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A B S T R A C T

Detoxification of waste water from gold processing is under increasing discussion in recent times. Limits for the
release of cyanide are set to protect waterbodies and the soil surrounding gold processing facilities from con-
taminations.

Standards and limits are often based on varying data of the hazardousness. Notably concerning the volati-
lization of hydrogen cyanide and further reactions of HCN in the environment a variety of findings are published,
with data, wide apart from each other, which influence the assessment of the hazard particularly for the workers
in processing facilities. Likewise, the determination of the proper amount of volatilized cyanide in degradation
experiments is essential for the accurate identification of the degraded part. In photoelectrocatalytic experi-
ments, using TiO2 films, light, and moderate electrical bias, the volatilization and the degradation rate of cyanide
were determined at different pH. It is shown that the volatilization rate at pH < 9 is predominant and cannot be
neglected up to pH 13. Indirect vs. direct hole transfer on the semiconductor are discussed. With a new approach
to the discussion of the comparability for different photocatalysts and varying experimental conditions we in-
dicate a relationship between the rate constant of the degradation reaction and the difference of the energy of
the valence band of the photocatalyst to the redox potential of oxidizable species.

1. Introduction

In cyanide leaching, the predominantly utilized process in gold
extraction, the barren solution after the processing has to be treated for
the reduction of the cyanide concentration. Exposure limits have been
determined for the safety of the workers as well as the protection of the
environment. In Table 1 some exposure limits of cyanide in air, water
and soil, following EU directives and recommendations are listed, as
well as the standards in China – the world’s largest gold producer
(USGS, 2018). These data are compared to the limits set in the inter-
national cyanide code, a voluntary initiative for the gold mining in-
dustries in this table.

The International Cyanide Management Code was developed as a
consequence of the tailings spill at Baia Mare in Romania in 2000. Its
intention is to secure a safe management with cyanide in reducing the
exposure of workers and setting limits for the release of cyanide to the
environment (ICMI, 2018). The cyanide code is widely implemented in
gold mining and the number of signatory companies is still increasing.
This initiative has made a contribution to reduce the risks in working
with cyanide in the mining sector; however, the critical exposure values

had to be adapted to the best practice in cyanide management. The high
exposure limits of hydrogen cyanide in air, stated in the cyanide code -
compared to the other data in Table 1 - are based on occupational ex-
posure limits in leading gold mining countries but had to be modified to
make sense in the context of the industry (ICMI, 2016). Even some of
the lower limits for the exposure to air are based on research on the
cyanide metabolization in human body that can hardly meet recent
toxicological estimations (Loevenhart et al., 1918; Schulz et al., 1982;
Brüger et al., 2018). Using established data where a level of 120 mg/m3

over 1 h in humans may lead to death (WHO, 2004), with an average
pulmonary cyanide absorption of 58%, a normal breathing respiratory
minute volume of 7 L and a human body weight of 60 kg this would
correlate to 8 µg/kg/min., compared to 17 µg/kg/min. from Loevenhart
and 1 µg/kg/min. from Schulz. While these two values for metaboli-
zation in human body are still found in the literature (e.g. SCOEL, 2010;
USEPA, 2010), Schulz et al. (1982) referred to fatalities at values of
2–3 µg/kg/min. Following these calculations, it seems advisable to limit
cyanide exposure in air to less than 10 ppm, provided that it is com-
patible with best practice for management of cyanide.

A big part of the used cyanide in gold mines is released to the
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atmosphere. An estimate of 30–50% given by NICNAS (2010) can
hardly be correlated with current data of cyanide consumption in gold
processing compared to gold production. A mass balance over the
complete cyanidation process could help to identify potential high-risk
areas. A crucial point for the risk assessment in gold processing facilities
is the claim that hydrogen cyanide is oxidized in air and photolyzed by
the sunlight, after volatilization, often referred to as natural degrada-
tion (TRI, 1998; MCA, 2005). Due to the fact that hydrogen cyanide is
destroyed by UVC irradiation and the half-life is specified as 5 months
to five years this should be neglected in the evaluation of danger areas
surrounding gold processing facilities. Investigations in our laboratory
have confirmed these findings (Brüger et al., 2018). Hence the process
optimization for the reduction of cyanide volatilization in any section of
gold processing considering the hazard potential as stated above would
be an important contribution to minimize the HCN exposure of workers.

The reduction of remaining cyanide in gold processing via photo-
catalytic degradation is deemed to be a promising alternative to the
established treatment processes. The most studied photocatalyst TiO2 is
either used as powder due to its simple application or in films supported
on substrates with the advantages of reuse without catalyst separation
and the optimized irradiation geometry of a catalyst film compared to a
powder. With the coating of the catalyst on transparent conducting
glass and applying of a moderate electrical bias, reduction of charge
carrier recombination can be achieved, resulting in an increase of the
degradation rate via photoelectrocatalytic processing.

