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Abstract - The freezing depression points of aqueous phosphoric acid have been determined using a method 
based on measurement of solution conductivity. The osmotic coefficient for freezing point lowering was 
calculated by the condition of solid-liquid equilibrium and by the equation proposed by Bjerrum (1918). A 
calculation method is presented in this study to evaluate the ion interaction parameters for the Pitzer model 
from freezing point and isopiestic molalities of aqueous phosphoric acid solution. The model of Chen, Bromely 
and the Three-Characteristic Parameter Correlation (TCPC) are also used to model this system. The isopiestic 
molality values from literature data are used to optimize these models. Using these parameters, we were able 
to estimate thermodynamic properties: osmotic coefficient, mean activity coefficient and water activity for the 
H3PO4-H2O system, and contribution to a better understanding of the thermodynamic behaviour of the aqueous 
system containing phosphoric acid.
Keywords: Phosphoric acid, Pitzer parameters, Water activity, Activity coefficient, Osmotic coefficient.

INTRODUCTION

Phosphoric acid is one of the strategic elements 
in the agriculture and pharmaceutical domain. In the 
literature, there are several different studies predicting 
all the parameters of the H3PO4-H2O system, although 
they were only realized at 298.15 K and done on water 
vapor pressure.

The thermodynamic properties of phosphoric acid 
are of crucial importance in industrial processes such 
as crystallization, reactors and chemistry reactions. 
The thermodynamic model proposed by Pitzer was 
used in this study to predict thermodynamic properties 
based on freezing point depression experimental 

results. In general, the use of the Pitzer model is based 
on the determination of parameters from experimental 
data, for example: the determination of water activity 
in the ternary system KI-KNO3-H2O at 298.15 K 
using an electronic hydrometer by Galleguillos et 
al. (2003), determination of activity coefficients of 
electrolytes in the ternary system NaCl-Na2SO4-H2O 
from potential difference measurements at 298.15, 
303.15 and 308.15 K by Sirbu et al. (2011) and 
osmotic and activity coefficients of dilute aqueous 
solutions of unsymmetrical tetraalkylammonium 
Iodides at 298.15 K using the isopiestic method by 
Amado-Gonzalez et al. (2012).
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There are also other thermodynamic models wi-
dely used to determine the thermodynamic properties 
of electrolytic solutions. Bromely (1973) presented a 
method for calculating the osmotic coefficient and the 
activity coefficient. He presented the values of the pa-
rameters used in this equation at 298.15 K to determi-
ne the properties of various electrolyte systems. This 
model has been used in several fields, for example in 
the work of Vicum et al. (2003), where the Bromley 
model was used for the non-stoichiometric precipita-
tion of barium sulfate, BaSO4. Chen et al. (1982) pro-
posed a model to calculate the activity coefficient with 
long-range and short-range contributions. This model 
successfully correlated experimental data at 298.15 K, 
for example in the work of Taghi et al. (2003), who 
applied the Chen model to correlate experimental data 
of the osmotic coefficient and density of non-aqueous 
systems. Recently, the Three-Characteristic Parameter 
Correlation (TCPC) model proposed by Ge et al. 
(2007) was used to correlate experimental data of se-
veral aqueous and non-aqueous systems.

In the case of aqueous phosphoric acid solution, the 
work of Pitzer et al. (1976) was an important effort to 
predict the thermodynamic parameters of phosphoric 
acid at 298.15 K up to 6 mol.kg-1 based on the statistical-
mechanical equations. Their work employed isopiestic 
results coupled with electromotive force (EMF). 
Holmes et al. (1999) determined experimentally the 
isopiestic molalities of aqueous solutions of phosphoric 
acid at high temperature in the range of 383.15 to 
523.15 K. The recent study proposed by Yang et al. 
(2016) presents experimental values of water activity 
at 298.15 K using the isopiestic method.

The objective of this work is to present new 
experimental values of freezing depression points 
up to 241.15 K by using the conductimetric method, 
thus combining the freezing point and isopiestic data 
to predict more general and precise thermodynamic 

properties for the phosphoric acid-water system up to 8 
mol.kg-1, with a suggestion for adapting Pitzer's model 
to any temperature of phosphoric acid solutions, with 
comparison to the Chen model, Bromley model and 
Three-Characteristic Parameter Correlation model 
(TCPC).

