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s-Triazine Solubility in Chloride Salt Solutions

John D. Gaynor* and V. Van Volk

Terbutryn [2-(tert-butylamino)-4-(ethylamino)-6-(methylthio)-s-triazine], atrazine [2-chloro-4-(ethyl-
amino)-6-(isopropylamino)-s-triazine], and secbumeton [N-ethyl-6-methoxy-N'-(1-methylpropyl)-
1,3,5-triazine-2,4-diamine] solubility was determined as a function of temperature, salt type, and con-
centration. The aqueous solubility of the s-triazines increased in the order terbutryn < atrazine <
secbumeton. As the ambient temperature increased from 1 to 29 °C, solubility increased by 11%
(secbumeton), 42% (atrazine), and 52% (terbutryn). Salt up to ionic strength (x) 0.1 did not greatly
affect solubility while values > 0.1 u reduced solubility. Sodium chloride and KCl at 2.5 u reduced
solubility by 85%, whereas CaCl, reduced solubility by 58% for the herbicides studied.

The distribution of the s-triazine herbicides in soil so-
lution is influenced by soil reaction, mineralogy, organic
matter, moisture content, hydrous oxides, and chemical
form and concentration of ions in solution. Under low
rainfall conditions or irrigated agriculture, the salt con-

Research Station, Agriculture Canada, Harrow, Ontario,
Canada NOR 1GO0 (J.D.G.), and Department of Soil Sci-
ence, Oregon State University, Corvallis, Oregon 97331
(V.V.V).

centration in the soil solution could be appreciable because
of low-quality irrigation water, high evaporation, or banded
fertilizer application. Thus, it is of interest to study the
effect of solute concentration on s-triazine solubility to
differentiate between adsorption and precipitation reac-
tions which affect herbicide concentration in the soil so-
lution.

s-Triazine solubility has been extensively studied as a
function of molecular structure (Ward and Weber, 1968).
The solubility of the methoxy analogues was found to be
1 order of magnitude greater than that for the methylthio

0021-8561/81/1429-1143%01.25/0 © 1981 American Chemical Society
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analogues, whereas chloro-s-triazines generally were least
soluble. Monoalkylamino substituted s-triazine solubility
decreased in the order OCH; > SCH; > OH > Cl but
changed to OH > OCH,3 > Cl > SCHj as the N-alkylamino
complexity of the two side chain functional groups in-
creased (Ward and Weber, 1968; Ward and Holly, 1966).

The solubility of polar basic nonelectrolytes may be
reduced (salted out) or increased (salted in) by electrolyte
solutions (Long and McDevit, 1952; Harned and Owen,
1958). The hydration of the cations and anions, the ori-
entation of the water molecules in the hydration sphere,
and the polarity of the nonelectrolyte influence solute
solubility.

This study was initiated to determine the effect of
temperature and potassium, sodium, and calcium chloride
salts on the solubility of atrazine [2-chloro-4-(ethyl-
amino)-6-(isopropylamino)-s-triazine], terbutryn [2-(tert-
butylamino)-4-(ethylamino)-6-(methylthio)-s-triazine], and
secbumeton [N-ethyl-6-methoxy-N"-(1-methylpropyl)-
1,3,5-triazine-2,4-diamine] in aqueous solution.

MATERIALS AND METHODS

Solubility-Temperature Relationships. Atrazine
(0.05 g), terbutryn (0.05 g), and secbumeton (0.10 g) in
duplicate were added to 100 mL of deionized water, ad-
justed to pH 6 with 1 N NaOH or HCI, and equilibrated
6 days at room temperature in 250-mL Erlenmeyer flasks.
After equilibration, the samples were placed in a con-
stant-temperature room at 1, 8, 20, and 29 °C for 3 days,
then filtered (Whatman No. 5), and analyzed on a Cary
Model 11 recording spectrophotometer at 219, 222, and 224
nm for secbumeton, atrazine, and terbutryn, respectively.
Particles greater than 2-3 um were retained by the filter
paper. Preliminary studies showed no s-triazine was ad-
sorbed by the filter paper and that maximum solubility
was reached before 6 days. Samples of the herbicide so-
lutions were diluted with deionized water to a range of 1-5
ppm. Absorbance measurements were made at 206 and
255 nm for background correction utilizing the base-line
technique (Knisli et al., 1964).

