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Determination of 26 herbicide residues in soil, sediment,
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Abstract: As chemical agents that selectively inhibit weed growth, herbicides play a crucial role
in enhancing crop yields. With increasing weed resistance, the environmental residue problems
caused by excessive application have become increasingly prominent. Studies indicate that only 20%
-30% of field-applied herbicides are effectively utilized, with the remainder entering environmental
media such as the atmosphere, soil, sediment, and surface water through runoff and leaching.
Recent frequent occurrences of vegetable phytotoxicity incidents in Shanghai have been traced to

potential associations with herbicide residues in surface water, further highlighting the urgent need
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to establish multi-residue analytical methods for environmental media. An analytical method was
established based on ultra-high performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) for determining 26 herbicide residues in soil, sediment, and surface water. In-
strumental detection parameters were optimized, including electrospray ionization mode, mobile
phase, and chromatographic column. The mobile phase consisted of 0.1% formic acid aqueous
solution (A) and acetonitrile (B) with the following gradient elution program: 0-0.5 min, 2%B; 0.5
—1 min, 2%B-50%B; 1-4 min, 50%B-65%B; 4-6 min, 65%B-75%B; 6—8 min, 75%B-85%B; 8—10 min,
85%B-95% B; 10—11 min, 95%B. Soil and sediment samples were extracted via acetonitrile oscillation
followed by salting-out and purified using the QUEChERS method. Surface water samples were
directly analyzed after acetonitrile extraction without purification. Different amounts of purification
agents were investigated during sample pretreatment. Calibration curves were established by plotting
the relationship between analyte concentration and measured peak area using pure solvent and
matrix-matched standards. All 26 herbicides showed good linearity in the range of 0.1-50 ng/L with
correlation coefficients exceeding 0.999 0. Matrix effects ranged from -35.2% to 14.6% across different
matrices. Limits of quantification (LOQs) were 0.5 ng/kg for soil and sediment, 0.1 pwg/L for water
samples. The herbicides were spiked into soil and sediment at spiked levels of 0.5, 1, and 10 pg/kg,
and into surface water at 0.1, 1, and 10 png/L, respectively. The average recoveries for the 26
herbicides in soil, sediment, and surface water were in the ranges of 73%—108%, 73%—102%, and
74%—-110%, respectively. The RSDs for the 26 herbicides were in the ranges of 4.5%—-16.2%, 3.8%—
19.7%, and 4.0%-15.0%, respectively. The developed method was applied to analyze the contamination
status of the 26 herbicides in environmental samples collected from six vegetable cultivation zones
in Shanghai. Results revealed distinct pollution patterns: In soil matrices, prometryn (PMT) ,
metolachlor (MTA), and sulfometuron-methyl (SMTM) showed higher detection rates of 52.9%,
52.9%, and 29.4%, respectively, with content ranges of 0.8-490.4 png/kg, 0.5-219.8 png/kg, and 1.0
-562.6 ng/kg. Sediment samples exhibited an 83.3% detection rate for PMT (1.5-6.7 ng/kg). In surface
water, SMTM, PMT, and simetryne (STN) were detected with maximum contents of 12, 2.5 and
1.1 pg/L, respectively, indicating differential migration behaviors across environmental compart-
ments. The proposed method is simple, rapid, accurate, stable, and highly practical. It can be used
to detect the 26 herbicide residues in soil, sediment, and surface water and provides a reference
for monitoring the residual pollution and environmental behavior of herbicides.

Key words: ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-
MS/MS); QuUEChERS; herbicide; soil; sediment; surface water
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1 min, i A 5 g & L84, i Z19% % 1 min, § & 2
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WA 4B W, T 0.22 pm A LA E IR, REAG I

