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Abstract

Bichlorobiphenyls were adsorbed onto Tiegussa P25) in batch equilibrium experiments. The results demonstrated that a triple-layer
model (TLM) surface complex formation model described the adsorption of chlorobiphenyls onto the surface of g@i@idhe surface
complex configuration and the adsorption reaction may have followed the equation derived from the TLM, involving the loss of a proton
during the adsorption process. This dependence indicates that the oxidation reaction between surface-adsorbed substrates and photogenerat
oxidants dominates. Both sorbed and dissolved components contribute to the observed degradation rate, that-SBtheldgfadation
rates might be stated as linear functions of the sorbed and dissolved concentrations. The contribution of the concentration of solution phase
in degradation pathways is not negligible.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 4-Chlorobiphenyl (4-CBP) and 4:bichlorobiphenyl
(4,4-CBP) are PCBs with of low solubility and a tendency
Although the production of polychlorinated biphenyls to be adsorbed onto solid surfagds7]. The solution and in-
(PCBs) was banned in 1977, PCBs released into the envi-terfacial adsorption of nonionic surfactants on hydrophobic
ronment remain some of the most widespread pollutants in surfaces are very important. The presence of particulates may
the global ecosystefi—3]. PCBs are of environmental con-  encourage or reduce the oxidation of 4-CBP of~EBP, and
cern because their presence is widespread; they are persisthe kinetics of sorption must be understood before the rates of
tent; they accumulate in biota, and they have carcinogenictransformation can be predicted; however, little information
effects on humanpt]. PCBs are somewhat resistant to the is available regarding the adsorption of chlorobiphenyl onto
usual mechanisms of environmental degradation. They areTiO,. Because adsorption is defined at the solid/liquid inter-
globally distributed and characterized by half-lives of many face of a system at electrochemical equilibrium, the triple-
months in the atmosphere, but 3—7 years in Igkgs layer model (TLM) is employed to relate charge densities to
In most natural waters, PCBs are found in the aqueousinterfacial potential profiles and the 4-CBP and 48P ad-
phase and associated with particulate m§@eiThe fraction sorption might use a TLM to simulate. These studies address
of PCB in each phase is a function of the hydrophobicity of photocatalytic oxidation (PCO) of organic compouf@isl 2]
the congener. Congeners that contain more chlorine are moren the presence of suspended Zifarticles and irradiation
likely to be associated with particulates. under simulated solar light. When exposed to light with wave-
lengths under 380 nm, conduction band electrons, including
mspondmg author. Fax: +886 5 5312060. electron vacancies, and valence band holes, are generated
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biphenyls and Ti@cannot be ignored. The hole scavenges an
electron from a hydroxylated TiOsurface species, generat-
ing an OH radical. The OH radical is a powerful nonselective
oxidants. Reactions of OH radicals with organic compounds
yield various organic intermediates, which may eventually be
mineralized to CQ.

2. Materials and methods
2.1. Analytical methods

The specific surface area of Ti{Degussa, P25, primarily
anatase, nonporous) was 5%q) as determined by the BET-
N2 method, using a Model ASAP-2000 from Micrometrics
Instrument Corporation. TiOP25 was carefully washed in
water and irradiated in a solar box for a few hours, to decom-

pose any organic impurities present in the starting material.
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Fig. 1. Schematic representation of the interface of;Tii®the presence of
adsorbed chlorobiphenyls.

observed 4-CBP and 4;€BP adsorption are represented
using a TLM, as proposed by Davis and Lecklg], and
subsequently modified by Hayes and LedKi&]. The modi-

fied TLM differs from the original model in two ways. First,
the adsorbed ion can be located on both the o-layer and the

The treated semiconductor was then dried in an oven at 80+-B—Iayer; that is ions may form either inner-(o-layer) or outer-

Purification of TiQ P25 was performed by modifying pro-
cedures for purifyingy-Al 203 [16].
4-Chlorobiphenyl (4-CBP) and 4bichlorobiphenyl

