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Abstract
The literature dealing with HPLC analytical methods for pesticides employing derivatization reactions is
reviewed. Included arc methods for insecticides, acaricides, nematicides, antimicrobials, herbicides and 2

rodenticide. Derivatization reactions are employed mainly for the purpose of increasing sensitivity or selectivity for
the UV or, more frequently, fluorescence detectors. Of the pre-column and post-column derivatization methods
reviewed, post-column methods are the more commonly used.
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List of abbreviations

Abs Absorption

AMPA (Aminomethyl)phosphonic acid

2,4-D 2,4-Dichlorophenoxyacetic acid

2,4-DP 2-(2,4-Dichlorophenoxy)-
propionic acid

DMF Dimethylformamide

EBDC Ethylenebisdithiocarbamate

ETU Ethylenethiourea

FDNB 1-Fluoro-2,4-dinitrobenzene

FH Following hydrolysis

Fl Fluorescence

GC Gas chromatography

HPLC High-performance liquid chroma-
tography

MBC Methyl 1H-benzimidazol-2-
ylcarbamate

MBC-PIC 1-(n-Propylcarbamoyl)-2-
benzimidazole carbamate

MMC 4-Bromomethyl-7-methoxy-
coumarin

NMIM N-Methylimidazole

NMC N-Methylcarbamate

NPB 2-Naphthacyl bromide

OPA/MERC o-Phthalaldehyde/2-mercapto-
ethanol

PCRS Post-column reaction system

2,4,5-T 2,4,5-Trichlorophenoxyacetic
acid

TFAA Trifluoroacetic anhydride

1. Introduction

High-performance liquid chromatography
(HPLC) and gas chromatography (GC) are the
major techniques used for the determination of
pesticide residues. The usefulness of GC is
limited by the fact that many pesticides are not
volatile enough for introduction onto the GC
column. Derivatization of insufficiently volatile
compounds is therefore common in GC methods
of analysis. Since analytes do not have to be
volatilized for introduction onto an HPLC col-
umn, derivatization for this purpose is not re-

quired in HPLC methods; this gives HPLC a
tremendous advantage over GC for these com-
pounds. Derivatization is therefore not nearly as
common in HPLC methods as in GC methods.

One weakness of HPLC in comparison with
GC, however, has been the lack of sensitivity of
the available HPLC detectors. Derivatization has
therefore been applied to many pesticides to
increase sensitivity and perhaps selectivity by
addition of a chromophore or fluorophore for
detection by UV absorption or fluorescence
detectors, respectively.

Derivatization may be performed either before
or after separation on the HPLC column. Pre-
column derivatization is normally performed off-
line prior to injection onto the HPLC. It requires
extra sample preparation time and may intro-
duce interferences from reagents or coextractives
that were not initially present. Post-column de-
rivatization normally occurs on-line after sepa-
ration and prior to detection and requires hard-
ware such as pumps, heaters or solid-phase
reactors to be installed between the column and
detector.

In spite of potential problems, however, some
HPLC analyses require the use of derivatization
in order to furnish the required level of sensitivi-
ty. This review will survey derivatization meth-
ods which have been applied to HPLC determi-
nation of pesticides. Only those derivatization
reactions in which a new compound is formed by
the addition of one chemical species to another
are included in this review. That is, such pro-
cedures as hydrolysis, photodegradation, ion-
pairing or post-column pH adjustment are not
included. The review is intended to be com-
prehensive, but omissions have no doubt inad-
vertently occurred. The units ppm and ppb are
reported as used in the references.

2. Insecticides, acaricides and nematicides

HPLC methods for insecticides, acaricides and
nematicides employing derivatization reactions
are summarized in Table 1.
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Table 1
Derivatization techniques for HPLC determination of insecticides, acaricides and nematicides
Derivatization reagent Detector Detection limit Reference
N-methylcarbamates
-Fluoro-2,4-dinitrobenzene {pre-col, FH) Abs, 222 nm 0.3 mg/kg 1
1 Fluoro-2,4-dinitrobenzene (pre-col) Abs, 280 nm 2-4 ng 2
4-Aminoantipyrene (pre-col, FH) Abs, 460 nm 3ng 3
Diazotized sulphanilic acid (post-col, FH) Abs, 280, 506 nm 3.4 ng 4,5
Dansyl chloride (pre-col) Fl 1-10 ng 6-10
o-Phthalaldehyde, 2-mercaptoethanol Fl 0.1-2.0 ng 11-50
(post-col, FH)
o-Phthalaldehyde, thiofluor (post-col, FH) Fl 0.2-0.5 ng 51
Organophosphates
Dansy! chloride (pre-col, FH) Fl 5-10 ng 2
2,3,4,5,6-Pentafluorobenzyl bromide Abs, 260 nm - 53
(pre-col)
Avermectins
Acetic anhydride (pre-col) Fl 1ng 54-59
Trifluoroacetic anhydride (pre-col) Fl 0.02-1.0 ng/mi 60-63
Trichloroacetic acid, 2-naphthalene- Abs, 570 nm 1png 64
sulfonic acid 1-hydrate (post-col)
Abs = absorption; FH = following hydrolysis; Fl = fluorescence.

