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ABSTRACT

The photochemical thermodynamic efficiency factor (PTEF) and the quantum yield (QY) are key param-
eters for assessing photocatalytic degradation efficiency and photocatalytic reaction pathways in air
treatment. QYs and PTEFs can be established in a Photo-CREC-Air reactor unit on the basis of the number
of OH* consumed, the enthalpy of OH* formation and the radiation reaching the photocatalyst. While the
PTEF has been considered for photocatalytic conversion of organic pollutants in water, this is the first
attempt where a PTEF is considered in air treatment units. Efficiency calculations are performed in the
present study, using the data for acetone and acetaldehyde photocatalytic degradation in air with low
concentration of water. It is shown that quantum yields both for acetone and acetaldehyde supersede the
value of 1 (equivalent to 100%) while PTEFs remain in both cases below the level of 1 as required by ther-
modynamic constrains. On this basis, a chain reaction mechanism can be supported for photocatalytic

Reactor efficiency

conversion of organic pollutants in air.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis is the segment of catalysis, which covers the
range of the reactions proceeding under the action of light. Dur-
ing the last decades much attention has been paid to the reactions
that take place on the irradiated surface of semiconductor metal
oxides and sulfides. Studies involving gas-phase heterogeneous
photocatalysis are relatively few in number compared with the
substantial literature on photocatalytic water treatment [1-4]. At
moderate conditions (room temperature, one atmosphere pressure
and with molecular oxygen as the oxidant), some semiconductors
have proved to be effective photocatalysts for the thermodynam-
ically favored conversion of many organics into CO, and H,0. The
number of contributions in this area is however considerably grow-
ing nowadays given the interest of potential applications to remove
organic contaminants contained in air atmospheres as found in
aircraft and spacecraft, office buildings and factories.

Semiconductor materials that can promote reactions in the pres-
ence of light and are not consumed in the overall reaction are
referred to as photocatalysts. In order for a semiconductor to be
photochemically active as a sensitizer for the photochemical reac-
tion the redox potential of the photogenerated valence band hole
must be sufficiently positive to generate OH* radicals, which can
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subsequently oxidize the organic pollutant. The redox potential
of the photogenerated conductance band electron must be suffi-
ciently negative to be able to reduce adsorbed O, to superoxide [5].
Among many semiconductor photocatalysts, there is a general con-
sensus among researchers that TiO, is superior because of its high
activity, large stability to light illumination, low price, and lack of
toxicity [6,7]. The two principal polymorphs of TiO, are anatase and
rutile which are associated with bandgap energies of 3.2 and 3.1 eV,
respectively. It has been pointed out that the photo-degradation
reaction rate is mainly affected by the crystalline state and textural
properties, particularly, surface area and particle size of the TiO,
powder [8]. The photocatalytic performance of TiO, depends not
only on its bulk energy band structure, but also, to a large extent,
on surface properties such as specific surface area and coverage by
OH* groups.

The influence of water vapour on gas phase photocatalytic oxi-
dation depends on several factors [9,10], being the morphology of
the photocatalyst, the compound to be oxidized and the amount
of water vapour the main ones. Ibrahim and de Lasa [11] carried
out the photo-degradation of acetone and acetaldehyde in air con-
taining 3 ppmv of water using TiO, in the Photo-CREC-Air Reactor.
Proposed models described well the observed kinetics.

One of the most significant obstacles in the application of photo-
catalytic processes is their perceived energy efficiency. Therefore
it is important to establish how the irradiation is being used, or
how this energy efficiency varies at different operating conditions.
Consequently, in photocatalytic processes, in addition to the efforts
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Nomenclature

Tacetoneg Tate of acetone photocatalytic degradation as
A illuminated area of catalyst, m? observed by concentration changes in the gas phase,
Airr irradiated mesh area holding the catalyst, m?2 pwmole m—2 min~!
c speed of light in vacuum, ms~! TOH* T total reaction rate of formation of OH® radi-
C concentration, mole m—3 cal groups per unit weight of irradiated catalyst,
G concentration of i species, umole m—3 wmole gcati; 1571
G concentration of j species, pmole m—3 ToHe j reaction rate of OH* radicals in reaction step j,

Cacerarpenyper total concentration of acetaldehyde, pmole/L
Caceroner total concentration of acetone,

Eqy average energy of a photon, |
E(A) energy of a photon at a given wavelength, ]
h Planck’s constant ] s photon~!

I(A) intensity of light, W cm—2

kaceraipeqype Teaction rate constant for acetaldehyde,
pmole m~3 min~!

kacerone Teaction rate constant for acetone,
pmole m~—3 min~!

ki intrinsic ~ kinetic constant for i species,
wmole m—3 min~!

K adsorption constant

KA adsorption constant for i species, m3 pmole~!

K]{“ adsorption constant for j species, m3 wmole~!

KQCETALDEHYDE acetaldehyde adsorption constant,

m3 pmole~!

KA crone  acetone adsorption constant, m? wmole~!

