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ABSTRACT 

Chromatographic methods, used for the determination of methyl [1-(butylcarbamoyl)-lH-benximidazol-2-yl]carbamate (benomyl) 
and methyl lH-benximidazol-2-ylcarbamate (carbendazim or MBC) in water, wettable powder (WP) formulations, and crops have been 
discussed. Because of the instability of benomyl in water and common organic solvents, most methods reported for the analytical 
determination of benomyl use an indirect approach. Since the kinetics of degradation of benomyl in water and common organic 
solvents is important in the development of analytical methods of benomyl, kinetic rates of various degradation reactions of benomyl 
are also discussed. The methods, based on the conversion of benomyl into MBC, and stabilization of benomyl in the presence of excess 
butyl isocyanate (BIC), will over-estimate benomyl with wide range of errors. Since MBC is a natural degradation product of benomyl 
and is present in different media at varying concentrations with benomyl, it should be determined individually with the intact concentra- 
tions of benomyl. 
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1. INTRODUCTION 2. KINETICS OF BENCMYL DEGRADATION 

Methyl [ 1 -(butylcarbamoyl)- 1 H-benzimidazol-Z 
yllcarbamate (benomyl) is one of the most widely 
used systemic fungicides. For many years, benomyl 
has been successfully used for the control of many 
plant diseases [l-6]. Recently, the National Re- 
search Council (U.S.A.) has estimated the use of 
benomyl at two million lbs (1 lb x 0.45 kg) of active 
ingredient per year [7]. Benomyl is a non-volatile 
white crystalline solid which has small solubility in 
water [8]. 

2.1. Degradation in partially aqueous and aqueous 
solutions 

Because of its extensive use and suspected carci- 
nogenic activity, determination of benomyl (and its 
degradation products) in environmental water, soil 
extracts, and crops is required. Accurate determina- 
tion of benomyl (and MBC) in wettable powder for- 
mulations and pathological solutions (used in the 
studies to determine the efficacy and mode of action 
of benomyl) is also required. Instability of benomyl 
in common organic solvents and water has been 
used as an excuse by many researchers to determine 
benomyl as its degradation product MBC (after 
quantitative conversion of benomyl to MBC) in 
crops and other matrices. Early methods of beno- 
my1 determination are reviewed by Slade [9] and 
Gorbach [lo]. In this review we critically discuss 
different chromatographic methods that are report- 
ed in the literature for the determination of beno- 
my1 and its degradation products. In most methods 
reported for benomyl determination, benomyl is 
converted into a stable compound, normally into a 
degradation compound of benomyl. Therefore, ki- 
netics of degradation of benomyl in water (at differ- 
ent pH values) and common organic solvents is im- 
portant in the development of analytical methods 
for the determination of benomyl. Keeping this in 
mind, in this paper, we have also reported kinetics 
of the degradation of benomyl. 

In aqueous solutions benomyl is not stable and 
converts to methyl lH-benzimidazol-2-ylcarbamate 
(carbendazim, more commonly MBC), 3-butyl-2,4- 
dioxo-s-triazino[ 1 ,Za]benzimidazole (STB) and, l- 
(2-benzimidazolyl)-3-n-butylurea (BBU), depend- 
ing upon the pH of the solutions. In highly alkaline 
solutions (PH > 13) MBC slowly converts to 2- 
aminobenzimidazole (2-AB). The degradation of 
benomyl in aqueous solutions can be represented as 
depicted in Fig. 1. 

The distribution profiles of various degradation 
products of benomyl, in benomyl saturated aque- 
ous solutions of different pH values, have been de- 
picted in Figs. 2 and 3. 

The kinetics of decomposition of benomyl to its 
different degradation compounds was first studied 
by Calmon and Sayag [11,12], in methanol-water 
(50:50, v/v) using a spectrophotometric method. On 
the basis of the absorbance vs. time plots, these au- 
thors were able to determine the pseudo-first-order 
rate constants of benomyl decomposition to MBC, 
STB, and BBU, graphically. However, due to the 
low solubility of benomyl in water, Calmon and 
Sayag had to use a mixture of aqueous buffers and 
methanol to dissolve large amounts of benomyl in 
the working solution, which was required to study 
its decomposition kinetics by the spectrophotomet- 
ric method. On the basis of a detailed investigation 
of the UV spectra of solutions at the end of reac- 
tion, they concluded that in the pH range 2.5-7.0, 
the final product was MBC. Their plots of the loga- 
rithms of observed pseudo-first-order rate con- 
stants (kobsd) against pH indicated that in strongly 
acidic media (pH < 2.5) the decomposition reac- 
tion was inhibited by hydronium ions whereas over 
the pH range 2.57.0 the reaction rate was pH inde- 
pendent. 
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Fig. 1. Degradation of benomyl in aqueous ano orgamc solvents at room temperature. 
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Fig. 2. Composition of benomyl (wettable powder) saturated 
aqueous buffers of pH 3-10, with respect to benomyl, MBC, STB 
and BBU. 
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The conversion of benomyl to STB and BBU in 
alkaline medium was first studied by White et al. 
[13]. These authors reported that in alkaline medi- 
um benomyl was converted into STB, which after 
its formation, converted slowly to BBU in standing 
solutions. The amount of BBU in solution increases 
with time, temperature, and alkalinity. The work of 
White et al. [13] may have prompted Calmon and 
Sayag [12] to study the kinetics and mechanism of 
benomyl degradation to STB and BBU in alkaline 
media. Their studies were carried out in aqueous 
alkaline buffers-methanol (50:50, v/v), at constant 
ionic strength maintained at 1 .O mol/l. On the basis 
of their investigation Calmon and Sayag [12] con- 
cluded that the kinetics of hydrolysis of benomyl in 
alkaline media proceeded through several reaction 
mechanisms. In mildly alkaline media (pH < 12) 
conversion of benomyl to STB proceeds via ElcB 
elimination mechanism, followed by a fast cycliza- 
tion. In strongly alkaline media (pH > 12) beno- 
my1 is converted into STB via a dianion. The con- 
version of STB to BBU occurred in very strongly 
alkaline media (pH > 13.5) and followed a first 
order rate kinetics with respect to hydroxide ion. 