MK B 2 mL EEW, i 0.22 pm 7K AH B8
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Table 1 Retention times and MS parameters for the 26 herbicides
e e ey Fragmentory [
1 metamitron (MTT, 7 5 55 i ) 5.10 203.1 175.0°, 104.0 120 15, 15
2 bensulfuron-methyl (BSFM, & Ffiffi [ ) 5.45 411.0 149.0°, 182.1 120 25,25
3 nicosulfuron (NSF, 4% % ) 5.45 411.0 213.07, 182.0 100 15, 15
4 thifensulfuron-methyl (TFSFM, I B} fiff % ) 6.02 388.0 205.0", 167.0 120 20, 10
5 metsulfuron-methyl (MSFM, H! fiifi [ ) 6.19 382.1 167.0°, 141.0 120 15, 15
6  chlorsulfuron (CSF, &fifi[#%) 6.47 358.0 167.0°, 141.0 100 15, 15
7 sulfometuron-methyl (SMTM , H & fifi [ ) 6.49 365.2 150.0", 107.0 120 15, 15
8  ethametsulfuron-methyl (EMSFM, i % fiff [ ) 6.54 411.0 196.0°, 168.0 120 15, 15
9  simetryne (STN, P45 4) 6.95 214.1 144.0", 124.0 120 20, 20
10 penoxsulam (POS, Ti % fiff %t ) 7.07 484.0 195.17, 164.0 120 35, 35
11 atrazine (ATZ, 35 %) 7.41 216.2 174.17, 96.1 120 15, 20
12 tribenuron Methyl (TBM, Zfiffi [ ) 7.61 396.1 181.0°, 155.1 120 20, 20
13 ametryn (AMT, 35 K 4) 8.00 228.1 186.17, 96.1 120 20, 25
14 pyrazosulfuron (PRSF, Wi ) 8.25 415.2 182.0°, 139.1 100 15, 15
15  chlorimuron-ethyl (CRE, 4 M fifi [ ) 8.39 415.1 185.9", 120.7 140 20, 35
16  mefenacet (MFA, #%WEE R i) 8.96 299.2 148.0°, 120.0 120 25,25
17 prometryn (PMT, fh#4t) 9.14 242.2 158.17, 200.2 120 20, 20
18  terbutryn (TBT, 45T #+) 9.31 242.1 186.0°, 71.0 120 15, 20
19  acetochlor (ATC, Z %) 10.00 270.1 224.0°, 148.0 80 10, 10
20  metolachlor (MTA, 5N H %jik) 10.03 284.0 252.07, 176.0 110 10, 5
21  metamifop (MTF, % Mg 5 fe ) 11.36 441.1 123.0°, 288.0 120 30, 25
22 pinoxaden (POA, WA ELTS ) 11.91 401.0 317.2°, 57.2 120 25, 25
23 pretilachlor (PTA, N %) 11.93 312.0 252.07, 176.0 120 15, 30
24 clethodim (CTD, % # fi ) 12.18 360.1 268.2", 164.0 120 5,20
25  butachlor (BTA, T % %) 12.73 312.0 238.0", 162.0 120 15, 10
26  pendimethalin (PDT, —H R ) 12.86 282.1 212.0°, 194.0 100 9,17

* Quantitative ion.
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Fig.1 Chromatograms of the 26 pesticides (10 pg/L) in
mixed standard solutions
Peaks 1-26 were consistent with Table 1.
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Fig. 2 Average recoveries of the 26 herbicides in soil spiked with 10 ng/kg in different extraction solvents (n=5)
FA: formic acid.
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GCB 1Y 3 i A O, A 2 mL 13 WH =400k
50.50. 10 mg (& 3). &5 WoR:C, A% A MR
I, 26 B R R 572 [MSCRTE 70%~120%, 3 5 T
PSA 417145 % ; 1fii GCB [H 32 - i W% Bk 45 vk 5 S0
I it oA IR it o4 45 XU i M 288 53k ) [l A0 R A
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Fig. 3 Average recoveries of the 26 herbicides in soil spiked with 10 pg/kg under different purificants (n=5)
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Table 2 Matrix effects of the 26 herbicides in soil, sedi-
ment and surface water samples

Matrix effects/%

Pesticide Soil Sediment Surface water
MTT -5.5 -6.2 2.2
BSFM -9.3 -10.3 1.1
NSF -35.2 -29.6 14.6
TFSFM -14.5 -13.8 4.3
MSFM -8.2 -10.8 3.2
SMTM -15.6 -13.9 14.2

