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Keywords:
For separation of cracking C5 fraction, one of themain challenges is improving the conversion of cyclopentadiene
(CPD) and the recovery of isoprene (IP). In the current work, a novel reactive distillation column with several
liquid-holdup regions was designed, since it allows long residence time and provides flexibility for narrowing
the efficiency gap between reaction and distillation. By use of Aspen Plus, a corresponding mathematic model
was established and verified to be accurate. Following that, comprehensive studies were carried out for the de-
sign of liquid-holdup regions position. Details and principles about the separation performance with the
liquid-holdup regions were revealed and optimized parameters were determined with 100 theoretical plates,
feed position of 35th plate, and four liquid-holdup regions at 25th, 60th, 75th and 90th plate. The designed RD
column could well meet the technical requirement, and influence of other important factors including residence
time, operating pressure and reflux ratio was further investigated.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

The crackingC5 fraction is the byproduct in the steamcracking of the
naphtha and other heavy hydrocarbon in ethylene plants, in which
isoprene (IP), cyclopentadiene (CPD) and pentadiene are the main
components and account for 40 wt%–60 wt% in total [1–6]. These
dienes, especially IP, are important synthetic materials due to their
high chemical activities. For the synthesis utilization, the purity require-
ment for IP is generally rigorous (IP ≥ 99.8% and CPD ≤ 3 × 10−6), so a
good separation of IP and CPD is crucial [7–9].

As the boiling point of IP (34.1 °C) is close to that of CPD (41.5 °C), it is
hard to separate them by conventional distillation. Instead, the thermal
dimerization method has been widely employed in industry for better
separation of the C5 fraction. In the thermal dimerization process, C5 frac-
tion is heated for 1–3 h (b130 °C) to convert CPD to dicyclopentadiene
(DCPD) in the dimerization reactor. In the subsequent operation, DCPD
and IP can be easily separated by conventional distillation because of
the higher boiling point of DCPD (166.6 °C) [10,11]. However, besides
the self-dimerization of CPD in the dimerization reactor, the self-
dimerization of IP and dimerization of CPD with IP (or 1,3-butadiene
(1,3-BD)) also occur, thus producing (IP + IP)dimer and (CPD + IP)dimer

(or (CPD + BD)dimer) byproduct, respectively [12]. Although the
g Society of China, and Chemical Ind
conversion ratio of CPD can exceed 80%, the recovery of IP is only 88%–
92% which is much lower than the requirement of 98% [13].

On the other hand, reactive distillation, a hybrid processwhere chem-
ical reaction and distillative separation are performed simultaneously,
was wildly researched for esterification [14–16], etherification [17,18],
transesterification [19,20], alkylation [21] and dimerization [22] process.
In the 1990s, Hu et al. found that reactive distillation processes were
very effective to separate CPD from the cracking C5 [4]. In the reactive dis-
tillation column, IP accumulates at the top whereas CPD flows towards
the bottom due to their different boiling points. Meanwhile, CPD has a
much higher dimerization activity and therefore is largely converted to
DCPD on the feed plate. As a consequent result, the concentration of
CPD decreases rapidly both upwards and downwards. The lower concen-
tration of CPD along the column reduces the copolymerization of CPD
with IP and thus improves the recovery of IP. In this sense, it is important
to study the reactive distillation of C5 fraction for process intensification.
In spite of some simulation studies on the C5 reactive distillation (RD) re-
ported in the literatures [23–25], experimental researches are still limited.
Even in the reported simulation studies, the effects of process parameters,
such as the number of theoretical plates, feed position, reflux ratio and
residence time, were not considered.

As is wildly perceived, the coordination of distillation temperature
and reaction temperature is extremely important in reactive distillation
process. In C5 RD, however, limited by the distillation temperature, the
self-dimerization of CPD is not efficient enough, while the side reac-
tions, especially dimerization of CPD with IP, cannot be neglect. Hence
ustry Press. All rights reserved.



Fig. 1. The schematic diagram of the connection of holdup region and packing bed in RD.
1—upper packing bed; 2—gas riser; 3—holdup region; 4—thermocouple point;
5—overflow weir; 6—sample point; 7—lower packing bed.
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in this work, a novel reactive distillation column with liquid-holdup
regions was designed for the separation of cracking C5 fraction and a
corresponding mathematic model was established in Aspen Plus.
Using the model, the number of theoretical plates, feed position and
liquid-holdup regions position were optimized in detail, and the
influences of some important factors were also investigated.

