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Synthesis of 5-hydroxymethylfurfural (HMF) from sugar compounds in the form 
of glucose using natural zeolite catalysts Ende-Nusa Tenggara Timur (NTT) 
through activation and modification of Cr metal impregnation processes has been 
carried out. This study aims to determine the potential of Ende natural zeolite as 
a catalyst in converting sugar compounds into HMF. The results showed that 
natural zeolite from Ende without activation, the process of activating acid-base 
compounds, and zeolite with the Cr metal embedding method had the potential 
as a catalyst for the transformation of sugar compounds into HMF. The resulting 
yield of glucose substrate was around 50.17%. Using a Cr-zeolite catalyst resulted 
in an HMF yield for glucose substrate of 26.78%. Overall, Ende natural zeolite can 
be used as a catalyst for synthesizing HMF without modification and with Cr metal 
impregnation. 

 

1. Introduction 

Utilization of natural mineral resources, which are 
abundant in Indonesia, is one of the opportunities for 
research innovation. Thus, besides making an important 
contribution to developing advanced materials research, 
these natural resources can also maximize their potential 
and usefulness [1]. One abundant natural resource is 
natural zeolite minerals. Data from the Geological 
Agency, Department of Energy and Mineral Resources 
shows that natural zeolite reserves in the Ende-East Nusa 
Tenggara (NTT) district are around 20 million tons. The 
large zeolite content in this area has not been utilized 
optimally [2]. 

Sugar compounds such as fructose and glucose are 
used in the compound 5-hydroxymethylfurfural (HMF) 
synthesis process. HMF acts as a platform compound for 
the production of various chemicals such as 
dimethylfuran (DMF), levulinic acid, 2,5-
furandicaboxylic acid (FDA), 2,5-diformylfuran (DFF), 
3,5-dihydroxymethylfuran, and other important 
molecules other. Compounds derived from HMF can be 
used as precursor molecules for producing raw chemical 

materials: furfural alcohol, plastics, medicines (such as 
antiviral hepatitis precursors), and liquid hydrocarbon 
fuels [3]. The structure of HMF is shown in Figure 1. 

HMF can be produced through the dehydration of 
fructose, a process in which fructose loses three water 
molecules to form HMF. However, when starting from 
glucose, HMF production requires an additional 
isomerization step, which converts glucose into fructose 
before undergoing dehydration to yield HMF. Both 
isomerization and dehydration reactions occur in the 
presence of a catalyst [4]. The catalyst used in these 
reactions can either be in the same phase as the reactants, 
known as a homogeneous reaction, or in a different 
phase, referred to as a heterogeneous reaction. Various 
metal chloride catalysts, such as CrCl3, AlCl3, CuCl2, and 
MnCl2, are commonly used to facilitate the conversion of 
glucose into HMF [5]. Although homogeneous catalysts, 
such as metal chlorides, effectively promote the reaction, 
they have significant drawbacks, including their non-
reusability and the challenges associated with separating 
them from the reaction mixture, making them less 
practical compared to heterogeneous catalysts [6]. 
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Figure 1. HMF structure 

Heterogeneous catalysts that have potential in the 
HMF production process are natural zeolites. Zeolites 
have Lewis acid and Brønsted acid sites. Using 
heterogeneous catalysts such as zeolites can overcome 
the shortcomings of using homogeneous catalysts 
because zeolite catalysts are more easily separated from 
the product and can be reused in subsequent synthesis 
processes. The zeolite catalyst is used in research by 
Weigang et al. [7] and is a synthetic zeolite catalyst [8]. 
Synthetic zeolites have advantages, including high 
crystallinity, minimum amounts of metal oxides, and 
high catalytic activity. However, the weakness of 
synthetic zeolite is that it cannot withstand high 
temperatures, and making synthetic zeolite requires high 
costs. Therefore, this research used natural zeolite as a 
catalyst source. Apart from being abundant, natural 
zeolite also has good thermal stability. Natural zeolite in 
Indonesia, which is in high abundance but not optimal 
utilization, is Ende natural zeolite from East Nusa 
Tenggara. 

One effort to increase the catalytic activity of natural 
zeolite is through the activation process, hydrothermal 
transformation, and modification of Ende natural zeolite 
[9]. This method is carried out by changing the ratio of Si 
and Al, then adding active sites by metal impregnation. 
The use of Cr metal in the form of CrCl3 is known to be able 
to catalyze the synthesis of HMF. Therefore, 
impregnating Cr metal on Ende-NTT natural zeolite is 
very important. Apart from looking at the potential of 
natural zeolites as catalysts in the transformation 
reaction of sugar compounds into HMF, this research also 
aims to increase the added value and function of natural 
zeolites in Indonesia [10]. 

