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Abstract The water activities of manganese nitrate solutions were measured using a

humidity sensor instrument up to almost the saturation molality at 298.15 K; the ther-

modynamic properties of the system were described by the Pitzer model and specific

interaction theory (SIT). The evaluation of the ion interaction parameters for the Pitzer

model and SIT were carried out using experimental freezing points and osmotic coeffi-

cients of manganese nitrate aqueous solutions, collected from the open literature, and the

water activity data measured in this work. A set of Pitzer and SIT parameters were

estimated using a temperature dependency, that enables us to cover wider temperature

ranges, and consequently calculate system properties to higher molalities. Both approaches

represent very satisfactorily, and with similar accuracy, the experimental data and the

calculated manganese nitrate molal activity coefficients are comparable to those already

published for analogous systems. Additionally, the Pitzer model was also able to calculate

the ice curve and the solubility branch of manganese nitrate hexahydrate up to a salt

solution 6.5 mol�kg-1.
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1 Introduction

The development of science and technology requires accurate data concerning the ther-

modynamic properties and phase equilibria, but also robust models to extend their use-

fulness. In particular, in electrolyte solution thermodynamics, concepts such as standard

states and activity coefficients in different concentration scales are rather complex, or

ambiguous, leading to several difficulties and inaccuracies. The need to define mean ionic

properties and deal with the speciation, adds more obstacles in the search for those models.

As a component of the vast electrolyte field, the measurement and calculation of the

activity coefficient of salts dissolved in water is not an easy task but some studies were

carried out in the past to correlate and predict the activity coefficients using several models

[1–5]. Even when a sufficient amount of experimental data is available, the ability of a

model to accurately represent the thermodynamic properties and its extrapolation capa-

bility are still big challenges to overcome. Molecular simulation is starting to be an

alternative way to model electrolyte solutions [6, 7] and a recent study by May and

Rowland [8], gives a critical review on the subject.

The studied system in this work is one of the ‘‘forgotten’’ systems, since only a very few

experimental data are available. However, manganese nitrate, as well as other metal nitrate

salts, is used in several industrial applications such as precursors in ferrite and

nanocomposite technologies, and production of ceramics and catalysts [9]. It can also be

used to correct manganese deficiencies in agriculture. For these reasons, a new set of water

activity data was measured, starting from low molality up to near the saturation limit at

298.15 K.

For modeling purposes, we first applied the Pitzer formalism, which is one of the most

frequently used and successful models for electrolyte solutions, with well established

parameters for a large number of aqueous binary electrolyte solutions. The model is well

known for its capacity to correlate strong electrolyte solutions and to describe different

solution properties and phase equilibria, including: osmotic coefficients, activity coeffi-

cients, Gibbs energy and the solubility product. Sadowska and Libuś [10] have modeled the

osmotic coefficient of manganese nitrate at 298.15 K using the Pitzer model and a fifth

order polynomial. They concluded that their Pitzer parameters were applicable only below

a molal concentration of 1.8 mol�kg-1 of solvent but the polynomial expression could

correlate their experimental data for the whole experimental molality range up to

5.6 mol�kg-1. For the calculation of activity coefficients at rounded molalities they used

Pitzer’s model up to 1.8 molal and the polynomial expression after that up to 5.5 molal.

Recently the Mn(NO3)2–H2O system has also been modelled using UNIQUAC model [11],

giving a good representation of the solubilities, but failing in the description of the osmotic

and mean ionic molal activity coefficients.

The SIT (Specific Interaction Theory) model was also implemented for comparison

purposes. This theory was formulated first by Ciavatta [12] in 1980 based on the earlier

works of Brønsted [13], Guggenheim [14, 15] and Scatchard [16, 17]. This approach is

widely used in geochemistry and hydrometallurgy for its simplicity and also the possibility

to evaluate activity coefficients based only on the specific interaction of ions in the

solution. An extensive review of this theory was given by Grenthe et al. [18].

This study presents the first set of parameters for the Pitzer and SIT models based on the

available experimental data of manganese nitrate–water solutions [10, 11, 19–22]. In

particular, the determination of the Pitzer parameters enables us to represent accurately the

aqueous solution properties at low temperatures, from its very dilute region up to the

saturation of the salt and even beyond, with the possibility of extrapolating the model to
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temperatures above 298.15 K and, also, the calculation of the ice curve and the solubility

branch for manganese nitrate hexahydrate.

