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fication of double-effect
distillation for bio-based pentamethylene
diisocyanate

Feng He,†ab Yibo Tang,†a Zhufeng Lu,c Qixu Hu,a Yue Yang,a Ganlu Li,a Hui Li *a

and Kequan Chen a

Bio-based pentamethylene diisocyanate (PDI) is a new type of sustainable isocyanate, which has important

applications in coatings, foams, and adhesives. Technical-economic analysis of the PDI distillation process

can promote the industrialization of PDI. The thermal analysis of PDI facilitates the smooth running of the

simulation process. A new PDI heat capacity prediction method was established. The distillation processes

of a crude PDI solution by conventional distillation and double-effect distillation were studied.

Countercurrent double-effect distillation showed the best energy-saving effects in all double-effect

distillation. However, combined with total annual charge (TAC), parallel double-effect distillation was the

optimal method for PDI purification. Parallel double-effect distillation can significantly reduce the TAC of

production PDI, which is 33.39% lower than that of the conventional distillation. The study demonstrates

a clear economic incentive for reducing the cost of PDI purification by parallel double-effect distillation.
1. Introduction

Polyurethane, one of the most important industrial polymers,
has excellent physicochemical properties such as exibility and
adhesion, and appropriate mechanical strength and curing
rate;1–3 polyurethane has been widely used in coatings, foams,
adhesives, medical products, and biomaterials.4 The main raw
material for traditional polyurethane is derived from petro-
chemical sources.5,6 However, the exhaustion of petroleum raw
materials and increased environmental pollution are restricting
the development of petrochemical-based polyurethane.

At present, the main aliphatic polyurethane coating hard-
ener precursor is the traditional petrochemical hexamethylene
diisocyanate (HDI), which does not contain benzene groups that
can be easily oxidized. Polyurethane coatings produced by HDI
demonstrate unique saturation performance, which is superior
to polyurethane coatings produced by aromatic polyisocyanates
in color and light preservation, oil and wear resistance, powder
resistance, and yellowing resistance.7,8 However, the supply of
raw materials and environmental considerations of traditional
petrochemical products are becoming increasingly serious.9 A
general trend toward the sustainable development of new
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“green coatings” has emerged that utilizes bio-based materials
instead of petrochemical-based materials and biological
processes instead of traditional petrochemical processes.10–13

Using biomass as raw material, lysine can be converted into
pentadiamine using a biological method, and then pentadi-
amine is used to synthesize bio-based pentamethylene diiso-
cyanate (PDI),14,15 which has a straight-chain aliphatic structure
similar to HDI and has the potential to replace HDI and
maintain excellent performance.16,17

At present, the phosgenation of organic amines in the liquid
phase is the main method to prepare isocyanates in industry. It
has advantages such as mature technology, stability, high yield
and easy operation and other advantages. For example, a two-
step phosgenation process for producing PDI in a stirred tank
reactor was also introduced in a patent.18 Another gas-phase
phosgenation of 1,5-pentanediamine (PDA) to produce PDI
was, implemented by Covestro.19 Phosgene and PDA were
vaporized by heating to 230–320 °C, respectively, then the two
gas ows were mixed with the inert gas ow into a static mixer
to produce PDI.15 In addition, 1,5-pentanediamine hydrochlo-
ride by Li Wei15 was also used to prepare PDI in STR. PDI is
provided by Gansu Yinguang Juyin Chemical Industry Co., Ltd,
and in its two-step phosgene process, PDA reacts with phosgene
in o-dichlorobenzene at 60 °C to give 1,5-pentadicarbamoyl
chloride and PDA hydrochloride. Then heated to 120 °C, PDA
hydrochloride continues to undergo a substitution reaction
with phosgene, and 1,5-pentadicarbamoyl chloride is dechlori-
nated to obtain PDI, and the reaction process is shown in Fig. 1.

Aer the phosgene gasication reaction of PDA, the by-
products in the phosgene reaction solution include a large
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06235j&domain=pdf&date_stamp=2023-10-27
http://orcid.org/0000-0002-5139-2919
http://orcid.org/0000-0001-8432-7032
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06235j
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA013045


Fig. 1 Reaction equation for the synthesis of pentamethylene diisocyanate groups by bio-based pentanediamine.

