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A.l ABSTRACT

Accurate experimental determination of the aqueous solubility of 4-position 
substituted benzoic acid compounds in a high-temperature solution and its correlation 
are presented. The temperature effect dependence of aqueous solubility was 
investigated in the range from 303.15 to 473.15 K. The solubility prediction is 
essential for rapid design and optimization of separation, purification and formulation 
processes in the chemical industry. Solubility data were determined using a simple 
and reliable apparatus and analyzed by the classical titration method. Experimental 
data were regressed with the modified Apelblat equation and the XH equation, the 
modified Apelblat equation gave good agreement with all experimental data. A 
solubility model modified from a modified Apelblat model was used to correlate the 
experimental data. The percentage of average relative deviations of these correlations 
was 1.40% for the solubility of 4-acetylbenzoic acid in an aqueous solution.

A.2 INTRODUCTION

Solubility is one of the most fundamental physico-chemical properties. It is 
particularly useful for a wide variety of applications important in the biological, 
chemical and environmental industries [1], Accurate solubility data are needed for 
process and product design, including production and purification of chemical 
compounds [2], separation [3], precipitation processes [4], crystallization processes 
[5], chemical reaction systems [6], pollution prevention [7], and biomass processing 
[8], There are a vast amount of papers in the available literature reporting the results 
of solubility measurements in aqueous solutions [9-12].

The 4-position substituted benzoic acid compounds, which are considered as 
important priority contaminants or typical environmental pollutants, may have an 
adverse impact on the environment in a number of ways and represent a great 
potential risk to human health [13, 14], They are widely used as reaction 
intermediates [15, 16], and are often formed as a result of the degradation of aromatic 
compounds. In the polyester industry, a large amount of residue is formed during the 
manufacturing process of purified terephthalic acid (Figure A.l(a)) [17, 18], The 4- 
position substituted benzoic acid compounds -  such as 4-formylbenzoic acid
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(Figure A. 1(b)), 4-acetylbenzoic acid (Figure A. 1(c)), 4-methylbenzoic acid (Figure 
A. 1(d)) and 4-/er/-butylbenzoic acid (Figure A. 1(e)) -  should be the components in 
this residue [19]. For the sake of environmental protection and sufficient utilization of 
natural resources, it is necessary to pay attention to the separation and recovery of 
oxidation residues [20-22]. To recover useful components from these residues, 
comprehensive solubility data are required. From the literature it is known that some 
compounds have a very low solubility, while others can only exist in a liquid phase 
state over a narrow temperature range [23-25], Therefore, they are not particularly 
suitable for a recovery process. Thus, systematic and comprehensive measurement of 
solubility data of 4-position substituted benzoic acid compounds in aqueous solutions 
over a wide temperature range is needed.

In this work, the solubility of 4-position substituted benzoic acid compounds 
in an aqueous solution was measured as a function of temperature over a temperature 
range from 303.15 to 473.15 K. The solubility of 4-position substituted benzoic acid 
compounds in an aqueous solution was well described by an empirical formula [26]. 
The capability of selected equilibrium models of experimental data was described. 
The modified Apelblat equation [27-29] and the XH equation [30, 31] were used to 
correlate the experimental data, and parameters of the models were obtained. It was 
found that the modified Apelblat equation model gives good agreement with all 
experimental data. The above-mentioned models are rapid and easy methods which 
provide acceptable values of solubility as a function of temperature.
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Figure A.l The structures of (a) terephthalic acid, (b) 4-formylbenzoic acid,
(c) 4-acetylbenzoic acid, (d) 4-methylbenzoic acid,
(e) 4-/ert-butylbenzoic acid

A.3 EXPERIMENT

A.3.1 Materials

Terephthalic acid (CsHéCU, molecular weight 166.13 g/mol), 4- 
formylbenzoic acid (CsHôCb, molecular weight 150.13 g/mol), 4-acetylbenzoic acid 
(C9H8O3, molecular weight 164.16 g/mol), 4-methylbenzoic acid (CgHg02, molecular 
weight 136.15 g/mol) 4-tert-butylbenzoic acid (C11H14O2, molecular weight 178.23 
g/mol) and benzoic acid (C7H6O2, molecular weight 122.12 g/mol) were obtained 
from Sigma-Aldrich. The reagents and solvents used in the experiments were of GR 
grade and were purchased from Mikrochem®, Pezinok, Slovakia. The melting 
temperatures (Tm) and the enthalpies of fusion (Am/ / a) of the benzoic acid derivatives 
[32, 33] are listed in Table A.l. These compounds were used without further 
purification. Aqueous solutions of 4-position substituted benzoic acid were prepared 
using redistilled water.

Table A.l Melting temperatures and enthalpies of fusion of the 4-position substituted 
benzoic acid compounds

Compounds TJK Am/ / a(kJ mol'1)
Benzoic acid 396.15 17.9883
4-/cr/-butylbenzoic acid 438.15 17.8943
4-methylbenzoic acid 453.15 22.5878
4-formylbenzoic acid 523.15 25.7490
4-acetylbenzoic acid 483.15 20.7039
Terephthalic acid 573 15 63.4284
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A.3.2 Apparatus and procedures

The solubility of 4-position substituted benzoic acid compounds in an 
aqueous solution was measured by the equilibrium method, which is a frequently used 
for determination of solubility. The experimental apparatus (Figure A.2) consisted of 
a 50 mL stainless steel closed vessel equipped with a magnetic stirrer; 25 mL of 
redistilled water was used to dissolve the acids which were weighed with an accuracy 
of 0.0001 g. After the solid-liquid system was sufficiently mixed, the experimental 
run could be performed. The vessel was heated in a thermostated silicone oil bath 
with an accuracy of ± 0.1 K.

The preliminary experiments showed that, after 90 min of stirring, 
equilibrium was achieved and the concentration of 4-position substituted benzoic acid 
compounds in the liquid solution became constant. Then, the system was put into a 
static state for 120 min. During this time the solution became homogeneous, and all 
suspended particles were deposited on the bottom. Then, at the experimental 
temperature, a Teflon* container was pushed into the solution, and by switching to the 
sampling position a sample of the solution (about 0.5 mL) was withdrawn. To avoid 
the loss of solvents by vaporization during sampling, the valve of the Teflon* 
container was quickly closed and the vessel cooled to ambient temperature with 
cooling water. After opening the vessel, the closed Teflon® container was washed 
three times with 100 mL distilled water and then air-dried. The amount of the sample 
withdrawn into the Teflon® container was determined as the difference between the 
weight of the container before and after sampling. After opening the container, the 
withdrawn sample was transferred into a volumetric flask and then analyzed by 
titration method. For titration, aqueous solutions of sodium hydroxide and 
hydrochloric acid with phenolphthalein as an indicator were used. Each experiment 
was repeated at least twice. The conversion between molarity and mole-fraction 
concentration scales used the density of the saturated solutions, which was determined 
with a digital density meter (LiquiPhysics™ Excellence; Mettler-Toledo, Greifensee, 
Switzerland).
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Figure A.2 The experimental apparatus
1. Temperature control 2. Silicone oil bath 3. Stainless steel vessel 4. Teflon® 
container 5. Sampling vessel 6. Magnetic stirrer 7. Stirrer controller
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A.4 RESULTS AND DISCUSSION

A.4.1 Experimental results

In  th is  s tu d y  th e  so lu b ility  m e a su re m e n t te c h n iq u e  w as v a lid a ted  by 
c o m p a rin g  w ith  so lu b ility  d a ta  in  the  lite ra tu re  [24, 25 , 3 4 -3 6 ] , T h e  so lu b ility  d a ta  o f  
th e  4 -p o s itio n  su b s titu ted  b en zo ic  acid  co m p o u n d s  in  an  aq u eo u s  so lu tio n  are sh o w n  
in  T ab le  A .2 , in  w h ich  T  is the  ab so lu te  te m p e ra tu re  an d  Xg is th e  ex p erim en ta lly  
m e a su re d  m o le  frac tio n . O nly  a few  rep o rts  hav e  p u b lish e d  d a ta  co n cern in g  the  
so lu b ility  o f  4 -p o s itio n  su b s titu ted  b en zo ic  ac id  c o m p o u n d s  in  aq u eo u s  so lu tio n s  at 
h ig h e r  tem p e ra tu res  [2 4 -2 6 ] , F igu res A .3 an d  A .4  sh o w  th a t o u r  ex p e rim en ta l d a ta  a re  
in  g o o d  ag reem en t w ith  th e  lite ra tu re  [24, 25 , 35 , 36],

T h e  ex p e rim e n ts  reveal tha t th e  so lu b ility  o f  th e  ab o v e-m en tio n ed  
co m p o u n d s  in c reases  w ith  tem pera tu re . In F ig u res  A .3  an d  A .4  the  so lu b ility  
m e a su re m e n ts  o b ta in ed  by  d iffe ren t re sea rch e rs  a re  co m p ared . S o lu b ility  d a ta  fo r 
b e n z o ic  ac id  d e riv a tiv e s  are  a lso  av a ilab le  in  th e  lite ra tu re  [26, 37, 38], b u t on ly  fo r 
n a rro w  an d  lo w  tem p e ra tu re  ranges. T h e  so lu b ility  d a ta  o f  te rep h th a lic  acid , 4- 
fo rm y lb en zo ic  ac id , 4 -m e th y lb en zo ic  ac id  an d  b en zo ic  ac id  in  w a te r  as a fu n c tio n  o f  
tem p e ra tu re  (7 )  o r  fo r a  few  tem p era tu res  w ere  d e te rm in ed  by  W an g  e t al. [24], รนท et 
a l. [36], Li et al. [39] and  S trong  [40]. T h e  tem p e ra tu re  d e p e n d en ce  o f  th e  so lu b ility  
o f  4 -ace ty lb en zo ic  ac id  an d  4 -te rt-b u ty lb en zo ic  ac id  in  aq u eo u s  so lu tio n s  has n o t b een  
in v es tig a ted  p rev io u sly . O u r resu lts  are  sh o w n  in T ab le  A .2 . T h e  so lu b ility  d a ta  
p re se n te d  h e re  an d  th e  m easu rem en ts  p u b lish e d  in  th e  lite ra tu re  are  in  a  g o o d  
a g reem en t, p a rticu la rly  fo r b en zo ic  acid , 4 -fo rm y lb en zo ic  ac id  an d  4 -m eth y lb en zo ic  
ac id . T h e  d iffe ren ces  b e tw een  o u r w o rk  an d  th e  w o rk s  o f  S tro n g  [40], รนท e t al. [36] 
an d  L i e t al. [39] can  be  a ttrib u ted  to  so m e  ex te n t by  d iffe re n t ex p erim en ta l 
ap p ro ach es . In th e  case  o f  lo w  so lu b ility  (in  p a rticu la r, th e  ex tre m e ly  lo w  so lu b ility  o f
4 -p o s itio n  su b s titu ted  b en zo ic  acid  c o m p o u n d s), an a ly sis  an d  esp ec ia lly  th e  sep a ra tio n  
o f  so lid s  d isp e rsed  in  th e  liq u id  p hase  are  d iff ic u lt an d  sen s itiv e  to  d ev ia tio n s. A s a 
co n seq u en ce , s lig h t d e v ia tio n s  b e tw een  d iffe re n t so lu b ility  ex p e rim en ts  can  be 
c o n s id e re d  accep tab le .
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Table A .2  T h e  aqu eo u s so lu b ility  d a ta  o f  4 -p o s itio n  su b stitu ted  b en zo ic  ac id  
c o m p o u n d s  a t h ig h  tem p era tu res

