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1. Introduction

Cyanides constitute one of the most important families of
pollutants present in the effluents of coal gasification [1,2] precious
metal mining and electroplating processes, in which the use of
cyanide is almost essential [3,4]. The traditional technologies for
cyanide oxidation, such as alkaline chlorination or the use of ozone
or hydrogen peroxide, do not achieve the complete removal of
metal–cyanide complexes [5]. In contrast, since the early work of
Frank and Bard in 1977 [6], during the last decades, heterogeneous
photocatalytic technologies have attracted increasing attention
because they are potentially able to completely oxidize many
organic compounds present in aqueous and gaseous effluents, as
demonstrated by a large number of scientific publications and
reviews appeared in this field [7–13]. The problem described
before, is not an exception, and many studies have demonstrated
that photocatalytic oxidation processes show a high efficiency in
the removal of free cyanides [2,6,14–17] and also refractory metal

complexes [3,4,18,19]. Moreover, in the open literature there are
reports of pilot plant developments for the photocatalytic
treatment of cyanides in effluents derived from integrated
gasification combined cycle (IGCC) power plants [20] and
electroplating factories [21], including their economic assessment.

Heterogeneous photocatalytic technologies are based on the
redox reactions induced by the electron–hole pairs formed in n-
type semiconductor particles (usually TiO2) upon illumination
with radiation of energy greater than or equal to the band gap
energy of the semiconductor. However, most of the research efforts
have been devoted to the investigation of the fundamental
mechanisms and phenomenological aspects of the process and
only relatively few developments have succeeded in a complete
description of the reaction kinetics due to the lack of a rigorous
evaluation of the absorbed radiation, i.e., most of the kinetic
models reported in the literature do not properly consider the
radiation profiles inside the photoreactor leading to equations that
are only valid for the experimental setup in which the parameters
have been estimated. Consequently, they become invalid for
scaling-up and photoreactor design purposes.

In fact, most of the existing reports concentrate their efforts in
describing the influence on the experimental reaction rate of
variables such as catalyst loading, cyanide concentration, pH,
presence of inorganic species, additional oxidants such as ozone or
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This study is focused on the kinetic modeling of the photocatalytic oxidation of cyanide in slurry reactors.
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and the inlet radiation flux on the reaction rate, with errors below 5%. The kinetic parameters estimated

for the model are independent of the irradiation form, as well as the reactor size and its geometrical

configuration, providing the necessary information for scaling-up and designing commercial scale

photoreactors.
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hydrogen peroxide, etc. [6,14–17]. In some cases, kinetics studies
have been performed, usually concluding that the dependence of
the reaction rate with the concentration of cyanide followed the
Langmuir–Hinshelwood kinetic equation [15–17]. This simple
equation, based on the application of the Langmuir adsorption
isotherm to calculate the concentration of the reactant adsorbed on
the solid, presents only two parameters: an adsorption equilibrium
constant and a kinetic constant that includes the contribution to
the reaction rate of variables such as catalyst concentration and
radiation power. Despite the extended use of this kinetic model for
the description of the photocatalytic reaction kinetics, several
authors [22–24] have showed that the adsorption constant is not a
pure equilibrium constant, as its value may depend, for example,
on the radiation power. This fact could invalidate the theoretical
assumptions of the model giving a final result as a pure empirical
equation to correlate the experimental data. The most important
challenge concerning the modeling of the photocatalytic reactions
kinetics is the determination of the influence of the radiation
power on the reaction rate. It is generally accepted that the
photocatalytic reaction rate depends linearly with the incident
light flux under low-radiation power conditions, but the exponent
decreases to 0.5 under moderate to high-radiation power
conditions, due to the relative increase of the influence of the
second-order recombination rate [10,23,25,26].

In contrast with thermal reactors in which isothermal
conditions can be easily achieved to determine the kinetic
parameters, unavoidable radiation profiles are always present in
photocatalytic reactors. Consequently, a progressive change in
the dependence of the reaction rate with the radiation intensity
from values close to 0.5 near the photoreactor irradiated surface
to 1.0 in the darker regions is expected. This means that a non-
linear distribution of reaction rate values would be present, and
that calculation of the radiation field inside the reactor is
mandatory for a rigorous evaluation of the intrinsic kinetics of
the process [27–33]. Consequently, whereas the use of equations
that correlate the macroscopic reaction rate with the incident
photon flux are only valid for the experimental setup in which
they have been developed, the determination of the intrinsic
kinetics is absolutely required for simulating different reactor
configurations and irradiation conditions with engineering
prospects.

Nomenclature

av catalyst surface area per unit volume (cm�1)

A area of the spatial cell parallel to the cylindrical axe

(cm2)

B area of the spatial cell perpendicular to the

cylindrical axe (cm2)

Ccat catalyst mass concentration (g m�3)

CCN� cyanide molar concentration (mol cm�3)

ea local volumetric rate of photon absorption

(Einstein cm�3 s�1)

F F-value

g asymmetry factor of the Henyey–Greentein’s phase

function (dimensionless)

I radiation intensity (Einstein cm�2 s�1 sr�1)

k kinetic constant (cm2 mol�1 s�1)

K equilibrium adsorption constant (cm3 mol�1)

NRMSE normalized root mean square error (%)

p phase function (dimensionless)

P cyanide degradation intermediate product

q0 inlet radiation flux (Einstein cm�2 s�1)

r radial cylindrical coordinate (cm)

rCN� cyanide photooxidation reaction rate

(mol cm�3 s�1)

s linear coordinate along the direction of radiation

propagation V (cm)

