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Abstract

:

Solid phase extraction (SPE) is an analytical procedure developed with the purpose of separating a target analyte from a complex sample matrix prior to quantitative or qualitative determination. The purpose of such treatment is twofold: elimination of matrix constituents that could interfere with the detection process or even damage analytical equipment as well as enriching the analyte in the sample so that it is readily available for detection. Dispersive solid phase extraction (dSPE) is a recent development of the standard SPE technique that is attracting growing attention due to its remarkable simplicity, short extraction time and low requirement for solvent expenditure, accompanied by high effectiveness and wide applicability. This review aims to thoroughly survey recently conducted analytical studies focusing on methods utilizing novel, interesting nanomaterials as dSPE sorbents, as well as known materials that have been only recently successfully applied in dSPE techniques, and evaluate their performance and suitability based on comparison with previously reported analytical procedures.
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1. Introduction


The constant increase in the quality of life observed in recent years and decades requires corresponding growth of economy and industry, resulting in increased emissions of potentially harmful substances, such as pesticides, pharmaceuticals, heavy metals and more, collectively known as xenobiotics, into the natural environment. As our understanding of these substances and their effect on the environment and human health grows, restrictions are being put in place to control their release, prompting the need to develop suitable measurement methods, allowing monitoring of their presence in the environment and aiding the industry in reducing polluting emissions.



Numerous precise analytical methods have been developed to this end, many of them consisting of a chemical species separation achieved usually through the means of a wide variety of chromatographic techniques, namely gas chromatography (GC) and liquid chromatography (LC), the latter now mostly employed in its high performance iterations such as HPLC (high pressure liquid chromatography) and UPLC (ultrahigh pressure liquid chromatography), as well as electrophoretic techniques, such as capillary zone electrophoresis (CZE). Target quantification can be carried out based on the analyte type and utilizes one or more of many diverse detection techniques, from atomic emission (AES) or absorption spectroscopy (AAS) in the case of metal ions, to mass spectrometry (MS), to ultraviolet (UV), fluorescence (FL) or visual range (Vis) spectrophotometry for organic compound determination.



However accurate and quick a method should be, samples arriving at the laboratory can rarely be analyzed without any preparation. Environmental samples often exhibit complex matrixes containing many particulate and chemical interferents, rendering them unsuitable for immediate analysis [1,2,3]. Nearly every sample needs to be subjected to treatment aimed at separating the analyte from the matrix, allowing for reliable analysis. For more complex samples, this can necessitate the employment of multiple complicated procedures, in which case the sample pre-treatment becomes the bottleneck of the entire analytical process [1,2,4]. As measurement becomes faster and more accurate, the drive to develop effective, simple, selective, rapid, reliable and green clean-up and pre-concentration techniques is as strong as ever.



One of the oldest and most simple pre-concentration methods still in wide use is liquid–liquid extraction (LLE). This technique, however, carries some inherent disadvantages that can make it expensive or impractical in application: it is time-consuming and labor-intensive while also requiring large volumes of organic solvents, often highly toxic themselves [1,2,3].



Solid phase extraction (SPE) enjoys significant advantages over LLE as it largely manages to avoid many of its drawbacks. It requires much lower amounts of solvents, takes less time and is less complex to operate, while providing better effectiveness and selectivity and also being easier to automate and combine with other pre-treatment or analytical procedures. SPE with its modifications and iterations, such as solid phase microextraction (SPME), stir bar sorptive extraction (SBSE), matrix solid phase dispersion (MSPD) or ion-exchange solid phase extraction (IE-SPE), has rightfully become one of the most widely used sample preparation techniques for solid or liquid samples [1,2,3,5].



Dispersive solid phase extraction (dSPE) is an iteration of the SPE technique that has surged in popularity since 2003, when it was reported by Anastassiades et al. as an effective clean-up procedure in pesticide extraction from produce. In this very approachable method, the solid sorbent is applied directly into the volume of a liquid sample solution without the need for prior sample preparation, and the whole procedure relies entirely on shaking and centrifugation. This simple approach ensures high contact surface between sorbent and sample, allowing for the extraction equilibrium to be reached quickly. The resulting method is rapid and proven to be effective, and considering the very low amounts of sorbent and solvent required, it can be viewed as a more environmentally friendly method than standard solid phase extraction [2,5,6].



dSPE quickly found recognition as a valuable complement to the QuEChERS (quick, easy, cheap, efficient, rugged, safe) clean-up procedure, resulting in the development of CSN EN 15,562 and AOAC 2007.01 official standards for QuEChERS-dSPE pesticide determination methods. Most commonly used commercially available kits developed in accordance with these standards include typically one or more of three sorbents for the dSPE step: graphitized carbon black (GCB), primary-secondary amine (PSA) and octadodecyl-bonded silica (C18). However, new materials are being investigated as suitable for dSPE as the range of perceived potential applications for the technique broadens [2,7]. As shown in Figure 1, materials put to use as sorbents exhibit various functional structures, which can be further modified in order to achieve the highest possible effectiveness and selectivity of the extraction process.



The aim of this review article is to take a closer look at new and interesting materials that have been reported over the last couple years as having potential for application in dispersive solid phase extraction as sorbents. A survey of recently published literature revealed a large interest in exploring the possibilities of dSPE application and improving its efficiency by utilizing newly developed nanomaterials and techniques. In this work, we focused on the most recent reports on novel or modified classical sorbents applied in dSPE procedures and subjected the proposed analytical methods to critical evaluation based on the obtained results and validation parameters.




2. Sorbents Based on Silica


Silica in various forms is one of the oldest and most widely used sorbents in solid phase extraction, typically used in normal phase procedures based on adsorption [1]. Its drawbacks include its limited pH tolerance and singular sorption mechanism, stemming from a lack of diverse surface functional groups. It is, however, an easy to synthesize, cheap and rigid material, with good resistance to shrinking and swelling, and the ease with which it can be modified offsets its disadvantages to a significant degree. In addition to this, mesoporous silica adds the benefit of having an organized, ordered internal structure containing uniformly distributed mesopores [8,9,10,11]. Recent attempts to take advantage of the ease with which standard silica can be modified have provided unclear results. Papers describe the immobilization of complex amine-based organic moieties on the surface of the silica carrier and the application of obtained sorbents in the dSPE procedure for the extraction of rare earth elements [12] and phosphoproteins [13]. While the materials show desirable qualities such as high selectivity toward analyte or good reusability, it is difficult to properly evaluate the potential of the proposed methods with no precise numerical data presented. In contrast, a study by Fuh et al. on silanized silica modified with a lauryl methacrylate-based copolymer, used as a sorbent in the dSPE-HPLC-UVD process for the determination of trace herbicide content [14], presented good results, closely comparable to literature data (Table 1). An additional advantage of the method is the remarkably low sample size required; however, the overall precision may suffer from the distinctively limited linear range.



Mesoporous silica has been recognized for carrying similar potential, as a number of commercially available materials, such as MCM (Mobil Composition of Matter), HMS (Hexagonal Mesoporous Silica) and MSN (Mesoporous Silica Nanoparticle), have been modified with quaternary ammonium salts and amines. The obtained sorbents were used in analytical procedures to detect endocrine disrupting compounds (EDC) [15], polyphenols [9,16], as well as synthetic dyes in various food and environmental samples. Results of these studies, gathered and displayed in Table 1, were in all cases comparable or better than cited literature data, while also benefitting from the advantages of dSPE pre-treatment and employing relatively common detection systems, such as HPLC devices coupled with MS or diode array detectors (DAD), proving the high applicability of the proposed methods as well as the rich potential of mesoporous silica as a base for a dSPE sorbent.



A study that seems to fully embrace this potential focused on applying mesoporous silica SBA-15 modified with metformin to isolate heavy metal ions from food samples [10,17]. When compared to literature data, the proposed method exhibited results close to those achieved using a much more expensive inductively coupled plasma–mass spectrometry (ICP-MS) analysis, confirming its very good efficiency. Great effectiveness of the sorbent itself was proven, with calculated enrichment factor (EF) reaching values as extraordinarily high as 1800. The greatest disadvantage of the method appears to be the more complex operating procedures when compared to other dSPE techniques, as it introduces an additional clean-up step of either surfactant-assisted dispersive liquid–liquid microextraction (SA-dLLME) or ultrasound-assisted emulsification microextraction (UA-EME), as well as a relatively complicated sorbent preparation process.



An equally complex material, combining the characteristics of ionic liquids and mesoporous silica, was the subject of an interesting study focused on the determination of plant growth regulators (PGR) in a herb widely used in traditional Chinese medicine [8]. Laborious sorbent preparation appears to be the greatest issue with the method; however, the operating procedure is similar to the standard dSPE technique and enjoys its benefits, and it obtained results exceeding any data used for reference.




3. Sorbents Based on Magnetic Nanoparticles


In recent years, the application of magnetic nanoparticles (MNPs) as sorbents in dSPE procedures has drawn much attention. These materials exhibit good dispersibility and high surface area to volume ratio, and their super-paramagnetic nature makes them easy to isolate from the matrix by an external magnetic field, without retaining residual magnetization. Because of its physicochemical properties, magnetite (Fe3O4, iron oxide) is the most widely used in dSPE. In order to protect the material from oxidation and prevent the formation of agglomerates, it is often coated with organic or inorganic coatings, which in turn opens up the option of MNP modification and functionalization [18,19,20].



