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Abstract 

Monochlorophenols (CP) and hydroxybenzoic acids (HBA) have been used to model poorly-adsorbing and strongly-ad- 
sorbing pollutants in aqueous slurries containing TiO2(P25). Profiles are presented and compared for the manner in which 
initial rates for TiO2-photocatalysed depletions of those pollutants under low, moderate and high fluxs of 365 nm photons 
varied as a function of various initial aqueous-phase concentrations attained after adsorption-desorption equilibration in the 
dark. Marked intensity-related differences are, thus, observed, especially for well-adsorbing 3-chloro 4-hydroxy benzoic acid 
(CHBA). Differences stem in part from a major rate-determining role for primary photooxidation events in the surface 
solution monolayer under low intensity, whereas under high intensity that role is filled by desorption of strongly adsorbed 
products and/or  by activated diffusion along surfaces within TiO 2 aggregates which is altered under high photon flux. 

Keywords: TiO 2 depoilution 

1. Introduction 

Previously reported experimental differences 
between 'dark' adsorption isotherms for 
poorly-adsorbing chlorophenols, and well-ad- 
sorbing hydroxybenzoic acids (HBA) [1-4] may 
be rationalised as per the diagrammatic inserts 
on top of Fig. 1; that above Fig. 1A envisages 
strong HBA adsorption in terms of chemisorp- 
tion requiring displacement of a basic singly 
coordinated OH group from the hydrated sur- 
face monolayer on TiO 2, whereas that above 
Fig. 1B envisages the weaker CP adsorption in 
terms of physical adsorption on top of the outer 
layer of such OH groups. Comparisons are made 
in the present work between the manners in 
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which kinetics and efficiency of TiO2-sensitized 
photocatalytic depletion of the poorly-adsorbing 
CP's and the strongly-adsorbing HBA's are af- 
fected by such differences in adsorption and by 
changes in the flux of 365_  10 nm photons 
incident on the aerated stirred aqueous slurries. 
All such slurries were allowed to come into 
adsorption-desorption equilibrium before com- 
mencing UV-illumination. 

2. Experimental 

Details have been given elsewhere of proce- 
dures and equipment used to determine, with 
the aid of HPLC analysis, the decreases in 
aqueous phase concentrations of CP's and 
HBA's caused firstly by adsorption onto TiO 2 
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upon equilibration for 0.5 h in the absence of 
UV-illumination and subsequently during illu- 
mination of 30 ml aliquots of dark preequili- 
brated slurry (containing 60 mg of TiO 2 P25) 
by nominally 'low', 'moderate' or 'high' fluxs 
of photons of 365 + 10 nm (respectively 1.7 × 
1016 min -1, 5 .6× 1017 min -1 and 2 ×  10 is 
min-1 __ as evaluated with a chemical-actinom- 
eter solution in the photoreactor) [1-4]. Initial 
rates of TiO 2 photocatalysed depletions (PCD) 
of organic micropollutant from the aqueous 
phase during such UV-illumination - -  denoted 
respectively by Ri*L., Ri.*m. or  Ri*h. - -  were 
determined from the slopes of linear plots of 
aqueous phase concentration vs. duration of il- 
lumination, e.g., Ri*L. (CHBA) signifies initial 
rate for photodepletion of 3-chloro 4-hydroxy- 
benzoic acid under low photon flux, whilst Ri.h. 
(4-CP) denotes that for 4-chlorophenol under 
high photon flux. By virtue of the moderately 
high TiO 2 loading ( = 2  g dm -3) and the up- 
ward entry of UV-illumination into the photore- 
actor within which the TiO 2 particles of the 
aqueous aerated slurries were subject to vigor- 
ous magnetic stirring, the photon-flux experi- 
enced by individual TiO 2 particles (and any 
species adsorbed thereon) ranged from the nom- 
inal values denoted as 'low', 'moderate' or 
'high' (when particles were within ca. 0.1 mm 
of the photoreactor bottom) to very much lower 
values upon recirculation away from the bottom 
of the slurry. In view of the resultant fluctuating 
nature of the photon-flux experienced by indi- 
vidual particles within the stirred slurry, mean- 
ingful tests for dependence of initial rates upon 
intensity such as reported changes from depen- 
dence upon 11/2 at high photon flux to first- 
order dependence at low flux, [5,6], are not 
available from present data. 

