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Since the level of resource depletion is maintained at a high level, the recovery of boron from salt lake brine
has become an effective way to meet the increasing demand for boron. This study investigates the
optimization of boron extraction from the weakly alkaline brine of the Laguocuo Salt Lake (LGCSL) in
Tibet, China, a representative of Tibetan weakly alkaline salt lakes. We evaluated the efficacy of 2,2,4-
trimethyl-1,3-pentanediol (TMPD) as an extractant within a solvent mixture of 2-butyl-1-octanol (Cyo—
OH) and sulfonated kerosene. The extraction performance was systematically assessed through single-
stage and multi-stage counter-current extraction experiments, examining variables such as extractant
type, concentration, pH, temperature, and the presence of co-existing ions. Our results demonstrate that
optimal boron extraction is achieved under conditions of pH 8.0, an organic-to-aqueous phase ratio (O/
A) of 1:15, and lower temperatures. Under these parameters, single-stage extraction efficiency
surpassed 83%, while a three-stage process achieved an impressive 98.61% efficiency. Stripping
experiments identified sodium hydroxide (NaOH) as an effective stripping agent, with a concentration of
0.3 mol L™ and a phase ratio of 2:1 at room temperature yielding high stripping efficiency and
significant boron concentration enrichment. To elucidate the extraction mechanism, Raman
spectroscopy was employed to characterize the structural interactions between TMPD and boron
complexes in the organic phase. Additionally, the influence of carbonate (CO3%7) and bicarbonate
(HCO3") ions, prevalent in alkaline brines, on boron extraction was investigated. These ions were found
to affect the extraction efficiency, likely through competitive interactions or complex formation,
highlighting the necessity of their consideration in optimizing the extraction process. This study provides
both theoretical insights and practical experimental data essential for the efficient recovery of boron

Received 18th December 2024
Accepted 20th February 2025

DOI: 10.1039/d4ra08859j

rsc.li/rsc-advances from weakly alkaline salt lake brines.

solution ore have not been effectively developed, especially the
boron dissolved in solution resources in the salt lakes in Tibet.
The salt lakes in Tibet are mainly divided into carbonate - type
and sulfate - type salt lakes, among which ZhacangChaka,

1. Introduction

With its unique chemical properties, boron plays a vital role in
glass, ceramics, chemicals, materials, agriculture and other

fields. China's boron reserves rank fourth in the world.* It has
the characteristic of concentrated distribution of boron
resources. 97% of the identified resource reserves are distrib-
uted in Tibet Autonomous Region (37%), Liaoning Province
(34%), Qinghai Province and Hubei Province. Among them,
sedimentary reworked boron resources account for 38% of the
total, salt lake-type boron ore resource reserves account for 52%
of the total, and other types account for 10%.> The majority of
liquid brine boron resources are located on the Qinghai and
Tibet Plateau. The solid boron ores are gradually being depleted
with the exploitation of resources, while the boron dissolved in

“School of Chemistry and Materials Science, Qinghai Minzu University, Xining 810007,
China. E-mail: yarugin@ghmu.edu.cn; shiclong@qhmu.edu.cn

’Key Laboratory of Green and High-end Utilization of Salt Lake Resources, Qinghai
Institute of Salt Lakes, Chinese Academy of Sciences, Xining, Qinghai 810008,
China. E-mail: pengxiaowu@isl.ac.cn

6342 | RSC Adv, 2025, 15, 6342-6356

Mamico, and Zabuye are the most important, and the total
storage of the three salt lakes is about 123.12 million ton.* Due
to environmental factors in Tibet, such as remote geographical
location, inconvenient transportation, high altitude, and fragile
ecological environment, they have not been effectively devel-
oped and utilized. For example, the Laguocuo Salt Lake (LGCSL)
has only carried out a small experiment on brine evaporation,
and compared with important salt lakes such as ZhacangChaka
Salt Lake, no work has been carried out. Therefore, developing
an efficient extraction technology for boron in the liquid salt
lake boron resources in Tibet is an effective way to slow down
imports from abroad.

Regarding the research progress of the brine in the salt lakes
on the Qinghai-Tibet Plateau, Lv et al.* systematically summa-
rized the characteristics of boron and lithium isotope frac-
tionation in salt lake systems and the variation patterns of
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boron and lithium isotope compositions during the evolution of
salt lakes. They also elaborated on the differences in boron
isotope compositions from different sources, providing a theo-
retical basis for determining the origin of boron in Tibetan salt
lakes. This research is based on the geological samples and
environmental conditions of the Damxung Co Salt Lake. When
the research results are extended to the entire Qinghai-Tibet
Plateau and even other salt lakes in other regions, they may
be limited by the unique local geological, hydrological, and
climatic conditions. Peng et al® developed a new dilution
method for extracting boron from the brine of sulfate-type salt
lakes on the Qinghai-Tibet Plateau. The extraction efficiency can
reach over 80%, which provides a new technical idea for the
extraction of boron from Tibetan salt lakes. The research only
focuses on sulfate-type salt lakes, and the applicability to other
types of salt lakes, such as the carbonate-type salt lakes existing
in the Tibet region, has not been explored, which limits the
universal application scope of this method.

Traditional methods for extracting boron dissolved in solu-
tion, such as evaporation crystallization from brine or mining
and processing of boron minerals, have limitations such as high
energy consumption and equipment corrosion. In recent years,
a large number of studies have been dedicated to developing
advanced methods for extracting boron dissolved in solution.
Currently, commonly used methods include: precipitation
method,*® adsorption,®™ ion exchange resin,"”'* membrane
separation method,'>” solvent extraction etc.'**' Among them,
the precipitation method has a mature process and simple
equipment. Although it can achieve the precipitation separation
of boron, due to the complex composition of the salt lake brine,
the precipitation process may be interfered by other ions,
resulting in poor precipitation effect or low purity. Moreover,
the subsequent slag treatment is difficult to implement in the
environment of scarce land resources in Tibet. Therefore, the
overall applicability is limited. In the adsorption method, the
adsorbent is inexpensive and has good selectivity. It can adsorb
boron to a certain extent. However, for the salt lake brine with
high boron concentration, a large amount of adsorbent and
complex adsorption-desorption cycle operations may be
required. Moreover, the impurities in the salt lake brine may
affect the activity and life of the adsorbent. Therefore, the
applicability is also limited to a certain extent. The ion exchange
resin method has high selectivity and adsorption ability and can
deeply remove boron. However, in practical application, it is
necessary to overcome the influence of the complex ionic
environment in the brine on the resin. Considering the cost and
operation difficulty, there are a large number of sulfate and
carbonate ions in the salt lake brine in Tibet. Therefore, the
above-mentioned methods are not suitable for extracting boron
from the brine of salt lakes in Tibet. Compared with other
methods, the solvent extraction method shows many advan-
tages, specifically including high extraction efficiency, wide
application range, easy continuous operation, high product
purity, strong process flexibility, and recyclability of the
extractant. Among them, the recyclability of the extractant is
mainly manifested in the single-stage boron extraction opera-
tion. Generally, the extractant does not reach the extraction
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saturation state. After the back-extraction operation of the
boron-loaded organic phase using sodium hydroxide, the
remaining organic phase can still retain a certain boron
extraction capacity after corresponding purification treatment,
thereby realizing the recycling of the organic phase. This recy-
cling mechanism can significantly reduce the demand for fresh
extractant in the boron extraction process. Therefore, this study
will use the solvent extraction method to conduct research on
the extraction of boron from the brine of salt lakes in Tibet.
Therefore, this study will adopt the solvent extraction method to
carry out research on the extraction of boron from the brine of
the salt lakes in Tibet.

