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a b s t r a c t

The possibility for purification of wastewaters containing free cyanides by applying of a new method based
on cyanides catalytic oxidation with air to CO2 and N2 at low temperature and atmospheric pressure was
investigated. On this purpose, individual and modified with manganese Co-oxide systems as active phase
of environmental catalysts were synthesized. The applied method of synthesis favours the preparation
of oxide catalytic systems with high active oxygen content (total-O* and surface-O*s) possessing high
mobility, and the metal ions being in a high oxidation state and in an octahedral coordination-factors
determining high activity in reactions of complete oxidation. The catalysts employed were characterized
atalytic oxidation
obalt oxide systems
inetics

by powder X-ray diffraction, Infrared spectroscopy, and chemical analysis. The effect of pH of the medium
and catalyst loading on the effectiveness of the cyanide oxidation process, expressed by the degree of
conversion (˛, %), by the rate constant (k, min−1), and COD was studied. The results obtained reveal that
using catalysts investigated a high cyanide removal efficiency could be achieved even in strong alkaline
medium. The higher activity of the manganese promoted catalytic sample could be explained on the basis
of higher total active oxygen content and its higher mobility both depending on the conditions, under
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. Introduction

Wastewaters generated by metallurgical operations, electro-
lating, steel hardening, synthetic rubber production, organic
ynthesis, gold and silver mining, etc. usually contain free and
etal-complex cyanides. All cyanide species are considered to be

cute hazardous materials for living organisms and have therefore
een designated as P-Class hazardous wastes (i.e. the most regu-

ated waste) when being disposed of. Therefore, the treatment of
yanide wastewaters before they are discharged into the waterways
s attracting public and regulatory attention [1,2].

Different methods are currently available for cyanide destruc-
ion with different effectiveness, namely biological treatment
3,4], chemical oxidation [5,6], electrochemical oxidation [7–9],
hotocatalytic [10–12], and catalytic oxidation [13,14]. The most
ommon method for destruction of cyanides is alkaline chlori-
ation. The main drawback of this method is the formation of

ighly toxic cyanogen chloride intermediate, which together with
he residual chlorine, create additional environmental problems.
onsequently, there is a growing need for alternative, non-chlorine
ethods for destroying cyanides. Biological treatment is limited to

∗ Corresponding author. Tel.: +359 32 261 469; fax: +359 32 635 049.
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very low concentration of cyanides and therefore is not appli-
able on wastewater effluents from most industrial sites [15].
hotocatalytic degradation of cyanides using several powdered
emiconductors—TiO2, ZnO, Fe2O3, ZnS and CdS has been studied
xtensively during the last years. It was found that these metal
xides worked best because of their chemical stability; however,
natase, a polymorph of TiO2 was preferred due to its high quan-
um efficiency for photoconversion, and its stable formation of
lectron-hole pair. However, the present drawbacks for TiO2 pho-
ocatalysis in the treatment of wastewater include: (a) the rapid
nfavourable charge carrier recombination reaction in TiO2 com-
ared to the redox reactions resulting in low quantum yield; (b)
he high band gap energy of 3.2 eV which limits its application
rom using solar energy; and (c) the main oxidation products
re reported to be cyanate and nitrate, which presence in indus-
rial effluents also imposes environmental problems on the public
omain.

Cyanide remediation can be accomplished with high effective-
ess using electrochemical methods but this technique is limited

n its applicability to the treatment of cyanide on a practical scale

wing to high energy requirements and cost of equipment.

An environmentally friendly method for destruction of cyanide
n aqueous solutions is based on heterogeneous catalytic reac-
ions providing complete oxidation. Using both suitable catalytic
ystems and reaction conditions a high selectivity towards envi-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:christ@argon.acad.bg
dx.doi.org/10.1016/j.jhazmat.2008.10.051
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onmentally harmless products can be achieved at mild conditions
room temperature and atmospheric pressure).

