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Abstract 

Minerals extraction from brine solutions is a vital issue for resource recovery in many fields of 

industry, especially in desalination processes. Usually, the solubility limit is viewed as a key factor 

that plays a determinant role in the efficiency of a prescribed process. This paper suggests the 

investigation of the influence of ionic strength, which is a measure of the total concentration of all 

dissolved ions, on the solubility limits in brines that are extracted from desalination facilities in 

Kuwait before discharging them into the Arabian Gulf. This information may contribute to the 

optimisation of the extraction process, especially when treating complex brines with high salinity, 

and in the case of interest, the mineral extraction from the brine stream may result in the reduction 

of environmental risk. For this purpose, the solubility of two main minerals (CaSO4 and Mg(OH)2) 

was measured for several values of ionic strength achieved by adjusting the concentration of the brine 

solutions. Results show a non-linear relationship between ionic strength and the solubility limit of 

the target minerals, with behavior similar to that that could be found in the literature. In the case of 

CaSO4, it was found that the behavior of the solubility in the case of a diluted solution or low ionic 

strength is not the same as in the case of a brine solution; the latter has a reverse pattern. On the other 

hand, the solubility of Mg(OH)2 in Kuwait brine water was shown to decrease as the ionic strength 

of the brine solution decreased. Other minerals obtained by the extraction process are under analysis. 

The findings of this work provide crucial insights for process design, enabling more precise control 

over precipitation steps and enhancing the overall yield and economic viability of mineral extraction 

from complex brine resources. 
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1. Introduction 

Kuwait desalination facilities generate a substantial volume of brine solutions, containing a high 

concentration of valuable minerals [1], which are currently discharged into the Arabian Gulf without 

any pretreatment. The extraction of these beneficial minerals from brine solutions is considered a 

promising economic opportunity. This extraction has beneficial aspects [2]: increasing the 

productivity of desalination plants, reducing operating expenses, resulting in a high economic value 

of critical commercial minerals, reducing power consumption in desalination facilities, and 

mitigating the negative risk impact on the ecosystem and marine environment. 

To enable efficient extraction with low operating costs, the solubility limits of these valuable 

minerals must be assessed in a real brine solution that has the same mineral matrix and concentration 

as the actual brine solution. 

It is well known that the solubility limit of all minerals depends on various parameters, including 

temperature, pressure, pH values, ionic strength of the solvent solution, and the concentration of 

other minerals dissolved in the base solution [3]. 
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Kuwait brine water, discharged from desalination plants, is characterized by a high 

concentration of Ca, Mg, SO4, Na, Cl, K, and HCO3 ions [3]. This favors the extraction of many 

valuable minerals such as magnesium hydroxide (Mg(OH)2), sodium chloride (NaCl), potassium 

chloride (KCl), lithium carbonate (Li2CO3), calcium carbonate (CaCO3) and sulfate minerals (SM) 

which include CaSO4, BaSO4 and SrSO4. 

High concentration and economic value are crucial parameters in selecting minerals for 

extraction. The solubility limit is the most critical factor that must be considered before choosing a 

specific mineral for extraction. Generally, not all minerals can be extracted from brine solutions unless 

their solubility limits are exceeded. 

The minerals dissolved in the Kuwait brine solution of the Doha Research Plant (BSDRP) have 

high economic value and high potential for extraction because of their high concentration and low 

solubility limits. Table 1 contains the solubility limits of most of the minerals in distilled water. Two 

of them will be considered in the present study: magnesium hydroxide and calcium sulfate. 

Table 1. The Solubility of High Valuable Minerals in Distilled Water. 

Mineral 
Solubility in Water (g/100 ml) @ 

20 °C 
Ksp @ 25 °C (Approximate) Reference 

Li2CO3 1.33 5.3 × 10−4 [4] 

CaCO3 6.6 × 10−4 3.3 × 10−9 to 8.7 × 10−9 [5] 

CaSO4·2H2O 0.21 to 0.27 3.14 × 10−5 [6] 

SrSO4 0.0138 3.2 × 10−7 [7] 

BaSO4 2.44 × 10−4 1.1 × 10−10 [5,8] 

Mg(OH)2 9 × 10−4 1.5 × 10−11 [7,8] 

NaCl 35.9 Highly Soluble [9] 

KCl 34.4 Highly Soluble [9] 

MgCl2 54.3 Highly Soluble [9] 

CaCl2 74.5 Highly Soluble [7] 

BaCl2 35.7 Highly Soluble [9] 

The average price of Mg(OH)2 per ton during the first quarter of 2025 varied from $465 in China 

to $780 in the USA and reached $1,500 in Brazil, according to industry market analysis [10–13]. 

