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Abstract

Freezing points in the ternary ZnSO4-H2SO4-H2O system were measured from 0.25 to 2.0 mol kg-1

ZnSO4 and 0.25 to 2.0 mol kg-1 H2SO4. The experimental data was compared with predictions made

with  a  multi-component  Pitzer  model  and  Zdanovskii's  mixing  rule.  Good  agreement  between

measured and predicted results was achieved.

Introduction

Freezing point depression is a common phenomenon both in nature and in industry, having also

found a wide range of applications from determination of molar mass to anti-freeze and road salt.

Measurement  of  freezing  point  depression  of  an  aqueous  solution  is  in  essence  studying  the

solubility  of  ice  in  the  solution,  and  can  be  used  to  derive  activity  of  solvent  water  at  the

measurement temperature. It is thus a practical tool for probing both solute and solvent properties at

low temperatures, although with knowledge of heat of dilution of the solute, conversion to, say

298.15 K can be made. 

In  this  work,  we  have  measured  freezing  point  depressions  of  the  ternary  ZnSO4-H2SO4-H2O

system.  This  is  a  direct  continuation  to  our  previous  work  [1]  in  studying  physico-chemical

properties of this industrially imporant system. Although freezing point depression in the binary

subsystems has been studied [1-4], previously reported measurements for the ternary system are

scarse.  Agde  and  Schimmel  [5]  studied  the  three-phase  equilibrium  ZnSO4 ·7  H2O(s)  +  ice  +

solution  down  to  263.15  K.  Their  results,  however,  differ  greatly  from  the  results  of  our

thermodynamic model [1], which partly motivated this short study.

In addition to information of the activity of water that can be used to test or fit a thermodynamic

solution model, our results find a more direct practical application in the hydrometallurgical zinc

processing. Harsh winters in the northern hemisphere,  for example in the Nordic countries and

Canada, can subject the zinc and sulfuric acid bearing process solutions to subzero temperatures.

Our freezing point depression data can be directly used to estimate the risk of ice formation in

outdoor storage vessels, pipelines and settling basins.

Experimental

H2SO4 stock  solution  was  prepared  from  concentrated  H2SO4 (≥95  %,  Sigma-Aldrich).

Concentration of the stock solutions was determined by BaSO4 precipitation.  Working solutions



were prepared from the stock solution by weight dilution (purified water, Millipore Elix). ZnSO4

monohydrate was prepared from the respective heptahydrate (≥ 99.5 % assay, Sigma Aldrich), by

drying to constant weight at 105 °C over the weekend. Composition of the heptahydrate sample was

determined by ICP-OES. Water content and its standard uncertainty u for both the heptahydrate and

the monohydrate salt was determined by thermogravimetry. The results were (0.4307 ± 0.0030) and

(0.1109  ± 0.0011) mass fraction for the heptahydrate and the monohydrate, respectively. These

correspond approximately to molecular formulas ZnSO4·6.8 H2O and ZnSO4·1.1 H2O, indicating

slight  dehydration  of  the  commercial  salt  and  the  presence  of  excess  water  in  the  prepared

monohydrate.  The water content of the monohydrate was accordingly taken into account,  when

calculating the solute concentrations.

ZnSO4 – H2SO4 solutions were prepared by weighing from the H2SO4(aq) working solutions and the

dried salt. It was estimated that the impurities present in the salt contribute at most 0.3 mol-% to the

total solute molality. It can be assumed that within the precision and accuracy of this work, their

effect on the freezing points of sample solutions is negligible.

Table 1. Sample table

Compound CAS
Registry
Number

Source Initial  Mass
Fraction
Purity

Purification
Method

Final Purity Analysis
Method

water 7732-18-5 - - Millipore
Elix

12.5 MΩcmb Resistivity

ZnSO4·7
H2O

7446-20-0 Sigma-
Aldrich

>0.996 none - ICP-OES

sulfuric acid 7664-93-9 Sigma-
Aldrich

≥0.95a none - none

BaCl2·2 H2O 10326-27-9 Merck ≥0.99a none - none

aas reported by the supplier

bread from the purification device

Freezing point depressions were determined dynamically with a custom-built apparatus, following

the  same  approach  as  in  our  previous  work  [1].  Advantages  of  the  dynamic  method  are  the

relatively short  measurement  time,  simplicity of  the equipment  and not  needing to  analyse the

equilibrated sample solutions, as in the equilibrium method. Shortcoming of the method is larger

experimental uncertainty of the measured temperature and the extrapolated freezing point. 

