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Atrazine in Organic Soil: Chemical Speciation during Heterogeneous

Catalysis’

Donald S. Gamble® and Shahamat U. Khan

Land Resource Research Centre, Research Branch, Agriculture Canada, Ottawa, Ontario K1A 0C6, Canada

Two Bronsted acid catalysts are known to cause the hydrolysis of atrazine. They are H and un-ionized
carboxyl groups, both of which can exist in organic soils. When hydroxyatrazine is the only reaction
product, there are four chemical species. These are the reactant and product in both free and sorbed
states. A typical heterogeneous kinetics experiment would monitor only one or two of these. An
HPLC technique has now been demonstrated however, which monitors five chemical species during
the course of heterogeneous catalysis experiments. These are solution-phase reactant and product,
reversibly sorbed reactant and product, and material balance loss. A 2-week experiment can produce
equilibrium and rate constants for sorption and the reaction rate constant. These are relevant to the
persistence and movement of atrazine in soils. The constants are consistent with those previously

found for a humic acid.

The prediction and management of pesticide behavior
in soils require several types of physical and chemical
information. These include the kinetics and equilibria
of sorption, the kinetics of chemical reactions, and chem-
ical speciation. The sorption parameters are related to
pesticide movement in soils, and reaction rate constants
are related directly to their persistence. For soils with
high organic matter content, the types, amounts, and chem-
ical reactivity of organic chemical functional groups will
also have to be known. The quantitative functional group
information is necessary for the use of exact chemical
stoichiometry.

Atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-
s-triazine] is a widely used selective herbicide for the con-
trol of annual grasses and broad-leaved weeds. When it
is applied to a soil containing high levels of organic mat-
ter, the important phenomena might include reversible
sorption of atrazine, catalyzed hydrolysis of the atra-
zine, reversible desorption of hydroxyatrazine reaction
product, and a material balance loss. If the chemical reac-
tion in a heterogeneous catalysis system yields only one
reaction product, then a complete description of the sys-
tem would require four chemical analyses. The amounts
of reactant and product would have to be measured in

* Presented in part at The Third Chemical Confer-
ence of North America, Toronto, June 5-10, 1988. LRRC
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both the free and sorbed states. The monitoring of all
four variables throughout a kinetics experiment has usu-
ally not been practical. Frequently only the product in
the free state is measured. Insuch cases, important infor-
mation is lost. In our earlier work we demonstrated an
indirect calculation technique by which it was possible
to obtain some of the required information (Gamble and
Khan, 1988). However, to get better insight into the fore-
going processes, direct experimental measurements are
preferable.

According to Mill (1980), a widely held opinion is that
laboratory tests are the key to effective assessment of
environmental hazards. He states that well-designed lab-
oratory tests will provide the necessary kinetics and equi-
librium constants at a fraction of the cost of field tests.
Chemical stoichiometry must be taken into account to
establish quantitative relationships. Some authors have
recognized (Freeman and Cheung, 1981; Karickhoff, 1984;
Perdue and Wolfe, 1983) the importance of soil organic
matter fractions (such as humic acid, acidic functional
groups) to sorption and hydrolysis. This implies that they
should be measured and accounted for in the interpre-
tive calculations. This applies to hydrolysis, believed to
be very important in chemical decomposition of pesti-
cides in soils (Macalady and Wolfe, 1984; Perdue and
Wolfe, 1982). In addition, Karickhoff and Morris (1985)
have stated monitoring both physical phases is useful.
At the level of general strategy, Wolfe (1980) has advised
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that the emphasis of environmental investigations should
be shifted from observation to prediction. The existing
research tactics and experimental methods have not always
met these needs. The present objectives have been cho-
sen with this in mind.

In view of the foregoing, this research was initiated
with the following objectives:

1. Development of an experimental method by which
it will be possible to monitor the chemical species includ-
ing free and sorbed forms of both reactants and prod-
ucts throughout the course of a kinetics experiment, to
monitor any material balance loss during a kinetic exper-
iment, and to determine the kinetics of sorption and cat-
alyzed hydrolysis. The purpose is to provide the basis
for diagnostic or predictive laboratory tests.

2. Testing the correctness of the developed experimen-
tal method against independent information.

THEORY

I. Analytical Chemical Method. Assuming that the sus-
pended soil particles of the sample are uniformly distributed
throughout the volume of the reaction solution, the weight of
soil particles in an aliquot injected into the HPLC is calculated
from eq 1. W, and W, are the weights (g) of the soil sample

Wy = (Vi/VOW, (1)

and of the injected aliquots of soil particles respectively. V,
and V, are the corresponding volumes (L). Postinjection fil-
tration traps the soil particles on a 0.5-um stainless steel inline
filter where they are washed by the mobile phase. Microfiltra-
tion with 0.45-um pore size is universally used for the arbitrary
operational definition of dissolved and undissolved materials.
The 0.5-um filters are the commercially available line filters
closest to that pore size. The volume v, of mobile phase avail-
able for eluting a labile sorbed compound is determined by the
flow rate U (mL/min) of the mobile phase and the retention
time tg (min) of that compound. It is calculated from eq 2.

vy = (Utg/ Wy) X 107 (L/g) (2)

If the elution time g were too large relative to tg, then tail-
ing or shape distortions would be expected in the chromato-
graphic peak. The retention time might itself be affected. If,
however, tg « tg, then the eluted portion of the compound is
expected to make increases in the peak height and peak area,
proportional to the amount eluted. The peak shape will not be
distorted, and the retention time will not be changed.

Preinjection filtration is done with commercially available
0.45-um filters. Injection of the filtrate should give a direct
measurement of that portion of the compound that is free in
solution. A simple subtraction should then determine the con-
centration of the reversibly sorbed portion of the compound.

Under field conditions, some of the compound might become
nonlabile by sorption onto sites for which the sorption and des-
orption rates are very slow. This would decrease both its bio-
availability and its transport by flowing soil water. Any such
nonlabile sorption is expected to be manifested in the method
as a material balance loss. This should make it possible to mon-
itor changes in the nonlabile sorption throughout the course of
a heterogeneous kinetics experiment. Two possible complica-
tions must however be considered. First, any reaction byprod-
ucts that exist should be determined. Also the question of sol-
vent effects on sorption and desorption should be considered.
While water is the only environmentally important solvent, the
HPLC mobile phases being used are generally mixed aqueous-
organic solvents. The determination of corrections for any exper-
imental artifacts of this sort may be possible.

