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The kinetics of oxidation of vapors of model air contaminators, viz., acetone, ethanol, and
heptane, was studied using a photocatalytic air cleaner. The composition of the oxidation
products was determined, and the rates of oxidation of the starting substances were measured.
The deep oxidation of the starting substrates to CO2 and H2O occurs until their concentration
achieves a limiting value. At higher concentrations a "breakthrough" of the starting substrate is
observed. Ethanol is oxidized with the formation of intermediate products. The experimental
data obtained were approximated by a kinetic model, which includes stages of formation of
intermediates and their competitive adsorption. The results of the approximation agree well
with the experimental data.
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Photocatalytic methods for air purification have con�
siderable advantages over other methods. Unlike air puri�
fication by adsorption, photocatalytic oxidation leads to
complete neutralization of air pollutants forming CO2
and H2O as final products, and no regular regeneration of
the photocatalyst is usually required. Almost any organic
substance even at low concentration can be oxidized un�
der ambient conditions using air oxygen.

Photons with the energy exceeding the TiO2 band gap
(λ < 380 nm) can induce the transition of electrons from
the valence to the conduction band of a photocatalyst
resulting in the formation of electron�hole pairs. The lat�
ter are initiators of further redox transformations involv�
ing adsorbed molecules of organic substances on the pho�
tocatalyst surface.1,2 As a result of a series of these trans�
formations, almost all organic substances could com�
pletely be oxidized to CO2 and H2O.

The kinetics of photooxidation of organic substances
was studied in reactors of different types: batch, flow�
circular, fluidized�bed, and coil reactors.3,4 All reactors
described are small devices for laboratory use.

The purpose of the present work is to study the opera�
tion of the industrial photocatalytic air cleaner (PAC)
designed for use in accomodation space and automobiles.
Acetone, ethanol, and heptane were chosen as test sub�
stances. These organic compounds are components of
solvents and can be found in the air of rooms and auto�
mobile cabins.

Experimental

The photocatalytic air cleaner (PAC) (Fig. 1) was placed in
a sealed chamber with the volume 6 L. The chamber was in�
cluded into a flow circuit (Fig. 2). Gas samplers used for chro�
matographic analysis of the composition of the initial and final
reaction mixtures (IRM and FRM, respectively) were placed at
the inlet and outlet of the chamber.

The photocatalyst used in the air cleaner was Pt/TiO2 5

(0.2% Pt), which was uniformly deposited on a porous poly�

Fig. 1. Aerolaif�BN photocatalytic air cleaner produced at the
Luch NPO (Novosibirsk, Russia): 1, UV lamp; 2, contaminated
air; 3, ventilator; 4, purified air; 5, case; and 6, filter with photo�
catalyst.
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meric support (catalyst amount ∼3 g). The previous studies
showed6 that dopping TiO2 with platinum enhances a total rate
of the photocatalytic reaction and redistributed intermediate
reaction products. When ethanol vapors are photooxidized on
the Pt/TiO2 photocatalyst, carbon monoxide is not formed in
the gas phase, although for the use of pure TiO2 noticeable
amounts of CO are observed among the reaction products.6

To prepare the IRM, the starting substrate was injected with
a syringe�type pump into an air flow with the 50% relative mois�
ture content at room temperature. The device is a platform with
a mounted microsyringe. A stop, which pushes the microsyringe
plunger, moves slowly along the platform. A volatile component
is introduced into the air flow where it evaporates rapidly. De�
pending on the velocity of syringe pushing, different concentra�
tions of reactants can be created: from zero to those correspond�
ing to the saturated vapor. The concentrations of the reactants
in air in a range of 0—10 000 ppm were used. The temperature
inside the chamber (320 K) exceeds the ambient temperature by
20 K due to the heat evolved by the working PAC.

The switched�on PAC stirred air inside the chamber with a
velocity of 10 m3 h–1 at flow rates of the IRM and FRM of
0.012 m3 h–1. The ratio of volume rates of stirring inside the
reactor and passing of a mixture through the reactor was 830,
which enabled the chamber with the PAC inside to be consid�
ered as an ideal stirred reactor. This assumption was used in the
mathematical description of the processes under study.

