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Formation of hard scale, predominantly calcium sulfate, is the limiting factor in the operation of multi-stage flash
(MSF) thermal desalination of seawater, restricting the top temperature and top brine concentration that can be
achieved. More accurate prediction of the solubility product of calcium sulfate hemihydrate, the scaling species
formed initially above 100 °C, under conditions found in MSF plants, would allow better control of MSF oper-
ations. In this report literature data for calcium sulfate solubility is analysed and the Pitzer model applied to
determine solubility product values at temperatures up to 148 °C and total dissolved solids concentration up to

99 g/L (equivalent to a concentration factor for Arabian Gulf seawater of 2.2). From these an analytical
expression is determined for predicting the supersaturation index (SI) under these conditions to simplify the task
of MSF plant operators, SI = 61.5891-0.4783 In(TDS) + 0.3223 (In(TDS))2-31.7890 In(T) + 3.7977 (In(T))?

1. Introduction

Thermal desalination of seawater has historically been the primary
source of potable water in the Gulf Cooperation Council (GCC) region
and the multi-stage flash (MSF) process still provides a large proportion
of water for domestic and industrial consumption in the GCC. The top
brine temperature (TBT) of the MSF process determines the extent of
recovery and energy efficiency: the higher the TBT, the more economical
the process. However, TBT is limited by the formation by inverse solu-
bility salts of intractable hard scale, of which calcium sulfate is the
dominant component [1-4]. If formation of this calcium sulfate scale
can be avoided, MSF can be operated at higher temperatures, giving
greater recovery and higher energy efficiency [5]. Calcium sulfate can
exist as one of three different hydrates. Gypsum (CaS04.2H50, density
= 2.32 g.cm™), is the form whose formation is thermodynamically
favourable below 100 °C, whereas calcium sulfate hemihydrate (CaSOj4.
1/2H,0, density = 2.74 g.cm™~>) or anhydrite (CaSOy, density = 2.96 g.
cm ) deposit at higher temperatures (Egs. (1) and (2)). While anhydrite
is the thermodynamically-favoured state above 100 °C, under most
desalination conditions its induction period is much longer than the
induction period of the hemihydrate [6].

1 3
CaS04.2H,0 3 CaSO4.§ H,0 +§ H,0 Fastat T=98 °C Eq. 1

CaSO4.% H,O +% H,0 5 CaSO,; +2H,0O SlowatT > 98°C Eq. 2

Whatever the species formed, the resulting calcium sulfate scales are
typically hard and adherent, making them difficult and costly to remove
[1,21.

The variation of solubility of calcium sulfate species with tempera-
ture has been studied by a number of investigators [3,7-13]. Due to the
relatively slow crystallization kinetics of the system, there are significant
uncertainties in the phase solubility diagram of CaSO4 [14,15], but the
general features of the system may be seen in Fig. 1. This figure displays
the solubility data summarized by Partridge and White between 0 and
150 °C [16].

It can be seen that the solubilities of all calcium sulfate polymorphs
decrease with increasing temperature except for gypsum (CaSO4-2H50)
below 42 °C. In thermal desalination processes, the most critical phase is
calcium sulfate hemihydrate, the kinetically-favoured product at all
temperatures on interest, rather the thermodynamically-favoured cal-
cium sulfate anhydrite or dihydrate, as the kinetics of its transition to the
thermodynamically-favoured form(s) are slow [15,17], with an activa-
tion energy of about 40 kJ/mol [18]. There is evidence that carboxylate
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additives, such as the polymeric antiscalants commonly employed in
thermal desalination, can retard this transition further [18-20].

MSF plants currently operate at a TBT under 120 °C to keep brine
solution under supersaturation with respect to calcium sulfate forma-
tion. Increase of TBT to 130 °C resulted in a 48 % increase in water
production [21], but in practice the temperature accessible for realistic
feed waters is limited by the solubility of calcium sulfate salts. Two
possible viable approaches exist for increasing TBT of thermal plants.
The first approach is to remove calcium, magnesium, bicarbonate and
sulfate ions from the raw seawater by pretreatment using a nano-
filtration membrane [22]. Another approach is development of scale
inhibitors that can operate effectively at 125-140 °C [23].

