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A Model for Calculating the Heat Capacity of Aqueous Solutions, with Updated

Density and Viscosity Data

Marc Laliberté*

Golder Associates, 9200 boul. de 1’ Acadie, Montreal (Quebec), Canada H4N 2T2

A model for calculating the heat capacity of complex aqueous solutions with an arbitrary number of solutes and
at an arbitrary temperature was developed. Parameters for 79 solutes were established based on a critical review
of the literature for solutions of one solute in water, with about 6600 points included. The average difference
between the calculated and experimental heat capacity is —0.0003 kJ kg '-K~! with a standard deviation of
0.010 kJ-kg '*K~!. The model was validated by comparing published and calculated heat capacities for 13
systems of more than one solute in water, with a total of 485 data points. The average difference between
experimental and calculated values is —0.003 kJ-kg '*K™! with a standard deviation of 0.029 kJ-kg 'K
Data are presented on the following 109 solutes, including data on density (16 300 points) and viscosity (10 700
points): (NH4)2$O4, A12(SO4)3, A1C13, Ba(NO3)2, BaClz, Ca(CH3C02)2, Ca(NO3)2, Caclz, CaSO4, Cd(NO3)2, Cdclz,
CdSO,, CH;CH,OH, CO,, CoCl,, CoSOy, Cry(SOy)3, CrCls, Cu(NO;),, CuCl,, CuSOy, Fey(SOy);, FeCl,, FeCls,
FCSO4, HzOz, HzSO4, H3ASO3, H3ASO4, H3PO4, HBI', HCH3C02, HCHOz, HCI, HCN, HNO3, K2C03, KQCI‘207,
K,HPO,, K,SO,, K;PO,4, KBr, KCH;CO,, KCHO,, KCI, KF, KH,PO,, KHCO;, KHSO;, KI, KNO,, KNO;,
KOH, LizSO4, LlCH';COz, LlCl, L1N03, LIOH, Mg(CH';COz)z, Mg(NO‘;)Q, MgClz, MgSO4, MH(NO3)2, MHC]z,
MHSO4, N3.2C204, N212CO3, NaQCrO4, NagHPO4, N32M004, Nazs, NaQSQO3, Na2803, NaQSO4, N3.2WO4, Na3PO4,
NaAl(OH)4, NaBr, NaCH;CO,, NaCHO,, NaCl, NaClOs, NaF, NaH,PO,, NaHCO;, NaHS, NaHSO;, NaHSO,,
Nal, NaMnO,, NaNO,, NaNOs;, NaOH, NH3;, NH,Cl, NH,HCO;, NH4;NO;, Ni(NO;),, NiCl,, NiSO,4, Pb(NO;),,

SOz, SI’(NO3)2, SI'Clz, SHCI'OSC, TIOSO4, ZH(NO3)2, ZHClz, ZHSO4.

Introduction

The heat capacity of aqueous solutions is difficult to estimate
based on available published models. While a number of models
have been published over the years, the Pitzer equations' are
the best-known and most precise thermodynamically consistent
correlative equations for excess thermodynamic quantities of
aqueous electrolytes, including heat capacity. Pitzer equations
are computationally complex, and their capability to predict heat
capacities outside the parametrization space is rather poor,
especially when considering that they contain no explicit
temperature or pressure dependence.”> Many modifications have
been proposed to enable the use of Pitzer equations at arbitrary
temperatures, but none have found general acceptance.

We have found that there is a need for a simpler empirical model
that would allow for the prediction of solution heat capacities of
solutions containing an arbitrary number of solutes (ionic or not)
and at arbitrary temperatures. The model should use mass-based
units, should be robust, and should be easily programmable in
common tools available to chemists and engineers. The fitting of
the model parameters for new solutes should be easy and should
require a minimum of experimental data, ideally no more than heat
capacity data for solutions of this new solute in water at three or
four concentrations and two or three temperatures. Finally, this
model should extrapolate well.
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Pitzer equations unfortunately fail all these requirements and
will be discussed no further. We will instead present a new
empirical model that we believe meets these requirements.
Before we do so, however, we will present a short review of
our previous work.

Previous Work

We have recently presented empirical models for estimating
the density® and viscosity* of aqueous solutions. A summary
of these papers is presented below. Since then, readers have
come back with information that was overlooked, pointed out
errors and inconsistencies, or have requested that additional
solutes be fitted. While it is impossible to incorporate all the
published data for all solutes in a single database, we have tried
to be as accommodating as possible. We originally published
density data on 59 solutes (10 700 data points): we now present
data on 109 solutes (16 300 data points). In our viscosity paper,
we published data on 74 solutes (9000 data points): we now
present data on 95 solutes (10 700 data points). To keep all
this information available in one convenient location, we are
including in this paper all information on solutions of one solute
in water we have currently fitted. Information on the density or
viscosity of solutions of more than one solute is however not
repeated, and the interestesd readers are referred to our original
publications.>*

We have decided to include in this paper (not in the
Supporting Information, as the Supporting Information is not
crawled by search engines) the formula, name, and CAS number
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of all solutes. We also included herein the notes attached to
many of the Excel files in the Supporting Information. In many
cases, the notes help to understand some limitations of the data,
will refer to data that were not included, or will explain some
changes we have made to the data. This has made this paper
longer, but we hope that it will be more useful.

Density. In a previous paper’ we presented a model for
estimating the density of aqueous solutions. The following
equation allows the calculation of the solution density from the
solvent density and the solutes apparent density

0 73 =
P/kg'm " w (1)

pw/kg°m_3 i papp,i/kg.rn_3

where w,, is the mass fraction of water; w; is the mass fraction
of solute 7 (it being understood that for a system with n solutes,
wy + 2y w; = 1); py is the density of water; p,yp; i8 the solute
apparent density; and p,, is the solution density (all densities
expressed in kg+m™3). In this paper the, subscript “i”” designates
a solute; the subscript “m” stands for “mixture” or solution;
while the subscript “w” stands for “water”.

The density of water can be calculated using the following
equation

py/kgm =
(((((—2.8054253:10~'%¢/°C + 1.0556302:1077)
1/°C — 4.6170461-10 °)t/°C — 0.0079870401)-

t/°C + 16.945176)/°C + 999.83952)
1 + 0.01687985t/°C

2

where 7 is the temperature. The apparent density of the solutes
is calculated using

(0.000001(/°C + ¢4)?)
3 (ol = wy) +cp)ye “

/kgm == (1 — wy) + ¢, + cxtl°C

3)

P app,i'

where ¢y to ¢4 are dimensionless empirical constants.

For the purpose of fitting coefficients ¢ to ¢4, the apparent
solute density is calculated from the density data for solution
of one solute in water by using

PmWi
P, appi 0, W (4)
| — m"'w

Pw

Viscosity. In another paper,* we proposed the following
equation to estimate the viscosity of aqueous solutions

e = [ n )

where 7,, is the solution viscosity; 7, is the viscosity of water;
and 7; is the viscosity of the component i, expressed in
mPa-s.

The viscosity of water can be evaluated using

(. /mPass) = t/°C + 246
T (0.05594¢/°C + 5.2842)t/°C + 137.37
(0)
The component i viscosity is calculated using
vi(1 = wy)2tvs
€ eyt
(n/mPas) = —— @)

vs(1 —wy)*+ 1

where v to v are dimensionless empirical constants.
For a solution of one solute in water, the solute viscosity #;
is simply calculated by

1/w;
m%%) 8)

Wy
Nw'

Note that eq 7 was incorrect in our original publication and
that a correction to that effect was subsequently published.
Equation 8 also contains a correction to the original (7, should
be used in the denominator instead of #7,,).

Heat Capacity of Aqueous Solutions

Heat Capacity of Liquid Water. To calculate solute heat
capacity from solution heat capacity, and vice-versa, the heat
capacity of water must be known. The International Association
for the Properties of Water and Steam has published equations
to this effect.” We have used the Russian national committee
to TAPWS’ MathCAD implementation of the IAPWS 1997
formulation available at http://twt.mpei.ac.ru/ochkov/WSPHB/
Engindex.html to compute the values found in Table 1. The
IAPWS equations are not suited for temperatures below the
freezing point, so we have used the data for subcooled water
from Archer® between (—15 and 0) °C in Table 1. The data in
Table 1 are at a pressure of 0.1 MPa up to 95 °C and then at
saturation pressure.

We have been unable to find a simple equation that would
fit the data in Table 1. We have instead used a quadratic
interpolation of this data, using the following equation from
Bevington.’

Given Cp;, Cp,, and Cps, the heat capacity of water at three
different temperatures #,, t,, and 3, these three temperatures
being uniformly spaced and in increasing order, we can estimates
Cpy at an arbitrary temperature ¢

t—t
Cp, = Cp, + (Cp, — Cpl)( ) +

Iy = I
(Cpy; — 2Cp, + Cp)(t —t, \[t — 1
3 2 1 1 1_1(9)
2 t, =t \t, — 1,

t does not have to be included in the range #, to #;, but the
accuracy of the interpolation is obviously increased if it is. We
present in Table 2 a comparison of interpolated and of IAPWS
heat capacities at random temperatures (f; < t < t3). The
maximum difference of 0.0001 kJ+kg™!+K™! is found close to
the freezing point. The difference is on average 0.00002 (std
dev = 0.00004) kJ-kg~'*K~!. This precision is sufficient for
our purpose.

Heat Capacities of Solutions. We have used the following
equations to calculate the heat capacity of solutions



Table 1. Heat Capacity of Pure Liquid Water

1/°C Cp/kJ kg '-K™! ref

—15 4.29403 Interpolated from Archer

—10 4.25688 Interpolated from Archer

=5 4.23358 Interpolated from Archer®

0 4.21944 From IAPWS? at P/MPa = 0.1

5 4.20495 From IAPWS? at P/MPa = 0.1

10 4.19545 From IAPWS? at P/MPa = 0.1

15 4.18910 From IAPWS? at P/MPa = 0.1

20 4.18480 From IAPWS? at P/MPa = 0.1

25 4.18190 From IAPWS? at P/MPa = 0.1

30 4.18002 From IAPWS? at P/MPa = 0.1

35 4.17895 From IAPWS? at P/MPa = 0.1

40 4.17886 From IAPWS? at P/MPa = 0.1

45 4.17877 From IAPWS? at P/MPa = 0.1

50 4.17956 From IAPWS? at P/MPa = 0.1

55 4.18089 From IAPWS? at P/MPa = 0.1

60 4.18277 From IAPWS? at P/MPa = 0.1

65 4.18517 From IAPWS? at P/MPa = 0.1

70 4.18810 From IAPWS? at P/MPa = 0.1

75 4.19155 From IAPWS? at P/MPa = 0.1

80 4.19552 From IAPWS? at P/MPa = 0.1

85 4.20001 From IAPWS? at P/MPa = 0.1

90 4.20502 From IAPWS? at P/MPa = 0.1

95 421057 From IAPWS? at P/MPa = 0.1

100 4.21664 From IAPWSs at saturation pressure
105 4.22323 From IAPWS? at saturation pressure
110 4.23036 From IAPWS5 at saturation pressure
115 4.23807 From IAPWS? at saturation pressure
120 4.24637 From IAPWS? at saturation pressure
125 4.25528 From IAF‘WS5 at saturation pressure
130 4.26484 From IAPWS? at saturation pressure
135 4.27508 From IAPWS? at saturation pressure
140 4.28604 From IAPWS? at saturation pressure

Table 2. Comparison between Quadratic Interpolation of Data
from Table 1 and IAPWS Data at Random Temperatures

interpolated Cp IAPWS Cp (Cp(Inlerpolated) - CP(IAPWS))
1/°C kI-kg '-K! kI-kg !-K! kJ-kg '-K!

3.56 4.20861 4.20851 -0.00010
11.33 4.19356 4.19351 —-0.00005
27.47 4.18087 4.18086 -0.00001
33.38 4.17919 4.17922 0.00003
43.02 4.17870 4.17862 —-0.00008
53.91 4.18055 4.18056 0.00001
65.03 4.18519 4.18519 0.00000
70.77 4.18860 4.18860 0.00000
80.95 4.19633 4.19633 0.00000
97.92 4.21405 4.21405 0.00000
108.82 4.22863 4.22863 0.00000
112.71 4.23447 4.23447 0.00000
average residual —0.00002
std dev of residual 0.00004

Cpm = wyCpy + 2, wCp, (10)

where Cp,, is the solution’s heat capacity; Cp,, is the heat
capacity of water; and Cp; is the heat capacity of the solute.
Estimating Cp; is more complex. The following equation has
been found to fit the data accurately

Cp/kIkg "K' = a,e® + as(1 — w)® (1)

where

o = a,t/°C + aye™"°C + a,(1 — w,) (12)

and a; to ae are dimensionless empirical coefficients.
When estimating a solute heat capacity for a solution of one
solute in water, the following form of eq 10 is used

Cpm — WiCpy
Cpj=——"7"— (13)

1
Wi
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Figure 1. Heat capacity of potassium chloride in aqueous solutions at various
temperatures, as calculated using eq 10 (blue O, experimental at 5 °C; blue
line, calculated at 5 °C; green A, experimental at 25 °C; green line,
calculated at 25 °C; orange M, experimental at 50 °C; orange line, calculated
at 50 °C; red +, experimental at 100 °C; red line, calculated at 100 °C).
Notice the scatter at higher temperature and the model inaccuracy at 0 °C.
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Figure 2. Heat capacity of solutions of potassium chloride at various
temperatures (blue O, experimental at 5 °C; blue line, calculated at 5 °C;
green A, experimental at 25 °C; green line, calculated at 25 °C; orange M,
experimental at 50 °C; orange line, calculated at 50 °C; red +, experimental
at 100 °C; red line, calculated at 100 °C). Notice that the scatter has mostly
disappeared, except at 100 °C.

Equations 10 to 12 give good results for solutions of one
solute in water. Figure 1 shows the values for the heat capacity
of aqueous potassium chloride Cpxc at different temperatures
and concentrations, as calculated using eq 13. There is clearly
a problem at 5 °C, but then there are only seven data points at
that temperature and they all come from the same reference.
At higher temperature, the fit is good, even if some significant
data scatter is obvious at temperatures of 50 °C and above.
Figure 2 shows the solution heat capacity for the same system.
At low mass fraction (w < 0.03), the difference between the
experimental and calculated heat capacities of KCI is not
significant for most purposes. Scatter is also less obvious but
still apparent at 100 °C. Figure 3 is a comparison between
experimental and calculated values of the heat capacity for the
same system. The problem at 5 °C is still obvious. At higher
temperature, the model limitation becomes data scatter: the
model is precise, but the data are inaccurate. To fit a better model
better data would be required. Another way to look at the
problem would be to say that the model is accurate enough
considering the data accuracy.