(a) T h e  aq u eo u s so lu b ility  d a ta  o f  b e n z o ic  ac id

77K 103xe 1 0 Xm A.c. 1 0 3X ; / / c A.D.XHC. (% )
4 23 .15 40 .30 4 0 .3 8 0 .20 4 0 .3 4 0 .10
4 13 .15 29 .60 2 9 .8 4 0.81 29.81 0.71
4 03 .15 21.21 21 .85 3 .04 2 1 .52 1.48
393 .15 15.50 15.90 2.58 15.70 1.29
383 .15 10.45 10.49 0 .39 10.52 0 .68
3 73 .15 9.13 9 .24 1.21 9.21 0 .88
363 .15 6.30 5.85 7.14 6.18 1.90
353 .15 4 .19 4 .13 1.52 4 .12 1.76
343 .15 2.68 2 .6 9 0 .52 2 .70 0 .89
333 .15 1.81 1.90 5.25 1.85 2 .48
323 .15 1.43 1.36 4.63 1.39 2 .53
313 .15 0.89 0 .92 3 .37 0 .90 1.12
303 .15 0.62 0 .62 0 .00 0 .62 0 .00

A .A .D .  (% ) 2 .36 1.22

(b) T h e  aq u eo u s so lu b ility  d a ta  o f  4 - te r t-b u ty lb e n z o ic  ac id

T /K 103xe 10 Xm A.c. A-D-mAc^/o) 103x^//c A .D . xh.c. (% )
423 .15 40 .39 4 0 .1 0 0 .72 40.51 0 .3 0
4 13 .15 29.68 2 9 .6 0 0 .27 29 .66 0 .0 7
4 03 .15 21 .20 2 1 .6 7 2 .22 21 .60 1.89
393 .15 15.50 15.73 1.48 15.22 1.81
383 .15 10.45 11.31 8.20 10.73 2 .6 8
373 .15 9 .12 8.04 11.84 9.11 0.11
363 .15 5 .56 5 .66 1.80 5.62 1.08
353 .15 3 .89 3 .94 1.29 3.75 3 .6 0
3 43 .15 2 .50 2.71 8 .40 2 .64 5 .6 0
3 33 .15 1.63 1.84 12.88 1.60 1.84
3 23 .15 1.53 1.23 19.61 1.51 1.31
313 .15 0 .80 0.81 1.25 0.82 2 .5 0
303 .15 0 .50 0 .52 4 .00 0 .50 0 .0 0

A .A .D . (% )  5 .6 9  1 .75
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(c) The aqueous solubility data of 4-methylbenzoic acid
77K 103jce 10 x m A.c. A .D .  m A .c .(% ) 1 0 3Xxh.c. A .D .X H ,. (% )

44 3 .1 5 48 .93 5 1 .94 6.15 4 8 .0 4 1.82
43 3 .1 5 39 .82 4 0 .9 6 2 .86 39.11 1.78
4 23 .15 13.48 13.58 0 .74 13.98 3.71
4 13 .15 11.23 11.05 1.60 11.09 1.25
4 03 .15 7.14 6.63 7.14 7 .54 5 .60
393 .15 4 .55 3 .99 12.31 4 .69 3 .08
383 .15 2 .77 2.41 13.00 2 .89 4 .33
3 73 .15 1.83 1.46 20 .22 1.81 1.09
363 .15 0.71 0 .79 11.27 0.73 2 .82
353 .15 0.51 0.55 7.84 0 .52 1.96
343 .15 0 .36 0 .34 5.56 0.35 2 .78
333 .15 0 .19 0 .22 15.79 0 .20 5 .26
3 23 .15 0 .14 0 .14 0.00 0.15 7 .14
3 13 .15 0 .10 0.09 10.00 0.11 10.00
303 .15 0 .06 0 .07 16.67 0 .06 0 .00
2 9 8 .1 5 0 .05 0.05 0.00 0 .05 0 .00

A .A .D .  (% ) 8.20 3 .29
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(d) The aqueous solubility data of 4-formylbenzoic acid
7 / K 103x e 10 XmAc A .D .mA .c .(% ) 10 3X j.//c A .D .x h .c. (% )

4 7 3 .1 5 3.35 3.41 1.79 3.38 0 .90
4 6 3 .1 5 2 .86 2 .90 1.40 2 .80 2 .10
4 5 3 .1 5 2 .42 2.21 8.68 2 .38 1.65
4 4 3 .1 5 2.03 2.05 0 .99 1.99 1.97
4 3 3 .1 5 1.69 1.71 1.18 1.64 2 .96
4 2 3 .1 5 1.47 1.53 4 .08 1.49 1.36
4 1 3 .1 5 1.20 1.11 7 .50 1.19 0.83
4 03 .15 1.02 1.09 6 .86 0 .98 3 .92
3 93 .15 0 .67 0 .66 1.49 0 .66 1.49
3 83 .15 0 .52 0 .49 5.77 0 .49 5 .77
373 .15 0 .46 0 .42 8 .70 0 .42 9 .78
363 .15 0 .36 0 .37 2 .78 0 .37 2.78
3 53 .15 0.33 0 .32 3.03 0 .32 3.03
3 43 .15 0.25 0 .26 4 .00 0 .24 4 .00
33 3 .1 5 0.23 0 .24 4 .35 0 .23 0 .00
323 .15 0 .17 0 .19 11.76 0 .18 5.88
313 .15 0.11 0 .10 9 .09 0 .12 9.09
303 .15 0.08 0.08 0 .00 0 .08 0 .00

A .A .D . (% ) 4 .64 3 .20



(e) The aqueous solubility data of 4-acetylbenzoic acid
77K 103xe 10 XmA.c. A .D .  m A .c .(% ) 1 03X/Lf/.c. A .D . xhc. (% )

4 73 .15 10.40 10.72 3.08 10.36 0 .38
46 3 .1 5 8.31 8.38 0 .84 8.21 1.20
4 5 3 .1 5 6 .30 6 .54 3.81 6.31 0 .16
4 4 3 .1 5 4 .59 5 .09 10.89 4 .68 1.96
4 3 3 .1 5 4 .05 3.95 2 .47 3 .92 3.21
4 2 3 .1 5 3 .08 3 .06 0.65 3 .07 0 .32
4 1 3 .1 5 2 .38 2 .36 0 .84 2 .38 0 .00
4 0 3 .1 5 1.78 1.82 2.25 1.83 2.81
393 .15 1.36 1.40 2 .94 1.40 2 .94
3 83 .15 1.04 1.07 2 .88 1.05 0 .96
3 73 .15 0 .80 0 .82 2 .50 0 .79 1.25
3 63 .15 0.61 0.63 3.28 0.61 0 .00
3 53 .15 0 .46 0 .48 4 .35 0 .47 2 .17
3 43 .15 0.35 0 .36 2 .86 0 .36 2 .86
3 33 .15 0 .27 0 .28 3.70 0 .27 0 .00
3 23 .15 0 .20 0.21 5.00 0.21 5 .00
313 .15 0 .16 0 .16 0.00 0 .16 0 .00
303 .15 0 .12 0 .12 0.00 0 .12 0 .00

A .A .D .  (% ) 2.91 1.40
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(f) The aqueous solubility data of terephthalic acid
77K \ 0 5x e 1 0  -^mA.c. A .D .  m A .c .(% ) 10 5x w .c . A . D . M c (% )

4 7 3 .1 5 1.63 1.72 5.52 1 68 3 .07
4 6 3 .1 5 1.28 1.30 1.56 1.29 0 .78
4 5 3 .1 5 0 .94 0.98 4 .26 0.96 2 .13
4 4 3 .1 5 0 .79 0 .74 6.33 0 .76 3 .80
4 3 3 .1 5 0 .69 0.56 18.84 0 .62 10.14
4 2 3 .1 5 0 .39 0 .42 7.69 0 .40 2 .56
4 1 3 .1 5 0 .32 0 .32 0.00 0.32 0 .00
4 0 3 .1 5 0 .26 0 .24 7.69 0.25 3 .85
393 .15 0 .19 0.18 5.26 0 .19 0 .00
383 .15 0.13 0 .14 7.69 0.13 0 .00
37 3 .1 5 0 .08 0 .09 12.50 0 .09 12.50
363 .15 0 .07 0.08 14.29 0.08 14.29
35 3 .1 5 0 .06 0 .06 0.00 0.06 0 .00
3 43 .15 0.05 0.05 0.00 0.05 0 .00
3 33 .15 0 .04 0.04 0 .00 0.04 0 .00
32 3 .1 5 0.03 0.03 0 .00 0.03 0 .00
313 .15 0 .02 0 .02 0 .00 0.02 0 .00
303 .15 0 .02 0.02 0.00 0 .02 0 .00

