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The influence of adsorbent on the kinetics of (photo)catalytic oxidation processes was studied using the
simple single and double stage reaction mechanisms with the adsorption stages corresponding to
Langmuir model. It was found that in the static reactor in all cases the usage of adsorbent leads to the
prolongation of substrate (A) removal and product (P) accumulation kinetic curves but the substrate
concentration becomes lower during almost all (photo)catalytic process. Fitting of experimental data
points of acetone photocatalytic oxidation reaction demonstrated a good correlation with proposed
reaction mechanism. Calculated adsorption constants values are close to those reported in literature.

The using of adsorbent in flowing conditions leads to the decrease of maximum outlet substrate
concentration in the case if the inlet substrate concentration is too high to be oxidized completely for
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one run.

Kinetics simulation in the case of (photo)catalytic reaction with intermediate demonstrates that

adsorbent could accumulate additional intermediate quantity thus keeping catalyst surface more active
and contributing to faster substrate (A) removal.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Methods of photocatalytic purification of water and air have
been extensively developed over last decades [1-4]. Main efforts
are focusing on the synthesis of highly active photocatalysts which
are usually based on the anatase form TiO,. Popular commercial
photocatalysts such as Degussa P25 (Degussa AG) and Hombikat
UV-100 (Sachtleben Chemie GmbH) already became as a reference
samples for many researchers because they posses very high
activity in water (P25) and air (Hombikat UV-100) photocatalytic
treatment processes.

At the same time adsorption properties of the photocatalytic
system also influence on the rate of photocatalytic processes
especially in the low concentration region which is obvious from
the classic Langmuir-Hinshelwood (L.-H.) dependence of the
product formation rate on the gas concentration of a substrate:

dP kKA dP

At~ 1+ KA ka1 dt kKaA. (1)

In this case the rate of photooxidation is in direct proportion to the
adsorption constant K,. Probably it is a reason of constantly
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growing interest to the combination of adsorption and photo-
catalysis in last years.

Sauer and Ollis [5] and later Vorontsov and Savinov [6]
demonstrated the influence of adsorbed substrate quantity on
the kinetics of photocatalytic reaction. Maurette et al. [7] prepared
TiO,/zeolite photocatalyst and tested it in the reaction of butanol
photocatalytic oxidation (PCO) in a continuous flow annular
reactor in 2003. Authors periodically switched off and on the UV-
lamp thus changing the adsorption and PCO modes of operation of
the reactor thus investigating the rate of adsorption and the rate of
PCO separately. Probably if authors switched on and off the inlet
substrate supply keeping the UV-lamp constantly working they
would achieve more informative result because they would
measure the competition between adsorption and PCO in such
case.

In the same 2003 year Shiraishi et al. [8] became closer to
practice and reported results about treatment of gaseous
formaldehyde in a small chamber using a photocatalytic reactor
combined with a continuous adsorption/desorption apparatus.
Later Ollis and co-workers [9] perfectly explained results obtained
by Shiraishi assumed that the reaction following a L.-H. rate form
and taking into account the temperature dependence of adsorption
and rate constants. Other researchers [10] immobilized TiO, on an
activated carbon (TiO,/AC) filter installed in a commercial air
cleaner and tested it in the PCO of NO and toluene ppb level
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Table 1
Examples of TiO, mixing with adsorbents and the corresponding beneficial effects.
TiO,/adsorbent system Test PCO reaction Beneficial effect Ref.
TiO2/AC a mechanical mixture 4-Chlorophenol in aqueous Increased rate of substrate disappearance and lower [15]
suspension intermediate concentration.
TiO,/AC a mechanical mixture Phenol in aqueous suspension Decrease of photocatalyst deactivation rate during three consecutive runs. [16]
TiO,/MOR a mechanical mixture Gaseous acetaldehyde in O, About 1.3 times increased CO, formation for 1h of PCO if to [17]
MOR = [(CaK;Na;)(AlSis012), x 6H,0] compare with the separated TiO, and MOR.
mordenite zeolite
TiO,/Nafion Paraquat (herbicide) in Increased rate of substrate disappearance in the presence of [18]
aqueous solution phosphate and sulphate anions which promote the substrate adsorption
removal. Authors demonstrated better pollutants removal with the equations could be suggested:
TiO,/AC system then with only TiO, but did not measure the final PV
products (like CO,) accumulation. They also conducted only static AV =AV+—+S5(Caq1 + Ca2) (2)
experiments in a chamber whereas continuous flow experiments «
could give the better information about practical usefulness of  4p Ss
TiO,/AC system. a othCm (3)
A lot of adsorbents were used to modify TiO, some of them are
summarized in Table 1. Coo— CiKnA )
Several questions still remained after literature inspection. 1T T KA
Which characteristic of TiO,/adsorbent system efficiency is more
appropriate - rate of substrate disappearance or product forma- Cop = CoKapA (5)
tion? Where the benefits of adsorbent use are more pronounced — 1+ KA
in flow or static conditions? How the PCO reactions with different
X . . N N
mechanisms are liable to the adsorbent influence? Answers to Sy, = ,8_] + 5—2, (6)

these questions were the subject of current study.

It should be mentioned also before one will begin to read this
paper that all adsorption stages are supposed to be equilibrium
describing by Langmuir isotherm. Authors do not aim to describe
precisely the reaction mechanisms, including chemisorptions,
mass transfer and primary reactions on the photocatalyst surface.
Authors also do not intend to describe dependences of reaction
parameters (rate and adsorption constants) on light intensity like it
was done by Ollis with co-workers in Refs. [11,12] because the
main purpose of current work was to reveal the role of adsorbent
and to develop approach for describing kinetics of (photo)catalytic
reactions complicated with the secondary adsorption processes.

