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ABSTRACT

In part I to this article [1], the application of the heterogeneous photocatalytic oxidation (PCO) theory for
the indoor air quality improvement was presented. With a modified TiO, that can be activated by visible
light as the photocatalyst coated on a special wall paper, and one typical indoor air pollutant nitric oxide
(NO) as model pollutant, the PCO experiments were performed in indoor air conditions and results show
its effectiveness as an indoor air purifying technology.

As the second part of the above mentioned study, this article addresses the kinetics of the photocatalytic
oxidation of NO. A kinetic reaction rate model is proposed to describe the PCO of NO under indoor air
conditions. The influence of the indoor air conditions such as pollutant concentration, volumetric flow rate
of the pollutant, relative humidity, irradiance, dosage of the photocatalyst, and reactor size is considered
in this model. As an undesired intermediate product in the process of the PCO of NO nitrogen dioxide
(NOy) is incorporated as well from its influence on the PCO process. The good agreement between the
predictions from this model and the experimental results indicates the validity of the proposed kinetic

model.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heterogeneous photocatalytic oxidation (PCO) has proven to
be a successful technology for water or air purification in outdoor
conditions and to date the photocatalytic oxidation has been inves-
tigated intensively [2]. Also to indoor air quality (IAQ) more and
more attention is paid due to the very important role indoor envi-
ronment plays on human health. Nitrogen oxides (NO and NO, ) and
volatile organic compounds (VOCs), as typical inorganic and organic
indoor air pollutants, can be emitted from many sources such as
cooking, combustion, tobacco smoke, furniture, building materials,
even traffic pollutant from outside of building. These indoor pollu-
tants can cause serious health problems like drowsiness, headache,
sore throat, and mental fatigue [3]. Therefore, it would be promising
ifthe PCO technology can also be applied to remove these pollutants
in order to obtain a better indoor air quality for people’s health.

Starting from this idea, the present authors investigated the pos-
sibility to improve the indoor air quality with the application of the
PCO technology [1]. Visible light was used as the light source for
the PCO reaction in order to simulate the real indoor air conditions.
A modified TiO, was chosen as the photocatalyst since traditional
TiO, could not be activated by visible light. One special wall paper,
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used as a cover paper for one novel type of gypsum plasterboard
(a sub-research task under the EU research project I-SSB [4]), was
chosen as the substrate for the coating of the photocatalyst. NO was
chosen as the target pollutant with a typical indoor concentration
in the first stage of this research since it is a typical inorganic pollu-
tant in both indoor and outdoor conditions. The PCO experiments
were performed under different indoor air conditions and results
show that PCO is suitable for the indoor air quality improvement
[1].

The modeling of the PCO has already been studied by some
researchers so far. Hoffmann et al. [5] reviewed the reaction mech-
anism of the photocatalysis and especially the application of the
Langmuir-Hinshelwood (L-H) model was studied. Obee and Brown
[3]applied the L-H model to study the oxidation rate of some VOCs
like formaldehyde, toluene, and 1,3-butadiene using an indoor air
concentration of sub-ppm level and the effect of the humidity and
pollutants concentration was considered in their model. They found
that the effect of humidity on the oxidation rate is dependent criti-
cally on the concentration of the pollutant and the L-H model was
successfully used to correlate the oxidation rate data. Dalton et al.
[6] investigated the PCO of NOy using TiO, as photocatalyst with a
surface spectroscopic approach and the reaction mechanism. Deva-
hasdin et al. [7] studied the reaction kinetics of NO photocatalytic
oxidation and the effect of the space time and inlet pollutant con-
centration. Wang et al. [8] reported the reaction mechanism of PCO
of NOy with an inlet concentration of 20-168 ppm using TiO, sup-
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ported ona woven glass fabric, and they found that NO is oxidized to
NO, both by the generated hydroxyl radicals and electron trapped
oxygen. Kuo et al. [9] studied the PCO of NOy under visible light
using carbon-doped TiO, and they proposed a reaction mechanism
in which NO is oxidized to NO, by the generated hydroxyl radicals
and HO,.

