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a b s t r a c t

Photocatalytic treatment of polluted air by odorous contaminants – ammonia and butyric acid – is
investigated in a plug-flow reactor covered by non-woven fiber textile coated with TiO2. For the first
time, the single-component degradation pathway of ammonia by photocatalysis at ambient condition
is highlighted. It appears fundamentally different compared to the butyric acid degradation pathway.
The ammonia degradation pathway highlights a possible auto-accelerated behavior of the reaction. The
chemical degradation kinetics follows the Langmuir–Hinshelwood model, though observed oxidation
eywords:
hotocatalysis
inetic modeling
mmonia
utyric acid
ass transfer

rates depend upon flow conditions in the reactor. Thus, interpretation of degradation results through a
model considering the Langmuir–Hinshelwood approach and mass transfer phenomenon is presented.
This model succeeds with a pair of determined kinetic constants and mass transfer coefficients to describe
experimental results for different flow rates and for both pollutants, though they present wide dissimi-
larities in their degradation pathways.
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. Introduction

Air pollution has become major public concern for few decades.
ndustrials from all sectors have seen their gas rejections con-
rolled and limited for environmental considerations [1]. Each
nternational protocol since 1979 has fixed new regulation and has
radually reduced rejection limit of major pollutants. The need
f efficient, easy-to-apply and sure process is exponential. Exist-

ng processes for air treatment such as incineration, absorption,
dsorption, condensation and biofiltration have their own applica-
ion fields and limits [2]. The demand for a compact simple system
hat could carry out complete destruction at moderate conditions

Abbreviations: r, average degradation rate (mmol m−2 s−1); in/out, exponent
enomination for inlet and outlet; Q, volumetric flow rate (m3 s−1); S, catalytic
edium surface (m2); k, degradation rate constant (mmol m−3 s−1); K, equilibrium

dsorption constant (m3 mmol−1); Re, Reynolds number; Sh, Sherwood number;
c, Schmidt number; r′ , rate of reaction per unit of catalyst (mmol m−3 s−1); dL,
haracteristic dimension of the deposit (m); km, mass transfer coefficient (m s−1);
eq, equivalent diameter for the annular reactor (m); L, length of the reactor cov-
red by the medium (m); Ltot, length between the inlet and outlet of the reactor
m); D, diffusivity in the air (m2 s−1); av, effective catalyst area per unit volume of
eactor (m2 m−3); C, bulk gas-phase concentration (mmol m−3); C* , medium surface
as-phase concentration (mmol m−3).
∗ Corresponding author. Tel.: +33 2 23238056; fax: +33 2 23238120.

E-mail address: abdelkrim.bouzaza@ensc-rennes.fr (A. Bouzaza).
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f various oxidizing compounds is obvious. As a matter of fact
hotocatalytic treatments arise among promising solutions for air
epollution [3,4].

The photocatalysis, which belongs to advanced oxidation pro-
ess (AOP) family, needs a wide bandgap semiconductor stimulated
y light irradiation combined with the presence of an oxidizer such
s oxygen for air treatment. TiO2 is generally believed to be a poten-
ially efficient catalyst in photocatalytic treatments [5]. Moreover it
resents few essential qualities for industrial interest: abundance,
table performance, durability and low production cost. As a conse-
uence, the majority of photocatalytic research efforts utilize TiO2
s catalyst, despite the necessity to activate it by UV radiation [6,7].

Photocatalysis or photocatalytic oxidation (PCO) could possibly
xidize pollutants into innocuous products such as CO2 and H2O [8].
he photoreactions involved at the surface of the irradiated catalyst
roduce reactive species like HOo which is considered as the pri-
ary oxidant in presence of water. Production rate and stability of

adicals are controlled by relative humidity, UV intensity, product
nd by-product chemical characteristics [7,9,10].

Photocatalytic systems have been regularly studied through
olatile organic compounds (VOC) degradation due to their consid-

rable occurrence in industrial domains and air pollution [11–14].