3. Results and discussion 

3.1. Low Intensity Initial PCD Rates, Ri*L. 

Plots A and B of Fig. 1 summarise Ri.* L 
values measured when previously dark-equi- 
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Fig. 1. Contrasting profiles for the variation in initial Ri~ L with 
initial pre-equilibrated Ceq under low flux for TiO2-photocata- 
lysed depletions at 295 K of [CHBA]aq (plots in Fig. IA), or of 
4-CP (plots in Fig. IB). Profiles obtained for aerated slurries at 
natural pH unless otherwise indicated. The insert above each part 
schematically represents the likely type of adsorption of the 
relevant chlorinated solute at that solution/TiO 2 microinterface. 
Symbols OH(, ) and OH(b ) respectively denote 'acidic' or 'basic' 
hydroxyls. 
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librated TiO2/(CHBA)aq or TiO2/(4-CP)aq 
slurries were exposed to the lowest near-UV 
intensity used in this study. Despite its obvious 
disadvantage in producing low, difficult-to-mea- 
sure values of gi*L., data at this low intensity 
were of particular interest because of least like- 
lihood for serious illumination-induced pertur- 
bation of whatever adsorption-desorption equi- 
librium had previously been established with the 
surface solution monolayer (ssm) in the dark. 
Added interest stemmed from the attainment on 
these conditions of the highest values of relative 
efficiency for photodepletions at natural pH, 
viz. rt~(2HB A = 1.54 × 10 -2 and r~_cp = 1.63 × 
10 -1. Data for Ri*L. (CHBA) on the upper plot 
in Fig. 1A were obtained with suspensions hav- 
ing their natural pH of ca. 3.9-5.6; those on the 
lower plot with suspensions having their pH 
adjusted to l0 by appropriate addition of KOH. 
The contrast between plots (i) and (ii) demon- 
strates a strong inhibiting effect of high pH 
upon Ri.L. which resembled a qualitatively simi- 
lar inhibiting effect of pH ca. l0 noted previ- 
ously upon dark-adsorption isotherms for uptake 
of CHBA into the ssm at TiO2/(CHBA)aq mi- 
crointerfaces [2]. Since pH ca. 10 is much greater 
than the point of zero charge of TiO 2 (pzc = ca. 
5.8) or pK of CHBA (ca. 3), repulsive interac- 
tion between (CHBA-)aq and TiO 2 particles 
carrying net negative charge was one factor 
considered to contribute to the lower extent of 
equilibrium adsorption observed previously at 
the higher pH. The chemisorption model above 
Fig. 1A implies that another factor would be 
greater competition by hydroxide ions for 
chemisorption sites within the ssm at pH ca. 10. 
The new profiles now presented within Fig. 1A 
for initial Ri*L. (CHBA) vs. initial [CHBA]eq 
likewise demonstrate a variation with pH. Such 
similarity of response to pH change could be 
understood on the basis that the primary rate-de- 
termining process (rdp) for R* (CHBA) was 
reaction of CHBA species - -  chemisorbed in 
the ssm to pH-dependent extent - -  with highly 
oxidising species (h ÷ and/or  OH) generated by 
TiO~ at those microinterfaces. Even the highest 

value for Ri.L. (CHBA) in Fig, 1A corresponds, 
however, to a relative efficiency rt~CHBA of just 
0.015, thereby implying that such primary pho- 
toxidation processes experienced substantial 
competition from recombination of h + and /or  
OH with electrons even at this lowest intensity. 