A knowledge of stability of benomyl in water at 
different pH values is important not only to agricul- 
tural and analytical chemists but also to plant pa- 
thologists. Although the work of Calmon and Say- 
ag [ 11,12]on the kinetics of degradation of benomyl 
at various pH values in aqueous buffers-methanol 
(50:50, v/v) media have shown a trend of benomyl 
degradation, their results cannot be taken quantita- 
tively for the development of analytical methods of 
benomyl determination. 

Keeping this in mind Singh et al. [14] studied the 
kinetics of decomposition of benomyl in pure aque- 
ous solutions of different pH values, using reversed- 
phase high-performance liquid chromatography 
(RP-HPLC). In the RP-HPLC method, benomyl in 
aqueous solutions was directly analyzed using a 
suitable mobile phase. The decrease in benomyl 
peak height with time was used to calculate the ki- 
netic rate constants (k) according to the equation 

k = 2.303/At log C,jC, 

where C1 is the benomyl peak height at time tI, Cz 
is the benomyl peak height at time t2, and At = 
t2 - t1. 

The rate constant (k) of benomyl conversion to 
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Fig. 4. Plot of log koba (rate constant of benomyl decomposition 
to MBC) verw pH of aqueous solutions. 

MBC in the aqueous solutions remained nearly 
constant between pH 2 and 7 with mean k at (3.16 
f 0.38) - 10V5 s-l. However, in acidic solutions, 
below pH 2, protonation of benomyl (at the nitro- 
gen of benzimidazole group) starts taking place. 
The plot of logarithm of k versus pH (pH O-7) is 
shown in Fig. 4. In pure aqueous solutions the trend 
in the log k vs. pH plot was similar to that observed 
by Calmon and Sayag [ 111. However, the mean k at 
(3.16 f 0.38) . 10m5 s-r, in pure aqueous media in 
th pH range 2-7, was 60% lower than 5.0 . lo-’ 
s- ‘, the mean value of k reported by Calmon and 
Sayag [l 11, in aqueous buffers-methanol (50:50, v/ 
v) in the same pH range. 

A pK, value of 1.5 was graphically determined 
for ionization of benomyl-H+, in pure aqueous so- 
lutions on the basis of the plot in Fig. 4. 

Kinetic study of degradation of benomyl in pure 
auqeous alkali solutions (pH > 13) was also carried 
out by us [15]. In a solution of sodium hydroxide 
(0.125 mol/l) of pH 13, a very fast conversion of 
benomyl to STB was observed. The first order rate 
constant (kobs) for this reaction was estimated at 
approximately 0.01 s- ‘. This value of kobs is about 9 
times higher than that reported by Calmon and 
Sayag [ 121 in methanol-sodium hydroxide (50: 50, 
v/v) solution of pH 13. The value of kobs for the 
degradation of STB to BBU depends upon the alka- 
linity and temperature. Again, the degradation of 
STB to BBU was 4 times higher in pure aqueous 
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solution than in methanol-sodium hydroxide 
(50:50, v/v) solution of the same pH. 

Degradation of MBC to 2-AB was observed only 
in strong alkali solutions. In 1.0 mol/l sodium hy- 
droxide, the value of kobs was 1.32 + 10F4 s-l at 
22°C. However, at high temperature, this reaction 
was faster. A value of approximately 0.034 s-l was 
obtained in 0.125 mol/l sodium hydroxide at 80°C. 

2.2. Degradation in common organic solvents 

Rapid degradation of benomyl to MBC in com- 
mon organic solvents was first reported by Chiba 
and Doornbos [16]. Calmon and Sayag [ 171 con- 
firmed their finding and determined the rate con- 
stants of the decomposition of benomyl to MBC. 
They further reported that the conversion of beno- 
my1 to MBC proceeds by spontaneous intramolec- 
ular catalysis. The values of observed rate constants 
do not show any correlation with the existing em- 
pirical solvent parameters. However, the observed 
rate constant data can be explained in terms of sol- 
vent-solute interactions. The spontaneous intramo- 
lecular catalysis is markedly slowed down by the 
presence of water. 

