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-1. Introduction
1.1 Background Information on Atrazine
Since the advent of modem herbicide use in the early twentieth century,
researchers have been plagued with the obvious problem of herbicide disposal. Most
herbicides are specifically designed to resist natural degradation processes so that they
can remain effective in the field for a substantial amount of time. In addition, they are
also made water soluble so that they can be easily applied to crops. Finally, they are
specifically produced to kill undesirable plant species in the quickest and often crudest
fashions.
Due to these specific properties herbicides pose a general threat to other
organisms living in the same geographic regions where the herbicides are sprayed. Their
resistance to natural degradation and ability to be transported by water make the direct
degradation of herbicides very difficult and remarkably expensive. Therefore there is a
need for a quick, clean and inexpensive mechanism for the degradation of herbicides in
the environment. Specifically, it is of interest to find a way to degrade herbicides present
on farm equipment and in spray tanks and herbicides released in commercial spills.
One of the most widely used herbicides in the United States is the triazine
compound, atrazine (Figure 1). Atrazine is a selective triazine herbicide used to control
broadleaf and grassy weeds found in com, sorghum, sugarcane, pineapple, Christmas
trees and in conifer reforestation plantings. Atrazine can also be used as a nonselective
herbicide on non-cropped industrial lands. Atrazine is currently viewed as one of the
most effective and economically valuable herbicides produced (1).

Information in recent EPA submissions quantifies the minimum dollars-and-cents
value of atrazine to various sectors of US agriculture. According to studies based on data
from weed scientists and farm economists, the total minimum annual economic benefit of
atrazine approaches $1.66 billion . This includes an estimated minimum annual benefit of
$160 million to growers of popcorn, sweet corn, citrus. sugarcane, and various nuts and
fruits. along with sod farms, golf courses and nurseries (2). The data present a strong
indication of atrazines importance to com yields. Based on results from more than 4,926
university field trials measuring corn yields in no-till systems and conventional tillage,
statistically higher yields result when atrazine is used to control weeds , compared to other
herbicides (2).

Figure 1: Chemical structure of atrazine

Arrazines economic benefit to US agriculture is unparalleled by herbicides of

similar chemical composition. However, despite atrazine's clean economic record the
herbicide shows many undesirable effects upon non-targeted species. These effects can
be classified as either toxicological or ecological.
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1.2 Toxicity
Atrazine exhibits moderate acute toxicity to humans and other animals. It can be
absorbed orally, dermally, and by inhalation. Symptoms of atrazine exposure include
abdominal pain, diarrhea and vomiting, eye irritation, skin reactions and irritation of
mucous membranes (3). Many toxicological studies have been conducted on laboratory
rats to study atrazine's acme and chronic toxicity, At very high oral doses, rats show
signs of excitation followed by depression, slowed breathing, muscle spasms and
hypothermia. Dermally, atrazine has been characterized as a mild skin irritant, continued
exposure resulted in rashes and mild symptoms of poisoning (3).
The lethal dose to kill 50% of the lab specimens (LDso) is 3090 mglkg in rats,
1750 mg/kg in mice, 750 mglkg in rabbits and 1000 rug/kg in hamsters. The dermal LD so
in rabbits is 7500 rnglkg and greater than 3000 mglkg in rats (4,5).
Chronic toxicity revealed that 40% of rats receiving oral doses of 2Omglkg/day
for 6 months died with signs of respiratory distress and paralysis of the limbs. In addition
to this structural and chemical changes were observed in the brain, heart liver and

