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A reliable kinetic model to describe the effects of various factors on the reaction rate and selectivity of pinene
isomerization is developed. Furthermore, computational fluid dynamics (CFD) is applied to simulate the solid–
liquid dispersion in reactor. The catalyst TiM is obtained by improving the composition and structure of hydrated
titanium dioxide. The kinetic equation of pinene isomerization is deduced based on reactionmechanism and cat-
alyst deactivationmodel. The kinetic equation of pinene isomerization reaction isfitted, and the results show that
the fitted equation is correlated with the experimental data. The rate and selectivity of pinene isomerization re-
action are affected by the amount of catalyst, deactivation of catalyst, structure of catalyst, reaction temperature
andwater content of catalyst. The solid–liquid distribution of the reactor is calculated by computational fluid dy-
namics numerical simulation, and the solid–liquid dispersion in commercial scale reactor is more uniform than
that in lab-scale reactor.

© 2020 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. Co., Ltd.
All rights reserved.

1. Introduction

Pinene is the primary constituent of turpentine. As the important in-
termediates, camphene and tricyclene are mainly obtained by isomeri-
zation of pinene. Camphene and tricyclene are widely used in perfume
synthesis such as camphor, drug synthesis, food additive for flavoring
and other fields. The overall reaction network of the pinene isomeriza-
tion is shown in Fig. 1 [1,2]. The isomerization process is very compli-
cated. The product of the isomerization is usually a mixture containing
various chemicals, such as camphene, tricyclene, p-cymene,
terpinolene, terpinenes and limonene. In practical applications, the se-
lectivity and rate of the reaction is the most concerned issues.

In order to solve the problem of pinene isomerization reaction selec-
tivity, the main solution is to screen and improve the catalyst. The pi-
nene isomerization is carried out on acidic catalysts, and the research
of catalysts is mainly focused on clay [3], bentonite [4], montmorillonite
[5], kaolinite [6], vermiculite [7], aluminosilicate [8], titanium oxide [9],
heteropoly acid [10,11], ferriertite type zeolite [12–15], clinoptilolite
[16,17], sulfated ZrO2 [18–21], and ion exchange resin [22,23]. Then,
more and more kinds of catalysts were studied, including mesoporous
acid catalyst [24–28], ionic liquids [29], nano solid acid [30], MOF cata-
lyst [31] and so on. However, due to its high selectivity, acidic titanium
oxide is still the main catalyst for industrial applications.

The reaction selectivity and rate has an effect on the industrial appli-
cation of pinene isomerization. The reaction selectivity and rate are in-
fluenced by the reaction conditions and catalyst properties, reaction
temperature, catalyst concentration, catalyst deactivation and so on. It
is found in Fujian Green Pine Co., Ltd. that the reaction rate decreases
with the enlargement of reaction scale in industrial application and
the pinene isomerization reaction is carried out in a stirred tank reactor.
Stirred tank reactor with solid–liquid system is widely used in chemical
industry. Computational fluid dynamics (CFD) makes multiphase flow
visualization in stirred reactor [32,33]. Wadnerkar [33] and Tamburian
[34] used CFD to predict hydrodynamics of solid–liquid interaction in
stirred tank. CFD iswidely used to investigate the hydrodynamics of cat-
alyst particles in stirred reactor [35]. The CFD simulation of stirred reac-
tor could be helpful to the practical application of pinene isomerization.
In order to improve the selectivity and rate of the reaction, it is neces-
sary to improve the composition and structure of catalysts, optimize
the reaction conditions, and investigate the kinetics and the CFD reactor
simulation.