Mg(OH)2 was recognized as the most essential mineral for extraction from brine solution due to its 

very low solubility limit in water of 0.00122 g/100 mL and solubility product constant of 5.61×10−12 

[14]. This mineral is expensive, and it is used in many applications in the international market as 

absorbents for heat, isolation, and polymer applications [15]. 

Additionally, the global price for sulfate minerals (SMs) as CaSO4, BaSO4, and SrSO4 ranges from 

$ 160, $ 170, and $ 250, respectively, per ton for standard grade [16]. SMs are commonly used in the 

industrial field, such as construction, dental products, and food processing. SMs are essential 

minerals for glass and pigment manufacturing. X-ray, medical applications, and drilling operations 

in oil production are other applications for SMs. Thus, SMs are not only a challenge to be managed 

but can also represent an opportunity for resource recovery and economic gain in industrial settings. 

Measuring the solubility limits accurately and under different operating conditions is not only 

essential in predicting the scaling limits of significant minerals, but it will also significantly reduce 

the cost of annual maintenance in desalination plants. 

Based on the preliminary facts, experiments are planned to determine the solubility limits of the 

early-mentioned valuable minerals using high-salinity Kuwait brine solutions and under different 

operating conditions. 

The primary objective of this paper is to determine the solubility limit of selected valuable 

minerals in brine under various operating conditions, with the specific aim of investigating the 

relationship between ionic strength and the solubility limit of selected valuable minerals in brine 

water generated from seawater desalination under different operating conditions. 
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2. Experimental Procedure 

2.1. Testing Unit 

A laboratory test unit was inspected and prepared for the execution of the testing program. It 

consists of the following parts: 

- Double jacket incubating vessel that incubates the test base solution at a constant temperature, 

- Condenser that ensures constant composition of the tested brine solution during the experiments 

and condenses any vapor produced from the brine solution during incubation, 

- Heat exchanger that controls the temperature of the base solution inside the double jacket vessel, 

- Automatic pressure pump that controls the pressure inside the testing vessel, 

- Reflux section that retains any condensate vapor back to feed water. 

- Digital controller with a digital display to control the temperature inside the incubator vessel 

and the heat exchanger. 

- Stirrer mixer with adjustable control speeds. 

- Temperature and pressure gauges to monitor the temperature and pressure values. 

The Rota-vapor will be used to prepare different concentrations of brine solution at low 

operating temperatures. Other measuring instruments and regulators, such as pH meters, 

conductivity meters, dipping turbidity meters, temperature sensors, and pressure controllers, are also 

needed. 

All measuring instruments were calibrated before starting the testing schedule to ensure proper 

performance and accuracy. 

All the required chemicals were acquired from the local market for the execution of the tasks 

outlined in the proposal. Minerals were requested and received to be used in the preparation of 

supersaturated solutions, which will be incubated at ambient temperature under stirring conditions 

to stabilize before starting each experiment. 

All the sample containers were cleaned with diluted hydrochloric acid, and then they were 

rinsed several times with distilled water just before using them for sample collection. 

2.2. Brine Water Samples Collection 

Samples were collected from the brine discharge of the Shuwaikh Desalination Plant in a 

polyethylene container weekly (starting in April 2024) to measure the induction time required for 

saturation and to prepare the saturated solution before initiating solubility limit experiments. The 

collected samples (of about 50 L of reverse osmosis (RO)) were filtered, and excess solids of the target 

minerals were added. Samples were then incubated in the reactor at a controlled temperature in 

preliminary experiments to measure the time required to reach saturation, or the equilibrium time, 

to be implemented in the test plan. In addition, concentrated brine solutions were prepared from the 

base solution using a rotary evaporator for further experiments and stored at ambient temperature 

in closed containers to prevent pH variation. 

