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This study aims to prepare ion-imprinted polymer (IIP) with the benefit of a metal-based sorbent, which is
fabricated to selectively adsorb lithium (Li") from aqueous solutions, and in an attempt to remove strontium
(Sr*1). The adsorption processes were carried out at different pH values, initial concentrations, and tempera-
tures, to optimize the experimental conditions, with the use of response surface methodology (RSM). The
seawater reverse osmosis (SWRO) brine was physically and chemically characterized, and the physicochemical
characterization of the prepared IIP before and after adsorption was also performed using different spectroscopic
methods. The adsorption capacity for Li* and Sr?* from SWRO brine was evaluated, and the reusability of IIP was
investigated using adsorption—desorption cycles. The results showed that the IIP was efficient to remove Li* but
not Sr?¥, and it follows Freundlich adsorption isotherms models. The analysis revealed a significant concen-
tration of minerals in the brine sample It also revealed a low concentration of trace metals, like Ba (0.16 mg/L),
Zn (0.845 mg/L), Fe (1.31 mg/L), Cu (1.165 mg/L), Pb (1.505 mg/L), and V (3.88 mg/L), except Li and Sr which
shows a higher concentration of 43.32 mg/L and 16.93 mg/L respectively. pH 10 was selected to be the optimum
pH for the adsorption isotherm experiments, as it was the highest efficient pH to adsorb Li* and Sr?*. The
thermodynamics study revealed that the adsorption of Li* on the IIP favored exothermic conditions. It was
noticed that the maximum adsorption capacity (Qn,) was increased as the temperature rise from 714.3 mg/g at
25 °C to 2500 mg/g at 45 °C. The Li" desorption results show that 94.03% — 94.71% of the ions were recovered,
while the Sr?* desorption results show that 96.35% — 96.56% of the ions were recovered. The efficiency of IIP to
adsorb lithium and strontium from brine shows that the adsorption removal% of Li* was between 84.21% and
84.68%, while the adsorption removal% of Sr*>* was between 3.83% and 10%. The cost analysis for IIP prepa-
ration was 2 USD/g.

1. Introduction

Seawater desalination is an effective technology that is widely used
around the world to obtain fresh potable water [14]. The increased in-
terest in seawater reverse osmosis (SWRO) desalination plants has raised
concerns related to potential environmental problems. SWRO plants
produce a large volume of water and a dense saline concentrate known
as brine, which ends up in marine environments. High-income nations
create a significant proportion of worldwide brine, just as they do with
desalinated water (77.9%). It should be highlighted that those nations
from both highly developed global areas, where brine output is gener-
ally lower than desalinated water production, and oil-rich Gulf coun-
tries, where thermal desalination methods with poor recovery ratios are
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commonly used, resulting in elevated brine output (Jones et al., 2019).
Due to the potential for environmental concerns and obstacles from
brine disposal, different methodological approaches for metal recovery
have been studied.

Lithium recovery studies have started, however it is still in the early
stages. It has been suggested that sorption, electrolysis, and nano-
filtration be used [27]. Adsorption is a low-cost and ecologically bene-
ficial way to extract metals such as Cr*, Cr®*, Pb?* Li* and Sr?* from an
aqueous solution [56,36,35,34] ,Gusti et al. [10]. Generally, adsorbents
are not specific with little selectivity for a single metal [30], such as the
commercial resins have poor selectivity. This drives the researchers to
synthesize resins that have an improved property to selectively recover
gold from waste [16,5,15] As a result, it is critical to develop a novel
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adsorbent to selectively separate lithium and strontium from an aqueous
solution. The current practice used in the recovery and extraction of
lithium and strontium from brines is the evaporative concentration
method. Although this method is cheap, the outstanding disadvantage of
this method is that the method is wasteful of water, land-intensive, and
time-consuming, therefore considered an impractical method of
extracting lithium and strontium from brine. This brings us to the future
of lithium and strontium extraction from brine; direct lithium extraction
entails plucking the lithium ions from a complex geothermal soup.
Nonetheless, most of the initial studies concluded that organic ion-
exchange resins denoted a comparatively low selectivity when it came
to lithium ions; hence, selectivity was used in the extraction process of
lithium-selective sorbents [43].

Molecularly imprinted polymers (MIPs) have drawn a lot of studies’
attention in the latest years, because of their excellent features, such as
constancy, cheap cost of formulation, and molecular recognition capa-
bility [12]. Ion imprinting polymers (IIPs) are comparable to molecu-
larly imprinted polymers, however, they identify ions rather than
molecules after imprinting, providing the advantages of molecularly
imprinted polymers as well as a superior ion recognition capability
(Otero-Romani et al., 2009). The different approaches to elaborate IIP
have all been classified by Rao et al. [41] as chemical immobilization,
trapping, crosslinking of linear chain polymers, and surface imprinting.
The forms of IIPs might differ depending on the polymerization method.
Bulk polymerization generates monolithic materials, while heteroge-
neous by suspension or emulsion, and homogeneous by dispersion or
precipitation polymerization that generates well-defined polymer par-
ticles. A core-shell arrangement can also be used to make well-defined
spherical particles. Surface imprinting, on the other hand, mostly con-
sists of an inorganic core in core-shell IIPs [9]. IIPs have many appli-
cations like solid-phase extraction which include wastewater treatment
and samples pretreatment, sensors, and IIPs membrane separation.
Because IIPs have greater selectivity and adsorption efficiency than
typical solid sorbents such as silica gel, activated carbon, or function-
alized polymer, they are employed in SPE [19]. IIPs exhibit affinity and
selectivity similar to antibodies, but they are also simple to synthesize,
durable in hostile environments, and affordable to manufacture [11].
There have been several IIPs for harmful metals such as nickel, cad-
mium, arsenic, cobalt, lead, mercury, and selenium. In addition, in the
application of sensors, the recognition element is the most important
component of a sensor since it is the element in response to recognizing
the targeted analytes in complicated samples and binding them. Selec-
tive chemical sensors with strong thermal, mechanical, and chemical
characteristics may be made utilizing ion-imprinted polymers at a
reasonable cost [40].

The lithium-imprinted polymers are prepared by polymerizing a
crosslinking agent (ethylene glycol dimethacrylate), an optional co-
monomer, and a lithium chelate monomer [50]. The essence of pre-
paring lithium-imprinted polymer is that once the polymers are des-
orbed, it leaves imprints with the arrangement, shape, and size of
binding sites meant explicitly for binding Li". In agreement, the United
States Department of Energy report highlighted the main selectivity
capabilities of Li-imprinted polymers, especially concerning brines
containing other competing metal ions like K* and Na™* [20]. According
to the experiments, which involved a brine of 390 ppm K", 410 ppm
Na™, and 390 ppm Li™ at 45 °C, 75 °C, and 100 °C, it is established that
the Li-imprinted polymer had an extraction efficiency surpassing 95%.

Crown ethers (CEs) are excellent model compounds that may be used
to create more complicated chemical structures. Crown ethers are
particularly appealing molecules because of their unusual features,
which allow for a deep investigation of interchanges that are significant
in the field of analytical chemistry [32]. The macrocyclic effect is widely
recognized for increasing the steadiness and metal ions selectivity
combined with cyclic ligands (such as crown ethers) as compared to
their equivalent open-chain equivalents. When crown ethers contain
concavities of the right sizing and the right functional and cross-linking
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monomers, they have demonstrated great selectivity to attach to the
target metal ions [31].

Crown ethers and the macrocyclic host molecule’s second generation
have gotten a lot of interest in recent years [28]; Buning et al., 2018).
Metal ions that are inside the crown ethers have the ability to syn-
chronize with oxygen atoms within the concavities of the crown. For
stable binding and selectivity, selecting a crown ether with suitable
concavities for intended ions is critical.

The latest studies have provided a detailed insight into the applica-
tion and synthesis of organic polymers, which selectively extract lithium
or strontium in favor of other metal ions. The ion-imprinting process is
the basis of the method as it allows only lithium ions and not any
competing ions to go through. Moreover, various approaches were
explored to minimize the environmental effect of radionuclides. The
adsorption method is the most dependable way for hazardous radionu-
clide removal and has been widely utilized [26]. Hence, this study aimed
to explore the possibility of recovering strontium using the lithium IIP,
to study if it could be used for multiple ion adsorption. The innovative
objective of the project was the fabrication of imprinted polymer with
the benefit of a metal-based catalyst, the elucidation of the prepared
material by spectroscopic methods, and the evaluation of its adsorption
capacity for Li* and Sr?>* from brine concentrate.