In this study, the kinetic equations of pinene isomerization were de-
duced based on reaction mechanism and catalyst deactivation model.
The acidic titanium oxide catalyst used in industry was improved by
adding auxiliaries MnSO4, and its catalytic performance was tested.
The activity of catalysts prepared in the lab-scale and industrial scale
was compared, and the solid–liquid dispersion in the lab-scale and com-
mercial scale was compared by using the numerical simulation method
of CFD. CFD simulationwas also carried out for commercial scale reactor
with different position and number of impellers.
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2. Methods

2.1. The derivation of kinetic equations

The products of the pinene isomerization are divided into target
product and by-product, and the reaction mechanism was simplified
as follows:

2.2. Catalyst preparation and characterization

The raw materials of hydrated titanium dioxide (Fujian Green
Pine Co., Ltd.) and manganese sulfate were acidified in a certain
proportion (the content of manganese sulfate is 5% - 10%) and
then filtered and washed. The composite catalyst denoted by TiM
was obtained after drying at 100 °C. The surface area of the cata-
lyst was calculated from absorption isotherms by the BET method,

in a Micromeritics Tristar 3020 equipment, and the pore size dis-
tribution was calculated from the adsorption isotherm by BJH
method.

2.3. Catalytic test

The reaction was carried out in a three necked round bottom flask
fitted with a thermometer, a reflux condenser, and an impeller. Usu-
ally 100 g of turpentine was charged in the flask. The turpentine of
different batches was analyzed before the isomerization reaction
started. The reaction mixture was stirred vigorously to eliminate
the external diffusion. The pinene isomerization reaction was inves-
tigated including the reaction temperature and the amount of cata-
lyst. The samples were taken during the course of the reaction.
They were cooled to room temperature rapidly and filtered to re-
move the catalyst. The products were analyzed by flame ionization
detector (FID) gas chromatography (Varian CP-3800 with 30 m ×
0.25 μm × 0.3 μm SE-54 capillary column). Temperature program-
ming (increase at a rate of 6 °C·min−1 from 75 °C to 120 °C, hold
for 2 min, then increase at a rate of 20 °C·min−1 until 240 °C, hold
for 5 min) was applied for separation at 1 ml·min−1 N2 flow.

Fig. 1.Mechanism of isomerization reaction of pinene.

2112 J. Xiang et al. / Chinese Journal of Chemical Engineering 28 (2020) 2111–2120

Unlabelled image
Image of Fig. 1


The conversion of pinene and selectivity to any product was deter-
mined in the following ways:

Conversion ¼ moles of isomerized pinene
moles of initial pinene

ð1Þ

Selectivity ¼ moles of product − moles of initial product
moles of isomerized pinene

ð2Þ

2.4. Simulation details

The CFD was adopted to simulate the flow field and volume fraction
distribution of catalyst in reactor. All simulations were carried out in 3D
STR. Standard k− ε turbulencemodelwas used for turbulence transport
equation. Eulerianmodelwas adopted inmultiphasemodel. Themotion
of each phase was governed by the respective mass and momentum
conservation equationswithout consideringmass transfer. The continu-
ity and momentum conservation equations can be written as follows:

∂ρiαi

∂t
þ ∇∙ ρiαiU ið Þ ¼ 0 ð3Þ

∂ ρiαiU ið Þ
∂t

þ ∇∙ ρiαiU iU ið Þ ¼ −αi∙∇pþ ∇ αiτið Þ þ F i; j þ αiρig ð4Þ

where i represents different phases (i.e. i= s for the solid phase and l for
the liquid phase). ρi is the phase density. Ui is the velocity vector which
has three orthogonal components in Cartesian coordinate system. αi is
the volume fraction of ith phase. τi is the viscous stress tensor and Fi, j
represents interface momentum exchange term.

In order to reduce the calculation cost, the multiple reference frame
(MRF) technique was adopted for the impeller rotation. The rotating
stirring speed of lab-scale and commercial scale was 300 r·min−1 and
200 r·min−1 respectively. The sketches of lab-scale and commercial
scale reactor system were depicted in Fig. 2 and Fig. 3 respectively.
The meshes of the STR were unstructured. The finite volume method
was adopted in the discretization for continuity and momentum equa-
tions. The grid sensitivity analysis was investigated by cases. Velocity

and pressure fields were obtained by SIMPLE algorithm. Governing
equationswere discretewith second order upwind scheme. The conver-
gence criterion of the residual was 1 × 10−3, and all calculations were
carried out in steady state. The reactor was investigated by CFD numer-
ical calculation of solid–liquid dispersion.

3. Results and Discussion

3.1. Derivation of kinetic equations

The pinene isomerization was stirred vigorously, thus the external
diffusion resistance between the bulk liquid and the catalyst surface
can be eliminated. The volume mean diameter of the TiM calalyst is
13.45 μm [36], so the internal diffusion resistance can also be negligible
due to the small size of the catalyst particles.

