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Abstract—The kinetics of formation of tetrahydrofuran from dibutyl succinate were studied. The mechanism 
of catalytic hydrogenation of dialkyl succinates was found to involve consecutive formation of γ-butyrolactone, 
butane-1,4-diol, and tetrahydrofuran. Parameters of kinetic equations that properly describe the system of 
concurrent and consecutive reactions were determined. 

Tetrahydrofuran is widely used as solvent in organ-
ic synthesis, membrane technologies [1], processing of 
natural and synthetic resins, and liquefaction of bitu-
minous coal [2]. Polymerization of tetrahydrofuran or 
its copolymerization with alkylene oxides and diols 
gives oligomeric polyalkylene ether glycols which are 
then converted into polyurethanes and thermoplastic 
polyesters [3–5]. 

Several procedures for the preparation of tetra-
hydrofuran have been reported: from furfural through 
furan [6], from maleic anhydride obtained from ben-
zene or by oxidation of butane [7], from butadiene via 
oxidation [8] or acetoxylation [9], and from butane-
1,4-diol via dehydration [10]. In the past decade, the 
synthesis of tetrahydrofuran by hydrogenation of 
maleic acid esters has attracted increased attention in 
many countries [11–15]. However, the mechanism of 
this process was not studied. Kanetaka et al. [16] and 
Loktev et al. [7] described the mechanism of catalytic 
hydrogenation of maleic anhydride, which involved 
intermediate formation of γ-butyrolactone. It may be 

presumed that tetrahydrofuran is formed in a similar 
way in the hydrogenation of maleic acid esters 
(Scheme 1), though the reactivity of a linear dialkyl 
maleate could differ considerably from the reactivity 
of cyclic maleic anhydride. 

The first step is hydrogenation of the double bond 
activated due to conjugation with electron-withdraw-
ing ester carbonyl groups. This step is fast, and it does 
not affect the kinetics of the overall process [16]. 
Therefore, the goal of the present work was to examine 
in detail the kinetics of the formation of tetrahydro-
furan from dibutyl succinate (I) and determine the 
mechanism of this process. Dibutyl succinate was 
selected as substrate, taking into account that butyl 
alcohol liberated during the hydrogenation process can 
readily be separated from tetrahydrofuran and dehy-
drated for further recycling. 

Catalytic hydrogenation of dibutyl succinate (I) 
was carried out in a rocking high-pressure reactor in 
the temperature range from 180 to 260°C under  
a hydrogen pressure of 8–14 MPa over nickel–cobalt 
catalyst which showed a high efficiency in analogous 
processes [18]. We found that the reaction rate does 
not depend on the grain size of the catalyst in the range 
from 0.4 to 2 mm and on the rate of stirring within 
180–480 rpm, i.e., the reaction occurs in the kinetic 
region under these conditions. 

Initially we examined the kinetics of hydrogenation 
of γ-butyrolactone (II). Figure 1 shows that lactone II 
is rapidly consumed in the initial period of time and 
that the reaction slows down when 50% conversion is 
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Fig. 1. Kinetic curves for the consumption of γ-butyrolac-
tone (II) in the hydrogenation process: (1) 180°C, 10 MPa; 
(2) 220°C, 10 MPa; (3) 240°C, 10 MPa; (4) 240°C, 14 MPa. 
Points correspond to the experimental data, and the calculat-
ed dependences are shown with solid curves. 
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attained. By special experiments with addition of final 
and possible intermediate products to the reaction mix-
ture we found that the following factors are responsible 
for the observed pattern. The first factor is strong 
adsorption of water liberated during the process on the 
catalyst surface, which hampers adsorption of initial 
lactone II, and the second factor is reversibility of the 

formation of butane-1,4-diol (III). Variation of the 
concentration of intermediate III is described by 
characteristic kinetic curves for accumulation and sub-
sequent consumption after a maximum (Fig. 2). The 
maximal concentration of III is attained in a shorter 
time at higher temperature. 

The kinetic curves for accumulation of the final 
product, tetrahydrofuran (IV), are S-shaped (Fig. 3). 
Analogous curves were found for accumulation of by-
products, propan-1-ol and butan-1-ol, which were 
identified by GLC. Depending on the conditions, they 
were formed in up to 15 and 5% yield, respectively. 

