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The photochemical formation of Fe(ll) and hydrogen peroxide (H,O,) coupled with humic acids (HA)
was studied to understand the significance of iron cycling in the photodegradation of atrazine under
simulated sunlight. The presence of HA significantly enhanced the formation of Fe(ll) and H,O,, and
their subsequent product, hydroxyl radical ("OH), was the main oxidant responsible for the atrazine
photodegradation. During 60 h of irradiation, the fraction of iron presented as Fe(ll) (Fe(ll)/Fe(t))
decreased from 20-32% in the presence of the Fe(lll)-HA complex to 10-22% after adding atrazine.
The rate of atrazine photodegradation in solutions containing Fe(lll) increased with increasing HA
concentration, suggesting that the complexation of Fe(Ill) with HA accelerated the Fe(lll)/Fe(ll) cycling.
Using fluorescence spectrometry, the quenching constant and the percentage of fluorophores
participating in the complexation of HA with Fe(lll) were estimated by the modified Stern—Volmer
equation. Fourier transform infrared spectroscopy (FTIR) offered the direct evidence that Fe(lll)—car-
boxylate complex could be formed by ligand exchange of HA with Fe(lll). Based on all the information,

a possible reaction mechanism was proposed.
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INTRODUCTION

Iron plays a crucia role in many significant chemical and
biological processes in natural waters where it occurs in
dissolved and particulate forms (1). Iron cycling between ferrous
and ferric species is aso important for a number of reasons.
First, iron may limit the growth of various biota including
phytoplankton in the euphotic zone of surface waters because
of itsrole asamicronutrient (2). Second, the Fe(I1)—Fe(111) cycle
isinvolved in many redox reactions, including the decomposi-
tion of H,O- (3), the conversion of S(1V) to S(VI) (4, 5), and
the redox cycling of trace metals such as Cr(l11)/Cr(V1) (6, 7)
and As(111)/As(V) (8) in natural waters. While these processes
are always accompanied by the formation and consumption of
active species (e.g. “OH, *0,, ROO", and HO»'/0,"") (3, 9), 0
the oxidizing capacity of the natural waters is influenced
significantly by the iron cycling. Finaly, because of their
complex interaction, iron cycling is known to catalyze the oxida-
tion of natural organic matter (NOM) in aguatic systems (10, 11)
and, therefore, may play an important role in the global carbon
cycle.

In the aquatic environment, humic acids (HA), the major
congtituents of the NOM, have complexing and reducing abilities
and thus could dominate the speciation of iron. Studies have
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shown that the rate of photochemical iron reduction was affected
by the presence of organic compounds through the ligand-to-
metal charge transfer (LMCT) reactions of their complex (1, 12).
Barbeau et al. (13) reported the key features of the iron cycle
involving photolysis of Fe(l11)-igand complexes, with reduction
of Fe(l11) to Fe(I1) and oxidation of the ligand. The wavelength
dependence and quantum yields of Fe(ll) photoformation in
aerosol particles have been studied, and the results had implica-
tions to daytime Fe(I11)/Fe(l1) cycles in the atmospheric liquid
phase (14). Zhao et a. (15) observed a regular oscillation in
the ratio of Fe(ll) to total iron when dissolved organic matter
(DOM) was periodically added into the solution under irradia-
tion. Photochemical processesinvolving iron and DOM lead to
the formation of Fe(ll) and the decomposition of DOM. As a
result, DOM could be photodecomposed to the low molecular
weight (LMW) organic compounds or photomineralized to
inorganic carbon (e.g. COy) (16, 17). In addition, the reaction
of the oxidized DOM with oxygen could produce the reactive
oxygen species (ROS) including O,, O,"~, H,0,, and “OH.
These ROS will oxidize DOM and Fe(ll), in turn, oxidize the
persistent toxic substances (PTS) that coexist in the natura
waters.

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-
triazine) is one of the most widely used agricultural herbicides
and has been detected in groundwater and surface water due
to its persistence (18-20). Atrazine has been extensively used

0J 2007 American Chemical Society

Published on Web 09/25/2007



Atrazine Photodegradation in Aqueous Solution

in the control of broadleaf and grass weeds, primarily on
corn and sorghum crops (21). It is significant to investigate
the environmental fate of atrazine in natural waters since it
is a suspected endocrine disruptor (ED) and a possible human
carcinogen.

