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Keywords:
N-phenyl carbamate (MPC), and the isobaric vapor–liquid equilibrium (VLE) data of the aniline and MPC binary
system. The measured vapor pressure data of MPC, at different temperature ranging from 369.60 to 389.54 K,
fitted well with the Antoine equation. The VLE data for the aniline and MPC system at (2.00, 4.00, 6.00, 7.00
and 8.00) kPa were correlated by both of nonrandom two-liquid (NRTL) and Wilson models. The parameters
of the twomodels were obtained by regressing the experimental data, with the absolute temperature deviations
of 0.54 K and 0.53 K, respectively. The relative volatility of the binary system calculated was all far more than 1,
which gives the conclusion that the high purity MPC can be separated from aniline and MPC binary system by
rectification or distillation technology.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction
Diphenylmethane diisocyanate (MDI) is an important chemical pre-
cursor in polyurethane (PU) industry, which is widely used in the field
of elastomer, elastic fiber, foamed plastic and so on. It is estimated
that about 2.46 million MDI were produced in China in 2014 [1], and
it will increase year by year with the development of world economic.
Traditionally, MDI was produced by phosgene method which is highly
toxical and dangerous. What is more, the byproduct HCl causes serious
equipment corrosion [2,3]. Therefore, the non-phosgene process is get-
ting more and more interested for the researchers since it is a relatively
secure and green process. Among various reported non-phosgene pro-
cesses, thermal decomposition of methylene diphenyl dicarbamate
(MDC) to MDI is the most promising way, in which methyl n-phenyl
carbamate (MPC), is an important precursor for MDC production [4].

Several processes of the MPC production are reported such as one-
pot synthesis and coupling route as illustrated in Fig. 1 [4–11]. In these
processes, aniline (An) is indispensable because it is the starting
material for MPC production. Since it is difficult for An to attend 100%
conversion, it is important to separate AnwithMPC effectively to obtain
the high purity MPC after these reactions, and at the same time, realize
the reusable of the unreacted An to balance its high price.
ram (2013BAC11B03) and the
21406245, 21476244).
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As it is known, the separation of the mixtures requires knowledge
of the thermodynamic properties and the vapor–liquid equilibrium.
However, to the best of our knowledge, these data is not previously re-
ported in the literature for the An andMPC binary system.What ismore,
Zhu et al. [12] studied the decomposition of MPC to phenyl isocyanate
(PI) at high temperatures between 463.00 K and 513.00 K. Xu et al. [9]
reported that the Antoine constants of A, B, and C of MPC are 17.87,
6691.34 and −27.75, respectively. Some other basic thermodynamic
properties of MPC and An are published in the Knovel database and
Perry's Chemical Engineers' Handbook [13].

In summary, the isobaric vapor–liquid equilibrium data for binary
system of An and MPC was very important to the purification of MPC.
In this study, the quasi-static ebulliometric method, which is usually
applied on binary system [14–16], is used in all measurements. The
Antoine equation was used to fit the vapor pressure data of the purified
MPC that were measured in this study. The T–p–x data for the MPC and
An binary system at pressures of 2.00, 4.00, 6.00, 7.00, and 8.00 kPa was
measured. Finally, The NRTL and Wilson models were used to regress
the experimental data [17].
2. Experimental Sections

2.1. Chemicals

In this work, the chemicals used include: n-decane (CAS Registry
No. 124-18-5), mass fraction ≥99.00%, from Tokyo Chemical Industry
ustry Press. All rights reserved.



Fig. 1. The MPC production processes.

Fig. 2. The All-glass inclined ebulliometer. 1—heating element; 2—magnetic stirrer;
3—incline ebulliometer; 4–1# condenser; 5—mercury thermometer; 6—mercury
manometer; 7—Pirani vacuum gauge; 8—pressure gauge; 9—needle valve; 10—1# buffer
vessel; 11—2# buffer vessel; 12—2# condenser; 13-vacuum pump.