It is well known that free cyanides are strong catalytic poison
herefore the catalyst’s surface active sites available for the oxygen
used as oxidant) are reduced. Based on this reason only few cat-
lytic systems used for the low-temperature complete oxidation of
yanides are described in the literature [16–18].

Development of effective catalytic method for destruction of
yanides in an aqueous medium requires preparation of new oxide
atalysts which should satisfy certain criteria, the more essential
mong them being as follows:

to contain high active oxygen content (total-O* and surface-
O*s) possessing high mobility—an important factor providing the
activity of oxide systems in oxidation processes;
the metal ions being in a high oxidation state and in an octahedral
coordination;
to exhibit high catalytic activity with respect to low-temperature
complete oxidation of cyanides in strong alkaline medium;
to be stable against metal leaching which may cause secondary
pollution of the waters.

The preparation of catalysts with predetermined chemical
omposition and properties (bulk, surface and morphological) is
trongly dependent on both initial compositions and on experi-
ental conditions of the synthesis procedure.
The present paper aims to synthesize new cobalt oxide systems

atisfied the above mentioned criteria and to investigate their cat-
lytic activity in the low-temperature degradation of free cyanides
n alkaline solutions.

. Experimental

.1. Catalyst preparation

The individual Co-oxide system was prepared by oxidation-
recipitation method in an aqueous solution using NaOCl as
xidant, according to the procedure described in [19]. The syn-
hesis of Co-oxide system modified with Mn was carried out by
rop wise addition of an aqueous solution of Co(NO3)2 (0.4 M)
o the mixture of KMnO4 (0.4 M) and KOH (4 M) under vigorous
tirring at ambient temperature and pH > 10. The Co to Mn ratio
hould be 3:1. The black precipitate formed was kept digesting in
he mother liquor for 120 min, washed several times (until disap-
earance of nitrate and neutral pH), then dried at 70 ◦C in air until
onstant mass was obtained. The washed precipitate was dried
t 60 ◦C in air until constant mass and calcinated at 120 ◦C for
h.

.2. Characterization

The synthesized Co- and Co–Mn-systems were characterized by
eans of chemical analysis, X-ray diffraction (XRD), infrared spec-

roscopy (IR), and atomic emission spectrometry with inductively
oupled plasma (ICP-OES).

Chemical analysis of the synthesized catalysts includes deter-
ination of the active oxygen content as well as determination of

o and Mn content.
The total active oxygen content O* (it is considered that active
xygen content is the amount of oxygen above the stoichiometri-
al content in the oxide, corresponding to the lowest stable valence
tate) was determined iodometrically [20]. The relative standard
eviation of the method is 4.71%. The content of the surface active
xygen Os* has been determined by the method described by
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anungo [21]. The relative standard deviation of the method is
.02%.

The Co to Mn ratio in the studied samples was estimated from
he data of ICP-OES analysis. Each result is an average of five parallel

easurements. The relative standard deviation of determination of
o was 5.96%, and that of Mn—7.96%.

IR-spectra were recorded with a PerkinElmer model 1750 spec-
rophotometer in KBr tablets (2 mg of the sample in 200 mg KBr).

X-ray analysis of the catalysts was performed using X-ray
nstrument TURMA (Germany), with Co K� irradiation. Diffrac-
ion patterns were recorded according to the method applied to
olycrystalline samples—the samples were ground and pressed on
rganic glass supports.

.3. Oxidation reaction

The catalytic oxidation of cyanides was carried out isothermi-
ally at 308 K in a thermostatic batch reactor of 250 cm3 volume
rovided with three ports for gas inlet and outlet, and sampling. For
typical run, the desired amounts of catalyst in powder form were

uspended in 200 cm3 distilled water. The initial pH of the solu-
ions was adjusted to 9.5 or 12 with NaOH to prevent volatilization
f cyanide as toxic HCN (pKa [HCN] 9.21 at 298 K). The suspension
as saturated by bubbling air at atmospheric pressure for 30 min;

hen the required amount of KCN was added to adjust the CN−-
ons concentration to 3 mM. The mixture was stirred vigorously,
lurring the catalyst uniformly throughout the liquid. During the
uns continuous air purging of the solution was performed so that
he fraction of catalyst surface covered by oxygen can be assumed
onstant in the batch reactor. Consequently, the concentration of
xygen in the solution is constant during the experiments.

