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H I G H L I G H T S  

• Mg2+ recovery was evaluated as a pretreatment for membraneless electrolysis of desalination brine. 
• Mg2+ recovery was optimized using response surface methodology. 
• 98.8% Mg2+ recovery was achieved using 8.22 g/L NaOH at 45 ◦C. 
• Mg2+ influence on the performance of the membraneless electrolyzer was assessed. 
• The membraneless electrolyzer can tolerate up to 5 mM of Mg2+.  
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A B S T R A C T   

Alkali-earth metals pose a significant challenge to water treatment technologies and electrochemical processes 
due to their propensity to precipitate as metal hydroxides, which can deposit on membranes and/or electrodes 
and reduce their efficiencies. Membraneless electrolyzers can partially overcome this issue because they lack 
membranes or diaphragms, however their electrodes are still susceptible to fouling. To overcome this issue, 
electrolyzers can be incorporated into a recirculating electrolyte scheme where magnesium is removed in the 
form of Mg(OH)2 before reaching the electrolyzer. Motivated by this system, the first part of this study focuses on 
the optimization of magnesium recovery from desalination brine by adding NaOH using response surface 
methodology. Brine salinity, NaOH dose, and temperature were optimized with complete magnesium removal set 
as the target response using central composite design. Results showed that 98.8% of magnesium can be removed 
at brine salinity, NaOH dose, and temperature of 73.5 g/L, 8.22 g/L and 45.5 ◦C, respectively. The second part of 
this study investigated the influence of Mg2+ concentration on the performance of a cathode within a mem
braneless electrolyzer. Experimental demonstrations show that Mg2+ concentrations below 5 mM can be used as 
a feed stream without any noticeable build-up of Mg(OH)2 deposits on the cathode surface over 3 h during 
electrolysis at 50 mA/cm2. Finally, an analysis is presented to predict how long a cathode can operate in Mg2+- 
containing electrolyte as a function of current density and superficial velocity of brine solution before the 
electrode reached its maximum tolerance of Mg(OH)2 deposits.   

1. Introduction 

Significant water demand coupled with declining freshwater 

supplies is intensifying water scarcity worldwide. It is estimated that 
approximately 41% of the world's population suffers from water short
ages [1]. Over the last few decades, desalination has become a large- 
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scale technical solution to meet the ever-growing demands of fresh
water, especially in water-stressed countries. Almost half of the desali
nation plants are located in the Middle East and North Africa, 
accounting for 48% of the global desalination capacity [2]. Desalination 
plants use large volumes of seawater and discharge concentrated water 
(reject brine) back to the environment. Brine production is usually 
equivalent to or greater than the total volume of the desalinated water. 
The disposal of reject brine is becoming a major economic and envi
ronmental concern due to its elevated salinity and temperature as well as 
chemical additives added during its pretreatment [3]. There are several 
brine management approaches depending on disposal cost and regula
tions, geographic or physical location of the discharge point, and brine 
volumes [4]. Most of these approaches focus on direct disposal and 
management rather than treatment and reuse. They can also be costly, 
energy-intensive, and could have detrimental effects on the environ
ment. These approaches include brine evaporation, concentration, 
crystallization, and distillation [1–3]. Desalination plants often dispose 
of reject brine into the close-by surface water bodies like the sea or the 
ocean [4]. The long-term impact of brine disposal operations on marine 
environment is still unknown, but the high temperature and salinity 
associated with reject brine may have harmful effects on marine life. 
Nonetheless, instead of disposing of the brine, its metals and ions con
tent can be harvested and used to produce chemicals with high com
mercial value. Mavukkandy et al., recently reviewed thermal and 
membrane-based techniques to recover valuable materials from the 
reject brine [5]. Among these techniques, electrochemical conversion 
stands out as a means of producing sodium hydroxide (NaOH) from 
reject brine through the use of membrane-based electrodialysis cells or 
chlor-alkali electrolyzers. 

The electrodialysis with bipolar membranes (EDBM) generates a 
stream of alkaline and acidic effluent containing NaOH and hydrochloric 
acid (HCl). EDBM can be challenging for large-scale production of acid 
and base from reject brine due to the susceptibility of membranes to 
degradation and fouling, especially in the presence of impurities. 
Although the electrodes in an EDBM might not be directly exposed to 
impurities from the reject brine, thanks to shielding from the mem
branes, the membranes themselves can be susceptible to fouling and 
degradation. In general, fouling is a major issue in membrane processes/ 
units and often represents a major challenge for membrane desalination 
processes [6,7]. In particular, the challenge of stabilizing anion ex
change membranes, an essential half of the bipolar membrane, has been 
openly recognized for applications involving seawater [8]. Another 
challenge is the sodium hydroxide production capacity of the EDBM. It 
has been reported in the literature that the EDBM technology can pro
duce NaOH concentration from brine between 0.2 and 2.4 M compared 
to a commercially required concentration of 18.9 M [9]. 

An alternative electrochemical process for generating sodium hy
droxide from brine is conventional brine electrolysis carried out in a 
chlor-alkali electrolyzer [10]. Although the Chlor-Alkali process is the 
industrial standard for cost-effective production of NaOH, it requires 
high brine purity to avoid membrane fouling. In addition, the chlor- 
alkali process generates large amounts of toxic Cl2 [11,12]. Unlike the 
above-mentioned electrochemical processes, membraneless electro
lyzers do not require a membrane between the anode and cathode. In 
addition, they can operate at large current densities (>100 mA/cm2) 
compared to EDBM units which often operate with current densities 
between 5 mA/cm2 to 10 mA/cm2. This difference in current density 
translates to a higher throughput of reactants/products per unit area of 
the device, meaning that a much smaller (i.e., lower cost) device can be 
utilized if it can operate at higher current density, with all else being 
equal. While low current may not be a problem from an operational 
standpoint, it will have an effect on the capital costs of the system [13]. 

Membraneless electrolyzers depend on the separation of products by 
fluid flow [14] and/or buoyancy of gaseous products [15]. By removing 
the membrane, the electrolyzers have the potential to be highly durable 
under challenging conditions, as they do not experience membrane 

fouling. Theelectrolyzer considered in this work are based on porous 
flow-through electrodes for which the electrolyte is continuously pum
ped through the pores in the electrodes during operation. However, 
scales formed by the precipitation of magnesium and calcium hydrox
ides can deteriorate the performance of the electrode, as they can block 
the electrochemical active sites [15]. In general, brine contains 
considerable amounts of magnesium (Mg2+) and calcium (Ca2+) ions. 
Hence, removing these ions is essential for the long-time durability of 
the electrodes. This study proposes to achieve this goal through the 
process scheme illustrated in Fig. 1, where alkalinity produced from the 
cathode effluent of a membraneless electrolyzer such as those previously 
reported [13,16], is used to drive the chemical conversion of Mg2+ and 
Ca2+ ions into hydroxides and/or carbonates. Within this process, the 
alkaline effluent from the membraneless electrolyzer is recirculated 
back towards the inlet of the electrolysis process such that it can be used 
to facilitate the removal of the alkali earth metal ions as solid pre
cipitates before they have a chance of reaching the electrolyzer. By this 
means, the proposed scheme provides a means of harvesting valuable 
solid carbonates and/or hydroxides while potentially preventing these 
minerals from depositing on the cathodes of the electrolyzer. 

