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Abstract—Desalination technologies have been widely implemented since the 1970s to solve the problem of freshwa-
ter scarcity. However, brine, the by-product of the desalination process, which has a higher salinity and total dissolved
solids (TDS) than seawater, can cause severe environmental problems. For instance, brine could change the composi-
tion and temperature of seawater, decrease dissolved oxygen, and influence the organism’s habitat. Under this circum-
stance, circulating critical resources from brine is acceptable for minimizing brine disposal. This study employed two
extraction systems (TMPD, 2,2,4-trimethyl-1,3-pentanediol and ALIiCy, trioctyl/decylmethylammonium-bis(2,4,4-tri-
methilpentyl) phosphinate), which are solvent extraction and ionic liquid extraction, to recover boron from brine. The
parameters, including pH value, concentrations of TMPD and ALiCy;, O/A (organic/aqueous) and I/A (ionic liquid/aque-
ous) ratios, contacting time, and reaction temperature of boron extraction through the TMPD and ALiCy systems,
would be optimized. The results reveal that extraction efficiencies of TMPD and ALiCy systems were 93.8% and 72.3%,
respectively. Moreover, different agents can be evaluated to strip boron from TMPD and ALiCy. The boron product
and the extractants could then be generated and reused. Briefly, the environmental hazards caused by the desalination

brine and boron resources can be reduced and circulated through this research with two different extraction systems.
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INTRODUCTION

Population increase has enhanced water demand in drinking,
agriculture, and industry. Climate change also brings about a de-
crease in rainfall. Because of this growing water demand and de-
clining rainfall, it has been reported that about 30% of people in
the world will survive in areas with scarce water resources by 2025
[1]. To tackle this issue, alternative water supply methods, such as
desalination, have been developed since the 1970s [2,3]. Desalina-
tion plants were initially constructed in Middle Eastern countries,
Africa, and some Pacific Islands to generate freshwater. However,
more and more countries now build desalination plants to save rain-
fall and groundwater. Although desalination technology is common
now, the by-product of the desalination process, brine, has been
known as a critical environmental contaminant due to its high
salinity and high concentration of elements [4,5]. Brine deposal will
increase the salinity of the coastal area, decrease the dissolved oxy-
gen in the sea and affect the organismss habitat [6-8]. Furthermore,
producing 1 liter of freshwater would generate 1 to 1.5 liter of brine
through the distillation method and membrane process, demon-
strating that the amount of brine from desalination plants is equal
to or more than freshwater.

There are about 128 million m’ of brine produced per day world-
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wide, and its treatment is a tricky problem [9]. Different strategies
used to manage brine are direct disposal, minimization, and direct
reuse [10-13]. To solve the disposal of desalination brine and reach
the goal of resources circulation, the potential of brine utilization is
explored to enhance the brine’s value. One possible route is carbon
capture [14-18]. Desalination brine consists of many elements which
can be used for carbon capture, such as Na, Mg, and Ca. Their high
concentrations make brine a significant resource for CO, mineral-
ization. They can react with CO, and turn into sodium bicarbonate
(NaHCO;), magnesium carbonate (MgCO;), and calcium carbon-
ate (CaCQO;), which have applied value in many industries. The other
possible route for brine treatment is resources circulation. Since
there are many valuable elements such as lithium, rubidium, cesium,
boron, uranium, and so on in the brine, some studies have tried
different methods to recover them [19-27]. The recycling techniques
are included in electrodialysis [19], ion-exchange [20,24,26,27], sorp-
tion [21], solvent extraction [22], jonic liquid extraction [23], chemi-
cal precipitation, and coagulation methodologies (The targeted
elements and techniques are shown in Table 1). In this research,
boron was selected to recover from brine to enhance the brines
value (The reason why we chose boron was that there are strict
restrictions on the concentration of boron in fresh water. There-
fore, boron would be enriched in desalination brine).

The average boron abundance now is below 0.005% in the earth,
and the concentration in the ocean is less than 10 ppm. According
to the US. Geological Survey (USGS), natural forms of boron ores
are boric oxide (B,0O;), ulexite (NaCaB;O4(OH),-5H,0), and dato-
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Table 1. Different techniques of recovering resources from brine [19-27]

Targeted element

Technique

References

1. Electrodialysis through monovalent selective ion exchange membranes

Guo et al. [19]

= 2.Ton exchange through K2629, TP207 and TP208 resins Arroyo et al. [20]
Rb 1. Extraction by an integrated membrane distillation-selective sorption system Naidu et al. [21]
2. Solvent extraction through t-BAMBP Chen et al. [22]
Cs 1. Ionic liquid extraction through t-BAMBP/C2mimNT(, Lee et al. [23]
2.Ton exchange through Dowex 26 resin Lee et al. [24]
U 1. Adsorption through amidoxime adsorbents Wiechert et al. [25]
B 1. Ion exchange through Amberlite IRA 743 resin Lee et al. [26]

2.Ton exchange through Purolite S108, DIAION CRB03 and CRBO5 resins

Figueira et al. [27]

Table 2. Major boron reservoirs and their boron reserves [28]

Country Reserve (t)
China 24,000
Chile 35,000
United States 40,000
Russia 40,000
Turkey 1,200,000

lite (CaBSiO,(OH)) [28]. Boron has been employed in many indus-
tries from ancient times to the present. For instance, boron nitride
(BN) has two polymorphs that can be utilized in many industries
[29-31]. Hexagonal BN (¢+BN) is a practical lubricant for transporta-
tion. The structure of cubic BN (#-BN) is like diamond, but the
temperature resistance is higher than that of diamond. Boric acid
(H;BO;), borax (Na,B,0,-10H,0), and boric oxide are commonly
used in abrasives, pesticides, and antibiotics [32,33]. Because of the
various applications of boron and its compounds, boron extraction
is vital in many places.

