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The solubilities of trimethylolethane in butanol, methyl acetate, ethyl acetate as well as in mixed solvents of
(methanol + ethyl acetate) and (ethanol + ethyl acetate) were measured with the gravimetric method in the
temperature range from 283.15 K to 318.15 K under atmosphere pressure. The experiment results showed
that the solubility of trimethylolethane increased with the temperature, or along with the concentration of meth-
anol or ethanol in the solvents of (methanol + ethyl acetate) and (ethanol + ethyl acetate). In addition, the ex-
periment values were correlated by the van't Hoff equation, Modified Apelblat Equation, Ah Equation, CNIBS/R-K

Keywords:
Triyr;"nmethylolethane equation and Jouyban-Acree Model. The Modified Apelblat Equation provided the best fitting results of the sol-
Solubility ubility data of TME in the pure solvents while the CNIBS/R-K model showed the best estimation of the solubility

in the binary solvent mixtures. Furthermore, the density functional theory (DFT) calculations showed that solu-
bility in different solvents related to the strength of the interaction between the trimethylolethane and the sol-
vent molecules. Finally, the standard molar enthalpy and molar entropy of trimethylolethane during the
dissolving process was also calculated by Modified Apelblat equation in this work.
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1. Introduction In this work, the solubility data of TME in some pure alcohol and ac-
etate solvents, as well as those in the ethyl acetate-associated binary
solvent mixtures were measured in the temperature range from
283.15 K to 318.15 K, with the gravimetric method. The experimental

solubility data were then correlated by van't Hoff equation, modified

Trimethylolethane (CsH;,0s3, CAS registry No. 77-85-0), a crystalline
solid polyhydric alcohol with molar mass of 120.15 g-mol ™!, is an im-
portant intermediate to synthesize resins, lubricants, plasticizers, stabi-

lizers for plastics and new industrial explosive [1,2]. In particular, the
mixture of trimethylolethane and polyhydric alcohol is a promising
high-density phase change material slurries used in the heat storage
equipment [3]. However, the small amount of impurities existed in
trimethylolethane (TME) can make the performance of the following
TME-associated product deteriorated greatly [4].

Extraction and crystallization are the popular industrial operation
process to purify TME [5-7], which needs the solubility data of
trimethylolethane in different solvents. In particular, the solubility in
mixed solvents is fundamental to develop an effective technology
manufacturing high-purity TME. So far, no experimental solubility
data of TME in binary mixed solvents have been found in the open
literature.
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Apelblat equation, Nh Equation, Jouyban-Acree equation and CNIBS/
R-K equation. To interpret the solubility behavior of TME in the selected
solvent, dissolution molar enthalpy change and entropy change were
also calculated by van't Hoff equation.

2. Experimental
2.1. Materials

Trimethylolethane, as is shown in Fig. 1, was purchased from Tianjin
Xiensibiochemical technology co., LTD, China. It was recrystallized
twice in pure ethanol. The final mass fraction of TME measured by
gaschromatography (SP-2100A Beifen-Ruili) was higher than 0.995.
Methanol(mass fraction purity of 0.998),ethanol(mass fraction purity
of 0.998),butanol(mass fraction purity of 0.995),ethyl acetate(mass
fraction purity of 0.998) and methyl acetate(mass fraction purity of
0.998) were purchased from Tianjin Guangfu Fine Chemical Research
Institute, China. The water used in all experiments was distilled three
times.
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Fig. 1. Chemical structure of trimethylolethane.

2.2. Thermal analysis

The melting points and enthalpy of fusion AHg,s of TME were studied
by a TGA/DSC simultaneous thermal analyzer (Model TGA/DSC,
Mettler-Toledo, Switzerland) under the protection of a flowing nitrogen

atmosphere. The heating rate was 5 K-min ™.

2.3. X-ray power diffraction

X-ray powder diffraction spectrum of the sample was performed on
XRD equipment (WRS-1B, Shanghai precision scientific instrument co.,
LTD) with Cu K, radiation (0.071073 nm) in the 2-theta range of 15°
to 50° with scanning rate of 4(°)-min~'. PXRD patterns of TME used
in the experiment are presented in Fig. 2, which is in agreement with
the standard pattern.
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Fig. 2. X-ray powder diffraction patterns of TME.