Ky cgraipenype  dimensionless acetaldehyde adsorption con-
stant

K} cprone  dimensionless acetone adsorption constant

CacetalDEHYDEg Concentration of acetaldehyde in the gas
phase, pmole m—3

Cacetoneg concentration of acetone in the gas phase, pmole
m-3

Naceraipenype,r  total number of moles of acetaldehyde

Naceroner total number of moles of acetone

Naceraipenypeg number of moles of acetaldehyde in the gas
phase

Caceroneg number of moles of acetone in the gas phase

Naceraipenypes humber of moles of acetaldehyde adsorbed
on the solid

Nacerones number of moles of acetone adsorbed on the solid

qaceraLpenype  amount of acetaldehyde adsorbed, pmole g1

dacetone  amount of acetone adsorbed, pmole g=!

QACETALDEHYDEmax Maximum amount of acetaldehyde
adsorbed on solid, pmole g1

GACETONEmax Maximum amount of acetone adsorbed on the
solid, wmole g1

Qused rate of irradiated energy used to form OH* radicals,

\

Qq rate of irradiated energy absorbed in photocatalytic
reactor, W

Qr rate of irradiated energy reaching the catalyst, W

Qy*a,,p apparent quantum yield based on OH* radical con-
sumption

r reaction rate

TACETALDEHYDE Teaction rate of acetaldehyde,

wmole m—2 min~!
racToNe Teaction rate of acetone, pwmole m~2 min~!
TACETALDEHYDEg Tate of acetaldehyde photocatalytic degrada-
tion as observed by concentration changes in the gas
phase, pmole m~2 min~!

pmole gcat;,~1s~1

Tij reaction rate of component i in reaction step j,
pmole geatj; 1 s~1

%4 total system volume, m3

w weight of adsorbent material, g

W; total amount of irradiated catalyst, g

Acronyms

PTEF photochemical thermodynamic efficiency factor
QY quantum yield

Subscripts
ads adsorbed
app apparent

av average
irr irradiated
max maximum
min minimum

Greek letters

y fraction of the adsorbed energy contributed by pho-
tons with A <388 nm

v stoichiometric coefficient for the consumption of
OH?* group

V1 stoichiometric coefficient for the consumption of

model pollutant
VaceralpeHype  Stoichiometric coefficient of acetaldehyde
vacetone  Stoichiometric coefficient of acetone
VoH* j stoichiometric coefficient of OH*® radical in reaction

step j

V0,  Sstoichiometric coefficient of H>O in reaction step j

Vpj stoichiometric coefficient of component h in reac-
tion step j

Vij stoichiometric coefficient of componentiinreaction
step j

HA] ]/(’<ACETONEK£CETONE )v min

Op2 1/kacerone, m® min pumole~!

Oam 1/(KacerawperypEK acgrar perypr)» Min

Oan2 1/kaceraperype, M min mole~!

Non* fraction of photon energy to form OH* radicals

A radiation wavelength, nm

Amax upper bound of wavelength in the range of interest,
nm

Amin lower bound of wavelength in the range of interest,
nm

Cacetaipenype  dimensionless solid phase acetaldehyde con-
centration

Cacetone dimensionless solid phase acetone concentration
AHpye enthalpy of formation of an OH*® group adsorbed on
the photocatalyst, J mol~!

A standard enthalpy of formation of OH*® radical,

Hy ot+(g)
Jmole-1

A standard enthalpy of formation of water vapor,

Hf i 0te)
Jmole-1

AHf° 0,(g) standard enthalpy of formation of 0, ] mole~!
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directed at obtaining high active photocatalysts and at identifying
best operating conditions, it is also necessary to pay special atten-
tion to the reactor design factors restricting the optimal use of the
radiation.

Akey tool for this analysis is the quantum efficiency; this param-
eter also can help in the discrimination of reaction pathways.
Different definitions have been proposed in photoreactors, leading
to different ways of assessing their energy performance [12-14].
Ibrahim [15] and de Lasa et al. [2] provided detailed summaries
of the possible quantum yield definitions as well as their concise
description. Reported definitions are based on a ratio that involves
either photoconverted molecules over “absorbed photons” or pho-
toconverted molecules over “photons entering the reactor”.

Given the lack of bounds for quantum efficiency, Serrano and
de Lasa [16] proposed a Photocatalytic thermodynamic efficiency
factor (PTEF) based on thermodynamic considerations for water
purification units. It was shown in this regard [17] that in Photo-
CREC-Water photocatalytic reactors for water purification both
quantum efficiency and PTEF display encouraging values that
remain consistently below 1. As a result a reaction mechanism
based on OH* radical consumption is likely to rule.

It is the purpose of this study to establish similar bounds in
photocatalytic reactors for air treatment and to assess potential
reaction pathways on the basis of PTEFs and quantum yields.

2. Quantum yield and photochemical thermodynamic
efficiency factor (PTEF)

The “apparent quantum yield” is a parameter frequently used to
evaluate the photon efficiency as the ratio of pollutant molecules
degraded over the number of photons entering the reactor and with
enough energy to supersede the photocatalyst band gap [17]. For
near-UV lamps the following definition can be adopted:

number of pollutant molecules photoconverted 1)

Yapp =
Qo = Sumberof photons reaching the photocatalyst with A < 388 nm

This definition can be modified and established in a more phe-
nomenological meaningful manner [17], expressing the apparent
quantum yield as the ratio of the rate of OH® radicals converted
at any time during the photoconversion over the rate of photons
reaching the photocatalyst as,

number of OH* consumed
(2)

Yiop =
Wapp number of photons reaching the photocatalyst with A < 388 nm

This above definition of the “apparent quantum yield” assuming
the OH* species consumed as the sole radical driving the photo-
conversion process is based on the stoichiometric requirements
for oxidation of observable chemical species [18]. This definition
assigns to the OH*® radicals the role of driving the photocatalytic
reaction and can be considered a “maximum apparent quantum
yield”.

