
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:4

5:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Kinetic study on
aSINOPEC Dalian Research Institute of Petro

116100, China. E-mail: zhaochenghao.fshy@
bState Key Laboratory of Multiphase C

Engineering, Chinese Academy of Sciences,

ipe.ac.cn

† Electronic supplementary informa
https://doi.org/10.1039/d5ra01226k

‡ Co-rst authors.

Cite this: RSC Adv., 2025, 15, 14307

Received 20th February 2025
Accepted 10th April 2025

DOI: 10.1039/d5ra01226k

rsc.li/rsc-advances

© 2025 The Author(s). Published by
the hydrogenation of dimethyl
succinate to g-butyrolactone†

Chenghao Zhao, ‡a Chengzhe Du,‡b Huixia Ma,*a Rui Jiang,a Huanling Zhanga

and Feng Zhoua

The hydrogenation of dimethyl succinate (DMS) to g-butyrolactone (GBL) is crucial in producing high-value

chemicals for pharmaceuticals, agrochemicals, and battery electrolytes. This study utilized a self-developed

copper-based catalyst and a micro-fixed bed reactor to systematically investigate the effects of

temperature, pressure, and the hydrogen-to-ester ratio on reaction performance. An intrinsic kinetic

model was developed based on experimental data, with reaction rate constants and activation energies

determined through standard regression techniques. The model correlated well with observed data,

providing insights into reaction kinetics. Validation against experimental data indicated fair agreement

across various conditions. Sensitivity analysis confirmed the model's robustness, making it useful for

process optimization. This kinetic analysis offers insights to enhance the efficiency and cost-

effectiveness of industrial GBL production, aiming to improve overall process yield and efficiency.
1 Introduction

g-Butyrolactone (GBL), also known as 1,4-butyrolactone, is an
important chemical intermediate with wide-ranging applica-
tions in pharmaceuticals,1,2 solvents,3,4 battery production,5,6

and petrochemicals.7,8 Approximately 70% of GBL's production
capacity is utilized for the synthesis of N-methylpyrrolidone
(NMP),9 which serves as a key solvent in lithium battery
manufacturing. With the rapid development of the new energy
vehicle industry in China, the demand for NMP is expected to
rise steadily in the future.

Currently, the majority of GBL production is derived from
the dehydrogenation of 1,4-butanediol (BDO), which is typically
produced via the acetylene-based route.10 This method, using
calcium carbide as a raw material, falls into the category of
“high pollution, high energy consumption, and high carbon
emissions”, indicating signicant limitations for its future
applications. In contrast, the phthalic anhydride esterication
and hydrogenation route demonstrates lower emissions,
allowing for the co-production of GBL and tetrahydrofuran
(THF) alongside BDO.11 Additionally, China's phthalic anhy-
dride production capacity has been continuously increasing, re-
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sulting in lower raw material costs, thereby presenting a prom-
ising application outlook for this route.

Dimethyl succinate (DMS), a product of the hydrogenation of
the esterication product dimethyl maleate (DMM), can be
further hydrogenated to selectively produce GBL. By modifying
the catalyst composition and process conditions, it is possible to
achieve either a high yield or a selective production of GBL. The
employment of copper-based catalysts for the gas-phase hydro-
genation of DMS offers mild operating conditions, a straightfor-
ward process, and favorable selectivity and yield.12–14 Many
studies have shown that Cu(II)-based catalysts have the following
advantages: low cost, environmentally friendly, high selectivity
for the cleavage of C–O bonds, low activity for the cleavage of C–C
bonds, and excellent activation capability for hydrogen mole-
cules. These characteristics make Cu(II)-based catalysts widely
applicable in catalytic reactions, especially in the elds of green
chemistry and sustainable development.15–21

Numerous studies have been conducted on the reactors,22,23

catalysts,24,25 processes,26,27 and stability28 associated with the
hydrogenation of DMM or DMS, as well as related reaction
kinetics.29,30 For example, Chaudhari31 investigated the kinetics of
the gas–solid phase reaction of diethyl maleate using a cuprous
chromate catalyst, deriving rate constants and activation energies
for different reactions within this network. Similarly, Zhang Qi32

examined the gas–solid phase reaction kinetics of diethyl succinate
with a copper-based catalyst, obtaining relevant kinetic parame-
ters. However, both studies utilized a power-law kinetic model and
operated at pressures exceeding 2 MPa, during which multiple
products, including GBL, BDO, THF, and n-butanol, were present.

