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Abstract Radiative energy efficiencies of a multi-annular photocatalytic reactor were evaluated and

analysed. The total quantum efficiency, defined as the ratio of the number of molecules of the pollutant

reacted to the number of photons emitted by the lamp, is expressed as the product of three factors: (i) the

reactor radiation incidence efficiency, (ii) the catalyst radiation absorption efficiency, and (iii) the overall

reaction quantum efficiency. By means of a detailed mathematical model, the numerical values of each one

were 83, 92, and 0–2.5%, respectively. The dependence of the overall reaction quantum efficiency upon

operating variables was also studied.
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Introduction

Photocatalytic reactions using TiO2 catalysts are an effective means for elimination

of hazardous compounds present in wastewater or contaminated air. The effectiveness of this

process for the degradation of many pollutants, such as alcohols, ketones, aromatic organics,

nitrogen and halogenated compounds has been demonstrated (Hoffman et al., 1995).

The application of detoxification processes involving both aqueous and gaseous photo-

catalytic reactors are frequently limited by the operating costs associated with the photons

production. Accordingly, in addition to the effort directed at obtaining high active photo-

catalysts and at identifying the optimal operating conditions to carry out the degradation

reactions, it is also necessary to consider those factors of the reactor design restricting the

optimal use of the radiative energy. The apparent quantum efficiency has been widely

employed as a way to evaluate the photoreactor energy performance. It can be defined as

the ratio of the degradation global rate of the pollutant to the total radiative energy flux

entering the photocatalytic reactor. Nevertheless, on the basis of the apparent quantum

efficiency only, it is difficult to advance a diagnosis about the factors constraining the

energy performance of this type of reactor. A more rigorous analysis can be performed if

the impact of each individual event is assessed, starting with the photon emission of the

radiation source and ending with its usage in the photocatalytic reaction.

In this work, the quantum efficiencies of a multi-annular photocatalytic reactor were

analysed. The total quantum efficiency, defined as the ratio of the number of molecules

of pollutant reacted to the number of photons emitted by the lamp, was expressed as the

product of the following factors: the reactor radiation incidence efficiency, the catalyst

radiation absorption efficiency and the overall reaction quantum efficiency. Based on a

rigorous physical and mathematical model of the photoreactor, the quantum efficiencies

analysis was made. The multi-annular reactor can be used for environmental detoxifica-

tion of water and air. In the present work, it was employed for perchloroethylene (PCE)

removal from contaminated air streams.
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Methods

The photocatalytic reactor consists of four concentric, borosilicate glass tubes (Figure 1)

which are transparent to UVA radiation (300–420 nm). A tubular UV lamp (Philips TL

18W) was placed at the reactor central axis. The tube walls were covered with thin layers of

TiO2 deposited on them using a sol-gel technique (Yamazaki-Nishida et al., 1993). The air

stream carrying PCE, water vapour and photocatalytic reaction products, flows through the

annular spaces, entering the reactor by the external annular space and leaving it by the

internal one. The reactor was fed with a mixture of PCE and chromatography-quality air

with controlled humidity and temperature (Figure 2). The radiation incident on the catalytic

film was modified by means of neutral density filters. The PCE concentrations in the inlet

and outlet streams were determined by gas chromatography.

Results and discussion

The full modelling and simulation of a multi-annular photocatalytic reactor requires

a through physical analysis of all the concurrent phenomena determinant of its perform-

ance. In a previous work (Imoberdorf et al., 2005), the degradation kinetics of PCE from a

moist air stream was studied for different values of PCE feed concentrations, relative

humidities, and irradiation levels in a flat-plate reactor without mass transfer limitations.

For the experimental conditions used:

rPCE ¼ 2a
CPCE

1þ KH2OCH2O

ea;s ð1Þ

where the kinetic parameters were regressed from experimental data using the Levenberg-

Marquardt method. The obtained results are: a ¼ 1.54 £ 108 cm3 Einstein21 and

KH2O ¼ 3:21 £ 1024m3mg21.

