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Abstract 

Platform chemical 2,5-furandicarboxylic acid (FDCA) has potential applications to replace petroleum-based chemi-

cals. Metal Organic Framework (MOF) can be used as a catalyst to oxidize 5-hydroxymethylfurfural (HMF), pro-

ducing FDCA. MOF-199 and Ni-BTC were synthesized using solvothermal method with trimesic acid (benzene 

1,3,5-tricarboxylic acid/H3BTC) as a linker and Cu or Ni as a metal nod. The physical and chemical properties of 

catalysts were discovered through characterization using  X-ray Diffraction (XRD), Fourier Transform Infra Red  

(FT-IR), Thermogravimetric Analysis (TGA), Scanning Electron Microscopy - Energy Dispersive X-ray (SEM-

EDX), and Ammonia Temperature-programmed Desorption (NH3-TPD). FDCA and its intermediate compounds 

were produced by converting HMF to FDCA in a small glass batch reactor. The yields of products were then deter-

mined by High-Performance Liquid Chromatography (HPLC). HPLC results indicated that there was no DFF (2,5-

diformylfuran) signal, indicating that FDCA was formed by FFCA (5-formylfuroic acid) and HMFCA (5-

hydroxymethylfuroic acid) formation reaction pathway. The maximum conversion (71%) was obtained using Ni-

BTC as a catalyst at 130 °C for 5 h, with FDCA yield of 61.8%.  
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1. Introduction 

Biomass resources can be converted into 

clean energy through a variety of technologies. 

Biomass consists of wastewater, municipal 

waste, animal residues, industrial residues, for-

* Corresponding Author. 

   Email: yuni.krisnandi@sci.ui.ac.id (Y.K. Krisnandi); 

   Telp: +62-21-7270027, Fax: +62-21-7270012 

Received: 20th October 2023; Revised: 6th December 2023; Accepted: 7th December 2023 

Available online: 9th December 2023; Published regularly: December 2023 

estry crops and residues, and agricultural crops 

and residues [1]. An example of agricultural res-

idues that can be used as a renewable energy 

source is rice husks. The main components of 

rice husks are lignin and cellulose, with trace 

amounts of water, ash, and extractive matter 

[2]. Cellulose is a polysaccharide that can be 

converted into glucose through hydrolysis reac-

tion. The decomposition of glucose will produce 
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5-hydroxymethylfurfural (HMF). Furthermore, 

HMF can be converted into other platform com-

pounds, such as 2,5-diformylfuran (DFF), 2,5-

bis(hydroxymethyl)-furan (BHMF), levulinic 

acid, 2,5-dimethylfuran (DMF), and 2,5-

furandicarboxylic acid (FDCA) [3].  

FDCA (2,5-furandicarboxylic acid) is one of 

12 priority chemicals [4]. FDCA is multifunc-

tional due to its cyclic structure and two car-

boxyl groups [5]. The production of polyester, 

polyurethane, and polyamide is one of the po-

tential uses for FDCA [6–8]. Oxygen or perox-

ide is typically used as the oxidizing agent in 

the oxidation reaction over heterogeneous cata-

lysts, such as  MnO2 [9], Au/C [10], Pd-Bi-Te/C 

[11], Pt/CeO2 [12], and Cr2O3/CeO2 [13], to pro-

duce FDCA from 5-hydroxymethylfurfural 

(HMF). According to Stöcker [14], the exist-

ence of porous materials with practical accessi-

bility to acidic, basic, or metal sites with a large 

surface area can enhance the performance of 

metals as catalysts. In this study, the catalyst 

is based on a metal-organic framework with 

transition metal oxides (Cu and Ni). It has not 

been widely reported that MOF can be used as 

a catalyst to oxidize HMF to FDCA. 

MOF-type catalysts are porous coordination 

polymers consisting of a metal core and organic 

ligands (linkers) which can be controlled by 

variations in ligands and metals, functional 

groups, and pores [15]; so that it can be modi-

fied according to the required functionality for 

the biomass reaction [16].  In this study, MOF 

synthesis goes through the solvotermal method. 