2. Experimental

2.1. Reagents

The cracking C5 fraction used in this experiment is a by-product of
the ethylene unit cracking with naphtha in a certain petrochemical cor-
poration. Its composition is listed in Table 1. The mass fractions of IP,
CPD and DCPD are 18.03%, 16.97% and 2.17%, respectively.

2.2. Apparatus

As shown in Fig. 1, the liquid phase flowing down from the packing
bed 1 came into contact with the gas phase rising from the riser 2, and
then flowed down from the overflow vent 5 to the packing bed below.
The gas rising from the bottom of the lower packing bed flowed into
the liquid phase in the liquid-holdup region to prevent the formation
of dead zones. The RD column was 50 mm in diameter and packed
withΦ4mm× 4mmstainless steel cannon rings. Therewere five pack-
ing sections connected with flanges in the column, the length of which
were respectively 1, 1.5, 0.5, 1 and 1.5 m from top to bottom. Six
thermocouple points were installed on the column, denoted as T1–T6.
For ease of analysis, seven sampling ports were installed at the feed
tank, at each hold-up region from top to bottom and at the reflux
tank, respectively. The feed preheater, the reboiler and the thermal
preservation of the column were all electrically heated while the cooler
and the condenser were cooled with the cooling water.

A schematic diagram of the experimental apparatus is shown in
Fig. 2. The apparatus can be divided into four parts. The first part is the
feedstock part containing the feed tank 1, the feed pump 2, and the
feed preheater 3. The cracking C5 fraction is pumped from tank 1 to
the RD column after being heated to 60 °C by preheater 3. The second
part is the reactive distillation 4 where the mass transfer and chemical
reactions of C5 occurred. The third part consists of the condenser 5,
the reflux tank 6, the reflux pump 7 and the overhead product tank 8.
The reflux rate is controlled by a dosing pump. The last one is the
bottom discharge part including the product cooler 9 and the product
tank 10 at the column bottom.

3. Reaction Kinetics

In spite of the complex composition of the cracking C5 fraction, only
three types of detected reactions, namely the self-dimerization, the co-
dimerization and the multi-polymerization exist in the polymerization
process of C5 fraction. Under the operating temperature, the
dimerization of CPD producing DCPD is the main reaction, while other
Table 1
Composition of steam creaking C5

Component Composition/wt% Component

Isobutane +1-butene 0.76 1,3-Butadiene
1-Butylene −2-alkyne 0.00 trans-2-Butene
cis-2-Butene 1.00 1,2-Butadiene
Ispentane 9.36 1,4-Pentadiene
1-Pentene 3.08 2- Methyl-1-butene
Isoprene(IP) 18.03 trans-2-Pentene
cis-2-Pentene 1.46 2- Methyl-2-butene
1-Pentene-3-alkyne 0.06 Cyclopentadiene(CPD)
Cyclopentene 2.78 Cyclopentane
(CPD + BD)dimmer 1.64 (CPD + IP)dimmer
reactions including the self-dimerization of IP, co-dimerization of CPD
with IP and 1,3-BD are significant side reactions [23]. Though the
multi-polymerization, which produces polymers, may cause serious
implications, experiment studies and industrial productions show that
it is negligible. Therefore only these two types of reactions were
considered in this work.

(1) Self-dimerization of CPD and its reverse reaction (main reaction)

2CPD⇌
k1

k2
DCPD ð1Þ
(2) Self-dimerization of IP

IPþ IP→
k3 IPþ IPð Þdimer ð2Þ
Composition/wt% Component Composition/wt%

2.04 n-Butane 0.30
0.70 1-Butyne 0.00
0.20 3-Methyl-1-butene 0.46
1.96 2-Butyne 0.57
4.65 n-Pentane 11.09
2.38 1-Pentyne 0.06
2.29 trans-1,3-Pentadiene 7.07
16.97 cis-1,3-Pentadiene 3.58
1.15 Dicyclopentadiene (DCPD) 2.17
1.32 (IP + IP)dimer 2.27



Fig. 2. Schematic diagram of the experimental apparatus. 1—Feed tank; 2—feed pump;
3—pre-heater of material; 4—RD; 5—cooler; 6—reflux accumulation; 7—reflux pump;
8—product tank at column top; 9—product cooler at column bottom; 10—product tank
at column bottom; T1–T7: thermocouple points.

