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Abstract. 

A new green method for trace level quantification of four herbicides, glyphosate (GLYP), 

glufosinate (GLUF), and their main metabolites, aminomethylphosphonic acid (AMPA) and 

3-(methyl-phosphinico)- propionic acid (MPPA), was developed. The purification step 

without any derivatization was conducted by solid-phase extraction using Chelex-100 resin in 

the Fe (III) form, followed by elution with 5% NH 4 OH. The four analytes were quantified 

by ultra-high-performance liquid chromatography coupled to tandem mass spectrometry. The 

developed extraction method was validated on five fresh and sea water matrices with mean 

recoveries ranging from 80.1% to 109.4% (relative standard deviation < 20%). The extraction 

conditions were evaluated and certified for the high applicability of the extraction method too. 

The limits of detection (ng/L) in the five water matrices were in ranges 0.70 –4.0, 2.4 –3.9, 

1.8 –4.7, and 1.6 –4.0 for GLYP, AMPA, GLUF, and MPPA, respectively. The method was 

successfully applied to detect the four compounds in surface waters sampled along the Red 

River Delta region in July 2019. The highest concen- trations were detected at 565, 1,330, 

234, and 871 ng/L for GLYP, AMPA, GLUF, and MPPA, respectively. These results showed 

the potential capacity of this new method for convenient monitoring of herbicides and their 

metabolites in the diverse natural water system. 

 

 

  



1. Introduction  
Non-selective herbicides, glyphosate [N-(phosphonomethyl) glycine] (GLYP) and glufosinate 

[ammonium-DL-homoalanine- 4-yl(methyl)-phosphinate] (GLUF), and their metabolites, 

aminomethylphosphonic acid (AMPA) and 3-(methyl-phosphinico)- propionic acid (MPPA) ( 

Table S1 ), represent significant threats for the animal, human health and the environment [ 

1–3 , 4–8 ]. The amount of GLYP used in agriculture rose 13.3-fold, from 43,0 0 0 t in 1994 

to 747,0 0 0 t in 2014 in the world [4] . Nowadays, GLYP is used in more than 130 countries, 

with a total global consumption estimated greater than 825,0 0 0 t [ 9 , 10 ]. In Vietnam, 

GLYP (registered for use since 1994) became the most popular herbicide and is present in 

around 104 commercial products. GLUF was also authorized in the 1990s but it stays less 

popular and less sold than GLYP [11] . In 2019, Vietnam became one of the first countries to 

ban GLYP (decision No.1186/QD-BNN-BVTV-April 10th, 2019), intending to protect human 

health, animals, ecosystems, and the environment. However, it is estimated that around 5.10 6 

L of GLYP has been still circulating during the last past year in Vietnam [12] . This raises the 

possibilities of herbicide residues maintaining and occurring in the natural water environment 

after they were applied for weed treatment [13–15] . To access very low concen- tration 

especially for drinking water (0.1 μg/L) [16] following the maximum residue thresholds of 

GLYP in the European Union, it is therefore essential to conduct research studies based on an 

accurate and sensitive analytical method to detect and quantify these compound in the water 

environment. 

To date, from around 1 0 0 0 publications, liquid chromatogra- phy coupled to tandem mass 

spectrometry (LC-MS/MS) and inte- grated pre-column derivatization using 9-

fluorenylmethyl chloro- formate has been the most popular method for the determina- tion of 

GLYP, GLUF, and their main metabolites in water due to its high selectivity and sensitivity [ 

17–24 ]. Consequently, this deriva- tization extraction method has been applying for analyte 

herbi- cide compounds for diverse water sample types collected (see for examples [ 11 , 21 , 

25–28 ]). Nevertheless, this sample clean-up pro- cedure is rather time-consuming, needs 

heavy preparation. More- over, it is costly and shows low accuracy as well as sensitivity for 

the quantification at sub-μg/L level of analytes [ 29 , 30 ]. It is, thus, necessary to develop a 

direct and efficient quantitative method for these compounds such as the one recently 

proposed by Car- retta et al. [31] , which have used a kit containing the derivatizing reagent 6-

aminoquinolyl-N-hydroxysuccinimidyl carbamate (from Waters Corporation, Milford, MA, 

USA). Some other authors [ 6 , 32–34 ] have also optimized a series of two-steps enrichment 

method by using Chelex-100 resin in combination with AG1-X8 resin to ex- tract these 

herbicides in surface, waste, and sea waters with high recovery, reproducibility, and less time-

consuming procedure than the other ones ( Figure S1 ). However, this method still needs a 

very high concentration of 6 M acid and/or 10 M HCl solutions that may destruct and corrode 

metal parts in the extraction and evaporation systems. Therefore, other methods avoiding the 

use of high con- centration of strong acid during pretreatment steps need to be de- veloped. 

Hence, the present work aimed firstly to develop and validate a new, fast, simple, and safe 

one-step purification/extraction proce- dure to directly determine concentrations of GLYP, 

GLUF, and their metabolites in surface river waters, without tedious derivatization by using 

Fe(III) forms in Chelex-100 resin. This procedure is as- sociated with a quantification method 

by ultra-performance liquid chromatography and tandem mass spectrometry (UPLC-MS/MS) 

in different typical water samples (ultra-pure or tap water, fresh river water, estuary, and sea 

waters). This method was then applied to determine the concentrations of the four compounds 

in natural surface waters of the Red River Delta (RRD), Vietnam, from Hanoi city to the end 

of Ba Lat estuary (see Figure S2 and Table S2 ). 

