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Biological degradation of cyanide has been shown a viable and robust process for degrading cyanide
in mining process wastewaters. Several algal cultures can effectively degrade cyanide as carbon and/or
nitrogen source for their growth. In this study, cyanide effluent degradation by Scenedesmus obliquus was
examined. Gold mill effluents containing WAD cyanide concentration of 77.9 mg/L was fed to batch unit
to examine the ability of S. obliquus for degrading cyanide. Cyanide was reduced down to 6 mg/L in 77 h.
Microbial growth and metal uptake of Zn, Fe and Cu was examined during cyanide degradation. The cells
well adapted to high pH and the effluent contained cyanide and the metals. It is important that Zn level
reduced down 50%, of the starting concentration. pH was kept at 10.3 to prevent loss of cyanide as HCN,
due its volatile nature. The bio treatment process was considered to be successful in degrading cyanide
in the mine process water.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cyanide is highly toxic and its toxicity is related to its physic-
ochemical specification. It has played a key role in extracting gold
and other metals such as silver, copper and zinc from ores in many
countries of the world. The free cyanide form HCN, CN—, is classi-
fied as the most toxic due to its high metabolic inhibition potential
[1,2]. There have been many incidents throughout the world due to
improper handling or failure during the transportation. As an exam-
ple,in 1990, aleakin Colorado (USA) was reported to have destroyed
aquatic life along a 17-mile stretch of one river, and in the same year,
10 million gallons of cyanide solution spilled into the South Car-
olina River (USA), killing thousands of fish [3]. Exposure to cyanide
in solution through consumption of surface water is the main expo-
sure route for most animals affected by cyanide poisoning, but
concurrent exposure through inhalation and skin absorption may
also occur. Cyanide contamination of rivers, lakes, and seas can
permanently damage some species. Toxicological studies have indi-
cated that short-term exposure to high levels of cyanide can harm
the nervous, respiratory and cardiovascular system of animals. In
the environment, cyanide may degrade forming products of gen-
erally lower toxicity, but which may also be problematic in the
environment.

Many industrial activities such as coal processing, organic
synthesis, metal plating, and ore leaching, generate significant
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quantities of cyanide which is well-known metabolic inhibitor.
Cyanidation of oxidized ore is a widespread technology used on
an industrial scale for silver and gold recovery from oxidized ores
and sulphidic concentrates. Currently, there are about 875 gold and
silver operations through the world, of which about 460 utilize
cyanide. According to some estimates up to 90% of gold is pro-
duced using cyanide [4,5]. Chemical and physical processes have
been applied in most cases for cyanide degradation from tail-
ings slurries and wastewaters. However, there are still problems
facing the mining industry because of stringent environmental reg-
ulations and the cost of compliance with those regulations [5,6].
Volatilization and sorption are the two physical processes that
contribute to the loss of cyanide from surface water. At pH <9.2,
most of the free cyanide in solution exists as hydrogen cyanide, the
volatile form. Volatilization rates are dependent upon pH (lower
pH, faster rates) and aeration [7]. The most common alkali metal
cyanides (sodium and potassium cyanide) may be lost from sur-
face waters primarily through volatilization, whereas the sparingly
soluble metal cyanides (copper, nickel and zinc) are removed from
water predominantly by sedimentation and biodegradation [8].
Microbiological treatment potentially offers the cheapest means
of cyanide degradation [9-11]. Biodegradation of cyanide in natural
surface waters is dependent on such factors as cyanide concentra-
tions, pH, temperature, availability of nutrients, and acclimation
of microbes [12]. Microbial degradation of cyanide from tailings
and wastewater is proven and viable alternative to chemical and
physical treatment processes. Biological treatment can be applied
in many situations, under many conditions, and in many configu-
rations including in situ, aerobic and anaerobic, active and passive,
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and suspended and attached growth. It has been employed in
full-scale facilities worldwide both for conventional cyanidation
and heap leach applications [12,13]. Microorganisms are known
to possess various enzymes able to convert cyanide into nat-
urally occurring compounds, including mineralization products
[14-16]. However, utilization of bacteria to degrade cyanide and
thiocyanate on a scale larger than laboratory bench scale has not
been previously accomplished even though the available literature
indicated that certain strains of bacteria possessed the capac-
ity to degrade cyanides [13,17,18]. Under aerobic conditions the
biodegradation of cyanides and thiocyanate in wastewaters, ini-
tially produces ammonia, which is converted to nitrite and nitrate
in the presence of nitrifying bacteria, whereas anaerobic biodegra-
dation under denitrification conditions may produce nitrogen.
Complete biodegradation of simple and metal complexed cyanides
and thiocyanate from mining wastewaters by various species of
Pseudomonas, Vibrionacas, and Enterobacterias has been reported
[19]. Sulphate ions were produced from thiocyanate degradation.
Whilst bacteria and fungi have often been identified as cyanide
detoxifying microorganisms, cyanide detoxification by algae has
been shown in only a few studies [20-22].