Boron is mainly extracted from borate ores, currently. Neverthe-
less, borate ores are only located in some specific countries (Table
2), so it is difficult to acquire boron resources efficiently [28]. To
address the lack of boron resources and environmental impacts in
exploiting the process, boron was circulated from desalination brine
through solvent extraction and ionic liquid extraction methods in
this study. Solvent extraction is the process in which a specific ele-
ment or compound is transferred from one solvent to another due
to the difference in solubility or distribution coefficient between these
two immiscible organic solvents [34,35]. Compared with other sepa-
ration methods, it has a better separation effect, a higher degree of
selectivity, and faster mass transfer. Moreover, solvent extraction has
merits such as high throughput, easy continuous operation, and ease
of automation. However, the common organic solvents in the sol-
vent extraction system are high volatility, low thermal stability, and
difficulty in recycling. To overcome these disadvantages, ionic lig-
uids (ILs) are gradually applied in extraction techniques. ILs are usu-
ally made up of organic cations and inorganic or organic anions,
and their melting points are generally below 100 °C [36,37]. Ionic-
liquid extraction is a novel separation method which applies ILs as
diluents and/or extractants for solvent extraction. Due to their low

vapor pressure, high thermal stability, low flammability, and tun-
able characteristics, ILs, as a designer solvent, are replacements for
volatile organic compounds in solvent extraction [38-40]. Nowa-
days, ILs are commonly applied to extract elements. For example,
imidazolium-based ILs can extract Rb as extractants and diluents,
and phosphonium-based ILs can extract Cd, Nd, and Ga under dif-
ferent conditions [41-44].

In this research, TMPD and ALiCy were chosen as the organic
extractant and ionic liquid to recover boron from desalination brine.
These two chemicals were applied in this study because of the merits
of high selectivity; easy operation, and low cost. The parameters such
as the initial pH value of the aqueous medium, the concentrations
of TMPD and ALiCy, organic phase or ionic liquid phase/aque-
ous phase ratio (O/A or I/A ratio), contacting time, and reaction
temperature were all explored. After extraction, the boron would be
stripped back to the liquid phase through a suitable stripping agent,
and the boron resources could then be reused. This study would
demonstrate optimal conditions to recover boron from the desali-
nation brine of each system. Through this research, it is expected
to achieve the goal of circulating critical elements and protecting the
environment (also conform to the goals of SDGs 17 such as “Clean
water and sanitation (SDG 6)’; “Responsible consumption and pro-
duction (SDG 12)’;, and “Life below water (SDG 14)).

EXPERIMENTAL SECTION

1. Reagents and Chemicals

The brine used in this study was from the desalination plant based
in Taiwan, and the concentrations of major elements after pretreat-
ment are shown in Table 3. To extract boron from brine, TMPD
and ALICy were employed. TMPD (2,2,4-trimethyl-1,3-pentanediol,
CgH 505, 97%) as an extractant was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Because TMPD is difficult to dissolve in
kerosene directly; it was first dissolved in 2-ethylhexanol (CsH;sO).
The merit of 2-ethylhexanol is lower solvent loss than other com-
mon solvents. After being dissolved in 2-ethylhexanol, TMPD/2-
ethylhexanol was then added into kerosene, and the ratio of 2-eth-
ylhexanol and kerosene in this research was 30: 70. 2-Ethylhexa-
nol and kerosene were acquired from Alfa Aesar (Haverhill, MA,
USA) and CPC Corporation (Kaohsiung, Taiwan), respectively. On
the other hand, ALiCy as an ionic liquid was prepared by Aliquat
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Table 3. The main elements in the brine and their concentrations

C.-H. Lee et al.

Elements Na Mg Ca

K B Cs Rb Li

Concentration (mg/L) 21,216 2,247

916.5

792.6 43.1 40.2 354 143

336 (methyltrioctylammonium chloride, C,sHs,CIN, >297.0%) and
Cyanex 272 (trihexyltetradecylphosphonium, CH,(,0,P,, 90%)
[45]. They were mixed with 1 M sodium bicarbonate (NaHCO;,
99.9%) solution in a separatory funnel and shaken to produce ALICy.
In the process, CI” in Aliquat 336 and H' in Cyanex 272 was replaced
by NaHCO;. The whole reactions are shown in Eq. (1) [45]. Aliquat
336 and NaHCO, were from Alfa Aesar (Haverhill, MA, USA),
and Cyanex 272 was from Sigma-Aldrich (St. Louis, MO, USA).