Three main steps interfere in the apparent degradation rate of
pollutant: (i) the mass transfer (MT) of the pollutant from the

ulk phase to the photocatalysis surface, (ii) the adsorption of the
ollutant on the photocatalytic medium, (iii) the surface reaction.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:abdelkrim.bouzaza@ensc-rennes.fr
dx.doi.org/10.1016/j.jphotochem.2008.08.005
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he desorption and diffusion steps of the product and by-products
re usually negligible.

The pollutant mass transfer is dependant on the catalyst
onfiguration, reactor geometry, pollutant concentration and aero-
ynamic conditions in the reactor [11,15,16]. In most cases,
teady-state kinetic models in the literature ignore the influence
f mass transfer. That could be presumed if turbulences in the sys-
em are high enough to consider the surface reaction as the limiting
tep in the apparent degradation rate [9,17]. Thus, the pollutant
dsorption and the oxidative reaction are usually described by the
angmuir–Hinshelwood theory [3,5,6].

When mass transfer has not been occulted, authors have devel-
ped kinetic models by considering a first-order kinetic though
t can only be applied at low compound concentrations [18,19].
t higher concentrations zero-order kinetics are observed. A
romising approach of a global model taking into account the
ass transfer and the photocatalytic reaction – based on the

angmuir–Hinshelwood theory – has been reported recently [20].
Our study is conducted in an annular plug-flow reactor in thin

lm configuration where butyric acid (a VOC) and ammonia are the
ested pollutants. That technique has barely investigated ammonia
s pollutant in spite of its wide presence as a reactant or product
n various activities [21–23]. For instance, this couple of pollutants
resents a high occurrence in agricultural industries [24–26].

The global purpose is to determine whether the kinetic degra-
ation of both pollutants can be studied in the same reactor and
orrelated by the same general model where mass transfer is not
eglected despite likely dissimilarities in their reaction pathways.
o investigate the effect of pollutant concentration and flow rate on
he apparent degradation rate, other parameters are kept constant:
emperature, relative humidity (RH), oxygen concentration and UV
rradiation.

. Experimental

.1. Apparatus

Fig. 1 represents the used apparatus. A regulated centrifugal
ump generates, from the ambient air, a flow rate controlled by a
ow meter (Bronkhorst IN-FLOW). The stream is partially deviated

hrough a packed column working in countercurrent with water.
esulted RH is 50 ± 3% at 30 ± 3 ◦C. Then, the synthetic air effluent is
repared. Ammonia is supplied from a cylinder containing 3% molar
mmonia in nitrogen, the flow rate of which is controlled by the
ALBORG GFC17 analogue flow meter coupled to an accurate valve.

p
a
p
a
o

Fig. 1. Experime
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or experiments carried out with butyric acid, a syringe/syringe
river system injects the liquid pollutant through a septum into
he gas stream. A heating system covering the injection zone sets
he gas temperature and facilitates the butyric acid vaporization
head of the static mixer.

It should be noted that whether the UV lamp could potentially
eat up the air; the outlet temperature of the gas never exceeds
he above-mentioned value. It has been confirmed by experimental
utlet temperature measurements. This is due to the open contin-
ous reactor where the air-flow evacuates the heat.

The effluent is sent in the annular photoreactor (Fig. 2) between
wo concentric cylinders (Ø58 and 76 mm). The inner surface of
he large cylinder is covered with the photocatalytic medium. That
eactor part develops 0.19 m2 surface over 80 cm in length. Thus
he effective medium surface per unit volume of the reactor is
26 m2 m−3. Two sampling points, sealed off with septum are used
o analyze the inlet and outlet gas composition of the photoreactor.
he outlet flow is partially oriented through a scrubbing system for
mmonia analysis (see Section 3).

The light source used in this study is a 1.5-m long, 80 W UV
amp with a major wavelength peak emission at 360 nm (Philips
LEO performance). The light tube is placed in the inner concen-
ric cylinder. Light intensity measured at the medium surface is
0 ± 2 W m−2 at 365 nm.

.2. Photocatalytic medium

The medium provided by Alhström is a perforated non-woven
extile composed of cellulosic fibers coated with a mix of cata-
yst (TiO2 Millénium PC 500, specific area = 317 m2 g−1), zeolite and
ilica. Their mass per square meter is respectively 16.5, 3.4 and
3.3 g m−2. The support is 250 �m thick. The median diameter of
eposited pellets on the medium is 1.4 �m.