The majority of recent studies on MNP-based sorbents reported their extraction methods to be highly accurate, with recovery values close to 100% (Table 2). The most notable exception was described in a series of papers by Hernández-Borges et al., presenting the results of studies on magnetite coated with poly(dopamine) (Fe3O4@pDA), applied as a dSPE sorbent for the determination of phthalic acid esters (PAE) in sand and water, as well as mycotoxins in dairy product samples [20,21,22]. Despite the fairly low precision of the extraction process, the employed analytical procedures were highly sensitive, with obtained values comparable to or better than reported in any cited reference.



The highest extraction accuracy with MNP-based sorbent was reported in a study on the determination of arsenic speciation analysis in water, using poly(methacrylic acid) (PMAA) coated magnetite particles [23]. The sorbent, denoted as M-PMA, proved incredibly stable, showing no significant loss of sorption capabilities after up to 25 sorption–desorption cycles. The sensitivity of the method, employing a hybrid generation microwave plasma atomic emission spectrometry (HG-MP-AES) detection system, marginally falls behind only the most effective analytical procedures. While this is the case for most of the recently reported analytical procedures making use of MNP-based dSPE sorbents, a method for trihalomethane (THM) determination [24] proposed by Farhadi et al. yielded unremarkable results. Here, magnetite nanoparticles were coated with zein, a protein found in maize, which allowed very accurate extraction when applied as a sorbent. Using headspace thermal desorption (HSTD) followed by GC coupled with a micro electron capture detection (MECD) system, however, provided THM detection with sensitivity noticeably lower than in referential literature.




4. Sorbents Based on Molecularly Imprinted Polymers


Molecularly imprinted polymers (MIPs) have received broad recognition and found widespread application in residue detection techniques, considered one of the most selective phases applied in SPE methods. Their preparation includes a copolymerization reaction of a functional monomer, capable of interacting with the target analyte, with a crosslinker in the presence of a template, that is either the target analyte or its close derivative. After the reaction, template molecules are removed from the structure, leaving a site on the surface that is complementary in size, shape and chemical functionality to the target analyte. This ensures very high specificity and selectivity of MIPs, sought after in extraction procedures, and prompts their denomination as synthetic antibodies [1,2,28,29].



MIP materials recently applied as sorbents in dSPE procedures generally fulfil the expectation of high selectivity, whether the target analytes are metal ions [19,30,31], polyaromatic hydrocarbons (PAHs) [28] or cephalosporin antibiotics [32]; however, other parameters of these analyses varied (Table 3). Good selectivity was also confirmed for a methacrylic acid (MAA)–ethylene glycol dimethacrylate (EGDMA) copolymer sorbent with dual templates (dt-MIP), designed for the simultaneous separation of two different fluoroquinolones (FQ), norfloxacin (NOR) and enrofloxacin (ENR) [33], as the sorbent showed much higher affinity toward targets than their structural analogues. Utilizing the dSPE technique with the HPLC-DAD system allowed us to carry out analyte determination with parameters better or comparable to the cited reference; however, the sorbent itself exhibited relatively low sorption capacity.



Out of the proposed MIP dSPE procedures, there was one sorbent that did not meet the selectivity expectation. This was reported by Wang et al., who synthesized hydrophilic molecularly imprinted microspheres (HMIMs) using hydroxypropyl methacrylate as a functional monomer and EGDMA as crosslinker in the presence of azoxystrobin fungicide as target template [29]. HMIM selectivity was investigated by carrying out extraction from a mixed solution of three fungicides, including azoxystrobin, which was absorbed in only marginally higher amounts. Moreover, a similar test was performed using a non-imprinted polymer and the obtained results were also comparable. It is worth noting, however, that in a procedure utilizing LC-UV detection, HMIM allowed for target determination in vegetables with good sensitivity within a very wide concentration range.




5. Sorbents Based on Carbon


Due to its large surface area, high adsorption capacity as well as outstanding chemical, mechanical and thermal stability and relatively low preparation cost, carbon in different forms has seen wide application in xenobiotic removal from the environment. As these properties are valued for materials used in separation techniques, it is only natural for different carbon allotropes to attract considerable attention as potential SPE sorbents. In fact, as mentioned earlier, graphitized carbon black is one of the sorbents currently utilized and distributed with the QuEChERS standard procedure kits as a sorbent for the dSPE clean-up step [6,35,36,37].



Carbon forms investigated as sorbents range from allotropes, such as carbon nanotubes (CNTs), graphene and graphite, to modified carbon structures, known as activated carbon (AC). The latter can be produced through thermal and chemical activation of either natural or synthetic material with high carbon content within its structure, including some types of waste—for instance, waste tires [35]. Biomaterials are also being investigated as potential precursors for AC, and these include almond and walnut shells, orange peels and others. The type of precursor used, as well as the applied activation method, greatly impacts the physicochemical properties and characteristics of the obtained material [35,38]. To this end, Ebrahimi et al. reported a study on an AC material based on cherry stones [38] that was applied in the dSPE of copper followed by flame atomic absorption spectrometry (FAAS) detection. The activation process included both chemical and thermal steps, and to further improve the material’s sorption capacity, it was subjected to acidic and microwave modifications. Extraction efficiency, illustrated with enrichment factor EF reaching a value of 100, proved to be better than in any of the reported SPE studies used as a reference, as was the overall method sensitivity, displayed in Table 4. The method’s applicability was evaluated by carrying out the extraction from spiked milk, macaroni and rice samples, which yielded highly accurate recoveries, and the acid and microwave modified activated carbon (AMM-AC) sorbent, exhibited satisfactory reusability, showing no significant decrease in effectiveness for up to six sorption cycles. The proposed method appears to be a strong competitor for copper determination; however, it has a potentially severe drawback, as the selectivity test revealed the sorbent’s low tolerance for the presence of Co2+, No2+ and Pd2+ ions in the matrix, which needs to be taken into account. A study investigating the applicability of chemically activated, tire waste-originated AC deposited on the surface of polyacrylonitrile (PAN) nanofibers as a dSPE sorbent [35] shows its good ability to extract fluoroquinolones, allowing for high detection sensitivity when paired with the HPLC-DAD system. The method yielded excellent recovery values and the reusability test showed that the material can be utilized efficiently for up to ten times, after which threshold a sharp decline in sorptive properties is observed.



5.1. Graphite and Graphene


Graphite is a natural, crystalline carbon allotrope with a hexagonal internal structure. It found wide use in chromatography and solid phase extraction as it exhibits a large surface area and therefore high adsorption capacity, has good mechanical, electric and thermal resistance and conductivity and appears to be nearly inert chemically. These remarkable properties, however, are amplified in recently discovered material initially derived from graphite, graphene, which could be described as a single layer of graphite, an essentially two-dimensional sheet of hexagonally arranged carbon atoms that is just one atom thick. As the carbon rings forming the structure exhibit aromatic properties, it possesses a large delocalized π-electron system, making it possible to enter strong interactions with other aromatic compounds. Additionally, graphene derivatives, such as graphene oxide (GO), can be readily modified to employ additional functionalization to further adjust the sorption performance of the material [39,40].



As graphene has a tendency for irreversible aggregation that diminishes its sorptive properties, studies have been carried out to alleviate this problem through its immobilization or modification [36,39,40,41,42,43]. Although the provided literature reference was very limited, remarkable sensitivity and good accuracy were obtained when applied to real samples, as well as good sorbent reusability, attesting to the high potential of the proposed methods and sorbents (Table 4). An interesting method proposed by El-Wekil et al. saw the use of cobalt hydroxide nanoparticles (CHNPs) as sorbents complementary to reduced graphene oxide (rGO) in the dSPE procedure [44]. CHNP addition inhibited graphene aggregation and therefore ensured the high surface area of the sorbent, as well as decreasing its binding affinity towards the surfactant, polyethylene glycol (PEG) 6000, used in a cloud point extraction (CPE) system, via the formation of rGO-CHNPs hydrogen bonds. This method was proven to be highly tolerant towards potentially interfering compounds and ions and the calculated sensitivity and accuracy placed it among the most effective methods cited from the literature. In addition, the sorbent reusability test showed no significant drop in signal intensity for up to six sorption cycles.



Some studies reported the application of graphitic carbon nitride as the base for a novel dSPE sorbent. Mesoporous graphitic carbon nitride (MCN) was used in the enrichment of sulfonamides in a column-assisted extraction procedure (CA-dSPE) designed for easier separation of the dispersed sorbent [45]. A series of extraction procedures, namely SPE, dSPE and pipette-tipped SPE (PT-SPE), using the MCN sorbent, was carried out for reference; however, none of the standard methods yielded better or even comparable sulfonamide extraction results than CA-dSPE. The proposed method utilizing HPLC-DAD analysis showed good sensitivity and recovery while also requiring very little solvent for analysis when compared to the reference data, and the sorbent itself also showed good reusability. A method for phenoxy carboxylic acid (PCA) compound screening was developed with the use of “velvet-like” graphitic carbon nitride (V-g-C3N4) as a sorbent [46]. The employment of the direct analysis in real time (DART) ionization technique coupled with an MS detector resulted in achieving remarkable sensitivity, much higher than in both the comparative HPLC-UVD analysis and the cited literature, while requiring application of as little as 1 mg of the sorbent. Considering the fact that the material preparation is not complicated, this method’s biggest drawback appears to be its relatively low extraction accuracy and the complexity and cost of the DART apparatus.




5.2. Carbon Nanotubes


Carbon nanotubes (CNTs) are an allotropic form of carbon related to fullerene and graphene. Similarly to fullerene, they form three-dimensional structures composed of carbon atoms ordered in a hexagonal grid; however, they form tubules instead of cages. Single-wall carbon nanotubes (SWCNTs) can be visually described as a graphene sheet rolled into a tube, and multi-wall carbon nanotubes (MWCNTs) consist of multiple SWCNTs nested one over another.