Sg TiO2 specific surface area of the catalyst (cm2 g�1)

t time (s)

V volume (cm3)

x position vector in a 3D space (cm)

w weight (dimensionless)

z axial cylindrical coordinate (cm)

Greek letters
a angle between the direction of the incident and the

scattered rays (rad)

a1 kinetic parameter (cm s�1)

a2 kinetic parameter (cm2 s Einstein�1)

a3 kinetic parameter (cm3 mol�1)

eL liquid hold-up (dimensionless)

f spherical coordinate (rad)

’̄ wavelength averaged primary quantum yield

(mol Einstein�1)

h direction cosine (dimensionless)

k napierian volumetric absorption coefficient (cm�1)

l wavelength (nm)

m direction cosine (dimensionless)

n effective area for angular fluxes (cm2)

u spherical coordinate (rad)

s napierian volumetric scattering coefficient (cm�1)

V solid angle of radiation propagation about the

direction V (sr)

V unit vector in the direction of radiation propaga-

tion

Subscripts
b relative to the bulk suspension

CN� relative to cyanide

P relative to an intermediate degradation product

R relative to the reactor

T relative to the total recirculating system

Tk relative to the reservoir tank

VR relative to the reactor volume

l indicates a dependence on wavelength

V indicates a directional dependence

Superscripts
0 indicates initial condition

Exp experimental value

KM relative to the kinetic model

s relative to the reaction rate per unit surface area

Special symbols
_ indicates a vectorial magnitude

[ ] concentration on the catalyst surface (mol cm�2)

h i indicates average value
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Concerning the arrangement of the catalyst inside the reactor,
to maximize the activity, photocatalysts usually require semi-
conductor suspensions with particle sizes in the nanometer range
[34]. This choice hinders the commercial applications of aqueous
TiO2-based produced by the need for recovery the catalyst after the
reaction has been completed. Moreover, recent studies have raised
concerns about the potential toxicity of titanium dioxide
nanoparticles, not only for mammals [35] but also for human
cells [36]. For these reasons, many attempts have been made to
develop supported photocatalysts [37], either in the form of fixed
beds [38], fluidized beds [39,40] or slurries [41,42]. Among them,
silica-supported TiO2 particulate materials appear to be a
promising way to improve the recovery properties of the catalyst
while maintaining an acceptable level of photoactivity [43].

This study is focused on the development of an intrinsic kinetic
model with explicit radiation absorption effects applied to the
photocatalytic oxidation of cyanide in slurry reactors. The
validation of the model has been carried out using suspensions
of commercial TiO2 and TiO2/SiO2 photocatalysts of larger size and,
consequently, with improved recovery properties. The kinetic
parameters estimated for the model should be independent of the
irradiation form, as well as the reactor size and its geometrical
configuration, providing the necessary information for scaling-up
and design of commercial-scale photoreactors.

2. Experimental

2.1. Catalysts

Two different photocatalysts have been tested and compared: (i)
A pure TiO2 material (Aldrich, >99% anatase, 7.1 m2 g�1 of specific
surface area); and (ii) a TiO2/SiO2 mixed material with a nominal
content of 40 wt% of TiO2 synthesized by incorporating titania into a
silica support (INEOS Silica ES70Y, 257 m2 g�1 of specific surface
area) through a sol–gel method which leads to titanium dioxide
nanocrystals homogeneously distributed over the silica porous
network with an average size of 7.2 nm. The fraction of the total
specific surface area of the 40%TiO2/SiO2 material corresponding to
titania has been estimated in 19.3 m2 g�1 using a novel procedure
recently developed [44]. A detailed physicochemical characteriza-
tion and quantitative values of the optical properties of both
catalysts suspensions can be found elsewhere [45].

2.2. Photoreactor

The experimental setup for the photocatalytic reactions,
represented in Fig. 1, consists of a cylindrical reactor 6 cm long
and 5 cm in diameter, operating in a closed recirculating circuit

driven by a centrifugal pump and with a stirred reservoir tank of
2 L volume equipped with a device for withdrawal of samples. The
liquid flow was set above 100 cm3 s�1 to ensure good mixing
conditions in the photoreactor and a differential conversion per
pass. The photoreactor is made of borosilicate glass and presents a
circular flat window externally treated with HF to produce a
ground glass texture. The radiation enters the reactor through this
window, which allows the assumption of a diffuse incoming
radiation in the boundary condition of the radiation transport
equation.

Illumination was carried out using an Osram Ultramed 400 W
black light lamp that provides 82 W of nominal UV-A radiation
power. Radiation enters the photoreactor after crossing a water
filter to remove infrared radiation and to avoid overheating of the
suspension, and a neutral filter that controls the radiation flux
entering the reactor. Neutral filters consist of a polymeric substrate
in which a controlled black coverage level is achieved by high-
quality laser printing using CorelDraw1 software. The reprodu-
cibility and stability of the filters after several hours of irradiation
has been positively verified by checking the intensity and
spectrum of the filtered UV radiation with a Gigahertz-Optik
X97 irradiance meter and a Varian Cary 500 Scan UV–vis–NIR
spectrophotometer, respectively. Detailed characteristics of the
filters, emission spectrum of the lamp and quantitative values of
the radiation fluxes determined by ferrioxalate actinometry can be
found elsewhere [46].

