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ABSTRACT: This study aims to measure the solid-liquid equilibria (SLE) of systems containing diphenyl carbonate (DPC) for
production of high-purity DPC as required for a nonphosgene-based polycarbonate production process. SLE data for three binary
systems: methanolþDPC, dimethyl carbonate (DMC)þDPC, and phenolþDPC, were determined at atmospheric pressure by
visually observing the melting points of a wide range of compositions. An experimental apparatus to allow both accurate control of
temperature and visual observation of melting was designed for this study, and the experimental apparatus and procedure were
verified bymeasuring the SLE of the system 2-methyl-1H-imidazoleþ 1-dodecanol. The binary mixtures DMCþDPCwere simple
eutectic systems, and the eutectic point was determined. From the experimental SLE for the two binary mixtures methanolþDPC
and phenol þ DPC, a solid addition compound containing a 1:1 ratio of methanol or phenol and DPC can be expected. The
experimental SLE data of the three binary mixtures were represented by the semi-empirical equation of Ott and Goates. A
nonrandom two-liquid (NRTL) model was also used for the data reduction of the systems DMC þ DPC.

’ INTRODUCTION

Polycarbonate (PC) is a widely used engineering plastic which
has excellent features, such as transparency, impact resistance,
thermal stability, dimensional stability, and flame resistance.
Therefore, PC has been widely applied in various applications
including CDs and DVDs, electric and electronic appliances,
automobiles, and mobile phones.1-4 Most PC production has
been via the phosgene process, which uses carbon monoxide and
chloride as raw materials. However, this phosgene process has a
number of environmental drawbacks.1-5 In particular, highly
toxic phosgene is used as a monomer, and a large quantity of the
low-boiling-point solvent methylene chloride is required for
polymerization. In addition, a very large quantity of water must
be used to remove phosgene and chlorine (from methylene
chloride) from the product PC. To overcome these environ-
mental problems, a new process for PC production starting from
carbon dioxide, ethylene oxide, and bisphenol A has been
developed and has attracted much attention as it offers much
greener and more sustainable chemistry.1 Diphenyl carbonate
(DPC) (C13H10O3, CAS Registry No. 102-09-0) is an important
intermediate material in this new process. The purity of the DPC
directly influences the downstream PC quality, with high-purity
DPC being critical for PC optical media applications. One of the
options for purification of DPC is a crystallization process.6-8 In
the design and development of this crystallization process,
knowledge of solid-liquid equilibrium (SLE) data is important.

This study aims to measure the SLE data for binary systems
containing DPC. In this study, we have focused on the transes-
terification reaction for production of DPC. This reaction is
based on methanol, dimethyl carbonate (DMC), phenol, and
DPC. Thus, we havemeasured the SLE for three binarymixtures:
methanol þ DPC; DMC þ DPC; and phenol þ DPC, at
atmospheric pressure by visually observing the melting points
of a wide range of compositions. Before the measurements of
these three binary mixtures, the experimental apparatus and

procedure were checked by measuring the SLE for the system
2-methyl-1H-imidazole þ 1-dodecanol, which covers a similar
temperature range to that expected for the three binary mixtures.
The experimental SLE data of the three binary mixtures were
represented by a polynomial equation of the composition
suggested by Ott and Goates.9 The NRTL model10 was also
used to correlate the experimental data of those systems which
showed simple eutectic behavior.