EXPERIMENTAL METHODS

In the present study, the freezing point depression 
was determined experimentally by using a method ba-
sed on measurements of conductivity, λ. In this me-
thod, the ice solubility curve is measured at fixed tem-
perature by adding step-by-step phosphoric acid with 
a known concentration. The saturation by ice is achie-
ved, which generates a variation in the slope of the 
curve of solution conductivity versus concentration. 
At this point the freezing temperature and molality 
are determined (Goundali et al., 2008; Goundali et al., 
2007). For example, to determine freezing depression 
points of the system H2O-A, we start with the sample 
M, Figure 1-B. After each addition, the conductivity 
of the solution is measured until stability of its value. 
The curve (A) in Figure 1 (conductivity=f(volume of 
water)) obtained for the binary system H2O-A presents 
a break at phase change when an invariant equilibrium 
is analyzed. The operation is repeated until the total 
determination of the liquidus of the ice.

Figure 2 shows the experimental setup used for the 
FPD determinations using the conductimetric method.

RESULTS

Table 1 presents the ice saturation curve obtained 
for the H3PO4-H2O system in the range of temperature 
from 241.15 to 268.15 K with an estimated standard 
temperature uncertainty of ±0.1 K. The temperature 
control was performed by a VWR Model 1197P 
thermostat (USA). Water was distilled twice with 

Figure 1. Conductivity study variation of the isothermal dilution of mixture M in the binary system H2O-A
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conductivity on the order of 6 µS at 291.15 K. Two 
products were used to ensure the reliability of the 
experimental results, phosphoric acid with 85% 
concentration in water that presents 99.99% purity 
and phosphorus pentoxide with purity 99%. (Sigma-
Aldrich) The concentration of phosphoric acid was 
verified using titration with sodium hydroxide.

In Figure 3, our experimental freezing depression 
values and those of Lide (2003-2004) and Jones et 
al. (1907) are presented and compared. This figure 
shows that the data of Jones et al. (1907) have a large 
deviation and below 267.6 K the difference between 
the values is significant.

The isopiestic molalities of aqueous phosphoric 
acid solutions have been measured by Holmes et al. 
(1999) using NaCl for the reference solution in the 
range of temperature from 383.15 to 523.15K for mo-
lality up to 10 mol.kg-1 .Table 2 presents the number 
of points used to model phosphoric acid's parameters.

In the presence of phosphoric acid in solution, the 
equilibrium between ice and water liquid is described 
by:

							       (1)

Below the temperature 273.15 K the condition for 
the equilibrium is:

							       (2)

In eq 2, µ designates the chemical potential and the 
asterisk (*) the pure phase, aw represents the activity 
of water. Following eq. 3, one can calculate directly 
values of water activity from the experimental data of 
freezing point based on the Gibbs-Duhem equation.

Figure 2. Experimental setup, (1) refrigerator; (2) conductimetric 
measuring zone; (3) temperature display; (4) thermometer; (5)  
conductivity meter; (6) capillary water-inlet; (7) thermostatic 
jacket; (8) aqueous solution; (9) magnetic bar; (10) closure cap.

Table 1. Experimental results for freezing point depression.

m [mol.kg-1] Δ [K]b T[K]a Φexpc ϕBjerrum

0.0400d 0.1 273.05 0.6722 0.6728

0.1100d 0.25 272.9 0.6112 0.6116

0.2617d 0.6 272.55 0.6167 0.6171

0.5371d 1.2 271.95 0.6011 0.6013

0.8874d 1.8 271.35 0.5459 0.5459

1.5248d 3.6 269.55 0.6359 0.6353

1.8008d 4 269.15 0.5984 0.5977

2.1750e 5 268.15 0.6418 0.6186

2.6153d 6.5 266.65 0.6704 0.6688

3.2020e 9 264.15 0.7596 0.7564

4.0876d 12 261.15 0.7939 0.7900

4.5847d 14 259.15 0.8266 0.8217

5.1480e 16 257.15 0.8499 0.8364

6.0690e 20 253.15 0.8898 0.8868

7.1770e 25 248.15 0.9441 0.9374

7.8190e 28 245.15 1.0477 0.9637

8.0380d 30 243.15 1.0192 1.0069

8.3831d 32 241.15 1.0405 1.0272
a Estimated standard uncertainties u are : u(T)=0.1ºK, u(m)=0.005, 
u(ϕ)=0.0125
b Freezing point depression (Δ=273.15-Tf),
c Osmotic coefficient calculated by eq 7,
d using Phosphorus pentoxide,
e using Phosphoric acid.

