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Abstract 

The study explores the catalytic performance of nickel (Ni) and iron (Fe)-based catalysts synthesized 

through precipitation, activation by hydrothermal reaction, and calcination for the conversion of 

cellulose and glucose into levulinic acid (LA). Characterization of the catalysts was conducted using 

X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) analyses, which 

confirmed the formation of metal oxides, specifically NiO and Fe2O3, in the synthesized catalysts. 

The key experimental parameters, including catalyst loading, reaction temperature, and time, were 

optimized to improve the LA yield. The Fe.75Ni catalyst achieved the highest catalytic activity, 

yielding 46.18% based on the theoretical yield or a weight percentage of 29.72 wt.% at a reaction 

time of 5 hours and 200°C reaction temperature using 0.30g of catalyst. The study highlights the 

importance of catalyst acidity, good surface area, and thermal stability in enhancing LA production 

and suggests that the Fe.75Ni catalyst holds significant potential for efficient conversion of biomass. 
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1. Introduction 

Typically, the conversion of biomass involves 

dehydration of cellulose, resulting in the production of 

many platform chemicals such as levulinic acid (LA) and 

5-hydroxymethylfurfural (HMF) [1]. As a short-chain 

fatty acid, LA contains both an acidic carboxyl group and 

a ketone carbonyl group, enabling it to be a feedstock for 
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a wide range of chemical compounds [2]. Lignocellulosic 

biomasses with high cellulose content are currently the 

most studied and widely available raw materials for LA 

synthesis [3]. Despite its potential, there are significant 

challenges that need to be addressed in the conversion of 

biomass. The primary difficulty lies in the resistance of 

lignocellulose to being broken down, particularly the 

cellulose [4]. The hemicellulose and cellulose within the 

biomass are intricately linked and bound to lignin, 

creating a robust structure that is difficult to process [5]. 

Nevertheless, utilization of cellulose as well as glucose as 

the starting materials to produce LA has shown 

considerable promise, given that both materials can be 

converted into HMF, before being rehydrated into LA [6].  

Typical methods to produce LA from lignocellulose are 

using homogeneous and non-recyclable catalysts. A 

significant challenge in the conversion of biomass is the 

disposal of  this catalyst, which is commonly discarded in 

sewage systems, further exacerbating environmental 

issues [7]. To address this problem, researchers are 

increasingly exploring the use of heterogeneous catalysts 

in the biomass conversion process. Heterogeneous 

catalysts offer several advantages over homogeneous 

catalysts. They can easily separate and recover from the 

reaction medium without requiring a neutralizing 

chemical [8]. The ability of heterogeneous catalysts to 

enable catalytic processes that are both reusable and more 

environmentally friendly has made them a focus of 

extensive research in the field of biomass conversion. This 

approach holds significant promise for developing 

efficient and sustainable methods for the conversion of 

lignocellulosic biomass into valuable chemicals and fuels. 

Metal salts such as metal oxides, metal chlorides, and 

metal triflates are commonly used heterogeneous 

catalysts, better known as Lewis acid catalysts, in the 

conversion of biomass. It is well-established that metal 

oxide species are formed during the hydrolysis of metal 

halides, such as metal chlorides, in the presence of water 

at high temperatures. This hydrolysis process leads to the 

formation of hydroxide (OH) ligands, which act as 

electron pair donors, and the presence of these OH ligands 

enhances the acidity of the metal cations by enhancing 

their electron-accepting capability [9]. The metal 

chlorides, namely FeCl3, SnCl4, CuCl2, CrCl3, and AlCl3, 

demonstrate notably higher rates of both cellulose and 

glucose conversion (>60%) in comparison to Zn2+, Mn2+, 

and Co2+ [10]. The acidity of a reaction can be increased 

through the formation of a Lewis acid from metal cations 

like Fe3+, Cr3+, and Al3+ when oxidized with water 

molecules. The presence of halide anions such as I-, Br-, 

and Cl- to form the Lewis acid/base pair that catalysed the 

sequential dehydration processes which convert sugars 

into HMF or furfural [11]. Comparative study by (2014) 

has found that five promising metal salt acid catalysts, 

FeCl3, CuCl2, CrCl3, ZrOCl2, and AlCl3, can yield high 

selectivity of HMF compared to sulphuric acid. FeCl3, in 

particular, has shown superior performance in terms of 

HMF production (yielding 42% for corn stover and 41% 

for maple wood), furfural production (yielding 97% for 

both maple wood and maize stover), as well as 

solubilisation of biomass. Boonyakarn et al. [12] found 

that FeCl3 has high acidity (∼pH 2.5), which contributes 

to the catalytic activity for cellulose conversion to 

glucose. Other metal chlorides with low acidity, such as 

MnCl2, CdCl2, and CoCl2 (with a pH of around 7), do not 

exhibit catalytic activity in converting cellulose to 

glucose. Consequently, the yields of HMF and LA were 

low.  To date, there is no attempt to evaluate nickel (Ni) 

as a metal catalyst for LA production from cellulose and 

glucose. Based on the previous studies, Ni has shown 

potential in promoting the hydrolysis of cellulose by 

assisting in the destruction of the crystalline cellulose 

structure, which is an important step in the cellulose 

hydrolysis reaction [13]. Research by Collard et al.  [14] 

also found that Ni assisted in the destruction of the 

crystalline cellulose structure, which is important in 

cellulose hydrolysis reactions. While Ni has shown 

promise in promoting cellulose hydrolysis, particularly by 

disrupting the crystalline cellulose structure, its catalytic 

potential in LA synthesis has not been fully studied. 

Additionally, this work introduces a novel approach 

by combining Ni with Fe to synthesize mixed metal 

catalysts, offering a more efficient and sustainable 

pathway for cellulose conversion. Both prepared metals 

are addressed as Fe and Ni only for all catalysts. The 

combination of these catalysts was addressed as Fe.xNi 

catalyst, where x refers to the weight %loading of Nickel 

in the catalyst, for example, Fe.25Ni is 25% nickel and 

75% iron in the catalyst. The characteristics of the 

catalysts are described first, followed by the assessment 

of the catalytic activity. Commercial cellulose and glucose 

were used as the raw materials for screening the selected 

catalysts in terms of LA production. 

