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A B S T R A C T

Based on the requirements for the separation process of methyl methacrylate (MMA) production,
thermodynamic behavior related to MMAwas systematically studied. Isobaric vapor—liquid equilibrium
(VLE) data for the binary system of methyl propionate and MMA at 90.0, 75.0, 60.0, 45.0 and 30.0 kPa
were measured by a modified Rose equilibrium still at temperatures ranging from 319.4 K to 372.2 K.
The accuracy of the VLE data is validated using the Herington area test and the Fredenslund point test.
The experimental results were correlated using the non-random two liquid, Wilson and universal quasi-
chemical (UNIQUAC) thermodynamic models. The binary interaction parameters for each model were
determined by employing a maximum likelihood objective function for optimization. All three models
exhibited a high degree of correlation with the experimental data. The results provide valuable insights
for the design and optimization of the separation process in MMA production. The results show that the
model with fitted parameters has a reduction of more than 38% in total equipment investment cost
compared to the UNIFAC model, indicating that the correction of VLE parameters has practical appli-
cation value in guiding process design and production.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Methyl methacrylate (MMA), a key unsaturated ester monomer
for producing poly(methyl methacrylate) (PMMA), is widely used
in coatings, medical, construction and electronics industries [1—3].
Growing demand for MMA and stricter environmental regulations,
have drivenmanufacturers to develop eco-friendlyMMA synthesis
technologies. Among these methods, the aldol condensation of
methyl propionate (MP) with formaldehyde (FA) for MMA pro-
duction has attracted significant research interest [4—6]. In recent
years, researchers have conducted extensive research on catalyst
design and evaluation. However, separation and purification of
crude MMA remain critical industrial challenges.

MMA is prone to polymerization at elevated temperatures due
to the presence of double bonds and carbonyl groups [7]. Conse-
quently, the separation of MMA is typically operated under vac-
uum distillation [8]. Accurate phase equilibrium data are crucial
for the research of distillation separation processes. To obtain a
high purity MMA product, accurate vapor—liquid equilibrium
(VLE) data for MP—MMA components are indispensable for the
design and optimization of the separation process. While the
phase equilibrium of related binary mixtures, such as methanol
(MeOH)—MP [9—12] andMeOH—MMA [9,13], has been extensively
studied. VLE data for MP—MMA at atmospheric pressure have also
been reported [9]. However, there is a lack of reported data for the
MP—MMA system under vacuum pressure conditions.

In this study, the VLE data for the binary system (MP—MMA)
were measured at pressures of 90.0, 75.0, 60.0, 45.0 and 30.0 kPa.
The thermodynamic consistency of the VLE data was validated
using the Herington area test and Fredenslund point test [14—16].
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Moreover, the isobaric VLE data were modeled using the non-
random two liquid (NRTL), Wilson and universal quasi-chemical
(UNIQUAC) models, and the corresponding parameters of MP
and MMA were obtained, respectively.

2. Experimental

2.1. Materials

MeOH,MP, andMMAwere purchased from Shanghai Aladdin Co.,
Ltd. (China)without further treatment.MeOHandMPwere primarily
employed to assess the functionality and accuracy of the experi-
mental apparatus. The purity of reagentswas verifiedbyGC andmass
fractions were higher than 99.0%, the uncertainties of measured
density are calculated using the report methods [17] and listed in the
Supplementary Material document. The basic characteristics and
structural parameters of the reagents used in this study are listed in
Table 1.

2.2. VLE apparatus and experimental procedure

Isobaric VLE data for MP and MMA were obtained using a
modified Rose equilibrium still equipped with a vacuum control
system [23,24] as shown in Fig.1. The apparatus consisted of several
components, including a heating rod, liquid and gas phase sampling
ports, a balance chamber, a precision mercury thermometer and a
spiral condenser. The system was heated with a variable-voltage
regulator (0—220 V, 12 A) and a heating rod. The variable-voltage
regulator operates at a constant current of 12 A, allowing the
heating power to be adjusted by varying the output voltage. The
vacuum was controlled by vacuum pump system (KNF SC-950,
Germany), which was connected to the still via a rubber tube to
maintain a constant pressure and form an isobaric vacuum envi-
ronment with the system pressure accuracy of 0.1 kPa. The pressure
and temperature were monitored with a digital pressure gauge and
a precision mercury thermometer, both of which had passed the
precision test by Beijing Institute ofMetrology, China. Themeasured
pressure and temperature indicatorwere read by taking the average
of three readings to determine the stable values as the determined
value. Experiments were performed at 90.0, 75.0, 60.0, 45.0, and
30.0 kPa, respectively. For each test, 40 ml of the mixture was
introduced into the still and gradually heated. As vapor formed, the
liquid and gas phases were continuously circulated to ensure inti-
mate contact. The equilibrium temperature of the mixture was
maintained for 1 h, with the temperature strictly controlled by the
mercury thermometer to ensure stability within ±0.1 K over the
course of an hour, signifying that vapor—liquid equilibrium had

