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solubility and the Dissociation constants of Benzoic 
Acid ,in ME - v~ater and DME - Water Mixtures and Free 
Energies of Transfer of Benzoate Ion. 

Accurate solubility data have diverse applications in 
- 1 2 

different branches of science and technology ' • This prompted 

us to determiiE the accurate solubility of benzoic acid, an 

antifungal prese.rvative widely used in lotions and ointments, 

in pure and ~~d solvents. In this cahpter an attempt has been 

made to determine the solubilities and thernodynamic dissociation 

constants of benzoic acid in ME-Water aoo DME-water mixed solvents 

over the entire range of their sol"Vt:nt compositions from FH -

~retric and spectrophoto~tric i'CEasurements. All attempt has also 

n~n taken to determine the dissoeiation constants of benzoic 

acid in these mi.x~d sol vents from conductance measurements. The 

study is likely to enable us to determine the effect of solvents 

on tne dissociation constants of benzoic acid and free energies 

of transfer of benzoic acid and benzoate ion in these solvent 
3 

mixtures • 

Experiaental 

Benzoic acid (G.R.E. Merck) was recrystallised from alcohol 

and dri~d. 2-methoxy ethanol (G.R.E. Merck) was distilled twice 

and .the middle fraction was utilised. 1,2-diitethoxyethane (Fluka) 

Was Shaken well w-i;th Feso4 (A.H•, BIJH) for 1-2 h, decanted ani 

dist 1lled. The distillate was reflU;<ed for 12 h and distilled 
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over rretallic sodium. other chemicals were of analytical grade. 
0 

For ·the determination of the solubility of benzoic acid at 25 c 

in rni.xed solvents, saturated solutions of benzoic acid \olere pre

o 
pared in the appropriate solvents at about 30 C and filtered. 

4 
The solution was taken in tre Campbell solubility apparatus 

fitted with a sintered disc and a fine tube. The solutions were 

then allowed to equilibriate in a thermostatic bath maintained 

0 
at 25 c <;: o. 01) for 24 h. After equilibrium, the solutions were 

filtered by inverting the apparatus keeping it in the thermostat. 

The benzoic acid content 6f the filtered solution \'lias determined 

by titration against standard NaOH solution. The process was 

repeated several times for each set of measurements. However, it 

is to be noted that the phase separation of two layers containing 

Water am ME or DME takes place in the region 70 to 90 wt% of 

mi.xed solvents. The phase separation may form the basis of 

separation of ME or DME from ME or DME-water mixture. we, therefore, 

tried to obtain the maximum concentrations of benzoic acid present 

in 11oroog~neous mhtures ot water and ME or o~. TO determine the 

solubility o£ benzoic acid in this region, we took a definite 

arnount of the mi~d sol vent and the benzoic acid was added in 

small amounts l,llltil turbidity just begins (which disapPears \'Oiith 

the addition of one or tWo drops of the solvent rniJct ure ). Repeated 

trials make the process reproducible. The errors involved in the 

solubility measurements are in the range o. 1-o. 37'- The solubility 

Was also determined spectrophotometrically by measuring the o.d. 
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lenrrth for the absorption ma:ximum of values at 272 nm, the wave_ ·~ 

benzoic acid (Fig. 3). The band at -27 2 nm haS been assumed as 

the B-band5 of c
6
"s-cooH. _The solubility values determined by 

the above tWO methods are within the limit of :t o. 2%. The average 

values have been reported in colur:m 3 of Tables 1 and 2. 

For the determination of the dissociation constant of 

b€nzoic acid, the hydrogen ion concentrations of the saturated 

solutions of benzoic acid in mi:xed solvents were measured pH-

rretricc;.lly usin;1 combined glass and calomel electrodes. The glass 
!. 

oclt:ctrode have been founa to function satisfactorily in aqueous 

olnary mixtures of~ and lJMji;. Thecalibration of the glass 

electrode and 'correction factors• in different percentages of 

the mi~ed solvents have been determined in the way _sUCJyested by 

6 7 
Van Uitert and Haas , Irving and Manhot and also described by 

8 
us previously • The correction factor have been found to depand 

slightly on the nature of solvents, aging and asymaetry potential 

of the glass electrode. However, consistent and reproducible 

results. are obtained if the • correction factors• are deter.nined 

before each set of measurements. The error range for Pi-measurements 

are usually ± 0.02 at low percentages of ME-water or DME-water 

mi:xt urea and :t 0.'03 at higher percentages of the mi:xed solvents. 

