
Subscriber access provided by CONICET NACIONAL INSTITUTES

Industrial & Engineering Chemistry Research is published by the American
Chemical Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Article

Photocatalytic Degradation of Dichloroacetic Acid. A
Kinetic Study with a Mechanistically Based Reaction Model

Mari#a de los Milagros Ballari, Orlando O. Alfano, and Alberto E. Cassano
Ind. Eng. Chem. Res., 2009, 48 (4), 1847-1858• DOI: 10.1021/ie801194f • Publication Date (Web): 22 January 2009

Downloaded from http://pubs.acs.org on April 20, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ie801194f


Photocatalytic Degradation of Dichloroacetic Acid. A Kinetic Study with a
Mechanistically Based Reaction Model

Marı́a de los Milagros Ballari,* Orlando O. Alfano, and Alberto E. Cassano

INTEC (UniVersidad Nacional del Litoral and CONICET), Colectora de la Ruta Nacional No. 168, Km 472.5,
Edificio INTEC I, (3000) Santa Fe - Argentina

In the present work, a study of the reaction kinetics of the photocatalytic degradation of dichloroacetic acid
(DCA) employing UV radiation and titanium dioxide suspensions is reported. This study involved the
development of a kinetic model from a proposed complete reaction sequence and estimation of the kinetic
parameters from experimental data. The experimental data were obtained using a perfect mixed photoreactor,
because the operating conditions were chosen in compliance with restrictive conditions established in a previous
work in which the possibility of mass-transfer limitations in slurry reactors was investigated. The significant
variables in this study were (1) the initial DCA concentration, (2) the catalyst loading, and (3) the light
intensity. Simulation results from the complete reactor mass balance, including radiation transport in the bulk
and resistances inside the catalytic particle agglomeration, are in good agreement with experiments, which
provides confidence in the estimation of the kinetic parameters within the range of the explored variables.

1. Introduction

Photocatalytic processes constitute one of the advanced
oxidation technologies (AOTs) applied to water and air purifica-
tion. These processes involve a solid semiconductor catalyst,
typically titanium dioxide, which is activated with ultraviolet
light of the appropriate wavelength. For various reasons
repetitively reported, titanium dioxide has been the preferred
choice.1 These reactions are very attractive for treating pollution
problems because (1) they transform pollutants into innocuous
products in the vast majority of cases2-4 and (2) they have very
low selectivities, thus permitting the treatment of a wide range
of contaminants including herbicides,5 pesticides,6,7 phenol and
its derivatives,8-10 halocarbonated compounds,11,12 alcohols,13,14

organic acids,15-17 dyes,18,19 nitrogen oxides,20 cyanobacterial
toxins,21 and endocrine disruptors.22

Dichloroacetic acid (DCA) is a pollutant with environmental
and clinical toxicological effects. This contaminant is a byprod-
uct of water chlorination and a metabolite of other chlorinated
compounds that are present in industrial effluents, such as
trichloroacetic acid and perchloroethylene. It is considered a
potential human carcinogenic as well.

Dichloroacetic acid is a model contaminant that presents some
advantages for laboratory studies because of its low vapor
pressure and high water solubility. In addition, the photocatalytic
mineralization of DCA in aqueous media does not yield stable
organic intermediates, simplifying the kinetic model. To date,
DCA has been used as a model pollutant in several photocata-
lytic degradation studies with TiO2.

23-27

The photocatalytic degradation kinetic of DCA employing
titanium dioxide suspensions was studied by Zalazar et al.,28

who proposed a photocatalytic mineralization mechanism and
a kinetic expression for the reaction rate with the intention of
providing intrinsic parameters. Unfortunately, some of the
experimental operating conditions and some of the assumptions
made in the derivation of the kinetic model induced some
objections to the results. Accordingly, this study differs
significantly from the previous work, leading to a new and

different kinetic study of this contaminant. The main differences
between the two contributions are as follows: (1) The pH of
the initial contaminated solution differed. Whereas Zalazar et
al.28 worked with pH values between 4 and 5, in the present
work, higher DCA concentrations were employed, and conse-
quently, the pH was significantly lower. The use of different
pH values in a photocatalytic reaction has two main effects: (a)
an alteration of the suspension characteristics at low pH, because
of the formation of agglomerates, and (b) a modification in the
affinity between the contaminant and the titanium dioxide
surface, because the latter’s charge is a function of the solution
pH. (2) A change in the morphology of the catalyst led to
changes in the optical properties, which are affected by the
suspension pH.29,30 (3) Better information concerning the phase
function for inscattering is now available and was used in this
work. Whereas Zalazar et al.28 assumed an isotropic phase
function, in this work, the Henyey-Greenstein (HG) phase
function was utilized.29 The HG phase function has the
advantage of having an adjustable asymmetry factor that
indicates whether the scattering is isotropic or directed forward
or backward and adjusts calculations closer to the actual photon
scattering distribution. (4) The thickness of the reactor used in
this work is different from that used by Zalazar et al.;28 therefore,
the optical thicknesses of the two photoreactors contrast
significantly for the same catalyst loading. It has been shown
that this change could force the use of a very complete and
rigorous representation of the radiation absorption rate.31 (5)
There are some important differences in the kinetic models of
the two model approaches. Whereas the reaction rate was
modeled in terms of a heterogeneous system in this work, in
Zalazar et al.,28 a simplification was made with respect to the
system, considering its behavior to be pseudohomogeneous. This
leads to different assumptions about the adsorption equilibrium
of the pollutant on the catalytic surface. In addition, eq 8 in
Zalazar et al.28 relied on an implicit approximation that could
lead to theoretical objections. (6) The material used in the reactor
windows for the radiation entrance was different. In Zalazar et
al.,28 quartz plates were used, whereas in this work, borosilicate
glass was employed. This resulted in a radiation wavelength
distribution inside the photoreactor that was appreciably different
because borosilicate glass just starts to transmit significant
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radiation above approximately 300 nm. Employing polychro-
matic radiation, the modeling here was based on the consider-
ation that several different hypothetical monochromatic photo-
reactors could be assumed to work simultaneously, each one
corresponding to a wavelength emitted by the lamp. The effects
of all these hypothetically monochromatic reactors were then
added to represent the polychromatic performance. Considering
this particularity, the number of monochromatic hypothetical
photoreactors differed between the two actual reactors, and in
the case of Zalazar et al.,28 absorption of titanium dioxide with
the lamp used could extend to almost 260 nm, where radiation
absorption by titanium dioxide is substantially larger. This
produced a significant increase in the rate of electron-hole
generation resulting from absorption of photons with much
greater energy. This phenomenon, in turn, contributed to large
values of the different primary quantum yields that were
considered in an even enlarged set of wavelengths, which
afterward, in the mathematical treatment, were averaged over
the employed wavelength range (which, as said before, was very
different between the two reactors). (7) Consequently, for a
reactor working with an extended wavelength interval, particu-
larly in the lower wavelength range, higher photoreactor
efficiency would be expected in ref 28, because lower-
wavelength radiation (with more energy) was available in the
reaction space. In this sense, one should clearly note that truly
effective intrinsic kinetics are comparable only when the lamps
used and reactor windows are exactly the same, leading to the
same spectral distribution and approximately the same order of
magnitude, for each wavelength interval, of radiation arriving
at the radiation-absorbing compound. (8) The study reported
by Zalazar et al.28 was focused on the effect of oxygen in the
reaction, giving less emphasis to experiments with catalyst
loading, whereas the objective of this work was mainly to
investigate the influence of catalyst loading, and other param-
eters, on the degradation rate of DCA. (9) Finally, in this work,
in accordance with the theoretical study conducted in Ballari et
al.,32,33 the reactor was always operated under conditions where
the results could not be affected by external diffusive limitations
at any time. All of these considerations generate an additional
interest in this study because the obtained kinetics can be used
to validate the models developed in Ballari et al.32,33 concerning
the mass-transfer limitations in slurry photocatalytic reactors.

