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This paper proposes a novel self-heat recuperative dividing wall column conﬁguration to enhance energy
efﬁciency of a reactive distillation process in the formic acid production process. A patented formic acid
production process as a base case was optimized for further evaluation. Both external heat integration
and thermal coupling were examined by placing a side-reboiler onto the reactive distillation column and
by conﬁguring the reactive distillation column to a top dividing wall column. A novel self-heat
recuperative dividing wall column conﬁguration was ﬁnally proposed to take synergistic advantage of the
thermally-coupled and heat-integrated structures. The proposed conﬁguration requires no compressor
and provides preferable conditions for the self-heat recuperation by avoiding the remixing effect and
reducing the energy requirements. The proposed self-heat recuperative dividing wall column
conﬁguration can also be applied to other similar distillation processes to improve the energy efﬁciency.
ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Formic acid (FA), which is the simplest carboxylic acid, is a
popular chemical used in many industries, such as leather,
agriculture, textiles, rubber cohesion processing, chemicals, and
pharmaceuticals [1]. Several processes have been reported for the
commercial production of FA based on different main reactions,
including the acidolysis of formate salts, oxidation of hydrocarbons, hydrolysis of formamide, mineral acid catalysis, and the
hydrolysis of lower alkyl formates [2–4]. Recently, a FA production
process based on methyl formate (MF) hydrolysis was proposed to
overcome the main limitations of existing processes, such as a slow
reaction time, undesirable byproducts, high investment costs, and
environmental issues [5]. Huang et al. [6] proposed a novel process
by integrating a reactor and a conventional distillation column in
the MF hydrolysis-based process into a single reactive distillation
(RD) column. The RD by combining the reaction and separation
operations in a single vessel can have many advantages [7]: (1) the
yield and selectivity are improved, (2) energy requirements
decrease, and (3) hot spots are avoided. The application of a RD
has enabled the production of FA of the desired purity with
signiﬁcantly reduced operating and capital costs.
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Distillation is one of representative separation units with large
energy requirements. 60% of energy used in chemical industry is
from distillation processes [8]. Most of the energy required in the
FA production process is also due to its distillation process.
Thermally coupled distillation column (TCDC) and dividing wall
column (DWC) as its fully intensiﬁed form have attracted
considerable attention to reduce energy consumption and capital
cost in distillation processes [9]. Recently, a heat pump technology
has been investigated as a prominent mean for heat integration in
combination with the RD [10], DWC [11], and reactive DWC [12] to
improve energy efﬁciency in DWC and RD processes. However,
practical restrictions and worries associated with the introduction
of compressor into the column retard the expansion of the heat
pump assisted heat integration in conservative process industries.
In this study, a novel heat pump free self-heat recuperative
DWC was proposed to improve the energy efﬁciency of the
distillation process in the MF hydrolysis-based FA production
process. The conventional FA process was ﬁrst optimized. Heatintegration and thermal coupling between the RD and conventional columns were explored. Based on this analysis, a novel DWC
conﬁguration was proposed to take synergistic advantage of
thermally coupled and heat integrated structures. The potential of
the DWC structure for taking advantage of self-heat integration
was also discussed.
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2. Process description
In this study, the process conﬁguration patented by Huang et al.
[6] was chosen and used as a base process after process optimization.
The process consists mainly of a reactor for the carbonyl reaction and
three distillation columns, including one reactive distillation column
for MF hydrolysis and separation. Fig. 1 shows the overall process
ﬂow sheet under the optimized conditions.
In this process, the carbonyl reaction in Eq. (1) occurs in a high
pressure adiabatic continuous stirred tank reactor (CSTR) by the
reaction of methanol and carbon monoxide with a sodium
methoxide (CH3ONa) heterogeneous catalyst or ion-exchange
resin catalyst.
CH3OH + CO $ HCOOCH3

(1)

MF formed in the CSTR is then separated as a distillate in the
methanol recovery column (C1), and fed into the RD column. A
small amount of carbon monoxide remaining is purged through a
partial condenser in the column against its accumulation. The
unreacted methanol is separated from the C1 bottom and recycled
to the CSTR with the accompanied catalyst.
In the RD column, FA and methanol are formed by the
hydrolysis of MF with external water according to the following
reaction:
HCOOCH3 + H2O $ HCOOH + CH3OH