Sampling a sufficient number of aliquots (0.5 cm3) and analyz-
ng them for residual content of cyanides and oxidation products
cyanate, nitrate, ammonium, and carbon dioxide) followed the
rogress of the reaction.

The catalytic activity was expressed both by the rate constant
k, min−1), overall degree of CN−conversion (˛, %), and chemical
xygen demand.

.4. Analytical methods

The total cyanide concentration was followed spectrophoto-
etrically at �max = 585 nm using pyridine–barbituric acid reagent

Merckoquant® cyanides test, Merck AG). The concentration of
yanate was determined spectrophotometrically employing a mod-
fied method of Guilloton and Karst based on the reaction between
yanate ions and 2-aminobenzoic acid under buffered conditions
22]. The extent of the complete degradation of cyanides was also

onitored by the chemical oxygen demand (COD) determination
sing COD Cell Test Spectroquant®, Merck AG. The UV-spectral
nalyses of cyanide and cyanate, as well as determination of COD
ere performed using a Spectroquant NOVA 400, Merck photome-

er.
The amount of CO2 generated during the experiments was deter-

ined by absorption of gas outlet stream in a NaOH solution of
nown concentration.

Leaching of catalysts in the reaction mixture at different pH
as assessed by measuring the concentration of dissolved metal

ons with Spectro-Flama ICP-AES model spectrometer. Experiments

ere carried out as follows: aliquots of the reaction mixture were

aken 2 h after the start of the process (operating parameters: tem-
erature 308 K; catalyst concentration 0.5–2 g dm−3; pH interval
.0–12.0). The catalyst was filtered and the filtrate analysed for
issolved Co and Mn content.
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Table 1
Chemical analysis of the synthesized catalysts.

Catalyst Active oxygen content Metal content (×103 g at g−1)

Total (O*) Surface (O*s) Co Mn
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of the indicated bands is proportional to the content of O*. The
spectral range of appearance of these bands is an evidence for the
covalent character of oxygen bonding to the metal ions of the sur-
face, which in its turn justifies the assumption of high activity of
the synthesized samples in reactions of complete oxidation.
(%) (×103 g at g−1) (%)

o-oxide 6.40 4.00 2.56
o–Mn-oxide 8.80 5.51 2.64

. Results and discussion

.1. Samples preparation and characterization

In this study precipitation was carried with reverse addition
f the precipitant to the system. Such an approach facilitates the
roduction of hydrophilic precipitates. Moreover, it is known that
ecomposition of the oxidant used—NaOCl (for Co-oxide system) or
MnO4 (for Co–Mn-oxide) in strongly alkaline medium produced
ascent oxygen. The chemosorption of the last on the precursor sur-

ace results in the incorporation of overstoichiometric (i.e. active)
xygen into oxide catalysts. As a result the oxidation state of metal
ons in the oxide system increases and high concentration of ionic
xygen species (O−, O−

2) on the surface is provided [19,23]. The
atter play a basic role in oxidation catalysis.

KOH was used as a precipitating agent instead of NH4OH in order
o avoid the formation of water soluble ammonia complexes of Co.
n addition, our preliminary investigations revealed that M(OH)2
used as precursors in the synthesis of corresponding oxides), pre-
ared through precipitation of M(II) with NH4OH exhibited lower
pecific area and weaker adsorption ability as compared to those
recipitated with KOH.

The chemical analysis data of the synthesized catalysts are listed
n Table 1. The content of cobalt and manganese found in the syn-
hesized catalysts shows atomic Co/Mn ratio = 3 (R.S.D. 5%).