This article begins by proposing the photocatalytic degrada-
tion mechanism of dichloroacetic acid. From this scheme, a
kinetic reaction expression of DCA disappearance is developed
in terms of parameters that affect the reaction rate, such as the
local volumetric rate of photon absorption, the mass loading of
titanium dioxide, the oxygen concentration (that will remain
constant during this study), the DCA concentration, and the
resistances existing in the catalytic primary particle agglomera-
tion at low-pH conditions. Then, the results of the kinetic
parameter estimation are shown, along with experimental data
obtained from different experiments varying the operating
conditions that affect the reaction rate. Finally, the estimated
kinetic parameters are validated by comparison of the simulation
data resulting from a perfectly mixed reactor model (according
to the operating conditions defined in Ballari et al.32,33) with
the experimental information obtained in the laboratory reactor.

2. Experimental Section

The experiments were carried out in a specially designed and
built photoreactor that is part of a batch recirculation system.
The apparatus was assembled with the following components
(Figure 1 and Table 1): (i) one long parallelepiped (100 × 8 ×
1 cm) made of stainless steel that includes, in a small part of
its length (at its top), one flat-plate photoreactor resulting from
the presence of one borosilicate glass window (15 × 8 cm) on
each side of the parallelepiped; (ii) a stainless steel recirculating
centrifugal pump (Simes Corp.) equipped with an electronic flow
control; (iii) a calibrated rotameter; (iv) a well-stirred, 5000 cm3

tank made of glass, isolated from the laboratory light, that
included provisions for sampling and temperature measurements;
(v) an oxygen bubbling system with a glass disperser, operating
continuously in the tank to maintain a constant gas concentration
in the reactor feed; (vi) a long, all-glass heat exchanger for
temperature control connected to a thermostatic bath; and (vii)
two lamps (one on each side of the windows) located horizon-
tally at the focal axis of their respective custom-made parabolic
reflectors, manufactured with specularly finished aluminum
mirrors by the Alzak treatment from ALCOA. The radiation
sources were medium-pressure mercury lamps (Philips HPA
1000) with a nominal input power of 1000 W each and
polychromatic emission between 260 and 580 nm, with a well-
known relative wavelength distribution of the output energy.

Figure 1. Reactor description. Key: (1) reactor, (2) UV lamp, (3) parabolic reflector, (4) fan, (5) box, (6) flowmeter, (7) heat exchanger, (8) thermostatic
bath, (9) tank, (10) oxygen supply, (11) sampling, (12) thermometer, (13) pump, (14) valve, (15) borosilicate glass window, (16) borosilicate ground glass,
(17) neutral filter, (18) shutter.
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In addition, (viii) between each lamp system and the reactor
window there was a fixed, flat borosilicate ground glass to
produce diffuse emission toward the reaction space. (ix) It was
also possible to interpose between the lamp and the reactor two
additional devices: (1) a sliding shutter to determine exactly
the moment at which the photocatalytic reaction started after
the hydrodynamic and thermal steady state of the overall reaction
system had been reached and (2) neutral density filters of
different transmissions to change the intensity of the incident
radiation on the reactor windows. (x) The operating temperatures
of the lamps and reflectors were controlled with a variable-
flow-rate air blower. (xi) An additional recirculation circuit for
the tank alone was included to further improve mixing. (xii)
The photoreactor, reflectors, and UV lamps were enclosed in a
box to ensure safe operation, and (xiii) stainless steel tubing
was used for all connections.

The employed reactants during the photocatalytic experiments
were DCA (>98% purity, Merck), titanium dioxide (99.9%
anastase, Aldrich), and oxygen (industrial-quality, >99.5%
purity).

After the experimental device had been cleaned, the titanium
dioxide suspension and DCA solution were loaded; the system
flow rate and temperature were stabilized, with the latter kept
at 20 °C; and extremely good mixing conditions were ensured.
Oxygen was continuously fed into the tank to maintain a
complete saturation concentration at all times. The lamps were
turned on and stabilized for 20 min (while the shutters on the
reactor windows were closed). Subsequently, the flow rate was
controlled with the regulating valve, according to the rotameter
measurements. Then, the sample at t ) 0 min was taken at the

same time that the lamp shutters were opened. Afterward,
samples were taken every 30 min for several measurements.
The total reaction time was 3 h for all experiments.

The concentrations of the reactants and products (DCA and
chloride ion) of each sample were determined by ion-exchange
chromatography (using 1.7 × 10-6 mol cm-3 CO3HNa and 1.8
× 10-6 mol cm-3 CO3Na2 as the eluent, an IonPack AG4A-SC
column, a Waters 432 conductivity detector, and an Alltech DS-
Plus suppressor). In addition, a total organic carbon determi-
nation was performed with a TOC-5000A Shimadzu instrument,
as a global measurement of the sample mineralization. Perform-
ing a carbon balance with the DCA concentration given by the
chromatographic analysis and the TOC analysis, one can exclude
the presence of stable organic intermediates if the two carbon
balances agree, employing this indirect form of comparing
information.

