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Abstract−The photocatalytic efficiencies of TiO2 nanocrystals of different modifications (anatase, rutile, P25 Degussa,
Hombikat), to oxidize cyanide ion and subsequently the cyanate also, under natural sunlight at 950±25 W m−2 in alkaline
solution have been compared. The oxides have been characterized by powder XRD, UV-visible diffuse reflectance
and impedance spectroscopies. Under identical solar irradiance, the reaction follows Langmuir-Hinshelwood kinetics
on cyanide, and depends on the apparent area of the catalyst bed and dissolved oxygen. However, the adsorption of
cyanide on TiO2 in dark is too small to be measured analytically. The photocatalytic activity of TiO2 is not solely gov-
erned by the band gap or charge-transfer resistance or capacitance or phase composition but is in accordance with the
specific surface area or the average crystallite size; rutile is an exception.

Key words: Photooxidation, Sunlight, Specific Surface Area, Crystal Size, Kinetics

INTRODUCTION

Cyanide ion is a very toxic pollutant that originates from metal
finishing and electroplating shops. Physical, chemical and biological
methods can be used to remove the dissolved cyanide. The physi-
cal methods are based on ion exchange, adsorption or foam-flota-
tion and can only transfer cyanide from one phase to another. The
biodegradation is very slow and is limited to low concentration of
cyanide. Further, it encounters the difficulty of disposal of the acti-
vated sludge. Among the chemical methods alkaline chlorination is
the best available technique, but the limitations are the formation of
highly toxic cyanogen chloride gas and the leftover complex metal
cyanide in sludge. A promising method of detoxification of cyanide
is the photocatalytic one and semiconductor-catalyzed oxidation of
cyanide with artificial UV light is known; TiO2 and ZnO are the
catalysts used [1-7].

Illumination of semiconductor with light of energy not less than the
band gap leads to formation electron-hole pairs, holes in the valence
band and electrons in the conduction band [8]. A fraction of these
pairs diffuse out to the surface of the crystal and participate in chem-
ical reactions with adsorbed electron donors and acceptors result-
ing in photocatalysis. The photogenerated hole oxidizes the sub-
strate and the electron is taken up by the adsorbed oxygen molecule
yielding highly unstable superoxide radical, O2

.− [9]. With water, O2
.−

in turn generates reactive oxygen species like HO., HO2
. and H2O2,

which also oxidize the substrate. Water is adsorbed on the semi-
conductor surface, both molecularly and dissociatively [10,11]. Hole-
trapping by either the surface hydroxyl groups or adsorbed water
molecules results in short-lived HO. radicals, which are the primary
oxidizing agents [12-15]. Natural sunlight is available free of cost
and utilization of the same is desirable in semiconductor-catalyzed
environmental remediation. Studies on semiconductor-catalysis with
natural sunlight are rare, probably due to the problem of fluctuation

of solar irradiance during the experiment, and it has now been over-
come by exposing the semiconductor beds to identical solar irradi-
ance. The experiments have been carried out simultaneously, side
by side. Even though several semiconductors like α-Fe2O3, CdO
and CdS undergo band gap excitation with visible light [8] and exhibit
photocatalytic activity, they are susceptible to photocorrosion and
hence are unsuitable for environmental remediation. TiO2 is chemi-
cally inert, tolerant to acidic and alkaline media, photostable, non-
toxic, inexpensive, and reusable. The solar light harvesting efficiency
of TiO2 could be improved by doping. Doping TiO2 with transition
metal ions like Cu, Ni and Co slightly shifts its absorption edge to
visible region and enhances the removal of cyanide [16,17]. Depo-
sition of noble metals like Ag on TiO2 also improves the cyanide
degradation [17]. But, experiments show that the doped metal is
eaten away by cyanide. The photocatalytic efficiency of the semi-
conductor depends on the competition between two processes, name-
ly, the surface charge carrier transfer and the electron-hole recom-
bination. Intrinsic parameters like crystal properties (particle size,
surface area, crystal structure, point of zero charge, adsorption of
hydroxyl ions and water molecules, etc.), optical properties (band
gap, etc.) and electronic properties (charge-transfer resistance, cap-
acitance, etc.) and extrinsic parameters like wavelength and intensity
of illumination, catalyst loading, pH, temperature, dissolved oxygen,
substrate concentration, etc., determine the photocatalytic efficiency
of the semiconductor. Furthermore, the photocatalytic activity is
substrate specific; a recent study with eight commercial TiO2 sam-
ples and 19 test substrates confirms the same [18]. Here we com-
pare the solar photocatalytic efficiencies of different forms of TiO2

nanocrystals to detoxify cyanide and rationalize them in terms of
their physicochemical parameters.