been achieved. Once the system reached equilibrium, the measured
pressure and temperature were recorded every 5 min, with the
average value of the three readings taken as the final determined
value. Samples from both phases were subsequently collected using
a syringe and subjected to GC analysis. To avoid air ingress during
the sampling process, the fully covered vacuum-resistant and
chemically stable Viton sealing gaskets for both the liquid and vapor
phase sampling ports were selected. On the other hand, a syringe
with the size of 0.5 mm × 30 mm was chosen to extract gas and
liquid phase samples, and could contain the vacuum pressure re-
mains unchanged during the sampling process.

2.3. Sample analysis

The condensed vapor and liquid phase compositions were
analyzed using an offline gas chromatograph (Shimadzu GC-2030,
Japan), which was equipped with a flame ionization detector (FID)
and a capillary column (SH-RTX-5, 30.0 m × 0.25 mm × 0.25 μm).
Pure nitrogen gas (99.999%) (mass) was used as the carrier gas. The
volume of sample injected each time was 0.2 μl. The operating
conditions were as follows: The column temperature was set at
308.15 K andmaintained for 3min, then increased from308.15 K to

Table 1
Basic characteristics and structural parameters of the reagents.

Component i CAS MW
/g·mol- 1

Density ①

/g·cm- 3
Vm/cm3·mol- 1 r q Purity/% (mass) Supplier

Exp. Lit. GC Suppler

Methanol (MeOH) 67-56-1 32.042 0.786722 0.7864 ② 41.5 1.4311⑥ 1.432 ⑥ ＞99.9 99.9 Shanghai Aladdin
Co., Ltd., ChinaMethyl propionate (MP) 554-12-1 88.105 0.909145 0.9091 ③ 96.3 3.479 ⑥ 3.116 ⑥ ＞99.0 99.0

Methyl methacrylate (MMA) ④ 80-62-6 100.12 0.937652 0.9376 ⑤ 106.8 3.922 ⑦ 3.564 ⑦ ＞99.0 99.0

Where, r and q are the UNIQUAC structural parameters.
① At 298.15 K, u(ρ)MP = 0.000612 g·cm- 3, u(ρ)MMA = 0.000755 g·cm- 3.
② From literature [18].
③ From literature [19].
④ Contains 0.03 kg·m- 3 DMBP as stabilizer.
⑤ From literature [20].
⑥ From literature [21].
⑦ From literature [22].

Fig. 1. Schematic of the VLE apparatus: (1) heating rod, (2) vapor—liquid phase
equilibrium chamber, (3) liquid phase sampling port, (4) precision mercury ther-
mometer, (5) condensing pipe, (6) vapor phase condensate sampling port, (7) rubber
tube, (8) KNF diaphragm pump power switch, (9) pressure indicator, (10) pressure
regulating knob, (11) liquid collecting bottle.
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503.15 K with a rate of 10 K·min-1, and remained at 503.15 K for
7.5 min. Both the detector and injector were maintained at
503.15 K. Quantification was performed using the external stan-
dard method, which was used to detect the composition of each
component, with each sample analyzed a minimum of three times
to confirm accuracy. The GC calibration curve and fitted parame-
ters are shown in Fig. S5 and Eq. (S1). The temperature uncertainty
is 0.18 K, and the pressure uncertainty is 0.18 kPa. The standard
uncertainty of vapor and liquid phase compositions has been
calculated, and the result is 0.001 as shown in Table S4. The
calculation process was supplemented in Supplementary Material
as listed in Tables S2—S4.

3. Results and Discussion

3.1. Validation of the apparatus

The reliability of the VLE apparatus was tested using the well-
documented binary system of MeOH and MP at 100.0 kPa, and
the test results were provided in the Table S1 [12]. The results
showed that the deviation was within 2% as illustrated in
Figs. S3—S4, thereby confirming the dependability of the device
and the experimental methodology employed.

