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Abstract: A graphene oxide aerogel was prepared and directly filled in a solid phase extraction

(SPE) column without the aid of silica or other substrates. The aerogel was used to extract and
detect residual organophosphorus pesticides ( phoxim, temephos, fenthion, and fenitrothion )
in food, and exhibited good elasticity and high mechanical strength. The graphene oxide aerogel
was prepared by freeze-drying. Its morphology and physical properties were characterized by
scanning electron microscopy, infrared spectroscopy, and BET surface adsorption. Results
proved the successful synthesis of the graphene oxide aerogel. Scanning electron micrographs of
the aerogel exhibited a layered and fold structure, with a surface area of 740.51 m’/g. The

effect of experimental conditions on the extraction recovery of organophosphorus pesticides
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was systematically studied through a series of single-factor experiments. Due to limited adsorp-
tion sites, sample volumes of 5-60 mL were investigated, and 15 mL was determined was the
optimum sample volume. The rate of sample loading was investigated in the range of 0.8-3.0
mL/min. When the rate of sample loading was higher than 3. 0 mL/min, the insufficient contact
between the analytes and sorbent appeared to cause a decrease in the extraction recovery. A
lower rate of sample loading would prolong the operation time due to the re-elution of organo-
phosphorus pesticides. The sample pH was optimized from a pH range of 2-11. An acidic solu-
tion was found to be good for inducing electrostatic interactions between the graphene oxide
aerogel and organophosphorus pesticides. The maximum extraction recoveries were obtained at
pH 4. Three eluents ( acetonitrile, methanol, and acetone) were explored for optimization, and
results showed that acetonitrile was the most appropriate eluent. The eluent volume (0. 6-1.2
mL) was also investigated, and the optimal value was found to be 1.0 mL. Compared with
commercial extraction materials including C18 silica, the anion exchange column ( SAX) , ami-
no (-NH,), and Florisil, the extraction recovery of this new material showed distinct improve-
ment. The lifetime of the extraction column directly filled with the graphene oxide aerogel was
investigated. The column could be repeatedly used for 15 times, which overcame the issue of
blocking of the sieve plates of fragmented graphene nanosheets dispersed without any matrix
support. The linearities of the four organophosphorus pesticides were 1-200 pg/L for phoxim,
temephos, and fenthion, and 2-200 wg/L for fenitrothion. The linear correlation coefficients
were all =0.994 9, and limits of detection were in the range of 0.2-0.5 pg/L. An extraction
column was used to extract the analytes continuously for five times, and the RSDs of the
extraction recoveries were <6. 5%. Subsequently, five extraction columns were used to extract
the analytes under the same conditions, and the RSDs of the extraction recoveries were
<11. 3%. Finally, the established method was applied for the extraction and detection of a real
sample ( apple peel); no organophosphorus pesticide was detected in the apple peel. The
recoveries for spiked standard solutions were between 70.5% and 93.6%, and RSDs were
<10. 4%.

Key words: high performance liquid chromatography (HPLC) ; solid phase extraction (SPE) ;
graphene oxide aerogel; organophosphorus pesticides

15 PY, 45 BT SR A SR BRI [ AR AR O A A DL A 245 - 11 -

AR AR R a L&Y, B &
R A USSR FEAO A P A5 30 )z g T (H e i
AR B S ik a5 AR, I DL B 3 KSR AN T
AR5 Y, X A 25 PR RN SIS (et B s A K B4 4
E RGO, RE N AT YR B S 5 R
R B B Y BB 173, AL
w2y R E Y RIS T E A 2 E Y
(55 —107 . H AT HLBEAR 2 1 [ S AR A7 AR FE

AR RO A B o S IR PR, R B
AU 2R PR | R e A RAR B o B
FEM R S e R B,
AR 25 5% B AR I O ik A UM (0 1 -
T T 20 SO (- B R A5y T
JR S 2 i B Z REPE LA AR 25 5% B AR IR e
ACARARME B AN 2 12 o PR ML 25 .
T H i AU AR, AT 0 R 5 A A

SIRARSC TP, T, R ZRICA BB, BT A7 BRI OB IE A 25 SR R I AT LA 2. 833 ,2022,40( 1) < 10~ 16.
HOU Xiudan, YU Hui, ZHU Feng, LI Zhaojie, YANG Qingli. Determination of organophosphorus pesticides based on graphene
oxide aerogel solid phase extraction column. Chinese Journal of Chromatography,2022,40(1) :10-16.



