friried applied
b sciences

Review

Applications of Graphene-Based Nanomaterials in
Environmental Analysis

Orfeas-Evangelos Plastiras

check for

updates
Citation: Plastiras, O.-E.; Deliyanni,
E.; Samanidou, V. Applications of
Graphene-Based Nanomaterials in
Environmental Analysis. Appl. Sci.
2021, 11, 3028. https://doi.org/
10.3390/app11073028

Academic Editor: Bart Van der
Bruggen

Received: 24 February 2021
Accepted: 26 March 2021
Published: 29 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2

, Eleni Deliyanni 2(” and Victoria Samanidou *

Laboratory of Analytical Chemistry, Department of Chemistry, Aristotle University of Thessaloniki,

541 24 Thessaloniki, Greece; orfeplas@hotmail.com

Laboratory of Chemical and Environmental Technology, Department of Chemistry, Aristotle University of
Thessaloniki, 541 24 Thessaloniki, Greece; lenadj@chem.auth.gr

*  Correspondence: samanidu@chem.auth.gr; Tel.: +30-231-099-7698

Abstract: Sample preparation is an essential and preliminary procedure of most chemical analyses.
Due to the sample diversity, the selection of appropriate adsorbents for the effective preparation
and separation of different samples turned out to be important for the methods. By exploiting the
rapid development of material science, some novel adsorption materials, especially graphene-based
nanomaterials, have shown supremacy in sample pretreatment. In this review, a discussion between
these nanomaterials will be made, as well as some basic information about their synthesis. The focus
will be on the different environmental applications that use these materials.

Keywords: graphene; nanomaterials; sample preparation; environmental analysis; magnetic solid
phase extraction; solid phase extraction; magnetic nanoparticles

1. Introduction

Oftentimes, the concentration of the target compounds may be lower than the limits
of detection (LOD) even for the most advanced instruments, especially for trace or ultra-
trace analytes in complex matrices. With sample preparation, we eliminate the above
problem by preconcentrating the low concentrations of the molecules, thus enhancing the
sensitivity and rendering it possible to detect them [1]. While this step is time-consuming
and sometimes costly, there are green approaches which lower the cost and the time needed
to pretreat a sample. Some extra benefits that sample preparation provides are the removal
of contaminants or substances that interfere with the compounds of interest (cleanup), the
dissolution of a solid sample into an aqueous media or the chemical modification with the
proper reagents so as to obtain better analytical parameters (lower LODs, higher recoveries,
higher selectivity and sensitivity, improved accuracy and repeatability and etc.) [2].

Lately, there has been a huge interest in graphene (G) and graphene-based nanomateri-
als, with scientists all over the world studying and publishing a variety of topics regarding
its properties and its use in the sample pretreatment of a plethora of samples, matrices and
target analytes [3-36]. Some of these applications include wastewater treatment [37], such
as carbon dioxide adsorption [38], photocatalysis [39] graphene oxide membranes [40] and
so forth. Graphene is a single layer of two dimensions of sp? hybridized carbon atoms
arranged into a honeycomb grid. Due to this formation, G shows extraordinary properties,
such as high mechanical strength, excellent optical, great electronic and thermal properties
with a vast surface area of 2630 m?/ g [35,36]. The combination of its high surface area
and its hexagonal array with delocalized 7-7r electron interactions renders it ideal for the
adsorption of aromatic compounds and their derivatives, which also intrigues the analyti-
cal chemists to use it as a sorbent [41]. The most common way of producing G is via the
chemical oxidation and sonication of graphite to graphene oxide (GO) with the Hummers
method and its subsequent reduction of GO to reduced G (rGO) (Figure 1) [42,43]. Organic
analytes can be adsorbed onto G with the development of potent 7-7t interactions between
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the carbon rings of the analytes and the hexagonal carbons of G [44]. GO provides a variety
of functional groups, making electrostatic interactions possible and enabling hydrogen
bonding possible for the organic molecules that contain N- and/or O- functional groups.
Other possible interactions between the analytes and the nanoparticles are dispersion
forces, dative bonds and hydrophobicity [45]. G and GO are oftentimes modified so as
to be more selective towards the compounds of interest or to enhance their adsorption
properties and recovery rates, as seen in the applications that will be discussed.
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Figure 1. Synthesis of graphene oxide (GO) and reduced G (rGO) from graphite powder.

The purpose of this review is to highlight some environmental applications in envi-
ronmental analysis of graphene-based nanomaterials or nanocomposites that utilize the
properties of GO or rGO and the ones of their guest components (e.g., Fe30,), to show
how the most used nanocomposites are synthesized and present their advantages versus
common sorbents used in Solid Phase Extraction (SPE) or Magnetic Solid Phase Extraction
(MSPE) (Figure 2).
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Figure 2. Steps of Magnetic Solid Phase Extraction (MSPE).



Appl. Sci. 2021, 11, 3028

30f17

2. Graphene-Based Nanomaterials and Nanocomposites

One of the assets provided by graphene-based materials is selective adsorption. The
rGO presents a large m-electron system, making it ideal for the adsorption of organic
compounds that consist of aromatic rings. The GO has several functional groups that favor
the adsorption of organic molecules containing oxygen- or nitrogen-functional groups.

Even though graphene-based materials (G, GO and rGO) have an enhanced ability of
absorbing many and different compounds, they show a significant drawback; the difficulty
of the material with the adsorbed analytes being separated from the mother solution. To
combat this problem, magnetic nanoparticles (MNPs) are impregnated into rGO or GO.
Thus, the combination of high adsorption capacity from G and the convenient separation of
the adsorbent from the sample, given from the MNPs, makes these nanocomposites ideal
for analytical purposes [43]. Moreover, Fe3O4 nanoparticles are non-toxic, have a small
particle size, offer high reactivity and possess a vast specific surface area, adding to the
benefits of their usage and rendering them more appealing [46,47].

2.1. Synthesis of Magnetic Nanoparticles

The common methods for synthesizing MNPs are co-precipitation, thermal decom-
position, hydrothermal synthesis, colloidal and high-energy ball mill. Depending on
which method was used, a specific size and dispersion of size distribution of MNPs are
obtained [48].

