
Journal of Chromatography A, 885 (2000) 237–250
www.elsevier.com/ locate /chroma

Review

Solid-phase extraction of acidic herbicides
1*Martha J.M. Wells , Lan Zhou Yu

Center for the Management, Utilization and Protection of Water Resources and Department of Chemistry, Dixie Avenue, Prescott Hall,
Room 233, Box 5033, Tennessee Technological University, Cookeville, TN 38505, USA

Abstract

A discussion of solid-phase extraction method development for acidic herbicides is presented that reviews sample matrix
modification, extraction sorbent selection, derivatization procedures for gas chromatographic analysis, and clean-up
procedures for high-performance liquid chromatographic analysis. Acidic herbicides are families of compounds that include
derivatives of phenol (dinoseb, dinoterb and pentachlorophenol), benzoic acid (acifluorfen, chloramben, dicamba, 3,5-
dichlorobenzoic acid and dacthal – a dibenzoic acid derivative), acetic acid [2,4-dichlorophenoxyacetic acid (2,4-D),
4-chloro-2-methylphenoxyacetic acid (MCPA) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T)], propanoic acid [dichlorprop,
fluazifop, haloxyfop, 2-(4-chloro-2-methylphenoxy)propanoic acid (MCPP) and silvex], butanoic acid [4-(2,4-dich-
lorophenoxy)butanoic acid (2,4-DB) and 4-(4-chloro-2-methylphenoxy)butanoic acid (MCPB)], and other miscellaneous
acids such as pyridinecarboxylic acid (picloram) and thiadiazine dioxide (bentazon).  2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction dacthal – a dibenzoic acid derivative), acetic acid
[2,4-dichlorophenoxyacetic acid (2,4-D), 4-chloro-2-

Acidic herbicides (Table 1) are widely used for methylphenoxyacetic acid (MCPA) and 2,4,5-tri-
control of broad-leaved weeds and other vegetation. chlorophenoxyacetic acid (2,4,5-T)], propanoic acid
They are relatively inexpensive and very potent even [dichlorprop, fluazifop, haloxyfop, 2-(4-chloro-2-
at low concentrations. After application, they may methylphenoxy)propanoic acid (MCPP) and silvex],
pass into streams, rivers, or lakes with the possibility butanoic acid [4-(2,4-dichlorophenoxy)butanoic acid
of environmental contamination [61]. With increas- (2,4-DB) and 4-(4-chloro-2-methylphenoxy)butanoic
ing public concerns for agrochemicals and their acid (MCPB)], and other miscellaneous acids such as
potential movement in the ecosystem, agrochemical pyridinecarboxylic acid (picloram), and thiadiazine
residues in our environment and especially in our dioxide (bentazon). Dozens of acidic herbicides are
surface water and groundwater need to be more manufactured. This manuscript does not attempt to
effectively documented [21]. provide an exhaustive review of all papers reporting

Solid-phase extraction (SPE) has developed as an the SPE of acidic herbicides, but does provide
alternative to liquid–liquid extraction (LLE) for the comprehensive coverage of the various strategies and
separation, purification, concentration and/or solvent approaches taken to conduct the SPE of acidic
exchange of solutes from solution. Acidic herbicides herbicides and cites leading references to further
are so widely used throughout the world that various research on this subject. The acidic herbicides for
methods for their extraction by SPE began to appear which developed SPE methods are most commonly
soon after disposable cartridges /columns containing reported in the literature are listed in Table 1.
bonded silica sorbents were introduced by Waters The acidic herbicides are manufactured in formu-
Associates in 1977. Research on improved analyses lation as the free acids, as their alkaline salts (such as
of acidic herbicides by SPE actively continues at potassium or dimethylamine salts) or as esters (such
present. as butoxyethyl, isooctyl or 2-ethylhexyl esters), and

in herbicide combinations. The unionized free acids
vary in water solubility (Table 1), but the acidic
herbicides most frequently exist in ionized form at

2. Characterization of acidic herbicides environmental pH values. Acidic herbicides formu-
lated as salts are water soluble while those formula-

Acidic herbicides consist of several families of tions prepared as esters are not very water soluble. In
compounds that are related by similarities in bio- the environment, acidic herbicides formulated as
logical activity and chemical properties. The chemi- esters have short hydrolysis half-lives, on the order
cal properties of acidic herbicides influence the ways of 24–48 h [41,62,63], and therefore, are generally
they are extracted and analyzed. These families of present as the corresponding ionized acids. The
compounds are derivatives of acidic functional analyst must either evaluate the herbicides in both
groups including phenol (dinoseb, dinoterb and the ester and hydrolyzed acid forms, or convert all
pentachlorophenol), benzoic acid (acifluorfen, components present to their free acids before analy-
chloramben, dicamba, 3,5-dichlorobenzoic acid and sis.
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Table 1
Identification and properties of selected acidic herbicides analyzed by SPE

