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ABSTRACT 

ALSHUIAEL, SARA M., Masters: June : 2022, Environmental Sciences 

Title: Development of a Novel Tailored Ion-Imprinted Polymer for Recovery of Lithium and 

Strontium from Reverse Osmosis Concentrated Brine 

Supervisor of Thesis: Prof. Mohammad Ahmad Al-Ghouti 

Seawater reverse osmosis (SWRO) desalination plants produce a large volume of brine 

containing a variety of concentrated metals, causing environmental concerns and obstacles. 

The innovation of this project is to prepare ion-imprinted polymer (IIP) with the benefit of a 

metal-based catalyst, which is fabricated to selectively adsorb lithium (Li+) from aqueous 

solutions with an attempt to remove strontium (Sr2+). The adsorption processes were carried 

out at different pH values, initial concentrations, and temperatures, in order to optimize the 

experimental conditions. The SWRO brine was physically and chemically characterized, the 

physiochemical characterization of the prepared IIP before and after adsorption was also 

performed using spectroscopic methods (SEM, TEM, FTIR, XRD, BET, EDX, and XPS). The 

adsorption capacity for Li+ and Sr2+ from SWRO brine was evaluated, the reusability of IIP 

was investigated using adsorption-desorption cycles. The results showed that the IIP was 

efficient to remove Li+ but not Sr2+, and it follows Freundlich adsorption isotherms models. 

The initial concentration was a significant factor unlike temperature and pH, and the IIP was 

efficient to be reusable.  
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1. INTRODUCTION: 

Seawater desalination is an effective technology that is widely used around the world to 

obtain fresh potable water. The increased interest 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. Due to the potential for environmental concerns and obstacles from brine 

disposal, different methodological approaches for metal recovery have been studied. 

Adsorption is a low-cost and ecologically beneficial way to extract metals such as Li+ and 

Sr2+ from an aqueous solution (Zhu et al., 2014). Generally, adsorbents are not specific with little 

selectivity for a single metal (Lu & Yan, 2004). As a result, it is critical to developing a novel 

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 

(Stringfellow and Dobson, 2021).  

Molecular 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 capability (Chen et al., 2016). Ion imprinting polymers (IIPs) are comparable to 
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molecularly 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 latest studies have provided a detailed 

insight into the application 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 radionuclide removal and has been widely utilized 

(Kusumkar et al., 2021). 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 Sr2+ from brine concentrate. 

 

RESEARCH OBJECTIVES:  

- Develop a novel tailored lithium ion-imprinted polymer to extract lithium and strontium 

from an aqueous media. 

- Investigate different experimental conditions such as the effect of pH, effect of initial ions 

concentrations, and effect of temperature on the adsorption processes. 

- Determine the efficiency of the prepared ion-imprinted polymer in adsorbing lithium and 

strontium from real brine water. 

- Explore the possibility of recovering lithium and strontium using the prepared ion-

imprinted polymer. 
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2. LITERATURE REVIEW: 

In many parts of the globe, increasing water shortage owing to population expansion, 

higher water utilization per capita, and financial development, alongside diminishing water 

resources because of environmental change and pollution, is worsening the water crisis (Damania 

et al., 2017). As per the recent assessments, 40% of the total population encounters intense water 

shortages, with that number expected to ascend to 60% by 2025 (Schewe et al., 2013). Moreover, 

for a minimum of a month every year, 66% of the total population suffers from acute water 

shortage (Mekonnen & Hoekstra, 2016). These insights show that typical water resources like rain, 

snowmelt, and stream overflow trapped in lakes, rivers, and springs are presently not adequate to 

fulfill human needs and desires in water-scant regions. This is a total contradiction with the 

sustainable development goal (SDG) 6, which expects to guarantee clean water for present and 

coming generations.  

Water-scant nations require a revolutionary reconsidering of water resource arranging 

while water conservation and efficiency improvements can reduce the water supply and demand 

gap to some extent. These methods must be combined with an increase in supply strategy to 

address water shortage (Gude, 2017). Water sources management and supply improvement 

procedures are currently implemented in several water-insufficient locales. Regardless, 

enlargement is necessary, especially in regions where water shortage and water quality are 

worsening (van Vliet et al., 2017; Jones & van Vliet, 2018).  

Seawater and high-salinity water desalination have gotten great prominence and it is even 

more seen as a feasible solution that mainly meets the needs of households and municipalities. 

Desalination is one of the most well-known methods that is used to generate water that satisfy the 

qualifying conditions for human being use (Darre & Toor, 2018). Desalination of seawater is a 
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way to expand water sources over the accessible sources by the hydrological cycle, giving a 

limitless, climate independent and continual source of fresh potable water (Elimelech & Phillip, 

2011).  

On the contrary, the desalination process produces brine in a huge amount. 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 generally lower than desalinated water production, and oil-rich Gulf 

countries, where thermal desalination methods with poor recovery ratios are commonly used, 

resulting in elevated brine output (Jones et al., 2019). 

Saudi Arabia, for instance, generates more than 31 million m3 of brine every day, 

representing 22.2% of world production. United Arab Emirates (UAE), Kuwait, and Qatar are the 

following major producers of brine, representing 20.2%, 6.6%, and 5.8% of worldwide brine 

output, respectively. These four oil-rich countries generate 32% of the world's desalinated water 

and 55% of all brine. 

 

2.1. Brine from Reverse Osmosis  

Brine is very concentrated sodium chloride in water. Brine can denote salt solutions 

varying in concentration from approximately 3.5 percent, which is the typical concentration of 

seawater, to about 26 percent. Brine is produced in nature when ground saline water evaporates, 

but it is also produced when sodium chloride is mined (Westphal et al., 2015). It is also a co-

product of several industrial processes, which includes desalination; therefore, it has to be treated 

before it can be properly disposed of or used furtherly (Panagopoulos et al., 2019). Brine usually 

contains ions like cesium, calcium, sodium, lithium, strontium, etc. that have a kind of closer 
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chemical and physical properties (Yang et al., 2017). 

Desalination of saltwater and high brackish water has garnered the most attention among 

the possibilities for bolstering the water supply. It is also increasingly recognized as a realistic 

solution that largely serves the requirements of homes and communities. Desalination is a 

technique used to eliminate salts out of the water to generate water that fulfills various quality 

standards for human use (Darre & Toor, 2018). The desalination process is capable of supplying a 

climate-independent, limitless, and consistent source of potable water with superior quality beyond 

what is available naturally through the water process (Elimelech & Phillip, 2011).  

Initial desalination facilities, mainly in oil-rich but water-limited locations, such as the 

Middle East, relied mostly on thermal methods. Before the 1980s, the two primary thermal 

methods (multi-stage flash (MSF) and multi-effect distillation (MED)) were responsible for 84 

percent of all worldwide-desalinated water production (Jones et al., 2019). The development of 

membrane methodologies especially reverses osmosis (RO), after the 1980s steadily moved away 

from the favorability of thermal procedures. The generated water by desalination using thermal 

and reverse osmosis methods in 2000 was almost equivalent at 11.5 million m3 per day each, 

representing 93 percent of the global production (Fig.1). Recently in 2019, the output of reverse 

osmosis desalinated water was 65.5 million cubic meters per day, representing 69 percent of the 

total global desalination water produced (Jones et al., 2019). 
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Figure 1: Desalination technology used percentage by years (adapted from Jones et al., 2019). 

 

Safe disposal of desalination wastewater continues to be a serious technological and 

financial issue (Roberts et al., 2010). Worldwide brine output is now at 141.5 million m3 per day, 

for a total of 51.7 billion m3 per year. It is almost 50% more than the entire amount of desalinated 

water generated worldwide. North Africa and the Middle East generate about a hundred million 

m3 of brine per day, representing 70.3 percent of worldwide brine output (Jones et al., 2019). 

 

2.2. Lithium Recovery from Brine Techniques 

Lithium recovery studies have started, however it is still in the early stages. It has been 

suggested that sorption, electrolysis, and nanofiltration be used (Lemaire et al., 2014). Table 1 

shows different techniques from lithium recovery from brine. According to Tsuruta (2005), 

biological recovery of the lithium ions employing diverse microbes is also conceivable. Lithium 

may be recovered from a moderately clean aqueous solution by precipitating it with CO3
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ions may not be entirely precipitated, since they have a high solubility product constant of Li2CO3 

(Ksp = 1.7×103 at 25 °C). Adsorption is a low-cost and ecologically beneficial way to extract Li+ 

from an aqueous solution (Zhu et al., 2014). Generally, adsorbents are not specific with little 

selectivity for a single metal. As a result, it is critical to developing a novel adsorbent to selectively 

separate lithium from an aqueous solution. 

The current practice used in the recovery and abstraction of lithium from brines is the 

evaporative concentration method. In this method, lithium chloride (LiCl) and lithium carbonate 

(Li2CO3) are produced through evaporative concentration that also requires additional refining 

purposely to crystallize the magnesium, potassium, and sodium chlorides (Toba, 2021). This 

leaves the concentrated lithium chloride solution, which can be further refined to lithium hydroxide 

or lithium carbonate while eliminating the traces of impurities. 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 from brine. 

This brings us to the future of Li+ extraction from brine; direct lithium extraction entails 

plucking the lithium ions from a complex geothermal soup while leaving other metals and salts in 

the solution. Paranthaman et al. (2017) propagated the concept of electrochemical ion pumping, 

which involved integrating the lithium-exclusion method as a critical approach in recovering Li+ 

from brine. More specifically, the use of a selective electrodialysis technology is quite 

advantageous, especially regarding metal ion recovery and water utilization. If the brine consisting 

an elevated amount of high Mg2+/Li+ ratio, selective-electrodialysis is merited for having greater 

adaptability with reference to ion fractionation of lithium and magnesium from brines. This stems 

from the understanding that extraction of lithium ions is affected by the acidification levels, 

whereby the most practical level is the pH of two to four. Similarly, it is realized that multi-stack 
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systems, coupled with the current increase yield greater extraction rates. 

Organic sorbents and inorganic sorbents are the best representation of the direct lithium 

extraction method. About organic sorbents, the role of organic ion-exchange resins and ion-

imprinted polymers cannot be understated. From the onset, the integration of strong acid cation 

exchange resins for selective recovery and collection of lithium from lithium-containing solutions 

and seawater has been subject to investigation and study since the 1970s. 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 recovery techniques of lithium-

selective sorbents (Stringfellow & Dobson, 2021).  

 

Table 1: Processes used to Recover lithium from brines. 

Brine sample Technique  Reagents Reference 

End brine and the 

Dead Sea brine 

Precipitation Lithium aluminum oxide (Pelly, 1978) 

Brine from dead 

Sea  

Gel permeation 

chromatography/ 

Column 

chromatography 

PGA, a column of BioGel 

P-2 with Blue Dextran 

(Bukowsky et 

al., 1991) 

Synthetic brine Chelating resins/ Ion-

exchange 

three ion exchange resin 

(MC50, TP207, Y80-N 

Chemie AG) 

(Bukowsky et 

al., 1991) 

Brine from natural 

gas wells  

Inorganic ion 

exchanger/ Ion-

exchange 

H2TiO3 ion exchanger (Kunugita et al., 

1989) 

Brine from salt lake  Inorganic ion 

exchanger/ Ion-

exchange 

H2TiO3 ion exchanger (Swain, 2016) 

Synthetic brine Solvent extraction 

(LLE) 

n-Butanol (Gao et al., 

2015) 

Synthetic brine Solvent extraction 

(LLE) 

Ethohexadiol, 

Isopentanol, 2-

Isopropoxypropane, 

diethyl ether 

(Gao et al., 

2016) 

Brine Solvent extraction 

(LLE) 

TBP (Shi et al., 2015) 
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Brine sample Technique  Reagents Reference 

Brine from salt lake Ionic solvent extraction (Bmim)(Tf2N), EMIM 

TFSI and BMIMPF6 

(Jiang et al., 

2014) 

Brine Ionic solvent extraction Amim-based ILs (Liu et al., 2015) 

Brine Electro-electrodialysis Bipolar membranes (Sun et al., 2015) 

Brine from salt lake Membrane electrolysis Bipolar membranes (An et al., 2012) 

Brine Dead Sea  Solvent impregnated 

membrane 

Solvent-polymeric 

membranes, Octicizer 

(Marinsky & 

Marcus, 2021) 

Brine Desalination Nanofiltration membrane (Mero, 1965) 