The apparatus consists of a small jacketed glass vessel, cooled with a steady flow of cold (-25 °C)

water-ethanol mixture. The vessel was closed with an insulating lid made of natural cork. A K-type



thermopair (Delta Ohm HD 9218), checked regularly against a NIST traceable platinum resistance

thermometer (Traceable® Digital Thermometer, VWR), was fitted through the lid. To reduce heat

flow from the surroundings and enable lower measurement temperatures, the apparatus and was

insulated with a cell rubber shell. The solution inside was mixed slowly with a magnetic stirring bar.

The experimental set-up is shown schematically in Figure 1.

Cooling of the sample solution was performed at a constant flow rate of the coolant mixture. After a

plateau in temperature was reached, freezing was induced by momentary increase in the agitation or

by addition of a small ice crystal. The highest temperature reached after the freezing started was

taken as a first of approximation of the freezing point. All samples were studied with 3-5 different

degrees  of  supercooling,  ranging 0.2 – 4 K in magnitude.  Following Raoult's  method,  the true

freezing point was estimated by linear extrapolation to zero supercooling [6]. By visual inspection

of the precipitated solid, and the smoothness of the determined freezing point surface, it is assumed

that ice was the only precipitating solid phase. However, inclusion or co-crystallisation zinc sulfate

cannot  be ruled out,  and we assume it  to be very likely for the more concentrated samples or

measurements with larger degrees of supercooling.

Results and discussion

Figure  1. Schematic  representation  of  the  experimental  set  up.  A,  a

freezer maintained at -25 °C for storing and cooling the coolant mixture.

B,  pump for circulating the coolant  mixture.  C, a jacketed vessel  for

cooling the sample solutions. A constant but gentle stirring was achieved

with a small magnetic stirring bar. D, an insulating shell made of cell

rubber. E, a type K thermopair.



To check  proper  operation  of  the  apparatus,  freezing  point  depressions  of  the  H2SO4 working

solutions were measured. The results are shown in Table 2. The experimental results were compared

to ones calculated using Pitzer model for H2SO4(aq) developed by Sippola [7]. Properties of water

and ice were calculated using the parameters included in our multicomponent Pitzer model for the

ZnSO4-H2SO4-H2O [1]. Absolute deviations of our results and other reported results from the model

are shown in Figure 2. Our results and results from an equilibrium study by Gable et al [3]  show a

comparable spread around 0, largest deviations being 0.17 and 0.16 K, respectively. The error bars

correspond to the estimated combined expanded uncertainty Uc(Texp) at each point.

Extended  combined  uncertainties  of  the  freezing  points  UC(Texp)  were  estimated  from  the

experimental data using Bayesian probabilistic programming. Repeated testing, trying to achieve

similar conditions with regards to initial temperature, supercooling and cooling rate, revealed that

the freezing points were reproducible to within ±0.05 K. Despite slow cooling rates, this is at least

one  magnitude  worse  than  the  precision  of  temperature  control  achievable  in  equilibrium

measurements. Uncertainty of the estimated true freezing point further increases due to propagation

of uncertainties of each measurement used in the extrapolation procedure. 

One possible explanation for the low precision is local temperature gradients within the sample

solution, caused by the slow mixing rate. It was, however, necessary to use slow mixing to achieve

the desired levels of supercooling. Due to the slow mixing, in some experiments small ”rifts” of

crystallised ice formed and packed around the thermometer. In these cases, the experiments were

repeated. Effect of larger sample volumes (15-20 ml) was tested, and a worse reproducibility was

noted. The measurements  reported in this  work were performed with approximately 3-4 ml of

sample. Even smaller volumes caused poor contact with the thermometer which resulted in unstable

readings. For the binary H2SO4-H2O solutions, the effect of the uncertainty in sample composition

was  estimated  from the  slope  of  the  predicted  freezing point  curve.  For  the  ternary solutions,

gradient of the freezing point surface was estimated at each experimental composition using the

Zdanovskii's rule.



