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Abstract 

Sample preparation plays a vital role in analytical chemistry, particularly for the isolation and enrichment of trace analytes from 

complex matrices. Conventional techniques such as solid-phase extraction (SPE) and solid-phase microextraction (SPME) are 

widely employed; however, their efficiency is often limited by the performance of traditional sorbents. These conventional 

materials may suffer from low selectivity, limited adsorption capacity, and reduced stability under varying analytical conditions. 

As a result, there has been growing interest in developing advanced materials that can overcome these limitations and enhance 

analytical performance. Recent advances in nanotechnology have introduced carbon-based nanomaterials as promising 

alternatives for improving extraction efficiency and selectivity. Materials such as graphene, graphene oxide, and carbon 

nanotubes (CNTs) exhibit unique physicochemical properties, including exceptionally large surface area, tunable surface 

functionality, high mechanical strength, and strong π–π interactions with a wide range of analytes. These features enable more 

efficient adsorption and improved sensitivity in analytical procedures. This review summarizes recent developments in the 

application of graphene and CNT-based nanomaterials for SPE, magnetic SPE (MSPE), and SPME. Their synthesis methods, 

surface modification strategies, and characterization techniques are discussed in detail. Furthermore, their analytical performance 

in environmental, food, and biological sample analysis is critically evaluated. The advantages, current limitations, and future 

prospects of carbon nanomaterials in enhancing analytical sample preparation are also highlighted, emphasizing their potential 

role in advancing modern analytical methodologies. 
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1. Introduction 

Sample preparation is a crucial step in analytical processes 

that includes separation, pre-concentration, analytical derivat-

ization, and making the sample compatible with analytical in-

struments. The main goals of sample preparation are to obtain 

representative and adequate quantities of the analytes from 

matrices for accurate analysis [1]. Over the past two decades, 

substantial research efforts have been devoted to the develop-

ment and optimization of sample preparation methods. This 

persistent focus is predominantly driven by factors such as 

trace-level analyte concentrations, the presence of interfering 
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species, and the incompatibility between complex sample ma-

trices and analytical instrumentation [2]. A variety of sample-

preparation methods such as liquid-liquid extraction (LLE) [3], 

liquid-phase microextraction (LPME) [4], solid-phase extrac-

tion (SPE) [5] and solid-phase microextraction (SPME) [6] 

have been developed to extract and enrich trace-level analytes 

from complex matrices. The selection of extraction method 

depends on the nature of the target analytes and sample matri-

ces [7]. SPE including its miniaturized form SPME has be-

come widely applied due to its short extraction times, reduced 

consumption of organic solvents, low cost, high recovery and 

enrichment factors, and the compatibility with advanced ana-

lytical techniques. Optimal recovery and high enrichment fac-

tor are achieved when the sorbent material is appropriately se-

lected for the analytes of interest [7]. The development of new 

extraction methods as well as the enhancement of existing 

methods through improved separation and pre-concentration 

approaches, represents a major focus in separation science [8, 

9]. Among emerging approaches, nanomaterials are recog-

nized as a key focus area for enhancing sample preparation 

methods to improve the sensitivity, selectivity, and efficiency 

of analytical methods [10]. 

In recent years, extensive research has highlighted the ap-

plication of nanomaterials in areas such as chromatography 

and sample preparation primarily due to their unique and ap-

pealing thermal, mechanical, electronic, and biological prop-

erties [11]. Their high surface-to-volume ratio, surface func-

tionality potential, and physical and chemical stability make 

the nanomaterials an excellent candidate for surface adsorp-

tion applications such as SPE methods [12]. Nanomaterials 

used in sample preparation can be categorized according to 

their functional roles. Certain nanomaterials act as sorbents 

that interact directly with the analytes while others function as 

inert supports, such as silica nanoparticles modified with com-

plexing agents. Furthermore, magnetic nanoparticles have 

gained attention because they facilitate quick separation of an-

alyte through the use of external magnetic. Their performance 

depend on direct analyte adsorption or functionalization with 

specific organic groups [13]. 

This review provides an overview of the various carbona-

ceous nanomaterials used in sample preparation techniques. It 

evaluates their advantages and disadvantages as well as their 

application in SPE and SPME methods. The challenges and 

future research route are also addressed. Overall, this review 

aims to highlight their importance in enhancing the efficiency 

and sensitivity of sample preparation methods. 

2. Overview on Nanomaterials 

Nanomaterials (NMs), including particles and materials, are 

substances with at least one external dimension (length, width, 

or thickness) in the nanometer range (1–100 nm) [10]. Com-

pared to bulk materials, they often exhibit changes in physical 

and chemical properties including unique optical, electrical, 

magnetic, thermal, and catalytic characteristics. Nanotechnol-

ogy is the product or design of functional materials and sys-

tems through the controlled handling of matter at the na-

noscale [14, 15]. NMs can be either amorphous or crystalline, 

with surfaces capable of carrying droplets or liquid gases. 