After a new reactant concentration in the IRM was speci�
fied, a new stationary state was established within 6—8 h, which
approximately tenfold greater than the contact time. The con�
centrations of the reactants and products in the FRM changed
with establishing the stationary state. The concentrations were
measured at an interval of 1 h. For analysis of the results, the
stationary concentrations of the reactants and products in the
FRM were used.

The oxidation rate was calculated by the formula

Wox = (CIRM — CFRM)•10–6•V/(RT ) (mol min–1),

where CIRM and CFRM are the substrate concentrations in the
IRM and FRM, respectively (ppm); V is the gas flow rate
(L min–1); R = 0.082 L atm mol–1 K–1 is the universal gas con�
stant; and T is temperature (K).

Gas samples were analyzed on an LKhM�8 chromatograph
equipped with a flame�ionization detector and a Paropak�T col�
umn (L = 1 m, d = 3 mm). When studying the CO2 content, a
sample was separated on a carbon column and then passed
through a methanation reactor and analyzed using a flame�
ionization detector.

It was assumed in the calculations of the quantum efficiency
of photocatalytic processes that the UV radiation of the lamp
corresponded to the wavelength 365 nm (Fig. 3) and the fraction
of UV radiation was 25% of the electric power of the lamp
(22 W), which is typical of the most part of class UV�A commer�
cial low�pressure Hg lamps.

Results and Discussion

Oxidation of acetone. Experimental data. On passing
through the reactor, the acetone vapors undergo deep
oxidation according to the following equation

Me2CO + 4 O2  3 CO2 + 3 H2O.

The kinetic curves of СО2 and acetone vapors at the
outlet of the chamber vs. acetone concentration in the
IRM are shown in Fig. 4. No formation of gaseous inter�
mediate products of acetone oxidation was observed in a

Fig. 2. Scheme of the flow�type system used for experiment:
1, air flow purified from СО2, moisture content 50% at 22 °С;
2, syringe�type pump; 3, samplers for IRM and FRM; 4, cham�
ber with PAC; and 5, foam flowmeter. Fig. 3. Emission spectrum of a TL´E 22W/10 lamp (Philips)

used in the Aerolaif�BN PAC (data from the manufacturer).
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Fig. 4. Change in the concentration of СО2 and acetone vapors
(C) at the outlet of the chamber with the photocatalytic air
cleaner at different concentrations of acetone vapors (Cac) in the
IRM. Components of the FRM: 1, СО2; and 2, acetone. Solid
lines are the approximating curves by the simulation results, and
dotted lines are the asymptotic straight lines to which the experi�
mental data approach with an increase in the acetone concen�
tration in the IRM.
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wide concentration range, which agrees with our earlier
results5 and data of other authors.7

The concentrations of acetone (Cac) and СО2 in the
FRM increase gradually with an increase in the acetone
concentration in the IRM from 0 to 2000 ppm. For the
further increase in Cac in the IRM, the СО2 concentration
in the FRM remains unchanged, being ~6000 ppm. This
implies that the maximum efficiency of the PAC is
achieved when Cac in the IRM is 2000 ppm. If Cac in the
IRM continues to increase, Cac in the FRM increases by
an equivalent value; the rate of complete acetone oxida�
tion remains at the former level. At any acetone concen�
tration in the IRM, the carbon content in the IRM and
FRM is the same. This implies that the reactor operates,
in fact, under the steady�state conditions and no interme�
diate oxidation products are accumulated on the photo�
catalyst surface.

The limiting rate of acetone oxidation, which
was achieved in experiment (see Fig. 4), is 1.8•10–5

mol min–1. This allows one to estimate the quantum effi�
ciency of acetone oxidation assuming that 16 photons
are needed for the complete oxidation of one acetone
molecule.8 The resulting quantum efficiency is ϕ =
16•(Wox/Wq)•100% = 34% (Wq is the quantum flux from
the lamp, mol min–1).