24. Solubility measurements

The solubility of TME in butanol, methyl acetate, ethyl acetate,
methanol-ethyl acetate mixtures and ethanol-ethyl acetate mixtures
was determined by gravimetric method [8-10]in the temperature rang-
ing from 283.15 K to 318.15 K. The experimental apparatus contains a

conical flask and a shaking table (Tianjin Ounuo Instrument Co., LTD,
China) with an uncertainty of 4 0.1 K. Before all the experiments, three
mercury thermometers were put at different places in the shaking table
to calibrate the temperature of thermostat within shaking table. At first,
excessive amounts of dried TME were added into the solvents, then the
equilibrium cell was heated to the desired temperature and was shaken
for12 h, which was enough for the phase equilibrium. After that, another
12 h was taken to make sure that the excess solute settles down under the
same temperature. The equilibrium was verified by measuring the con-
centration value of supernate at different time intervals until the concen-
tration reached the constant. Then the supernatant was transferred
rapidly into the vial with a cover and was weighed immediately with an
analytical balance (Startorius scientific instrument co., LTD, Beijing) to ob-
tain the total weight, then the vial containing the solution was dried care-
fully in an air oven (Beijing ever light medical equipment Co, LTD, China)
and was weighed until reaching constant weight. All the measurements
were repeated three times, the average values are reported. The mole
fraction of TME in the corresponding solvent can be calculated by Eq. (1):

m1/M1

Xp=—"""""""F3—"— 1

§ my /M + XN mi/M; v
where x4 represents the mole fraction solubility of TME at different
solvents, m; and M; are the mass and molar mass of the solute, m; and
M; (i = 2,...,N) the mass and molar mass of solvent, respectively. When
N = 2, it means the pure solvent, and N = 3 represents the binary solvent
mixture.

2.5. Simulation methods

Density functional theory (DFT) calculations were carried out to dis-
close the reason that TME has different solubility in different individual
solvent. All the calculations were performed with the Materials
StudioDMol3 program from Accelrys [11]. A double numerical plus po-
larization (DNP) basis set has been used to describe the valence orbital
of the O, C and H atoms.

The accuracy of the DNP basis set has been analyzed in detail by
Delley. The nonlocal exchange and correlation energies were calculated
with the Becke-Lee-Yang-Parr (BLYP) functional of the generalized gra-
dient approximation (GGA) [12]. The convergence criteria consisted of
threshold values of 1 x 107> Eh(1 Eh = 26255 kJ-mol™'),
0.02Eh-nm™!, and 0.05 nm for energy, force, and displacement conver-
gence, respectively, whereas a self-consistent-field (SCF) density conver-
gence threshold value of 1 x 107° Eh(1 Eh = 2625.5 k]-mol~!) was
specified. A Fermi smearing of 0.005 Eh(1 Eh = 2625.5 k]-mol™ ') was
used to improve computational performance, and the solvent effect was
also considered during the calculations. The geometries of all stationary
points were fully optimized at this level. The interaction energy was
defined as

E inter = ETME— solvent Etme—E solvent (2 )

where Erg, Esovent and Erve — sowvent Were the energy of TME, solvent, total
energy of TME with solvent, respectively.

3. Results and Discussion
3.1. Thermal analysis

The melting point (T,) and the molar enthalpy change (AHg,s) are
important thermodynamic properties, and they are also necessary in-
formation for some models.

ATGA/DSC thermogram of TME is shown in Fig. 3.The first endother-
mic peak in Fig. 3 denotes that trimethylolethane undergoes a solid-
solid phase transition, which is attributed to the breakage of some
hydrogen bonds among the molecules [13]. The melting point (Ty,) of



X.D. Li et al. / Chinese Journal of Chemical Engineering 25 (2017) 1473-1480 1475

TME is 473.06 K, which can be determined by the second small endo-
thermic peak. The values reported in previous literatures are in the
range of (471.15 K to 476.15 K) [14-17]. So the result is in accordance
with previous findings.

TG/%
Heat flow/mW

" 1 N 1 N 1 " 15
50 100 150 200

Temperature/°C

Fig. 3. Thermal analysis (DSC/TG) of TME.

