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Abstract

Different effects of humic substances (HS) on Tighotocatalytic degradation @fp’-DDT on soil surfaces were observed under the
irradiation of UV and visible light. Under UV light irradiation, HS inhibited the photodegradatignpDDT on natural soil surfaces as
well as photocatalytic degradation induced by Fi@he decrease of UV-Vis absorbance values and total organic carbon indicated that
HS underwent degradation and were mineralized in the presence of Tif@ adsorption of 2wt.% HS onto Tiextend the response
of TiO5 to visible light evidenced by the UV-Vis diffuse reflectance spectra. Under visible light irradigi@rDDT degradation on
HS-sensitized TiQwas observed. By injecting electrons from the photoexcited HS to the conduction band,pftiEQensitized Ti@
degradedp,p’-DDT under the irradiation of visible light. In addition, photodegradatiop,pf-DDT was accelerated in the presence of
HS. On the analysis of photoproducts using a gas chromatography coupled with a mass spectrometer analysis, DDE and DDD were
detected under irradiation of UV light. It is suggested that DDE could be produced by active radicals and the produced DDD may be due
to direct photodegradation pfp’-DDT. Under irradiation of visible light, produced electrons by photosensitization reaction could attack
the aliphatic Cl ofp,p’-DDT, leading to the production of DDD. The different photoproducts further confirmed that different mechanism
of p,p’-DDT photodegradation was involved under irradiation of UV and visible light.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction light absorption. This practically limits the utility of sunlight
as energy source for the degradation because significant
Humic substances (HS) or natural organic matter, part of the solar energy reaching the earth surface lies in the
widespread existing in water or soil environment systems, visible and near infrared region of spectrum. An important
are heterogeneous mixtures of a variety of organic com- way to extend the response of the 3i@ by photosen-
pounds, consisting of aromatic, aliphatic, phenolic, and sitization. Photosensitization is the application of organic
quinolic functional groups with varying molecular sizes and or inorganic chromophores to extend the spectral response
propertieq1]. Dissolved organic matter can either enhance of a photochemical process. Various organic and inorganic
[2,3] or inhibit [4,5] the rate of photodegradation of organic dyes/photosensitizers have been demonstrated to be able to
contaminants in aqueous solutions. Consequently, it is im- effect charge injection efficiently into the semiconductor
portant to investigate the effect of HS on photodegradation upon excitation by with less than bandgap energy photons
of organic contaminants on soil surfaces. [7]. HS with strong and wide absorbing properties were
The photocatalytic degradation of organic pollutants used as photosensitizer in exciting ZnO photocatalyst under
using TiG® has demonstrated successful performance in irradiation of visible light{8]. Most of the recent studies on
various remediation systems of polluted water and&iir photosensitizer—semiconductor systems concern the direct
Therefore, it is worthwhile to study the photocatalytic reac- light-to-electricity and light-to-chemical-fuels conversion
tion occurring on soil-air surfaces. Although Ti@ very by photoelectrochemical cells. Surprisingly little effort has
popular as a photocatalyst, it suffers from the lack of visible been spent on the application of photosensitizers to enhance
the efficiency of photodegradation procesgs
- In the current work, the HS-sensitized Ti®@hotocat-
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irradiation, the role of HS in Ti@ photocatalytic degrada- Fixingrope He-lamp  Fixing rope
tion of p,p’-DDT on soil surfaces was also investigated. In Cooling + ?5
addition, the effect of HS om,p’-DDT photodegradation water 3

on natural soil surfaces under irradiation of UV and visi-
ble light was further examined. The degradation products of l
p,p’-DDT were identified by a gas chromatography coupled 4 Quartz

with a mass spectrometer (GC-M$)y'-DDT was selected Cooling ]
as probe compound because it belongs to persistent organic water inlet 10.cm Petri  dishes

contaminants and its pollution is still heafA0]. soil samples

|

Fig. 1. Schematic experimental device for the photodegradation experi-

2. Experimental ment.

2.1. Materials with a diffuse reflectance attachment. Scanning electron
microscopic (SEM) was used to observe its profile.
p,p’-DDT, p,p’-DDE, andp,p’-DDD (ACS reagent grade,
purity > 99.0%) were purchased from the National Environ-
mental Monitoring Station of China and used as received.
Hexane and acetone (HPLC/SPECTRO grade) were pur-
chased from Tedia (USA). Ti®)(chemical purity) was ob- . .
tained from the Beijing Chemical Company. Its crystalline is Adsprptlon of p,_p’_-DDT/ to the .SO'I samples was ac-
anatase as confirmed by the X-ray diffraction analysis using complished by spikingp,p’-DDT (dissolved in petroleum