The saturated vapor pressures of MP (319.4 K ≤T≤ 351.8 K) and
MMA (337.9 K ≤T ≤ 372.2 K) were determined using the equilib-
rium still apparatus, and the results were listed in Table 2. The
vapor pressures P* of each pure component were calculated
employing the Antoine equation [25] in this work, described by Eq.
(1), where Pi* is the saturated vapor pressure of component i (in
kPa), T is the equilibrium temperature (in K), A, B and C are Antoine
coefficients. Temperature range for the equation constants of MP
and MMA are listed in Table 3 respectively.

lg P*=A-
B

C + T
(1)

To assess the consistency and accuracy of the experimental
data, these results were analyzed and compared with previous
research [9,21,26,27]. The absolute deviations of pressure
compared to the literature data were depicted in Figs. S1 and S2.
For the temperature range studied, Shi's equation [9] and Ríos
et al. [19] were selected to estimate the saturated vapor pressures
of MP and MMA within this temperature interval. The results
indicated that the estimates from Shi's equation [9] are lower
than the experimental values, while those from Ríos et al. [19] are
higher. As shown in Fig. 2, the average relative deviations of vapor
pressure for MP and MMA are around with 1.0% to 1.3%, which
have been shown much reliable and applicable as compared to
the reference [9]. The vapor pressure experimental data have

been employed to the Antoine equation parameters fitting and
listed in Table 3.

3.2. VLE data and calculation

The VLE experimental data for the MP—MMA system at various
pressures are presented in Table 4. Upon reaching equilibrium, the
thermodynamic relationship between the vapor and liquid phases
can be described by Eq. (2) [28].

Pyiϕ
∧v

i =γixiP
*
i ϕ*i exp

∫P

P*i

VL
i

RT
dP (2)

where P (Pa) is the total pressure of the VLE system, Pi* (Pa) is the
saturated vapor pressure of pure component i at temperature T (K), yi
is the mole fraction of component i in the vapor phase, xi is the mole
fraction of component i in the liquid phase, γi is the activity coefficient

of component i, ϕ
∧v

i and ϕi* are the fugacity coefficients of component i
in themixture vapor phase and in the pure state respectively, ViL is the
molar volume of component i, and R is the gas constant.

The vapor phase behavior can be approximated as ideal under
conditions where the experimental pressures are below 101.3 kPa.
In such cases, the fugacity coefficient for the vapor phase is
approximately 1. Additionally, when the contribution of the liquid-
phase molar volume to the integral term is considered negligible,
the Poynting factor is also approximately 1. Consequently, the VLE
relationship can be simplified by Eq. (3) [28]. Here, the saturated
pressure Pi* of each component can be calculated from the Antoine
equation with the constants specified in Table 3. The activity co-
efficients γi are calculated using Eq. (3) and listed in Table 4.

Table 2
Vapor pressure data for MP and MMA ①.

P*/kPa TMP/K P*/kPa TMMA/K

100.0 351.8 100.0 372.2
90.0 348.6 90.0 368.9
80.0 345.1 80.0 365.2
70.0 341.3 70.0 361.2
60.0 337.0 60.0 356.7
50.0 332.2 50.0 351.6
40.0 326.4 40.0 345.5
30.0 319.4 30.0 337.9

① The standard uncertainty of the system (u) of T and P were u(T) = 0.18 K, u
(P) = 0.18 kPa.

Table 3
Antoine equation constants of MP and MMA.

Component i A B C Temperature range/K R2

MP 6.088 1169.8 -65.63 319.4—351.8 99.998%
MMA 6.557 1516.2 -39.46 337.9—372.2 99.997%

Fig. 2. The absolute deviations of pressure of MP and MMA between experimental
data and calculated data by DIPPR parameters, where the “Pcal” were calculated with
DIPPR database, the black points “●” and blue points “■”are experimental data of
this work, “○” and “□” are the data come from Ref. [9].
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Pyi = P*i γixi (3)

The relative volatility α12 of MP with regard to MMA can be
calculated by Eq. (4) [29] and shown in Fig. 3.

α12 =

(
y1
x1

)/(
y2
x2

)

(4)

The analysis of VLE data was further enhanced by examining
the relative volatilities of the two components. It was observed
that the relative volatility between MP and MMA increases with
decreasing pressure, demonstrating a notable positive correla-
tion with reduced system pressure. For example, at a mole frac-
tion of 0.2 for MP, the α12 value at 30.0 kPa is higher than that at
90.0 kPa, indicating that operating at lower pressures can be
beneficial for the separation of these components. The results
also show that as the mole fraction of x1 increases, the relative
volatility α12 shows a decreasing trend. This insight is crucial for
optimizing the distillation process in industrial applications to
obtain high purity MMA.