Moreover, as is shown in Fig. 3, sublimation of TME began before it
melted, which revealed that the determined fusion enthalpy of TME
contained evaporation heat, and the conventional calorimetric test
could not be used to measure the fusion enthalpy of TME. To circumvent
this problem, a semi empirical equation was applied to estimate the
fusion entropy of TME(ASgs) [18]:

ASfs = C-R Ino +R In¢ (3)

d) _ 2.85[SP3+0.55P2+0.5RING—1] (4)

where C is the entropy of melting constant, the average value of C is
close to 50 J-mol~!-K~!. o'and ¢ represent the molecular symmetry
number and molecular flexibility number, respectively. SP3 is the number
of sp® chain atoms, SP2 the number of sp? chain atoms, and RING the
number of fused-ring systems. R is the gas constant.

Then the fusion enthalpy can be calculated by the following
equation:

AHfus = TmASfus (5)

The estimated molar enthalpy of fusion (AHgs) of TME is
29.83 kJ-mol ™. According to literature [19], the average error of the
estimated values of AS is 12.5 J-mol~'-K~ 1.

3.2. Solubility data

The solubility values of TME from 283.15 K to 328.15 K in the select-
ed solvents are listed in Tables 1, 2, 3 and graphically plotted in Figs. 4-7.

It can be observed from Fig.3. that the solubility of TME increases
with the increase of temperature, and the order of the solubility of
TME is butanol > methyl acetate > ethyl acetate at a given high temper-
ature. The polarity order of these solvents is methyl acetate >ethyl
acetate > butanol [20], and the results show that the solubility is
high in the strong polar solvents. However, the solubility of TME does
not increase along with the solvent polarity, and the solubility is
relatively high in butanol than in esters, attributing to the easy
formation of hydrogen bonds between TME and butanol molecules,
which is confirmed by the molecular modeling results (Fig. 5 and
Table 4). DFT calculations were performed to disclose the potential

Table 1
Experimental (x**?)and calculated (x*') mole fraction solubility of TME in mono-solvents
from 283.15 K to 318.15 K under 101 kPa

T/K 100xP 100x!

van't Hoff Modified Apelblat Ah
Butanol
283.15 3.859 3.713 3.832 3.703
288.15 4.485 4511 4.525 4.522
293.15 5353 5.445 5.365 5.476
298.15 6.341 6.531 6.383 6.580
303.15 7.691 7.786 7.618 7.844
311.05 9.139 9.230 9.119 9.282
313.15 11.00 10.88 10.94 10.90
318.15 13.08 12.76 13.16 12.71
Methyl acetate
283.15 0.2604 0.2496 0.2580 0.2566
288.15 0.3172 0.3218 0.3211 0.3337
293.15 0.3980 04113 0.4013 0.4259
298.15 0.5118 0.5214 0.5036 0.5391
303.15 0.6376 0.6558 0.6341 0.6833
311.05 0.8011 0.8188 0.8009 0.8629
313.15 0.9970 1.015 1.014 1.068
318.15 1.300 1.250 1.228 1.312
Ethyl acetate
283.15 0.2050 0.2035 0.2052 0.2173
288.15 0.2625 0.2629 0.2630 0.2811
293.15 0.3346 0.3367 0.3352 0.3571
298.15 0.4330 0.4277 04251 0.4501
303.15 0.5278 0.5390 0.5363 0.5680
311.05 0.6734 0.6743 0.6733 0.7143
313.15 0.8413 0.8376 0.8451 0.8806
318.15 1.050 1.034 1.047 1.079

Standard uncertainties u are u(T) = 0.1 K, u(x®®) = 0.02, u(p) = 0.4 kPa.

interactions between TME and different solvent molecules, including
methanol, ethanol, butanol and ethyl acetate. As is shown in Fig. 5
and Table 4, TME molecule interacts with methanol or ethanol to
form hydrogen bonding between the oxygen atoms alcohol molecules
and hydrogen atoms of TME, with the interaction energy of
—23.69 kJ-mol~ ! and —20.33 kJ-mol !, respectively. For the butanol,
there appear two hydrogen bonds between TME and butanol, and the
interaction energy is —9.51 kJ-mol~'. In the case of the solvent methyl
acetate, the atom O of methyl acetate can form hydrogen bond with
atom H of TME with the interaction energy is — 1.59 kJ-mol~ . The
larger the energy value of Ej. is, the stronger interactions occur be-
tween TME and the solvent molecules. It is the stronger hydrogen
bonds between alcohols and TME that results in the higher solubility
of TME in alcohols.