Their high surface-to-volume ratio, tunable surface chemistry, 

and favorable thermal characteristics make them suitable for 

various analytical applications, especially in sample prepara-

tion [16, 17]. The physico-chemical properties of nanomateri-

als are often controlled through structural design, incorpora-

tion of appropriate components, or modification of their sur-

faces [18]. In particular, hybrid nanoparticles have exceptional 

properties that can enhance analytical methods. Various strat-

egies are employed in the preparation of these multifunctional 

nanomaterials to achieve a combination of specific target 

properties, including magnetic, electrical, optical, mechanical, 

and catalytic properties, which surpass those of their bulk 

counterparts [19-21]. Superficial modification of nanomateri-

als with functional molecules, particles, or polymers can im-

prove separation and pre-concentration efficiency, analytical 

selectivity, and method reliability. One of the key applications 

of nanomaterials is in sample preparation for analytical proce-

dures. As nanotechnology continues to advance in materials 

science, a variety of nanomaterials have been developed for 

specific purposes in sample preparation processes [22]. 

2.1. Classification of Nanomaterials 

Nanomaterials are commonly classified using several crite-

ria including origin, chemical composition, dimensional scale, 

and structural uniformity [23]. In term of origin, nanomateri-

als may be classified as natural, anthropogenic, or designed 

through physical top-down or chemical bottom-up approaches. 

Based on chemical composition, nanomaterials are broadly 

categorized as organic materials such as carbon nanotubes, 

graphene, molecularly imprinted polymers, inorganic materi-

als including metal nanoparticles, metal oxide nanoparticles, 

or hybrid. In terms of structural uniformity may consist of sin-

gle or hybrid compositions. Classification based on dimen-

sions distinguishes zero-dimensional nanostructures (such as 

quantum dots, carbon dots, and metallic nanoparticles), one-

dimensional nanostructures (including nanofibers, nanowires, 

nanorods, and carbon nanotubes), two-dimensional nano-

materials (like thin films, nanosheets, quantum wells, nano-

coatings, and nanoplates), and three-dimensional nanomateri-

als (such as nanocomposites and nanostructured materials) 

[13]. 

2.2. Techniques for Synthesizing Nanomaterials 

Nanomaterial fabrication strategies are commonly classi-

fied into two main categories: bottom-up and top-down. The 

bottom-up approach involves making nanostructures from 

atomic or molecular building blocks, usually through chemi-

cal or biological processes. In contrast, the top-down approach 
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involves reducing bulk materials into nanoscale structures us-

ing physical or mechanical techniques, resulting in smaller 

and more uniform nanostructured materials [24]. In addition 

to the significant energy input required to maintain high tem-

peratures and pressures, top-down synthesis techniques face 

challenges in creating nanoparticles with consistent structural 

uniformity. On the other hand, bottom-up synthesis produces 

nanoparticles with improved structural characteristics, shape, 

particle size, and compositional uniformity, offering potential 

benefits in cost-effective large-scale manufacturing. However, 

the use of harmful solvents and the generation of unwanted 

chemical waste are significant limitations [25, 26]. 

Nanomaterials (NMs) can be prepared through chemical, 

physical, and biological approaches, each employing different 

synthesis strategies. Chemical methods are generally rapid 

and economical, allowing for the production of a large quan-

tity of NMs. However, they frequently involve harmful chem-

icals for stabilization and capping, raising environmental con-

cerns. Biological methods offer a more sustainable and envi-

ronmentally benign alternative, characterized by straightfor-

ward procedures and relatively low cost. In contrast, physical 

routes typically require high, prolonged processing time, and 

advanced instrumentation, making them more expensive in 

comparison [27]. Green synthesis of nanomaterials (NMs), 

also referred to as biosynthesis, represents a bottom-up ap-

proach in which microorganisms, enzymes, or plant-derived 

phytochemicals act as reducing and stabilizing agents to con-

vert metal precursors into nanoscale materials [28]. This eco-

friendly approach minimizes the reliance on toxic chemicals, 

reduces energy consumption, and promotes the formation of 

safer end products and by-products [29]. Various techniques 

for the synthesis of nanomaterials are demonstrated in Figure 

1. 

 
Figure 1. Various routes for the synthesis of nanomaterials [29]. 