Between the lamp and the neutral density filter, a shutter
was interposed that was only removed after the whole system
(reactor flow rate as well as lamp and tank temperatures) have
reached the steady-state operation. Both the reactor and the
lamp chambers are placed inside a black box to avoid
uncontrolled radiation entering the photoreactor. The reservoir
tank and pipes are also masked to avoid reactions outside the
photoreactor.

2.3. Reaction procedure

Experiments of cyanide photooxidation were carried out at
25 � 2 8C. Deionized water (Milli-Q1, 18.2 MV cm) was used to
prepare the solutions of potassium cyanide (Panreac, reagent grade)
and the pH was adjusted to 12 with sodium hydroxide (Scharlab,
reagent grade). After the addition of the catalyst, the suspension was
stirred and saturated with molecular oxygen by bubbling the gas for
30 min. In the meantime, the lamp was switched on to stabilize its
emission power and spectrum.

During the reaction, samples were taken every 10 min from
the reservoir tank and filtered through 0.22 mm nylon membranes
to remove the catalyst before analysis. Temperature and pH

Fig. 1. Schematic representation of the experimental photoreactor setup (see text for details).
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measurements were performed to check that both parameters
remained essentially constant. Cyanide analysis was carried out
using the pyridine-barbituric standard colorimetric method [47],
averaging four independent measurements to increase the
statistical significance of the analytical results obtained when
operating with low cyanide conversion.

3. Results

Three different series of experiments were carried out to check
the influence of the main parameters governing the cyanide
photooxidation kinetics with each catalytic material:

(i) The incident radiation flux (q0) was varied in the range
0.255 � 10�6 to 2.89 � 10�6 Einstein cm�2 s�1 using neutral
filters as described in the experimental section.

(ii) Initial cyanide concentration (C0
CN� ) was studied in the range

0.185 � 10�6 to 3.85 � 10�6 mol cm�3.
(iii) The values of the catalyst concentration (Ccat) were different

for every material in order to obtain comparable values of the
volumetric rate of photon absorption [48]. Powder TiO2

concentration was varied in the range 0.32 � 10�4 to
5.0 � 10�4 g cm�3, whereas TiO2/SiO2 was studied in the
range 0.32 � 10�3 to 5.0 � 10�3 g cm�3.

All these values have been selected from previous
results reported in the literature [16,17,48] in order to
cover the experimental region in which the reaction rate of
cyanide photooxidation is clearly influenced by the studied
variables.

To analyze the results, initial reaction rates were calculated
because in all cases conversions are small enough to consider that:
(i) the amount of formed products is negligible and (ii) the
stoichiometric consumption of oxygen is low and consequently,
the dissolved oxygen could be considered constant, and (iii) the
change in cyanide concentration is low and it could be assumed
that does not affect the reaction rate. Initial reaction rates values
have been calculated from the slope of the straight line fitting of
the cyanide concentration profiles determined by averaging four
replicates of the cyanide analysis in order to reduce the impact of
the analytical error derived from the low level of cyanide
conversion. More details of this procedure can be found elsewhere
[48].

Table 1 summarizes the results obtained for the experimental
reaction rate of cyanide photooxidation averaged over the reactor
volume. These values have been calculated from the cyanide
concentration profiles in the reservoir tank assuming that: (i) the
system is perfectly mixed; (ii) there are no mass transport
limitations; (iii) the conversion per pass in the reactor is
differential; and (iv) there are no parallel dark reactions. Under
these assumptions the mass cyanide balance can be expressed as
follows:

eL
dCCN� tð Þ

dt

����
Tk

¼ �VR

VT
rCN� ðx; tÞh iVR

(1)

where eL is the liquid hold-up (eL � 1); CCN� is the molar
concentration of cyanide; t denotes reaction time; Tk, R and T
subscripts refer to the tank, reactor and total, respectively; and
rCN�ðx; tÞh iVR

is the cyanide oxidation rate averaged over the
reactor volume. The values reported in Table 1 have been
calculated from the plot of the cyanide concentration in the tank
vs. time according to the expression:

r0
CN�

� �Exp

VR
¼ � VT

VR
lim
t! 0

dCCN� ðtÞ
dt

����
Tk

(2)

The experimental error has been estimated by the standard
deviation of three different replicates of Exp. 3.

Table 1 shows that the initial reaction rate of the photocatalytic
oxidation of cyanide clearly increases for higher catalyst con-
centration, initial cyanide concentration and inlet radiation fluxes,
as was obviously expected. Considering the explored experimental
variables, only the case of radiation absorption saturation at high
catalyst loadings could have been observed.

4. Discussion

4.1. Kinetic model

The proposed kinetic model for the photocatalytic degradation
of cyanide in aqueous suspension is based on the reaction sequence
reported by [17]. The main reaction steps which contribute to the
photocatalytic degradation of cyanide on the surface of TiO2 under
UV radiation are illustrated in Table 2.

