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The photocatalytic oxidation of free cyanides in aqueous suspen-
sions containing polycrystalline TiO2 (anatase) powders irradiated
in the near-UV region has been investigated. The rate of cyanide
photooxidation has been studied by varying the following operative
parameters: (i) initial cyanide concentration; (ii) catalyst concen-
tration; (iii) initial pH; (iv) power of irradiation; and (v) chloride
ion concentration in the reacting mixture. Under the used exper-
imental conditions the photoreaction proceeded at a measurable
rate until the complete disappearance of cyanides. The kinetics of
cyanide photooxidation is affected by the catalyst concentration,
the chloride ion concentration, and the power of irradiation while
it is independent of the initial cyanide concentration and the pH.
The detrimental effect of chloride ions on cyanide photooxidation
rate is not determined by a competition mechanism of chloride ions
with cyanide ions or oxygen molecules for adsorption on active sites.
Chloride ions affect the photoreaction rate by lowering the concen-
tration of dissolved oxygen to values for which oxygen may become
a rate limiting reactant. The Langmuir–Hinshelwood kinetic model
well fits all the photoreactivity results. The reaction pathway was
also investigated; cyanate, nitrate, and carbonate were found to be
the main oxidation products. A mass balance on nitrogen was also
successfully carried out. Specific experiments were carried out in
a particular setup for measuring both the photon flow absorbed
by the reacting suspension and the cyanide photoreaction rate; for
these particular conditions the quantum yield value was calculated.
c© 1997 Academic Press

INTRODUCTION

The presence of free and complex cyanides in industrial
aqueous wastes is a problem of major concern owing to the
well-known toxicity of these species for the living organ-
isms even at very low concentration values. The conven-
tional processes used up to-date to treat waters polluted
with cyanides are mainly chemical (1) and biological (2).
The alkaline chlorination process is the current technique
for treating cyanide wastes; this technique shows, however,

1 Author to whom correspondence should be addressed.

the following main limitations: (i) a highly toxic cyanogen
chloride gas can be formed and released during the treat-
ment process; and (ii) only free cyanide species are oxidised
into nitrogen and carbon dioxide leaving behind the com-
plex metal cyanides.

A promising method for treating aqueous wastes contam-
inated with cyanides is the photocatalytic one; this method
has been found to be effective to photooxidise cyanides
(3–18) dissolved in water to less dangerous species in the
presence of polycrystalline semiconductor oxides under
near-UV radiation. Beyond to establish the feasibility of
cyanide photooxidation, the investigations have been de-
voted to study the use of powdered semiconductors, such
as TiO2 (3–11), platinized TiO2 (6, 12), CdS (5, 11), ZnO
(4, 8, 11, 13), WO3 (4), or Fe2O3 (4), and the photoreaction
mechanism. The use of visible light irradiation for the con-
version of CN− to SCN− in the presence of Rh-loaded CdS
dispersed in alkaline aqueous sulphide medium has been
also reported (9). Different reaction products have been re-
ported to be formed by using different photocatalysts. For
ZnO (8) the presence of CO2−

3 has been found along with
CNO− while, in the presence of TiO2 (9, 11), the main oxida-
tion products are reported to be CNO− and NO−

3 . Owing to
the fact that the amounts of cyanides and products present
in the reaction ambient did not satisfy the mass balance
with respect to the initial amount of cyanide, the formation
of volatile species, such as NH3 (15), or the volatilisation
of part of cyanides as HCN during the photoreaction (9,
11) has been also hypothesised. Although the to-date lit-
erature reports the occurrence of cyanides photooxidation
in various experimental conditions, additional studies are
required in order to fully understand the kinetic and mech-
anistic aspects of this photoreaction and to prove that this
method can be proposed for an industrial application.

This paper is devoted to study the photocatalytic oxida-
tion of cyanides by using a “home prepared” TiO2 (anatase)
polycrystalline catalyst. The kinetics of the photooxidation
reaction has been investigated in a batch reactor by vary-
ing the following operative parameters: (i) initial cyanide
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concentration; (ii) catalyst concentration; (iii) initial
pH; (iv) power of irradiation; and (v) chloride ion
concentration. A detailed investigation of stable interme-
diate products was also carried out in order to hypothesise
a likely reaction mechanism. By using a method reported
in the literature (19–21), the photon flow absorbed by the
suspension in a particular setup under specific irradiating
conditions was measured, together with the corresponding
cyanide photooxidation rate. The quantum yield value of
cyanide photooxidation reaction at the used experimental
conditions was calculated as the ratio between the reaction
rate and the photon absorption rate.

