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Abstract: In this paper, a new integrated distillation-membrane separation process solution strategy
based on genetic programming (GP) was established for azeotrope separation. Then, a price evalua-
tion method based on the theory of unit membrane area was proposed, so that those membranes
which are still in the experimental stage and have no actual industrial cost for reference can also
be used in the experimental research. For different characteristics and separation requirements of
various azeotropic systems, the solution strategy can be matched with difference pervaporation mem-
branes, and the optimal distillation-membrane separation integrated process can be solved quickly
and accurately. Taking methanol-toluene as an example, the separation operation was optimized
by using the algorithm. The effects of different feed flows and compositions on the modification of
the chitosan membrane were discussed. These results provide a reliable basis for the prospects for
development and modification direction of membrane materials which are still in the experimental
research stage.

Keywords: azeotrope separation; membrane modification; genetic programming; distillation-membrane
separation integration

1. Introduction

The separation of the azeotropic system has always been a hot and difficult topic
in the field of the chemical industry because the relative volatility is near to 1 at the
azeotropic point [1,2]. As the most commonly used separation method in the chemical
industry, the traditional distillation operation has its inherent limitations, which makes it
difficult to directly separate the azeotrope system into high-purity products [3]. Similarly,
other separation methods have their own disadvantages. Higher separation efficiency and
lower separation cost are the goals of chemical companies and chemical researchers [4],
and a single separation method is gradually difficult to meet the production needs. The
integration process of different unit operations has become a research hotspot, and the
integration process can maximize the advantages of them and avoid disadvantages.

In recent years, great progress has been made in the integration of membrane separa-
tion and traditional distillation [5,6]. Compared with the traditional distillation method,
membrane separation has wider availability and higher flexibility [7,8]. For the sepa-
ration of the system to be separated, using membranes made of different materials can
get different optimal processes; and the results will be quite different when the same
materials are modified in different directions [9]. This flexibility makes the integrated
process of membrane separation and distillation have obvious advantages [10–12]. The
integration of distillation and the membrane module is more economical. Khalid A [13]
and others compared several schemes with different process structures, and the results
showed that the combination of distillation and membrane separation could effectively
reduce the production cost of bioethanol. Yu Congli [14] and others proposed an integrated
process of distillation and the molecular sieve membrane for the production process of
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ethanol dehydration, and compared it with the pressure swing distillation process. The
results showed that the steam cost of the distillation membrane integrated process could
be saved by 30%. Jin Hao [15] and others proposed an integrated process of the reactive
distillation pervaporation membrane with side line for the acetic esterification process of
ethyl acetate production, which could effectively improve the steam transfer efficiency. The
results show that the energy of the new process can be saved by 26.6% compared with the
traditional process. In addition, the integrated distillation membrane separation method is
also commonly used to treat industrial wastewater. Wang Yun [16] and others found that
the coupled process of reversible gas membrane and multi-effect membrane distillation
can be applied to treat ammonia nitrogen in wastewater to obtain high purity concentrated
ammonia water.

Although there have been many stage achievements in the research of the distillation
membrane integration process, there are still two problems that are difficult to solve. One
is that most experiments mainly focus on an azeotropic system, while the research on
general separation methods for the azeotropic system is still blank. On the other hand,
due to the different coupling degrees of distillation membrane integration, it is difficult
to fully describe the complexity and diversity of the process structure. This complexity is
also reflected in the difficulty of solving multi-objective optimization problems. Therefore,
it is urgent to develop a general algorithm for the azeotropic system, and quickly search
and solve the optimization of the distillation membrane separation process according to
different separation requirements.

The genetic programming algorithm (GP) is an evolutionary algorithm [17], the main
difference between GP and the genetic algorithm is that the former does not need to
define the super structure in advance, and is more suitable for solving complex nonlinear
programming problems caused by multiple uncertain factors, and the optimization problem
of the integration process can also be solved well [18]. In the previous work, the research
group has carried out some research on GP [19–21]. On this basis, the GP algorithm
is proposed to solve the distillation and membrane separation problem [22]. The node
definition, population generation, and genetic algorithm are optimized for the azeotrope
system and membrane material, and the distillation membrane integrated solution strategy
is established.