2.3. Characterization of Nanomaterials 

Nanomaterials are characterized by determining not only 

particle dimension and morphology but also crystallinity, ele-

mental composition, and other physicochemical characteris-

tics. Certain techniques are primarily used to investigate the 

sizes, shape, and surface feature of nanostructures, while oth-

ers provide detail information on internal structure and atomic 

arrangement. Commonly applied techniques include electron 

microscopy, X-ray scattering, and optical or electronic spec-

troscopic analyses [30]. In transmission electron microscopy 

(TEM), the incident electron beam is allowed to penetrate 

through a thin sample at a high acceleration voltage. The in-

teraction between the sample and the electron beam produces 

images. On the other hand, scanning electron microscopy 

(SEM) creates images by focusing a high-energy electron 

beam onto a sample's surface and then detecting signals from 

the incident electrons' interaction with the sample's surface. 

Electronic absorption spectroscopy is used to measure the at-

tenuation of a beam of light after it passes through or is re-

flected off a sample surface. Electron microscopy is more ad-

vantageous in analyzing nanomaterials directly because infor-

mation on their shape and atomic structures can be simultane-

ously obtained. In contrast, X-ray diffraction provides only 

diffraction patterns related to the averaged structure of 

atomic arrangements of a sample, particularly crystal struc-

tures [31]. It is based on monochromatic X-rays and a crys-

talline sample interacting constructively. When conditions 

satisfy Bragg's law (nλ= 2dsinθ), the interaction of incident 
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rays with the sample creates constructive interference, where 

n is an integer, λ is the wavelength of the X-rays, d is the inter-

planar spacing creating the diffraction, and θ is the diffraction 

angle [32]. XRD could aid in mineral phase identification by 

utilizing d-spacing values and references from the database 

[33]. 

3. Carbon-based Nanomaterials 

Carbon nanomaterials (CNMs) have long been of interest 

due to their vast properties and applicability in a variety of 

sectors. They have also been used for pre-analytical separation 

in many analytical systems and procedures, including chroma-

tography and capillary columns [34]. In recent years, a signif-

icant number of carbon-based nanomaterials, such as carbon 

nanotubes, graphene, nanodiamonds, fullerenes, carbon nano-

fibers, carbon nanodisks, and nanohorns, along with their 

functionalized forms, have been investigated in sample pre-

treatment and extraction procedures  [35]. Carbon-based na-

nomaterials have been widely used as adsorbents in the past 

decade and are well-known for their high adsorption capacity 

for various chemical compounds. Non-covalent forces such as 

hydrogen bonding, π–π stacking, electrostatic forces, van der 

Waals forces, and hydrophobic interactions enable these ma-

terials to interact with organic molecules due to their unique 

structures and electrical properties. Their attractive features 

make them ideal candidates for use as adsorbents, given their 

interactions and hollow or layered nanostructures [36]. Car-

bon nanotubes (CNTs), graphene (G), graphene oxide (GO), 

and fullerenes are the most well-known carbon-based nano-

materials [37]. In addition, similar to carbon nanotubes 

(CNTs), graphene (G), graphene oxide (GO), and reduced gra-

phene oxide (RGO) are well-known sorbents used for separa-

tion and pre-concentration due to their excellent physical sta-

bility and ability to be functionalized [38]. Fullerenes, CNTs, 

and, more recently, carbon nanocones and nanodiamonds have 

been utilized in the field of SPE to create innovative analytical 

procedures that offer added value compared to existing alter-

natives [39]. 

3.1. Graphene 

Graphene (G) is a single-layer sheet of sp2 hybridized car-

bon atoms with a two-dimensional structure. It features a large 

specific surface area, high hydrophobicity, chemical adapta-

bility, tunability, quick charge carrier mobility, and excellent 

chemical stability, among other properties. Furthermore, due 

to graphene’s massive delocalized π-electron system, it may 

generate strong hydrophobic and π-stacking contacts with var-

ious molecules. Therefore, G and G-based materials are attrac-

tive candidates for use as an adsorbent in sample preparation 

procedures [40]. One major advantage of graphene over full-

erenes and CNTs is that it can be synthesized from graphite, a 

very common and inexpensive material, without the need for 

metal catalysts [41]. Various methods have been reported for 

the fabrication of G [42], with the most commonly adopted 

route involving the chemical oxidation of graphite to form 

graphene oxide (GO). This reduction step is typically per-

formed using appropriate reducing agents such as hydrazine 

or hydroxylamine. The oxidation-reduction approach is re-

garded as an effective and inexpensive technique, especially 

for large-scale production of G [43, 44] Graphene oxide, un-

like graphene, is highly soluble in water and possesses several 

reactive groups, while still maintaining the basic structure of 

graphene. This feature is particularly useful in the preparation 

of functional graphene materials or graphene composites [45]. 