For conductometric determination of the dissociation 

constants of benzoic acid, conductances of benzoic acid solutions 
-4 . -3 

at dl.ffert;;nt concentrations ( 10 - 10 M) were neasured. The 

valUts of .bE::nzoic acid in water was determined by applying 
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Kohlrausch laTA from the 1\ovalues of HC1o4 , KCl04 and C6fisCOa<; 

the conductances of the solutions of these salts at different 
-4 -2 

conct:ntrations (6 :x 10 to 3 :x 10 M) were measured in water. 

H~ever, it has been observed that the ~thod cannot be used in 

ME-water ani CME-TAater mixtures as the value of conductance at 

infinite dilution obtained by the aoave way has a rather large 
r 

uncertainty. ~o, in mi.x~d solvent Ao was estimated by employing 

Walden's rule. conductance measurements were made by a Pye-Unicam 

:rw 9509 conductivity meter at a frequency of 2 kHz using a diP
-1 

type cell oi cell constant o. 7 3 em • The value of the cell 

constant was repeatedly checked during tee course of the experi
o 

ment. Measurements were done at 25 t o.ol c. condUctance measure-

ments were aade using dilute solutions, and corrections for the 

activity coeffici~:mts of ions wore taken into consideration. The 

mathod is particularly suitable for the determination of the 

dissociation constants of weak acids in mixed solvents, as the 

ln::tl\od is free from assumptions. 

The dielectric constants and viscosity of the solvent 
!:)-11 

rnixt ures were taken irom the literature • 

Results and Discussion 

The thermodynam1c dissociation constant for the reaction 

... (1) 

can be ~ritten as 
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KT ~ . '1-i+ X CBz

CHB2 

..• (2) 

where [c1 a total benzoic acid concentration and %+ • concen
T + 

tration of H in the saturated experimental solutions determined. 

pH-cretrically. The activity co-efficient of the ions at different 
12 

conceri:. rat ions have been determined USiDJ Davies equation' 

_.{.o~ '{t :a AZ+•" Z-·-"f":H/(1 + ,{ji)-0.2}-f. ... (3) 
I . 

with appropriate A-values in each solvent taking into account 

the changed dielectric constants of the mixed solvents. The. actiVity 

co-efficients using Debye-Huckel limiting law have also been 

atter~pted but the '6!. values by the two methods difter only in the 

third place. 

The dissociation constants of benzoic acid in th• mi:xed. 

solvents were also deterrni.ned spactrophot.omatrically in the way 

suggested by .Robinson and B1ggs13• For thiB method a number of 

buffer solutions of known pll were er.lployed. According to Robinson 
14 

and Stokes the value of the pH of the buffer solution should be 

equal to the pK of tr-e organic acid. In this investigation the 
0 

range of possible pK values at 25 c is 4.2-8.6. We have used the 

acetic ac.id-sodium acetate buffer for the p:i rauge 4. 2-4.7 and 
' 

phosphate buffer solution e.g. o.o6 M potassium dihydrogen phosphate 
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and o. o6M ·disodium hydrogen phosphate fo~ measurements outside 

this range. The experimental pH of the buffer solution used was 

closed to the value of the :t:K of the acid in each percentage of . 

mi~ed solvent. The pH va-lues were rooas~red w l.-th an :EICIL PH-meter 

having an accuracy of t o •. ol pH unit. The spectrophotometric 

rooasure~nts were recorded with a Shimadzu uv..:240 spectrophotQ
o 

treter maintained at 25 c. The analytical wave length for spectre-

phototretric measurement was 240 nm and concentration of the acid 
-5 

was (5-9) x 10 (M). The thermodynamic d!ssociation calStants 

(~) of benzoic acid calculated from solubility data and determined 

by spectrophotomatric methodS in aqueous binary mixtures of ~ and 

UMl:. have been recorded in columns 7 and 8 of Tables .l and~espec-
ti ve ly. 

