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Solubility of CaSO4 Phases in Aqueous HCI + CaCl; Solutions from

283 K to 353 K

Zhibao Li and George P. Demopoulos*

Department of Mining, Metals and Materials Engineering, McGill University, M. H. Wong Building, 3610

University Street, Montreal, Quebec H3A 2B2, Canada

Solubilities of calcium sulfate dihydrate, hemihydrate, and anhydrite in concentrated HCI1, CaCl,, and
their mixed aqueous solutions were measured by using the classic isothermal dissolution method at the
temperature range from (283 to 353) K. The concentration investigated for HCl is up to 12 mol-dm~—2 and
for CaCly is up to 3.5 mol-dm—3 at room temperature. The solubility of CaSO, phases in all cases
investigated was found to increase with the temperature increment with the exception of anhydrite in
CaCl; solutions. In pure HCl media, increasing the acid concentration in the range of (0.0 to 3) mol-dm—3
HCI causes the solubility of CaS0O4-2H;0 or CaSOy4 to increase reaching a maximum value and then
decrease gradually with further increasing HCI concentration. In the concentrated range of (8 to 12)
mol-dm~3 HCI, the solubility of CaSO4-/oH20 decreases with acid concentration. In HC1 + CaCl; mixed
media, the addition of CaCl, causes the solubility of all three phases to decrease due apparently to common

ion effect.

Introduction

The solubility and phase equilibria of salts in electrolyte
aqueous solutions play a significant role in the develop-
ment, design, optimization, and operation of precipitation
processes.! =3 Precipitation is important in inorganic pro-
cessing of materials but also in environmental protection,
such as, wastewater treatment.

Solubility is essential to determine phase relationships
in a system that includes unstable or metastable solid
phases. In these cases, solubility determination becomes
possible when equilibrium of unstable and metastable
solids in solutions is reached before phase transformation
occurs. One example is the solubility of calcium sulfate*
that can be precipitated as dihydrate (CaSO4-2H;0, DH)
at low temperature and hemihydrate (CaSO4-/2H,0, HH)
or anhydrite (CaSO4, AH) at elevated temperature in
chloride media, such as the solutions containing HCI,
CaCl,, NaCl, MgClg, AlCls, or other chloride salts. These
data are of considerable practical importance and theoreti-
cal significance in developing a new atmospheric process
for the production of either dihydrate or the high value
o-hemihydrate with simultaneous regeneration of hydro-
chloric acid from spent calcium chloride solutions by
reaction with sulfuric acid.>$

Solubility values of calcium sulfate in various aqueous
chloride solutions are available in some compilations.”8
However, as we discussed in an earlier paper,? most of the
previous studies have been limited in reporting only the
solubility of dihydrate in single acid or salt solutions at
ambient temperature. There has been limited information
on the influence of mixed electrolytes and no information
on CaSOy solubility in concentrated chloride electrolytes
at elevated temperatures.

Commercial software such as OLI Systems’ StreamAna-
lyzer (OLI),1 based on the thermodynamic model developed
by Bromley and Zemaitis,!! can be employed to calculate
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the solubility of calcium sulfate dihydrate and anhydrite
and even further to obtain the stability diagram. However,
the accuracy of such software predictions strongly depends
on the parameters stored in the databank, normally
correlated from experimental data. Therefore, the ap-
plicability of the software is limited as their accuracy
usually decreases with increasing component, concentra-
tion, and temperature.?

The above discussion indicates that there is still a need
to systematically investigate the solubility of calcium
sulfate and its hydrates in concentrated chloride electrolyte
solutions, and this is done here for the system HCI + CaCl,
+ H0 over the temperature range of (283 to 353) K.
Additionally, the densities of the corresponding saturated
solutions are reported. In a subsequent paper, a thermo-
dynamic model for the system investigated in this work
will be described.

Experimental Section

A number of approaches!?12 in the literature have been
proposed to determine the solubility of salts in solutions,
which can be categorized as either dissolution method or
precipitation method. The dissolution method is considered
to be more reliable and feasible since it avoids the compli-
cation of formation of intermediate phases that is com-
monly encountered in precipitation. In this work, the
dissolution method was employed.

Chemicals. All substances, reagent grade, were directly
used without further purification. All solutions used in this
study were prepared by dissolving the following chemicals
in deionized water (conductivity < 0.1 uS-cm™1): hydro-
chloric acid (mass fraction: (36.5 to 38.0) %) and calcium
chloride dihydrate with high purity both from Fisher. Four
solid substances were employed as the saturating solid
phase: gypsum from Alfa Aesar with 99 % purity, which
contained trace anhydrite (CaSQO,); calcium sulfate hemi-
hydrate (plaster of paris, also called f-hemihydrate) from
Fisher; a commercial a-hemihydrate from Eastroc-BPB,4
which contained trace quantities of unknown additives; and
anhydrite from Alfa Aesar with 99 % purity.
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Procedure. A typical experimental procedure can be
described as follows. The 150 mL of electrolyte aqueous
solution of known composition was introduced to Erlen-
meyer flasks, 250 mL volume, which were equipped with
a magnetic stirrer and capped with rubber stoppers. The
flasks were then immersed in a temperature-controlled
water bath, allowing the solution to stir continuously for
about 0.5 h to establish the temperature equilibrium. The
temperature was kept constant within + 0.2 K. Then,
excess solid (10 to 20 g of DH, HH, or AH) was quickly
added to the solutions in flasks, which were tightly capped
again by using rubber stoppers to avoid loss of HCI vapor.
The standard equilibration time used was 5 h although
other equilibration times were investigated as well as
explained in the next section. After the solid—liquid equi-
librium was attained, stirring was stopped to allow solids
to settle. The supernatant solution was then withdrawn
and immediately filtered by using 0.22 ym Whatman
Puradisc syringe filters. The clear filtrate kept in water
bath was taken by 10 mL glass pipet heated to bath
temperature and diluted by deionized water in a 1000 mL
volumetric flask. The content of Ca or S was determined
by inductively coupled plasma (ICP) analysis. The solubility
(s) of calcium sulfate, expressed as g of CaSO4 L, was
obtained from the Ca and S analysis. The saturated filtrate
was also used to determine the density of saturated
solutions at the experimental temperature by using a 50
mL volumetric flask. The solid phase was filtered and
washed each with water and acetone for 3 times. The
washed solids were dried at 333 K for 24 h and then
subjected to XRD analysis by a Philips PW1710 diffracto-
meter to determine whether the solid phase had been
altered by phase transformation. Girgin and Demopoulos®
have previously demonstrated that drying of DH or HH
materials at 60 °C for 24 h causes in itself no phase
changes. Additionally, scanning electron microscopy (SEM)
image techniques were used for examination of the solid
phases.

Determination of Equilibration Time. The equilibra-
tion time in solubility measurements normally varies from
several hours to several days depending on the dissolution
ratel® of the solid phase and the applied conditions. Power
et al.1617 reported that the equilibrium of gypsum dissolu-
tion in pure water is reached within 1 min, but the rate of
phase transformation of gypsum to anhydrite above their
transition temperature was reported to be extremely low.
The analysis of the solid phase consistently indicated the
presence of the dihydrate at all contact times studied for
up to 222 h. For the solubility determination of calcium
sulfate dihydrate, Gupta!® used 24 h to attain the equilib-
rium between gypsum and hydrochloric acid solutions of
less than 1 mol-kg~! while 5 h was used by Kruchenko and
Beremzhanov.® Rock?? reported that the slurries were
agitated for at least 48 h during the measurement of
gypsum and anhydrite solubilities in sodium chloride
solution up to 323 K. The same interval was employed by
Ostroff and Metler,?2! who investigated the dihydrate
solubility in mixed NaCl + MgCl; solutions from (301 to
343) K.

