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Abstract

1,3-dihyroxybenzene (1,3-DHB) is selected as the standard probe and Degussa P25 TiO2 as the standard photocatalyst for the determi-
nation of quantum yields of 3,5-dihydroxytoluene (3,5-DHT), 1,3-dihydroxy-5-methoxybenzene (1,3-DHMB), and 3,5-dihydroxybenzoic
acid (3,5-DHBA) based on the relative photonic efficiency concept. A detailed analysis about the incident photon flux and rate of formation
of CO2 for the photocatalytic degradation of 1,3-DHB is done. Fraction of light absorption is measured as a function of incident photon flux
and TiO2 loading. When a TiO2 concentration of 1 g/l and an incident photon flux of 10.8×10−6 Einstein/min are used, the quantum yields
for the photocatalytic degradation of 1,3-DHB, based on disappearance of 1,3-DHB, and formation of CO2 are found as 0.06 and 0.34,
respectively. The difference between two quantum yields indicate the formation of intermediates during the photodegradation process. The
effect of reactant concentration, pH of the medium and temperature of the system are investigated to determine the relative efficiencies of
the reactant molecules. Quantum yields of the reactants are found fromφ=ζ r φ1,3-DHB at their natural pH values as 0.22, 0.35, and 0.38
for 3,5-DHT, 1,3-DHMB and 3,5-DHBA, respectively. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis being an emerging technol-
ogy has been extensively studied over the past two decades
by utilizing illuminated semiconductors. Recent reviews
about the photocatalysis are provided by Ollis and Al-Ekabi
[1], Fox and Dulay [2], Legrini et al. [3], Hoffmann et al.
[4], and Mills and Hunte [5].

When factors concerning photostability, toxicity, cost,
availability, and redox efficiencies are all considered TiO2
has turned out to be the photocatalyst of choice. TiO2 is
active for light reduced redox processes due to its elec-
tronic structure, which is characterized by a filled valence
band and an empty conduction band. When a photon with
an energy ofhν exceeds the bandgap energy,Ebg, of TiO2
(3.2 eV), an electron is promoted from the valence band
into the conduction band, leaving a hole behind. Excited
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state conduction band electrons and valence band holes
can recombine and dissipate the input energy as heat, get
trapped in surface states, or react with electron donors and
electron acceptors adsorbed on TiO2 surface or within the
surrounding layer of the charged particles.

Photocatalytic efficiency is controlled by the effectiveness
of suppression of electron–hole recombination. This is also
affected by reaction conditions, such as pH of the medium,
concentration of the substrate molecule, temperature of the
photocatalytic system, and incident photon absorption. What
has been lacking is the measurement of the apparent quan-
tum yield. It has proved that the measurement of quantum
yield in heterogeneous photocatalytic processes is very dif-
ficult because of the problem of light scattering [6].

Quantum yield (φ) expresses the number of molecules,
Nmol, undergoing a reaction relative to the number of quanta,
Nphoton, absorbed by the photocatalyst (Eq. (1)).

φ= Nmol (mol/s)

Nphoton(Einstein/s)
= rate of reaction

rate of absorption of photons
(1)

The reason is that the rate of absorption of photons is very
difficult to assess, since semiconductor particles will absorb,
scatter, and transmit light. TiO2 particulates are not capable
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of absorbing all the incident photon flux from a given source
due to the light scattering off the particle surface. The inten-
sity of light scattered by the suspension depends on the re-
fractive indices of the scattering molecule/particle (n1) and
the surrounding medium (n0) [5]. For the materials making
up a typical photocatalytic system in heterogeneous photo-
catalysis,n0 is 1.33 for H2O andn1 is 1.5–1.7 for glass, 3.87
for rutile TiO2, and∼2.5–3 for anatase TiO2 all at 365 nm
[7]. When n0≈n1, the extent of scattered light is negligi-
ble. Whenn1>n0, light is expected to be highly scattered,
with losses of∼5–10% of the light flux occurring. The per-
centage of photons absorbable appear to be in the range of
∼50–65% [7].