In contrast, there has been limited intrinsic kinetic research
on the selective or multiple production of GBL from DMS under
RSC Adv., 2025, 15, 14307–14314 | 14307
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low-pressure conditions. Therefore, this study employs a copper-
based catalyst to conduct gas–solid phase catalytic reaction
kinetics experiments while eliminating internal and external
diffusion limitations. The aim is to elucidate the reaction
mechanism for the hydrogenation of DMS to predominantly
produce GBL and to derive the parameters for the corresponding
hyperbolic intrinsic kinetic model, providing a reference for the
reactor design for GBL production via DMS hydrogenation.

2 Materials and methods
2.1 Materials

Dimethyl succinate (DMS, 99%) was obtained from J&K Scien-
tic Technology Co., Ltd; hydrogen gas (99.999%) was sourced
from Dalian Special Gases Co., Ltd; methanol, g-butyrolactone,
1,4-butanediol, and tetrahydrofuran, all of chromatographic
purity, were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd.

2.2 Catalyst

Themetal composition of the catalyst consists of Cu, Zn, and Al,
referred to as CuZnAl. The specic preparation steps can be
found in the ESI.† Additionally, we conducted a systematic
characterization of the catalyst, including the crystalline phase
structure (Fig. S1†), textural properties (Fig. S2 and Table S1†),
the form of copper present (Fig. S3†), reduction properties
(Fig. S4†), and morphology (Fig. S5†). Detailed characterization
results and analysis are available in the ESI.†

2.3 Experimental setup and procedure

The schematic diagram of the micro xed-bed hydrogenation
apparatus used in the experiment is shown in Fig. 1.

A xed-bed reactor with an inner diameter of approximately
8 mm and a length of 120 mm was utilized in this study. The
catalyst, aer crushing and screening, was uniformly mixed with
inert quartz sand and packed in themiddle section of the reactor,
maintaining a packing height of 50 mm, with inert quartz sand
above and below. Hydrogen was introduced into the reactor from
the upper end, controlled by amass owmeter. The xed bed was
then heated to 240 °C according to a programmed schedule and
maintained at this temperature for 6 hours to ensure complete
activation of the catalyst. Dimethyl succinate (DMS) was delivered
into the top of the reactor through a plunger pump along with
Fig. 1 Schematic diagram of the micro fixed-bed hydrogenation
apparatus.

14308 | RSC Adv., 2025, 15, 14307–14314
hydrogen. Aer passing through a preheater, the DMS came into
contact with the catalyst in the xed bed for the reaction. The
reaction pressure was maintained using a backpressure valve.
The products were discharged to a constant pressure product
tank aer passing through a secondary condenser, while the off-
gases were directed to the utility venting line.

2.4 Product analysis method

The analysis of reactants and products was conducted using an
Agilent 8860 gas chromatograph equipped with a capillary column
(50 m × 320 mm × 1.2 mm), featuring a stationary phase of 5%
diphenyl-95% dimethyl polysiloxane. Quantitative analysis was
performed using the area normalization method. The vapor-
ization chamber temperature was set to 250 °C, and the detector
temperature was maintained at 300 °C. The temperature
programming for the columnwas as follows: initial temperature at
100 °C with a hold time of 5 minutes; heating rate of 10 °C min−1

to 160 °C with a hold time of 1 minute; followed by a heating rate
of 10 °C min−1 to 280 °C with a hold time of 3 minutes.

The calculation formulas for various evaluation indicators of
catalyst activity are as follows:

Conversion rate of DMSðX Þ ¼ nDMS0 � nDMS

nDMS0

� 100%

Selectivity of productðiÞðSÞ ¼ ni

nDMS0 � nDMS

� 100%

In the expression, nDMS0 represents the number of moles of
DMS in the feed; nDMS denotes the number of moles of DMS in
the product; and ni indicates the number of moles of DMS
converted into product i.