For instance, for the “j” chemical reaction step, one can con-
sider that both OH* groups and two organic species are involved,
with a different degree of oxidation. The “i” species (C,Hy O, ) repre-
sents the species at the lower oxidation state while the “h” species
(CxHy0;) the one at the higher oxidation state. These two species
have to comply with oxygen, carbon, and hydrogen elemental
balances as needed by stoichiometric requirements. Thus, stoichio-
metric equations set the OH*s needed in every “j” photocatalytic
step where “i” (C,Hn O,) species are transformed into “h” (CxH, 0;)
species as follows,

Ui,anHmOD + vOH,jOH. — Uh’jCXHyOz + VHZO,jHZO 3)

with v;; and vy,; representing the stoichiometric coefficients for
CnHmO, and CxH, O;, respectively for the “j” step with,

v;jn—vpjx =0 (elemental carbon balance) (4a)

V; jM-+Vops j—Vh j¥y—2Vy,0,;=0 (elemental hydrogenbalance) (4b)

V;jO + Vope j — VnjZ — Vh,0,j = 0 (elemental oxygen balance) (4c)

Asaresultr, = = L (5)
OH*,T = ToH*j = D Tij
ij

W

where rop. j is the rate of consumption of OH* radicals in step *j
of the reaction network, r;; is the reaction rate of the compound
“i” in step “j”, and v;; is the stoichiometric coefficient of compound
“i” in step “j”. One should mention that sometimes stoichiomet-
ric coefficients in Eq. (5) may be zero with this depending on the
contribution of “i” species in a specific reaction step “j”.

Thus, it is shown that the total rate of OH® consumption can
be calculated using an “indirect method” as in Eq. (5), involving the
summation of the rates of every single oxidation step multiplied by

the ratio of the corresponding stoichiometric coefficients as,

J YoH,j .. .
Z] Vi j Tij

T prAmax=388nm RAirr}»d}»/hC

j
. ~Win) 1Tone
app— =388 nm
[rme RA;+Ad)\/hc

Amin Amin

with: ropej is the rate of OH* radicals conversion in step “j”
(mol/gcat;, s); rj; is the rate of “i” pollutant molecules degraded
in the step “j” of the photoconversion process (mol/gcat;.-s); vjj is
the stoichiometric coefficient involved in the photoconversion of
the species “i” in step “j”; R is the radiation intensity, W/(cm? nm);
Ajris the total area of irradiated photocatalyst-impregnated mesh,
510cm?; h is the Planck’s constant, 6.63 x 10734]s; c is the speed
of light in vacuum, 3 x 1010 cm/s; A, is the lower wavelength of
the spectrum in the range of interest, 300 nm; Amqx is the higher
wavelength of the spectrum in the range of interest, 388 nm.

The photochemical thermodynamic efficiency factor (PTEF) for
photocatalytic air treatment units is a parameter relating the
energy utilized for the OH* radical formation over the irradiated
energy on the photocatalyst. This definition has to be modified
including a y parameter which represents the fraction of the pho-
ton energy with a wavelength smaller than the one needed for
superseding the semiconductor band gap.

Qused _ —Ton.r AHou Wi
Qirr y err y

with roger being in mol min—!gcat;,~!, Wy, in gcatj;, AHoye in
Jmol-1, Q;, in Jmin~! and y without units.

The PTEF can be also portrayed as the product of QY and ngge
[17], with QY accounting for the fraction of photons absorbed by the
photocatalyst leading to the formation of OH® radicals (quantum
yield):

PTEFapp = QYappnone (8)

where 7oy- is the fraction of photon energy used in forming an OH®
radical, given by

PTEFypp = 7)

AHoyse
NoH* = E_ o 9)
av

with AHgye being the enthalpy of formation of an OH® group
(Jmol~1) and E,, the average energy of a photon (J) (Appendix I).

As it is shown in this section, one can expand the PTEF defi-
nition to photocatalytic reactors for air treatment introducing a
judiciously selected photocatalytic reaction network and kinetics
as well as relevant thermodynamic and irradiation parameters.

3. Reaction enthalpy for the formation of OH*® radicals in
photocatalytic reactors for air treatment

The formation enthalpy of OH® is a critical parameter for
the calculation of PTEF in photocatalytic reactors as shown in
Section 2.
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According to stoichiometric requirements OH* radicals can be
formed via the overall equation (Appendix II)

Hy0(g) + 502(g) = 20Hqqs" (10)

Enthalpy evaluations in Eq. (10) can consider one “likely” path
for evolving reactant species (water vapor and oxygen) forming
adsorbed OH®* radicals (products). This hypothetical reaction path
gives the correct numerical result, given this calculation involves
enthalpies (state functions).

The proposed “likely” path for thermodynamic evaluations con-
siders that the reaction takes place as follows: (a) oxygen gas is
adsorbed on the photocatalyst surface, (b) water vapor is adsorbed
on the photocatalyst surface, (¢) adsorbed OH* species are formed
via reaction of adsorbed oxygen and water species. It is in this
adsorbed state where OH*® radicals are assumed to react with
organic molecules forming intermediates first and CO, later when
complete mineralization is reached.

