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A b s t r a c t :  Thiram, a di th iocarbamate fungicide, i s  
electrochemically active on glassy carbon electrodes in an 
aqueous medium. An amperometric method developed under 
optimized conditions produces smooth and reproducible 
responses, yielding linear calibration curves with a minimum 
detection limit of 1 . 0 ~ 1 0 . ~  M, based on the signal-to-noise ratio 
(SIN) of 3. Application of th is  methodology for t h e  
determination of Thiram in water leachates, collected a t  
various time intervals from a laboratory prepared soil bed, 
results in reliable results. Additionally, the amount of Thiram 
in an agricultural bean seed sample is well quantified using 
this methodology, thus demonstrating the applicability of the 
proposed amperometric method in real sample analysis. NMR 
and UV-visible spectroscopic methods confirm the presence 
of Thiram in the seed sample. 

K e y  Words :  amperometry,  cyclic vol tammetry,  

dithiocarbamate fungicide. 

INTRODUCTION 

Modern agriculture depends largely on pesticides 
for crop protection. Nevertheless, pesticides have 
caused severe problems on both the physical 
environment and on the  biosphere. 
Bioaccumulation, carcinogenity and mutagenic 
effects, which a re  usually associated with 
pesticides, have caused threatening problems on 
living forms.'v2 As pesticides show hazardous 
effects even a t  very low concentrations, 
continuous monitoring of the levels of pesticides 
and their residues in the environment is of great 
importance. 

Thiram is a broad-spectrum 
dithiocarbamate fungicide with a non-systemic 
a ~ t i o n . ~  It  is used against a large number of fungal 
pathogensj4 and as a seed and soil treatment 
agent.5s6 Consequently, there is a possibility of 

. pollution of soil and water in agricultural areas, 
where Thiram is used. It is also reported that some 
fruits and vegetables contain appreciable amounts 
of Thiram and other d i th io~arbamates .~ ,~  As 
Thiram is fairly persistent in soil, it would give 
rise to long-term pollution problems. 

Chemical conversion to dimethylamine, 
followed by titration with a standard hydrochloric 
acid solution is the accepted classical method for 
the  determination of Thiram.g In 
spectrophotometric determination of Thiram, the 
sample is refluxed with a dilute mineral acid, and 
the carbon disulphide evolved is reacted to form 
the  yellow cupric sa l t  of N-N7bis(2- 
hydroxyethy1)dithiocarbamic acid, which is 
monitored co l~r imet r i ca l l y .~~  The amount of 
carbon disulfide released during this degradation 
can also be quantified by gas chromatography." 
Among recent developments for the detection of 
Thiram; reversed-phase liquid chromatography 
with UV, mass spectrometric, amperometric or 
coulometric detection;'"13 ultrasonic assisted, 
mechanical extraction, followed by flow injection 
FTIR determination;14 capillary electrophoresis by 
direct UV absorbance detection at  254 nm;15 and 
enzyme immunoassay technology;16 have been 
reported. 

There are many drawbacks associated 
with the methods reported above. Although they 
are reliable and sensitive, economic factors and 
environmental nonfriendliness are of great 
concern. Furthermore, analyses that involve an 
additional chemical step, such as degradation, are 
cumbersome. Therefore, a search for an  
alternative analytical methodology that addresses 
the key issues stated above, for the detection of 
pesticides would be highly attractive. 
Electroanalytical methods offer many desirable 
features, and hence they have become a logical 
alternative in this regard. Although the use of 
such methods in the field of pesticide analysis is 
still in the early stages, there is a growing interest 
to develop electroanalytical methods owing to 
their adherent properties. 17-l9 

In recent years, determination of Thiram 
by voltammetric methods, including polarography 
has been successfully accomplished in nonaqueous 
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media within a linear range of detection down to 
1 ~ 1 0 - ~  M.17 The limit of detection has been 
improved by an  order of magnitude with 
metallophthalocyanine catalytic electrodes18 or 
mic roe le~ t rodes .~~ However, uses of aqueous 
medium, interferent problems and further 
decrease in lower detection limits have not been 
fully addressed according to these reports. 