R,NCI+HCy+NaHCO;—R,NCy+CO,+NaCl+H,O e

Sodium hydroxide (NaOH, >98%) and sulfuric acid (H,SO,, 95-
98%) were purchased from Honeywell (Charlotte, North Carolina,
USA) to alter the pH value of brine. Moreover, sulfuric acid, nitric
acid (HNO;, 50-70%), hydrochloric acid (HCl, 236.5%), sodium
hydroxide solution (NaOH, >98%), ammonia (NH,OH, 30-33%),
and deionized water (H,O, resistivity 18.0 MQ-cm) were from Hon-
eywell (Charlotte, North Carolina, USA) for stripping procedure.
In the analysis part, ICP multi-element standard solution was pur-
chased from High-Purity Standards, Inc. (North Charleston, SC,
USA) to investigate the boron concentration.

2. Apparatus

445 mmx730 mmx505 mm of funnel shaker (FS-12, Shin Kwang
Precision Industry Ltd., New Taipei City, Taiwan) was used in this
study to shake 250 mL of separating funnels at 600 rpm in the
extraction process. The concentration of boron ion was analyzed
by inductively coupled plasma optical emission spectrometry (ICP-
OES, Avio 220 Max ICP-OES, PerkinElmer, Waltham, MA, Amer-
ica). The pH value was measured by pH meter (SP-2300, SUNTEX,
New Taipei City, Taiwan). Both were calibrated initially to ensure
the accuracy of values, and the relative standard deviation (RSD)
of the ICP-OES and pH meter was below 2% and 1%, separately.
The thermostatic bath (XMtd-204, Baltalab, Vidzemes priekspilséta,
Riga, Latvia) was used to maintain the temperature during the whole
separation process.

3. Extraction Process

TMPD was diluted into 2-ethylhexanol with kerosene, and ALiCy
was diluted into kerosene to separate boron from desalination brine.
The parameters included the initial pH value of the aqueous medium,
the concentrations of TMPD and ALiCy, O/A and I/A ratios, con-
tacting time, and reaction temperature were all investigated.

To calculate the efficiency of extraction, the distribution ratio and
extraction percentage were used in this process. The distribution
ratio, D, was the concentration ratio of the element in the organic
phase to the element in the aqueous phase at equilibrium. The dis-
tribution ratio can be written as Eq. (2).

M C-C, V
D= [_]‘”8 =z f e )
[M]aq Cf erg

C, is the initial concentration of ions in the aqueous phase, and
C; is the equilibrium concentration of ions in the aqueous phase.
V,, and V,, are the volumes of the aqueous and organic phases.
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Based on the distribution ratio, the extraction efficiency can be
written as Eq. (3).

D
E (%)= ——
« =5y v

%100 3

D is the distribution ratio. V,, and V,,, are the volumes of aque-
ous and organic phases, separately.
4. Stripping Process

H,SO,, HNO,, HCl, NaOH, NH,OH, and H,O were chosen as
the stripping agents to strip boron from TMPD and ALiCy to the
aqueous phase. The most suitable stripping agent was selected, and
the parameters included concentration of stripping agent, O/A and
I/A ratios, and contacting time was subsequently surveyed. The strip-
ping efficiency is written as Eq. (4).

M
%)= —24
E, (%) SV 100 @
IM,, is the concentration of ions in the aqueous phase after strip-
ping, and XM, is the ion concentration in the organic phase before
stripping.

RESULTS AND DISCUSSION

1. Extraction Process-pH Value of the Aqueous Phase

The original pH value of brine was 8.3, so the initial values were
set up from pH 8 to pH 14 in this study. Fixed parameters were
0.5M TMPD and ALiCy;, O/A and I/A ratios 1, contacting time
for 15 mins, and reaction temperature at 298 K. Fig. 1 demonstrates
that the suitable pH values for the two systems were different. In
the TMPD system, the extraction efficiencies at pH 8 and 9 were
above 90% but only 19.5% at pH 11. However, the extraction effi-
ciency increased when the pH value was increasing in the ALiCy

100
—a— TMPD
1 e ALIC

80 -

60

40

20

Extraction Efficiency (%)

pH Value

Fig. 1. Extraction efficiency of boron through two systems under
different pH values.
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system (Low extraction efficiency occurred at pH 14 because emulsi-
fication happened under strong basic conditions).

There are two reasons for the divergent phenomenon. To begin
with, the extraction mechanisms of boron through TMPD and
ALICy are distinct. TMPD extracts H;BO; [46], whereas ALiCy
extracts B(OH), under normal conditions [45] (Egs. (5) and (6)).
For this reason, the appropriate pH value would be different. Sec-
ondly, H;BO; is a weak Lewis acid after hydrolysis when the pH
value is above 9.23 (Eq. (7)) [45]. It means H;BO; majorly exists at
a pH value lower than 9.23, and B(OH); is dominant at a higher
pH value. This circumstance brings about TMPD efficiently extract-
ing H,BO; under pH value 9.23, and ALiCy efficiently extracting
B(OH), when the pH value is above 9.23. According to the above
narrative, pH 8 and 11 were separately optimal in the TMPD and
ALICy systems because of high extraction efficiency and lower chem-
ical usage, and the extraction efficiencies were 94.2% and 40.1%.