Recent years have seen a significant rise in the importance of these materials, as their remarkable and unique electrical, mechanical and chemical properties have garnered them much attention. CNTs show good thermal and chemical stability, which, combined with their high adsorption capacity, ability to enter into π-π interactions with aromatic compounds as well as the relative ease with which they can be modified, opens up exciting possibilities for their application. While they have already found wide use in other separation techniques, such as standard SPE or SBSE, only recently have carbon nanotubes begun to gain popularity as sorbents in dSPE procedures [4,47,48]. A series of works published by Paszkiewicz et al. describe the performance of several MWCNT types as dSPE sorbents in analytical procedures determining different analytes, including PAHs [4,47], heavy metals [4] and various pharmaceuticals [48,49]. Theoretical and analytical tests saw studies on both modified MWCNTs and unmodified tubes of varied shapes, lengths and diameters. Great results obtained even by coupling the dSPE technique with standard procedures, such as GC-MS or LC-MS (Table 4), show the very high potential of MWCNTs as sorbent materials. Their flexibility in this role was perfectly highlighted in a separate study, where modified MWCNTs intercalated with magnetite nanoparticles were used together with CTAB surfactant to collect gaseous PAHs from marine diesel engine emissions [50]. All sixteen investigated PAHs were captured in the aqueous solution, including the heaviest ones, such as chrysene and indeno(1,2,3-cd)pyrene, and extracted using OH-MMWCNTs@CTAB, with satisfactory recovery, which allowed for detection with high sensitivity using the GC-MS system.



Recently, MWCNTs have also been investigated as a component for “bucky gels”, a novel type of material combining the properties of ionic liquids and nanomaterials. Utilizing carbon nanotubes as a nano component is a way of inhibiting their aggregation while also increasing their dispersibility in water. Such a material can be applied as a sorbent in the dSPE procedure, as was reported in a paper focusing on chromium determination in water [51]. In a follow-up study, the development of a magnetic bucky gel (MBG) based on choline chloride, a hydrophilic deep eutectic solvent (DES), is described, again using MWCNTs [52]. The obtained material was applied as a dSPE sorbent in the determination of chlorine pesticides utilizing a GC-MECD system. Comparison with the reference reveals the remarkable sensitivity of the proposed method, better than in any of the cited studies. Its additional benefits include the exceptionally fast extraction process, which is reported to only take few seconds, as well as the excellent target enrichment (EF values found within 305–335 range), with the relatively wide recovery range appearing as the only notable disadvantage.
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Table 4. Carbon-based sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(ng L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	AMM-AC
	Cu
	food
	0.8–180
	310
	95.7–103.6
	FAAS
	[38]



	AC-PAN
	antibiotics
	waste
	-
	50–200
	98–103
	HPLC-DAD
	[35]



	ACF
	pesticides
	food
	-
	1.14–5.89 b
	70–120
	GC-ECD, GC-MS/MS
	[53]



	GO@SiO2
	phytohormones
	food
	0.5–50
	30,000–50,000
	98.1–118.4
	HPLC-UVD
	[39]



	GO@SiO2
	melatonin, tryptophan
	food
	0.25–500
	50,000–100,000
	89.1–114.8
	HPLC-DAD,

UPLC-MS/MS
	[36]



	3D-Mag-CMGO
	disperse dyes
	waste
	5–1000
	500–2480
	70–109
	UFLC-MS/MS
	[41]



	3D-Mag-CMGO
	disperse dyes
	environmental
	0.005–5
	0.17–10.2
	80.0–112
	UFLC-MS/MS
	[42]



	3D-Mag-CMGO
	pharmaceuticals
	environmental
	0.001–0.5
	0.034–0.63
	78.0–109
	UFLC-MS/MS
	[43]



	tri-BuA-rGO
	pesticides
	food
	1–500 b
	0.33–16.5 b
	72.1–120.5
	UHPLC-MS/MS,

GC-MS/MS
	[40]



	rGO-CHNPs
	velpatasvir
	biological
	0.5–45
	40
	97.96–103.0
	CPE-FLD
	[44]



	G/Sep
	ryboflavin
	food
	80–700
	3000
	95–104
	FLD
	[54]



	G/Sep
	PAH
	waste
	0.39–45
	96–830
	95.2–100.2
	HPLC-FLD
	[37]



	MCN
	sulfonamides
	environmental
	0.09–200
	20–50
	82.3–110.5
	HPLC-DAD
	[45]



	V-g-C3N4
	PCA
	environmental
	-
	0.5–2
	80.12–119.17
	DART-MS,

HPLC-UVD
	[46]



	MWCNTs
	PAH, Cd, Cr, Pb
	environmental
	0.01–50
	3–30
	80.7–116.1
	GC-MS/AAS
	[4]



	MWCNTs
	PAH
	environmental
	-
	-
	-
	GC-MS
	[47]



	MWCNTs
	pharmaceuticals
	environmental
	0.02–2.5
	1–8
	85.99–120.05
	LC-MS/MS
	[48]



	MWCNTs
	β-blockers
	environmental
	0.005–0.5
	1
	80.2–135.7
	GC-MS, LC-MS/MS
	[49]



	QA-Mag-CCNTs
	perchlorate
	biological
	0.01–1 b
	0.00249 b
	85.2–107
	UFLC-MS/MS
	[55]



	PEG-CNT-MNP
	Z-ligustilide
	herbal
	-
	-
	98.9
	HPLC-DAD,

HPLC-MS/MS
	[56]



	M-BG
	Cr
	environmental
	0.4–40
	100
	94.4–106
	FO-LADS
	[51]



	DES-MBG
	pesticides
	environmental
	0.0002–2
	0.03–0.27
	80–119
	GC-MECD
	[52]



	OH-MMWCNTs

@CTAB
	PAH
	engine exhaust
	0.02–1
	9–100
	72.65–96.54
	GC-MS
	[50]







a LOD values; b µg kg−1; ACF: activated carbon fibers; CMGO: magnetite-graphene oxide composite; tri-BuA: tri-butylamine; Sep: sepiolite; PCA: phenoxy carboxylic acid; QA-Mag-CCNTs: quaternary ammonium modified magnetic carboxylic carbon nanotubes; FO-LADS: fiber optic linear array detection spectrophotometry; CTAB: cetylthrimethylammonium bromide.













6. Sorbents Based on Layered Double Hydroxides


Layered double hydroxides (LDHs) belong to a class of synthetic anionic clays formed by stacked layers of double hydroxides of divalent and trivalent cations with hydrated anions dispersed between them. A unique property of these materials compared to other sorbent types is their high solubility in acid, which led to the development of extraction methods in which the desorption step is replaced entirely by LDH-based sorbent dissolution, thus reducing the expenditure of organic solvents. An additional benefit of replacing desorption in the analytical procedure is minimizing analyte loss, leading to highly accurate recovery [57,58].



In recent years, there have been several reports on studies investigating LDH materials as dSPE sorbents in analytical procedures aimed at the determination of heavy metals, such as cadmium, cobalt or lead. The accuracy of the extraction process was as high as expected and, in addition, most LDHs showed very good selectivity as well, even when tested with as many as 20 potentially interfering inorganic ions [59]. Many of the studies also report the sensitivity of the proposed methods to be comparable to or better than in the cited literature; however, the provided results are noticeably worse than in other papers mentioned in this review, particularly those using silica or carbon-based sorbents (Table 5).



While most of the studies employed a FAAS detection system, an attempt at chromium(VI) determination with fluorescence, using Mg-Al mixed hydroxide as the dSPE sorbent, was reported [60]. The method showed good selectivity; however, the fluorescence detection sensitivity was poor, even when using a novel probe, while also being applicable in only a narrow concentration range.
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Table 5. Layered double hydroxide-based sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(ng L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	BCS-LDH
	Fe
	food, environmental
	0.5–100
	400
	99.04–102.3
	UV/Vis
	[59]



	Mg-Al-AHDNA-LDH
	Cd, Co, Cr,

Ni, Pb
	biological
	2–725
	600–2400
	95–102
	FAAS
	[61]



	LDH-APDC
	Cr
	biological
	8–640
	2400
	96–101
	FAAS
	[57]



	LDH-ALA
	Cr
	environmental
	20–700
	7100
	97.67–110.08
	FAAS
	[58]



	DAMP-CuNCs
	Cr
	environmental
	116–812
	36,000
	101.6–106.9
	FLD
	[60]







a LOD values; BCS: bathocuproine disulfonic acid; AHDNA: 4-amino-5-hydroxyl-2,7-naphthalendisulfonic acid; APDC: ammonium pyrrolidine dithiocarbamate; ALA: L-alanine; DAMP-CuNCs: 4,6-diamino-2-mercaptopyrimidine-coated copper nanoclusters.












7. Sorbents Based on Metallic Organic Frameworks


Porous coordination networks, also known as metallic organic frameworks (MOFs), are crystalline organic–inorganic hybrid materials, formed by metal ions or clusters and organic bridging ligands. Their most notable properties, including high specific surface area, porosity easily tuneable by linker choice and the fact that they are readily modifiable, brought significant attention towards a wide spectrum of industrial and scientific applications. They have already found use in catalysis, drug delivery and energy storage, as well as separation techniques [62,63,64].