A .A .D .  (% ) 5.09 2 .95

A.4.2 Effect of 4-position substituted groups on solubility

A .4 .2 .1  In d u c tiv e  e ffe c t o f  e lec tro n -d o n a tin g  g ro u p s on  th e  so lu b ility  o f  4 - 
p o s itio n  su b s titu ted  b en zo ic  ac id  co m p o u n d s

T h e  in d u c tiv e  e ffec t o f  e lec tro n -d o n a tin g  g ro u p s on  th e  so lu b ility  o f  
su b s titu ted  b en zo ic  ac id  c o m p o u n d s  is e sp ec ia lly  valid  w h en  th e  su b s titu en t is 
a tta c h e d  to  the  2 -p o sitio n  o r 4 -p o sitio n . T h e  induc tive  e ffec t is u su a lly  th e  m a in  
e ffec t. T h is  e ffec t is sh o w n  b e lo w  fo r a  se rie s  o f  4 -p o sitio n  su b s titu ted  b en zo ic  ac id s  
g ro u p s. T h e  a lk y l-su b stitu ted  g ro u p s such  as  m ethy l and  t e r t -b u ty l a re  e lec tro n - 
d o n a tin g  g roups. T he e le c tro n -d o n a tin g  su b s titu en ts  hav e  a  p o s itiv e  in d u c tiv e  effec t. 
T h e  a lk y l-su b s titu ted  g ro u p  on  th e  b en zo ic  ac id  w ill d o n a te  e lec tro n s  to  th e  ca rb o x y lic  
g ro u p . T h e  n eg a tiv e  ch arg e  o f  th e  a lk y l-su b s titu ted  g roup  is d e s ta b iliz in g  to  th e  
c a rb o x y la te  ion. T h ere fo re , the  so lu b ility  o f  4 -m e th y lb en zo ic  ac id  is g en e ra lly  lo w er 
th an  th a t  o f  b en zo ic  acid . T h ese  re su lts  are  sh o w n  in F igu re  A .3 .
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Figure A .3  T h e  so lu b ility  d a ta  an d  em p irica l fo rm u la  m o d e l c o rre la tio n  o f  4 -p o s itio n  
su b s titu ted  b en zo ic  acid  c o m p o u n d s  w ith  e lec tro n -d o n a tin g  g ro u p s c o m p a re d  w ith  th e  
lite ra tu re  d a ta

A .4 .2 .2  Inductive  an d  re so n an ce  e ffec ts  o f  e le c tro n -w ith d raw in g  g ro u p s on  
th e  so lu b ility  o f  4 -p o sitio n  su b s titu ted  b en zo ic  ac id  co m p o u n d s

F igu re  A .4  show s th e  ex p e rim en ta l so lu b ility  o f  4 -p o s itio n  su b s titu te d  
b en zo ic  ac id  co m p o u n d s co n ta in in g  e lec tro n -w ith d raw in g  g ro u p s  in  an  aq u eo u s  
so lu tio n . T he e lec tro n eg ativ e  g ro u p s in crease  th e ir  so lu b ility . B ecau se  e le c tro n e g a tiv e  
g ro u p s decrease  e lec tro n  d en sity  fro m  the  an io n  (co n ju g a te  b ase ), th ey  s ta b iliz e  the  
ca rb o x y la te  ion . T he e lec tro n eg a tiv e  su b s titu ted  g roups, su ch  as fo rm y l an d  ace ty l 
g ro u p s , a re  e lec tro n -w ith d raw in g  g roups. T he e le c tro n -w ith d raw in g  g ro u p s  hav e  
in d u c tiv e  and  re so n an ce  e ffec ts . G en era lly  th ese  e ffec ts  in c rea se  th e  so lu b ility , 
reg a rd less  o f  th e  p o sitio n , b ecau se  th ey  stab ilize  th e  an io n  (co n ju g a te  b ase) by  
d e lo ca liz in g  th e  charge  th ro u g h  re so n an ce  an d  in d u c tiv e  effec ts . T h e  so lu b ility  o f  th e  
4 -p o s itio n  e lec tro n -w ith d raw in g  su b s titu ted  b en zo ic  ac id  c o m p o u n d s  in c rea se s  w h en  
th e  co n ju g a te  b ase  o f  th e  4 -p o s itio n  su b s titu ted  b en zo ic  ac id  co m p o u n d s  is s tab iliz ed  
by  reso n an ce . B ecause  re so n an ce  leads to  ch arg e  d e lo ca liza tio n , it lo w ers  th e  en ergy , 
w h ich  leads to  h ig h er s tab ility . R eso n an ce  effec ts  are  p a rtic u la rly  im p o rta n t in  
su b s titu ted  a ro m atic  co m p o u n d s  su ch  as b en zo ic  ac id s and  su b s titu te d  b en z o ic  ac ids. 
R eso n an ce  a ffec ts  th e  io n iza tio n  v a lu es , e sp ec ia lly  w h en  su b s titu e n ts  a re  lo ca ted  at 
th e  2 -p o s itio n  and  4 -p o sitio n . In th e  case  o f  b en zen e  d ic a rb o x y lic  ac id s, tw o
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c a rb o x y lic  g roups are  e lec tro n eg a tiv e  g roups. T h ese  g ro u p s to g e th e r  d ec rease  the  
e lec tro n  d ensity , and  th e  io n iza tio n  o f  th e  m o lecu le  is v e ry  low . T h e re fo re , the  
so lu b ility  o f  b en zen e  d ica rb o x y lic  ac ids, such  as  te rep h th a lic  ac id , is  g en e ra lly  low er 
th a n  th e  so lu b ility  o f  b e n z o ic  acid .

273.15 293.15 313.15 333.15 353.15 373.15 393.15 413.15 433.15 453.15 473.15 493.15

Figure A .4  T h e  so lu b ility  d a ta  an d  em p irica l fo rm u la  m odel c o rre la tio n  o f  4 -p o s itio n  
su b s titu ted  b en zo ic  ac id  co m p o u n d s  w ith  e lec tro n -w ith d raw in g  g ro u p s  co m p ared  w ith  
th e  lite ra tu re  d a ta

A .4 .3  Models for solubility calculations

F o r th e  so lid - liq u id  eq u ilib riu m , sev e ra l m o d e ls  [41] u s in g  th e  ac tiv ity  
c o e ffic ien t can  be  ap p lied , e .g . th e  em p irica l fo rm u la  m odel [26], th e  W ilso n  eq u a tio n  
m o d e l, th e  m o d ified  A p e lb la t eq u a tio n  m o d e l, the  X H  e q u a tio n  m o d e l, N R T L , 
U N IQ U A C  and  U N IF A C . In th is  study , th e  em p irica l fo rm u la  m o d e l, th e  m o d ified  
A p e lb la t eq u a tio n  an d  th e  X H  e q u a tio n  m o d e ls  w ere  ch o sen . T h e  m o d if ie d  A p e lb la t 
m o d e l is a  w id e ly  u sed  sem i-em p irica l m o d e l, su itab le  fo r n o n p o la r  and  p o la r  
sy s tem s. T h e  X H  eq u a tio n  m o d e l has th e  ad v an tag e  o f  h a v in g  tw o  ad ju stab le  
p a ram e te rs , X and  H , w h ic h  a llo w s  its u se  in  fittin g  th e  ex p e rim en ta l d a ta  w ell fo r 
m a n y  system s. It is p ro p o se d  fo r th e  d irec t co rre la tio n  o f  so lid -liq u id  eq u ilib riu m , and  
it is w id e ly  accep ted  to  b e  c a p ab le  o f  d ea lin g  w ith  s tro n g  p o la rity  sy s tem s [41, 42],
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w h ich  in v o lv e  s tro n g  in te rac tio n  b e tw een  m o lecu le s . T h e  re su lts  o f  the  c o rre la tio n s  
u s in g  th e  m o d ified  A p e lb la t eq u a tio n  an d  X H  e q u a tio n  m o d e ls  a re  d iscu ssed  b e lo w .

A .4 .3.1 E m p irica l fo rm u la
In th is  w ork , an  em p irica l fo rm u la  [26] rep resen ted  by  Eq. ( A .l )  w as  u sed  to  

co rre la te  the  aq u eo u s so lu b ility  o f  th e  4 -p o s itio n  su b s titu ted  b en zo ic  ac id  c o m p o u n d s , 
fo r b o th  the  p resen ted  re su lts  and  th e  re su lts  av a ilab le  in  th e  lite ra tu re  [26, 37 , 38], A ll 
reg re ss io n s  p ro d u ced  h ig h  co rre la tio n  co e ffic ien ts . T h e  sq u ared  reg re ss io n  
c o e ffic ien ts  (R 2) fo r 4 -/e r/-b u ty lb e n z o ic  ac id  an d  4 -ace ty lb en zo ic  ac id  w ere  h ig h e r 
th a n  0 .99 . T h e  re su lts  a re  sh o w n  in F ig u res  4 .3  an d  4 .4  in d ica te  th a t the  e q u a tio n s  can  
sa tis fac to rily  d esc rib e  th e  ex p erim en ta l d a ta  o b ta in ed  fro m  th e  m ode ls . T h e  em p iric a l 
fo rm u la  u sed  in th is  w o rk  can  be  w ritten  as:

X  =  K 1 e x p ( K  2T )  (Æ 1 )

w h ere  T  is th e  ab so lu te  tem p e ra tu re , and  K \  and  K l  a re  tw o  c o n s ta n t 
p a ram e te rs  fo r th e  em p irica l fo rm u la  m odel.

A .4 .3 .2  T h e  m o d ified  A p e lb la t eq u a tio n
T he m o d ified  A p e lb la t eq u a tio n  g iv e s  th e  fo llo w in g  ex p re ss io n  o b ta in e d  

fro m  th e  C la u s iu s -C la p e y ro n  eq u a tio n  [27, 43 ], T h e  a ssu m p tio n  o f  th e  m o d ifie d  
A p e lb la t e q u a tio n  is th a t th e  en th a lp y  o f  a  so lu tio n  is d irec tly  p ro p o rtio n a l to  th e  
te m p e ra tu re  [4 3 ^4 5 ]. T h e  m o d ified  A p e lb la t e q u a tio n  h a s  th e  fo llo w in g  form :

\ n x  =  A  +  j  +  C \ n ( T )  (A .2 )

w h ere  T  is th e  ab so lu te  tem p e ra tu re , and  A , B  an d  c  are  th ree  p a ra m e te rs  
o b ta in e d  by fittin g  th e  ex p erim en ta l so lu b ility  data .

