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Abstract: This study developed an inhouse solid-phase extraction device for the efficient enrichment
of dissolved organic matter(DOM) in large-volume water samples. The combination of this device and
ultra-high resolution characteristics of Fourier transform—ion cyclotron resonance mass spectrometry
were employed to rapidly batch extract and analyze the molecular composition differences of the
DOMs in groundwater near the Pearl River estuary. The inhouse device performed simple and fast
batch processing of the groundwater samples. The Bray—Curtis dissimilarity values calculated from
the raw data of samples in both the positive and negative ion modes were consistently below 13%, con-
firming the excellent repeatability of the method. The extraction recoveries showed no significant cor-
relation between the dissolved organic carbon concentrations in the original samples; further, no
marked superiority between the hydrophilic-lipophilic balance (HLB) and priority pollutant cartridges
was observed. Consolidating data acquired in both the positive- and negative-ion electrospray ioniza-
tion modes streamlined the analytical workflow while enabling a more comprehensive characterization
of the differences in the DOM molecular structural features. Moreover, the principal component analysis
of the intensity-weighted average molecular parameters indicated that the HLB cartridges yielded

more significant discriminatory power for the 10 samples. Overall, this study provides technical and
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theoretical support for advancing the understanding of DOM molecular composition in groundwater
systems.
Key words: groundwater; dissolved organic matter; solid-phase extraction device; Fourier trans-

form—ion cyclotron resonance mass spectrometry
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PR E . FIHES BRI AE, fEYE

e 9 S BT L 0 A R B0 ) AT S e
B b7 RS (R RR S AT 6 5 4 e e

WRERS IR SE A S BANR . DRI R 2 AR R .
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SN ESLI B E A 2 pl/min, & F7ERETEZ H REL0.01~0.2s, SRIGLLO. 7 ms 1) ®ATHS )46 F5 3]
ICR M, FEHEFT 300 7K 4 M FT B B, 78 m/z 400 70 $E5 5 260 0005 FZALSJE F1 4 80 kPa
(0.8 bar), THEAIHE A 4.0 L/min, TEAIRE K200 Co B RETFEF 7 5K H m/z 375. 141 42
(ESI+) Al m/z 369. 119 11 (ESI-)VE R AR ES F AT oo A v, IR 45%048 F) FH Bruker Daltonik Data Analy-
sis 5. O A TEE A HE S . TS 340 1R
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Fig. 3 Bray—Curtis dissimilarity distribution of the repeatability verification

A: self-developed device; B: glass device
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N, ASEFEIRD ] — AR R BGURAFAE 22 5, PIFh SPE ZNFE RS m] i 2 ) AH 6 s 22 (RD) (RD=22
B2 X (B 3B} 100) 24 1. 1%~15%; 10 MEEAS v S4 I ST ARAR B AE B SR A1, #E P SPE /M
X 16% A2 A, AN EEA R A DOC R B RFFE R E 225, 4308 (34.320. 1) mg- L' HI(1. 92+
0.01) mg- L' AT S4 A1 S7 AH DS B A A 75 FH W B 20T B8, AR 90 38 5 AR DR AR S b b AR
FABEATIE , 255 R PN FE AR H 28 TR /KM R 6 1 5 A R 42 _E AR 0 AR [l WSO AR R Z27E 1. 5%~
2. 1% BN, SRR BOF AR R B DS AR B R A T REAE T H P AR & B
RS R N AR . AALE . WS, DS Gk &Y, iXeed sy
LI g HLB I PPLAEA RO o 28 BT, AEAEAAE ] — 20 LR e, DL Rl—FEA
TEA R ZERBERL E IR, WA EZS FE, JEAE DOC K 5 AT u] i # 2 18] 31 To A
Ktk
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Table 1  Dissolved organic carbon(DOC) concentrations and solid-phase extraction(SPE) recovery results of original samples

Sample DOC/(mg-1.7") Loading volume/mL HLB recovery/% PPL recovery/% RD/%
SO 12.3+0.2 300 57.3+0. 4 54.60.2 4.8
S1 3.62+0. 02 300 57.4+0. 4 67.2+0. 6 15
S2 5.57+0. 09 300 62.1+0. 1 65.5+0. 4 5.2
S3 0. 50+0. 01 300 80. 1+£3.0 76.9+1. 1 4.3
S4 34.3+0. 1 300/50" 16. 0+0. 3 16.2+0. 4 1.4
S5 2. 17+0. 02 300 56.2+0.2 53.9+0. 6 4.3
S6 5. 11+0. 06 300 63.7+0.2 71.6+1.3 11
S7 1.92+0. 01 300/50" 15.3+0.6 16. 1x0. 4 4.5
S8 11.620. 1 300 68.0+0. 3 67.2+0. 1 1.1
39 1. 88+0. 03 300 78. 60. 6 76. 6+0. 3 2.5