’EXPERIMENTAL SECTION

Materials. The chemicals used in this study were: DPC (99 %
purity), 2-methyl-1H-imidazole (99 % purity), and 1-dodecanol
(98 % purity) from Sigma-Aldrich Co., Milwaukee, WI, United
States; special grade methanol, first grade DMC, and special
grade phenol (99 % purity) from Wako Pure Chemical Industry
Ltd., Japan. Methanol and DMC were dried with molecular
sieves: 3A for methanol and 13X for DMC and 1-dodecanol.
Other substances were used without further purification. DPC
and 2-methyl-1H-imidazole were dried at 323 K for 24 h under
vacuum before use. The purities of methanol, DMC, and
1-dodecanol were checked by gas chromatography, and were
found to be better than 99.9 % formethanol andDMC and better
than 99 % for 1-dodecanol. The melting points and heats of
fusion7,8,11,12 of the compounds studied are summarized in
Table 1, which also includes literature values of melting
points7,8,12-19 for comparison. As shown in Table 1, the experi-
mental melting point temperatures for 2-methyl-1H-imidazole,
DMC, and phenol are close to the literature values. In the case of
DPC, differences among the literature values7,8,18,19 are
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observed. Our experimental melting point is in reasonable
agreement with the data of Erman et al.18 Our experimental
melting point for 1-dodecanol is different to that reported by
Doma�nska and Kozlowska in 200215 but is reasonably close to
that of Doma�nska et al. in 2004 and 2011.16,17

Apparatus and Procedures. The SLE of the three binary
systems were determined using a synthetic, visual technique. The
experimental apparatus for measuring SLE was designed for this
study and is shown in Figure 1. The apparatus consists of an equ-
ilibrium cell (1) with double jackets (heating (2) and vacuum
(3)), stirrer (4), thermometer (5), thermostat (6), and data acq-
uisition system (7, 8). Glass apparatus used consists of a double
jacketed vessel. The volume of sample is about 30 cm3. The vacuum
cell (3) prevents the condensation of water vapor from air and
thus enables visual observation inside the equilibrium cell (1).
Temperature control in the equilibrium cell is performed by the

heating jacket (2) controlled via the thermostat (5). The tempera-
ture is determined with a platinum resistance thermometer. The
accuracy is estimated to be ( 0.01 K. The mole fraction is
determined gravimetrically (Mettler digital balance model AX504
with a sensitivity of 0.1 mg and a maximum load of 510 g). The
uncertainty in the mole fraction was estimated to be ( 0.0001.
For our measurements, a mixture (ca. 30 cm3) with known

composition was charged into the equilibrium cell. Next, the
equilibrium cell was cooled by the thermostat, and the mixture
was fully crystallized. The mixture was then heated slowly at a
defined rate (3 K 3 h

-1). The melting point for a given composi-
tion is determined by visual detection of the temperature at
which the solid phase just disappears. The uncertainty in melting
temperature is estimated to be within ( 0.5 K.

’RESULTS AND DISCUSSION

Prior to measurement of SLE for the mixtures containing
DPC, the apparatus and procedure for SLE measurement
designed in this study were checked by measuring a binary
SLE available in the literature. A suitable test system must cover

Table 1. Melting Point Temperature Tfus and Heat of Fusion
ΔfusH of the Pure Components Studied

Tfus/K ΔfusH

component experimental literature kJ 3mol-1

2-methyl-1H-imidazole 419.38 419.00a -

297.50a

1-dodecanol 296.51 296.84b 31.38j

296.6c

methanol - 175.47d 3.175j

DMC 278.16 278.20e 11.58e

phenol 313.99 314.05f 11.28j

355.95g

DPC 353.96 353h 24.30g

352.07i

aRef 15. bRef 16. cRef 17. dRef 13. eRef 12. fRef 14. gRefs 7 and 8. hRef
18. iRef 19. jRef 11.

Figure 1. Schematic of the SLE measurement apparatus: 1, equilibrium
cell; 2, heating jacket; 3, vacuum jacket; 4, stirrer; 5, thermometer; 6,
thermostat; 7, data logger; 8, computer.

Table 2. Experimental SLEData for the System 2-Methyl-1H-
Imidazole (1) þ 1-Dodecanol (2)

x1
L T/K x1

L T/K x1
L T/K

0.0000 296.51 0.3409 316.50 0.5981 372.22

0.0698 295.43 0.3570 322.17 0.6174 374.89

0.0863 295.01 0.3775 326.28 0.6224 375.29

0.1004 294.61 0.4075 334.48 0.6415 379.32

0.1495 293.64 0.4346 339.69 0.6554 381.93

0.1988 292.38 0.4514 343.69 0.7018 387.68

0.2427 291.28 0.4693 348.67 0.7523 393.38

0.2501a 290.94a 0.4922 351.83 0.7944 398.78

0.2574 292.59 0.5148 356.84 0.8467 404.70

0.2692 297.08 0.5305 359.37 0.8984 410.47

0.2837 301.21 0.5646 365.20 0.9493 414.17

0.2981 306.48 0.5826 369.11 1.0000 419.38

0.3123 310.40
a Eutectic point.

