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Abstract: The production of furfural (FUR) from xylose was carried out using sulfated zirconia (SZ) on cordierite, 

alumina on cordierite and commercially-available polymeric solid catalysts (Amberlyst DT and Nafion NR40) to 

provide insights into the reaction pathways and kinetics for the dehydration of xylose in aqueous phase. 

Experiments conducted at three temperatures were investigated (170, 190 and 210 °C) in a stirred microwave-

assisted batch reactor, which established the optimal conditions to obtain the highest FUR yield as well as extensive 

and fast xylose conversion. The maximum FUR yields obtained from xylose were 41 mol% when using SZ on 

cordierite in 2 min (at 210 °C), 43 mol% when using alumina on cordierite in 30 min (at 210 °C) and 48 mol% for an 

auto-catalyzed system in 60 min (at 210 °C). Based on the experimental results, a reaction mechanism was proposed 

considering the formation of an intermediate from xylose when solid acid catalysts were added. After five 

reusability cycles using SZ on cordierite, this catalyst can be regenerated with a similar performance and similar 

FUR yield on the 6th cycle. 
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1. Introduction 
Furfural (furan-2-carbaldehyde, FUR) is the dehydration product of xylose and other pentoses, C5-sugars typically 

found in hemicellulose in lignocellulosic biomass. A wide range of FUR derivatives with high potential for 

applications has been identified. FUR is considered a selective solvent for organic compounds and serves as a 

building block for its hydrogenation to furfuryl alcohol, for components of P-series fuels or liquid alkanes, and in 

the manufacture of foundry resins [1-3]. Tetrahydrofuran and tetrahydrofurfuryl alcohol are the other two main 

chemicals obtained from FUR that have wide applications in the chemical industry. The rest of the FUR is employed 

in oil refining, pharmaceutical, plastics and agrochemical industries (as fungicide and nematicide) [4]. Although 

xylan and xylose have not yet been fully utilized in the paper industry, a significant amount of xylose, from the 

hydrolysis of woody biomass, is mixed with lignin-derived compounds and burned to provide process heat [5]. 

Therefore, valorization of these compounds offers a new economic approach for new ideas and new markets.  

The commercial process for the production of FUR involves several environmental issues, such as toxic effluents 

derived from mineral acids (sulfuric or phosphoric acid) at temperatures of approximately 200 °C and the 

consumption of high stripping-steam to FUR ratios, especially related to important energy and environmental 

concerns regarding the fuel employed to generate the steam. Homogeneous acids (in the form of dilute aqueous 

solutions) achieve a one-step hemicellulose deconstruction and xylose dehydration in the same reactor. However, 

the utilization of these corrosive homogeneous mineral acids leads to challenges in product separation, equipment 

corrosion, mineral acid loss, high amounts of acidic and toxic waste, as well as a significant amount of side reactions 

that limit FUR yields to ca. 50% [6]. New methodologies based on the use of easily-separable solid catalysts including 

zeolites [7-14], aluminosilicates supported with metals [15], modified silica [16-23], alumina [12], zirconia [12,24] 

solid acids like layered zeolite Nu-6 [25], sulfonated graphenes [26], heteropolyacids [27-29], coated activated 

carbon [30] and resins [20,31,32] to yield xylose dehydration are currently being explored to improve FUR yields in 

a much more environmentally friendly and efficient industrial process.  
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Previous published literature has described the high catalytic activity of metal oxides in the dehydration of xylose 

into FUR. However, the hydrothermal stability of these materials has not been properly addressed. Furthermore, 

the reaction times to reach the highest FUR yields usually require from two [12] up to twenty hours [21,23,27-

29,33]. Dias et al [29] studied various sulfated zirconias in the formation of FUR from xylose in an aqueous-toluene 

system at 160 °C in 4 h. They are able to identify a correlation of the catalytic activity with the sulfur content of the 

sulfated zironia. Nevertheless, a significant amount of sulfur leaching is observed in the reusability tests. Zhang et 

al [34] used a SO4
2-/ZrO2-TiO2 catalyst in a sugar mixture employing an aqueous-n-butanol biphasic system. The 

maximum FUR yield  (48 mol%) was reached at 170 °C in 2 h. Even though the authors performed a reusability test, 

two cycles might not be enough to observe hydrothermal stability of the catalyst. Li et al [24] employed a SO4
2-

/TiO2-ZrO2/La3+ catalyst in a biphasic system to form FUR from xylose. The highest FUR yield reported (3563 mol 

of FUR/g of xylose) was reached in 12 h at 180 °C. However, the article lacks hydrothermal stability studies and the 

reusability potential of the metal oxide catalyst. 

The ongoing discussion of the proper reaction mechanisms of FUR formation has generated proposals for different 

formation pathways under homogeneous and heterogeneous catalysis. O’Neill and co-workers claim that xylose 

could be isomerized to lyxose via adsorption onto the acidic active sites of ZSM-5 zeolite [8]. These steps would 

occur through the formation of the linear open chain of xylose molecules caused by the acid-catalyzed hydrolysis. 

On the other hand, Verma et al [35] proposed a mechanism via the formation of 2,5-anhydoxylose furanose cyclic 

intermediate using a sulfonated graphitic carbon nitride. Xylulose, a xylose isomer, has been under discussion as 

possible intermediate on FUR formation [36,37]. However, there is no conclusive information on either pathway. 

In this work, we aimed to employ solid acid catalysts for the dehydration of xylose to produce FUR in short times (< 

2 h). In addition, the kinetic model for this reaction was further investigated and a reaction mechanism is proposed 

for heterogeneously catalyzed systems. The hydrothermal stability of the solid catalysts is also addressed in the 

present paper. Due to their high acid site density [38,39], solid acid catalysts were developed (Al2O3 and ZrO2(SO4
2-

) on cordierite) and compared to commercially available polymeric resins (Amberlyst DT and Nafion NR40). Their 

textural properties and acid site density were analyzed. 
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2. Materials and Methods 
D-Xylose powder (99%, Sigma Aldrich) was used in the experiments without further purification. Formic acid (98%), 

levulinic acid (99%) and acetic acid (99%) were purchased from Sigma Aldrich and used for the preparation of 

calibration standards for HPLC analysis. Millipore grade water was used for preparing the solutions. Cordierite was 

obtained from Corning (Germany) and Disperal from Sasol Germany GmbH (Hamburg, Germany). Amberlyst DT was 

purchased from Rohm and Haas (France). Nafion NR40 beads were purchased from Ion Power GmbH (Germany). 