The study reported here deals with the 
determination of Thiram in aqueous medium 
using amperometric methods. Use of aqueous 
medium would be highly desirable to design 
environmentally friendly and economical 
detection methods. Further, decrease in the limit 
of detection and interferent problems are  
successfully addressed by careful optimization of 
experimental conditions. Consequently, the 
proposed method is  applied for accurate 
determination of Thiram in real samples. 

METHODS AND MATERIALS 

Materials: A commercial sample of Thiram 
[(H,C)2NCSSCN(CH3)2] (80% wlw) was provided 
by Haychem (Ceylon) Ltd., Sri Lanka, which was 
used throughout the study without any 
purification. All the electrolytes, KH2P0,, KC1, 
LiC1, NaC1, CdC1, Na2S0,, Na2C03, Na,B,O, and 
NaOH, were analytical grade, purchased from 
Aldrich Chemical Company, USA. All the  
electrolyte solutions and Thiram solutions were 
freshly prepared in distilled deionized water. The 
strength of all buffers was 0.1 M. 

Instrumentation: A CV-1B cyclic voltammograph 
and an X-Y recorder, both from Bioanalytical 
Systems, USA, were used for all cyclic 
voltammetric and amperometric experiments. The 
three-electrode cell consisted of a glassy carbon 
(GC) working electrode, a platinum counter 
electrode and a saturated calomel reference 
electrode (SCE). A 50-cm3 Pyrex glass beaker 
served as the electrochemical cell. All potentials 
were reported with respect to SCE a t  room 
temperature, and all experiments were conducted 
under N, saturated conditions. 

NMR spectra were obtained using a 
Varian Mercury 300 MHz spectrometer, equipped 
with a 5.0 mm (5.0~10-~m) proton optimized probe. 
UV-Visible spectra were obtained using a 
Shimadzu 160 UV Visible recording 
spectrophotometer. 

Cyclic Voltammetric Experiments: The initial 
cyclic voltammetric studies were carried out in 
aqueous solutions of 0.1 M NaC1, KC1 or Na,SO, 
in order to check the electroactivity of Thiram. 
The variation of peak potential with solution pH 
was studied in buffered systems of pH 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10 and 11. 

Amperometric Experiments:  More sensitive 
amperometric experiments were carried out at 
different potentials, which were determined from 
cyclic voltammetric studies, and at different pHs. 
These responses were then investigated to 
determine the optimized conditions for the 
detection of Thiram. 

Validation of the Method: Under the optimized 
conditions, several amperometric experiments 
were conducted using various known stock 
solutions in which concentration of Thiram varied 
from 5 ~ 1 0 - ~  M to 25x10-I M. The proportionality 
of amperometric current response to bulk 
concentration was then investigated. 

Study of Interferences: Inorganic cations and 
anions, which are commonly found in natural 
waters, such as Br-, C1-, Co2+, Cu2+, Fe3+, HCO;, I- 
, Mn2+, NO;, NO,-, PO:-, SO:-, S2- and Zn2+, were 
selected as inorganic interferents, while Benomyl 
(a fungicide), Captan (a fungicide), cystine, 
methylamine and phenol were tested as organic 
interferents. Amperometric studies were carried 
out for the standard solutions of interferents and 
Thiram a t  the same concentration. Three 
electrolyte media, 0.1 M KC1 solution, buffer of 
pH 10 and buffer of pH 1, were used in this 
investigation. The ratio of the amperometric 
response of each interferent to that of Thiram was 
then determined. 

Applications: A soil bed was prepared with a 
surface area of 0.184 m2 and 10 cm (O.lm) in depth 
in the laboratory. The soil in the bed was 
conditioned by regular addition of water. Then, 
the recommended dose for that size of area, 1.61 g 
of Thiram mixed with 1.8 dm3 of water, was applied 
to the bed. The water leached out from the soil 
was collected at  time intervals of 6 , 12 , 24 , 36 , 
48 ,72 and 96 hours and tested arnperometrically. 