Figure 2. Experimental SLE data for the system 2-methyl-1H-imidazole
(1) þ 1-dodecanol (2). b, this study; X, eutectic point; 4, Doma�nska
and Kozlowska;15 x, eutectic point from Doma�nska and Kozlowska.15
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a wide temperature range, since the temperature range of melting
points for the three binary mixtures containing DPC is expected
to vary widely, considering the melting points of pure compo-
nents used. Therefore, in this study, the system 2-methyl-1H-
imidazoleþ 1-dodecanol, with a temperature range of SLE from
(292 to 419) K, was selected. The SLE data of this mixture have
been reported by Doma�nska and Kozlowska.15 The experimen-
tally determined melting point temperatures for the system
2-methyl-1H-imidazole (1) þ 1-dodecanol (2) are listed in
Table 2, and a comparison of these data with literature values
is presented in Figure 2. Our experimentally determined eutectic
point is x1

L = 0.2501 and T = 290.94 K, which agrees reasonably
well with that found by Doma�nska and Kozlowska (x1

L = (0.26 (
0.02) and T = (292.35 ( 0.1) K). In particular, a good agreement
between the two data sets was obtained for the composition of the
eutectic point. The composition of our experimental eutectic point

is within the error of that of the literature value. On the other hand,
in the 1-dodecanol rich region, which contains the eutectic point,
our experimental melting temperatures were up to 1.4 K lower than
the literature values. This discrepancy is consistent with that for the
melting point of 1-dodecanol mentioned in the Experimental Sec-
tion. Therefore, the difference in the melting point of 1-dodecanol
seems to be due to this difference between the experimental and
literature SLE data. In view of these considerations, the experi-
mental apparatus designed in this study was applied for measure-
ments of SLE in three binary mixtures containing DPC.

The experimental values of SLE in the three binary mixtures:
methanol (1)þDPC(2),DMC(1)þDPC(2), and phenol (1)þ
DPC (2), are listed in Tables 3 to 5, respectively. These
experimental SLE data are plotted in Figures 3 to 5 along with
the literature values. For the mixture methanol (1) þ DPC (2),
the SLE data at mole fraction of methanol x1

L over 0.88
(temperature range: (283 to 323) K) have been reported by
Wei and Pei.7,8 However, data for mole fraction of methanol x1

L =
(0 to 0.87) are not available. Therefore, in this study, we have
measured the SLE data of this system in the region of x1

L = (0 to

Table 3. Experimental SLEData for the SystemMethanol (1)
þ DPC (2)

x1
L T/K x1

L T/K x1
L T/K

0.0000 353.96 0.5415 327.43 0.8045 323.20

0.1005 346.00 0.5762 326.25 0.8074 322.83

0.2034 339.30 0.6589 325.22 0.8541 320.91

0.3029 335.53 0.6665 325.21 0.8634 319.66

0.3566 332.67 0.7054 324.03 0.8787 316.03

0.4034 329.84 0.7396 323.20 0.9003 313.16

0.4765 328.20 0.7658 323.22 0.9191 308.29

0.4947 328.15

Figure 3. Experimental SLE data for the system methanol (1) þ DPC
(2). b, this study; 4, Wei and Pei;7,8 —, eq 1.

Table 4. Experimental SLE Data for the System DMC (1) þ
DPC (2)

x1
L T/K x1

L T/K x1
L T/K

0.0000 353.96 0.7059 306.69 0.9390 274.81

0.1148 347.03 0.7974 294.30 0.9447 275.45

0.2080 342.44 0.8999 275.12 0.9507 275.91

0.3037 337.98 0.9021 274.35 0.9602 276.51

0.4103 331.49 0.9050 273.60 0.9695 277.08

0.5112 324.37 0.9073a 273.42a 0.9901 277.69

0.6028 316.65 0.9202 273.60 1.0000 278.16
a Eutectic point.

