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Effect of Ethylene Glycol and Its Derivatives on the Solubility Behavior of
CaS04+2H,0 in the Aqueous NaCl System and Physicochemical Solution

Properties at 35 °C
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The effect of addition of ethylene glycol (EG), ethylene glycol monomethyl ether (EGMME), and ethylene
glycol dimethyl ether (EGDME) on the solubility behavior of CaSO,*2H,0 in agueous NaCl solutions has
been examined at 35 °C. Addition of EG/EG derivatives reduced the solubility of CaSO,+2H,0 in general.
Replacement of the hydroxyl group of EG by the methoxy group decreased the solubility of CaSO,-2H,0
in the order: EGDME > EGMME > EG. We also measured precise density (p) and speed of sound (u) data
for the quaternary systems CaSO,-2H,0 + NaCl + H,O + EG/EG derivatives at 35 °C. Measurements of
speed of sound and density have been used to determine the solution isentropic compressibility («s). Empirical
equations describing the solubility, density, speed of sound, and isentropic compressibility in these systems

are presented.

I ntroduction

Accurate and reliable data on solubility and physicochemical
solution properties of agueous multicomponent electrolyte
systems are necessary for many industrial processes. Such
studies are important for understanding ionic equilibria and
ion—solvent and ion—ion interactions in natural waters.>? We
are continuing our research program on agueous electrolyte
solutions saturated with CaSO,- 2H,0, which is a predominant
sparingly soluble electrolyte present in seawater and industrial
water systems. It precipitates and forms scale once its saturation
limit exceeds a certain threshold limit. Therefore, it is quite
important to have accurate data on solubility and other physical
properties of systems where CaSO,-2H,0 is an important
constituent. In the past alot of research work has been done on
the solubility related problems of agueous sodium chloride
systems saturated with gypsum.®~® Research papers of Daniela
and Wolfgang and Raju and Atkinson provide a detailed review
of the crystalization, phase stability, and solubility of
CaS0O,- 2H,0 in aqueous solution as well asin agueous solutions
of different electrolytes.”® Recently we studied a number of
physicochemical properties for the ternary systems
(CaS0,:2H,0 + NaCl + H,O and CaSO,2H,0 + CaCl, +
H,0) and quaternary systems (CaSO,+2H,0 + NaCl + CaCl,
+ H,0 and CaS0,-2H,0 + NaCl + MgCl, + H,0) and have
also examined the effect of pH on the solubility of CaSO,-2H,0
in the system CaSO,:2H,0 + NaCl + H,0.°

In continuation of the ongoing research work herein we have
investigated the effect of organic solvents (ethylene glycol and
its derivatives) on the solubility behavior of CaSO,-2H,0 in
brines. The investigations on the solubility of inorganic salts
and solution properties in mixed water—organic solvent are
useful in drowning out precipitation of soluble salts at ambient
temperature and obtaining crystals of high purity, desired size,
and morphology.*>*° Ethylene glycol (EG) and its derivates
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are widely used as solvents and solubilizing agents in many
industrial applications.?®~2* EG/EG derivatives can be very
effective antisolvents for crystalization of salts from aqueous
solutions because of their tendency to bind the water through
intermolecular hydrogen bonding.?*~2® There are hardly any
investigations on the effect ethylene glycol and its derivatives
on the solubility behavior of CaSO,4-2H,0 in brines in the
literature.?” Therefore, the aim of the present work isto provide
accurate solubility data of gypsum and to provide solution
physical properties as an aid toward the assessment of the
potential drowning out precipitation using ethylene glycol and
its derivatives as a separation technique.