E q. (A .2 ) is u sed  to  co rre la te  th e  so lu b ility  o f  4 -p o s itio n  su b s titu ted  b en z o ic  
ac id  co m p o u n d s  in  an  aq u eo u s  so lu tio n . T h e  p a ram e te rs  A , B  an d  c  w ere  e s tim a te d  by  
co rre la tin g  th e  ex p e rim en ta l data , and  w ere  ev a lu a ted  by  u s in g  a n o n -lin e a r  
o p tim iz a tio n  m e th o d  [46], in  w h ich  th e  o b jec tiv e  fu n c tio n  w as th e  p e rcen tag e  o f
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ab so lu te  re la tive  d ev ia tio n  (A . D . (% )) b e tw een  th e  ex p e rim en ta l an d  c a lc u la ted  m o d e l 
m o le  frac tio n  o f  4 -p o s itio n  su b s titu te d  b en zo ic  ac id  co m p o u n d s.

T he ex p erim en ta l d a ta , th e  ca lcu la ted  v a lu es  an d  th e  p e rc e n ta g e  o f  ab so lu te  
re la tiv e  d ev ia tio n  (A .D . % ) a re  p re sen ted  in  T ab le  4 .2 . T h e  d e fin itio n  o f  A .D .  (% ) is 
g iv en  by  th e  fo llo w in g  re la tion :

A .D . ( % )  =  " ~  *c X 100
*e

(A .3 )

w h ere  x e is  th e  ex p e rim e n ta lly  m easu red  m o le  frac tio n  o f  a  so lu te  c o m p o u n d  
in  an  aq u eo u s so lu tion , an d  x c is th e  v a lu e  ca lcu la ted  by Eq. (A .2).

T h e  reg ressed  p a ra m e te r v a lu e s  are lis ted  in  T ab le  4 .3 . T h e  m easu red  d a ta  
an d  m o d ified  A p e lb la t m o d e l o f  the  aq u eo u s so lu b ility  o f  4 -p o s itio n  su b s titu te d  
b en zo ic  ac id  co m p o u n d s in  a  h ig h -tem p e ra tu re  so lu tio n  are  sh o w n  in  F ig u res  A .5 and  
A .6. A ll sq u ared  reg ress io n  c o e ffic ien ts  (R 2) are  g rea te r th an  0 .9 9 . T h e  re g re ss io n  
sh o w s  th a t the  m odel is a  g o o d  fit w ith  th e  ex p e rim en ta l data .

Table A.3 T h e  p aram ete rs  in  th e  m o d ified  A p e lb la t eq u a tio n  m o d e l fo r d iffe ren t 
4 -p o s itio n  su b stitu ted  b en zo ic  ac id  co m p o u n d s

m o d ified  A p e lb la t e q u a tio n  m o d e l
C o m p o u n d s A B c R 2

B en zo ic  acid -80 .5 7 4 4 5 .0 0 13.76 0 .9 9 8 0
4 -te rf-b u ty lb en zo ic  ac id -61 .03 -7 1 2 .0 0 10.98 0 .9 9 5 0
4 -m e th y lb en zo ic  acid -3 0 6 .3 9 10657.00 4 6 .9 8 0 .9 9 5 0
4 -fo rm y lb en zo ic  acid -49 .6 9 -55 .0 0 8.25 0 .9 9 4 0
4 -ace ty lb en zo ic  ac id -1 1 1 .8 4 28 3 6 .1 0 17.57 1.0000
T erep h th a lic  acid -1 6 7 .4 0 5 446 .00 24 .65 0 .9 9 5 0
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Figure A.5 T h e  so lu b ility  d a ta  and  m odel co rre la tio n  o f  4 -p o s itio n  su b s titu ted  
b en z o ic  ac id  co m p o u n d s  w ith  e le c tro n -d o n a tin g  g ro u p s
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Figure A.6 T h e  so lu b ility  d a ta  an d  m o d el co rre la tio n  o f  4 -p o s itio n  su b s titu ted  
b en zo ic  ac id  co m p o u n d s  w ith  e lec tro n -w ith d raw in g  g ro u p s
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A .4 .3 .3  B u c h o w sk i-K s iq z c z a k  eq u a tio n  {X H  e q u a tio n )
B u ch o w sk i e t al. [42] รณd ied  th e  re la tio n sh ip s  b e tw e e n  ac tiv ity , so lu b ility  

an d  tem p e ra tu re . T h e  B u c h o w sk i-K s iq z c z a k  eq u a tio n  w as a lso  se lec ted  to  fit th e  
ex p e rim en ta l da ta . It is p ro p o sed  fo r  th e  d irec t co rre la tio n  o f  so lid -liq u id  eq u ilib riu m ; 
it is a lso  w id e ly  accep ted  as  b e in g  cap ab le  o f  d ea lin g  w ith  s tro n g  p o la rity  sy stem s, 
w h ic h  in v o lv e  s tro n g  in te rac tio n  b e tw e e n  m o lecu les . It is m o re  c o m m o n ly  kno w n  as 
th e  X H  e q u a tio n  b ecau se  o f  th e  tw o  p a ram e te rs  (2 an d  H )  in  th e  eq u a tio n , and  has the  
fo llo w in g  form :

M l  -  X  ) 1 1In 1 +  v ' ' = XH
X , ง '  T m \

w h e re  T m is th e  n o rm al m e ltin g  tem p e ra tu re  o f  4 -p o s itio n  su b s titu ted  b en zo ic  
ac id  c o m p o u n d s , X and  H  a re  th e  tw o  e q u a tio n  p a ram ete rs , an d  Xj rep re sen ts  th e  m o le  
frac tio n  o f  a  so lu te  co m p o u n d  in  an  aq u eo u s  sa tu ra ted  so lu tio n .

T h e  v a lu e s  o f  the  p a ra m e te rs  X and  H  a re  ad ju s ta b le  p a ra m e te rs  w h ich  co u ld  
b e  o b ta in e d  by  th e  m u ltiv a riab le  le a s t sq u a res  m e th o d  [47]. T h e  ex p e rim en ta l d a ta  and  
th e  X H  e q u a tio n  m odel o f  so lu b ility  o f  4 -p o s itio n  su b s titu te d  b en z o ic  ac id  co m p o u n d s 
in  an  aq u eo u s  so lu tio n  are  sh o w n  in F ig u res A .5 and  A .6. T h e  ca lcu la ted  va lues o f  th e  
X H  e q u a tio n  m o d e l an d  th e  p e rcen tag e  o f  ab so lu te  re la tiv e  d e v ia tio n  ( A .D .  % ) are  
p re sen ted  in  T ab le  A .2 . T h e  reg re ss io n  re su lts  o f  th e  aq u eo u s  so lu b ility  o f  4 -p o sitio n  
su b s titu ted  b en zo ic  ac id  c o m p o u n d s  an d  th e  v a lu es  o f  th e  p a ra m e te rs  X an d  H  fo r 
d iffe ren t sy s tem s fo r th e  so lu b ility  c a lcu la tio n s  are  p re se n te d  in  T ab le  A .4 .

Table A.4 T h e  p a ram ete rs  in  th e  X H  eq u a tio n  m o d e l fo r  d iffe ren t 4 -p o s itio n  
su b s titu ted  b en zo ic  ac id  co m p o u n d s

C o m p o u n d s
X H  m o d e l

2.x 103 / / X  10‘3 R 2
B en zo ic  acid 13.94 2 5 1 .8 7 0 .9 9 2 0
4 -te rt-b u ty lb e n z o ic  ac id 28 .64 1.22 0 .9 9 1 0
4 -m e th y lb en zo ic  ac id 35 .44 175.61 0 .9 9 4 0
4 -fo rm y lb e n z o ic  ac id 3 .90 4 9 6 .9 4 0 .9 9 4 0
4 -ace ty lb en zo ic  ac id 9.31 4 3 9 .8 2 1.0000
T erep h th a lic  ac id 0 .20 2 7 1 1 9 .5 0 0 .9 9 3 0
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A.4.4 Comparison between models
T h e  v a lu e  o f  th e  o b jec tiv e  fu n c tio n  fo r co rre la tin g  th e  ex p e rim en ta l and  

ca lcu la ted  so lu b ility  d a ta  o f  4 -p o s itio n  su b stitu ted  b en zo ic  ac id  co m p o u n d s  in  an  
aq u eo u s so lu tio n  is  d e fin ed  as:

a a d . ( % )  =  ± £ - e - ~ X c  X100 (A .5)

w h e re  A .A .D .  (% ) is th e  av e rag e  ab so lu te  re la tiv e  d ev ia tio n , Xe is the  
e x p e rim e n ta lly  m e asu red  m o le  frac tio n , x c is th e  ca lcu la ted  v a lue , and  ท is th e  n u m b er 
o f  e x p e rim e n ta l p o in ts .

T h e  re su lts  o f  th e  co rre la tio n  w ith  th e  m o d ified  A p e lb la t eq u a tio n  m odel and  
th e  X H  e q u a tio n  m o d e l are  sh o w n  in T ab le  A .5 .