* dilute 50 mL of the original sample with pure water to 300 mL before sample loading

IE4h, HLB 5 PPLARAEASHUM RN /KA Sni BT BLE B iR B2 25 5, AN EIHP T 2 1
SEAPPEHR FPALBE ) e e 22 5 . DOMAE R — R iR o B R BiIR 5, Hoor THFEAE DS =1 . &%
B REWI R B 53 1R A S DT AR AR o B S oot . BRI, PPLATR O i e AR 25 Ak 5 B
AESREOREEREST, T HLBAEMTEAR AL S P RINEI R 3 )ROSR T T S B3 s e, P
PRI ERGAR 25 B BRI L], X 2% DOM AR R P A EME AR BT H o AT 2 SRR, A
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[ T /KAEAR ] 22 55, FFERITHL T 7K DOM W SRIFHRFAE R SRR, B 5E 43 5% ESIIE & - (+) il
T T (BT A0 HE, DU P RP e R0 2 206 1800 Of [a] — 308} . 6] —HEARAE
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(18 4B) i PC1 HI PC2 J5 Z T Bk 2845 )y 48. 0% 1 19. 5%, RiHHE1E 70%, W25 40 A 45 SR 34 2689 ,
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R FHOEAR S LFES, LI RN 25 . 2 T, SIFERA 10 MEARTEAS R
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PR ES
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FHUG ESI+5 ESI-BLA A FF 0 558 BE ALy F 280, BT B | A 2 43 A8 ) T /KRS 1) ) 32 3
E5,

A B
S0 il . SO
— 2 S

$2 ) s/C

gl = a & A e
[ ] Eg ; Al [ | gg . Al
@ NC,, A mod,in o Br/C. mod, i
— gg - NOSC | 3 ] gg PIC, O o H /v
S Pay —— 50 ‘m ! S %E: 4 - NOSCW

— =

PC2(14.8%)
=
PC2(19.5%)

; e —
H/C, ac, | N H/C, . DBE,,
1 \0O o/c,,
-2 S N, 24
Br/C,, mlz,
A HLB-ESI+ O HLB-ESI- 0 HLB
4| PPL-ESI+ ' OPPL-ESI- . 4 1OPPL . . .
=3 9 -1 0 1 2 3 -4 -2 0 2 4
PC1(55.7%) PC1(48.0%)

K4 sREEMACER) 73125000 PCA 7344
Fig. 4  Principal component analysis results of intensity-weighted average molecular parameters

A: individual; B: aggregation

2.3.2 AEHFEESE BT “2.3.17 WOWER, KRR T F—FEATE ESI+AESI-HE
TOREMEHEI T A (F 25 ECPIME) . I+ B HIAE 53 F oo R B o T2 By () 5 E
Sy AR (E5) , DOPAGAS ARG ] — A A v & 28 0 F I AEBUSUR 5 5% 0 #oe RA R 43 1)
Sy FRRIME SA PR, m/zE38 R 5 SR CHOZE . CHONZE | & (S) AIS i (P b S se i m
43 H6A3 R 56. 3%~T7. 5%, 14. 0%~29. 2% 6. 0%~17. 4% F10. 3%-~5. 4%; T S1FISOFEA, AlaltiE
BB S S5 S0 0 5 340 i, SHMKHEEAL 22 58, eAh, X F CHON 286 &,
SO, S3. S4. S5. S6 K SO HEATEA IR REEUT B 55 B 5 Hb 45 AR 25 K F20%, Hidt SO FEARRY
FHXS ZEd R, M 48. 6%

A8 O/CHIH/C I, ¥4+ 8 B EW . ARITE2E(0. 1<0/C <0. 67, 0.7<H/C<1.5) .
AL A 25 (0<0/C<0. 52, 1.5<H/C<2.2, N=0), ¥7°25(0. 67<0/C<1.2, 0.5<H/C<1.5) . #RAKIEE
P25(0.71<0/C<1.2, 1.5<H/C<2.4) . S HFMEZL(0.52<0/C <0. 71, 1.5<H/C<2.2) . ApRigEi s
P25 (0<0/C<0. 1, 0.7<H/C<1.5) . 48 751825(0<0/C<0. 67, 0.2<H/C<0.7)FIHABS 7>, K 5B
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PR, miz Wi B o BGRB8 380 43 0 Sy R T 36 2% (64. 4%~87. 2% ) R FIAL & 125 (6. 5%~
26.2%); HLB-S3HEA(2.1%) . PPL-S6FEZS(2. 6%) K2 HLB-S7 FEZR (3. 6% ) AN AL & 25 () i i |5
bl 2 T AR AR (0. 2%~1. 0% ) 5 ASRIFEIERIAEEUY S5, ST H S8 FEASH 45 &5 F5 2R S i P34 5
EEMET 0. 85%, HAFEAM A 1. 4 %~2. 1%,