However, most of the studies on the photocatalytic reaction of
NO are only focused on the way NO is oxidized to non-toxic prod-
uct nitrates (NO3~) under outdoor air conditions. The modeling of
the PCO of NO under indoor air conditions has not been reported
before. As the influential parameters, the effect of the experimen-
tal conditions on the photocatalytic oxidation is rarely considered
into the pollutant reaction rate [10]. Most researchers believe that
NO is oxidized to NO3~ via the intermediate product NO,, however,
the influence of this undesired intermediate product NO, is seldom
investigated [11].

The present article addresses the PCO of NO under indoor air
conditions and a kinetic model is proposed to describe this process.
The reaction rate of the NO oxidation is derived from the PCO reac-
tion mechanism of NOy and the kinetic parameters are optimized
using the experimental results presented in part I to this article [1].
In this model, the influence of the experimental conditions such
as NO inlet concentration, volumetric flow rate of the NO, rela-
tive humidity, irradiance, dosage of the photocatalyst, and size of
the reactor is incorporated, together as well as including the effect
of the intermediate product NO,. The proposed model is validated
against the experimental data and the good agreement between the
predicted values and the experimental results indicates its validity.

2. Experimental

The PCO test set-up used in this study for the indoor air quality
assessment was developed using ISO standard 22197-1:2007 [12]
as a reference, which focuses on advanced ceramics and advanced
technical ceramics. The schematic diagram of the PCO set-up is
shown in Fig. 1, which is composed of the reactor, visible light
source, gas supply, and analyzer. The reactor is made of non-
adsorbing plastic materials with a size of 100 mm x 200 mm (W x L)
allowing a planar sample to be embedded [13]. The applied light
source consists of three cool day light lamps of each 25 W (Philips,
The Netherlands), emitting a visible radiation in the range of
400-700 nm. The irradiance was measured using a VIS-BG radiome-
ter (Dr. Grobel UV-Elektronik GmbH, Germany). The used gas

Table 1
Experimental conditions.

Parameter Standard conditions Varying conditions
Reactor height, H (mm) 3 2-9
Initial NO concentration, 0.5 0.1-1.0
Cno,in (PPM)
Volumetric flow rate, Q 3 1-5
(dm3® min1)
Relative humidity, RH (%) 50 10-70
Irradiance, E (W m~2) 10 1-13
Photocatalyst content, 0.5 0.02-0.5
Drio, (gg7")

consists of 50 ppm NO stabilized in nitrogen (N, ), which then is
diluted by a synthetic air to the desired concentration. The concen-
tration of the pollutant (NO) and the intermediate product (NO,)
was analyzed using a chemiluminescent NOy analyzer (HORIBA
370, Japan). A more detailed description of the experimental set-up
is presented in [1].

The photocatalytic oxidation experiments were carried out
using a standard procedure as introduced in [1]. The preparation
of the PCO set-up according to the desired experimental condi-
tions includes the warm-up of the NOy analyzer, the preparation
of the reactor, the flow of the gas to the system, and the parame-
ters adjustment like irradiance, relative humidity, etc. The PCO test
can be started once the experimental conditions are stable. The NO
concentration decreases immediately when it flows through the
reactor due to the feeding of the gas into the reactor and the adsorp-
tion of NO onto the surface of the sample, and thenitincreases again
to the initial value within a short period of time which can be influ-
enced by the factors like NO initial concentration, flow rate, and the
surface structure of the tested sample. After this the photocatalytic
oxidation reaction is started by allowing the visible light to irradi-
ate the sample. The PCO reaction lasts 30 min in the present study
and is ended by covering the reactor with an opaque material to
cut off the irradiance.

Using ISO 22197-1:2007 [12] as a reference, a standard exper-
imental condition was deployed in this study. An initial NO
concentration was chosen as 500 ppb and the volumetric flow rate
of NO as 3.0L/min; the visible irradiance was chosen as 10 W/m?
and arelative humidity of 50%. All the experiments were carried out
at room temperature. The experimental conditions were varied to
investigate their influence on the photocatalytic oxidation rate and
the detailed information is shown in Table 1.