Thus for,
02(8) +S — Ozas  AH1 = AHp g o4 — AH ) o) an
Ha0(8) +S — HaOaas  AHz = AH}y o00 — A7y o) (12)
O2qds + 2H20qgs + S — 40Hqqs*
AH3 = AHE g1y gq5 — %A £ Hy0ads ~ %AHﬁozads (13)

The algebraic addition of these three steps leads to the follow-
ing:

0,(g) + 2H,0(g) + 4S — 40H4,°;
1 1
AHope = [AH3 + 5 AHz + ZAHJ = AH3 = AH oo s

—lAHO

l o
—5AH 0,0)

fHy00) ™ 4 (14)

It is worth noting that the adsorption mechanism that possibly
prevails in photocatalytic processes is the one of chemisorptions
and as a result a good estimation of the heat of adsorption is
via the heat of condensation [19,20]. Using the heat of formation
data reported by Wagman et al. [21] and Kyle [22], the adsorption
enthalpy of OH® radical species results as,

AH 10045 = 38, 950] /mol — (86, 490] /mol) = 125, 440] /mol
(15)

Then the enthalpy of formation of the OH* groups adsorbed on
the photocatalyst surface starting from both H,0 and O, species
both in the gas phase is,

AHopye = 125, 440]/mol — %(23181j/m01) (16)
AHoye = 4531— I (17)
mol of OH*

While a similar analysis was developed by Serrano et al. [17]
for a photocatalytic reactor for water purification, the enthalpy of
adsorbed OH* radical for air treatment photocatalytic reactor is
here reported. This enthalpy is noticeably and justifiable smaller
than the 98,300 ]/mol enthalpy reported by Serrano et al. [17]. This
creates a different and interesting scenario in terms of energy effi-
ciencies in photocatalytic reactors for air treatment versus the ones
for water decontamination.

Since the enthalpy required to produce an adsorbed OH* group
is 4531 J/mol of OH®, the fraction of photon energy used to form an

OH-* radical is

_ AHops 4531(J/mol of OH*)
IoH* = —F ™ = 343, 913(J/mol of photon)
_ 0.013174g Mol of photon (18)

mol of OH*®

4. Experimental setup and methods

The present manuscript uses the kinetic data obtained in a
laboratory scale version of Photo-CREC-Air using immobilized non-
porous 35-36m?/g Degussa P25 particles and porous 300 m?/g
Hombikat UV-100 particles [23]. The Photo-CREC-Air unit was
operated in batch mode with a given amount of model pollutant
injected in a set volume of air; the model pollutant was vaporized
almost instantaneously and mixed completely with the air stream.

4.1. Photo-CREC-Air reactor

The main body of the Photo-CREC-Air reactor consists of a
closed-loop system with 14.7L of capacity and is made of zinc-
plated pipes connected with aluminized-steel 90° elbows and a
stainless steel Venturi section. There are eight Pen-Ray 1-watt
lamps symmetrically placed around the reaction section, which is
constituted by a basket supporting fiberglass mesh and immobi-
lized TiO,. The radiation penetrates through windows cut out of
acrylic sheets in a divergent section of the Venturi. The photo-
CREC-air batch reactor unit with auxiliary components is described
in Fig. 1 [11].

The description of the mesh and the techniques implemented to
impregnate the photocatalyst were reported elsewhere by Ibrahim
and de Lasa [23]. It was stated that an increase in the photo-
conversion rate with catalyst loading is linked to an increase in the
catalyst irradiated area an in turn to a higher photon absorption
rate. Given the fact that the increase in the TiO, loading produced a
thicker catalyst layer, this increase of the TiO, yielded higher rates
of UV photon absorption and therefore higher photo-conversion
rates. Even more, a critical photocatalyst thickness was reported;
surpassing this critical thickness little enhancement of photon
absorption and photo-conversion rate was detected. This critical
layer thickness was estimated to be in the 5.4 um range; being in
agreement with the information reported by other authors with
respect to the UV-light absorption within TiO, catalysts [24,25].

Air exiting the blower enters the Venturi divergent section,
flows through the Venturi throat and contacts the TiO;-
impregnated mesh (Fig. 2(c)). The fluid flow pattern in the
Photo-CREC-Air has been assessed and characterized by our
research team [26]. The optimum loadings of TiO, were reported by
Ibrahim and the Lasa [23], being 8.0-8.8 wt.% for Degussa P25 and
3.6-4.8 for Hombikat UV-100. Eight Pen-Ray Mercury UV-lamps,
withapower outputof 1213 wW cm~2 at 20 mA (AC) and a principal
radiation wavelength of 365 nm, mounted outside of the Venturi
divergent section (Fig. 2(a)) and housed inside parabolic reflectors
irradiate the TiO,-impregnated mesh. The parabolic reflectors are
designed so that the irradiation focal point is placed at a semi-
infinite distance from the source, thereby improving the incidence
efficiency Ibrahim [15].