Recent findings have shown that isolated graphene layers 

tend to collapse into stacked or aggregated assemblies due to 

π–π interactions, hydrophobic forces, and van der Waals at-

tractions. This structural collapse highly reduces the material 

surface area, thereby limiting its performance for practical ap-

plications. To address this limitation, extensive research ef-

forts have focused on transforming two-dimensional graphene 

sheets into three-dimensional structure such as foams, aero-

gels, and sponge-like networks. These structures efficiently 

inhibit restacking while maintaining accessible surface sites 

[46-48]. Compared with 2D-G the 3D graphene structures 

show markedly improved performance characteristics includ-

ing higher specific surface area, lower density, higher mechan-

ical strength, and more efficient mass and electron transport 

kinetics. These advantages arise from the combined interac-

tion between interconnected 3D-G sheet and the material’s su-

perior intrinsic properties [49]. Currently, 3D-G structures 

have primarily been used in super capacitors [50], sensors [51], 

batteries [52], and catalysis [53]. The ultra-high surface area, 

3D-G porous and hollow structure, and fast mass transport ki-

netics make it a good candidate for an effective adsorbent [20, 

54, 55]. 

3.2. Carbon Nanotubes 

Carbon nanotubes (CNTs) are considered the most im-

portant carbon-based nanomaterials. They consist of a one-di-

mensional structure formed by rolling up a graphene sheet. 

They were discovered by the Japanese scientist Iijima in 1991 

[56]. CNTs are carbon allotropes made of graphite, con-

structed in cylindrical tubes with diameters on the nanometer 

scale and lengths of several millimeters. Their structures have 

been produced using a variety of approaches, with the major-

ity involving gas-phase procedures. Methods such as chemical 

vapor deposition (CVD) [57], laser-ablation [58], and carbon 

arc-discharge [59] are used for the synthesis of CNTs. CNTs 

were initially synthesized using high-temperature preparation 

techniques like laser ablation or arc discharge. However, these 

methods have since been replaced by low-temperature chem-

ical vapor deposition (CVD) techniques (800°C). This shift 

occurred because low-temperature CVD allows for precise 

control over the length, diameter, alignment, purity, density, 

and orientation of CNTs [60]. 
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CNTs are highly effective for SPE because of their exten-

sive adsorption surface and strong affinity for organic com-

pounds. They are further classified into single-walled 

(SWCNTs) and multi-walled (MWCNTs) types, and have at-

tracted significant interest due to their high capacity and inter-

action abilities. MWCNTs are preferred over SWCNTs due to 

the presence of concentric sheets that enhance interaction with 

analytes. Longer MWCNTs (5–15 µm) exhibit higher sorption 

capacities compared to shorter ones (1–2 µm). CNTs strongly 

interact with organic molecules through non-covalent forces 

such as hydrophobic interactions, hydrogen bonding, π-π 

stacking, electrostatic, and van der Waals forces. These inter-

actions, along with their hollow and layered nanosized struc-

tures, make CNTs attractive sorbents. The presence of aro-

matic rings and functional groups within organic molecules 

that can form hydrogen bonds (e.g., –OH, NH2) further en-

hances the adsorption of these compounds [61]. 

4. Application of Nanomaterials for SPE 

and SPME 

In the mid-1970s, sample preparation using SPE was intro-

duced. SPE involves several steps such as conditioning, sam-

ple loading, rinsing, and eluting. Both online and offline 

modes of SPE are still being used and developed as conven-

tional extraction methods. Some new modes, such as disper-

sive solid-phase extraction (d-SPE) and magnetic solid-phase 

extraction (MSPE), have also been developed in recent years 

based on the SPE principle. Commonly used sorbents include 

C18, C8, Florisil, mixed-mode/cationic exchange (MCX), 

mixed-mode/anion exchange (MAX), weak cation exchange 

(WCX), and weak anion exchange (WAX). However, these 

sorbents have major disadvantages such as poor selectivity 

and limited applicability for certain analytes of interest. New 

nanoscale sorbents, like carbon nanomaterials (CNTs, nano-

cones, nanodisks, nanofibers, G and GO), and metallic nano-

particles are increasingly being used in combination with ex-

isting analytical methods (SPE and SPME) for the extraction 

and preconcentration of target analytes [37]. Although CNTs 

have an adsorption capacity to a certain extent, graphene has 

an advantage over CNTs for the following reasons, such as 

providing a higher adsorption capacity due to its large specific 

surface area and both sides of the layers are available for ad-

sorption, are readily obtained in the laboratory by graphite ab-

lation, have multiple sites of functional change, and can be 

used in most sample preparation techniques [62]. 

4.1. Graphene for SPE 

SPE is a popular sample preparation method because of its 

simplicity, speed, low cost, minimal reagent consumption, and 

compatibility with a variety of analytical techniques, both 

online and offline. The SPE procedures are illustrated in Fig-

ure 3 [63, 64]. The selectivity and efficiency of SPE are deter-

mined by the sorbent material utilized. Graphene is utilized in 

SPE as a sorbent due to its properties of a π-electron-rich 

structure, large surface area, and good thermal and chemical 

stability. In SPE, a sample solution is passed through a car-

tridge containing graphene to selectively retain analytes [62]. 