Table 5. Experimental SLE Data for the System Phenol (1)þ
DPC (2)

x1
L T/K x1

L T/K x1
L T/K

0.0000 353.96 0.5053 325.70 0.8902 307.23

0.1021 348.53 0.5200 325.10 0.8981 306.76

0.2014 343.03 0.5489 325.09 0.8989a 306.63a

0.2996 337.52 0.5992 323.79 0.9001 306.85

0.4000 332.13 0.6493 322.48 0.9048 307.44

0.4553 328.29 0.6996 320.69 0.9201 308.63

0.4808 326.46 0.7518 317.99 0.9300 309.29

0.4905 325.88 0.7979 314.52 0.9498 310.43

0.4952a 325.61a 0.8484 309.98 1.0000 313.99

0.4999b 325.72b

a Eutectic point. b 1:1 (phenol: DPC) congruently melting solid addition
compound.

Figure 4. Experimental SLE data for the system DMC (1)þDPC (2).
b, this study; X, eutectic point; 4, Li et al.;21 —, eq 1; - - -, NRTL;
— 3—, ideal solution.
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0.92). According to a report by Hoyle et al.,20 DPC may
aggregate in polar solvents such as methanol. Therefore, this
mixture also might form the molecular aggregates. In addition, as
well as the binary system phenol þ DPC mentioned later, a 1:1
(methanol: DPC) congruently melting solid addition compound
might form, because the temperature change of the experimental
melting point is slightly different before and after x1

L = 0.5.
However, in this study, a characterization of the structure of the
solid phase could not be performed. Comparing our experi-
mental values to those of Wei and Pei,7,8 we have observed a
decrease in temperature of the SLE from x1

L = 0.81, whileWei and
Pei observed a decrease from x1

L = 0.88. Data by Wei and Pei are
measured by a static analytical method, and the compositions of
the SLE are determined by a spectrophotometric technique. In
the methanol rich region of this mixture, the SLE temperatures
decrease steeply with increasing x1

L. Therefore, it would appear
that the choice of experimental method influenced the data
obtained.

Next, for the DMC (1)þDPC (2) system, the SLE data over
the entire composition range were determined. From the experi-
mental results, this system is identified as a simple eutectic

system, as found for the system methanol (1) þ DPC (2). The
calculated results of the SLE assuming ideal solubility are also
shown in Figure 4. The SLE of this system shows nearly ideal
behavior. On the basis of the experimental SLE data, the eutectic
point (x1

L = 0.9073,T = 273.42 K)was determined. Li et al.21 have
reported values in the region x1

L = (0.34 to 0.86). When our
experimental SLE data are compared with the data by Li et al.,
good agreement is obtained.

Finally, for the system phenol (1) þ DPC (2), melting point
temperatures were also obtained over entire composition range
(Figure 5). In Figure 5, an expansion of the region around x1

L =
0.5 is also shown. As expected from Figure 5, this mixture has two
eutectic points, and a maximum temperature value is obtained at
x1
L = 0.4999. These results suggest that a 1:1 (phenol/DPC)
congruently melting solid addition compound forms. This
behavior is consistent with previous literature by Shafer et al.22

’DATA REDUCTION

Polynomial Equation. The experimental SLE data for the
three binary mixtures were correlated using the semi-empirical
equation of Ott and Goates:9

T ¼ T�
"
1þ ∑

NP

j¼1
ajðx1 - x

�
1Þj
#

ð1Þ

where x1 is the mole fraction of the first component, T is the SLE
temperature of the binary mixture, T* is the melting temperature
of the pure substance or eutectic point, x1* is the value of mole
fraction at which T = T*, aj are the coefficients to be determined
by regression of the experimental SLE data, and NP is the
number of aj. The coefficients, aj, of eq 1 were estimated so that
the following objective function (Fobj) was minimized for each
system by means of the Marquardt algorithm:23

Fobj ¼ ∑
NDP

k¼1
ðTexptl - TcalcdÞ2k ð2Þ

where Texptl and Tcalcd are the experimental and calculated
melting point temperature, respectively, and NDP is the number
of data points per system. The determined parameters and
absolute deviations of the liquid mole fraction obtained with
eq 1 are summarized in Table 6.