EXPERIMENTAL

Photoreactivity

The photoreactivity experiments were performed in a
Pyrex batch photoreactor of cylindrical shape contain-
ing 1.5 L of aqueous suspension of polycrystalline TiO2.
Medium pressure Hg lamps (Helios Italquartz) of differ-
ent electric power were immersed within the photoreac-
tor; they were cooled by water circulating through a Pyrex
jacket surrounding them. The Pyrex thimble, together with
the water circulation, avoided lamp overheating and cut off
any radiation with wavelength below 300 nm. The photore-
actor was provided with ports in its upper section for the
passage of gases, for sampling and for pH and temperature
measurements. A magnetic stirrer guaranteed a satisfactory
suspension of the powder and the uniformity of the reacting
mixture. For all the runs the temperature of the suspension
was 303 ± 2 K.

A “home prepared” TiO2 was used for the experiments.
Titanium hydroxide was precipitated by reacting an aque-
ous solution of TiCl3 (15 wt%) with an aqueous ammonia
solution (25 wt%). After repeated operations of filtration
and washing with bidistilled water the resulting solid pre-
cursor was dried in air at 393 K for 24 h and subsequently
heated at 773 K for 48 h. The details of the preparation
method have been previously reported (22). X-ray anal-
ysis revealed that the sample obtained after the above-
described thermal treatment mainly consisted of anatase.
The catalyst, whose BET surface area was 57 m2 · g−1, was
classified by sieving and the fraction with particle size in the
44–125 µm range was used.

All the reagents were Carlo Erba (RPE). The quantita-
tive determination of cyanide was routinely performed by
a ion sensitive cyanide electrode (ORION mod. 94-06) in
an expandable ion analyser (ORION EA 920); a standard
colorimetric method (23) was also used to calibrate and
periodically check the cyanide electrode.

The experimental runs were carried out always by the
following procedure. The reacting mixture was prepared
by suspending the desired amounts of catalyst in distilled
water followed by NaOH addition in order to reach an al-

kaline pH; then a certain amount of KCN was added. The
resulting suspension was saturated by bubbling oxygen or
air at atmospheric pressure for 30 min before starting the
irradiation. For a run a N2–O2 mixture with oxygen molar
fraction of 0.1 was also used. During the run the gas was
continuously bubbled so that the steady state concentra-
tion of oxygen dissolved in the solution was dependent on
the composition of the bubbled gas and the ionic strength of
the solution. The concentration of dissolved oxygen did not
change during the runs; it was measured by using an elec-
trode (ORION mod. 97-08) in an expandable ion analyser
(ORION EA 920). Owing to the fact that steady state con-
ditions of irradiation are achieved after about 10 min after
ignition, the lamp of the photoreactor was turned on in the
absence of the suspension. After 15 min from the ignition
the suspension was rapidly transferred inside the photore-
actor and that time was considered the zero time of the run.
The majority of the runs lasted 2 h; this period of time was
increased up to 6 h for the runs devoted to investigate the
mechanistic aspects of cyanide photooxidation. Samples for
analyses were withdrawn at fixed intervals of time and fil-
tered through 0.45 µm cellulose acetate membrane (HA,
Millipore) in order to separate the catalyst.

The influence on the cyanide photoreactivity of the fol-
lowing parameters was investigated: (a) initial cyanide con-
centration (0.192–4.04 mM); (b) initial pH (9.9, 11.6, 12.8,
and 13.9); (c) catalyst concentration (0.1–3 g · L−1); (d) lamp
power (500, 750, and 1000 W); and (e) NaCl concentration
(0–1.41 M). It is worth noticing that Ka of hydrogen cyanide
is equal to 4.9×10−10 at the temperature of 298 K; it is there-
fore necessary to work in strong alkaline conditions in order
to avoid the formation of volatile HCN in the solution.

Some selected experiments were performed with the aim
of determining the chemical nature of stable intermediates
and final products of cyanide photooxidation. For these
runs two initial pH’s were used: 9.5 and 12, while the ini-
tial cyanide concentrations were 0.4 and 0.35 mM, respec-
tively. These experiments showed that cyanate, nitrate, and
carbonate were the main cyanide photooxidation products.
The analyses of cyanates and nitrates were carried out by
using an ionic chromatograph system (Alltech) equipped
with a 350 conductivity detector and a 335 suppressor mod-
ule. The columns used were Universal anion 300 (150 mm
long × 4.6 mm i.d.) and Conventional anion/R (250 mm
long × 4.1 mm i.d.) and were maintained at 303 K by us-
ing a 330 column heater. Aqueous solutions of NaHCO3

(2.8 mM) and Na2CO3 (2.2 mM) were used as eluents at
the flow rate of 1.83 × 10−2 cm3 · s−1. For the determina-
tion of carbonate ions the eluent was an aqueous solution
of 4-hydroxybenzoic acid to which LiOH was added until a
pH value of 8.5 was reached.

In order to test the photocatalytic nature of cyanate
oxidation, a few reactivity runs were carried out by us-
ing cyanate as initial reactant at the same experimental
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conditions and with the same run procedure used for
cyanide photooxidation.