H;BOy, +0TMPDy= H;BO;-nTMPD,y +aH,0,) +bH" (5)
ALiCyy+H* ) +B(OH); (,,—>ALB(OH),-HCy/, 6)
H,BO,+H,0=B(OH,) +H' pKa=9.23 @)

2. Extraction Process-concentrations of TMPD and ALiCy

Once obtaining the optimal pH values, concentrations of TMPD
and ALiCy were set from 0.1 M to 2 M. In the TMPD system, other
fixed parameters were pH 8, O/A ratio 1, contacting time for
15 mins, and reaction temperature at 298 K. It can be found in Fig.
2 that above 90% of boron could be extracted by TMPD when its
concentration was above 0.5 M, and the extraction efficiency reached
equilibrium. Although extraction efficiency was a bit higher along
with the rise in concentration, 0.5 M with 94.4% of extraction effi-
ciency was chosen in this part due to less TMPD usage.

In the ALiCy system, fixed parameters were pH 11, I/A ratio 1,
contacting time for 15 mins, and reaction temperature at 298 K. It
can be noticed that ALiCy could not extract boron efficiently
when the concentration of ALiCy was from 0.1 M to 0.5 M. Nev-
ertheless, above 68% of boron could be extracted through 1M,
1.5M, and 2 M of ALICy, and the reaction became equilibrated since
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Fig. 2. Extraction efficiency of boron under different concentrations
of TMPD and ALiCy.
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Fig. 3. Extraction efficiency of boron under different O/A and I/A
ratios.

the concentration was 1 M. To reduce the cost and usage amount of
ALICy, 1 M of ALiCy with 68.1% extraction efficiency was decided.
Through comparison, it can be realized that the TMPD system
has a higher extraction efficiency of boron than the ALICy system
under every concentration. Furthermore, the required concentra-
tion for equilibrium was lower than the ALiCy system, represent-
ing that the TMPD system can be applied for boron circulation
from desalination brine with less chemical utilization.
3. Extraction Process-O/A and I/A Ratios of TMPD and ALiCy

O/A and I/A ratios were adjusted from 0.1 to 2 in this part. The
fixed parameters of the TMPD system were pH 8, 0.5 M of TMPD,
contacting time for 15 mins, and reaction temperature at 298 K.
The fixed parameters of the ALiCy system were pH 11, 1M of
ALICy, contacting time for 15 mins, and reaction temperature at
298 K. In Fig. 3, it can be discovered that the extraction efficiency
of boron in the TMPD system was above 90% when the O/A ratio
was above 1. On the other hand, the extraction efficiency could reach
above 68% when the I/A ratio was above 1. The results indicate
that the insufficient organic extractant or ionic liquid cannot extract
boron efficiently. Although higher O/A and I/A ratios could obtain
more boron resources from brine, the boron concentration would
reduce on account of more volume of TMPD and ALiCy. To lessen
the extraction times, acquire more boron, and reduce the chemical
usage, both O/A and I/A ratios 1 were selected. Under these con-
ditions, the extraction efficiencies were 94.3 and 68.1%.
4. Extraction Process-contacting Time

Contacting time was regulated from 1 min to 60 mins in this
research. The fixed parameters of the TMPD system were pH 8,
0.5M of TMPD, O/A ratio 1, and reaction temperature at 298 K.
The fixed parameters of the ALiCy system were pH 11, 1M of
ALiCy, I/A ratio 1, and reaction temperature at 298 K. As seen in
in Fig. 4, boron extraction through the TMPD/kerosene system
was rapid. 86.7% of boron could be extracted at 3 mins, and above
94% could be in the organic phase after reacting for 5 mins. The
optimal contacting time of the TMPD/kerosene system was then
opted for 5 mins to extract more boron (94.1%) and save time.

In the ALiCy system, the situation was different from the TMPD

Korean J. Chem. Eng.(Vol. 40, No. 10)
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Fig. 4. Extraction efficiency of boron through two systems under dif-
ferent contacting time.

system. The extraction efficiency was below 70% when the reac-
tion time was 3 mins, 5 mins, and 15 mins, whereas 71.1%, 72.2%,
and 73.1% at 30 mins, 45 mins, and 60 mins, respectively The sur-
mised reason for this situation was that the viscosity of ALiCy was
higher than most common ionic liquids and extractants, so it was
challenging to mix with desalination brine thoroughly in the shak-
ing funnel in a short period (Dynamic viscosities of ALiCy, com-
mon ionic liquids, and extractant are revealed in Table 4 [47-51]).
Under this circumstance, 30 mins was chosen as the optimal con-
tacting time in the ALiCy/kerosene system, and the extraction effi-
ciency of boron was 71.1%.
5. Extraction Process-reaction Temperature

After the above data were acquired, reaction temperatures from
288K to 328 K were investigated. The fixed parameters of the TMPD
system were pH 8, 0.5M of TMPD, O/A ratio 1, and contacting
time for 5 mins. Fig. 5 demonstrates that the extraction efficiency
of boron rose when the temperature increased (from 92.6% to 95.2%
when the temperature went up from 288 K to 328 K). This result
demonstrates that the boron extraction through TMPD is accessi-
ble at a higher temperature. Although a higher temperature could
enhance the extraction ability of TMPD, 298 K with 93.8% of ex-
traction efficiency was considered the suitable operating tempera-
ture in this system due to the lower energy consumption.

