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Abstract 

A new method for analysis of acidic herbicides, mostly phenoxy acids and their esters, in 

cereals with liquid chromatography-tandem quadrupole mass spectrometry (LS-MS/MS) has 

been developed. Samples were hydrolyzed with sodium hydroxide in order to release 

covalently bound compounds followed by neutralization and finally extraction with acidified 

ethyl acetate. The extraction efficiency for both ester formulations and acids were studied. 

Acceptable results (70-120 %) were obtained for 2,4-D, dichlorprop, MCPA and mecoprop 

for both esters and acids. However, low recoveries were observed for ester formulations of 

dicamba, fluroxypyr, fluazifop and haloxyfop, possibly due to the complex structure of the 

compounds in combination with the matrix and/or incomplete hydrolysis step. The limit of 

quantification (LOQ) for targeted pesticides was 0.01 mg/kg. The method has been tested in 

the EU Proficiency Test for cereals with good results.  
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1. Introduction 

1.1. Background 

This degree project was performed at Chemistry Division 1 at the National Food 

Administration (NFA) in Uppsala, Sweden. The Administration is an independent 

government agency and is the central administrative authority for matters relating to food. 

The NFA is working towards safe food of high quality, fair prices in the food trade and 

healthy eating habits 
1
. Chemistry Division 1 develops cost-effective, environment-friendly 

and quality-assured methods for the control of residues of pesticides and veterinary drugs. 

Method development and control of pesticide residues in food stuffs are one of the 

responsibilities of the NFA. Chemistry Division 1 is the National Reference Laboratory 

(NRL) within three areas of which one is pesticide residues. The regulations on pesticide 

residues in food are based on directives from the European Commission (EC) 
2
.  

When analyzing pesticide residues in fruit, vegetables, cereals and products of animal origin, 

multiresidue methods are preferable because they are cost-effective and time saving compared 

to single methods and can check a large number of analytes in a single analysis. Multiresidue 

methods have been used at the NFA since 1989 and since 2002 LC-MS/MS has been used as 

a detection technique in pesticide analysis for regulatory monitoring purposes.  

2. Purpose 
The purpose of this work was to develop a multiresidue method for analysis of ester and acid 

pesticides, mainly phenoxy herbicides, in cereals with liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). 

A method for the detection of these acids and their respective esters is required because the 

definition of maximum residue level (MRL) for some phenoxy herbicides includes their esters 
3
. Phenoxy acids are mostly applied as esters or as their salts. Ester formulations hydrolyze 

rapidly to the free acid form. The free acid can bind to the matrix and form conjugates. As 

there are several sorts of esters for one parent acid, a method for detecting all esters is 

required. Therefore a hydrolysis step in the method is necessary to form the corresponding 

acid. As a result, the acid equivalent and not the ester concentration is determined 
4
.  

3. Theory 

3.1. Pesticides 

Pesticides are used worldwide to protect crops before and after harvest in agriculture, 

gardening, homes and soil treatment. They are used to kill and affect insects (insecticides), 

weeds (herbicides), fungi (fungicides) and other various pests. In industrialized countries, 

herbicides are the most employed pesticides, with phenoxy acids being some of the most 

commonly used in agriculture 
5
. Phenoxy acids were first introduced as herbicides in the late 

1940s. One of the most well-known compositions of phenoxy acids is Agent Orange, used as 

defoliant in the Vietnam War. It is a mixture of 2,4-dichlorophenoxyacetic acid (2,4-D) and 

2,4,5-trichlorophenoxyacetic acid (2,4,5-T) but it is impurities of the latter that caused 

damage to humans. The polychlorinated dioxin which is formed during the manufacturing 

process of 2,4,5-T is very poisonous 
6
. 
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Phenoxy acids are chlorinated phenoxy derivatives of fatty acids 
7
. They are used as selective 

herbicides and are usually applied as esters and salts, mainly on crops of cereals such as wheat 

and barley, in the post-emergence phase 
8
. Several esters and salts can be derived from one 

parent acid. Phenoxy acids have complicated physiological effects in plants and different 

plants react in different ways. They act in low doses and are often absorbed by leaves and 

roots with translocation to other parts of the plant 
6
. The phenoxy ester is hydrolyzed to its 

parent acid, which is the active herbicidal form 
9
. Acute toxicity in animals and humans are 

low and unspecific, with muscle weakness and inflammation in peripheral nerves as the most 

common symptoms in reported cases of poisoning. Impurities and high dosages may cause 

teratogenic effects in animals. Phenoxy acids are decomposed by micro-organisms in soil and 

water and do not cause large residual problems in nature, however some phenoxy herbicides 

are very toxic to aquatic organisms 
6
.  

Even though, in general, the risk of humans ingesting toxic doses of herbicide residues in food 

seems low, it is important to monitor their levels in the environment and in food products 

because of their extensive use and documented occurrence both in the environment and in 

foods 
10

. 

Analysis of herbicide residues involves a series of different steps, such as extraction, clean-up 

or interference removal, determination of herbicide residues and confirmation of their 

identity. Analyses are performed using various techniques, for example, different 

chromatographic techniques. However, liquid chromatographic (LC) methods are generally 

preferred over gas chromatography (GC) 
11

, as they allow direct analysis of phenoxy acids 

and their esters without previous derivatization 
12

. Detectors, such as ultraviolet (UV), diode 

array and mass spectrometry (MS) are used. MS is the most valuable detection technique 

because it provides information about the molecular structure of the compound and it is also 

highly sensitive and selective 
13

.  

Different studies have been described in the literature to determine the phenoxy herbicides in 

their acid forms, mainly with water and soil as the sample matrix 
14

. A number of studies deal 

with cereals as matrix 
15,16,17

 a few cover the phenoxy ester 
4,12

 and some deal with phenoxy 

acids and esters together 
11,18,19

. Alkaline hydrolysis is used in the well known QuEChERS 

method 
20

. The method is based on extraction with acetonitrile for a group of acidic pesticides. 

However, there is a need for developing methods for analysis of phenoxy acids and acidic 

pesticides in food in general. Up to now, most of the developed methods are focused on the 

detection of phenoxy acids, and esters are not considered.  

3.2. Control of pesticide residues in food 

Control of pesticide residues in food is important for the safety for the consumers. It is 

important that the daily intake of a specific commodity does not affect consumers neither 

acute nor chronic. With the help of monitoring and settings of maximum residue levels for 

pesticide residues in foodstuffs, the use of pesticides can be controlled effectively.  

