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The catalytic packing is the core component of the catalytic distillation, and how the catalyst exists in the
packing has significant influence on the process. To investigate the effect of catalyst packings on the cat-
alytic distillation process, the classical ethyl acetate reactive distillation system was utilized, and a sup-
ported catalytic packing (SCP) was prepared in comparison with the conventional tea-bag catalytic
packing (TBP). Laboratory scale experiments showed that the ethyl acetate conversion of the SCP was
superior to the TBP at a low catalyst loading. The effects of reaction kinetics, mass transfer performance
and actual catalytic efficiency of the packings on this process were regarded as reasons and studied by
combining the experiments and numerical simulation. Results suggested that the relatively immediate
‘‘in-situ separation” caused by the rapid reaction kinetics and better mass transfer performance of SCP
may be a main reason for the difference of the conversion.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction formance of the catalytic packing while influence of the interaction
The catalytic distillation (CD) process combines chemical reac-
tion and distillation into one device, and it can significantly reduce
investments and energy consumption [1]. The catalytic packing, as
one of the key hardware in the CD columns, is widely utilized to
ensure the reaction and separation of the CD process [2]. The exis-
tence form of the catalyst in the catalytic packing has significant
influence on the performance of the CD process due to the coupled
reaction-mass transfer process happening in the catalytic packing
[3,4]. Better packing design can maximize the synergy of reaction
and mass transfer to achieve higher conversion in the CD.

Nowadays, the conventional catalytic packing takes the form of
‘‘sandwich” or ‘‘tea bag”, and the solid acid particle catalysts are
fixed in the wire mesh or the binding bag which can ensure a large
loading amount [5]. However, this existence form of the catalyst
also causes a big diffusion resistance inside the ‘‘sandwich” or
‘‘tea bag” due to stacked catalyst particles [6]. Therefore, improve-
ment to the transfer performance of these conventional catalytic
packings has always been a point of interest in this field.

Through optimizing the geometry of the catalytic packing by
means of the computational fluid dynamics, many studies [7–9]
were carried out to improve the macroscopic hydrodynamics per-
between the multi component mass transfer and chemical reaction
among catalyst particles on the process was ignored. However,
results from works, such as Wang et al. [10], showed that for the
catalytic packing like the tea bag bundle in the hydrolysis process
of methyl acetate, the efficiency factor of the tea bag bundle can be
increased to 200% when the equivalent diameter of the tea bag was
reduced from 25.4 to 8.1 mm. Obviously, change of the structure or
geometry of the catalytic packing influences the catalytic reaction
and mass transfer simultaneously in the catalytic packing. There-
fore, a common means in industry to improve performance of a
CD column is to optimize its catalyst loading form. Such as
Katapak-SP11 and Katapak-SP12 manufactured by Sulzer [11],
the proportion of the separation and reaction module is designed
specifically according to process requirements. The percolation
catalytic packing was also be utilized to enhance the transfer per-
formance by Li et al. [12] and Gao et al. [13]. Their experiments
showed that percolation through the packing can result in a posi-
tive effect on the process, and change of the mass transfer inside
the catalytic packing had significant influence on the coupled reac-
tion–separation CD process.

To decrease mass transfer resistance due to stacked catalyst
particles inside the packing such as sandwich or tea bag, the cata-
lyst can be coated directly on the surface of the supported packing
as known as the supported catalytic packing. This kind of sup-
ported catalytic packing has been proved by some studies [14–
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16] to have the lower mass transfer resistance and higher separa-
tion efficiency for the CD process, but it still needs to be improved
on bonding strength, loading capacity and theoretical investigation
[14]. The general acceptability of this supported catalytic packing
for the CD system has attracted some attentions recently [16,17].
The strongly coupled reaction–separation interaction resulting
from the thin catalyst layer supported on the packing surface also
has a lot of academic significance to promote its further under-
standing and application, and a direct comparison between the
supported catalytic packing and tea bag catalytic packing in the
same CD process should be useful for this purpose.

