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a  b  s  t  r  a  c  t

The  degradation  of  Atrazine  (ATZ)  in an outdoor  environment  was  investigated  by  varying  the  ATZ  con-
centration  and  pH levels  and  then  cross-checked  with  temperature  and  sunlight  information.  The  overall
decay rate  constant  of  ATZ  in outdoor  is  slower  in neutral  pH  and  faster  at extreme  pH  levels,  while  paral-
lel tests  show  that  higher  ATZ  concentration  leads  to  slower  decay  rate  constant.  Two  abiotic  mechanisms
including  direct  photolysis  and  hydrolysis  were  identified  and  studied  in the  laboratory  as a comparison.
Hydrolysis  was  found  to be  a  slow  process  but  it is  a  continuous  process,  which  is  critical  as  the  sunlight
intensity  is  weak.  Effect  of  temperature  on  the  hydrolysis  was  also  studied.  A  model  incorporating  ATZ
ndocrine disrupting chemicals
atural decay
biotic degradation

decay  rate  constants,  pH  levels  and  temperatures  was  proposed.  Photolysis,  though,  is a  non-continuous
process  in  the  environment.  It  is  a fast  and  dominant  process,  which  contributes  82–45%  (depending  on
pH  levels)  of overall  ATZ  decay  at  outdoor.  In natural  environment,  humic  acid  can  act  as  photosensitizer
and  enhance  photolysis  of  ATZ  at  low  concentration  (<10  mg/L);  while  at  high  concentration  of  humic
acid,  retardation  of ATZ  decay  was  observed  likely  due  to the  scavenging  of  radicals  and  light  attenuation.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Endocrine disrupting chemicals (EDC) are major environmental
oncerns due to their adverse effect on wildlife and human beings.
trazine (ATZ), 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-

riazine, has been chosen in this study because it has become a
idely used herbicide for agricultural and forestry purpose since

950s. It is classified as a possible human carcinogen by U.S.
PA. Several studies have also suggested that ATZ is an endocrine
isruptor. Besides its endocrine disrupting property, ATZ is a water-
uality concern also because of its persistence in water and soil. For
xample, even four years after a large-scale accidental leakage in
iaoning Province of China that took place in 1997, ATZ could still
e detected in the agro ecosystem of the affected area [1].  Higher
olubility of ATZ also makes it easy to find its way into ground water
nd the aquatic environment.

Although the use of ATZ has been restricted in Switzerland for
ears, it is still used extensively and has been detected in water

odies, both marine and rivers, around the world. In 2009, U.S. EPA
nnounced the launch of a new evaluation of the human health
ffects of ATZ. To fully understand the effect of ATZ on water

∗ Corresponding author. Tel.: +1 852 2766 6075; fax: +1 852 2334 6389.
E-mail address: cewchu@polyu.edu.hk (W.  Chu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.042
quality, it is important to know the nature of ATZ when it reaches
the aquatic system.

ATZ is very persistent in natural environment once applied [2].
The water solubility of ATZ is 33 mg/L and its soil sorption coeffi-
cient Koc is low, at about 100 mL/g, which makes the ATZ likely to
be washed off from the soil to the surface water after storms [3,4].
The half-life of ATZ in soil is 60 days and once it is in surface water,
the half-life increased significantly due to reduced microorganisms
[4].

Several recent studies show that ATZ causes sexual abnormali-
ties in aquatic animals. It is a potent endocrine disruptor that both
chemically castrates and feminizes larval and adult male amphib-
ians [5–8]. It was  also reported that ATZ retards development and
delays metamorphosis at ecologically relevant concentrations [5].

The maximum contamination level (MCL) for ATZ in drinking
water established by the USEPA and HKEPA is 3 �g/L and 2 �g/L,
respectively. In Hong Kong, ATZ has been detected in Shing Mun
Reservoir and Lam Chuen River, especially after seeding season [9].
ATZ has also been found in various marine water in Hong Kong
including Ma  Wan  Village, Hoi Ha Wan  and Kat O, where all three
locations are pristine coral reef sites and ATZ was  reported to reduce

the viability of coral reefs [10].

