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Aqueous salt solutions under hydrothermal conditions play an important role in geochemistry as well as in

processes using hot compressed water as the process medium such as supercritical water oxidation (SCWO)

and supercritical water gasification (SCWG). Isochoric high pressure differential scanning calorimetry (HP-

DSC) was used as an accurate technique to investigate the phase behavior of such solutions under
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hydrothermal conditions. New data in the low concentration range (0.14-15.0 mass%) has been

collected for the binary systems K,;SO4-H,0, Na,SO4-H,0 and K,HPO4-H,O. Furthermore we have

DOI: 10.1039/c3ra43725f

www.rsc.org/advances reported before.

Introduction

Aqueous salt solutions under hydrothermal conditions play an
important role in geochemistry as well as in processes using hot
compressed water as the process medium such as supercritical
water oxidation (SCWO) and supercritical water gasification
(SCWG). Salt solubility and phase behavior of the solutions are
crucial e.g. for understanding ore formation' and for the salt
management in technical SCW processes.>™*

At the Paul Scherrer Institute a hydrothermal gasification
process was developed to produce methane from wet biomass.®
Inorganic compounds in the biomass feedstock can cause
problems in the process by poisoning the methanation catalyst
or lead to a blocking due to precipitation of solid salt at
supercritical conditions. Therefore the inorganic salts have to
be removed from the feed stream. Furthermore the separation
of inorganic salts from the feed stream opens the possibility to
recover nutrients such as phosphorus, potassium and
ammonia, which could again be used as fertilizer in biomass
production.

To optimize this salt separation process a detailed know-
ledge of the phase behavior of salt solutions is needed.

Historically, binary phase diagrams of aqueous salt solutions
were divided into two major groups. The first group (type 1) has
a continuous solubility line from the triple point of pure water
to the triple point of the pure salt. Salts with type 1 behavior
include e.g. halides and nitrates. The second group (type 2) is
characterized by a solubility line that intersects the critical line
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discovered a liquid-liquid immiscibility in the ternary system K,SO4-Na,SO4—H,0, which has not been

in a lower critical endpoint p and a higher critical endpoint q.
Between those invariant points the fluid is in equilibrium
with the solid salt phase. Typical type 2 salts are sulfates,
carbonates, silicates and oxides. Often phase diagrams of
both types are complicated by liquid-liquid immiscibilities.
Valyashko derived a set of phase diagrams for all possible
cases.®

Aqueous Na,SO, and K,SO, solutions are known to have a
phase diagram of type 2d’ (ref. 7) which possesses a metastable
liquid-liquid immiscibility. K,HPO,-H,O is known for its type
1d behavior exhibiting a stable liquid-liquid immiscibility
below the liquid 1-gas critical endpoint R.” The schematic T-x
projections of the two phase diagrams of interest (type 1d, 2d’)
are shown in Fig. 1.

As in naturally occurring salt solutions typically more than
one salt is dissolved, higher order mixtures are also of interest.
In the phase diagrams of such solutions the properties of one
binary mixture transform into the properties of the second
binary mixture, and this leads to either continuous critical lines
or invariant critical endpoints.® Valyashko also developed a
system to classify these phase diagrams.® The ternary system
K,S0,-Na,S0,-H,0 was studied up to 200 °C by Freyer and
Voigt® who reported the formation of the double salt Glaserite of
the formula NaK;(SO,), in certain concentration ranges, also
with varying Na : K ratios.

In earlier investigations from our group®** the continuous
salt separation from hydrothermal salt solutions was investi-
gated. Binary type 1 salt solutions showed high separation
efficiencies, whereas type 2 solutions showed low separation
efficiencies and caused deposition of solid salt in the apparatus.
Interestingly, a ternary solution of the two type 2 salts Na,SO,
and K,SO, could also be recovered efficiently. The salt deposi-
tion in the salt separation unit was studied with neutron
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Fig. 1 T-x projections of type 1d and 2d’ schematic phase diagrams. Bold lines —