(4,4-CBP) (Chem Service Co., S.G. grade 99+%) were se-

(B-layer) sphere surface complexes. Second, the chemical
potential and standard and reference states are defined equiv-
alently for both solution and surface species, leading to a re-
lationship between the activity coefficients and the interfacial

lected as model compounds. Methanol 1% as a dispersionygiential that is different from that previously established.

medium (Merck, G.R. grade), containing 4-CBP and' 4,4

Adsorption is defined at the solid/liquid interface of a sys-

CBP, was used as the stock solution (50 mg/L), which was (e at electrochemical equilibrium. The adsorptions of 4-
diluted with deionized water (Milli-Q SP) to the required con-  ~gp and 4.4CBP were assumed to be proportional to the
centration before use. All other agents used were purchased,mper of bonds between their functional groups and those

from Merck, andwere G.R. grade. 4-CBP,/4@ZBP and inter-
mediates were analyzed by GC/ECD or GC/MS. All detailed
analyses strictly followed the QA/QC method to ensure the
accuracy of the results.

2.2. Adsorption experiment

Experiments were conducted to elucidate the adsorption of

agueous 4-CBP and 4,€BP onto glass and T The initial

pH of a series of amber glass bottles, each containing 100 mL

of the surface. 4-CBP and 4,&BP were adsorbed onto the
surface of TiQ, are shown irFig. 1

The surface hydroxyl groups (TiOH) can take up and re-
lease protons to form positive (TiQH) and negative (TiO)
sites. These charged sites can also adsorb ions from the so-
lution, forming complex species such as (Ti@H+ NO3™)
or (TiO™ + Na™). All calculations were based on according
to the modified TLM model.

of chlorobiphenyl at various concentrations, was adjusted to 2-4. Photocatalytic oxidation

values between 2 and 11, by adding 1 M NaOH and/or HNO
A specific quantity of TiQ was then added. Background con-
centrations of electrolyte NaN{Qvere added to the bottles to

The experimental arrangement used for the study of pho-
tocatalysis has been described elsewl8feand involves

maintain ionic strength, and adjusted to 0.01 M. The samplesfive main parts: (1) a 500 W blacklight UV fluorescent tube

were placed on a shaker and mixed at 150 rpm.
After equilibration, the pH of each suspension was as-

(Oriel 6285, mercury lamp); (2) HCland/or NaOH, used
as sources to control the pH (Toho Kagaku, PET 300 A); (3)

certained. Each suspension was centrifuged at 9500 rpm for@ double-layer glass batch reactor (lwaki Code 7740) with

10 min, and the supernatant was then filtered through.t?2
filter paper (Gelman Sciences). Analysis followed the mi-
croextraction of chlorobiphenyls from 10 mL of the super-
natant using 5 mL ofi-hexane. The mixture was mechani-
cally shaken for 20 min and the microextraction liquor was
then analyzed on GC.

2.3. Adsorption model

The triple-layer model (TLM) is employed to relate charge
densities to interfacial potential profiles. The experimentally

an external diameter of 12 cm, an internal diameter of 10cm
and a height of 23 cm; (4) a double-layer quartz tube used as
a substitute for the UV tube, between both of which layers,
cooling water was recycled between these two glass layers;
(5) a stirrer (FG Fargo MS 203) placed at the bottom of the
photoreactor to mix the solution.

Photocatalytic oxidation experiments were undertaken to
elucidate the correlation between the concentration of chloro-
biphenyls sorbed onto Ti&and the concentration of dis-
solved chlorobiphenyls. Five hundred micrograms per liter of
chlorobiphenyl was placed in a photoreactor, and;WwWas
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added to various concentrations in each experiment; 30 minexpressions assumed in the TLM are summarized below:
later, chlorobiphenyls had been adsorbed onto, a€d the

UV light was turned on. Following various periods of photo- TiOH, " = TiOH + H* (1)
catalytic oxidation, all of the solution was removed to extract TioH = TiO~ + H* )
and analyze its concentration in the solution phas€as

chlorobiphenyls were desorbed from Fi@sing 10mL of ~ TIOH + Na" = TiO™ — Na" + H* 3)