In order to calculate dissociation·const'ants fro,u conductanCe 

measurements, the equivalent cond~ctanct.s, /\,of benzoic acid were 

measured at the correspondin(J concentrations (Tables 4 and 5) and 
l5 

the data were analysed by the Shedlovsky equet~on which can be 

expressed as, 

., ~ 
_I + C/\Sf . . . (4) 

/\S 1\o k /\~ 

woore the symols have their significance as given below a 

[ f3JcA 
. :1. 

s + v (1+ !32C/\f 1 .::<. (Ao) "3/2. 4 ( 1\o 
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f3 
5 

8. 2 04 X 10 1\ 0 + 

( ~ T) 3/.2. ~ ( f i) V.2. 

82.5 • 

leg f • - 1. 8246 X 10
6 

(C_ti..{?( f T) ~h,. 
1+50.2~· xl0

8
R (C&I( l'l(~Tt2 

2 
If .L is plotted vs C 1\ Sf , the 1nt ercept 

S/\ 

is 1 

1 · and the slope -
K"A~ 

/\o 
• In practice an initial value of /\

0
was estiaeted from 

Wa lden• s rule and then an iterative procedure allows us to cal-

· culate K and /\(). The calculations were perforrred on a WIPRO 

z-650 computer using the pr~ram devised by us. 

The free, energies of transfer for t~ dissociation of 

benzoic acid have been calculated using equation (S). 

JC..:1G
0

) a~G0 -~G0 
t s w 

• -2.303 R1' 1..- log KT (s) - log K.r (w) J "· (5) 

The free energy of transfer of neutral benzoic acid is given by 

0 0 0 
6 Gt (HBz) = AG s (HBz) - 6.G w (HBz) 

• -2·303 RT lQJ -St X 

Cw 
'.' (6) 

Where C9 and cw are the molar concentrations of undissociated 

benzoic acid in the solvent (s) and water (w) respectively .tn 
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saturated solution. These are equal to the total acid in saturated 

solutions minus the concentration o.f the dissociated acid. Since 

the benzoic acid is present in its saturated state in respective 

solvents, the ratio of activity coefficient of neutral benzoic 
16 

acid in the mixed solvent and in Water has been assumed as unity • 

The free energy changes accortpanyin;J the transfer of 

benzoate ion from the standard state in water to that in the 
17 

solvents have been calculated from the following relations • 

'.' (7) 

.. ' (8) 

1). G 
0 

(H+) in eqUatibn (8) stands foJ:· the free energy chaD;Je for 
t 

.... 
the transfer of one mole of H ion from the standard state in 

water to the standard state in the solvent concerned and may be 
18,19 

taken as a measure of the basicity of the solvent with respect 

0 .... 
to that of Water • .6Gt (H ) values are lirnited to few percentages 

(mostly at loW percent ages) of ME + H
2
o and DME + H2 0 mixtures in 

0 + 
the literature. We prefer to use the A Gt (H ) values d~ermined 

+ by u.s based on the experimental measurements of transfer of BH 

(B ~ 2,2'-biPyridine or 1,10-phenanthroline) and related data20• 

It is to be noted that 1::::. G0 'H+) Values are always determined 
t 
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\ 

using extra thermodynamic assumptions with their inherent limita-

tions. But 6 o~(H+) values determined by us are consistent and 

in good agreenent both qualitatively and almost quantitatively 

at low percentages of ~ and DME With the available literature 

21,22 i ) values (based on TATB asau~ on • 

Tables l and 2 show that the solubility values and PK.r 
values of benzoic acid increase progressively With increase in 

·the percentage of ME or PME in the solvent. The c=omparison with 

other mixed solvents show that. the solubility values in ME-H2 0 

are less but in DME-H20 are greater than the corresponding values 
. 23,24 0 + 

in alcohol--water mixtures • The t::. Gt (~ ) values becoaes_ 

increasingly negative in going from water to ME + H20 and DME + 

H2o ri\ixtures indicating that tne binary mixtures are llt)~ basic 

than water. The basicity becomes maximum at 80 wt% of ME (ME 1 

H2o ~ 1& 1) and at 70 wt~ DME (DME • H20 ~ 1•2 ), thereby basicity 

decreases and ultimately becomss less basic than water at about 

90 Wt% of organic solvents (Fig. 2). The results also coincides 
21 

\<lith the fact that llME-H2o is more basic than HE-H2o ·mixtures • 

The chan:;,;es of the basicity of sol vent mixtures are reflected 

in the ~ values of benzoic acid. Thus the ~ values of benzoic 

acid in ME-H20 mixtures are less than those in oME-H
2
o mixtures. 