2.1. Catalyst preparation 
Pieces of cordierite (1-4 mm) were used as support. Sulfated zirconia (SZ, ZrO2(SO4

2-)) and Al2O3 were prepared by 

impregnation of ZrOCl2·8H2O and boehmite suspensions as precursors over cordierite following the method of 

Ledesma et al [40]. The notation for SZ over cordierite is SZcord and for Al2O3 over cordierite is Al2O3cord. The resulting 

samples were dried at 105 °C and then calcined in air for 2-5 h to obtain the corresponding active oxides (SZcord at 

500 °C; Al2O3cord at 450 °C). Saez et al [38] found that cordierite presented no appreciable reactivity. The inclusion 

of cordierite in the catalyst preparation is to provide the catalyst a physical support for practical application. 

Reaction tests were conducted over Nafion NR40 and Amberlyst DT for the sake of comparison. Nafion NR40 was 

purified by treatment with hot hydrogen peroxide (5%) to remove organic impurities and soaked in 5 wt% hot 

hydrochloric acid to remove cations and exchange them by protons. It was dried overnight at 105 °C. Amberlyst DT 

was also dried overnight at 105 °C prior experimental tests.  

2.2. Catalytic activity tests 
Single component solution of D-xylose (186 mmol l-1) were freshly prepared before the experiments. This specific 

xylose concentration was found to be in the prehydrolysate liquor from birch wood [41]. The first set of experiments 

was performed in the absence of solid acid catalysts. The second set of experiments was performed using 50 mg of 

Al2O3cord , SZcord, Amberlyst DT or Nafion NR40 as a catalyst. In a typical experiment, the glass reactor was loaded 

with 3 ml of the xylose solution and heated using a borosilicate glass reactor (V = 10 cm3) with magnetic stirring 

(600 min-1) and microwave-assisted heating (Monowave 300, Anton Paar GmbH, Graz, Austria). After the reaction, 

the reactor was rapidly cooled to room temperature by utilizing compressed air. The highest temperature and the 
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longest reaction time studied at the present work were 210 °C and 180 min, respectively. After reaction, the 

solutions were tested for FUR yield, selectivity and xylose conversion at the reaction temperatures of 170, 190 and 

210 °C with different reaction times in the range of 2-180 min. 

In a typical experiment with solid acid catalyst, the glass reactor was loaded with 3 ml of an aqueous solution of 28 

g l-1 xylose and 50 mg of the catalyst. The reactor was placed in the microwave, heated to the set reaction 

temperature with an irradiation power of ≤ 850 W for maximum 1.5 min and kept at the reaction temperature for 

the set time. After the reaction, the reactor was rapidly cooled to room temperature by utilizing compressed air. 

For the reusability experiments, SZcord was collected after each use. It was washed with deionized water several 

times at room temperature and dried at 105 °C prior to reuse. All catalytic activity tests were performed in duplicate 

with a standard deviation below 10% (except for Nafion NR40, which its standard deviation is up to 33%). 

2.3. Reaction mechanism 
The kinetic modeling of xylose dehydration and FUR formation were based on the obtained experimental results 

following three possible reaction mechanisms. These reaction mechanisms were screened in order to find the 

optimal kinetic model explaining the xylose dehydration and FUR formation. Even though the reaction mechanism 

of FUR formation has been under discussion, these reaction mechanisms consider a pathway of FUR formation via 

an intermediate or xylose itself, a reaction mechanism did not consider a pathway solely via an intermediate. Using 

the xylose conversion data only in the modeling resulted in multiple equally well-fitting models with different 

mechanistic assumptions. The tested reaction mechanism considering the intermediate formation from xylose is as 

follows: 
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In the reaction model presented in scheme 1, xylose can be converted to FUR directly (k1). In scheme 2, FUR can be 

formed from xylose either stepwise with an intermediate product (k4+k5), or via a direct or pseudo-direct reaction 

pathway (k1). In the reaction model presented in scheme 3, FUR is formed stepwise via an intermediate (k4+k5) [41] 

or via a direct or pseudo-direct reaction pathway (k1). The latter scheme proposes a parallel reaction model from 

the intermediate. The produced FUR further forms degradation products (DP). DP 2 is formed in the auto-catalyzed 

reaction and DP 4 formation is promoted by solid acid catalysts. Simultaneously, some fraction of xylose and 

intermediates (isomers or epimers of xylose) form also degradation products (DP 1 and DP 3). The HPLC analysis 

did not identify any significant amount from products originating from side reactions between xylose and FUR, as 

well as the isomerization of the intermediate back to xylose. 

Previous kinetic studies have used either scheme 1 [42] or 2 [41,43,44] using homogeneous catalysts. Different 

formation pathways include isomerization of xylose to other pentoses such as lyxose and xylulose. Dias et al [29] 

Scheme 1. FUR formation 

with Direct Xylose 

Decomposition 

Scheme 2. FUR Formation with Side 

Reaction between Intermediate and 

FUR 

Scheme 3. Parallel FUR Formation 

with Side Reaction Decomposition 
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proposed a similar reaction mechanism for sulfated zirconia as scheme 2 shown in the present study, however there 

was no kinetic studies reported on the pathway of FUR formation from the intermediate. 