 

2. Materials and methods 

 

2.1. Materials 

 

In this study, commercial cellulose and glucose were 

purchased from Freundemann Schmidt. Other essential 

materials, including sodium hydroxide, ethanol, acetone, 

iron (III) chloride, and nickel (II) nitrate, were procured 

from R&M Chemicals and are of analytical grade. HPLC 

standards such as glucose, HMF, LA, and formic acid 

(FA) were bought from Sigma Aldrich.  

 

2.2. Catalyst preparation 

 

Different loadings of iron (III) chloride and nickel (II) 

nitrate between 25% to 100% were prepared as shown in 
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Table 1. For the Fe. 75Ni catalyst, 6.05 g iron (III) 

chloride, and 18.58 g nickel (II) nitrate were dissolved in 

10 mL of distilled water by stirring at room temperature. 

A 90 mL mixture of pure ethanol and distilled water (2:1) 

was added. Then, 10 mL of 6M sodium hydroxide 

(NaOH) was added as a co-precipitate until the pH 

reached neutral.  To activate the catalyst, the solution was 

transferred into a Teflon-lined stainless-steel autoclave 

and subjected to a hydrothermal process at 180 ºC for 12 

hours. Subsequently, the solution was cooled to room 

temperature and a precipitate was obtained after filtration. 

The powder was then washed repeatedly by using pure 

ethanol and acetone until the pH of the filtrate was the 

same as the pH of the wash water. After that, the catalyst 

produced was oven-dried overnight. Finally, the sample 

was calcined at 300 °C for three hours to obtain iron-

nickel metal catalysts. The resultant materials are 

designated as Fe.xNi where the Ni(NO3)2 metal loading 

was denoted as x as shown in the Table 1 below. 

 

2.3. Catalyst characterization 

 

Fourier Transform Infrared (FTIR) spectroscopy analysis 

was used to detect and quantify the organic functional 

groups present in the produced catalysts. The materials 

underwent analysis using FTIR-ATR (Agilent 

Technologies) by scanning them in the spectral range of 

300–4000 cm-1. X-ray photoelectron spectroscopy (XPS) 

was used to examine the chemical states of the produced 

catalysts. The crystalline phase of the catalysts was 

evaluated using powder X-ray diffraction (XRD) analysis. 

The study involved scanning instruments within the set 

range of theta, spanning from 20 to 600, at a 40 min-1 scan 

speed. The porosity of the metal catalysts was analyzed 

using a nitrogen adsorption/desorption analyzer called the 

Micromeritics ASAP-2020 instrument (Micromeritics 

Instrument, Norcross, GA, USA). The Brunauer-Emmett-

Teller (BET) and Barret-Joyner-Halenda (BJH) methods 

were used to identify the pore volume, surface area, and 

pore size. The acidity of the catalysts was determined 

using temperature-programmed desorption (TPD) with 

NH3 as the probe molecule (TPD-NH3). The Thermo 

Finnigan TPD/R/O 1100 equipment, equipped with a 

thermal conductivity detector (TCD), was employed for 

this purpose. The catalyst underwent pre-treatment by 

subjecting it to a flow of N2 gas for 30 minutes at a 

temperature of 250 °C. It was then exposed to NH3 gas for 

1 hour at room temperature before being flushed with N2 

gas to eliminate any excess NH3. The NH3 desorption 

peaks were seen in the temperature range of 50 °C to 950 

°C using Helium gas flow, which demonstrated the acidity 

of the catalysts. Field emission scanning electron 

microscopy (FESEM) model JEOL JSM-7600F was used 

to analyze the morphology of the catalysts, and this 

instrument is equipped with an energy dispersive X-ray 

detector (EDX) (Oxford INCA X-MAC 51 XMX 0021) in 

order to measure the elemental concentration of the 

catalyst. An elemental composition and metal loading of 

the catalysts were determined using an X-ray 

Fluorescence (XRF) equipment, and this device is 

integrated with a rhenium anode operating in energy 

dispersive mode. The stability and thermal analysis were 

conducted using a thermal analyzer, Mettler Toledo 

Model: TGA-DSC HT-3, for both thermal gravimetric 

analysis (TGA) and differential thermal analysis (DTG).  

 

2.4. Catalyst test 

 

The process of hydrolysis to produce LA was carried out 

in a specialized autoclave reactor. A solution containing 

5.0 g of either glucose or cellulose and 0.15 g (3%) of a 

synthesized catalyst was introduced to the autoclave. The 

total volume of the solution was 50 mL.  Subsequently, 

the reactor was subjected to a temperature of 180 °C, 

compressed with nitrogen, and agitated at a speed of 600 

rpm for a duration of 5 hours. This technique was 

continuously observed for catalyst screening as well. 

After the reaction was completed, the mixture was cooled 

to room temperature.  The reactor employed was a 150 mL 

stainless steel 316 batch reactor (Model: ACL01-150), 

renowned for its durability against sulfuric acid. The 

temperature was controlled using a thermocouple and an 

electrical heater, while the pressure was maintained by 

sealing the reactor with six bolts. 

 

2.5. Product analysis 

 

The concentration of the hydrolysis products, such as 

monosaccharides (glucose) and volatile components (LA, 

HMF, and FA), was determined using high-performance 

liquid chromatography (HPLC). The glucose yield (%) 

based on theoretical yield is calculated using the following 

formula: 
 

 

Here, 0.9 is the conversion factor for glucose (which 

is derived from 162/180). The value 180 represents the 

molecular weight of glucose, while 162 represents the 

molecular weight of the monosaccharide units in 

cellulose.  For the yield calculations of LA, HMF, and FA, 

the following equ. is used:  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑌𝑖𝑒𝑙𝑑 (%) 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑= 
 

𝐶𝑜𝑛𝑐 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔/𝐿) 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐿)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑔)  𝑥 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
 𝑥 100 

(2) 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑌𝑖𝑒𝑙𝑑 (%) 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑= 
 

𝐶𝑜𝑛𝑐 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (
𝑔
𝐿

) 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐿)

𝑥 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡(1)𝑜𝑟

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑔)
 𝑥 100 

(1) 
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Table 1. Different loading of FeCl3 and Ni(NO3)2 

Catalyst Iron (III) chloride,  

FeCl3 

Nickel (II) nitrate,  

Ni(NO3)2 

Fe.25Ni 75% 25% 

Fe.50Ni 50% 50% 

Fe.75Ni 25% 75% 

Fe 100% 0% 

Ni 0% 100% 

 

The conversion factors are specific to each product 

based on their molecular weight relative to the molecular 

weight of cellulose: HMF is 0.77 (molecular weight 126), 

LA is 0.71 (molecular weight 46), while FA is 0.28 

(molecular weight 116). To compare the yield of levulinic 

acid (LA) with previous studies that reported yield in 

weight percentage, the following calculation is used: 

 

𝐿𝐴 𝑌𝑖𝑒𝑙𝑑 (𝑤𝑡%)   
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐿𝐴 (𝑔)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑔)
 𝑥 100 (3) 

 

3. Results and discussion 

 

3.1. Structural, phase, and chemical component 

 

The XRD profiles of metal catalysts are shown in Fig. 1. 