Sample collections were conducted in accordance with international standards for quality 

control/quality assurance (QA/QC) to ensure the reliability of the data, thereby ensuring accuracy, 

precision, representativeness, and completeness. Moreover, a written standard operating procedure 

(SOP) for the collection, preservation, and storage of samples is applied in the proposal, in addition 

to the calibration of the equipment and following the QC/QA aspects during sampling and analysis. 

The collected samples were analyzed for all required ions and cations dissolved in BSSDP. The 

average, maximum, minimum, standard deviation,relative standard deviation (RSD), Standard Error 

of the Mean (SEM), and other statistical parameters were calculated to ensure the reliability of the 

analysis. 

2.3. Minerals Analysis 
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Experiments have been conducted since the end of October  2025  ,to measure the solubility limits 

of the required salts at different concentrations of BSSDR and under various conditions. Solubility 

measurements were taken for two important minerals: Mg(OH)2 and CaSO4, respectively.  Results for 

other minerals will be discussed in a separate work further. 

The base  experimental work was based on several concentrations of the base solution. The 

solubility of the selected minerals was determined using concentration methods with high-precision 

instruments  available at DRP, such as ICP and ICS, to  quantify concentrations in high-salinity brine 

solutions. 

High-purity salts were used in supersaturated solutions to avoid  contamination and control the 

ionic strength of the brine solutions. Each experiment was repeated three times to ensure  

reproducibility, increase confidence, and  produce scientifically valid data on mineral solubility limits 

in such a complex brine solution. 

3. Ionic Strength Calculations 

It is therefore of great importance to discuss the ionic strength of seawater since it falls at the 

heart of marine chemistry and geochemical modeling. For this reason, the ionic strength of major ions 

in seawater is calculated as a function of temperature. 

Ionic strength is a quantitative measure of the total dissolved anions and cations and their 

valence in the brine and saline solution, which usually affects ion stability, scaling tendency, fouling, 

precipitation, activity coefficient, and the chemical properties of the brine solution. 

Generally, ionic strength is defined as mentioned in the work of Millero [17]: 

� =
1

2
� ����  

where c stands for the molar concentration of a given ion [mol/l] and z is the charge of this ion. 

From this equation, it is clear that temperature has no direct influence on ionic strength. 

Actually, it has an indirect influence by changing the density of seawater, which in turn changes the 

molar concentration of the ion. 

4. Results 

The results of the measurements for CaSO4 and Mg(OH)2 will be presented and discussed 

separately, as will be detailed below. 

4.1. Solubility Limits of Hydrous CaSO4 

The solubility limit of this mineral was measured at concentrations of 50%, 60%, and 70%. The 

brine of different concentrations was expressed in terms of ionic strength (I), as it is essential to 

describe the behavior of dissolved ions in high-saline solutions and is commonly used in desalination 

systems, mineral extraction processes, and solubility measurements. Thus, the determination of the 

ionic strength in the brine solution analysis is essential; therefore, thereby the ionic strength of 

(BSSDP), and for 50%, 60%, and 70% concentrated solutions is estimated for a more efficient solubility 

limit investigation. 

Table 2 gives the ionic strength calculation of BSSDP samples using the analytical concentrations 

in (mg/l) and the charge of ions separately, and then applying equation 1 above. 

Table 2. Ionic strength calculations for the ions contained in the brine solutions of the investigated samples. 

Ion 
Concentration 

(mg/l) 

Molar 

Mass 

(g/mol) 

Charge (z) mol/l Ci*Zi^2 

SO42− 5260 96.06 -2 0.055 0.219 
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Ca2+ 750 40.08 2 0.019 0.075 

Mg2+ 2478 24.31 2 0.102 0.408 

Cl− 37954 35.45 -1 1.071 1.071 

Na+ 21980 22.99 1 0.956 0.956 

K+ 1035 39.1 1 0.026 0.026 

HCO3− 217 61.02 -1 0.004 0.004 

    Sum 2.758 

    I    1.379 

The concentration of ions in the brine solution was converted from mg/L to mol/L using equation 

2 below: 

�� �
���

�
� =

�� �
��

�
�

����� ���� �� ��� � �
�

���
�

∗ 1000 

Table 3 contains the results of the ionic strength calculated based on the converted values of the 

concentrations. 