.3. Experimental procedure

Preliminary step is the air stream conditioning: temperature,
ow rate and humidity. Then the pollutant is injected continuously
t specific rate to reach the desired inlet concentration. The reactor
s loaded 120 min with the light off so as to overpass the transient

hase. During that period air constituents (water, pollutant) are
dsorbed on the medium surface. Equilibrium between the solid
hase and the gas phase is achieved when the inlet concentration
nd the outlet concentration become equal. The lamp is then turned
n creating a second transient period that precedes the steady-state

ntal setup.
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Fig. 2. Scheme (a) and sectional d

tage when the pollutant concentration in the outlet remains time
elative constant.

Each pollutant is the root of a three-different flow rate test 2, 4
nd 6 m3 h−1 in a defined pollutant concentration range.

. Analysis

Butyric acid samples are taken using 500 or 1000 �L chro-
atographic syringe and then immediately injected into a gas

hromatograph (Fisons GC 9000 series) equipped with a capil-
ary column (Chrompact FFAP-CB) dedicated to the separation of
olatile fatty acids (VFA). Nitrogen is used as gas carrier to a flame
onization detector. Analysis conditions are as follows (Table 1).

The ammonia trapped in the scrubbing system is quantified
y molecular absorption spectrophotometric method. The Nessler
eagent is employed to obtain colored solutions by reaction 1:

H4
+ + 2[HgI4]2− + 4HO−

Yellow
→ HgO · Hg(NH2)I + 7I− + 3H2O

Brown
(1)

. Results and discussion

Photocatalytic treatments present major interests for air depol-
ution. However, more thorough study of new systems is necessary
o evaluate potential risk of such technology. One part of that
pproach is to understand and, if possible, forecast the degradation
f pollutant to predict the by-product formation.
.1. Degradation path of pollutants

.1.1. Butyric acid—C4H8O2
The photocatalytic oxidation scheme of VFAs consists of the

imultaneous carboxylic function removal and alcoholic function

t
w
i

h

Fig. 3. Degradation scheme of volatil
g (b) of the annular photoreactor.

reation [27–29]. That new function is immediately oxidized in
ketone initiating a new carboxylic function carried on a ‘n − 1’

arbon molecule. A degradation pathway has been proposed from
iterature study and has been checked through experimental inves-
igations [14,30].

That degradation pathway in series leads to a complete miner-
lization of the pollutant as represented in Fig. 3.

In our experimental conditions, the complete mineralization
s not obtained [20,30]. Thus, the presence of intermediates may
nfluence the degradation rate of butyric acid through competitive
dsorption. Prior study has shown that concentrations of inter-
ediates (alcohols and ketones) are low compared to the butyric

cid one and acids are stronger adsorbed on the media than their
ntermediates [30]. Therefore the by-products are partially purged
n the air stream [14]. Hence, influence of subsequent reaction
ntermediates is not considered in the degradation rate of butyric
cid.

.1.2. Ammonia—NH3
VFA behaviour in photocatalytic oxidation is clearer than the

mmonia one. First studies concerning ammonia photocatalytic
xidation mentioned, among by-products, the existence of nitrogen
nd nitrous oxide. The advanced kinetic model laid on a non-
etermined by-product, hypothetically HNO and did not involved
adicals [21]. Few years later, the study of nitric oxide/ammonia
hotocatalytic degradation has pointed out the role of adsorbed
H2NO on the media as a reaction intermediary, thus it has vali-
ated a conclusion emitted by Mozzanega et al. [21]. Furthermore,

he advanced mechanism justifies the formation of nitrogen and
ater during the degradation [31,32]. The mechanism is described

n Fig. 4:
The nitric oxide/ammonia couple photocatalytic degradation

as been additionally studied in oxygen free atmosphere. Isotopic

e fatty acids by photocatalysis.
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where C and C are respectively the inlet and outlet pollutant
concentration, Q is the volumetric flow rate and S the medium
surface.

