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Abstract 

The quantum yield q~ is crucial in homogeneous photochemistry; in heterogeneous photocatalysis this term remains elusive since the 
number of absorbed photons remains experimentally difficult to assess. A comprehensive method to standardize and compare process 
efficiencies in heterogeneous photocatalysis was proposed earlier by describing the relative photonic efficiency ~'r (J. Photochem. Photobiol., 

A: Chem., 73 (1993) 11 ). The method of determining ~'r is herein tested for the photocatalyzed degradation of phenol as the standard process 
and Degussa P25 TiO2 as the standard photocatalyst. The effects of light intensity, reactor geometry, pH, temperature, concentration of reactant 
and concentration of TiO? on ~'r were examined for the photodegradation of three substituted phenols: 2-methylphenol, 2,4-dimethylphenol 
and 4-chlorophenol. Relative photonic efficiencies of other phenolic substrates are reported for a given set of conditions. Efficiencies on 
varying the nature and the source of TiO2 for the photodegradation of phenol were also explored. These ~ are useful to assess process quantum 
yields once the actual quantum yield for a standard process (qb~t~,, d, for a given photocatalyst and a standard organic substrate) has been 
rigorously determined; thus qb= ~'~q~,,a. 
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1. Introduct ion 

Efficient, environmentally benign and economically fea- 
sible processes that lead to mineralization of organic pollut- 
ants in drinking waters and in industrial waste effluents are 
of current interest. Heterogeneous photocatalysis through 
illumination of aqueous suspensions of TiO2 offers an 
advanced oxidation technology capable of purifying waste 
waters [1]. Titania is a harmless, stable, inexpensive and 
readily available semiconductor photocatalyst on which com- 
plete mineralization of organic substances (phenol, cresols, 
halogenated aromatics and others) to carbon dioxide and 
water has been demonstrated [2-7 ]. What has been lacking, 
however, is a general method of comparing process efficien- 
cies. Methods that assess process efficiency in an industrial 
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environment such as "electric energy per order" [8] and 
"energetic efficiency of degradation" [9] have been pro- 
posed. While these are useful to compare the economics of 
different industrial strategies, they fail to provide a relatively 
simple method to establish photo efficiencies [ 10]. Vogler 
and coworkers [ 11 ] recommended the usage of formal rate 
constants in the photodegradation of various organics as a 
measure of the efficiency of photo-oxidations. 

Too often, the heterogeneous photocatalysis literature uses 
the term quantum yield which it has defined as the number 
of molecules converted relative to the total number of photons 
incident on the reactor walls, for a sometimes ill-defined 
reactor geometry and for a large spectral irradiation window 
(polychromatic radiation), rather than the number of 
absorbed quanta at a given wavelength to satisfy the photo- 
chemical definition of qb in homogeneous phase [ 12,13]. In 
the latter phase, the overall quantum yield q~, ...... n expresses 
the number Nm,,l of molecules undergoing an event (conver- 
sion of reactants or formation of products) relative to the 
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number Nph of quanta absorbed by the reactant(s) or by the 
photocatalyst [ 12] : 

Nmol/Cm 3- s 
(I)o . . . .  11= Nph/Cm 3 -  S 

rate of reaction 
= ( 1 )  

rate of absorption of radiation 

Analogous descriptions have been proposed for heterogene- 
ous systems [ 13-15]. No particular difficulties are encoun- 
tered for a homogeneous system. In heterogeneous media the 
relationship in Eq. (1) has been extended, modified and 
applied in analogous fashion [ 16-19]. Because the number 
Nph of absorbed photons is experimentally difficult to access 
owing to reflection, scattering (see below), transmission (for 
transparent colloidal sols) and absorption by the suspended 
particulates, usage of the term quantum yield as defined in 
terms of incident photons in the heterogeneous photochemi- 
cal literature has led to a high degree of confusion. Some 
suggested methods to determine Nph have appeared [ 17-20]. 

Complicating the measurements of the number (or rate) 
of absorbed quanta by a semiconductor photocatalyst is most 
markedly the significant extent of light scattered by the par- 
ticulate matter in a dispersion which could reach, according 
to some accounts, 13-76% of the total incident photon flux 
[ 17]. A metal oxide material such as TiO2 particulates (ana- 
tase or ruffle) can never absorb all the incident photon flux 
from a given source [ 10] as the intensity I of scattered light 
depends on the refractive indices as 

I (constant) rh (2) 
Io no 

where Io is the incident light, r/o is the refractive index of the 
medium and r/l is the refractive index of the photocatalyst 
(in this case) [21]. When "ql = 70, the extent of scattered 
light is negligible whereas, for r h > 770 the light is highly 
scattered. For the materials making up the photocatalytic sys- 
tem under examination, r/o = 1.33 for water, r h = 1.5-I .7 for 
glass, 771 " ~ - 3 . 8 7  for rutile TiO2 and "171 '~  2.5-3 for anatase 
TiO2 at 365 nm radiation [22,23]. The number of photons 
absorbable by TiO2 seems to be about 60--65% [22,24]. 

Additional considerations suggest that the photochemi- 
cally defined quantum yield will be difficult to describe exper- 
imentally [20] (however, see [24] for a possible solution). 
Consequently, the reported "quantum yields" have some- 
times been reported as lower limits not allowing for scattered 
light [ 15]. In defining Eq. ( 1 ), we must recognize that semi- 
conductor-assisted photo-oxidations take place on the solid 
catalyst (see below), and thus the catalytic properties of the 
catalyst surface are not negligible, as the course of the reac- 
tions depends highly on the characteristics of the surface after 
light activation. For example, usage of two TiO2 photocata- 
lysts obtained from different sources, or from different 
batches from the same source, may give different interme- 
diate products or give different distributions of intermediates 
for experiments carried out under otherwise identical condi- 

tions. In this regard note the variations in intermediates 
between Degussa P25 titania and a TiO2 sample from Sar- 
gent-Welch (see below and Figs. 2-4). This calls attention 
to the necessity of reporting the characteristics of the photo- 
catalyst [ 15,16,19]. Moreover, a distinction should be made 
between the light-activated steps, which are related to the 
quantum yield, and the ensuing catalytic steps in the photo- 
catalyzed process, which depend highly on the surface prop- 
erties of each photocatalyst. 

