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A B S T R A C T   

The mechanism of the initial reactions in the acid-catalytic conversion of D-xylose/D-xylulose to furfural was 
studied with density functional theory. The reactions included mutual transformations among D-xylose, D-xylu-
lose and the intermediate of 1,2-enediol. The catalytic performances of several acids including H2SO4, HNO3, 
HCl, HBr and HI, and the solvent effects of water and THF (tetrahydrofuran) were studied. A simplified kinetic 
model of the D-xylose/D-xylulose-to-furfural conversion in water solvent was built, with the assumption that the 
conversion from 1,2-enediol to furfural was the rate-limiting step and could be treated as one-step reaction. The 
simulation can well fit the experimental regulation, which verifies the rationality of the model simplification. The 
dominant reaction pathways from D-xylose/D-xylulose to furfural were deduced based on the calculated energy 
barriers and corresponding reaction rate constants, with different acid catalysis and reaction mediums.   

1. Introduction 

Furfural is a promising platform chemical that can be employed to 
produce higher value C4 and C5 chemicals and long-chained biofuel 
[1–4]. Furfural is mainly produced from acid-catalyzed dehydration of 
pentosans derived from lignocellulosic biomass [5]. D-xylose-to-furfural 
conversion in homogenous acidic aqueous solution is a classic reaction 
route in furfural production. A deep understanding on this reaction 
mechanism would help the establishment of a kinetic model and further 
development of industrial production. 

More than one mechanism of D-xylose-to-furfural conversion over 
homogenous acid in aqueous solution have been reported in different 
studies, under the different reaction systems. As early as 1932, Hurd 
et al. proposed a reaction mechanism via an 2,3-unsaturated aldehyde 
followed by the intermolecular dehydration to form a 5-membered ring 
and then dehydration to furfural in the acidic solution (Scheme S1) [6]. 
This mechanism conformed to the well-known reaction in organic 
chemistry that β-elimination reaction took place very readily to lose 
water molecule on β-hydroxyaldehydes. Another reaction mechanism 
was suggested to follow a ring-opening process via a 1,2-enediol inter-
mediate formation and subsequent dehydration to furfural (Scheme S2) 

[7–10]. The process started with the acyclic form of the D-xylose, which 
then isomerized and dehydrated to generate furfural. Also, a cyclic re-
action mechanism was proposed that the reaction started with the py-
ranose form of D-xylose, followed by the direct intramolecular 
rearrangement via the protonation on O-2 of the pyranose ring leading 
to the 2,5-anhydroxylose intermediate formation. Then furfural could be 
obtained by the subsequent dehydration of the 2,5-anhydroxylose 
(Scheme S3) [9,11,12]. 

Some isotope exchange experiments were conducted to test the 
validity of the proposed mechanisms by the reaction of labeled model 
compounds. Bonner et al. prepared D-xylose-1-14C and decomposed in 
12% HCl aqueous solution. It was found that the labeled carbon at C-1 
position was almost fully transferred to the ‘aldehydic’ carbon of the 
product, 2-furaldehyde-α-14C [13]. Feather et al. used a similar 
isotope-exchange technique of the conversion of D-xylose to 2-furalde-
hyde in the acidified, tritiated water. It was found that 2-furaldehyde 
had essentially no carbon-bound tritium, indicating that no solvent 
hydrogen was incorporated into the product during the reaction [8]. 
Another evidence was presented for an intramolecular 
hydrogen-transfer (hydride shift) from C-2 to C-1 during the direct 
conversion of D-glucose-2-3H into D-fructose-1-3H in 1 mol/L H2SO4 acid 
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solution [14]. Danon et al. also extended such hydride shift to the 
D-xylose and D-xylulose when using homogenous acid as catalyst 
(Scheme S4), due to the similarity between glucose and xylose [15]. 
Besides, Blinder et al. reported a similar conclusion that the transfer of 
the deuterium label from C-2 to C-1 was consistent with the hydride shift 
during the chromium(III)-catalyzed conversion of D-xylose to furfural 
[16]. 