Table 1 Basic conditions of simulation

Feed conditions
Feed rate 12.00 t h−1

Mass fraction PDI: 31.50%
o-Dichlorobenzene: 68.40%
Benzoyl chloride: 0.10%

Feed temperature 25.00 °C

Project objectives
Product purity PDI S 99.90%
Product yield PDI S 99.00%
Impurity Benzoyl chloride & 100.00 ppm

Utility settings
Heating steam pressure 4.00 MPa
Heating steam temperature 250.00 °C
Cooling water upper temperature 33.00 °C
Cooling water return temperature 38.00 °C
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amount of dissolved phosgene and hydrogen chloride,
compounds containing alkene bond chlorine, ureas and char
residue.15 The phosgene and hydrogen chloride dissolved in the
Fig. 2 Plots of the heat capacity of various isocyanates as a function of

© 2023 The Author(s). Published by the Royal Society of Chemistry
actinic reaction solution are highly corrosive to the equipment,
and it is necessary to remove them by introducing nitrogen.
Aer the removal of phosgene and hydrogen chloride, the
system pressure is reduced to 300 Pa (absolute pressure), and
the liquid phase temperature is increased to 120 °C to obtain
the crude fraction PDI.7,20 This process is separated from the
heavy phase impurities urea and char residue of the photo-
chemical liquid. The crude PDI product is rened by distillation
technology to obtain qualied products. The unsatisfactory
distillation yield is not achieved because the isocyanate group is
a group with active chemical properties and side reactions occur
during the distillation process. T. Nakagawa, H. Takeuchi, K.
et al. reported that the yield of single-effect vacuum distillation
purication PDI can reach 76%.20 During the distillation
process, PDI purity decreases over time or as the temperature
increases, as color substances such as char residue are gener-
ated. The color of the PDI obtained by vacuum distillation is
acceptable because a higher distillation temperature is not
required to separate dichlorobenzene from PDI. At present, the
impurities of bio-based PDI are relatively complex and the cost
temperature recommended by the Aspen database.

RSC Adv., 2023, 13, 31518–31527 | 31519
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Fig. 3 The DSC curve of PDI.
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of separation and purication is high, which limits the indus-
trialization process and downstream applications of PDI.

Physical properties and properties method are fundamental,
critical, and necessary for separation schemes and separation
process simulations. However, the physical properties of PDI
are poorly reported, and there is no data on it in the Aspen
database. In the process of PDI synthesis, these substances
involved (hydrogen chloride, phosgene, o-dichlorobenzene,
PDI, recombinant fractions) have large differences in boiling
points, so in the distillation process, the separation difficulty is
light, and the vapor–liquid phase is at. The scale model has
less inuence on the results. We use the model PENG-ROB,
which refers to Li14 and W. Lian-ying21 to apply the PENG-ROB
in the TDI synthesis process and has good experimental
results. Currently, the differential scanning calorimetry (DSC)
curves were used to determine the melting points and charac-
terize the thermal properties of the specimens.22–24 Kim used
DSC analysis conrmed bonds had formed between the HDI
Fig. 4 Plots of the heat capacity of temperature for PDI experimental d

31520 | RSC Adv., 2023, 13, 31518–31527
and the other polymers and that the chemical bonding had
inuenced the thermal behavior.25 Lenzi discussed the state of
their modeling, from rst-principle studies to atomistic
molecular dynamics, simulations, and coarse-grained
approaches, highlighting the recent advances in atomistic
modeling about NCO.24 Chen studied the rst high-temperature
endotherm (T1) behavior in relation to the amorphous hard-
segment Tg (Tgh) high-temperature endotherm (T1) of poly-
urethane, that, based on 4,4-diphenylmethane diisocyanate
(MDI) and 1,4-butanediol (BD).25,26