kidneys (3,5). Current studies are being conducted on the mutagenic and carcinogenic
effects of atrazine on laboratory species. Present research illustrates no evidence of
mutagenic effects, however data regarding atrazine's carcinogenic effects remain
inconclusive (1).
The fate of atrazine in humans is determined by the amount of atrazine absorbed
into the bloodstream. Atrazine is readily absorbed through the lining of the
gastrointestinal tract and into the blood stream. When a single dose of 0.5 mg of atrazine
was administered to rats by gavage, 20% of the dose was excreted with the feces, while
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----the other 800/0 was absorbed through the walls of the gastrointestinal tract. Of the
atrazine originally administered to the rats, 15% was retained in the body tissues after 72
hours, primarily in the liver, kidneys and lungs (3).
Atrazine also displays numerous ecological effects. Current studies illustrate
atrazine to have fundamentally different effects on animals of similar descent. Studies
indicate non toxicity in birds, showing LDso's greater than 5,000 mg/kg for bobwhite
quail and ring-necked pheasants (4,5). Atrazine has been characterized as slightly toxic
to fish and other aquatic life, showing small signs of bioaccumulation in fish .
Specifically atrazine accumulates in the brain, gall bladder and liver of white fish (5).
When compared to other herbicides, atrazine is often viewed as relatively non
toxic. Large mutagenic and carcinogenic effects are absent in toxicological and
ecological studies. However, atrazine does playa substantial role in the contamination of
the environment. This can be analyzed by monitoring atrazines breakdown in soil,
groundwater, and vegetation (1).

1.3 Environmental Fate
Because atrazine does not adsorb strongly to soil particles and has a lengthy half
life (60 to >100 days) in the environment, it has a high potential for groundwater
contamination despite its moderate solubility in water (6). Atrazine can persist for longer
than 1 year under dry or cold conditions and is moderately to highly mobile in soils with
low clay or organic matter content (7). Chemical hydrolysis. followed by degradation by
soil microorganisms, accounts for most of the breakdown of atrazine. Hydrolysis is rapid
in acidic or basic environments bill is slower at neutral pHs. Addition of organic material
increases the rate of hydrolysis.
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Atrazine is the second most common herbicide found in private and community
wells (5). Trace amounts have been found in drinking water samples and in groundwater
samples in a number of states (8.7). A 5-year nationwide survey of drinking water wells
detected atrazine in an estimated 2% of community water systems and 1% of rural
domestic wells. The recently completed National Survey of Pesticides in Drinking Water
found atrazine in nearly 1% of wells tested (8). Atrazine has been detected in each of
146 water samples collected at 8 locations from the Mississippi, Ohio and Missouri
Rivers and their tributaries. For several weeks. 27% of these samples contained atrazine
concentrations above the EPA's maximum contaminant level (MeL) of 0.003 mgIL (9).
Atrazine is absorbed by plants mainly through the roots, but also through the
foliage. Once absorbed. it is translocated upward and accumulates in the growing tips and
the new leaves of the plant. In susceptible plant species, atrazine inhibits photosynthesis.
In tolerant plants, it is metabolized (10).
It is apparent that concerns regarding atrazine's toxicity should be centered
primarily on atrazine's breakdown in soil and water rather than its minimal toxicological
and ecological effects. Due to these environmental concerns, atrazine has been under
continuous investigation by the Environmental Protection Agency (EPA). The EPA has
classified atrazine as a Restricted Use Pesticide (RUP) due to its potential for
groundwater contamination (11). RUPs may be purchased and used only by certified
applicators. Atrazine is toxicity class ill - slightly toxic. In November 1994. the EPA
initiated a Special Review which could have resulted in use restrictions or cancellation of
atrazine if health data warranted such action. Products containing atrazine must contain
the signaJ word "caution."

5

Despite the potential negative effects that atrazine could impose upon the
environment, its positive economic value prohibits its cancellation as a widely used
herbicide. Therefore there is a need for a quick, clean and inexpensive pathway for the
degradation of selective triazine herbicides, such as atrazine, in the environment,
Past research has proposed incineration as a potential means for herbicide
degradation . .Incineration although generally effective, it is not always feasible or
economical because of the large volume of water and large transport costs accompanying
the wastes (12) . Other previously proposed solutions, such as bioremediation, follow the
same pathways, generally effective but either infeasible or uneconomical. Through this
research we are attempting to uncover alternative methods for herbicide degradation in
soil and in waste water.