2. Simple single-stage PCO reaction

The following section describes the single-stage kinetic model
development in static and flow reactors. It is supposed that the
substrate (A) adsorbs on the catalyst and adsorbent whereas
product (P) exists only in gaseous' state.

2.1. Static reactor

Let us consider the mechanism of single-stage (photo)catalytic
reaction with reversible substrate adsorption according to the
Langmuir mechanism (S.1):

Koy
1.A+z1 2Az4

Kq
2.A+2, SAz
3.A21LO[P+Z]

(5.1)

It is supposed that one substrate molecule is converted into «
product molecules. For example one acetaldehyde molecule gives
two CO, molecules in the case of complete PCO reaction so « = 2 for
this reaction.

Taking into account that the total initial amount of substrate is
distributed between gas phase in the form of substrate or product
and surfaces of photo(catalyst) and adsorbent and also using the
rate expression for the stage 3 (S.1) the following system of

1 Here and hereafter “gas” could be replaced by “liquid”.

here S is the total surface area of the mixed catalyst/adsorbent
system. C;=N;/Sx and C,=N,/Ss. are the concentrations of
catalyst active sites and adsorbent adsorption sites correspond-
ingly. C;; and C,, are the current concentrations of adsorbed
substrate on the catalyst and adsorbent correspondingly. It was
possible to solve the system (2)-(5) in terms of surface coverage
®yq = C41/Cy and B4, = C42/C, but in the special case of N; = 0 (mol)
will be obtained non-zero values of ®,, which is not good from the
physical point of view.

If we substitute Eq. (4) and (5) into Eq. (2) then differentiate it
with respect to time and substitute Eq. (3) into the result then we
finally could obtain the differential equation in substrate
concentration A(t):

dA k(Sx/V)C1(KnA/(1 + Ka1A))

dt - qg (SZ/V)((ClKal/(l +KaA)?) + (CKaa /(1 +KazA)2)> '
(7)

In spite of that Eq. (7) could be solved analytically but the substrate
concentration dependence on time A(t) will be in implicit form and
still hard to analyze. For this reasons we solved all differential
equations numerically by the fourth-order Runge-Kutta method in
the program MathCad (Mathsoft Engineering & Education, Inc.).

2.2. Initialization of parameters

The following values of initial parameters were chosen for the
case of acetone vapor PCO before starting the simulation of Eq. (7)
(Table 2).If both masses (m4) and (m,) will be equal to 0.01 g then
the initial amounts of catalyst and adsorbent could be calculated
as: Nj=Sigerffim1 and N, = SygerfBomy. Thus the starting para-
meters for kinetics simulation are N;=2.9 x 107> mol,
N,=22x107"mol, Sx=(11.5 or 3.5)m? if to simulate the
kinetics with or without adsorbent.

According to our previous results [13] the acetone quantity equal
to 1000 ppm (Ag=4 x 10~> mol 1~!) could be completely photo-
oxidized in a static reactor of V= 0.5 | volume with 0.01 mg TiO, for
the time ~2 h. Taking this fact into account the rate constant value
was chosen as k = 0.004 s~! and it is the only parameter which could
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Table 2
Values of initial parameters, used for the acetone vapor kinetics simulation according to Eq. (7).
Parameter Value in Ref. Recalculated value for use in current simulation Ref.
B1 5x10"“cm—2 8.3 x 10 %molm 2 [19]
B2 0.13 g-aceton g-carbon ™' 2.8 x 10°mol m—2 [20]
StBET 350m?g ! From manufacturer for Hombukat UV-100
S2BET 800m?g~! [20]
Ka1 1.2 x10*ppm~' (40°C) 1 x 10*Lmol~" (corrected for 30°C) [21]
Koo 4x103ppm~! (30°C) 1 x10° Lmol ™! [20]

not be found in the literature because it depends on the specific
experimental conditions (light intensity, humidity, illuminated area,
spectral characteristics of light source, etc.)

2.3. Kinetics in static reactor

Calculated kinetic curves for gas phase and surface are
presented in Figs. 1 and 2 correspondingly. Two cases are
simulated: (1) there is only (photo)catalyst in the system; (2)
there are (photo)catalyst and adsorbent in the system.

The initial concentration of substrate is lowered by the value of
AAp=1.25x10">mol 1! or AA;=2.9 x 10> mol I"! if compare
with the total initial concentration Ag=4 x 107> mol 1. It means
that about 31% and 73% of substrate are totally adsorbed in the
beginning of PCO on the surface of catalyst and adsorbent in the
first and second cases. So the first benefit from adsorbent usage is
the lowering of initial substrate concentration which could be
useful if the substrate is a toxic species.

On the other hand there exist a cross-point time t;~ 1200 s
(Fig. 2) when the catalyst surface coverage become equal in the
first and second cases and the gaseous substrate concentration
become higher in the case of adsorbent presence in the system.
More over adsorbent presence leads to the prolongation of all
kinetic curves and lowering the product (P) accumulation rate
(Fig. 1). P is usually nontoxic species like CO, and H,O and
prolonged kinetic is inessential at the same time the substrate (A)
could be so toxic (like HCN) that even small excess for a long time
could be dangerous. And this is the main disadvantage of adsorbent

4.0 + 12
| T I
= 3.5 =
o Ady 4109
€ 1 £
o~ 3.0 { o
o o
= —e— A 48
5 2.5 4 O As | 5
£ 20 P 6 £
s 7 Adg —0—P S
g ] ;8

1.5 Q
8 44 ©
Q@ 1w ©
© 1.0 {1 2
2 , €

42 a

=
3 05 |

Yo, SE——. - 90 e e ecotx0 eteZeToVolol iy

0 1000 2000 3000 4000 5000 6000 7000
time, s

Fig. 1. The adsorbent effect on the kinetics of gaseous substrate (A) removal and
product (P) accumulation in a 0.51 static reactor. A and P are the substrate and
product kinetic curves in the system with only (photo)catalyst (m; = 0.01 g); A; and
Ps are the same curves but in the system with addition of adsorbent (m; = 0.01 g).
Initial substrate concentration without taking into account the initial adsorption is
equal Ag=4 x 107> mol 1", k=0.004s~"', a = 3, all other parameters were taken
from Table 2.

usage in this case. Vorontsov and Savinov [6] in 1998 simulated the
influence of non-irradiated surface on the PCO kinetics and
obtained the similar result because non-irradiated catalyst surface
could be considered as adsorbent.