In this study, a solution of 2,2,4-trimethyl-1,3-pentanediol
(TMPD) dissolved in 2-butyl-1-octanol (C;,-OH) and
sulfonated kerosene solvent was selected as the mixed alcohol
extractant for the separation of boron from LGC brine, and an
in-depth study on the factors affecting the extraction equilib-
rium was conducted. The process parameters of liquid-liquid
extraction were studied and optimized. By changing the reac-
tion conditions, such as the concentrations of TMPD and 2-
butyl-1-octanol, pH, temperature, and phase ratio, the optimal
extraction conditions were obtained. The mass transfer law, the
structure of the extract complex, and the extraction reaction
mechanism during the extraction process, as well as the reac-
tion mechanism between boron ions and carbonate ions in
carbonate-type salt lakes, were revealed. The effects of various
factors on the extraction efficiency were determined, and
through cascade cycle amplification experiments and process
optimization, basic data for improving the cascade theory of
complex salt lake systems and industrial design were provided.
The results show that this process is a very promising method
for deeply separating boron from weakly alkaline brine.

2. Material and methods

2.1. Materials

The extractant 2,2,4-trimethyl-1,3-pentanediol (TMPD, 97%)
and the diluent 2-butyl-1-octanol (C;,-OH, 97%) were
purchased from TCI Co., Ltd. The molecular structures of TMPD
and C;,-OH are shown in Fig. 1 below. Boric acid (H3BOs3,
99.5%) was purchased from Tianjin Kemio Chemical Reagent
Co., Ltd and used as a boron source for the simulated feed
solution. All experiments used deionized water. The boric acid
was dissolved in deionized water, and the pH value of the
experimental solution was adjusted by using HCl (wt%: 36-

(A)

(B)

Fig. 1 Molecular structure diagram, (A) is 2-butyl-1-octanol, (B) is
TMPD.
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Table 1 Main characteristics of the brine

Ton concentrate solution (mol L)

p(gem™) pH H;BO; Li Mg> K° Na®  CO>” SO

1.039 9.3 0.063 0.036 0.028 0.05 5.920 0.669 0.182

38%) or NaOH (wt%: 96%) to prepare the simulated brine. All
reagents were of analytical purity and were used without further
purification. The LGC brine used in this study was collected
from the Laguo Cuo Salt Lake (LGCSL) in Tibet and provided by
Tibet Ali Laguo Resources Co., Ltd. The main characteristics of
the brine are shown in Table 1.

2.2. Single-stage extraction procedures

Single-stage extraction experiments were carried out in a sep-
aratory funnel at an ambient temperature of about (293 + 2 K).
A certain volume ratio of the aqueous phase and the organic
phase was mixed and mechanically shaken at 300 rpm for
10 min (Strong Shaker, TAITEC, SR-2DW). After shaking, the
mixture was allowed to stand until the two phases were
separated, and the aqueous phase and the organic phase were
collected for further analysis. Additionally, it should be noted
that all the organic solvents used in the experiments were
a mixed alcohol consisting of a 0.3 mol L™ TMPD dissolved in
2-butyl-1-octanol and sulfonated kerosene as an extractant,
with a phase ratio (O/A) of 1/1. To study the influence of ion
concentration on boric acid extraction, eight kinds of simu-
lated feed solutions were used, among which the concentra-
tion of boric acid is 0.0616 mol L™*, and the concentrations of
different ions in each solution range from 0.01 to
0.09 mol L™, including NaOH, Na,COs, Na,SO,, NaCl, KCl,
LiCl, MgCl,, and CaCl,. The remaining experiments used the
real brine as the boron source. Single-factor experiments on
TMPD concentration, temperature, phase ratio, and pH were
carried out using the real brine. All single-factor experiments
except the temperature experiment were carried out at room
temperature.

2.3. Multi-stage counter current extraction procedures

As shown in Fig. 2, a three-stage simulated counter-current
extraction experiment was carried out using a separatory fun-
nel. The experimental raw material was LGC brine which had

2 3
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Fig. 2 Flow chart of three-stage continuous countercurrent
extraction.

03
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been acidified to reach pH = 8. The extractant was selected as
TMPD with a concentration of 0.3 mol L™, 2-butyl-1-octanol
was used as the cosolvent, and sulfonated kerosene 18A was
used as the solvent. The phase ratio of the organic phase to the
aqueous phase was set at 2: 3.

The specific experimental steps were as follows: in the initial
stage, 10 mL of the freshly prepared organic phase and 15 mL of
the raw brine were accurately measured and injected into the
second separatory funnel. Then, it was placed on an oscillator
and oscillated for 10 minutes with specific oscillation parame-
ters to promote the full progress of the extraction process and
reach an equilibrium state. After the oscillation was completed,
the separatory funnel was placed on a stable tabletop until the
organic phase and the aqueous phase were clearly separated.

Subsequently, the organic phase (marked as 0O2) in the
second separatory funnel was precisely transferred to the third
separatory funnel using a separatory funnel, and at the same
time, the aqueous phase (marked as A2) was transferred to the
first separatory funnel. Next, freshly prepared acidified LGC
brine was added to the third separatory funnel, and fresh
extractant was added to the first separatory funnel. The two were
again placed on the oscillator for oscillation operation to start
a new round of the extraction process.

After the above operations were completed, the aqueous
phase (A1) in the first separatory funnel and the organic phase
(03) in the third separatory funnel were simultaneously intro-
duced into the second separatory funnel, thus obtaining the
extract and the organic phase sample loaded with the target
substance. After multiple cycles of operation, the boron content
in the aqueous phase of the third separatory funnel gradually
became stable, indicating that the entire system reached
a stable state.

2.4. Analysis

The elemental ion concentrations in the aqueous phase were
determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES) (ICAP 6500 DUO; America Thermo
Scientific). To ensure the accuracy of the results, strict calibration
and quality control measures were taken during the experiment.
Before each measurement, the ICP-AES instrument was cali-
brated with a standard solution of known concentration, and it
was calibrated again after every 5 samples were measured, so that
the measurement error was controlled within 5%. During data
processing, only the data with a relative standard deviation
(RSD%) less than 5% were retained for subsequent analysis to
ensure the reliability and stability of the data. The pH values of
all liquid samples in the experiment were measured by a pH
meter (Mettler Toledo, SD 50). After extraction, the organic
phases of complexes containing boron and without boron were
measured by FTIR (Thermo Nicolet 670 spectrometer), and the
aqueous phases of complexes containing boron were measured
and analyzed by a spectroscopic Raman spectrometer at wave-
lengths from 0 to 4000 cm™! (DXR; Thermo Fisher Scientific, Ltd,
USA) and a gas-phase mass spectrometer.