2. Experimental 

2.1. Materials 

The ingredients used in this research were standard 
HMF (Sigma Aldrich), fructose (Merck), glucose (Merck), 
NaOH (Merck), HCl (Merck), DMSO (Merck), NH4Cl 
(Merck), CrCl3.6H2O (Merck). 

2.2. Tools 

The tools used included glassware, porcelain cups, 
mortar, 100 mesh filter, Whatman 40 filter paper, 
magnetic stirrer, oven, furnace, and bath. The analytical 
tools used were advanced liquid chromatography (HPLC; 
Shimadzu LC-20AD), atomic absorption 
spectrophotometer (AAS; Shimadzu AA-7000), X-ray 
diffraction spectroscopy (XRD; PANalytical Empyrean), 
and scanning electron microscope (SEM; ZEISS EVO 
MA10). 

2.3. Preparation, Activation, and Synthesis of Natural 
Na-zeolite 

Ende natural zeolite (Z) was ground until it passed a 
100-mesh sieve. Next, the zeolite was soaked in distilled 
water at room temperature for 24 hours, then filtered and 
dried at 100°C for 3 hours. Next, the zeolite was 
chemically activated using a 1.5 M HCl solution for acid 
activation. Then, the zeolite was dried at 110°C for 2 hours 
to obtain acid-activated zeolite (ZA). The zeolite sample 
was soaked in 3 M NaOH solution for 24 hours, and then 
the sample was washed with distilled water until the 
filtrate pH was neutral. After that, it was dried in an oven 
at 110°C for 3 hours, and the result was called Na-ZA. 

2.4. Synthesis of H-zeolite Catalyst from Na-zeolite 

H-zeolite was synthesized by adding 500 mL of 1 M 
NH4Cl to Na-ZA and leaving it for 36 hours at 100°C. The 
H-ZA product was filtered, washed until the pH was 
neutral, and dried in an oven at 110°C for 3 hours. Next, 
the product was calcined at 500°C for 5 hours and 
characterized using XRD. 

2.5. Glucose Conversion Process into HMF with Zeolite 
Catalyst 

The transformation process of fructose and glucose 
into HMF was carried out using the reflux method in an 
oil bath supplied with N2 gas. A total of 0.01 g of ZA 
catalyst was added to 15 mL of DMSO. Then 0.15 g of 
substrate (fructose/glucose) was added to the mixture 
and stirred using a magnetic stirrer at a speed of 600 rpm 
at a temperature of 120°C for 2 hours for fructose and 6 
hours for glucose. The product was characterized using 
HPLC at a wavelength of 284 nm, with a mobile phase of 
water:methanol in a fixed composition of 95:5, a flow rate 
of 1 mL/minute, and an injection volume of 20 µL. This 
research was conducted repeatedly by replacing the 
zeolite catalysts sequentially with ZB, Na-ZA, Na-ZB, H-
ZA, and H-ZB. All conversion results were compared 
against the HMF standard. The H-zeolite catalyst, which 
demonstrated the best catalytic activity, was further 
modified through Cr metal impregnation. 

2.6. Cr Metal Impregnation Process on H-zeolite 

A total of 5 g of H-zeolite was added to 125 mL of 
distilled water, and 3.3 gr of CrCl3∙6H2O mixed while 
stirring for 24 hours. Then, the sample was filtered and 
washed with distilled water, and the precipitate was dried 
in an oven at 110°C for 24 hours. The impregnated catalyst 
was calcined by placing it in a furnace for 3 hours at a 
temperature of 500°C. Next, the Cr-zeolite catalyst was 
characterized using SEM and XRD. Impregnation 
efficiency was evaluated using the AAS analysis. Next, the 
Cr-zeolite catalyst obtained was applied to transform 
fructose and glucose into HMF using the same method as 
previously using a zeolite catalyst. 

2.7. Glucose Conversion Process into HMF Using Cr-
Metal-Modified Zeolite Catalyst 

The glucose transformation process used a reflux 
method, filling an oil bath with N2 gas. A total of 0.01 g of 
Cr-zeolite catalyst was added to 15 mL of DMSO. Then, 
0.15 g of glucose substrate was added to the mixture and 
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stirred using a magnetic stirrer at a speed of 600 rpm at a 
temperature of 120°C for 2 hours for fructose and 6 hours 
for glucose. The product was characterized using HPLC at 
a wavelength of 284 nm, with a mobile phase of water: 
methanol in a fixed composition of 95:5, a flow rate of 1 
mL/minute, and an injection volume of 20 µL. 