It is easy to calculate the apparent rate constant of the above
PCO reaction if to approximate it with the simple first-order kinetic
low:

dA

i —K'A. (8)

If one will equal right-hand sides of Eq. (7) and (8) then for the case
of low substrate concentration (i.e. K;;A < 1 and K;»A < 1) he will
obtain the following expression for the apparent first-order
constant k’:

k/ _ ’((SE/V)C] I(a]
1+ (Sy/V)(C1Ka1 + C2Ka2)
k
Ni=S5Ci(i=12) 1+ (V/N1Kg1) + (N2Kg2 /N1Ka1)

(9)

The same apparent first-order constant k” without adsorbent
(N =0) is equal:

e k

“ T (/N Ka)” (19)
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Fig. 2. The adsorbent effect on the kinetics of adsorbed substrate. @, = C,/C; is the
(photo)catalyst surface coverage by substrate molecules (Az,) in the system with
only (photo)catalyst; ®gq =Cs1/C; and Oy = Cy»/C, are the catalyst (Az;) and
adsorbent (Az) surface coverage correspondingly in the system with addition of
adsorbent. In the first case C; = 8.3 x 107° and C, = 0 mol m~?; in the second case
C;=2.5x10"%and G, =1.9 x 10~ mol m~2. All other parameters are the same as
in the caption in Fig. 1.
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and their ratio will be:

K’ No2K g2 K 1

VN S e TN,

(11)
It is obvious from Eq. (10) that even without adsorbent with the
same (photo)catalyst quantity the apparent first-order rate
constant k” is decreasing with the reactor volume (V) increase.
Eq. (11) demonstrates that in the system with adsorbent and with
the same irradiated catalyst quantity the apparent constant k’ is
decreasing with the increase of the adsorbent quantity (N>). In the
case shown in Fig. 1 the ratio k’/k” = 3.78 and it means that the
effective reaction time with the adsorbent becomes 3.78 times
longer in the low substrate concentration range.

2.4. Fitting of experimental data

Analytic solution of Eq. (7) could be used for the fitting of
experimental data in order to prove the accuracy of reaction
mechanism (S.1). A cylindrical photocatalytic reactor with
removable adsorbent layer is presented in Fig. 3. This reactor
was installed in a V=4041 plastic chamber which was isolated
from environment and equipped with injector for reagent injection
and gas phase monitoring. The reactor was equipped with
ventilator to provide air flow passing through the photocatalytic
and adsorption layers with the 60 m> h~! flow rate.

In the first experiment mass transfer limitations were checked
(Fig. 4). The initial rate of CO, accumulation during acetone vapor
photooxidation with the same initial amount of acetone vapor was
measured as a function of air flow through the reactor. In this
experiment only photocatalytic filter without adsorbent was used.
It can be seen from Fig. 4 that in flow rate range 5.3-116 m> h™! the
initial CO, accumulation rate (Wco, ) is practically independent on
the flow rate taking into account 5% relative error of Wco,
measurement. It means that in our experimental conditions only
kinetics determine the photocatalytic oxidation rate but not mass
transfer and we could easily apply reaction mechanism (S.1) with
the corresponding equations to fit the experimental data.

In the beginning of second experiment the 0.5 cm® amount of
liquid acetone was injected into the chamber. If to neglect acetone
adsorption then its initial vapor concentration should be at the
Ao =1.65 x 107> mol 17! level. UV-lamp was turned on immedi-
ately after the acetone evaporation. Acetone and CO, concentra-
tions were monitored by the periodic chromatographic analysis of
reaction gas mixture. This experiment was conducted twice: for
the first time in the presence of only photocatalyst (TiO, Hombikat
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Fig. 3. Cylindrical photocatalytic reactor with adsorbent. (1) ventilator; (2) UV-lamp
(Philips CLEO 15 W); (3) transparent support with photocatalyst (TiO, powder
Hombikat UV100, m; ~ 1.5 g); (4) removable air-conducting nonwoven material
with supported adsorbent (activated carbon, Sger ~ 800 m? g7, m, ~ 2 g). Arrows
indicate the air flow direction.
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Fig. 4. Dependence of initial CO, accumulation rate on the volumetric gas mixture
flow rate through the cylindrical photocatalytic reactor (Fig. 3) placed in 4041
isolated plastic chamber during acetone vapor photocatalytic oxidation.

UV100, m; ~ 1.5 g); and for the second time in the presence of both
photocatalyst and adsorbent (activated carbon m, ~ 2 g). Experi-
mental results and their fitting are presented in Fig. 5.