2.1. N-Methylcarbamates

The N-methyicarbamates comprise a group of
pesticides having in common a hydrolyzable N-
methyl group and including such commonly used

compounds as aldicarb, carbaryl, carbofuran,
methomyl and oxamyl among many others. Pre-
column and post-column derivatization methods
have been reported for HPLC analysis of N-

methylcarbamate (NMC) pesticides using both

UYV absorption and fluorescence detection.
1-Fluoro-2,4-dinitrobenzene (PHT\IR\ was used

uoio (SIS R0 W § VAl S Luln § 8 B3 } as usedg

for pre- column derivatization of butocarboxim
and its oxidation products [1]. The compounds
were hydrolyzed to release methylamine, which
was then reacted with FDNB to form N-methyl-
2,4-dinitroaniline which was determined by
HPLC-UYV at 222 nm. The detection limit in soil

and crops was 0.3 mg/kg. The phenolic metabo-

lites of carbofuran were also reacted with FDNB
to form 2,4-dinitrophenyl ether derivatives, with
detection limits of 2-4 ng using UV detection at
280 nm [2].

Pietrogrande et al. [3] hydrolyzed carbaryl and
derivatized the resulting 1-naphthol with 4-
aminoantipyrine. The derivative was detected by
absorption at 460 nm, a wavelength at which

coextractive compounds are not Ilke!
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The detection limit was 3 ng.

A post-column reaction for UV detection of
carbaryl involved the delivery of 3 reagents to
accomplish hydrolysis of carbaryl to 1-naphthol
with NaOH, diazotization of sulphanilic acid
with NaNO,, and coupling of 1-naphthol with
diazotized sulshanilic acid [4.5)
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provided stronger absorption at 280 nm and also
allowed monitoring of the chromatogram at 506
nm, thus minimizing the possibility of interfer-
ence from coextractives. The flow cell of the UV
detector was packed with C,; bonded silica (60—
100 pwm) which served to retain and concentrate

the derivative in the
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was <3.5 ng.

A pre-column derivatization reaction for fluo-
rescence detection of NMC pesticides was also
reported [6,7]. Fourteen NMCs were rendered
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fluorescent by derivatization with dansyl chloride
prior to injection. Detection limits were between
1 and 10 ng. The same approach was used to
determine carbaryl [8,9] and carbofuran [10]
residues in vegetables.

Moye et al. [11] introduced a two-stage post-
column reaction system (PCRS) for NMCs.
Sodium hydroxide introduced by a post-column
reagent-delivery pump was used to hydrolyze the
NMC at 90°C and release methylamine. The
released methylamine was subsequently reacted
with a mixture of o-phthalaldehyde and 2-mer-
captoethanol (OPA/MERC), introduced by a
second post-column pump, to form a highly
fluorescent derivative identified as (1-hydroxy-
ethylthio)-2-methylisoindole [12]. The detection
limit for methomyl was as low as 0.1 ng.

Krause refined the derivatization parameters
of the PCRS (Fig. 1) [13,14], introduced a
complex extraction and clean-up procedure for
crop samples [15] and validated the method
through collaborative studies [16,17]. The post-
column derivatization method was rapidly
adopted by a large number of researchers for
determination of various NMCs in a variety of
substrates including water [18-23], soil [18,24],
plant tissue [24-35] and bovine, swine and duck
liver [36,37]. The method formed the basis for
EPA Method 531.1 [38} for determination of
NMC pesticides in water.

Use of a catalytic solid-phase reactor consist-

1.5 ML/MIN

INJECTOR

RP COLUMN

NaOH SOLN
0.5 ML/MIN

OPA/MERC SOLN
0.6 ML/MIN

aarR——{ | Ml

HYDROLYSIS CHAMBER FLUOR. DET.

RECORDER

Fig. 1. HPLC post-column fluorometric system. OPA = o-
phthalaldehyde; MERC = 2-mercaptoethanol. Hydrolysis
chamber: 3-m coil. Fluorometric detector: excitation wave-
length 340 nm, emission wavelength 455 nm. (From ref. 14,
with permission.)

ing of a column packed with anion-exchange
resin maintained at 100-120°C for hydrolysis of
NMCs eliminated the need for the NaOH post-
column reagent-delivery pump and allowed de-
tection of as little as 0.1 ng aldicarb and 0.85 ng
methiocarb [39-41]. This technique was used
with a less expensive anion exchanger to de-
termine carbaryl in polluted water samples;
detection limits were 0.4-2.0 ng [42]. Band
broadening was reduced to zero by the use of
magnesium oxide in place of anion exchanger
[43]. Detection limits in crop samples ranged
from 1 to 10 ppb. Jansen et al. [44] miniaturized
the solid-phase reactor to render it compatible
with narrow-bore LC on 1 mm [.D. columns and
observed detection limits of 0.4 ng for methomyl
and 1.0 ng for propoxur. De Kok and Hiemstra
[45] completely automated the clean-up and
analysis steps using on-line coupling of auto-
mated solid-phase extraction and HPLC.