3.2.1. Maximum residue level 

It is necessary to make sure that residues in food should not be found at levels that are 

unacceptable to humans. Maximum residue levels (MRLs) are therefore set by the European 

Commission (EC) to protect consumers from exposure to unacceptable levels of pesticide 

residues in food. The level of the MRL is determined by supervised trials. In case the 

requested MRL is not safe, the lowest limit of analytical determination (LOD) is set as the 

MRL. The LOD is also set for crops on which there are no uses for the pesticide and when 
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uses do not leave any detectable residues. The standard LOD in the EU legislation is 0.01 

mg/kg 
21

. The MRL values for the studied herbicides are shown in Table 4.  

Table 1 

MRL values in wheat and rice 

Pesticide MRL definition MRL value wheat 

(mg/kg) 

MRL value rice 

(mg/kg) 

2,4-D Sum of 2,4-D and its esters  0.05 0.05 

Dicamba No definition 0.5 0.3 

Dichlorprop Dichlorprop inclusive dichlorprop-P 0.2 0.2 

Fluazifop Fluazifop-P-butyl (fluazifop acid (free 

and bound)) 

0.1 0.1 

Fluroxypyr Fluroxypyr and its esters 0.1 0.05 

Haloxyfop Haloxyfop inclusive haloxyfop-R 

(methylester of haloxyfop-R, 

haloxyfop-R and conjugates of 

haloxyfop-R)  

0.1 0.01 

MCPA MCPA, MCPB inclusive their salts, 

esters and conjugates. 

0.05 0.05 

Mecoprop Sum of mecoprop-P and mecoprop  0.05 0.05 

3.2.2. Monitoring program 

When deciding the number of samples to be collected of each foodstuff; the consumption 

rates of the food and their representative part of the market have to be considered. The 

number is also based on the importance of the foodstuff in the diets of infants and young 

children and if the food is consumed with or without the peel. Approximately 1500 

surveillance samples of fruits and vegetables, cereal grains and cereal products were analysed 

for residues of 300 pesticides (354 analytes) in Sweden 2008 
22

.  

3.3. Methods 

Existing methods for analyzing pesticide residues are for example liquid chromatography and 

gas chromatography with mass spectrometry as the detection technique. For this project, LC-

MS/MS was used because the acids are polar and not sufficiently volatile for use with GC; an 

extra methylation step is required in that case 
16

.  

3.3.1. Liquid chromatography 

Liquid chromatography (LC) is a separation technique in which the mobile phase is fluid and 

interactions occur with the solid stationary phase. A technique often used is high performance 

(high-pressure) liquid chromatography (HPLC) where the sample is forced through a column, 

packed with small particles by a liquid at high pressure. HPLC can be divided into normal 

phase liquid chromatography (NPLC) where the stationary phase is more polar than the 

mobile phase and the opposite, reversed phase chromatography (RPLC). RPLC has more 

applications and is therefore used considerably more 
23

. 

3.3.2. Mass spectrometry/ tandem mass spectrometry  

Mass spectrometry (MS) is an analytical tool used to determine the composition of a sample 

or molecule based on their mass-to-charge ratio. A mass spectrometer can be divided into 

three basic components: ionisation source, analyzer and detector. The instrument is kept under 

high vacuum so the ions can travel freely through the instrument, without any interference 

from air molecules 
24

.  

Tandem mass spectrometry (MS/MS) is used to produce structural information about a 

compound by fragmenting specific sample ions inside the mass spectrometer and identifying 

http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=substance.info&id=304
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=substance.info&id=304
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=substance.info&id=322
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=substance.info&id=322
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=substance.info&id=322
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=substance.info&id=322
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the resulting fragment ions. This information can then be put together to generate structural 

information about the molecule. Tandem mass spectrometry also allows specific compounds 

to be detected in complex mixtures depending on their specific and characteristic 

fragmentation patterns. The sample has to be introduced into the ionisation source of the 

instrument. Inside, the molecules are ionized because ions are easier to manipulate than 

neutral molecules. These ions are forced into the analyzer section of the mass spectrometer 

where they are separated according to their mass-to-charge ratios (m/z). A tandem mass 

spectrometer has two analyzers. The two analyzers are separated by a collision cell into which 

an inert gas, for example argon or nitrogen, passes through to collide with the selected sample 

ions and cause their fragmentation 
24

.  

A quadrupole is one type of mass analyzer used in mass spectrometry. It consists of four 

parallel cylindrical equally shaped poles or rods arranged symmetrically, as seen in Figure 1. 

Ions are separated in a quadrupole based on the stability of their path in the oscillating electric 

fields that are applied to the rods. Each opposite rod pair is connected together with an electric 

current and has the same polarity while the adjacent pair has the opposite polarity. A radio 

frequency (RF) is applied between the two pairs of rods and a direct current is then 

superimposed on the RF voltage. When an ion enters the space between the rods it will be 

drawn to the rod with opposite polarity. When the potential changes before it discharges itself 

on the rod, the ion will change direction. Only ions of a certain mass-to-charge ratio will 

reach the detector for a given ratio of voltages; the other ions will have unstable trajectories 

and collide with the rods 
25

. 

 
Figure 1 

Quadrupole rods  

The method used for this project is called multiple reaction monitoring (MRM). The first 

analyzer is set to transmit only selected, specific ions and the second to measure only selected, 

specific fragments arising from these ions. The compound analyzed must be known and have 

been well-characterised before this type of experiment is performed. This methodology is 

used to confirm the presence of a compound in a matrix. It is not only a highly specific 

method but also has very high sensitivity. 

http://en.wikipedia.org/wiki/Electric_fields
http://en.wikipedia.org/wiki/Electric_fields
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ionization m/z 

separation 

collision 

cell 

m/z 

separation 

detector sample 

Q1 Q2 Q3 

If the sample has functional groups that readily accept a proton (for example amines) then 

positive ion detection (ES +) is used and if the functional groups lose a proton (for example 

phenoxy acids) then negative ion (ES –) detection is used 
24

.  

4. Experimental 

4.1. Chemicals 

Pesticide standards of analytical grade were purchased from Riedel-de-Haën (Hannover, 

Germany) or Dr Ehrenstorfer (Augsburg, Germany) with a purity of > 95 %.  

For preparation of buffer solutions in methanol/water (10/90), acetic acid > 90 % and 

methanol of gradient grade LiChrosolv purchased from Merck KGaA (Darmstadt, Germany) 

and distilled water, obtained from a Milli-Q purification system Millipore (Bedford, USA), 

were used.  

Acetonitrile of HPLC grade and ethyl acetate pestiscan used for the liquid-liquid separation 

were purchased from Lab Scan analytical science (Gliwice, Poland). Water-free magnesium 

sulfate and sodium sulfate were purchased from Merck KGaA (Darmstadt, Germany).  