II. Sorption and Desorption of Atrazine by Organic
Soil. Wu and Gschwend (1986) have proposed that the kinet-
ics of sorption of hydrophobic organic compounds into soil par-
ticles may be described by a second-order differential equation
with an effective diffusivity parameter. During the last three
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Table I. Experimental Variables for the Calculation of the
First-Order Hydrolysis Rate Constant k,,

method variable definition
A Cry total labile At
Ca labile sorbed At
B Cr total labile At
M, At free in solution
C Cas labile sorbed At
D My, At free in solution

decades, however, a number of other authors have experimen-
tally demonstrated first-order kinetics behavior for the sorp-
tion and desorption of organic compounds into and out of soil
particles (Khan, 1973; Fava and Eyring, 1956; Karickhoff, 1980;
Karickhoff and Morris, 1985; Perdue and Wolfe, 1982) into and
out of soil particles. The experimental data available to date
are too insensitive to the choice of mathematical form for the
Wu-Gschwend model to be proven uniquely correct. On the
basis of the 30-year accumulation of experimental demonstra-
tions with organic compounds, first-order kinetics is assumed
to be the most useful description for the present atrazine work.
Equations 3 and 4 give the rate of loss from solution by sorp-

ry = —kgyMy Ry = kg Gy (3
ry = kgCpy (4)

tion and the rate of gain in solution by desorption. M,, is the
molarity of atrazine free in solution. C,, and C, are the con-
centrations of labile sorbed atrazine and of unoccupied sorp-
tion sites for atrazine and hydroxatrazine (moles/liter of total
slurry). Both k,; and &, are first-order constants, while kg, is
inherently second order. Usually C, is constant to a close approx-
imation (Gamble and Khan, 1988). The ratio r,/r; can be used
to test for sorption equilibrium and for calculating the sorption
equilibrium constant:

Fy _ kg Ca

== 5
ri ke CoMy ©)
Let
Cat Bt
e 6)
UMy M, (

6,, and 6, are the amounts of labile sorbed atrazine and of unoc-
cupied sorption sites (moles/gram of organic soil). Note that
units cancel in eq 6.

—Q,=7— (7)

Sorption equilibrium established at ¢t = = gives eq 8-11. Be-

lim (ﬂ) =-1 (8)
t~o  \Ty
gl_{'{} Q= R1 9)
- CAt oAt
K =2 = (10)
L CoMyy  0My,
_ ok
K, = k—B; 11

fore equilibrium is established, the following conditions exist:
M,, is bigger than its equilibrium value; 8, is smaller than its
equilibrium value; and

Q; <K, (12)

Q, should therefore increase toward K, as an asymptotic limit,
as sorption equilibrium is approached. An experimental plot
of @, vs ¢t should therefore identify that portion of a heteroge-
neous kinetics experiment for which sorption equilibrium exists.

The net rate of change of atrazine in solution is eq 13, which
is obtained as the sum of eq 3 and 4.

dM,,
de

= —kgMp + kCa: (13)
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Figure 1. Conventional high-pressure liquid chromatograph, showing the location of the trapped particles being eluted (40-80 ug

of particles introduced per injection).

Table II. Chemical Species as Mole Percent

atrazine hydroxyatrazine
reactn time, mobile free in labile free in labile matl balance

days run no. phase?® soln sorbed soln sorbed loss
3.00 110(c)’ 1 70.8 22.8 0.90 3.5 2.0
110(d) 1 60.2 24.3 0.63 3.6 11.3
II 2 64.6 20.6 1.4 3.6 9.7
7.00 I 10(c) 1 59.3 18.2 1.7 6.6 14.2
I10(d) 1 48.9 19.5 1.5 6.4 23.7
II 2 54.5 19.2 3.9 8.4 13.9
10.00 I 10(c) 1 50.7 15.0 1.9 8.5 24.0
110(d) 1 44.0 17.9 2.1 8.2 27.8
I 2 49.5 16.8 5.5 11.6 16.6

¢ HPLC mobile phases: (1) 50:50 AcN-H,0, 1.58 x 10~ M HCl; (2) 80:20 AcN-H,0, 1.58 X 107* M HCl.

Before equilibrium has been established

dMy,
TR #=0 (14)

The integral rate law is eq 15. M, and M, are the integration

M. 2
In (ﬁf) - knj: H(e) dt = kg (8, - t) (15)

fi(t) = Cay/ My,

limits for M,,. Equation 15 may be solved with numerical inte-
gration and an iterative calculation, to give the constants &,
kg, and k.

IT1. Sorption and Desorption of Hydroxyatrazine by
Organic Soil. The arguments are nearly parallel to those for
atrazine. For sorption equilibrium they give eq 16-18.

- Cacon BatoH
K, = = 16
CoMaon oM acon (16)
K, =— 17
2 ku4 ( )
kyy = kp3Cy (18)

Equation 19 is now the test function for equilibrium. The mean-

Q,= Cuon _ _Oason
27 CoMuon  9oMason

ings of the symbols correspond to those for atrazine. Because
hydroxyatrazine must desorb toward equilibrium, @, should
decrease toward K, as an asymptotic limit as equilibrium is
approached, as indicated by eq 20.

(19)

Q> K, (20)

Before sorption equilibrium has been established, eq 21 and
22 are the differential and integral rate laws. The constants
are again evaluated by using numerical integrations and itera-
tive calculations.

dM,
—é@ = —kesMuson + RuCaon 21
M. ¢

In (Xl_j) + kgt~ t) = ky, j: ) ’r(0) dt (22)

f2(t) = Caron/ Mason

IV. Hydrolysis Reaction. The reaction is governed by Brén-
sted acid catalysis (Perdue and Wolfe, 1983). The two cata-
lysts that have been identified to date are H* and un-ionized
carboxyl groups (Gamble and Khan, 1985, 1988; Gamble et al.,
1983; Haniff et al., 1985). Organic soil has been postulated to
contain a mixture of humic acid and unhumified particles of
plant material. Undissolved humic acid is a weak acid cation
exchanger, with carboxyl groups bound to the polymer and hydro-
gen ions confined to the particles by the Donnan potential (Gam-
ble, 1989). Both of the Bronsted acid catalysts are therefore
expected to be present and active. A kinetics experiment should
therefore measure their combined effects.