Solid lines in Fig. 5 correspond to fitting of acetone concentra-
tion profiles with integrated form of Eq. (7). Fitting of the acetone
concentration decrease for the first time resulted in values of rate
constant (k), acetone adsorption on TiO, constant (K,;) and
the number of TiO, active (adsorption) sites (N;). They are
k=75%x10%s"1, K;=31x10°1Imol™! and N;=CSx=
2.5 x 1073 mol. Taking into account values of B; and S;ggr from
Table 2 the TiO, mass could be calculated as m; = Ny/(B1S1ger)
=0.86 g. The deviation of this calculated value from real known mass
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Fig. 5. Fitting results of acetone photocatalytic oxidation in a 404 | isolated plastic
chamber. (@) Acetone vapor and () CO, concentration profiles during the acetone
photocatalytic oxidation with the reactor (Fig. 3) equipped with only photocatalyst.
(O) Acetone vapor and ([J) CO, concentration profiles in the case of reactor
equipped with photocatalyst and adsorbent. Initial amount of injected liquid
acetone equals 0.5 cm’.
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of used photocatalyst is not big and could be explained by difference
between current TiO, parameters (81, S1geT, Kq1) and those reported
in literature [19]. Fitting of acetone kinetic curve obtained for
the second time using the known parameters k, K,; and N;
gives us the adsorbent characteristics Ky = 1.2 x 10 1 mol~! and
N> =3.6 x 1073 mol. Both fitted curves are close to experimental
points indicating a good agreement with the model.

Dashed lines in Fig. 5 correspond to CO, accumulation kinetic
curves were calculated from acetone concentration decrease data
(solid lines in Fig. 5) and mass balance taking into account
adsorption. Both theoretical CO, formation curves are laying
slightly above corresponding experimental CO, data points.
Probably it is explaining by formation of a small amount of
intermediate (like acetic acid) and its underestimation in total
mass balance. Nevertheless, a good agreement of these curves with
experimental points also speaks in favor of the model (S.1).

Matos et al. [14] investigated phenol and other aqueous organic
pollutants photocatalytic degradation in water suspension with
addition of TiO, Degussa P25 and two types of activated carbon
(AC) with about 100 times different adsorption constants against
phenol. They measured kinetic curves of phenol disappearance and
approximated them with first-order kinetic low with correspond-
ing estimation of first-order apparent kinetic constant (k,pp).

The AC purchased from Merck had very high adsorption
constant and demonstrated synergistic effect, i.e. k,p, was higher
in the TiO,/AC suspension than in only TiO, containing suspension.
Although this observation does not mean that the final photooxi-
dation product - CO, — was formed faster in the TiO,/AC system
since authors did not measure it.

Another AC with the commercial name ‘Purocarbon’ had the
adsorptivity against phenol comparable with TiO,. Kinetic curves
for its disappearance in TiO,/AC and TiO, only water suspensions
are presented in Fig. 6. Both lines are similar to theoretical and
experimental kinetic curves of substrate removal reported in
Figs. 1 and 5 indicating that in the case of reversible physical
adsorption of the substrate its removal from purifying medium is
slower in the presence of adsorbent.

In Table 3 of [14] authors report values of k,pp as a function of
TiO, quantity in water suspension. Eq. (10) and (9) could be used to
derive linearized dependences of inverse k,p, on the inverse TiO,
quantity. For the case of only TiO, water suspensions it is Eq. (12)
and for the case of TiO,/AC water suspension it is Eq. (13):

1 1 vy o1
Kapp (Ti07) K (ka) Ny (12)
1 1 V. NoKg\ 1
Kapp(Ti0; —AC)  k (ka * kK ) Ny (13)

where N; proportional to TiO, mass.

The inset in Fig. 6 shows Matos et. al. experimental data (taken
from Table 3 in [14]) in inverse coordinates: (1/k,pp) — (1/m(TiOy)).
In such form it seems that both dependences are linear except for
experiments with 75 mg TiO, quantity for both cases with and
without AC (marked with circle and ‘?°). If one will do linear fit of
both experimental data sets ignoring marked points than intercept
of both lines with ordinate axis will be almost similar indicating
that true kinetic constant (k) within the limits of mechanism (S.1)
is equal k=1/176=5.7 x 103 min~".

2.5. Flow reactor with perfect mixing

One of the features of adsorbent presence in static system is the
decrease of substrate concentration during (photo)catalytic reac-
tions. Let us examine if there exist any advantage of adsorbent
presence in flow conditions. Flow reactor with perfect mixing is
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Fig. 6. Kinetic curves of phenol photocatalytic decomposition in water suspension
reported in [14]. (M) 50 mg of TiO; in ~100 ml water suspension; (@) 50 mg of TiO,
and 10 mg of activated carbon in ~100 ml water suspension. The inset shows
dependences of apparent first-order kinetic constants on the amount of TiO; in
water suspension: () varying of TiO, quantity; (@) varying of TiO, quantity in the
presence of 10 mg of activated carbon.

presented in Fig. 7. The reaction mechanism is the same as
presented in (S.1). The contact time 7 (s) is equal T = V/u, where Vis
reactor volume (1) and (u) is volumetric flow rate (Is~1).

Taking into account, that the total change of substrate (A)
amount in the reactor is determined by its inlet and (P) outlet and
surface reaction and the total change of product amount is
determined by its outlet and surface reaction the system of two
differential equations could be suggested:

(4451 ) oA S5 S
ap _ SEI CiKnA P

a VI TK.A T

K
T V'1+KuA (14)

Substituting Eq. (4) and (5) into Eq. (14) and rearranging gives:

dA__ (Ao—A)/T— (Sg/VIKCiKaA/(1 +KaA)
4t 14 (S5/V) [(C1Kar /(1 + KaaA)P) + (CKea /(1 + KaA)?)]
dp Sy, CGiKmA P

a  “VIYKLA T

(15)

In the steady state when the right-hand sides of the equations set
(15) equal zero the adsorbent does not influence on the substrate
(A) and product (P) steady state concentrations at all because
adsorbent parameters are only in the denominator. But the process
of achieving the steady state is affected by the adsorbent.
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W ]
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Fig. 7. Flow reactor with ideal mixing (not real construction). A is inlet substrate
concentration. A and P are substrate and product concentrations correspondingly
which are equal throughout the reactor volume. Reaction mechanism is
corresponding to (S.1).