4.2. Instrumentation 

The instrument used was an API 4000 Q TRAP with Agilent 1100 Thermo Autosampler as 

LC-system. A triple quadrupole was used for detection and quantification of the selected 

pesticides, see Figure 2. The first (Q1) and the third (Q3) quadrupoles work as mass analyzers 

and the second one (Q2) is the collision cell where the fragmentation takes place. The 

collision cell only uses RF which makes it a non-mass filtering quadrupole 
25

.  

Figure 2 

Overview of a tandem mass spectrometer 

Separations were carried out using a reversed phase Genesis C18 column (100x3 mm, 4 µm 

particles) with a guard column with the same packing material. 

4.2.1. Chromatographic conditions 

A multiresidue LC-MS/MS method for analysis of pesticides in cereals, developed by the 

NFA, was used for the evaluation of the herbicides. Conditions used for the LC-system were 

as follows: a flow rate of 0.3 µl/min, an injection volume of 5 µl and a linear gradient with 

methanol as solvent A and a 10/90 methanol/10 mM acetic acid mixture as solvent B, see 

Table 1. The total time for analysis of one sample was 33 minutes.  
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Table 2 

The mobile phase gradient in the HPLC system 

Time (min) A (%) B (%) 

0 0 100 

15.8 95 5 

21 95 5 

24 0 100 

Parameters used for the MS/MS were electrospray in negative ionization mode (ES –) and the 

scan type was multiple reaction monitoring (MRM), where both Q1 and Q3 are focused on 

selected masses.  

The experimental conditions for the LC-MS/MS were as follows: nitrogen was used as both 

nebulising and desolvation gas at a pressure of about 210 kPa, the source temperature was 400 

ºC, the capillary voltage was -4.5 kV and the settings for cone voltage and collision energy 

had been optimized for each compound, see Table 2, which also shows the precursor and 

product ions for the analytes. Highlighted precursor and product ions are the quantification 

ion 
26

 and the second is to verify the analyte with the help of the retention time.  

Table 3 

Retention time, precursor and product ions, cone voltage and collision energy for each compound 

Pesticide tR  

(min) 

Precursor 

(m/z) 

Product 

(m/z) 

CV 

(V) 

CE 

(eV) 

2,4-D 18.7 218.8 125.1 

161.0 

-35 

-35 

-38 

-28 

Dicamba 15.3 218.9 

221.0 

174.8 

177.0 

-15 

-31 

-10 

-10 

Dichlorprop 19.6 232.8 125.1 

161.0 

-35 

-35 

-36 

-14 

Fluazifop 19.3 326.1 225.8 

253.9 

-1 

-1 

-36 

-22 

Fluroxypyr 20.0 252.9 159.1 
195.0 

-50 

-50 

-42 

-16 

Haloxyfop 20.7 359.9 195.5 

287.8 

-130 

-130 

-56 

-22 

MCPA 18.8 198.9 

201.0 

141.1 

143.0 

-40 

-40 

-16 

-16 

Mecoprop 19.7 212.9 71.2 

141.1 

-30 

-30 

-14 

-18 

4.3. Standards 

Pesticide stock solutions were prepared in acetone and stored in a refrigerator at 4ºC. Two 

different multistandard solutions of 10 µg/mL, one with the ester pesticides and one with the 

acid pesticides, were prepared in the solvent used for the liquid-liquid separation in the 

method. These solutions were diluted to 1 µg/mL with the same solvent and were used for the 

fortification of the sample matrices in recovery experiments.  

The herbicides in this study are summarized in Table 4. The parent structures of the molecules 

are shown in Figure 3 and some important physical and chemical properties are shown in 

Appendix 1. Fluroxypyr is not a phenoxy herbicide but a pyridoxy derivative and has similar 

properties as the phenoxy herbicides. The same applies for dicamba, which has a benzoic 

structure as its backbone. Phenoxy herbicides and dicamba are often used in combination.  
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Table 4 

The herbicidal compounds 

Pesticides Structural group R1 R2 R3 R4 R5 

2,4-D Phenoxyacid H H Cl Cl H 

2,4-D-methyl Phenoxyester CH3 H Cl Cl H 

Dicamba Benzoic acid H Cl Cl OCH3  

Dicamba-methyl Benzoic ester CH3 Cl Cl OCH3  

Dichlorprop Phenoxyacid H CH3 CH3 Cl H 

Dichlorprop-methyl Phenoxyester CH3 CH3 Cl Cl H 

Fluazifop Aryloxyphenoxyacid H C5NCF3    

Fluazifop-P-butyl Aryloxyphenoxyester (CH2)3CH3 C5NCF3    

Fluroxypyr Pyridoxy acid H Cl NH2 Cl F 

Fluroxypyr-1-

methylheptyl 

Pyridoxy ester (CH3)CH2(CH2)5CH3 Cl NH2 Cl F 

Haloxyfop Aryloxyphenoxyacid H C5NCF3Cl    

Haloxyfop-R-methyl Aryloxyphenoxyeser CH3 C5NCF3Cl    

MCPA Phenoxyacid H H CH3 Cl H 

MCPA-methyl Phenoxyester CH3 H CH3 Cl H 

Mecoprop Phenoxyacid H CH3 CH3 Cl H 

Mecoprop-methyl Phenoxyester CH3 CH3 CH3 Cl H 

 
R3

R4

R5

O CHCOO R1

R2

OR2 O CHOO R1

CH3

Phenoxy herbicide

Aryloxyphenoxy herbicide

COO R1

R2

R3 R4

Benzoic herbicide

Pyridine herbicide

N

O COO R1

R2R3

R4

R5

 
 

Figure 3 

Structures of the herbicides 

 

4.4. Recovery tests 

4.4.1. Sample treatment 

For development purposes, wheat was chosen as the matrix and for validation, rice was 

chosen as second matrix. The matrices were ground and stored in a freezer and before 

analysis the matrices were equilibrated to room temperature for some time. The recovery 

experiments were carried out on untreated wheat matrix by fortifying the samples at 0.01 

mg/kg and 0.05 mg/kg. The lowest level, 0.01mg/kg, is the limit of quantification (LOQ) and 

since only haloxyfop in rice has its MRL at this level, the MRLs can be monitored efficiently.  

Pyridoxy herbicide 
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4.4.2. Quantification 

Quantification was performed with one-point calibrations by comparing the peak area from 

the pesticide in the fortified samples with the area from matrix-matched standards. Pesticide 

standard solution was added to blank extracts after the extraction to compensate matrix 

effects. The recoveries were considered acceptable within the range 70-120 % with relative 

standard deviation (RSD) ≤ 20 % 
27

. 