Analysis of the results presented in Table 1 reveals that modifi-
ation of individual Co-oxide system with Mn leads to an increase
f the total active oxygen content in the catalyst composition. The
eason is the fact that Co–Mn-fresh oxide systems is bicomponent
atalyst comprising higher oxide of cobalt and �-MnO2 with greatly
efected structure provided by incorporation of the overstoichio-
etric oxygen in its composition.
It is also evident from the Table 1 that a decrease in the rela-

ive percentage content of O* is observed at commensurable values
f Co content (in g-at metal/g of catalysts) in both individual and
odified catalytic samples. This gives grounds to suggest that the

ctive oxygen bonded to manganese ions is mainly located in the
attice of Co–Mn-oxide system, while the surface active oxygen is
onded to Co ions.

Results obtained about the effect of temperature of the thermal

reatment of catalytic systems on the active oxygen content reveal
hat the amount of O* in Co-oxide systems thermally treated up to
73 K remains unchanged and is sharply reduced on heating of the
ample above 573 K (O* ∼1%) (Table 2). Incorporation of Mn in the
ndividual oxide system leads to increase of their thermal stabil-

able 2
he effect of temperature on the active oxygen content.

emperature (K) Total active oxygen (%)

Co-oxide Co–Mn-oxide

473 6.40 8.60
23 3.24 7.60

573 2.17 6.25
23 0.96 5.80
23 0.76 5.00

F
C

(×103 g at g−1)

1.60 5.22 0
1.65 5.14 1.72

ty. At that Co–Mn-catalyst preserves 56% of its total active oxygen
ontent on heating up to 823 K. This extends the possibilities for
ractical application of the modified catalytic system in reactions
f complete oxidation of toxic substances in gas phase that require
igher reaction temperatures.

The results of X-ray diffraction analysis reveal that both indi-
idual and manganese modified Co-oxide systems are amorphous
ubstances. The amorphous character of the catalysts suggests that
he active sites are isostructural and chemically identical, which is a
rerequisite to high sensitivity in oxidation reactions. It worth not-

ng in recent years amorphous catalysts attract special interest due
o their important features, namely: presence of a great number of
nsaturated coordination centres and defects, isotropic structural
nd chemical properties [24].

The bonding energy of oxygen to metal ions on the catalyst sur-
ace is the main factor providing the activity of oxide catalysts.

ith decrease of the bond strength between the surface cation and
xygen the catalytic activity is increased and the selectivity of the
rocess against products of complete oxidation enhanced [25]. IR
pectral characterization of catalytic systems can provide informa-
ion about the way of oxygen bonding to metal ions on the surface
f oxide catalysts as well as about energy uniformity and reactivity
f catalytic systems.

In Fig. 1 the IR-spectra of the studied catalytic samples are pre-
ented. The presence of a wide and intense absorption band at
86 cm−1 (Co-oxide) and 579 cm−1 (Co–Mn-oxide), respectively is
haracteristic feature of the IR spectra of studied freshly prepared
xide systems. The discussed band (recorded at frequencies higher
han that associated with the vibrations of the M–O bond in cor-
esponding hydroxides) is provided by stretching vibrations of the
ond cation–oxygen on the surface of catalytic sample and indi-
ates the presence of active oxygen [23]. Thereupon the intensity
ig. 1. IR-spectra of the studied catalytic samples: (1) Co-oxide system and (2)
o–Mn-oxide system.
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Fig. 3. Effect of the catalyst concentration and pH on the degree of cyanide conver-
sion (˛30′ ).
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Evidently, the inclusion of manganese in the composition of Co-
xide system causes a shift of the band at 586 cm−1 towards lower
requencies (with ∼7 cm−1), which is an evidence for the decrease
f the surface Co–O bond strength. The increase of the width of the
ame band in Co–Mn-oxide, i.e. the growth in its integral intensity
s another confirmation of the fact that the ionic feature of the bond
s growing stronger. Data of the IR spectral analysis give us grounds
o assume that Mn additive influences the mobility of the react-
ng oxygen, the latter contributing to activity of oxide systems in
xidation processes.

