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Abstract

The quality of nanoparticles that are obtained by spray flame synthesis depends
strongly on the thermophysical properties of the precursor solutions. Solutions of
iron(l1)nitrate-nonahydrate (INN) in ethanol are interesting precursor solutions for
the production of iron oxide nanoparticles in these processes. However, no data on
thermophysical properties of solutions of INN in ethanol are available in the
literature. Therefore, in the present work, the specific density, viscosity, thermal
conductivity and molar isobaric heat capacity of solutions of INN in solvent mixtures
of ethanol and water were measured at 101.3 kPa between 288.15 and 333.15 K,
solvent compositions ranging from pure ethanol to pure water, and INN molalities up

to 1.3 mol kg™. Empirical correlations of the experimental data are provided.
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1. Introduction

Spray flame synthesis is an interesting process for the production of nanoparticles.
In that process, the pyrolysis of aerosol droplets of a combustible precursor solution
leads to the formation of nanoparticles. Different combinations of metal-containing
substances and combustible solvents have been used to obtain various forms of
nanoparticles™™. For gaining insight into the phenomena in the spray flame and for
the design and optimization of the process, simulations are performed, for which
information on the thermophysical properties of the precursor solutions® is needed,
namely the density, viscosity, thermal conductivity and isobaric heat capacity. In a
recent work of our group, these properties were investigated for precursor solutions
for the production of titanium oxide nanoparticles®. A further motivation to
investigate thermophysical properties of precursor solutions is the recent suggestion
of a standardized synthesis setup by the SpraySyn initiative’, in which also
benchmark precursor systems were defined.

Iron(Il)nitrate-nonahydrate (Fe(NO3)3-9 H,O, INN) is a common precursor used
in spray flame synthesis processes for the production of iron oxide nanoparticles *~>%-
4" A popular solvent for INN is ethanol>®**™°, As INN releases its nine crystal water
molecules upon dissolution in ethanol, precursor solutions of INN in ethanol always

contain large amounts of water. Recently, Stodt et al.™

investigated the chemistry of
INN-based precursor-solutions for the spray flame synthesis process, such as INN +
ethanol, with Fourier-transform infrared spectroscopy. As ethanol has a higher vapor
pressure than water, and water has a strong affinity to the ions, ethanol will evaporate

from the precursor solution droplet preferentially, leading to an increase of the water

concentration in the droplet. Hence, for the simulation of the evaporation process, not



only the thermophysical properties of solutions of INN in pure ethanol are required
but also those of INN in ethanol with additional water. Moreover, water produced by
combustion in the flame may enter the droplet by mass transfer from the gas phase™.

Despite the high interest in the spray flame synthesis of nanoparticles from INN
solutions, thermophysical data are only available for the pure solvents and the salt-
free solvent mixture of ethanol and water, but are scarce for solutions of INN. There
are only two papers in the literature that report the density of aqueous solutions of
INN*®*". To the best of our knowledge, no information is available on ethanolic INN
solutions.

In contrast, abundant data are available in the literature for mixtures of ethanol and
water (without INN). Many authors have measured their density’®>°. The molar
excess volume of these mixtures is negative, which is attributed to H-bonding and the
resulting structuring of the ethanol + water solutions. Also the mixture viscosity has
been reported by several authors'®#*-33_ The viscosity of mixtures of ethanol and
water is higher than that of the pure components, which is again attributed to the H-

338 measured the thermal

bonding between the molecules. Several authors
conductivity of mixtures of ethanol and water. For pure ethanol, the thermal
conductivity decreases with increasing temperature. For pure water, the trend is
opposite. As a result, mixture compositions can be found for which the temperature
dependence of the thermal conductivity changes its sign®. The isobaric heat capacity

of mixtures of ethanol and water was measured by two groups®**°

and a positive
excess was found.
To summarize: the properties of mixtures of ethanol and water are well-known. In

contrast, not much is known about the properties of solutions of INN in these



solvents, only the specific density of aqueous INN solutions has been reported in the
literature. Thus, the specific density, viscosity, thermal conductivity and molar
isobaric heat capacity in solutions of INN in mixtures of ethanol and water were
measured in the present work at the temperature range from 288.15 to 333.15 K and
ambient pressure, with solvent compositions ranging from pure ethanol to pure water
and overall INN molalities up to 1.3 mol kg™. Empirical correlations of the data were
established, which facilitate the application of the new information on the
thermophysical properties in numerical simulations.