Solubility in Sodium, Potassium, and Calcium
Chloride. Sufficient sodium, potassium, and calcium
chloride salts and atrazine (0.05 g), terbutryn (0.05 g), and
secbumeton (0.10 g) were added to 100-mL volumetric
flasks to give final salt ionic strengths (x) of 0.005, 0.05,
0.1, 0.5, 1.0, and 2.5. The equation u =1/, 3" (MZ?), where
M is the molarity of the ion specieg (moles/liter) and Z
is the valence of the cation or anion, was used to calculate
the ionic strength. After an initial 6-h equilibration, the
pH of the salt systems which were greater than pH 6 was
adjusted with 0.2 N HCL. The Na and Ca systems at pH
less than 6 were adjusted with 1 N NaOH and the K
systems with 1 N KOH. In all systems <0.2 mL was re-
quired for the pH adjustment. The Ca systems were ad-
justed with NaOH because of the low solubility of Ca-
(OH),. After the pH adjustment, the samples were
transferred to 250-mL Erlenmeyer flasks and shaken for
6 days at room temperature. Upon removal from the
shaker, the samples were placed in a constant-temperature
room at 20 °C for 3 days without shaking, filtered, and
analyzed as above. Duplicate samples were prepared for
each herbicide at each ionic strength. Blank solutions of
salts with ionic strength similar to that of the herbicide
systems were used for background correction.
RESULTS AND DISCUSSION

Solubility-Temperature Relationships. Structurally,
the three chemicals differ in two substituents of the s-
triazine ring but possess a common ethylamino group in
the third position (Table I). The solubility of the s-tri-

Gaynor and Volk

Table I. Chemical Structure and Melting Points
of the s-Triazines

R

N)\\N
/Q /)\
R"N N NR'
H H

ring substituents

common name R R’ R" mp, °C
atrazine Cl Et i-Pr 175
terbutryn SCH, Et t-Bu 104
secbhumeton OCH, Et sec-Bu 88
Table II. Temperature Effects on s-Triazine
Solubility at pH 6
s-triazine solubility, M X 10*
temp, °C  atrazine terbutryn secbumeton
1 1.39 (30)° 1.09 (26) 29.3 (659)
8 1.41 (30) 1.10(27) 32.5(731)
20 1.58 (34) 1.46 (35) 30.7 (691)
29 1.97 (42) 1.66 (40) 33.0(743)

% Values in parentheses are in ppm.

azines investigated increased in the order SCH; < Cl <
OCH; (Table II) which corresponds to the solubility order
for s-triazines with a complex alkylamino functional group
(Ward and Weber, 1968; Ward and Holly, 1966). The
chloro and methylthio analogues had similar solubilities,
but the solubility of the methoxy analogue was 1 order of
magnitude greater.

The most recently published solubilities (Weed Science
Society of America, 1979) for these herbicides are 1.53 X
104 M (27 °C, atrazine), 1.04 X 10 M (20 °C, terbutryn),
and 27.5 X 10 M (20 °C, secbumeton) which, except for
terbutryn, are in good agreement with solubilities at the
corresponding temperatures reported herein. The pH of
the solutions for the published solubilities were not re-
ported, and since s-triazine solubilities increase as pH
decreases (Ward and Weber, 1968; Weber, 1970), dis-
crepancies may reflect differences in methodologies and
environmental conditions.