Experimental Section

CaS0,-2H,0 and NaCl (> 99.5 % by mol) obtained from
SD Fine Chemicals (Bombay) were used after drying in an
oven at 70 °C without further purification. Ethylene glycol
(> 99 % by mol) and ethylene glycol monomethyl ether
(> 99.5 % by mol) were obtained from Merck KGaA,
Germany. Ethylene glycol dimethyl ether (> 99 mol % by
mol) was procured from Merck-Schuchardt. All of the organic
liguids were used after drying over the 0.4 nm molecular
sieves and under vacuum at ambient conditions. Solutions
were prepared by weight, using an analytical balance with a
precision of + 0.0001 g (Denver Instrument APX-200) in
Millipore grade water. Stock solutions were prepared by
adding oven-dried NaCl to the agueous sol utions containing
fixed amounts of organic solvent. A range of solutions of
different NaCl concentrations saturated with CaSO,+2H,0
were then prepared by diluting the stock solutions of sodium
chloride with an agueous solution of organic solvents and
adding excess CaSO,+2H,0. The resulting solutions were
stirred in a thermostatically controlled water bath. After the
solutions were stirred with an electrical paddle for about 24 h,
liquid samples were withdrawn periodically and analyzed for
different ions as described elsewhere.® In brief, Ca?* and Cl~
concentrations were determined volumetrically using standard
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Table 1. Molal Solubilities of CaSO,4-2H,0 in Aqueous—Organic Solvent—NaCl Solutions, Solution Density p, and Speed of Sound u at 35 °C

NaCl CaS0, o u NaCl CaS0, 0 u
mol -kg~* mol -kg ! kg-m™3 mest mol -kg~* mol -kg ! kg-m=3 mest
EG 5% EG 10 %
0 0.0106 1002.4 1541.7 0 0.0101 1011.7 1566.0
0.4871 0.0301 1019.4 1564.8 0.2925 0.0218 1025.7 1583.1
0.8287 0.0380 1032.4 1585.3 0.7800 0.0326 1043.4 1607.8
1.3651 0.0437 1051.7 1610.8 1.2675 0.0393 1059.6 1628.7
1.7053 0.0467 1067.2 1630.6 1.7538 0.0437 1075.5 1649.8
2.1077 0.0499 1082.3 1652.0 2.2410 0.0461 1090.2 1670.5
2.4376 0.0507 1095.1 1670.3 2.7778 0.0474 1106.6 1693.1
2.9299 0.0505 1109.7 1693.1 3.2154 0.0475 1122.5 1713.8
3.3077 0.0496 1124.7 1709.7 3.7026 0.0461 1137.4 1736.6
3.7812 0.0481 1139.3 1729.5 4.1915 0.0442 1154.0 1754.7
3.9709 0.0472 1146.0 1737.9 4.6786 0.0418 1168.2 1773.2
EG 15 % EGMME 5%
0 0.0087 1020.0 1581.1 0 0.0101 996.2 1542.1
0.3897 0.0226 1033.6 1597.5 0.4431 0.0231 1013.8 1566.4
0.8769 0.0331 1050.3 1623.4 0.8369 0.0325 1029.4 1590.6
1.3641 0.0387 1066.2 1645.0 1.3294 0.0388 1046.3 1610.8
1.8513 0.0431 1080.8 1664.7 1.7231 0.0424 1061.5 1632.2
2.3402 0.0445 1097.2 1687.2 2.2154 0.0449 1076.9 1654.3
2.8274 0.0456 1112.4 1707.0 2.6581 0.0459 1091.5 1674.0
3.3145 0.0449 1126.3 1725.6 3.0769 0.0458 1106.1 1693.8
3.8017 0.0443 1140.1 1743.8 3.2479 0.0453 1111.8 1703.4
4.2906 0.0426 1156.3 1764.5 3.4465 0.0445 1117.6 1714.8
4.7692 0.0411 1170.0 1781.9 4.1846 0.0418 1142.5 1747.1
EGMME 10 % EGMME 15 %
0 0.0096 996.5 1570.5 0 0.0093 997.9 1588.9
0.2420 0.0156 1007.9 1584.2 0.4185 0.0176 1011.8 1607.8
0.4431 0.0216 1014.1 1595.5 0.9350 0.0251 1030.2 1632.3
1.0338 0.0301 1034.4 1624.1 1.4034 0.0301 1044.9 1650.0
1.6248 0.0350 1053.7 1647.8 1.8462 0.0326 1056.3 1666.9
2.2085 0.0379 1072.2 1675.4 2.3128 0.0350 10719 1687.2
2.7573 0.0384 1092.5 1699.1 2.8803 0.0358 1091.7 1711.6
3.2000 0.0379 1107.2 1718.3 3.5692 0.0352 1114.6 1739.3
3.6427 0.0368 1122.1 1738.6 3.8393 0.0348 1122.7 1751.2
4.0376 0.0354 11334 1756.3 4.3077 0.0330 1138.8 1768.7
4.4803 0.0338 1148.5 1773.7 4.6034 0.0320 1144.4 17775
EGDME 5 % EGDME 10 %
0 0.0083 993.2 1541.6 0 0.0092 993.2 1567.4
0.4586 0.0224 1012.7 1566.9 0.3379 0.0185 1007.9 1585.6
0.8932 0.0301 1028.9 1591.6 0.8208 0.0255 1024.9 1608.3
1.3279 0.0375 1043.7 1610.4 1.3038 0.0305 1042.4 1629.2
1.8103 0.0403 1062.6 1636.6 1.7863 0.0337 1059.3 1652.1
2.2684 0.0433 1077.1 1656.1 2.2684 0.0353 1075.8 1674.4
2.6547 0.0442 1092.2 1674.8 2.7521 0.0356 1091.9 1694.8
3.2581 0.0441 1112.9 1700.1 3.3880 0.0357 1113.6 1719.9
3.5966 0.0437 11238 1717.7 3.7179 0.0349 1123.8 17317
4.1607 0.0422 1142.4 1740.5 4.2000 0.0342 1139.1 1752.3
4.5624 0.0410 1154.4 1756.0 4.6838 0.0327 1153.8 17715
EGDME 15 %
0 0.0088 989.34 1577.3 2.8769 0.0320 1089.5 1703.8
0.6940 0.0169 1014.2 1606.3 3.3231 0.0329 1104.8 1720.9
1.0615 0.0209 1027.7 1623.5 3.8684 0.0325 1124.7 1743.7
1.5863 0.0256 1046.5 1648.5 4.0667 0.0323 1130.7 1745.0
2.0820 0.0287 1060.8 1669.7 4.8103 0.0311 1154.3 1776.2
2.3299 0.0300 1071.2 1681.4

