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Abstract  

Dispersive micro-solid phase extraction (D-µ-SPE), particularly in the form of QuEChERS (quick, easy, cheap, 

effective, rugged, and safe), has emerged as a leading analytical method due to its minimal solvent use and high extraction 

efficiency. This review focuses on the application of ionic liquid-modified graphene oxide (IL-GO) as an advanced 

QuEChERS-compatible sorbent for pharmaceutical analysis in aqueous environments. The incorporation of ionic liquids 

(ILs) into GO enhances sorbent performance through synergistic interactions such as π-π stacking, hydrogen bonding, 

and electrostatic attraction have been described. Both covalent and non-covalent functionalization strategies are explored, 

along with their respective strengths, limitations, and stability. Parameters including pH, temperature, IL loading, and 

contact time are discussed in relation to extraction efficiency. This review also outlines the relevance of IL-GO to green 

chemistry and challenges in the application of IL-GO nanosorbents such as IL leaching and toxicity. Future directions 

include the use of covalently bound and biocompatible ILs to enhance sustainability and analytical reliability. IL-GO 

sorbents represent a promising highly efficient, green analytical method in environmental monitoring. 

 

Keywords: Ionic liquid, Graphene oxide, Sorbent, QuEChERs, Dispersive micro solid phase extraction, Pharmaceutical, 

Water samples  

 

Introduction 

Sample preparation or pre-treatment is an essential 

step in an analytical process. Inadequate sample pre-

treatment can cause loss of analyte, sample 

contamination and other problems that may compromise 

the results of the research. The selection of sample 

preparation techniques could be based on initial capital 

cost, operating charges, ease of procedure, the necessity 

for organic solvent and the expected results from the 

selected extraction method. Over the past 20 years, the 

QuEChERS (quick, easy, cheap, effective, rugged, and 

safe) method has been developed to simplify sample  

 

preparation method. The first innovation was initiated 

by Michelangelo Anastasiades and his co-workers in 

2003 using dispersive solid phase extraction (DSPE) to 

increase method selectivity in determining pesticide 

residues in fruits and vegetables [1,2]. Due to the 

encouraging performance of this method, the 

implementation of DSPE had been utilized for other 

type of samples such as environmental, bioanalytical 

and agroalimentary samples [3]. The great potential of 

DSPE was later expanded by using low amount of 

sorbent (in µg or mg range). This method is called 
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dispersive micro-solid phase extraction (D-µ-SPE) or 

also referred to as dispersive solid phase microextraction 

[1]. While DSPE sorbent trapped interferences to ensure 

efficient clean up, D-µ-SPE works the other way. The 

D-µ-SPE sorbent interacts with the targeted analytes to 

enrich and extract the analytes from samples, 

performing simultaneous clean up and enrichment steps 

[4]. Compared to the DSPE method, this method offers 

faster and simpler operation, consume less hazardous 

solvents, and produce high recoveries of analytes [4]. 

For decades pharmaceutical drugs have been 

extensively utilized to treat various types of illnesses 

and ailments [5]. While various pharmaceutical 

breakthroughs have benefited the healthcare sector, it is 

also concerning that medicinal wastes could pose 

detrimental effects on human wellbeing as well as the 

ecosystem, even in trace concentration. These 

micropollutants find its way into water bodies through 

domestic and municipal effluent [6]. Although the 

concentration of pharmaceutical residues released into 

water bodies may be in small concentrations, its 

continuous discharge may lead to its permanent 

existence, also referred to as “pseudo-persistent” [7]. 

Pharmaceuticals are typically polar, non-volatile, 

designed to be robust and stable to preserve its 

therapeutic properties [8]. With the present limitation of 

wastewater treatment plants in degrading and removing 

these recalcitrant compounds, the elimination of 

pharmaceutical pollutants in environmental water is a 

huge challenging [5]. 

In D-µ-SPE method, several conditions need to be 

considered to ensure the sorbent is compatible with the 

matrix, extraction technique, and analyte polarity. The 

sorbent should be readily dispersible in the matrix to 

avoid operational difficulties such as agglomeration, 

floating over the surface, and sticking on the vial [4]. 

Other factors to be considered include high surface area 

and high sorption capacity to ensure that rapid sorption 

and elution of the analytes, good selectivity, excellent 

physical and chemical stability, reusability, low cost, 

and non-toxicity are achieved [4,9]. 

Graphene has received substantial attention since 

its first isolation in 2004 [10]. It has been extensively 

exploited in various fields of applications including 

analytical extraction [4]. Graphene is known as the 

thinnest and strongest material that ever exists, up to this 

date, and showed excellent performance upon its 

application as sorbent in sample preparation[11]. 

Graphene possesses a relatively large and delocalized π-

electron which serves as the binding attributes to target 

pollutants. Its superior physicochemical properties, 

compared to other conventional adsorbent provide 

advantages in improving nanosorbent design. These 

include its high specific surface area, low temperature 

modification, abundant sorption sites, good regeneration 

capacity and reusability [12]. However, the lack of 

oxygen containing groups in the structure of graphene 

limits its application in water samples. Thus, its 

derivative, graphene oxide (GO) becomes an alternative. 

GO is compatible to polar medium, such as water, while 

at the same time maintains the physical performance of 

graphene [13]. 

GO occupies different oxygen-containing 

functional groups such as hydroxyl, carbonyl, and 

epoxide, making it more stable and dispersible in water 

as compared to graphene [10]. With the merit of high 

surface area, the presence of these functional groups 

enhances the adsorption capacity of GO through the 

sorbent-sorbate interactions on the active sites. One of 

the advantages in using GO for the remediation of a wide 

range of pharmaceuticals in water samples is its 

versatility in terms of modification. This approach is 

utilized to increase the selectivity of sorbent in targeting 

specific contaminants [14]. Another advantage is it 

comes from renewable sources, in abundance and at low 

cost. High yield of GO can be obtained by the oxidation 

of graphite using inexpensive materials like strong acids 

and potassium permanganate which can be readily 

scaled up for bulk production. Furthermore, the 

robustness of GO that comes from its high stability can 

compensate with the harsh treatment conditions such as 

intense pressure and high temperatures [15]. 

However, the weakness of GO is the tendency to 

form irreversible aggregation in aqueous surroundings. 

In the effort to further improve the functionality of GO, 

and mitigating this weakness, suitable ionic liquids are 

employed [16]. The functionalization of GO with IL is 

tailored to complement both materials. Hence, 

enhancing the physicochemical properties of GO to be 

applied on various applications. This modification has 

led to the development of advanced materials with 

improved sensitivity and selectivity, high stability for 

various analytical applications, high dispersibility in 
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aqueous sample matrices, and excellent sorptive 

performance. 