In heterogeneous photocatalysis, the numerator in Eq. 1 
expresses the rate of a catalyzed heterogeneous reaction 
which is related to the number of catalytically surface active 
sites [ 16]; unfortunately, these are also not experimentally 
attainable [25]. To bypass this difficulty, the number of 
active sites is often replaced [26] by (i) the surface area of 
the catalyst, (ii) the mass of the catalyst or (iii) by the 
number of surface OH groups on a photocatalyst such as TiO2 
[ 17-19]. Regrettably, none of these suggestions describes 
the actual heterogeneous rate since measuring the surface area 
for a somewhat porous catalyst (for example) comprises both 
the external and the internal surface areas [20]; for various 
reasons the latter may not be useful in some catalytic events. 
Also, not all the surface sites occupied by OH groups are 
necessarily catalytically active [25] especially since there 
are different kinds of OH group. Also, depending on the 
reactor geometry, agglomeration and stirring, all the calcu- 
lated catalyst surface (Brunower-Emmett-Teller measure- 
ments in the dry state) may not be accessible to the substrate 
being converted. 

A simple means of assessing process efficiencies for equal 
absorption of photons is therefore desirable in heterogeneous 
photocatalysis. The initial photoconversion of phenol was 
herein chosen as the standard process and Degussa P-25 
titania, a material used extensively, as the standard photoca- 
talyst. The choice of phenol was dictated by the recognition 
that the molecular structure of phenol is present in many 
organic pollutants and, like many of these, is degraded essen- 
tially by oxidation rather than reduction. 

Because of several inherent difficulties, the expression rel- 
ative photonic efficiency ~'r was retained earlier [ 10,25] and 
was described in terms of the number of incident photons. 
The method described affords comparison of process effi- 
ciencies and avoids the confusion in the literature with quan- 
tum yields. 

The objective of this paper, therefore, focuses on a method 
that standardizes process efficiencies of degradation of vari- 
ous organic substrates for a given set of conditions. The 
method circumvents the inherent difficulties enc~ untered in 
the precise evaluation of the number of quanta absorbed by 
the photocatalyst (titania), difficulties with utilization of dif- 
ferent light sources, different reactor geometries and other 
unspecified factors by referring all the results to an equivalent 
experiment carried out for a standard process. Note that the 
proposed method does not yield "absolute values" of the 
photon efficiencies. However, these ~'r can at a later date be 
converted into the photochemically defined qb once a proto- 
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col(s)  or method is fl)und that gives the precise description 
of the number of absorbed quanta, and thereby a quantum 
yield qb ~ for a given photocatalyst and a given substrate; 
whence, cb= ~'~4~ ,,, d. Recent laser work from our laboratory 
suggests that q) cannot be greater than about 10% for Tit):  
photocatalysts [ 27 ]. 

An important observation about Eq, ( 1 ) is that, since the 
numerator also expresses the "rate  of reaction",  the overall 
quantum yield depends on the reactant concentration. As 
correctly noted by Braun et al. [ 13 ] and re-emphasized more 
recently by Cassano and coworkers [20],  only for a zero- 
order reaction is the overall quantum yield uniquely defined 
at a given wavelength. In homogeneous photochemistry, the 
problem is normally overcome by determining qb at small 
conversions (less than about 10%) of reactants, a point not 
often respected in heterogeneous photocatalysis where the 
focus is complete mineralization (100% transformation) of 
the substrate, at least in studies of environmental interest that 
aim at the elimination of organic pollutants in water. 

The efficiencies ~'~ reported here refer specifically to sub- 
strate disappearance. The present report extends the earlier 
work [ 10] and demonstrates the general applicability of the 
proposed method of ~',. The effects of light intensity, reactor 
geometry, pH, temperature, concentration of reactant and 
concentration of TiO, on (,. were examined for three phenolic 
substrates: 2-methylphenol (2-MePhOH),  2,4-dimethyl- 
phenol (2,4-Me2PhOH) and 4-chlorophenol (4-CIPhOH).  
Additionally, ~',. of other organic substrates were determined 
at some specified conditions. The effects of the nature and 
the source of various TiO~ specimens on ~'~ were also 
explored. 

2. Experimental section 

2.1. Materials  

The following phenol derivatives were Aldrich chemicals 
(purity, greater than 99%) and were used without further 
treatment: phenol, pyrocatechol, hydroquinone, 2-methyl- 
phenol, 3-methylphenol, 4-methylphenol, 2-chlorophenol, 3- 
chlorophenol, 4-chlorophenol, 2,4-dichlorophenol, 2,3- 
dimethylphenol, 2,4-dimethylphenol, 2,5-dimethylphenol, 
2,6-dimethylphenol, 3,4-dimethylphenol, 3,5-dimethyl- 
phenol, and 2,3,5-trimethylphenol. The TiO: samples were 
from Degussa P25 (batch A, batch B and an unknown batch 
C),  Sargent-Welch (log 6G17B),  Tioxide (AHR T CS 
16986), Baker & Adamson (batch WO36)  and Fluka AG 
(CH-9470 Buch batch 236189 284. The solvents used 
throughout were methanol (BDH, Omnisolv grade) and dou- 
bly distilled water, unless noted otherwise. 

2.2. Methods  and procedures  

Photodegradation reactions were performed using the fol- 
lowing procedure. The aqueous reactant solutions (50 ml) 

were adjusted to pH 3.0 using HC1 prior to addition of 0.100 
g of Degussa P25-A titania (2.0 g 1 ~ ). The reactor was an 
unstoppered 50 ml bottle. The mixture was magnetically 
stirred in the dark ['or several minutes to pre-equilibrate the 
quantities of both oxygen and substratc between the Ti()~ 
particles and the bulk solution, subsequent to which it was 
exposed to light. About 1 ml aliquot of the suspension was 
taken at various time intervals and vacuum filtered through a 
MSI 25 mm nylon membrane (0.22 # m )  prior to analysis. 