ethylenediaminetetraacetic acid (EDTA) and AgNOs solu-
tions, respectively. The SO,2~ concentration was determined
gravimetrically using barium chloride as a precipitating agent.

The density (p) of the solutions was measured with an
Anton Paar (model DMA 4500) vibrating-tube densimeter
with aresolution of 5:1072 kg-m~2 at 35 °C. The densimeter
was calibrated with doubly distilled and degassed water, with
dry air at atmospheric pressure, and also against the densities
of NaCl(aq),?® with an accuracy of 0.01 %. The temperature
of the apparatus was controlled to within 4+ 0.03 K by a built-
in peltier device. The reproducibility of the results was
confirmed by performing at least three measurements for each
sample.

The speed of sound (u) in the salt solutions was measured at
51 600 Hz using a concentration analyzer (model 87, SCM
Laboratory Sonic composition monitor) based on the sing-
around technique® at 35 °C with a single transducer cell,
immersed in awater bath with temperature controlled to + 0.01
°C. The analyzer was calibrated by measurements of speeds of
sound in water as a reference, and the error was estimated to
be less than + 0.1 m-s1.?° Measurements were carried out in
aspecialy designed samplejar of low volume capacity. Sample
jars were provided with an airtight Teflon covering to keep the
samples moisture free during measurements. To check the
reproducibility of the results, not less than three experiments
were performed for each concentration.
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Table 2. Parameters A; and Standard Deviations ¢ of Equation 1
for the System CaSO,-2H,0 + NaCl + MgCl, at 35 °C

organic
solvent Ao Ay A, A o
Solubility/mol -kg*
EG 5% 0.0119 0.0397 —0.0131 0.0014 0.0014
EG 10 % 0.0116 0.0322 —0.0091 0.0008 0.0010
EG 15 % 0.0099 0.0330 —0.0096 0.0009 0.0010
EGMME 5 % 0.0104 0.0325 —0.0093 0.0008 0.0005

