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New Perspectives on the Hydrolytic Degradation of the Organophosphorothioate 
Insecticide Chlorpyrifos 

Donald L. Macalady’ and N. Lee Wolfe* 

The disappearance kinetics in water for chlorpyrifos [O,O-diethyl 0-(3,5,6-trichloro-2-pyridyl) phos- 
phorothioate], an important insecticide, has been investigated to provide a kinetic expression to define 
the hydrolysis process in aquatic ecosystems. Pseudo-first-order kinetics are observed over the pH range 
of 1-13. The rate constant is independent of pH from pH 1 to pH 7 and has a value of (6.2 f 0.9) X 
lo4 min-’ a t  25 “C. At  alkaline pHs, the rate constant is much larger but is not directly proportional 
to hydroxide activity. The observed behavior over the pH range 10-12 is consistent, however, with 
equilibrium formation of a 5-coordinate charged hydroxyphosphorothioate intermediate and the 
rate-controlling decomposition of this intermediate to products. Thus, the second-order rate expression 
does not accurately describe the kinetics of degradation at alkaline pHs. Product studies over the alkaline 
pH range (9-13) show that the only major products are 3,5,6-trichloro-2-pyridinol and 0,O-diethyl 
phosphorothioic acid. 

Organophosphorothioates comprise a large and impor- 
tant class of compounds in use as environmental chemicals 
(“Farm Chemicals Handbook”, 1981). Because these 
compounds may appear in environmental waters, efforts 
have been made to describe the chemical reactions that 
these compounds undergo in aquatic ecosystems (Wolfe 
et al., 1978; Paris et al., 1981). In particular, recent hy- 
drolysis and biolysis studies have focused on the devel- 
opment of quantitative expressions for use in models to 
forecast the fate of such pollutants in aquatic ecosystems. 
These usually detailed studies are aimed at  obtaining the 
disappearance rate constants in either first-order or sec- 
ond-order rate expressions. 

Detailed knowledge of the kinetics of the alkaline and 
neutral hydrolysis pathways is critical to several areas of 
environmental chemistry. Such knowledge is particularly 
pertinent in designing experiments to obtain reliable rate 
constants for use in assessing the fate and transport of 
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pollutants in aquatic ecosystems. Another example is the 
development of structure reactivity relationships for use 
in predicting alkaline or neutral hydrolysis rate constants 
of organophosphate and phosphorothioate esters (Wolfe, 
1980). The correlation between alkaline hydrolysis and 
some physiochemical property of the congeners (e.g., pK, 
of the leaving group) requires a data base of alkaline hy- 
drolysis rate constants. Even more fundamental is an 
understanding of the microbial degradation process and 
the relationship between enzymatic hydrolysis and abiotic 
hydrolysis (Wolfe et al., 1980). Such relationships have 
been reported for other classes of compounds and have 
potential in elucidating the degradative pathways of 
phosphorothioate esters in the aquatic environment. 

Chlorpyrifos, a model compound representative of the 
organophosphorothioate insecticides, was studied in 
aquatic ecosystems because of its potential to hydrolyze 
not only in the water column but also in the bottom sed- 
iments. I t  is generally accepted that the alkaline hydrolysis 
of organophosphorus esters is described by a second-order 
rate expression that is first order in ester and first order 
in hydroxide ion activities (Cox and Ramsay, 1964). Thus, 
a plot of log observed rate constant vs. pH for the alkaline 
hydrolysis should be linear with a slope of 1. In the case 
of chlorpyrifos, however, such a plot is nonlinear. Fur- 
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thermore, detailed studies of the alkaline hydrolysis 
mechanism suggest that it proceeds, at least over a sub- 
stantial pH range, via a two-step process. In this paper 
a kinetic expression, consistent with pH effects, products, 
ionic strengths, and solvent effects, has been derived for 
chlorpyrifos. 

EXPERIMENTAL SECTION 

Instrumental. Gas chromatographic (GC) analyses 
were performed using a Tracor MT 222 gas chromatograph 
equipped with 63Ni electron capture and H, flame ioni- 
zation detectors. For electron capture determinations, a 
2 mm i.d. X 2 m long glass column packed with 10% SE-30 
on 8G-100-mesh Gas-Chrom Q was used. Operating con- 
ditions included injector, detector, and column oven tem- 
peratures of 215, 285, and 185-200 OC, respectively, and 
a Nz carrier gas flow rate of 8 mL/min. Conditions for H, 
flame analyses are given below. 

Gas chromatographic-mass spectrometric (GC-MS) 
analyses were achieved using a Finnigan Model 4023 GC- 
MS system in the E1 mode at  70 eV. The GC portion 
contained a 30-m fused silica-SE-54 capillary column, with 
a programmed oven temperature from 45 to 240 OC at  8 
"C/min. 

LC analyses were performed using a Micromeritics 
Model 750 solvent delivery system with a Model 786 
variable-wavelength UV detector set at 220 nm. A 5.0 mm 
i.d. X 300 mm long Microsil c18 (7.5 pm) column, with 70% 
CH3CN-30% H20  as the eluent a t  a constant flow of 1.5 
mL/min, was used. 

Liquid chromatographic-mass spectrometric (LC-MS) 
analyses were performed with a Waters Associates 204 
liquid chromatograph coupled to a tee that split the LC 
effluent in a 1:l ratio to waste and onto a Kapton belt 
transport Finnigan LC-MS interface. The LC utilized a 
Waters Model 400 dual-wavelength ultraviolet (UV) ab- 
sorbance detector (254 and 280 nm) and a 2.9 mm i.d. X 
30 cm long, Bondapak CIS column with a 90% CH3CN- 
10% H20  eluent. The Finnigan 3200 mass spectrometer 
was used in both the electron ionization (EI) and methane 
chemical ionization (CI) modes at  70 and 100 eV, respec- 
tively. The MS was interfaced to a System 150 data 
system. 

Hydrogen ion activities below a pH of 11.5 were obtained 
by using a Corning Model 112 pH meter equipped with 
an Orion pH probe standardized with commercially pre- 
pared buffers. At pHs above 11.5, solutions were titrated 
with a potassium hydrogen phthalate (KHP) solution to 
determine hydrogen ion concentrations. Concentrations 
were converted to estimated activity by utilizing tabulated 
activity coefficients (Bates, 1964). 