Fortified samples often give quantitative results but there is a risk that the method does not 

detect a true recovery since the pesticide standards of low concentration levels are applied 

directly on the matrix and are not allowed to penetrate and bind into the sample matrix. It is 

therefore important when developing a new extraction method to test the recovery from 

samples prepared in fields 
28

. When these so called incurred samples were analyzed a three-

point calibration curve was prepared for the evaluation of the unknown pesticide 

concentrations. 

4.4.3. Matrix effects 

The matrix effect is expressed as the signal from the pesticide in a sample matrix compared to 

the signal from the pure pesticide dissolved in a solvent. This effect can either be a suppressed 

signal or an enhancement of the signal and the effect for one specific combination of pesticide 

and matrix can vary from time to time. The matrix effect is very dependent on the analyte and 

the matrix and cannot be predicted and it is therefore necessary to use matrix-matched 

standards when performing recovery studies. During this project, matrix-matched calibration 

was always used. 

If the signal from matrix-matched standard is 90 % of that in the solvent-matched, the signal 

is suppressed and the matrix effect is -10 %. The matrix effect is considered insignificant 

when the value in matrix is not greater than ± 20 % from that in solvent. If there is a slight 

risk for matrix effects, a representative matrix may be used to calibrate a wide range of 

sample types within the same commodity group 
29

.  

4.4.4. Linearity 

The linearity of the method is its ability to obtain results which are directly proportional to the 

concentration of the analyte in the sample. The validation must demonstrate that the responses 

are within the dynamic range of the detection system. For this reason, a calibration curve is 

determined by the analysis of each compound at five calibration levels with the acceptance 

criteria of 0.955 (correlation coefficient, R
2
) 

30
.  

5. Results and discussion 

5.1. Development of the multiresidue method for phenoxy acids 

Dry products, such as cereals, require addition of water prior to extraction to weaken 

interactions of pesticides with the matrix and to ensure sufficient partitioning. Addition of 

water is also necessary for the mechanism of the alkaline hydrolysis. Alkaline hydrolysis is 

chosen because it is easier to control; it is irreversible whereas acid hydrolysis is reversible 

and according to an article by Aldo Laganà et al 
31

 the aryloxyphenoxy herbicides are not 

stable in acidic media at the conditions required for the hydrolysis. Therefore the focus is on 

reaction under basic conditions.  

The alkaline hydrolysis is also known as saponification. It is carried out with dilute alkali, 

such as sodium hydroxide, and the general reaction formula can be seen in Figure 4. 
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CH3CH2COOCH3 + NaOH  CH3CH2COONa + CH3OH 
 

Figure 4 

Alkaline hydrolysis of methyl propanoate with sodium hydroxide yielding sodium propanoate and methanol. 

It is the sodium salt that is formed after the reaction but if there is an addition of strong acid, 

for example dilute sulfuric acid or similar, the acid is formed. 

To begin with, the existing multiresidue method for monitoring pesticide residues in cereals 

and cereal products in the Swedish monitoring program 
32

 was used with minor modifications. 

The method is based on extraction with acidified acetonitrile. Some of the studied phenoxy 

acids are included in the method and can be recovered successfully. In order to analyze the 

ester forms an alkaline hydrolysis step is required before extraction. That step is taken from 

the Quechers method since it has already been proven to be successful on some acidic 

pesticides 
33

. 

As shown below in Figure 5, the sample amount and the solvent volume were reduced and the 

hydrolysis step using sodium hydroxide was added before extraction. After 30 minutes the 

extract was neutralized with sulfuric acid and the analytes were extracted with acetonitrile. 

One recovery test was made with ester herbicides and one with the acid ones. Although it was 

the acid equivalent that was detected for the esters, to address them separately it was easier to 

name them esters and acids.  

 
Figure 5 

Analytical flow scheme for the existing multiresidue method for cereals at the NFA (A) and the new 

multiresidue method with alkaline hydrolysis and neutralization step (B) 

The extraction solvent was acidified with acetic acid as in the established method since 

phenoxy acids are relatively strong acids (pKa < 4) see Appendix 1, and are more stable at low 

5 g sample 

10 mL H2O 

300 µl 5 M NaOH 

300 µl 2.5 M H2SO4 

10 mL acetonitrile with 0.5 % AcOH 

1 g NaCl 

4 g MgSO4 

Centrifugate for 3 min. 

Filter the extract through 45 µm 

teflon filter 

Shake 1 min 

Shake 1 min, let it stand for 

30 min 

15 g sample 

30 mL H2O 

45 mL acetonitrile with 0.5 % AcOH 

4.5 g NaCl 

18 g MgSO4 

Extract for 2 min 

Transfer solvent to 50 mL Falcon tube 

Centrifuge for 3 min 

Dry 5 mL extract over 0.6 g MgSO4 

Filter the extract through 45 µm teflon 

filter 

A B 
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pH 
14

. Lower pH than 1 was not desirable since the aryloxyphenoxy herbicides are not stable 

at low pH and therefore the pH of the extraction is important and should be controlled. The 

pH was tested during the analysis and showed a value of 4 after addition of the organic 

solvent. The recoveries from the first analysis are shown in Table 5. 

Table 5 

Recoveries of esters and acids in cereals at 0.01 mg/kg with alkaline hydrolysis and extraction using 0.5 % 

AcOH in ACN (v/v) 

Pesticide ester 

(%), n=1 

acid 

(%), n=1 

2,4-D 101 97 

Dicamba 16 87 

Dichlorprop 71 91 

Fluazifop 1 78 

Fluroxypyr 0 98 

Haloxyfop 38 80 

MCPA 79 72 

Mecoprop 73 92 

Quantitative recoveries for the acids were expected since the method is used for acid 

pesticides in the monitoring program. The results for the esters were interesting. The 

recoveries for 2,4-D, dichlorprop, MCPA and mecoprop were all acceptable whereas 

dicamba, fluazifop, fluroxypyr and haloxyfop were not recovered. As shown in Figure 3, the 

chemical structures of 2,4-D, dichlorprop, MCPA and mecoprop are similar, which can 

explain the similar behaviour of these compounds.  

In order to increase the recoveries for the rest of the esters, different hydrolysis conditions 

were studied: pH, reaction time, temperature, solvent and different salt mixtures. Another 

important factor to take into consideration is to keep the method as simple as possible.  