For the s-triazines studied, the pK, and basicity in-
creased in the order Cl (1.68) < SCH; (4.10) < OCH; (4.36),
indicating, as Ward and Weber (1968) found, that in-
creased basicity did not always result in increased solu-
bility. The lower solubility of terbutryn relative to atrazine
is because of the higher hydrophobicity of the tert-butyl-
amino group, since it has been shown that for structurally
related compounds the N-alkylamino functional groups
played a more significant role in solubility than did basicity
(Ward and Weber, 1968). For example, for the methoxy-
s-triazines, simeton [2-methoxy-4,6-bis(ethylamino)-s-
triazine; pK, = 4.15] and trietaton [2-methoxy-4-(ethyl-
amino)-6-(diethylamino)-s-triazine; pK, = 4.51], solubilities
were 132 X 107 and 10.6 X 10™ M, respectively.

Within each of the s-triazines studied, the solubility
increased as temperature increased from 1 to 29 °C (Table
IT1). A 28 °C increase in temperature increased solubility
52, 42, and 13% for terbutryn, atrazine, and secbumeton,
respectively.

The relatively small temperature effect and much
greater solubility of secbumeton (30.7 x 10 M at 20 °C)
relates to the methoxy functional group. Finkel’shtein and
Boitsov (1962) showed that the ring nitrogen atoms carried
a partial negative charge, while the ring substituents re-
tained a partial positive charge. The methoxy oxygen atom
is more electronegative than the methylthio sulfur; thus,
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Table III. s-Triazine Solubility (M x 10*) at 20 °C in Chloride Salt Solutions

.. atrazine terbutryn secbhumeton
salt ionic
strength, u Na K Ca Na K Ca Na K Ca
0 1.58 1.58 1.58 1.46 1.46 1.46 30.7 30.7 30.7
0.005 1.67 1.69 1.61 1.54 1.40 1.56 31.3 30.8 31.0
0.05 1.59 1.63 1.61 1.37 1.37 1.45 29.3 29.2 30.3
0.1 1.60 1.65 1.67 1.32 1.27 1.43 26.7 26.9 29.7
0.5 1.11 1.17 1.30 0.96 0.95 1.20 20.9 20.6 25.6
1.0 0.79 0.81 1.23 0.67 0.68 0.99 13.7 14.5 22.0
2.5 0.28 0.24 0.67 0.24 0.22 0.61 3.9 4.3 13.1

the overall more negative polarity of the methoxy-s-triazine
would result in less intermolecular attraction in the solid
phase. The attractive forces in the solid phase were greater
for the methylthio- and chloro-s-triazines as inferred from
their lower solubilities and higher melting points. An
increase in temperature would reduce these attractive
forces to a greater extent, as manifested by a greater
relative increase in solubility. This same analogy (i.e., the
weaker the bonds, the less the effect of temperature) has
also been observed for temperature effects on adsorption
(Goring and Hamaker, 1972).

Solubility in Sodium, Potassium, and Calcium
Chloride. At equivalent ionic strengths (u), the s-triazine
solubility increased in the order SCH; < C1 < OCHj (Table
ITI), the same as that observed for the electrolyte-free
systems, No salt—s-triazine complexes were detectable
from the ultraviolet spectra, but the absence of such com-
plexes was not confirmed by other analytical techniques.

Salt at <0.1 4 had only minimal effects on solubility. At
ionic strength > 0.1, the s-triazine solubility decreased
faster in sodium and potassium chloride than in calcium
chloride. At a salt ionic strength of 2.5, s-triazine salting
out appeared to be independent of s-triazine type since the
percent reduction in herbicide concentration was similar
in the presence of their respective salts. Calcium reduced
s-triazine solubility 58% , where Na and K reduced solu-
bility 85%.

Nonelectrolyte salt solubility can be expressed by

log (f/f% = log (S°/S) = Kju + Ki(S-S% (1)

where f° and f are the activity coefficients of the none-
lectrolyte (s-triazine) in distilled water and salt solution,
S and S are the corresponding solubilities, and K, and K;
are the salt and solute interaction parameters, respectively
(Long and McDevit, 1952). A plot using the empirical
Setschenow equation (eq 2)

log (S°/S) = Ku (2)

of log (S°/S) against ionic strength (u) was linear, with its
intercept near 1. The Setschenow equation (eq 2), which
is empirically derived, cannot be equated to the term
relating the activity coefficient to the ionic strength, except
at infinite dilution or where the solubility differential
approaches zero.