Chemicals. All solvents and chemicals were used as 
supplied from commercial sources. Chlorpyrifos, chlor- 
pyrifos-oxon, and 3,5,6-trichloro-2-pyridinol were supplied 
by Dow Chemical Co. Structures were confirmed by GC- 
MS and proton nuclear magnetic resonance. Hydrochloric 
acid, sodium carbonate, sodium bicarbonate, and sodium 
hydroxide (used for pH adjustment) were used as com- 
mercially supplied reagent chemicals. A carbonate-bi- 
carbonate buffer system was employed to maintain con- 
stant pH for trials between pHs of 8 and 11. 

Purity checks on chlorpyrifos included melting point 
determination [43.0-43.2 "C observed; 42-43.5 "C litera- 
ture (Brust, 1966)], electron capture GC, GC-MS, and 
LC-MS analyses of a millimolar solution of chlorpyrifos 
in 33% methanol-water solution. No significant impurities 
were detectable; in particular, chlorpyrifos-oxon and tri- 
chloropyridinol were present in less than 1.0 and 0.01 % 
quantities, respectively. 
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For all reported kihetic runs in water, chlorpyrifos was 
introduced into reaction mixtures as the saturated water 
solution. Saturated solutions were prepared by introducing 
5 mL of a concentrated (0.05 M) hexane solution into a 
sterile, 500-mL Erlenmeyer flask containing 100 mL of 
sterile 1-mm glass beads. The hexane w8s evaporated with 
a stream of N2 gas, and the flask was filled with sterile 
distilled deionized water. After several days at room 
temperature, the solution was refrigerated for 2 or 3 days 
before it was filtered (cold) through 0.22-pm Nucleopore 
filters. The resulting solution, approximately 3 X lo+ M 
chlorpyrifos, was stored at 4 OC for periods of up to 2 
months before use. 

Concentrations of chlorpyrifos were determined in iso- 
octane extracts of the experimental water solutions. The 
isooctane contained 5 X M hexachlorobenzene (HCB) 
as an internal standard. Experimental concentrations were 
calculated by comparing the peak height ratio for extracted 
chlorpyrifos to HCB with ratios in standard solutions of 
chlorpyrifos in 5 X M HCB isooctane. Standard 
curves were generally linear (r2 > 0.99) over the concen- 
tration range (0.5 X to 1 X lo4 M), with a minimum 
working concentration (in the extract) of 0.5 X M 
c hlor pyr ifos . 

In some experiments, concentration data were obtained 
by LC analyses of chlorpyrifos. Direct injections of 
10-50% methanol-water or acetonitrile-water solutions 
of chlorpyrifos were used at initial concentrations between 
6 X and 6 X M. Concentrations were calculated 
for each solvent system from standard curves relating LC 
peak heights to concentrations. 

Kinetic Procedures. The process of collecting infor- 
mation to determine disappearance kinetics followed one 
of two general procedures. The first procedure, by which 
most concentration data were obtained, involved period- 
ically removing aliquots from a bulk solution of chlorpy- 
rifos in pH-adjusted or buffered distilled deionized water 
in a glass-stoppered flask. Aliquots were then added to 
a measured quantity of HCB-isooctane, the mixture was 
thoroughly shaken on a vortex mixer, and the isooctane 
layer analyzed for chlorpyrifos by GC. Careful tests for 
extraction efficiency and for any pH dependence in ex- 
traction efficiency were conducted to assure complete re- 
covery of chloropyrifos. Recoveries of >95% added 
chlorpyrifos were considered satisfactory. A detailed de- 
scription of one typical experiment follows. 

Two 500-mL glass-stoppered Erlenmeyer flasks were 
filled with hot 6 N HC1 and allowed to stand for several 
hours. The flasks were emptied and rinsed well with tap 
water, with distilled water, with acetone, with distilled 
water, and finally twice with distilled deionized water. 
After being dried in a 150 "C oven, the cooled flasks each 
were filled as follows. Approximately 1 L of distilled water 
was adjusted with 1.0 M NaOH to a pH of 11.2, and 400 
mL of this was added to each of two flasks, along with 50 
mL of saturated aqueous chlorpyrifos solution. The flasks 
were swirled to mix the contents and then placed on a 
flatbed shaker in a 25 "C constant temperature room. 
Subsequently, 2 mL of the saturated chlorpyrifos solution 
was added to two 10-mL aliquots of 5 X lo-' M HCB- 
isooctane in 15-cm, glass-stoppered test tubes. The tubes 
were vortex mixed for at least 30 s and placed in a re- 
frigerator for future analyses and calculation of initial 
chlorpyrifos concentration. 

After 1 h, 2-mL aliquots were withdrawn from each of 
the Erlenmeyer flasks and added to 5 mL of 5 X lo-' M 
HCB-isooctane in 15-cm, glass-stoppered test tubes. The 
tubes were vortex mixed for 30 s and placed in a refrig- 
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erator (4 "C) to allow components to separate before 
analysis. Also withdrawn at this time were 25-mL aliquots 
for immediate pH determination. The flasks were not 
agitated for the remainder of the study. Aliquots were 
subsequently withdrawn from the flasks at times 120,390, 
900, 1470, 1800, 2400, and 2700 min from initial mixing 
with chlorpyrifos. 

At t = 2700 min, the contents were emptied as com- 
pletely as possible (by shaking) from each of the flasks in 
order to determine the amount of chlorpyrifos sorbed to 
the vessel walls. The volume and final pH of the solutions 
were also determined at  this time. 

To each of the 500-mL flasks was added 50 mL of 
CH3CN. This was swirled around to thoroughly wet the 
container walls; 150 mL of distilled deionized water and 
10 mL of 5 X lo-*, M HCB-isooctane were added. The 
flasks were placed in a sonicating water bath for 30 min 
with thorough shaking at 2-min intervals. The isooctane 
layer was subsequently isolated and analyzed by GC for 
chlorpyrifos that had been sorbed to the w d s  of the flasks. 
(In flasks prewashed as described above, the fraction of 
total remaining chlorpyrifos that was sorbed to the walls 
ranged from 0.13 to 0.005, with most values C0.020.) 

The isooctane extracts from the time course samples 
were analyzed, a t  least in duplicate, by GC (electron cap- 
ture), and the concentration of chlorpyrifos remaining at  
each time, t ,  was calculated from a standard plot of peak 
height ratios vs. concentration. The standard curve was 
generated from data obtained on the same day as the 
analyses. Pseudo-first-order rate constants, k&d, for the 
duplicate trials were calculated via a least-squares analysis 
of natural log concentration vs. time data by using a com- 
puter program written for the Hewlett-Packard 41C hand 
calculator. 