Chiba and Cherniak [ 181 have studied the kinetics 
of the decomposition of benomyl in common or- 
ganic solvents such as chloroform, dichlorometh- 
ane, ethyl acetate, benzene, ethanol, methanol, and 
dioxane using a spectrophotometric method at 
25°C. These authors discovered that the reaction of 
the decomposition of benomyl was reversible (Fig. 
l), i.e., 

Benomyl (kz 1) Trganic solvents MBC + BIG (k,z). 

where klz and kzI, are the specific rates of benomyl 
degradation and reformation, respectively [ 181, and 
BIC is butyl isocyanate. 

The values of the specific rate constants kzl and 
kI z were determined for benomyl decomposition re- 
action in different (above-mentioned) organic sol- 
vents. The values of kI 2 showed no correlation with 
existing solvent parameters. However, kzI was 
found to be larger for less polar solvents. The revers- 
ible nature of the decomposition reaction was dif- 
ferent in different solvents. The largest percentage 
of intact benomyl at equilibrium was found for ben- 
zene while the smallest intact concentration of in- 
tact benomyl was found in methanol. 

0 loo 200 300 400 so0 600 

Fig. 5. Decomposition kinetics of benomyl to MBC in aceto- 
nitrile (MeCN) and methanol (MeOH). 

The decomposition of benomyl in organic sol- 
vents, acetonitrile and methanol, was also studied 
by Singh et al. [14] using a RP-HPLC method. The 
RP-HPLC method also confirmed the reversibility 
of benomyl decomposition to MBC and BIC in ace- 
tonitrile. After the decomposition reaction attained 
the equilibrium, a constant peak height of benomyl 
was obtained by RP-HPLC analysis of the benomyl 
solution in acetonitrile for several days. In metha- 
nol, however, the decomposition of benomyl to 
MBC was almost quantitative. These results are 
shown in Fig. 5. The RP-HPLC results also con- 
firmed the observations reported by Calmon and 
Sayag [17], i.e., the decomposition of benomyl in 
organic solvents was slowed down by the addition 
of water in the reaction medium, The observed rate 
constant (k) for the forward decomposition reac- 
tion of benomyl to MBC in pure methanol at 2.5 . 
10m4 s-i decreased to 6.2 . 10m5 s-l in methanol- 
pH 7 phosphate buffer (50:50, v/v). 

3. REVIEW OF CHROMATOGRAPHIC METHODS 

It is obvious from the above-mentioned kinetic 
results that benomyl, once dissolved in solutions, is 
not stable, either in an aqueous medium or in com- 
mon organic solvents. As a result, for the determi- 
nation of benomyl in different media, it is first con- 
verted to a stable compound which was then deter- 
mined using chromatographic methods, most nota- 
bly, thin-layer chromatography (TLC), gas chro- 
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matography (GC) and HPLC. A brief description 
of chromatographic methods reported for the deter- 
mination of benomyl in water, wettable powder 
(WP) formulations and crops by TLC, GC and 
HPLC methods is presented in the following para- 
graphs. 

3.1. TLC methods 

Benomyl and its degradation products MBC and 
2-AB were separated on TLC sheets coated with 
silica gel (100 pm). The coated material contained a 
fluorescent indicator [19]. Two-dimensional solvent 
systems containing benzene-methanol (9: 1) and 
ethyl acetate-chloroform (6:4) were used to obtain 
the best separation of benomyl, MBC, 2-AB, thio- 
phanate methyl, and benzimidazole. The detection 
of the compounds on TLC plates was carried out 
under 254 nm UV light as dark spot. A chromogen- 
ic spray reagent (0.5% solution of N-2,6-trichloro- 
p-benzoquinoneimine) was used for selective deter- 
mination of MBC. The two dimensional TLC of- 
fered excellent accuracy and better separation than 
those developed in one dimension only. 

White and Kilgore [20] used TLC for the determi- 
nation of benomyl (as MBC) and MBC in food 
crops such as apple, apricot, cherry, grape, nectar- 
ine, peach, and plum treated with benomyl. In this 
method freshly prepared aliquots of benomyl solu- 
tion were added to fruit-control macerates prior to 
extraction. The compound was first extracted with 
benzene and partitioned into 0.1 mol/l hydrochloric 
acid. The acidic layer was washed several times with 
chloroform and then neutralized to pH 7.8-8.2 with 
concentrated sodium hydroxide. During the extrac- 
tion procedure all benomyl converted to single re- 
sidual product, MBC, which was then partitioned 
into ethyl acetate. The compound was concentrated 
by evaporation of ethyl acetate and subsequently 
developed on a commercially prepared TLC sheets 
(polyamide precoated plastic sheets containing a 
fluorescent indicator). The TLC sheets were first de- 
veloped in a mixed solvent system containing chlo- 
roform-ethyl acetate-acetic acid (190: 10:4) to elim- 
inate the streaking of MBC. On dry sheets samples 
were spotted (in 0.5 cm diameter) approximately 3 
cm apart along an imaginary line, 2 cm from the 
bottom of the TLC sheet. A standard solution of 
MBC was spotted on each TLC plate to serve as a 

reference. Separation was achieved in a mixed sol- 
vent, chloroform-ethyl acetate-acetic acid 
(190:10:4) and the spots were identified under UV 
light (2537 A). The spots corresponding to MBC RF 
values were extracted from the TLC plate with a 
vacuum-assisted spot collector and the compounds 
were eluted from the TLC support medium with 
absolute methanol. Quantitative determination of 
extracted MBC was carried out spectrophotometry 
at 287 nm utilizing semimicro quartz cells having 
lo-cm light paths for residues with MBC concentra- 
tions lower than 0.2 mg/l. For residues containing 
large concentrations of MBC, a l-cm quartz cell 
was used. 