Simulation of the kinetics of acetone oxidation. To de�
scribe the kinetics, we considered the two�step model of
acetone oxidation

A + Z    AZ,

AZ 
 

  P + Z,

where A is an acetone molecule, Z is an adsorption site,
AZ is an acetone molecule adsorbed on the surface, P are
the oxidation products (carbon dioxide and water), Ka is
the adsorption equilibrium constant of acetone, and k is
the rate constant of acetone oxidation. At least two known
facts are described in this scheme.

1. At low concentrations the adsorption isotherm of
acetone is described by the Langmuir model.5,9

2. No gaseous intermediate products are formed in
substantial concentrations upon the photocatalytic oxi�
dation of acetone.5,10,11

Let us assume that the reaction occurs in an ideal
stirred reactor (chamber) with the volume V (L) at the
flow rate of the reaction mixture u (L s–1) and content of
catalyst active sites N0 (mol). The concentration of sub�
stance A at the inlet is equal to CA

0 (mol L–1). Since the
concentrations are rather low, both flow rates at the inlet
and outlet of the reactor are uqual to u. Let θA be the
fraction of sites on the surface occupied by acetone. The
total change in the concentration of reactant A in the
chamber involves a change in the concentration of A both
in the gas phase dCA/dt and in the layer adsorbed on the

catalyst surface (N0/V )•(dθA/dt). This change is caused
by the introduction and removal of the reactant, as well as
its conversion. In other words, the following expression is
valid:

, (1)

where θA = (KaCA)/(1 + KaCA).
Under the steady�state conditions, the left part of

Eq. (1) is equal to zero, which enables one to derive the
following dependence of the concentration of reactant A
in the FRM on CA

0 in the IRM:

CA(CA
0) = (M + N)/(2Ka), (2)

,

.

At high CA
0 the plot CA(CA

0) becomes linear

CA(CA
0) = CA

0 – N0k/(2u).

This equation is described by a straight line to which
the plot of the acetone concentration in the FRM vs. its
starting concentration in the IRM (see Fig. 4, dotted
lines) tends asymptotically. The N0k/(2u) value corre�
sponds to the maximum acetone oxidation rate in the
reactor.

Using Eq. (2), we performed the numerical approxi�
mation of the experimental data (see Fig. 4, solid lines).
The СО2 concentrations were approximated by the func�
tion CCO2

 = 3(Cac
0 – Cac). The calculated adsorption

constant of acetone (Ka = 0.06±0.02 (ppm)–1) differs
from the value obtained for other TiO2 samples (Ka =
0.0026 (ppm)–1) by an order of magnitude.5 Perhaps, the
adsorption constants can substantially change under
photoirradiation and steady�state reaction conditions.

The typical number of active sites N0 on the surface of
the TiO2 photocatalyst is known11: 5•1014 cm–2. Know�
ing this value, one can estimate the apparent rate constant
of acetone oxidation assuming that the whole photocata�
lyst is irradiated: k = (2.8±1)•10–7 s–1.

Photocatalytic oxidation of heptane vapors. Experimen�
tal results. The complete photocatalytic oxidation of the
heptane vapors corresponds to the following empirical
equation:

C7H16 + 11 O2  
  7 CO2 + 8 H2O.

In our experiments the only oxidation products de�
tected were СО2 and water. The plots of the concentra�
tions of heptane and СО2 at the outlet of the chamber vs.
heptane concentration at the inlet of the chamber are
shown in Fig. 5.
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The heptane concentration in the FRM increases
gradually as the heptane concentration in the IRM in�
creases from ~1000 to 4000 ppm. The СО2 concentration
also increases gradually and reaches a constant level of
~10000 ppm. This means that the maximum productivity
of the PAC is achieved at a heptane concentration in the
IRM of 4000 ppm and more. The further increase in the
heptane content in the IRM results in an increase in the
heptane concentration in the FRM by an equivalent value,
while the rate of heptane oxidation remains at the former
level, which is similar to the situation for acetone oxi�
dation.