A broad band in the region 3600–2600 cm−1 (O–H stretching)
ith a maximum centred about 3400 cm−1, together with a band

t 1640 cm−1 (H–O–H bending) are also observed in both spectra.
he band centered at 3400 cm−1 can be attributed to the lattice
odes of hydrogen bonded hydroxyl groups, whereas the band at

640 cm−1 corresponds to adsorbed molecular water. These results
ndicate that the samples are hydrated/hydroxylated. It is evident
rom the IR spectra that the hydrate in the samples is not bonded in
form of oxyhydroxide (CoOOH should display a sharp peak around
600 cm−1).

.2. Catalytic activity

Application of heterogeneous catalysts in purification of
astewaters requires they should be stable towards metal ion

xchange between the catalyst and the liquid phase under the
perating conditions. It is important to study the solubility of het-
rogeneous catalyst because continuous (gradual) leaching of the
atalyst should lead to its progressive deactivation. Moreover dis-
olved metal ions, included in the catalyst composition, could cause
he occurrence of homogeneous catalytic reactions. In these cases
ne could assume the presence of homogeneous-heterogeneous
atalytic reaction rather than of pure heterogeneous process.

Preliminary experiments were carried out with a view to inves-
igate the leaching of the oxide systems in the course of cyanide
atalytic oxidation. The results obtained show that the Co and Mn
ontent in the reaction mixture after long-term runs (2 h) was
lways below 1 ppm, the latter being a strong evidence in support
f heterogeneous catalysis.

With a view to finding optimum conditions for complete
egradation of cyanide to harmless products the effect of the
ollowing parameters on both the cyanide conversion efficiency,

xpressed through k, min−1 and ˛, and the reaction selectivity
as investigated: (a) initial pH (9.5; 12); (b) catalyst concentra-

ion (0.5–2.0 g dm−3). The results of the kinetic investigations are
llustrated in Figs. 2–5.

ig. 2. Concentration change of cyanides during catalytic oxidation over studied
atalytic samples.

t
e
C
i
s
m

ig. 4. Linear transformation ln C = f(t) of the kinetic curves of cyanide catalytic
egradation.

Data obtained reveal that under the investigated conditions
low-temperature liquid phase oxidation of cyanide proceeds

nvolving the participation of both individual and manganese mod-
fied oxide systems. It was established that in runs carried out

ithout catalyst in the system the degree of cyanide conversion
s insignificant (approx. 3% in 60th minute), i.e. the homogeneous
xidation does not contribute considerably to the overall reac-
ant conversion (Fig. 2). Evidently cyanide oxidation proceeds more
ffectively in the presence of Co–Mn-oxide system. At pH 9.5 and

−3

cat = 1 g dm almost complete conversion of cyanide is attained

n 40 min over manganese-modified sample, while using Co-oxide
ystem the same conversion degree is achieved even at the 60th
inute (Figs. 2 and 3).

Fig. 5. First-order rate constant as a function of catalyst concentration.
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It is evident from the kinetics curves that an exponential line fits
he experimental data at all the catalyst loading, regardless of pH
f the solution. Obviously, the cyanide catalytic oxidation proceeds
ccording to pseudo-first-order kinetics. The linearity of the ln C vs.
eaction time plots (Fig. 4) confirms the above statements. Under
tudied conditions the reaction rate becomes independent of the
xygen concentration owing to the fact that all experiments were
erformed with continuously bubbling air through the liquid phase,
hus assuming that the oxygen coverage of the catalyst surface is
ept constant throughout the oxidation process.