Fig. 1. Schematic diagram of photocatalytic degradation set-up. (1) NO gas supply, (2) synthetic air, (3) flow rate meter, (4) humidifier, (5) humidity controller, (6) NO
concentration controller, (7) temperature and relative humidity sensor, (8) valve, (9) valve, (10) light source, (11) reaction chamber, (12) reactor, (13) NOy analyzer, (14)

computer and (15) vent.
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3. Kinetic model
3.1. PCO mechanism of NOy

As introduced in the previous section, once the experimental
conditions become stable the pollutant (here NO) can be allowed
to flow through the reactor. When the gas reactants are in contact
with the photocatalyst, they are adsorbed onto the active sites over
its surface. The process can be described by Eqgs. (1)-(3), here TiO,
represents the carbon modified TiO, used in the present study:

K;
TiO, + Hp0 2°Ti0,_H,0 (1)
. Ko, .
TiO, + 0, =2 Ti0,_0, (2)
K;
TiO, + NO 2 Ti0,_NO (3)

The PCO process occurs at the surface of the photocatalyst by the
reaction of NO with the hydroxyl radicals generated when the test
sample is irradiated by the visible light. This process includes two
steps of firstly the generation of electron/hole pairs and then the
oxidation of NO.

Egs. (4)-(6) describe the photon generation of electron/hole
pairs and the trapping of the generated hole/electron pairs, respec-
tively:

TiOy + hv-">e~ 4 h* (4)
K

h* + TiOy_H,0-", OH* 4+ H* (5)
k.—

e” +Ti0,.0, L>O£ (6)

Egs. (7)-(9) show the oxidation of NO by the hydroxyl radicals
generated during the hole trapping to the final product NO3~:

. k, .
TiO5_NO + OH* 8 Ti0,_HNO, (7)
TiO,_HNO, + OH**™%2Ti0, NO, + H,0 (8)
TiO, NO, + OH*"%NO; + H* 9)

As shown in Egs. (7)-(9), the PCO of NO yields one final product,
HNOs, but two intermediate products are generated during the
reaction. Devahasdin et al. [7] reported the reaction described in
Eq. (7) occurs quickly at initial stage and the reaction described
in Eq. (8) dominates the intermediate steps from NO to NO3~.
Due to the desorption and mass transport of NO, from the sur-
face of the sample to air (Eq. (10)), not all the produced NO, is
consumed as reactant (Eq. (9)), which is confirmed in the previous
study [1]:

. K&z .
TiO + NO, ="Ti0,_NO, (]0)

During the PCO reaction, the generated electron/hole pairs can also
be recombined again shown as Eq. (11). Evidently the recombina-
tion/deactivation of the electron/hole pairs decreases the activity
of the applied photocatalyst:

K,
et + h~ %2 heat (11)

3.2. Adsorption model

For the occurrence of PCO reaction, the first important step is
the adsorption of the reactants onto the surface of the test sam-
ple (photocatalyst). The adsorption/desorption process reaches an
equilibrium when the adsorption and desorption rate of a par-
ticular gas on the superficial active sites of photocatalyst [14]
are equal:

Iy — - = k1 Crio, freeCcas — k—Crio,_cas = 0 (12)

Thus,

Crio, _cas = KcasCrio, _freeCaas (13)

where GAS denotes NO, NO,, or H,0, and Kgas =k+/k_.

The total superficial concentration of active sites is composed of
the concentration of the free sites and the occupied sites due to the
adsorption of NO, NO, and H,O:

Crio, = Crio,_free + CTio,_No + Crio, N0, + Crio, _H,0 (14)

HereEq.(14)is deduced based on the consideration that the adsorp-
tion of NO, NO,, and H, O does not compete with oxygen adsorption
[15]. The reason lies in that O, is adsorbed in the conduction band
of the photocatalyst, while other gases (here NO, NO; and H,0) are
trapped in the valence band of the photocatalyst [16].

