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Degradation of some triazine herbicides by UV radiation
such as used in the UV disinfection of drinking water
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ABSTRACT: The UV (A = 254 nm) photolysis, in aqueous solution, of some common herbicides of
the s-triazing family (atrazines) has been studied. The main products (accounting for ¢. 90% of the
degraded educts) are hydroxyl compounds which arise through dechlorination at the heteroaromatic
ring. Quantum yields of chlorinated-triazine destruction and of hydroxytriazine formation have been
determined. It has been established that with UV doses at present considered sufficient for drinking-
water disinfection (fluences of 250 J/m?), less than 5% of the triazines are transformed.

La dégradation de quelques herbicides triaziniques dans la lumiére
UV, sous les conditions de la désinfection de I’eau potable par
irradiation UV

RESUME: La photolyse UV (A = 254 nm), en solution aqueuse, de quelques herbicides apparten-
ant a fa famille des s-traizines (des atrazines) a été étudiée. Les produits majeurs, qui répondent a
90% environ des triazines chlorinés dégradés, sont des composés hydroxylés créés apres perte d’un
atome de chlore aupres de 'anneau hétéroaromatique. Des rendements quantiques de la destruction
des triazines chlorinés et de la production des hydroxytriazines ont été déterminés. Il a été établi que
moins de 5% des triazines sont transformés par des doses UV a présent considérées comme suffisant
& la désinfection des eaux potables (fluences de 250 J/m?).

INTRODUCTION

There is increasing interest in substituting chemical dis-
infection of drinking water, e.g. treatment with chlorine
or chlorine dicxide, by disinfection using UV radiation.
Because of the high effectivity of UV radiation in the in-
activation of bacteria and viruses, very little by-product
formation from trace constituents is expected at the low
doses required for adequate disinfection. In those cases
where studies have been carried out in some detail this
expectation has proved to be correct [1-5].

Some of the herbicides currently in use are not readily
biodegradable. Hence they persist in the soil and in the
water run-off, and even reach groundwater. The amount
allowed in drinking-water is very low; German regulations
(TVO) set the maximum legally permissible Tevel of total
herbicide concentration at 0.5 pg/l, subject to the further
restriction that the concentration of any single herbicide
must not surpass 0.1 pg/l.

Because many herbicides absorb in the UV, and because
the problem of water contamination by these compounds is
very widely discussed among the general public, questions
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posed regarding the extent to which UV photolysis of
herbicides gives rise to new anthropogenic compounds,
have to be answered; i.e. to what extent are herbicides de-
graded during UV processing of drinking water. In addi-
tion, one would like to know the chemical nature of the
major photodegradation products in order to evaluate
whether or not there is an additional risk from such prod-
ucts. However, some of the herbicides at present in use do
not show very significant absorption coefficients in the UV
above a wavelength A of 240 nm at which drinking water
disinfection by UV light takes place, and only those that
possess an aromatic ring or a similar chromophore may be
noticeably degraded under these conditions.

A considerable number of studies has dealt with the
photodegradation of herbicides [6—15], but in none of them
have the quantum yields (dimension: molecules per ab-
sorbed quanta; unit: mol/einstein), or the fluences (J/m?)
required for their degradation by one or more decades,
been determined. (For a glossary of photochemical terms
see [16]). Hence, up to the present time it has not been




possible to view the extent of their photochemical degrada-
tion in the perspective of the UV-induced inactivation of
bacteria. It has recently been shown that about 65 J/m? of
254 nm radiation are required to reduce the count of E. coli
by one decade [17].

In the present work we have studied the photodegrada-
tion of some herbicides (1-4) of the triazine family,
Included in this investigation are the corresponding de-
alkylated derivatives (5-7), because these are the major
biodegradation products of those herbicides and are found
in ground- and surface waters alongside their parent com-
pounds. All of these have significant absorption coefficients
at 254 nm (cf. Table 1), the characteristic wavelength
(90%) emitted by the low-pressure mercury arc. Their for-
mulae are shown in Fig. 1. The photodegradation products
have been identified and their quantum yields determined.
A mechanism for their formation is put forward.

In this work for the first time, the UV {254-nm) fluences
to achieve one decadic reduction of some triazine herbi-
cides have been established. It will be shown that their
photolysis is not a cause for concern in drinking-water
processing involving UV disinfection.