The XRD patterns indicate that elements Fe and Ni in all 

catalysts are not present in the form of single metal but 

metal oxide (Fe2O3 and NiO). A broad diffraction peak 

was presented at 2𝜃 (21.7°, 33.185°, 35.585°, 38.98°, 

49.485°, 54.085° and 62.485°) which correspond to the 

diffraction planes (012), (104), (110), (113), (024), (116) 

and (214), respectively in all catalysts except Ni catalyst.  

The position and relative strength of diffraction peaks 

closely match the standard data for hematite, Fe2O3 

(JCPDS file No. 33-0664), giving further evidence of the 

high purity of the synthesized Fe2O3.  

These findings are consistent with the study by Hassan 

et al. [15] and Li et al. [16]. XRD result also presents five 

main peaks at 37.3°, 43.1°, 64.8°, 75.3°, and 79.5° in all 

catalysts except the Fe catalyst, which correspond to the 

(111), (200), (220), (311), and (222) planes of NiO 

(JCPDS NO. 47-1049), respectively. The XRD pattern for 

NiO is similar to the findings from Fazlali et al. [17] and 

Xu et al. [18].  The crystallite size of the catalysts was 

presented in Table 2, calculated based on the Scherrer 

equation. Fe.75Ni has a moderate crystallite size of 18.94 

nm which is smaller than Fe.50Ni (23.01 nm) but larger 

than Fe.25Ni (17.32 nm) and Fe (16.88 nm).  

This moderate crystallite size likely strikes a balance 

between having sufficient active sites and maintaining 

stability under reaction conditions. Smaller crystallite 

sizes (like in Fe and Ni) typically result in a higher surface 

area and a greater number of active sites. However, too 

small crystallite sizes can sometimes lead to less stability 

and reduced catalytic performance over time.  

      The larger crystallite size of Fe.50Ni (23.01 nm) may 

reduce the number of active sites available for the reaction 

leading to a lower LA yield compared to Fe.75Ni. Fe2O3 

is a product from the calcination of iron (II) hydroxide 

(Fe(OH)3) and nickel oxide (NiO) from the calcination of 

nickel (II) hydroxide (Ni(OH)2), as shown in the 

following Equs. 4  and 5. 

 

2𝐹𝑒(𝑂𝐻)3(𝑠) →  𝐹𝑒2𝑂3(𝑠) + 3𝐻2𝑂(𝑔) (4) 

 

𝑁𝑖(𝑂𝐻)2(𝑠) →  𝑁𝑖𝑂(𝑠) + 𝐻2𝑂(𝑔) (5) 

 

Meanwhile, Fe(OH)3 is produced from the 

precipitation of iron (III) chloride (FeCl3) with NaOH as 

shown in Equ. 6. Similar to Fe(OH)2, Ni(OH)2 is the 

product from the precipitation of Ni(NO3)2 with NaOH, 

expressed in Equ. 7.  

 

𝐹𝑒𝐶𝑙3 (𝑎𝑞) + 3𝑁𝑎𝑂𝐻 (𝑎𝑞)

→  𝐹𝑒(𝑂𝐻)3(𝑠)

+ 3𝑁𝑎𝐶𝑙 (𝑎𝑞) 

(6) 

 

𝑁𝑖(𝑁𝑂3)2 (𝑎𝑞) + 2𝑁𝑎𝑂𝐻 (𝑎𝑞)

→  𝑁𝑖(𝑂𝐻)2(𝑠)

+  2𝑁𝑎𝑁𝑂3 (𝑎𝑞) 

(7) 

 

The functional groups available on the catalyst were 

identified using FTIR, and results are displayed in Fig. 2. 

The peak observed at 455 cm-1 is  assigned to the 

stretching and bending vibrations of Fe–O bonds in α-

Fe2O3 [19]. The intense absorption peaks observed at 526 

cm-1 are attributed to the vibrational modes of the Fe-O 

bond [20]. Both of these peaks are present in all metal 

catalysts except the Ni catalyst, indicating that Fe metal 

was successfully incorporated and is present in the mixed 

metal catalysts. The appearance of strong vibrations at 

525 cm-1 suggests the presence of Ni–O bonds in the 

fingerprint area [21].   

The region at approximately 3340 cm-1 is associated 

with hydroxyl group (OH) activities, which is supported 

by the study conducted by Salim et al. [22]. Based on the 

research by Saravanakkumar et al. [23], the band observed 

at around 1100 cm-1 can be attributed to the stretching 

mode of the Ni-O-Ni bond.  Comparing these results with 

similar FTIR spectra in the literature, the peaks observed 

in our catalysts closely align with those found in iron 

oxide-based materials, such as the typical absorption 

peaks for Fe–O at 451 and 531 cm-1 in Fe2O3 [24]. In our 

study, similar peaks at 455 cm-1 and 526 cm-1 were 

observed, suggesting that the Fe–O bonds in our mixed 

metal catalysts are consistent with those reported for iron 

oxide phases. In conclusion, the result obtained from the 

FTIR spectrum proved that the existing functional groups 

associated with both Ni and Fe in the catalysts produced 

are consistent with the XRD findings. 
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Figure 1. XRD analysis for Fe, Ni and Fe.xNi catalysts

Figure 2. FTIR analysis for Fe, Ni and Fe.xNi catalysts 

The TGA and DTG of metal catalysts are shown in 

Fig. 3 to demonstrate the weight losses of catalysts with 

increasing temperature. TGA result reveals a first-step 

weight reduction occurring below 100 °C for all catalysts, 

which can be attributed to the removal of both physically 

adsorbed water and the dehydration of surface hydroxyl 

groups [25]. The second step occurred as a result of the 

breakdown of hydroxyl metal into metal oxides at 

temperatures ranging from 200 to 400 ⁰C. These chemical 

reactions are similar to the findings by Feyzi and 

Hassankhani [26] and Pinto et al.  [27]. These reactions 

were also confirmed by XRD analysis, as shown in Equ. 