In the ALIiCy system, the fixed parameters were pH 11, 1 M of
ALICy; /A ratio 1, and contacting time for 30 mins. Fig. 5 displays
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Fig. 5. Extraction efficiency of boron through two systems under dif-
ferent reaction temperatures.

that the boron extraction through ALiCy was advantageous at a
higher temperature as well. The extraction efficiency increased when
the temperature was from 288 K to 328 K (69.8% to 75.7%). Al-
though the extraction efficiency was highest at 328 K in this study,
308 K was chosen as the optimal reaction temperature with 72.3%
of extraction efficiency because of the energy saving,

To get more thermodynamics information, Fig. 6 reveals the
linear relationship of log D with 1/T. On the basis of the slopes of
the straight lines, the enthalpy change (AH) of the boron extraction
through TMPD and ALiCy could be calculated using the vant Hoff
equation (Equation 8). R in the equation is the ideal gas constant
(8.314J/mol*K), and AH were 8.7 kJ/mol and 6.3 kJ/mol, re- spec-
tively. Positive AH means that the extraction reaction was endother-
mic, and a limited increase in the temperature was favorable for the
reaction. Moreover, the Gibbs free energy (AG) could be obtained
through Eq. (9). Since log D in Fig. 6 was all positive, AG was neg-
ative under every condition, representing that boron extraction
through the TMPD and ALiCy systems was spontaneous from
288K to 328 K.

In sum, the optimal extraction parameters of the TMPD/2-
ethylhexanol+kerosene system were pH 8, 0.5 M of TMPD, O/A
ratio 1, contacting time for 5mins, and reaction temperature at
298K. The extraction efficiency was 93.8%, and it could reach 99%
through two-stage extraction (Calculated through Eq. (10)). Besides,
the optimal extraction parameters of the ALiCy/kerosene system

Table 4. Dynamic viscosity of ALiCy, common ionic liquids, and extractants [47-51]

Tonic liquid ALiCy C,mimNTf, C,mimNTY, Cyphos IL 101
Viscosity (mPa-S) 700-850 60.3 1,824
Extractant (Neutral) TBP Cyanex 923

Viscosity (mPa-S) 341 40

Extractant (Acidic) PC88A D2EHPA Cyanex 272 Cyanex 301
Viscosity (mPa-S) 2.65 35.10 141 78
Extractant (Basic) Alamine 336

Viscosity (mPa-S) 78.6

October, 2023
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were pH 11, 1 M of ALiCy; I/A ratio 1, contacting time for 30 mins,
and reaction temperature at 308 K. The extraction efficiency was
72.3%, and it could reach 99% through four-stage extraction. The
speculation the ALICy system had lower extraction efficiency over-
all may be the difference in extraction mechanism or the synthesis
of ALiCy was not completed. Therefore, the impurities in ALiCy
disrupt the extraction reaction. In further work, if the characteris-
tics of ALiCy can be analyzed comprehensively, the extraction effi-
ciency may be enhanced.

AH
logD==330srt "€ ®
AG=-2.303RTlogD ©)

_log(100—Eq) -2

" log(100—E ) -2 (10)

6. Stripping Process-selection of Stripping Agent

After the extraction process, 40.4 mg/L and 31.2 mg/L of boron
were separately in the TMPD and ALiCy phases. To make the
boron resources be in the aqueous phase, different stripping agents
were surveyed. The stripping agents selected in this research were
H,SO,, HNO;, HClL, NaOH, NH,OH, and H,O. The fixed param-
eters were concentrations of 1 M, O/A and I/A ratios 1, and strip-
ping time for 15 mins. It can be found in Fig. 7 that the stripping
efficiency of boron through NaOH and NH,OH was higher than
through acids and water in the TMPD system. The conjectured
reason was that alkaline solutions could make H,BO; turn into
B(OH);, so TMPD could not efficiently extract H,BO; in the organic
phase (Eq. (5)).

On the other hand, both acids and alkaline solutions were effec-
tive for the stripping process in the ALiCy system. The presumed
reason was that acids would reduce the pH value of the system,
causing B(OH), and H" to become H;BO;. ALIiCy could then not
extract B(OH); in the ionic liquid phase. Nonetheless, OH™ from
NaOH and NH,OH would exchange B(OH), which was in
ALiB(OH),-HCy, and form H,0 with H" from HCy. These conse-
quences demonstrate that the stripping behavior in the ALiCy sys-
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Fig. 7. Stripping efficiency of boron through different stripping agents.
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Fig. 8. Stripping efficiency of boron under different concentrations
of NH,OH.

tem was different through acids and alkaline solutions.

In accordance with the above results, NH,OH was chosen as the
suitable agent in both systems due to low cost and high stripping
efficiency (also easy to compare). The concentrations of NH,OH,
stripping O/A and I/A ratios, and stripping time will be explored
in follow-up procedures.

7. Stripping Process-concentration of NH,OH

Upon confirming the suitable stripping agent, its concentration
(0.1 M to 1 M) was then surveyed. The fixed parameters were O/
A and I/A ratios 1 and stripping time for 15 mins. Fig. 8 displays
that the trends of stripping efficiency in the two systems was simi-
lar. 0.1 M and 0.25M of NH,OH could not efficiently strip boron
resources back to the aqueous phase (below 90%), whereas 0.5 M
to 1 M of NH,OH could completely strip boron. It indicated that
sufficient NH,OH was needed in the stripping process. 0.5M of
NH,OH was selected in both systems to save chemical usage and
cost.