ERAEIREN, AR R AR 10N FAKERARLL CHO ZRAR i Z 25k &k 32, HHA R SRR K
DOM 953 F2H %50 A AR ALY 27 s AS [l DR Rl —FE A HrOAS ] 2R A0 5 W ) R BURUR A7 A L 35 22
S, HIGHH SR .
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philic—lipophilic balance (HLB) column
(D Saturated compounds, (2 amino sugars, ) carbohydrates, @ unsaturated hydrocarbons, &) lingins, © tannins, and (@ condensed aro-

matic structures



510 391 BROBESE . SR A EA AC IR AR 2 4 DB 0 T K DOM PUgR LS 43 3R AE 2251

PPOO®

| OESI+
{ O ESI-

sS4

(DBE-0.50)/C.

s5 | S6 s7 S8 |
T T T T T T T T T T T T T T T T T T T T T T T T
2 -1 0 1 2 =2 -1 0 1 2 =2 -1 0 1 2 =2 -1 0 1 2 =2 -1 0 1 2
NOSC

7 HLBHAEBUREAR 935 JBL& (A) FI(DBE-0. 50)/C vs NOSC & (B)
Fig. 7 Venn(A) and (double bond equivalent(DBE)~0. 50)/C versus nominal oxidation state of carbon(NOSC)(B) diagrams of
samples extracted by the HLB column

Y, DOM 43 ) R ZEAUR BB AAE T RIS SLH R . DBE-O Bl hRER i =
el 2L B AR, (HE OB AT RES AR R BRIV GRIRIE , FREEH 24~ O X 14~
B, BRIRHR T 3 ORI 2 AR, 457K A DBE-O THE, R ZRAMBFIRR S kAL, >Rk A DBE-
0. 50 MB35 3 . (DBE-0. 50)/CFI NOSC CHy 3t F v -%F 42 8B 43 B 45 o PR R B S5 5 T H A5 R A ik
AL, TR SRR IR RN B S0 W IEAERUR , 43 A3 /R B 4 B AN T AR R A8 A F B
s B, ARBFRESE(DBE-0. 50)/CAE R MEM R R B A AMBAFR 48 R . B 7 o, ESI+EEAER:
255 2 FH G = A8 v R0 IR R4 J5t (NOSC<0) , 1 EST—RE X I GEAS: I 20145 25 FH AT 32 B 658 vy 1) Sl Ak
P (NOSC>0) 5 PIFIME T ¥ 2 K | A AMB AR R S A & AT HARREA, S34F
28 1) ESI-AEL A 21 5 2 B AR B RS R JE A i, kA, FREIE (K 7A) iR, BRS3HF
AN, HAAEARLE ESIHRET AR 43 F AN K T ESI-AEE, X W RE S S3 JEAE DOC ik EHLARA
Ko EME, El6 5K 7iHER T AR & 250 FAETTIKCE LR 25, fbnT P i)
22 Rk B B W R 28 S HURFATE .
3 & it

ARG T — bk T RARBUKAEE T DOM @480 s SR AR AR HCRE . AHAS T F BB ] AH A5
JEHE, RHADT B W B AL FE S SRNOM FRfE S 1) KR S BRIT g 1 T /KB, PPLAEAE ESI+A
ESI-A50 PRI RIS 1 . %38 B RE T O AE A [ B Ta) e AL B EAE S, B N A
VER R 5125 R R o] ZRE AT 2P H, ZRBF504% FT-1CR MSAE ESI+AT ESI-AS T 1500 2
GIFHAT AT, AL TR R, JFREECh 2 MR AE DOM 2 F45WRHER 25 . 5 PPLEE
FHEG, HLBAAPAWR R R ML T /KA B BZ X ER . Bk, 5280 R AR IE LT,
] LUK AEiE H HLB AR T /K FEAS B T RO AT . ARWEE RN INE ML T 7K 1 DOM 8943141 SR iE S
PETHAR GHIE S H




2252 SR AR (http://www.fxesxb.com) 55 45 %

SE 3k

[1] Bae E, YeolJ, Jeong B, ShinY, Shin K H, Kim S. Anal. Chem., 2011, 83(11): 4193-4199.

(2] Xu W, Gao A, HeC, ShiQ, HouZ, Zhao H Z. Environ. Sci. Technol., 2020, 54(20): 12929-12937.