The light source was a 1000 W Hg-Xe  lamp operated at 
825 W and equipped with a water jacket to filter out IR 
radiation. This set-up gave a power density of about 190 mW 
cm 2 at the window of the reactor, measured with a Coherent 
Radiation 210 power meter. Unless specified otherwise, the 
temperature was ambient and broad-band irradiation was 
used. This experimental simplification was possible because 
the relative photonic efficiency of phenol showed no varia- 
tions when using either monochromatic incident radiation 
(365 _+ 10 nm'~ or broad-band simulated sunlight radiation 
[ 10]. Wavelengths below 300 nm were cut off by the Pyrex 
glass reactor, thus eliminating direct photolysis of  the organic 
substrates, at least in acidic media. 

The effects of altering various parameters on relative pho- 
tonic efficiencies were examined for 2-dimethylphenol, 2,4- 
dimethylphenol and 4-chlorophenol against phenol as the 
standard probe Initial reactant concentrations were about 20 
mg I I: [pheno l l i=200  ptmol 1 J, [ 2 -MePhOH] i=  185 
/,tmol I ~, [2 .4-MeePhOH],~  160 /zmol I ~ and [4-C1- 
PhOH], = 156/xmol l i. Appropriatc neutral density filters 
were used to assess the effect of light intensity variations. 
The effect of reactor geometry was probed using a bottle, a 
round-bottomed flask and a cell with flat parallel windows; 
they could hoH a 50 ml solution, pH effects were examined 
by taking the aqueous solution at pH 3.0 and adjusting it to 
pH 4.0, 5.0 and 6.0 with NaOH. A water-jacketed reactor was 
employed to investigate the effect of temperature ( + 0.5 °C) 
on the photodegradations at 12.0, 31.0, 48.0 and 67.5 °C. The 
effect of the TiO. concentration was examined at 
[TiOe] =0.2,  t).5 and 1 g 1 ~ (in addition to 2 g 1 ~), while 
the influence of the initial concentration of organic substrate 
was examined by diluting an approximately 1 mmol I ~ solu- 
tion with pH 3.0 distilled water ( HCI ) ; the resulting concen- 
trations were 40, 120, 200, 250. 400 and 800 p.mol 1 t 

The relative photonic efficiencics ot other phenols were 
also determined for an initial reactant concentration of about 
200 p.mol 1 ~. at pH 3 and ambient temperature./,',, was also 
assessed for various titania photocatalyst specimens from 
different sources and various batches of Degussa P25 TiOe; 
[phenol] ,=  200 #tool 1 

2.3. Analyses  

The rate of substrate disappearance was monitored by high 
performance liquid chromatography (HPLC)  using a Waters 
Associates liquid chromatograph equipped with a 501 HPLC 
pump, a 441 absorbance detector and a Hewlett-Packard 
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Fig. 1. Cartoon illustrating some of (but not all) the photophysical and 
photochemical processes in a semiconductor cluster [ 28 ]. 

3396A integrator. The analytical conditions were as follows: 
column,/., BONDAPAK T M  C~8, 3.9 × 300 mm; column tem- 
perature, ambient; flow rate, 2.0 ml min-1; mobile phase, 
50:50 (v /v)  methanol:water; detector, absorbance detector; 
A = 214 nm (zinc lamp), threshold; recorder sensitivity, 0.1 
(0.5 for [cpd]i < 150/~mol 1- ~, 0.2 for [cpd]i = 250 and 400 
/.,mol 1-1, and 0.5 for [cpd]i = 800/xmol 1- l). 

3. Results and discussion 

3.1. Heterogeneous photocatalytic steps 

We begin by recalling the variety and complexity of events 
that take place when an aqueous solution containing a phenol 
is irradiated in the presence of TiO2 (Fig. 1) [28]. When 
photons of energy equal to or exceeding the band gap energy 
of titania (anatase, 3.2 eV band gap) are absorbed, valence 
band (VB) electrons are promoted to the conduction band 
(CB). The fates of an ecb- are multiple. It may recombine 
in the bulk with hvb + (krecbUlk), may diffuse to the particle 
surface (k~iff ~) and can reduce adsorbed molecules (kerr°a). 
It may also be trapped on the surface (kt~p ~urf) and in the bulk 
(kt~aob). The destiny of a hvb + is similar; at the surface it can 
oxidize an adsorbed molecule. Free or trapped electrons and 
holes rapidly recombine in the bulk and at the surface. These 
events are only the "tip of the iceberg" as the particles are 
fraught with several bulk and surface traps for ecb - and hvb + 

and a number of other unknown defects, each of which 
embodies trapping and detrapping events that will indeed 
influence the overall quantum yield of formation of the entity 
ultimately responsible for initiation of the oxidative photo- 
degradation of organic compounds (e.g. phenol) at the 
semiconductor surface: VB hole or the surface-trapped hole, 
=--Ti-'OH. Recent reports [27,29] suggest the latter species 
is formed in subpicosecond time (about 200 fs). 

Two general mechanisms for photomineralizations to CO2 
are currently being debated: (i) the photogenerated holes 
oxidize adsorbed phenol directly according to 

Dacls + hva + > Dads + (3) 

or (ii) they first oxidize adsorbed water or OH-  groups to 
give the -Ti-- 'OH radical: 

=Ti- - 'OHsurf -  ( o r  H 2 0  ) + h v B  + 

=Ti-'OHsurf(and H ÷ ) (4) 

In turn, the hydroxyl radical oxidizes adsorbed phenol to yield 
hydroxylated radical intermediates, e.g. hydroquinone, pyro- 
catechol and others [ 30]. Subsequently, these react further 
to yield the final products CO2 and H20. Note that the inter- 
mediates evoked in mechanism (ii) may also result from 
mechanism (i) if oxidized phenol (a cation) reacted with 
water [ 31,32]. A detailed discussion on the mechanisms may 
be found elsewhere [ 25 ]. 

