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Abstract: A derivative spectrophotometric method for the determination of the her-
bicides picloram (4-amino-3,5,6-trichloropicolinic acid) and triclopyr (3,5,6-trichlo-
ro-2-pyridyloxyacetic acid) in mixtures was developed in this work. Derivative spe-
ctrophotometric determination of the selected herbicides was preceded by investiga-
tions concerning the influence of pH, in the pH interval from 1 to 9. At pH 3.2, pi-
cloram and triclopyr solutions are stable under daylight for nine months. This pH was
used for all subsequent determinations. It was also found that the use of the first de-
rivative of the spectra at 232 nm was optimal for the determination of picloram, while
use of the second derivative of the spectra at 211 nm was best suited for the deter-
mination of triclopyr. The calibration curves are linear in the concentration range
0.8 — 13 pg cm™ with correlation coefficients —0.9998 for picloram and 0.9996 for
triclopyr. The limit of detection of the developed method is 0.08 ug cm™ for piclo-
ram and 0.03 pg cm™ for triclopyr. Derivative spectrophotometry was shown to be
an appropriate method for the determination of picloram and triclopyr in mixtures
and in pesticide formulations, unlike the deconvolution method.

Keywords: picloram, triclopyr, mixture, derivative spectrometry, zero-crossing me-
thod, deconvolution.

INTRODUCTION

Picloram (4-amino-3,5,6-trichloropicolinic acid, M; 241.46, Fig. 1a) and triclopyr
(3,5,6-trichloro-2-pyridyloxyacetic acid, M, 256.47, Fig. 1b) are selective syste-
mic herbicides, in the chemical class of pyridine compounds, used worldwide to
control most annual and perennial broad-leaved weeds in lawns, turf, pastures,
rights-of-ways and various crops, such as wheat, barley and oats.! They are used
in the form of salts or esters as active components in different pesticide formula-
tions individually and in mixtures. These formulations, besides the active compo-
nents, generally, also contain one or more inert ingredients, such as liquid hydro-
carbons, ethylene glycol, diethylene glycol monoethyl ether, polyglycol, ethanol etc.2
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Fig. 1. Structures of (a) picloram and (b) triclopyr.

AOAC for determination of picloram and/or triclopyr provides the only offi-
cial method for the determination of picloram and 2,4-D (2,4-dichlorophenoxy-
acetic acid) in mixtures in pesticide formulations, by applying a liquid chromato-
graphic method.3

Spectrophotometric analysis, on the other hand, offers a fast and reliable me-
thod for solving different analytical problems. However, in conventional quanti-
tative spectrophotometric methods based on the measurement of the absorbance
of the analyte at a given wavelength, it is very common, especially in analysis of
complex mixtures, for the analyte to be accompanied by other compounds exhi-
biting interfering signals. In such cases, the derivative method offers a useful
means for improving the resolution of the determination of mixtures, because it
enhances the detectability of minor spectral features.#~7 Namely, derivative spec-
trophotometry is based on use of derivative spectra which are generated from the
zero-order spectra. Separation of overlapped signals and elimination of back-
ground caused by presence of other compounds in a sample can be achieved by
derivatization, enabling the determination of one or more analytes without prior
separation or purification.*~7 Derivative spectrophotometry is an analytical tech-
nique which has proven to be of great use for obtaining qualitative and quantitative
information from spectra composed of unresolved bands by using the first or hi-
gher derivatives of the absorbance with respect to wavelength. It emphasizes subtle
spectral features by enabling the resolution of multi-component elements and re-
ducing the effect of spectral background interferences. This technique offers an al-
ternative approach to the enhancement of sensitivity and specificity in the analysis
of mixtures. The derivative transformation allows discernment against broad band
interferences which arise from turbidity or non-specific matrix absorption.

