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Abstract

The osmotic coefficient of aqueous solutions of cyclohexylsulfamic acid was determined by freezing point measure-
ments up to the molality 0.65 mol kg™'. The osmotic coefficients were fitted to the Pitzer equation, and ion interaction
parameters ¢, $* and 3" were evaluated. The mean ion activity coefficient of the solute was calculated, and the non-
ideal behaviour of the system investigated was characterized by calculation of the excess Gibbs energy of solution, as
well as the respective partial molar functions of solute and solvent. The partial molar excess Gibbs energy of the solute
is negative, like the excess Gibbs energy of its solution, while the partial molar excess Gibbs energy of the solvent is po-
sitive and increases with increasing concentration of the solute. The solvation ability of water was calculated from the
difference between the Gibbs energy of solution of water in solution and that of pure water, and found to be positive and

small for the solute investigated, throughout the concentration range studied.
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1. Introduction

The use of artificial sweeteners, which show greatly
enhanced sweetness compared with sucrose and have very
low caloric value, is steadily increasing.' Non-nutritive
sweeteners represent a large commercial market in the
field of pharmaceutical compounds and bulk chemicals.
Among them cyclohexylsulfamic acid and its sodium or
calcium salts are one of the most widely used artificial
sweetening agents in foods, beverages and pharmaceuti-
cals.

Although no plausible explanation of the molecular
mechanism of taste chemoreceptor has been found, seve-
ral models were proposed to describe the sweetener-re-
ceptor interaction, e. g.*. The exceptional role of water
in the sweetness mechanism which takes into account the
solute-solvent interaction in aqueous solutions of sweete-

ners, as well as the effect of sweet molecules on water
structure was first recognized by Mathlouthi et al.’ In the
past many of solution properties of artificial sweeteners
were used in interpreting the ease of accession of sweet
molecules or ions to the receptor side. The hydrophilic
and hydrophobic balance as well as steric factors in the
molecules of sweeteners is thought to affect the mobility
of water in the vicinity of the solute. From this point of
view it is surprisingly enough, that the data about ther-
mophysical and thermochemical properties of cyclohexyl-
sulfamic acid (on the contrary of its sodium salt) are very
scarce in the literature.> " % 1° Therefore, we focused a
part of our recent studies on cyclohexylsulfamic acid it-
self 111213, 14

A number of ionic interaction models provide the
simples and most coherent procedure for calculating the
properties of electrolyte compounds, e. g. Pitzer model,"
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the Bromley model,'® ' the NRTL model,'® and the SIT
model." The Pitzer model yields an extended Debye-
Hiickel formula using a virial expansion to account for the
ionic strength dependence of the short-range forces in bi-
nary and ternary ion interactions.

The purpose of this work was to obtain the Pitzer
ion interaction parameters from osmotic coefficient data
of aqueous solution of cyclohexylsulfamic acid at high
concentration. The obtained parameters enable us to cha-
racterize the non-ideal behaviour of aqueous solutions of
cyclohexylsulfamic acid by calculation of the excess
Gibbs energy of the solution, as well as the difference in
the Gibbs energy of solvation of water in the solution rela-
tive to pure water. In addition, this study represents a con-
tinuation of our previous work on this matter."’

2. Experimental
2. 1. Materials

Commercially available cyclohexylsulfamic acid
(HCy) was purchased from Sigma. The compound was
used as delivered without further purification and stored
in a desiccator over P,0O;. The purity of the acid was chec-
ked by titration with sodium tetraborate and also by analy-
sis of the elements C, H and N (Perkin Elmer, 2400 Series
II CHNS/O Analyser); it was found to be at least 99.9 %
purity.

2. 2. Preparation of Solutions

The solutions investigated were prepared on a molal
concentration scale (mol kg™') by precise weighing with
double distilled water, on a digital balance (Mettler Tole-
do, model AT201, Switzerland) that was accurate to wit-
hin +1 x 10~ g. Before use, the solutions were degassed
by ultrasound (ultrasonic bath, Bandelin Sonorex, type
TK 52, Berlin, Germany).