ATZ was  also detected in many rivers and reservoirs in China.
Its usage in China has been increasing by 20% each year since 1980
[11]. China is now one of the biggest manufacturers and consumers

dx.doi.org/10.1016/j.jhazmat.2011.06.042
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cewchu@polyu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2011.06.042
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Table  1
Weather conditions of irradiation duration.

Irradiation duration Average UV index Average temperature (◦C)

Mar  Apr May Jun Jul Mar  Apr May Jun Jul

March 6–July 8, 2009 5.4 2.9 4.0 3.4 5 19.8 22.0 25.5 28.1 28.7
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May  11–July 8, 2009 – – 3.5 3.4 

May  20–July 8, 2009 – – 2.4 3.4 

f ATZ in the world and ATZ contamination were also reported with
oncentration as high as 26.1 �g/L in a large area of Yang River and
uanting Reservoir [12].

In natural environment, degradation of ATZ involves micro-
ial and abiotic pathway which includes hydrolysis and photolysis.
ydrolysis is affected by several parameters such as temperature,
H, and the presence of catalysts. Generally, hydrolysis is enhanced
y extreme pH and temperature.

Photolysis is possible in water; however, only wavelengths
bove 290 nm are available in natural environment due to the ozone
ayer absorption in the upper atmosphere. ATZ absorbs sunlight

eakly at wavelengths longer than 290 nm,  but the sunlight in the
ear UV range is still adequate to break various covalent bonds in
rganic molecules homolytically. Direct photolysis of pesticides at
he low concentration found in environmental waters mostly obeys
seudo first-order expression [13].

However, different wavelengths may  result in different inter-
ediates, e.g. 2-hydroxy-4-(isopropylamino)-6- (ethylamino)-s-

riazine (OIET) is the only intermediate when ATZ exposed to
54 nm [14], while additional intermediates 2-hydroxy-4-(ethyl-
mino)-6-amino-s-triazine (OEAT), 2-hydroxy-4-(isopropyl-
mino)-6-amino-s-trazine (OIAT), 2-hydroxy-4, 6-diamino-s-
riazine(OAAT), 2-chloro-4-(isopropylamino)-6-amino-s-triazine
CIAT), 2-chloro-4-(ethylamino)-6-amino-s-triazine (CEAT),
nd chlorodiamino-s-triazine (CAAT) can be observed at the
avelength > 290 nm [15].

The aim of this project is to study the decay kinetics of ATZ in
n outdoor environment. In this study, non-biological degradation
f ATZ was investigated. The experiments were carried out in out-
oor conditions on a rooftop. Laboratory studies were performed
o evaluate the contribution of various factors responsible for the
egradation of ATZ. The presence of humic acid in the natural water
ould accelerate the rate of photolysis due to the sensitization pro-
ess [16]. Therefore, its effect on photolysis was investigated in this
tudy as well.

. Experimental

.1. Materials

All the chemicals used in this study were of HPLC-grade and
ere used as received without further purification. The mobile
hase containing acetonitrile and water (from Fisher Scientific UK
td.) used for LC analysis in this study was degassed before used.
onlabeled ATZ at 99% purity was purchased from RdH Labor-
hemikalien GmbH & Co. Humic Acid, HA, as a sodium salt was
urchased from Acros.

All indoor photochemical reactions were carried out in a
ayonetTM photochemical reactor RPR-200, manufactured by the
outhern New England Ultraviolet Company. Refrigerator and
vens with preset temperatures were used for the investigation
f the temperature effect on ATZ degradation. Samples collected

rom different reactions were analyzed by HPLC using a Restek

 �m 4.6 (ID) × 250 mm PinnacleTM Octyl Amine column. The max-
mum absorption wavelength of ATZ was determined and selected
t 221 nm.  The mobile phase consisted of 60% acetonitrile with 40%
5 – – 26.2 28.1 28.7
5 – – 25.6 28.1 28.7

de-ionized distilled water (DDW) was  delivered at a flow rate of
1.0 mL/min, which results in an ATZ peak at 4.7 min.