12 - @

i 55 40 %

AL FT5 0 A B AR SRR HERERS I AR
K AT BUIEAR 28 K Hp A ) 22 T 0 KA R A A
718, T AL S ORI A L v 25 27 RO 2
G RIS AR S IR R AR R I 12 e FH A Aok e
EEASE G R AYUHERA R LA PUERA R
TR AR

I R A JBUATE DAy — ol s 258 9 R i AR R R
LB T SR e 4 1 TR 38 ] DL R R
AREET R TR A B A IR DR FERE
s I Ah BT A B AR KOG TE? Z A WEA R
A1 S IR R LTS T AT T A B [ AR AR IO/ IR
AR R OGRS (0 0 SR AR 7 2 o
SRIETHAR . AT — BT H A R B B R
Bk b BT AR S, AR R, AL
FTHLERBEA L Z BRI 2 7 A e
JEAE g —Fh =T s ImAORE, F IR LK, i TR
1 HE R AL R AU BE AR B FLBR R A
(8 B2 S5 0 A, # Iz T AN TR WF O 3
MR AR BRI LA B, DL 5 T
AR AR R0 B 2 50 T [ AR AR IO/ T AN By
s BRICZ AL, f1 S8 BE I HAT = 4R HEZR S5, —
SERRE b AT LRG0 S50 R J2= 22 T B R

ARSI DA SR AT sl SR I A W 50 s [T A
FEPURZR ST T — O A LA 245 75 8B RE il i
AbFR T, 4546 HPLC-DAD , % 5 5L je i 4 Fi Hll
WA 2 EAT A UGN, I 38840 25 SR [T, J3 B
Bl I TR

1 SCIEE Sy

1.1 EE KT S e

UltiMate3000 7= R AH € 1% [ BE A7 e 1 DU oT
AN E A RS DAD /I
#ir (£ H Thermo 24 #]) ; Nicolet Nexus 870 & Li:
AT AMGIE AL (25 H Nicolet 23 1)) 3 JSM-6701F
Hf R UE ( H AR FikX 44t ) ; SPE-80 4K
i A A B (B i g Re A A e A PR | 5 Mil-
lipore Direct-Q #fi /K {¢ (18.2 MQ - cm, 3 [ 2 7%
FPH/AN ) s New Classic MF 30 b K- ( R E
TELRHE AR PR A F]) 3 KQ-500TDE 2 = 4 4
P BV A (R A AR AR A A )
TGL-16GB = # B L AL ( B SRBHoEUae))
FW-80 = 2 J7 BE by i B ( R 17 28 0 e A i A R

/ATCIDE

VO BB AR | S MR I (4 >99%,
BR3P S ) N = i vt 4 A ) < B
12 iR AR A BRA ) I BE | S (CRETTRE
R AR BRA R ) 5 e BRI ( R T B 4
P TABRAT) s WRBRIR | o Ak TR | Fh R (SR BH 1T B
A TAHMRAFD 5 30% o H LA (P BE L T30 A
FRAHED
1.2 EIE&HE
1.2.1 B H &

K Hummers 3£ %t KSR A7 B T — R 51
AR A B A A S50 4 10 g TR AL A
10 g R BREREME & I AHIE T, m#kZE 80 C, H
JA 60 mL Bifig , #F4k— B[, A 40 g 15
¥, AR S N 2 h, B A B =R, g, K 20 mL i
FRIMABI RN 2 Ly RBeprrh £ dF 10 TLATR N
A2 g HUEFIY A 8, B 1 g AiSTREN, 1 h J5iE
B AL EE, 30 min 5, INA 3 g EARRREN , PRFFIK
IR 2 h, AR 30 min J5, LA 200 mL ZE1EK
1445 95 € 20 min, JA 150 mL #4fi7K 30 mL i
AALE 80 mL £h R, FAFF 20 min, 2R 5 250 (5 000
r/min) 10 min, {8 A 2 L#B&4KH 153 & 8800
IR

LIRS 3] 1) S A A BRI BRI A -80 C
IR VKA R R 2 h, Bl JG F B 28 TR TR 7
20 Pa.-50 C4& M T4 8 h J5fg 8l & L1 16
1.2.2 A7 7 R

A HLBEAR 25 55 M 5 At A VR 34 Pl HH G A o
IR 0.2 mg/mL, BT 4 CUKFE PRI,
ZHT, R — R FE B A A R B R 0.1.,0.2,
0.5.0.8.1.2.,5.10,20.50.100 200 wg/L, Fc il %
GV BE AR ER IR
1.2.3 B d AT A