2 Experimental

2.1 Chemicals

Table 1 presents the source and purity of the substances used, as given by the supplier. No

further purifications were carried out.

To avoid water contamination, NaBr was dried at 343.15 K and LiCl at 423.15 K in a

drying stove for more than 2 days and cooled after in a dessicator with silica gel before

use. The water content of the manganese nitrate was determined by Karl Fischer titration

(Mettler Toledo DL32 Karl Fischer coulometer using the Hydranal-Coulomat E from

Riedel–de Haen as analyte) and found to be 28.9% (± 0.36, at a 95% confidence interval)

in mass percentage, corresponding to an hydration number close to 4.04. Doubly distilled

water, passed through a reverse osmosis system and further treated with a Milli-Q plus 185

water purification equipment was used in all experiments.

2.2 Procedure

Approximately 60 g of manganese nitrate aqueous solution was first prepared by weighing

into a balloon-flask the appropriate masses (± 0.1 mg) of salt and water for the desired

molality. The resulting solution was vigorously stirred to promote salt dissolution. Fol-

lowing, that solution was used to prepare, by dilution with water, about 10 cm3 of man-

ganese nitrate solutions with the other desired molalities. Taking into consideration the

uncertainty in the water mass percentage in the salt, as well as the balance inaccuracy, the

final molality values have a precision (Dm/m) better than 0.012.

The measurements of water activities (aw) were performed using a LabMaster-aw
hygrometer (Novasina, Switzerland), already used by us in amino acid with electrolyte [23]

and ionic liquid aqueous solutions [24]. For each measurement, samples of approximately

2–3 cm3 were charged in the measuring dishes and finally placed in the air-tight equi-

librium chamber. The exchange of free water takes place until the partial pressure of water

vapor reaches the equilibrium pressure, which is confirmed following the aw variation with

time. When a constant value is reached, the water activity is recorded. The uncertainty of

the measurements is better than 0.002aw, enabling measurements under controlled chamber

temperature conditions (± 0.15 K). To improve accuracy, each day that measurements

were carried out, a calibration curve was also measured. At least four NaBr or LiCl

aqueous solutions were prepared at distinct molalities, chosen based on the expected values

Table 1 Source and mass purity
of the substances used

Compound Source Mass purity(%)

Mn(NO3)2�4H2O Alfa Aesar 98

NaBr Agros 99.5

LiCl Alfa Aesar 99
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for the water activity to be measured along with the aqueous manganese nitrate solutions.

The measured values were compared to those published in the literature for LiCl solutions

by Hamer and Wu [25], and for NaBr solutions by Archer [26].

2.3 Experimental Results

The experimental water activity data as well as the osmotic coefficients measured in this

work are presented in Table 2.

3 Modeling

3.1 Review of Experimental Data

To the best of our knowledge, the only experimental data available for the osmotic

coefficients in aqueous solutions of manganese nitrate were published by Sadowska and

Libuś [10]. These authors measured the osmotic coefficient at 298.15 K (up to 5.6

mol�kg-1) using the isopiestic method; these are in good agreement with the values here

found, but present more evident deviations at higher molalities. We should also cite the

earlier work from Ewing et al. [22], where the authors measured the vapor pressure of

aqueous manganese nitrate solutions at several temperatures up to saturation. When the

values are converted to osmotic coefficients there are evident deviations from the other two

sets (see Fig. 1) and the data measured by Ewing et al. [22] were not considered for

Table 2 Water activity (a
w
) and

osmotic coefficients (/) of man-
ganese nitrate aqueous solutions
at different salt molalities,
298.15 K and p = 0.1 MPa

ur (Dm/m) = 0.012,
u(aw) = 0.002, u(T) = 0.15 K,
ur(p) = 0.05

m (mol�kg-1) aw /

0.501 0.975 0.936

1.000 0.943 1.086

1.198 0.930 1.120

1.400 0.916 1.159

1.599 0.896 1.270

1.798 0.879 1.326

1.996 0.864 1.354

2.000 0.862 1.373

2.476 0.819 1.491

2.990 0.769 1.625

3.498 0.720 1.737

3.979 0.673 1.841

4.496 0.623 1.947

4.964 0.573 2.075

4.994 0.575 2.050

5.504 0.520 2.197

6.004 0.477 2.280

6.507 0.435 2.366

6.953 0.396 2.464

7.465 0.359 2.538

7.943 0.326 2.610
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parameter estimation. Freezing point depression data were measured by two different

experimental techniques, the lowering of freezing point and the conductometric method.