Another approach to hydrolysis of NMCs
prior to derivatization with OPA/MERC was
proposed by Miles and Moye [46,47] who em-
ployed a photolytic reactor consisting of a UV
lamp inserted in the centre of a woven coil of
Teflon tubing. This also eliminated the need for
one post-column pump. Detection limits were
ca. 1.0 ng.

A useful simplification of the post-column
derivatization technique which eliminated the
need for both the NaOH post-column pump and
solid-phase or photolytic reactors was reported
by McGarvey [48]. In this approach the hy-
drolysis and derivatization steps were combined
by the use of a single reagent consisting of OPA/
MERC in 0.01 M KOH, which was delivered by
a single post-column pump (Fig. 2). The detec-
tion limit for 11 NMCs using the single-stage
PCRS was ca. 0.1 ng. Reproducibility of re-
tention times and peak heights was good, co-
efficients of variation averaging 0.2% and 2.3%,
respectively. Chromatograms obtained using the
single-stage and two-stage methods are com-
pared in Fig. 3. This technique has been used to
determine oxamyl in potatoes [49], and oxamyl
and methomyl in crops and water [50]. Simon et
al. [51] modified the method by substituting
N,N-dimethyl-2-mercaptoethylamine hydrochlo-
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Fig. 2. Schematic diagram of single-stage post-column reac-
tor. A = derivatization reagent reservoir; B = reagent-deliv-
ery pump; C = pulse damper; D =spent PRP-1 column (to
give back pressure to pulse damper); E = delay tube; F=
hydrolysis heater; G = single-bead string reactor; H=1 m x
0.5 mm L.D. Teflon tubing; I = fluorescence detector. (From
ref. 47, with permission.)

ride (thiofluor) for 2-mercaptoethanol in the
derivatization reagent.

2.2. Organophosphates

A pre-column derivatization method for
HPLC determination of organophosphate insec-
ticides including fenthion, crufomate, fenchlor-
phos, methylparathion and fenitrothion was re-
ported by Lawrence et al. [52]. The compounds
were hydrolyzed to the corresponding phenols
using sodium hydroxide. The phenols were
reacted with dansyl chloride for 90 min to give
fluorescent derivatives which were determined
by HPLC with fluorescence detection. The de-
tection limits ranged from 5 to 10 ng.

Bardarov and Mitewa [53] proposed a method
for dialkylphosphate, dialkylthiophosphate and
dialkyldithiophosphate metabolites of organo-
phosphate pesticides in urine. Reaction with 2,3,
4,5,6-pentafluorobenzyl  bromide  produced
pentafluorobenzyl esters which were determined
by HPLC-UV at 260 nm.

2.3. Avermectins

The avermectins, including ivermectin and
abamectin, are macrocyclic lactones prepared by
fermentation. Ivermectin is used as an anti-
parasitic agent in animals and humans, and

abamectin as an insecticide and acaracide.
HPLC-UV methods lack sensitivity for avermec-
tins. A pre-column derivatization method for
avermectins in plasma developed by Tolan et al.
[54] involved reaction with acetic anhydride in
pyridine, which acted both as catalyst and sol-
vent, for 24 h. This formed a fluorescent com-
pound which was determined by reversed-phase
HPLC with fluorescence detection. The detec-
tion limit was 1 ng.

This method was improved by substituting N-
methylimidazole (NMIM) as the catalyst and
dimethylformamide (DMF) as the solvent [55],
which allowed formation of the fluorophore in 1
h at 95°C, with more reproducible yields. The
limit of detection in cattle and sheep tissues was
1-2 wg/kg. The method was subsequently ap-
plied to a variety of tissues and plasma [56—58].
Additional silica column clean-up was required
after derivatization. A confirmatory technique
was reported by Downing [59] in which ivermec-
tin was hydrolyzed to the monosaccharide (using
1% sulfuric acid in isopropanol) or to the
aglycone (using 1% sulfuric acid in methanol)
prior to derivatization with acetic anhydride.

The derivatization method was further shor-
tened by the use of trifluoroacetic anhydride
(TFAA) as the derivatization reagent, NMIM as
the catalyst, and acetonitrile as the solvent [60].
The reaction occurred virtually instantaneously
at ambient temperature and no additional clean-
up was required after derivatization. The detec-
tion limit in animal plasma was 20 pg/ml.