(2)

The separation between reactants (MF and water) and products
(FA and methanol) also occurs in the RD column simultaneously,
which improves both the reaction and separation efﬁciency
signiﬁcantly compared to the system of a separate reaction and
separation. The RD column consists of a reactive tray section (1st–
19th tray), where each tray is ﬁlled with a heterogeneous ion
exchange resin catalyst, and a stripping section below the reactive
section.
FA and water are separated from methanol and MF at the
bottom of the FA separation column (C2), and 85 wt.% FA is
obtained as the ﬁnal main product. Methanol in the distillate is
recycled to the CSTR to maximize product conversion.
3. Process simulation
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thermodynamic method of simulation to cope with the solvation
of polar compounds and dimerization of the vapor phase in the
mixtures containing carboxylic acids by using the HaydenO’Connell equation [13]. The pairing of MF hydrolysis used in this
study has six sets of thermodynamic parameters. The UNIQUAC
model parameters for methanol–MF, MF–water, MF–FA, and
water–FA pairings were obtained through thermodynamic model
regression using the vapor–liquid equilibrium data from Polak and
Lu [14], Reichl et al. [15], Zeng et al. [16], and Ito and Yoshida [17],
respectively. Methanol–water pairing employs the UNIQUAC
model parameters taken by Pöpken et al. [18]. The UNIQUAC
Functional-group Activity Coefﬁcient (UNIFAC) method was
applied to estimate the missing parameters of methanol-FA
pairing. Table 1 shows the parameter values used for the MF–
water–methanol–FA system.
The reaction kinetics of the carbonyl reaction for the CSTR was
chosen from [19] under the experimental conditions at T = 60–
110  C, P = 2–4 MPa:


70748
½catL ½MeOHL ½COL
r ¼ ð1:414  109 Þexp
8:31451T


92059
ð2:507  1012 Þexp
ð3Þ
½catL ½MFL
RT
where r is the reaction kinetic rate (mol/L min), R is the universal
gas constant (J/(mol/K)), the subscript L denotes the concentration
of the liquid phase, [CO]L = [CO]G = 0.154 PCO/RT, and [] denotes the
component concentration (mol/L).
The reaction kinetics of the hydrolysis reaction for the RD
simulation was taken from reference [20]:
!

1 
63100kJmol
½H2 O½MF  ½MeOH½FA
ð4Þ
r ¼ k0 exp 
0:4492 expð251=T Þ
8:31451T
where r is the reaction rate (mol/L min), k0 ¼

6:530106
,
1þ0:869½H2 O2

and []

denotes the component concentration (mol/L).
An equilibrium stage model was used for the simulation of all
distillation and RD columns. Tray efﬁciency was simply assumed as
100%. The liquid holdup for the rate-controlled reaction was
speciﬁed as 0.15 m3 at every stage in the RD section.

A simulation study was performed using an Aspen Plus V7.3
simulator. The UNIQUAC-HOC model was used as a

Fig. 1. Process ﬂow sheet of Huang’s patented process under the optimized conditions, X denotes [XCO,XMF,XMeOH,XH2O,XFA] in mass fraction (in Figs. 1, 8 and 11).
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Table 1
UNIQUAC model for MF–H2O–MeOH–FA.a
Component i
Component j
aij
aji
bij
bji
dij
dji

MF
H2O
0
0
434.24
99.35
0
0

MF
MeOH
0
0
15.20
301.76
0
0


a

Aspen

Plus

UNIQUAC

model:

ui0 ¼ qqi0Tx0 i ; qT 0 ¼ Sk qk0 xk , and z ¼ 10.

ri xi
Sk r k xk
ln g i ¼ ln
xi



MF
FA
1.46
1.86
471.54
132.65
0
0

H2O
MeOH
2.06
3.15
219.04
575.68
0.007
0.006

H2O
FA
0.65
4.99
155.34
1802.30
0
0

MeOH
FA
0
0
366.61
615.90
0
0

!