In photocatalytic investigations of cyanide degradation, a varying
outcome can be noticed as to degradation rates and degradation pro-
ducts as well. The degradation process of cyanide in general seems to
depend mainly on the nature and amount of the oxidant and the pH.
Besides the oxidation to cyanate, hydrolysis of cyanide and cyanate is
discussed with NO3

– besides NH3/NH4
+ and N2 as products (e.g. Bravo

et al. 1994, Augugliaro et al. 1997). In evaluating the possible products
of the cyanide decomposition, the lack of an exact determination of the
volatilized amount of cyanide should be considered. In former experi-
ments in our laboratory, volatilization occurred in all process solutions
with pH lower than pH 14. The loss of cyanide as HCN at high pH is
established in the literature (Dhamo, 1996; Johnson, 2015). Dis-
regarding the volatilization of HCN in photocatalytic as well as pho-
tochemical degradation experiments leads to results with higher de-
gradation rates or the assumption of different secondary products. The
cyanide loss in decontamination experiments in air is mainly attributed
to natural oxidation and photolysis if the HCN volatilization is ne-
glected (Li et al., 2005; Pérez et al., 2017; Shirzad Siboni et al., 2011).

Two further points should be addressed in experiments including air
purging. As a consequence of the CO2 content in air a decrease of pH is
observed (in our experiments a drop from pH 13 to pH 12 in 48 h with
an air flow rate of 12 L/h without bubbling through the solution) re-
sulting in an increase of the cyanide volatilization rate in the course of
the experiments. Simultaneously water from the solution is evaporated
(in our experiments 8% in 48 h under the same conditions described

above – 23.5 °C laboratory air, air conditioned, rH of 61%) resulting in
an increase of the cyanide concentration at higher pH.

In this work we describe an approach that takes these factors into
account for the exact determination of degradation values from the
photoelectrocatalytic treatment of cyanide using a TiO2 parallel plate
flow-through reactor with a TiO2 electrode. Furthermore, an attempt is
made to compare our results with data of already published degrada-
tion experiments using different contaminants.

2. Experimental

2.1. Reactor setup

Photoelectrocatalytic reactions were studied using a parallel flow
through reactor with back-side illumination (through the transparent
support of the thin film catalyst layer). The solution was passed through
a jacketed reaction flask in recirculating batch mode using a peristaltic
pump with a flow rate of 45 L/h and kept at 23.5 °C (Fig. 1).

The volatilized hydrogen cyanide of the reaction solution was col-
lected in an absorption flask via suction of air with a flow rate of 25 L/
h. The air was passed through an absorption flask with glass diffuser
prior to the reaction flask for the removal of CO2 from the laboratory air
and for humidification to prevent water evaporation during the ex-
periments. The CO2-free and humidified air was further passed through
the reaction flask headspace without bubbling.

The reaction solution was a buffered KCN solution with a cyanide
concentration of 400 mg/L (15.37 mM CN–). pH 7.5 to 10.5 buffers
were made with standard preparation methods (Bates and Bower,
1956). Cyanide analysis was done by titration against AgNO3, following
standard methods (SMWW APHA, 2012), modified for the use in our
experiments. A detailed description of the cyanide analysis and further
information on CO2 removal and humidification are described else-
where (Brüger et al., 2018).

2.2. Electrode properties.

The TiO2 (anatase) electrode used in this study was prepared by
spray pyrolysis at 470 °C on conducting glass plates
(100 mm × 100 mm × 2 mm, spray deposited fluorine doped tin oxide
on Duran glass, FTO with a sheet resistivity of 10–20 Ω). The thickness
of the TiO2 electrode was 400 nm, preparation and characterization
have been described elsewhere (Shinde et al., 2008).

2.3. Photoelectrochemical setup

Photoelectrocatalytic experiments were carried out with a Solartron
1285 potentiostat over a period of 4 h. In the flow-through cell the
TiO2/FTO served as working electrode and electrical bias was applied
against a polished stainless-steel counter electrode at a distance of
1.2 mm to the working electrode. The thin film reactor had a volume of

Table 1
Cyanide exposure limits in the EU, in China and listed in the international cyanide code (ICMC). STEL: short-term exposure limit (time – weighted average maximum
airborne concentration over a 15 min. period), TSF: tailings storage facility, TWA: maximum average airborne concentration over an eight - hour working day, for a
five - day working week, WAD: weak acid dissociable, MAC: Maximum Admissible Concentration, ceiling limit: maximum allowable human exposure limit. [1] EU
(2017), [2] EU (2006), [3] EU (1998), [4] MOH (2007), [5] MEP (2007), [6] MOH (2006), [7] MEP (1996), [8] ICMI (2018).