A hybrid desalination process using a combination of nanofiltration
pre-treatment with MSF (NF-MSF) and MED (NF-MED) to increase TBT
to 140 °C has been proposed by Hamed et al. [24]. Application of this
process requires knowledge of the thermodynamics of solubility product
K, for CaS04.1/2H,0, the first calcium sulfate to precipitate (Eq. (1)),
at different temperatures and total dissolved solids content (TDS). To
control operating conditions within the MSF and MED pilot plants at
WTIIRA, we initially used the extended Debye-Hiickel model to estimate
the activity coefficients of Ca%* and SOF~. The extended Debye-Hiickel
model is not appropriate above an ionic strength of 0.5 M, and desali-
nation brines are well above this level, so we have more recently applied
the Pitzer model by preference. Using this model, we have derived
semi-empirical polynomial expressions for the scaling limits as a func-
tion of brine temperature and total dissolved solids (TDS).

In (7503 ): Af" + 2myq (Bragso, +MciChayso,) + 4Mna M Byae + 2Myg MaiCract + Mat (20¢1-s0, + MyaPer-s0,-na)

2. Pitzer model for calcium sulfate hemihydrate (CaS04.1/2H,0)

The Pitzer Model is the most comprehensive model for the estimation
of activity coefficients at high ionic strength (I < 6 m) and temperature
(T < 250 °C) [25]. It takes into account many parameters, such as ionic
strength, temperature, chemical composition, electrostatic effects and
short and long ion interaction forces. For seawater, the Pitzer model
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requires stability constants for seven ion complexes HSO, , HF, MgF T,
CaF', MgOH", MgCO3 and CaCOs. It will be applied in this work to
estimate activity coefficients in seawater.

In this work the Pitzer model was used to estimate the activity co-
efficients of Ca>* and SOZ" and activity of H,O over ranges of elevated
temperatures (100-148 °C) and different TDS values (45,000-99,000
mg/L) corresponding to potential MSF and MED desalination plant
operating conditions. The activity coefficients calculated for those ions
were then used to calculate the solubility product K, and ionic product
Qrp of CaS04.1/2H50 (Equation (3)).

Kp=vce+ [Ca®'],, ¥ Ysor- [SOF ] % (am20)°° Eq. 3a

Qp =7ce- [Ca**] x Ysoz- [s077] x (@r20)°° Eq. 3b
Where ay»0 is the activity of Hy0, y%} and y§54 are the activity coeffi-
cient of Ca?t and SO~ respectively. The activity coefficient values of
Ca?* and SO%~ vary markedly with temperature and TDS, which will
lead to dramatically different K values under different conditions
[26-28].

The Pitzer model was used to calculate the activity of HyO and the
activity coefficient of Ca%* and SO~ at different temperatures and TDS
as follows:

In(ycee- ) =4f +2mei(Beact, +MaCeact, ) + 4Mng M Byger + 2Mva M Cact

+Mya(2@Na-ca +Mc¥Na—ca-—ct)
Eq. 4

Eq. 5

Where f? is the Debye-Hiickel term (Egs. (8) and (9)), m; is the molality
of species i, Byx, B'ux and Cyx are the Pitzer terms for ionic strength

dependence (Egs. (10)-(12)) and Bf\?a)cp f\lla)m and G}, are the Pitzer
terms for temperature dependence (Eq. (13)). ©y; are interactions for
like charge ions (0.07 for both ®ya.ca and @ci.so4) and ¥y are triplet
interaction terms (—0.007 for YNa.ca-c1 and —0.009 for ¥na.ca-so4) [29].

The activity of water in equation (3) was estimated by:
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Fig. 1. Experimental solubilities of the three principal hydrates of calcium sulfate [16].
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- 2 Mygal
In a(H,0) = ( 20 ) Eq. 6
Where @ is given by:
=1 +f® + mNdBI%aCl -+ mNamcch%aCl Eq 7
f¥in Egs. (4) and (5) is the Debye-Hiickel term as follows:
IO.S 2 IO s
= - ———+-—In(1+1.2I" Eq. 8
u ?la+12rs) 12 ( ) q
Where values of Ag valid from 0 to 350 °C are given by [30]:
9.14252359
Ay =0.36901532 — 6.32100430 x 10T 4+ ~——"""" — 1.35143986
2.2 103
x 10-2InT 4 220089488 X107 55118507 x 1076 12
T —263
45.2586464
680 — T
Eq. 9