Let the experimental conditions be the same as in Section 2.2,
i.e. reactor volume V=0.51, catalyst quantity m; =0.01 g, inlet
substrate concentration Ag = 4 x 10~> mol 1! and the contact time
7=1000s (u=5x 10~%1s~! or 30 cm® min~"). Calculated kinetic
curves for three different adsorbent quantities namely m, =0;
0.01; 0.1 g are presented in Fig. 8.

The substrate (A) and product (P) concentrations almost
achieved steady state levels in all three cases. Steady state
concentrations do not depend on the adsorbent quantity as it
follows from the equations set (15). They could be found
analytically by the solving of third order equation on the Ag
concentration and are equal Ag=1.3x10moll™! and
Py =8 x 10~ M. But the time 7, which is necessary to achieve
steady state is increasing with the increase of adsorbent quantity
from 1730 s (m5 = 0) through 3330 s (m, = 0.01 g) till 1.75 x 10*s
in the case of my,=0.1g. Especially 7,; becomes huge in the
third case when the quantity of adsorbent adsorption sites
N, =2.2 x 107* mol is almost 10 times higher than the quantity
of catalyst active sites N; = 2.9 x 107> mol. The prolonged kinetics
of substrate (A) in the outlet of the reactor in the last case could be
used in practice in the case of strong and fast changes of inlet
substrate concentration (Ao).

The situation when the Ay changes from 0 to 4 x 107> mol 1!
value with the 5000 s time period is shown in Fig. 9. In the case of
pure (photo)catalyst the half period 2500 s time is enough to reach
steady state in substrate concentration (A) that is why its
concentration in the outlet of the system varying from 0 till
Ass=13 x 10> mol I-! values. Almost the same situation is
observing with the low (m,=0.01g) adsorbent quantity when
the lowest and highest A,,; concentrations after 100 periods are
equal to 1.4 x 10-%and 1.22 x 107> mol 1. The most pronounced
situation is in the third case when minimum and maximum Ay,
concentrations are equal to 5 x 107% and 7.7 x 10~° mol 1-1. Thus
the maximum outlet concentration was decreased from
Ass=1.3 x 1072 till 7.7 x 10 mol I-! which equals to 41% from
Ass value by simple increase of adsorbent amount.

In practice it means that every time when we have to use small
photocatalytic devices due to space limit for example in car cabin
and still have a risk of high concentrations of dangerous species we
should use mixed (photo)catalyst/adsorbent system because
adsorbent will work at the time when catalyst will be in the

1,4

12

1,0

0,8

Substrate outlet concentration, 10°, mol/L

06 %

0,4

02 3
E 0,0 5,0x10° 1,0x10" 1,5x10" 2,0;(10‘

time, s
0,0 T T T T T T T 1
0,0 5,0x10° 1,0x10* 1,5x10* 2,0x10*

time, s

Fig. 8. Calculated kinetic curves for acetone (A) and CO, (P) outlet concentrations
during the PCO of Ag = 4 x 10> mol 1~ inlet acetone concentration in the 0.5 | flow
reactor (u = 30 cm® min~') with m; = 0.01 g photocatalyst quantity. Three different
cases are presented: (A, P) without adsorbent; (A1, P1) m,=0.01g; (A2, P2)
my=0.1g.

situation of maximal but insufficient (photo)oxidation rate thus
lowering the outlet concentration and minimizing health damage.

On the other hand the adsorbent usage leads to the decrease of
the total amount of converted substrate for the same period of
time. For example, the total amount of produced CO, in three cases

15- —— A—— AT ——A2

——P——P1——P2

T T T T 1
1,0x10* 1,5x10* 2,0x10* 2,5x10* 3,0x10*

T
0,0  5,0x10°

time, s

Fig. 9. Calculated kinetic curves for acetone (A) and CO, (P) outlet concentrations
during the PCO of Ap=4 x 10> mol ™! inlet acetone concentration which is
pulsating with the 5000 s time period in the 0.5 1 flow reactor (u =30 cm® min~')
withm; = 0.01 g photocatalyst quantity. The inlet acetone concentration (Ap) profile
is presented on the upper graph. Three different cases are presented: (A, P) without
adsorbent; (A1, P1) m, =0.01g; (A2, P2) m,=0.1g.
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Table 3

Initial parameters for the substrate (A) (photo)catalytic oxidation kinetics simulation in a V=0.51 static reactor. Initial substrate concentration is Ag=12 x 10~>moll~",

stoichiometric factor o =3.

(Photo)catalyst Adsorbent Rate constants
Parameter Ka1 B1 S1 my N, Ka B2 S my N, kq ko k3 ks
Value 1x10* 8.3x10°° 350 0.01 29x107° 1x10* 2.8x10°° 800 0.01 22x107° 0.03 0.001 5000 5000

showninFig. 9 was estimated by numerical integration of product
accumulation kinetic curves for the first 3 x 10*s time period
with subsequent multiplication by u=5 x 10~*1s~!, Resulted
quantities are equal 0.61; 0.60 and 0.44 mmol of produced CO,, for
the adsorbent quantity m, equal to 0; 0.01 and 0.1 g correspond-
ingly.