3 Kinetic model development and
parameter fitting
3.1 Preliminary experiments

During the hydrogenation of DMS, reaction conditions such as
pressure, temperature, and hydrogen-to-ester ratio signicantly
inuence conversion rates and product distribution. To better
dene the range of experimental conditions for the hydroge-
nation of DMS to synthesize GBL, preliminary experiments were
conducted to investigate the effects of these process parameters
on the reaction.

3.1.1 Temperature. Under conditions of LHSV = 0.2 h−1

and a pressure of 1 MPa, the inuence of temperature on
product distribution was examined, as shown in Fig. 2. As the
reaction temperature increased, the conversion rate of DMS also
gradually improved, particularly between 200 °C and 210 °C,
where the most signicant enhancement was observed. This
behavior can be attributed to the fact that the vaporization
temperature of DMS at atmospheric pressure is approximately
200 °C. Under a reaction pressure of 1 MPa, even in the presence
of hydrogen, some DMS remains unvaporized below 210 °C.
Therefore, to ensure that the reaction consistently occurs in
a gas–solid phase catalytic system, subsequent kinetic experi-
ments were conducted at temperatures above 210 °C.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of temperature on reaction activity.
Fig. 4 Effect of hydrogen to ester ratio on reaction activity.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:4

5:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Regarding product distribution, as the temperature
increased, the selectivity for GBL gradually rose while the
selectivity for BDO decreased. This trend can be explained by
the endothermic nature of the DMS hydrogenation to GBL and
the exothermic reaction of GBL hydrogenation to BDO. The
elevation in temperature favors the forward reaction of DMS
hydrogenation, which aligns with previously published ther-
modynamic studies.33

3.1.2 Pressure. Under conditions of LHSV = 0.2 h−1 and
a temperature of 210 °C, the effect of pressure on product
distribution was examined, as illustrated in Fig. 3. It is evident
that the selectivities for both GBL and BDO are quite sensitive to
pressure. This sensitivity arises from the fact that BDO is
a product of the further hydrogenation of GBL. Higher pressure
conditions favor the additional hydrogenation of GBL, thereby
reducing its selectivity. Consequently, for subsequent kinetic
modeling aimed at optimizing either exclusive or multiple
production of GBL, the reaction pressure was controlled to
remain below 1.6 MPa.

3.1.3 Hydrogen to ester ratio. Under conditions of LHSV =

0.2 h−1, a temperature of 210 °C, and a pressure of 1.6 MPa, the
effect of the molar ratio of hydrogen to dimethyl succinate in
the feed on product distribution was investigated. It was
observed that increasing the hydrogen to ester ratio under these
conditions had negligible impact on product selectivity;
Fig. 3 Effect of pressure on reaction activity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
however, the conversion rate of DMS signicantly increased at
higher hydrogen to ester ratios. For the purposes of the kinetic
experiments, it is undesirable for the reactants to achieve
complete conversion, even in a continuous stirred-tank reactor.
Therefore, in subsequent investigations, the hydrogen to ester
ratio was maintained below 100 (Fig. 4).
3.2 Assumptions for kinetic pathways and model
development

3.2.1 DMS hydrogenation network. Considering the inves-
tigation of process conditions for the selective production of GBL
or the co-production of by-products during DMS hydrogenation
in preliminary experiments, it was observed that under relatively
mild hydrogenation conditions, the concentrations of THF, n-
butanol, and other by-products were minimal. Therefore, in the
subsequent model development and data tting analysis, only
the reaction pathways of DMS hydrogenation to GBL and GBL
hydrogenation to BDO were considered. A schematic represen-
tation of the hydrogenation network is shown in Fig. 5.