Table 2
Parameter values of the reaction kinetic model

k/L·mol−1·s−1 A E/J·mol−1

k1 4.39 × 105 6.58 × 104

k2 5.70 × 1012 1.42 × 105

k3 3.29 × 1014 1.53 × 105

k4 5.88 × 104 6.45 × 104

k5 2.27 × 105 7.42 × 104
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(3) Co-dimerization of CPD with IP

CPDþ IP→
k4 CPDþ IPð Þdimer ð3Þ
(4) Co-dimerization of CPD with 1,3-BD

CPDþ BD→
k5 CPDþ BDð Þdimer ð4Þ
Fig. 3. The diagram of reactive distillation column of separation cracking C5 fraction.
The reverse reactions of (2)–(4) are weak and neglected in this
work.

The reaction rate constant k of above Reactions (1)–(4) can be
expressed as follows:

k ¼ A exp −E=RTð Þ ð5Þ

Some works have been carried out to study the kinetics of
Reactions (1)–(4), but the temperature involved ranging from 80
to 130 °C was not in accordance with RD operation condition [25,26].
According to our previous work [27], the kinetics parameters of the
reactions are listed in Table 2.

4. Mathematic Model

The reactive distillation is complex because the reaction and distilla-
tion take place simultaneously. To simplify the problem in thiswork, the
balances of mass, phase and heat in the RD column were all studied in
terms of the RADFRAC model in Aspen Plus with some reasonable as-
sumptions: (1) only the dimerization reactions were considered;
(2) the gas–liquid phase equilibriumwas reached at every platewithout
considering the disturbance of dimerizaitons; (3) all dimerizationswere
dominated by the reaction kinetics; (4) heat loss was negligible.

The RD diagram was shown in Fig. 3, in which the column plates
were numbered as 1, 2, …, N from the top to the bottom. The first
stage represented the condenser and the Nth stage was the reboiler.
There was a feed inlet at every stage. Under the above assumptions,
the balance equations for the jth stage are listed as follows:

(1) Mass balance:

L j−1xji−V jyji þ V jþ1yjþ1i−L jxji þ F jxji þ rjit j ¼ 0 ð6Þ

1≤ i≤C;2≤ j≤N−1 ð7Þ

when j = 1 (condenser), then:

−V1y1i þ V2y2i− L1 þ Dð Þxji þ r1it1 ¼ 0 ð8Þ



Table 3
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when j = N (reboiler), then

LN−1xNi−VNyNi− LN þWð ÞxNi þ rNitN ¼ 0 ð9Þ

(2) Phase balance:
 Composition of top product and bottom product

N-hexane/wt% Methyl cyclopentane/wt%

Top product 85.19 14.81
Bottom product 17.35 82.65
yji þ kjixji ¼ 0 ð10Þ

kji ¼ γjiφ0
jip

0
ji

.
φjip jð Þ

� �
exp

Vji p j−p0ji

� �,

RT j

2
4

3
5 ð11Þ

activity coefficient of liquid (γ) and fugacity coefficient of vapor (φ)
are calculated in UNIFAC equation [28].

(3) Normalized equations:

XC

i¼1
xij ¼ 1 ð12Þ

XC

i¼1
yij ¼ 1 ð13Þ
Table 4
Number of theoretical plates in each packing bed

No. of packing bed Length/m Theoretical plates

1 1 7
2 1.5 10.5
3 0.5 3.5
4 1 7
5 1.5 10.5
(4) Enthalpy balance:

L j−1h
L
j−1 þ V jþ1h

V
jþ1−Ljh

L
j−V jh

V
j þ F jh

F
j þ∑C

i¼1rjitQ
r
ji þ Q j

¼ 0 ð14Þ

when j = 1 (condenser), then:

V2h
V
2− L1 þ Dð ÞhL1−V1h

V
1 þ∑C

i¼1r1itQ
r
1i þ Q1 ¼ 0 ð15Þ

when j = N (reboiler), then:

LN−1h
L
N−1−VNh

V
N− LN þWð ÞhLN þ∑C

i¼1rNitQ
r
Ni þ QN ¼ 0 ð16Þ
Table 5
Operating conditions in experiments

Experiment a Experiment b

Feed plate 22 22
Feed flow/kg·h−1 0.76 0.93
Reflux rate/L·h−1 15 18
Top product/kg·h−1 0.39 0.48
Bottom product/kg·h−1 0.37 0.45
Top pressure/MPa 0.145 0.145
Bottom temperature/°C 85.4 85.4
Residence time/s 1333 1111

Note: Residence time = (Reflux rate / liquid holdup) × 3600 s.
(5) Reaction kinetic equations:

rim ¼ kimCiCm ð17Þ

kim ¼ A exp −Ea
�
RT

� � ð18Þ

ri ¼
XC

i¼1
rim ð19Þ

1≤m≤C

when i=m, Eqs. (17)–(19) represent the kinetic model of the self-
dimerization of component i.

5. Results and Discussion

5.1. Experiment of reactive distillation

5.1.1. Number of theoretical plates
The number of theoretical plates is one of the major evaluating pa-

rameters affecting the separation efficiency in a distillation column. In
this work, N-hexane and methyl cyclopentane were selected to deter-
mine the number of theoretical plates because of their easy separation.
The mixture of N-hexane and methyl cyclopentane was rectified in the
RD column (Fig. 2) with total reflux at the atmospheric pressure. After
the temperature profile was no longer changing, samples at both the
top and the bottom were taken and analyzed (Table 3).
Then the number of theoretical plates can be calculated by Fensake's
correlation, i.e.

Nmin ¼ lg½ x1= 1−x1ð Þð ÞD= x1= 1−x1ð Þð ÞW�= lgα12 ð20Þ

where the subscripts 1 and 2 respectively denote the light and heavy
components, the subscripts D and W respectively represent the top
and bottom products and α12 is the relative volatility between compo-
nents 1 and 2 (α12 = 1.0897 under the atmospheric pressure). The
total number of theoretical plates was determined to be 38.5 and
hence the number in each bed was obtained (see Table 4).
5.1.2. Measurement of liquid holdup
The liquid holdup is another critical parameter for the reactive distil-

lation because it determines the residence time. In this work, the liquid
holdupwas defined as the total volume of the liquid at the pack surfaces
as well as that in the pack pores, the holdup regions and the column
bottom.

The liquid volume from each holdup region was 224 ml; therefore
the sum for the four holdup regions is 896 ml. When the RD column
was operated under the normal conditions given in Table 5, the feed
and the reflux were shut down and the products drawing from the
top and the bottom was stopped, and the liquid level was recorded. At
this time, the liquid level in the bottomwas 60%with the corresponding
holdup of 2182 ml. After the column was cooled down, the volume of
liquid at the bottomwas 4657mlwith 2475ml increases. Consequently,
the liquid holdup of the RD column was 3371 ml.
5.1.3. Validation of mathematic model
To verify the accuracy of the mathematic model, the reactive distilla-

tion process was investigated by both experimental and simulated tests
under the same conditions listed in Table 5. Slightly different from the
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experiments, the calculated number of theoretical plateswas 42, inwhich
the first plate and the last one represented the condenser and the reboiler
respectively. In addition, the liquid-holdup regions were not included in
theoretical plates in the simulation. The liquid volume was 64 ml at one
plate, 224ml in every holdup regions and 2182ml in the column bottom.

As shown in Fig. 4, the temperature profile in the column obtained by
the simulationwas close to that in experiments. The slight differencewas
probably caused by the heat loss of the column, which was not consid-
ered in the simulations. In addition, the temperature along the column
ranged between 50 and 90 °C whichwas covered by the applicability re-
gion of the reaction kinetics parameters to ensure the model accuracy.
According to the calculated reaction rate constant, co-dimerization of
CPD with IP is the main side reaction in this temperature range.