With the conversion of units from 8,, to C,,, the previously
presented differential rate law (Gamble and Khan, 1988) for
the reaction on the sorption sites is eq 23. The subscript r indi-

ac
(TM) = ~kCay (23)

cates that this is a chemical reaction rate. It must be carefully
distinguished from sorption—desorption rates and from total rates
of change. Assuming that atrazine is removed from the whole
system by only one process, then the equality in eq 24 is valid.

dC dcC

- (), (24)
dC

'Fm = —RyChs (25)

Cr, is the total labile atrazine, defined by eq 26. k., is the
first-order rate constant previously described (Gamble and Khan,

Cry =My + Cps (26)
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Figure 5. Tests for sorption equilibrium at the plateaus after
5.0 days: (a) atrazine, @, = K, after 5.0 days; (b) hydroxyatra-
zine, @, = K, after 5.0 aays. K, and K, are the law of mass
action equilibrium functions.

EXPERIMENTAL SECTION

Equipment. The reaction vessel was a Pyrex cylinder 7.3
cm high by 3.0 cm in diameter, having a screw cap with sample

3.2
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parts. During use it had a Teflon-coated stirring bar and was
placed in a fitted double-walled Pyrex container. Connection
to a circulating bath maintained the sample temperature at 25.0
°C. The high-pressure liquid chromatograph was essentially
the previously described conventional system (Gamble and Khan,
1988). Figure 1 shows this conventional system in order to empha-
size the importance of the inline 0.5-um microfilter and the car-
tridge-type guard column. These are contained in the same
Supelco disposable unit. Disposable 1-mL syringes were used
with MSI Cameo Nylon 66 0.45-um disposable microfilters, but
without needles. For direct injections of standards, reaction
solution filtrates, and unfiltered whole slurries, 100-uL. Hamil-
ton 710 syringes with fixed needles were used.

Reagents. The organic soil was a Typic Mesisol peat col-
lected on the Agriculture Canada Substation, Ste-Clothilde, Que-
bec. It contained 37.70% organic C, 4.80% H, and 0.7072 (mmol/
g) of carboxyl groups. The wet density was 1.14 (g/mL). The
preparation and detailed chemical analyses have been previ-
ously reported (Gamble, 1989).

Atrazine and hydroxyatrazine were crystalline solids pre-
pared and analyzed as previously described (Gamble and Khan,
1988; Gamble et al., 1983). Water redistilled under N, was used
for the preparation of all standard stock solutions, standards,
and samples. Chromatography-grade acetonitrile and metha-
nol were used for HPLC work.

Standard Stock Solutions. Standard stock solutions were
1.5 X 10~ M HCI, 1.0 X 10™* M atrazine, 1.0 X 10~ M hydroxya-
trazine, and 1.5 X 107* M atrazine.

Analytical Standards. HPLC analyses employed mixed stan-
dards that ranged from 3.0 X 10~ M atrazine and 0.0 M hydroxya-
trazine to 0.0 M atrazine and 3.0 X 10~ M hydroxyatrazine.

Procedure. A 50-mg portion of organic soil was suspended
with stirring in approximately 15 mL of redistilled H,O for about
2 days. This wetted all the surfaces and sorbed H,O into soil
particles. The hydrolysis reaction was started by the addition
of atrazine standard stock solution, addition of HCI to give a
concentration of 1.0 X 10™* M, and adjustment of total volume
to 25.0 mL. Stirring maintained a uniform suspension of organic
soil particles throughout the whole solution, at 25.0 °C.

Two types of HPLC analyses were done alternately at mea-
sured times. Each sample injection was bracketed by injec-
tions of standards. The first type of analysis used a preinjec-
tion filtration. A small aliquot (less than 0.1 mL) was removed
and filtered with a disposable syringe fitted with a disposable
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Figure 6. Sorption equilibrium constants at 25.0 °C for humic acid (Gamble and Khan, 1988) and the organic soil. OrEanic soil
values are shown for the replicate experiments Ic, Id, and II. Values adopted for subsequent calculations: K; = 2.36 X 10, relative
standard deviation 9.2%; K, = 1.50 X 103, relative standard deviation 1%.
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Table IV. Rate Constants for Sorption and Desorption by Organic Soil at 25.0 °C

E/2 site coverage by
process constant std error days  reactn time, days At, mole fraction
At sorption kg = 5.017 X 1072 days™! 8.51 X103 138 0.0<t<5.0 0.0 <x,, <7.62% 1073
kg1 = 37.08 (mol/L of slurry)™ days™?  6.29
At desorption ke = 0.1507 days™ 2.56 X102 4.60 00=<t<50 0.0 <x,, <762x1073
AtOH sorption ke = 2.018 days™ 1.64 X102 0.343 1.5t <5.0 5.58 X 107% < x,, < 7.62 X 1073
kgy = 1.491 X 10° (mol/L of slurry)™*  12.1
days™
AtOH desorption  k,, = 0.9928 days™ 8.08x 10  0.698 1.5t <50 5.58 X 107® < x,, < 7.62 X 1073

k,, ON SORPTION SITES
DAYS™

T
0 0.002

T
0.004 0.006 0.008

MOLE FRACTION, Xa

Figure 7. First-order reaction rate constant for atrazine hydrolysis on carboxyl catalytic sorption sites: O, Alberta Chernogem
humic acid, 2.828 X 1072 mol/g of carboxyl groups (Gamble, 1989); ®, Quebec typic Mesisol Peat, 0.7072 X 107 mol/g of carboxyl
groups (Gamble, 1989). K,, = 0.1430 days™’, standard error 0.000 53 days™?, 4.92 X 1073 < X,, < 7.62 X 1073,

0.45-um microfilter. When about 50 uL of filtrate had been
collected in the filter unit below the membrane, a Hamilton
syringe was filled sufficiently to fill a 20-uL injection loop. The
second type used a postinjection filtration. A 30-uL aliquot was
taken directly into the Hamilton syringe, and the 20-uL loop
was filled with the whole slurry. About 40 ug of suspended
particles was trapped on the inline microfilter, where they were
washed by the mobile phase. Each injection gave both atra-
zine and hydroxyatrazine peaks. These were read by the UV
detector at 230 nm.