1.4 Atrazine Degradation by Hydroxyl Radicals
In contrast to the methods previously proposed, the idea of a low temperature
combustion reaction creates a different pathway to approach the degradation of harmful
herbicides into non-toxic products. Specifically, by introducing hydroxyl radicals into
the system , using Fenton photochemistry, harmful herbicides are attacked and degraded
to non-toxic intermediates. Fenton photochemistry has been studied by many different
investigators to determine the degradation rate of specific herbicides in aqueous solutions
(12-15) .

Since we are dealing with an aqueous iron system, it is first necessary to discuss
the iron speciation in the system. Chemical speciation is a description of the
concentrations of the chemical species present in the system. Four iron (TIl) species are
present in the system, [Fe(H20)6]3+, [Fe(H20)50m2+, [Fe(H20)4(OH)2l" and
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...........

[Fe(H20)3(OHhJ. The concentration of the desired iron species eli vided by the total
concentration of iron in solution is known as the distribution function (a), as shown in
equation 1.

Equation 1 can be reduced to equation 3 by writing [Fe(H20)sOH]2+,

curnmulative hydrolysis constant for [Fe(H20)6]3+ as shown in equation 2.

p. =IFe(H20)6_,COH)iL
I

[Fe(H20\1+[H~

J

(2)

(3)

Finally by canceling the [Fe(H20)6f+ terms, equation 4 can be deduced for the
distribution function of [Fe(H20)6]3+ in solution.
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1

(4)

Equations 5,6 and 7 show the distribution functions for [Fe(H2 0 )SOH] 2+,

= OoFdH ,O),.)· PI

[if ]

(5)

(6)

(7)

Using equilibrium coefficients (~1-f33) published by Liu and Millero in 1998 (16),
a graph relating pH and the distribution function for varying iron species in solution can
be created. Table 1 lists the equil ibrium coefficients for the system. Figure 2 illustrates
the relationship between the distribution function for the four iron species and the pH of
the solution.
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Table 1: Equilibrium Coefficients,
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Figure 2: Iron Speciation as a function of pH

In addition to studying the speciation of the iron system, it is also important

[0

concentrate on the solubility of iron in solution. For hydroxyl radical production to be
efficient the iron absorbing species must be in solution. Equation 8 depicts the solubility
constant for the system (Ksp).

(8)

By rearranging equation 8 and dividing both sides by a (Fe(H20)i+) equation 9 is
obtained.
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(9)

In this equation T Fe represents the total iron in solution in any hydrolysis level.
The graph of Tr, verse pH (Figure 3) depicts the solubility limits at varying pH levels. It
is important to run the experiment at a pH where all of the iron in the system is in
solution.
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pH

Figure 3 : Solubi lity of Total Iron as a function of pH

Hyroxyl radicals are produced in Fenton photochemistry when the iron oxygen
bond is broken in the (Fe(H 20hOH] 2+ species. Thus it is essential to maximize the
amount of [Fe(H20)50H]2+ in solution in order to maximize the number of hydroxyl
radicals produced. From Figures 2 and 3 it is clear that [Fe(H20)sOH]2+ speciation and
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solubility is at a maximum of pH

=2. Thus in order to optimize the distribution function

for [Fe(H20)5 OHf'· photochemical experiments should be run at a pH

=2.

It was previously stated that hydroxyl radicals are produced by the cleavage of the
iron oxygen bond in [Fe(H20hOH] 2". In order for the iron oxygen bond in the
[Fe(H20)sOH]2... species to be broken, the species must first absorb a photon being
radiated into the reaction vessel. When a molecule absorbs a photon, the energy of the
molecule is increased. promoting the molecule to an excited state. Once in the excited
state the molecule can either release the energy through thermal decay or through the
cleavage of the iron oxygen bond forming the desired hydroxyl radical. Thus it is of
great importance to maximize the absorption of [Fe(H20)s0H]2'" in the system. The
path length of the reaction vessel was sufficiently long. for complete absorption of
photons in solution.
The absorbance (A) of a molecule is dependent upon its concentration (c), the
path length of the cell (b) and the extinction coefficient (E) , as seen in the farnilier Beer
Lambert Law (equation 10). Since the absorbance of [Fe(H20hOH]2... is wavelength
dependent it is critical to determine this wavelength to maximize the amount of
[Fe(H20hOH]2... absorbing in the system.