3. PCO reaction with intermediate

Current section is devoted to simulation of a double-step
photocatalytic reaction in a static reactor. It is supposed that
substrate (A) could be adsorbed on the surface of (photo)catalyst
and adsorbent whereas product (P) exists only in gaseous form. The
intermediate (B) could be moved from the catalyst to the adsorbent
surface either through gas phase or through surface bimolecular
transfer reaction. It is supposed in the last case that the
intermediate (B) exists only in the adsorbed state as it happens
if intermediate is a big molecule or if adsorbent has a high
adsorptivity against intermediate.

3.1. Intermediate (B) exists only in the adsorbed state

The reaction mechanism (S.2) implies that (photo)catalyst and
adsorbent have only one type of surface sites and substrate is
adsorbing according to the Langmuir mechanism.

1L.A+72 S Az
2A+42, 3 Az
3.4z, LBz,
4.Bz, ﬁnxP+zl

(8.2)
K

5.Bz1 + 2z, ;iizl + Bz,
K4

The differential and algebraic equations set describing reaction
mechanism (S.2) along with the following solution are shown in
Appendix B.

Three different cases were simulated with the initial para-
meters shown in Table 3:

1. Only catalyst is presented in the system with m; =0.01 g;

2. Both catalyst and adsorbent are presented in the system with
my =my =0.01 g but the intermediate (B) could not be trans-
ferred onto the adsorbent surface (k3 = k4 =0);

3. Both catalyst and adsorbent are presented in the system with
my; =m, =0.01¢g and the intermediate (B) could be reversibly
transferred onto the adsorbent surface (ks = 5000, k4 = 5000).

Ratio ks/ks=1 in the third case means that adsorbent adsorbs

intermediate (B) like catalyst. Absolute values were chosen so that

reaction 5 from (S.2) could be rated as quasi-equilibrium and higher
values of k5 and k4 with the same ratio k3/k4 = 1 did not change shapes
of kinetic curves.

In order to underline the adsorbent influence we considered
the situation when the rate constant k, < k; and there should
occur intermediate accumulation on the catalyst surface. The
opposite situation k; > k; due to the pseudo steady state
approximation becomes very similar to the reaction mechanism
(S.1). Another important assumption is that initial substrate

quantity AgV =5 x 10> mol is higher than the quantity of catalyst
active sites Ny = m1S; 81 = 2.9 x 10~> mol because only in this case
the intermediate (B) could deactivate catalyst appreciably by
occupation its surface entirely. Calculated kinetic curves of gas
phase and adsorbed species are presented in Figs. 10 and 11
correspondingly.

Like in the case of one-step (photo)catalytic reaction there
occur adsorption of substrate before oxidation thus lowering its
initial concentration by value AAg=2.8x10°moll~' and
AA;=4.4 x 107> mol I"! or by 23% and 37% with only catalyst
and with catalyst and adsorbent correspondingly (Fig. 10). Adsor-
bent influence in this example is less pronounced because the
adsorption constant values are equal Ky =Kg =1 x 10*1 mol™!
(Table 3).Behavior of the substrate (A) and product (P) kinetic curves
without adsorbent and with adsorbent but with prohibited surface
intermediate transfer is similar with the exception that curve (A2)
passes lower then the curve (A1) at the beginning of oxidation due to
additional adsorption of gaseous substrate on the adsorbent surface.
The effective time of 95% substrate removal from gas phase is equal
t8 95 = 14505 in both cases whereas the analogous time of product
accumulation tf o = 3700s.

If to take into consideration the surface intermediate transfer
(ks =5000, k4 =5000) then the substrate curve (A3) passes much
lower with the effective time t}4; = 800s but the corresponding
product accumulation curve P3 (Fig. 10) has effective time tf o =
5700s due to its overextended tail because the major part of
surface intermediate (B) is adsorbed on the (photo)catalytically

12
44 —e— Al —&—A2 —0—A3

— AAO

= 40

6 10 S 100% conversion level

1= v o
‘“b AAS e

c s

§e) 1 g

1 H]

© ]

5 64

c o

5] g

0 44

2 0 . . . T s
E _ 0.0 20x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10*
"(;; time, s

S 2-

(%]

04
T T T T T T T 1
0 500 1000 1500 2000
time, s

Fig. 10. The adsorbent effect on the kinetics of gaseous substrate (A) removal and
product (P) accumulation according to reaction mechanism (S.2) in a 0.5 1 static
reactor. Al and P1 are the substrate and product kinetic curves in the system with
only (photo)catalyst (m; = 0.01 g); A2 and P2 are the substrate and product kinetic
curves but in the system with addition of adsorbent (m, = 0.01 g) which could not
accept intermediate B (ks = k4 = 0). A3 and P3 are the same curves in the system
with adsorbent (m;=0.01g) which could accept intermediate B reversibly
(k3 =5000, k4 =5000). All parameters are shown in Table 3.
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Fig. 11. Dynamics of substrate (A) and intermediate (B) species adsorbed on the
surface of catalyst and adsorbent during the same simulation as shown in Fig. 10.
Subscript figures correspond to: (1) catalyst; (2) adsorbent. Superscripts correspond
to gas phase kinetic curves from Fig. 10: (1) (A1, P1); (2) (A2, P2); (3) (A3, P3).

inactive adsorbent (Fig. 11, curve @,3]2) and is slowly involving into
the further oxidation (reaction 4, mechanism (S.2)). Behavior of
adsorbed surface species (®, and ®), Fig. 11) demonstrates that in
the third case the fast formation of adsorbed intermediate and its
fast transfer onto the adsorbent surface clear catalyst surface thus
keeping higher gaseous substrate removal rate. The maximum
adsorbed intermediate coverage (®pz)max i equal to 0.77 and is
achieved 700 s after the beginning of oxidation reaction. If one will
has to oxidize even higher initial substrate quantity then he has to
use higher adsorbent quantity because in current example the
(®p2)max value was already close to 1 and additional substrate
conversion into adsorbed intermediate (B,q4s) will be suppressed by
its high coverage values of (photo)catalyst and adsorbent surfaces.