Substituting the adsorbed gas concentration given by Eq. (13) in
the case of NO, NO,, and H, O respectively into Eq. (14) gives:

Crio, = Crio,_free + KN0Cri0, _free CNO
+Kno, Crio, _freeCNo, + KH,0Cri0, _free CH,0 (15)
Thus, Crig, _free is obtained by rewriting Eq. (15), reads:

Crio,
1+ KnoCno + Kno, Cno, + Knyo0Chyo

CTi02 _free = ( 16)

Substituting the obtained expression for Crio, free (Eq.(16)) back
into Eq. (13), the adsorption equilibrium concentration of all the
gases are obtained respectively as follows:

o B KnoCrio, Cno (17)
TiO,_NO = 1 + KnoCno + KN02 CNO2 + KHZOCHzo
o B Kno, Crio, Cno, (18)
T102-N02 = T KnoCno + Kno, Cno, + KiyoCryo
Ku,0Crio, CH,0
Cioy 1,0 = ,0~TiO, -H, (19)

1+ KnoCno + Kno, Cno, + Kny0Chyo

The fundamental adsorption models derived here have the same
format as the Langmuir adsorption isotherm, which has already
been investigated to describe the adsorption of NO onto the surface
of the photocatalyst for the PCO reaction [17]. In addition a reaction
rate model, Langmuir-Hinshelwood model developed based on the
Langmuir adsorption isotherm, has also been applied successfully
to describe the reaction rate of PCO of NO [10,18].

As discussed above, O, here is trapped in the conduction band of
the photocatalyst, therefore, the adsorption model of O, can be also
obtained following the same procedure to deduce the adsorption
model of the reactants that are adsorbed in the valence band of the
photocatalyst:

Ko, Crio, Co,

N A (20)
1+ KOZ CTiO’Z COZ

Crio, 0, =

3.3. Reaction rate model

According to the mass action law and the fundamental reac-
tion given in Eq. (7), the superficial reaction rate of NO is shown as
follows:

™o = —knoCrio,_NoCone (21)

Since NO, is generated from HNO, and then is oxidized to NO3~
as shown in Eqgs. (8) and (9) respectively, the reaction rate of NO,
reads:

™No, = kuno, Crio,_HNo, Cone — ko, Crio, No, Cone (22)
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Assuming a microscopic local equilibrium for unstable intermedi-
ates, the superficial reaction rate for hydroxyl radicals reads:

Tons = kn+Crio,_n,0Ch+ — knoCrio,_NoCone — kuno, Crio, _HNO, Con®
— kno, Crio, N0, Cons =0 (23)

Therefore, Coye is obtained by rewriting Eq. (23), yielding:

kn+ Crio, _H,0Cn+

(24)
knoCrio, _No + knno, Crio, -HNo, + kNo, Crio, No,

Cone =

With the hypothesis that, as an intermediate, HNO, is produced and
very rapidly consumed, Crjo, Hno, is therefore obtained as follows:

THNo, = kNoCrio, NoCone — kHNo, Crio, _HNO, Cons = 0 (25)

knoCrio,_No

26
kuno, (26)

Crio,_HNO, =

The reaction rates of the generated electron/hole pairs are
expressed as follows:

Te- = Tact — k% Ce- — kgeaCe-Cp+ =0 (27)
T+ = Tact — kn+ Crio,_1,0Ch+ — KgeaCe-Cp+ = 0 (28)
Where ki = ke-Crig, o, = ke~((Ko, Crio, Co,)/(1 + Ko, Crig, Co,))

assuming that CTiO’Z,Oz is constant since O, in the air is in huge

excess compared to the concentration of the pollutant.