Table 2. Experimental freezing points Texp and the combined expanded uncertainty Uc(Texp) (0.99 

level of confidence, k = 3) in the binary system H2SO4-H2O as a function of molality of sulfuric 

acid, mH2SO4 at pressure p = 0.1 MPa.a

mH2SO4 / mol (kg H2O)-1 Texp / K Uc(Texp) / K
Precipitating solid 
phase

0.2563 272.15 0.12 Ice

0.5119 271.06 0.10 Ice

1.024 269.06 0.13 Ice

1.537 266.37 0.18 Ice

2.050 263.43 0.12 Ice

aStandard uncertainties u are ur(mH2SO4) = 0.001, ur(p) = 0.05.

Freezing  points  for  the  ternary  aqueous  ZnSO4-H2SO4 solutions  determined  in  this  work  are

presented in Table 3. The combined expanded uncertainties  were estimated as explained above. As

Figure 2. Deviations of measured freezing points from the Sippola model for the binary system
H2SO4-H2O. ● This work, ○ Gable et al [3], ■ CRC Handbook [2]. The error bars correspond to
the combined expanded uncertainties.



pressure has a small and compared to our measurement uncertainty, negligible effect on the freezing

point,  pressure of 0.1 MPa was assumed.  Figure  3 shows the measurement results together with

those reported by Agde and Schimmel [5] in the form of a ternary phase diagram. The solid curves

at the sides are the binary freezing point curves,  calculated with our previous model [1] and the

Sippola model  [7].  Note the dashed metastable  part  of  the freezing  point  curve  for  the binary

ZnSO4-H2O system.  The solid horizontal lines are the Zdanovskii's rule predictions and the dotted

horizontal lines are our model predictions (see below), both calculated at 1 K intervals. Differences

between the two become clearly visible only at the lowest temperatures.

Table 3. Experimental freezing points Texp and the combined expanded uncertainty Uc(Texp) (0.99 

level of confidence, k = 3) in the ZnSO4-H2SO4-H2O system as a function of solute molalities mZnSO4 

and mH2SO4 at pressure p = 0.1 MPa.a

mZnSO4 / mol (kg 

H2O)-1

mH2SO4 / mol (kg 

H2O)-1
Texp / K Uc(Texp) / K

Precipitating 
solid phase

0.2503 0.2552 271.81 0.16 Ice

0.5032 0.2540 271.25 0.18 Ice

1.0036 0.2517 270.09 0.15 Ice

1.5002 0.2494 268.63 0.17 Ice

2.0013 0.2471 266.66 0.18 Ice

0.2498 0.5096 270.96 0.17 Ice

0.4966 0.5073 270.35 0.26 Ice

0.9993 0.5027 269.06 0.16 Ice

1.5000 0.4980 266.98 0.18 Ice

1.9110 0.4943 264.75 0.18 Ice

0.2501 1.0196 268.34 0.16 Ice

0.4995 1.0150 267.58 0.17 Ice

1.0057 1.0057 265.67 0.25 Ice

1.5011 0.9966 263.61 0.22 Ice

0.2511 1.5300 265.16 0.17 Ice

0.4996 1.5231 264.59 0.32 Ice

1.0010 1.5092 262.29 0.21 Ice



0.2505 2.0410 261.78 0.17 Ice

aStandard uncertainties u are ur(mH2SO4) = 0.001, ur(mZnSO4) = 0.002, ur(p) = 0.05.

 

Zdanovskii's  rule  [8]  has  been  succesfully  used  to  predict  activity  of  water  in  simple  mixed

electrolyte systems. It has also been used to predict solubilities in simple systems, such as NaCl +

MgCl2 [9]. Zdanovskii's rule states that in a ternary solution of composition  m1,  m2 in isopiestic

equilibrium with binary solutions of compositions m1,0 and m2,0, the following holds:

m1

m1,0

+
m2

m2,0

=1  (1)

Equation (1) defines the so-called linear mixing route. More simply put, if two binary solutions

have the same water activity, then mixing them in any proportion leads to a solution with the same

water activity.