Common name/ Systematic name Structure SPE Refs. pK Aqueous solubility Log Pa

molecular formula /CAS No. (mg/ l)

Acifluorfen Benzoic acid, [1–4] 1.93 [3] 120 [50,66] 3.70 [55]

C H ClF NO 5-[2-chloro-4- 3.5 [49]14 7 3 5

[50594-66-6] (trifluoromethyl) 3.86 [50]

phenoxy]-2-nitro-

Bentazon 1H-2,1,3-Benzo- [1–15] 500 [50,66] 2.34 [56]

C H N O S thiadiazin-4(3H)- 2.80 [57]10 12 2 3

[25057-89-0] one, 3-(1-methyl-

ethyl)-,2,2-dioxide

Chloramben Benzoic acid, [1,2] 3.40 [66] 700 [54,66]

C H Cl NO 3-amino-2,5-7 5 2 2

[133-90-4] dichloro-

2,4-D Acetic acid, [1–7,16–32] 2.6 [15] 620 [54] 2.65 [58]

C H Cl O (2,4-dichloro- 2.8 [18,51,66] 890 [66] 2.8 [50]8 6 2 3

[94-75-7] phenoxy)- 3.3 [18] 900 [50]

2,4-DB Butanoic acid, [1–4,8,9,16,17] 4.8 [15,50,52,66] 46 [50,54,66] 3.53 [57]

C H Cl O 4-(2,4-dichloro-10 10 2 3

[94-82-6] phenoxy)-

DCPA, 1,4-Benzene- [2–4,33–35] 0.5 [50,66] 4.40 [57]

Dacthal dicarboxylic acid,

C H Cl O 2,3,5,6-10 6 4 4

[1861-32-1] tetrachloro-,

dimethyl ester

Dicamba Benzoic acid, [1–6,8,9,16,18,19,21,36–38] 1.87 [50] 4500 [50] 2.21 [57]

C H Cl O 3,6-dichloro- 1.9 [18] 5000-8000; 6150;8 6 2 3

[1918-00-9] 2-methoxy- 1.91 [66] 6500 [66]

3,5-Dichlorobenzoic acid Benzoic acid, [2–4] 3.46 [3] 3.00 [57]

C H Cl O 3,5-dichloro-7 4 2 2

[51-36-5]

Dichlorprop, Propanoic acid, [1–5,16,17,21,36,39] 2.86 [50,66] 350 [54,66] 3.43 [57,58]

2,4-DP 2-(2,4-dichloro- 3.5 [15] 710 [50,66]

C H Cl O phenoxy)-9 8 2 3

[120-36-5]

Dinoseb Phenol, 2-(1-methylpropyl)- [2–4,10,18,40] 4.5 [66] 52 [50,54] 3.56 [57]

C H N O 4,6-dinitro-10 12 2 5

[88-85-7]

Dinoterb Phenol, 2-(1,1- [8–10,40]

C H N O dimethylethyl)-10 12 2 5

[1420-07-1] 4,6-dinitro-
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Table 1. Continued

Common name/ Systematic name Structure SPE Refs. pK Aqueous solubility Log Pa

molecular formula /CAS No. (mg/ l)

Fluazifop Propanoic acid, [1,7,41] 2.98 [50] 2 [50] 3.08 [50]

C H F NO 2-[4-[[5- 3.12 [59] 3.18 [59]15 12 3 4

[69335-91-7] (trifluoromethyl)-

2-pyridinyl]oxy]

phenoxy]-

Haloxyfop Propanoic acid, [1,36,41] 4.33 [50]

C H ClF NO 2-[4-[[3-chloro-5-15 11 3 4

[69806-34-4] (trifluoromethyl)-

2-pyridinyl]oxy]

phenoxy]-

MCPA Acetic acid, [1,5–7,10–14,16,17,19,20,36] 3.12 [50,66] 825 [50,54,66] 3.25 [58]

C H ClO (4-chloro-2-9 9 3

[94-74-6] methylphenoxy)-

MCPB Butanoic acid, [1,5,17,36] 4.8 [50,66] 44 [50,54,66] 3.47 [58]

C H ClO 4-(4-chloro-2-11 13 3

[94-81-5] methylphenoxy)-

MCPP,

Mecoprop Propanoic acid, [1,5,8–10,16,17,19,20] 3.11 [50] 620 [50,54,66] 3.13 [58]

C H ClO 2-(4-chloro-2- 3.18 [59] 3.22 [59]10 11 3

[7085-19-0] methylphenoxy)-, 3.7 [15] 3.63 [60]

(6)-

Pentachlorophenol (PCP) Phenol, [2–4,20,22,42,45] 4.71 [52] 14 [3] 5.12 [57]

C HCl O pentachloro- 80 [54]6 5

[87-86-5]

Picloram 2-pyridine- [1–4,16,26–28,37,46,47] 1.97 [53] 430 [50,54,66] 0.30 [57]