 

2. Material and methods  



2.1. Standards and reagents  

Glyphosate, glufosinate, aminomethylphosphonic acid, 3- (methyl phosphinico) propionic 

acid were purchased from Sigma Aldrich (Singapore). The isotopically labeled internal 

standards, [ 13 C 3 , 15 N]- N -(phosphonomethyl)-glycine (labeled GLYP) and [ 13 C 3 , 15 

N, methylene-D 2 ] aminomethylphosphonic acid (labeled AMPA) were obtained from 

Cambridge Isotope Laboratories (Saint-Aubin, France). HPLC-grade formic acid (FA) ( 

≥98%), hydrochloric acid (HCl) (36.5 –38%), ammonia (25%), and acetonitrile (ACN) 

(HPLC grade) were purchased from Merck (Singapore). Chelex-100 sodium form resin (50 –

100 mesh, dry) were also obtained from Sigma-Aldrich (Singapore). FeCl 3 hexahydrate 

(99%) from Sigma- Aldrich was used for conditioning Chelex resin after swelling in ultra-

pure water (UPW) (Milli-Q, Merck, Singapore, 18.2 M _.cm, TOC < 2 μg/L). The stock 

solutions of GLYP, GLUF, AMPA and MPPA were prepared at 1 0 0 0 mg/L in UPW then 

stored –20 °C in 15 mL tubes (Eppendorf, Germany). Standard solutions were prepared at 1 0 

0 0 μg/L concentration and stored at –20 °C in Eppendorf tubes. The concentration of the 

internal standards (IS) in the working solution was 100.0 μg/L, and prepared from initial IS 

solution 10.0 mg/L, which was stored at 4 °C in dark during the experimental period. 

 

2.2. Instrumentation  

Liquid chromatography analysis was performed on an ACQUYTY Ultra Performance LC 

system (Waters, Milford, MA, USA). The analyte separation was conducted on a Dionex 

ionPAC CS 12A IC column (4 mm x 250 mm x 5 μm, Thermo Scientific, Waltham, MA, 

USA), since the four compounds were well separated by using cation-exchange column 

combining acidic mobile phase compatible with mass spectrometry in a direct analysis [ 30 , 

35 ]. The mobile phase was a 95:5 (v:v) mixture of UPW and ACN (containing 0.5% formic 

acid in both solvents). The pH value of mobile phases normally was 2.2 ±0.1. The column 

was operated at a flow rate of 0.45 mL/min with isocratic elution mode. The column 

temperature was constantly kept at 30 °C. The auto-sampler temperature was set at 4 °C and 

the injection volume was 10.0 μL. The target compounds were then detected by tandem mass 

spectrometry (MS/MS) using triple quadrupole mass spectrometry (Xevo TQD, Waters, 

Manchester, UK) with an orthogonal Z-spray-electrospray interface. The mass spectrometer 

was operated in negative electrospray ionization mode and data were acquired using multiple 

reaction monitoring (MRM). The performance of the mass spectrometer was checked by the 

tune and accurate mass calibration solutions (Waters, Manchester, UK). The optimized 

ionization source parameters were the same for both periods: source temperature, 150 °C; 

ionization voltage, –3 kV; desolvation temperature, 550 °C; curtain gas, 900 L/h; solvate 

pressure, 7 bar. N 2 was used as desolvation gas and extracted from room air by an N 2 

generator (N2–14, Parker Hannifin Corp, Haverhill, MA, USA). Optimum ionization of the 

TQD for each target was determined by direct injection of the 1.0 mg/L standard solutions in 

the multiple reaction monitoring (MRM) mode. In MRM mode, the two most important 

parameters are collision energy and production ions. For each analyte, the two best transitions 

were used as quantitative and confirmation transition pairs. The most fragment ions for the 

quantitative four compounds were 168 → 81 (GLYP), 110 → 81 (AMPA), 180 → 95 

(GLUF), and 151 → 78 (MPPA). Besides, the transitions 170 → 81 and 114 → 81 were 

found for GLYP-IS and AMPA-IS, respectively (Figure S3 and Table S3) . Dwell times of 

0.050 and 0.025 s were chosen for the corresponding GLYP and other analytes transitions. 

The MassLynx v 4.1 (Waters, Manchester, UK) was used for control, acquisition, and data 

evaluation.  

 

2.3. One-step purification of water sample  



Generally, 250 mL of collected or stored sample was used for herbicide extraction. Firstly, the 

pH of each sample was adjusted to 2.0 ±0.1 by adding 6 M HCl in order to prevent possible 

interactions of herbicide compounds with matrix and bottle components. Samples were then 

filtrated by 0.45 μm cellulose nitrate membrane (Whatman), which was washed several times 

before and after filtering with 0.01 M HCl solution. Subsequently, the sample was spiked with 

100.0 μL of the internal standard (IS) mixture solution (to achieve 100 μg/L IS concentration 

in the final extracted solution) and put at room temperature for at least 1 h. For preparing the 

SPE column, 2 mL swell Chelex-100 resin was poured into an 8 mL empty PP tube fitted with 

20 μm polyethylene (PE) frit and a stop cock. Then, the one-step extraction procedure for 

herbicides extraction was followed the main extraction steps summarized in Fig. 1 as: (i) 

column activation : the Chelex-100 resin was coated continuously with acidic 0.033 M FeCl 

3 and subsequently washed with acid HCl solution (0.02 M) as described by Popp et al. [6] ( 

Figure S1 ); (ii) sample loading : the acidic water sample was injected into the column of 

Chelex resin in the formed Fe(III) at an approximate flow rate of 5 mL/min using Visiprep 

vacuum manifolds from Supelco (Sigma-Aldrich, Singapore). The sample bottle was rinsed 

with HCl solution (0.01 M) after sample injection into the column; (iii) washing column : the 

column was washed with 10 mL HCl (0.02 M) and 10 mL UPW to discard all previous 

fractions. At these steps, insignificant leached ion Fe(III) was measured in waste solutions 

after loading samples by using the standard colorimetric method for iron analysis [36] . At the 

same time, the elimination of significant interference was also checked and confirmed based 

on the relative mass balances of Ca 2 + , Mg 2 + , and Na + or salinity, etc., found in the 

loaded water sample and leached waste solution from the SPE column; and (iv) analytes 

elution : analytes were then slowly eluted through the column with 8 mL of 5% NH 4 OH 

solution (volumetric concentration in UPW). The eluent solution was collected in a 25 mL PE 

flask which was pre-rinsed with UPW. In a final step, the eluent solution was completely 

evaporated at 60 °C with low pressure using a Speed vac Concentrator (Thermo Fischer, 

Massachusetts, USA) and reconstituted with 1 mL UPW. The aqueous solution was filtered 

via a 0.22 μm syringe filter and transferred to a 1.5 mL amber glass LC vial. The clear 

solution was then injected triplicated into UPLC-MS/MS for each extraction. Globally, this 

extraction procedure, for which separation steps are minimized and less toxic chemicals are 

consumed with respect to their amounts and volumes, follows at least three (3 to 5) of the 

twelve principles of green engineering and might be considered as a green method [37] . All 

the sample extraction procedures are summarized in Fig. 1.  