To establish the accuracy of eqs 10 to 12 in multisolute
systems, we have found data for the following 13 systems:
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Figure 3. Comparison of experimental and calculated heat capacity of
solutions of potassium chloride at various temperatures (blue ¢, at 5 °C;
green A, at 25 °C; orange M, at 50 °C; red +, at 100 °C). The model is
inaccurate at 5 °C, but overall there is generally a very good correlation
between experimental and calculated values.
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Figure 4. Comparison of experimental and calculated heat capacity of
solutions of magnesium chloride and sodium chloride at various temperatures
(green A, at 25 °C; orange W, at 50 °C; red +, at 100 °C). The model is
inaccurate at 100 °C, but overall there is a good correlation between
experimental and calculated values (overall R*> = 0.992).

BaCl,—MgCl,, CaCl,—KCl—MgCl,—NaCl, CaCl,—MgCl,,
CaCl,—NaCLHCI—S0O, KOH—NH;MgCl,—NaClMgCl,—SrCl,,
Na2C03—NaHCO3, N32CO3_N3.0H, NazHPO4—NaH2PO4,
Na;PO,—NaOH, and NaOH—NHjs. Figure 4 shows a compari-
son between experimental and calculated values of the solution
heat capacity of the system MgCl,—NaCl at various tempera-
tures, while Figure 5 shows a similar comparison for the system
CaCl,—KCl—MgCl,—NaCl.

Table 3 presents a summary of the quality of the fit for all
the systems named above. The detailed calculations are included
in the Supporting Information. 485 data points were found. The
average residual (experimental — calculated heat capacity) is
—0.003 kJ+kg™!*K™! (0.10 % of the heat capacity), with a
standard deviation of 0.029 kJ-kg™'*K™! (0.82 % of the heat
capacity). The first percentile value for the residuals is —0.110
kJ+kg™!'+K™! (3.0 % of the heat capacity); the median is 0.001
KJ+kg '*K™! (0.04 % of the heat capacity); and the 99th
percentile is 0.093 kJ-kg™'-K™! (2.5 % of the heat capacity).
Most of the error is in the KOH—NH; and NaOH—NHj systems,
as demonstrated by their much higher standard deviation. This
might be because the fit for the heat capacity of NHj is of lower
quality than for most other solutes. Interestingly, for the systems
CaCl,—KCl—MgCl,—NaCl and CaCl,—MgClL, the model slightly
underestimates the heat capacity, while it overestimates it for
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Figure 5. Comparison of experimental and calculated heat capacity of
solutions of calcium chloride, potassium chloride, magnesium chloride, and
sodium chloride at various temperatures (blue ¢, at 15 °C; green A, at 25
°C; orange M, at 35 °C; red +, at 45 °C). The calculated solution heat
capacity is on average 0.004 kJ-kg™'+K ™! lower than the experimental value
(overall R? = 0.997).

the CaCl,—NaCl and MgCl,—NaCl systems, which are subsets
of the CaCl,—KCl—MgCl,—NaCl system.

The fit between the experimental and the calculated heat
capacity for solutions of many solutes is therefore excellent and
is sufficient for most engineering purposes.

Effect of Pressure. Not much has been published regarding
the effect of pressure on the heat capacity of solutions. For pure
water, the effect is small. At 50 °C and 0.1 MPa, it is 4.1796
kJ-kg '-K~!, while at 30 MPa it is 4.1162 kJ-kg"'*K™!, a
decrease of 1.5 % (data from IAPWS?).

When known, the pressure at which the solution heat capacity
was measured is shown in the Supporting Information. When
both the mass and the apparent molar heat capacities were
measured at high pressure, we used the apparent molar heat
capacity. Because the water heat capacity from Table 1 is then
used to calculate the solution heat capacity, this significantly
reduces the error due to pressure.

Pabalan®*® reported on the heat capacity of KCI solutions at
high pressure and temperature. At 139.8 °C, 20 MPa, and m =
3, he reports that the solution heat capacity is 3.370
kJ+kg~!+K™!, while the apparent molar heat capacity of KCI is
—36.67 Jemol~'+K~!. Using the apparent molar heat capacity
and the water heat capacity interpolated from data in Table 1
(4.286 kI-kg™!*K™1), we calculated an equivalent experimental
solution heat capacity of 3.412 kJ-kg™!-K~! at saturation
pressure. If we had used the IAPWS water heat capacity at 139.8
°C and 20 MPa (4.232 kJ-kg~!+K™!), we would have calculated
an equivalent experimental solution heat capacity of 3.368
KJ-kg '-KL.

The difference between Pabalan data at 20 MPa and the
calculated data at saturation pressure is therefore about 1 %.
This is probably acceptable for most purposes. If a more accurate
fit was required, the easiest way to do that would be to use in
eq 10 the water heat capacity at the required pressure.

Fitting Data

We will now describe how the fit to the various empirical
coefficients was made using the available information. The focus
of this paper is on heat capacities, but much of what follows
can equally apply to density and viscosity. What follows is
significantly modified and expanded from what was published
previously.
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Table 3. Main Results for Systems of More than One Solute

average heat standard deviation of

. . . ) number of points
capacity qaresidual heat capacity residual

used in the Tmin  Tmax Wmax Wmax Wmax Wmax

system kJ-kg '-K! kJ-kg '-K! correlation °C  °C solute I solute 2 solute 3 solute 4
BaCl, + MgCl, -0.0026 0.0064 7 25 25  0.133 0.061 - -
CaCl, + KCI + MgCl, + NaCl 0.0036 0.0024 73 15 45 0.040 0.012 0.141 0.081
CaCl, + MgCl, 0.0024 0.0046 79 25 100  0.195 0.168 - -
CaCl, + NaCl -0.0015 0.0106 72 25 100  0.136 0.203 - -
HCI + SO, -0.0004 0.0009 4 30 103 0.002 0.012 - -
KOH + NH; 0.0064 0.0462 54 30 79  0.168 0.361 - -
MgCl, + NaCl -0.0047 0.0106 72 25 100  0.107 0.203 - -
MgCl, + SrCl, —0.0007 0.0102 3 25 25  0.170 0.102 - -
Na,CO; + NaHCO; -0.0027 0.0015 34 25 25 0.038 0.059 - -
Na2CO; + NaOH -0.0022 0.0016 5 25 25 0.021 0.002 - -
Na,HPO,4 + NaH,PO, 0.0015 0.0073 33 25 25 0.043 0.081 - -
Na;PO, + NaOH 0.0017 0.0013 7 25 25 0.027 0.001 - -
NaOH + NH; -0.0397 0.0652 47 30 79  0.170 0.367 - -

Solutions of One Solute. The best source of data for
estimating the empirical coefficients a; to ae is heat capacity
data for solutions of one solute in water. Ideally, we should
have at least 18 data points (using the rule of thumb of three
data points per coefficient to be fitted) at different concentrations
and temperatures. Data at very low concentration are less useful:
when w; becomes less than about 0.003 the solution heat capacity
becomes too close to the heat capacity of water to be effective
in predicting the best values of the coefficients.

The procedure is as follows:

1. Initial values are entered for a; to as. We have found that
much better results are obtained if these initial guesses come
from actual fits instead of arbitrary numbers. We recommend
using coefficients from solutes that have already been fitted and
where the data are of good quality. Three to five different
guesses should be made using fits where the temperature
coefficient (a, for heat capacity) is different. For the purpose
of our work, we have used the coefficients for KCI, MgSOy,,
NaCH;CO,, NH3, and NaOH.

2. A solution heat capacity is calculated for all data points
using the initial values from the first step.

3. A residual 9, is calculated by subtracting the experimental
solution heat capacity from its calculated value (8, = Cpyn — Cpeuc)-

4. The sum of the square of the residuals 0, is calculated,
and this value is minimized by varying a, to as using a nonlinear
optimization program.

5. The solution heat capacity is calculated at w; = 0.1 and #°C
= 25 and at w; = 0.2 and #/°C = 100 using the optimized
coefficients. These heat capacities are compared to the calculated
values for other solutes at the same temperature and composition.
If the calculated values are outside of the interval defined by the
average plus or minus two times the standard deviation, especially
if the concentration or the temperature ranges are very narrow, the
guess may be discarded. Judgement must be used here to avoid
rejecting valid guesses, but this additional step was added to avoid
the problem of fitted coefficients that are optimal within the data
space but give aberrant results when extrapolated outside the data
space: for example, using the parameters for Cr,(SOy4); published
previously,* the density of a solution at wey,soa, = 0.2 and #°C
= 100 is 194 kg-m 3! The present coefficients predict that the
density would be 1204 kg+m™3, which may or may not be right
but at least is reasonable.

6. Steps 1 to 5 are repeated using different initial guesses,
and the values of a, to a¢ that give the lowest sum of square of
residuals are kept, provided the constraint in step 5 is met.

7. The data are checked for consistency (see below). If
inconsistent data are found, they are removed and steps 1 to 6 are
repeated. This is repeated until there are no more inconsistent data.

In some cases there are very little data available, for some
systems as little as three data points. In this case, the procedure
above was varied as follow. Steps 1 to 4 were performed for
each initial guess, but without trying to minimize the sum of
the squares of the residuals. Using the guess that gave the lowest
sum of square only, this guess was optimized by using the
conjugate search method and specifying only 10 to 20 iterations.
While this was not sufficient to truly minimize the sum of the
square, it did allow the error to become reasonable, while
making sure that the solution heat capacities calculated in step
5 did not become abherant.

As in our previous work, experimental data points with
significant error were removed from the calculation of the
constants. Significant error here is defined as a point where the
residual is greater than the average residual plus or minus 4
times the standard deviation of the residuals, but provided that
points at similar concentration and temperature do not show a
similarly high residual.

A data point which shows a very high residual compared to
other points at similar compositions or temperatures is usually
a sign of a measurement or a transcription error. A group of
points at similar concentration and temperature that show high
residual usually would indicate a model error. While the former
were removed from the set of data used to optimize coefficients
a, to ag, the latter have been kept. All points where the residual
is more than 4 standard deviation away from the average are
clearly identified in the Supporting Information.

Solutions of Many Solutes. In recent papers, Reynolds and
Carter considered the use of our density model in multicom-
ponent systems.®*? Most of what they discussed can also be
applied with minimum changes to viscosity and heat capacity.

In a first paper,® they established that it is possible to derive
coefficients for solutes that cannot exist in solution with water
alone, such as NaAl(OH), using data from multicomponent
solutions. In a detailed review for that particular solute, they
developed

a model of the densities of multi-component aqueous

electrolyte solutions containing NaOH and NaAl(OH),.

Coefficients for the Laliberte—Cooper model of multi-

component electrolyte solutions were developed from

published density data for the NaOH—NaAl(OH);,—H,O
system. The density data were split into two groups, data
for parameterization and data for validation. The model

was able to predict the validation data well, with an R?

greater than 0.99 for five of seven datasets and greater

than 0.95 for all datasets. The model was shown to
extrapolate to temperature and composition ranges outside
those used for model parameterization. Similarly, using
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Table 4. (NH,4),SO4 - Ammonium Sulfate - 7783-20-2

Density Viscosity Heat capacity
Imin/ °C 15.0 °C 15.0 °C -
Imax/°C 55.0 °C 60.0 °C -
Winax 0.429 0.463 -
Average residual 0.06 kgem™3 0.0008 mPa-s -
Standard deviation of residual 0.46 kg-m™3 0.0128 mPa-s -
Number of points in the correlation 142 148 -

Number of inconsistent points

References

10
24, 68, 121, 159

Table 5. Al (SO4); - Aluminum Sulfate - 10043-01-3

1
63, 68, 121, 159, 239

Density Viscosity Heat Capacity
tmin/°C 15.0 °C 25.0 °C -
Imax/ °C 95.0 °C 35.0 °C -
Wl"l]ﬂx 0-398 0-033 -
Average residual 0.06 kg-m™3 —0.0002 mPa-s -
Standard deviation of residual 0.69 kgem™3 0.0006 mPa-s -
Number of points in the correlation 55 14 -
Number of inconsistent points 4 0 -
References 77, 320 239
Table 6. AICIl; - Aluminum Chloride - 7784-13-6
Density Viscosity Heat Capacity
tmin/ °C 18.0 °C 25.0 °C -
Imax/°C 25.0 °C 25.0 °C -
Winax 0.194 0.036 -
Average residual 0.08 kg-m™3 0.0004 mPa-s -
Standard deviation of residual 0.30 kg-m™3 0.0022 mPa-s -
Number of points in the correlation 26 5 -
Number of inconsistent points 2 0 -
References 87, 223, 387 87
Table 7. Ba(NOj), - Barium Nitrate - 10022-31-8
Density Viscosity Heat Capacity
tmin/°C 5.0 °C 25.0 °C 5.0 °C
Imax/ °C 95.0 °C 60.0 °C 120.0 °C
Winax 0.084 0.172 0.047
Average residual 0.00 kg-m™3 0.0000 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.09 kgem™3 0.0009 mPa-s 0.0006 kJ-kg '-K™!
Number of points in the correlation 50 15 96
Number of inconsistent points 1 0 0
References 86, 237 63, 86
Comments Data available at lower
concentration in Niederhauser?’
Table 8. BaCl, - Barium Chloride - 10361-37-2
Density Viscosity Heat Capacity
Imin/ °C 15.0 °C 10.0 °C 25.0 °C
Tmax/°C 140.0 °C 70.0 °C 25.0 °C
Wnax 0.253 0.331 0.248
Average residual 0.11 kg'm™3 0.0000 mPa-s —0.0004 kJ kg™ '-K™!
Standard deviation of residual 0.46 kg-m™3 0.0088 mPa-s 0.0035 kJ kg '-K™!
Number of points in the> correlation 207 172 16
Number of inconsistent points 1 5 0
References 160, 220, 264, 285, 357 18, 63, 160, 168, 347 108, 264

