
232 J. Chem. Eng. De& 1992, 37, 232-235 

R.gMry No. Toluene, 108-88-3; 1,4dioxane, 123-91-1; oxane, 142- 
68-7; 1,3dioxolane, 646-06-0; oxolane, 109-99-9. 

Llterature Clted 
(1) Comelli, F.; Francesconl, R. J .  Chem. €ng. Data 1991, 36, 382. 
(2) Francesconi, R.; Comelll, F. J .  Chem. Eng. Data 1991, 38, 288. 
(3) Francesconi, R.; Kehiaian, H. V.; Comelli, F. J .  Chem. Eng. Data, 

submmed for publlcatlon. 
(4) Sharma. S. C.; Lakhanpal, M. L.; Rumpaui, M. L. Indien J .  Chem. 

Sect. A 1962, 21, 67. 
(5) Rkldick, J. A.; Eunger, W. E.; Sakano, T. K. &genic Solvents, 4th ed.; 

Wiley-Interscience: New York, 1986; Voi. 11. 

(6) Inglese, A. Int. DATA Ser., Sei. Data Mxtwes, Ser. A 1966, 177. 
(7) Inglese, A. Int. DATA Ser., Sei. Data Mxtwes, Ser. A 1966, 181. 
(8) Inglese, A. Int. DATA Ser., Sd. Data Mxtwes, Ser. A 1966, 175. 
(9) Inglese, A. Int. DATA Ser.. Sd. Data Mxtwes, Ser. A 1966, 178. 

(10) Fermeglia. M.; Lapasln, R. J .  C b m .  Eng. Data 1986. 33, 415. 
(11) Monk, P.; Wadso, I .  Acta Chem. Scend. 1968, 22. 1842. 
(12) Francesconi, R.; Comelll, F. J .  Chem. Eng. Data 1966, 31, 250. 
(13) Benson. G. C. Int. DATA Ser., Sei. Data M%tves, Ser. A 1974, 19. 

Received for review July 26, 1991. Revlsed January 2. 1992. Accepted 
January 6, 1992. This work Is partly supported by CNR, Rome. Italy, 
”Progetto Flnalizzato Chlmica Fine I I ” .  

Separation of Phenol from Its Mixture with o-Cresol by Adductive 
Crystallization 

Vlvek K. Jadhav and Madhav R. Chivate 

Depattment of Chemical Technology, University of Bombay, Matunga Road, Bombay 400 019, Ind& 