As already stated, picloram and triclopyr are commercially available in pesti-
cide formulations, either individually or in mixtures, as well as with inert ingre-
dients. For this reason, the objective of this work was to develop a derivative spe-
ctrophotometric method for their determination in mixtures. The developed me-
thod was validated by determination of these herbicides in synthetic mixtures, as
well as in formulations. In addition, the aim of this work was to compare the re-
sults obtained by derivative spectrophotometry to those obtained by using the
deconvolution mode of the software provided with the spectrophotometer.
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EXPERIMENTAL
Chemicals and solutions

Picloram (97.4 %) and triclopyr (99.8 %) were both purchased as analytical standards from
Riedel-de Haén. Boric acid, p.a., was purchased from Kemika, Zagreb, phosphoric acid, 85 %, p.a.,
from Lachema, Neratovice, while sodium hydroxide, p.a., was purchased from ZorkaPharm, Sabac.
All solutions were made using doubly distilled water.

Stock solutions of the investigated herbicides (~250 pg cm™) were prepared for the investig-
ations. Standard solutions for the construction of the calibration curve (0.8—13 pg cm™) were pre-
pared by measuring the required volumes of stock solutions into 10 cm3 volumetric flasks. Then,
2 cm? of Britton—Robinson (BR) buffer pH 3.2 were added and the solutions were made to mark
with doubly distilled water. For investigations of the influence of pH on the absorbance of picloram
and triclopyr, solutions containing 13 pg cm™ of each herbicide and 2 cm3 of BR buffer of the ap-
propriate pH value, in the interval from 1.0 to 9.0, were prepared. In the case of investigation of
stability of solutions of picloram and triclopyr, two series of solutions containing ~25 pig cm™ of
herbicides at pH 3.2 were prepared. One series was left to stand in the light, near a window, while
the other was a control series which was for that reason left in the dark, also at room temperature.
Spectra were recorded periodically during 9 months.

The three investigated synthetic binary mixtures were obtained by measuring appropriate vo-
lumes of stock solutions into 10 cm3 volumetric flasks to make mixtures in which picloram and tri-
clopyr were in the following concentrations: 4 pg cm™ picloram and 12 pg cm triclopyr (mixture 1),
6 ug cm™ picloram and 6 pg cm triclopyr (mixture 2) and 12 pg cm™ picloram and 4 pg cm™ tri-
clopyr (mixture 3). These solutions also contained 2 cm? of pH 3.2 BR buffer.

Furthermore, the developed method was used for the determination of triclopyr in Garlon 3A,
a formulation of this herbicide which, besides triclopyr in form of the triethylamine salt, contained
ethanol, triethylamine and ethylenediaminetetraacetic acid as inert ingredients. The content of the acid
equivalent of triclopyr was 31.8 %. For this purpose, a stock solution of Garlon 3A, in which the
triclopyr concentration was ~250 ug cm™, was prepared. This solution was further diluted to prepa-
re solutions with triclopyr concentrations of ~ 12 pg cm=. These determinations were also carried
out at pH 3.2 by addition of BR buffer.

Unfortunately, a formulation containing a mixture of picloram and triclopyr is not available
for purchase on the Serbian market. For this reason, such a mixture was prepared by adding a solu-
tion of picloram to an appropriate aliquot of Garlon 3A in an amount to obtain a mixture which
contained triclopyr and picloram in the ratio 3:1; the ratio in which these two herbicides are found
in commercially available Grazon®DS. In the said formulation, triclopyr is present as the butoxy-
ethylester and picloram as the hexyloxypropylamine salt.

Analytical procedure

Spectra of all solutions were recorded in the wavelength region from 200 to 325 nm on an An-
thelie version 2 spectrophotometer (Secomam, France), in 1 cm quartz cells with a fixed slit width
(1 nm) at scan rate 1200 nm min"!. Triclopyr was determined either from zero-order spectra at 232 nm
or from the second derivative of the spectra at 211 nm, while picloram was determined from the
first derivative of the spectra at 232 nm. The derivatives of the spectra were smoothed by the adja-
cent averaging method, using 5 data points for smoothing.