Table 9. Ca(CH;CO2)2 - Calcium Acetate - 62-54-4

Density Viscosity Heat Capacity
Imin/ °C 15.0 °C 15.0 °C 20.0 °C
Imax/°C 45.0 °C 45.0 °C 52.0 °C
Winax 0.088 0.040 0.150
Average residual 0.00 kg=m™3 0.0001 mPa-s —0.0000 kJ kg™ '-K™!
Standard deviation of residual 0.08 kg*m™3 0.0011 mPa-s 0.0003 kJ-kg '-K™!
Number of points in the correlation 33 22 3
Number of inconsistent points 0 0 0
References 385 385 235
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Table 10. Ca(NOs), - Calcium Nitrate - 10124-37-5

Density Viscosity Heat Capacity
Emin/ °C 25.0 °C —10.0 °C -
tmax/ °C 60.0 °C 100.0 °C -
Winax 0.768 0.677 -
Average residual —0.07 kg-m 3 —0.0459 mPa-s -
Standard deviation of residual 0.83 kgem™3 0.5035 mPa-s -
Number of points in the correlation 130 167 -
Number ofinconsistent points 39 5 -

References
Comments

105, 298, 302, 363

Data from Rodnyanski®*® a
inconsistent and excluded

R0y302

Table 11. CaCl, - Calcium Chloride - 10043-52-4

12, 27, 216, 302
nd

Density Viscosity Heat Capacity
tmin/ °C 15.0 °C 0.0 °C 25.0 °C
Imax/°C 126.7 °C 100.0 °C 100.0 °C
Winax 0.513 0.513 0.418
Average residual 0.20 kgem™3 0.0086 mPa-s —0.0004 kJ-kg™'-K!
Standard deviation of residual 1.08 kg*m™3 0.1658 mPa-s 0.0066 kJ kg '-K™!
Number of points in the correlation 369 532 91
Number of inconsistent points 231 17 0
References 113, 114, 160, 200, 242, 264, 267, 299, 18, 44, 159, 366, 108, 264, 267, 306, 307,

Comments

307, 331, 328, 366, 374, 380

374, 380 328

Romankiw?® clearly overevaluates densities when compared
to other authors. Wahab**® shows unacceptable
scatter. Both have been tagged as “Inconsistent”
even if not all data points are inconsistent.

Table 14. CdCl, - Cadmium Chloride - 10108-64-2

Table 12. CaSO, - Calcium Sulfate - 7778-18-9
Density Viscosity Heat Capacity

tmin/°C 25.0 °C - 25.0 °C

Fnax/°C 25.0 °C - 25.0 °C

Winax 0.001 - 0.001

Average residual 0.00 kg-m™3 - 0.0000 kJ kg '-K™!

Standard deviation of residual 0.00 kgem™3 - 0.0000 kJ kg '-K™!

Number of points in the correlation 9 - 6

Number of inconsistent points 6 - 0

References 139, 227 227

Comments Millero®?” values are estimated, not experimental. However, because

there is no other data and because of the importance of CaSO,
in natural waters, these are given here as is.
Table 13. Cd(NO;), - Cadmium Nitrate - 10325-94-7
Density Viscosity Heat Capacity

tmin/°C 15.0 °C 15.0 °C -
Fmnax/°C 85.0 °C 55.0 °C -
Winax 0.700 0.542 -
Average residual 0.01 kgem™3 0.0002 mPa-s -
Standard deviation of residual 1.13 kgem™3 0.0034 mPa-s -
Number of points in the correlation 143 84 -
Number of inconsistent points 12 7 -
References 86, 104, 160, 325, 328 86, 160

Density Viscosity Heat Capacity
Fmin/°C 25.0 °C 25.0 °C 5.0 °C
ma/°C 75.0 °C 25.0 °C 120.0 °C
Winax 0.538 0.159 0.155
Average residual 0.11 kgem™3 0.0023 mPa-s —0.0006 kJ-kg™'-K™!
Standard deviation of residual 0.41 kg-m™ 0.0057 mPa-s 0.0026 kJ+kg™'-K™!
Number of points in the correlation 88 16 216
Number of inconsistent points 90 0 0
References 49, 87, 143, 290, 293 87, 293 49
Comments Data from Call*> were marked as inconsistent as they show scatter in the Data from Call*® are used, but the

apparent densities and they are inconsistent with data from Herrington,
Rard,* and Reilly.>>* However, data on MgCl, in the same paper are

consistent.

coefficients derived here for NaAl(OH), and published
coefficients for NaOH and NaNO,, the model was shown
to accurately predict the density of solutions that contain
NaNO; in addition to NaOH—NaAl(OH), (R*> = 0.993).

This indicates that the model coefficients developed here

143 same data for density were judged

inconsistent. Use with caution.

can be incorporated into models of diverse multicompo-
nent electrolyte solutions.

Their approach was used to develop coefficients for the

density and viscosity of NaAl(OH), and for the density of
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Table 15. CdSO, - Cadmium Sulfate - 10124-36-4

Density Viscosity Heat Capacity

Lin/°C 25.0 °C 18.0 °C -
Emax/°C 75.0 °C 75.0 °C -
Winax 0.297 0.357 -
Average residual 0.09 kgem™ —0.0084 mPa-s -
Standard deviation of residual 0.55 kgem™3 0.0643 mPa-s -
Number of points in the correlation 44 59 -
Number of inconsistent points 25 1 -
References 33, 34, 313 34, 276

Table 16. CH3;CH,OH - Ethanol - 64-17-5

Density Viscosity Heat Capacity

tmin/ °C —5.0 °C —5.0 °C 3.0 °C

max/ °C 50.0 °C 50.0 °C 41.0 °C

Wnax 1.000 1.000 1.000

Average residual —0.28 kg-m ™3 —0.0017 mPa-s —0.0037 kJ-kg '-K™!

Standard deviation of residual 2.05 kg'm™3 0.0806 mPa-s 0.0460 kJ-kg™'-K™!

Number of points in the correlation 200 120 39

Number of inconsistent points 0 0 0

References 235, 292 292 235

Comments These data are presented as a “proof of concept” that the density model works Same general comment. Same general comment.

with nonionic organic solutes. It should not be considered a definite review of this

particular system. The data from ICT?** and Rehman®

92 are generally in good

agreement except at w = 0.2212 (x = 0.1). Rehman data on LiCl are generally
consistent, and there is no deviation at low temperature. The data are kept, but the

fit should be used with caution.

Table 17. CO, - Carbon Dioxide - 124-38-9

Density Viscosity Heat Capacity
Imin/°C 49 °C - 25.0 °C
Imax/°C 150.0 °C - 100.4 °C
Winax 0.072 - 0.009
Average residual 0.02 kg=m™ - 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.20 kg*m™* - 0.0003 kJ-kg!-K™!
Number of points in the correlation 28 - 12
Number of inconsistent points 0 - 0
References 37, 96, 151, 349 37, 150
Comments Data available at higher pressure (and thus higher CO, concentration) in Teng®*° and at Data available at higher
higher temperature in Hnedkovsky.'>! Molarity for Ellis”® interpreted to have been temperaturein
measured at 25 °C. Densities for Ellis measured at 20 atm, so the delta density was Hnedkovsky.'>®
used instead to better represent values at atmospheric pressure.
Table 18. CoCl, - Cobalt(II) Chloride - 7646-79-9
Density Viscosity Heat Capacity
min/ °C 15.0 °C 20.0 °C 25.0 °C
Imax/°C 75.0 °C 50.0 °C 25.0 °C
Winax 0.303 0.345 0.030
Average residual 0.09 kgem™* 0.0000 mPa-s 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.63 kg'm™? 0.0086 mPa-s 0.0001 kJ-kg™!-K™!
Number of points in the correlation 214 61 8
Number of inconsistent points 21 0 0
References 103, 143, 262, 268, 280, 328 18, 268 328
Comments The data from Pena?®? and Phang®®® are inconsistent and have been excluded.
Table 19. CoSO, - Cobalt(Il) Sulfate - 10124-43-3
Density Viscosity Heat Capacity
tmin/°C 25.0 °C 25.0 °C -
tmax/°C 75.0 °C 75.0 °C -
Winax 0.331 0.331 -
Average residual 0.12 kgem™* 0.0070 mPa-s -
Standard deviation of residual 1.76 kgem™3 0.0506 mPa-s -
Number of points in the correlation 37 29 -
Number of inconsistent points 4 1 -
References 34, 313 34

NH4HCO; (for some reason, the only density data found for
that solute are for solutions of more than one solute).

The procedure is simple. Apparent densities, viscosities,
or heat capacities are calculated for solutes where coefficients
are known. Initial guesses are then made for the unknown
coefficients, and a residual is calculated. The sum of the
square of these residuals is then minimized using a nonlinear
optimization program. Different guesses are tried, and the
optimized coefficients giving the lowest sum of square are
kept. Readers who are interested are referred to the files for
NaAl(OH), and NH,HCOj in the Supporting Information for
examples of the calculations.

This is the best way to generate coefficients for solutes that
are not stable in solution with pure water such as salts of metals
that hydrolyze easily in water such as Al,(SOy); or CrCl;. The
method is unfortunately less accurate than the usual method;
however, it is better to have inaccurate data than no data at all,
and the use of this method is encouraged.

Estimating Properties for Solutes Where No Experi-
mental Data Are Available. Tn a second paper,” Reynolds and
Carter demonstrated that the properties for components where no
experimental data are available could be estimated if data are
available for other components with the same anions and cations.
An individual electrolyte is a cation and anion pair, and our model
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Table 20. Cr;(SOy); - Chromium(III) Sulfate - 10101-53-8

Density Viscosity Heat Capacity
tmin/ °C 25.0 °C 25.0 °C -
tmax/°C 25.0 °C 25.0 °C -

Winax 0.001 0.001 -
Average residual 0.00 kg=m™3 0.0001 mPa-s -
Standard deviation of residual 0.01 kg-m™3 0.0001 mPa-s -
Number of points in the correlation 16 16 -
Number of inconsistent points 0 0 -
References 32 32
Table 21. CrCl; - Chromium(III) Chloride - 10025-73-7
Density Viscosity Heat Capacity
Lin/°C 18.0 °C 20.0 °C -
Imax/°C 18.0 °C 50.0 °C -
Winax 0.120 0.253 -
Average residual 0.00 kgem™3 —0.0014 mPa-s -
Standard deviation of residual 0.02 kgem™ 0.0232 mPa-s -
Number of points in the correlation 5 62 -
Number of inconsistent points 0 1 -
References 269 18
Comments Afzal'® does not specify at which temperature he measured his molarities. We

have assumed 20 °C. Furthermore, there are no density data for w > 0.12, so
conversions of molarities to mass fraction above this concentration are suspect.

Table 22. Cu(NOj); - Copper(II) Nitrate - 3251-23-8

Density Viscosity Heat Capacity
Imin/ °C 5.0 °C 25.0 °C 5.0°C
Imax/°C 95.0 °C 25.0 °C 120.0 °C
Winax 0.350 0.458 0.085
Average residual 0.04 kg-m™3 0.0006 mPa-s —0.0003 kJ-kg’l-K’1
Standard deviation of residual 0.24 kgem™3 0.0089 mPa-s 0.0010 kJ-kg T-K™!
Number of points in the correlation 110 10 144
Number of inconsistent points 10 0 0
References 46, 86, 101, 135 86 46

Data from Doan®® are inconsistent
and excluded. Data available from
Brown*® at lower concentration.

Comments

Table 23. CuCl, - Copper(Il) Chloride - 7447-39-4

Only data from Doan®® are available. Since Doan
data are inconsistent for densities, his viscosities are
suspect. Doan did not test for purity of his
chemicals, so it is possible that his chemicals were
impure. However, for some other solutes such as
Cd(NOs),, Doan density data are inconsistent but his
viscosities are consistent. Use this data with caution.

Density Viscosity Heat Capacity
Tmin/°C 15.0 °C 20.0 °C 19.0 °C
tmax/°C 55.0 °C 50.0 °C 51.0 °C
Winax 0.445 0.375 0.425
Average residual 0.02 kgem™3 0.0000 mPa-s —0.0024 kJ-kg '-K!
Standard deviation of residual 0.49 kg'm™ 0.0142 mPa-s 0.0106 kJ-kg™'-K™!
Number of points in the correlation 149 73 10
Number of inconsistent points 16 0 0
References 87, 97, 101, 221, 231, 279 18, 87, 147 235
Comments Data from Motin**" inconsistent and The ICT data®* are the average Cp

excluded

Table 24. CuSO, - Copper(II) Sulfate - 7758-98-7

between (19 and 51) °C.

Density Viscosity Heat Capacity
Imin/ °C 10.0 °C 15.0 °C 18.0 °C
Tmax/°C 60.0 °C 60.0 °C 18.0 °C
Winax 0.284 0.413 0.150
Average residual 0.04 kgem™3 —0.0042 mPa-s —0.0008 kJ kg '-K™!
Standard deviation of residual 0.86 kg=m™3 0.0494 mPa-s 0.0041 kJ-kg '-K™!
Number of points in the correlation 304 180 4
Number of inconsistent points 1 5 0
References 84, 101, 146, 259, 286, 335, 382 22, 33, 63, 84, 377 235
Comments Data from Demichowicz-Pigoniowa®*

generally inconsistent and excluded

depends on the user’s arbitrary choice of how the cations and anions
are paired together in multi-ion mixtures. Reynold and Cooper
demonstrated the self-consistency of our model when cations and
anions are paired in different ways. The authors showed for
example that the model coefficients for KAI(OH), could be
calculated solely from the coefficients for NaAl(OH),, NaOH, and
KOH without directly fitting the model to experimental data. The
results were confirmed by comparing the calculated densities to
published experimental data. The model was able to accurately

predict experimentally determined densities (R? > 0.99) using model
coefficients derived without using any experimental data from
solutions containing KAI(OH),.

Review of Density, Viscosity, and Heat Capacity Data
for 105 Solutes

The data for density, viscosity, and heat capacity for the
solutes listed in the Abstract are found in Tables 4 to 112
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Table 25. Fey(SOy); - Iron(III) Sulfate - 10028-22-5

Density Viscosity Heat Capacity

Imin/ °C 15.0 °C 20.0 °C -
Tmax/°C 25.0 °C 50.0 °C -
Winax 0.301 0.301 -
Average residual —0.06 kg-m™* —0.0017 mPa-s -
Standard deviation of residual 1.72 kgem™3 0.0111 mPa-s -
Number of points in the correlation 31 35 -
Number of inconsistent points 18 0 -
References 65, 235, 386 65

Comments

The data is generally old and inconsistent. The fit was
limited to w < 0.3, the data is too poor above that limit.