Fig. 3. Comparison between themeasured and published vapor pressures of water and n-
decane. Symbols indicate experimental data in this work: Δ, water; □, n-decane; solid
lines, literature.
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(Shanghai) Co., Ltd. MPC (CAS Registry No. 2603-10-3) was prepared
from the reaction between dimethyl carbonate and diphenylurea as
our previously reported [18]; the purity of MPC is checked by HPLC,
and no observable impurities were shown by the HPLC analysis. An
(CAS Registry No. 62-53-3) mass fraction ≥99.98%, from Aladdin Indus-
try Corporation (Shanghai) Co., Ltd. Dimethyl carbonate (CAS Registry
No. 616-38-6) mass fraction ≥ 99.00%, from Shandong Hi-tech Chemical
Group Co., Ltd. Diphenylurea (CAS Registry No. 102-07-8)mass fraction
≥99.50%, from Tokyo Chemical Industry (Shanghai) Co., Ltd. Lead
monoxide (CAS Registry No. 1317-36-8) mass fraction ≥99.50%, from
Sinopharm Chemical Reagent Co., Ltd. Cyclohexane (CAS Registry
No. 110-82-7) mass fraction ≥99.00%, from Xilong Chemical Reagent
Co., Ltd. n-Butyl acetate (CAS Registry No. 1123-86-4) mass fraction
≥99.00%, from Sinopharm Chemical Reagent Co., Ltd.

The water was purified by Milli-Q gradient synthesis.

2.2. Synthesis of MPC

MPCwas obtained by the reaction between diphenylurea (DPU) and
dimethyl carbonate (DMC) using 1 wt.%–3 wt.% (based on DPU) PbO as
catalyst. Firstly, the reactants DPU and DMC with the mole ratio of 1:1
were charged in 2 dm3 batch pot. The mixture was then heated to
443.00 K and reacted for 3 h under mechanical stir. Subsequently, the
unreacted DMC was separated by rotatory evaporator from the reac-
tants to obtain crude MPC. Finally, the high purity MPC was obtained
by recrystallization in cyclohexane more than once.

2.3. Thermogravimetric analysis of MPC

The thermogravimetric analysis (TGA) is carried out using a Discov-
ery thermal analyzer (TA Group, America). 10–20 mg of MPC is added
to the platinum pan under a N2 flow of 10 ml·min-1, at heating rates
of 5 K ·min-1 and interval of temperature of 25–250 °C.

2.4. Apparatus and Procedure

All-glass inclined ebulliometer was used in this study as shown in
Fig. 2. The apparatus consisted of an inclined ebulliometer, a set of dig-
ital vacuumpressure controller with high accuracy and a vacuum pump
(Edwards Vacuum). Two buffer vessels that are approximately 10 dm3

are connected with the inclined ebulliometer. The admission valve
was used to control the system pressure. The 1# condenser was cooled
with a circulating ethanol (approximately 267 K) to minimize the most
of condensed vapor because the evaporation of solvent would change
the initial concentration of the samples in the experiment of measuring
the T–p–x data. After the MPC vapor pressure was measured, the tem-
perature of 1# condenser circulating water was then kept at 328.15 K.
The temperature of 2# condenser was kept at 238.15 K. The system
pressures were measured by the mercury manometer and Pirani vacu-
um gauge in case of it wasmore than and less than 1.00 kPa, respective-
ly. The accuracy is 0.1 kPa for mercury manometer and 0.05 kPa for
Pirani vacuum gauge, respectively. The equilibrium temperatures are
measured by the mercury thermometer whose accuracy is 0.10 K
whichwas within the limits of investigated temperature. The good per-
formance of the equipment was confirmed in the previous experiment.
The VLE data of the samples were measured as follows. Firstly,
the samples were melting at about 328.15 K, which were analyzed by
HPLC, and charged into the inclined ebulliometer with approximately
85 cm3. The system pressures were adjusted to the desired pressures,
and then the samples were heated and stirred vigorously with a mag-
netic stirrer to stem super heating and get homogeneousmixing. Amix-
ture of liquid and vapor were sprayed gradually to the thermometer
sleeve. When the reading of the mercury thermometer was almost sta-
ble about 30 min, the vapor–liquid equilibria were established and
meanwhile the temperature and pressure were recorded.

2.5. Verification of procedure

The experimental apparatus for VLE data measurement were veri-
fied by determining the vapor pressures of water and n-decane, respec-
tively [9]. And then, compare the experimental datawith literature [13].
Vapor pressure data of n-decane ranging from (1.98 to 12.97) kPa and
water ranging from (2.07 to 10.56) kPa were measured, respectively.
They are in good agreement as shown in Fig. 3. The average absolute
pressure deviation of the water and n-decane were 0.09 kPa and
0.45 kPa, respectively. In view of the above, it was considered to be re-
liable tomeasure the boiling points of sampleswith the new established
apparatus and procedure from (1.98 to 12.97) kPa.