2. 3. Freezing Point Measurements

The freezing point depression was measured with a
Knauer cryoscopic unit (model 7312400000, equipped
with a strip chart recorder, Knauer Model 733.41). The
solvent and the solutions were supercooled and the forma-
tion of ice crystals was initiated by internal vibrations.
The freezing-point depression was recorded as the diffe-
rence in resistance of the thermistor, Ar (arbitrary scale)
between solvent and solution. The reproducibility of these
Ar measurements was better than 0.5 % of the measuring
scale. The instrument was calibrated with sodium chloride
solutions® of accurately known molality over the same
freezing-point range as for the solutions investigated, and
the calibration was checked before and after each run. The
freezing-point data of the sodium chloride solution were
smoothed using the Lagrange interpolation method. The

following relationship was obtained: 8 = k - Ar, where 0 is
the freezing point depression and k is the calibration con-
stant. The overall accuracy of the freezing-point depres-
sion of sodium chloride solution was +0.005 K.

3. Results and Discussion

The freezing-point depression data, 6 (K), given in
Table 1, were used to calculate the osmotic coefficient on
molality basis, ¢, , through the relation (1) where the hig-
her terms were omitted due to the uncertainty of the os-
motic coefficient:!

AfusHYij
" VmM,,  RI; M

where MHZORTIZT]/AMH(;’”: 1.8598 K kg mol™, the ideal
freezing point depression constant, v is the number of ions
into which the electrolyte dissociates, and m (mol kg™')
are the molalities of the aqueous solutions investigated.
The osmotic coefficients ¢, are given in Table 1 and
shown in Fig. 1 where ¢, is plotted against square root of
the molality. The uncertainties of the osmotic coefficient,
0¢,,, were evaluated according to Eq. (2), and found to be

smaller than 0.003.
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Table 1. The freezing point data, osmotic coefficients and mean ion
activity coefficients of aqueous solutions of cyclohexylsulfamic
acid at the freezing point of the solution.

m (mol kg™) 0 (K) 9, -Iny,
0.0466 0.126 0.728 0.749
0.0999 0.247 0.665 1.047
0.1540 0.370 0.646 1.219
0.2017 0.472 0.629 1.327
0.2649 0.606 0.615 1.437
0.3043 0.688 0.608 1.495
0.3563 0.795 0.600 1.564
0.4090 0.901 0.592 1.629
0.4590 1.002 0.587 1.686
0.5102 1.094 0.576 1.743
0.5680 1.196 0.566 1.805
0.6220 1.306 0.565 1.861

From Table 1 and Fig. 1, it can be seen that the os-
motic coefficients ¢, decrease with increasing molality.
The cyclohexylsulfamic acid is a moderately strong acid
with the dissociation constant of K, = 0.0154 = 0.0005 at
298.15 K and as such it was treated as 1:1 electrolyte.'?
The adjustable parameters of the Pitzer equation,'® which
for dilute aqueous solutions of 1:1 electrolyte takes the
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Fig. 1: Osmotic coefficients (®) and mean ion activity coefficient
(A) of aqueous solutions of cyclohexylsulfamic acid at the free-
zing point of the solution

form shown in Eq. (3), were fitted to experimentally ob-
tained osmotic coefficients:

g, =1+ f% + mB%H 3)
where:

FO) = _ g % (4)
and:

B = g 4 g exp(—a,m"’?) 5)

In Eq. (4), A" is the Debye-Hiickel constant, and b
is a parameter of 1.2 (kg mol™)"? for aqueous solutions.
The B term in Eq. (5) is a slowly varying function of
molality that takes into account short-range ion-ion inte-
ractions. The parameter has an especially simple form ha-
ving the desired general properties, namely it has a finite
value at zero molality, a rapid change linear in m'” at low
ionic strength and slow approach to an asymptotic value at
high molality. The constant 8’ in Eq. (5) is often correla-
ted with structure-making and structure-breaking effects.
The parameters 3, BV and ¢, are obtained from experi-
mental data.

In fitting procedures of osmotic coefficients with
Eq. (3), we used a value of A/ = 0.37642 (kg mol™")""?
for the Debye-Hiickel constant,?* and for a temperature in-
dependent parameter, b = 1.2 (kg mol™)"?, which was
proposed by Pitzer' for aqueous 1:1 electrolyte solutions.
The following values were received for the parameters:
B® = — (0.387x0.009) kg mol™', BV = — (16.32+0.10)
kg mol™!, and o, = (6.484x0.005) (kg mol™)"2. The value
of parameter ¢, is substantially higher than 2.0, which

was the value used for simple 1:1 electrolyte solutions.”
As was pointed out by Pitzer;” the value of parameter ¢,
may be adjusted for each substance, if desired.