Table A.5 C o m p a riso n  o f  th e  m o d e ls  fo r th e  co rre la tio n  o f  re su lts  o f  th e  so lu b ility  o f  
4 -p o s itio n  su b s titu te d  ben zo ic  ac id  co m p o u n d s  in  aq u eo u s so lu tio n

C o m p o u n d s
A .A .D .  (% )

m o d ified  A p e lb la t m odel X H  m o d e l
B en zo ic  acid 2 .36 1.22
4 - /c r /-b u ty lb c n z o ic  acid 5 .69 1.75
4 -m e th y lb e n z o ic  ac id 8.20 3 .29
4 -fo rm y lb e n z o ic  acid 4 .64 3 .20
4 -a c e ty lb e n zo ic  acid 2.91 1.40
T e rep h th a lic  acid 5 .09 2.95

T a b le  A .5  sh o w s the  v a lu es  o f  th e  ob jec tiv e  fu n c tio n  fo r co rre la tin g  th e  
e x p e rim e n ta l an d  ca lcu la ted  so lu b ility  d a ta  o f  4 -p o s itio n  su b s titu ted  b en zo ic  ac id  
c o m p o u n d s  in  an  aq u eo u s so lu tion . T h e  resu lts  sh o w  th a t th e  X H  eq u a tio n  m o d e l is 
m o re  su ita b le  fo r so lid -liq u id  e q u ilib riu m  system s th a n  th e  m o d ified  A p e lb la t 
e q u a tio n  m o d e l. T h e  X H  eq u a tio n  has th e  sm a lle s t ab so lu te  re la tiv e  d e v ia tio n  o f  
1 .40%  fo r th e  so lu b ility  o f  4 -ace ty lb en zo ic  ac id  in  an  aq u eo u s  so lu tio n  and  1 .22%  fo r 
th e  so lu b ility  o f  b en z o ic  ac id  in  an  aq u eo u s so lu tio n  w h ile  th e  m o d ified  A p e lb la t has 
th e  la rg e s t v a lu e  o f  8 .20%  fo r th e  so lu b ility  o f  4 -m e th y lb en zo ic  ac id  in  an  aq u eo u s 
so lu tio n . T h is  sh o w s th a t th e  X H  eq u a tio n  is m o re  ap p licab le  th an  th e  m o d ified  
A p e lb la t eq u a tio n , w ith  resu lts  co rre sp o n d in g  to  th o se  o b ta in ed  in  th e  lite ra tu re  [48- 
50].
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A.5 CONCLUSIONS

In  th is  w ork , th e  so lu b ility  o f  4 -p o s itio n  su b s titu ted  b e n z o ic  ac id  co m p o u n d s  
in  an  aq u eo u s so lu tio n  as  a  fu n c tio n  o f  tem p era tu re  w as m e a su re d  w ith in  a 
tem p e ra tu re  range  o f  303 .15  to 473 .15  K . T h ese  d a ta  a re  very  h e lp fu l n o t o n ly  fo r 
in d u stry , bu t they  a lso  fo rm  th e  basis  fo r fu rth e r th eo re tica l s tu d ies.

T h e  so lu b ility  d a ta  w ere  co rre la ted  by em p irica l fo rm u la s , th e  m o d ified  
A p e lb la t eq u a tio n  an d  A H  eq u a tio n  m odels . T h e  em p irica l fo rm u la  m o d e l is ap p licab le  
to  reg ress  th e  aq u eo u s so lu b ility  o f  th e  ab o v e-m en tio n ed  c o m p o u n d s , an d  th e  sq u ared  
re g re ss io n  co e ffic ien ts  (R 2) is above  0 .99 . T h e  m ax im u m  p e rc e n ta g es  o f  th e  average  
ab so lu te  re la tiv e  d ev ia tio n s  o f  the  m o d ified  A lp e lb la t and  2 7 / m o d e ls  w e re  8 .2 0 %  and  
9 .7 4 % , resp ec tiv e ly , fo r th e  so lu b ility  o f  4 -m e th y lb en zo ic  ac id  in  an  aq u eo u s  so lu tion . 
T h e  m in im u m  p e rcen tag es  o f  the  co rre sp o n d in g  av erag e  ab so lu te  re la tiv e  d ev ia tio n s  
o f  the  tw o  m o d els  w ere  2 .9 1 %  and  1.40%  fo r th e  so lu b ility  o f  4 -a c e ty lb e n zo ic  ac id  in 
a n  aq u eo u s  so lu tion . T h e  d ev ia tio n  ca lcu la ted  by  th e  A H  e q u a tio n  m o d e l w as less  than  
th a t o f  the  m o d ified  A p e lb la t eq u a tio n  m odel. T he A H  eq u a tio n  m o d e l c a n  p ro v id e  a 
m o re  reaso n ab le  p red ic tio n  for the so lu te  co n sid ered . W h en  c o rre la tio n  o f  the  
so lu b ility  o f  4 -p o s itio n  su b stitu ted  b en zo ic  ac id  co m p o u n d s in  an  a q u e o u s  so lu tio n  is 
req u ired , the  A H  e q u a tio n  m odel is p re fe rred  b ecau se  o f  its s im p lic ity , h av in g  tw o  
p a ram e te rs  (2 and  H )  in  th e  equ a tio n , and  b ecau se  the b e st c o rre la tio n  resu lts  w ere  
o b ta in ed .
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B.l ABSTRACT

Solubility data o f the solid-liquid equilibrium o f 4-acetylbenzoic acid in 
aqueous and different organic solvents is essential for industrial design and theoretical 
studies. The solubility o f 4-acetylbenzoic acid in water, acetic acid, p-cymene, tert- 
butylbenzene, and water-acetic acid ( 1 :1 vol.) mixture was measured within a 
temperature range o f 303.15 to 473.15 K. Solubility was measured by the isothermal 
method and the resulting data were analyzed by regression analysis. The solubility o f 
4-acetylbenzoic acid was the highest in acetic acid, followed by the water-acetic acid 
(1:1vol.) mixture, p-cymene, rer/-butylbenzene, then water. The results correlated 
well with the modified Apelblat equation and the Buchowski-Ksiqzczak XH equation. 
The calculated solubilities by using modified Apelblat solubility model were in good 
agreement with the experimental data. The percentage o f average relative deviations 
o f the correlation is 0.27 for solubility o f 4-acetylbenzoic acid in acetic acid solvent.

B.2 INTRODUCTION

Biomass has gained a growing interest in recent years for application as a 
sustainable and renewable source o f chemical precursors [1], This growing interest for 
biomass as a resource has captured the interest o f many researchers whose main aim 
is to achieve global sustainability [2], Consequently, new methods and materials 
based on biomass refining have emerged for the chemical industry using biomass as 
feedstock [3], The concept o f developing a biorefinery producing feedstock for the 
modem chemical industry has been growing in popularity [4], The conversion o f  
natural biomass materials (e.g., terpenes) to value-added chemicals and fine chemical 
products is highly important. However, the conversion via catalytic processes remains 
a considerable challenge [5-7] because biomass materials are a complex mixture 
including terpenes and terpenoids. Conversion o f these compounds to the valuable 
aromatic compound p-cymene is o f great commercial interest [8], Conversion o f p- 
cymene to terephthalic acid is achieved by oxidation [9] and several oxidants have 
been investigated in a preliminary study. The by-products o f p-cymene oxidation 
mainly include 4-acetylbenzoic acid (Figure B .l), 4-fonnylbenzoic acid and 4-iso- 
propyl benzoic acid [10], Solubility data o f the by-products o f p-cymene oxidation are
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important for optimizing the separation of by-products in order to achieve the highest 
purity o f the products o f interest.

In the polyester industry, large amounts o f oxidation residue are formed 
during the manufacture o f purified terephthalic acid [11, 12]. The by-products o f p- 
cymene oxidation, such as 4-acetylbenzoic acid, make up the majority o f components 
in this residue. For the sake o f environmental protection and sufficient utilization o f  
natural resources, it is necessary to optimize the separation and recovery o f oxidation 
residues [13]. The solubility o f these residues is particularly useful to a wide variety 
o f applications important to the biological, chemical, and environmental industries 
[14]. Accurate solubility data are required for process and product design including 
production and purification o f chemical compounds [15], separation [16], 
precipitation [17], crystallization [18], chemical reaction systems [19], pollution 
prevention [20], and biomass processing [2 1 ].

The thermodynamic modeling o f experimental solubility data enables 
researchers to represent mathematical aspects o f solubility [22], A number o f methods 
exist to estimate the solubility o f a solute in solvent mixtures [23], According to these 
methods, the solubility o f a solute can be predicted in different systems [24], In 
previous work [25], the modified Apelblat equation [26-28] and Buchowski- 
Ksiqzczak ÀH equation [29, 30] were applied to predict the solubilities o f 4- 
acetylbenzoic acid in different solvents. In the present work, the solubility o f 4- 
acetylbenzoic acid in different solvents was measured for a temperature range from 
303.15 to 473.15 K and the modified Apelblat equation and the Buchowski- 
Ksiqzczak ÀH equations were used to correlate and predict the solubility data o f 4- 
acetylbenzoic acid. These represent rapid and easy methods to provide acceptable 
values o f solubility as a function o f temperature.

Figure B.l The structures o f 4-acetylbenzoic acid
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B.3 EXPERIMENT

B.3.1 Materials

4-acetylbenzoic acid (C9H8O3, molecular weight 164.16 g/mol, melting 
temperature (7ท1) = 483.15 K [15]), l-methyl-4-(l-methylethyl)benzene (p-cymene, 
C io H u , molecular weight 134.22 g/mol, density 0.8570 g/mL), (1,1-dimethylethyl) 
benzene (/er/-butylbenzene, C10H14, molecular weight 134.22 g/mol, density 0.8670 
g/mL), and acetic acid (C2H4O2, molecular weight 60.05 g/mol, density 1.0490 g/mL) 
were obtained from Sigma-Aldrich with stated purity o f 98% by mass. All solvents 
used were o f GR grade and were purchased from Mikrochem®, Slovakia. The 
compounds were used without further purification (Table B .l). The aqueous solutions 
were prepared using redistilled water.

Table B.l Solvent properties

Properties
Solvent M. พ. (g/mol) D (g/mL) Purity (%)

Analysis
method

12-cymene 134.22 0.8570 99.90 HPLC
/ert-butylbenzene 134.22 0.8670 99.90 HPLC
acetic acid 60.05 1.0490 99.85 HPLC
water 18.02 0.9982 100.00 HPLC

B.3.2. Apparatus and procedures

The solubility o f 4-acetylbenzoic acid in different solvents was measured by 
the isothermal method. The experimental setup scheme is shown in Figure B.2. The 
solubility experiments were carried out in a 50 mL-stainless steel closed vessel 
equipped with a magnetic stirrer. 25 mL of the corresponding solvent was put into the 
vessel to dissolve the acids, which were accurately weighed to the 5th decimal place 
using a 5-figure analytical balance. The solid-liquid system was mixed sufficiently to 
allow the experiment to be performed. The vessel was heated in a thermostatic 
silicone oil bath with an accuracy o f ±0.1 K.

