Experimental and Process Simulation Study on the Production of Magnesium
Hydroxide and Magnesium Oxide from Seawater Reverse Osmosis Brine

Abstract

Brine disposal poses a major environmental challenge in the desalination sector due to its high
concentrations of salts and chemical additives. Among these, magnesium represents a valuable
resource that can be recovered via precipitation, reducing costs and mitigating environmental
impact. This study investigates magnesium recovery from brine through the preeipitation of
Mg"" as Mg(OH): and its subsequent conversion to MgO. A systematic experimental design
using Response Surface Methodology (RSM) with a central composite desigh was applied to
evaluate the effects of NaOH concentration (°—)+ g/L) and precipitation temperature (1+—
4+ °C) on magnesium precipitation efficiency. Analysis of variance (ANOVA) confitmed that
NaOH concentration has a statistically significant effect on magnesium preeipitation, while
temperature and interaction terms were negligible. Aspen Plus, simulations quantified the
effects of feed flow rate, precipitation temperature, and, Na®OH cencentration on NaOH
consumption, product yields, energy demand, waterggeneration,’ and economic analysis.
Increasing feed flow rate from ©+»+ « + m*/dayto )+ *+ **.m*/day doubled Mg(OH): production
(YYY-Y1Y t/day), MgO production ()-)AY tiday), and water generation ()°+—¥++ m?/day),
while NaOH consumption rose from YV @ t/dayto¥.° « ‘t/day; and energy demand increased from
VY00 o kKW to €45+« kKW. Raising the preeipitationytemperature from 1+ °C to 4+ °C keeps
Mg(OH). and MgO production almest stable,butiincreases energy demand by approximately
Y,Y times. Increasing NaOH concentration from © g/L to )+ g/L doubled Mg(OH). and MgO
production, increased revenue by ‘bl 7%nand slightly decreased net energy consumption
(~3.7%). Economic analysis showed thatfmaximum feed flow rate, high NaOH concentration,
and low precipitation tempetaturen(60°C) yielded the highest net annual profit (~133 million
USD).
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1. Introduction

Tackling water scarcity is a major concern for many countries around the world [1-3]. In
response, increasing attention has turned to alternative water sources, especially seawater, to
meet the growing demand for drinking and agricultural use [4]. Among these solutions,
seawater desalination has gained prominence as a viable option with significant potential for
large-scale development and investment. Reverse osmosis (RO) systems are extensively used
for seawater desalination and industrial wastewater treatment. A major byproduct of these
systems is brine, which is a concentrated saline waste stream containing high levels of
dissolved salts, including significant concentrations of magnesium ions (Mg*3). dnstead of
being discarded, brine can be utilized as a valuable resource for recovering useful compounds,
particularly magnesium. In addition to brine, seawater and geothefmalewater, are” also
considered abundant and practically limitless sources of magnesium [5].

On an industrial scale, magnesium is typically recovered through a ptecipitation process. This
involves reacting the magnesium ions in solution with dolime, whichis a mixture of calcium
oxide and magnesium oxide produced by the thermaly dééomposition of dolomite
(CaMg(CO:s)2) or magnesite (MgCOs). This reaction leads to'the foxmation of solid magnesium
hydroxide (Mg(OH):), which can be separated from the liquidiphase [1]. In some processes,
sodium hydroxide (NaOH) is added to enhance theypreeipitation of magnesium hydroxide,
especially when higher purity or more complete récovery 18 required. The addition of NaOH
increases the pH of the solution, shifting the equilibriumsfoward the formation of Mg(OH). and
improving the efficiency of the separation‘proeess [7}. The collected magnesium hydroxide is
then subjected to a high-temperature ¢alcination process, where it decomposes into high-purity
magnesium oxide (MgO) [8]. This final*product is widely used in the production of refractory
materials, environmental technelegies, and various chemical applications [9]. Overall, this
approach not only adds eeonomi¢ value to waste streams but also supports sustainable and
efficient recovery of valuableymatefials from saline water sources [10]. Several researchers
have investigated theSproduction of magnesium hydroxide, and some studies have also
examined its therm@al decomposition to produce magnesium oxide.