Although cyanide is poisonous, it is one of the most indispens-
able industrial chemicals and is produced on large scale for use in
mining. However, excessive use of cyanide for the dissolution of
Au is associated with environmental risk. In order to protect the
environment and people, reasonable levels of protection should
be provided through promulgation of standards that not only pro-
tect designated beneficial uses, but also can be achieved through
treatment and analyzed accurately using approved methods.

The preferred method of extracting gold present in ore is as
water-soluble complexes in aqueous solution of sodium cyanide
(NaCN) and then extracting it from the solutions. The alkalinity
ensures that free cyanide ions, which are essential for the reaction,
are not lost as free cyanide gas.

The reaction (Eq. (1)) is electrochemical and describes how
gold is dissolved through the combined presence of oxygen and
cyanide. During the reaction the gold forms a gold cyanide com-
plex in alkaline solution. The resultant gold-bearing solution (as
described by Eq. (1)) to give Au(CN), ~ is named as ‘pregnant liquor’
solution. After the first reaction, the procedure involves passing
through activated carbon (Eq. (2)) or by cementation with zinc Eq.
(3) however, there many variations of each procedure, leaving a
solution which loaded with cyanide, metalloid cyanide complexes,
thiocyanate (SCN~) and thiocyanate complexes along with other
chemicals [5,23].

2Au + 4NaCN + H,0 + (1/2)0, — 2NaAu(CN), +2NaOH (1)

Activated carbon
—

NaAu(CN), Au(CN), ™ + Na* 2)

2NaAu(CN); +Zn — 2Au + NayZn(CN)4 (Cementation) (3)

The amount of NaCN generated annually, the land area needed
to dump the waste and the quantity of water used for processing
250.000 tons of ore (3 ppm) per year are, land area (needed) 1.56 ha,
used NaCN 125 tons, process water 365.000 m> [24].

The aim of this work was to investigate cyanide degradation of
gold mining wastewaters by Scenedesmus obliquus. Uptake of Cu, Fe
and Zn was examined in short-term experience to assess the uptake
capacities of the algae. The most common forms of cyanide in the
environment are free cyanide, metallocyanide complexes, and syn-
thetic nitriles. Free cyanide, specifically HCN at pH 9.2 and lower, is
the primary toxic agent in the aquatic environment. The toxicity of
complex cyanides is related to their ability to release cyanide ions
in solution; relatively small fluctuations in pH significantly affect
their biocidal properties [25]. Hence, the study was conducted at

pH 10.3. Gold ores was provided from Ovacik Gold Mine (Izmir,
Turkey). In the history of Turkey the first use of cyanide for gold
recovery has been at the Ovacik Gold Mine.

2. Materials and methods
2.1. Reagents and conditions

Stock solutions of NaCN were prepared according to process for
extracting gold from gold ores. A 1-L stock solution of cyanide was
prepared by dissolving 1.885 g NaCN with NaOH (solid). All glass-
ware was washed by soaking 10% HNO3 and rinsed with de-ionized
water. All reagents were analytical grade. Factors increasing the tox-
icity of free cyanide in aquatic ecosystems include low dissolved
oxygen, low pH, but not hardness other than the effect hardness or
alkalinity has on pH. The acute toxicity of cyanide on aquacultures
in solutions containing only free cyanide decreases with increasing
pH, indicating the molecular form (HCN) is more toxic (2.3 times)
than the anionic form (CN~) [26]. It has been earlier showed that
when the pH greater than 10.0 there is a little hydrogen ion present
and nearly all of the free cyanide is present a CN~ [27]. Gurbuz et
al. [21] were obtained the optimum cyanide removal at pH 10.3 due
to cyanide at this pH was less toxic than lower pH values. Hence,
the pH of the solutions was maintained 10.3 and was adjusted by
using 1N NaOH, before and after stirring to prevent the cyanide
loss as HCN. Temperature was maintained at room temperature
throughout the process.