Therefore, the rate of reaction could be expressed as follows:

rA ¼ −
dCA

dt
¼ k2 þ k3ð ÞC ATiM½ � ð5Þ

According to the complex concentration equilibrium hypothesis:

k1CACTiM ¼ k−1C ATiM½ � ð6Þ

In fact, the catalyst was deactivated after a long period of use. The
catalyst deactivation could be assumed as follows:

TiM→
Kd D

where D denotes the deactivated catalyst. The deactivation rate of the
catalyst could be described as follows:

rd ¼ −
dCTiM

dt
¼ kdCTiM ð7Þ

CTiM ¼ C0 exp −kdtð Þ ð8ÞFig. 2. The sketch of lab-scale reactor.

Fig. 3. The sketch of commercial scale reactor.
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where C0 denotes the initial effective concentration of catalyst.

C ATiM½ � ¼
k1CACTiM

k−1
¼ k1CAC0 exp −kdtð Þ

k−1
ð9Þ

rA ¼ −
dCA

dt
¼ k2 þ k3ð ÞC ATiM½ � ¼

k2 þ k3ð Þk1CAC0 exp −kdtð Þ
k−1

ð10Þ

K ¼ k2 þ k3ð Þ k1
k−1

c0 ð11Þ

rA ¼ −
dCA

dt
¼ KCA exp −kdtð Þ ð12Þ

ln
CA0

CA
¼ K

kd
1− exp −kdtð Þ½ � ð13Þ

In the sameway, the kinetic equation of the product could be shown
as follows:

rP ¼ dCP

dt
¼ k2C ATiM½ � ¼

k2
k2

þ k3 � rA ð14Þ

S ¼ k2
k2

þ k3 ð15Þ

where, S denotes the selectivity of the target product.

rP ¼ dCP

dt
¼ SrA ¼ −

dCA

dt
� S ð16Þ

CP−CP0 ¼ S CA0−CAð Þ ð17Þ

CP ¼ CP0 þ S CA0−CA0exp −
K
kd
−

K
kd
exp −kdtð Þ

� �� �� �
ð18Þ

3.2. Characterization

The catalyst TiM prepared in laboratory and the catalyst Ti-FGP pre-
pared in industrial production (Fujian Green Pine Co., Ltd.) were com-
pared by BET method. Fig. 4 shows the N2 adsorption–desorption
isotherm and the pore size distribution of catalysts Ti-FGP and TiM, re-
spectively. The textural properties of TiM and Ti-FGP are summarized in
Table 1. The specific surface area of TiM is close to that of Ti-FGP, and the
pore size of TiM is larger than that of Ti-FGP. The other characterization
of TiM can be found in previous research [36]. Compared with the reac-
tion results of TiM and Ti-FGP [36], the BET test results show that the
pore structure of the catalyst has an effect on the selectivity.

3.3. Catalytic test and kinetic model verification

According to the production process of the Fujian Green Pine Co.,
Ltd., the amount of the catalyst was investigated at 2.5%, 3.5% and

Fig. 4. The N2 adsorption–desorption isotherm and the pore size distribution of TiM and Ti-FGP.

Table 1
Textural properties of TiM and Ti-FGP

BET surface area /m2 ∙g−1 Average pore diameter /nm

Ti-FGP 159.3114 6.8489
TiM 154.9131 8.6420
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4.5%, and the reaction temperature was set at 120 °C. The experimental
data is fitted according to the above mentioned models, and the least
squares method is used to fit the model parameters of Eqs. (13) and
(18). The results are shown in Fig. 5. As shown in the figure, the pinene
concentration decreases with time, while the target product concentra-
tion increases. In addition, the amount of catalyst is large, and the reac-
tion rate is fast, but the difference between 3.5% and 4.5% is not
significant.