8. Stripping Process-stripping O/A and I/A Ratios

O/A and I/A ratios were set up as 0.5, 2/3, 1, 2, 4, and 10 (recip-

rocal of ratio in the extraction process). Fixed parameters were
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Fig. 9. Stripping efficiency of boron under different O/A and I/A
ratios.

0.5M of NH,OH and stripping time for 15 mins. Fig. 9 shows that
the stripping efficiency of the TMPD system was 100% when the
O/A ratios were 0.5, 2/3, and 1, whereas the efficiency decreased
when the ratios were from 2 to 10, indicating that enough NH,OH
was beneficial to the stripping process. Although the stripping pro-
cess was only 91.1% when the O/A ratio was 2, the boron concen-
tration could be enriched twice due to the half volume of NH,OH.
Hence, O/A ratio 2 was known as the optimal parameter in the
TMPD system.

In the ALICy system, the condition was similar. The stripping
efficiency was 100% when the ratios were 0.5, 2/3, and 1, whereas
86.4%, 41.7%, and 25.1% when the ratios were from 2 to 4. The
chosen I/A ratio was 2 as well to reduce the consumption of NH,OH,
and a small amount of NH,OH can be added to improve strip-
ping efficiency if needed. Although lower ratios in the two sys-
tems could enrich more boron resources, it needed multi-stage
stripping or additional NH,OH to enhance stripping efficiencies

100
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Fig. 10. Stripping efficiency of boron under different stripping time.

and avoid boron loss. However, multi-stage extraction or adding
NH,OH would increase the usage of NH,OH. On second thought,
ratio 2 was more suitable.

9. Stripping Process-stripping Time

1 min to 30 mins of stripping time was investigated, and other
fixed parameters were 0.5 M of NH,OH and ratios 2. Fig. 10 denotes
that the stripping behavior through NH,OH in the TMPD system
was very rapid. It could strip 85.4% of boron for 1 min and get
equilibrium for 5mins. However, the reaction in the ALiCy sys-
tem was slower. It needed 15 mins to reach equilibrium, and the
primary reason was the same as in the extraction part: the viscosity of
ALiCy was high, so it needed more time to agitate with NH,OH
thoroughly.

To summarize, the optimal stripping parameters of the TMPD/
2-ethylhexanol+kerosene system were 0.5 M of NH,OH, O/A ratio
2, and contacting time for 5 mins. Furthermore, the optimal stripping
parameters of the ALiCy/kerosene system were 0.5 M of NH,OH,

Table 5. Comparison of this study with the previous research [45,46,52,53]

Author & Year

Main point

This article

Employing TMPD and ALiCy to circulate boron from desalination brine. Under the optimal parameters, the

extraction efficiencies were 93.8% and 72.3%, and the stripping efficiencies were 90.9% and 86.5%.

0.68 M of TMPD, 30% (v/v) 2-ethylhexanol, pH 1.55, reaction temperature at 298.15 K, and O/A ratio 1 were

Guo et al. [52]

the optimal extraction parameters from lithium-rich brine. 0.2 M of NaOH with O/A ratio 0.5 were conducted

in the stripping process. The overall extraction and stripping efficiency by two-stage operation could reach

99.95% and 99.99%

pH<7, O/A=1, and TMPD/H;BO; molar ratio of 2: 1 was ideal for boron recovery from unacidified salt lake

Peng et al. [46]

brine. Under these conditions, the extraction efficiency of boron was >85%. In the stripping process, NaOH

was selected, and the stripping efficiency of H;BO; increased with the mounting of NaOH concentration.

Boron was extracted from chloride media. The optimal equilibrium pH value of the aqueous phase was pH 8-

Fortuny et al. [45]

9, and the reaction was ideal when the contacting period was extended in the extraction part. Moreover, 0.2 M

of NaOH with I/O ratio 1 could strip boron back to the aqueous phase.

Coll et al. [53] the ALiCy in 10% decanol/kerosene.

About 60% of boron could be extracted from high chloride medium under a wide pH range through 0.54 M of
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Table 6. Purity analysis of NH,B,04-4H,0 in the TMPD system

2487

Element NH,B;04-4H,0 Na K Mg, Ca, Cs, Rb, Li, Cu
Purity (%) 99.88 0.07 0.05 Not detected
Table 7. Purity analysis of NH,B,0,-4H,0 in the ALiCy system
Element NH,B;04-4H,0 Na K Mg, Ca, Cs, Rb, Li, Cu
Purity (%) 99.6 0.23 0.17 Not detected

I/A ratio 2, and contacting time for 15 mins. Under these condi-
tions, the stripping efficiency was 90.9% and 86.5%, respectively.
10. Comparison and Analyses

As soon as boron was circulated from desalination brine through
the TMPD/2-ethylhexanol+kerosene and ALiCy/kerosene systems,
the parameters and results were compared with the previous research
(Table 5). It can be noticed that above 85% of H;BO; could be
extracted through a lower concentration of TMPD under pH<9.23,
and NH,OH and NaOH were the practical stripping agents. The
efficiencies among the three researches were slightly different because
the initial concentration of boron, original media, and some oper-
ational conditions were distinct.

On the other hand, it can be found that the initial pH>9.23 of
the aqueous phase is the suitable condition for boron extraction
through the ALiCy system (H;BO; will turn into B(OH),"), and the
contacting time should be longer to ensure the reaction is com-
pleted. In the stripping process, NaOH was selected in other stud-
ies, and most boron could be stripped back to the aqueous phase
(NH,OH was chosen in this research due to its low cost).

