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Abstract

The purpose of this study was to examine photodegradatigrheikachlorocyclohexang{HCH) by a-Fe,0O; and the influence of fulvic
acid (FA) in this photochemical process. A 300 W high-pressure mercury lamp was employed as the light source. The result showed that the UV
light alone could play an important role in the degradation-6fCH. The presence eof-Fe,0O; was found to promote the photodegradation of
v-HCH. The photodegradation ¢fHCH bya-Fe,O; follows pseudo-first-order reaction kinetics. The effect of the FA on the photodegradation
of y-HCH was also performed. The result revealed that the FA slowed the photodegradationy&t€lf Oxidation products were also
identified by gas chromatography with a mass spectroscopy detector. This process is of interest in both a remedial process induced by iron
oxides in natural water surfaces and-e,0s-mediated photodegradation method for purifying natural water contayti@H and humic
substances.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The photolysis of aquatic organic contaminants can be in-
fluenced by the presence of humic substance (HS) in several
Over the last decades, the role of photochemical reactionsways. On one hand, direct photolysis can be inhibited by col-
at suspended semiconducting granules in natural water haored HS because of the competitive absorption for available
been postulated to be significant in modifying the transfor- light [7,8]. On the other hand, ultraviolet irradiation also in-
mation processes of environmental pollutdhts3]. Itis well duces a variety of photochemical changes in HS and leads
known that iron oxides exist widely in nature, and most of to production of reactive oxygen species (e.g., singlet oxy-
iron oxides have been revealed the photochemical deflve  gen, peroxy radicalg®,10]. These reactive chemical species
Our recent work displayed that total iron contents in soil could oxidize the organic contaminants. Owing to the twofold
have remarkable catalysis on photodegradation-6fCH. role of HS, photochemical fate of chemical contaminants in
The positive correlation was found between iron contents andthe presence of HS may differ significantly. Therefore, there
the photodegradation rate constantyegfiCH [5]. In aquatic is a need to expand the number of organic pollutants whose
systems, Fe-rich particles have been recognized for decadephotodegradation are examined in the presence of HS. To the
as ubiquitous constitutes. Although iron oxides have poor bestour knowledge, there is little information about the effect
efficiency and are not stable in acidic media, we might ex- of HS on the photodegradation ¢fHCH.
pect that photochemical reactions involved by iron oxidesare  Both iron oxides and HS are the prevalent constituent of
ubiquitous in natural water due to their widespread existence natural water. A thorough investigation of photodegradation
[6]. of environmental chemicals by iron oxides in the presence of
HS is warranted. These studies are important for understand-
ing remedial process occurring in natural water surface.
* Corresponding author. Tel.: +86 411 4706 265; fax: +86 411 4706 263,  Organochlorine compounds constitute an important cat-
E-mail addressquanxie@d|ut_edulcn (X. Quan). egory Of water pollutants. Among theSf:\,HCH marketed
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under the generic name of lindane, had been most exten- (1)

sively applied to control many leaf-eating insects through- B

out the world during last centurfl1,12] Because of its 1 t

toxicity and non-biodegradation when released in the en- (2

vironment, most countries have restricted its use. Even so, TR J J

the past decade or more saw the existence-H{CH in the —_ _'_

surface of water in many countri¢$3]. Recently, studies J

have showny-HCH can cause a severe ecological problem /

[14]. =
Sofar, only afew studies in alaboratory scale have beenre-

ported on the photochemical degradation-¢1CH mediated

by TiO, [15,16] There is a dearth of information concerning

photodegradation of-HCH catalyzed by iron oxides. The 4

aim of the present work was to observe the photodegradation \

of y-HCH in the presence af-Fe03. The role of HS in this [

photochemical process was also elucidated.

(3)

\

(6)

\

u (5)
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2. Experimental L N
2.1. Materials I JE—

a-Fe03 was synthesized according to a previously pub-
lished procedurd17]. The products were deep red col-
ored. The crystal had an average diameter of approximately
0.4-0.5um as observed by using a JEOL JEM 12-20 trans- Fig. 1. Photoreactor §ystem fgrHCH transformation: (1) cooling water;_
mission electron microscope (TEM). The X-ray diffrac- (2)t_hermometer;(3)h_|gh.-pressuremercurylamp;(4)g|assreactor;(5)st|rrer
tion pattern (XRD) of the product matched exactly that bar; (8) UV lamp cooling; (7) sampling port.
of a-Fe 03, which was recorded at room temperature by