 

2.4. In-house validation of the developed method  

Validation of the method was performed according to European guidelines on analytical 

quantity control and validation procedures for pesticide analysis in the laboratory [ 38 , 39 ]. 

Thus, the extraction yield and matrix effect were evaluated to validate the one- step 

purification method for further water monitoring from different water matrices: UPW, tap 

water, Red River estuary and sea waters. River water samples were collected in the Red River 

stream close to Hanoi, whereas estuary and sea waters were collected at Balat estuary and 

East Sea of Nam Dinh city, respectively. Tap water from the water supply system and UPW 

were sampled in our free-contamination laboratory (Water-Environment-Oceanography 

(WEO) department, USTH, Hanoi) at room temperature using PP bottles in the same manner 

collection of natural water. Tap water was collected underneath from clean faucets after 

flushing thoroughly at least 2 to 3 min after getting a constant temperature. The main 

parameters of the different water samples for these tests are reported in Table S4. To evaluate 

the extraction performance and fixing the extraction conditions, the sample extraction 

volumes (from 250 to 1 0 0 0 mL) as well as the concentrations (from 0.5% to 10%) and 

volumes (from 3.0 mL to 10.0 mL) of elution solution NH 4 OH were tested following the 



mean recovery values. Also, to investigate the matrix effect, spiking tests were performed in 

these water matrices at three different concentrations (160.0, 400.0, and 600.0 ng/L) including 

internal standards (IS). The following injection sequence was implemented on LC-MS/MS in 

order to perform  

natural water blank subtraction for each water type: UPW, blank, and spiked sample (each 

solution was injected triplicated). In this sequence, UPW was used to check the reference of 

the analysis system. For each different water type, samples were spiked and analyzed in 

triplicate. Then, the linear curves were plotted as a linear function of the peak area ratio vs. 

the concentration of each target analyte. Corresponding ISs were used for GLYP and AMPA, 

whereas AMPA-IS was used for GLUF as they are both primary amines, and for secondary 

amines, GLYP-IS was also used for MPPA [ 17 , 40 ]. The standard deviation of slopes and 

intercepts for the different curves were compared as well. The limits of detection (LOD) and 

the limits of quantification (LOQ) of the method were determined from spiked samples of five 

matrices surface water samples as the lowest concentrations, showing a signal/noise (S/N) 

ratio equal to or above 3 and 10, respectively [ 41 , 42 ]. These determinations consisting in 

the previous detection of the instrument LOQs for different compounds were set at the lowest 

standard concentrations, which showed the S/N ratios of analyte transitions greater than the 

threshold after injecting the series of standard solutions with decreasing concentration from 

100.0 to 0.1 μg/L. The LODs and LOQs of the four analytes were then spiked in different 

environmental water samples at levels of instrument LOQs. Consequently, the matrix effect, 

extraction efficiency, and overall recovery were taken into account for LOD and LOQ 

calculations. The accuracy and precision of the extraction method were assessed and 

evaluated in all water matrices based on the recoveries of spiked concentrations at 80.0, 

320.0, and 800.0 ng/L using linear fitting established in natural Red River water samples at 

ten different spiked concentrations varying from 40.0 to 800.0 ng/L (corresponding to spiked 

concentrations from 10.0 to 200.0 μg/L in 1.0 mL of final extracted solutions). Standard 

calibration curves built from natural river samples were also applied for the quantification of 

environmental samples. Besides, the method repeatability was assessed by calculating 

standard deviations of responses from thirty spiked river water samples at each of the three 

concentrations (40.0, 400.0, and 720.0 ng/L) within three months.  

 

2.5. Application to natural water analysis  

The validated methodology was applied to monitor the four analytes in surface waters of the 

main Red River stream crossing the RRD region. Nearby riverbanks, country farmers are 

employed in agriculture to produce rice, the national vegetables, fruits, and crops [43]. 

Natural water samples were collected at eight different sites including seven samples, RR-1 to 

RR-7, collected along the RRD transect around Hanoi city, one estuarine, and one sea waters 

sampled at Ba Lat mouth (RR-8 and RR-9) in July 2019 ( Figure S2 and Table S2 ). The 

about 1-L surface water samples were transferred to high-density polypropylene (PP) bottles, 

which were pre-washed with UPW and rinsed thoroughly with sampled water. At each 

sampling site, the sample was collected using a grab sampler and stored for the later LC-

MS/MS analysis. Other physical parameters were measured and recorded directly on the field 

by using Multi-parameter Waterproof Meter HI98196 (Hanna Instruments, Woonsocket, 

Rhode Island, USA). The representative on-site parameters were as follows: pH, water 

temperature, conductivity, hardness, and total organic carbon (see Table S4 ).  

 

3. Results and discussion  
3.1. One-step extraction procedure development  

Usually, the four analytes, GLYP, GLUF, AMPA, and MPPA, which are highly soluble in 

water, require cleanup procedures with ionexchange mechanisms for the direct extraction 



procedures [44] . For instance, the Fe(III) coating formed in the Chelex-100 resin at pH 2.0 

can complex organic ligands having carboxylic, amine, and phosphonate groups to create the 

complexation with herbicides molecules [ 45 , 46 ]. Speciation calculation based on stability 

constants determined by Motekaitis and Martell [46] showed that glyphosate is mainly present 

as Fe(III)-complexes at low pH ( Fig. 2 ). This supports the assumption of an efficient and 

selective pre-concentration of analytes even from matrix-rich samples. However, this 

complexation Fe(III)-GLYP decreases when pH increases above 3 with the formation of other 

aqueous GLYP species due to the formation Fe(III) hydroxo complexes. Additionally, it has 

been shown less adsorption ability of analytes on Fe(III) (hydr)oxides such as ferrihydrite or 

goethite for pH greater than pH 5.6 [47] . From speciation calculation ( Fig. 2 ), desorption of 

GLYP and other ligands will occur by increasing pH. Different aqueous solutions such as NH 