As the requirements for environmental protection, energy saving, and new membrane
separation materials and performance in industrial production continue to increase, it is
urgent to conduct a deeper study of these problems. In the integration of distillation and
membrane separation, it is very important to choose the type and material of membrane.
Generally, the types are divided into hydrophilic membrane and organic membrane, and
membrane materials include: organic polymer membrane, inorganic molecular sieve
membrane, various composite membranes, and so on. In order to make a profound study
of the optimal membrane type, the membrane material and membrane characteristics in
the integrated distillation membrane separation, an improved GP algorithm is proposed in
this paper. The improved GP optimization algorithm is written in C++ language. Taking
the methanol toluene system as an example, the chitosan membrane was integrated with
the distillation column, and optimized by the improved GP algorithm. The influence
of membrane modification on integrated optimization was discussed. The direction of
membrane modification and future industrialization prospect were accurately predicted,
which provided a solid foundation for the development of membrane science.

2. Improved GP Algorithm for Distillation-Membrane Separation Integration Process

In the early stage of the study, most of the pervaporation membranes selected by
membrane separation nodes came from relatively mature commercial membranes with
large-scale industrial applications, the main cause is that mature commercial membranes
have more mature methods to estimate the cost. However, with the deepening of research,
the main research goal of this paper is to study a large number of high-quality membrane
materials which have not entered large-scale commercial applications and are still in
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the experimental stage. Due to the diversity and variability of these membranes in the
modification process, the GP algorithm has corresponding improvements in this paper.
In order to accurately describe the influence of membrane performance on the optimal
process and explore the direction of membrane modification, it is necessary to estimate
the cost of the membrane. Therefore, an estimation system of membrane cost is proposed
in this paper. The improved GP synthesis strategy used in this paper mainly focuses on
expanding the characteristic parameters of membrane separation nodes, so as to describe
the characteristics of the membrane more accurately and flexibly.

2.1. The Node Definition of Extended Distillation Column (D)

Firstly, in the new GP solution strategy, the definition of the distillation column node
needs to be extended to better describe the optimal process searched and solved by the
algorithm. The definitions are as follows.

(1) The first characteristic parameter is (nD), which represents the different discharge
lines of the distillation column. The distillation column model used in the experiment
is mainly one inlet and two outlets, so the feed stream is not defined separately. Each
distillation column node has two outputs, one represents the top stream, the other
is the bottom stream. If nD = 0, it means the top stream; if nD = 1, it means the
bottom stream.

(2) The second characteristic parameter is the number of theoretical plates (N). This value
is generated randomly in a given range and used to solve the integrated process of
the distillation membrane.

(3) The third characteristic parameter is the ratio of reflux ratio to minimum reflux ratio
(Rt). Similar to N, Rt is generated randomly in a given range.

(4) The fourth characteristic parameter is the recovery rate of light components at the top
of the column (ηD). This parameter is also generated randomly in a reasonable range.

Figure 1 is a schematic diagram of the extended distillation node and the correspond-
ing distillation process.
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Figure 1. Distillation column node graph (a) and distillation module flow chart (b) obtained
by decoding.

2.2. Extended Membrane Separation Node (M)

The main content of this section is the extended definition of the membrane separation
node, including the performance parameters and separation parameters of the membrane,
so as to better describe the properties of the membrane. The specific definition is as follows.
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(1) Structure parameter (nM) is performance parameter. The membrane module is defined
as a model of one inlet and two outlets. When nM = 0, it represents the output flow of
the residual side; when nM = 1, it represents the output flow of the permeate side.

(2) Experimental parameter (EM) is also a performance parameter. Because the membrane
selected in this paper is still in the experimental stage, it is necessary to add the oper-
ating temperature and thickness of the membrane to characterize the experimental
conditions of the membrane.

(3) The separation factor α and the following three parameters are all separation parame-
ters. It refers to the ratio of the relative composition of the component in the outlet
stream of the membrane to that in the feed stream, as defined in Formula (1) [9]. YB
and YC represent the mass fractions of the two components on the permeate side
respectively, and YB, F and YC, F represent the mass fractions of the two components
in feed respectively:

α =
YB/YC

XB,F/XC,F
. (1)

(4) Flux per unit membrane area J, the unit is kg/(m2·h), as shown in Formula (2) [9], is
the total mass of material per unit membrane area per unit time. m is the total mass
of material passing through the membrane module in unit time (kg/h); a is the total
membrane area of the current membrane module (m2):

J =
m
A

. (2)

(5) The total area of the membrane is AM, and the unit is m2. With the increase of AM,
the total flux of the membrane can be increased, and the processing capacity of the
membrane module can be improved.

