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a b s t r a c t

The removal of atrazine (2-chloro-4-ethylamino-6-isopropylamino 1,3,5-triazine) by photolysis, pho-
tocatalysis and adsorption on jack fruit peel carbon (JPC) was investigated as separate and combined
processes. Under the experimental conditions used, JPC was not capable of completely removing atrazine
eywords:
dsorption
hotolysis
hotocatalysis
trazine

in reasonable time. On the other hand, degradation with UV-light (254) nm and TiO2, the intermedi-
ates and by-products were found to be toxic. The combination of JPC with 254 nm UV light and TiO2

enhanced the removal of atrazine and especially the mineralization of the organic matter. The mineral-
ization process was followed by measuring the total organic carbon (TOC). JPC acts both as an adsorbent
and a catalyst in the degradation process. The total mineralization of atrazine, through the combination
of adsorption and degradation was achieved in a reasonable time, and can therefore be suggested as an
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. Introduction

Contamination of water is a worldwide problem due to agricul-
ural, non-agricultural, and industrial pollution. The extent of the
roblem is highlighted by the US Geological Survey National Water
uality Assessment program where it is reported that over 95% of

urface water and 50% of groundwater samples (sample size 8200)
re contaminated with at least one pesticide [1]. These pesticides
re amongst the most refractory organic chemicals and they have
een long suspected of causing severe health hazards including

eukemia [2].
Amongst the different pollutants, herbicides such as s-triazines

re priority pollutants as they are widely used all over the world.
trazine, the most common amongst triazines is used as pre- and
ost-emergence herbicide for the control of annual and peren-
ial grass and annual broad-weeds [3]. Atrazine is not readily
iodegradable and persists in soil and even reaches the ground-
ater. Despite the existence of a wide range of wastewater

reatment techniques, there is no single process capable of ade-

uate treatment for atrazine contaminated water at affordable
osts.

Atrazine degradation has been studied by various biological
4–6] and advanced oxidation processes (AOP) that include UV
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ironment friendly water treatment methodology.
© 2008 Elsevier B.V. All rights reserved.

nd H2O2 [7], Fenton reagent [8], photoassisted Fenton reagent
9], ozonation [10] and photocatalysis [11]. All such processes
ere shown to involve the de-alkylation of the atrazine amino

roup and/or atrazine hydroxylation via de-amination and/or de-
hlorination, but not s-triazine ring opening, with cyanuric acid
2,4,6-trihydroxy-s-triazine) have been detected as the most oxi-
ized product. Cyanuric acid LD50 is 7700 mg/kg and hence it

s also harmful. s-Triazine ring opening can be achieved only
nder hydrothermal conditions [12] and in supercritical water
13], which can hardly be employed in routine water treatment.
he intermediate and by-products generated during the phase
f atrazine photocatalytic oxidation were also found to be toxic
14].

On the other hand, adsorption of these pollutants on activated
arbon can lead to better results than degradation in term of total
rganic carbon (TOC) removal. The draw back of commercial acti-
ated carbon is high cost, easy surface saturation and need for
requent regeneration.

In this paper, the removal of atrazine was studied in a lab-
ratory scale reactor by different processes: adsorption on jack
ruit peel carbon (JPC), photolysis at 254 nm and photocatal-
sis in the presence of TiO2 employed either separately or

n combination. The mineralization of the solutions was fol-
owed by measurement of TOC. The identification of degradation
roducts was done with the help of LC–MS technique and
he possible degradation pathways are also predicted and pro-
osed.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rvjayaram@udct.org
dx.doi.org/10.1016/j.cej.2008.09.006
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because 2�◦ value from the diffraction pattern are 25.2, 37.8 and
48.0◦ and crystalline plane are (1 0 1), (0 0 4) and (2 0 0).
S. Jain et al. / Chemical Engine

. Experimental

.1. Materials

Activated carbon was prepared from jack fruit peel, which was
reated with concentrated sulphuric acid [15]. Titanium n-butoxide
Ti (OC4H9)2] and butyl alcohol, obtained from Merck (India), were
sed as the precursors for TiO2. Atrazine (2-chloro-4-ethylamino-
-isopropylamino 1,3,5-triazine), HIET (2-hydroxy-4-ethylamino-
-isopropyl-amino-s-triazine), CEAT (2-chloro-4-ethylamino-6-
mino-triazine), CDT (2-chloro-4,6-diamino-triazine), HDT (2-
ydroxy-4,6-diamino-triazine) and cyanuric acid were obtained
rom Fluka. All solutions were prepared in double distilled water,
nd all other organic solvents used were analytical grade.