(3] LiJF, HuaZ C, Qin WL, ChenCY, ZhuB, RuanT, Xiang Y Y, FangJ Y. Water Res., 2024, 262: 122097.

[4] FuHY, Zheng W X, Duan W J, Fang G D, Duan X G, Wang S B, Feng C H, Zhu S S. Environ. Sci. Technol.,
2024, 58(33): 14949-14960.

[5] ZhouZ Q, FuQL, Fujii M, Waite T D. Environ. Sci. Technol., 2023, 57(11): 4690-4700.

(6] Cheng Y H, LiulJ B, FujiiM, FuQ L. Appl. Geochem., 2025, 180: 106292.

(7] Xue ] K, DengYM, FanRY, FuQL, XuZL, Wang Y X. Environ. Sci. Technol., 2026, 60(7): 5699-5710.

[8] Dittmar T, Koch B, Hertkorn N, Kattner G. Limnol. Oceanogr. Meth., 2008, 6: 230-235.

(9] ZhaoS L, LiJX, XueXB, SunDY, LiuW]J, ZhuC]J, YangY P, Xie X J. Chemosphere, 2023, 333. 138834.

[10] CaiSJ, ZhouX, LiuYy, TongZY, XuC, QuLY, LiPH, Xiao WP, Guo W D, Huang B Q. Water Res., 2025,
284: 123996.

[11] ZhuoXC, HeC, CaiRH, ShiQ. Talanta, 2024, 266: 125005.

[12] Perminova I V, Dubinenkov I V, Kononikhin A S, Konstantinov A I, Zherebker A Y, Andzhushev M A, Lebedev V
A, Bulygina E, Holmes R M, Kostyukevich Y I, Popov I A, Nikolaev E N. Environ. Sci. Technol., 2014, 48(13):
7461-7468.

[13] LiY, Harir M, UhlJ, Kanawati B, Lucio M, Smirnov K S, Koch B P, Schmitt—Kopplin P, Hertkorn N. Water Res.
2017, 116: 316-323.

[14] YvinOM, Kurek MR, McKenna A M, Hawkings ] R, Spencer R G M. Org. Geochem., 2024, 196: 104846.

[15] HJ164-2020. Technical Specifications for Environmental Monitoring of Groundwater. Ministry of Ecology and Environment
of the People’s Republic of China (i F 7K PR WS I ARG . ke A R AN E A 2RI

[16] Fu QL, FujiiM, Watanabe A, Kwon E. Anal. Chem., 2022, 94(3): 1717-1725.

[17] YouQ, Cheng Y H, FuQL, Cao G D, LiuJB, Fujii M, Blaney L, FuP Q, Wang Y X. Anal. Chem., 2025, 97
(19): 10442-10451.

[18] YangL, WuSX, FuQ L. Environ. Chem. (f€, ZA:A, (RIE. BREALS), 2024, 42(12): 4059-4071.

[19] Riedel T, Biester H, Dittmar T. Environ. Sci. Technol., 2012, 46(8): 4419-4426.

[20] Ding Y, ShiZQ, YeQT, Liang Y Z, Liu M Q, Dang Z, Wang Y J, Liu C X. Environ. Sci. Technol., 2020, 54
(10): 6174-6184.

[21] XiY, JingHW, TaoL, ChenJJ, XUSS, GuoJ, LiuBX, GuoHM, Gao Z P. Acta Sci. Circumst. (JE¥H, F4L
T, B, BRE, IRGRL, FREE, XUORER, SRAERH, SN, BREERFEER) . 2025, 45(2): 154-165.

[22] LiF Q, WeiLZ, LiuY, DengHM, Cui) L, Wang) Q, Xiao T F. Sci. Total Environ., 2024, 926: 171960.

[23] YouQ, Fujii M, FuQ L. J. Instrum. Anal. (JFF, FEFES:, APRIE. S0 HmRsA41) , 2025, 44(5): 774-780.

[24] Zhou YR, HaoR, WuY P, HeC, ShiQ, HuR G. J. Instrum. Anal. (TEZ, HB25E, (LEM, R, AL, %
B ATINRAAR) , 2023, 42(3): 283-291.

[25] WenZ, Han]J, Shang Y, Tao H, Fang C, Lyul, LiS, HouJ, LiuG, SongK. Water Res., 2024, 252: 121204.

[26] YinSJ, WeiCH, LiuYF, ZhuD Q. Carbon Res., 2025, 4. 58.

[27] Gonsior M, Peake BM, Cooper W T, Podgorski D, D’Andrilli J, Cooper W J. Environ. Sci. Technol., 2009, 43(3):
698-703.

[28] Wus, Fujii M, Fu Q L. Carbon Res., 2023, 2(1): 46.

(%% T %)