liquid composition at the three phase equilibrium (G-L-S and G-L1-L2); dashed
lines — gas phase composition at the three phase equilibrium (G-L-S and G-L1-
L2); dash-dotted lines — critical curves; dotted lines — metastable liquid-liquid
immiscibility. Eg — composition of gas phase at eutectic equilibrium (G-L-Sw~Ss);
E, — composition of liquid phase at eutectic equilibrium (G-L-Sw~Ss); TPw, TPs —
triple point of pure water and pure salt, respectively; CPy, CPs — critical points of
pure water and pure salt, respectively; N — lower critical end-point (L1 = L2-G); R—
upper critical end-point (L1 = G-L2); p, q — critical end-points (G = L-Ss). Adapted
from Valyashko.®

radiography on the macro-scale.”>™ The salt precipitation and
separation in connection with SCWG and SCWO processes was
also studied in other groups using different approaches e.g.
precipitation on a hot finger, special reactor designs (e.g.
MODAR reactor, transpiring wall reactor).>*'*>* The results of
these studies are often affected by the design of the used
setup and restricted to the range of the parameters (p, T, x)
varied.

For a better understanding of the phase behavior of salt
solutions we used differential scanning calorimetry as a thermal
analysis tool to investigate the phase transitions in such solu-
tions. Thermal analysis is a sensitive and accurate tool to
investigate phase transitions and phase behavior.?>** Differen-
tial Scanning Calorimetry (DSC) is very sensitive towards phase
transitions accompanied by changes in the heat capacity of the
sample. The DSC measures the heat flow into or out of
the sample versus a reference. Changes in the heat capacity of
the sample due to phase transitions lead to step or peak shaped
signals in the heat flow curves. The measured heat flow is
proportional to the sample mass, the heating/cooling rate and
the specific heat capacity (cy) of the sample (eqn (1)) and in
addition to that affected by an instrumental baseline.

Qmeasured = ¢sample + ®baseline = Cvmﬁ + (pbaseline (1)

As a result of this relation the signal intensity increases with
high scanning rates, but often smaller thermal effects vanish at
such high rates due to intense broad signals of stronger effects.
This led to problems in the interpretation of the heat flow
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curves in earlier investigations in our group> where a very high
scanning rate of 10 K min~" had been chosen.

To test the method for accuracy we first measured salt
solutions of Na,SO,, which have been studied extensively
before.?*** For K,S0, and K,HPO, much less data is available in
the literature. Subsequently, measurements above 200 °C on the
ternary system Na,SO,-K,SO,—H,0 were performed.

Experimental section

All experiments were conducted on a Sensys DSC manufactured
by SETARAM, France. The calorimeter is equipped with a Calvet-
style sensor, which allows high precision measurements, since
the sensor covers almost the whole sample leading to a higher
amount of the heat flow being detected, compared to plate type
DSC where the sensors only capture the heat flow through the
bottom plate of the sample container. The temperature and
energy calibration of the instrument were verified with samples
of indium, tin, lead and zinc, to cover the whole temperature
range of the investigations. All metals had a purity of >99.999%,
except indium which had a purity of >99.995%, and were
supplied by the manufacturer of the instrument.

The salt solutions were prepared gravimetrically with an
accuracy of £0.1 mg and then weighed into the Incoloy crucibles
with the same accuracy. Deionized water and salts with a purity
>99.5% were used for the sample preparation. The crucibles are
rated up to 50 MPa at 600 °C. The inner volume of the crucibles
was determined to be 128.63 % 0.54 uL (95% confidence interval)
by fully filling them with water at 25 °C and weighing.

The crucibles were filled with 38.6 + 0.1 mg of the liquid
sample, and therefore the average density was 300 + 1 kg m™>.
An empty crucible was used as reference.

During the measurement the sensor was flushed with 20 mL
min ' of argon. The heating rate was 10 K min ™" for the heat-up
phase. After an isothermal step of 1 h the measurement started
with a heating/cooling rate of 0.1 K min™".

The experimental data was treated with the Calisto Software
(AKTS, Switzerland). Typically a smoothing of 25-50 points was
necessary. Multiple measurements were performed to deter-
mine the uncertainty of the measurement.