(6) Further, the last one is membrane operating temperature (T), the unit is ◦C. Its
change may cause the performance of membrane materials and affect the separation
performance of the membrane changed.

Figure 2 shows the node properties of membrane separation and the corresponding
membrane separation operation diagram.
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The tree code generation rules, initial population generation, and termination criteria
in the GP comprehensive solution strategy are all referred to in the previous work [22].

2.3. Membrane Cost Theory Prediction Method

In the preliminary study of the GP comprehensive strategy proposed in this paper,
the pervaporation membrane with mature commercial applications is adopted as the main
research object of the comprehensive solution strategy. Based on the above, this paper
will further explore the membrane types and materials which are still in the experimental
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research stage. Because there are many uncertainties in the cost estimation of this material
in the future industry, there is no complete scientific method to predict at present, so it is
difficult to calculate the fitness (defined as the annual total cost, TAC) of GP algorithm.

In view of the above situation, this paper proposed the upper limit price evaluation
method by the unit membrane area (Pmax, unit: $/(m2·year)). Before the integrated opti-
mization of distillation and membrane separation, the optimal value of TAC required by
the traditional special distillation separation method for the separation system should be
calculated. Then, in the integrated calculation of distillation and membrane separation,
the price of unit membrane area can be predicted by adjusting the integrated system and
using the membrane theory. The TAC value in distillation and membrane separation
process is approximately equal to that in distillation separation. The price of the membrane
obtained by unit membrane area theory predicts the Pmax value of this kind of membrane.
This parameter can be used to judge whether the membrane has industrial application
value. The higher the Pmax value is, the higher the feasibility of the membrane in the future
industrial application is. The Pmax value includes not only the manufacturing cost of the
membrane, but also the annual operating cost of the membrane and the corresponding cost
unit of membrane separation auxiliary equipment. The specific calculation steps of Pmax
are shown in Figure 3. Further, the specific calculation steps are as follows:

(1) The special distillation method was used to establish a process to separate the sepa-
rated system, and the process was optimized to obtain the optimal process and the
corresponding TAC.

(2) Set the initial value of the theoretical prediction price of the unit membrane area, and
automatically calculate the fitness of individuals in the group.

(3) The TAC of the optimal integrated process is compared with that of the special
distillation process. If the difference between the two is less than the maximum
allowable range, stop the calculation, then the theoretical predicted price of the unit
membrane area is Pmax; if not, return to step (2), reset the theoretical predicted price
of the unit membrane area and calculate individual fitness until Pmax is obtained. The
direction of price adjustment is determined by the difference of TAC between the two.
If the difference is positive, the price per unit membrane area theoretically predicted
will be reduced; otherwise, the price per unit membrane area theoretically predicted
will be increased.Processes 2021, 9, x FOR PEER REVIEW 6 of 13 
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3. GP Algorithm Objective Function and Cost Model

The optimization objective function of the GP algorithm is defined as the total annual
cost (TAC), including the equipment cost and operating cost of the distillation column and
membrane module.

3.1. Cost Model of Distillation Column

The cost of the distillation column includes the cost of equipment and operation. The
equipment cost mainly includes the cost of the column, the cost of the tray equipment,
the cost of the condensers and the reboilers. The operating costs mainly include the
consumption of cooling water of the condensers and that of the heating steam of the
reboilers [23,24].

3.1.1. The Cost of Column ($/year)

The estimation formula of column cost is shown in Formula (3) and (4):

column cost =
(

M&S
280

)
× 937.636 × D1.006

C × H0.802 × (2.18 + Fc), (3)

H =

(
N

0.75
− 3
)
× 0.6 + 6 (4)

Among them, the M&S index is used to estimate the cost of chemical equipment, and
the value is set as 1431.7 according to the data published in 2013; DC is the diameter of the
column, the unit is m; H is the height of the column, and the calculation formula is (4), the
unit is m; FC = FM × FP, the column is made of stainless steel, so FM is 3.67, and FP is 1 in
atmospheric column.