It was also checked if ammonia was one of the photoreac-
tion products; the ammonia determination was performed
by bubbling the gas at the outlet of the photoreactor into
a H2SO4 (1 N) aqueous solution; at the end of the run the
solution was alkalinised and the ammonia was quantita-
tively analysed by an ion-selective electrode (ORION mod.
95-12).

Absorbed Photon Flow Determination

The experimental apparatus for photon flow determina-
tion was made of two cylindrical vessels (i.d. = 5.8 cm) of
Pyrex glass, vertically positioned one on the top of the other.
The upper vessel contained the aqueous suspension of the
solids under investigation and an appropriate ferrioxalate
actinometer solution (24) was placed in the lower one. The
external surfaces of both vessels were covered by mirror-
polished aluminium sheets and a Pyrex sheet was placed
on the top of the upper vessel. The whole apparatus was
kept inside a box of black internal walls in which an oxygen
atmosphere was maintained.

The suspension was directly irradiated from the circu-
lar top surface of the upper vessel. The arc lamp supply
(Oriel, 8530) was furnished by a 1000 W lamp (Hanovia,
L 5173) and by a system of collimating lenses. The dis-
tance between the lenses and the top of the suspension
was 52 cm and the photon flow impinging on the sus-
pension was 8i = 5.66 × 10−7 Einstein · s−1. The rates of
backward reflected photons, 8r , and of absorbed photons,
8a, were determined according to a previously reported
method (19–21) which essentially consists in measuring the
transmitted photon flow, 8t , as a function of the suspen-

FIG. 1. Cyanide concentration versus irradiation time for runs performed at different initial cyanide concentrations. TiO2 concentration, 3 g · L−1;
pH, 12.8; lamp power, 500 W.

sion volume. Different volumes of aqueous suspension were
used; the corresponding suspension heights were: 1.14, 1.51,
1.89, 2.27, 2.65, and 2.84 cm. The irradiation of the suspen-
sion lasted 30 s; these runs were carried out at 303 K by using
always a powder concentration of 1 g · L−1 in the presence
of a cyanide concentration of 0.378 mM. The pH of the sus-
pension was adjusted to 13 by adding NaOH. During the
runs the suspension and the actinometer solution were agi-
tated by means of a magnetic stirrer. At the end of each run
the absorbance of the actinometer solution was measured
at the wavelength of 510 nm.

In order to determine the quantum yield value, the exper-
imental apparatus used for photon flow determination was
also utilised for carrying out a cyanide photooxidation run
with a suspension height of 3.78 cm at the same experimen-
tal conditions used for the determination of the absorbed
photon flow. This run lasted 80 min.

RESULTS

No oxidation of cyanides and/or cyanates was observed
in the absence of light and/or of catalyst and/or of oxygen.
It was also checked that the bubbling of gas into the
reacting mixture did not produce a decrease of cyanide
concentration due to a (unlikely) stripping effect. For all
the runs, except those devoted to investigating the influence
of chloride ion concentration on cyanide photooxidation, it
was found that the oxygen was not a limiting reactant as the
reactivity results obtained by bubbling pure oxygen or air
did not show appreciable differences. This was not the case
when the ionic strength of solution was greatly increased
or when an O2-poor gaseous mixture was bubbled in the
solution.
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FIG. 2. Initial reaction rate of cyanide photooxidation, r0, versus initial cyanide concentration, c1,0. TiO2 concentration, 3 g · L−1; pH, 12.8; lamp
power, 500 W.

For typical runs Fig. 1 reports on a linear scale the mea-
sured values of cyanide concentration, c1, plotted against ir-
radiation time, t. In Fig. 2 all the reactivity results obtained at
equal reaction conditions but by varying the initial cyanide
concentration, c1,0, are reported in a linear plot as initial
reaction rate, r0, versus c1,0.

The analyses performed on the reacting system showed
that the intermediate and stable species produced during
cyanide photooxidation were the following ones: cyanate,
nitrate, and carbonate. In Figs. 3 and 4 the experimental re-
sults of CN−, CNO−, and NO−

3 concentration are reported

FIG. 3. Concentration of cyanide and intermediate products and pH versus irradiation time. TiO2 concentration, 0.15 g · L−1; initial pH, 9.54; lamp
power, 500 W: r, cyanide; , cyanate; m, nitrate; d, nitrogen molar balance; ∗, pH.

as a function of the reaction time for experiments carried
out at an initial pH of 9.5 and 12, respectively. These figures
also report the nitrogen molar balance, i.e., the sum of
cyanide, cyanate, and nitrate moles. The carbonate concen-
tration values are not reported in these figures as the car-
bonate quantitative determination by ionic chromatogra-
phy was quite difficult and the obtained figures were greatly
scattered and not reliable for a total carbon molar balance.