The two solvent also differ on their dielectric constant values 

and sol~ting capabilities. The dielectric constants of HE-Water 

ll\i.:xtures ·are greater than those of oME-water rnixt urea of similar 

J.rol% non-aqueous component, eleet-~rostatic interactions thus impart 



. 0 
less positive contribution to .D.Gt_(Bs-) in t-s + ~0 than in 

oME + H20 resulting in more ionization in the former than in 

the latter solvent system (Table 3). 

The measurement of the electrical conductance of a non

aqueous electrolyte solution provide several inportant parameters. 

Determination of the equivalent conductance,'/\ , as a functi.qn 

of concentration of_ the electrolyte, followed by analysis using 

an apPropriate equation gives rise to a value for the dissociation 

constant. In order to calculate dissociation constants of benzoic 

acid in il'lUc~d solvent from conductance measurements, we have used 

the Shedlovsk:y equation and the values nave bean reported in 

Tables 4 and 5. Ail excellent agreement can be found for the 

dissociation constant of benzoic acid obtained from conductance 

studies with thaae of solubility and spectroPbotometric data 

within the limits of our experimental accuracy. However, as noted 
:;h .. dyJ 

previously in the present A the conducton-:ttric method cannot be 
I 

used in the range above 60 Wt% of ME-water or OMli:-Water _mixtures, 

Where due to strong association the value of the conductance 
25 has a rat her large uncertainty • 

The solvent effect on the dissociation equilibrium of 
- 0 

HBz can also be seen from equation (8)• The values of f>CAG (HBz-

Bz- U increase with increase in mol% of tom or uME:, the ra~e of 

irll::! rease being larger at higher percentage of organic co-sol vents. 

Since the dissociation of benzoic acid produces extra charges, it 
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·.< 

( 
0 

- J ld il is expected that oC ~ G (HBz-Bz ) value shou necessar y 

increase with increase in Wt% of ME or DME (Fig. 2)· 

Table 3 shows the increasingly negative magnitudes of 

0 
b. G (Haz) with increase in mol% of ME or llH£, the values are less 

t 

negative in ME than DME (Fig. 1). This indicates the Stabilization 

of benzoic acid in these mixed solvents, primarily through disper-

26 
sion forces • The nUO'Iber of -cH3 group relative to that of 

hydrophilic -a-1 group bein:1 greater in DME, a greater dispersion 

effect is expected in DHE-H2o and this may be largely responsible 
0 

for the greater stability of HBz (more negative b. Gt (HBz >)in 
0( -DME-H2o as observed. The ~Gt Bz ) valu~s are predominantly posi-

o 
t ive, is in agreement with the fact that 6 G of anions an usually 

7 8 t 0 -' 2 ,2 ( 
positive • The result indicates that the transfer of ll Gt BS& ) 

is. non-spontaneous from water to organic solvents. 

It is desirable to analyse the results in the way 8f.9qested 
29 30. 

by Treiner ' , 

0 - 0 ' 0( 0( 
1:::. at (az ~ • ~Gt <eav >1 +~ Gt specif Jc) 1 + ~ Gt structural) 1 

0 r 

+6Gt (e1)1 

0 
4 Gt (ca v) 1, represent.ing the fxee enerc;Jy change we to cavity 

formation, is usually calculated by using the 
'31 

theory as deduced by Pierotti 

scaled particle 
32 33 

and used by others ' • However, 
0 

in viet of the limitations in the calculation of 6 Gt (el), we 

do not consider that the method would give more infor~tion 
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regarding the (specific + structural) 

of .6G0 (el) should include terms like, 
t 0 

(ion-dipole) + D.Gt (ion-induced-dipole) 

effects. (The actual value 
0 0 

AG ( (Born) +AGt 
t el) 

0 
+ A Gt (ion-quadru.PQle >. 

. 0 
Thus, the actual value of 4. at (el) should be more complicated 

0 
than is usually assumed). In the case of !:::.. Gt (HBz ), we have 

0 0 0 
A at CHBz) = LlGt (Cav>2 + ~ Gt (structural)2 

0 
+~Gt (s~cific)2 . 