The linker is trimesic acid (benzene 1,3,5-

tricarboxylic acid/H3BTC) to produce MOF with 

the HKUST-1 (Hong Kong University of Sci-

ence and Technology) type, also known as 

MOF-199 where the BTC ligand coordinate 

metal ions in the cubic lattice (Fm-3m) [17]. 

MOF-199 is known to have interconversion of 

metals in different oxidation states, resistance 

to toxic intermediates, and extraordinary sta-

bility in methanol oxidation in alkaline media 

[18] making it an attractive candidate catalyst 

in the oxidation reaction of HMF to FDCA. 

Thus, in this study, we observed the physico-

chemical properties of catalysts. Further-

more, effectiveness of MOF-199 made of Cu 

metal will be evaluated in comparison to 

MOF made of Ni metal and how reaction 

time affected the final product. Catalytic activi-

ty test using a vial bottle with a stainless-steel 

vial holder which is immersed in an oil bath. 

The supply of oxygen which supports the oxida-

tion reaction is provided by hydrogen peroxide. 

The reaction was carried out at 130 °C. 

 

2. Materials and Methods  

2.1 Materials 

The materials used in the experiments in-

cluded nickel(II) nitrate hexahydrate 

(Ni(NO3)2.6H2O, ≥99.5%), copper(II) nitrate tri-

hydrate (Cu(NO3)2.3H2O, ≥99.5%), methanol 

(≥99.8%), ethanol (≥99.5%), N,N-dimethyl 

formamide (≥99.8%), hydrogen peroxide (H2O2, 

30%), sulfuric acid (H2SO4, 96%), potassium 

carbonate (K2CO3, ≥99%) were purchased from 

Merck (Germany). Benzene 1,3,5-tricarboxylic 

acid (H3BTC, 95%), 5-hydroxymethylfurfural 

(HMF, ≥99%), 2,5-furandicarboxylic acid 

(FDCA, 97%), 5-hydroxymethylfuroic acid 

(HMFCA, ≥95%), 5-formylfuroic acid (FFCA, 

97%), and 2,5-diformylfuran (DFF, 97%) were 

purchased from Sigma Aldrich (US) and direct-

ly used without purification. 

 

2.2 Synthesis of MOF-199 and Ni-BTC 

Synthesis of MOF-199 and Ni-BTC through 

the solvothermal method refers to [19–21]. For 

MOF-199, 2.07 grams of Cu(NO3)2.3H2O was 

dissolved in 15 mL of distilled water, and 1 

gram of H3BTC was dissolved in 30 mL of a 

mixture of ethanol and DMF (1:1). For Ni-BTC, 

2.5 grams of Ni(NO3)2.6H2O dissolved in 15 mL 

of distilled water. Separately, 1.05 grams of 

H3BTC was dissolved in 20 mL of DMF. The 

homogeneous mixture was then transferred in-

to a teflon-lined autoclave and heated at 100 °C 

for 10 h for MOF-199 and 160 °C for 48 h for 

Ni-BTC. After the reaction was complete, the 

autoclave was slowly cooled to room tempera-

ture. The solid formed was filtered, washed 

thrice with solvent, and dried at 65 °C for 24 h. 

 

2.3 Characterization of Catalysts 

FT-IR analysis was carried out using an Al-

pha-Bruker and XRD was carried out using a 

PANalytical XPert PRO 2318 diffractometer 

with Cu-K radiation ( =1.54184 Å) as the in-

cident beam. TGA was conducted using Perkin 

Elmer 4000, sample mass in the range 4-5 mg 

in a nitrogen atmosphere (flow rate of 20 

mL/min) with a constant heating rate of 10 

°C/min and at temperature of 25-400 °C. SEM-

EDS was conducted using a FE-SEM JIB-

4610F microscope equipped with a Schottky 

electron gun robe current (200nA), electron 

backscatter diffraction (EBSD) to perform crys-

tallographic characterization, and cathodolu-

minescence (CLD). Moreover, to determine the 

surface area of samples used Quantachrome 

Quadrasorb-Evo surface area and pore size an-

alyzer. The Micrometric Chemisorb 
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2750 device was used to analyze the properties 

of acidity strength. Before NH3 adsorption, 0.05 

g sample was pre-treated by heating it for 60 

min at 350 °C for 60 min under He gas (inert). 