Distillation is one of the key technologies to separate
mixtures.27,28 However, the high boiling point of PDI requires
high energy consumption for distillation. At present, with the
sharp increase of global energy consumption and the rapid
growth of energy costs, it is urgent to nd green technologies
that can signicantly save energy.29 Therefore, many studies
have focused on low-energy distillation purication tech-
nology.30,31 In order to reduce the energy consumption and
ata, Aspen predicted and modified Aspen prediction model.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of PENG-ROB model and batch distillation
experiment

Parameter
Simulation
result

Batch distillation
result

The temperature of top 98.8 °C 98 °C
The temperature of
bottom

178.3 °C 177 °C

The purity of PDI 99.9% 99.8%
The recovery rate of PDI 99% 99%
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improve the thermal efficiency of distillation, many improved
technologies were proposed, such as partition tower technology,
heat pump distillation technology, and multi-effect distillation
technology. Pandit and Jana used a dividing wall column to
simulate the distillation purication process of a benzene–
toluene–xylene system and a benzene–toluene–ethylbenzene
system, and found that 23% of the capital cost and 45% of the
operation cost could be saved.31 Yang et al. used the Aspen Plus
heat pump distillation to simulate the distillation process of
trichlorobenzene, and reduce energy consumption by 32.70%
and 83.50%, save the total annual cost (TAC) by 12.40% and
22.90%.14 Multi-effect distillation has been used industrially in
part because of its low energy cost, and has made signicant
breakthroughs in seawater desalination33–36 and separation of
mixtures. In a multi-effect distillation system, the top steam of
the former distillation tower is used as the heating medium of
the reboiler for the latter distillation tower.37–41 Except for the
distillation towers at both ends of the process, the intermediate
distillation units do not require additional heating or cooling,
which has obvious energy-saving effects on the whole distilla-
tion process. In a multi-effect distillation system, the total
temperature difference between the reboiler of the rst column
and the reboiler of the last column is distributed in each
column; this implies that the temperature difference for each
column decreases as the column number increases. Tomeet the
specied evaporation rate of rebuilders, heat transfer areas have
to be increased.

In this study, physical properties were measured by means of
DSC, and simple equations were developed that calculate the
heat capacity (cp). The technical-economic effects of the PDI
crude solution distillation purication process were studied by
using the conventional single-effect distillation and double-
effect distillation. Using PDI crude solution (PDI concentra-
tion of 31.50 wt%, o-dichlorobenzene of 68.40 wt%, benzoyl
chloride of 0.10 wt%) as raw material, different distillation
Table 3 Estimated physicochemical parameters of PDI

Pure component property Estimated value

Critical temperature (K) 679.98
Critical pressure (N m−2) 3.29 × 106

Critical volume (m3 kmol−1) 0.40
Critical compressibility factor 0.23
Vapor pressure at TB (kPa) 101.33
At 0.9 × TC (N m−2) 1.20 × 106

© 2023 The Author(s). Published by the Royal Society of Chemistry
processes were established, and Aspen Plus42,43 was used to
simulate each process in order explore the specic differences
and application of different distillations.

2. Experiments and methods
2.1 PDI partial property detection

Differential scanning calorimetry (DSC) measurements were
performed using a DSC-Q2000 calorimeter (TA Instruments,
Milford, MA, USA). The specimens were heated at 3 °C min−1

and scanned several times under nitrogen in the range from 10
to 65.00 °C. The melting temperatures (Tm) were determined
from the main peaks in the initial DSC curves. The glass-
transition temperatures (Tg) were calculated based on the
midpoints of the change in the heat capacity, as indicated in the
DSC scans.

2.2 Aspen simulation

The simulated distillation used a packed distillation column,
and the top condenser was cooled by cooling water, while the
bottom reboiler was heated by medium-pressure steam with
Aspen Plus. The basic simulation conditions, such as feed
conditions, project objectives, and utility settings, are shown in
Table 1.

2.3 Conventional single-effect batch distillation

Distillation at reduced pressure was carried out in a 5.00 L ask
with a height of 100.00 cm distillation column lled with q rings
(2.00× 2.00 mm). The reux ratio in the distillation process was
1.00 and the full reux time was 30.00 min. The reboiler power
of distillation was 850.00 w, and 25.00 °C constant temperature
condensate was used for product cooling at the top of the
column. During the batch distillation process, a total of 8.00 L
of raw materials were added in batches. All electricity
consumption data was measured using a watt hour meter.
Assays were performed at pressures ranging 6.00–22.00 kPa.