In this work, a well-known heterogeneously catalyzed esterifi-
cation of acetic acid with ethanol is employed to investigate the
effect of catalyst loading mode on the CD process. The supported
catalytic packing with polystyrene sulfonic acid as the active com-
ponent was prepared, and its reaction and mass transfer perfor-
mance were compared with the tea-bag catalytic packing by the
lab-scale CD experiment and non-equilibrium stage modeling.
For the purpose of deeply understanding to the catalytic packing,
by means of the numerical simulation based on the experimental
validation, various cases were further designed to investigate the
influence of reaction kinetics, mass transfer performance and cat-
alytic efficiency of the supported catalytic packing on CD process.
2. Experimental

2.1. Materials and analysis methods

E44 epoxy oligomer (diglycidyl ether of bisphenol-A (DGEBA)
with an epoxide equivalent mass of 210–240 g�equiv–1) and T31
curing agent (phenolic amine curing agent, amine hardener equiv-
alent of 460–480 g�equiv–1) were supplied from Nantong Xingchen
Synthetic Material Co., Ltd. (China). Dioctyl phthalate (DOP), ace-
tone, ethanol, poly(4-styrene sulfonic acid) aqueous solution
(PSS, Mw � 70000, 30% (mass)) were used for preparation for the
supported catalytic packing, and all of them were supplied from
Shanghai Aladdin Biochemical Technology Co., Ltd. (China). The
ion exchange resin catalyst Amberlyst 15dry was bought from
Rohm and Haas (USA), and packed and sealed by the wire mesh
as the teabag catalytic packing (about 15 mm � 8 mm � 40 mm,
mass of single package catalyst (0.85 ± 0.15) g, the mesh hole size
is 150 lm). The cannon packing (4 mm � 4 mm) was bought from
Jiangxi PX Rongjian Environmental Protection Chemical Co., Ltd.
(China).

It has been known that there are four components in esterifica-
tion of acetic acid with ethanol under resin catalysts by GC–MS,
and they are acetic acid, ethanol, ethyl acetate and water. Water
concentration was analyzed by Karl Fischer titration method, and
the rest were analyzed by the gas chromatography (GC9160, Xia-
men Jingkejie Intelligent Equipment Co., Ltd., China) with an FID
detector and a capillary column (OV-17 with a length of 30 m).
The injector and detector temperatures were set to 150 and
230 �C, respectively. The GC column temperature was firstly set
to 100 �C for 2 min, then increased at a fixed rate of 30 �C�min�1

to 130 �C for 1 min.
2.2. Preparation of supported catalytic packing

The supported catalytic packing was prepared by bonding
epoxy porous adhesive layer on the metal canon packing at first,
and then loading active components on the adhesive layer. The
adhesive solution (mass fraction) consisted of 44% E44, 11% curing
agent, 22% DOP and 23% acetone solvent. The dip-coating method
was employed for preparing porous layers on metal-based pack-
ings. The packings washed by acetone were immersed in the adhe-
sive solution for several minutes, then taken it out and drained off.
After repeating the above procedure three times, they were put
into the drum dryer for the pre-curing at 70 �C for 2 h and
120 �C for 12 h. The poring agent was eluted by ethanol, and the
porous layer can be formed on the surface of the packing. The por-
ous packing was further immersed with diluted 3% (mass) PSS
aqueous solution in a vacuum condition to form a thin active layer
inside the porous layer, then this active packing was taken into a
90 �C oven for 3 h curing. Finally, the supported catalytic packing
can be obtained after 120 �C in oven for a 24 h vacuum drying pro-
cess. Epoxy particles grafting with PSS, i.e. the same catalyst as the
supported catalyst on the packing, were prepared in the similar
way for the kinetic study of the supported catalyst, and their aver-
age particle diameter was screened at about 0.5 mm.

2.3. Kinetics

In order to provide basic kinetic data for the subsequent inves-
tigation, the kinetic tests were carried out. The prepared epoxy PSS
particles and the commercial Amberlyst 15dry were selected for
comparison. A three-neck glass flask fitted with a total reflux con-
denser to prevent any loss of products was used as a reactor, and it
was immersed in a constant temperature bath and provided with a
magnetic stirrer. The temperature error range was maintained
±0.5 �C of the set temperature. The equimolar acetic acid and etha-
nol were preheated respectively to a specified temperature, then
were added into the reactor with desired amounts of catalysts. A
sufficient stirring speed of 1000 r�min�1 was selected to eliminate
the external diffusion resistance of heterogeneous catalysts, and
this was considered as zero time for the reaction. Considering the
formation of azeotropes in the system, the reaction temperature
was maintained lower than the lowest azeotropic point at
70.09 �C [18]. Kinetic experiments with different catalysts were
conducted at 70 �C, and the influence of the reaction temperature
was investigated under 50, 60, and 70 �C. The catalyst concentra-
tion was 10.9 g�L–1. During experiments, 0.30 ml samples were
withdrawn and analyzed at specified intervals.