\

a Philips powder diffractometer using the CuKadia- 2.2. Experimental setup and procedure
tion. It's BET specific surface area determined in a Flow
Sorb 2300 apparatus (Micromeritics) was 98gnt. The The photochemical experiments were performed in a

product was resuspended in a polypropylene bottle keptsealed 300 mL cylindrical reactor. The walls of the water
in the dark at 277K. The same batch efFeO3 was jacket were made of quartz. The outer wall of the reactor
used in all of the experiments. All solutions were prepared was made of the common glass. A 300 W high-pressure mer-
from analytical grade reagents and doubly distilled wa- cury lamp was positioned within the inner part of the ves-
ter. sel and cooling water was circulated through a quartz jacket
The powder of the FA was gained as a gift, which was ex- surrounding the lamp. The lamp emitted a wide band of
tracted from the Liaohe River situated in Liaoning province radiation in the full wavelength and did not employ addi-
in the northeast of China. The elemental composition of the tional filters. The maximum intensity of the lamp occurs at
FAis45.2% C,4.1% H, 1.0% N, 49.7% O and <1% ash. The a wavelength of 365 nm. Continuous temperature measure-
FA suspension was prepared according to the procedures dements were made by mean of a thermometer inserted in the
scribed by Li et al[18]. The concentrated bulk solution was reactor. Atadistance of 10 cm, the radiant exultance of 300 W
stored as a stock solution for further use. The FA concentra- yielded 280QuW cm~2. The photoreactor used in this work
tion was measured by a Shimadzu UV-2401 PC instrumentwas shown irFig. 1
at 254 nm (U\sy). The reactor was first filled with the suspension contain-
v-HCH (ACS reagent grade, purity99.0%) was pur- ing a-Fe O3 particles. The required volume gfHCH so-
chased from National Station of Environmental Monitoring lution was then added, the mixture stirred for an hour in
of China without further purification. A primary stock of the dark to assure equilibrated state. When a series of ex-
4000mg L1 was prepared in acetone and a sub-stock of periments was performed in the ternary systerF&0s,
5mgL~1(Sy=7.8mgL1, 298K, 1atm)was gained by di- the FA andy-HCH), the mixture solutions ok-Fe,O3 and
lution of the primary stock solution and was used after 2 the FA were shaken gently in the dark for 6 h to ensure es-
days to achieve complete equilibration. Acetone has known tablishment of equilibrium. The working solutions were ac-
to be resistant to degradation in reactions involving hydroxyl quired wheny-HCH was ultimately added. At given time
radical[15]. The stock solutions were prepared monthly and intervals, samples were collected. All experiments were per-
stored in the dark in the refrigerator. formed atT=293+ 1 K. Studies were typically conducted
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for 12 h. The solution pH was adjusted by 0.1 MLHCI or 1000 1% —e——9—
NaOH. \

g

, 800 .
2.3. Analytical methods

Liguid—liquid extraction with subsequent gas chromato-
graph (GC) determination was used for the analysig-of
HCH according to the following procedure: 2 mL of each
sample were required. The samples were sequentially added
10 mL mixture of acetone: petroleum ether (1:1; v/v) and im-
mediately sealed to avoid any loss of the analyte, agitated
for 20 min and followed by sonicating for 30 min. Following
that the samples were transferred to 30 mL separatory funnel.
The organic phase was collected, and the aqueous phase was
further extracted twice with 5 mL petroleum ether, dried with o hr—T——T 77— 71—

a small amount of anhydrous &0, and finally analyzed 9 e 4 ) .6 ) 8 10 12
by GC. Irradiation time (h)

600 - TR

400 ~

Concentration of v-HCH (pg/L)

—u8— light
200 o

—e— dark

A HEW|ett_PE_iCkard (HeW|e,tt_PaCkard Co., Avondale, PA) Fig. 2. The direct photodegradationHCH at pH 4.0 with the illumina-
6890 GC equipped witPNi electron capture detector ion of 300 W high-pressure mercury lamp.
(ECD), a split/splitless injector operated in the splitless mode,
a HP-5 column (30 nx 0.32 mm); film thickness 0.2pm.
Operating conditions were as follows: initial column tem-
perature 403K (1 min), increased at 10 K minto 513K
(11 min); injector temperature 523 K; detector temperature
623 K; Carrier gas helium at a flow-rate 1 ml min injec-
tion volume 1ulL. Duplicate measurements were made for
each sample. A HP chemstation A.05.02 software was usedFe203 [19]. The intermediates compete wihHCH for the

forllntstrumg_ntt controcli antd data prc_)((j:ests_];. d b Hewlett active catalytic sites. The control experiments were also car-
niermediate products were iaentified by a Hewlett ;04 4t No degradation was observed in the dark.