4  to 7.  Based on Equ. 4, calcination of iron (II) hydroxide 

(Fe(OH)3) at high temperature produced iron (III) oxide 

(Fe2O3). Fe(OH)3 is a product of the precipitation of iron 

(III) chloride (FeCl3) with NaOH, as shown in Equ. 6. 

Meanwhile, calcination of nickel (II) hydroxide 

(Ni(OH)2) at high temperatures generated nickel oxide 

(NiO). Similar to Fe(OH)2, Ni(OH)2 is the product formed 

by precipitation of Ni(NO3)2 with NaOH, expressed in 

Equ. 7.  Regarding catalytic activity, several key 

conclusions can be drawn from the TGA curves. The first 

step of weight loss below 100 °C is indicative of the 

presence of adsorbed water and hydroxyl groups, which is 

important for understanding the catalyst’s surface 

chemistry. A stable surface without excessive water or 
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hydroxyl content is desirable for catalytic efficiency, as 

these species may hinder reactant adsorption and the 

catalytic process. The second-step weight loss between 

200 and 400 °C is linked to the decomposition of hydroxyl 

metal into metal oxides, which are critical active sites for 

catalytic reactions. TGA results demonstrate that all 

prepared Fe.xNi catalysts were stable up to 200 °C, as 

shown in Fig. 3(c)-(e) and suitable for the production of 

LA as the reaction was performed within this temperature 

range. The weight loss observed at higher temperatures is 

likely due to the decomposition of the metal oxide 

structures. This is an important consideration when 

optimizing the operating conditions for catalytic 

reactions, which could lead to a loss in active sites and 

catalytic efficiency.  

For deeper understanding, the catalyst was analyzed 

by XPS to identify the surface composition and chemical 

oxidation states of the surface species in terms of iron, 

oxygen and nickel. Only one catalyst was selected, 

Fe.75Ni catalyst because this catalyst produced the 

highest yield of LA which is discussed in the next section 

(Section 4.2.5). The wide scan was carried out between 0 

and 1200 eV of energy binding as shown in Fig. 4(a). The 

wide scan provides an overview of the elemental 

composition present on the catalyst surface. 

The XPS spectra in Fig. 4(b) reveal that the catalyst 

exhibited a Ni 2p3/2 peak at a binding energy of around 

852.25 eV, indicating the presence of Ni2+. Additionally, 

Ni 2p1/2 peaks were observed at a binding energy of 

870.25 eV, which is attributed to Ni3+ [28]. Moreover, the 

peaks at 858.50 eV and 877.51 eV are ascribed to satellite 

peaks of the Ni species [29]. The Fe 2p core-level XPS 

spectrum in Fig. 4(c) exhibits two shakeup satellites at 

714.9 and 717.7 eV, along with two strong peaks at 722.33 

and 710.05 eV.  

These peaks correspond to the Fe 2p1/2 and Fe 2p3/2 

peaks, respectively, which are the characterization of Fe3+ 

and closely match the peaks observed in Fe2O3 [30].  The 

main component of the catalyst namely Fe2O3 and NiO in 

the sample is further confirmed by the O 1s signal of the 

XPS spectrum as illustrated in Fig. 4(d) which can be 

divided into two peaks.

 
 

Figure 3. TGA and DTG curves of catalyst (a) Fe, (b) Ni, (c) Fe.25Ni, (d) Fe.50Ni and (e) Fe.75Ni 
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Figure 4. XPS analysis of Fe.75Ni catalyst (a) wide scan (b) Ni 2p (c) Fe 2p and (d) O 1s 

The peak located at 528.35 eV corresponds to Ni-O 

bonds while those located at 531.07 eV refer to Ni-O or 

Fe-O bonds, similar to the findings by Jiang et al. [31] . 

Consequently, the developed catalyst consisted of NiO 

and Fe2O3 which has already been confirmed via XRD 

analysis. 

3.2. Surface area and porosity 

The textural characteristics of all catalysts obtained from 

N2 adsorption-desorption isotherms are provided in Table 

2. The BET-specific surface areas of Fe.25Ni, Fe.50Ni, 

Fe.75Ni, Fe and Ni catalysts were found to be 33.09, 

15.89, 48.17, 5.63 and 52.96 m2/g, respectively. The 

results indicate that the Fe.75Ni and Ni catalysts exhibited 

higher surface areas compared to the other metal catalysts. 

The trend of surface area follows Ni > Fe.75Ni > Fe.25Ni 

> Fe.50Ni > Fe.  It is observed that the BET surface area 

increased as NiO content increased, which is similar to the 

findings by Hu and Teng [32].  

The BET surface area of the Ni catalyst (52.96 m2/g) 

is lower than NiO catalyst (188 m2/g) reported by Tong et 

al 92015), but higher the NiO catalyst (28.4 m2/g) studied 

Xu et al. [18]. The differences in surface area may be 

attributed to the various preparation methods and heating 

techniques used. In case of mixed metal catalysts, the 

surface areas declined to 15.89 – 48.17 m2/g with further 

increase in the Fe content. This could be attributed to the 

accumulation of Fe2O3 crystallites validated in the XRD 

result which is discussed in a section above (Section 

4.2.1). The larger surface area of Fe.75Ni and Ni catalysts 

can be effectively associated with the significant pore 

volume (> 0.10 cm3/g), which is mostly attributed to the 

increased amount of liquid nitrogen adsorbed [33]. The 

pore properties of the catalyst, including pore sizes and 

diameters, are presented in Table 2.