The cyanide degradation rate expression is derived from the
following assumptions: (i) photocatalytic reaction takes place on

Table 1
Experimental values of the initial reaction rate of cyanide photooxidation

Exp. q0 � 106 (Einstein cm�2 s�1) C0
CN� � 106 (mol cm�3) TiO2 TiO2/SiO2

Ccat � 104

(g cm�3)

r0
CN�

� �Exp

VR

��� ���� 1010

(mol cm�3 s�1)

Ccat � 103

(g cm�3)

r0
CN�

� �Exp

VR

��� ���� 1010

(mol cm�3 s�1)

1 1.30 1.15 0.32 2.51 0.32 1.01

2 1.30 1.15 1.00 4.71 1.00 2.13

3 1.30 1.15 2.00 5.53 � 0.52 2.00 3.04 � 0.43

4 1.30 1.15 3.00 5.95 3.00 3.82

5 1.30 1.15 3.68 5.89 3.68 4.45

6 1.30 1.15 5.00 5.82 5.00 4.85

7 1.30 0.185 2.00 1.79 2.00 1.06

8 1.30 0.577 2.00 2.80 2.00 1.98

9 1.30 1.73 2.00 8.28 2.00 3.79

10 1.30 2.12 2.00 10.9 2.00 4.60

12 1.30 3.08 2.00 15.8 2.00 5.49

12 1.30 3.85 2.00 17.1 2.00 5.83

13 0.255 1.15 2.00 1.80 2.00 1.16

14 0.586 1.15 2.00 3.08 2.00 2.02

15 2.00 1.15 2.00 7.18 2.00 4.02

16 2.33 1.15 2.00 7.80 2.00 4.68

17 2.89 1.15 2.00 9.03 2.00 5.44
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the catalyst surface among adsorbed species, (ii) the steady state
approximation may be applied for unstable reaction intermediates
such as radicals and semiconductor electrons and holes [49], (iii)
the concentration of electrons and holes are approximately equal
([e�]�[h+]) [49], (iv) the rate of electron–hole generation is equal
to the product of LVRPA (ea) and the average value of the primary
quantum yield over the working wavelength interval (’̄) [27], (v)
cyanide is oxidized by the surface trapped holes (�TiO�) [17], (vi),
the concentrations of water and hydroxyl ions on the TiO2 surface
are almost constant, (vii) equilibrium conditions are achieved
between the adsorbed and bulk concentrations of the organic
compounds, (viii) a competitive adsorption mechanism for cyanide
and its main intermediates is assumed, (ix) the oxygen concentra-
tion is constant, and (x) the adsorption of oxygen on the catalyst
surface sites does not compete with the organic compounds [49].

As indicated in Appendix A, the following kinetic expression can
be derived:

rCN� ¼ �SgCcat
a1½CN�b �

1þ a3½CN�b � þ
P

P KP½Pb�
�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

SgCcat
ea

r� �
(3)

where rCN� is the cyanide photocatalytic degradation rate per unit
suspension volume, CCN� the cyanide molar concentration in the
suspension bulk, ea the LVRPA, Sg the catalyst specific surface area,
Ccat the catalyst mass concentration, and a1, a2, and a3 are kinetic
parameters.

Notice that the proposed kinetic model provides a more general
rate expression compared to that previously reported by Chiang
et al. [17]. For example, Eq. (3) gives an explicit dependence of the
photon absorption effects on the cyanide degradation rate. This
kinetic model reproduces the two limiting cases normally reported
in the literature on photocatalytic degradation of contaminants in
aqueous solution [27,49]: (i) when the incident radiation flux on
the reactor window is moderated or high, a typical square root
dependence with respect to the LVRPA is obtained, and (ii) when
the incident photon flux is low, with a Taylor series expansion of
the square root term [27], it can be shown that a linear dependence
with the LVRPA is observed. It is also worth noting that the photon
absorption rate is generally a strong function of position inside the

photocatalytic reactor due to the high radiation absorption
generated by these TiO2 suspensions. Accordingly, both kinetic
regimes may coexist inside the same photoreactor and the general
reaction rate expression must be used to describe the reactor
behavior. Besides, Eq. (3) can be used to assess the effects of the
specific surface area and of the catalyst mass concentration on the
cyanide photocatalytic degradation rate.

Assuming negligible concentration of intermediate products
(initial reaction rate calculations), the estimation of the reaction
rate of the photocatalytic oxidation of cyanide just requires the
values of the catalysts concentration, cyanide concentration and
photon absorption rate in the reactor volume. However, whereas
the catalyst and cyanide concentrations can be assumed uniform in
the whole reactor volume under well-mixed and differential
conversion conditions, the unavoidable radiation profiles along the
reactor leads to a highly inhomogeneous distribution of ea inside
the reactor, with maximum values near the irradiated window and
almost negligible values on the opposite darker part of the reactor.

Accordingly, the mass balance for CCN� [Eq. (1)] must be used to
average the rate over the reactor volume according to the
expression:

r0
CN�

� �KM

VR
¼ �SgCcat

a1CCN�

1þ a3CCN�
�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2ea

SgCcat

s* +
VR

0
@

1
A (4)

Eq. (4) indicates that the evaluation of the reaction rate requires
the knowledge of the LVRPA ðea

lÞ that will have to be integrated
over the whole useful range of wavelengths.