3.2. Intermediate (B) could be transferred onto the adsorbent through
the gas phase

The reaction mechanism (S.3) implies that (photo)catalyst and
adsorbent have only one type of surface sites and substrate and
intermediate could adsorb on them according to the competitive
Langmuir adsorption mechanism.

Koy
1.A+z1 2Az;
Kq
2.A+2, S Az
kq
3.Az Bz
17; 1 (S.3)
4.Bz;—=aP + z;
K
5.B+z; @ Bz

Ky
6.B+ 2z, 2Bz,

By analogy with the previous case the set of starting differential
and algebraic equations along with computations are shown in
Appendix C. Here we will discuss only kinetic curves which were
calculated for three particular cases (Fig. 12).

It was supposed that both (photo)catalyst and adsorbent have
similar adsorption properties against substrate and intermediate
(Kq1 = Kz =101 mol ™!, Kp; = Ky =10° I mol™!) and the rate con-
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Fig. 12. The initial substrate concentration (Ap) and adsorbent quantity (m,) influence
on the kinetics of substrate (A) (photo)catalytic oxidation according to the reaction
mechanism (S.3) in a 0.5 | static reactor. Figures near the substrate (A), intermediate
(B) and product (P) labels correspond to: (1) (Ag=10 x 10~>mol 1-!, m, = 0); (2)
(Ap=4 x 10> mol 1!, my=0); (3) (Ap=10 x 10> mol "', m, =0.01 g). All other
parameters are equal Ky =Ky =1x10*Imol™!, Ki=Ky=1x10°1mol?,
k;1=0.01s"!, k;=0.001s"', m;=001g. Specific surface area and active
(adsorption) sites concentrations are the same like in Table 2. Cross-point times:
curves Al and A3, t; =750 s; curves B1 and B3, t; = 6500s.

stant kq is 10 times higher than k, which indicate that intermediate
could be accumulated in the reactor and deactivate catalyst.

The substrate (A), intermediate (B) and product (P) kinetic
curves behavior at different initial substrate concentrations (Ag)
are similar in the reactor without adsorbent (curves 1 and 2,
Fig. 12). Although the effective PCO time is slightly higher in the
case of Ag=10 x 10> mol 1! but in both cases it takes about
1000 s time to remove 95% of initial effective gaseous substrate
concentration (Ag ) and ~9-10 x 10% s time to achieve 95% level
of substrate conversion measured by product formation (t§ 5 ). The
maximum intermediate concentration (Bpy.x) is 0.21 and
0.57 mmol 1=! which is corresponding to 53-55% of Ag (Table 4).

Kinetics behavior differs if to add 0.01 g of adsorbent. On the
one hand we simulated the case of high Ag=10 x 10> mol ™!
concentration value but some characteristics are if it were a case of
low Ag =4 x 107> mol 17! value. Initial effective gaseous substrate
concentration Age=4.5 x 107> mol I ! indicating that about 55%
of initial substrate amount is in adsorbed state in the beginning of
PCO. The maximum intermediate concentration Bn.x is equal
3.2 x 107> mol 1-! or 32% of Ao. Although all effective times namely
t8 950 th 95 and tmax became longer and equal to 1600, 2.4 x 10* and
1200 s correspondingly (Table 4).

It is essential to note that like in the case of single-stage reaction
mechanism there exist cross-point times t; = 750 s and t; = 65005
where substrate (A) and intermediate (B) concentrations are equal
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Table 4
Characteristics of (photo)catalytic reaction kinetics shown in Fig. 12.

Initial parameters Agefty M AAo/Ao, % those S thos. s Biax, mol1~! tmaxs S

Ap=4x10"°moll~", my=0 2.75x107° 31 960 8920 2.1x107° 800

Ap=10x10~>mol 1"}, m,=0 7.5%x107° 25 1160 9720 5.7x107° 950

Ap=10x10"°moll"!, m,=0.01g 45x10°° 55 1600 2.4x10* 32x107° 1200

) ) ) . . )
for cases of reaction to be conducted with or without adsorbent. C surface concentration of adsorbed species (mol m™)
Such behavior is determined by their retention on the catalyst Sz total surface of photo(catalyst) and adsorbent in the system
surface and later desorption into the gas phase. In practice it means (m?)
that at high reaction times values adsorbent containing system SBET specific surface for (photo)catalyst or adsorbent (m? g~1)
will keep higher substrate and intermediate gas concentrations m mass of adsorbent (g)
although such excess could be n.egligible depending on the t cross-point time (s)
adsorbent characteristics and quantity. Z surface active (adsorption) site
4. Conclusions .
Subscripts
The influence of adsorbent on the kinetics of (photo)catalytic
oxidation processes was investigated in a flow and static a substrate
conditions for three kinetic mechanisms taking into consideration b intermediate
that substrate and intermediate adsorption could be described by S5 steady state concentrations of substrate and product in the
Langmuir isotherm. outlet of the reactor
out concentration in the outlet of a reactor
1. It was demonstrated that the substrate removal and product 1 (photo)catalyst, except for the rate constants
formation kinetic curves become longer in static conditions in all 2 adsorbent, except for the rate constants

cases. In other words complete substrate removal requires more
time if one will conduct (photo)catalytic process in presence of
adsorbent. On the other hand substrate and intermediate
concentration in gas or liquid phase become noticeably smaller
in the first part of kinetics due to additional adsorption thus
decreasing the toxic substrate and intermediate effect.