Table 26. FeCl, - Iron(Il) Chloride - 7758-94-3

Density Viscosity Heat Capacity
tmin/ °C 15.0 °C 18.0 °C 16.2 °C
Tmax/°C 45.0 °C 40.0 °C 35.7 °C
Winax 0.210 0.037 0.359
Average residual 0.01 kg*m™3 0.0002 mPa-s 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.14 kg-m ™3 0.0003 mPa-s 0.0000 kJ-kg!-K™!
Number of points in the correlation 93 43 3
Number of inconsistent points 7 2 0
References 176, 280, 387 176 42

Comments

The data are ver

limited and should be used with caution. The solution

in Bernarducci®? contained 0.1 m of HCI, the effect of which is
neglected in his calculations.

Table 27. FeCl; - Iron(III) Chloride - 7705-08-0

Density Viscosity Heat Capacity

Lmin/ °C 0.0 °C 0.0 °C -
Imax/°C 35.0 °C 35.0 °C -
Winax 0.500 0.432 -
Average residual 0.17 kg*m™3 0.0026 mPa-s -
Standard deviation of residual 1.13 kg'm ™3 0.0299 mPa-s -
Number of points in the correlation 111 38 -
Number of inconsistent points 16 2 -
References 235, 386, 387 235

Comments

The data from the International Critical Tables** are calculated from many sources

from the late XIX and early XX centuries. Two of those sources (Franz

356 and

Heidweiller*®”) have been consulted, and it so appears that they are both mutually
inconsistent and seem to have little relation with the data published in the ICT.
Heyweiller is supposed to have been given a greater weight in the ICT tables, which
is strange given the difference between his data and the ICT data. Use with caution.

Table 28. FeSO, - Iron(II) Sulfate - 7720-78-7

Density

Viscosity

Heat Capacity

Imin/°C

tmax/°C

Winax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points
References

Comments

15.0 °C

25.0 °C

0.233

0.11 kg*m™

1.27 kg'm ™3

66

38

34, 83, 235, 388

Good data for this solute are difficult to find. We have
used Konisberger®*® data and based on his findings have
removed Bakeev** from the fit. The most concentrated
data from Degremont®* were found to be of poorer
quality and were also excluded. The data at 25 °C are
probably good, but extrapolations at very different
temperatures are of unknown quality. Use with caution.

25.0 °C

75.0 °C

0.211

0.0009 mPa-s

0.0114 mPa-s

30

0

34

Bakeev** data are inconsistent
for density. Use with
caution.

25.0 °C

45.0 °C

0.350

0.0004 kJ-kg™'-K™!

0.0045 kJ-kg !-K™!

9

0

235

The ICT?* reports that the
data represent the average
Cp between (25 and 45)
°C
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Table 29. H,0, - Hydrogen Peroxide - 7722-84-1

1735

Density Viscosity Heat Capacity
Iin/ °C 0.0 °C 0.0 °C 25.0 °C
Imax/°C 96.0 °C 20.0 °C 25.0 °C
Winax 0.996 1.000 0.715
Average residual —0.13 kg*m™ —0.0014 mPa-s 0.0015 kJ-kg '-K™!
Standard deviation of residual 1.41 kg*m™3 0.0094 mPa-s 0.1116 kJ-kg™'-K™!
Number of points in the correlation 122 46 4
Number of inconsistent points 1 0 6
References 92, 117, 156, 212 212, 272 235
Table 30. H,SO, - Sulfuric Acid - 7664-93-9
Density Viscosity Heat Capacity
tmin/°C —11.2 °C —10.0 °C —20.0 °C
Imax/°C 75.0 °C 75.0 °C 55.0 °C
Winax 0.782 0.782 0.939
Average residual 0.05 kg-m™3 —0.0139 mPa-s —0.0021 kJ kg '-K™!
Standard deviation of residual 1.59 kg*m™3 0.1133 mPa-s 0.0410 kJ-kg '-K™!
Number of points in the correlation 232 141 187
Number of inconsistent points 18 17 6

References
Comments

55, 138, 154, 204, 234, 284, 294
The quality of the fit decreases
significantly if the concentration
range is extended to w = 1. Data at
higher concentration are however
available in the
Supporting Information.

Table 31. H3AsOj; - Arsenious Acid - 13464-58-9

55, 118, 294, 312, 364

The “molality” in Gillespie''® has
been interpreted to be based on
sulfuric acid as the solvent. The
quality of the fit decreases
significantly if the concentration
range is extended to w = 1. Data at
higher concentration are however

available in the Supporting Information.

116, 154, 202, 204

Additional data at higher
concentration (eg oleum) in
Giauque.''® The model can fit
data to w = 1 but at the cost
of a decrease in the accuracy at
lower concentration. The
parameters given above are
chosen to best fit the range 0

< w < 0.94. Data at higher
concentration are however
available in the Supporting
Information.

Density Viscosity Heat Capacity
tmin/ °C 25.1 °C - 55.7 °C
Imax/°C 100.1 °C - 76.0 °C
Winax 0.036 - 0.037
Average residual 0.01 kg*m™3 - —0.0001 kJ kg '-K™!
Standard deviation of residual 0.12 kg-m™3 - 0.0006 kJ-kg '-K™!
Number of points in the correlation 15 - 16
Number of inconsistent points 0 - 0
References 263 263
Comments Data available in Perfetti**® at Data available in Perfetti''® at
higher pressure (to 30 MPa) and higher pressure (to 30 MPa) and
temperature (to 350 °C). temperature (to 350 °C). The ratio
Cpusaso3/Cpmao is used instead of the
apparent molal heat capacity to reduce
the effect of the higher pressure
Table 32. H3AsO, - Arsenic Acid - 7778-39-4
Density Viscosity Heat Capacity
Emin/ °C 15.0 °C 25.0 °C 50.7 °C
Imax/ °C 50.0 °C 25.0 °C 74.9 °C
Winax 0.700 0.124 0.069
Average residual 0.21 kg-m™3 —0.0004 mPa-s —0.0001 kJ-kg™'-K™!
Standard deviation of residual 0.56 kgem™3 0.0014 mPa-s 0.0023 kJ kg '-K™!
Number of points in the correlation 42 4 7
Number of inconsistent points 0 0 0
References 235, 263 235 263

Comments

Data at higher pressure and

temperature available in Perfetti.

269

Delta densities for Perfetti averaged
when more than 1 data point available.

Data at higher pressure and

temperature available in Perfetti.”®
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Table 33. H;PO, - Phosphoric Acid - 7664-38-2

Density Viscosity Heat Capacity
Fmind °C 159 °C 20.0 °C 24.7 °C
Inax/ °C 81.4 °C 25.0 °C 101.1 °C
Winax 0.850 0.800 0.986
Average residual 0.10 kg'm™ —0.0223 mPa-s —0.0018 kJ-kg™'-K™!
Standard deviation of residual 0.40 kg*m ™3 0.0518 mPa-s 0.0202 kJ-kg ' K™!
Number of points in the correlation 215 25 134
Number of inconsistent points 0 12 24
References 72, 94, 204, 317, 334 89, 93, 321 95, 204, 317, 370

Comments

Data from Simon®?' inconsistent and

excluded. All data sets are however

The data from Wakefield*’® are not so much
inconsistent as simply at too high a

old. concentration to truly be considered
representative of the Cp of H;PO, solutions.
Table 34. HBr - Hydrobromic Acid - 10035-10-6
Density Viscosity Heat Capacity
nin/ °C —10.0 °C 0.0 °C 24.9 °C
fnand°C 75.0 °C 25.0 °C 24.9 °C
Winax 0.407 0.195 0.028
Average residual 0.00 kg*m ™3 —0.0001 mPa-s 0.0000 kJ-kg ' K™!
Standard deviation of residual 0.85 kg-m ™3 0.0018 mPa-s 0.0001 kJ-kg™'-K™!
Number of points in the correlation 211 11 21
Number of inconsistent points 16 0 0
References 137, 142, 322 235 322
Comments The data from Haase'*” are not very accurate.

Table 35. HCH;CO; - Acetic Acid - 64-19-7

Density Viscosity Heat Capacity
Fnin/ °C 5.0 °C 15.0 °C 0.0 °C
Tnax/°C 85.0 °C 55.0 °C 120.0 °C
Winax 1.000 1.000 0.153
Average residual 0.13 kg*m™? —0.0032 mPa-s 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.75 kg*m™3 0.0185 mPa-s 0.0024 kJ-kg~'-K™!
Number of points in the correlation 328 238 214
Number of inconsistent points 7 0 0
References 25, 35, 53, 89, 126, 127, 159, 187, 203, 375 53, 80, 89, 126, 159, 205 15, 25, 35

Comments

Data at lower concentration available in
Ballerat-Busserolles.*® In the same paper,
when two apparent molar volumes are
given at the same concentration and
temperature, the average is used.

Data at lower concentration available in
Ballerat-Busserolles.* The heat
capacity in Ballerat-Busserolles is a bit
higher than in Allred.”

Table 36. HCHO, - Formic Acid - 64-18-6
Density Viscosity Heat Capacity

Imin/°C 15.0 °C 15.0 °C 0.0 °C

Tmax/ °C 55.0 °C 55.0 °C 120.0 °C

Winax 1.000 1.000 0.116

Average residual 0.00 kg*m™? 0.0003 mPa-s —0.0001 kJ+-kg™'-K™!

Standard deviation of residual 0.98 kg-m 3 0.0137 mPa-s 0.0032 kJ-kg !-K™!

Number of points in the correlation 182 153 52

Number of inconsistent points 0 0 0

References 127, 159, 187 159 15

Comments Ackermann'® data point at m = 0.982 and ¢+ = 0 is shown as 0.997 cal/g/C.

This is probably a typo and we have used 0.979 cal/g/C instead.
Table 37. HCI - Hydrochloric Acid - 7647-01-0
Density Viscosity Heat Capacity

Imind °C 5.0 °C 10.0 °C 5.0 °C
max/°C 98.8 °C 42.5 °C 130.0 °C
Winax 0.376 0.360 0.065
Average residual 0.06 kg*m™? 0.0013 mPa-s 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.21 kg*m™3 0.0134 mPa-s 0.0028 kJ-kg™!-K™!
Number of points in the correlation 287 163 348
Number of inconsistent points 168 0 0

References

Comments

21, 26, 110, 121, 142, 145, 282, 297, 308, 322,
352

Data available at lower concentration in
Allred.”® Akerlof>' seems to systematically
underestimate the density when compared to
more recent data. It has been excluded from
the fit even if not all residuals are greater than
=+ 4 std dev.

57, 121, 157, 240

26, 35, 131, 255, 282, 308, 322, 353, 373

Tremaine®? has additional data at 139.46 °C and 0.5
MPa. Data available at lower concentration in
Allred®® and in Ballerat-Busserolles.*® The data are
scattered, and the fit is not very good. Consider for
example the variation in apparent heat capacity at
100 °C.
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Table 38. HCN - Hydrogen Cyanide - 74-90-8

Density Viscosity Heat Capacity

Imin/ °C 0.0 °C 0.0 °C -

tmax/°C 20.0 °C 0.0 °C -

Winax 1.000 1.000 -

Average residual 0.06 kgem™3 0.0203 mPa-s -

Standard deviation of residual 2.34 kgem™3 0.0731 mPa-s -

Number of points in the correlation 56 12 -

Number of inconsistent points 0 0 -

References 192, 235 192
Table 39. HNO; - Nitric Acid - 7697-37-2

Density Viscosity Heat Capacity
Emin/ °C —10.0 °C 4.0 °C 5.0 °C
Imax/ °C 95.0 °C 25.0 °C 120.0 °C
Winax 0.701 0.309 0.065
Average residual —0.12 kg'm™* 0.0000 mPa-s —0.0002 kJ-kg™'-K!
Standard deviation of residual 1.02 kgem™3 0.0027 mPa-s 0.0011 kJ-kg'-K™!
Number of points in the correlation 295 16 159
Number of inconsistent points 17 0 0
References 136, 155, 153, 256 45, 351 98, 155, 153, 256
Comments Data from Haase'® at higher concentration (w > 0.75) excluded because
the model cannot fit it very well.
Table 40. K,COj; - Potassium Carbonate - 584-08-7
Density Viscosity Heat Capacity

Lmin/ °C 5.0 °C 19.0 °C 5.0°C
tmax/°C 95.0 °C 89.0 °C 120.0 °C
Winax 0.361 0.518 0.065
Average residual 0.09 kg-m™3 0.0032 mPa-s 0.0002 kJ-kg '-K™!
Standard deviation of residual 0.79 kg'm™3 0.0820 mPa-s 0.0010 kJ-kg '-K™!
Number of points in the correlation 75 61 96
Number of inconsistent points 42 0 0

References
Comments

from Ginsburg

119, 149, 229, 326

76, 149, 252 326

Data at lower concentration available from Sorenson.*2® Data

Data at lower concentration

119

Table 41. K,Cr,0; - Potassium Dichromate - 7778-50-9

excluded because inconsistent and scattered.

available from Sorenson.

326

Density Viscosity Heat Capacity

Imin/ °C 0.0 °C 0.2 °C -
Imax/°C 90.0 °C 89.3 °C -
Winax 0.400 0.400 -
Average residual 0.06 kg=m™3 —0.0012 mPa-s -
Standard deviation of residual 2.24 kg-m™3 0.0229 mPa-s -
Number of points in the correlation 38 43 -
Number of inconsistent points 4 0 -
References 140, 181, 189, 190, 288 63, 140, 181

Table 42. K,HPO, - Dipotassium Hydrogen Phosphate - 7758-11-4

Viscosity

Heat Capacity

Density
tmin/OC 25.0 °C
Imax/ °C 25.0 °C
Wnax 0.181
Average residual 0.14 kg*m™3
Standard deviation of residual 1.39 kg'm™

Number of points in the correlation 12

Number of inconsistent points 0
References 67, 334
Comments The data from Chenlo®’ are inconsistent with

the data from Surdo.*** The quality of the fit
is therefore poor, and the coefficients should
be used with caution.