In defining Eq. (1), properties of the catalyst surface are
important since the course of reactions depends on the char-
acteristics of the surface upon light activation. Also, light ac-
tivated steps play major roles in defining the quantum yield.
These steps include photon absorption, the formation of the
hydroxyl radicals on the catalyst surface, and catalytic steps
including adsorption/desorption events and reaction of the
hydroxyl radicals with the adsorbed substrate [8]. However,
all the surface sites occupied by OH− groups are not cat-
alytically active. Also, depending on the reactor geometry,
particle aggregation, and stirring, not all of the BET catalyst
surface is accessible to the substrate being oxidized.

A more useful term, photonic efficiency,ζ , has been pro-
posed by Serpone et al. [9] to compare process efficiencies
and to avoid the confusion with quantum yields reported in
the literature. Photonic efficiency (ζ ) describes the number
of reactant molecules transformed or product molecules
formed divided by the number of photons at a given
wavelength.

ζ = Nmolecules(mol/s) produced

Nphotons(Einstein/s) incident inside reactor cell
(2)

The relative photonic efficiency,ζ r, is related to a standard
photocatalyst and a standard secondary actinometer in pho-
tocatalyzed processes. Extensive studies have confirmed the
usefulness ofζ r [9]. The initial photodegradation of phenol
was chosen as the standard process and Degussa P25 TiO2
as the standard photocatalyst, andζ r is defined as

ζr = rate of disappearance of substrate

rate of disappearance of phenol
(3)

where both initial rates are obtained under exactly the same
conditions. Ultimately,ζ r can be converted into the quantum
yield, φ, once a quantum yield,φstandard, for a given photo-
catalyst and a given substrate has been determined (Eq. (4)).

φ = ζr φstandard (4)

The present report is an application of relative photonic
efficiency concept for three phenolic substrates: 3,5-dihydro-
xytoluene (3,5-DHT), 1,3-dihydroxy-5-methoxybenzene
(1,3-DHMB), and 3,5-dihydroxybenzoic acid (3,5-DHBA).
To determine the quantum yields of all reactant molecules,

1,3-dihyroxybenzene (1,3-DHB) is selected as the standard
probe and Degussa P25 TiO2 as the standard photocatalyst.
Thus, a detailed analysis about the incident photon flux and
rate of formation of CO2 for the photocatalytic degradation
of 1,3-DHB is performed. The effects of pH, concentration
of reactant and temperature onζ r are examined for the
photodegradation of three substituted 1,3-DHBs: 3,5-DHT,
1,3-DHMB and 3,5-DHBA.

2. Experimental

2.1. Reagents

Degussa P25 grade titanium dioxide was used as the pho-
tocatalyst. The average particle size was 30 nm. The BET
surface area was 50±15 m2/g. X-ray diffraction data has
confirmed that the TiO2 is predominantly in the anatase
form.

3,5-DHBA was Aldrich, 1,3-DHB, 3,5-DHT and 1,3-
DHMB were Fluka chemicals used in the experiments with-
out further purification. Singly distilled water was deionized
and used for the preparation of all solution.

2.2. The gas recycling reactor

All photodegradation experiments were performed in a
gas recycling reactor, details of which have been published
previously [10]. Briefly, the reactor consists of a 36.2 cm
long Pyrex tube with an inner diameter of 3.5 cm. To allow
temperature regulation via water circulation, there is a sealed
inner glass tube in the gas recycling reactor with a thickness
of 2 cm. The TiO2 suspension is contained in the annulus
formed between the two tubes. The gas above the suspension
is pumped using a Cole–Palmer peristaltic pump. A sintered
glass disk, placed at the bottom of the reactor, provides
circulation of air and prevents settlement of the suspension.
All connections were made with Tygon tubing.

The reactor is located in an irradiation box (70 cm×22 cm)
containing six 20 W black light fluorescent lamps (General
Electric F 20 T 12/BLB) that provide light of wavelength
320–440 nm. The lamps are positioned to surround the reac-
tion vessel from three sides. Lamps can be lit individually as
well as in conjunction with each other. The front side of the
irradiation box was designed to operate as a door with the re-
actor attached. This maintains a uniform geometry through-
out the experiments. A fan was placed at the top of the box
and air was also continually circulated through the box in
order to eliminate any heating effects of the lamps.