3. Reaction Scheme

The DCA photocatalytic mineralization mechanism was
obtained from Zalazar et al.28 (Table 2). This scheme considers
that DCA, adsorbed on the catalyst surface, is attacked directly
by a hole that is produced in the photocatalytic activation step,
at acidic pH.26,27,34 In actual terms, this model considers that,
under acidic conditions, direct attack by holes is significantly
more important than oxidation by OH• radicals, a rather
uncommon hypothesis compared to that more commonly
employed in titanium photocatalysis, but clearly demonstrated
in previous reports and reproduced in this contribution and in
ref 28.

4. Kinetic Model

4.1. Degradation Kinetics of DCA. The rate of heteroge-
neous DCA decomposition can be precisely deduced by
employing the following methodology and hypothesis: (1)
Perform an active-site balance considering that DCA adsorption
does not compete with oxygen adsorption.35 (2) Relate the
superficial concentration of DCA to the concentration in the
bulk though an adsorption equilibrium constant. (3) Considering
the very short lifetime and very small concentration of the
unstable intermediates, in the unsteady-state reactor configura-
tion, apply the microsteady-state approximation (MSSA). Then,
according to the Appendix

RHet,DCA )

k2CDCAads
k9CO2ads

- √(k2CDCAads
k9CO2ads

)2 + 2rgk9CO2ads
k2CDCAads

k8

k8

(1)

Table 1. Main Characteristics of the Experimental Setup

Reactor
material stainless steel
length 100 cm
width 8 cm
thickness 1 cm
total volume 800 cm3

Photoreactor
windows material borosilicate glass
length 15 cm
entrance length 75 cm
width 8 cm
thickness 1 cm
volume 120 cm3

Lamps
model Philips HPA 1000
number 2
input power 1000 W
length 8.5 cm
emission wavelength 260-580 nm

Parabolic Reflectors
material aluminum mirrors with

Alzak treatment
aperture 20 cm
focal distance 2.78 cm
length 14 cm

Filters
material stainless steel mesh
attenuation 20% and 45%

Recirculating Pump
material stainless steel
operating power 0.5 HP
total maximum flow rate 182 cm3 s-1

reactor maximum flow rate 76 cm3 s-1

Pipes
material stainless steel
nominal diameter 0.95 cm

Tank
material glass
maximum volume 5000 cm3

nominal total reactor volume 4000 cm3

Table 2. Reaction Mechanism (from Reference 28)

reaction steps no. constant

TiO2 + hν f h+ + e- 0 Φλ

SiteDCA + CHCl2COO- T CHCl2COO-
ads 1 K1

CHCl2COO-
ads + h+ f CHCl2COO• 2 k2

CHCl2COO• f HCl2C• + CO2 3 k3

SiteO2
+ O2 T O2ads 4 K4

O2ads + HCl2C• f CHCl2OO• 5 k5

2CHCl2OO• f 2COCl2 + H2O2 6 k6

COCl2 + H2O f CO2 + 2HCl 7 k7

h+ + e- f heat 8 k8

O2ads + e- f O2
•- 9 k9

O2
•- + H+ f HO2

• 10 k10

HO2
• + e- f HO2

- 11 k11

HO2
- + H+ f H2O2 12 k12
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The rate of the catalyst activation step for all wavelengths
where titanium dioxide absorbs radiation can be expressed as a
function of the local superficial rate of photon absorption
(LSRPA)

rg )∫λ
ΦλeS,λ

a dλ)Φj λ∫λ
eS,λ

a dλ (2)

where

Φj λ )
∫λ

ΦλeS,λ
a dλ

∫λ
eS,λ

a dλ
(3)

is the primary quantum yield averaged over all wavelengths
where the photocatalyst absorbs radiation. This primary quantum
yield does not include the recombination reaction of electrons
and holes. This average was made because of the absence of
detailed information concerning the value of the monochromatic
quantum yield for each wavelength of the spectral range of
radiation absorption by the catalyst. Rigorously speaking, this
operation limits the validity of the model parameters to the
spectral range of wavelengths emitted by the lamps that pass
through the reactor walls and can be absorbed by the titanium
oxide catalyst. Lamps with different wavelength emission
distributions or power distributions at each wavelength, different
reactor window materials, and different catalysts would result
in a different value of Φj λ. This is an unavoidable limitation
unless radiation with equal monochromatic wavelength (with
not-too-different output power), identical reactor wall materials,
and the same catalyst are used. Thus, as an unfortunate
consequence, in the majority of cases, even if the best and
carefully selected operating conditions are employed, the results
generally provide only pseudointrinsic kinetics.

Substituting the corresponding expressions for rg (eq 2), the
adsorbed DCA concentration (eq A.6 in the Appendix), and the
adsorbed oxygen concentration (eq A.7 in the Appendix) into
eq 1 and rearranging gives

RHet,DCA )
k2k9CsitesO2,TK4CO2

CsitesDCA,TK1CDCA

k8(1+K1CDCA)(1+K4CO2
)

×

[1-�1+ 2Φj λ∫λ
eS,λ

a dλ
k8(1+K1CDCA)(1+K4CO2

)

k2k9CsitesO2,TK4CO2
CsitesDCA,TK1CDCA ]

(4)

Lumping all possible kinetic constants and considering that
the oxygen concentration remains constant during the reaction
(because pure oxygen is continuously supplied to the system),
the resulting expression for the superficial rate of dichloroacetic
acid degradation is

RHet,DCA )
R1CDCA

(1+K1CDCA)(1-�1+ 2R2∫λ
eS,λ

a dλ
1+K1CDCA

CDCA
)

(5)

where

R1 )
k2k9CsitesO2,TK4CO2

CsitesDCA,TK1

k8(1+K4CO2
)

(6)

and

R2 )
Φj λk8(1+K4CO2

)

k2k9CsitesO2,TK4CO2
CsitesDCA,TK1

(7)

4.2. DCA Degradation Rate per Unit Volume of Suspen-
sion. Once an expression for the DCA superficial reaction rate
has been obtained, the result has to be brought from the catalytic
surface to the suspension volume (where the measurements are
made). The reaction rate per unit catalytic area is affected by
the TiO2 interfacial area per unit suspension volume, av. The
pseudohomogeneous reaction rate expression per unit suspension
volume is

RDCA )RHet,DCAaV )

CmcSg

R1CDCA

(1+K1CDCA)(1-�1+ 2R2∫λ
eS,λ

a dλ
1+K1CDCA

CDCA
)

(8)

with

aV )CmcSg (9)

where Cmc is the catalyst loading and Sg is the specific surface
area of titanium dioxide.