The salt parameter K, in eq 1 is not the same as the
Setschenow parameter (K), which includes ion-solute as
well as molecule—solute interactions (self-interactions), i.e.,
a combination of K; and K,. The molecular self-interaction
term, K;, may be as large as the salt parameter term, K,
and becomes more significant as solute polarity increases.
Relative values for the Setschenow constant, K, can be
compared for different salts within each s-triazine com-
pound because the interaction term, K, i.e., molecule—so-
lute interaction, is constant and independent of salt (Long
and McDevit, 1952).

The parameter K was determined for the s-triazine data
by the method of least-squares fit (Table IV)., The K

Table IV, Salt Coefficients (K) for s-Triazines®

salt atrazine terbutryn secbumeton
NaCl 0.310a 0.317a 0.354a
KCi 0.339a 0.320a 0.337a
CaCl, 0.155b 0.156b 0.149b

8 Coefficients followed by the same letter are not
significantly different at the 1% level.

values for NaCl and KCl were similar for each of the s-
triazines (0.310-0.354) and were significantly higher than
those for Ca (0.149-0.156) (Table IV). The higher K values
for the Na and K ions indicate these cations more effec-
tively salt out s-triazines than Ca. In a similar study, the
addition of 0.3 and 0.6 u chloride salts of NH,, K, and Ca
decreased the solubility of three structurally related s-
triazines with the reduction in solubility following the
expected cation order Ca < NH, < K (Hurle and Freed,
1972). Long and McDevit (1952) also observed that mo-
novalent cations suppressed solubility more than divalent
cations for polar basic nonelectrolytes.

Several qualitative and quantitative approaches have
been proposed to explain the effects of electrolytes on polar
nonelectrolyte solubility. Two qualitative approaches
adequately explain this data: the concept of preferred
orientation of the water molecules in the hydration sphere
of an ion (Kruyt and Robinson, 1926) and the “localized
hydrolysis” concept (Harned and Owen, 1958).

The preferred orientation concept suggests that strongly
hydrated cations, such as Li and Ca, orient water molecules
about themselves with protons exposed to the solute
(dissolved s-triazine). Basic nonelectrolytes will be at-
tracted to the protons, thereby reducing the salting out
effect. The effect of salt type will be dependent upon their
hydration energies. Hydration energies for Li, Na, K, Ca,
and Cl are 127, 101, 81, 389, and 86 kcal/mol (Pauling,
1970). The s-triazine herbicides accept protons and by the
Lowry-Bronsted definition are considered bases. The
cations, because of their high hydration energy, orient the
water dipoles and the s-triazines to reduce the salting out
effect. Na and K cations would have a lesser effect on
water orientation and thus reduce s-triazine solubility more
than Ca. The activity coefficient of the s-triazines, as
reflected by the K value (Table IV), increased less for the
Ca than for the Na or K ions, hence a higher solubility.
s-Triazine solubility was reduced similarly by the Na and
K cations because of their similar hydration energies (101
and 81 kcal/mol). The preferred orientation concept
agrees with the conclusions of Ward and Weber (1968) in
which protonation of the one and/or three ring nitrogen
atoms increased solubility at low pH.

It is recognized that the hydration concept only explains
relative salt effects on nonelectrolyte solubility. Other
proposals to explain observed effects of salts on polar
nonelectrolyte solubility have considered expressions of
changes in dielectric constant of the solution, (i.e., a de-
crease in dielectric constant results in salting out), dipole
moment and polarizability of the nonelectrolyte (i.e., in-
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creased solubility as dipole moment increases), and van
der Waals forces.