Both pollutants behave similarly with the variation of chosen
parameters (flow rate and inlet concentration of contaminant),
Fig. 4. Degradation scheme of the couple nitric ox

nvestigations confirm that produced nitrogen comes from the
eaction between nitric oxide and ammonia whereas nitrous oxide
s exclusively formed from nitric oxide [33].

The formation of nitrogen dioxide from nitric oxide by photo-
atalytic oxidation has been widely studied by works on NOx for
rban atmospheric depollution. The reaction pathways are detailed
s follows [34]:

O + HOo → HNO2 (2)

NO2 + HOo → NO2 + H2O (3)

he by-products evoked by Mozzanega et al. are all confirmed
hrough these studies. However, these studies neither investigate
he photocatalytic single-component degradation of ammonia nor
he degradation in ambient temperature and oxygen concentration
onditions.

By-products formation during ammonia photooxidation in
mbient conditions has been experimentally inspected [23,24,35].
amazoe et al. [22] pointed out that the adsorbed ammonia on the
ewis acid sites of TiO2 reacts with the different oxygen radicals to
orm nitric oxide which is oxidized to give nitrogen oxides. They
oncluded as well that nitrogen dioxide is more active than other
urface nitrogen oxides species, and react with adsorbed ammo-
ia to form NH2NOx species decomposed in N2. These aspects have
een observed in the study [30,35] as well: nitrogen gas is the major
roduct of ammonia degradation; nitric oxide is a valuable inter-

ediary for the ammonia degradation; nitrous oxide is produced

rom nitric oxide at low rate.
Combining experimental results and the various hypotheses

rom presented papers, the following degradation pathway is con-
idered for ammonia photocatalysis (Fig. 5).

F
t

monia by photocatalysis by Teramura et al. [31].

To recapitulate, both pollutants exhibit fundamental dissim-
larities in their chemical properties and degradation pathway.
utyric acid belongs to the organic acid group and ammonia is
onsidered as a mineral base. Butyric acid follows linear decarboxy-
ation whereas ammonia presents apparently auto acceleration
n its degradation pathway. Such pollutant investigations may be

orthy if dissimilarities are observed among photodegradation
erformances.

.2. Results interpretation

In Fig. 6, the variation of the oxidation rate of butyric acid and
mmonia are represented as a function of the inlet concentration
or different effluent flow rates. The average oxidation rate r is cal-
ulated by Eq. (4).

= (C in − Cout) × Q

S
(4)

in out
ig. 5. Degradation scheme of ammonia by photocatalysis (the bold arrow defines
he main degradation pathway under atmosphere with oxygen).
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products. The confidence intervals of the parameter are small but
ig. 6. Degradation rate vs. the inlet concentration of butyric acid (a) and ammonia
b) for the investigated flow rates.

hough they present a different reaction way for their mineraliza-
ion.

For a selected flow rate, the degradation rate increases with
he inlet concentration. For diluted effluent, the oxidation rate is
irectly proportional to the inlet concentration. The degradation
ccurs to fit a first-order kinetic. In this specific concentration range,
any photoactive sites remain available for the reaction. At higher

ollutant concentration, the rate tends to a limit explained by the
ncrease of occupied sites. According to the L–H theory, any further
ncrease of the inlet concentration will not result to a proportional
ncrease of the degradation rate. This phenomenon is confirmed by
he curve shape at highest concentrations.

Results in Fig. 6 show that the apparent oxidation rate of pollu-
ants increases with increasing flow rate. In laminar regime, the
ow rate increase involves higher values of the Reynolds num-
er (Re) from 368 to 1103 and mass transfer coefficient (km) [15].
he gas-phase mass transfer rate influences the treatment capacity

y producing a concentration gradient between the bulk and the
edium surface. However that assumption could not be extended

o all regimes, for instance under transitional conditions, the appar-
nt oxidation rate depends on gas-phase mass transfer rate and

t
e
t
K

hotobiology A: Chemistry 200 (2008) 254–261

urface reaction rate [36]. At higher flow rate the process becomes
hemical step controlled.