Next, another two reaction temperatures, i.e. 116 °C and 124 °C, was
investigated with the amount of the catalyst of 3.5%. The results are
shown in Fig. 6. As shown in the figures, the reaction rate increases
with the increase of reaction temperature. However, the selectivity of
the target product decreases at 124 °C. It is caused by the occurrences
of the side reactions. Some of the reported catalysts [14,24] have a
very high initial reactivity and a fast reaction rate, but the final conver-
sion rate pinene is low. It is possible that the reaction is too fast and

Fig. 5. (a) The kinetic curves for 2.5% catalyst TiM at 120 °C. (b) The kinetic curves for 3.5% catalyst TiM at 120 °C. (c) The kinetic curves for 4.5% catalyst TiM at 120 °C.

Fig. 6. (a) The kinetic curves for 3.5% catalyst TiM at 116 °C. (b) The kinetic curves for 3.5% catalyst TiM at 124 °C.
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there are many by-products, which results in the blockage of the cata-
lyst active sites.

The results show that the kinetic model is consistentwith the exper-
imental data. The fitted parameters of the reaction temperature investi-
gation are shown in Table 2. According to the reaction rate
corresponding to the reaction temperature in the table, the activation
energy of the reaction was calculated by using the Arrhenius equation.
The results are shown in Fig. 7. The activation energy of the reaction is
118.97 kJ·mol−1.

Through the investigation of the catalyst amount and the reaction
temperature, the optimum reaction conditions are obtained as follows,
i.e. reaction temperature: 120 °C, catalyst amount: 3.5%. After 8 h of
the reaction, the conversion of the pinene is as high as 98.86%, and the
selectivity of the target products (camphene and tricyclene) is 81.79%.
The experimental data is fitted by the kinetic equations, and the results
show that the fitted equations are correlated with the experimental
data. At the optimum reaction condition, the function graph can be
expressed as follows:

CA ¼ 5:735= exp 31:35� 1− exp −0:01878� tð Þð Þð Þ ð19Þ

CP ¼ 0:08702þ 0:8078
� 5:735−5:735 exp −31:35þ 31:35 exp −0:01878tð Þð Þð Þ ð20Þ

kd ¼ 0:01878h−1 ð21Þ

K ¼ 0:5887h−1 ð22Þ

S ¼ 0:8078 ð23Þ

The reaction selectivity obtained by the fitted equation is 80.78%,
and the experimental result is 81.79%.

3.4. Kinetic fitting of catalyst reuse

The reusability of the TiM catalyst was investigated at 120 °C with
the 3.5% catalyst. When the pinene concentration was less than 1%,
the reaction was terminated. At the end of each reaction, the catalyst
was separated by centrifugation. The kinetic fitting results of catalyst
reuse are shown in Fig. 8. The fitted parameters of the reusability inves-
tigation are shown in Table 3. As can be seen from the figures, the fitted
equations are correlated with the experimental data, and the activity of
TiM catalyst decreases with the increase of reuse times, but the selectiv-
ity of the target product remains almost unchanged.

The deactivation of the catalyst is usually neglected in constructing
the kinetic models [37,38]. In this study, the isomerization kinetics
model including catalyst deactivation was established. The reaction
time can be calculated by the kinetic Eq. (19). When catalyst is reused,
the K value is different.

Ki ¼ Ki−1 exp −kd
Xi−1

j¼0

t j

0
@

1
A ð24Þ

K0 ¼ 0:5887h−1
; t0 ¼ 0 ð25Þ

The calculated reaction time is 10.07 h, 12.95 h and 17.55 h
respectively.

3.5. Investigation on activity of industrial scale catalyst TiM

Industrial scale catalyst TiM was prepared by industrial experi-
ments. The water content of industrial scale catalyst TiM was
12.5%. Part of the industrial catalyst TiM was dried in an oven at

Table 2
The fitted parameter of the temperature investigation

T/°C K/h−1 kd/h−1 S Correlation coefficient

116 0.4203 0.01274 0.7598 0.98
120 0.5887 0.01878 0.8078 0.99
124 0.8818 0.02622 0.7414 0.99

Fig. 7. Arrhenius plot for rate constant of target product.
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100 °C, till constant weight. Then the activity of industrial scale cat-
alyst TiM before and after drying was compared. The result is
shown in Fig. 9. The experimental results show that the activity of
catalyst TiM after drying is higher than that before drying, and the
selectivity is almost unchanged. It can be inferred that water affects
the contact between pinene and catalyst, and the reaction rate is de-
creased. The drying process of industrial scale needs to be improved.