Prabhu et al. [62] applied this method to
the determination of 4"-deoxy-4"-(epimethyl-
amino)avermectin B, benzoate (MK-0224) and
its delta 8,9-isomer, one of its major photodegra-
dation products, in celery and lettuce {61] and to
the determination of abamectin and its delta
8,9-isomer in tomatoes. Limits of detection were
2 pglkg.

Abamectin was reacted with TFAA and
NMIM in DMF for 1 h at 30°C for determination
of residues on cotton gloves and foliage and in
air [63]. Ammonium hydroxide in methanol was
added to remove an unstable trifluoroacetyl
group at one of the sugar moieties of abamectin.

A post-column derivatization method for
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Fig. 3. Chromatograms of carbamate pesticides (0.2 wg/m] each): (a) single-stage method; (b) two-stage method. A = aldicarb
sulfoxide; B =aldicarb sulfone; C=methomyl; D = 3-hydroxycarbofuran; E = aldicarb; F = carbofuran; G = carbaryl; H=
methiocarb; I = bufencarb; J = oxamyl; K = propoxur. (From ref. 47, with permission; numbers at individual peaks represent

retention times in min.)

abamectin-8,9-oxide was reported by Demchak
and MacConnell [64] in which, following normal-
phase HPLC separation, the analyte was reacted
on-line at 45°C in a S5-ml reaction coil with
trichloroacetic acid in 1,2-dichloroethane satu-
rated with 2-naphthalenesulfonic acid 1-hydrate
introduced by a post-column pump. The reaction
product was detected by absorption at 570 nm
and detection of 1 ug was reported. This is not
sufficiently sensitive for residue determination,
though it was not specifically expressed as the
detection limit.

3. Antimicrobial agents

Derivatization reactions for HPLC determi-
nation of antimicrobial agents, including fungi-
cides and antibiotics, are summarized in Table 2.

3.1. Ethylenebisdithiocarbamates and thiuram
disulfides

An HPLC method for ethylenebisdithiocarba-
mate (EBDC) fungicides including nabam,
zineb, maneb, mancozeb and propineb was re-
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Table 2

Derivatization techniques for HPLC determination of antimicrobial compounds

Derivatization reagent Detector Detection limit Reference

Ethylenebisdithiocarbamates and thiuram disulfides

Methyl iodide (pre-col, in EDTA solution) Abs, 727 nm 10-20ng/g 65-67

o-Phthalaldehyde, 2-mercaptoethanol Fl 1ng 68
(post-col, FH, nabam only)

Copper (post-col) Abs, 435 nm 10ng/g 69,70

Ethyleneurea

Pentafluorobenzoyl chloride (pre-col) Abs, 254 nm 0.1uglg 71

2-Imidazoline

p-Nitrobenzoyl chloride (pre-col) Abs, 254 nm 0.02ug/g 72

Ethylenethiourea

p-Nitrophenacyl bromide (pre-col) Abs, 264 0.04 ng 73

Thiabendazole

p-Nitrobenzyl bromide (pre-col) Abs, 305 2-20ng/g 74

Methyl 1H-benzimidazol-2-ylcarbamate (MBC)

n-Propyl isocyanate (pre-col) Abs, 254 nm 02 uglg 75

Dithianon

Sodium sulphide {post-col) Abs, 375 nm 20 ng 76,77

Mildiomycin

Fluorescamine (pre-col) Fl 0.06-0.7 ug/g 78,79

Zhongshengjunsu

o-Phthalaldehyde (pre-col) ' Fl - 80

Abs = absorption; FH = following hydrolysis; Fl = fluorescence.

ported by Gustafsson and Thompson [65]. This
method involved extraction with an alkaline
EDTA solution followed by addition of hydro-
chioric acid and tetrabutylammonium hydrogen
sulfate. The solubilized EBDCs were extracted
and methylated in chloroform-hexane (3:1, v/v)
containing methyl iodide to form S-methyl
dithiocarbamates which were analyzed by HPLC
with UV detection at 272 nm. Nabam, however,
either present in the sample or formed from
zineb, maneb or mancozeb by treatment with
EDTA, reacted with coextractives and with
thiram. Gustafsson and Fahlgren [66] overcame
this problem by adding r-cysteine to the EDTA
solution. Limits of detection for zineb, ziram and

thiram were below 0.02, 0.01 and 0.01 mg/kg,
respectively. This method was applied to the
determination of zineb and maneb in air and on
cotton gloves, and to the determination of dis-
lodgable zineb residues on carnation leaves [67].

Miles and Zhou [68] employed a PCRS and
fluorescence detection for determination of
nabam in several crops. Nabam was solubilized
using a solution of EDTA and 2-mercapto-
ethanol and analyzed by HPLC. A two-stage
PCRS consisting of two post-column pumps and
woven Teflon reaction coils was used to derivat-
ize nabam. The first pump delivered 0.05 M
H,SO, to hydrolyze nabam to ethylenediamine
which was then fluorogenically labelled using
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OPA/MERC in borate buffer delivered by a
second pump. The detection limit was ca. 1 ng.
Efforts to recover mancozeb or maneb as nabam
from solution or from fortified crops proved
unsuccessful.