2.3. Sample preparation

Stock solutions of reactant molecules are prepared as
100mM at their natural pH conditions, a catalyst concen-
tration of 1 g/l of TiO2, and a 144 ml/min of flow rate of
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air were used for all experiments unless otherwise stated
[10]. Prior to the photodegradation experiments, the suspen-
sion (containing 200 ml of the substrate and 1 g/l of TiO2)
was stirred for 30 min in the dark to achieve an adsorption
equilibrium for the substrate on the photocatalyst. Solutions
were always kept in the dark in order to prevent any interfer-
ence from ambient light prior to irradiation. The pH values
of the reaction solutions were adjusted by adding NaOH or
HClO4.

2.4. Analysis

The amount of CO2 produced during reactions was de-
termined by a Shimadzu (Gow Mac) gas chromatograph
equipped with a thermal conductivity detector and a Porapak
N column. Helium was used as a carrier gas at a flow rate
of 60 ml/min. Calibrations were carried out using measured
volumes of CO2 added to the gas phase loop under identical
conditions with the experiments. Sampling was made from
the top of the reactor on which a mini inert valve is attached.

Following photodegradation, the concentration of sub-
strate remaining was analyzed by high performance liquid
chromatograph (HPLC, CECIL 1100 series), using a CE
1100 liquid chromatography pump with CE 1220 variable
wavelength monitor and a UV-detector. The stationary
phase was a Hypersil ODS column (particle size 10mm).
The mobile phase was a methanol:water (50:50) mixture.
The measurements were performed atλ=274 nm. All sam-
ples were filtered using Millipore films (0.45mm) before
injection.

Fig. 1. The percent of 1,3-DHB remaining in solution and the percent of CO2 formation as a function of incident photon flux. Conditions: [TiO2]=1 g/l,
flow rate=144 ml/min, [1,3-DHB]0=100mM, pH=5.4, T=298 K.

Table 1
Effect of incident photon flux (I0) in 30 min irradiation time

Number I0×10−6 [1,3-DHB]a [CO2]b

lamps (Einstein/min) (mM) (mM)

– – 100 0
1 1.8 88.7 3.25
2 3.6 81.6 11.7
3 5.4 69.9 21.3
4 7.2 62.4 31.5
5 9.0 54.9 39.7
6 10.8 17.4 40.3

a [1,3-DHB]: each numerical value represents the percent of 1,3-DHB
remaining in the solution.

b [CO2]: each numerical value represents the percent of CO2 formation.

3. Results and discussion

3.1. Effect of incident photon flux on the degradation of
1,3-DHB

The incident photon flux for each lamp is measured us-
ing potassium ferrioxalate actinometry. It is found that each
lamp emits 1.8×10−6 Einstein/min in the wavelength region
(300–400 nm).

When the percent concentration of 1,3-DHB remaining
in solution and the percent of CO2 formation are plotted to-
gether for 30 min irradiation time for various incident pho-
ton fluxes, the maximum amount of CO2 formation and the
minimum amount of 1,3-DHB concentration in solution, i.e.
maximum degradation of 1,3-DHB, are obtained with six
lamps (10.8×10−6 Einstein/min) (Fig. 1, Table 1).
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Fig. 2. Effect of incident photon flux on the concentration of CO2 produced. Conditions: [TiO2]=1 g/l, flow rate=144 ml/min, [1,3-DHB]0=100mM,
pH=5.4, T=298 K.

Fig. 2 shows the relation between formation of CO2 and
the incident photon flux,I0. It indicates that increasing
the number of lamps increases the amount of CO2 forma-
tion from a 100mM 1,3-DHB solution. This is because
increasing the incident photon flux increases the produc-
tion rate of electron–hole pairs. However, the opportunity
for electron–hole recombination also increases. Thus, the
relative number of the photoinduced carriers taking part in
the redox reactions on the surface of TiO2 decreases. This
results in a decrease of formation rate of CO2 when the flux

Fig. 3. Rate of CO2 production vs. incident photon flux. Inset:RCO2 as a function of 1/(I0)1/2. Conditions: [TiO2]=1 g/l, flow rate=144 ml/min,
[1,3-DHB]0=100mM, pH=5.4, T=298 K.

is high (Fig. 3, Table 2). When rate is plotted versus the
square root of incident photon flux, a better linearity is ob-
tained, which indicates the validity of the above discussion
(Fig. 3 inset).