For the determination of the solubility of calcium sulfate
hemihydrate, in general much shorter equilibration times
have been employed since hemihydrate is a metastable
phase that experiences relatively fast transformation to
gypsum at low temperature or anhydrite at elevated
temperature. For example, f-hemihydrate, which is un-
stable in pure water, rapidly converts to gypsum at low
temperature.” In 1 mol-kg~! sodium chloride, the same
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Figure 1. Solubility of calcium sulfate dihydrate in water and
the density of the saturated solutions: —, Hulett and Allen;” O,
this work.

phenomenon occurs. Actually, it is very difficult to deter-
mine the solubility of hemihydrate at low temperature!?
within such a short time. However, hemihydrate at high
temperature and high electrolyte concentration becomes
less unstable so that there is enough time to attain
solubility equilibrium. Kruchenko and Beremzhanov!?
determined the solubility of a-hemihydrate in concentrated
HCI solutions at room temperature by equilibrating the
solids for 5 h. Sullivan et al.?2 found that the equilibrium
between a-hemihydrate and phosphoric acid solutions at
353 K is established quite rapidly within about 3 min and
there that is no decrease in solubility over time intervals
up to 70 h, but 1 to 3 h was used in their investigation.
Similar procedure and time (1 h) was used by Martynowicz
et al.??

In the present study, the dissolution of calcium sulfate
dihydrate in 1 mol-dm—3 HCI solution at room temperature
was investigated as a function of time in order to select
the appropriate equilibration time. The results of these
kinetic experiments show that the solubility equilibrium
between solid and liquid was established very rapidly
within 0.5 h. However, in the experimental work, a longer
time of 5 h for dihydrate and anhydrite and 1 h for
hemihydrate, respectively, was chosen to ensure achieve-
ment of solubility equilibrium. Longer times were not
employed because of the possibility of conversion of the
starting phases to other calcium sulfate hydrates.

Reproducibility. The solubility of calcium sulfate di-
hydrate in pure water has been investigated by many
authors.”8 Similar experiments were carried out by the
authors to verify the reproducibility and accuracy of the
adopted procedure in this work. The solubility comparison
between experimental and literature values’ is demon-
strated in Figure 1. The uncertainty of the measured
solubility values was within 4+ 0.031 g-dm—3, and relative
deviation is 1.62 %. Three replicate measurements of
dihydrate solubility in 1 mol-dm— HCI at ambient tem-
perature were also carried out. The average deviation was
+ 0.111 g-dm—3 with relative deviation of 0.77 %. Equally
good accuracy was associated with the determined densities
of calcium sulfate dihydrate saturated solutions as it can
be deduced from the data in Figure 1. The measured
densities were uncertain to + 0.001 g-cm 3.

Results and Discussion

Solubility of CaS0O,2H50 in HCI Solutions. Calcium
sulfate dihydrate solubilities in hydrochloric acid solution
were measured at 283, 295, 313, 333, and 353 K. The



Table 1. Solubility of CaSO4 (1) as Dihydrate in HCI (2) + H20 (3) (Equilibration Time: 5 h)
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solution parameters

solubility as CaSOy in different units

M, ma Ps M ma Ps Cy M, my Cq M, m
mol‘dm™3¢ mol'’kg™! gem 3% mol'dm™3¢ mol'kg™? grem™3? g:dm™3 mol-dm™® molkg™? g:dm™3 mol-dm™3 mol-kg!
T=283K
0.000 0.0000 1.002 1.500 1.5431 1.037 1.928 0.0142 0.0142 13.062 0.0959 0.0990
0.200 0.2011 1.005 2.000 2.0779 1.047 5.182 0.0381 0.0383 13.964 0.1026 0.1067
0.400 0.4034 1.013 3.000 3.1828 1.064 7.218 0.0530 0.0535 13.926 0.1023 0.1087
0.600 0.6072 1.016 4.000 4.3396 1.079 8.994 0.0661 0.0670 12.330 0.0906 0.0983
0.800 0.8123 1.019 5.000 5.5524 1.094 10.492 0.0771 0.0786 10.726 0.0788 0.0874
1.000 1.0191 1.028 11.403 0.0838 0.0854
T=295K
0.000 0.0000 2.200 2.2919 2.080 0.0153 0.0153 18.901 0.1388 0.1458
0.200 0.2010 2.400 2.5104 6.755 0.0496 0.0500 19.189 0.1409 0.1487
0.400 0.4032 2.600 2.7311 9.676 0.0711 0.0719 19.135 0.1405 0.1489
0.600 0.6067 2.800 2.9535 11.854 0.0871 0.0885 19.091 0.1402 0.1492
0.800 0.8116 3.000 3.1782 1.066 13.520 0.0993 0.1013 18.975 0.1394 0.1489
1.000 1.0182 3.200 3.4048 14.573 0.1070 0.1096 18.833 0.1383 0.1484
1.200 1.2260 3.600 3.8651 16.350 0.1201 0.1235 17.752 0.1304 0.1411
1.400 1.4360 4.000 4.3337 1.078 16.574 0.1217 0.1257 16.958 0.1246 0.1360
1.600 1.6473 4.300 4.6908 17.491 0.1285 0.1333 16.496 0.1212 0.1332
1.800 1.8601 4.600 5.0538 18.391 0.1351 0.1407 15.636 0.1148 0.1271
2.000 2.0751 5.000 5.5456 1.092 18.751 0.1377 0.1441 14.770 0.1085 0.1211
T=313K
0.000 0.0000 2.200 2.2881 2.097 0.0154 0.0155 23.986 0.1762 0.1856
0.200 0.2009 2.400 2.5062 7.811 0.0574 0.0581 24.675 0.1812 0.1917
0.400 0.4030 2.600 2.7263 11.514 0.0846 0.0860 24.923 0.1831 0.1945
0.600 0.6062 2.800 2.9484 14.425 0.1060 0.1083 25.124 0.1845 0.1969
0.800 0.8109 3.000 3.1725 16.665 0.1224 0.1256 25.036 0.1839 0.1971
1.000 1.0170 3.600 3.8580 18.687 0.1373 0.1415 25.087 0.1843 0.1983
1.200 1.2245 4.000 4.3258 20.664 0.1518 0.1571 23.932 0.1758 0.1917
1.400 1.4338 4.300 4.6824 21.846 0.1605 0.1668 23.059 0.1694 0.1864
1.600 1.6449 4.600 5.0448 22.580 0.1658 0.1732 22.454 0.1649 0.1827
1.800 1.8574 5.000 5.5362 23.446 0.1722 0.1806 21.496 0.1579 0.1761
2.000 2.0720 20.283 0.1490 0.1677
T=333K
0.000 0.0000 2.800 2.9411 1.971 0.0145 0.0147 33.324 0.2448 0.2653
0.200 0.2009 3.000 3.1647 9.360 0.0688 0.0703 33.229 0.2441 0.2658
0.600 0.6055 3.200 3.3897 18.541 0.1362 0.1405 33.671 0.2473 0.2705
1.000 1.0154 3.600 3.8477 24.217 0.1779 0.1852 32.665 0.2399 0.2648
1.400 1.4312 4.000 4.3142 28.096 0.2064 0.2168 31.779 0.2334 0.2600
2.000 2.0673 4.300 4.6693 31.653 0.2325 0.2475 31.503 0.2314 0.2595
2.400 2.5004 4.600 5.0310 32.692 0.2401 0.2580 30.335 0.2228 0.2516
2.600 2.7199 5.000 5.5210 33.012 0.2425 0.2616 29.126 0.2139 0.2439
T=353K
0.000 0.0000 2.000 2.0618 1.041 1.801 0.0132 0.0136 40.607 0.2983 0.3206
0.200 0.2008 2.200 2.2761 11.037 0.0811 0.0838 42.190 0.3099 0.3359
0.400 0.4023 2.600 2.7112 16.898 0.1241 0.1290 43.583 0.3201 0.3502
0.800 0.8085 2.800 2.9312 27.019 0.1985 0.2083 44.364 0.3258 0.3582
1.000 1.0134 1.016 3.000¢ 3.1541 1.054 30.756 0.2259 0.2377 44.126 0.3241 0.3578
1.200 1.2204 4.000¢ 4.3008 1.071 32.302 0.2373 0.2513 41.898 0.3077 0.3456
1.600 1.6378 5.000¢ 5.5060 1.084 37.129 0.2727 0.2915 37.788 0.2775 0.3184

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.

¢ Equilibration time is 1 h.

investigated concentration of acid is from (0.0 to 5) mol-dm 3
at room temperature. The results of experimentally deter-
mined solubilities are summarized in Table 1 and graphi-
cally in Figure 2. In Table 1, the concentration of hydro-
chloric acid and calcium sulfate is expressed both in
molarity (M/mol-dm~3) and molality (m/mol-kg~1) for con-
venient practical and thermodynamic reference. However,
the concentration of HCI in molarity marked with My is
the initial concentration of the solution prepared at ambi-
ent temperature before introducing calcium sulfate dihy-
drate. The other quantities of acid and salts in different
units express the solubility at the conditions of the system.
In addition, the measured densities (required to convert
solubility units from molarity to molality) for several
saturated solution compositions are given in Table 1. OLI’s
StreamAnalyzerl.1 was used to convert the solubility units
from molarity to molality when the experimental density

of saturated solution was not available. Justification for
the use of OLI in this context is given later in this paper
(refer to Figure 7).