3.3. Thermodynamic correlations

In this investigation, the classical NRTL, Wilson and UNIQUAC
models were employed to correlate the VLE experimental data. For
the NRTL model, the non-randomness parameter (α) was set at 0.3
[30] in accordance with the conventional values used for binary
mixtures.

The NRTL equation model of two components mixture is given
as Eqs. (5) and (6) [31]:

ln γi= x2j

㊣

㊣
㊣τji

(
Gji

xi + xjGji

)2

+
Gijτij

(
xj + xiGij

)2

㊣

㊣
㊣ (5)

where,

Gij = exp
(
-ατij

)
τij = aij +

bij
T

(6)

Wilson equation model is listed as Eqs. (7) and (8) [32]:

ln γi= - ln
(
xi +Λijxj

)
+ xj

(
Λij

xi + Λijxj
-

Λji

xj + Λjixi

)

(7)

where,

Table 4
VLE experimental data for MP (1) and MMA (2) at 90.0, 75.0, 60.0, 45.0, and
30.0 kPa ①.

P/kPa T/K x1 y1 γ1 γ2 α12

90.0 348.6 1.000 1.000 1.002 —

349.1 0.957 0.972 1.001 1.276 1.569
349.9 0.904 0.939 0.996 1.223 1.626
351.6 0.798 0.873 0.992 1.134 1.736
353.2 0.695 0.807 1.000 1.075 1.838
355.1 0.592 0.737 1.008 1.024 1.934
357.1 0.493 0.663 1.020 0.987 2.021
358.7 0.401 0.584 1.052 0.975 2.097
361.3 0.290 0.471 1.082 0.957 2.183
363.7 0.197 0.355 1.117 0.952 2.250
366.3 0.105 0.213 1.163 0.957 2.312
367.6 0.058 0.126 1.196 0.968 2.342
368.9 0.000 0.000 0.997 —

75.0 343.4 1.000 1.000 0.998 —

344.1 0.957 0.972 0.990 1.264 1.589
344.7 0.904 0.939 0.991 1.223 1.642
346.4 0.798 0.874 0.985 1.134 1.752
348.2 0.693 0.807 0.986 1.067 1.853
349.8 0.597 0.742 0.997 1.025 1.941
352.0 0.490 0.662 1.007 0.981 2.036
353.8 0.399 0.584 1.030 0.960 2.116
356.0 0.293 0.475 1.066 0.951 2.188
358.5 0.191 0.350 1.106 0.948 2.280
360.8 0.100 0.207 1.157 0.962 2.350
362.1 0.054 0.119 1.189 0.972 2.391
363.4 0.000 0.000 0.998 —

60.0 337.0 1.000 1.000 1.004 —

338.1 0.958 0.974 0.981 1.230 1.646
339.1 0.902 0.940 0.969 1.171 1.704
340.4 0.798 0.877 0.976 1.106 1.809
342.1 0.689 0.809 0.981 1.047 1.912
343.5 0.601 0.750 0.993 1.014 1.991
345.5 0.493 0.669 1.008 0.979 2.081
347.5 0.390 0.580 1.032 0.959 2.161
349.7 0.283 0.469 1.067 0.952 2.236
351.9 0.190 0.350 1.103 0.953 2.297
354.2 0.097 0.201 1.156 0.968 2.353
355.3 0.055 0.122 1.184 0.978 2.377
356.7 0.000 0.000 0.999 —

45.0 329.5 1.000 1.000 0.998 —

330.2 0.958 0.975 0.989 1.216 1.717
330.9 0.903 0.945 0.988 1.173 1.865
332.3 0.798 0.883 0.991 1.103 1.914
333.8 0.692 0.814 1.001 1.051 1.948
335.6 0.603 0.754 0.998 1.001 2.023
337.6 0.498 0.672 1.007 0.969 2.066
339.3 0.395 0.582 1.038 0.961 2.132
341.5 0.292 0.471 1.065 0.951 2.159
343.9 0.195 0.351 1.092 0.947 2.230
346.2 0.097 0.202 1.147 0.966 2.354
347.5 0.055 0.123 1.166 0.970 2.416
348.8 0.000 0.000 0.996 —