Packard HP 5971 mass-selective detector combined with an a-F&03 is expected as an active photocatalyst. Adsorp-

HPt ?SQSSCMVgth an HE-5|ca|3|II?r:y columni_ThedcoEdnmrfws tion of a photon with energy greater than the band gap of
Settor . were similar to those mentioned above tor a-Fe O3 leads to the formation of an electron hole pair

GC-ECD. (hvo*/esy™). The valence band holéng,*)[Ex =2.3eV] is a

the experiment, suggesting thafFe,O3 have buffer capacity

due to the charged surface groupsReOH*; O-FeOH; -
FeO). At the later stage, the loss fHCH became slower.
This could be due to the intermediates adsorbed on the iron
oxides. These passive effects of intermediates have been re-
ported during the photodegradation of chlorophenolby

3. Results and discussion “)OO*\
L ]

3.1. Photodegradation gf-HCH by a-FeO3 500
3.1.1. Direct photodegradation essay

The influence of UV irradiation was firstly studied. The
results were shown iRig. 2 One can see thgatHCH could be
transformed by UV light alone. 60.7%HCH was degraded
after 12 h irradiation. The experiment was also performed in
darkness under the same condition; no obvious losg- of
HCH was observed, suggesting that the los§-6fCH due
to adsorption onto the walls of the reactor or volatilization
can be ignored.

600 \.\'%

\\\
400 - %'

Concentration of y-HCH(ug/L)

200

3.1.2. The effect af-Fe,O3 loading on the 0 -—

photodegradation of-HCH 0 2 4 6 8 10 12
The effect ofx-FeO3 loading on the photodegradation of Irradiation time (h)

y-HCH was also observed, as ShOWI”FiIIg. 3. Itwas found Fig. 3. Photodegradation of-HCH under various concentrations af

that the photodegradation 6fHCH was promoted by- FeOs induced by UV light, pH 4.0; at the absence @Fe0s (V);
Fe03. The pH almost remained constant during the course of 250uM L ! (®); 500uM L~ (W) and 10QuM L 1 (a).
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Fig. 4. Photodegradation ofy-HCH in the presence ofa-FeO3
(250uM L 1) induced by UV light under various pHs.

powerful oxidant while the conduction band electrog, (9

[E4 =0.0eV] has shown to be a relatively poor reductant.
Compared to TiQ, catalytic power otx-Fe&,03 is generally
poor due to the quicky,*/e;p~ recombination, possibly due
to a high density of intrinsic mid-bandgap electronic states,
internal defect induced trap states, and, to a lesser exten
surface defect0,21]

It was interesting to find that, instead of promoting ef-
fect, the increase ak-FeO3 loading did not improve the
degradation ofy-HCH, as shown irFig. 3. Whena-FeO3
increased from 250 to 5QOM L 1, after 6 h irradiation the
residual fractions ofy-HCH were 51.5 and 54.3%, respec-
tively. Generally speaking, mohgy* will be produced when
the amount o&-Fe,O3 increases. This should lead to a better

efficiency of degradation. However, the experiment showed
an opposite result. The reason behind this result might be the
suspended particles in the solution may scatter incident light,

greatly reducing penetration of light when the concentration
of a-FeO3 were increased, result in the slower conversion
rate ofy-HCH. Based on this result, the dosagexefFe,03
was chosen as 25M L 1 in subsequent experiments.

3.1.3. The effects of pH on the photodegradation of
y-HCH in the presence af-Fe,O3

To observe the effects of pH on the photodegradation of
HCH, four experiments were conducted with the same initial
~v-HCH concentration of 1 mgt!, a-Fe,03 concentration of
250uM L1 but at different pH (3.0, 3.9, 4.8 and 5.6). The
experimental results were showrHig. 4. It was evident that
the degradation rate of-HCH was pH-dependent. The in-

crease pH was companied by the decrease rate. This may b€ (mgL™?)

that a fraction ofx-Fe,O3 transform to amorphous iron ox-
ide at higher pH, resulting in the lower Olgroduction rate.
On the other handy-Fe,O3 are more liable to aggregation
at higher pH, which lead to the lower photoabsorption effi-
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Fig. 5. Plots of In €/Co] vs. irradiation time fory-HCH photodegradation
runs carried out in the presenceafe03 (250pM L ~1). Initial concen-
tration: 0.5, 1.0, 2.0 and 4.0 mgL.

ciency, therefore the slower degradation rate-#1CH at a
high pH.

