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ABSTRACT

A novel magnetic solid phase extraction (SPE) analysis method was established by combining Fe;O, magnetic
nanoparticles modified grapheme as absorption material followed by GC/MS for detection of the organochiorine
pesticide (OPs) in water. Magnetic nanoparticles modified grapheme (MNG) was prepared by graphene oxide (GO)
and Fe?* through redox reaction in one step. Then, cationic surfactant CTAB was added as micelle forming agent, in
which MNG was carrier of mixed micelles extraction system. Mixed micelle modified MNG has higher loading
capacity than pure Fe;0O, magnetic graphene. This method was applied to analysis of Ops in water source. The
detection limit was in the range of 1.5-5.0 ng/L. The recovery was ranged from 67.2% to 95.6%. The RD of
repeatability was lower than 9.9%. As compared with ordinary SPE, the sensitivity of new method increased 50-109
times.
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INTRODUCTION

Graphene is an atomic-scale honeycomb lattice raadeaphite atoms. It has special mechanical, etadt optical
and thermal properties and other excellent perfagms, including large specific surface area (thémkevalue is
2360 ni/g), high mechanical strength (about 1000 GPa}, dketron transfer rate (200000 Tv™s") and high
thermal conductivity (5000 W-mK™). Therefore, graphene has strong potential agjitan energy, electronics,
biomedicine, composite and other fields [1,2]. falgtical chemistry, the two-dimensional structofegrapheme
has more advantages than carbon nano-tubes (CNAishwalso belong to promising nanomaterial. Graphen
provides more effective area for interaction wahget molecule which demonstrates its promisiniization. Thus,
graphene has been used in environmental analysiscent years, which has shown a number of outstgnd
superiorities, especially in the analysis of orggmllutantszt electron conjugated structure and hydrophobicity o
graphene offers additional affinity, thereby entemits interaction with the organic pollutants le nvironment,
favors the realization of fast adsorption/desorptiwhich makes it as an excellent solid phase etira (SPE) and
solid-phase microextraction (SPME) material [3,4,5]

The adsorption capacity of graphene is powerfulweleer, the selectivity of adsorption is not veryosy, so
graphene is not suitable for directly using as S#@action materials due to the complex compositidn
environmental organic pollutants. Accordingly, thdsorption selectivity of graphene needs to be dvgal by
chemical modification. Extensive carbon atomic edgd surface of one layer of graphene oxide costadmboxyl
(-COOH), hydroxyl (-C-OH), and interlayer contaigeaphite oxide with oxygen groups including epoxpup
(-C-0O-C-) and carbonyl group (C=0, O-C=0), etc. Tharoxyl and epoxy groups are mainly located ia th
graphite surface, and the carbonyl is in the eddbeographene. The micellar extraction technolisgy new sample
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preparation technology with high extraction ratéjch takes micelles as adsorbent material with speaharges
of surfactant. Hydrocarbon chains of hydrophobicfasiant interact with analytes through hydrophotérbon
chains, while the polar group analytes produceirtkeraction through the electrostatic or hydrogends. Hence
the micellar extraction technology is suitable &mplying in amphiphilic analytes. The micelle fotina process
plays a key role in the bearing capacity of thei@tary phase carrier. At present, the most widedgd micellar
supported materials are metal oxides such asg, Bi®, and Fe(OH)[8,9,10]. However, the superficial area of these
materials is relatively small, so the extractioficé#ncy is low. Graphene can be directly used B& @dsorbent
material, but graphene sheet is very thin andWgight, which make it difficult to be completelypseated from the
solution by filtration or centrifugation. Meanwhil&raphene is flexible, and prone to agglomeratiat reduces
the adsorption. This problem could be solved bgmwl magnetic field.

OPs are highly effective insecticides that causitéspread pollution to the environment. The contér®Ps in the
water source is extremely low; it needs to be @edcbefore measurement. SPE can be employed t@mnaie
OPs in the water, while the existing adsorbentSRIE are poor in adsorption of polar OPs, which €dlism unable
to develop extractiom-r interaction occurs due to hydrophobic interactioiith graphene conjugated system. So,
graphene shows excellent adsorption towards orgaaiter containing benzene rings. Therefore, grapluan be
used for extraction and separation of hydropholi#s.O

In this paper, a novel magnetic SPE method wasgsegh Magnetic graphene (MG) is utilized as th&ostary
phase of the micelles. Flexible grapheme owingdapecific surface area, which could form nanofgiat for the
micelle formations, hence improves the extractiffitiency. For another hand, the graphene load$ wiicelles
attracting and combining mutually with the analytésr collection, magnetic material did not needtdguging or
filtration, which collects the MNG quickly by exteal magnetic field. This technique simplifies theraction
process greatly. MNG was charged by adjusting pHhefsample solution, and anionic surfactants CTwds
employed to modify the SPE materials. The effecthaf adsorption of OPs on the properties of basal Was
investigated. The magnetic SPE-GC/MS detection atktiias utilized for detection eight OPs in the watsurce.
The proposed method was also compared with theangiSPE. The methodology result showed this metiasi
highly sensitive with high recovery rate.