All rate determinations were made using procedures 
similar to the above. Values for kobsd were corrected for 
sorption to the walls of the flasks if sorption was significant 
(>2% of total chlorpyrifos). Correction was made by 
dividing the calculated kobsd by the fraction in solution, 
which gives a corrected kobsd if it is assumed that the 
sorption-desorption process is faster than hydrolysis. 
Values for kobsd calculated from duplicate trials a t  pHs 
above 9.5 always deviated less than 10% from the average 
of the two values. 

In addition, alkaline hydrolysis was investigated by using 
a second procedure at a variety of pHs in methanol-water 
and acetonitrile-water solutions at  considerably higher 
initial concentrations. This enabled direct injection of the 
reaction mixtures on the LC-MS and LC systems for 
product analyses and kinetic information. Standard so- 
lutions of chlorpyrifos, 3,5,6-trichloro-2-pyridinol, triethyl 
thiophosphate, and partially hydrolyzed triethyl thio- 
phosphate in methanol-water were also analyzed by direct 
injection into the LC-MS system. 

Biodegradation Studies. Experiments were conducted 
to determine whether biodegradation was a significant 
factor in our experiments with chlorpyrifos. More than 
20 degradation experiments were run with ambient 
(105-107 cells/L) and enriched (up to lo1' cells/L) popu- 
lations of naturally occurring (in North Georgia lakes, 
ponds and streams) microorganisms. These experiments 
were based on previously published procedures (Paris et 
al., 1981). 

Product Studies. Products from the alkaline hydrol- 
ysis reactions were identified by several methods. From 
the aqueous studies, final reaction solutions were acidified 
to pH 2 and freeze-dried. The residues were subsequently 
redissolved in 2 or 3 mL of acetonitrile, achieving a con- 
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centration factor of about 100 over the initial aqueous 
solutions. The acetonitrile solutions were analyzed by 
LC-MS and in one case by GC-MS. 

The methanol-water solutions were analyzed by direct 
injection into the LC-MS, as were all of the acetonitrile- 
water reaction solutions. These mixed solvent solutions 
were analyzed at several times during the course of the 
reactions at  various pHs rather than only near the com- 
pletion of the reactions as was the case for the reactions 
in water. In addition, reaction solutions in 25% CH3CN- 
water at pHs of 11.4 and 12.4 were acidified to pH 2 after 
3 days of reaction time, and ca. 100 mL of each reaction 
mixture was freeze-dried. The freeze-dried residues were 
redissolved in a few milliliters of diethyl ether and meth- 
ylated with diazomethane (Webb et al., 1973). The ether 
solution of methylated reaction products was examined by 
GC-MS and LC-MS. 

Analyses were designed to identify the nature of the 
reaction products from the room temperature neutral 
hydrolysis reaction. Direct determination, however, was 
hampered by three factors. One was the extremely low 
concentrations of chlorpyrifos used. Such concentrations 
were used because of our desire to conduct experiments 
a t  environmentally relevant concentrations and because 
of the low solubility of chlorpyrifos (4.1 X lo4 M) at  room 
temperature. A second was the high water solubility of 
the expected reaction products. Even at acid pHs, prod- 
ucts such as trichloropyridinol and diethyl thiophosphoric 
acid are not extractable into organic solvents. A third was 
the slow rate of the reaction. Accumulation of quantities 
of reaction products detectable by LC or MS analysis, even 
with a replenishing supply of chlorpyrifos, would take 
many months. 

Consequently, our attempts were limited to efforts to 
identify reaction products from the neutral hydrolysis at 
elevated temperatures (70-80 "C). Chlorpyrifos-coated 
glass beads were added to chlorpyrifos-saturated water in 
a sealed 1-L vessel. The vessel was maintained at  80 "C 
for 20 h, after which it was removed and cooled in an ice 
bath. Two 5-mL aliquots were withdrawn for analyses, and 
the vessel was resealed and returned to the 80 "C bath. 
After 7 additional h, two 5.0-mL aliquots were withdrawn 
from the hot vessel for extraction and chlorpyrifos analysis 
by electron capture GC. Presumably any volatile reaction 
products (such as ethanol) escaped while the vessel was 
open. This entire procedure with the vessel sealed was 
then repeated after an additional 15 h at 80 "C. The pH 
of the sampled solutions was also determined at this time. 

Finally, the sealed vessel was held at  70 "C for an ad- 
ditional 65 h. The vessel and its contents were then cooled 
to 0 "C, and three 5-mL aliquots were removed. The entire 
solution was decanted from the glass beads (volume 100 
mL) into a beaker, and the pH was determined prior to 
adjustment to pH 2 with concentrated HC1. The solution 
was freeze-dried after which the residue was redissolved 
in 5 mL of diethyl ether and methylated with diazo- 
methane. 

The methylated, nonvolatile reaction products were 
analyzed by GC-MS. One sample from each set of du- 
plicated aliquots that were removed from the cooled re- 
action mixture during the course of the reaction was an- 
alyzed for ethanol by direct injection into a GC equipped 
with a 3-ft glass column packed with Porapak QS (50-80 
mesh) and with a hydrogen flame ionization detector. The 
column oven temperature was 120 "C. The minimum 
quantifiable concentration was 2 mg of ethanol/L. The 
other of the duplicate samples was analyzed by LC-MS 
for additional reaction products. The aliquots removed 
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Figure 1. Plot of In concentration (M) vs. time for the hydrolysis 
of chlorpyrifos at pH 9.7 with two different carbonate buffer 
concentrations. Open and closed circles: two runs at 0.05 M 
buffer. Open and closed squares: two runs at 0.0012 M buffer 
(T = 25 "C). 

from the reaction solution at  80 O C  were analyzed for 
chlorpyrifos as described above. 
RESULTS 

First- (or pseudo-first-) order disappearance rate con- 
stants measured for chlorpyrifos in pH-adjusted distilled 
water are listed in Table I along with other parameters 
associated with each determination. The initial concen- 
trations given are predicted values based on initial volumes 
of added saturated chlorpyrifos solution. These values 
generally agree (5 %) with values calculated from the in- 
tercepts of the kinetic plots. Disagreement between pre- 
dicted and calculated initial concentration occurred in 
several experiments where significant (>lo%) sorption to 
container walls created an initial curvature in the kinetic 
plots. 