ST (P EE ) WK TG AR L
o A, 1 R O BRATLKE SR B R B AR K
1 g ¥ REHARET 10 mL ZFE-/K (70:30, v/v)
H, T 55 CHA A3 hy ZJA il B
AR o 2 B A B EE AR F 728k . e 0%
FR A 20 mL B4tk IIEF T AEHL,

124 EAMEFERLAE

5 mg A BEIEERIHA T 3 mL H4H
WA A F AR L 2 . &%, T 5 mL
NGRS mL ZKARUE 3 5] AH A O/ INEE R P65 16 A1



51

15 PY, 45 BT SR A SR BRI [ AR AR O A A DL A 245 - 13-

ABhLFEEL 15 mL AR SIAR L 1.0 mL/min Ji #E 7
R T BRI RIS, 0. 5 mL KR I R 2 B
FIF AT 0P 0E B ok AR5 B A BUIME B T AR
S min, FERPAIAH 1.0 mL Z & DL 0.6
mL/min {435 2R XTI FE7E A BOR L B9 A ML AR 24
PEATVRIE , #F HPLC Kl 437, BRIEAH TR 2540,
I RREE 3 W, E R BCE A,
125 &it&%

J3HiAE A Hypersil ODS C18 434 (250 mmx
4.6 mm, 5 pm) ;s HIRAFERE R 25 C, WA
HAEKAE KA (A) AR A A P (B) ;i A
| mL/min, RABEPEN, & %44 .0~ 12 min,
73%B; 12~13 min, 73% B~78% B, 45AMG&I % K
WA N 230 nm, 52 E R 20 pL,

2 GRS

2.1 WRIRAE

T 3 4 il LB LA ARl A AR BRI 11 R T T
FCULIE 1) RTLAE Y il 4 i SR A A S0 BRI
FE I RARRE B ) S5 48, W] LA SR Y )2 4G
¥ XA ZE A A REAS B B KR AR, A R T 4%

E1 SXAERSEREARBAGEH THAMBEER
Fig. 1 Scanning electron microscope images of graphene
oxide aerogel with different magnifications

BORCR R R SCIRIE I RAE T Ir il 25 0 kA
I LR 1) BET R AR, S Ak A Bl e I 1) 2% 1
R FLAR BRI 2 58 B 43 53l 740. 51 m*/g 0. 77
cm’/g 1 4. 17 nm,

BRI 2 A1, XoF il 4 0 A8 Ak A B8 0 A BE S R A T
TR LA ERE | g5 R 2 s, MR
AU ,3 183 em ™ Ab YR R AL A R IE R E AU
REM v O-H M 45 5 3%, 2 823 cm™ F1 1418
e b B 43 IR N A R A A BB R % = C-H
(AR A ik 297 06 T i i 2l g, 1 720 em! A A 0 X
NSRRI T C=0 M MgaiRaig, 1 622 cm™ 4b1Y)
W S S A AT BB 2T [ C = C B 4 4R sh i
1043 cm™ ' b C-O MM R shige, Ml
DL AT B0 B R T 24 B BE TR S
PR IR, MR R T A U DL AR 2

100 |
90 -|

80 4

Transmittance / %

70 -

3183
1043

60-“"\""\""I""\"‘ UL
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber / cm

2 SHAREBREERMOMLIEE
Fig. 2 FT-IR spectra of graphene oxide aerogel

22 THEHH®KE

PL 4 B HLBEA 2 (S Bmh DU B | A% B 19 |
ARG ) R EEXT G AR R I A U, K
YO ZEURIPE I 2% R EA T AL, g8 AR AR
R P pH H S PR AR R R, S T
PRI HA S RT3 R, % o — A R AT
Ak,
2.2.1 EREER

FEBGT R P 78 AR O R T B N AR 1 21
T ZEBUA R W B 2 A R s 2 T 5
IR AR, fEA LI A LB 25 TAE
VR 0 BT R MR B 200 wg/L, IR %88 T FREIRFR
}'5.10,15 .20 .40 .60 mL A LI 24 il 2% B m] i
R, WE 3a il LEH, S A AL T 15 mL
i, 6 RN AR R B A, 205 AR HR RIS B G R
%, BT LK I S50 19 _EREARAR RS R 15 mL,