Ibrahim and de Lasa [14] reported the experimental procedure
followed to carry out the experimental runs: (a) the system was
flushed with zero 0.1 grade dry air containing 3 ppmv of H,0, (b)
the pressure regulators were closed and the fan was turned on, (c) a
liquid sample of model pollutant was injected and a 60 min period
was allowed for system stabilization. Pollutants were injected into
the reactor via the injection port and using a CR-700 syringe, (d)
once the adsorption equilibrium reached (“dark reaction”), lamps
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were turned on and the reaction was allowed to proceed, (e) gas
samples were taken periodically, (f) at the end of each run, lamps
were turned off and the reactor was flushed with dry air, (g) Follow-
ing this, the mesh was replaced after very experiment; following
this the reactor was ready for a new run.

Acetone and acetaldehyde (Both supplied by Caledon Labora-
tories Ltd., 99% purity) were used as model pollutants during the
aforementioned study. Different amounts of liquid pollutant were
injected into the 14.7 L reactor to attain the desired gas phase con-
centrations: 40, 50 and 60 L for the case of acetone and 30, 40
and 50 p.L for acetaldehyde. The reactor operates with a gas chro-
matograph HP 5890 equipped with an HP3393A integrator, a TCD
and a Poropak Q packed column allowing the identification and
quantification of all the present chemical species.

Species balances in the Photo-CREC-Air unit can be established
given the various gas mixing, catalyst dispersion on the mesh and
mesh irradiation, applicable assumptions via the following equa-
tion:

dc

VE :TA,‘,-r (19)

where: Vis the total hold up of the gas, m3; Cis the model pollutant
concentration, wmol/m?3; r is the rate of photo conversion of the
model pollutant under study, wmol/(m? min); A; is the irradiated
area of catalyst, m2.

5. Stoichiometric equations and photoreaction rates
5.1. Acetone photocatalytic degradation stoichiometry

Assuming acetone photocatalytic degradation is the result of the
OH* group consumption rate only, the following stoichiometry can
be proposed:

C3HgO + 160H* — 3C0, + 11H,0 (20)

This stoichiometry applies given no intermediate species were
detected as documented by Ibrahim and de Lasa [11].
As a result the following relationships can be considered,

TACETONE ToH* VoH*
———— = —— and rops = —————TACETONE (21)
VACETONE VOH* VACETONE

where: vacerong 1S the stoichiometric coefficient for acetone; voye
is the stoichiometric coefficient for OH®.

5.2. Acetaldehyde photocatalytic degradation stoichiometry

In a similar manner and as it is considered for acetone, the fol-
lowing stoichiometry can be adopted for acetaldehyde degradation
with the assumption that the only radical species driving the pho-
tocatalytic degradation are OH* radicals:

CoH40+100H* — 2C0, + 7H,0 (22)

This stoichiometry also assumes that there are no intermediates
and as a result the rate of photoconversion of acetaldehyde and the
OH?* group consumption rate can be related as follows:

T, ToH* VoH*
ACETALDEYDE _ ToH* .4 Tome = OH TACETONE (23)
VACETALDEHYDE =~ VOH* VACETONE

where: Vacerarpenype i the stoichiometric coefficient for acetalde-
hyde; vop. is the stoichiometric coefficient for OH®.

6. Photocatalytic modeling

The photocatalytic reaction kinetics can be modeled with a
Langmuir-Hinshelwood expression,

o —kreke
T 1+KC+ YK

with o =1, K is the equilibrium adsorption constant for the model
pollutant and the term ZIQC,- represents the combined effect of all
adsorbed intermediate species.

This model was implemented by Ibrahim [15] and Ibrahim and
de Lasa [14] to approach the kinetics of photoconversion of acetone
and acetaldehyde with TiO, as a catalyst. This kinetics was proven
adequate to describe the observed changes of the chemical species
concentrations in the gas phase [11].

In order to represent the observed photocatalytic degradation
kinetics the following assumption were considered: (a) the gas
phase is near-UV transparent with light absorption, scattering and
reflection all being negligible; (b) the mixing in the Photo-CREC-Air
reactor is intense, given the high air recirculation. Gas phase con-
centrations of all species can be considered uniform at a given time;
(c) the windows in the reaction section are free of deposited parti-
cles and the adsorption of reactants on the reactor wall materials
can be neglected; (d) the mesh supporting the TiO, is constantly
irradiated by the near-UV lamps with an intensity of light that does
not change significantly during the experiments; (e) the contri-
bution of the thermal reactions to the photoconversion process is
insignificant.

(24)

6.1. Acetone photocatalytic degradation modeling

It is as well known that the amount of acetone remaining in
the fluid phase is the result of adsorption and photoconversion
processes. The mole balance for acetone is

Nacerone, T = NaceTonE,g + NACETONE,s (25)

where Ncerong,r is the total number of moles of acetone, NaceronE,g
is the number of moles of acetone in the gas phase and Nacgrong;s is
the number of moles adsorbed on the solid.

Dividing various term of Eq. (25) by the total system volume V
it results,

NACETONE, s
Cacerone,T = CAcETONE,g + —v (26)

where Cacprong,r is the total concentration (wmol/m?), Cacgrong.g is
the number of moles of acetone in the gas phase (umol/m3) and V
is the total system volume (m?3).

If during the photocatalytic process the adsorption equilibrium
is reached at all times, the amount of acetone is given as,

Nacerone,s = qacetoNeW = Sacerone W ACETONE, max (27)
with

qACETONE
CACETONE = —————— (28)

(ACETONE, max

with gacerone being the specific amount of acetone adsorbed
(pmol/g), qaceronEmax the maximum amount of acetone adsorbed
(pmol/g) and W the total weight of the adsorbent substrate (g).