3. Results and Discussion 

3.1. Preparation and Activation of Zeolite 

The initial preparation involves grinding the zeolite 
into a fine powder that can pass through a 100-mesh 
sieve. Changing the size of natural zeolite aims to 
homogenize the size and enlarge the contact surface to 
maximize the adsorption capacity [11]. In general, large 
quantities of water vapor and metal oxides reduce the 
catalytic and ion exchange capabilities of natural zeolites. 
Therefore, to enhance the quality of natural zeolite, a 
preparation and activation process is necessary [12]. 

The results of the XRD analysis performed on Ende 
natural zeolite before the activation and transformation 
process revealed that the natural zeolite is a mixture of 
mordenite and clinoptilolite, as indicated by the 
characteristic peaks at an angle of 2θ according to the 
JCPDS (Joint Committee on Powder Diffraction 
Standards) database. The peak intensities for mordenite-
type zeolite appear at angles 2θ = 19.63°, 22.25°, 25.87°, 
and 27.67°, whereas for clinoptilolite-type zeolite, the 
peaks are observed at angles 2θ = 9.87°, 13.46°, 21.36°, and 
23.49°. The XRD diffractogram of the natural zeolite is 
presented in Figure 2. 

Mordenite zeolite has the potential to be used as a 
catalyst because it can act as an acid through an activation 
process (acid and base) and calcination at high 
temperatures [13]. The XRD analysis diffractogram after 
the activation process is shown in Figure 3. Zeolite 
activation is conducted chemically by adding 1.5 M HCl 
and 1.5 M NaOH. This process aims to dissolve the metal 
oxides on the zeolite surface, thereby increasing its 
surface area [14]. The activation treatment does not 
significantly alter the 2θ angle, as the natural zeolite 
structure remains relatively stable. This structural 
stability is attributed to the high content of metal oxides, 
which contribute to the zeolite’s resistance [15]. The 
stable structure ensures the zeolite retains its functional 
properties for catalytic and adsorption applications. 

 

Figure 2. Diffractogram of natural zeolite before 
activation 

 

Figure 3. Diffractogram of natural zeolite: (a) untreated, 
(b) acid-activated, and (c) base-activated 

3.2. H-zeolite Catalyst from Na-zeolite 

The dehydration process of 3 water molecules from 
fructose to become HMF requires a Brønsted acid catalyst 
[16]. Therefore, modifying the activated zeolite into the 
H-zeolite form is necessary. The H-zeolite formation 
process cannot be carried out directly from the activated 
zeolite form due to the instability of the interaction of H+ 
ions with O in the zeolite framework. This means the 
formation process occurs through ion exchange between 
Na+ ions in Na-zeolite and ammonium ions (NH4+) in the 
acid salt solution (NH4Cl). Following the ion exchange, 
the heating and calcination process removes NH3 gas, 
while water remains in the zeolite pores, leaving only H+ 
ions. These H+ ions interact with the oxygen atoms in the 
zeolite to form an H-zeolite catalyst [17]. 

Figure 4 presents Na-ZAA, Na-ZAB, H-ZAA, and H-
ZAB diffractograms. This figure indicates that the 
activation and calcination processes for ZAA and ZAB do 
not significantly alter the 2θ angles. The observed 
changes were limited to variations in intensity, which are 
believed to affect the degree of zeolite crystallinity. 
Consequently, in addition to possessing a stable 
structure, Ende natural zeolite demonstrates good 
thermal resistance. 

 

Figure 4. Diffractograms of (a) ZA, ZAA, Na-ZAA, and 
H- ZAA, and (b) ZA, ZAB, Na-ZAB, and H-ZAB 
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Table 1. Crystallinity of Ende natural zeolite with acid 
activation 

Sample 
Degree of crystallinity 

(%) 

ZA 57.37 

ZAA 52.04 

Na-ZAA 60.19 

H-ZAA 58.64 

Table 2. Crystallinity of Ende natural zeolite with base 
activation 

Sample 
Degree of crystallinity 

(%) 

ZA 57.37 

ZAB 59.19 

Na-ZAB 59.01 

H-ZAB 58.65 

Table 1 shows that Na-ZAA has the highest degree of 
crystallinity at 62.91%. This crystalline nature is expected 
in a catalyst. The acid activation process on natural zeolite 
(ZAA) reduced the degree of zeolite crystallinity from 
59.73% to 54.40%, while the alkaline activation process 
(ZAB) did the opposite, increasing the zeolite crystallinity 
to 61.29% (Table 2). This is because, during acid 
activation, dealumination occurs in the zeolite sample, 
which results in the collapse of some of the Al-O bonds in 
the zeolite, whereas during base activation, the zeolite 
structure rearranges, and the formation of mesopores 
occurs [18]. 