C H Cl N O carboxylic acid, 4- 2.3 [50] 1.92 [50]6 3 3 2 2

[1918-02-1] amino-3,5,6-

trichloro-

2,4,5-T Acetic acid, [1–5,17,18,22–25] 2.2 [15] 238 [50] 3.13 [58]

C H Cl O (2,4,5- 2.8; 3,5 [18] 150; 278 [66] 3.31 [57]8 5 3 3

[93-76-5] trichlorophenoxy)-

2,4,5-TP, Silvex Propanoic acid, [2–4,8,9,16–18,23–25,48] 3.0 [18] 140 [50] 3.80 [57]

C H Cl O 2-(2,4,5 -trichlorophenoxy)-9 7 3 3

[93-72-1]

3. Solid-phase extraction method development herbicides. For most analytes and especially for the
acidic herbicides, the choice of instrumentation and

A schematic (Fig. 1) outlines the most common method for the chromatographic separation and
approaches to utilizing SPE for analysis of acidic detection of components to be isolated by SPE must
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Electron-capture detection (ECD) and MS detection
are widely used for the GC analyses of acidic
herbicides. HPLC detection limits can be pushed to
sub-ppb levels, and are usually comparable to those
obtained by GC–MS. However, neither HPLC–DAD
nor GC–MS techniques are usually as sensitive as
GC–ECD for these compounds.

Using HPLC, the acidic herbicides can be ana-
lyzed in the ionic form (via ion-pairing); the molecu-
lar, unionized acid form (via ion suppression); or as
the ester; thereby, requiring no chemical derivatiza-
tion. However, the prime disadvantage to HPLC is
its sensitivity to interference from fulvic and humic
acids that are co-extracted with the acidic herbicides
from environmental waters [11,15,44], making par-
ticularly difficult the analysis of the most polar acidic
herbicides. When this happens, a large anomalous
(amorphous) peak is observed to elute at the begin-
ning of the HPLC chromatogram that reduces the

Fig. 1. General schematic for analysis of acidic herbicides by quality of the chromatogram and makes quantitation
SPE. difficult. Analysts have adopted several approaches

to alleviate this problem. Additional clean-up pro-
be made before the SPE procedure can be tested. The cedures are required prior to HPLC analysis. These
choice of SPE sorbents, techniques, and subsequent techniques are further discussed in Section 3.4.
sample treatment employed for acidic herbicides is Alternatively, GC analyses are not as susceptible
dependent on the analytical instrumentation used for to interferences from humic substances as are HPLC
final determination. Cserhati and Forgacs [64] evalu- analyses. However, the acidic herbicides are polar
ated SPE for gas chromatographic and high-per- and non-volatile, and do not lend themselves to
formance liquid chromatographic analysis of direct analysis by GC. GC analysis first requires
phenoxyacetic acids. Whether high-performance liq- derivatization of the analytes to more volatile com-
uid chromatography (HPLC) or gas chromatography pounds. Various derivatives have been prepared for
(GC) is selected, either choice has advantages and the GC analysis of acidic herbicides and are dis-
disadvantages for the determination of acidic her- cussed in Section 3.5.
bicides.

3.2. Solid-phase extraction sorbent–solute
3.1. Final analytical determination interactions

Most SPE methods developed for acidic herbicides The selection of an appropriate SPE extraction
utilize HPLC [5–8,10–13,17–21,23,24,26–28,31, sorbent depends on understanding the mechanism(s)
32,36–39,41,43,44,46,47] or GC [1–4,16,22,29, 31– of interaction between the sorbent and the analyte of
34,40,45,48] instrumental analysis for final analytical interest. That understanding in turn depends on
determination, although methods using thin-layer knowledge of the hydrophobic, polar and ionogenic
chromatography (TLC) [25] or supercritical fluid properties of both the solute and the sorbent. SPE
chromatography (SFC) [42] are also developed. sorbents retain solutes by primary and secondary
Single-wavelength UV or multi-wavelength diode- mechanisms. The sorbents used to extract the acidic
array detection (DAD) are commonly used with herbicides from aqueous solution (Table 2) generally
HPLC. Electrochemical detection [44] and mass do so based on Van der Waals interactions (reversed-
spectrometric (MS) [10] detection are also reported. phase bonded silica sorbents, graphitized carbon
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Table 2 these procedures were primarily in the chloro-
SPE sorbents reported for acidic herbicide analyses phenoxy acid family and are efficiently extracted
Sorbents SPE Refs. from aqueous solution by reversed-phase bonded

silica sorbents. As SPE analyses expanded to includeExtraction
Bonded silica, [1,3,5–8,10,17,19–21,23, other family members of the multiclass group of
column/cartridge format 25–29,31,32,36–38,45–48] acidic herbicides, and as the desire for concomitant

multiresidue analyses increased, reversed-phase sor-Bonded silica, [2,9,16,30,32,33,36,43]
disk format bents such as octadecyl silica, C were found to be18,

less appropriate for compounds at the polarity ex-Graphitized carbon black [12,15,19,36,40,41]
column/cartridge format tremes of this family of compounds [36] and lead to

testing of many other types of sorbents. However,Polymeric sorbents, [3,9,11,12,15,41,42,44,45]
improved extraction and recovery of very polar andcolumn/cartridge format
very non-polar acidic herbicides can be achievedPolymeric sorbents, [2,4,9,33,36,41]
through increasing sorbent mass and/or by appro-disk format
priate matrix modification (see Section 3.3). C18Designer polymer [11–14]
sorbent is still an excellent choice especially when