.2. Preparation of the TiO2

TiO2 was prepared by sol–gel method as follows; the mixture
f butyl alcohol and titanium n-butoxide in the ratio of 30:10 (v/v)
as placed in a rotary evaporating flask and rotated for few minutes.

00 ml of distilled water was then added and after the rotation of
he solution for 1 h, the solvent (mixture of butyl alcohol and water)
as evaporated out. The prepared sample was heat treated at 650 ◦C

or 3 h.

.3. Adsorption studies

In batch method, a fixed amount of the adsorbent (0.1 g) was
dded to 100 ml of atrazine solution of varying concentrations
aken in 250 ml stoppered conical flasks, which were placed in a
hermostated agitation (32 ◦C) assembly. The solution was agitated
ontinuously (140 rpm) at constant temperature for 5 h to achieve
quilibration. At the end of the adsorption period, the solution
as centrifuged for 10 min at 3000 rpm. After centrifugation the

trazine concentration in the supernatant solution was determined
pectrophotometrically at �max 222.80 nm.

The adsorbate uptake qe (mg/g), can be calculated as

e = (C0 − Ce)V
W

(1)

here C0 is the initial adsorbate concentration (mg/L); Ce is the
quilibrium adsorbate concentration in solution (mg/L); V is the
olume of the solution; W is the mass of the adsorbent (g) and qe

s the amount adsorbed.

.4. Degradation studies

Monochromatic irradiation at 254 nm was carried out in a
000 ml magnetically stirred reactor, equipped with a quartz jack-
ted 15 W immersion low pressure mercury arc lamp (Philips,
odel TUV) as irradiation source emitting with a radiation flow of

.8 × 10−6 einstein s−1, according to ferrioxalate actinometry. The
eactor was thermostated at 32 ◦C during the runs, by continuous
ater recirculation through an external glass jacket. Samples were

aken from the irradiated suspension at predetermined intervals
nd subjected to analysis.

.5. Analytical determinations

Analysis was done on HPLC using a C8 column. Acetoni-

rile:water (60:40) mixture was employed as the mobile phase, at
constant flow rate of 1 ml min−1. The major intermediates were

dentified by comparing the retention times and the adsorption
pectra obtained by injecting aqueous solutions containing the sin-
le compounds. Their concentration during the runs was evaluated
Fig. 1. XRD pattern of TiO2.

y comparing the area count of the HPLC peaks at 220 nm with
hose recorded in calibration analyses of aqueous solutions of the
ndividual component, in concentrations up to 30 ppm.

Identification of atrazine degradation products was achieved
ith the aid of LC–MS (ThermoQuest LCQ Duo, USA) with a C8
PLC column. The concentration of atrazine in the solution was
etermined spectrophotometrically on a Shimadzu 1650PC UV–vis
pectrophotometer. TOC was measured in a Shimadzu TOC-5000A
nalyzer. XRD measurements were done on a Phillips X-ray diffrac-
ometer using Ni-filtered Cu K� radiation.

. Results and discussion

.1. Characterization of JPC

Physical and surface characterization of JPC were carefully per-
ormed using instrumental techniques such as scanning electron

icroscopy, X-ray diffraction, infrared spectroscopy and surface
rea analyzer and the results were discussed in our earlier pub-
ication [15]. BET surface area of TiO2 is 45 m2 g−1. XRD patterns of
he TiO2 sample are shown in Fig. 1. After calcinations at 650 ◦C, the
ample become crystalline with predominantly anatase structure
Fig. 2. Adsorption isotherms (305 K) from aqueous atrazine solution.
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ATZ. Formation of HIET could result either from a homolytic cleav-
age of the C–Cl bond, followed by an electron transfer from the
carbon to the chlorine radical processed by the carbonation reac-
tion with water; or from the heterolytic cleavage of the excited ATZ
molecule, which is favored by polar solvents such as water [21].

Table 1
ig. 3. Langmuir plots for the adsorption of atrazine on JPC. JPC dose; 1 g/L, temper-
ture; 305 K.