Solar irradiation can initiate important transformation
pathways of pollutants in surface waters containing sensitizers
(e.g. NOM and nitrate) and metals (22—-24). Many published
studies on the photochemical redox reaction of Fe(lll)
complex of polycarboxylates indicated that the process was
potentially important sources of Fe(ll) and ROS in atmo-
spheric water drops and surface waters (25-27). However,
thereislittle information related to the role of iron photoredox
cycling coupled with ROS on the phototransformation of
pollutants in solutions containing Fe(l11) and HA. A better
understanding of indirect photodegradation of PTS by ROS
generated by sunlight interacting with sensitizers will con-
tribute to elucidating the potential photochemical process
occurring in natural waters.

In this paper, we examined the photodegradation of atrazine
in nearly neutral agueous solutions containing HA and Fe(I11)
and the related mechanism was studied by investigating the iron
redox chemistry and H,O, formation during the process of
atrazine photooxidation. With this study, we aim to get more
insight into the photochemical degradation potential and mech-
anism of atrazine and related iron redox chemistry in aqueous
solutions containing Fe(111) and HA, both of which are common
constituents in the natural environment. To our knowledge, this
is the first report on quantifying the photoformation of Fe(ll)
and H,0; induced by the Fe(l11)-HA complex during the long-
term photodegradation of atrazine without aerating or adding
chemical oxidants (e.g., H205).

MATERIALS AND METHODS

Standards and Reagents. All chemicals were analytical reagent
grade and used without further purification. Atrazine (AZ) was
purchased from Sigma-Aldrich Chemical Company with a purity higher
than 98%, and the stock solution was prepared by dissolving the
required amount in methanol. Ferric ammonium sulfate, NH4Fe(SO,)
2*12H,0, was purchased from Shanghai Chemical Reagent Co. Ltd and
was dissolved in an agueous solution of 0.1 M H,SO, as Fe(ll) stock
solution. All stock solutions were stored in arefrigerator at 4 °C in the
dark and used within one month. Milli-Q water (resistivity = 18
MQ-cm) was used in al experiments.

Humic Acids. The powder of HA used here was isolated from
broadleaf forest soils following the IHSS (International Humic Sub-
stance Society) procedures (28). The sample sites were situated in
Heilongjiang province, China. The elementa composition of the
obtained HA powder is45.01% C, 4.12% H, 3.72% N, 46.27% O, and
<1% ash (vario EL IlI, Elementar, Germany). The HA powder was
dissolved in Milli-Q water that was adjusted by NaOH to pH 7.5-8.0,
and this HA stock solution was stored in a refrigerator at 4 °C in the
dark. The HA concentration was measured by a total organic carbon
analyzer (TOC-V cpy, Shimadzu, Japan).

Procedure for Photochemical Experiments. Irradiation of the
agueous solutions (200 mL) was carried out in a cylindrical reactor
(its diameter is 6.0 cm and height is about 8.0 cm), equipped with
a Xe lamp (Shanghai JiGuang Lighting Corporation, China) that
was surrounded with a quartz jacket and the tap water cooling circuit
maintained the solution temperature at 25 4+ 1 °C. The Xe lamp in
combination with a special glass filter restricting the transmission
of wavelengths below 290 nm was used for sunlight simulation. An
average irradiation intensity of ca. 35 mW/cm? was maintained
throughout the experiments and was measured by a radiometer
(model FZ-A, Photoelectric Instrument Factory Beijing Normal
University, China). The Fe(ll11)-HA solutions were magnetically
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Figure 1. Photodegradation of atrazine as a function of time under Xe

lamp (A4 > 290 nm) in different solutions at pH 6.1 & 0.1.

stirred for 1 h and the initial pH was adjusted at 6.1 &+ 0.1 by 0.1
M HCI or NaOH before adding atrazine. The reaction solutions were
always magnetically stirred during irradiation.