3.1.4. The effect of initigh-HCH concentration on the

tphotodegradation of-HCH by a-Fey O3

Four experiments with the same initial pH 48Fe03
of 250uM L1, but different initialy-HCH concentrations
were conducted in the presence of UV irradiation.

v-HCH photodegradation hy-Fe,O3 was found to occur
according to the Langmuir—Hinshelwood rate law, i.e.:

_dC  kKaC
~ dr 1+ KaC

The equation can be simplified to a pseudo-first-order equa-
tion:

C
In =2 = kKot =K't

c 2)
Indeed, straight lines were obtained by plotting GICo]
versus timelfig. 5 and the apparent first-order rate constants
K (Table J), calculated from the slope of these plots, were in-
versely proportional t&€y, the initialy-HCH concentration.
Therefore, the experimental result indicated that photodegra-
dation of y-HCH by «-Fe,0O3 was fitted for a pseudo-
first-order kinetics. The degradation rate increased with
increasingy-HCH concentration, but the apparent kinetic
constank’ decreased with increasingHCH concentration.

1)

Table 1
Photodegradation kinetics datawHCH by a-Fe,O3
k(h™1) R2
0.5 0.0855 0.9835
1.0 0.0820 0.9768
2.0 0.0662 0.9674
0.0588 0.9451
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Fig. 6. Photodegradation 9fHCH inthe presence of various concentrations

of FA induced by UV light, pH 4.0. Fig. 7. Photodegradation giHCH by a-Fe,O3 (250,M L 1) in the pres-
ence of various concentrations of the FA induced by UV light, pH 4.0.

3.2. The effect of the FA in the photodegradation of
y-HCH 58

centrations (5 and 10mgt!) at pH 4.0. The controlled
experiment was performed at the same condition but in the
absence of the FA. The degradation curveg.(6) demon-
strated that the photodegradationn\eHCH was slower in
the presence of the FA. After 6 h UV light exposure, the loss
of y-HCH was 27.6, 20.0, and 16.0% for solutions at the 1
absence of the FA, 5 and 10 mgLFA, respectively. This
demonstrated that the FA slowed the transformation rate of
v-HCH. 0 —
The decrease rate could be due either to the FA competing 0 1 2 3
with y-HCH for the available photons or to binding between Trrediaoncome: (4
humic molecules anq!-HCH' It has been reported that HS Fig. 8. Photodegradation of FA layFe;Ojz in the presence of 0.5 mgtt
can react photochemical[¢2,23] On the other hand, when | {ich at pH 4.0 exposed to UV light. In the absenceceFe;0; (@):
v-HCH and the FA coexist in solution, a certain fraction of 250uML~! a-Fe05 (W).
the pesticide is possibly bound to the FA. We speculated that
the binding betweea-Fe0O3 and the humic molecular occur

3.2.1. The effect of the FA in the photodegradation of
y-HCH 4+
The experiments were carried out with the same initial \
v-HCH concentration of 0.5mgt!, but at two FA con- .\
®

s

Concentration of FA (mg/L)

.\
I\

T T
5 6

1/

predominantly because the non-pojat CH molecules were Tee y-HCH
excluded by polar KO molecules, thus preferring to binding 45000
to the FA (Eqgs(3) and (4): ;ggg% PCCH Inknown peaks
ko 30000
L+FA<—L—-FA 3 25000
20000
kp = w 4) 15000
[LI[FA] 10000
LI
Onthe basis of a large number of other results from previous 0 D . -

) - ) _ 600 800 1000 1200 1400 1600 18.00 20.00
studies of photosensitized reactions in solutibp®,22—25]

the absorption of light by HSs can lead to rapid photosensi- Fig. 9. GC-MS chromatogram; photodegradation-#fCH (1 mg L) by
tized reactions of many pollutants via energy transfer from «-Fe;0z after 6 h.
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Fig. 10. Possible degradation pathwaysydfiCH.
molecules in their triplet states (Eq$) and (6): 4. Identified intermediate and proposed reaction
light pathways
HS— HS* — 3HS* (5)