Consistent with the basic idea illustrated in Fig. 1, several previous 
studies have discussed the removal of magnesium from brine using 
different alkaline agents. Mohammad et al. recovered 99% of magne
sium at high brine salinity and low temperature using ammonia. The 
authors reported high purity of the recovered magnesium in the form of 
magnesium hydroxide [17]. Similarly, Dong et al. used ammonium hy
droxide and sodium hydroxide to precipitate magnesium hydroxide for 
the subsequent production of magnesium oxide (MgO) to be used as a 
cement binder. They reported that the type of reagent used can influence 
the textural properties, reactivity, and microstructure of the produced 
MgO. The ammonia-based MgO had a more porous structure compared 
to sodium hydroxide-based MgO. Nonetheless, the use of ammonia can 
be a major concern, as it is considered an environmental and health 
hazard that can lead to respiratory failure. Ruan et al. investigated the 
production of magnesium oxide from reject brine by adding sodium 
hydroxide/magnesium at a molar ratio of two and reported that MgO 
produced can be used as an effective cement binder for construction 
applications [18]. In this work, reject brine obtained from a local 
desalination plant was treated with NaOH to remove magnesium in the 
form of magnesium hydroxide. Response surface methodology was used 
to determine the optimum conditions for maximum magnesium recov
ery by varying three experimental parameters including brine salinity 
(S), NaOH (N), and temperature (T). Mg2+-containing electrolyte was 
fed to a membraneless electrolyzer and its capability to simultaneously 
produce acid and base in the presence of Mg2+ was evaluated. Over
potential losses were measured at varying concentrations of Mg2+ in 
brine to determine maximum allowable deposits of Mg(OH)2 on the 
surface of the cathode before the device is too inefficient to operate. To 
the best of the authors' knowledge, such inclusive optimization has not 
been reported in the open literature. 

2. Methods 

2.1. Thermodynamic analysis of the reaction 

The magnesium ions in the reject brine samples are usually present in 
the form of carbonates, chlorides, or sulfates. The addition of sodium 
hydroxide elevates the pH of brine solution leading to the precipitation 
of the magnesium ions into magnesium hydroxide [17], as shown by the 
reaction (1): 

2NaOH (aq.)+Mg2+ (aq.)↔ 2Na+ (aq.)+Mg(OH)2 (s) (1) 

The thermodynamics of this reaction was then evaluated using the 
reaction equations tool of HSC chemistry software [19]. Using this tool, 
the heat of reaction and Gibbs free energy (ΔG) was calculated over a 
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temperature range of 0 to 100 ◦C with increments of 10 ◦C. The results 
indicated that the reaction exhibited a negative change in enthalpy (ΔH) 
and ΔG at the given temperature range. The former is an affirmation of 
the reaction being exothermic in nature, while the latter affirms that the 
reaction is spontaneous over the entire range (Fig. 2). 

2.2. Reject brine characterization 

The reject brine samples used to perform this study were obtained 
from a local water desalination plant located in Doha, Qatar, which 
utilizes a multi-stage flash (MSF) distillation process. The reject brine 
samples were collected from the last stage of the aforementioned MSF 
process and the characteristics of the obtained reject brine are provided 
in Table 1. The concentrations of all the major cations and anions were 
determined using Shimadzu 9800 inductively coupled plasma atomic 
emission spectroscopy (ICP-OES) and Metrohm 850 Professional ion 
chromatography (IC), respectively. The ICP-OES analysis indicated that 
sodium, potassium, calcium, and magnesium were the major cations and 
the IC analysis confirmed bromine, sulfate, and chloride were the major 
anions present within the brine samples. Hach TNT 822 reagents were 
used to determine the chemical oxygen demand (COD) of the samples in 
a Hach DR 3900 UV spectrophotometer. The pH and conductivity of the 
samples were determined using Thermo Scientific Orion Star A325 
meter. The total dissolved solids (TDS) method was carried out following 
the standard APHA 2540 ◦C method at room temperature. Furthermore, 
the method was also used to determine the correlation (Fig. 3) between 
the conductivity and salinity of reject brine samples at room tempera
ture [20]. 

2.3. Screening experiments 

Initially, screening experiments were performed to determine the 
effects of various process parameters, namely Salinity (S), amount of 
NaOH (N) and reaction temperature (T) on the efficiency of magnesium 
ions removal. Based on these experiments, applicable ranges for each 
individual parameter (Table 3) were selected for developing an experi
mental design to apply response surface methodology (RSM). All the 
experiments were performed using the original brine samples. The 
salinity of the experimental runs was varied between 23.9 and 123.1 g/ 
L, thus, varying the initial magnesium content of the brine samples as 
given in Table 2. To increase or decrease the salinity, the original brine 
samples were concentrated via evaporation or diluted with DI water, 
respectively. The amount of sodium hydroxide added was varied be
tween 1 and 14 g/L, and the temperature was varied between 18 and 

Fig. 1. A simplified process flow diagram illustrating the removal of alkali earth metal ions from desalination reject brine reaching a membraneless electrolyzer used 
for producing dilute base and acid from the brine solution. 
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Fig. 2. Gibbs free energy (− ΔG) versus temperature as calculated by HSC 
software for reaction (1). 

Table 1 
Characteristics of the obtained reject brine.  

Parameters Value 

Sodium (mg/L)  24,299 
Potassium (mg/L)  1094 
Calcium (mg/L)  837 
Magnesium (mg/L)  2879 
Bromide (mg/L)  106 
Sulfate (mg/L)  5497 
Chloride (mg/L)  40,444 
TDS (mg/L)  76,200 
COD (mg/L)  2270 
Conductivity (mS/cm)  93.5 
pH  8.9  
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Fig. 3. Relationship between salinity and conductivity determined from reject 
brine samples at room temperature via TDS at the standard APHA 
2540 ◦C method. 

N. Mahmud et al.                                                                                                                                                                                                                               



Desalination 525 (2022) 115489

4

45 ◦C. This range was selected in keeping with the temperature at which 
the brine is rejected at the local desalination plant. For each experi
mental run, around 100 mL of reject brine of a given salinity was 
transferred to a conical flask and a specific amount of NaOH (Purity 
98.5% Sharlab) was added. The flask was then placed inside a 
temperature-controlled shaker (Labnet model), where it was mixed very 
well at 200 RPM for 2 h. The samples were then filtered using Restek 13 
mm 0.45 μm (Nylon) syringe filters and analyzed using ICP-OES. The 
amount of magnesium removed was then calculated using Eq. (2). 