Figure 3. Freezing point surface in the system ZnSO4-H2SO4-H2O. Circles: this 
work, triangles: Agde and Schimmel [5], black dot: ZnSO4-H2O eutectic point 
[1]. For explanation of the curves, see text.



Zdanovskii's rule, together with the fact that activity of water in equilibrium with ice is solely a

function of  temperature,  can be used to  predict  the freezing point  surface in a  ternary system;

mixing of two binary solutions with the same freezing point should result in a ternary solution with

the same freezing point. Zdanovskii's rule predictions can be compared to our previously published

thermodynamic model  [1].  Deviations  between measured and predicted freezing points and the

associated  measurement uncertainties are shown in Figure 4a) and 4b). The error bars correspond

to the estimated combined expanded uncertainty Uc(Texp) at each point.

Agreement with Zdanovskii's rule predictions is good, considering the rather large experimental

uncertainties associated with our method. The larger deviations of about 0.5 K correspond to about

0.5 % relative deviation in water activity. One also has to consider that these larger deviations occur

for  the  more  concentrated  solutions,  for  which  the  freezing  point  lies  well  below the  eutectic

temperature  of  the  ZnSO4-H2O  system.  To  use  the  Zdanovskii's  rule,  it  is  thus  necessary  to

extrapolate  along  the  metastable  freezing  point  curve  of  the  ZnSO4-H2O  binary  system.  This

undoubtedly introduces additional uncertainty in the differences presented in Figure 4b). Although

the data presented here does not suffice as a rigorous test for the accuracy Zdanovskii's rule in the

studied system and conditions, its use as a first approximation does seem justified.

Our previous model [1] shows a trend of increasing deviations with increasing total concentrations

or  decreasing  temperature.  This  behaviour  is   probably  due  to  parametrisation  range  of  our

Figure 4. Difference between experimental freezing points Texp and calculated freezing points Tcalc in

the ternary ZnSO4-H2SO4-H2O system, using a) our previous model [1], b) Zdanovskii's rule. The 

error bars correspond to the combined expanded uncertainties.



multicomponent  model  extending  only  down  to  -4.5  °C.  This  can  be  inferred  from the  good

agreement with the Zdanovskii's rule predictions in the higher temperature range. In the future,

when more data, both at low and elevated temperatures comes avalaible, we will perform a re-

optimisation for the title system.

The three-phase equilibrium line (ZnSO4·7 H2O + ice + solution) reported by Agde and Schimmel

[5] deviates considerably from the results obtained in this work. The four points they reported for

the ternary system lay far from the surface measured and predicted in this work. Figure 5 illustrates

this difference  more clearly. It is interesting to note, however, that the predicted line lies directly

beneath the measured points, but decreases more steeply than reported by Agde and Schimmel [5].

There is clearly a need for new measurements. However, as the dynamic method is not optimal for

determining the three-phase equilibrium line, we decided not to pursue it further in this work. It is

suggested that the three-phase equilibrium line is re-determined using the equilibrium method, if

desired.

Conclusions

Figure 5. A Side view of the freezing point surface showing 
experimental work and modelling results from this work as well as
the results by Agde and Schimmel [5].Circels: This work, 
triangles: three-phase equilibrium (ZnSO4 ·7 H2O(s) + ice + 
solution) by Agde and Schimmel [5]. 



Freezing  point  depressions  of  aqueous  ZnSO4-H2SO4 solutions  were  determined  within  the

composition range 0.25 – 2 mol ZnSO4 (kg H2O)-1, 0.25 – 2 mol H2SO4 (kg H2O)-1. The measured

temperatures  reached  down to  262  K.  The  measured  freezing  point  depressions  were  in  good

agreement with results calculated from Zdanovskii's rule and our Pitzer model. Re-determination of

the three-phase equilibrium line (ZnSO4 ·7 H2O(s) + ice + solution) is suggested. The data measured

here will be applied to modelling the various thermodynamic aspects of zinc hydrometallurgy.
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