EXPERIMENTAL

1. Materials
TiO2 P25 (Degussa), TiO2 anatase (Sigma-Aldrich), TiO2 rutile

(Sigma-Aldrich) and Hombikat TiO2 (Fluka) nanoparticles and TiO2
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(Merck) submicron particles were used as supplied.
2. Characterization

The powder X-ray diffractograms of the titanium dioxides were
recorded using a Siemens D-5000 XRD with Cu Kα X-rays of wave-
length 1.5406 Å under a scan range of 5-60o at a scan speed of 0.2o

s−1 or a Bruker D8 system using Cu Kα radiation of 1.5406 Å in a
2θ range of 5-70o at a scan speed of 0.050 s−1. Rich Seifert model
3000 X-ray diffractrometer was also employed for the diffraction
studies. JEOL JSM-5610 equipped with BE detector was the scan-
ning electron microscope (SEM) used. The sample was placed on
an adhesive carbon slice supported on copper stubs and coated with
10 nm thick gold using JEOL JFC-1600 auto fine coater prior to
measurement. The surface area of the submicron particulate TiO2

was determined with a Micromeritics ASAP 2020 sorption ana-
lyzer. The sample was degassed at 150 oC for 12 h and the analysis
was conducted at −196 oC with N2 as the adsorbate gas. The spe-
cific surface area was obtained by the Brunauer-Emmett-Teller (BET)
multipoint method, through a least-square fit. A Perkin-Elmer Lamda
35 spectrophotometer was used to record the UV-visible diffuse
reflectance spectra of the oxides. The impedance spectral data of
different forms of TiO2 crystals were obtained with a HP 4284A
Precision LCR meter over the frequency range of 1 MHz to 20 Hz
at room temperature in air [19]; while the disk area was 0.5024 cm2

the thicknesses of anatase, rutile, P25, Hombikat nano TiO2 and ana-
tase submicron TiO2 pellets were 2.12, 1.53, 2.78, 1.80, and 2.98
mm, respectively.
3. Method

The TiO2-catalyzed solar photooxidation was made with AM 1
sunlight under clear sky in summer (March-July). The intensity of
sunlight was measured by using a Daystar solarmeter (USA). In
each experiment, the corresponding TiO2 was taken along with fresh
air-saturated KCN solution of desired ppm at pH 12.5 (using NaOH)
and the TiO2 particles were carefully allowed to settle down and
cover uniformly the entire bottom of the wide cylindrical glass vessel
prior to illumination. The TiO2 bed was undisturbed till the com-
pletion of solar irradiance. After, and also prior to, solar illumination
the cyanide ion was analyzed argentometrically using p-dimethy-
laminobenzylidene rhodanine as the indicator [17]. Spectrophoto-
metric determination of cyanide ion at 590 nm by complexing it with
ninhydrin in alkaline medium [20] also provided identical results.
Cyanide ion analysis using cyanide ion selective electrode with Ag/
AgCl electrode as the reference was also in accordance with the
other two methods. Cyanate was analyzed spectrophotometrically
[5]. The dissolved oxygen was measured with an Elico dissolved
oxygen analyzer PE 135. Presonication of the dry catalyst, the cata-
lyst slurry in cyanide solution or simultaneous sonication (sonica-
tion during solar irradiance) was made by using a Toshcon SW 2
ultrasonic bath (37±3 kHz, 100 W).

The photooxidation with UV light was carried out in a multil-
amp photoreactor fitted with 8 W mercury lamps of wavelength
365 nm (Sankyo Denki, Japan) and a highly polished anodized alu-
minium reflector. The reaction vessel was a borosilicate glass tube
of 15-mm inner diameter and was placed at the center. The reac-
tion tube was illuminated by four lamps with the angle sustained
by the adjacent lamps at the sample as 90o. The four cooling fans
at the bottom of the reactor dissipate the generated heat. The light
intensity was determined by ferrioxalate actinometry [21]. 25 mL

of KCN solution at pH 12.5 was purged with air that effectively
kept the added TiO2 under suspension and at continuous motion.
The airflow rate was measured by the soap bubble method. Similar
to the solar experiments, cyanide as well as cyanate was analyzed
prior to and after illumination.