The system was stirred for 90 min (because preliminary results showed this 
was sufficient time to reach equilibrium) then allowed to stand for 120 min during
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which time all suspended particles settled to the bottom. Then, at the experimental 
temperature, a Teflon® container was pushed into the solution and by switching to the 
sampling position, a sample o f solution (about 0.5 mL) was captured. To minimize 
loss o f solvents from evaporation during sampling, the valve o f the container was 
quickly closed and the stainless steel vessel was then cooled to ambient temperature 
by washing with water. After opening the vessel, the closed container was washed 
three times with 100 mL of distilled water and air dried. The amount o f the sample 
withdrawn into the container was determined as the difference between the weight o f  
the container before and after sampling. After opening the container, the withdrawn 
sample was transferred into a volumetric flask and after appropriate dilution and 
interpolation from previously constructed calibration curves for each system, was 
analyzed by High-performance liquid chromatography (HPLC). The density o f the 
saturated solutions was used to convert from molarity to mole-fraction concentration. 
The density o f the saturated solutions was determined with a digital density meter 
(LiquiPhysics™ Excellence Density Meters, Mettler-Toledo, Greifensee,Switzerland).

Figure B.2 The experimental apparatus
1. Temperature control 2. Silicone oil bath 3. Stainless steel vessel 4. Teflon' 
container 5. Sampling vessel 6. Magnetic stirrer 7.Stirrer controller



232

B.3.3 Analytical instruments and chromatographic conditions

The solubility o f 4-acetylbenzoic acid was determined by HPLC. The 
chromatographic system was equipped with a Shimadzu LC10AD high-pressure 
binary solvent delivery system, using a Rheodyne injector provided with a 20 pL 
sample loop and a Shimadzu SPD-M10Vp photodiode-array detector. Data analysis 
was carried out using the Class 10 software for control o f the system, data acquisition 
and integration [31, 32],

The chromatographic procedure was carried out at ambient temperature by 
using LiChrospher® 100 RP-18 e, Merck column (5 pm, 4.0 X 250 mm). The mobile 
phase was prepared by mixing monosodium dihydrogen phosphate buffer (10 

mmol/L) o f pH 1.88 and acetonitrile (40:60 %v/v). The flow rate o f the mobile phase 
was 1.0 mL/min and the injection volume was 20 pL. The sample was detected at 
240 nra and the retention time o f 4-acetylbenzoic acid was approximately 3.70 min. 
The measurements were performed in duplicate and the precision o f the determination 
for all derivatives was calculated from triplicate injections. The pH o f the aqueous 
phase was measured with a SevenMulti™ Modular Expansion pH meter (Mettler- 
Toledo, Greifensee, Switzerland). All experiments were conducted in triplicate and 
the mean values were used to calculate the solubility.

B.4 RESULTS AND DISCUSSION

B.4.1 Solubility data

The solubilities o f 4-acetylbenzoic acid in water, listed in Table B.2, were 
measured to complete previously reported data [25], The measured solubility 
(Table B.2) differed from the literature values by less than 0.1% [25, 33, 34], 
verifying the reliability o f the experimental apparatus. We validated the experimental 
measurement of temperature-dependent equilibrium method by comparing the 
temperature-dependent equilibria [35], The solubility data o f 4-acetylbenzoic acid in 
water, acetic acid, p-cymene, ter/-butylbenzene, and water-acetic acid ( 1 :1vol.) 
mixture are listed in Table B.3, in which T is the absolute temperature and xe is the 
experimentally measured mole fraction o f 4-acetylbenzoic acid. The equilibrium
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solubility o f 4-acetylbenzoic acid increased with temperature for each solvent studied. 
Throughout the temperature range studied, the increasing order o f solubility o f 4- 
acetylbenzoic acid in basic solution was: p-cymene > terf-butylbenzene > acetic acid 
> water-acetic acid mixture (1:1vol.) > water (Figure B.3).

Table B.2 The mole fraction solubilities (x) o f 4-formylbenzoic acid, 4-acetylbenzoic 
acid and aqueous terephthalic acid compared to literature values

System 77K 103xe 103xref A.D.(%)
4-formylbenzoic acid in water 353.15 0.3611 0.3608 [33] 0.0831
4-acetylbenzoic acid in water 353.15 0.4769 0.4772 [25] 0.0629
terephthalic acid in water 303.15 0.0073 0.0073 [341 0.0000

Table B.3 The mole fraction solubilities (x) o f 4-acetylbenzoic acid in different 
solvents at temperatures ranging from 303.15 to 473.15 K

(a) The mole fractions solubilities (x) o f 4-acetylbenzoic acid in p-cymene

77K 103xe 10 XmA.c. A .ZXmA.c. ( % ) 10 3X x h .c. A.D.m,. (%)
453.15 120.6289 119.4644 0.97 129.6460 7.48
443.15 92.0193 91.8870 0.14 94.3489 2.53
433.15 70.4554 70.5190 0.09 71.5621 1.57
423.15 54.1320 54.0038 0.24 55.7234 2.94
413.15 41.1369 41.2715 0.33 41.1469 0.02
403.15 31.3441 31.4801 0.43 31.3769 0.10
393.15 24.1711 23.9685 0.84 24.5558 1.59
383.15 18.2768 18.2197 0.31 19.1454 4.75
373.15 13.9812 13.8302 1.08 14.7907 5.79
363.15 10.4987 10.4859 0.12 10.2482 2.39
353.15 8.0168 7.9435 0.91 8.3448 4.09
343.15 6.0198 6.0144 0.09 5.9538 1 10
333.15 4.5091 4.5534 0.98 4.5803 1.58
323.15 3.4556 3.4487 0.20 3.3512 3.02
313.15 2.6024 2.6147 0.47 2.6092 0.26
303.15 1.9896 1.9859 0.19 1.9840 0.28

A.A.D. (%) 0.46 2.47
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(b) The mole fractions solubilities (x) o f 4-acetylbenzoic acid in te/Y-butylbenzene

7/K 103xe 10 xmA.c. A.D.mAcC/o) 10พ A.D.xh.c. (%)
453.15 114.0306 112.9448 0.95 115.0390 0.88
443.15 87.6669 87.6728 0.01 89.4692 2.06
433.15 67.8516 67.8886 0.05 69.4524 2.36
423.15 51.9784 52.4422 0.89 53.7985 3.50
413.15 39.9911 40.4148 1.06 41.5748 3.96
403.15 30.9724 31.0751 0.33 32.0477 3.47
393.15 23.8652 23.8416 0.10 24.6388 3.24
383.15 18.2169 18.2543 0.21 18.8914 3.70
373.15 13.8375 13.9497 0.81 14.4448 4.39
363.15 10.6298 10.6418 0.11 11.0143 3.62
353.15 8.1671 8.1061 0.75 8.3755 2.55
343.15 6.1757 6.1671 0.14 6.3520 2.85
333.15 4.7283 4.6876 0.86 4.8050 1.62
323.15 3.5661 3.5612 0.14 3.6261 1.68
313.15 2.7089 2.7055 0.13 2.7304 0.79
303.15 2.0545 2.0565 0.10 2.0521 0.12

A.A.D. (%) 0.41 2.55
(c) The mole fractions solubilities (x) o f 4-acetylbenzoic acid in acetic acid

77K 103xe 10 ^m A .c. A.D. m A . c . ( % ) 1t f x \ H . c . A . D . x h .c. ( % )

453.15 58.3287 58.7936 0.80 58.1055 0.38
443.15 47.3118 47.2641 0.10 45.9520 2.87
433.15 37.9555 37.9515 0.01 37.7798 0.46
423.15 30.4722 30.4425 0.10 29.6685 2.64
413.15 24.5262 24.3977 0.52 24.0432 1.97
403.15 19.5253 19.5395 0.07 19.5263 0.01
393.15 15.6704 15.6409 0.19 15.8594 1.21
383.15 12.5292 12.5171 0.10 12.8592 2.63
373.15 10.0503 10.0175 033 10.3918 3.40
363.15 8.0674 8.0201 0.59 8.3572 3.59
353.15 6.4363 6.4256 0.17 6.4785 0.66
343.15 5.1512 5.1545 0.06 5.2952 2.80
333.15 4.1584 4.1420 0.39 4.1593 0.02
323.15 3.3182 3.3363 0.55 3.2314 2.62
313.15 2.6943 2.6957 0.05 2.6789 0 57
303.15 2.1786 2.1868 0.38 2.1742 0.20

A.A.D. (%) 0.27 1.63

(d) The mole fractions solubilities (x) o f 4-acetylbenzoic acid in water-acetic acid 
(1:1vol.) mixture
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77K 103xe 10 X mA.c. A.D. mA .c .(% ) 1 03x/(// c A.D.11 น (%)
453.15 18.7280 18.6763 0.28 18.8437 0.62
443.15 14.7684 14.6513 0.79 14.6837 0.57
433.15 11.5043 11.4878 0.14 11.5018 0.02
423.15 9.0194 9.0046 0.16 9.0273 0.09
413.15 7.0686 7.0578 0.15 7.0806 0.17
403.15 5.5734 5.5331 0.72 5.5378 0.64
393.15 4.3818 4.3402 0.95 4.3103 1.63
383.15 3.4036 3.4078 0.12 3.3326 2.09
373.15 2.6818 2.6793 0.09 2.5552 4.72
363.15 2.1217 2.1106 0.52 2.1394 0.84
353.15 1.6591 1.6667 0.46 1.6546 0.27
343.15 1.3260 1.3204 0.42 1.3263 0.02
333.15 1.0487 1.0501 0.13 0.9841 6.16
323.15 0.8422 0.8393 0.34 0.8312 1.31
313.15 0.6759 0.6748 0.16 0.6394 5.40
303.15 0.5485 0.5465 0.36 0.5270 3.92