Photo-oxidations of organic compounds seldom, if ever, 
occur in the absence of oxygen. Pre-adsorbed 02 is readily 
reduced to yield the superoxide radical anion O2~aas)'- and 
further reduction gives the peroxide dianion O2(ad~) 2- . Con- 
sequently, surface-trapped electrons that would otherwise 
quickly recombine with trapped holes are removed, thereby 
enhancing the anodic surface reactions. 

The above considerations infer that any attempt at describ- 
ing the actual quantum yield of any of the processes in Fig. 
1 must account for all the events in Fig. 1. The simple method 
of srr proposed circumvents the need for such descriptions and 
permits comparison of process efficiencies relative to some 
acceptable standard. 

3.2. Photo-oxidations 

Fig. 2 shows typical HPLC chromatograms obtained under 
otherwise identical conditions; they illustrate the temporal 
course of the photodegradation of phenol, 2-methylphenol, 
4-chlorophenol and 2,4-dimethylphenol. Four-point linear fit 
calibration curves were utilized to quantify the compounds. 
The signal at 1.1 min was present in all chromatograms, 
including a water blank, and is therefore attributed to the 
mobile phase. The peak eluting at 2.6 min is that of phenol; 
it decreased with irradiation time from t=  0 (curve (a))  to 
t = 25 min (curve (d)) .  The appearance of a small peak at 
1.6 min is that of hydroquinone (1,4-dihydroxybenzene). 2- 
Methylphenol eluted at 3.7 min while 4-chlorophenol eluted 
at 4.9 min and 2,4-dimethylphenol at 5.8 min. 

The photodegradation of phenol was also performed using 
irradiated Sargent-Welch TiO2 suspensions (Fig. 3). The 
chromatograms were more complex than those shown in Fig. 
2 with Degussa P25 TiO2. The features at 1.6 min and 2.0 
min are hydroquinone and pyrocatechol ( 1,2-dihydroxyben- 
zene) respectively. Identification was confirmed from chro- 
matograms of the pure compounds. 

A comparison between the temporal course of the photo- 
degradation of phenol in the presence of Degussa P25 TiO2 
and Sargent-Welch TiO2 is illustrated in greater detail in Fig. 
4. The two profiles obtained are significantly different. Phenol 
disappeared faster in the presence of irradiated Sargent- 
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Fig. 2. HPLC chromatograms showing the changes in concentration of substrate as a function of irradiation time for the photodegradation of phenol, 2- 
methylphenol, 2,4-dimethylphenol and 4-chlorophenol in the presence of irradiated TiO2, for the following irradiation times for (reactor, 50 ml bottle; 
[TiO2] = 2 g 1 '; [substrate]~-20 mg 1-~; pH 3.0): phenol: curve (a), 0 min; curve (b), 5 rain; curve (c), 15 min; curve (d), 25 min; irradiation times for 
2-MePhOH: curve (a), 0 min; curve (b), 6 min; curve (c), 15 min; curve (d), 25 min; irradiation times for 2,4-Me2PhOH: curve (a), 0 min; curve (b), 3.5 
min; curve (c), 9 rain; curve (d), 17 min; irradiation times for 4-C1PhOH: curve (a), 0 min; curve (b), 5 rain; curve (c), 15.5 min: curve (d), 25.5 min. The 
feature at 1.1 min is due to the elution of the solvent (water-methanol) and any compounds not retained by the column. 

Welch TiO2 than in an i l luminated Degussa P25 titania sus- 
pension. A larger number of  intermediates (and in greater 
quantities) were detected in the former suspensions. This 
calls immediate attention to obvious variations in the surface 
properties of the two different titania specimens. 

Phenol photodegradations on irradiated Sargent-Welch,  
Tioxide and Fluka TiO2 suspensions were comparable.  Pho- 
todegradations with Baker & Adamson TiO 2 were slower. 
Except for Degussa P25 titania, of the intermediates detected 
under the prevalent  but identical conditions with the other 
specimens, pyrocatechol formed in greatest quantity, fol- 
lowed by hydroquinone and probably by (unidentified) inter- 
mediate 1. The latter may be the 4-chlorocatechol species 
identified by others [ 32,33 ]. 

3.2.1. Effect o f  pH. 
pH changes strongly affect the photocatalyst  surface char- 

acteristics since titania possesses both acidic and basic prop- 
erties; the point of  zero charge is about 6 [34-36] .  The 
surface is posit ively charged at pH below about 6 and nega- 

tively charged above pH about 6. In most cases, photo-oxi- 
dations were carried out at pH about 3, also to minimize direct 
photolysis known to occur significantly in alkaline media 
[37].  

Photo-oxidation of phenol and 2-methylphenol were 
slower at pH 3 and about the same at pH 4, 5 and 6; for 2,4- 
dimethylphenol and 4-chlorophenol,  the temporal course of 
the photodegradation was similar at all the pH values exam- 
ined. Initial rates increased slightly with pH for the four 
phenolic substrates (Fig. 5) and confirm earlier results with 
3,4-dimethylphenol [34] and with findings on 4-chloro- 
phenol [38].  Photodegradations at pH > 6 were not exam- 
ined; Terzian [34a] and Terzian and Serpone [34b] found 
little variations in the first-order rate constants for the pho- 
todegradation of 3,4-dimethylphenol at pH 5-10.  

3.2.2. Effect o f  initial concentration of  substrate 
Plots of  normalized concentrations vs. irradiation time for 

the phenolic substrates at five initial concentrations (40, 120, 
250,400 and 800/xmol 1 - l ) are reported in Fig. 6. The initial 
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Fig. 3. HPLC chromatograms showing the changes in concentration of phe- 
nol and intermediates as a function of irradiation time for the photodegra- 
dation of phenol in the presence of irradiated Sargent-Welch TiO2 for the 
following irradiation times (reactor, 50 ml bottle; [TiO=] 2 g l- t ;  [phe- 
nol]~=200/xmol 1 ~; pH 3.0): curve (a), 0 min; curve (b), 6 rain; curve 
(c), 22.3 min; curve (d) 44.5 rain. The feature at 1.1. min is due to the 
elution of the solvent (water-methanol); the peaks at 1.6, 2.0 and 2.6 are 
due to hydroquinone, pyrocatechol and phenol respectively; the peak at 1.5 
rain is probably chlorocatechol (see text). 