12 M NaOH for ten hours and chlorobiphenyls sorbed onto

i n _ ) 4 _
reaction wall were ignored because the amounts of adsorp-TIOH +H"+ NGO =TIOH,™ —NOs )
tion onto reaction wall were less than 5% as previous i@k ~ TiOH + PCB = TiOH — PCB )
during reaction time to 180 min. Then, the supernatantwas all _ o N

removed to analyze the concentration which had adsorbed ag /OH +PCB=TIO™ —PCB+H (6)

Ca. After various periods of photocatalytic oxidation andfol- - the jntrinsic conditional equilibrium constants of these

lowing desorption, the suspensions were pretreated, preparegasctions are defined as
and analyzed as in the adsorption experiments. ] N
This investigation addresses parameters, including surfaceKinlt _ {T'QH}{H } (_‘/’OF) @)
loading and pH, that may affect the adsorption of 4-CBP and = {TiIOH2™} RT
4,4-CBP onto TiQ (anatase) particles. The adsorption of

. O~ WH* _
4-CBP and 4,4CBP at the TiQ (anatase)/solution interface ~ KI't = M exp< Yol > (8)
was elucidated, and the results were used to derive the correla- {TIOH} RT
tion between the concentration of 4-CBP or' 48P sorbed int (TIO~ — Na}{H") (¥p — Yo)F
onto TiO, and that of 4-CBP or 4,4CBP in solution, during ~ Kna+ = (TIOH}{(Na'} p R 9)
photocatalytic oxidation.
| TiOH,* — NO3 ™} (Vo — Yp)F
g =t ——*—| (10
NOs~ ~ [TiOH}{H™}{NOg } RT (10)
3. Results and discussion - {TIOH — PCB} a
PCB= T AMIIPCR
3.1. Simulation results concerning adsorption of TLM {TIOH}{PCB
onto hydrous TiQ it _ {TIO~ — PCB}{H*} —YoF 12)
PCB {TIOH}{PCB; RT

Surface acidity is an important characteristic of hydrous
solids, and is related to the extent of interfacial reactions, WhereR is the gas constanfl the absolute temperature;
such as the adsorption of metdls9]. Table 1lists the  F the Faraday constanys, the surface potential on the
intrinsic reaction constants and other parameters associate@-plane, andjg the surface potential on th@g-plane (see
with TLM. Potentiometric titration experiments on 0.1g/L  Fig. 1).
titanium dioxide suspensions with three different back-  Eds.(1), (2), (7) and (8Hescribe the protonation of react-
ground electrolyte concentrations (0.1, 0.01, and 0.001N) ing surface sites, and Eg8), (4), (9) and (10fescribe the
were conducted to determidgt. xint gint and gint formation of complexes between the background electrolyte

al' a2’ T Nat NO3z™!’ . . f

as described by Davis and Leckie7]. The acidity constants ~ 10ns and the surface. A set of possible reactions (E4s(6),
were obtained by extrapolating the titration data at the (11) and (12) between chlorobiphenyls and the functional
lowest NaNQ concentration to zero fractional ionization. 9r0ups on the surface of the TiGolids can be expressed

The |ogKint log Kint log Kt and |OgKint _ values were with reference to the TLM model.
al a2 Na” NOs 4-CBP or 4,4CBP are generated on tBeplane (Eqs(5)

—5.0,—8.0,—8.5, and 7.5, respectively. For comparison, the o o :
log K™ and logk ™ values reported by Hohl and Stunf®] and (6), where the adsorption is nonspecific and the reaction
al az product is an outer-sphere surface complex.(Bppresents

— _ int int
were —7.2 and—9.5. The logk and IOgKN 3~ values 4-CBP or 4,4CBP generated on tieplane of TiQ without

Nat (0]
reported by Zhang and Sparkg0] and Hayes and Leckie g aa5ing hydrogen ion, but E() does. The other adsorp-
tion reactions can, however, be expressed as an inner-sphere

[18] were —9.1 and 8.7. The reactions and equilibrium
surface coordination process if the adsorption of 4-CBP or

Table 1 4,4-CBP were considered to be a chemically specific reac-
Numerical values of the adsorption parameters used in the TLM calculation tion, but the results of simulation we did were all unsuitable
Specific surface area fiy) 53 and did not show in this paper.