Irth et al. [69,70] determined thiram and
disulfiram as copper(Il) dimethyldithiocarbam-
ate using absorption at 435 nm after post-column
complexation with copper(II) in a solid-state
reactor packed with metallic copper prepared by
reduction of copper(l) chloride. The high detec-
tion wavelength made it possible to determine
thiram without interference from coextractives.
The detection limit for thiram in soil was 10 ppb.

Ethyleneurea is a major metabolite of
EBDCs. In a pre-column derivatization method
for ethyleneurea, extraction and preliminary
clean-up on alumina were followed by derivatiza-
tion with pentafluorobenzoyl chloride to form a
pentafluorobenzamide which was determined by
HPLC-UV at 254 nm [71]. The volatility of the
derivative permitted subsequent confirmation by
GC and mass spectrometry.

2-Imidazoline is a degradation product of
ethylenethiourea (ETU), an intermediate in the
decomposition of EBDCs. Newsome and
Panopio [72] reported a method which involved
extraction of the sample with 0.1 M HCI, pre-
liminary clean-up on a cation-exchange resin,
and derivatization of 2-imidazoline with p-nitro-
benzoyl chloride. After further clean-up on silica
gel, the derivative was analyzed by HPLC-UV at
254 nm. The detection limit was (.02 ppm.

A pre-column derivatization method for de-
termination of ETU employing phenacyl bro-
mides was developed to increase the sensitivity
and selectivity of HPLC-UV for this compound
[73]. ETU was refiuxed in ethanol with p-nitro-
phenacyl bromide for 2 h. The mixture was
cooled, made basic and extracted with chloro-
form. The extract was evaporated to dryness and
redissolved in mobile phase for HPLC determi-
nation. The limit of detection was 0.04 ng using
264 nm.

3.2. Benzimidazoles

A confirmatory pre-column derivatization
method for thiabendazole residues in fruits was

reported by Tafuri et al. [74]. Thiabendazole was
reacted with p-nitrobenzyl bromide at 110°C for
3 h and the resulting p-nitrobenzyl derivative
was determined by normal-phase HPLC-UV at
305 nm. The detection limit in pears and bananas
was 0.002 mg/kg and in oranges was 0.02 mg/kg.
Determination of thiabendazole residues without
derivatization by either normal- or reversed-
phase was also reported.

Methyl 1H-benzimidazol-2-ylcarbamate (MBC)
is a fungicidal degradation production of the
fungicide benomyl. A pre-column derivatization
method for the determination of MBC in the
presence of benomyl was reported by Chiba and
Veres [75] in which MBC was extracted with
chloroform containing n-propyl isocyanate at
1°C. This quantitatively converted MBC to
methyl 1-(n-propylcarbamoyl)-2-benzimidazole
carbamate (MBC-PIC) and allowed its extrac-
tion, along with benomyl residues, into chloro-
form. Benomyl was stabilized by the addition of
n-butyl isocyanate to the extract, and benomyl
and MBC-PIC were determined simultaneously
by normal-phase HPLC with UV detection at
254 nm. The detection limit for both compounds
in apple leaves was 0.2 ppm.

3.3. Dithianon

Dithianon is a non-systemic fungicide effective
against many foliar diseases of pome and stone
fruit. A reversed-phase HPLC method involving
post-column derivatization was reported by Ko-
jima et al. [76] and Baker and Clarke [77]. The
column eluent was mixed with a 3% sodium
sulfide solution delivered using air pressure and
the mixture was passed through a reaction tube
packed with glass beads. The derivative was
detected using UV at 375 nm. The detection limit
was 20 ng. HPLC determination of dithianon
was also possible without derivatization, but the
PCRS, though more subject to baseline drift,
was less subject to interference.

3.4. Mildiomycin
Mildiomycin is an antibiotic which is effective

against powdery mildews on many types of
plants. A pre-column derivatization method in-
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volved extraction with saturated sodium pyro-
phosphate solution and clean-up by column
chromatography, after which mildiomycin was
reacted at pH 8.0 with fluorescamine, and de-
termined by ion-pairing reversed-phase HPLC
with fluorescence detection [78,79]. The limits of
detection in cucumber, tobacco foliage and soil
were 0.06, 0.2 and 0.7 ppm, respectively.

3.5. Zhongshengjunsu

Zhongshengjunsu is an antibiotic effective
against some bacterial diseases of crops and
vegetables. Lin ef al. [80] reported a reversed-
phase ion-pairing HPLC method in which
zhongshengjunsu was reacted with o-phthalal-
dehyde before injection onto the HPLC system.
The resuiting fluorescent derivative was detected
with a fluorescence detector using an excitation

Table 3

wavelength of 340 nm and an emission wave-
length of 425 nm.