4.2. Evaluation of the LVRPA

The radiation field inside the photoreactor can be calculated by
solving the Radiative Transfer Equation (RTE) that describes the
transport of photons [50]. Assuming that the emission of radiation
could be considered negligible at the low working temperatures of
the photocatalytic processes, and that steady state condition could
be applied, e.g. the optical properties of the suspension do not
change with time, the RTE takes the following expression:

dIl;VðxÞ
ds

¼ �klðxÞIl;VðxÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
ABSORPTION

� slðxÞIl;VðxÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
OUT�SCATTERING

þ slðxÞ
4p

Z
V0¼4p

pðV0 !VÞIl;V0 ðxÞdV
0

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
IN�SCATTERING SOURCE TERM

(5)

This integro-differential equation described the monochro-
matic transport of spectral specific intensities, along the direc-
tional spatial variable (s) and its solution provides the value of the
intensity of photons for each differential elementary volume of
the reactor and for each direction of radiation propagation in the
spherical space (u, f) and the wavelength l, Il;VðxÞ. This equation
must be solved for every single wavelength (l) of the discretized
wavelength range in which the overlapping between the emission
spectrum of the lamp and the absorption coefficient of the catalysts
is produced. Consequently, the spectral distribution of the optical
properties of the catalyst suspension is required. These optical
properties are: (i) the volumetric absorption coefficient, kl, (ii) the
volumetric scattering coefficient, sl, and (iii) the scattering phase
function, plðV

0 !VÞ that very often may be assumed indepen-
dent of (l). The latter function describes the angular distribution of
the scattered radiation. In previous reports, we have shown that
the Henyey–Greentein’s phase function could be successfully used
to describe the scattering of both TiO2 [51] and TiO2/SiO2 [45]

Table 2
Reaction scheme for cyanide photocatalytic degradation

Reaction step Step number

TiO2 + hn! TiO2 + e� + h+ 1

e� + h+! heat 2

e� + O2! �O2
� 3

�O2
� + H2O! HO2

� + HO� 4

HO2
� + e� ! HO2

� 5

�TiO� + h+!�TiO� 6

HO� + h+! HO� 7

HO� + �TiO� ! HO� + �TiO� 8

CN� + h+! CN� 9

CN� + �TiO� ! CN� + �TiO� 10

�TiO� + e� ! �TiO� 11

2CN� ! (CN)2 12

(CN)2 + 2HO� ! CNO� + CN� + H2O 13

2HO� ! H2O2 14

2H2O2! 2H2O + O2 15
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photocatalyst suspensions. This function is expressed as follows:

pðV 	V0Þ ¼ pðcos aÞ ¼ 1� g2

ð1þ g2 � 2g cosaÞ3=2
(6)

Eq. (6) presents the advantage of being able to reproduce very
different scattering radiation distributions with only one adjustable
parameter, the asymmetry factor g. The values of k, s and g used in
this work correspond with those previously reported [45,51].

The rigorous numerical solution of the radiation propagation in
multidimensional systems could be achieved by two main groups of
procedures: (i) probabilistic models, especially Monte Carlo simu-
lations [50,52–55] and (ii) discretization methods for the integration
of the RTE, from which the Discrete Ordinate Method (DOM) has
shown a wide range of applications with no restrictions about the
geometry or the scattering anisotropy of the system [56–60].

Considering that the aqueous solution of cyanide does not
absorb radiation in the near UV region, the radiation field inside the
reactor can be assumed independent of the cyanide concentration,
but it strongly depends on the catalyst concentration and the inlet
radiation flux. The values of the monochromatic inlet radiation
fluxes q0

l have been estimated from the total incoming radiation

fluxes measured by ferrioxalate actinometry. With this purpose,
the relative values of the radiation emission power produced by
the lamp at each wavelength of the employed discretized interval
must be used. The result provides the boundary condition for the
solution of the RTE employing the DOM. This method consists in
the transformation of the integro-differential RTE into a system of
algebraic equations that describe the transport of photons in such
way that they can be solved following the direction of propagation,
starting from the values provided by the boundary condition.

The numerical procedure for the evaluation of the radiation
field inside the photoreactor through the resolution of the RTE
using the DOM is detailed in Appendix B. Once the radiation
intensities are known, the local volumetric rate of photon
absorption (LVRPA) in each point of the photoreactor, ea, can be
calculated by integrating, over the studied wavelength range, the
product of the monochromatic absorption coefficient multiplied by
the total incident monochromatic radiation, that corresponds to
the integration of the monochromatic intensities over the whole
spherical space of directions:

ea ¼
Z l2

l1

klðxÞ 	
Z
V¼4p

Il;VðxÞdV dl (7)

Fig. 2. Conceptual flowchart of the procedure for estimating the intrinsic kinetic parameters.
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4.3. Estimation of the kinetic parameters

The estimation of the kinetic parameters for Eq. (4) has been
carried out following the conceptual flowchart displayed in Fig. 2.
Starting from the experimental conditions in which the reactions
have been carried out, the polychromatic radiation flux entering
the reactor is obtained from actinometric results and the known

lamp emission spectrum. This is the boundary condition required
for the evaluation of the radiation field in the photoreactor through
the resolution of the RTE using the optical properties of the
suspension. Once the distribution of radiation intensity inside the
reactor is known, the values of the LVRPA in every differential
volume of the reactor are calculated. These values are required for
the kinetic model equation that leads to the distribution of reaction

Fig. 3. Experimental results of the initial reaction rate for the cyanide photocatalytic

oxidation with powder TiO2 and two-parameter model using Eq. (10).
Fig. 4. Experimental results of the initial reaction rate for the cyanide photocatalytic

oxidation with TiO2/SiO2 and two and three-parameter model using Eqs. (9) and (11).
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rate values in the photoreactor. Finally, the reaction rates averaged
in the whole reactor volume are compared with their correspon-
dent experimental values to estimate the kinetic parameters a1, a2,
and a3 using a Marquardt–Levenberg non-linear regression
algorithm.