Figure 2 demonstrates that at constant temperature the
solubility of calcium sulfate dihydrate in aqueous HCI
solutions possesses two features. The solubility of dihydrate
increases with increasing HCI concentration in the range
of (0.0 to 3.0) mol-dm3. After passing a maximum, the
solubility declines smoothly in the range of higher concen-
tration of acid. In reference to temperature, the solubility
increases systematically as the temperature increases from
(283 to 353) K. Some of the data generated in this work is
compared to the data available in the literaturel8!? in
Figure 3. There is good agreement of present data and
earlier measurements.

The XRD analysis of equilibrated solid phases showed
the calcium sulfate dihydrate to be stable in HCI solutions
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Figure 2. Solubility of calcium sulfate dihydrate in hydrochloric
acid solutions: W, 283 K; @, 295 K; a, 313 K; A, 333 K; O, 353 K.
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Figure 3. Comparison of the solubility of calcium sulfate as
dihydrate in HCl solutions from different sources (lines, this
work): A, Guptal® at 293 K; O, Kruchenko et al.1? at 298 K; O,
Gupta!® at 333 K.

with the concentration of (0.0 to 5.0) mol-dm~3 at temper-
atures below 333 K within 5 h. However, at elevated
temperature, such as at 353 K, and higher HCI concentra-
tion (more than 1 mol-dm™3), the transformation from
dihydrate to anhydrite is observed. For example, dihydrate
in 5 mol-dm=—3 HCI solutions at 353 K was completely
converted to anhydrite within the time of 5 h while in 1
mol-dm~3 HCI solution at 353 K no anhydrite was detected
in equilibrated solids. The results of solids characterization
by XRD are tabulated in Table 2. The equilibrated solids
were examined by SEM. Typical SEM images are presented
in Figure 4. It can be clearly seen that original crystals
underwent ripening (compare Figure 4, panels a and b)
with the small “dust” particles on the surface of the original
gypsum crystals to have dissolved and crystallographic
characteristics to have been “sharpened”. This is the case
when the equilibrated solids are dihydrate (1 mol-dm™3
HCI, 353 K, and 5 h). However, the gypsum crystals were
transformed to needle-shape anhydrite when the HCI
concentration was 4 mol-dm™2 (see Figure 4c). The solubil-
ity data presented in Table 1 and Figure 2 though is for
DH in equilibration only (i.e., the data associated with
conversion of DH to AH is excluded).

Solubility of CaS0O,2H;0 in CaCl; Solutions. Solu-
bilities of calcium sulfate dihydrate (and saturated solution
densities) at (295, 313, 333, and 353) K in calcium chloride
solutions with concentrations up to 2 mol-dm=3 were
determined by using the same procedure. The obtained
experimental results are shown in Table 3 and Figure 5.

‘ k“' . “
AHCIB0 10.0kV x2500 Spm ————

Figure 4. SEM images of original gypsum and equilibrated
solids: (a) original gypsum from Alfa; (b) solids in 1 mol-dm~3 HC1
at 353 K after 5 h; (c) solids in 4 mol-dm—3 HCI at 353 K after 5
h.

Figure 5 illustrates that the solubility of calcium sulfate
dihydrate decreases with the concentration of CaCls.
Initially, the solubility drops sharply and then continues
to fall almost linearly with increasing concentration of
CaCl,. Common ion effect is responsible for this behavior.
As also seen in Figure 5, the solubility slightly increases
with increasing temperature. The XRD study in Table 2
shows that a trace of calcium sulfate hemihydrate was
detected at 353 K, but otherwise the equilibrated solid-
phase remains gypsum.

Solubility of CaSO+2H:0 in Mixed HCl + CaCl;
Solutions. The same approach was used to obtain the
solubility of calcium sulfate dihydrate in HCI1 (1, 3, and 5
mol-dm~3) + CaCl; mixed electrolyte solutions at (295, 313,
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Table 2. XRD Characterization of the Equilibrated
Solids (Starting Material Is Dihydrate)

l M equilibration ¢ equilibrated
K mol-dm~3 h solid phase(s)®
333 4 (HCD 1 DH
2 DH
3 DH + trace AH
4-5 DH + minor AH
353 1 (HCD 1-5 DH
353 3 (HCD 5 DH + minor AH
353 4 (HCD 1 DH + minor AH
2 DH + major AH
3-5 AH
353 2 (CaCly) 5 DH + trace HH
353 1 (HCI) + 2 (CaCly) 5 DH + minor AH
353 3 (HCD + <2 (CaCly) 5 DH + AH
353 3 (HCD + 2 (CaCly) 5 AH + HH
333 5 (HCD + 0.5 (CaCly) 5 DH
333 5 (HC) + 2 (CaCly) 5 AH + HH

a DH, CaSO4-2H20; HH, CaSO4-1/2H20; AH, CaSO44

333, or 353) K. The results determined in this study are
given in Tables 4 to 6 and graphically in Figure 6 for 1
mol-dm—3 HCI as an example.

The general behavior observed with all three acidic levels
investigated is consistent showing an increase in solubility
of CaS0,4-2H>0 with increasing temperature. The presence
of CaCl; in the solutions makes the solubility fall sharply
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Figure 5. Solubility of calcium sulfate dihydrate in aqueous
calcium chloride solutions: @, 295 K; 4, 313 K; A, 333 K; O, 353
K.

at the lower concentration of calcium chloride and then
drop smoothly with increasing concentration. Once again
the depressing effect of CaCly on CaSO, solubility is
attributed to the common ion effect. XRD analysis (see
results in Table 2) showed the equilibrated solids in 1
mol-dm~3 HCI + CaCls solutions at all temperatures after
5 h to be predominantly dihydrate, but in higher HCI
concentration (3 mol-dm~3) solutions with CaCl, present

Table 3. Solubility of CaSO4 (1) as Dihydrate in CaCl; (2) + HyO (3) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

Mo msa Ps M, ms Ps Ci M mi Cy M mi
mol-dm~3¢ mol-kg™! gem™? mol-dm3¢ mol-kg™! grem™3® g-dm™ mol-dm™® mol'’kg™? g:dm™® mol-dm™ mol-kg™?

T=295K
0.049 0.0498 1.002 0.778 0.7943 1.066 1.353 0.0099 0.0099 0.863 0.0063 0.0064
0.099 0.0997 1.007 0.972 0.9980 1.083 1.204 0.0088 0.0088 0.788 0.0057 0.0059
0.198 0.1998 1.016 1.167 1.2038 1.099 1.127 0.0082 0.0083 0.700 0.0051 0.0053
0.297 0.3004 1.024 1.361 14121 1.115 1.096 0.0080 0.0081 0.628 0.0046 0.0047
0.396 0.4013 1.033 1.556 1.6231 1.131 1.031 0.0075 0.0076 0.527 0.0038 0.0040
0.496 0.5029 1.042 1.750 1.8367 1.147 0.992 0.0072 0.0073 0.452 0.0033 0.0034
0.595 0.6048 1.050 1.945 2.0532 1.163 0.963 0.0070 0.0071 0.388 0.0028 0.0030
0.694 0.7073 1.059 0.918 0.0067 0.0068

T=313K
0.049 0.0498 0.997 0.778 0.7943 1.061 1.399 0.0102 0.0103 0.977 0.0071 0.0073
0.099 0.0997 1.002 0.972 0.9979 1.077 1.296 0.0095 0.0096 0.905 0.0066 0.0068
0.198 0.1998 1.011 1.167 1.2038 1.093 1.235 0.0090 0.0091 0.801 0.0058 0.0061
0.297 0.3004 1.019 1.361 1.4121 1.109 1.197 0.0088 0.0089 0.715 0.0052 0.0054
0.396 0.4013 1.028 1.556 1.6230 1.125 1.167 0.0085 0.0087 0.640 0.0047 0.0049
0.496 0.5029 1.037 1.750 1.8366 1.141 1.118 0.0082 0.0083 0.554 0.0040 0.0043
0.595 0.6048 1.045 1.945 2.0532 1.157 1.073 0.0078 0.0080 0.465 0.0034 0.0036
0.694 0.7073 1.054 1.030 0.0075 0.0077