Likewise, the local superficial rate of photon absorption
(LSRPA) can be transformed into a local volumetric rate of
photon absorption (LVRPA) according to

RDCA )RHet,DCAaV )

CmcSg

R1CDCA

(1+K1CDCA)[1-�1+
2R2∫λ

eλ
a dλ (1+K1CDCA)

CmcSgCDCA
]

(10)

4.3. Limiting Cases of the Kinetic Expression for DCA
Degradation. For low DCA concentrations within the bulk of
the fluid, the concentrations of adsorbed species are linearly
proportional to the suspension concentration. Therefore, the
DCA reaction rate is

RDCA )CmcSgR1CDCA(1-�1+
2R2∫λ

eλ
a dλ

CmcSgCDCA
) (11)

This approach is valid for this kind of study, where
contaminant species are present at low concentrations. In the
same way, it can be safely applied to oxygen, because oxygen
has a low water saturation limit. In addition, the value of K1 in
eq 10 is much less than 1, thereby making K1CDCA , 1, as
shown below.

When the reactor is subjected to medium to high rates of
photon absorption, the term that contains the LVRPA is
significantly higher than the others, and the reaction rate can
be approximated by

RDCA )-R1√2R2∫λ
eλ

a dλ CmcSgCDCA (12)

In this way, a square-root dependence of the pollutant reaction
rate on the LVRPA is obtained, as predicted in Alfano et al.36

for high irradiation levels.
On the other hand, the square root in eq 11 can be analyzed

in terms of a Taylor series expansion, resulting in a simplifica-
tion that renders a second limiting case.36 Therefore, when the
irradiation rate is low, a linear dependence of the reaction rate
on the LVRPA is obtained

RDCA )R2R1∫λ
eλ

a dλ (13)

This result has been reported frequently in the photocatalytic
literature, particularly for irradiation rates on the order of one
sun or less.37,38
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5. Radiation Balance

The presence of the term eλ
a makes necessary to resort to the

solution of the radiative transfer equation (RTE) in a participat-
ing medium, with absorption and scattering (no emission is
considered because AOT reactions are normally carried out at
ambient temperature)39,40

dIλ,Ω_ (s, t)

ds
+ κλ(s, t) Iλ, Ω̄(s, t)+ σλ(s, t) Iλ, Ω̄(s, t))

σλ(s, t)

4π ∫Ω′)4π
p(Ω′fΩ) Iλ, Ω′(s, t) dΩ′ (14)

where the second and third terms on the left-hand side represent
absorption and outscattering, respectively, and the right-hand
side represents inscattering.

For the case of a one-dimensional slab geometry (Figure 2)
with azimuthal symmetry resulting from the diffuse irradiation
of the reactor windows, as a consequence of the employed
ground glass device, the RTE becomes the one-dimensional-one-
directional radiation model41

µ
dIλ(y, µ)

dy
+ (κλ + σλ)Iλ(y, µ))

σλ

2 ∫µ′)-1

µ′)1
Iλ(y, µ′) p(µ, µ′) dµ′

(15)

Note that κλ + σλ ) �λ, the extinction coefficient, and µ )
cos θ.

The diffuse and isotropic inlet boundary conditions are

Iλ(y) 0, µ)) I λ
0 for µ > 0 (16)

Iλ(y)HR, µ)) I λ
HR for µ < 0 (17)

In accordance with Satuf et al.,29 the Henyey and Greenstein
(HG) phase function was used42,43

pΗG,λ(µ0))
1- gλ

2

(1+ gλ
2 - 2gλµ0)

3 ⁄ 2
(18)

where µ0 is the cosine of the angle between the direction of
propagation of the incoming scattered ray and that for which
the RTE is written.

The solution of eqs 15-18 was numerically obtained with
the discrete ordinate method.44 From the values of the specific
intensities, the local volumetric rate of photon absorption
(LVRPA) for the one-dimensional-one-directional radiation
model is obtained as

eλ
a[(y), Cmc]) κλ{ 2π∫µ)-1

µ)1
Iλ[(y, µ), Cmc] dµ} (19)

5.1. Optical Properties. The catalyst used in this study was
obtained from Aldrich (>99.9% anatase). The values of the
dimensionless asymmetry factor, gλ, and other optical properties

for the employed catalyst for acid suspensions (pH 2.5), as
determined by Satuf et al.,30 are listed in Table 3. Also included
in this table are the spectral emission energy distribution of the
lamp, fλ, and the borosilicate glass transmittance, Tλ, for the
useful range of employed wavelengths (considering absorption
by TiO2 and transmission by the borosilicate glass windows).

5.2. Determination of the Boundary Condition for the
RTE. The values of the total radiative flux, qW,T (275 nm e λ
e 390 nm), on each side of the reactor windows, with and
without filters, were measured by potassium ferrioxalate acti-
nometry45 and are reported in Table 4. These values were
calculated according to the approach of Zalazar et al.46 and
Brandi et al.47 Starting from the mass balance for Fe2+

dCFe2+,Tk(t)

dt
)

VR

VT
∑

λ

〈RAct,λ(y, t)〉AS,R
(20)

and considering that the reaction rate for the actinometer is

∑
λ

〈RAct,λ(y, t)〉AS,R
)∑

λ

ΦAct,λ〈eAct,λ
a (y, t)〉AS,R

(21)

and the RTE for the homogeneous medium is

µ
dIλ,Ω_ (y, t)

dy
+ κT,λ(t)Iλ,Ω_ (y, t)) 0 (22)

the resulting total radiative flux on each side of the reactor,
obtained after solving eqs 20-22, is

qW,T )
VTHR

VR
[ lim

tf 0

dCFe2+,Tk

dt ] ×

1

∑
λ

ΦAct,λfλTλ{ 1- 2E3[κFe3+,λ(tf 0)HR]}
(23)

where limtf0(dCFe2+, Tk/dt) is given by the experimental data of
the initial generation rate of Fe2+, ΦAct,λ is the overall quantum
yield for the actinometer,45 κFe3+, λ )RFe3+, λCFe3+ is the absorption
coefficient of Fe3+ solution, being RFe3+, λ the molar Naperian
absorptivity of Fe3+,45 and E3 is the third-order integral
exponential function.39,42 Equation 23 takes into account the
fact that, even though titanium dioxide absorbs radiation up to
385-390 nm, the actinometer solution absorbs photons much
beyond this limit, but with a small absorption coefficient.
Consequently, the more simplified equation that is very often
used is not applicable in this case. For more details, see Zalazar
et al.46