Through the above comparison, it can be realized that the TMPD
and ALiCy systems are steady and have high extraction ability for
boron extraction. As long as the parameters are adjusted, they can
still be applied in different situations.

After extracting and stripping boron through TMPD, ALiCy,
and NH,OH, ammonium pentaborate (NH,B;0;-4H,0) would be
acquired, and the purities through the two systems are shown in
Tables 6 and 7. In addition to NH,B;O5-4H,0, B,O; could be gen-
erated by heating NH,B;04-4H,0, and H,;BO; could be formed
through the reaction of B,O; with water if people need extensive
application.

In a nutshell, this research utilized two systems to recover boron
resources from desalination brine. The two systems could not only
reduce the environmental hazards caused by brine but also increase
the value of brine and supply boron products. Through this expe-
rience, more resources may be efficiently circulated from brine in
the future to reach the fulfillment of the 17 United Nations Sus-
tainable Development Goals.

CONCLUSION

This research applied the TMPD and ALiCy systems to recover
boron from desalination brine. The results reveal that the extraction
parameters of the TMPD system were pH 8, 0.5 M of TMPD, O/
A ratio 1, contacting time for 5 mins, and temperature at 298 K;
the stripping parameters were 0.5 M of NH,OH, O/A ratio 2, and

reaction for 5 mins. Under these conditions, the extraction and strip-
ping efficiencies were 93.8% and 90.9%. The extraction parame-
ters of the ALiCy system were pH 11, 1 M of ALiCy, I/A ratio 1,
contacting time for 30 mins, and temperature at 308 K; the strip-
ping parameters were 0.5M of NH,OH, I/A ratio 2, and reaction
for 15 mins. Under these circumstances, the extraction and strip-
ping efficiencies were 72.3% and 86.5%. In conclusion, the boron
extraction from desalination brine through TMPD and ALiCy
systems are prospective methods to achieve the goal of the circu-
lar economy, resources circulation, and environmental protection.
If more resources can be circulated from brine and the procedures
can be improved, then from disposal to utilization will become the
trend in the future.
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: temperature in Kelvin scale

: Gibbs free energy change

]aq

q

G
G
V.
\Z

4
E.

E,
M,
M,
AH
R
T

AG
AUTHOR CONTRIBUTIONS

Conceptualization, C. H. Lee; methodology, C. H. Lee and W.

S. Chen; validation, C. H. Lee and W. C. Chen; formal analysis, C.

H. Lee; investigation, C. H. Lee; data curation, W. S. Chen; writ-

ing—original draft preparation, C.-H. Lee; writing—review and

editing, C. H. Lee and W. C. Chen; visualization, C.-H. Lee; super-

Korean J. Chem. Eng.(Vol. 40, No. 10)



2488 C.-H. Lee et al.

vision, W. S. Chen. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding
This research received no external funding.

Data Availability Statement
Not applicable.

Conflicts of Interest
There are no conflicts to declare.

REFERENCES

1. W.W. A.P. Unesco, Managing water under uncertainty and risk,
Unesco (2012).
2. N. Ghaffour, Desalin. Water. Treat., 5, 48 (2009).
3.V. G. Gude, Rev. Environ. Sci. Biotechnol., 16, 591 (2017).
4. A. Bazargan, A multidisciplinary introduction to desalination, Sty-
lus Publishing, LLC (2018).
5.J. Kucera, Desalination: Water from water, John Wiley & Sons (2019).
6. N. Kress, Marine impacts of seawater desalination: Science, manage-
ment, and policy, Elsevier (2019).
7.M.N. Soliman, E Z. Guen, S. A. Ahmed, H. Saleem, M. J. Khalil
and S.J. Zaidi, Process Saf. Environ., 147, 589 (2021).
8. A. Panagopoulos, Environ. Sci. Pollut. Res., 28, 21009 (2021).
9. A. Panagopoulos and K.-J. Haralambous, J. Environ. Chem. Eng., 8,
104418 (2020).
10. A. Panagopoulos, K.-J. Haralambous and M. Loizidou, Sci. Total
Environ., 693, 133545 (2019).
11. A. Panagopoulos, Int. J. Energ. Res., 44, 473 (2020).
12. A. S. Bello, N. Zouari, D. A. Da'ana, J. N. Hahladakis and M. A. Al-
Ghout, J. Environ. Manage., 288, 112358 (2021).
13. A. Giwa, V. Dufour, E Al Marzooqi, M. Al Kaabi and S. Hasan,
Desalination, 407, 1 (2017).
14. A. Dindi, D. V. Quang and M. R. Abu-Zahra, Appl. Energy, 154,
298 (2015).
15. M. H. El-Naas, A. E Mohammad, M. L. Suleiman, M. Al Musharfy
and A. H. Al-Marzougj, Desalination, 411, 69 (2017).
16.D. Kang, H. Jo, M.-G. Lee and J. Park, Chem. Eng. ], 284, 1270
(2016).
17.Y. Yoo, D. Kang, S. Park and J. Park, Desalination, 479, 114325 (2020).
18. C.-H. Lee, P-H. Chen and W.-S. Chen, Water, 13, 3463 (2021).
19.Z.-Y. Guo, Z.-Y. Ji, Q.-B. Chen, J. Liu, Y.-Y. Zhao, E Li, Z.-Y. Liu
and J.-S. Yuan, J. Clean. Prod., 193, 338 (2018).
20. E Arroyo, J. Morillo, J. Usero, D. Rosado and H. El Bakouri, Desalina-
tion, 468, 114073 (2019).
21. G. Naiduy, S. Jeong, M. A. H. Johir, A. G. Fane, J. Kandasamy and S.
Vigneswaran, Water Res., 123, 321 (2017).
22. W-S. Chen, C-H. Lee, Y.-E Chung, K.-W. Tien, Y--J. Chen and Y.-A.
Chen, Metals, 10, 607 (2020).
23.C. H. Lee and W. S. Chen, Desalin. Water. Treat., 235, 193 (2021).
24.C.H. Lee, W.S. Chen and ]. Y. Wu, Desalin. Water. Treat., 236, 69
(2021).
25. A. 1. Wiechert, A. P. Ladshaw, G. A. Gill, J.R. Wood, S. Yiacoumi
and C. Tsouris, Ind. Eng. Chem. Res., 57, 17237 (2018).