Chemical Analysis. The concentration of atrazine was analyzed
by HPLC (Waters-2695, PDA-2996, Waters, U.S.) equipped with a
Kromasil ODS reverse-phase column (250 x 4.6 mm, 5.0 um).
Mixtures of methanol (55%) and water (45%) were used as the
mobile phase at a flow rate of 1.0 mL/min and the detector
wavelength was set at 220 nm. The concentration of Fe(Il) and total
iron (Fe(t)) were analyzed on a UV-vis spectrophotometer (UV-
550, Jasco, Japan) using the 1,10-phenanthroline method. The
concentration of total iron was amost unchanged under the
experimental conditions. The absorbance was measured at 510 nm.
A colorimetric method developed by Ghormley and co-workers (29)
was used to measure H»O, concentration in the reaction system.
The H,O, concentration was calculated by the absorbance of 13~
measured at 350 nm using a UV-vis spectrophotometer. The limit
of detection for this method was around 10 nM.

Characterization of Fe(Il1)-HA Complex. The solutions of HA
and Fe(l11)-HA complex were stirred for 1 h in the dark to reach
equilibrium. Their fluorescence was measured with 3D-EEM (excita-
tion emission matrix) using a fluorescence spectrophotometer (model
F-4500, Hitachi, Japan). The excitation wavelength ranged from 220
to 400 nm (5 nm bandwidth), and the emission from 250 to 550 nm
(10 nm bandwidth). The sample preparation for Fourier-transform
infrared spectra (FTIR) was carried out by mixing HA and Fe(I11)
with different concentrations, stirring for 6 h in the dark, followed
by drying at ambient temperature and grinding to yield powder. Then
1 mg dry powdered sample was mixed with 100 mg KBr and
measured by the FTIR spectrometer (Prestige-21, Shimadzu, Japan).

(=]

RESULTS AND DISCUSSION

Photochemical Degradation of Atrazine. Figure 1 showed
the photodegradation of atrazine (1 mg/L) in different
solutions at pH 6.1 under Xe lamp irradiation. No significant
change over 60 h was observed in the atrazine alone solution,
confirming that direct photodegradation initiated by wave-
lengths >290 nm can be ignored over the time scale
considered. By addition of 3 mg/L HA, the concentration of
atrazine decreased within 10%, and in the control experiment
of 0.1 mM Fe(lll), about 25% atrazine was degraded. In
solution containing both HA and Fe(l1l), the obvious pho-
todegradation was observed with 56.3% atrazine removal at
the irradiation time of 60 h.

To see the mechanism responsible for atrazine photodeg-
radation, the concentrations of Fe(ll) and H,O, formed in
the different solutions were determined (Figure 2). In the
system containing HA, H,O, was produced through the
reduction of oxygen by intermediates formed from excited
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Figure 2. Formation and consumption of H,O, and Fe(ll) in different systems corresponding to Figure 1.

HA (egs 1-3) and did not exceed 0.004 mM (Figure 2A).
Hence, H,0, may be the oxidant responsible for the slight
decrease of atrazine concentration.

HA + hv— HA* 1)
HA* + O,— Products+ O, /HO,’ @)
0," [HO, —~H,0, (©)

Iniron control experiment, the explanation for the formation
of Fe(ll) (Figure 2B) was that a photoredox reaction occurred
in which ahydroxide ion, bound in the inner-coordination sphere
of asurface Fe(l11) lattice atom (symbol: >Fe(l11)), donated an
electron to the excited lattice iron (12, 30):

>Fe"'(:0H") +hv— >Fé"*(:0H") — > Fe(ll)+"OH
4

Furthermore, H,O, was produced in an iron control experi-
ment from the disproportionation of superoxide (O2"") (eq 3),
which was formed from the reduction of O, by Fe(ll) (eq 5).
The formed H,O;, can react with Fe(l1) to generate "*OH (eq 6).
Consequently, about 25% atrazine was degraded due to "OH
generated through the above two proposed pathways or more

(eq 7).

Fe(ll) + O,— Fe(lll) + O, /HO," (5)
Fe(Il) + H,0,— Fe(lI1)+"OH+OH~ (6)
Atrazine+'OH — Products @)

As seen from Figure 2C, the Fe(l1) and H,O, concentrations
were greatly enhanced due to the presence of HA. Absorption
of aphoton by an Fe(l11)-HA complex initiated the yielding of
Fe(ll) and a free radical (HA*) through LMCT within the
complex (eq 8) and the follow-up reactions (egs 2, 3, 5, 6, and
7) occurred. Following oxidation of Fe(ll) by O, or H,O,, the
resulting Fe(I11) was reduced by HA, thus completing a reaction
cycle. The iron cycling coupled with ROS cycle could be
catalyzed by the presence of HA, and consequently, the rate of
atrazine photodegradation was accelerated.