2. Methodology:
2.1. Chemicals

Acetonitrile (CH3CN) (99.5%), lithium chloride (LiCl) (98%), po-
tassium persulphate (K2S20s) (98%) and sodium hydroxide pellets
(NaOH) (98%) were obtained from Research Lab (Mumbai, India).
Ethylene glycol dimethacrylate (EGDMA) (98%, stabilized with hydro-
quinone monomethyl ether), dicyclohexano-18-crown-6 (CyoHz3606)
(98%), hydrochloric acid (HCI) (37%), and nitric acid (HNOg3) (65%)
were obtained from Sigma-Aldrich (Darmstadt, Germany). Tert-butyl
acrylate (C;H1202) (99%, stabilized with 15 ppm 4-methoxyphenol)
was obtained from Alfa Aesar (Heysham, England). Double deionized
water was prepared in the lab using the Milli- Q® water system.

2.2. Lithium Ion-Imprinted polymer preparation (Li-IIP)

The precipitation polymerization technique was done using the
method developed by Hashemi et al. [20] methodology with some
modifications to prepare lithium IIP (Fig. 1). In a 50 mL glass bottle, 20
mL of acetonitrile was added with 74.5 mg of Dicyclohexano-18-crown-
6 and 21.28 mg of LiCl dissolved in it for 20 min at room temperature
and sonicated with an ultra-sonicator (Grant XUB series, digital ultra-
sonic bath). Then 792.9 mg ethylene glycol dimethacrylate (EGDMA)
(Crosslinker), 128.17 mg tertbutyl acrylate (monomer), and 25 mg of
potassium persulphate were mixed with the previous solution and son-
icated at again 25 °C. It was then purged with N5 for 10 min, sealed, and
thermally polymerized in an oil bath at 65 °C for 24 h. Following 24 h,
the polymer was filtered to discard the solvents. Then, the powder IIP
was washed with methanol to remove the un-reacted materials and
leached with 1 mol/L HNO3 until the washed solution was free from
lithium ions. Lastly, the lithium IIP was washed with distilled water until
it reaches neutral pH. The final IIP should be fully dried.

2.3. Physical and chemical characterization of the ion imprinted polymer

The prepared ion-imprinted polymer was characterized before and
after adsorption using a scanning electron microscope (SEM) (Nova™
Nano SEM 450 — FEI), transmission electron microscopy (TEM) (TEM
TECNAI G2, TF20 - FEI), Fourier-transform infrared spectrophotometer
(FTIR) (PerkinElmer, spectrum range: 400 cm~! to 4000 crn_l), and X-
ray diffraction (XRD) (Empyrean XRD platform and P1Xcel'P detector).
Specific surface area and pore size distribution were determined by
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Fig. 1. Scheme of lithium ion-imprinted polymer synthesis.

Brunauer-Emmett-Teller (BET) (Quantachrome Corporation, Nova
3000). Energy Dispersive X-Ray Analysis (EDX) was also done to identify
the elemental composition of the imprinted polymer, and X-ray photo-
electron spectroscopy (XPS) (Ultra DLD XPS Kratos) was used to quan-
tify the surface composition of the polymer.

2.4. Optimizing the experimental conditions and experimental design

The response surface methodology (RSM) has widely been used for
optimizing a variety of waster treatment processes (Kusuma et al., 2015,
2021; [3]. The central composite design (CCD) was used to study the
effects of initial concentration and temperature on the recovery of
lithium and strontium.

To optimize the adsorption batch experimental conditions, stock
solutions of lithium (100 ppm) and strontium (100 ppm) ions were
prepared. All the experiments were run in replicates. The standard

deviations of the experiments were calculated. Then, the optimized
experimental conditions were applied to the real brine sample.

2.4.1. Effect of pH

To investigate the effect of pH on the adsorption processes, batch
adsorption experiments were carried out at different pH values (2, 4, 6,
8, and 10). 10 mg of IIP was added to 30 mL from each different pH value
with continuous shaking for 24 h, the solution was filtrated after
adsorption, and both the treated solution and the IIP were preserved
separately for further testing.

2.4.2. Effect of initial concentration

To investigate the effect of initial ions concentration on the adsorp-
tion processes, the stock solutions of Li* and Sr?* were prepared to
different concentrations, namely (0 (control), 5, 15, 30, 45, 60, 75, 90,
100 mg/L). 10 mg of IIP was added to 30 mL from each diluted solution



S.M. Alshuiael and M.A. Al-Ghouti

with continuous shaking for 24 h, the solution was filtrated after
adsorption, and both the treated solution and the IIP were preserved
separately for further testing.

2.4.3. Effect of solution temperature

To test the effect of solution temperature on the adsorption experi-
ment, the adsorption experiment was done at different temperatures
(25 °C, 35 °C, and 45 °C). 10 mg of IIP was added to a 30 mL solution
with continuous shaking in an incubator shaker (Shel-lab SSI10R-2,
Orbital-Shakin) for 24 h under different temperatures, the solution
was filtrated after adsorption, and both the treated solution and the IIP
was preserved separately for further testing.

2.4.4. Verifying the optimized experimental conditions

The concentrations of Li* and Sr>" were tested using inductively
coupled plasma - optical emission spectroscopy (ICP-OES Optima 7300
DV - PerkinElmer) to find out the amount of lithium and strontium
adsorbed under different conditions and to decide the optimum condi-
tions for the following experiments.

2.5. Isotherm models

The experimental data is used to fit the different isotherm models
using the following equations:

OmbCe

1
1+ bCe M

Langmuir model : Qe =

Where Q. is the amount of metal adsorbed per gram of adsorption
(mg/g), Ce is the equilibrium concentration of adsorbate (mg/1), Qp, is
maximum adsorption capacity (mg/g) (constant), and b is the Langmuir
constant.

Freundlich model : Q¢ = KfCe'/" 2)

Where Q. is the amount of metal adsorbed per gram of adsorbate at
equilibrium (mg/g), Ce is the equilibrium concentration of adsorbate
(mg/L), K is Freundlich isotherm constant (mg/g), and n is adsorption
intensity.

Dubinin — Radushkevich model : Qe = gse <€’ 3

Where Q. is the amount of adsorbate in the adsorbent at equilibrium
(mg/g), qs is theoretical isotherm saturation capacity (mg/g), K is
adsorption energy constant, and e is Dubinin-Radushkevich isotherm
constant, which can be calculated by RT In [1 + Cie], where R is the gas
constant (8.314 J/mol K), T is the absolute temperature (K) and C, is the
adsorbate equilibrium concentration (mg/1).

. RT
Temkin model : Qe = Eln(AtCe) 4

Where Q. amount of adsorbate in the adsorbent at equilibrium (mg/
g), Ce - equilibrium concentration of the adsorbate (mg/1), At . Temkin
isotherm equilibrium binding constant (L/g), and Bt - Temkin isotherm
constant, where R is the gas constant (8.314 J/mol K), and T is the ab-
solute temperature (K).

To fit the isotherm equation, some parameters should be calculated
by linearizing the isotherm models. To linearize the isotherm models,
Table 1 is used to draw the graphs of each model. Then from the linear
plotting equation, the models’ parameters are calculated (Table 1).

2.6. Thermodynamics studies

Gibb’s free energy (AG°) is a valuable indicator of impulsive
behavior. If AG® (Eq. (5)) has a negative value at a particular temper-
ature, a spontaneous reaction will occur. The heat of adsorption or
enthalpy (AH°) and entropy (AS°) (Eq. (6)) are essential thermodynamic
measurements for enthalpy and entropy variations.
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Table 1
Isotherm models linearization graph axis, and calculating the model parameters
from the liner plotting equation.

The Isotherm X-axis Vs Y-axis

Model

Langmuir 1/ce (x-axis) Vs. 1/qe (y-axis)

isotherm model

Freundlich In(ce) (x-axis) Vs. In(qe) (y-axis)

isotherm model

D-R isotherm e? (x-axis) Vs. In(qe) (y-axis)

model

Temkin isotherm In(ce) (x-axis) Vs. qe (y-axis)

model

Model Langmuir Freundlich D-R Temkin

Parameters Qn=1/ n = 1/Slop qs = A, = elntercept/
Intercept elntercept Slop
b=1/ Kr= K = Slop B, = (RT/B)
Slop*Qm glntercept where B = Slop

AG" = —RTlInk, = AH —TAS’ ®)

Where R is the universal constant 8.314 J/mol.K, T is the tempera-
ture (Kelvin), and K, is the Langmuir isotherm constant (b).
“aH a8’

Ink, = >
nk;, RT+R (6)

Where AH° and AS° are determined from the slope and intercept of
the equation of the line that is evaluated from the plot of InKy, vs. T

2.7. Chi-Square test

The Chi-Square was calculated to find the best-fitted isotherm model,
using the following equation:

n i i 2

Z (qup : qpred) %)
i=1 qpred

Where, qfw is the adsorption capacity (mg/g) from the experimental
data, q;,,ed is the adsorption capacity (mg/g) from the predicted
(isotherm models) data, n denotes to the number of sizes which is 8, and i
is the number of match experimental runs conducted to find out the
adsorption capacity.