EGMME 10 % 0.0101 0.0264 —0.0077 0.0007 0.0006
EGMME 15 % 0.0094 0.0212 —0.0052 0.0004 0.0002
EGDME 5 % 0.0089 0.0313 —0.0088 0.0008 0.0007
EGDME 10 % 0.0101 0.0235 —0.0068 0.0006 0.0007
EGDME 15 % 0.0086 0.0140 —0.0022 0.0006 0.0003

Density, p/kg-m~2

EG 5% 1003.0 36.5 19
EG 10 % 1016.0 329 19
EG 15 % 1022.3 313 14
EGMME 5 % 999.8 34.2 2.2
EGMME 10 %  999.1 333 16
EGMME 15 %  998.4 324 19
EGDME 5 % 996.7 35.2 19
EGDME 10 % 996.7 34.1 19
EGDME 15 % 990.5 34.4 11
Speed of Sound, u/m-s™*
EG 5% 1539.3 56.8 —-16 19
EG 10 % 1568.1 484 -10 17
EG 15 % 1580.8 48.1 -13 12
EGMME 5% 15439 519 —-0.8 2.0
EGMME 10 % 1572.6 48.3 -0.7 15
EGMME 15 % 1589.4 44.2 —-0.6 15
EGDME 5 % 1542.4 54.2 —-16 13
EGDME 10 % 1568.2 49.2 -13 11
EGDME 15 % 1575.4 48.0 -13 13
Isentropic Compressibility, 10%?+xg/Pat
EG 5% 420.9 —45.2 3.0 0.9
EG 10 % 400.6 —37.2 21 14
EG 15 % 391.7 —-35.1 20 0.9
EGMME 5 % 420.5 —43.0 27 13
EGMME 10 %  404.6 —36.8 1.8 13
EGMME 15 %  396.2 —34.0 1.7 11
EGDME 5 % 422.2 —43.7 2.8 11
EGDME 10 % 408.4 —38.8 23 1.0
EGDME 15 % 406.5 —374 21 0.5

Results and Discussion

Experimental results of solubility and solution properties
(dengty and speed of sound) of CaSO,+2H,0 in aqueous—organic
solvent—NaCl solutions at 35 °C are given in Table 1. The
composition dependence of CaSO,-2H,0 solubility and other
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Figure 1. Solubility of CaSO,-2H,0 in agueous NaCl solutions at 35 °C
having different concentrations of ethylene glycol (EG). Lines are a
polynomid fit to the experimental data.
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Figure 2. Solubility of CaSO,+2H,0 in aqueous NaCl solutions at 35 °C
having different concentrations of ethylene glycol monomethyl ether

(EGMME). Lines are a polynomial fit to the experimental data.
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Figure 3. Solubility of CaSO,-2H,0 in agueous NaCl solutions at 35 °C
having different concentrations of ethylene glycol dimethyl ether (EGDME).

Lines are a polynomial fit to the experimental data.
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Figure 4. Comparison of the solubility of CaSO,+2H,0 in agueous NaCl
solutions at 35 °C having similar concentrations of EG/EG derivatives. Lines

are a polynomia fit to the experimental data.

solution properties in NaCl + H,O + EG/EG derivatives
systems was correlated by means of a polynomial-type equation,

F(Q) = A, + A(mNaCl) + A,(m NaCl)® + Ay(m NaCl)®
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Figure 5. Density of aqueous NaCl solutions saturated with CaSO,4-2H,0
having different concentrations of ethylene glycol (EG) at 35 °C. Lines are
a linear fit to the experimental data.
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Figure 6. Speed of sound in agueous NaCl solutions saturated with
CaS0,-2H,0 having different concentrations of ethylene glycol (EG) at
35 °C. Lines are a polynomia fit to the experimental data.