The reaction rate of the photocatalyst activation (¢t ) along the
thickness (t) of the photocatalyst layer and under all wavelengths
in the range of the lamps emission that the photocatalyst absorbs
can be expressed as a function of the local superficial rate of photon
absorption eg.A and the primary quantum yield ¢; [19,20], reads:

y=t y=t
Tact :/ /¢/\€§,x(}’)dkd}’:/ /¢,\5gPDTiozK,\E,\(J/)d)»dy
y=0 JAi y=0 JA
(29)

Assuming an absorbent medium, the radiation extinction along the
thickness of the photocatalyst layer can be expressed according to
Beer-Lambert law as follows:

E,(y) =Epe™*» (30)

Therefore, integrating along the thickness of the photocatalyst and
assuming that every property is constant in the uniform thickness,
Eq. (29) is rewritten as:

y=t
Tact = / / ©1.5g PDrio, K61 Ex e~ di dy
y=0 JAx

= E/d),\SngTiOZU —e d) = aE (31)
A
where
o= / $3.S¢PDrio, (1 — e :t)dA (32)
A

Therefore, C,+ and Ce- are obtained from Eqgs. (27), (28) and (31):
oE

Co- =777 (33)
€ ke* + KdeaCn+
C [+73)
L=
" kp+Crio, 1,0 + KdeaCe-
[+73) (34)

™ i+ Crio, 11,0 + Kaeal(@E)/(K5_ + KgeaCr+ )

Cp+ canbe solved from Eq. (34) and the positive sign of the quadratic
solution is chosen since Cp+ is 0 if E is 0, yielding:

ki (3/((1+ (4kqeaE)/(k:_Kn+ Crio, 11,0)) — 1)
Cpe = (35)
deea

Substituting the obtained Cp,+ from Eq. (35) and Eq. (26) into Eq.
(24), Cop- is obtained:

ki kn+Crio, 1,0 (/T + (4kaea@E)/(k:_Kp+ Crio, 1,0)) — 1)
4kdeakno Crio,_No + 2kdeakno, Crio, -No,

COH' =
(36)

Substituting the obtained Cpy. into Eqs. (21) and (22), the reaction
rate model for NO and NO, now is derived as:

. —knoCrio, N0 YCTi0, H,0 14 4aE 1
NO = —_— -
4knoCrio, No + 2kno, Crio, No, ¥Crio,_H,0

(37)
and
o, = (knoCrio, _No — kno, Crio, No, )YCrio, 1,0 14 4oE
: 4kno Crio, No + 2kno, Crio, -No, ¥Crio, H,0
(38)
respectively, where
kh* X k:, (39)
B kdea

3.4. Mass balance

The following aspects are usually considered in reactor design
[21]: raw materials, operating conditions, geometry of the reactor,
radiation source, etc. Different types of reactors can be used for
photocatalytic reactions [22,23], among them three types of reac-
tors are usually considered as ideal reactors [24], which are batch
reactor, plug flow reactor, and continuously mixed reactor.

In a plug flow reactor, the fluid flows along the reactor orderly
with no element overtaking or mixing with any other element
ahead or behind. All reactants in the plug flow reactor have the
same residence time [25]. The reactor used in the present study
can be assumed as a plug flow reactor according to the description
above and the analyses from [11,26]. For this kind of reactor config-
uration, NO and NO, are consumed or generated along the reactor
as follows:

dG
Uair% = Gy'No (40)
Vairidx 2 = ay'NO, (41)

With the following boundary conditions:
Cno(x = 0) = Cno,in (42)
Cno, (X = 0) = Cno,in (43)

Here a,, the active surface area per unit of reactor volume related
with the dosage of the photocatalyst, is applied in the mass balances
given by Eqgs. (40) and (41) since the PCO reaction only occurs on
the surface of the sample (photocatalyst) and reads:

Drio,

= 44
Vreactor H ( )

Drjio,Areactor
ay =

The concentration of NO and NO, along the reactor is solved
numerically applying the Euler method after substituting Eqs. (37)
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and (38) into Eqs. (40) and (41) respectively, yielding:
Cno.iv1 — Cnosi

Xip1 — Xi

_ —@YknoCrio, No,iCrio, 1,0 1y AeE
(4knoCrio, No,i + 2kno, Crio, N0, i) ¥Crio, _H,0