This was  followed by 30 min of  NH3 adsorp-

tion at 100 °C using 5% NH3 in He (v/v), then 

purged with helium gas (inert) at the same 

temperature, for 30 min. After that, NH3 de-

sorption was conducted at 100–400 °C with a 

ramp rate of 10 °C/min. It was then maintained 

at 400 °C for 15 min at a total gas flow rate of 

40 mL/min. 

 

2.4 Catalytic Activity Test 

In a typical reaction, a 20 mL vial contain-

ing 0.025 g of catalyst, 0.25 g of HMF, 5 mL of 

2% H2O2, 0.75 g of K2CO3, and 5 mL of water 

were sealed, placed into stainless steel vial 

holder, and submerged in an oil bath. The mix-

ture was stirred for 1-5 h at 130 °C. HMF and 

its derivatives were separated from the catalyst 

and then were analyzed with HPLC PG LC210 

with C18 column and UV detector at 25 °C. The 

mobile phase was a mixture of 5 mM aqueous 

H2SO4 and methanol (9:1) with a 1 mL/min 

flow rate. HMF conversion, FDCA yield, and 

catalyst selectivity were calculated using the 

standard calibration curve and determined us-

ing following equations: 

 

(1) 

 

 

(2) 

 

 

(3) 

 

where, C0 is the initial concentration of HMF 

(mg/L), Ct is the concentration of HMF after re-

action (mg/L), CFDCA is the FDCA concentration 

(mg/L), V is the volume of solution (L), mHMF is 

the mass of HMF (mg). 

 

3. Results and Discussion  

3.1 Catalyst Characterization 

The synthesis process of MOF-199 and Ni-

BTC is shown in Figure 1. The as-synthesized 

MOF-199 crystal is blue, while Ni-BTC is 

green. The synthesis was carried out by the 

solvothermal method using a mixture of etha-

nol, DMF, and water as solvent. The MOF di-

mensions are strongly influenced by the sol-

vent used. Ediati et al. [22] observed the effect 

of the ethanol and DMF solvents ratio on the 

physical properties of MOF-199 crystals. The 

effect of DMF on MOF-199 synthesis shows 

that the smaller the volume of DMF used, the 

smaller the MOF-199 crystals produced. The 

presence of DMF supports the formation of 

more and larger crystals, while ethanol and 

Figure 1. Synthesis process of MOF-199 (a-d) and Ni-BTC (e-h): solvothermal reaction in teflon-lined 

stainless steel (a and e), filtration (b and f), washing/solvent exchange (c and g), as-synthesized MOF (d 

and h). 
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water make the crystals more consistent. MOF-

199, which has the best heat resistance and 

consistent crystals, is provided by a mixture of 

ethanol: DMF solvent at a ratio of 1:1. There-

fore, the solvent ethanol: DMF was used in a 

ratio of 1:1 in this study. 

The IR spectra of MOF-199 are shown in 

Figure 2(a), which shows a peak at 750 cm−1 

corresponding to the substitution of Cu metal 

in the benzene group. The band at 1094 cm−1 

corresponds to the CO−Cu loading of the MOF. 