The kinetic model equations thus obtained are:

r0
CN�

� �KM

VR
¼ �SgCcat

ð7:95� 0:13Þ � 10�6 � CCN�

1þ ð1:91� 0:65Þ � 104 � CCN�

� �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:16� 0:04ð Þ � 1011 � ea

SgCcat

s* +
VR

0
@

1
A (8)

Correlation coefficient = 0.9983, NRMSE = 3.5%, F = 3018 for
TiO2 (Sg = 7.1 � 104 cm2 g�1) and

r0
CN�

� �KM

VR
¼ �SgCcat

ð9:94� 0:14Þ � 10�7 � CCN�

1þ ð5:27� 0:16Þ � 105 � CCN�

� �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:99� 0:05ð Þ � 1011 � ea

SgCcat

s* +
VR

0
@

1
A (9)

Correlation coefficient = 0.9974, NRMSE = 4.8%, F = 2051 for
TiO2/SiO2 (Sg = 19.3 � 104 cm2 g�1). It is important to remark that
the value of Sg of the material 40%TiO2/SiO2 corresponds only to the
active semiconductor surface, that is the titania, as the surface area
of the silica support is completely inactive. The fraction of the total
surface area of the mixed oxide corresponding to TiO2 has been
estimated using a novel method recently developed [44].

As it can be seen, in both cases good correlation coefficients and
normalized root mean square errors are obtained. Moreover, the
95% confidence intervals of the kinetic parameters are quite
acceptable. Depending on the significance of the parameter a3,
two-parameter model fittings (without a3) could be tested, leading
to the following results:

r0
CN�

� �KM

VR
¼ �SgCcat � ð6:34� 0:11Þ � 10�6

� CCN� �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1:64� 0:05Þ � 1011 � ea

SgCcat

s* +
VR

0
@

1
A
(10)

Correlation coefficient = 0.9982, NRMSE = 3.7%, F = 4853 for
TiO2, and

r0
CN�

� �KM

VR
¼ �SgCcat � ð7:72� 0:50Þ � 10�7

� CCN� �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð9:70� 0:89Þ � 1010 � ea

SgCcat

s* +
VR

0
@

1
A
(11)

Correlation coefficient = 0.9844, NRMSE = 20.6%, F = 536 for
TiO2/SiO2. In the case of TiO2, the removal of a3 only produces a
small increase in the error of the estimated parameters, whereas
the plausibility of the model given by the F-test is substantially
increased. On the contrary, the use of the two-parameter model
leads to a significant increase in the fitting error in the case of TiO2/
SiO2, together with a decrease in the F-value.

Fig. 3 shows the agreement of the experimental results of the
photocatalytic oxidation of cyanide with TiO2 achieved with the
developed kinetic model. Only the fitting with the two-parameter
model represented by Eq. (10) is displayed, since no differences can
be observed when it is compared to the three-parameter model
[Eq. (8)]. It can be seen that the influence of the three studied
operating variables are successfully reproduced. Similarly, Fig. 4
displays the correspondence of the experimental results obtained

with TiO2/SiO2 with both the two- and the three-parameter
models. In this case, important differences are observed between
both models with significant deviations at the highest values of
catalyst concentration, cyanide concentration and inlet radiation
fluxes.

Summarizing, within the range of the explored variables and
employing experimental data of initial reaction rates, the kinetics
of the process that uses pure titanium dioxide can be satisfactorily
described by the simplified model represented by Eq. (10) with
only two parameters. Differently, when supported titanium
dioxide on silica is employed, the model that describes the
reaction kinetics must make use of three parameters as shown by
Eq. (9). This last result could be an indication that the presence of
silica could be introducing a significant modification in the
adsorption equilibrium of the cyanide ion.

5. Conclusions

The kinetic model for the photocatalytic oxidation of cyanide
developed in this work as well as its correspondent procedures for
the evaluation of the LVRPA distribution inside the photoreactor
and the estimation of the kinetic parameters have been success-
fully validated with both powder TiO2 and TiO2 supported on silica.
In both cases, the model reproduces the influence on the reaction
rate of the catalyst loading, the initial cyanide concentration, and
the inlet radiation flux with normalized root mean square errors
below 5%.

The developed model, based on a rigorous reaction mechanism
and accounting explicitly for the local volumetric rate of photon
absorption, constitutes an intrinsic kinetic description of the
photocatalytic oxidation reaction. Therefore, it can be used in a
predictive way for the simulation and optimization of any other
reactor configuration for the photocatalytic oxidation of cyanide as
well as photoreactor design or scaling-up purposes.
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Appendix A. Derivation of the kinetic model

On the basis of the adopted reaction scheme summarized in

Table 2, the photocatalytic degradation of cyanide in aqueous solution

can be represented as:

rS
CN� ¼ �k9½CN��½hþ� � k10½CN��½ �TiO�� þ k13½ðCNÞ2�½HO��2 (A.1)

By applying the kinetic micro steady state approximation (MSSA)

for the concentration of electrons, holes, hydroperoxyl radicals

(HO2
�), superoxide ion radicals (O�2

�), and surface trapped holes

(�TiO�), we obtain:

re� ¼ rg � k2½e��½hþ� � k3½e��½O2� � k5½e��½HO2
��

� k11½e��½ �TiO�� � 0 (A.2)
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rhþ ¼ rg � k2½e��½hþ� � k6½hþ�½�TiO�� � k7½hþ�½HO��
� k9½hþ�½CN�� � 0 (A.3)

rHO2
� ¼ �k4½O�2 ��½H2O� � k5½e��½HO2

�� � 0 (A.4)

rO�2
� ¼ k3½e��½O2� � k4½O�2 ��½H2O� � 0 (A.5)

r�TiO� ¼ �k6½hþ�½ �TiO�� � k8½HO��½ �TiO�� � k10½CN��½�TiO��
� k11½e��½�TiO�� � 0 (A.6)

