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Analysis of four brominated flame retardants in mineral water
and instant-noodle-bowl samples by magnetic solid-phase
extraction coupled with liquid chromatography using
magnetic carbon aerogel as adsorbent

NIE Qinrong, NI Ming, XU Jiangyan, SHI Ying', JIANG Hongmei’
(College of Science, Nanjing Agricultural University, Nanjing 210095, China)

Abstract: Brominated flame retardants ( BFRs) are widely used as organic flame retardants in
plastic products, with most exhibiting strong biological toxicity as well as physical and chemical
stability. BFRs inevitably remain in foods consumed on a daily basis through indirect or direct
contact, thereby threatening human health. Therefore, establishing a fast and effective method
for detecting and analyzing BFRs is imperative. Magnetic solid-phase extraction ( MSPE ) has been
widely used in trace-analysis applications owing to advantages that include operational simplicity
and rapid magnetic separability. The key to MSPE lies in the design and preparation of efficient
magnetic adsorbents. In this study, a magnetic carbon aerogel ( MCA ) was prepared using a sol-
gel method in combination with calcination. MCA was used as a magnetic solid-phase extractant

to establish a new method for the analysis of four BFRs in mineral water and instant-noodle-bowl
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samples in combination with high performance liquid chromatography. Fourier-transform infrared
(FT-IR ) spectroscopy revealed peaks at 3 454, 1590, 757, 1349, 1654, and 1 076 cm™ that
are ascribable to -NH,, -CH, triazine-ring , C-N, C=N, and C-O-C vibrations , respectively.
Brunauer-Emmett-Teller ( BET ) analysis revealed values of 192.16 m’/g, 0.34 cm’/g, and 7.12
nm for the surface area, pore volume and pore size of the MCA , respectively. X-ray dif-
fractometry ( XRD ) revealed a characteristic peak at 26 =34.90° that corresponds to the ( 110)
crystal plane of Fe,O,, and peaks at 26 values of 44.72° , 65.01° and 82.42° that are as-
cribable to the (110), (200), and (211 ) crystal planes of CoFe/Co,Fe, Vibrating sample
magnetometry showed that the MCA is highly magnetic ( 35 emu/g ) , which contributes to
fast magnetic solid-liquid separation. The MCA was characterized by transmission electron
microscopy ( TEM ) , which revealed a transparent gauze-like structure with nanometer-sized
squares and circular particles evenly distributed between them. High-resolution TEM ( HRTEM )
showed that the square particles exhibit a 0.191 nm stripe spacing that belongs to the ( 311)
crystal plane of Fe,O,, while the 0.245 nm stripe spacing observed for the circular particles
corresponds to the ( 110 ) crystal plane of the CoFe alloy , in good agreement with the XRD
results. X-ray photoelectron spectroscopy ( XPS ) revealed the presence of Co 2p, Fe 2p,
O Is, N Is, and C 1s peaks. Taken together , these results show that the MCA , which
contains various functional groups , had been successfully prepared. Factors that affect MSPE ,
such as solution pH , amount of material , adsorption time , the concentration and volume
of the elution solvent, and sample volume , were investigated using the static adsorption
method. BFR adsorption by the MCA was observed to increase with time , with equilibrium
eventually reached. Tetrabromobisphenol A ( TBBPA ) reached adsorption equilibrium at 1 h
with an adsorption rate close to 100% , whereas 3-bromobiphenyl ( PBB-2) , 4, 4’-dibro-
mobiphenyl ( PBB-15) , and 2, 2’ , 4, 4'-tetrabromodiphenyl ether ( BDE-47 ) reached ad-
sorption equilibria at 2 h. BDE-47 exhibited an adsorption rate close to 80% when 20 mg/L
MCA was used , whereas the remaining three BFRs exhibited values close to 100%. Absorption
by the MCA initially exhibited a constant trend with increasing sample volume but began to
decline as the sample volume exceeded 100 mL. BFR adsorption by the MCA was found to
be almost pH-independent , which indicates that the MCA is stable over a wide pH range. In
addition , the analytes were effectively eluted in 30 min using 5 mL of acetonitrile. Based on
the results presented above , the optimal adsorption and desorption conditions are : 20 mg/L
of adsorbent , a sample volume of 100 mL, an adsorption time of 2 h without pH adjust-
ment , 5 mL of acetonitrile as the eluent, and desorption time of 30 min. TBBPA , PBB-2,
and PBB-15 exhibited limits of detection ( LODs, S/N=3) of 0.005 mg/L each under the
optimal conditions , while BDE-47 exhibited a value of 0.010 mg/L., with corresponding RSDs
of 7.35%, 5.12%, 3.66% , and 5.58% (mn=5, C=0.02 mg/L) , respectively, and actual en-
richment times of 50, 40, 51, and 61 min, respectively. The developed method was used
to determine four BFRs in mineral water and instant-noodle-bowl samples , with satisfactory
recoveries obtained , thereby providing a new fast and sensitive method for the analysis of