2.8. Batch desorption experiment / Adsorption-Desorption experiment

The IIP previously dried and kept from the previous isotherm ex-
periments were used in this experiment to test the Li™ recovery ability
from IIP. The used IIP samples were washed with 10 mL of 0.5 mol/L
HNOj3 with continuous shaking for 24 h at room temperature. Using ICP,
the eluted ions concentrations were measured. To calculate the recov-
ered % of ions from the IIP, first, the amount of ion adsorbed on the IIP
was calculated by subtracting the final concentration from the initial
concentration (Co — Ce). Then the recovery % was determined as
follows:

Elutedions concentration

R% = Co—Ce x 100 (€©))

A second adsorption—desorption cycle is run in the same used IIP
after drying from the desorption experiment, performing the same
adsorption steps as in section 2.4.2 and a second batch desorption
experiment. The difference between the adsorption capacities is used to
evaluate the IIP regeneration performance.

2.9. Batch adsorption experiment — Real brine sample

The following batch method was used to investigate the adsorption
of Li* ions and the selectivity toward Sr?* ions by the prepared Li* ion-
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imprinted polymers. 10 mg of IIP was added to 30 mL brine in the batch
experiment. 0.5 mol/L HNO3s was used to keep the pH around the
optimized pH. All the experiments were run in replicates.

To calculate the adsorption removal percentage of IIP to adsorb
lithium and strontium ions, the initial concentration (Co), and equilib-
rium concentrations (Ce) will be compared as follows:

(Co — Ce) “

AR% = 100 (C))

The IIP particles’ adsorption capacity (mg/g) in relation to the
imprint metal ion will be determined as follows:

e = (Co— o)) a0
m
Where V is the volume of the brine (L), and m is the mass of the IIP
used (g).

2.10. Statistical analysis

The statistical analysis was generated using MINITAB statistical
analysis software. Two-way ANOVA was calculated using the tempera-
ture and initial concentration as two independent factors, to determine
the significance of each factor from the P (probability) -value. Tukey
grouping method with a 95% confidence level was also used to

[e—TTT

= 100 nM
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determine the significant difference between each value within the
factor. Furthermore, factorial plots were drawn for Qe main factors and
interaction plots to understand if the factors are dependent or
independent.

2.11. Cost analysis

Cost analysis was done by breaking down the cost of the used
chemicals and energy consumed as well as other extra expenses needed
for the production of ion-imprinted polymers.

3. Results and discussion:
3.1. Ion-Imprinted polymer physicochemical characterization

The prepared ion-imprinted polymer was characterized using a
scanning electron microscope (SEM), transmission electron microscopy
(TEM), Fourier-transform infrared spectrophotometer (FTIR), and X-ray
diffraction (XRD) to study the morphology of the adsorbents and their
functional groups. Specific surface area and pore radius was determined
by Brunauer-Emmett-Teller (BET). Energy Dispersive X-ray Analysis
(EDX) was also done to identify the elemental composition of the
imprinted polymer and X-ray photoelectron spectroscopy (XPS) was
used to quantify the surface composition of the polymer.

=100 nm

Fig. 2. (1) SEM image of IIP (A) Before adsorption, (B) After Li" adsorption, and (C) After Sr2* adsorption. and (2) TEM image of IIP (D) Before adsorption, (E) After

Li* adsorption, and (F) After Sr?* adsorption.
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3.1.1. Scanning electron microscope (SEM) and transmission electron
microscopy (TEM)

The characteristics of IIPs, like other metal-ion sorbents, are closely
connected to their morphology: their form and porous structure. Fig. 2

Separation and Purification Technology 295 (2022) 121320

(A, B, and C) shows the SEM images of the prepared polymer before
adsorption and after adsorption of lithium and strontium showing their
morphology at 5 pm in 20.00 KX magnification.

The SEM scans of the polymer revealed an irregular spherical shape
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Fig. 3. (1) Fourier-transform infrared (FTIR) Spectrum of IIP, and (2) FTIR spectra sub-regions major peaks (A) fingerprint region 1000 cm™! to 1500 cm ™! (B)
double bond region 1500 cm ™! to 1800 ecm™band (C) C-H (Aliphatic) strong alkane stretch 2800 cm ™! to 3100 cm ! and (D) Normal “Polymeric” OH stretch 3200

em™! to 3700 cm ™.
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polymer with a very regular porous and consistent surface structure of
the IIP, with a rough and mound surface. On the surfaces of the poly-
mers, there exist local pores, which are evenly dispersed. It is noticed
that the leached IIP has a rough and porous surface, which indicates
empty binding sites for the target ions with an increase in the surface
area to improve the adsorption and facilitate the capture of targeted
ions. The removal of the template ion increases the roughness of the
surface of the imprinted polymer [9]. Long et al.)2016) refer that the
polymer particles have a spherical shape because of the mechanism of
precipitation polymerization. In addition, Xu and Guo [51] explain that
the porous texture aids in increasing the adsorption of the superficial
area and exposes the surface binding sites.

The BET results show that the multi-point specific surface area (SSA)
is 40.80 rnz/g and Barrett-Joyner-Halenda (BJH) adsorption average
pore radius is 4.83 nm. Compared to Al-Ajji and Al-Ghouti [2] hazelnut
shell adsorbent with 3.7 m?/g SSA and 50.6 nm pore radius size, it can
be noticed that the IIP had more than 10 times larder SSA with pore
radius sizes that are smaller by more than 10 times. This indicates that
the IIP is highly porous with small pores that increase the surface area
and roughness of the surface. On the other hand, copper IIP has 93.2 m?/
g SSA and a 9.5 nm pore radius size [51], which is double the Li IIP
values. This could be due to the fact that Li* is much smaller than Cu?*,
which in consequence will have an effect on the IIP structural sizes while
preparing it using the ion templets. This fact was also shown in the co-
balt IIP and nickel IIP, where the IIPs had 74.94 m?/g and 89.04 m?/g
SSA and 9.3 nm and 12.4 nm pore radius size respectively [54,53] . This
could be a result of the fact that both Co?* and Ni*2 are also bigger than
Li*, where they have almost the same size as Cu®".

The SEM images show a significant difference in morphology
observed between the leached IIP and unleached IIP. The lithium
adsorption on IIPs causes a visual change in the surface structure
(Fig. 2B), while strontium adsorption SEM images and the leached IIPs
are similar to each other in the context of the polymer surface roughness.
The adsorption of lithium as a target ion used in the polymerization can
be the cause of the morphological variations between them.

Unleached Li-IIPs reveal more than the target ion, which is bonded
evenly in SEM images. Due to the bounded lithium ions, a rough and
aggregated structure was seen on the surface of unleached IIPs [23].
Because leached IIPs are the results of cross-linking and imprinting
processes, which increase the adsorption surface area and provide open
areas on the surface permitting binding, there are numerous micropores
on the surface of leached IIPs, allowing the target ion to bind readily
[23].

To investigate the microstructure of the IIP, a further step was taken
by using the TEM. Fig. 2 (D, E, and F) shows the TEM image of the pure
IIP before adsorption, and after adsorption of Li* and Sr?*. As in the SEM
image, the TEM image of IIP after strontium adsorption and the pure IIP
TEM image are similar to each other, and nothing major is observed.
While the after Li™ adsorption IIP TEM images (Fig. 2(1)E) can clearly
show the adsorption of the lithium ions in a multilayer behavior with the
interaction between the ions. This indicates that Freundlich isotherm
adsorption behavior is expected.

3.1.2. Fourier transform infrared spectroscopy (FTIR)

The prepared ion-imprinted polymer was characterized using FTIR to
study the adsorbent functional groups. Fig. 3 (1) shows the FTIR spectra
were the adsorption due to C-O stretch (alkyl-substituted ether) (1140
cm_l), C-0 bend (aromatic ethers) (1250 cm_l), —CH3 (methyl) (1390
cm’l), N-H stretch (Amide) (1459 crn’l), C = O stretch (Carbonyl)
(1720 em™ ), C-H (aliphatic) strong alkane stretch (2993 crn’l), and
normal “polymeric’’ OH stretch (broad) (3400 cm ™) were observed.

The prepared Li* ion-imprinted polymer’s FTIR spectra results were
compared with the Li* ion-imprinted polymers prepared by Hashemi
et al. [20]. The spectrum shows closely similar functional groups, where
they contain C = O stretch, C-O stretch, C-O bend, C-H stretch, -CHs
bend, and N-H stretch.
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According to Isikver and Baylav [23], the strong C-O stretching band
at 1150 cm™! appears because of the monomers in the polymeric
structure bearing -COOH groups. It was also recognized that the C-H
strong alkane stretching band at approximately 2950 cm ™! wavenumber
was identified in all-metal ion-imprinted polymers, which was observed
in the prepared IIP at wavenumber 2993 cm™! This accentuates the
presence of the C-H group in the group polymers at this wavenumber.
Moreover, strong carbonyl C = O stretching and N-H strong amide
stretching bands were also found in all the polymers [23].