ILs are non-molecular solvents composed entirely 

of ions that remain in the liquid state at ambient 

temperature. This innovative material has emerged as 

versatile and significantly improved sample preparation, 

separation, and detection processes. This is owing to its 

distinct physicochemical properties, such as being 

negligible to vapor pressure, possess high thermal and 

chemical stability, low flammability, and tunable 

polarity [17]. Researchers have designed their ILs 

according to their applications. This involves combining 

a large variety of anion/cation to achieve tunable 

physicochemical properties, and specific for a particular 

application [18]. It allows researchers to optimize 

selective extraction or separation of targeted 

compounds, including pharmaceutical residues, 

endocrine-disrupting chemicals, and heavy metals [19]. 

One example is the imidazolium-based IL which have 

been the most extensively studied, and are synthesized 

through a 2-step’s procedure: (1) a quaternization 

reaction which involves the formation of a quaternary 

nitrogen (i.e. imidazolium) cation via a nucleophilic 

substitution reaction between imidazole derivative and 

an alkyl halide; and (2) an anion exchange, wherein the 

initial anion is substituted by a desired anion using an 

appropriate inorganic salt [20]. 

The remarkable performance of ILs can be 

attributed to their strong solvation capabilities, 

combined with adjustable viscosity and polarity [19]. 

These result in excellent extraction efficiency, improved 

analyte recovery, and reduced matrix interferences in 

complex environmental or biological samples [21]. 

These features have been enhanced in the application of 

ILs as extractants or modifiers in liquid-liquid 

microextraction (LLME), solid-phase extraction (SPE), 

as well as D-μ-SPE. 

According to Jon et al. [14], IL-functionalized 

sorbents not only have an increased surface area and 

active sites, but their selectivity is also improved by 

interactions such as electrostatic attraction, hydrogen 

bonding, and π-π stacking. This has greatly aided the 

advancement of IL-modified sorbents for trace-level 

detection of emerging pollutants in environmental 

matrices. 

Despite showing good results, research on the 

application of GO-based sorbent in D-µ-SPE technique 

to remove pharmaceutical pollutants from water 

samples is still in its early stage. More research is needed 

to optimize the utilization of GO as a promising sorbent 

for remediation of pharmaceutical pollutants. In 2019, 

Maciel et al. published a review emphasizing the recent 

advances on sorbent development that were applied to 

all miniaturized sample preparation techniques [22]. The 

review highlights innovative sorbent materials namely 

ionic liquids, graphene and its derivatives, 

immunosorbents, restricted access materials (RAMs), 

molecularly imprinted polymers (MIPs), and 

molecularly imprinted monoliths (MIMs) [22]. 

However, it only provides brief information on the 

functionalization of GO sorbent. Hence, the summary on 

the utilization of functionalized GO intended for 

remediation of pharmaceutical pollutants in water 

samples is still scarce. To the best of our knowledge, this 

is the first review article that focuses on the ionic liquid 

(IL) modified GO-based sorbent for the application in 

removing pharmaceutical pollutants from various types 

of water samples such as wastewater, river, lake and tap 

water, using D-µ-SPE method. 

 

The occurrence and risk of pharmaceuticals in 

environmental water 

Pharmaceuticals are chemical compounds that are 

used for therapeutic, diagnostic, and preventive 

purposes in both human and animals [23,24]. As the 

world population increases, the diversity and production 

of pharmaceuticals have also increased. Medicines are 

produced in hundreds of tonnes annually to meet the 

increasing demand every year. During treatment, the 

prescriptions given to consumers are at high dosage to 

ensure effective biological response [25]. To sustain its 

therapeutic activities, pharmaceuticals are formulated to 

persist in the body for an extended period [8]. These 

drugs are rarely fully metabolized and will eventually be 

excreted from the body [6]. These compounds 

eventually enter wastewater treatment plants, where 

they undergo treatment before being released. 

However, due to the physicochemical properties of 

pharmaceutical compounds like high polarity and 

solubility, low volatility and high persistency, the 

removal of this compounds through filtration and 

chlorination implemented by treatment plants may not 

be effective [15]. Apart from body excretion, the 

contamination of pharmaceuticals also comes from 
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other sources such as hospital discharge, improper 

disposal of leftover and expired drugs, industrial 

effluent, landfill leachates, animal husbandry, and 

agricultural runoff [5,26]. 

The first attempt to detect pharmaceuticals in 

environmental water was made by Garrison et al. in 

1976, in the USA. Chlofibric acid was found in 

wastewater in the range of 0.8 to 2 µg L−1 [24]. A year 

later in 1977, Charles Hignite and his co-workers 

discovered that the concentration of 2-(4-

chlorophanoxy)-2-methylpropanoic acid (CPIB) and 

salicylic acid was still high in the effluent of sewage 

treatment plant in Kansas City [27]. Almost a decade 

later, Richardson and Bowron reported the presence of 

pharmaceutical contaminants in River Lee, London, 

with concentration of approximately < 0.1 µg L−1 [28]. 

In investigating the uptake of pharmaceutical 

compounds on crops, Malchi and co-workers performed 

a study using root vegetables irrigated by treated 

wastewater [29]. Since pharmaceutical residues are 

considered to have very low probability of risk to human 

health, the threshold of toxicological concern (TTC) was 

conducted to verify the toxic effects of the exposed 

crops. The TTC evaluation was based on the daily 

consumption of a person with regards to his body 

weight. Their findings showed that a health risk was 

suggested for the consumption of root crops irrigated 

with treated water as the TTC levels of lamotrigine and 

10,11-epoxycarbamazepine, an anti-epileptic drugs, in 

sweet potato and carrot surpass the threshold. The 

consumption of 2 carrots a day for an adult (70 kg) and 

half a carrot a day for a child (25 kg) would surpass the 

TTC level of lamotrigine. Meanwhile, the consumption 

of potato leaves by 90 g per day and carrot leaves by 25 

g per day surpass the TTC level of 10,11-

epoxycarbamazepine for a child (25 kg).  

Due to concern on the adverse exposure of 

pharmaceuticals through drinking water, de Jesus 

Gafney [30] performed a monitoring study involving 

250 samples of raw and drinking water from drinking 

water supply system in Lisbon. Out of 31 

pharmaceuticals investigated, 16 were quantified within 

a trace concentration range of 0.005 - 46 ng L−1 in raw 

water samples and 0.09 - 46 ng L−1 in drinking water 

samples. The occurrence of pharmaceutical residues in 

drinking water is the consequence of environmental 

water contamination. Thus, the passage of 

pharmaceutical residues that end up in drinking water 

needs to be clearly understood. Figure 1 shows the 

possible pathways of pharmaceutical residues into 

environmental water sources [31].
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Figure 1 The pathways of pharmaceutical residues occurrence in environmental water. 