Jones and Getman [27] measured those in manganese nitrate solutions at several con-

centrations, but Jones et al. [19] have found that their own previous values were not

correct, so they proposed a revised set of experimental data, which is consistent with the

recently published experimental data by Arrad et al. [11].

Regarding solubility, the work of Funk [21] is one of the oldest studies related to metal

nitrate salts, and Ewing and Rasmussen [20] published the phase diagram of manganese

nitrate salt at higher concentrations, presenting very large uncertainties at temperatures

close to 298.15 K due to the transition of the solid phase in equilibrium with the saturated

solution, from manganese nitrate hexahydrate to tetrahydrate. Table 3 summarizes the

important information about the experimental data collected.

3.2 Pitzer Model

The Pitzer model [28] was used to fit the osmotic coefficients and to calculate the mean

ionic molal activity coefficients of the electrolyte c�. The expressions of the Pitzer model

for a binary (i.e. salt–water) systems can be written as:

; ¼ 1� A/zM zXj j
ffiffi

I
p

1þ b
ffiffi

I
p

� �

þ 2m
mMmX
m

� �

B
/
MX þ 2m2 mMmXð Þ1:5

m

" #

C
/
MX ð1Þ
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Fig. 1 Osmotic coefficient of
manganese nitrate aqueous
solutions at 298.15 K:
comparison of the experimental
data (dots) and those calculated
by the Pitzer model (full line) and
SIT (dashed line)

Table 3 Summary of the experimental data collected from the open literature

Data type Temperature (K) Molality Data points Reference

Osmotic–VLE 298.15 0.09–5.63 40 Sadowska and Libuś [10]

Vapor pressure 293.15–313.15 1.14–22.81 20 Ewing et al. [22]

Freezing–SLE 246.15–272.71 0.09–3.08 9 Jones et al. [19]

Freezing–SLE 244.15–265.65 1.05–3.20 6 Arrad et al. [11]

Salt solubility 244.15–308.65 4.1–18.5 11 Funk [21]

Salt solubility 273.15–353.15 6.27–27.87 41 Ewing and Rasmussen [20]

Salt solubility 244.15–309.15 1–11.3 9 Arrad et al. [11]
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lnc� ¼ zM zXj jf c þ 2m
mMmX
m

� �

B
/
MX þ BMX

� �

þ 3m2 mMmXð Þ1:5

m

" #

C
/
MX ð2Þ

where,

f c ¼ �A/

ffiffi

I
p

1þ b
ffiffi

I
p þ 2

b
ln 1þ b

ffiffi

I
p� �

� �

ð3Þ

B
/
MX ¼ bð0Þ þ bð1Þexp �a1

ffiffi

I
p� �

þ bð2Þexp �a2
ffiffi

I
p� �

ð4Þ

BMX ¼ bð0Þ þ bð1Þg a1
ffiffi

I
p� �

þ bð2Þg a2
ffiffi

I
p� �

ð5Þ

The function g(x) in Eq. 5 is:

g xð Þ ¼ 2 1� 1þ xð Þe�x½ �
x2

ð6Þ

In Eqs. 1 and 2, the symbols zM and zX are the electric charges of the cation (M) and anion

(X) in the electrolyte, mM and mX are the stoichiometric coefficients of the ions in the salt,

with the notation m ¼ mM þ mX and I is the ionic strength of the solution. Its relation with

the composition coordinate of the electrolyte solution expressed with molality mi is given

as:

I ¼ 1

2

X

i
miz

2
i ð7Þ

where the summation is over all aqueous solute species and zi is the electric charge for

species i. The parameters B
/
MX and BMX represent the concentration dependence of the

electrolyte specific terms in Eqs. 1 and 2, while a1, a2, b
ð0Þ, bð1Þ, bð2Þ and C

/
MX are the

Pitzer parameters given in Eqs. 1, 2, 4 and 5.