Hashemi et al. [20] study compared the unleached and the leached
ion-imprinted polymer FTIR spectra. The comparison shows that the
leaching process does not affect the functional groups of the IIP, sug-
gesting that the IIP is reproducible. In addition, in Isikver and Baylav
[23] experiments, they compare the leached IIP and the control polymer
spectra, it was found that they show a similar spectrum, which indicates
that the leaching process is considered to cause no damage to the
polymer network while removing the ions. This explains the fact that the
spectrum of the IIP before adsorption (leached) and after adsorption of
Li and Sr (unleached) were similar.

A close interpretation of the spectra (Fig. 3(2)) revealed that there
are not many differences between the spectral features and the func-
tional groups of the IIP before adsorption and after adsorption. How-
ever, there are some changes in the transmittance percent of few bands
as well as some slight shifts in the exact position of the bands, which was
noticed mostly in the after Li* adsorption IIP. This change proposes that
the structure of the IIP shows the effects on the exact position of the
bands and shifts in the bands when the internal structure is changed
while capturing the Li" ions.

The FTIR are generally sub-divided to four main region including:
fingerprint region (500 cm ™! to 1500 cm 1), double bond region (1500
em~! to 2000 cm_l), triple bond region (2000 cm~ ! to 2500 cm_l) and
single bond stretch region (2500 cm ! to 4000 cm™ ). Fig. 3(2) shows a
zoomed view of the major peaks in each region. It was noticed generally
that the FTIR after Li™ adsorption is obviously different from the IIP
before adsorption and IIP after adsorption of Sr?*. This indicates that the
IIP after Sr?" adsorption is actually rarely adsorbing an ion, which
means that the binding sites are still empty as much as it was before
adsorption. This supports the theory that the IIP was designed with a
templet of lithium ions to be selective for lithium recovery. In the
fingerprint region (Fig. 3A) and the double bond region (Fig. 3B), it was
observed that the after Li* adsorption peaks were shifted. The C-O
stretch peak at 1140 cm ™}, which appears because the monomers in the
polymeric structure bearing -COOH groups were shifted from 1140
cm ! before adsorption to 1145 cm™?, and it was wider and less trans-
mitted. This could be due to the interaction of the lithium ions with the
monomer when it was captured in the binding sites. The carbonyl C = O
stretch at 1720 cm ™! was also wider, less transmitted, and shifted from
1720 cm™! before adsorption to 1723 cm™! after Li* adsorption. In the
case of the C-H (Aliphatic), strong alkane stretch (2993 cm’l), and
Normal “polymeric’” OH stretch (3400 cm’l) were observed. After Li"
adsorption peaks are still less transmitted and wider, but it was also
noted that the peaks of the IIP before adsorption are smothered than the
peaks after adsorption of both Li* and Sr?*, and the after Sr** adsorp-
tion peaks are a bit wider than the peaks before adsorption. This is due to
the fact that there is adsorption even if it is a small quantity, which in-
dicates that this small quantity affects the single bonds in opposite to the
other bonds.

3.1.3. X-Ray diffraction (XRD), energy Dispersive X-Ray (EDX), and X-ray
photoelectron spectroscopy (XPS).

To evaluate the existence or absence of lithium and strontium ions in
the ion-imprinted polymer matrix before and after adsorption, different
kind of X-ray spectroscopy analysis (X-ray diffraction (XRD), energy
dispersive X-ray (EDX), and X-ray photoelectron spectroscopy (XPS))
was investigated.

In the first X-ray spectroscopy analysis, the XRD diffractogram of the
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IIP (Fig. 4(1)) shows similar patterns before and after adsorption, except
for a few peaks at 20 = 32.67, 36.15, 51.55, and 64.82°. These intense
diffracted peaks in the after Li™ adsorption pattern are corresponding to
lithium, which indicates the adsorption of the lithium ions on the IIP.
Trivedi et al. [45] studied the properties of the lithium powder. The XRD
diffractogram of lithium samples shows peaks at 20 = 32.67, 36.15,
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52.16, 64.56, 64.84, and 65.02°, this confirms that the intense peaks are
a result of the presence of lithium in the sample. In addition, as these
peaks are not shown in the leached IIP, this insure that the lithium ions
used as a template in the preparation steps of the IIP were completely
washed off leaving available imprinted sites for lithium. Moreover, there
is a small intense peak at 20 = 31.08°in the after Sr adsorption
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Fig. 4. (1) XRD diffractogram of IIP before adsorption and after adsorption, (2) EDX spectra of IIP: (A) Before adsorption, (B) After Li"™ adsorption, and (C) After Sr2*
adsorption, and (3) XPS spectra of IIP (D) Before adsorption, (E) After Li* adsorption and (F) After sr2+ adsorption.
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diffractogram, this can be corresponding to the small amount of stron-
tium adsorbed by the IIP. Boanini et al. [8] analyzed the XRD pattern of
strontium in a study comparing strontium and zinc substitution in
B-tricalcium phosphate. They found that the strontium showed a very
intense peak at 20 around 31°. This agreed that the diffracted peak at
31.08 is corresponding to strontium.

The characterization of metal ion-imprinted polymers using XRD was
done by Isikver and Baylav [23] for the nickel IIP and cobalt IIP ex-
periments and in Behbahani et al. [6] for the nickel nanostructured IIP.
In all of those metal ion-imprinted polymers, the XRD pattern of the
leached and unleached IIP was similar except in a few peaks corre-
sponding to the metal used in the IIP preparation. Moreover, it can be
noticed that the ion-imprinted polymers generally show closely similar
XRD diffractogram that is highly zigzag due to the polymer’s amorphous
nature [23].

Moreover, when the material is more amorphous it shows higher
diffraction intensity [52], this can explain the fact that it can be noticed
that the IIP before adsorption has a higher intensity, followed by the IIP
after Sr*t adsorption, then the IIP after Li* adsorption. This is mainly
because the IIP before adsorption has a more imprinted binding site and
is rougher as shown before in the SEM surface image. The IIP after Li*
adsorption is smother, as the Lit occupy most of the imprinted binding
sites, and the IIP after Sr>* adsorption is just in between both of them, as
the IIP was designed to selectively adsorb lithium ions, but this did not
eliminate the fact that some other ion can be adsorbed rarely.

In the second spectroscopy analysis, the EDX spectrum of the IIP
before adsorption (Fig. 4(2)A) shows that the IIP is composed mainly of
carbon, oxygen, and a trace amount of chloride. The element composi-
tion weight percentage in Table 2 shows that 73.27% of the IIP is
composed of carbon, 25.30% is composed of oxygen and the other
1.43% is chloride. It is noticed that the ion-imprinted polymer is totally
free of lithium, which indicates that the lithium was leached perfectly,
while a small amount of chloride was indicated, which is most probably
due to the lithium chloride used to prepare the IIP.

The EDX spectrum after lithium adsorption (Fig. 4(2)B) shows a good
peak corresponding to lithium in the composition of the IIP, indicating
successful lithium adsorption. On the other hand, the EDX spectrum
after strontium adsorption (Fig. 4(2)C) shows a very small peak corre-
sponding to strontium, which means that the IIP was not able to adsorb
strontium with the same efficiency as adsorbing lithium. In addition, it
was observed that there is a peak corresponding to calcium in the after
adsorption spectra, this could be due to a random error in the used
distilled water purification system, which leads to the availability of
calcium ions as a competitor to be adsorbed.

Branger et al. [9] mentioned the use of EDX spectroscopy to analyze
polymers used to adsorb Cu(Il) ions before and after extraction. It was
stated that the EDX is capable to show the ions in the surface and the
core of the polymer, and their results show a clear decrease in the Cu(II)
ions composition after leaching it from the polymer particles. Also, in an
experiment to selectively remove Cr(VI) using IIP grafted on the elec-
trospun nanofibrous mat of functionalized polyacrylonitrile (FPANFM)
[21], the EDX spectroscopy analysis was used. It was characterized the

Table 2
EXD element composition and XPS surface quantification of the IIP.