4. Herbicides

Derivatization techniques for HPLC determi-
nation of herbicides are summarized in Table 3.

4.1. Glyphosate

Glyphosate is a widely used nonselective post-
emergence herbicide. (Aminomethyl)phosphonic
acid (AMPA) is its major degradation product in
plants, water and soil. Moye and Boning [81]
reported a pre-column derivatization method for
glyphosate and AMPA in which both compounds
were reacted with 9-fluorenylmethyl chloro-
formate for 20 min prior to determination by

Derivatization techniques for HPLC determination of herbicides

Derivatization reagent Detector Detection limit Reference

Glyphosate

9-Fluorenylmethyl chloroformate (pre-col) Fl 0.1ng 81-86

o-Phthalaldehyde, 2-mercaptoethanol Fl 0.5-2ng 82,87-96
(post-col, following cleavage)

1-Fluoro-2 4-dinitrobenzene (pre-col) Abs, 405 nm 0.05 ug/g 97

Ninhydrin and hydrindantin (post-col) Abs, 570 nm 0.01-0.1 ng/g 98

p-Toluenesulfonyl chloride (pre-col) Abs, 240 0.2ng 99,100

Al’*-morin (post-col) Fl 14-40 ng 101

Phenoxyacids

2-Naphthacyl bromide (pre-col) Abs, 254 nm 0.2-0.3ng 102,103

4-Bromomethyl-7-methoxycoumarin Fl, Abs, 340 nm 0.5-0.7 ng 102,103
(pre-col)

Thionyl chloride, diphenylamine (pre-col) Abs, 240 nm - 104

9-Anthryldiazomethane (pre-col) Fl 1-2ng 105,106

Phenylureas

o-Phthalaldehyde, 2-mercaptoethanol Fl 1-5ng 107,108
(post-col, FH)

Diquat and paraquat

Sodium hydrosulfite (post-col) Abs, 379 nm 1ng/g 109

Amitrole

Sodium nitrite, sulfamic acid, 8-amino- Abs, 546 nm 5-10ng/g 110

1-naphthol-3,6-disulfonic acid (pre-col)

Abs = absorption; FH = following hydrolysis; Fl = fluorescence.
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anion-exchange HPLC and fluorescence detec-
tion.

Moye and St. John [82] reported a post-col-
umn derivatization method for the determination
of glyphosate and AMPA and critically com-
pared it with the aforementioned pre-column
method. The post-column method was similar to
that reported for N-methylcarbamates [11]. An
oxidative calcium hypochlorite reagent was de-
livered by the first post-column reagent-delivery
pump. This allowed cleavage of glyphosate to
produce a primary amine which rapidly reacted
with OPA/MERC reagent, introduced by a
second reagent-delivery pump, to produce a
fluorophore. The authors concluded that though
both pre-column and post-column methods pro-
duced highly fluorescent derivatives, the post-
column method was preferable because it pro-
duced fewer interferences; the pre-column meth-
od results in derivatization of both primary and
secondary amines as well as alcohols, whereas
the post-column method is specific for primary
amines.

The pre-column method was used for the
determination of glyphosate and AMPA in straw
[83], soil and water [84] and water [85,86]. The
sensitivity of the post-column method was sub-
sequently improved by Moye et al. [87] (detec-
tion limit 0.5 ng) and the method was validated
in inter-laboratory studies [88,89] and further
refined [90]. It was used for the determination of
glyphosate in blackberries [91], cereals and veg-
etables [92], environmental water [93], lentils
[94], and cereals, oilseeds and pulses [95], and
formed the basis for EPA Method 547 [96] for
determination of glyphosate in water.

In another pre-column derivatization method
for glyphosate and AMPA the compounds were
extracted with aqueous triethylamine solution
and derivatized with FDNB in the dark at room
temperature for 1 h [97]. Determination was by
reversed-phase ion-pairing HPLC with absorp-
tion detection at 405 nm. The limit of detection
in soil was 0.05 pg/g for glyphosate and 0.1
ng/g for AMPA.

A post-column derivatization method for
glyphosate and AMPA employed a derivatization
reagent consisting of ninhydrin and hydrindantin
which was introduced by a post-column reagent-

delivery pump [98]. The reagent had to be
prepared and stored under nitrogen atmosphere.
Derivatization of glyphosate and AMPA
occurred in a post-column reactor at 100°C.
Detection was by absorption at 570 nm. Limits
of detection ranged from 0.01 pg/g dry mass for
sediments to 0.1 wg/g dry mass for foliage.

Pre-column derivatization of glyphosate and
AMPA with p-toluenesulphonyl chloride was
employed by Kawai et al. [99]. The reaction
required only 5 min at 50°C in phosphate buffer
(pH 11.0). Determination was by reversed-phase
HPLC with UV detection at 240 nm. The detec-
tion limit for standard solutions was 0.2 ng for
glyphosate and 0.16 ng for AMPA. The method
was applied to the determination of glyphosate
and AMPA in human serum and detection limits
were 0.3 pug/ml and 0.2 wpg/ml, respectively
[100].