Comparing the concentration distribution of IP, CPD and DCPD
shown in Fig. 5, good agreement between the simulation and experi-
ment was achieved. Moreover, the simulation results shown in Table 6
also matched well with the experiment results with a relative error
less than 2%. On the other hand, it was found that a longer residence
timewas favorable to increase the conversion of CPD. As a consequence
result, the separation efficiency of IP was also benefited. However, the
recovery of IP was much lower than 98% and the concentration of IP
in the bottom reached up to 4.65%. Such results suggested that 42
theoretical plates were inadequate and detailed optimization of process
parameters was needed to ensure the recovery of IP larger than 98%.
/°
C

Fig. 4. Temperature profile in the RD column. (A) Feed flow: 0.76 kg·h−1, R

/%

Fig. 5. Liquid concentration profiles in the RD column. (A) Feed flow: 0.76 kg·h−1, Reflux rate
experimental data; CPD experimental data; DCPD experimental data.
5.2. Simulation of reactive distillation

In general, for the separation of C5 fraction, there are three main in-
dexes should meet the requirement, namely, the recovery of IP is larger
than 98%, the conversion of CPD is larger than 90% and the selectivity to
DCPD is larger than 98%. Due to the constraints and limitations in the
experimental study, some of the important RD design parameters
could not be studied experimentally. The validated mathematic model
was hence used for further research.

5.2.1. Preliminary determination of number of theoretical plates and feed
position

For the original RD column, theoretical plates are far from adequacy.
It should be note that, in this RD column, reactions mostly occur in the
liquid-holdup regions, so the number of theoretical platesmainly affects
the distillation efficiency. Therefore, the number of theoretical plates
was firstly investigated without considering the liquid-holdup regions.
As shown in Fig. 6(A), the recovery of IP increased rapidly with the
increases of number of theoretical plates ranging from 50 to 100, but
improved slightly when the number of theoretical plates was more
than 100. On the other hand, the conversion of CPD increased with the
increases of number of theoretical plates in the range of 50 to 120 due
to the increasing of residence time, but the maximum CPD conversion
with 120 theoretical plates was only 78.6%, which indicated that simply
/°
C

eflux rate: 15 L·h−1. (B) Feed flow: 0.93 kg·h−1, Reflux rate: 18 L·h−1.

/%

: 15 L·h−1. (B) Feed flow: 0.93 kg·h−1, Reflux rate: 18 L·h−1. simulation data; IP



Table 6
Comparison of the experimental and calculated results of the RD

Experiment a Experiment b

Experiment Simulation Relative error Experiment Simulation Relative error

Conversion of CPD/% 80.05 79.31 0.92 76.88 75.81 1.39
Selectivity of DCPD/% 96.21 96.65 0.46 94.96 96.11 1.21
Recovery of IP/% 89.43 88.07 1.52 87.25 87.90 0.74

Note: Conversion of CPD = difference in mass flow of inlet and outlet of CPD/feed mass flow of CPD.
Selectivity of DCPD = difference in mass flow of inlet and outlet of DCPD/difference in mass flow of inlet and outlet of CPD.
Recovery of IP = top product mass flow of IP/ feed mass flow of IP.
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adding the number of theoretical plates can hardlymake the RD column
meet the design requirement. As a practical remark, 100 theoretical
plates were recommended to ensure the RD results.

The feed position determines the number of column plates in both
the rectifying and stripping sections and hence has influence on the
separation results. As for RD column, proper feed position is especially
important, for it can minimize the contact of CPD with IP and hence re-
duce the side reaction. Shown in Fig. 6(B), the recovery of IP increased
first and then decreased when the feed position moved downwards
from the 10th plate to the 80th platewith themaximum IP recovery ob-
tained between the 30th to 40th plates. Meanwhile, the selectivity to
DCPD showed similar variation trend, so the feed stage was selected at
the 35th plate.

5.2.2. Determine of liquid-holdup regions
The design of liquid-holdup regions is the core of this study.

Replacing a theoretical plate with a liquid-holdup region will
significantly increase the residence time, hence enhancing the CPD con-
version. The side reactions, however, have also been improved some-
what, and consequently reduced the recovery of IP and selectivity to
DCPD. Proper location of liquid-holdup regions is critical for the design
of the RD column. So, the generation rate of DCPD as well as the ratio
of the generation rate of DCPD and (CPD + IP)dimer on each plate were
taken into account as research objects (Fig. 7). The changes of recovery
of IP, conversion of DCP and selectivity to DCPD with the increase of
number of liquid-holdup regions are shown in Fig. 8. Residence time
of all the liquid-holdup regions was preliminarily set as 200 s.