3. Results and Discussion 
3.1. Auto-catalyzed dehydration of xylose 

Kinetic studies for auto-catalyzed xylose dehydration were performed at various reaction times at temperatures of 

170, 190 and 210 °C. Figure 1 shows the FUR yield, xylose conversion and selectivity to FUR under these reaction 

conditions. The experimental tests can be considered as auto-catalyzed, since water is self-ionized to H+ and OH- 

ions that act as acid or base catalysts at the given temperature [45]. Later on, the carboxylic acids (formic, levulinic 

and acetic acid) or intermediates formed during the reaction, may have a catalytic effect [32,41,46]. The influence 

of the reaction temperature on the FUR yield and xylose conversion has been observed previously in similar work 

[37,47]. As Figure 1a displays, the FUR yield increased with reaction temperature up to 4 times from 170 to 190 °C 

after the first 60 min. When the reaction temperature was further increased from 190 to 210 °C, a 2-fold increase 

can be seen. It was observed that at the highest temperature investigated in the present study (210 °C) the FUR 

yield firstly increases and thereafter decreases, as the reaction time prolongs. The decrease of FUR yield in 

prolonged reaction time occurs due to decomposition and polymerization with humins production [48,49]. Under 

the present experimental conditions, the maximum FUR yield (48-49%) was reached after the first 60 min at 210 

°C, which corresponds to a xylose conversion of 94% (Figure 1b) and a FUR selectivity of 52% (Figure 1c). 

At reaction temperatures of 170 and 190 °C, no distinct FUR yield culmination point, with subsequent rapid 

decrease was perceived during the reaction time range investigated. However, a yield decrease similar to that 

observed at 210 °C could be possibly observed at lower reaction temperatures (170 and 190 °C) during prolonged 

reaction times. Nevertheless, the maximum yield unmistakably shifts to a longer reaction time with a decline of the 

reaction temperature. Furthermore, the FUR yield (and thus also the selectivity) decreases with decreasing the 

reaction temperature, this is in agreement with literature [50]. It is worth noting that the maximum selectivity to 

FUR observed in the auto-catalyzed conversion of xylose was 56-58% in the present studied range of reaction 

temperatures. These results agree with previously published papers [37]. 
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Figure 1. FUR yield (a), xylose conversion (b) and selectivity to FUR (c) at various reaction times during auto-

catalyzed conversion of xylose 186 mmol l-1 (purple square – 170 °C, blue circle – 190 °C, green triangle – 210 °C, 

lines are to guide the eye). 

3.2. Catalyzed dehydration of xylose by solid acids 
Figures 2a, 2b and 2c show the FUR yield, xylose conversion and selectivity to FUR at various reaction times at 170, 

190 and 210 °C when Al2O3cord is present in the dehydration of xylose. For SZcord-catalyzed conversion of xylose 

Figures 2d, 2e and 2f show the FUR yield, xylose conversion and selectivity to FUR, respectively. Similarly to the 

auto-catalyzed process, the FUR yield and the xylose conversion are visibly influenced by the reaction temperature. 

When using Al2O3cord, the maximum FUR yield is clearly influenced by the reaction temperature: at 170 °C starts 



9  

from 26%, it increases furthermore up to 43% at 210 °C (Figure 2a). This is similar to the effect observed when 

adding SZcord, the maximum FUR yield increases from 36 to 41% when the reaction temperature is increased from 

170 °C to 210 °C (Figure 2d). After the maximum FUR yield has been reached, selectivity decreases because the FUR 

formed reacts further, via condensation and  resinification [12]. Hence, humin formation was observed. These FUR 

yield losses were observed at reaction temperatures of 190 and 210 °C. 

Similarly as in the auto-catalyzed process, conversion of xylose to FUR needs relatively high temperatures (Figure 

2b and 2e). When using Al2O3cord in the dehydration reaction of xylose, the maximum FUR yield (43%, Figure 2a) 

was reached in 30 min at 210 °C, corresponding to a xylose conversion of 91% (Figure 2b) and a FUR selectivity of 

48% (Figure 2c). The maximum FUR yield (41%) was reached after 2 min at 210 °C during the SZcord-catalyzed 

reaction, corresponding to a xylose conversion of 96% (Figure 2e) and a FUR selectivity of 43% (Figure 2f). During 

the SZcord-catalyzed reaction, the maximum selectivity to FUR was 43% (at 210 °C in 2 min) in contrast to 57% (at 

210 °C in 30 min) obtained in the auto-catalyzed reaction system. When comparing the present results with the 

catalyzed system using H2SO4 [37] and a xylose concentration of 196 mmol l-1, the highest selectivity to FUR is 68% 

(at 180 °C in 5 min) and 65% (at 200 °C in 1 min, and at 220 °C in 2 min). 
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Figure 2. FUR yield (a,d), xylose conversion (b,e) and selectivity to FUR (c,f) at various reaction times during 

conversion of xylose 186 mmol l-1 using Al2O3cord (a,b,c) and SZcord (d,e,f), respectively (purple square – 170 °C, blue 

circle – 190 °C, green triangle – 210 °C, lines are to guide the eye). 

 

The FUR yield, xylose conversion and selectivity to FUR at various reaction times at 170 °C during conversion of 

xylose conducted with Amberlyst DT are shown in Figure S1. Amberlyst DT was only tested at 170 °C (maximum 

operational temperature) due to its limited hydrothermal stability as stated by the manufacturer. The maximum 

FUR yield (30%) was reached in 60 min at 170 °C with a xylose conversion of 70%.  

The FUR yield, xylose conversion and selectivity to FUR at 170, 190 and 210 °C at various reaction times during 

xylose conversion conducted with Nafion NR40 are shown in Figure S2. In the same way that reaction temperature 

strongly influences FUR yield and xylose conversion in the auto-catalyzed process, the effect can be also observed 
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when adding Nafion NR40. When adding Nafion NR40 pellets to the aqueous system, the maximum FUR yield is 

determined by the reaction temperature: at 170 °C starts from 33%, furthermore it increases up to 41% at 210 °C. 

(Figure S2a). Due to the nature of the catalysts, the standard deviation increased at high reaction times and at high 

temperatures (>190 °C), even though the manufacturer guarantees its stability from 220 to 240 °C in aqueous 

systems. The catalysts clogged into each other making a barrier in the middle of the reactor. Therefore, the FUR 

and xylose concentration do not follow a smooth tendency. Nevertheless, xylose conversion behaves similarly to 

the auto-catalyzed system, since it requires longer reaction times to convert the same amount of xylose at a lower 

reaction temperature (Figure S2b). In the case of Nafion NR40, the maximum FUR yield (41%, Figure S2a) was 

reached in 8 min at 210 °C, resulting on a xylose conversion of 70% (Figure S2b) and a FUR selectivity of 60% (Figure 

S2c). During the Nafion NR40-catalyzed reaction, the maximum selectivity to FUR was 67% (at 210 °C in 2 min) in 

contrast to 43% (at 210 °C in 2 min) obtained in the SZcord-catalyzed reaction system, and 52% (at 210 °C in 60 min) 

in the auto-catalyzed reaction system. 