The modified co-precipitation method introduced by Massart includes the addition of
FeCl;-6H,0 and FeCl,-4H,0 in deionized water, with the temperature rising to 60 °C in
order to acquire a yellow and clear solution and stirred vigorously. Afterwards, aqueous
ammonia is inserted drop by drop until the pH reaches 10. Then, it is left for the reaction
to take place for about 30 min, under continuous and vigorous stirring. Throughout the
whole experiment, Ny is used as a protective gas. When the reaction finishes, the black
precipitate is collected with the help of a strong magnet, it is washed many times with
deionized water and ethanol. Lastly, the magnetite nanoparticles are lyophilized [49,50].

The thermal decomposition method carried out by Kluchova et al. produced
maghemite nanoparticles by the solid-state isothermal decomposition in air at 400 °C of
Fe(CyH30;)2:2H,0 for 1 h. Before the synthesis, the solid was homogenized in an agate
mortar, following in the precursor particles having a size distribution of 1-5 um [51].

Zheng et al. [52] produced FezO4 nanoparticles by hydrothermal synthesis, where
1 mmol of Fe(NOs3)3-9H,0 and 0.5 mmol of sodium bis(2-ethylhexyl)sulfosuccinate were
added in 10 mL deionized water, following the addition of 2 mL of 50% hydrazine hydrate
while stirring. This solution was put into a 20 mL Teflon-lined stainless-steel autoclave
of and heated to 160 °C at a pace of 5 °C/min. For 10 h, the temperature was kept at
160 °C and then the mixture brought to room temperature naturally. The nanoparticles
were filtered, washed several times with ethanol and deionized water and air-dried. The
morphology and the structure of the MNPs were characterized by TEM, HRTEM and XRD.

Another procedure for synthesizing Fe3O4 magnetic nanoparticles is by the microwave-
solvothermal method suggested by Li et al. [53], where 5 mmol of FeCl3-6H,0, 400 mg of
Na3CeHs507 and 50 mmol of NH4CH3CO, were added in a solution of 70 mL of ethylene
glycol. The black solution was stirred and heated and then transferred into a microwave
transparent PTFE-TFM-lined alumina ceramic vessel, with the capacity of 100 mL. Then, it
was heated for 15 min to 260 °C for 2 h in a microwave reaction system. Finally, the black
powder of FesO,4 was gathered with the help of a strong magnet and washed several times
with ethanol.

2.2. Synthesis of Fe304-GO Nanocomposites

Kyzas et al. [50] presented two ways of preparing magnetic GO (mGO): by co-
precipitation (mGOp) or by impregnation (mGOi). In the former method, graphite oxide is
scattered in deionized water with the help of a sonicator for 30 min. Then, specific amounts
of FeCl3-6H,O and FeCl,-4H,0 are dissolved in deionized water at room temperature
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and the mixture is added drop by drop to the GO solution, under vigorous stirring and
under a N, atmosphere. After the completion of ion exchange, 28% v/v ammonia solution
is added dropwise so the pH reaches the value of 10 for the synthesis of MNPs. Next,
the solution is heated to 80 °C and after agitating for 45 min, the black solid is collected
via centrifugation, is washed many times with CH3OH and is lyophilized. In the latter
method, graphite oxide is again added in deionized water and put into a sonicator for
30 min to obtain GO and then an amount of Fe304 nanoparticles are added to the mixture.
After another 30 min, a homogenous suspension is obtained and the nanocomposites are
collected by centrifugation and freeze-dried.

The aforementioned material was studied for dye adsorption experiments, with Reac-
tive Black 5 (Cp6Hz1N5NagO19Se) being the target compound. From the X-ray diffraction
measurements (XRD) presented in the paper, the average crystallite size of the MNPs were
found to be around 18.4 nm. Scanning electron microscopy images were taken to identify
the morphology of the mGOi nanoparticles and the iron distribution map of the material.
Also, the magnetization of the two materials were studied and the mGOi adsorbent had
65 emu/g, which was a bit higher than the same value of mGOp. Lastly, from Fourier
transform infrared (FT-IR)spectra, the identification of functional groups, such as carboxylic
groups, epoxy groups and ammonium groups, was carried out.

2.3. Synthesis of GO Membranes Composites

Deng et al. [54] firstly prepared hydroxylated graphene (GOH), by using ferrous
chloride and hydrogen peroxide at certain volume ratios, while adjusting the pH with
diluted HCI, and GO with a modified Hummers method. Then, 1 mg of GO and 1 mg
of GOH were mixed into a beaker, under ultrasonication for 30 min to form a uniform
dispersion and the solution was put onto the polyethersulfone membranes of pore sizes
0.22 um and 1 um under vacuum.

The morphology and validation of the deposition of the material on the membrane
was done via scanning electron microscopy (SEM) and X-ray diffraction (XRD). The perfor-
mance of the adsorption properties was evaluated with dye compounds, such as rhodamine
B and methyl orange, and with the protein albumin from bovine serum.

2.4. Synthesis of Graphene Aerogels

Zhi et al. [55] showcased in a review seven different ways of preparing graphene
aerogels, either with no templates or with a template. The methods that require no template
are the hydrothermal method, where a GO colloidal dispersion is prepared in ethanol or
water, heated at a certain temperature and freeze-dried, dried in atmospheric and in
supercritical conditions, the chemical reduction method, by using a reducing agent, the
chemical cross-linking method, to enhance the interaction between the graphene oxide
sheets with the usage of glutaraldehyde or poly(vinyl alcohol), and a 3D printing method,
with the preparation of a high viscosity ink of SiO, and GO suspension. The latter methods
thar require a template are the chemical vapor deposition method, where 3D graphene is
prepared by the chemical vapor deposition of carbon onto a metal foam, like copper or
nickel, the ice template method, by freezing a GO suspension and its gradual melting to
form a porous aerogel with GO, and the bubble template method, with the utilization of
a surfactant under vigorous stirring so that the GO is trapped in the bubbles and begins
to form.