Brine from salt lake Desalination Nanofiltration XLE 

membrane 

(James, 1966) 

 

2.3. The Modification Process of Ion-Imprinted Polymer 

Recent studies have provided a detailed insight into the application and synthesis of organic 

polymers, which selectively adsorbs lithium more favorably than 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. For instance, to enhance Li's sorption kinetics, a hybrid nanocomposite sorbent 

must be prepared as opposed to sorbents that are nanopowders since they consume more energy 

and allow for large pressure drops in column operations (Stringfellow & Dobson, 2021). A 

nanocomposite sorbent is preferred for having porous polymer support such as polyacrylamide 

(PAM), polyacrylonitrile (PAN), and polyvinylchloride (PVC), which are embedded in an ion 

sieve, hence incorporated as binders of sub-micron or micron size ion sieves. The advantage of 

using a hybrid nanocomposite sorbent is the fact that it has a higher lithium uptake capacity. In 

this undertaking, selective ion exchange of Li-imprinted polymer comes in handy in binding the 

Li+, therefore enhancing lithium-ion concentration at the polymer interface of the hybrid 

nanocomposite sorbent, thus improving the uptake kinetics of Li. On the other hand, other studies, 

including that of Ueda et al. (2015), have re-affirmed the use of cyclic siloxane for concentrating 

and removing lithium ions in cyclic siloxane-lithium compounds. 
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Molecular imprinted polymers (MIPs) have drawn a lot of studies' attention in the latest 

years, because of their excellent features, like constancy, cheap price of formulation, and molecular 

recognition capability (Chen et al., 2016). Ion imprinting polymers (IIPs) are comparable to 

Molecularly 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). For metal IIPs, many techniques have been 

described, including bulk polymerization (Esen, 2009), suspension polymerization (Hoai et al., 

2010), and precipitation polymerization (Otero-Romani et al., 2008). The imprinted metal ion is 

separated from the polymer mote following the ion imprinting polymerization in all situations by 

washing with a mineral acid, which forms voids or more specifically "imprinted sites" analogous 

in form and size to the imprinted metal ion (Hashemi et al., 2015). Chromatography, sensing, and 

solid-phase extraction (Bahrami et al., 2014; Shamsipur et al., 2014) are just a few of the 

applications for ion-imprinted materials. 

The ion imprinting process is an effective and easy way to formulate ion-imprinted 

polymers (IIPs) by adding template ions and then extracting them to produce precise complexing 

sites for the introduced ions. IIPs have a bright future for selectively recovering noble and heavy 

metals from hydrous solutions (Singh & Mishra, 2009; Saraji & Yousefi, 2009; Xu et al., 2018). 

Hoai et al. (2010) used the ion imprinting approach with bifunctional ligands methacrylic acid 

(MMA) and 4-vinyl pyridine (4-VP) to create pored adsorbent material to selectively recover 

copper ions. Li et al. (2011) used a thiocyanato functional group as the Cd binding site in an ion-

imprinting polymer to adsorb cadmium ions. 

 

2.4. Different Approaches for IIP Elaboration 
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Crosslinking is a crucial phase in the IIP amplification procedure that leads to the 

development of binding sites. Yet, the crosslinking phase might be carried out with the existence 

of a ligand-functionalized monomer, a non-polymerizable ligand, or linear chain polymers. The 

different approaches to elaborate IIP have all been classified by Rao et al. (2006) as chemical 

immobilization, trapping, crosslinking of linear chain polymers, and surface imprinting (Fig. 2). 

 

Figure 2: Approaches for IIP elaboration (Branger et al., 2013) 

 

2.4.1. Chemical immobilization: 

The IIP idea is quite comparable to the non-covalent technique of the molecular imprinted 

polymers production where the polymerizable functional groups are a component of the ligands 

that are utilized to produce ion recognition (Alexander et al., 2006). Chemical immobilization was 

also described as "the formation of a dual compound of metal ions and ligands possessing vinyl 

groups, isolation, and subsequently polymerization with matrix-forming monomers" (Rao et al., 

2006), many writers have dropped the "isolation" step. Indeed, ion, chelating monomer, and 
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crosslinker are combined together prior to copolymerization is the most efficient strategy to 

incorporate the functionalized ligand into the polymer system. This method is widely used since it 

is simple to implement. Monomers with modest binding characteristics and no intrinsic selectivity 

are called simple monomers. The primary goal of IIP production is to produce highly selective 

materials. A selected ligand might certainly improve the IIP's recognition characteristics, 

according to the prediction. As a result, several researchers have focused on the functionalization 

of additional complicated ligands to incorporate polymerizable vinylated groups (Branger et al., 

2013). 

 

2.4.2. Trapping: 

The chemical immobilization approach, as previously stated, necessitates the use of 

vinylated ligands, preferably those with inherent specificity. These functionalized chelators are not 

commercially available and are in short supply. The production of those chelators must be carried 

out in laboratories using procedures that are time-consuming and labor-intensive. Furthermore, 

because ligands might have complicated structures, introducing a vinylated function is 

challenging, if not impossible. Thus, ligands are employed as is, and they are trapped within the 

polymer templet during the polymerization process (Branger et al., 2013). The term "trapping" 

refers to the fact that ligands are entrapped within the polymer templet rather than chemically 

attached to the polymer chains. This technology has advanced to the point where it seems to be a 

common method for imprinting a metal complex produced from a range of ligands (Tsoi et al., 

2012). 

 

2.4.3. Crosslinking of linear chain: 
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The earliest method for producing IIPs is the crosslinking of linear chain polymers 

containing metal-binding groups. In 1976, they made their first effort to manufacture polymers for 

metal ion identification (Nishide et al., 1976). However, in terms of cations, this method is now 

mostly applied with organic linear polymers such as cellulose and chitosan. Chitosan is quickly 

being a preferred adsorbent for metal ion recovery due to the amino and hydroxyl compound. 

Imprinting technology, on the other hand, can assist improve its stability and selectivity via 

crosslinking. In this situation, no radical polymerization is required because the crosslinking step 

is provided by the thickening process with epichlorohydrin or glutaraldehyde (Chen et al., 2011). 

 

2.4.4. Surface imprinting: 

Traditional polymerization procedures are used to create IIPs arising by the chemical 

immobilization method or trapping approach (bulk, precipitation, suspension). Despite their 

excellent selectivity, these materials often have low rebinding capabilities because there is limited 

approachability to the binding sites inherent within a very stiff polymer system. Delayed mass 

transfer, which causes slow binding kinetics, is another effect of inadequate site approachability. 

Because the template was not completely removed, there is a significant possibility of some 

template ions leaking outside the IIP during its operation (Fu et al., 2012). Surface imprinting was 

developed to address these issues by creating binding voids on or near the imprinted polymers' 

surfaces. This ensures that all templates are removed, that the target species is easily accessible, 

and that mass-transfer resistance is low (Li et al., 2011). Rao et al. (2006) discussed surface 

imprinting as a result of simple or complex emulsion polymerization. At the emulsion interface, 

amphiphilic functional monomer formulates a compound in the presence of a template in this 

process. The binding cavities are mostly located near the material's surface following the 
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polymerization and leaching of the template. Nonetheless, the surface imprinting technique has 

evolved significantly in recent years. It is presently mostly accomplished by imprinting an 

imprinted layer on the surface of tiny particles, resulting in core-shell particles. Organic core-shell 

materials are a good example of that. Additional organic surface-imprinted materials were made 

by grafting a polyethyleneimine layer on polypropylene fibers, activating it with a (meth)acrylic 

monomer, and then crosslinking it with epichlorohydrin in the existence of Cu(II) ions (Li et al., 

2011). However, mostly, the adapted materials are inorganic in origin and are typically made up 

of silica gel particles, which are mechanically and chemically stable, inexpensive, and simple to 

prepare and functionalize (Dakova et al., 2012). 

 

2.5. Polymerization Techniques 

Organic IIPs are mostly made via free radical polymerization, with the exception of a few 

rare cases of IIPs made through polycondensation. The forms of these IIPs might differ depending 

on the polymerization method. Bulk polymerization generates monolithic materials, while 

heterogeneous by suspension or emulsion, and homogeneous by dispersion or precipitation 

polymerization generates polymer well-defined particles. A core-shell arrangement can also be 

used to make well-defined spherical particles. Surface imprinting, on the other hand, mostly 

consists of an inorganic core in core-shell IIPs (Branger et al., 2013). The next sections will go 

through each of these methods in-depth and Table 2 shows the different polymerization techniques 

used for IIPs preparation in literature. 

 

2.5.1. Bulk polymerization 

Because a porogen solvent is usually utilized to produce imprinted polymers, the term 
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"bulk polymerization" is rather misleading. As a result, the right word is "solution polymerization". 

However, because the amounts of solvent used are modest enough to result in bulk materials, the 

imprinted polymers community refers to this process as bulk polymerization (Kempe & Kempe, 

2008). 

Bulk polymerization is a simple and convenient approach to making IIPs. It does not 

require any special expertise or complex equipment (Segatelli et al., 2010), and it demonstrated 

the benefit of the creation of novel imprinting techniques and systematic research (Daniel et al., 

2005). It is widely utilized for the production of IIPs as a result of these factors. Unless the 

polymerization is done in a column and the components are used in their monolithic state, bulk 

materials must normally go through shriveling, grounding, and sieving to get the required size 

particles (Özkara et al., 2010). This procedure is considered difficult, and requires time and labor 

efforts; only about half of the prepared polymer can be retrieved. In those circumstances, scaling 

up is difficult. Many chromatographic and separation applications are incompatible with the 

uneven size and form of the particles. Furthermore, certain binding sites are susceptible to be 

damage by the crushing step, resulting in a significant reduction in the IIPs' loading capacity (Dam 

& Kim, 2009). Because of that, many attempts to manufacture IIPs straightforward in a bead 

structure using suspension or emulsion, and dispersion or precipitation polymerization because of 

these key limiting factors. 

 

2.5.2. Suspension and emulsion polymerization 

Suspension and emulsion polymerization is a heterogeneous polymerization method as it 

necessitates the coexistence of two non-miscible stages, one continuous and the other scattered. 

The monomers, initiator, porogen, and template ion are all present in the dispersion stage as the 



 

28 

IIP is made through suspension polymerization. This stage is usually an organic phase contacting 

an aqueous phase, stabilized using hydroxyethyl cellulose, gelatin, or polyvinyl alcohol, and 

contains sodium chloride salt at some point. In the dispersed phase's droplets, polymerization takes 

place, which functions as miniature reactors, resulting in polymer beads. The polymer particles' 

form and size may be controlled using this approach, and the porogen solvent can be used to alter 

the porosity (Branger et al., 2013). 

Meouche et al. (2012) used inverse suspension polymerization to make Ni(II) IIPs to avoid 

the template ion leaving from the dispersed organic phase that is in contact with the aqueous phase. 

The dispersion phase was a mineral oil in the original procedure because it does not require any 

stabilizing agents. As the polar dispersion phase, DMSO was used to introduce the initiator, 

crosslinker, template ion, and functionalized ligand. Using this method, very porous IIP beads 

were created. On the other hand, in heterogeneous emulsion polymerization, monomers droplets 

are emulsified with surfactants in a continuous phase containing the initiator. Nonetheless, 

emulsion polymerization remains infrequent, most likely due to the difficulty of particle separation 

and the possibility of surfactant contamination (Branger et al., 2013). 

 

2.5.3. Dispersion and precipitation polymerization 

Because the medium is constituted of a single phase at the early stage, homogeneous 

polymerization is used to describe dispersion and precipitation polymerization. In the porogen, all 

of the used monomers, templates, and initiators are soluble, and polymerization begins in a 

homogenous solution. The polymerization media or the monomer swell the dispersion 

polymerization particles generated initially, unlike the precipitation polymerization particles that 

precipitate rather than swell in the medium (Branger et al., 2013). Because particle dispersions are 
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created without a stabilizer, they can coagulate and are insufficiently stable during formation, so, 

dispersion polymerization requires the use of a stabilizer.  

In reality, precipitation and bulk polymerization are very similar, given that the only 

variation is the porogen quantity used. A little amount of solvent is used in bulk polymerization, 

unlike precipitation polymerization, which uses a large amount of porogen. This might be the 

explanation for the process's popularity since it is the second most commonly utilized following 

the bulk polymerization for IIP production. Shamsipur and Besharati-Seidani (2011), on the other 

hand, highlighted the following benefits over the latter. A strongly cross-linked polymer network 

cannot be formed around the imprint metal ion, resulting in its easy removal from the IIP, and this 

approach creates particles in the nano, submicron, and micron size, that they can all be used as all 

the produced polymers are in a particle form. 