The treatment of adding NaOH to ZAA increased the 
crystallinity of Na-ZAA quite high, from 54.40% to 
62.91% (Table 1), while in ZAB, the increase in Na-ZAB 
crystallinity was not significant from 61.29% to 61.52% 
(Table 2). This is because when NaOH is added, a 
distribution process of Na+ ions occurs, where these Na+ 
ions play a role in forming silicate compounds, which can 
increase the crystalline properties of the zeolite [19]. 
However, the distribution of Na+ ions in ZAB is thought to 
be less than in ZAA. After adding the acid salt NH4Cl to Na-
ZAA and Na-ZAB and then carrying out the calcination 
process at a temperature of 550°C, the two zeolite 
products H-ZAA and H-ZAB showed a decrease in the 
degree of crystallinity of H-ZAA to 61.46% (Table 1) and 
H-ZAB to 60.05% (Table 2). This is because the exchange 
of Na+ ions with NH4+ ions causes the levels of Na+ ions, 
which play a role in forming silicate compounds, to 
decrease. 

3.3. Synthesis of HMF from Sugar Materials Using 
Zeolite Catalysts 

The transformation of glucose into HMF compounds 
is conducted via the reflux method. This conversion 
initiates with an isomerization process whereby glucose 
is first transformed into fructose, followed by a 
dehydration reaction resulting in the formation of HMF 
by eliminating three molecules of water (Figure 5) [20]. 

 

Figure 5. Transformation of glucose into HMF 

Qualitative analysis of HMF was conducted by 
comparing the retention time of the synthesized HMF 
with that of a standard sample. Quantitative analysis was 
performed by calculating the yield based on comparing 
peak areas between the synthesized and standard HMF 
samples. This transformation was effectively executed, as 
indicated by the chromatogram peak observed at a 
retention time of 7.6 minutes, closely matching the 
standard sample. This observation confirms the 
successful conversion of glucose into a compound 
structurally similar to HMF, verifying its identity as HMF. 
In research by Wustoni et al. [21], the retention times for 
fructose and glucose alone were 5.8 and 6.8 minutes, 
respectively. At this stage, the CrCl3 catalyst is used as a 
comparison. Based on research by Xue et al. [22], the CrCl3 
catalyst has the best catalytic ability for the glucose 
transformation process into HMF. 

Natural zeolite catalysts exhibit limited activity due 
to the absence of Brønsted acid sites necessary to 
facilitate the dehydration process. Consequently, 
modifying Ende natural zeolite holds promise for 
enhancing HMF production, as this modification 
introduces Brønsted acid sites through the conversion to 
H-zeolite form, along with Lewis acid sites associated 
with silicon and aluminum atoms within the zeolite 
framework. 

Transforming glucose into HMF requires a 
bifunctional catalyst to assist the isomerization and 
dehydration processes. The yield of HMF synthesized 
from various catalysts is shown in Table 3. The CrCl3 
catalyst has the best ability for glucose conversion with a 
yield of 50.17%, while using a zeolite catalyst gives an 
HMF yield of 26.78 with glucose as the starting material. 
This is because the CrCl3 catalyst has bifunctional catalyst 
properties, which can help the isomerization and 
dehydration processes. The Lewis acid site (Cr3+) can help 
the process of isomerization of glucose into fructose; this 
catalyst has a halide nucleophile site (Cl-), which plays a 
role in helping the dehydration process of fructose into 
HMF [23]. The Lewis acid site (Cr3+) in CrCl3 has high 
acidity because it has empty d orbitals. Lewis acids can 
facilitate the ring opening of glucose, forming a complex 
with acyclic glucose at its hydroxyl group (C1 and C2). The 
presence of empty d orbitals in Lewis acids makes 
electron transfer from O1 to O2 and proton transfer from 
C2 to C1 easier [23]. 

Zeolite catalysts also have bifunctional properties, 
which can help the isomerization and dehydration 
processes convert them into H-zeolite form. H+ protons 
act as Brønsted-Lowry acids, which can help the 
dehydration process, while Si and Al atoms act as Lewis 
acid sites, which help the isomerization process. The 
isomerization process can be influenced by the Lewis 
acidity level of the catalyst used. Although zeolites also 
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have Lewis sites, the acidity of the Si and Al Lewis sites on 
zeolites is much lower than that of Cr on the CrCl3 catalyst 
[10]. This causes a small yield of synthetic HMF for the 
starting material glucose. 