2.4 Technical-economic analysis

Refer to X. Gao44 using ASPEN to simulate and optimize distil-
lation methanol–chlorobenzene, a series of formulas used to
calculate total annual charge (TAC). TAC includes the invest-
ment cost and the annual operating cost, assuming a payback
period of 5 years, and operating hours of 24 h per day and 300
days per year. An expression for the TAC can be described by
eqn (1):
Pure component property Estimated value

Standard heat at 25 °C (J kmol−1) −1.98 × 108

Acentric factor 0.72
Heat of vap at TB (J kmol−1) 5.2 × 107

Liquid mol vol at TB (m3 kmol−1) 0.14
Parachor 327
Vapor pressure at TB (N m−2) 3.29 × 106

RSC Adv., 2023, 13, 31518–31527 | 31521
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Fig. 5 T–X (y) phase equilibrium diagram of the PDI/o-dichloroben-
zene system.

Table 4 Experimental data for conventional single-effect vacuum
distillation

Absolute pressure (kPa) 6 10 16 22

Distillate (%) 80.7 80.6 80.2 79.7
Distillate GC purity (%) 99.89 99.91 99.93 99.91
Residue (%) 19.3 19.4 19.8 20.3
Residue GC purity (%) 98.6 98.7 98.2 97.8
Bottom temperatures (°C) 165.0 176.0 192.0 203.0
Top temperatures (°C) 162.5 173.0 188.0 197.5
Power consumption (kW h) 0.96 0.94 0.98 1.01
Total power cost ($/3.6 t) 19.91 19.50 20.33 20.95
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TAC ¼ investment cost

investment payback period
þ annual operating cost

(1)

The investment cost includes the costs of the distillation
column, heat exchanger, and other equipment; the annual
operating cost mainly includes the costs of electricity for
vacuum pumps, electricity for compressor, booster pumps, and
cooling water, as well as the cost of heating steam.
Table 5 TAC at different operating pressures for conventional single-eff

Operating pressure (kPa) 60.00 50.00

Reux ratio 0.52 0.48
Height (m) 5.53 5.53
Number of stages 30.00 30.00
Feed stage 16.00 16.00
Diameter (m) 1.37 1.38
Column shell cost (103 $) 91.07 91.74
Reboiler duty (kW) 1804.84 1753.47
Condenser duty (kW) 983.20 969.56
Heat transfer area of reboiler (m2) 252.81 197.57
Heat transfer area of condenser (m2) 77.27 83.8
Total heat exchanger cost (103 $) 368.39 332.08
Operating cost (103 $) 1366.69 1356.12
Investment cost (103 $) 459.46 423.82
TAC (103 $) 1458.58 1440.88

31522 | RSC Adv., 2023, 13, 31518–31527
The height of the distillation column can be calculated by
eqn (2):

H ¼ NT

ET

�HT (2)

where NT is the number of effective stages, ET is the total
column efficiency, and HT is the stage spacing (m).

The investment cost of the distillation column can be
calculated by eqn (3):

Column shell cost = 16 870 × D1.01 × H0.8 (3)

where D is the diameter of total columns (m).
The investment cost of the heat exchanger can be calculated

by eqn (4):

Total heat exchanger cost = 8496 × SC
0.65 + 8496 × SR

0.65 (4)

Here,

SC ¼ QC

UC � DTC

(5)

SR ¼ QR

UR � DTR

(6)

where QC is the condenser duty (kW) and QR is the reboiler duty
(kW); UC = UR = 0.45 kW m−2 °C−1.

Investment cost can be calculated by eqn (7):

Investment cost = (3) + (4) (7)

The cost of cooling water can be calculated by eqn (8):

Cooling water cost = 0.574 × 24 × 300 × Q × E (8)

where Q is the ow of cooling water (t h−1), E is evaporative loss
of cooling water; the value of E is usually 0.83%.

