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The electrochemical behaviour (DC and DP polarography) of the methylthio-bis(alkyl-
amino) s-triazine herbicides prometryne, desmetryne and terbutryne on mercury electrodes has
been studied in the acidity range 2.25 M H,SO4 to pH 6.5. Two two-electron irreversible re-
duction processes were found, complicated with adsorption. At pH values higher than the
protonation pK of the triazine ring (ca. 4), this protonation reaction preceded the reduction pro-
cesses. Reduction mechanisms are proposed for pH < pK and pH > pK. The products obtained
in the electroreduction of dilute solutions of the above herbicides show a lower toxicological
effect than that of the original compounds (lower aromatic character and cleavage of the
—SCHj group). Thus, electrochemical deactivation at pH < 3.5 and at potentials around —1.10
V (vs. the Ag/AgCI/KClg, electrode) can be a valid method to deactivate these molecules.
Finally, the reductive route can be an alternative environmental degradative process in waters
under strong reductive conditions, with pH values equal or lower than 3.5 pH-units, and rich in
carbonaceous materials on clays. In these ambients oxidative photolytic detoxification of her-
bicides cannot occur.

Keywords: DC and DP polarography, prometryne, desmetryne, terbutryne, triazine herbi-
cides.

INTRODUCTION

The 2-methylthio-4,6-bis(alkylamino)-1,3,5-triazines, prometryne, desmetryne and
terbutryne (widely used in agriculture from the 1950’s) are white crystalline solids, slightly
soluble in water, having pK values of the N5 ring nitrogen of around 4 in aqueous solution.
This implies that above pH 4 the unprotonated forms of the compounds predominate in so-
lution. Scheme 1 shows the structures of the three studied substances.

The s-triazines are chemicals with persistence in soils and hydric sediments, showing
half-lifes of the order of months, due to their low solubilities in water, and to their strong
sorption on carbonous materials and clays.! This can be the origin of important environ-
mental and toxicological problems because these compounds can be bioaccumulated

*  Corresponding author: E-mail: rmargal@emacsa.es

381



382 MARIN GALVIN ef al.

?—CH:, ?-—CH3 ?—CH3
o c c

NZ N N N NZ N
| I | | | | o
HsC ¢ C. s C c CHy .C c e
ScH-N X NH-HC He—NH N~ \NH-HC: HaC~CHy-NH] N SNH—CZCH,
HsC CHs CH, CHs

Prometryne Desmetryne Terbutryne

Scheme 1.

along the trophic chain, especially in fruits and oils, and finally, in humans. Triazines are,
generally, selective pre- and post-emergence herbicides without hormonal activity and
which allow seed germination. Their herbicidal action comes from a reduction in the yield
of photosynthesis in herbicide-affected plants.2 Furthermore, triazines are degraded by ox-
idative photolysis and microbial action in soils.3

Chlorinated triazine herbicides are usual pollutants, being detected in appreciable concentra-
tions in waters.*~7 Thus, concentrations ranging from more than 1 ug/l of atrazine, diethylatrazine
and deisopropylatrazine, up to levels lower than 0.05 pg/l of propazine, prometryne and other
alkyl derivatives can be detected in the river waters of the USA and Europe.

The laboratory degradation of such herbicides by ozonization,8 UV degradation cata-
lyzed by TiO,® and chemical oxidation,!%.11 has been studied. These studies showed that
OH: radicals were essential in the alkylation of the triazinic ring. The degradation of these
chemicals in the environment is mainly photochemical yielding alkyl derivatives probably
via the formation of hydroxyatrazines.!2

Some studies reported the use of different electrochemical techniques for the determina-
tion of such herbicides!320 and the reductive cleavage of the Cl atom or the ~SCH3 group was
proposed. Skopalova and Kotoucek?! found that only the protonated form of the herbicide was
reduced in two consecutive two-electron reactions: the reduction of the triazine ring yielding an
unstable intermediate, which loses a HCl molecule, and reduction of the ring in the 34 or 4-5
position. This mechanism was also essentially proposed by Pospisil e al?? for the electro-
reduction of atrazine and terbutylazine on mercury electrodes. At pH > pK these authors con-
cluded that both compounds were adsorbed on the electrode surface.23 Recently, Skopalova et
al?* examined the electroreduction of prometryne and related methylthio-s-triazine herbicides
finding that 4,6-bis(isopropylamino)-1,3,5-triazine is formed as an intermediate of the reduc-
tion, the end product being the protonated dihydro-4,6-bis(isopropylamino)-1,3,5-triazine. The
electrochemical reduction of hexazinone (3-cyclohexyl-6-(dimethylamino)-1-methyl-1,3,5-tri-
azine-2,4(1H, 3H-dione)) was examined?> and the reductive cleavage of dimethylamine fol-
lowed by the two-electron reduction of the de-aminated compound was proposed.