By assuming that the concentration of electrons and holes are

approximately equal ([e�]�[h+]) [49] and that cyanide is mainly

oxidized by the surface trapped holes (k9[h+][CN�]�0) [17], the

expression for the hole concentration can be obtained from

Eqs. (A.2)–(A.6):

½hþ� ¼ a �1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rg

a2

r	 

(A.7)

Here the positive root is the only one that has physical meaning

and a is defined as

a ¼ k6½ �TiO�� þ k7½HO��
2k2

(A.8)

Introducing Eq. (A.7) into Eq. (A.6) and assuming that k11½e�� ¼ k
11

[17], the expression for the surface trapped holes is obtained:

½ �TiO�� ¼ ak6½ �TiO��
k8½HO�� þ k10½CN�� þ k
11

�1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rg

a2

r	 

(A.9)

The kinetic MSSA can be applied to the radical CN�:

rCN� ¼ k10½CN��½�TiO�� � 2k12½CN��2 � 0 (A.10)

Considering that (CN)2 is an unstable species, we can write:

rðCNÞ2 ¼ k12½CN��2 � k13½ðCNÞ2�½HO��2

¼ 1
2k10½CN��½ �TiO�� � k13½ðCNÞ2�½HO��2 � 0 (A.11)

From Eqs. (A.11) and (A.1), we arrive to the following equation

rS
CN� ¼ �1

2k10½CN��½�TiO�� (A.12)

Introducing Eq. (A.9) into Eq. (A.12) and assuming that (i) the rate

of electron-hole generation is proportional to the local volumetric

rate of photon absorption (ea) [27] and (ii) the concentrations of water

and hydroxyl ions on the catalytic surface are almost constant, the

cyanide photocatalytic degradation rate can be represented as

rS
CN� ¼ �

a01½CN��
1þ a03½CN�� �1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

SgCcat
ea

r� �
(A.13)

where

a01 ¼
k6k10½ �TiO��

4k2

k6½ �TiO�� þ k7½HO��
k8½HO�� þ k
11

(A.14)

a2 ¼ ’̄
2k2

k6½ �TiO�� þ k7½HO��

	 
2

(A.15)

a03 ¼
k10

k8½HO�� þ k
11

(A.16)

The kinetic model assumes that photocatalytic reactions occur at

the catalyst surface among adsorbed species and that dynamic

equilibrium is achieved between adsorbed and bulk concentrations

of organic compounds. Competitive adsorption of cyanide and the main

intermediate products is also postulated. On the contrary, a non-

competitive adsorption of oxygen on the catalyst surface sites is

considered [49]. Consequently, the following equations can be written:

½CN�� ¼ KCN� ½site�½CN�b � (A.17)

½P� ¼ KP½site�½Pb� (A.18)

where ½CN�b � and [Pb] are the concentrations of cyanide and
intermediate compounds in the suspension bulk, KCN� and Kp are
the equilibrium adsorption constants of cyanide and intermediate
products, and [site] represents the superficial concentration of
vacant adsorption sites. By making a balance of sites and
employing the Eqs. (A.17) and (A.18), it is possible to obtain:

½CN�� ¼ ½sitetot�KCN� ½CN�b �
1þ KCN� ½CN�b � þ

P
P KP½Pb�

(A.19)

From Eqs. (A.13) and (A.19), the cyanide photocatalytic degrada-

tion rate per unit surface area is given by

rS
CN� ¼ �

a1½CN�b �
1þ a3½CN�b � þ

P
P KP½Pb�

�1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

SgCcat
ea

r� �
(A.20)

where

a1 ¼
k6k10½ �TiO��

4k2

k6½ �TiO�� þ k7½HO��
k8½HO�� þ k
11

KCN� ½sitetot� (A.21)

a2 ¼ ’̄
2k2

k6½ �TiO�� þ k7½HO��

	 
2

(A.22)

a3 ¼
k8½HO�� þ k10½sitetot� þ k
11

k8½HO�� þ k
11

KCN� (A.23)

Finally, the cyanide photocatalytic degradation rate per unit

suspension volume can be obtained by the product of the cyanide

photocatalytic degradation rate per unit surface area (rS
CN� ) and the

catalyst surface area per unit volume (av):

rCN� ¼ rS
CN�av ¼ rS

CN� SgCcat (A.24)

Appendix B. Numerical resolution of the Radiative Transfer
Equation (RTE)

This appendix describes the numerical resolution of the RTE using

the DOM. The basic idea behind this method is the transformation of

the integro-differential RTE into a system of algebraic equations that

describe the transport of photons in such way that they can be solved

following the direction of propagation, starting from the values

provided by the boundary condition.

As shown in a previous work [48], the low absorption coefficients of

the TiO2/SiO2 photocatalyst, in comparison with pure TiO2 suspensions,

requires the use of a cylindrical two-dimensional (r,z) – two-directional

(u,f) model of the photoreactor radiation field. Fig. B1 shows the

directional and spatial discretization of the cylindrical photoreactor.