The cost of heating steam can be calculated by eqn (9):

Heating steam cost = 30.8 × 24 × 300 × Wh (9)

where Wh is annual use of steam (t).
ect distillation

40.00 30.00 20.00 10.00

0.44 0.40 0.36 0.30
5.53 5.53 5.53 5.53

30.00 30.00 30.00 30.00
16.00 16.00 16.00 16.00
1.40 1.42 1.45 1.54

93.09 94.43 96.44 102.49
1695.52 1627.33 1541.33 1415.25
955.72 941.26 925.64 907.35
157.37 126.39 101.17 78.91
93.69 110.67 148.43 345.11

308.36 297.08 307.2 433.53
1347.94 1339.58 1326.91 1315.48
401.45 391.51 403.64 536.02

1428.23 1417.88 1407.63 1422.68

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06235j


Fig. 6 Operation parameters of conventional single-effect distillation
at 20.00 kPa.
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The cost of electricity can be calculated by eqn (10):

Electricity cost = 0.162 × 24 × 300 × Qe (10)

where Qe is annual use of electricity (kW h).
Operating cost can be calculated by the eqn (11):

Operating cost = (8) + (9) + (10) (11)

3. Results and discussion
3.1 Estimated physicochemical parameters of PDI

The PENG-ROB model used in this study is based on the group
contribution method and provides the ability to predict activity
coefficients in systems for which experimental data are insuf-
cient.18 In this study, simple equations were developed that
calculate the cp of PDI. The data is illustrated in Fig. 2, Curves of
cp – temperature for various isocyanates, like as hexamethylene
diisocyanate (HDI), diphenylmethane-4,4-diisocyanate (MDI),
toluene-diisocyanate (TDI), and N-butyl-isocyanate (N-BUTI),
recommended by Aspen Plus, the following methodology was
employed. Except for the slope of the PDI simulation is varying
at 25 °C, heat capacity was assumed to be a linear function of
temperature: cp = A + B × T.

We infer that it is because other isocyanates exist in the
Aspen database, they have more experimental data, and their
properties are complete. The specic heat capacity of PDI is
simulated based on key experimental data. The specic heat
capacity is measured based on the change in energy from room
temperature to a specied temperature. The slope of PDI varies
at 25 °C, possibly due to the commonly used room temperature
value of 25 °C.

Where the cp values of PDI predicted with the Aspen Plus, are
compared with the experimental data. However, the Aspen
overestimates the experimental cp, with errors of about 16% for
© 2023 The Author(s). Published by the Royal Society of Chemistry
the case shown in Fig. 3. Kallitsis et al.32 corrected the model
parameters of imidazolium ionic liquids heat capacity, showing
that the corrected model predictions are reliable and have little
error. The experimental data obtained by using DSC to test the
specic heat of a known standard sapphire, which is then used
to test the specic heat of a known quality sample PDI. The DSC
curve of PDI in Fig. 3 is a straight line like other isocyanate
specic heat capacity curves in the aspen database. The linear
relationship between the specic heat capacity temperature is:
cp = 248.9 + 0.277 × T, R = 0.997. The slope of the straight line
by the experimental data is consistent with the slope given by
Aspen, so the correction of intercepts is necessary. While in
order to give PDI a predictive character to the new model:

Amodified Aspen prediction = Adata

As shown in Fig. 4, the new simple predictive equations are
quite reliable leading to small errors for PDI which experi-
mental data are available.

Since the physical properties of PDI were incomplete, the
physical properties of PDI were rst estimated using Aspen's
own physical properties estimation system. W. Lian-ying et al.21

and Li et al.14 have both applied the PENG-ROB model into the
simulation system of TDI. Based on this isolated knowledge,
three activity coefficient models were developed: WILSON, non-
random two-liquid (NRTL), and PENG-ROB. In order to deter-
mine the feasibility of the three activity coefficient methods,
batch distillation experiment was carried out respectively, and
the results showed that PENG-ROB model was more suitable for
the distillation separation of PDI (Table 2). The key experi-
mental data latent heat of vaporization (DHLV) that obtained
with DSC in a nitrogen atmosphere for the estimation is 132
823.46 kJ kmol−1. Ideal gas Gibbs energy of formation of PDI
takes the value of HDI in the Aspen database. These key
parameters play an important role in improving accuracy
during PDI simulation. Estimated physicochemical parameters
of PDI as showed in Table 3.