3.2. Determination of quantum yield

TiO2 particles are not capable of absorbing all the incident
photon flux from a given source due to the light scattering off
the particle surface. Sun and Bolton [6] used an integrated
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Table 2
Effect of incident photon flux on the rate of CO2 formation

I0×10−6 (I0)1/2×10−3 RCO2×10−7

(Einstein/min) (Einstein/min)1/2 (mol/min)

1.8 1.3 1.06
3.6 1.9 4.11
5.4 2.3 9.18
7.2 2.7 13.7
9.0 3.0 17.4

10.8 3.3 18.1

sphere to estimate the fraction of light absorbed in a TiO2
suspension. The principle of the integrated sphere model is
that, when incident light of fluxI0 passes through a sample,
light both from that transmitted through the sample and that
scattered from the particles, can be completely reflected by
an inner highly reflecting surface. The light radiation level
in the sphere can then be monitored by a detector.

Serpone [8] used the integrating sphere method to deter-
mine the fraction of light absorbed by Degussa P25 TiO2.
It is found that there is a significant deviation between the
absorbance spectra of the 100 mg/l titania sample using the
integrating sphere method and the spectrum of the titania
sample obtained using normal spectroscopic methods. The
fraction of light absorbed is found by the difference between
the response of the instrument for a solution with no tita-
nia particles and the response of the instrument for the tita-
nia colloidal. In the study, phenol was used as the standard
process and the quantum yield,φ (φ=ζ r φPhenol) was deter-
mined from relative photonic efficiency,ζ r, and the quantum
yield for the photocatalyzed degradation of phenol (φPhenol).

Since 1,3-DHB is the standard probe in our study, we
need to know the apparent quantum yield for 1,3-DHB
(φ1,3-DHB) to convert the relative photonic efficiencies into
the corresponding quantum yields of photodegradation of
3,5-DHT, 1,3-DHMB and 3,5-DHBA (φ=ζ r φ1,3-DHB). We
follow Serpone’s results to find the quantum yield for the
photocatalyzed oxidative degradation of 1,3-DHB [8].

Serpone changed the TiO2 loading from 0.1 to 4 g/l and
estimated the fraction of light absorbed assuming Beer’s
law to be followed at higher TiO2 loadings. For 1 g/l TiO2
loading and 3.058×10−6 Einstein/min incident photon flux,
the fraction of the absorption value was found as 0.1385.

Table 4
Quantum yields as a function of incident photon fluxa,b

I0×10−6 (Einstein/min) f RCO2×10−7 (mol/min) R1,3-DHB×10−7 (mol/min) φCO2 φ1,3-DHB

1.8 0.082 1.06 0.75 0.72 0.51
3.6 0.163 4.11 1.23 0.70 0.21
5.4 0.245 9.18 2.01 0.69 0.15
7.2 0.326 13.7 2.51 0.58 0.11
9.0 0.408 17.4 3.01 0.47 0.08

10.8 0.489 18.1 3.11 0.34 0.06

a RCO2: rate of formation of CO2. R1,3-DHB: rate of degradation of 1,3-DHB.
b Condition: [TiO2]=1.00 g/l.

Table 3
Fraction of light absorption ‘f’ and quantum yield ‘φ’ as a function of
incident photon flux in the presence of 1 g/l TiO2

TiO2 loading (g/l) I0×10−6 (Einstein/min) f φ

1.00 3.058a 0.1385a 0.14a

1.00 3.600 0.163b 0.21b

a Values are from Serpone’s paper for degradation of phenol [8].
b Calculated fraction of absorption and quantum yield for degradation

of 1,3-DHB.

The following assumptions are used in our study:
1. We have monitored the formation of CO2 vary-

ing the incident photon flux in the presence of
1 g/l TiO2 (Fig. 2). The second studied flux, with a
value of 3.6×10−6 Einstein/min, is close to the value
3.058×10−6 Einstein/min with 1 g/l TiO2 loading and a
value of 0.1385 fraction of absorption in Serpone’s pa-
per. In order to find the fraction of light absorption with
3.6×10−6 Einstein/min incident intensity, we multiply
the value 0.1385, with a factor of 1.18 (assuming linear-
ity between the incident photon flux and the fraction of
light absorption), which comes from the ratio between
3.6×10−6 and 3.058×10−6 Einstein/min. As a result,
the fraction of absorption for 3.6×10−6 Einstein/min is
found as 0.163 (Table 3).