In all the cases, the products of the electrochemical reduction of triazines had a lower
toxicological action than the original compounds, because of the known fact that hetero-
aromatics have more marked carcinogenic, teratogenic and toxicological properties than
those of the equivalent non-aromatic compounds; in addition, the loss of the chlorine atom
implies a lower toxicity compared to the chlorinated molecules.3-20
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In previous works carried out in our laboratory, the electrochemical reductions of simazine
and propazine on mercury electrodes were studied,327-28 finding that the above proposed reac-
tion scheme is essentially followed. The processes involve the uptake of four electrons and one
(pH < 1.7) or two (pH > 1.7) H" ions per herbicide molecule yielding non-aromatic and
non-chlorinated final products. Linear-sweep voltammetry showed that both the protonated and
unprotonated forms of simazine are highly adsorbed on the electrode.328

According to the above, the reductive mechanism could constitute a possible redu-
ctive degradation route on the laboratory and the industrial scale, as well as in a few spe-
cific natural aquatic environments where the mechanism of oxidative photolytic detoxifi-
cation does not act, as for example: (a) waters under strong reductive conditions associated
to very poor or the absence of oxygenation, i.e., deep underground anaerobic waters, and
deep waters of lakes and oceans rich in suspended matter; (b) very acidic waters with pH <
4.0, i.e., those of the volcanic lakes of Japan, and some undergound acidic waters with very
low capacity of renovation (non-amountable flows).3

Finally, the electrochemical detoxification of simazine- and/or propazine-polluted
waters could be carried out by adjusting the pH of the medium to a value lower than 4 on
both the laboratory-scale and the industrial-scale and operating at potential values around
—1.00V (referred to the Ag/AgCI/KClgy electrode). Also, the presence of suspended mate-
rials (organic and/or inorganic, natural or induced) should favour this reduction because of
the high adsorption capacity of the herbicides on these substrates.

The reduction of the methylthio derivatives was assumed to follow the same mechanism
as those corresponding to the chloro derivatives.!8-24 However, some experimental results
have led to the thought that there are differences in the electrochemical behaviour that cannot be
explained by that reaction pathway. Following the line of investigation developed in our labora-
tory and related with the electrochemical study of the deactivation of substances of interest as
environmental pollutants, such as pyrithione?%30 simazine3 and propazine,3 the aim of this
work was to contribute to the elucidation of the electrochemical reduction mechanism of the
2-methylthio4,6-bis(alkylamino)-1,3,5-triazines, prometryne, desmetryne and terbutryne on
mercury electrodes, as well as the possible environmental implication of the above. The electro-
chemical reductive pathway, similar to the cases of simazine and propazine, could be a possible
reductive degradation route of these derivative-triazines on both the laboratory and industrial
scale, at the same time to be operative in a few specific natural aquatic environments where the
mechanism of oxidative photolytic detoxification does not occur.

EXPERIMENTAL

All the reagents used were of Merck analytical grade with the exception of the three herbicides, which
were from Polyscience (HPLC standard quality). They were used without further purification. The working
concentrations of herbicides in both DP and DC polarography were usually 1.00x10~4 M, 2.00x10~4 M and
1.00x10* M for prometryne, desmetryne and terbutryne, respectively. The concentration was evidently
changed in those experiments in which the influence of this variable was studied.

Solution of sulfuric acid, for pH < 1.2, and 0.1 M in both acetic and phosphoric acids for 2 <pH <7,
were used as the supporting electrolytes. Stock solutions of prometryne, and terbutryne were prepared in pure
ethanol and stored in the dark at 277.0 + 0.1 K to avoid decomposition. The measurements were performed in
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media containing 1-2 % ethanol. The ionic strength was adjusted to 0.3 M with solid NaCl and the pH was
adjusted with solid NaOH. All solutions were purged with purified nitrogen before the polarography mea-
surements and the temperature was kept at 298.0 + 0.1 K. Moreover, all potentials were measured against the
Ag/AgClIKClg, electrode.