For the sake of brevity, we write “density” for “specific density” and “isobaric
heat capacity” for “molar isobaric heat capacity”. The specified standard uncertainties

for all measurements include statistical and method uncertainties.
2. Experimental

2.1 Chemicals and sample preparation

INN and ethanol were purchased from Sigma-Aldrich and used without further

purification. Information on the CAS registry number and purity are listed in Table 1.
[Table 1 about here.]

Water from a Milli-Q System (Millipore) with a specific electrical resistance
greater than 18.2 MQcm was used for preparing the aqueous solutions. INN was
handled in a nitrogen atmosphere in an inert gas glove box (GS Glovebox Technik),
with a water content below 2-10° g g™* and an oxygen content below 1.2:10° g g™.
Samples were prepared using a laboratory balance (Mettler-Toledo AG204) with a

standard uncertainty of u(m) = 0.0001 g.



2.2 Measurements

All measurements of solutions of INN in ethanol, INN in water, or INN in
mixtures of ethanol and water were performed at p = 101.3 kPa, with a standard
uncertainty of u(p) = 3 kPa. Throughout this article, the mixtures are considered as
ternary systems comprising the components INN (Fe(NO3)3-9 H,0), ethanol and
water, i.e. the overall composition of the solution is reported. Salt-free properties are
denoted by a circumflex (*). The composition of the ternary mixtures is specified by
the overall molality of INN b,y and the mole fraction of ethanol (E) in the salt-free
solvent mixture xg, which are defined as follows. The overall molality by is

n
B :rﬁ'ﬂ - (1)

Solv
Here, niyn is the number of moles of INN and misqy, is the mass of the INN-free

solvent mixture

A

Mg, =Nz -Mg+n, -M,, , (2)

Solv

where ng and ny denote the mole numbers of the solvents ethanol and water (W),
respectively. The mole fraction of ethanol in the salt-free solvent mixture xg is given
by

. Ne
X = :
n. +n,,

3)

In the experiments carried out in the present work, the overall INN molality varied
between 0 < by < 1.3mol kg?, and the solvent composition varied between
0 <£g <1 mol mol™. From an error propagation of the steps in the gravimetrical
sample preparation, the standard uncertainty of by is estimated to be

u(binn) = 0.005 mol kg™ and the standard uncertainty of g is estimated to be



u(xe) = 0.0005 mol mol™ All samples were hermetically sealed in 40 mL glass vials
and measurements were performed within 1 h after sample preparation.
2.2.1 Density and shear viscosity

The measurements of the liquid density and viscosity were carried out using an
instrument of Anton Paar (SVM 3000) at 293.15 to 333.15 K. The density
measurements were conducted with the vibrating tube technique according to the
ASTM method D4052, with a relative standard uncertainty u.(p) = 0.002, and the
viscosity measurements were conducted with a Stabinger viscosimeter according to
the ASTM method D7042 with a relative standard uncertainty ranging from
ur(n) = 0.02 (for pure ethanol as the solvent) to u.(y) = 0.07 (for pure water as the
solvent). The increase of the relative standard uncertainty in the viscosity for mixtures
with high water contents results from an incomplete wetting of the Stabinger
viscosimeter by the samples. After each set of measurements, the apparatus was
cleaned twice with water and ethanol and flushed with dry air. The temperature was
measured with a built-in thermometer, for which the manufacturer claims a standard
uncertainty of u(T) = 0.05 K. The apparatus was calibrated with calibration standards
provided by the manufacturer. For validation, the density and viscosity of ethanol +
water were measured and compared to literature values of several authors.
Additionally, the density data of solutions of INN in water at 298.15 K of Arrad et
al.'® were compared to the data of this work. The results of these comparisons are
presented in the Supporting Information. Heydweiller'’ also reports data for the
density of such solutions, however, the employed measure of concentration is not
defined clearly in his work, so that a comparison with the present data is not possible.