In this study, the formulas for extraction efficiency (E%),
distribution ratio (D%), and stripping efficiency (SE%) are as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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follows. These formulas are derived from the mass balance
principle in a simple two-phase extraction system, assuming
that the extraction process reaches a quasi-equilibrium state
within the experimental time frame, and that there are no
significant side reactions or losses of the target analyte other
than the extraction and stripping reactions considered.

CB Or
E=—"—"-x100% 1
Cgaq + Caor ’ @)

CB Or

D= - 2
Cone (2)

Cga
SE= ——2___ % 100% 3
CB,Aq + C'B,Or ’ ( )

Among them, and respectively represent the concentrations
of boron in the organic phase and the aqueous phase, with the
unit of mol L.

3. Results and discussion

3.1. Effects of the extraction parameters on H;BO; extraction

3.1.1. Effect of different types of alcohols on extraction
rate. The principles for selecting an extractant lie in high
extraction performance, having a large separation coefficient,
low solubility in water, good miscibility with conventional
diluents, being easy to separate phases without emulsification,
low cost, being less volatile and having no irritating smell, and
being widely sourced and easily obtainable.”* Currently, many
glycols have been widely used in industrial solution extraction.
The reasons are attributed to some advantages of glycols, such
as being inexpensive, easy to prepare, and having high extrac-
tion efficiency. In this experiment, four common monohydric
alcohols and glycols were selected as extractants, namely iso-
octanol, 2-butyl-1-octanol (C;,-OH), 2-ethyl-1,3-hexanediol
(EHD), and 2,2,4-trimethyl-1,3-pentanediol (TMPD). They were
respectively applied to the extraction of boron from the brine of
the Laguo Cuo Salt Lake in Tibet. By comparing the efficiency
and physical properties such as water solubility of each extrac-
tant, the best extractant was selected.

The extraction efficiencies of glycols with different alkyl
chain lengths also vary. As shown in Fig. 3, the extraction effi-
ciency of EHD is slightly higher than that of TMPD. Both EHD
and TMPD are alkyl glycols, and the difference lies in the

280 f A(E%)=4.62
>:70 -
S0 | L
0
% 50 Isooctanol
© 40 | 2-butyl-1-octanol
8 30 I 2-ethyl-1,3-hexanediol
© 20k 2,4-trimethyl-1,3-pentanediol
o
5 10
0

Fig. 3 Effect of different extractants on extraction rate.
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Table 2 Solvent loss characteristics of organic solvents

Solvent loss Experimental
Organic solvent (gL™) temperature (°C)
2,2,4-Trimethyl-1,3-pentanediol 12.86 20
2-Ethyl-1,3-hexanediol 13.55 20
2-Butyl-1-octanol 0.04 20
TMPD/C,,-OH 12.90 20
Isooctanol 1.30 20

number of side chains and adjacent carbon atoms. In early
research, EHD was often considered as a typical extractant for
extraction. However, in terms of solvent loss rate (the solvent
loss amounts of TMPD and EHD are shown in Table 2), the
solvent loss of TMPD is lower than that of EHD, approximately
0.7 times. In terms of reaction activity, the reaction energy of
TMPD is 1.3 times lower than that of EHD. Extraction agents
with low reactivity typically exhibit greater stability and selec-
tivity. The reason is that two new B-O-C bonds are produced
during the reaction of TMPD with boric acid. The stability of
this bond may be the key to the entire reaction activity. From the
perspective of the electron distribution of B-O-C, the electron
configuration of the final product of TMPD is also greater than
that of the final product of EHD.* The extraction performance
of the extractant mainly depends on the number of adjacent
carbon atoms at the center of the extractant and the number of
electron configurations in the B-O-C region.** Therefore, the
extraction performance of TMPD is superior to that of EHD.
Therefore, the extractant TMPD with relatively better extraction
performance is selected and combined with eight common and
easily accessible solvents (xylene, carbon tetrachloride, 1,2-
dichloroethane, dichloromethane, butyl acetate, methyl tert-
butyl ether, a mixture of isooctanol and sulfonated kerosene,
and a mixture of 2-butyl-1-octanol and sulfonated kerosene) and
applied to the extraction of boron from LGC brine to explore the
relationship between different solvents and extraction
efficiency.

As shown in Fig. 4, dichloromethane has the highest
extraction efficiency as a solvent, followed by 1,2-dichloro-
ethane. However, for solvents, carbon tetrachloride, dichloro-
methane, and 1,2-dichloroethane are all volatile liquids with
irritating odors. Since TMPD is inherently insoluble in kero-
sene, co-solvents (e.g, alcohols and ethers) need to be added to
blend the two. Among them, a mixture of isooctanol and
sulfonated kerosene and a mixture of C;,—~OH and sulfonated
kerosene, when used as diluents, also achieve good extraction
rates. Isooctanol and C;,-OH are branched monohydric alco-
hols with different numbers of carbon chains, as the number of
carbon atoms increases, the viscosity also increases. Since
viscosity is not conducive to the separation of the two phases
and affects the transfer between ions, there is an inverse rela-
tionship between viscosity and alcohol extraction rate. The
extraction rate of isooctanol with 8 carbon atoms is slightly
higher than that of 2-butyl-1-octanol with 12 carbons. In addi-
tion, as the number of carbon atoms increases, the solubility of
monohydric alcohols gradually decreases. This is because the

RSC Adv, 2025, 15, 6342-6356 | 6345
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Fig. 4 Effect of different attractants on extraction rate.

longer the carbon chain, the larger the hydrophobic group and
the smaller the polarity of monohydric alcohols.”® C;,-OH has
low volatility and a high flash point, and its solvent loss rate is
much lower than that of isooctanol (the solvent loss of iso-
octanol is 32.5 times that of C;,-OH), as shown in Table 2.
Under the same experimental conditions, C;,~OH has low
volatility, while the volatility of isooctanol is relatively high and
its evaporation rate is faster. This makes isooctanol more likely
to escape from the system into the surrounding environment
during the experimental operation. This not only leads to
solvent waste, but also the evaporated isooctanol causes
a pungent smell to pervade the experimental area, posing
a potential threat to the health of operators. The solvent loss
rate of C;,-OH is much lower than that of isooctanol. Solvent
loss can bring about several negative impacts. For instance, it
increases the organic matter content in the aqueous phase,
thereby imposing more stringent requirements on subsequent
treatment processes to reduce their environmental impact.
Therefore, it is advisable to choose an organic solvent with
minimal solvent loss to ensure the environmental friendliness,
efficiency, and stability of the entire extraction process. In view
of this, with a solvent loss rate of only 0.04 g L™, C;,-OH is
more suitable as a cosolvent and diluent. Finally, in this
experiment, TMPD is used as the extractant, 2-butyl-1-octanol is
used as the cosolvent, and sulfonated kerosene is used as the
diluent to extract boron from the brine of the LGC Salt Lake.
3.1.2. Effect of TMPD concentration and 2-butyl-1-octanol
concentration on boron extraction rate. Taking the real brine
of Laguo Cuo Salt Lake in Tibet as the raw material, boron is
extracted from brine under the condition of a phase ratio (O/A)
of 1:1 using a mixed organic solvent containing different
concentrations of TMPD. At the same time, the extraction rate
and viscosity of the mixed organic solvent containing different
concentrations of 2-butyl-1-octanol TMPD under this experi-
mental condition are compared to explore the concentration of
the extractant and the concentration of the synergist suitable for
the brine extraction in this experiment. The results are shown in
Fig. 5. It is clear from Fig. 5 that the extraction rate of boron is
positively correlated with the concentration of the extractant
TMPD. When the content of the extractant TMPD in the organic