Narayan S. Tavare’ 
Depaflmnt of Chemical Engineering, UniversiW of Manchester Instltute of Science & Technology (UMIST), P.O. Box 88, 
Sackville Street, MenChester M60 100, Eng&nd 

~~~ 

A ternary wlkl-llquld dlagram of tho system phenol, 
o-crewl, and 2methyCP-propanol Is prepared. 
2-MethyC2-propanol can be used as an extraneous agent 
for the separation of phenol from Hs mlxture wlth o-crerol 
by adductlve crydalllzatlon In a multldage process. The 
bollhg polnts of thew compounds In the mlxturo dMer by 
9 O C  and the meltlng polnts by 10 O C .  

I ntroductlon 

The process of extractive or adductive crystallization appears 
attractive over the conventional separation methods used in the 
chemical industry for separation of organic isomeric or non- 
isomeric close boiling components from a mixture ( 1-6). The 
purpose of the present study was to select a suitable solvent 
for separation of components from a mixture of phenol-o- 
cresol by adducthre crystallization, the boiling point and meMng 
polnt differences between these two components being 9 and 
10 O C ,  respectively. 2-Methyl-2-propanol is considered as a 
possible solvent for this system as it is a good solvent for many 
other separations (6). Its suitability was also judged by em- 
pirical measurements of enthalpy changes on complex forma- 
tkn for binary mixtues. After the favorable indication a detailed 
ternary solid-liquid equilibrium diagram was developed and the 
feasibility of the process demonstrated. 

Solvent Selectlvlty by Calorlmelry 

In an adductive crystallization process the sdvent usually 
forms a weak molecular compound, having a different melting 
point, with either one or both of the components to be sepa- 
rated. The data on enthalpy changes on complex formation 
were determined caiorimetricaily using the apparatus and pre  
cedure similar to those previously reported (5). The calorimeter 
consisted of a standard Dewar flask of -0.2-L capacity and 
was mounted in a welUnsulated constant-temperature bath with 
a water circulation pump. The thick and tightly fitting poly- 
propylene IM had three holes, one for the tip of the jacketed 
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Table I. Enthalpy of Mixing, -AH, Data for Binary 
Ssstems at 50 “C 

phenol (1) + 
2-methyl-2-propanol 

(2) 

~ ~~~~ 

o-cresol (1) + 
2-methyl-2-propanol 

(2) 
x 2  -AH, J/mol 

0.098 66 1 
0.192 1337 
0.298 1904 
0.399 2179 
0.497 2192 
0.585 2049 
0.702 1520 
0.801 874 
0.900 418 

x2 

0.105 
0.207 
0.291 
0.396 
0.496 
0.596 
0.682 
0.803 
0.912 

-AH, J/mol 
415 
972 

1338 
1509 
1603 
1581 
1323 
945 
518 

buret through which the second liquid component was added, 
another for a thermometer graduated up to 0.1 OC, and the third 
for an decbically biven stirrer. The change in tmpwature was 
observed at steady state after mixing two components main- 
tained at a constant temperature. Radiation corrections were 
applied and water equivalents of calorimeter determined re- 
peatedly by the electrical method. All AnalaR grade chemicals 
were used during this investigetion and further purified by con- 
ventbnai methods whenever R was necessary. The results for 
the two binaries of the present system are reported in Table 
I and also plotted in Figure 1, indicating that 2-methyl-2- 
propand has greater interaction and more complex formation 
with phenol than o-cresol. The adduct-forming system usually 
showed enthalpy changes more than -400 J/moi, and there- 
fore the present calorimeter provided sufficient accuracy for the 
measurement. The working of the calorimeter was tested with 
the standard system (chloroform-acetone), yielding reasonably 
precise and comparable data (with less than 1 2 %  error in 
measurement of enthalpy changes). Using the two-parameter 
chemical theory of solution (7).  the apparent activity coefficient 
and selectivity values were determined and are shown in Figure 
2. 2-Methyl-2-propanol appears to be a favorable solvent for 
separation of the eutectic of phenol and o-cresol. 
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Flgure 1. Enthalpy changes on complex formation for the following 
binaries at 50 O C :  (m) phenol (1) + 2methyl-2-propanol(2) and (+) 
o-cresol (1) + 2-methyl-2-propanol (2). 
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Flgue 2. SeleCtMty, s, and actMty coefficient, 7 ,  curves with respect 
to x for the fdkxvhg binaries: actMty coefflcM curves for (A) phenol 
(1) + 2-methyl-2-propanol (2) and (X) otresol (1) + 2-methyl-2- 