2.2. Methods

ATZ samples were prepared by dissolving ATZ in DDW.  The pH
level was then adjusted using sulfuric acid and/or sodium hydrox-
ide.

2.2.1. Outdoor test
The investigation of ATZ degradation in the outdoor environ-

ment was carried out on the rooftop of our laboratory. 10 mL  of
tested solutions were placed in small quartz tubes, which were then
sealed and placed in open racks. The set-up was then placed in open
area on the rooftop without shading accessories. The tests were car-
ried out over a period of 4 months from March 6, 2009 to July 8, 2009
with different ATZ concentrations (6.9–46.4 �M)  and/or pH levels
(2–12). All the tests were duplicated. The maximum and minimum
air temperature during this period was 32.6 ◦C and 15.9 ◦C, respec-
tively. Weather conditions including average temperature and UV
index over the irradiation duration were listed in Table 1.

2.2.2. Hydrolysis of ATZ
Hydrolysis process was simulated in the laboratory at 20 ◦C. ATZ

samples with an initial concentration of 13.9 �M at pH levels of
2, 3, 4, 9 and 12 were performed in pyrex glass tubes. The tubes
were then capped and wrapped with aluminum foil to minimize
the possible photodegradation and bioreaction.

To examine the effect of temperature on the hydrolysis of ATZ,
13.9 �M of ATZ in pyrex glass tubes were capped and wrapped with
aluminum foil and placed at different temperatures of 4, 20, 30 and
70 ◦C under different pH levels (2 and 6).

2.2.3. Photolysis of ATZ
Photolysis of ATZ using artificial UV lamps was also performed

in the laboratory to simulate outdoor photodegradation. About
100 mL  of ATZ samples with initial concentration of 13.9 �M were
prepared in a quartz beaker and placed in the RayonetTM Photore-
actor with magnetic stirring at room temperature (20 ◦C). Samples
were exposed to different ultraviolet wavelengths at either 300,
350 or 419 nm with six UV lamps. For the 300 nm tests, the effects
of varying solution pH levels (from 2 to 12) were conducted as well.

The effect of humic acid (HA) on the photolysis of ATZ at 300 nm
was  examined using 13.9 �M ATZ solutions in the presence of 10,
20, 50 and 100 mg/L HA in the RayonetTM Photoreactor.

3. Results and discussion

3.1. Outdoor test

The degradation of ATZ in an outdoor environment was  per-
formed by varying pH levels and ATZ concentration. Three outdoor

exposure tests with different reaction conditions (pH and [ATZ]0
were ranged from 2 to 12 and 6.9 to 46.4 �M,  respectively) were
conducted from 6 March to 8 July (Table 2). The degradation of ATZ
generally follows pseudo first-order decay kinetics. Since sunlight
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Table 2
Experimental setup of outdoor test.

Date Tested pH [ATZ]0

Test 1 March 6–July 8, 2009 2, 5, 7, 9, 12 46.4 �M
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3 provided by The Hong Kong Observatory, it is clear to note that
both the temperature and the UV radiation during Test 2 are higher
than that of Test 3. The average temperature and mean UVI of Test 3
(May 20–May 29) is 25.6 ◦C and 2, respectively; while that of Test 2
Test 2 May 12–July 8, 2009 2, 5, 7, 9 13.9 and 6.9 �M
Test 3 May 20–July 8, 2009 2, 3, 4 13.9 and 6.9 �M

s only available for several hours within 1 day (24 h), corrections
re to be performed and discussed later.

At outdoor, direct photolysis and hydrolysis are the two  major
rocesses responsible for ATZ decay. The photolysis of ATZ by sun-

ight (UV) is a fast but non-continuous reaction, while hydrolysis
s a slow but continuous process. This makes ATZ decay at outdoor
omplicated. The normal time scale is not suitable for analyzing the
inetic data; therefore, the decay data needs to be adjusted by the
V exposure. The proposed approach is to correlate the decay rate
onstants with the accumulated UV radiation rather than using the
otal reaction time at outdoor, because the amount of UV radia-
ion varied every day during the tested period. The daily mean UV
ndex (UVI) provided by The Hong Kong Observatory (HKO) is used
s an indicator of the strength of UV radiation. The HKO updates UVI
very 15 min  for about 12 h per day (6 am to 6 pm). Accumulated
V index is therefore calculated by summing up the daily mean
VI.