5.1.1. Control of pH 

To ensure that the phenoxy acids are in their uncharged forms as free acids after the alkaline 

hydrolysis, the pH of the extract was adjusted to 1. In general, phenoxy acids herbicides are 

neutral molecules at this pH 
11

. This was accomplished by adding more sulfuric acid during 

the neutralizing step in order to obtain pH 1 in the final extraction. The pH was controlled 

during analysis and the results are shown in Table 6. Mixing by ultrasonic bath was also 

included, after addition of organic solvent and hygroscopic salt, to ease the transition of the 

phenoxy acids from the aqueous layer to the organic layer. However, protonation of the 

pyridoxy and amino groups in the aryloxyphenoxy and pyridoxy herbicides could easily be 

done in the acid environment. This could make the extraction of the analytes difficult, but 

since the recoveries of the acids still remain within the acceptable range conclusions could be 

drawn that the protonation does not affect the extraction.  
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Table 6 

Recoveries at 0.01 mg/kg after acidification with H2SO4 to pH 1 

Pesticide ester 

(%), n=1 

acid 

(%), n=1 

2,4-D 119 104 

Dicamba 25 104 

Dichlorprop 82 110 

Fluazifop 3 94 

Fluroxypyr 15 115 

Haloxyfop 47 128 

MCPA 89 110 

Mecoprop 75 95 

The same analytes as in the previous analysis gave satisfactory results and the ones that were 

not within the range improved their recoveries but not sufficiently for the results to be 

satisfactory. The acids also yielded better recoveries which showed that pH was an important 

parameter to control.  

5.1.2. Reaction time 

Not only was pH an important parameter in the hydrolysis step, but it was also important to 

control the influence of longer reaction time. Longer reaction time for hydrolysis was tested. 

Instead of 30 minutes, the reaction time was increased to two hours. The results are displayed 

in Table 7. They showed no significant differences in recoveries, besides a slight increase for 

the esters. However, the recoveries for dicamba, fluazifop and fluroxypyr were still low.  

Table 7 

Recoveries with longer time for hydrolysis, 2 hours, at pH 1 

Pesticide ester 

(%), n=1 

acid 

(%), n=1 

2,4-D 130 134 

Dicamba 17 113 

Dichlorprop 95 114 

Fluazifop 5 78 

Fluroxypyr 1 100 

Haloxyfop 62 72 

MCPA 95 106 

Mecoprop 97 122 

That is, longer reaction time did not result in significant increases in recoveries of the esters, 

so a reaction time of 30 minutes was chosen.  

5.1.3. Temperature dependence 

Another way of improving the hydrolysis may be to increase the temperature since it could 

ease the hydrolysis and yield better results 
34

. Since only the esters require hydrolysis the 

analysis was made with esters only. Results from previous studies 
35

 where two different 

temperatures, 40 and 80 ºC, were used showed that the latter gave best results.  

Therefore three different temperatures were tested around the higher temperature; 70, 80 and 

90 ºC. Two recovery attempts were made for each of the tested temperatures for more reliable 

results. The results can be seen in Table 8.  
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Table 8 

Results from analysis with different temperatures at pH 1 

 Temperature (ºC) / time (min) 

Pesticide esters 70/30 

(%), n=2 

80/30 

(%), n=2 

90/30 

(%), n=2 

2,4-D 102 104 97 

Dicamba 28 48 42 

Dichlorprop 83 98 86 

Fluazifop 25 37 33 

Fluroxypyr 1 6 1 

Haloxyfop 110 120 84 

MCPA 74 90 82 

Mecoprop 92 97 89 

According to the tests, a temperature of 80 ºC gave the best yield for all of the phenoxy ester 

pesticides. There were some improvements in the recoveries for the esters compared to Table 

6; fluazifop increased from 3 % to 37 %, haloxyfop improved the recoveries from 47 % to 

120 % and dicamba increased from 17 % to 48 %. Therefore a temperature of 80 ºC for 30 

minutes was used. 

The increased temperature had some disadvantages. When heating wheat, it gets a very firm 

consistency and it was very difficult to apply the sulfuric acid for the neutralization step 

homogenously in the matrix. Therefore the matrix needs to be stirred with a rod and the 

organic solvent has to be applied prior to the acid to allow better mixing. Incomplete 

hydrolysis could cause loss of pesticides and decreased recoveries. If water was the matrix 

such problems would never arise. Despite this, the results showed improvement for the 

difficult esters of dicamba, fluazifop, fluroxypyr and haloxyfop so the temperature was kept at 

80 ºC. 

5.1.4. Solvent exchange 

One approach of this project was to investigate direct injection of ethyl acetate into the LC-

MS/MS. Ethyl acetate has so far not been compatible with reversed phase HPLC. The change 

of injection solvent was made to avoid an evaporation step. Ethyl acetate is used in an existing 

multiresidue method for fruit and vegetables where it is used as extraction solvent and then 

evaporated and the analytes are redissolved in methanol prior to injection into the LC-

MS/MS. Methanol is used as mobile phase and therefore also for injection. But ethyl acetate 

can cause a so-called injection solvent effect which leads to peak broadening for early eluting 

peaks. Analytes in this project were not affected by this effect since they eluted quite late. 

An analysis for the standards at 0.05 mg/kg concentration level comparing both methanol and 

ethyl acetate was made to investigate the possibility of changing to ethyl acetate; results are 

shown in Table 9.  
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Table 9 

Relative intensities in ethyl acetate compared to methanol 

Pesticide Relative intensities EtOAc/MeOH 

(%), n=2 

2,4-D 75 

Dicamba 100 

Dichlorprop 90 

Fluazifop 82 

Fluroxypyr 87 

Haloxyfop 103 

MCPA 75 

Mecoprop 90 

What could be concluded from these results was that the intensities did not show any major 

changes between the solvents. The signal intensities of 2,4-D and MCPA were somewhat 

lower using ethyl acetate but still with acceptable intensity. Figure 5 shows a comparison 

between methanol and ethyl acetate as solvent for the 2,4-D quantifier ion. This showed that 

the sensitivity for the two different solvents were not very different. Ethyl acetate does not 

affect the retention times of the analytes.  