Lehmann et al! [ )] introduced a magnetite-based recovery system for extracting Mg"" from
high-salinity firstsstage seawater reverse osmosis brine. Magnesium was precipitated as
Mg(OH): onte FesOs particles, magnetically separated, and later redissolved using acid to
regenetate a high-purity magnesium solution (>97%). Sorour et al. [12] focused their research
on modifying industrial processes to improve the recovery of magnesium-containing by-
products. They conducted experiments using various precipitation reagents and process
configurations. Specifically, they examined the partial softening of seawater and reverse
osmosis brines by applying Na.COs and NasPOu to precipitate calcium and magnesium. Casas
et al. [V¥] investigated the use of Na2COs and NaOH as alkaline reagents to recover Mg'" and
Ca*" from mining and seawater desalination brines. Their results indicated that adding Na.COs
at pH levels above )+ enabled Ca recovery rates exceeding % €317, while NaOH dosing at pH
levels above V) achieved Mg recovery rates greater than 1V—447. Ahmed et al. [) ¢] evaluated
mineral recovery from seawater reverse osmosis brine using precipitation and identified
sodium hydroxide as the most effective base. Turek and Gnot [15] conducted a series of
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experiments in which a precipitating agent was added to a magnesium ion solution without
stirring, across various temperatures. Their findings revealed that lower temperatures and
higher concentrations of the precipitant led to a quicker precipitation and sedimentation
process, which in turn enhanced the filtration rate. Martel et al. [Y7] designed an efficient
process capable of reusing approximately A€+ + m? of brine per day. In this method, calcium
present as CaClz and sulfates present as Na.SOas were effectively removed through precipitation
by adding sodium carbonate (Na:COs) and barium chloride (BaCl.) solutions. Mohammad et
al. [1] successfully recovered Mg(OH). from desalination reject brines by using NH4OH as the
precipitating agent. In their process, magnesium carbonate (MgCOs), a primary component of
the brine, reacted with NHsOH to form magnesium hydroxide. Dong et al. [V]i§tudied the
recovery of reactive magnesium oxide (MgO) from reject brine, a wastey product of
desalination. They precipitated Mg(OH). by reacting Mg in the brine with NaOH, optimizing
the NaOH-to-Mg"" ratio to maximize yield. The Mg(OH). was then caléined\at temperatures
between @+ + and V+ + °C for Y to VY hours to produce reactive MgO. Ashraf et al>[ ¥} studied
the production of reactive MgO from reject brine using ammonia and sodium hydroxide as
precipitants. They found that MgO from ammonia-produced Mg(QH)zhad higher surface area
and reactivity, especially when calcined at ©+ + °C for ¥ hours, compared to NaOH-based MgO.
Dong et al. [ Y A] demonstrated the successful synthesis of high-purity; reactive MgO from reject
brine using NHsOH. Optimizing the NH4OH to Mg"" ratio at¥ yielded Mg (OH). with Y,
purity, which was calcined at ©+ + °C for Y hous to produce,MgO with a specific surface area
of YA,Am?/g. Xiao et al. [] demonstrated a‘sustainable method for recovering MgO from
reject brine using waste concrete sludge as,amalkali source. Alkaline water (pH 12.2) extracted
from the sludge enabled 2 ¢7 Mg"" tecovery'as brucite, which was then calcined at ©+ + °C to
produce high-purity MgO (>A:7)@with a surface area >Y°m?/g. This process showed
significantly lower energy use and carbon emissions than conventional methods. Karmil et al.
[Y°] investigated the recovery of reactive CaO and MgO from RO reject brine rich in Ca?" and
Mg"?. Using selective precipitationgthiey achieved 97.5% calcium oxalate recovery with oxalic
acid and V7. brucite recovery, with'NaOH. The precipitates were calcined to produce quicklime
and magnesia, withdBET surface areas of ) +, ¢ m?/g and °A,Y m?/g, respectively. Modeling and
cost analysis confitrméd the ‘process as efficient and sustainable, highlighting RO brine as a
valuable source for producing high-reactivity alkaline earth oxides.

Previous studies @n magnesium recovery from brine have mainly focused on laboratory scale
investigations, particularly the precipitation of magnesium hydroxide and its subsequent
thermal ‘decomposition into magnesium oxide. However, these processes have generally been
studied separately, with limited attention given to their integration within an industrial scale
framework. To achieve economic feasibility and industrial applicability, it is necessary to
evaluate the complete recovery pathway, including magnesium ion removal from brine streams
such as reverse osmosis effluents, Mg(OH). precipitation, and its conversion into MgO.

The novelty of the present study lies in the integration of experimental investigation, Aspen
Plus V12.1 process simulation, and industrial scale economic analysis into a unified framework
for magnesium recovery from brine water. Experimental data obtained at laboratory scale were
incorporated to improve the reliability and accuracy of the simulation model. In addition, a



comprehensive economic assessment was conducted to evaluate the feasibility and cost
effectiveness of large-scale magnesium recovery and MgO production.

2. Materials and Methods
2.1. Experimental

In this study, magnesium precipitation from seawater reverse osmosis (SWRO) brine using
sodium hydroxide (NaOH) was experimentally investigated, with particular focus on the
effects of temperature and NaOH concentration, as these factors significantly, influence
magnesium recovery. All chemicals and reagents were obtained from Sigma-Aldrich, (India)
and Merck (Germany) and were used without further purification. Quantitative and qualitative
analyses were performed under standard laboratory conditions using ICP-OES"GEAP 6000,
Thermo Scientific, USA), a conductivity meter (ORION STAR A222),"a spectrophotometer
(LANGE DR YA- +), and a pH meter (ORION STAR AYY)).

Brine samples were collected from the Shuwaikh SWRO desalination plant in Kuwait. The
total dissolved solids (TDS) of the rejected brine were approximately 78,000 ppm. The average
composition of feedwater and SWRO brine is presenteddm,Table ).