In addition to recording the spectra of the investigated compounds, advantage was taken of the
deconvolution mode of the software provided with the spectrophotometer. In this case, calibration was
performed with standard solutions of picloram and triclopyr, each having concentration of 13 pg cm™.
Calibration was followed by recording the spectra of the sample. Subsequently, the concentration of
each herbicide in the mixtures automatically appears on the display of the spectrophotometer.
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RESULTS AND DISCUSSION
Optimization of working conditions

The derivative spectrophotometric determination of the selected herbicides
was preceded by investigations concerning the influence of pH, in the pH interval
from 1 to 9. These investigations were carried out individually for each herbicide
(Fig. 2). The dependence of the absorption spectra with the medium acidity indi-
cates that picloram and triclopyr are involved in acid—base reactions. It was ob-
served that there were no significant changes in the shape of the spectra in the pH
interval from 3.2 to 9.0. All further determinations were carried out at pH 3.2.
Bearing in mind that, according to literature data, the pK, value for picloram is in
the interval 2.2-3.6,8-10 and for triclopyr 2.68-3.89,!! it can be concluded that
dissociation of the carboxyl group occurred at the employed pH value.

(a) (b)

0.0 T T =
200 240 280 320
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Fig. 2. The influence of pH on the appearance of 12.60 ug cm™ picloram (a) and
12.50 ug cm™ triclopyr (b) zero-order derivative spectra.

To additionally optimize the working conditions, investigations were underta-
ken to determine whether the investigated compounds degrade in the presence of
light during the time necessary to perform the analysis. Firstly, since there are lite-
rature data! indicating photodegradation of these herbicides, the spectrum of each
compound was recorded five times in a row, in the wavelength region from 200 to
325 nm, to determine if any degradation occurred during the recording of the spec-
trum. This was found not to be the case, i.e., there were no relevant changes in the
peak shape, position or intensity for both herbicides, indicating that no degradation
occurred during the recording of the spectrum. Secondly, two series of solutions
were prepared with the aim to determine if any degradation of the investigated her-
bicides occurs under normal laboratory conditions, i.e., at room temperature in day-
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light. One series was left to stand in the light, near a window, while the other was
the control series which was, for that reason, left in the dark, also at room tempe-
rature. No significant changes occurred in either series of solutions within nine mo-
nths and it can, therefore, be concluded that the analyses can be carried out under
normal laboratory conditions, without the use of special working conditions.

Determination

After the preliminary investigations, the absorption spectra of triclopyr and
picloram (Fig. 3) were recorded individually and in a mixture in the region bet-
ween 200 and 325 nm. As a result of the similarity of the structures of the inve-
stigated compounds, their absorption spectra partially overlap and the analysis of
their mixtures by direct measurement of the absorbance signals was not possible.
For this reason, the use of first to fourth order derivative spectra for the determi-
nation of each herbicide, as well as their mixtures was tested. One of the frequ-
ently used methods in derivative spectrometry is the “zero-crossing” method,*~7:12-17
which calls for the determination of one component at the wavelength at which
the derivative spectrum of the other passes through zero. This method was used
in the present study. Thus, it was found that the use of the first derivative of the
spectra at 232 nm (Fig. 4a, curve 1) was optimal for the determination of piclo-
ram, while the use of the second derivative of the spectra at 211 nm (Fig. 4b, cur-
ve 2) was best suited for the determination of triclopyr, since at these wavelen-
gths practically no interferences were present. The use of higher order derivatives
of the spectra (third and fourth derivative) did not give satisfactory results due to
the high signal to noise ratio and, for this reason, these derivatives of the spectra
were not employed further.

Fig. 3. Absorption spectra of (1) mixture of 12.60 pg cm™
T ey picloram and 12.50 ug cm™ triclopyr; (2) 12.60 ug cm™

0.0 —
200 240 280

2/ nm 0 picloram; (3) 12.50 pg cm triclopyr. pH 3.2.