EXPERIMENTAL SECTION

2.1. Chemicals and reagents

Hexadecyltrimethylammonium bromide (CTAB) was pwaskd from Sigma Aldrich. Standard solutions (100
png/mL) of OPs were purchased from the Institut&p¥ironmental Protection, China. Fe@H,O, NH;*H,O and
HCI were purchased from the Guoyao Chemical Rea@entLtd. (Shanghai, China). All solvent used iG/@S
(GC/MS-QP 2010 Plus, Shimadzu, Japan) in this éxmert were HPLC grade. Water used in the experimerst
prepared from the Milli-Q ultrapure water systemil(iidore). The stock solution of organic phospho(w® mg/L)
was prepared with acetone, kept in a cool, darigefator at 4 C.

2.2. Synthesis of MG sheets

Preparation of MNG based on the method of HumM&r&he flow chart was shown in Fig. 1. The MNG sheas
prepared by redox reaction using’Fand GO in alkaline conditions. That is, 1.5 moMHs*H,O solution was
dropped into 50 mL of graphene oxide solution (@@ mL) and adjusted pH value to 9. The solution tlasvn in
nitrogen by Termovap Sample Concentrator (HP-501&8¥nghai, China) for 10 s to eliminate oxygerei;15.0
mL FeC}+4H,O solution (20 mg/mL) was added. The solution wasesl while blowing nitrogen, and adding
NH3*H,O to maintain the solution in pH9. The solution veéisred at room temperature for 1 hour. The cofothe
solution changed from yellow to black, who indichtbat the MNG was successful prepared. MNG walected
by a magnet, and was washed repeatedly using dewmiater. The concentration of MNG was 12.5mg/amd it
was stored in the headspace sampling bottle fillitlal nitrogen.

2.3. Characterization of materials

High resolution electron microscopy (SEM), X-rayfidiction (XRD), Gas chromatography—mass spectromet
(GC-MS), vibrating sample magnetometer (VSM) wesedufor characterization of the morphology, strietand
magnetic properties of MNG.
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Graphene Oxide (50)  Magnetic nanoparticles
modified grapheme (MNG)

Detection OPs Des'brption . Adsorption

Fig. 1. Scheme of the MNG synthesis and SPE procedures

2.4. Extraction procedures

HCI was selected to adjust pH value to 3 of theansolution (100 mL). MNG water dispersion 1.0 ifiLO
mg/mL) and CTAB aqueous solution 0.75mL (1mg/mLYevadded to the sample solution to extract for 20 ah
room temperature. MNG sheet was collected by magkfédr desorption with 1.5 mL acetone, the acetoes
analyzed on GC/MS.

2.5. Chromatographic conditions

OPs were detected by a DB-5 MS capillary column if8®.25 mmx0.25um). The injection mode was splitless
with volume of 1uL. The carrier gas was helium, and the column flea set at 26.2 cm/sec. MS ionization was El
mode, and electron impact mode was 70 eV. lon soi@mperature was 260°C. GC/MS interface temperatiais
280°C, and SIM mode was set for acquisition. THeroa temperature program was set at 90°C for 1 amd, then
raised by 25°C/min to 180°C, held for 0 min, raisgdb’C per min to 300°C and held for 1 min.