 
Figure 6 

Recoveries for 2,4-D in methanol and ethyl acetate. The area for methanol was 4.9 x 10
5
 and for ethyl acetate 3.7 

x 10
5
 

Unlike acetonitrile, ethyl acetate is not miscible with water and therefore no sodium chloride 

was required for phase separation 
36

. However, it was important for the neutralization step to 

take place before addition of the solvent because ethyl acetate readily undergoes hydrolysis in 

alkaline media. A reaction with the base and ethyl acetate did occur since the neutralization 

could not be achieved completely. Using ethyl acetate with increased temperature gave lower 

yields for all of the esters. Therefore analysis was made at ambient temperature as well with 

ethyl acetate as solvent. Results from analyses at 80ºC and ambient temperature are shown in 

Table 10.  
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Table 10 

Recoveries at 0.01 mg/kg using increased temperature and ambient room temperature with ethyl acetate, pH 1 

Pesticide esters (80 ºC) 

(%), n=1 

esters (ambient) 

(%), n=1 

acids (80 ºC) 

(%), n=1 

acids (ambient) 

(%), n=1 

2,4-D 44 110 102 109 

Dicamba 12 11 87 95 

Dichlorprop 77 63 85 102 

Fluazifop 25 3 83 90 

Fluroxypyr 1 1 84 105 

Haloxyfop 43 29 115 114 

MCPA 80 93 105 116 

Mecoprop 80 75 87 93 

As is apparent in Table 10, the recoveries of acids are acceptable in both ambient and the 

higher temperature, which was expected since the acids are unaffected by the alkaline 

hydrolysis step. However, the recoveries for the ester form of 2,4-D were dramatically 

improved from 44 to 110 % at ambient temperature compared to higher temperature. On the 

other hand, the recoveries of most of the substances were unaffected by the higher 

temperature. Low recoveries of dicamba, fluazifop, fluroxypyr and haloxyfop remained. Thus, 

there is no need for higher temperatures during hydrolysis in order to recover these esters. 

5.1.5. Salt 

Magnesium sulfate requires heating prior to use to reduce its surface moisture and to remove 

possible phthalate impurities 
37

. Sodium sulfate does not require this treatment which makes it 

easier to use. A comparison between the two salts was made, as shown in Table 11. Similar 

recoveries are gained from both analyses which was why the salt was changed from 

magnesium sulfate to sodium sulfate. Sodium chloride can lead to increased recoveries 

depending on the solvent 
36

, but in this case it was not used in combination with sodium 

sulfate since the recoveries for the phenoxy acids were still acceptable.  

Table 11 

Comparison of different hygroscopic salt, MgSO4 and Na2SO4 

 MgSO4 Na2SO4 

Pesticide esters 

(%), n=2 

acids 

(%), n=2 

esters 

(%), n=2 

acids 

(%), n=2 

2,4-D 117 109 98 97 

Dicamba 26 86 16 120 

Dichlorprop 71 101 70 95 

Fluazifop 2 96 3 93 

Fluroxypyr 7 97 6 87 

Haloxyfop 26 70 31 102 

MCPA 95 108 94 104 

Mecoprop 75 103 71 102 

5.1.6. pH adjustment 

In the existing multiresidue method for cereals (Figure 5 A) acidified acetonitrile is used to 

make it easier for acidic pesticides to be extracted. The method was tested for included 

pesticides without pH adjustment to 1 with sulfuric acid after the neutralization step and with 

acidified ethyl acetate, 1% acetic acid (v/v) as the extraction solvent. The results displayed in 

Table 12 indicate that the pH value of 4 in ethyl acetate was appropriate for most compounds 

resulting in recoveries of 73 % or better, although there were still exceptions for fluazifop, 

fluroxypyr and haloxyfop. Thus, to keep the method as straightforward as possible it was not 

necessary to adjust the pH with sulfuric acid.  
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Table 12 

Recoveries with acidified ethyl acetate, 1 % AcOH (v/v), pH 4 

Pesticide esters 

(%), n=3 

acids 

(%), n=3 

2,4-D 114 115 

Dicamba 17 103 

Dichlorprop 73 100 

Fluazifop 3 89 

Fluroxypyr 4 96 

Haloxyfop 30 89 

MCPA 95 105 

Mecoprop 84 98 

5.1.7. The final multiresidue method for analysis of phenoxy acids 

To be certain that the method really works on the esters, analyse were performed with water 

as the matrix to remove any matrix-dependent effects. Results are shown in Table 13. 

Furthermore, improved recoveries were obtained for fluazifop and haloxyfop. A possible 

explanation might be that the matrix-dependent effects were eliminated using water as matrix. 

All of the ester analytes except fluroxypyr and dicamba were within the acceptable range. 

Obviously, the current conditions for hydrolysis did not improve recoveries for fluroxypyr. 

A test with increased temperature was made, as shown in Table 13, and showed improved 

recoveries for dicamba (70%) at 80 ºC for 30 minutes. Complete hydrolysis may not be 

achieved at ambient temperature but no further analyses were made in this project to 

investigate the fact. 

Table 13 

Recoveries with water as matrix at 80ºC and ambient temperature at pH 4 

Pesticide Esters (80ºC) 

(%), n=2 

esters (ambient) 

(%), n=3 

acids (80ºC) 

(%), n=2 

acids (ambient) 

(%), n=3 

2,4-D 109 107 105 103 

Dicamba 70 11 107 107 

Dichlorprop 90 86 96 93 

Fluazifop 72 75 89 91 

Fluroxypyr 1 1 100 103 

Haloxyfop 86 102 88 112 

MCPA 95 92 102 105 

Mecoprop 89 84 92 91 

On the basis of the findings above the method was finalized as shown in Figure 5.  
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Figure 7 

Analytical flow scheme of the final multiresidue method 

5.2. Validation of the multiresidue method for analysis of phenoxy acids 

Validation of the final method was performed in accordance with EU SANCO guidelines 
27

 

for the performance of analytical methods for monitoring.  

Five fortified samples in each untreated matrix (wheat and rice) were prepared at two 

different levels; 0.01 mg/kg and 0.05 mg/kg. Results are shown in Table 14. 

5 g sample 

10 mL H2O 

300 µl 5 M NaOH 

300 µl 2.5 M H2SO4 

10 mL EtOAc with 1 % AcOH 

10 g Na2SO4 

Centrifuge for 3 min. 

Filter the extract through 45 µm 

teflon filter 

Shake 1 min, let it react for 30 min 

Shake 1 min, ultrasonic bath for 2 min 
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Table 14 

Validation of phenoxy method in wheat and rice at 0.01mg/kg and 0.05 mg/kg 

  Wheat Rice 

Pesticide Spiking 

level 

(mg/kg) 

esters 

(%) 

n=5 

RSD 

(%) 

acids 

(%) 

n=5 

RSD 

(%) 

esters 

(%) 

n=5 

RSD 

(%) 

acids 

(%) 

n=5 

RSD 

(%) 