The differences in the isochoric heat capacity (Acy) of the
samples before and after a phase transition were determined
using the glass transition tool of the Calisto software. This tool
constructs tangents to the heat flow curves before and after a
step-shaped transition and then calculates the Acy from the
intersection points of those tangents with a tangent on the
inflection point of the curve using the following relation

(eqn (2)):

Ac, = (q)ﬁnal - Qpnmml) (2)
mQ

Results and discussion
Na,S0,-H,0

All the heat flow curves of the system Na,SO,~H,O show two
signals. Upon heating the first signal is an endothermic peak.

This journal is © The Royal Society of Chemistry 2013
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This signal is attributed to the appearance of a solid phase (G-L
— G-L-S). Comparison of the heat flow curves with those
obtained from experiments in the cooling mode showed that
the precipitation of the solid salt is kinetically hindered when
the measurement is performed in the heating mode and that
substantial superheating occurs. Hence, the samples were
remeasured in the cooling mode, showing much lower transi-
tion temperatures and step-like signals (Fig. 2). The second
signal is an exothermic step and it is believed to be the disap-
pearance of the gas phase or the liquid phase, leading to a one
phase fluid (F) in equilibrium with a solid salt (G-L-S — F-S).
The negative value of the difference in the isochoric heat
capacity (Acy) underlines this assumption. The temperature for
this transition at an average density of 300 kg m > and an initial
salt concentration of 1.39 mass% was 375.2 & 0.1 °C which is in
accordance with the data of Valyashko et al.,** who obtained in a
similar experiment a transition temperature of 374.97 + 0.17 °C
for a 1 mass% solution at an average density of 309.9 kg m™>.
The expected A-shape of the second signal is less pronounced in
the heating mode. In the cooling mode it is more pronounced.

From the transition temperatures a part of the phase
diagram can be constructed by correcting the concentration of
the liquid phase with the method proposed by Valyashko et al.*®
using the density data from Khaibullin and Novikov.*® This
correction is needed because water evaporates from the starting
solution during heating and therefore the salt concentration in
the liquid phase increases. Concentrations of the salt in the
vapor phase are normally very small compared to the concen-
tration in the liquid phase and were thus neglected here.

The thermal expansion of the crucible was calculated from
the material constants. The expansion of the crucibles due to
pressure changes were taken into account. Furthermore we
relied on the vapor density data available in the literature and
did not use any data on the vapor density from databases or
calculations. The uncertainties for the liquid concentration
were estimated by calculation of the liquid concentration for
extreme values of the liquid and vapor density, as proposed by
Valyashko et al.*

Our corrected measurements are presented in Table 1.
A comparison with literature data is shown in Fig. 3. The data
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Fig.2 Comparison of the heat flow signals in heating and cooling mode at 0.1 K
min~', 6.69 mass% Na,SO,, average density 300 kg m—=.
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Table 1 Results for Na,SO, solutions at an average density of 300 kg m—3
Liquid Vapor
Initial solution solution
concentration/ 7T/°C
mass% (G-L-8) x/mass% plkgm™>  p/kgm?
0.140 372.4+£0.1 0.260 £ 0.005 435 + 2¢ 214 £ 2¢
0.696 360.7 £ 0.2 1.02 £+ 0.01 540 £ 2¢ 148 £ 2¢
1.39 352.5 £ 0.2 1.86 £+ 0.02 594 4 2¢ 120 =+ 2¢
2.75 342.2 +£ 0.1 3.47 + 0.02 652 4 2¢ 95.7 £ 2¢
6.69 326.6 £ 0.3 7.96 £+ 0.05 755 £ 2¢ 70.6 & 2¢
15.0 305.7 £ 0.1 17.1 £ 0.1 884 + 2¢ 50.5 + 2

¢ Obtained from interpolation of data from Khaibullin and Novikov.*

obtained from the DSC measurements is in excellent accor-
dance with the literature data. The metastable liquid-liquid
immiscibility has not been observed. This is in accordance with
Valyashko et al.** suggesting the immiscibility to be suppressed
by the appearance of the solid phase.