The relative deviations d, between the reported density data and the own



measurements are d,(p) < 0.0016. Relative deviations between the reported viscosity
data are d;() < 0.02 for pure ethanol and d,(») < 0.05 for mixtures of ethanol and
water.
2.2.2 Thermal conductivity and isobaric heat capacity

The measurements of the thermal conductivity and the isobaric heat capacity were
carried out with an instrument of flucon fluid control GmbH (LAMBDA) at 288.15,
298.15 and 308.15 K. In the instrument, the transient hot wire method according to
the ASTM method D7896 was applied to determine the thermal conductivity 4 and
the thermal diffusivity a. The molar isobaric heat capacity c, was then calculated by

the relationship
c =2 (4)

where the specific density p of the liquid was determined as explained in the
previous section. The reported values of 4 and c, are the average over 10
measurements. The relative standard uncertainty of the thermal conductivity
measurement is estimated to be u,(1) = 0.03, and the relative standard uncertainty of
the isobaric heat capacity measurement is estimated to be u,(cp) = 0.05 for INN in the
pure solvents and u(cp) = 0.1 for INN in mixtures of ethanol and water. After each
set of measurements, the apparatus was cleaned with water and ethanol and flushed
with dry air. The sensor and sample are thermostatted by a double jacket vessel, in
which preheated water is circulating. The temperature was measured with a built-in
Pt100 resistance thermometer. The standard uncertainty of the temperature
measurement is u(T) = 0.2 K. For the measurement of the thermal conductivity, the
apparatus was calibrated to the thermal conductivities of pure ethanol and pure water

at 293.15 K. For the measurement of the isobaric heat capacity, the apparatus was



calibrated to the isobaric heat capacities of pure ethanol and pure water at 293.15 K.
For validation, the thermal conductivity and isobaric heat capacity of mixtures of
ethanol and water were measured and compared to literature values of several
authors. The results are presented in the Supporting Information. The relative
deviations between the reported thermal conductivity data and our own measurements
are d,(4) < 0.025 for pure ethanol, d;(4) < 0.02 for pure water, and d,(1) < 0.03 for
mixtures of ethanol and water. The relative deviations between the reported isobaric

heat capacity data are d(c,) < 0.03 for pure ethanol and d,(c,) < 0.005 for pure water.

3. Modeling

For correlating the specific density p, the values are converted to molar volumes v,

()

s |2

where M is the mean molar mass of the mixture consisting of solvent ethanol,
solvent water and INN (the INN crystal water does not add on to the solvent water).

The molar volume of a mixture is represented as a sum of two terms:
V=V, +& (6)

The first term, v, , is the molar volume of the INN-free solvent mixture. The

olv !
second term, &, accounts for the influence of INN on the molar volume. Both terms
are correlated here by simple polynomials in composition and temperature. The molar

volume of the INN-free solvent mixture vsqy is described by

V,

__ &y bure o pure E
Solv ™ XEVEU + XWVV\l/J +VSO|V ) (7)
Here, vi™ and v are the temperature-dependent pure component molar

volumes of ethanol and water,



v femPmolt =a+b-(T/K)+c-(T/K)* , (8)
where a, b and c are adjustable parameters.