2,4-D 0.01 102 6 103 7 112 4 104 5 

 0.05 95 6 101 2 89 11 120 5 

Dicamba 0.01 14 30 98 21 16 16 91 6 

 0.05 5 7 80 3 3 14 108 3 

Dichlorprop 0.01 70 5 99 9 88 2 97 9 

 0.05 71 5 103 1 72 17 118 6 

Fluazifop 0.01 4 40 91 7 12 21 103 6 

 0.05 2 30 101 2 5 21 119 5 

Fluroxypyr 0.01 5 39 85 10 5 44 90 16 

 0.05 1 37 98 3 1 22 112 5 

Haloxyfop 0.01 34 21 108 9 84 14 84 8 

 0.05 29 24 122 9 37 54 110 16 

MCPA 0.01 88 7 106 4 92 4 102 7 

 0.05 78 6 104 2 77 13 120 5 

Mecoprop 0.01 73 5 102 3 101 1 103 5 

 0.05 72 8 101 1 74 17 118 6 

2,4-D, dichlorprop, MCPA and mecoprop did recover quantitatively at both fortified levels in 

both matrices. This is not a surprise considering the results during the development of the 

method. Haloxyfop in rice at 0.01 mg/kg was also recovered quantitatively. Why haloxyfop 

was not recovered quantitatively at the higher level (0.05 mg/kg) is difficult to explain. The 

RSD is used to express the precision and the repeatability of the method. For the analytes that 

were recovered quantitatively the precision is good and within the acceptable range.  

5.2.1. Selectivity 

The selectivity of a method describes whether or not the method can determine an analyte 

from a complex mixture without interfering peaks. A method that is completely selective is 

said to be specific. By comparing blank samples with fortified ones, interfering peaks from 

the matrices can be detected. Figure 6 shows blank samples and spiked samples at 0.01 mg/kg 

of wheat and rice for 2,4-D quantifier ion. This shows that peaks in the blank samples do not 

interfere with the spiked samples. The method can therefore be considered selective for the 

analytes being validated.  
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Figure 8 

Chromatograms show blank samples for wheat and rice and spiked samples at 0.01 mg/kg concentration level in 

the matrices for 2,4-D 

5.2.2. Matrix effect 

The matrix effect was evaluated for wheat and rice at both fortified levels; 0.01 mg/kg and 

0.05 mg/kg. Table 15 shows the matrix effect for the analytes in matrix comparing to that in 

solvent.  

Table 15 

Matrix effect  

Pesticide Spiking level (mg/kg) Wheat, n=2 Rice, n=2 

2,4-D 0.01 +39 +40 

 0.05 +20 +39 

Dicamba 0.01 +3 –4 

 0.05 –6 +6 

Dichlorprop 0.01 +6 +8 

 0.05 –7 +11 

Fluazifop 0.01 +18 +10 

 0.05 +6 +7 

Fluroxypyr 0.01 +12 +7 

 0.05 –1 +16 

Haloxyfop 0.01 +85 +56 

 0.05 +34 +59 

MCPA 0.01 +39 +49 

 0.05 +16 +32 

Mecoprop 0.01 +12 +8 

 0.05 –6 +6 

The analysis showed that the signals were enhanced significantly for some of the pesticides in 

matrix-matched samples compared to the samples in solvent. The enhancement of the signal 

for haloxyfop in both matrices and at both levels was prominent. The signals of MCPA and 

2,4-D at the 0.01 mg/kg level in both matrices and at the 0.05 mg/kg level in rice were 

significantly enhanced. Thus, considering the variable matrix influences for different analytes, 
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the use of matrix-matched standards is recommended for quantification to avoid any 

under/overestimation of the residues. 

5.2.3. Linearity test 

The linearity for all the analytes was tested. Four different concentration levels were chosen in 

the range of 0.005-0.5 µg/mL which is equivalent to 0.01-1 mg/kg. The values can vary from 

0 to 1 but should be 0.95-1.00 
30

 for the method to be considered linear. As shown in Table 16 

all of the analytes were within the acceptable range and the method can be considered linear 

between 0.01-1 mg/kg.  

Table 16 

R
2
 values for the phenoxy herbicides 

Pesticide R
2
 

2,4-D 0.9994 

Dicamba 0.9986 

Dichlorprop 0.9972 

Fluazifop 0.9992 

Fluroxypyr 0.9982 

Haloxyfop 0.9968 

MCPA 0.9978 

Mecoprop 0.9932 

5.2,4. Proficiency test 

Finally, the robustness of the method was tested by participating in the EU Proficiency Test 

(PT) for cereals. Laboratories analyzing samples for the official control of pesticide residues 

must participate in PT organised by the EU Commission. The aim of these tests is to provide 

information about the quality, accuracy and comparability of the pesticide residue methods 

used in monitoring purposes within EU.  

The EU proficiency test in cereals 2009 was performed using oat with incurred and spiked 

pesticides as test material. The oat was sprayed in the field with 20 pesticides and post harvest 

the test material was spiked in the laboratory with two pesticides. 

The method was applied on the oat matrix and 2,4-D and dicamba were detected among the 

possible pesticides. Both 2,4-D and dicamba were analyzed for free acid and ester. The free 

acid analysis was performed according to the developed method without the alkaline 

hydrolysis. The esters of 2,4-D were analyzed using alkaline hydrolysis as described. Since 

only the acid form of dicamba is included in the MRL definition, only results of free acid 

were reported. Table 17 shows the concentrations found for 2,4-D and dicamba, the assigned 

value and the calculated z-scores.  

Table 17 

Concentrations, assigned value and z-score for analytes found in PT 

Pesticide MRL definition Form Assigned value 

(mg/kg) 

Concentration 

(mg/kg) 

z-score 

2,4-D Sum of 2,4-D and its esters Free acid 0.780 0.512 0.3 

  Alkaline hydrolysis 0.724 0.526 0.2 

Dicamba Dicamba Free acid 0.020 0.131 1.0 

The z-score was calculated by the organizer and is a measurement of the relative deviation 

from the true value. The analysis is considered acceptable when 0.2z  
38

. The results can 

therefore be considered good and the method has good accuracy and comparability with other 

methods. 
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Chromatograms showing an oat blank sample, a spiked sample at 0.01 mg/kg level of 2,4-D 

ester and the incurred PT sample analyzed with alkaline hydrolysis, Figure 7.  

 

 

 

 

 

 

 

 

 

 
 

 

Figure 9 

The chromatogram at the top shows the oat blank sample, the second one is a spiked sample with 2,4-D ester at 

0.01 mg/kg and the last is incurred PT sample.  

5.2.5. Estimation of measurement uncertainty 

Measurement uncertainty is a quantitative indicator of the confidence in the analytical data. It 

describes the range around a result within the true value can be expected to lie. The estimation 

of measurement uncertainty was carried out using the data derived from the validation. The 

mean recoveries, the standard deviations (SD) and the RSDs of two groups of data and an 

overall group including data from both matrices at both levels. This was accomplished by 

adding all values of the ester recoveries at both concentration levels, SD and RSD for the 

acceptable analytes 2,4-D, dichlorprop, MCPA and mecoprop. This means that the total 

number of data was 10 for each matrix (five for each concentration level) and 20 in total. The 

results are shown in Table 18. 