2.4. Lab-scale reactive distillation experiments

The lab-scale reactive distillation apparatus (Fig. 1) consists of a
column with 1.40 m length and 30 mm internal diameter, the con-
denser fitted with a relay controller for reflux, a 1000 ml four-neck
flask with a stirring heating device as a reboiler. The upper and
lower sections of the column are the distillation and stripping sec-
tions with the same height of 0.29 m, and the middle section is
regarded as the reactive sections with the height of 0.58 m. Two
feed ports are located respectively at the top and bottom of the
reactive section for acetic acid and ethanol respectively, and there
are four temperature sensors and four sampling points along the
column. The distillation and stripping sections are loaded with
4 mm � 4 mm cannon packings. For the supported catalytic pack-
ings, they are loaded into the whole reactive section. For the tea-
bag catalytic packings (Fig. 2), they are mixed with
4 mm � 4 mm cannon packings in the reactive section for experi-
ments like our previous work [19].

The start-up and shutdown of the CD column are challenging
[20–22], so it was carefully proceeded after trial and error. The
operating conditions were determined by preliminary tests, then
the total feed rate (F) is limited at 15–35 ml�min�1, the reflux ratio
(Rr) is at 0.5–3.0, and the distillate flow rate (D) is at 5–15ml�min�1.
All experiments were performed at its steady state which is char-
acterized after the temperature fluctuation of each temperature
sensor is under ±1.0 �C [23], and it usually took more than 4 h to
reach. The reaction conversion rate (Xi) of the CD process for the
reactant is defined as Eq. (1).



Fig. 1. Sketch of the CD column (1. Reboiler, 2. Storage tank, 3. Rotermeter, 4.
Peristaltic pump, 5. Catalytic packings, 6. Receiver tank, 7. Thermometer and
sampling point, 8. Thermometer, 9. Magnetic valve, 10. Condenser).
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Xi ¼ 1� Dxi;dis þ Bxi;bot
Fxi;feed

ð1Þ

where xi,dis, xi,bot, xi,feed are the mass fraction of the component i in
the liquid phase of the column top distillate, the column bottom
discharge and the feed respectively.
3. Results and Discussion

3.1. Characterization of supported catalytic packing

Since PSS is difficult to bond on the metal surface, as mentioned
above, firstly, a porous adhesive layer was prepared on the surface,
and then the active component, i.e. PSS, was deposited in pores by
the negative pressure. Thus, the supported catalyst can be pre-
pared. Results from SEM shown as Fig. 2 showed that the sup-
ported catalytic packing has a relatively large specific surface
area for loading catalyst. The loading amount of the catalyst can
be expressed indirectly by the ion exchange capacity (IEC) of cata-
lysts which can be determined by the acid-base titration [14].
Experimental results showed that the IEC of PSS particles was
determined at (0.29 ± 0.01) mmol�g�1 after repeated tests, and that
of the supported catalytic packing based on 4 mm � 4 mm cannon
packing was determined at (0.09 ± 0.01) mmol�g�1. The IEC can be
maintained at (0.09 ± 0.01) mmol�g�1 after the 18 h distillation
experiment, and the sulfur content has almost no change by the
energy spectrum analysis. It ensured the reliability of subsequent
experiments.

3.2. Kinetic model and parameters

The catalytic performance and kinetic equation of PSS and
Amberlyst 15dry were studied in order to provide a basis for sub-
sequent CD experiments and process simulation. The effects of cat-
alysts and reaction temperatures on the esterification were
investigated by kinetic studies. Fig. 3(a) indicates that the reaction
rate using PSS particles is higher than Amberlyst 15dry at the
beginning of the reaction. However, its equilibrium conversion rate
is similar to that of Amberlyst 15dry.