Control experiments for cordierite were performed at 170 °C and 210 °C for 60 min. Xylose conversion, FUR yield 

and pH values can be considered comparable for systems in the presence of cordierite and in the auto-catalyzed 

system. In contrast, experiments employing 0.1 mol l-1 H2SO4 were performed in earlier work [37]. These 

experiments show that the highest FUR yield (65%) is reached at 220 °C  in 2 min. At 200 °C, the highest FUR yield 

(59%) is reached in 5 min. At 180 °C the highest FUR yield (55%) is reached in 25 min.   

The xylulose formation, a possible key intermediate [36,51,52], was monitored by means of HPLC utilizing a pure 

xylulose solution as a reference. No detectable amounts of xylulose were observed in the initial xylose solutions. 

Under auto-catalyzed conditions at temperature reactions of 170-210 °C, xylulose formation was not detectable. 

This is in accordance with the low amount of xylulose yield (< 3 mol%) reported by Ershova et al [37] when 

employing a 196 mmol l-1 xylose solution at reactions temperatures of 180, 200 and 220 °C.   

Fig. S3a shows that the highest amount of xylulose (18 mol%) was formed when employing alumina as catalyst in 

the dehydration of xylose at 170 °C in 120 min. At this temperature, some amount of xylulose was still present even 



12  

after 3 h of of treatment. When adding SZcord (Fig. S3b), 46 mol% was the highest amount of xylulose formed at 170 

°C in 6 min. When the reaction temperature increased to 190 °C, the amount of yielded xylulose decreased (27 %). 

At 210 °C, 2% of xylulose was yielded in 2 min. The extent of xylulose formation was highest at the lowest reaction 

temperature (170 °C) used in the present paper.  

Xylulose was not identified at any experimental temperature employed in the present paper when polymeric resins 

(Amberlyst DT and Nafion NR40) were added into the system. 

3.3. Mathematical modeling 
Assuming a sequence of predominantly pseudo-first order reactions, the reactions of the model are assumed to 

follow the rate equations for similar elementary reactions. When the reactions are carried out in a batch reactor, 

the component mass balance for scheme 1 (assuming that the k3 rate constant describes that the reaction 

consumes equal amount of moles of xylose and FUR) are: equations 7 and 8;  

𝑑[𝑋𝑦𝑙𝑜𝑠𝑒]

𝑑𝑡
= −(𝑘1 + 𝑘2)[𝑋𝑦𝑙𝑜𝑠𝑒] − (𝑘4)[𝑋𝑦𝑙𝑜𝑠𝑒][𝐹𝑈𝑅]    (7) 

𝑑[𝐹𝑈𝑅]

𝑑𝑡
= 𝑘1[𝑋𝑦𝑙𝑜𝑠𝑒] − ((𝑘3)[𝐹𝑈𝑅] + (𝑘4)[𝑋𝑦𝑙𝑜𝑠𝑒][𝐹𝑈𝑅])    (8) 

for scheme 2 the component mass balance are shown in equations 9, 10 and 11;   

𝑑[𝑋𝑦𝑙𝑜𝑠𝑒]

𝑑𝑡
= −(𝑘1 + 𝑘2 + 𝑘4)[𝑋𝑦𝑙𝑜𝑠𝑒] + 𝑘−4[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒]    (9) 

𝑑[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒]

𝑑𝑡
= 𝑘4[𝑋𝑦𝑙𝑜𝑠𝑒] − (𝑘−4 + 𝑘5 + 𝑘6)[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒]   (10) 

𝑑[𝐹𝑈𝑅]

𝑑𝑡
= 𝑘5[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒] + 𝑘1[𝑋𝑦𝑙𝑜𝑠𝑒] − 𝑘3[𝐹𝑈𝑅]     (11) 

For scheme 3 for the auto-catalyzed system equations 12 and 13 show the component mass balance:  

𝑑[𝑋𝑦𝑙𝑜𝑠𝑒]

𝑑𝑡
= −(𝑘1 + 𝑘6)[𝑋𝑦𝑙𝑜𝑠𝑒]       (12) 

𝑑[𝐹𝑈𝑅]

𝑑𝑡
= 𝑘1[𝑋𝑦𝑙𝑜𝑠𝑒] − 𝑘3[𝐹𝑈𝑅]       (13) 
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And for the solid acid-catalyzed system equations 14, 15 and 16: 

𝑑[𝑋𝑦𝑙𝑜𝑠𝑒]

𝑑𝑡
= −(𝑘1 + 𝑘2 + 𝑘4)[𝑋𝑦𝑙𝑜𝑠𝑒]       (14) 

𝑑[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒]

𝑑𝑡
= 𝑘4[𝑋𝑦𝑙𝑜𝑠𝑒] − (𝑘5 + 𝑘6)[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒]    (15) 

𝑑[𝐹𝑈𝑅]

𝑑𝑡
= 𝑘1[𝑋𝑦𝑙𝑜𝑠𝑒]+𝑘5[𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒] − (𝑘3 + 𝑘7)[𝐹𝑈𝑅]    (16) 

where k1, k2, k3, k4, k5, k6, k7 are rate constants and [Xylose], [Intermediate], [FUR] are concentrations (in mol l-1) for 

xylose, intermediate and FUR, respectively.  

The fittings of the kinetic models of the experimental results with pure xylose solution and solid acid catalysts 

corresponding to scheme 3 are shown in figures 3-5. The fittings show that the chemical intermediate concentration 

is strongly influenced by the reaction temperature and the presence of the solid acid catalysts. As it can be seen in 

figures 4 and 5, the concentration of the intermediate decreases when the reaction temperature increases. In the 

case of the Al2O3cord (Figure 5), the concentration of the chemical intermediate reaches up to 32 mmol l-1 at 170 °C. 

When adding SZcord, this concentration increases up to 86 mmol l-1 (Figure 4) also at 170 °C.  