(10)

A=Ebc

The percent of [Fe(H20)sOH]2'" absorbing in the system is a function of its molar
absorptivity and the percent of [Fe(H20)sOH]2+ in the system. Equation 11 represents a
general equation for the percent light absorbed by [Fe(H20)sOH]2+ . From Figure 2 it is
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clear that at pH 2, where we are running our experiments, only the [FeOH]2+ and [Fe])'"

species are present in significant concentrations.

(11)

After canceling out the Fetolal and path length term (b), equation 11 can be reduced to
equation 12.

%F eott" absorbing

EFeOH ,·a FeOH l=-----'-""""'-'-.........,"'-'---
EprOH,·C1FrOH2.

+ Eh

(12)

)·C1Ft "

As seen earlier, when [Fe(HzO)sOH]2+ absorbs a photon it can either emit energy
through thermal decay or through cleavage of the iron oxygen bond. The relationship
between these two possibilities is known as the quantum yield. The quantum yield for
[Fe(H20)sOHf'" is defined as the rate of hydroxyl radical formation (K p) , divided by the
thennal decay rate (K, + K p) (Equation 13). The quantum yield for hydroxyl radical
production is also a function of wavelength . Thus in order to maximize the quantum
yield for the system, it is crucial to determine the maximum wavelength for hydroxyl
radical production.

(13)
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It is clear through this discussion that [Fe(H20)jOH]2+ speciation, absorption and
the corresponding quantum yield need to be maximized in order to produce the maximum
number of hydroxyl radicals per photon. [Fe(H20)50H]2+ speciation and solubility can
be easily maximized by keeping the pH of the solution at 2. Since the percent absorbance
of Fe(H20)sOH2+ and its corresponding quantum yield are both wavelength dependent, it
is of great interest to study how degradation directly depends upon wavelength. Figure 4
depicts a schematic diagram of light phase photo-Fenton reactions.

[Fe(ll20ls0H]2~

[Fe(H20)6]2+ + . OH

hv

~DC=:>
Figure 4: Schematic Diagram of Light Phase Photo-Fenton Reactions

Previous research, at Colby College by Professor D. Whitney King, illustrates the
maximum percent absorbance of [Fe(H20)sOH]2+ to be at A >330 nm, while the quantum
yield for [Fe(H20)sOH]2+ has been shown to display a maximum at 300 om. These two
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factors must be weighed in order to determine the ideal wavelength for hydroxyl radical
production.

The steady-state hydroxyl radical concentration is dependent upon all three of
these factors. Thus it has been determined that the steady-state hydroxyl radical
concentration is equal to the product of percent [Fe(H20)sOH]2~ absorbing in the system
and the quantum yield at a given wavelength multiplied by the light flux (I) as seen in
equation 14.

(14)

Previous work by Pignatello (13) and Balmer (14) show equations 15-17 to be
the predominant photo-Fenton reactions occurring in the system during light phase

atrazine degradation.

hv

(15)
(16)

.OR + atrazine

products

(17)

Since the [Fef+ species formed in the production of the hydroxyl radical
continues to react with hydrogen peroxide present in the system to produce a second
hydroxyl radical (equation 16). Thus to correct for this, equation 14 contains a constant

14

factor of two. Hydroxyl radicals produced in this process attack the atrazine present in
the system, initiating atrazine degradation.
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2. Experimental Methods
2.1 Experimental Conditions
Solutions were mixed in a 1000m1 reaction vessel, equipped with two quartz
windows for 93% transmission of UV light. The reaction vessel was thermally
maintained at 25

-c and continuously stirred.