Fe(I11)—HA + hv—HA"" + Fe(l1) (8)

The results of Fe(ll) and H,O, measurements (Figure 2) are
consistent with the results of atrazine photodegradation (Figure 1).
To further confirm that this decrease in atrazine concentration
was caused by "OH, generated by reaction of Fe(ll) and H,O5,
experiments were conducted in solution containing HA and
Fe(111) in the absence and presence of atrazine (Figure 3). The
solution with HA and Fe(l11), exhibited higher concentrations
of Fe(ll) and H0,, especidly for Fe(Il), which was roughly
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Figure 3. (A) Formation and consumption of Fe(ll) and H,O, in systems
without atrazine (Fe(ll), B; H.O,, O) and with atrazine (Fe(ll), ®; HoO,,
O). (B) Concentration of Fe(lll). All systems initially contained 0.1 mM

Fe(lll) and 3 mg/L HA. In all the cases, the total iron concentration was
0.1 mM.

1.5 times of that observed in the solution containing atrazine,
HA and Fe(lll1). Considering the iron cycle that consists of
photoreduction of Fe(l11) to Fe(l1) by HA (eq 8) and subsequent
oxidation of Fe(ll) back to Fe(l11) by O, or H,0, (egs 5 and 6),
if the reaction rates of eqs 5 and 6 are slow compared to that of
eq 8, arelatively high concentration of Fe(ll) can be maintained
(12). Figure 3 displayed that when the atrazine was introduced
into the binary system (Fe(I11)/HA), the concentration of Fe(ll)
and H,0, decreased sharply, inferring that reactions 5 and 6



Atrazine Photodegradation in Aqueous Solution

1.1
1.0
0.9
0.8
0.7
0.6
05

CIcy

—a—3nmglL

04+ —e—5mgL

03F = 10mgL

02f T+ 30mgl

0.1+

00 1 L 1 1 1 L Il

0 10 20 30 40 50 60
[rradiation time (h)

Figure 4. Effect of different initial HA concentrations (0, 3, 5, 10 and 30

mg/L) on atrazine degradation in systems containing 0.1 mM total iron

and 1 mg/L atrazine at pH 6.1.

became faster due to the presence of atrazine. Specificaly,
atrazine reacted with *OH, which made the rates of eqs 5 and
6 become faster after adding atrazine. As a result, the amount
of Fe(ll) decreased and the Fe(Ill) concentration increased
(Figure 3A and B). During 60 h of irradiation, the fraction of
iron presented as Fe(ll) (Fe(ll)/Fe(t)) was 20-32% in the
presence of Fe(l11) and HA, and after adding atrazine, the Fe(11)/
Fe(t) ratio decreased to 10-22%.

Effect of HA Concentration on the Rate of Atrazine
Photodegradation, and the Photoformation of Fe(ll) and
H20,. Figure 4 showed the atrazine photodegradation at initial
HA concentrations of 0, 3, 5, 10, and 30 mg/L a pH 6.1. The
degradation rate of atrazine (initially 1 mg/L) in these irradiated
systems containing 0.1 mM Fe(I11), increased with increasing
HA concentration. The atrazine degradation dependent on HA
can be explained by the speciation of iron, a factor controlling
the formation of *OH. It's well known that DOM, especialy
HA, have abilities to complex and reduceiron (1, 31-33). Light-
excited HA can effectively inject electrons into Fe(l11) which
leads to the production of Fe(ll) and an easy cycle of Fe(lll)/
Fe(11) in the presence of H,O, formed through egs 2 and 3 and
thus a continuous production of “OH. The generation of Fe(Il)
and H,O, were in parallel to the depletion of HA and O..
Apparently, more HA would increase the production of Fe(Il)
and HzOz.