Correlations between accumulated UVI and total reaction time
or different reaction conditions can be resolved (see Fig. 1 for the
ase of Test 3, pH 2 and 6.9 �M).  As the total reaction time divided by
he total accumulated UVI, it gives a unit index (UI). The UI can then
e multiplied by the accumulated UVI of the sample and a corrected
eaction time that is normalized to the sunlight exposure can be
chieved. This correction can be used for adjusting the pseudo first-
rder rate calculation by converting the reaction time into a UVI
djusted time. The result is that the decay rate constant fits the
rst-order decay rate constant model better by using adjusted time
han the unadjusted time (Fig. 2).

The results of outdoor tests are summarized in Fig. 3, where
ll the tests show the same trend with a koutdoor that is lower at
eutral pH levels and higher at both acidic and basic conditions.
his is likely due to the higher hydrolysis rate at extreme-ends of

H levels, which will be discussed in detail later.

Previous studies reported no degradation of ATZ in aqueous or
uffer solution at neutral pH when samples were placed in amber
17] or colorless [18] glass, which would filter out UV radiation that
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Fig. 1. Correlation of time and accumulated UVI (Test 3, pH 2, [ATZ]0 = 6.9 �M).
Fig. 2. Decay rate constant of ATZ (Test 3, pH 2, [ATZ]0 = 6.9 �M)  with respect to
adjusted and unadjusted time.

could provide energy for degradation. Quartz vessels were used
in this experiment to mimic the natural environment as much as
possible.

3.1.1. Effect of temperature and sunlight intensity
ATZ decay at outdoor with different initial concentrations of

13.9 �M and 6.9 �M were studied and compared in both Test 2
and Test 3. Given the same pH and concentration, the decay rate
constants of Test 2 are generally higher than Test 3 (Fig. 3). This is
likely due to different outdoor temperature and sunlight intensity.
By comparing the climatic data for the tested period of Test 2 and
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Fig. 3. Effect of pH on decay rate constant (with respect to adjusted time) of ATZ at
outdoor (The errors of all data points are within ±5%).
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ig. 4. Decay rate constant of hydrolysis and UV experiment ([ATZ]0 = 13.9 �M).

s 27.9 ◦C and 5, respectively. Therefore, higher temperature and/or
V radiation leads to higher decay rate, and the contribution of each
arameter are to be quantified in laboratory study.

.1.2. Effect of ATZ concentration
Test 2 and 3 as shown in Fig. 3 are used to study the effect of

nitial concentration, where the climatic conditions are exactly the
ame. At pH 2, koutdoor of 6.9 �M ATZ is 1.7 and 1.8 times higher
han that of 13.9 �M ATZ for Test 2 and Test 3, respectively. The
ecay rate constant appears to be inversely proportional to the ATZ
oncentration. However, this difference becomes less significant as
he pH increases, as shown in Fig. 3, the gap between koutdoor of
.9 �M and 13.9 �M narrows down as the pH increase and finally
erged (i.e. no difference) at pH 9. The effect of ATZ concentration

s therefore dependent on the pH level in the outdoor environment.
The two main decay mechanisms in outdoor, photolysis and

ydrolysis of ATZ, were further studied in the laboratory to quanti-
atively determine their contribution to the overall decay rate. Since
he decay of ATZ with initial concentration 13.9 �M gives relatively
ast and stable results comparing to the others, it was  selected as
he initial concentration for the laboratory study.

.2. Hydrolysis of ATZ

Hydrolysis basically depends on the solution’s pH levels. To min-
mize the side reaction by indoor light and heat, the tests were
onducted in the dark at room temperature with an initial ATZ
oncentration of 13.9 �M.