Reactants were added to the reaction vessel

in the dark. Atrazine (Supelco Lot: LA85579) was dissolved at 25 IlM in 1000 mL of

Milli-Q purified water. Iron (ill) perchlorate (GFS Chemicals, Inc. Lot: L503982) at
0.001 M and hydrogen peroxide (Fisher Scientific Lot: 970978) at 0.0025 M was then
added to begin the dark phase. Peroxide and iron perchlorate concentrations were tested
by UV-VIS for accurate concentration values . The initial pH of the solution was
approximately 2.1. The pH of the solution was measured using an Orion sure-flow pH
electrode filled with 4 M NaCI.
The reaction vessel, shown in Figure 5, was radiated utilizing an Oriel
Instruments 1000 wan high power Xenon arc lamp (model: 6269) powered by an Oriel
Instruments universal power supply (model: 68820). The lamp was coupled to a Spectral
Energy high throughput monochromater (OS 252) for emission of monochromatic light.
Light measurements were taken using a International Light ll..1700 Research
Radiometer. The output of the radiometer in amps was then converted to watts using the

amp-watt conversion factor defined for specific wavelengths (equation 18). These
conversion factors

(fO.»
Wat1s

were calibrated for the ILl70a by International Light.

Amps

( 18)

--2-=-em
f(A)
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The energy of the light beam for a specific wavelength was then calculated
through equation 19. Where h is Planks constant (6.64xlO· 34 J/sec), c is the speed of light
(2.99x 108 rnlsec) and A is wavelength (meters).

j

]

~phoron

J

(19)

kc

=;:

The flux of photons into the vessel (Einsteins/sec) was then calculated in equation
20, where T is the transmission of the vessel window, N is Avogadro 's number
(6.02x lO23mor l ) and A is the area of the light beam (1.54 cm 2) .

watts
F[-J EillireillS)
~ sec

(20)

=----E..- AT
N

A typical experimental run consisted of taking one mL samples from the reaction
vessel every ten minutes and pickling them with 1.5 mL of methanol (Acros Lot:
B0074636) and 0.002 ml of trifluoroacetic acid (Sigma Lot :117H3442) to quench
degradation . Samples were taken in the dark for two hours to monitor the dark phase
degradation rate. At the end of the dark phase, the lamp was turned on and the reaction
vessel was irradiated at a specific wavelength.
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High Power Lamp

Monochromater

I

Reaction Vessel
Atrazine
Fe(CIOl1h
H202

Figure 5: Schematic Diagram of Experimental Set-up

2.2 HPLC Analysis
The pickled aliquots were then analyzed using High Performance Liquid
Chromatography (HPLC). Solvents were first degassed by a Thermo Separation Products
Membrane Degasser and pumped through the column using an LDC Analytical
constametric 4100 solvent delivery system with a Gilson 401C Diluter. Samples were
injected onto the column by a Gilson 231 XL automated sampling injector. Samples
were then detected at 225 nm by a LDC Analytical spectromonitor 3200 variable
wavelength detector. The mobile phase used was a 60/401.08 methanol water
trifluoroacetic acid mixture. The column used was a 53 mm Alltech CIS rocket column
(serial # 99120013.1).
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The HPLC system was interfaced to an IBM Personal Computer (350-PlOO)
running Thermo Separation Products PClOO System Software for automated HPLC
analysis.
Atrazine came off the column at a consistent retention time of 2.8 minutes.
Therefore acquisition runs were six and a half minutes in duration allowing sufficient
time for all products to elute off the column.
Atrazine standards were run prior to each experiment to create a reliable
calibration curve. Standards were made at 25 j..lM, 12.5 llM, and 6.25 uM. Atrazine
peaks at this retention time were then correlated to concentrations using the standard
curve (Figure 5).

250000
200000
~ 150000
@ 100000
50000

o

o

5

10

15

concentration

20

(~M)

Figure 6: Sample Atrazine Standard Curve
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25

2

The R value of 0.99 in Figure .6 illustrates the precision of our HPLC analysis . It
is also important to test the limits of detection of the instrument. The minimal
distinguishable analytical signal (SnJ. shown in equation 21, where Sb is the mean blank
signal and Sdev is the standard deviation of the signals. Equation 22 represents the Limit
of Detection (L.O.D) in IlM, where m is the slope of the standard curve.