   ri xi 
 
qi xi
bij
eij
0
0
qi Sj uj expðaij þ
þ cij ln T þ dij T þ
Sk rk xk
2
S k qk x k
z
T
T
Sj xj lj ,
  qi0 ln S u 0 
þ qi ln 

xi
k k t

ri xi
2
t z
ki
j0 þ
ðr i qi Þþ1ri þqi0
Sk rk xk
2

4. Self-heat recuperative DWC
4.1. Base case optimization
Based on the process conﬁguration [6], the detail process
conditions were optimized to examine the effects of the main
process variables in each column and to establish an optimal base
case for a further comparison with other process conﬁguration
candidates. The degree of freedom analysis illustrated only three

process speciﬁcations can be freely ﬁxed for a given separation
task. The three main optimizing variables were chosen based on
their apparent competing effect on the energy efﬁciency of the
process: (1) the mass fraction of MF in the overhead stream of the
C1 column, (2) the mass fraction of MF in the bottom stream of the
RD column, and (3) the mass fraction of methanol in the overhead
stream of the C2 column. Their feasible search boundaries were
determined through extensive simulation. The optimal condition
was found using a mesh search method to minimize the total

XMeOH in the C2 overhead stream = 0.965
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Fig. 2. Sensitivity plot of the optimizing variables to the total reboiler duty in the base case.
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the CSTR. The optimal condition of methanol mass fraction in the
overhead of C2 column was found at 0.97. The total energy
requirement of the optimized process was 11539.30 kW. The
completed process conditions after optimization can also be seen
in Fig. 1.
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4.2. Heat integration between RD and C2 columns using side-reboiler
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Fig. 3. x–y diagram of MF and methanol.

reboiler duty of the three columns (C1, RD, and C2). Fig. 2 shows a
sensitivity plot of the optimizing variables to the total reboiler duty
of the three columns in the base case.
MF is the main reactant in the RD column. As more MF feeds
into the RD column, more FA will be generated for a given reaction
conversion. On the other hand, excessive MF in the rectifying
section of the C1 column results in signiﬁcant energy requirements
for separation due to a tangent pinch on the pure MF end in the MF
and methanol system (see Fig. 3).
As shown in Fig. 2, the optimal speciﬁcation of the MF mass
fraction in the C1 overhead was found as 0.78 in the feasible range
of 0.74 and 0.81. As more MF remains in the RD column, less energy
is needed in the RD column but it also implies lower FA product
from the RD column. The optimal speciﬁcation of the MF mass
fraction in the RD bottom was found as 0.002. The methanol
fraction in the overhead of C2 column also has a trade-off point for
optimization: more methanol requires more energy in the C2
column but it also promotes the formation of the product in

One of most common approaches for heat integration between
the adjacent columns is to utilize the latent heat of overhead vapor
stream of one column to the reboiler heat source of the other. For
this type of heat integration, the temperature of the overhead
vapor stream in one column should be sufﬁciently higher than that
of the bottom section in another column. A double effect
conﬁguration and a heat pump assisted conﬁguration are two
typical options to secure the temperature level required for this
type of heat integration. On the other hand, these conﬁgurations
require either adjusting the pressure of one of the columns or
compressing the overhead stream of one column, which might
restrict the economics and implementation [21].
In this study, a novel heat integration, which needs neither heat
pump nor pressure change, was explored by implementing a side
reboiler into the RD column. A minimum approach temperature
(MAT) for heat integration was chosen as 10 K. Figs. 4 and 5 show
the liquid composition and temperature proﬁles of the RD and C2
columns in the base case, respectively. As seen in the temperature
proﬁle, the stripping section with temperature below 370 K
spreads widely to the 31th stage in the RD column while the
overhead temperature of the C2 column is around 380 K. This
provides a good potential for a heat integration without pressure
up of C2 or heat pump.
Fig. 6 shows the heat integration between the RD and C2
columns by implementing a side-reboiler. In this heat integration,
the latent heat of the overhead stream in the C2 column is
transferred to a side reboiler in the RD column.
The energy requirement for a given separation task tends to
increase as the side reboiler is located higher in the stripping
section [22]. To ﬁnd the best location of the side reboiler and
corresponding side stream ﬂow rate, the heat integrated process
was simulated by varying the side stream location and ﬂow rate
under the MAT constraint. The outlet temperature of the side
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Fig. 4. Composition and temperature proﬁle of the RD column in the base case.
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Fig. 5. Composition and temperature proﬁle of the C2 column in the base case.