The reaction system of acetic acid and ethanol is a strong
non-ideal system. Non-random two-liquid (NRTL) thermodynamic
model was adopted in this work to calculate the vapor–liquid
phase equilibrium, and its binary interaction parameters can be
found from the literature [24]. The reaction rate (ri) is described
by the quasi-homogeneous model using activity, and it is
expressed as Eq. (2). The kinetic constants at different
temperatures can be obtained through experimental data in
Fig. 3(b). Its details can be found in Supplementary
Material as Fig. S1. As a result, the pre-exponential factor is
kf = 3.805 � 105exp(–49355.2/RT), kmol�kg�1�s�1, and the chemical
equilibrium constant is ln(Keq) = 1125.69/T–0.8521. The kinetic
constants of this esterification using Amberlyst 15dry resin cata-
lyst can be cited from literatures [24,25] for the following process
simulation.

ri ¼ mcat kfaEtOHaHAc � aEtAcaH2O

Keq

� �
ð2Þ

where mcat is the mass of catalyst, ai is the activity of the compo-
nent i and Keq is the chemical reaction equilibrium constant.

3.3. Results of reactive distillation tests

A reactive section with the 0.58 m height needs 12–15 catalytic
teabags mixing with random cannon packings. In this case, the cat-
alyst loaded for the tea-bag catalytic packing in the CD column can
reach up to as much as 15.0 g while the supported catalytic pack-
ing only has about 1.5 g active catalyst coated on the packing sur-
face. Through the preliminary process simulation, the conversion
can be remained almost unchanged when the amount of catalyst
was greater than 10.0 g. Therefore, the total 10.23 g catalysts in
the whole reactive section was loaded for the tea-bag catalytic
packing experiment. Six representative experiments and their
results were shown in the Table 1.

Results from the CD experiments show that the process conver-
sion rate using the supported catalytic packing are much higher
than that using the tea-bag catalytic packing under the same oper-
ating condition, and the dramatic improvement can be up by about
30%. Actually, through the change of feed flow rate (F), molar reflux
ratio (Rr) and distillate flow rate (D) from the condenser, some
other experiments were also carried out, and they also show the
big difference in the conversion rate. The big difference in the con-
version rate caused by two catalyst configures in the column may



Fig. 2. Catalytic packings in this work: (a) supported catalytic packing, (b) tea-bag catalytic packing.

Fig. 3. Effects of (a) catalyst types and (b) reaction temperature on acid conversion.
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be attributed to the differences of reaction kinetics, the higher effi-
ciency factor and the good mass transfer performance of the sup-
ported catalyst packing. In the kinetic experiment, the supported
catalyst showed a significantly high conversion rate in the early
stage of the reaction. At the same time, a lot of literatures
[14,16,26] have reported that the thin catalyst layer has a higher
efficiency factor in the column than the bundle. The higher mass
transfer coefficient of the supported catalytic packing is also bene-
ficial to the rapid separation of components and acceleration of the
reaction. In an actual process, the above promotion may be syner-
gistic, and it could result in a big difference in the conversion rate.
However, it is very difficult to differentiate the specific reason
through experiments. For example, it is hardly to prepare the sup-
ported catalytic packing and the tea-bag catalytic packing with the
same catalytic kinetics, so it is almost impossible to carry out the
Table 1
Operation and process conversion of the CD process

NO. Packings Mass/g FHAc; FEtOH/ml�min�1

E1 TBP-15dry① 10.23 10.0; 10.0
E2 TBP-15dry 10.23 10.0; 10.0
E3 TBP-15dry 10.23 10.0; 10.0
E4 SCP-PSS② 1.10 10.0; 10.0
E5 SCP-PSS 1.10 10.0; 10.0
E6 SCP-PSS 1.10 10.0; 10.0

① Tea bag packing filled with Amberlyst 15dry.
② Supported catalytic packing coated with PSS.
experiment at the standard with the same reaction base. It is also
hardly to conduct experiments with the completely same separa-
tion base due to the big difference of the separation performance
between the supported catalytic packing and the tea-bag catalytic
packing. Hence, the reason for the significant enhancement of the
conversion rate is investigated by means of the process simulation
which is based on experimental results.
4. Process Simulation and Analysis

4.1. Process approach

The main numerical approach is shown in Fig. 4. The equilib-
rium model (EQ) is used to set up the preliminary process for the
Rr D/ml�min�1 XHAc XEtOH

1.5 10.0 0.1335 0.1371
1.0 10.0 0.1301 0.1342
0.5 10.0 0.1160 0.1197
1.5 10.0 0.4302 0.4332
1.0 10.0 0.4289 0.4425
0.5 10.0 0.3508 0.3620



Fig. 4. Scheme for CD process simulation concerning mass transfer.
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non-equilibrium stage model (NEQ). The catalytic efficiency is uti-
lized as the convergence criteria to describe the actual catalytic
capacity in the process. It can be quantitatively characterized by
the efficiency factor. By means of combining the packing features
and results from NEQ simulation, the catalytic efficiency was calcu-
lated by Matlab software, and combined with kinetic equations as
the user subroutine so as to be linked into Aspen software dynam-
ically. The detailed descriptions for this procedure can be found in
our previous work [27].