The excess molar volume v, of the solvent mixture is correlated using a

Redlich-Kister polynomial,
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where A, B and C are temperature-dependent adjustable parameters, which are
correlated with
A=d+e-(T/K)+ f-(T/K)>. (10)
The term &, which describes the influence of INN on the molar volume, is given
by
&lem®mol™ = x,, -(D+E-)EE +F X} +G-§c§)

e (11)
X2 (H+I X +J-X2 +K-x§)

Here, x;nn IS the mole fraction of INN in the mixture, and D, E, F, G, H, I, Jand K
are temperature-dependent adjustable parameters, which are correlated with
D=g+h-(T/K) . (12)

The mole fraction of INN in the mixture x;yn IS defined as

n
Xpy =———N (13)
Ny + Ne + Ny

where ninn, N and nyw are the mole numbers of INN, ethanol and water,

respectively. Inserting Eq. (13) in Eqg. (1) and rearranging leads to the conversion of

binn 10 Xinn as follows



b
Xinn = = 1 (14)

Dy +=—

Solv

Here, M is the mean molar mass of the salt-free solvent mixture.

Solv

The viscosity # (in units mPa s), thermal conductivity 4 (in units mW m™K™) and
isobaric heat capacity c, (in units J mol™K™) are correlated in the same way as the
molar volume, i.e. using Egs. (6) - (14).

In most cases, not all of the polynomial coefficients in Egs. (8) - (12) are needed.
Only those terms required for obtaining a satisfactory fit of the data were included to
reduce the risk of overfitting and to allow meaningful extrapolations of the
correlations to some extent. Also other approaches to correlating the data were tested,
e.g. using the INN molality by instead of the INN mole fraction xyn, but
necessitated the use of more adjustable parameters.

In order to obtain an adequate fit of the experimental data, parameters were
adjusted using a least squares minimization performed by the MATLAB®®* solver

“Isgnonlin”, using the objective function

N exp _ cal 2
opzz"{%j | (15)
i=1

3
where z is either of the properties considered in this work and N, is the number of

experimental points. The superscripts “exp” and “cal” denote experimental and

calculated results.
4. Results and discussion

In the following sections, results for the different properties of mixtures of INN,

ethanol and water are shown as functions of the mole fraction of ethanol in the INN-



free solvent mixture xg, the overall molality by and temperature T. The
experimental data are reported in Tables 2 — 5 and repeated for convenience in the
Supporting Information as a function of the true mole fractions in the mixture. The
correlation parameters, cf. Egs. (8) - (12), are provided in Tables 6 - 8. Results for the
thermal diffusivity a are shown in the Supporting Information.

4.1 Density

The experimental data of the density of solutions of INN in mixtures of ethanol
and water obtained in the present work are shown in Figure 1 together with the
correlation.

[Figure 1 about here.]

The density increases with increasing molality of INN and with decreasing
temperature. For by = 0.74 mol kg™ and T=333.15K in pure ethanol the
precipitation of a solid was observed after sample preparation, which is the reason for
the missing data point. Astonishingly, no precipitation was observed for higher or
lower overall molalities of INN or lower temperatures. Studying the solid
precipitation in mixtures of INN and ethanol is beyond the scope of the present work.
The correlation describes the experimental data within the experimental standard
uncertainty.

4.2 Viscosity

The experimental data of the viscosity of solutions of INN in mixtures of ethanol
and water obtained in the present work are shown in Figure 2 together with the
correlation.

[Figure 2 about here.]



The viscosity of mixtures of INN and ethanol increases with increasing molality of
INN and with decreasing temperature. The same holds for aqueous solutions and
mixed solvents. As for the density, no experimental data for by = 0.74 mol kg™ and
T =333.15K in pure ethanol can be reported here due to the formation of a solid
precipitate. Due to the incomplete wetting of the Stabinger viscosimeter mentioned
above, data on the viscosity of pure water used for establishing the correlation were
taken from the literature***°. The correlation describes the experimental data within
the experimental standard uncertainty, except for high INN molalities and low
temperatures, where the slope of the viscosity is steep.

4.3 Thermal conductivity

The experimental data of the thermal conductivity of solutions of INN in mixtures
of ethanol and water obtained in the present work are shown in Figure 3 together with
the correlation. As we have only considered one composition of the salt-free solvent
mixture, additional data of the thermal conductivity of mixtures of ethanol and water
were taken from the literature®*' for establishing the correlation.

[Figure 3 about here.]