2.1. Pitzer parameters for ionic strength dependence

The values of Pitzer parameters for ionic strength dependence (Byx,
B'vmx and Cyrx) for NaCl as a 1:1 electrolyte and Na»SO4 and CaCl, as 2:1
electrolytes in Egs. (10) and (11) are given as follows:

1
= Frox + (” )[1—(1+2[°5)exp( 210%), Eq. 10
(P . .
Byx=|5p || —1+ | 1+20°° + 2l exp(-21"?) Eq. 11
b
G = — 38 __ Eq. 12
(2\ZMZX|O'5>
BZ 1= Pract + Py €0 (—21°°) Eq. 13

Ionic strength was calculated from salinity S and density p using the
empirical expression I = 0.019915(S/p)/(1 — 1.00487(S/p)) [31].
Salinity (g/L) was in turn determined from TDS (g/L) using the
expression S = TDS/1.004715 based on the typical proportion of car-
bonate species in seawater. Solution density was determined as a func-
tion of temperature and TDS using http://www.csgnetwork.com/h
2odenscalc.html.

2.2. Pitzer parameters for temperature dependence

The values of Pitzer parameters for temperature dependence (ﬁi?;cp
BNaC] and CY,) for NaCl and CaCl, are given by Eq. (14).

'NaCl
— a as ag
P(T)7a1+a2T+T+a4lnT+T_263+a6T +680 T T 997
Eq. 14

Where P is equal to (/iNaCl, Vs NaCl and CY,;)

The values of parameters aj, ay, as, a4, as, ag, ay and ag for NaCl and
CaCly are given by Mgller [30] and Greenberg and Mgller [32] from O to
250 °C (Tables A2 and A3).

The Pitzer coefficient values for temperature dependence, <ﬁ1<\?a>25047

P, s0, and C?msm) for NaySO, are given by Eq. 15

1 T
P= a+b( T 298. 15) +Cln<298.15)

Eq. 15
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The value of parameters a, b and ¢ of Na;SO4 available in the liter-
ature (e. g., Pierrot et al. [33], Millero and Pierrot [28]) are only valid up
to 100 °C. Moreover, most references only present accurate values of
/f}@sm,ﬂxgﬁo , and CR,. 0, at 25 °C (e.g., Sheikholeslami & Ong, [34];
Simoes et al. [35]), although values at 25, 50, 100 and 150 °C are pre-
sented in Pitzer [25]. In the current study, the values of parameters a, b

and c¢ for Pitzer coefficient temperature dependence (ﬁf(q(;)zsoﬁ

ﬂ,(\}22504 and %02504) of NaySO4 were estimated based on the values at 25,

100 and 150 °C presented by Pitzer [25] to extend their validity over a
wider range of temperature and calculate absolute values at the tem-
peratures of interest (112, 124, 136 and 148 °C).

The parameter a is temperature-independent (Eq. (15)), therefore its

value is equal to the value of (ﬁ’;\,oal 5047 ﬂ;}a)2304 and Cy,,, 504) at 25 °C given
by Pitzer [25]. The parameters b and ¢ can be estimated by the substi-

tution value of <ﬂ§&so4, 5\}22504 and C}’Va2504> at certain T in Eq. (15).

For example, the parameters b and ¢ of ﬂ%sm at 100 and 150 °C can
be estimated by using Eq. (15) and its values at these temperatures as
follows:

At 25 °C

Bhyso, = 1.0559,

At 100 °C,

Brioyso, = 1.3421, giving Eq. 16a
1 1 373.15

1.3421 71.0559+b< 373.157298.15) +cln<298.15> Eq. 16b

At 150 °C,

ﬂNa2504 =1.5710, giving Eq. 17a
1 1 423.15

1.5710_1.0559+b< 423.15—298.15) +cln<298‘15) Eq. 17b

b and c can be determined by solving Eq. (16) and Eq aaz).
The values of parameters a, b and c of /3Na2 504 ﬁNaz so, and Cy,, so4 are
tabulated in Table 1. The comparison between values of ﬂNa;SO47

/1’1(\}22 so, and Cy,, <o, calculated in this study and their literature values are
tabulated in Table 2 at 100 and 150 °C covering the temperature range
of interest to this study.