4 OH, NH 4 HCO 3 , (NH 4 ) 2 CO 3, or (NH 4 ) 2 SO 4 , could be possible but the presence 

of anions such as sulfate, carbonate, or hydroxyl could lead to Fe(III) precipitate interfering 

with ligand desorption. Moreover, ammonium ion can also suppress the broad peaks of GLYP 

and other analytes on chromatography coupled mass spectrometry analysis [48] . NH 4 OH 

sample solution was finally chosen to directly elute the 4 compounds after their 

preconcentration in the Chelex-100 resin in the Fe(III) form. Indeed NH 4 OH has the 

advantage both not to change Fe(III) (hydr)oxide precipitate and to be completely evaporated 

under the nitrogen flow at 60 °C before reconstitution in UPW for target compounds 

measurement on LC-MS/MS system. The effect of the NH 4 OH ion components and the 

enrichment factor were tested in five repeated experiments using sea water spiked at 80.0 

ng/L for all target compounds following the previously described procedure (see Section 2.3 ) 

since sea water represents the most complex water matrix including organic matter, metal 

ions, and high salinity ( Table S4 ). After analysis, the results reported in Fig. 3 and Table S5 

showed that the different extraction conditions had a significant effect on the extraction yields 

and were consistent with speciation calculation ( Fig. 2 ). Briefly, the extraction efficiencies 

for the four compounds increased when the volume of the 5% NH 4 OH solution increased 

from 3 to 8 mL and then were stable relatively at 10 mL ( Fig. 3 A ). Similarly, the whole 

extraction procedure provided high recovery values in the range 85.6% –105.5% for all 

compounds at testing concentrations of 5% and 10% NH 4 OH ( Fig. 3 B ). However, at 

different sample volumes, all analytes achieved high recovery ranged from 71.1% to 107.9%, 

which evidenced for less effect of the sample volume on the variety of the extraction 

performance ( Fig. 3 C ). Therefore, these results confirmed reliability for the high extraction 

performance as the procedure schemed in Fig. 1 .  

 

3.2. Matrix effect  

In LC-MS/MS analysis, the sample matrix effect, one of the most important factors which 

directly influence the analytical method performance (sensitivity, reliability), is often 

evaluated through several experiments such as post-extraction spiking experiment, matrix-

match calibration curves, and isotopic labeled IS spiking tests [49] . In this study, following 

the European guideline [ 38 , 39 ], the matrix effect was evaluated base on the linearity of the 

spiking test in real water samples at three different concentrations of target compounds. In 

each water matrix, the response factors, i.e. , the relationship between the ratio sample 

response area/IS area and the concentration, can be assumed linear for the four compounds ( 

Fig. 4 ) with determination coefficient values (R 2 ) all above 0.90 and RSD (%) values 

always lower than 20%. The slopes were varying between 0.021 and 0.024 for AMPA, 0.059 

and 0.072 for GLYP, 0.029 and 0.037 for MPPA, and between 0.032 and 0.059 for GLUF. 

Both slope and intercept values were not significantly different between the different sample 

matrices for four compounds ( Table S6 ). Interestingly, the extraction procedures for estuary 

and sea waters showed purification performance similar to that of other water sources (river, 



tap, and UPW), although these water types have more complex matrices with higher values of 

hardness and electro-conductivity ( Table S4 ).  

These results, therefore, confirmed the elimination of the water matrix effect during 

purification steps. Those results showed that this method is applicable for a large range of 

water matrices and is thus relevant for monitoring water samples following river streams from 

inland down to the sea, as done here for the Red River stream flowing across the RRD region. 

Moreover, they confirmed the suitability of river water as a calibration matrix: river water 

indeed showed similar slopes and interferences to that of environmental matrices and natural 

water sources, making it suitable for building calibration curves.  

 

3.3. Limits of detection and quantification  

The LODs and LOQs values of the four analytes were determined experimentally by 

analyzing different water matrices spiked at 4.0 or 20.0 ng/L (corresponding 1.0 μg/L and 5.0 

μg/L spiked concentrations in the final 1 mL extracted solutions, based on the instrument 

quantification limits of the four compounds in the standard solutions found at 0.5 μg/L (for 

GLYP and AMPA) and 1.0 μg/L (for GLUF and MPPA). Five replicates of spiked matrices 

were prepared and analyzed for each analyte. According to results of S/N ratios (equal and 

higher than 3) obtained from different water matrices spiked at 4.0 ng/L ( Table S7 ), the 

LOD (ng/L) were investigated in the following ranges: 0.70 –4.0, 2.4 –3.9, 1.8 –4.7, and 1.6 –

4.0, for GLYP, AMPA, GLUF, and MPPA, respectively. On the other hand, estuary and sea 

water matrices spiked at higher concentration (20.0 ng/L) showed S/N ratios generally close 

to 10 for all compounds while this ratio was often much higher than 10 for freshwater types ( 

Table S7 ). Thus, higher scales of LOQ (ng/L) of the introduced method was achieved in the 

estuary and sea water, which ranged: 8.7 –20.2, 13.0 –21.7, 14.6 –19.3, and 9.4 –22.4 for 

GLYP, GLUF, AMPA, and MPPA, respectively, compared to those quantifications in UPW, 

tap, and river waters with lower LOQs values ranged in 2.2 –9.2 (ng/L) for all analytes. The 

sensitivity of the developed method is consistent concerning recent works ( Table S8) , in 

which analytical method processes without sample pre-concentration, clean up or non-

derivatization steps are shown to increase the detection capacity of the method. For instance, 

Coutinho et al. [50] described LODs values of 35.0 and 240.0 ng/L for GLYP and AMPA 

respectively in mineral water by using anion exchange chromatography and coulometric 

detection. Guo et al. [30] reported the LODs for both GLYP and AMPA in six water matrices 

(drinking, tap, lake, creek, stream, and ground waters) were determined to be 100.0 ng/L 

whereas the LODs values ranged from 20.0 to 50.0 ng/L for both analytes. In surface water, 

Guo et al. [51] used HLB cartridges and HIILIC column to detect directly GLYP, GLUF, 

AMPA and MPPA in surface water with very low LODs and LOQs ranged in 100.0 –150.0 

ng/L and 300.0 –500.0 ng/L, respectively. However, direct analysis methods with non-

enrichment procedures are less effective on water matrices with complex components. Indeed, 

the ion suppression in the different water matrices increases in the following order: 

groundwater < tap water < surface water [52] . Besides, river water can contain a high amount 

of mud, organic matter and colloids while estuary while sea waters can contain more salt [52] 

. All these water components need to be washed or removed during extraction in the period of 

sample preparation before injecting water into analysis instruments. Finally, we could assume 

that removal of almost water matrix effects was achieved by one-step extraction as shown in 

this study, and therefore enhanced the limit of detection of the analytical method with very 

low LODs and LOQs compared to other studies (see Table S8 ).  