6346 | RSC Adv, 2025, 15, 6342-6356

phase is less than 0.3 mol L™, the extraction efficiency of boron
increases rapidly; when the content of the extractant TMPD is
greater than 0.3 mol L™, the extraction efficiency of boron
gradually flattens out. At the same time, the distribution ratio
shows the same trend as the extraction efficiency increases. As
the concentration of the extractant TMPD in the organic phase
increases, the distribution ratio also increases. It should be
noted that when the concentration of 2-butyl-1-octanol in the
extractant reaches a certain level, it has little impact on the
extraction rate.

A mixed organic solvent of 0.1 mol L™ and 0.4 mol L'
TMPD with different concentrations of 2-butyl-1-octanol and
kerosene is selected as the organic phase. The results are shown
in Fig. 6(A). As can be seen from the figure, when the concen-
tration of the cosolvent is greater than 0.4 mol L™ ", the increase
in the concentration of 2-butyl-1-octanol has little effect on the
extraction rate and shows a relatively stable trend. A mixed
alcohol extractant is formed by using 0.3 mol L™' TMPD and
different concentrations of 2-butyl-1-octanol and kerosene to
explore the changes in its extraction rate and viscosity, as shown
in Fig. 6(B). As can be seen from the figure, the concentration of
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=
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Fig. 5 Effect of TMPD concentration on boron extraction.
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Fig. 6 Effect of different concentrations of 2-butyl-1-octanol on boron extraction (A); the relationship between different concentrations of 2-

butyl-1-octanol and the viscosity of the extractant (B).

2-butyl-1-octanol is inversely proportional to the extraction rate
and directly proportional to the viscosity. This is because as the
concentration of 2-butyl-1-octanol increases, the viscosity of the
organic phase also increases. We can draw such a conclusion
that the viscosity of the extractant affects the extraction rate. In
the extractant of this system, its viscosity depends on the
additional amount of 2-butyl-1-octanol. The higher the
viscosity, the lower the mass transfer rate and the longer the
phase separation time, which is unfavorable for the extraction
of boron.”

The underlying mechanisms by which viscosity affects
extraction efficiency lie in molecular diffusion, interfacial
tension, and fluidity. Firstly, molecular diffusion affects the
mass transfer efficiency. Since the molecules in low-viscosity
solvents are more active and move more freely, they can
collide with and interact with the target substances more
frequently, thus promoting the diffusion of the target
substances and improving the mass transfer efficiency and the
extraction rate.”® Secondly, interfacial tension affects the two-
phase separation. Viscosity will influence the properties of the
liquid-liquid interface and then affect the interfacial tension
and the phase separation efficiency.”” Low-viscosity solvents
usually contribute to better phase separation, thus increasing
the extraction rate.”® Finally, fluidity affects the mixing effect.
Low-viscosity solvents have better fluidity and can provide
a more thorough mixing effect, making the contact between the
solvent and the raw materials more uniform and thus
improving the extraction efficiency.”

Therefore, finally, 0.3 mol L™' TMPD is selected as the
extractant, and 0.3 mol L™" 2-butyl-1-octanol is selected as the
cosolvent for further research on the brine.

3.1.3. Influence of balanced pH on boron extraction rate.
Using 0.3 mol L ™" extractant TMPD, 0.3 mol L™ cosolvent 2-
butyl-1-octanol and diluent kerosene are mixed to form an
organic phase. Boron is extracted from brine with a phase ratio
(O/A) of 1:1. The pH value of brine is adjusted by mixing HCI
and NaOH as raw materials to explore the equilibrium pH
suitable for the brine in this experiment. The results are shown
in Fig. 7. As depicted in Fig. 7, when the equilibrium pH is
within the range of 7 to 8, the extraction rate of boron by the
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extractant changes relatively little. However, when the pH
exceeds 8, the trend of extraction efficiency for boron by the
extractant significantly decreases. Specifically, the extraction
efficiency of boron drops rapidly from 84.4% to 19.2%. Overall,
there is a proportional relationship between the pH value of the
original brine and the extraction efficiency, with the extraction
efficiency gradually decreasing as the pH value of the brine
increases. The distribution ratio also shows the same trend,
decreasing from 7.6 to 0.24. This phenomenon can be attrib-
uted to the existence of boron in two forms at different pH
levels: B(OH); and [B(OH),] .***' The chemical equilibrium
between these two forms is highly sensitive to pH changes.
When the pH is greater than 9, boron in the solution primarily
exists as [B(OH),]”, while when the pH is less than 9, boron
mainly exists as B(OH);. The extraction mechanism of the
extractant for boron usually relies on specific chemical inter-
actions with one of these forms. As the pH gradually increases,
the molecules of boric acid (B(OH);) decrease, while the ions of
borate ([B(OH),]") increase. This transformation in the form of
boron is not conducive to the formation of borate esters, which
are crucial for the extraction process. Therefore, this reduces
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the extraction efficiency of the extractant for boron to some
extent. In this study, the pH value of the original brine is 9.3. To
reduce the amount of hydrochloric acid used in the experiment
and considering the potential hazards of excessive acidity to
humans and equipment, the equilibrium pH was ultimately set
at 8 for further research.

3.1.4.
Under room temperature, the pH of the brine equilibrium was
adjusted to 8, with the phase ratio (O/A) being 1/1. The
concentration of the extractant TMPD was 0.3 mol L™*, and the
concentration of the cosolvent C;,~OH was 0.3 mol L. By
varying the two-phase mixing shaking time (extraction time),
the relationship between the extraction equilibrium time and

Influence of extraction time on extraction rate.

the extraction separation effect was investigated. As shown in
Fig. 8, the extraction system reached equilibrium after
a shaking time of 30 seconds. Considering aspects such as
experimental reproducibility, stability, and experimental errors,
a longer extraction time (such as 10 minutes) can make the
extraction process more likely to maintain consistent results in
different batches or under different experimental conditions,
ensuring data stability and reducing experimental errors.
Therefore, a mixing time of 10 minutes was selected for the
subsequent experiments.