It has been reported previously that SZcord possesses Brønsted acid (BA) sites, while Al2O3cord presents a combination 

of BA and Lewis acid (LA) sites. BA are linked to direct pentose dehydration into FUR, and LA tend to isomerize 

pentoses into chemical intermediates, such as xylulose [12,20,36,53-55]. However, the discussion on the co-

existence of BA and LA sites on the surface of SZcord and how to properly measure it still continues [56-58]. 

Furthermore, the discussion on the relationship between LA and BA sites effect on the dehydration mechanism is 

largely unclear [59].  The extent of sulfation on the SZcord was low (Table 5), which might favor the presence of LA 

[56], thus promoting reaction pathways with chemical intermediates, such as xylulose. For both systems employing 

solid acid catalysts (SZcord and Al2O3cord), the highest concentration of xylulose is reached at the lowest temperature 

(170 °C). This is in agreement with previous studies [36,37], which highlighted that the reaction of xylulose to FUR 

is favored at low temperatures in the presence of LA over the reaction of xylose to FUR. In contrast, at high 

temperatures LA catalysts lose the pathway via xylulose, due to gradual transformation of LA into BA, which can be 
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seen in Figure 4 and 5 where xylulose disappears as temperature increases. Their presence also involves the 

formation of degradation products such as carboxylic acids (formic, acetic and levulinic acid). These compounds 

were identified but not quantified. The figures corresponding to the models following scheme 1 and scheme 2 are 

displayed on Figures S4-S11.  
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 Figure 3. Scheme 3 and concentrations of FUR (green) and xylose (gray) at temperatures of 170, 190 and 210 °C 

in auto-catalyzed system. (Experimental-circle, modeled-solid lines). 
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Figure 4. Scheme 3 and concentrations of FUR (green), xylose (grey) and xylulose (blue) at temperatures of 170, 

190 and 210 °C with SZcord. (Experimental-circle, modeled-solid lines). 
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Figure 5. Scheme 3 and concentrations of FUR (green), xylose (grey) and xylulose (blue) at temperatures of 170, 

190 and 210 °C with Al2O3cord. (Experimental-circle, modeled-solid lines). 

 

3.4. Model fitting 
The Figures 3-5 show that Scheme 3 predicts xylose and FUR concentrations properly. The models fit all the xylose 

conversion experimental data as well as FUR formation. The main difference between the three models is that 

scheme 3 includes a parallel reaction when the solid acid catalyst is added, thus describing the formation of an 

intermediate (xylulose). The best fitting of the model to experimental data was obtained considering a parallel 

pathway via an intermediate compound leading to the formation of FUR when using solid acid catalysts (Scheme 3) 

and a direct formation of FUR from xylose in the auto-catalyzed system.  

In order to be able to elucidate relative contributions of individual steps (Table 1), the pre-exponential factor and 

the activation energy values were evaluated by fitting the models to the data. The rate constants were then 

calculated from the pre-exponential factor and the activation energy according to the Arrhenius equation. When 

SZcord and Al2O3cord are added the temperature dependence of ki is more pronounced, indicating that the reaction 

rates in the presence of solid acid catalyst are subtler to the reaction temperature. Tables 1-3 display the obtained 

kinetic parameters and the activation energy for each reaction step.  
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As Table 1 reveals, the rate constants for the xylose dehydration into FUR (k1) increase as the temperature increases 

in the auto-catalyzed system. Similar to this, the rate constants for the decomposition of xylose (k2) and FUR (k3) 

also increase as the reaction temperature increases. The addition of SZcord and Al2O3cord as solid acid catalysts adds 

a reaction for the xylose isomerization (k4), its dehydration to FUR (k5) and the further decomposition products from 

the chemical intermediate (k6) and from FUR (k7). This observation is supported by the fact that sugar isomerization 

reactions are catalyzed by the presence of LA sites [36,37,53,59,60]. The addition of SZcord and Al2O3cord, increases 

the xylose decomposition (k2). These results are in agreement with You et al [61], which confirms that LA sites are 

involved in the formation of humin from xylose dehydration. The rate constant for the decomposition of FUR (k3,k7) 

in the auto-catalyzed and catalyzed systems with SZcord and Al2O3cord are negligible. At the studied conditions when 

SZcord and Al2O3cord are added to the system, the formation of decomposition products is found to decrease in the 

order k6>k2>k7>k3. This could be due to the introduction of BA sites, which increase the decomposition rate of 

pentoses [38]. 

Table 1. Kinetic rate constants ki (min-1) at each experimental temperature for auto-catalyzed and acid-catalyzed 

systems following Scheme 3. 

T, (°C) Solid acid 

catalysts 

k1 k2 k3 k4 k5 k6 k7 

170 - 0.002 0.002 0.001     

190 - 0.007 0.005 0.002     

210 - 0.028 0.014 0.004     

170 SZcord 0.002 0.002 0.001 0.13 0.065 0.093 0.002 

190 SZcord 0.007 0.005 0.002 0.54 0.43 0.64 0.004 

210 SZcord 0.028 0.014 0.004 2.02 2.41 3.71 0.008 
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170 Al2O3cord 0.002 0.002 0.001 0.008 0.006 0.003 0.002 

190 Al2O3cord 0.007 0.005 0.002 0.016 0.015 0.011 0.002 

210 Al2O3cord 0.028 0.014 0.004 0.031 0.036 0.037 0.003 

 

This is in line with the activation energy values presented in Table 3. The ratio of the reaction rate k1/k2 indicates 

that the dehydration of xylose is faster than the formation of decomposition products (Table 2). At the same time, 

the high ratio of k1/k3 shows that the reaction to FUR from xylose is much faster than the decomposition of FUR. 

When adding SZcord, the low ratio values of k5/k6 indicate that the intermediate decomposes faster than FUR is 

formed from it. This could be due to the introduction of LA sites, which are known to promote humin formation 

and decomposition into C1-C3 products [36,61]. Nevertheless, in the case of Al2O3cord, the opposite is true except at 

high temperatures (210 °C). This could be explained by the presence of LA sites that at high temperatures are 

transformed into BA sites [10,57]. Furthermore, the ratio k1/k4 desmonstrates that the addition of solid acid 

catalysts, which present LA sites isomerize xylose into other pentoses (xylulose) as other authors have previously 

reported [12,20,36,55,60,62]. Furthermore, when SZcord is added to the reaction the ratio k3/k7 decreases as 

temperature increases. However, in the case of Al2O3cord, the rate of decomposition products forming from FUR in 

the auto-catalyzed system is faster than in the solid acid-catalyzed system. Nevertheless, k3 and k7 values are 

negligible as Table 1 shows.  