It can be noticed from the observation of the data re-
ported in Figs. 3 and 4 that the oxidation of CNO− starts to
be significant only after the almost complete disappearance



         

276 AUGUGLIARO ET AL.

FIG. 4. Concentration of cyanide and intermediate products versus irradiation time. TiO2 concentration, 0.15 g · L−1; initial pH, 12; lamp power,
500 W. Symbols as in Fig. 3.

of CN− ions. NO−
3 ions appear when the CN− concentra-

tion reaches a negligible value. The nitrates concentration
increases with the reaction time; the qualitative indication
given by carbonate analysis is the same: carbonate ions con-
centration substantially increases only when cyanide con-
centration reaches very low values. The measured values
of cyanide, cyanate, and nitrate concentration quite well
satisfy the nitrogen molar balance.

The variation of pH versus irradiation time is also re-
ported in Fig. 3. It can be observed a continuous decrease

FIG. 5. Cyanide and cyanate concentrations versus irradiation time for runs performed at different initial concentrations and pH. TiO2 concentra-
tion, 0.15 g · L−1; lamp power, 500 W: cyanide: r, pH = 9.5; , pH = 12; cyanate: m, pH = 8.5; d, pH = 12.

of pH during the CN− oxidation to CNO− while its value
remains almost constant during the subsequent photooxi-
dation process affording carbonate and nitrate species. For
the run whose results are reported in Fig. 4 the pH variation
with time is not reported as it was negligible.

Figure 5 reports on a semilogarithmic plot the measured
values of cyanate concentration plotted against irradiation
time for runs carried out at the pH’s of 8.5 and 12. In this
figure the cyanide photodegradation results, obtained in
runs carried out at equal reaction conditions of those of
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FIG. 6. Experimental results of transmitted photon flow, 8t versus the height of suspension, h, in the photoreactor. The (r) symbol indicates the
incident photon flow, 8i .

cyanate oxidation, are also reported. It may be noted that
the rate of cyanate degradation is always smaller than that
of cyanide and that the increase of pH negatively affects
the cyanate oxidation rate.

The experimental results of actinometer runs are re-
ported in the semilogarithmic plot of Fig. 6 as transmitted
photon flow, 8t , versus the height, h, of suspension con-
tained in the photoreactor. The value of the incident photon
flow, 8i , is also reported in this figure.

DISCUSSION

Mechanistic Aspects

In a photocatalytic process the primary step following the
radiation absorption by the photocatalyst is the generation
of electron–hole pairs which must be trapped in order to
avoid recombination (charge separation):

TiO2 + hν → TiO2 + e−
CB + h+

VB. [1]

The hydroxyl groups are the likely traps for holes,

TiO2(substrate)–OH−
s + h+ → TiO2(substrate)–OH·(ads), [2]

leading to the formation of hydroxyl radicals which are
strong oxidant agents. The traps for electrons are adsorbed
oxygen species according to the following equations:

O2(aqueous solution)
→← O2(ads) [3]

O2(ads) + e− → O−
2(ads). [4]

The superoxide species are unstable and reactive and
they may evolve in several ways. It is useful to stress the
point that in a photoreaction occurring on a semiconductor
catalyst powder both the oxidation and reduction processes
must occur on the same particle, although reaction sites for
these processes may be different (25). In conclusion, as a
consequence of the primary step of electrons and holes trap-
ping, several species are produced which will be involved
in the reaction mechanism.

It has been shown in several studies (4, 7, 9, 11) that
CNO− is the first product in the photocatalytic oxidation of
cyanides in the presence of polycrystalline TiO2 in aqueous
medium. The mechanism proposed by Frank and Bard (4)
implies the oxidation of the inorganic species by the photo-
generated holes in the semiconductor and the reduction of
oxygen by the conduction band electrons according to the
following reactions:

CN− + 2OH− + 2h+ → CNO− + H2O, [5]

O2 + 2e− + 2H2O → H2O2 + 2OH−, [6]

or
1
2 O2 + 2e− + H2O → 2OH−. [7]

According to other studies, however, cyanate ion has
not been found to be the final oxidation product. Indeed,
Peral et al. (7) report the subsequent formation of CO2−

3
and N2 while Pollema et al. (9) and Mihaylov et al. (11)
detect the formation of CO2, NO−

2 and NO−
3 . In all of

the above studies a lack of mass balance between cyanide
and final products was found and several explanations,
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hypothesising the formation of volatile species, have been
reported.