Shown in the curve without liquid-holdup region (Fig. 7(A)), the
maximum selectivity occurring around 90th plate reached 330 due to
the large concentration difference between CPD and IP in this area.
Meanwhile, the generation rate of DCPD was also considerable. It is un-
doubtedly that the first liquid-holdup region installed in this area could
/% (A)

Fig. 6. Influence of (A) number of theoretical plates and (B) feed stage on separation performan
245 kPa.
benefit the dimerization of CPD but also ensure the selectivity to DCPD.
When the 90th plate was set as the first liquid-holdup region, the con-
version of CPD enhanced significantly from 72.6% to 81.7%, causing gen-
eration rate of DCPD at the common plates between 80 and 100th
reduced, while the selectivity around this area was still high
(Fig. 7(B)). Taking both the rate and selectivity of DCPD generation
into consideration, the second liquid-holdup region was set at 75th
plate, and the conversion of CPD further increased to 84.3%. In addition,
it can be seen that the generation rate of DCPD at the first liquid-holdup
region reduced, because the second region is closer to the feed plate to
convert more CPD. When considering the third liquid-holdup region,
the low generation rate of (CPD + IP)dimer should be given priority,
for the conversion of CPD is pretty high. On the other hand, due to the
low boiling point, there is a certain amount of CPD in the top product
with low residence time. After some evaluation, the third liquid-
holdup region was set at 25th plate, which is above the feed plate.
From the viewof the results, the design is reasonable, for the conversion
rate of CPD reached 87.6%, while the recovery rate of IP remained un-
changed. For further enhancing CPD conversion to 90%, the fourth and
the fifth liquid-holdup regions could also be set. As shown in Fig. 7(D),
the selectivity to DCPD is higher at the plates away from the feed posi-
tion. In this way, the fourth and fifth liquid-holdup regions were set at
60th and 45th plate respectively to minimize the generation of
(CPD + IP)dimer.

As shown in Fig. 8, with the number of liquid-holdup regions in-
creasing from zero to four, the recovery of IP reduced slightly from
98.6% to 98.5%, while the conversion of CPD enhanced significantly
from 72.6% to 89.2%. The results proved the importance of liquid-
holdup regions and the rationality of the liquid-holdup regions position
design. Further increase of the number of liquid-holdup regions to five
didn't improved the CPD conversion obviously, but it improved the
self-dimerization of IP and co-dimerization of IP and CPD, hence raising
/% (B)

ce. Conditions: Residence time in each plate = 5 s, reflux ratio= 8, operating pressure =



Fig. 7. Generation rate and selectivity to DCPD on each plate. Generation rate of DCPD (mol·h-1) Generation selectivity.
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the conversion of IP and reducing both the recovery of IP and selectivity
to DCPD. So the optimal number of liquid-holdup regionswas four with
the position of 25th, 60th, 75th and 90th plate.

Fig. 9 shows the mass fraction profiles of CPD and IP along the
column. As indicated by the mass fraction of IP shown in Fig. 9(B), the
distillation efficiency is almost not affected by the adding of liquid-
holdup regions. The results suggested that the determination of the
number of theoretical plates and feed position is correct. On the other
hand, the adding of liquid-holdup regions mainly affects the CPD
content in the plates nearby (Fig. 9(A)).

According to the calculation result previously, four liquid-holdup
regions are suitable for design requirement. However, the design
requirement was not well met, for the conversion of CPD is lower than
90%. Therefore the residence time should also be considered. It should
/%

Fig. 8. Influence of number of liquid-holdup regions on RD performance.
be noted that increases of the residence time may improve the CPD
conversion as well as the side reactions according to analysis. As
revealed in Fig. 10, only conversion of CPD is slightly sensitive to the
changes of residence time, while the recovery of IP, selectivity to
DCPD and conversion of IP are basically unchanged. The results further
proved the rationality of liquid-holdup regions. On the other hand, the
large range of residence time from 250 to 400 s merely increased the
conversion of CPD from 89.9% to 91.5%, which means the design of
residence time for this RD column is simple.
5.2.3. Influence of important operating parameters
For RD process, operation pressure, which determines the tempera-

ture distribution, is a key parameter to affect the dimerization reactions.
As shown in Fig. 11, with the increases of operating pressure, the
conversion of both CPD and IP enhanced, but the selectivity to DCPD
and recovery of IP decreased. It is worth noting that the separation
performance is very sensitive to the operating pressure. When the
operating pressure was more than 300 kPa, IP recovery of less than
96% was obtained, which suggested that high operating pressure is
very unfavorable for the separation. On the other hand, when the oper-
ating pressure is less than 230 kPa, the conversion of CPD cannot reach
90%. So the RD column could be operated in the range of 230 to 260 kPa.