Furthermore, if the value of {acerone can be related to the ace-
tone concentration in the gas phase through a pseudo-equilibrium
constant evaluated at one point of the adsorption equilibrium
isotherm

Cacerone = Kacprone CAceToNE (29)

Thus, the total concentration of acetone can be defined as

Cacetone,T = CACETONE,g (1 + KACETONE) (30)
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Table 1

Parameters for acetone modeling [15].
Catalyst 6a1 x 0.1 642 x 1000
Degussa P25 10.77 + 0.47 4.88 + 0.19
Hombikat UV-100 4.06 + 0.62 7.79 £ 0.29

where the dimensionless adsorption constant is given by

A
K’ KACETONE WQACETONE, max

ACETONE — % (31)

As aresult a total reaction rate for acetone photocatalytic degra-
dation with a reaction rate involving the observed chemical species
concentration changes in the gas phase can be obtained considering
the derivative of Eq. (30)

raceToNE, T = TaceronE,g(1 + Ky cprone) (32)

where racerone IS the total reaction rate (pmol/(m? min)) and
TaceToNE,g the reaction rate involving the observed chemical species
concentration changes in the gas phase (pumol/(m?2 min)).

Even more given acetone was the only detectable species
and given the rate of consumption for i species follows a
Langmuir-Hinshelwood model, as described in Eq. (24), thus

A
dCacerone,g V kaceroNeK}cgronsCAcETONE g V

TACETONE,g = = A
& dt Ay 1+ K groneCacerone.g  Air
(33)

This expression can also be expressed as,

CACETONE,g %

- AdToNEg V. (34)
0a1 + 0a2CaceToNE g Airr

TACETONE,g =
where: raceroneg is the rate of acetone photocatalytic degrada-
tion as assessed by changes in the gas phase concentrations,
wmol/(m?2-min); Caceroneg 1S the acetone concentration in the
gas phase, pmol/m3; A, is the irradiated mesh area holding
the catalyst, m?; KQCETONE is the acetone adsorption constant,
m3/wmol; kacerone is the reaction rate constant, pmol/(m3 min);
61 =1/(kaceroneK jcprong ) Min; Oaz = 1/Kkacerone, M3 min/pmol.

Ibrahim [15] reported values of 841 and 04, for two different cat-
alysts acting used in the photoconversion of acetone. These values
are shown in Table 1.

K} crrone Was evaluated for both catalysts Degussa P25 and Hom-
bikat UV-100 to be 0.06 and 0.08, respectively.

Results of data fitting with Eq. (34) are reported in Figs. 3 and 4
for the Hombikat UV-100 and Degussa P25, respectively.

6.2. Acetaldehyde photocatalytic degradation modeling

Using a similar kinetic modeling procedure as in Section 6.1, it
is possible to obtain the following expression for the acetaldehyde
reaction degradation rate.

dCacetaLpEHYDE,g V
TACETALDEHYDE,g = ——— 1 2~

Airr
A
_ kaceroneK” Caceratpenype.g V (35)
1+ KACaceratpervpeg — Airr
This rate expression can be rewritten as
CACETALDEHYDE, g 1%
TACETALDEHYDE,g = — (36)

Oaa + 0aa2 CACETALDEHYDE ¢ Airr

where: raceraipenypeg 1S the rate of acetaldehyde photocatalytic
degradation as assessed by changes in the gas phase con-
centrations, pwmol/(m? min); CacetaLpenyDE g = acetaldehyde con-
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Fig. 3. Changes of acetone concentrations with reaction time using Hombikat UV-
100 (full line represents model predictions) [11].

Table 2

Parameters for acetaldehyde modeling [15].
Catalyst Oam x 0.1 a2 x 10,000
Degussa P25 5.10 + 0.45 3.62 + 1.55
Hombikat UV-100 1.99 + 0.218 6.87 £ 0.89

centration in the gas phase, wmol/m3; A;,=illuminated mesh
area, m?; KQCETALDEHYDE is the acetaldehyde adsorption constant,
m3/wmole; kacerarpenype = reaction rate constant, wmol/(m3 min);
Baa1 =1/(KaceraperypeKacerarperype ) MiN; Oanz = 1/KaceraperyDES
m?3 min/pmol.

The values of 0441 and G4a, for two different commercial cat-
alysts acting in the photo conversion of acetaldehyde have been
reported by Ibrahim [15]. These values are shown in Table 2.

K} ceraperype Was evaluated for both Degussa P25 and Hombikat
UV-100 to be 0.07 and 0.13, respectively.

The data fitting with Eq. (36) is reported in Figs. 5 and 6 for
Hombikat UV-100 and Degussa P25, respectively.

7. Results and discussion

As a result, one can conclude that the proposed kinetics [11]
based in a Langmuir-Hinshelwood equation, which considers a
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Fig. 4. Changes of acetone concentrations with reaction time using Degussa P25
(full line represents model predictions) [11].
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Fig. 5. Changes of acetaldehyde concentrations with reaction time using Hombikat
UV-100 (full line represents model predictions) [11].

monolayer of adsorbed pollutants, is satisfactory to describe the
observed photocatalytic degradation for both acetone [27-30] and
acetaldehyde[31,32]. Despite the fact that intermediates have been
reported for both compounds [29,30,33-36], these intermediates
were not detected in the Photo-CREC-Air reactor. This result is
attributed to the high photoconversion efficiency reached in Photo-
CREC-Air units.