T=333K
0.049 0.0498 0.989 0.778 0.7943 1.052 1.360 0.0099 0.0101 1.107 0.0081 0.0084
0.099 0.0997 0.993 0.972 0.9979 1.069 1.317 0.0096 0.0098 1.014 0.0074 0.0077
0.198 0.1998 1.002 1.167 1.2037 1.086 1.271 0.0093 0.0095 0.953 0.0070 0.0073
0.297 0.3004 1.011 1.361 1.4120 1.102 1.223 0.0089 0.0092 0.843 0.0061 0.0065
0.396 0.4013 1.019 1.556 1.6230 1.118 1.219 0.0089 0.0091 0.765 0.0056 0.0059
0.496 0.5029 1.028 1.750 1.8365 1.134 1.207 0.0088 0.0091 0.679 0.0049 0.0053
0.595 0.6047 1.036 1.945 2.0531 1.150 1.171 0.0086 0.0088 0.594 0.0043 0.0046
0.694 0.7073 1.045 1.138 0.0083 0.0086

T=353K
0.049 0.0498 0.977 0.778 0.7943 1.041 1.286 0.0094 0.0097 1.208 0.0088 0.0092
0.099 0.0997 0.982 0.972 0.9978 1.058 1.270 0.0093 0.0096 1.156 0.0084 0.0089
0.198 0.1998 0.991 1.167 1.2037 1.074 1.247 0.0091 0.0094 1.096 0.0080 0.0085
0.297 0.3004 0.999 1.361 1.4120 1.091 1.305 0.0095 0.0099 0.998 0.0073 0.0077
0.396 0.4013 1.008 1.556 1.6229 1.107 1.291 0.0094 0.0098 0.918 0.0067 0.0072
0.496 0.5029 1.017 1.750 1.8365 1.123 1.262 0.0092 0.0096 0.845 0.0062 0.0066
0.595 0.6047 1.025 1.945 2.0530 1.139 1.256 0.0092 0.0096 0.762 0.0056 0.0060
0.694 0.7073 1.034 1.250 0.0091 0.0095

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.
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Table 4. Solubility of CaSOy4 (1) as Dihydrate in 1 mol-dm—3 HCI (2) + CaClg (3) + H20 (4) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M; ma ms Ps M; me ms Ps Cy My my Ci My my
mol-dm~3¢ mol-kg! mol'kg”! grem™3? mol-dm=3¢ mol-kg! mol'kg™! grem3? g-dm=3 mol-dm=3 mol-kg ! g:dm=3 mol-dm=3 mol-kg~!
T=295K
0.010 1.0186  0.0102  1.027 0.500 1.0338 0.5169  1.061 13.955 0.1025 0.1050  3.629 0.0267  0.0276
0.020 1.0190 0.0204 1.027 0.750 1.0411 0.7808 1.081 13.377 0.0983 0.1006 2.516 0.0185 0.0192
0.050 1.0201 0.0510 1.029 1.000 1.0487 1.0487 1.102 12.100 0.0889 0.0911 1.821 0.0134 0.0140
0.100 1.0218  0.1022  1.032 1.500 1.0648 1.5971 1.142 10.186 0.0748  0.0767 1.054 0.0077  0.0082
0.250 1.0266 0.2566 1.041 2.000 1.0825 2.1651 1.182 6.335 0.0465 0.0479 0.589  0.0043 0.0046
T=313K
0.010 1.0176 0.0102 1.024 0.500 1.0333 0.5167 1.0566 17.678 0.1298 0.1338 5.489 0.0403 0.0419
0.020 1.0180  0.0204  1.025 0.750 1.0407  0.7805 1.076 17.066 0.1253  0.1292  3.877 0.0285  0.0298
0.050 1.0191 0.0510 1.026 1.000 1.0484 1.0484 1.096 15.568 0.1143 0.1179 2.802 0.0206 0.0217
0.100 1.0206 0.1021 1.029 1.500 1.0646 1.5969 1.136 14.177 0.1041 0.1075 1.680 0.0123 0.0132
0.250 1.0257  0.2564  1.038 2.000 1.0824 2.1648  1.175 9.411 0.0691  0.0715  0.994 0.0073  0.0079
T=333K
0.010 1.0158  0.0102  1.020 0.500 1.0323 0.5161 1.050 23.648 0.1737  0.1808 9.069 0.0666  0.0700
0.020 1.0162 0.0203 1.021 0.750 1.0400 0.7800 1.070 23.197 0.1704 0.1774 6.398 0.0470 0.0496
0.050 1.0174  0.0509  1.022 1.000 1.0478  1.0478  1.089 21.439 0.1575  0.1641 4.822 0.0354  0.0376
0.100 1.0191 0.1019 1.024 1.500 1.0642 1.5963 1.130 19.329 0.1420 0.1480 2.938 0.0216 0.0232
0.250 1.0243 0.2561 1.033 2.000 1.0822 2.1643 1.165 14.160 0.1040 0.1087 1.759  0.0129 0.0142
T=353K
0.010 1.0139 0.0101 1.014 0.500 1.0309 0.5154 1.042 30.302 0.2226 0.2347 13.658 0.1003 0.1067
0.020 1.0146  0.0203  1.014 0.750 1.0388 0.7791 1.061 28.566 0.2098  0.2212 10.169 0.0747  0.0798
0.050 1.0157 0.0508 1.015 1.000 1.0469 1.0469 1.080 27.366 0.2010 0.2121 7.807 0.0573 0.0617
0.100 1.0173  0.1017  1.018 1.500 1.0635 1.5953  1.120 25.396 0.1865  0.1970 4978 0.0366  0.0398
0.250 1.0226  0.2557  1.026 2.000 1.0817 2.1634 1.159 19.776 0.1453  0.1537  3.155 0.0232  0.0256

< Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.

Table 5. Solubility of CaSO4 (1) as Dihydrate in 3 mol'dm 3 HCI (2) + CaCl; (3) + H20 (4) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M; ms ms Ps M; ms ms Ps Ci My mi Ci M mi
mol-dm~3¢ mol-kg™! mol-kg™? grem™3% mol-dm=3¢ mol-kg™? mol-kg™' grem3? g-dm= mol-dm—? mol-kg™! g:dm= mol-dm—3 mol-kg~!
T=295K
0.010 3.1807 0.0106  1.062 0.500 3.2389 0.5398 1.092 17,576 0.1291  0.1380  3.971 0.0292  0.0315
0.020 3.1822 0.0212 1.062 0.750 3.2655 0.8164 1.110 16.780 0.1233 0.1317 2.467 0.0181 0.0197
0.050 3.1870  0.0531  1.063 1.000 3.2929 1.0976 1.129 14,517 0.1066  0.1140 1.699 0.0125  0.0137
0.100 3.1935  0.1064  1.067 1.500 3.3514 1.6757 1.170 12458 0.0915  0.0979  0.951 0.0070  0.0078
0.250 3.2112 0.2676 1.074 2.000 3.4155 2.2770 1.208 7.884 0.0579 0.0622 0.538  0.0040 0.0045
T=313K
0.010 3.1757 0.0106 1.060 0.500 3.2362 0.5394 1.087 22.958 0.1686 0.1814 6.736  0.0495 0.0539
0.020 3.1768  0.0212  1.061 0.750 3.2639 0.8160 1.107 22520 0.1654  0.1780 4.116 0.0302  0.0331
0.050 3.1812 0.0530 1.061 1.000 3.2916 1.0972 1.124 20.805 0.1528 0.1647 3.041  0.0223 0.0247
0.100 3.1879 0.1063 1.064 1.500 3.3507 1.6753 1.162 18.423 0.1353 0.1459 1.678 0.0123 0.0139
0.250 3.2073  0.2673  1.071 2.000 3.4151 22767 1200 11.968 0.0879  0.0951  0.949 0.0070  0.0080
T=333K
0.010 3.1676  0.0106  1.059 0.500 3.2317 0.5386  1.082 31.622 0.2323  0.2523 11.512 0.0846  0.0929
0.020 3.1684 0.0211 1.060 0.750 3.2603 0.8151 1.101 31.460 0.2311 0.2511 7.797 0.0573 0.0633
0.050 3.1735  0.0529  1.058 1.000 3.2889 1.0963 1.116 28.870 0.2120 0.2310 5.733 0.0421  0.0470
0.100 3.1808 0.1060 1.061 1.500 3.3492 1.6746 1.154 25.997 0.1909 0.2079 3.143  0.0231 0.0262
0.250 3.2004 0.2667 1.069 2.000 3.4140 2.2760 1.192 19.334 0.1420 0.1550 2.032 0.0149 0.0172

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.