It has been noted previously on the bases of our vis-
cosity studies that cyclohexylsulfamic acid is a weak
structure-maker'* and the results here agree. The negative
value of B© cyclohexylsulfamic acid (between the values
of sodium saccharin and potassium acesulfame, both with
evident structure-breaking effects’*) merely confirms that
it is necessary to assume incomplete dissociationof the
acid'"" * and that important structure differences exist
among these large organic ions. In zwitterion form of
cyclohexylsulfamic acid the balance between hydrophili-
city, hydrophobicity, anionic and cationic characteristics
ensures only weak net interactions to surrounding water.
The dissociation process results in the disappearance of
the zwitterion structure and formation of hydrogen and
cyclohexylsulfamate ions; the latter was already found as
positive-solvating ion (structure-making ion) from the vo-
lumetric properties,* *® opposite to the nitranions of sacc-
harin (sodium salt) and acesulfame (potassium salt) which
were classified previously as negative-solvating ions or
structure-breaking ions.”” However, the observed differen-
ce in parameters 3© and BV relative to other 1:1 elec-
trolytes can be attributed by the incomplete dissociation
of cyclohexylsulfamic acid in aqueous solution and by
hydrophobic hydration. Very large values of parameter
B were also found for some higher carboxylate salts
such as sodium octanoate (—7.73638 kg mol™"), manoate
(-10.3798 kg mol™), and decanoate (-7.40138 kg
mol™).?® The high values observed were described to the
well known tendency of these salts to form micellar ag-
gregates, especially at higher concentrations. The overall
quality of the fit was expressed as the corresponding stan-
dard deviation shown in Eq. (6):

1/2
n

Z (¢m,i(exp) - ¢m,i(cal) )2
s==+| = (6)
n

where ¢, .., and ¢, ., denote the experimental and cal-
culated osmotic coefficients, and n is the number of expe-
rimental data. The standard deviation of the fit amounts to
+0.008. It was shown by Marshall et al.”® that for a small
molality range the experimental data by the Pitzer relation
provides the best fit although the parameters obtained for
small molality ranges do not necessarily result in good
prediction at higher molality. They concluded that the Piz-
zer model does not appear to have good extrapolative ca-
pacity. Furthermore, the Pitzer model assumes the solu-
tion consists only of solvent, anions and cations. Incom-
plete dissociation, micellar aggregation or hydrolysis of
electrolyte solutes are left out of account.

The mean ion activity coefficient of the solute, ¥,,
was calculated from Eq. (7):'
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In 7. = f(y) +mB(7) (7)

where:

1/2

FO = _A<¢m){ m

2 1/2
— +Zln(1+bm )} (®)

and:

(D
B» — 2'3(0) +%{lexp(alm1/2)
o, m

1
[1 +aym"? —lafmﬂ
2

The calculated values of Iny, are given in Table 1
and shown as 7, in Fig. 1.

The non-ideal behaviour of the aqueous solutions of
cyclohexylsulfamic acid was further characterized by the
excess Gibbs energy of solution, G*. From the mean ion
activity coefficient and osmotic coefficient, the excess
Gibbs energy of solution per kilogram of solvent is given
by Eq (10):15, 23,29

€))

G® =2mRT(1-¢,+Iny, )=

(10)
RT(f+2mB")
where:
E dm
@ = _ g% | ZZ n(1+bm'?
f ( . j ( ) (11)
and:
v 24" ,
B9 = B+ Zo—| 1-exp(-am"*
Vi alzm[ p(-cm'"?) 1)

(1+a]m”2)J

The calculated values of G* are given in Table 2.
The values of G® are negative and show the same ten-
dency for non-ideal behaviour as the osmotic and mean
ion activity coefficient. The negative sign of the excess
Gibbs energy may come from non-structural interactions,
through hydrophobic interactions which are largely res-
ponsible for this behaviour.

The excess Gibbs energy of solution can also be gi-
ven by Eq. (13):%

G" =nG’ +mG; (13)
where n, represents the number of moles of solvent per ki-
logram of solvent, G} (J mol™) is the partial specific ex-
cess Gibbs energy of the solvent, and G5 (J mol™) is the
partial molar excess Gibbs energy of the solute. G} can be
calculated according to Eq.(14):* %

Table 2. Excess Gibbs energies of solution, partial specific excess
Gibbs energies of the solvent and the solute, and the differences in
the Gibbs energy of solvation of water molecules at the freezing
point of the solution.

m -G* n,GY -mGy AAG;
(molkg™  (Jkg™ Jkgh Jkgh I mol™)
0.04655 101 55.5 158 5
0.09987 323 150 474 17
0.15403 602 250 852 30
0.20173 878 339 1214 41
0.26492 1274 461 1725 56
0.30426 1535 538 2061 65
0.35631 1895 644 2627 77
0.40904 2276 755 3122 90
0.45895 2649 860 3503 101
0.51019 3046 977 4023 113
0.56796 3508 1116 4635 127
0.62201 3954 1221 5232 139