3.4. Linearity, method precision, and repeatability  

In order to simultaneously analyze the four compounds in all water types by using one 

calibration curve, the linearity range for the four analytes was established from 10-points 

spiked river water samples collected in the RRD in ranges 40 –800 ng/L (according to the 



final concentrations in 1 mL of analysis solution ranging from 10 to 200 μg/L, including the 

enrichment factor (250 folds)) for the four analytes. The straight lines were obtained by 

plotting the peak area ratios between analytes and ISs as a linear function of the concentration 

of each target analyte at IS spiked concentration fixed at 100 μg/L. For each compound, 

calibration was established in triplicate. The peak area ratios of the target analyte were taken 

into account in the linear range. The precision and accuracy of linearity were evaluated based 

on RSD (%) values of slope and intercepts from repeated experiments ( Table S9 ). A good 

correlation of all target analytes was obtained (the R 2 values are greater than 0.98 for all 

target analytes). RSD (%) of both slope and intercept of all target analytes were below 12.6%.  

Recovery tests were conducted to evaluate the precision and accuracy of the analytical 

method in nine replicated spiked samples within a day at respective 80, 320, and 800 ng/L in 

five water types to evaluate the accuracy of the method (see the optimized protocol in Section 

2.3 ). For all compounds and water matrices, recovery was evaluated by analyzing spiked 

samples at three levels of concentration in nine repeated experiments ranging between 80.1 

and 109.4% with RSD almost always lower than 20% at respective LOQ levels ( Table 1 ) . 

In such conditions, we could assume that the extraction method shows highly effective in 

directly analyzing simultaneously GLYP, GLUF, and their metabolites for a large range of 

water origins. Then, the method repeatability or inter-day precision was evaluated by 

calculating the RSD (%) of responses from three spiked concentrations (40.0, 400.0, and 

720.0 ng/L) with thirty triplicated experiments conducted for each spike at different times 

within three months, following the calibration curves established from spiked river water 

samples. Variations of responses showed good repeatability with high recovery values 

varying from 83.5% to 100.4% for the four compounds, corresponding to RSD (%) always 

lower than 15% ( Table S10) . Mean yields were substantially increased at the highest 

concentrations (400.0 and 720.0 ng/L), which can be related to several factors such as the 

ionization efficiency and/or the influences of the carry-over effect of the analytes in the 

chromatographic column or sample introduction devices in mass spectrometer [53].  

 

3.5. Natural water analysis  

The results reported in Table 2 showed the successful application of this new analytical 

method to detect the four compounds in RRD water samples from the river stream to the 

estuary. Noticeably, the river sample collected at RR-1 location exhibited the maximum 

concentrations (ng/L) for all compounds, which were 565 ±90, 234.0 ±4.4, 1,330 ±11, and 

871 ±61 for GLYP, GLUF, AMPA, and MPPA, respectively. The four-compound 

concentrations were found higher at the riverside around Hanoi city than at the seaside. 

Globally, near the river watershed, lands are used for agricultural activities, e.g. flood rice 

fields, vegetable and fruit farms, which require the high application of herbicides [43] . The 

measured GLYP concentrations in the river stream region (RR-1, 2, and 7) were significantly 

over the European regulation for its limitation in drinking water [16] . No GLYP was detected 

in water samples collected at the river mouth (sampling RR-8 and RR- 9). Besides, GLYP 

metabolite, AMPA was found in five samples from Hanoi city to Balat estuary (RR-1, 2, 3, 7, 

8), and mostly higher than GLYP. On the other hand, GLUF was only detected in one sample 

at site RR-1 while its metabolite, MPPA, was detected in two samples (RR-1 and RR-5) and 

at higher concentrations (max. 871 ±61 ng/L at RR-1). 

 

4. Conclusions  
The new method of one-step extraction analysis was successfully developed and validated for 

directly detecting herbicides, glyphosate, glufosinate, and their metabolites, AMPA, and 

MPPA in different water sam ple types (tap, river, estuary, and sea waters). This simple 

method, which is greener than almost the published ones, meets strictly all the EU, USA, 



Canadian, and Australia regulations for analytical method requirements and herbicide 

limitations in water with very low achieved LOQs (ng/L) values in ranges of 2.7 –20.2, 8.1 –

21.7, 6.4 –19.3, and 5.0 –22.4 for GLYP, GLUF, AMPA, and MPPA analytes in the five 

water matrices, respectively. Therefore, it has a high potential to be applied to the developed 

analysis method for the quantification of their concentrations at trace levels in natural water. 

Consequently, this study provided the short and beginning observation of herbicide fate in 

natural Red River waters. This opens prospects for next studies focusing on the water 

monitoring in the whole Red River basin from upstream to sea water and in other river 

systems in Vietnam as well as other countries. Also, this method, developed for water 

samples, could be applied to other studies focusing on the fate of the four compounds and/or 

their interactions with other water components, such as colloids, organic matters, metals ions, 

etc. This should be an important starting point to provide answers to the crucial question of 

the behavior and fate of these herbicide family compounds in aquatic systems not only in 

Vietnam but worldwide too.  

 

 

Acknowledgment  
This study was funded by the University of Science and Technology (USTH), Vietnam 

(PENROSE project, no. USTH.WEO. 01/18- 19), and benefited from the support of the 

LOTUS international joint laboratory funded by the Institute of Research of Environment 

(IRD) (https://lotus.usth.edu.vn). The authors wish to thank the collaboration of our 

colleagues at WEO-Dept, USTH (httpss://usth.edu.vn). We would like to thank Laboratoire 

Mixte International - “Drug Resistance in South East Asia”(LMI-DRISA) for supporting the 

repair fee of UPLC-MS/MS. Last but not least, we warmly thank the supports of the French 

USTH consortium for the CTV grant to come to France and of the French Embassy in 

Vietnam (GLAIVE project).  

 

 

References  
[1] D.M. Roberts, N.A. Buckley, F. Mohamed, M. Eddleston, D.A. Goldstein, A. Mehrsheikh, 

M.S. Bleeke, A.H. Dawson, A prospective observational study of the clinical toxicology of 

glyphosate-containing herbicides in adults with acute self-poisoning, Clin. Toxicol. (Phila). 