3. Results and discussion

The results for estimation of activity coefficient (y) of Ca®* and SO?{
and K;p of CaS04.1/2H20 showed y and K decreasing as expected with
increasing temperature (from 100 to 148 °C) and increasing concen-
tration factor (CF) (from 1.0 to 2.2 based on TDS = 45,000 mg/L for
Arabian Gulf seawater) as shown in Table 3 and Figs. 2 and 3.

In thermal desalination processes, the goal should be to keep the
brine solution under supersaturation with respect to CaSO4.1/2H50
formation to make that approach more economic at certain conditions
like TDS and temperature. For example, the ion product (Qpp) of

Table 1
Values of parameters a, b and c for Pitzer coefficient temperature dependence

(ﬂNazsm ﬂNazSO4 and C?msm) of NapS0,.

Parameter BNensos Phaysos PNasso, Cf’vaz S04

A 0.0181 1.0559 0.0 0.00202
B —125.284 1122.64 0.0 23.602
c 0.00152653 4.64838 0.0 0.0438
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Table 2
Comparison between values of ﬂz(\zoa>2504> ﬂjvla)zso‘, and Gy, 5o, calculated in this
study and values in Pitzer [25] at 100 and 150 °C.

Pitzer coefficient temperature This study Values from Pitzer

dependent 100°C  150°C  100°C  150°C

ﬂ(()) 0.1029 0.1427 0.1029 0.1227
'Na;S04

ﬁ(l) 1.3421 1.5711 1.3421 1.5710
'Nay SO,

Chausos —0.0041  —0.0060  —0.0041  —0.0060

Table 3

Ton product (Qip) and solubility product (Kgp) for CaS04.1/2H,0 at different
temperatures and CF = 1.4, TDS = 63,000 mg/L.

T (O C) QIP Ksp QIP/ Ksp
100 5.65 x 107° 1.15 x 107° 0.49
112 4.88 x 107° 6.56 x 107° 0.74
124 413 x 107 3.59 x 107° 1.15
136 3.44 x 107 1.86 x 10°°© 1.85
148 2.80 x 107° 9.22 x 1077 3.03

CaS04.1/2H,0 at CF = 1.4 (TDS = 63,000 mg/L) at different temper-
atures was calculated using Eq. (3) based on the concentration of ca®t
and SO3~ proposed by Zannoni et al. [36] and the activity of H,O and

0.15 1
100°C
——112°C
0.14 4 ——124°C
136°C
—+-148°C
0.13 -
0.12 A
4]
o
>
0.11 A
0.10 A
0.09 4
0.08 T T T T T d
40 50 60 70 80 920 100

TDS (g/L)

(a)

Case Studies in Chemical and Environmental Engineering 11 (2025) 101088

activity coefficient of Ca®* and SO3~ obtained by this study. If Qip/Ksp is
less than 1, the solution is below saturation and scale formation is not
expected. If Q;p/Ksp is greater than 1, then the solution is above satu-
ration and scale formation is thermodynamically favourable, although it
may not proceed at an appreciable rate depending on the environmental
conditions. The given brine solutions were found to be below saturation
with respect to CaS04.1/2H,0 formation at 100 °C (Qpp/Ksp = 0.49) and
112 °C (Qp/Ksp = 0.74) (Table 3). Qp/Ksp further increases to 1.15 at
124 °C, indicating the pronounced inverse solubility of CaS0O4.1/2H,0
with increasing temperature. These results correlate extremely well with
observed behaviour in MSF plant operations where a maximum CF of 1.4
is standard and significant CaS04.1/2H0 scaling typically first becomes
observable at about 120-122 °C, approximately the location where
Qip/Ksp = 1 at the corresponding temperature [37].

Fig. 4(a) displays the overall variation in Qip/Ksp with temperature
and concentration. An alternative way of presenting this data is in terms
of the overall Gibbs Free Energy change of the reaction AG, where AG =
AG® — RTInQpp and AG® = — RTInKy, (Fig. 4(b)) (R = 8.314 JK 'mol ",
T in K).

A formula was fitted to the supersaturation data to provide a simple
estimator of scaling potential as a function of temperature and TDS,
using a supersaturation index (SI) defined as the log of the ratio of the
ion product to the solubility product, Q;,/Ks,. The equation was ob-
tained using a multiple linear regression, which was optimised mini-
mising the maximum absolute deviation.