Tabulated values of kobd have been corrected, where 
necessary, for sorption to container walls, generally by 
assuming the sorption-desorption reactions are fast relative 
to hydrolysis. In three experiments (identified in the first 
column of Table I), sorption and hydrolysis rates were 
similar enough to necessitate an alternate calculation 
method. For these runs, a computer fit of the experimental 
data to the relevant kinetic differential equations was used 
to calculate the rate constants. 

The results of the biodegradation studies show little or 
no influence by microorganisms on the rate of degradation 
of chlorpyrifos in natural water samples. In all but two 
trials, degradation rates were the same within experimental 
uncertainty for both sterile controls and test solutions with 
active microorganisms. (Microorganisms were enumerated 
by standard dilution plate count techniques.) 

In the two exceptions, significant biodegradation began 
only after 3 or 4 days. In these trials only, the chlorpyrifos 
had been introduced as an acetonitrile solution, making 
the test mixture approximately millimolar in CH3CN. 
Because cell populations rose significantly (by X 10) during 
these trials, it is apparent that some naturally occurring 
organism that grows well on acetonitrile can also mediate 
the degradation of chlorpyrifos. 

Catalysis by buffers was &o considered, and the results 
of one experiment that verifies the absence of a measurable 
buffer catalysis is shown in Figure 1. The graph shows 
data from two runs at  a buffer concentration of 0.05 M 
(carbonate-bicarbonate) and two at  a lower buffer con- 
centration of 0.0012 M. The slopes from both sets of points 
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Figure 2. Plot of log observed rate constant (min-l) vs. pH for 
the hydrolysis of chlorpyrifos at 25 "C in buffered distilled water. 
Data from Table I. The cross and solid line represent the pre- 
dicted neutral hydrolysis behavior. 
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Figure 3. Plot of log observed rate constant (min-') vs. pH for 
the hydrolysis of chlorpyrifos at 25 "C in 50% methanol-water 
solutions (circles) and 50% acetonitrile-water solutions (squares). 
Data from Tables I1 and I11 (open circles). 

are identical within experimental uncertainty (data for 
individual runs shown in Table I). 

Figure 1 also serves to illustate a typical experimental 
plot. Those at  higher pHs generally showed less scatter 
about the least-squares line: those at lower pHs usually 
had larger estimates of standard error. 

Rate constants for the disappearance kinetics of chlor- 
pyrifos from methanol-water and acetonitrile-water so- 
lutions are listed in Table 11, along with associated ex- 
perimental conditions for each run. The initial concen- 
trations for these trials were about 2 orders of magnitude 
higher than for the distilled water trials. 

Rate constants reported by several other investigators 
for the disappearance of chlorpyrifos are tabulated with 
other available data in Table 111. 

Values of the rate constants at 25 "C from our distilled 
water studies are illustrated via a log kobsd vs. pH plot in 
Figure 2. A similar plot for the more limited data at 25 
"C in 50% methanol-water and 50% acetonitrile-water 
is shown in Figure 3, which also includes some literature 
data from Table 111. The dotted line from pH 1 to pH 7 
in Figure 3 was drawn based on an estimated value for the 
neutral hydrolysis rate constant equal to half the distilled 
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Table I. 
Buffered Distilled Water 
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Observed First-Order or Pseudo-First-Order Disappearance Rate Constants for Chlorpyrifos from Distilled or 

dura- 
no. of tion 

initial kinetic of run, 
pH t SD temp, " C  concn, M points min k o b d ,  min-' comments 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14  
15  
16  
17 
18  
1 9  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

1.00 t 0.05 
1.20 t 0.05 
1.20 + 0.05 
5.90 f 0.05 
6.11 + 0.05 
5.5 f 0.01 
5.5 t 0.01 
5.5 f 0.01 
5.5 i 0.01 
4.6 + 0.1 
6.02 c 0.05 
8.71 + 0.05 
6.40 + 0.05 
8.42 2 0.05 
7.35 + 0.08 
7.81 + 0.08 
9.77 + 0.02 
9.77 t 0.02 
9.7 f 0.1 
9.7 i. 0.1 

10.34 i 0.04a 
10.37 + 0.05a 
10.35 + 0.04 
10.7 + O . l a  
11.08 + 0.1 
11.05 + 0.1 
11.24 + 0.02 
11.25 f 0.02 
11.25 i 0.03 
11.25 i 0.03 
11.23 r 0.03 
11.23 + 0.03 
11.86 + 0.01 
11.86 r 0.01 
12.45 f 0.05 
12.45 f 0.05 
12.90 t 0.05 
12.90 r 0.05 

25.0 t 0.1 
25.0 t 0.1 
25.0 i 0.1 
25.0 i 0.1 
25.0 i 0.1 
35.0 t 0.1 
35.0 f 0.1 
35.0 i 0.1 
35.0 t 0.1 
45.0 f 0.1 
45.0 + 0.1 
45.0 f 0.1 
55.0 + 0.1 
55.0 t 0.1 
65.0 t 0.1 
65.0 t 0.1 
25.0 r 0.1 
25.0 t 0.1 
25.0 t 0.1 
25.0 i 0.1 
25.0 f 0.1 
25.0 + 0.1 
25.0 i 0.1 
25.0 f 0.1 
25.0 f 0.1 
25.0 t 0.1 
25.0 t 0.1 
25.0 i 0.1 
40.0 + 0.1 
40.0 + 0.1 
50.0 t 0.1 
50.0 t 0.1 
25.0 f 0.1 
25.0 + 0.1 
2 5 t  1 
2 5 i  1 
252  1 
2 5 i  1 

5.0 X lo-' 
2.2 x 10-7 
2.2 x 10-7 

2.0 x 10-7 
3.2 x 10-7 
3.2 x 10-7 
3.2 x 10-7 
3.2 x 10-7 
4.0 x 10-7 
1.4 x 10-7 
1.4 x 10-7 

1.35 x 10-7 
1.0 x 10-7 
1.2 x 10-7 
4.4 x 10-7 
4.4 x 10-7 
4.1 x 10-7 
4.1 x 10-7 

2.0 x 10-7 

1.35 X lo-' 

7.5 x 
7.3 x 
8.8 X 
3.1 X lo- '  
4.3 x 10-7 
5.1 x 10-7 
4.2 x 10-7 
4.9 x 10-7 
3.25 x 10-7 