3.1.5. The effect of comparison on the extraction rate of
boron. To study the influence of the phase ratio (O/A) on the
extraction of boron from brine in the TMPD and 2-butyl-1-
octanol system, an organic phase formed by mixing
0.3 mol L™" extractant TMPD, 0.3 mol L™" cosolvent 2-butyl-1-
octanol and diluent kerosene is shaken with brine at different
phase ratios (3:1,2:1,2:3,1:1,1:2,1:3,1:4). Hydrochloric
acid is used to adjust the equilibrium pH of the brine to 8.0. The
experimental results are shown in Fig. 9. As can be seen from
Fig. 9, the phase ratio in the TMPD and 2-butyl-1-octanol system
has a greater influence on the extraction efficiency, and there is
a positive proportional relationship between them. When the
phase ratio is larger, the extraction efficiency of boron also
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increases. When the phase ratio (O/A) is in the range of 1: 1.5 to
3:1, the extraction efficiency increases from 32.35% to 87.58%.
Continuing to increase the phase ratio will increase the ion
concentration difference, which leads to an increase in mass
transfer driving force, so the extraction efficiency also becomes
higher. Therefore, the phase ratio is one of the primary factors
affecting the efficiency of liquid-liquid extraction. Since the
extraction efficiency difference is not obvious when the phase
ratio (O/A) is 1:1 and 1: 1.5. To increase the loading capacity of
the extractant and reduce the amount of the extractant, finally,
a phase ratio (O/A) of 1:1.5 is selected for the research of
cascade experiments.

3.1.6. Influence of co-existing ions on boron extraction
rate. To study the influence of anions and cations in brine on
containing different
concentrations of anions and cations (Na,CO3z, NaOH, Na,SO,,
NaCl, LiCl, KCl, MgCl,, CaCl,) at a concentration of
0.0616 mol L™ * was prepared, and 0.3 mol L™* mixed alcohol
was used as the extractant with a phase ratio (O/A) of 1: 1. The
results of the coexisting anion experiment are shown in Fig. 10.

boron extraction, simulated brines

When no salting agent was added, the extraction of boric acid
was 91.31%. As depicted in Fig. 10, only CO,>~ and OH™~ had
a significant effect on the efficiency of boron extraction, while
neither SO, nor any of the other cations had much effect.
Notably, the extraction efficiency of boron decreases progres-
sively with increasing concentrations of CO5>~ and OH™, sug-
gesting that the presence of both species can lead to inhibitory
effects on the extraction process. This phenomenon may be
because carbonic acid and hydroxides react with boric acid to
form borates and borate ions, and the main compound con-
taining borate ions among them is sodium tetraborate.

In terms of pH effects, sodium tetraborate and excess
carbonate undergo hydrolysis in aqueous solutions, which
increases the solution's pH. The speciation of boric acid and the
extraction rate are closely pH-dependent. An increase in pH
leads to a higher prevalence of borate ions, thereby reducing the
extraction rate of boric acid. Regarding ionic strength, the
dissolution of sodium tetraborate in water elevates the solu-
tion's ionic strength.’* The solvent extraction behavior of boric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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acid solution is significantly affected by ionic strength. The
higher the ionic strength, the lower the extraction rate of boric
acid. This effect is caused by the shielding effect of counter ions
on boric acid complexes. The higher the ionic strength, the
stronger the interaction between counter ions and boric acid
complexes, leading to the transfer of boric acid complexes to the
aqueous phase. This influence of ionic strength on the extrac-
tion behavior of boric acid reveals the importance of controlling
ionic strength in the extraction process to optimize the extrac-
tion efficiency of boric acid. Thus, the control of the concen-
tration of carbonate and hydroxide is very important for the
effective extraction of boric acid.

3.1.7. Saturated extraction capacity. The saturated extrac-
tion capacity of an extractant refers to the maximum capacity
loaded by the loaded organic phase during the extraction
process. The maximum capacity is related to the content of the
extractant in the organic phase. In this experiment, an organic
phase formed by mixing 0.3 mol L' extractant TMPD,
0.3 mol L™" cosolvent 2-butyl-1-octanol, and diluent kerosene is
continuously and singly stage-mixed and shaken with brine
with a pH of 8.0 for 10 minutes under the condition of a phase
ratio (O/A) of 2: 3. The shaking temperature is room tempera-
ture (293 K). By observing that the molar concentration of boron
in the raffinate of single-stage extraction no longer changes, the
result shows that the number of times of shaking required is 6.
The experimental results are shown in Fig. 11. As can be seen
from Fig. 11, after six single-stage extractions between the
organic phase and fresh brine, after the fourth to sixth single-
stage extractions, the boron in the raffinate hardly changes
anymore, indicating that the saturated capacity has been
reached. At this time, the saturated capacity of 0.3 mol L™"
TMPD is 0.1139 mol L. It can be found from this that single-
stage extraction cannot completely extract boron from brine,
and at the same time, the utilization rate of TMPD is relatively
low. In practical applications, when the distribution coefficient
of the target substance is low or a high-purity target substance is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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required, single-stage extraction is often difficult to meet the
requirements. Currently, multistage extraction plays an impor-
tant role. Therefore, multistage extraction is introduced in the
subsequent stage to increase the total transfer rate of the target
substance and improve the quality and yield of the product.

3.1.8. Influence of temperature on boron extraction rate.
To study the influence of temperature on boron extraction in
the TMPD/2-butyl-1-octanol extraction system, fix the phase
ratio (O/A) as 2 : 3, and brine with a pH of 8.0 adjusted by HCI.
This brine contains 0.063 mol L™ of boric acid. Use a constant
temperature shaker to extract boron from brine at different
temperatures, which are 293 K, 303 K, 313 K, 323 K, and 333 K
respectively. The results are shown in Fig. 12. It can be found
from the figure that both the extraction efficiency and the
distribution ratio are inversely proportional to the temperature.
When the temperature increases, the extraction rate and the
distribution ratio decrease accordingly. When the temperature
rises from 293 K to 323 K, the extraction rate slowly decreases
from 88.52% to 87.42%. This indicates that this process is an
exothermic reaction. A lower temperature is conducive to boron
extraction by the TMPD/2-butyl-1-octanol extraction system.
Therefore, finally, the experiment is selected to be carried out at
293 K. Based on the influence of the TMPD/2-butyl-1-octanol
system on the extraction of boric acid as shown in Fig. 12, the
thermodynamic functions were analyzed and calculated. The
enthalpy changes AH of boron extraction can be determined
based on the slope of the curve of 1g D versus 1000/T (K) using
the van't Hoff eqn (4). The result is shown in Fig. 12.

AH 1
—+C (4)

LeD=—330R T

Among them, R is usually the gas constant, which is 8.314 ]
mol % C is the integration constant. Substituting the data in
Fig. 12 into eqn (5), the following relationship is obtained:

_ AH
2.303R

= slope (5)
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Therefore, the calculated enthalpy change is —2.757 k] mol %,
which is less than 0. This result indicates that the reaction of
extracting boron in this system is an exothermic reaction, and
an increase in temperature is not conducive to the extraction of
boric acid.