Mg Removal% =
Ci − Cf

Ci
(2)  

where, Ci and Cf represents the initial and final magnesium concentra
tions (mg/L) of the feed brine sample, respectively. 

2.4. Experimental design using response surface methodology 

Response surface methodology or RSM is a method that can be used 
to interpret the behavior of set of experimental data by generating a 
second order model representing the experimental data [21,22]. Sta
tistical assessments are then made to determine the accuracy of the 
obtained second-order model. The model can be further used to optimize 
and tune a system's output to attain the desirable outcome [23,24]. 
Minitab 19 software was used to formulate an experimental design using 
RSM based on the applicable range attained from the initial experi
mental screenings of the process variables (S, N, and T). The software 
was then used to analyze and fit the experimental data to a regression 
model through central composite design (CCD) as given by Eq. (3). 

Y = β0 +
∑

i=1
βiXi +

∑

i=1
βiiX2

i +
∑

i=1

∑

J=i+1
βijXiXj (3)  

where Y, β0, βi, βii, βij, Xi, and Xj represent the response function, offset 
term, linear effect coefficient, squared effect coefficient, interaction ef
fect coefficient, variable value with code i, and variable value with code 
j, respectively [25]. Afterwards, the Minitab optimizer tool was used to 
optimize the three process parameters (S, N, and T) for a target response, 
which in this work was set to be as 100% recovery of magnesium. The 
goodness of the optimization in RSM can be evaluated based on desir
ability parameter. The desirability value is usually between 0 and 1, 
where a desirability value close to 1 indicate the target response close to 
the ideal value. 

2.5. Characterization of solid products 

After determining the optimum conditions for brine salinity, NaOH 
dose and Temperature via the Minitab optimizer output, experiments 
were carried out under those conditions and the obtained precipitates 
were collected for further analysis. At first, the solid precipitates were 
separated using centrifuge and redispersed in deionized water followed 
by another step of centrifugation. After five alternative cycles of 
centrifugation and redispersion in deionized water, the solid products 
were separated and kept for drying overnight in an oven at 105 ◦C. X-ray 
diffraction analysis of the solid samples were then carried out using a 
Rigaku Miniflex II at operated at 40 kV using a Cu Kα radiation (λ =
1.5406 Å) within a 2θ range of 5◦ to 80◦. Thermogravimetric analysis of 

the solid samples were carried out using a Perkin Elmer TGA (Model: 
Pyris 1) under nitrogen environment in the temperature range of 
30–1000 ◦C with a heating rate of 10 ◦C/min. The temperature ranges 
where noticeable weight loss occurred were used to detect the possible 
products along their purity. Finally, the Energy Dispersive Spectra (EDS) 
analysis of the samples were carried out using Thermofisher Qunta 200 
to identify and determine mass of various elements present within the 
solid samples. 

2.6. Fabrication of membraneless electrolyzers 

2.6.1. Electrode fabrication 
The anode was fabricated by cutting titanium (Ti) foil (0.127 mm, 

annealed, 99% metal basis, Alfa Aesar) into a 1 cm × 7 cm rectangle (see 
Fig. S1a) and depositing 50 nm of platinum (99.99%) via electron-beam 
evaporation at a rate of 1 Å/s. A portion of the fabricated electrode 
measuring 1 cm × 2 cm was inserted into the cell and the protruding Ti 
foil was used to establish an electrochemical connection. To fabricate 
the cathode, porous conductive carbon foam characterized by 100 pores 
per inches (PPI) and sheet resistance of 7.87 × 10–2 Ω/sq (McMaster- 
Carr) was cut into a 1 cm × 4.5 cm rectangle. A segment of the electrode 
measuring 1 cm × 2 cm and 1 cm × 2.5 cm was sliced to a thickness of 
0.32 cm and 0.5 cm, respectively. Titanium foil measuring 0.8 cm × 2 
cm was used as the electrical feedthrough and inserted into the thicker 
portion of the electrode (see Fig. S1b). Before platinization of the carbon 
foam, the substrate was first sonicated in isopropanol, methanol, and DI 
water for 5 min each followed by a two-step chronoamperometry (CA) to 
remove impurities from the surface in deaerated 0.5 M H2SO4 electro
lyte. The CA pretreatment was carried out using potentials of 0.4 V vs. 
Ag|AgCl and − 0.8 V vs. Ag|AgCl for 5 s each for a total of 10 s. Elec
trodeposition of the platinum electrocatalyst was then conducted in 
deaerated 3 mM K2PtCl4 + 0.5 M NaCl electrolyte (pH = 2.60) by 
running cyclic voltammetry (CV) between − 0.7 V vs. Ag/AgCl and 0.3 V 
vs. Ag/AgCl for 21 cycles at 100 mV/s. The electrochemically active 
surface area (ECSA) of cathodes used in this work was typically 26–37 
cm2 per cm2 of geometric area, determined by integration of the 
underpotential hydrogen features in the last CV curve based on a specific 
capacitance of 210 μC/cm2 for polycrystalline Pt. [26] Scanning electron 
microscopy (SEM) images of the Pt nanoparticles electrodeposited onto 
carbon foam electrodes were recorded using a Zeiss Sigma VP Scanning 
Electron Microscope. 

2.6.2. Design of membraneless electrolyzer 
The electrolyzer was designed in Autodesk ® Inventor and 3D prin

ted in a MakerGear M3-ID 3D printer using Acrylonitrile Butadiene 
Styrene (ABS) as the filament material and 100% solid infill. ClearWeld, 
J.B Weld epoxy was used to secure glass windows, comprised of glass 
microscope slides, and the electrodes within the electrolyzer chassis. 
The design file for the electrolyzer has been made freely available on 
echem.io. 

A Biologic SP 200 potentiostat was used to perform all the electro
chemical experiments. The electrolyzer inlet and outlets were connected 
to the electrolyte reservoir and effluent collection beakers, respectively, 
using silicon tubing (Masterflex L/S, Cole-Parmer). The device was 
mounted in a vertical position, with the feed stream entering the bottom 
of the device and effluent streams leaving the top of the device. Peri
staltic pumps (NE-9004, Peristaltic Pump) were connected to each of the 
effluent tubes and used to draw the anode and cathode effluent streams 
into glass collection beakers. The pH of the collected effluent streams 
was measured with a Benchtop pH meter (Fisher Scientific), which was 
calibrated using pH 4.01, 7.00, and 12.46 standard buffer solutions 
(Oakton Buffer Solution, Cole-Parmer). The feed reservoir was 
constantly purged with nitrogen (N2, Purity Plus 99.999% purity) at 1 
atm during the experiments to remove the oxygen. 

Table 2 
Brine salinity and its corresponding magnesium content.  

Salinity (g/L) Magnesium (mg/L) 

Original reject brine feed  2879 
23.0  1099 
44.0  1789 
73.5  2689 
103  3819 
123  4789  
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2.7. Testing the magnesium tolerance of membraneless electrolyzers 

All solutions were prepared using 18.2 MΩ-cm deionized water. 
Electrolytes were prepared using sulfuric acid (Certified ACS plus, Fisher 
Scientific), sodium chloride (Certified ACS, Fisher Scientific), magne
sium chloride (≥98% anhydrous Sigma Aldrich), and hydrochloric acid 
(Certified ACS Plus, Fisher Scientific). 