(at 353 K) the equilibrated solids were a mixture of CaSO,
dihydrate and hemihydrate after 5 h of equilibration. When
the acid concentration was 5 mol-dm™3 (in mixed HCI + 2
mol-dm~3 CaCl; solution), the dihydrate was transformed
completely to anhydrite and hemihydrate after 5 h at 333
K. Once more the solubility data listed in Tables 4 to 6
refer to DH equilibrated solids (i.e., tests associated with
the complete conversion of DH to AH and/or HH within
the prescribed 5 h period were repeated at shorter equili-
bration time to ensure the integrity of DH).

Density Comparison with OLI Software. The density
of the saturated solutions is required to allow for unit
conversion of solubility data from molarity to molality scale.
For the CaS04-2H20 + HCI + H;0 system (refer to Table
1), saturated solution densities were estimated using the
StreamAnalyzer program of OLI only when experimental

densities were not measured. This was done only after OLI
proved reliable in estimating density data in this work.
However, for the other systems all densities reported in
Tables 3 to 8 and Tables 10 to 13 are measured values. A
measure of the accuracy of the OLI estimated density data
can be obtained by referring to Figure 7 where a compari-
son is made with our experimentally determined density
data. As it can be seen there is very good agreement
between OLI predictions and experimental measurements
for both single and mixed electrolytes (average relative
deviation < 0.5 %).

Solubility of CaSO1/sH>0. The measured results of
the hemihydrate solubility in pure HCI solutions are given
in Table 7 and presented in Figure 8. The solubility of
hemihydrate decreases with increasing acid concentration
(in the investigated range of 8.5 to 16 mol-kg™1) and
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Table 6. Solubility of CaSOy4 (1) as Dihydrate in 5 mol-dm—3 HCI (2) + CaCl; (3) + H20 (4) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M; ms ms Ps M; msa ms Ps C, M, my C, M, mi
mol-dm~3¢ mol-kg! mol'kg”! grem™3? mol-dm=3¢ mol-kg! mol'kg™! grem3? g-dm=3 mol-dm=3 mol-kg ! g:dm=3 mol-dm=3 mol-kg~!
T=295K
0.010 55513  0.0111  1.091 0.500 56625 05662 1.120 13.138 0.0965  0.1077 2.289 0.0168  0.0191
0.020 5.5541 0.0222 1.092 0.750 5.7148 0.8572 1.139 12.607 0.0926 0.1033 1411 0.0104 0.0118
0.050 5.5621 0.0556 1.091 1.000 5.7693 1.1539 1.158 10.841 0.0796 0.0890 0.971 0.0071 0.0082
0.100 55746  0.1115  1.092 1.500 58869 1.7661 1.194  8.739 0.0642  0.0719 0.557 0.0041  0.0048
0.250 5.6095 0.2805 1.101 2.000 6.0169 2.4068 1.233 4.893 0.0359 0.0405 0.340 0.0025 0.0030
T=313K
0.010 5.5447 0.0111 1.087 0.500 5.6590 0.5659 1.114 17.040 0.1252 0.1407 4.321 0.0317 0.0362
0.020 55476  0.0222  1.087 0.750 57126 0.8569 1.132 16453 0.1208  0.1359 2.622  0.0193  0.0222
0.050 5.5549 0.0555 1.089 1.000 5.7678 1.1536 1.151 15.164 0.1114 0.1253  1.800 0.0132 0.0153
0.100 5.5678 0.1114 1.089 1.500 5.8859 1.7658 1.188 12.751  0.0937 0.1057  1.064 0.0078 0.0092
0.250 5.6046  0.2802  1.097 2.000 6.0163  2.4065 1.225 7.744  0.0569  0.0645 0.678  0.0050  0.0060
T=333K
0.010 55298 0.0111 1.084 0.500 56515 05652 1.106 25.751 0.1891  0.2149 8554 0.0628  0.0725
0.020 5.5319 0.0221 1.085 0.750 5.7071 0.8561 1.124 25.626 0.1882 0.2139  5.746 0.0422 0.0491
0.050 55409  0.0554  1.086 1.000 57638 1.1528 1.137 23.316 0.1713  0.1946 4.007 0.0294  0.0347
0.100 5.5533 0.1111 1.086 1.500 5.8834 1.7650 1.177 21.223  0.1559 0.1778  2.398 0.0176 0.0211
0.250 5.5919 0.2796 1.094 2.000 6.0153 2.4061 1.212 15.127 0.1111 0.1271  1.150 0.0084 0.0103

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.
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Figure 6. Solubility of calcium sulfate dihydrate in HCI (1
mol-dm~3) + CaCl; solutions: @, 295 K; a, 313 K; A, 333 K; O,
353 K.
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at 295 K; O, this work in HC1 (3 mol-dm~3) + CaCls,.

increases with increasing temperature. The results in
Figure 8 further show that there is no significant difference
in solubility between a-hemihydrate and S-hemihydrate
while our a-hemihydrate solubility is slightly higher than
that reported in the literature.’ f-Hemihydrate is known
(at least in HySO,4 solutions?®) to be more soluble than
o-hemihydrate. It is possible, therefore, in the context of
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Figure 8. Comparison of the solubility of CaSO4-1/2H20 modifica-
tions in concentrated HCI solutions: @, o-HH at 298 K; a, f-HH
at 298 K; O, -HH at 323 K; M, Kruchenko et al.1? at 298 K (o~
HH).
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Figure 9. Solubility of f-hemihydrate in HCl + CaCly mixed
electrolyte solutions:, 6 mol-dm~3 HCI + CaCl; at 333 K; O, 3
mol-dm~3 HCI + CaCl; at 353 K.

the present work that the proximity in solubility between
o-hemihydrate and S-hemihydrate is due to the origin of
the a-hemihydrate used here, which was of industrial
commercial grade. Impurities in the a-hemihydrate com-
mercial product may be responsible for its somewhat
elevated solubility. Table 8 and Figure 9 present the
solubility of f-hemihydrate in HC1 + CaCl; mixed solutions



1978 Journal of Chemical and Engineering Data, Vol. 50, No. 6, 2005

Table 7. Solubility of CaSO4 (1) as Hemihydrate in HCI (2) + H20 (3) (Equilibration Time: 1 h)

solution parameters

solubility as CaSOy in different units

My

mo s M, ms ps Ci M, m1 Ci M, m1
mol‘dm™3¢ mol'’kg™! gem 3% mol'dm™3¢ mol'kg™? grem™3? g:dm™3 mol-dm™® molkg™? g:dm™3 mol-dm™3 mol-kg!
T =298 K, Solid: o-Hemihydrate
8.000 9.6032 1.132 11.000 14.3767 1.168 10.066 0.0739 0.0890 4.496 0.0330 0.0433
9.000 11.1046 1.140 12.000 16.1449 1.180 6.970 0.0512 0.0634 3.449 0.0253 0.0342
10.000 12.6938 1.161 5.446 0.0400 0.0506
T =298 K, Solid: -Hemihydrate
8.000 9.6029 1.126 11.000 14.3768 1.167 10.474 0.0769 0.0931 4.385 0.0322 0.0422
9.000 11.1042 1.141 12.000 16.1450 1.182 7.430 0.0546 0.0676 3.360 0.0247 0.0333
10.000 12.6933 1.156 6.099 0.0448 0.0570
T = 323 K, Solid: -Hemihydrate
7.000 8.5098 1.113 10.000 12.6908 1.146 18.174 0.1335 0.1597 9.066 0.0666 0.0856
8.000 9.6008 1.118 11.000 14.3739 1.155 13.879 0.1019 0.1247 7.427 0.0546 0.0724
9.000 11.1013 1.131 12.000 16.1412 1.165 11.404 0.0838 0.1050 6.909 0.0507 0.0696

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.