The lower limit of detection for this method was 
reported at 0.05 mg/l. Overall average recovery of 
benomyl residues (determined as MBC), obtained 
from fortified control samples was, 87%. 

In another TLC method, Baker et al. [21] used 
aluminium oxide FZS4 neutral (type E) and silica gel 
60 F2s4 coated TLC plates. The separation of beno- 
my1 and MBC from six other fungicides was 
achieved in the following four solvent systems: 
diethyl ether-glacial acetic acid-methanol (100:5:2), 
acetone (lOO%), light petroleum (b.p. 60-8O’C)- 
acetone (3: l), and diethyl ether-methanol (40: 1). 
The fungicides were visualized under UV light or by 
spraying potassium iodobismuthate solution fol- 
lowed by exposure to bromine vapour. The detec- 
tion limit for benomyl determination was estimated 
at 0.8 pg. 

It is obvious from the above that TLC can be 
used as a simple method for the separation of beno- 
my1 (MBC) from coextractives obtained from wa- 
ter, WP formulations, and crops. As reported by 
White and Kilgore [20], TLC can also be used for 
the quantitative determination of benomyl (MBC). 
However, the limitation of the TLC method, where 
benomyl is determined as MBC, is the overestima- 
tion of benomyl quantity. Being a natural degrada- 
tion product of benomyl, MBC is always present in 
the samples with benomyl, and determined as beno- 
my1 (in the methods where benomyl is determined 
as MBC). This results in a positive error in the de- 
termination of benomyl. Another problem with this 
method is that it cannot be used for the determina- 
tion of the fate of benomyl after its spray on crops. 
Baude et al. [22] have reported the only TLC meth- 
od where determination of intact concentrations of 
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benomyl and MBC in crops was made. In this meth- 
od crop tissues containing [14C]benomyl were first 
macerated in 1 mol/l NaOH. The mixture was im- 
mediately refluxed. As a result all the [14C]benomyl 
was converted into [14C]BBU. Any concentration 
of [14C]BBU which may be present in the crop tis- 
sues was transformed into [14C]2-AB. After the re- 
flux step, it was possible to analyze aliquots of sodi- 
um hydroxide solution directly by TLC, using 14C- 
readout techniques. Quantitative determinations 
were made by scraping TLC spots corresponding to 
[14C]BBU and [14C]2-AB, and their subsequent 
liquid scintillation counting. However, when green 
plant tissue samples were involved, extraction of 
BBU and 2-AB from refluxed solution was neces- 
sary before TLC analysis could be performed. The 
extraction of BBU and 2-AB in the refluxed solu- 
tions was carried out with ethyl acetate. Hexane 
washes of the basic solutions, prior to ethyl acetate 
extraction, were sometimes used as an additional 
clean-up step. 

3.2. GC methods 

Rouchaud and Decallone [23] developed a GC 
method for the analysis of MBC in plants and soil. 
Benomyl and MBC were extracted from melon 
plants and soil using an extraction method similar 
to that reported by Kirkland [24] (described under 
HPLC methods). Residual benomyl and MBC were 
extracted with benzene and partitioned into 0.1 
mol/l HCl. The acidic layer was washed several 
times with chloroform and then neutralized. The 
single residual product MBC (present initially in the 
plant and soil, and formed during the acidic clean- 
up by the quantitative hydrolysis of benomyl) is 
partitioned into ethyl acetate. MBC was then deriv- 
atized into MBC-trifluoroacetylate (MBC-TFA) 
for its determination by CC, using 3H electron-cap- 
ture detection (ECD). A glass column, 1.5 m x 2.2 
mm I.D. packed with 5% SE-30 on 80-100 mesh 
Chromosorb, was used for the separations of desir- 
ed analytes. For MBC-TFA determination, column 
temperature was maintained at 140°C. A volume of 
1.5 ~1 of residue was injected into the injector, set at 
250°C. The temperature of detector was set at 
225°C. Nitrogen, at 40 ml/mm, was used as carrier 
gas. After 10 injections (one day’s work) the column 
temperature was raised to 210°C during the night in 

order to clean the column from high boiling natural 
products, unrelated to MBC. The overall recovery 
of benomyl residues obtained from fortified control 
samples ranged from 80 to 100%. The minimum 
detectable concentration of the method was esti- 
mated at 0.02 mg/l. 