Since we have only one electrolyte of the 2–1 type in our scrutiny, the parameters a2
and bð2Þ were considered zero in the Pitzer model. The internal parameters of the Pitzer

model used in this work were b = 1.2 (kg�mol-1)1/2, a1 = 2.0 (kg�mol-1)1/2; these are the

original values proposed by Pitzer [28]. A/ is the theoretical, limiting Debye–Hückel slope

at infinite dilution, calculated according to the correlation given by Akinfiev et al. [29]. It

reproduces the temperature variation of the Debye–Hückel term at low temperatures, from

233.15 K to room temperature.

3.3 Specific Interaction Theory

In the SIT approach, the expressions for the osmotic coefficient and the mean ionic molal

activity coefficient for an aqueous binary solution containing the electrolyte MX are given

as:

; � 1 ¼ � ZMZXj jAc

1:53
t � 2lnt � t�1
	 


þ mMmX
m

ec M;Xð Þm ð8Þ
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lnc� ¼ � ZMZXj jAcI
1=2

t
þ 2

mMmX
m

ec M;Xð Þm ð9Þ

where t ¼ 1þ 1:5
ffiffi

I
p

, ec M;Xð Þ is the specific interaction parameter, and Ac ¼ 3A/.

Within SIT a constant term for the specific interaction parameters between the cation

and the anion is generally used. However, in this work the salt molality can reach a value

above 8 (ionic strength above 24), and to describe, with enough accuracy, the properties of

the system, a concentration dependence on the interaction parameter was applied. Fol-

lowing the approach by Crea et al. [30] the proposed dependence is of the form:

ec M;Xð Þ ¼ e0c M;Xð Þ þ e1c M;Xð ÞI ð10Þ

where e0c M;Xð Þ and e1c M;Xð Þ are the parameters to be estimated from experimental data.

3.4 Parameter Estimation

The estimation of Pitzer and SIT parameters was carried out using an objective function

(OF) minimizing the square error between each experimental osmotic coefficient (/Exp)

and that calculated (/Model) by the model, according to Eq. 11:

OF ¼
X

i
/Model;i � /Exp;i

	 
2 ð11Þ

As is shown in Eq. 11, the objective function used in this study does not include any

weighting factors. However, some data points, presenting large random deviations from the

general trend were neglected in the parameter optimization. The use of freezing point data

is very important to understand the behavior of the system at low temperatures. It also

enables us to obtain the experimental osmotic coefficient at low temperatures, through

water activity calculated by the solid–liquid equilibrium equation [31], making is possible

to propose a more flexible and robust model.

The use of osmotic coefficient was the first step for estimating the model parameters,

which will then be used for the determination of the solubility product of manganese nitrate

hexahydrate, based on the available solubility data up to around 8 molal. In this study, a

temperature dependency of the form p ¼ aþ b=T was proposed for all the parameters to

be estimated, that are bð0Þ, bð1Þ and C
/
MX in the Pitzer model, and e0c M;Xð Þ and e1c M;Xð Þ

in the SIT. Several combinations were tested to get the best representation of the osmotic

coefficients, either from isopiestic, water activity or freezing depression data.

4 Results and Discussion

Table 4 shows the values of the estimated parameters and their corresponding values at

273.15 and 298.15 K. From the estimated Pitzer parameters we observe b(0) changes less
with the temperature than b(1), but analyzing the influence of temperature on the properties,

such as the water activity, we have noticed that most influential parameter is b(0). Within

the SIT approach, e0c M;Xð Þ is the more influential parameter, which also changes more

with the temperature.

Figure 1 shows a comparison of the calculated values and the experimental data at

298.15 K. Using the estimated Pitzer parameters we were able to calculate the osmotic

coefficient of manganese nitrate solutions with good accuracy and the SIT model gives

slight differences to the Pitzer results only for molalities higher than 8 mol�kg-1. The
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results obtained with both models emphasis the care that must be taken when extrapolating

the value of thermodynamic properties in electrolyte systems. It should also be mentioned

that the data from Ewing et al. [22] seems to be less accurate, and were not considered

during correlation.

As shown in Fig. 2, both models are also able to represent the ice curve of manganese

nitrate solutions, starting from very low temperatures up to the saturation limit of ice. The

data from Arrad et al. [11] and Jones et al. [19] are in good agreement, but two data points

from Jones et al. [19] are out of the general trend and were also not considered.