With flow rates of 1.0 mL/min and retention times of 6-18
min, the relative amount of extractant was about 200-450 L/g
of organic soil. This is about 4-5 orders of magnitude greater
than the conventional volumes of extractant per gram (Baily
and White, 1964; Chiba, 1969; Purkayastha and Cochrane, 1973;
Khan, 1973; Khan et al., 1975; Smith, 1976, 1978, 1981; Cot-
terill, 1980; Smith and Milward, 1983). The mobile phases listed
in Table II are similar to the customary extractants (Baily and
White, 1964; Chiba, 1969; Pukayastha and Cochrane, 1973; Khan,
1973, 1975; Smith, 1976, 1978, 1981; Cotterill, 1980; Smith and
Milward, 1983). An electronic spreadsheet was used for con-
verting the raw data into concentration vs time kinetics curves.

RESULTS AND DISCUSSION

I. Slurry and Microfiltrate Analysis Curves. Parts
a and b of Figures 2 show the differences between HPLC
analyses of a slurry with inline microfiltration and with
preinjection microfiltration. Injections of the whole slurry
followed by inline microfiltration consistently gave higher
curves than those obtained by preinjection microfiltra-
tion. The curves were produced by polynomial least-

squares fits of the measurements. Four questions about
the experimental method must be considered during the
examination of the experimental results: (1) recoveries
during the inline extractions; (2) freedom of the chro-
matographic peaks from distortion; (3) condition of the
main column; (4) detection of equilibrium and nonequi-
librium conditions for sorption.

Purkayastha and Cochrane (1973) used several sol-
vents including methanol and acetonitrile-H,O for the
extraction of s-triazines from soils. With solvent amounts
ranging from 3.3 to 10.0 mL/g, they obtained recoveries
of 87-119%. Using methanol-H,0 solvents, Cotterill
(1980) obtained similar results for various herbicides. Com-
parable extraction experiments by Smith (1981) have also
given high yields. The addition of H,0,either before or
during extraction, may increase the recoveries (Smith and
Milward, 1983; Chiba, 1969). The present method uses
solvent to sample ratios that are greater by 4 or 5 orders
of magnitude. In addition, water is present both before
and during extraction. As a direct experimental check,
the mobile phase was changed for one experiment. No
effect on recovery could be found.

No tailing, asymmetry, or other peak shape effects were
seen, and no changes in retention times were observed.

The disposable line filter and guard column generally
protected the main column. The replacement of these
after 1 or 2 weeks readily solved any pressure increasz
problems. Inaddition, it should be noted that the method
produced types and amounts of information in 3 weeks



Atrazine in Organic Soil

Table V. Material Balance Loss: Relationships to
Reversibly Sorbed Atrazine and Hydroxyatrazine

X sorbed compd

(mol)/ L total slurry Co C, R®
At 1.686 x 107 —0.985 -0.992 97
c=0028%10°% ¢ =0.030
AtOH 0.3466 x 1075
¢ =0.0033 X105 ¢=0.8341 0.999 20
0.0070

2y = Cy + C,.X (moles/liter of total slurry); catalytic carboxyl
sorption sites, 1.353 (millimoles/liter of total slurry); reaction time,
5.0 <t < 13.0 days. ° Correlation coefficient.

of work that could only have been obtained, if at all, by
several months of work with a large number of samples
(Gamble and Khan, 1988).

II. Monitoring of Chemical Species. After about
5 days of reaction time, the difference between the two
atrazine curves changed little. However, the difference
between the hydroxyatrazine curves increased through-
out the experiment. Both atrazine curves should have
intercepts equal to the initial concentration in (moles/
liter of slurry), while the two hydroxyatrazine curves should
have zero intercepts. Discrepancies in the intercepts are
no greater than the standard deviations. Table VI (Appen-
dix) contains the numerical data for the curves in Fig-
ure 2a,b.

A microcomputer spreadsheet was used for the calcu-
lation of chemical species. Table III is a list of con-
stants used in the spreadsheet. Figure 2c shows kinet-
ics curves for chemical species throughout the course of
the experiment, and Figure 3 is a spot check of the chem-
ical species at 7.0 days of reaction time. The numerical
data for these figures are recorded in Table VII (Appen-
dix) for future use. Solution-phase atrazine decreased
continuously, while labile sorbed atrazine has a maxi-
mum at approximately 4.5 days. Beyond this maxi-

ATRAZINE
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r
ATRAZINE IN SOLUTION

ATRAZINE
ON
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k
rz REACTION ON rz
CATALYTIC SITES ,
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mum, the difference between free and labile sorbed atra-
zine changed little. The corresponding curves for
hydroxyatrazine increase continuously, with the differ-
ence between them also increasing. The material bal-
ance loss curve also shows a continuous increase.

The cause of the material balance loss is not yet known.
Gas chromatography analysis by previously reported meth-
ods (Behki and Khan, 1986) failed to find any dealky-
lated reaction products of either atrazine or hydroxya-
trazine. The experimental constant i, found for
hydroxyatrazine does not fit eq 29. There is instead the
following inequality: (V,/W,)(k,s/K0,) < k.- From this,
it follows that eq 31, previousfy reported (Gamble and

ko =—(W,/ VoK k.o, (31)

Khan, 1988) for humic acid, does not apply in this case.
Hamaker et al. (1966) and Smith (1981) reported that
under field conditions the recoverable portion of an organic
chemical sorbed into a soil decreases with time. This is
exactly the behavior of the material balance loss that has
been monitored here. A number of authors have noted
that equilibration times of 3-10 h were common (Burns
et al., 1973; Harris and Warren, 1964; Knight and Tom-
linson, 1967) for herbicide sorption by soils. However,
Damanakis et al. (1970) reported much longer times for
some peat soils. That type of slow sorption might be the
cause of the material balance loss observed here. Dur-
ing the last two decades, many authors have reported
that an initial stage of fast sorption is followed by a sec-
ond stage that is much slower and irreversible (Talbert
and Fletchall, 1965; Mill, 1980; Parris, 1980; Karickhoff,
1980, 1984; Freeman and Cheung, 1981; Di Toro and
Horzempa, 1982; Macalady and Wolfe, 1984; Karickhoff
and Morris, 1985). The initial 5-day sorption followed
by the material balance loss resembles that behavior.
Hamaker et al. (1966) suggested that the organic chem-