Once the kinetics of the photocatalytic degradation is estab-
lished, the quantum yields and the PTEF can be calculated using Egs.
(6) and (8), respectively. Results for the photocatalytic degradation
of acetone are reported in Figs. 7 and 8 for Hombikat UV-100 and
Figs. 9 and 10 for Degussa P25. One should stress that these quan-
tum yields and PTEFs are based on the more phenomenologically
sound accounting of the OH*® groups consumed in the photocatalytic
degradation reaction. It is also important to appreciate that the
calculated efficiencies only represent higher limits for OH* based
efficiencies given that they are based on photon energy reaching the
mesh-catalyst with enough energy to supersede the semiconductor
bandgap [17].

From these figures it is possible to see that energy efficiencies
decrease progressively with pollutant concentration, with a com-
mon pattern being established: there is a higher OH*® utilization at
the higher acetone concentrations of the initial steps of photocat-
alytic degradation.
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Fig. 6. Changes of acetaldehyde concentrations with reaction time using Degussa
P25 (full line represents model predictions) [11].
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Fig. 8. PTEFuypmax for acetone based on Table 1 and Fig. 3 (Hombikat UV-100). Three
initial concentrations in wmole/L: 40, 50, 60 M.

On the basis of the above, it is noticeably that quantum yields
for acetone photocatalytic degradation are, during most of the irra-
diation period, in excess to the possible theoretical maximum of
133% (refer to Appendix II).

More specifically quantum yields fall in the 1.5-1.6 range
(equivalent to 150-160%) for Hombikat UV-100 and 1.65-1.95

25
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350 400 450 500

200 250 300
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0 50 100 150

Fig.9. QY max for acetone using parameters from Table 1 and Fig. 4 (Degussa P25).
Three initial concentrations in pmole/L: 40, 50, 60 WM.
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Fig. 10. PTEF.ppmax for acetone based on Table 1 and Fig. 4 (Degussa P25). Three
initial concentrations in pmole/L: 40, 50, 60 WM.

range (equivalent to 165-195%) for Degussa P25 at initial irra-
diation conditions. However, it can also be noticed that the
corresponding PTEFs remain in the 0.02-0.021 (2.0-2.1%) range for
Hombikat UV-100 and 0.0215-0.025 (2.15-2.5%) for Degussa P25.

Thus, in spite of achieving in Photo-CREC-Air the PTEFs consis-
tently below 1, the quantum yields supersede the value of 1; such
as the following applies:

s *
PTEFqpp, acerone < 1With QY. ox acerone = 1

Furthermore, the quantum yields and PTEFs obtained during the
photocatalytic degradation of acetaldehyde at three different ini-
tial concentrations using Hombikat UV-100 and Degussa P25 are
reported in Figs. 11-14. The quantum yields and PTEFs are calcu-
lated again assuming the OH* groups consumed are the only ones
driving the photocatalytic degradation.

One can notice reviewing Figs. 11-14 that during initial
irradiation the quantum yields, obtained for the photocatalytic
degradation of acetaldehyde based on the consumed OH® groups,
surpass again the value of 1. These quantum yields are in the
6.3-8.15 range (equivalent to 630-815%) for Hombikat UV-100
and in the 4.6-6.7 (equivalent to 460-670%) for Degussa P25. The
PTEFs efficiencies remain however, in the 0.08-0.10 (8-10%) and
0.06-0.087 levels (6-8.7%) for Hombikat UV-100 and Degussa P25,
respectively.
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Fig. 11. QY max for acetaldehyde based on Table 2 and Fig. 5 (Hombikat UV-100).
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Thus, a similar condition is found for acetaldehyde photocat-
alytic degradation as in the case for acetone, with

: ¢
PTEFapp aceratpenype < 1With QY o acerarperype = 1-

Itis valuable to see that in spite of finding PTEF values in all cases
of the present study, remaining below the limit of 1 and satisfying
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Fig.14. PTEFuypmax for acetaldehyde based on Table 2 and Fig. 6 (Degussa P25). Three
initial concentrations in wmole/L: 30, 40, 50 WM.
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in this respect thermodynamic constrains, QYs are in excess to 1
(equivalent to 100%),

One should also notice that the high values of QY reported in this
study are consistent with QYs reported in the technical literature
based on both photoconverted pollutant molecules [37-39] and
formed carbon dioxide molecules [14,15].

These high QYs, exceeding the theoretical level of 1.33 (refer
to Appendix II), can be explained via a free radical chain reaction
mechanism involving other radical species such as peroxy radicals
contributing to various oxidation steps and not requiring photons
or OH* radicals to proceed [31,33]. Thus, the results of this study
support consistently for both acetone and acetaldehyde photo-
catalytic degradation via a chain reaction pathway with photons
or/and OH* radicals required for initiation only.