A.A.D. (%) 0.36 1.78
(e) The mole fractions solubilities (x) o f 4-acetylbenzoic acid in water

77K 103xe 1 0 Xm A.c. A.D.m A ,c .(% ) 103x^.c. A.D.xhc. (%)
473.15 10.7076 10.7264 0.18 10.0686 5.97
463.15 8.3215 8.3880 0.80 7.9714 4.21
453.15 6.5474 6.5432 0.06 6.3101 3.62
443.15 5.0567 5.0915 0.69 4.9846 1.43
433.15 3.9587 3.9523 0.16 3.9226 0.91
423.15 3.0852 3.0607 0.79 3.0702 0.49
413.15 2.3828 2.3647 0.76 2.3866 0.16
403.15 1.7885 1.8229 1.92 1.8399 2.87
393.15 1.3936 1.4022 0.62 1.4047 0.80
383.15 1.0915 1.0764 1.38 1.0606 2.83
373.15 0.8144 0.8247 1.26 0.7907 2.91
363.15 0.6362 0.6309 0.83 0.5812 8.65
353.15 0.4769 0.4818 1.03 0.4705 1.34
343.15 0.3658 0.3676 0.49 0.3699 1.12
333.15 0.2749 0.2801 1.89 0.2785 1.31
323.15 0.2149 0.2134 0.70 0 .2122 1.26
313.15 0.1604 0.1626 1.36 0.1548 3.50
303.15 0.1226 0.1239 1.03 0.1215 0.93

A.A.D. (%) 0.89 2.46
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Figure B.3 The mole fractions solubilities (x) of 4-acetylbenzoic acid in different 
solvents at temperatures from 303.15 to 473.15 K: A  4-acetyl hen zoic acid in p- 
cymene; x4-acetylbenzoic acid in /er/-benzene; <c> 4-acetylbenzoic acid in acetic acid;
I I 4-acetylbenzoic acid  in w ater-acetic acid (1:1vol.) m ix tu re ;0  4-acetylbenzoic acid 
in water.

B.4.2 Empirical formula

The solubility is the highest equilibrium concentration of a compound in a 
solvent at a given temperature. For a given system, the specified temperature is one of 
the most important and fundamental factors to influence solubility [36], In this work, 
an empirical formula represented by Eq. (B.l) was used to calculate the solubility of 
4-acetylbenzoic acid. All regression analyses gave correlation coefficients (R2) greater 
than 0.99 (Figure B.4) for 4-acetylbenzoic acid. The results shown in figure B.4 
indicate that the models obtained adequately describe the experimental data.

X, = Kโ, exp{K 1! ) (B.l)

where K\ and Kl are the constant parameters for the empirical model.
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Figure B.4 The mole fractions solubilities (x) and the empirical formula model 
correlation of 4-acetylbenzoic acid in different solvents at temperatures from 303.15 
to 473.15 K; A4-acetylbenzoic acid in /?-cymene; x4-acetylbenzoic acid in tert- 
benzene;<0> 4-acetylbenzoic acid in acetic acid;Q]4-acetylbenzoic acid in water-acetic 
acid (1:1vol.) m ix tu re ;0  4-acetylbenzoic acid in water.

B.4.3 Thermodynamic model of solubility calculations

In the thermodynamic solubility models, activity coefficients are used to 
investigate the solid-liquid equilibrium system [37]. According to thermodynamic 
theory there are many equations generally applied [38], such as the Wilson equation 
model, the modified Apelblat equation model, the Buchowski-Ksiqzczak XH equation 
model, NRTL, UNIQUAC and UNIFAC. The modified Apelblat equation and the XH 
equation models have been used to satisfactorily describe experimental data similar to 
that generated here [25], therefore these two models were selected for use.

B.4.3.1 The modified Apelblat equation

The widely used modified Apelblat model is a semi-empirical model, 
suitable for nonpolar as well as polar systems. To describe solid-liquid equilibrium, 
the temperature dependence of the solubilities of 4-acetylbenzoic acid in various 
solvents at different temperatures can be represented by Eq. (B.2) [39].

A X = 0.0005c° 02747 R 2 =  0.9999

X X =  0 .0 0 0 6 c ° 02677 R2 =  0 .9 9 9 9

.15  293 .15  313.15  333 .15  353 .15  3 73.15 393 .15  413 .15  4 33 .15  4 53 .15  4 73 .15  493 .15

77K
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where y, is the activity coefficient of 4-acetylbenzoic acid on a mole fraction 
basis, Xj is the mole fraction solubility of 4-acetylbenzoic acid, Am/ / a is the enthalpy 
of fusion of 4-acetylbenzoic acid, ACp is the change of the heat capacity, T is the 
absolute temperature, Tt is the triple-point temperature of 4-acetylbenzoic acid, and R 
is the gas constant.

For common solutions, the activity coefficient is given by [40] the following
relation:

[nr 1 = a  + Y (B.3)

where a and b are constants. Introducing y, from Eq. (B.3) into Eq. (B.2) and 
by subsequent rearrangement we obtain Eq. (B.4) which can be written as [41]:

l n x ,  =
A H i

RT,t V T + ^ - (ใ+ ๒ 7 ;)-.
~

— Cr
ร’

A .../// A c n
RT. + - l _ A C p

T R (In T)

(B.4)

Assuming that the enthalpy of the solution is directly proportional to the temperature 
then from Eq. (B.4), the modified Apelblat equation gives the expression obtained 
from Clausius-Clapeyron equation [26, 42-44]:

lnx, =A + j  + C\n(T) (B.5)

where T is the absolute temperature, and A, B, and c  are parameters obtained 
by fitting the experimental solubility data. Eq. (B.5) is used to correlate the solubility 
of 4-acetylbenzoic acid in several solvents.
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The parameters A, B and c  were estimated by correlating the experimental 
data. The optimum algorithm employed the Nelder-Mead method [45], in which the 
objective function was the percentage of absolute relative deviation {A.D. (%)) 
between the experimental and calculated model mole fraction of 4-acetylbenzoic acid. 
The experimental data, the calculated values and the percentage of absolute relative 
deviation {A.D. (%)) are presented in Tables B.2 and B.3. The definition of A.D. (%) 
is given by the following relation:

A.D.(%) -  Xc- X100 (B.6)

where xe is the experimentally measured mole fraction of 4-acetylbenzoic 
acid, xc is the value calculated by Eq. (B.5).

The regressed parameter values are listed in Table B.4. The measured data 
and the modified Apelblat model of aqueous solubility of 4-acetylbenzoic acid in high 
temperature solutions are shown in Figure B.5. The squared correction coefficients of 
the regression (R2) are all greater than 0.99. The regression shows that this model 
gives a good fit with the experimental data.

T/K



Figure B.5 The mole fractions solubilities (x) and the modified Apelblat model 
correlation of 4-acetylbenzoic acid in different solvents at temperatures from 303.15 
to 473.15 K ; |  4-acetylbenzoic acid inp-cymene; A  4-acetylbenzoic acid in tert-

benzene; x  4-acetylbenzoic acid in acetic acid; o  4-acetylbenzoic acid in water-

acetic acid (1:1vol.) mixture; 0 4-acetylbenzoic acid in water;
------modified Apelblat model-4-acetylbenzoic acid in p-cymene;
------  modified Apelblat model-4-acetylbenzoic acid in /ert-benzene;
-----modified Apelblat model-4-acetylbenzoic acid in acetic acid;
—  modified Apelblat model-4-acetylbenzoic acid in water-acetic acid (1: 1vol.)

mixture;
......  modified Apelblat model-4-acetylbenzoic acid in water.
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Table B.4 The modified Apelblat model parameters for 4-acetylbenzoic acid in 
different solvents

Solvent A
modified Apelblat model

B c R2

p-cymene -125.42 3239.20 18.99 0.9990
/ert-butylbenzene, -116.93 2858.70 17.73 0.9990
acetic acid -114.80 3288.30 17.12 0.9980
water-acetic acid (1:1vol.) mixture -138.95 4316.60 20.51 0.9970
water -118.75 2836.10 17.57 1 .0 0 0 0

B.4.3.2 Buchowski-Ksiqzczak equation {XHequation)

The Buchowski-Ksiqzczak XH equation (Eq. (B.7)) is an alternative way to 
describe the solubility behavior. This equation was first suggested by Buchowski et al. 
[46] to describe the correlation between activity, solubility, and temperature. They 
found that ln( 1-0(2) is a linear function of the reciprocal of temperature, and 
consequently deduced the dissolution equation for solid-liquid phase equilibrium of 
binary systems. The Buchowski-Ksiqzczak XH equation has the advantage of having
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two adjustable parameters, A and H, that give it versatility in fitting data for many 
systems. The AH equation model was selected to fit our experimental data because it 
is capable of dealing with strong polarity systems, which involve strong interaction 
between molecules. The Buchowski-Ksiqzczak AH equation is as follows:

In 1 +
A { \-x  1)

X,
=  A H J___1_

T T (B.7)

where Tm is the normal melting temperature of solute, A and H  are the two 
equation parameters, and X i represents the mole fraction of a solute compound in a 
solvent saturated solution.

The values of the parameters A and H  are adjustable parameters which could 
be obtained by the multivariable least-square method [47], The regression results of 
the aqueous solubility of 4-acetylbenzoic acid and the values of the parameters A and 
H  for different systems for the solubility calculations are presented in Table B.5. The 
experimental data and the AH equation model of solubility of 4-acetylbenzoic acid in 
different solvents are shown in Figure B.6. The calculated values of the AH equation 
model and the percentage of absolute relative deviation (A.D. (%)) are presented in 
Table B.3. The regression results of the aqueous solubility of 4-acetylbenzoic acid and 
the values of the parameters A and H  for different systems for the solubility 
calculations are given in Table B.6.