The PENG-ROB model, suitable for obtaining reasonable
interaction parameters,45 is selected to describe the phase
equilibrium data. Based on the above estimated physicochem-
ical parameters for PDI, the T–X (y) phase equilibrium diagram
of PDI/o-dichlorobenzene was simulated using Aspen Plus.
Fig. 5 shows the phase diagram of temperature (T) versus PDI
mole fraction (y) (that is, the equilibrium between temperature
and liquid and vapor components) at a pressure of 100 kPa,
which indicates that the crude PDI mixture can be puried by
distillation.

3.2 Conventional single-effect distillation

Distillate and residue percentages were reported in Table 4.
During the vacuum distillation, bottom temperatures and top
temperatures will also increase with the increase of absolute
pressure. The corresponding heating consumption and cooling
energy consumption in the distillation process will also
increase. Taking into account the yields obtained, and with the
aim of avoiding reacting in the distillation residue, 10 kPa was
selected as the most appropriate pressure. The higher the
RSC Adv., 2023, 13, 31518–31527 | 31523
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Fig. 7 Operation parameters of different double-effect distillations (a) parallel double-effect distillation; (b) advection double-effect distillation;
(c) countercurrent double-effect distillation.
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temperature of bottom, the lower the purity of the residue and
the greater the viscosity, indicating the higher the side reaction.
Zeng also indicates that the higher the temperature of PDI, the
higher the side reaction.7

Table 5 lists the TAC of the conventional single-effect
distillation at different operating pressures. The reduction of
the operating pressure of the distillation column resulted in
31524 | RSC Adv., 2023, 13, 31518–31527
a decreased reux ratio, which suggests that the heat duty of the
reboiler decreased, and the decreased heat transfer area was
able to meet the heat duty demand of the reboiler. The duty of
the condenser continued to decrease with decreasing operating
pressure, but the low operating pressure led to low heat transfer
efficiency, and the heat transfer area of the condenser
continued to increase. The diameter of the distillation column
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Energy consumption of different distillation processes

Parameter
Conventional single-effect
distillation

Parallel double-effect
distillation

Advection double-effect
distillation

Countercurrent
double-effect distillation

Cooling water consumption
(kg h−1)

25 120.3 13 189.56 15 182.1 9064.75

Heating steam consumption
(kg h−1)

803.46 481.58 525.53 736.42

Reboiler electricity
consumption (106 kJ h−1)

5.55 4.47 4.77 4.29

Condenser electricity
consumption (106 kJ h−1)

3.33 1.37 2.63 1.34

Vacuum energy
consumption (kW h−1)

20.00 24.50 22.80 25.00

Total electricity
consumption (106 kJ h−1)

8.95 5.93 7.48 5.72

Electricity saving efficiency — 33.74% 16.42% 36.09%
Cooling water saving
efficiency

— 47.49% 39.56% 63.91%

Heating steam saving
efficiency

— 40.06% 34.59% 8.34%
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increased with the decrease of the operating pressure, which led
to the continuous increase of the investment cost of the
column. The data indicate that the lowest TAC was achieved
with an operating pressure of 20.00 kPa.

Using the 20.00 kPa operating pressure condition and
a column diameter of 1.45 m, the reux ratio was 0.35, the
condenser duty was 925.64 kW, and the reboiler duty was
1541.33 kW (Fig. 6). However, due to the conventional single-
effect distillation needs to deal with a large amount
throughput, energy consumption and the TAC was still high.
Distillation is a high-energy-consumption process. Economic
optimization is an important and necessary engineering aspect
of modern distillation.46,47 The combination of the atmospheric
pressure column and the negative pressure column was adop-
ted to carry out double-effect distillation of PDI, and the
appropriate conditions were determined to obtain a minimal
TAC.
3.3 Double-effect distillation

Based on the results of the conventional single-effect distilla-
tion, the number of stages and feed stage for the double-effect
distillation were consistent with that of the conventional
Table 7 TAC of different distillation processes