Table 8. Solubility of CaSO4 (1) as Hemihydrate in HCI (2) + CaCl; (3) + H20 (4) (Equilibration Time: 1 h)

solution parameters

solubility as CaSOy in different units

M3 ma ms Ps M3 ma

ms

Ps C1 M, my C1 M, mi

mol-dm~3¢ mol'kg™! mol-kg™! g:em™3? mol-dm=3¢ mol-kg™? molkg™! grem™3? g:dm™3 mol:dm™3 mol-kg™! g-dm™3 mol-dm~3 mol-kg!

T =333 K, HCl = 6 M, Solid: f-Hemihydrate

0.050 6.8483  0.0571 1.099 1.500 7.2666  1.8167 1.193 21.833 0.1607 0.1874 1.392  0.0102 0.0126
0.100 6.8608  0.1143 1.105 2.000 7.4390  2.4797 1.231 19.700 0.1450 0.1687 0.861  0.0063 0.0079
0.250 6.9018  0.2876 1.110 2.500 7.6293  3.1789 1.264 13.191 0.0971 0.1136  0.546  0.0040 0.0051
0.500 6.9688  0.5807 1.126 3.000 7.8356  3.9178 1.292 7.196 0.0530 0.0624 0.494 0.0036 0.0048
1.000 7.1108  1.1851 1.157 3.500 8.0534  4.6978 1.334 2.719  0.0200 0.0241  0.407  0.0030 0.0040
T =353 K, HC1 = 3 M,* Solid: -Hemihydrate
0.050 3.1902  0.0532 1.064 1.500 3.3509  1.6754 1.153 42.85 0.3154 0.3463  5.82 0.0428 0.0488
0.100 3.1953  0.1065 1.065 2.000 3.4152  2.2768 1.183 40.54 0.2984 0.3286  3.44 0.0254 0.0295
0.250 3.2107 0.2676 1.074 2.500 3.4866  2.9055 1.221 32.71 0.2408 0.2651 1.96 0.0144 0.0171
0.500 3.2370  0.5395 1.082 3.000 3.5651  3.5651 1.253 22.97 0.1691 0.1880 1.34 0.0099 0.0120
1.000 3.2918  1.0973 1.117 3.500 3.6524  4.2612 1.295 11.10 0.0817 0.0917 1.01 0.0074 0.0092

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.

Table 9. XRD Characterization of the Equilibrated
Solids (Starting Material is Hemihydrate)

T M equilibration ¢

L equilibrated
K mol-dm~3 h solid phase(s)®

298 8-—-12 (HCD) 1 HH

323 7—-12 (HCI) 1 HH

353 1-7 (HCD 1 AH

333 0.0—3 (CaCly) 1 HH + DH
3.5 (CaCly) 1 HH

353 0.0—2 (CaCly) 1 HH + DH
2.5—3.5 (CaCly) 1 HH

333 3 (HCI) + 0.0—2 (CaCly) 1 HH + DH
3 (HCI) + 2—3.5 (CaCly) 1 HH

353 3 (HCI) + 0.05—0.1 (CaCly) 1 HH + trace DH
3 (HCI + 0.25—-3.5 (CaCly) 1 HH

333 6 (HCl) + 0.0—3.5 (CaCly) 1 HH

@ DH, CaSO4-2H20; HH, CaSO4-1/2H20; AH, CaSO4.

at 333 K and 353 K. Once again the apparent common ion
effect causes the solubility to decline sharply with increas-
ing concentration of CaCly. The XRD analysis of the
equilibrated solids for this system is summarized in Table
9. It can be observed that the presence of CaCly in HCI
suppressed the transformation of hemihydrate to anhy-
drite, hence making possible the determination of its
solubility by this isothermal dissolution method. The
solubility data reported in Tables 7 and 8 refer to HH as
equilibrated phase only. The SEM micrographs of Figure
10, panels a and b, indicate that the o- and f-calcium
sulfate hemihydrate remained unaltered in concentrated
9 mol-dm~3 HCI solutions at 298 K (for 1 h) while hemi-

e e n i \ L4

Figure 10. SEM images of equilibrated solids (the starting
material is a- or f-hemihydrate): (a) solids (a-hemihydrate) in 9
mol-dm~3 HCI at 298 K after 1 h; (b) solids (8-hemihydrate) in 9
mol-dm~3 HCI at 298 K after 1 h; (c) solids in 6 mol-dm~3 HCI at
353 K after 1 h; (d) solids in 0.1 mol-dm 2 CaCly—6 mol-dm~—3 HC1
solution at 333 K after 1 h.

hydrate in 6 mol-dm=3 HCl at 353 K was converted to
anhydrite (within the 1 h equilibration time once more).
As it can be deduced from Figure 10c, however, when CaCl,
is present in 6 mol-dm~—3 HCI solution that hemihydrate
remains unaltered (within the 1 h period) (compare Figure
10, panels a and b). The stability effect of CaCl; on HH is
explored elsewhere for the elaboration of a method to
produce the high value material a-hemihydrate.®
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Table 10. Solubility of CaSO4 (1) as Anhydrite in HCI (2) + H20 (3) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M, ma Ps M ma Ps Cy M, my Cq M, m
mol‘dm™3¢ mol'’kg™! gem 3% mol'dm™3¢ mol'kg™? grem™3? g:dm™3 mol-dm™® molkg™? g:dm™3 mol-dm™3 mol-kg!

T=298K
0.200 0.2014 1.008 3.000 3.1956 1.064 8.723 0.0641 0.0646 19.740 0.1450 0.1550
0.500 0.5063 1.018 3.500 3.7693 1.072 13.663 0.1003 0.1018 18.578 0.1365 0.1474
0.800 0.8147 1.025 4.000 4.3559 1.077 16.647 0.1223 0.1247 16.791 0.1233 0.1347
1.000 1.0223 1.031 4.500 4.9562 1.083 18.534 0.1361 0.1395 15.198 0.1116 0.1233
1.200 1.2315 1.034 5.000 5.5710 1.090 19.685 0.1446 0.1488 12.987 0.0954 0.1066
1.500 1.5487 1.041 5.500 6.2017 1.095 20.406 0.1499 0.1552 11.563 0.0849 0.0961
2.000 2.0859 1.049 6.000 6.8478 1.103 20.997 0.1542 0.1614 9.953 0.0731 0.0836
2.500 2.6348 1.057 20.844 0.1531 0.1620

T=313K
0.200 0.2014 1.003 3.000 3.1956 1.060 7.623 0.0560 0.0566 20.956 0.1539 0.1654
0.500 0.5063 1.012 3.500 3.7693 1.067 12.942 0.0951 0.0969 19.944 0.1465 0.1591
0.800 0.8147 1.021 4.000 4.3559 1.073 16.326 0.1199 0.1229 18.184 0.1336 0.1467
1.000 1.0223 1.025 4.500 4.9562 1.078 18.914 0.1389 0.1431 16.608 0.1220 0.1356
1.200 1.2315 1.030 5.000 5.5710 1.084 19.638 0.1442 0.1492 14.712 0.1081 0.1215
1.500 1.5487 1.036 5.500 6.2017 1.091 20.834 0.1530 0.1592 12.810 0.0941 0.1070
2.000 2.0859 1.045 6.000 6.8478 1.098 21.645 0.1590 0.1671 11.217 0.0824 0.0948
2.500 2.6348 1.053 21.546 0.1583 0.1681

T=333K
0.200 0.2014 0.994 3.000 3.1956 1.054 7.594 0.0558 0.0569 23.245 0.1707 0.1849
0.500 0.5063 1.003 3.500 3.7693 1.059 13.085 0.0961 0.0988 22.039 0.1619 0.1775
0.800 0.8147 1.013 4.000 4.3559 1.065 16.869 0.1239 0.1280 20.314 0.1492 0.1655
1.000 1.0223 1.019 4.500 4.9562 1.072 18.860 0.1385 0.1437 18.333 0.1347 0.1508
1.200 1.2315 1.022 5.000 5.5710 1.077 20.096 0.1476 0.1539 17.043 0.1252 0.1420
1.500 1.5487 1.028 5.500 6.2017 1.084 21.574 0.1585 0.1663 14.994 0.1101 0.1263
2.000 2.0859 1.038 6.000 6.8478 1.089 23.164 0.1701 0.1804 13.584 0.0998 0.1159
2.500 2.6348 1.046 23.739 0.1744 0.1869