Table 2. Ratio of selected kinetic rate constants at each experimental temperature for auto-catalyzed and solid 

acid-catalyzed systems following Scheme 3. 

T, (°C) Solid acid k1/k2 k1/k3 k5/k6 k1/k4 k3/k7 

170 - 1.07 1.23    

190 - 1.51 2.84    
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210 - 2.11 6.33    

170 SZcord 1.07 1.23 0.70 0.01 0.81 

190 SZcord 1.51 2.84 0.67 0.01 0.66 

210 SZcord 2.11 6.33 0.65 0.01 0.54 

170 Al2O3cord 1.07 1.23 1.77 0.21 0.62 

190 Al2O3cord 1.51 2.84 1.36 0.44 1.09 

210 Al2O3cord 2.11 6.33 0.97 0.92 1.73 

 

The frequency factors and activation energy values for each reaction step are shown in Table 3. For comparison 

reasons, some published data related to similar reaction steps are also shown in Table S1. To the authors’ 

knowledge, the frequency factors and activation energy values of xylose isomerization to the intermediate, to FUR 

and degradation products formation from the intermediate following scheme 3 have not been previously reported 

in literature for neither auto-catalyzed nor catalyzed reactions with solid acid catalysts present. In comparison to 

the auto-catalyzed system, when using SZcord and Al2O3cord in the system the activation energy values increased. The 

activation energy calculated when employing SZcord and Al2O3cord in the present study are higher than those 

published before the present study. These divergences between data could be possibly explained by either 

implementation of simplified reaction mechanism [2,53,63-66] or utilization of subcritical and supercritical reaction 

condition in earlier studies [67].  

Table 3. Frequency factors (Aref,i min-1) and activation energy values (Eai, kJ mol-1) for the kinetic model proposed 

in scheme 3; auto-catalyzed system, SZcord- and Al2O3cord-catalyzed system. 
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Scheme 

Number 

 Aref,i(auto-

catalyzed) 

Eai(auto-

catalyzed) 

Aref,i(SZcord) Eai(SZcord) Aref,i(Al2O3cord) Eai(Al2O3cord) 

Scheme 

3 

(1) 3.2x10+11 121     

(2) 1.9x10+9 103     

(3) 2900 53.7     

(4)   3.42x10+13 122 1.92x10+5 63 

(5)   5.85x10+17 161 3.8x10+7 83 

(6)   1.99x10+18 164 3.54x10+10 111 

(7)   7.02x10+5 73 0.031 10 

 

Confidence intervals for the kinetic parameters in Table 3 are shown in Table S2 in the Supplementary Information. 

As expected, the ranges of the intervals are significant; the frequency factors vary with several orders of magnitude, 

which is in agreement with the exponential nature of the quantity. For reaction (7) it was not possible to calculate 

the confidence interval for the activation energy in the case of Al2O3cord due to the proximity of zero.   

Reaction rate constants, frequency factors and activation energy values when using Nafion NR40 can be seen in 

Tables S3, S4 and S5. Frequency factors and activation energy values for the kinetic models (scheme 1 and 2); in the 

auto-catalyzed system and when using SZcord and Al2O3cord can be seen in Table S7. Due to the absence of xylulose 

when the polymeric resins were employed, scheme S1 shows the model use to fit the experimental data when using 

the resins in the present system. 
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3.5. Catalyst characterization 
Solid acid catalysts before and after hydrothermal reaction were characterized based on the highest FUR yield 

reached at the three selected temperatures (170, 190 and 210 °C). The notation for SZcord and Al2O3cord after 

hydrothermal reaction at 170 °C includes a hyphen, e.g. SZcord-170 (where the highest FUR yield was reached).  

3.5.1. Morphology of the solid acid catalysts 
Fig. 6 shows, as an example, the scanning electron micrographs of Al2O3cord-fresh and Al2O3cord-210 catalyst samples. On 

the Al2O3cord-fresh sample, Fig. 6(a), the alumina plates can be seen on the surface. Fig. 6(c) corresponds to Al2O3cord-

210 on cordierite sample (210 °C after 30 min). Fig. 6(b,d) correspond to Al2O3cord-fresh and Al2O3cord-210 on cordierite 

sample at a higher magnification. It can be seen on Fig. 6(c,d) humin formation on the surface of the metal oxide 

catalyst samples (see spheres marked with arrows).  

 

 

Figure 6. SEM images of (a,b) Al2O3cord, (c,d) Al2O3cord-210. 

SZcord can be seen on Fig. 7(a,b), the SEM images show similitude of the SZcord characteristically cylindrical-like 

structure as reported by Al-Hazmi and Apblett [68]. SZcord-210 on cordierite catalyst sample is shown on Fig. 7(c,d) 

after the hydrothermal reaction at 210 °C for 2 min. On the surface of the spent samples appeared spheres (marked 

by arrows in Fig. 7(c,d)), which are humins formed in the hydrothermal reaction. 

20 µm 2 µm  

(b) (a) 
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20 µm 2 µm  
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Figure 7. SEM images of (a,b) SZcord, (c,d) SZcord-210. 

SEM images of Nafion NR40fresh and Nafion NR40210, Amberlyst DTfresh and Amberlyst DT170, as well as SZcord-170, SZcord-

190 and SZcord-reused can be seen in Figures S12, S13 and S14, respectively. The structure of these spherical particles 2-

3 µm in size agree with the findings of Van Zandvoort et al [48], who studied humin formation from acid-catalyzed 

dehydration of xylose under standard reaction conditions of 180 °C, 1 M solution of sugar and 0.01 M H2SO4. These 

insoluble polymeric structures are formed by aqueous acidic media of most lignocellulosic biomass valorization 

processes [2,59,69]. The formation of carbonaceous deposits is detrimental to the reaction as can be seen in Figures 

1 and 2. 