These observations, the transfer of the labeled carbon on D-xylose- 
1-14C to 2-furaldehyde-α-14C and the absence of solvent hydrogen in 
furfural, supported all the foregoing mechanisms. However, these three 
proposed mechanisms failed to explain the hydride shift because the 
product from a hydride shift, D-xylulose, was not involved in the 
mechanism. Compared to the other two mechanisms, this mechanism 
proposed a key intermediate: 1,2-enediol intermediate, which allowed 
for D-xylose-to-D-xylulose (aldose-to-ketose) isomerization through two- 
step enolizations. The other two mechanisms could not explain the 
production of D-xylulose. 

To better explain the experimental results, we modelled an acyclic 
reaction mechanism under homogenous acidic catalysis, including D- 
xylose-to-D-xylulose isomerization by both hydride shift and enolization, 
followed by the dehydration of 1,2-enediol intermediate to furfural 
(Scheme 1). 

In Scheme 1, the formation of 1,2-enediol intermediate is a precon-
dition of yielding furfural. Since enolization reactions are normally 
reversible, the formation of 1,2-enediol intermediate is considered as the 
rate limiting step in the furfural production under acidic conditions [15, 
17,18]. Thus, the mutual transformation among D-xylose, 1,2-enediol 
and D-xylulose should be studied with emphasis in furfural production. 

In this paper, the energetics of the mutual transformation processes were 
modelled using density functional theory in the presence of several 
strong acids, including H2SO4, HNO3, HCl, HBr and HI. Furthermore, 
based on the assumption of 1,2-enediol formation being the rate limiting 
step, the formation of furfural from 1,2-enediol was simplified as 
one-step reaction, and a simplified kinetic model to produce furfural was 
set up. The reasonableness of the simplification was verified by 
comparing the kinetic model results with reported experimental data. 
The solvent effect of THF (tetrahydrofuran) was also studied, and the 
dominant reaction pathway for furfural formation was determined with 
different acid catalysts. 

1.1. Computational approach 

The density functional theory calculations were performed using 
Gaussian 09 [19–24]. All calculations were performed using the B3LYP 
functional [21,25–27] and the SMD model of water or THF (tetrahy-
drofuran) solvent [28], and the reaction condition was set at a tem-
perature of 463 K and a pressure of 1 atm [18]. 

The computations including optimization, frequency analysis and 
intrinsic reaction coordinate (IRC) calculation were conducted at the 
same computational level [28]. And for the calculation with H2SO4, 
HNO3, HCl and HBr acids, 6-31G(d) basis set was applied while Lanl2DZ 
basis set was employed for the calculation with HI acid [29]. The energy 
minima were confirmed by the absence of imaginary frequencies. 
Transition states (TS) were verified by the presence of single imaginary 
frequency. IRC calculation based on the optimized TS were carried out 
to confirm that TS connected with reactants and products. Besides the 

Scheme 1. Putative reaction mechanism for D-xylose-to-furfural conversion.  
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bonding-state species were obtained by optimizing the searched struc-
tures at the two end sides of reaction coordinates from IRC calculation. 
Higher computational levels were used for electronic energy calcula-
tions of all species to get more accurate energies. The calculations 
involving the elements of C, H, O, S, N, Cl were conducted at the basis set 
of 6–311++G(d,p) while def2-TZVP basis set was applied to calculate 
the elements of Br and I [28–30]. Def2-TZVP was transferred from 
Turbomole 7.3 by Basis Set Exchange [31,32]. 

In the calculations, there are seven reaction coordinates for 
describing the energetics of each reaction step:  

(1) separated reactant and non-dissociated acid (HA), denoted as: 
reactant + HA  

(2) separated reactant, H+ and corresponding anion (A− ), denoted 
as: reactant + H+ + A-  

(3) H+ and the reactant bonded to A− , denoted as: reactant - H+ - A-  

(4) the transition state, denoted as: TS  
(5) H+ and the product bonded to A− , denoted as: product - H+ - A-  

(6) separated product, H+ and corresponding anion (A− ), denoted as: 
product + H+ + A-  

(7) separated product and non-dissociated acid (HA), denoted as: 
product + HA 

The Gibbs free energies of all species were obtained by the sum of 
electronic energies and thermal corrections to Gibbs free energies. The 
electronic energies were calculated at SMD-B3LYP/6-311++G(d,p) (for 
C, H, O, S, N, Cl elements) or SMD-B3LYP/def2-TZVP (for Br and I ele-
ments) level, and the values of thermal corrections to Gibbs free energies 
were obtained from frequency analysis at the levels of SMD-B3LYP/6- 
31G(d) and SMD-B3LYP/Lanl2DZ respectively. The detailed calcula-
tion can be expressed by eqn (1): 

G(T)= ε0 + Gcorr(T) (1)  

where G(T) represented the absolute Gibbs free energy at T = 463 K, in 
kcal/mol; ε0 was the electronic energy, in kcal/mol; Gcorr(T) represented 
the thermal correction to Gibbs free energy, in kcal/mol, which could be 
obtained from frequency analysis. 