For the second type of application, an  
agricultural bean seed sample, suspected to be 
deliberately mixed with Thiram for preservation, 
was purchased from the local market. 500 g of 
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seeds were washed several times with chloroform 
to dissolve any Thiram that had been mixed with 
the sample. The solvent was removed using a 
rotary vacuum evaporator. The dry residue 
obtained had a weight of 0.412 g. 0.109 g of it was 
dissolved in the pH 10 borate buffer, and tested 
amperometrically. The mass of Thiram present 
in bean seeds, in gtkg, was then determined. 

Spectroscopic Evidence for the Presence of Thiram 
in the Bean Seed Sample: The presence of Thiram 
in bean seeds was qualitatively tested with 300 
MHz NMR spectra, taken separately for the 
commercial Thiram sample and for the residue 
obtained from the bean seeds extract. Similarly, 
both the standard solution of Thiram and the 
extract of the bean seeds sample, prepared in 
aqueous medium at pH 10, were investigated with 
UV absorption measurements. 

RESULTS AND DISCUSSION 

Cyclic voltammetric experiments: According 
to cyclic voltammetric experiments of Thiram, 
conducted in 0.1 M KC1 electrolyte a t  GC 
electrodes, it was found to be electroactive within 
the working potential range of the electrode 
(Figure 1). Among the major electrochemical 
peaks; two oxidations were at  +0.75 V (A) and 
+0.21 V (B), and two reductions at  +0.26 V (C) 
and -0.47 V (D). The most efficient oxidation was 
found to be associated with the peak centered at 
+0.75 V. Consequently, this potential was selected 
for investigation of the possibility of using GC 
electrodes in the quantitative analysis of Thiram. 
Although the potentials of the other three peaks 
were closer to 0 V, they appeared as weak 
responses. Therefore, the results would involve 
high uncertainties at  low concentrations if such 
peaks were used in quantitative analysis. 

The current of the peak at + 0.75 V was 
found to be concentration dependent between 
9.1~10-~ M and 3 . 8 ~ 1 0 . ~  M Thiram (Figure 2), 
demonstrating the analytical uti l ity of GC 
electrodes for Thiram. Additionally, the oxidation 
potential shows a gradual decrease with the 
increase in pH (Figure 3). Higher pHs would 
therefore be appropriate for the detection of 
Thiram, and many interfering reactions can also 
be minimized if Thiram is detected a t  lower 
potentials. However, no significant voltammetric 
features are apparent when the solution pH is 

increased beyond 10, which is probably due to the 
decomposition of Thiram in basic medium.20 It is 
therefore suggested that a pH of 10 be the best 
compromise for the detection of Thiram. 

I I I I I I I I I  
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h l~n l lmlN n. SCE 

Figure 1: Cyclic voltammogram of Thiram 
in 0.1 M KC1 at a scan rate of 50 
mV s-I under N, saturated. (a) 
supporting electrolyte only (b) 
1.0~10-~ M Thiram. 

Amperometric experiments: The 
amperometric studies of Thiram were initially 
performed in simple unbuffered systems, such as 
KCl. However, such conditions were 
unsatisfactory due to high noise, throughout the 
concentration range investigated from 2 .0~10-~M 
to 1 . 4 ~ 1 0 - ~  M. This noise situation can be 
improved, especially a t  low concentrations; in 
phosphate, phthalate or borate buffered systems. 

- 
1.00 0.80 0.60 0.40 0.20 0.00 

PotentialN vs. SCE 

Figure 2: Effect of the concentration of 
Thiram on the main oxidation 
peak in 0.1 M KC1 at a scan rate 
of 50 mV s1 under N, saturated. 
The concentration of Thiram 
associated with the lowest and 
the highest peak currents are 
9 .1~10-~  M and 3 .8~10 .~  M. 
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As the oxidation potential of Thiram varied with The amperograms obtained in highly 
pH, amperometric experiments were conducted acidic (pH = 1, 3) and highly basic (pH = 11) 
at different pHs in the range of 1 to 11, a t  their conditions are too noisy, and do not produce any 
respective peak potentials, in an attempt to useful information. Although amperograms at pH 
optimize the solution pH for Thiram detection 5 and 7 are associated with less noise, their 
(Figure 4). sensitivity is low. Thus, by careful investigation 

pH of medium 

Figure 3: Effect of pH on the oxidation 
nwh?zfjjdA 4 ThiA~z-m. (,I ILxl1Q4 WJ, , 
as determined from cyclic 
voltammetric measurements at a 
scan rate of 50 mV s-I under N, 
saturated. 