30.0 319.4 1.000 1.000 0.999 —

319.7 0.969 0.983 0.999 1.195 1.817
320.5 0.904 0.946 0.999 1.162 1.864
322.1 0.773 0.870 1.002 1.101 1.966
323.5 0.683 0.816 1.008 1.055 2.054
325.2 0.575 0.743 1.017 1.020 2.134
326.6 0.510 0.695 1.015 0.990 2.187
328.6 0.382 0.587 1.056 0.977 2.293
330.6 0.276 0.472 1.086 0.977 2.342
333.1 0.177 0.340 1.114 0.974 2.393
335.5 0.091 0.197 1.138 0.971 2.437
337.0 0.048 0.111 1.149 0.968 2.456
337.9 0.000 0.000 1.001 —

① The standard uncertainty of the system (u) of T, p, x, and ywere u(T) = 0.18 K, u
(P) = 0.18 kPa, and u(x) = u(y) = 0.001.

Fig. 3. Relative volatility of the experimental liquid mole fraction (x1) for MP
(1) + MMA (2) systems at 90.0, 75.0, 60.0, 45.0, and 30.0 kPa.
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ln Λij= aij+
bij
T

aij= ln
Vj
Vi

bij=
-
(
gij - gii

)

R
(8)

UNIQUAC equation model is calculated using the following Eqs.
(9)—(11) [33]:

ln γi= ln
ϕi
xi
+
z
2
qi ln

θi
ϕi

+ li-
ϕi
xi

∑

j

(
xjlj

)
- q1 ln

㊣
∑

k

(θkτki)

 

+ qi

- qi
∑

j

θjτij
∑

k
θkτki

(9)

where,

θi=
xiqi∑

j
xjqj

ϕi =
xiri∑

j
xjrj

(10)

li=
z
2
(ri - qi)+1 - ri τij= exp

(

aij+
bij
T

)

(11)

The objective function (OF) for parameter estimation is the
maximum likelihood target function, as stated in Eq. (12) [34]. This
function is comprehensive, considering all measured variables
concurrently, thereby ensuring that the derived parameters for the
models are robustly justified.

OF=
∑N

i=1

㊣
㊣
㊣
㊣
㊣
㊣

(
Texpi - Tcali

σT

)2

+

(
Pexpi - Pcali

σp

)2

+

(
xexpi - xcali

σx

)2

+

(
yexpi - ycali

σy

)2
㊣
㊣
㊣
㊣
㊣
㊣

(12)

The binary interaction parameters deduced for each activity
coefficient model are detailed in Table 5. The evaluation of these
models' accuracy in fitting the experimental data is quantified by
calculating the average absolute deviation (AAD) and the root
mean square deviation (RMSD). AAD reflects the accuracy of the
calculated data in relation to the experimental data, while RMSD
measures the spread of these data points. The deviation encoun-
tered in the regression analysis using NRTL, Wilson and UNIQUAC
models are presented in Table 6 for the binary system (MP—MMA).
The reported AAD (T) values are less than 1.1 K and AAD (y1) values
are less than 0.008, RMSD values (T) are less than 1.2 K and RMSD
(y1) values are less than 0.011. The RMSD (y1) value of the UNI-
QUAC model is higher than the NRTL and Wilson models, showing
that the NRTL and Wilson models have a relatively low deviation
from the experimental values.

The experimental data and the values predicted by the three
activity coefficient models exhibit a notable level of agreement.
This consistency is visually confirmed in the T—x—y diagram of

Fig. 4, which shows that the fitting degree of UNIQUAC is higher,
indicating that the UNIQUAC thermodynamic method is more
appropriate for simulating the MMA separation process. In the
phase diagram, the VLE lines for the two components are relatively
close, indicating that the substances have similar volatilities,
which presents a challenge for separation. To achieve high-purity
products through distillation, a larger number of theoretical plates
and a higher reflux ratio are required. This graphical representa-
tion not only highlights the effectiveness of the models but also
serves to validate the thermodynamic consistency and reliability
of the derived parameters.

3.4. Thermodynamic consistency test

In the present study, the thermodynamic consistency of the VLE
experimental data was validated and assessed by using the Her-
ington area test and the Fredenslund test [16,35], ensuring the
reliability of experimental findings.