The establishment of microkinetic model required to solve the re-
action rate constant for each elementary reaction, which could be 
determined by the following Eyring equation [21]: 

k=
κkBT

h
e− ΔG‡

RT
(
M1− m) (2)  

where κ was the transmission coefficient, taken to be 1; kB was the 
Boltzmann constant, 1.381× 10− 23 J/K; T was the temperature, 463 K; h 
was the Plank’s constant, 6.626 × 10− 34 ȷ⋅s; ΔG‡ was the Gibbs free 
energy of activation (energy barrier); R was the gas constant, 1.987 cal/ 
mol/K; M was the molarity; m was the molecularity of the reaction, 
taken to be 1. 

2. Results and discussion 

2.1. Energy barriers for mutual transformations in water 

The determination of Gibbs free energy in reaction process is crucial 
for the calculation of energy barriers. To decrease the effects from the 
inaccurate calculation of absolute Gibbs free energy for charged H+ and 
A− ions, especially for H+ ion which has no electron, the sum of the 
Gibbs free energies of H+ and A− at 463 K was solved by the Gibbs free 
energy change of acid dissociation (ΔGa(463 K)) plus the Gibbs free 
energy of the non-dissociated acid (HA). The Gibbs free energy calcu-
lation for the uncharged acid (HA) is much more accurate and reliable. 

Typically, ΔGa can be obtained using dissociation constant of HA 
acid (pKa), as shown in eqn (3) [28,33], however pKa values are merely 
available in water at 298 K. Thus ΔGa(463 K) required to be further 

Scheme 2. The structures of TS in the mutual transformations among D-xylose, 1,2-enediol and D-xylulose.  
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solved by eqn (4) [34]. In eqn (4), the first term on the right side is the 
aqueous-phase Gibbs free energy of acid dissociation at 298 K, it is 
calculated by eqn (3), the pKa values are from references (Table S1) [35, 
36]. The second and third terms are obtained by the calculation of Gibbs 
free energy on individual compounds in chemical eqn (5). The calcula-
tion results of ΔGa(463 K) for different acids are also presented in 
Table S1. 

ΔGa = 2.303RTΔpKa (3)  

ΔGa(463 K)=ΔGa(aq, 298 K)ref +ΔGa(463 K)calc − ΔGa(aq, 298 K)calc

(4)  

HA(aq)+H2O(l)→H3O+(aq) + A− (aq) (5) 

The Gibbs free energy of charged H+ and A− ions in water can be 
calculated by the approach above. In addition, we used the relative 
difference of the Gibbs free energy for calculating charged ions instead 
of their absolute values, avoiding the inaccuracy of absolute values for 
calculating charged ions. 

Scheme 2 displays the optimized structures of TS in the mutual 
transformations among D-xylose, 1,2-enediol and D-xylulose under the 
catalysis of different acids including H2SO4, HNO3, HCl, HBr and HI. TS 
are formed by anions attacking the hydrogen atoms on the reactant 
molecule to form electron-rich carbon or oxygen atoms, which would 
capture the hydrogen ions. Fig. 1 shows the Gibbs free energy changes 
for the mutual transformations among D-xylose, 1,2-enediol and D- 
xylulose in water at 463 K, and the Gibbs free energy change of acid 
dissociation at 463 K. It is found that ΔGa(463 K) < 0 for all the acid 
dissociation processes except the second dissociation of H2SO4. As could 

be expected of strong acids in water, the free energy of separated reac-
tant, H+ and corresponding anion (compound + H+ + A− ) are always 
lower than that of the non-dissociated acid (compound - HA). 