48 (2010) 129–136, doi: 10.3109/ 15563650903476491. 

[2] A.R. Talbot, M.H. Shiaw, J.S. Huang, S.F. Yang, T.S. Goo, S.H. Wang, C.L. Chen, T.R. 

Sanford, Acute poisoning with a glyphosate-surfactant herbicide (’Roundup’): a review of 93 

cases, Hum. Exp. Toxicol. 10 (1991) 1–8, doi: 10.1177/0960327191010 0 0101.  

[3] K. Zouaoui, S. Dulaurent, J.M. Gaulier, C. Moesch, G. Lachâtre, Determination of 

glyphosate and AMPA in blood and urine from humans: about 13 cases of acute intoxication, 

Forensic Sci. Int. 226 (2013) 1–3, doi: 10.1016/j.forsciint. 2012.12.010.  

[4] C.M. Benbrook, Trends in glyphosate herbicide use in the United States and globally, 

Environ. Sci. Eur. 28 (2016) 1, doi: 10.1186/s12302- 016- 0070- 0 .  

[5] S.O. Duke, S.B. Powles, Glyphosate: a once-in-a-century herbicide, Pest. Manag. Sci. 64 

(2008) 319–325, doi: 10.1002/ps.1518 .  

[6] M. Popp, S. Hann, A. Mentler, M. Fuerhacker, G. Stingeder, G. Koellensperger, 

Determination of glyphosate and AMPA in surface and waste water using high-performance 

ion chromatography coupled to inductively coupled plasma dynamic reaction cell mass 

spectrometry (HPIC-ICP-DRC-MS), Anal. Bioanal. Chem. 391 (2008) 695–699, doi: 

10.1007/s00216- 008- 2037- 5 .  



[7] A. Samsel, S. Seneff, Glyphosate’s Suppression of Cytochrome P450 Enzymes and 

Amino Acid Biosynthesis by the Gut Microbiome: pathways to Modern Diseases, Entropy 15 

(2013) 1416–1463, doi: 10.3390/e15041416 .  

[8] N. Yoshioka, M. Asano, A. Kuse, T. Mitsuhashi, Y. Nagasaki, Y. Ueno, Rapid 

determination of glyphosate, glufosinate, bialaphos, and their major metabo- lites in serum by 

liquid chromatography–tandem mass spectrometry using hydrophilic interaction 

chromatography, J. Chromatogr. A. 1218 (2011) 3675–3680, doi: 

10.1016/j.chroma.2011.04.021 .  

[9] P.J. Landrigan, F. Belpoggi, The need for independent research on the health effects of 

glyphosate-based herbicides, Environ. Health 17 (2018) 51, doi: 10. 1186/s12940-018-0392-z 

. 

[10] Y. Xu, A.J. Li, K. Li, J. Qin, H. Li, Effects of glyphosate-based herbicides on sur- vival, 

development and growth of invasive snail (Pomacea canaliculata), Aquat. Toxicol. 193 (2017) 

136–143, doi: 10.1016/j.aquatox.2017.10.011 .  

[11] L.D. Demonte, N. Michlig, M. Gaggiotti, C.G. Adam, H.R. Beldoménico, M.R. Repetti, 

Determination of glyphosate, AMPA and glufosinate in dairy farm wa- ter from Argentina 

using a simplified UHPLC-MS/MS method, Sci. Total Envi- ron. 645 (2018) 34–43. doi: 

10.1016/j.scitotenv.2018.06.340 .  

[12] Asia Times, Cancer-Causing Herbicides Banned in Vietnam. https: 

//asiatimes.com/2019/04/cancer- causing- herbicides- banned- in- vietnam/ (ac- cessed Apr. 

04, 2020).  

[13] G. Braun, Z. Sebesvari, M. Braun, J. Kruse, W. Amelung, N.T. An, F.G. Renaud, Does 

sea-dyke construction affect the spatial distribution of pesticides in agri- cultural soils? –A 

case study from the Red River Delta, Vietnam, Environ. Pol- lut. 243 (2018) 890–899, doi: 

10.1016/j.envpol.2018.09.050 .  

[14] M.A. Maria, S.R. Castro, L.C. Lange, C.L.F. Siúves, A.C. Soares, Ecological risk as- 

sessment of glyphosate in surface water when it is used to control floating aquatic 

macrophytes, An. Acad. Bras. Ciênc 92 (2020) e20180445, doi: 10.1590/ 0 0 01-

3765202020180445 .  

[15] F. Maggi, D. la Cecilia, F.H.M. Tang, A. McBratney, The global environmental hazard 

of glyphosate use, Sci. Total Environ. 717 (2020) 137167, doi: 10.1016/j. 

scitotenv.2020.137167 .  

[16] T. Dolan, P. Howsam, D.J. Parsons, M.J. Whelan, Is the EU Drinking Water Di- rective 

Standard for Pesticides in Drinking Water Consistent with the Precau- tionary Principle? 

Environ. Sci. Technol. 47 (2013) 4999–5006, doi: 10.1021/ es304955g .  

[17] I. Hanke, H. Singer, J. Hollender, Ultratrace-level determination of glyphosate, 

aminomethylphosphonic acid and glufosinate in natural waters by solid-phase extraction 

followed by liquid chromatography-tandem mass spectrometry: per- formance tuning of 

derivatization, enrichment and detection, Anal. Bioanal. Chem. 391 (2008) 2265–2276, doi: 

10.1007/s00216- 008- 2134- 5 .  

[18] M. Ibáñez, O.J. Pozo, J.V. Sancho, F.J. López, F. Hernández, Re-evaluation of 

glyphosate determination in water by liquid chromatography coupled to elec- trospray tandem 

mass spectrometry, J. Chromatogr. A 1134 (2006) 51–55, doi: 10.1016/j.chroma.2006.07.093 

.  

[19] M. Ibáñez, O.J. Pozo, J.V. Sancho, F.J. López, F. Hernández, Residue determina- tion of 

glyphosate, glufosinate and aminomethylphosphonic acid in water and soil samples by liquid 

chromatography coupled to electrospray tandem mass spectrometry, J. Chromatogr. A 1081 

(2005) 145–155, doi: 10.1016/j.chroma. 2005.05.041 .  