The apparatus and procedure for VLE measurement were verified
bymeasuring VLE data for the butyl acetate + cyclohexane binarymix-
ture and comparing experimental data with literature data [16]. The



Table 1
Vapor pressure of the MPC①

T/K pexp/kPa② pcal/kPa |pexp–pcal |kPa

369.60 0.20③ 0.19 0.01
369.70 0.20 0.19 0.01
369.75 0.20 0.19 0.01
370.15 0.21 0.20 0.01
370.20 0.21 0.20 0.01
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experimental results for the butyl acetate + cyclohexane at the pres-
sures of (2.00, 4.00 and 8.00) kPa were illustrated in Fig. 4. The average
absolute temperature deviation of the butyl acetate + cyclohexane
were 0.12 K and the maximum absolute deviation of the butyl
acetate + cyclohexane were 0.28 K. In view of the above, it was consid-
ered to be reliable to measure the boiling points of samples with the
new established apparatus and procedure in this experiment system.
Fig. 4. Isobaric VLE diagram for the butyl acetate (1) +cyclohexane (2) binary system at
(2.00, 4.00 and 8.00) kPa; □—2.00 kPa; ○—4.00 kPa; △—8.00 kPa; — (T–x); --- (T–y),
NRTL equation.

371.50 0.21 0.22 0.01
372.83 0.23 0.24 0.01
373.05 0.24 0.24 0
377.68 0.31 0.32 0.01
381.33 0.38 0.40 0.02
383.37 0.43 0.45 0.02
384.91 0.53 0.50 0.03
386.00 0.54 0.53 0.01
387.53 0.56 0.58 0.02
388.65 0.63 0.62 0.01
388.93 0.63 0.63 0
389.54 0.65 0.65 0
AAD③ 0.01

① Standard uncertainties u are u(T) = 0.1 K and u(p) = 0.1 kPa.
② The data were measured by Pirani vacuum gauge and were not verified by Eq. (2).
③ Average absolute deviation.

Table 2
Antoine constants of MPC

A B C R①
3. Results and Discussion

3.1. Thermodynamic modeling

The Antoine equation as shown in Eq. (1) was fitted by the experi-
mental data in this study.

ln pSi =kPa
� � ¼ Ai−

Bi

Ci=Kþ T=K
ð1Þ

where Ai, Bi and Ci are the three parameters for the Antoine equation
and were regressed with the experimental data in this work.

When the vapor–liquid phase equilibrium is established, it is known
that the fugacity of the gas phase is equal to that of the liquid phase.
Thus, the equilibrium expression can be described by Eq. (2) [19–22].

yip ¼ xiγip
S
i ð2Þ

where T and p are the equilibrium temperature and pressure, respective-
ly; γi is the activity coefficient of component i; piS is the saturated vapor
pressure of pure component i; respectively, yi and xi are the molar frac-
tion of component i in the vapor phase and liquid phase. At lowpressures
Fig. 5. TG/DTG curves of sample MPC.
(below 200 kPa, which is our case), vapor phases usually approximate
ideal gases, forwhich p= pi

S.In this paper, the activity coefficient of com-
ponent γi is calculated by NRTL model and Wilson model [23–25].

In this study, themaximum-likelihood principle was used to regress
the binary parameters and by Aspen plus software [16,24], the objective
function is:

FOB ¼
X
i

f 1
T exp
i −Tcal

i

σT

 !2

þ f 2
p exp
i −pcali

σP

 !2

þ f 3
x exp
i −xcali

σx

 !2
2
4

3
5ð3Þ

where f is weight factor, σ is standard deviation, x is the liquid phase
composition. The superscript “exp” is the experimental data, while the
“cal” is the calculated result.

The relative volatility is defined as Eq. (4):

α ¼
yi=xi
y j=x j

ð4Þ

where y and x are themole fractions of the components in the vapor and
liquid phase.
MPC 18.64 6328.70 −57.69 0.9972

① Correlation coefficient.