For the binary solvent mixtures, the solubility of TME also increases
with the increasing temperature at the constant solvent composition.
Besides, it also increases with the increasing of proportion of methanol
or ethanol at a given temperature, as is shown in Tables 2 and 3.

3.3. Data correlation

3.3.1. In pure solvents

The quantitative relation between temperature and solubility of
TME in each solvent can be correlated by the following thermodynamic
models.

3.3.1.1. Van't Hoff equation. The relationship between the molar fraction
solubility data and temperature for a real solution can be associated
with the van't Hoff equation, which is formulated as follows:

_AHg | AS
Inx = T + T (6)
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Table 2
Experimental and calculated mole fraction solubility of TME in methanol(x,)-ethyl acetate
binary solvents from 283.15 K to 318.15 K under 101 kPa

Table 3
Experimental and calculated mole fraction solubility of TME in ethanol(x,)-ethyl acetate
binary solvents from 283.15 K to 318.15 K under 101 kPa

T/K 100x>P  100x< T/K 100xP  100x<

van'tHoff Modified CNIBS/R-K Modified van'tHoff Modified CNIBS/R-K Modified

Apelblat Jouyban-Acree Apelblat Jouyban-Acree

0.1739 0.1025
283.15 0.9377 0.8945 0.9367 0.9377 0.8681 283.15 0.5205 0.4909 0.5044 0.5205 0.5007
288.15 1.075 1.103 1.102 1.075 1.049 288.15 0.609 0.624 0.626 0.609 0.622
293.15 1.342 1.351 1.310 1.342 1.269 293.15 0.751 0.787 0.777 0.751 0.773
298.15 1.615 1.644 1.572 1.615 1.537 298.15 0.981 0.985 0.966 0.980 0.961
303.15 1.955 1.987 1.903 1.905 1.864 303.15 1.217 1.224 1.201 1.217 1.192
308.15 2.358 2.386 2.324 2.258 2.264 308.15 1.496 1.509 1.494 1.496 1.479
313.15 2.803 2.850 2.859 2.803 2.750 313.15 1.887 1.849 1.859 1.887 1.834
318.15 3.546 3.384 3.543 3.546 3.344 318.15 2.280 2.251 2313 2.280 2271
0.2849 0.2968
283.15 1.608 1514 1.602 1.608 1.621 283.15 1.532 1.453 1.511 1.533 1.493
288.15 1.842 1.858 1.867 1.842 1.936 288.15 1.781 1.794 1.800 1.781 1.809
293.15 2218 2.264 2.203 2218 2317 293.15 2.103 2.198 2.157 2.103 2.194
298.15 2.654 2.741 2.629 2.654 2.777 298.15 2.631 2.675 2.599 2.631 2.662
303.15 3214 3.298 3.169 3214 3.334 303.15 3.215 3.235 3.148 3.215 3.232
308.15 3.762 3.944 3.858 3.762 4.007 308.15 3.794 3.887 3.831 3.794 3.927
313.15 4.735 4.689 4.739 4.735 4.822 313.15 4.720 4.644 4.683 4.720 4.771
318.15 5914 5.546 5.869 5914 5.808 318.15 5.705 5.517 5.747 5.705 5.798
0.49486 0.4950
283.15 3.653 3.397 3.613 3.652 3.660 283.15 3.061 2.893 3.034 3.061 2.953
288.15 4.103 4138 4.161 4.104 4304 288.15 3.497 3.529 3.544 3.497 3.512
293.15 4.837 5.006 4.860 4.837 5.075 293.15 4.161 4.275 4.178 4.161 4.185
298.15 5.730 6.017 5.750 5.729 5.997 298.15 5.031 5.146 4.968 5.031 4.995
303.15 7.043 7.189 6.886 7.043 7.100 303.15 5972 6.156 5.954 5.971 5971
308.15 8.231 8.540 8.340 8.230 8.421 308.15 7.051 7.323 7.188 7.052 7.146
313.15 1030 10.09 10.20 10.30 10.003 313.15 8.958 8.662 8.737 8.957 8.562
318.15 12.53 11.86 12.61 12.531 11.898 318.15 10.58 10.19 10.69 10.58 10.27
0.7133 0.6979
283.15 6.525 6.376 6.493 6.523 6.096 283.15 4.705 4464 4.683 4.705 4714
288.15 7.492 7.576 7.590 7.493 7.098 288.15 5.405 5.385 5.409 5.405 5522
293.15 8.891 8.949 8.875 8.892 8.288 293.15 6.264 6.455 6.308 6.264 6.487
298.15 1045 10.51 10.38 10.45 9.702 298.15 7317 7.691 7423 7317 7.640
303.15 1235 12.28 12.14 1235 11.38 303.15 9.047 9.111 8.809 9.045 9.019
308.15 13.99 14.28 14.19 13.99 13.38 308.15 10.45 10.73 10.54 10.45 10.67
313.15 16.38 16.52 16.60 16.38 15.76 313.15 12.77 12.58 12.69 12.77 12.65
318.15 19.63 19.03 19.41 19.63 18.60 318.15 15.31 14.67 1539 15.31 15.01
0.8523 0.8976
283.15 7.367 7.124 7.364 7.363 7.773 283.15 6.119 5.937 6.119 6.119 6.291
288.15 8.457 8.448 8.474 8.458 9.006 288.15 7.196 7.128 7.148 7.196 7.283
293.15 9.802 9.959 9.803 9.802 10.46 293.15 8.347 8.505 8.382 8.346 8.462
298.15 11.43 11.68 11.40 11.42 12.19 298.15 9.708 10.09 9.864 9.707 9.86
303.15 13.34 13.62 13.31 13.75 14.24 303.15 11.82 11.90 11.65 11.81 11.53
308.15 15.60 15.80 15.60 15.20 16.67 308.15 13.73 13.96 13.79 13.73 13.52
313.15 18.23 18.25 18.36 18.26 19.55 313.15 16.61 16.29 16.38 16.61 15.90
318.15 21.78 20.98 21.69 21.79 22.97 318.15 19.33 18.92 19.50 19.33 18.73