Exposure limit air Tailings waste Drinking water Discharge to surface
water

In stream limit (fresh
water)

EU STEL: 4.5 ppm cyanide
TWA: 0.9 ppm cyanide
[1]

56 mg/l WAD cyanide at the point of discharge into TSF as
from 2008 and 11 mg/l as from 2018 [2]

0.05 mg/l total
cyanide [3]

China 1 ppm cyanide MAC [4] 0.8 mg/kg total cyanide
solid waste [5]

0.05 mg/l cyanide [6] 0.5 mg/L total cyanide
[7]

ICMC [8] 10 ppm cyanide ceiling
limit,
4.7 ppm in 8 h

50 mg/l WAD cyanide 0.5 mg/l WAD 22 µg/l free cyanide
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7 ml. The supporting electrolytes were the different buffers used for a
constant pH consisting of KH2PO4, NaOH, HCl and Na2B4O7. With an
applied bias of 1.5 V vs. steel a photocurrent density of typically
0.4 mA/cm2 was measured (illuminated area: 63 cm2).

Irradiation of the photocatalyst was done from the backside through
the transparent conducting substrate. UVA irradiation was provided by
three fluorescent tubes (Sylvania Lynx BL350, 3x9W) with a wave-
length maximum at 350 nm and a light irradiance of 66 W/m2 between
320 and 390 nm at a distance of 4 cm. In Fig. 2 the spectrum of three
Sylvania UVA lamps is illustrated with the absorption of Duran glass
and the solar spectrum (direct + circumsolar light AM1.5, ASTM G-
173).

Relative intensities of light emitted by the tubes as a function of
wavelength were measured with an Ocean Optics fibre optic spectro-
meter. The radiation loss through the glass of the flask is approximately
15% in the used wavelength range as can be seen in Fig. 2. In fact, solar

light contains photons in the UVA region which can be absorbed by
TiO2 and used in photoelectrochemical cyanide degradation.

3. Results and discussion

For the determination of the applied-bias range, where the current-
potential curve is in a plateau region for the charge carrier separation,
curves were generated in the dark and under illumination for every
photoelectrocatalytic experiment. A typical i-E response curve under
chopped light is illustrated in Fig. 3.

In the region of 1.5 V applied bias, a plateau is reached. Due to the
fact that our reactor is for practical use, having a small (1.2 mm) gap
between the electrode plates, there is no reference electrode in this
system and thus no true potentiostatic control of the working electrode
potential. The current potential curves reflect the ohmic drop of

Fig. 1. Set-up for the photoelectrocatalytic experiments including the cyanide volatilization/absorption unit.

Fig. 2. Spectrum of UVA lamps, the absorption of Duran glass (thickness:
2 mm) and the solar spectrum (AM 1.5).

Fig. 3. Photoelectrochemical response of a TiO2/FTO electrode in buffered
solution pH 10, under slow rectangular chopped UVA light.
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electrolyte and working electrode as well as the polarization resistance
of working and counter electrode. The aim of recording the photo-
electrochemical response curve was to select an optimal value for the
applied bias, where dark currents have not yet started rising and the
charge carrier separation has already approached a maximum.

The photoelectrocatalytic degradation experiments using a mod-
erate bias of 1.5 V, including the measurement of the volatilization of
HCN are shown in Fig. 4.

In previous volatilization experiments without photoelectrocatalytic
treatment, cyanate and hydrolysis due to oxygen in air and UV-irra-
diation was not observed (Brüger et al., 2018). Both, the degradation of
CN− and the volatilization of HCN decrease with increasing pH. For the
determination of the volatilization behaviour of HCN, the HCN half-life
in solution against the pH was determined in previous experiments
(Brüger et al., 2018). The volatilization values are lower, compared to
the degradation at high pH and higher below pH 9. As in the current
investigations, the products were not analysed in detail, further analysis
could bring knowledge about a possible influence of the different pro-
ducts.

Besides the increase of volatilization, the increase of cyanide oxi-
dation with decreasing pH was confirmed. This would favour the hy-
pothesis of a direct hole transfer mechanism (Eq. (2)) after the photo-
generation of charger carrier pairs on the electrode (Eq. (1)):

+ → +
− +νTiO h e h2 (1)

+ →
− +CN h CN· (2)

where h+ is a valence band hole, as reaction (2) does not involve hy-
droxide ions, whereas the valence band edge position changes with pH:

= −=E E pH0.059vb vb pH, 0 (3)

The indirect route (Eqs. (4) and (5)) via trapping of photogenerated
valence band holes by hydroxide ions (Wq. (4))

+ →
− +OH h OH· (4)

+ → +
− −CN OH CN OH· · (5)

is independent of pH. Therefore, the observed pH dependence indicates
that the direct route is prevailing. A more detailed investigation of the
degradation behaviour of cyanide at lower pH should give appropriate
information about this important aspect.