Fig. 6. Vapor pressures of MPC.△, experimental data; solid line, calculated data using the
Antonie constants.
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The root-mean-square deviation (RMSD) is defined as Eq. (5):

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

M exp
i −Mcal

i

� �2

N

vuuuut ð5Þ

where N is the number of experiment points. Mi
cal and Mi

exp represents
the calculated and the experimental value of the temperature and pres-
sure, respectively [21].

The Herington integral test, based on the Gibbs–Duhem equation, is
a semiempirical method and has been employed for examining the
Table 3
VLE data for the An and MPC system at different pressures (below 393.19 K)①

Experimental data NRTL

Texp/K xexp ycal Test/K ΔT/K dT/%② γ1

2.00 kPa
380.00 0.15 0.8419 379.47 0.53 0.14 1.573
372.53 0.30 0.9137 372.61 0.08 0.02 1.055
367.06 0.40 0.9509 367.50 0.44 0.12 0.997
364.95 0.50 0.9650 364.90 0.05 0.01 0.955
362.35 0.60 0.9774 361.91 0.44 0.12 0.889
356.08 0.70 0.9913 356.82 0.74 0.21 0.682
354.35 0.75 0.9939 355.35 1.00 0.28 0.613
353.63 0.80 0.9956 354.23 0.60 0.17 0.584
354.71 0.85 0.9968 353.39 1.32 0.37 0.629
352.51 0.90 0.9983 351.89 0.62 0.18 0.539
AAD③ 0.58 0.16

4.00 kPa
388.44 0.15 0.8555 389.19 0.75 0.19 1.075
385.55 0.30 0.8966 385.24 0.31 0.08 1.161
383.50 0.40 0.9181 382.87 0.63 0.16 1.190
380.85 0.50 0.9387 380.24 0.61 0.16 1.197
375.95 0.60 0.9663 375.69 0.26 0.07 1.152
370.67 0.70 0.9839 371.42 0.75 0.20 1.053
369.43 0.75 0.9878 370.14 0.71 0.19 1.013
368.98 0.80 0.9908 369.07 0.09 0.02 0.977
367.18 0.85 0.9941 367.68 0.50 0.14 0.928
365.04 0.90 0.9966 366.34 1.30 0.35 0.876
AAD③ 0.59 0.16

6.00 kPa
392.97 0.30 0.8857 392.96 0.01 0.00 1.235
391.00 0.40 0.9078 390.74 0.26 0.07 1.299
387.97 0.50 0.9332 387.83 0.14 0.04 1.337
383.47 0.60 0.9609 383.83 0.36 0.09 1.325
380.15 0.70 0.9767 380.79 0.64 0.17 1.275
379.04 0.75 0.9821 379.55 0.51 0.13 1.246
378.65 0.80 0.9863 378.47 0.18 0.05 1.217
375.96 0.90 0.9946 375.76 0.20 0.05 1.130
AAD③ 0.29 0.08

7.00 kPa
389.13 0.50 0.9399 389.71 0.58 0.15 1.404
387.47 0.60 0.9547 387.69 0.22 0.06 1.400
382.24 0.70 0.9765 383.81 1.57 0.41 1.347
381.65 0.80 0.9848 381.97 0.32 0.08 1.304
379.76 0.85 0.9899 380.57 0.81 0.21 1.262
379.55 0.90 0.9938 379.42 0.13 0.03 1.225
AAD③ 0.61 0.16

8.00 kPa
393.19 0.50 0.9290 393.50 0.31 0.08 1.050
392.87 0.60 0.9401 392.23 0.64 0.16 1.030
387.65 0.70 0.9690 387.97 0.32 0.08 1.001
386.36 0.75 0.9763 386.62 0.26 0.07 0.999
386.15 0.80 0.9816 385.57 0.58 0.15 0.998
385.38 0.85 0.9873 384.26 1.12 0.29 0.998
383.93 0.90 0.9927 382.79 1.14 0.30 0.999
AAD③ 0.62 0.16
AAD④ 0.54 0.14