The standard Gibbs free energy at 463 K of “D-xylose + HA” is set as 
zero. The condensed energy barriers both for forward and reverse re-
actions are further shown in Fig. 1 (d). A higher energy barrier is ob-
tained when SO4

2− catalyzes the mutual transformations compared to 
that of HSO4

− , which means that the second dissociation of H2SO4 acid 
contributes little to the overall transformations. For the transformation 
from D-xylose to 1,2-enediol, the energy barriers for different acids can 
be ranked as: HCl < H2SO4 < HNO3 < HBr < HI; For the transformation 
from D-xylose to D-xylulose, it can be ranked as:H2SO4 < HNO3 < HCl <
HI < HBr. For the transformation from D-xylulose to 1,2-enediol, it can 
be ranked as: HCl < H2SO4 < HNO3 < HBr < HI. For all acids calculated 
in Fig. 1 (d), the 1,2-enediol intermediates are more readily transferred 
to D-xylulose rather than D-xylose due to the lower energy barriers, 
which means that the 1,2-enediol intermediate formed from D-xylose is 
almost irreversible, because the transformation from 1,2-enediol to D- 
xylulose has lower energy barrier than to D-xylose. Thus, it is more likely 
to achieve equilibrium between 1,2-enediol and D-xylulose. This 
conclusion explains the experimental phenomena well that 1,2-enediol 
intermediate to be irreversibly formed from the aldopentose in acidic 
conditions, showing a partial equilibration with keto form [18,37]. 

The best acid in catalyzing the transformation between D-xylose and 
1,2-enediol is HCl, between D-xylose and D-xylulose it is H2SO4, and 
between D-xylulose and 1,2-enediol it is HCl. The length change of 
relevant bonds in the transformations is shown in Fig. 2. The structures 
shown in Fig. 2 are the bonded states or TS. It is found that the H atom 
between Cl atom and C atom in TS moves back and forth in the 

Fig. 1. Standard Gibbs free energy profile for the mutual transformations over different acids in water at 463 K. (a) between D-xylose and 1,2-enediol; (b) between D- 
xylose and D-xylulose; (c) between D-xylulose and 1,2-enediol. (d) concise standard Gibbs free energy in the mutual transformations. The ionized anion is denoted 
as A− . 
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transformation from D-xylose or D-xylulose to 1,2-enediol, as shown in 
Fig. 2 (a) and (c). It causes the change of the unsaturation degree of the C 
atom, and then forms the C=C double bond and the enol structures. In 
addition, the bond length of the C=O double bond (carbonyl group) in 
the bonded state continues to increase until it turns to the C-O single 
bond. The C-C single bond between C-1 and C-2 position continues to 

shorten until it becomes a C=C double bond. The transformation from D- 
xylose to D-xylulose is shown in Fig. 2 (b). It is found that the H atom 
between C-1 and C-2 position in TS moves back and forth, giving rise to 
the change of the unsaturation degree of the C atom, and then forms the 
carbonyl structures. The bond length of the C=O double bond (carbonyl 
group) in the bonded state keeps increasing until it becomes a C-O single 

Fig. 2. The bond length changes in the mutual transformation of D-xylose, 1,2-enediol and D-xylulose (a) the transformation between D-xylose and 1,2-enediol under 
HCl catalysis; (b) the transformation between D-xylose and D-xylulose under H2SO4 catalysis; (c) the transformation between D-xylulose and 1,2-enediol under 
HCl catalysis. 
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bond, while the C-C single bond between the C-1 and C-2 position first 
shortens and then increases. 

In addition, G. Marcotullio reported the effect of adding Cl− , Br− , I−

ions to the H2SO4 acid-catalyzed D-xylose -to-furfural reaction system, it 
was found that the formation of 1,2-enediol from D-xylose was promoted 
with the order: Cl-> Br-> I− [17]. It is consistent with our results shown 
in Fig. 1 (d). The supplementary Cl− , Br− , I− ions coupling with the H+

ions from the second dissociation of H2SO4 forms corresponding acid of 
HCl, HBr and HI, these acids can be used to accelerate the conversion of 
D-xylose -to-1,2-enediol and of D-xylulose -to-1,2-enediol with the order: 
HCl > HBr > HI, though their effects on D-xylose -to- D-xylulose con-
version are limited. 