Vair

(45)
- CNoy.it1 — CNo,y.i
air X1 — X
_ ayyY(knoCrio, No,i — kNo, Crio, No,,1)CTio, H,0
(4knoCrio, No,i + 2kno, Crio, N0, i)
4uE
X 1+ ——— -1 (46)
( ¥Crio,_H,0 )

wherei=1,2,...,n, and xj4; —Xx;=L/(n—1).
Therefore, the concentration of NO and NO, along the reactor is
obtained as follows:

Cnosiv

(X1 —%)  —¥knoCrio, No,iCTio, _H,0
vair  (4knoCrio, No,i + 2kNo, Crio, NO,,i)

14 4uE
% _ ser
¥CTio,_H,0

— 1) +CNO,i (47)

Xi+1 — X; WY (knoCrio, No,i — kno, Crio, -No,,i)CTio, -H,0

G i1 =
NO2. 141 Vair (4knoCrio, No,i + 2kno, Crio, N0, i)
4oE
w (14— 1) +Cro (48)
( YCrio, _H,0 ) NO2.!

4. Results and discussion
4.1. Results

The concentration of NO and NO, in Eqs. (47) and (48) is
described using the superficial adsorbed concentration of reactants
(NO, NO,, and H;0), and they can be expressed as the volumetric
concentration in air by substituting Eqs. (17)-(19) to Eqgs. (47) and
(48), respectively. Therefore, a full model of the concentration of
NO and NO, along the reactor during the PCO reaction is obtained:

Table 2

Parameters optimized from the full model.
Parameter Value
kno (dm? mol~! min—') 3.21x107°
kno, (dm? mol~! min~T) 1.19x 1077
Kno (dm3 mol-1) 2.09 x 104
Kno, (dm? mol-1) 538 x 103
K0 (dm® mol~1) 2.39x 10°
o (molW-1min") 432 %1072
B (moldm~2 min~') 6.20 x 10-8

Table 3

Parameters optimized from the simplified model.
Parameter Value
ki, (dm> mol-2 min~1) 450 x 107>
kfwoz (dm® mol~2 min~") 5.02 x 104
o (molW-1min-1) 3.72 x 102
B (dmmin1) 2.49 x 1077

(17)-(19) can be equaled to unity without causing significant error.
Therefore the complete model (Eqs. (49) and (50)) can be simplified
according to this, yielding:

(Xip1 — X;) —kjoB Cno,iCHy0
Vair  (4kyoCno,i + 2kyo, Cno,.i)

14 4aE
X
B'Cu,0

Cnoyit1 = Qv

—1) +CNO,i (52)

/ / !
Xiv1 — x; B'(kyoCno,i — Ko, Cnoy,i)CH,0

CNO;,H—] =0ay

Vair (4kyoCno,i + 2kyo, Cno,.i)
x (1/1+ ((42E)/(B'Cup0)) — 1) + Cno,.i (53)
where
kno = knoKno, ko, = kno,Kno, and B = BKi,0 (54)

The parameters in Eqs. (52) and (53) then are again obtained using
optimization employing the experimental results from the previ-
ous study [1]. The results are listed in Table 3.

Fig. 2 shows the outlet concentration of NO and NO, predicted
by the simplified model versus the concentration of NO and NO,
obtained from the experiments [1]. It shows clearly a good agree-
ment between the model predictions and experimental results,

Xii1 —Xi *akaOIBKNOKHZOCNO,iCHZO(\/(1 + (4aE(1 + KnoCno,i + Kno, Cno,,i + Ki,0CH,0))/ (BKH,0CH,0)) — 1)

Cno s = +Cnoi (49)
N T (4knoKnoCno.i + 2kno, Kno, Cno,.i)(T + KnoCno.i + Kno, Cno, i + KiyoCyo) NO
Con = X1 =X ayB(knoKnoCno,i — kNo, Kno, Cno, i) KH,0CH,0
NO2.i#1 vair  (4knoKnoCio,i + 2kno, KNo, Cno,,i)(1 + KnoCno,i + Ko, Cno,.,i + KHy0CH,0)
4aE(1 + KnoCno i + Ko, G i + Kn,0G
. 14 ( NoCno,i + KNo, Cno,,i + KH,0CH,0) “1) + oy (50)
BKu,0Ch,0
where
ki x k- which indicates evidently the validity of the proposed kinetic
ﬂ = Tr X CTiOZ (5]) model.
ea

The kinetic parameters in Eqs. (49) and (50) then are obtained by
optimizing these two equations employing the “Solver” tool from
Microsoft Excel and the experimental data [1]. The results are listed
in Table 2.