N N
Py
RyNH N7 HNR,
R : Ry
1 Atrazine -CsHs ~iso-CsHy
2 Simazine -ChHs ~-CaHsg
3 Propazine -iso-C3Hy -iso-C3Hy
4 Terbuthylazine -CsHs ~t-CsHg
5 Desethylatrazine -H -iso-CzH;
6 Desisopropylatrazine ~CaHs -H
7 Desethyldesisopro- -H ~H
pylatrazine
8 Hydroxyatrazine ~CzHs ~ise-CzH;
9 Hydroxysimazine -CsHs -CsHs
10 Hydroxypropazine -iso-CzHy -iso-3H5
11 Hydroxyterbuthylazine -t-C4Hg -CoHs
12 Hydroxydesethylatrazine -H -iso-CxHy
13 Hydroxydesisopropylatrazine -CyHg ~-H
14 Hydroxydesethyldesisopro- -H -H

pylatrazine

Fig. 1. Chemical formulae of atrazine and some other triazine
derivatives.
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EXPERIMENTAL PROCEDURE

The herbicides were obtained from Fa. Ehrenstorfer,
Augsburg. Solutions were made up eitherin water directly,
or else methanolic stock solutions (1000 p.p.m. = 10
mmol/l) were diluted to the desired concentration with
water. The water was purified with a Millipore-Q filter
system.

UV irradiations were done in 4 X 20-cm? quartz cells, with
an internal pathiength of 6 mm, made from rectangular
quariz tubing supplied by Heracus Quarzschmelze, Hanau.
The cells were placed at a distance of about 16 ¢m from a
Heraeus Original Hanau Sterisol N30/89 low-pressure mer-
cury iamp that does not emit light with wavelengths shorter
than the 254-nm line. The light intensity at 254 nm was de-
termined using the oxygen-saturated peroxydisulphate—z-
butanol actinometer, ®{H™) = 1.8 [18,19] or the ferri-
oxalate actinometer [20]. The absorbance at 254 nm of the
herbicide solutions in these ceils was kept below G.03.
Under such conditions the concentration of the herbicides
is still several orders of magnitude higher than in any drink-
ing-water feedstock. The advantage of this procedure lies in
that, on one hand the absorbance is sufficiently high so as to
allow easy subsequent educt quantification by HPL.C with-
out the need to concentrate the solution, yet on the other
hand is sufficiently low to treat the data according to a rate
law which is only strictly fulfilled at ‘vanishing absorbance’
[21] (in the present study, the transmittance always
surpasses 97%).

Absorption spectra were taken on a Pye Unicam SP 1750
spectrophotometer. Merck/Hitachi, Knauer, and ERC
equipment was used for HPLC. Analyses of the degrada-
tion of herbicides 1-4 were done on a 20-cm Hypersil
ODS (5-pm) column using water: acetonitrile (1:1). For
the measurement of the degradation of derivatives § and
6 and of the formation of 8 and 9, a 10-cm Inertsil C-8
(5-pm) column was used with water : acetonitrile (4:1) as
the eluent. After each run the column had to be purged for
10 min with water : acetonitrile (149). For the determina-
tion of 10 and 11, water : acetonitrile (7:3) was adequate,
while 12 and 13 were determined using water: acetonit-
rile (20:1). 7 and 14 were determined on a 20-cm Inertsil
C; (5-pum) column with water : acetonitrile (20: 1) as eluent.

For GC-MS, a Carlo Erba gas chromatograph (Mega
5100), directly coupled to a Finnigan mass spectrometer
{(ITD 700), was used. For example, 20 ml of a 2-mg/
aqueous atrazine solution were irradiated for 1 h to a fluence
of 24 kJ/m’, then evaporated to dryness in a rotary evap-
orator. Methanol (0.5 ml) was added, followed by 1 ml of
0.1-mol/l ether—diazomethane. After a 1-h reaction time the
solution was concentrated to 0.5 ml under reduced pressure
(15 mmHg, 20°C) [22]. A 2-ul aliquot of this solution was
injected into the gas chromatograph with a temperature
program of 60°C (3 min}, 25°C/min, 180°C (0 min), 5°C/min,
240°C (0 min), 40°C/min, 280°C (10 min). Retention time
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and characteristic fragments of the main methylation prod-
uct agreed with those of atratone (methoxyatrazine).