The results obtained in the present work confirm that
CNO− is the first product in the photooxidation process.
The observed absence of NO−

2 and of NH3 among the re-
action products, probably due to strong oxidant conditions
used in all the experiments, indicates that CNO− is subse-
quently oxidised to CO2 and NO−

3 ions according to the
following reaction:

CNO− + 8OH− + 8h+ → NO−
3 + CO2 + 4H2O. [8]

By properly combining Eqs. (8) and (6), the overall re-
action for CNO− photooxidation can be expressed as

CNO− + 4O2 + 4H2O → NO−
3 + CO2 + 4H2O2. [9]

From the results reported in Figs. 3 and 4 it is worth notic-
ing, moreover, that CNO− photooxidation rate depends on
the initial pH while the photooxidation rate of CN− is not
significantly affected by this parameter. The results of the
runs performed with CNO− as initial reactive species at 8.5
and 12 pH’s (see Fig. 5) indicate a decrease of the CNO−

degradation rate by increasing the pH, as reported by Bravo
et al. (26). From the above considerations it can be hypoth-
esised that Frank and Bard (3) did not observe a further
oxidation of CNO− due to its very low degradation rate at
high pH values.

As to concern the variation pattern of pH during the
photoprocess, an explanation of the pH decrease during the
CN− oxidation to CNO− can be given taking into account
the different basic strengths of CN− and CNO− in the first
stage of the photoprocess (pKa,HCN = 9.3; pKa,HCNO = 3.9 at
T = 298 K). It may be noticed that the reactions [5] and [6]
do not imply any variation of hydroxyl ion concentration.
On the other hand, when cyanide completely disappears
and cyanate and nitrate appear, the buffer effect due to the
production of carbon dioxide could be responsible of the
substantially constancy of the pH value (see reaction [9]).
Indeed in the alkaline pH range at which the photoreaction
has been investigated carbon dioxide exists as carbonate
and/or hydrogen carbonate ions whose relative amounts
strongly depend on the pH.

Kinetic Aspects

From the reactivity data reported in Fig. 1, it may be
noticed that a straight line fits the data at high values of
cyanide concentration while at low values an exponential
line seems to better fit the data. This pattern was shown
by all the experimental runs. From the data reported in
Figs. 3 and 4 it may be noticed that cyanate photooxidation
significantly starts only when the cyanide ions almost dis-
appear; the rate of cyanate photooxidation is quite smaller
than that of cyanide. On this basis it may be assumed that:
(a) the cyanide photooxidation reaction proceeds accord-

ing to zero order kinetics at high concentration of cyanide;
(b) the reaction turns to pseudo-first-order kinetics when
the cyanide concentration decreases; and (c) the cyanate
photocatalytic oxidation only starts after the (almost) com-
plete oxidation of cyanide ions. This last assumption implies
that the competition for adsorption on the same sites be-
tween cyanide and cyanate ions is significantly in favour of
cyanide ions; the validity of this assumption and the negli-
gible approximation introduced by it in the kinetic model
are discussed by Augugliaro et al. (27). On this ground a
chemical kinetic model able to explain the experimental
indications is here proposed.

The rate determining step of the photooxidation process
is hypothesised to be the reaction between OH· radicals and
cyanide ion over the catalyst surface. As the adsorbed oxy-
gen acts as an electron trap thus hindering the electron–hole
recombination, the OH· radicals concentration depends on
the fractional sites coverage by O2. Two different types of
sites are hypothesised to exist on the catalyst surface. The
first ones are able to adsorb cyanide ions while the second
ones are able to adsorb oxygen. In this hypothesis the reac-
tion rate for second-order surface oxidation of cyanide may
be written in terms of Langmuir–Hinshelwood kinetics as

r = k′′ · θoxygen · θcyanide [10]

in which k′′ is the surface second-order rate constant, and
θoxygen and θ cyanide are the fractional sites coverages by oxy-
gen and cyanide, respectively.

The fractional sites coverages by cyanide ions and by oxy-
gen are given by

θcyanide = K1c1

1 + K1c1
[11]

θoxygen = K2c2

1 + K2c2
[12]

in which K1 and K2 are the equilibrium adsorption con-
stants of cyanide and oxygen, respectively, and c1, and c2, the
cyanide and oxygen concentrations in the aqueous phase.
Owing to the fact that all the experiments were performed
in a batch reactor by continuously bubbling oxygen to the
liquid phase, it may be assumed that for all the runs the
θoxygen term is constant during the occurrence of cyanide
photooxidation. Equation [10] can therefore be written as

r = k′ · θcyanide [13]

in which k′ is the surface pseudo-first-order rate constant
and it is equal to k′′ · θoxygen. The k′ values obviously depend
on the θoxygen ones so that caution must be used in compar-
ing k′ values obtained in different runs. For runs performed
at equal concentration of dissolved oxygen, the k′ values
can be correctly compared among them. The comparison of
runs performed with different concentrations of dissolved
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oxygen is also correct when the reactivity becomes indepen-
dent of the oxygen concentration. By substituting Eq. [11]
into Eq. [13], the following differential equation is obtained:

r = −dc1

dt
= k′K1c1

1 + K1c1
. [14]