Examples of its application include the adsorption of chloro-

phenols and various heavy metals, such as Pb and Cr, from 

water matrices through the use of diverse chelating reagents 

[65-67], glutathione in human plasma, and neurotransmitters 

from rat brain [68, 69]. 

The adsorption performance of graphene-based nanoparti-

cles has been critically compared with established materials 

such as C18 silica, graphitic carbon, and CNTs under carefully 

control experimental conditions [70]. In the earlier investiga-

tion, Yan et al. (2014) demonstrated that hybrid nanocompo-

site composed of magnetite particles had a remarkable adsorp-

tion capacity of 220 mg/g. Based on these materials, the SPE 

method successfully detected isocarbophos residues in various 

matrices such as apple, cabbage, lake water, cowpeas, and rice. 

Method validation confirmed good linearity across the con-

centration range of 0.05 to 50 ng/mL, with an R² value of 

0.9995. The method showed excellent sensitivity achieving 

detection limit (LOD) and quantification limit (LOQ) 0.0044 

ng mL-1 and 0.0147 ng mL-1, respectively. The materials main-

tained their efficiency after being reused for at least 10 cycles 

with minimal reduction in adsorption capacity. When com-

pared to carbon nanotubes (CNTs) graphene’s adsorption per-

formance exceeds, which can be attributed to its two-dimen-

sional structure and the presence surface functional groups. 

Their structural stability notably allowed them to be reused for 

up to 50 cycles of absorption and elution, while also providing 

effective preconcentration recoveries for chlorophenols and 

heavy metals [34]. 

 
Figure 2. Graphene-based materials in SPE cartridges and SPME 

fibers [62]. 
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4.2. Graphene for Magnetic Solid-phase 

Extraction 

Magnetic solid-phase extraction (MSPE) offers several ad-

vantages over traditional SPE methods. The magnetic sorbent 

can be immersed in the sample solution, enhancing the inter-

facial interactions of the sorbents with the sample. MSPE has 

been introduced as a rapid and convenient sample preparation 

procedure [71]. In MSPE, a magnetic adsorbent is immedi-

ately added to a sample solution containing the analytes of in-

terest. The analytes are adsorbed onto the magnetic adsorbent, 

which is subsequently separated from the sample solution by 

applying an external magnetic field, making the separation 

easier and faster. Figure 3 illustrates the operating principles 

of MSPE. In contrast to conventional SPE, this method elimi-

nates column packing and the time-consuming procedure of 

loading large volumes of samples. Due to efficient mass trans-

fer, adsorption equilibrium is rapidly achieved. After that, the 

magnetic sorbent, along with the adsorbed analytes, can be 

easily separated using external magnetic  [72, 73]. 

In a previous study, magnetic graphene oxide modified with 

nano-zeolitic imidazolate framework structures demonstrated 

high efficiency in detection of trace fungicide residues in com-

plex matrices, including water, honey, and fruit juice samples. 

The method's analytical performance demonstrated good repeat-

ability and a wide concertation range between 1 and 1000 µg L-1, 

with correlation coefficients of R² = 0.9914. Detection limits for 

four triazole fungicides ranging from 0.014 to 0.109 µg L-1, while 

the corresponding quantification limits were between 0.047 and 

0.365 µg L-1. Furthermore, the sorbent showed favorable regen-

eration behavior, enabling efficient removal of analytes with 

commonly used organic solvents like acetone, acetonitrile, and 

methanol. This supports its repeated use [74]. 

In the presence of graphene, Wang and co-workers synthe-

sized magnetic graphene nanoparticles through in situ co-pre-

cipitation process involving Fe2+ and Fe3+ ion under an alka-

line solution. The resulting material was used for the extrac-

tion of various organic pollutants from various liquid samples 

such as phthalate esters [75], triazine herbicides [76], and car-

bamate pesticides [77]. The method achieved enrichment fac-

tors ranging from 247 to 582.4. The sorbent material main-

tained its extraction performance for up to ten successive re-

use cycles, highlighting its reproducibility and applicability 

for routine analysis. The Fe3O4 nanoparticles were evenly dis-

persed on the graphene sheets, and this material, which has a 

saturation magnetization intensity of 72.8 emu g-1 and a spe-

cific surface area of 225 m2 g-1, may be reused more than ten 

times without losing its extraction capability [78]. 

 
Figure 3. Schematic diagram of magnetic solid-phase extraction (MSPE) [75]. 

4.3. Graphene for SPME 

SPME method is a solvent-free and miniaturized microex-

traction method that integrates sampling, extraction, precon-

centration, and sample introduction into a single step [79, 80]. 