The tray cost is also estimated by M&S index, and the calculation formula is
Equation (5):

tray cost =
(

M&S
280

)
× 97.243 × D1.55

C × H × (1 + 1.7). (5)

The calculation of the cost of heat exchanger equipment is shown in (6)–(9):
AH is the heat exchange area, the unit is m2, and the calculation formula is (6):

AH =
Q

K × ∆tm
(6)

Q =
Wh∆Hc

3600 × 1000
=

Wc∆Hc

3600 × 1000
(7)

∆tm =
∆t1 − ∆t2

ln
(

∆t1
∆t2

) =
(T1 − t1)− (T2 − t2)

ln
(

T1−t1
T2−t2

) (8)

Cost of heat exchanger equipment =
1
3
×
(

M&S
280

)
× 474.668 × A0.65

H (2.29 + 3.75 × (1.35 + 0.8)) (9)

AH is the heat exchange area, the unit is m2; Q is the heat load of the heat exchangers,
the unit is kW; ∆H is the enthalpy difference of fluid heat exchange, the unit is kJ/kg;
subscript c is cold fluid; K is the heat transfer coefficient; ∆tm is the heat transfer temperature
difference, in this paper, the average logarithmic temperature difference is selected, the
unit is ◦C.

3.1.2. The Cost of Operation ($/year)

The operation cost is composed of heating steam cost and cooling water cost, both of
which come from utilities. There are three types of steam costs:

(1) Low pressure steam (6 bar, 433 K) = 7.72 $/GJ,
(2) Medium pressure steam (11 bar, 457 K) = 8.22 $/GJ,
(3) High pressure steam (42 bar, 527 K) = 9.88 $/GJ.
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The calculation formula of cooling water cost in public works is shown in
Formula (10):

cooling water cost = Cw

(
Q

∆Tw × Cp × 1000

)
× 8000 × 3600. (10)

where Cw is the price of cooling water (3 $/gcal); ∆Tw is the cooling water; the temperature
difference between inlet and outlet is designed as 10 ◦C; Cp is the specific heat of water
(4.183 kJ/(kg·K)).

3.2. Cost Model of Membrane Module Separation

The membrane module includes equipment cost and operating cost, the equipment
cost is the cost of membrane material, production cost, and auxiliary equipment cost.
The equipment cost of the commercial membrane is given by the manufacturer of the
membrane. The operating cost mainly includes the energy consumption and maintenance
cost of auxiliary equipment, and the maintenance cost is also given by the manufacturer.

Since the chitosan and polyurethane membranes studied in this paper have not been
used in industry at present, the method proposed in Section 2.2 is used to estimate the
theoretical upper limit price (Pmax value) of all membrane costs.

4. Calculation of Industrial Examples

In this paper, a new GP comprehensive solution strategy for the distillation-membrane
integration process was studied for the separation of the methanol-toluene azeotropic
system, which was matched with the environmentally friendly chitosan membrane.

4.1. Optimization Calculation of Extraction Distillation Separation Process for
Methanol-Toluene System

According to the individual fitness calculation rules of the new GP algorithm, the
system was separated by special distillation, and the TAC value of the optimal process was
calculated. In this paper, the extractive distillation was adopted, and O-xylene was selected
as the extractant [25]. The purity of the products should be more than 99.5 wt%. The
sequential iterative method [24] was adopted to optimize the extractive distillation process.
Table 1 shows the corresponding optimal TAC values under different feed conditions.
Figure 4 is one of the processes.

Table 1. Optimized calculation results of extractive distillation for the methanol-toluene
azeotrope system.