① Standard uncertainties u are u(T) = 0.1 K, u(p) = 0.1 kPa, and u(x1) = 0.0010.
② Relative mean deviation.
③ Average absolute deviation.
④ Overall average absolute deviation.
thermodynamic consistency of the experimental p–T–x data here[31].
With the calculated activity coefficients, ln(γ1/γ2) has been found to
be well fitted for each system by a third-order polynomial in x1 on a
plot of ln(γ1/γ2) versus x1. Let A+ be the area above the ln(γ1/γ2) = 0
line and underneath the curve. Also, A−represents the area underneath
the ln(γ1/γ2)=0 line and above the curve. From these plots, theparam-
eter D for each system can be calculated as Eq. (6):

D ¼ Aþ−A−�� ��
Aþ þ A− � 100 ð6Þ
Wilson

γ2 ycal Test/K ΔT/K dT/%② γ1 γ2

1.035 0.8299 379.42 0.58 0.15 1.485 1.121
0.915 0.9050 372.77 0.24 0.06 1.252 1.145
0.954 0.9464 367.52 0.46 0.13 0.942 1.102
0.965 0.9615 364.90 0.05 0.01 0.940 1.049
0.976 0.9749 361.89 0.46 0.13 0.949 0.972
0.993 0.9900 356.73 0.65 0.18 0.975 0.814
0.996 0.9929 355.26 0.91 0.26 0.983 0.766
0.996 0.9948 354.15 0.52 0.15 0.988 0.728
0.995 0.9961 353.31 1.40 0.40 0.992 0.699
0.998 0.9979 351.85 0.66 0.19 0.997 0.648

0.59 0.17

0.856 0.8420 389.61 1.17 0.30 1.811 1.151
0.897 0.8886 385.42 0.13 0.03 1.215 1.245
0.918 0.9125 382.96 0.54 0.14 1.098 1.270
0.939 0.9348 380.27 0.58 0.15 1.035 1.273
0.966 0.9642 375.69 0.26 0.07 0.994 1.221
0.984 0.9828 371.40 0.73 0.20 0.991 1.119
0.988 0.9870 370.12 0.69 0.19 0.992 1.081
0.991 0.9902 369.05 0.07 0.02 0.994 1.048
0.994 0.9936 367.66 0.48 0.13 0.996 1.000
0.997 0.9963 366.33 1.29 0.35 0.998 0.952

0.59 0.16

0.886 0.8813 392.89 0.08 0.02 1.343 1.284
0.908 0.9047 390.59 0.41 0.10 1.176 1.341
0.933 0.9304 387.71 0.26 0.07 1.076 1.380
0.961 0.9591 383.73 0.26 0.07 1.018 1.377
0.977 0.9756 380.71 0.56 0.15 1.003 1.333
0.982 0.9812 379.48 0.44 0.12 1.000 1.308
0.986 0.9856 378.41 0.24 0.06 0.999 1.282
0.995 0.9943 375.74 0.22 0.06 0.999 1.201

0.31 0.09

0.940 0.9374 389.56 0.43 0.11 1.063 1.436
0.955 0.9527 387.52 0.05 0.01 1.032 1.444
0.977 0.9753 383.71 1.47 0.38 1.006 1.410
0.985 0.9840 381.89 0.24 0.06 1.001 1.375
0.990 0.9893 380.51 0.75 0.20 1.000 1.340
0.994 0.9934 379.39 0.16 0.04 1.000 1.306

0.52 0.11

1.454 0.9267 393.26 0.06 0.02 1.098 1.466
1.462 0.9385 391.91 0.96 0.24 1.065 1.487
1.437 0.9675 387.79 0.14 0.04 1.014 1.497
1.413 0.9751 386.47 0.11 0.03 1.008 1.484
1.391 0.9806 385.43 0.72 0.19 1.004 1.469
1.357 0.9865 384.17 1.21 0.31 1.002 1.444
1.313 0.9921 382.75 1.18 0.31 1.000 1.409

0.63 0.16
0.53 0.14



Fig. 7. VLE phase diagram of the An and MPC binary system at (2.00, 4.00, 6.00, 7.00, and
8.00) kPa. The liquid mole fraction of An is the experimental data in this work:
□—2.00 kPa; ○—4.00 kPa; △—6.00 kPa; ▽—7.00 kPa; ◊—8.00 kPa. Solid line, T–x curves
predicted by the NRTL (a), and Wilson (b).
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According to the Herington method, D should be compared with
another parameter J, as defined below:

J ¼ 150� T max−T minð Þ
T min

ð7Þ

where Tmax and Tmin are the highest and lowest temperatures over the
entire composition range for each system. If the consistency criterion
|D− J | b 10, the correspondingVLE data are considered to be thermody-
namically consistent.