3.6. CFD simulation

The stirring speed of commercial scale reactor was limited to
200 r·min−1, and that of lab-scale reactor was set to 300 r·min−1.
There are three different grid sizes in CFD simulation. Fig. 10(a) illus-
trates the volume fraction of catalyst along the lab-scale reactor
height at a constant radical position (X = 0.035 m) close to the
edge of agitating vane. Fig. 10(b) illustrates the volume fraction of
catalyst along the commercial scale reactor at a constant radical

positon(X = 0.3 m) close to the agitating vane. The results show
that the volume fractions of catalyst calculated by different grid
sizes are similar.

The volume fraction of catalyst in the whole reactor is 0.02, and
the mean volume fraction of catalyst in different height sections of

Fig. 8. (a) The kinetic curves for thefirst reused of 3.5% catalyst TiM at 120 °C. (b) The kinetic curves for the second reused of 3.5% catalyst TiM at 120 °C. (c) The kinetic curves for the third
reused of 3.5% catalyst TiM at 120 °C.

Table 3
The fitted parameter of the catalyst TiM reuse(120 °C, TiM3.5%)

K/h−1 kd/h−1 S Correlation coefficient

the first reuse 0.4128 0.01357 0.8103 0.99
the second reuse 0.3622 0.01194 0.8118 0.99
the third reuse 0.3018 0.00999 0.8128 0.99

Fig. 9. The catalytic activity of industrial catalyst TiM before and after drying.
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the reactor are shown in Fig. 11. It can be seen from Fig. 11(a) that
the volume fraction of catalyst in the upper part of the lab-scale reac-
tor is less than 0.02 and the volume fraction of catalyst at the bottom
is close to 0.02. As can be seen from Fig. 11(b), the volume fraction of
catalyst in the upper part of the commercial scale reactor is less than
0.02 in commercial scale, and the volume fraction of catalyst at the
bottom is more than 0.02.

The above results show that the simulation results of different
grid sizes are similar. In order to obtain higher accuracy, the grid
sizes used in the subsequent calculation are 831 k (commercial
scale) and 680 k (lab-scale), respectively.

The axial catalyst volume fraction contours of lab-scale and com-
mercial scale reactor are shown in Fig. 12 and Fig. 13. By statistical
analysis, the standard deviation of catalyst volume fraction in the
axial direction of lab-scale and commercial scale is 0.0095 and
0.0075 respectively. The standard deviation of catalyst volume frac-
tion in commercial scale reactor is smaller than that in lab-scale
reactor.

The down-press agitating vane was added to the upper part of the
commercial scale reactor. The mean volume fraction of catalyst in
different height sections of the reactor is shown in Fig. 14. The axial
catalyst volume fraction contours of the reactor are shown in
Fig. 15. By statistical analysis, the standard deviation of catalyst vol-
ume fraction in the axial direction is 0.0054.

The results of CFD numerical simulation show that the catalyst
distribution in industrial scale reactor is more uniform than that in
laboratory scale reactor. However, the commercial scale reactor

Fig. 10. (a) The volume fraction of catalyst along the lab-scale reactor height at X= 0.035 m. (b) The volume fraction of catalyst along the commercial scale reactor height at X= 0.3 m.

Fig. 11. (a) Themean volume fraction of catalyst in different height sections of the lab-scale reactor. (b) Themean volume fraction of catalyst in different height sections of the commercial
scale reactor.

Fig. 12. The axial catalyst volume fraction contours of lab-scale reactor.

2118 J. Xiang et al. / Chinese Journal of Chemical Engineering 28 (2020) 2111–2120

Image of &INS id=
Image of &INS id=
Image of Fig. 12


can still be optimized, such as the improvement of the bottom
structure of the reactor, the length, width, position and quantity
of the agitator.