Table 43. K,SO, - Potassium Sulfate - 7778-80-5

21.0 °C

50.0 °C

0.181

0.0002 mPa-s
0.0050 mPa-s
42

0

67

Note that density data are available only at 25 °C,
and therefore conversions of kinematic to dynamic

viscosities at other temperatures are subject to

systematic errors.

Density

Viscosity

Heat Capacity

tmin/°C

tman/°C

Winax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points
References

0.0 °C

98.7 °C

0.152

0.05 kg-m 3

0.18 kg-m ™3

239

6

82, 155, 158, 177, 228, 245, 265, 309

0.0 °C

89.5 °C

0.155

0.0012 mPa-s

0.0078 mPa-s

214

0

63, 75, 106, 158, 167, 177, 239, 333, 346

25.0 °C
100.0 °C

0.080

—0.0001 kJ+-kg'-K!
0.0013 kI-kg™ 'K~
43

0

155, 245, 309
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Table 44. K;PO, - Potassium Phosphate - 7778-53-2

Density

Viscosity

Heat Capacity

tmiu/oc

Lnax/ °C

Winax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points
References

Comments

249 °C
25.0 °C
0.209

0.16 kg-m ™3
3.89 kg'm™?
14

9

67, 89, 334

The data from Drucker® are clearly inconsistent
with the data from Chenlo®” or Surdo.*** On the
other hand, the agreement between Chenlo and
Surdo is not that good either (see K,HPO,4). Use

with caution.

Table 45. KBr - Potassium Bromide - 7758-02-3

20.0 °C

50.0 °C
0.209

0.0000 mPa-s
0.0030 mPa-s
42

9

67, 89

systematic errors.

Density data are available only at 25 °C, and
therefore conversions of kinematic to dynamic
viscosities at other temperatures are subject to

Density

Viscosity

Heat Capacity

tmin/ °C

tman/°C

Wmax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points
References

0.0 °C

95.0 °C

0.504

0.06 kg*m ™3

0.36 kg*m™?

266

23

38, 110, 152, 160, 170, 172, 208, 229,
232, 247, 288, 314, 322, 331, 332

Table 46. KCH;CO, - Potassium Acetate - 127-08-2

0.0 °C

95.0 °C
0.462

0.0000 mPa-s
0.0089 mPa-s
347

6

63, 123, 122, 160, 170, 172, 208, 232,

25.0 °C

25.0 °C

0.105

0.0000 kJ-kg™'-K™!
0.0010 kJ-kg !-K™!
20

0

247,311, 345 110, 322

Density Viscosity Heat Capacity
Imin/ °C 15.0 °C 15.0 °C 20.0 °C
Imax! °C 55.0 °C 55.0 °C 51.0 °C
Winax 0.595 0.595 0.500
Average residual —0.05 kgem™ —0.0030 mPa-s —0.0007 kJ-kg™'-K™!
Standard deviation of residual 0.21 kgem™3 0.0138 mPa-s 0.0063 kJ-kg~'-K™!
Number of points in the correlation 147 148 10
Number of inconsistent points 0 0 0
References 89, 159, 385 89, 159, 205, 385 235

Comments

Table 47. KCHO, - Potassium Formate - 590-29-4

The ICT?* reports that the data represent the average Cp between
(20 and 51) °C. The data were modeled at 35.5 °C.

Density Viscosity Heat Capacity

Inind °C 15.0 °C 15.0 °C -
nax/°C 55.0 °C 55.0 °C -
Winax 0.678 0.813 -
Average residual 0.02 kgem™? —0.0094 mPa-s -
Standard deviation of residual 0.30 kg*m™3 0.0602 mPa-s -
Number of points in the correlation 122 140 -
Number of inconsistent points 0 0 -
References 69, 159 69, 159, 295

Table 48. KCI - Potassium Chloride - 7447-40-7

Density Viscosity Heat Capacity

Inind °C 5.0 °C 5.0 °C 5.0 °C

Imax/°C 125.0 °C 150.0 °C 140.0 °C

Winax 0.264 0.306 0.258

Average residual 0.06 kgem™3 —0.0001 mPa-s —0.0001 kJ-kg™'-K™!

Standard deviation of residual 0.22 kg*m™3 0.0030 mPa-s 0.0061 kJ-kg™'-K™!

Number of points in the correlation 655 647 315

Number of inconsistent points 45 7 0

References

Comments

39, 82, 89, 110, 113, 125, 133, 161, 177,
191, 198, 208, 213, 229, 236, 244, 247,
255, 299, 309, 322, 381

To keep the data set size reasonnable, data

points where w < 0.003 are excluded.
The data from Bell® are generally
scattered and have been excluded.

18, 57, 63, 89, 125, 129, 161, 162,
177, 191, 208, 232, 236, 246, 247,
331, 337, 345, 381

210, 244, 248, 255, 303, 309, 322,
329, 348

Data at higher temperature available in
Likke?' and Pabalan.**®
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Table 49. KF - Potassium Fluoride - 7789-23-3

Density Viscosity Heat Capacity
Tmin/°C 0.0 °C 5.0 °C 25.0 °C
Imax/°C 50.0 °C 55.0 °C 130.0 °C
Winax 0.424 0.424 0.084
Average residual 0.05 kg*m™3 0.0025 mPa+s  0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.58 kg-m ™3 0.0255 mPa-s  0.0021 kJ-kg™'-K™!
Number of points in the correlation 158 98 57
Number of inconsistent points 0 0 0
References 110, 208, 229, 260, 344 123, 122,208 110, 303

Comments

Perdersen®®® has detailed data available for 25 °C, with more than 150 densities
at different concentrations. Only some of the data are used here. Tamas*** and
Lengyel®* report values that are suspiciously close (concentrations, when
reported in the same units, are identical to 5 significant figures). The two data
sets are however not inconsistent with the other data and do not cover quite the

same temperature range, so both sets have been kept.

Table 50. KH,PO, - Potassium Dihydrogen Phosphate - 7778-77-0

Viscosity Heat Capacity

Density
Imin/ °C 20.0 °C
Imax/ °C 40.0 °C
Wnax 0.232
Average residual 0.04 kg*m™3
Standard deviation of residual 0.53 kg'm™3
Number of points in the correlation 41
Number of inconsistent points 8

67, 70, 225, 233, 334

Data from Mullin>** at m = 2.2209 and t =
30 °C were changcd from (1713 to 1173)
kg-m3. Chenlo®” clearly overestimates
the density, and his data are excluded (see
also K;HPO, and K;PO,).

References
Comments

Table 51. KHCOj; - Potassium Bicarbonate - 298-14-6

20.0 °C -
50.0 °C -
0.232 -
0.0004 mPa-s -
0.0591 mPa-s -
60 -
0 -
67, 233
The data published for this solute in our previous publication

on viscosity were incorrect at ¢ = (44.95 and 49.95) °C for

Chenlo.” There might be a local minimum in the apparent

viscosity near w = 0.1, which would not be modeled

correctly. The data are however a bit scattered and difficult to

interpret.

Density Viscosity Heat Capacity
Emin/ °C 5.0°C 25.0 °C 5.0 °C
tmax/°C 95.0 °C 25.0 °C 120.0 °C
Winax 0.344 0.247 0.095
Average residual 0.03 kg-m™3 0.0000 mPa-s 0.0000 kJ kg '-K™!
Standard deviation of residual 0.15 kgem™ 0.0044 mPa-s 0.0035 kJ kg™ '-K™!
Number of points in the correlation 66 12 106
Number of inconsistent points 0 0 0
References 37, 229, 326, 356 252 37, 326
Comments Data at lower concentration available in Data at lower concentration available in
Sorenson.*?¢ Sorenson.**¢
Table 52. KHSOj; - Potassium Bisulfite - 298-14-6
Density Viscosity Heat Capacity
Imin/ °C 25.0 °C - 25.0 °C
Imax/°C 25.0 °C - 25.0 °C
Winax 0.106 - 0.106
Average residual 0.01 kgem™3 - 0.0000 kJ kg '-K™!
Standard deviation of residual 0.16 kg*m™ - 0.0007 kJ-kg '-K™!
Number of points in the correlation 8 - 8
Number of inconsistent points 0 - 0
References 37 37
Table 53. KI - Potassium Iodide - 7681-11-0
Density Viscosity Heat Capacity
Imin/°C 0.0 °C 5.0 °C 5.0 °C
Imax/°C 100.0 °C 95.0 °C 120.0 °C
Winax 0.667 0.627 0.476
Average residual 0.02 kg*m™3 —0.0001 mPa-s 0.0002 kJ-kg™'-K™!
Standard deviation of residual 0.47 kg-m ™3 0.0099 mPa-s 0.0115 kJ-kg '-K™!
Number of points in the correlation 297 245 180
Number of inconsistent points 32 0 1
References 110, 178, 208, 229, 232, 247, 63, 85, 122, 178, 208, 232, 110, 309, 341
283, 288, 309, 314, 315, 341 247, 311
Comments Data from Prokash®®® assumed Data from Swenson®*' available at

constant concentration and molarity
measured at 25 °C. The data are
inconsistent with the other data sets
and have been excluded. Data from
Swenson®**! available at lower
concentration. The Lengyel*”® and
the Swenson®*! data are not in good
agreement at higher concentration,
but there is not enough information
to select one or the other.

lower concentration. There is an
unexplained inversion of Solute exp
heat capacity in Swenson data at high
temperature between m = 4.0008 and
m = 5.4786 There is no mention of
this in the original paper. The
inversion is the cause of the relatively
high standard deviation. There are not
enough data from other references at
high concentration to be able to check
whether this is an error or not. The
data were kept but are suspect.
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Table 54. KNO, - Potassium Nitrite - 7758-09-0

Density Viscosity Heat Capacity
Imin/ °C 20.0 °C 25.0 °C -
max/°C 80.0 °C 25.0 °C -
Winax 0.750 0.623 -
Average residual —0.04 kg*m™3 0.0011 mPa-s -
Standard deviation of residual 1.06 kg*m ™3 0.0043 mPa-s -
Number of points in the correlation 55 15 -
Number of inconsistent points 1 0 -
References 78, 325 78
Comments Data from Daniel”® at M = 0.6005 are shown as 1029.6. However, the
calculated data are 1026.9, and we have corrected it assuming this is a
typo.
Table 55. KNOj; - Potassium Nitrate - 7757-79-1
Density Viscosity Heat Capacity
Imin/°C 5.0 °C 15.0 °C 5.0 °C
tman/°C 95.0 °C 60.0 °C 120.0 °C
Winax 0.284 0.495 0.200
Average residual 0.05 kg*m™? 0.0001 mPa-s 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.20 kg*m™3 0.0071 mPa-s 0.0010 kJ-kg™'-K™!
Number of points in the correlation 179 146 147
Number of inconsistent points 32 3 0
References 40, 86, 98, 160, 189, 229, 244, 256, 261, 302 63, 86, 160, 171, 304, 331, 339 99, 244, 256
Comments Korin'®* has only 4 data points at much higher concentration than

the balance of the data. His data seem inconsistent and have
been excluded. Roy**? data are generally inconsistent and are
excluded.

Table 56. KOH - Potassium Hydroxide - 1310-58-3

Density Viscosity Heat Capacity
Imin/°C 4.0 °C —14.1 °C 4.0 °C
Tmax/°C 95.0 °C 40.0 °C 120.0 °C
Winax 0.519 0.519 0.465
Average residual 0.06 kg-m™3 0.0282 mPa+s —0.0004 kJ-kg~'-K™!
Standard deviation of residual 0.64 kg-m ™3 0.1097 mPa-s 0.0018 kJ+kg™'-K™!
Number of points in the correlation 237 50 285
Number of inconsistent points 305 0 2
References 19, 141, 149, 222, 255, 300, 305, 322, 323, 350 149, 182, 323 131, 255, 300, 322
Comments Data from Akerlof,' Hitchcock,'*” Salavera,**> and Tham®* generally inconsistent
Table 57. Li,SOj4 - Lithium Sulfate - 10377-48-7
Density Viscosity Heat Capacity
tmin/°C 0.0 °C 5.0 °C 25.0 °C
Imax/ °C 65.0 °C 128.6 °C 25.0 °C
Winax 0.260 0.260 0.094
Average residual 0.04 kg*m™3 0.0004 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.39 kg-m™3 0.0138 mPa-s 0.0092 kJ-kg '-K™!
Number of points in the correlation 192 179 11
Number of inconsistent points 1 0 0
References 59-61, 146, 176, 258, 376 14, 59, 176 28
Table 58. LiCH3CO, - Lithium Acetate - 546-89-4
Density Viscosity Heat Capacity
Tmin/°C 15.0 °C 15.0 °C -
Imax/°C 45.0 °C 45.0 °C -
Winax 0.047 0.039 -
Average residual 0.01 kg-m™ 0.0002 mPa-s -
Standard deviation of residual 0.05 kg*m™3 0.0011 mPa-s -
Number of points in the correlation 35 22 -
Number of inconsistent points 0 0 -
References 385 385
Comments There is an unexplained inversion in the (mass frac vs concentration)

slope at 25 °C.
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Table 59. LiCl - Lithium Chloride - 7447-41-8

Density Viscosity Heat Capacity
Imin/ °C —5.0°C —5.0°C 5.0 °C
Tmax/°C 127.1 °C 100.0 °C 130.0 °C
Winax 0.454 0.460 0.160
Average residual 0.00 kgem™3 0.0141 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 1.13 kgem™3 0.2060 mPa-s 0.0025 kJ-kg '-K™!
Number of points in the correlation 592 651 166
Number of inconsistent points 4 12 0
References 47, 113, 128, 160, 166, 208, 44, 85, 128, 160, 208, 246, 47, 110, 131, 303, 329
218, 229, 247, 246, 292, 247, 292, 311, 331, 367, 374
331, 332, 359, 374
Comments The data are scattered, especially at The viscosity of LiCl solutions at high  Data from Brown*’ available at
higher temperature. Data from concentration is very high, and the lower concentration.
Brown*’ available at lower data are somewhat scattered. The data
concentration. Data available at higher ~ from Lengyel>*® and Rehman®®*
temperature and pressure in seem inconsistent, but both data sets
Majer.?'® Majer has a lot of duplicate have been kept in the fit, except for
and triplicate data. His average Delta Rehman at m = 17.8.

density is reported here.