Precipitation experiments were carried out using a laboratery-seale assembly, as shown in Fig.
1. One liter of SWRO brine was placed in a glass beaker equipped with a magnetic stirrer.
Sodium hydroxide was prepared as an aqueous Selution at different concentrations and was
added gradually in a controlled manner (drepwisc addition) to the brine under continuous
stirring to ensure uniform mixing ahd to avoid local supersaturation. The NaOH concentration
range investigated was systematically.varied to'gvaluate its effect on magnesium precipitation.
The solution was continuously stitted fer 15 minutes while the pH was monitored until
stabilization. After reaching thefdesired,pH, the mixture was transferred to a closed vessel and
placed in an oven at a contrelledytémperature (1 +—%+°C) for ) hour to promote precipitation.

Following thermal treatment, the suspension was cooled to room temperature. The precipitated
magnesium hydroxide was then separated from the liquid phase using vacuum filtration. The
collected solid was thoroughly washed with deionized water to remove residual ions and
impurities, and@ubsequently dried in an oven prior to further analysis. The filtrate was retained
for residualimagnesium analysis to evaluate recovery efficiency. The dried precipitate was then
left for 6 hours to allow further crystallization and growth of the solid phase where applicable.

All experiments were conducted in triplicate, and the mean values were reported to ensure
reproducibility. The effects of NaOH concentration and temperature on magnesium
precipitation were systematically evaluated to determine the optimal conditions for maximum
recovery. The final precipitate at four different pH values at 90°C is illustrated in Fig. 2.



Table 1: Average composition of effluent from the RO plant in of Shuwaikh brine

Component Composition
(mg/L)

Alkalinity 179
Boron 11

Calcium 1040
Lithium 2

Magnesium 2703

Potassium 1142

Sodium 27,802

Sulfate 7497 ° \Q\‘
- S

Fig. 2: Minerals precipitated at 90°C under different pH conditions: (a) pH 8.0, (b) pH 8.5,
(c)pH 9.0, (d) pH 9.5, and (e) pH 10.0.

2.2. Design of Experiment (DOE)

To examine the influence of temperature and NaOH concentration on magnesium precipitation
and pH, a systematic experimental design was employed. The design of experiments (DOE)
approach allowed efficient planning of the tests and provided a structured framework for
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statistical analysis. The response surface methodology (RSM) with a central composite (CC)
design was applied to model and optimize the process. Analysis of variance (ANOVA) was
used to evaluate the statistical significance of the factors and their interactions, and a
mathematical model was developed to describe the relationship between the independent
variables and the magnesium precipitation response. The response variable for this study was
the magnesium precipitation efficiency, defined as:

S — M,

. S initial recipitated

Magnesium Precipitation (%) = = ks XYoo ()
initial

where Mg™? represents the magnesium concentration in the brine, measured in‘mg/L. The
factors investigated were temperature and NaOH concentration. Temperature l¢vels were set at
60°C, 75°C, and 90°C, while NaOH concentration levels were selected as § g/k, 7.5.g/L, and
10 g/L. Table 2 presents the recommended experimental runs obtained ftom the RSM design,
including four repetitions at the center point. Based on this design,magnesium precipitation
experiments were conducted, and the corresponding results are symmarized in Table 2.

Table 2: The factors and their correspending results

Temperature NaOH concentration Magnesium
CO (g/) Precipitation (%)
75 7.5 75
75 10 95
90 10 95
90 5 44
75 7.5 76
75 TS 74
75 7.5 75
75 5 47
60 5 51
60 10 95
60 7.5 75
90 7.5 73

2.3. Process simulation

This study investigates the production of magnesium hydroxide and magnesium oxide using
Aspen Plus software (version 12.1). The analysis focuses on mass and energy balances, along
with the economic performance of the process. The composition presented in Table 1 represents
the key dissolved components in the brine stream discharged from a typical RO plant outlet.
The main objective is to extract Mg'? ions from brine using sodium hydroxide. The effects of
brine mass flow rate and precipitation temperature were analyzed to identify the most cost-
effective approach. The ENRTL-RK thermodynamic model is used to simulate water
containing dissolved ions, as it is widely recommended for electrolyte systems [30-33] .



2.4. The precipitation of Mg*?

A chemical precipitation method is used to recover magnesium from brine. Alkaline solution
(sodium hydroxide) is added to the brine. This reaction leads to the formation of insoluble
magnesium hydroxide, which precipitates out. The precipitate is then separated from the liquid
via filtration. The reaction of this process is as follows:

Mg*" + YOH™ - Mg(OH)x (2)

To determine the percentage of Mg*? precipitated in the reactor, the experimental datd’presented
in the previous section were used.