Pyysalo [25] described a modification of the Rou- 
chaud and Decallonne [23] method. In this modified 
method MBC is derivatized into mainly 2-AB ace- 
tate which was determined by capillary GC with 
nitrogen-phosphorus selective and electron-capture 
detectors. A 50-m long glass capillary column (0.25 
mm I.D.) coated with OV-101 liquid phase was 
used for achieving the desired separations. Hydro- 
gen was used as carrier gas with the splitless in- 
jection technique. Sensitivity of this method at 
0.00001 mg/l (for benomyl as MBC) was a signif- 
icant improvement over the Rouchaud and Decal- 
lonne [23] method. The method was tested for vari- 
ous vegetables and fruits. 

Cline et al. [26] also used a GC method (with 
ECD) for the determination of very small concen- 
trations of MBC in black walnut fruits by derivatiz- 
ing MBC into a pentafluorobenzyl bromide deriv- 
ative. Other chromatographic conditions of this 
method were similar to that used in the Rouchaud 
and Decallonne [23] method. 

3.3. HPLC methods 

The HPLC methods, developed for the determi- 
nation of benomyl, can be divided into six catego- 
ries. A brief description of these methods is present- 
ed in the following sections. 

3.3.1. Determination of benomyl as MBC, after its 
quantitative conversion to MBC 

The first HPLC method based on this approach 
was reported by Kirkland [24]. In this method be- 
nomyl was first quantitatively converted to MBC, 
by hydrolyzing the sample in aqueous acid. The 
compounds of interest were then extracted from the 
acidic solution by organic solvents. The extract was 
cleaned up by a solvent-solvent partitioning 
process, and the compounds were determined by 
high-speed strong cation-exchange liquid chroma- 
tography, using a 1000 mm x 2.1 mm I.D. stain- 
less-steel column containing Zipax SCX strong cat- 
ion-exchange packing. The eluent, a mixture of 0.15 
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mol/l each of sodium acetate and acitic acid mixed 
in a 7:3 ratio, was used at a flow-rate of 0.5 ml/min. 
The column temperature was maintained at 60°C. A 
highly sensitive ultraviolet (UV) photometer oper- 
ating at 254 nm was used as a detector. The method 
was used to determine benomyl in cow milk, urine 
and tissues. The recoveries of benomyl and its me- 
tabolites (other than MBC) averaged about 80% in 
cow milk and urine. Lower benomyl recoveries (50- 
80%) were obtained from tissue samples and feces. 
The minimum detectable concentrations for beno- 
myl/MBC were 0.02 mg/l in milk, and 0.01 mg/l in 
urine, feces and cow tissues. 

The same method with slight modification in the 
extraction step was used by Kirkland et al. [27] for 
the determination of benomyl in soils and plant tis- 
sues. In the modified method any 2-AB, present in 
the samples, was also extracted and simutaneously 
determined with MBC. Recoveries of benomyl (as 
MBC), MBC and 2-AB from various types of soils 
averaged 92, 88, and 71%, respectively. The mini- 
mum detectable concentration of benomyl, MBC 
and 2-AB was estimated at 0.05 mg/l. 

Spittler et al. [28], using similar extraction and 
chromatographic procedures as described by Kirk- 
land [24], determined benomyl (as MBC) and 2-AB 
in water, brussels sprouts, snap beans, grapes, en- 
dive, bok choy, cauliflower, and beet tops. Detec- 
tion limits for benomyl in the commodities ranged 
from 0.002 to 0.02 mg/l. Recoveries for MBC rang- 
ed between 75 and 114%. Recoveries for 2-AB at 57 
to 67% in crops were significantly lower, as com- 
pared to MBC. 

Zweig and Gao [29] determined benomyl, after its 
quantitative conversion to MBC in acetonitrile. 
These authors mentioned that a waiting period of 3 
h, after the extraction of benomyl in acetonitrile, 
ensured the quantitative conversion of benomyl to 
MBC, at room temperature. RP-HPLC with a 
RP-18 Spheri 5, Brownlee Labs. bonded reversed- 
phase column (25 cm x 2 mm I.D.) was used for 
the determination of MBC. The eluent, a mixture of 
aceonitrile-water (50:50, v/v) was used at a flow- 
rate of 1.5 ml/min. Peak detection was made by a 
UV detector. The recoveries of added MBC and 
benomyl from surgical gauze patches ranged from 
87.0 to 100.4%. 

RP-HPLC was also used by Farrow et al. [30] 
[Spherisorb ODS packed into a 150 mm x 4.6 mm 

I.D. stainless-steel column; eluent methanol-water- 
ammonia (60:40:0.6, v/v/v); flow-rate, 1 ml/min; 
W detector] and Sanchez-Brunete et al. [31] 
[RP-18,5 pm phase into a 250 x 4.6 mm I.D. stain- 
less-steel column; eluent, methanol-O.3% ammonia 
(60:40, v/v) flow-rate, 1 ml/min; W detection] for 
the determination of benomyl as MBC. The deter- 
mination was made after quantitative conversion of 
benomyl to MBC during acid hydrolysis and ex- 
traction in organic solvents from crops. Kiigemagi 
et al. [32] employed HPLC with UV detection for 
the determination of benomyl (as MBC) residues in 
postharvest-treated pears in cold storage. A CN 
column (10 cm x 5 mm I.D., 10 pm PBondapak) 
was used for the separation and determination of 
MBC in pears. A tetrahydrofuran-water mixture 
(60:40, v/v) was used as mobile phase at 1.5 ml/min 
flow-rate. Their clean-up procedure included the ex- 
traction of benomyl (MBC) in acetone from acid- 
ified pear puree followed by partitioning with ethyl 
acetate. 