Fig. 6. Heat integration between the RD and C2 columns by implementing a side-reboiler.

stream from the side reboiler was speciﬁed to meet the required
MAT in simulation. Fig. 7 shows energy savings of the RD column
for different side reboiler locations and side stream ﬂow rates. As
shown in the ﬁgure, the energy efﬁciency tends to improve as the
side reboiler is implemented at lower stage. However, the available
lowest location is limited by the required MAT. The 24th stage was
found to be the optimal location to achieve the minimum reboiler
duty. Note that this location also results in the lowest pumparound ﬂow rate for the side reboiler because heavy components
with large latent heat becomes rich at the lower stages of the
column. The side stream return ﬂow mostly has two-phase and its
vapor fraction depends on the side stream ﬂow rate and location.
Stripping by the side reboiler normally deteriorates the
stripping efﬁciency of the RD column, which in turn has a higher
energy requirement (10348.5 kW, i.e., the sum of the reboiler and
side reboiler duties) for stripping in the RD column compared to
the base case without a side reboiler (9401.9 kW). However, the
latent heat of the overhead vapor stream in the C2 column

(1650.6 kW) was large enough to compensate more than the net
additional energy requirement (946.6 kW) due to the use of a side
reboiler. As a result, this heat integration saved 7.5% of the total
energy requirements of the RD and C2 columns compared to the
base case without a side reboiler.
4.3. Thermal coupling of RD and C2 columns via DWC conﬁguration
A thermally coupled distillation conﬁguration (TCDC) has
gained wide popularity as an effective way of reducing the energy
consumption by removing the remixing effect in a distillation
process [11]. The industrial applications of DWC, as a fully
intensiﬁed form of the TCDC, have increased rapidly because of
its many practical advantages in its implementation and operation.
As indicated in Fig. 4, an apparent remixing phenomenon occurs in
the stripping section of the RD column, which implies a high
potential to improve the energy efﬁciency by modifying the
conventional RD and C2 columns to the TCDC. Fig. 8 shows a top
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8

Qsave (%)

8837.5 kW, which is equivalent to 6.0% energy savings compared
to the base case.
Note that the main structures (total number of stages and feed
location) of the prefractionator and main sections in the TDWC
chosen were the same as those of the RD and C2 columns in the
base case for simplicity and conservative comparison. Further
improvements in energy efﬁciency will be possible if the structure
of the TDWC is fully optimized.
In this study, no heat transfer across the dividing wall was
assumed. Several works analyzed the effect of heat transfer across
the dividing wall [23,24]. The possible heat transfer effect needs to
be considered in the real application of TDWC if the temperature
difference at each side is not trivial.
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4.4. Self-heat recuperative DWC conﬁguration
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Fig. 7. Energy savings of the RD column for different side reboiler locations and side
stream ﬂow rates.

dividing wall column (TDWC) conﬁguration, where a dividing wall
is located in the top section of the column, considered to avoid the
remixing effect in the RD bottom section. The TDWC conﬁguration
was implemented in Aspen Plus by using an equivalent TCD
conﬁguration with a side rectiﬁer.
Figs. 9 and 10 show the liquid composition and temperature
proﬁles of the RD and C2 sections in the proposed TDWC,
respectively. As shown in the ﬁgures, the column proﬁle of the
corresponding main section in the TDWC remains similar to that in
the conventional C2 column, but the remixing phenomenon in the
prefractionator of RD section was removed successfully in the
TDWC, which leads to an improvement in energy efﬁciency. The
total energy consumption for the TDWC conﬁguration was