Thus the kinetic relations holding in the hydrogena-
tion of γ-butyrolactone are typical of consecutive–
concurrent processes [19], where the major product 
and by-products are formed from intermediate diol III 
according to Scheme 2.  

Scheme 2. 
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This scheme may be described by a kinetic model 
consisting of a system of differential equations (1) for 
the formation of the main and intermediate products 
and by-products with account taken of reversibility of 
the γ-butyrolactone (II) hydrogenation step and con-
current adsorption.  

–∂mII/∂τ = k2 mII p/(mII + β mwater) – k–2 mIII p–1 
∂mIII/∂τ = k2 mII p/(mII + β mwater)  
    – (k–2 p–1 + k3 + k4 p–1 + k5)mIII 
∂mIV/∂τ = k3 mIII                                                             
∂mV/∂τ = k4 mIII p–1 
∂mVI/∂τ = k5 mIII 

Here, mi is the number of moles of ith component 
per gram of the catalyst, p is the hydrogen pressure, β 

(1) 

Fig. 2. Variation of the concentration of butane-1,3-diol (III) 
in the hydrogenation of γ-butyrolactone (II): (1) 220°C,  
10 MPa; (2) 240°C, 8 MPa; (3) 260°C, 10 MPa; (4) – 240°C, 
10 MPa; (5) – 240°C, 14 MPa. Points correspond to the ex-
perimental data, and the calculated dependences are shown 
with solid curves. 
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is the ratio of the adsorption coefficients of water and 
γ-butyrolactone, and τ is the reaction time (h). 

Equation system (1) was processed to solve the 
reverse kinetic problem [19]: rate constants for all 
steps of the process (Scheme 2) were determined at 
different temperatures, and the corresponding energies 
of activation and pre-exponential factors were calculat-
ed (see table). The calculated kinetic dependences 
plotted in Figs. 1–3 as solid curves were very con-
sistent with the experimental data (dots). 

Measurement of the rate of hydrogenation of ester I 
in the temperature range from 220 to 260°C at a pres-
sure of 8–14 MPa showed that its consumption can be 
described by first-order equation with respect to I and 
hydrogen:  

                                   –∂mI/∂τ = k1 mI p.  (2) 

The parameters of the Arrhenius equation calculat-
ed by Eq. (2) from the kinetic curves are also given in 
table. The hydrogenation of ester I was characterized 
by the same kinetic relations as those found for the 
hydrogenation of lactone II. In this case, lactone II is 
considered to be intermediate product. The kinetic 
curves for its formation and subsequent consumption 
come from the origin and pass through a maximum. 
On the other hand, accumulation of diol III in the 
initial part is described by an S-shaped curve, which is 
also typical of products of its subsequent transforma-
tions, targeted tetrahydrofuran and propan-1-ol (by-
product). Butan-1-ol is formed even in the first step of 

Energies of activation Ei and pre-exponential factors ki° of 
elementary steps in the catalytic hydrogenation of dibutyl 
succinate (I) 

ki Ei, kJ/mol ki° 

k1 104 2.51 × 108 h–1 g–1 MPa–1 
k2 109 1.84 × 109 mol h–1 g–1 MPa–1 
k–2 138 1.37 × 1014 h–1 g–1 MPa–1 
k3 142 8.3 × 1013 h–1 g–1 
k4 163 2.61 × 1016 h–1 g–1 MPa–1 
k5 157 2.86 × 1014 h–1 g–1 
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Scheme 3. 

Fig. 3. Kinetic curves for accumulation of tetrahydrofuran 
(IV) in the hydrogenation of γ-butyrolactone (II): (1) 220°C, 
10 MPa; (2) 240°C, 8 MPa; (3) 240°C, 10 MPa; (4) – 240°C, 
14 MPa; (5) – 260°C, 10 MPa. Points correspond to the ex-
perimental data, and the calculated dependences are shown 
with solid curves.  
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hydrogenation of I; therefore, the corresponding kinet-
ic curves have no initial inflection. The observed ki-
netic relations largely correspond to the mechanism of 
hydrogenation of ester I, shown in Scheme 3, though 
successive closure, opening, and repeated closure of 
furan ring may seem surprising at first glance. 