 

Potential risks of pharmaceutical contaminants  

Pharmaceutical compounds are complex in 

structure and resistant to microbial degradation. They 

tend to partition into biological membranes and 

accumulate in fatty tissues of aqueous organism like fish 

and mollusks [32]. Over time, this bioaccumulation 

leads to biomagnification through the food chain, posing 

risks to higher trophic level organisms. The detrimental 

effects of pharmaceutical residues in the environmental 

ecosystem not only affects aquatic organisms, but also 

indirectly threatens human health. Despite their 

occurrence in trace concentrations, the potential for 

bioaccumulation of pharmaceutical residues in aquatic 

systems raises considerable concern regarding long-

term ecological impacts [33]. 

Bioaccumulation refers to the progressive 

accumulation of chemical substances, such as 

pharmaceuticals, within the tissues of organisms when 

the rate of uptake exceeds the rate of elimination. This  

 

 

process can result in increased concentrations of these 

compounds over time, particularly in aquatic 

environment. The bioaccumulation potential of 

pharmaceutical active compounds is commonly 

assessed using 2 metrics: the bioconcentration factor 

(BCF) and the bioaccumulation factor (BAF). While 

both serve to quantify the concentration ratio between 

an organism and its surrounding environment, BCFs are 

usually determined under controlled laboratory 

conditions and exclude dietary exposure, whereas BAFs 

incorporate all routes of uptake, including ingestion. In 

a study involving 113 pharmaceutical compounds, 

where a total of 231 BCF and 531 BAF were collected, 

the findings highlighted the significance of 

biotransformation processes as a critical exposure path. 

This can substantially contribute to the direct uptake of 

pharmaceutical residues from aquatic environments 

[34]. 

In an investigation on the bioaccumulation of 

fluoroquinolone antibiotics in various aquatic organisms 
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collected from rivers, lakes, and other surface waters by 

Shen et al. [35], fluoroquinolones, particularly 

ciprofloxacin and norfloxacin, were found present in 

multiple aquatic species, including fish, crabs, oysters, 

shrimp, and phytoplankton. These residues came from 

water bodies that reached their maximum 

concentrations, suggesting a significant bio 

accumulative potential of antibiotics in aquatic 

ecosystems. Table 1 lists the findings on the impacts of 

pharmaceutical waste contaminants to environmental 

water and its ecosystems.

 

Table 1 The impacts of pharmaceutical contaminants towards environmental water and its ecosystems. 

Pharmaceutical 

groups 
Risks Findings References 

Steroids 

Disrupt endocrine functions in 

aquatic organisms include: 

• blocking the synthesis of 

their endogenous homologs 

• blocking the synthesis of 

specific hormone target 

receptors 

• reproductive failure and 

population decline 

• mimicking the biological 

actions of endogenous 

hormones or antagonizing 

their effects 

Synthetic estrogen, EE2 (17α-ethinylestradiol) may 

induce feminization and intersex characteristics in fish. 

[36-40] 

 

Dexamethasone and clobetasol propionate show 

reproductive effects and immunosuppression in fish 

upon exposure to high concentration. 

[41-44] 

 

Masculinization in female fish after the exposure to 

beclomethasone dipropionate. 
[41] 

Cortisol, clobetasol propionate and prednisolone show 

to reduce muscle contractions, increase heart rate, 

accelerated hatching, and alter genetic expression. 

[41], [45-47] 

Antibiotics 

Induce stress responses in 

bacteria, promoting resistance 

gene selection. 

 

Reduce soil fertility, microbial 

imbalances, and 

bioaccumulation in crops. 

Long term exposure to ciprofloxacin or 

sulfamethoxazole exert selective pressure on microbial 

communities, promoting the emergence and horizontal 

transfer of antimicrobial resistance genes. 

[48-52] 

 

Carcinogenic and allergic effects on aquatic organism. [8], [53-55] 

Tetracycline gives toxic effects on the aquatic organism 

such as Microcystis aeruginosa, green algae (Chlorella 

vulgaris), and selenastrum capricornutum, by hindering 

the growth and the physiological process of the algae, 

leading to fatal damage to Microcystis aeruginosa. 

[8], [56] 

Tetracyclines and sulfonamides exhibit strong binding 

to soil particles and persist for an extended period, 

potentially affecting soil microbiota and plant uptake. 

[57-59] 

NSAIDS 

Chemically stable and can 

persist in surface waters, 

sediments, and soils. 

Histopathological damage in fish, such as gill and liver 

lesions. 
[60-62] 

Veterinary diclofenac caused a collapse in vulture 

populations through biomagnification. 

 

[63-65] 

Anti-depressant 

Selective serotonin reuptake 

inhibitors (SSRIs) disrupt 

neurotransmitter pathways in 

non-target aquatic organisms. 

Altered behaviour in fish by reducing predator 

avoidance and feeding activities due to fluoxetine 

exposure. 

[66-68] 

 

Reproductive impacts in aquatic invertebrates and 

vertebrates due to hormonal interference. 
[69-71] 



Trends Sci. 202x; xx(xx): xxxxx   7 of 27 

  

   

 Green microextraction techniques  

In recent years, the demand for better alternatives 

in the field of sample preparation has shown significant 

improvements to ensure more efficient analytical 

procedure that poses less adverse environmental impact. 

Although conventional methods can produce precise 

and reliable results, modifications are needed in 

advocating “eco-friendly” approaches.  

The initiative of green chemistry is designed with 

the aim to achieve a more environmentally benign 

chemistry that is economically viable, while 

safeguarding both humans and the ecosystem. This 

purpose is accomplished in accordance with the 12 

principles of Green Chemistry as illustrated in Figure 2.

 

 

Figure 2 The 12 principles of green chemistry. 

 

The development of alternative sample 

preparation techniques focuses on fulfilling certain 

criteria such as automation, improved sensitivity, better 

selectivity, and miniaturization. The miniaturization 

approach is the most indicative of green sample 

preparation in reducing the polluting effects posed by 

hazardous solvents to both humans and the environment.  

This becomes the primary reason scientists are 

consistently striving to implement more 

environmentally favorable techniques, which are 

aligned to the current theme of “Green Chemistry” [72]. 

While Green Analytical Chemistry (GAC) was 

initially tailored to promote sustainability in the 

chemical industry, there have also been concern towards 

the development of innovative analytical procedures 

that are environmental friendly without compromising 

with the core objective of analytical chemistry [73]. 