Standard uncertainties u are u(T) = 0.1 K, u(P) = 0.05 kPa, u(x**) = 0.02.

where AHy and ASq4 are the dissolution enthalpy and entropy respec-
tively, and R is for gas constant. The above equation can be written as
Eq. (6) when the dissolution enthalpy and entropy were considered to
be independent of temperature in the lower temperature range [21]:

B
II‘lX:A+W (7)

where x is the molar fraction solubility of TME, T is the corresponding
temperature, and A and B are constant parameters regressed with the
linear solubility curve of In x versus 1/T.

3.3.1.2. Modified Apelblat Equation. The solubility data was correlated by
the Modified Apelblat equation, a commonly used semi-empirical
model as [22]:

B T
lnx:A-i—T/—K-s—ClnR (8)

Standard uncertainties u are u(T) = 0.1 K, u(P) = 0.05 kPa, u(x***) = 0.02.

where T is the absolute temperature, and A, B and C are the model
parameters fitted by the experimental solubility data.

3.3.1.3. Ah Equation. The Ah equation was initially proposed by
Buchowski to reflect the solubility behavior of the solute in solution.
It's also a semi-empirical equation as [23]:

i 1 (5] - w1 o

where Ty, is the melting temperature of Kelvin, and A (representing
the no ideality of solution system) and h (representing the enthalpy of
solution) are the two adjustable parameters given from the solubility
data.
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Fig. 4. Experimental and correlated mole fraction solubility of TME in mono-solvents:
A, butanol; @, methyl acetate; ¥, ethyl acetate. The solid lines are fitted curves with the
modified Apelblat equation.

3.3.2. In binary solvent mixtures

The quantitative relation between temperature and solubility of
TME in binary solvent mixtures can be correlated by the following ther-
modynamic models.

3.3.2.1. CNIBS/R-K Model. The CNIBS/R-K model is defined as [24]:
Inx = x3 Inxp +x3 Inxg +x3x33°2 ,S; (xg—xg)i (10

where x is the mole fraction solubility of the solute, X3 and x§ are the
initial mole fraction of methanol and ethyl acetate, and x, and xp
represent the mole fraction solubility of the solute in pure solvents,
respectively. S; is the model constant.