2.5. Calcination to form MgO

Magnesium hydroxide is calcined, which means it is heated in a“furnacewat high temperatures
to undergo thermal decomposition. During this process, chemically bound water molecules are
removed, resulting in the formation of magnesium oxides(MgQ) asra fine white powder. The
chemical reaction for this process is as follows:

Mg(OH) — MgO + HyO 3)

According to the study by Pan et al3[Y ¢], the,thermal decomposition of Mg(OH). into MgO and
water vapor reaches approximately 98% conyersion at around 500 °C. This temperature has been widely
reported in the literature as an effective, operating condition for achieving a balance between high
conversion efficiency and reasonablesenergy demand in Mg(OH): calcination systems. In addition to
Pan et al. [Y'¢], several studies have reported that Mg(OH). decomposition typically occurs in the range
of Ye.—o0. °C dependingfon‘particlesize, heating rate, and impurities, with negligible improvement in
conversion above 500_°C under atmospheric conditions.

Based on this well-establishedithermal behavior, 500 °C was selected as the calcination setpoint
in the present ‘study, This choice is justified not only by literature evidence but also by
preliminary sensitivity checks performed within the simulation framework, which showed that
increagingythe'temperature beyond 500 °C leads to only marginal improvement in MgO yield
while significantly increasing the energy consumption of the calcination unit. Therefore,
operating at higher temperatures does not provide a meaningful gain in conversion efficiency
and is not economically favorable for large-scale application.

Furthermore, the selected temperature is consistent with industrial MgO production practice,
where calcination processes are typically optimized to maximize energy efficiency rather than
solely targeting maximum theoretical conversion. This ensures that the adopted operating
condition is applicable to real industrial systems, where energy integration and cost
minimization are critical factors. As a result, 500 °C represents an optimal compromise
between conversion efficiency, energy demand, and process feasibility in the proposed
magnesium recovery route.



2.6. Process flowsheet

Fig.3 illustrates the process design for recovering Mg to produce MgO from brine water. In
this design, the brine is first heated to the desired temperature (1+—%+ °C) based on our
experimental study. At the beginning, the brine water from the RO plant is heated to the desired
reaction temperature using a heat exchanger, which recovers energy from the effluent of
Reactor ¥ where Mg(OH): is precipitated. Sodium hydroxide (NaOH) is added te®Reactor
(RT), to magnesium precipitation. The experimental data obtained in our previous,section were
used to define this section. The outlet stream from Reactor 1 contains a mixture of'liquid and
solid magnesium hydroxide, along with small amounts of other co-pre¢ipitated'eempounds.
This stream is passed through a filtration unit to separate the solids from the liquid. The filtrate
can be directed to additional recovery processes, such as membrane distillation, reverse
0smosis, or evaporation, to extract any remaining valuable compeunds.*Part of the recovered
heat is also used for preheating the brine water.

The solid product requires washing to remove impurities. The résulting Mg(OH): is obtained
as a filter cake containing, on average, about 45%Wwater |7, 25, 35], which must be removed.
To achieve this, the solid is dried by heating toyl 05 £C te evaporate the water. The moisture
content of the solid stream is controlled@ecordingto design specifications and Fortran-based
calculations. After drying, the solid,is introduced into Reactor 2, where it is further heated to
°++ °C, following the studies of Du etal. [Ye]3Dong et al. [V], and Karmin et al. [Y°], for the
calcination of Mg(OH). to MgO. The water vapor produced during calcination is recovered
and used to preheat the reactor feedyThisvapor is also combined with the dryer off-gas stream
to enhance the energy efficiéncywof the drying process. The total water vapor is condensed to
produce pure water. Tablesd illustrates the equipment used in the process simulation.

c1

4

Fig. 3: Process flowsheet for the production of MgO from brine water



Table 3: List of equipment and Aspen Plus design specifications used in the process

flowsheet
Legend Equipment
HE1 Shell-and-tube heat exchanger
H1 Heater
R1 Precipitation reactor
F1 Solid-liquid separator
HE2 Shell-and-tube heat exchanger
H2 heater
B2 Solid—vapor separator
HE3 Shell-and-tube heat exchanger
H3 Heater
R2 Calcination reactor
C1 Cooler
DS1 Design Spec — control watericakeflow
DS2 Design Spec — control heat exchanger area

3. Results and discussions
3.1. Experimental results

In this section, the experimental tesults are investigated. According to Table 2, the precipitation
of magnesium is calculated as'a funétion of temperature and NaOH concentration. The ANOVA
table for the experimental results®s illustrated in Table 4. According to the results, the quartic
model, the NaOH ¢onieenttation and A? are statistically significant. The high F-values indicate
that factors hayea stfong anfluence on the response variable, while the low p-values (less than
0.05) confizm their significance at the 95% confidence level. This means that the quartic model
correctly shows “the nonlinear relationship between the factors. Changes in NaOH
concentration,temperature, and their interaction, as well as the square term of A2, have a clear
effect onfthe percentage of magnesium precipitated. However, the squared term of B? is not
importantibecause its F-value is low and its p-value is higher than 0.05. This shows that this
term has little influence on the response variable. Moreover, the lack of fit is not significant, as
its F-value is low and the p-value is greater than 0.05. This indicates that the model fits the
experimental data well, and there is no evidence of a systematic deviation between the
predicted and observed values.