On the other hand, DP and DC polarographic measurements were made using a computerized electro-
chemical system CAEM model SEA-1210. The working electrode was a Metrohm 6-1220.000 capillary.
Triply distilled mercury was used. The dropping time was 1 s and the scan rate was 2 mV s™!. For DP
polarography, the pulse amplitude was —15 mV and the pulse duration was 50 ms. Finally, the DP
polarograms were analyzed using a curve-fitting method and previously described equations.3!

RESULTS AND DISCUSSION

Electrochemical reduction on the laboratory-scale

The polarographic reduction of prometryne, desmetryne and terbutryne in the acidity
range 2.25 M HSOy4 to pH 6 (2 % by volume of ethanol in the solution for terbutryne to
ensure solubility) shows a single distorted wave in both DC and DP polarography. This
wave decreased in intensity and disappeared above pH 5-6. Due to the strong distortion
observed in all cases in the rising part of the DC polarograms which hinders their exhaus-
tive analysis, the mechanistic conclusions given in this paper are supported mainly by the
DP polarographic results.

The DP polarograms were analysed using the equation corresponding to a first-order
process.3! Over the entire pH range studied, the DP polarograms can be deconvoluted into
three peaks, which will be labeled as 1, 2 and 3 following the increasing order in the negative
potential at which they appear (see Fig. 1). Peaks 2 and 3 showed intensities much greater
than peak 1, and are the main reduction peaks as will be shown in this discussion. All the
peaks were shifted towards more negative potentials as the pH was increased.

The peak currents, f,, varied with the pH of the medium, having maximum (and
roughly pH-independent) values below ca. pH 3.5. They decreased on increasing the pH
above 3.5 and finally disappeared above pH 6. The highest £, value corresponded to peak
2. That presented by peak 1 was much lower at high concentration values but of the same
order as that of peak 3 at low concentration values.

The "b" values (a parameter obtained from the equations of the waves and the charac-
teristic of each type of reduction process) of the peaks were also obtained by curve fitting.
For the main peaks, the mean "b" values changed gradually from around 30 mV at pH <
2.5 to ca. 40 mV at pH > 4.5-5, whereas the "b" values corresponding to peak 1 were al-
ways around 40 mV (slightly higher at high pH values).

On the other hand, the parameter that depends on the concentration in DP pola-
rography is the peak area which is similar to the limiting current in DC polarography and is
proportional to the product "I,b" for first-order processes.?83! In this way, the evolution of
these products with pH is very similar for the three compounds studied, but the individual
values of the areas of peaks 2 and 3 are different for each herbicide. To explore the relation
between peak 1 and peaks 2 and 3, the dependence of the peak areas with the reactant con-
centration was investigated as is shown in Fig. 2.
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terbutryne. In addition, the dependence of the limiting current, i1 , in DC polarography with
the reactant concentration was very similar to that observed for peaks 2 and 3. The above
behaviour implies that peaks 1 correspond to adsorption phenomena, these results being
very similar to those obtained for chlorinated derivatives.27-28
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The overall number of electrons involved in the reduction process was four as was
confirmed by comparing the DC polarograms with those corresponding to the reductions
of simazine and propazine under similar conditions.!920:27.28 Moreover, the constant po-
tential coulometric analysis of the reduction of prometryne24 corresponded to the exchange
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0f4.36 £ 0.59 F mol~!. The relative values of the areas of peaks 2 and 3 indicate that these
peaks must correspond to first-order two-electron reduction processes only at the highest
pH values, i.e., at pH values greater than the protonation pK of the pyridine ring, being the
main mass transport due to diffusion.

Nevertheless, at very low pH values, the peaks 2 have an area greater than that correspond-
ing to a two-electron process and, at the same time, the area of peak 3 is less than that correspond-
ing to a two-electron process. By comparing this behaviour with that of propazine (both mole-
cules differ only in the groups at the position 2, which are —Cl and —SCHj3 respectively), it can be
concluded that the intermediate obtained after the two first electronic uptakes is different in the two
cases. Moreover, the decrease of the area of peak 3 when the acidity of the medium is increased,
accompanied by the parallel increase in the area of the peak 2, suggests that the species reduced at
the potentials of peak 3 is involved in a chemical reaction. Since the decrease of peak 3 is not mir-
rored in the parallel appearance of a new peak, but in the parallel increase of peak 2, the other spe-
cies involved in such a chemical reaction must be totally (and quickly) reduced at the potentials of
peak 2, and it could be the above-mentioned 4,6-bis(isopropylamino)-1,3,5-triazine.