The dependence of the thermal conductivity of mixtures of INN, ethanol and water
on the variables T, xg, and by is more complex than for the other properties studied
here. There are several interesting features: Firstly, for pure ethanol as the solvent an
invariant point is observed, in which all isotherms A(bnn) intersect at
bin = 0.12 mol kg™, This is due to the fact that the temperature dependence of 4 is
different for pure water, for which 1 increases with T, and pure ethanol, for which the
opposite trend is observed. Thus, the invariant point observed for pure ethanol as the

solvent arises from the fact that adding INN also means adding water. A similar



invariant point is also observed for the salt-free solvent mixture®’. Secondly,
depending on the composition of the solvent, the curves A(bnn) Show maxima or
minima. For pure water as the solvent minima are observed at all temperatures, for
pure ethanol as the solvent maxima are observed instead. For the intermediate
%e = 0.28 mol mol™ the curves A(bw) are flat for all studied temperatures. We have
explored plotting the results for 4 as a function of the true mole fractions but have not
found simpler trends. The correlation describes the experimental data within the
experimental standard uncertainty.
4.4 Isobaric heat capacity

The experimental data of the isobaric heat capacity of solutions of INN in mixtures
of ethanol and water obtained in the present work are shown in Figure 4 together with

39,40

the correlation. Due to the high deviation to the literature data™"" of the heat capacity

measurements of the mixtures of ethanol and water, experimental data for the excess

heat capacity for the salt-free solvent mixture Cy,, were taken from the literature®**°

for establishing the correlation.
[Figure 4 about here.]
The isobaric heat capacity of mixtures of INN, ethanol and water decreases with
increasing molality of INN and with increasing temperature. The correlation

describes the experimental data within the experimental standard uncertainty.
5. Conclusions

In the present work, thermophysical properties of mixtures of iron(lll)nitrate-
nonahydrate (INN), ethanol and water, which are used in spray flame synthesis

processes for the production of iron oxide nanoparticles, were measured. The



presented data include the density, viscosity, thermal conductivity and isobaric heat
capacity. From this comprehensive set of data, only the density of the binary system
INN + water was available previously. Empirical correlations to the thermophysical
data are provided. The data presented here establish a basis for the simulation of
spray flame synthesis processes for the production of iron oxide nanoparticles and
can thereby contribute to a better understanding of the droplet atomization and
evaporation process of the precursor solution.
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Table 1: Chemical specification.

CAS reg. no. supplier Purity analysis method

Fe(NO3)s - 9 H,O| 7782-61-8 Sigma Aldrich > 0,9995g g™ -

C,Hs0H 64-17-5  Sigma Aldrich >0,9999gg™ *H-NMR spectroscopy




Table 2: Results of the density measurements: ethanol mole fraction of the INN-
free solvent mixture xg, overall INN molality by, temperature T, density p. The
pressure is 101.3 kPa. The standard uncertainties are u(fg) =0.0005 mol mol™,

u(binn) = 0.005 mol kg™, u(T) = 0.05 K, u(p) = 0.002 and u(p) = 3 kPa.

XE binn p/gem?
mol mol™ | mol kg™ | T=293.15 303.15K 313.15K 323.15K 333.15K
0 0 0.9984 0.9957 0.9923 0.9880 0.9831