HYDROXYATRAZINE
ON
CATALYTIC SITES

$3 sS4

p1 HYDROXYATRAZINE
IN SOLUTION

y
HYDROXYATRAZINE

ON
NONCATALYTIC SITES

Figure 8. Atrazine-organic soil system. Sorption and reaction, with material balance loss. Kinetic rate constants are indicated for
those sorption, desorption, and reaction processes observed in the present case.
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Table VI. Atrazine-Organic Soil System at 25.0 °C: Effect of Phase Separations on Kinetics Measurements

At At filtrate AtOH AtOH (filtrate) reactn

point (whole slurry), (0.45 mm), (whole slurry), (0.45 mm), time,
no. M x 10° M x 10® M x 108 M x 10¢ days
1 4.865 4.705 0.000 0.0000 0.000
2 4,778 4,343 0.000 0.0000 0.500
3 4.693 4,059 0.489 0.0000 1.000
4 4.609 3.813 1.016 0.1816 1.500
5 4.526 3.610 1.535 0.3684 2,000
6 4.444 3.444 2.046 0.5513 2.500
7 4,364 3.308 2.550 0.7303 3.000
8 4,286 3.198 3.046 0.9053 3.500
9 4.209 3.108 3.534 1.0765 4.000
10 4,133 3.034 4,014 1.2438 4.500
11 4.058 2.973 4,487 1.4071 5.000
12 3.985 2.921 4,952 1.5666 5.500
13 3.914 2.875 5.409 1.7221 6.000
14 3.844 2.833 5.858 1.8738 6.500
15 3.775 2.792 6.300 2.0215 7.000
16 3.707 2.751 6.734 2.1653 7.500
17 3.641 2.710 7.160 2.3052 8.000
18 3.571 2.667 7.578 2.4413 8.500
19 3.514 2.623 7.989 2.5734 9.000
20 3.452 2.577 8.392 2.7016 9.500
21 3.391 2.532 8.787 2.8259 10.000
22 3.332 2.487 9.175 2.9463 10.500
23 3.275 2.445 9.554 3.0627 11,000
24 3.219 2.408 9.926 3.1753 11.500
25 3.164 2.379 10.290 3.2840 12.000
26 3.110 2.361 10.647 3.3888 12.500
27 3.058 2.358 10.996 3.4896 13.000

Table VII. Atrazine-Organic Soil System at 25.0 °C: Chemical Species during the Kinetics Run

atrazine hydroxyatrazine material balance loss
point  free in soln, labile sorbed, mol/L of  free in soln, labile sorbed, mol/L of mol/L of mol/g of  reactn time,
no. M x 108 slurrry X 10° M x 108 slurry X 108 slurry X 108 soil x 108 days
1 4.705 0.161 0.0000 0.0000 2.5290 1.255 0.000
2 4.343 0.425 0.0000 0.0000 3.3990 1.687 0.500
3 4.059 0.634 0.0000 0.4890 3.7660 1.869 1.000
4 3.813 0.796 0.1816 0.8342 4.0802 2.025 1.500
5 3.610 0.916 0.3684 1.1665 4.3891 2.179 2.000
6 3.444 1.001 0.5513 1.1494 4.6918 2.329 2.500
7 3.308 1.056 0.7303 1.8195 4.9882 2.476 3.000
8 3.198 1.109 0.9053 2.1403 5.2784 2.620 3.500
9 3.108 1.101 1.0765 2.4572 5.5623 2.761 4.000
10 3.034 1.099 1.2438 2.7703 5.8399 2.899 4.500
11 2.973 1.085 1.4071 3.0796 6.1113 3.034 5.000
12 2.921 1.065 1.5666 3.3850 6.3764 3.165 5.500
13 2.875 1.039 1.7221 3.6866 6.6353 3.294 6.000
14 2.833 1.011 1.8738 3.9843 6.8879 3.419 6.500
15 2.792 0.983 2.0215 4.2782 7.1343 3.542 7.000
16 2.751 0.956 2.1653 4.5684 7.3743 3.661 7.500
17 2.710 0.932 2.3052 4.8546 7.6082 3.777 8.000
18 2.6687 0.910 2.4413 5.1370 7.8347 3.889 8.500
19 2.623 0.891 2.6734 5.4155 8.0571 4.000 9.000
20 2.577 0.875 2.7016 5.6903 8.2721 4.106 9.500
21 2.532 0.860 2.8259 5.9612 8.4809 4.210 10.000
22 2.487 0.846 2.9463 6.2282 8.6835 4.310 10.500
23 2.445 0.830 3.0627 6.4916 8.8797 4.408 11.000
24 2.408 0.811 3.1753 6.7509 9.0698 4,502 11.500
25 2.379 0.785 3.2840 7.0060 9.2540 4.594 12.000
26 2.361 0.749 3.3888 7.2582 9.4310 4.682 12.500
27 2.358 0.701 3.4896 7.5064 9.6020 4.766 13.000

ical compounds slowly diffuse into the interiors of soil
particles. Other authors have agreed with this (Chiba,
1969; Adams, 1973; Khan, 1973), and it might explain
the material balance loss. This suggests that a future
investigation could seek to correlate the material bal-
ance loss with radiotracer measurements of bound resi-
dues. Measurements of particle distributions would con-
tribute insight to such a project.

Total labile sorption has been plotted in Figure 4, in
order to determine whether there are any systematic trends.

After the first 5 days of increase, there is a smaller con-
tinuing increase. Although this latter increase after 5
days is consistent with both theory and results reported
previously for humic acid (Gamble and Khan, 1988), it
is hardly greater than the experimental error.