3.5.2. N2-sorption 
The BET (Brunauer-Emmett-Teller) specific surface areas and pore volumes obtained by the nitrogen physisorption 

are compiled in Table 4. Both polymeric resins (Amberlyst DT and Nafion NR40) show low BET specific surface area 

(0.2 m2 g-1), but Al2O3cord sample exhibits a higher surface area (11.8 m2 g-1). SZcord sample also shows a low BET of 

0.8 m2 g-1 (as reported by Casanovas et al [70] the ABET of the support (cordierite) is 0.1 m2 g-1). The pore width 

distributions shown in Figure S15 reveal a narrow pore width of approximately 45 Å in Al2O3cord. These pores occupy 

a large part of the total pore volume in Al2O3cord. There are three other broader pore widths at 115, 153 and 311 Å 

with high pore volumes. There can be seen two similar pore width distributions in SZcord at 193 and 310 Å with high 
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pore volumes. The pore volume for both commercial polymeric resins is below 4 x 10-5 cm3 g-1. The pore width 

distributions of Amberlyst DT reveal a broad pore width of approximately 604 Å. Nafion NR40 shows a small pore 

width at 513 Å. 

Table 4. Textural properties of solid acid catalysts (i.e., BET (ABET), Pore volume (Vp) and Pore diameter (dp). 

Catalysts ABET (m2 g-1) Vp (cm3 g-1) dp (nm) 

Al2O3cord 11.8 10-2 4.4 

SZcord 0.8 10-3 5.0 

Nafion NR40 0.2 4x10-5 1.4 

Amberlyst DT 0.2 1o-4 1.1 

 

As reported by other researchers [59,71], a large surface area is preferable to ease accessibility of xylose (for 

adsorption and further dehydration purposes). The effect of a higher ABET, hence a higher amount of active sites 

available in the reaction to dehydrate xylose, in the case of Al2O3cord could be observed in Figure 2 with a higher 

selectivity (48%) in comparison to SZcord (43%). The pore widths of solid acid catalysts used in the present study are 

larger than optimal pore widths reported previously to provide accessibility for xylose and FUR molecules [71]. 

3.6. Catalyst stability 
3.6.1. NH3-TPD 

To obtain insight into the catalytic activity tendency, Table 5 shows the total density of acid sites determined by 

temperature-programmed desorption profile of NH3 (NH3-TPD). Even though there are continuing discussions about 

the acidity of SZ [72,73] and Al2O3, clearly, the acidity of Al2O3cord (137.2 µmol of NH3 g-1) was much higher than that 

of SZcord (38.4 µmol of NH3 g-1). This comparison agrees with that reported by Saez et al [38], which confirms that 

Al2O3cord have higher total acid sites than SZcord. This is in contrast with the acid site density of SZ and Al2O3 reported 

by other researchers [2,12,74], the reported values could be due to the synthesis method employed. 
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After hydrothermal reaction at 210 °C in 30 min, Al2O3cord lost more than half of its total acid sites (41.9 µmol of NH3 

g-1), as well as SZcord after hydrothermal reaction at 190 °C in 10 min (27.8 µmol of NH3 g-1). It is assumed that the 

loss of acid sites under experimental conditions is due to high pressure (>12 bar) and hydrothermal conditions in 

the reactor. 

Table 5. Total acid site density of calcined catalysts determined by temperature-programmed desorption (TPD) of 

NH3 from 100 °C to 600 °C. 

catalyst total acid sites (µmol of 

NH3 g-1) 

Al2O3cord 137.2 

Al2O3cord-210 41.9 

SZcord 38.4 

SZcord-190 27.8 

 

The ion exchange capacities of the polymeric resins were verified by back-titration following the method reported 

by Goertzen et al [75]. Table S6 shows that Amberlyst DT (a macroreticular, sulfonic acid polymeric catalyst) has 

three times more acid sites (3.1 meq g-1) than Nafion NR40 in bead form (1.0 meq g-1). According to the 

manufacturer, Nafion NR40 in bead-form has an ion exchange capacity of 1.0 meq g-1. Amberlyst DT (a 

macroreticular, sulfonic acid polymeric catalyst) has a concentration of acid sites of ≥3.1 meq g-1. 

3.6.2. XPS 
Apart from the thorough microstructural analysis of the above samples, a detailed XPS analysis was performed to 

get a deeper insight about the surface composition of the materials. In Table 6 the binding energy values and surface 

atomic composition of metal oxides before and after hydrothermal reaction are shown. 
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Table 6. XPS data of SZcord and Al2O3cord on cordierite before and after the hydrothermal reaction at different 

temperatures. 

Sample Name Binding 

Energy 

(eV) 

Atomic 

conc., %  

SZcord-fresh O 1s 531.9 52.9 

C 1s 279.7 29.4 

S 2p 168.5 15.1 

Zr 3d 182.4 2.7 

SZcord-170 O 1s 531.7 23.6 

C 1s 284.2 75.8 

S 2p 169.0 0.1 

Zr 3d 182.3 0.5 

SZcord-190 O 1s 531.8 30.4 

C 1s 284.3 67.1 

S 2p 168.3 0.7 

Zr 3d 182.3 1.8 

SZcord-210 O 1s 531.7 36.2 

C 1s 283.8 60.6 

S 2p 168.2 0.7 
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Zr 3d 182.4 2.5 

SZcord-reused O 1s 532.2 48.8 

C 1s 284.2 48.9 

Zr 3d 182.4 2.3 

Al2O3cord-fresh O 1s 528.3 43.8 

C 1s 281.7 23.6 

Al 2s 118.7 19.5 

Mg 2p 48.4 13.0 

Al2O3cord-210 O 1s 527.6 26.2 

C 1s 283.5 59.0 

Al 2s 118.7 1.8 

Mg 2p 49.9 13.0 

 

The amount of sulphur at the surface in the sample SZfresh is 15%, and the amount of sulphur in the samples SZ170, 

SZ190 and SZ210, is 0.1, 0.7 and 0.7, respectively. For the sample SZreused there was no measurable sulphur traces. It is 

inferred from Tables 5 and 6 that there is leaching of the acid sites of both Al2O3cord and SZcord. This means that the 

acid sites found in the fresh sample have leached out into the aqueous solution under the reaction conditions 

presented in this paper. It is also shown that the atomic concentration of C is lower on the surface of the fresh 

sample (29%) than the atomic concentration of C on the spent samples SZcord-170 (76%), SZcord-190 (67%), SZcord-210 