where Q represents a general measured property (solubility,
density, speed of sound) or derived function (isentropic com-
pressibility) and mis the concentration (mol -kg™*) of NaCl in
the solution. The values of the parameters A; were evaluated
by the method of |east-squares using the nonlinear method with
all points weighted equally. The parameters A, and standard
deviations o are given in Table 2. Variation in the solubility of
CaS0,* 2H,0 with the increasing amount of EG derivativesin
agueous- NaCl solutions is shown in Figures 1 to 3. All of the
organic solvents used show an antisolvent effect wherein the
solubility decreases with the increase in concentration of organic

component in all of the systems. Figure 4 shows a comparison
of change in solubility of CaSO,+2H,0 in different systems at
an equal concentration of organic solvent (5 % by weight). The
replacement of the hydroxy! group of EG by the methoxy group
decreased the solubility of CaSO,-2H,0 in the order: EGDME
> EGMME > EG. Comparatively stronger hydrogen bonding
between EGDME and water molecules® is responsible for the
lower solubility of CaSO,4-2H,0 in the NaCl + H,O + EGDME
system. A lesser decrease in solubility of CaSO,+2H,0 in the
NaCl + H,0 + EG system is due to the comparatively weaker
hydrogen bonding interactions between EG and water mol-
ecules®® because of the self-associated structure of EG. The
addition of organic solvent did not shift the solubility maximum
of CaS0,+2H,0.

Density (p) and speed of sound (u) values for the system
CaS0,:2H,0 + NaCl + H,O + EG/EG derivatives at 35 °C
as a function of NaCl concentration and at different organic
solvent concentrations are given in Table 1. The density
increases linearly with an increase in electrolyte concentration
in the solution. Addition of EG in the solution increased the
density of the solution, whereas EGMME or EGDME decreased
the solution density. A representative plot of density variation
as afunction of NaCl concentration in the system CaSO,-2H,0
+ NaCl + H,O + EG at 35 °C is shown in Figure 5. The speed
of sound is significantly higher in the systems containing organic
solvent when compared to the agueous salt system. This sharp
increase in speed of sound in the water-rich region is due to
changes in the water structure as a conseguence of interaction
between water and EG/EG derivatives.*® The speed of sound
increases monotonically with the increase in NaCl concentration
in the solution (Figure 6 shows the variation in speed of sound
as afunction of NaCl concentration in the system CaSO,+ 2H,0
+ NaCl + H,O + EG at 35 °C). The composition dependence
of density and speed of sound are well-fitted to eq 1. The
parameters A; and standard deviations o are given in Table 2.
Assuming negligible ultrasonic absorption under the experi-
mental conditions, we derived the solution isentropic compress-
ibility xs from the u and p values by using the Newton—Laplace
equation

kg =1 u?p (2

Figure 7a—c shows a comparison of ks of the CaSO,-2H,0 +
NaCl + H,O + EG/EG derivatives systems. The composition
dependence of «s is fitted to eq 1, and the parameters and
standard deviations are presented in Table 2. The addition of
EG/EG derivatives decreases the solution compressibility in
general. By increasing the concentration of EG/EGMME in the
solution from (5 to 10 and 10 to 15) % the magnitude of
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Figure 7. 1sentropic compressibility of agueous NaCl solutions saturated with CaSO,-2H,0 having (a) EG; (b) EGMME; and (c) EGDME at 35 °C. Lines

are a polynomial fit to the experimental data.
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decrease in compressibility is nearly the same; however, in the
system containing EGDME, the decrease in compressibility is
very small when going from (10 to 15) %. The increase in
electrolyte concentration also decreases the solution compress-
ibility significantly, which may be due to the weakening of
hydrogen bonding of bulk water, thereby making the solutions
more rigid.
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