(21)

(22)

L.O.D. = (Sm - Sb)
m

At concentration 25 IlM. three arrazine standards exhibited a Standard Deviation
(Sdev) of 520.11. and a mean (Ss) of 13456. Through equations 21 and 22 the Limit of
Detection for Atrazine on our HPLC was determined to be 3.3 I-lM.
The outputs obtained from the HPLC and the radiometer produce sufficient data
for accurate determination of degradation rates and corresponding quantum yields.
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3. Experimental Data

3.1 Dark Phase Degradation
Results obtained from HPLC analysis and radiometer readings provide the means
for calculation of degradation rates and quanrum yields . To obtain accurate data on the
wavelength dependence on the degradation rate , dark phase degradation rates must first
be determined, Dark phase degradation mechanisms will be discussed in further detail in

Chapter 4 By taking samples during the dark phase of the reaction and analyzing them
by HPLC, a dark phase degradation curve can be produced to determine the atrazine
degradation in the dark.
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Figure 7: Atrazine dark phase degradation
The dark phase degradation rate was determined to be 0.000668

~M/sec.

Therefore to determine accurately the degradation rate at specific wavelengths, this dark
phase degradation rate must be subtracted from light phase degradation rates .
Experiments were conducted at 280,300 and 330 nm. Results from these
experiments show maximum degradation at 300 nm .
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3.2 Light Pbase Degradation
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Figure 8: Atrazine Degradation at 280nm

~

2::t. 25
'--"

c::

0

~

(';l

b

c

OJ

o

c:

0

o

20
15
10
5
0

..
0

• • • • •

•

•
100

50
time (min)

Figure 9: Atrazine Degradation at 300nm
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Figure 10: Atrazine Degradation at 330nm

3.3 Comparison of Atrazine Degradation Data

Table 2: Atrazine Degradation Rates

A(nm)

k(~Mlsec)

~ark

280
300
330

0.00079
0.00102
0.000918

0.00067
0.00067
0.00067

II
I

I

k-

~arI;

0.00011
0.00035
0.00025

From these graphs and tables it is clear that the maximum degradation rate occurs
at 300 nm. To determine the actual efficiency of degradation at a given wavelength the
degradation rate must be adjusted for the number of photons entering the vessel. Thus,
by d.i viding the degradation rate by the light flux , the quantum yield for atrazine is

determined (equation 23).

23

(23)

Table 3: Degradation Rates, Light Flux Measurements and Quantum Yields

A (nm)

k- kuart

280
300
330

0.00011
0.00035
0.00025

I

(~sec)

0.00127
0.00246
0.00283

24

<1> atrazine
0.084
0.144
0.088

4. Discussion and Conclusions
4.1 Dark Phase Degradation
The dark phase degradation rate was not monitored in our first series of
experiments. Initially it was believed that without photo-assistance degradation would
not occur. In order to state conclusively the degradation rates at given wavelengths it was
crucial to subtract the dark phase degradation . Several dark phase experiments
determined that atrazine decayed substantially in the dark, in the presence of iron
perchlorate and hydrogen peroxide, at the same concentrations used for photochemical
reactions.
The dark phase degradation rate was determined to be 0.000668 JlMlsec. This
rate was reproducible, independent of the length of the dark phase. The linearity of
degradation in Figure 6 indicates that dark phase atrazine degradation is zero order. It
became apparent that without the assistance of light interactions, [Fe(H20) 6JJ+ was
reacting with the H 20 2 in the system in a catalytic cycle producing the hydroxyl radical
needed for atrazine degradation.

rr + H0

{Fe(H 20)6]3+ + H20:l

- - - - - - l..
~

[Fe(H20)6]3+ + H0 2

..

[Fe(H20)6]2+ + H 2Ch

.. [Fe(H20)6]3+ + . OH + OR

[Fe(fuO)6f+ +

2

(24)

[Fe(H20)61 2+ + W + H02

(25)

(26)

The preceding reactions illustrate the production of the hydroxyl radical under
dark phase conditions. It is clear that there is significant degradation in the dark phase.
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-For each Fe(H20)62+ produced, only one hydroxyl radical is formed, as opposed to the
two hydroxyl radicals formed in the light phase reaction.