A Diol column (LiChrosorb Diol, 5 pm, 15 cm x 
4.6 mm I.D.), a mixture of hexane and isopropanol 
as mobile phase, and UV detection at 285 nm was 
used by Bicchi et al. [33] for the separation and de- 
termination of MBC. Their method is based on a 
clean-up procedure carried out on an Extrelut 20 
cartridge. The average recovery for MBC in apples, 
pears and their pulps was reported at 83.8%. 

Liu et al. [7] reported a HPLC-mass spectrom- 
etry-selected ion monitoring method for the deter- 
mination of benomyl after its quantitative conver- 
sion to MBC. These authors used a 25 cm x 4.6 
mm I.D. Whatman Partisil5 ODS-3 column with a 
particle size of 5 pm, and a mixture of acetoni- 
trile-O.l mol/l ammonium acetate (85:15, v/v) as 
mobile phase running at 1 ml/min flow-rate for the 
separation of MBC in fruits and vegetables. The 
mass spectrometer was operated in the positive ion 
filament mode and selected ion monitoring of m/z 
192 was performed. The method was tested for the 
determination of benomyl in tomatoes, peaches and 
apples. The minimum detectable level of benomyl in 
apples, peaches, and tomatoes was estimated at 
0.025 mg/l. Recoveries of fortified benomyl at 0.1 
mg/l were in the range 85 to 110% in all three com- 
modities. 
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3.3.2. Determination of benomyl as benomyl after its 
stabilization in organic solvents by BIC 

Determination of benomyl as benomyl in wetta- 
ble powder (WP) formulations by RP-HPLC has 
been reported by Stringham and Teubert [34]. In 
this method WP formulations were extracted with 
acetonitrile that contained 3% n-butyl isocyanate 
(BIC), and chromatographed on a reversed-phase 
C1a column. This method is based on the finding by 
Chiba and Cherniak [ 181 who reported that the deg- 
radation of benomyl to MBC in most organic sol- 
vents is reversible i.e., benomyl (k& t, MBC + 
BIC (klz), as described earlier in this review. The 
method showed good reproducibility with relative 
standard deviation (R.S.D.) of 1.95%. Mean recov- 
ery of standard from the sample pool was estimated 
at 95% with a standard deviation of 3.50%. A col- 
laborative study of this method was also carried out 
[35]. The collaborators stated the method as simple, 
rapid, and reproducible. Statistical analysis of ana- 
lytical data showed the method to be precise and 
free from expected interferences. 

3.3.3. Simultaneous determination of benomyl and 
MBC after selective conversion of MBC to MBC- 
PIC (n-propyl isocyanate) and stabilization of beno- 
my1 by the addition of excess BIC 

Chiba and Veres [36] developed a method for the 
determination of residual benomyl and MBC on 
apple foliage. Samples leaves, in a Mason jar, were 
freeze-dried and tumbled for extraction in CHCIJ 
containing 5000 pg n-propyl isocyanate/ml at 1°C. 
During this treatment free MBC present in the sam- 
ple was quantitatively converted to methyl l-(n- 
propylcarbamoyl)-2-benzimidazole carbamate 
(MBC-PIC). n-Butyl isocyanate was added to the 
extract at 5000 pg/ml to prevent the degradation of 
benomyl during HPLC analysis. A volume of 20 ~1 
of this mixture was injected onto the column, a 
Brownlee LiChrosorb silica gel column with a 
guard column in series. The mobile phase contained 
a mixture of chloroform-hexane (4: 1, v/v) that was 
saturated with water. MBC-PIC, formed from 
MBC, was separated from benomyl and simultane- 
ously determined. The detection limit for both the 
compounds in apple leaves was estimated at 0.2 

mg/l. 

251 

3.3.4. Simultaneous determination of benomyl and 
MBC after quantitative conversion of benomyl to 
STB (STB method) 

A HPLC method was developed by Chiba and 
Singh [37] for the simultaneous determination of 
benomyl and MBC in water and WP formulations. 
In the method benomyl was converted to 3-bu- 
tyl-2,4-dioxo-s-triazino[l,2-albenzimidazole (STB) 
in 0.125 mol/l sodium hydroxide. After the conver- 
sion (at room temperature in 20 mm), STB was de- 
termined simultaneously with MBC (which re- 
mained intact with the sodium hydroxide treat- 
ment) at 286 nm after HPLC separation on a Cl8 
column (15 cm x 4.6 mm I.D., Regis HiChrom 
reversible, 5-pm Spherisorb ODS or ODS-II). A 
mixture of acetonitrile-water-phosphate buffer 
(pH 7) (40:45: 15, v/v) was used as the mobile phase 
at flow-rate of 0.8 ml/min. The resolution of STB 
and MBC was influenced by the composition and 
pH of the mobile phase, and also by the composi- 
tion of sample solutions prepared for HPLC injec- 
tions. To obtain a good resolution between STB 
and MBC, the factors to be considered were the 
percentages of organic solvents (acetonitrile), pH 
and buffer concentration [37] in the mobile phase. 
The method worked well for the analysis of samples 
containing varying concentrations of benomyl and 
MBC. The method was also applied for the deter- 
mination of benomyl and MBC in WP formulations 
[38], organic solvents [14], and pathological samples 
[3]. The method was also used for the determination 
of benomyl, MBC, STB and BBU in aqueous solu- 
tions of different pH values, saturated with beno- 
my1 Fl. 