The absorption at a wavelength of 1450–1360 

cm−1 indicates the presence of aromatic C=C 

bonds and vibrations of carboxyl groups in 

BTC. The absorption at wavenumber 1650-

1600 cm−1 indicates the C=O (carbonyl) group, 

and the broadband at wavenumber 3500 cm−1 

indicates the presence of a physically bonded 

OH group from H2O. This is confirmed by the 

presence of absorption at wavenumber 1300 

cm−1, indicating the presence of a single C−O 

bond in the carboxylic acid, and by the band at 

1617 cm−1, indicating H−O−H vibrations of wa-

ter. Based on the results of FTIR analysis, it is 

known that HKUST-1 crystals formed due to 

the typical absorption that occurs in the four 

crystals according to the reference [22–24]. IR 

spectra of Ni-BTC shows identical spectra with 

absorption bands at 1438 cm−1, 1562 cm−1, and 

1625 cm−1. The bands show a similar IR ab-

sorption pattern to the Ni ion-coordinated COO 

groups in the region 1650-1350 cm−1 [26] and 

the vibrations of C−N and CN−CHO at 1055 

cm−1 and 932 cm−1. This shows the presence of 

Ni coordinating with the DMF molecule [27] 

and at 720 cm−1, a typical Ni−O band. 

The acidic properties of MOF-199 and Ni-

BTC were measured using ammonia adsorp-

tion (NH3-TPD), shown in Figure 2(b). Basical-

ly, the higher the desorption temperature, the 

Figure 2. IR spectra (a) and NH3-TPD curve (b) 

of MOF-199 and Ni-BTC. 

Catalyst Acid Amount (mmol/g) 

MOF-199 0.086 

Ni-BTC 0.1084 

Table 1. Acid amount in MOF-199 and Ni-BTC. 

*The acid content is determined by NH3-TPD profile 

Figure 3. Diffractogram, SEM image, and ele-

mental composition of (a) MOF-199 and (b) Ni-

BTC. 
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stronger the acidity [28]. It can be seen from 

the MOF-199 curve (Figure 2(b)) that three 

main weak peaks appear at around 180, 320, 

and 370 °C, while for Ni-BTC they appear at 

around 170, 280, and 330 °C.  

Table 1 shows the NH3-TPD measurement 

results of the acid amount in MOF-199 and Ni-

BTC is 0.086 and 0.1084 (mmol/g), respectively. 

Therefore, Ni-BTC is known to be more acidic 

than MOF-199. In addition to having a strong-

er Lewis acid, the MOF structure has more Ni 

coordinated than Cu (Figure 3). Because of 

this, Ni-BTC contains more acid than MOF-199 

does. Nevertheless, it should be noted that the 

high temperature of TPD pretreatment (350 

°C) allows damage to the MOF structure. This 

is also supported by DTG data (Figure 4), that 

the decomposition of MOF-199 and Ni-BTC at 

temperatures around 350 and 450 °C, respec-

tively. However, Gao et al. [29] shows that the 

analysis results of NH3-TPD MOF-199 at a 

high pretreatment temperature can be used to 

compare the acidity of MOF. 

Figure 3(a) shows the diffractogram of 

MOF-199. Based on previous studies [30–32] 

the typical peak that occurs and indicates that 

HKUST-1 crystals have formed is at 2θ = 9.5°; 

11.6°; and 13.4°, with the 11.6° peak having the 

highest intensity. Clear and sharp peaks indi-

cate good crystallinity. All diffraction peaks 

correspond to the standard pattern. The syn-

thesized sample was phase pure, as no appar-

ent peaks of impurities were observed [33]. 

The Ni-BTC diffractogram (Figure 3(b)) is 

similar to the previously synthesized Ni-BTC 

[20]. The peaks at 2θ = 10°; 15°; and 27.5° are 

due to the presence of nickel oxide and the for-

mation of hydroxide. Peaks at 2θ = 35°; 42°; 

and 51° indicate the presence of nickel. 

Field Emission Scanning Electron Microsco-

py (FE-SEM) was used to investigate morphol-

ogy, crystallinity, and microstructure of cata-

lysts. Figure 3 shows the crystal morphology of 

MOF-199 and Ni-BTC at 5000x magnification. 