Strictly speaking, a similar kinetic pattern may be 
observed if lactone II is not an intermediate product 



RUSSIAN  JOURNAL  OF  ORGANIC  CHEMISTRY   Vol.  46   No.  10   2010 

TIMOFEEV  et al. 1540 

Scheme 4. 
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Fig. 4. Kinetic dependences for accumulation of tetrahydro-
furan (IV) in the hydrogenation of dibutyl succinate (I), cal-
culated according to (1–3, solid curves) Scheme 3 and (4–6, 
dotted curves) Scheme 4 for the temperatures (1, 4) 260,  
(2, 5) 240, and (3, 6) 220°C at a hydrogen pressure of  
10 MPa. Points correspond to the experimental data. 
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formed along the main reaction path but exists in 
equilibrium with diol III (see above) which gives rise 
to tetrahydrofuran (IV) and alcohols V and VI as by-
products, in keeping with Scheme 4.  

Our experimental data allowed us to make a rigor-
ously substantiated choice between the above alterna-
tive schemes. For this purpose, kinetic models corre-
sponding to Schemes 3 and 4 were constructed. By 
substituting the rate constants and Arrhenius param-
eters (already determined as described above; see 
table) into the obtained equation systems we solved the 
direct kinetic problem [19], i.e., drew kinetic depend-
ences describing variation of the amount (in moles per 
gram of catalyst) of γ-butyrolactone (II), butane-1,4-
diol (III), tetrahydrofuran (IV), propan-1-ol (V), and 
butanol (VI) versus time. The dependences derived on 
the basis of Scheme 3 were very consistent with the 
experimental kinetic data for compounds II–VI, 
whereas those calculated for Scheme 4 revealed 
considerable differences from the experimental data. 
Figure 4 shows a typical example of such correlation 
for the formation of tetrahydrofuran at different tem-
peratures. These results exclude the possibility for 
formation of butane-1,4-diol (III) directly from ester I 
and unambiguously indicate that the process follows 
Scheme 3.  

Thus detailed kinetic study on the catalytic hydro-
genation of dibutyl succinate allowed us to determine 
the mechanism of formation of tetrahydrofuran from 
dialkyl succinates, which includes successive forma-
tion of γ-butyrolactone and butane-1,4-diol as inter-
mediates. The proposed kinetic model ensures highly 
accurate prediction of the product composition (±1.3–
2.4%) and optimization of the reaction conditions. 

EXPERIMENTAL 

The initial compounds and hydrogenation products 
were analyzed by GLC on a Tsvet-500 chromatograph 
equipped with a thermal conductivity detector and  
a 2000 × 3-mm column packed with 12% of PFMS-4 
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(polyphenylmethylsiloxane) on Polikhrom-1; carrier 
gas helium; oven temperature programming from 75 to 
225°C; 1,4-dioxane was used as internal standard. 

Succinic anhydride, γ-butyrolactone, butane-1,4-
diol, propan-1-ol, and butan-1-ol were preliminarily 
distilled. Dibutyl succinate (I) was synthesized accord-
ing to the procedure described in [20] and was purified 
by rectification. The catalyst contained 15% of Ni, 
10% of Co, 3.5% of Fe, and 5% of Al2O3 on hydro-
thermally treated silica gel; it was prepared by im-
pregnation of silica gel with a solution containing 
nitrates of the corresponding metals, followed by dry-
ing, calcination, and reduction in a stream of hydrogen 
at 400°C. The catalyst was then purged with nitrogen, 
passivated with air, and ground to a required grain size. 

The kinetic measurements were performed in  
a rocking 60-ml stainless steel high-pressure reactor 
under continuous stirring while controlling pressure 
and temperature. Before charging into the reactor, the 
catalyst was depassivated in a glass reactor at 300°C in 
a stream of hydrogen. To prevent contact with air, the 
catalyst was covered with the initial compound while 
transferring it into the reactor; 0.75–1.5 g of the cata-
lyst and 16–22 g of the substrate were used. Samples 
were withdrawn from the reaction mixture at definite 
time intervals, and their composition was determined 
by GLC. 

This study was performed under financial support 
by the Federal Science and Innovation Agency (state 
contract no. 02.513.12.3076).  
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