Equation [14] can be easily integrated with the limiting
condition that at the start of the reaction, t = 0, the cyanide
ion concentration is the initial one, c1 = c1,0; the integral
relationship between c1 and t is therefore

t = A ln
(

c1,0

c1

)
+ B(c1,0 − c1) [15]

in which

A = 1/k′K1 [16]

and

B = 1/k′. [17]

By applying a least-square best fitting procedure to the
photoreactivity experimental data, for each run the values
of A and B have been determined; from the mean values
of A and B the following values of K1 = 2.7 × 103 M−1 and
k′ = 8.2×10−7 M · s−1 have been calculated. By substituting
the K1 and k′ values into Eq. [14], the analytical relationship
between r0 and c1,0 is obtained. The continuous line drawn in
Fig. 2 represents this relationship; a good fitting of the model
to the experimental data may be observed thus confirming
the Langmuir–Hinshelwood nature of the photoreaction
mechanism.

As previously reported, the runs performed without the
addition of NaCl to the solution exhibited reactivity results

FIG. 7. Values of the surface pseudo-first-order rate constant, k′, versus the catalyst concentration. Initial cyanide concentration, 0.338–0.385 mM;
pH, 12.9–13.9; lamp power, 500 W.

with negligible differences depending on the nature of the
bubbling gas (pure oxygen or air). There are two possible
ways of explaining this finding. The first one is that a θoxygen

values of unity is achieved. The second possibility is that the
oxygen partial pressure above which the reaction rate does
not further increase is related to the existence of a critical
value of oxygen concentration for which all photoelectrons
arriving to the surface are captured. On the basis only of
the reactivity results here presented, it is not possible to
indicate which of the two possibilities is the correct one;
however, the validity of the kinetic model is not affected at
all, whatever the real process is.

From the cyanate photoreactivity results reported in
Fig. 5, it may be noticed that the cyanate degradation pro-
cess exhibits a pseudo-first-order kinetics with respect to
cyanate concentration, ccyanate, whose integrated equation is

ccyanate = c◦
cyanateexp(−kcyanate · t) [18]

in which kcyanate is the pseudo-first-order rate constant
and c◦

cyanate the initial cyanate concentration. By applying
a least-square best fitting procedure to the ccyanate-t data
reported in Fig. 5, the values of kcyanate at the pH’s of 8.5
and 12 were obtained; they are 7.5 × 10−5 and 4 × 10−5 s−1,
respectively.

Figure 7 reports in a linear diagram the values of k′ versus
the catalyst concentration, ccat. The values of k′ increase
by increasing the catalyst concentration, reach a maxi-
mum at about ccat = 2g · L−1 and therefore they smoothly
decrease. This dependence of the kinetic constant on the
catalyst concentration is reported in the literature (28). It
must be noticed that, in contrast to heterogeneous catalysis,
the increase of the catalyst concentration has two opposite
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FIG. 8. Values of the surface pseudo-first-order rate constant, k′, versus the lamp power, P. Initial cyanide concentration, 2.07 mM; pH, 12.9;
catalyst concentration, 3 g · L−1.

effects on the photoreactivity. The beneficial effect is that
the whole surface is exposed to the radiation, and there-
fore, the total number of active sites increases. The detri-
mental effect is that the local radiation intensity, which is
one of the driving forces of the photoprocess, decreases by
increasing the catalyst concentration. As long as the cata-
lyst concentration increase determines an increase of the
total photons absorbed by the whole reacting system, the
kinetic constant k′ increases but, when the photons trans-
mitted by the suspension become negligible, the reactivity
increase stops. The decrease of the kinetic constant after
the maximum can be justified by considering that the in-
crease of TiO2 concentration determines a major shielding
effect from the radiation source for the farthest catalyst
particles.

Figure 8 reports in a logarithmic diagram the values of k′

against the lamp power, P. The values of k′ increase by in-
creasing P thus indicating, as it is well known (29), that the
lamp power has a beneficial effect on the photoreactivity.
The cyanide adsorption constants, K1, were quite insensi-
tive to the lamp power, as expected; their values for 500,
750, and 1000 W lamp powers were 2.7 × 103, 2.9 × 103, and
2.9 × 103 M−1, respectively. A power law relationship of
the form: k′ ∩ Pα has been best fitted through the data; the
straight line drawn among the data in Fig. 8 corresponds to
a value of α of 0.57. For heterogeneous photocatalytic re-
actions occurring at high radiation intensity a square-root
dependence of the kinetic constant on the light intensity
has been reported (29, 30). A likely explanation of this
behaviour is that at increasing e-h generation rate (deter-
mined by the high radiation intensities) there is the pre-

dominance of the rate of e-h recombination with respect to
the rate of e-h capture by species involved in the chemical
reaction.