2.5. Synthesis of GO Alginate Beads

Arshad et al. [56] prepared alginate beads of GO by adding 0.2 g sodium alginate in
a 5 wt.% GO suspension in deionized water and then deposited dropwise into a 5 wt.%
calcium chloride solution. The alginate beads that were formed were kept in the solution
for 3 h. These beads were used for the removal of metals and organic compounds, with
maximum adsorption capacities reaching 588.2 mg/g bead.
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3. Analytical Applications in Environmental Samples

The environmental applications of graphene-based nanomaterials and nanocompos-
ites are classified into two categories: in the extraction and determination of (i) organic
pollutants and (ii) metal ions and rare earth elements. Some of the organic compounds
that are examined with these materials are Polycyclic Aromatic Hydrocarbons (PAHs),
estrogens, sulfonamides, chlorophenols and so forth, whilst the second category consists of
Hg, Cr(III), Cd, Cr(VI), Au, Co, Cu, Zn, Pb(Il), Ce(IlI), TI(III) and other [57,58].

3.1. Applications of G and GO

Wang et al. [59] used G as a sorbent in SPE for the preconcentration and determination
of trace-level amounts of Co and Ni in tap water, river water and sea water. A 3 mL SPE
column was packed with 60 mg of G and frits were placed above and below the solid
to prevent any loss of the adsorbent. Then, 10 mL of methanol and 10 mL of deionized
water were added to the column for equilibrium, cleaning and neutralization before usage.
The pH of the sorbent was modified to the value of 5. Afterwards, 100 mL of an aqueous
sample loaded with 2 mL of ammonium pyrrolidine dithiocarbamate was passed through
the column. The column was then rinsed with 5 mL deionized water and the adsorbed
analytes were extracted with 2 mL of 1 mol/L HNOj in acetone. Finally, the eluate was
collected and then measured with the help of a flame atomic absorption spectrometry
(FAAS) instrument. Also, experiments of possible reusage of the sorbent were conducted,
concluding that a single SPE cartridge packed with G could be reused for over 50 times.
The recoveries of Co and Ni in tap water were 96.5-97.5% and 96.2-97.2% respectively, in
sea water 96.8-98.0% and 96.5-97.0% and in river waters 96.5-100.5% and 96.6-99.8%.

Su et al. [60] worked with a graphene oxide-silica composite coating in hollow-fiber
solid phase microextraction (HF-SPME), which was online coupled with inductively cou-
pled plasma mass spectrometry (ICP-MS) to determinate trace amounts of Mn?*, Co?",
Ni?*, Cu?*, Cd?* and Pb?* in environmental water samples. In particular, three water
samples of well water, pond water and lake water were examined, which were collected
and filtered with a 0.45 um membrane filter of and then their pH was adjusted to 1 with
the addition of concentrated nitric acid for storage. Afterwards, for the extraction the pH
was adjusted to the value of 5 with 0.1 mol/L nitric acid and NH3-H,O. The LODs of
the six metal ions Mn?%*, Co?*, Ni%*, Cu?*, Cd?* and Pb%* were 7.5, 0.39, 20, 23, 6.7 and
28 ng/L respectively, while their recoveries were in the range of 85-107%, 88-93%, 90-92%,
91-112%, 100-107% and 87-119% respectively.

Li et al. [61] utilized graphene as their sorbent in the extraction and determination of
five sulfonylurea herbicides in environmental waters by Ultra-high Performance Liquid
Chromatography- Mass Spectrometry (UHPLC-MS). Once again, 3 mL SPE cartridges
were packed with G and they were rinsed with 10 mL of acetonitrile (ACN) and 10 mL
of distilled water. 100 mL of the sample’s solution were permeated through the cartridge
and then, the cartridge was washed with 10 mL of ultra-pure water and the analytes
were extracted with 6 mL of ACN, which contained 1% v/v CH3COOH. The solution
eluted was evaporated under the stream of N, until dried and reconstituted in 1 mL
ACN:Water (1:1 v/v). A 0.22 um nylon membrane filter was used for filtration prior to
UHPLC injection. The method followed showed outstanding analytical performance, with
the LODs ranging between 0.28-0.53 ng/L for the five herbicides, while the recoveries rates
were 84.16-109.31%.

Pourjavid et al. [62] synthesized GO and used it for the column SPE of Fe(IlI) and
Mn(II) ions in water samples, used 3-(1-methyl-1H-pyrrol-2-yl)-1H-pyrazole-5-carboxylic
acid (MPPC) as a chelating reagent and the determination was done by FAAS. At optimum
conditions, Mn and Fe showed 145 and 162 ng/L respectively, while their recoveries were
both 102% in tap water samples, 101% and 103% in mineral water samples respectively
and 102-104% and 103% in river water samples.

Sitko et al. [63] covalently bonded GO nanosheets to spherical silica via the coupling
of the -NH, groups of the spherical amino-silica with the -COOH groups of GO (GO@SiO,),
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which was validated by electron microscopy and X-ray photoelectron spectroscopy, for
its usage in SPE to determine Pb(II) and Cu(Il) by FAAS from water samples. The water
samples were filtered through a 0.45 mm cellulose acetate membrane and put in storage at
4 °C. Before each extraction, the cartridge was rinsed with an acetate buffer solution to pH
5.5, as well as the analyzed solution with the addition of 0.1 mol/L HNOj3; and NHj3. The
two metal ions were eluted from the cartridge with the addition of 2 mL of 1 mol/L HNOs.
The recoveries of Cu(ll) and Pb(Il) were 98.7 & 0.9% and 95.2 & 1.0% respectively, while
the LODs were 0.084 and 0.27 ng/mL.