A dedicated cell was used for each solution containing a different 
concentration of MgCl2. First, deaerated 0.5 M H2SO4 (pH ≈ 0.9) was fed 
into the cell at 10 mL/ min and CV cycling was carried out between 
− 0.09 V vs. RHE to 1.2 V vs. RHE at 50 mV/s for 38 cycles to evaluate 
the ECSA. The electrode performance towards the hydrogen evolution 
reaction (HER) was evaluated in 1 M NaCl with and without the pres
ence of magnesium. For a given 1 M NaCl + X mM (X=0 mM, 1.2 mM, 5 
mM, or 120 mM) MgCl2 solution, the initial series resistance was 
measured by electrochemical impedance spectroscopy (EIS) using a 
frequency range of 200 Hz to 100 mHz and an AC amplitude of 10 mV at 
0 V vs. RHE in a stagnant electrolyte. To evaluate the initial electrode 
performance towards the HER, 5 CV cycles were recorded from +0.2 V 
vs. RHE to − 1.0 V vs. RHE at 50 mV/s. Next, chronopotentiometry (CP) 
measurements were carried out at a constant current density of 50 mA/ 
cm2 for 3 h. The pH values of the anodic and cathodic effluent streams 
were measured after 45, 105, and 165 min of operation. After CP mea
surements, the series resistance of the cell was again measured by EIS, 
and CV curves were recorded using the same parameters given above. 

3. Results and discussion 

3.1. Response surface model optimization 

The RSM optimization of the three process variables, namely salinity 
(29.9–123.1 g/L), NaOH (1.28–14.7 g/L), and temperature 
(18.6–45.5 ◦C) was carried out at the highest and lowest levels of +1 and 
− 1, respectively. The target response of the RSM was set to be 100% 
magnesium removal. The required experimental conditions for 20 
experimental runs based on the central composite design along with the 
obtained experimental response and predicted response are listed in 
Table 4. From Table 4, it can be observed that complete removal of 
magnesium (100%) was achieved for 5 of the 20 experimental runs. The 
lowest magnesium removal (17.2%) was observed at brine salinity, 
NaOH dose and temperature of 73.5 g/L, 1.28 g/L, and 32 ◦C, respec
tively. The second-order regression model representing the percentage 
of magnesium removal as a function of the three studied process vari
ables and in terms of all the factors is given by Eq. (4). 

Magnesium removal% = 27.3+ 0.113 S+ 13.24 N+ 0.232 T − 0.007608 S*S 
− 0.8557 N*N − 0.0012 T*T+ 0.08399 S*N 
− 0.00125 S*T − 0.0006 N*T (4) 

ANOVA analysis of the response surface model was carried out for 
magnesium removal in terms of the selected process parameters. The 
significance of any given process parameter was determined by the P- 
value. Any factor exhibiting a P-value <0.05 was deemed to be signifi
cant for the target response, while for a P-value >0.05 it was considered 
to be insignificant. Based on this hypothesis, the second-order poly
nomial model in terms of significant factors can be reduced to Eq. (5): 

Magnesium removal% = 27.3+ 0.113 S+ 13.24 N − 0.007608 S*S 
− 0.8557 N*N − 0.08399 S*N (5)  

3.2. Process optimization 

Minitab's response surface optimizer was used for the optimization of 
the three process parameters with a target response of 100% magnesium 
removal. Based on the output of the optimizer, optimum conditions for 
salinity, NaOH and Temperature was found to be as 73.5 g/L, 8.22 g/L, 

and 45.5 ◦C, respectively. The obtained optimizer output was compared 
to the work of Dong et al. [27,28], where the optimum molar ratio for 
NaOH/Mg2+ was reported to be around 2 for 94–99% removal of 
magnesium. The optimum molar ratio for NaOH/Mg2+ based on the 
optimizer output was found to be around 1.85 for the complete removal 
of magnesium. Thus, the findings of the RSM can further reduce the 
operating cost for complete removal of magnesium from reject brine. 
Moreover, a desirability value of 1 was obtained for the model which 
shows the closeness of the response to the target response as well as the 
applicability of the response surface model for the magnesium removal. 

3.3. Model validation 

The accuracy of the obtained response surface model was verified by 
comparing the experimental response (i.e., Magnesium Removal %) 
against the predicted response as shown in Fig. 4. It is evident that the 
obtained experimental values, represented by scattered points, are very 
close to the diagonal line representing the predicted response, thereby, 
indicating a linear behavior. Moreover, the obtained R2 value of 0.9941 
between the two responses also signifies an excellent fit for the response 
surface model. 

To further evaluate the validity of the RSM, additional experiments 
were conducted at a few random conditions as well as at the optimum 
conditions for Salinity, NaOH and temperature. The obtained response 
from these experiments was compared to the predicted response based 
on the generated regression model via RSM (see Table 5). It was evident 
that the experimental Mg removal under random experimental condi
tions was close to the predicted response and within the 95% confidence 
interval. A similar trend was observed in case of the experiments con
ducted at the optimal conditions. These findings elucidate the validity 
and competency of the response surface model to predict the removal of 
Mg from brine at given conditions. 

3.4. Effect of process variables on magnesium removal 

3D surface plots were generated using the regression model to un
derstand the effect of interactions between the three process parameters 
(Salinity, NaOH and temperature) on magnesium removal. The plots 
were generated by keeping one of the process variable constant while 
varying the other two as shown in Fig. 5. Based on the observations of 
Fig. 5 and experimental runs of Table 3, the effect of each individual 
parameter on the removal of magnesium is discussed in the following 
sections. 

3.4.1. Effect of NaOH 
The effect of the interactions between NaOH dosage with the other 
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Fig. 4. The experimental vs predicted values for magnesium removal based on 
response surface design. 
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two process parameters, namely, salinity and temperature on the 
removal of magnesium are shown in Fig. 5a and b, respectively. At a 
constant salinity of 103 g/L, a temperature of 24 ◦C, and NaOH dose of 4 
g/L showed 37.5% removal of magnesium. Under the same conditions, 
increasing the NaOH dose to 12 g/L resulted in the complete removal of 
magnesium (62.5% increase). Similar behavior was also observed at a 
constant salinity of 73.5 g/L and temperature of 32 ◦C, where an in
crease of NaOH dose from 1.28 g/L to 8 g/L resulted in an approximately 
80% increase in magnesium removal. This behavior was mainly caused 
by the availability of more hydroxyl ions with the increase of NaOH 
dosage, which in turn drives magnesium ions present within the brine to 
form more solid magnesium hydroxide products [27]. It is worth noting 

that complete removal of magnesium was observed at NaOH dose of 12 
g/L or more regardless of the salinity. Since at high NaOH dosage, the 
amount of sodium hydroxide exceeded the stoichiometric ratio (2:1) 
required for the reaction between NaOH and Mg2+ as observed in Eq. 
(1). Upon observing the Fig. 4a, it can be observed that there is an op
timum dose for NaOH for Mg removal which was determined by the 
Minitab optimizer as 8.22 g/L. 