Qin34 noted that most hydrogenation reactions involve the
dissociative adsorption of hydrogen on active sites. Li35 also
concluded in their kinetic analysis of dimethyl oxalate hydro-
genation that hydrogen needs to adsorb dissociatively in order
to react with the ester moiety. Consequently, we assume the
existence of intermediate product B (C5H8O3) in the pathway
from DMS to GBL, and intermediate product E (C4H8O2) in the
pathway from GBL to BDO. This assumption aims to make the
subsequent mechanistic derivation more aligned with reality
and to avoid the occurrence of unreasonable reaction orders in
elementary reactions.

3.2.2 Intrinsic kinetic model. Based on the aforementioned
reaction pathways, the main and side reactions are dened as
follows:

Main reaction : DMSðAÞ þ 2H2 !k1 GBLðDÞ þMeOHðCÞ (1)

Side reaction : GBLðDÞ þ 2H2 )*
k2

k3
BDOðFÞ (2)
RSC Adv., 2025, 15, 14307–14314 | 14309
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Fig. 5 Schematic representation of the DMS hydrogenation reaction
network.((A) DMS; (B) C5H8O3; (C) methanol; (D) GBL; (E) C4H8O2; (F)
BDO).
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Using the Langmuir–Hinshelwood (LH) model to describe the
adsorption and desorption of reactants, products, and hydrogen,
the reaction mechanism is subsequently proposed based on the
Hougen–Watson (HW) model, in which hydrogen undergoes
dissociative adsorption.36 The main reaction mechanism for the
hydrogenation of DMS to GBL is outlined as follows:

H2 þ s )*
KH

2Hs (3)

Aþ s )*
KA

As (4)

Asþ 2Hs!k1 Bsþ Csþ s (5)

Bsþ 2Hs!kN Dsþ Csþ s (6)

Cs )*
KC

Cþ s (7)

Ds )*
KD

Dþ s (8)

Since we did not detect products B and E in our preliminary
experiments, we can assume that within the experimental
conditions, the rate of the reaction of B to form GBL and MeOH
is effectively innite, indicating that B does not accumulate.
Based on this assumption, the elementary reactions (5) and (6)
can be considered irreversible processes.31

Similarly, the intermediate product E can be approached
with the same approximation. The side reaction mechanism for
the further hydrogenation of GBL to BDO is outlined as follows:

Dsþ 2Hs )*
k2

kN
Esþ 2s (9)

Esþ 2Hs )*
kN

k3
Fsþ 2s (10)

Fs )*
KF

Fþ s (11)

Assuming that the surface reaction of DMS hydrogenation in
step (5) is the rate-controlling step of the main reaction, the
intrinsic rate equation can be expressed as follows:

r1 ¼ k1KAPAKHPH�
1þ KAPA þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

KHPH

p þ KDPD þ KCPC þ KFPF

�3 (12)

Similarly, the rate equation for the reversible hydrogenation
of GBL in the side reaction can be expressed as:
14310 | RSC Adv., 2025, 15, 14307–14314
r2 ¼ k2KDPDKHPH � k3KFPF�
1þ KAPA þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

KHPH

p þ KDPD þ KCPC þ KFPF

�3 (13)

In the equations, k1, k2 and k3 represent the reaction rate
constants, while KA, KH, KC, KD and KF are the corresponding
adsorption equilibrium constants. PA, PH, PC, PD and PF denote
the partial pressures of DMS, hydrogen, methanol, GBL, and
BDO, respectively.

r1 ¼ dXA

dðW=FDMS0Þ

r2 ¼ ð1� SDÞ dXA

dðW=FDMS0Þ � XA

dSD

dðW=FDMS0Þ

Assuming that the molar ow rate of dimethyl succinate
(DMS) in the feed is FDMS0, and that the molar ratio of hydrogen
to dimethyl succinate in the feed is a, the molar ow rates of
each component Fi and the total molar ow rate FT can be
determined based on the conversion of dimethyl succinate (XA)
and the selectivity of g-butyrolactone (SD). The expressions for
these molar ow rates are as follows:

FDMS = FDMS0$(1 − XA)

FH2
= FDMS0$[a − 2$XA − 2$(1 − SD)$XA]

FGBL = FDMS0$XA$SD

FBDO = FDMS0$XA$(1 − SD)