One of the more common types of MOF researched recently appears to be zeolitic imidazole frameworks (ZIF), networks based on various metals with imidazolate ligands. A zinc-histamine-based ZIF-8 material showed remarkable efficiency in organophosphorus pesticide extraction [64], as enrichment factors calculated for the analytes were found between 801 and 914, and it retained its high effectiveness for up to eight sorption cycles. Analyte determination was carried out using a gas chromatograph coupled with a flame ionization detector (GC-FID) system, and the proposed method allowed for sensitivity better than in any study cited for reference; however, the narrow applicable concentration range is a noticeable disadvantage (Table 6). In another study, Ghani proposed using a ZIF based on cobalt (ZIF-67) as a precursor in the dSPE procedure with hierarchical Ni-Co LDH (HLDH) sorbent forming in situ [65]. The method additionally retains the benefits of LDH sorbents as HLDH is easily dispersed in 8% trifluoroacetic acid, thus reducing solvent use and analyte loss, resulting in high accuracy. The method proved to be more effective at bisphenol A (BPA) extraction than dSPE with a standard Ni-Co LDH sorbent performed for comparison and also showed good sensitivity when coupled with a HPLC-UVD system.



A copper-based MOF utilizing benzene-1,3,5-tricarboxylic (BTC) moieties as ligands was used as a precursor for a material designed to combine the properties of metallic organic frameworks and graphitic carbon [62]. The final product was characterized as porous octahedron graphitic carbon cages with metallic copper and applied as a dSPE sorbent for the extraction of fluoroquinolones, achieving good target enrichment. Comprehensive selectivity tests showed high tolerance in the presence of glucose, fructose and vitamins, as well as Fe3+, Cu2+, Ca2+, K+, Cl− and NO3− ions; however, the sorbent retained only 80% of its sorption effectiveness after just four extraction cycles. Comparing the analytical performance of the proposed dSPE-HPLC-UV method with literature data shows exceptional sensitivity, greatly exceeding values reported in any of the cited studies.




8. Sorbents Based on Porous Polymers


Porous polymers based on organic crosslinked resins form beads of uniform diameter with regular pore sizes. The properties of the material depend on the monomers used and the parameters of the polymerization reaction, allowing for high control over the final product and reliability of the process. Their advantages over other porous materials include inherent functional diversity and physicochemical stability, especially against water, while exhibiting very high surface areas. These remarkable properties granted polymers wide application in catalysis, gas storage and photoluminescence, among others, and their structural uniformity makes porous polymers excellent packing materials, commonly used in column-based separation techniques [1,70,71].



Recently, there has been also a growing interest in investigating their applicability in the dSPE technique (Table 7), including a study focusing on a series of materials using poly(styrene-divinylbenzene) (PS-DVB) copolymer or silica cores modified with N-vinyl pyrrolidon (NVP), 1H,1H,7H-dodecafluoroheptyl methacrylate (DMFA) or both [6]. All of the obtained materials were investigated as sorbents for flavonoid extraction. P-N-F (PS-DVB-NVP-DMFA) showed the highest sorption capacity of both quercetin and pyrocatechin and was therefore selected for further study. When combined with the HPLC-UV/Vis detection system, the procedure yielded very good sensitivity; however, reported target recoveries were relatively low.



The potential for porous polymers as sorbents of choice is illustrated by research focusing on polyethyleneimine (PEI), a weak polymeric anion exchanger, in a direct comparison with PSA regarding applicability for the simultaneous extraction of multiple pesticides and matrix clean-up of QuEChERS extracts [71]. In most cases, PEI performance appears to be similar or better, including much more accurate target recoveries as well as more effective fatty acid clean-up. In addition, a calculation of material cost per sample suggests PSA to be nearly five times more expensive to use than PEI.




9. Other Novel Sorbents of Note


Various materials have been thoroughly researched as sorbents applicable to the dSPE procedure that do not necessarily belong to any of the types more commonly investigated. One such material is molybdenum disulfide (MoS2), a transition metal dichalcegonide forming two-dimensional sheets of sulfide atoms with molybdenum trapped between them. Reports describing the application of MoS2 for sulfonamide determination in the dSPE procedure coupled with capillary zone electrophoresis (CZE) [75,76] yielded somewhat disappointing results, showing low recovery accuracy and sensitivity (Table 8). A composite of molybdenum disulfide and carbon dot (MoS2/CD) used to extract flame retardants [77] produced results much closer to data reported in referential studies and also substantially exceeded the performance of unmodified MoS2 and CD. The composite was also shown to be reusable for up to seven extraction cycles.



As metal oxides are known to exhibit high selectively towards cis-diol moieties, reports describe medical studies focusing on the determination of ribose conjugates in biological fluids that employ a dSPE clean-up step with CeO2 as a sorbent [78,79]. The selectivity of the sorbent was confirmed by performing the extraction of four standard ribonucleosides from a solution of potentially interfering 2′-deoxynucleosides; however, target recoveries from real samples were low. Additionally, labeling analytes with a pair of stable isotope labeling (SIL) reagents significantly improved the sensitivity of the HPLC-MS/MS detection system, allowing for successful identification of 50 potential ribose conjugates in each study.




10. Summary and Conclusions


The necessity to determine trace amounts of numerous xenobiotics present in environmental samples containing varied and complex matrixes commands the drive to search for increasingly sensitive and selective methods of detection, as well as pre-treatment procedures that diminish the negative sample matrix effect. Among many known and widespread extraction methods used for analyte concentration prior to qualitative or quantitative analysis, dispersive solid phase extraction is a relatively new development of the classic SPE technique. In recent years, a significant increase in interest in dSPE can be observed, as this remarkably simple, rapid and effective technique finds use in a growing number of applications.



Articles surveyed for the purpose of this review presented studies on a wide variety of samples ranging from environmental soil and water samples to fresh produce, grain, herbs and meat, to processed food products, to biological and medical samples as well as pharmaceutical products. The reach of the analyzed xenobiotics was similarly broad, including heavy metal and rare earth metal ions, various pesticides, pharmaceuticals and their metabolites, PAHs, dyes, flame retardants and others. Procedures described in these studies were also varied in their utility, with some methods designed for the highly selective extraction and detection of a particular chemical, while others were refined to carry out a simultaneous determination of dozens of compounds of a specific type. This proves the high adaptability of the dSPE technique and suggests that the scope of possible applications for which this method is suitable will further increase in the future.



Nanomaterials based on various carbon allotropes, such as graphene or carbon nanotubes, are currently the most popular research subject, with only recently over twenty papers published. Several other sorbent types were also broadly investigated as suitable for dSPE—for instance, standard and mesoporous silica, magnetite-based nanoparticles, metallic organic frameworks and others.



There is a strong trend of modifying previously known, classical sorbents to acquire hybrid materials. The goal is to create sorbents combining the properties of two or more different materials such as carbon-based nanoparticles, MNPs and polymers. This multifunctional sorbent could then be applied for the extraction of multiple analytes; thus, it is essential to ensure that it retains most of the effectiveness of its parent materials. In parallel, a lot of attention is given to highly specialized sorbents such as MIPs, focusing on extracting particular compounds with extremely high efficiency. As research further refines and improves sorbent properties, focusing on extracting either multiple targets from complex matrixes or a selected few analytes with very high efficiency appear to be the two most prominent paths for the application of dSPE as a pre-treatment technique in the future.



What needs highlighting is that, in the majority of the presented studies, procedures utilizing these novel sorbents in dSPE produced very good results. In some cases, the precision and sensitivity of the analysis competed with the most accurate methods reported to date, while most have traded some small measure of analytical performance for the remarkable operating simplicity, greatly shortened process time and lower solvent, as well as sorbent and sample amount requirements. This implies that the popularity of dSPE as a standard sample pre-treatment procedure should grow, especially in large, high-throughput laboratories dealing with large amounts of samples, where decreased cost and analysis time would matter most, since the trade-off in analytical performance is often minimal, if any at all.



At the same time, as more sorbents and improvements to the technique itself are developed, its advantages over other extraction procedures may very well outweigh any negatives.







Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Majors, R.E. Sample Preparation Fundamentals for Chromatography; Agilent Technologies: Mississauga, ON, Canada, 2013. [Google Scholar]

	



Faraji, M.; Yamini, Y.; Gholami, M. Recent Advances and Trends in Applications of Solid-Phase Extraction Techniques in Food and Environmental Analysis. Chromatographia 2019, 82, 1207–1249. [Google Scholar] [CrossRef]

	



Azizi, A.; Bottaro, C.S. A critical review of molecularly imprinted polymers for the analysis of organic pollutants in environmental water samples. J. Chromatogr. A 2020, 1614, 460603. [Google Scholar] [CrossRef]

	



Paszkiewicz, M.; Caban, M.; Bielicka-Giełdoń, A.; Stepnowski, P. Optimization of a procedure for the simultaneous extraction of polycyclic aromatic hydrocarbons and metal ions by functionalized and non-functionalized carbon nanotubes as effective sorbents. Talanta 2017, 165, 405–411. [Google Scholar] [CrossRef]

	



Anastassiades, M.; Lehotay, S.J.; Štajnbaher, D.; Schenck, F.J. Fast and Easy Multiresidue Method Employing Acetonitrile Extraction/Partitioning and “Dispersive Solid-Phase Extraction” for the Determination of Pesticide Residues in Produce. J. AOAC Int. 2003, 86, 412–431. [Google Scholar] [CrossRef]

	