0 0 
Though w~ can assume .6 a (cav) and 6 G (Cav >2 to be equal, the 

t 1 t 0 -
structural and specific terti\S would be different for 6. Gt (Bz ) 

0 0 
and ~ G (HBz). 6 G (e 1) would predominate in case of ~ Gt0 (Bz-) 

t . t 

but the dipole-dipole and dispersion interactions 'tllould be the 
0 

Rein factors for 6. G {HBz ). It is known that the calculation of 
t 

0 
~G <cav) involves an 

t o, -of 6 Gt Bz ) is based 

ele.re.nt of uncertainty and the calculation 

on extra-thermodynamic assu,~ions "'ith 

their inherent limitations. Thus, instead of attempting to find 

out the specific and structural affects, it is advisable to 
0 

calculate the .6 Gt (ion) using different extra-thermodynamic 

assumPtions to have consistent set of values. It is also desirable 
. 0 

to attempt a correlation of the experimental values of b. G (ion) . t 
With the different models of ion-solvent interactions. Obviously, 

more data of the • credium effect' of ions are required to obtain 

a clear Picture regardiDJ the ion-solvent interactions. 
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In conclusion it may be said that the overall dissociation 

behaviour of benzoic acid in these tWo solvent systems is dictated 

by specific solute-solvent interactions besides the effect of 

relative solvent basicities. 
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Table 1 & Solubility and IJK.r values of Benzoic Acid in ME-Water Mixtures at 25 C 

Wt" of ,1 X 10
2 Total Benzoic Acid Corrected A -2 log¥± p<T (from ~ Average 

ME ~ Concentration [CT] pH of solubility (Spectro- ~ 
(mol dm-3 ) saturated data) photo~~etric) 

solution 

00 1-27 o. 0285 2. 90 ·509 ·03 4.23 4-21 4-22 

10 1.34 0.0444 2.97 ·549 ·03 . 4.60 4.57 4.59 . 
20 1.43 0.0782 2.90 ·606 ·04 4.73 4.69 4. 71 

30 1-56 0.1422 2.87 ·691 ·C6 4. 94 4.90 4.92 

40 1. 74 o. 3973 2.84 .813 .o6 5.34 5.31 5.33 

so 1. 99 0.5314 2.91 • 995 .o7 5.61 5.5a 5.60 

60 2.37 1-2555 2. as 1-293 .o9 5.89 5.87 5.88 

70 2. 92 1.4429 2. 99 1.768 .11 6.25 6.24 6.25 

80 3.77 1.5 965 3.30 2.593 ·11 6. 91 6.88 6.90 

90 5.26 2 ·2 988 3.52 4-278 -14 7.54 7.55 7.55 
100 . 5.91 3. C635 - 5.087 

The uncertainty in the 1.1<,. value is '! 0.02 unit. 
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Table 2 a Solubility and ~ values of Benzoic ACid in DME-Water Mixtures at 25 C 

~t" Of 
DME 

10 

20 

30 

40 

so 
60 

70 

so 

90 

100 

.! X 10
2 

t 

l..4o 

1.56 

1.76 

2.01 

2.35 

2.79 

3.58 

4.79 

7.42 

14.12 

Tot a 1 Benzoic Acid 
concentration [Crl 

-3 
(mol dm ) 

o. 0486 

0.1292. 

0.5093 

1.2322 

2.1032 

2. 7123 

2. 8909 

3-5260 

4.4288 

3.2025 

Corrected pH 
of saturated 
solution 

2.93 

2.87 

2.90 

2.85 

2.82 

2. 94 

3.05 

3.38 

3.90 

A 

·587 

·691 

·827 

1.009 

1.277 

1.652 

2.401 

3.714 

7.160 

18.811 

The uncert;ainty in the I1<.r value is : o. 03 unit. 