As in the case of acetone oxidation, the carbon con�
tent in the IRM and FRM is the same for any heptane
concentration in the IRM. This indicates that the reactor
operates under the steady�state conditions and no inter�
mediate oxidation products are accumulated on the pho�
tocatalyst surface.

The limiting rate of deep heptane oxidation achieved
in experiments is 1.3•10–5 mol min–1. This makes it pos�
sible to estimate the quantum efficiency of the process
using assumptions on the photon flux, which are similar
to those for acetone. In addition, when estimating the
quantum efficiency, we suppose that 44 photons are
needed for the complete oxidation of one heptane mol�
ecule. This number is equal to the change in the sum of
oxidation states of carbon atoms in the empirical equa�
tion. The resulting quantum efficiency of photocatalytic
heptane oxidation is ϕ = 44•(Wox/Wq)•100% = 67%.

Simulation of heptane oxidation. The two�step model
of heptane oxidation, which is completely equivalent to
the scheme of acetone oxidation, was used for the simula�

tion of the kinetics of heptane oxidation. In this case, A is
a heptane molecule, AZ is a heptane molecule adsorbed
on the surface, Ka is the adsorption constant of heptane,
and k is the first�order rate constant of heptane oxidation
on the photocatalyst surface. It can be assumed that the
dependence of the heptane concentration at the outlet of
the chamber on the concentration at the inlet of the cham�
ber is also described by Eq. (2).

The numerical approximation of the experimental data
on heptane oxidation was performed using Eq. (2) (see
Fig. 5, solid lines). The СО2 concentration was approxi�
mated by the function CCO2 = 7(Chep

0 – Chep), where
Chep is the heptane concentration. The calculated
values of the adsorption constant of heptane is Ka =
(4.1±1.5)•10–4 (ppm)–1. Assuming that the whole cata�
lyst is irradiated, the apparent rate constant (k) of photo�
catalytic heptane oxidation is (1.1±0.37)•10–6 s–1.

Photocatalytic oxidation of ethanol vapors. Experimen�
tal data. Unlike acetone and heptane, ethanol vapors pro�
duces intermediate oxidation products of the photocata�
lytic oxidation, which were detected in the gas phase of
the reactor: acetaldehyde, acetic acid, and ethyl acetate,
as well as the deep oxidation products (CO2 and H2O).
Based on these results, the scheme of ethanol oxidation
was proposed (Scheme 1). Each step designated by arrow
can consist of several successive elementary steps.

Scheme 1

Similar intermediates of the photocatalytic oxidation
of ethanol were described previously.12—14

We identified ethyl acetate as an intermediate oxida�
tion product only under the steady�state reaction condi�
tions. No formation of ethyl acetate was observed for the
photocatalytic oxidation of ethanol under the static con�
ditions. Probably, under the steady�state conditions, the
acetic acid that formed interacts with excess ethanol to
form ethyl acetate, which is displaced from the photo�
catalyst surface by other adsorbed compounds.

The plots of the stationary concentrations of ethanol,
acetaldehyde, acetic acid, ethyl acetate, and carbon diox�
ide in the FRM of the chamber vs. ethanol concentration
in the IRM are shown in Fig. 6. It can be seen that only
CO2 is present in the FRM when the concentration of
ethanol in the IRM does not exceed 1000 ppm. In the

Fig. 5. Change in the concentration of СО2 and heptane vapors
(C) at the outlet of the chamber with the photocatalytic air
cleaner at different concentrations of heptane vapors (Chep) in
the IRM. Components of the FRM: 1, heptane; and 2, СО2.
Solid lines are the approximating curves by the simulation re�
sults, and dotted lines are the asymptotic straight lines to which
the experimental data approach with an increase in the acetone
concentration in the IRM.
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case of full ethanol oxidation, the theoretical concentra�
tion of CO2 almost coincided with the measured value,
which indicates the complete conversion of ethanol to
СО2 and H2O without accumulation of intermediate
products.