brominated flame retardants.
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Fig.1 Chemical structure formulas of four brominated flame retardants (BFRs)
TBBPA : tetrabromobisphenol A ; PBB-2 : 3-bromobiphenyl ; PBB-15: 4 , 4'-dibromobiphenyl ; BDE-47 : 2,2’ , 4, 4'-tetrabromo-

diphenyl ether .
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Fig.2 Flow diagram of magnetic solid-phase extraction (MSPE)

LA R E 1 mL, B RTAS 1 mL 452 BT 8 4tk %
fift, EZZE 100 mL 7 ZEHEF IR A, 75 70 .

2 #R5WE

2.1 MRIBRAE
2.1.1 FT-IR 4 #7

X} MCA #47 FT-IR 734, 25 R an &l 3 frow , ]
PIAFH MCA W) EE 5 REH &5 . Hd,3 454 cm™
Ab B T 6 ok IV A2 (-NH,) #1523 (-OH) Y 18 4 4%
3. 2850~2 950 cm ' Ab A /NG X N -CH A 45 8= 51 -
7 F 1590 e 5 757 e b At 06 ) 3 [ 458 BH 44 R
FEFE =R 3 — B 0k A R A R = R4
. 7E 1349 cm™ &b By 0% 5 J& T ik A f#E (C-N) ,
1 654 cm' Ab iy e U] Sk [ 2 55 119 25 it 9 2 sk 0L
BE(C=N)RIR 4R 3. 1076 e Ab Ay 4 Sk [ ik ek
(C-O-C) 1 45 = 3l , 3 UE B — SR 50 5 W I Ag Bk
TE BT Tk A7, 3% W = R e P R O 1 i

1076
Y
\ \
N 5 757
S 2850-2950 it
8 \
£ 1654 1590
&
g
F
\3454
T J T X T L T T
4000 3000 2000 1000 0

Wavenunber / cm™

B3 #MUEEEHRMCARLIINE
Fig.3 FT-IR spectrum of magnetic carbon aerogel (MCA)
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Fig. 6 Magnetic hysteresis loops of MCA
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1 724.50 eV &b (1 06 53 5 %F B T Fe,,,, 1 Fe,,y,,;C
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Fig.7 (a) Transmission electron microscope (TEM) image and (b, ¢) high resolution TEM images of MCA
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Fig. 8 XPS scan of MCA (a) and XPS separate scan of (b) Co 2p, (¢) Fe 2p, (d) C 1s, (e) N 1s and (f) O 1s in MCA
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F L BERE SRR A 3K MCA X 4 Ff s AR B AR 7
14 W B 5 2 SR S TR . X R
RE R B N B D G v R AR 45 R BH A
T 6 IR B 3 8 A, B MCA X 4 Fl iR AR BEJZ R
7 5 I AT I W R AR . B A AR R B L %

WA BE W/ L 25 B AR A& W A% BUAK 8 ) R e e
SEORME R T LR 4 Ry A BEL AR SR I B R
AR A R B, B B B 100 mL (1 RE B A FR BE AT S &2
224 ¥ pHE

R Z pH (H 2352 M 4 Fh LA BEA 0] ) 42 78 &
A B 700 2 T B A P 0 3 P 0 T S o R R )
AT o ABFSEARSE T pH X MCA W B 4 FhiR A
BHAR R0 52 i), 25 SR an & od i . o L& WL 76 BT
55 A pH S (5~11) N, MCA Xt 4 Fh AR B 5
F18y 52 B S5 PR s 55 9 5 2l L W] MCA I FE# )
pH B B N Rpfa e WA & B g F Il £
R SEPRRE G A AT . X R D B RS S iR AR
BELJA 700 22 g v 1 43 7, pH (B X o 43 1 B9 5 0 f
A B R SR S5 R X bR pH (E 5T AR
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Fig. 9 Effects of (a) adsorption time, (b) MCA dosage, (c) sample volume, (d) pH of sample, (e) eluent type, (f) elution
volume and (g) elution time on the recoveries of the four BFRs