Zawisza et al. [64] used an ethylenediamine-modified GO (GO-EDA) for the precon-
centration of Cu(Il), Zn(II), Fe(IlT), Ni(II), Co(II) and Pb(Il) in water samples. The target
metal ions were adsorbed onto GO-EDA by d-uSPE, then the solution was filtered and
the filter paper was exposed directly to energy dispersive X-ray fluorescence spectrometry
(ED-XRF). The limits of detection of the six metals were calculated as 0.08, 0.06, 0.07, 0.07,
0.10 and 0.10 ng/mL, respectively and their recoveries from the analyses from real samples
were in the range of 92-110%. In a different study, Zawisza et al. [65] proposed a new and
green method of sample preparation by using GO in dispersive micro-solid phase extrac-
tion (d-uSPE) for the preconcentration of trace amounts of Co(ll), Ni(II), Zn(II), Cu(Il) and
Pb(Il) of water samples determined by energy dispersive X-ray fluorescence spectrometry
(ED-XRF). The GO was dispersed in aqueous samples containing the above-mentioned
elements and during stirring, metal ions were sorbed onto GO. Later, the solution was
filtered under vacuum and the sorbent with the adsorbed metal ions was collected onto
a membrane filter. Finally, the obtained samples were analyzed directly by ED-XRF. This
procedure demonstrates low LODs, 0.5, 0.7, 1.8, 1.5 and 1.4 ng/mL, respectively for each
metal ion and the recoveries ranged between 94-106%.

Pourjavid et al. [66] studied the preconcentration and determination of trace amounts
of Ni(II) and Co(II) ions by FAAS, after their extraction with GO on column SPE in water
samples. The adsorption on GO was achieved at pH 6.0 and then the target compounds
were eluted with 3 mol/L nitric acid. Experimental conditions for the optimal separation
of the analyte ions such as concentration of eluent, sample volume, pH, flow rate and
interference ions were investigated. An enrichment factor of 250 was achieved, whilst the
LODs of Ni(II) and Co(II) were found to be 0.18 and 0.25 ng/mL, respectively.

Pytlakowska [67] utilized GO nanoparticles for the d-uSPE of heavy metals as their
complexes with 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (5-Br-PADAP) in water
samples. The heavy metals examined in this study were Cr(IlI), Co(Il), Ni(II), Cu(Il),
Zn(Il) and Pb(II) ions and their determination was achieved by ED-XRFE. Under optimum
conditions, the LODs ranged from 0.07 to 0.25 ng/mL and the recoveries of the ions in
water and spiked water samples were 94.4-103.5%.

In an additional study, Pytlakowska et al. used glycine modified GO (GO-Gly) as
a new sorbent for the preconcentration of chromium, zinc and copper ions from water
samples, prior to ED-XRF determination. 500 mg/mL GO-Gly mixture were added to
an aqueous sample and the pH of the sample was modified to 6 by adding 0.1 mol/L
NHj3-H,O and the solution was agitated for 10 min. The analyzed sample was put through
a membrane filter with the use of vacuum. This filter containing GO-Gly and the adsorbed
ions was air-dried and then immediately measured using the ED-XRF [68]. Furthermore,
in a third study, Pytlakowska et al. [69] experimented with chemically modified GO with
mercapto-groups (GO-S) for the determination of copper, chromium, lead and zinc by
ED-XREF in lake, river, mineral, spring and sea waters. The extraction technique used was
d-uSPE.

Ghazaghi et al. [70] presented a new, rapid, and easy technique, where they exploited
the GO nanosheets for the novel separation and preconcentration of coagulating homoge-
nous dispersive micro solid phase extraction (CHd-puSPE) of chromium, cadmium and lead
in water samples. The LODs were 12, 5 and 35 ng/L respectively, while their recovery rates
were 98.0% for both Pb and Cd and 97.2% for Cr.
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Zhu et al. [71] utilized diethylenetriamine-functionalized multi-walled carbon nan-
otubes (MWCNTSs) distributed in graphene oxide colloids for the selective SPE of trace
amounts of Cr(IlI), Mn(Il), Pb(II) and Fe(Ill) ions in wastewater. Inductively coupled
plasma with optical emission spectrometry (ICP-OES) was used as a determination method
of the above ions. The LODs were found to be 0.16, 0.38, 0.24 and 0.50 ng/mL respectively,
while the pre-concentration factor was 75.

Chatzimitakos et al. [72] utilized G-functionalized melamine sponges (GMeS) for the
microextraction of sulfonamides from environmental samples. The GMeS was prepared
by a facile procedure containing only one step, complying with the principles of green
chemistry. Lake water samples were adjusted to 3.0 pH and 6% w/v NaCl was added.
Before the extraction, the GMeS was preconditioned by dipping it, subsequently, once in
CH;3O0H and three times in deionized water. Then, the GMeS was deposited in 10 mL
of the sample and agitated for 30 min at 600 rounds per minute. After each extraction,
GMeS was put in a syringe cartridge, where it was washed multiple times with water
and squeezed to wash away the excess water. The elution was done with 2 x 1 mL of
acetonitrile containing 5% v/v NHj. The eluent was evaporated until dried, under a
N, stream and the precipitate was reconstituted in 100 uL H,O: Acetonitrile mixture of
70:30 v/v, put into an ultrasonicator for 1 min and was finally injected into the HPLC valve.
The recoveries of the proposed method were found to be 93%-105% for lake water samples
and their enrichment factor 96-99.

Mosavi et al. [73] used modified GO nanosheets with trithiocyanuric acid for the
enrichment and extraction of Cu(II) and Pb(II) ions in sea water samples prior to FAAS.
Before starting the SPE extraction, the pH of the solution containing both ions was modified
to 6.0 with 0.1 mol/L nitric acid or NaOH. Afterwards, it was permeated through the mini-
cartridge packed with a standard amount of GO-TTC. The mini-cartridge was rinsed with
2 mL distilled water. Then, the effluate containing the adsorbed metal ions from the mini-
cartridge was performed with 3 mL of 3 mol/L HNOj;. The amount of each ion in the
effluate was determined by FAAS.