rates of  the photocatalyzed reactions could be fitted to a sim- 
ple rate expression for saturation-type kinetics: 

3.2.3. Effect of light intensity 
The rates of photocatalyzed oxidation of  organics scale 

with I at low intensities and scale with 1 ]/2 at higher intensi- 
ties; at yet higher intensities, mass transfer limitations come 
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I r rad ia t ion  Time (rain) 

Fig. 4. Plots of normalized peak heights as a function of irradiation time 
showing the pbotodegradation of phenol and the formation and decompo- 
sition of detected intermediates when irradiated in the presence of TiOe (2 
g I ~) from Degussa P25 and Sargent-Welch (reactor, 50 ml bottle; [phe- 
nol],=200 /xmol 1-~; pH 3.0). Experiments were run under otherwise 
identical conditions. 

kobsKad s [ s u b s t r a t e  ] i 
R i . i t i a  ! = (5)  

1 + K.d, [ substrate ]~ 

where  kob s is the  o b s e r v e d  rate cons t an t  and K,d~ is the adsorp-  

t ion coef f ic ien t  o f  the pheno l  on  the p h o t o c a t a l y s t ' s  surface.  

Fig.  7 d i sp lays  p lo ts  of  init ial  rate vs. ini t ial  concen t r a t i ons  

for phenol ,  2 - m e t h y l p h e n o l ,  2 , 4 - d i m e t h y l p h e n o l  and  4-ch lo-  

rophenol .  The  full cu rves  were  d rawn  for  the var ious  values  

of  k,,b~ and  K,a~ no ted  in Fig. 7. For  4 - ch lo ropheno l ,  Kad~ is 

1.3 + 0.2 X 104 M ~, a va lue  in accord  wi th  that  ( 1.66 × 104 

M l) r epor ted  by A I - S a y y e d  et al. [ 3 8 ] .  The  surface  cov-  

e rage  for this  c h l o r o p h e n o l  ex t ends  f rom abou t  30 to about  

90% in the c o n c e n t r a t i o n  range  f rom 40 to 8 0 0 / x m o l  1- 

A d s o r p t i o n  of  the subs t ra tes  on D e g u s s a  P25 t i tania  par t ic les  

var ies  as 2 , 4 - M e 2 P h O H  = P h O H  < 4 -C1PhOH ~< 2 - M e P h O H .  
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Fig. 5. Plots of initial rate vs. pH showing the effect of initial pH on the 
photodegradation of 2-methylphenol, 2,4-dimethylphenol and 4-chloro- 
phenol (reactor, 50 ml bottle; [TiOj = 2 g 1- t; [substrateL = 20 mg I ~), 
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into play and the rates ultimately scale with I o [34,39]. Plots 
of initial rates vs. light intensity for the four phenolic sub- 
strates are presented in Fig. 8. Initial rates increased with 
increasing light intensity and its dependences for phenol, 2- 
methylphenol and 4-chlorophenol are nearly identical within 
experimental error. 

need to measure the photon flux, although it should still be 
reported when experimentally feasible (certain reactor geom- 
etries may preclude such measurements). Thus 

rate of disappearance of substrate 
~ r =  ( 6 )  

rate of  disappearance of  phenol 

3.3. Relative photonic efficiencies 

The notion of  relative photonic efficiencies ~r was intro- 
duced above in which the effects of reactor geometry, light 
source and photocatalyst properties are fixed in assessing ~" 
for phenol and ~" for the test molecules [ 10]. 

A method to determine photon efficiencies is to relate the 
initial rate of substrate degradation with the rate of  incident 
photons reaching inside the front window of the reactor. 
When the photonic efficiency r for the test substrates and for 
the standard secondary actinometer (here phenol) are 
obtained under identical experimental conditions there is no 

where both (initial) rates are obtained under the exact same 
conditions. 

Ideally, ~'r values should not depend on light intensity and 
reactor geometry, and on such other parameters as pH, pho- 
tocatalyst concentration, substrate concentration and temper- 
ature. We now examine the influence of each of  these factors 
o n  ~'r" 

3.3.1. Light intensity dependence 
The effect of light intensity on relative photonic efficien- 

cies of 2-methylphenol, 2,4-dimethylphenol and 4-chloro- 
phenol is illustrated in Fig. 9; 100% refers to about 190 mW 
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Fig. 8. Plots of  initial rates vs. percentage light intensity for phenol, 2- 
methylphenol,  4-chlorophenol and 2,4-dimethylphenol (reactor, 50 ml bot- 
tle; [TiO2] = 2 g 1-];  [ r e a c t a n t ] , - 2 0  mg 1-~; pH 3,0; 100% is equivalent 
to 190 mW cm 2). 

cm-2  The efficiencies (r for 2-methylphenol, 2,4-dimethyl- 
phenol and 4-chlorophenol are independent of  light intensity. 

3.3.2. Reactor geometry effect 
Plots of ~r r for three reactor geometries are shown in Fig. 

10 for the three test substrates. The reactors were a bottle, a 
round-bottomed flask and a rectangular reactor with flat par- 
allel windows. The ~'r are nearly independent of reactor 
geometry. 

3.3.3. pH dependence 
The effect of  initial pH (measured prior to addition of 

TiO2) on the photodegradation rates was small for 4-chlo- 
rophenol and 2,4-dimethylphenol in the pH range 3-6 (Fig. 

l l ) .  Relative photonic efficiencies srr decrease somewhat 
with increase in pH, particularly so for 2,4-dimethylphenol. 

3.3.4. Effect of Ti02 concentration 
The initial rates of photodegradation of 2-methylphenol, 

2,4-dimethylphenol and 4-chlorophenol decreased slightly 
on going from 2 to 0.2 g 1-~ (Table 1). However, ~'r shows 
no dependence at various TiO2 loadings (Fig. 12). 