Site density (sites/nf) 5 Fig. 2 depicts the sorption envelopes of 50@/L 4,4-

Cy (o-plane capacitance,F/cn) 80[25] CBP on 0.1 g/L TiQ in the presence of 0.01N NaN@lec-

Cz (B-plane capacitance,F/cn?) 20[25] trolyte. Kuo and Lo[8] reported 4-CBP on 0.1 g/L Tigin

l0g Kz, 100 K ~5.0.-8.0 the £0.01N NaNOTh ion density of 44

log KT Jog K11t 9.1, 8.7[18,20] presence of 0. aNOThe sorption density of 4,

Nar'” NOs~ CBP increases as the system shifts from acidic to alkaline.
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Fig. 2. Variation of 4,4CBP adsorption density[{) on TiO, with time at
different pH (4,4-CBP initial conc. = 50G.g/L, 20°C).

At higher pH, more sites are negatively charged, increas-
ing the attraction between the surface of 7i@hd the PCB,
thereby increasing the extent of adsorptionFig. 3, Egs.
(5) and (6)can almost be applied to nonelectric complexes
(TiIOH-4-CBP) and electric complexes (Ti©4-CBP), but
at lower pH, more sites are nonelectric, increasing the at-
traction between the surface of TiOH and the 4-CBP, and

at higher pH, more sites are negatively charged, increasing

the attraction between the surface of Ti@nd the 4CBP,
thereby increasing the fitting of adsorption K§). In ad-
dition, in Fig. 3, Eq. (5) cannot be applied to nonelectric
complexes (TiOH—4/4CBP), however, Eq6) can be fitted.
Since high pH causes more sites of Fi€urface to become
negatively charged like as TiQ and causes 4,4-CBP one
more chlorine atom to become partially positively charge, ad-
sorption of 4,4-CBP increases at the surface of Titbereby
increasing the fitting of adsorption E@). The fitted intrin-

sic formation constants of TiO-4-CBP and TiO—4.4-CBP
were 16 and 161, respectively. Eq(6) yields the sur-
face complex configuration of the surface and the adsorption
reaction.
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Fig. 3. Simulation of TLM for 4-CBP adsorption on Ti@t 0.1 g/L (4-CBP
initial conc.= 50Qug/L, 24 h, 20°C).
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Table 2

Simulation of Langmuir first-order reaction for 4,@BP adsorbed onto Ti©D
(20+)

k (M/s) pK R?
pH3+0.1 7.4x 10710 4.58 0.98
pH7+0.1 6.7x 10710 4.73 0.96
pH11+0.1 7.4x 10710 4.87 0.92

3.2. Rate of adsorption and equilibrium adsorption

The relationship between the reaction rate and the sur-
face coverage of the reaction is assumed to be a first-order
reaction, known as a Langmuir first-order reactidable 2
states the values &f(adsorption rate constant), of around 7.4
x 10719M/s for 4,4-CBP; —logK (adsorption equilibrium
constant), of approximately 4.73 for 4,@BP, andR squared
(>0.92 for 4,4-CBP) for this reaction. 4-CBP data have been
provided elsewherf]. The results imply that andK were
almost constant under experimental conditions except at high
pH, such thak andK simulated for the Langmuir first-order
reaction were almost independent of pH. The greater adsorp-
tion of 4,4-CBP, however, occurred at higher pH.

3.3. UVITIQ process

The degradation rates for photocatalysis on JTi@r-
mally are consistent with Langmuir—Hinshelwood kinetics
[10,21-23] This dependence is such that the reaction
between surface-adsorbed substrates and photogenerated
oxidants dominates. However, numerous studies of both
sorption and photoreactivity on TigOseem to indicate that
the reaction mechanisms are more complex than indicated
by a simple Langmuir—Hinshelwood analysis.