T=353K
0.200 0.2014 0.985 3.000 3.1956 1.045 7.319 0.0538 0.0554 25.120 0.1845 0.2019
0.500 0.5063 0.994 3.500 3.7693 1.051 13.392 0.0984 0.1021 23.959 0.1760 0.1949
0.800 0.8147 1.003 4.000 4.3559 1.057 17.280 0.1269 0.1325 22.692 0.1667 0.1867
1.000 1.0223 1.008 4.500 4.9562 1.064 19.458 0.1429 0.1500 20.935 0.1538 0.1740
1.200 1.2315 1.013 5.000 5.5710 1.071 20.972 0.1540 0.1621 19.169 0.1408 0.1610
1.500 1.5487 1.018 5.500 6.2017 1.075 22.636 0.1663 0.1764 17.848 0.1311 0.1520
2.000 2.0859 1.028 6.000 6.8478 1.081 24.529 0.1802 0.1931 15.636 0.1148 0.1347
2.500 2.6348 1.037 25.389 0.1865 0.2019

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.
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Figure 11. Solubility of calcium sulfate anhydrite in hydrochloric
acid solutions: W, 298 K; @, 313 K; A, 333 K; O, 353 K; 0O,
Kruchenko et al.19 at 298 K.

Solubility of CaSO,in HCI Solutions. Solubilities of
calcium sulfate anhydrite in pure hydrochloric acid solu-
tions were determined at (298, 313, 333, and 353) K. The
investigated concentration of acid is from (0.0 to 6) mol-dm—3
at room temperature. The experimental results are pre-
sented in Table 10 and graphically in Figure 11.

It can be deduced by comparing Figure 11 to Figure 2
that the solubility of anhydrite in HCI aqueous solutions
possesses similar features as dihydrate. The solubility of

anhydrite increases with increasing the HCI concentration
in the range of (0.0 to 3.0) mol-kg=3. After passing a
maximum, the solubility decreases sharply with further
increasing HCI concentration. In reference to temperature,
the solubility increases systematically as the temperature
increases from (298 to 353) K. The solubility of anhydrite
in HCI solutions at 25 °C was compared with experimental
data from ref 19 as shown in Figure 11. The present
experimental data is in good agreement with early mea-
surements.

Solubility of CaSO, in CaCl; Solutions. The gener-
ated solubility data are tabulated in Table 11 and plotted
in Figure 12.

The solubility curves in Figure 12 illustrate that the
solubility of calcium sulfate anhydrite sharply decreases
with the addition of CaCly due to common ion effect. In
contrast to the behavior of calcium sulfate dihydrate, the
solubility of anhydrite in calcium chloride decreases with
increasing temperature investigated. Interestingly, the
anhydrite solubilities at the three temperatures approach
a constant value at high CaCl; concentration.

Solubility of CaSO, in Mixed HCl + CaCl; Solu-
tions. The solubility of calcium sulfate anhydrite in mixed
HCI1 (3 and 6) mol-dm—3 + CaCl, solutions was obtained
over the temperature range from (298 to 353) K. The
determined experimental data are presented in Tables 12
and 13. The same data is shown also graphically in Figure
13.
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Table 11. Solubility of CaSO4 (1) as Anhydrite in CaCl; (2) + H20 (3) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M, mg Ps M, mg Ps C1 M, my Cy M, my
mol'dm™3¢ mol'kg™? grem™3® mol'dm™3¢ mol'kg™! gem™3? g:dm™3 mol'dm™3 molkg! g:dm™® mol-dm™3 mol-kg!
T=298K
0.050 0.0502 1.004 1.500 1.5620 1.126 2.149 0.0158 0.0158 0.892 0.0066 0.0068
0.100 0.1005 1.008 2.000 2.1148 1.165 2.033 0.0149 0.0150 0.574 0.0042 0.0045
0.250 0.2521 1.022 2.500 2.6879 1.205 1.858 0.0136 0.0137 0.338 0.0025 0.0027
0.500 0.5070 1.043 3.000 3.2841 1.243 1.663 0.0122 0.0124 0.188 0.0014 0.0015
1.000 1.0269 1.085 3.500 3.9067 1.281 1.298 0.0095 0.0098 0.110 0.0008 0.0009
T=323K
0.050 0.0502 0.993 1.500 1.5620 1.116 1.469 0.0108 0.0109 0.712 0.0052 0.0055
0.100 0.1005 0.998 2.000 2.1148 1.154 1.391 0.0102 0.0104 0.479 0.0035 0.0038
0.250 0.2521 1.012 2.500 2.6879 1.193 1.301 0.0096 0.0097 0.303 0.0022 0.0024
0.500 0.5070 1.033 3.000 3.2841 1.232 1.224 0.0090 0.0092 0.184 0.0013 0.0015
1.000 1.0269 1.074 3.500 3.9067 1.271 0.979 0.0072 0.0075 0.104 0.0008 0.0009
T=353K
0.050 0.0502 0.977 1.500 1.5620 1.099 0.755 0.0055 0.0057 0.507 0.0037 0.0040
0.100 0.1005 0.982 2.000 2.1148 1.139 0.756 0.0056 0.0057 0.369 0.0027 0.0029
0.250 0.2521 0.995 2.500 2.6879 1.177 0.754 0.0055 0.0057 0.248 0.0018 0.0020
0.500 0.5070 1.017 3.000 3.2841 1.216 0.761 0.0056 0.0058 0.173 0.0013 0.0014
1.000 1.0269 1.060 3.500 3.9067 1.254 0.665 0.0049 0.0051 0.107 0.0008 0.0009

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.
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Figure 12. Solubility of calcium sulfate anhydrite in aqueous
calcium chloride solutions: W, 298 K; @, 323 K; a, 353 K.
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Figure 13. Solubility of calcium sulfate anhydrite in HCI + CaCl,
mixed electrolyte solutions (solid points, 6 mol-dm~3; empty points,
3 mol-dm~3): W, 0, 298 K; @, O, 323 K; A, A, 353 K.

It can be seen in Figure 13 that the solubility of
anhydrite in both acidic concentrations slightly increases
with increasing temperature. The addition of calcium
chloride in saturated solution leads the solubility to
decrease more sharply in 6 mol-dm—2 HCI concentration
than in 3 mol-dm—3 HCI, suggesting that HCI lowers water
activity and results in decreasing solubility. The XRD
analysis of equilibrated solids showed that there was no
phase transformation of anhydrite in the course of 5 h
equilibration at the three temperatures investigated.

Thermodynamic Interpretation

The observed behavior of CaSO, solubility in the current
study may be explained by considering the various equi-
libria, such as solid—liquid and chemical solution (specia-
tion), involved in the system. The solubility equilibrium
for CaSOy4 solids in electrolyte aqueous solutions is ex-
pressed as follows:24

CaS0,-nH,0 < Ca*" + 80> + nH,0 1)

where n is 2, 0.5, or 0 corresponding to DH, HH, and AH,
respectively. The thermodynamic solubility product for
gypsum is given by

— 2 _
K= QCaz+30,2-0H,0 =

(mCa2+VCa2+)(mso42*ySO42*)a%{zo (2)

where mca2t and mgo,2- are the molal concentrations of
cation Ca?" and anion SO42~ in solution. yc.2+ and yso2
are the ion activity coefficients, and ap,o is the activity of
water in solution. In contrast to the solubility in pure
water, the solubility of gypsum in acidic HCI solution is
complicated because of the bisulfate (HSO, ™) ion formation.
The dissociation equilibrium is expressed as

HSO,” <= H" +80,* (3)

The thermodynamic equilibrium constant of reaction 3 is
described as

(Mg yp)mgo 2-Vso,2-)
K, = (4)
Mygo,-VHSO,-

where K,, the second dissociation constant of HySOy4, has
been investigated by numerous authors,?>=27 and muso,
and ynso,~ are the molal concentration and activity coef-
ficient of the HSO,™ ion.