Table 4: ANOVA of the experiential results

Source F-value p-value
Model 143.9 <0.0001
A: NaOH (g/) 713.2 <0.0001
B: Temperature (°C) 20.9 0.0038
AB 18.9 0.0048
A? 47.0 0.0005
B? 0.5 0.4749
Lack of Fit 1.0 0.5205

According to the table results, the model for predicting the percentage of. magnesium
precipitation is as follows:

R=—YV:ALYENFYA — + Y B4 + 2 £TAB — +.06+AY — « .« )BT @))

Where R is the percentage of magnesium precipitated, A is the NaOH«€oncentration (g/L), and
B is the temperature (°C).

The coefficients of B, AB, and B are significantly loweér than that of A. Therefore, the effect of
A is considerably higher than the effects of the'other terms:

Fig. 4 shows the comparison between the experimental magnesium precipitation data and the
predictions of the developed model. The close,alignment between the two demonstrates that
the model accurately captures the behavior of the system, which is further supported by a high
R? value of 0.99, indicating excellent predictive capability.
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Fig. 5 illustrates the contour plothof magnesium precipitation as a function of NaOH
concentration and temperature. esults indicate that the effect of temperature is
significantly lower than that o
concentration has a stronger.i

mainly dependent on Na
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3.2. Process simulation resul

properties of brine 1 iffer significantly from those of pure water and even seawater
due to the pres arious dissolved minerals and compounds. Additionally, the
concentration of the ponents increases in the recovery section as pure water is removed,

resulting i% ntrated brine. Fig. 6a to Fig. 6f illustrate the variation of density, specific
1ty, s

c ace tension, thermal conductivity, viscosity, and pH of brine water as a

perature. As shown in Fig. 6a, the density of brine water decreases with
temperature and approaches that of pure water. This indicates that the behavior of
brine density becomes more similar to pure water at higher temperatures. Fig. 6b shows that
the specific heat capacity of brine water is generally lower than that of pure water. Although
the variation is not large, a nonlinear trend is observed due to the complex temperature
dependence of heat capacity. According to Fig. 6¢ and Fig. 6d, the surface tension and thermal
conductivity of brine water behave similarly to pure water. The presence of minerals has no
significant effect on these two properties within the tested temperature range. As illustrated in
Fig. 6e, the viscosity of brine water is slightly higher than that of pure water, but the overall
trend with temperature remains similar. Finally, Fig. 6f shows that the pH of brine water



decreases as temperature increases. This is an important result, as pH plays a critical role in
mineral precipitation during alkaline treatment.
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Fig. 6: Variation of brine water physical properties™with temperature: (a) density, (b) specific
heat capacity, (c) surface tension, (d) thermal cofiduetivity, (e) viscosity, and (f) pH.

Fig. V presents the variation in speecific heaticapacity for MgO and Mg(OH). within the
temperature range of Y+« to ¢+ + °C, Thewesults indicate that the heat capacity increases for
both solids as temperature rises, which¥is consistent with typical thermal behavior of solid
materials. Notably, Mg(OH)z, shows.a higher heat capacity than MgO throughout the entire
range, with values approximatelysS0 percent greater. This difference is important in process

design, particularlydn thermal energy calculations.

2000

1800
< 1600
1400
1200
1000
800
600
400
200

0

Heat capacity (J/kg/

- ’ - - - -

L /

i MgO

I — = Mg(OH)2
70 170 270 370

Temperature (°C)

Fig. V: Specific heat capacity of MgO and Mg(OH): as a function of temperature



3.2.2. Effect of feed flow rate

In this section, the effect of varying feed flow rates at a constant temperature of 60°C and
NaOH concentration of V,° g/L is examined on four key parameters: NaOH consumption for
Mg"" precipitation, Mg(OH). production, MgO production, and the net energy consumption of
the entire process.

As shown in Fig. 8a, increasing the feed flow rate leads to higher NaOH consumption. This
occurs because a higher flow rate contains more dissolved Mg"", requiring moré’NaOH to
achieve full precipitation. For instance, when the feed flow rate increases fromgm, * s m*/day
to )+ +s+++ m%day, the NaOH consumption rises from YV® ton/day to Yo+ ton/day.

Fig. Ab and Fig. Ac show that the production of Mg(OH). and MgO also.increasesywith feed
flow rate. This is due to the greater availability of Mg"" at higher volumesy,which results in
more precipitation and subsequent conversion. Specifically, Mg(OH)a,production increases
from YY) ton/day at ©+»+++ m?®/day to Y1Y tone/day at )+ +»+ + ~'m*/day, while MgO production
increases from ) ton/day to YAY ton/day.