Table 60. LiNOj; - Lithium Nitrate - 7790-69-4

Density Viscosity Heat Capacity

Imin/°C 0.0 °C 0.0 °C 20.0 °C
Imax/°C 110.0 °C 110.0 °C 20.0 °C
Winax 0.624 0.671 0.130
Average residual 0.01 kg'm™3 —0.0005 mPa-s —0.0006 kJ-kg~!-K™!
Standard deviation of residual 0.85 kgem™3 0.0394 mPa-s 0.0046 kJ-kg™'-K™!
Number of points in the correlation 128 104 4
Number of inconsistent points 10 25 0
References 29, 50, 51, 302, 374, 384 29, 50, 51, 302, 374
Comments More data are available from Data from Roy“? seem offset by about

Appleby?’ at (18 and 25) °C, but 0.05 mPa-s. His viscosity also increases

data are not very good. much too rapidly with concentration.

These data were therefore excluded.

Table 61. LiOH - Lithium Hydroxide - 1310-65-2

Density Viscosity Heat Capacity
Imin/ °C 20.0 °C 20.0 °C 25.0 °C
Imax/°C 75.0 °C 40.0 °C 25.0 °C
Winax 0.113 0.113 0.052
Average residual 0.00 kgem™3 0.0061 mPa-s 0.0000 kJ kg '-K™!
Standard deviation of residual 0.35 kg-m™3 0.1227 mPa-s 0.0006 kJ kg '-K™!
Number of points in the correlation 119 29 15
Number of inconsistent points 5 0 0
References 141, 148, 300, 323, 342 148, 323, 342 132
Comments Hitchcock'*® used constant molarity concentrations The data are very scattered.

at different temperatures. We

assumed that he measured the
concentrations at 20 °C and then reused

the same solutions at different temperatures.

Table 62. Mg(CH3CO,), - Magnesium Acetate - 142-72-3

Density Viscosity Heat Capacity
Imin/°C 15.0 °C 15.0 °C 21.0 °C
Imax/°C 45.0 °C 45.0 °C 52.0 °C
Winax 0.122 0.042 0.140
Average residual 0.01 kg-m™3 0.0005 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.04 kg-m™3 0.0018 mPa-s 0.0006 kJ kg '-K™!
Number of points in the correlation 33 22 3
Number of inconsistent points 0 0 0
References 385 385 235
Comments The ICT?* reports that the data represent the

average Cp between (21 and 52) °C. The data
were modeled at 36.5 °C.
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Table 63. Mg(NO;), - Magnesium Nitrate - 10377-60-3

Density Viscosity Heat Capacity
Emin/ °C 5.0 °C 0.0 °C 5.0°C
tmax/ °C 95.0 °C 120.0 °C 120.0 °C
Winax 0.439 0.720 0.131
Average residual —0.07 kg-m™? 0.0290 mPa-s —0.0003 kJ kg '-K™!
Standard deviation of residual 0.77 kg-m™3 0.2089 mPa-s 0.0017 kJ-kg '-K™!
Number of points in the correlation 385 235 216
Number of inconsistent points 94 0 0
References 86, 147, 173, 174, 302, 319, 86, 147, 302, 319, 369 173
331, 369
Comments The data from Wahab®®® at m = 3.17
are off by about 5 kg-m™3. Data from
Sheerson®'® available at higher
temperature. His data are however
inconsistent and excluded. Jubin!”!
seems to underestimate the density.
His densities were measured by
volume and are not as accurate as
other measurements. Excluded.
Table 64. MgCl, - Magnesium Chloride - 7786-30-3
Density Viscosity Heat Capacity
Lmin/ °C 0.0 °C 15.0 °C 5.0 °C
Imax/ °C 98.7 °C 70.0 °C 120.0 °C
Winax 0.324 0.386 0.345
Average residual 0.24 kg-m™3 0.0047 mPa-s —0.0004 kJ kg '-K™!
Standard deviation of residual 0.76 kg*m™* 0.0850 mPa-s 0.0040 kJ-kg '-K™!
Number of points in the correlation 386 332 315
Number of inconsistent points 119 85 1
References 41, 49, 64, 73, 113, 160, 18, 41, 106, 160, 177, 216, 49, 108, 210, 264, 267, 3006,
177, 228, 264, 271, 346 307

Comments

267, 299, 307, 332, 357

To keep the data set size reasonnable,
data points where w < 0.003 are
excluded. The densities from
Bereck*! are systematically higher
than the densities from the other
references. This data set has therefore
been excluded. The densities from
Isono'® at 3 and 4 molal seem
systematically lower than the
densities from the other references.
This part of Isono’s data has therefore
been excluded.

Table 65. MgSO, - Magnesium Sulfate - 7487-88-9

Data from Berek*' at 5.501 m are
inconsistent. Data from Afzal'® at
0.5 M and 30 °C assumed to be 0.96
mPa-s, not 1.96. Data from Afzal
excluded because many points are
inconsistent.

Density

Viscosity

Heat Capacity

Imin/°C

tmax/ °C

Wmax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points
References

Comments

0.0 °C

125.0 °C

0.268

0.06 kg*m™

0.86 kg*m™3

420

22

32, 31, 64, 73, 90, 107,
146, 147, 159, 169, 177, 191,
228, 229, 231, 265, 274, 275,
288, 310, 331, 382

To keep the data set size reasonnable,
data points where w < 0.003 are
excluded. Data available at higher
temperature in Phutala.?’*?7
Motin**' and Rakshit>*® excluded
because inconsistent.

15.0 °C

150.0 °C

0.301

0.0001 mPa-s

0.0117 mPa-s

182

11

32, 31, 63, 106, 147, 159,
177, 191

Data available at higher concentration
in Chatterji®® (w = 0.6 and 0.7).
Including these data in the overall data
set however increases the standard
deviation significantly. These data are
therefore excluded.

25.0 °C
130.0 °C

0.276

0.0005 kJ-kg™' K~
0.0056 kJ-kg 'K~
68

0

210, 265, 275, 278

Data at higher temperature
available in Likke*'”
and Phutela.””
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Table 66. Mn(NOs), - Manganese(II) Nitrate - 10377-66-9

1743

Density Viscosity Heat Capacity
Tmin/°C 5.0°C 25.0 °C 5.0 °C
Tmax/°C 95.0 °C 25.0 °C 120.0 °C
Winax 0.084 0.349 0.084
Average residual 0.00 kg*m™3 —0.0005 mPa-s —0.0002 kJ-kg '+ K!
Standard deviation of residual 0.05 kg-m ™3 0.0012 mPa-s 0.0009 kJ-kg !-K™!
Number of points in the correlation 54 6 192
Number of inconsistent points 1 0 0
References 173 235 173
Table 67. MnCl, - Manganese(II) Chloride - 7773-01-5
Density Viscosity Heat Capacity
Imin/ °C 15.0 °C 25.0 °C 25.0 °C
Tmax/°C 75.0 °C 25.0 °C 25.0 °C
Winax 0.435 0.420 0.019
Average residual 0.09 kg*m™3 —0.0011 mPa-s 0.0000 kJ-kg™!-K™!
Standard deviation of residual 0.61 kg*m™3 0.0075 mPa-s 0.0000 kJ-kg™'-K™!
Number of points in the correlation 195 14 9
Number of inconsistent points 0 0 0
References 143, 147, 269, 280, 290, 269 327
327, 352
Table 68. MnSO, - Manganese(II) Sulfate - 10034-96-5
Density Viscosity Heat Capacity
Tmin/ °C 20.0 °C 20.0 °C 20.0 °C
Imax/°C 25.0 °C 80.0 °C 50.0 °C
Wrnax 0.364 0.364 0.150
Average residual —0.19 kg*m™3 0.0010 mPa-s 0.0007 kJ-kg '-K™!
Standard deviation of residual 2.11 kg'm™ 0.0438 mPa-s 0.0061 kJ-kg !-K™!
Number of points in the correlation 33 93 4
Number of inconsistent points 31 15 0
References 33, 34, 81, 147, 284, 313 33, 34, 81, 147 235

Comments

Deckwer®! generally underestimates
the density, while Schmelzer®'?
generally overestimates it. However,
there is no sufficient evidence to
decide between the two data sets.
Bakeev** generally overestimates
the density and has been excluded.

Table 69. Na,C,0, - Sodium Oxalate - 62-76-0

Deckwer®! concentration data are
probably in error, as he is using
constant molarity concentrations at
different temperatures. We assumed
that he measured the concentrations
at 20 °C and then reused the same
solutions at different temperatures.
Therefore, we calculated the mass
fraction at 20 °C.

The ICT?* reports that the data
represent the average Cp between
(20 and 50) °C. The data were
modeled at 35 °C.

Density Viscosity Heat Capacity

Imin/°C 0.0 °C 0.0 °C 25.0 °C

tman/°C 50.0 °C 50.0 °C 25.0 °C

Winax 0.032 0.032 0.032

Average residual 0.02 kg*m™? 0.0003 mPa-s 0.0000 kJ-kg™'-K™!

Standard deviation of residual 0.18 kg*m™3 0.0026 mPa-s 0.0000 kJ-kg™'-K™!

Number of points in the correlation 18 13 6

Number of inconsistent points 1 0 0

References 343, 354 343 354

Comments Data available in Taft*** and

Tromans®>* at lower concentration.
Table 70. Na,CO; - Sodium Carbonate - 497-19-8
Density Viscosity Heat Capacity
Emin/ °C 0.0 °C 20.0 °C 25.0 °C
Imax/°C 100.1 °C 90.0 °C 25.0 °C
Winax 0.209 0.309 0.209
Average residual 0.02 kgem™3 0.0035 mPa-s 0.0001 kJ+-kg™' K™
Standard deviation of residual 0.73 kg'm™3 0.0540 mPa-s 0.0005 kJ kg '-K™!
Number of points in the correlation 167 63 23
Number of inconsistent points 23 0 0
References 144, 149, 214, 229, 250, 76, 149, 251 214, 265
251, 265, 318

Comments

Molarities for Palaty®'

interpreted

Molarities for Palaty>!

as being measured at 25 °C. Palaty>°
obviously uses the same experimental
data but at 20 °C. There is no
information allowing us to determine
at which temperature the molarities
were actually determined. The data
from Hershey'** show scatter,
especially at higher temperature. The
data from Hitchcock'*® are excluded
because he significantly
underestimates the density compared
to other data sets. Data at higher
pressure and temperature available
from Sharygin.'®

interpreted

as being measured at 25 °C.
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Table 71. Na,CrOy - Sodium Chromate - 7775-11-3

Density Viscosity Heat Capacity
Imin/ °C 0.0 °C 0.2 °C -
tmax/ °C 90.0 °C 89.3 °C -
Winax 0.500 0.500 -
Average residual 0.16 kgem™* 0.0075 mPa-s -
Standard deviation of residual 2.82 kgem™3 0.0479 mPa-s -
Number of points in the correlation 47 48 -
Number of inconsistent points 0 0 -
References 140, 181, 183 140, 181
Table 72. Na,HPO, - Disodium Hydrogen Phosphate - 7782-85-6
Density Viscosity Heat Capacity

Emin/ °C 25.0 °C 20.0 °C 24.0 °C

Imax/ °C 45.0 °C 50.0 °C 55.0 °C

Winax 0.077 0.099 0.073

Average residual -0.01 kg-m™? 0.0002 mPa-s —0.0001 kJ-kg™'-K!

Standard deviation of residual 0.62 kgem™3 0.0162 mPa-s 0.0003 kJ kg !-K™!

Number of points in the correlation 35 41 2

Number of inconsistent points 12 0 0

References 67, 325, 334, 379 67, 124 235

Comments

Data from Sohnel**® inconsistent
with the other data sets and excluded.

Table 73. Na,MoQO, - Sodium Molybdate - 7631-95-0

The ICT?* reports that the data represent
the average Cp between (24 and 55) °C.

The data were modeled at 39.5 °C.

Heat
Density Viscosity Capacity
Imin/ °C 25.0 °C - 25.0 °C
Imax/ °C 80.0 °C - 25.0 °C
Winax 0.350 - 0.032
Average residual 0.09 kg*m™3 - 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.29 kg-m™3 - 0.0001 kJ-kg '-K™!
Number of points in the correlation 30 - 10
Number of inconsistent points 0 - 0
References 245, 325 245
Table 74. Na,S - Sodium Sulfide - 1313-82-2
Density Viscosity Heat Capacity
Imin/ °C 25.0 °C - 25.0 °C
Imax/ °C 25.0 °C - 25.0 °C
Winax 0.084 - 0.084
Average residual —0.01 kg-m™3 - 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.38 kgem™ - 0.0016 kJ kg '-K™!
Number of points in the correlation 8 - 8
Number of inconsistent points 0 - 0
References 37 37
Table 75. Na,S,0; - Sodium Thiosulfate - 7772-98-7
Density Viscosity Heat Capacity
Imin/ °C 25.0 °C 11.9 °C 25.0 °C
Imax/ °C 80.0 °C 50.0 °C 25.0 °C
Winax 0.600 0.494 0.037
Average residual 0.16 kg-m™3 —0.0012 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.51 kgem™3 0.1119 mPa-s 0.0001 kJ+kg '-K™!
Number of points in the correlation 38 85 17
Number of inconsistent points 0 13 0
References 245, 325 175, 217 245
Comments The data from Kalita'”> at higher

concentration do not seem to be very
accurate. The experimental apparent
density at x = 0.18 is lower than at

x = 0.14, while if the trend was
maintained it should have been lower.