2.2. Simplified kinetic model for D-xylose/D-xylulose-to-furfural 
conversion in water 

O. Ershova et al. concluded that the D-xylose isomerization to D- 
xylulose with subsequent furfural formation is not a primary reaction 
pathway by mechanistic modeling study. It stated that the D-xylulose as 
a key intermediate for furfural production from D-xylose was rejected, 
and the primary reaction route involved another short-living interme-
diate that reacted rapidly to the furfural [5]. Gianluca et al. confirmed 
that the key intermediate was 1,2-enediol, which could equilibrate with 
both D-xylose and D-xylulose, and the formation of 1,2-enediol as the 
rate-limiting step could further react to form furfural with the presence 
of acid [18]. 

Based on the mutual transformations among D-xylose, 1,2-enediol 
and D-xylulose, a simplified reaction mechanism can be set up to 
describe the D-xylose/D-xylulose-to-furfural conversion in water, as 
shown in Scheme 3. For the D-xylose/D-xylulose-to-furfural conversion 
under acidic catalysis, the formation of 1,2-enediol is considered as the 
rate limiting step. Thus, we briefly describe the furfural formation by 
direct conversion of 1,2-enediol. Besides, the side reactions of D-xylose, 
D-xylulose and furfural are inevitable in the experiments, which readily 
form unidentifiable humin-like polymers [15,38,39]. 

Acid concentration has a significant effect on the D-xylose/D-xylulose 
decomposition and furfural formation [15]. Besides, the mechanism of 
furfural formation goes beyond the proton catalysis, also dependent on 
the type of anions [40]. The kinetic model should reflect the influence 
from both H+ ions and anions. It needs to be embodied at two aspects: 

one is the different energy barriers resulted from changing anions type; 
another one is the acid concentration. Eyring equation (2) is merely 
dependence on the energy barrier, ΔG‡, thus it should multiply by the 
acid concentration for the determination of reaction rate constants. As 
shown in Scheme 3, every reaction step follows a first-order reaction [5, 
15,18]. The detailed concentration evolutions of D-xylose, D-xylulose, 1, 
2-enediol and furfural can be expressed as the following differential 
equations (6)~(9). 

−
dcD− xylose

dt
= (k1 + k2 + k5)cD− xylose − k− 1c1,2− enediol − k− 2cD− xylulose (6)  

dcD− xylulose

dt
= k2cD− xylose + k− 3c1,2− enediol − (k− 2 + k3 + k6)cD− xylulose (7)  

dc1,2− enediol

dt
= k1cD− xylose + k3cD− xylulose − (k− 1 + k− 3 + k4)c1,2− enediol (8)  

dcfurfural

dt
= k4c1,2− enediol − k7cfurfural (9) 

In the literature, HCl and H2SO4 acids are reported to be the most 
used and efficient homogenous catalysts for the production of furfural 
from D-xylose/D-xylulose in water [18,40,41]. Thus HCl and H2SO4 acids 
are employed in the kinetic model to compare the results with experi-
mental data. The reaction conditions in our model was set as: reaction 
temperature of 190 ◦C, acid concentration of 0.1 mol/L, and D-xylo-
se/D-xylulose dosage of 0.05 mol, these reaction conditions are readily 
to offer high conversion of reactant and high yield of furfural [5,18,42]. 
The produced H+ and SO4

2− from second dissociation of H2SO4 acid has 
much weaker catalytic ability for the mutual transformations compared 
to that of H+ and HSO4

− dissociated from the first dissociation of H2SO4 
acid. Based on the obtained ΔGa(463 K) of the second dissociation of 
H2SO4 acid (Table S1), we can calculate and know that 28% of HSO4

−

ions dissociate into H+ and SO4
2− ions when use 0.1 mol/L H2SO4 acids, 

then we get 128% H+ ions concentration (0.128 mol/L) and 72% HSO4
−

ions concentration (0.072 mol/L), thus the effective concentration of 
H2SO4 acid can be calculated as 128% × 72% = 92%, namely, the 
effective concentration of H2SO4 acid in this reaction system is 0.092 
mol/L. 

It is hard to study the formation of humin-like polymers using tran-
sition state theory. The referenced values for k5, k6, k7 are from 

Scheme 3. The simplified reaction mechanisms for D-xylose/D-xylulose-to-furfural conversion.  