3.4.2. Effect of salinity 
Fig. 5a and c shows the effect of interactions between brine salinity 

with NaOH dosage and temperature, respectively. At a constant NaOH 
dose of 4 g/L and temperature of 24 ◦C, the increase of brine salinity 
from 44 to 103 g/L caused a decrease in magnesium removal from 76.0 
to 37.5%. Brine salinity of 23.89 g/L showed complete removal of 
magnesium at a constant NaOH dose of 8 g/Land temperature of 32 ◦C. A 
negligible reduction in magnesium removal was observed at salinity of 
73.5 g/L, however, increasing the salinity to 123.1 g/L reduced the 
removal efficiency to 57.2%. This behavior was mainly caused by the 
increase in the magnesium content of brine with increase in brine 
salinity (Table 2), consequently requiring a higher NaOH dose for 
complete magnesium removal. Based on the output of Minitab 
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Fig. 5. 3D plots of interaction effect of the process parameters on Magnesium Removal (a. NaOH vs Salinity at constant temperature of 32◦C, b. temperature vs 
salinity at constant NaOH dose of 8 g/L and c. temperature. vs NaOH at constant salinity of 73.5 g/L) based on the regression model. 

Table 3 
Range and level of the variables for central composite design runs.  

Process parameter Code Levels 

− α − 1 0 +1 +α 

Salinity (g/L) S  23.9  44.0  73.5  103.0  123.1 
NaOH (g/L) N  1.3  4  8  12  14.7 
Temperature (◦C) T  18.6  24  32  40  45.5  
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optimizer, the optimum salinity for this process was at 73.5 g/L. Since, 
this value of salinity is similar to that of the reject brine obtained from 
the MSF process [17,29], complete removal of magnesium can be ach
ieved without any pretreatment step. 

3.4.3. Effect of temperature 
Similarly, the effect of interaction relation between Temperature 

with NaOH dose and Brine Salinity on Magnesium removal was inves
tigated by Fig. 5b and c. It can be clearly seen that the temperature had 
no significant effect on the magnesium removal. This was caused by the 
fact that within the experimental temperature range (18–45 ◦C), salinity 

remains unaffected resulting in no change in magnesium content. On the 
other hand, NaOH being a non-volatile base, shows relatively low mass 
loss within the experimental temperature range. Therefore, the mag
nesium removal observed in Fig. 5b and c is being triggered by NaOH 
dose and Brine salinity. However, based on the optimizer output, the 
optimum condition for temperature was found to be 45 ◦C, which is 
highly desirable as it is close to the temperature at which the brine is 
rejected from the MSF process [30]. 

3.5. Characterization of the solid products at optimum reaction conditions 

The solid precipitate obtained from the experimental run conducted 
at 73.5 g/L of brine salinity, 8.22 g/L of NaOH dose and 45.5 ◦C Tem
perature was collected and subsequently treated following the meth
odology outlined in Section 2.5. The solid products collected were 
expected to contain magnesium hydroxide, were subsequently charac
terized using various techniques. Fig. 6 shows the X-Ray diffraction 
(XRD) analysis of the recovered solid samples at optimum conditions. 
The XRD pattern comprised of the characteristic peaks of magnesium 
hydroxide [JCPDS No. 7-0239] as indicated by the peaks noticed at 2θ 
values of 18.6◦, 33.1◦, 38.2◦, 51.0◦, 58.8◦, 62.4◦, 68.7◦, and 72.3◦ cor
responding to the (001), (100), (101), (102), (110), (111), (103), and 
(201) planes, respectively [17,27,31]. In addition to these peaks, the 
minor peak observed at 29.7◦ in the XRD pattern confirms the presence 
of small amounts of calcium carbonate in the recovered Mg(OH)2 
samples. 

The EDS analysis of the solid samples at three different areas further 
confirmed the presence of magnesium and oxygen as the main elements 
of the solid samples with small amounts of calcium. Based on the 
analysis, the average mass percentage of Mg and O accounted for 97% of 
the total mass with calcium serving as the balance. The thermal char
acteristics of the obtained solid products were also investigated using 
TG/DTA as shown in Fig. 7 where two endothermic peaks were detected. 
The first peak was observed between the temperature range of 

Table 4 
Central composite design experimental runs with predicted Response.  

Run Salinity (g/ 
L) 

NaOH (g/ 
L) 

Temperature 
(◦C) 

Magnesium removal (%) 

Experimental Predicted 

1  73.5  8  18.6  95.5  97.1 
2  73.5  8  32  99.1  98.1 
3  23.9  8  32  100.0  98.0 
4  73.5  8  32  98.8  98.1 
5  73.5  8  32  97.6  98.1 
6  103.0  4  40  36.8  34.2 
7  73.5  8  32  97.1  98.1 
8  73.5  1.3  32  17.2  21.0 
9  73.5  8  32  99.7  98.1 
10  44.0  12  40  100.0  100.0 
11  103.0  12  40  100.0  99.6 
12  73.5  14.7  32  100.0  97.8 
13  103.0  12  24  100.0  99.3 
14  73.5  8  32  97.1  98.1 
15  123.1  8  32  57.2  60.8 
16  73.5  8  45.5  98.8  98.7 
17  44.0  4  40  77.2  76.6 
18  44.0  4  24  76.0  75.1 
19  103.0  4  24  37.5  33.8 
20  44.0  12  24  99.6  100.0  

Table 5 
Experimental runs for validation of CCD design.  

Experimental conditions Salinity (g/L) NaOH 
(g/L) 

Temperature (◦C) Experimental Mg removal 
(%) 

Predicted Mg removal 
(%) 

95% confidence interval 

Random  40.7  1.6  45  50.9  49.5 39.3–59.7  
56.5  2.8  30  53.7  56.8 53.0–60.6 

Optimum  73.5  8  45.5  98.8  100 97.9–100  
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Fig. 6. XRD pattern of the Mg(OH)2 recovered at brine salinity of 73.5 g/L, NaOH dose of 8.22 g/L, and temperature of 45.5 ◦C.  
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350–400 ◦C, causing an overall weight loss of 24.5%. This loss can be 
explained by the decomposition of the magnesium hydroxide into 
magnesium oxides, as reported by several studies [32–36]. The weight 
loss was also indicative of the purity of the recovered magnesium hy
droxide at optimal conditions. Pure magnesium hydroxide reportedly 
exhibits a weight loss of around 30.9% [37], which is slightly higher 
than the recovered Mg(OH)2. A second endothermic peak was observed 
beyond 550 ◦C causing a further weight loss of 2% that can be attributed 
to the de‑carbonation of calcium carbonate present within the samples 
[18]. Overall, based on the XRD, EDS and TG/DTA analysis it can be 
confirmed that the high purity magnesium hydroxide can be obtained as 
the final product under the optimum conditions for the response surface 
model. 