In no other solute can a “s” curve like
this be seen. There is a high apparent
density value at w = 0, a low around

w = 0.1, another high around

w = 0.6, followed by another low around
w = 0.65. The model can fit all the data,
but at the cost of a significant

decrease in accuracy at lower
concentration. The fit has

therefore

been limited to w < 0.5.
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Table 76. Na,SOj; - Sodium Sulfite - 7757-83-7

Density Viscosity Heat Capacity
Imin/ °C 25.0 °C 25.0 °C -
Imax/ °C 80.0 °C 40.0 °C -
Winax 0.200 0.060 -
Average residual —0.54 kg-m™3 0.0000 mPa-s -
Standard deviation of residual 2.82 kgem™3 0.0029 mPa-s -
Number of points in the correlation 36 20 -
Number of inconsistent points 0 0 -
References 325, 360 363
Table 77. Na,SO, - Sodium Sulfate - 7757-82-6
Density Viscosity Heat Capacity
Emin/ °C 0.0 °C 15.0 °C 25.0 °C
tmax/°C 125.0 °C 150.0 °C 1404 °C
Winax 0.325 0.331 0.211
Average residual 0.14 kg-m™3 0.0010 mPa-s —0.0002 kJ kg '-K!
Standard deviation of residual 0.47 kgem™3 0.0064 mPa-s 0.0040 kJ kg '-K™!
Number of points in the correlation 402 222 106
Number of inconsistent points 16 3 0
References 64, 73, 82, 107, 109, 120, 75, 106, 109, 120, 160, 178, 74, 210, 214, 245, 249, 265,
160, 178, 191, 214, 228, 249, 191, 346 309
265, 274, 309, 310, 376
Comments To keep the size of the data set Data at higher temperature available
reasonable, data where w < 0.003 are from Likke®'° and Pabalan.?*’

excluded. The data from Pabalan®*’

were excluded. The data are probably
good, but the pressure correction at
20 MPa becomes significant. Data at
higher temp are available from the
same reference. Data available in
Phutela®’* at higher pressure and
temperature.

Table 78. Na,WO, - Sodium Tungstate - 13472-45-2

Density Viscosity Heat Capacity
Imin/ °C 20.0 °C - 25.0 °C
Imax/ °C 80.0 °C - 25.0 °C
Winax 0.400 - 0.045
Average residual 0.00 kg-m™3 - 0.0000 kJ kg '-K™!
Standard deviation of residual 0.20 kgem™3 - 0.0001 kJ kg '-K™!
Number of points in the correlation 27 - 11
Number of inconsistent points 0 - 0
References 245, 325 245
Table 79. NazPO, - Sodium Phosphate - 7601-54-9
Density Viscosity Heat Capacity
Imin/ °C 25.0 °C 20.0 °C 25.0 °C
max/°C 80.0 °C 50.0 °C 25.0 °C
Winax 0.300 0.076 0.028
Average residual 0.00 kg-m™3 0.0000 mPa-s 0.0002 kJ-kg '-K™!
Standard deviation of residual 0.62 kgem™3 0.0026 mPa-s 0.0007 kJ kg '-K™!
Number of points in the correlation 29 35 7
Number of inconsistent points 5 0 0
References 67, 204, 325, 334 67 204
Comments Chemlo®’ systematically Only Chemlo®” data available. Use
overestimates density and is excluded. with caution.
Table 80. NaAl(OH), - Sodium Aluminate - 11138-49-1
Density Viscosity Heat Capacity
Imin/ °C 22.0 °C 22.0 °C -
Imax/ °C 90.0 °C 75.0 °C -
Winax 0.380 0.995 -
Average residual —0.15 kg'm™? —0.0028 mPa-s -
Standard deviation of residual 2.02 kgem™3 0.1297 mPa-s -
Number of points in the correlation 219 113 -
Number of inconsistent points 84 0 -
References 188, 209, 324 209, 324
Comments The CAS number is for NaAlO,. The See detailed notes on the methodology
form in solution is however NaAl(OH),. used for this solute in the Supporting
See detailed notes on the methodology Information.

used for this solute in the Supporting
Information.
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Table 81. NaBr - Sodium Bromide - 7647-15-6
Density Viscosity Heat Capacity
Imin/°C 0.0 °C 5.0 °C 5.0 °C
Imax/ °C 95.0 °C 60.0 °C 120.0 °C
Winax 0.548 0.540 0.439
Average residual 0.14 kg-m™3 —0.0018 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.71 kgem™3 0.0147 mPa-s 0.0046 kJ kg '-K™!
Number of points in the correlation 291 217 262
Number of inconsistent points 20 22 0
References 38, 88, 110, 113, 130, 133, 88, 122, 123, 159, 311, 347 110, 179, 322, 348, 383
160, 179, 229,

Comments

314, 315, 322, 331, 359, 383
Baxter®® and Doménech®® data

generally not accurate and excluded

Table 82. NaCH;CO; - Sodium Acetate - 127-09-3

Goldsack'?? data at m = 6 and 7

-1

mol-kg

inconsistent and excluded.

Density Viscosity Heat Capacity

Imin/ °C 5.0 °C 25.0 °C 5.0 °C
Imax/ °C 95.0 °C 55.0 °C 120.0 °C
Winax 0.082 0.456 0.038
Average residual 0.01 kg*m™3 0.0061 mPa-s 0.0000 kJ kg '-K™!
Standard deviation of residual 0.14 kg-m™3 0.0509 mPa-s 0.0010 kJ-kg '-K™!
Number of points in the correlation 93 25 133
Number of inconsistent points 7 0 0
References 25, 35, 36, 69, 89, 186, 63, 69, 89, 296, 385 15, 25, 35

187, 288, 296, 385
Comments Data from Rakshit®>*® and from Data available at lower concentration

Banipal®® are inconsistent and have

been excluded. Data available at lower

concentration from
Ballerat-Brusserolles.'”

Table 83. NaCHO,; - Sodium Formate - 141-53-7

from Ballerat-Brusserolles.'® The
data from Ackermann®® are old and

are offset by about (0.01 to 0.02)
kJ-kg '*K ™! compared to more recent
data. It also goes to much higher
concentration, but because of the
“offset” it must be excluded.

Density Viscosity Heat Capacity
tmin/ °C 25.0 °C 25.0 °C 0.0 °C
Imax/°C 45.0 °C 25.0 °C 120.0 °C
Winax 0.406 0.008 0.162
Average residual 0.01 kgem™ 0.0000 mPa-s —0.0001 kJ kg™ '-K™!
Standard deviation of residual 0.15 kg*m™ 0.0002 mPa-s 0.0033 kJ kg '-K™!
Number of points in the correlation 99 5 51
Number of inconsistent points 4 0 1
References 69, 211, 187, 378 69 15
Comments This fit is really more an indication

than anything else as the maximum

available concentration is too low to be

meaningful.

Table 84. NaCl - Sodium Chloride - 7647-14-5

Density Viscosity Heat Capacity
Imin/°C 0.0 °C 5.0 °C 1.5°C
Fmax/ °C 140.0 °C 154.0 °C 120.0 °C
Winax 0.266 0.264 0.261
Average residual 0.07 kg*m™3 0.0006 mPa-s 0.0000 kJ-kg™'-K™!
Standard deviation of residual 0.32 kgem™3 0.0045 mPa-s 0.0049 kJ-kg '-K™!
Number of points in the correlation 869 552 356
Number of inconsistent points 13 17 0

References

Comments

26, 64, 73, 82, 107, 110, 113, 125,
133, 161, 176, 191, 198, 208,
220, 226, 229, 231, 244, 247,
266, 267, 299, 322, 358, 381

To limit the data set size, only data
where w = 0.003 are reported.

Table 85. NaClO; - Sodium Chlorate - 7775-09-9

57, 106, 161, 125, 165, 176,
184, 185, 191, 201, 208,
230, 232, 247, 311, 340,
347, 381

26, 30, 100, 110, 210, 266, 267, 306,
322, 329, 348

Data at higher temperature available in
Likke.?'" Data available at lower
concentration in Allred,?® Fortier.''*

Density Viscosity Heat Capacity
Imin/°C 25.0 °C 25.0 °C 25.0 °C
Imax/°C 35.0 °C 65.0 °C 25.0 °C
Winax 0.501 0.583 0.272
Average residual 0.01 kg-m™3 —0.0003 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.39 kgem™3 0.0181 mPa-s 0.0004 kJ kg '-K™!
Number of points in the correlation 48 46 13
Number of inconsistent points 3 0 0
References 56, 301 56, 63, 164 301
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Density Viscosity Heat Capacity
Emin/ °C 0.0 °C 5.0 °C 5.0°C
Imax/ °C 98.7 °C 55.0 °C 120.0 °C
Winax 0.037 0.039 0.029
Average residual 0.02 kg*m™ 0.0003 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.24 kg-m™3 0.0051 mPa-s 0.0014 kJ-kg '-K™!
Number of points in the correlation 226 67 176
Number of inconsistent points 6 3 0
References 110, 195, 228, 229, 260, 309, 383 85, 122, 195, 238 110, 309, 383
Comments The data from Krishnamurty'®® are Data available at lower concentration in ~ Data at lower concentration

inconsistent and have been excluded.

Nightingale.*® In his paper

available from Ziemer.>%?

Nightingale refers to concentrations
as molar, but in Table 2 they are
labeled as mol/1000 g. We have
assumed the text is correct.

Table 87. NaH,PO, - Sodium Dihydrogen Phosphate - 7758-80-7

Density Viscosity Heat Capacity
Lmin/ °C 25.0 °C 20.0 °C 24.0 °C
Fmax/°C 45.0 °C 50.0 °C 55.0 °C
Winax 0.357 0.300 0.200
Average residual 0.04 kgem™3 0.0016 mPa-s —0.0003 kJ kg™ !-K™!
Standard deviation of residual 0.38 kgem™* 0.0070 mPa-s 0.0025 kJ-kg '-K™!
Number of points in the correlation 88 53 5
Number of inconsistent points 16 3 0
References 67, 224, 325, 334, 379 48, 67, 124 235
Comments The ICT?*® reports that the data
represent the average Cp between
(24 and 55) °C. The data were modeled
at 39.5 °C.
Table 88. NaHCO; - Sodium Bicarbonate - 144-55-8
Density Viscosity Heat Capacity
Emin/°C 0.0 °C 20.0 °C 25.0 °C
Imax/°C 125.0 °C 30.0 °C 25.0 °C
Winax 0.126 0.084 0.083
Average residual 0.03 kg*m™3 0.0001 mPa-s 0.0000 kJ kg™ '-K™!
Standard deviation of residual 0.85 kgem™ 0.0020 mPa-s 0.0002 kJ-kg '-K™!
Number of points in the correlation 145 12 20
Number of inconsistent points 181 0 0
References 37, 96, 144, 229, 250, 251, 251 37, 265
265, 291, 318, 355
Comments Data from Rashkovskaya®®! Molarities from Palaty?!
inconsistent and excluded. Data interpreted as being measured
available at higher temperature in at 25 °C.
Ellis.”® Data available at higher
temperature and pressure in
Sharygin.*'® Molarities from
Palaty®®! interpreted as being
measured at 25 °C. Palaty*° in his

1994 paper obviously use the same
experimental data but reports values
at 20 °C. There is no indication
allowing us to determine at which
temperature the molarities were
determined. The data from
Trypuc®>® are not very accurate but
have been kept as they are the
highest concentration available.

Table 89. NaHS - Sodium Hydrogen Sulfide - 16721-80-5

i/ °C

[max/oc

Wmax

Average residual

Standard deviation of residual

Number of points in the correlation

Number of inconsistent points
References
Comments

Density Viscosity Heat Capacity
10.0 °C - 10.0 °C
125.0 °C - 40.0 °C
0.053 - 0.052
0.05 kg*m™3 - 0.0000 kJ-kg™'-K™!
0.35 kg+m™3 - 0.0020 kJ-kg '-K™!
49 - 29
0 - 0
37, 96 37

Data at higher temperature available
in Ellis.”®
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Table 90. NaHSOj; - Sodium Hydrogen Sulfite - 7631-90-5

Density Viscosity Heat Capacity
Imin/ °C 10.0 °C - 25.0 °C
tmax/ °C 40.0 °C - 25.0 °C
Winax 0.243 - 0.093
Average residual —0.07 kg-m™? - 0.0000 kJ-kg '-K™!
Standard deviation of residual 1.85 kgem™3 - 0.0009 kJ-kg '-K™!
Number of points in the correlation 103 - 16
Number of inconsistent points 5 - 0
References 37,71 37
Comments The data sets from Barbero®’ and
Choudary’" seem inconsistent, but
it is not possible to evaluate which set
best fit the solution density. There
seems to be a lot of variability in
Choudary’s data. It is however the
only data set at temperatures
different than 25 °C.
Table 91. NaHSOj, - Sodium Hydrogen Sulfate - 7681-38-1
Density Viscosity Heat Capacity
Imin/ °C 25.0 °C 18.0 °C 21.0 °C
Imax/ °C 45.0 °C 18.0 °C 21.0 °C
Winax 0.298 0.375 0.200
Average residual 0.03 kg-m™3 0.0004 mPa-s 0.0002 kJ kg '-K™!
Standard deviation of residual 0.17 kgem™3 0.0048 mPa-s 0.0044 kJ kg™ '-K™!
Number of points in the correlation 45 5 5
Number of inconsistent points 0 0 0
References 379 235 235
Table 92. Nal - Sodium lodide - 7681-82-5
Density Viscosity Heat Capacity
Imin/ °C 10.0 °C 5.0°C 25.0 °C
tmax/ °C 100.0 °C 97.8 °C 100.0 °C
Winax 0.629 0.629 0.232
Average residual 0.07 kg-m™3 0.0005 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.49 kg-m™3 0.0221 mPa-s 0.0005 kJ-kg '-K™!
Number of points in the correlation 99 166 22
Number of inconsistent points 10 0 0
References 110, 208, 213, 229, 232, 13, 85, 91, 122, 208, 232, 110, 308
308, 314, 315, 359 304, 311
Comments Data from Scott*'* (1930) are at Note that data from Satoh>!! are Data at lower concentration
high concentration and seem to inconsistent if using absolute viscosity available in Fortier."'"
underestimate the density. The data but are consistent if interpreted as
from the same author 1934 paper relative viscosity. Data at higher
seem bang on. Data at lower pressure available in Abdulagatov.'?
concentration available in Fortier.''
Table 93. NaMnOj - Sodium Permanganate - 10101-50-5
Heat
Density Viscosity Capacity
min/ °C 1.4 °C - -
max/°C 375 °C - -
Winax 0.256 - -
Average residual —0.04 kg-m™? - -
Standard deviation of residual 0.25 kgem™3 - -
Number of points in the correlation 20 - -
Number of inconsistent points 0 - -
References 372
Table 94. NaNO, - Sodium Nitrite - 7632-00-0
Density Viscosity Heat Capacity
Imin/°C 15.0 °C - -
Imax/°C 20.0 °C - -
Wax 0.200 - -
Average residual 0.01 kgem™ - -
Standard deviation of residual 0.16 kg*m™ - -
Number of points in the correlation 15 - -
Number of inconsistent points 0 - -
References 134, 235
Comments The data are very fragmentary.