CSF -17.3 -15.7 8.9

EMSFM -12.8 13.4 7.4
STN -8.2 -9.9 2.6
POS -4.3 -5.4 1.6
ATZ -6.7 -7.6 2.1
TBM -11.6 -15.3 -19.2
AMT -2.3 -39 2.8
PRSF -8.9 -7.4 4.4
CRE -25.8 -30.6 3.9
PMT -3.2 -5.1 -2.5
MFA -1.6 -2.9 4.5
TBT -5.4 -8.6 1.5
POA -8.8 -9.1 1.7
ATC -6.1 -5.3 2.0
MTA -1.9 -1.4 5.8
MTF -4.4 -6.6 -2.1
PTA -5.9 =55 9.7
CTD -7.2 -9.7 1.9
BTA -10.6 -12.3 8.7
PDT -17.6 -18.1 6.2

(1 26 Fil B 50+ 5 DT B IR G i T b o I R LA
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Table 3 Spiked recoveries and RSDs for the 26 herbicides in soil, sediment and surface water samples (n=6)

Recoveries/% (RSDs/%)

Compound Soil Sediment Surface water
10 pg/kg 1.0 pg/kg 0.5 pg/kg 10 pg/kg 1.0 pg/kg 0.5 pg/kg 10 pg/L 1.0 pg/L 0.1 pg/L
MTT 108 (8.3) 107 (7.6) 100 (15.3) 102 (14.3) 96 (15.7) 100 (16.4) 101 (12.1) 107 (7.2) 103 (11.9)
BSFM 106 (12.2) 103 (10.6) 96 (14.8) 97 (14.3) 96 (16.1) 97 (17.7) 98 (13.1) 110 (4.0) 98 (12.5)
NSF 86 (10.7) 87 (6.9) 83 (13.3) 86 (10.7) 84 (8.9) 87 (17.3) 88 (9.0) 98 (12.2) 87 (13.8)
TFSFM 88 (6.9) 87 (7.3) 84 (16.2) 87 (6.8) 84 (9.0) 84 (19.7) 89 (8.2) 95 (14.3) 86 (13.5)
MSFM 89 (6.4) 88 (5.9) 90 (9.3) 89 (5.8) 85(7.9) 90 (9.3) 91 (5.4) 96 (13.4) 89 (9.6)
SMTM 77 (6.1) 78 (8.5) 81 (9.6) 80 (8.1) 78 (3.8) 84 (16.6) 83 (10.5) 103 (12.3) 84 (11.4)
CSF 81 (8.5) 81 (8.5) 79 (7.4) 82 (8.7) 80 (9.4) 84 (16.3) 87 (8.0) 87 (14.6) 85 (10.1)
EMSFM 73 (5.0) 77(9.3) 73 (5.0) 78 (10.3) 74 (5.2) 80 (18.4) 79 (14.0) 82 (12.1) 79 (14.1)
STN 76 (7.1) 80 (8.4) 80 (13.2) 81 (8.4) 79 (8.9) 86 (17.8) 83 (10.9) 75 (5.0) 80 (13.2)
POS 79 (9.1) 78 (10.4) 82 (11.9) 82 (9.5) 79 (9.2) 88 (15.6) 81 (10.7) 74 (4.7) 88 (11.6)
ATZ 91 (4.6) 87 (10.8) 88 (8.2) 90 (4.9) 81 (11.3) 89 (14.2) 92 (4.3) 82 (13.6) 89 (9.8)
TBM 82 (10.1) 91 (13.7) 87 (8.1) 83 (10.0) 83 (11.3) 90 (13.8) 85 (10.9) 80 (8.8) 88(9.9)
AMT 84 (9.4) 92 (12.2) 81(8.5) 83 (7.9) 89 (14.5) 84 (15.4) 87 (10.3) 96 (15.0) 83 (11.7)
PRSF 85 (6.1) 85 (6.5) 84 (6.3) 86 (3.9) 81(7.9) 86 (14.5) 87 (7.8) 95 (14.7) 89 (6.0)
CRE 84 (6.3) 82 (6.5) 88 (7.3) 84 (6.5) 79 (7.1) 89 (13.7) 88 (6.3) 83(7.4) 88 (7.9)
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Table 3 (Continued)
Recoveries/% (RSDs/%)
Compound Soil Sediment Surface water
10 pg/kg 1.0 pg/kg 0.5 ng/kg 10 pg/kg 1.0 pg/kg 0.5 pg/kg 10 ng/L 1.0 pg/L 0.1 png/L
PMT 84 (10.8) 87 (11.2) 88 (10.8) 84 (10.7) 80 (8.7) 88 (15.7) 89 (8.0) 97 (13.6) 86 (10.8)
MFA 78 (10.7) 77 (12.0) 81 (10.3) 78 (9.8) 75 (6.3) 82 (17.2) 85 (10.5) 80 (11.9) 82 (12.9)
TBT 76 (11.5) 89 (15.0) 76 (11.5) 73 (3.7) 82 (15.6) 79 (18.4) 83 (12.7) 95 (15.0) 79 (13.7)
POA 90 (13.8) 95 (14.2) 94 (13.5) 82 (12.3) 92 (17.5) 93 (16.4) 93 (12.3) 91 (14.5) 91 (13.5)
ATC 84 (4.5) 84 (4.5) 82 (5.8) 80 (8.9) 81 (6.1) 87 (13.1) 87 (6.1) 88 (13.6) 86 (8.4)
MTA 90 (12.2) 95 (10.1) 87 (8.7) 83 (13.2) 88 (15.2) 90 (13.6) 91 (9.9) 100 (13.0) 87 (8.2)
MTF 97 (13.6) 96 (8.7) 96 (11.4) 86 (14.2) 87 (11.8) 94 (13.7) 96 (11.5) 99 (11.0) 94 (9.5)
PTA 76 (10.6) 84 (15.0) 83 (11.9) 78 (8.4) 78 (12.3) 87 (16.6) 84 (10.7) 84 (13.6) 83 (11.9)
CTD 93 (11.1) 91 (8.7) 91 (10.0) 83 (10.7) 85 (11.8) 92 (14.7) 93 (9.8) 100 (11.3) 88 (7.2)
BTA 82 (11.8) 89 (11.3) 82 (11.8) 83 (10.4) 82 (11.0) 82 (16.8) 87 (9.7) 89 (10.8) 84 (14.1)
PDT 87 (5.9) 90 (8.4) 95 (16.1) 82(9.3) 86 (12.7) 93 (17.6) 89 (6.5) 98 (13.6) 93 (14.8)
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Table 4 Test results of soil and sediment actual samples (n=3)