Shimadzu LabX XRD-6000 X-ray diffractometer. Surface ether) into the soils and evaporating to dryness. The con-
. , .
soil samples (0—2cm) were collected from an agricultural centration ofp,p’-DDT was determined to be 1234ng/g

field in the suburb of Dalian, China. After being air-dried, (p,p/)’-DDT/sons). The amount of soil sgmple spiked with
soil samples were passed though a 0.22 mm sieve, and store p-DDT that are spre_ad onto _the I_Detrl dishes are kept to
in dark before use. This soil was chosen because it had the®® 10+0.10. Afte_r being photoirradiated, the SO'I_ samples
relatively low TOC and it was reasoned that this soil would were transferred into 50ml glass bottle and weighted for
be most likely to show effects of exogenously added HS. Its further analy_S|s. . . :

characteristics are as follows: the contents of sand, silt, clay, The_experlment dewcg consists ofa cl!mate chamber and
and organic matter content are 46.7, 37.5, 15.8, and 0.25%2 lighting system. The lighting system included a 300W

respectively; density 2.49 g/dinpH 8.2. HS was extracted high-pressure mercury lamp (GGZ 300, Phillips, maximum
from soils using the method described by Zepp e{Hl]. yvaveler_ngths 254'_ 265_ 302, .313' and 365nm) anc_i a quartz
Contents of C, H, N, and ash fraction were 43.12, 3.42, 1.27, 'Mmersion well with circulating water, as shown fig. 1

and 0.56%, respectively as determined by combustion anal-°! salmplzslcc:)ontageld In r:hel Petri _?r']Sh (10em d|arT?etehr)
ysis using a Perkin-Elmer 2400 CHN elemental analyzer. Were piace cm beé ow the amp. 1he temperature In the
chamber was adjusted to23 °C. During different intervals

of exposure, three duplicate samples were taken out from
the chamber and transferred into 50 ml bottles. Dark control
samples covered by aluminum foil were included to evaluate
the contribution of nonphotolysis factors to dissipation of
p,p’-DDT.

2.3. Photodegradation of p,p’-DDT under UV light
irradiation

2.2. Preparation of HSTiO, powder

The solutions of HS (100 mg/1) were prepared by dis-
solving 2mg of HS in 20 ml of pure water (Milli-Q device,
Millipore) buffered at pH 6.5 with phosphates. The so-
lutions were stirred until the complete dissolution of the
humic material and filtered on 0.48n Millipore cellu- 2.4. Photodegradation of p,p’-DDT on visible light
lose filters prior to use. Filtration led only small losses of irradiation
material. The filtrate was stored as an HS stock solution
and its concentration was checked by measuring the TOC The photochemical experiment under irradiation of vis-
value. Given amounts of TiDwere added into certain vol-  ible light was performed in an artificial climate incuba-
ume of HS solutions. The adsorption of HS onto Ti®as tor (HPG-280H) that was purchased from Harbin Donglian
achieved by shaking the suspension of HS and;TéDa Electronic & Technology Development Co., Ltd., China.
shaker for 5h. The suspension was filtrated on Q.45 Fluorescent lamp (30 W 12) was used as light source. A
Millipore cellulose filters. The filtrate was checked using Humidifier (20 W) was used to control the humidity. The
TOC analyzer for determining the amount of adsorbed HS temperature and humidity inside the incubator were kept to
on TiOy. Following, TiO, with adsorbed HS were dried at  be 20°C and 65%, respectively, which were adjusted by dry
50°C. The optical absorption spectra of Ti@nd HS/TiQ and wet bulb dual temperature control. The photodegrada-
powder were recorded with an UV-Vis spectrophotometer tion experiment was carried out in the similar way as the
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method described iBection 2.3except for the different ir- 72
radiation periods.

2.5. Analysis methods 7.1

The soil samples were transferred into 50 ml glass bot- 7.0
tles, and mixed with 20 ml mixtures of acetone and hexane
(1:1, viv). After being shaken for 1 h (300rpm) in a shaker,
each sample was extracted for 30 min in an ultrasonic bath.
The mixtures were then centrifuged at 5000 rpm for 15 min
to separate the supernatant from the soil. The supernatant
was cleaned with 50 ml of deionized water twice. Then, the
extract was concentrated to 2 ml by a gentle stream of nitro- 6.7 : ' ‘ : :
gen (Nb) and passed though a glass columd. (= 8 mm) 4 . 8 -