Anion exchange, [22,37,38] the chlorophenoxyacetic acid family of acidic her-
column/cartridge format

bicides are the analytes of primary interest, and is the
Anion exchange, [33] most frequently reported sorbent used for extraction
disk format of all types of acidic herbicides.

Butz et al. [1] tested a reversed-phase, C ,18Clean-up
˚sorbent (60 A, 20–45 mm, irregular particle) forPolar [8,17,48]

recovery of 34 phenoxyalkanoic acids and other
acidic compounds. Using this sorbent, they deter-

black, polymeric sorbents) or by electrostatic interac- mined that SPE recovery unexpectedly decreased
tions (anion exchange). Silica and Florisil used for with increasing aliphatic chain length (e.g., from
HPLC clean-up procedures primarily interact with 2,4-D to 2,4-DB and from MCPA to MCPB),
solutes by polar dipole /dipole interactions. All of whereas aliphatic chain branching increased SPE
these sorbents express secondary interactions, i.e., recovery (e.g., dichlorprop was better extracted than
those primarily exhibiting electrostatic interactions 2,4-D and mecoprop better than MCPA).
can also have weaker Van der Waals interactions with Bonded silica sorbents have been examined in
the solute; conversely, sorbents retaining analytes column/cartridge and disk formats. Johnson et al.
primarily by Van der Waals interactions can exhibit [30] demonstrated that the storage stability of 2,4-D
secondary electrostatic interactions. Such mixed on C SPE disks was greater than cold storage in18

mode retention mechanisms can be beneficial or water. The advantages of membrane (disk) technolo-
detrimental to the analysis. A useful review of SPE gy are higher flow-rates and reduced plugging due to
sorbents for the extraction of polar organic pollutants the larger cross-sectional areas of disks compared to
from environmental waters was recently published columns/cartridges, and reduced channeling and
by Masque et al. [14]. improved mass transfer [30,33]. Disadvantages in-

clude higher consumption of eluents than for car-
3.2.1. Bonded silica sorbents tridges [36] and a gram-for-gram greater cost.

Acidic herbicides are retained on bonded silica as
unionized compounds from acidified samples or as 3.2.2. Graphitized carbon black sorbents
ion-pairs. The first SPE procedures developed for Graphitized carbon black (GCB) exhibits the
acidic herbicides used bonded silica sorbents advantage of simultaneous extraction of neutral,
[21,23,25–29,46,47] in the form of columns or basic and acidic compounds. No pH adjustment was
cartridges to generate improved analytical procedures necessary when using GCBs to extract acidic her-
relative to LLE. The acidic herbicides recovered by bicides [15,41]. The versatility of this sorbent is



M.J.M. Wells, L.Z. Yu / J. Chromatogr. A 885 (2000) 237 –250 243

likely due to its behavior as both a non-specific (i.e., disks to be superior to C disks for 13 acidic18

Van der Waals interactions) and an anion-exchange herbicides. They reported that recovery was most
(electrostatic) sorbent. A very retentive sorbent, problematic for picloram and dacthal, but was better
desorption from graphitized carbon black is reported on the polymeric resin. Note from the log P values
to be problematic [36], requiring a displacing agent given in Table 1 that picloram is very hydrophilic
to overcome the electrostatic retention of anions and dacthal is very hydrophobic. Researchers
[41]. [2,14,36] attribute the better performance of the PS–

Nouri et al. [19] demonstrated that acidic her- DVB resin to the aromatic, polymeric structure,
bicides, including dicamba, 2,4-D, MCPA and which can interact with aromatic analytes via p–p

MCPP, and other pesticides extracted from water interactions. Pichon et al. [9] determined that a
with graphitized carbon black, were better recovered PS–DVB sorbent with a specific surface area of