October, 2023

26.C.-H. Lee, P-H. Chen and W-S. Chen, Desalin. Water. Treat., 264,
133 (2022).

27. M. Figueira, M. Reig, M. E de Labastida, J. L. Cortina and C. Valder-
rama, J. Environ. Manage., 314, 114984 (2022).

28.U. USGS, “Geological survey. Mineral commodity summaries 2022”,
Washington DC: US Government Publishing Office (2022).

29.C.R. Dean, A. E Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K.
Watanabe, T. Taniguchi, P. Kim and K. L. Shepard, Nat. Nanotech-
nol., 5, 722 (2010).

30. W. Gannett, W. Regan, K. Watanabe, T. Taniguchi, M. Crommie
and A. Zettl, Appl. Phys. Lett., 98, 242105 (2011).

31. L. Calucci and C. Forte, “Boron nitride nanotubes as magnetic res-
onance imaging contrast agents’, Boron nitride nanotubes in nano-
medicine, Elsevier (2016).

32.7.H. Klotz, J. Moss, R. Zhao, L.R. Davis Jr. and R. S. Patterson, J.
Econ. Entomol., 87, 1534 (1994).

33.H. Irschik, D. Schummer, K. Gerth, G. Hofle and H. Reichen-
bach, J. Antibiot., 48, 26 (1995).

34. G. Najafpour, Biochemical engineering and biotechnology, Elsevier
(2015).

35.H. Chen and L. Wang, Technologies for biochemical conversion of
biomass, Academic Press (2016).

36.Z. Lei, B. Chen, Y.-M. Koo and D.R. MacFarlane, Introduction:
Ionic liquids, ACS Publications (2017).

37.K.R. Seddon, A. Stark and M.-]. Torres, Pure Appl. Chem., 72,
2275 (2000).

38.]. Pawliszyn, Sampling and sample preparation in field and labora-
tory: Fundamentals and new directions in sample preparation, Else-
vier (2002).

39.H. Luo, S. Dai, P'V. Bonnesen, A. Buchanan, J. D. Holbrey, N.J.
Bridges and R. D. Rogers, Anal. Chem., 76, 3078 (2004).

40. M. Llaver, G. Mafra, J. Merib, R. Lucena, R. G. Wuilloud and E.
Carasek, “Tonic liquids, Analytical sample preparation with nano-
and other high-performance materials, Elsevier (2021).

41.Y. Luo, Q Chen and X. Shen, Sep. Purif Technol., 227, 115704 (2019).

42. B. Pospiech, Hydrometallurgy, 154, 88 (2015).

43. A. Kumari, M. K. Sinha, S. K. Sahu and B. D. Pandey, Solvent Extr.
Ion Exch., 34, 469 (2016).

44.S. Nayak and N. Devi, Hydrometallurgy, 171, 191 (2017).

45. A. Fortuny, M. Coll and A. Sastre, Sep. Purif. Technol., 97, 137 (2012).

46.X. Peng, D. Shi, Y. Zhang, L. Zhang, L. Ji and L. Li, | Mol. Lig., 326,
115301 (2021).

47.Q. Liu, L. Ma, S. Wang, Z. Ni, X. Fu, J. Wang and Q. Zheng, J. Mol.
Lig., 325, 114573 (2021).

48.C.]J. Bradaric, A. Downard, C. Kennedy, A.]. Robertson and Y.
Zhou, Green Chem., 5, 143 (2003).

49.D--s. Zheng, J. Li, K. Zhou, J. h. Luo and Y. Jin, J. Chem. Eng. Data,
55, 58 (2010).

50.S. Biswas, P. Pathak, S. Roy and V. Manchanda, Sep. Sci. Technol.,
46, 592 (2011).

51. V.N.H. Nguyen, T.H. Nguyen and M.S. Lee, Metals, 10, 1105
(2020).

52.]. Guo, Y. Yang, X. Gao and ]. Yu, Hydrometallurgy, 197, 105477
(2020).

53.M. Coll, A. Fortuny and A. Sastre, Chemn. Eng. Res. Des., 92, 758
(2014).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