0.25

0.10

0.05

0.00 i 1 L 1 L 1 M 1
280 290 300 310 320

T/IK

Fig. 6. Mole fraction solubility of TME in binary solvents methanol-ethyl acetate at
different molar fraction of methanol (x,): W, x, = 0.1739; @, x, = 0.2849; ¥, x, =
0.4949; &, x, = 0.7133; O, x, = 0.8524. —, calculated by the modified Apelblat equation.

x3 can be replaced by (1 — x3), then Eq. (10) can be simplified as
following:

InX = By + B1x3 + By (x3)” + B3 (x3)° + B4 ()" (11)

where By, By, B2, B3 and B, are the model parameters which could be ob-
tained by least-squares regression.

3.3.2.2. Jouyban-Acree Model. This is a versatile model to describe the ef-
fect of both temperature and solvent composition on the solubility data,
the model for representing the solubility of a solute in a binary mixtures
[25]:

N Ji(xa—xg)'

Inx=xp InXp +xp In Xp +XaXgD_i_g T (12)

(b)

(d)

Fig. 5. Interactions between TME and methanol (a), ethanol (b), butanol (c), ethyl acetate (d), respectively.
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Fig. 7. Experimental and correlated mole fraction solubility of TME in binary solvents
ethanol - ethyl acetate at different molar fraction of ethanol (x;,): B, x, = 0.1025; A, x, =
0.2968; ¥, x, = 0.4950; ¢, x, = 0.6979; @, x,, = 0.8976. —, calculated by the modified
Apelblat equation.

Table 4

TME in methanol and ethyl acetate respectively. When N = 2 and
substituting (1 — xa) for xg in Eq. (12), subsequent rearrangements
result in Eq. (13).

Inx = xa InXp + (1—x4) InXp +w

+ =l +3]Tl—5]z)xﬁ L (=20 +8/5)x3 n (—4J2)x} (13)

T T

Substituting the modified Apelblat equation into Eq. (13), equation
can be expressed as follows:

Inx :xA(A1 +BT1+C1 lnT> + (1—xp) <A2 +B—T2+C2 lnT)

+(JO_]]T+JZ)XA+ (—]0+341 —5]2)X

(=2, +8],)%% | (—4),)x3
N T

(14)

Eq. (14) can be further simplified as follows after introducing a con-
stant term:

2 3
The sum of interaction energy between TME and solvent molecules Inx = Ay + '% 4 ApInT + Asxs + AgXp + ASXA ;EAGXA + A7Xj§ + AgXaInT
Methanol Ethanol Butanol Ethyl acetate (15)
Einter/KJ-mol ! —23.69 —2033 —9.51 —1.59
where Ay, A1, Az, As, A4, As, As, A7, and Ag are parameters of this model.
All the parameters of above models are shown in Tables 5-8.
Table 5 The average relative deviation (RAD), and the root-mean-square de-
Ah correlation parameters of TME in mono-solvents viations (RMSD) are defined as in the following formula to evaluate the
accuracy of the model [26].
Solvent A h 100RAD 100RMSD
__yeall
Butanol 451 746.30 228 0.19 1 N 'x” X§
Ethyl acetate 076 5509.89 0.82 0.01 RAD = N 2! ! (16)
Methyl acetate 0.89 4662.21 2.69 0.02 A
Average (100RAD) = 1.93
. 91 1/2
where J; is a model constant, and x, and xp represent the initial mole — 2 <X§a,' —Xu‘> 17
fraction composition of the binary solvents when the solute was SD = N (17)
not added. The X, and X represent the saturated mole solubility of
Table 6
van't Hoff and Modified Apelblat correlation parameters in mono-solvents and binary solvents
van't Hoff Modified Apelblat
A B 100RAD 100RMSD A B C 100RAD 100RMSD
Butanol 7.93 —3178.24 1.85 0.16 —165.72 4512.70 25.95 0.61 0.05
Ethyl acetate 8.62 —4196.38 0.86 0.01 —59.79 —1133.49 10.20 0.56 0.01
Methyl acetate 8.61 —4136.53 235 0.02 —257.19 7753.99 39.65 0.98 0.01
Average (100RAD) = 1.68 Average (100RAD) = 0.72
Methanol- ethyl acetate
X 4 B 100RAD 100RMSD A B C 100RAD 100RMSD
0.1739 —3424.90 7.38 234 0.07 —233.91 7370.69 35.99 1.73 0.04
0.2849 —3341.74 7.61 3.34 0.16 —386.38 14286.68 58.77 1.02 0.04
0.4949 —3216.888 7.98 3.71 0.32 —418.63 15870.81 63.63 1.06 0.09
0.7133 —2819.61 7.21 1.40 0.25 —119.91 2867.81 18.96 1.04 0.16
0.8524 —2780.38 7.18 1.80 034 —221.64 7457.31 34.13 0.24 0.06
Average (100RAD) = 2.72 Average (100RAD) = 1.07
Ethanol- ethyl acetate
Xb A B 100RAD 100RMSD A B C 100RAD 100RMSD
0.1025 —3919.47 8.53 230 0.03 —200.89 5447.55 31.24 1.91 0.02
0.2968 —3433.15 7.89 2.51 0.09 —267.10 8866.55 41.02 1.35 0.04
0.4950 —3241.03 7.90 3.17 0.22 —322.19 11529.06 4924 1.20 0.10
0.6979 —3062.14 7.70 2.84 0.31 —325.61 11851.19 49.72 0.91 0.1
0.8976 —2983.64 7.71 2.01 0.26 —202.27 6411.65 31.32 0.86 0.13