[20] V.E. Olivo, A. Tansini, F. Carasek, D. Cordenuzzi, S. Fernandes, M.A. Fiori, A. Fragoso, 

J.D. Magro, Rapid method for determination of glyphosate in groundwater using high 



performance liquid chromatography and solid-phase extraction after derivatization, Ambient. 

Água. 10 (2015) 286–297, doi: 10.4136/ ambi-agua.1548 .  

[21] D.P. Oulkar, S. Hingmire, A. Goon, M. Jadhav, B. Ugare, A.S. Thekkumpurath, K. 

Banerjee, Optimization and Validation of a Residue Analysis Method for Glyphosate, 

Glufosinate, and Their Metabolites in Plant Matrixes by Liquid Chromatography with 

Tandem Mass Spectrometry, J. AOAC Int. 100 (2017) 631–639, doi: 10.5740/jaoacint.17-

0046 .  

[22] P.J. Peruzzo, A .A . Porta, A .E. Ronco, Levels of glyphosate in surface waters, sed- 

iments and soils associated with direct sowing soybean cultivation in north pampasic region 

of Argentina, Environ. Pollut. 156 (2008) 61–66, doi: 10.1016/ j.envpol.2008.01.015 .  

[23] L. Sun, D. Kong, W. Gu, X. Guo, W. Tao, Z. Shan, Y. Wang, N. Wang, Determina- tion 

of glyphosate in soil/sludge by high performance liquid chromatography, J. Chromatogr. A. 

1502 (2017) 8–13, doi: 10.1016/j.chroma.2017.04.018 .  

[24] R.J. Vreeken, P. Speksnijder, I. Bobeldijk-Pastorova, Th.H.M. Noij, Selective anal- ysis 

of the herbicides glyphosate and aminomethylphosphonic acid in water by on-line solid-phase 

extraction–high-performance liquid chromatography–electrospray ionization mass 

spectrometry, J. Chromatogr. A. 794 (1998) 187–199, doi: 10.1016/S0021-9673(97)01129-1 .  

[25] D.E. Felton, M. Ederer, T. Steffens, P.L. Hartzell, K.V. Waynant, UV–Vis Spec- 

trophotometric Analysis and Quantification of Glyphosate for an Interdisci- plinary 

Undergraduate Laboratory, J. Chem. Educ. 95 (2018) 136–140, doi: 10. 

1021/acs.jchemed.7b00440 .  

[26] T. Poiger, I.J. Buerge, A. Bächli, M.D. Müller, M.E. Balmer, Occurrence of the herbicide 

glyphosate and its metabolite AMPA in surface waters in Switzerland determined with on-line 

solid phase extraction LC-MS/MS, Environ. Sci. Pollut. Res. Int. 24 (2017) 1588–1596, doi: 

10.1007/s11356- 016- 7835- 2 .  

[27] M. Masiol, B. Giannì, M. Prete, Herbicides in river water across the northeast- ern Italy: 

occurrence and spatial patterns of glyphosate, aminomethylphospho- nic acid, and glufosinate 

ammonium, Environ. Sci. Pollut. Res. Int. 25 (2018) 24368–24378, doi: 10.1007/s11356- 

018- 2511- 3 .  

[28] V. Fauvelle, T.T. Nhu-Trang, T. Feret, K. Madarassou, J. Randon, N. Mazzella, 

Evaluation of Titanium Dioxide as a Binding Phase for the Passive Sampling of Glyphosate 

and Aminomethyl Phosphonic Acid in an Aquatic Environment, Anal. Chem. 87 (2015) 60 

04–60 09, doi: 10.1021/acs.analchem.5b0 0194 .  

[29] M. Anastassiades , D.I. Kolberg , E. Eichhorn , A. Benkenstein , D. Mack , C. Wild- 

grube , A. Barth , I. Sigalov , S. Görlich , D. Dörk , G. Cerchia , Quick Method For the 

Analysis of Numerous Highly Polar Pesticides in Foods of Plant Origin Via LC-MS/MS 

Involving Simultaneous Extraction With Methanol (QuPPe-method), EU Reference 

Laboratory for pesticides requiring Single Residue Methods (EU- RL-SRM), Fellbach, 

Germany, 2019 Version 10 .  

[30] H. Guo, L.S. Riter, C.E. Wujcik, D.W. Armstrong, Direct and sensitive deter- mination 

of glyphosate and aminomethylphosphonic acid in environmental water samples by high 

performance liquid chromatography coupled to elec- trospray tandem mass spectrometry, J. 

Chromatogr. A. 1443 (2016) 93–100, doi: 10.1016/j.chroma.2016.03.020 .  

[31] L. Carretta, A. Cardinali, E. Marotta, G. Zanin, R. Masin, A new rapid procedure for 

simultaneous determination of glyphosate and AMPA in water at sub μg/L level, J. 

Chromatogr. A. 1600 (2019) 65–72, doi: 10.1016/j.chroma.2019.04.047 .  

[32] D. Pupke, L. Daniel, D. Proefrock, Optimization of an Enrichment and LC- MS/MS 

Method for the Analysis of Glyphosate and Aminomethylphosphonic Acid (AMPA) in Saline 

Natural Water Samples without Derivatization, J. Chro- matogr. Sep Tech. 7 (2016), doi: 

10.4172/2157-7064.10 0 0338 .  



[33] C.D. Stalikas, C.N. Konidari, Analytical methods to determine phosphonic and amino 

acid group-containing pesticides, J. Chromatogr. A. 907 (2001) 1–19, doi: 10.1016/S0 021-

9673(0 0)010 09-8 .  

[34] A. Royer, S. Beguin, J.C. Tabet, S. Hulot, M.A. Reding, P.Y. Communal, Deter- 

mination of Glyphosate and Aminomethylphosphonic Acid Residues in Water by Gas 

Chromatography with Tandem Mass Spectrometry after Exchange Ion Resin Purification and 

Derivatization. Application on Vegetable Matrixes, Anal. Chem. 72 (20 0 0) 3826–3832, doi: 

10.1021/ac0 0 0 041d .  

[35] P.K. Jensen, C.E. Wujcik, M.K. McGuire, M.A. McGuire, Validation of re- liable and 

selective methods for direct determination of glyphosate and aminomethylphosphonic acid in 

milk and urine using LC-MS/MS, J. Environ. Sci. Health B. 51 (2016) 254–259, doi: 

10.1080/03601234.2015.1120619 .  