RESULTSAND DISCUSSION

3.1. Synthesis and characterization of MG

With oxidation-reduction reaction between GO and’FBING sheet was prepared under alkaline conditiés.
room temperature, the reaction could be accommlisheone step, and the method was convenient anglesi
Fe;0, magnetic nanoparticles (MNP) were formed on théase of magnetic nanoparticles, and did not ndbdro
organic connections, consequently no organic paiist was introduced to the adsorbent. After thetiwa MG
could keep the morphology of graphene, so as totaiai the good ability of the stationary phase iear'SEM
characterization of MNG was shown in Fig. 2A, GOswan ultrathin and translucent slice, lateral digiems
ranged from tens of nanometers to a few microng. EB showed the SEM image MNG. ;Bg particles are
deposited on the surface of the nano film, theiBision of FgO, MNP in the MNG sheets was uniform, and there
were not many aggregates of MNR,Bg The average particle diameter ofBgnanoparticles was 10 nm.
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Fig. 2. (A) SEM image of grapheme oxide. (B) SEM image of magnetic nanoparticles modified grapheme (MNG)
Magnetic nanoparticles k@, were easily aggregate in water solution. In otdesolve this problem, MNPs k@,
is fixed onto MG. The magnetic properties of MG sveletermined by magnetometer (VSM). As shown in By
the maximum saturation magnetization of MG was ibil/fg, which was adequate for the analysis of prakttiater
samples. After exposure to the external magnetid,fiall the graphene sheets modified by magnetimparticles
were rapidly dispersed. In addition, MNG sheetsenadrtypical super paramagnetic magnetic behawibich made
them as good adsorbents for SPE. MNG also contanagmber of polar functional groups, such as hyglrand
carboxyl group, which not only contributed to abant adsorption site for micelles, but also improvbd
dispersion of MNG in water. The dispersion systdriviblG in water was stable that agglomeration wasfaond
at room temperature for over a month, as well agneic effect of MNG was not decreased. Zeta pitkeof
pH3-11 in MNG was shown in Fig. 3B. The Zeta patdrdf MNG equaled to 6.8 mV in pH3. When pH reathe
7, the Zeta potential was reduced to -15.0. As @rtveven further, no significant change of Zetaeptal appeared
which indicated a saturation condition of negatiharge. Isoelectric point (IEP) of MG was -3.7 ohdler to study
interaction between graphene and MNPgOzén MG, the FgO, potential of pure graphene and MNP Zeta was
compared. MNPs R®, was with positive charge under acidic conditiorsH7), conversely, with negative charge
in alkaline conditions (>pH7). While the Zeta pdtahof graphene was negatively charged with pHugalranged
from 3 to 11. The Zeta potential of MNG was negaltivcharged in most pH conditions, which was claower
graphene than that of MNG. Therefore, when detangithe zeta potential of MNG, graphene should ptayre
significant role than MNP R©,.

60 30

A TPERTE .. B* — FeSOAMNPs
W \*
0 20 \,, —s—Graphene
—o— MNG
20 - S0 .
~ E LS \
g of Tg or O\ \
§ 5 1. N
20 8_’10 [ \- O
- \. > o—
= e,
ﬁ 20 | L]
el S *\*
-30 +
@oooo -15000  -10000  -5000 0 5000 10000 15000 20000 L L L L L L L L L
3 4 5 6 7 8 9 10 11
H(oe) pH
Fig. 3 (A) Magnetic hysteresisloop of MNG (B) Zeta potentials of MNG

3.2. Formation of admicelles on M G sheets

In order to obtain higher micellar load capacityiletusing CTAB as a reagent for micelle formatidie MNG
plates need to take as many negative charges aibleosThe negative charge of the MNG reached thgimmum
when the pH value was higher than 6.8. In additibe,environmental water samples are generallgirtral pH, so
pH 6.8 was selected in the SPE condition. The ftionaof CTAB micelles in MNG was studied by mearfs o
determination of Zeta potential. Fig. 4A shows Zptdential of MNG while adding different amount GTAB.
Generally, Zeta potential of MNG increased with thereasing of CTAB. CTAB concentration ranged fror0.1
mg (1.0 mg MNG), zeta potential of the MNG chandexin negative to zero. In this period, micellesnied on
MNG plate surface. While CTAB increased from 0.11t6 mg of CTAB, zeta potential of MNG also increas
positive, indicating that is the formation of mixetcelles. When CTAB concentration is higher thabrhg CTAB,
the zeta potential has little change on MNG, intificathat in MNG sheet surface micelles has readadration,
CTAB to the beginning of the formation of free niles in the bulk solution. CTAB coated MNG platesigpressed
as MNG@CTAB. It was indicated from the above restiiat the maximum adsorption capacity of CTAB & t
MNG is about 1.0 mg/mg. Therefore should provideager adsorption capacity and penetration volume.

This method was applied to extract eight OPs inewatamples. OPs are persistent organic pollutanthe
environment, which has caused a wide attentionyTdre enriched in animals and amplified as accutiaula
through the food chain, which has manifested thxéity to the immune and nervous system. The pKaes of
these OPs were low, whose present form was iortieeiiwater environment, so as to carry out an sgexsorption
through the electrostatic interaction of CTAB miesl Furthermore, the carbon chain of OPs coulihtveduced
into CTAB micelles by hydrophobic interaction. 38ING@CTAB should be suitable for extraction of OPs.
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Fig. 4. (A) Effect of CTAB amount on the zeta potential of MNG  (B) Effect of eluent volume on the zeta potential of MNG@CTAB

3.3 Effect of the type and volume of eluent solvent

The effect of elution volume on MNG@CTAB was stutlliey measuring zeta potential. The purpose of khigoa
was to desorb CTAB micelles from the MNG plate,réty released the analytes into the elution salutiovo
organic solvents, methanol and acetonitrile, wested. As shown in Fig. 4B, the Zeta potential d®@CTAB
was changed from positive to negative by organleesu elution, which indicated that CTAB micellesutd be
adsorb effectively. Using 1.5 mL acetonitrile tokmanegative ions to a maximum value, the Zeta piaiest MNG
was recovered to -7.8 mV. It was seen from Figit3# the residual MNG of the CTAB plate was very,lavhich
demonstrated that the elution was effective. TRusnL per mg MNG cetonitrile was used as the efusiolvent in
the following experiments.