With the further increase in the ethanol concentration
at the inlet of the reactor, ethanol, acetic acid, acetalde�
hyde, and ethyl acetate were observed at the outlet of the
reactor, and the CO2 concentration decreased. This im�
plies the competitive adsorption of ethanol and products
of its oxidation. The latter are displaced from the surface
without further oxidation and, thus, the rate of ethanol
conversion to the deep oxidation products (СО2) de�
creases.

Simulation of the kinetics of ethanol oxidation in an
ideal stirred reactor. To reveal all regularities of the reac�
tion, we studied the two�step model of photooxidation of
the ethanol vapors with competitive adsorption of the
intermediate products and reactants in an ideal stirred
reactor (Scheme 2).

Scheme 2

A + Z 
 

  AZ

AZ 
 

  BZ

BZ 
 

  B + Z

BZ 
 

  P + Z

A is the oxidized substrate; B and P are the intermediate and final
oxidation products, respectively;
KA and KB are the adsorption constants of substances A and B,
respectively, on the photocatalyst surface (L mol–1);
k1 and k2 are the heterogeneous rate constants of the second and
fourth steps, respectively (s–1).

The model is based on an assumption that adsorption
sites on the photocatalyst surface are simultaneously the
reaction centers.

The proposed scheme does not describe the mecha�
nism of ethanol photooxidation in detail, because it does
not reflect all intermediates observed. Since the acetalde�
hyde concentration exceeds considerably the concentra�
tions of two other intermediates, this kinetic scheme quali�
tatively corresponds to the main regularities of the etha�
nol photooxidation.

Let the reaction to occur in an ideal stirred reactor
with the volume V (L) at the flow rate of the mix�
ture u (L s–1) involving N0 moles of active sites of the
catalyst and the concentration of substance A at the inlet
is CA

0 (mol L–1). Let us accept that the initial reaction
mixture is strongly dilute (in our case, with air) and, hence,
the flow rates of the mixture at the outlet and inlet of the
reactor are equal to u.

At any moment, the concentrations of all participants
of the reaction obey the following system of equations:

, (3)

, (4)

θA = (KACA)/(1 + KACA + KBCB), (5)

θB = (KBCB)/(1 + KACA + KBCB), (6)

where θA and θB are the fractions of sites on the photo�
catalyst surface occupied by molecules A and B, respec�
tively.

Fig. 6. Concentrations of СО2 (1), AcОН (2), AcОEt (3),
EtОН (4), and MeСНО (5) at the outlet of the ideal stirred
photocatalytic reactor (C) vs. concentration of ethanol in
the IRM.
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The left parts of Eqs (3) and (4) correspond to the
overall change in the amount of oxidized substrate A and
intermediate B in the reactor caused by chemical trans�
formations on the surface and introduction and removal
of the substance from the reactor by the flow. Equations (5)
and (6) describe competitive adsorption of the starting
substrate A and intermediate B. When the reaction pro�
ceeds under the steady�state conditions, the left parts of
Eqs (3) and (4) are equal to zero. Substituting Eqs (5)
and (6) into Eqs (3) and (4), we have the following system
of nonlinear equations:

, (7)

. (8)

Let us introduce designations k1´ = N0k1/u and
k2´ = N0k2/u and rewrite the equations in the final form

, (9)

. (10)

In essence, Eqs (9) and (10) are the material balance
of the system with respect to the starting substrate A and
intermediate B.

It seems difficult to solve the system of Eqs (9) and (10)
in the general form. Therefore, we restrict our consider�
ation by a particular case when B is adsorbed more weakly
than A (KACA >> KBCB). In this case, the term KBCB in
the denominators of Eqs (9) and (10) can be neglected.
Then two ultimate cases follow from Eq. (9)

CA  0 and CA  CA
0 – k1´. In practice,

this means that at low concentrations CA
0 substance A is

completely transformed into B and P. At very high con�
centrations when the whole surface is occupied by mol�
ecules A, the rate of decomposition of substance A be�
comes constant.