0.075 1
100°C
--112*C
0.070 4
——124°C
136°C
0.065 -
—=-148°C
0.060 -
0.055 A
o}
A 0.050 -
>
0.045 4
0.040 -
0.035 4
0.030 4
0.025 T T T T T |
40 50 60 70 80 90 100

TDS (g/L)

(b)

Fig. 2. Activity coefficients for (a) Ca®* and (b) SO%’ calculated by the Pitzer model.
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N
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100°C —=—112°C
—-124°C - 136°C
| —e—148°C
40 50 60 70 80 90 100
TDS (g/L)
100°C —e-112°C
. —-124°C  136°C
——148°C
40 50 60 70 80 ) 100
TDS (g/L)

Fig. 3. Calculated solubility product K, of CaSO4.1/2H,0 and corresponding Gibbs free energy of precipitation at temperatures and concentrations of interest for

MSF desalination.

SI=In(Q;, / Kyp) =61.5891 — 0.4783 In(TDS) + 0.3223 (In(TDS))* - 31.7890 In(T) + 3.7977 (In(T))*

Eq. 18
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5000 A

100°C
4000 A
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Fig. 4. Calculated (a) Supersaturation Qip/Ksp, and (b) Gibbs Free Energy of formation, AG, of CaS04.1/2H,0 at temperatures and concentrations of interest for MSF

desalination.

Table 4

Ratio of Q;,/Kp, calculated by fitted expression Eq. (18) to Q;,/Ks;, calculated by application of Egs. (1)-(17).

Concentration (g/L)

T (°C) 45 49.5 54 58.5 63 67.5

0.9977 0.9981 0.9999 0.9997 1.0018 1.0046
100

1.0011 1.0081 1.0063 1.0046 1.0075 1.0100
112

0.9865 0.9772 0.9823 0.9917 0.9935 1.0001
124

0.9994 0.9814 0.9991 0.9893 0.9886 0.9909
136

1.0146 1.010 0.9811 0.9927 0.9893 0.9917
148

72 76.5 81 85.5 90 94.5 99
1.0058 1.0058 1.0050 1.0037 1.0020 1.0003 0.9984
1.0110 1.0108 1.0098 1.0083 1.0064 1.0045 1.0025
1.0011 1.0008 0.9996 0.9982 0.9962 0.9943 0.9920
0.9916 0.9909 0.9898 0.9883 0.9863 0.9841 0.9822
0.9926 0.9917 0.9908 0.9885 0.9867 0.9843 0.9829

where TDS is measured in g/L and T in °C. The RMS relative error be-
tween values obtained by this Equation (18) from the values calculated
from the full treatment of Egs. (1)-(17) was 0.0096, with a maximum
difference of 0.023 (Table 4).

A final caveat should be made to the extrapolation of expressions
derived for pure calcium sulfate hydrates to the prediction of scaling in
desalination systems. These scales are frequently compound, containing
some calcium carbonate in addition to calcium sulfate even in the
highest temperature environments [38], and as they are formed from a
solution with a high concentration of sodium ions it is possible that
significant doping of the calcium sulfate with sodium occurs [39]. In

either case, differences in both the thermodynamics and kinetics of hard
scale formation would be expected.

4. Conclusions

For the efficient operation of thermal desalination plants at high
temperatures and concentration factors, it is necessary to avoid the
precipitation of hard scale. This scale is predominantly calcium sulfate
and forms first as calcium sulfate hemihydrate, CaSO4.4H20. Applica-
tion of solubility criteria determined at low ionic strength are not
appropriate at the high ionic strengths at which hard scale forms in
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Multi-Stage Flash (MSF) desalination. From solubility values appearing
in the literature and the Pitzer model a semi-empirical expression for the
supersaturation of calcium sulfate hemihydrate was determined for
scaling limits as a function of brine temperature and total dissolved
solids under the conditions applicable in MSF desalination. In this
derived expression, the supersaturation index SI (equal to In(Qip/Ksp))
is given by SI = 61.5891-0.4783 In(TDS) + 0.3223 (In(TDS))?-31.7890
In(T) + 3.7977 (In(T))>. The predictions of this expression were found to
be consistent with the experience of plant operators in the MSF plants
operated by the Saudi Water Authority. The Gibbs Free Energy, AG, was
also determined for the first time for CaSO4./AH;0 formation under
thermal desalination conditions.
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