Parameter
Conventional single-effect
distillation C

Column shell cost (103 $) 96.44
Total heat exchanger cost
(103 $)

307.20

Operating cost (103 $) 1326.91
Investment cost (103 $) 403.64
TAC (103 $) 1407.63
TAC savings —

© 2023 The Author(s). Published by the Royal Society of Chemistry
single-effect distillation. Operation parameters of different
double-effect distillation are presented in Fig. 7. PDI was ob-
tained by the following: parallel double-effect distillation from
the reboiler of column C1 and C2; advection double-effect
distillation from the reboiler of column C2; countercurrent
double-effect distillation from the reboiler of column C2. The
purity of all distilled PDI reached 99.9%.

In the double-effect distillation process, the main energy
consumption was from heating steam, condensing cooling, and
the vacuum pump. Table 6 provides a comparison of energy
consumption between the conventional single-effect distillation
and double-effect distillation. The results show that the energy
consumptions of double-effect distillations were signicantly
lower than the energy consumption of the conventional single-
effect distillation in the process of PDI distillation purication.
The energy-saving efficiency of parallel double-effect distillation
and countercurrent double-effect distillation reached 33.74%
and 36.09%, respectively, while the energy saving efficiency of
advection double-effect distillation only reached 16.42%. The
negative pressure column C1 in the countercurrent double-
effect distillation utilized less raw material liquid, so the
energy consumption required by the negative pressure column
Parallel double-
effect
distillation

Advection
double-effect
distillation

Countercurrent
double-effect
distillation

C1 C2 C1 C2 C1 C2

132.53 141.24 137.22
286.14 324.55 266.06

853.96 1051.96 868.16
418.67 465.79 403.28
937.69 1145.12 948.92
33.39% 18.65% 32.58%

RSC Adv., 2023, 13, 31518–31527 | 31525
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was lower, and the overall energy consumption was the lowest.
Heat pump assisted multiple columns distillation process
possesses impressive advantages in the cost and energy reduc-
tion of the conventional distillation process.48

In this study, a 250Y packing distillation column was used to
calculate the size of the distillation column, and the heat
transfer areas of the reboiler and condenser were calculated.
The equipment investment cost was evaluated by comparing the
column diameter and the required heat exchanger area, and the
total cost required by each distillation model was calculated.
The TAC was compared to conventional single-effect distillation
and the calculated results are shown in Table 7. It shows the
column shell cost of double-effect distillation increased due to
the addition of a distillation column compared with the
conventional single-effect distillation, while the heat exchanger
cost increased or decreased due to the different heat exchange
areas. It is worth noting that the operating costs of the three
modes of double-effect distillations were reduced than the
conventional single-effect distillation. Based on a 5 year
payback period, the TAC value of the parallel double-effect
distillation was $937,690, which was 33.39% less than the
TAC value of the conventional single-effect distillation.
Combined with the energy consumption in Table 6 and TAC in
Table 5, parallel double-effect distillation had more advantages
in energy-savings and investment costs. Gu et al. used double-
effect heat integration (DEHI) to separate a tetrahydrofuran–
methanol–water mixture, for which the TAC (3 years payback
period) was reduced by 25.1% compared with the conventional
process.49,50

4. Conclusion

In this study, a new PDI heat capacity prediction method was
established as cp = (248.9 + 0.277 × T) kJ kmol−1 °C−1, and PDI
with a purity of 0.99 are obtained from the raw material by
vacuum distillation. The energy consumption and TAC for
distillation purication of a crude solution of PDI by conven-
tional single-effect distillation, double-effect distillation were
estimated by Aspen Plus. Parallel double-effect distillation
produced total electricity saving, cooling water saving, and
heating steam saving 33.74%, 47.49%, and 40.06%, respec-
tively. The parallel double-effect distillation process had the
best TAC savings, reduced by 33.39%. Considering the energy-
saving efficiency and TAC, the parallel double-effect distilla-
tion is more suitable for PDI distillation purication. This study
has important guiding signicance for the distillation puri-
cation and cost control of bio-based chemical products.
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