 

Table 2: Polymerization techniques used to prepare IIPs  

IIP polymer Materials  Polymerization 

techniques 

Reference  

Ni-IIP and Co-IIP - Acrylamide 

- Methacrylic acid 

- EGDMA 

- Ni or Co metal ion 

- AIBN 

Precipitation 

polymerization 

(Işıkver & Baylav, 

2018) 

Ni-IIP and Co-IIP - Acrylamide 

- Itaconic acid 

- Trimethylpropane 

trimethacrylate 

(TMPTMA) 

- Ni metal ion 

- AIBN 

Precipitation 

polymerization 

(Işıkver & Baylav, 

2018) 

Nano Ni-IIP - 2- vinyl pyridine 

- EGDMA 

- 2,2′-azobisisobutyronitrile 

- Ni metal ion 

- AIBN 

Bulk 

polymerization 

(Behbahani et al., 

2012) 
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IIP polymer Materials  Polymerization 

techniques 

Reference  

Cr-IIP-FPANFM - 1-vinylimidazole 

- 3-(trimethoxysilyl) propyl 

methacrylate (TMSPMA) 

- EGDMA 

- Cr metal ion 

- AIBN 

Free radical 

polymerization on 

functionalized 

polyacrylonitrile 

nanofibrous mat 

(FPANFM) 

(Hassanzadeh et al., 

2018) 

Ni-IIP - 2-(Allylmercapto) 

nicotinic acid 

- EGDMA 

-Nickel(II) nitrate 

hexahydrate 

- AIBN 

Precipitation 

polymerization 

(Long et al., 2016) 

Cd-IIP-NPs - 2-aminobenzimidazole 

- 4-vinyl pyridine 

- EGDMA 

- Cd(NO3)2 

- AIBN 

Precipitation 

polymerization 

(Dahaghin et al., 

2018) 

Br-IIP - Potassium bromide 

- Chitosan 

- Glutaraldehyde 

- Al(NO3)3 

Crosslinking of 

linear chain polymers 

(Wang et al. 2019) 

HPO4-IIP - Hydrogen phosphate  

- Cetyltrimethylammonium 

bromide (emulsifier) 

- Methacrylic acid  

- Divinyl benzene 

Emulsion 

polymerization 

(Alizadeh & Atayi, 

2018) 

Pb-II-IPN - Methacrylic acid 

- EGDMA 

- Chitosan 

- Tetraethyl orthosilicate 

Simultaneous 

polymerization 

(Hande et al., 2016) 

Magnetic Cr-IIP - 4-vinyl pyridine 

- 2-hydroxyethyl 

methacrylate 

- EGDMA 

- AIBN 

- Cr metal ion  

Sol-gel method (Liang et al., 2017) 
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IIP polymer Materials  Polymerization 

techniques 

Reference  

Li-IIMM - Poly 

(vinylidene fluoride) 

- 2-(allyloxy)methyl-12-

crown-4 

- EGDMA 

- AIBN 

- LiCl 

Surface-imprinted 

polymerization/Phase 

inversion technique 

(Sun et al., 2017) 

Li-IIP - Vermiculite 

- Dibenzo-14-crown-4 

- N,N-dimethylformamide 

- α-MAA 

- EGDMA 

- AIBN 

- Lithium nitrate 

Dispersion 

polymerization 

(Huang & Wang, 

2019) 

Li-

Fe3O4@SiO2@IIP 

- 2-(allyloxy) methyl-12-

crown-4 

- MH-Fe3O4@SiO2 

- EGDMA 

- AIBN 

- Lithium chloride 

monohydrate 

Surface imprinting 

polymerization 

(Luo et al., 2015) 

Li-IIP - Benzo 12-crown-4 

- MAA 

- EGDMA 

- AIBN 

-LiClO4 

Precipitation 

copolymerization 

(Hashemi et al., 

2016) 

 

2.6. IIP Applications   

2.6.1. Solid-phase extraction  

Solid-phase extraction (SPE) is more favorable over liquid-liquid extraction (LLE) for a 

variety of reasons, including the lack of emulsion, greater enrichment factors, reduced reagent use, 

and a wide range of sorbents. Because IIPs have greater selectivity and adsorption efficiency than 

typical solid sorbents such as silica gel, activated carbon, or functionalized polymer, they are 

employed in SPE (Gladis & Prasada Rao, 2002). Ion-imprinted materials (IIPs) exhibit affinity 
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and selectivity similar to antibodies, but they are also simple to synthesize, durable in hostile 

environments, and affordable to manufacture. SPE preconcentration of trace quantities of ions and 

their separation from complicated matrices and interferents is the major application of ion-

imprinted polymers (Cejner & Dobrowolski, 2015). 

There have been several IIPs for harmful metals such as nickel, cadmium, arsenic, cobalt, 

lead, mercury, and selenium. Ion-imprinted polymers had superior selectivity and adsorption 

capacity than non-ion-imprinted materials in all circumstances. Ion-imprinted polymers have seen 

significant use as effective sorbents for noble metals in the recent decade. Ruthenium, platinum, 

palladium, and gold are among them (Cejner & Dobrowolski, 2015). 

 

2.6.1.1. Wastewater treatment and samples pretreatment 

In the recent two decades, the use of IIPs for the selective SPE of various hazardous heavy 

metal ions from aqueous solutions has gotten a lot of interest due to its great application potential. 

Several investigations have been undertaken to investigate the adsorptive capabilities of IIPs. 

Effects of pH, temperature, contact duration, starting metal concentration, adsorbent quantity, and 

the presence of competing ions are all widely researched characteristics. These factors are critical 

for heavy metal removal research because they can explain how heavy metals adsorb (El Ouardi 

et al., 2021). IIPs are commonly employed as selective SPE adsorbents to remediate water polluted 

with hazardous metal ions. Adsorption investigations may be done in batch or flow systems. Luo 

et al. (2015) generated a magnetic lithium ion-imprinted polymer for the recovery of lithium from 

real wastewater samples, and their results show excellent removal of lithium indicating great 

possibility in advanced wastewater treatment. 

Sample pretreatment aids in the removal of matrix interference as well as the extraction 
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and enrichment of trace targets. Traditional pretreatment, on the other hand, might include time-

consuming, arduous stages and substantial reagent use (Płotka-Wasylka et al., 2016). As a result, 

there is a pressing need to create high-selectivity pretreatments with easy, time-efficient, and labor-

efficient processes. Imprinted polymers are utilized as extractants in the solid phase for specialized 

enrichment and separations since they have high specific binding sites and selective adsorption for 

template molecules and ions that can be desorbed later. The low cost, ease of use, and excellent 

extraction efficiency encourage widespread usage for sample pretreatment (Pataer et al., 2019). 

Because of the structural predictability of the imprinted polymers, which allows them to 

create composites with diverse characteristics with other materials, SPE based on imprinted 

polymers technology, has been widely employed in several solid-phase extraction methods. 

Researchers have also undertaken significant trials to develop better IIPs and MIPs and have 

enhanced the SPE approach in terms of fewer processes, ease, cost-efficient, automation, 

miniaturization, time savings, and eco-friendly (Ghorbani et al., 2020; Háková et al., 2020). 

To date, a growing number of researchers have developed several types of IIP and MIPs to 

use as adsorbents in extraction technology to improve extraction recovery. The technology of 

merging imprinting polymers with SPE is critical for identifying and detecting agricultural 

veterinary medication residues in actual samples (Zhang et al., 2016). 

 

2.6.2. Sensors  

Sensors might be used in a variety of fields, including food analysis, environmental 

analysis, clinical diagnostics, pollution monitoring, drug detection, and chemical warfare agent 

detection. 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. 
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Selective chemical sensors with strong thermal, mechanical, and chemical characteristics may be 

made utilizing ion-imprinted polymers at a reasonable cost. In ion-imprinted sensors, signal 

transduction is accomplished using one of two methods: spectroscopic or electrochemical 

characteristics. The imprinting and transduction selectivity combined can generate sensors that can 

detect targeted ions exceedingly effectively without interference (Murray & Manuel Uy, 2001). 

There have also been descriptions of sensors for lead(II), uranyl, copper(II), and dysprosium(III) 

ions (Prasad et al., 2006). 

 

2.6.3. IIPs membrane separation  

The ion-imprinted membrane outperformed the non-imprinted membrane in terms of 

adsorption affinity and penetration selectivity toward the template ions. Araki et al. used surface 

molecular imprinting to create a Zn(II) ion-selective membrane by water-in-oil emulsion 

polymerization. The polymerization was carried out with the existence of acetonitrile-butadiene 

rubber, resulting in a flexible and mechanically stable membrane (Araki et al., 2005). Kimaro et 

al. (2001) disclosed the polymerization of uranyl vinyl benzoate and styrene/DBV followed by the 

addition of 2-nitrooctylphenyl ether and polyester to produce a uranyl ion permselective 

membrane. Ion-imprinted membranes demonstrated greater uranyl ion selectivity than other 

bivalent transition metal ions. 

 

Table 3: Applications that IIPs used for 

IIP polymer Application  Reference  

Ni-IIP and Co-IIP Removal of heavy metal from aqueous 

solution  

(Işıkver & Baylav, 2018) 

Nano Ni-IIP Determination of nickel in fish, vegetables, 

river sediments, and river water. 

(Behbahani et al., 2012) 

Cr-IIP-FPANFM Removal of Cr(VI) from aqueous solutions. (Hassanzadeh et al., 2018) 
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IIP polymer Application  Reference  

Ni-IIP Removal of Ni(II) from aqueous solution (Long et al., 2016) 

Cd-IIP-NPs Cadmium(II)-selective glassy carbon 

electrode 

(Dahaghin et al., 2018) 

Br-IIP Extraction of Br(I) ions from aqueous 

solution 

(Wang et al. 2019) 

HPO4-IIP Recognition element of 

graphene/graphite paste potentiometric 

electrode 

(Alizadeh & Atayi, 2018) 

Pb-II-IPN Extraction of Pb(II) from printed-circuit-

board (PCB) recycling unit wastewater 

(Hande et al., 2016) 

Magnetic Cr-IIP Selective adsorption of Cr(VI) anions from 

aqueous solutions 

(Liang et al., 2017) 

Li-IIMM IIP macroporous membranes for Li+ 

targeting 

(Sun et al., 2017) 

Li-IIP Lithium recovery (Huang & Wang, 2019) 

Li-

Fe3O4@SiO2@IIP 

Recovery of lithium from wastewater (Luo et al., 2015) 

Li-IIP Selective pre-concentration and 

recognition of lithium ions 

(Hashemi et al., 2016) 

 

2.7. Lithium Imprinted Polymer 

Ion imprinted technique is merited in the Li+ extraction and recovery for possessing 

distinguished recognition capabilities. More specifically, the IIPs are characterized by their 

lifelong, easy storage and re-usability capabilities, as well as low preparation costs. The IIPs 

possess high selectivity and high attraction for the targeted Li+ in the brine in the extraction 

process. This extraction process encompasses the solid phase extraction method preferred to 

liquid-liquid extraction for many reasons: a wide choice of sorbents, low consumption of reagents, 

higher enrichment factors, and the absence of emulsion (Gu et al. 2018). In the solid-phase 

extraction method, the ion-imprinted polymers are used because they have a better adsorbent 

efficiency and a higher selectivity when compared to other common solid sorbents like 

functionalized polymer, active carbon, or silica gel (Zambrzycka-Szelewa et al., 2019). This 
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conclusion stems from several studies that, upon comparison with non-ion imprinted materials, 

establish that ion-imprinted polymers have better adsorption and higher selectivity capacity.  

Therefore, to advance low-cost recovery and extraction of Li+ from brine, it is imperative 

to use selective high-capacity reusable sorbents, like the nanostructured manganese oxide (HMO) 

embedded in a Li-imprinted polymer, which has been critical in the selective solid-phase lithium 

extraction process. In conjunction, the reusable sorbents in the extraction process ought to be 

nanostructured purposely to boost the sorption kinetics of lithium, thus enhancing the high flow 

and operational rates. The recovery process includes the use of inorganic ion sieve and inorganic 

sorbents like titanium oxide, manganese oxide, and aluminum hydroxide that have selective 

adsorption properties for lithium, and are relatively stable when high temperatures are involved 

and are also affordable. According to Ventura et al. (2016), HMO is preferred subject to high 

lithium selectivity, especially where there are large concentrations of other metal ions like 

magnesium, calcium, sodium, and potassium. In the solid-phase extraction process, sorbents that 

are in the form of nanoparticles are not recommended for use in the flow-through separation 

process since they consume high energy and allow for large pressure drops. As such, the separation 

process should encompass a hybrid nanocomposite sorbent. 