RESULTS AND DISCUSSION

The UV-absorption spectra of the triazine herbicides 1-4
and their bio- and photodegradation products 5-14 have
been measured and the decadic molar absorption
coefficients at A = 254 nm determined (Table 1).
Soluttons of the herbicides were photolysed as described.
From time to time a sample was withdrawn from the
irradiated solution and analysed for the remaining herbi-
cide and the photoproducts. Because of the low absorptions
at 254 nm encountered in these experiments the case of
‘vanishing absorption’ is approximated, and a representa-
tion of the decrease of the herbicide concentration [H]
should be linear when log([H]/[H]y) is plotted vs. the irradi-
ation time. This is immediately understood considering

- porim, )
3
and its integrated form

2.3 log([H]/[H]o) = —Eo.l%, (1a)

where tis irradiation time, Eisirradiance (W/m?) or fluence
rate (radiant power incident upon the surface), a, is the
absorption cross-section (m%mol), T is the energy yield
of herbicide degradation (mol/J} and [H], is the herbicide
concentration before irradiation. H, fluence (J/m?), can be
substituted for Ef; o, = 0.23[¢|, where |g| is the
numerical value of the molar decadic absorption coefficient
#(254 nm} given in Table 1; and T is related to the more

familiar entity ®, quantum yield (mol/einstein), through
Einstein’s equation E, = hvNi(J/einstein). In the
case of 254-nm quanta, the numerical relationship is
® = 4.71x10° T (for details see [21]). Hence,

2.3 log([H}/[H]o) = 0.23[eH®/4.71x105.  (2)

The condition of ‘vanishing absorption’ requires that light
intensity (irradiance) is not significantly attenuated by the
solution. In our case this requirement is fulfilled, because
the transmittance is greater than 97%. Data plotted accord-
ing to Eqn 2 are shown in Fig. 2 for atrazine H,. Similar
linear plots were obtained for the other herbicides and their
bio- and photodegradation products investigated.

A logarithmic dependence of the surviving fraction on
photolysis time is also found when bacteria are inactivated
by UV radiation. Hence, the same rate law is followed
in herbicide degradation and the inactivation of micro-
organisms. Thus, by comparing in these two systems the
fluence required for the reduction of the concentration of
the trace constituent by, for example, one decade (Hy,
90% decomposition), we arrive at the effectivity of herbi-
cide degradation relative to the UV inactivation of . coli(
for which 65 J/m?/decade may be typical [17]. In drinking-
water processing, this is a more relevant parameter than the
quantum yield & or energy yield T alone. A UV fluence of
250 J/m* has generally been considered sufficient for the
disinfection of drinking water (cf. [23]). For instance, a re-
duction of the E. coli count by about four decades is ef-
fected by this fluence. If this value is substituted in Eqn 2,
the percentage of the herbicide degraded under such condi-
tions can be calculated. These values are included in Table 1.

Table 1. Spectral and photochemical data of herbicides and derivatives investigated in the present study

Fraction
H decomposed at ]
£254 (90% decomp.) 250 m? (decomposition)
Nr Herbicide™ (Ymol/cm) (kJ/m?) (%) (mmol/einstein)
1 Atrazine 3860 24 2.4 50
2 Simazine 3330 17 34 83
3 Propazine 3370 14 4.1 99
4 Terbuthylazine 3830 13 4.4 94
5 Desethylatrazine 3440 23 2.5 59
6 Desisopropylatrazine 3600 22 2.6 59
7 Desethyldesisopropylatrazine 2200 116 0.5 18
8 Hydroxyatrazine 940 o
9 Hydroxysimazine 1340 o
10 Hydroxypropazine 2160 o
11 Hydroxyterbuthylazine 2720 e
12 Hydroxydesethylatrazine 610 B
13 Hydroxydesisopropylatrazine 560 wEE
14 Hydroxydesethyldesisopropylatrazine 460 wHE

*Nomenclature as defined in [30], ** > 300 kI/m” for 10% decomposition, *** > 500 ki/m® for 10% decomposition
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Fig. 2. Degradation of atrazine by UV (254-nm) light.
Log([atrazine}/[atrazine]y) is plotted vs. the fluence.