Sun et al. [74] developed lightweight GO-based sponges with high durability and
compressibility for dye adsorption, specifically for methylene blue in wastewater samples.
These sponges adsorbed and retained methylene blue when put in a solution that contains
it and then the remaining concentration of the compound was determined by UV-vis spec-
trometry at 664 nm. The maximum adsorption capacity was observed at 476 mg/g sponge
and its recyclability was found to be great, by adsorbing the target compound almost at 86%
after the tenth cycle. Tao et al. [75] also chose methylene blue from wastewater samples
as their target compound for the selective adsorption on GO-montmorillonite/sodium
alginate aerogel beads (GO-MMT/SA). Once again, the determination was carried out
by UV-vis spectrometry and the residual concentration was calculated. The maximum
adsorption capacity of the beads was considerably lower than the sponges, which was
found to be 150.66 mg/g beads.

To summarize, there are plenty of applications that utilize the extraordinary adsorption
properties of graphene-based nanomaterials, with most of them being GO or modified
GO, hence the low LODs and the high enrichment factors achieved. Most methods are
focused towards the extraction and determination of metal ions, such as Mn(II), Cr(III),
Zn(II), Pb(II) and so forth due to their toxicity in the environmental waters. A synopsis of
the aforementioned papers can be found in Table 1.
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Table 1. Recent applications of graphene-based nanomaterials in environmental analysis.
o e Sample Analytical 1
Adsorbent Analyte(s) Applications Preparation Technique LODs EF Reference

G Co(IT), Ni(IT) Tap, o ‘;rt:rnd sea SPE FAAS 0.36,0.51 ug/L 200 [59]

s Mn(II), Co(II), Ni(II), Well, pond and 3 . 7.5,0.39, 20, 23,
GO-silica Cu(IT), CA(TI), Pb(IT) Jake water HE-SPME ICP-MS 6.7,28 ng/L 10 [60]
G Sulfonylurea herbicides ~ LnYironmental SPE UHPLC-MS ~ 028-053ng/L  N/R2 [61]

water samples
Tap, mineral, river 0.145,
GO Mn(II), Fe(III) water SPE FAAS 0.162 ug/L 325 [62]
GO-silica Cu(II), Pb(Il) Mineral, waste and SPE FAAS 0.084,027 ug/L  200-250 [63]
sea water

. 0.07, 0.10, 0.07,

GO-EDA Fceégg gﬁgg llfgg?) Waszi‘g’j;frr from 4 .sPE ED-XRF 0.08,0.06, N/R [64]
’ ' y 0.10 pg/L

Co(II), Ni(IT), Cu(II), Waste water from ) g 0.5,0.7,1.8,1.5,
GO Zn(II), Ph(IT) industry d-uSPE ED-XRF 14 ug/L N/R [65]
GO Co(II), Ni(II) Mmeravlvz‘t‘i Spring SPE FAAS 0.25,0.18 ug/L 250 [66]

Cr(II), Co(II), Ni(II), Environmental ) g g
GO Cull), ZoIh, Pb{Il) water samples d-uSPE ED-XRF 0.07-0.25 ng/L N/R [67]
Tap, river,
GO-Gly Cr(III), Cu(II), Zn(II) estuarine and lake d-uSPE ED-XRF 0.15,0.07, 1575, 890, [68]
0.08 ug/L 810
water
Lake, river,
GO-S Cu(m), (ZZ?((IIIII)) Pb(II), mineral, spring d-uSPE ED-XRF 0.06-0.10 ug/L  520-3120 [69]
and sea water
. 0.035, 0.005, 14.7,16.1,

GO Pb(II), Cd(II), Cr(III) River water CHd-uSPE ETAAS 0.012 pg/L 15.4 [70]

_ Cr(III), Fe(IIT), Pb(II), y 0.16, 0.50, 0.24,
GO-MWCNT Mn(II) Wastewater SPE ICP-OES 0.38 ng/L 75 [71]
GMeS Sulfonamides Lake water SPE HPLC 0.10-0.29 pg/kg 3 96-99 [72]
GO-TTC Pb(II), Cu(Il) Sea water SPE FAAS 0.32,0.13 ug/L 833 [73]
GO-sponges Methylene blue Wastewater N/R UV-vis N/R N/R [74]
GO-MMT/SA Methylene blue Wastewater N/R UV-vis N/R N/R [75]

3.2. Applications of GO-Fe304

1 EF = Enrichment Factor., 2 N/R = Not Reported., > Only the Limit of Quantification (LOQ) was reported.

Han et al. [76] synthesized mGO nanocomposites for the adsorption of PAHs with the
help of MSPE from tap water, sea water samples and river water. For the extraction of the
analytes, 40 mg of the sorbent were conditioned with 5 mL methanol and 5 mL deionized
water and then dispersed into a 50 mL aqueous sample solution into an ultrasonic to form
a homogenous suspension. Then, the solution was shaken for 10 min for the adsorption
to take place and with the help of an external magnetic field at the bottom of the vial,
the sorbent was isolated from the mixture. After 3 min, the liquid was decanted, and the
adsorbent was held at the bottom by the magnet. Afterwards, the remaining precipitate
was washed with 5 mL of 10% v/v ACN and the target organic pollutants were eluted
with 2 mL of ACN:CH,Cl, (4:1) after ultrasonication for 3 min. Lastly, the 20 uL of the
effluate was injected to the HPLC-UV system for analysis. The LODs from this work were
0.09-0.19 ng/mL and the recoveries were between 86.3-103.2% for the tap water samples,
76.8-101.2% for the river water samples and 80.9-99.6% for the sea water samples.

Zeng et al. [77] also used Fe;04@GO as the sorbent for the MSPE of trace levels
of 2,4,4'-trichlorobiphenyl (PCB 28) from water samples and then determined by Gas
Chromatography- Mass Spectrometry (GC-MS). The recommended method was found
suitable for the preconcentration and immobilization of PCB 28 from large amounts of
aqueous solutions, as well as the cleaning of polychlorinated biphenyl pollution.