propanol (2); (A) selectivity curve of phenol (1) + otresol (2) In 
2-methyl-Ppropanol. 

X I  

Solld-Llquld Equlllbrlum Data 

In the first stage binary soikl-liquid diagrams for each pair 
were constructed by the disappearance point method ( I ) .  The 
apparatus used for disappearance points consisted of a large 
freezing tube (25" diameter and 300-mm length) enclosed 
in an air jacket, a hand stirrer, and a calibrated thermometer 
with an accuracy of fO.1 OC. The entire assembly of the 
air-jacketed freezing tube containing -20 g of solidified mixture 
of known composition along with the hand stirrer and ther- 
" e t e r  was immersed in a constant-temperature water bath. 
The contents of the tube were warmed slowly, stirred continu- 
ously, and illuminated by an electric bulb for a careful obser- 
vation. The temperature at which the last traces of suspended 
crystals disappeared was determined. Although the readings 
were quite reproducible, the average value of the three re- 
peated readings was taken as the equilibrium temperature. The 
results are tabulated in Table I1 and presented in Figure 3. The 
binary system phenol-o-cresoi forms a simple eutectic at 19.2 
O C  and 0.651 mole fraction of phenol. The solvent 2-methyl- 
2propanoi forms three eutectics wkh phenol (at 13.4, 10.7, and 
8.8 OC and 0.756, 0.535, and 0.127 mole fraction of phenol, 
respectively) and two eutectics with o-cresol (at -21.7 and 
-12.5 OC and 0.526 and 0.247 mole fraction of o-cresol). The 

Table 11. Solid-Liquid Equilibrium Data for Three Binary 
Systems 

phenol (1) + 2-methyl-2- 
2-methyl-2- propanol (2) + o-cresol (1) + 
propanol (2) o-cresol (2) phenol (2) 
X1 t .  o c  XI  t .  "C X, t .  o c  

0.OOO 
0.105 
0.126 
0.150 
0.198 
0.310 
0.351 
0.403 
0.498 
0.524 
0.535 
0.549 
0.605 
0.670 
0.700 
0.715 
0.756 
0.807 
0.886 
1.OOO 

25.0 
11.7 
8.8 

12.6 
18.0 
23.1 
23.4 
21.5 
15.0 
11.8 
10.7 
12.1 
15.3 
16.5 
16.1 
15.5 
13.4 
21.1 
30.5 
40.8 

O.OO0 
0.099 
0.196 
0.294 
0.302 
0.474 
0.500 
0.553 
0.600 
0.653 
0.714 
0.725 
0.753 
0.806 
0.897 
1.OOO 

30.8 
24.8 
17.5 
7.5 

-6.0 
-21.7 
-20.7 
-14.7 
-13.5 
-12.5 
-11.5 
-11.4 
-12.5 
-3.5 
11.5 
25.0 

0.OOO 
0.107 
0.205 
0.301 
0.349 
0.397 
0.497 
0.529 
0.588 
0.690 
0.795 
0.896 
1 .00 

40.8 
33.3 
27.2 
21.4 
19.2 
19.4 
19.9 
20.0 
21.0 
22.8 
25.1 
27.5 
30.8 
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Flgure 3. Binary solid-liquid equilibria for the following systems (dls- 
appearance temperature, t ("C), versus mole fraction, x, ) :  (0) phenol 
(1) + 2methyC2-propand (2); (X) 2methyC2propanol(l) + ocTeso1 
(2); (0) 0-cresol (1) phenol (2); and (A) otresol(1) + phenol (2) (9). 

melting point of 2-methyC2-propanoi(25 OC) is lower than those 
of phenol (40.8 "C) and o-cresol (30.8 "C). The boiling point 
of 2-methyC2-propanoi (83 "C) is much lower than those of the 
other two components (phenol 181 OC and o-cresol 190 O C ) .  

In order to judge cieariy the effectiveness of 2-methyl-2- 
propanol as a suitable extraneous agent for this separatlon, a 
ternary equilibrium diagram showing the primary and binary 
crystallization regions was constructed from several vertical 
sections of a triangular solid prism covering the whole range 
of the composition triangle. For a vertical section with fixed 
amounts of two components, the disappearance point tem- 
perature of temary mixtures lying on such a vertical section was 
determined at various amounts of the third component. The 
characterlstic (or minimum) points in a plot of the disappear- 
ance point against the amount of the third component for all 
the vertical sections are reported in Table I11 and were used 
to define the binary crystallization curves as shown in Figure 
4. I n  the present case the ternary system consists of six 
components (viz., three original components and three binary 
compounds) as depicted by six regions (viz., ElAE2, E2ABE3, 

taiiizatlon regions ElAE2, E4CE,, and E,DBAE, are of phenol, 
2-methyi-2-propanoh and o-cresol, while the binary crystaili- 
zatlon regions E2ABE,, E,BDCE4, and E5CDE, represent the 

E3BDCE4, E,CE,, E&DEe,, and EeDBAE,). The primary CryS- 
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Table 111. Disappearance Point Temperatures, t ,  on the 
Binodal Curves for the Ternary System Phenol ( 1 )  + 
o-Cresol (2) + 2-Methu1-8-~ro~anol (3) 

0.651 
0.756 
0.535 
0.126 

0.458 
0.386 
0.105 
0.667 
0.464 
0.110 
0.336 
0.093 
0.281 
0.077 
0.216 
0.084 
0.140 
0.055 
0.089 
0.048 
0.037 
0.015 
0.613 