3.3.5. Effect of initial substrate concentration 
Relative photonic efficiencies of 2-methylphenol and 4- 

chlorophenol display little dependence on initial concentra- 
tion of substrate (Fig. 13). 2,4-Dimethylphenol, however, 
displays a greater dependence on its initial concentration. 
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Fig. 9. Relative photonic efficiencies ~'r, determined for the disappearance 
of  2-methylphenol, 2,4-dimethylphenol and 4-chlorophenol at various light 
intensities relative to the disappearance of  phenol under otherwise identical 
experimental conditions (reactor, 50 ml bottle; [TiO2] = 2 g 1-';  [reac- 
tant] ~ = 20 mg I - ~; pH 3.0; 100% is equivalent to 190 mW cm - z). 
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3.3. 7. Overall influence of all factors 
It is important to obtain an overall view of how relative 

photonic efficiencies change with variations in various fac- 
tors. Also we need to know what parameters should be spec- 
ified when reporting (~ values. 

Average values of (r are illustrated in Fig. 15 and reported 
in Table 2; they are 1.1 _+0.1 {br 2-methylphenol, 2.6_+0.3 
for dimethylphenol and 1.1 i 0 . 1  lbr 4-chlorophenol. The 
results demonstrate the validity and the feasibility of the 
method proposed and also indicate the magnitude of the errors 
(one standard deviation), reasonable even by photochemical 
standards. Fig. 15 also illustrates the data used to estimate .~ 
under various conditions of light intensities, reactor geome- 
tries, initial pHs and TiO2 concentrations. For 4-chloro- 
phenol, ~'~ at pH 4, 5 and 6 were not used in the calculation 
of the average values. Note that the data lbr the initial sub- 
strate concentrations and for the different temperatures were 
not used. 

Table 1 
Effect of TiO2 concentration on initial rate of photodegradation for the four 
phenolic compounds (reactor, 50 ml bottle; [substrateL = 20 mg 1-'; pH 
3.O) 

[TiO,] lnitialrate ( /xmol l - '  min t) 
( g l - ' )  

PhOH 2-MePhOH 2,4-MezPhOH 4-CIPhOH 

2.0 4.5.+_0.1 4.7+_0.1 12.5±0.8  5.1_+0.6 
1.0 4.1 ±0 .2  4.9 ±0 .3  9.9_+0.9 4.1 _+0.2 
0.5 3 .1±0.1  3.8-+0.1 8.2-+1.0 3 .6±0.1  
0.5 4.1 +_-0.2 4.0_+0.2 8.3 ± 0 . 2  4.3+_0.3 

0.2 3 .5+0 .1  4.1 +0 .3  8.24-0.5 4 . 3 + 0 . 2  
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Fig. 12. Relative photonic efficiencies r ,  determined for the disappearance 
of 2-methylphenol, 2,4-dimethylphenol and 4-chlorophenol at four TiO~_ 
concentrations 0.2, 0.5, 1 and 2 g 1 ~ relative to the photodegradation of 
phenol under the same experimental conditions (reactor, 50 ml bottle; [ reac- 
t a n t h - 2 0 m g l  ' ;pH3.0) .  

3.3.6. Effect of temperature 
Relative photonic efficiencies ~r increased significantly at 

the higher temperatures (Fig. 14), because of different tem- 
perature dependences of  the rates for each substrate relative 
to that of phenol. 
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Table  2 also reports the relat ive photonic eff iciencies 

obtained in this study for the three substrates under other 

condit ions.  We  conclude  that temperature,  initial substrate 

concentra t ion and probably also the initial pH should be cited 

when report ing ~'r" 

3.4. Usefulness o f  relative photonic efficiencies 

3.4.1. (~for phenolic substrates 
Rela t ive  photonic  eff ic iencies  of  a series of  phenol ic  sub- 

strates are reported in Table  3 for a specified set of  condit ions 

( C o = 2 0 0 / x m o l l  J ; p H 3 . 0 ; [ T i O 2 ] = 2 g l  ] ; a m b i e n t t e m -  

perature) .  All  the eff ic iencies  are greater  than unity, indicat- 

ing that the initial photoca ta lyzed  oxidat ive  degradat ions of  

the test substrates are more  eff icient  than for phenol.  It would  
appear that the substituents on the phenol provide a more 
efficient  path for oxidat ion.  

The  Srr data show that the presence  of  one or two chloro 

groups on the phenol molecu le  has little effect  on the initial 

Table 2 
Relative photonic efficiencies for the three phenolic substrates under various 
conditions (relative to phenol ) 

Parameter Relative photonic efficiency ~'r 
changed 

2-Methylphenol 2,4-Dimethylphenol 4-Chlorophenol 

Light intensity (%) " 
12.6 1.15-+0.12 2.46_+0.34 1.22_+0.21 
30.6 1.04-+ 0.26 2.72_+0.59 1.16_+0.25 
39.7 1.17-+0.16 2.84-+0.42 1.02_+0.22 
54.8 1.11_+0.11 2.98+0.39 1.14_+0.10 
65.6 1.20-+0.21 2 . 6 0 _ + 0 . 2 6  0.92_+0.09 
90.4 1.13-+0.07 2.53_+0.39 1.13+0.13 

100 1.14_+0.04 2.78_+0.20 1.t3_+0.15 

Reactor geometry b 

Bottle 1.14_+0.04 2.78_+0.20 1.13_+0.15 
Round-bottomed flask 1.18_+0.13 2.41 _+0.18 1 .00_+0.16 

Flat windows 1.26_+0.19 3.23_+0.35 1.05_+0.08 

Effect of pH " 
3.0 1.14_+0.02 2.78+0.20 1.13_+0.15 
4.0 1.04+0.I3 1 . 4 2 _ + 0 . 1 8  0.67_+0.10 
5.0 1.13_+0.16 2.25_+0.47 0.71 _+0.05 
6.0 0.97_+0.17 1.17+0.21 0.57_+0.09 

TiO2 loading" (g  I t) 
2.0 1.14_+0.04 2.78_+0.20 1.13+0.15 
1.0 1.20_+0.08 2.40_+0.24 1.01 _+0.06 
0.5 1.21 +_0.06 2.61 _+0.33 1.15-+0.05 
0.5 0.98+_0.07 2.04_+0.13 1.05+0.09 
0.2 1.16+0.10 2.34_+0.17 1.21+_0.08 