14 - & i 5540 &
120
] 100
100 i
i\o 80 § 80
z 1 ) 1
L - L
2 ] :
g 00+ ‘ 3 60 ,
R~ ] —®— Phoxim & { —=—Phoxim
40 ] —7 Temephos 1 —= Temephos
1 —* Fenthion 40 4 —® Fenthion
{ —©— Fenitrothion 1 —°— Fenitrothion
W4T T T L L E L |
0 10 20 30 40 50 60 1.0 1.5 2.0 2.5 3.0
Volume of sample / mL Rate of sample loading / (mL/min)
100 100 T Phoxim
1 1 7 ZZ3 Temephos d
1 ] 3 Fenthion
804 |
e 307 SERE 7 ZZ3 Fenitrothion
S ] I 0]
5] ] 5] i
&40 = ]
1 —%— Temephos 201
20 ] —e— Fenthion ]
{ —O—Fenitrothion o ]
zl S A;, S 6| S ;g S 1|0 o Acetonitrile Methanol Acetone
pH
1 100 7 Phoxim v
100 1 1 f ZZ] Temephos
b 3 Fenthion
80
S gl ° ] ZZ3 Fenitrothion =] {_7
o 1 z 60
L (5] 4
g CO
2 604 ) 2 40 ]
~ 1 —®— Phoxim ~ ]
1 —5— Temephos 201
40 J —— Fenthion ]
1 —O— Fenitrothion 0 ]
Toe os 10 in 18 SAX _NH,  Florisil  Graphene

Volume of eluent / mL

oxide aerogel

B3 SREEHMFEREKEMIZM(n=3)
Fig. 3 Effect of experimental parameters on the extraction recoveries (n=3)
a. volume of sample; b. rate of sample loading; c. pH of sample; d. type of eluent; e. volume of eluent; f. extraction materials.

222 bEE®EE

R AR X A BRI A ) e L R R ] 1Y, L
FER RS (15 53 A7 1 5 26 OB ) 22 ] 22 filh oA 72 47
K2 23 B AHT 40 0 EER VR i B4, L3 AR
Al K, LS %25 T 0. 8~3. 0 mL/min Y LA
W WK 3b @R, 7E 1.0 mL/min B4, ZEHL
Bl &Syl TyNI=
223 #i#RpHHE

TARE WA pH (HAL 23 5 M A i 43+ A7 AE
R W25 M A2 BURD R R THI A L AT, BT LA AR S35 X6)
TAER W pH (EW 17 T %%, MEl 3¢ haf L
ARSI BAL TR AR AT, AR R
e R ORI A T AR 2 T
A S B 2 W) T 25 5 JE iS5 T HL7E 1R

PR T AR T AR 57 558 A B
eI Z [l P AR TR B, {H pH (B R AIR 25 388 WA
BUBEAR 2545 55 K (b V5 8 v 43 85 1 08 BT A A% B [
WCR B TR B RS T i, NS SR vl UL A it i
W pH 4 4 B A E ISR K,
2.2.4 PR KA o R AR

VEMGR e R 2 S S ECh A AT B
G BT AR R 5 AR UM R Z ] A e
VESESS A3 BIBERE T NG B 9 TR G LR A7 e
L IR CIE VMR S i (WK 3d) . ONiETE
A B, N B 1k R T e, R AT RE
ARSI O E LS B 7 F e Y R GURAS e = I (E VA
T L5 A B OR UK AT AL B AR 245 38 2 DR T ok
VESEBE— 25 52T ZNE P ARBIR A AT ISR i 5%



51

15 PY, 45 BT SR A SR BRI [ AR AR O A A DL A 245 - 15 -

M), A& 3e HHAl LU Y, 9 A FE T 1.0 mL
B, [l s i AR AN R, H S8 T 1. 0 mL A,
[ A, T LA 1. 0 mL 2 A7V .
2.3 ZEEUMEBERAR

S IR SR A AT BRI B IS I ) A 2 B A
LR C18 ki & H A (-NH, ) | FH & T 38 et
(SAX) EERREEH: (Florisil) (50 mg) 45 1Y 4K B fE
PEATHORE, SR ae 45 SRR 3f s, MR E R &
AT B I BN MLBEAC 24 43 1) 2 B 22 W]
5 TR AERL, X VA T Tl A S50 AR I 1) 55
b2 I RURIR B I BRERE 7, BRIk =2 b, B A AT B
SR 2 7T Z [ 1 S - RO AR R R
Pem T HAERGE S, BT A A S TE R 45
AR B RR P U AR BORE A — g 3 F o, T
T S LAt P ke 55 A TS e M B AR B