Figure 1 Multi-annular photocatalytic reactor
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A radiation field model was developed to predict the spectral net radiative flux on the

area of the reactor wall of radiation entrance and the local superficial rate of photon

absorption (LSRPA) at each point on the reactor catalytic walls:

ql;RW ¼

ðfmax ðRW Þ

fmin ðRW Þ

ðumax ðRW ;z;fÞ

umin ðRW ;z;fÞ

Pl;L

2p2RLZL

cosf sin 2u du df ð2Þ

ea;sðr; zÞ ¼
X420nm

l¼300nm

ðfmax ðrÞ

fmin ðrÞ

ðumax ðr;z;fÞ

umin ðr;z;fÞ

Pl;L

2p2RLZL

exp 2ngðrÞ
kl;geg

cosan

2 nfðrÞ
kl;fef

cosan

� �

£ 12 exp 2
kl;fef

cosan

� �� �
cosf sin 2u du df ð3Þ

where Pl,L is the spectral emission power of the lamp; RL and ZL are the radius and

length of the lamp, respectively; kl,f and kl,g are the spectral absorption coefficients of

the TiO2 film and of the glass tubes; ef and eg are their corresponding thicknesses; an is

the angle between the ray trajectory and the film outwardly directed normal; and ng and

nf are the number of times that a radiation beam has been attenuated by a glass tube wall

or by a TiO2 film, respectively, before its incidence at the (r,z) position on the catalytic

surface.

The mean value of the LSRPA on the reactor catalytic surface (AR) is the surface rate

of photon absorption (SRPA), defined as:

kea;slAR
¼

Ð
AR

ea;sðr; zÞdA

AR

ð4Þ

A 2-D mass balance was developed taking into account the intrinsic kinetics (equation 1),

as well as mass transfer rate processes and the LSRPA calculated with the radiation field

model (equation 3). With the considerations adopted, the differential mass transfer

equation can be written as (Imoberdorf et al., 2006):

›CPCEðr; zÞ

›z
Vz;jðrÞ ¼

D0
PCE2Air

r

›

›r
r
›CPCEðr; zÞ

›r

� �
; ð j ¼ 1; 2; 3Þ ð5Þ

Figure 2 Experimental setup. (1) PCE þ air, (2) air, (3) mass flowmeters, (4) humidifier, heat exchanger,

thermostatic bath, (5) thermohygrometer, (6) photoreactor and sampling devices, and (7) gas scrubber
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with the boundary conditions:

D0
PCE2Air

›CPCEðr; zÞ

›r

����
r¼Rj

¼ rPCE CPCEðRj; zÞ; e
asðRj; zÞ;CH2O

� �
ð6Þ

D0
PCE2Air

›CPCEðr; zÞ

›r

����
r¼xjRj

¼ 2rPCE CPCEðxjRj; zÞ; e
asðxjRj; zÞ;CH2O

� �
ð7Þ

The complete mathematical model was numerically solved with an ad-hoc developed

FORTRAN program. Predicted conversions show good agreement with experimental

results with a root mean square error less than 5.6% (Table 1).

The simulation program was used to study the efficiency of the energy usage in the

multi-annular photocatalytic reactor. For this purpose, the total quantum efficiency (hT)

was defined as the ratio of the number of molecules of PCE reacted to the number of

photons emitted by the lamp, and was expressed as the product of the following factors:

hT ¼ hI £ hA £ hR ð8Þ

Here hI is the incident radiation efficiency of the reactor, it being the ratio of photons

entering the reactor to the total number of photons emitted by the lamp; hA is the catalyst

radiation absorption efficiency, which is defined as the fraction of photons absorbed by

the catalyst films from the total number of photons that have already entered the reactor;

and hR is the overall reaction quantum efficiency, defined as the ratio of the number of

molecules of PCE reacted to the number of photons absorbed by the catalytic film.