4. Conclusions

In summary, TiM catalyst has high activity and selectivity for the pi-
nene isomerization reaction. In addition, TiM catalyst can be used re-
peatedly. The pore structure of the catalyst has an effect on the
selectivity of pinene isomerization reaction. A kineticmodel considering
the catalyst deactivation is developed in our present work for the pi-
nene isomerization. The results derived from thekineticmodel correlate
with the experimental data. The reaction selectivity obtained by the ki-
netic equation is close to the experimental data. When TiM catalyst is
reused, the reaction time calculated by the derived kinetic equation is
close to the experimental data. The derived kinetic equation is more ap-
plicable than the simple first-order kinetic model for pinene isomeriza-
tion. Catalysts prepared in industry scale have high water content,
which leads to the decrease of catalyst activity. The results of CFD nu-
merical simulation show that the stirring effect of commercial scale

reactor is better than that of lab-scale reactor, and the stirring effect of
commercial scale reactor can be optimized.

Nomenclature
CA concentration of pinene, mol·L−1

CA0 initial concentration of pinene, mol·L−1

Cp concentration of target product, mol·L−1

Cp0 initial concentration of target product, mol·L−1

Ki rate constant of step i

Subscripts
A pinene
D deactivation catalyst
P target product
Q by-product
[ATiM] the complex of pinene and catalyst

Acknowledgements

The authors thank the National Ministry of Science and Technology
of China (No. 2017YFB0602401), the National Natural Science Founda-
tion of China (No. 21776173 and 21625603), the Program of Shanghai
Subject Chief Scientist (No. 18XD1402000), the Fujian Green Pine Co.,
Ltd. and the computational support from the Center for High Perfor-
mance Computing, Shanghai Jiao Tong University for supporting this
work.

References

[1] A. Wroblewska, P. Miadlicki, E. Makuch, The isomerization of α-pinene over the Ti-
SBA-15 catalyst—the influence of catalyst content and temperature, Reaction Kinet-
ics, Mechanisms and Catalysis 119 (2016) 641–654.

[2] J.Y. Luo, X.P. Zhang, X.N. An, Study on α-pinene isomerization catalyzed by MoO3/
ZrO2 solid superacid, Chem. Ind. For. Prod. 24 (2004) 26–30.

[3] G. Gündüz, D.Y. Murzin, Influence of catalyst pretreatment on α-pinene isomeriza-
tion over natural clays, React. Kinet. Catal. Lett. 75 (2002) 231–237.

[4] J.J. Li, M.L. Gao, B.H. Lin, R.D. Chen, J.Y. Dong, Characterization and catalytic activity of
bentonite modified by divalent quaternary ammonium cation, Shiyou Xuebao,
Shiyou Jiagong 25 (2009) 527–532.

[5] P.Q. Yao, L.H. Zhu, J. Yang, T. Si, Isomerization of α-pinene over alumina-pillared
montmorillonite, Adv. Mater. Res. 746 (2013) 49–52.

Fig. 13. The axial catalyst volume fraction contours of commercial scale reactor.

Fig. 14. The mean volume fraction of catalyst in different height sections of the improved
commercial scale reactor.

Fig. 15. The axial catalyst volume fraction contours of the improved commercial scale
reactor.

2119J. Xiang et al. / Chinese Journal of Chemical Engineering 28 (2020) 2111–2120

http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0005
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0005
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0005
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0010
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0010
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0010
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0010
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0015
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0015
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0020
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0020
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0020
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0025
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0025
Image of &INS id=
Image of &INS id=
Image of Fig. 15


[6] C. Volzone, O. Masini, N.A. Comelli, L.M. Grzona, E.N. Ponzi, M.I. Ponzi, α-Pinene con-
version by modified-kaolinitic clay, Mater. Chem. Phys. 93 (2005) 296–300.

[7] S.V. Battalova, T.R. Mukitanova, Factors affecting the activity and selectivity of cata-
lysts in α-pinene isomerization, Vestnik Akademii Nauk Kazakhskoi SSR. 7 (1979)
41–44.

[8] A.Y. Sidorenko, G.M. Senkov, V.E. Agabekov, Isomerization of α-pinene in presence
of aluminosilicate modified by hydrochloric and phosphoric acids, Vestsi Nats.
Akad. Navuk Belarusi, Ser. Khim. Navuk 3 (2015) 39–44.