At pH 9, the decay rate constant is insignificant. No decay was
bserved even after 28 days (Fig. 4). The hydrolysis rate of ATZ is
owest at pH 9, and then increases as the pH either increased or
ecreased. This is likely due to the acid/base catalyzed hydrolysis
rocess, in which the acid catalyzed hydrolysis is more significant,
nd the pattern is similar to that of outdoor study (Fig. 3). Therefore,

 model of acid-catalyzed ATZ hydrolysis was established. The plot
f ln k versus pH was found to give a linear correlation as below:

n khydrolysis = −2.077 pH − 1.597 (1)

earranging Eq. (1) gives:
hydrolysis = 0.202e−2.077 pH (as pH ≤ 4) (2)

sing Eq. (2),  the ATZ hydrolysis rate constant becomes predictable
t a given acidic condition.
Fig. 5. Effect of temperature on the hydrolysis of ATZ ([ATZ]0 = 13.9 �M,  pH = 2) (the
errors of all data points are within ±5%).

3.2.1. Effect of temperature on hydrolysis
The temperature effect on ATZ decay was also investigated. In

general, the reaction rate increases with the increment of temper-
ature, and the degradation is characterized by pseudo first-order
kinetics. At 4 ◦C, the decay rate constant was very slow at around
7.98 × 10−4 h−1. The decay rate constant increases to 0.0064, 0.0138
and 0.2295 h−1 as the temperature increases to 20, 30 and 70 ◦C,
respectively (Fig. 5).

Assuming higher temperature does not induce an alteration on
the ATZ molecule, Arrhenius equation was  used to describe the
effect of temperature on ATZ decay (Eq. (3)) with a � as a tem-
perature characteristic constant:

k2 = k1�(T2−T1) (3)

If the decay rate constant at 20 ◦C is used as a reference point, Eq.
(3) becomes:

kT = k20�(T−20) (4)

To determine the value of � specific to the decay of ATZ,
log(kT/k20) was plotted versus T − 20, the resulting slope will be
log �, and � can be calculated as 1.094. Therefore, the relation-
ship between temperature and decay rate constant of ATZ can be
characterized by the following equation:

kT = k201.094T−20 (5)

Since all the hydrolysis experiments were conducted at air-
conditioned room temperature, at around 20 ◦C, khydrolysis is
equivalent to k20 under various pH levels. By incorporating
Eqs. (2) into (5),  the relationship among pH (under tested
acidic range), temperature, and a temperature-corrected hydrol-
ysis rate constant can be established through the following
equation:

k(hydrolysis, temperature) = 0.2025e−2.077pH∗
1.094T−20 (6)

The decay rate constants of ATZ for pH ranging from 4 to 9 were
found to be close to 0. It has been well established that ATZ is
resistant to hydrolysis at neutral pH range [18]. Under these cir-

cumstances, both the k20 and k(hydrolysis,temperature) will be close to
zero.

To verify this model, an ATZ solution at pH 5.8 was  allowed to
decay at 70 ◦C in an oven. Plugging in 5.8 for pH and 70 for T into
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Table 3
Contribution of hydrolysis (temperature-corrected) on the decay rate constant of
ATZ at outdoor.

Test pH k(hydrolysis,temperature) koutdoor k(hydrolysis,temperature)/koutdoor

2 2 0.00646551 0.022313 0.29

3 2  0.00525851 0.009567 0.55
3 0.00080292 0.001925 0.42
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q. (6),  the model predicts the decay rate constant to be
.00007 h−1, which confirms with the experimental data (the actual
ecay rate constant is close to zero).

The decay rate constant of ATZ on rooftop (in dark) is found
igher than that of 30 ◦C (Fig. 5). Using Eq. (5),  the average T of the
ooftop case is calculated to be 31 ◦C, which is very close to the
verage temperature at 29.5 ◦C during the tested period from July
0 to July 23, 2009.

In addition, Eq. (6) was used to determine the contribution
f temperature-corrected hydrolysis in the decay of ATZ at out-
oor using a mean temperature. For example, according to the
ong Kong Observatory, the average temperature during the tested
eriod (May 20–May 29, 2009) for Test 3 at pH 2 is 25.6 ◦C (varied
rom 20 to 30.9 ◦C) so the decay rate constant is determined to be
.00526 h−1. Table 3 shows that the koutdoor is generally higher than
he hydrolysis rate and only 18–55% of koutdoor is contributed by
ydrolysis. The lowest contribution of hydrolysis was found at pH

 (18%), this is because the decay rate constant decreases exponen-
ially as pH approaches to neutral (Eq. (2)), where the temperature
ffect is insignificant as well.