5 ko Intermediate products were identified by GC-MS
HS" +P— HS+F (6) techniques. The results were shown Fig. 9. Pen-
tachlorocyclohexen (PCCH), trichlorobenzene (TCBs), and

3 kg
HS" — HS+ heat (") dichlorobenzene (DCBs) were identified after 6 h irradiation
3 kq in the presence af-FeOs.
HS"+Q—HS ®) Fig. 10 showed a possible pathway ofHCH pho-
o ; ) i e
L _ s t L* _HS— L — HS* ) todegradation reaction proposed fefFeO3 -containing

system based on the identified intermediate. The first step
However, Zepp et al25] has found, only when the pollu-  of photodegradation is likely the formation of PCCH via
tants with triplet state energies are less than 250kJfol anti-periplanar dehydrohalogenation, a commonly believed
these photoreactions can be sensitized by HS. Furthermorebase degradation mechanidi¥], through a bimolecular
on these system#HS" will be deactivated by a variety of ~ €limination reaction in which abstraction of the hydrogen
pathways, such as decay to ground state (E£)).or other on the carbon occurs simultaneously with cleavage of the
interaction that quenche¥iS" (Eq. (8)). In our study, the ~ C—X bond, forming a carbon—carbon bond. PCCH may be
sensitization effect of the FA on theHCH photolysis was  further dehydrochlorinated via direct formation of TCBs via
not found. The photodegradation 9HCH was clearly re- simultaneous eliminations of two chlorine and two hydrogen
tarded by the FA. It may be the cause thad CH transfersthe ~ atoms from PCCHs. TCBs are further transformed to DCBs
energy adsorbed by itself to the surrounding humic molecules by eliminations of one chlorine.

by mean of the binding formed between the FA aadCH Intermediate products were identified in a photocatalyt-
molecules (Eq(9)). ically treated solution containing high concentrationyef
HCH [15]. Several specified or unspecified isomers were
3.2.2. The effect of the FA in the photodegradation of found as the degradation products, including chlorocyclohex-
y-HCH in the presence af-Fe,O3 anes, chlorocyclohexenes, chlorobenzenes, chlorophenols,
Experiments were also conducted with 0.5 mg linitial chloropropanes and chloropropanones, and the pentachloro-

~v-HCH and 25QuM L ~! a-Fe,O3 in the presence of various cyclohexanone isomer. The nature of by-products showed
FA concentrations (0, 5, 10 mgt) at pH 4.0. Theresultwas ~ that chlorine and hydrogen atoms were not only abstracted
shown inFig. 7. In all cases the FA slowed the transformation from the CHCI groups constituting-HCH but also added
rate ofy-HCH. For example, after 3 hirradiation the lossjef to them because heptachlorocyclohexane was detected. In
HCH was 19.6, 25 and 33.8% for solutions with 10, 5 mgd L the solution containing-HCH, which was photocatalytically
FA and at the absence of the FA, respectively. It was apparenttreated by TiQ, a-HCH, an HCH isomer, were also identified
that increasing FA concentration decreased the slope of thel15]-
rate plots, indicating a decreasing reaction rate.

When the FA was introduced into the binary systemn (
HCH/a-FeO3), the circumstance may be different. In the 5. Conclusions
same solution, it was found that the FA was rapidly photode-
graded byx-Fe,O3, which was shown ifrig. 8 Therefore, it It is clear that bothx-Fe,O3 and UV light have an ac-
could be speculated the humic molecular adsorbed onto thecelerating effect on the degradationgHCH, andy-HCH
surface ofx-Fe,Og, act as scavengers of valence band holes transformed by-Fe,O3 photochemically follows a pseudo-
(hvy™) due to its electron-rich nature, thus slowing down the first-order reaction. However, the degradation efficiency of
degradation ofy-HCH occurred on the semiconductor sur- y-HCH by a-Fe0O3 was lower compared to Ti£on the ba-
face. Besides, when a preequilibrium formed between the sis of the former study. The degradation rateyefiCH by
FA anda-FeOg, it is difficult for yv-HCH molecular to con-  «-Fe,0O3 was pH-dependent, an increase in pH was accom-
tacthyp* due to the obstructiveness of the layer of the FA panied with a decrease in the rateyeHCH. In any case,
molecular, which may be the other reason that the FA play a FA slowed the transformation rate ¢fHCH. This could be
passive role on photodegradatiomeHCH by a-F&0s. that FA catch the holes generated on the surface®&0s.
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