FMeOH = 2$FDMS0$XA

FT ¼ FDMS þ FH2
þ FGBL þ FBDO þ FMeOH

¼ FDMS0$ðaþ 2$XA$SD � 2$XA þ 1Þ

The partial pressures of each component can be calculated

using the formula
�
Pi ¼ P

Fi
FT

�
. For example:

PGBL ¼ P$
FGBL

FT

¼ P$ðXA$SDÞ=ðaþ 2$XA$SD � 2$XA þ 1Þ

Similarly, the partial pressures of the other components can
be determined. When considering factors such as temperature,
pressure, and the hydrogen-to-ester ratio, the parameter esti-
mation (tting) problem for the resulting system of nonlinear
ordinary differential equations can be expressed as follows:8>>>>>>>><
>>>>>>>>:

dXA

d

�
W

FDMS0

� ¼ f1ðXA; SD; ðk1; k2; k3; KA;.;KFÞ; a; P; TÞ

dSD

d

�
W

FDMS0

� ¼ f2ðXA; SD; ðk1; k2; k3; KA;.;KFÞ; a; P; TÞ
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of external diffusion on the DMS conversion rate.
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wherein,
dXA

d
�

W
FDMS0

� ¼ r1;
dSD

d
�

W
FDMS0

� ¼ ½ð1� SDÞ$r1 � r2�=XA.

3.2.3 Elimination of internal diffusion experiments. Prior
to conducting kinetic experiments, it is essential to perform
experiments to eliminate internal diffusion. Catalysts with
particle sizes of 10–20 mesh, 20–28 mesh, and 28–35 mesh were
selected to conduct hydrogenation experiments of DMS under
identical conditions. It was determined that internal diffusion
was eliminated when the DMS conversion rate and product
distribution remained unchanged with varying catalyst particle
sizes. Tables 1, S2 and S3† present the results of the internal
diffusion elimination experiments, which indicate that internal
diffusion can be considered eliminated when the catalyst mesh
size is greater than 20 mesh (0.84 mm). Given the narrow inner
diameter of the microreactor and to minimize pressure drop
associated with smaller catalyst particles, catalysts in the 20–28
mesh range were selected for subsequent kinetic studies.

3.2.4 External diffusion elimination experiments. For
xed-bed reactors, the inuence of external diffusion can be
eliminated or minimized by increasing the feed line velocity.37,38

To this end, 1 g, 1.5 g, and 2 g of the catalyst (20–28 mesh) were
mixed with inert quartz sand of the samemesh size. The packed
bed height was set at 50 mm, and aer reduction activation, the
reaction was conducted at a temperature of 220 °C, a pressure of
1 MPa, and a hydrogen-to-ester ratio of 65. The trend of DMS
conversion rates at the same space velocity but different linear
velocities is illustrated in Fig. 6. It can be observed that under
the selected experimental conditions, the DMS conversion rate
does not change with variations in the linear velocity of the feed
gas. Therefore, it can be conrmed that when the linear velocity
exceeds 18.97 × 10−2 m s−1, the inuence of external diffusion
can be considered negligible. Consequently, all subsequent
kinetic experiments were conducted at linear velocities above
this threshold to ensure that the experimental data were not
affected by diffusion limitations.

3.2.5 Determination of intrinsic kinetics. Intrinsic reaction
kinetics data were measured under conditions where both
internal and external diffusion effects were eliminated. A cata-
lyst with a mesh size of 20 to 28 was selected and mixed with
quartz sand of the same mesh size before being packed into the
central section of the reactor, with a packing height of 50 mm.
This conguration ensures that the reactor diameter is more
than ten times the catalyst particle diameter and that the bed
Table 1 Effect of catalyst particle size on the hydrogenation reaction
of DMSa

Number of catalyst
mesh W/FDMS0/(g h mol−1) XA/mol% SD/mol%

10–20 42.98 78.67 94.50
20–28 42.35 81.32 95.16
28–35 42.53 81.75 94.97

a Reaction conditions: temperature = 220 °C; pressure = 1 MPa;
H2/DMS (mol) = 65.