Lo . T . Irradiation time (d)
containing 3g of activated florisil topped with 1g anhy-
drous NaSQy. The extracts were eluted with 5ml mixture Frig. 2. HS induced photosensitization degradatiorp@-DDT on soil
of hexane: acetone (95:5, v/v) and 5ml hexane in turn. Af- surfaces in the presence of TQnder irradiation of visible light: (a)
ter being dehydrated with N8Oy, the eluted extracts were  dark control; (b) natural soils; (c) 2wt.% TiO(d) 2wt.% HS; (e) 2wt.%
reduced to 2ml under a gentle;tream. The extraction ~ HS/Ti0z and 2wt.% HS.
recovery ofp,p’-DDT under given conditions was greater
than 95%. For quantification, the extracts were analyzed by fitted the Langmuir-Hinshelwood mode[12]. The
HP 6890 GC equipped with %O’Nl electron Capture detec- Langmuir_Hinshe|W00d rate form is
tor. The operating temperature of the injector and detector

. dc kKC

was 250 and 280C, respectively. The oven temperature of = — — (1)
GC was programmed from 130 to 240 at a ramp rate dr - 14+KC
of 20°C/min. The hold time at 130 and 24GQ was 1.00 wherev is the reaction rate of the reactaft,the concen-
and 2.00 min, respectively. Helium gas was used as carriertration of the reactant,the illumination timek the reaction
gas with a flow of 1.0 ml/min. The GC was calibrated daily rate constant, and the adsorption coefficient. Integration
with external standard samples; duplicate measurementsof Eq. (1)yield Eq. (2}
were made for each sample with an injection (splitless)
volume of 1ul. In order to identify intermediate products, In (—0) + K(Co — C) = kKt (2)
the extracts were analyzed using GC (HP6890) with a cap-
illary column (HP5) coupled with a MS (HP5973). The \When the initial concentratioBy is low, Eq. (2)is altered
injector temperature was 25@Q; the source temperature of to Eq. (3)
MS detector was 23€C. A solvent delay was set to 4 min. c
The oven temperature was programmed from 60 to°260 In <_0> = kKt = kiot? (3)
(20 min) at a ramp rate of I&/min. 9

For the experiment on analyzing the change of HS during which express pseudo-first-order reactions, whegygs the
photoirradiation process, soil samples at different photoir- gpparent photodegradation rate constant. The photodegra-
radiation time were transferred into 150 mL glass bottles, dation kinetic curves ofp,p’-DDT on the soil surfaces
mixed with 50 mL NaOH (0.1 M) solution, and shaken for ynder visible light irradiation are presentedfig. 2 The
3 htodesorb HS from soil particles. Then, the mixtures were values of kot and the linear regression coefficients for

centrifuged at 8000 rpm for 15 min and the supernatant ob- the pseudo-first-order kinetics of thep-DDT degrada-
tained was used for further analysis. The UV-Vis absorption tion are listed inTable 1 According to these results, the
spectra of the supernatant at different times were recordedphotodegradation kinetics qf,p’-DDT with the concen-
using a UV/Vis Spectrophotometer (Jasco V-550, Japan) andtration of 1234 ng/g adsorbed onto soil particles follows a
the TOC values were measured using a Shimadzu TOC an-

alyzer. Table 1

Kinetic parameters for the photodegradatiorpgf-DDT on soil surfaces
under irradiation of visible light

In Ct

6.9

6.8

(3]
N

3. Results and discussion

Photoreactive conditions kr (dayl) r ty/2 (days)
3.1. Photosensitized degradation of p,p’-DDT under Dark control 0.0024 0.809 288.75
irradiation of visible light Natural soil samples 0.0023 0.970  301.30
2wt.% TiO, 0.0025 0.966  277.20
Several experimental results indicated that the pho- 2wt% HS 0.0250 0877 2172
2 wt.% HS/TiQ and 2wt.% HS  0.0371 0.898  18.68

todegradation rates of various organic contaminants
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Fig. 3. Visible light-induced degradation of DDT on soil surfaces by TiO,
HS/TiO, system. HG stands for ground-state HS molecules;*H8lec- 02r
tronically excited HS; HSox, oxidized HS. The numbers represent the
primary electronic pathways in photosensitization: 1—excitation of HS;
2—fluorescent decay of HS; 3—electron injection from excited HS into ! I 1 A 1

CB; 4—back electron transfer to HSox; 5—electron migration within the  185.419 400 600 804.581

lattice onto the surface; 6—electron transfemptp’-DDT. Wavelength[nm]

Fig. 4. UV-Vis diffuse reflectance spectra of bare Ti@nd HS/TiQ

pseudo-first-order degradation curve, which is consistent to (2Wt.%) powders.
the Langmuir—Hinshelwood model.