Finally, Fig. 8d illustrates the trend in net energy consumptionaAs the feed flow rate
increases, the energy requirement also rises due,to thedargervolume of brine entering the
system at 1+ °C. The net energy consumption ingreasesyfrom Y+ ++ kW at ©+,+++ m*day to
£&vv v kWat Ve +se oo m¥/day.
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Fig. A: Effect of feed flow rate on (a) NaOH consumption, (b) Mg(OH). preduction, (c) MgO
production, and (d) net energy consumption at 60°C.

3.2.3. Effect of precipitation temperature

In this section, the effect of temperature on key factors is investigated. The NaOH concentration
was considered Y,° g/L, and the feed flow rate wasgset at,V°s%: + m3/day. Since the feed flow
rate and NaOH concentration are constant, the effect gf temperature on NaOH consumption is
not analyzed, as it remains almost unchanged. Insteadythis section focuses on the production
of Mg(OH)2, MgO, and net energy consumption.

Fig. 1a shows the effect of precipitation temperature on Mg(OH)2 production. Between 1+ °C
and 4+ °C, the production remains relatively stable. As the temperature increases from 1+ °C
to Ve °C, Mg(OH). production|increases'slightly. However, when the temperature rises from
Vo °C to 4+ °C, the production decreases. Overall, the Mg(OH). production remains almost
constant at around Y+ 3 fon/dayaBig. b shows that MgO production first increases and then
decreases with incseasing precipitation temperature. Since MgO is obtained from the
calcination of Mg(OH)., its,production follows the same trend. Overall, MgO production
remains almost constantfat around 144 ton/day. Fig. 9c presents the effect of temperature on
net energy. consumption. As expected, the energy requirement rises sharply with increasing
temperature ‘due to the additional thermal energy needed to heat the brine feed. When the
temperature uincreases from 60 °C to 90 °C, the net energy consumption increases by
approximately 2.3 times.
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3.2.4. Effect of NaOH concentration

Fig. 10a illustrates the effect of NaOH concentration on NaOH consumption at a feed flow rate
of 75,000 L/h and a%preeipitation temperature of 75 °C. When the NaOH concentration
increases fromg®g/ld'to ) gL, NaOH consumption rises from YV@ ton/day to Yo+ ton/day,
representingsa twofold increase. This shows that NaOH concentration and its consumption are
direetly related—higher concentrations lead to greater reagent utilization due to their
interdependentmature in the precipitation process.

Fig. ) +bishows the effect of NaOH concentration on Mg(OH). production under the same
operating conditions. As the NaOH concentration increases from © g/L to Y+ g/L, Mg(OH).
production increases from YY1,% ton/day to Y°°,¢ ton/day, also corresponding to a twofold
rise. This occurs because higher NaOH concentration enhances the precipitation of magnesium
ions, resulting in a higher yield of Mg(OH)s.

Fig. ) +c presents the variation of MgO production with NaOH concentration. Since MgO is
obtained from the calcination of Mg(OH)., its production follows the same pattern. Increasing
the NaOH concentration from 5 g/L to 10 g/L raises MgO output from 87.5 ton/day to 176.5



ton/day, reflecting the direct dependence of MgO vyield on the extent of magnesium
precipitation.

Fig. 10d depicts the effect of NaOH concentration on net energy consumption. The influence
of NaOH concentration on energy demand is relatively small because the increase in solid
production does not significantly affect the remaining brine flow. However, a slight decrease
in total energy consumption is observed as the NaOH concentration increases. This reduction,
approximately 3.7% when the concentration rises from 5 g/L to 10 g/L, is attributed to the
higher condensate water flow that can be recovered and reused within the system, thereby
enhancing overall energy efficiency.
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Fig. Y +: Effect of NaOH concentration on (a) NaOH consumption, (b) Mg(OH): production,
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3.2.5. Pure water production

Figs. 11a, 11b, and 11c show the effects of feed flow rate, precipitation temperature, and NaOH
concentration, respectively, on water production from the overall process. In Fig. ''a, at a
precipitation temperature of V© °C and NaOH concentration of V,° g/L, increasing the feed
flow rate leads to higher water production due to the larger solvent volume and greater mass of
precipitated products such as Mg(OH). and MgO. Specifically, when the flow rate increases
from ©+s+++m?3day to )++s+++m’/day, water production doubles from )¢+ m?®day to
¥+« m3/day.

Fig. 11b illustrates the effect of precipitation temperature at a feed flow rate of 75,000 m*/day
and an NaOH concentration of V,® g/L. Increasing the precipitation tempefature dees not
significantly change the Mg(OH): yield. For example, raising the temperature from*+ °C to
90 °C results in a water output of about 253 m?3/day.

Fig. ) Vc depicts the influence of NaOH concentration at a feed flow rate of Y9+ « + m*/day and
precipitation temperature of V@ °C. As the NaOH concentration inereases'ffom © g/L.to )+ g/L,
water production also rises. This occurs because higher NaOH _concentrations enhance
Mg(OH): precipitation, which in turn increases the formatien ofiwater vapor during calcination.
Increasing the concentration from 5 g/L to 10 g/L doubles water production.
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Fig. 11: Effect of (a) feed flow rate (b) precipitation temperature and (c) NaOHiconcentration
on water production from the calcination reactor.