Figure 4: Nature of amperograms a t  
different pHs at their respective 
peak potentials. (a) pH 1 (HCY 
KCl), +0.71V (b) pH 3 (phthalate), 
t0.65 V, (c) pH 5 (phthalate), +0.62 
V, (dl pH 7 (phosphate), +0.56V, (e) 
pH 9 (borate), +0.52V, (f) pH10 
(borate), +0.50V, (g) pH 11 
( c a r b o n a t e ) , + 0 . 4 7 V .  
Concentration increments were 
0.1 jiM in each case. 

of the features of the amperograms in Figure 4, it 
is concluded that the pH of 10, beyond which the 
analyte is unstable, is the best pH for 
amperometry. This observation is also supported 
by cyclic voltammetric findings where the 
oxidation potential is found to be lower at  higher 
pHs. At pH of 10, the potential of operation can 
be made as low as + 0.50 V for amperometric 
detection. Further buffers of pH 10 prepared with 
borates and bicarbonates resulted in similar 
amperograms, indicating that amperometric 
response may not be dependent on the 
composition of the buffer. 

The calibration curves obtained under 
optimized conditions (pH = 10, +0.50 V) produce 
a-linear dynamic EW* fkmL 2 %~1!%~ KfUz 

M (Figure 5). According to the calibration curve, 
the sensitivity of detection (i.e., the slope of the 
graph) was determined to be 3.3x1O5 yA M-l. The 
minimum detection limit for Thiram, based on the 
signal-to-noise (S/N) ratio of 3, was estimated to 
be 1 . 0 ~ 1 0 - ~  M (2.4 yg dm-3) indicating that the 
amperometric method developed has the ability 
to detect Thiram at such low levels, which is a 
significant achievement. Additionally, 
amperometric responses obtained for solutions of 
known concentration resulted in an accuracy of 
90%, based on the calibration curve in Figure 5, 

0 3 6 8 12 

Concentrallon x IVlrnol dm' 

Figure 5: Amperometric calibration curve 
for the detection of Thiram, in pH 
10 borate buffer (0.1 M) at + 0.50 
V under N, saturated 
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Table 1: Normalized amperometric responses of interfering species, as a percentage, at 
selected concentrations in 0.1 M KCl. Applied potential is +0.75 V. 

i 

Concentration of species 

Interfering Species 

Iodide ion (I-) 25 33 40 
Manganese (Mn2+) 25 29 29 
Nitrite (NO;) 25 2 1 26 
Phenol 25 25 26 
Sulfide (S2-) 25 2 1 26 

confirming the  validity of the proposed 
amperometric detection method for Thiram with 
high accuracy. 

Interferences: Among many species that are 
suspected to interfere with the electrochemistry 
of Thiram, as stated in the experimental section, 
only a few species (e.g., Mn2+, NO;, S2-, I- and 
phenol) resulted in considerable amperometric 
currents in the KC1 medium. The normalized 
amperometric responses (rat io of the  
amperometric currents of the interferent and that 
of the analyte, Thiram) for each interferent a t  
selected concentrations, and at  +0.75 V are shown 
in Table 1. It should be noted that the species not 
included in the table did not show any detectable 
response under the conditions employed for the 
detection of Thiram. As the electrochemistry of 
substances depends highly on the nature of the 
electrolyte medium, levels of interference was also 
investigated in acidic and basic media, in order to 
find a medium that shows the least interference. 