 

2.8. Lithium Imprinted Polymers Preparation Concept 

The lithium-imprinted polymers are prepared by polymerizing (Fig. 3) a crosslinking agent 

(ethylene glycol dimethacrylate), an optional co-monomer, and a lithium chelate monomer. The 

polymer sorbents play a critical role in the uptake process. For instance, to uptake lithium from a 

basic aqueous solution, the acidic H+ polymer sorbents are used, whereas the Na+ polymer sorbents 

are preferred for neutral aqueous solutions (Xiao et al., 2015). The essence of preparing lithium-
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imprinted polymer is that once the polymers are desorbed, 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+ 

(Hashemi et al., 2016). According to the experiments, which involved a brine of 390 ppm K+, 410 

ppm Na+, and 390 ppm Li+ at 45 oC, 75oC, and 100 oC, it is established that the Li-imprinted 

polymer had an extraction efficiency surpassing 95%.  

 

 

Figure 3: Synthesis of lithium ion-imprinted polymer (Hashemi et al., 2016). 

 

On the other hand, lithium ions would not be able to interact steadily with prevalent 

functional monomers, which makes lithium ion-imprinted polymers formation using 

coordination/complexation pathways among functional monomers is problematic. As a result, Luo 

et al. (2015) come up with novel functional monomers to make lithium IIPs by synthesizing new 



 

38 

crown ethers with a double bond as a functional monomer to prepare magnetic ion-imprinted 

polymer with a core−shell structure (Fe3O4@SiO2@IIP) (Fig. 4). However, more studies and 

experiments should come in handy in recommending ways to improve both the binding affinity 

for the Li+ and promote the selectivity and the capacity to generate Li-imprinted polymers and 

their crosslinking agents. 

 

 

Figure 4: Synthesis of core silica-coated Fe3O4 and novel functional polymer to prepare magnetic 

ion-imprinted polymer (Fe3O4@SiO2@IIP) (Luo et al. 2015). 

 

2.9. Crown ethers effect on the Li+ ion-imprinted polymer 

Since Pedersen (1967) discovered the selective ion-binding characteristics of crown ether 

compounds. A lot of studies have been performed on crown interaction with inorganic and organic 

cations (Izatt et al., 1991), as well as neutral molecules (Izatt et al., 1992). 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 
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(Murray et al., 1997).  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 (Cabbiness & Margerum, 1969; Frensdorff, 1971). 

The macrocyclic effect is widely recognized for increasing the selectivity and constancy of 

metal ion compounds with cyclic ligands for example the crown ethers as compared to their 

comparable open-chain equivalents (Cabbiness & Margerum, 1969; Frensdorff, 1971). The type 

of the metal ion, as well as the distance, amount, and alignment of the donor atoms of the ligand 

that are physically available to the combined cation, might impact the effectiveness of the 

interaction (Hancock & Martell, 1989; Izatt, 1995). The application of macromolecule crown ether 

derivatives in membrane transport (Shamsipur et al., 2010; Shamsipur et al., 2001), solid-phase 

(Hashemi & Shamsipur, 2015), and supercritical fluid removal of metal ions (Shamsipur et al., 

2001) and the fabrication of ion-selective membrane potentiometric (Shamsipur & 

Mashhadizadeh, 2001) and optical sensors (Alizadeh et al., 2002) and spectrophotometric (Hasani 

& Shamsipur, 2005)  has been earlier documented. 

When crown ethers contain concavities of the right sizing and the right functional and 

cross-linking monomers, they have demonstrated great selectivity to attach to the target metal ions. 

Nonetheless, it is difficult to remove IIPs from wastewater quickly and effectively following 

treatment (Luo et al., 2015). 2-methylol-12-crown-4 (2M12M4C) may simply join with lithium 

ions due to their comparable sizes, generating a stable compound. Despite this, 2M12M4C cannot 

be employed as a functional monomer in polymerization without the benefit of the double bond 

(Luo et al., 2015). 

Crown ethers, the macrocyclic host molecules second generation, have gotten a lot of 

interest in recent years (Liu et al., 2017; Büning et al., 2018). Metal ions that are inside of the 
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crown ethers have the ability to synchronize 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. 

12-crown-4 (12C4) and its equivalents, for example, the 2-methylol-12-crown-4 (2M12C4), 2-

(allyloxy)methyl-12-crown-4 (2AM12C4), and benzo-12-crown-4 (B12C4), have been 

extensively studied in recent years for their ability to preferentially extract Li+ (Sun et al., 2018; 

Xu et al., 2018; Lu et al., 2018; Luo et al., 2015). The cavity diameter of dibenzo-14-crown-4 

(DB14C4) is quite near to the ionic diameter of lithium, according to earlier investigations 

(Pedersen, 1967; Limjuco et al., 2017). The cavity diameter of the 12-crown-4 is 1.2, and the ionic 

diameter of the Li+ is 1.46. Moreover, the toxicity studies found out that the dicyclohexano-18-

crown-6 at high concentration have a toxic effect on the bacterial growth, but with the addition of 

alkaline metals ion, like sodium chloride and potassium chloride, none of them caused any 

significant lag in the growth curve of the bacteria (Carrasquel-Ursulaez et al., 2020). Thus, it is 

expected that the use of crown ether would not cause a toxic effect on the living organisms, as it 

will be capsulated into a polymer. 

 

2.10. Adsorption Performance of Ion-Imprinted Polymers 

The adsorption capabilities of ion-imprinted polymers vary, and they are affected by many 

reasons and factors. An analysis of various adsorption experiments expounds on the impact of pH 

on the adsorption rates and tests. In all the experiments, it is concluded that the pH is among the 

most pertinent factors impacting the adsorption rate of various metal ions on the non-imprinted 

polymer. Luo et al. (2015) experimented with investigating the effect of pH values of 1 to 9 on the 

Li+ ion sorption on Fe3O4@SiO2@NIP and Fe3O4@SiO2@IIP. From the experiment, they 
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established that when the pH of the solution is raised from 1 to 6, the adsorption capacity of Li+ 

on Fe3O4@SiO2@NIP and Fe3O4@SiO2@IIP also increases. Similarly, it was observed that as the 

pH is increased from 6 to 9, the adsorption rate decreases slightly, and this is mainly because of 

the deprotonation of the crown ether group. When the pH values are below 3, the Li+ adsorption 

capacity is meager because of the protonation of the crown ether group. Other than the pH effect, 

the adsorption performance is affected by the absorption capacity. From the same experiment by 

Luo et al. (2015), it is further established that the adsorption capacity is directly proportional with 

the concentration of the Li+ ions, in that, for a 2.5 mmol/L – 45 mmol/L concentration range, the 

monolayer coverage, and the saturation values were realized at the 15 mmol/L concentration. 

 

2.11. Lithium Ion-Imprinted Polymer Selectivity Toward Strontium  

Radioactive strontium was created and disseminated from nuclear weapons or nuclear 

reactors, polluting the environment; it has been a source of worry and investigation (Cai et al., 

2020). Celestite (SrSO4) and strontianite (SrCO3) are two naturally occurring minerals that contain 

Sr (Skoryna, 1981). Because of its long half-life of around 29 years, radioactive 90Sr is extremely 

hazardous to wellbeing health, and the environment, which plays a role in food chains, as well as 

its preference for depositing in plants and bones/skeleton (EPA, 2021). Although non-radioactive 

strontium has minimal toxicity, excessive exposure in youngsters might cause bone development 

issues (Dorsey et al., 2004). The major toxicological consequence of high strontium in 

experimental animals is abnormal skeletal development (Dorsey et al., 2004). 

As a result, mineral abstraction from saltwater and brine effluents from desalination plants 

has piqued the interest of academics all over the world, owing to the advantages of lowering 

environmental impact and desalination costs while also varying the land mining activity (Al Bazedi 
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et al. 2013). Mineral extraction profits are mostly determined by the mineral market price and the 

amount of it in the brine. Na, Ca, Mg, K, Li, Sr, Br, B, and U have been identified as possibly 

desirable for extraction (Loganathan et al. 2017). 

Various approaches were explored to minimize the environmental effect of radionuclides. 

The adsorption method is the most dependable way for hazardous radionuclide removal and has 

been widely utilized (Kusumkar et al., 2021). Ion-imprinted polymers (IIPs) are frequently utilized 

in adsorption and removal procedures to overcome this problem. Li et al. (2010) used 

bis(trimethoxysilylpropyl) amine (TSPA) to make strontium ion-imprinted hybrid gels for the 

removal of Sr2+ and Ca2+ ions utilizing dicyclohexano-18-crown-6, methacrylic acid (MAA), and 

ethylene glycol dimethyl acrylate (EGDMA) removal. Bahraini et al. (2011) made Sr2+ IIP by 

crosslinking dicyclohexano-18-crown-6 (D18C6), MAA, and EGDMA with dicyclohexano-18-

crown-6 (D18C6), MAA, and EGDMA. The reagents utilized for the formulation of strontium IIP 

are closely similar to the reagents used for the preparation of lithium IIP. This study aims to explore 

the possibility of recovering strontium using the lithium IIP, to study if it could be used for multiple 

ion adsorption. 

 

2.12. Electronegativity Effects on Li+ and Sr2+ 

 Electronegativity refers to an atom's tendency to attract electrons to itself. The Pauling 

scale sign is often used to indicate a dimensionless quantity in this context. Lithium has an 

electronegativity of 0.98. In general, both the atomic number and distance of the valence electrons 

from the nucleus affect the electronegativity of an atom. Higher electronegativity values imply that 

an element or combination is more efficient at attracting electrons. Strontium has the chemical 

symbol Sr and the atomic number 38 (Sathiyapriya et al., 2021). Strontium is a soft metal yellow 
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metallic element with a high degree of chemical reactivity. It is an alkaline earth metal. When 

exposed to air, the metal acquires a black oxide covering. It has an electronegativity of 0.95. 

Lithium atoms are composed of three protons and three electrons, respectively. A particle 

can become an ion after losing one of its electrons (Fig. 5). With more positive protons than 

negative ones, the bit now has a positive charge in total. As a result, it is a positively charged ion. 

Thus, lithium quickly loses an electron from its outer shell when bombarded by a more 

electronegative substance. Lithium has one of the lowest electronegativity levels of any element, 

a value of 1.0, due to its minimal pull on electrons.  To determine an atom's electronegativity, you 

must know its atomic number as well as the atom’s sizes—an element's ability to attract electrons 

increases with increasing electronegativity. Electro-positivity, which measures an element's 

capacity to give electrons, is the polar opposite of electronegativity. Therefore, lithium having a 

smaller atomic size and radius loses electrons, thereby having a lower electronegativity (Miyoshi 

et al., 2020). Lithium-ion electronegativity is derived using experimental observations of 

molecular or structural characteristics rather than being assessed directly. However, it comes down 

to it, and electronegativity is mainly controlled by the protons in the nucleus and the quantity and 

position of additional electrons in an atom's shell. Significant protons in an atom mean more "pull" 

on electrons with negative charges; thus, the nuclear mission is critical. There is a connection 

between electron location in space, and the amount of positive charge that valence electrons 

experience. The further away the valence electrons are from the nucleus, the less positive charge 

they will have (Shaaban et al., 2020). The other charged particles in the lower-energy core electron 

shells shield the electron density from the atomic nucleus. As a result of a diagonal connection, 

Lithium's electronegativity is equivalent to magnesium's. Strontium ions have an electronegativity 

of 0.95, almost the same as lithium ions, thereby having similar effects. 
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Figure 5: Lithium atom losing the valence electron to make lithium ion (Cher, 2020). 