(61%) and SZcord-reused (49%). This means that there is carbon deposition on the surface of the catalyst after 

hydrothermal reaction, in accordance to the humins imaged by SEM (Figures 7c and 7d).  
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The amount of aluminum at the surface in the sample Al2O3cord-fresh is 19.5%, and the amount of aluminum in the 

sample Al2O3cord-210 is 1.8%. This shows the leaching of the acid sites found in the fresh sample have also leached 

out from the catalyst into the aqueous solution. The sample of Al2O3cord-fresh contains a lower C amount (24%) than 

the sample Al2O3cord-210 after hydrothermal reaction (59%). This also evidences the formation of carbon deposits on 

the surface (Figures 6c and 6d) of the catalyst after hydrothermal reaction.  

Table S7 shows the binding energy and the atomic concentration percentages of Nafion NR40 before and after 

hydrothermal reaction at 210 °C, and Amberlyst DT before and after hydrothermal reaction at 170 °C. Under those 

conditions, both catalysts suffer a sulphur loss. In addition, Amberlyst DT loses Cl and Nafion NR 40 loses F. Hence, 

leaching of acid sites under these conditions was seen from all solid acid catalysts tested.  

Figures S16 and S17 show the X-ray photoelectron spectra of SZcord and Al2O3cord, respectively, before and after 

hydrothermal reactions at different temperatures. Figures S18 and S19 show the X-ray photoelectron spectra of 

Amberlyst DT and Nafion NR40, respectively, before and after hydrothermal treatment. Figures S20 and S21 show 

the TCD of SZcord and Al2O3cord before and after hydrothermal reaction. 

In the dehydration of xylose, the degradation of acid concentration, the leaching of S and the accumulation of by-

products are the main factors that cause the deactivation of the catalyst. The results shown in Tables 5 and 6 from 

samples SZcord and Al2O3cord before and after hydrothermal reaction correlate with the catalytic activity tests in 

Figure 1 and 2 and the models shown in Figures 3-5. Under the above-mentioned experimental conditions FUR, 

once it is formed, it decomposes as well as the xylose. The decomposition products evolve forming humins on the 

surface of the catalysts (Figure 6 and 7), which is obviously detrimental to the reaction.  

Besides, the proposed kinetic model (Scheme 3) was applied also to a purely homogeneous catalyzed dehydration 

reaction (employing H2SO4) in order to exclude the effect of leaching acidic species on the reaction mechanism of 

SZcord (this information can be found in the Supplementary Information). The proposed kinetic model simulates 

heterogeneous- and homogeneous-catalyzed systems very well (Figure S22 and S23, Table S1 and S2). Furthermore, 
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the acid content in the sulfuric acid-catalyzed reaction (Figure S24) was almost one order of magnitude higher, both 

xylose concentration and FUR formation can be simulated with the same kinetic model (Figure S4).  

3.7. Reusability 
The stability of the SZcord under reaction conditions was investigated by employing this catalyst in a series of xylose 

dehydration reactions. Prior to each cycle, the SZcord was washed with deionized water and dried at 105 °C. Figure 

8 shows five consecutive reaction runs of SZcord at 190 °C in 9 min. After this, the catalyst was washed, dried at 105 

°C, calcined and impregnated again with 1 M H2SO4 (cycle 6).  

After 5 cycles, the catalytic activity of the reused catalyst decreased from 38% to 7%, as well as the conversion of 

xylose (from 97% to 37%). At the same time, the activity of the catalyst can be recovered by calcination and a FUR 

yield of 39% is obtained again. These results are in accordance with the XPS results, since the catalytic activity of 

the reused catalysts decreased in each cycle without regeneration. This result indicates that the observed 

progressive catalyst deactivation might be related to the accumulation of insoluble organic matter, which could be 

blocking the surface of the catalyst, hence leading to disabled acid sites. The catalyst deactivation includes also 

leaching of the active sites (Table 6).  
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Figure 8. Reusability of SZcord for the dehydration of xylose to FUR using 50 mg of catalyst at 190 °C for 9 min (xylose 

conversion (white bar), FUR yield (blue bar) and selectivity to FUR (striped bar)). 

4. Conclusions 
A kinetic model for the auto-catalyzed and solid acid-catalyzed decomposition of xylose using SZcord, Al2O3cord on 

cordierite and Nafion NR40 at temperatures from 170 to 210 °C in aqueous phase was developed. Reaction rate 

constants for xylose and FUR decomposition were also determined in the temperature range of 170 to 210 °C. The 

major product of auto-catalyzed and solid acid-catalyzed xylose dehydration was FUR, the maximum mole fraction 

yield of which was 49% in 60 min at 210 °C. When using SZcord, the fastest time to reach the maximum mole fraction 

yield (41%) was in 2 min (at 210 °C). When adding Al2O3cord, the fastest time to reach the maximum mole fraction 

yield (43%) was in 30 min (at 210 °C). When adding Nafion NR40 and Amberlyst DT, the maximum mole fraction 

yield of FUR was 41% in 8 min at 210 °C and 30% in 60 min at 170 °C, respectively. Under the experimental conditions 

used, leaching of S, F, Cl was evidenced from SZcord, Nafion NR40 and Amberlyst DT, respectively. Besides, the acid 

site density of spent samples shows lower values than those of fresh catalysts. It was also seen deposition of C on 
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the surface of samples after hydrothermal reaction, which means that humins were formed on the solid acid 

catalysts, affecting the solid acid catalysts’ performance. 

There was no xylulose formation detected under auto-catalyzed conditions, xylulose was only formed when adding 

SZcord and Al2O3cord. This could be due to the presence of Lewis acid sites contained in the solid acid catalysts.   

Overall, hydrothermal stability should be further improved in future work, as well as their acid site density. In 

addition, it is crucial to avoid the decomposition of FUR once it is formed, either by a secondary process such as 

nitrogen-stripping or on-site extraction systems such as organic solvents included in a bi-phasic set-up. 
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