Calibration curves were constructed from the first and second derivatives of
the picloram and triclopyr spectra, respectively, at the chosen wavelengths. The
regression coefficients and linearity ranges of the calibration curves, obtained by
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the linear fit of the acquired data using the least squares method, are presented in
Table I. The same table presents the limits of detection (LOD) and quantification
(LOQ), which were calculated for both herbicides from the first and second deri-
vatives of the spectra of 20 blank measurements and the slopes of the corres-
ponding calibration curves. Namely, the LOD was determined as the analyte con-
centration giving a signal equivalent to three times the standard deviation of the
blank signal, while for the LOQ this concentration was taken to be equal to ten
times the standard deviation of the blank signal.

(a) (b)
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Fig. 4. Derivative spectra of (1) 12.60 pg cm™ picloram and (2) 12.50 pg cm triclopyr:
(a) first and (b) second. pH 3.2.

After establishing the optimal working conditions for the determination of the
selected herbicides, the developed method was applied to the analysis of three syn-
thetic binary mixtures of picloram and triclopyr. Bearing in mind that triclopyr ap-
pears in the commercially available formulations in form of the triethanolamine salt
or butoxyethyl ester, and picloram as the hexyloxypropyl amine salt and that they
rapidly dissociate/hydrolyse in water to the triclopyr acid/anion,!8 i.e., picloram ac-
id/anion (in dependence on the pH of solution), and triethanolamine, butoxyetha-
nol, i.e., hexyloxypropyl amine, the use of triclopyr and picloram as the analytical
standards for the preparation of the synthetic binary mixtures was justified. The
composition of these mixtures was chosen to simulate the composition of commer-
cially available formulations. Namely, in commercially available formulations, the
ratios of triclopyr and picloram varies from 2:1 to 3:1. Furthermore, the ratios of
triclopyr and picloram were chosen with the aim of establishing the influence of
the composition of the mixture on the analysis results. The first and second deriva-
tives of the spectra for all three mixtures are presented in Fig. 5 and the results of
these determinations together with the accuracy and precision data are presented in
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Table II. On comparing the results obtained for the investigated mixtures according
to the 7—test, it can be seen that there was no significant difference between the ta-
ken and found concentration of the analyzed compounds at the 0.05 level, except in
the case of picloram in mixture 3, where there was no significant difference at the
0.01 level. It can, thus, be concluded that the applied method can satisfactorily be
employed for the determination of the above said herbicides.

TABLE . Statistical analysis of calibration graphs in the determination of picloram and triclopyr

by derivative spectrophotometry method

Parameter Picloram Triclopyr
Derivative first Zero second
Wavelength, nm 232 232 211
Concentration range, pg cm™ 0.8-13 1.6-13 0.8-13
LOD, pgcm? 0.08 0.04 0.03
LOQ, pgcm? 0.28 0.13 0.11
Regression equation®

Slope (b) —-6.76x1073 5.10x1072 1.27x1073
Standard deviation of slope (Sp) 6.72x107 1.76x10%3 1.95x10°5
Intercept (a) —8.40%x10™* 1.52x102 3.69x10
Standard deviation of intercept (S,) 5.01x10™ 1.38x102 1.53x104
Standard error of estimations (S,) 5.84x10 1.61x102 1.79x10*
Correlation coefficient (7) —0.9998 0.9991 0.9996

3Y = a+bc, where ¢ is concentration in pg cm™ and Y is 4 (zero derivative), d4/dA (first derivative) and d*4/d2?
(second derivative). The linearity for picloram and triclopyr determined by a six-point calibration.
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Fig. 5. Derivative spectra for mixtures of picloram and triclopyr: first derivative (a) and second deri-
vative (b). pH 3.2. Mixture 1-4 ug cm picloram and 12 pg cm3triclopyr; mixture 2-6 pg cm™
picloram and 6 pg cm™ triclopyr; mixture 3-12 pg cm™ picloram and 4 pg cm™ triclopyr.
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TABLE II. Results of the determination of picloram and triclopyr content in synthetic mixtures (n = 6)

Found concentration Recovery RSD a
Mixture g cm % % t-Test
Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr
1 422 12.28 99.8 100.4 2.51 1.68 0.16 0.52
2 6.38 6.40 100.2 100.4 1.65 0.78 0.33 1.17
3 11.98 430 99.3 100.4 0.59 0.69 3.07 1.35

0.05:5 = 2.57; t 01,5 = 4.03.