2when acetonitrile was used as an elution solvent about 1000 m per gram yielded higher retention
rather than methylene chloride or methanol. Nolte et than sorbents with half as much specific surface area,
al. [40] used GCB to extract phenolic hydroxy- so much higher that adequate recoveries were ob-
benzonitriles and 2,4-dinitrophenol derivatives from tained from nonacidified, i.e., pH 7, water samples.
tap, ground and surface water. The herbicides with a The US Environmental Protection Agency (EPA)
free phenolic OH functional group and corre- regulates several standard methods for the determi-
sponding esterified formulations were strongly ad- nation of chlorinated acids in drinking water, and
sorbed. The esters were easily eluted from the industrial and municipal wastewater. In method
sorbent, while compounds with free phenolic OH 515.2, a 250-ml measured volume of sample is
groups were difficult to desorb. However, the dif- adjusted to pH 12 with 6 M sodium hydroxide for 1
ficult desorption of these compounds from the sor- h to hydrolyze derivatives. Extraneous organic ma-
bent presented the opportunity to derivatize them to terial is removed by a solvent wash. The sample is
the methyl esters directly at the surface of the acidified, and the chlorinated acids are extracted with
graphitized carbon black. Lagana et al. [41] con- a 47 mm resin based PS–DVB extraction disk. The
ducted SPE of aryloxyphenoxypropionic (ArPPs) acids are converted to their methyl esters using
acidic herbicides, including fluazifop and haloxyfop, diazomethane. Excess derivatizing reagent is re-
on graphitized carbon black from drinking, spring moved, and the esters are determined by GC–ECD.
and ground water. An organic mixture (dichlorome-
thane–methanol) containing formic acid was used to 3.2.4. Designer resins
desorb the analytes from the GCB [41]. Lagana et al. Masque and co-workers [11–14] prepared chemi-
[41] report that the ArPPs are less acidic than other cally modified polymeric resins producing function-
acidic herbicides such as dicamba, 2,4,5-T or 2,4-D. alized PS–DVB sorbents developed particularly for
The ArPPs are higher in molecular mass among the SPE of polar compounds of environmental interest.
acidic herbicides listed in Table 1 and are expected They chemically introduced polar functional groups
to be very non polar. including acetyl, hydroxymethyl, benzoyl and o-car-

boxybenzoyl into the structural backbone of poly-
3.2.3. Polymeric resins meric resins and demonstrated higher breakthrough

Highly crosslinked polystyrene–divinylbenzene volumes for the most polar compounds than with
(PS–DVB) and other polymeric resins have been classical hydrophobic bonded silicas or non-function-
introduced to the market in both column and disk alized polymeric resins.
forms and used to extract acidic herbicides. These
sorbents are demonstrated to be more retentive, 3.2.5. Anion-exchange sorbents
especially toward the polar members of this chemical Chatfield et al. [22] tested two strong quaternary
group, than the bonded silica sorbents. However, ammonium resins in the fluoride, hydroxide, cyanide,
polar compounds still have lower breakthrough acetate, propionide and butyrate forms, and found the
volumes on these sorbents than nonpolar compounds. fluoride form most suitable for extraction of 2,4-D
Hodgeson et al. [2] demonstrated polymeric resin and 2,4,5-T. Krzyszowska and Vance [37] used
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aminopropyl weak anion-exchange sorbent for SPE that exist in the ionic state at most environmental pH
analysis of dicamba, conditioned with 1 M acetic values. SPE recovery of acidic herbicides can be
acid and water. Arjmand et al. [38] conditioned accomplished in either the unionized state or as
amino ion-exchange columns with 1 M nitric acid anions. The pH-dependent dissociation of acidic
and water for analysis of dicamba. Monohan et al. herbicides in water is a function of the pK (thea

[33] used strong anion-exchange disks to extract logarithm of the ratio of ionized to unionized ana-
dacthal (DCPA) and its mono- and diacid metabolites lyte). The relative concentrations of dissociated and
from water. The disks were first preconditioned with non-dissociated forms of ionizable analytes in aque-
acetone, then with 1 M HCl–methanol, and finally ous solution are equal when the solution pH is equal
conditioned with water. Strong anion exchange was to the pK (Table 1). In aqueous solution, the acidica

demonstrated to be superior to C bonded phase herbicides are 99% unionized when the pH of the18

silica disks or PS–DVB polymeric disks for this sample is two log units below the pK . SPE recoverya

application. may be incomplete unless the pH of the sample is
two log units below the pK , but the sorbent prop-a

3.2.6. Selective adsorption /desorption erties and the hydrophobicity and size of the ionized
Because the acidic herbicides differ widely in their form of the analyte can influence this generalization,

properties (over four orders of magnitude in log P) as is demonstrated in the SPE literature for the acidic
the opportunity is presented to selectively adsorb or herbicides.
desorb compounds within this group during SPE.
Class separation or distinct fractionation of analytes 3.3.1. Ion suppression
can facilitate subsequent analyses. Picloram and 2,4- For those researchers that attempt to retain the
D are selectively desorbed from C sorbent by using acidic herbicides on sorbents in unionized form, the18

two elution solvents that differ in eluotropic strength pH of the solution is most commonly adjusted to 2.5
[28]; picloram is desorbed with 25% acetic acid [11,13,46,47], 2.2 [21], 2.1 [20], 2 [3,16,24,25,31–
followed by desorption of 2,4-D with methanol. 33,37,41,43,44], ,2 [30,40] or 1 [2,4] to achieve ion
Monohan et al. [33] fractionated the parent com- suppression. For those compounds in Table 1 for
pound, DCPA, from its mono- and diacid metabolites which data were available, the pK values are plotteda

using a two-phase desorption from a strong anion- against log P (Fig. 2). When more than one value
exchange disk. DCPA was first desorbed with metha- was cited, the average value was plotted. A relation-
nol followed by elution of the metabolites by 10% ship between pK and log P is not anticipated.a