4. Economic Analysis

This section presents an economic analysis of the (proposed. process as a function of
precipitation temperature and feed flow rate. Theytotal proeess cost includes three main
components: material cost, primarily the costef Na@HM,used for Mg*? precipitation; energy
cost, mainly for heating the brine to the desired temperature; and operational and maintenance
costs, assumed to be 5% of the total operation costr The capital cost is significantly lower
compared to the operational cost and is therefore not considered in this analysis. For the
analysis, The energy cost for heating is 3:32 x 10° USD/kJ [36]. The cost of NaOH is taken as
327 USD/ton [37]. For the purpese,ofithis analysis, the selling price of MgO is assumed to be
3,000 USD/ ton [14]. Thewbjective function of our analysis is as follows [36]:

F=RP—ZCi ®)
]

Where R is thesproduction ‘rate of MgO, P is the selling price, and C is the total cost of
production, which includes the costs of NaOH, energy, and maintenance. The objective of the
economic analysisus‘to maximize the net profit, defined as the difference between revenue (R
x P) anditotaleosts (3. ; C;).

Figs. 12a; 12b, and 12c illustrate the effect of brine flow rate, precipitation temperature, and
NaOH concentration on NaOH cost, energy cost, maintenance cost, and revenue, respectively.
For investigating the effect of brine flow rate, the precipitation temperature was fixed at 75 °C
and NaOH concentration at 7.5g/L. To examine the effect of temperature or NaOH
concentration, the feed flow rate was fixed at 75,000 m*/day.

According to Fig. 12a, all costs (NaOH, energy, and maintenance) and revenue increase with
increasing feed flow rate. Higher flow rates require more energy input and greater NaOH
consumption. Additionally, a higher flow rate provides more Mg*? ions for precipitation,
resulting in increased revenue. Specifically, as the flow rate increases from 5,000 m*/day to
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100,000 m*/day, NaOH cost nearly doubles, energy cost increases by 3.43 times, maintenance
cost doubles, and revenue approximately doubles. These results highlight that the energy
requirement is the most sensitive factor to changes in feed flow rate, emphasizing the
importance of process integration strategies such as heat recovery from effluent streams to
reduce overall energy demand.

Fig. 12b shows the effect of precipitation temperature. As the temperature increases, energy
costs rise significantly, while other costs remain almost constant. The maintenance cost
changes only slightly, and revenue decreases due to higher energy consumption. For example,
increasing the temperature from 60 °C to 90 °C leaves the NaOH cost nearly unghanged, but
the energy cost increases by about 2.8 times, resulting in a 5.6% decrease in revenue. These
results indicate that precipitation temperature has a much stronger effect “on “energy
consumption than on other cost factors. To better assess the overall impactpyit is\important to
consider the objective function (net value), which is discussed in the optimization seetion. Fig.
12¢ presents the effect of NaOH concentration. Energy cost remains‘nearly ¢enstant as NaOH
concentration increases, but maintenance cost, NaOH consumption,sand revenue all rise.
Higher NaOH concentration increases reagent consumption, requires additional maintenance,
and enhances Mg(OH). production, thereby increasing reyvenue, Specifically, as NaOH
concentration increases from 5 g/L to 10 g/L, NaOH censumption cost doubles, maintenance
cost rises by 89%, and revenue increases by 117%:
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Fig. 12: Effect of (a) brine feed flow rate, (b) precipitation temperature, and (c) NaOH
concentration on NaOH cost, energy cost, maintenance cost, and revenue.



5. Optimization

In this section, the objective function (Eq. 4) is optimized as a function of feed flow rate, NaOH
concentration, and precipitation temperature. For this purpose, the RSM method is again used
to develop a quadratic equation for the objective function as a function of the considered
factors, and then it is optimized. Additionally, the repetition of the center point is set to one
because the objective function is calculated from simulations, and each repetition produces the
same result. The simulation results and their corresponding outcomes are presented in Table 5.

Table 5: Objective function run design and corresponding results

A: B: C: Objective function
NaOH concentration Temperature (°C) Feed flow rate
(g (m*/day)

10 60 100000 $131,1315000
7.5 90 75000 $79,877,400
5 75 75000 $51,082,600
10 60 50000 $66,604,000
7.5 75 100000 $109,023,000
7.5 60 75000 $84,539,100
5 60 100000 $74,519,400
10 90 50000 $68,863,200
5 90 100000 $58,095,500
7.5 75 50000 $56,089,800
10 75 75000 $100,577,000
5 60 50000 $38,295,800
5 90 50000 $31,202,300
7.5 75 75000 $82,670,100

Table 6 illustrates the ANOVA analysis of the developed objective function. According to the
p-values and F-values, all factors have a significant effect on the objective function, except
for the quadratic terms B/and € ", which are statistically insignificant.