2.75 x 10-7 
1.5 x 10-7 

2 x 10-7 
2 x 10-7 
1.2 x 10-7 
1.2 x 10-7 

3.25 X lo-' 
2.75 X 10.' 

1.3 X lo-' 

1 0  
10 
10 
10 
10 
18 
18 
18 
18 
22 
12 
12 
14 
14 
12  
12 
8 
8 
8 
8 

11 
9 
9 
9 
9 
9 
7 
7 
7 
7 
7 
7 
7 
6 
5 
5 
5 
5 

45 000 
20 000 
20 000 
30 000 
30 000 
40 000 
40 000 
40 000 
40 000 
11 000 
1 3  500 
1 3  500 
18 500 
18 500 

3 500 
3 500 

1 5  000 
1 5  000 
1 5  000 
1 5  000 

7 800 
7 400 
7 200 
5 700 
2 650 
2 650 
2 650 
2 050 
1 2 0 0  
1 2 0 0  

570 
570 

2 140 
1 7 0 0  

190 

80 
80 

190 

(5.4 + 1.3) x 
(3.9 t 1.4) x 
(8.8 + 1.9) x 

(3.4 f 1.7) X 
(9.0 + 2.1) x 

(2.2 A 0.2) x 10-5 
(2.4 k 0.2) x 10-5 

(2.1 + 0.4) x 10-5 
(1.4 f 0.3) X 

(6.77 t 0.17) x 
(6.21 t 0.16) X 
(1 .15+  0.03) x 
(1.68 i 0.05) X l oT4  
(2.3 t 0.1) x 10-4 
(5.1 0.01) x 10-4 
(5.2 0.01) x 10-4 
(4.74 t 0.14) x 10-5 
(4.71 t 0.09) x 10-5 
(4.57 t 0.16) x 10-5 

(3.03 t 0.21) x 10-4 

(6.08 0.10) x 10-4 
(1.01 0.25) x 10-3 
(9.41 0.9) x 10-4 

( 4 . 8 3 i  0.3) x 

(3 .50f  0.17) X 
(3.09 f 0.05) x 

(1.08 i 0.07) x 
(1.25 r 0.07) x 
( 4 . 1 2 ~  0.57) x 
(4.16 t 0.55) X 
(5.8 t 0.4) x lo-'  

( 1 .75 f  0.08) x 10'' 

(1.19 t 0.03) x 
(1.20 t 0.03) x 
(3.78 + 0.08) x 
(3.81 f 0.15) x 

(5.9 t 0.4) x 10-3 

(1.96 t 0.12) x 104 

sterile 
sterile 
sterile 
sterile 
sterile 
sterile 
11 sets of duplicate points 

buffered, M 

buffered, M 

buffered, M 
high buffer, 0.05 M 
high buffer, 0.05 M 
low buffer, 0.0012 M 
low buffer, 0.0012 M 
buffer, 0.008 M, sterile 
buffer, 0.008 M, sterile 
buffer, 0.018 M, sterile 
buffer, 0.04 M, sterile 
no buffer 
no buffer 
no buffer 
no buffer 
no buffer 
no buffer 
no buffer 
titrate pHb 
titrate pHb 
titrate pHb 
titrate pHb 
titrate pHb 
titrate pHb 
titrate pHb 

a See the text. Corrected for nonunity activity coefficient. Uncertainties represent the standard error in the slope of 
the linear least-squares fit of plots of In concentration vs. time. 

Table 11. Observed Pseudo-First-Order Disappearance Rate Constants for Chlorpyrifos in Methanol-Water and 
Acetonitrile-Water Solutions 

initial 
chlorpyrifos duration 

pH t SD temp, "C concn, M organic solvent or run, min kobsd, min-' 
11.40 + 0.05 2 5 r  2 2.7 x 10-5 12.5% CH,OH 1 5 0 0  (1.05 t 0.07) x 
12.35 f 0.08 2 5 +  2 1.5 x 10-5 16.5% CH,OH 24 0 (9.83 f 0.46) x 
11.15 + 0.05 252  2 2.8 x 10-5 25% CH,OH 1 5 0 0  (5.66 i 0.52) x 

12.28 t 0.08 2 5 r  2 2.0 x 10-5 50% CH,OH 325 (5.6 + 0.3) x 

11.15 5 0.05 2 5 +  2 2.6 x 10-5 12% CH,CN 1 3  000 (2.69 i 0.06) x 
10.96 f 0.05 2 5 +  2 2.6 x 10-5 25% CH,CN 1 3  000 (8.13 f 0.42) X 
10.89 t 0.05 2 5 r  2 5.6 x 10-5 25% CH,CN 1 4  500 (6.79 f 0.48) x 
10.97 + 0.05 2 5 t  2 2.6 x 10-5 50% CH,CN 20 000 1 x 1 0 - 5 a  
12.2 i 0.1 2 5 t  2 7.5 x 10-5 50% CH,CN 2 000 (7.41 t 0.28) x 
12.4 i 0.2 2 5 +  2 7.5 x 10-5 50% CH,CN 50 0 (2.90 ?r 0.16) x lo-'  

11.15 ?r 0.05 2 5 i  2 4.3 x 10-5 50% CH,OH 3 000 (2.31 t 0.11) x 10-4 

12.53 t 0.08 25 + 2 5.6 x 10-4 50% CH,OH 325 (9.79 r 0.19) x 10-3 

a Rate constant is only approximate due to small fraction reacted during the duration of the run. Statistics on least- 
squares plot: r2 = 0.48; slope = -(1 f 0.5) x 10-5. 

water value. The activity of H20 in 50% CH30H-H20 is 
approximately half the pure water activity. 

Experimental uncertainties are sufficiently low so as to 
leave little doubt that the curvatures shown in the alkaline 
region of these figures is not an artifact. This curvature 
is discussed in detail below. 

Comparison of Tables I and I1 and Figures 2 and 3 
reveals a significant solvent effect on the rate constants 

that is contrary to expectations for second-order alkaline 
hydrolysis of phosphate esters (Barnard et al., 1961). This 
solvent effect is also discussed below. 