3.2. Striping extraction experiment

3.2.1. Selection of stripping agent. Stripping, also known
as back-extraction, is the process where a stripping agent is
used to move the extracted substance from the loaded organic
phase back into the aqueous phase. This step is pivotal within
the extraction process. It impacts not only the recovery rate of
metal ions but also the overall efficiency and economic viability
of the operation. The stage of extracting boric acid with 2,2,4-
trimethyl-1,3-pentanediol (TMPD) to generate borate is an
esterification reaction process, while the stripping stage is the
hydrolysis process of borate. From a molecular perspective,
during the extraction process, TMPD forms a complex con-
taining C-O-B ester bonds with boric acid, enabling boron to be
extracted into the organic phase. Under alkaline conditions, the
reaction of OH™ with the boron-ester complex promotes the
cleavage of the ester bond, thus transferring boron back from
the organic phase to the aqueous phase and achieving the
separation of boron. Boron in the loaded organic phase is
stripped by water, acid solution, or alkali solution to enrich
boric acid and achieve the purpose of recycling the extractant.
In this experiment, 0.3 mol L™' TMPD and fresh brine are
subjected to a three-stage countercurrent cascade under the
condition of a phase ratio (O/A) of 1:1, an equilibrium pH of
8.0, and a reaction temperature of 293 K. The loaded organic
phase is collected, and the boron concentration in the loaded
organic phase is 0.1124 mol L™". Boronic acid is stripped by
using different stripping agents (H,O, HCl, and NaOH) under
the condition of a phase ratio (O/A) of 1:1. The results are
shown in Fig. 13. It can be found that the actual stripping effects
of H,0 and HCI are significantly worse than that of NaOH. The
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reason is that the stripping of the loaded organic phase is the
hydrolysis process of borate. The borate generated under this
system has a stable structure and is not easy to hydrolyze, so the
stripping is relatively more difficult. Therefore, this experiment
finally selects NaOH as the stripping agent.

To explore the influence of the concentration of the stripping
agent on the stripping of boron in the TMPD/2-butyl-1-octanol
system, different concentrations of NaOH solutions (0.1, 0.3,
0.5, 0.7, 0.9, and 1.2 mol L™ ") were used for stripping under the
condition that the phase ratio (O/A) is 1: 1 and the temperature
is 293 K. The results are shown in Fig. 14. It can be seen from the
experimental results that as the concentration of NaOH
increases, the stripping rate gradually increases. This is
because, during the stripping process, NaOH has a strong
hydrolysis reaction with boron-containing ester complexes
(detailed proof and elaboration will be provided below). The
ester group in boron-containing ester complexes is easily
attacked by hydroxide ions under alkaline conditions and the

90 —0—SE% 118
D

< 117
LU 89
@ 116 0
J 2
e} o
588 115 ¢
g £
S g7t 114 2
2 @
g 413 0
‘£ 86|
n {12

85 |- 411

00 02 04 06 08 1.0 1.2

Concentration of NaOH, mol/L

Fig. 14 The relationship between the concentration of stripping agent
and stripping rate and distribution ratio.
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ester bond breaks. However, an important phenomenon was
also observed in the experiment: when the concentration of
NaOH exceeds 0.3 M, the emulsification phenomenon caused
by NaOH becomes more and more serious. This phenomenon
not only increases the time cost of the experiment but may also
lead to the loss of the organic phase. The occurrence of the
emulsification phenomenon may be because the addition of
NaOH increases the polarity of the aqueous phase, thereby
enhancing the interaction between the aqueous phase and the
organic phase. This enhanced interaction is beneficial for the
transfer of boron-containing ester complexes from the organic
phase to the aqueous phase, but at the same time, it makes
esters more prone to hydrolysis under alkaline conditions, that
is saponification reaction. In view of this, the concentration of
NaOH is finally determined to be 0.3 mol L™".

3.2.2. Compare the effect of stripping on boron. In the
experiment of studying the influence of phase ratio on stripping
rate, the phase ratios (O/A) (1:1,1:2,1:3,1:4,2:1,3:1,4:1,
5:1) are selected to mix the organic phase and the aqueous
phase. The experimental results are shown in Fig. 15. As can be
seen from the figure, the stripping efficiency decreases with the
increase of the phase ratio, and there is a negative correlation
between the two. When R(O/A) < 1, the change in stripping
efficiency is small. When R(O/A) > 3, the stripping efficiency
rapidly decreases with the increase of the phase ratio.
Increasing the phase ratio will reduce the overall stripping
efficiency, and increase the stripping stages and stripping costs,
which is not conducive to industrial production. It is obvious
from the figure that when the phase ratio is 3, it is the node
where the stripping efficiency rapidly decreases. Therefore, the
stripping phase ratio (O/A) of 2: 1 is selected.

3.2.3. Effect of temperature on boron stripping extraction
rate. The experimental extraction temperatures were controlled
at 283 K, 293 K, 303 K, 313 K, 323 K, and 333 K respectively.
Boron was stripped with 0.3 mol L™" NaOH solution under the
condition of a phase ratio (O/A) of 1:1 to explore the influence
of temperature on the stripping rate in the TMPD/2-butyl-1-
octanol system, as shown in Fig. 16. As can be seen from
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Fig. 15 Compared to the effect on stripping efficiency.
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figure, there is a negative correlation between temperature and
stripping rate. When the temperature gradually rises, the
stripping efficiency gradually decreases. When the temperature
is >313 K, as the temperature increases, the stripping efficiency
rapidly decreases. When the temperature is >313 K, the rate of
decrease in stripping rate rapidly becomes smaller. The overall
stripping efficiency is greater than 84%. When the temperature
is 293 K, the stripping efficiency is greater than 88%. Therefore,
finally, the stripping efficiency temperature is selected as room
temperature (293 K). Additionally, the choice of room temper-
ature for stripping is not only due to its high efficiency but also
takes into account the convenience of operation and the
economic nature of energy consumption, which is particularly
important in industrial applications.

3.3. Mechanism study

3.3.1. The effect of carbonate and bicarbonate on boron
extraction. The content of CO;>~ in LGCSL is 0.669 mol L™,
which is about ten times that of boron. In the anion coexistence
experiment, it is concluded that as the concentrations of CO3>~
and HCO; ™ increase, the extraction efficiency of boron gradu-
ally decreases and the pH value in the raffinate after extraction
increases. Therefore, this paper will continue to discuss the
relationship between H;BO; and CO;*~ and HCO; . Take
0.06 mol L™ H;3BO; to react with 0, 0.001, 0.01, 0.1, 0.2, 0.5, and
1 of NaHCO; respectively to prepare aqueous solutions,
numbered as 3, 3-1, 3-2, 3-3, 3-4, 3-5, and 3-6. During this
process, it is found that as the concentration of NaHCO; grad-
ually increases, the pH value in the solution also gradually
increases. The pH change relationship is shown in Table 3.
Raman analysis is performed on these seven samples, as shown
in Fig. 17. Between 1000 and 1500 cm ', the vibration intensi-
ties of the two characteristic peaks of 3-6 are higher.

The ionic forms of boron in aqueous solution are relatively
complex, and there are many interactions between borate
anions existing simultaneously in aqueous solution. Nowadays,
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Table 3 The extraction rate of the three-stage counter current

Sample number H;BOs/mol L™* NaHCO,/mol L™* pH

3 0.06 0 5.43
3-1 0.06 0.001 7.19
3-2 0.06 0.01 7.51
3-3 0.06 0.1 7.95
3-4 0.06 0.2 7.99
3-5 0.06 0.5 8.04
3-6 0.06 1 7.99

[ 0.06M H,BO, with 1 M NaHCO,
[ 0.06M H,BO, with 0.5 M NaHCO,
[ 0.06M H,BO, with 0.2 M NaHCO,
~]0.06M H,BO, with 0.1 M NaHCO,
—]0.06M H,BO, with 0.01 M NaHCO,
0.06M H,BO, with 0.001 M NaHCO,
0.06M H,BO, with 0 M NaHCO,

n 1 " Il L 1 " Il L 1 " 1 L 1

3500 3000 2500 2000 1500 1000 500
Raman Shift,cm™

Fig. 17 Raman spectra of boric acid with fixed concentration and
sodium bicarbonate with different concentration.

some researchers®*** have proposed a model for the reaction of
boric acid. In aqueous solutions containing carbonate and
bicarbonate, the chemical equations for borate and four kinds
of polyborates are as follows, eqn (6) to (8).