.2.1. Results interpretation by the model without mass transfer
wMT)

In that first part, the kinetic model arises from the surface
eaction step considerations. The degradation rate is apparently
rst order at low concentration and zero order at higher values.
especting the previous observations, kinetics of single-component

n heterogeneous photocatalytic treatments often follow the
angmuir–Hinshelwood model [17,37–39].

= k
KC

1 + KC
(4)

here r is the degradation rate, K is the adsorption constant, k is
he kinetic constant and C is the contaminant bulk concentration.
n such a model, the adsorption and desorption stages are kinet-
cally negligible in comparison with the oxidizing reaction step;
he adsorption rate of the pollutant is higher than any by-products
dsorption rate and binding products do neither interact with each
ther nor modify the initial activity of reactive sites. In batch reac-
or k and K values can be deduced directly from the linear form of
he Eq. (4). In the continuous plug-flow reactor the overall mass
alances on the different phases are required [18,40]. The reactor
as been confirmed as a plug-flow reactor [30]. To do this, a res-

dence time distribution (RTD) experiment was carried out using
arbon dioxide as a tracer substance. This last was injected during a
ery short time interval into the reactor (Dirac function). The outlet
arbon dioxide concentration is measured using an infrared detec-
or (Cosma Beryl). The tanks in series model was used to describe
he response of the system. The experiments of RTD revealed that
ur annular reactor could be assimilated to a cascade of 22 ele-
entary continuously stirred tank reactors. It is generally accepted

hat above a number of 20 elementary reactors, the experimental
eactor can be considered as a plug flow reactor [41].

In the plug-flow reactor at the steady state, the continuous pol-
utant degradation along the axial direction should not be ignored.
he continuity equation for a contaminant is

dC

dz
= −r ⇒ u

dC

dz
+ k

KC

1 + KC
= 0 (5)

q. (5) is then integrated for z and C along the photoreactor length
oated by the medium to give

u

∫ out

in

1 + KC

kKC
=

∫ L

0

dz (6)

fter integration and linear rearrangement Eq. (7) is obtained:

ln(Cout/C in)
Cout − C in

= kKL

u

1
C in − Cout

− K (7)

here L is the reactor length covered by the medium, u is the super-
cial gas velocity and z is the axial direction of the reactor. The
oefficients k and K are determined by fitting results for each flow
ate and contaminant with the linear Eq. (7) (Table 2 and Fig. 7).
he confidence interval of each parameter is determined with a
onfidence level (1 − ˛) of 95%. The cross-correlation coefficient is
efined as the covariance of the couple k and K divided by each
arameter standard deviation �k and �K.

Despite high R2, the coefficients are flow rate dependent for both
he cross-correlation coefficient clearly indicates that the param-
ter assessment is significantly linked. This is due to the linear
ransformation of the model which exhibits direct determination of
with the intercept but indirect determination of k from K with the
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Table 1
Analysis conditions for the gas chromatograph

Gas pressure Zone temperature

N2 (gas carrier, kPa) H2 (kPa) Air (kPa) Injector (◦C) Oven (◦C) FID (◦C)

105 40 100 200 115 250

Table 2
Values of the kinetic coefficients determined with the model wMT

Butyric acid Ammonia

2 Nm3 h−1 4 Nm3 h−1 6 Nm3 h−1 2 Nm3 h−1 4 Nm3 h−1 6 Nm3 h−1

k −3 −1 2.21 ±
K 0.28 ±
R 9.69
C 0.932
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marized in Table 3.

Once mass transfer coefficients are calculated, it is generally
agreed that the kinetic is a first-order type so as to consider KC* < 1
in order to simplify Eqs. (11) and (12) into a linear integrative sys-
tem [38]. However, it has been shown that the software Maple could

Table 3
Values for the diffusivity, the Reynolds number and the mass transfer coefficients
in the annular reactor

Butyric acid Ammonia
(mmol m s ) 2.72 ± 0.05 2.81 ± 0.08
(m3 mmol−1) 0.15 ± 0.02 0.17 ± 0.02

2 (%) 99.93 99.97 9
ross-correlation 0.874 0.950

lope coefficient kKL/u. The model wMT shows its limits in our con-
itions, though the linearity of the fitting model is observed on the
xperimental values [39]. The mass transfer contribution is intrin-
ically included in the determined k and K which can be therefore
onsidered as apparent constants. More realistic values of k and
factors can be approached either with tests at higher flow rate,
hen the surface reaction is kinetically step determinant, or with a
odel containing explicit mass transfer coefficients related to the

eactor design.