From the runs for which only the initial pH was varied the
values of k′ and K1, calculated as reported before, do not
show appreciable dependence on this parameter. It may
be therefore concluded that cyanide photoreactivity and
photoadsorption on TiO2 surface are independent of the
pH, at least in the 9.9–13.9 range investigated in the present
work.

The pertinent literature reports a detrimental effect of
chloride ions on the photodegradation rate of organic
molecules. Boonstra and Mutsaers (31) report that the pres-
ence of chloride ions in the solution decreases the oxy-
gen photoadsorption as chloride ions decrease the hydroxyl
groups content of TiO2 powders. Abdullah et al. (32), by in-
vestigating the effects of common inorganic anions on rates
of photocatalytic oxidation of organic molecules over irra-
diated TiO2, report a decrease of the rate of oxidation by
increasing the chloride concentration. The detrimental ef-
fect of chloride ions is explained by a model in which the
adsorbed anions compete with adsorbed organic species
for oxidising sites on the TiO2 surface to give oxidising
inorganic radical anions. If one or both of the previous
inhibitory mechanisms would be effective for cyanide pho-
tooxidation, the photoreactivity should continuously de-
crease by increasing the chloride concentration; i.e., the
photoreactivities in the absence and in the presence of chlo-
ride ions should be always different.

For the reactivity runs performed with the aim of in-
vestigating the influence of chloride ions on the cyanide
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TABLE 1

Main Operative Parameters, Together with the Calculated Val-
ues of the Pseudo-First-Order Rate Constant, k′, for Runs Carried
Out with the Aim of Investigating the Influence of Chloride Ions
on Cyanide Photodegradation Rate

Initial Chloride Dissolved
cyanide ions oxygen

concentration Bubbling concentration concentration k′×107

mM pH gas M mM M · s−1

0.96 12.3 Pure oxygen 0 1.063 8.54
0.93 12.1 Pure oxygen 1.41 0.688 8.64
0.93 12.2 Air 0 0.206 8.44
0.85 11.9 Air 1.41 0.138 5.45
1 12.0 Oxygen-poor 0 0.094 3.18

O2–N2 mixture
0.88 12.2 Oxygen-poor 1.41 0.063 2.28

O2–N2 mixture

Note: TiO2 concentration: 3 g · L−1; lamp power, 500 W.

photodegradation rate, Table 1 reports the values of the
main operative parameters of the runs, together with the
values of k′ obtained by the best fitting procedure applied
to the experimental data. This table also reports the mea-
sured values of dissolved oxygen concentration, c2. It may
be noticed that the values of k′ are not related to the chloride
concentration but to the oxygen concentration. In Fig. 9 the
values of k′ are reported in a linear plot as a function of c2.
The results indicate an increase in k′ up to an oxygen con-
centration of about 0.2 mM; at higher concentrations the k′

values are constant. The pattern of the data reported in this
figure clearly indicates that a Langmuir adsorption kinetics
of oxygen on the TiO2 surface is the rate determining step

FIG. 9. Values of the surface pseudo-first-order rate constant, k′, versus the oxygen concentration in the solution. TiO2 concentration, 3 g · L−1;
lamp power, 500 W. ♦ in the absence; r in the presence of chloride ions.

for an oxygen concentration value smaller than 0.2 mM.
Beyond this value oxygen is not a limiting reactant so that
the process rate becomes insensitive to the variations of
oxygen concentration; this last feature also indicates the ab-
sence of O2-related mass transfer resistances on the cyanide
photooxidation rate.

It is well known that the solubilities of gases in water
change with the composition of the aqueous solution, be-
ing dependent on the ionic strength of the solution and the
chemical nature of the anions and cations involved. This
effect is sometimes referred to as the “salting out” effect
(33). In the presence of strong electrolytes, such as NaCl,
the solubility of oxygen is lower than in pure water. For
the photocatalytic process here investigated the addition of
ions to the solution eventually decreases the concentration
of dissolved oxygen but the rate of the photoreaction does
not decrease if the oxygen is not a limiting reactant. The rate
of cyanide photodegradation starts to decrease only when
the saline composition of the solution determines a critical
value of oxygen concentration. As previously discussed, this
oxygen concentration value can be that for which θoxygen is
unity or that for which the resulting θoxygen is able to capture
all the produced photoelectrons. In conclusion the observed
decrease of the cyanide photoreactivity is not linked to the
specific nature of the electrolyte but to the fact that the
electrolyte, beyond a certain composition, lowers the dis-
solved oxygen concentration to a value for which it becomes
a limiting reactant.