4.2 Light Phase Degradation
The degradation rates of atrazine after correction for dark phase degradation
illustrate a maximum degradation rate and quantum yield at 300 nm. In order to
compare experimental degradation rates with theoretical values, the photo-Fenton system
for hydroxyl radical production must be analyzed.

[Fe( li2(»)s()li]2+

hv

[Fe(H2(»)6]2+ +

. OH

(14)

[Fe( lf2(»)6]2+ + li2CJ1

[Fe(H20)6]3+ + . OR

(15)

.Ol-I + atrazi ne

products

(16)

The preceding equations illustrate the reactions occuring during light phase
degradation in the photo-Fenton system. It has been previously stated that hydroxyl
radical production is dependent on two key factors: the percent absorption of
[Fe(H20)s()H]2+ and the quantum yield of [Fe(H20)s()H]2+. These two factors must be
weighed in order to determine the ideal wavelength for atrazine degradation.
Light phase degradation curves illustrate initial zero order decay. After fifty
percent decay the rate of degradation slows and plateaus. This is most likely due to other
species competition for the hydroxyl radical. At this low concentration other hydroxyl
radical scavengers become more significant. These scavengers include products of
atrazine degradation, hydrogen peroxide and organic contaminants in the system.
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To calculate the steady state hydroxyl radical concentration in the reaction vessel,
values calculated by Colby Professor D. Whitney King were used for the quantum yield
of [Fe(H20)sOH]2+

(<P FeOH ) ; and the percent of light absorbed by FeOHz

+-

at pH=2.

Table 4: Quantum Yield Values and Percent Absorption Values for FeOH2+

A (nm)

<P FeOH2+

% <1> FeOH2 + absorbing

280
300

0.28
0.2

330

0.13

34%
84%
100%

The equation for steady state hydroxyl radical concentration, discussed in Chapter
1 can then be calculated using the data presented in Table 4. Equation 13 represents the
steady-state hydroxyl radical concentration in the system.

(13)

To compute the theoretical quantum yield for atrazine, both sides of the equation
are divided by the Light flux to obtain a result in the form of (MolelEinstein).

Table 5: Theoretical and Experimental Atrazine Quantum Yields

A (nm)

<t> atrazine

280
300
330

0.084
0.144
0.088
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theoretical ¢ atrazine
0.19
0.34
0.26

A graph of theoretical quantum yields vs. experimental quantum yields reveals an
relatively low quantum yield for the 330 nm experiment. Due to solubility problems this
experiment was run with an initial atrazine concentration of 17 J,lM. Therefore, as Figure
10 illustrates, the degradation rate slows as the concentration decreases. This is a result
of the competition between atrazine and organic scavengers in the system competing for
the hydroxyl radicals. At lower concentration this phenomena is much more visible.
To correct for this, the initial degradation rate for the 330 nm experiment should
be used. By removing the last time point at 160 minutes, the degradation rate becomes
0.00034 J,.lMlsec, corresponding to an adjusted experimental quantum yield of 0.11.
Figure 10 depicts the relationship between the adjusted experimental quantum yields and
the theoretical values. This graph clearly shows A = 300 nm as the ideal wavelength for
atrazine degradation.
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Figure 11: Experimental and Theoretical Quantum Yields
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0.2

Figure 11 reveals a linear relationship between the experimental and theoretical
quantum yields. This means that the experimental data was constant with theoretical
calcu lations.
From the results obtained in this experiment it is clear that for the experimental
conditions chosen, the degradation rate is dependant on both the quantum yield of
[Fe(H20)sOH]2+ and the percent which it absorbs. It has been clearly illustrated that
[Fe(H20hOH]2 + dependence favors lower wavelengths for maximum degradation rates,
while percent absorption favors higher wavelengths for fastest degradation. It can then
be concluded that the ideal wavelength for atrazine degradation under these specific
reaction conditions is 300 nm.
The variation between the experimental and theoretical quantum yields for
atrazine suggests the existence of other sinks for the hydroxyl radical. Balmer attributes
the deviation to the presence of organic scavengers in filtered water (14). Other
investigators attribute this difference to the hydroxyl radical attacking hydrogen peroxide,
and hydroxyl radical attack of atrazine degradation products (Table 6). Table 6 illustrates
possible atrazine transformation products (14). In any case this difference presents an
interesting question regarding the existence of other possible sinks for the hydroxyl
radical.
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Table 6: Names, abbreviations, chemical structures of atrazine transformation products