Taking into account the evolution of the peak potentials obtained (see Fig. 3), and that
of the peak intensities with pH and herbicide concentration, as well as other electrochemi-
cal parameters, and regarding the reported electrochemistry of the chlorinated triazines, the
electroreduction of the herbicides at pH < pK must correspond to the processes shown in
Scheme 2.

C3N3(SCH3)(NHR1)( I\]‘H:llz)H+ +2e + 21‘1)r <> C3N3H2(SCH3)(NI‘IR1)( NHR;;)H
C3N3Hy(SCH:)(NHR, )( NHR,)H' <> CsN;H(NHR,)( NHR,)H' + CH:SH

(@)
CsNsH(NHR ) NHRQ)H' + 2¢” + 2H' ——> C3N3H:;(NHR)( NHR,)H'

(b)

C2N3H2(SCH3)(NI'IR1)( NHRz)H+ +2e + H+ —_—> C3N3H3(NI‘IR1)( I\H‘H{z)HJr + CH3SH
Scheme 2.

The experimental results agree with the theoretical predictions based on the reaction
scheme, in the most acidic media. Thus, theoretical predictions indicate that the variation with
pH of the peak potentials of peaks 2 and 3 must be linear having a common value of the slope
of —2.303RT/F; that at 298 K is around —60 mV per pH unit. The dependences of the peak po-
tentials with the pH are shown in Fig. 3, and two linear segments can be observed for peaks 2
and 3, at pH values lower and higher than ca. 4. The slopes of these lines were around —62 +4
mV decade ! and —79 +3 mV decade 1, for both peaks, in agreement with those expected the-
oretically. Also, the plots of Ejp» vs. pH showed two roughly linear segments with slopes
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Peak 2

C:N3(SCH;)(NHR ,)( NHR,) + H' <> C;N3(SCH3)(NHR)( NHR,)H'
CsN3(SCH:)(NHR ) NHR)H' + e + H' < [CsN3(HSCH;)(NHR, )( NHR,)H]"
[C:N3(HSCH:)(NHR ) NHR)H]* + & ——> [CsN3(HSCH;3)(NHR, )( NHR)H*
[C3N3(HSCH;)(NHR ) NHR)H]" + H ——> C3N;H(HSCH;3)(NHR, )( NHR,)H'

with

F§<SCH3

| N ‘N
N NN Ot
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H
[CsN3(HSCH;)(NHR)( NHR)H]** [C3N3(HSCH;)(NHR, )( NHR)H]*

Peak 3
CsN;H(HSCH;)(NHR,)( NHR))H' + ¢ + H' < [C;N3H;(NHR, )( NHR,)H]*” + CH:SH
[CsNsH;(NHR, ) NHR)H]®* + & ——> C;N3H;(NHR, )( NHR)H'

Scheme 3.

around —63 and —80 mV per pH unit, in agreement with the values of —56 and —76 mV per pH
unit reported! for the £} » of prometryne at high concentrations. These values can be consid-
ered as a combination of the half-wave potentials of the two main reduction waves, since these
are displaced by the same amount with a change of pH.

On the other hand, the observed decrease with pH in both i1 and the overall DP peak
area at pH > 4 resembles an acid-base dissociation curve. This fact indicates that a
protonation reaction prior to the electrode process limits the reduction rate. The species in
the solution at these pH values is the unprotonated herbicide, whereas the species reduced
at the electrode is the protonated one. Thus, the decrease of the limiting and peak currents
with pH due to the protonation of the herbicide can be described by the well-known
Koutecky equation.32 Moreover, due to fact that the electrochemical reaction order with
respect to the H ion is 2 and that the dependence of Ej, with the pH is around 80 mV per
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pH unit, and of the Tafel slopes values, the reaction schemes for the higher pH values must
correspond to Scheme 3 for peaks 2 and 3.