Feed Flow/(kg/h) Feed
Composition/(methanol/wt %) TAC/(k $/year)

100 10 54.23
300 10 116.22
500 10 166.56
100 30 88.5
100 50 108.3

4.2. Optimization Calculation and Analysis of the Distillation-Membrane Separation Integration
Process for Chitosan Membrane

Chitosan membrane is a kind of methanol permeable membrane, Tetraethoxysilane
(TEOS) can be added as a crosslinking agent to reduce the flux slightly and improve the
separation factor greatly [26]. In this paper, the value of separation factor α and flux J in
two states due to modification of the chitosan membrane were calculated by regression
analysis of experimental data provided in the literature, the calculation formulas are shown
in (11)–(14). In these formulas, xf represents the methanol concentration at the feed point
of the membrane module (kg/kg).
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The formula of the modified pre-chitosan membrane:

α =

{
229.64e−5.481x f x f ≤ 0.5
143.78e−3.883x f x f > 0.5

, (11)

J = 0.1227x2
f + 0.0043x f + 0.0975. (12)

The formula of the modified chitosan membrane:

α =

{
−6596.6x3

f + 9405.5x2
f − 4431.3x f + 756.66

320.49e−2.608x f

x f ≤ 0.6
x f > 0.6

(13)

J = 0.0523x2
f + 0.00437x f + 0.0766. (14)

4.3. Influence of Feed Flow on Chitosan Membrane Modification

In this section, the feed composition was fixed as methanol content of 10 wt%, and the
feed flow rates of 100, 300, and 500 kg/h were studied. Using the chitosan membrane as
the research object, it was found that no matter whether the membrane was modified or
not, the optimal integrated process searched by the GP algorithm under three feed rates
was the C-PV acyclic integrated process (the separation sequence is distillation-membrane),
Table 2 shows the optimal integration of process parameters of the three kinds of feed flow
rates in the case of unmodified membrane and modified membrane, and Figure 5 shows
one of these cases.

Table 2. The optimal integrated process parameters are obtained by using the modified membrane and the modified
membrane under three feed flow rates, when the methanol content of the feed is 10 wt%.

Membrane
Type

Feed
Flow

(kg/h)

Pmax
($/m2

year)
N r APV

(m2)
Mcost

(k $/year)
Scost

(k $/year)
PVcost

(k $/year)
Tcost

(k $/year)
TAC

(k $/year)

Chitosan
membrane

100 131 6 1.3 259 2.5 17.5 33.9 20.0 53.9
300 100 4 1.1 934 2.4 15.2 99.1 17.5 116.6
500 84 4 0.7 1781 2.1 15.0 149.6 17.1 166.7

Modified
chitosan

membrane

100 246 4 0.6 152 2.0 15.0 37.3 16.9 54.2
300 218 5 1.3 446 2.5 16.4 97.4 18.9 116.3
500 198 6 1.3 741 2.5 17.5 146.7 20.0 166.7
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Mcost is the total operating cost except membrane module and its auxiliary equipment
(the unit is k$/year, the followings are the same), Scost is the total equipment cost calculated
by three-year depreciation period except membrane module and its auxiliary equipment.
PVcost is the total cost of membrane module and its auxiliary equipment per unit, and Tcost
in the table is the total cost of distillation column and its auxiliary equipment.

The influence of feed flow on the optimal distillation-membrane separation integrated
process is mainly reflected in the scale effect. The scale effect of distillation column leads to
the increase of feed flow and the increase of the cost, which is also the reason why it plays an
important role in large-scale industrial production. On the contrary, membrane separation
has the advantage of low-flow because of the linear correlation between the treatment
capacity and membrane area. Extractive distillation is similar to membrane separation,
and the treatment capacity is related to the amount of extractant. This phenomenon leads
to the difference of TAC change between extractive distillation column and conventional
distillation column in integrated process. With the increase of feed flow, the cost of
membrane separation module increases proportionally, while the cost of distillation column
increases slightly. In order to make the TAC of integrated process similar to that of special
distillation, the membrane separation module has to undertake more separation tasks,
while the distillation column will undertake less separation tasks, this trend is also the
solution direction of the comprehensive solution strategy.

According to the data in Table 2, the Pmax values of modified membrane are higher
under any feed flows. With the increase of feed flow, the Pmax values of the two membranes
decrease gradually. It can be found that the proportion of distillation column cost in TAC
decreases gradually, which has been explained above. It is worth noting that the higher
the feed flow, the less the cost of the distillation column in the optimal integration process
by using the unmodified membrane, which is different from the results of the modified
membrane. Comparing the two membranes, it can be found that the increase of membrane
area of chitosan membrane is larger than that of modified chitosan membrane under any
feed flow. In this case, it is not difficult to explain why the former has the phenomenon
that the cost of distillation column is lower than that of low flow. At the same time, with
the increase of feed flow, the decrease of Pmax values of the modified chitosan membrane
was lower than that of the unmodified chitosan membrane, indicating that the modified
chitosan membrane can obtain higher income in dealing with higher feed flow.