 

2.13. Binding Mechanism of Li+ and Sr2+ by the lithium-ion Imprinted Polymer 

Lithium ions preferentially attach at the interface between the crystalline and amorphous 

subdomains in composites comprised of both instead of the typical intercalation process seen in 

graphitic anodes. Binder materials keep the lithium-ion battery's electrode's active material 

particles together so that the electrode and contacts have a solid electrical connection. These 

binders are usually non-toxic and play a vital part in the battery's overall manufacturing process 

(Alkathy et al., 2021). The interaction between the functional groups of monomers and the 

template is one of the essential requirements for the efficient adsorption and selection of the metal 

ions Li+ and Sr2+ to the imprinting material. The kind of bonding present governs interactions 

between monomers and templates. To imitate natural recognition mechanisms, molecular lithium-

ion imprinting allows the development of highly cross-linked polymeric materials. Bio 

macromolecules, viruses, and even live cells may be targeted explicitly by molecularly 

these imprinted polymers, which have binding sites with customized selectivity. A successful 

imprinting procedure hinges on selecting the exemplary functional monomer, the suitable 

crosslinker, and the right type and specificity of template–monomer interactions (Fig. 6) 

(Wiśniewska et al., 2020). To improve imprint fidelity, it has been found that using a metal ion to 
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mediate the interaction between the monomer and template (acting as ligands) increases the 

selectivity of molecularly lithium imprinted polymers or gives the Polymer additional properties 

like stimuli-responsiveness or catalytic activity. 

 

 

Figure 6: Polymer-metal interaction: (a) intra-molecular, and (b) inter-molecular. Where L: 

Coordinate atom (or) group, and M: Metal ion (El-Sonbati et al., 2012). 

 

2.14. Thermodynamic Studies 

Thermal activation of initiators necessitates the thermostability of the template. The 

heating technique should not be used if the molecules form a complex with template ions through 

hydrogen bond formation. However, low stability templates and interactions are more reliable 

when employing a photochemically activated initiator. Concerning aqueous solutions, the 

connection between equilibrium adsorption and equilibrium concentration capacity may be used 
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to explain an adsorption isotherm's behavior at a given temperature. Since they influence the 

randomness of the adsorption mechanism, lithium adsorption thermodynamic pieces of training 

are critical for every process of adsorption. For example, Gibb's free energy (ΔG°) is a valuable 

indicator of impulsive behavior (Wang et al., 2019). If ΔG° (Eq. 1) has a negative value at a 

particular temperature, a spontaneous reaction will occur. The heat of adsorption or enthalpy (ΔH°) 

and entropy (ΔS°) (Eq. 2) are essential thermodynamic measurements for enthalpy and entropy 

variations. Al-Ghouti and Al-Absi (2020) were used to compute the three thermodynamic 

properties (ΔH°, ΔG°, and ΔS°). The construction of appropriate adsorption isotherms is required 

for studying the adsorption route and the equilibrium connection between sorbent and sorbate. 

According to isotherms, the characteristics and behaviors of sorbents in various sorption systems 

will be suitable. 

 

ΔG° = −RT 𝑙𝑛𝑘𝐿 = ΔH° − TΔS°       (1) 

𝑙𝑛𝑘𝐿 = ln (
𝑄𝑒

𝐶𝑒
) =

−ΔH°

𝑅𝑇
+

ΔS°

𝑅
        (2) 

 

Since the Fermi level is so close to the d-bands of heavy alkaline earth metals, this makes 

them more susceptible to changes in temperature and pressure. High pressures 

and temperatures soften specific phonon modes, indicating that anharmonic effects may 

significantly influence lattice dynamics and associated characteristics. The phonon density of 

states must be computed for each volume to determine free energy and other thermodynamic 

factors using the traditional method. By combining the mean-field potential approach with the 

comparatively soft local pseudopotential, researchers could evaluate the free significance at 

various temperatures and pressures using an alternate strategy. The mean-field potential (MFP) 
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method and the quasi-harmonic approximation's p-dos findings for phonon frequency changes at 

limited temperatures are comparable (Basuki et al., 2021). The MFP method was validated to 

estimate the system's vibrational response at high temperatures and high pressures with the local 

pseudopotential. Many thermophysical characteristics of elemental strontium were investigated 

using this method, including the melting curve at high pressure and the temperature along with the 

Huguenot shock (Al-Ghouti & Al-Absi., 2020).  

 

2.15. Adsorption Isotherms Models  

Describing the phenomena of transferring a specific substance from aqueous media to a 

solid media at constant temperature and pH (Limousin et al., 2007). Over years, different types of 

adsorption isotherms can have formulated when the adsorbate is contacted with the adsorbent for 

sufficient time to reach the equilibrium state by adding a quantity of adsorbent into adsorbate 

samples at constant temperature and keeping the samples in a motion. Based on potential theory, 

thermodynamics, and kinetic consideration, the amount of contaminant adsorbed can describe 

through modeling analysis. Adsorption isotherm study is an important field in understanding the 

mechanism of adsorption through different models designed and done in batch adsorption systems. 

 

2.15.1. Langmuir isotherm model 

Langmuir model is a theoretical equation, which firstly refers to homogenous adsorption 

on the adsorbent surface and each site can only adsorb one solute molecule, secondly, 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. It also decreases the 

intermolecular attractive forces to the increase of distance, when one molecule occupies the site. 
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Another assumption stated that the adsorbed molecules could transform back to the liquid phase 

through thermal motion. 

Langmuir isotherm can be expressed in the following equation after the equilibrium state 

is reached (Chung et al., 2015).  

 

𝑄𝑒 =
𝑄𝑚 𝑏 𝐶𝑒

1+𝑏 𝐶𝑒
          (3) 

 

Where Qe is the mass of adsorbed solute per the mass of the adsorbent at the equilibrium 

(mg/g), Qm is the maximum capacity of the adsorption when the monolayer is complete (mg/g), 

Ce is the concentration of the adsorbate (mg/L), and b is Langmuir constant (L/mg). 

 

2.15.2. Freundlich isotherm model 

Freundlich model describes the most important empirical model that can be used for 

multilayer adsorption. It is heterogeneous adsorption of the adsorbate onto the adsorbent, and it is 

applied for high interactive organic compounds (Alimohammadi et al., 2017). This model of 

adsorption takes place on all sites of the adsorbent, the first binding will be for the stronger site, 

and then it exponentially decreases until the adsorption process is complete. Freundlich model 

does not have the restriction of the monomolecular layer, which will have no stacking of the 

adsorbed molecules. Freundlich isotherm can be expressed in the following equation (Dada et al., 

2012). 

 

𝑄𝑒 = 𝐾𝑓 𝐶𝑒
1

𝑛⁄          (4) 
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Where Qe and Ce have the same meaning as in the Langmuir model equation, KF is the 

Freundlich isotherm constant (mg/g) and it indicates the adsorption capacity, and n is the 

adsorption intensity, and as 1/n is greater in value, the adsorption will be higher.  

 

2.15.3. Dubinin-Radushkevich model 

Dubinin-Radushkevich (D-R) model is one of the empirical models that describe the 

adsorption on a heterogeneous surface by microporous materials, which have a carbonaceous 

origin. This model is based on the potential energy change between the gases, energy of the 

adsorbent and adsorbed phases. Moreover, it explains the overlapping of the potential fields of 

opposite pore walls (Nguyen & Do, 2001). As Freundlich isotherm model, Dubinin-Radushkevich 

failed at high pressure. Dubinin-Radushkevich model is suitable for moderate ranges of 

concentration, and is expressed in the following equation (Alimohammadi et al., 2017): 

 

𝑄𝑒 = 𝑞𝑠 𝑒−𝐾 𝜀2
         (5) 

 

Where Qe has the same meaning as in the Langmuir model equation and Freundlich model 

equation, qs is the theoretical isotherm saturation capacity (mg/g), K is the adsorption energy 

constant, and  is Dubinin-Radushkevich isotherm constant.  

 

2.16. Analytical Techniques for IIP Characterization  

2.16.1. Scanning Electron Microscope (SEM) and Transmission Electron Microscope 

(TEM) 

2.16.1.1. SEM and TEM Utilization  
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The scanning electron microscope (SEM) is a class of electron microscope used to examine 

the exterior of solid materials. At the same time, the transmission electron microscope is a 

quantifying technique with a high magnification that utilizes the transference electrons to generate 

an image. The primary variation between scanning electron microscope (SEM) and transmission 

electron microscope (TEM) is that SEM images are generated from detecting knocked of electron 

while TEM utilizes electrons that are Trans versing through the examined material (Shariatinia, 

2014). 

Scanning electron microscopy (SEM) requires a milligram amount of samples to be 

examined to establish the shape, texture, and size. A thin stream of electrons is transverse through 

the material in a sequence of collateral tracks. These electrons associate themselves with the 

sample and generate various signals that can be exposed and presented on the monitor of the 

cathode ray tube. Hence, particles as minimum as 1 nm can be observed, and the exterior surface 

information can be produced. SEM needs critical specimen preparation compared to optical 

microscopy, and it cannot differentiate between crystalline and non-crystalline samples 

(Sarabadani et al., 2014).  

 

2.16.1.2. Technique Implementation 

In an analytical experiment to characterize a nanocomposite lithium ion-imprinted polymer 

Li[Li0.2Ni0.2Mn0.6]O2, the cathode material was alga mated by utilizing a solid-state technique that 

was a prerequisite in acids. It was characterized by using SEM and TEM. After the experiment, it 

was discovered that the first effluence efficiency of Li[Li0.2Ni0.2Mn0.6]O2 after preconditioning in 

acid had been substantially enhanced. However, the mid voltage had significantly reduced. The 

main cause of acid filtrate modification was accredited to the aspect of the spinel structure 
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Li4Mn5O12 that was filled in lithium ion-imprinted polymer (Babu et al., 2017). 

 

2.16.2. Fourier-transform Infrared Spectrophotometer (FTIR) 

2.16.2.1. FTIR Utilization 

The FTIR is used to acquire the optical spectrum of immersion, secretion, and 

photoconductivity of gases, liquids, and solids. It is used in exposing various categories of PHB. 

This is a powerful technique used to recognize distinctive functional groups from the spectral 

bands to explore the amalgamation between the nanomaterial and the immersed biomolecules 

(Mahamuni, 2009). 

FTIR spectrum evaluation examines the chemical composition of the available group in 

the specimen. It examines the association between the electromagnetic (EM) fields in the optical 

regions and matter. FTIR characterizes a polymer by bracing the molecular vibrations with the EM 

waves in the optical region. In simple terms, it characterizes an ion-imprinted polymer by gripping 

the infrared region radiation, thus stirring the particles to an elevated vibrational state. Since the 

primary objective of FTIR spectroscopy is to obtain the chemical functional class in the specimen, 

it ensures that the elemental frequencies of the infrared radiation are encompassed by the various 

functional classes (Mourdikoudis et al., 2018). 

 

2.16.2.2. Technique Implementation 

In the synthesis and characterization of metal ion-imprinted polymers, FT-IR was utilized 

for characterization. Each metal ion-imprinted polymer noted a C-H strong alkane with a 

broadening stripe in the FTIR evaluation 2956 cm−1. This observation highlighted that the C-H 

strong alkane occurred in the ion-imprinted polymers at this particular wavenumber intensively. 
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In addition, the analysis by FTIR led to the observation of a strong carbonyl C=O, C=C alterable 

alkane, and an N-H strong amid broadening were also significantly observed (Işıkver & Baylav, 

2018). 

 

2.16.3. X-Ray Diffraction (XRD) 

2.16.3.1. XRD Utilization 

XRD is a rapid inquisitive method mainly utilized to recognize crystalline material. X-ray 

diffraction is a versatile technique that dispenses chemical information for fundamental evaluation 

and time analysis. In addition, the technique is quite useful for quantifying stress and texture 

evaluation (Ghodke, 2021). 

In XRD characterization of polymers, the latter variable is approximated by utilizing the 

Scherer equation by applying an intensified peak of an XRD estimation to a particular specimen. 

The constituents of the molecules are established by contrasting the location and vigor of the peaks 

in relation to the various patterns in place in the international center for diffraction data (ICDD) 

(Mourdikoudis et al., 2018). 

 

2.16.3.2. Technique Implementation 

XRD was used to characterize the polymers in a study on the amalgamation and 

classification of metal ion-imprinted polymers. In the XRD evaluation, the patterns of the polymers 

and imprinted ions were obtained and displayed. An angular position was used to characterize the 

XRD patterns. It was observed that values of 2θ = 16.5, 18.6, 29.2, 32.8, 35.5, 37.5 were found to 

be diffraction peaks in XRD patterns of NiCI2.6H2O salts. These peaks were also evident in the 

unleached polymers, but it was not very significant due to the amorphous nature of the polymers 
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(Işıkver & Baylav, 2018).  