© 2025 The Author(s). Published by the Royal Society of Chemistry
height is more than y times the catalyst particle diameter,
allowing for a plug ow model to be applicable to the gas ow
within the reactor.

Based on the conclusions from preliminary experiments, we
selected reaction temperatures ranging from 210 to 230 °C,
pressures from 0.5 to 1.5 MPa, and a hydrogen-to-ester ratio of
40 to 65 for the kinetic experiments. The experimental data were
tted to the derived kinetic model, with the results shown in the
gure below, where X

0
A and S

0
D represent the tted curves.

At a reaction temperature of 210 °C, the conversion rate of
DMS and the distribution of hydrogenation products followed
the trends observed in the preliminary experiments. As pressure
and the hydrogen-to-ester ratio increased, XA signicantly
increased, while SD appeared to increase with decreasing pres-
sure. The hydrogen-to-ester ratio seemed to have a minimal
impact on the distribution of GBL in the product (Fig. 7).

At a reaction temperature of 220 °C and a pressure of
1.1 MPa, the results are similar to those observed at 210 °C; an
increase in the hydrogen-to-ester ratio promotes the conversion
of DMS, while it has minimal impact on the selectivity for GBL.
However, when the hydrogen-to-ester ratio is held constant,
a notable effect on conversion rate is observed at pressures
below 1.1 MPa. At pressures above 1.1 MPa, the increase in
conversion rate is not signicant. The selectivity for GBL
remains sensitive to changes in pressure, showing a marked
increase as pressure decreases.

At a reaction temperature of 230 °C, the conversion rate of
DMS and the distribution of products follow a trend similar to
that observed at 210 °C. Tables S4–S6† present the experimental
conditions and raw data results for chemical reaction kinetics.

The residual sum of squares between the model-calculated
values of DMS conversion rate and GBL selectivity and the
experimental values was used as the objective function. The
tting was performed using the SLSQP (Sequential Least
Squares Programming) method from the Scipy library, applying
the continuous least squares approach to estimate the reaction
kinetic parameters.39 The reaction rate constants and
RSC Adv., 2025, 15, 14307–14314 | 14311
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Fig. 7 Experimental and fitted values of DMS hydrogenation conversion and selectivity at 210 °C (left), 220 °C (middle) and 230 °C (right).

Table 2 Kinetic model parameters

T/K 483.15 493.15 503.15

k1/(mol g−1 h−1) 0.6059 0.7965 1.0358
k2/(mol g−1 h−1) 0.0504 0.1341 0.3432
k3/(mol g−1 h−1) 19.3750 40.3571 81.6451
KH × 10−2/MPa−0.5 2.4072 2.1368 1.9059
KA × 10−2/MPa−1 32.8646 23.6396 17.2282
KC × 10−2/MPa−1 17.3760 15.2191 13.4004
KD × 10−2/MPa−1 6.9455 3.7633 2.0893
KF × 10−2/MPa−1 0.6972 0.6553 0.6174
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adsorption equilibrium constants obtained from the tting at
different temperatures are presented in Table 2.

As shown in Table 2, the reaction rate constants k1, k2 and k3
increase with rising temperature, while the adsorption equi-
librium constants KH, KA, KC, KD and KF decrease as the
temperature increases. Among these, the rate constant for the
dehydrogenation of BDO to GBL is the highest, whereas the rate
constant for the hydrogenation of GBL to BDO is the lowest. The
adsorption rate constants for DMS and methanol are relatively
high, while the adsorption rate constants for GBL and BDO are
notably low. This suggests that the adsorption of GBL and BDO
on the catalyst is more challenging, allowing them to diffuse out
of the solid catalyst's pores more easily, which makes them less
likely to be converted to THF or n-butanol through deep
hydrogenation, thus resulting in higher selectivity for GBL.

Based on the Arrhenius equation k= A exp[−Ea/(RT)], a linear
regression of ln k against T was performed to obtain the pre-
exponential factor A and the apparent activation energy Ea,
with the results presented in Table 3.