Average (100RAD) = 2.57

Average (100RAD) = 1.25
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Table 7
CNIBS/R-K model correlation parameters in methanol ethyl acetate and ethanol- ethyl
acetate binary solvents

Methanol- ethyl acetate

T/K Bo B, B, Bs By 100RAD  100RMSD
283.15 —578 7.60 —831 874 —5.07 049 0.02
288.15 —575 8.89 —13.48 1653 —898 040 0.02
29315 —543 826 —1320 1792 —1029 024 0.01
298.15 —526 837 —1354 1819 —1036 054 0.03
303.15 —655 1172 —1028 7.95 —581 046 0.03
308.15 —421 6.56 —647  6.78 —486 038 0.03
31315 —449 555 —-112 =259 090 0.38 0.04
318.15 1.10 —226 —198 590 —427 051 0.06
Average (100RAD) = 0.43

Ethanol- ethyl acetate

T/K Bo B, B, B3 B, 10°RAD  10*RMSD
283.15 —6.04 851 —876 448 —-088 0.17 0.01
288.15 —591 887 —1040 6.80 —-1.89 021 0.01
29315 —558 7.30 —-483 —115 196 0.09 0.01
298.15 —528 6.79 —361 —3.02 3.0 0.25 0.01
303.15 —5.15 8.14 —10.02 745 —247 155 0.20
308.15 —4.85 6.85 —560 115 0.61 0.41 0.05
31315 —451 531 0.73 —850 5.41 0.60 0.06
31815 —439 641 —407 —0.10 153 0.27 0.04

Average (10°RAD) = 0.44

Table 8
Modified Jouyban-Acree model correlation parameters in methanol-ethyl acetate and
ethanol- ethyl acetatebinary solvents

Parameters Methanol-ethyl acetate Ethanol-ethyl acetate
Ao —173.20 —145.69
Aq 4221.67 2721.03
Ay 26.96 23.01

As —0.67 —48.23
Ay 2683.05 5271.61
As —2488.83 —3758.17
As 992.20 3215.82
A; —7.34 —1207.93
As 0.05 6.95
100RAD 393 2.04
100RMSD 0.46 0.21

where N represents the number of experimental points, and x;
and x5 stand for the values of solubility measured and calculated,
respectively.

The results show that the Modified Apelblat Equation gives the best
fitting results of the solubility data of TME in the pure solvents, while
the CNIBS/R-K model fits the solubility data of TME in the binary solvent

mixtures well.

3.4. Thermodynamic properties of the dissolution process.

According to the thermodynamic principles, the thermodynamic
properties of the molar enthalpy (AHy4) and the molar entropy (ASq4)
of the dissolution process were calculated from the van't Hoff equation
[27].