Figure 5. Experimental SLE data for the system phenol (1)þDPC (2).
b, this study; X, eutectic point; —, eq 1.

Table 6. Determined Parameters and Deviations between Experimental and Calculated SLE of the Three Binary Systems Using
eq 1

x1,min
L x1,max

L x1* T*/K a1 a2 a3 a4 a5 |Δx1
L|av

a

Methanol (1)þDPC (2) System

0.0000 0.9191 0.0000 353.96 -0.3541 1.4288 -4.2848 5.9602 -2.9480 0.0183

overall 0.0183

DMC(1)þDPC (2) System

0.0000 0.9073 0.0000 353.96 -0.1597 0.0135 0.0812 -0.2281 0.0034

0.9073 1.0000 1.0000 278.16 0.0120 -4.8625 -31.9557 0.0026

overall 0.0031

Phenol (1)þDPC (2) System

0.0000 0.4952 0.0000 353.96 -0.1436 -0.0356 0.0025

0.4952 0.8989 0.4952 325.61 -0.0102 -0.3357 -0.0007 0.0073

0.8989 1.0000 1.0000 313.99 0.1984 -0.2744 0.0016

overall 0.0045
a |Δx1

L|av. = ∑k=1
NDP|x1,exptl

L - x1,calcd
L |k/NDP, where NDP is the number of data points.
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NRTL. In the binary system with simple eutectic mixtures,
DMC þ DPC, the NRTL model was applied for correlation of
the experimental SLE data. In this study, we adopted the
approximated expression of the condition of the SLE of eutectic
systems,24 which does not consider the difference in the molar
heat capacities of the pure components ΔCP,i:

ln xLi ¼ -
ΔfusHi

RT
1-

T
Tfus, i

 !
- ln γLi ð3Þ

where xi
L and γi

L are the mole fraction and activity coefficient,
respectively, of component i in the liquid phase, ΔfusHi and Tfus,i

are the molar enthalpy of fusion and melting temperature of
component i, T is the temperature, and R is the gas constant. In
this study, the experimental results of Tfus,i and the literature
values of ΔfusHi were used. Those values are listed in Table 1.
The activity coefficient in the liquid phase, γi

L, was expressed by
the NRTL model. A constant value of 0.2 was adopted for R12,
the nonrandomness parameter of the NRTL model. Binary
interaction parameters gij - gjj for the NRTL model were
determined by using the following objective function:

Fobj ¼ ∑
NDP

k¼1

γLi, exptl - γLi, calcd
γLi, exptl

 !2

k

ð4Þ

where γexptl,i
L and γcalcd,i

L are the experimental and calculated γi
L,

respectively. The estimated parameters are g12- g22 = 7.29384 3 10
3

J 3mol
-1 and g21- g11 =-4.64671 3 10

3 J 3mol
-1, and the absolute

deviations of the liquid mole fraction |Δx1
L|av is 0.0070. The

correlated results of the NRTL model are shown in Figures 2 and
3. The deviations |Δx1

L|av indicate that the NRTL model gives
reasonable correlations with the experimental results.

’CONCLUSIONS

The SLE data for three binary mixtures containing DPC:
methanol þ DPC, DMC þ DPC, and phenol þ DPC, were
determined by visually observing the melting points of a wide range
of compositions. In the mixtures DMC þ DPC, a simple eutectic
systemwas formed, and the eutectic point was determined from the
experimental SLE data. Formation of a molecular aggregate or a
solid addition compoundwith a 1:1 ratio ofmethanol or phenol and
DPCwas expected from the experimental SLE data for two systems
methanol þ DPC and phenol þ DPC. Further investigation for a
confirmation of the structure of the solid phase ofmethanolþDPC
is required in the future. The experimental SLE data for the three
binary mixtures were correlated by the semi empirical equation of
Ott and Goates. For the system DMC þ DPC, the NRTL model
was also used for data reduction. Reasonable correlation accuracy
was obtained with both models.
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