RESULT AND DISCUSSION

The powder XRD of TiO2 anatase nanocrystals used confirms
its structure; it matches with the standard JCPDS pattern of anatase
TiO2 (89-4921, tetragonal, body centred) and the rutile lines are absent.
The XRD of rutile TiO2 sample is in agreement with its crystal struc-
ture. The observed pattern matches the standard JCPDS pattern of
rutile TiO2 (89-4202, tetragonal, primitive) and the anatase lines are
not seen. The X-ray diffractogram of the TiO2 P25 used confirms
the presence of anatase and rutile phases in the sample; the stan-
dard JCPDS patterns of anatase (00-021-1272) as well as rutile (01-
089-0553 C) are observed. The phase percentages have been ob-
tained from the integrated intensity of the peaks at 2θ value of 25.3o

(101) for anatase and 27.4o (110) for rutile. The percentage of ana-
tase is given by the formula, A (%)=100/{1+1.265(IR/IA)}, where
IR is the intensity of the rutile peak at 2θ =27.4o and IA is that of the
anatase peak at 2θ =25.3o. The phase composition thus determined
is 81% anatase and 19% rutile, which is in agreement with that pro-
vided by the manufacturer. The XRD of Hombikat TiO2 shows the
presence of anatase as well as rutile phases; the peak fitting con-
forms to the JCPDS patterns of anatase (89-4921) and rutile (110,
211, etc., peaks). The percentages of anatase and rutile phases, ob-
tained using the intensities of 101 peak of anatase and 110 peak of
rutile, are 69 and 31, respectively. The XRD of the used TiO2 sub-
micron particles reveals the structure as anatase; the diffraction pat-
tern totally matches with the standard pattern of anatase (JCPDS
01-078-2486 C, tetragonal, body centred). The average sizes of the
nanocrystals have been obtained from the half-width of the full max-
imum (HWFM) of the most intense peaks of the different nanoc-
rystals using the Scherrer equation, D=kλ/βcosθ, where D is the
average crystallite size, λ is the X-ray wavelength, θ is the Bragg
angle, β is the corrected half-peak width of the experimental sample
and k is the shape factor of value 0.9. The specific surface area of
the nanoparticles, listed in Table 1, has been obtained using the rela-
tionship, S=6/ρD, where S is the specific surface area, D is the mean
particle size and ρ is the material density. The specific surface area
of TiO2 submicron particles has been determined by the N2-adsorp-
tion-desorption isotherms using the BET (Brunauer-Emmett-Teller)
equation. The average particle size has been deduced from the de-
termined BET surface area.

The band gaps of the oxides deduced from the Tauc plots (not
shown) and listed in Table 1 are in agreement with the literature.
The Tauc plots have been drawn using the F(R) values, obtained
by the application of Kubelka-Munk algorithm to the measured dif-
fuse reflectance data [22]. The deduced band gaps clearly reveal
that all the TiO2 samples require UV-A light for the photoexcitation.
Impedance spectroscopy (IS) is a relatively new and powerful tool
to probe the electrical properties of semiconductors [23]. It may be
used to investigate the dynamics of the bound and mobile charges
in the bulk or interfacial region of the semiconductors. In polycrys-
talline materials, the overall sample resistance may be a combination
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of the intragranular or bulk crystal resistance and intergranular or
grain boundary resistance. Generally, the impedance data are ana-
lyzed in terms of an equivalent circuit model; an electrode inter-
face undergoing an electrochemical reaction is typically analogous
to an electric circuit consisting of a specific combination of resistors
and capacitors. By fitting the IS data to a model or an equivalent
circuit the electrochemical properties of the semiconductors may
be inferred. The recorded impedance spectra (not given), the varia-
tion of impedance with frequency, of the different TiO2 used show
decrease of impedance with increase of frequency, indicating the
capacitance of the semiconductors studied. The Nyquist plot, a popu-
lar format of evaluating the electrochemical impedance data, is pres-
ented in Fig. 1. The ohmic or uncompensated resistance (RΩ) corre-
sponds to the grain boundary or intergranular resistance and the polar-
ization or electron-transfer (charge-transfer) resistance (RP or RCT)
refers to the intragranular or bulk crystal resistance; the latter is related
to the Warburg resistance, the resistance to mass transfer, which is
controlled by the specific conductance, σ. The constant phase ele-
ment (CPE) can be associated with a non-uniform distribution of
current due to material heterogeneity and is equivalent to a double
layer capacitance, C. Although P25 Degussa and Hombikat are the
blends of anatase and rutile phases, they show single semicircles in
the Nyquist plots, indicating homogeneity in the electrical proper-
ties of the materials. The Nyquist plot of Hombikat displays a large
charge-transfer resistance with only a very limited frequency region
where mass transfer is a significant factor, thus suggesting the pre-
dominance of kinetic control; the semiconductor may be photocat-
alytically sluggish. All other Nyquist plots show large regions of
mass-transfer with significant kinetic control at low and high fre-