Table 3. The Ionic Strength for Different Brine Solutions. 

Solution I pH Temp 

BSDRP 1.20 7.940 20 

BSSDP 1.38 7.860 20 

50% BSSDP 1.436 7.650 20 

60% BSSDP 1.688 7.440 20 

70% BSSDP 1.996 7.490 20 

The ionic strength of the Shuwaikh Brine solution is calculated to range approximately from 1.25 

to 1.43 mol/L, with an average value of 1.38 mol/L depending on the chemical composition and the 

concentration of dissolved ions, while it ranged from 1.13 to 1.22 mol/L for brine water at the Doha 

Research Plan (BSDRP) with an average of 1.20. The 50% concentrated solution of BSSDP displays a 

higher ionic strength value of 1.43 mol/L. Moreover, the ionic strength was approximately 1.68 mol/L 

for a 60% concentration of BSSDP and increased to reach 1.996 mol/L at a 70% concentration. 

The solubility limits of CaSO4*2H2O at ambient temperature for diluted solutions with different 

ionic strengths are shown in Figure 1. It was found that the ionic strength ranged from 0.004 to 0.037 

mol/L while the measured solubility ranged from 0.2 to 1.2 g/L. 
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Figure 1. The Solubility of CaSO4*2H2O in diluted solution. 

Figure 2 traces the results of the solubility limit measured in the brine solution of BSDRP and 

BSSDP, while in Figure 3, the results of the concentrated brine solution, which was prepared from 

concentrated BSSDP at 50%, 60% and 70% concentrations, are demonstrated. 

 

Figure 2. The solubility limit of two brine solutions: BSSDP and BSDRP. 
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Figure 3. The solubility limit of brine solution and concentrated solution. 

The solubility of CaSO4*2H2O in brine solution with an ionic strength greater than 1.10 shows a 

distinct behavior, which is totally different from that in a diluted solution, as shown in Figure 1. As 

the ionic strength increased beyond 1.1 mol/L, a distinct pattern emerged. Figure 2 shows the 

solubility measured for two brine solutions collected from two RO desalination plants in Kuwait, 

BSSDP and BSDRP. Both represent a brine solution; the only difference is the ionic strength, which, 

as is evident from Figure 2, is the dominating factor. Although the chemical composition is similar, 

the concentrations in the BSSDP are higher. Since the ionic strength of BSSDP ranged from 1.35 to 

1.43, with an average of 1.38, while BSDRP ranged from 1.13 to 1.22, with an average value of 1.2. 

The measured solubility limits of CaSO4*2H2O (mol/kg) in different concentration brine 

solutions were found to range between 2.34 g/L at an ionic strength of 1.2 and decrease to 2.19 g/L at 

an ionic strength of 1.38. The aforementioned solubility refers to the standard brine solution used in 

RO desalination plants in Kuwait. Hence, the previous solubility limit values were observed to 

further decrease to 1.12 at 50% concentration, then to 0.8 and 0.51 for 60% and 70% concentrations, 

respectively (Figure 3), due to the increase in the solubility limit as the concentration % increased. It 

is clear that as the ionic strength of the tested solution increases, the solubility limit decreases, or as 

the content of dissolved brine increases, it reversibly affects the solubility limit of CaSO4*2H2O, 

making the minerals more suitable for extractions as the concentration increases. That pattern of 

solubility may be primarily due to the effect of the double layer around the ions, which reduces the 

ion activity coefficient (a), ion pairing, and increases the common ion effect. 

Comparing the experimental solubility obtained in the current study with that from the 

literature, (Table 4) shows excellent agreement, with a slight deviation of approximately 1%. The 

deviation of the measured value from the values in the literature does not exceed 7%. At high ionic 

strength, the deviation is even lower, using a 70% concentration. However, the deviation % was 

found to be less than 6.5% at 60% concentration. Moreover, at a standard brine solution, the deviation 

was less than 0.4%. Therefore, the deviation % of the result obtained from the current investigation 

is acceptable and within a reasonable range. 