The pore sizes vary from 3.60 to 8.24 nm, indicating 

that the catalyst is a mesoporous material. According to 

IUPAC classification, nanoporous materials are 

categorized into three primary types based on pore size: 

microporous materials (pore size < 2 nm), mesoporous 

materials (pore size 2–50 nm), and macroporous materials 

(pore size > 50 nm) [34]. The Ni and Fe.50Ni catalysts 

showed similar pore diameters ranging from 8.04 to 8.24 

nm. The Fe.50Ni exhibited a high pore diameter, even 

though the pore volume was low, most likely due to the 

adsorption of liquid nitrogen occurring on the external 

surface area rather than filling the micropores [33].
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The N2 adsorption-desorption isotherms are shown in 

Fig. 5, while the pore size distribution curves are 

illustrated in Fig. 6. The isotherms for all the catalysts 

exhibit a type IV profile, which is a characteristic of 

mesoporousmaterials. The presence of a desorption 

hysteresis loop (H3 type) confirms the coexistence of 

mesoporous (2–50 nm) in the catalyst structures [15].  The 

H3 classification is specific to solid materials composed 

of flexible, non-rigid aggregates or agglomerates of plate-

like particles, resulting in extensive non-uniform slit-

shaped pores [15]. The pore size distribution curve in Fig. 

6 shows that the average pore sizes of all metal catalysts 

are within the range of 2–18 nm. For Ni, Fe.50Ni and 

Fe.75Ni catalysts, the pore size distribution gave a 

climbing peak observed at the high-pressure region, 

indicating the presence of prominent mesoporous 

characteristics in these catalysts [35]. The likewise trend 

for pore size distribution of Fe in Fig. 6(a) and Fe.25Ni in 

Fig. 6(d) are observed due to the blockage of pore when 

the amount of Fe was high.  

 

3.3. Acid sites properties 

 

The acidity characteristics of the catalysts, as determined 

by the amount of ammonia uptake, are presented in Table 

3. The acidity data ranks Ni > Fe.75Ni > Fe.50Ni > 

Fe.25Ni > Fe. Based on the XRD analysis, the Fe catalyst 

is referred to as Fe2O3, while the Ni catalyst is referred to 

as NiO. Therefore, the comparison of acidity with 

previous studies was done by comparing the total acidity 

of Fe2O3 and NiO. The results indicate that the Fe catalyst 

possesses slightly weak acidic site properties, while the Ni 

catalyst showed the highest weak acid sites with total 

acidity (15.57 mmol/g). This is higher than the total 

acidity for Fe2O3 in other studies, which ranged from 1.75 

to 2.60 mmol/g (Atius and Astuli, 2021 and Preda et al. 

[36]. In comparison to other studies, the total acidity 

observed for NiO is significantly higher, reflecting its 

more prominent role in catalysis due to a greater 

concentration of weak acid sites.The inclusion of NiO 

species in the catalytic system enhances the presence of 

acidic sites, as confirmed by Hafriz et al. [37]. The acidity 

strength is determined by the quantity of adsorbed NH3 at 

various desorption temperatures, where weak acidity 

refers to desorption temperatures below 573 K, medium-

strong acidity refers to desorption temperatures ranging 

from 573 K to 773 K, and strong acidity corresponds to 

desorption temperatures above 773 K [38]. The ammonia 

desorption profiles of metal catalysts, shown in Fig. 7, 

reveal the presence of weak, medium, and strong acid 

sites. The Fe.75Ni catalyst exhibits a broader and more 

pronounced NH3 desorption peaks across the temperature 

range of 473-1273 K, indicating aa higher concentration 

of acid sites compared to other mixed metal Fe.xNi 

catalysts. This broad desorption peak range suggests the 

existence of both Brønsted and Lewis acid sites, which are 

crucial for various catalytic reactions. The profile for Ni 

catalyst shows the highest peak of weak acids, suggesting 

that the catalyst is rich with weak acids from Lewis acid 

species. The inclusion of both iron and nickel in the 

catalyst promotes the development of Lewis acid sites 

[39].  

 

Table 2. Physical properties of Fe.xNi catalysts 

Catalyst aBET Surface Area  

(m2/g) 

aPore Volume 

(cm3/g) 

aPore Size/ Diameter  

(nm) 

Crystallite size 

(nm)b 

Fe.25Ni 33.09 0.0340 3.60 17.3171 

Fe.50Ni 15.89 0.0478 8.24 23.0146 

Fe.75Ni 48.17 0.1141 6.44 18.9391 

Fe 5.63 0.0110 4.63 16.8759 

Ni 52.96 0.1677 8.04 16.1925 

a) Determined by using BET analysis. 

b) Calculated using Scherer Equation determined from XRD data. 

 
Figure 5. Isotherm profiles of Fe, Ni and Fe.xNi catalysts 
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Figure 6. Distribution of pore volume of (a) Fe.25Ni (b) Fe.50Ni (c) Fe.75Ni (d) Fe and (e) Ni catalysts 

Table 3. Acidity data of Fe.xNi catalysts 

 

Catalyst Total amount NH3 adsorbeda (mmol/g) 

Fe.25Ni 3.26 

Fe.50Ni 4.96 

Fe.75Ni 8.39 

Fe 1.44 

Ni 15.57 

                                                      a)NH3-TPD desorption peak for all catalysts 
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Figure 7. NH3-TPD patterns of Fe and Ni catalysts 

 

Figure 8. FESEM images and EDX analysis for (a) Fe catalyst (b) Ni catalyst and (c) Fe.75Ni catalyst 
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After the incorporation of Ni with Fe, the peaks for 

medium and strong acids were increased, which made the 

catalysts highly active with both weak and strong acid 

sites of Lewis acid species. In comparison with other 

catalysts, the enhanced desorption at medium to high 

temperatures further suggests the increased strength of the 

acid sites as a result of the incorporation of Ni into the Fe 

catalyst. This enhanced acidity is likely a contributing 

factor to the improved catalytic performance of the 

Fe.75Ni catalyst. In this hydrolysis process, hydroxide 

(OH) ligands are formed, which act as electron pair 

donors. The OH ligands that are generated increase the 

acidity of the metal cations and thus improve their ability 

to donate electrons [9]. 

 

3.4. Surface morphology 

 

The surface morphology of the catalysts was examined 

using FESEM images, which were captured at 10,000x as 

shown in Fig. 8. The particles for both Fe and Ni catalysts 

appear to be spherical in shape and exhibit some degree of 

agglomeration. This agglomeration may be due to the 

magnetic character of the particles, whereby they attract  

and come into close proximity with one another [40]. The 

particles also exhibit non-uniformity, which can be 

attributed to particle agglomeration [41].  