Figure 5 showed the photoformation of Fe(ll) and H,O,
generated in Fe(l11)-HA systems. As expected, with increasing
HA concentration, the amounts of Fe(ll) and H,O, increased.
At the end of irradiation (50-60 h), the Fe(I1)/Fe(t) ratios were
about 10, 23, 33, 44, and 90%, corresponding to 0, 3, 5, 10,
and 30 mg/L HA, respectively, indicating that more HA are
advantageous to Fe(ll) photoformation.

However, the atrazine degradation in the presence of 30 mg/L
HA was not enhanced significantly compared to that of 10 mg/L
HA, which did not coincide with the results of Fe(Il) and H20,
photoformation in these two systems. The phenomenon could
be possibly attributed to HA competing with atrazine for the
available *OH. In the natural aquatic system, humic substances
act as both source (when being a sensitizer) and sink (when
being a quencher) of ROS, so the effects of HA on the
photodegradation of the pollutant can be influenced by the
amount of HA (25, 34).

Discussions on the Induction Period. As can be seen from
Figure 4, the concentration of atrazine changed slowly at
beginning and then decreased fast. The rate of atrazine degrada-
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Figure 5. Formation and consumption of Fe(ll) (A) and H.O, (B) in
different systems: 0 mg/L HA (H); 3 mg/L HA (®); 5 mg/L HA (a); 10
mg/L HA (¥) and 30 mg/L HA (#). All systems contained 0.1 mM Fe(lll)
and 1 mg/L atrazine.

tion was nearly constant after an induction period. The occur-
rence of induction period could be due either to the time needed
for forming Fe(ll) and H,O,, or to the binding interaction of
atrazine and HA. In the system containing Fe(l11)-HA complex,
Fe(ll) and H,0, first have to be formed before the Fenton
reaction (eq 6) can start to produce "OH that could oxidize
atrazine effectively. As Figure 5 showed, the Fe(l1) and H,O,
concentrations indeed exhibited the trends of increasing. For
example, at the HA concentration of 10 mg/L, the amount of
Fe(1l) formed at reaction beginning (1-12 h) was around 0.03
mM, while the Fe(Il) produced in the end (50-60 h) was near
0.045 mM. On the other hand, binding of atrazine to HA through
hydrophobic interaction (35, 36) may have some negative effects
on the photodegradation of atrazine. This hydrophobic binding
mechanism draws the pollutant molecule into an aggregate of
humic molecules (34), leading to that ROS generated in solution
reacting with HA instead of atrazine. The hydrophobic groups
of HA would be destroyed by absorption of photons during the
irradiation, therefore, with increasing irradiation time the faster
degradation of atrazine could occur as aresult of the destroying
the hydrophobic binding, which can inhibit atrazine photo-
degradation.

Fluor escence Quenching. Fluorescence quenching titrations
are often used to characterize binding properties. HA contain
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(y = 0.1148 x + 1.439, R? = 0.9967). x and y-axis are referred to eq 9.

many fluorophores (37) and when metals are added in HA
solution, a strong fluorescence quenching effect would be
observed. Figure 6A gave the Fe(l11) quenching titration curve
of HA at 310/400 nm. Asthe amount of Fe(l11) added in solution
increased, the fluorescence intensity is decreased due to Fe(l11)
binding, and with the further addition of Fe(l11), the fluorescence
intensity of the system decreased gradually in the titration curve
which indicated the beginning of saturation of the HA binding
site.

The further quantitative analysis of the binding of Fe(l11) to
HA was carried out using the modified Stern—Volmer equation
which was used to evaluate the complexing parameters, i.e.
guenching constants and binding capacities (38, 39):

Fo/(Fo—F) =1V (fK[Q]) + V1 9)

where Fo and F are the fluorescence intensities in the absence
and in the presence of quenchers, Kq is the quenching constant,
f is the fraction of the initial fluorescence that corresponds to
the binding fluorophores, and [Q] is the molar concentration of
quencher. The modified Stern—Volmer plot for the quenching
of HA fluorescence by Fe(Ill) was shown in Figure 6B. The
results illustrated that the plot of Fo/(Fo — F) vs V[Q] is linear
and the intercept of the straight line with the y-axis yields f =
69%. The value of Kq could be calculated from the slope (1/
fKg) and log Kq of 4.10 was obtained. Esteves da Silva et a.
(40) reported that the log Kq and f of fulvic acid (FA) samples
extracted from composted sewage sludges quenched by Fe(I11)
at pH 4.0 were 4.87 and 90%, respectively, which are larger
than our results. This can be attributed to a relatively higher
percentage of fluorophores in FA compared to HA.