The thermodynamic consistency of the VLE data was first
assessed via the Herington method, which is based on the
Gibbs—Duhem equation, and expressed by Eq. (13) [35]. Under
isobaric conditions, the left side and the initial term on the right
side of Eq. (13) are equal to 0. In practice, plotting the natural
logarithm of the activity coefficient ratio ln(γ1/γ2) against the
mole fraction of component x1, allows for the calculation of the
areas above (A+) and below (A- ) the x-axis. The net area repre-
sented by D can be calculated by Eq. (14) [9,25]. Furthermore, the
influence of temperature variation is quantified by the variable J in
Eq. (15) [9,16], which takes into consideration the Tmax and Tmin
temperatures recorded within the experimental system. If the
absolute difference of |D—J| is less than 10, the data are considered
consistent, otherwise, the experimental data should be rejected
[9,16]. As the results listed in Table 7, VLE experimental data have
successfully passed the Herington test.

∫x1=1

x1=0
ln

γ1
γ2

dx1= -

∫P(x1=1)

P(x1=0)

VE

RT
dP+

∫T(x1=1)

T(x1=0)

HE

RT2
dT (13)

D=100

㊣
㊣
㊣
㊣

∫1

0
ln

γ1
γ2

㊣
㊣
㊣
㊣
㊣

∫1

0

㊣
㊣
㊣
㊣ln

γ1
γ2

㊣
㊣
㊣
㊣

=100
||A+

| - |A-
||

|A+
| + |A-

|
(14)

J=150×
Tmax - Tmin

Tmin
(15)

The Fredenslund method [16,35] as illustrated by Eq. (16) [24]
measures thermodynamic consistency by calculating the mean
relative deviation. The mean relative deviation Δ|y| is defined as
the average of the absolute deviations between experimental data
and calculate value, exp is the experimental measurement data, cal
is themodel calculated result, andN is the number of experimental
data. For this method, the VLE data are deemed to pass the point-
by-point test when the average absolute deviation of the experi-
mental data and the calculated data for the vapor phase mole
fraction Δ|y| is less than 0.01 [36]. The Results of Fredenslund
consistency tests at various pressures are summarized in Table 8,
indicating that the calculations passed the Fredenslund test.

Δ|y| =
1
N

∑N

i=1

㊣
㊣
㊣yexpi - ycali

㊣
㊣
㊣ (16)

Experimental and calculated values of γi for the MP—MMA bi-
nary system at various pressures are shown in Fig. 5. The results

Table 5
Binary interaction parameters of NRTL, Wilson and UNIQUAC activity coefficient
models for the binary system MP—MMA.

Model a12 a21 b12/K b21/K

NRTL① - 0.048 - 0.145 99.709 50.072
Wilson② 0.103 - 0.103 32.696 - 137.59
UNIQUAC③ 0.572 - 0.447 - 336.400 260.100

① NRTL, τij = aij + bij/T, α = 0.3.
② Wilson, ln Λij = aij + bij/T.
③ UNIQUAC, τij = exp (aij + bij/T).

J. Zhang et al. / Chinese Journal of Chemical Engineering 90 (2026) 272—282276



indicate that the trend lines generated by three thermodynamic
methods align well with the experimental data. Among these, the
Wilson model exhibits the smallest deviation, suggesting it pro-
vides the best fit for the dataset under investigation.

The Fredenslund test is considered essential but not robust
enough to guarantee uniformity [16]. It relies on global statistical
data, ignoring local discrepancies. Consequently, it is typically
paired with an analysis of the residual distribution which exam-
ines the distribution of discrepancies in equilibrium temperature.
These residuals of the equilibrium temperature (ΔT) and vapor
composition (Δy) are shown in Fig. 6, which can be defined by Eqs.

(17) and (18) [16]. This comprehensive evaluation not only assures
the accuracy of the VLE data but also supports the reliability of the
thermodynamic models used in this study, particularly demon-
strating the effectiveness of the three models for this specific bi-
nary system. The findings indicate that the deviations between the
experimental values and the estimated values obtained through
the three models are exceptionally minor, highlighting a strong
correlation between the experimental and estimated data. Spe-
cifically, in terms of the vapor composition (Δy), the average de-
viation using the NRTL and Wilson model methods are less than
0.003, signifying superior performance of the NRTL and Wilson
model in estimating vapor compositions. Concerning the equilib-
rium temperature of the MP (1) + MMA (2) binary system, the
absolute average deviation calculated using the NRTL and Wilson
models are within 1.9 K. The UNIQUAC model, on the other hand,
exhibits an even smaller deviation of less than 1.0 K. However, it is
noteworthy that the UNIQUAC method presents a relatively large
deviation in predicting vapor composition, with a discrepancy of
approximately 0.02 when the liquid mole fraction for MP of 0.2.
This observation suggests that while the UNIQUAC model is ac-
curate for equilibrium temperature predictions, it may be less
precise for vapor composition estimations in this specific binary
system.