In the distillation processes, the reflux ratio, an important operation
parameter, affects both the separation performance and energy
consumption. Fig. 12 shows the conversion of CPD, the selectivity to
DCPD, and the recovery and conversion of IP as a function of the reflux
ratio at a fixed residence time. As is well-known, the increasing of reflux
ratio enhances the distillation separation efficiency. Hence, the recovery
of IP increased with reflux ratio increasing. Moreover, the co-
dimerization of IP with CPD, the major side reaction, was also inhibited
due to the less contact of CPD and IP. However, when the reflux ratio
increased above 12, IP recovery was improved slightly, but the
dimerization of IP can be promoted. In spite the conversion of CPD
kept increasing, the selectivity to DCPD slowly declined. Considering
these changing trends as well as the high utilities consumption and
even the appearance of flooding caused by large reflux ratio, the



Fig. 9. Mass fraction distribution of (A) CPD and (B) IP on each plate.

/%

Fig. 11. Influence of operating pressure on RD performance.
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appropriate reflux ratio could be selected as 8–12 to ensure the separa-
tion requirement.

6. Conclusions

In this work, a new type of reactive distillation column has been
designed, in which the pack section and special liquid-holding areas
were combined to make the distillation and the reactions work
synergistically. The designed multiple liquid-holdup regions supply
more residence time and provide flexibility for narrowing the efficiency
gap between reaction and distillation. Thus a correspondingmathemat-
ic model was established and validated for the detailed research of the
RD column. According to the DCPD generation rate and selectivity in
each plate, five liquid-holdup regions were set at proper positions in
sequences. The well-designed liquid-holdup regions enhance the CPD
conversion significantly, while affect slightly on the CPD selectivity
and IP recovery. Optimized process parameters were then determined:
100 theoretical plates, feed position of 35th plate, and four liquid-
holdup regions at 25th, 60th, 75th and 90th plate respectively, with
which the technical requirement of C5 separation can be well met.
The synergistic effect between reaction and separation overcomes the
equilibrium limitations and constrains the undesired side reaction.
/%

/s

Fig. 10. Influence of residence time of liquid-holdup regions on RD performance.

/%

Fig. 12. Conversion of CPD and IP, recovery of IP and selectivity to DCPD at different reflux
ratios.
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Overall, the reactive distillation process is a promising technique for the
cracking C5 fraction separation.

Nomenclature
A pre-exponential factor
C number of components
D distillation flow rate of overhead, kmol·s−1

E active energy, J·mol−1

F feed flow rate, kmol·s−1

hF feed enthalpy, kJ·mol−1

hL liquid enthalpy, kJ·mol−1

hV vapor enthalpy, kJ·mol−1

kij equilibrium constant
kim reaction rate constant, kmol·s−1

L liquid flow rate, kmol·s−1

N total number of stages
p pressure, MPa
p0 saturated vapor pressure of pure component under the

system temperature, MPa
Q heat removed or added, kJ·s−1

Qr heat of reaction, kJ·mol−1

R gas constant, J·mol−1·K−1

rim dimerization reaction rate constant of component i and m,
kmol·s−1

ri total reaction rate constant of component i, kmol·s−1

T temperature, K
t residence time, s
V vapor flow rate, kmol·s−1

W bottom product flow rate, kmol·s−1

x molar fraction of liquid component
y molar fraction of vapor component
z molar fraction of feed component
γ activity coefficient of liquid
φ fugacity coefficient of vapor
φ0 fugacity coefficient of pure component under saturated vapor

pressure
φij fugacity coefficient of mixture component

Subscripts
i, m component, i = 1,2, …, C
j total number of stages or number of differential unit,

j = 1,2, …, N
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