[36] E.W. Rice, R.B. Baird, A.D. Eaton, Standard Methods For the Examination of Water and 

Wastewater, 23rd ed., American Public Health Association, American Water Works 

Association, Water Environment Federation. ISBN: 9780875532875.  

[37] P.T. Anastas, J.B. Zimmerman, Peer Reviewed: design Through the 12 Princi- ples of 

Green Engineering. Sustainability requires objectives at the molecular, product, process and 

system levels, Environ. Sci. Technol. 37 (2003) 94A–101A, doi: 10.1021/es032373g .  

[38] Directorate General Health and Consumer Protection, Guidance Document o$n Pesticide 

Residue Analytical Methods, SANCO/825/00 rev. 8.1, 16/11/2010, Eu- ropean Commission, 

Brussels  

[39] B. Magnusson, U. Örnemark (eds.) Eurachem Guide: The Fitness Forpurpose of 

Analytical Methods –A Laboratory Guide to Method Validation and Re- lated Topics, 2nd ed. 

(2014). ISBN 978-91-87461-59-0. Available from www. eurachem.org .  

[40] H. Guo, H. Wang, J. Zheng, W. Liu, J. Zhong, Q. Zhao, Sensitive and rapid de- 

termination of glyphosate, glufosinate, bialaphos and metabolites by UPLC–MS/MS using a 

modified Quick Polar Pesticides Extraction method, Forensic Sci. Int. 283 (2018) 111–117, 

doi: 10.1016/j.forsciint.2017.12.016 .  

[41] M. Gros, M. Petrovi ´c, D. Barceló, Development of a multi-residue analytical 

methodology based on liquid chromatography–tandem mass spectrometry (LC–MS/MS) for 

screening and trace level determination of pharmaceuticals in surface and wastewaters, 

Talanta 70 (2006) 678–690, doi: 10.1016/j.talanta. 2006.05.024 .  

[42] G.A. Shabir, Validation of high-performance liquid chromatography methods for 

pharmaceutical analysis: understanding the differences and similarities between validation 

requirements of the US Food and Drug Administration, the US Pharmacopeia and the 

International Conference on Harmonization, J. Chromatogr. A. 987 (2003) 57–66, doi: 

10.1016/S0021-9673(02)01536-4 .  

[43] S. Redfern , N. Azzu , J.S. Binamira , Rice in Southeast Asia: facing risks and 

vulnerabilities to respond to climate change, in: A. Meybeck, J. Lankoski, S. Redfern, N. 

Azzu, V. Gitz (Eds.), Building Resilience For Adaptation to Climate Change in the 

Agriculture Sector, Proc. Joint FAO/OECD Workshop, Rome, Italy, 23-24 April 2012, pp. 

295–314 .  

[44] H.H. See, P.C. Hauser, W.A.W. Ibrahim, M.M. Sanagi, Rapid and direct determination 

of glyphosate, glufosinate, and aminophosphonic acid by online preconcentration CE with 

contactless conductivity detection, Electrophoresis 31 (2010) 575–582, doi: 10.10 02/elps.20 

090 0380 .  

[45] M. McBride, K.H. Kung, Complexation of Glyphosate and Related Ligands with Iron 

(III), Soil Sci. Soc. America J. 53 (1989) 1668–1673, doi: 10.2136/sssaj1989. 036159950 

0530 0 060 0 09x .  



[46] R.J. Motekaitis, A.E. Martell, Metal Chelate Formation by N- Phosphonomethylglycine 

and Related Ligands, J. Coordination Chem. 14 (1985) 139–149, doi: 10.1080/0 

095897850807390 0 .  

[47] C.V. Waiman, M.J. Avena, M. Garrido, B. Fernández Band, G.P. Zanini, A simple and 

rapid spectrophotometric method to quantify the herbicide glyphosate in aqueous media. 

Application to adsorption isotherms on soils and goethite, Geoderma 170 (2012) 154–158, 

doi: 10.1016/j.geoderma.2011.11.027 .  

[48] R.B. Geerdink, Analysis of glyphosate, AMPA, Glufosinate and MPPA with ION 

chromatography tandem mass spectrometry using A membrane suppressor in the ammonium 

form application to surface water of low to moderate salinity, Anal. Chim. Acta. 1133 (2020) 

66–76, doi: 10.1016/j.aca.2020.05.058 .  

[49] H. Trufelli, P. Palma, G. Famiglini, A. Cappiello, An overview of matrix effects in liquid 

chromatography–mass spectrometry, Mass Spectrom. Rev. 30 (2011) 491–509, doi: 

10.1002/mas.20298 .  

[50] C.F.B. Coutinho, L.F.M. Coutinho, L.H. Mazo, S.L. Nixdorf, C.A.P. Camara, Rapid and 

direct determination of glyphosate and aminomethylphosphonic acid in water using anion-

exchange chromatography with coulometric detection, J. Chromatogr. A 1208 (2008) 246–

249, doi: 10.1016/j.chroma.2008.09.009 . 

[51] H. Guo, Y. Gao, D. Guo, W. Liu, J. Wang, J. Zheng, J. Zhong, Q. Zhao, Sensitive, rapid 

and non-derivatized determination of glyphosate, glufosinate, bialaphos and metabolites in 

surface water by LC–MS/MS, SN Appl. Sci. 305 (2019), doi: 10.1007/s42452- 019- 0306- x .  

[52] C. Hao, D. Morse, F. Morra, X. Zhao, P. Yang, B. Nunn, Direct aqueous determination 

of glyphosate and related compounds by liquid chromatog- raphy/tandem mass spectrometry 

using reversed-phase and weak anion- exchange mixed-mode column, J. Chromatogr. A. 1218 

(33) (2011) 5638–5643, doi: 10.1016/j.chroma.2011.06.070 .  

[53] S. Daouk, L.F. De Alencastro, H.R. Pfeifer, The herbicide glyphosate and its metabolite 

AMPA in the Lavaux vineyard area, western Switzerland: proof of widespread export to 

surface waters. Part II: the role of infiltration and surface runoff, J. Environ. Sci. Health B. 48 

(2013) 725–736, doi: 10.1080/03601234. 2013.780548 .  

  



 
  



 

 
  



 
  



 
  



 

 
 

 
 