ΔT= Texp - Tcal (17)

Δy= yexp - ycal (18)

3.5. Process simulation

The fitted binary interaction parameters were applied to the
separation calculation for the MP—MMA system. To compare the

Table 6
AAD and RMSD of T and y1 for the binary system ①.

Pressure/kPa 30.0 45.0 60.0 75.0 90.0 Max. Min. Ave.

AAD ② UNIQUAC T/K 0.6 0.6 0.6 0.5 0.3 0.6 0.3 0.52
Wilson 0.7 1.0 1.1 1.0 0.8 1.1 0.7 0.92
NRTL 0.6 1.0 1.1 1.0 0.8 1.1 0.6 0.90
UNIQUAC y 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
Wilson 0.002 0.002 0.001 0.001 0.002 0.002 0.001 0.002
NRTL 0.004 0.003 0.001 0.001 0.003 0.004 0.001 0.002

RMSD ③ UNIQUAC T/K 0.6 0.7 0.7 0.6 0.4 0.7 0.4 0.60
Wilson 0.8 1.1 1.2 1.2 1.0 1.2 0.8 1.06
NRTL 0.7 1.1 1.2 1.2 1.0 1.2 0.7 1.04
UNIQUAC y 0.011 0.011 0.010 0.010 0.011 0.011 0.01 0.011
Wilson 0.003 0.002 0.001 0.002 0.003 0.003 0.001 0.002
NRTL 0.006 0.004 0.002 0.002 0.003 0.006 0.002 0.003

① u(T) = 0.18 K, u(P) = 0.18 kPa, and u(x) = u(y) = 0.001.

② AAD =

∑N
i=1

㊣
㊣θi,exp - θi,cal

㊣
㊣

N
, where N is the experimental data number and θ is parameters (T and y in this case).

③ RMSD =

(
∑N

i=1
(θi,exp - θi,cal)

2

N

)0.5

, where N is the experimental data number and θ is parameters (T and y in this case).

Fig. 4. T—x—y diagram for the binary system MP (1)—MMA (2) fit with the NRTL/
Wilson/UNIQUAC models at 90.0, 75.0, 60.0, 45.0 and 30.0 kPa. The samples “●” and
“■” refer to mole fraction of MP in vapor and liquid obtained from experiments
respectively.

Table 7
Results of Herington consistency tests.

Pressure/kPa D J |D—J| Area test results

90.0 10.4 8.8 1.6 Passed
75.0 4.3 8.7 4.4 Passed
60.0 8.5 8.8 0.3 Passed
45.0 17.3 8.8 8.5 Passed
30.0 16.0 8.7 7.3 Passed

Table 8
Results of Fredenslund consistency tests.

Models Δ|y|

90.0 kPa 75.0 kPa 60.0 kPa 45.0 kPa 30.0 kPa

NRTL 0.003 0.001 0.001 0.003 0.004
Wilson 0.002 0.001 0.001 0.002 0.002
UNIQUAC 0.008 0.008 0.008 0.008 0.008
Point to point test results Passed Passed Passed Passed Passed
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differences among the fitting models, the simulation model was
established with flow rate of 100 kg·h- 1, the feed composition of
MP 5% (mass) and MMA 95% (mass), which is aligned with

industrial MMA production realities. The separation target of the
simulation model requires MMA purity ≥99.9% (mass). The
sensitivity analysis was conducted on the number of theoretical
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Fig. 5. Experimental and calculated values of γi for the binary system of MP—MMA at different pressures: (a) 90.0 kPa, (b) 75.0 kPa, (c) 60.0 kPa, (d) 45.0 kPa and (e) 30.0 kPa.
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stages, feed stage and reflux ratio based on the obtained binary
interaction parameters, and the results are shown in Fig. 7. The
simulation results reveal that the UNIFAC model requires up to
49 stages, significantly more than other thermodynamic models
evaluated. In contrast, the fitted models with regressed param-
eters, NRTL, Wilson, and UNIQUAC require significantly fewer
stages, with 25, 26, and 27 stages, respectively. As shown in
Fig. 7(b), the optimal feed positions of the models are basically
located at 14th to 16th stages, while the feed stage up to 20

when using the NRTL model. According to the results illustrated
in Fig. 7(c), the optimal reflux ratios for the Wilson and UNI-
QUAC models are the 17 and 20. The value is higher than the 15
obtained by the NRTL model and significantly lower than the 23
derived from the UNIFAC model with the same separation target.
This indicates that the separation of MP—MMA is relatively
easier compared to the group contribution estimation approach.
The specific operation parameters and material balance for the
separation of MP and MMA are obtained by using Aspen Plus