4.2. Process establishment and validation

The total packing height of the experiment column is 1.16 m
and selected as the packing height in the process simulation. The
equivalent theoretical plate height (HETP) of 4 mm � 4 mm cannon
packings and supported catalytic packings is set to 1/15 m pro-
vided by the supplier. Since the reactive section is filled with both
the cannon packings and tea-bag catalytic packings in the case of
the tea-bag catalytic distillation, the stage number should be mod-
ified. Its HETP is set to 1/5 m according to the structured catalytic
packing Katapak-SP [28]. Considering the axial backmixing, the
number of packing segments in the NEQ modeling is taken on
the base of HETP/4 for one segment [29], and detailed configura-
tions are listed in Table 2.

In the NEQ model, appropriate correlations should be selected
in the process simulation for the better calculation accuracy. Wu
et al. [30] summarized the correlations of the mass transfer and
the interfacial area for catalytic bales packing, so their correlation
was selected to describe the mass transfer performance of the
tea-bag catalytic packings. Meanwhile, the supported catalytic
packing has a similar dimension to the conventional packing, so
correlations used for conventional packings were applied to the
supported catalytic packing directly. The Onda model [31] was
Table 2
Column configurations in models for process simulation

Location① Hp
②/m EQ

NSCP
③

Distillation section 0.29 4
Reaction section 0.58 9
Stripping section 0.29 4
Reboiler – 1

① The label can refer to Fig. 1.
② Packing height.
③ For EQ, N represents the number of theoretical plates; For NEQ, N represents the num
selected to describe the mass transfer of the supported catalytic
packing. The work of Billet et al. [32] is utilized to calculate the
holdup. The Tsai model [33] is used to describe the interfacial areas
of packings.

In details, the efficiency factor includes internal and external
mass transfer resistances. The efficiency factor for the catalytic
packing can be obtained in the form as Eq. (3), and the information
of the catalytic packing can be found in Table S1.

gcat ¼
De;iAcat dci=drð Þr¼dca t=2

mcatri;b Tb; xi;b
� � ð3aÞ

gin ¼ De;iAcat dci=drð Þr¼dca t=2

mcatri;s Ts; xi;s
� � ð3bÞ

gout ¼
ri;s Ts; xi;s

� �
ri;b Tb; xi;b

� � ð3cÞ

where subscripts b and s represent the body and catalyst surface,
De,i is the component i effective diffusion coefficient.

To calculate the efficiency factor, the concentration gradient has
to be known in advance. The calculation process of the concentra-
tion gradient is as follows. In the reactive section of the CD column,
mass and energy conversions for the catalyst can be described as
Eqs. (4)–(7) [27].

De;i

rm
d
dr

rm
dci
dr

� �
þ tiqcatri ¼ 0 ð4Þ

kcat
rm

d
dr

rm
dT
dr

� �
þ
X

qcatri �DHrið Þ ¼ 0 ð5Þ

Its boundary conditions are shown as below.

r ¼ 0;
dci
dr

¼ dT
dr

¼ 0 ð6Þ

r ¼ dcat

2
; De;i

dci
dr

¼ ks;i ci;b � ci
� �

; kcat
dT
dr

¼ hs Tb � Tsð Þ ð7Þ

In the case of the particle catalyst, the value of the exponential
term m is 2, and it is adopted for tea-bag catalytic packing. For the
plate catalyst, m is 0 [27], and it is adopted for supported catalytic
packing. The diffusion coefficient (Di,m) in the liquid phase was
calculated by the Wilke–Change equation [34], and the effective
diffusion coefficient (De,i) inside of catalysts was modified as
De,i = Di,m�ecat/scat. The Chilton–Colburn analogy was used to calcu-
late the mass and heat transfer coefficients between the liquid
phase and the solid phase [35,36] as Eq. (8).