The conversion of benomyl to STB (the conver- 
sion on which this method is based) was found to be 
quite selective. The method was found accurate and 
showed good reproducibility with R.S.D. of 0.7% 
for benomyl and 2.2% for MBC determinations, 
respectively in WP formulations. 

3.3.5. Determination of benomyl and MBC after 
their respective conversions to BBU and 2-AB 

Chiba [39] reported a method for the determina- 
tion of benomyl and MBC in apples. In this method 
benomyl and MBC were quantitatively converted 
to BBU and 2-AB, respectively. Macerated apples 
were mixed with sodium hydroxide solution (pH 
13.2) and the mixture was refluxed for 2 h at 100°C. 
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During this high-temperature alkali treatment, be- 
nomyl quantitatively converted to BBU, and MBC 
converted to 2-AB. The converted compounds were 
extracted in diethyl ether-2-butanol (50:50, v/v). 
The residue, obtained after evaporation of the ex- 
tractant, was dissolved in a solvent mixture contain- 
ing methanol-water (30~70). Determinations were 
made by HPLC with UV detection at 280 nm. BBU 
and 2-AB were separated from coextractives on a 
short size-exclusion column connected to a CN ana- 
lytical column via a switching valve. Separation of 
BBU and 2-AB was achieved on the CN column. 

Maeda and Tsuji [40] determined benomyl in 
plant tissue by HPLC (Hitachi Gel No. 3010- 
CH20H, 20-25 pm particle size, 500 x 2.1 mm I.D. 
column; column temperature 45°C; methanol con- 
taining 0.1% acetic acid as the mobile phase; flow- 
rate 1.2 ml/min) after quantitative conversion of be- 
nomyl to 2-AB (via MBC). Recoveries of benomyl 
were reported at 90.5102.9% with no interference 
from plant tissue components. The method can de- 
tect up to 0.02 mg/l benomyl. 

3.3.6. Direct determination of benomyl 
Benomyl can be separated in its intact form from 

other pesticides and its degradation products by 
HPLC, as reported by Austin et al. [41] [Zorbax- 
silica column and propan-2-ol-hexane (5:95, v/v) at 
flow-rate of 0.25 ml/min; UV detection], Cabras et 
al. [42] (Cl8 column at temperature 20-50°C; mix- 
tures of water, acetonitrile and phosphate buffer as 
mobile phase; UV detection at 221.0 nm), Singh 
and Chiba [8] [Regis Hi-Chrom reversible, 5-pm 
Spherisorb, 15 cm x 4.6 mm I.D.; mixtures of ace- 
tonitrile-water-phosphate buffer (pH 7) as mobile 
phase; UV detection at 286 nm], Chiba and North- 
over [43] and Northover and Chiba [44] [Regis Hi- 
Chrom reversible ODS-1, 5-pm Spherisorb, 15 cm 
x 4.6 mm I.D. column; mixture of methanol-O.034 

mol/l phosphate buffer, pH 7.0 (40:60, v/v) at flow- 
rate 0.5 ml/min; UV detection at 286 and 294 nm], 
Singh et al. [14] (Regis Hi-Chrom reversible, 5-pm 
Sperisorb 15 cm x 4.6 mm I.D., and a Phenomex 
ODS-2 (C,,) 15 cm x 4.6 mm I.D.; mixtures of 
acetonitrile-water-phosphate buffer (pH 7) as mo- 
bile phase; flow-rates 0.8-1.5 ml/min; UV detection 
at 220 and 286 mu), and Marvin et al. [45,46] (3 cm 
x 4.6 mm I.D. Cs precolumn; acetonitrile-water 
gradient mobile phase at flow-rates l-l.5 ml/min; 

UV detection at 220 nm). However, due to the un- 
availability of benomyl stock solutions of desired 
strength in aqueous media at room temperature, it 
was not possible to exploit the HPLC separation of 
benomyl for its direct analytical determination until 
recently. Nevertheless, direct determination of be- 
nomyl by HPLC made it possible to study the kinet- 
ics of benomyl degradation in solutions [14]. The 
method was also used for the study of biological 
activity of benomyl [43,44]. 

4. RECENT DEVELOPMENTS 

Recently, Singh et al. [47] reported that prepara- 
tion of stable stock solutions of desired strength of 
benomyl in aqueous media is possible. Therefore, 
direct determination of intact concentrations of be- 
nomyl (and MBC) can accurately be made now. Ac- 
tually, the decomposition of benomyl in water and 
in the mixed water and organic solvents is not very 
fast as reported (and believed by many researchers) 
earlier. According to the decomposition kinetics re- 
sults [14], approximately 2% benomyl will decom- 
pose to carbendazim in 5 min in a solution contain- 
ing acetonitrile-water (60:40). This suggested that 
during chromatographic determination of benomyl, 
the decomposition of benomyl to MBC will not be 
significant enough to introduce large error in its 
analytical determination. Preliminary results of di- 
rect quantitative analysis of benomyl by HPLC and 
fast-atom bombardment mass spectrometry (FAB- 
MS) have recently been reported by Singh et al. [48]. 