To take advantage of each thermally coupled and heat
integrated conﬁguration, a novel conﬁguration that combines a
TDWC and a side-reboiler was investigated. Fig. 11 shows the
process ﬂowsheet with the proposed DWC with a side-reboiler.
Self-heat recuperation technology facilitates the recirculation of
both latent and sensible heat in a process, and helps reduce the
energy requirements of the process based on energy recuperation
[25]. Because the proposed heat integrated DWC conﬁguration
facilitates the recirculation of latent heat in a column, it is called a
self-heat recuperative DWC conﬁguration.
In this conﬁguration, the 28th stage was found to be the best
location for the side-reboiler implementation to give the
minimum energy requirement under the required MAT
constraint. The overall energy requirement of the proposed
self-heat recuperative DWC was 7495.6 kW. The net amount of
energy saving by the proposed conﬁguration was 1906.3 kW,
which is equivalent to 20.3% energy savings compared to the
base case. Note that the net energy saving is larger than the
simple sum of those by the TDWC conﬁguration (564.4 kW) and
the heat integration conﬁguration (704.0 kW). This shows the
apparent synergistic advantage of combining heat integration and

Fig. 8. Thermally coupled conﬁguration of RD and C2 columns via the top dividing wall column.
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Fig. 9. Composition and temperature proﬁle of the RD section in the TDWC.
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Fig. 10. Composition and temperature proﬁle of the C2 section in the TDWC.

thermal coupling in the proposed heat integrated DWC conﬁguration. The stripping efﬁciency increased in the proposed DWC
conﬁguration: the total energy consumption required for
stripping (i.e., sum of side reboiler duty and reboiler duty) was
decreased to 8586.9 kW, whereas that in the TDWC alone was
8837.5 kW.
This synergetic effect is mainly due to the improved stripping
efﬁciency by allowing the side reboiler location lower compared to
the conventional conﬁguration. Fig. 12 shows the energy requirement for different side reboiler locations in the proposed TDWC. The
resulting trend illustrates that the required total reboiler duty and
corresponding side reboiler duty monotonically decrease as the side
reboiler is located in the lower stage.

The energy requirement in the C1 column was also reduced from
2137.4 kW to 2033.1 kW, which results from the reduced methanol
feed ﬂow and reﬂux ratio for a given separation in the C1 column.
Table 2 lists the energy requirement and percentage saving for
each conﬁguration investigated.
The non-sharp separation features by the TCDC provides another
potential advantage in heat integration using a heat pump or a
double effect conﬁguration. In the current study, for example, the
non-sharp separation in the RD section of the TCDC makes the RD
bottom section rich in methanol as intermediate boiling component,
and thus the bottom temperature lower compared to the conventional case. This allows the heat integration between the C2 overhead
and RD bottom with less increase in the pressure of C2 column in a
double effect conﬁguration. The smaller temperature difference
decreases the required compression ratio in the heat pump assisted
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Fig. 11. Process ﬂow sheet with the proposed self-heat recuperative DWC.

5. Conclusions
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Fig. 12. Energy requirement for different side reboiler locations in the heat
integrated TDWC.

heat integration. The TCDC conﬁguration also reduces the required
reboiler duty in the RD section by avoiding remixing effect. Therefore,
the TCDC conﬁguration allows a heat pump-assisted heat integration
with a less compressor load.
Table 2
Energy requirement, net energy saving and saving percentage of each conﬁguration.

Base case
Heat integration
alone
TDWC alone
Self-heat
recuperative DWC

Net energy saving
Energy
requirement of
(kW)
RD and C2 column
(kW)

Energy saving
(%)

9401.9
8697.9

–
704.0

7.49

8837.5
7495.6

564.4
1906.3

6.00
20.28

A novel heat pump free self-heat recuperative DWC conﬁguration was proposed to improve the energy efﬁciency of the reactive
distillation process in the FA production process. The proposed
self-heat recuperative DWC conﬁguration can take synergetic
advantage of the thermally coupled and heat integrated alone
conﬁgurations. As a result, a signiﬁcant energy saving of 20.28%
could be achieved using the proposed DWC conﬁguration. The
compactness and reduced capital cost are other beneﬁts of the
proposed conﬁguration. The proposed self-heat recuperative DWC
conﬁguration can also be applied to other similar reactive
distillation processes for enhancing the energy efﬁciency. The
proposed conﬁguration would also be attractive when heat pumpassisted heat integration is applied.
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