[9] O. Masini, L.M. Grzona, N.A. Comelli, R.A. Montenegro, A.L. Carrascull, M.I. Ponzi, Cat-
alytic production of camphene from α-pinene on titanium oxide, Informacion
Tecnologica. 8 (1997) 163–167.

[10] N.A. Comelli, L.M. Grzona, O. Masini, E.N. Ponzi, M.I. Ponzi, Obtention of camphene
with H3PW12O40 catalysts supported on TiO2, SiO2 and ZrO2nH2O, J. Chil. Chem.
Soc. 49 (2004) 245–250.

[11] B. Atalay, G. Guenduez, Isomerization of α-pinene over H3PW12O40 catalysts sup-
ported on natural zeolite, Chem. Eng. J. 168 (2011) 1311–1318.

[12] A. Severino, A. Esculcas, J. Rocha, J. Vital, L.S. Lobo, Effect of extra-lattice aluminum
species on the activity, selectivity and stability of acid zeolites in the liquid phase
isomerization of α-pinene, Appl. Catal. A Gen. 142 (1996) 255–278.

[13] R. Rafal, O. Zbigniew, J. Jian, H. Jun, H. Michael, S. Bogdan, Isomerization of α-pinene
over dealuminated ferrierite-type zeolites, J. Catal. 252 (2007) 161–170.

[14] L. Mokrzycki, B. Sulikowski, Z. Olejniczak, Properties of desilicated ZSM-5, ZSM-12,
MCM-22 and ZSM-12/MCM-41 derivatives in isomerization of α-pinene, Catal.
Lett. 127 (2009) 296–303.

[15] R. Rachwalik, M. Hunger, B. Sulikowski, Transformations of monoterpene hydrocar-
bons on ferrierite type zeolites, Appl. Catal. A Gen. 427 (2012) 98–105.

[16] S. Findik, G. Gündüz, Isomerization of α-pinene to camphene, J. Am. Oil Chem. Soc. 74
(1997) 1145–1151.

[17] A.I. Allahverdiev, S. Irandoust, D.Y. Murzin, Isomerization of α-pinene over
clinoptilolite, J. Catal. 185 (1999) 352–362.

[18] N.A. Comelli, E.N. Ponzi, M.I. Ponzi, Isomerization of α-pinene, limonite, α-terpinene,
and terpinolene on sulfated zirconia, J. Am. Oil Chem. Soc. 82 (2005) 531–535.

[19] N.A. Comelli, E.N. Ponzi, M.I. Ponzi, α-Pinene isomerization to camphene, Chem. Eng.
J. 117 (2006) 93–99.

[20] M.A. Ecormier, K. Wilson, A.F. Lee, Structure-reactivity correlations in sulphated-zir-
conia catalysts for the isomerization of α-pinene, J. Catal. 215 (2003) 57–65.

[21] L. Grzona, N.A. Comelli, O. Masini, E.N. Ponzi, M. Ponzi, Liquid phase isomerization of
α-pinene. Study of the reaction on sulfated ZrO2, React. Kinet. Catal. Lett. 69 (2000)
271–276.

[22] O. Chimal-Valencia, A. Robau-Sanchez, V. Collins-Martinez, A. Aguilar-Elguezabal,
Ion exchange resins as catalyst for isomerization of α-pinene to camphene,
Bioresour. Technol. 93 (2004) 119–123.

[23] F. Ozkan, G. Gunduz, O. Akpolat, N. Besun, D.Y. Murzin, Isomerization of α-pinene
over ion-exchanged natural zeolites, Chem. Eng. J. 91 (2003) 257–269.

[24] C.H. Wu, H.Q. Liu, C.F. Zhuang, G.B. Du, Study on mesoporous PW/SBA-15 for isom-
erization of α-pinene, Appl. Mech. Mater. 483 (2014) 134–137.

[25] L. Frattini, M.A. Issaacs, C.M.A. Parlett, K. Wilson, G. Kyriakou, A.F. Lee, Support en-
hanced α-pinene isomerization over HPW/SBA-15, Appl. Catal. B Environ. 200
(2017) 10–18.