X. Fang et al.                                                                                                                                                                                                                                    



Carbohydrate Research 511 (2022) 108463

7

literatures which have similar reaction conditions to present how much 
reactants or products would react to produce by-products. Specifically, 
the values of k5, k6, k7 are determined based on the same ratios of k5/k1, 
k6/k3, k7/k1 to literatures (see Table S2). Since we lack the referenced 
kinetic data of the D-xylose-to-D-xylulose hydride shift and D-xylulose-to- 
1,2-enediol enolization under HCl acid catalysis, only referenced values 
of k1 and k3 are applied. The ratio of k6/k3 for HCl acid is unknown and 
we therefore assume it to be the same as that for H2SO4 acid catalysis. 
The adopted values for k5/k1, k6/k3, k7/k1, and the equivalent energy 
barriers are presented in Table 1. 

The differential equations can be solved based on the formation of 
1,2-enediol as rate limiting step, even if the k4 value is unknown. We 
have used two strategies. The first assumption is dc1,2− enediol

dt = 0 because 
1,2-enediol is in steady state [18]. The second method was to specify an 
energy barrier for the 1,2-enediol-to-furfural conversion, which was 

smaller than any energy barriers related to the formation of 1,2-enediol, 
to assure the reactions proceeding along the direction of furfural for-
mation, namely △G‡

4<△G‡
-3. The results of the two strategies are 

compared and no essentially difference are found (see Fig. S1~S4), 
which means that the steady state of 1,2-enediol is a reasonable infer-
ence to solve the differential equations. Based on the first strategy, the 
reactant conversion evolution of D-xylose or D-xylulose and the product 
yield evolution of furfural under HCl or H2SO4 acids catalysis at 463 K in 
water are shown in Fig. 3. 

O. Ershova et al. reported that similar furfural yields were observed 
in the 0.1 mol/L H2SO4 acid-catalyzed conversion when respectively 
using D-xylose and D-xylulose as reactant at the temperature from 453 K 
to 493 K. This is in good agreement with the results shown in Fig. 3 (c) 
and (d). Based on previous reports, D-xylulose reacted much faster to 
produce furfural in acidic solution compared to that of D-xylose [2]. For 
example, reaching maximum furfural yield from the conversion of 
D-xylulose required less time than that from the conversion of D-xylose 
under 0.1 mol/L HCl acid-catalysis [43]. Likewise, D-xylulose was also 
reported to react faster than D-xylose for the production of furfural under 
0.1 mol/L H2SO4 acid catalysis (Fig. S5) [5]. These phenomena are 
analogous to the lower reactivity of glucose than fructose for the for-
mation of HMF [44,45]. And this is in good agreement with our 
modeling under HCl or H2SO4 acid catalysis, as shown in Fig. 3 (a)–(d). 
In our model, D-xylulose has a better reactivity to form furfural than that 
of D-xylose when using HCl or H2SO4. Gianluca et al. reported that HCl 
acid achieved a higher furfural yield than H2SO4 in D-xylose-to-furfural 
conversion at similar reaction condition of 200 ◦C and 0.05 mol/L acid 

Table 1 
The adopted values for k5/k1, k6/k3, k7/k1, and the equivalent energy barriers 
for the side reactions [5,18].  

Acid HCl H2SO4 

k5/k1 0.287 0.520 
k6/k3 0.677 0.677 
k7/k1 0.058 0.065 
△G‡

5 (kcal/mol)  33.7 36.6 

△G‡
6 (kcal/mol)  26.3 28.6 

△G‡
7 (kcal/mol)  35.2 38.5  

Fig. 3. The reactant conversion evolution of D-xylose or D-xylulose, and the product yield evolution of furfural under 0.1 mol/L HCl or H2SO4 acids catalysis at 463 K 
in water. (a) D-xylose-to-furfural conversion under HCl catalysis; (b) D-xylulose-to-furfural conversion under HCl catalysis; (c) D-xylose-to-furfural conversion under 
H2SO4 catalysis; (d) D-xylulose-to-furfural conversion under H2SO4 catalysis. 
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concentration (Fig. S6) [18], which is also consistent with our calcula-
tions, as seen in Fig. 3 (a) and (c). In summary, the results of the kinetic 
model are in good agreement with the experimental rules reported in the 
literature, and the simplification that furfural is directly generated from 
the 1,2-enediol is proved to be very reasonable. 