It depends on the equilibrium distribution of analytes between 

the sample matrix and a stationary phase-coated fiber. There-

fore, the coating material plays essential role in extraction ef-

ficiency [81]. Graphene has been extensively applied as a 

coating material, where graphene-coated fibers are directly 

immersed in liquid samples to separate the target analytes. 

Several covalent and non-covalent approaches have been de-

veloped to immobilize graphene onto the surface of the fiber. 

These coatings materials generally show higher extraction ef-

ficiency, enhanced mechanical and thermal stability, and 

longer service life compared with conventional SPME fibers 

[62]. 

Chen and his colleagues fabricated a graphene-coated fiber 

by repeatedly dipping a stainless steel wire into a graphene 

suspension, then air drying it, resulting in a 6-8 µm thick coat-

ing. The fiber exhibited approximately 1.5 times higher ex-

traction efficiency compared to commercially available 100 

µm polydimethylsiloxane (PDMS) and 65 µm PDMS/divi-

nylbenzene (PDMS/DVB) coatings [40]. Similar approaches 

were adopted by Wang and colleagues to prepare graphene-

coated SPME fiber for the analysis of carbamate pesticide and 

triazine herbicide in water samples [82, 83]. 
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4.4. Analytical Application of Graphene for 

SPE, MSPE and SPME Methods 

Chlorophenols in tap and river water were separated using 

graphene (G) as a sorbent through SPE and determined by 

HPLC–DAD, obtaining recoveries of 77.2–116.6% with lim-

its of detection (LODs) of 0.1–0.4 ng mL-1; the method em-

ployed a cartridge-packed format [65]. Cr (III) in tap, sea, and 

river water was preconcentrated using graphene (G) via SPE 

and analyzed by FAAS, providing recoveries of 95.7–101.2% 

and an LOD of 0.5 ng mL-1, using a column-packed configu-

ration [66]. Lead (Pb) in various water samples and vegetables 

was extracted with graphene (G) using SPE and measured by 

FAAS, yielding recoveries of 95.3–100.4% and an LOD of 

0.61 ng mL-1 with a column-packed system [67]. Glutathione 

in human plasma was extracted using graphene (G) as an SPE 

sorbent and detected by fluorescence spectroscopy, achieving 

recoveries of 92–108% and an LOD of 0.01 nM in a column-

packed setup [68]. Neurotransmitters in rat brain tissue were 

isolated using graphene (G)-based SPE and determined by 

HPLC–FL, with recoveries ranging from 94.2–112.1% and 

LODs of 23.4–67.5 ng g-1 using a column-packed format [69]. 

Phthalate esters in bottled and river water as well as beverages 

were extracted using magnetic graphene via magnetic solid-

phase extraction (MSPE) and analyzed by HPLC–UV, giving 

recoveries of 80.0–106.0% and LODs of 0.01–0.04 ng mL-1 

through magnetic dispersion [75]. Triazine herbicides in res-

ervoir, river, and lake water were preconcentrated using mag-

netic graphene with MSPE and detected by HPLC–DAD, 

achieving recoveries of 89.0–96.2% and LODs of 0.025–

0.040 ng mL-1 using magnetic dispersion [76]. Carbamate pes-

ticides in reservoir, river, and pool water were extracted by 

magnetic graphene-based MSPE and determined by HPLC–

DAD, with recoveries of 87.0–97.3% and LODs of 0.02–0.04 

ng mL-1 via magnetic dispersion [77]. Pyrethroid pesticides in 

pond water were extracted using graphene (G)-coated SPME 

fibers (stainless steel wire) and analyzed by GC–ECD, result-

ing in recoveries of 83–110% and LODs of 0.00369–0.0694 

ng mL-1 [40]. Carbamate pesticides in tap, sea, and lake water 

were extracted using graphene (G)-based SPME fibers (stain-

less steel wire) and determined by HPLC–DAD, providing re-

coveries of 83.8–95.4% and LODs of 0.1–0.8 ng mL-1 [82]. 

Triazine herbicides in tap, sea, and lake water were precon-

centrated using graphene (G)-coated SPME fibers (stainless 

steel wire) and analyzed by HPLC–DAD, achieving recover-

ies of 86.0–94.6% and LODs of 0.05–0.2 ng mL-1 [83]. 