Phenolic substrate concentration ~ ( /xM) 

40 1.69+-0.16 2.53+0.25 1.14_+0.11 
120 1.52_+0.05 3.38_+0.19 1.46_+0.06 
200 1.26_+0.11 2.61 _+0.12 1.25_+0.14 
250 1.42_+0.06 3.81 _+0.25 1.34_+0.06 
400 1.30_+0.07 3.45_+0.22 1.18+0.05 
800 1.26+0.06 3.02+_0.16 1.05+_0.05 

Temperature J (°C) 
12.0 1.29-+ 0 .05  2 . 5 8 _ + 0 . 3 7  0.96_+0.06 
31.0 1.31 _+0.14 3.35+0.29 1.00_+0.06 
48.0 1.50_+0.15 4.38+1.17 1.28-+0.11 
67.5 2.1)9_+0.36 4.67-+0.57 1.76_+0.16 

"pH 3: TiO: loading, 2.0 g I t; substrate concentration, 20 mg I '; ambient 
temperature. Note 100% light intensity is equivalent to about 190 mW cm 2. 
h pH 3: light intensity, 100%; TiO2 loading, 2.0 g 1 ~; substrate concentra- 
tion, 20 mg I - ': ambient temperature. 
c Light intensity, TiO: loading, 2.0 g I t: substrate concentration, 20 mg 
I '; ambient temperature. 
a pH 3; light intensity, 100%; substrate concentration, 20 mg l t: ambient 
temperature. 

pH 3; light intensity, 100%; TiO2 loading, 2.0 g 1- L; ambient temperature. 
t pH 3; light intensity, 100%; TiO2 loading, 2.0 g I ~; substrate concentra- 
tion, 20 mg 1- ~. 

oxidation. By contrast, lbr methylated phenols  we observe 

eff iciencies greater  than for phenol or chlorophenols .  Alkyl-  

ation increased '2, and this increase seems to depend on the 
posit ion of  the alkyl groups on the phenol.  The  highest  ~'r 

amongst  the methylphenols  is seen when the methyl  group is 

para to OH. The highest  eff ic iency amongs t  the d imethyl-  

phenols  is shown by methyl  groups when both are in the ortho 

positions,  fo l lowed by the species with one ortho and one 
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Table 3 
Relative photonic efficiencies for various phenolic substrates using phenol 
as the standard reference (initial concentration, about 200 /*mol  1 < 

[TiOel=2gl  ~:pH3.0) 

Substrate Relative photonic eflicicncy 

Phenol 1.00 
2-methylphenol 1.2 + 0. I 
3-methylphenol 1.3 ± 0. I 
4-methylphenol 1.6 + 0. I 
2,3-dimethylpbenol 2.0 + 0.2 
2,4-dimethylphenol 2.7 + 0.1 
2,5-dimethylphcnol 2.3 _+ 0.1 
2,6-dimethylphenol 3.0 ± 0.2 
3,4-dimethylphenol 2.5 _+ 0.2 
3,5-dimethylphenol 1.6 + 0.2 
2,3,5-trimethylphenol 2.8 ± 0.4 

2-chlorophenol 1.2 ± O. I 
3-chlorophenol 1,0 ± O. 1 
4-chlorophenol 1,2 ± O. 1 
2,4-dichlorophenol 1,0 ± 0. I 

Table 4 
Relative photonic efficiencies lbr lhe photodegradation of phenol in lhe 
presence of varimns TiO2 sonrces relative to the photodegradation of phenol 
in the presence ol I)egussa P25 titania (initial concentrations, about ttmol 
I ' ;[TIC:] 2 e l  I:ptt3.0) 

Source of Ti()2 Relative photonic efficiency 

Degussa P25 ( A } 1.00 T 0.06 
Degussa P25 ( B I 0.99 ± 0.06 
Degussa P25 ( C ) 099 + 0.06 
Baker & Adamson 0.38 ± 0.02 
l)egussa P25 ( A ) 1 00 + 0.05 
Tioxide 1.94 £- 0.08 
Sargenl Welch 2.05 F 0.1 I 
Fluka AG 2.21 +0.16 
Sachtlcben Chemic 0.25 ± 0.02 

( Hombikat U V- 100 ) 

para to OH. The lowest  eff ic iency amongst  the dimethyl-  

phenols  occurs  when both methyl  groups are in the meta 

positions. 

Methyl  groups are weak  e lec t ron-donat ing  substituents so 

that the electron densi ty over  the aromatic  ring nucleus should 

be increased somewhat .  This  should facili tate the attack by 

electrophil ic  species.  Indeed,  the Hammet t  coeff ic ient  G has 

been used among  the several  possible descriptors for the 

photocatalyt ic  degradabi l i ty  o f ch lo ropheno l s  and substituted 

me thoxybcnzenes  (an iso les )  [35 ,36] .  Also,  the posit ion of  

the OH substi tuent may explain the highest  ~r found for phe- 

nol substituted at the para a n d / o r  ortho position, al though ~r 

is not the only descr iptor  to be considered to interpret the 

results fully. 

3.4.2. ~ j b r  dtfferent photocatalys t  specimens 

The (r concept  can also be applied in he te rogeneous  pho- 

tocatalysis  to s tandardize the act ivi ty of  various photocata-  
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lysts from difl\ ' rent sources for a givcn process.  Table  4 

summarizes  relative photonic eff iciencies for tile photooxi  

dation of  p h e n d  m the presence of  various T i C ,  ntaterials 

(all relative to Degussa P25-A spec imen) .  Three  different 

batches of  Degussa P25 TiC2 ( all most ly  in the anatase form 

gave, within exper imental  errors, identical (. which illustrates 

the batch to batch consis tency from the same source. Titania 

from Baker & Adamson  (o f  unknown l<wn3 ) gave ~', lower  

than unity; it i, less efficient than l )egussa  P25 titania. By 

contrast, titania specimens from Tioxide  ( anatase fo rm) ,  Sar- 

gent Welch  (o f  unknown form) anti Fluka (anatase)  gave 

g, greater than unity. The2,, indicate thai the initial oxidat ivc 

degradation process for phenol is more ef fec t ive  lhan with 

Degussa P25 titania. In this regard, vvc noted earl ier  thai 

additional intermediates,  in greater  quantit ies,  were  detected 

with Tioxide,  Sa rgen t -Welch  and Fluka litania samples  than 

with Degussa  P25. The intermediates  arc often themselves  

pollutants so that the mineral izat ion of  total organic  carbon 

becomes  of  greatest importance in any water  t reatment  proc- 

ess. The Hombika t  UV-100  TiC2 sample ( 10()g anatase: 

Sachtleben Chemic ,  Germany)  is about rour t imes less el'li- 

cient than the Degussa P25 T i C ,  standard with respect lo 

oxidat ion of  phenol and to its colnpletc  mineral izat ion to C() ,  

and water. Furlher details of  lhis latter sludy have been prc- 

sented e lsewhere  140 [. 