0.248 1.0414 1.0382 1.0343 1.0298 1.0244
0.495 1.0804 1.0764 1.0719 1.0671 1.0617
0.743 1.1154 1.1112 1.1064 1.1009 1.0955
0.990 1.1462 1.1417 1.1365 1.1311 1.1254
1.237 1.1752 1.1702 1.1648 1.1590 1.1529
0.1153 0 0.9622 0.9566 0.9503 0.9434 0.9363
0.248 1.0036 0.9982 0.9919 0.9853 0.9784
0.495 1.0417 1.0359 1.0294 1.0227 1.0156
0.743 1.0758 1.0699 1.0634 1.0568 1.0499
0.990 1.1070 1.1008 1.0942 1.0873 1.0801
1.238 1.1346 1.1284 1.1218 1.1149 1.1079
0.2811 0 0.9144 0.9042 0.8965 0.8892 0.8803
0.248 0.9577 0.9497 0.9415 0.9330 0.9245
0.495 0.9963 0.9885 0.9804 0.9720 0.9636
0.742 1.0314 1.0236 1.0155 1.0071 0.9989
0.990 1.0623 1.0546 1.0466 1.0385 1.0302
1.237 1.0916 1.0838 1.0758 1.0676 1.0592
0.5399 0 0.8561 0.8474 0.8384 0.8293 0.8198
0.248 0.9009 0.8924 0.8835 0.8745 0.8655
0.495 0.9423 0.9337 0.9248 0.9157 0.9063
0.743 0.9781 0.9694 0.9606 0.9515 0.9421
0.990 1.0121 1.0036 0.9950 0.9859 0.9765
1.238 1.0426 1.0339 1.0249 1.0157 1.0063
1 0 0.7898 0.7812 0.7724 0.7634 0.7541
0.247 0.8367 0.8278 0.8186 0.8089 0.7988
0.495 0.8793 0.8702 0.8607 0.8510 0.8400
0.743 0.9183 0.9089 0.8994 0.8896 n.a.

0.990 0.9538 0.9443 0.9345 0.9245 0.9144
1.238 0.9887 0.9789 0.9689 0.9586 0.9479




Table 3: Results of the viscosity measurements: ethanol mole fraction of the INN-

free solvent mixture xg, overall INN molality byyn, temperature T, viscosity #. The

pressure is 101.3 kPa. The standard uncertainties are u(ig) = 0.0005 mol mol™,

u(binn) = 0.005 mol kg™, u(T) = 0.05 K and u(p) = 3 kPa. The relative standard

uncertainties of the viscosity are given in the table.

XE binn n ! mPas ur(n)
mol mol™ | mol kg? | T=293.15 303.15K 313.15K 323.15K 333.15K

0 0.248 1.1935 0.9350 0.7943 0.7141 0.5742 0.07
0.495 1.4074 1.1335 0.9363 0.7764 0.6926 0.07

0.743 1.6190 1.3065 1.0770 0.9077 0.7851 0.07

0.990 1.8551 1.4909 1.2268 1.0307 0.8898 0.07

1.237 2.1104 1.6917 1.3901 1.1596 0.9857 0.07

0.1153 0 2.4472 1.6930 1.2708 1.0040 0.8071 0.064
0.248 2.6966 1.9537 1.4767 1.1571 0.9354 0.064

0.495 2.9734 2.1823 1.6634 1.3171 1.0595 0.064

0.743 3.2796 2.4284 1.8653 1.4767 1.2068 0.064

0.990 3.6075 2.6884 2.0748 1.6489 1.3538 0.064

1.238 3.9841 2.9741 2.2976 1.8257 1.5001 0.064

0.2811 0 2.8032 1.9725 1.4209 1.1492 0.8919 0.056
0.248 3.3152 2.3931 1.7905 1.3873 1.1082 0.056

0.495 3.8372 2.7808 2.0899 1.6214 1.2927 0.056

0.742 4.4071 3.2030 2.4089 1.8693 1.5035 0.056

0.990 4.9929 3.6393 2.7420 2.1286 1.6933 0.056

1.237 5.6341 4.1046 3.0955 2.4011 1.9282 0.056

0.5399 0 2.1427 1.6256 1.2532 0.9935 0.7737 0.043
0.248 2.8411 2.1421 1.6535 1.3024 1.0426 0.043

0.495 3.6268 2.7098 2.0746 1.6222 1.2847 0.043

0.743 4.4324 3.2808 2.4927 1.9356 1.5329 0.043

0.990 5.4671 4.0188 3.0280 2.3347 1.8471 0.043

1.238 6.5013 4.7359 3.5413 2.7138 2.1278 0.043

1 0 1.1790 0.9735 0.7540 0.6674 0.5448 0.02
0.247 1.7935 1.4275 1.1473 0.9294 0.7616 0.02