quencies, respectively. Also, the large grain boundary resistance of
the submicron particles could be inferred from the Nyquist plot.
Table 1 presents the determined specific conductance, capacitance
and the ohmic and charge-transfer resistances of the different forms
of TiO2 employed. The specific conductance has been deduced from
the measured charge-transfer resistance, and the capacitance has
been obtained using the equations ωmax=1/CRCT and ωmax=2πf, where
f is the frequency corresponding to the maximum of the semicircu-
lar Nyquist plot. Among the nanocrystals, the specific conductance
of anatase is larger than that of rutile. But the benchmark photocat-
alyst P25 Degussa, which is a blend of anatase (81%) and rutile
(19%) phases, exhibits surprisingly higher specific conductance than
anatase and rutile. However, Hombikat, which also contains ana-
tase (69%) and rutile (31%) phases, does not show similar charac-
teristics; its specific conductance is even less than that of rutile. Fur-
ther, P25 Degussa exhibits the largest capacitance among the semi-
conductors examined.

The oxidation of cyanide ion under natural solar irradiance of
950±25 W m−2 at pH 12.5 is catalyzed by all the above-mentioned

Table 1. Crystal size (D), specific surface area (S), band gap (Eg), absorption edge (λ), ohmic (RΩ) and charge-transfer (RCT) resistances,
and capacitance (C) of TiO2

TiO2 D, nm S, m2 g−1 Eg, eV λ, nm RΩ, kΩ RCT, kΩ σ, mS m−1 C, pF
Anatase 009 163.0 3.22 385 12 041 1.03 09.7
Hombikat 016 92. 3.16 392 09 203 0.18 08.2
P25 Degussa 023 66. 3.14 395 04 037 1.50 43.0
Rutile 012 122.0 3.03 409 20 070 0.38 07.1
Anatase (submicron) 104 014.7 3.20 388 57 058 1.02 13.8

Fig. 1. The Nyquist plots.

Fig. 2. The temporal profile of cyanide oxidation. Nanoparticulate
anatase loading=0.100 g (solar, 16.7 cm2 bed) or 0.020 g (UV),
pH=12.5, [O2]dissolved=26.8 ppm, cyanide solution=25 mL; solar
irradiance (11.00 am-2.30 pm): 950±25 W m−2; UV: λ=365
nm, I=25.4 µEinstein L−1 s−1, airflow rate=7.8 mL s−1.
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forms of TiO2. The pKa of HCN is 9.3, and to avoid its liberation
into the atmosphere the detoxification has been made in a highly
alkaline medium. Under identical conditions, cyanide ion is not oxi-
dized in absence of TiO2. Analysis of the cyanide solution after solar
irradiance with different TiO2 confirms the formation of cyanate at
the expense of cyanide and this is in agreement with the literature
[3-7]. Experiments with cyanate separately show that it is also oxi-
dized under natural sunlight as well as under UV-A light, which is
in line with the earlier reports; carbonate and nitrate are the prod-
ucts reported (data not given). Analysis of cyanide as well as cyanate
during solar and UV illumination of cyanide solution shows simul-
taneous oxidation of cyanide and cyanate; Fig. 2 is the time course
of the cyanide oxidation under solar and UV-A light.