 

2.16.4. Thermogravimetric analysis (TGA) 

2.16.4.1. TGA Utilization 

This is an inquisitive method in which the mass of a specimen is quantified over time while 

observing the temperature changes. TGA detects the weight change that transpires when the 

compound is exposed to heat at a constant rate. After pretreatment, it is used to evaluate 

biochemical constituents such as lignin, cellulose, hemicellulose of beech wood, alkaline, lignin, 

and switch grass (Brittain, 2020).  

In this method, a nanomaterial specimen is heated and its constituents with various 

degradation temperatures leading to vaporization and degrading of the component, thus resulting 

in a mass change. The new temperature and the decrease in mass are taken into account by the 

TGA equipment. In addition, the beginning specimen mass recorded and the category and amount 

of the Nanoparticles organic ligands are also established (Mourdikoudis et al., 2018). 

2.16.4.2. Technique Implementation 

TGA was utilized to characterize metal ion-imprinted polymers in the synthesis and 

characterization. The TGA thermograms were able to detect thermal degradation characteristics in 

the polymers. The observation showed that the control polymer (without metal ion) and the 

percolated IIP polymers had a one-step thermal disintegration process. On the other hand, the 

unleached IIP polymers had a two-step thermal disintegration process. These findings signified 

that leaching is an effective process in removing IIP polymers metal ions. Moreover, the unleached 

polymer has elevated temperature levels compared to leached polymers. This is attributed to the 

metal ion concentration (Işıkver & Baylav, 2018). 
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2.16.5. Energy Dispersive X-Ray Analysis (EDX) 

2.16.5.1. EDX Utilization 

EDX is a curious technique used to inquire about the constituents of solid materials (Titus 

et al., 2019). The information created by the EDX evaluation encompasses the spectra that display 

peaks that help in establishing the true constituents of the specimen being evaluated (Girão et al., 

2017). 

X-rays have elevated energetic photons, which can be attributed to the electronic 

transference that occurs in the atoms of a selected specimen due to an applied incident electron 

beam. To characterize the polymer, the incident electron comes into contact with the sample's 

atoms and strikes out an electron from the K-Shell of the sample, thus resulting in a vacancy in the 

shell. If an electron from a different shell occupies the hole, then x rays are emitted. The effused 

electron spectrum released by the sample dispenses both theoretical and mathematical information, 

thus enabling the exposure of the elements located in the sample (Girão et al., 2017). 

2.16.5.2. Technique Implementation 

Energy dispersive spectroscopy was used in examining the structure and electrochemical 

performance of the composite Li4Ti5O12/Cu2O. After applying elevated heat levels, the composite 

was initially formed by ball grinding Li4Ti5O12 and Cu2O. The results showed that the 

Li4Ti5O12/Cu2O composite displayed elevated rates of capability and increased volume power 

compared to Li4Ti5O12. The effluent volume of the composite was found to be at a 2 °C rate, which 

sharply raised to 122.4-mAh g-1 after 300 cycles. The composite also had a volume retention of 

91.3%, which was quite elevated compared to Li4Ti5O12 (89.6 mAh g−1) (Babu et al., 2017). 
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2.16.6. Zeta Potential 

2.16.6.1. Zeta Potential Utilization 

The physical attributes of nanoparticles and suspension highly depend on the essence and 

degree of the particle liquid surface. The characteristic of aqueous dissemination between the 

particles and liquid is certainly delicate to the ionic and electrical formation of the interface. The 

zeta potential is a variable that quantifies the electrochemical equipoise at the particle liquid 

surface. It computes the immensity of the electrostatic repulsion or attraction between the particles 

(Mourdikoudis et al., 2018). 

Zeta potential utilizes two techniques: electrophoretic light scattering and electroacoustic 

determination. It is a crucial measure of the sturdiness of colloidal dispersions. To characterize 

polymers, elevated positive and negative charged molecules are inclined to repel each other. These 

results in sturdy colloidal solutions, which display a minimal tendency to agglomerate. These 

elevated charged molecules are associated with pH values distant from the "isoelectric point" of a 

solution. This refers to the pH of the solution being zero at the zeta potential (Mourdikoudis et al., 

2018).  
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3. METHODOLOGY: 

3.1. Lithium Ion-Imprinted Polymer Preparation (Li-IIP) 

The precipitation polymerization technique was done using the method developed by 

Hashemi et al. (2016) methodology with some modification to prepare lithium IIP (Fig. 7). 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 LiClO4 dissolved in it for 20 minutes at room temperature and sonicated with an ultra-

sonicator (Grant XUB series, digital ultrasonic bath). Then 792.9 mg ethylene glycol 

dimethacrylate (EGDMA) (Crosslinker), 128.17 mg tertbutyl acrylate (monomer), and 25 mg of 

potassium persulfate were mixed with the previous solution and sonicated at again 25oC. It was 

then purged with N2 for 10 minutes, sealed, and thermally polymerized in an oil bath at 65°C for 

24 hours. Following 24 hours, 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.  
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Figure 7: Scheme of lithium ion-imprinted polymer synthesis.  

 

3.2. 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) (NovaTM Nano SEM 450 – FEI), transmission electron 
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microscopy (TEM) (TEM TECNAI G2, TF20 – FEI), Fourier-transform infrared 

spectrophotometer (FTIR) (PerkinElmer, spectrum range: 400 cm-1 to 4000 cm-1), and X-ray 

diffraction (XRD) (Empyrean XRD platform and PIXcel1D detector). Specific surface area and 

pore size distribution were determined by 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 photoelectron spectroscopy (XPS) 

(Ultra DLD XPS Kratos) was used to quantify the surface composition of the polymer.  

 

3.3. Optimizing the experimental conditions   

To optimize the adsorption batch experimental conditions, stock solutions of lithium (100 

ppm) and strontium (100 ppm) ions were prepared. Then, the optimized experimental conditions 

were applied to the real brine sample. 

 

3.3.1. 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 values solution with continuous shaking for 24 hours, the solution was filtrated 

after adsorption, and both the treated solution and the IIP were preserved separately for further 

testing. 

 

3.3.2. Effect of concentration 

To investigate the effect of initial ions concentration on the adsorption processes, the stock 

solutions of Li+ and Sr2+ were prepared to different concentrations, namely (0 (control), 5, 15, 30, 

45, 60, 75, 90, 100 ppm or mg/L). 10 mg of IIP was added to 30 ml from each diluted solution 
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with continuous shaking for 24 hours, the solution was filtrated after adsorption, and both the 

treated solution and the IIP were preserved separately for further testing. 

 

3.3.3. Effect of Temperature 

To test the effect of solution temperature on the adsorption experiment, the adsorption 

experiment was done at different temperatures (25°C, 35°C, and 45°C). 10 mg of IIP was added 

to 30 mL solution with continuous shaking in an incubator shaker (Shel-lab SSI10R-2, Orbital-

Shakin) for 24 hours under different temperatures, the solution was filtrated after adsorption, and 

both the treated solution and the IIP was preserved separately for further testing. 

 

3.3.4. Verifying the optimized experimental conditions   

The concentrations of Li+ and Sr2+ were tested using inductively coupled plasma (ICP) 

(ICP-OES Optima 7300 DV – PerkinElmer) to find out the amount of lithium and strontium 

adsorbed under different conditions and to decide the optimum conditions for the following 

experiments.  

 

3.4. Isotherm Models 

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

equations:  

 

Langmuir model: 𝑄𝑒 =
𝑄𝑚 𝑏 𝐶𝑒

1+𝑏 𝐶𝑒
        (6) 

Where Qe is the amount of metal adsorbed per gram of adsorption (mg/g), Ce is the 

equilibrium concentration of adsorbate (mg/l), Qm is maximum adsorption capacity (mg/g) 
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(constant), and b is Langmuir constant. 

 

Freundlich model: 𝑄𝑒 = 𝐾𝑓 𝐶𝑒
1

𝑛⁄        (7) 

Where Qe is the amount of metal adsorbed per gram of adsorbate at equilibrium (mg/g), Ce 

is the equilibrium concentration of adsorbate (mg/L), KF is Freundlich isotherm constant (mg/g), 

and n is adsorption intensity.  

 

Dubinin-Radushkevich model: 𝑄𝑒 = 𝑞𝑠 𝑒−𝐾 𝜀2
     (8) 

Where Qe 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  is Dubinin-

Radushkevich isotherm constant, which can be calculated by RT ln [1+
1

𝐶𝑒
 ], where R is the gas 

constant (8.314 J/mol K), T is the absolute temperature (K) and 𝐶𝑒 is the adsorbate equilibrium 

concentration (mg/l).  

 

Temkin model: 𝑄𝑒 =
𝑅𝑇

𝐵𝑡
ln(𝐴𝑡 𝐶𝑒)       (9) 

Where Qe amount of adsorbate in the adsorbent at equilibrium (mg/g), Ce - equilibrium 

concentration of the adsorbate (mg/l), 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 

absolute temperature (K). 

 

To fit the isotherm equation, some parameters should be calculated by linearizing the 

isotherm models. To linearize the isotherm models, Table 4 is used to draw the graphs of each 

model. Then from the linear plotting equation, the models' parameters are calculated as shown in 
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table 5. 

 

Table 4: Isotherm models linearization graph axis. 

The Isotherm Model  X-axis Vs Y-axis  

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

Freundlich isotherm model: ln(ce) (x-axis) Vs. ln(qe) (y-axis) 

D-R isotherm model: e^2 (x-axis) Vs. ln(qe) (y-axis) 

Temkin isotherm model: ln(ce) (x-axis) Vs. qe (y-axis) 

 

Table 5: Calculating the model parameters from the liner plotting equation. 

Model Langmuir Freundlich D-R Temkin 

Parameters Qm = 1/intercept n = 1/slop qs = e^intercept At = e^ intercept 

/ slop 

b = 1/slop*Qm Kf = e^intercept K = slop Bt = (RT/B) 

where B=slop 

 

3.5. Batch Desorption Experiment / Adsorption-Desorption Experiment  

The IIP previously dried and kept from the previous isotherm experiments 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 HNO3 with continuous shaking for 24 hours at room temperature. Using ICP, 

the eluted ions concentrations were measured. 

To calculate the recovered % 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: 

𝑅% =  
𝐸𝑙𝑢𝑡𝑒𝑑 𝑖𝑜𝑛𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐶𝑜−𝐶𝑒
 × 100      (10) 

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 3.3.2 and a second batch 
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desorption experiment. The difference between the adsorption capacities is used to evaluate the 

IIP regeneration performance.  

 

3.6. Batch Adsorption Experiment – real brine sample 

The following batch method was used to investigate the adsorption of Li+ ions and the 

selectivity toward Sr2+ ions by the prepared Li+ ion-imprinted polymers. 10 mg of IIP was added 

to 30 mL brine in the batch experiment. 0.5 mol/L HNO3 was used to keep the pH around the 

optimized pH. 

To calculate the adsorption removal percentage of IIP to adsorb lithium and strontium ions, 

the initial concentration (Co), and equilibrium concentrations (Ce) will be compared as follows: 

𝐴𝑅% =
(𝐶𝑜−𝐶𝑒)

𝐶𝑖
× 100        (11) 

The IIP particles' adsorption capacity (mg/g) in relation to the imprint metal ion will be 

determined as follows: 

𝑄𝑒 =  (𝐶𝑜 − 𝐶𝑒) (
𝑉

𝑚
)         (12) 

Where V is the volume of the brine (L), and m is the mass of the IIP used (g). 

 

3.7. Statistical Analysis 

The statistical analysis was generated using MINITAB statistical analysis software. Two-

way ANOVA was calculated using the temperature 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 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.  
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4. RESULTS AND DISCUSSION: 

4.1. 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.  

 

4.1.1. 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. Figure 8 shows the SEM images of the prepared 

polymer before adsorption and after adsorption of lithium and strontium showing their morphology 

at 5μm in 20.00 KX magnification. 

The SEM scans of the polymer revealed an irregular spherical shape of the polymer with a 

very regular porous and consistent surface structure of the IIP, with a rough and mound surface. 

On the surfaces of the polymers, 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 (Branger et al., 2013).  Long et al. )2016) refer that the polymer particles have 
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a spherical shape because of the mechanism of precipitation polymerization. In addition, Xu and 

Guo (2012) explain that the porous texture aids in increasing the adsorption superficial area and 

exposes the surface binding sites.  