Rate constants measured at room temperature at pHs 
below 8 show considerable variation, presumably due for 
the most part to the difficulties inherent in measuring rate 
constants for very slow reactions. The absence of a pH 
dependence in the rate constant is obvious, however. 
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Table 111. Literature Values for First-Order or Pseudo-First-Order Disappearance Rate Constants for Chlorpyrifos in 
Buffered Distilled Water or Methanol-Water Solutions 

PH temp, "C initial concn, M hobsd, min-l comments 

-9- 

h " 
I 

9) 

v 

3 4 
a 8 -10- 

z 0) + 

U 

!i 
P 
0 

3 -11- 

3.97 23 1.4 X 50% CH,OH-H,O, a 
1.7 1 5  3.4 x 10.' 2.3 x b 
1. 7 25 3.4 x 10-7 7.71  X b 
4 .7  35 3.4 x 10-7 3.05 x 10-5 b 
-1.95 23 4.5 x 50% CH,OH-H,O, a 
i i . 00  23 2.5 x 10-7 50% CH,OH-H,O, a 

23 1.4 x 50% CH,OH, unbuffered, a 
6.90 1 <5 3.4 x 10-7 4.9 x 10-6 b 
6.90 25 3.4 x 10-7 1.4 x 10-5 b 
6.90 35 3.4 x 10-7 4.2 x 10-5 b 
5.4 20 1 x 10-6 9.1 x C 
7.3 25 1 .3  x 10-5 calculated, c 
7.4 37.5 1 x 3.6 x 10-5 C 
8.00 23 9.7 x 50% CH,OH-H,O, a 
3.1 15 3.4 x 10-7 8.9 x 10-6 b 
8.1 2 .i 3.4 x 10-7 2.1 x 10-5 b 
8.1  35 3.4 x 10-7 1.1 x 10-4 b 
8.95 23 1 .7  x 10-5 50% CH,OH-H,O, Q 

9.96 23 6.6 x 50% CH,OH-H,O, a 
12.0 23 2.54 x 10-3 50% CH,OH-H,O, a 

a Brust (1966); no experimental details given. Meikle and Youngson (1978); no wall effects investigated. Freed et al. 
(1979): no wall effects investigated. 

't 
-12-1 

'\\ 

\, 
\ 

' 0 0  ' \o *\ 
0 

3 -174 '\ 0 

-183 
65OC 55°C 45°C 35°C 25°C 15°C 

G , l  i ', ' /  1, * /  I ,  \ ,' , ' , I ,  

d 9 3 0 3 1 3.2 3.3 3.4 3.5 

IO3 \ Reciprocal Absolute Temperature ( O K - ' )  

Figure 4. Arrhenius plots of In observed rate constant (d) vs. 
reciprocal absolute temperature (K-') for chlorpyrifos at neutral 
pHs (4.5-7.5). Data from Tables I (closed circles) and I11 (open 
circles). The cross represents an extrapolated 25 "C value (see 
the text). 

To obtain a more accurate value for the neutral hy- 
drolysis rate constant a t  lower temperatures, rate constants 
were determined a t  elevated temperatures. An Arrhenius 
plot [ln k vs. 1/T (K)] for neutral (pH 4.5-7.5) hydrolysis 
results is shown in Figure 4. Use of the more precise data 
from 65, 55, and 45 "C runs to calculate a least-squares 
straight line enables extrapolation to lower temperatures, 
resulting in more precise rate constant estimates. The 
accuracy of this extrapolation is supported by the agree- 
ment between the average of measured values at 35 and 
25 "C and the extrapolated values: (2.04 vs. 2.03) X 
min-l a t  35 "C; (6.22 vs. 6.2) X lo4 min-' a t  25 "C. The 
value of 6.22 X lo4 min-' a t  25 "C is thus our "best" value 
of the neutral hydrolysis rate constant for chlorpyrifos, 
valid over the pH range 1-7.5 a t  25 "C. 

The energy and entropy of activation for the neutral 
hydrolysis reaction can also be calculated from Figure 4 

5592 46OC 36'C 26-2 
I " ' 1 ~ ' ~  I 

3.0 3.1 3.2 313 3 4  

lo3 x Reciprocal Absolute Temperature ("IC') 

Figure 5. Arrhenius plot of In observed rate constant (s-l) vs. 
reciprocal absolute temperature (K-') for chlorpyrifos at a pH 
of 11.25. Data from Table I. Extensions of points represent 
experimental uncertainties. 

(Bunnett, 1961). The activation energy, from the slope of 
the Arrhenius plot, is 22.1 f 0.8 kcal mol-', and the entropy 
of activation is -18 f 3 eu at  25 "C. 

Figure 5 is an Arrhenius plot for a pH of 11.25. The 
activation energy and entropy for the pseudo-first-order 
reaction at  25 "C a t  this alkaline pH are 13.0 f 1.5 kcal 
mol-l and -38 f 5 eu. The alkaline activation energy is 
much lower than the neutral value, which is not unex- 
pected based on literature values for phosphate esters (Cox 
and Ramsay, 1964). 

The conclusion from the study of the products from the 
alkaline hydrolysis reaction of chlorpyrifos a t  pHs from 
9.7 to 12.9 is that only two major products are formed: 
3,5,6-trichloropyridinol and 0,O-diethyl phosphorothioic 
acid. With the exception of minor amounts of O-methyl 
0,O-diethyl phosphorothioate in methanol-water solutions 
at  pHs above 11, no other products were identified by 
LC-MS techniques. This is despite extensive searching 
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(using both electron and CHI chemical ionization modes) 
for any other likely, or even unlikely, products. Spectra 
of 3,5,6 trichloro-2-pyridinol, chlorpyrifos, chlorpyrifos- 
oxon, triethyl thiophosphate, and triethyl phosphate were 
also obtained by using the same LC-MS techniques as 
were used for the reaction products. These spectra were 
used for verification of products and for comparative 
purposes. 

The GC-MS results for the methylated freeze-dried 
reaction products led to a similar conclusion. These 
analyses, more sensitive by 1 order of magnitude than 
LC-MS, showed only the methylated trichloropyridinol 
and methylated diethyl phosphorothioic acid plus much 
smaller quantities (ca. 1-5%) of methylated 0,O-diethyl 
phosphoric acid, the oxygen analogue of one of the prin- 
cipal products. Presumably, such oxygenated forms were 
produced as minor byproducts as little chlorpyrifos-oxon 
(<1%) was detectable in the chlorpyrifos starting material. 

Reaction products were also identified from the aqueous 
neutral hydrolysis reaction at  70-80 "C. In solutions 
maintained at (2.5 f 0.3) X M chlorpyrifos for 15-20 
h at 80 "C and 63 h at 70 OC, ethanol was present at levels 
of 4-5 mg/L, which would make ethanol a major reaction 
product. These levels are, however, so close to the limit 
of detection as to preclude further quantification. Our 
LC-MS procedures proved unable to detect additional 
reaction products in these solutions. 