2.2. Organism and culture conditions

S. obliquus was isolated from Lake Egirdir (Isparta, Turkey) by
single cell culturing technique and inoculated in modified SAG
medium. The medium was essentially composed of KNO3 0.1g;
K;HPO4-7H,00.02 g; MgS04-7H,0 0.001 g; FeCl3-6H,0 0.001 g and
50 ml of soil extract for a liter. Further isolation was made on plate
containing 2% agar in the same culture (20 ml) media and were
poured into sterile Petri dishes. A dumb-bell tipped bent glass rod
was dipped into the algae suspension and streaked on the surface
of the agar at two or three places. By this method, single cells were
obtained [28]. The isolate were identified by manuals by Prescott
[29] and John et al. [30]. The culture was aerated with filtered air
and illuminated at 4000 Ix light intensity with a light/dark cycle of
12/12 [31].

2.3. Measurement of algal growth

Algal growth in the flasks was monitored by measuring the
chlorophyll a concentration [32] and cell counting by Improved
Neaubouer, along with the cyanide levels. Acetone (90%) was the
extraction solution to extract the pigments from the separated algal
cells. 10 mL algal suspension was centrifuged at 3000 rpm for 2 min
and supernatant was discarded. The pelleted cells were suspended
in 3 mL of solvent. The volume was made up to 5 mL. After further
centrifuging, the chlorophyll a concentration in the extract was cal-
culated by reading the absorption (A) of the pigment extract in a
spectrophotometer at the given wavelength against a solvent blank
using the following equation:

CthI‘Ophyl] a (]27 X A663) — (269 X A645) (4)
2.4. Cyanidation and degradation processes
The gold ores were supplied from the Ovacik Gold Mine [33],

and treated with NaCN for 24 h as described in Fig. 1. Cyanidation
process was carried out in a 2 L glass container which had gold ore



76 F. Gurbuz et al. / Journal of Hazardous Materials 162 (2009) 74-79

\ Ore (45% solid)

—

\ Cyanidation Process H| Filtration ’—J,

[ NaCN (200 ppm CN") l—1l

Cyanide treated
effluents

| Cyanide Degradation Process |

Fig. 1. Cyanidation process of gold deposits and algal treatment of the filtrated cyanide wastes.

(45%, w/v)and NaCN~ (200 mg/L). The pulp was mixed by overhead
stirrer for 24 h and filtered through a filter (Whatman No. 40) at end
of the mixing duration. The flasks, containing filtered effluents of
250 mL, were sealed with silicone rubber bungs. After cyanidation,
the processed effluents were measured for cyanide concentration.
Analytically, the “toxicologically significant” or ecologically impor-
tant” forms of cyanide are differentiated most accurately from the
others by the WAD cyanide procedure. This procedure is widely
used by industry and regulatory agencies for compliance and moni-
toring purposes. The WAD analytical procedure measures free (CN—,
HCN) and the weakly metal complexed (zinc, cadmium, silver, cop-
per, and nickel) forms of cyanide [5,34]. Subtraction of the WAD
cyanide value from the total cyanide value obtained from a split
sample provides a measure of, the essentially non-toxic and stable,
iron cyanide levels present.

Free cyanide and weak acid cyanide reacts with the picric acid
reagent to produce an orange color that can be measured colori-
metrically at a wavelength of 520 nm using known standards for
quantification. The dissolved alkali metal picrate was converted by
cyanide to the colored salt of iso-purpuric acid and its concentration
was measured.

Calibration curves were prepared for each test (R2 =0.999 for all
tests). Control groups, one of which contained growth medium and
CN- solution but no algal cells, and the other group contained algal
cells and the growth media and none cyanide solution to test the
effect of cyanide on algal growth, were carried out under identical
conditions. All experiments and colorimetric readings were per-
formed in duplicates according to colorimetric picric acid method
[35]. Cyanide concentration was measured by Shimadzu UV/vis
1601, calibration curve was performed for every test (R%=0.999).
The most critical environmental factors associated with aerobic
biological treatment include pH, temperature, oxygen levels, and
nutrient availability. Temperature should be above 20°C to sup-
port adequate biological growth and treatment. Limiting nutrient
in the solution is found to be phosphate, need for the nutrient
is ranging from about 1 to 5mg/L [36]. The concentration of the
metals in the waste solution was measured by AAS (PerkinElmer

Table 1

Composition of the wastewater after cyanidation process

Parameters Composition
pH 9.85
Cyanide (WAD) (mg/L) 77.91
Nitrate (mg/L) 25.0
PO4 (mg/L) 9.8
NH4 (mg/L) 10

Zn (mg/L) 29
Cu (mg/L) 0.69
Fe (mg/L) 3.854
Pb (mg/L) <0.45
Cd (mg/L) <0.03
Cr (mg/L) <0.08

A Analyst800). The concentration of the nutrients was calculated
according to processes; NO3~ [37], PO43~ and NH4* [38].