Figure 3. Experimental data for phosphoric acid freezing point depression.
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In the present calculations, the following values 
were used in this equation: the enthalpy of fusion 
for pure water ∆H* = 6009.5 J. mol-1, the universal 
gas constant R = 8.314 J.mol-1.K-1 and ∆Cp = 37.87 J. 
mol-1. K (Osborne, 1939; Osborne et al., 1939). The 
heat capacity value was used by Hassan et al. (2014) 
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the freezing point and by Arrad et al. (2015) in the case 
of ferric nitrate up to the temperature 248.15 K.

The osmotic coefficient ϕ is defined by the ratio π 
(real)/π(ideal), where π is the osmotic pressure:

							       (4)

where ϑs is the molar volume of solvent. Therefore, the 
expression of the osmotic coefficient becomes:

							       (5)

In the case of an electrolyte solution, where one 
molecule of acid MX dissociates into ν ions, the ideal 
solution activity of the solvent (water in this case) is:

							       (6)

By using equations 5 and 6, the osmotic coefficient 
equation in the real solution becomes:

							       (7)

The activity coefficient for a real solution is 
calculated using Equation 3.

The other method to calculate the osmotic 
coefficient from the freezing point lowering was 
presented by Randal (1923):

							       (8)

A quantity ϕ identical in value with (1-j) was called 
the osmotic coefficient by Bjerrum (1918); the function 
j is a property of the solvent:

							       (9)

where ν is the number of molecules formed per mo-
lecule of solute, θ is the freezing point lowering, δ 
is a constant =1.858 (Randall, 1923) and m is the 
molality.

The application of equation 7 in our study is repre-
sented by:

							       (10)

where mi is molality of species [mol.kg-1] in the solu-
tion, the molar mass of water MH20 = 18.01528 g.mol-1 
with v = (v+ + v-). The results of application of equa-
tions 9 and 10 are presented in Table 1.

THERMODYNAMIC MODELING

Pitzer model

The Pitzer model was applied for the treatment 
of non-ideality and in the case of 1-1 electrolyte the 
osmotic coefficient ϕ of the solution and mean activity 
coefficient γ± of the electrolyte can be written as:

							       (11)

							       (12)

where:

							       (13)

							       (14)

							       (15)

							       (16)

							       (17)

							       (18)

where ν+ and ν- are the numbers of M and X ions in 
the formula, Z+ and Z- are their respective charges, m 
is the conventional molality, AD-H is the Debye-Hückel 
constant, d1 is water density and ε is permittivity of 
vacuum, D the dielectric permeability of pure water at 
temperature T [K], N0 is Avogadro's number, K is the 
Boltzmann constant, the value of AD-H is 0.392 kg1/2.
mol-1/2 at 298.15 K.

The Pitzer values of two parameters a and bare 
2.0 and 1.2, respectively. I is the stoichiometric ionic 
strength of the solution [mol/kg].
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Bromley model

The equation of the Bromley model for the 
calculation of the osmotic coefficient can be written 
as:

							       (19)

where:

							       (20)

							       (21)

							       (22)

where Aγ is the Debye-Hückel constant on a log e 
basis at temperature T [K], ρ is a constant related to 
the distance of closest approach; in this case the value 
of ρ =1.0, Iis the ionic strength and B(T) is Bromley's 
parameter.

Chen model

Chen et al.(1982) proposed a model for calculating 
the activity coefficient based on long-range and short-
range contributions:

							       (23)

where f± is the activity coefficient based on mole 
fraction, LR and SR refer to the long-range and short-
range contributions.

The equation for short-range can be written as:

							       (24)

with:

							       (25)

							       (26)

The mole fraction xi as a function of molality m is 
written as:

							       (27)

where xc, xm, xa: are cation, solvent and anion mole 
fraction, τm,ca and τca,m are Chen parameters, Fmc = Fma 
= exp (-ατm,ca) and Fcm = Fam = exp (-ατca,m).

The equation for long-range can be written as:

							       (28)

To make the data uniform, the mean activity 
coefficient is converted to the molality form using the 
relationship:

							       (29)

In our case, the determination of the Chen 
parameters is adjusted with the osmotic coefficient 
data. Pitzer et al. (1986) presented the long-range 
solvent equation:

							       (30)
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with:

							       (32)

According to equations 30 and 31, the osmotic 
coefficient can be calculated by equation 10, using the 
expression lnas = lnxs.

Three-Characteristic Parameter Correlation model

The following equation was proposed for 
calculation of the osmotic coefficient using the Three-
Characteristic Parameter Correlation model:

							       (33)

The osmotic Coefficient can be calculated by 
integrating the equation for the mean activity 
coefficient:

							       (34)

From eqs. 33 and 34, the osmotic coefficient can be 
written as:

							       (35)

In this equation, b, S and n are the three characteristic 
parameters: S is the solvation parameter, b is the 
approach parameter representing the closest distance 
between ions and n is a distance parameter related 
to the distance between ion and solvent molecule. 
Using these parameters the osmotic coefficients of 
electrolytes in aqueous solution could be estimated.