2. Since absorption varies linearly with the incident pho-
ton flux, according to Beer’s law, we assume the same
linearity between the fraction of light absorption and the
incident photon flux. Thus, for the studied incident in-
tensities, the corresponding fractions of absorptions and
the quantum yields for the formation of CO2 and for the
degradation of 1,3-DHB in 30 min irradiation time are
calculated (Table 4).

The initial rates of formation of CO2 and degradation
of 1,3-DHB show deviations from linearity as the incident
intensity increases (Fig. 4 and inset). This is an expected
result since increasing the photon flux increases the op-
portunity for electron–hole recombination. An analogous
trend is observed when quantum yields are evaluated with
respect to incident photon flux (Fig. 5 and inset).

3. The amount of TiO2 loading is also investigated for the
production of CO2 by using a constant incident pho-
ton flux, 10.8×10−6 Einstein/min. Serpone estimated
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Fig. 4. Rate of CO2 production vs. incident photon flux. Inset:R1,3-DHB as a function ofI0. Conditions: [TiO2]=1 g/l, flow rate=144 ml/min,
[1,3-DHB]0=100mM, pH=5.4, T=298 K.

the fraction of light absorbed at concentrations greater
than 0.10 g/l TiO2 loadings by using Beer’s law. We made
the same estimation for the concentrations greater and
lower than 1.00 g/l TiO2, i.e. a linear increase is assumed
for concentrations greater than 1.00 g/l, and a linear de-
crease is assumed for concentrations lower than 1.00 g/l.
Quantum yields are calculated according to the estimated
fractions of absorption (Table 5).

Fig. 5. Quantum yield for CO2 production as a function of incident photon flux. Inset: quantum yield for 1,3-DHB degradation as a function ofI0.
Conditions: [TiO2]=1 g/l, flow rate=144 ml/min, [1,3-DHB]0=100mM, pH=5.4, T=298 K.

Fig. 6 shows that the initial rate of CO2 production and
the initial rate of 1,3-DHB degradation increase linearly
from 0.10 to 1.00 g/l loading and then exhibits a negative
deviation at 4 g/l. Since, as the titania loading increases, the
suspension becomes more opaque to light, only photons ab-
sorbed by titania particles onto which a 1,3-DHB molecule
is pre-adsorbed may be effective in carrying out the redox
chemistry. Dependence of quantum yields on the loading of
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Table 5
Quantum yields as a function of TiO2 loadingsa

TiO2 loading (g/l) f RCO2×10−7 (mol/min) R1,3-DHB×10−7 (mol/min) φCO2 φ1,3-DHB

0.10 0.049 7.93 1.32 1.51 0.25
0.30 0.147 9.81 1.63 0.62 0.10
0.50 0.245 12.8 2.13 0.48 0.08
1.00 0.489 18.1 3.02 0.34 0.06
2.00 0.978 15.3 2.55 0.14 0.02
4.00 1.956 7.93 1.32 0.04 0.006

a Condition: I0=10.8×10−6 Einstein/min.

TiO2 are given in Fig. 7. The decreasing trends in quantum
yields as a function of TiO2 loading are expected. How-
ever, the quantum yield for CO2 formation in 0.10 g/l TiO2
loading exceeds the maximum theoretical value of 1.00.
This suggests there is some error introduced in our use of
Serpone’s results to estimate quantum yields under differ-
ent experimental conditions. A possible cause for this are
the differences between the fractions of light absorption for
phenol degradation and the fractions of light absorption for
the formation of CO2 in 1,3-DHB degradation. When these
two fractions are plotted together (Fig. 8), the ratio between
the slopes is found as 4.40. If we correct the quantum yield
of 1.51 according to slope ratio 4.40, we can obtain the
quantum yield for 0.10 g/l TiO2 loading as 0.34. Since we
are looking for relative photonic efficiencies, and all data
exhibit the expected increase according to Beer’s law, this
should not affect relative values.