Shi et al. [78] proposed a facile approach of preparing mGO composites and then
using them in the MSPE of trace amounts of sulfonamides (sulfadiazine, sulfadimidine
and sulfathiazole) in different water samples, determined by High Performance Liquid
Chromatography-Diode Array Detection (HPLC-DAD). The results showed that the LODs
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of the three sulfonamides were between 0.05-0.10 ug/mL and the recoveries where in
the range of 67.4-119.9%. In another study, Shi et al. [79] investigated the adsorption
mechanism and the pre-concentration of sulfonamides by using a porphyrin-functionalized
mGO nanocomposite from environmental water samples, determined once again by HPLC-
DAD. The mechanism was investigated and predicted by altering the value of the pH, so as
to activate the hydrogen of the porphyrin ring, to negatively charge the material when it was
synthesized and then exploit the electrostatic interactions between the adsorbent and the
positively charged sulfonamides at pH 4. This speculation was validated with the Langmuir
isotherm. This proposed method exhibited 0.2 ug/mL LOD and 83.7-116.7% recoveries.

Ziaei et al. [80] prepared mercapto-grafted GO-magnetic chitosan (GO-MC) as a new
biosorbent for the extraction and preconcentration of mercury ion from different water
samples. For the synthesis of GO-MC composite, a chitosan solution of 2% w/v was
formulated by dissolving 2 g of chitosan powder into 100 mL of 2% v/v CH3COOH under
ultrasonication and stirring for 2 h at room temperature. Next, 0.6 g of the MNPs were
added into the chitosan solution and the mixture was agitated for another 2 h. Then,
15 mL of glutaraldehyde and 1.5 g of GO were put into the flask. The pH was adjusted to
9-10 and kept in a water bath for 90 min at 80 °C. The black precipitate was rinsed with
CH3;0H and deionized water, until the pH attained the value of 7 and then dried in an
oven at 50 °C. Afterwards, for the surface modification of GO-MC with 3-mercaptopropyl
trimethoxysilane (MTPS), 100 mg of the GO-MC was added in 100 mL distilled water with
simultaneous sonication for 5 min. The MTPS was added drop by drop under continuous
stirring for 6 h under nitrogen, at 60 °C. The new material was magnetically separated
and washed two times with 40 mL of double distilled water and 40 mL of ethanol. Lastly,
the GO-MC-MTPS was dried in an oven at 40 °C. The prepared nanocomposite material
was characterized by SEM, FI-IR and energy dispersive X-ray spectroscopy (ED-X), to
confirm the presence of -NHCO-, -CHO, -COOH, epoxy and -SH groups, to carry out
morphology studies of the nanocomposite and verify the attachment of -SH groups onto
GO-MC. The LODs achieved were 0.06 ng/mL and the recoveries varied from 95%-100%
from the water samples.

Aliyari et al. [81] utilized a diethylenetriamine-functionalized mGO (mGO-DETA)
for the extraction and determination of lead and cadmium (Pb(II) and Cd(II)) from water
samples prior to FAAS analysis. The LOD of lead was 0.38 pug/L and of cadmium was
0.40 ug/L. The maximum adsorption capacity of the two metal ions was calculated as
172.41 and 59.88 mg/ g sorbent, respectively and the recoveries were 99.2 and 103.9% for
sea water samples, 98.0% and 94.4% for river water samples and 95.4 and 100.8% for well
water samples.

Kazemi et al. [82,83] used d-uSPE as the extraction technique of gold and chromium
(Cr(IMT) and Cr(VI)) ions for two different methods. For both methods, mGO was used as
the sorbent and they were determined by FAAS. In the first method, under the optimum
conditions, the LOD of gold ions from water and wastewater samples reached the level of
4 ng/L, with a preconcentration factor of 500. The recoveries ranged between 98.3%-102.1%
for the four different water samples. In the second method, the LOD was found to be
0.1 ug/L, with an preconcentration factor of 200 and the recoveries were 98.5%-102.0% for
Cr(IIl) ions and 97.0%-102.5% for Cr(VI) ions in drinking water, river water, spring water
and sea water samples.

Ahmad et al. [84] exhibited the quantitative analysis of gold from environmental
water samples by using mGO in dSPE, determined via microwave plasma-atomic emission
spectrometry (MP-AES). Recoveries of analytes ranged from 97%-101% and LOD was
calculated to be 5 ng/L.

Chen et al. [85] prepared a novel triethylenetetramine-functionalized mGO (TETA-
mGO) composite used as a MSPE adsorbent for the swift detection of 10 trace amounts of
phenolic environmental estrogens in water samples (tap water, rivel water, well water). Its
synthesis was done in three steps: first the magnetic Fe3O4 nanoparticles were prepared by
a solvothermal method, then they were dispersed in acetonitrile (ACN), with the usage
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of an ultrasonicator. In the dispersion solutions of 10 mmol of glycidylmethacrylate and
20 mmol of divinylbenzene were added, along with a certain quantity of 2,2-azobis(2-
methylpropionitrile) as the initiator. The new solution was stirred at 500 rpm under
nitrogen atmosphere and heated to 70 °C for 3 h. Lastly, 1% of mGO in methanol solution
was prepared and TETA was dissolved and stirred for 3 h at 80 °C. The obtained material
was washed three times with methanol and vacuum dried in an oven at 25 °C overnight.
The determination of the above analytes was done by ultra-fast liquid chromatography
coupled to MS tandem MS (UFLC-MS/MS). The proposed method exhibited LODs in the
range of 0.15-1.5 ng/L, which was lower than the ones reported in other studies regarding
phenolic environmental estrogens, and the recoveries ranged between 88.5% to 105.6%.

Khan et al. [86] synthesized and characterized an allylamine modified mGO-poly
(vinyl acetate-co-divinylbenzene) (mGO-DVB-VA) and used in the MSPE of Pb(II), Cu(II),
Ni(II), Cd(II), and Co(II) for their determination by FAAS. The preconcentration is 40
for all the metal ions and the LODs are 0.37-2.39 pg/L. This method was applied to
wastewater samples.

Islam et al. [87] presented a quick and sensitive method for sequential speciation
and separation of Cr(VI) and Cr(Ill) using d-MSPE for their determination by FAAS, with
a triethylenetetramine-modified mGO (mf-GO) as a sorbent from river water samples,
tannery wastewater and electroplating wastewater. The use of this sorbent results in
the fast removal of Cr(VI) and of Cr(Ill), which is 10 and 30 min, respectively, while its
adsorption capacity is 16.4 and 9.6 mg/g. The speciation is achieved by adjusting the value
of the pH. The LODs of the two ions are 1.6 and 5.2 ug/L, respectively and the recoveries
of spiked analyte samples ranged between 96-102%.