Element Mass Conc. % Atomic Conc. %

EXD element composition

C 73.27 79.00
(0] 25.30 20.48
Cl 1.43 0.52
Total 100.00 100.00
XPS surface quantification

C 69.96 75.02
(0] 29.28 23.58
Li 0.76 1.40
Total 100.00 100.00
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composition of the IIP before and after the removal of the Cr(VI) ions,
but it was further employed to verify the existence of the FPANFM
structure in the IIP to confirm the successful preparation of IIP-
functionalized-PANFM. Liu et al. (2015) also used the EDX to confirm
the successful imprint of the nickel in the ion-imprinted polymer while
preparing it based on graphene oxide/SiO,

In the third spectroscopy analysis, the XPS spectrum of the IIP before
adsorption (Fig. 4(3)D) shows that the IIP is composed mainly of carbon
and oxygen. The XPS surface quantification of the IIP is shown in table 2.
The mass concentration shows that 69.96% of the IIP is composed of
carbon, 29.28% is composed of oxygen and the other 0.76% is lithium. It
is noticed that even though, there is no peak corresponding to lithium in
the XPS spectrum, it was detected in the surface quantification. This
could be a leftover that was not totally leached while preparing the IIP. It
was a very trace percentage, which is acceptable.

After lithium adsorption, the XPS spectrum (Fig. 4(3)E) shows a peak
corresponding to lithium in the surface composition of the IIP, assuring
that the lithium was efficiently adsorbed. On the other hand, the XPS
spectrum after strontium adsorption (Fig. 4(3)F) is not showing any
peak corresponding to strontium, which means that the IIP was not able
to adsorb strontium in a detectable amount, as the XPS cannot detect
anything less than 1% mass concentration.

Long et al.)2016), in their IIP preparation for the removal of nickel,
used XPS to observe the adsorption mechanism by detecting the changes
in the IIP composition before and after the adsorption of nickel. XPS was
also done before leaching and after leaching in an IIP experiment that
was prepared to selectively remove bromine ions [49,48]. Their results
showed that bromine was found in a trace amount after leaching it from
the ITP, revealing that roughly all of the imprinting sites on the surface of
polymers were successfully imprinted, and polymer leaching was suc-
cessful. The negligible quantity of bromine that persisted in the polymer
after leaching was attributable to the fact that a tiny fraction of the
imprinted sites were thoroughly buried during the imprinting process,
and leaching of these remaining bromine ions was challenging under the
leaching conditions.

Overall, all of the three X-ray spectroscopic analyses gave the same
conclusion that the IIP before adsorption was perfectly leached from
almost all of the Li ions templates while preparing it and it shows su-
perior selective adsorption of lithium while the strontium adsorption
was weak. The IIP composition results from the EDX and the XPS were
very close to each other, highlighting that it is mainly composed of
carbon and oxygen.

3.2. Sea water reverse osmosis brine characterization

Seawater reverses osmosis concentrated brine from desalination
plant was physically and chemically characterized, where pH, salinity,
total dissolved solids (TDS), conductivity, and elemental composition
were tested. Table 3 shows the physical and chemical characteristics of
the seawater reverse osmosis (SWRO) brine in comparison with other
SWRO brine characteristics from the literature. The pH of the brine used
in the current study is closer to 8, which indicates that it is alkaline. This
is similar to the other brine results, where all of the pH values are

Table 3

Physical and chemical characteristics of SWRO brine.
pH Salinity TDS (g/L) Conductivity (mS/ Reference

(ppt) cm)
7.89 61.7 67.64 91.56 current
study
8.2 39.2 NR NR [18]
10 NR 69.17-72.36  88-132 [7]
8 NR 30.73 77 [38]
8.17 NR 71.827 11.204 [42]
8-8- NR 58.85 NR [33]
12
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between 8 and 12 indicating that all the brine water is alkaline ranging
from weak to strong alkalinity. The salinity of the brine water was 61.7
ppt. It was noticed by Khan et al. [24] that the salinity of the brine was
more than 160% higher than the seawater standard salinity. The con-
ductivity of the SWRO brine was 91.56 mS/cm. Conductive ions are
generally made up of dissolved salts and inorganic elements such as
chloride, alkalis, sulfides, etc. [55]. As a result, a high water conduc-
tivity is a result of a high ion concentration. Thus, as the principal charge
carriers in brine are Na and Cl, it is obvious to find that the conductivity
of the brine is high, as the elemental analysis of the brine (Fig. 5) shows
that Na and Cl are available in high quantities in the brine water.

The elemental analysis of the seawater reverse osmosis brine is
shown in Fig. 5. The analyzed trace metals include copper (Cu), zinc
(Zn), iron (Fe), sodium (Na), potassium (K), magnesium (Mg), calcium
(Ca), barium (Ba), strontium (Sr), lithium (Li), lead (Pb), and vanadium
(V). The analysis revealed a significant concentration of minerals in the
brine sample like Na (30575 mg/L), Mg (2757 mg/L), K (1700 mg/L),
and Ca (1690 mg/L). It also revealed a low concentration of trace metals
in the analysed brine sample, like Ba (0.16 mg/L), Zn (0.845 mg/L), Fe
(1.31 mg/L), Cu (1.165 mg/L), Pb (1.505 mg/L), and V (3.88 mg/L),
except Li and Sr which shows a higher concentration of 43.32 mg/L and
16.93 mg/L respectively. The chemistry of brine, the desalination pro-
cess utilized, as well as the chemicals used, and the geological context of
the region all impact the concentration composition of trace metals in
brine [29].

As noticed that strontium and lithium are present in a higher con-
centration. This can be due to the presence of carbonates in the brine,
chemical and physical weathering, as well as the leaching of rocks and
soils. These can all contribute to strontium’s higher concentrations [39],
and the comparatively high proportion of lithium in brine, assures the
fact that seas are key lithium reservoirs across the world [42].

3.3. Effect of pH

pH is among the most pertinent factors impacting the adsorption rate
of various metal ions on the polymers.Different pH values between pH 2
and pH 10 were used to study the behavior of the ion-imprinted polymer
when the pH is changed. The experiment results show that the adsorp-
tion removal percentage of lithium (Fig. 6A) ranged between 98.6% and
99% with a difference of 0.4% between the highest and lowest adsorp-
tion removal percentage. On the other hand, the adsorption removal
percentage of strontium (Fig. 6B) was more irregular, ranging between
2% and 99% with no regular trend. So, pH 10 was selected to be the
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optimum pH for the experiments, as it was the highest efficient pH to
adsorb Sr**, and in the case of Li* adsorption, there was no big differ-
ence between pH 10 and the highest adsorption removal percentage
(0.4%).

Isikver and Baylav [23] in their IIP experiment investigated the effect
of pH on five different pHs from 3 to 7. Their results show that the higher
the pH, the higher the adsorption. They justify this phenomenon as that
the polymers having -COOH groups get ionized when pH rises, resulting
in increased interactions with metal ions. Moreover, the tendency for
metal ion—-HQ complex formation increases as pH rises. Behbahani et al.
[6] in their nano IIP also tested different pH values. They also found that
the adsorption raised with the pH raising from 2 to 8. They also noticed
that the quantitative retention of the sorbent was reduced by reducing
the pH value of the solution due to electrostatic repulsion of the pro-
tonated active sites of the sorbent with the positively charged metal
species.

[37], 2018) studied the Cr (IV) removal by different adsorbents. The
point zero of charges (pHzpc) for the adsorbents were 2.2 and 2.5, and
the optimum pH was occurring at 2. However, this is not always correct.
Kuncoro et al. [25] investigated the Cd?* and Pb?* adsorption by
adsorbent from a mixture of the bagasse-bentonite, where the pHzpc was
7.63, while the optimum pH of the adsorption process was 5.

3.4. Effect of temperature and initial concentration

The second factor affecting the metal ion adsorption is the temper-
ature and the metal ion’s initial concentration. Thus, three experiments
were run in parallel, each at a different temperature at 25 °C, 35 °C, and
45 °C. In each experiment, eight different initial concentration (5, 15,
30, 45, 60, 75, 90, and 100 ppm) was used for both lithium and stron-
tium, and all the solutions were adjusted to pH 10. The results in Fig. 7A
show that as the initial concentration of Li" increase, the adsorption
capacity of the IIP increase, this shows a positive correlation between
the Lit concentration and the adsorption capacity. Huang and Wang
[22] recovered lithium ions using IIP loaded on pre-treated vermiculite.
They found that the adsorption curve is directly proportional to the Li*
initial concentration, regardless of the changes in the adsorption time or
the monomer dosage ratio. This was also observed by Luo et al. [31] in
their experiment, it was established that the adsorption capacity is
directly proportional to the concentration of the Li™ ions, for a 2.5
mmol/L — 45 mmol/L concentration range.

Unlike the Li* adsorption, the Sr?* adsorption (Fig. 7B) did not show
a linear correlation between the initial concentration and the adsorption
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Fig. 6. Effect of pH on the IIP adsorption removal % toward (A) Lithium and (B) Strontium, at 25 °C temperature.

capacity of IIP, this was expected as the ion-imprinted polymer was
tailored to have selectivity toward Li* only and not for Sr**. This means
that the Sr2t uptake is not consistent and it could be adsorbed at
different temperatures and concentrations. Isikver and Baylav [23]
described this as a memory effect of the adsorbate ion with the adsorbent
in the imprinting process of the polymer; this is due to the fact of strong
intermolecular interaction of the imprinted polymer and the used
templet.