With regards to GAC, analytical procedure can be 

designed by considering 3 options: (i) solventless or 

nearly solventless extraction, (ii) substitution to a less 

harmful solvents, and (iii) implementation of extraction 
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aids (microextraction approach). Among the 3 options, 

the idea of solventless extraction is prioritized [74]. 

The application of microextraction techniques can 

achieve solventless extraction, which fulfills the first 

GAC principle (reduce waste) (Figure 2). Since the 

samples are susceptible to contamination during sample 

preparation, the utilization of small sample volume leads 

to waste reduction. The transportation and storage cost 

for small samples are also reduced, with potentially 

minimum hazard exposure to operators. During 

laboratory analysis, small samples require the 

implementation of highly sensitive instruments such as 

Ultra High-Performance Liquid Chromatography 

(UHPLC), which have shorter run time, thus consuming 

less chromatography solvents. This can result in waste 

reduction and an increase in sample output [75].  

Perrucci and co-workers investigated the trend in 

microsampling to understand the reduced-volume 

outcomes in miniaturization techniques of sample 

preparation [73]. Sample volumes ranging from 10 - 100 

µL achieved good linearity ranging from 0.0002 - 400 

µg mL−1. Their observation showed excellent 

performance of miniaturization sample preparation 

utilizing small sample volume.  

In another study by Salemi et al. [75], 4 standard 

analytical procedures which were based on classical 

SPE and LLE were compared, with 20 miniaturization 

extraction approaches [76]. The environmental impact 

of each method was evaluated using AGREEprep, a 

dedicated green metric tool for assessing the greenness 

of a sample preparation procedure. The findings clearly 

showed that all microextraction methods, without 

compromising their analytical performance were 

significantly better than conventional methods in terms 

of the amount of sample size used, waste produced, and 

hazardous chemicals consumed.  

 

Types of green microextraction   

The selection of an appropriate microextraction 

technique is governed by factors such as the 

physicochemical properties of the target analytes, 

matrix complexity, extraction kinetics, and the intended 

analytical application. These microextraction methods 

not only reduce the environmental footprint of analytical 

workflows but also contribute to greater operational 

efficiency and analytical reliability. These green 

microextraction techniques minimize the hazards of 

environmental impact contributed by analytical 

processes, while enhancing operational efficiency and 

analytical reliability. Two approaches available for 

sample preparation are solvent-based and sorbent-based 

extractions. 

i) Solvent-based extractions 

Solvent-based extractions are liquid-liquid 

extraction (LLE) related techniques which mainly use 

organic solvents to achieve analytical separation. The 

separation principle is driven by the polarity of both 

solvent and analytes. In accordance with “like dissolve 

like” concept, polar solvents are used to extract polar 

analytes, and vice versa. Some of the most prominent 

techniques under this category are liquid-liquid 

microextraction (LLME) and pressurized liquid 

extraction (PLE). 

LLME was first introduced by Jeannot and 

Cantwell in 1996, by applying a suspended microdrop at 

the tip of a gas chromatography (GC) syringe to extract 

analytes from the sample solution. The drop is made of 

a solvent that is water-immiscible, but analyte-selective, 

immersed in an aqueous solution. Once the extraction 

was completed, the microdrop was retracted into the 

needle and injected into the separation system [76]. 

PLE is an LLE-related technique which utilizes 

liquids at temperatures exceeding their boiling point as 

extracting solvents. The solvent is kept at their physical 

condition without transitioning to vapor by applying 

pressure. The pressurized solvent achieves a condition 

like supercritical fluids that are renowned for their 

excellent extraction efficacy. This approach was 

successful in reducing the extraction time from h to min 

[77].  

ii) Sorbent-based extractions 

Sorbent-based extractions are SPE-related 

techniques utilizing sorbent as solid phase, which attain 

intermolecular forces to bind analyte onto its surface. 

The separation is achieved by putting the sorbent into 

the sample containing targeted analyte, aided by 

physical forces for a certain time. The sorbent is then 

transferred into a desorption solvent allowing the 

targeted analyte to detach from the sorbent surface, 

assisted by temperature adjustment, pH, or agitation 

[78].  

Solid phase microextraction (SPME) is one of the 

most common SPE-related techniques established by 

Pawliszyn at Waterloo University in Canada in the 
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1990s. This solventless technique has become one of the 

most successful extraction methods due to its simplicity. 

SPME uses a silica rod fiber-coated with a thin film of 

stationary phase, where the separation of analyte occurs. 

The extraction is initiated by submerging in liquid 

matrix until equilibrium is achieved. The fiber is then 

retracted, and the syringe is transferred to the injector of 

the separation system for a simultaneous analyte 

desorption and chromatographic run [78]. 

DSPE is another well-known technique that was 

patented as “QuEChERS” shortly after its introduction 

in 2003. This approach involves dispersing the 

adsorbent material into the aqueous sample matrices, 

which significantly increases the contact surface 

between the adsorbent and analytes, resulting in better 

extraction yields. The adsorbent particles are 

subsequently isolated from the suspension using 

centrifugation. A suitable solvent is then used to elute 

the analyte. The supernatant is later collected and 

subjected to chromatography analysis [79]. 

 

QuEChERS and dispersive micro solid phase 

extraction (D-µ-SPE) 

The QuEChERS approach, which stands for 

“Quick, Easy, Cheap, Effective, Rugged, and Safe”, 

signifies a significant advancement in sample 

preparation techniques, especially for extracting trace-

level analytes from intricate matrices. First introduced 

by Anastassiades et al. [80], this technique has been 

revised and modified to be compatible with diverse 

extraction techniques for a variety of applications, 

including the extraction of pharmaceutical pollutants in 

complex environmental matrices such as soil, water, and 

biological fluids. The QuEChERS method’s simplicity, 

efficiency, and eco-compatibility complement the 

present requirement for GAC. 

The QuEChERS method consists of a 2-step 

procedure - solvent extraction implying salting-out 

partitioning, followed by DSPE clean-up. In the 

extraction phase, analytes are isolated from the sample 

matrix using appropriate solvent, with the addition of 

inorganic salts, such as magnesium sulfate and sodium 

chloride, which induces a salting-out effect. This effect 

reduces the solubility of analytes in the aqueous phase 

as well as reducing the co-extraction of polar matrix 

constituents, promoting their transfer into the solvent. 

The extraction is followed by the addition of sorbents 

for DSPE clean-up. In this step, residual matrix 

interferences will bind onto the sorbents, thereby 

improving the analytical selectivity and sensitivity of 

the final extract [3]. 