III. Sorption Equilibria and Kinetics. The test
functions @, and @, plotted in Figure 5 show the behav-
iors predicted by eq 9, 12, 19, and 20. Sorption—desorp-
tion equilibrium has evidently been reached after 5.0 days,
so that @, and @, become K, and K,. Beyond 5.0 days,
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Table VIII. Labile Sorption: Establishment of
Equilibrium*

. . labile
atrazine hydroxyatrazine total:
no. @ X102 X, x 103 @, x 107 X, x 10° X5 x 10° days
1 0.240 1.129 0.000 1.129 0.000
2 0.687 2.983 0.000 2.983 0.500
3 1.102 4.452 0.343 4.795 1.000
4 1.474 5.585 3.244 0.586 6.170 1.500
5 1.793 6.427 2.239 0.819 7.246 2.000
6 2.056 7.023 1.919 1.049 8.073 2.500
7 2.261 7.415 1.764 1.277 8.692 3.000
8 2.411 7.638 1.675 1.502 9.141 3.500
9 2.510 7.127 1.617 1.725 9.452 4.000
10 2.566 7.711 1.579 1.945 9.656 4.500
11 2.588 7.618 1.551 2.162 9.780 5.000
12 2.584 7.472 1.532 2.376 9.848 5.500
13 2.562 7.292 1.518 2.588 9.880 6.000
14 2.531 7.710 1.507 2.797 9.894 6.500
15 2.496 6.900 1.500 3.003 9.903 7.000
16 2.464 6.711 1.496 3.207 9.918 7.500
17 2.437 6.538 1.493 3.408 9.946 8.000
18 2.419 6.386 1.492 3.606 9.992 8.500
19 2.409 6.353 1.492 3.801 10.050 9.000
20 2.406 6.138 1.494 3.994 10.130 9.500
21 2.409 6.036 1.496 4.184 10.220  10.000
22 2.412 5.936 1.499 4.372 10.310  10.500
23 2.408 5.825 1.503 4.557 10.380  11.000
24 2.387 5.689 1.508 4.739 10.430  11.500
25 2.340 5.508 1.513 4.918 10.430 12.000
26 2.251 5.260 1.519 5.095 10.350  12.500
27 2.107 4.918 1.525 5.269 10.190  13.000

2 Organic soil carboxyl content is 0.7072 X 1073 mol/g.

Table IX. Labile Sorption of Atrazine and
Hydroxyatrazine at 25.0 °C (Organic Soil Carboxyl Groups
in Free Acid Form)

atrazine hydroxyatrazine
_ rel _ rel
sample K, SD, % K, SD, %

0.85x10°  26.6
2.85x10° 8.99
3.18x10%, 20.0
1.50x10° 0.61

Chernozem humic acid® 1.74x10*  1.84
organic soil, run I 10(c) 2.23x10% 11.3
organic soil, run I 10(d) 2.68x10%2  7.24
organic soil, run II 2.48x103 2.8

% Gamble and Khan, 1988.

the curves are not assumed to have any structural details
that are meaningful outside the experimental errors. The
numerical data are listed in Table VIII (Appendix).
The numerical values obtained for K; and K, have been
averaged to give the values presented in Figure 6 and
Table IX (Appendix). They are shown with similar results
from two preliminary experiments. As a check on the
correctness of the experimental method, they have also
been compared with the values found previously (Gam-
ble and Khan, 1988) for Alberta Chernozem humic acid.
All three of the organic soil experiments have given excel-
lent agreement with each other and with the humic acid,
for the atrazine K,. Experiment 10 also shows good agree-
ment with the humic acid experiment, for the hydroxya-
trazine K,. The two preliminary experiments do not agree
quite as well, but their values are suspect because of some
irregularities in their data. Hydroxyatrazine is more
strongly sorbed by about 1 order of magnitude.
According to the rate constants in Table IV, hydroxya-
trazine is more labile than atrazine in addition to being
more strongly sorbed. Hydroxyatrazine is sorbed both
faster and more strongly than atrazine is. This is con-
sistent with Ashton’s report (Ashton, 1961; Baily and
White, 1964) that the lateral movement of hydroxyatra-
zine in soils is faster than that of atrazine. The two com-
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Table X. Atrazine-Organic Soil System at 25.0 °C:
Pseudo-First-Order Reaction Rate Constants for Hydrolysis
on the Catalytic Carboxyl Sorption Sites®

point reactn time,

no. Xae days

11 7.618 X 1072 5.000
12 7.472 X 1078 5.500
13 7.292 x 1073 6.000
14 7.710 X 1072 6.500
15 6.900 X 1072 7.000
16 6.711 X 1073 7.500
17 6.538 X 1072 8.000
18 6.386 X 107° 8.500
19 6.353 X 1072 9.000
20 6.138 X 1072 9.500
21 6.036 X 1073 10.000
22 5.936 X 1072 10.500
23 5.825 X 1072 11.000
24 5.689 X 1072 11.500
25 5.508 X 1073 12.000
26 5.260 X 1072 12.500
27 4,918 X 1072 13.000

@ Conditions: rate constant, &,, = 0.1430 days™?; standard error
= 0.000 53 days™; unoccupied sites, 0.6717 X 10~° mol/g; carboxyl
content, 0.7072 X 107% mol/g (37).

Table XI. First-Order Rate Constants for Atrazine
Conversion in Organic Soil Slurries at 25.0 °C*

constant, bz
process days™ std error days

hydrolysis on catalytic
carboxyl sites
conversion of reversibly sorbed K, = 0.09025 2.76 X 10* 7.68
reactant into total
recoverable product

kyy = 0.1430 526X 10% 4.85

% Conditions: reaction time (days), 5.000 < ¢ < 13.000; site coverage
by atrazine (mole fraction), 7.618 X 1073 = X, = 4.918 x 1073,

pounds differ in at least one other way. Atrazine has a
sorption rate constant only about one-third as great as
its desorption rate constant. Hydroxyatrazine, however,
has a sorption rate constant about twice as large as its
desorption constant.

IV. Atrazine Hydrolysis Kinetics. Because the
experimental method uniquely provides numerical val-
ues for free and sorbed species of both the reactant and
the product, as illustrated by Figures 2 and 3, there is
now a choice of four sets of experimental variables with
which the first-order rate constant for atrazine conver-
sion on the catalytic sites may be calculated. Listed in
Table I, each calculation method uses an integral rate
law form related to the chosen variables. Method B has
been used here with the corresponding equation (26),
because the two variables are direct experimental mea-
surements. The avoidance of subtractions makes the best
use of the experimental data by minimizing the effects
of experimental errors.