ks
uL

Sc2=3 ¼ hs

cpuL
Pr2=3 ¼ 0:765

Re0:82
þ 0:365
Re0:386

ð8Þ

where Sc = l/qD, Pr = cp�lL/kL, Re = dcat�q�uL/lLecat.
It should be noted that the liquid velocity uL inside and outside

the catalyst bag is classified by an distribute coefficient c [5,8,37].
NEQ

NTBP
③ NSCP

③ NTBP
③

4 16 16
3 37 13
4 16 16
1 1 1

ber of segments in the NEQ model.
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So far, the concentration gradient dci/dr can be solved through
mass, energy equations combining boundary conditions as shown
above, and the efficiency factor can be acquired. Other detailed
descriptions for calculation of the efficiency factor can also be
found in our previous work [27].

The established EQ and NEQ models were verified by means of
results from experiments in Section 3.3. Results from E2 using tea-
bag catalytic packings and E5 using supported catalytic packings
are shown as examples in Fig. 5, and the experimental information
for E2 and E5 can be found in Table 1.

Results from the NEQ model are more accurate than those from
the EQ model, especially for the reactive section with TBP (Fig. 5(a)
and (b)). The main reason is that the EQ model does not include the
influence of internal hardware of the column, and the different cat-
alytic packings have great influence on the performance of the CD
column. Results also indicate that correlations utilized in the pro-
cess simulation are suitable, and the NEQ model is reliable to
describe the CD process with either supported catalytic packings
or tea-bag catalytic packings. For the CD process with supported
catalytic packings, results from the EQ model is close to results
from the NEQ model (Fig. 5(c) and (d)) though the EQ model has
a large deviation to predict performance of tea-bag catalytic pack-
ings. It implies that the thin catalyst layer on the packing surface
has little influence on the mass transfer performance of the pack-
ing. In order to ensure reliability of the simulation, the NEQ model
is adopted in the following section for investigation by the process
simulation.

4.3. Case design

In view of the good agreement between the NEQ model estab-
lished in this work and the experiment, the big difference between
Fig. 5. Model validation: (a, c) temperat
supported catalytic packing and tea-bag catalytic packing can be
analyzed by changing corresponding model parameters in the
NEQ model, such as kinetics and mass transfer coefficient. Since
there is no way to change these parameters as required through
experiments, it seems like a convenient method to analyze the per-
formance of the supported catalytic packing.

By replacing the reactive kinetics of the tea-bag catalytic pack-
ing with that of the PSS catalyst, it can ensure that the separation
performances of the tea-bag catalytic packing with different reac-
tive abilities are same. It is equivalent to replace active ingredients
in Amberlyst 15dry with the PSS catalyst while the geometry of
Amberlyst 15dry and the catalyst packing keep same. Therefore,
influence of the reactive ability on the CD process can be studied
by means of virtual cases marked as TBP-PSS. In addition, with dif-
ferent catalyst loading methods, i.e. tea-bag catalytic packing and
supported catalytic packing, under the condition with the same
amount of the same PSS catalyst, influence of the separation ability
of different catalyst packings on the CD process can be studied.
Case studies were carried out at fixed operating conditions, and
results are listed in Table 3.

4.4. Case study

As mentioned in the distillation experiment above, the process
simulation also observed that supported catalytic packing can
achieve high ethyl acetate conversion rate at a low catalyst loading,
and it has a significant difference with TBP-15dry. As shown as C1
vs. C2, the process conversion (Xeff) can increase from 0.0875 to
0.3714 when Amberlyst 15dry was substituted by PSS in the cat-
alytic packings, and it shows the big contribution of the reaction
kinetics to the process of this system. Interestingly, when the
tea-bag catalytic packing and the supported catalytic packing are
ure and (b, d) composition profiles.



Table 3
Operating condition and process conversion of the CD process

Cases Packings Mass/g FHAc; FEtOH/kmol�h�1 Rr D/kg�h�1 Xeff
②

C1 TBP-15dry 10.0① 0.1;0.1 1.0 0.5 0.0875
C2 TBP-PSS(a) 10.0① 0.1;0.1 1.0 0.5 0.3714
C3 TBP-PSS(b) 1.0 0.1;0.1 1.0 0.5 0.2123
C4 SCP-PSS 1.0 0.1;0.1 1.0 0.5 0.3942

① The conversion change little while the loading amount of catalyst is more than 10.0 g.
② Acetic acid and ethanol have the same conversion rate under operating conditions.