The results show that MOF-199 has an octahe-

dral crystal shape. Synthesis at low tempera-

tures generally produces cubic crystals with 

sharp edges, while at high temperatures, the 

shape is more rounded [34]. This study used a 

relatively low reaction temperature so that the 

resulting crystals had sharp edges. In Ni-BTC, 

the morphology and crystal structure charac-

terized by FE-SEM shows that the resulting 

crystal structure is hexagonal, in accordance 

with research that has been reported [20]. The 

composition of MOF-199 according to EDX 

mapping data is 72.3% C, 20.1% O, and 7.7% 

Cu. As for Ni-BTC it is 55.8% C, 33.9% O, and 

10.4%. More comprehensive EDX results can 

be seen in Figure S2 (Supporting Information). 

The stability of the MOF can be observed 

from the characterization results with DTG. 

Figure 4(a) shows the decomposition of MOF-

199. The results show that intensive weight 

loss occurs in two stages. First, at 25-180 °C, 

which refers to the loss of water and DMF, 

both adsorbed and coordinated with metal ions 

[25]. Second, at 270-450 °C, it is associated 

with the degradation of benzene tricarboxylic 

acid (BTC) as an organic linker and the col-

lapse of the MOF structure, leaving CuO [33]. 

The Ni-BTC thermogram can be seen in Figure 

4(b). At 25-110 °C, a weight loss of 2.4% repre-

sents a water loss. DMF loss was indicated by 

a weight loss of 23.16% at 110-250 °C. Further-

more, linker degradation occurs at 250-500 °C, 

and the MOF structure is damaged [27]. 

Figure 4. DTG curve of (a) MOF-199 and (b) Ni-BTC. 
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3.2 Catalytic Activity 

MOF-199 and Ni-BTC were tested for their 

catalytic activity in 5-hydroxymethylfurfural 

(HMF) oxidation reaction to 2,5-

furandicarboxylic acid (FDCA). The oxidation 

of HMF to FDCA can occur via two synthetic 

routes: The first is the formation of 2,5-

diformylfuran (DFF) and/or 5-hydroxymethyl-

2-furandicarboxylic acid (HMFCA). The conver-

sion and the products were analyzed using 

HPLC. The peaks from the product are com-

pared with the peaks of the standard solution. 

The results showed that FDCA, HMFCA, 

FFCA, HMF, and DFF peaks appeared at re-

tention times of 8.05; 8.9; 9.6; 10.3; and 11.8 

min (Figure S1 Supporting Information).  

Product analysis results with HPLC can be 

seen in Figure 5. DFF peak did not appear, 

confirming that the formation of the synthetic 

pathway may not occur via DFF. On the other 

hand, the HMFCA and FFCA peaks were ob-

served in small amounts. The HMF peak is 

very low, which indicates successful conversion 

to produce FDCA with the highest peak. No 

other peaks were observed as products, so 

MOF-199 and Ni-BTC had high selectivity. 

FDCA yield, HMF conversion, and catalyst 

selectivity are shown in Figure 6. At 1 h, with-

out catalyst, FDCA yield was below 10% and 

Figure 5. Product analysis results with HPLC. 

Figure 6. Yield, conversion, and selectivity of HMF conversion into FDCA. 
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HMF conversion only 22.5%. FDCA yield in-

creased up to 41 and 50.5% in the presence of 

MOF-199 and Ni-BTC. Similar results were ob-

tained with the HMF conversion, which was 

50.5 and 57.9%. At 2-4 h, no catalyst gave low 

results, while in the presence of the catalyst, 

FDCA yield and HMF conversion were im-

proved, i.e., MOF-199 (40.7-50.6%; 50-57%) and 

Ni-BTC (52.4-59.8%; 60-69%). Finally, at 5 h, 

significant FDCA yield and HMF conversion 

were obtained for MOF-199 (52.6%; 60.5%) and 

Ni-BTC (61.8%; 71%). In contrast, at all reac-

tion times, the side products of HMFCA and 

FFCA were negligible (less than 10%) and DFF 

was not detected. The selectivity of MOF-199 

increased significantly with the length of the 

reaction time, where at 1 h, it was 81.58% to 

86.94% after 5 h. Meanwhile, for Ni-BTC, 

changes in reaction time did not affect selectivi-

ty. 