The value of hI depends on the external reactor configuration and dimensions,

including the optical properties of the building materials. The reactor radiation incidence

efficiency may be obtained as follows:

h I ¼
ARW

Ð
lL

Ð
ql;RWdl dA

lL

Ð
Pl;Ldl

ð9Þ

where ARW is the area of radiation entrance. Notice that ql,RW may be obtained from

equation (2) or resorting to experimental techniques (radiometers, actinometers, etc.).

Table 1 Experimental PCE conversions against model predictions*

Volumetric flow rate

(cm3 s21)

Relative humidity

(%)

SRPA 3 10211

(Einstein cm22 s21)

X exp
PCE

(%)

Xmod
PCE

(%)

Absolute error

(%)

4.17 48 1.00 52.6 40.55 12.05
7.14 48 1.00 30.1 26.26 3.84
12.55 48 1.00 19.1 15.89 3.21
15.82 48 1.00 14.7 12.82 1.88
20.75 48 1.00 11.3 10.00 1.30
12.50 11 1.00 31.7 32.59 0.89
12.50 30 1.00 22.5 21.22 1.28
12.50 48 1.00 19.1 15.92 3.18
12.50 89 1.00 12.9 10.14 2.76
11.36 47 0.79 16.4 14.00 2.40
11.36 47 1.00 23.5 17.46 6.04
11.36 47 2.74 53.8 40.89 12.91
11.36 47 15.00 100 94.38 5.62
11.36 47 26.50 100 99.38 0.62

*C0
PCE ¼ 50 mg m23; T ¼ 20 8C; P ¼ 1 atm
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The catalyst radiation absorption efficiency (hA) depends on the internal reactor/lamp

configuration and on the optical properties of its building materials, including the

photocatalyst. In some cases the catalyst may absorb almost all the radiation that has

entered the reactor, but this is not a frequent situation due to reflections, scattering or low

optical length. In the reactor employed in this work the catalyst is immobilised on the

internal walls and radiation is partially absorbed by the thin catalytic films; the rest is

transmitted through the film or reflected on its surface. The optical properties of

the catalyst (absorption and reflection coefficients) present a strong dependence on the

radiation wavelength; thus, the catalyst radiation absorption efficiency maintain

the spectral dependence. This efficiency is defined as:

hA ¼
AR

Ð
lLamp

Ð
ea;sl dl dA

ARW

Ð
lLamp

Ð
ql;RWdl dA

ð10Þ

Generally, hA is determined by numerical computations based on a supporting radiation

field model.

It is important to note that both hI and hA are parameters related to the inherent

characteristics of the reactor/lamp system, depending neither on the reaction taking place,

nor on the chosen operating conditions (like, for instance, the flow rate of contaminated

stream at the reactor feed point or the pollutant concentration). On the contrary, the value

of hR depends on the specific reaction taking place as well as on the nature of the

photocatalyst employed and is strongly affected by the reactor operating conditions. An

important feature of this parameter is that it must not depend on the photocatalytic reactor

type or configuration. The overall reaction quantum efficiency can be defined as:

hR ¼ 2
krPCEðr; zÞlAR
kea;sðr; zÞlAR

ð11Þ

In equation (11), rPCE(r,z) can be evaluated using the mathematical model described

before (equations 5–7) and e a,s(r,z) from equation (3). Numerical results of hI, hA, and

hR are shown in Table 2.

As explained before, the apparent quantum efficiency has been widely employed as a

means of assessing the energy performance of photocatalytic reactors. It is expressed as

the ratio of the global rate of degradation of the contaminant species, to the total energy

entering the photocatalytic reactor. According to the definitions used in this work, happ is

equivalent to the product of hA and hR. Although happ can be easily evaluated (without

mathematical models), the result gives no indication of the fraction of photons emitted by

the lamp that actually enters the reactor, thus leaving aside an important aspect affecting

the radiative energy performance of different photocatalytic reactors. Besides, this

parameter depends on the reactor configuration. Consequently, it is difficult to compare

results obtained in different photoreactors.