The influence of both catalyst concentration and pH of the
edium on the cyanide conversion efficiency was investigated.

rom the reactivity data presented in Figs. 2 and 3 it may be
oted that the conversion efficiency and the pseudo-first-order
ate constant increase notably with catalyst loading, regardless of
H. In fact, at pH 9.5 for Co–Mn-oxide system with Ccat = 2 g dm−3

bout 95% removal efficiency is achieved for 15 min, while with
cat = 0.5 g dm−3 the similar conversion degree is achieved even at
he 60th minute (Fig. 2). In strong alkaline medium using 2 g dm−3

o-oxide system almost complete conversion of cyanide is attained
t the 40th minute, while with Ccat = 0.5 g dm−3 only 75% of initial
yanide are degraded for the same reaction time. The established
inear relationship between the rate constants (calculated from the
lopes of the plots ln C vs. reaction time presented in Fig. 4) and
he concentration of the catalysts (Fig. 5), regardless of pH indi-
ates that the reaction is not controlled by external diffusion and
oreover that the process runs on the surface of the catalysts.
The rate of cyanide oxidation is also affected by pH of the solu-

ion as indicated by the results at pH 9.5 and 12 (Fig. 3). As the
H of the solution increases (with other constant parameters), the
yanide conversion becomes less favourable over both catalytic
ystems considered. In fact, the calculated pseudo-first-order reac-
ion rate constants for the reaction carried out at pH 9.5 and pH
2 for the individual Co-oxide system (Ccat = 1 g dm−3) are 0.062
nd 0.012 min−1, respectively. The oxidation experiments carried
ut with doped catalyst (Ccat = 2 g dm−3) show that increase of the
lkalinity of the reaction medium (with other constant parame-
ers) causes a decrease in the rate constant by a factor of 3.2. The
eason of the observed lower cyanide degradation rate at high pHs
ould be due to the unfavourable adsorption of cyanide ions onto
he more negative charged surface of oxide systems induced by the
dsorption of OH− ions at high pH.

Experiments performed with the aim of determining the chem-
cal nature of stable intermediates and final products of cyanide
xidation showed that cyanate, CO2 and N2 are the products formed
n the course of reaction over the studied catalytic samples. At
H 12 and Ccat = 2 g dm−3 about 83% degree of cyanide conver-
ion is achieved on Co–Mn-oxide within the first 30 min with high
electivity to CO2 (approx. 75%). Under the same conditions the
onversion on Co-oxide system is only 41% and the ratio between
he concentration of CNO− and CO2 is almost 1:1. It was established
hat when the oxidation was carried out at pH 9.5 for 2 h a very low
oncentration of cyanate is detected. The results obtained reveal
hat after complete degradation of cyanides the determined COD is
ess than 10 mg O2/L, implying that complete oxidation of cyanides
s achieved under given conditions as well as that the reaction pro-
eeds according to a consecutive scheme in which cyanide is first
xidized to intermediate product CNO−, which undergoes further
xidation to form an end product CO2.
. Conclusions

A comparative study on the catalytic properties of individual
nd modified with Mn Co-oxide systems with respect to liquid-
hase oxidation of free cyanides in an alkaline medium shows that

[

[

[

ardous Materials 165 (2009) 690–695

he mixed Co–Mn-catalyst exhibits higher activity in this reaction.
he results obtained reveal that catalysts investigated appear to be
romising as active phase of environmental catalysts for oxidative
estruction of free cyanides in wastewaters. The higher activity of
he manganese promoted catalytic sample could be explained on
he basis of higher total active oxygen content and its higher mobil-
ty both depending on the conditions, under which their synthesis
s being carried out.

The effectiveness of the cyanide oxidation process is affected
y pH of the solution. As the medium alkalinity increases (with
ther constant parameters), the cyanide conversion becomes less
avourable and the effect is much weaker for Co–Mn-oxide system.
t catalyst concentration higher than 1 g/L a high cyanide removal
fficiency could be achieved even in strong alkaline medium (pH
igher that 12). Thus using manganese promoted oxide system no
reliminary correction of pH is necessary. The reaction rate also

ncreases notably with catalyst loading, regardless of pH. At cat-
lyst loading of 2 g/L the maximum cyanide removal efficiency is
ttained for the reaction time, allowing practical application of the
roposed catalytic method for purification of wastewaters contain-

ng free cyanides. The basic advantage of this method in comparison
ith alkaline chlorination—the most common method for treating

yanides is the fact that formation of the highly toxic cyanogen
hloride is prevented.
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