D-µ-SPE is a surface related method that partitions 

desired analytes from the sample medium onto the 

sorbent surface via adsorption mechanism. The basic 

principle of D-µ-SPE is by trapping the target analytes 

onto the sorbents and elution using appropriate solvent. 

The sorbent-sorbate interactions are established through 

π-π interactions, dipole-dipole, and hydrogen bonding, 

depending on the functional groups on the sorbent 

surface. Figure 3 shows the sample preparation 

technique utilizing D-µ-SPE.
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Figure 3 Sample preparation using D-µ-SPE technique for the analysis of aqueous sample. 

 

In D-µ-SPE, it is vital to understand the 

physicochemical properties of the sorbent to anticipate 

the sensitivity and accuracy of the extraction of desired 

analytes. Practically, a good solid sorbent should display 

rapid adsorption and desorption process, high capacity, 

high surface area and well scattering property in liquid 

mediums [1].   

Compared to conventional SPE method, the D-µ-

SPE method has advantages that fulfills the Green 

Analytical Procedure (GAP) requirement such as 

reduced solvent consumption, small sample volume (a 

few mL) and sorbent (several mg), shorter extraction 

and desorption time, high recoveries, low detection 

limits and wide linearity range [74]. This 

straightforward technique is also compatible with a 

variety of analytical detection instrument. This is 

because the elution step of analytes can be carried out 

using organic solvents for non-volatile or thermal 

desorption for volatile analytes.  

Recently, the QuEChERS method has been 

extensively combined with D-µ-SPE, implementing 

advanced sorbent like GO, IL-modified materials, and 

molecularly imprinted polymers (MIPs) to maximize the 

use of a miniaturized technique and simple sample 

preparation. From a green chemistry perspective, the 

QuEChERS–D-µ-SPE hybrid approach offers a 

sustainable alternative to conventional extraction 

methods as the consumption of hazardous organic 

solvents is reduced, sample and reagent volumes are 

minimized, and processing time is shortened, without 

compromising the analytical performance. Furthermore, 

its ease of automation and scalability makes it suitable 

for high-throughput environmental monitoring and 

routine quality control applications. Table 2 

summarizes the advantages of conventional SPE 

technique compared to QuEChERS–D-µ-SPE [79,81].

 

 

 

 

 

 

Sample 

loading 

Instrument 

analysis 

Desorption Extraction 
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Table 2 The comparison of SPE and D-µ-SPE techniques.  

Features SPE QuEChERS-D-µ-SPE 

Sorbent format Packed in a cartridges or disks. Fine powder or tiny particles dispersed 

directly into the sample. 

Matrix-sorbent 

interaction 

Sample matrix is passed through a 

stationary sorbent. 

Sorbent is dispersed within the sample matrix 

for direct interaction. 

Extraction efficiency Limited efficiency due to column packing 

and flow rate. 

Increased surface area and direct contact with 

sample matrix. 

 

Solvent usage Requires large volumes of solvents for 

conditioning, washing, and elution. 

Minimal solvent (almost solventless), 

making it more environmentally friendly. 

 

Extraction and 

desorption time 

Involve multiple steps (conditioning, 

loading, washing, elution) that requires 

longer time. 

 

Faster due to direct dispersion and 

adsorption. 

Equipment set-up Requires specialized cartridges, vacuum 

systems, or pressurized flow. 

Simple agitation tools (stirrer, vortex, 

centrifuge) or ultrasonic dispersion without 

complex equipment. 

 

Selectivity and 

sensitivity 

Good selectivity (depending on sorbent 

type and elution strategy) 

Enhanced selectivity through functionalized 

nanomaterials, thus enhancing instrumental 

analysis sensitivity. 

 

Cost Higher cost due to cartridge and solvent 

consumption. 

Lower cost due to minimal sorbent and 

solvent usage. 

 

Applications of QuEChERS method in 

pharmaceutical analysis 

Ever since its successful use in the extraction of 

multiresidue pesticides in food, QuEChERS has been 

extended to the detection of various contaminants 

including pharmaceuticals such as antibiotics, non-

steroidal anti-inflammatory drugs (NSAIDs), beta-

blockers, and hormonal compounds in complex 

environmental matrices. Pharmaceuticals are considered 

as pseudo-persistence compounds which are 

continuously released to the environment [7]. 

The determination of organic compounds is 

challenging due to their low concentrations (ng L−1 to 

µg L−1), high polarity, and structural diversity [82]. The 

QuEChERS approach eliminates these difficulties 

through a modular 2-step procedure that integrates 

acetonitrile-based extraction, complimented by DSPE 

clean-up. This facilitates the effective removal of co-

extractive interferences and enhances analyte recovery, 

even in matrices with high organic content or variable 

ionic strength [83]. 

The adoption of QuEChERS for pharmaceutical 

contaminants analysis is very consistent with the aim of 

sustainable analytical practices. Its minimal solvent 

requirements, short extraction time, and reduced sample 

handling help to reduce environmental impact, 

operational costs and exposure to hazards. Moreover, 

the versatility of this method allows for high-throughput 

analysis, which is particularly advantageous in studies 

that involve large sample sets and multiple analyte 

classes [73]. 

 

Sorbent selection in SPE 

The selection of suitable trapping media, or 

sorbent material, for SPE is the most important part in 

obtaining high clean-up and enrichment efficiency for 

trace analysis, especially in complex matrices. The 

commercialized sorbent materials in all cases are 3-
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dimensional polymeric materials which are 

manufactured under conditions designed to provide a 

very porous but rigid with a high surface area. Each 

sorbent offers a unique mix of properties such as its 

polarity, functionality, surface area, pore and particle 

size which will be useful to ensure good extraction 

efficiency. Nowadays, many sorbents are available in 

the market, and the most frequently used sorbents are 

chemically modified silica gel, biopolymer sorbents and 

carbon-based sorbents. 

Sorbent materials for D-µ-SPE can be categorized 

into 5 groups which are carbon-based, polymeric, 

inorganic oxide (alumina, magnesium silicate, and 

silica), magnetic, and hybrid sorbent. Nevertheless, 

certain sorbents are subject to limitations, such as 

limited stability when applied to aqueous samples with 

extreme pH. For specific application, a combination of 

2 or more sorbent materials may be required. As such, 

researchers are continuously studying newly 

synthesized materials that exhibit enhanced stability and 

a high affinity for polar analytes [84]. 