Although only two species, S2- and I-, interfered 
with Thiram in acidic medium (pH = I), their 
responses were very high when compared to that 
of Thiram, resulting in normalized currents of 
100% and 118.5%, respectively. Most importantly, 
no detectable interference was observed with any 
inorganic species investigated, when the solution 
pH was maintained at  10, which was found to be 
the best pH according to cyclic voltammetric and 
amperometric investigation. Thus, the medium of 
pH 10 for the detection of Thiram with high 
accuracy is further established. 

This interference study demonstrates the 
applicability of electrochemical techniques in a 
real  situation, where interference can be 
minimized, and hence selectivity can be greatly 
enhanced when experimental conditions are 
properly optimized. Hence, the need for an 
additional separation step, as in chromatographic 
detection, would not be crucial for a reliable result. 

Table 2: Concentration of Thiram in water leached through soil at different time intervals. 

Timelh Concentration of Relative error Confidence limits 
Thiram x 106/M (96) (95%) 
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Demonstration of the applicability of the 
method for real sample analysis 

(A) Thiram in soil: The levels of Thiram present 
in the effluent water leached out from the 
laboratory prepared soil bed can be determined 
with adequate accuracy using the amperometric 
calibration curve shown in Figure 5 .  Table 2 shows 
the average concentrations of 20 replicate 
measurements of Thiram in lechates, determined 
after rejection of outlying results according to the 
Q-test at 95% confidence level, at regular time 
intervals throughout a time period of 96 h. The 
s tandard deviation associated with each 
measurement and the confidence limits a t  95% 
confidence level are also listed in the Table. Low 
values of relative error (6.4 % to 9.2 %) are 
indicative of the  precision of the method 
developed. The concentration of Thiram in the 
leachate was determined to be 2.50~10.~ M, six h 
after the application of a 2 .90~10-~  M solution on 
soil. A decreasing pattern of Thiram concentration 
continued, as expected. The loss of concentration 
may be partly due to the degradation and 
adsorption of Thiram in soil. 

(B) Thiram in seed sample: Amperometric 
analysis of the washings of bean seed samples, 
conducted in  tr ipl icate, under optimized 
conditions (pH = 10, +0.50 V), also resulted in 
reproducible current measurements. The average 
concentration of Thiram present in the seed 
sample was determined to be 0.47 + 0.08 gkg, 
based on the amperometric calibration curve. The 
recommended dose of Thiram for bean seeds 
treatment is 1 g / l~g .~ l  The result obtained is 

Figure 6: NMR spectra of (a) Commercial 
sample of Thiram (b) Residue of 
bean seed washings. 

somewhat less than expected. The seed sample 
may not have been exposed to the recommended 
dose, or alternatively, a fraction of Thiram may 
have been decomposed during a prolonged storage 
time. \ 

Spectroscopic analysis: The presence of Thiram 
in the bean seed sample was independently 
confirmed by proton NMR and UV absorption 
spectroscopic methods. The 300 MHz NMR 
spectra, taken for a sample of commercial Thiram 
and for the dried residue of the bean seed extract 
residue, in CdCl,, show an intense peak at  a 
chemical shift 6f 3.6 ppm due to methyl protons 
bound to nitrogen, suggesting that the bean seed 
sample contains Thiram (Figure 6). Other minor 
peaks could be due to possible additives in both 
types of samples. 

Figure 7: W spectra.of a 5 . 0 ~ 1 0 - ~ M  Thiram 
standard solution (+ )  and the 
residue of bean seed washings (m  ). 

~ d d i t i o n a l l ~ ,  the UV-Visible spectra 
obtained for 5 . 0 ~ 1 0 - ~  hi Thiram solution, prepared 
in pH 10 borate buffer, and for a solution prepared 
using the extract of the bean seed sample in the 
same medium showed an absorption maximum 
at a wavelength of about 290 nm (Figure 7). These 
observations confirm the presence of Thiram in 
the bean seed sample. 

Based on these findings, i t  can be 
concluded tha t  the amperometric method 
developed is simple and sensitive. It can be used 
as a low-cost routine analytical tool for the 
analysis of environmental samples that  a re  
suspected to be polluted by Thiram. This 
amperometric method would have the potential 
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to replace the traditional detection methods for 
Thiram. 
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