Ma, Y.; Han, D.; Lei, Y.; Zhu, T. Dispersion solid-phase extraction of flavonoid with amphilic monomers, N-vinyl pyrrolidone and 1H,1H,7H-dodecafluoroheptyl methacrylate based poly(styrene-divinylbenzene) and silica. Anal. Methods 2018, 10, 4680–4688. [Google Scholar] [CrossRef]

	



Lawal, A.; Wong, R.C.S.; Tan, G.H.; Abdulra’uf, L.B.; Alsharif, A.M.A. Recent Modifications and Validation of QuEChERS-dSPE Coupled to GC-MS and LC-MS Instruments for Determination of Pesticide/Agrochemical Residues in Fruits and Vegetables: Review. J. Chromatogr. Sci. 2018, 56, 565–669. [Google Scholar] [CrossRef]

	



Si, R.; Han, Y.; Wu, D.; Qiao, F.; Bai, L.; Wang, Z.; Yan, H. Ionic liquid-organic-functionalized ordered mesoporous silica-integrated dispersive solid-phase extraction for determination of plant growth regulators in fresh Panax Ginseng. Talanta 2020, 207, 120247. [Google Scholar] [CrossRef]

	



Casado, N.; Pérez-Quintanilla, D.; Morante-Zarcero, S.; Sierra, I. Bi-functionalised mesostructured silicas as reversed phase/strong anion exchange sorbents. Application to extraction of polyphenols prior to their quantification by UHPLC with ion-trap mass spectrometry detection. Microchim. Acta 2019, 186, 164. [Google Scholar] [CrossRef]

	



Sadeghi, M.; Shiri, F.; Kordestani, D.; Mohammadi, P.; Alizadeh, A. SBA-15/Metforminas a novel sorbent combined with surfactant-assisted dispersive liquid-liquid microextraction (SA-DLLME) for highly sensitive determination of Pb, Cd and Ni in food and environmental samples. J. Iran. Chem. Soc. 2018, 15, 753–768. [Google Scholar] [CrossRef]

	



Qin, P.; Yang, Y.; Li, W.; Zhang, J.; Zhou, Q.; Lu, M. Amino-functionalised mesoporous silica nanospheres (MSN-NH2) as sorbent for extraction and concentration of synthetic dyes from foodstuffs prior to HPLC analysis. Anal. Methods 2019, 11, 105–112. [Google Scholar] [CrossRef]

	



Artiushenko, O.; Ávila, E.P.; Nazarovsky, M.; Zaitsev, V. Reusable hydroxamate immobilized silica adsorbent for dispersive solid phase extraction and separation of rare earth metal ions. Sep. Purif. Technol. 2020, 231, 115934. [Google Scholar] [CrossRef]

	



Zhang, X.; Lu, Q.; Chen, C.; Li, X.; Qing, G.; Sun, T.; Liang, X. Smart polymers driven by multiple and tunable hydrogen bonds for intact phosphoprotein enrichment. Sci. Technol. Adv. Mater. 2019, 20, 858–869. [Google Scholar] [CrossRef] [PubMed]

	



Kuo, P.H.; Lin, S.L.; Fuh, M.R. Poly(lauryl methacrylate-co-1,6-hexanediol ethoxylate diacrylate) modified silica-based dispersive solid-phase extraction for determination of phenylurea herbicides in environmental water samples. Int. J. Environ. Anal. Chem. 2018, 98, 830–843. [Google Scholar] [CrossRef]

	



Zhang, S.; Lu, F.; Ma, X.; Yue, M.; Li, Y.; Liu, J.; You, J. Quaternary ammonium-functionalized MCM-48 mesoporous silica as a sorbent for the dispersive solid-phase extraction of endocrine disrupting compounds in water. J. Chromatogr. A 2018, 1557, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Casado, N.; Morante-Zarcero, S.; Pérez-Quintanilla, D.; Câmara, J.S.; Sierra, I. Dispersive Solid-Phase Extraction of Polyphenols from Juice and Smoothie Samples Using Hybrid Mesostructured Silica Followed by Ultra-high-Performance Liquid Chromatography-Ion-Trap Tandem Mass Spectrometry. J. Agric. Food Chem. 2019, 67, 955–967. [Google Scholar] [CrossRef]

	



Sadeghi, M.; Rostami, E.; Kordestani, D.; Veisi, H.; Shamsipur, M. Simultaneous determination of ultra-low traces of lead and cadmium in food and environmental samples using dispersive solid-phase extraction (DSPE) combined with ultrasound-assisted emulsification microextraction based on the solidification of floating organic drop (UAEME-SFO) followed by GFAAS. RSC Adv. 2017, 7, 27656–27667. [Google Scholar]

	



Pashaei, Y.; Ghorbani-Bidkorbeh, F.; Sherkachi, M. Superparamagnetic graphite oxide-based dispersive-solid phase extraction for preconcentration and determination of tamsulosin hydrochloride in human plasma by high performance liquid chromatography-ultraviolet detection. J. Chromatogr. A 2017, 1499, 21–29. [Google Scholar] [CrossRef]

	



Qi, X.; Gao, S.; Ding, G.; Tang, A.N. Synthesis of surface Cr (VI)-imprinted magnetic nanoparticles for selective dispersive solid-phase extraction and determination of Cr (VI) in water samples. Talanta 2017, 162, 345–353. [Google Scholar] [CrossRef]

	



González-Sálamo, J.; Socas-Rodríguez, B.; Hernández-Borges, J.; Rodríguez-Delgado, M.A. Core-shell poly(dopamine) magnetic nanoparticles for the extraction of estrogenic mycotoxins from milk and yogurt prior to LC-MS analysis. Food Chem. 2017, 215, 362–368. [Google Scholar] [CrossRef]

	



González-Sálamo, J.; Socas-Rodríguez, B.; Hernández-Borges, J.; Rodríguez-Delgado, M.A. Determination of phthalic acid esters in water samples using core-shell poly(dopamine) magnetic nanoparticles and gas chromatography tandem spectrometry. J. Chromatogr. A 2017, 1530, 35–44. [Google Scholar] [CrossRef]

	



Jiménez-Skrzypek, G.; González-Sálamo, J.; Valera-Martínez, D.A.; González-Curbelo, M.A.; Hernández-Borges, J. Analysis of phthalic acid esters in sea water and sea sand using polymer-coated magnetic nanoparticles as extraction sorbent. J. Chromatogr. A 2020, 1611, 460620. [Google Scholar] [CrossRef]

	



Ahmad, H.; Ahmad, A.; Islam, S.S. Magnetic Fe3O4@poly(methacrylic acid) particles for selective preconcentration of trace arsenic species. Microchim. Acta 2017, 184, 2007–2014. [Google Scholar] [CrossRef]

	



Hajilari, F.; Farhadi, K.; Eskandari, H. Extraction and Trace Analysis of Trihalomethanes in Water Samples Using Zein@Fe3O4 Nanocomposite. Bull. Environ. Cotnam. Toxicol. 2019, 102, 581–588. [Google Scholar] [CrossRef]

	



Li, D.; Li, T.; Wang, L.; Ji, S. A polyvinyl alcohol-coated core-shell magnetic nanoparticle for the extraction of aminoglycoside antibiotics residues from honey samples. J. Chromatogr. A 2018, 1581–1582, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Zaman, B.T.; Erulaş, A.F.; Chormey, D.S.; Bakirdere, S. Combination of stearic acid coated magnetic nanoparticle based sonication assisted dispersive solid phase extraction and slotted quartz tube-flame atomic absorption spectrophotometry for the accurate and sensitive determination of lead in red pepper sample and assessment of green profile. Food Chem. 2020, 303, 125396. [Google Scholar] [PubMed]

	



Akkaya, E.; Bozyiğit, G.D.; Bakirdere, S. Simultaneous determination of 4-tert-octylphenol, chlorpyrifos-ethyl and penconazole by GC-MS after sensitive and selective preconcentration with stearic acid coated magnetic nanoparticles. Microchem. J. 2019, 146, 1190–1194. [Google Scholar] [CrossRef]

	



Azizi, A.; Shahhoseini, F.; Bottaro, C.S. Magnetic molecularly imprinted polymers prepared by reversible addition fragmentation chain transfer polymerization for dispersive solid phase extraction of polycyclic aromatic hydrocarbons in water. J. Chromatogr. A 2020, 1610, 460534. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, Y.; Wang, J.; Li, L.; Li, R. Hydrophilic molecularly imprinted dispersive solid-phase extraction coupled with liquid chromatography for determination of azoxystrobin residues in cucumber. Iran. Polym. J. 2019, 28, 725–734. [Google Scholar] [CrossRef]

	



Kavakandi, M.G.; Behbahani, M.; Omidi, F.; Hesam, G. Application of Ultrasonic Assisted-Dispersive Solid Phase Extraction Based on Ion-Imprinted Polymer Nanoparticles for Preconcentration and Trace Determination of Lead Ions in Food and Water Samples. Food Anal. Methods 2017, 10, 2454–2466. [Google Scholar] [CrossRef]

	



Behbahani, M.; Omidi, F.; Kakavandi, M.G.; Hesam, G. Selective and sensitive determination of silver ions at trace levels based on ultrasonic-assisted dispersive solid-phase extraction using ion-imprinted polymer nanoparticles. Appl. Organomet. Chem. 2017, 31, e3758. [Google Scholar] [CrossRef]

	



Chen, X.; Ye, N. A graphene oxide surface-molecularly imprinted polymer as a dispersive solid-phase extraction adsorbent for the determination of cefadroxil in water samples. RCS Adv. 2017, 7, 34077–34085. [Google Scholar] [CrossRef]

	