 

Graphene oxide (GO) sorbent 

Graphene oxide (GO) has been considered as a 

remarkable adsorbent due to its outstanding 

physicochemical properties such as large surface area 

and the presence of oxygen-containing functional 

groups (hydroxyl, carbonyl, epoxide, carboxyl groups), 

which exhibit anionic properties [85]. Researches have 

shown that GO is better than commercial adsorbents in 

terms of adsorption capacity and reusability [53]. Owing 

to its exceptional adsorption ability, GO can be utilized 

to remediate organic and inorganic contaminants in 

water samples.  

With regards to its enhanced affinity, selectivity, 

and retention capacity, GO has been used in the analysis 

of several medications with enhanced extraction 

performance and reduced the consumption of organic 

solvents. The sorbent-sorbate interactions that involved 

π-π interactions, electrostatic interactions, or ion 

exchange is the key point to this excellent extraction 

performance [86]. Apart from providing adsorption 

sites, the functional groups of GO also offer chemically 

modifiable active sites that enable customized 

functionalization and enhanced interaction with other 

materials. GO is selected as a sorbent due to its efficacy 

in adsorbing different pollutants, heavy metals, and 

organic contaminants from water, making it a viable 

material for environmental remediation, cost-effective, 

and needs less sorbent in the analysis [13]. Table 3 

compares the advantages and disadvantages between 

GO and other conventional sorbent materials.

 

Table 3 The comparison of graphene oxide and other conventional sorbent materials [89]. 

Sorbent material Advantages Disadvantages 

Graphene oxide • High surface area 

• Rich in oxygenated functional groups (hydroxyl, 

carbonyl, epoxy) that enable functionalization 

and improve adsorption capability 

• High versatility: Can be functionalized based on 

characteristics of target compounds 

• Limited selectivity 

• Fine particles lead to suspension of 

graphene oxide in water matrices. 

Graphene • High surface area 

• Rapid adsorption and desorption 

• Compatible with various sample matrices 

• Aggregate in polar solvent 

• Limited selectivity for non-polar 

compounds 

• Lack of active site for 

functionalization 

C18 

 

• Highly efficient in extracting nonpolar and 

moderately polar compounds. 

• Adsorb wide range of analytes. 

• Effective in reducing interference from matrix 

components. 

• Poor selectivity 
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Sorbent material Advantages Disadvantages 

MNPs 

 

• Rapid separation between sorbent and sample 

matrices 

• High surface area 

• Reduce interference 

• Reduce solvent usage 

• High cost 

 

Ionic liquid-modified graphene oxide sorbent 

The functionalization of GO with IL is tailored to 

complement both materials, in enhancing the 

physicochemical properties of GO for various 

applications. This modification has led to the 

development of advanced materials with improved 

sensitivity and selectivity, high stability for various 

analytical applications, high dispersibility in aqueous 

sample matrices, and excellent sorptive performance. 

The functionalization of GO with ILs can be 

achieved through non-covalent and covalent bonding. 

Each method can achieve similar sorptive performance 

but differs in the stability of bonding and solvents 

involved. 

 

Covalent functionalization  

Covalent grafting typically involves a nucleophilic 

substitution by the activation of carboxyl groups on GO, 

followed by reaction with ILs bearing amine, hydroxyl, 

or other nucleophilic functional groups. This 

modification serves to anchor the IL molecules onto the 

GO surface, creating a hybrid sorbent that combines the 

advantages of both components [88]. This method 

involves the formation of stable covalent bonds between 

IL moieties and reactive oxygen-containing groups 

(e.g., –COOH, –OH, –epoxy) on the GO surface. This 

approach is particularly useful in producing robust 

sorbents used in D-µ-SPE for the determination of 

pharmaceutical contaminants in aqueous environments. 

Such modifications result in permanent attachment of 

ILs to GO, enhancing material stability under harsh 

extraction conditions. The covalent functionalization 

strategies to immobilize ionic liquid moieties on GO 

structure can be realized using 3 approaches, namely 

acylation, silanization, and epoxide ring opening. 

i) Acylation 

Acylation involves the substitution of hydroxyl 

functional groups from GO plane with Cl, producing 

acyl chloride, a good leaving group. Subsequently, 

nucleophilic attack by imidazole substitutes the Cl, 

attaching the ionic liquid moieties. on GO structure [20]. 

Figure 4 depicts the substitution of hydroxyl functional 

group with imidazole moieties in acylation reaction.
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Figure 4 The acylation reaction of immobilizing ionic liquid moieties on GO plane. 

 

ii) Silanization 

Silanization involves organofunctional 

alkoxysilane molecules, commonly alkyl halide bearing 

methoxy (-OCH3) or ethoxy (-OCH2CH3) silanes. The 

alkoxysilane reacts with hydroxyl group from GO plane, 

forming covalent Si-O-C bond. The immobilization of 

imidazole moieties then occurs through N-alkylation 

between alkyl halides and imidazole [20]. Figure 5 

shows the step-by-step process in silanization. 
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Figure 5 The silanization of covalent functionalization of GO with IL. 

 

iii) Epoxide ring opening 

In epoxide ring opening, the terminal amine from 

ionic liquid moiety reacts with the epoxide functional 

group of GO plane through ring opening, forming a 

covalent bond [20]. This reaction is illustrated in Figure 

6. 

 

 

Figure 6 The epoxide ring opening reaction in covalent functionalization strategy of IL and GO. 

 

Non-covalent functionalization 

Non-covalent functionalization is a less disruptive 

alternative that involves physical adsorbing of ILs onto 

the surface of the sorbent. It is often achieved by mixing 

the IL and sorbent in a suitable solvent followed by 

solvent evaporation. This method preserves the 

conjugated π-electron system of GO, maintaining its 

structural integrity and inherent electronic properties. 
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Table 4 compares the advantages and the disadvantages 

of both methods [89].

 

Table 4 The comparison of covalent and non-covalent functionalization of IL modified GO. 

Features Covalent Non-covalent 

Method • Surface grafting involving nucleophilic 

substitution. 

• Dispersed in organic solvent using sonicator 

or mixing using mortar. 

• Only involve physical interactions such as π–

π stacking, electrostatic interactions, van der 

Waals forces, and hydrogen bonding. 

Advantages • Permanent attachment on GO sheets, 

resulting in better stability- resistance 

towards thermal and pH degradation. 

• Environmentally friendly as no hazardous 

chemicals involved. 

• Surface reactivity of GO sheets is preserved as 

sp2 hybridized structure is not disrupted. 

• The functionalization is reversible, allowing 

regeneration and recyclability of sorbent 

material. 

• Suitable for thermal -sensitive materials 

Disadvantages • Structural disruption on π-conjugated 

system of GO, reducing the accessible 

surface area. 