Even under clear sky in summer the sunlight intensity fluctuated
during the course of the experiment (950±25 W m−2). Also, it varied
from day to day. Now, to get analyzable solar results the sunlight
irradiance in a set of experiments has been kept identical by carry-
ing out the experiments simultaneously, side by side. The solar results
obtained with each TiO2 have been consistent. For each catalyst, a
couple of experiments with sunlight under identical reaction condi-
tions and carried out simultaneously, side by side, yielded results
within ±5% (vide infra for the experimental conditions). Carrying
out simultaneously a control experiment along with others under
the required experimental conditions made possible the analysis of
the solar results.

The influence of experimental conditions such as cyanide-con-
centration, area of the catalyst bed and dissolved O2 on the TiO2-
catalyzed oxidation rate has been studied individually. The solar
irradiance in each study has been kept identical by carrying out a
set of experiments simultaneously, side by side. For example, the
photoremoval of cyanide at different cyanide concentrations for a
particular form of TiO2 has been determined simultaneously, side
by side. Under identical sunlight irradiance, the cyanide oxidation

rates increase with its concentration as shown by Fig. 3. The varia-
tion of cyanide-removal rates with its concentration is characteristic
of Langmuir-Hinshelwood kinetics, which is based on the adsorp-
tion of cyanide ion on the semiconductors [24]. But the adsorption
of cyanide ion on TiO2 in dark at pH 12.5, even at the highest con-
centration of cyanide ion employed, is too small to be measured
analytically. In alkaline medium, adsorption of HO− on the semi-
conductors leads to negatively charged surface, and this could be a
reason for the insignificant adsorption of cyanide ion. However,
the observed Langmuir-Hinshelwood kinetics indicates that cyanide
ion gets adsorbed significantly on the illuminated photoactive semi-
conductor surfaces. The percentages of cyanide ion removed by
anatase, Hombikat, P25, and rutile nanoparticles and anatase sub-
micron particles in 2½ h from a 100 ppm cyanide solution are 96,
90, 90, 85, and 82, respectively (other conditions remain as in Fig.
3). As shown by Fig. 4, the photooxidation rates exhibit linear de-
pendence on the apparent area of the catalyst bed (100r2=93-96).
This is also in agreement with the Langmuir-Hinshelwood model.
The different forms of TiO2 show sustainable photocatalytic activi-
ties. Recycling of the catalysts without any pre-treatment provides
identical results (conditions remain unaltered). Cyanide detoxifica-
tion requires dissolved oxygen. The photooxidation of cyanide does
not occur in nitrogen-purged solution (25 mL 250 ppm cyanide,
pH 12.5, 0.10-g catalyst loading, 16.7 cm2 catalyst bed, 1.8 and 26.8
ppm dissolved O2 in N2- and air-saturated solutions, respectively,
950±25 W m−2 sunlight, 30 min (11.45 am−12.15 pm)). Generally,
sonication effects surface and particle size modification of the cata-
lyst [25] and the photocatalytic activity is susceptible to the surface
and size modification of TiO2 particles. However, presonication of
either the dry catalysts or the catalyst slurries in cyanide solutions
(for 10 min at 37±3 kHz and 100 W) fails to enhance the solar photo-
catalytic activities. Sonophotocatalysis, sonication during photoca-
talysis (sonication of the catalysts in cyanide solution under sunlight),
also fails to improve the photocatalytic efficiencies (conditions as

Fig. 3. Solar cyanide oxidation. The Langmuir-Hinshelwood kinet-
ics.† Catalyst bed=16.7 cm2, catalyst loading=0.100 g, pH=
12.5, [O2]dissolved=26.8 ppm, illumination time=30 min (11.45
am−12.15 pm), solar irradiance=950±25 W m−2, cyanide
solution=25 mL. †Each catalysis corresponds to identical
solar irradiance.