The same synthetic mixtures were then analyzed by applying the deconvo-
lution mode of the spectrophotometer (Table III). It can be concluded from the
results of the #—test, that when the picloram content was determined, in all cases,
there was a significant difference at the 0.01 level, while the accuracy was better
in the case of the determination of triclopyr, i.e., for the mixture 1 and 3, there
was no significant difference at the 0.05 level and for mixture 2, there was no
significant difference at the 0.01 level. Therefore, the deconvolution mode of
analysis is not entirely applicable to the analysis of the investigated mixtures, i.e.,
better results are obtained using the developed method.

TABLE III. Results of the determination of picloram and triclopyr content in synthetic mixtures
(deconvolution mode of the spectrophotometer) (r = 6)

Found concentration Recovery RSD a
; 3 0 o +—Test
Mixture Hg cm % %
Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr
1 4.42 12.18 104.6 99.5 1.62 1.20 6.68 1.04
2 6.25 6.56 98.1 102.9 1.16 227 4.14 3.06
3 11.78 4.35 97.6 101.5 0.89 2.36 6.66 1.51

0.05,5 = 2.57; 1y 01,5 = 4.03.

The developed method was applied for the determination of triclopyr in Gar-
lon 3A. In this case, the suitability of the zero-order spectra, second derivative
spectra and the deconvolution mode were investigated. Namely, since Garlon 3A
contains only triclopyr, the possibility of using zero-order spectra for determina-
tion of its content was investigated. Statistical analysis of the calibration graph
for the determination of triclopyr by the zero-order spectrophotometric method is
given in Table I. Since the employed spectrophotometer can also operate in the
deconvolution mode, the results obtained by this method were compared to those
obtained from the zero-order and second derivative spectra. The results of these
determinations are presented in Table IV. From the relative standard deviation
(RSD) values, as well as from the results of the #-test, it can be concluded that
zero-order and second derivative spectra can be satisfactorily used for determi-
nation of triclopyr in Garlon 3A. However, the deconvolution mode is not at all
appropriate for the determination of triclopyr in the pesticide formulation.
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TABLE IV. Results of the determination of triclopyr content in Garlon 3A (n = 6)

Mode of determination Found® Rec;) very RSD t~Testb
g % %

Zero-order 31.62 99.42 1.16 1.22

Derivative 31.80 99.99 0.48 0.04

Deconvolution 37.85 119.04 0.62 63.4

*Nominal value for pesticide formulation is 31.8 g per 100 g. bt0‘05;5 =2.57; 1y 01,5 = 4.03.

Furthermore, the developed method was used for the determination of piclo-
ram and triclopyr in a mixture made by the addition of picloram to the solution of
Garlon 3A. The results of these determinations are presented in Table V. As can be
seen, the recoveries obtained from derivative spectra were somewhat higher than
100 % for both determined herbicides. Nevertheless, there was no significant dif-
ference between the taken and found concentration at the 0.05 level for picloram,
and no significant difference at the 0.01 level for triclopyr. However, in case of
the deconvolution method, the results are significantly higher in both cases. It can
be concluded that this method is not at all appropriate for the determination of
picloram and triclopyr in this type of mixture.

TABLE V. Results of the determination of picloram and triclopyr content in a mixture of Garlon 3A
and picloram (n = 6)

Found concentration Recovery RSD
Mode of 3 o o

determination — HE cm. - - - - - -
Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr

Derivative 4.14 12.54 101.0 101.3 2.17 0.80 0.33 3.92
Deconvolution ~ 5.48 15.91 133.6 128.5 1.85 0.95 333 50.8
at0.0S;S =2.57; 45,015 =4.03.

tTest?