Tunesi and Andersdi24] studied the adsorption and pho-
toreactivity of arange of substituted benzenes, including phe-
nol and salicylate. The first-order degradation rate of salicy-
late was also higher atlower pH, implying that the sorbed con-
centration was positively correlated with the observed rate of
degradation. However, at low pH, as the concentration of the
salicylate solution was increased, the first-order degradation
rate declinedKig. 4).

Experimental results demonstraté&dgs. 5 and Hthat the
initial concentration of adsorbed 4,&BP plus that of dis-
solved 4,4CBP was approximately 5Q0g/L, at the initial
concentration, and almost reached mass balance. The exper-
imentally observed degradation rates at all pH values were
more closely correlated to the sorbed 4BP concentration
than to the corresponding concentration in the aqueous phase.
However, given the quality of the fits Figs. 5 and 6the pos-
sibility that both sorbed and dissolved components contribute
to the observed degradation rate cannot be eliminated.

The sorbed and dissolved components exhibit the modified
first-order reaction,

dic
_L - kaCa + kSCS
dr

(13)
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60 Table 3
Simulation of modified first-order reaction for 4,4-CBP using the UVATIO
¢ Exp. Data process (20+) (TiQ@=1g/L)

— Reaction [3] pH 3 pH7 pH11

il — Reaction [6] ks (571 9x 10°° 1x10°° 1x 107
ka (s71) 2x 10 2x 104 2x 104
R? 0.93 0.95 0.97

Ads. Efficiency (%)

Table 3presentks andk, values at each pH value at 20+

in 1.0 g/L TiG,. The results reveal th&g is almost 10 times

thanks. Accordingly, the rates of degradation of 4@BP

can be stated as linear functions of the sorbed and dissolved

concentrations, with negligible contributions by the solution

Fig. 4. Simulation of TLM for 4,4CBP adsorption on Ti@at 0.1 g/L (4,4 phase in degradation. The results may indicate that, at high

CBP initial conc. = 50Qug/L, 24 h, 20°C). pH, 4,4-CBP is degraded by the direct oxidation of adsorbed
4,4-CBP. At lower pH, when 4/4CBP is not strongly ad-

400 sorbed, more degradation occurs in the solution.

Little attention has so far been paid to the generation of

—o— pH 11 important dangerous intermediates during photocatalytic ox-

idation or noxious by-products. Therefore, identifying all

possible intermediate compounds is important. Chlorohy-

200 & droxy derivatives of biphenyls, chlorohydroquinone, cate-

150 - chol, dichlorocatechol and dichlororesorcinol were revealed

100 r% in the photocatalytic oxidation process, using GC/MS. In the

experiments conducted herein, the total degradation of the

0 ‘ . , target compound did not always correspond to the complete
0 50 100 150 mineralization of the organics to G@nd HO in the early re-

Time (min) action period even when the target compound was degraded.
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Fig. 5. Variation of 4,4CBP concentration in solution with time during the
UVI/TiO3 process at different pH (4£BP initial conc. = 50Gwg/L, TiO»

= 1g/L, methanol = 1%, 20C, UV light intensity = 10 mW/crf). 4. Conclusion

This study proposes adsorption reactions between chloro-
wherek, is the experimental rate constant of the pseudo-first- biphenyls and the functional groups at the surface of,TiO
order reaction of the adsorbed phase with oxidants formedsp|igs, which can be expressed with reference to the TLM
by the illuminating TiQ; Ca represents the concentration of - mgdel. The fitted intrinsic formation constants of Tic4-
4,4-CBP in the adsorbed phase; represents the pseudo- cBp and TiO —4.4-CBP are 184 and 161, respectively.
first-order reaction rate of the solution pha€g;represents In this study, the experimentally determined rates of degra-
the concentration of dissolved 4@BP. dation at all pH values are more strongly correlated to the
sorbed 4,4CBP concentration than to the corresponding
aqueous concentration; however, the possibility that both
sorbed and dissolved components contribute to the observed
degradation rate cannot be eliminated. The results are con-
sistent with a modified first-order reaction, so at high pH,
4,4-CBP was degraded by the direct oxidation of adsorbed
4,4-CBP and at lower pH, degradation was via solution.
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