Another important analysis is the comparison between the calculated molality scale

mean ionic activity coefficients of manganese nitrate at 298.15 K. The obtained results are

shown in Fig. 3. Concerning the calculations carried out by Sadowska and Libuś [10], the

Pitzer parameters were claimed to be valid only up to 1.8 molal solutions, which was also

the upper limit for the UNIQUAC model [11], and a polynomial expression was used to

calculate them for higher molalities. However, we can point out that good agreement

between both models studied in this work and the activity coefficients proposed by Sad-

owska and Libuś [10] is obtained up to 4 mol�kg-1.

The models and the parameter set found were also tested in the representation of some

properties of the aqueous solutions of the investigated salt. The calculated water activities,

at temperatures outside the range used for correlation are shown in Fig. 4. At low

molalities, the water activities have identical shapes and the calculated values are very

close to each other and to the experimental data. The Pitzer model differentiates more

clearly the temperature effect on the behavior of manganese nitrate solutions at higher

molalities, where Pitzer’s model predicts a reduction in the water activity with increasing

temperature and the data by Ewing et al. [22] presents the opposite change. On the other

hand, Fig. 4 presents only a predictive curve for the SIT approach since almost identical

water activities are obtained at both temperatures, which are also very close to the curve

predicted by the Pitzer model at 303.15 K.

Another important property was calculated extending the application limits of the Pitzer

model. It is the experimental solubility product of manganese nitrate. The dissolution
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equation of manganese nitrate in water, and the expression of the solubility product (K) are

given by Eqs. 12 and 13, respectively.

Mn NO3ð Þ2:6H2O sð Þ � Mn2þ aqð Þ þ 2NO�
3 aqð Þ þ 6H2O lð Þ ð12Þ

KMn NO3ð Þ2:6H2O sð Þ ¼ aMn2þðaqÞa
2
NO�

3 aqð Þa
6
H2O lð Þ ð13Þ

where ai stands for the activity of species i. Applying an iterative procedure, the solubility

product of manganese nitrate hexahydrate was estimated (Eq. 14). To do this, the available

solubility data for manganese nitrate hexahydrate (Table 3) and the Pitzer model devel-

oped in this work were used, obtaining:

lnK ¼ 1774:38þ 1:120T � 16341:48=T � 359:13lnT ð14Þ

The solubility curve of manganese nitrate hexahydrate at low temperatures is in good

agreement with experimental values (see Fig. 5) but deviations are noticeable above

290 K, which corresponds to a 7 mol�kg-1. This deviation can be related to the limitation

of Pitzer framework and the use of the molality scale to present concentrated aqueous

solutions, but also to the great lack of experimental information to make the connection

between the freezing point data and the solubility data at higher temperatures. A possible

alternative is the use of the mole fraction based NPL Pitzer model [32], recently developed

at National Physical Laboratory (United Kingdom), but involving a higher number of
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parameters, which is not recommended for such a small amount of available experimental

information. At this point it is important to mention that Arrad et al. [11], using the

extended UNIQUAC model, could represent the complete solubility diagram of manganese

nitrate, estimating different solubility products for each of the solid phases. Yet, these

authors failed in the description of the vapor–liquid equilibrium data available, showing

the enormous difficulty of representing simultaneously both solid–liquid and vapor–liquid

equilibrium with the same set of estimated parameters.

5 Conclusions

New water activity data for manganese nitrate solutions were measured. The available

experimental data from the literature were critically analyzed before least squares fitting

and parameterization of the system. The Pitzer model and SIT approach were used in order

to calculate the water activities and mean activity coefficients of the dissolved salt,

showing very comparable results.

In addition to the water activity data in homogeneous solutions, the available experi-

mental freezing point depression data, and thus the heterogeneous solubility data from the

literature, were also used to estimate the parameters of both models. The original Pitzer

and SIT models predict well the aqueous solution properties in limited concentration

ranges (around up to 7 mol�kg-1), including the osmotic coefficients and the water activity

at various temperatures. An estimation of the solubility product of manganese(II) nitrate

hexahydrate with the temperature is also proposed for the Pitzer model. The elaboration of

this model is very important for the estimation of the activity coefficients of manganese

nitrate, using a small number of adjustable parameters, with good representation of the

various experimental quantities from vapor–liquid and solid–liquid equilibria.
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