CONCLUSIONS

A derivative spectrophotometric method using the zero-crossing method was
developed for the determination of the herbicides picloram and triclopyr in mix-
tures at pH 3.2. For the determination of picloram, the first derivative was used
by measuring the signal at 232 nm, while the second derivative was used for the
determination of triclopyr by measuring the signal at 211 nm. The developed me-
thod was successfully used to determine picloram and triclopyr in synthetic mix-
tures, as well as in a triclopyr formulation Garlon 3A and Garlon 3A spiked with
picloram, which indicates the possibility of application of the method not only for
these mixtures and pesticide formulations, but for many others as well.
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N3BOJ

JEPUBATHBHO CIIEKTPO©OTOMETPUICKO OAPEBMBAKE XEPBULIMIA
IMMKJIOPAMA U TPUKIJIOIIMPA Y CMEIIN

BUJbAHA ®. ABPAMOBUR!, BECHA B. AHJEPJIYX !, FERENC F. GAAL'2 u JAHUEJIA B. LIOJUR!

TMpupoono—maitiemaitiuuxu gaxyaiieis, eaapiaman 3a xemujy, Tpz JI. O6padosuha 3, 21000 Hosu Cad u
2Bojeobancka axademuja nayka u ymeitinocitiu, Jynascka 37, 21000 Hosu Cad

[Muknopam (4-amuHO-3,5,6-TPUXIOPIUPUIIH-2-KapOOKCHIIHA KUCEIHA) 1 TpuKionup (3,5,6-Tpu-
XJIOp-2-NUPUAMIOKCHCHPHETHA KHCEIIMHA) CY CENIEeKTHBHU CUCTEMHYHM XepOUIMAN, KOJH Ce Y 3alll-
THTH OWJba NIPUMEIbYjY 33 YHUIITABAE jeJHOTOMIIGUX M BUIICTOANIIBUX IHPOKOJIMCHUX KOPO-
Ba. Kako ce Ha TpxuIITY y nectTunuaHuM (opMysanujama Mory HahM MojelMHauyHo ¥ Y CMELIH, Y
OBOM paJiy je pa3BHjeHa JepUBaTHBHA CIIEKTPO(GOTOMETPH]CKa METOIA 38 IbUXOBO CEJIEKTHBHO OJIpe-
huame y cmemm. YV by ontuMusanuje oxpehuBama onabpannx xepOHIIa, HajIIpe je NCIHTaH
ytunaj pH Ha wW3riex BUXOBHX CHEKTapa, y uMHTepBany ox 1 no 9 pH jemunmma. ITpu pH 3,2
pacTBOpU MUKJIOpaMa M TPHUKIONHMpA Cy CTaOWIIHM Ha JHEBHOj cBeTiocTd 9 mecenu. CBa Jajba
onpehuBama cy Bpurena npu pH 3,2. Haleno je na je 3a ogpehuBame mukiopama ONTHMAIHO KO-
PHUCTHTH TPBY U3BOJ CIIEKTPa, MEPeHeM CHrHana Ha 232 nm, JOK je 3a oapehuBame TpUKIONUpa
ONTHMaJIHA IIPUMEHA JIPYTor W3BOJA CIEKTpa, MepemeM curHaina Ha 211 nm. Jlmneapan omcer Me-
pema je ox 0,8 no 13 pgem™ 3a 06a xepbuiuaa ca xoeuiujenToM kopenanuje ox —0,9998 3a
muknopam 1 0,9996 3a Tpuknomup. I'panuna aerexumje paspaljennux mocrymaka je 0,08 pgcm™ 3a
nuknopam u 0,03 pg cm 3a Tpukionup. JepuBaTHBHA CIeKTPOYOTOMETPHjCKA METO/IA Ce MOKa3a-
J1a HOTOHOM 32 ojpehuBame NUKIopaMa U TPUKJIONHPA Y CMEIIH Uy GopMyianujama necTHLHA,
3a Pa3IUKy O]l JEKOHBOIYLIHOHE METOJIE.

(ITpumubeno 14. jyma 2006, pesuaupano 13. mapra 2007)
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