In the kinetic model, the concentrations of HCl and H2SO4 acid are 
same (0.1 mol/L), but the reaction routes (energy barriers of the D- 
xylose-D-xylulose-1,2-enediol conversion) are quite different, as shown 
in Fig. 1. Additionally, the concentration of H+ in H2SO4 catalytic system 
(0.128 mol/L) is higher than that in HCl system (0.1 mol/L), because 
there is one more step of H+ dissociation from H2SO4 than that from HCl, 
but in the reaction from D-xylose to 1,2-enediol and in the reaction from 
D-xylulose to 1,2-enediol, the catalytic effect of HCl is even stronger than 
that of H2SO4. It indicates that the reaction is not only related with the 
concentration of H+ (acid catalysis) but also the type of anion (anion 
catalysis). The speculation can be verified from the combination of 
anion (Cl− or SO4

2− ) with reactant (D-xylose or D-xylulose) in the tran-
sition state, as Fig. 2 illustrated. 

2.3. The mutual transformations among D-xylose, D-xylulose and 1,2- 
enediol in THF 

THF (tetrahydrofuran) as a biomass-derived aprotic polar solvent is 
extensively applied in biomass conversion. It is favorable to the forma-
tion of desired products including HMF and furfural [46–50]. Thus the 
mutual transformations in THF are also studied to reveal the reaction 
mechanism and to offer theoretical guidance to the further experiment 
researches. 

The acid dissociation processes in THF can be expressed as chemical 
eqn (10). The Gibbs free energy change of acid dissociation in THF can 
be solved by the same approach as that in water (Table S3). 

HA(THF)+ THF (l)→ THF ⋅ H+(THF) + A− (THF) (10) 

The energy barriers of the mutual transformations among D-xylose, D- 
xylulose and 1,2-enediol over different acids in THF at 463 K are pre-
sented in Fig. 4. In Fig. 4, we focus on investigating the most interesting 
acids in industry, H2SO4, HNO3 and HCl acid. The detailed energy 
variation can be found in Fig. S7. The combination of H+ and SO4

2−

performs even worse in catalyzing the mutual transformations in THF, 
thus the catalysis over H2SO4 acid shown in Fig. 4 is from the effect of H+

and HSO4
− . 

Comparing Figs. 4–1(d), it is found that D-xylulose is still the most 
stable compound in THF while 1,2-enediol becomes more unstable. For 
the transformation between D-xylose and 1,2-enediol, THF solvent 

accelerates this process only when using HCl acid for catalysis, 
compared to that in water. The energy barriers in THF can be ranked as 
HCl < H2SO4 < HNO3. For the transformation between D-xylose and D- 
xylulose, THF solvent deteriorates the catalytic performance for all 
tested acids, and this process is almost intercepted by THF solvent ac-
cording to the calculation of Eyring equation. For the transformation 
between D-xylulose and 1,2-enediol, THF solvent accelerates this con-
version for all acids and it has lowest energy barriers for all acids 
compared to other two transformation processes. The energy barriers in 
THF can be ranked as HCl < H2SO4 < HNO3. 

For the D-xylulose-to-furfural conversion, all tested acids have a good 
performance in the two solvents. THF are the better solvents than water 
for all acids and HCl acid performs best in all solvents. And HCl acid is 
the best acid for any solvents to accelerate D-xylose-to-furfural conver-
sion. For H2SO4 acid-catalyzed the D-xylose-to-furfural conversion, THF 
solvent is not a suitable media compared to water since the trans-
formation between D-xylose and D-xylulose is blocked in THF. Thus, for 
further experimental studies, THF can be a good reaction medium for the 
D-xylulose-to-furfural conversion. For D-xylose-to-furfural conversion, 
the mixture of water with THF might be an excellent solvent, the com-
bination of different acids can be together used. For example, employing 
H2SO4 acid promotes the transformation between D-xylose and D-xylu-
lose, at the same time add HCl acid to accelerate the transformation 
between D-xylose and 1,2-enediol. 

2.4. The dominant reaction pathway of furfural formation in different 
solvents 

In D-xylose-to-furfural conversion, there are two formation routes of 
1,2-enediol: D-xylose-1,2-enediol route and D-xylose-D-xylulose-1,2- 
enediol route. Thus, the reaction pathway of D-xylose-to-furfural con-
version can be divided into two routes after simplifying the 1,2-enediol- 
to-furfural conversion as one-step reaction. The first one is D-xylose-1,2- 
enediol-furfural route; the second one is D-xylose-D-xylulose-1,2-enediol- 
furfural route. The formation route of 1,2-enediol determines the 
dominant reaction pathway of D-xylose-to-furfural conversion. Based on 
the energy changes in the mutual transformations of D-xylose, D-xylulose 
and 1,2-enediol, the energy barriers and corresponding reaction rate 
constants of two different formation routes of 1,2-enediol in water or 
THF solvent can be solved, as presented in Table 2. 