To make the experimental data comparable to investigations under
various conditions as well as other photocatalysts, the rate constant (Eq.
(6)) was normalized to the total volume (V) and to the photocurrent,
iphoto, produced by photogenerated (UV light) charge carriers (Eq. (7)):

=k
ln

t

c
c0

(6)

=p kVF
ip otoh (7)

c is the time dependent concentration of the solute being oxidized and p
is a measure for the competition between oxidation of the added solute
and oxidation of the solvent (water), Eq. (8), and reflects the interaction
of the photocatalyst (surface properties) and the solute; F is Faraday’s
constant.

+ → + = +
− +OH h H O O E pOH1

2
1
4

0.4 0.059O2 2 2 (8)

In previous experiments, the authors have investigated the photo-
electrochemical degradation of various organic compounds using TiO2

(Shinde et al., 2009). In that study it was also shown that substantial
photocurrents can be drawn from sunlight (174 µA/cm2) Treatment of
cyanide in the here reported experiments resulted in a low degradation
rate compared to those investigations. This is due to the high redox
potential of the cyanide radical, resulting in unfavorable competition
with water oxidation (low p). In plotting p as obtained from this work
and values of p calculated from published data (mainly of degradation
of simple inorganic molecules), against the distance of the redox po-
tential, E, of the species to be oxidized, to the potential of the valence
band of the semiconductor (Eq. (3)), a correlation can be found which is
visualized in Fig. 5.

For the plot of Fig. 5 data for photocatalytic degradation reactions
using TiO2 (rutile and anatase) and WO3, another stable n-type pho-
tocatalyst, were assembled in order to show the applicability of this
approach to different systems. The rate constant values in Fig. 5 in-
crease with increasing difference between the redox potential of the
valence band and the redox potential of the oxidizable species. This
shows that, up to a certain extent, the thermodynamic driving force is
the main factor governing the solute oxidation rate. The nature of the
catalyst is of minor importance. The data however show a relatively
wide scatter owing to the different methods used in the publications
involved (see caption of Fig. 5). For an improved calculation, the de-
gradation experiments should be carried out at different solution con-
centrations, which was rarely done. A second factor that could influ-
ence the degradation rate is the adsorption of the substances on the
catalyst surface. Further investigation will have to be done to get more
accurate data for the standardized rate constant relationship and to
determine the influence of adsorption on the degradation rate. How-
ever, from the current data, the relationship becomes apparent and
gives impetus for a deeper insight. The reason for the low oxidation rate

Fig. 4. Total and detailed cyanide loss in a degradation experiment, using
400 mg/l cyanide solutions in buffered solutions of different pH values. Initial
loss values, in percent per hour.

Fig. 5. Standardized rate constant – energy relationship. Constant p against the
difference of the energy of the valence band to the redox potential of different
species, using WO3 and TiO2 photocatalysts (data from Desilvestro and
Graetzel, 1987; Frank and Bard, 1977; Hirano and Bard, 1980; Rappich and
Dohrmann, 1990; Shinde et al., 2009; Kerchove et al., 1985).
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of cyanide is clearly shown to be the high redox potential of this spe-
cies.

4. Conclusions

For the determination of accurate data in degradation experiments
of cyanide, a volatilization measurement equipment has to be in-
tegrated into the set up. Volatilization rates exceeded degradation in
our experiments at lower pH. As the volatilized HCN is not destroyed by
photolysis or oxidation in the surrounding atmosphere of the process, it
represents a potential hazard in processing facilities, using cyanide.

The photoelectrocatalytic degradation efficiency of cyanide in-
creases with decreasing pH. Only at high pH photoelectrocatalysis
competes successfully volatilization of HCN. Cyanide-oxidation ex-
periments will yield incorrect results if the determination of hydrogen
cyanide volatilization is not included. The dependency of the photo-
electrochemical cyanide ion oxidation on pH indicates the direct route
of oxidation by valence band holes. The low degradation rate of cyanide
using a TiO2 photocatalyst compared to degradation reactions of other
species on TiO2 becomes apparent from a relationship of standardized
rate constants and the difference of the valence band energy to the
redox potential of the transfer of a single hole to the compound to be
degraded. It could be shown that substances with a redox potential
having a higher distance to the energy of the valance band, show a
greater incentive to react on the catalyst surface. With the standardized
rate constant relationship, the degradation behavior of different sub-
stances as well as various photocatalysts can be predicted and com-
pared provided that the required data are available

Based on the current investigations, the analysis of degradation
products at different concentrations and different pH as well as the
adsorption properties will provide accurate conditions to optimize the
photoelectrocatalytic degradation of cyanide, also with respect to de-
gradation by sunlight.
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