8. Conclusions

The following conclusions can be drawn from the obtained
results:

a) The Photo-CREC-Air reactors display a high photocatalytic
degradation of air pollutants as well as high irradiated energy
efficiencies. These high energy utilization efficiencies demon-
strate the suitability of Photo-CREC-Air unit designs having a
well-dispersed immobilized catalyst, controlled air flow and
uniform photocatalyst irradiation.

b) The photochemical thermodynamic efficiency factor (PTEF) is a
valuable parameter together with quantum efficiencies to assess
the performance of photocatalytic reactors and the reaction
pathways in photocatalytic air treatment.

¢) The PTEFs for acetone and acetaldehyde model pollutants in
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Fig. A1. Spectral intensity for a new Pen-Ray lamp as measured by the Sola Scope
2000 spectroradiometer reporting the fraction of the total energy involved in the
average photon energy calculation.

Ibrahim [15] reported the spectral chart of the lamp used during
the photoconversion of acetone and acetaldehyde as characterized
with the Sola Scope 2000 spectroradiometer; the measurements
were performed every 0.5 nm for the 300-390 nm range at differ-
ent locations, confirming uniform intensity distribution of photons
reaching the glass fiber mesh holding the TiO, loadings. Fig. Al
shows this chart.

If it is considered E(A)=(hc/)), where h is the Planck’s constant
and c is the speed of light,

Photo-CREC-Air reactors using Hombikat UV-100 and Degussa he f/\max 10.(dx/3)
P25 remain in all cases below the limit of 1 (equivalent to 100%) = M min (A1.2)
complying in all cases with thermodynamic constrains. f;‘mﬂx I(A)dA

Amax=388 nm Thus,

hc/ I(A)(dA/X) a4 s
Eqy — Amin —E,— (6.63 x 10 Js/photo;1)(3 x 10°m/s) — 5.71 x 101 (] /photon)
Amax—388 nm 3.48 x 107" m (A1.3)
/ I(X)dA
)‘min

Ea = (5.71 x 10712 /photon) (6.023 x 10?3 (photon/mol photon)) = 343, 913]/(mol photon)

d) QYs however in Photo-CREC-Air units supersede in many cases
the level of 1.33 (equivalent to 133%). These QYs could only
be justified by considering a radical chain driven mechanism
involving other than OH® radical species.

Appendix A.

A.1. Calculation of the average photon energy and the fraction of
Qi with a wavelength smaller than 388 nm

The average photon energy (E; ) emitted by a near-UV lamp
and able to activate the TiO, and be calculated from the irradiation
spectrum which is established using a spectro-photo radiometer

[ OE(L)dA
Eq = v nmax
S 100dn

(A1.1)

where: I(A) is the intensity of light, W/cm?; E(A) is the energy of a
photon at a given wavelength, ].

The upper integration limit Amax has a value of 388 nm wave-
length, which is the highest wavelength with enough energy to
supersede the catalyst (TiO;) band gap.

Furthermore using the same spectrum as reported in Fig. A1 one
can calculate the fraction of irradiated energy with a wavelength
smaller than 388 nm as follows:

f;\n?ax=388 nm I()L)d)\
y — min

f}L)LnTaX:469 nm I()»)d)\

(A1.4)

As a result, it is possible to establish that for the case of the
present study y has a value of 0.92.

Appendix B.

The calculation of the PTEF requires the evaluation of the
enthalpy of formation of OH® radicals. Serrano and de Lasa [16]
have reported the assessment of this enthalpy for the case of pho-
tocatalytic treatment in water. A similar calculation process can be
used in photocatalytic air treatment reactors.

The heterogeneous photocatalytic process involve photons of
light (from the sunlight or an artificial source) exciting the TiO,
and promoting electrons from the valence band to the conduction
band of the semiconductor generating electron/hole pairs [40-42],

TiOy + hv — h™ +e” (A2.1)
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The electron/holes pairs react with water molecules or hydroxyl
ions that are adsorbed on the surface of TiO, producing hydroxyl
radicals as follows

Hzoads — OH;ds +H+
OH= +h* — OHqs®

(A2.2)
(A2.3)

At the same time, the formed electrons react with oxygen form-
ing superoxide radicals, with hydrogen peroxide being formed
according to Egs. (A2.4)-(A2.7),

.

O2q¢s + €7 — OZads (A2.4)
0% ads + HY — Hoéads (A2.5)
Oiads + HOZ ads Hogads + 02 qds (A2.6)
HO, 45 + H" — H302 g5 (A2.7)

One can multiply Egs. (A2.2)-(A2.4) by a factor of 2 and following
this, add the resulting equations to (A2.5)-(A2.7). This algebraic
combination yields,

03 ads + 2H20qgs 4+ 2hv — H30; 45 + 20Hq5° (A2.8)

Furthermore, there is also the possible conversion of hydrogen
peroxide giving two extra hydroxyl radicals (OH*) via the following
two steps,

H303 g5 + €~ — OHgqgs* + OH (A2.9)

OH g, + h* — OHg (A2.10)
Adding Egs. (A2.9) and (A2.10) it yields,

H505 45 + hv — 20H34* (A2.11)

Summation of Egs. (A2.8) and (A2.11) leads to the overall stoi-
chiometric expression,

ZHzo(g) + 0, e+ 3hv — 40H445° (A2.12)

Eq. (A2.12) shows that the overall stoichiometry for the forma-
tion of OH® radicals can be described with 3 photons yielding 4 OH®.
As aresult, 133% is in principle the best quantum yield that one can
obtain assuming that there is no photon-site recombination.
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