ARSI — LI T A AR B, H
FLAE S0 A HLBEAC 25 2 BB G 25 Wk, (i IR B S 26
BN 56 R A& 4 s, ZEBUCHE(E 15 WU,
F LR 2553 F W AL BURDSCR AT T RIS, PRI, 1%
AR 15 R HEF,
24 FAEFER

e il — R FNAS R e B A ML A 25 IR & T AR

100

80

Recovery / %

60 ™ Phoxim
|~ Temephos

| —®—Fenthion

| —9— Fenitrothion

40
0 5 10 15 20 25

Times

B4 SAAERSERENENERSES (n=3)
Fig. 4 Service life of graphene oxide aerogel-based
extraction column (n=3)

W TE ERIACR SE I 45T R A A SR <k
Ji2 A A BURE X 3R T AR A DU AR 24 54 T
HHL, 3454 HPLC-DAD Xt/ My dk A7 43 B 4G
GERFIAFE 1, Arbn] DA 5256 HE ST 19 7 0 A
LR 25 B A RAF R MEa 1 ~200 pg/L(
W U HE B0 ) A1 2~200 wg/L(RIERWE) , H
S LR () B RTF 0.99, K H R <0.5
ng/L, HRAEBUNMEELEREI S K, A UL 2511
LA R AR bR v I 22 < 6. 5% , SR 5 5 AR AR
/N 26 43 B 0, 6 B[] 00 23R A0 X A o e 22
<11.3%.,
2.5 ZERIEFEmMEA

HEA S0 FE ST (1) 7 i TSR R R LB AR
YIRS, B 3 N SERIEAT AT, KA
3AEATREMS . LS Hn] DL 7 JIr 2 A 32 2R iz v
A F 4 Flg MLBE A 245 A7 15, WS R % 583 i
AL XoF T ) 5 10 4 JBORA ek B ) S T, R AR b
SIAA 20 .50 #1100 wg/L A HLBEAR 25 FR HER W,
M 2 Hnl UL AR R [BISCR  70. 5% ~ 93. 6%,
FAXFBRE R 228 T 10. 4% , 0] LLE AR R A B4

[ o>may Temephos  —— Apple skin
Spiked at 20 ng/L

Fenitrothion

Phoxim

Spiked at 50 pg/L
— Spiked at 100 ng/L

Fenthion

{/ min

5  SEERFEM R MAREE R Bk E
Fig. 5 Chromatograms of a real sample and
spiked samples

F1 AUBMRANKEFELECE EXRERHR ESRMENRERE
Table 1 Linear equations, linear ranges, correlation coefficients (r?), limits of detections (LODs) ,
limits of quantifications (LOQs) and RSDs of the organophosphorus pesticides

Linear range/

LOD/ LOQ/

RSDs (n=5)/%

Compound Linear equation (png/L) ’ (pg/L) (ng/L) Single column Column-to-column
Phoxim y=0.24142+0.4554 1-200 0.9950 0.2 1.0 4.2 11.3
Temephos y=0.2436x+0.4819 1-200 0.9949 0.5 1.0 4.4 10.2
Fenthion y=0.23932x-0.0220 1-200 0.9986 0.5 1.0 6.5 7.3
Fenitrothion y=0.27982+0.2369 2-200 0.9993 0.5 2.0 2.4 6.5

Y. peak area; x:, mass concentration, png/L.



.16 - {5,

i 55 40 %

TR [P R 205 MR - 3 S0 TRORH 33 i A D AT DL AR
i R, PR A R AR O AN

R2 ERFTENBKANESE . NFREKE
HITRERZE (n=3)

Table 2 Contents, spiked recoveries and RSDs of
organophosphorus pesticides in apple
skin (n=3)

Compound Added/ Detected/  Recovery/  RSD/

(pg/L)  (pg/L) % %

Phoxim 20 16.4 82.0 9.6
50 45.8 91.6 10.4

100 90.1 90.1 8.5

Temephos 20 14.7 72.5 8.7
50 41.2 82.4 8.9

100 89.2 89.2 5.5

Fenthion 20 17.8 89.0 9.2
50 40.4 80.8 9.4

100 87.7 87.7 6.3

Fenitrothion 20 14.1 70.5 6.0
50 46.8 93.6 8.6

100 91.9 91.9 7.1
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