3.6. Impact of Mg2+ on the performance of a membraneless electrolyzer 

Having established the ability to precipitate and harvest Mg as Mg 
(OH)2 from brine, it is essential to examine the ability of a membraneless 
electrolyzer to tolerate dissolved Mg2+ in the feed brine. Motivated by 
brine treatment applications, a study of membraneless electrolyzers 
capable of performing water electrolysis in an unbuffered brine solution 
was conducted. Large pH gradients are created between the anode and 
cathode effluent streams due to the oxygen and hydrogen evolution 
reactions, respectively, which are given by Eqs. (6) and (7): 

2H2O+ 2e− →H2 + 2OH− (6)  

4OH− →O2 + 2H2O+ 2e− (7) 

As previously described by Talabi et al. [13], membraneless elec
trolyzers can leverage the principle of flow-induced separation to pro
duce alkaline and acidic effluent streams based on Eqs. (6) and (7), 
respectively. Moreover, the pH of the effluent streams can be varied 
depending on the current density and volumetric flow rate of electrolyte 
passing through the electrolyzer. For the cathode effluent stream, pH 
varies according to: 

pHcathode = 14+ log10

[
γOH− i Aeξc

(vc)ncF

]

(8)  

where γOH− is the activity coefficient (γOH− = 0.86), i is the applied 
current density (50 mA/cm2), Ae is the 2D area of the electrode (2 cm2), 
ξc is the current utilization, vc is the flow rate of the cathodic effluent 
stream (5 mL/min for all experiments in this work), nc is the stoichio
metric number of electrons for the cathodic (reduction) reaction, and F 
is the Faraday constant. Acidic and alkaline streams generated based on 
Eqs. (6) and (7) can be useful for a wide range of processes. However, a 
major challenge of carrying out HER within the reject brine solution is 
the presence of Mg2+, which can precipitate according to Eq. (1) to form 

solid magnesium hydroxide (Mg(OH)2) that can deposit onto the cath
ode surface [38–40]. These deposits can subsequently reduce the per
formance of the cathode by creating an added ohmic resistance and by 
blocking electrocatalyst active sites. Thus, it is necessary to reduce the 
concentration of Mg2+ in the brine fed to the electrolyzer based on a 
scheme such as that shown in Fig. 1. 

To evaluate the tolerance of cathode operation to the presence of 
Mg2+ ions, platinized carbon foam cathodes and platinized Ti foil an
odes were fabricated and incorporated into a membraneless electrolyzer 
test platform in a face-to face configuration as shown in Fig. 8. The 
porous cathode was inserted through an opening in the cell chassis. A 
Ag|AgCl reference electrode was placed perpendicular to the cathode 
such that the end of the reference electrode was positioned next to the 
upstream edge of the cathode. Within this design, the porous flow- 
through cathode was studied as the working electrode while the plati
nized titanium foil served as the counter electrode. During operation, 
two peristaltic pumps were connected to the cathode and anode effluent 
ports and used to pump electrolyte through the vertically oriented cell at 
constant outlet flow rates of 5 mL/min such that the total inlet flow rate 
was 10 mL/min. The performance of the cathode was evaluated by 
measuring its potential in 1 M NaCl + X mM MgCl2 (X = 0.0, 1.2, 5, or 
120 mM) during electrolysis at constant current density (50 mA/cm2) 
for 3 h. The results of these chronopotentiometry (CP) measurements are 
provided in Fig. 9a, and the average pH of the anode and cathode 
effluent streams recorded at 3 different times during the CP tests are 
provided in Fig. 9b. Increasing the concentration of magnesium in the 
feed stream resulted in higher overpotential losses at the cathode 
(Fig. 9a), and a less alkaline effluent stream (Fig. 9b). The increased 
overpotential and lowered cathode effluent pH can be attributed to the 
formation of Mg(OH)2 according to Eq. (1), which involves the con
sumption of OH− generated by the HER (Eq. (6)). However, Fig. 9b 
shows that a negligible difference in the cathode pH is observed in the 
presence of 1.2 mM MgCl2 compared to that which is expected from 
theory based on Eq. (8). Interestingly, a slight improvement in the 
cathode performance was repeatedly observed for tests carried out in the 
1.2 mM MgCl2 electrolyte compared to the Mg-free 1 M NaCl electrolyte. 
A comparison of polarization curves taken before and after each CP 
measurement is provided in Fig. S3. 

After each set of experiments, the cathode was removed from the 
electrolyzer and imaged by optical microscopy and SEM. Images of the 
outside surfaces of the electrodes are shown in Fig. 10. No noticeable 
deposits of Mg(OH)2 were observed on the samples tested in solutions 
containing 1.2 mM MgCl2 and 5 mM MgCl2, although some NaCl de
posits are observed if electrodes are not washed with water before 
drying as reflected by the bright regions in the SEM images in Fig. 10d 
and e. In contrast to the electrodes operated in low Mg2+ solutions, the 
electrode tested in 1 M NaCl + 120 mM MgCl2 was fully coated by solid 
Mg(OH)2 sludge, which appears as a pasty white substance on the sur
face of the electrode in Fig. 10c. SEM images and EDS mapping (Fig. S4) 
corroborated the observations from Fig. 10a, b, and c, where deposits of 
Mg(OH)2 became more prominent as the concentration of Mg2+

increased. As seen in Fig. 10c and f, the Mg(OH)2 deposits thoroughly 
coat the electrode and result in significant blockage of the pores within 
the carbon foam electrode. During operation, the accumulating Mg 
(OH)2deposits can be expected to lead to increasingly large ohmic and 
concentration overpotentials, resulting in a continual decrease in elec
trolyzer efficiency. This is consistent with the larger and gradually 
increasing cathode overpotentials observed in Fig. 9a for the CP mea
surement carried out in 120 mM Mg2+ compared to the stable CP 
measurements in the 1.2 and 5 mM Mg2+ solutions. In addition to 
decreasing electrolyzer efficiency, pore blockage by Mg(OH)2 can be 
expected to increase pumping energy requirements due to higher pres
sure drops required to force fluid flow through increasingly constricted 
fluidic channels within thein electrode. 