Although anion and cation combinations may have
different effects on s-triazine salting out, the solubility
values obtained with the chloride salts indicate that salts
in the soil solution (~0.02 N) would have an insignificant
effect on solubility. Richards (1954) reported that satu-
rated saline soils do not exceed 0.1 N salt concentration
and that most agricultural soils have salt levels below 0.02
N.

It may be possible, however, that under the right man-
agement conditions, i.e., band application of fertilizers with
herbicides and low-moisture conditions, salt levels may
become high enough to precipitate the s-triazines. The
condition would probably be relieved upon application of
water.
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Fate of the Insecticide O-[4-[(4-Chlorophenyl)thio]phenyl] O-Ethyl S-Propyl

Phosphorothioate (RH-0994) in Water

G. Wayne Ivie,* Don L. Bull, and Richard L. Ridlen

The stability of a radiolabeled preparation of the organic phosphate insecticide O-[4-[(4-chloro-
phenyl)thio]phenyl] O-ethyl S-propyl phosphorothioate (RH-0994) was determined in buffered water,
in the dark, at pH 4.0, 7.0, and 10.0. RH-0994 degraded rapidly at neutral or alkaline pH but much
more slowly under acidic conditions. The half-lives of 0.5-ppm solutions of RH-0994 under the conditions
of study were as follows: pH 10.0, <1 day; pH 7.0, ~14 days; pH 4.0, >>28 days. Degradation occurred
primarly by hydrolysis of the phosphorus—O-phenyl ester linkage and by oxidation of the diphenyl

thioether sulfur to sulfoxide derivatives.

There is a continual need for the development of insect
control agents that are both efficacious and highly selective
in toxicity toward pest species. Further, as pest insects
acquire resistance to existing insecticides, the development
of newer chemicals that circumvent resistance becomes a
highly desirable and in fact critical need.

Certain major insect pests of cotton, such as the cotton
bollworm, Heliothis zea (Boddie), and the tobacco bud-
worm, Heliothis virescens (F.), have developed a high
degree of resistance to many of the insecticides used
against them for the past two or more decades. Due to
resistance, control strategies for these insects must be
adaptable as the insects themselves change. The Heliothis
complex in cotton is presently managed by a number of
approaches, including continued reliance on older insec-
ticides, the use of newer chemicals such as the synthetic
pyrethroids, and various integrated pest management

Veterinary Toxicology and Entomology Research Lab-
oratory (G.W.I.) and Cotton Insects Research Laboratory
(D.L.B.), Agricultural Research Service, U.S. Department
of Agriculture, College Station, Texas 77841, and De-
partment of Veterinary Physiology and Pharmacology,
College of Veterinary Medicine, Texas A&M University,
College Station, Texas 77843 (R.L.R.).

(IPM) techniques. There is little doubt that management
of the Heliothis complex in cotton will, in the future, re-
quire further refinements; thus, research toward the de-
velopment of newer and more efficacious insecticides is
clearly warranted.

The experimental organic phosphate insecticide O-[4-
[(4-chlorophenyl)thio]phenyl] O-ethyl S-propyl phospho-
rothioate (RH-0994 of the Rohm and Haas Co., Phila-
delpha, PA) is being developed for possible use in con-
trolling Heliothis populations, as well as other insect
species. The compound has good selectivity, particularly
in its relatively low toxicity to mammals (Bull and Ivie,
1981). RH-0994 thus offers promise as an environmentally
acceptable insecticide for use against Heliothis and other
insects attacking cotton and other crops. As a necessary
prerequisite to its potential commercial use, environmental
studies are needed. We have previously reported on the
fate of RH-0994 in cotton (Bull and Ivie, 1981); the current
studies were designed to evaluate the fate of the chemical
in water, in the dark, under acidic, neutral, and alkaline
conditions.

MATERIALS AND METHODS

Chemicals. [“CJRH-0994 (6.15 mCi/g) was supplied
for these studies by the Rohm and Haas Co., Spring House,
PA. The radiochemical was uniformly incorporated into
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