Matrix Moni.toring Sample No. Pesticide residues/( n.g/kg)

site SMTM STN PMT MTA PDT

Soil S01 S01-s0il-001 ND ND ND ND ND
S01-s0il-002 ND ND ND ND ND

S02 S02-s0il-001 ND ND ND 1.1 ND

S02-s0il-002 ND ND ND ND ND

S03 S03-s0il-001 8.4 ND 1.1 ND ND

S03-s0il-002 ND ND 0.8 1.6 5.9

S03-s0il-003 11.8 ND ND 0.5 1.8

S03-s0il-004 1.0 ND ND 0.5 9.8

S04 S04-s0il-001 ND 1.0 0.9 4.0 6.7

S04-s0il-002 ND 0.9 0.9 3.8 ND

S04-s0il-003 ND ND ND ND ND
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Table 4 (Continued)
Matrix Moni.toring Sample No. Pesticide residues/( pg/kg)
site SMTM STN PMT MTA PDT
Soil S05 S05-s0il-001 ND ND ND ND ND
S05-s0il-002 ND ND 0.8 ND ND
S06 S06-s0il-001 ND ND 1.5 219.8 ND
S06-s0il-002 220.4 ND 490.4 40.9 ND
S06-s0il-003 562.6 ND 2.7 1.0 ND
S06-s0il-004 ND ND 0.8 ND ND
Sediment S01 S01-sediments-001 ND ND ND ND ND
502 S02-sediments-001 8.0 ND 1.5 ND ND
S04 S04-sediments-001 ND 3.0 2.1 ND ND
S05 S05-sediments-001 ND ND 6.5 ND 11.0
S06 S06-sediments-001 ND ND 29.6 ND ND
S06-sediments-002 ND ND 6.7 1.2 ND
Surface water So01 S01-water-001 0.5" ND ND ND ND
S02 S02-water-001 12.0° ND ND ND ND
S04 S04-water-001 ND 1.1" 0.6 ND ND
S06 S06-water-001 ND ND 2.5" ND ND
ND: <LOQ. * Unit was p.g/L.
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