(v /v) H SO in methanol. Plotting these parameters in a two-dimensional grid2 4

Schulein et al. [36] and Crescenzi et al. [15] enables visualization of the dual importance of pKa

retained simultaneously basic /neutral and acidic / and log P to the SPE of acidic herbicides. The
phenolic compounds on graphitized carbon black purpose of the scatter plot is to identify compounds
from aqueous samples and performed a two-step for which problems would potentially be encountered
differential elution. Basic /neutral compounds were during SPE. On the graph an area is identified that is
eluted with dichloromethane–methanol. Acidic com- bounded by a log P of 1, below which compounds
pounds were eluted with a dichloromethane–metha- are very hydrophilic; a log P of 4, above which
nol–trifluoroacetic acid mixture [36] or a dichloro- compounds are very hydrophobic; and a pK of 2,a

methane–methanol–tetrabutylammonium chloride allowing for the lowest pK at which a solution pHa

solvent [15]. Crescenzi et al. [15] observed some of 1 would yield at least 90% unionized analyte.
carryover for 2,4-DB. Wang and Huang [48] compare Within these boundaries data are plotted for com-
step-wise or simultaneous desorption of acidic her- pounds that have been demonstrated to produce
bicides as methyl esters from reversed-phase and adequate SPE recoveries on hydrophobic sorbents.
Florisil sorbents. Compounds that have data points near or outside of

these boundaries can be expected to be more dif-
3.3. Matrix modification ficultly extracted, and indeed, this supposition is

supported by the literature on acidic herbicides. Of
The acidic herbicides are ionizable compounds the compounds in Table 1, bentazon, picloram,
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Fig. 2. Comparison of hydrophobicity and ionogenicity for acidic herbicides.

dicamba, dinoseb, dacthal and PCP are more often units above the pK . At neutral pH, the pK valuesa a

reported as difficult to recover by SPE. From the log for all of the compounds depicted in Fig. 2 are two
P given for dacthal (4.40) it is seen that its data log units below the solution pH.
point in Fig. 2 would lie outside the drawn boundary. Bonded silica sorbents exhibit secondary polar
At the hydrophobic extremes, picloram is very interactions due to the silica backbone and unreacted
hydrophilic and pentachlorophenol is very hydro- surface silanol groups. In some manufactured sor-
phobic, making them each difficult to extract without bents, surface silanol groups are ‘‘endcapped’’ by
additional matrix and/or sorbent modification. further reaction with a short-chain hydrocarbon.

Even so, some free silanol groups remain, but can be
3.3.2. Ion-pairing and silanol masking ‘‘masked’’ by addition of positively charged, hydro-

Since the ionic form of acidic herbicides is phobic counterions.
negatively charged, ion-pairing and silanol masking Balinova [6] used an ion-pairing reagent (triethyl-
probably occur at the same time and cannot really be amine) to retain acidic herbicides on C bonded18

distinguished from each other. Both effects may silica at neutral pH (6.9). The approach was found to
contribute to the improved recovery observed when be particularly useful for increasing the recovery of
bulky hydrophobic counterions are added to the weakly retained compounds such as dicamba. Tetra-
sample. butylammonium hydrogensulfate (TBAHS) was

In aqueous solution, the acidic herbicides are 99% added to samples containing picloram and improved
ionized when the pH of the sample is two log units SPE recovery at pH 2.5 was observed [46]. Increased
above the pK . SPE recovery by ion pairing may be recovery probably resulted from the dual effects ofa

incomplete unless the pH of the sample is two log silanol masking at the sorbent surface as well as
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ion-pair formation between picloram and the lipo- developed by Mallinckrodt Baker [4] and Myers
philic quaternary ammonium counterion. A com- [24], the sample is allowed to stand for an hour
bined pK of 1.97 was assigned to picloram by before an LLE wash step using methylene chloride isa

Osteryoung and Whittaker [53] representing the conducted after which the organic phase is discarded.
dissociation of both the neutral and zwitterionic Presumably there are two reasons for this procedure:
forms. (1) to remove interferences that are unionized at high

pH, and (2) to convert the acidic herbicides formu-
3.3.3. Neutral pH extraction without ion-pairing lated as esters to the free acids. Hoke et al. [23]

As earlier described, anion-exchange sorbents adjusted the pH to 2.5 after hydrolysis of the ester
allowed the extraction of acidic herbicides at neutral and extracted the sample with reversed-phase sor-
pH. Pichon et al. [9] report experiments in which the bents.
sorbent (styrene–divinylbenzene) was so retentive
that no adjustment of pH was necessary at all in 3.3.5. Other matrix additives
order to achieve retention. Some researchers The acidic herbicides featured in Table 1 represent
[15,36,41] found that no pH adjustment was neces- a multiclass group that varies widely in aqueous
sary when using GCB. solubility and in hydrophobicity (Fig. 3). Aqueous

solubility and hydrophobicity are two parameters that
3.3.4. Hydrolysis do not measure the same phenomenon, yet they are