0.495 2.5125 1.9593 1.5443 1.2101 0.9834 0.02

0.743 3.4276 2.6010 2.0098 1.5766 n.a. 0.02

0.990 45425 3.3645 2.5458 1.9682 1.5340 0.02

1.238 5.7823 4.2008 3.1256 2.3756 1.7959 0.02




Table 4: Results of the thermal conductivity measurements: ethanol mole fraction
of the INN-free solvent mixture xg, overall INN molality by, temperature T,
thermal conductivity A. The pressure is 101.3 kPa. The standard uncertainties are

u(xe) = 0.0005 mol mol™, u(bin) = 0.005 mol kg, u(T)=0.2K, u,(%)=0.03and

u(p) = 3 kPa.
XE Dinn 2/ mwW mik?
mol mol™ | mol kg™ |T=288.15K 298.15K 308.15K
0 0 598.3 611.8 632.9
0.252 509.9 545.4 563.8
0.497 471.7 519.1 544.6
0.754 507.0 531.7 555.7
1.004 498.1 525.1 546.5
0.2811 0 320.7 322.8 327.7
0.246 313.1 317.8 316.8
0.500 3135 311.6 307.5
0.751 321.3 319.9 312.7
0.932 302.4 314.4 318.8
1 0 162.9 161.9 159.5
0.252 173.6 171.4 173.8
0.501 172.9 184.5 184.2
0.748 167.1 175.0 184.6
0.992 154.7 161.9 171.1




Table 5: Results of the heat capacity measurements: ethanol mole fraction of the
INN-free solvent mixture xg, overall INN molality byyn, temperature T, heat capacity
Cp. The pressure is 101.3kPa. The standard uncertainties are
u(xe) = 0.0005 mol mol™, u(byn) = 0.005 mol kg?, u(T)=0.2 K and u(p) = 3 kPa.

The relative standard uncertainties of the isobaric heat capacity are given in the table.

XE binn Cp /I mol'K™ ur(cp)
mol mol™ | mol kg |T=288.15K 298.15K 308.15K
0 0 75.8 75.6 75.8 0.05
0.251 71.6 72.2 72.9 0.05
0.500 721 73.6 74.3 0.05
0.753 70.9 71.0 72.7 0.05
1.003 70.4 71.1 73.6 0.05
0.2811 | 0.246 86.7 90.2 95.5 0.1
0.500 79.9 76.5 86.2 0.1
0.751 76.1 83.9 87.6 0.1
0.932 78.5 82.6 85.5 0.1
1 0 111.2 113.2 115.7 0.05
0.252 103.3 105.3 109.6 0.05
0.501 97.0 105.1 108.0 0.05
0.748 89.6 95.6 102.7 0.05
0.992 80.4 85.8 92.3 0.05




Table 6: Parameters of the correlations for the pure component properties of

ethanol and water, cf. Eq. (8).

Property Component a b c
Molar volume ethanol | 5.4893-10" -3.8681.10° 1.7183-10™
v/cm3 mol™? water | 2.3432-10" -4.0429-10° 7.5233-10°
Viscosity ethanol | 2.2409-10" -1.2232-10" 1.7048-10™
n | mPas water | 2.1979-10" -1.2303-10" 1.7550-10
Thermal conductivity ethanol | 2.1374.10° -1.7541-10" -
Al mw mtK? water | 1.0047-10° 1.7235.10° -
Isobaric heat capacity ethanol | 4.6381.10° 2.2467 -10" -
cp /I mol™ K* water | 7.5733-10" - -




Table 7: Parameters of the correlations for the description of the excess of molar

volume, viscosity, thermal conductivity and isobaric heat capacity of the salt-free

solvent mixtures, cf. Egs. (9) - (10).