From the total radiation flux values, the boundary condition
of the RTE can be calculated as

I λ
0 )

qW,T fλTλ

π
(24)

6. Mass Balance

A limiting operation of the system could be achieved if
the reactor were operated with differential conversion and/
or if the reactor volume were much smaller than the total
reaction volume(VR/VT , 1) and the tank and reactor were
extremely well mixed. These conditions were achieved in
the experimental device considering the analysis made in
Ballari et al.,32 where the mass-transfer limitations and the
operating conditions that contribute to their emergence were
studied. Thus, the perfect mixed model (PMM) could be
applied for the mass balance in the reactor. However,
the experiments were performed at acidic pH, which favors
the formation of agglomerates. Consequently, it was neces-

Figure 2. Schematic representation of the radiation field inside the reactor.
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sary to implement an overall effectiveness factor in the mass
balance, as discussed by Ballari et al.,25 in order to consider the
internal mass and radiation resistances inside the catalyst. Therefore,
the mass balance of DCA (A) for a perfect mixed reactor is

dCA,Tk(t)

dt
)

VR

VT
aV〈RHet,A(r, y, t)〉AS,R

)
VR

VT
aVη0〈RHet,A(RP, y, t)〉AS,R

(25)

with

CA,Tk(t) 0))CA
0 (26)

and

η0 )
〈RVP,A[CA(r), eS

a(r)]〉VP

RVP,A[CA
s (RP), eS

a(RP)]

)
〈RVP,A[CA(r), eS

a(r)]〉VP

〈RVP,A[CA
s (RP), eS

a(r)]〉VP

×
〈RVP,A[CA

s (RP), eS
a(r)]〉VP

RVP,A[CA
s (RP), eS

a(RP)]

) ηDiff × ηAtt (27)

where RVP,A ) aVP
RHet,A is the DCA reaction rate per unit particle

or agglomerate volume, with aVP
) SgFS(1 - εP) being the

solid-liquid interfacial area per unit particle volume. In the
second line of eq 27, the two terms represent the diffusive mass-
transfer effectiveness factor (ηDiff) and the photon transport
effectiveness factor (ηAtt), respectively. The effectiveness factors
can be calculated solving the mass balance inside an assumed
spherical shape for the solid agglomerate.25 Additionally, the
local superficial rate of photon absorption inside the porous
agglomeration of primary particles can be calculated, according
to Ballari et al.,25 from

eS
a(r))

eλ
a[(y), Cmc]

SgCmc

RP

r
sinh(γr)

sinh(γRP)
1

3
γRP[ 1

tanh(γRP)
- 1

γRP]
(28)

with γ2 ) 3(1 - ωP) �P
2.

In this way, introducing the effectiveness factor, a mass balance
equation was obtained that depends on the bulk properties,

independently of what happens inside the agglomerated particle.
The result is valid if there are no external mass-transfer resistances
in the outside film of the particle, as was demonstrated by Ballari
et al.25 for the particle and agglomerate sizes typically used in
photocatalysis with titanium dioxide suspensions.

7. Results

7.1. Radiation Profiles in the Reactor. Figure 3 shows the
LVRPA profiles (e∑λ

a ) inside the reactor as a function of the
reactor thickness (y) for several catalyst loadings that were
employed in different experiments and for a value corresponding
to 100% of the incident radiation (Table 4). These LVRPA
profiles were obtained by employing catalyst optical properties
at acidic pH. The observed radiation attenuation is significantly
smaller when these profiles are compared with those obtained
at natural pH. This is consistent with experiments showing that
the extinction coefficient at acidic pH30 is lower than at neutral
pH.29

7.2. Photocatalytic Experiments. Prior to the execution of
the photocatalytic experiments, the DCA adsorption on the
overall system was verified by performing a dark run (UV lamps
off) with Cmc ) 1 × 10-3 g cm-3. The DCA concentration
remained invariant over time (t ) 0 min, CA ) 1.00 × 10-6

mol cm-3; t ) 60 min, CA ) 1.02 × 10-6 mol cm-3; t ) 120
min, CA ) 0.99 × 10-6 mol cm-3), which could dismiss the
occurrence of DCA adsorption on the different materials that
form part of the experimental device.

Different experimental runs were performed in the laboratory
varying the main parameters that influence the photocatalytic
reaction, as shown in Table 5. These parameters are the catalyst
mass loading, initial contaminant concentration, and incident
irradiation level. In all these experiments, the maximum
operating flow rate was used, because it was intended to work
without concentration gradients in the reactor. Thus, it was
possible to obtain good mixing conditions in the reactor, and
according to the choice of the rest of the operating variables
analyzed in Ballari et al.,32 an intrinsic kinetic model of

Table 3. Spectral Distribution of Catalyst Optical Properties (pH 2.5),a Relative Emission of the Lamp, and Borosilicate Glass Transmittance

wavelength (nm) �γ
*(cm2 g-1) �κ

*(cm2 g-1) gλ (-1 e gλ e 1) fλ (Eλ/ET) Tλ × 100 (%)

275 14071.0 5606.0 0.8768 0.0104 0.05
305 14167.0 5703.4 0.8973 0.0431 36.55
310 14182.5 5725.3 0.90175 0.0526 48.80
324 14324.9 5759.62 0.89486 0.033 73.33
359 15016.2 3731.12 0.65954 0.085 90.00
370 15145.0 1051.84 0.54235 0.139 90.00
385 15249.0 758.38 0.4759 0.104 90.00

a Aldrich titanium dioxide. Sg ) 9.6 m2 g-1, nominal size of the primary particle ) 200 nm.