.3. Photolysis of ATZ

Besides hydrolysis, photolysis is another expected mechanism
or ATZ decay at outdoor. As hydrolysis only accounts for 18–55% of
outdoor under various conditions, the remaining 45–82% of koutdoor
s likely contributed by UV irradiation, which increases the decay
ate constants of outdoor experiment significantly ranging from
1.9% to 451.6%.

UVA (400–320 nm)  and UVB (320–280 nm)  are the two  main
ltraviolet ranges present in natural environment. To determine
he contribution of photolysis, ATZ was exposed to artificial UV
amps at 300, 350 and 419 nm in laboratory. The experiments were
arried out at pH 2, where the decay rate was most significant at
utdoor. It is interesting to note that 82% of ATZ was  decayed at
00 nm in 2 h, while no ATZ decay was observed for 350 and 419 nm,
ven up to 8 h of exposure. This is consistent with a previous study,
n which only wavelengths below 300 nm are energetic enough for
egradation of ATZ [19].

Since photolysis of ATZ was only observed at 300 nm,  this wave-
ength was used exclusively for the indoor study. The result shows
hat the decay rate constant increases slightly from 0.80 to 1.14 h−1

s pH levels increased from 2 to 3, while a further increase of pH
from 4 to 12), the decay rate constants varied between 1.21 and
.29 h−1.

Among the pH tests, the results of pH 9 provide some insights for
uantifying the contribution of kUV to koutdoor. khydrolysis of pH 9 is
ound to be close to 0 h−1, while koutdoor of pH 9 with the same initial
TZ concentration (13.9 �M)  is 0.000170 h−1. Under these circum-
tances, the ATZ decay can be assumed to be solely resulted from
V radiation, in which kUV at pH 9 was determined to be 1.25 h−1
n laboratory test. In other words, the performance of sunlight at
utdoor is only 0.0136% of that in the photoreactor for degrad-
ng ATZ. Although UV radiation at outdoor exerts a considerable
ffect on the decay rate constant, the level of koutdoor is significantly
Materials 192 (2011) 1260– 1266

smaller than kUV for all pH levels. This is likely due to the following
reasons:

First, the availability of UV radiation at outdoor is normally less
than 12 h a day (around 6 am to 6 pm), while the hydrolysis takes
place 24 h a day regardless of the presence of sunlight.
Secondly, the spectrum of the 300 nm UV lamp is not exactly the
same comparing to the available sunlight at UV range, in addi-
tion, the former has a much higher intensity than the latter. To
verify this, some measurement works were conducted. The high-
est UV intensity measured outdoor was  2551 �W/cm2 while the
UV intensity measured in photoreactor was 2221 �W/cm2. At first
glance, the UV intensity of both is about the same. However, the
range and energy distribution of the irradiance of sunlight and
UV lamps are different. The above readings, therefore, have to be
readjusted.

According to the spectrum of UV radiance at different wave-
lengths provided by The National Oceanic and Atmospheric
Administration, most of the UVA rays can reach the Earth’s surface
while some of the UVB rays are filtered by the ozone layer. Noon
is the time of the day when the amount of UVB rays that reach
the Earth’s surface is at the maximum, assuming a typical sunlight
spectrum can be used for this condition.

The light meter used for measuring UV intensity is sensitive to
both UVA and UVB range, and the reading is a summation of inten-
sity detected from 290 nm to 390 nm (in the unit �W/cm2). As the
measured intensity 2551 �W/cm2 (at outdoor) is the integrated
area underneath the curve from 290 to 390 nm.  The maximum
intensity, x, can be determined by using Eq. (7).  Assuming each
nanometer of wavelength received the maximum intensity from
320 nm to 390 nm (UVA range) while the integrated area under-
neath 290 nm to 320 nm (UVB range) is about 2/3 of that maximum
intensity:

(390 − 320) ∗ x + (320 − 290) ∗ 2
3

∗ x = 2551 (7)

x is therefore determined to be 28 �W/(cm2 nm).
The same rationale can be applied to the 300 nm lamp. The

energy distribution of the RMR-3000 Å UV lamps used in this exper-
iment was provided by manufacturer, and the maximum intensity
from the photoreactor is determined to be 79 �W/(cm2 nm).