Lu, W.; Liu, J.; Li, J.; Wang, X.; Lv, M.; Cui, R.; Chen, L. Dual-template molecularly imprinted polymers for dispersive solid-phase extraction of fluoroquinolones in water samples coupled with high performance liquid chromatography. Analyst 2019, 144, 1292–1302. [Google Scholar] [CrossRef]

	



Luo, J.; Chen, N.; Yang, Z.; Han, J.; Zhu, W.; Hong, J.; Zhou, X. Determination of active ingredients in Chinese medicine Danning Tablets using dispersion solid-phase extraction by molecular imprinting nanomaterials coupled with HPLC-DAD. Anal. Methods 2017, 9, 2585–2589. [Google Scholar] [CrossRef]

	



Dimpe, K.M.; Nomngongo, P.N. Application of activated carbon-decorated polyacrylonitrile nanofibers as an adsorbent in dispersive solid-phase extraction of fluoroquinolones from wastewater. J. Pharm. Anal. 2019, 9, 117–126. [Google Scholar] [CrossRef]

	



Niu, J.; Zhang, X.; Qin, P.; Yang, Y.; Tian, S.; Yang, H.; Lu, M. Simultaneous Determination of Melatonin, L-Tryptophan, and two L-Tryptophan-Derived Esters in Food by HPLC with Graphene Oxide-SiO2 Nanocomposite as the Adsorbent. Food Anal. Methods 2018, 11, 2438–2446. [Google Scholar] [CrossRef]

	



Mateos, R.; Vera-López, S.; Saz, M.; Díez-Pascual, A.M.; San Andrés, M.P. Graphene/sepiolite mixtures as dispersive solid-phase extraction sorbents for the analysis of polycyclic aromatic hydrocarbons in wastewater using surfactant aqueous solutions for desorption. J. Chromatogr. A 2019, 1596, 30–40. [Google Scholar] [CrossRef]

	



Ebrahimi, B.; Mohammadiazar, S.; Ardalan, S. New modified carbon based solid phase extraction sorbent prepared form wild cherry stone as natural raw material for pre-concentration and determination of trace amounts of copper in food samples. Microchem. J. 2019, 147, 666–673. [Google Scholar] [CrossRef]

	



Zhang, X.; Niu, J.; Zhang, X.; Xiao, R.; Lu, M.; Cai, Z. Graphene oxide-SiO2 nanocomposite as the adsorbent for extraction and preconcentration of plant hormones for HPLC analysis. J. Chromatogr. B 2017, 1046, 58–64. [Google Scholar] [CrossRef] [PubMed]

	



Ma, G.; Zhang, M.; Zhu, L.; Chen, H.; Liu, X.; Lu, C. Facile synthesis of amine-functional reduced graphene oxides as modified quick, easy, cheap, effective, rugged and safe adsorbent for multi-pesticide residues analysis of tea. J. Chromatogr. A 2018, 1531, 22–31. [Google Scholar] [CrossRef] [PubMed]

	



Lu, F.L.; Liu, J.N.; Shi, L.L.; Chen, G.S. Determination of Nine Sensitizing Disperse Dyes in Dyeing Wastewater by Solid Phase Extraction-Liquid Chromatography-Mass Spectrometry. Chin. J. Anal. Chem. 2012, 39, 39–44. [Google Scholar] [CrossRef]

	



Zhao, Y.G.; Li, X.P.; Yao, S.S.; Zhan, P.P.; Liu, J.C.; Xu, C.P.; Lu, Y.Y.; Chen, X.H.; Jin, M.C. Fast throughput determination of 21 allergenic disperse dyes from river water using reusable three-dimensional interconnected magnetic chemically modified graphene oxide followed by liquid chromatography-tandem quadrupole mass spectrometry. J. Chromatogr. A 2016, 1431, 36–46. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.H.; Zhao, Y.G.; Qiu, Q.L.; Zhu, Y.; Min, J.Q.; Jin, M.C. A fast and high throughput LC-MS/MS method for the determination of 58 human and veterinary drugs in river water. Anal. Methods 2017, 9, 4228–4233. [Google Scholar] [CrossRef]

	



El-Wekil, M.M.; Ali, H.R.H.; Marzouk, A.A.; Ali, R. Enhanced dispersive solid phase extraction assisted by cloud point strategy prior to fluorometric determination of anti-hepatitis C drug velpatasvir in pharmaceutical tablets and body fluids. RSC Adv. 2018, 8, 13292–13300. [Google Scholar] [CrossRef]

	



Zhang, J.; Li, W.; Zhu, W.; Yang, Y.; Qin, P.; Zhu, Q.; Lu, M.; Cai, Z. Mesoporous graphitic carbon nitride as an efficient sorbent for extraction of sulfonamides prior to HPLC analysis. Microchim. Acta 2019, 186, 279. [Google Scholar] [CrossRef]

	



Wang, J.; Zhu, J.; Si, L.; Du, Q.; Li, H.; Bi, W.; Chen, D.D.Y. High throughput screening of phenoxy carboxylic acids with dispersive solid phase extraction followed by direct analysis in real time mass spectrometry. Anal. Chim. Acta 2017, 996, 20–28. [Google Scholar] [CrossRef]

	



Paszkiewicz, M.; Sikorska, M.; Leszczyńska, D.; Stepnowski, P. Helical Multi-walled Carbon Nanotubes as an efficient material for the Dispersive Solid-Phase Extraction of Low and High Molecular Weight Polycyclic Aromatic Hydrocarbons from Water Samples: Theoretical Study. Water Air Soil Pollut. 2018, 229, 253. [Google Scholar] [CrossRef]

	



Jakubus, A.; Godlewska, K.; Gromelski, M.; Jagiello, K.; Puzyn, T.; Stepnowski, P.; Paszkiewicz, M. The possibility to use multi-walled carbon nanotubes as sorbent for dispersive solid phase extraction of selected pharmaceuticals and their metabolites: Effect of extraction condition. Microchem. J. 2019, 146, 1113–1125. [Google Scholar] [CrossRef]

	



Jakubus, A.; Gromelski, M.; Jagiello, K.; Puzyn, T.; Stepnowski, P.; Paszkiewicz, M. Dispersive solid-phase extraction using multi-walled carbon nanotubes combined with liquid chromatography-mass spectrometry for the analysis of β-blockers: Experimental and theoretical studies. Microchem. J. 2019, 146, 258–269. [Google Scholar] [CrossRef]

	



Wang, M.; Zhang, S.; Zhang, X.; Li, D. Preparation of micelle supported magnetic hydroxylated multi-walled carbon nanotubes based DSPE for determination of PAHs. IOP Conf. Ser. Mater. Sci. Eng. 2017, 207, 012003. [Google Scholar] [CrossRef]

	



Yousefi, S.M.; Shemirani, F. Carbon nanotube-based magnetic bucky gels in developing solid-phase extraction: Application in rapid speciation analysis of Cr (VI) and Cr (III) in water samples. Int. J. Environ. Anal. Chem. 2017, 97, 1065–1079. [Google Scholar] [CrossRef]

	



Yousefi, S.M.; Shemirani, F.; Ghorbanian, S.A. Deep eutectic solvent magnetic bucky gels in developing solid phase extraction: Application for ultra trace analysis of organochlorine pesticides by GC-micro ECD using a large-volume injection technique. Talanta 2017, 168, 73–81. [Google Scholar] [CrossRef]

	



Singh, S.; Srivastava, A.; Singh, S.P. Inexpensive, effective novel activated carbon fibers for sample cleanup: Application to multipesticide residue analysis in food commodities using QuEChERS method. Anal. Bioanal. Chem. 2018, 410, 2241–2251. [Google Scholar] [CrossRef]

	



Mateos, R.; Vera-López, S.; Díez-Pascual, A.M.; San Andrés, M.P. Dispersive solid phase extraction/fluorescence analysis of riboflavin using sepiolite as sorbent. Appl. Clay Sci. 2018, 163, 279–290. [Google Scholar] [CrossRef]

	



Zhao, Y.G.; Zhang, Y.; Wang, F.L.; Zhou, J.; Zhao, Q.M.; Zeng, X.Q.; Hu, M.Q.; Jin, M.C.; Zhu, Y. Determination of perchlorate from tea leaves using quaternary ammonium modified magnetic carboxyl-carbon nanotubes followed by liquid chromatography-tandem quadrupole mass spectrometry. Talanta 2018, 185, 411–418. [Google Scholar] [CrossRef]

	



Zeng, Q.; Liu, Y.M.; Jia, Y.W.; Wan, L.H.; Liao, X. PEGylation of magnetic multi-walled carbon nanotubes for enhanced selectivity of dispersive solid phase extraction. Mat. Sci. Eng. C 2017, 71, 186–194. [Google Scholar] [CrossRef]

	



Barfi, B.; Asghari, A.; Rajabi, M. Toward use of a nano layered double hydroxide/ammonium pyrrolidine dithiocarbamate in speciation analysis: One-step dispersive solid-phase extraction of chromium species in human biological samples. Arab. J. Chem. 2017, 13, 568–579. [Google Scholar] [CrossRef]

	



Dos Santos Azevedo Leite, V.; de Jesus, B.G.L.; de Oliveira Duarte, V.G.; Constantino, V.R.L.; Izumi, C.M.S.; Tronto, J.; Pinto, F.G. Determination of chromium (VI) by dispersive solid-phase extraction using dissolvable Zn-Al layered double hydroxide intercalated with l-Alanine as adsorbent. Microchem. J. 2019, 146, 650–657. [Google Scholar] [CrossRef]