K,S0,-H,0

K,S0, is a type 2d’ salt like Na,SO, and therefore the DSC
experiments showed quite similar results. Interestingly the
transition temperatures for the appearance of the solid phase
are much higher compared to the sodium salt. The liquid
concentration was corrected with the method mentioned
before. Liquid density data was extrapolated from the data of
Puchkov et al.*® Because of the lack of data for the vapor density,
we extrapolated the vapor pressures for the saturated solutions
from the data of Ravich et al.>’ and used the corresponding
vapor densities for pure steam obtained from the NIST data-
base.* The extrapolation of the liquid densities and the vapor
pressures is subject to some uncertainty which we assume to be
of the same magnitude as the uncertainty for the density
measurements for the Na,SO, system. Therefore we assumed an
uncertainty for the densities of £2 kg m™>. The uncertainty in
the liquid concentration was estimated as mentioned before.
The measured and calculated values are shown in Table 2.
Our results are in good accordance with the few data sets
available in the literature (Fig. 4), especially with the data of
Ravich and Borovaya.* Further measurements of densities are
required to improve the correction of the measured DSC data.
The DSC measurements also showed substantial superheating in
this system, therefore all data was measured in the cooling mode.

K,HPO,

In the heating mode the heat flow curves showed an endo-
thermic step-like transition with a positive Acy value followed by
a second exothermic step with a negative Acy value (Fig. 6). The
first transition is assigned to the appearance of a second liquid
phase, leading to a liquid 1 - liquid 2 - gas equilibrium. The
second transition is assigned to the critical endpoint R, where
the dilute liquid phase and the gas phase become equal.
Supersaturation was also observed for the first transition, but to
a much lower extent compared to the type 2 salts. For a solution

RSC Adv., 2013, 3, 24503-24508 | 24505


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3ra43725f

Open Access Article. Published on 03 October 2013. Downloaded on 1/24/2026 2:50:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

+ this study
380 1 o Valyashko et al. 2000
L X Smits & Wuite 1909
370 A XA O Schoeder et al. 1935
A Schoeder et al. 1937
360 - &Qj ¢ Benrathetal. 1937
&» Benrath 1941
350 - g A Keevil 1942
‘“* ¢ Bootetal. 1950
© 240 - Tea e Marshall et al. 1954
= Ro x Khaibullin & Novikov 1973
330 A o o
-
320 - o O X
310 - AME
. o
300 +—4+——"—7—""""—"T7T" """ T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18
x/mass%

Fig. 3 Temperature-composition plot for the liquid at the three-phase equilibrium (G-L-S) of the system Na,SO4 + H,0.

Table 2 Results for K,S0, solutions at an average density of 300 kg m—3

Liquid Vapor

Initial solution solution
concentration/

mass% T/°C (G-L-S)  x/mass% plkgm™>  p/kgm®
0.864 371.7 £ 0.2 1.69 £ 0.03 565 + 2° 196 & 2P
1.72 367.7 £ 0.1 2.90 £ 0.04 586 + 2¢ 173 £+ 2
3.40 362.3 £ 0.6 5.19 £+ 0.05 615 + 2° 148 & 2
5.04 358.9 £ 0.1 7.34 + 0.07 639 £ 2¢ 137 + 27
8.19 353.5 £ 0.1 114 £ 0.1 691 + 2° 121 & 2°

“ Obtained from extrapolation of data from Puchkov et al.**  Obtained
from extrapolation of the vapor pressures from Ravich et al* and
calculation by the NIST Chemistry Webbook.**

with the concentration of 1.72 mass% the signal appeared at
372.3 £ 0.9 °C in the heating mode and at 371.4 + 0.1 °C in the
cooling mode. Hence, all the temperatures given in Table 3 were
measured in the cooling mode.

As in the measurements with the sulfate solutions the
A-shape of the second transition was less distinct in the heating
mode compared to the cooling mode.