For all thermodynamic models, the ionic strength 
of the solution [mol/kg], is given as:

							       (36)

The adjustable parameters MX
0b , MX

1b  and CMX
z  for 

Pitzer model, τm,ca and τca,m for the Chen model, B(T)
for the Bromely model and b, S, n for the Three-
Characteristic Parameter Correlation model are 
specific for the phosphoric acid-water system. They 
have been obtained from least-square fitting of the 
freezing point and isopiestic data.

RESULTS AND DISCUSSION

The Pitzer parameters for phosphoric acid-water 
were determined by using different types of data: so-
lubility and isopiestic molalities. Pitzer's most exten-
sive investigation was done for NaCl. As shown in 
the works of Sippola (2013) and Sippola et al. (2014) 
the variation of MX

0b , MX
1b  and CMX

z  was tested using 
a temperature dependency in the form = a +   . In our 
work the variation of Pitzer's parameter values for 
phosphoric acid resulted in the following equations:
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The parameter variation of the Bromley model as a 
function of the temperature is:

							       (40)

The variations of the Chen parameters as a function 
of the temperature are:

							       (41)

							       (42)

In the case of the Three-Characteristic Parameter 
Correlation model nis a constant, the variation of S 
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eq 45 that minimizes the errors between the osmotic 
coefficients from the thermodynamic models and the 
experimental values:

							       (45)

The Deby-Hückel constant AD-H in the range of 
temperature 230 K to 298.15 K was calculated from 
the polynomial based on the tabulated values of Deby-
Hückel constant presented by Pitzer et al. (1976) as:

							     

							       (46)

For the range 298.15 to 523.5 K, the Deby-Hückel 
constant is given in the work of Holmes et al. (1999).

The standard deviation, σ,was defined as:

							       (47)

where NP represents the number of experimental 
points at each temperature.

The values of ion-interaction parameters for the 
thermodynamic models are presented in Table 3.

The variation of MX
1b  for the Pitzer model depends 

on a1 and b1 because c1 is very small:

							       (48)

Following eq 47, we calculated the standard devia-
tion for each model. Table 4 presents the values for 
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As can be seen from Table 4, the values of standard 
deviations for fitting the experimental data of osmotic 
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Figure 4 presents the objective function for the 
global treatment of each model.

The comparison between experimental results of 
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Table 2. Number of data points used

Range of T [K] Number of 
points type of data references

241.15-273.05 18 a this study

249.57-273.03 26 a Lide (2003-2004)

383.15 26 b Holmes et al. 
(1999)

413.15 33 b Holmes et al. 
(1999)

443.15 38 b Holmes et al. 
(1999)

473.15 29 b Holmes et al. 
(1999)

498.15 23 b Holmes et al. 
(1999)

523.15 29 b Holmes et al. 
(1999)

Estimated standard uncertainties for data from Holmes et al(1999)
u are : u(T)=0.1ºK,u(m)=0.002,
a: solubility measurement data
b: isopiestic molalities measurement data.

results, which is why their objective function value re-
mains the lowest (Figure 4), whereas the Chen model 
diverges after 7.2 mol /kg.

The Pitzer model presents the lowest value of ob-
jective function in the case of the phosphoric acid-wa-
ter system and was used to calculate the activity coe-
fficient of water, osmotic coefficient and mean activity 
coefficient at different temperatures.

Figure 5 shows the calculated osmotic coefficient 
for the phosphoric acid-water system at different tem-
peratures using the Pitzer parameters presented in 
Table 3.

It is important to calculate the mean activity coe-
fficient H PO3 4c!  at temperatures below 273.15 K. Table 
5 presents mean activity coefficient values at selected 
molalities.

The mean coefficient calculated in Table 5 decreases 
as a function of temperature in high molality, but the 
values are almost equal in low molality. This confirms 
results presented earlier by Holmes et al. (1999).

Calculated water activity coefficients are usually 
reported in terms of the ionic strength. Figure 6 pre-
sents the values of aw at 298.15K calculated by equa-
tions 11 and 10 using the values of Pitzer parameters 
presented in Table 3.