	



Hami, Y.; Fat’hi, R.M. A colorimetric-dispersive solid-phase extraction method for the sensitive and selective determination of iron using dissolvable bathocuproinedisulfonic acid-intercalated layered double hydroxide nanosheet. New J. Chem. 2018, 42, 5489–5498. [Google Scholar] [CrossRef]

	



Khonkayan, K.; Sansuk, S.; Srijaranai, S.; Tuntulani, T.; Saiyasombat, C.; Busayaporn, W.; Ngeontae, W. New approach for detection of chromate ion by preconcentration with mixed metal hydroxide coupled with fluorescence sensing of copper nanoclusters. Microchim. Acta 2017, 184, 2965–2974. [Google Scholar] [CrossRef]

	



Rajabi, M.; Arghavani-Beydokhti, S.; Barfi, B.; Asghari, A. Dissolvable layered double hydroxide as an efficient nanosorbent for centrifugeless air agitated dispersive solid-phase extraction for potentially toxic metal ions from bio-fluid samples. Anal. Chim. Acta 2017, 957, 1–9. [Google Scholar] [CrossRef]

	



Wang, Y.; Tong, Y.; Xu, X.; Zhang, L. Metal-organic framework-derived three-dimensional porous graphitic octahedron carbon cages-encapsulated copper nanoparticles hybrids as highly efficient enrichment material for simultaneous determination of four fluoroquinolones. J. Chromatogr. A 2018, 1533, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Taghvimi, A.; Tabrizi, A.B.; Dastmalchi, S.; Javadzadeh, Y. Metal organic framework based carbon porous as an efficient dispersive solid phase extraction adsorbent for analysis of methamphetamine from urine matrix. J. Chromatogr. B 2019, 1109, 149–154. [Google Scholar] [CrossRef] [PubMed]

	



Amiri, A.; Tayebee, R.; Abdar, A.; Sani, F.N. Synthesis of zinc-based metal-organic framework with histamine as an organic linker for the dispersive solid-phase extraction of organophosphorus pesticides in water and fruit juice samples. J. Chromatogr. A 2019, 1597, 39–45. [Google Scholar] [CrossRef]

	



Ghani, M. A dissolvable hierarchical layered double hydroxide templated from porous zeolitic imidazolate framework-67 for dispersive solid-phase extraction of bisphenol A. Anal. Methods 2019, 11, 4184–4189. [Google Scholar] [CrossRef]

	



Gao, M.; Liu, W.; Wang, X.; Li, Y.; Zhou, P.; Shi, L.; Ye, B.; Dahlgren, R.A.; Wang, X. Hydrogen-bonding-induced efficient dispersive solid phase extraction of bisphenols and their derivatives in environmental waters using surface amino-functionalized MIL-101(Fe). Microchem. J. 2019, 145, 1151–1161. [Google Scholar] [CrossRef]

	



Cao, X.; Jiang, Z.; Wang, S.; Hong, S.; Li, H.; Zhang, C.; Shao, Y.; She, Y.; Jin, F.; Jin, M.; et al. Metal-organic framework UiO-66 for rapid dispersive solid phase extraction of neonicotinoid insecticides in water samples. J. Chromatogr. B 2018, 1077–1078, 92–97. [Google Scholar] [CrossRef]

	



Peña-Méndez, E.M.; Mawale, R.M.; Conde-González, J.E.; Socas-Rodríguez, B.; Havel, J.; Ruiz-Pérez, C. Metal organic framework composite, nano-Fe3O4@Fe(benzene-1,3,5-tricarboxylic acid) for solid phase extraction of blood lipid regulators from water. Talanta 2020, 207, 120275. [Google Scholar]

	



Lv, Z.; Sun, Z.; Song, C.; Lu, S.; Chen, G.; You, J. Sensitive and background-free determination of thiols from wastewater samples by MOF-5 extraction coupled with high-performance liquid chromatography with fluorescence detection using a novel fluorescence probe of carbazole-9-ethyl-2-maleimide. Talanta 2016, 161, 228–237. [Google Scholar] [CrossRef]

	



Płotka-Wasylka, J.; Marć, M.; Szczepańska, N.; Namieśnik, J. New Polymeric Materials for Solid Phase Extraction. Crit. Rev. Anal. Chem. 2017, 47, 373–383. [Google Scholar]

	



Oellig, C.; Shmid, S. Polyethyleneimine as weak anionic exchanger adsorbent for clean-up in pesticide residue analysis of fruits and vegetables. J. Chromatogr. A 2019, 1597, 9–17. [Google Scholar] [CrossRef]

	



Arnnok, P.; Patdhanagul, N.; Burakham, R. Dispersive solid-phase extraction using polyaniline-modified zeolite NaY as a new sorbent for multiresidue analysis of pesticides in food and environmental samples. Talanta 2017, 164, 651–661. [Google Scholar] [CrossRef]

	



Li, J.; Zeng, L.; Wu, Q.; Yang, L.; Xie, T. Sensitive Simultaneous Determination of Synthetic Food Colorants in Preserved Food Samples by Capillary Electrophoresis with Contactless Conductivity Detection. Food Anal. Methods 2018, 11, 1608–1618. [Google Scholar]

	



Zhang, J.; Liu, D.; Shi, Y.; Sun, C.; Niu, M.; Wang, R.; Hu, F.; Xiao, D.; He, H. Determination of quinolones in wastewater by porous β-cyclodextrin polymer based solid-phase extraction coupled with HPLC. J. Chromatogr. B 2017, 1068–1069, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



An, J.; Wang, X.; Ming, M.; Li, J.; Ye, N. Determination of sulfonamides in milk by capillary electrophoresis with PEG@MoS2 as a dispersive solid-phase extraction sorbent. R. Soc. Open Sci. 2018, 5, 172104. [Google Scholar] [CrossRef]

	



An, J.; Wang, X.; Ye, N. Molybdenum Disulfide as a Dispersive Solid-Phase Extraction Adsorbent for Determination of Sulfonamide Residues in Water Samples Using Capillary Electrophoresis. ChemistrySelect 2017, 2, 9046–9051. [Google Scholar] [CrossRef]

	



Dong, S.; Lou, Q.; Huang, G.; Guo, J.; Wang, X.; Huang, T. Dispersive solid-phase extraction based on MoS2/carbon dot composite combined with HPLC to determine brominated flame retardants in water. Anal. Bioanal. Chem. 2018, 410, 7337–7346. [Google Scholar] [CrossRef]

	



Chu, J.M.; Qi, C.B.; Huang, Y.Q.; Jiang, H.P.; Hao, Y.H.; Yuan, B.F.; Feng, Y.Q. Metal Oxide-Based Selective Enrichment Combined with Stable Isotope Labeling-Mass Spectrometry Analysis for Profiling of Ribose Conjugates. Anal. Chem. 2015, 87, 7364–7372. [Google Scholar] [CrossRef]

	



Chu, J.M.; Yin, T.L.; Zheng, S.J.; Yang, J.; Yuan, B.F.; Feng, Y.Q. Metal oxide-based dispersive solid-phase extraction coupled with mass spectrometry analysis for determination of ribose conjugates in human follicular fluid. Talanta 2017, 167, 506–512. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, C.; Huang, X.; Jia, C.; Cao, Y.; Hu, L.; Lu, R.; Zhang, S.; Gao, H.; Zhou, W.; et al. Ionic liquid-modified luffa sponge fibers for dispersive solid-phase extraction of benzylurea insecticides from water and tea beverage samples. New J. Chem. 2018, 420, 8791–8799. [Google Scholar] [CrossRef]

	



Yang, X.; Lin, X.W.; Mi, Y.D.; Gao, H.; Li, J.; Zhang, S.; Zhou, W.; Lu, R. Ionic liquid-type surfactant modified attapulgite as a novel and efficient dispersive solid phase material for fast determination of pyrethroids in tea drinks. J. Chromatogr. B 2018, 1089, 70–77. [Google Scholar] [CrossRef] [PubMed]

	



Gao, M.; Fu, Q.; Wang, M.; Zhang, K.; Zeng, J.; Wang, L.; Xia, Z.; Gao, D. Facile synthesis of porous covalent organic frameworks for the effective extraction of nitroaromatic compounds from water samples. Anal. Chim. Acta 2019, 1084, 21–23. [Google Scholar] [CrossRef]

	



Wu, F.F.; Chen, Q.Y.; Ma, X.J.; Li, T.T.; Wang, L.F.; Hong, J.; Sheng, Y.H.; Ye, M.L.; Zhu, Y. N-doped magnetic covalent organic frameworks for preconcentration of allergenic disperse dyes in textiles of fall protection equipment. Anal. Methods 2019, 11, 3381–3387. [Google Scholar] [CrossRef]








[image: Molecules 25 04869 g001 550] 





Figure 1. Examples of basic functional structures of SPE sorbents. 
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Table 1. Silica-based sorbents.






Table 1. Silica-based sorbents.