Table 4. Actinometry Results

actinometry
irradiation
level (%)

limtf0(dCFe2+,Tk/
dt) × 108 (mol

cm-3 s-1)

qW,T × 106

(Einstein
cm-2 s-1)

right lamp without filter 100.0 1.27 1.13
left lamp without filter 100.0 1.24 1.11
right lamp with low

attenuation filter
45.55 0.58 0.52

left lamp with low
attenuation filter

44.97 0.56 0.50

right lamp with high
attenuation filter

19.16 0.24 0.22

left lamp with high
attenuation filter

19.90 0.25 0.22

Figure 3. Local volumetric rate of photon absorption as a function of the
main characteristic dimension for radiation propagation inside the reactor
space.
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dichloroacetic acid degradation observed over the catalytic
surface could be determined. In other words, these kinetic
parameters were obtained under conditions that were free of
mass-transfer limitations.

In Figure 4, some of these experimental results are shown in
terms of DCA, equivalent stoichiometric chloride, and equivalent
TOC concentrations; i.e., all of these determinations are
expressed as DCA concentrations. Good agreement between the
three concentrations can be observed. It can be seen that DCA
degradation does not produce stable organic intermediates,
because the DCA concentration chromatographically deter-
mined, is almost equal to the DCA concentration in terms of
equivalent TOC measurements. In addition, it can be concluded
that the reaction stoichiometry was satisfied, because 1 mol of
DCA generated 2 mol of chloride.

7.3. Estimation of Kinetic Parameters. To estimate the
kinetic parameters, the modified Levenberg-Marquardt method
was employed. This is an algorithm to optimize the estimation

of nonlinear multiparameter expressions, by comparing predic-
tions from theoretical models with experimental data and
minimizing the sum of the square of the error differences.

The kinetic equation used for parameter optimization was eq
11, which considers a linear adsorption rate of oxygen and DCA.
Previously, the validity of this hypothesis (the linear adsorption
rate) was demonstrated using eq 10 for the parameter estimation.
In this estimation, a value of K1 much less than unity was
obtained (K1 < 10-6 cm3 mol-1).

In addition, it was considered that the effectiveness factor
remained constant for the employed reactor operating conditions.
However, its value was different from 1.0. As shown in Ballari
et al.,25 the overall effectiveness factor differs significantly from
1.0 because of the contribution of the photon transport effective-
ness factor in the catalytic agglomerate. This hypothesis can
be validated by calculating the polychromatic effectiveness
factor according to Ballari et al.25 and eq 27. To this end, the
optimized kinetic parameters for the most extreme operating
conditions of the system must be used: (i) catalyst loading (0.1
and 2 g L-1), (ii) irradiation level (on the wall and at the reactor
center), and (iii) pollutant concentration (at the initial and final
reaction times, t0 and tF, respectively). For an average agglomer-
ate size of 2.5 µm (determined by optical microscopy for a
suspension at pH 3), the average value of the effectiveness factor
with its corresponding standard deviation was found to be

η0 ) 0.324( 0.014 (29)

Observing the standard deviation, which does not exceed 5%
of the average value, a constant effectiveness factor for the
experimental conditions employed can be justified.

Summarizing, the ordinary differential equation employed for
the parameter estimation, considering eqs 11 and 25, was

dCA,Tk(t)

dt
)

VR

VT
CmcSgη0R1CA,Tk(t) ×

〈{ 1-�1+
2R2∫λ)275 nm

λ)390 nm
eλ

a[(y), Cmc] dλ

CmcSgCA,Tk(t)
}〉

AS,R

(30)

with the initial condition

CA,Tk(t) 0))CA
0 (31)

The kinetic parameters estimated with the Levenberg-Mar-
quardt method and their corresponding 95% confidence intervals
were obtained as

R1 ) (38.89( 2.14) × 10-7 cm s-1 (32)

Table 5. Photocatalytic Experiments

experiment
Cmc × 103

(g cm-3)
CA

0 × 106

(mol cm-3)
irradiation
level (%)

experimental
conversion (%)

model conversion
(%) error (%)

1 0.1 1 100 38.04 34.06 4.37
2 0.1 1 45 26.81 29.16 2.06
3 0.1 0.5 100 45.46 49.83 4.78
4 0.25 1 100 50.44 58.27 8.79
5 0.25 1 45 55.83 49.74 7.18
6 0.25 1 20 34.57 31.47 2.78
7 0.25 0.5 100 70.75 75.01 6.43
8 0.5 1 100 77.48 79.80 3.96
9 0.5 1 45 68.31 70.39 4.25
10 0.5 1 20 43.07 44.84 3.17
11 0.5 0.5 100 92.86 94.44 14.23
12 1 1 45 85.19 86.53 6.18
13 1 1 20 57.88 58.10 1.07
14 2 1 20 65.87 67.74 2.59

Figure 4. Experimental results of tank DCA concentration evolution. (a)
Experiment 1: Cmc ) 0.1 × 10-3 g cm-3, CA

0 ) 1 × 10-6 mol cm-3,
irradiation level ) 100%. (b) Experiment 8: Cmc ) 0.5 × 10-3 g cm-3, CA

0

) 1 × 10-6 mol cm-3, irradiation level ) 100%.
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R2 ) (1.64( 0.35) × 105 mol s Einstein-1 cm-1 (33)

With the estimated kinetic parameters (eqs 32 and 33), the
primary quantum yield of the photocatalytic reaction, averaged
over the employed wavelength range, was calculated as

Φj λ )R1R2 ) 0.637( 0.171 mol Einstein-1 (34)

This value of the quantum yield is between 0 and 1, which is
a good indication that the parameter estimation is providing a
value that under no circumstances contradicts the physical
interpretation of the activation step.

7.4. Experimental Results versus Model. To show the
ability of the model to represent the full set of data, with the
previously determined kinetic parameters, different experiments
were simulated with the complete computer program. Then, the
DCA concentration data from the laboratory and those from
the model, both as a function of time, were compared. The
model shows good agreement with all of the experimental
results, with a total root-mean-square error defined as

error (%))�∑
i)1

N (CA,Experimental
i -CA,Model

i

CA,Experimental
i

× 100)2

N
(35)

equal to 6.07%.
This error is shown for each experiment in Table 5. The

maximum deviation in some particular cases never exceeded
15%. In addition, the total experimental and model calculated
conversions for an experimental time of 3 h (tF ) 180 min) are
reported in Table 5 for each experiment.

Figures 5-7 show the results calculated with the perfect
mixed model (which was used to estimate the parameters) and
the experimental data on DCA concentration measured in the
tank by ion-exchange chromatography for each experiment. In
all cases, the agreement of the results is more than acceptable.