0.633 
0.574 
0.045 
0.350 
0.600 
0.040 
0.400 
0.670 
0.385 
0.475 
0.585 
0.405 
0.112 

0.349 

0.526 
0.247 
0.249 
0.209 
0.057 
0.103 
0.072 
0.015 
0.293 
0.077 
0.339 
0.093 
0.404 
0.156 
0.430 
0.165 
0.436 
0.232 
0.483 
0.210 
0.320 
0.145 
0.225 
0.379 
0.258 
0.159 
0.283 
0.177 
0.097 
0.300 
0.270 
0.195 
0.135 
0.037 

0.244 
0.465 
0.874 
0.474 
0.753 
0.293 
0.405 
0.838 
0.230 
0.476 
0.875 
0.350 
0.830 
0.380 
0.830 
0.380 
0.760 
0.430 
0.780 
0.475 
0.720 
0.480 
0.775 
0.067 
0.222 
0.201 
0.576 
0.392 
0.241 
0.677 
0.423 
0.233 
0.315 
0.255 
0.220 
0.440 
0.850 

2 - Meihyl - 2 -propanol 

A 

19.2 
13.4 
10.7 
8.8 

-21.7 
-12.5 
-4.5 
-6.8 
4.9 
4.8 
1.2 
8.3 

-17.6 
1.9 

-21.2 
-0.6 
-18.8 
-8.0 
-21.5 
-9.2 
-23.7 
-20.8 
-26.0 
-16.2 
12.4 
2.5 
-1.7 
-14.0 
-12.4 
22.0 
-14.6 
-3.3 
6.1 

-13.2 
-8.1 
-0.6 
0.0 
7.3 

Figwr 4. Isotherms of the ternary system phenol-o-cresol-2- 
methyF2-propanol. 

complex formation between pairs phenol-2-propanol (C3), 
phenol-2-methyl-2-propanol (C2), and o -cresol-2-methyl-2- 
propanol (C,), respectively. The shape of these reglons Is 
dictated by the mutual interactbns among these six compo- 
nents. 

The binary crystalllzatlon region E,-, appears dominant 
for the adduct formatton between phenoC2-methyC2-propenol, 
thus covering a range of solvent-free phenol concentration of 
10-90 mol %. The other smaller region forming the adduct 

Table IV. Results from Feasibility Studies (Figure 8 )  
crystallizn purity of recovery of 

run t ,  OC stages phenol, mol 5% phenol, mol 5% 
1 6.5 I 
2 15.5 I1 
3 2.0 I 
4 0.0 I 
5 -10.0 I 
6 1.0 I 
7 11.0 I 
8 19.5 I 

74.9 83.6 
83.5 46.6 
69.8 85.9 
63.6 90.9 
63.0 86.7 
31.1 68.0 
23.1 53.6 
91.8 73.3 

between phenoC2-methyC2-propano1, €#WE3, covers the range 
of solvent-free phenol concentration from 35 to 100 mol %. 
The solld phase obtalned on crystallization of the feed having 
the composttbns In these two regions contains the phenol-2- 
methyc29ropenoladduct. Thesohrent2methyC2propanolcan 
easily be recovered by dlst#latbn. Also shown In Figure 4 are 
the Isothermal lines constructed from data on compositlons of 
mixtures having the same disappearance point temperature. 
This diagram Is the contow diagram of the equilibrium surface 
of the ternary system In the trlangular prism with temperature 
as the vertical axis. The isotherms are drawn for a difference 
of 5 'C. In  all the major regions high-temperature Isotherms 
are spread over a large area as compared to low-temperature 
Isotherms, indicating that the slope of the surface at lower 
temperature is steeper than that at hlgh temperature. For an 
Illustration purpose, the crystallization behavior at points X, Y, 
and Z on the conode parallel to the base of the Wangle having 
65 mol % 2-methyl-2-propanol can be considered to Indicate 
the sensltMty of separation to the temperature changes. Polnt 
X represents a mixture of 85 mol % phenol and 15 mol % 
o-cresol on a solvent-free concentration basis and has a dls- 
appearance point of 20 'C. I f  this mlxture Is cooled to 10 O C  

(point Y), the melt composltbn on a solvent-free basis would 
be equal to 55 mol % phenol and 45 mol % o-cresol. Sharld 
this mixture be fvther coded to 0 'C (point Z), the sohrent-free 
meitc"&kmwouldreach38mol% phenoland62md % 
o-cresol. This Indicates that the separation of phenol Is less 
sensitive to temperature changes as o-cresol concentration 
Increases. 

F@adMmy Study 

Feaslbllity studies were performed In a phase separation 
apparatus (8). After the equlllbratlon in the apparatus, qulck 
filtration In order to avdd a shlft In equilibrium composition and 
efficient separation to recover the last traces of the entrained 
melt for accurate analysis of the product crystals were 
achieved. In  a typical run a mixture of known quantity of the 
eutectic of phenol and o-cresol and the requisite amount of 
2-methyl-2-propanol were charged Into the apparatus for 
equilibration. At the end of the run, the mother liquor was 
filtered, the retained solld phase was melted by circulating an 
alcohol-water mixture in the jacket, and the mett was subse- 
quently filtered. The components In both the phases were 
analyzed on a gas-Hquid chromatograph (Chemito Model No. 
3800) using a stainless steel column packed with 10 wt % 
carbowax and 2 wt % otthophosphorlc acid on chromosorb 
WAW 80/100 mesh. A calibration curve wkh the help of syn- 
thetic sampbs of known compositions was constructed and 
used to determine the precise compositions of unknown sam- 