	Material
	Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(ng L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	SiO2-BPHA
	rare earth elements
	aqueous solution
	-
	-
	-
	ICP-OES
	[12]



	NIPAAm-co-ABTA0.35

@SiO2
	α-casein
	food
	-
	-
	-
	HPLC-DAD
	[13]



	LMA-HEDA@SiO2
	herbicides
	environmental
	0.1–4
	27–53
	80.1–97.9
	HPLC-UVD
	[14]



	QTA-MCM-48
	EDC
	environmental
	0.005–0.5
	1.2–2.6
	95.4–104
	HPLC-FLD
	[15]



	HMS-RPC8-SAX2
	polyphenols
	food
	-
	1–560
	70–101
	UHPLC-MS/MS
	[9]



	HMS-C18
	polyphenols
	food
	0.02–100
	10–50
	48–103
	UHPLC-MS/MS
	[16]



	SBA-15/Met
	Cd, Ni, Pb
	food, environmental
	0.0025–10
	1–2
	97.9–101.5
	GFAAS
	[10]



	SBA-15/CCMet
	Cd, Pb
	food, environmental
	0.001–15
	0.2, 0.5
	96.4–101.9
	GFAAS
	[17]



	MSN-NH2
	synthetic dyes
	food
	0.45–1000
	0.10, 0.30
	80.0–116.8
	HPLC-DAD
	[11]



	IL-WFOMS
	plant growth regulators
	herbal
	0.05–22.5 b
	0.003–0.008 b
	77.6–98.3
	HPLC-FLD
	[8]







a LOD (limits of detection) values; b µg kg−1; BPHA: N-benzoyl-N-phenylhydroxylamine; ICP-OES: inductively coupled plasma optical emission spectrometry; NIPAAm-co-ABTA0.35: poly[(N-isopropylacrylamine-co-4- (3-acryloythioureido) benzoic acid)0.35]; LMA-HEDA: poly(lauryl methacrylate-co-1,6-hexanediol ethoxylate diacrylate); QTA-MCM-48: quaternary ammonium-Mobil Composition of Matter-48; HMS-RPC8-SAX2: Hexagonal Mesoporous Silica dual-functionalized with n-octyl and anion exchange groups; SBA-15/Met: Santa Barbara Amorphous-15/metformin; GFAAS: graphite furnace atomic absorption spectrometry; CCMet: cyanoric chloride-metformin; IL-WFOMS: ionic liquid-functionalized ordered mesoporous silica.
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Table 2. Magnetic nanoparticle-based sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(ng L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	GO-Fe3O4
	tamsulosin hydrochloride
	biological
	0.5–50
	170
	98.0–101.4
	HPLC-UVD
	[18]



	Fe3O4@pDA
	mycotoxins
	food
	20–400
	290–4800,

0.41–5.82 b
	77–120
	HPLC-MS/MS
	[20]



	Fe3O4@pDA
	phthalic acid esters
	environmental
	0.5–500
	9–20 c
	71–120
	GC-MS/MS
	[21]



	Fe3O4@pDA
	phthalic acid esters
	environmental
	0.1–250
	1.38–3.19 c

0.020–4.0 b c
	70–120
	GC-MS/MS
	[22]



	M-PMA
	As
	environmental
	0–100
	2.98–9.95
	99–102
	HG-MP-AES
	[23]



	Zein@Fe3O4
	trihalomethanes
	environmental
	0.5–100
	100–360
	96.68–101.2
	GC-MECD
	[24]



	Fe3O4@PVA
	antibiotics
	food
	20–4000 b
	0.913–1.23 b
	82.9–100.7
	HILIC-MS/MS
	[25]



	SAC-MNP
	Pb
	food
	30–250
	10,000
	102.6–106.6
	SQT-FAAS
	[26]



	SAC-MNP
	EDC
	environmental
	1–1000
	0.28–10,000
	95.3–107.8
	GC-MS
	[27]







a LOD values; b µg kg−1; c LOQ (limits of quantification) values; GO: graphene oxide; pDA: poly(dopamine); PVA: poly(vinyl alcohol); HILIC: hydrophilic interaction liquid chromatography; SAC: stearic acid coating; SQT-FAAS: slotted quartz tube flame atomic absorption spectrometry.
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Table 3. Molecularly imprinted polymer-based sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(ng L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	Fe3O4@Cr(VI)IIPs
	Cr
	environmental
	4–140
	29,000
	96.1–99.2
	FAAS
	[19]



	Pb-IIP
	Pb
	food
	3–900
	700
	96.0–104.0
	FAAS
	[30]



	Ag-IIP
	Ag
	environmental
	0.5–600
	90
	96.2–105.7
	FAAS
	[31]



	MMIP
	PAH
	environmental
	0.002–50
	1–100
	4.5–97
	GC-MS/MS
	[28]



	GO-MIP
	cefadroxil
	environmental
	40–6000
	10,000
	72.5–104.8
	UPLC-DAD
	[32]



	dt-MIP
	fluoroquinolones
	environmental
	1–200
	220, 360
	80.9–101.0
	HPLC-DAD
	[33]



	HMIM
	azoxystrobin
	food
	100–10,000 b
	0.324 b
	85.93–88.89
	HPLC-UVD
	[29]



	PD-MMIP
	PD, resveratrol
	medicine
	10–10,000
	2500, 3500
	91.8–102.2
	HPLC-DAD
	[34]







a LOD values; b µg kg−1; IIP: ion imprinted polymer; MMIP: magnetic molecularly imprinted polymer; PD: polydatin.
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Table 6. Metallic organic framework-based sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(µg L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	Cu@graphitic carbon cages
	fluoroquinolones
	food, environmental
	0.1–500

1–500 b
	0.018–0.042

0.61–1.76 b
	81.3–104.3
	HPLC-UVD
	[62]



	carboxylated ZIF-8
	methamphetamine
	biological
	50–2500
	10
	99.83
	HPLC-UVD
	[63]



	zinc-based MOF
	pesticides
	environmental
	0.1–100
	0.03–0.21
	91.9–99.5
	GC-FID
	[64]



	HLDH
	bisphenol A
	environmental
	0.5–200
	0.12
	92–97
	HPLC-UVD
	[65]



	NH2-MIL-101
	bisphenols
	environmental
	0.05–200
	0.016–0.131
	90.8–117.8
	HPLC-FLD
	[66]



	UiO-66
	insecticides
	environmental
	10–500
	0.02–0.4
	73.7–119.0
	HPLC-MS/MS
	[67]



	Fe3O4@Fe-BTC
	blood lipid regulators
	environmental
	585–15,400
	170–467
	86.7–99
	HPLC-UV/Vis
	[68]



	MOF-5
	thiols
	environmental
	0.118–276
	0.0016–0.0031
	86.6–98.5
	HPLC-FLD
	[69]







a LOD values; b µg kg−1; MIL: Material Institute Lavoisier; UiO: Universitete I Oslo.
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Table 7. Polymer-based sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(mg L−1)
	Sensitivity a

(µg L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	PEI
	pesticides
	food
	-
	-
	91–105
	TLC, LC-MS
	[71]



	PANI-NaY
	pesticides
	food, environmental
	0.05–50
	1–310
	64–128
	HPLC-DAD
	[72]



	dPPA
	food colorants
	food
	100–50,000 b
	0.035–0.055 b
	94.3–102
	FASI-CE-C4D
	[73]



	CDP
	quinolones
	environmental
	0.025–5
	2.67–5.50
	95.47–103.3
	HPLC-UVD
	[74]



	P-N, P-N-F, Si-N, Si-N-F
	pyrocatechin, quercetin
	food
	1–400
	50, 80
	78.06–83.63
	HPLC-UV/Vis
	[6]







a LOD values; b µg kg−1; TLC: thin layer chromatography; PANI-NaY: NaY zeolite coated with polyaniline; dPPA: dispersive powder polyamide; FASI-CE-C4D: capacitively filed amplified sample injection capillary electrophoresis-coupled contactless conductivity detector; CDP: cyclodextrin-based polymer.
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Table 8. Other notable sorbents.
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	Material
	Target Analyte
	Sample Matrix
	Linear Range

(µg L−1)
	Sensitivity a

(µg L−1)
	Recoveries

(%)
	Detection Method
	Ref.





	PEG@MoS2
	sulfonamides
	food
	300–30,000
	30–200
	61.80–110.91
	CZE-DAD
	[75]



	MoS2
	sulfonamides
	environmental
	500–50,000
	50–120
	73.20–111.51
	CZE-DAD
	[76]



	MoS2/CD
	flame retardants
	environmental
	1–100
	0.01–0.06
	80–91
	HPLC
	[77]



	CeO2, ZrO2
	ribose conjugates
	biological
	-
	0.16–1.59 b
	78.5–97.5
	HPLC-MS/MS
	[78]



	CeO2
	ribose conjugates
	biological
	-
	4.11–18.09 b
	34.0–55.9
	UHPLC-MS/MS
	[79]



	[C16MIM]Br-AL
	insecticides
	environmental
	1–500
	0.14–0.21
	70.6–97.8
	HPLC-DAD, HPLC-UVD
	[80]



	[C12MIM]Br-ATP
	pyrethroids
	environmental
	2–500
	0.3–0.6
	90.28–107.56
	HPLC-DAD
	[81]



	TFA-TAPB
	NAC
	environmental
	100–50,000
	30–90
	84.0–112.3
	HPLC-DAD
	[82]



	N-Mag-COF
	disperse dyes
	textile
	0.5–200 c
	0.021–0.058 c
	72.2–107
	UFLC-MS/MS
	[83]







a LOD values; b pg L−1; c µg kg−1; [C16MIM]Br: 1-hexadecyl-3-methylimidazolium bromide; AL: alkalized luffa sponge fibers; [C12MIM]Br: 1-dodecyl-3-methylimidazolium bromide; ATP: attapulgite; TFA: 2,3,5,6-tetrafluoroterephthalaldehyde; TAPB: 1,3,5-tris(4-aminophenyl)benzene; NAC: nitroaromatic compounds; N-Mag-COF: N-doped magnetite-covalent organic framework composite.
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