3.5. Kinetic considerations 

3.5. I. Activation parameters  
The temperaiure  dependence  study affords phenomeno log -  

ical act ivation parameters  that might  permit  some inferences 
regarding overall  energies  of  act ivat ion.  Fig. 16 shows Eyr ing 
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plots of ln(kobJT) vs. I03/T for phenol, 2-methylphenol, 
2,4-dimethylphenol and 4-chlorophenol. The rates seem to 
decrease at the highest temperature examined. The rates of 
processes occurring in a semiconductor shown in Fig. 1 will 
no doubt have different temperature dependences, some of 
which, for example, adsorption and desorption phenomena 
are known to be temperature-dependent processes [41]. In 
addition, at the higher temperatures other processes (e.g. 
electron-hole recombination which is to some extent distance 
dependent) may influence the overall observed rate constant. 
Bahnemann et al. [14] reported a decrease in the rates of 
disappearance of chloroform with increasing temperature at 
high light fluxes over the entire temperature range 15-75 °C. 

Enthalpies AH ~ and entropies AS s of activation are 
reported in Fig. 16. The data points at 67.5 °C were not used 
in the calculations of these parameters in some cases. For 
phenol, AH * =9.4 +_0.5 kJ tool- 1 (identical with AH * for 
2-MePhOH; 9.2_+ 1.2 kJ mol 1) in the temperature range 
1 2 - 4 8  °C in line with the activation energy (E~, = 7 kJ m o l i  ) 
or about 10 kJ m o l l  reported previously in a similar tem- 
perature range [ 30]. A lower value (E,, = 2.6 _+ 0.5 kJ tool ~ ) 
was reported by others in the temperature range 20-60 °C 
[42]. The enthalpy of activation of 4-chlorophenol is 
AH* = 5.7 _ 0.6 kJ mol i and E~ = 3.2 + 0.6 kJ mol - ~ also 
in line with E ,=5 .5  kJ mol-~ reported earlier for a compa- 
rable temperature range [38]. For 2,4-dimethylphenol, 
AH* =12 .6+1 .2  kJ mo1-1 and E,,-~ 10.1_+ 1.2 kJ tool ~; 
for the analogous 3,4-dimethylphenol in the temperature 
range 5-60 °C, Ea = 8.8 _+0.8 kJmol -1 [34]. By comparison, 
comparable activation energies were reported for the photo- 
degradation of salicylic acid (Ea = 11.0 _+ 0.8 kJ mol - ~; tem- 
perature range, about 20-50 °C [43 ] ) and tbr dichloroacetic 
acid ( E , =  16.2 kJ mol-J ;  temperature range unspecified 
[44]).  

The above activation energies compare with activation 
energies found for reactions of hydroxyl radicals with formate 
and 2-propanol in homogeneous phase (E~ = 5-10 kJ mol 
[45 ] ). This observation would appear to support mechanism 
(ii) that implicates =TilV-'OH radicals as the oxidizing enti- 
ties in heterogeneous photocatalyzed oxidations. However, 
we hasten to point out that this comparison may be entirely 
fortuitous since there are a plethora of steps that may be 
photon activated and/or thermally activated. Nevertheless, 
the near congruence of the energies of activation is interest- 
ing. The entropies of activation for the oxidative degradation 
of the four substrates are large and negative (A S ~ - - 61 to 
- 67 eu) and, while the mechanistic details are not forthcom- 
ing owing to the complexity of events, it is nevertheless 
comforting to note that such entropies are consistent with the 
notion, which has evolved from other studies, that the photo- 
oxidation is a surface-occurring reaction. 

4. C o n c l u s i o n s  

The use of relative photonic efficiencies, ~r r, renders com- 
parison of process efficiencies (relative to phenol, in the 

present case) between studies carried out in other laboratories 
possible because srr is basically independent of light intensity, 
reactor geometry and TiO2 concentration for a given TiOz 
sample. However, ~'r depends on the initial concentration of 
substrate, on temperature and, apparently to a lesser degree, 
on pH. These relative photonic efficiencies can be used to 
compare photon efficiencies of various organic substrates and 
to determine which one is transformed most efficiently. Note 
that this study examined only phenolic substrates to test the 
generality of the method; in future, other types of organic 
substrate should be explored. 

Relative photonic efficiency based on initial rates of deg- 
radation illustrates only one aspect of photodegradations and 
is useful to also compare distinct photocatalyst materials for 
water treatment purposes. The possibility of efficiencies 
based on the disappearance of total organic carbon, or CO2 
formation would be more informative in a practical sense and 
should be investigated [40]. Moreover, ~r r could be used to 
check batch-to-batch reproducibility for a given photocatalyst 
material and ultimately to estimate the photochemically 
defined quantum yield, once an acceptable and unambiguous 
method(s) has been tbund to describe the number of 
absorbed photons. 

Finally, it is noteworthy that the parameters that appear to 
influence ~'r are those that may have an effect on the adsorp- 
tion-desorption properties of the organic substance on titania 
(e.g. concentration of the organic substrate, temperature and 
pH) whereas those parameters that have little influence, if 
any, on adsorption-desorption (e.g. reactor geometry, light 
intensity and titania concentration) show no variations in (r" 
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