ples wilhane8Umated woro f  less than 2%. Acorrectkin for 
entrained liquid In the so#d phese can be appHed wlth the help 
of a material balance calculation based on melt composition. 

The results& phase separatbn studies are depicted In Figwe 
5 and Table IV. All the conodes In the primary crystallization 
region converge toward the pant conespondlng to molecular 
addition components of phenol and 2-methyl-2-propanol. As 
lndlcated In Figure 5 and Table I V  the recovery of phenol In the 
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2 -Methyl - 2 -uro~onoI  

Flguro 5. Feaslblllty runs of the ternary system phenol-ocresol-2- 
methyl-%-propanol. 

solid phase from Its eutectic mixture is in the range from 84 to 
91 mol % and the purity from 63 to 75 mol %. Recrystalll- 
zatbn may yield higher purity. The resulting solid-phase com- 
position from the ternary mixture In run 1 was used in run 2 for 
the second crystallization at 15.5 OC; the pvity of phenol in the 
solid phase Improved from 74.9 to 83.6 mol'%. Figure 5 
shows that 2-methyC2-propanol forms two adducts with phenol 
over the different concentratlon range. The feasibility runs in 
a larger region denoted by E,BDCE, yield better results for 
separation of phenol from eutectic mixtures than those In a 
smaller region denoted by E,ABE,. Runs 6 and 7 performed 

in the o-cresokich region yielded low phenol purity in the solid 
phase (<30 mol %) whUe the Purty of phenol In the sdid phase 
obtained from run 8 in the phenokich region was >90 mol % , 
All the runs were performad over the temperature range from 
-10 to +20 O C  and would requlre reasonable refrigeration duty. 

Conclusions 

Enthalpy changes on complex formation were used to cal- 
culate the SeleCtMty of a solvent for a given pair of close boiling 
organic components. 2-Methyl-2-propanol appears to be a 
suitable solvent for separation of phenol from its mixture wlth 
o-cresol. A ternary phase diagram for this system was con- 
structed. Using multistage crystallization, a reasonable purity 
of phenol can be achieved. 

Rl(llrtry No. phend, 10895-2; o-cresol, 95-48-7; 2-methyC2-propanol, 
75-65-0. 
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Solvent Effects on the Dissociation of Nittobenzoic Acids in Water + N,N-Dimethylformamide at 25 OC 

M. Sadlq, K. Nlazl,' and Jaber All 
Department of Chemistfy, Quaid-I-Azam University, Islamabad, Pakistan 

The dkroclation constants and molar conductivities at 
inflnite dllution of benzok and 2-, 3-, and 4-nitrobenzoic 
acids have been determined In N,Ndimethylformamide + 
water mixtures at 25 O C .  The exprlmentai data have 
been analyzed by means of the Lee and Wheaton 
equation. The resuits are compared with previous findings 
for them acids In some other water-cosoivent mixtures. 

Introduction 

The binary mixtures of N ,Ndimethylformamide (DMF) wlth 
water (W) are nonideal and show extrema in various excess 
thermodynamic functions (7-3). The present paper Is on the 
study of the dissociation of benzoic and 2-, 3-, and 4-nitro- 
benzoic adds in binary mimes of N,Ndimethylfmmide with 
water ranging in composltion from 0% to 50% (wt/wt). The 
molar conductances of the dilute solutions of the acMs have 
been measured at 25 O C .  The conductance-concentration 
data have been analyzed for the derivation of pK, and A,, 
vakres. The finished res& are compared with those previously 

0021-9568/92/ 1737-Q235$Q3.QQ/Q 

found for other water-cosolvent mixtures (4, 5). Finally the 
solvent effect on the ionizatlon of these acids has been dis- 
cussed In terms of the free energy change on the transfer of 
the respective carboxylate ion from water to water-cosohrent 
mixtures. 

Experimental Section 

The acids were the same as those used in previous studies 
(4, 5). DMF was from E. Merck and was further purified as 
detailed earlier (6). 

Conductance measurements were carried out using an au- 
tobalance precislon bridge (Wayne Kerr, B64l) at 1592 Hz in 
the same way as described elsewhere (4-6). Two different 
cells with cell constants 0.876 and 1.013 f 0.0015 cm-' were 
used. The cells were calibrated following the method of Fuoss 
and co-workers (7) using aqueous KCI solutions in the con- 
centration ranw (2-30) X lo-, mol dm-,. The reproducibility 
of the conductance measurements was better than f0.5%. 
The conductance data are given In Table 11. The accuracy of 
molar conductances is f0.2%. No solvent corrections were 
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