By remembering that k′ = k′′ · θoxygen and that the rela-
tionship between θoxygen and c2 is the Langmuir one ex-
pressed by Eq. [12], a least-square best fitting procedure
applied to the k′ − c2 data reported in Fig. 9 gives for K2,
the oxygen adsorption constant, a value of 2.6 × 103 M−1.
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Photophysical Aspects

From the observation of actinometer results reported in
the semilogarithmic plot of Fig. 6, it may be noticed that
the data lie on a straight line to a good approximation
thus indicating that the following relationship, similar to
the Lambert–Beer law, holds (21),

8t = 8′ · exp(−E · ccat · A · h), [19]

in which 8′ is the rate of photons able to penetrate the
suspension, E is the apparent Napierian extinctance coef-
ficient, A is the cross section of the photoreactor, and h
is the height of suspension contained in the photoreactor.
The E coefficient is a characteristic optical parameter of the
photocatalyst at equal particle size distribution. By apply-
ing a least-square best fitting procedure to the experimental
data of 8t versus h, the following values of the unknown pa-
rameters of Eq. [19] have been obtained: 8′ = 3.76 × 10−7

Einstein · s−1 and E = 10.2 g−1.
It may be noticed that Eq. [19] does not satisfy the con-

dition that for h = 0, i.e., in the absence of photocatalyst,
the 8t value coincides with the value of the incident photon
flow, 8i , but it is quite smaller than 8i . In previous papers
(19–21) the same discrepancy was observed for polycrys-
talline TiO2 suspensions and it was demonstrated that this
difference is proportional to the backward reflected photon
flow. The difference between the incident photon flow and
the value of 8t extrapolated at the limit condition of ab-
sence of catalyst, 8t,h = 0, represents the backward reflected
photons, 8r .

By performing an integral photon balance on the pho-
toreactor, the absorbed photon flow can be calculated by
the relationship

8a = 8i − 8t − 8r = 8i − 8t − (8i − 8t,h = 0), [20]

in which the last l.h.s. term only contains measurable quan-
tities.

From the photoreactivity runs performed with the same
apparatus used for determining the absorbed photon flow
it was found that the cyanide photodegradation rate may
be satisfactorily expressed by a zero-order kinetics whose
integrated equation is

c1,0 − c1 = k0t, [21]

in which k0 is the zero-order rate constant. By applying a
least-square best fitting procedure to the photoreactivity
data the value of k0 = 3.1 × 10−6 M · s−1 was obtained.

The quantum yield of cyanide photodegradation, defined
as the ratio between the cyanide molecules reacted per unit
time and the photons absorbed per unit time was calculated
in the following way. The number of cyanide molecules re-
acted per unit time was determined from the value of k0

and the rate of absorbed photons was obtained by apply-
ing the integral photon balance (Eq. [20]) to a suspension

with height of 3.78 cm. It is assumed that in the period of
duration (30 s) of the actinometer runs, from which the ab-
sorbed photons were eventually determined, only cyanide
ions are present in the reacting mixture so that the aliquot
of absorbed photons useful for the photoreaction is utilised
only for cyanide degradation.

The value of quantum yield of cyanide photooxidation for
the above reported experimental conditions was 0.23. This
value may be considered quite high; for the photooxidation
of an organic molecule such as phenol the value of quantum
yield, calculated in the same experimental conditions and
using the same catalyst, was of about 0.1 (21).

The above reported values of quantum yield have not a
general validity as the appropriate definition of quantum
yield is

qy= reaction rate
photon absorption rate

= Const · θoxygen · θcyanide · 8α
a

8a
.

[22]

It is therefore evident that different values of qy can be
obtained for the same photoreacting system by changing
the operative conditions.

CONCLUSIONS

The photocatalytic oxidation of free cyanides has been
carried out in aqueous suspensions containing polycrys-
talline TiO2 (anatase) powders irradiated in the near-UV
region. Under the used experimental conditions the pho-
toreaction proceeds at a measurable rate until the complete
disappearance of cyanides. The kinetic model of Langmuir–
Hinshelwood well describes the photoreactivity results. The
kinetics of cyanide photooxidation is affected in a positive
way by the catalyst concentration and the power of irradi-
ation and in a detrimental way by the chloride ion concen-
tration while it is independent of the pH. The detrimental
effect of chloride ions on cyanide photooxidation rate is
not determined by a competition mechanism of chloride
ions with cyanide ions or oxygen molecules for adsorption
on active sites. Chloride ions affect the photoreaction rate
by lowering the concentration of dissolved oxygen to val-
ues for which oxygen may become a rate limiting reactant.
The main oxidation products of cyanide are cyanate, ni-
trate, and carbonate. The cyanate photocatalytic oxidation
rate is smaller than that of cyanide and it obeys a pseudo-
first-order kinetics with respect to cyanate concentration.
The quantum yield of cyanide photooxidation reaction has
been determined in a particular setup under specific con-
ditions of reaction and irradiation; its value is quite a bit
higher than that obtained for organic molecules at equal
experimental conditions.
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