FTIR Spectra. FTIR spectra of HA were recorded with and
without the addition of Fe(lll) to investigate whether any
structural change of HA occurred with the interaction of iron.
Figure 7a was the FTIR spectra of HA, typical of those
generaly shown for humic substances extracted from soil, such
as the bands at 3700-3200 cm* for phenolic O—H stretching
and at 1720-1700 cm™* for C=0 stretching of ~COOH (41).
The spectra of the Fe(I11)-HA complex (Figure 7b,c) showed
changesin their bands as follows: (i) decreasing in the intensity
of »(C=0) band of -COOH (a, ~1714 cm™Y); (ii) increasing
the bands assigned to the asymmetric and symmetric -COO—
stretching (v, ~1635cm™ *and A, ~1421 cm™%). Furthermore,
the higher variations in carboxylic and carboxylate bands were
found in samples complexed with a greater amount of Fe(ll1).
These observations indicated that a part of carboxylic acid in
HA were deprotonated to form carboxylate by the ligand

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm” ! )

Figure 7. Comparison of FTIR spectra between HA and Fe(lll)-HA
complex. (a) HA(0.1 g), (b) HA(0.1 g) + Fe(lll) (20 mM), (c) HA(0.1 g)
+ Fe(lll) (60 mM).

exchange with Fe(lll) and the band at 1421 cm * could be
assigned to -COO—Fe. This assignment was in agreement with
the result of Sposito (42) that a strong absorption band at about
1400 cm™* appeared when a soil fulvic acid interacted with Fe
to formiron fulvate and complexed with goethite. It is believed
that binding of iron and HA occurs predominantly through a
ligand-exchange involving carboxylic functional groups of the
HA and Fe(lll).

M echanism Discussion. On the basis of above discussions,
a possible reaction mechanism in the presence of Fe(ll1)-HA
complex was proposed in Scheme 1. When HA and Fe(l1l)
coexist in solution, HA might react with iron species followed
by the formation of iron—HA complexes, and photochemical
reactions of these complexes take place by electron transfer from
HA to the Fe(lll) (LMCT) which could produce Fe(ll) and
consume HA.. Then the reaction of the free humic radical with
O, leads to O, /HO;" formation, and H»0; is the product of
O, /HO;" dismutation. Ultimately, the simultaneous and rapid
photoformation of Fe(l1) and H,O; in theirradiated Fe(l11)-HA
system leads to "OH formation. However, there are numerous
concurrent processes in the systems, including the competing
reactions of free HA radical (HA"") with O, and Fe(I11) species,
and the *OH quenched by both atrazine and HA. The net result
was an iron redox cycle in which HA as well as oxygen were
consumed, ROS were generated and reacted, and the degradation
of atrazine was accelerated.
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Scheme 1. Tthe Iron Cycling and Main Reactions in Fe(lll)-HA Systems.
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In summary, the Fe(ll1)-HA complex significantly in-
creased the photodegradation rate of atrazine and the
concentration of Fe(Il) and H,O, in nearly neutral aqueous
solutions. The rate of atrazine photodegradation depended
on the amount of *OH, being formed by reaction of Fe(ll)
and H,O,, which are likely to be higher at the higher
concentration of HA. At arelatively high concentration, HA
could act as a scavenger of ‘OH that are produced in the
photo-Fenton reaction and hence compete with atrazine for
‘OH. Based on the characterization of Fe(Il1)-HA complex
by fluorescence spectrophotometer and FTIR, the binding
parameters were obtained and deprotonation of carboxylic
acid of HA by the ligand exchange with iron was involved
during the binding process. An iron redox cycle coupled with
ROS depicted in Scheme 1 should be a common phenomenon
in natural waters, since both Fe(Ill) and humic substances
are ubiquitous in the natural environment. This study is
helpful in understanding the potential of toxic organic
pollutants photodegradation in natural waters.
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