Initial adjustment of environmental samples to pH often observed to trend toward an inverse relation-
11 [23] or pH 12 [4,24] is reported. In the methods ship, i.e., when hydrophobicity, represented by log P

Fig. 3. Comparison of hydrophobicity and aqueous solubility for acidic herbicides.
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is large, aqueous solubility is reduced. That is the treatment of the sample to degrade humic substance
case when these values are plotted for the acidic interferents; (2) using a second extraction with a
herbicides (Fig. 3). A general trend is demonstrated, polar sorbent such as silica or Florisil to remove
albeit with a poor correlation coefficient. matrix interferences that were co-extracted with the

The recovery of highly hydrophobic compounds analytes of interest from the initial extraction pro-
(log P of 4 or greater) as unionized solutes can cedure; or (3) comparing all sorbents listed in Table
benefit from the addition of organic modifier to the 2 to improve sample suitability, such as retaining the
sample. The solubility of hydrophilic members of analytes in the ionized form at neutral pH on anion-
this group can be reduced from the addition of salts exchange or otherwise strongly retentive sorbents,
to the sample to favor extraction by the sorbent. thereby minimizing humic substance interferences
Sometimes the addition of both organic modifiers retained at acidic pH values.
and salts to the sample can improve analyses of Masque and co-workers [12,13] decreased the
compound groups that vary widely in hydrophobicity initial HPLC–UV peak due to fulvic and humic acids
[65]. by adding sodium sulfite to tap and river waters. The

Small amounts of organic modifiers are often interfering matrix peak was reduced with no losses in
added to aqueous samples to improve flow charac- the compounds studied when 500 or 1000 ml of 10%
teristics and sorbent penetration. Addition of organic Na SO solution were added prior to SPE for every2 3

modifiers on the order of 5–20% are used to promote 100 ml of tap or river water, respectively. Bernal et
the solubility of hydrophobic compounds in the al. [42] and Jauregui and Galceran [44] added 300 ml
mobile phase and alter the selectivity characteristics of a 10% solution of Na SO to each 100 ml of tap2 3

of the sorbent. Thompson and Miller [16] and water samples to eliminate free chlorine. Using
Schulein et al. [36] added 5 ml of methanol per liter SFC–DAD, interferences were observed [42] to be
of water extracted in order to maintain the con- extracted from environmental waters, but none inter-
ditioning (wettability) of the adsorbent during ex- fered with quantitation of the analytes of interest.
traction, while Johnson et al. [30] added 2 ml of Pichon et al. [8] conducted multiresidue analyses
methanol per 250 ml of sample. in natural waters with analysis by HPLC–DAD and

Hodgeson et al. [2] determined that recovery of developed a clean-up procedure by performing SPE
acidic herbicides was markedly increased by the on a Florisil cartridge. At pH 2 co-extraction of
addition of salt to increase the ionic strength of the humic and fulvic acids on C bonded silica gener-18

sample. The addition of sodium sulfate (20%, w/w) ated a large, early eluting peak in the HPLC chro-
generated higher recoveries than addition of a com- matogram. However, in a subsequent SPE clean-up
parable amount of sodium chloride. Addition of 20% procedure, the polar humic and fulvic substances
sodium sulfate was also reported in the Mallinckrodt were strongly sorbed on Florisil while the analytes of
Baker procedure [4] and 10% sodium sulfate by interest were quantitatively desorbed. Wang and
Monohan et al. [33]. Krzyszowska and Vance [37] Huang [48] used Florisil as a clean-up sorbent
added 2.5 g of sodium chloride to 50 ml water following extraction with C sorbent. Sancho-Llopis18

samples, and Zhou [3] compared the addition of et al. [17] performed silica column clean-up of C18

17.4% and 32% sodium chloride to the effect of extracts of chlorophenoxy acid herbicides from
adding no salt to samples containing acidic her- environmental water samples. They also utilized an
bicides. Balinova [7] adjusted sample ionic strength HPLC precolumn containing internal surface re-
by addition of 2.5 M sulfuric acid and 10 g of versed-phase material.
sodium chloride per liter. Lagana et al. [41] demonstrated that extracts from

graphitized carbon black yielded humic acid interfer-
3.4. Elimination of matrix interferences for HPLC ences by HPLC–DAD analyses that were slightly
analysis of acidic herbicides less than those obtained with polymeric sorbents,

due, they reasoned, to strong interactions between
Clean-up strategies reported for the acidic her- humic substances and positively charged sites on the