In Table 2, when using water as reaction medium, the dominant 
reaction pathway under H2SO4 acid catalysis is D-xylose-D-xylulose-1,2- 
enediol-furfural route while the dominant reaction pathway under HCl, 
HBr or HI acid catalysis is D-xylose-1,2-enediol-furfural route. The en-
ergy barriers difference between D-xylose-1,2-enediol transformation 
and D-xylose-D-xylulose-1,2-enediol transformation is small when using 
HNO3 acid as catalyst, the reaction rate constant of D-xylose-D-xylulose- 
1,2-enediol is 1.9 times than D-xylose-1,2-enediol based on the 

Fig. 4. Concise Standard Gibbs free energy in the mutual transformation 
among D-xylose, 1,2-endiol and D-xylulose over different acids (H2SO4, HNO3 or 
HCl) at 463 K in THF. 

Table 2 
Energy barriers and reaction rate constants in different formation route of 1,2- 
enediol from D-xylose with water or THF as reaction medium.  

Reaction 
medium 

Acid D-xylose-1,2-enediol route D-xylose-D-xylulose-1,2- 
enediol route 

Energy 
barrier 
(kcal/ 
mol) 

Reaction 
rate 
constant, k 
(h− 1) 

Energy 
barrier 
(kcal/ 
mol) 

Reaction rate 
constant, k 
(h− 1) 

Water H2SO4 36.0 0.35 32.6 14 
HNO3 36.3 0.25 35.7 0.48 
HCl 32.6 14 39.8 5.6*10− 3 

HBr 36.6 0.18 47.6 1.2*10− 6 

HI 38.6 0.020 43.2 1.4*10− 4 

THF H2SO4 36.4 0.23 39.4 8.6*10− 3 

HNO3 39.6 7.0*10− 3 41.7 7.1*10− 4 

HCl 28.1 1870.62 42.1 4.58*10− 4  
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calculation of Eyring equation, thus, D-xylose-1,2-enediol-furfural route 
and D-xylose-D-xylulose-1,2-enediol-furfural route are coexisted under 
HNO3 acid catalysis. When using THF as reaction medium, the trans-
formation between D-xylose and D-xylulose are blocked, thus the domi-
nant reaction pathway under H2SO4, HNO3 or HCl acid is D-xylose-1,2- 
enediol-furfural route. 

Similarly, the reaction pathway of D-xylulose-to-furfural conversion 
can also be divided into two routes: the first one is D-xylulose-1,2-ene-
diol-furfural route; the second one is D-xylulose-D-xylose-1,2-enediol- 
furfural route. For all tested acids in the solvent of water or THF, the D- 
xylulose-1,2-enediol route has a much larger reaction rate constant than 
that of D-xylulose-D-xylose-1,2-enediol route, as shown in Table 3, thus 
the dominant reaction pathway is D-xylulose-1,2-enediol-furfural route. 

3. Conclusion 

We have proposed a reaction mechanism for the D-xylose-to-furfural 
conversion under homogenous acid catalysis, which includes formation 
of D-xylulose by hydride shift as well as enolization of both D-xylose and 
D-xylulose. Detailed energetics of the mutual transformations among D- 
xylose, 1,2-enediol intermediate and D-xylulose over different strong 
acids were studied with quantum chemistry calculations in different 
solvents including water and THF. Based on the assumption of 1,2-ene-
diol formation being the rate limiting step, a simplified kinetic model 
was constructed to describe the D-xylose/D-xylulose-to-furfural conver-
sion in water. The results show a good agreement with the reported 
experiments, implying that the simplification that furfural is directly 
generated from the 1,2-enediol by one-step reaction is very reasonable. 
Based on the energy barriers in the mutual transformation among D- 
xylose, D-xylulose and 1,2-enediol, the dominant reaction pathways of D- 
xylose/D-xylulose-to-furfural formation are determined under different 
acid catalysis when using water or THF as reaction medium. 
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