No phase density data is available in the literature for this
system and therefore the correction for the liquid phase
concentration could not be applied. Comparing our measure-
ments to those of Marshall et al.,*>** which were also taken at
isochoric conditions, but probably at higher densities, we see a
consistent trend of the data points (Fig. 5). This is especially the
case if we assume that all data points in this study have to be
corrected to higher concentrations.
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Fig. 4 Temperature-composition plot for the liquid at the three-phase equilib-
rium (G-L=S) of the system K;SO4 + H>0.
K,S0,-Na,S0,-H,0

Interestingly, in our investigations of the ternary system K,SO,—
Na,S0,4-H,0 we found heat flow curves resembling those of the

Table 3 Results for K,HPO, solutions at an average density of 300 kg m~3

Initial

concentration/mass%

T/°C (G-L1-L2)

0.434 376.7 £ 0.1
0.865 374.8 £ 0.1
1.72 371.4 £ 0.1
3.96 366.6 = 0.1
6.46 364.2 £ 0.2

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Temperature-initial composition plot for the liquid at the three-phase
equilibrium (G-L1-L2) of the system K;HPO, + H,O0.
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Fig. 6 Comparison of the heat flow curves of a K;HPO, (6.46 mass%) solution
and a Na-K SO, (1 : 1) solution.

measurements with the K,HPO,-H,O system. The first signal
upon heating is an endothermic step with positive Acy value
and the second signal is an exothermic step with negative Acy
(Fig. 6). Therefore we assume that in mixed solutions of K,SO,
and Na,S0, a liquid-liquid immiscibility occurs. The A-shape of
the second transitions was not clearly visible in the heating
mode. As in the whole concentration range of our investigations
(Table 4) we did not see any precipitation of a solid phase but

Table 4 Results for K;50,~Na,S04—H,0 at an average density of 300 kg m~3,
measured in the heating mode

Initial Initial

concentration concentration Molar

(Na,S0,)/ (K,S0,)/ ratio

mass% mass% K:Na T/°C(G-L1-L2) T/°C(G-L)
0.699 1.71 2:1 367.79 £+ 0.07 376.93 + 0.03
1.40 0.857 1:2 363.20 + 0.06 376.25 £+ 0.01
1.39 1.70 1:1 363.54 + 0.07 376.52 + 0.02
0.688 3.38 4:1 367.09 £+ 0.01 376.99 + 0.01

This journal is © The Royal Society of Chemistry 2013
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only the liquid-liquid immiscibility, we conclude that the
ternary solutions of potassium and sodium sulfate behave like a
binary type 1d solution.

The immiscibility may arise through the metastable states
which are reported for the binary solutions of sodium and
potassium sulfate. A similar effect has been reported for the
system K,SO,-Li,SO,-H,0.**"** This liquid-liquid immiscibility
was observed at all molar ratios K: Na from 1:2to4: 1.

Conclusions

Isochoric high pressure differential scanning calorimetry
proved to be a relatively simple and fast method to investigate
the phase behavior of aqueous salt solutions. It has the draw-
back that liquid and vapor densities have to be known to correct
the data for the liquid concentration. Different phase transi-
tions, such as the precipitation of a solid salt or the appearance
of a second liquid phase, can easily be distinguished in the
heating mode. We acquired new data in the low concentration
range and reported the first calorimetric measurements on
liquid-liquid immiscibilities in hydrothermal salt solutions.
Furthermore we were able to find such phenomena also in the
ternary K,SO,-Na,SO,-H,0 system, which exhibits a pseudo
type 1d behavior, even though it consists of two type 2 salts.
Such changes in the phase behavior of mixed salt solutions offer
an opportunity for optimizing the salt separation process for
SCWO and SCWG applications, as type 1 salt solutions can be
separated and recovered efficiently. Hence, the addition of
additional salts to a feed solution might change the phase
behavior e.g. of a type 2 solution in such a way that no solid salts
precipitate and that the separation can be conducted success-
fully. Nevertheless more studies on higher order mixtures are
necessary to explore the possibilities and limits of this proposed
technique of enhancing salt separation in SCW processes. The
lack of density data for gas and liquid phases at hydrothermal
conditions is currently a limitation, as this data is needed to
fully interpret the isochoric DSC measurements.

Abbreviations

Gas/vapor phase

Liquid phase

Solid phase

Superecritical fluid

Isochoric specific heat capacity
Heat flow

Heating rate

Sample mass.
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