The BET results show that the multi-point specific surface area (SSA) is 40.80 m2/g and 

Barrett–Joyner–Halenda (BJH) adsorption average pore radius is 4.83 nm. Compered to Al-Ajji 

and Al-Ghouti (2021) hazelnut shell adsorbent with 3.7 m2/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 m2/g 

SSA and a 9.5 nm pore radius size (Xu & Guo, 2012), which is double the Li IIP values. This 

could be due to the fact that Li+ is much smaller than Cu2+, 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 cobalt IIP and nickel IIP, where the IIPs had 74.94 m2/g and 89.04 m2/g SSA and 9.3 nm 

and 12.4 nm pore radius size respectively (Zhao et al., 2022; Zhao et al., 2021). This could be as a 

result of the fact that both Co2+ and Ni+2 are also bigger than Li+, where they have almost the same 

size as Cu2+. 

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. 8B), 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 
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unleached IIPs (Işıkver & Baylav, 2018). 

Because leached IIPs are 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 (Işıkver 

& Baylav, 2018). 

To investigate the microstructure of the IIP, a further step was taken by using the TEM. 

Figure 9 shows the TEM image of the pure IIP before adsorption, and after adsorption of Li+ and 

Sr2+. 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 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. 

 

Figure 8: SEM image of IIP (A) Before adsorption, (B) After Li+ adsorption, and (C) After Sr2+ 

A B C 
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adsorption. 

 

Figure 9: TEM image of IIP (A) Before adsorption, (B) After Li+ adsorption, and (C) After Sr2+ 

adsorption. 

 

4.1.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

The prepared ion-imprinted polymer was characterized using FTIR to study the adsorbent 

functional groups. Figure 10 shows the FTIR spectra were the adsorption due C–O stretch (alkyl-

substituted ether) (1140 cm-1), C–O bend  (aromatic ethers) (1250 cm-1), -CH3 (methyl) (1390 cm-

1), N-H stretch (Amide) (1459 cm-1), C=O stretch (Carbonyl) (1720 cm-1), C–H (aliphatic) strong 

alkane stretch (2993 cm-1), and normal ‘‘polymeric’’ OH stretch (broad) (3400 cm-1) were 

observed. 

The prepared Li+ ion-imprinted polymers spectra results were compared with the Li+ ion-

imprinted polymers prepared by Hashemi et al. (2016) FT-IR spectra. The spectrum shows closely 

similar functional groups, where they contain C=O stretch, C–O stretch, C–O bend, C–H stretch, 

-CH3 bend, and N-H stretch. 

B C A 
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According to Işıkver and Baylav (2018), the strong C–O stretching band at 1150 cm-1 

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-1 wavenumber 

was identified in all-metal ion-imprinted polymers, which was observed in the prepared IIP at 

wavenumber 2993 cm-1  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 (Işıkver & Baylav, 2018). 

Hashemi et al. (2016) study compared the unleached and the leached ion-imprinted 

polymer FT-IR spectra. The comparison shows that the leaching process does not affect the 

functional groups of the IIP, suggesting that the IIP is reproducible. In addition, in Işıkver and 

Baylav (2018) 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 (Fig. 10). 

A close interpretation of the spectra (Fig. 11) revealed that there are not many differences 

between the spectral features and the functional groups of the IIP before adsorption and after 

adsorption, except some changes in the transmittance percent of some 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-1 to 1500 cm-1), double bond region (1500 cm-1 to 2000 cm-1), triple bond region (2000 cm-1 to 
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2500 cm-1) and single bond stretch region (2500 cm-1 to 4000 cm-1). Figure 11 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 Sr2+. This indicates 

that the IIP after Sr2+ 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. 11A) and the double bond region (Fig. 11B), it was observed that the after Li+ 

adsorption peaks were shifted. The C-O stretch peak at 1140 cm-1, which appears because of the 

monomers in the polymeric structure bearing –COOH groups were shifted from 1140 cm-1 before 

adsorption to 1145 cm-1, and it was wider and less transmitted. 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-1 was also wider, less transmitted, and shifted from 1720 cm-1 before adsorption 

to 1723 cm-1 after Li+ adsorption. In the case of the C–H (Aliphatic), strong alkane stretch (2993 

cm-1), and Normal ‘‘polymeric’’ OH stretch (3400 cm-1) 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 

is smothered than the peaks after adsorption of both Li+ and Sr2+, and the after Sr2+ adsorption 

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 indicates that this small quantity affects the single bonds in 

opposite to the other bonds. 
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Figure 10: Fourier-transform infrared (FTIR) Spectrum of IIP. 
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Figure 11: FTIR spectra sub-regions major peaks (A) fingerprint region 1000 cm-1 to 1500 cm-1 (B) 

double bond region 1500 cm-1 to 1800 cm-1band (C) C-H (Aliphatic) strong alkane stretch 2800 cm-1 to 

3100 cm-1 and (D) Normal “Polymeric” OH stretch 3200 cm-1 to 3700 cm-1. 

 

4.1.3. 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 
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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 IIP (Fig. 12) shows 

similar patterns before and after adsorption, except for a few peaks at 2θ = 32.67, 36.15, 51.55, 

and 64.82 degrees. 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. (2015) studied the properties of the lithium powder. The XRD diffractogram of lithium samples 

shows peaks at 2θ = 32.67, 36.15, 52.16, 64.56, 64.84, and 65.02 degrees, 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 2θ = 31.08 degrees in the after Sr adsorption 

diffractogram, this can be corresponding to the small amount of strontium adsorbed by the IIP. 

Boanini et al. (2019) analyzed the XRD pattern of strontium in a study comparing strontium and 

zinc substitution in β-tricalcium phosphate. They found that the strontium showed a very intense 

peak at 2θ around 31 degrees. 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 Işıkver and 

Baylav (2018) for the nickel IIP and cobalt IIP experiments and in Behbahani et al. (2012) 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 corresponding 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 amorphous nature 



 

72 

(Işıkver & Baylav, 2018).  

Moreover, when the material is more amorphous it shows higher diffraction intensity 

(Yang et al., 2018), this can explain the fact that it can be noticed that the IIP before adsorption 

has a higher intensity, followed by the IIP after Sr2+ 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 Li+ 

occupy most of the imprinted binding sites, and the IIP after Sr2+ 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. 

13A) shows that the IIP is composed mainly of carbon, oxygen, and a trace amount of chloride. 

The element composition weight percentage in Table 6 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. 13B) 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. 13C) shows a very small peak 

corresponding to strontium, which means that the IIP was not able to adsorb strontium in the same 

efficiency of 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 lead to the availability of calcium ions as a competitor to be 
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adsorbed. 

Branger et al. (2013) mentioned the use of EDX spectroscopy to analyze polymers used to 

adsorb Cu(II) 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 the 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 electrospun nanofibrous mat of functionalized 

polyacrylonitrile (FPANFM) (Hassanzadeh et al., 2018), the EDX spectroscopy analysis was used. 

It was characterized the 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/SiO2 

In the third spectroscopy analysis, the XPS spectrum of the IIP before adsorption (Fig. 

14A) shows that the IIP is composed mainly of carbon and oxygen. The XPS surface quantification 

of the IIP is shown in table 7. 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. 14B) 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. 14C) is not showing any 

peak corresponding to strontium, which means that the IIP was not able to adsorb strontium in a 
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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 (Wang et al. 2019). Their results showed 

that bromine was found in a trace amount after leaching it from the IIP, revealing that roughly all 

of the imprinting sites on the surface of polymers were successfully imprinted, and polymer 

leaching was successful. 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 superior 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. 
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Figure 12: XRD diffractogram of IIP before adsorption and after adsorption. 

  

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5 15 25 35 45 55 65 75 85 95

In
te

n
si

ty
 (

C
o

u
n

ts
)

2Thera (°)

Before adsorbtion (Leached) After Li adsorbtion (unleached) After Sr adsorption (unleached)



 

76 

 

Figure 13: EDX spectra of IIP (A) Before adsorption, (B) After Li+ adsorption and (C) After Sr+2 

adsorption. 
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Table 6: EXD element composition of the IIP. 

Element  Wt % At % 

C 73.27 79.00 

O 25.30 20.48 

Cl 1.43 0.52 

Total  100.00 100.00 
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Figure 14: XPS spectra of IIP (A) Before adsorption, (B) After Li+ adsorption and (C) After Sr+2 

adsorption. 
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Table 7: XPS surface quantification of the IIP. 

Element  Mass Conc. % Atomic Conc. % 

C 69.96 75.02 

O 29.28 23.58 

Li 0.76 1.40 

Total  100.00 100.00 

 

4.2. 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 8 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 between 8 to 

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. (2021) that the salinity of the brine 

was more than 160% higher than the seawater standard salinity. The conductivity 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. (Zhong et al., 2022). As a result, a high water 

conductivity is a result of a high ion concentration. Thus, as the principle 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. 15) 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 Figure 15. The 

analyzed trace metals include copper (Cu), zinc (Zn), iron (Fe), sodium (Na), potassium (K), 
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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 analyzed 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 process utilized, as well as the chemicals used, and the geological context of the 

region all impact the concentration composition of trace metals in brine (Loganathan et al., 2017). 

As noticed that strontium and lithium are present in a higher concentration. 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 higher concentrations (Onwuka 

et al., 2019), and the comparatively high proportion of lithium in brine, assures the fact that seas 

are key lithium reservoirs across the world (Son et al., 2021). 

 

Table 8: Physical and chemical characteristics of SWRO brine. 

pH Salinity (ppt) TDS (g/L) Conductivity (mS/cm) Reference 

7.89 61.7 67.64 91.56 current study 

8.2 39.2 NR NR (Frank et al., 2017) 

10 NR 69.17-72.36 88-132 (Bindels et al., 2020) 

8 NR 30.73 77 (Nguyen et al., 2017) 

8.17 NR 71.827 11.204 (Son et al., 2021) 

8-8-12 NR 58.85 NR (Naidu et al., 2018) 
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Figure 15: Elemental compositions of the SWRO brine according to ICP-OES analysis. 

 

4.3. Effect of pH 

pH is among the most pertinent factors impacting the adsorption rate of various metal ions 
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2008). 

Işıkver and Baylav (2018) 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. (2012) 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 protonated active sites of the sorbent with 

the positively charged metal species. 

 

 

Figure 16: Effect of pH on the IIP adsorption removal % toward (A) Lithium and (B) Strontium. 
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at 25oC, 35oC, and 45oC. In each experiment, eight different initial concentration (5, 15, 30, 45, 

60, 75, 90, and 100 ppm) was used for both lithium and strontium, and all the solutions were 

adjusted to pH 10.  The results in Figure 17A show that as the initial concentration of Li+ increase, 

the adsorption capacity of the IIP increase, this shows a positive correlation between the Li+ 

concentration and the adsorption capacity. Huang and Wang (2019) recovered lithium using IIP 

loaded on pretreated 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. (2015) in their experiment, it was established 

that the adsorption capacity is directly proportional with the concentration of the Li+ ions, for a 2.5 

mmol/L – 45 mmol/L concentration range. 

Unlike the Li+ adsorption, the Sr2+ adsorption (Fig. 17B) did not show a linear correlation 

between the initial concentration and the adsorption capacity of IIP, this was expected as the ion-

imprinted polymer was tailored to have selectivity toward Li+ only and not for Sr2+. This means 

that the Sr2+ uptake is not consistent and it could be adsorbed at different temperatures and 

concentrations. Işıkver and Baylav (2018) 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.  

Figure 18 shows the influence of temperature on the adsorption capacity of IIP on Li+ and 

Sr2+. The adsorption of Li+ on IIP favored endothermic conditions. In general, the increase in 

temperature also increased adsorption capacity. For example, at 45 ºC the equilibrium 

concentration is 3 mg/L of Li+, as compared to 3.2 mg/L of Li+ at 25 ºC and 3.67 mg/L of Li+ at 

35 ºC, which means that less concentration of Li+ is left unadsorbed at 45 ºC. According to Al-Ajji 

and Al-Ghouti (2021), an increase in adsorption capacity can be due to the increase in the diffusion 
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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. On 

the other hand, strontium adsorption is irregular, this can be as a result of the expansion behavior 

of the crown, which allows the strontium ion to get in 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.   