Environmental and toxicological considerations

The reduction of the three herbicides studied needs a total of four electrons per mole-
cule of reactant and must be conducted, preferentially, at pH < 3.5. This process could be
used in the treatment of prometryne-, desmetryne- and/or terbutryne-polluted industrial or
waste waters prior to being discharged to natural hydric environments, if the products ob-
tained after the electroreduction have a lower toxicity than that of the original herbicide.

In this way, it must be noted that all the final products produced by the electro-
reduction processes of the herbicides must effectively have lower toxicological activity
than that of the original compounds: the products have a less aromatic character than the
starting compounds. The above assumption is supported by the known fact that hetero-
aromatics have more marked carcinogenic, teratogenic and toxicological properties than
the equivalent non-aromatic compounds.3-26 In addition, the cleavage of the group ~SCH3
of the herbicides must also imply a lower toxicity of the electroreduced herbicides com-
pared with the non-electroreduced ones. So, the electroreduction of dilute solutions of
prometryne (5x10~4 M), and desmetryne and terbutryne (2.5x10~4 M) at pH-values 3.5 or
lower operating at potential values around —1.10 V (against the Ag/AgCl/KClg, electrode)
can be a valid method of deactivating these molecules. Also, the electrochemical process
can act on both dissolved substance and adsorbed substance.

On the other hand, due to the potential negative environmental effect linked to the
mercury electrodes, new experiments are being performed in which other electrodes, such
as carbon and platinum, are applied for the electrochemical reductive deactivation of solu-
tions of prometryne, desmetryne and/or terbutryne. Furthermore, the use of a carbon elec-
trode with an electrodeposited thin layer of mercury (a few atoms of thickness) reduces
drastically the amount of mercury used in the process.3-31:33
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U3BOJI

PENYKTMBHA JEAKTUBALIMJA HEKVMX XEPBUIINJIA HA BA3U s-TPUASMHA:
ITPOMETPUH, JECMETPUH 1 TEPEYTPVH

RAFAEL MARIN GALVIN, JOSE MIGUEL RODRIGUEZ MELLADO 1 MARIA JOSE HIGUERA

Departamento de Quimica Fisica y Termodinamica Aplicada, Facultad de Ciencias, Campus Universitario de Rabanales-Edificio C-3.
Universidad de Cérdoba, E-14071-Cérdoba, Spain

IIpoyuaBano je enektpoxemujcko nonairatse (DC u DP nonaporpacuja) npomMeTpuHa, je-
CMETpUHA M TepOyTpuHa (METHITHO-OMC(aJKIITaAMUHO) S-TPUA3MHCKUX XepOMIMIa) Ha SKUBHHO]
€JIEKTPOJI y CYMIIOPHO] KuceanHu y obnactu pH 2,25-6,5. YoueHe cy JiBe UpeBep3uOUIHE JIBOe-
JIEKTPOHCKe penyKuwje, npahene apcopniujom. ITpu pH Bpennoctuma Behum off pK nporoHanyje
TPUA3MHCKOT TIPCTeHa (OKO 4) 0Ba peakIiyja MPOTOHAIHje TIPEeTXOAM nporecy penykimje. [Tpepo-
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SKeHu cy MexaHm3mu peakumje npu pH < pK u npu pH > pK. [IpousBogu enekTpopeayKuyje
pa36rIakeHX pacTBOpa OBHX XCPOUIHAA MMajy MAFbU TOKCHKOJIONIKY e(peKaT Off MOJIa3HAX jefn-
Hheba (Marl apOMaTHYHI KapakTep n oTnemubuBame —SCH; rpyme). IIpema ToMme, enekTpoxe-
Mujcka pegykuja npu pH < 3,5 u npu noteHnujanuma oko —1,10 V (vs. Ag/AgCl, KClg, ) Moxxe 6utu
no6pa MeTofa 3a JieaKTHBaIljy OBHX MoleKyna. Haj3an, pefykimja Moxe OUTH alTepHATUBAH
JerpajaluoHy NPOLEC Yy NPUPOAX Y BOAU Y jauuM PefyKUMOHMM ycaoBuMa, npu pH < 35 u 'y
NIPUCYCTBY KapOOHM30BAHUX MaTepHjaa y [JIMHA. Y TAKBUM YCJIOBAMA OKCUAATUBHA (POTONUTHIKA
IeToKcrhHKAaIHja He MOXKe Jla Ce OffrpaBa.

(ITpumibero 10. janyapa, peBuanpano 4. mapra 2002)
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