An indirect detection method for glyphosate
and AMPA involving post-column reaction was
reported by Lovdahl and Pietrzyk [101]. Follow-
ing their separation by ion-exchange HPLC,
glyphosate and AMPA interacted with Al -
morin (3,5,7,2',4'-pentahydroxyflavone) reagent
introduced by a post-column pump. Glyphosate
and AMPA competed favorably with morin to
form a complex with AI’*. The presence of
glyphosate or AMPA was therefore detected as a
decrease in the baseline fluorescence due to the
Al’”-morin reagent, which was proportional to
the analyte concentration provided that Al’"-
morin was in excess. The detection limits, 14 ng
for glyphosate and 40 ng for AMPA, were not
adequate for residue analysis.

4.2. Phenoxyacids

This class of herbicides includes such com-
pounds as 2,4-dichlorophenoxyacetic acid (2,4-
D), 2.,4,5-trichlorophenoxyacetic acid (2,4,5-T),
2-(2,4-dichlorophenoxy )propionic acid (2,4-DP),
2-methoxy-3,6-dichlorobenzoic acid (dicamba)
and 2-(2,4,5-trichlorophenoxy)propionic  acid
(phenoprop). Though the underivatized acids
are readily separated by HPLC, sensitivity by
UV absorption is poor.

Two pre-column derivatization procedures and
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a procedure not involving derivatization were
compared in an attempt to ascertain the op-
timum HPLC methodology for these compounds
[102,103]. Acids were reacted with either 2-
naphthacyl bromide (NPB) or 4-bromomethyl-7-
methoxycoumarin (MMC) in acetone for 45 min
at 35°C in the dark. Acids and derivatives were
determined using UV detection (acids at 280 nm,
NPB derivatives at 254 nm and MMC derivatives
at 340 nm) and MMC derivatives were also
determined by fluorescence detection. Though
nine underivatized acids were easily separated by
reversed-phase HPLC, neither the NPB or MCC
derivatives of the same nine acids could be
completely separated in a single chromatograph-
ic run. Sensitivity of UV detection of MMC and
NPB derivatives was 5-7 and 10-25 times better
than that for the underivatized acids, respective-
ly. Fluorescence detection was slightly less sensi-
tive than UV detection for the MMC derivatives.
The limit of detection by UV of NPB derivatives
was better by a factor of 5-20 than that for
MMC derivatives. However, derivatization with
NPB produced so many side-products that a
clean-up was required before HPLC determi-
nation. Thus no procedure was clearly superior
to the others.

Blessington and Crabb [104] prepared di-
phenylamide derivatives of two chiral and one
non-chiral phenoxyacid herbicides for chiral
separation by HPLC on a Pirkle column with
UV detection at 240 nm. One drop of thionyl
chioride was added to 2 mg of herbicide, which
was then heated over a steam bath for 10 min.
After evaporation to dryness, 1 ml of 2 mg/ml
diphenylamine in chloroform was added. After
10 min the mixture was evaporated to dryness
and redissolved in a solvent appropriate for
HPLC.

In another pre-column derivatization method
the acids were reacted with 9-anthryldiazo-
methane in acetone for 60 min in the dark at
40°C [105,106]. Determination was by reversed-
phase HPLC using fluorescence detection with a
detection limit of 1-2 ng, allowing detection of
0.2-0.4 pg/l in a 20-ml water sample. A chro-
matogram obtained on sampling 20 ml of ground
water spiked with 0.5 ug/l of each herbicide is
shown in Fig. 4.
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Fig. 4. Chromatograms of ground water extracts treated with
9-anthryldiazomethane. (A) Ground water sample spiked
with 0.5 ug/l concentrations of phenoxy acid herbicides.
Peaks: 1=2,4-D; 2 = (4-chloro-2-methylphenoxy)acetic acid;
3 = 2-(4-chloro-2-methylphenoxy)propionic acid; 4 = (4-chlo-
ro-2-methylphenoxy)butyric acid. (B) Blank ground water
sample. (From ref. 105, wih permission.)

4.3. Phenylureas

A two-stage post-column derivatization meth-
od was reported by Luchtefeld [107] for substi-
tuted phenylurea herbicides including chlor-
bromuron, chloroxuron, diuron, fluiometuron,
linuron, and metobromuron. Following separa-
tion by reversed-phase HPLC, the phenylureas
were hydrolyzed in a photolytic reactor consist-
ing of a UV lamp surrounded by a woven coil of
Teflon capillary tubing. The methylamine pro-
duced during hydrolysis was then reacted with
OPA/MERC reagent introduced by a post-col-
umn reagent-delivery pump to produce a fluores-
cent isoindole which was detected by a fluores-
cence detector. The method was subsequently
applied to the determination of phenylurea her-
bicide residues in a variety of fruits and vege-
tables [108] with limits of detection of 1-5 ng/g.