In this study, the T–p–x–y experimental data for the system is corre-
lated by NRTL model and Wilson model [23,25,27,28] at (2.00, 4.00,
6.00, 7.00 and 8.00) kPa.

3.2. Thermogravimetric analysis of MPC

Fig. 5 shows the TG and DTG curves of the combustion of MPC solid
at 5 K·min−1 in N2 atmosphere. As can be seen, the mass loss increases
along with the temperature from 345.34 K to 451.21 K. The extrapola-
tion onset decomposition temperature of MPC was 406.25 K. Thus, all
the vapor–Liquid equilibria data were measured below 406.25 K to
avoid the decomposition of MPC.

3.3. Vapor pressures of MPC

The vapor pressure data of MPC were measured first in the range
from(0.19 to 0.65) kPa as shown in Table 1. TheAntoine constants listed
in Table 2, are regressed with the experimental T–p data of MPC with
the overall average absolute pressures deviation of 0.01 kPa. The com-
parison between the measured and Antoine equation regressed data
of MPC vapor pressure was shown in Fig. 6. It is seems that the Antoine
equations are able to describe the vapor pressures of the MPC well. The
vapor pressures of MPC, ranging from 0.65 to 8.00 kPa, were calculated
by using the extrapolation, because of its instability at more than
0.65 kPa. Therefore, the saturated vapor pressure of pure component
calculated using the Antoine constants could be applied to the NRTL
and Wilson models.

3.4. Vapor–liquid equilibria for the An and MPC system

The quasi-static ebulliometric method was also used to determine
the T–p–x data of the An and MPC binary system at (2.00, 4.00, 6.00,
7.00 and 8.00) kPa at liquid mole fraction of An ranging from (0.10 to
0.90). All the T–p–x data were determined below 389.54 K to avoid
the decomposition of MPC [29].

The VLE data of the An and MPC system calculated from both of the
NRTL and Wilson models using Aspen plus [24] were listed in Table 3
and the good regressed results of NRTL and Wilson models can be
seen as shown in Fig. 7.

Accordingly, the correlated binary interaction parameters of Wilson
and NRTLmodels, are calculated from the VLE data and the results were
shown in Table 4, together with the RMSD. The results show that the
RMSDs in pressure and temperature for binary systems are less than
0.008 kPa and 0.65 K, respectively, which means both of the two corre-
lation models are able to describe the VLE relationship of binary sys-
tems, without any significant difference between them. Furthermore,
A summary of the thermodynamic consistency test results were
shown in Table 5. As can be seen, the T–p–x data reported in this
paper have passed the thermodynamic consistency test. The average
absolute deviations of pressure are 0.01 kPa for both of NRTL andWilson
model, while the average absolute deviations of temperature is 0.54 K
for the NRTL model and 0.53 K for the Wilson model respectively. All
the above results give the conclusion that both of NRTL and Wilson
model can satisfactorily describe the VLE behavior of the binary system
at (2.00, 4.00, 6.00, 7.00 and 8.00) kPa.
With the quasi-static ebulliometricmethod, the liquid phase proper-
ties could be used to calculate the vapor compositions because the
liquid compositions xi is approximately equal to the feed compositions
zi [27,28]. Accordingly, the y1–x1 data of the binary system of An and
MPC were drawn in Fig. 8. As shown in this figure, the azeotropic be-
havior is not found in the binary system.

Furthermore, in order to describe in detail the separation perfor-
mance of the binary system at low pressure, the relative volatility (α)
of the binary system of the An and MPC was studied and then listed in
Fig. 9. Synchronously, the NRTLmodel was used to calculate and predict
the relative volatility (α) of the mixture. It was found that the relative
volatility of MPC to An is far more bigger than 1 at the measured pres-
sure range which has shown an agreement with the results of the y–x
diagram. It also could be seen that the relative volatility is decreased
quickly with the liquid mole compositions of An from 0 to 0.18 at
(2.00, 4.00, 6.00, 7.00 and 8.00) kPa and unchanged virtually from
0.18 to 1.00 at (4.00, 6.00, 7.00 and 8.00) kPa, but increased rapidly at
2.00 kPa. The separation effect of the system of An and MPC can be as-
cribed to the intermolecular interactions between molecules [30]. In
the lower liquid mole compositions of An, the attractive force increased