Fig. 7(C and D) also shows the influence of temperature on the
adsorption capacity of IIP on Li™ and Sr?". In general, the increase in
temperature also increased adsorption capacity. For example, at 45 °C
the highest equilibrium concentration was 3 mg/L of Li*, as compared to
3.2mg/Lof Li* at 25 °C and 3.67 mg/L of Li" at 35 °C, which means that
less concentration of Li™ is left unadsorbed at 45 °C. According to Al-Ajji
and Al-Ghouti [2], an increase in adsorption capacity can be due to the
increase in the diffusion rate of the adsorbate molecules due to the
decrease in solution viscosity. Additionally, an increase in temperature
also influences the biosorption activity by increasing the kinetic energy
of the solute as well as the surface activity. Furthermore, it is also
possible that high temperatures increase the flexibility of the crown of
the imprinted polymer, allowing more ions to reach the binding site, but
it should be noticed that all of the temperatures were giving almost the
same effect and the difference was not significant. On the other hand,
strontium adsorption is irregular, this can be a result of the expansion
behavior of the crown, which allows the strontium ion to get into the
binding site when it expands, but it will not be stably bound for a long
time, as it cannot fit properly, which then will be desorbed again.

Furthermore, response surface methodology (RSM) was used to
optimize the conditions of Li* and Sr?* adsorption onto IIP at pH 10. The
RSM graphical illustration (Fig. 7(E and F)) analyzes the interactions
between the independent factors (initial concentration (mg/L) and
temperature (°C)) and response (adsorption capacity (mg/g)). The re-
sults showed that the optimum conditions for Li" adsorption are at
42.07 °C and an initial concentration of 86.09 mg/L, which resulted in
250 mg/g adsorption capacity with 0.858 desirabilities. On the other
hand, the optimum conditions for Sr?* adsorption were at 35.40 °C and
an initial concentration of 60.12 mg/L, which resulted in 58.73 mg/g
adsorption capacity with 0.867 desirabilities. The overall outcome
shows that for Li*, the model was significant but for Sr®* it was not.

For Li* : Adsorption capacity = -6.52010 x 10°%° + 0.012037 x
Temperature + 2.89815 x Concentration

For Sr?*: Adsorption capacity = -251.95043 + 14.52656 x Tem-
perature + 1.78299 x Concentration + 6.22105 x 107093 Tempera-
ture x Concentration — 0.21047 x (Temperature)2 -0.016666 x
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(Concentration)2

3.5. Isotherm Models, Chi-Square Test, thermodynamics Studies, and
adsorption mechanism

The IIP adsorption data was used to observe which isotherm model is
the best fit for each temperature. As mentioned in section 2.5, the
isotherm models were first linearized as shown in Fig. 8(1), and then the
parameters for each temperature were calculated in table 4 using the
values of the linear plotting equation of the graphs.

Langmuir isotherm refers to homogenous adsorption on the adsor-
bent surface and only a monolayer of adsorbate is formed on the
adsorbent surface, which means that no interaction happens among the
adsorbate molecules on the adsorbate surface. The correlation coeftfi-
cient (R?) of the Langmuir isotherm at the different three temperatures
was 0.99, which is so close to 1, indicating that the experiment could be
explained as a Langmuir isotherm. Moreover, the maximum adsorption
capacity (Qm) was rising as the temperature rise from 714 mg/g at 25 °C
to 2500 mg/g at 45 °C. Likewise, the Freundlich isotherm R? values at
the different three temperatures were also 0.99, adding the possibility
that the experiment could be explained as a Freundlich isotherm. Con-
trary to Langmuir, Freundlich suggests that heterogeneous adsorption
takes place and forms a multilayer adsorbate on the adsorbent surface,
due to interactions among the adsorbate. Moreover, Freundlich
adsorption capacity (Kg) was also rising as the temperature rise from
89.14 (mg/g)/(g/L)Y™ at 25 °C to 97.55 (mg/g)/(g/L)'/™ at 45 °C.
Dubinin-Radushkevich and Temkin were not a favorable model to
describe the adsorption behavior of the IIP, as the R? values were much
lower than Longmire and Freundlich, ranging between 85 and 89.
Branger et al. [9] mentioned the possibility that IIP adsorption could
follow Langmuir and Freundlich models, where it is capable to have the
IIP heterogeneous characteristics along with the saturation behavior at
high concentrations. This model was employed in Fasihi et al. [17]
uranyl IIP adsorption isotherm and Daniel et al. [13] palladium (II) IIP.
However, nowadays, this model is less popular than Langmuir and
Freundlich’s model independently.

Fig. 8(2) shows the experimental data and the different models plot
fitting at each temperature. It can be observed that the Freundlich model
fits the experimental data perfectly in all of the different temperatures
used, unlike Langmuir and Temkin models. This indicates that the
binding sites are following heterogeneous adsorption of the adsorbate
onto the adsorbent, and suggests that the IIP adsorption behavior is
multilayer adsorption, where the Freundlich model does not have the
restriction of the monomolecular layer. This was expected from the TEM
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image (Fig. 2E) in section 3.1.1, where it was shown that the lithium ions
were aggregated on the IIP in multilayers. It must be brought that the
Dubinin-Radushkevich model was not feasible to be fitted in the graphs,

which excludes its applicability to be the followed model.

The lithium IIP that was prepared by Huang and Wang [22] was

following the Langmuir model more than Freundlich and Temkin,
indicating that it had a homogeneous binding site and behave as a
monolayer adsorbent. However, their polymer was loaded on pre-
treated vermiculite, which could be the reason behind the differences
in the adsorption behavior. On the other hand, an IIP selective for Br(I)
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was following Freundlich model adsorption behavior much better than
Langmuir and Temkin isotherm model behavior [49,48], While Has-
sanzadeh et al. [21] Cr(VI) IIP was following Temkin model, which
suggests that reversible heterogeneous ion adsorption are happening on
the IIP surfaces.

Moreover, Table 5 shows a compression between the Langmuir
predicted maximum adsorption capacity (Q) of different adsorbents
used for lithium recovery at 25 °C. It can be observed that the highest Qp,
from the previous studies was 68 mg/g, while our adsorbent Qy was
around 714.3 mg/g, which is more than 10 times higher than the pre-
viously used adsorbents expecting to have more efficiency even at
higher Li™ concentration.

In addition, Chi-square (Xz) tests were used based on each isotherm
model’s predicted adsorption capacity data compared with the experi-
mental adsorption capacity data to further determine the best-fitted
model for isotherm. The correlation coefficients (Rz) are usually used
to evaluate the models’ fitness for the linear regression. But, the R?
values of Freundlich and Langmuir isotherms were very high and exactly
the same (0.99), which makes the decision of the best-fitted model
difficult. As a result, the Chi-square test is used to determine the best
isotherm models. When the y 2 value is smaller, this indicates that the
experimental data were similar or closer to the predicted data and vice
versa [4]. The Chi-square values (Table 4) shows that the Freundlich
models have the lowest values over all the used temperature, indicating
that the Freundlich isotherm is the best-fit model for the experimental
data. This insure the previous expectation from the isotherm models that
the IIP adsorption follows Freundlich model behavior with heteroge-
neous and multilayer adsorption.

Furthermore, based on the isotherm results, the thermodynamics
were calculated at 25 °C, 35 °C, and 45 °C. Table 4 shows the values of
the Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS°) of the
IIP. The thermodynamic study was performed to further understand the
behavior of the adsorption process with the changes in the temperatures.
The AG® values obtained were —0.16 kJ/mol, —0.11 kJ/mol, and —0.10
kJ/mol at 25 °C, 35 °C, and 45 °C, respectively. The negative values of
the Gibbs free energy indicated that the adsorption process of Li* onto
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Table 4
Li* Adsorption isotherm constants, Chi-Square (x 2), and thermodynamics of ITP
under different temperatures (25 °C, 35 °C, and 45 °C).