Table 4. The Solubility Limit of CaSO4 at ambient condition using brine solution. 
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BSSDP 1.38 7.86 20.0 2.19 2.19 - 2.3   [20,21] -0.46 

50% 1.42 7.94 20.0 1.12 1.1-1.25 [22] 2.16 

60% 1.68 7.94 20.0 0.80 0.75 - 0.85  [19,23] 6.58 

70% 2.00 7.92 20.0 0.51 0.45 - 0.55    [24] -7.48 

4.2. Solubility Limits of Mg(OH)2 

The solubility limit of Mg(OH)2 was measured in brine solution rejected from the Shuwaikh 

desalination plant at ambient temperature and in different concentrated solutions: 50%, 60%, 70%. 

The experimental results of the measurements for Mg(OH)2 under different ionic strength values 

are summarized in Table 5 and plotted graphically in Figure 4. 

 

Figure 4. The Solubility of Mg(OH)2 Under Different Ionic Strength Values. 

Table 5. The Solubility of Mg(OH)2 Under Different Ionic Strength at Ambient Temperature. 

Solution I PH OH Solubility Solubility Solubility OH Temperature 
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70% 2.00 10.34 2.20E-04 6.41 1.10E-04 6.14E-05 1.89E-04 20 

The solubility in Kuwait brine water is sensitive to the ionic strength of the tested solution, and 

generally, as the ionic strength increases, the measured solubility decreases. 

Table 6 shows the deviation of the measured solubility limit from that reported in the literature, 

along with the reference. 
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Table 6. The Deviation in Solubility of Mg(OH)2 Compared to the Literature. 

Ionic Strength 

(I) 
Ksp (mol3/L3)  

Ksp Literature 

(mol3/L3) 

Deviation Ksp 

(%) 
Reference 

1.20 1.44E-11 1.5E-11 -4.03  [25] 

1.38 8.11E-12 9.0E-12 -9.64  [26] 

1.42 6.76E-12 7.5E-12 -9.79  [27] 

1.68 3.63E-12 4.0E-12 -9.29  [28] 

2.00 2.20E-12 2.3E-12 -4.60  [29] 

5. Discussion 

The solubility limit measurements of CaSO4 and Mg(OH)2 were prioritized among other 

assigned minerals because these minerals are common problematic scaling agents in desalination 

plants and in industrial water systems. These two minerals, when precipitated in any desalinated 

system, can severely reduce heat transfer efficiency, clog the membrane, and increase maintenance 

costs in desalination and industrial water systems. They also form multiple polymorphs in brine 

water and transfer between these polymorphs when the temperature and ionic strength change. 

Therefore, for reliable and reproducible measurement of their solubility limits, it requires an accurate 

analytical analysis, high-purity reagents, and precise control of testing condition. 

5.1. Calcium Sulfate 

The obtained tendency in results for CaSO4 was expected since ionic strength usually determines 

the concentration of the solution and expresses the high concentration of dissolved ions in the brine 

solution, indicating the activity of dissolved ions and how much they are expected to deviate from 

an ideal or dilute solution. It is also noted from Table 4 that the pH was affected by the concentration 

process due to the precipitation of a small amount of aragonite, although the evaporation or 

concentration process lasted two or three days at very low temperatures. Therefore, after each 

concentration, the pH must be adjusted to 7.9 as in the raw situation before the addition of excess 

salt, to ensure a constant pH condition and restore the original alkalinity level in the raw solution. 

The results traced in Figure 1 show a high regression ratio of up to 99% and an increasing trend 

with increasing solubility. The solubility in the literature was reported to be 2.1 in pure water [30,31], 

so the result obtained aligns well with the literature result for potable water and water produced 

from an RO plant. 

The tendency of results shown in Figure 2 implies the high effect of ionic strength on the 

solubility of gypsum at ambient conditions. BSSDP exhibits a lower solubility limit measurement 

than BSDRP, despite having a higher ionic strength, in contrast to the solubility trend observed in 

diluted water, as shown in Figure 1. 