For the compounds studied here, they are seen to stay
below 5%, i.e. under UV-disinfection conditions the
triazines are barely degraded. Following Eqn 2 and the re-
lationship between @ and I (see above), quantum yields of
decomposition (last column in Table 1) can be calculated
from the measured € and Hyy values.

Mechanistic aspects

It can be seen from Fig. 3 that in the photolysis of atrazine
there is only one major product; this is hydroxyatrazine
(8). It accounts for about 90% of the atrazine degraded. A
similar situation holds for all of the other triazines invest-
igated (data not shown).

Photosubstitution of aromatic chlorinated compounds
(ACI) is a well-known process [24,25]. It has been con-
sidered that this process may in fact have three steps: the
homolytic scission of the C—Cl bond (Reaction 4) followed
by an electron transfer of the two resulting radicals within
the solvent cage (Reaction 5) and reaction of the carbo-
cation with water (Reaction 6):

AClH+hv — ACI*, (3)
ACI* — A-+-Cl, (@
A-+-Cl—> A"+C, )]
A'+H,0 — AOH+H", (6)
AT+CIm = ACQI, (7)
ACI* > AT+CI, (8)
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Fig. 3. Degradation of atrazine by UV (254-nm) light.
Degradation of atrazine (00), build-up of hydroxyatrazine (+),
and the sum of the amounts of these two compounds as a
function of the fluence (X).

A-+CH;0H — AH+-CH,OH, )
-Cl+CH3;0H — HCIl+-CH;0H, (10)

In competition with Reaction 6 the chloride ion may react
within the cage with the carbon cation {Reaction 7), a reac-
tion which reduces the quantum yield of product formation.

An alternative to the homolytic scisson (Reaction 4) is
the heterolytic cleavage in the excited state (Reaction 8)
(cf. {26]); this reaction path is favoured in polar soivents,
especially water. Productwise, the two alternatives are in-
distinguishable in the absence of scavengers. However,
when methanol is added, measurable amounts of the rad-
icals should be scavenged as both A- and -Cl are expected
to react with the alcohol with diffusion-controlled rate con-
stants [27,28]. Hence, any A- and -Cl radicals escaping the
cage should be scavenged according to Reactions 9 and 10.
As a result of this, the dehalogenated triazine (AII) should
become a noticeable product [29]. In the event, in an aqueous
2-mg/l atrazine solution containing 30 vol% methanol
irradiated for 1 h, corresponding to a fluence of 24 kJ/m?,
i.e. at a degradation of atrazine of 90%, a yield of only
0.5% of the dechlorinated triazine was observed by GC-
MS, perhaps indicating some participation of Reaction 4 in
the mechanism.

It is noted that saturation of the atrazine solutions with
oxygen reduces the quantum yield of atrazine destruction
by 30% as compared to the photolysis of oxygen-free solu-
tions. This indicates that oxygen quenches an excited state
(Reaction 11). Because the effect is not very pronounced,
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oxygen may either interfere with a long-lived singlet or a
short-lived triplet state. At present, a distinction cannot be
made.

The yields of the hydroxy compounds do not completely
match the consumption of the chlorinated educts (Fig. 3).
The absence of a full material balance is not due to the con-
comitant photolysis of the hydroxytriazines, because these
compounds are relatively photostable (see Table 1).
Rather, there must be minor products that have escaped
identification. This is by no means unlikely if the missing
10% are made up of a multitude of compounds.

It is worth mentioning that with the herbicides 1—4
irradiated to a conversion of more than 10%, no muta-
genicity was detected by the Ames test even when the
irradiated material was applied in high concentrations
(H-T. Moriske and M. Wiese, in preparation). In this
respect the behaviour of the hydroxyatrazines parallels that
of their chlorinated parent compounds.

CONCLUSION

At a UV fluence of 250 J/m? the photodegradation of the
triazine herbicides studied remains below 5% (see Table 1).
Hence, it is concluded that the hygienic properties of drink-
ing water regarding its triazine content are not materially
affected when it is disinfected with UV radiation. Some
preliminary data from our laboratories indicate that this is
also true for other herbicides currently in agricultural use.
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