3.4. Comparison of MG with pure Fes0, MNPs

In order to compare effect the MNG as the solidsghzarrier of micelle, pure MNP &, was compared. We found
that MNG provided more significant advantages thare MNP FgO,. Firstly, MNG was more favorable for the
environmental water sample pretreatment. As is knoswvironmental water samples are usually in alkapH
condition. MNG allows the extraction of cationictfgans (pH 6.8), thus avoiding this problem. But &0, MNP,
they have no net charge at the neutral pH, so bteireed micelle carrying capacity is high, the agtion must be
carried out under alkaline conditions. Secondlg, MiNG by the hybrid micelles were more than MNRORe We
studied the formation of MNP micelles at pH 9.6 &mahd the maximum adsorption capacity (about Ogdnng) of
CTAB was lower than that of MG. In addition, theraxtion efficiency of MNP F©,@CTAB at pH 9.6 was lower
than that of MNG@CTAB at pH 6.8. These results ssjghat graphene can provide the formation of more
micelles, thus improving the extraction efficiendyird, the dispersion of MNG in aqueous solutisnriore stable
than FgO, MNP. At room temperature for three days, the magret MNP FgO, decreased sharply. Thus, the
reproducible results of the MNP & should be prepared. While the MNG was kept at re@mperature for more
than one month, no decrease was observed in theatiagesponse. The results showed that graphenbecaised
as a good protective agent for,6g MNG.

3.5. Method validation

The proposed method was validated including ligalimit of detection (LOD), limit of quantificatin (LOQ),
precision and recovery. Linear relationship weredy¢R>>0.98). The limits of detection (LOD) of MNG@CTAB
SPE were in the range of 1.5-5.0 ng/L while the L&f@rdinary SPE were decreased to 0.75-5.45 miierefore,
the sensitivity of PAH analysis is increased by133-times, which shows that MG@CTAB has a high gatgm
efficiency. In the detection of real water samptbs, sensitivity is higher than the previous repdhte methodology
validation was also tested. Select 0.5 ug/L OPs. §dnsitivities of OPs were increased by 50-10@4girhe blank
recoveries were in the range of 67.2-95.6%, whiaticated that the effect of sample matrix on th&aetion
efficiency was significant.

3.6. Application of the established method to the analysis of environmental water samples

In order to evaluate the potential impact of theske, we studied the recovery of the water samplesce OPs
(0.1-3.5 ng/L) was found in the samples. The samgieveries were in the range of 64.3-94.2%. Thevery rate
of pp’-DDD was lower than that of other OPs. Nométiss, this result is in line with the quantitataralysis.
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Table 1. Method validation of detection Ops from water source by MNP

RSD (%)

H 2

Compound Linear range (ng/L) r Run-to-run 6=6) _ Day-to-day (=3) Recovery (%)
a-666 5-500 0.9975 45 5.6 92.4
[3-666 5-200 0.9893 7.8 8.8 84.6
y-666 5-200 0.9850 7.9 9.6 86.5
0-666 5-200 0.9952 4.2 5.6 84.5
pp’-DDE 5-200 0.9875 9.5 9.7 64.3
op’-DDT 5-200 0.9952 8.6 9.6 81.5
p’-DDD 5-200 0.9843 7.5 8.6 78.6
p’-DDT 5-200 0.9851 9.8 9.9 94.2

CONCLUSION

Graphene has great potential to be used as a suppgubstrate material as it has huge specififasarand unique
morphology. In this work, micelle was used as supfmdevelop a new type of SPE material MNG. Canirlgj the
universality of micelles and its good extractioriligh MNG is simply prepared, which has high loeapacity. The
MNG can be negative or positive charged accordinghe solution pH, thus can be supported as catiand
anionic micelle. In these conditions, the MNG shdvaggher carrying capacity than the conventionatemals and
MNP FegO,. The method was successfully applied to enviroriedemater source samples. The extraction efficiency
and the enrichment factor were high, and get gepeatability and recovery rate. We believe that thork not
only presents a new method for the SPE of micelhes,also reveals the new role of graphene in ibie fof
analysis.
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