5. CNTs for SPE 

CNTs are widely applied in SPE and SPME because of their 

unique physical and chemical properties. The large surface 

area of these materials promotes effective adsorption and en-

richment of target analytes. Additionally, their strong interac-

tions with nonpolar and moderately polar compounds enhance 

extraction performance. Recently, there has been a significant 

increase in the use of CNTs based sorbents in SPE for the de-

termination of inorganic [84-86] and organic [87-89] com-

pounds. CNTs can be distinguished into three types based on 

their application in SPE: as-prepared, oxidized, and function-

alized CNTs. As-prepared CNTs are directly produced from 

synthetic processes. Their ability to absorb metal ions is typi-

cally low due to their hydrophobicity and lack of functional 

binding groups on the surface. The second type of CNTs is 

created by oxidizing as-grown CNTs (which contain hydroxyl, 

carboxyl, and carbonyl groups), and they can retain a variety 

of metals when the pH is above the oxidized CNTs' isoelectric 

point. The third type is primarily obtained by modifying oxi-

dized CNTs with different functional groups. It is recom-

mended to increase the selectivity for various target com-

pounds using oxidized and functionalized CNTs [37]. 

Due to their accessible surface sites, inner cavities, and in-

ter-nanotube space, as-prepared carbon nanotubes (CNTs) 

have been applied as sorbents in SPE to extract metal ions ei-

ther in the presence [90, 91] or absence of chelating agents [83, 

84]. In the previous study, Wu and co-worker employed sin-

gle-walled CNTs (SWCNTs) as sorbent materials in online 

SPE micro-columns to the extraction and preconcentration of 

inorganic arsenic (As(III)) and antimony (Sb(III)) from water 

samples. In their procedure, ammonium pyrrolidine dithiocar-

bamate (APDC) was used as a chelating agent to form stable 

complex with in the target analyte [91]. 

In a related investigation, Soylak and Unsal presented the 

applications of multi-walled CNTs (MWCNTs) as SPE 

sorbents in combination with 8-hydroxyquinoline as a chelat-

ing agent. Their method enabled the determination of cad-

mium (Cd(II)), cobalt (Co(II)), nickel (Ni(II)), lead (Pb(II)), 

iron (Fe(III)), copper (Cu(II)), and zinc (Zn(II)) in variety of 

samples matrices including lichen, bovine liver, river sedi-

ment, pharmaceuticals, and water [92]. 

In a subsequent study, the same research group prepared a 

column based SPE method using multi-walled CNTs 

(MWNTs) for the preconcentration of Fe(III), Cu(II), Mn(II), 

and Pb(II) [93]. The developed approach was applied to ana-

lyze metal ions in environmental samples; however, the re-

ported enrichment factor was limited to 20 showing moderate 

preconcentration efficiency. 

The extraction efficiency of oxidized CNTs was found to be 

higher than that of pristine CNTs. Based on this improvement; 

a new method was developed for the preconcentration of trace 

amounts of Cu, Co, and Pb in biological and water samples. 

This method involves using a micro-column packed with oxi-

dized SWCNTs as a sorbent material [94]. SWCNTs were ox-

idatively modified using concentrated HNO3, leading to the 

combination oxygen carrying functional groups including car-

boxyl, hydroxyl, and carbonyl moieties, onto their surfaces. 

This surface functionalization significantly enhanced the re-

markable adsorption capabilities of oxidized SWCNTs for an-

alytes, resulting in an enrichment factor of 50. Oxidized 

MWCNTs has been reported as easily synthesized and chem-

ically stable SPE material for the enrichment of trace rhodium 
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ions in aqueous solutions [95]. In this procedure, rhodium ions 

were first complexed with 1-(2-pyridylazo)-2-naphthol (PAN) 

within a pH range of 3.2–4.7 to forming stable Rh-PAN com-

plex. The resulting complex was successively retained on the 

surface of oxidized MWCNTs. The proposed method offers a 

relatively higher enrichment factor (EF=120) and a lower de-

tection limit indicating improved sensitivity compared to sev-

eral previously reported sorbent systems. [37]. 

5.1. CNT for SPME 

CNTs has been integrated into wide range of SPME config-

urations, including fiber SPME, thin-film SPME, in-tube 

SPME, stir-bar microextraction, in-needle SPME, and in-tip 

SPME. In particular, the application of CNTs used as SPME 

fiber has received considerable attention. Such coatings 

demonstrate improved affinity towards both organic and inor-

ganic analytes, showing promising performance in terms of 

adsorption efficiency, selectivity, and enrichment factor be-

fore instrumental analysis  [96]. Various established ap-

proaches have been reported to anchor CNTs onto supporting 

fibers for SPME applications. These approaches include dip 

coating in a CNT suspension [97], sol-gel method [98, 99] and 

electrophoretic deposition [100, 101]. Using HS-SPME, 

Sarafraz-Yazdi and co-worker introduced SPME method for 

detection of methyl tert-butyl ether (MTBE) in water samples. 

In their work MWCNTs grafted with poly (ethylene glycol) 

(PEG) were included as the extraction phase via a sol–gel 

technique providing a stable and efficient coating [99]. 