Table 2 Numerical values for hI, hA, and hR

hI hA hR

Values 83% 92% 0 to 2.5%
Dependence External reactor

geometry and UV
lamp characteristics

Internal reactor
geometry, UV lamp
characteristics and
catalyst optical properties

PCE feed concentration,
LSRPA, relative humidity,
and mass transfer limitations
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The dependence of hR on the operative variables was studied by means of the

mathematical model. This efficiency shows a monotonic dependence upon the local PCE

concentration, increasing with larger pollutant concentrations and decreasing with smaller

ones. Consequently, hR dramatically decreases as the PCE conversion increases (with

values close to 0% for PCE conversions near 100%). Also, it was found that under

constant values of the other operating variables, hR decreases when the relative humidity

is increased. Concerning the diffusive resistances, two different regimens were found:

(i) At low irradiation levels (,1.0 £ 10210 Einstein cm22 s21) the reactor performance

is kinetically controlled and mass transfer phenomena are not the determining rate step.

Under these operating conditions, PCE radial concentration gradients are negligible.

(ii) At high irradiation levels (.1.5 £ 1029 Einstein cm22 s21), molecular diffusion of

PCE from the bulk to the catalytic walls begins to control and noticeable radial gradients

start to build up. The mass transfer resistances increase significantly when the reaction

takes place in aqueous phase, as a result of the lower diffusivities in this medium

compared to the corresponding values in gas phase.

Conclusions

The simulation program developed in this work proved to be a very useful tool for the

assessment of the multi-annular photocatalytic reactor energy performance, providing

accurate values of the different contributions to the overall quantum efficiency.

For this reacting system, the radiation incidence efficiency (hI) was 83% and the

catalyst radiation absorption efficiency (hA) was 92%. These values are a function of

the reactor-UV lamp characteristics, but do not depend on the particular reaction

or operating conditions. Consequently, these values may be used to compare the photon

capture ability of various types of photocatalytic reactor configurations for water

treatment and for air pollution remediation.

Simulation runs under different operating conditions have shown that the overall

reaction quantum efficiency (hR) decreases when the PCE concentration is decreased or

when the relative humidity is increased. Depending on the particular operating conditions,

numerical values of hR are in the 0–2.5% range. It should be noted that hR does not

depend on the photocatalytic reactor configuration, and it may be useful to compare the

catalytic activity of different catalysts for the same pollutant or of the same photocatalyst

for different pollutants.

Acknowledgements

The authors are grateful to Universidad Nacional del Litoral (UNL), Consejo Nacional de

Investigaciones Cientı́ficas y Técnicas (CONICET) and Agencia Nacional de Promoción

Cientı́fica y Tecnológica (ANPCyT) for financial support.

References
Hoffman, M.R., Martin, S.T., Choi, W. and Bahnemann, D.W. (1995). Environmental applications of

semiconductor photocatalysis. Chem. Rev., 95(1), 69–96.

Imoberdorf, G.E., Irazoqui, H.A., Cassano, A.E. and Alfano, O.M. (2005). Simulation of a multi-annular

photocatalytic reactor for degradation of perchloroethylene in air: Parametric analysis of radiative energy

efficiencies. Ind. Eng. Chem. Res., 44(16), 6075–6085.

Imoberdorf, G.E., Cassano, A.E., Alfano, O.M. and Irazoqui, H.A. (2006). Modelling of a multiannular

photocatalytic reactor for perchloroethylene degradation in air. AIChE J., 52, 1814–1823.

Yamazaki-Nishida, S., Nagano, K.J., Phillips, L.A., Cervera-March, S. and Anderson, M.A. (1993).

Photocatalytic degradation of trichloroethylene in the gas phase using titanium dioxide pellets.

J. Photochem. Photobiol. A: Chem., 70(1), 95–99.

G
.E

.Im
o

b
erd

o
rf
et

al.

166

http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/cr00033a004
http://dx.doi.org/10.1021/ie049185z
http://dx.doi.org/10.1021/ie049185z
http://dx.doi.org/10.1021/ie049185z
http://dx.doi.org/10.1016/1010-6030(93)80013-Y

	Quantum efficiencies in a multi-annular photocatalytic reactor
	Introduction
	Methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