The first-order rate constant for hydrolysis on the cat-
alytic sorption sites, k.o, is plotted in Figure 7, with Cher-
nozem humic acid values (Gamble and Khan, 1988). Each
kinetics experiment is insensitive to the &,, change dur-
ing its course. A set of kinetics experiments therefore
produces a chord plot. The collection of nonidentical
carboxyl groups contained in the organic soil is expected
to give a spectrum of kinetic rate constants. Albery et
al. (1985) have proposed a gaussian distribution of In k&,
values.

X a1, the mole fraction of sites occupied by atrazine, is
the one independent variable that shows close agree-
ment between the organic soil value and the previous humic
acid values (Gamble and Khan, 1988). A plot of k,, against
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moles/gram of sites occupied by atrazine does not put
the organic soil value on the same curve with the humic
acid values. A plot against grams of organic soil/liter of
slurry would simply produce confusion. The samples,
their carboxyl group contents, the experimental meth-
ods, and the calculation techniques were all different. The
close agreement, therefore, provides another indepen-
dent check on the correctness of the present method.

The dependence of k., on the mole fraction of sites
occupied by atrazine has two implications: One is that
Bronsted acid catalysis operates as suggested by Perdue
and Wolfe (1983). The other is that the two samples
with different carboxyl contents have at least compara-
ble K, vs « spectra. If the relationship in Figure 7 is
sufficiently general, then it would be useful for the com-
parison of samples, extrapolations of laboratory measure-
ments to field conditions, and general predictions. An
important point is that logarithmic plots tend to obscure
discrepancies, and the close agreement here has been
obtained without their use. Karickhoff (1984) has pointed
out that sorption may make a substantial change in the
apparent reactivity of an organic compound. In the present
work this is manifest in the difference between k., and
k.. The numerical data for k,, in organic soil are listed
in Tables X and XI (Appendix).

V. Characteristics of the Material Balance Loss.
Total labile hydroxyatrazine was found to give a good
linear least-squares fit against total labile atrazine. The
slope, however, was 0.6425 {(mole of hydroxyatrazine/
mole of atrazine) instead of 1.0. This means that only
64.3 mol % of the atrazine that disappears is repre-
sented by recovered hydroxyatrazine. Table V shows that
the material balance loss is highly correlated with both
the labile sorbed atrazine and the labile sorbed hydroxya-
trazine. While the material balance loss and labile sorbed
hydroxyatrazine increase together, the material balance
loss increases as the labile sorbed atrazine decreases. This
implies that the material balance loss is not directly caused
by atrazine concentrations or concentration gradients.

VI. General Conclusions. Figure 8 is a postulated
general model for the heterogeneous catalysis of atra-
zine hydrolysis in aqueous slurries of organic soil. Inthe
most general possible case, noncatalytic sorption sites might
exist as indicated. The present case has not shown any
evidence of them, however. To the extent that hydroxya-
trazine remains sorbed onto the catalytic sites on which
it was formed, catalyst poisoning would exist. Accord-
ing to Table VIII (Appendix), the mole fraction of sites
covered by hydroxyatrazine ranged from 0.0 to 5.27 X
1072 during the experiment. Wang et al. suggested (in
preparation) that atrazine and hydroxyatrazine might not
compete directly for the same humic sorption sites.

For the heterogeneous catalysis of hydrolysis, Zepp and
Wolfe (1987) made the two assumptions that mass trans-
fer between physical phases is fast in comparison with
the rates of chemical reaction and equilibrium is main-
tained. The experimental method developed here pro-
vides direct experimental checks on these two questions,
so that no assumptions are necessary. In fact, the exper-
imental results show that atrazine has a sorption rate
constant not much more than one-third that of the hydrol-
ysis on the sorption sites. This has an important conse-
quence. The sorption equilibrium is not established for
5 days, during which the hydrolysis reaction removes atra-
zine from the sorption sites more quickly than it does
from the external solution. For the sorption and desorp-
tion of 2,4-D and picloram by humic acid, Khan (1973)
observed rate constants, energies of activation, and heats

Gamble and Khan

of activation indicating physical sorption. The present
results for atrazine and hydroxyatrazine are likewise con-
sistent with physical sorption.

A unique feature of the experimental method is that
it can track the distinction between labile sorbed com-
pounds and material balance loss throughout a whole chem-
ical kinetics experiment. The required chemical analy-
ses are simple and fast and do not deplete the sample by
using large aliquots. Burns et al. (1973a,b) have com-
mented that, for experiments in which adsorption is mea-
sured by difference between concentrations of initial and
equilibrium solutions, determining whether or not decom-
position of adsorbate takes place is essential. The present
experimental method is uniquely effective in doing that.
Wu and Gschwend (1986) have recently expressed the
opinion that more research is needed on the effects of
soil properties on the kinetics of sorption. The method
should be useful for that purpose.

Because the experimental method is novel, indepen-
dent checks on the correctness of the results are impor-
tant. Not only are there satisfactory answers for the four
experimental questions but also K;, K,, and k,, results
agree very well with those previously reported for a humic
acid. This experimental method has a number of other
potential uses. Preliminary trials indicate that it might
be profitable for clays, clays having hydrous metal oxide
coatings, whole soils, microbiological cultures, and tis-
sue cultures. The requirement is that samples should
have small particles that can be maintained in suspen-
sion by stirring. Because cation-exchange columns are
available for HPLC use, it should also be possible to extend
the method to metal ion interactions with some or all of
the above types of samples.

SYMBOLS

C, unoccupied sorption sites (moles/liter of total
slurry)

Ca labile sorbed atrazine (moles/liter of total slurry)

Caton  labile sorbed hydroxyatrazine (moles/liter of total
slurry)

Cry total labile atrazine (free + sorbed) (moles/liter
of total slurry)

Cyo total labile hydroxyatrazine (free + sorbed) (moles/

liter of total slurry)

C, Cand integration limits for C; or Cr,
2

K, atrazine sorption equilibrium function

K, hydroxyatrazine sorption equilibrium function

kg, atrazine sorption second-order rate constant (molar-
ity X days)™!

kgj hydroxyatrazine sorption second-order rate con-
stant (molarity X days)™!