• Involves multi-step reactions, 

controlled conditions (pH and 

temperature), and activation agents 

• Side reactions or incomplete 

functionalization may yield 

heterogeneous materials that caused 

inconsistent performance. 

• Susceptible to leaching that might: 

- affects the performance during repeated 

extractions. 

- Disrupt the non-covalent forces upon 

application with high temperature and 

pH. 

 

The development of ionic liquid-modified 

graphene oxide sorbents for enhanced performance 

The performance of D-µ-SPE is highly dependent 

on the properties of the sorbent material. To ensure that 

trace concentration of pharmaceuticals in water bodies 

is detectable, the nanocomposite sorbents need to have 

a high surface area, compatible with polar compounds, 

and efficient adsorption. IL-modified sorbents provide 

significant improvements in D-µ-SPE, especially in the 

extraction of pharmaceutical pollutants from water 

sources. IL is basically salt with melting temperatures 

around 100 °C and possesses physicochemical 

properties such as minimal vapor pressure, elevated 

thermal stability, adjustable polarity, and robust 

solvation abilities [17]. The functionalization of solid 

sorbents with ionic liquids has been proven to augment 

analyte-matrix interactions, enhance adsorption 

effectiveness, and broaden the applicability of 

dispersive micro solid-phase extraction to a wider array 

of targeted compounds, especially in the detection of 

trace concentration pharmaceutical residues in aqueous 

matrices. 

Compared to conventional sorbents such as silica, 

activated carbon, and C18-bonded phases, IL-GO 

exhibits superior adsorption capabilities due to its 

multifunctional surface chemistry. The introduction of 

ILs allows tunable polarity and enables selective 

interactions with a broad range of analytes—from polar 

inorganic ions to non-polar organic compounds. 

Additionally, IL-GO composites demonstrate enhanced 

thermal and chemical stability, which allows them to 

maintain performance under harsh extraction 

conditions, where traditional sorbents may degrade or 

lose efficiency. 
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The functionalization of GO with ILs improves the 

extraction efficiency when applied with D-µ-SPE 

technique. Serrano and co-workers reported the 

application of IL-modified GO for the selective 

extraction of steroids, demonstrating improved 

hydrophobic interactions, π-π stacking, and hydrogen 

bonding with target analytes [90]. The integration 

between IL-functionalized nanomaterials and D-µ-SPE 

protocols has resulted in improved selectivity, greater 

adsorption capacities, and enhanced desorption 

efficiencies, reinforcing the potential of nanomaterial-

based sorbents in pharmaceutical contaminant 

extraction. 

Zaini and co-worker conducted a study on the 

performance of polypyrrole-graphene oxide (PPy-GO) 

nanocomposites as novel sorbents for D-µ-SPE 

applications. Their study demonstrated the efficiency of 

PPy-GO in extracting tetracycline antibiotics from water 

samples, with high linearity (R² = 0.9989 - 0.9995) over 

a concentration range of 10 - 1000 µg L−1. The method 

also achieved low detection limits (LOD) ranging from 

4.9 to 8.7 µg L−1 and satisfactory recoveries (80% - 

105%), making it a very promising approach for 

antibiotic residue analysis in aqueous environments 

[91]. 

The outstanding performance of IL-modified 

sorbent can be attributed to its interaction mechanisms 

such as electrostatic attraction, hydrogen bonding, π-π 

stacking, and hydrophobic interactions. These 

mechanisms enhance the efficiency of extraction by 

enabling the robust and selective binding of 

pharmaceutical compounds [92]. For instance, an IL-

functionalized GO sorbent possesses improved 

dispersibility and surface functionality, hence 

strengthening π-π interactions and hydrogen bonding 

with pharmaceutical residues including antibiotics and 

corticosteroids. The π-π interactions and hydrogen 

bonding between IL-modified GO and pharmaceutical 

contaminants is depicted in Figure 7.

 

 

Figure 7 The π-π interactions and hydrogen bonds (H-bond) between IL-modified GO and pharmaceutical contaminants. 

 

The stability and reusability of IL-modified 

sorbents are 2 of the most significant advantages of these 

sorbents. These characteristics contribute to the 

development of environmentally friendly extraction 

methods that adhere to the principles of sustainable 

green chemistry. According to Jon et al. [14], the low 

volatility and a high level of chemical stability of ILs 

result in a reduction of environmental impact, associated 
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with the evaporation and recycling of solvents [14]. 

Table 5 summarizes the utilization of IL-modified GO 

sorbent for pharmaceutical contaminants detection.

 

Table 5 Ionic liquid utilization in the determination of pharmaceutical contaminants. 

Types of Ionic Liquid Analytes Techniques Matrix Performance Ref. 

1-hexyl 3-decahexyl 

imidazolium 

Sulfamethoxazole, 

carbamazepine, and 

ketoprofen 

Not specified Not 

specified 

Recovery: 82% - 89% [93] 

1-butylimidazole 

hydrogen sulphate 

Hydrocortisone 

 

D-µ-SPE Tap water LOD: 2.77 - 8.38 μg 

L−1 

Recovery: 98% - 

120% 

RSD: < 5% 

[94] 

1-Butyl-3-aminopropyl 

imidazolium chloride 

Steroids and β-

blockers 

D-µ-SPE Water LOD: 7 - 23 ng L−1 

RSD: 3.1% - 8.5% 

[90] 

poly(1-vinyl-3-

hexylimidazolium 

hexafluorophosphate) 

Phenolic acids SPE Yoghurt and 

urine 

LOD: 0.2 - 0.5 µg L−1 

RSD: 2.3% - 4.7% 

[95] 

Not specified Acid drugs D-µ-SPE Water Recovery: 82% 

RSD: 3.20% 

[96] 

Hydrophilic IL Triazine Stir bar 

sorptive 

extraction 

(SBSE) 

Grape juice LOD: 1.5 - 50 ng L−1 

Recovery: 45.3% - 

98.6% 

RSD: < 15% 

[97] 

 

All sorbent exhibit recovery of higher than 80% 

and LOD in the range of trace amount (μg L−1 and ng 

L−1). Meanwhile, the performance of D-µ-SPE 

technique resulted in better RSD % as compared to 

SBSE technique in terms of its RSD%. Overall, IL-GO 

can be considered as a next-generation sorbent material 

that addresses many of the limitations associated with 

traditional adsorbents, making it highly promising for 

use in environmental monitoring, food safety, and 

pharmaceutical residue detection. 