It is possible to analyze the effects of different operating
variables on the system by resorting to the estimated kinetic
parameters. This analysis can include a comparison between
simulated values obtained with the model and experimental
measurements.

It can be observed that, for the same irradiation rate and the
same initial DCA concentration, when the reactor operates under
perfect mixing conditions and there are no mass-transfer
limitations in the bulk of the fluid, increasing the catalyst loading
results in an increase in the final conversion. Figure 5a-d shows,
for different irradiation rates and different initial DCA concen-
trations, the results produced by changing the catalyst loading.
Both the experimental values and model simulations indicate
that conversion always increases when the loading of titanium
dioxide increases. It should be noted that this result is valid
only for the case of the assumed perfect mixing conditions. This
result was also reported in a theoretical study by Ballari et al.32

Figure 6 compares different runs made with varying initial
DCA concentration, a mass catalyst loading equal to 0.5 × 10-3

g cm-3, and 100% of the available irradiation rate. As expected,
decreasing the concentration of the pollutant increases the final
conversion of the reaction system.

For a given catalyst loading and a fixed initial pollutant
concentration, when the irradiation level produced by the lamps
is reduced, the final conversion also decreases (Figure 7). In a
first approximation, it could be said that the plot looks like a
square-root dependence. However, even if this observation were,
to some extent, partially true, in reality, what is depicted in the
curve is a mixed dependence with a preponderant influence of

a form close to a square-root function. What is quite clear is
that a neat linear behavior is far from being achieved. As a way
of illustration, it can be seen that, when the irradiation level is
reduced to 45% of the maximum value, the final conversion
does not change in the same proportion; on the contrary, it is
notably larger. This is a direct result of the radiation power of
the employed lamp. Linear dependences are clearly noticed only
at very low irradiation rates.

Figure 5. Tank DCA concentration evolution for different catalyst loadings.
(a) CA

0 ) 1 × 10-6 mol cm-3, irradiation level ) 20%. (b) CA
0 ) 1 × 10-6

mol cm-3, irradiation level ) 45%. (c) CA
0 ) 1 × 10-6 mol cm-3, irradiation

level ) 100%. (d) CA
0 ) 0.5 × 10-6 mol cm-3, irradiation level ) 100%.
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The predicted DCA concentrations were then plotted against
the DCA experimental concentration in the tank. The linear
regression of these values should give a line with a slope close
to 1 and an ordinate intercept equal to 0. These results are shown
in Figure 8 and Table 6.

Another way to demonstrate that the parameter estimation is
satisfactory and, at the same time, to validate the kinetic,
radiation, and reactor models and the estimation of the photo-

catalytic effectiveness factor is to employ the obtained kinetic
constants in a more complete model. This must be done under
different operating conditions outside the kinetic controlling
regime (e.g., for other catalyst loadings, irradiation rates, and
volumetric flow rates). This verification will be made in a
forthcoming work, using the models developed by Ballari et
al.32,33

8. Conclusions

In this work, a kinetic study of the photocatalytic degradation
of dichloroacetic acid (DCA) was conducted. This analysis
involved a proposed photocatalytic reaction mechanism and the
development of a heterogeneous kinetic expression for the
disappearance of the pollutant. Several experiments were carried
out in the laboratory with the system under very good mixing
conditions. With these experimental data and the kinetic
expression, the kinetic parameters were estimated using a perfect
mixed model for the mass balance and a one-dimensional-one-
directional radiation model to calculate the photon absorption
rate. This mass balance was affected by an effectiveness factor
considering mass and photon-transfer restrictions inside the
primary particle agglomeration of titanium dioxide. This restric-
tion is mainly due to radiation-transfer limitations. For the
operating conditions used in this study, it was shown that the
effectiveness factor is low and remains nearly constant along
the reaction. Employing the estimated kinetic parameters, a very
good correlation between the experimental data and the com-
puter simulation with the theoretical model was obtained, with
a total root-mean-square error equal to 6.07%.
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Nomenclature

A ) area (cm2)
aV ) solid-liquid interfacial area per unit reactor volume (cm2

cm-3)
aVP

) solid-liquid interfacial area per unit particle volume (cm2

cm-3)
Ci ) molar concentration of generic component i (mol cm-3)
Ciads

) superficial concentration of generic component i (mol cm-2)
Ch+ ) superficial concentration of holes or vacancies (mol cm-2)
Ce- ) superficial concentration of electrons (mol cm-2)
Csites ) superficial concentration of active sites (mol cm-2)
Cmc ) catalyst mass loading (g cm-3)
ea ) local volumetric rate of photon absorption (Einstein s-1 cm-3)
eS

a ) local superficial rate of photon absorption (Einstein s-1 cm-2)
E ) radiant energy (Einstein)
En ) integral exponential function of order n (dimensionless)
f ) spectral emission energy distribution of the lamp (dimension-

less)
g ) parameter in the phase function for scattering (dimensionless)
H ) reactor depth (cm)
I ) specific radiation intensity (Einstein s-1 cm-2 sr-1)
k ) kinetic constant; units depend on the reaction step
K ) equilibrium constant (cm3 mol-1)
p ) phase function (dimensionless)
q ) radiative flux (Einstein s-1 cm-2)
r ) radial coordinate (cm) or elemental superficial reaction rate

(mol s-1 cm-2)

Figure 6. Tank DCA concentration evolution for different initial contami-
nant concentrations. Cmc ) 0.5 × 10-3 g cm-3, irradiation level ) 100%.

Figure 7. Tank DCA concentration evolution for different irradiation levels.
Cmc ) 0.5 × 10-3 g cm-3, CA

0 ) 1 mM.

Figure 8. DCA concentration simulated by the model employing the
estimated kinetic parameters versus experimental DCA concentration. Linear
regression with the corresponding predicted and confidence intervals.