[26] Y.H. Wu, F.P. Tian, J. Liu, D. Song, C.Y. Jia, Y.Y. Chen, Enhanced catalytic isomerization
of α-pinene over mesoporous zeolite beta of low Si/Al ratio by NaOH treatment,Mi-
croporous Mesoporous Mater. 162 (2012) 168–174.

[27] J.J. Zou, N. Chang, X.W. Zhang, L. Wang, Isomerization and dimerization of pinene
using Al-incorporated MCM-41 mesoporous materials, ChemCatChem. 4 (2012)
1289–1297.

[28] A. Wroblewska, P. Miadlicki, J. Srenscek-Nazzal, M. Sadfowski, Z.C. Koren, B.
Michalkiewicz, Alpha-pinene isomerization over Ti-SBA-15 catalysts obtained by
the direct method: the influence of titanium content, temperature, catalyst amount
and reaction time, Microporous Mesoporous Mater. 258 (2018) 72–82.

[29] Y. Liu, L. Li, C.X. Xie, Acidic functionalized ionic liquids as catalyst for the isomeriza-
tion of alpha-pinene to camphene, Res. Chem. Intermed. 42 (2016) 559–569.

[30] C.H. Wu, Q.R. Zhao, J.Y. Zhang, D.D. Zhu, G.B. Du, α-Pinene isomerization catalyzed
by a nanometer solid superacid, Advanced Materials Research 295 (2011) 156–160.

[31] J.C. Jiang, F. Gandara, Y.B. Zhang, K. Na, O.M. Yaghi, W.G. Klemperer, Superacidity in
sulfated metal-organic Framwork-808, J. Am. Chem. Soc. 136 (2014) 12844–12847.

[32] S. Hosseini, D. Patel, F. Ein-Mozaffari, M. Mehrvar, Study of solid–liquidmixing in ag-
itated tanks through computational fluid dynamics modeling, Ind. Eng. Chem. Res. 49
(2010) 4426–4435.

[33] D. Wadnerkar, R.P. Utikar, M.O. Tade, V.K. Pareek, CFD simulation of solid-liquid
stirred tanks, Adv. Powder Technol. 23 (2012) 445–453.

[34] A. Tamburini, A. Cipollina, G.Micale, A. Brucato, M. Ciofalo, Influence of drag and tur-
bulence modelling on CFD predictions of solid liquid suspensions in stirred vessels,
Chemical Engineering Research & Design. 92 (2014) 1045–1063.

[35] A.Wodolazski, CFD-population balancemodelling of catalyst particles in solid-liquid
Rushton turbine-agitated tank reactor in scale-up study, Powder Technology 313
(2017) 312–322.

[36] J.H. Xiang, Z.H. Luo, Study on the pinene isomerization catalyzed by TiM, Chin. J.
Chem. Eng. 26 (2018) 2537–2541.

[37] Ü. Ercan, G. Gönül, C.Ö. Fehime, Isomerization of alpha-pinene over acid treated nat-
ural zeolite, Chem. Eng. Commun. 192 (2005) 386–404.

[38] A.I. Allahverdiev, G. Gönül, D.Y. Murzin, Kinetics of α-pinene isomerization, Ind. Eng.
Chem. Res. 37 (1998) 2373–2377.

2120 J. Xiang et al. / Chinese Journal of Chemical Engineering 28 (2020) 2111–2120

http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0030
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0030
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0035
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0035
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0035
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0040
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0040
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0040
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0045
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0045
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0045
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0050
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0055
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0055
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0055
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0055
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0055
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0060
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0060
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0060
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0065
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0065
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0070
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0070
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0070
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0075
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0075
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0080
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0080
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0085
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0085
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0090
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0090
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0095
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0095
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0100
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0100
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0105
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0105
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0105
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0105
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0110
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0110
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0110
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0115
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0115
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0120
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0120
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0125
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0125
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0125
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0130
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0130
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0130
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0135
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0135
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0135
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0140
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0140
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0140
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0140
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0145
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0145
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0150
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0150
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0155
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0155
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0160
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0160
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0160
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0165
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0165
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0170
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0170
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0170
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0175
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0175
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0175
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0180
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0180
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0185
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0185
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0190
http://refhub.elsevier.com/S1004-9541(20)30117-8/rf0190