 

Factors affecting extraction efficiency by IL-

GO 

The efficacy of contaminant removal by 

employing IL-GO adsorbents in solid-phase extraction 

processes is dependent on numerous operational 

variables. Comprehensive elucidation of these 

determinants is important for the optimization of 

sorption conditions with regards to both organic and 

inorganic pollutants in aqueous matrices.  Several 

important operational parameters that need 

considerations are pH, temperature, IL loading, GO 

particle size, and contact time. 

 

Effect of pH 

The pH value influences both the surface charge 

characteristics of IL-GO materials and the ionization 

behaviour of target pollutants [15]. In the context of 

inorganic contaminants, particularly heavy metal ions, 

acidic conditions normally facilitate protonation of 

oxygen-containing functional groups present on the 

graphene oxide surface, which causes diminishing 

electrostatic interactions with metal cations [98]. In 

contrast, under optimized pH conditions (typically 

ranging from pH 5 - 7), deprotonated functional 

moieties including carboxylate groups display enhanced 

affinity for metal ion coordination [99]. Regarding 

organic contaminants, pH variations significantly 

influence molecular solubility and intermolecular 

interactions, including hydrogen bonding networks and 
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π–π stacking mechanisms [100]. As a result, the sorption 

performance of IL-GO composites shows pronounced 

pH-dependency, necessitating systematic optimization 

for specific target analytes [101]. 

 

Effect of temperature and ionic liquid loading 

Temperature affects both the kinetic and 

thermodynamic aspects of the adsorption process [15]. 

Elevated temperatures can facilitate enhanced diffusion 

rates of pollutants toward IL-GO active sites and 

overcome mass transfer limitations, thereby accelerating 

sorption kinetics [102]. In endothermic adsorption 

systems, increased temperature conditions also promote 

higher overall adsorption capacities [98]. Excessive 

thermal conditions may compromise the structural 

integrity of specific ionic liquid moieties or induce 

desorption phenomena, necessitating meticulous 

optimization [20]. 

The quantity of IL functionalization onto GO 

substrates substantially influences sorbent efficacy 

[102]. Enhanced IL loading densities introduce 

additional active sites and improve selectivity through 

strengthened π–π interactions, electrostatic forces, and 

hydrophobic interactions [103]. However, excessive 

ionic liquid incorporation may obstruct graphene oxide 

pores, diminish available surface area, or impede 

analyte accessibility [104]. As such, maintaining an 

optimal IL-to-GO stoichiometric ratio is essential to 

achieve equilibrium between surface functionality and 

accessibility [99]. 

 

Effect of contact time 

The duration of interaction between IL-GO 

materials and aqueous matrices is critical in deetrmining 

the equilibrium attainment for pollutant sorption 

processes [102]. Insufficient contact period may result 

in suboptimal extraction efficiency, particularly for 

analytes that exhibit slow diffusion [95]. There have 

been reports that optimized contact durations scan span 

from 10 to 60 min, depending on the physicochemical 

properties and concentration levels of target pollutants 

[105]. Kinetic modeling studies consistently 

demonstrate that IL-GO systems adhere to pseudo-

second-order kinetic models, suggesting that 

chemisorption mechanisms predominate over 

physisorption processes [106]. 

 

 

Opportunities for improvement of ionic liquid-

modified graphene oxide nanosorbents 

The development of IL-modified GO 

nanosorbents has improved the adsorption efficiency 

and selectivity of pharmaceuticals in aqueous samples. 

Nevertheless, issues such as IL leaching from the 

sorbent surface and the possible toxicity of specific IL 

structures must be addressed in order to ensure long-

term application. Proposed strategies for improving the 

performance of IL-based D-µ-SPE systems include 

covalent immobilization of ILs on sorbent backbones 

and the usage of biocompatible ILs. 

 

Covalent immobilization of ILs on sorbent 

backbones 

One of the key disadvantages of IL-based sorbents 

is their tendency to leach from the extraction medium 

due to poor interactions with solid support, resulting in 

decreased efficiency and reliability after numerous 

extraction cycles [93]. To address this issue, covalent 

immobilization of ILs on sorbent backbones has been 

proposed as a potential solution. This approach 

improves structural stability by preventing IL leaching, 

extending the sorbent’s lifespan as well as ensuring 

consistent extraction efficacy. In addition, covalent 

immobilization also allows for fine-tuning of the 

physicochemical features of the IL-functionalized 

sorbent, resulting in better selectivity for certain 

pharmaceutical pollutants. 

The performance of covalently immobilized ILs in 

aqueous matrices had been investigated by Zhou and co-

worker [107]. The IL-based GO sorbent has been shown 

to improve adsorption capacity, recyclability, and 

resistance to environmental degradation. It also 

improved the hydrophilicity of the sorbent, as well as its 

affinity for polar pharmaceutical compounds [108].  

 

Utilization of biocompatible ILs 

The integration of biocompatible ILs into D-µ-

SPE systems is another important advancement. 

Although conventional ILs are highly effective in 

improving extraction performance, they frequently 

exhibit toxicity and limited biodegradability, which 

raises concerns about their environmental impact and 

safety in water treatment applications. As an alternative 

to conventional ILs, the development of biodegradable 
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and eco-friendly ILs derived from natural sources, such 

as amino acid-based, choline-based, or deep eutectic 

solvents (DES), has been investigated [109-111]. 

Biocompatible ILs provide various benefits, 

including lower toxicity, increased biodegradability, 

and higher affinity for pharmaceutical pollutants while 

maintaining extraction efficiency. Their distinct 

structural characteristics, such as hydrogen bonding and 

variable polarity, enable more interactions with 

pharmaceutical molecules while reducing secondary 

contamination hazards [112]. Biocompatible ILs 

improve stability in aqueous settings, leading to more 

reproducible and robust D-µ-SPE methods [113]. 
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Conclusions 

Studies on IL-modified GO nanosorbents for the 

determination of pharmaceutical contaminants remains 

in its early stage. Despite their promising potential in 

removing such contaminants from aqueous systems, 

challenges such as limited stability, recyclability, 

compound-specific selectivity, and environmental 

compatibility must still be addressed. Overcoming these 

limitations is crucial to advancing their practical 

deployment. Green Analytical Procedure (GAP) can be 

considered as the new direction for the improvement and 

advancement of sample preparation technique, while 

maintaining the QuEChERS (quick, easy, cheap, 

effective, robust, and safe) requirements. Future studies 

should focus on the synthesis of eco-friendly, 

biodegradable, and renewable ionic liquids, as well as 

the functionalization of GO with natural or waste-

derived materials, to improve sustainability. 

Furthermore, the scope of IL-modified GO 

nanosorbents can be extended beyond environmental 

water samples to complex biological matrices and 

industrial wastewater, where their tunable surface 

properties and high adsorption capacity could be highly 

advantageous. 
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