The Inx vs 1/T plots are shown in Figs. 8, 9 and 10. We can observe
that the solubility data has a linear relationship with the reciprocal of
temperature. The molar enthalpy (AHy4) and the molar entropy (ASq4)
were determined from the slope and intercept of Inx vs 1/T.

The thermodynamic properties estimated by above-mentioned
equation are given in Table 9. It can be seen that the dissolving process
of TME in all solvents are endothermic since AHy of the dissolution pro-
cess is positive, which declares the solubility of TME increases with
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Fig. 8. The van't Hoff plot of logarithm molar fraction solubility (Inx) of TME vs (1/T) in
three pure solvents. (M) butanol; (@) methyl acetate; (A) ethyl acetate.
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Fig. 9. The van't Hoff plot of logarithm molar fraction solubility (Inx) of TME vs (1/T) in
binary solvents methanol-ethyl acetate at different molar fraction of methanol (x,). 4,
X, = 0.1739; ¥, x, = 0.2849; A, x, = 0.4949; @, x, = 0.7133; W, x, = 0.8524.

increasing temperature. These results are very useful for optimizing
the dissolution and crystallization of TME.

4. Conclusions

The solubility of TME in selected organic solvents is determined by
the gravimetric method under atmosphere pressure and the tempera-
ture ranging from 283.15 K to 318.15 K. The experiment values are
correlated by Van't Hoff equation, Modified Apelblat Equation, Ah
Equation, CNIBS/R-K Equation, and Jouyban-Acree Model. The Modified
Apelblat Equation gives the best fitting results of the solubility data of
TME in the pure solvents while the CNIBS/R-K model fits the solubility
data of TME in the binary solvent mixtures well. The thermodynamic
properties of the dissolution process are calculated and the results
show that the dissolution process is endothermic. The experiment
values in this study can be used for the purification process of TME in
industry.

Nomenclature

A, B,C  semi empirical constants
Ao-As semi empirical constants
Bo-B4  semi empirical constants
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Fig. 10. The van't Hoff plot of logarithm molar fraction solubility (Inx) of TME vs (1/T) in
binary solvents ethanol-ethyl acetate at different molar fraction of ethanol (x,). 4, x, =
0.1025; ¥, x, = 0.2968; A, x, = 0.4950; @, x,, = 0.6979; W, x,, = 0.8976.

Table 9

Standard dissolution enthalpy of TME in individual liquid and methanol-ethyl acetate, eth-
anol-ethyl acetate binary solvents the temperature ranging from T = 283.15 Kto 318.15K
under 101 kPa

Solvent AHg/J-mol~! ASg/]-K~-mol ! R?
Butanol 26,420.06 67.19 0.9974
Methyl acetate 34,388.95 71.59 0.9972
Ethyl acetate 34,885.07 71.67 0.9984
Methanol (x,)-ethyl acetate
0.1739 28,478.53 61.36 0.9953
0.2849 27,784.47 63.29 0.9901
0.3929 26,738.99 66.32 0.9878
0.4949 23,439.24 59.89 0.9975
0.7133 23,113.00 59.67 0.9956
0.8524 28,478.53 61.36 0.9953
Ethanol(xp,)-ethyl acetate
0.1025 32,577.00 70.85 0.9959
0.2968 28,583.78 65.77 0.9946
0.4950 26,949.75 65.72 0.9919
0.6979 25,463.29 64.08 0.9914
0.8976 24,807.56 64.13 0.9960

Erme the energy of TME

ErmE —solvent  the total energy of TME with solvent

Esovent  the energy of solvent

h enthalpy of solution, kJ-mol~!

M;, M, M3 molecular weights of solute, methanol and ethyl acetate,

respectively, g-mol !

me, My, My mass of solute, methanol and ethyl acetate, respectively, g

AH fus
ASfus
AHq4

number of experimental data points
gas constant, 8.314 ] mol ~'-K~!
average relative deviation
root-mean-square deviations
absolute temperature, K

melting point, K

mole fraction of solute
experimental values

enthalpy of fusion, k]-mol !
entropy of fusion, k]-mol~!-K™!
dissolution enthalpy, kJ-mol !
no ideality of solution system
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