Ros hydroxyatrazine apparent rate constant for appear-
ance in solution (days)™!

k. atrazine apparent rate constant for disappear-
ance from solution (days)™

key atrazine first-order rate constant for reaction on
the catalytic sorption sites (days)™!

kop atrazine first-order rate constant for sorption from
solution (days)™!

Ryp atrazine first-order rate constant for desorption
into solution (days)™!

kg hydroxyatrazine first-order rate constant for sorp-
tion from solution (days)!

kg hydroxyatrazine first-order rate constant for des-
orption into solution

M,, molarity of atrazine in solution

M, ou molarity of hydroxyatrazine in solution
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M ﬁnd integration limits for M, or M0
2

Q, test function for atrazine sorption equilibrium

Q. test function for hydroxyatrazine sorption equi-
librium

ry atrazine rate of loss from solution by sorption
(molarity/day)

ry atrazine rate of gain in solution by desorption
(molarity/day)

t reaction time (days)

t,and  integration limits for ¢

t2

te elution time for compounds sorbed onto the HPLC
column (minutes)

tr retention time for HPLC peaks (minutes)

b number of unoccupied sorption sites (moles/
gram of organic soil)

Bas number of sorption sites occupied by atrazine

(moles/gram of organic soil)

faron  number of sorption sites occupied by hydroxy-
atrazine (moles/gram of organic soil)

U flow velocity of the HPLC mobile phase (milliliters/
minute)

Va volume of sample slurry aliquot taken for analy-
sis (liters)

V, volume of sample slurry (liters)

Vm volume of HPLC mobile phase available for wash-
ing trapped sample particles (liters/gram)

Wa mass of sample slurry particles injected (grams)

Ws mass of sample slurry particles (grams)
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APPENDIX

Data on atrazine—organic soil systems are given in Tables
VI-XIL

Registry No. Atrazine, 1912-24-9; hydroxyatrazine, 2163-
68-0.
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Effect of High Dietary Nitrate on the Disposition of Sulfamethazine
[4-Amino-N-(4,6-dimethyl-2-pyrimidinyl)benzenesulfonamide] in Swine'

Gaylord D. Paulson”™ and Peter W. Aschbacher

Biosciences Research Laboratory, U.S. Department of Agriculture—Agricultural Research Service,
Fargo, North Dakota 58102

Swine (58-74-kg initial weight) were fed a corn-soybean meal basal diet that contained 110 ppm sul-
famethazine [4-amino-N-(4,6-dimethyl-2-pyrimidinyl)benzenesulfonamide; sulmet] and 0, 10, 100, 500,
or 1000 ppm nitrate. The concentrations of nitrite in the oral cavity and the concentrations of desa-
minosulfamethazine [N-(4,6-dimethyl-2-pyrimidinyl)benzenesulfonamide, DA-sulmet] in the blood were
increased by feeding the highest levels of nitrate; however, 10 or 100 ppm of nitrate in the diet had
little or no effect on nitrite and DA-sulmet concentrations in the oral cavity. Supplementing the diet
with all levels of nitrate had little or no effect on the concentrations of sulmet and N*-Ac-sulmet in

swine blood.

Sulfamethazine [4-amino-N-(4,6-dimethyl-2-pyrimi-
dinyl)benzenesulfonamide, sulmet; Figure 1] is used exten-
sively by the swine industry to prevent and control bac-
terial infections and to increase animal growth rate and
improve feed efficiency. Concern about tissue residues
was the impetus for studies on the disposition of sulmet
and related sulfonamide drugs in swine. When
[*4C]sulmet was administered orally to swine, most of
the radioactivity was excreted in the urine as sulmet and
N4acetylsulfamethazine (N*-Ac-sulmet; Figure 1) (Paul-
son et al., 1981). A unique metabolite, desaminosul-
famethazine [N-(4,6-dimethyl-2-pyrimidinyl)benzene-
sulfonamide, DA-sulmet; Figure 1] was also present in
the blood and other tissues from swine dosed with
[*4C]sulmet (Paulson and Struble, 1980; Paulson et al.,
1981). Subsequent studies with rats demonstrated that
high dietary nitrite greatly enhanced the conversion of
sulmet to DA-sulmet (Paulson, 1986) and the deamina-
tion of other sulfonamide drugs (Woolley and Sigel, 1982;
Nelson et al., 1987). Later it was unequivocally shown
that sulmet in the presence of nitrite and acid condi-
tions in the stomach of the rat was converted to a diaz-
onium cation (DZ-sulmet; Figure 1) and that this reac-

* To whom reprint requests should be addressed.
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tive intermediate was a precursor to DA-sulmet (Paul-
son et al., 1987).

Observations that DZ-sulmet was weakly mutagenic
when evaluated by the Ames test (Paulson et al., 1987)
and that the half-life of DA-sulmet in swine tissues was
several times longer than the half-life of sulmet (Mitch-
ell and Paulson, 1986) were the stimulus for additional
investigations to determine the effect of dietary nitrite
on the disposition of sulmet in swine (Paulson and Feil,
1987). Comparative studies in which swine were given a
single oral dose of [**C]sulmet in combination with nitrite
(165 mg of [**Clsulmet and 2.25 g of NaNO, in 1.5 kg of
feed) or with [**C]-DZ-sulmet alone (165 mg of sulmet
equiv in 1.5 kg of feed) provided evidence that sulmet in
the presence of nitrite and the acid conditions in the gas-
trointestinal tract of swine was converted to DZ-sulmet
and that DZ-sulmet was a precursor to DA-sulmet (Fig-
ure 1) (Paulson and Feil, 1987). Nitrite supplementa-
tion decreased the concentration of sulmet and increased
the concentration of DA-sulmet in the swine blood.

The levels of nitrite used in the experiments described
above were in excess of the levels expected in conven-
tional corn—-soybean meal swine diets. However, high con-
centrations of nitrate are sometimes present in feed and
H,0 consumed by swine (Wright and Davison, 1964), and
there is much evidence that nitrate is reduced to nitrite
by microbes in the oral cavity and, under certain condi-
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