The general expression is obtained by the solution of
the quadratic equation (9) with respect to the concentra�
tion CA

. (11)

Fig. 7. a. Concentration of component A at the outlet of the
reactor at different initial concentrations CA

0 calculated by
Eq. (11). Three different curves were plotted at the same con�
version rate constant k1´ = 2000 (ppm)–1 but different adsorp�
tion constants (KA) of the oxidized substrate. The region marked
by rectangle in the main plot is shown in more detail in insert:
KA = 0.001 (1), 0.01 (2), and 0.1 (ppm)–1 (3). b. Concentrations
of intermediate B and product P (C) at the outlet of the reactor
at different initial concentrations of the substrate CA

0 calculated
by Eq. (12). When plotting the curves, we used the constant
values k1´ = 2000 (ppm)–1 and КА = 0.1 (ppm)–1 corresponding
to the curve in Fig. 7, a; k2´•KB = 100 (P1—B1), 10 (P2—B2),
and 1 (P3—B3).
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The concentration of substance B can be expressed
through the concentration of substance A as follows:

. (12)
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It can be seen that the product k2´KB completely de�
termines a change in the concentration of substance B at
the outlet of the reactor. When this value is small, for
example, due to a low rate of transformation of B into P,
substance B leaves the reactor virtually without further
transformation, and its concentration is close to the lim�
iting value CB = CA

0 – CA = k1´. In the case when the
value of the product k2´KB is high, substance B can be
transformed into P almost completely at the initial step.
Then the concentration of B at the outlet is close to zero.
This model also predicts that the concentration of the
final product P passes through a maximum and the con�
version tends to zero in the limit, at a high concentration
of the starting substance.

All described regularities, which were obtained by
Eqs (11) and (12), are plotted in Fig. 7.

The experimentally measured dependence of the СО2
concentration in the FRM on the ethanol concentration
in the IRM (see Fig. 6, a) shows that the conversion of
alcohol to the final product СО2 decreases indeed with an
increase in the concentration of the starting substrate in
the IRM.

The results of the nonlinear approximation of the ex�
perimental data by the theoretical curves calculated from
Eqs. (11) and (12) for ethanol and acetaldehyde are shown
in Fig. 8.

Under an assumption that the whole photocatalyst
surface is irradiated in the reactor, the adsorption con�
stants of the reactant (A) and intermediate product (B)
are 0.5 and 0.32 (ppm)–1, respectively, and the rate con�

stant of photocatalytic oxidation k1 and k2 are 5•10–6 and
1.7•10–7 s–1, respectively.

The proposed kinetic scheme qualitatively describes
the experimentally observed change in the concentration
of the ethanol vapors. In addition, the obtained adsorp�
tion rate constants for ethanol agree well with pub�
lished data.12

*               *               *

Thus, the following conclusions can be drawn.
1. Reactions of photocatalytic oxidation of acetone

and heptane vapors in a flow�type photocatalytic ideal
stirred reactor proceed completely to form CO2 and H2O
without formation and desorption of intermediate oxida�
tion products to the gas phase. The quantum efficiencies
of acetone and heptane oxidation in the reactor are ap�
proximately 34 and 67%, respectively.

2. The two�step kinetic model of photocatalytic oxi�
dation of acetone and heptane, including the step of re�
versible substrate adsorption and irreversible photocata�
lytic oxidation to the final products, well describes the
experimental data. The values of adsorption constants
obtained by the nonlinear approximation of the experi�
mental data are close to published values.

3. Intermediate oxidation products, viz., acetaldehyde,
acetic acid, and ethyl acetate, were found to evolve to
the gas phase during the photocatalytic oxidation of the
ethanol vapors. For a small ethanol concentration
(<1000 ppm) at the inlet of the reactor, no evolution of
intermediates is observed.

4. The four�step kinetic scheme for the photocatalytic
oxidation of the ethanol vapors, including the steps of
formation of the intermediate and final reaction products
and the reversible competitive adsorption of the substrate
and intermediate, was proposed. The results obtained us�
ing this model agree qualitatively with the experimen�
tal data.

5. It is shown that at high concentrations of ethanol
(>1000 ppm) the products of incomplete oxidation are
displaced from the TiO2 surface due to competitive ad�
sorption.
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