The water activity coefficients determined at 
298.15 in this study using the values of Pitzer's model, 
Table 3, predict exactly the same values determined 
experimentally by Platford (1975), the isopiestic me-
asurements of water activity in recent study by Yang 
et al. (2016) and results presented by Elmore et al. 
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Table 3. Values of thermodynamic models parameters for phosphoric acid 
in the range 241.15 to 523.15 K

Thermodynamic 
model Values of the parameters

Pitzer

a0 -3.0965

b0 199.4352

c0 0.4324

a1 -4.7399

b1 0.0094

c1 -5.2106E-06

aϕ 0.2998

bϕ -18.7089

cϕ -0.0420

Bromely B

B1 0.7008

B2 16.9532

B3 -0.4586

B4 0.0691

TCPC

S

as 34.5422

bs 250.8047

cs -4.9416

B

ab -15.2213

bb 554.8083

cb 2.3532

  n 0.6149

Chen

τm,ca

am,ca 0.8583

bm,ca 0.9999

cm,ca 0.9994

τm,ca

aca,m 0.4138

bca,m 0.9951

cca,m 1.7479

  α 0.8652

MX
0b

MX
1b

CMX
z

Table 4. Values of the standard deviation at high temperature

T [K] Number 
of points

σT

Pitzer Bromely TCPC Chen

383.15 26 0.0173 0.0444 0.0456 0.0532

413.15 33 0.0110 0.0436 0.0420 0.0501

443.15 38 0.0118 0.0263 0.0364 0.0497

473.15 29 0.0148 0.0104 0.0385 0.0717

498.15 23 0.0107 0.0120 0.0247 0.0550

523.15 29 0.0158 0.0370 0.0360 0.0930

(1946), which confirms the Pitzer parameters presen-
ted in Table 3.

CONCLUSION

The present paper reports the results of an expe-
rimental freezing point study of aqueous phosphoric 
acid solutions using a conductimetric method. The 
model used in this work, that of Pitzer, was compared 

Figure 4. Objective function for each model for the phosphoric 
acid-water system.

Figure 5. A: Comparison between experimental results and 
thermodynamic models to predict the freezing depression curve; 
B: Calculated osmotic coefficient vs. ionic strength at 413.14 
to 498.15 K using Pitzer model: acalculated osmotic coefficient 
by Pitzer model in this study, bexperimental values of osmotic 
coefficient.

with 222 points of thermodynamic properties: activi-
ty coefficient, mean activity coefficient and osmotic 
coefficient in the range of temperature from 241.15 to 
523.15 K up to 8 mol.kg-1 for H3PO4-H2O system. The 
experimental values related to water activity from the 
literature confirm the values calculated by the Pitzer 
model based on the experimental data of freezing point 
depression, which shows that the use of freezing point 
depression data for the modeling of electrolyte systems 
is very interesting.

The form of variation of the Pitzer parameters MX
0b , 

MX
1b  and CMX

z  presented in this work produces better re-
sults compared to the Chen model, Bromley model and 
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Table 5. Mean activity coefficient at low temperatures using Pitzer model.

m [mol.kg-1]

T [K]

243.15 254.3 263.03 268.15 270.14 273.15

0.1 0.5568 0.5592 0.5593 0.5599 0.5601 0.5603

0.3 0.4235 0.4261 0.4265 0.4273 0.4276 0.4280

0.5 0.3493 0.3517 0.3520 0.3528 0.3531 0.3535

0.7 0.3018 0.3038 0.3040 0.3047 0.3049 0.3053

0.9 0.2690 0.2706 0.2706 0.2711 0.2713 0.2716

1 0.2452 0.2464 0.2462 0.2466 0.2467 0.2469

2 0.2273 0.2282 0.2276 0.2279 0.2280 0.2281

3 0.2135 0.2140 0.2132 0.2133 0.2134 0.2134

4 0.2027 0.2028 0.2018 0.2017 0.2017 0.2017

5 0.1941 0.1938 0.1925 0.1924 0.1923 0.1922

6 0.1613 0.1576 0.1541 0.1527 0.1522 0.1514

7 0.1603 0.1534 0.1476 0.1451 0.1441 0.1427

8 0.1664 0.1564 0.1485 0.1450 0.1437 0.1417

H PO3 4c!

T	 Temperature (K)
FPD	 Freezing point depression
TCPC	 Three-Characteristic Parameter Correlation model
b	 Debye-HUCKEL parameter (kg 2

1 .mol 2
1 )

Greek letter

μ	 Chemical potential
MXc!  Activity coefficient of element MX

ϕ	 Osmotic coefficient
α	 Universal parameter (kg 2

1 .mol 2
1 )

Sub/Superscripts

f	 freezing point
*	 pure chemical compound
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