The experimental demonstrations in Figs. 9 and 10 illustrate the 
adverse effects of Mg(OH)2 deposition on/within cathodes when an 
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electrolyzer is operated in the presence of high Mg2+ concentrations. 
However, these experiments were conducted under very specific oper
ating conditions for a relatively short period of time (3 h) compared to 
operational periods required for commercial operation. To predict the 
maximum operating time (tmax) before a cathode would experience a 
maximum allowable amount of precipitated Mg(OH)2 (Nmax), a simple 
mathematical model was developed. As detailed below, this model can 
specifically be used to predict how tmax varies as a function of the inlet 
concentration of Mg2+, the applied current density (i), and the superfi
cial velocity of electrolyte passing through the electrode. In this analysis, 
Nmax is normalized by the geometric area of the electrode such that it has 
units of moles Mg(OH)2 per cm2 of electrode. As a basis for these cal
culations, Nmax = 2.8 mmol/cm2 was chosen to be the maximum 
allowable amount of Mg(OH)2 precipitation, which corresponds to the 
amount of Mg(OH)2 that precipitated during the 3-hour stability test 

conducted at 50 mA/cm2 in the 1 M NaCl + 120 mM MgCl2 electrolyte in 
this study. It was assumed that beyond this level of Mg(OH)2 deposition 
device operation becomes too inefficient and require maintenance, most 
likely in the form of treatment by acidified electrolyte to remove the Mg 
(OH)2 scaling. 

For steady-state, constant current density operation of the electro
lyzer, tmax is given by the ratio of Nmax to the areal molar rate of Mg 
(OH)2 precipitation (mole/(s∙cm2)), rMg(OH)2: 

tmax =
Nmax

rMg(OH)2

(9) 

Since the Mg(OH)2 precipitation reaction has fast kinetics and is 
highly favored at the high pH generated at the cathode, the rate of Mg 
(OH)2 precipitation easily becomes limited by the rate at which the 
limiting reactant, either Mg2+ or OH− , is introduced to a reactive control 

Fig. 8. a) Photograph of the membraneless electrolyzer used in this study. b) Zoomed in view of the center of the cell showing the platinized carbon foam flow- 
through cathode and platinized titanium foil flow-by anode. The gap distance between the anode and cathode is 5 mm. 

Fig. 9. a) CP stability measurements in 1 M NaCl + 0 mM MgCl2 (green), 1.2 mM MgCl2 (red), 5 mM MgCl2 (blue), and 120 mM MgCl2 (orange) at a constant applied 
current density of 50 mA/cm2. Potential vs. RHE was corrected based on the pH of the cathode effluent stream. b) Average pH of product collected from the cathode 
effluent stream collected at the 45 min, 105 min, and 165 min for each stability test. Error bars in b) are based on 2-sided 95% confidence intervals. The dashed 
horizontal line represents the theoretical cathode effluent pH based on Eq. (8) assuming that current utilization is 1 and that none of the generated hydroxyls are 
consumed by Mg2+ ions according to Eq. (1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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volume. In this work, Mg(OH)2 precipitation occurs in the porous 
cathode and cathode effluent chamber where electrochemically gener
ated OH− reacts with Mg2+ contained within the inlet brine. Thus, rMg 

(OH)2 depends highly on the molar flux of Mg2+ entering the cathode 
(FMg2+, in = mole/s⋅cm2) and the areal rate of OH− generation at the 
cathode (rOH-), where the former is determined from the cathode inlet 
volumetric flow rate (vc) and concentration of Mg2+ and the latter is 
determined from Faraday's law of electrolysis. When rOH- ≪ FMg2+, in, 
the rate of Mg(OH)2 precipitation becomes limited by the rate of OH−

generation: 

OH− − limited precipitation : rMg(OH)2 =
rOH−

2
=

− i
2⋅n⋅F

(10)  

where n = 1 mol e− per mole OH− and F is the Faraday Constant (F =
96,485C/mol e− ). When FMg2+, in ≪ rOH-, Mg2+ is the limiting reactant, 
resulting in 100% conversion of Mg2+ into Mg(OH)2 that is limited by 
the rate of Mg2+ entering the porous cathode: 

Mg2+ − limited precipitation : rMg(OH)2 = FMg2+ ,in =
vc⋅CMg,in

Ac
(11)  

where Ac is the area of the cathode and CMg, in is the concentration of 
Mg2+ present in the inlet stream entering the cathode. By comparing the 
values of rOH- and FMg2+, in used in the experiments carried out in this 
work, Mg2+ was the limiting reactant for experiments carried out in 1.2 
and 5 mM MgCl2, while OH− was the limiting reactant for the experi
ment carried out at 120 mM MgCl2. This assessment is validated based 
on the experimentally recorded cathode effluent pH values, which were 
used to determine how much OH− , and therefore how much Mg2+, was 

consumed through Mg(OH)2 precipitation. These calculations reveal 
that ≈61% and ≈100% of Mg2+ was precipitated for the experiment 
carried out 120 mM MgCl2 and 5 mM MgCl2, respectively. The % of 
Mg2+ precipitated in the experiment run in 1.2 mM MgCl2 could not be 
reliably determined from the measured cathode effluent pH due to its 
proximity to the theoretical pH value in the absence of precipitation but 
can be assumed to be close to 100% given the high pH at the cathode and 
fact that nearly 100% of Mg2+ was precipitated when 5 mM MgCl2 was 
used. 

Using Eqs. (10) and (11), predicted values of tmax were calculated for 
a wide range of operating conditions, with the results shown in Fig. 11. 
Fig. 11a shows tmax as a function of CMg,in for different operating current 
densities while holding the inlet fluid velocity constant at 0.042 cm/s. At 
low CMg,in (<1 mM), tmax is seen to vary inversely with CMg,in and to be 
independent of current density since the precipitation reaction is limited 
by Mg2+ according to Eq. (11). However, as CMg,in increases, the time to 
reach Nmax eventually plateaus because OH− becomes the limiting 
reactant. Under these OH− -limiting conditions, tmax depends entirely on 
current density, with increases in current density decreasing tmax. In 
Fig. 11b, the effect of varied fluid velocity (or alternately, the volumetric 
flow rate) on tmax was explored by calculating tmax as a function of CMg,in 
for constant current density of 50 mA/cm2. Consistent with intuition, 
Fig. 11b shows that increasing the fluid velocity shifts the transition 
between Mg2+-limited reaction (diagonal portion of curves) to OH−

limited reaction (horizontal portion of curves) to lower Mg2+ concen
trations, since higher fluid velocities/flow rates correspond to a higher 
flux of Mg2+ to the cathode surface for a given CMg,in. 

Importantly, Fig. 11 can serve as a useful guide for predicting how 

Fig. 10. Outer surfaces of cathodes photographed after 3 h constant current (50 mA/cm2) stability tests performed in a) 1 M NaCl + 1.2 mM MgCl2, b) 1 M NaCl + 5 
mM MgCl2, c) 1 M NaCl + 120 mM MgCl2 electrolytes. SEM Images of cathodes tested in d) Mg-free 1 M NaCl, e) 1 M NaCl + 1.2 mM MgCl2, and f) 1 M NaCl + 120 
mM MgCl2. 
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electrolyzer operating conditions can be expected to influence the 
amount of time that an electrolyzer can be operated in the presence of 
Mg2+ before the cathode needs to be serviced to remove the Mg(OH)2 
deposits. For perspective, the membranes of reverse osmosis (RO) 
desalination units usually need to be descaled once per week. If periodic 
maintenance were similarly performed on electrolyzers to remove Mg 
(OH)2 from the cathodes, the analysis in Fig. 11 suggests that low inlet 
concentrations of Mg2+ (<1 mM) should be maintained and that su
perficial velocities of brine passing through the cathode should be 
minimized (<0.01 cm/s). Thus, the Mg2+ removal achieved under 
optimal conditions identified in the first part of this study may be suf
ficient to enable membraneless electrolyzer operation for significant 
periods of time between descaling maintenance is required. 