bicides appear to follow several paths: (1) chemical graphitized carbon black sorbent. Krzyszowska and
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Vance [37] noted that when samples adjusted to pH 1 derivatized analytes, thereby eliminating the SPE
were eluted through octadecyl SPE cartridges some step prior to derivatization.
octadecyl material was stripped from the stationary Heterogeneous derivatization, in which the deriva-
phase and interfered with HPLC analyses of samples tive is adsorbed on the sorbent and the derivatizing
containing dicamba. They achieved improved re- reagent is in the liquid phase, has been reported for
covery by developing an ion-exchange SPE pro- selected acidic herbicides. Chatfield et al. [22]
cedure using aminopropyl SPE sorbent. Pichon et al. converted 2,4-D and 2,4,5-T to their methyl esters
[9] demonstrated that humic and fulvic acid interfer- using supercritical carbon dioxide containing methyl
ences could be eliminated by using a highly retentive iodide while the analytes were adsorbed onto an
styrene–divinylbenzene sorbent that adsorbed the anion-exchange resin. Nolte et al. [40] derivatized
acidic herbicides in their ionic form at pH 7. No 2,4-dinitrophenol herbicides, including dinoseb and
further clean-up was necessary to determine the dinoterb, to their corresponding methyl ethers by
analytes in surface water samples. direct methylation at the surface of graphitized

carbon black using diazomethane or trimethylsul-
3.5. Derivatization procedures for GC analysis of fonium hydroxide (TMSH). He [32] conducted solid-
acidic herbicides phase derivatization of 2,4-D sorbed on C columns18

or C disks by reaction with BF –methanol. Zhou18 3

Analysis by GC requires converting the acidic [3] examined solid-phase derivatization of 13 chlori-
herbicides to ester or ether derivatives that are less nated herbicide acids on two types of extraction
polar and more volatile than the parent compound. sorbents – octadecyl bonded silica and styrene–
Homogeneous derivatization, in which both the divinylbenzene in column format – using BF –3

derivative and the derivatizing reagent are in the methanol and trimethylsilyldiazomethane as de-
liquid phase, was reported using diazomethane rivatizing reagents.
[2,4,16] to convert the carboxylic acid derivatives to
methyl esters and phenolic compounds to their 3.6. Online solid-phase extraction
methyl ethers. Extracts were dried with anhydrous
sodium sulfate before reacting with diazomethane. Some researchers [10–14,39,42,44] used online
Butz et al. [1] derivatized extracted acidic com- SPE–chromatographic procedures for the analysis of
pounds with pentafluorobenzyl bromide. acidic herbicides. The advantages of online SPE

Swineford and Belisle [29] and Sutherland [31] include better sensitivity, lower organic solvent
developed procedures in which SPE both preceded consumption, greater automation potential and sim-
and followed homogeneous derivatization (adding an plicity [11–13], and reduced sample manipulation
extra step following the dotted line path in Fig. 1). [44]. Using SPE online with HPLC–DAD allowed
The C column extracts of 2,4-D were converted to quantitation of groups of pesticides in a single18

the methyl ester with boron trifluoride in methanol, analysis [39]. Bernal et al. [42] coupled SPE online
then the 2,4-D methyl ester was subjected to a with SFC–DAD. Louter et al. [45] coupled SPE
second SPE procedure to quench the derivatizing online with GC using flame ionization detection
reagent and recover the methyl ester in a solvent (FID). Aguilar et al. [10] analyzed priority pesticides
suitable for subsequent GC analysis. using online SPE–HPLC–MS.

Monohan et al. [33] derivatized the mono- and
diacid metabolites of dacthal with diazomethane, but 3.7. Solid-phase extraction of acidic herbicide
prior to analysis by GC it was first necessary to metabolites
perform a liquid–liquid microextraction of the SPE
eluate with diethyl ether. Krause and Niemczyk [34] Acidic herbicide parent compounds range widely
analyzed the dacthal metabolites as the ethyl esters. in polarity (Table 1). Additionally, metabolites of the
Louter et al. [45] first acetylated phenols, including acidic herbicides are often (but not always) more
pentachlorophenol, with acetic anhydride directly in polar than the parent compound making it more
the aqueous sample then conducted SPE on the challenging for the analyst to deal with a spectrum of
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polarities in the same sample. Less research is Despite the analytical difficulties, the body of
literature reviewed here makes it clear that SPEreported for SPE of the acidic herbicide metabolites
procedures have improved the ease, reproducibility,than for the parent compounds. Arjmand et al. [38]
and sample throughput for analysis of acidic her-developed SPE procedures for dicamba and its
bicides as compared to other approaches. SPE meth-metabolite, 3,6-dichlorosalicylic acid, that is formed
ods have been applied to the analysis of thousands ofby the hydrolysis of the methoxy ether group of
samples, thereby improving our overall understand-dicamba to a hydroxyl group. Dacthal (dimethyl
ing of the fate and transport of acidic herbicides intetrachloroterephthalate) degrades into mono- and
the environment.dicarboxylic acid metabolites for which concomitant

analyses by SPE were developed by Monohan et al.
[33] and Krause and Niemczyk [34].
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