 

3.3 Proposed Reaction Mechanism 

From product analysis using HPLC, it is 

known that the conversion of HMF to FDCA is 

only through by HMFCA formation reaction 

pathway without involving the formation of 

DFF. According to Zhou et al. [35], for HMF 

conversion reactions without DFF formation, 

there are two main phases in the overall oxida-

tion process. In the first step, the hydroxide ion 

dissociates from the water, and the catalyst 

surface attracts the aldehyde side chain from 

the HMF. Aldehydes deposit hydroxide ions on 

the catalyst surface, which initiates a reversi-

ble hydration process that produces germinal 

diols. HMFCA is produced by oxidative dehy-

drogenation of the first intermediate diol, 

which desorbed the catalyst surface. In the sec-

ond stage, CH− binds to the side chain of acti-

vated alcohol on the catalyst surface, forming 

an intermediate aldehyde that oxidizes further 

to produce FDCA just as in step 1. The oxidiz-

ing agent indirectly aids in the process by re-

moving protons from the catalyst surface [36]. 

All reaction stages can occur due to the pres-

ence of metal bound to the O atom on the cata-

lyst as observed from the results of IR spectra 

analysis (Figure 2). The presence of metals was 

also observed from the EDX analysis results 

(Figure S2 Supporting Information). The pro-

posed reaction mechanism can be seen in Fig-

ure 7. 

 

3.4 Correlation Between the Physicochemical 

Properties of the Catalyst and the Catalytic Ac-

tivity 

The catalytic activity of the catalyst is influ-

enced by its physicochemical characteristics. In 

observing catalyst variations (Figure 6), heter-

ogeneous catalysts play an essential role. The 

acidity of the catalyst has the most significant 

impact on catalytic activity, according to sever-

al characterizations that have been done. Fig-

ure 7 demonstrates that the Lewis acid on the 

catalyst surface contributes to the initial phas-

es of the reaction. Ni-BTC has more acid sites 

than MOF-199, according to the results of the 

NH3-TPD characterization (Figure 2(b)). Be-

cause of this, Ni-BTC has better catalytic activ-

ity. The number of coordinated metals in the 

MOF affects the number of Lewis acid sites. 

Ni-BTC has more coordinated Ni than Cu in 

MOF-199, according to EDX characterization 

(Figure 3). 

From previous studies [24,37], Cu and Ni 

coordinated in MOF-199 and Ni-BTC are domi-

Figure 7. Proposed reaction mechanism. 
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nated by Cu2+ and Ni2+ which described the 

structure of MOF-199 and Ni-BTC. Ni2+ has 

moderate oxidizing ability, while Cu2+ is ex-

tremely high. The high oxidizing power of Cu2+ 

allows ring opening and product degradation 

(Figure 7) [38]. Moreover, compared to MOF-

199, Ni-BTC is more temperature resistant. 

The thermogravimetric analysis results (Figure 

4) serve as evidence for this. 

 

4. Conclusions 

MOF-199 and Ni-BTC has shown physico-

chemical properties that support its catalytic 

activity in HMF oxidation to FDCA. As-

synthesized catalysts were a pure phase with 

no obvious peaks of impurities and crystal 

structure was octahedral and hexagonal shape 

for MOF-199 and Ni-BTC, respectively. The 

best catalytic activity was given by Ni-BTC 

with 71% of HMF conversion, 61.8% of FDCA 

yield, and 87% of selectivity due to the higher 

acid content compared with MOF-199. The 

longer the reaction time, the greater the FDCA 

yield with the optimum time being 5 h. 
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