If primary photooxidation events within the 
ssm had likewise represented the main rdp con- 
tributing to r~4_cP under low intensity, it was to 
be expected that Ri.L. (4-CP) would firstly, be 
lower and, secondly, follow a different profile 
with [4-CP]eq than that for CHBA in Fig. 1A. 
The first expectation was based on observations 
that for concentrations < 100 ppm any 4-CP 
chemisorption was an order-of-magnitude lower 
than for CHBA [2], whereas comparison of 
plots in Fig. 1B with those in Fig. 1A show 
instead a much higher Ri*L. for 4-CP. This 
indicates a need to take into account additional 
mechanistic contributions to Ri*L. (4-CP). Con- 
tributions by photooxidation events outside the 
TiO 2 ssm seem to be implied by the 80% 
increase in Ri.L (4-CP) observed over the [4- 
CP]eq-range 100 ---> 250 ppm, since evidence was 
previously found for increases in multilayer-type 
adsorption in that range [4]. Another point of 
interest is the relatively small difference be- 
tween plots in Fig. lB. This may be interpreted 
as supporting a rate-determining role for reac- 
tion events involving oxidising species photo- 
catalytically generated by TiO 2 (but not neces- 
sarily confined to the ssm) and disfavouring 
such a role for electron-trapping at the TiO 2 
surfaces by 0 2 adsorbed from the aerated aque- 
ous phase. Data on the upper plot were mea- 
sured upon dark preequilibrated slurries contain- 
ing 400 ppm of AgNO 3 in addition to the 
indicated initial [4-CP]eq values. The resulting 
enhancement by Ag + in availability of 
electron-trapping species at the microinterfaces 
would only be expected to cause a large in- 
crease in Ri*L. (4-CP) if, in its absence, trapping 
of electrons had represented the dominant rdp 
for data on the lower plot. An increase of only 
ca. 25% in Ri.L. (4-CP), as observed in Fig. 1B, 
thus, argues against a substantial efficiency- 
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Fig. 2. Contrasting profiles as per legend to Fig. 1, but under 
moderate flux, i.e., for Ri.*m. (CHBA) in Fig. 2A and Ri*m. (4-CP) 
in Fig. 2B. The two plots within 2A illustrate a notably different 
profile at pH 10, plot (ii), from that at natural pH, plot (i). 

limiting role for electron-trapping in the absence 
of Ag ÷. In view of the low intensity used and 
observations upon initial rates only, interfer- 
ence/complications from deposition of metallic 
silver were avoided. 

3.2. 'Moderate-Intensity' initial rates R Tm 

Fig. 2A summarises values obtained for gi.*m. 
(CHBA) upon exposure to an intermediate flux 
o f  5 .6  × 1017 photons min -1. Interesting fea- 
tures of plot (i) in Fig. 2A include an initial 
precipitous rise in Ri*m. to  a plateau at C~q = 4 -  
13 ppm, and a subsequent gradual 50% decline 
from that plateau whilst C~q increased from 13 
to 75 ppm. Those observations could be ratio- 

nalised by an hypothesis that, during the 30-60 
min illumination time required for measurement 
of Ri* (CHBA), no significant inhibiting effect 
could become significant until an empirical (ex- 
tent-of-adsorption × net-flux) parameter ex- 
ceeded a critical value (here manifested for 
CHBA in natural pH conditions when C~q > 13 
ppm and net flux in 30 min exceeded ca. 3 × 
1019 photons). Inclusion of an extent-of-adsorp- 
tion factor in this empirical parameter also pro- 
vides a basis for rationalizing two other obser- 
vations illustrated in Fig. 2: (i) that a pH of 10, 
which is known to decrease adsorption, delayed 
onset of the negative order dependence of Ri.*m. 

(CHBA) to higher C~q and (ii) that no 
negative-order of Ri*m. (4-CP) was observed for 
poorly adsorbing 4-CP (cf. Fig. 2B). 