Quantitative recoveries from dark controls sampled over h | band , focted | ical ph
the entire exposure period of visible light irradiation showed the valence band (VB) remains unaffected in a typical pho-

that p,o’-DDT was very stableRig. 2), indicating the loss tosensitizatiqn. The ox?diged photosensitizer can be regen-
of p,p’-DDT owed to volatilization and biodegradation can erated by swt_able sacrificial electron_donor. In our case, the
be ignored. In the presence of 2wt.% FJio degradation ~ Mass Proportion of adsorbed HS to %ifS determined to be

of p,p’-DDT was observed. While, in the presence of 2wt.% 2% Dby TOC a”a'yzeF_'Q- 4co.mp.ares the diffuse r_eflectance
HS, apparent degradationgfy-DDT was observed and the spectrum of the sensitized Ti_mnth that of pure TiQ pow-
degradation half-life was 27.72 days as listedTable 1 der. The absorbance of HS/Tiowder was extended com-
Furthermore, faster degradationmp/-DDT in the presence ~ Pared to the pure Tippowder. Based on the SEM results

of 2Wt.% HS/TiQ and 2wt.% HS was observed, and the ©f Figs: 5 and 6it is observed that HS coated Ti(arti-
degradation half-life was reduced to 18.68 days. cles. The ability of fulvic acid to sensitize colloidal ZnO has

HS are polymeric oxidation products that result from been demonstrated by fluorescence emission and transient
the decomposition of plant and animal residues. It can absorption measurements in a mixed alcohol-water mixture

act as photosensitizers by the absorption of sunlight of [8]. By visible light irradiation, long-lived electrons can be
a wavelength range of 290nm to visible light and the trapped at the semiconductor surface and utilized as charge

subsequent formation of highly reactive molecules like carriers for the reduction of pollutants and other substrates.
hydroxy-radicals, singlet oxygen or,8, [13]. The first In addition, study has already demonstrated that initial re-

step required for HS-mediated photochemical reactions is
the excitation of humic substances by light. Subsequently,
physical processes and/or chemical reactions follow and
finally the HS molecule returns to its ground state or stable
products are formed. The formation of reactive species can
indirectly lead to transformations of photochemically inert
pollutants[14,15] Becausep,p’-DDT is photochemically
inert under irradiation of visible light, the degradation of 7,
p,p’-DDT in the presence of HS is believed to be induced |
by the added HS.

Photosensitization is widely used to extend the photore-
sponse of TiQ into the visible region. The principle of pho-
tosensitization of TiQ is illustrated inFig. 3 that indicates
the primary electron pathways. The visible light excites the §
sensitizer molecules adsorbed on Tiéhd subsequently in-
ject electrons to conduction band (CB) of TiONhile the
CB acts as a mediator for transferring electrons from the
sensitizer to substrate electron acceptors onp, B0rface, Fig. 5. SEM image of bare Ti©powder.

|
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Fig. 6. SEM image of HS/Ti@ (2wt.%) powder.
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Fig. 7. Proposed photosensitized reaction for the formation of DDD in
the presence of 2wt.% HS/TiOand 2wt.% HS powder under visible
light irradiation.
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Fig. 8. Effects of HS on the photodegradatiorpgf -DDT on soil surfaces
in the presence of Ti@under irradiation of UV light: (a) dark control;
(b) 2wt.% HS; (c) 2wt.% HS/Ti@ and 2wt.% HS; (d) natural soils; (e)
2wt.% TiO,.
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Table 2
Kinetic parameters for the photodegradatiorpgf-DDT on soil surfaces
under irradiation of UV light

Photoreactive conditions kr (day™1) r t12 (h)
Dark control 0.0009 0.962 770.0
Natural soil samples 0.0297 0.979 23.3
2wt.% HS 0.0118 0.966 58.7
2wt.% TiO, 0.0405 0.966 17.1
2wt.% HS/TIiQ and 2wt.% HS 0.0158 0.951 43.9

duction steps were involved in the degradation of LI}
TiO» [7,16]. Consequently, it is suggested that the electrons
injected into the conduction band of Ti®y visible irradi-
ation should be able to initiate reductive dechlorination of
aliphatic Cl of p,p’-DDT. By GC-MS analysis, DDD was
identified and its formation process is presentedrig 7.
This result further confirmed the photoreduction pathway of
p,0’-DDT degradation by HS/Ti@under irradiation of vis-
ible light.

2.6

300 400

Wavelength[nm]

500 600

Fig. 9. Variations of UV-Vis absorbance spectrum of HS desorbed from
soil samples at different times.