GC-MS analysis of the methylated nonvolatile (at pH 
2) reaction products from this neutral reaction showed 
O-ethyl0-(3,5,6-trichloro-2-pyridyl) phosphorothioic acid 
to be the principle nonvolatile reaction product. Because 
the pH of the reaction mixture was 7.68, smaller quantities 
of 3,5,6-trichloro-2-pyridinol and 0,O-diethyl phosphoro- 
thioic acid, products typical of the alkaline hydrolysis 
reaction, were also present. 

DISCUSSION 
Neutral Hydrolysis. On the basis of previous litera- 

ture reports, it  was anticipated that chlorpyrifos would 
react by a neutral hydrolysis reaction at  pHs below 8 
(Meikle and Youngson, 1978; Smith et al., 1978; Weber, 
1976). The neutral hydrolysis rate constants, given in 
Table I along with the pH rate profile in Figure 2, support 
this pH-independent pathway over the pH range of 1-7.5. 
The overall reaction for the pH-independent hydrolysis 
is shown in eq 1. The mechanism is believed to involve 
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S=P-Et0 
I 

HO 

neucleophilic attack of water a t  the carbon of the ethoxy 
groups to give ethanol and 0-(3,5,6-pyridyl) O-ethyl 
phosphorothioic acid as the products (Meikle and 
Youngson, 1978). The energy of activation, E,, of 22.1 kcal 
mol-' is similar to the values found by Meikle and 
Youngson (1978) and to the value of 23.4 kcal mol-' re- 
ported for the neutral hydrolysis of methyl parathion 
(Smith et al., 1978). The average value of the rate constant 
(6.2 f 0.9) X lo* min-' gives a hydrolytic half-life of 80 
days at  25 "C. Similar studies of the degradation of 
chlorpyrifos in sediment-water samples also give a similar 
value for the neutral hydrolysis rate constant (Macalady 
and Wolfe, 1983). 

Alkaline Hydrolysis. In environmental studies of the 
hydrolysis of organophosphate and organophosphoro- 

thioate esters, it is generally assumed that alkaline hy- 
drolysis proceeds by simple second-order kinetics, i.e., first 
order in hydroxide and first order in phosphate concen- 
tration as shown in eq 2. This assumption has the ad- 
vantage that, if one determines the second-order disap- 
pearance rate constant (k,) at  one alkaline pH (generally 
somewhere between pH 8 and pH 12), it is possible to 
calculate the pseudo-first-order rate constant (kObd) at any 
other alkaline pH (eq 3). 

(3) 

Our data support the assumption that the disappearance 
rate constant of chlorpyrifos is first order in chlorpyrifos. 
On the other hand, our data do not support the assumption 
that the disappearance expression is first order in hy- 
droxide activity. This is consistent with a similar con- 
clusion reached by Brust (1966) based on studies in 50% 
methanol-water solutions. 

Additional studies of the alkaline hydrolysis reaction 
were conducted to determine whether this non-second- 
order behavior was caused by general acid-base catalysis 
(GABC) or ionic strength effects resulting from pH ad- 
justments. The data for carbonate buffered pH 9.7 (Figure 
1) support the fact that GABC does not make a significant 
contribution to the reaction. As shown in Table I, similar 
results were observed at  pH 10.35. Furthermore, calcu- 
lations by Perdue and Wolfe (1983) suggest that a t  the 
buffer concentrations used here, buffer catalysis would be 
negligible. Neither are ionic strength (electrostatic) effects 
believed to be the cause of the deviation from first order 
since one of the reacting species is uncharged (Frost and 
Pearson, 1961). 

A visual inspection of the alkaline region of the pH rate 
profile (Figure 2) suggests that the reaction is not first 
order in hydroxide activity. Linear least-squares analysis 
of the data from pH 9.80 to pH 13.0 gives an r2 of 0.97; 
however, the slope is 0.85 f 0.04. This deviation from 1 
is not consistent with the mechanisms generally proposed 
for organophosphate triester hydrolysis (Barnard et al., 
1961). Another way of considering the data that shows the 
inadequacy of the simple second-order model is to calculate 
values of the second-order rate "constants", k,, from our 
data. Depending on the pH (between 10 and 12) selected, 
values of k2 from 0.25 to 1.5 M-l min-' could be inferred, 
thus giving a factor of 6 variation in the pseudo-first-order 
rate constant. 

Equation 4 represents a generalized reaction scheme that 
c1 e: + 
c1 ? 

-OH &@ k-1 , 
S=P-(OEt)z + 

1 
HO 

(4) 

S=P 3 - P -  (OE t)z 

(Et;), HO 

parallels the one proposed by Barnard et al. (1961) for 
organophosphates. In the case of organophosphate tri- 
esters, the observed second-order kinetics necessitates that 
ki >> k1; thus, kl and the OH- activity are rate determining 
[see also Cox and Ramsey (1964) and Younas (1972)l. 

To account for the chlorpyrifos hydrolysis data, a less 
restrictive consideration was given to eq 4. A general 
expression for the value of k o w  as a function of hydroxide 
activity implied by this mechanism is not practical because 
the concentration of the pentavalent charged intermediate 
is unknown. One can solve, however, for the value of kobd 
vs. OH- activity if equilibrium in the first reaction is as- 
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-l1 -I1 1 t 

- 5 '  , , , , , , , I , , , , I I , , 
9 10 11 12 13 

PH 
Figure 6. Plot of log observed rate constant ( m i d )  in buffered 
distilled water vs. pH based on eq 6 (solid line). See the text for 
details. Crosses are experimental points, with uncertainties 
represented by the lengths of the cross axes. The dotted line is 
a linear least-squares fit of data at pHs of 11.86 and above. Data 
from Table I. 

sumed. Defining K = kl/k-l, the rate expression becomes 
(neglecting the neutral hydrolysis contribution) 

( 5 )  

where [PT] represents the total chlorpyrifos concentration, 
which includes the pentavalent intermediate. The ob- 
served first-order rate constant, consequently, is given by 

(6) 

d[PT] kiK[OHl [PTI -- - - 
dt 1 +K[OH-] 

1 - -  - -  I +  
kobsd ki kiK[OH-] 

where [OH-] here represents hydroxide actiuity. 
Equation 6 implies that, under conditions where equi- 

librium between chlorpyrifos and the charged intermediate 
is maintained, a plot of l /kobsd vs. l/[OH-] should be a 
straight line. Deviations from the equilibrium assumption 
would result if ki >> k-l, a condition that is independent 
of pH, or if kl[OH-] << ki, a condition that is certain to 
result in departures from equilibrium when the pH is low. 