Model Langmuir Freundlich  Temkin D-R Thermodynamics
25°C R>=0.99 R*>=0.99 R? = R?= AG°= —0.16 kJ/
0.88 0.89 mol
Qm= n=0.97 A= qs = AH°= —2.62 kJ
714.3 4.08 206.44 /mol
b=1109 K;=89.14 B, = K= AS°= 0.008 J/k
26.08 -0.0009  mol
y2= yi=170 y*= -
184.58 42.26
35°C R2=0.99 R%?=0.99 RZ= RZ= AG°= —0.11 kJ
0.89 0.85 /mol
Qn= n=0.98 A= qs = AH°= —2.62 kJ
2000 4.26 198.34 /mol
b=1.044 K;=93.80 B,= = AS°= 0.008 J/k
26.90 -0.0009  mol
x2= x2=9.03 x2= -
63.47 62.24
45°C R>=0.99 R%>=0.99 R? = R%= AG°= —0.10 kJ
0.88 0.88 /mol
= n=0.99 A= qs = AH°= —2.62 kJ
2500 4.61 202.35 /mol
b=1.037 K;=9755 B,= K= AS°= 0.008 J/k
28.46 -0.0009  mol
y 2 _ X 2_1.08 x 2 _ _
19.68 43.75

the IIP is spontaneous and viable. Similarly, the AH® was —2.62 kJ /mol,
where the negative value of the enthalpy indicates that the process is
exothermic. This confirms that the temperature effect on the Li*
adsorption was negligible, and the process is not affected by the increase
in temperature. Lastly, the AS° was 0.008 J/K mol, where the positive
value of the entropy indicates that the adsorption of the Li* adsorption
onto the IIP was favorable, and the process takes place with increased
randomness and disorder. Similar results were obtained by Wahib et al.
[46], where the thermodynamics study of the adsorption of Li™ from
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Table 5
Maximum adsorption capacity of different adsorbents used for lithium recovery.
Adsorbent Lithium Maximum adsorption Reference
solution type capacity (mg/g)
(Langmuir equation),
25°C
Lithium ion- SWRO brine 714.3 Current
imprinted polymer study
Roasted modified SWRO brine 17.86 [1]
date pits
Ferrocyanide SWRO brine 4.97 [1]
modified date pits
Porous fiber- Geothermal 30.51 [54]
supported lithium water
ion-sieve
Iron-doped titanium Brine 39.8 [47]
lithium ionsieves
Date pitsimpregnated ~ Groundwater 8.7 [46]
with ionic liquid
Date pits Groundwater 68.0 [46]

groundwater using date pits impregnated with cellulose nanocrystals
and ionic liquid. Their results showed that AG® and AH® were negative,
indicating that the adsorption process was spontaneous and exothermic
and is not affected by temperature, while AS° was negative indicating
that they do not favor the increased randomness and disorder.

Fig. 8(3) shows the different possible adsorption mechanisms for IIP.
If a chemisorption mechanism toke place, this will result in monolayer
adsorption, which describes the Langmuir model behavior. This mech-
anism needs a chemical bond between the adsorbate and the adsorbent
surface, and it is a naturally irreversible mechanism. However, if a
physisorption mechanism took, this will result in multilayer adsorption,
which describes the Freundlich model behavior. This mechanism in-
volves weak Van der Waal forces, and it is a naturally reversible
mechanism. The third adsorption mechanism is aggregates adsorption,
wherein this mechanism there is a particle-particle interaction between
the adsorbate themselves and particle-surface interaction between the
adsorbent and the adsorbate.

3.6. Desorption recovery and Desorption-Adsorption study

The ions adsorbed on the used IIP from the previous isotherm ex-
periments were desorbed by leaching using 0.5 mol/L HNOj to evaluate
the possibility to recover ions from the IIP. Fig. 9 shows the recovered
ions % that was adsorbed on the IIP. The Li™ desorption results (Fig. 9A)
show that 94.03% — 94.71% of the ions were recovered, while the Sr>*
desorption results (Fig. 9B) show that 96.35% — 96.56% of the ions was
recovered. It can be observed that strontium recovery is higher than
lithium recovery. This could be due to many reasons, one of them is the
low adsorbed concentration of strontium initially, which makes the
desorption process more efficient to leach all of the ions. Another reason
is that the IIP is designed to selectively adsorb Li*, this could make the
binding of the ions to the IIP stronger, which needs a higher force to
leach them. Alternatively, it may be that some IIP was already lost to the
filters while filtering the adsorption solution before or while drying the
filters, which means that some ions were direct, lost with the IIP.
Overall, the recovered percentage is considered high for both Li" and
Sr?*. In an experiment that was done by Al-Ajji and Al-Ghouti [2],
hazelnut shell adsorbent and nano-adsorbents were repeatedly used and
desorbed 3 times, and the average recovery percentage was about 88%
and 71% respectively. This result suggested that the adsorbents are
reusable efficiently.

To assess the reusability and the IIP stability, the polymer was reused
again to adsorb Li™ in a second cycle after the desorption process, as the
regeneration of the IIP is a significant characteristic to consider adsor-
bent as economic and eco-friendly.

Fig. 9C shows the IIP regeneration performance using different initial
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Li* concentrations (5, 15, 30, 45, 60, 75, 90, and 100 mg/L) at 25 °C and
pH10. The results show the adsorption capacity of two adsorp-
tion—desorption cycles, it can be observed that the difference between
cycle 1 adsorption capacity and cycle 2 adsorption capacity decreased
between 1.37% and 1.54%. It is also noticed that as the Li" initial
concentration increased, the difference between the adsorption capac-
ities increased. This could be a result of fewer binding sites available
when the concentration of ions is higher. Overall, the results suggest that
the IIP can be reused successfully with high adsorption efficiency, which
indicates that even after multiple uses; the IIP upholds a memory effect
and strong structure [23].

An ion-imprinted microporous membrane to adsorb lithium was
prepared by Sun et al. [44], and it was used for 6 times adsorp-
tion—desorption experiments to evaluate the regeneration performance.
A decrease of 9.09% of the adsorption capacity was observed, and this
percentage concluded that the ion-imprinted membrane was stable and
had high regeneration performance. Huang and Wang’s [22] IIP for
lithium recovery was also run for 10 adsorption—-desorption cycles, and
the adsorption capacity difference between the first and the tenth cycle
was decreased by 13.1%, indicating that the IIP can be used even more
than 10 times with high efficiency to adsorb Li*.

3.7. Real brine batch adsorption

After characterizing the IIP and evaluating its performance using the
synthetic ionic solution, the IIP was used on real SWRO brine at 25 °C
and pH 10. The efficiency of IIP to adsorb lithium and strontium from
brine is shown in Fig. 10A, where the adsorption removal% of Li* was
between 84.21% and 84.68%, while the adsorption removal% of Sr2*
was between 3.83% and 10%. It can be noticed that the removal% of Li™
in brine was less by around 15% compared with the removal% of Li*
from the synthetic solution (Fig. 7A), as well, the Sr?* removal% from
brine is less compared with that from the synthetic solution (Fig. 7B).
This indicates that the ionic complexity of the solution affects the IIP
performance. This could be due to the increased competition on the
binding sites, and the extremely high salinity of the brine. Moreover, it
should be taken to account that the ions in the brine are electrostatically
bonding to each other with intermolecular forces, which increases the
difficulty for single Li" to be adsorbed to the binding sites, unlike the
synthetic solution that was prepared with LiCl just like the IIP templet,
which was prepared using LiCl.

Looking at the adsorption capacity of the IIP (Fig. 10B), it can be
observed that Qe is higher when the brine is more concentrated and
decreased as it is diluted. This IIP behavior is compatible with the pre-
vious results of the synthetic solution (Fig. 7A) and with the results of
Luo et al. [31] IIP used for Li* recovery from wastewater, where the Qe
was rising as the Li* concentration increased until it reaches a concen-
tration around 700 mg/L and it gets saturated. Likewise, the correlation
between the IIP adsorption capacity and equilibrium concentration of
Lit (Fig. 10C) was a positive linear correlation, while the correlation for
Sr?t (Fig. 10D) was a random correlation without any consistency. This
ensures that the IIP Qe is highly affected by the ions concentration of the
ion that the IIP was prepared to selectively adsorb.

3.8. Statistical analysis

Statistical analysis was employed to investigate the significance of
the different factors and the correlation between them. Minitab statistic
program was used to generate all of the results in this section. Table 6
shows the factors information that was used to calculate the analysis of
variance (ANOVA) of Qe versus Temperature and Concentration for
both Li* and Sr** adsorption isotherm experiments. The ANOVA test is
used to check the significance of the factor effect by checking the P
(probability) value. P-values less than 0.01, less than 0.05, or greater
than 0.05 indicate that the factor is highly significant, significant, or not
significant, respectively. The ANOVA (Table 6) of the Li" adsorption
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experiment shows that the temperature p-value = 0.092, which in-
dicates that it is not a significant factor, while concentration was a
highly significant factor with a P-value = 0, additionally, the two factors
combined had a P-value = 0.024; indicating a significant effect. This was
expected from the experimental results, as it was shown that as the
temperature changes, there was no difference in the adsorption capacity,
while in the case of initial concentration changes, the adsorption ca-
pacity was in a direct correlation with the changes. On the other hand,
the Sr2* adsorption experiment shows that all the factors have a P-value
= 0, which statistically indicates that the factors are significant. How-
ever, this result is not realistic, as it was shown that the Sr2* adsorption
experiment was showing random results with a huge difference and no
regular trend with changes in the factors, which means that this outcome
was not due to the factors’ significant effect.