Table 5
Results of thermodynamic consistency tests

Parameter 2.00 kPa 4.00 kPa 6.00 kPa 7.00 kPa 8.00 kPa

NRTL D 7.25 4.00 12.85 12.72 13.26
J 11.70 9.62 6.49 3.69 3.53
|D–J | 4.45 5.62 6.36 9.03 9.73
Result Passed Passed Passed Passed Passed

Wilson D 7.44 11.62 16.15 12.87 13.24
J 11.70 9.04 6.49 3.69 3.53
|D–J | 4.26 2.58 9.66 9.18 9.71
Result Passed Passed Passed Passed Passed

Table 4
Binary parameters and RMSD of NRTL and Wilson models for the An (1) and MPC (2) systems

α12 a12 a21 b12/K b21/K RSMD(T)① RSMD(p)②

NRTL 0.30 4.2022 20.9061 −1958.9172 −7087.5629 0.64 0.008
Wilson / −8.9063 −6.6108 3657.9331 −792.1267 0.65 0.008

① RMSD(T) is defined as Eq. (5), whereM is the experiment temperature.
② RMSD(p) is defined as Eq. (5), whereM is the experiment pressure.
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the difficulty of separation. However, the attractive force was then
weakened when there are more MPC molecules, and then lead to the
increase of α. Fig. 9 also shows that it is more easier to get the high pu-
rity MPC from the binary system by distillation technology at lower
Fig. 8. y–x diagram of the An and MPC systems at (2.00, 4.00, 6.00, 7.00, and 8.00) kPa
calculated using the NRTL model.

Fig. 9. Relative volatility (α) of An and MPC at (2.00, 4.00, 6.00, 7.00, and 8.00) kPa.
pressures such as 2.00 kPa than at higher pressures. This is because
that reducing the pressure can overcome the attraction force between
the two substances.

Furthermore, to understand the nonideality of the binary systems
studied, the excess Gibbs free energies GE were evaluated from the fol-
lowing equation [26]:

GE ¼ RT x1 ln γ1 þ x2 ln γ2ð Þ ð8Þ

where γ1 represents the activity coefficient, which can be evaluated
from the corresponding activity coefficient model.

The variation of GE with the composition of An andMPC is plotted in
Fig. 10. As can be seen, the positive deviations behavior from the
Raoult's law was observed for the binary systems of the An and MPC
at (6.00, 7.00 and 8.00) kPa over the whole composition range. Further-
more, excess Gibbs free energy functions exhibit positive values for
2.00 kPa from (0 to 0.40) and 4.00 Pa from (0 to 0.75) respectively.
Fig. 10. Calculated excess Gibbs free energy from NRTL model against liquid molar
composition for the binary system of An and MPC:
4. Conclusions

A new vapor pressure of MPC has beenmeasured by the quasi-static
ebulliometric method, and the Antoine constants of the MPC were
regressed from experimental data. Furthermore, the isobaric VLE data
for the An and MPC system has been determined at (2.00, 4.00, 6.00,
7.00, and8.00) kPa by the samemethod aswell. The An andMPC system
could be described well by NRTL and Wilson models. According to the
RMSD data, the prediction accuracy of the NRTL model is found the
same as theWilson model. Moreover, the relative volatility is far higher
than 1. Thus, the conclusion can be drawn that the heat-sensitive mate-
rials MPC with high purity can be purified from the An and MPC binary
system by distillation process at low pressures.

Nomenclature
Ai, Bi and Ci three parameters for the Antoine equation
aij, bij binary parameters of the NRTL and Wilson models
FOB objective function
p system pressure;
pi
s saturated vapor pressure of pure component i, kPa
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R universal gas constant, J·mol−1 ·k−1

Vi
L molar volume of pure liquid, dm3·mol−1

w weight of data group
xi mole fractions of liquid
yi mole fractions of vapor
αij nonrandomness factor
φi
V fugacity coefficient

φi
S fugacity coefficient of the pure component i at saturation

γi activity coefficient of component i in the liquid
Σ standard deviation of the indicated data
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