Fig. 6. Correlated data at equilibrium temperature (T) and vapor composition of MP (y1) as a function of liquid composition of MP (x1) with three models, where “◆” 90.0 kPa,
“▼”75.0 kPa, “▲” 60.0 kPa, “●”45.0 kPa, “■” 30.0 kPa, (a) and (b) for NRTL, (c) and (d) for Wilson, (e) and (f) for UNIQUAC.
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and are shown in Table 9 and Tables S5—S8. These findings offer
crucial support for engineering design and industrial applica-
tions. This reduction in the number of theoretical stages sub-
stantially lowers investment costs while still fulfilling the
separation requirements.

To better demonstrate the effectiveness of the revised ther-
modynamic method in practical applications, an in-depth anal-
ysis and study on the estimation of equipment investment with
parameters correction further conducted with the Eqs. (19)—(22)
[37]. The total equipment investment costs mainly include the
tower shell, tower tray and heat exchangers, the results have
been listed in Table 9. The results show that the model with
corrected parameters has a reduction of more than 38% in total
equipment investment cost compared to the UNIFAC estimation
model, indicating that the correction of VLE parameters has
practical application value in guiding process design and
production.

H=
N

0.85
× 0.6096 (19)

Shell cost=22688.6D1.066H0.802 (20)

Tray cost = 1426.0D1.55H (21)

Heat transfer cost=9367.8×

(
Q

u× ΔT

)0.65
(22)

whereH (m) represents the towerheight,N represents the number of
trays, D (m) represents the tower diameter and calculated by Aspen
Plus, Q (kW) represents the heat load of the condenser or reboiler, u
(kW·K-1·m-2) represents the heat transfer coefficient, with the heat

Nstage

Fig. 7. Sensitivity analysis of the distillation tower: (a) number of stages, (b) feed stage and (c) reflux ratio.

Table 9
The operating parameters for separation of MP and MMA binary systems.

UNIFAC NRTL Wilson UNIQUAC

Pressure/kPa 50 50 50 50
Reflux ratio 23 15 17 20
Number of stages 49 25 26 27
Feed location 16 20 15 14
Temperature at the 1st stage/K 332.1 332.0 332.0 332.1
Temperature at the last stage/K 351.4 351.3 351.4 351.4
MMA mass fraction in top flow 0.016 0.015 0.016 0.017
MMA mass fraction in bottom flow 0.999 0.999 0.999 0.999
Yield of MMA product/% (mass) 99.9 99.9 99.9 99.9
Total investment costs/CNY 70338.3 35692.0 38705.2 43488.5
Cost savings ratio/% / 49.3 45.0 38.2
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transfer coefficient of the condenser being 0.852 kW·K- 1·m- 2 and
that of the reboiler being 0.568 kW·K- 1·m- 2, ΔT (K) represents the
heat exchange temperature difference.

4. Conclusions

The VLE data for the binary system composed of MP—MMA
were successfully determined by a modified Rose equilibrium
still at 90.0, 75.0, 60.0, 45.0, and 30.0 kPa. The reliability and
consistency of the experimental data were validated using the
Herington area test and the Fredenslund point test. The data
passed both tests, thereby validating the precision of the experi-
mental setup and methodology. Furthermore, a comprehensive
correlation analysis of the experimental data using three activity
coefficient models reveals that the RMSD and AAD values are in
alignment, suggesting that the experimental data are highly
consistent with NRTL and Wilson models. The results show that
the relative volatility between MP and MMA increases as the
pressure decreases, suggesting that lower pressure operations
enhance the efficacy of the separation process. Finally, the inter-
action parameters derived from the regression analysis of the VLE
can be effectively employed in the design and optimization of the
MP—MMA separation process, the model with corrected parame-
ters has a reduction of more than 38% in total equipment invest-
ment cost compared to the UNIFAC model, indicating that the
correction of VLE parameters has practical application value in
guiding process design and production, thus facilitating more
efficient and cost-effective industrial applications.
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