.2.2. Results interpretation by the model taking into account MT
In photooxidation process with immobilized catalyst, internal

nd external mass transfer ought to be considered. The relationship
f the observed degradation rate, the external and internal mass
ransfer rates and the intrinsic kinetic reaction rate is comparable
o the expression of resistance in series, as follows [16]:

1
kobs

= 1
krea

+ 1
kint,TM

+ 1
kext,TM

(8)

he external mass-transfer resistance is due to the convection of
he pollutant molecule from the bulk phase to the catalyst surface.
t can be reduced by increasing the circulation flow rate.

The diffusion phenomenon of organic molecules within porous
atalyst media defines the internal mass transfer resistance. It is an
ntrinsic property of the catalyst film and determined by the nature
f the catalyst and the coating techniques used. It can be evaluated
sing the non-dimensional Weisz–Prater modulus ϕ′. The latter is a
erived form of the Thiele modulus [42]. The Weisz–Prater modulus

s based on observable parameters; its expression is as follows:

′ = r′d2
L

DeC∗ (9)

here r′ is the experimental rate of reaction per unit of catalyst, dL
he characteristic dimension of the deposit, C* the medium surface
as-phase concentration and De is the effective diffusivity. Effective
iffusivity is defined as

e = Dε

�
(10)

here D is the diffusion coefficient of the pollutant, ε is the porosity
f the catalyst and � the tortuosity of the catalyst. The porosity and
ortuosity are respectively equal to 0.5 and

√
3 [20]. The medium
urface gas-phase concentration, C* has to be known in order to
alculate the Weisz–Prater modulus. It is possible to evaluate the
edium surface gas-phase concentration, C*, in function of the bulk

oncentration by the Eq. (12). Thus, the Weisz–Prater modulus can
e calculated.

D

M

0.13 0.84 ± 0.04 0.95 ± 0.04 0.92 ± 0.04
0.05 0.62 ± 0.08 0.45 ± 0.06 0.55 ± 0.07

99.81 99.67 99.96
0.957 0.950 0.940

For butyric acid, it has been shown that there is no lim-
tation by internal mass transfer [20]. For ammonia let us
alculate the value of the Weisz–Prater modulus in the worst
onditions which are 2 Nm3 h−1 flow rate at the lowest con-
entration (C = 0.80 mmol m−3, C* = 0.32 mmol m−3). The calculated
eisz–Prater modulus is estimated about 7 × 10−6. It is assumed

hat an internal mass transfer limitation occurs when ϕ′ > 1. There-
ore, the internal mass transfer step limitation is not considered
n our condition. It should be noted that photocatalysis implies
uperficial reaction sites; therefore it seems coherent that internal
iffusions, either Knudsen or Molecular, are negligible.

Hence, there is no internal mass transfer limitation for ammonia
s well and the model MT considers only the effect of external mass
ransfer in the apparent degradation rate for the Eqs. (11) and (12).

According to the film diffusion model, the overall mass balance,
n the photoreactor becomes

as phase : u
∂C

∂z
+ kmav(C − C∗) = 0 (11)

olid phase : kmav(C − C∗) − k
KC∗

1 + KC∗ = 0 (12)

here C and C* are respectively the bulk and the medium surface
as-phase concentrations of the substance, km is the mass transfer
oefficient and av is the medium area per unit volume of the reactor.