By incorporating the above two curves, the comparison of the UV
irradiation between the 300 nm UV lamps and sunlight is possible.
The shaded area in Fig. 6 indicates the amount and spectrum of
radiation co-exist in both the systems. It is clear that sunlight has
lower intensity comparing to that of a 300 nm lamp.

From Fig. 6, it can also be noted that 300 nm lamp has small leak-
ages at UVC range (250–290 nm), which is not normally observed in
the ambient environment. Previous study has proposed that decay
pathway above 290 nm is very different from that below [15]. This
also contributes to the different performance of photolysis between
indoor and outdoor.

3.4. Effect of humic acid on the photolysis of ATZ

Humic substances arise from microbial degradation of plants
and are ubiquitous in natural water bodies. It is therefore important
to understand their effects on the degradation of ATZ. In this study,
humic acid was used to quantify such an effect. It was found that
10 mg/L humic acid increases the decay rate constant of 13.9 �M
ATZ when exposed to UV 300 nm at pH 2 comparing to that without

the humic acid. However, excess humic acid (higher than 10 mg/L)
will decrease the decay rate, see Fig. 7. This observation is consistent
with previous studies. It was suggested that low level of humic acid
can act as photosensitizer and radical precursor in the presence of
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Fig. 6. Amount of UV radiation effective on ATZ decay in sunlight.
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V radiation. However, in the presence of high concentration of
umic acid, the above effects become minor and the excess humic
cid might scavenge radicals and resulted in quenching effect of
he system [20]. In addition, light attenuation effect (i.e. incident
ight absorption by humic materials rather than the ATZ) may  also
ontribute to the slowdown of the ATZ decay.

. Conclusion

Study of the degradation of endocrine disruptors in a closed-to-
atural environment is helpful to the understanding of their effects
n water quality. Two abiotic degradation mechanisms, photoly-
is and hydrolysis of ATZ including temperature effect, have been
tudied. The contribution of each was further investigated in the
aboratory.

Hydrolysis is a slow process but it dominates the outdoor process

in terms of reaction time, while photolysis is a faster path but only
available for several hours a day in the outdoor environment. The
real photolysis time at outdoor was therefore adjusted by using

[
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accumulated UV index to determine the pseudo first-order decay
rate constant.

• Decay rate constant of ATZ was  found to be slowest at neutral pH
and fastest in extreme pH levels. The effect of concentration on
decay rate constant of ATZ is pH-dependent. Increase in sunlight
radiation and/or temperature also resulted in an increase in the
decay rate constant of ATZ.

• The effect of hydrolysis on the decay of ATZ was further studied in
laboratory (indoor). It was found that the trend of decay is similar
to that at outdoor with decay rate constant slowest at neutral and
faster at extreme pH levels.

• Effect of temperature on hydrolysis of ATZ was  also investigated
and found critical. A mathematical model incorporating ATZ
decay rate constants, pH levels and temperatures was established
quantitatively. Depending on pH levels, the hydrolysis con-
tributes to 18–55% of overall outdoor decay, where the remaining
is therefore resulted from the photolysis.

• No decay of ATZ was observed at wavelengths longer than
300 nm.  The results of indoor photolysis using 300 nm UV lamps
showed that the photolysis is lower at pH 2, which is different
from the outdoor observation. This is likely due to the differ-
ent intensity and spectrum distribution between sunlight and UV
lamps as discussed in the paper.

• The effect of humic acid on photolysis of ATZ was found to have
two  distinct stages. A rate enhancement was  observed at lower
humic acid level, while the increase of humic acid will retard
the photolysis. This is resulted from a balance among the various
characteristics of photosensitizer, radical precursor, light atten-
uator and quencher of humic acid.
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