Fig. 4. Solar cyanide oxidation as a function of TiO2 bed area.† Cata-
lyst loading=0.100 g, pH=12.5, [CN−]0=250 ppm, [O2]dissolved
=26.8 ppm, illumination time=30 min (11.45 am−12.15 pm),
solar irradiance=950±25 W m−2, cyanide solution=25 mL.
†Each catalysis corresponds to identical solar irradiance.
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in Fig. 3 with 250 ppm cyanide solution). However, the degrada-
tion of salicylic acid on Hombikat TiO2 under UV light enhances
on sonication [26]. Application of a potential bias to semiconduc-
tor under band gap-illumination reduces the recombination of the
photogenerated electron-hole pairs and hence increases the photo-
catalytic efficiency [19,27-29]. However, in the present study, appli-
cation of a potential bias (DC) fails to enhance the photooxidation
of cyanide. Out of the four experiments conducted simultaneously
in a set under identical solar irradiance for each catalyst, cost-effec-
tive stainless steel bottom has been used for three and the catalyst
covered the entire bottom [19]. A positive potential bias has been
applied for one, a negative potential to another and none to the third.
Pt electrode (Elico) has been used as the counter electrode. The poten-
tial has been measured against SCE by using a potentiostat. Whether
it is an anodic bias (+0.3 V vs NHE) or a cathodic bias (−0.1 V vs
NHE), or no bias with TiO2 on either glass bottom or stainless steel
bottom, the cyanide ion removal remains unaltered under identical
solar irradiance (25 mL 250 ppm cyanide, 12.5 pH, 26.8 ppm dis-
solved O2, 0.10 g-catalyst loading, 16.7 cm2 catalyst bed, 950±25
W m−2 sunlight for 2.5 h (11.00 am−2.30 pm)).

The Langmuir-Hinshelwood kinetic model is applicable to TiO2-
photocatalysis and the kinetic law is [24]:

rate=kK1K2IA[CN−][O2]/(1+K1[CN−])(1+K2[O2])

where K1 and K2 are the adsorption coefficients of cyanide ion and
molecular oxygen on the illuminated surface of TiO2, k is the surface
pseudo-first-order rate constant, A is the surface area of the catalyst
bed and I is the light intensity. The cyanide solutions are oxygen-
saturated and the dissolved oxygen concentration has remained al-
most constant during the photooxidation. Since K2 is a constant for
a given catalysis K2[O2]/(1+K2[O2]) turns to be a constant for a given
catalyzed oxidation. For a set of experiments conducted simulta-
neously I is a constant. The Langmuir-Hinshelwood kinetic model
holds good as seen from the data fit to the curve governed by the
Langmuir-Hinshelwood equation (100r2>98) and drawn using a
computer program (Fig. 3) and Table 2 presents the kinetic coeffi-
cients; the mechanism of photooxidation of cyanide on TiO2 has
been discussed elsewhere [3].

The UV light intensity in sunlight decreases from ~10 mEinstein
m−2 h−1 at 400 nm to ~2.5 mEnistein m−2 h−1 at 325 nm and to zero
at 300 nm. The intensity of impinging solar irradiance that leads to
band gap excitation of TiO2 of different modifications under identi-
cal solar irradiance, obtained from the determined band gap, decreases
with increase of band gap energy. But the observed photocatalytic
efficiencies under identical solar irradiance (experiments conducted
simultaneously, side by side) increases with band gap energy sug-
gesting that some other factor also operates (Fig. 5).

Lower electron-transfer resistance should lead to a better separa-
tion of photogenerated electron-hole pairs. Hence it is reasonable
to expect that the charge transfer resistance or specific conductance
of the oxide reflects on its photocatalytic activity. But Fig. 5 does
not show any such relationship. Further, the measured capacitances
of the nanocrystals also do not reflect on the photocatalytic activi-
ties, indicating that the capacity of the semiconductor to hold charge
is of little consequence in determining the photocatalysis. Hence, it
is reasonable to state that the photodetoxification of cyanide by TiO2

nanocrystals in alkaline solution is not governed by the resistance
and capacitance of the crystals. The charge separation in the crys-
tals is very fast and is not a controlling factor in cyanide oxidation.
But a recent IS study on the Ag/TiO2-photocatalyzed degradation
of rhodamine B reveals a relationship between the photocatalytic
activity and the charge-transfer resistance as well as the capacitance
[30]. Of the 0.5% to 7% Ag-doped TiO2 studied, the most active
3% Ag-doped TiO2 shows the lowest charge-transfer resistance and
highest capacitance. A similar study on the photodegradation of
acid red 44 also supports such relationship [31]. While the reported
photocatalytic activities are of the order TiO2 nanospheres<TiO2

nanorods<Ag-TiO2 nanorods, the measured charge transfer resis-
tances are as follows: TiO2 nanospheres>TiO2 nanorods>Ag-TiO2

nanorods. The determined capacitances are in the order of the ob-
served photocatalytic activities.