As indicated in Table 3, the activation energy for the hydro-
genation of DMS to GBL is signicantly lower than that for the
further hydrogenation of GBL to BDO. This nding is consistent
with the experimental results obtained in this study, suggesting
that the hydrogenation of DMS occurs more readily. Under
Table 3 Pre-exponential factors and activation energies for hydro-
genation and dehydrogenation reactions

ki A/(mol g−1 h−1) Ea/(kJ mol−1)

k1 4.379 × 105 54.19
k2 4.46 × 1019 193.74
k3 1.02 × 1017 145.36

14312 | RSC Adv., 2025, 15, 14307–14314
relatively high-temperature and low-pressure conditions, the
selectivity for GBL remains above 90%. Additionally, the acti-
vation energy for the dehydrogenation of BDO to GBL is also
lower than that for the hydrogenation of GBL to BDO. Therefore,
it can be concluded that with a moderate increase in tempera-
ture, the reverse reaction of BDO dehydrogenation proceeds
more easily, favoring the increased or selective production of
GBL.

3.2.6 Validation of the reaction kinetic model. The ob-
tained kinetic parameter values were substituted into eqn (12)
and (13). The fourth-order Runge–Kutta method was employed
to solve the differential equations, yielding the conversion rate
of DMS and the selectivity of GBL. The comparison between the
calculated values of DMS conversion and GBL selectivity with
the experimental values is presented in Fig. 8 and 9. It is evident
that the tting error for the conversion rate of DMS is relatively
small, whereas the tting error for GBL selectivity is somewhat
larger.

A signicance test was conducted on the obtained model to
assess its overall capability to represent the experimental data.
Given that the kinetic model is nonlinear, statistical methods
suitable for nonlinear models were employed for the valida-
tion,40 with the results presented in Table 4. It is generally
accepted that a coefficient of determination R2 greater than 0.9
and a statistical F-value greater than 10F0.01 indicate a highly
suitable model. The results in Table 4 demonstrate that the
model is highly suitable and can effectively describe the kinetic
characteristics of the DMS hydrogenation reaction.
Fig. 8 Comparison of experimental and calculated values for DMS
conversion rate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Comparison of experimental and calculated values for GBL
selectivity.

Table 4 Results of statistical validation

Index R2 F F0.01(N,N-M-1)

XA 0.9854 862.14 2.97
SD 0.9141 546.37 2.97
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A signicance test was conducted on the obtained model to
assess its overall capability to represent the experimental data.
Given that the kinetic model is nonlinear, statistical methods
suitable for nonlinear models were employed for the valida-
tion,40 with the results presented in Table 4. It is generally
accepted that a coefficient of determination R2 greater than 0.9
and a statistical F-value greater than 10F0.01 indicate a highly
suitable model. The results in Table 4 demonstrate that the
model is highly suitable and can effectively describe the kinetic
characteristics of the DMS hydrogenation reaction.
4 Conclusions

In conclusion, this study provides a detailed kinetic analysis of
the hydrogenation of dimethyl succinate (DMS) to g-butyr-
olactone (GBL) using a copper-based catalyst. The intrinsic
kinetic model developed offers signicant insights into the
reaction mechanisms and provides essential parameters for
process optimization. The study identied the critical factors
inuencing DMS conversion and GBL selectivity, including
temperature, pressure, and the hydrogen-to-ester ratio, which
were systematically investigated to develop a reliable kinetic
model. The developed model showed good agreement with
experimental data, indicating its robustness and applicability
for process design.

The ndings suggest optimal reaction conditions for maxi-
mizing GBL yield, providing practical guidelines for industrial-
scale production. Future research should focus on broader
catalyst ranges, multi-phase reaction environments, long-term
stability, and advanced analytical methods to further validate
and extend the kinetic model. Overall, this research contributes
to the eld of catalytic hydrogenation by offering a detailed
© 2025 The Author(s). Published by the Royal Society of Chemistry
kinetic understanding and practical insights for the efficient
production of g-butyrolactone (GBL). The derived kinetic
parameters and model can serve as valuable references for
designing and optimizing industrial reactors, ultimately
enhancing the efficiency and cost-effectiveness of GBL
production.
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