View Article Online

Paper
3B(OH); = [B3;05(0OH),]” + H,O + 2H,0" (7)
4B(OH); = [B4Os(OH),*~ + H,0O + H,O" (8)

To confirm the attribution of the two peaks of sample 3-6
between 1000 and 1500 cm™', and further confirm the
complexes formed between CO;>~, HCO; ™, and H;BOj; as well
as the main existing forms of borate ions, and explore the
reasons why the existence of CO,>” and HCO; affects the
boron extraction rate, the following two experiments were
carried out respectively, as shown in Fig. 18(A) and (B). First,
replicate samples 3 and 3-6 in the experiment in Fig. 17. Raman
spectral analysis was performed on 0.06 mol L™' H3BO;,
0.06 mol L' H;BO;, and 1 mol L' NaHCO; and its raffinate
after extraction, and this was classified as a set of analysis and
control. The results are shown in Fig. 18(B). Zhu et al.*® gave the
Raman spectra of potassium tetraborate and potassium
metaborate solutions by using the Raman spectroscopy method
and attributed each peak. Based on this, this study analyzes and
controls each peak. We found that it is related to the vibration of
the ion [B,05(OH),]*>” at 687 cm . It can be seen that when
NaHCOs; is added to H3BO3;, the vibration peak intensity of the
ion [B405(OH),]*” at 687 cm ™" becomes stronger. This further
indicates that NaHCO; and H3;BO; will form borate Na,B,O5(-
OH),. At 884 cm ™', it is related to the vibration peak of H3BO;
ions. It can be observed from the figure that the intensity of the
boric acid vibration peak of the raffinate after extraction is
weakened, indicating that H;BOj; in the solution forms a boric
acid complex with TMPD, and the content of H;BO; in the
solution is reduced. At 1020 cm ™' and 1360 cm™*, it is related to
the vibration peak of the ion HCO; .** Raman spectra of
potassium carbonate and bicarbonate aqueous fluids at
elevated temperatures and pressures: comparison with theo-
retical simulations. Combined with the two peaks with higher
vibration amplitudes of sample 3-6 between 1000 and
1500 cm ™' in Fig. 17, the following conclusion can be drawn:

B(OH); + 2H,0 = [B(OH),]” + H;0" 6) due to the high concentration of sodium bicarbonate, after part
g p
of hydrochloric acid combines with boric acid to form borate,
(A) HCO; (B)
1020, 1360

[B305(OH), I
446~465
—— K2B407-10H0

Solid sample

NagB407:10H20

N

H,0
1650
—— H,BO, with NaHCO,

—— A(H,BO, with NaHCO, )

e S S —
[B405(OH),J* H,BO,
566~576 884~888
400 600 800 1000 1200 1400 500 750 1000 1250 1500 1750 2000 2250

Raman Shift,cm"

Fig. 18

Raman Shift,cm™

(A) Raman spectra for the study of the reaction relationship between sodium carbonate and boric acid, and (B) Raman spectra for the

study of the reaction relationship between sodium bicarbonate and boric acid.
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there is still excess bicarbonate. Therefore, the vibration peak
intensities at 1020 cm ™" and 1360 cm ™' are stronger than those
of the other six samples.

Secondly, the solid obtained by mixing 1 mol L™* CO,*~ and
1 mol L™ H3BOj; and performing evaporation crystallization, as
well as analytically pure solid Na,B,O, and solid K,B,0;-3H,0
are analyzed by Raman spectroscopy, and the Raman spectra
obtained from these three samples are classified as a set of
reference controls. The absorption peak of the solid sample at
566 cm " is related to the vibration of the ion [B,05(OH)4]*",
and the vibration amplitude of this absorption peak is the
largest, indicating that the borate formed by sodium carbonate
and boric acid is mainly Na,B,05(OH),. The absorption peak at
446 cm ™ is related to the vibration of the ion [B;03(OH),]~, and
its vibration amplitude is relatively small. Thus, it can be
inferred that there is a small amount of NaB;O3(OH), in the
borate formed by sodium carbonate and boric acid. In addition,
the absorption peak at 761 cm™" is related to the ion [B(OH),] .
This peak has a strong vibration, which means that more
[B(OH),]™ is formed in this reaction process.

Combining Raman spectral analysis and pH changes, several
reasons for the influence of carbonate and bicarbonate on boric
acid extraction can be summarized as follows: firstly, carbonate
and bicarbonate will react with boric acid, causing part of the
boric acid in the solution to exist in the polymerized form -
polyborate ions. The formation of its polymerized state reduces
the amount of boric acid that can participate in complexation,
and consequently leads to a decrease in the extraction rate.
Polyborate ions are highly hydrated in aqueous solutions,
forming stable hydrated ions. This hydration effect increases
their solubility in the aqueous phase and makes it difficult for
them to transfer to the organic phase, thus reducing the
extraction rate.”” Polyborate ions form complex three-
dimensional structures in aqueous solutions. In these struc-
tures, boron atoms are connected into rings by B-O-B bonds,
forming stable polyborate ions. Such structures make poly-
borate ions more stable in aqueous solutions and difficult to
form effective complexes with organic extractants, thereby
resulting in a decrease in the extraction rate.*®
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Secondly, carbonate and bicarbonate will ionize to produce
hydroxide ions in water, thus increasing the pH value of the
solution. According to the existing forms of boric acid at
different pH values, boric acid will be more inclined to exist in
the ionic form of [B(OH),] . Since borate ions carry a negative
charge, they have a relatively high solubility in water and a low
affinity for the organic phase. Their interaction with organic
extractants is weak, and it is difficult for them to form stable
complexes.*® Therefore, borate ions have a relatively low solu-
bility in the organic phase and a low extraction efficiency.

3.3.2. Spectroscopic study on complexes between boron
and extractant. To further confirm the formation of complexes
between the mixed alcohol extractant TMPD/2-butyl-1-octanol
and boric acid, the FTIR spectra of the extractant before
extraction, the extractant after six times of saturated extraction,
and the extractant after three-stage countercurrent extraction
are recorded, as shown in Fig. 19. The characteristic peak at
3330 em™ ' in the FTIR spectrum is related to the stretching
vibration of the ~-OH group.*® The absorption bands at 2950 and
2870 cm ! are attributed to the symmetric and asymmetric
stretching vibrations of the -CH, moiety.** In the extracted
organic phase, three new absorption peaks at 664-666 cm ',
1340 cm ™!, and 1420 cm™* are observed and are identified as
the alcohol B-O, C-O, and -OH bonds of borate esters respec-
tively.*> Therefore, we conclude that the hydroxyl group on
TMPD reacts with boric acid to finally form an ester compound.