Table 18 

The mean recovery, total number of performed recovery tests, standard deviation and relative standard deviation 

for each matrix and an overall calculation 

Mean Wheat
a 

Rice
b 

Overall
c 

Yield (%) 81 87 84 

Number of data 10 10 20 

SD  4.98 7.86 6.42 

RSD (%) 6.11 9.74 7.93 
a,b 

Data of 0.01 mg/kg and 0.05 mg/kg levels 
c
 Data of 0.01 mg/kg and 0.05 mg/kg in both matrices 

The measurement uncertainty of the method was 7.93 % which is in line with the 

requirements of < 20%.  
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6. Conclusions 

The phenoxy, aryloxyphenoxy, pyridoxy and benzoic esters evaluated in this project have 

different physical and chemical properties. The phenoxy acids have similar chemical 

structures and are expected to exhibit similar behaviour. As seen in the results, the ester form 

of 2,4-D, dichlorprop, MCPA and mecoprop gave acceptable recoveries in most cases. They 

undergo hydrolysis at ambient temperature and under reasonable reaction times.  

However, the results from the recovery test using different temperatures showed that 

dicamba-methylester, fluazifop-P-butyl and haloxyfop-R-methyl were not recovered 

quantitatively. An increase in temperature slightly improved the extraction efficiency but 

more studies are required to establish the optimum temperature and time for hydrolysis of 

these ester forms. When water was used as matrix, the recoveries were acceptable even at 

ambient temperature for esters of fluazifop and haloxyfop. One explanation could be that the 

long carbon chains and the two benzene rings of the aryloxyphenoxy acids are interacting 

with the matrices and are more tightly bound in matrix through non-covalent bonds. 

Fluroxypyr-1-methylheptyl showed no increase in recoveries in any of the studied parameters, 

which is not surprising considering the complex structure. The hydrolysis of fluroxypyr-1-

methylheptyl probably requires stronger alkaline conditions in order to break the binding to 

matrix entirely. A longer reaction time did not improve the recoveries considerably. Due to 

the presence of the basic amino group in fluroxypyr, there could be problems during the 

extraction of the ester but since the acid give good recoveries this problem has not been 

investigated further.  

The different salt mixtures examined showed no significant changes in the recovery 

efficiency. The choice of sodium sulfate was based on the fact that a new method for cereals 

was being developed at the NFA with ethyl acetate as solvent and sodium sulfate as the 

hygroscopic salt. If it was possible, the cereal method and phenoxy method should be as 

similar as possible. Further investigation should be made to adjust suitable amounts and 

combinations of salts.  

Ethyl acetate has previously not been compatible with HPLC analysis and the solvent change 

to methanol has been a drawback in the method. However, in the present study ethyl acetate 

has been injected directly into the column. Ethyl acetate does not affect the retention times or 

signal intensities for the analytes studied.  

Based on the results, the proposed method is suitable for analysis of 2,4-D, dichlorprop, 

MCPA and mecoprop in cereals and can be incorporated in the monitoring program. They 

have recovered quantitatively and within the acceptable range. 

Future studies could include the use of a stronger base for the analytes with unacceptable 

results, especially fluroxypyr-1-methylheptyl. Acidic hydrolysis could be an alternative for 

dicamba, but a multiresidue method is the goal and since acidic hydrolysis for the 

aryloxyphenoxy pesticides is not an alternative, other parameters should be studied first. 
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Appendix 1 
Table 19 
Physiochemical properties of herbicides included in this report 

Pesticide IUPAC name MW (g/mol) Molecular formula Watersol. (mg/l) 
a) 

pKa Kow log P 
b) 

2,4-D (2,4-dichlorophenoxy)acetic acid 221.0 C8H6Cl2O3 23180 2.73 2.6-2.8 (pH 1) 

2,4-D-methyl Methyl (2,4-dichlorophenoxy)acetate 235.0 C9H8Cl2O3    

Dicamba 3,6-dichloro-2-methoxybenzoic acid 221.0 C8H6Cl2O3 6100 1.97 -1.88 

Dicamba-methyl Methyl 3,6-dichloro-2-methoxybenzoate 235.0 C9H8Cl2O3    

Dichlorprop (RS)-2-(2,4-dichlorophenoxy)propionic acid 235.1 C9H8Cl2O3 350 3 1.77 

Dichlorprop-methyl Methyl (RS)-2-(2,4-dichlorophenoxy)propionate 249.1 C10H10Cl2O3    

Fluazifop 

 

(RS)-2-[4-(5-trifluoromethyl-2-pyridoloxy) 

phenoxy]propionic acid 327.3 C15H12F3NO4  

 

3.2 3.18 

Fluazifop-P-butyl 

 

Butyl (R)-2-[4-(5-trifluoromethyl-2-pyridoloxy) 

phenoxy]propionate 383.4 C19H20F3NO4 1.1 

 

2.98 4.5 

Fluroxypyr 

 

4-amino-3,5-dichloro-6-fluoro-2-pyridyloxyacetic 

acid 255.0 C7H5Cl2FN2O3 91 

 

2.94 -1.24 

Fluroxypyr-1-methylheptyl (RS)-1-methylheptyl 4-amino-3,5-dichloro-6-fluoro-

2-pyridyloxyacetate 

 

367.2 

 

C15H21Cl2FN2O3 

 

0.09 

  

4.53 

Haloxyfop 

 

(RS)-2-[4-(3-chloro-5-trifluoromethyl-2-pyridyloxy) 

phenoxy]propionic acid 361.7 C15H11ClF3NO4 6.980 (pH 5) 

 

2.9 1.34 

Haloxyfop-R-methyl Methyl (R)-2-[4-(3-chloro-5-trifluoromethyl-2-

pyridyloxy)phenoxy]propionate 

 

357.7 

 

C16H13ClF3NO4 

 

9.08 

  

4.0 

MCPA 4-chloro-o-tolyloxyacetic acid 200.6 C9H9ClO3 -0.71 3.07 273.9 

MCPA-methyl Methyl 4-chloro-o-tolyloxyacetate 214.6 C10H11ClO3    

Mecoprop (RS)-2-(4-chloro-o-tolyoxy)propionic acid 214.6 C10H11ClO3 734 3.78 0.1004 

Mecoprop-methyl Methyl (RS)-2-(4-chloro-o-tolyoxy)propionate 228.6 C11H13ClO3    

a)
 pH 7 

b)
 Kow, octanol-water partition coefficient, pH 7 

 