20

mg/L

20 25

10 15
Irradiation time (hr)

30

Fig. 10. Variations of total organic carbon from HS that were desorbed into
aqueous solution (1000 mL) from soil samples at different photoirradiation
times.
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Fig. 11. Proposed photodegradation pathway,pf-DDT on soil surfaces under UV light irradiation.

3.2. Photodegradation of p,p’-DDT under irradiation of 2wt.% HS was reduced from 0.0405 to 0.0158hhThe
UV light UV-Vis absorbance values and decreased TOC values of HS
solution with the evolution of irradiation time were observed

The p,p’-DDT photodegradation under UV light irra- which are presented ifrigs. 9 and 10respectively. The

diation follow identical pseudo-first-order kinetics. The above results indicate that HS were degraded and mineral-

kinetic plots are presented iRig. 8. On natural soil sur- ized partially during the photoirradiation. This process can

faces,p,p’-DDT undertook photodegradation with a kinetic be contributed to either direct photolysis or photocatalytic

constant of 0.0297H as listed inTable 2 p,p-DDT is degradation induced by T#O The direct photolysis can

photoactive under irradiation of UV light. In addition, some reduce the light available to attack thg'-DDT molecules

studies have already indicated that certain amounts of semi-or to excite the TiQ; the photocatalytic degradation of HS

conducting substances such as iron and titanium oxides incould consume active radicals produced by JiBoth pro-

the soils may lead to photocatalytic degradationyéiCH cesses may contribute to the retarding effect of HS on the

under irradiation of UV ligh{17,18] Therefore, direct pho-  TiO2 photocatalytic degradation qd,p’-DDT. Under UV

todegradation or photocatalytic degradation may contribute light irradiation, DDE and DDD were detected by GC-MS.

to the degradation of,p’-DDT. The addition of 2wt.% The degradation pathway @fp’-DDT under UV irradia-

TiO, accelerated the photodegradatiorpgf-DDT largely, tion is presented ifrig. 11 The different photodegradation

increasing the first-order kinetic constant to 0.0405.h intermediates and pathways suggested different degradation

Conduction band electrons and valence band holes are genmechanisms were involved under irradiation of UV and

erated when TiQ is irradiated with light energy greater Visible light irradiation.

than its bandgap energy (3.2eV). The photogenerated elec-

trons could reduce the organic compounds or react with

electron acceptors such ag,Qeducing it to superoxide 4. Conclusions

radical anion @~. The photogenerated holes can oxidize

either the organic molecule directly, or the Ohbns and Different effects of HS on photodegradationmp’-DDT

the HbO molecules adsorbed at the BiGurface, to OM on soil surfaces in the presence of 3i@re involved un-
radicals[6]. All of these produced active radicals may be der UV and visible light irradiation. According to our ex-
responsible for the enhanced photodegradatignmfDDT. periments, the rapid photocatalytic or direct photodegrada-

The addition of 2wt.% HS inhibited the,p’-DDT pho- tion of p,p’-DDT initiated by the UV-radiation will be re-
todegradation in natural soils. The pseudo-first-order rate tarded by the presence of the HS. On the other hand, visi-
constant was reduced from 0.0297 to 0.0118 tas listed ble light-induced degradation pfp’-DDT on HS-sensitized
in Table 2 The decrease ¢f,p’-DDT photodegradation rate  TiO, was observed. It is suggested that the electrons pro-
constants could be due to the shielding effect, which protectsduced by excited HS injected into the conduction band of
them from incident radiation. In addition, HS may absorb TiO, by visible irradiation should be able to initiate reduc-
most of the photons emitted thereby slowing down direct tive dechlorination ofp,p’-DDT. In addition, an indirect,
photodegradation gf,p’-DDT. Another reason may be that HS-mediated process will lead to the relatively slow, visible
HS quench the excited statesg’-DDT, thus retarding the  light-initiated photodegradation gf,o’-DDT. The mecha-
photodegradation. nism ofp,p’-DDT photodegradation under irradiation of UV

Effect of HS on the photocatalytic degradation of light and visible light is clearly different as indicated by the
p,’-DDT in the presence of Ti@was further studied by fact that the photoproducts are distinct. Under UV light irra-
spiking 2wt.% HS/TiQ and 2wt.% HS powder into soils  diation, DDD and DDE are produced through dechlorination
together. As listed iffable 2 the photocatalytic degradation and dehydrochlorination, whereas photosensitized reaction
rate of p,o’-DDT in the presence of 2wt.% HS/Tiand induced by visible light yields DDD.
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