Arvand et al. [88] extracted imatinib and doxorubicin as cytostatic drugs from envi-
ronmental water samples by using mGO nanocomposites as a sorbent for MSPE, prior to
HPLC-UV analysis. After optimizing the conditions (sample pH, amount of MNPs, the
effect of salt concentration and etc.), the LODs of the two drugs were 1.9 and 1.8 ng/mL,
respectively, while their recoveries were 88.4% and 96.7%.

Costa dos Reis et al. [89] also used mGO as a sorbent for the MSPE of 2,4,6-trinitrotoluene
in different water samples, determined by HPLC-UV. The optimal MSPE conditions re-
ported were 0.04 g of the nanocomposite, 10 min of extraction by vortexing, 1 mL of ACN
as eluent, and 6 min of desorption by ultrasonication. The method exhibited 0.3 pg/L
as the LOD, while the recovery values from the reservoir, drinking water and effluent
wastewater samples were 87-120%.

Dahaghin et al. [90,91] proposed two different methods regarding the usage of mGO
in MSPE. The first one dealt with the determination of trace amounts of Cd(II), Pb(IT) and
Cu(Il) ions by FAAS by utilizing a modified mGO with 2-mercaptobenzothiazole. Under
optimum conditions, the LODs of the three metal ions were calculated to be 0.19, 0.24 and
0.35 ng/mL, respectively. The second method consisted of the synthesis of mGO modified
with 8-hydroxyquinoline and its use for the extraction and preconcentration of traces of
Cd(II) and Pb(II) ions. The LODs were 0.09 and 0.27 ng/mL and the enrichment factor was
obtained at 130.43.

Molaei et al. [92] demonstrated the preparation SiO;-coated mGO modified with
polypyrrole-polythiophene (mGO/SiO,@coPPy-Th) for its use as an ideal sorbent for the
determination of trace levels of Cu(Il), Zn(Il), Cr(III), Pb(IT) and Cd(II) from well, river and
bottled mineral water samples prior to FAAS analysis. The recoveries of the metal ions
varied from 90% to 106%, the LODs ranged from 0.15-0.65 ng/mL and the preconcentration
factor was defined as 3644 for the five metals.

Neyestani et al. [93] modified an mGO with 2-mercaptobenzothiazole for the selective
MSPE of Au(Ill), Pd(II) and Ag(I). The metal ions’ desorption was done with a solution of
thiourea and then the ions were determined by flow injection coupled with ICP-OES (FI-
ICP-OES). Effects of sample volume and pH, volume and type of eluent, amount of sorbent
and time of adsorption and desorption were considered. Under the optimal conditions, the
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method exhibited 45-76 ng/L LODs, with enrichment factor of 160, 160 and 140 for the
three metal ions respectively.

Sarikhani et al. [94] synthesized a novel imidazolium-functionalized mGO nanocom-
posite in the MSPE for the determination of very low amounts of Cr(VI) and Cr(III)
species by electrothermal atomic absorption spectrometry (ETAAS) in wastewater sam-
ples. The preparation of the material consisted of the following steps: firstly, 0.1% of GO
aqueous dispersion was prepared, under ultrasonication for 3 h. A certain amount of
(NHy)2Fe(SO4)2-6H,0 and FeCl; was added to the dispersion under a stream of nitro-
gen. To dissolve the salts, 8 mol/L NH4OH was added dropwise under sonication for
10 min and the reaction was carried out at 50 °C for 30 min. The mGO was separated
by using a strong magnet and it was rinsed with deionized water and ethanol. The ob-
tained material was suspended in an aqueous solution that also contained ethanol and
NH4OH. Then, tetraethyl orthosilicate was put into the suspension under continuous
agitation for 12 h at 40 degrees Celsius. After separating it with a magnet and rinsing it,
the new material (GO@Fe;0,@Si0;) was dispersed in a certain volume of dried CsH5CHjs
and (3-chloropropyl)-triethoxysilane (CPTS) was put into the mixture under reflux for
24 h. Meanwhile, a solution of thiocarbamate imidazole was synthesized by combin-
ing 1-(3-aminopropyl)imidazole and carbon disulfide and agitating it for 3 h at room
temperature. A fixed mass of GO@Fe30,@SiO,@CPTS was dispersed in a solution of
methanol:triethylamine (volume ratio 1:1) and a certain amount of the other compound
was added under reflux for another 24 h. Separated by a magnet, rinsed with methanol
and ethanol and dried at 50 °C, the material was lastly mixed with n-bromobutane under
stirring and a nitrogen atmosphere for 24 h at 80 °C. Finally, the adsorbent was once again
separated with a strong magnet and rinsed with tetrahydrofuran and vacuum dried. The
LOD:s of the two Cr ions altogether were 1.9 ng/L, the sorption capacity of the sorbent was
304 mg/g and the preconcentration factor was 357.

Ma et al. [95] presented a method for the determination of di-2-ethylhexyl phthalate
(DEHP) by HPLC-DAD in different environmental water samples, using MSPE as an
extraction technique and mGO as the sorbent. The process of the extraction is as follows:
0.05 g of mGO were added to 200 mL of the water sample that contained the analyte and
the solution pH was modified to the value of 7. After shaking for 25 min, the mGO was
separated from the mixture with the use of a strong magnet. The adsorbed analyte was
eluted with 2 mL of CH30OH. The obtained recovery rates were 91.6%-106.5% and the LOD
of DEHP was 0.35 ug/L.

Most applications on magnetic graphene-based nanomaterials are on tap, river, sea
and wastewater samples, examining either the trace amounts of certain metal ions or
the concentration of organic pollutants. These materials, also, demonstrate pretty high
enrichment factors and very low LODs, in the range of a few ng/L-pug/L. A summary of
the above works and methods can be found in Table 2.

Table 2. Main applications of magnetic graphene-based nanomaterials in environmental samples analysis.