In the system CaSO4-2H20(s) + HCI + Hy0, the solubil-
ity of gypsum (s) is expressed by the molal concentration
of Ca2%" ion or the summation of all the sulfur-bearing
species:

§ = Mcg2r = Mg T Mpgo,- ®)
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Table 12. Solubility of CaSO4 (1) as Anhydrite in 3 mol'dm—3 HCI (2) + CaCl; (3) + H20 (4) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M; me ms Ps M3 ms ms Ps Ci My mi Ci M mi
mol-dm=3¢ mol-kg™! mol-kg™? grem 3% mol-dm=3¢ mol-kg™? mol-kg™' grem3? g:dm= mol-dm—3 mol-kg™! g-dm= mol-dm—3 mol-kg!
T=298 K
0.050 3.2002 0.0533  1.066 1.500 3.3523 1.6762 1.169 17.357 0.1275  0.1364 0.811  0.0060  0.0067
0.100 3.2048 0.1068 1.067 2.000 3.4161 2.2774 1.209 14.398 0.1058 0.1133  0.429 0.0031 0.0036
0.250 3.2184 0.2682 1.076 2.500 3.4872 2.9060 1.247 9.188 0.0675 0.0726  0.206 0.0015 0.0018
0.500 3.2425 0.5404  1.093 3.000 3.5655 3.5655 1286 5244 0.0385  0.0417 0.120  0.0009  0.0010
1.000 3.2945 1.0982 1.131 3.500 3.6527 4.2615 1.319 1.996 0.0147 0.0161  0.067 0.0005 0.0006
T=323K
0.050 3.2002 0.0533 1.057 1.500 3.3523 1.6762 1.157 19.973 0.1467 0.1588 1.221 0.0090 0.0102
0.100 3.2048 0.1068  1.060 2.000 3.4161 22774 1.196 17.124 0.1258  0.1361 0.648  0.0048  0.0055
0.250 3.2184 0.2682 1.067 2.500 3.4872 2.9060 1.234 11.175 0.0821 0.0891 0.323 0.0024 0.0028
0.500 3.2425 0.5404 1.083 3.000 3.5655 3.5655 1.271 6.348  0.0466 0.0510 0.196 0.0014 0.0017
1.000 3.2945  1.0982  1.120 3.500 3.6527 42615 1305 2646 0.0194 0.0216 0.118 0.0009  0.0011
T=353K
0.050 3.2002  0.0533  1.046 1.500 3.3523 1.6762 1.143 23.663 0.1738  0.1908 1.819 0.0134  0.0153
0.100 3.2048 0.1068 1.047 2.000 3.4161 2.2774 1.179 20.168 0.1481 0.1628  1.037 0.0076 0.0089
0.250 3.2184 0.2682  1.055 2.500 3.4872 29060 1.216 14.020 0.1030  0.1134 0.594 0.0044  0.0052
0.500 3.2425 0.5404 1.071 3.000 3.5655 3.5655  1.253  8.381 0.0616  0.0683 0.361  0.0027  0.0032
1.000 3.2945 1.0982 1.105 3.500 3.6527 4.2615 1.287 3.621  0.0266 0.0300  0.266 0.0020 0.0024

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ®* Experimental density of saturated solutions.

Table 13. Solubility of CaSO4 (1) as Anhydrite in 6 mol-dm—2 HCI (2) + CaCl; (3) + H20 (4) (Equilibration Time: 5 h)

solution parameters

solubility as CaSOy in different units

M; msa mg Ps M; msg ms3 Ps Ci M, my Cy M, my
mol-dm~3¢ mol'kg™! mol-kg™! g:em™3? mol-dm=3¢ mol-kg™! mol-kg™! grem™3? g:dm™3 mol:dm™ mol-kg™! g:dm™3 mol-dm~3 mol-kg!
T=298 K
0.050 6.8599 0.0572 1.103 1.500 7.2674 1.8169 1.212 7.863 0.0578 0.0663 0.154 0.0011 0.0014
0.100 6.8713  0.1145  1.106 2.000 7.4396 24799  1.249 6.966 0.0512  0.0588 0.086 0.0006  0.0008
0.250 6.9089 0.2879  1.116 2.500 7.6297  3.1790  1.286 2.635 0.0194  0.0223 0.050 0.0004  0.0005
0.500 6.9727 0.5811 1.133 3.000 7.8360 3.9180 1.318 1.092  0.0080 0.0093 0.035 0.0003 0.0003
1.000 7.1124  1.1854  1.174 3.500 8.0537 4.6980  1.353 0.372  0.0027  0.0032 0.029  0.0002 0.0003
T=323K
0.050 6.8599  0.0572  1.094 1.500 7.2674 1.8169  1.197 10.228 0.0751  0.0871 0.281  0.0021 0.0025
0.100 6.8713 0.1145 1.097 2.000 7.4396 2.4799 1.236 8.460 0.0621 0.0721 0.165 0.0012 0.0015
0.250 6.9089  0.2879  1.105 2.500 7.6297  3.1790 1.271 4.214 0.0310 0.0361 0.114 0.0008  0.0011
0.500 6.9727  0.5811  1.125 3.000 7.8360 3.9180  1.302 1.900 0.0140 0.0164 0.085 0.0006  0.0008
1.000 7.1124 1.1854 1.164 3.500 8.0537 4.6980 1.336 0.601 0.0044 0.0053 0.076 0.0006 0.0008
T=353K
0.050 6.8599 0.0572 1.081 1.000 7.1124 1.1854 1.147 13.710 0.1007 0.1185 1.245 0.0091 0.0111
0.100 6.8713  0.1145  1.084 1.500 7.2674 1.8169  1.181 11.426 0.0839  0.0988 0.638  0.0047 0.0058
0.250 6.9089 0.2879 1.090 2.000 7.4396 2.4799 1.216 6.636  0.0487 0.0577 0415 0.0031 0.0039
0.500 6.9727 0.5811 1.107 2.500 7.6297 3.1790 1.251 3.125  0.0230 0.0274  0.282 0.0021 0.0027

@ Initial concentration of solutions prepared at room temperature without calcium sulfate. ® Experimental density of saturated solutions.

Substituting eqs 2 and 4 into eq 5 yields the following
relationship:

K _\v
. 1 [ sp)”( 1

1 Vm v
O‘Hzo\VCaz+ V50,2~

My (6)
K, VHSO,- "

Equation 6 indicates qualitatively that the solubility of
gypsum increases with increasing acid concentration at the
range of less than 3 M HCI as shown in Figure 2. At this
range the formation of bisulfate apparently contributes to
the solubility increase. In the concentrated acid (> 3
mol-dm~3) solutions, however, the opposite effect on the
solubility of gypsum has been observed since apparently
the activity of water and ion activity coefficients become
to have more influence on the solubility.

Similarly, the effect of calcium chloride in the system
CaS04-2H,0(s) + HCI + CaCl;y + Hs0O may be qualitatively
explained by referring to eq 7:

Ko (1 1muye 1
yCaz+a%{20\Vso42— K5 Yuso,- }m0a2+

s =

(7

It can be seen in eq 7 that at fixed HCI concentration the
solubility of gypsum decreases consistently with the con-
centration of calcium chloride, such as shown in Figure 5.
A comprehensive thermodynamic model developed and
described elsewhere?® provides quantitative explanation for
the obtained solubility behavior.

Conclusions

The solubility of calcium sulfate dihydrate, hemihydrate,
and anhydrite in HCl and CaCls or their mixed electrolyte
solutions has been measured for a wide range of conditions
up to 12 mol-dm~—3 HCI, 3 mol-dm~—2 CaCls,, and (283 to 353)
K. The solubility of all calcium sulfate modifications in
chloride solutions increases monotonically with increasing
systems temperature except for AH in CaCl; solutions. The
solubility of dihydrate or anhydrite in HCI solution in-
creases with the acid concentration up to around (2.5 to
3.0) mol-dm—3 HCI. It decreases gradually above this value.
The solubility of calcium sulfate hemihydrate in HCI
solution with more than 8 mol-dm2 concentration de-
creases with increasing acid concentration, and both a- or
f-hemihydrate forms have close solubility values. The
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addition of CaCl; in acid solution makes the solubility of
all CaSO, modifications to decrease sharply due to the
common ion effect. The behavior of solubility of calcium
sulfate was partially explained by thermodynamic inter-
pretation considering the various equilibria in solutions.
The formation of the HSO, ion in acidic solution was
thought to be responsible for the solubility increase. XRD
results and SEM micrographs indicate that the gypsum
and hemihydrate crystals are unstable at elevated tem-
peratures and high HCI concentration converting to anhy-
drite within a short period of time (< 5 h). The presence of
CaCl; was found to suppress this transformation of hemi-
hydrate to anhydrite.
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