Interestingly, insignificant changes were observed 

between single metal (Fe or Ni) and the Fe.75Ni catalyst, 

suggesting that the combination of iron and nickel in the 

Fe.75Ni catalyst does not significantly alter the 

morphology structure of the catalyst. These features may 

enhance the active and accessible surface area for the 

reaction [42]. The FESEM images also depict the 

presence of string-like structures on the spherical 

particles. These features may enhance the active and 

accessible surface area for the reaction, potentially 

contributing to the catalytic efficiency. The elemental 

composition of the catalyst was analyzed using EDX 

spectroscopy, and the results are reported as a bar chart in 

Fig. 8. The EDX analysis of the Fe. 75Ni catalyst confirms 

the successful incorporation of NiO and Fe2O3 metal 

oxides. However, the results show that the actual Ni 

content was only 40%, instead of the expected 75%, while 

the Fe content was 10% instead of the intended 25%.  

This deviation may be due to the presence of oxygen 

in the formation of NiO or Fe2O3. To further validate the 

metal composition, X-ray fluorescence (XRF) analysis 

was performed, and the results are presented in Table 4. 

The XRF data provide the amount of Fe and Ni without 

the influence of oxygen, and the minor variations in the 

composition are within an acceptable range. It can be 

concluded that the precipitation method is a practical and 

efficient method for introducing metal catalysts.  

In addition to EDX analysis, the elemental distribution 

mapping of the Fe.75Ni catalyst was performed to provide 

a detailed understanding of the spatial distribution on 

these elements on the catalyst surface. The mapping 

images, shown in Fig. 9, reveal the distribution of iron, 

nickel, and oxygen, which can be referred to as NiO and 

Fe2O3 metal oxides.  

The uniform distribution is crucial for the catalytic 

activity, as it ensures that the active sites are evenly 

distributed, allowing efficient reaction kinetics and 

improved catalytic performance.  

 

3.5. Conversion of cellulose and glucose into LA 

 

The catalytic activity of Fe and Ni-based catalysts was 

evaluated for the production of LA and other intermediate 

products using two different raw materials: cellulose and 

glucose. The performance of catalyst, including Fe, Ni, 

Fe.25Ni, Fe.50Ni and Fe.75Ni, was compared, as shown 

in Fig. 10(a) and 10(b) for cellulose and glucose, 

respectively. The catalytic activity was assessed at a 

temperature of 180 ⁰C and a reaction time of 5 hours.  

For the synthesis of LA from cellulose, the highest 

yield of LA (10.51 %) based on theoretical yield was 

obtained from Fe.75Ni catalyst and the yield based on 

weight percentage was 7.52 wt.%. This catalyst 

outperforms others, including Ni (with a 6.37% yield) and 

Fe (with only 2.92% yield), which can be attributed to the 

unique synergy between Fe and Ni species.  

The Fe.75Ni catalyst's increased yield correlates with 

its enhanced surface area and acidity as detailed in the 

BET and NH3-TPD results which indicate a higher 

number of available acid sites. The trend of LA production 

from cellulose was Fe.75Ni > Ni > Fe.50Ni > Fe.25Ni > 

Fe.  

Table 4. Elemental composition of Fe.xNi catalysts determined by XRF 

Catalysts XRF analysis  

(wt.%) 

 Actual composition value  

(wt.%) 

 Fe Ni Others  Fe Ni 

Fe 98.2 - 1.9  100.0 - 

Ni - 99.8 0.2  - 100.0 

Fe.25Ni 73.2 24.5 2.3  75.0 25.0 

Fe.50Ni 51.9 47.4 0.8  50.0 50.0 

Fe.75Ni 22.4 77.1 0.46  25.0 75.0 
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Figure 9. EDX mapping for Fe.75Ni 

When using glucose as the raw material, the highest 

yield of LA (32.32 %) of theoretical was achieved also 

from the Fe.75Ni catalyst, with the yield based on weight 

percentage at 20.82 wt.%. Notably, the highest surface 

area was observed in the Ni catalyst (52.96 m²/g), which 

corresponds to its excellent catalytic activity in glucose 

conversion, yielding 16.93% of LA.  

However, the Fe.75Ni catalyst, which had a slightly 

lower surface area (48.17 m²/g), achieved a higher LA 

yield, suggesting that surface area alone may not fully 

explain the catalytic behavior. The synergy between Fe 

and Ni in Fe . 75Ni, which provides a combination of 

stronger Lewis acid sites and efficient porosity, is likely 

the key factor that enhances the catalytic efficiency as 

discussed further in the NH3-TPD and pore size 

distribution sections. To confirm the role of the catalyst, a 

blank sample was conducted without Fe.xNi catalyst. The 

yields of HMF and LA from glucose were 0.04% and 

7.33% of theoretical, respectively. For cellulose, the 

yields of HMF and LA were 0.11% and 0.92% of the 

theoretical values, respectively.  

The significant difference in the yields between the 

samples with and without Fe.xNi catalyst confirmed the 

crucial role of these catalysts in the biomass conversion 

reactions. The function of Fe in our catalytic system is 

mainly associated with its strong Lewis acidity.  

Fe³⁺ ions quickly undergo hydrolysis in aqueous 

environments, producing highly reactive Lewis acid sites 

crucial for facilitating the dehydration and rehydration 

processes of cellulose-derived intermediates into levulinic 

acid [10]. Conversely, Ni primarily provides weaker 

Lewis acid sites and facilitates the degradation of 

crystalline cellulose, thus enhancing the accessibility of 

cellulose chains for hydrolysis [13]. When utilized 

individually, Fe demonstrated lower LA yields compared 

to Ni, as it was incapable of effectively disrupting the 

crystalline structure of cellulose. When Fe was coupled 

with Ni, the catalytic activity was markedly enhanced due 

to the dual advantages of robust Lewis acidity from Fe and 

cellulose structural disruption facilitated by Ni. The 

synergy was obviously evident in the Fe.75Ni catalyst, 

which demonstrated the maximum yield of LA. The result 

of LA in this study is also higher than the result obtained 

in a study by Boonyakarn et al. [12] using the combination 

of Brønsted hydrothermal carbon-based and Lewis acid 

catalysts to produce LA from cellulose. This indicates that 

the application of Lewis acid alone is sufficient to produce 

a high yield of LA. 
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Figure 10. Product yields (%) based on theoretical yield and LA yield (wt%) from cellulose (a) and glucose (b) using Fe.xNi catalysts. Reaction conditions: 