.2. Adsorption studies

The isotherm in Fig. 2 is of type L-shape according to the classifi-
ation of Giles et al. [16]. The L-shape isotherm indicates that there
s no strong competition between the solvent and the atrazine for
he JPC surface sites [17]. Several models have been proposed to
escribe experimental data of adsorption isotherms. For the sake
f convenience, explicit and simple models are preferred and com-
only used. The Langmuir and Freundlich models are the most

requently employed models.
Langmuir isotherm [18] is represented by the following equa-

ion:

e = Q0bC

1 + bC
(2)

Ce

qe
= 1

Q0b
+ Ce

Q0
(3)

here Ce is the concentration of the adsorbate (mg/L) at equilib-
ium, qe is the amount of adsorbate per unit mass of adsorbent at
quilibrium in mg/g, Q0 is the maximum adsorption at monolayer
overage in mg/g, b is the adsorption equilibrium constant related
o the energy of adsorption in L/mg. The plots of Ce/qe vs Ce are
inear and presented in Fig. 3. Q0 = 20.12 mg/g and b = 0.05 L/mg, as
ound from the intercept and slope of the plots.
The logarithmic form of the Freundlich model is given by the
ollowing equation:

og qe = log Kf + 1
n

log Ce (4)

ig. 4. Freundlich plots for the adsorption of atrazine on JPC. JPC dose; 1 g/L, tem-
erature; 305 K.

L

L

Q

2

F
o

Fig. 5. Direct photolysis of Atrazine and formation of intermediate species.

here qe is the amount adsorbed (mg/g), Ce is the equilibrium
oncentration of the adsorbate (mg/L), Kf (L/g) and n are Fre-
ndlich constants related to the adsorption capacity and adsorption

ntensity, respectively. Kf = 1.50 and n = 1.56, as calculated from the
ntercept and slope of the plot in Fig. 4. The correlation coefficient
alues show (Table 1) that the data can be better represented by the
reundlich isotherm model. Atrazine is expected to be adsorbed on
PC through van der Waals force and hydrogen bonding. The ability
f atrazine to form hydrogen bonds has been reported by Welhouse
nd Bleam [19] and Saha and coworkers [20].

.3. Direct photolysis of atrazine with irradiation at 254 nm
ATZ/UV-254 nm)

Photolysis of ATZ by UV radiation at 254 nm was investigated
s shown in Fig. 5. A single major peak was observed by LC–MS
nalysis. ATZ was completely removed after 120 min and HIET
as formed. This suggests that the photolysis of ATZ via the de-

hlorination process is the dominant mechanism for the decay of
angmuir and Freundlich constants for the adsorption of atrazine on JPC.

angmuir constants Freundlich constants

0 (mg/g) b (L/mg) R2 Kf (L/g) n R2

0.12 0.05 0.9547 1.50 1.56 0.9938

ig. 6. Photolysis of atrazine and formation of intermediate species in the presence
f 1 g/L of JPC.
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Fig. 7. Degradation pathways of atrazine under photolysis a

IET appeared to be quite stable to direct photolysis and under-
oes de-alkylation at a very low rate, as demonstrated by the very
ow concentrations of the de-alkylated product HEAT appearing at
he end of the run [22].

.4. JPC photolysis hybrid system (ATZ/UV-254/JPC)

The effect of the combined use of photolysis and adsorption is

hown in Fig. 6. Photolysis at 254 nm was found to be most effective
or atrazine de-chlorination and with JPC, most effective in overall
etoxification. When JPC was added into the atrazine water solution

rradiated at 254 nm, HIET and CAIT were detected by LC–MS analy-
is. HIET was formed in photolysis and the concentration was very

3
2

w

m (I), degradation with carbon (II) and photocatalysis (III).

ow in solution due to adsorption on JPC. CAIT has also appeared
ecause the reaction of the polar groups present on the JPC surface
ith the free radicals formed in atrazine (see the path II in Fig. 5).

he results show that JPC not only function as an adsorbent, but
lso as a catalyst in the photolysis.