Furthermore, Tukey pairwise comparisons were used to compare the
Qe means versus temperature and concentration in the grouping method
depending on the significant difference in the means. Table 6 shows the
Lit adsorption experiment means grouping information, it can be
noticed clearly that each initial concentration from the different tem-
peratures shares the same group (same letter). Which again insure that
the concentration is a significant factor while temperature did not affect
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the means. On the other side, the Sr2* adsorption experiment means
grouping information did not show any specific trend behind the
grouping distribution. For example, means sharing group B are from 5
different initial concentrations of Sr?* (30, 45, 60, 90, and 100 mg/L)
and the different three temperatures used (25 °C, 35 °C, and 45 °C). This
indicates clearly that the significance was totally due to randomness in
the adsorption not due to factors effect.

Moreover, factorial plots for Qe were generated as the main factors
plot and interaction plot for both Li* and Sr?* adsorption isotherm
experiment. The main factor plot shows the effect of each factor on the
Qe separately, while the interaction plot shows the effect of the inter-
action of the different factors together on the Qe. The results of this
factorial plot are just additional evidence to assure the previous out-
comes. Fig. 11 shows the factorial plots of the adsorption experiment for
Qe, where the main factors plot of Li* (Fig. 11A) shows that temperature
alone has no significant effect on the mean of Qe, while concentration
alone has a significant effect on the mean of Qe as it shows a direct
proportion. The interaction plot (Fig. 11C) shows the effect on the mean
of Qe when the two factors combine. It is clearly observed that the mean
of Qe is increasing as the concentration increases despite the tempera-
ture changes. On the other hand, the factorial plots of the Sr**



S.M. Alshuiael and M.A. Al-Ghouti

Table 6
Analysis of Variance (ANOVA) and grouping information using the Tukey
method and 95% confidence for the adsorption experiment.

Factor Type Levels Values

Temperature Fixed 3 25, 35, 45

Concentration Fixed 8 5, 15, 30, 45, 60, 75, 90, 100

Source DF Adj SS Adj Ms F-Value P-Value
Li™ adsorption experiment

Temperature 2 1 0.5 2.64 0.092
Concentration 7 427,896 61128.1 353062.25 0.000%*
Temp. x Conc. 14 6 0.4 2.48 0.024*
Error 24 4 0.2

Total 47 427,908

sr?* adsorption experiment

Temperature 2 4049 2024.52 39.97 0.000%**
Concentration 7 12,253 1750.42 34.56

Temp. x Conc. 14 9218 658.42 13.00

Error 24 1216 50.65

Total 47 26,735

Grouping information using the Tukey method

Tukey method for Li™ adsorption experiment

Temp.*Conc. N Mean Grouping

45100 2 291.000 A

25100 2 290.400 A

35100 2 288.990 A

3590 2 261.792 B

2590 2 261.670 B

4590 2 261.643 B

3575 2 218.554 C

4575 2 218.430 C

2575 2 217.800 C

3560 2 175.131 D

45 60 2 174.807 D

2560 2 174.222 D

3545 2 131.328 E

45 45 2 131.112 E

25 45 2 130.396 E

3530 2 87.448 F

45 30 2 87.345 F

25 30 2 87.269 F

4515 2 43.646 G

2515 2 43.612 G

3515 2 43.295 G

455 2 14.534 H

355 2 14.509 H

255 2 14.446 H

Tukey method for Sr>* adsorption experiment

Temp.*Conc. N Mean Grouping

3590 2 92.8800 A

3560 2 67.0500 A B

3530 2 49.0050 B C

4590 2 44.8200 B C D

25100 2 43.9500 B C D E

3545 2 43.7400 B C D E

2590 2 33.2100 C D E F

25 60 2 19.3500 D E F G
45 30 2 16.4700 D E F G
4575 2 15.9750 D E F G
45 60 2 15.1200 E F G
2575 2 14.6250 F G
35100 2 11.1000 F G
25 30 2 10.6200 F G
3515 2 10.4625 F G
4515 2 8.3250 F G
2515 2 7.5600 F G
45100 2 6.4500 F G
255 2 4.6725 F G
355 2 4.1475 G
455 2 3.0900 G
2545 2 2.6325 G
45 45 2 2.4975 G
3575 2 0.7875 G

-* Significant, ** Highly significant.
-Means that do not share a letter are significantly different.
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adsorption experiment for Qe, where the main factors plot (Fig. 11B)
shows a fluctuation in the effect of concentration on the mean of Qe,
while the temperature effect shows that at 35 °C the mean of Qe highly
improved. Comparing it with the interaction plot (Fig. 11D), it is obvi-
ously observed that 35 °C was not a really favorable temperature to
improve the Qe, as there are higher, lower, and equal values with the
other used temperatures. It is again indicating that the factors are not
affecting the adsorption of strontium, but the only effect is the ion itself,
as the IIP was prepared to selectively adsorb lithium only.

3.9. Cost analysis

As a cost-effective adsorbent, it is necessary to determine the IIP
preparation overall cost in order to study the feasibility of the adsorbent,
assist in the decision making, optimize the procedures, and predict the
economic aspect. Moreover, the cost analysis help in further improve-
ment for better preparation process feasibility. The cost analysis
(Table 7) of the prepared IIP was done based on a laboratory. The results
show that the total cost to prepare 3 g of IIP is around 6 USD. This
amount was enough to carry out all of the experiments of this study (less
than 1 g), the pure samples that were given for IIP characterization, with
more than half of it as a leftover.

4. Conclusion

In conclusion, this study was undertaken to design a strategy for a
major environmental concern, which is brine water and evaluate its
efficiency. A novel tailored ion-imprinted polymer was successfully
synthesized by polymerization technique for selective adsorption of
lithium ions from reverse osmosis brine, as a cost-efficient and ecolog-
ically beneficial adsorbent to extract metals from brine. The prepared
polymer was tested to adsorb lithium ions as well as strontium ions to try
the selectivity of the IIP. The IIP was prepared using a Li* template and
used under different pH values, initial concentrations, and tempera-
tures, to optimize the experimental conditions, with the verification of
the optimum temperature by RSM. It was indicated that Li* adsorption
is not affected by changing the pH or the temperature, and only the
initial concentration matters. The Sr2* adsorption was random with no
obvious trend toward the different factors, so the experiments were
optimized to room temperature and pH 10 as it was the best for Sr**
adsorption. The IIP was then characterized before adsorption compared
to after adsorption of Li* and Sr** using SEM, TEM, FTIR, XRD, BET,
EDX, and XPS, to study morphology, functional groups, specific surface
area, pore radius, elemental composition, and to quantify the surface
composition of the polymer. It was shown that the IIP was successfully
synthesized with excellent efficiency to adsorb Lit but not Sr?*, and it
was following the Freundlich isotherm model behavior which was
further insured using the Chi-Square test, and the thermodynamics study
revealed that the adsorption of Li* on the IIP favored exothermic con-
ditions. The used IIP was subjected to a desorption experiment and
showed efficient ion recovery% for both adsorbed ions, and a cycle of
the adsorption—desorption process was done that evaluated an efficient
regeneration performance of the IIP. Seawater reverse osmosis brine was
physically and chemically characterized and used as the real sample for
ion adsorption. The results also showed a good indicator for Li*
adsorption removal%, unlike Sr2* adsorption removal%. Li" adsorption
capacity and the correlation between adsorption capacity and equilib-
rium concentration were directly proportional for both the synthesized
Li* solution experiment and the real brine. Statistical analysis was done
using Minitab to generate ANOVA, Tukey pairwise comparison, and
factorial plot, which complied with the previous outcomes, ensuring the
reliability of the results of the experiment. Cost analysis was done for the
overall price of synthesis IIP, it was concluded that it cost 6 USD to
prepare 3 g of IIP, which was enough to conduct the whole experiment
and characterization with a leftover.
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Fig. 11. Factorial plots of adsorption experiment for Qe (1) Main factors plot of (A) Li" and (B) Sr2+, and (2) Interaction plots of (C) Li™ and (D) Sr2t.

Table 7

total cost required for the preparation of IIP.

Item Unit cost Amount used Cost
(USD) (USD)
Acetonitrile (2.5 L) 29.43 20 mL 0.24
Lithium chloride (500 g) 119.84 21.28 mg 0.0051
Potassium persulfate 8.55 25 mg 0.00043
(500 g)
Ethylene glycol 194.97 792.9 mg 0.31
dimethacrylate (500 g)
Dicyclohexano-18- 1300 74.5 mg 0.97
crown-6 (100 g)
Tert-butyl acrylate (1 kg)  145.27 128.17 mg 3.72
Cost of polymerization 0.036 per 5.88 kWh (65C, 24 h), 0.21
heat and drying kWh (Energy to Heat at 65C =
0.245 kWh/hr)
Net cost 5.45
Other overhead costs 0.55
(10% of the net cost)
Total cost 6
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