Table 6. Linear Regression Results of the DCA Concentration
Model versus the Experimental Data

95% confidence interval

parameter value error lower limit upper limit

slope 1.00116 0.00893 0.98344 1.01888
ordinate intercept 0.00091 0.00594 -0.01088 0.0127
R2 0.99243
Na 98

a Number of data points.
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R ) radius (cm) or pseudohomogeneous reaction rate (mol s-1

cm-3)
RHet ) heterogeneous reaction rate (mol s-1 cm-2)
RVP

) reaction rate per unit particle volume (mol s-1 cm-3)
s ) spatial coordinate along a given direction of radiation

propagation (cm)
Sg ) specific catalyst surface area (cm2 g-1)
t ) time (s)
T ) transmittance (dimensionless)
V ) volume (cm3)
y ) Cartesian coordinate (cm)

Greek Letters

R ) molar Naperian absorptivity (cm2 mol-1)
R1 ) kinetic parameter (cm s-1)
R2 ) kinetic parameter (mol s Einstein-1 cm-1)
� ) volumetric extinction coefficient (cm-1)
εp ) porosity (dimensionless)
η ) effectiveness factor (dimensionless)
Φ ) quantum yield (mol Einstein-1)
κ ) volumetric absorption coefficient (cm-1)
λ ) wavelength (nm)
µ ) cos θ (dimensionless)
µ0 ) cosine of the angle between an incoming and a scattered ray

(dimensionless)
θ ) spherical coordinate (rad)
F ) density (g cm-3)
σ ) volumetric scattering coefficient (cm-1)
ω ) σ/� ) albedo (dimensionless)
Ω ) solid angle (sr)
Ω_ ) unit vector in the direction of radiation propagation (dimen-

sionless)

Subscripts

0 ) global
ads ) adsorption
A ) dichloroacetic acid (DCA)
Act ) actinometer
c ) catalyst
F ) final
P ) particle or agglomerate
R ) reactor
S ) solid or superficial variable
sites ) active sites
T ) total
Tk ) tank
W ) wall of the reactor
λ ) wavelength
Ω_ ) direction of radiation propagation

Superscripts

* ) specific properties
0 ) initial value or at y ) 0
HR ) surface at y ) HR

Special Symbols

〈〉 ) average value over a defined space
s ) average value over wavelengths

Appendix

A.1. Balance of Active Sites

The superficial rate corresponding to the adsorption and
desorption step of DCA on the superficial active sites of catalyst
can be expressed as

r1 ) k1+CsitesDCACDCA - k1-CDCAads
(A.1)

In equilibrium, the superficial concentration of adsorbed DCA
is related to the DCA concentration in the bulk of the fluid
through the adsorption equilibrium constant

CDCAads
)K1CsitesDCACDCA (A.2)

A balance of vacant sites for DCA adsorption, total sites, and
occupied sites gives

CsitesDCA,T )CsitesDCA +CDCAads
(A.3)

Substituting the adsorbed DCA concentration given by eq A.2
into eq A.3 gives

CsitesDCA,T )CsitesDCA +K1CsitesDCACDCA (A.4)

Solving for the concentration of sites available for DCA
adsorption yields

CsitesDCA )
CsitesDCA,T

1+K1CDCA
(A.5)

Substituting eq A.5 into eq A.2, the adsorption equilibrium
concentration of DCA is obtained as

CDCAads
)

K1CsitesDCA,TCDCA

1+K1CDCA
(A.6)

Following the same procedure for oxygen and considering
that DCA and oxygen are adsorbed on different active sites,35

the adsorption equilibrium concentration of the oxygen can be
obtained as

CO2ads
)

K4CsitesO2,TCO2

1+K4CO2

(A.7)

A.2. Degradation Kinetic Expression for Dichloroacetic
Acid

According to the mass action law and to step 2 of the reaction
mechanism (Table 2), the DCA superficial reaction rate is

RHet,DCA )-r2 )-k2CDCAads
Ch+ (A.8)

The hole superficial concentration appears in eq A.8; thus, an
expression in terms of observable or measurable variables is
required from the proposed reaction mechanism. Therefore, the
superficial rate of appearance and disappearance of electrons is
proposed, and considering the very short lifetime and very small
concentration of the unstable intermediates in the unsteady-state
reactor configuration, the microsteady-state approximation
(MSSA) can be applied

re- ) r0 - r8 - r9 - r11 ) rg - k8Ce-Ch+ - k9Ce-CO2ads
-

k11Ce-CHO2
• ) 0 (A.9)

Solving for the electron concentration in eq A.9 gives

Ce- )
rg

k8Ch+ + k9CO2ads
+ k11CHO2

•
(A.10)

Under the same approximation, the superficial rate of hydrop-
eroxyl radical appearance and disappearance is

rHO2
• ) r10 - r11 ) k10CO2

•-CH+ - k11Ce-CHO2
• ) 0 (A.11)

Solving for the hydroperoxyl radical concentration in eq A.11
yields
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CHO2
• )

k10CO2
•-CH+

k11Ce-
(A.12)

In the same way, for the superoxide radical, one obtains

rO2
•- ) r9 - r10 ) k9Ce-CO2ads

- k10CO2
•-CH+ ) 0 (A.13)

The superoxide radical concentration results as

CO2
•- )

k9Ce-CO2ads

k10CH+
(A.14)

Substituting eq A.14 into eq A.12 gives

CHO2
• )

k9CO2ads

k11
(A.15)

Then, substituting eq A.15 into eq A.10, an expression for the
electron concentration is obtained as a function of the hole
concentration

Ce- )
rg

k8Ch+ + 2k9CO2ads

(A.16)

Under the same assumptions, the superficial rate of hole
appearance and disappearance is

rh+ ) r0 - r2 - r8 ) rg - k2CDCAads
Ch+ - k8Ce-Ch+ ) 0

(A.17)

Substituting eq A.16 into eq A.17 and using the same reasoning,
we obtain

rh+ ) rg - k2CDCAads
Ch+ - k8

rg

k8Ch+ + 2k9CO2ads

Ch+ ) 0

(A.18)

Applying some algebra and solving the quadratic equation in
Ch+, an expression for the hole concentration that depends on
DCA and oxygen concentrations is obtained as

Ch+ )

2k2CDCAads
k9CO2ads

( √(2k2CDCAads
k9CO2ads

)2 + 8rgk9CO2ads
k2CDCAads

k8

-2k2CDCAads
k8

(A.19)

Substituting eq A.19 into eq A.8 and choosing the negative sign
of the quadratic equation solution because the reaction rate of
DCA disappearance is null when there is no electron and hole
generation (rg ) 0) then yields

RHet,DCA )

k2CDCAads
k9CO2ads

- √(k2CDCAads
k9CO2ads

)2 + 2rgk9CO2ads
k2CDCAads

k8

k8

(A.20)
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