Fig. 7 Degradation pathways of atrazine under photolysis at
54 nm (I), degradation with carbon (II) and photocatalysis (III).
.5. Photocatalytic degradation of atrazine with irradiation at
54 nm (ATZ/UV-254 nm/TiO2)

With TiO2 as a catalyst, almost complete degradation of atrazine
as achieved after 240 min. As shown in Fig. 8, almost complete de-
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Table 2
Degradation products determined by LC–MS.

m/z Retention time (min) Abbreviation Chemical name X R1 R2

230 8.41 CAIT 2-Chloro-4-acetamindo-6-(isopropylamino)-s-triazine Cl NHCOCH3 NHCH(CH3)2

216 5.67 ATZ 2-Chloro-4-ethylamino-6-isopropylamino 1,3,5-s-triazine Cl NHC2H5 NHCH(CH3)2

198 4.38 HIET 2-Hydroxy-4-ethylamino-6-isopropyl-amino-s-triazine OH NHC2H5 NHCH(CH3)2

mino-6-amino-s-triazine OH NHC2H5 NH2

ino-6-amino-s-triazine Cl NHC2H5 NH2

o-s-triazine Cl NH2 NH2

ino-s-triazine OH NH2 NH2

a
t
i
s
s

3

d
r
p
1

F
e

F
y

156 3.89 HEAT 2-Hydroxy-4-ethyla
174 2.88 CEAT 2-Chloro-4-ethylam
146 2.27 CDT 2-Chloro-4,6-diamin
128 2.01 HDT 2-Hydroxy-4,6-diam

lkylation was testified by the formation and early disappearance of
he de-alkylated by product CEAT and CDT followed by continuous
ncrease of the HDT by product. TiO2 being a stable photoactive
emiconductor material causes the formation of radical species in
itu, like OH• which is predicted as a strong oxidizing agent.

.6. JPC photocatalysis hybrid system (ATZ/UV-254 nm/TiO2/JPC)
Under both photocatalysis and adsorption, the rate of atrazine
egradation increased when adsorption was simultaneously car-
ied out during the runs. The intermediate, which formed in
hotocatalysis, was almost completely adsorbed by JPC after
20 min and the solution was detoxified as shown in Fig. 9.

ig. 8. Photocatalysis of atrazine and formation of intermediate species in the pres-
nce of 1 g/L of TiO2.

ig. 9. Removal of atrazine and formation of intermediate species under photocatal-
sis (TiO2 +254 nm) combined with adsorption (JPC).

Fig. 10. TOC removal in atrazine solution obtained by photolysis (a), adsorption (b),
p
p
d
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hotolysis followed by adsorption on JPC (c), photolysis in the presence of JPC (c′),
hotocatalysis (d) and photocatalysis in the presence of JPC (e) [C0 = 30 ppm, JPC
ose 1 g/L, TiO2 dose 1 g/L and temperature 305 K].

Degradation products determined by LC–MS Table 2.

.7. Extent of overall mineralization

As shown in Fig. 10, direct photolysis at 254 nm induced an
lmost negligible decrease of total organic carbon content. TOC
emoval by photolysis in the presence of JPC is higher (c′) than
hat obtained by the sum of the contribution of photolysis and
ubsequent adsorption (c) indicating, a synergistic effect appears.
PC itself is supposed to contribute in two different ways; acting
s a catalyst promoting the degradation of atrazine and also act-
ng as an adsorbent, removing the intermediate and by-products
riginated by the degradation of atrazine. Most efficient mineral-
zation was attained during photocatalysis in the presence of JPC. In
hotocatalysis, photolysis (254 nm) combined with ozonation [22],
egradation by microwave-assisted electrodeless discharge mer-
ury lamp [23], sonochemical and photocatalytic in the presence of
iW12O40

4−[24], the removal of TOC did not proceed beyond 65%
orresponding to the removal of five out of the eight carbon atoms
riginally present in the molecule, resulting in atrazine oxidative
egradation to cyanuric acid.

. Conclusions
The adsorption of atrazine from aqueous solution onto JPC has
een studied in detail. Freundlich adsorption isotherm fits well
or the systems. With the experimental conditions employed, JPC
lone is not efficient enough for the removal of atrazine. The results
btained show that photolysis and photocatalysis in the presence



ering

o
t
a
o

A

(

R

[

[

[

[

[

[

[

[

[

[

[

[

[

S. Jain et al. / Chemical Engine

f JPC is a promising technique for the removal of atrazine. Sequen-
ial experiments of photolysis and adsorption revealed that there is
synergistic effect when the photolysis is carried out in presence
f JPC.
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