That pattern of solubility was demonstrated by several studies, which reported that the addition 

of calcium chloride or calcium nitrate increases the concentration of the common calcium ion, thereby 

shifting the dissociation reaction toward the solid and decreasing gypsum solubility [32]. Another 

study demonstrated that the addition of NaCl increases gypsum solubility up to 3 M, after which the 

solubility begins to decrease [33]. Reiss also reported a similar trend in 2012, when the solubility of 

gypsum in brine solution, resulting from mixing Dead Sea brine water and standard seawater, was 

found to increase until 55% mixing, then decrease as the mixing ratio increased above 55% [34]. 

Therefore, the initial increase in the solubility of gypsum at low ionic strength or diluted 

solutions is attributed to the salting-in effect, where the presence of other ions in the tested solution, 

even at low concentrations, surrounds the Ca and SO4 ions, reducing their tendency to combine and 

precipitate as gypsum. As a result, the solubility of CaSO4 increases to a certain point, where this 
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phenomenon has no more effect or demolishes, and the high ionic strength reduces the activity 

coefficient and consequently the activity of these two ions (Ca and SO4), the solubility begins to 

decrease dramatically as the ionic strength increases to above 1.2 M [35]. This means that the decrease 

in solubility as ionic strength rises is mainly related to the thermodynamic effect of ionic strength on 

the activity coefficient, in addition to the common ion effect. 

Table 4 shows a comparison between the experimental values of solubility and the 

corresponding values that may be found in the literature. A slightly higher value of the deviation 

may refer to the unique composition of Kuwait brine water, ion competition, and the complexity of 

the brine, which differs from a NaCl solution. Thus, the result is consistent with the established 

findings in the literature. 

5.2. Magnesium Hydroxide 

From Figure 4, the solubility of Mg(OH)2 in Kuwait brine water was proven to decrease as the 

ionic strength of the brine solution increases. 

From Table 6, a moderate deviation was observed, with a magnitude ranging from 9.7 to 4.03% 

when compared to the Ksp obtained by other researchers using brine water with a similar ionic 

strength. Although the solution used in the literature differs completely from the investigated 

solution in this study, which may make the comparison nonequivalent, they are using brine water 

with a similar ionic strength since brine water can be composed of different ions and have varying 

concentrations. 

6. Conclusions 

In this work, the solubility limits of selected valuable minerals in Kuwait brine solution 

generated from desalination plants for extraction purposes under different operating conditions were 

experimentally investigated. The aim was to establish a reference knowledge base on the extraction 

of selected valuable minerals from brine water and to show the influence of ionic strength, as it may 

lead to optimising the desalination process. 

The experimental investigation was limited to two minerals viewed as the most important 

minerals. The ionic strength of the brine solution was first determined for four types of brine 

solutions. The ionic strength is used to express the high concentration of dissolved ions in each brine 

solution and to indicate the activity of the dissolved ions, as well as how much they are expected to 

deviate from an ideal or diluted solution. It is a critical parameter for comparison between solubility 

limits in different brine solutions. Then, the solubility limits of the assigned minerals were 

determined at least three times with high precision. 

In order to improve data reliability and ensure the integrity of the final results, many protocols 

were considered, such as reducing the matrix effect, using a standard calibration procedure, 

implementing a highly accurate reference material, reducing the background noise, applying a 

standard method for analysis, using a statistical indicator for accuracy, and lowering the Relative 

Standard Deviation (RSD). 

The analysis of the results of CaSO4*2H2O proves a special behavior for that mineral in a diluted 

solution or low ionic strength. The solubility limit of gypsum increases as the ionic strength increases. 

However, a reversed solubility pattern was observed when using a brine solution with high ionic 

strength, similar to brine water. In addition, it was proved that the solubility limit of gypsum in a 

high ionic strength solution decreases as the content of dissolved solids increases. That makes the 

minerals suitable for extraction in the concentrated brine solution. The observed behavior of gypsum 

solubility is consistent with the data published in the literature, where a similar pattern of solubility 

is reported. 

In the case of Mg(OH)2, special attention was paid due to its very low solubility limits. The 

solubility of Mg(OH)2 in Kuwait brine water was shown to decrease as the ionic strength of the brine 

solution increases. The obtained solubility limit of Mg(OH)2 was compared to that in the literature, 

and a moderate deviation was observed for brine water with a similar ionic strength. 
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