4.4. Influence of Feed Composition on Chitosan Membrane Modification

In this section, the feed flow rate was fixed at 100 kg/h, and the research objects were
methanol content of 10, 30, and 50 wt%. Compared with Section 4.3, the optimal process
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is different under different feed compositions, when the feed content of toluene is 30 and
50 wt%, the searched optimal integration processes by using the GP algorithm are all the
C-PV-PV structure (the two discharge streams of the distillation column are connected with
the membrane module), Figure 6 shows one example.Processes 2021, 9, x FOR PEER REVIEW 11 of 13 
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Table 3 shows the searched optimal integration process parameters under three feed
compositions with two kinds of membrane modules. As we can see from the table, with
the increase of methanol content in the feed, the Pmax values of both membranes show a
downward trend. The Pmax values of the modified chitosan membrane under all the feed
compositions are higher than that before modification, which indicates that the modified
membrane could obtain higher profit under any feed compositions. However, when
toluene content of feed is 50 wt%, the Pmax value of modified membrane reduced greatly.
As a result, not only the cost of the distillation column exceeded that before modification,
but also the increase of the membrane area increased significantly, which indicated that the
modified chitosan membrane did not have much advantage in treating feed composition
higher than 50 wt%, and the improvement of the whole process benefit is mainly reflected
in other ranges of feed compositions.

Table 3. The optimal integration process parameters of the three feed components are obtained by using the modified
membrane, when the feed flow rate is 100 kg/h.

Membrane
Type

Feed
(Methanol

Composition
wt%)

Pmax
($/m2

year)
N r APV

(m2)
Mcost

(k $/year)
Scost

(k $/year)
PVcost

(k $/year)
Tcost

(k $/year)
TAC

(k $/year)

Chitosan
membrane

10 131 6 1.3 259 2.5 17.5 33.9 20.0 53.9
30 70 4 0.6 967 4.4 16.2 67.8 20.6 88.4
50 46 5 0.3 1853 5.3 17.7 85.2 23.0 108.2

Modified
chitosan

membrane

10 246 4 0.6 152 2.0 15.0 37.3 16.9 54.2
30 145 5 0.2 469 3.5 16.9 68.1 20.4 88.5
50 54 11 9 1404 7.1 25.0 75.8 32.1 107.9

4.5. Summary

The Pmax and the corresponding optimal distillation membrane separation integrated
process parameters of the chitosan membrane before and after modification were calculated
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under different flow rates and feed compositions. When the feed flow rate was 100 kg/h
and the methanol content was 10 wt%, the optimal distillation membrane separation
integrated process searched by the GP comprehensive solution strategy was the D-PV
structure, and the Pmax of the chitosan membrane before and after modification were 131
and 246 $/(m2·year), respectively. The D-PV-PV structure was found when the feed flow
rate was 100 kg/h and the methanol content increased to 30 wt%. Through further analysis,
it is concluded that the Pmax enhancement effect of the modified chitosan membrane is not
affected by the feed flow rate; the modified chitosan membrane has no obvious advantage
in the range of 0–20 wt% methanol content in the feed.

5. Conclusions

In this paper, a GP comprehensive strategy was established for the rapid solution of
the distillation-membrane separation integration process, and an evaluation system (Pmax
evaluation method) was proposed to predict the price based on the prediction theory of
unit membrane cost.

(1) The methanol-toluene azeotropic system was taken as an example to conduct an inte-
grated optimization calculation by matching the chitosan membrane, and the change
of membrane separation task in the integrated process of distillation membrane
separation was studied from two aspects of feed flow and composition.

(2) The calculation results show that the Pmax evaluation method proposed in this paper
can provide a clear quantitative index for membranes (even the membranes that are
in the experimental stage) to explore which modification direction of the membrane is
more practical, that is, it can predict the economic benefits of membrane modification
in its future industrialization, and thus provide a strong basis for the development of
membrane material modification.
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