For multidimensional geometries, Duderstadt and Martin [61]

recommended the derivation of finite difference relations directly
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from the radiation balance for each mesh cell instead of introducing

the finite difference approximation into the RTE. Considering the

spatial cell represented in Fig. B2, the spherical space of directions can

be divided into four quadrants. The set of directions corresponding to

every quadrant is solved by calculating the intensity in the center of

the cell from the two surfaces through which the radiation is entering

and also calculating the outgoing radiation fluxes through the

opposite surfaces. As it can be observed, the inlet and outlet surfaces

depend on the quadrant of the considered direction of propagation.

The balance of photons with a given wavelength l propagated

through the cell along the direction Vm (m,h) can be expressed as

follows:

where the areas and volume of the spatial cell are given by:

Aiþ1=2; j ¼ 2priþ1=2Dz j (B.2)

Bi; jþ1=2 ¼ 2p
ðriþ1=2 þ ri�1=2Þ

2

� �
Dri (B.3)

Vi; j ¼ 2p
ðriþ1=2 þ ri�1=2Þ

2

� �
Dri Dz j (B.4)

and nm�1/2 and nm+1/2 are effective areas for the angular fluxes
corresponding to directions Vm�1/2 and Vm+1/2, respectively, and
wm is the weight of the direction Vm according to the quadrature
scheme. These fluxes are originated in the angular redistribution
phenomenon that takes place in curvilinear coordinate systems
when changes in the directional coordinate m are produced. They
can be calculated as:

nmþ1=2 � nm�1=2 ¼ �mmwm (B.5)

A detailed explanation of angular redistribution problem can be

found in the work of Romero et al. [62].

Fig. B1. Gaussian quadrature scheme used for the discretization of the spherical space of directions as a function of the direction cosines (m,h) (left) and the spatial mesh

defined for the 2-D discretization of the cylindrical reactor (right).

Fig. B2. Definition of the spatial cell and the quadrants of directions as a function of

the direction cosines (m,h) respect to z and r axis (bottom).

Fig. B3. Cross section of the spatial mesh of the photoreactor.

mm Aiþ1=2; jI
iþ1=2; j
m � Ai�1=2; jI

i�1=2; j
m

� �
þ hm Bi; jþ1=2Ii; jþ1=2

m � Bi; j�1=2Ii; j�1=2
m

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

inlet and oulet radiation fluxes

þ Aiþ1=2; j � Ai�1=2; j

 �
	 nmþ1=2Ii; j

mþ1=2=wm � nm�1=2Ii; j
m�1=2=wm

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

angular redistribution term

þ klIi; j
m Vi; j þ slIi; j

m Vi; j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
absorption and out�scattering

¼ sl

4p

XM
n¼1

Ii; j
n pnmwnVi; j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

in�scattering

(B.1)
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Fig. B4. Algorithm implemented for the resolution of the RTE in curvilinear coordinate systems with angular redistribution using the DOM.
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If the values of Dr and Dz are small enough to consider lineal

profiles inside the spatial cell, the central intensity can be expressed

as:

Ii; j
m ¼

ðIi�1=2; j
m þ Iiþ1=2; j

m Þ
2

(B.6)

Ii; j
m ¼

ðIi; j�1=2
m þ Ii; jþ1=2

m Þ
2

(B.7)

and for the directional mesh:

Ii; j
m ¼

ðIi; j
m�1=2 þ Ii; j

mþ1=2Þ
2

(B.8)

Substituting in the photon balance [Eq. (B.1)], the central intensity

can be calculated according to:

Ii; j
m ¼ jmmjðAiþ1=2; j � Ai�1=2; jÞD�1Ii�1=2; j

m þ 2jhmjBi; jD
�1Ii; j�1=2

m

þ ðAiþ1=2; j � Ai�1=2; jÞ 	 ðnmþ1=2 þ nm�1=2ÞD�1w�1
m Ii; j

m�1=2

þ sl

4p

XM
n¼1

Ii; j
n pnmwnVi; jD

�1 (B.9)

where

D ¼ jmmjðAiþ1=2; j þ Ai�1=2; jÞ þ 2jhmjBi; j þ ðAiþ1=2; j � Ai�1=2; jÞ

	 ðnmþ1=2 þ nm�1=2Þw�1
m þ klVi; j þ slVi; j (B.10)

Fig. B3 represents the cross section of the spatial mesh of the

photoreactor in which the system of algebraic equations constituted

by Eqs. (B.6)–(B.9) has to be solved. With this purpose, the symmetry

condition is assumed in the axis of the cylinder (that means that at

r = 0 quadrants I and IV are symmetric with respect to quadrants II

and III, respectively) and the following boundary conditions are used:

(i) Known inlet radiation for quadrants I and II at z = 0.

(ii) Null reflection in the inner reactor walls surfaces. Consequently
the inlet radiation is null for quadrants II and III r = LR, and
quadrants III and IV at z = LZ .

The algorithm developed to solve the system of equations is

schematized in Fig. B4. As it can be seen, the computation of every

quadrant begins from the corner of the spatial mesh in which two of

the four conditions can be applied. The directional mesh is always

calculated from m = 1 to m = M, being m = 1 the direction more

parallel to the r–z plane, in which the angular redistribution could be

considered as negligible (Ii; j
m�1=2 ¼ 0). First, the central intensity is

calculated from the inlet values, and then the outlet intensities are

obtained. Convergence of the radiation field is achieved when the

intensities initially employed for the calculus of the in-scattering

terms coincide with the calculated values.
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