E _ OGE _ _ () (r)
Gi=|—=—| =2Rlhy. =2RT[ fV+mB" ] (14)

and G} according to Eq. (15):
GF =2M,mRT (1-¢,) ==2M,mRT | ™ +mB%* ] (15)

where M, (g mol™) is the molar mass of the solvent. The
values of the products n,G} and mG5 are given in Table 2.
As can be seen the GE values are negative, like Gt ie.
they decrease with increasing concentration of the solute;
in contrast, the anf: values are positive, and increase with
increasing concentration of the solute. Cyclohexylsulfa-
mic acid can exist in aqueous solution as a neutral mole-
cule or in the zwitterionic form.'>?' The positive value of
the product n,GF can be ascribed to the hydrophobic sol-
vation of solute molecules. The negative sign of the pro-
duct mG5 comes from non-structural interaction and
hydrophobic interaction of zwitterionic structure with sol-
vent molecules.

Some information about the solvation ability of wa-
ter can be obtained by the approach of Ben-Naim.*> Ac-
cording to this theory, the difference in the Gibbs energy
of solvation of water molecules in solution relative to pu-
re water, AAG|, (J mol™), is given by Eq. (16):

P
AAG; = AG" —=AG™ = RTn (pl—f’lj (16)

1%

where AG|' and AGP are the Gibbs energy of solution 1
relative to that of pure water p, p, is the number density of
water in a pure solvent (molecules/cm?), p| is the number
density of water, and ¢ is the activity of water in solution.
The term pP/pwas obtained through the respective densi-
ties and expansibility of water*® and aqueous solution of
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cyclohexylsulfamic acid." The values of In a, were calcu-
lated from Eq. (17):

Ina, =-vmM,g, (17
where v = 2. The calculated values of AAGT (J mol™) are
given in Table 2. From Table 2 and Fig. 2, it follows that
the AAGT values are positive and small, and increase with
increasing concentrations of the solute. It is interesting to
note that AAG, values of some strong acids, e. g.
hydrochloric acid are small and negative.*® Contrary, va-
lues of AAG, of aqueous solutions of sucrose and glucose
are positive and high.*

According to Ben-Naim,* it is not possible to state
categorically whether the observed effects on AAGT are
due to direct solute-solvent interactions or to indirect
changes in the structure of the solvent environment that
are induced by the addition of the solute. Since the AG,?
of water as a pure liquid at 0 °C is negative, AG,P = —
27.792 kJ mol™',* we can conclude that the addition of
cyclohexylsulfamic acid makes the Gibbs energy of solva-
tion of water in solution, AG}', less negative than in pure
water. The major reason for this appears to be the overall
weakening of the average binding energy of water mole-
cules to their surroundings when cyclohexylsulfamic acid
is added to the solvent.
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Fig. 2: Concentration dependence of the Gibbs energy of solvation
of water molecules in solution relative to pure water, AAGT , for
aqueous solution of cyclohexylsulfamic acid at the freezing point
of solution

4. References

1. N. G. Ilback, M. Alzin, S. Jahrl, H. Enghardt-Barbieri, L.
Busk, Food Addit. Contam. 2003, 20, 99-104.

2. R. S. Shallenberger, J. Food Sci. 1963, 28, 584-589.

3. R. S. Shallenberger, T. E. Acre, Nature 1967, 216, 480-482.

4. L. B. Kier, J. Pharm. Sci. 1972, 61,1394-1397.

5. M. Mathlouthi, C. Bressann, M. O. Portmann, S. Serghat, in:
M. Mathlouthi, J. A. Kanters, G. G. Birch (Eds.), Sweet-Ta-
ste Chemoreception, Elsevier Science Publishers, Essex,
1993, pp. 141-175.

6. J. F. Lawrence, Cyclamates, In: B. Caballero, L. Trugo, P. M.
Finglas (Eds.), Encyclopedia of Food Sciences and Nutri-
tion, Vol. 3, Academic press, London, 2003, pp. 1712-1714.

7. G. G. Birch, S. Parke, R. Siertsema, J. M. Westwell, Specific
volume and sweet taste, Food Chem. 1996, 56, 223-230.

8. D. Rudan-Tasic, C. Klofutar, Volumetric properties of aque-
ous solutions of some cyclohexylsulfamates at 25.0 °C, Food
Chem. 2004, 84, 351-357.