Fig. 6. (a) Internal, (b) external and (c) total efficiency factor in the reactive section.
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at the same PSS loading, as shown as C3 vs. C4, the conversion still
shows significant difference 0.2123 vs. 0.3942. Since the intrinsic
reaction kinetics of both the supported catalytic packing and the
tea-bag catalytic packing are the same in this situation, this differ-
ence can only be attributed to difference of the separation perfor-
mance between supported catalytic packing and tea-bag catalytic
packing, i.e. mass transfer-related effects, such as the difference
of diffusion or distillation, induced by the different catalyst loading
form.

The loading form of the catalyst may cause change of the actual
catalyst efficiency, which can be compared by efficiency factor.
Sundmacher et al. [26] conducted research on the supported cat-
alytic packing, and found that it could have an efficiency factor
of almost 1. Since the efficiency factor range of tea-bag catalytic
packings is 0.35–0.85 [6], the difference of efficiency factors may
be one of reasons for the performance difference between the sup-
ported catalytic packing and the tea bag catalytic packing. The effi-
ciency factor includes the internal diffusion efficiency factor and
the external diffusion efficiency factor. The internal diffusion effi-
ciency factor is related to the size or thickness of catalyst particles.
The thickness of the catalytic layer of SCP-PSS is only about
0.1 mm. According to computational results, the internal catalytic
efficiency of the SCP-PSS is about 0.85 on average, and it is higher
than 0.65 of TBP-PSS(b) as shown in Fig. 6. This is mainly caused by
the different thickness of catalyst. The external diffusion efficiency
factor is mainly related to the external flow, and is also affected by
the component transfer caused by the vapor–liquid phase separa-
tion in catalytic distillation. Different from the internal diffusion, it
is relatively easy to improve the external diffusion by means of
changing the packing configure and operation, and many pro-
gresses have been made in this area. The external efficiency factor
for TBP-PSS(b) is only about 0.25 while SCP-PSS can reach about
0.75, and the difference is almost three times. According to exper-
imental results of teabag like catalytic packings [38], the fluid flow
on the catalyst particle surface inside the catalyst bag is hindered
by packages, and the liquid flow rate on the catalyst surface is
about one tenth of that on the package surface. It increases the
mass transfer resistance in the liquid phase. In addition, the reac-
tion products accumulate on the surface of the catalyst and further
reduce the reaction rate and conversion. For the supported cat-
alytic packing, the catalyst layer is directly exposed in the main
body of the vapor–liquid phase, and it has a low mass transfer
resistance. It means that the reaction products can be removed in
time from the liquid phase to the vapor phase through distillation
separation. This ‘‘in-situ separation” performance of SCP-PSS accel-
erates the esterification, and can promote the process conversion
greatly. This can be proved by the effective equal plate height cal-
culated by the NEQ model. As shown in Fig. 7, the equal plate
height of the reaction section for the supported catalytic packing
is much lower than that of the tea-bag catalytic packing.

With regard to reaction rates in the tea-bag catalytic packing
and the supported catalytic packing along the reaction section,
the significantly different reaction rates along the reactive packing
height happens as shown as in Fig. 8. Since the reaction rate is
related to the component concentration, the composition distribu-
tion in the liquid phase along the column is acquired as Fig. 9 for C3
and C4, and it is similar to experimental data (Fig. 5). From the
viewpoint of reactants, acetic acid and ethanol have significantly
different volatilities. Since acetic acid as the heavy component is



Fig. 7. Effective HETP of two catalytic packings in the CD column.

Fig. 8. Reaction rates profiles in the CD column using different catalytic packings
(based on the formation rate of ethyl acetate).