The TiO2 crystals studied differ in their phase composition and
the observed photocatalytic activities are not in agreement with the
anatase content of the catalysts. Under UV-A light, anatase is more
photoactive than rutile [9,32,33], and this is because of a larger pho-
toabsorption and desorption of oxygen on the anatase surface and
also to a lower electron-hole recombination [32]. Also, anatase is
more active than rutile in adsorbing water and hydroxyl groups and
the photocatalytic activity depends on the surface-adsorbed hydroxyl
groups and water molecules [33]. Anatase blended with rutile is
reported to show better photocatalytic performance than pure ana-
tase due to enhanced separation of the photogenerated electron-hole
pairs [34]. TiO2 P25 Degussa (81% anatase, 19% rutile), a bench-
marking photocatalyst, is reported to exhibit excellent activity due
to synergistic effect between anatase and rutile phases; the charges
produced on rutile by visible light are stabilized through rapid elec-
tron transfer from rutile to anatase, which thus extends the photoac-
tivity into the visible region [35]. In the present study, TiO2 Hombikat
(69% anatase, 31% rutile) is more effective than TiO2 P25 Degussa
(81% anatase, 19% rutile) in detoxifying cyanide and the above pro-
position holds good. The rutile-anatase composition in Hombikat
employed favors better charge separation than that in P25. How-
ever, these two anatase-rutile blends are only less active than pure
anatase nanocrystals, indicating the operation of some other factors
such as adsorption of O2, H2O and HO−.

Examination of the observed cyanide detoxification under iden-
tical solar irradiance reveals that it is in agreement with the specific
surface area of the different forms of TiO2; rutile is an exception.
Fig. 5 displays the variation of cyanide detoxification rates with spe-
cific surface area. Although the oxides of fixed mass are temporarily
immobilized on glass surface to form a catalyst bed of the given
apparent area, its actual surface area will be proportional to the spe-
cific surface area of the oxide. Furthermore, the crystal size deter-
mines the specific surface area and also plays an important role in

Table 2. The kinetic parameters

TiO2 102 K1, ppm−1 103 kK2AI/(1+K2[O2]), min−1

Anatase 4.5 10.5
Rutile 2.4 03.9
P25 Degussa 7.1 04.4
Hombikat 8.0 05.8
Anatase (submicron) 5.0 02.7
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Fig. 5. Cyanide-photodetoxification and physicochemical parameters.
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determining the photocatalytic activity: the smaller the size of the
crystal, the higher is the photocatalytic activity. That is, the reactiv-
ity decreases with increase of the crystal size; rutile is an exception
(Fig. 5). The surface trapping of electrons and holes may be more
efficient in smaller crystals. The photogenerated electron-hole pairs
have a much shorter distance to travel to reach the surface in smaller
particles. Once the electrons and holes have been trapped at the in-
terface, they can then participate in redox reactions. Similar results
are observed with 103 kK2AI/(1+K2 [O2]), which reflects the sur-
face pseudo-first-order rate constant of cyanide oxidation with spe-
cific surface area incorporated in it (Fig. 5).

CONCLUSIONS

With natural sunlight, different forms of TiO2 effectively catalyze
the oxidation of cyanide ion to cyanate ion; cyanate is also oxidized
subsequently. Although the adsorption of cyanide ion on TiO2 in dark
is too small to be measured analytically, the photooxidation follows
the Langmuir-Hinshelwood kinetics. The solar photocatalytic effi-
ciencies of TiO2 nanocrystals are of the order: anatase>Hombikat
(69% anatase, 31% rutile)>P 25 Degussa (81% anatase, 19% rutile)
>rutile>microparticulate anatase. The photocatalytic efficiency is not
governed by the capacitance or charge-transfer resistance of the semi-
conductor but is in accordance with the specific surface area of the
oxide; rutile is an exception.
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