It should be noted that this study focused on a model brine solution 
containing Mg2+ and NaCl because Mg2+ is the metal impurity 
(excluding Na+ and K+) with highest concentration in typical reject 
brine solution and is known for its ability to create scaling issues on 
cathode surfaces. However, it is important to acknowledge that there are 
other species present in brine solutions that will also need to be 
considered for large-scale implementation of the proposed process. In 
particular, Ca2+ ions and organic molecules are two impurities that 
could potentially cause issues for electrode operation. Ca2+, like Mg2+, is 
an alkaline earth metal ion that similarly precipitates as a solid metal 
hydroxide (Ca(OH)2) by reacting with OH− at elevated pH. Thus, there is 
also a risk of Ca(OH)2 deposition on the cathode of a membraneless 
electrolyzer, but like Mg2+, it is possible to remove Ca2+ upstream of the 
electrolyzer as Ca(OH)2 before it can deposit on the cathode. Fortu
nately, the concentration of Ca2+ within brine is around one-third of the 
concentration of Mg2+ [17], meaning that the removal of Ca2+ from 
reject brine should only lead to an incremental increase in the energy 
required to produce OH− used to precipitate it as Ca(OH)2. Interestingly, 
Ca2+ can also be directly removed from the brine by purging the solution 
with CO2, which causes the Ca2+ to precipitate as calcite (CaCO3) 
[41,42]. 

The impact of organic molecules within the brine solution on the 
performance of a membraneless electrolyzer is harder to gauge. It is 
well-known in the field of electrochemistry that various organic con
taminants within an electrolyte can decrease electrocatalyst perfor
mance by fouling or blocking active sites, although rarely does organic 
content completely deactivate an electrode. It is worth noting that 
electrochlorination reactors are well-established membrane-free 

electrolysis cells that can operate for one or more years at a time without 
maintenance despite the electrodes being in direct contact with organic- 
laden seawater during operation [43]. Additionally, it is possible to limit 
the impacts of organic content and other harmful impurities on elec
trocatalyst performance by encapsulating active electrocatalysts in 
semi-permeable oxide coatings that allow for reactants and products for 
the desired hydrogen and oxygen evolution reactions to pass through 
while blocking impurities from reaching the active site [44]. Thus, there 
are reasons to be optimistic that Ca2+ and organic impurities can also be 
tolerated but will require additional studies to systematically under
stand and minimize their impacts. The influence of COD and other im
purities like Ca2+ ions on electrode durability for membraneless 
electrolyzer will be addressed in future studies. 

4. Conclusions and future prospects 

A recirculating electrolyte scheme involving the pretreatment of 
reject brine to remove magnesium before introducing it as a feed for 
membraneless electrolyzer was proposed. The optimal conditions for the 
removal of magnesium from brine have been investigated using 
response surface methodology. Three process parameters, namely brine 
salinity, NaOH dose and temperature were optimized with magnesium 
removal set as the target response using central composite design. 
Among the three optimized parameters, NaOH dose and brine salinity 
appeared to have the most significant effect on the removal of magne
sium. An increase in NaOH dose caused an increase in the removal of 
magnesium due to the availability of more hydroxyl ions which drove 
the magnesium ions present within the brine to form magnesium hy
droxide precipitates. On the other hand, an increase in brine salinity 
decreased the removal of magnesium since the magnesium content 
proportionally increased with the brine salinity. Meanwhile, the tem
perature did not seem to have any significant effect on magnesium 
removal efficiency. Within the experimental conditions, the methodo
logical model of the central composite design was successfully used to 
predict the percentage of Mg2+ recovered based on the response opti
mizer output. It was concluded that the optimal conditions to remove 
98.8% of magnesium were at a brine salinity of 73.5 g/L, NaOH dose of 
8.22 g/Land a temperature of 45.5 ◦C. Characterization of the solid 
precipitate by XRD, EDS and TGA analysis indicated the generation of 
high-purity magnesium hydroxide under these optimal conditions. 

Upon establishing the capability to remove 98.8% of Mg2+ ions from 

Fig. 11. Predicted operating times before a maximum allowable amount of Mg(OH)2 has precipitated on the cathode or in the catholyte (tmax). As a basis for these 
calculations, the maximum allowable amount of precipitated Mg(OH)2 was chosen to be 2.8 mmol/cm2, which coincides to the total amount of Mg(OH)2 precipitated 
on the cathode shown in Fig. 10c and f. In a) tmax was calculated as a function of the inlet concentration of Mg2+ for different operating current densities and a 
constant inlet cathodic flow rate of 5 mL/min and constant area of 2 cm2 (fluid velocity = 0.042 cm/s). In b), tmax was calculated as a function of the inlet con
centration of Mg2+ for different inlet fluid velocities and constant current density of 50 mA/cm2. 

N. Mahmud et al.                                                                                                                                                                                                                               



Desalination 525 (2022) 115489

12

reject brine, the low-Mg-content electrolyte was fed to membraneless 
electrolyzers to assess the Mg2+ tolerance of the cathode during model 
brine electrolysis experiments. Platinized carbon foam flow-through 
electrodes were fabricated and incorporated into a simple membrane
less electrolyzer test platform to serve as the cathode, while platinized 
titanium foil counter electrode served as the anode in an opposing face- 
to-face configuration. The stability of the cathode was then monitored in 
1 M NaCl with varying concentrations of MgCl2 during constant oper
ating current density of 50 mA/cm2 for 3 h and constant volumetric flow 
rates of brine through the cell. Based on the chronopotentiometry (CP) 
measurements and the imaging of cathode cells, it can be concluded that 
brine solutions with Mg2+ concentrations below 5 mM can be used for 
time periods of at least 3 h as a feed stream for membraneless electro
lyzers to produce acids and bases without any noticeable build-up of Mg 
(OH)2 deposits. Using a mathematical model, this study also establishes 
the relationships between electrolyzer operating conditions and the time 
required to deposit a maximum allowable amount of Mg(OH)2 on the 
cathode surface. For operation in 1.2 mM Mg2+ at 5 mL/min and 50 mA/ 
cm2, the model predicts that the cathode would become coated with 2.8 
mmol Mg(OH)2/cm2 (i.e. similar to the amount deposited in Fig. 10c, f) 
after 16 h. This analysis highlights the significant benefits that incor
poration of the Mg-removal pretreatment step can have on extending the 
operating time of the electrolyzer before it needs to be temporarily shut 
down for descaling maintenance. It is worth noting that the impact of 
calcium ions and other contaminants such as natural organic matters on 
the membraneless electrolyzer will be considered in a future study. 
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