Fig. 9. Temperature (a), liquid composition (b) and vapor composition (c) profiles in
CD column.
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fed from the top of the reaction section, its concentration along the
downward liquid phase is always high. However, ethanol is fed
from the bottom of the reaction section, its concentration in the
liquid phase of the reaction section depends on the vapor–liquid
mass transfer in the distillation. Due to the better mass transfer
performance of the supported catalytic packing, ethanol, which
can be considered as the light component in this esterification sys-
tem, its concentration in the liquid phase of the upper reaction sec-
tion is very low while its concentration in the lower reaction
section is high. Thus the high reaction rate locates in the lower
reaction section. For the tea-bag catalytic packing, it has a rela-
tively weak vapor–liquid separation performance. The concentra-
tion of ethyl acetate produced by esterification increases along
the downward liquid phase because ethyl acetate cannot be sepa-
rated from the liquid phase to the vapor phase quickly. Enrichment
of ethyl acetate along the downward liquid phase limits the reac-
tion rate, so the high reaction rate locates in the upper reaction
section for the tea-bag catalytic packing. Meanwhile, as shown in
Fig. 9(a), the temperature of the reaction section loaded by the
tea-bag catalytic packing is lower than that loaded by the sup-
ported catalytic packing because there are more light components
in the liquid phase in the case of the tea-bag catalytic packing. Due
to the relatively weak vapor–liquid separation performance of the
tea-bag catalytic packing, even if the reaction activity is very good,
it is difficult to improve the reaction rate due to accumulation of
ethyl acetate in the liquid phase (Fig. 9(b)). This illustrates the cou-
pled effect between reaction and separation.

In general, the synergism of catalyst kinetics, efficiency factor
and mass transfer performance leads to significant differences in
the performance of the supported catalytic packing and the tea-
bag catalytic packing. Although the catalyst loading amount of
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the supported catalytic packing is limited, the experiment and the
numerical simulation shows advantages of the surface supported
catalyst with high activity and high separation performance. The
rapid ‘‘in-situ separation” caused by the high mass transfer perfor-
mance of the supported catalytic packing can significantly improve
the reaction conversion under a low load amount. With the consid-
eration of some recent progresses in the material preparation and
the high-efficiency catalyst, some restrictions for the supported
catalytic packing could be resolved for the better bonding strength
between catalyst and surface, the bigger specific surface area and
the higher catalytic activity [39,40], and it should be helpful for
its application.
5. Conclusions

In this work, for the esterification CD of acetic acid with ethanol,
by comparing the CD performance of the supported catalytic pack-
ing and the tea-bag catalytic packing through the experiment and
the numerical simulation, the following conclusions can be
obtained:

(1) The supported catalytic packing can significantly improve
the reaction conversion under a one tenth loading amount
in comparison with the tea-bag catalytic packing. It can be
attributed to its relatively better reaction kinetics and mass
transfer performance.

(2) The established NEQ model including the catalyst efficiency
can be utilized to predict the CD process with both the tea-
bag catalytic packing and the supported catalytic packing.
The EQ model can be utilized to predict the CD process with
the supported catalytic packing because the thin catalyst
layer has little influence on the mass transfer performance
of the packing.

(3) For the tea-bag catalytic packing, the kinetics of the catalyst
has a significant influence on the conversion rate of the CD
process, and it suggests that a highly efficient catalyst can
significantly improve the original CD process as shown as
C1 and C2 in Table 3. The tea-bag catalytic packing has a
low efficiency factor and a poor mass transfer performance
when the reaction kinetics of PSS is used, and these can
result in a low conversion rate.

(4) Due to the better separation performance, distributions of
the reaction rate, temperature and composition with the
supported catalytic packing in the column are different from
that with the tea-bag catalytic packing. The high reaction
rate locates in the upper reaction section loaded by the
tea-bag catalytic packing while it locates in the lower reac-
tion section loaded by the supported catalytic packing. It
can be attributed to different distributions of the reactant
and product due to different separation abilities. Quantita-
tive results from this work should be beneficial for its further
development.
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Nomenclature

A surface area, m2

B liquid flow rate at the bottom of column, ml�min�1

c molar concentration, kmol�m�3

D distillate flow rate, ml�min�1

De diffusion coefficient inside of catalysts, m2�s�1

Dm diffusion coefficient in the liquid phase
d diameter, m
F feed flow rate, ml�min�1

hs heat transfer coefficient, W�m�2�K�1

Keq chemical reaction equilibrium constant
kf pre-exponential factor, kmol�kg�1�s�1

mcat mass of catalyst, kg
m exponential term
Pr Prandtl number
Re Reynold number
Rr reflux ratio
r reaction rate
Sc Schmidt number
T temperature, K
uL liquid velocity, m�s�1

X reaction conversion rate
a activity
c distribute coefficient
e porosity
g effectiveness factor
k thermal conductivity, W�m�1�K�1

q density, kg�m�3

s tortuosity factor
lL viscosity of liquid, Pa�s
m stoichiometric coefficient

Subscripts
b body surface
cat catalyst
i component i
in internal diffusion
out external diffusion
s catalyst surface
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