5 g cellulose or glucose, reaction temperature 180 ºC, reaction time 5 h, catalyst dosage 0.15 g 

 

The results from the experiments using both cellulose 

and glucose as raw material indicate that Fe.75Ni is the 

best performance in terms of LA production. The 

physicochemical characteristics of the catalysts, such as 

their porosity and acidity, are related to the distribution of 

the products from the reactions [43]. The Fe.75Ni catalyst 

has a high acidity value and a large number of acid sites, 

as confirmed by the TPD-NH3 analysis. The chemical 

route of converting cellulose or glucose to LA requires a 

high concentration of acid sites [44]. While the Ni catalyst 

had the highest acidity value, the type of acidity also 

influenced  LA production [45]. The combination of Fe 

and Ni in the Fe.75Ni catalysts produced highly strong 

LewisLewis's acid, whereas the Ni catalyst can only 

generate weak Lewis acid sites. The pore size of the 

catalyst also influenced the yield of LA from cellulose or 

glucose. Furthermore, the size of mesopores among the 

metal catalysts (3.60-8.24 nm) was smaller compared to 

the cellulose molecule (40–300 μm) [46] but larger than 

the glucose molecule (0.54 to 0.97 nm) [47]. Therefore, 

during the cellulose conversion process, the reaction could 

only take place outside the Fe-Ni catalysts because 

cellulose was unable to pass through the catalysts' pores. 

After cellulose was transformed into glucose, the 

molecules may enter the catalysts. 

In addition to the observed trends in LA production, it 

is important to note that the lower LA yields from the 

catalyst with greater Fe loading can be assumed due to the 
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production of an additional by-product, such as lactic acid 

(Ramli and Amin [48]. The amount of FA was lower than 

the LA yield for all the reactions. This could be due to the 

breakdown of FA under the reaction conditions. A study 

by Ya’Aini et al. [49] found that FA has been seen to 

undergo breakdown into carbon monoxide (CO), carbon 

dioxide (CO2), water (H2O), and hydrogen gas (H2) under 

conditions of heat and acidity. As shown in Fig. 10, the 

presence of glucose and HMF as intermediates in the final 

products suggests that the conversion process was not 

fully optimized. Furthermore, a study by Wang et al. [50] 

produces the highest amount of LA when conducted 

experiment at 240 °C for 6 hours using metal oxide 

catalyst. This indicates that further optimization of 

reaction conditions or modifications to the catalysts may 

be necessary to enhance the conversion and selectivity 

towards the desired LA product. Based on various 

analyses and reaction results, a mechanism for the 

conversion of cellulose to LA catalyzed by Fe.xNi catalyst 

was proposed, as illustrated in Fig. 11. It can be observed 

that the products mainly contained glucose, HMF, and 

LA. Fe²⁺ and Fe³⁺ (from Fe₂O₃) and Ni+ act as Lewis acids, 

promoting bond cleavage of cellulose and promoting the 

glucose isomerization into fructose [51]. 

 

3.5.1. Optimization of conditions 

 

The production of LA from glucose was examined under 

different experimental conditions, including reaction 

temperature, catalyst loading, and reaction time. These 

parameters significantly impacted the yield of LA and 

provided insights into optimizing the reaction conditions 

for efficient production. Glucose was selected as the 

feedstock due to its high conversion efficiency, 

availability, and ability to dissolve in the reaction solvent. 

Meanwhile, for the catalyst, Fe.75Ni was used based on 

the highest result from the catalyst screening.  

Temperature plays a pivotal role in the hydrolysis and 

subsequent conversion of glucose into LA, significantly 

influencing the reaction and the formation of both desired 

and undesired products.  

      As demonstrated in Fig. 12, increasing the reaction 

temperature from 120°C to 200°C resulted in a substantial 

increase in LA yield with a rise from 16.74% at 120°C to 

34.92% at 200°C. The increased temperature helps to 

break the glycosidic bonds of glucose more efficiently and 

leads to the formation of HMF as a key intermediate in the 

conversion of sugars to LA [52]. At temperatures of 

160°C and above, the reaction favors the conversion of 

glucose to HMF, followed by rapid conversion of HMF to 

LA, which confirms the expected reaction pathways. This 

is consistent with findings from similar studies where the 

formation of LA was observed to increase with 

temperature concurrently with the increasing of HMF 

formation.  

However, it is important to note that while temperature 

is a crucial factor for enhancing LA yield beyond 200°C, 

the formation of by-products like humin was possible to 

rise significantly [53].  

These side reactions potentially hinder the optimal 

production of LA, leading to a decrease in overall process 

efficiency. The concentration of HMF, an important 

intermediate, still remained relatively high at 200°C, 

although the LA yield reached 34.92%, which suggests 

that the conversion of glucose into HMF still happened. 

However, it was not possible to reach temperatures above 

200 °C because of reactor constraints. 

Catalyst loading is a crucial parameter that 

significantly impacts the efficiency of LA production in 

glucose conversion reactions.  

 
 

Figure 11. Schematic diagram of the catalytic conversion process of cellulose to LA over the Fe.xNi catalyst 
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As presented in Fig. 13, increasing the catalyst loading 

from 0.05 g to 0.4 g resulted in an initial increase in LA 

yield, with the highest LA wt% of 29.72% observed at a 

catalyst loading of 0.3 g. This trend suggests that as 

catalyst loading increases, more active sites are available 

for the reaction, thereby enhancing the rate of glucose 

conversion to LA.  

A higher catalyst loading typically improves the 

efficiency of the reaction by facilitating the breakdown of 

glucose and promoting the formation of intermediates, 

such as those that are crucial for LA production. This 

aligns with findings from other studies where an increase 

in catalyst loading has been associated with enhanced 

catalytic activity due to a greater number of available sites 

for adsorption and reaction.  

However, the data also reveals a slight decrease in LA 

yield when the catalyst loading is further increased to 0.4 

g, with the LA wt% dropping to 25.08%. This reduction 

in LA yield at higher catalyst loadings highlights a critical 

aspect of catalyst behaviour. Excessive catalyst loading 

can lead to several issues that negatively impact the 

efficiency of the reaction.  