Since throughout our study a TiO2 concentration of 1 g/l
and the incident photon flux of 10.8×10−6 Einstein/min are
used, the relative photonic efficiencies of the compounds
3,5-DHT, 1,3-DHMB and 3,5-DHBA will be converted into

Fig. 6. Initial rate of CO2 production and initial rate of 1,3-DHB degradation as a function of TiO2 loading. Conditions: flow rate=144 ml/min,
[1,3-DHB]0=100mM, pH=5.4, T=298 K, I0=10.8×10−6 Einstein/min.

the corresponding quantum yields usingφ=ζ r φ1,3-DHB
whereφ1,3-DHB=0.06, orφ = ζr φCO2 whereφCO2=0.34.

3.3. Photodegradation reactions

3.3.1. Effect of initial concentration of substrate
Fig. 9 displays the rate of CO2 formation as a function

of initial substrate concentration for all reactant molecules.
For 1,3-DHB and 3,5-DHT, CO2 formation is examined
at four initial concentrations (10, 50, 100, 1000mM), for
1,3-DHMB; at five initial concentrations (2000, 1000, 700,
500, and 100mM) and for 3,5-DHBA; at four initial con-
centrations (1000, 200, 100 and 75mM). Each of the sub-
strate shows a sharp increase for lower concentrations, then
a plateau is achieved for higher concentrations.

3.3.2. Effect of pH
The photocatalytic degradation of 1,3-DHB and substi-

tuted 1,3-DHBs are strongly dependent on the pH value of
the corresponding substrate solutions. This dominant effect
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Fig. 7. Quantum yield for CO2 production and quantum yield for 1,3-DHB degradation as a function of TiO2 loading. Conditions: flow rate=144 ml/min,
[1,3-DHB]0=100mM, pH=5.4, T=298 K, I0=10.8×10−6 Einstein/min.

of pH is due to competitive factors including dissociation
of reactant molecules (i.e. their pK values), adsorption of
OH− ions and adsorption of reactant ions on the surface of
TiO2.

The formation of CO2 for the photocatalytic degradation
of 1,3-DHB and substituted 1,3-DHBs are followed at dif-
ferent pH values; 3.5, 7.0, 9.0 and natural pH of the sub-
strates. The highest rate is obtained at pH 9.0 for 1,3-DHB,

Fig. 8. Comparison between fraction of light absorption for phenol degradation and the fraction of light absorption for the formation of CO2 in 1,3-DHB
degradation.

3,5-DHT, and 1,3-DHMB (Fig. 10A–C). For 3,5-DHBA, the
highest rates are observed in acidic media. The lowest rate
is obtained at pH 7.0, but increasing the solution pH to 9.0
increased the formation of CO2 (Fig. 10D).

3.3.3. Effect of temperature
The effect of temperature on the rate of CO2 formation

is monitored in the range 298–333 K. For all temperatures
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Fig. 9. Rate of CO2 formation as function of reactant concentration: (A) for 1,3-DHB; (B) for 3,5-DHT; (C) for 1,3-DHMB and (D) for 3,5-DHBA.

studied, the rate is observed to increase for each substrate
(Fig. 11).

3.4. Relative photonic efficiencies

The relative photonic efficiencies based on the rate of
formation of CO2 for 3,5-DHT, 1,3-DHMB and 3,5-DHBA

are reported in Table 6. It is not possible to see a general
trend for the relative photonic efficiencies as a function of
the parameters changed. Some of the efficiencies are greater
than unity indicating that the initial photocatalyzed oxidative
degradation of selected substrates are more efficient than
1,3-DHB. However, some of the efficiencies are less than
unity.
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Fig. 10. Rate of CO2 formation as function of pH: (A) for 1,3-DHB; (B) for 3,5-DHT; (C) for 1,3-DHMB and (D) for 3,5-DHBA.

According to substrate concentration, substrates con-
taining electron donor groups (‘CH3’ in the case of
3,5-DHT and ‘OCH3’ in the case of 1,3-DHMB) show
lower relative efficiencies compared to that containing
an electron-withdrawing group (‘COOH’ in the case of
3,5-DHBA). However, with the increase in concentration,
while relative photonic efficiencies of 1,3-DHMB and
3,5-DHBA increase, the efficiency of 3,5-DHT decreases.