3.3. 'High-Intensity' initial PCD rates, R~h 

Fig. 3A summarises initial PCD rates, Ri.h. 
(CHBA), measured under 'high' flux of 365 nm 
photons for suspensions containing the various 
dark-preequilibrated concentrations of CHBA 
indicated along the bottom axis. Different sym- 
bols are employed on the figure to distinguish 
between single-reactant Ri*h. values measured at 
natural pH, or at pH ca. 10, from those obtained 
at natural pH in the presence of added Ag ÷. 
Three features strikingly different from the data 
obtained for the same system under low inten- 
sity (cf. Fig, 1 A) are evident for the i Ceq depen- 
dence of Ri.*h. (CHBA) of data in Fig. 3A: 
firstly, a negative-order dependence in the Ceq 
range 10-80 ppm; secondly, an apparently 
zero-order dependence in the range from 80 to 
200 ppm, indicative of a low rt~CHBA = ca. 
0.0024; thirdly, the Ri.*h. (CHBA) values were 
unaffected by addition of KOH, in contrast to 
significant effects upon Ri.L. (CHBA). A 
switch-over under high photon flux to control of 
Ri*h. (CHBA) by kinetic and efficiency limiting 
processes differing from those under low photon 
flux can be inferred from these contrasts with 
Fig. 1A (vide infra), but first it is important to 
note the qualitatively different profiles obtained 
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Fig. 3. Contrasting profiles as per legend to Fig. I, but under high 
flux, i.e., for Rj*h. (CHBA) in Fig. 3A and for RiCh. (4-CP) in Fig. 
3B. A further notable contrast is that whereas data from 
CHBA/TiO2* slurries followed the same profile regardless of 
change in pH to 10, or of the addition of AgNO 3 (cf. Fig. 3A), 
such addition caused an upward step change for Ri*h. (4-CP) as 
seen for plot (iii) by comparison with plots obtained without Ag + 
addition for aerated slurries, plot (i) and oxygenated slurries, plot 
(ii). 

for RjTh. (4-CP). Plots in Fig. 3B illustrate that 
in the case of poorly-adsorbing 4-CP under high 
flux no initial region with negative-order depen- 
dence of gi.h. (4-CP) upon C~q was observed 
for dark-preequilibrated slurries at their natural 
pH. Instead each of two different Ri.*h. (4-CP) 
vs. C~q plots for aerated and for oxygenated 
slurries appeared zero-order throughout the C,q 
from 10 to 300 ppm range but with r~4_cp 

values of 9 × 1 0 - 3  and 1.7X10-2, respec- 
tively. The striking contrast between this ab- 
sence of any self-inhibiting effect for the 
poorly-adsorbing 4-CP and the strong self-in- 
hibiting effect noted for CHBA (Fig. 3A) sug- 
gest that differences between nature and extent 
of adsorption of CHBA and 4-CP, or their 
photoproducts, onto TiO 2 exert a major influ- 
ence upon kinetics of the TiO2-photocatalysed 
processes under high intensity. Another differ- 
ence contained within Fig. 3 and consistent with 
that suggestion is that 400 ppm additions of 
AgNO 3 to aerated TiO2/(4-CP)aq slurries 
caused an fourfold upward step change in zero- 
order value attainable for Ri*h. (4-CP)~q in the 
range from 50 to 400 ppm, whereas data points 
on Fig. 3A show that such addition of Ag ÷ did 
not significantly affect ei*h. (CHBA). Bearing 
in mind that electron-localization by 0 2 origi- 
nating from its 15 ppm concentration in the 
aerated slurries could well become rate and 
efficiency limiting under high UV-intensity, this 
contrast may be understood as follows: access 
by Ag + to photoactive sites in the ssm remains 
unhindered only in the case of poorly adsorbing 
4-CP (and poorly adsorbing photoproducts 
therefrom), thereby allowing (Ag+)ads to en- 
hance electron localization within the ssm and 
freeing more photoholes to initiate photooxida- 
tion events outside the ssm of (4-CP)~q/TiO2*. 

In seeking to account for other differences in 
the Ri.*h. vs. C,q profiles of Fig. 3 between 
chemisorbing CHBA and poorly-adsorbing 4- 
CP, preliminary consideration has been given to 
possible kinetic-determining roles of the follow- 
ing: 

(A) A self-inhibiting effect upon Ri*.h" 
(CHBA), originating from progressive blockage 
of photo-active sites on TiO 2 through the reten- 
tion thereon of strongly-held initial products 
from the photo-catalytic process. Conversely, 
such site blockage is not significant for 
weakly-held products in the case of Ri*.h (4-CP). 