Since in the present study, the concentration of NO, NO,, and
H,O0 is in the order of 10~8, 10~9, and 104, respectively, then for
the optimized value of Kno, Kno,, and Ky, o the denominator of Eqs.

From Egs. (40) and (41), a relation between the outlet concen-
tration of NO and NO, is obtained, reading:

dCno _ —knoKnoCno _ —kioCvo (55)
dCno,  knoKnoCno — kno, Kno, (o, KiyoCio — Kiyo, o,

with the following boundary condition:

Cno,(Cno = Cno,in) =0 (56)
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Fig. 2. Predictions of the NO and NO, outlet concentration from the models versus
the experimental results.

Eq. (55) is solved analytically employing the boundary condition
(Eq. (56)), yielding:
ko, ko
) (57)

Eq. (57) can be simplified since Cyo <Cno,in and kf\loz/kf\lo =11.2
by taking the values of ky, and k;\,oz from Table 3, hence a linear
relation between the outlet concentration of NO and NO, is derived,
reading:

Con — GO Cno,in ( Cno
NO, = - 1

ko, ko =1 ko, /kno =1 \ Chosin

Cno = 10.2Co, (58)

The outlet concentration of NO and NO; obtained from experiments
[1] are plotted shown as Fig. 3. It is shown from Fig. 3 that the
average value of the proportion of the concentration of NO and
NO, is 11.7, which is in line with the derived results here. This also
confirms the validity of the proposed model.

4.2. Discussion

As presented in part I to this article [1] and also in [27,28],
experimental conditions influence significantly the photocatalytic
degradation performance. Therefore, in order to develop a repre-
sentative model, the incorporation of the experimental conditions
is of vital importance. From the developed model (Egs. (52) and
(53)) one can see that all the experimental conditions such as ini-

Fig. 3. The relation between outlet concentration of NO and NO,.

Fig. 4. Model predictions versus the experimental results (effect of the initial NO
concentration).

Fig. 5. Model predictions versus the experimental results (effect of the flow rate).

tial pollutant (NO) concentration, volumetric flow rate, relative
humidity, irradiance, reactor size, and dosage of the photocata-
lyst are represented. Figs. 4-9 show the predicted results from
the proposed model versus the experimental results under differ-
ent experimental conditions. It should be mentioned that all other

Fig.6. Model predictions versus the experimental results (effect of the reactor size).
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Fig. 7. Model predictions versus the experimental results (effect of the irradiance).

Fig. 8. Model predictions versus the experimental results (effect of the relative
humidity).

experimental conditions remain standard as presented in Section
2 when one parameter is changed. It is evident from Figs. 4-9 that
the proposed model provides correct predictions even under dif-
ferent experimental conditions. This shows clearly that this new
developed model can be applied validly in conditions described in
the present study.

Fig. 9. Model predictions versus the experimental results (effect of the photocata-
lyst dosage).

As described in Section 3.1, NO, is generated during the PCO of
NO and it could not be oxidized completely in this process [1], and
actually NO, is even more toxic than NO. Therefore, the proposed
model incorporates NO, from its reaction mechanism, adsorption
isotherm and reaction rate as well. The prediction values versus
the measured experimental results of NO, presented in Figs. 4-9
indicates the validity of the proposed model. The linear relation
between the outlet concentration of NO and NO, derived here is
confirmed by Ballari et al. [11], who investigated the PCO of NO
with the traditional TiO, as photocatalyst applying pavestone as
substrate for the outdoor air purification research and found a linear
relation of 11.0-11.9 between the outlet concentration of NO and
NO,. The comparable results also support the validity of the new
proposed model.