9. D. Rudan-Tasic, C. Klofutar, J. Horvat, Viscosity of aqueous
solutions of some alkali cyclohexylsulfamates at 25.0 °C,
Food Chem. 2004, 86, 161-167.

10. I. Leban, D. Rudan-Tasic, N. Lah, C. Klofutar, Structures of
artificial sweeteners-cyclamic acid and sodium cyclamate
with other cyclamates, Acta Cryst. B63, 2007, 418-425.

11. D. Rudan-Tasic, N. Poklar Ulrih, C. Klofutar, Monatsh.
Chem. 2010, 141, 149-155.

12. C. Klofutar, M. Luci, H. Abramovi¢, Physiol. Chem. Phys.
and Med. NMR, 1999, 313, 1-8.

13. C. Klofutar, D. Rudan-Tasic, J. Solution Chem. 2006, 35,
395-406.

14 C. Klofutar, J. Horvat, D. Rudan-Tasic, J. Mol. Liq. 2007,
131-132, 87-94.

15. K. S. Pitzer, J. J. Kim, J. Am. Chem. Soc. 1974, 96, 5701—
5707.

16. L. A. Bromley, J. Chem. Thermodyn. 1972, 4, 669-673.

17. L. A. Bromley, AIChE J. 1973, 19, 313-326.

18. C. C. Chen, H. L. Britt, J. T. Boston, L. B. Evans, AIChE J.
1982, 28, 588-596.

19. H. Gamsjéger, J. Bugajski, T. Gajda, R. J. Lemire, W. Preis,
in: OECD (Ed.), Chemical Thermodynamics of Nickel, vol.
6., North Holland Elsevier Science Publishers, Amsterdam,
2005, 445-470.

20.R. C. West, M. J. Astle, W. H. Beyer (Eds.), Handbook of
Chemistry and Physics 65™ edn. CRC Press, Boca Raton,
1985, p. D-256.

21.J. E. Desnoyers, in: R. M. Pytkowicz (Ed.): Activity Coeffi-
cients in Electrolyte Solutions, CRC Press, Boca Raton,
1979, pp.139-155.

22.D. G. Archer, P. Wang, J. Phys Chem. Ref . Data, 1990, 19,
371-411.

23. K. S. Pitzer, J. Phys. Chem. 1973, 77, 268-277.

24.D. Rudan-Tasic, N. Poklar-Ulrih, C. Klofutar, Monatsh.
Chem. 2010, 141, 149-151.

25. M. Boncina, A. Apelblat, J. Barthel, M. Bester-Rogac, J. So-
lution Chem. 2008, 37, 1561-1574.

26. C. Klofutar, J. Horvat, D. Rudan-Tasic, Monatsh. Chem.
2006, /137, 1151-1161.

27. C. Klofutar, J. Horvat, D. Rudan-Tasic, Acta Chim. Slov.
2006, 53, 274-283.

28. S. L. Marshall, P.M. May, G. T. Hefter, J. Chem. Eng. Data
1995, 40, 1041-1052.

Bester-Rogac et al.: Osmotic Coefficient of Aqueous Solutions of Cyclohexylsulfamic

853



854 Acta Chim. Slov. 2010, 57, 849-854

29. H. L. Friedman, in: I. Prigogine (Ed.), Monographs in Stati- 31.N. N. Greenwood, A. Earnshaw, Chemie der Elemente,
stical Physics and Thermodynamics, vol.3, Interscience Pub- VCH, Weinheim, 1988, p. 970.
lishers, New York, 1962, pp. 191-225. 32. A. Ben-Naim, Solvation Thermodynamics, Plenum Press,
30. O. D. Bonner, S. Paljk, C. Klofutar, J. Solution Chem. 1993, New York, 1987, pp. 81, 90.
22,27-42. 33. G. S. Kell, J. Chem. Eng. Data 1975, 20, 97-105.
Povzetek

Na osnovi zniZanja zmrzi$¢a smo dolocili osmozni koeficient vodnih raztopin cikloheksilsulfaminske kisline. Koncen-
tracijsko odvisnost osmoznega koeficienta smo izrazili s Pitzerjevo enacbo in ovrednotili interakcijske koeficiente ¢,
B© and BV, Neidealno obnasanje vodnih raztopin cikloheksilsulfaminske kisline smo okarakterizirali s presezno Gibb-
sovo energijo raztopine, topljenca in topila ter pojasnili z nepopolno disociacijo in hidrofobno hidratacijo topljenca.
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