2. Using the adsorbent in flow conditions could be effective if
substrate (A) inlet concentration increases periodically. In this
case adsorbent works as buffer reducing the value of maximum
substrate outlet concentration in several times.

3. In the case of double-step reaction mechanism the adsorbent
reduces maximum intermediate concentration and can decrease
the effective time of substrate removal if the intermediate is non-
volatile. In this sense adsorbent could decrease the catalyst
deactivation because it takes a certain amount of intermediate (B)
from catalyst surface thus keeping its activity at appropriate level.
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Appendix A. Nomenclature

AB,P concentration of substrate, intermediate and product in the

gas (or liquid) phase (mol 1"1)

Ao initial concentration of substrate in the gas (or liquid) phase
(mol 11) without taking into account its adsorption or inlet
substrate concentration

Vv volume of the gas (or liquid) phase (1)

k, ki, ko rate constants of monomolecular surface reactions (s™')

ks, k4 rate constants of bimolecular surface reactions of interme-
diate transfer from photocatalyst onto adsorbent and
backward (m? mol~'s1)

K, k" apparent first-order rate constants (s~ ')

K adsorption constant (I mol™1)
N quantity of active (adsorption) sites (mol)

Greek letters

o a number of product molecules forming from one
substrate molecule

B specific concentration of surface sites (mol m~2)

e surface coverage

T contact time (s)

Tss steady state transient period (s), when substrate current
concentration A = 0.95 x A

Appendix B. Mathematical formulation of reaction mechanism
S.2

1.A+2z gAa
2.A+2, KézAzz
3. Az, *LBz,
4.Bz; ﬁ»aP + 77

Reaction mechanism (S.2)
k3

5.Bz1 +2» 7221 + Bz,
K4

Taking into account the total mass balance, substrate adsorption,
gaseous product and adsorbed intermediate formation the
following equations set could be proposed:

PV
AoV = AV + 4 S5(Car + Caz + Con + Crz) (A1)

dc,

Tﬁl =Kk1Ca1 —k2Cp1 —k3Cp (Co — Cap — Cpy) + ka(Cq — Ca1 — Cp1)Ciz
(A2)

dc,

gt = ksC1(Ca = Caz — Ciz) — ka(C1 — Car = Cy1)Ca (A3)

dp S

a7 = ok vfc,ﬂ (A4)
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_ KaA(C1 — Cp)

c _ KaA(C; — Cip)
A= KaA

) CaZ - W (AS)
Eq. (A.1) describes the total mass balance indicating that the initial
amount of substrate (Ap) could be in gaseous form of Aand P or in the
form of adsorbed substrate (C,, Cs2) and intermediate (Cpq, Cp2). Eq.
(A.2) and (A.3) describe the change of intermediate surface concen-
trations resulting from (photo)catalytic reactions ((S.2)—(3) and (4))
and surface transfer ((S.2)—(5)). Eq. (A.5) describe the substrate
Langmuir adsorption taking into account that not the entire catalyst
and adsorbent surfaces are available for adsorption desorption
processes but minus such occupied with intermediate (Cyq or Cpp).

Substituting Eq. (A.5) into Eq. (A.1)-(A.3), subsequent differentia-
tion of Eq. (A.1) substituting into the result Eq. (A.2)-(A.4) and final
rearranging gives the set of differential equations in A(t), Cp(t) and
Cpo(t) describing changes of gaseous substrate (A) and surface
intermediate (Cp; and Cp,) concentrations during PCO reaction in a
static reactor of V (I) volume.

CzKazA C2 KbZA

Co =17 KA+ KB 2 =11 KA+ KppB

(A.9)

This set of equations along with Eq. (A.1) (Appendix B) is
completely describing all the processes in the static reactor during
PCO reaction namely: Eq. (A.1) - mass balance; Eq. (A.6) — product
formation; Eq. (A.7) - intermediate transformations; Eqs. (A.8) and
(A.9) - competitive adsorption.

Differentiating Eq. (A.1) (Appendix B) and (A.7) with the following
substituting and rearrangement gives the system of two first-order
differential equations on substrate (A) and intermediate (B) gas
concentrations:

@ _fap
h (A.10)
B ras

k3Cp1(C3 — Cpa) [(K,ﬂ/((l +Ka1A)(1 + KgpA))) — (Ke2/(1 +Ka2A)2)]
“__, + kaC(Cr = Con)[(Kaa/ (1 + KarA) (1 + Ke2A))) = (Kat /(1 + Ke2A)®)| + (Kar /(1 + KarA)*) ks (C1 = Cor) + ko Cir (1 + Kan A)]

dCpy Cy —Cpy C1 — Cpy
ar — aCh (1 +1<02A> — kaCpy (1 +1<01A>

Appendix C. Mathematical formulation of reaction mechanism
S.3

Kul
1.A+z12Az;
Kap
2.A+2zy 2 Az
3.Az, X182, : .
. Reaction mechanism (S.3)
4.Bz4 2P + 2z
Ky
5.B+z; 2Bz
K
6.B+ 2z rﬂszz

By analogy with the previous case the following set of differential
and algebraic equations could be proposed:

dP S

4t = ke %cbl (A.6)
d S S

a<B+7E(Cb1 +Cb2)> :vz(klcal —kaCp1) (A7)
c. CiKuA C1Kp A A8)

1+ KgA+ KB "' 11 KnA+ Ky B

@ - (V/Sz) + (Kar(C1 = Con)/ (1 +KarA)®) + (Kaa (C2 = Cia) /(1 + KaA)?)
dCpy C1 —Cn G2 —Cp
gt = (kiKaiA+kaCho) 372 —Cin (kl ks m)
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