Adsorbent Analyte(s) Applications P Sampl.e Analy.t ical LODs EF Reference
reparation Technique
mGO PAHs T"‘P'“r;‘g' sea MSPE HPLC-UV 0.09-0.19 ug/L 25 [76]
mGO PCB 28 School sewage, MSPE GC-MS 0.027-0.059 ug/L 200 [77]
river water
mGO Sulfonamides Tap, river water MSPE HPLC-DAD 0.05-0.10 mg/L N/R [78]
mGO-porphyrin Sulfonamides Tap, river water MSPE HPLC-DAD 0.2mg/L N/R [79]
GO-MC-MTPS Hg(II) Tap, sea water MSPE CV-AAS! 0.06 ng/L 80 [80]
mGO-DETA Cd(II), Ph(Il) Sea, &Zfer'rweu MSPE FAAS 040,038 ug/L 150,167 [81]
Drinking, river,
Cr(IIl), Cr(VI), ; s TIVET, ] 0.1,0.1, 200, 200,
mGO Au(IT) sprmg‘:vsaetz;waste d-uSPE FAAS 0.004 ug/L 500 [82,83]

mGO Au(IID) Tap, lake, sea water dSPE MP-AES 5ng/L 60 [84]
TETA-mGO Phenolic estrogens 2P Fiver well MSPE UFLC-MS/MS ~ 0.15-1.5ng/L 10,000 [85]

water
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Table 2. Cont.
Adsorbent Analyte(s) Applications Sampl'e Analy't ical LODs EF Reference
Preparation Technique
g g Pb(II), Cd(II), .

mGO-DVB-VA Cu(II), Ni(II), Co(Il) Waste water MSPE FAAS 0.37-2.39 ug/L 40 [86]

River, tannery and
mf-GO Cr(III), Cr(VI) electroplating d-MSPE FAAS 52,1.6 ug/L 10 [87]

waste water
Imatinib,
mGO Doxorubicin Well, waste water MSPE HPLC-UV 19,18 ug/L N/R [88]
2,4,6- Reservoir, drinking,
mGO trinitrotoluene waste water MSPE HPLC-UV 0.3 ug/L 153 [89]
Cd(ID), Cu(ID), 0.19, 0.35,
2
mGO-MBT Ph(IT) Tap, lake, sea water MSPE FAAS 0.24 g/ 400 [90]
mGO-HQ 3 Cd(ID), Pb(Il) Water samples MSPE FAAS 0.09, 0.27 ug/L 13043 [91]
Cu(Il), Cr(III), .

mGO/ Well, river, bottled
Si02@coPPy-Th Zn(IIE{;(ICI():l(H), mineral water MSPE FAAS 0.15-0.65 pg/L 36-44 [92]
mGO-MBT A“(Igg(gd(m’ Waste water MSPE FIICP-OES 45-76 ng/L 16?'43)60' [93]
. .mGO.- Cr(IID), Cr(VI) Waste water MSPE ETAAS 19ng/L 357 [94]

imidazolium

mGO di-2-ethylhexyl Water samples MSPE HPLC-DAD 0.35 ug/L 100 [95]

phthalate

1 Cold Vapor Atomic Absorption Spectrometry, 2 Magnetic Graphene Oxide modified with 2-mercaptobenzothiazole, > Magnetic Graphene
Oxide modified with 8-hyrdoxyquinolone.

4. Conclusions

The usage of the different graphene-based nanomaterials and nanocomposites in the
removal of organic pollutants or metal ions from a variety of environmental water samples
is on the rise due to the many advantages they provide versus the commonly used sorbents,
such as high sorption capacity, many cycles of reusability, extraordinary active surface area,
high chemical and mechanical endurance, and facile handling.

The main downside these materials demonstrate is the potential aggregation and the
piling up of the nanosheets, which might cause blockage to its active adsorption groups.
So as to overwhelm this setback, a wide range of functional groups that help to prevent
the problem have been recommended and assessed. By improving the dispersibility of
the sorbent, its extraction efficiency and the selectivity towards the target compounds,
functionalization is enhanced as well. Moreover, in order to be used at an industrial level,
more facile and inexpensive preparation pathways have to be introduced, that lead to
recyclable and reusable materials.

As seen, most applications of these materials are fixated on SPE, MSPE and dSPE.
Forthcoming developments involve the utilization of graphene-based materials and
nanocomposites in other emerging extraction techniques, such as SPME (especially in
HF-SPME), PT-SPE and SBSE. More and more new development paths are studied, that are
greener or more specific in order to adsorb certain groups of compounds and be selective
or to maximize their adsorption capacity. In the foreseeable future, these sorbents will be
expected to play a vital part in the extraction of pollutants from environmental samples,
whilst new and more specialized materials are synthesized and studied.
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Abbreviations

ACN Acetonitrile

d-SPE Dispersive Solid Phase Extraction

d-uSPE Dispersive Micro Solid Phase Extraction

d-MSPE Dispersive Magnetic Solid Phase Extraction

ED-XRF Energy Dispersive X-ray Fluorescence Spectrometry

ETAAS Electrothermal Atomic Absorption Spectrometry

FAAS Flame Atomic Absorption Spectrometry

FT-IR Fourier-Transform Infrared Spectroscopy

G Graphene

GC-MS Gas Chromatography—Mass Spectrometry

GO Graphene Oxide

HF-SPME Hollow-fiber Solid Phase Micro Extraction

HPLC High Pressure Liquid Chromatography

HPLC-DAD  High Pressure Liquid Chromatography—Diode-Array Detector

ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry

LOD Limit of Detection

mGO Magnetic Graphene Oxide (Fe3O4/Graphene Oxide)

MNP Magnetic Nanoparticles

MSPE Magnetic Solid Phase Extraction

PAH Polycyclic Aromatic Hydrocarbons

PT-SPE Pipette-tip Solid Phase Extraction

rGO Reduced Graphene Oxide

SEM Scanning Electron Microscope

SPE Solid Phase Extraction

SPME Solid Phase Microextraction

UHPLC-MS  Ultra-High Pressure Liquid Chromatography—Mass Spectrometry
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