5. CRITICAL COMMENTS AND CONCLUDING RE- 

MARKS 

It is clear from the above that majority of the 
methods used for the analytical determination of 
benomyl are based on quantitative conversion of 
benomyl to its degradation compound, MBC which 
is determined by HPLC, GC or TLC techniques. 
The principal drawback of these methods is the 
over-estimation of benomyl with a wide range of 
errors. The over-estimation of benomyl is due to the 
fact that MBC, which is a natural degradation 
product of benomyl, is present in different samples 
with benomyl, and is also determined as benomyl. 
MBC is also a known degradation compound of 
thiophanate-methyl, a fungicide not as widely used 
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as benomyl but registered for use on some fruits and 
vegetables. Therefore, determination of benomyl as 
MBC would be subjected to positive errors. More- 
over, since MBC is also fungitoxic and its level of 
activity is different from that of benomyl these com- 
pounds should be determined individually, partic- 
ularly for pathological studies. For these reasons 
methods based on the determination of benomyl as 
MBC have only limited application. 

We would also like te mention that in most of 
these methods, acid hydrolysis of benomyl is be- 
lieved to be causing the conversion of benomyl to 
MBC. However, in our recent work we found that 
the presence of acid in solution actually stabilized 
benomyl. Protonation of benomyl at the nitrogen of 
benzimidazole ring is believed to be responsible for 
the stabilization of benomyl. This contrasts with the 
findings of many researchers who reported to 
achieve a quantitative conversion of benomyl to 
MBC in acidic solutions with the presence of some 
organic solvents. We suspect that in these methods 
temperature [49], duration of time, and presence of 
organic solvents have caused the conversion of be- 
nomyl to MBC and not the presence of acid. 

It is also to be pointed out that in common or- 
ganic solvents (except in methanol and ethanol) 
quantitative conversion of benomyl to MBC is not 
possible, at room temperature [18]. This is due to 
the reversible nature of the decomposition reaction 
of benomyl to MBC and BIC in organic solvents, as 
mentioned earlier in this review. This contrasted 
with the report made by Zweig and Gao [29], who 
claimed to have achieved quantitative conversion of 
benomyl to MBC in acetonitrile, at room temper- 
ature in three hours. 

The method reported by Stringham and Teubert 
[34] and Teubert and Stringham [35], where beno- 
my1 and MBC are determined as benomyl, is also 
subjected to over-estimation of benomyl. In this 
method wettable powder formulations were ex- 
tracted in acetonitrile that contained 3% BIC. Ex- 
cess amount of BIC was added in the solution to 
stabilize benomyl. However, excess amount of BIC 
in solution will also produce benomyl from MBC, 
which being a natural degradation compound of be- 
nomyl, is always present at variable quantities in 
any kind of benomyl containing samples. 

The over-estimation of benomyl by the method 
of Stringham and Teubert may be explained on the 

(a) (b) 
i 
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Fig. 6. Chromatograms of MBC, benomyl and MBC-EIC (ethyl 
isocyanate). Column: 15 cm X 4.6 mm I.D. Regis ODS, mobile 
phase: acetonitrile-water-buffer (60:30:10). (a) Chromatogram 
of 50% WP sample dissolved in cold acetonitrile, showing MBC 
and benomyl peaks; (b) chromatogram of 50% WP sample dis- 
solved in cold acetonitrile in which 2% (v/v) EIC was added, 
showing the peaks of MBC-EIC and benomyl; and (c) chro- 
matogram of benomyl after 50% WP formulation was dissolved 
in acetonitrile containing 1000 mg/l of BIC showing benomyl 
peak only. 

basis of Fig. 6a and c, which show the chromato- 
grams of a WP formulation, dissolved in cold (1 “C) 
acetonitrile in the absence and presence of excess 
BIC. The presence of chromatographic peaks due 
to MBC and benomyl in Fig. 6a reveals that both of 
these compounds were present in the WP formula- 
tion (as benomyl does not decompose to MBC in 
cold acetonitrile). However, in excess of BIC, only 
one peak due to benomyl was observed (Fig. 6c), 
due to the conversion of MBC to benomyl. The be- 
nomyl peak in Fig. 6c was approximately 20% 
higher than benomyl peak in Fig. 6a. Concentra- 
tions of MBC and intact benomyl in WP formula- 
tion can be accurately determined using a method 
similar to that reported by Chiba and Veres [36] 
(Fig. 6b) or by the STB method [37]. Although 
chromatographic methods, especially HPLC meth- 
ods, are more popular for the determination of be- 
nomyl, the spectrophotometric method reported by 
Chiba [50,51] can also be used for the determination 
of intact concentrations of benomyl and MBC in 
WP formulations. The determination of MBC and 
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intact concentrations of benomyl in crops can be 
carried out by the methods of Baude et al. [22] and 
Chiba [39]. 
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