From the perspective of molecular structure, the hydroxyl
groups (-OH) in TMPD molecules play a crucial role. The boron
atoms in boric acid molecules are sp® hybridized, resulting in
an empty p orbital, which exhibits electron-deficient charac-
teristics.* When TMPD comes into contact with boric acid, the
empty p orbital of the boron atom can accept the lone pair of
electrons from the hydroxyl oxygen atom, thereby initially
forming a B-O-C coordinate bond.

3.4. Three-stage continuous counter-current extraction

To completely extract H;BO; from brine, we conducted an
experiment using the McCable-Thiele method to determine
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-OH of B
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- CH, dissymmetry

i 2950
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Fig. 19 FTIR infrared spectra before and after organic phase extraction
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Fig. 20 Boron extraction distribution isotherm and McCable—-Thiele
diagram.

three-stage continuous countercurrent extraction (O/A = 2: 3),
as shown in Fig. 20. Taking LGC real brine as the raw material,
its pH is adjusted to 8 with hydrochloric acid. Using 0.3 mol L™*
2-butyl-1-octanol as a cosolvent dissolved in 0.3 mol L™ TMPD
as the organic phase. The experimental results are listed in
Table 4. Eventually, a raffinate containing 0.000877 mol L™ of
H;BO; and an organic phase containing 0.061123 mol L™ of
boric acid were obtained, corresponding to an extraction effi-
ciency of boric acid of 98.61%. The results indicate that after the
fourth cycle, the extraction system reached a relatively stable
state. The results show that as the number of extraction cycles
increases, the extraction efficiency gradually improves and
eventually stabilizes. The high extraction rate achieved in multi-
stage countercurrent extraction is primarily attributed to the
sustained high ion concentration gradient in the system. In the
multi-stage countercurrent extraction process, the fresh organic
phase is always in contact with the aqueous phase containing
a relatively high concentration of boron. Starting from the first
stage, boron in the aqueous phase continuously diffuses into
the organic phase driven by the concentration gradient. When
the organic phase moves to the next stage, it encounters a new
aqueous phase with an even higher boron concentration,
thereby maintaining the mass transfer driving force generated
by the ion concentration gradient. This sustained concentration

Table 4 The extraction rate of the three-stage counter current

Raffinate ICP test B/mg L™* H3BOs/mol L™ Extraction/%
R1 2.006 0.001237 98.04
R2 1.823 0.001124 98.22
R3 1.590 0.000981 98.44
R4 1.485 0.000916 98.55
R5 1.466 0.000904 98.56
R6 1.461 0.000901 98.57
R7 1.452 0.000895 98.58
R8 1.422 0.000877 98.61
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gradient provides a continuous “driving force” for boron
transfer, enabling efficient migration of boron from the
aqueous phase to the organic phase, significantly enhancing the
extraction rate. As the number of extraction stages increases,
the concentration gradient gradually diminishes, the mass
transfer driving force weakens, and the amount of target
substance transferred decreases accordingly, ultimately leading
to stabilization of the extraction efficiency. Therefore, the three-
stage countercurrent extraction experiment can significantly
improve the extraction efficiency and distribution ratio of boric
acid, achieving complete extraction of boric acid.

3.5. Two-stage continuous counter-current stripping
extraction

To achieve the complete extraction of H;BO; from the loaded
organic phase, a series of experiments were conducted. The
McCable-Thiele method was employed to determine a three-
stage continuous countercurrent stripping process with an O/
A ratio of 2:1, as depicted in Fig. 21. The loaded organic
phase collected through three-stage countercurrent extraction
served as the raw material, and 0.3 mol L™ NaOH was utilized
as the stripping agent. The experimental outcomes are pre-
sented in Table 5. Ultimately, a stripping raffinate containing
0.3371 mol L™ H3;BO; was obtained, corresponding to a strip-
ping efficiency of H;BO; reaching 99.97%, and the boron was
also enriched. After 5 cycles of the two-stage countercurrent
extraction experiment, the reverse extraction system reached
a relatively balanced state. The results demonstrate that the
three-stage countercurrent stripping experiment can remark-
ably enhance the stripping efficiency of H;BO;. This indicates
that boric acid is essentially completely stripped from the
system. Through this approach, the extraction and separation of
boric acid is optimized, utilizing advanced techniques and
reagents to achieve efficient separation and purification. The
use of countercurrent stripping allows for more thorough
removal of the target compound, ensuring high purity and
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Fig. 21 Boron stripping extraction distribution isotherm and McCa-
ble-Thiele diagram.
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Table 5 The extraction rate of the three-stage counter current

Raffinate ICP test B/mg Lt H3;BOs/mol L™ Extraction/%
R1 3.495 0.3233 95.88
R2 3.527 0.3263 96.76
R3 3.586 0.3317 98.38
R4 3.607 0.3337 98.95
R5 3.627 0.3355 99.50
R6 3.632 0.3360 99.64
R7 3.642 0.3370 99.91
R8 3.644 0.3371 99.97

recovery rates. This method provides a reliable and effective
solution for the extraction and purification of boric acid from
complex mixtures.

4. Conclusion

Taking the C;,-OH solution of 2,2,4-trimethyl-1,3-pentanediol
(TMPD) and sulfonated kerosene as extractants and taking the
Laguocuo Salt Lake, a typical representative of weakly alkaline
salt lakes in Tibet, as the research object, the process of
extracting boron by TMPD was systematically studied. In the
extraction process, one molecule of TMPD reacts with one boric
acid molecule to form a complex containing two C-O-B ester
bonds. In the case of high concentrations of CO;*>~ and OH™
ions in brine, it has a greater impact on the boron extraction
rate. When the concentrations of carbonate and bicarbonate
ions are high, boric acid mainly exists in the forms of
[B,O5(OH)4],~ and [B(OH),] , and a small part is [B;03(OH)4] ;
these forms of borate ions are difficult to combine with TMPD,
so the extraction rate is low. The above was characterized by
Fourier transform infrared spectroscopy and Raman spectros-
copy, providing the mechanism of this reaction. In the extrac-
tion process research, through single-stage and multi-stage
countercurrent extraction experiments, the effects of different
extractants, extractant concentration, pH value, temperature,
and coexisting ions on the extraction efficiency were investi-
gated, and the appropriate extraction conditions were deter-
mined. The results show that under the conditions of pH = 8.0,
O/A = 1/1.5, and lower temperature, the boron recovery rate is
relatively ideal. The single-stage boron extraction rate is >83%,
and the three-stage boron extraction rate is 98.61%. At the same
time, the stripping experiment results show that NaOH is
a suitable stripping agent. When the NaOH concentration is
0.3 mol L™ and the phase ratio is 2: 1, the stripping effect is
good at room temperature, and the boron concentration is also
enriched. The research results provide a theoretical and exper-
imental basis for recovering boron from weakly alkaline salt
lake brine and verify the feasibility of this method.

Data availability

All data supporting the findings of this study are included
within the manuscript.
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