst with a ratio of (Si/V + Mo = 34) and comparing the catalytic activity with the
other prepared catalysts, we found that the catalyst containing the highest ratio of vanadium and molybdenum in the structure of
MCM-41 and did not undergo structure degradation exhibited the highest effectiveness.

3.10. Catalyst reusability

The reusability of the catalyst is essential for industrial applications. The catalysts were recovered after separation, reactivated, and
reused multiple times in the glucose oxidation reaction under the same conditions. A decrease in catalytic activity was observed in the
fourth cycle, with an oxalic acid yield of 79.3 %. This decline could be attributed to blocking some active sites on the catalyst’s surface,
as shown in Fig. 10.

Fig. 11 illustrates the FT-IR spectrum of the catalyst after four consecutive reuse cycles and its subsequent regeneration through
calcination to eliminate any organically deposited materials within the pores. From the spectrum, we observe no changes or

13
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Fig (9). Catalysts performance, Reaction conditions: X; = 0.04375 g, Xz = 2.5 ml, X3 = 26.25 ml, X4 = 52.5 min.

disappearance of bands corresponding to the metal (Si—~O-M). This indicates the thermal and hydrothermal stability of the catalysts
prepared in aqueous solutions during reactions.

4. Conclusion

This study, V-Mo-MCM-41 silicate-based nanocatalysts were synthesized using the hydrothermal direct method, employing
different ratios (Si/V + Mo = 85, 39, 34, and 31). Spectroscopic analyses, including FT-IR and XRD, confirmed successful metal ion
incorporation into the MCM-41 structure. This was evident through the appearance of a band at 963 cm ™!, accompanied by a reduction
in the peak intensity of d100 and an increase in the peak width at half maximum (FWHM), indicative of structural distortion resulting
from the integration of V and Mo metals. Nitrogen adsorption results revealed that the incorporation of metal ions significantly
influenced specific surface area, pore diameter, and volume. The catalytic efficiency of the prepared nanocatalysts for oxalic acid
production from molasses was evaluated using response surface methodology. The central composite design (CCD) was employed to
investigate the impact of nitric acid, sulfuric acid, catalyst dosage, and reaction time on oxalic acid productivity and their interactions.
All four factors demonstrated significant effects on yield, with nitric acid exhibiting the most substantial influence, as supported by the
mathematical model equation.

Analysis of 3D response surface plots unveiled interactive effects between catalyst dosage and sulfuric acid quantity on oxalic acid
yield, with the highest yield achieved at the maximum sulfuric acid amount and the minimum catalyst dosage. Additionally, the
prepared catalysts exhibited heightened catalytic efficiency with an increased loading of vanadium and molybdenum.

In oxalic acid production, The synthesized catalysts outperformed V505 and VK38 (6-8% V20s). This comprehensive study
highlights the successful synthesis of V-Mo-MCM-41 nanocatalysts, elucidates their structural changes, and demonstrates their efficacy
in oxalic acid production by systematically evaluating various factors. Furthermore, a critical comparison with prior catalysts
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Fig(10). The effect of reusability on the yield.
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Fig(11). FT-IR of the catalyst after recycling of it for four times.

emphasizes integrating both vanadium and molybdenum metals into the MCM-41 framework for enhanced catalytic performance.
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