CNT based SPME fibers prepared through different coating 

approaches have been applied to analysis of pesticides in tea 

samples [102], methyl tertbutyl ether, ethyl tert-butyl ether, 

and methyl tert-amyl ether in human urine [103], bisphenol A 

and bisphenol F in canned food [104], and other non-polar and 

polar compounds in water samples [105]. In many cases un-

modified CNTs are used directly as sorbent material. However 

surface modified CNTs are expected to offer enhanced extrac-

tion efficiency and selectivity. For example Sun and co-

worker developed a carboxylated SWCNT fiber for the deter-

mination chlorophenols and organochlorine pesticides in 

aqueous samples [101]. The modified fiber demonstrated su-

perior extraction performance compared to commercially 

available SPME fibers. In another investigation, an amine-

functionalized MWCNT based SPME fiber was fabricated for 

the extraction of six phenols from aqueous samples [102]. 

This material achieved lower detection limits for the target an-

alytes compared to both commercial fibers and previously re-

ported. Moreover, it demonstrated excellent chemical and 

thermal stability, maintaining performance under acids, alka-

lis, organic solvents, and elevated temperatures [37]. 

5.2. Analytical Application of CNTs for SPE and 

SPME 

Cd(II), Cu(II), and Pb(II) in environmental samples were 

extracted using multi-walled carbon nanotubes (MWCNTs) as 

sorbents through solid-phase extraction (SPE) and determined 

by ICP-AES, achieving recoveries of 98–102% with limits of 

detection (LODs) of 0.18–0.22 ng/mL; the sorbent was packed 

in a column [90]. Arsenic (As) and antimony (Sb) in water 

samples were preconcentrated using MWCNTs via SPE and 

analyzed by ICP-MS, providing LODs of 0.02–0.05 µg/L with 

a column-packed configuration [91]. Metal ions (Co, Cu, Pb, 

Fe, Mn, and Ni) in environmental samples were extracted us-

ing MWCNT-based SPE and measured by FAAS, yielding re-

coveries of 90–96% and LODs of 0.5–6.9 µg/L, with the 

sorbent packed in a column [92]. Metal ions (Cd, Co, Ni, Pb, 

Fe, Cu, and Zn) in environmental samples were preconcen-

trated using MWCNTs through SPE and determined by FAAS, 

achieving recoveries of 95–101% and LODs of 1.0–5.2 µg/L 

using a column-packed format [93]. Pesticides in tea samples 

were extracted using single-walled carbon nanotubes 

(SWCNTs) as SPME fiber coatings on stainless steel wire and 

analyzed by GC-MS, resulting in recoveries of 75.1–118.4% 

and LODs of 0.027–0.23 ng/mL [102]. Methyl tert-butyl ether 

and ethyl tert-butyl ether in human urine were extracted using 

SWCNT-coated SPME fibers (stainless steel wire) and deter-

mined by GC-MS, providing recoveries of 90–95% and an 

LOD of 10 ng L-1 [103]. Bisphenol A (BPA) and bisphenol F 

(BPF) in canned food samples were preconcentrated using 

SWCNT-coated SPME fibers (stainless steel wire) and ana-

lyzed by GC-MS, achieving recoveries of 80–120% and an 

LOD of 0.10 µg/kg [104]. Phenols in aqueous samples were 

extracted using MWCNT-coated SPME fibers (stainless steel 

wire) and determined by HPLC, with LODs ranging from 

0.25–3.67 ng/mL [105]. 

6. Conclusion and Future Perspectives 

The present review focuses on the recent application of na-

nomaterials for sample extraction and preconcentration of var-

ious analytes, such as metal ions, polar, and nonpolar organic 

compounds. The high surface-to-volume ratio, surface func-

tionality potential, and physical and chemical stability of na-

nomaterials make them excellent candidates for adsorption 

purposes, particularly for SPE. The application of carbon-

based nanomaterials like graphene, carbon nanotubes, and car-

bon nanofibers in SPE and SPME is discussed and summa-

rized in detail. These materials can act as sorbent agents in 

SPE or online SPE through direct interaction between the an-

alyte and the nanoparticles. They can also be immobilized or 

coated on fibers for SPME, or possess special magnetic prop-

erties that simplify the analytical procedure when a magnetic 

field is used. Much work is needed in the development of SPE, 

particularly for magnetic-based nanomaterials, due to their nu-

merous advantages in sample preparation. New nanomaterial 

preparation methods to produce or adapt to new approaches, 

especially in separation and preconcentration techniques, may 

be another area of focus. 
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However, despite their benefits, nanomaterials have draw-

backs such as particle instability, impurities, biologically haz-

ardous properties, and difficulties in synthesis, isolation, and ap-

plication. Additionally, there is a lack of fast and safe disposal 

procedures for these materials. As a result, advancements will 

need to be made in the future to address these shortcomings. 
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