2.2.5 A R 2

ZR T WEE LG O e S B Xt 4 R
FRBEAR ) 1 6 T8 4SR5 SR LI 9e B A9 16 T
RO B 22, T G 9 VR I 8O e A o 3k 2 TR R U
Va0 E bR LS8 0 A B AE E E E A)R AE RLAH

IR RIVARABL B0 Al 2 W TR A RE AR LI A . 4
Aol 5 A BELAA 700 18 S A M ) 5, T N B AT R G I
figp 11 A AL 2 B E L HL BT B B B X (T
A R AR BELAR 0] A 2 5o ) AR AR, TR G BE 8 A7
RCHB T A AN e B R AR R o £ b AR SO 4 L
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2.2.6 BEBLAER

5T PRI 2 G AU 4 b AR BE R Y
e R, g HE LK of. Wl LLE L B E 2 AR
3N, PR CR B R T, S AT 5 mL
B, Ve AR e fE o R R R Ve A s X
W o6 50 P 422 f R 3 B ), — R S E X H bR
TSR BEL AR 300 1) 325 ik 6B T 2 A R Y, 20 Lk 3] 3% il o1
)5 2345 B X H AR & W i 4k 2L e i . 38 In 2
R A FRURT 7 R o 5 75 Xk 4 b R A BEL AR ) 0 9 A 2%
DR DR BN 50 B T 40 4 L XA B T 20
G F 570 43 M35 i B R B ) PR DA T B A A
SRR 7/ NN S WY 3 N N =R
2k 5 3880 3 B0 R AR B, SR 10 mL 2 AT R
T4 o AR BELR 700 T 7 36 A7 AR 2804 B8, DT TG 15
SEVELR . BRI 5 mL 1 N PR .
2.2.7 R BEE A

Pk W BsF [) T 7E — a2 B e VR AR B R R A
MCA | B i W ROR A HIF 9% % 88 17 S [R) 3 i Bt [
(10~70 min) X} £ Jif5 GE B 4 Ff i AR B 550 0% 52 il
SERANE 9g Frs . % BDE-47 1Mi & , Y SR B vk
JI5E S TF) £ 34 000G % 0 AR TG X 55 A 3 s AR BEL AR
T JHL e ot 23 357 I sF ) A Ak S5 B S B4 0 I A AR 114
. 7E 30 min i, TBBPA I PBB-2 ik %] 5 & ¥E it
2,1 PBB-15 [ P& B 8 0 {8 3 BLAE 50 min B, 7E
YRG0 G B B, Y RO A R 2 I B[R] Y HE RS

17 AR BN, X = A G5 MCA L 78 AR B %
T 2Z ] v BE 22 8RB L T B R AR e 3h g
45 TR LK 591 68 6% DR 3 b B i T o i A O B B
] (4 SE 4, MCA 1 I8 A BEL AR 57 ok J32 328 W B AIG , &
rh R AR LK T e R A T B , S B0 T 3N D)
JIN U O A R G R T R T I S o X R AR I A
KB, MCA F A 38 43 1A BELA 71 2 9 A Wi, 8 2%
fR) /1 RAR BELR 79 Fh T MICAL A 58 1% BFF A FH L Al
PRI 2R 11T U LA i WG, ol 75 0% A% 3 4 o T R e
A TR, BEAh, B B Y Pk B AT B o Bk v A Y TR
AR BEL IR 790 7B B MCA W B, DA TiT R AEG 6 o 280 %
y [E PR AIE 4 Bl H AR — 5 B VR ACR , e 4k
30 min Ay P8 AR A TH] .
2.3 SHTIERE

ARTENT 4 FpRAR BRI B A M i e 45 SR 3k 1
fin. Al LLE H, 4 MSPE 4B )5, H A8 ¥ 1E 0~
0.1 mg/L i Bl N H A R 4P i 21 56 & (R°=0.998 7~
0.999 8) ; ¥ i FR (LOD, S/N=3) & 0.005~0.010
mg/L, & & I (LOQ, S/N=10) } 0.016 5 ~0.033
mg/L; AH XS A5 4 i 22 73 901 o8 7.35% .5.12% . 3.66% Al
5.58%(n=5,C=0.02 mg/L) ; %4 MSPE b B 5 i 1
R s v il £k 5 R 20 Ak B s v il 4 4 O TR I
RERAH AT 205510 A W0 52 BR B AR B, 0 o
50.40.51 F1 61, KAk 5 SCHRHIE (9 1 vk AT 1
BOCEERY TR 2,0 LA Ak RS, AT
FF 52 2 SRR R S rb AR B 550 1) 43 #T o