Nevertheless, regarding the validity of the proposed models,
they hold only for the present experimental conditions, i.e. a strict
lab scale test conditions, as shown in Table 1. To investigate the
behavior of the PCO under real indoor air conditions, a reactor with
a size of 200L is developed, which will also be applied to validate
the new proposed kinetic model in the near future. Later on also a
real scale demonstration room will be built to investigate the PCO
behavior under indoor air conditions, and the present proposed
model will be applied to this set-up as well.

5. Conclusion

This article addresses the kinetics of the heterogeneous photo-
catalytic oxidation (PCO) for the indoor air purification employing
nitric oxide as target pollutant. A kinetic model is proposed
to describe the photocatalytic degradation of NO under indoor
experimental conditions. This new proposed model incorporates
the influences of experimental conditions such as initial pollutant
concentration, volumetric flow rate of the pollutant, relative
humidity, irradiance, dosage of the photocatalyst, and reactor size
since they affect significantly the PCO behavior. As an undesired
intermediate product, NO, influences the degradation rate of NO
by affecting the adsorption and oxidation process, which is also
considered into this new model. Applying the experimental results
from the first part to this study [1], the parameters presented in the
proposed model are optimized. The good agreement between the
predictions from the model and experimental results indicates the
validity of the model. Therefore, the new proposed model can be
applied to describe the behavior of the photocatalytic degradation
of NO under indoor air conditions.

Nevertheless, as discussed above, this model is proposed based
on a certain conditions described in this article, hence, to extend
it to be used effectively into other conditions, further investiga-
tion is still very necessary. Furthermore, this model is proposed
to describe the behavior of NO degradation under indoor air condi-
tions, however, there are also organic pollutants in indoor buildings
such as volatile organic compounds (VOCs) which also are harmful
to the health of human beings. Thus to develop a suitable model
to describe the behavior of the degradation of organic pollutants
under indoor conditions, especially to interpret the difference of
the PCO behavior of organic and inorganic pollutants degradation
is also of vital importance. The present results will be used as a basis
for the further research in indoor air quality improvement.

List of symbols

Roman

A area (mm?)

ay the active surface area per unit of reactor volume (dm~1)
C concentration (moldm=3)

Crio, superficial concentration in valance band (mol dm~2)
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CTiO’Z superficial concentration in conduction band (moldm~2)

Drio, dosage of the photocatalyst (gg~1)

E irradiance on the surface of photocatalyst (W m~2)

e” electron

h* electron hole

H height of the reactor (mm)

k reaction rate constant (dm? mol~! min~1)

k* a group of parameters of k and Crjo, (min~—1)

K a group of parameters of k and K (dm® mol~2 min~1)

K adsorption constant (dm?3 mol)

L length of the reactor (mm)

r reaction rate (moldm~—2 min—1)

RH relative humidity

Q volumetric flow rate (dm3 min=1)

Se specific surface area (dm2g-1)

t thickness of the photocatalyst layer (dm)

Vv volume of the reactor (dm?3)

v linear velocity (dm min—1)

w width of the reactor (mm)

Greek

o parameter, irradiance related (mol W-1 min—1)

B a group of parameters of y and sites (mol dm? min~1)

B a group of parameters of 8 and adsorption constant of
water (dmmin—1)

K radiation absorption coefficient of the photocatalyst
(cm~1)

) primary quantum yield (mol W~ min—1)

A wavelength of the applied light source (nm)

P density of the photocatalyst (gdm—3)

y a group of parameters of ky+, k%_, and kge, (min—1)

Subscripts

act activation

ads adsorption

air air

dea deactivation

e~ electron

exp experimental

GAS gas

h* electron hole

H,0 water

HNO, HNO,

in inlet concentration

A wavelength of the applied light source (nm)

model model

NO nitric oxide

NO, nitrogen dioxide

OH* hydroxyl radicals

reactor reactor

out outlet concentration
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