Table 6: ANOVA analysis for the developed objective function

Source F-value p-value
Model 353.070 < 0.0001
A: NaOH (g/1) 1495.470 < 0.0001
B: Temperature (°C) 13.670 0.014

C: Feed flow rate (m*/day) 1468.200 < 0.0001
AB 24.020 0.0045
AC 132.840 < 0.0001
BC 2.660 0.1641
A? 29.370 0.0029
B? 0.132 0.7315
C? 0.008 0.9341
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Equations 5 and 6 illustrate the objective function.

Pc=82666896 + 24737637 x A - 2365500 x B + 24511029 x C + 3505217 xAB + ©)
8242919 x A C - 1165588 x B C - 6836123 x A? - 457879 x B? - 109659 x C*

Pr=-17929922 + 9399814 x A - 320373 xB + 251 xC + 93472xAB + [132xAC - )
311 xBC-1093779 x A% - 2035 x BZ-0.000175 x C?

In these equations, Pc is the objective function in coded form, and Pg'is the,objective*function
in real units. A, B, and C represent NaOH concentration, temperatureand feed flow rate. The
factors are coded as —1 and 1 to see which has the most effect,onsthenobjective function. The
coefficients show that NaOH concentration (A) and feed flow rate (B) have similar effects,
while temperature has a smaller effect. The interaction betweenyNaOH concentration and feed
flow rate (BC) has a larger effect than the other interactions.

Fig. 13 illustrates the comparison between the predicted and simulated objective functions. The
results show a very good agreement betweenithe simulation and the predicted values, indicating
that the developed model accuratelyyrepresents the.system behavior. This agreement is further
confirmed by the R-squared value 0f:0:999, which is very close to 1, demonstrating the high
reliability and predictive capability of the'model.
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Fig. 13: Comparison of predicted and simulated objective function
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Fig. 14 illustrates the interaction effect of feed flow rate and temperature on the objective
function. It is evident that the effect of temperature is negative, while the effect of feed flow
rate is positive. However, the influence of feed flow rate on the objective function is
significantly higher than that of temperature. Additionally, the effect of feed flow rate shows a
nonlinear behavior.

Fig. 15 shows the interaction effect of feed flow rate and NaOH concentration on the objective
function. Both NaOH concentration and feed flow rate have a positive effect. The objective
function increases significantly and nonlinearly as both the feed flow rate¢and NaOH
concentration increase. °
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tIvi tion along with the corresponding
feed flow rate. It is evident that the

Table 7 shows the optimized value of the
optimal values of NaOH concentration,

Factor C (m®/day) Objective function

Value 100000 $133,213,000.
6. Conclusions
Thisystudyinves s magnesium recovery from seawater reverse osmosis (SWRO) brine
thro itation of Mg?" as Mg(OH): followed by calcination to MgO, combining
experi ork with Aspen Plus process simulation and economic analysis. The

al results show that NaOH concentration is the dominant factor affecting
magnesium precipitation, while temperature has a comparatively weaker influence. Increasing
NaOH concentration significantly enhances Mg** removal and leads to higher production of
both Mg(OH). and MgO. The thermophysical behavior of brine is generally similar to that of
pure water, except for a slightly lower specific heat capacity, indicating that the heating demand
is only marginally reduced compared to pure water. Process simulation results indicate that
increasing feed flow rate enhances Mg(OH). and MgO production but simultaneously increases
NaOH consumption and energy demand due to the larger processing volume. Higher
precipitation temperatures slightly reduce magnesium recovery and substantially increase
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energy consumption, whereas increasing NaOH concentration improves overall recovery and
slightly reduces net energy demand due to enhanced heat recovery from water vapor during
calcination. Water generation during calcination also increases with higher feed flow rates and
NaOH concentrations, contributing additional value to the process. From an economic
perspective, the highest net profit is achieved at a feed flow rate of 100,000 m?/day, low
precipitation temperature (60 °C), and high NaOH concentration, resulting in an estimated
annual profit of approximately 133 million USD. Overall, feed flow rate and NaOH
concentration have a stronger influence on process profitability than temperature, indicating
that maximizing these parameters is most beneficial for system performance. The results
confirm the technical and economic feasibility of large-scale MgO production from RO brine
and support its potential for industrial brine valorization. Future work sheuld focus on
improving process sustainability through energy integration strategies such as waste heat
recovery, process intensification, and advanced brine management techniquesto fugther reduce
operational costs and environmental impact.

Nomenclature
Symbol  Description Unit Symbol Description Unit
A NaOH concentration g/L Mg* Magnesium ion in aqueous mg/L
solution
B Precipitation temperature  °C Mg(OH): Magnesium hydroxide -
C Feed flow rate m3/day MgO Magnesium oxide —
OH- Hydroxide ion — TDS Total dissolved solids ppm
F Objective function, (net USD P Selling price of MgO USD/ton
profit)
ANOVA  Aanalysis of yariance - RSM Response Surface -
Methodology
CCD Central Composite - F-value Fisher statistical value -
Design
p-value  Statistical significance - R? Coefficient of determination ~ —
level
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