R1 FAENSIERE

Table 1 Analytical performance of the proposed method

Analyte Liner equation after MSPE * R? LOD/(mg/L) LOQ/(mg/L) RSD/%" Enrichment factor

TBBPA Y=2732719.5X+2694.1 0.9998 0.005 0.0165 7.35 50

PBB-2 Y=2456021.1X-8836.9 0.9987 0.005 0.0165 5.12 40

PBB-15 Y=2696181.3X+147.4 0.9995 0.005 0.0165 3.66 51

BDE-47 Y=3315494.0X-8380.1 0.9993 0.010 0.033 5.58 61

a: linear range 0-0.1 mg/L; b: mass concentration 0.02 mg/L, n=5. Y: peak area; X: mass concentration, mg/L.
xR2 XFEEXHBEFTELER
Table 2 Comparison of this method with the reported methods
Analysis method Adsorbent Analytes Samples LOD/( ng/L) Ref.
SPE-HPLC Br-COF polybrominated diphenyl ethers food 0.01-0.05 [35]
MSPE-GC-MS micro-nano-structured tetrabromobisphenol A, hexabromo- water 130-350 [36]
magnetite particles cyclododecane

MSPE-HPLC NiFe,0,@COF brominated flame retardants water 0.03-1.9 [37]
MSPE-HPLC Fe,0,@COF brominated flame retardants water 0.15-0.39 [38]
MSPE-HPLC MCA brominated flame retardants water, plastic bowl 5-10 this work
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TSR UEIZ VR B AT AT P S S B (R R
A H B2V T R K A TE B TBBPA  PBB-
2 .PBB-15 il BDE-47 4 Ff 5L A% B 7 4 43 A7 0 5
B 6 iy 100 mL & S 7K A & 1Y U8 AT 6 £/ 100 mL
T T 5 B BV 1) S RV, 45 43 R AL, 43 il A

i 2 AN )RS B AR TR IR, #2 1.3 99 05 0k SE
Hij A B A ] HPLC A6 F A 75 A BELAA 791 4 ik
JEIEIHSR AR . 3R 3 AT LA Y I i 69 [
WK 58.91%~116.80%, 45 R 4 Nl &, Ul W% 5
U5 AE T2 B KRR AR iy SEORL 2 Ml B4R 20 B R BT —
SE 4L

F3 FRAFBEB D 4HIRAEBFINE (n=3)

Table 3 Detection of the four BFRs in mineral water and instant-noodle-bowl (n=3)

Spiked level/

Mineral water

Instant-noodle-bowl

Analyte
(pg/L) Found/(pg/L) Recovery/% RSD/% Found/(pg/L) Recovery/% RSD/%
TBBPA 0 ND / / ND / /
10 9.51 95.07 0.69 8.34 83.45 10.55
20 23.36 116.80 6.20 22.79 113.94 6.61
PBB-2 0 ND / / ND / /
10 6.55 65.50 12.83 7.70 77.04 4.19
20 17.11 85.54 3.59 17.26 86.31 5.20
PBB-15 0 ND / / ND / /
10 11.58 115.79 3.45 9.82 98.23 5.83
20 22.43 112.16 3.43 21.97 109.87 6.86
BDE-47 0 ND / / ND / /
10 5.89 58.91 8.16 6.63 66.38 14.23
20 14.29 71.48 4.87 15.05 75.26 5.18

ND: not detected; /: no value.
3 &ig

AR SCH £ 1 — Bl B Ak Bk BE I B R MCA IF:
A AE S i 161 FH 2% BBORERE , £ 57 1 i 1861 A0 28 B e
ROV (0 335 3 T 23 A A AR K I T A9 HR R R i
AL iy 12 o A R S R C LA SR B T ik o 5
— P FR) g [ A A5 OB R A EE, MCA B A7 % 4 i
b CE RO B R R T TR 28 R R H AR Al
BV ES AR o AN B A A BT TR S N
ZEETT AT DR [ oy B A T S B O e
o AR AR A A SR B 3 5 1 S BR  ANE
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