(B) Slow 'surface-diffusion' of chemisorbed 
CHBA, or primary products therefrom, along 
and between the surface solution monolayers 
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upon elementary TiO 2 particles, which are re- 
ported to exist as aggregates with overall sizes 
up to 5 /zm in aqueous slurries. This represents 
a modification of the kinetic-determining role 
recently proposed for diffusion through the 
aqueous solution phase permeating the interpar- 
ticle space in such aggregates [7]. Without such 
modification no adequate diffusion-based expla- 
nation for the differences between Fig. 3A and 
Fig. 3B could be envisaged. 

The commercial availability of dihydroxy 
benzoic acids - -  well established as the primary 
products from OH radical attack on 2-hydroxy- 
benzoic acid [8] - -  led us to employ the latter 
in experiments to test possibility (A) in respect 
of that HBA. Results obtained by separation and 
HPLC-analyses of aqueous phase aliquots from 
aerated (2-HBA)aq/TiO ~ slurries after typical 
high intensity illuminations at their natural pHs 
showed no detectable dihydroxybenzoic acid 
products, despite initial rates for TiO2-sensitized 
removal of 2-HBA similar to those for Ri.*h. 
(CHBA) in those conditions. However, readily 
detectable concentrations of 2,5-dihydroxyben- 
zoic acid - -  the favoured product from OH- 
radical attack on 2-HBA - -  were detected in 
aliquots separated and HPLC-analysed after 
similar illuminations of (2-HBA)aq/TiO 2 slur- 
ties having their pH adjusted to ca. 10. At first 
sight and when taken together with above-men- 
tioned effects of increased pH in decreasing the 
extent of CHBA dark-adsorption onto TiO 2, 
these observations appeared consistent with the 
idea that for TiO 2 slurries at natural pH, the 
retention of strongly held primary products from 
PCD of HBA's could strongly modify kinetics 
of Ri*h. (HBA). However, a corollary expected 
on that basis, viz. for a lower inhibiting effect in 
slurries at pH 10, is not borne out by the few 
data-points upon Fig. 3A which were obtained 
on such slurries at pH ca. 10. More extensive 
data at pH ca. 10 are desirable for rigorous test 
of this point. 

The following basis for full rationalization of 
present results appears feasible by addition of 
modified type (B) factors to foregoing ideas 

concerning operation of type (A) factors in re- 
spect of the marked intensity-related alteration 
in Ri* vs. Ceq profiles for the well-adsorbed 
HBA's, but not for the poorly adsorbing 4-CP. 
Expected manifestations of the onset of modi- 
fied type (B) factors allied to type (A) include 
substantial changes not only in concentrations 
of reactant product and adsorbed oxygen within 
the ssm, but also in near-surface and double- 
layer charge within solution layers permeating 
the spaces between elementary TiO 2 particles. 
Changes of the latter type have been detected 
around TiO 2 particles in colloid sols by photo- 
electrophoretic measurements [9]. Upon estab- 
lishment of such changes within the TiO 2 ag- 
gregates under illumination, the surface diffu- 
sion of chemisorbed CHBA, or products there- 
from, along and between ssm's of elementary 
TiO 2 particles in the aggregates will be af- 
fected, especially if ionized species are in- 
volved. The nature of the Ri*m. (CHBA) profiles 
in Fig. 2A suggest commencement of such 
changes after ca. 5 min. illumination of a slurry 
at natural pH under a flux of 5.6 × 10 ~7 min -1, 
but only after 20 min at pH ca. 10. Earlier onset 
of such effects under the higher flux of 2 × 10 ~s 
min-x thus seems assured, making it likely that 
kinetics of Rj.*h. (CHBA) throughout such 'high' 
intensity illumination was affected by changes 
in type (B) factors. On the other hand, onset of 
such effects is unlikely to have occurred during 
1-2 h illumination under the 'low' flux of 
1.7 × |016 min -l  thus allowing primary pho- 
tooxidation events to serve as the rdp in those 
conditions. 
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