4.4. Diquat and paraquat

An HPLC assay for diquat and paraquat
employing direct UV detection and confirmation
by UV detection following post-column reaction
was reported by Simon and Taylor [109]. Follow-
ing HPLC separation on silica gel using an acidic
aqueous mobile phase containing tetramethylam-
monium and ammonium ions, diquat was de-
tected at 310 nm and paraquat at 255 using a
diode-array UV detector. Downstream from the
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diode-array detector, sodium hydrosulfite in so-
dium hydroxide solution was delivered by a post-
column pump. Following post-column reaction in
a 2-m coil of woven Teflon tubing at room
temperature, derivatives of diquat and paraquat
were detected using UV at 379 nm. The method
allowed detection of diquat and paraquat at a
concentration of 1 ug/kg in a 20-ml sample of
well water.

4.5. Amitrole

The herbicide amitrole (3-amino-1,2,4-tri-
azole) does not absorb significantly in the UV or
visible range. A pre-column derivatization meth-
od for amitrole was reported in which amitrole in
cleaned-up crop extracts containing 3.5 M sul-
furic acid was diazotized with 0.1 M sodium
nitrite at room temperature [110]. After 2 min,
0.1 M sulfamic acid was added, followed by 1
mM §-amino-1-naphthol-3,6-disulfonic acid (H-
acid) in 50% ethanol. Following additional
clean-up, the coloured reaction products were
determined by HPLC with absorption detection
at 546 nm. HPLC of the reaction products
showed two peaks, and amounts of amitrole
above 25 ug resulted in the appearance of an
additional two peaks. With increasing amounts of
amitrole, the heights of the former two peaks
decreased and the height of the fourth peak
increased. In addition, the formation of deriva-
tives of amitrole was found to be dependent on
the quality of the preceding clean-up. The detec-
tion limit was 0.005-0.01 mg/kg in potatoes and
fodder beets. However, the aforementioned
problems would appear to limit the value of this
method for the determination of amitrole resi-
dues.

5. Rodenticide
5.1. Warfarin

Warfarin, an anticoagulant rodenticide, is a
racemic mixture of which the (§)-isomer shows

7-fold greater rodenticidal activity than the (R)-
isomer. While non-stereospecific analysis of war-
farin is possible using direct determination by
HPLC with fluorescence detection, a method
involving pre-column derivatization allowed
stereospecific determination [111]. Warfarin, in
extracts of plasma or urine, was reacted with
carbobenzyloxy-L-proline for 2 h in the presence
of imidazole and dicyclohexylcarbodiimine,
forming diastereoisomeric esters. The esters
were separated using normal-phase HPLC and
detected by UV absorption at 313 nm. The
detection limit for each isomer was 0.1 ng.

The diastereoisomeric esters were also de-
tected using post-column derivatization and fluo-
rescence detection [112,113]. Following normal-
phase HPLC separation of the esters, n-

" butylamine-methanol (1:1, v/v) was introduced

by a reagent-delivery pump. Following reaction
in a stainless-steel column packed with 40-um
glass beads, the derivatives were monitored
using fluorescence detection. Detection limits for
most enantiomers were in the range of 50-100

ng.

6. Conclusions

A wide variety of derivatization reactions have
been employed for pesticide analysis by HPLC.
In most cases the purpose of derivatization was
to increase sensitivity or selectivity. It has also
been used for the purpose of confirmation and,
e.g. in the case of warfarin, for separation of
enantiomers. Detection of derivatives was by
absorption in the UV or visible range or by
fluorescence, with use of fluorescence pre-
dominating over use of absorption by a factor of
3:1. This is likely due to the superior sensitivity
and selectivity of fluorescence detection over
absorption detection.

The single most widely used derivatization
reagent for pesticide determination by HPLC
would appear to be OPA/MERC, which has
been used in post-column reaction systems for
fluorescence detection of N-methylcarbamates,
nabam (an EBDC), glyphosate, and phenylurca
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herbicides, accounting for almost half the refer-
ences included in this review.

In recent years there has been a trend favour-
ing post-column derivatization over pre-column
derivatization, as evidenced by the fact that only
25% of the reviewed methods reported up to
1982, but 70% of those reported since 1982,
employed post-column derivatization. This may
be because post-column derivatization is per-
formed automatically on-line and does not re-
quire additional analyst’s time for preparation of
samples. Nor does post-column derivatization
affect the chromatographic separation of ana-
lytes. This is important in cases where deri-
vatization eliminates differences between com-
pounds of the same class; N-methylcarbamates,
for example, must be separated prior to being
derivatized.

The utility of derivatization in pesticide de-
termination by HPLC for improving sensitivity
and selectivity is evident by the large body of
literature on this subject. Work in this area is
continuing and further applications of derivatiza-
tion to the determination of pesticides by HPLC
are likely.
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