-2 log !t .fi<. (from ~ 
solubility (Spectn>-
data ) Phot onet ric) 

·04 

·OS 

·06 

·07 

.1o 

·11 

·14 

·15 

·16 

4.57 

4.90 

5.57 

5~86 

6.06 

6.42 

6.70 

7.46 

8.61 

4.54 

4.89 

5.57 

5._83 

6.03 

6.41 

o.67 

7. 43 

8.62 

Average 

~ 

4.56 

4.90 

. 5.57 

5.as 

6.05 

6.42 

6. 69 

7. 45 

8.62 
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Table 3 a Free Energies of Transfer of Benzoate Ion, D. G (Bz-) in solvent-Water MiJ<:tures at 25 C 
(values are in kJ mol- t 

0 6< bG~ ) 6 G~(H+) 0 -
Wt% Of l:lGt (HBz) 6.Gt (Bz ) 
Solvent ME DME ME DME HE DME ME DME 

10 -1.15 -1-38 2.11 1.94 -1.07 -1.67 2.03 2.23 

~0 -2 .. 58 -3.84 2.79 3.88 -1.88 -2.57 2.09 2.61 

30 -4-08 -7.26 3.99 7. 7o ·-2.40-- -3-26 2'.31' 3.7o 

40 -6.64 -9.45 6.33 9.30 -2.43 -3.99 2.12 3.84 

50 -7.36 -10.77 7.87 10.44 -2-~9 -4.43 3.so 4.10 

60 -9.49 -11.40 9.47 12.55 -2.93 -4.57 2.91 5.72 

70 -9.84 -11.56 11.58 14.09 -2.96 ~i-15 4.7o 6.68 

80 -10.09 -12.06 15·29 18.43 -2.25 -1.42 7.45 7.79 

90 -lo. 99 -12.62 19.00 25.11 1.75 5.46 6.26 7.03 

100 -11.69 -11.82 

. ' 0 -1 
Uncertainties in ~Gt values are of the order t 0.17 kJ mol 
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Table - 4 

Equivalent conductances and Dissociation Constants 
of ·aenzoic ACid in ME-Water Mixtures at 2S

0
c 

Water 

Concentration 
X 104 (~1 dnl3 ) . 

1\ 
( .0. cm2mo·1-l) 1\ 0 

a. 989 85 •. 39 
' 

6. 758 96.61 

s.aaa 107.14 375.5 3.356 

2-889 136.73 

1.438 176.71 

20 Wt% ME 

Concentration :x lo
3 

1\ 
(mol dm- 3 ) 2 -1 1\o /\o'1.o {.!1 em mol ) 

6.762 ll.SS 

5.761 12·52 

4.843 13.62 21~.0 3._321 

4.091 14.77 

2.892 17.46 

2e4Sl 18.89 

pl<' 

4.23 

pK 

4.72 

contd •• 
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Table - 4 (contd •• ) 

40 Wt% ME 

-------------------------------------------------------------
concent::~t ion x 10

3 

(~1 dm ) 

9. 734 

9.003 

7. 394 

6. 251 

5.282 

4.004 

1\ 
2 -1 

4J'lcm mol I 

3.09 

3. 21 

3.54 

3. 85 

4.18 

4.79 

60 Wt% Mli: 

3 
Concent:~tion xlo 
(mol dm ) 

5.5 69 

4. 841 

3.764 

3. 240 

2-538 

1\ 
2 -1 

(llcm~l ) 

1. 76 

1.88 

2.13 

2.29 

2.59 

Ao 
pK 

141.0 3. 335 5.34 

Ao 

115.0 3.318 ~.89 
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Tq£le- S 

£quivalent conductances and Dissociation Constants 
of Benzoic ACid in oME-Water at 2S°C 

Conc~ntration x 10
4 

-3 
(mol dm > 

s. 288 

4.409 

2.891 

1.003 

0.487 

' 
lo3 Concentration x 

(mol dm-3) 

3.601 

2.489 

L.84B 

1. 296 

0.961 

O.ti25 

20 Wt% OME 

1\ 
2 -1 

(llcm mol > /\o 

29.43 

31.99 

J38. 71 205.9 3. 342 

61.24 

81.32 

40 Wt% DME 

1\ 
2 -1 1\o 1\o~o 

(.12. em L"lt>l ) 

3.12 

J. 74 

4.34 157.26 3.475 

5.16 

5.98 

7.38 
i 

4.91 

pK 

s. 8S 

Contd •• 



Concentration x 10
4 

-3. 
(mol dm J 

3. 386 

2.558 

1. 959 

1.002 

0.774 

o. 129 

• 
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T.aq1e - 5. (COntd •• ) 

60 Wt% DME 

(\ 
2 -1 

(Jlcm mol ) 

6.75 

7.74 

8.82 

12.24 

13.85 

32.19 

204.77 

1\o~o 
pK 

3.563 6.43 
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