In Figure 6 the solid line represents a calculated curve 
predicted by equation 6 with rate constants derived from 
the 10 experimental rate constants for pHs between 10.35 
and 12.90 [ki = (2.3 f 0.3) X min-l, K = 674 f 34, r2 
= 0.997). The excellent fit between pH 10 and pH 1 2  is 
obvious, as is the lack of fit a t  higher pHs. At pH 9.7, the 
deviation is thought to be the result of the failure of the 
equilibrium assumption (see above). 

Although this pathway is intuitively attractive, it alone 
does not explain the rate behavior at pHs above 12. 
Clearly, some other unknown processes are operative at 
higher pHs. The behavior here, although it gives a linear 
log k vs. pH plot, is still not first order in hydroxide ac- 
tivity. 

Additional support for the existence of a charge inter- 
mediate is provided by the results of studies in mixed 
solvents. Both our data and those of other investigators 
are tabulated in Tables I1 and I11 and shown graphically 
in Figure 3. The pseudo-first-order rate constants at 
constant pH in methanol-water decrase linearly as the 
volume percent methanol is increased up to 50% (Table 
11). In acetonitrile-water the same behavior is observed 
except that the rate of decrease is more pronounced. 

8 1  I -3 

9 

0' 

,+' 

- S I , ,  I , ,  , , , , , , , ~, b 10 11 12 is 
PH 

Figure 7. Plot of log observed rate constant ( m i d )  in 50% 
methanol-water solutions vs. pH. The solid line represents 
predicted behavior based on eq 6 and experimental data at pH 
9 and 10. The dashed line is a least-squares fit of data above pH 
11. Data from Tables I (crosses) and I11 (open circles). 

In the Iog k vs. pH plots shown in Figures 3, 6, and 7, 
two points should be noted. First, the linear portion 
(slopes) of the plots are similar. Second, the linear portion 
extends about 1 pH unit lower for 50% methanol than for 
water. For 50% acetonitrile, only a linear plot was ob- 
tained over the pH range investigated. 

These solvent effects are consistent with the existence 
of the pentavalent intermediate shown in equation 4. It 
is well documented that a non-protic solvent does not 
effectively stabilize an anionic intermediate through hy- 
drogen bonding as do the protic solvents water and 
methanol (Hammett, 1970). Therefore, the behavior in 
acetonitrile is not consistent with eq 6. Rather, the kinetics 
are more similar to the high pH behavior in water and 
methanol-water. 

In the case of methanol, the reason for the increase in 
the magnitude of the equilibrium constant (in eq 6) relative 
to water is not as obvious. I t  is generally recognized, 
however, that for solutions of dielectric constants greater 
than 30, the kinetic effect of increasing the dielectric 
constant is minor relative to specific solvation effects. 

The observation of pronounced solvent effects, therefore, 
is to be expected in reactions involving an anionic inter- 
mediate. This can be contrasted to the alternative 
mechanism involving hydroxide attack on phosphorus as 
the rate-limiting step, which would be expected to result 
in less pronounced solvent effects. 
CONCLUSIONS 

Chlorpyrifos undergoes a pH-independent hydrolysis 
reaction over the environmentally relevant pH range of 
4-7.5 with a first-order disappearance rate constant of (6.2 
f 0.9) x lo4 m i d  (half-life, 78 days) at 25 OC. Above pH 
8, alkaline hydrolysis dominates, but the reaction does not 
obey second-order kinetics. The kinetics are consistent, 
however, with the formation of an anionic intermediate 
over the pH range of 9-12. Above pH 12, another un- 
identified reaction, also non first order in hydroxide, is 
operative but results in the same major products as are 
formed at  the lower pHs. Thus, extrapolation of alkaline 
hydrolysis rate constants obtained at a single pH to other 
pHs should be viewed with caution. To confirm this 
tentative mechanism involving an anionic intermediate, 
direct evidence is required and experiments to obtain such 
evidence are being pursued. Also, other organo- 
phosphorothioate esters should be investigated to deter- 
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mine whether this is a general mechanism. 
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Determination of the Phenolic Metabolites of Carbofuran in Plants by Gas 
Chromatography/Mass Spectrometry 

Thomas R. Nelsen,*l Ronald F. Cook, Michael H. Gruenauer, Mason D. Gilbert, and Sujit Witkonton 

A gas chromatographic procedure using mass spectrometry in the selected ion mode as the detection 
system for the determination of residues of the phenolic metabolites of carbofuran (2,3-dihydro-2,2- 
dimethyl-7-benzofuranyl methylcarbamate) is described. The method is general, having been applied 
without change to 12 different crop matrices including those having high-moisture, low-moisture, and 
high-lipid content, as well as fruit, vegetable, and root crops. Method sensitivities of 0.05-0.10 ppm 
for each phenol were achieved. Average recoveries of the three phenolic metabolites ranged from 72 
to 104%. The method involved release of the conjugated phenols by acid hydrolysis, extraction, eth- 
oxylation, partition of the phenols into base, acidification, extraction, and silica gel Sep-PAK cleanup 
of the samples. 

Investigations by Metcalf et al. (1968) and Knaak et al. 
(1970a,b) have shown that there are three major phenolic 
metabolites of carbofuran (2,3-dihydro-2,2-dimethyl-7- 
benzofuranyl methylcarbamate). These metabolites were 
identified as 2,3-dihydro-2,2-dimethyl-7-benzofuranol (7- 
phenol), 2,3-dihydro-2,2-dimethyl-3-oxo-7-benzofuranol 
(3-keto-7-phenol), and 2,3-dihydro-2,2-dimethyl-3,7- 
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benzofurandiol (3-hydroxy-7-phenol). The phenolic resi- 
dues occur as water-soluble conjugates bound at the 3- 
and/or 7-position of the benzofuran01 system. 

Only one residue procedure of any generality has been 
reported for these phenols (Cook et al., 1977). This method 
detected the phenols as their dinitrophenyl ether deriva- 
tives. Archer e t  al. (1977) have reported a similar residue 
method for these compounds in strawberry and strawberry 
leaves. The general procedure reported by Cook is work- 
able; however, the procedure is a lengthy, complex, mul- 
tistep procedure. The chromatographic cleanup of the 
samples is variable from crop matrix to crop matrix and 
low-level coextractive interferences created quantitation 
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