First, an overabundance of catalyst may introduce side 

reactions that result in the formation of unwanted by-

products. It was expected that the higher catalyst loading 

may have promoted the formation of humins or other side 

products, which can block the active sites or interfere with 

the catalytic process, thereby reducing the overall yield of 

LA.Reaction time also significantly impacts the yield of 

LA.  

The results in Fig. 14 demonstrate that as the reaction 

time increased from 3 hours to 9 hours, the LA yield 

initially increased and reached 46.18% at 5 hours. 

However, further extension of the reaction time led to a 

gradual decline in LA yield from 29.72% at 5 hours to 

26.18% at 9 hours.  

This decrease can be attributed to the formation of 

humins and other polymeric by-products, which not only 

reduce the concentration of the desired product but also 

contribute to catalyst deactivation.  

These findings suggest that longer reaction times can 

enhance the yield up to an optimal point, but excessive 

reaction time leads to the formation of undesirable by-

products that decrease overall LA production.  

 

3.5.2. Reusability of catalyst 

 

The reusability and stability of catalysts are fundamental 

factors that influence the long-term viability of catalytic 

processes, particularly in industrial applications where 

catalyst replacement is costly.  

In this study, the performance of an Fe.75Ni catalyst 

was assessed over five consecutive reaction cycles to 

evaluate its ability to retain activity and generate LA 

efficiently, as shown in Fig. 15.  

The experimental setup was optimized to operate at a 

reaction temperature of 200°C for a period of 5 hours 

using glucose as the feedstock and a catalyst loading of 

0.3 g. Initial results revealed that the LA yield from the 

fresh catalyst was 46.18% (29.72 mass%), indicating 

efficient glucose and HMF conversion.  

However, as the catalyst underwent repeated cycles, a 

marked decline in catalytic performance was observed. By 

the fourth cycle, the LA yield had decreased to 24.49% 

(15.72 mass%) and further reduced to 11.47% (8.65 

mass%) in the fifth cycle. This trend suggests a 

progressive loss of catalytic efficiency, which is typically 

associated with catalyst deactivation.  

 

Figure 12. Product yields (%) based on theoretical yield and LA yield (wt%) from glucose at different temperatures using Fe.75Ni catalysts. Reaction 

conditions: 5 g glucose, 5 h and catalyst dosage 0.15 g 
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Figure 13. Product yields (%) based on theoretical yield and LA yield (wt%) from glucose using different loadings of Fe.75Ni catalysts. Reaction conditions: 

5 g glucose, 200 ºC and reaction time 5 h 

 

 

Figure 14. Product yields (%) based on theoretical yield and LA yield (wt%) from glucose at different times using Fe.75Ni catalysts. Reaction conditions: 

5 g glucose, 200 ºC and catalyst dosage 0.30 g 

 

 

The underlying cause of this decline can be attributed 

to the loss of active sites, which are essential for 

facilitating the desired reactions. To gain a deeper 

understanding of the catalyst’s deactivation, the NH₃ 

absorption capacity of both the fresh and spent catalysts 

was measured using TPD-NH3 analysis.  

The fresh catalyst demonstrated an NH₃ absorption 

rate of 8.39 mmol/g, indicating a high availability of acid 

sites. In contrast, the spent catalyst exhibited a 

significantly reduced NH₃ absorption capacity of only 

0.38 mmol/g. This reduction in acid site concentration 

correlates with the observed decrease in LA yield, 

supporting the hypothesis that the loss of acidic active 

sites is directly responsible for the catalyst’s diminished 

performance [53]. The catalyst deactivation observed in 

this study is consistent with previous research in the field, 

which has shown that the reusability of catalysts is 

influenced by the amount of acid sites [43].  

The cleaning procedure, involving hexane and 

methanol washes to remove polar and non-polar 

impurities, may also contribute to the leaching of these 

acid sites, thereby accelerating catalyst deactivation [54]. 

The findings of this study, which show a substantial 

reduction in LA yield and NH₃ absorption after multiple 

cycles, further highlight the need for methods to restore 

catalyst activity after each reuse. 
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Figure 15. Reusability study of Fe.75Ni catalyst. Reaction conditions: 5g glucose, reaction temperature 200 ºC, reaction time 5h and catalyst dosage 0.30 g

4. Conclusion 

 

In conclusion, the catalytic performance of various Fe and 

Ni loadings was evaluated, revealing that the Fe.75Ni 

catalyst demonstrated the highest activity among the 

synthesized catalysts (Fe, Ni, Fe.25Ni, Fe.50Ni).  

The Fe.75Ni catalyst achieved a maximum LA yield 

of 32.32% based on theoretical yield or 20.82 wt.% based 

on weight percentage compared to other catalysts. This 

performance was observed at a reaction temperature of 

180 ºC for a reaction time of 5 hours by using a catalyst 

loading of 0.15g. The findings suggest that LA production 

over mixed metal catalysts is predominantly influenced by 

the catalyst's acidity, while the good surface area also 

plays a crucial role by providing abundant catalytic sites. 

The excellent performance of Fe.75Ni is attributed to its 

high acidity and large acid sites, as well as its appropriate 

pore size distribution, which facilitate the effective 

conversion of cellulose and glucose to LA.  

The optimal conditions for obtaining the highest LA 

yield from glucose were identified as a reaction 

temperature of 200 °C, 0.30 g of Fe.75Ni catalyst, and a 

reaction duration of 5 hours. Under these conditions, the 

LA yield reached 46.18% based on the theoretical yield or 

a weight percentage of 29.72 wt.%. While the Fe.75Ni 

catalyst demonstrated an initial high activity, but its 

performance significantly decreased after several cycles 

due to the loss of acid sites. The reduction in NH₃ 

absorption and acid site concentration provides strong 

evidence that the catalyst deactivation is primarily caused 

by the leaching of these active components.  

The study highlights the importance of optimizing 

both the physical and chemical properties of catalysts to 

achieve high yields of LA.  

While this study focuses on optimizing catalytic 

performance, the practical application of LA production 

requires further work, particularly in product purification 

and isolation. These aspects will be addressed in future 

research. The results emphasize the potential of mixed 

metal oxide catalysts, particularly the Fe.75Ni catalyst, in 

the production of LA from cellulose or glucose and 

provide a foundation for further research and optimization 

in this field. 
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