Common name
Deethvlatrazie
Deisopropvlatrazine
Dealkvlated atrazine
Atrazine amide
Simazine amide
Hydroxy atrazine
Deethvlhvdroxvatrazine
Dei so propylhydrox vatrazi ne

abbrevi ali on
CIAT
CEAT
CAAT
eDIT
CDET
DIET
OIAT
OEAT
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I R)
Cl
CI
CI
CI
CI
OH

R2

R3

H

CH(CH3h

C2H S

H

H
CaCH3

H

C2Hs
C 2Hs

OH

H

OH

C 2Hs

CH(CH3h
caCH 3
CH(CH3h
CH(CH3)2
H

5. Future Directions
It is quite clear that more photochemical experiments need to be run to produce
conclusive evidence of the wavelength dependence on the degradation rate of atrazine, It
would be of most interest to expand the library of wavelength studies to include
degradation analysis through a broad range of wavelengths. In particular it would be
most interesting to obtain data for 260 om and 360 nm experiments. Currently the data
set includes only three studies. Further studies need to be carried out before conclusive
evidence can be published.
In addition to varying the wavelengths, analytical studies should be conducted at
varying iron concentrations. By varying the iron concentration, the wavelength
dependence would be altered as the percent of [Fe(HzO)sOm z+ absorbing would change.
Theoretically if the iron content were decreased to the point where the reaction vessel
permitted photons to pass through it, the photo-chemical reaction would no longer be
optically dense, thus becoming photon limited. This scenario would give rise to a
degradation rate highly dependent on the percent of [Fe(HzO)sOm 2+ absorbing in
solution. In this case, the fastest degradation rates would be found at higher wavelengths
where the percent of [Fe(HzO)sOH]2+ absorption is at a maximum.
Further studies directed toward varying pH would also be interesting, although if
our speciation models are correct, changing pH values would only result in decreased
concentrations of [Fe(HzO)sOH]2+, correlating to slower atrazine degradation.
Further studies could be directed to uncover the roles of organic scavengers in the
system. This would entail characterizing all possible sinks for the hydroxyl radical in the
system in order to better match our experimental quantum yields with theoretical values.
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This research would allow the creation of a complete model for the system . Presently
Stella programming models have been created in an attempt to monitor the experimental
system. However, current models have attributed hydroxyl radical loss to the presence of
the general organic scavengers in the system (12). The effects of direct atrazine
degradation should also be analyzed to confirm that the degradation observed is solely
the product of photo-Fenton reactions rather than direct atrazine degradation.
Conducting experiments at varying initial atrazine concentrations would provide
interesting insight into the role of other hydroxyl radical scavengers in the system. As
hypothesized, smaller atrazine concentration would show larger amounts of scavenging
by other sinks present in the system.
Presently we have not spent any time working on product analysis. It is quite
possible that the products that we are creating could be as harmful if not more harmful
than atrazine itself. With the possible addition of an LC-MS to Colby's instrumental
holdings, products could be analyzed. In order to present this degradation mechanism as
an alternative to present incineration reactions, the products of this reaction must be
characterized and information regarding the toxicity and environmental effects must be
analyzed .
Finally it would be of great interest to study the degradation processes of other
destructive herbicides. Research in the King lab has concentrated on the degradation of
the two most widely used herbicides in the United States, atrazine and 2,4--D
(2,4-dichlorophenoxyacetic acid). These herbicides. although similar in structure, posses
very different degradation pathways. Therefore, it would be of extreme interest and

32

importance to study the degradation pathways for other widely used and harmful
herbicides.
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