77K
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Figure B.6 The mole fractions solubilities (x) and the XH equation model 
correlation of 4-acetylbenzoic acid in different solvents at temperatures from 303.15 
to 473.15 K ; |  4-acetylbenzoic acid in /?-cymene; A  4-acetylbenzoic acid in tert-

benzene; x  4-acetylbenzoic acid in acetic acid; ^  4-acetylbenzoic acid in water-

acetic acid (1:1vol.) mixture; G  4-acetylbenzoic acid in water;
------XH model-4-acetylbenzoic acid in /7-cymene;
------  XH model-4-acetylbenzoic acid in te/Y-benzene;
-----2//model-4-acetylbenzoic acid in acetic acid;
—  XH model-4-acetylbenzoic acid in water-acetic acid ( 1:1 vol.) mixture;
......  XH model-4-acetylbenzoic acid in water.

Table B.5 The parameters in the XH equation model for 4-acetylbenzoic acid in 
different solvents

Solvents
XH model

X H R2
/?-cymene 0.045739 47820.72 0.9980
/ert-butyl benzene, 0.042173 42168.65 0.9990
acetic acid 0.036581 70114.79 0.9990
water-acetic acid (1:1vol.) mixture 0.020825 169980.16 0.9980
water 0.009306 439817.82 1 .0 0 0 0

B.4.3.3 Comparison between models

The experimental results are shown in Figures B.5 and B.6. We can observe 
that the experimental data for 4-acetylbenzoic acid are a good fit for the modified 
Apelblat and the XH equations. The modified Apelblat equation is considerably better 
than the XH equation, what is in correspondence with the results obtained by C.L. 
Zhang et al. [48-50], The values of the objective function for correlating solubility of 
4-acetylbenzoic acid in different solvents were the percentage of average absolute
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relative deviation (A.A.D. (%)) between the experimental and calculated solubility 
data of 4-acetylbenzoic acid, which is defined as:

X100 (B.8)

where xe is the experimentally measured mole fraction of 4-acetylbenzoic acid, Xc  is 
the calculated value and ท is the number of experimental points.
The results of the correlation with the modified Apelblat equation model and the XH 
equation model are shown in table B.6.

Table B.6 Comparison of the model correlation results for the solubility of 
4-acetylbenzoic acid in different solvents

Solvent
A.A.D. (%)

modified Apelblat model XH model
p-cymene 0.46 2.47
/er/-butyl benzene 0.41 2.55
acetic acid 0.27 1.63
water-acetic acid (1:1vol.) mixture 0.36 1.78
water 0.89 2.46

The calculated results exhibit that the modified Apelblat equation model has 
the smallest percentage of A.D. of 0.27% for solubility of 4-acetylbenzoic acid in 
acetic acid. The XH equation model has the largest value of 2.47% for the solubility of 
4-acetylbenzoic acid in different solvents. The data in Table B.6 show that the 
modified Apelblat equation model is more suitable for describing the solid-liquid 
equilibrium than the XH equation model. The modified Apelblat equation consistently 
gave lower A.D. (%) than the XH equation did, consistent with the observations of
C.L. Zhang et al. [48-50],

B.4.4 Thermodynamic parameters

The dissolution process of solid (5-0 ) in liquid (น) is a pseudo chemical 
reaction process [49-51]. The process can be expressed as so+li = soli. The 
relationship of its dissolution equilibrium constants and activities can be expressed as
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(B.9)

where a, is the activity of 4-acetylbenzoic acid in solution, aso is the activities of pure 
solid, a\\ is the activities of pure liquid.

The as0 value and an value are believed almost remain constant in the 
experimental range because all solid and liquid are in the standard states. The aso 
value and an value are considered to be a constant. Therefore, Eq. (B.9) can be 
written as:

where y, is the activity coefficient of 4-acetylbenzoic acid (i) in the solution 
on a mole fraction basis, Xj is the mole fraction solubility of 4-acetylbenzoic acid (i) in 
the solution.

The activity coefficient is invariable during a certain temperature range 
because of the assumption of the modified Apelblat equation used in the inferential 
process [52], Eq. (B.l 1) is obtained from Eq. (B.10) by taking the log.

where the j value is a temperature-independent constant, which is defined as:

(B.10)

In K  1 = lnx; + j (B .ll)

j  = ln r ,: -  In as0a 11 (B. 12)

Combining Eq. (B .l2) and Eq. (B.l 1), the y\ can be merged into asoa\\, thus:

In K  1 = lnx, (B.13)

Combining the Gibbs-Helmholtz equation and the modified Van't Hoff



equation [53], the equation for calculating the molar enthalpy of dissolution zl sol 7 /can 
be obtained:

(B.14)

Substituting Eq. (B.13) into Eq. (B.14), Eq. (B.14) becomes:

(B.15)

From Eq. (B.5) to obtain the derivative and substituting it into Eq. (B.14) gives:

According to the fundamental thennodynamic relation [54], the equation for 
calculate the molar entropy of dissolution AsoiS can be obtained according to:

where B, and c  are parameters of the modified Apelblat equation obtained from Table 
B.4.

The thermodynamic parameters AS0\H and zfsoiS can be calculated from Eqs. 
(B.9) and (B.10), respectively. The results were shown in Table B.7.

Table B.7 shows that the dissolution of 4-acetylbenzoic acid in each solvent 
in the experimental temperature range was endothermic (AS0\H > 0) because the molar 
enthalpies were positive. The process is endothermic because the newly formed bond 
energy of attraction between the particles of the 4-acetylbenzoic acid and the solvent 
molecules is insufficient to overcome the energy of the original association bonds 
between solute-solute (4-acetylbenzoic acid) and solvent-solvent in each of the

4  01// = i? r(c - |) (B.16)

4.1 ร  =  R ( C - J ) (B.17)
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solvents. A positive enthalpy also shows that dissolution of 4-acetylbenzoic acid is an 
entropy-driven process. This phenomenon likely results from the different molecular 
structures and space conformations between solute and solvent. Solvent molecules are 
strong-association complexes with small molecular dimension [55], The 
4-acetylbenzoic acid molecules likely experienced various forces such as electrostatic 
forces, hydrogen bonding, hydrophobic interactions, and stereoscopic effects in the 
dissolving process [54]. The 4-acetylbenzoic acid molecules contain acidic groups 
(-COOH) and complex groups with different characteristics, such as -COCH3). These 
groups allow the dissolving 4-acetylbenzoic acid molecules to disrupt the alignment 
o f solvent molecules, which reduces the degree of order in the system and causes the 
entropy to increase.

B.5 CONCLUSIONS

In this study, the equilibrium solubility data of 4-acetylbenzoic acid in 
different solvents (water, acetic acid, p-cymene, tert-butylbenzene, and a water-acetic 
acid (1:1vol.) mixture) at temperatures from 303.15 to 473.15 K were measured. The 
solubility of 4-acetylbenzoic acid as a mole fraction, increased in the order: £>-cymene 
> ter/-butylbenzene > acetic acid > water-acetic acid (1 :1vol.) mixture > water. 
Solubility correlates with temperature by empirical formulas, the modified Apelblat 
equation, and by the Buchowski-Ksiqzczak XH equation models. Large regression 
coefficients, greater than 0.99, showed that the modified Apelblat equation and the XH 
equation provided good representations of the solubility data. The deviation 
calculated by the modified Apelblat equation was less than that of the Buchowski- 
Ksiqzczak XH equation. The modified Apelblat equation provides a more reasonable 
prediction for the solute considered. The solubility data and the correlation equations 
used in this work can be applied to the separation of 4-acetylbenzoic acid from the 
reaction mixtures of /;-cymene oxidation and the purification of terephthalic acid.



Table B.7 The thermodynamic parameters AS0\H and Aso\S for 4-acetylbenzoic acid in different solvents at different temperatures

Solvents
p-cymene /ert-butylbenzene acetic acid

water-acetic acid 
( 1 :1vol.) mixture water

Aso{H <4ร01ร AsoiH ร̂01ร A ^ H A ร0เร Aso\H <4ร01ร Aso\H ■ ร̂0เร77K (kJ/mol) (J/mol/K) (kJ/mol) (J/mol/K) (kJ/mol) (J/mol/K) (kJ/mol) (J/mol/K) (kJ/mol) (J/mol/K)
453.15 44.6139 98.4529 43.0303 94.9583 37.1605 82.0048 41.3830 91.3229 42.6154 94.0427
443.15 43.0351 97.1118 41.5563 93.7747 35.7371 80.6434 39.6778 89.5358 41.1547 92.8685
433.15 41.4563 95.7088 40.0822 92.5365 34.3138 79.2191 37.9726 87.6661 39.6939 91.6401
423.15 39.8774 94.2395 38.6081 91.2398 32.8904 77.7276 36.2674 85.7081 38.2331 90.3536
413.15 38.2986 92.6990 37.1341 89.8803 31.4671 76.1638 34.5622 83.6553 36.7724 89.0049
403.15 36.7198 91.0821 35.6600 88.4534 30.0437 74.5224 32.8570 81.5006 35.3116 87.5892
393.15 35.1409 89.3830 34.1859 86.9539 28.6203 72.7975 31.1518 79.2364 33.8508 86.1016
383.15 33.5621 87.5952 32.7118 85.3761 27.1970 70.9826 29.4466 76.8539 32.3901 84.5362
373.15 31.9833 85.7116 31.2378 83.7137 25.7736 69.0704 27.7414 74.3438 30.9293 82.8870
363.15 30.4045 83.7242 29.7637 81.9598 24.3503 67.0529 26.0362 71.6954 29.4685 81.1470
353.15 28.8256 81.6243 28.2896 80.1065 22.9269 64.9212 24.3310 68.8970 28.0078 79.3084
343.15 27.2468 79.4020 26.8156 78.1453 21.5036 62.6652 22.6258 65.9355 26.5470 77.3626
333.15 25.6680 77.0463 25.3415 76.0663 20.0802 60.2738 20.9206 62.7963 25.0862 75.3000
323.15 24.0891 74.5448 23.8674 73.8586 18.6568 57.7343 19.2154 59.4627 23.6254 73.1098
313.15 22.5103 71.8835 22.3933 71.5099 17.2335 55.0327 17.5102 55.9162 22.1647 70.7797
303.15 20.9315 69.0466 20.9193 69.0063 15.8101 52.1528 15.8050 52.1358 20.7039 68.2959
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