The mass transfer term km is estimated by semi empirical
xpression for laminar flows in annular reactor [14].

h = 1.029 × Sc0,33 × Re0.55 ×
(

Ltot

deq

)−0.472

(13)

here Sh, Sc and Re are respectively Sherwood, Schmidt and
eynolds numbers. Pollutants diffusivities are calculated by the
uller, Schettler and Giddings correlation [43]. Key values are sum-
iffusivity in the air (D, cm2 s−1) 0.0897 0.2505

ass transfer coefficient (km, m s−1)
2 Nm3 h−1; Re = 368 0.00232 0.00461
4 Nm3 h−1; Re = 736 0.00339 0.00676
6 Nm3 h−1; Re = 1103 0.00424 0.00844
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ig. 7. Linear regression of the results with Eq. (7) for butyric acid (a) and ammonia
b) for different flow rates.

pproach the solution of the non-simplified system using the series
ethod. Furthermore it has been established that the second order

evelopment is accurate enough due to our equipment and analysis
recision, as no significant differences in parameters assessment,

ess than 5%, were observed between second order and third order
pproaches [20]. The second order development of the approached
olution is

out = C in − Lkmav

[
C in + 1 + k
2u K kmav

−
√(

−C in + 1
K

+ k

kmav

)2

+ 4C in

K

]
(14)

m
(

s
o

Butyric acid Ammonia

(mmol m−3 s−1) 1.916 0.909
(m3 mmol−1) 0.720 0.586

2 (%) 99.9 99.8

he unknown parameters k and K are approximated by numerical
olution using Maple. For each couple of values k and K, the least
quare method is applied between the experimental and theoret-
cal outlet values. Variables for that iteration method are the L–H
oefficients: k and K. The optimized coefficients with our approach
re given Table 4.

First of all, correlation coefficients hold over values that under-
ine the good predictiveness of the model MT. The determination of
hese parameters is realized with nonlinear regression, thus confi-
ence interval and cross-correlation are not evaluated. This aspect
as already been reported and is still in investigation [44].

With a pair of k and K values for a pollutant, that model fits
he results in our whole investigated flow rate range. That model
ermits the separation between the mass transfer and the chemical
eaction steps. As a consequence, the reaction coefficients for the
–H theory (k and K) could be considered more realistic than the
nes determined with the model wMT.

The adsorption equilibrium constant K determined by the model
MT is underestimated particularly for the butyric acid; indeed
ith the model MT the butyric acid constant K turns out to be higher

han the ammonia one. This last estimation seems to be more in
ccordance with the relative product volatility. The mass transfer
tep is less important in the ammonia case; its mass transfer coeffi-
ient km is twice as high as the butyric acid one. As a consequence,
he difference of L–H coefficients – k and K – between both models is

ore significant in the butyric acid case. This aspect is also pointed
ut by comparing, between both models, the kK values which do
ot bear cross-correlation. For wMT, the kK value equals 1.38 where

or MT the value is about 0.45.
The model is able to give good correlation of the experimental

esults of ammonia and butyric acid photooxidation, though they
resent dissimilar chemical degradation pathways.

Moreover that model gives the opportunity to split the global
egradation rate into explicit mass transfer part and surface reac-
ion part (controlled by UV irradiation, humidity, products, etc.). It
ermits to assess which step is a limit for a specific reactor design
nd thus to improve the global process.

. Conclusion

An annular photoreactor, assimilated to a plug flow reactor, was
sed to carry out some experiments on degradation of butyric acid
nd ammonia. The influence of mass transfer was estimated by
esting two models based on Langmuir–Hinshelwood approach.
he model wMT consideration shows that the L–H constants (k
nd K) are flow rate dependant. So these parameters imply intrin-
ic effect of the mass transfer phase. When this last step is taken
nto account in the model (MT), the L–H constants becomes flow
ate independent. The mass transfer step is estimated by empirical
orrelation. The MT model permits to estimate separately the con-
ribution of the mass transfer step and chemical reaction step. Even
f the chemical pathways degradation is different for Butyric acid
nd Ammonia, the MT model is adequate to correlate the experi-

ental results. It is also possible to determine the concentration

C*) near the catalyst surface.
This approach, based on mass transfer and chemical reaction

teps, allows us to consider a possible wide range of applications
f the model MT. This model may be a worth interesting tool to
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mprove reactors design, especially in applications that could tech-
ically not be carried out under high turbulences.
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