 

 

Figure 17: Effect of initial concentration on the adsorption capacity of the IIP toward (A) Lithium 

initial concentration and (B) Strontium initial concentration. 
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Figure 18: The correlation between the IIP adsorption capacity and equilibrium concentration of 

(A) Lithium and (B) Strontium. 
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at 45°C. Likewise, the Freundlich isotherm R2 values at the different three temperatures were also 

0.99, adding the possibility that the experiment could be explained as a Freundlich isotherm. In 

contrary 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 (Kf) was also rising as the temperature rise from 89.14 

(mg/g)/(g/L)1/n at 25°C to 97.55 (mg/g)/(g/L)1/n at 45°C. Dubinin-Radushkevich and Temkin was 

not a favorable model to describe the adsorption behavior of the IIP, as the R2 values were much 

lower than Longmire and Freundlich, ranging between 85 and 89. Branger et al. (2013) 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 

concentration. This model was employed in Fasihi et al. (2011) uranyl IIP adsorption isotherm and 

Daniel et al. (2005) palladium (II) IIP. However, nowadays, this model is less popular than 

Langmuir and Freundlich's model independently. 

Figure 20 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 

suggesting that the IIP adsorption behavior is multilayer adsorption, where Freundlich model does 

not have the restriction of the monomolecular layer. This was expected from the TEM image (Fig. 

9B) in section 4.1.1, 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 (2019) was following the Langmuir 
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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 pretreated vermiculite, 

which could be the reason behind the differences in the adsorption behavior. On the other hand, 

an IIP selective for Br(I) was following Freundlich model adsorption behavior much better than 

Langmuir and Temkin isotherm model behavior (Wang et al., 2019), While Hassanzadeh et al. 

(2018) Cr(VI) IIP was following Temkin model, which suggests that reversible heterogeneous ion 

adsorption are happening on the IIP surfaces. 

Figure 21 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 mechanism 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 involves weak Van der Waal forces, and it is a naturally reversible mechanism. The 

third adsorption mechanism is aggregates adsorption, where in this mechanism there is a particle-

particle interaction between the adsorbate themselves and particle-surface interaction between the 

adsorbent and the adsorbate.    
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Figure 19: Linearizing graph for the isotherm models under different temperatures (A) Langmuir 

(B) Freundlich (C) D-R and (D) Temkin model. 

 

 

 

 

y = 0.0128x - 0.0014
R² = 0.9953

y = 0.0114x - 0.0005
R² = 0.995

y = 0.0107x - 0.0004
R² = 0.9998

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 2 4 6 8

1
/Q

e

1/Ce

Langmuir model

25C

35C

45C

y = 1.0352x + 4.4902
R² = 0.9969

y = 1.0216x + 4.5412
R² = 0.9929

y = 1.0113x + 4.5804
R² = 0.9993

0

1

2

3

4

5

6

7

-3 -2 -1 0 1 2

ln
(Q

e)

ln(Ce)

Freundlich model

25

35

45

y = -1E-07x + 5.3276
R² = 0.8974

y = -1E-07x + 5.2899
R² = 0.8476

y = -1E-07x + 5.3062
R² = 0.8767

0

1

2

3

4

5

6

0 10000000 20000000 30000000

ln
(Q

e)

e^2

Dubinin-Radushkevich model

25

35

45

y = 95.035x + 133.58
R² = 0.8754

y = 95.248x + 138.08
R² = 0.8928

y = 92.944x + 141.95
R² = 0.8753

-100

-50

0

50

100

150

200

250

300

350

-3 -2 -1 0 1 2

Q
e

ln(Ce)

Temkin model

25C

35C

45C

A B 

C D 



 

89 

Table 9: Adsorption isotherm constants of IIPs under different temperatures. 

Model Langmuir Freundlich D-R Temkin 

25 °C R2 = 0.99 R2 = 0.99 R2 = 0.89 R2 = 0.88 

Qm = 714.3 n = 0.97 qs = 206.44 At =4.08 

b = 0.109 Kf = 89.14 K = -0.0009 Bt = 26.08 

35 °C R2 = 0.99 R2 = 0.99 R2 = 0.85 R2 = 0.89 

Qm = 2000 n = 0.98 qs = 198.34 At = 4.26 

b = 0.044 Kf = 93.80 K = -0.0009 Bt = 26.90 

45 °C R2 = 0.99 R2 = 0.99 R2 = 0.88 R2 = 0.88 

Qm = 2500 n = 0.99 qs = 202.35 At = 4.61 

b = 0.037 Kf = 97.55 K = -0.0009 Bt = 28.46 
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Figure 20: IIP adsorption isotherm at (A) 25°C (B) 35°C (C) 45°C. 
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Figure 21: Adsorption mechanisms of IIP. 

 

4.6. Desorption recovery and Desorption-Adsorption study  

The ions adsorbed on the used IIP from the previous isotherm experiments were desorbed 

by leaching using 0.5 mol/L HNO3 to evaluate the possibility to recover ions from the IIP. Figure 

22 shows the recovered ions % that was adsorbed on the IIP. The Li+ desorption results (Fig. 22A) 

show that 94.03% - 94.71% of the ions were recovered, while the Sr2+ desorption results (Fig. 22B) 

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 mean that some ions were directly, lost with the IIP. Overall, the 

recovered percentage is considered high for both Li+ and Sr2+. In an experiment that was done by 

Al-Ajji and Al-Ghouti (2021), hazelnut shell adsorbent and nano-adsorbents were repeatedly used 
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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 adsorbent as economic and ecofriendly.  

Figure 23 shows the IIP regeneration performance using different initial 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 adsorption-desorption cycles, it can be observed that the difference between cycle 

1 adsorption capacity and cycle 2 adsorption capacity decreased between 1.37% - 1.54%. It is also 

noticed that as the Li+ initial concentration increased, the difference between the adsorption 

capacities increased. This could be as 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-use; the IIP upholds a 

memory effect and strong structure (Işıkver & Baylav, 2018). 

An ion-imprinted microporous membrane to adsorb lithium was prepared by Sun et al. 

(2017), and it was used for 6 times adsorption-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 (2019) 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+.  
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Figure 22: IIP ions desorption recovery efficiency of (A) Lithium, and (B) Strontium. 
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Figure 23: IIP regeneration performance of 2 adsorption-desorption cycles at 25°C and pH10. 
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Looking at the adsorption capacity of the IIP (Fig. 25), 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 previous results of the synthetic solution (Fig. 17) and with the results of Luo et al. (2015) 

IIP used for Li+ recovery from wastewater, where the Qe was rising as the Li+ concentration 

increased until it reaches a concentration around 700 mg/L and it gets saturated. Likewise, the 

correlation between the IIP adsorption capacity and equilibrium concentration of Li+ (Fig. 26A) 

was a positive linear correlation, while the correlation for Sr2+ (Fig. 26B) was a random correlation 

without any consistency. This insures that the IIP Qe is highly affected by the ions concentration 

of the ion that the IIP was prepared to selectively adsorb it.  

 

 

Figure 24: IIP adsorption removal% of lithium and strontium from SWRO brine using different 

brine : distilled water dilution ratios. 
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Figure 25: Adsorption capacity of the IIP toward lithium and strontium from SWRO brine using 

different brine : distilled water dilution ratios. 

 

 

Figure 26: The correlation between the IIP adsorption capacity and equilibrium concentration of 

(A) Lithium and (B) Strontium from SWRO brine. 
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4.8. Statistical Analysis  

The 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 10 shows the factors information that was used to calculate the analysis of 

variance (ANOVA) of Qe versus Temperature and Concentration for both Li+ and Sr2+ adsorption 

isotherm experiments (Table 11). The ANOVA test is used to check the significance of the factor 

effect by checking the P (probability) value. P-value <0.01, <0.05, or >0.05 indicate that the factor 

is highly significant, significant, or not significant, respectively. The ANOVA of the Li+ adsorption 

experiment shows that the temperature p-value = 0.092, which indicates 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 

capacity 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. However, 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 

of 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 12 shows the Li+ adsorption experiment means grouping information, it can be 

noticed clearly that each initial concentration from the different temperatures shares the same 

group (same letter). Which again insure that the concentration is a significant factor while 
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temperature did not affect the means. On the other side, the Sr2+ adsorption experiment means 

grouping information (Table 13) did not show any specific trend behind the grouping distribution. 

For example, means sharing group B are from 5 different initial concentrations of Sr2+ (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 Sr2+ 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 interaction of 

the different factors together on the Qe. The results of this factorial plot are just additional evidence 

to assure the previous outcomes. Figure 27 shows the factorial plots of the Li+ adsorption 

experiment for Qe, where the main factors plot (Fig. 27A) 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. 27B) 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 temperature changes. On the other hand, Figure 28 shows the 

factorial plots of Sr2+ adsorption experiment for Qe, where the main factors plot (Fig. 28A) 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. 28B) it 

is obviously 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. 
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Table 10: Factors information. 

Factor Type Levels Values 

Temperature Fixed 3 25, 35, 45 

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

 

Table 11: Analysis of Variance (ANOVA). 

Source DF Adj SS Adj MS F-Value P-Value 

Li+ adsorption experiment 

Temperature 2 1 0.5 2.64 0.092 

Concentration 7 427896 61128.1 353062.25 0.000** 

Temp. x Conc. 14 6 0.4 2.48 0.024* 

Error 24 4 0.2   

Total 47 427908    

Sr2+ adsorption experiment 

Temperature 2 4049 2024.52 39.97 0.000** 

Concentration 7 12253 1750.42 34.56 0.000** 

Temp. x Conc. 14 9218 658.42 13.00 0.000** 

Error 24 1216 50.65   

Total 47 26735    
* Significant, ** Highly significant. 

 

Table 12: Grouping information using the Tukey method and 95% confidence for Li+ adsorption 

experiment. 

Temp.*Conc. N Mean Grouping 

45 100 2 291.000 A 

25 100 2 290.400 A 

35 100 2 288.990 A 

35 90 2 261.792      B 

25 90 2 261.670      B 

45 90 2 261.643      B 

35 75 2 218.554          C 

45 75 2 218.430          C 

25 75 2 217.800          C 

35 60 2 175.131              D 

45 60 2 174.807              D 
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Temp.*Conc. N Mean Grouping 

25 60 2 174.222              D 

35 45 2 131.328                  E 

45 45 2 131.112                  E 

25 45 2 130.396                  E 

35 30 2 87.448                      F 

45 30 2 87.345                      F 

25 30 2 87.269                      F 

45 15 2 43.646                         G 

25 15 2 43.612                         G 

35 15 2 43.295                         G 

45 5 2 14.534                              H 

35 5 2 14.509                              H 

25 5 2 14.446                              H 
Means that do not share a letter are significantly different. 

 

Table 13: Grouping information using the Tukey method and 95% confidence for Sr2+ adsorption 

experiment. 

Temp.*Conc. N Mean Grouping 

35 90 2 92.8800 A             

35 60 2 67.0500 A B           

35 30 2 49.0050   B C         

45 90 2 44.8200   B C D       

25 100 2 43.9500   B C D E     

35 45 2 43.7400   B C D E     

25 90 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 

45 75 2 15.9750       D E F G 

45 60 2 15.1200         E F G 

25 75 2 14.6250           F G 

35 100 2 11.1000           F G 

25 30 2 10.6200           F G 

35 15 2 10.4625           F G 

45 15 2 8.3250           F G 

25 15 2 7.5600           F G 

45 100 2 6.4500           F G 

25 5 2 4.6725           F G 

35 5 2 4.1475             G 

45 5 2 3.0900             G 
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Temp.*Conc. N Mean Grouping 

25 45 2 2.6325             G 

45 45 2 2.4975             G 

35 75 2 0.7875             G 
Means that do not share a letter are significantly different. 
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Figure 27: Factorial plots of Li+ adsorption experiment for Qe (A) main factors plot and (B) 

interaction plots.  

A 
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Figure 28: Factorial plots of Sr2+ adsorption experiment for Qe (A) main factors plot and (B) 

interaction plots. 

B 

A 



 

104 

5. 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 ecologically 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 temperatures, to optimize the experimental 

conditions. 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 Sr2+ adsorption. The IIP was then characterized before adsorption 

compared to after adsorption of Li+ and Sr2+ 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 Li+ but not Sr2+, and it was following Freundlich 

isotherm model behavior. The used IIP was subjected to a desorption experiment and showed 

efficient ions 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 

equilibrium concentration were directly proportional for both the synthesized Li+ solution 
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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. 
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