3.4. Cr-zeolite Catalyst 

Impregnation is the process of introducing a metal 
into the zeolite micropores through an adsorption 
process [24]. The Cr metal impregnation process was 
carried out on H-zeolite. The catalytic ability of HZAA for 
glucose transformation is better than that of the H-ZAB 
catalyst. Therefore, the Cr metal impregnation process 
was carried out on the H-ZAA catalyst. The impregnation 
method used is ion exchange. 

Percent impregnation efficiency was evaluated by the 
amount of metal embedded in the zeolite using AAS 
observations. The efficiency of Cr impregnation on zeolite 
using the ion exchange method is 33.52%. Metal 
impregnation into zeolite can be analyzed using XRD 
diffractograms. In the Cr-zeolite diffractogram, the peak 
observed at a 2θ angle of 28.06° corresponds to the 
characteristic peak of Cr2O3, as referenced in JCPDS No. 
38-1479. This confirms the substitution of Cr3+ ions into 
the H-ZAA framework. During this process, Cr3+ ions 
migrate from the framework and occupy the cavities and 
surface of H-ZAA, resulting in the appearance of a new 
peak in the diffractogram, identified as the characteristic 
peak of Cr2O3. The transformation of the metal chloride 
CrCl3·6H2O into the oxide form Cr2O3 occurs due to the 
calcination process at high temperatures. 

The surface morphology of H-ZAA and Cr-zeolite 
was observed using a SEM. The results of SEM 
characterization with a magnification of 20,000× 
(Figure 6) show that the morphology of the H-ZAA and 
Cr-zeolite catalysts consists of layered crystalline 
lamellar particles, and there are more cavities between 
the lamellas. H-ZAA has a more regular particle structure, 
whereas the Cr- zeolite catalyst shows that the particle 
structure is less regular, forming many agglomerations. 
The irregularity of the particles in Cr-zeolite is thought to 
be caused by the formation of Cr2O3 metal oxides from the 
previous impregnation process. Apart from looking at the 
morphology of the catalyst, SEM analysis can also 
determine the average particle size of each catalyst. The 
particle sizes of the H-ZAA, Cr-zeolite, and Fe-zeolite 
catalysts are 231.95 nm, 242.60 nm, and 264.57 nm, 
respectively. 

 

Figure 6. Catalyst surface morphologies of a) H-ZAA and 
b) Cr-zeolite 

 

 

Table 3. Yield of HMF using several catalysts 

Catalyst 
% Yield of glucose starting 

material 

Ende natural zeolite 7.54 

H-zeolite 13.14 

CrCl3.6H2O 50.17 

Cr-zeolite 26.78 

3.5. HMF Products from Glucose Using Catalysts 

The modified Cr-zeolite catalyst was subsequently 
utilized to catalyze the conversion of glucose into HMF. 
Similar to earlier stages, qualitative analysis of HMF 
involved comparing the retention time of synthesized 
HMF with that of a standard sample, while quantitative 
analysis entailed calculating the yield based on peak area 
comparisons between the synthesized and standard HMF 
samples. The retention time of the synthesized HMF (7.7-
7.8 minutes), which closely matches the standard HMF 
(7.8 minutes), suggests that the chromatogram peak 
observed in the synthesized sample corresponds to an 
HMF compound. 

The yield of HMF synthesized from various catalysts 
is shown in Table 3. Table 3 shows that the Cr-zeolite 
catalyst can provide a synergistic effect for the glucose 
starting material because it can increase the yield of HMF 
compared to using only the H-ZAA catalyst. According to 
Shimizu et al. [25], the decrease in HMF yield from 
glucose using the CrOx-zeolite catalyst was caused by the 
side reactions that occurred. This reaction can be a humin 
formation reaction. Humin formation can be indicated by 
a change in product color from brown to black. This can 
be seen from the synthesis product catalyzed by Cr-
zeolite using glucose as the starting material. The 
synthesized product is blackish-brown, indicating the 
formation of humin. This fact is also supported by Silaghi 
et al. [26]; the activation energy for the transformation of 
glucose into humin is much lower (71 ± 19 kJ.mol-1) 
compared to fructose (114 ± 6 kJ.mol-1). 

4. Conclusion 

Ende natural zeolite is a mixture of mordenite and 
clinoptilolite, with the dominant peak belonging to 
mordenite based on comparison with JCPDS. Ende zeolite 
without and with metal modification can act as a catalyst 
in synthesizing sugar compounds into HMF. Modifying 
Ende natural zeolite with Cr metal impregnation has a 
synergistic effect as a catalyst from the increased yield of 
HMF produced. 
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