Use with caution.
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Table 95. NaNO; - Sodium Nitrate - 7631-99-4

Density

Viscosity

Heat Capacity

Emin/ °C

Imax/ °C

Wmax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points

0.0 °C

100.0 °C
0.489

0.02 kg*m™3
0.81 kg-m™
259

7

10.0 °C

60.0 °C

0.552

0.0001 mPa-s
0.0300 mPa-s
338

2

2.0 °C
120.0 °C

0.460

0.0001 kJ+kg™' K™
0.0027 kJ-kg 'K
206

0

References 10, 40, 86, 160, 180, 229, 63, 86, 160, 165, 180, 217, 58, 99, 100, 256, 301
256, 261, 287, 302 304, 338, 347
Comments Data from Isono'®® at m = 8 molal
are systematically off by about 5
kg+m™3 and have been excluded.
Table 96. NaOH - Sodium Hydroxide - 1310-73-2
Density Viscosity Heat Capacity
Imin/ °C 4.0 °C 12.5 °C 4.0 °C
Imax/°C 120.0 °C 70.0 °C 120.0 °C
Winax 0.503 0.560 0.303
Average residual 0.07 kg-m™ 0.0164 mPa-s —0.0008 kJ kg '-K™!
Standard deviation of residual 1.50 kgem™3 0.1152 mPa-s 0.0060 kJ kg '-K™!
Number of points in the correlation 517 180 322
Number of inconsistent points 292 0 0

References

Comments

20, 26, 141, 145, 149, 157,
188, 193, 214, 219, 229,
255, 265, 300,
305, 322-324, 362

Molarity from Vazquez*®*
interpreted to have been measured at
25 °C. Data available at lower
concentration in Allred.”® Data from
Arkelof,?® Krey,"”* and
Maksimova®'® excluded because of
scatter even if not all points have a
high residual: their observed densities
are significantly lower than the
densities from the other data sets.

Table 97. NH; - Ammonia - 7664-41-7

149, 157, 194, 323, 324, 362

Molarities from Vazquez’®*
interpreted to have been measured at
25 °C.

26, 35, 74, 132, 214, 255,
300, 322

Data available at
lower concentration in
Ballerat-Busserolles.*>

Density Viscosity Heat Capacity
Imin/ °C 20.0 °C 19.9 °C —132°C
tmax/°C 140.7 °C 39.9 °C 100.4 °C
Winax 0.522 0.340 0.321
Average residual —0.11 kg'm™ —0.0007 mPa-s —0.0002 kJ kg !-K™!
Standard deviation of residual 2.26 kgem? 0.0127 mPa-s 0.0054 kJ-kg™'-K™!
Number of points in the correlation 205 25 51
Number of inconsistent points 128 0 13
References 151, 215, 243, 291, 305 43, 111, 206 25, 62, 112, 150

Comments

The H,O—NHjs is highly ideal and not
well described by our model. To keep
the error reasonable we have decided
to limit the fit above to the range
0 < wnms < 0.53. The available data at
higher concentration are presented in
the Supporting Information.

Table 98. NH4Cl - Ammonium Chloride - 12125-02-9

Data at higher pressure available in
Fujita''? and Hnedkovsky.'*° The
fit covers the entire range 0 < wnp3
=< 1. A better fit could be obtained if
the concentration range was more limited.

Density Viscosity Heat Capacity

Imin/°C 12.5 °C 10.0 °C 10.0 °C
Imax/°C 100.0 °C 73.5 °C 40.0 °C
Winax 0.400 0.324 0.141
Average residual 0.10 kgem™3 0.0005 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.52 kgem™? 0.0024 mPa-s 0.0003 kJ+kg !-K™!
Number of points in the correlation 364 265 58
Number of inconsistent points 2 9 0

24, 147, 160, 178, 229, 231, 63, 79, 115, 122, 147, 159, 25, 207, 301

References

259, 291

171, 178, 230, 254, 304
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Table 99. NH,HCO; - Ammonium Hydrogen Carbonate - 1066-33-7

Density Viscosity Heat Capacity
Imin/ °C 19.9 °C - -
Imax/ °C 49.9 °C - -
Winax 0.367 - -
Average residual —1.61 kg-m™? - -
Standard deviation of residual 8.25 kg'm™? - -
Number of points in the correlation 96 - -
Number of inconsistent points 0 - -
References 355, 356
Comments Data available only at high concentration.
Use with caution at low concentration.
Table 100. NH4;NO; - Ammonium Nitrate - 6484-52-2
Density Viscosity Heat Capacity
Imin/ °C 25.0 °C 15.0 °C 25.0 °C
Imax/°C 95.0 °C 60.0 °C 25.0 °C
Winax 0.787 0.785 0.642
Average residual —0.02 kg-m™3 0.0013 mPa-s 0.0002 kJ kg '-K™!
Standard deviation of residual 1.19 kg-m™3 0.0110 mPa-s 0.0021 kJ kg '-K™!
Number of points in the correlation 152 277 17
Number of inconsistent points 46 24 0
References 16, 51, 52, 54, 115, 301, 51, 52, 54, 53, 63, 115, 301
302, 316 230, 365
Comments Data from Getman''> and Roy
inconsistent and excluded.
Table 101. Ni(NO3), - Nickel(II) Nitrate - 13138-45-9
Density Viscosity Heat Capacity
Imin/ °C 5.0 °C 24.7 °C 5.0°C
max/°C 95.0 °C 102.7 °C 120.0 °C
Winax 0.422 0.422 0.086
Average residual 0.03 kg-m™? 0.0005 mPa-s 0.0000 kJ-kg '-K™!
Standard deviation of residual 0.19 kgem™3 0.0041 mPa-s 0.0010 kJ kg '-K™!
Number of points in the correlation 72 48 144
Number of inconsistent points 6 0 0
References 46, 86 11, 86 46

Comments

The data from Doan®® are not
consistent at low concentration. It

Data at higher pressure and
temperature available in

might also be inconsistent at high Abdulagatov."!

concentration, but there is nothing to

compare it against. Use with caution

for wninosz > 0.1. Data available at

lower concentration from Brown.*®

Table 102. NiCl, - Nickel(II) Chloride - 7718-54-9
Density Viscosity Heat Capacity

Emin/°C 15.0 °C 14.9 °C 25.0 °C
Imax/°C 75.0 °C 50.0 °C 25.0 °C
Winax 0.411 0.424 0.411
Average residual —0.01 kg-m™3 0.0047 mPa-s —0.0002 KJ kg '-K™!
Standard deviation of residual 0.59 kg-m™3 0.1037 mPa-s 0.0011 kJ-kg '-K™!
Number of points in the correlation 253 160 30
Number of inconsistent points 12 0 0
References 87, 102, 143, 257, 267, 270, 18, 87, 216, 270 267, 328

279, 289, 313, 328, 330
Comments Molarity from Afzal'® was interpreted

to have been measured at 25 °C.

Table 103. NiSOy - Nickel(II) Sulfate - 7786-81-4

Density Viscosity Heat Capacity
Emin/ °C 15.0 °C 15.0 °C 41.0 °C
Imax/ °C 60.0 °C 60.0 °C 41.0 °C
Winax 0.353 0.353 0.150
Average residual 0.05 kg-m™3 —0.0009 mPa-s —0.0006 kJ kg '-K™!
Standard deviation of residual 0.36 kgem™3 0.0230 mPa-s 0.0045 kJ kg '-K™!
Number of points in the correlation 105 99 3
Number of inconsistent points 3 0 0
References 161, 273, 313 161, 273 235
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Table 104. Pb(NO3), - Lead(II) Nitrate - 10099-74-8

Density Viscosity Heat Capacity
Emin/ °C 18.0 °C 25.0 °C -
Imax/ °C 25.0 °C 50.0 °C -
Winax 0.332 0.375 -
Average residual —0.08 kg-m™? 0.0002 mPa-s -
Standard deviation of residual 1.48 kg'm™3 0.0598 mPa-s -
Number of points in the correlation 13 14 -
Number of inconsistent points 5 0 -
References 86, 147, 288, 387 63, 86, 147
Comments Doan,®° Heyweiller,387 and
Herz'* are consistent with each
other, while Rakshit®®® is not.
Rakshit has therefore been excluded,
but additional data would be welcome.
Table 105. SO, - Sulfur Dioxide - 7446-09-5
Density Viscosity Heat Capacity
Imin/°C 25.0 °C - 25.0 °C
tmax/°C 25.0 °C - 103.1 °C
Winax 0.133 - 0.053
Average residual 0.10 kgem™ - —0.0001 kJ-kg™'-K!
Standard deviation of residual 0.29 kg*m™3 - 0.0011 kJ kg '-K™!
Number of points in the correlation 22 - 22
Number of inconsistent points 0 - 0
References 37, 317 37, 317
Comments Data at higher temperature (up to
350 °C) available in Sharygin.*!”
Table 106. Sr(NOj), - Strontium Nitrate - 10042-76-9
Density Viscosity Heat Capacity
Imin/ °C 5.0°C 25.0 °C 5.0 °C
Imax/°C 95.0 °C 25.0 °C 120.0 °C
Winax 0.438 0.388 0.388
Average residual 0.04 kgem™3 0.0001 mPa-s —0.0001 kJ-kg '-K™!
Standard deviation of residual 0.50 kg*m™* 0.0010 mPa-s 0.0032 kJ-kg '-K™!
Number of points in the correlation 125 7 216
Number of inconsistent points 5 0 0
References 86, 173, 221, 331 86 173
Comments Data from Sugden®' inconsistent
and excluded.
Table 107. SrCl, - Strontium Chloride - 10476-85-4
Density Viscosity Heat Capacity
Imin/ °C 15.0 °C 10.0 °C 25.0 °C
Imax/°C 98.8 °C 91.3 °C 100.0 °C
Winax 0.284 0.454 0.142
Average residual —0.01 kg'm™3 —0.0014 mPa-s —0.0001 kJ kg '-K™!
Standard deviation of residual 1.25 kg*m™3 0.0393 mPa-s 0.0007 kJ+kg™'-K™!
Number of points in the correlation 98 195 28
Number of inconsistent points 21 2 14
References 147, 160, 229, 264, 254, 17, 18, 147, 160, 254, 347 108, 264, 307
2717, 307
Comments Data from Paranjpe®>* Data from Fedyainov'%®

Table 108. Sucrose - 57-50-1

inconsistent and excluded.

inconsistent and excluded.

Density

Viscosity

Heat Capacity

tnin/°C

tmax/OC

Wmax

Average residual

Standard deviation of residual
Number of points in the correlation
Number of inconsistent points
References

Comments

15.0 °C

55.0 °C

0.507

—0.02 kgem™3

0.07 kg-m™3

82

0

159, 222

As for ethanol, these data are
presented as a “proof of concept” that
the density model works with
nonionic organic solutes. It should not
be considered a definite review of
this particular system.

15.0 °C

55.0 °C

0.507

—0.0069 mPa-s
0.0245 mPa-s
81

0

159

These data are presented as a “proof
of concept” that the viscosity model
works with nonionic organic solutes. It
should not be considered a definite
review of this particular system.
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Table 109. TiOSO, - Titanyl Sulfate - 13825-74-6

Density Viscosity Heat Capacity
Emin/ °C 25.0 °C - -
tmax/°C 50.0 °C - -
Wnax 0.486 - B,
Average residual —0.05 kg-m™3 - -
Standard deviation of residual 1.79 kg-m™3 - -
Number of points in the correlation 76 - -
Number of inconsistent points 0 - -
References 391
Table 110. Zn(NO;), - Zinc Nitrate - 7779-88-6
Density Viscosity Heat Capacity
tmin/ °C 5.0°C 0.0 °C 5.0 °C
Imax/ °C 95.0 °C 50.0 °C 120.0 °C
Winax 0.595 0.582 0.077
Average residual 0.04 kgem™3 —0.0004 mPa-s —0.0002 kJ kg™ !-K™!
Standard deviation 0.37 kg*m™3 0.0381 mPa-s 0.0007 kJ kg '-K™!
of residual
Number of 283 222 144
points in the correlation
Number of 106 0 0
inconsistent points
References 46, 86, 163, 368 86, 368 46
Comments Data available at lower concentration in Data available at lower concentration in
Brown,*® Jain,'®* and Wahab.3%® Brown.*®
Data from Jain inconsistent and
excluded.
Table 111. ZnCl, - Zinc Chloride - 7646-85-7
Density Viscosity Heat Capacity
Imin/°C 15.0 °C 25.0 °C -
Imax/°C 75.0 °C 25.0 °C -
Winax 0.520 0.520 -
Average residual —0.01 kg'm™3 0.0050 mPa-s -
Standard deviation of residual 0.65 kg-m™3 0.0114 mPa-s -
Number of points in the correlation 191 13 -
Number of inconsistent points 0 0 -
References 143, 281, 290, 371 371
Table 112. ZnSO, - Zinc Sulfate - 7733-02-0
Density Viscosity Heat Capacity
Emin/ °C 15.0 °C 15.0 °C -
tmax/ °C 60.0 °C 55.0 °C -
Winax 0.368 0.318 -
Average residual 0.04 kgem™* —0.0001 mPa-s -
Standard deviation of residual 1.01 kgem™3 0.0311 mPa-s -
Number of points in the correlation 221 46 -
Number of inconsistent points 35 138 -
References 23, 34, 147, 161, 286, 336 34, 147, 161, 336
Comments Data from Bakkev>* inconsistent The data from Bakeev** and

and excluded.

and in the Supporting Information.The solutes are listed in
alphabetical order of their formula, and their common name
and CAS number are included. These tables present basic
statistical data (average residual, standard deviation of the
residuals, number of data points used and not used in the
calculation of the coefficients), maximum mass fraction,
minimum and maximum temperature of the data used in the
calculation of the coefficients, references, and comments. To
save space, the actual coefficients and the predicted value at
w=0.1and r =25 °C and w = 0.2 and r = 100 °C are not
listed but are found in the file _Property AqueousSolutions.xls
in the Supporting Information.

Suryanarayana®>® are not consistent

with the data from Isono'*’ and
Herz.'®' The latter look more
self-consistent and are generally more
reliable than the former, but this is
not based on any statistical analysis

. Therefore, the results should be used
with caution.
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the execution of macros. This material is available free of charge
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