A B C
-7.1947-10" 2.4990-10° -
Molar volume
9.9041-10° -2.8522.10° -
v/ cm3 mol™
2.0678-10? -4.5683-10° 4.6191-10°
Viscosity
-1.2205-10° 2.7708-10° -2.8238-10°
nlmPas
1.8104-10® -4.2196-107 4.3233-10
3.1291-10° -2.9868-10° -
Thermal conductivity
-3.1908-10° 2.5673-10" -
Al mw mtk?
-5.5381-10" -1.5448-10% -
Isobaric heat capacity
3.7132-10* 3.7778-10* -

cp /I mol*K™




Table 8: Parameters of the correlations for the description of the influence of INN on the molar volume, viscosity, thermal

conductivity and isobaric heat capacity, cf. Eq. (11) - (12).

D E F G H [ J K
Molar volume g| 1.5105-10° | 3.2334-10° | -4.3031-10° | 8.0516-10" | 1.2457-10" ' -9.4439-10° | -1.8594-10° | 3.0156-10°
v/ cm3 mol™ h| 1.7126-10" | -1.1008-10° | 9.3392-10" | 4.7319-102 | 4.7260-10™ | 4.4373-10° @ 4.9317-10° = -1.0261-10"
Viscosity g| 2.9017-10" | -5.1620-10* | 5.4409-10° | -4.7154-10% | 1.0185-10* | 4.3117-10* | -1.8872-10° | 1.4078-10°
nlmPas h| 1.8530-107 | 1.7273-10° | -1.7125-10" | 1.4700-10" | -3.2591-10" | -1.2897-10° | 5.8451-10> @ -4.3872-10°
Thermal conductivity |g| -8.8523-10* | 4.0189-10° | -3.2120-10° - 4.2299-10° | -1.8809-10" | 1.4604-10’ -
AlmWmtK?®  |h| 2.3937-10° | -1.0879-10° | 8.7986-10° - -1.1801-10* | 5.2258-10* | -4.0657-10" -
Isobaric heat capacity |g| -4.5294-10% | -1.9584.10* | 1.8072.10* - 7.9355.10° | -2.3717-10% | -2.6867-10° -
¢,/ I mol'K* h| 1.3733-10" | 4.3232-10" | -3.8356-10" - -2.2600-10° | 5.1300-10* | -5.3960-10° -
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Figure 1: Densities p of solutions of INN + ethanol + water at 101.3 kPa. Symbols
are experimental results. Experimental uncertainties are always within symbol size.
Lines are empirical correlations, cf. Egs. (5) - (14), with parameters listed in

Tables 6 - 8.
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Figure 2: Viscosities # of solutions of INN + ethanol + water at 101.3 kPa. Open
symbols are experimental results. Error bars indicate the experimental standard
uncertainty. Lines are empirical correlations, cf. Egs. (6) - (14), with parameters listed

in Tables 6 - 8. Solid symbols at by = 0 mol kg™, & = 0 mol mol™ are experimental

data taken from the literature®.
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Figure 3: Thermal conductivities 4 of solutions of INN + ethanol + water at
101.3 kPa. Symbols are experimental results. Error bars indicate the experimental

standard uncertainty. Lines are empirical correlations, cf. Egs. (6) - (14), with

parameters listed in Tables 6 - 8.
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Figure 4: Isobaric heat capacities c, of solutions of INN + ethanol + water at
101.3 kPa. Open symbols are experimental results. Error bars indicate the
experimental standard uncertainty. Lines are empirical correlations, cf.
Egs. (6) - (14), with parameters listed in Tables 6 - 8. Solid symbols at
bin = 0 mol kg, ¥ = 0.28 mol mol™ are experimental data taken from the

literature>*,



TOC Graphic

SPP1980
SPRAYSYN

C
p

Fe(NO,),-9H,0 p
+

C,H,OH
e .
H,0




	Abstract
	1. Introduction
	2. Experimental
	2.1 Chemicals and sample preparation
	2.2 Measurements
	2.2.1 Density and shear viscosity
	2.2.2 Thermal conductivity and isobaric heat capacity

	3. Modeling
	4. Results and discussion
	4.1 Density
	4.2 Viscosity
	4.3 Thermal conductivity
	4.4 Isobaric heat capacity

	5. Conclusions
	6. Acknowledgements
	7. Associated content
	References