With respect to pH, for acidic media, relative efficiency is
higher for 3,5-DHBA. This may be due to the lower pK
value of 3,5-DHBA which results in higher degradation rates
or percentages at low pH. By contrast, in alkaline media,
1,3-DHMB has the highest efficiency which corresponds to
expected pK value of 9.81. In the neutral medium, 3,5-DHT
and 1,3-DHMB have almost the same relative photonic
efficiency whereas 3,5-DHBA has the lowest. When the
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Fig. 11. Rate of CO2 formation as function of temperature: (A) for 1,3-DHB; (B) for 3,5-DHT; (C) for 1,3-DHMB and (D) for 3,5-DHBA.

temperature is examined as a parameter, it is observed that
increasing the temperature does not make a considerable
change for the efficiencies. However, when electron donor
substituents of 3,5-DHT and 1,3-DHMB are compared with
the electron-withdrawing substituent of 3,5-DHBA, higher
efficiencies are obtained with the latter.

We would expect that electron donor groups, CH3 and
OCH3, in 3,5-DHT and 1,3-DHMB, respectively, increase
the electron density over the aromatic ring and facili-
tate the attack by electrophilic•OH radicals. Thus, the
electron-withdrawing group, COOH in the presence of
3,5-DHBA is expected to decrease the electron density over
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Table 6
Relative photonic efficiencies for 3,5-DHT, 1,3-DHMB and 3,5-DHBA
under various conditions relative to 1,3-DHB

Parameter changed Relative photonic efficiencyζ r

3,5-DHT 1,3-DHMB 3,5-DHBA

Reactant concentrationa (mM)
100 0.67 0.91 1.29
1000 0.63 1.03 1.33

pHb

3.5 0.83 1.18 1.53
Natural 0.64 1.04 1.13
7.0 1.03 1.01 0.75
9.0 0.99 1.11 0.96

Temperaturec (K)
298 0.59 0.96 1.51
303 0.88 0.94 1.45
313 0.88 1.03 1.45
323 0.93 1.18 1.55
333 0.88 1.21 1.38

a Conditions: [TiO2]=1 g/l, pH=natural,I0=10.8×10−6 Einstein/min,
T=298 K.

b Conditions: [TiO2]=1 g/l, [Reactant]=100mM, I0=10.8×10−6

Einstein/min,T=298 K.
c Conditions: [TiO2]=1 g/l, [Reactant]=100mM, pH=natural, I0=

10.8×10−6 Einstein/min.

the ring by attracting electrons towards itself. However, as a
result of all the above parameters it is not possible to obtain a
general trend according to electronic effects of substituents.
Since these substituents are substituted in themeta posi-
tion of the 1,3-DHB ring, they probably do not contribute
significantly to the electron density of the ring. Therefore,
the concept of relative photonic efficiencies does not have
a specific applicability formeta-substituted resorcinols.

Quantum yields of the reactants are found from
φ=zr φ1,3-DHB at their natural pH as 0.22, 0.35, and 0.38
for 3,5-DHT, 1,3-DHMB and 3,5-DHBA, respectively.

4. Conclusion

A detailed analysis about the incident photon flux and
rate of formation of CO2 for the photocatalytic oxidation of
1,3-DHB is done. It is observed that increasing the number
of lamps increases the evolution of CO2 due to higher pro-
duction rate of electron–hole pairs. In the mean time, the
opportunity of electron–hole recombination also increases.
This results in a lower degradation rate.

An integrated sphere model is used to determine the frac-
tion of light absorbed. Increasing the incident photon flux
increases the fraction of light absorption. However, the rate
of CO2 formation and degradation of 1,3-DHB decreases.
This is due to the increased opportunity of electron–hole
recombination. An analogous trend is observed during the
calculation of quantum yields with respect to incident pho-
ton flux. When the effect of TiO2 loading is examined for
the fraction of light absorption, there is a linear increase
up to 1 g/l loading of TiO2, and then a negative deviation
is observed for concentrations higher than 1 g/l of TiO2.
This is because as loading increases the suspension becomes
more opaque for the penetration of the light. As a result,
rates and quantum yields decrease as a function of TiO2
loading.

Relative photonic efficiencies of 3,5-DHT, 1,3-DHMB
and 3,5-DHB are based on the formation rate of CO2 in
1,3-DHB. The effect of reactant concentration, pH of the
medium and temperature of the system are investigated for
the relative efficiencies. No direct relation is found between
the electronic efficiencies of the substituents and the rela-
tive photonic efficiency. Quantum yields are obtained at the
natural pH of reactant molecules.
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