Biodegradation assays were carried out according to the method
of Stauber et al. [39]. Exponentially growing cells (2 weeks old)
were harvested by centrifuging. Cells were inoculated to the flasks
containing 200 mL 72 mg/L of cyanide waste solution and to the
flasks of control groups. These flasks were incubated at room tem-
perature, aerated with filtered air and illuminated (cool white
fluorescent tubes) with a light/dark cycle of 12/12.

3. Results and discussion
3.1. Analysis of the constituent in cyanide waste

Depending on the constituents in the remaining solution and
their respective concentration after cyanidation, the processed
wastewater is hazardous to the environment and needs special
treatment and remediation. Gold ores were processed according
the treatments in Ovacik Gold Mine. Treated process solutions are
contained free contaminants such as copper, iron, mercury nitrate
and zinc as well as metal cyanide complexes of them. The processed
effluents were measured for the components and the results were
presented in Table 1. Phosphate and nitrate were as nutrient vital
components for the growth of S. obliquus in the effluents. Phos-
phate concentration was found 9.8 mg/L and nitrate was 25.0 mg/L.
Although the effect of phosphate concentration on the degradation
of cyanide has not been examined, it has been presented earlier by
Blumenroth et al. [40] that with lower phosphate concentration,
degradation rate of cyanide was decreased down considerably.

3.2. Cyanide degradation assay

A large number of processes exist for the removal of cyanide.
Chemical and physical processes have been applied in most cases
for cyanide degradation from tailings slurries and wastewaters.
However, there are still problems facing the mining industry
because of stringent environmental regulations and the cost of
compliance with those regulations and many require or produce
chemicals that have an ecotoxicological impact. Microbial cyanide
oxidation is proven, economical technology for destroying free and
complex cyanide in process solution, wastewaters and spent heaps
[41,42].

Cyanide removal by viable microbial cells achieved from solu-
tions up to 350 mg/L. However, concentration above 300 mg/L was
found to be toxic to alive microorganism [43]. On the other hand, S.
obliquus tolerated 400 mg/L CN~ without adaptation to the medium
[21]. The degradation of cyanide effluents were tested by using
Burkholderia cepacia. It was shown that cyanide concentration of
about 220 mg/L was degraded down to 50 mg/L[39]. Another report
was done by Akcil et al. [13] and they reported that Pseudomonas sp.
reduced the cyanide concentration of 200 mg/L down to 1 mg/L in
70 h. Dumustre et al. [44] demonstrated that fungus Fusarium solani
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Fig. 2. The degradation rate of cyanide by Scenedesmus obliquus.

IHEM 8026 degraded cyanide under alkaline conditions. Although
F. solani was unable to grow on cyanide, it degraded 1.176 mmol of
CN/h. In another study Fusarium oxysporum CCMI 876 and Methy-
lobacterium sp. RXM CCMI 908 were studied for biodegradation.
Cyanide was degraded by F oxysporum CCMI 876 at a rate of
0.059 mM/h leading to 96% cyanide conversion and leaving a resid-
ual 0.21 mM [45]. Ezzi and Lynch [46] evaluated degradation of
cyanide by certain strains of the Trichoderma spp. and showed that
cyanide (2000 mg/L) concentrations reached low levels within 32
days of incubation by the presence of glucose.

In this work, unlike the other studies reported, we used the
process effluents to find out the adaptation of the alga and sustain-
ability of the application for industrial use. S. obliquus was exposed
to the processed effluent which concentration of cyanide was found
7791 mg/L. Cyanide level was gradually decreased down to approx-
imately 6 mg/L. Control group revealed that escape of free cyanide
to the gas phase took place although initial pH was kept 10.3. The
results showed that S. obliquus degraded cyanide 91% in 77 h exper-
iment. The decrease of cyanide concentration in the control group
was found 19.8% during the period of the experiment. Fig. 2 shows
the daily measured total cyanide concentration over 4 days.

3.3. Growth rate of S. obliquus

The effect of cyanide on the growth of S. obliquus was determined
via spectrophotometric analysis of chlorophyll-(a) and cell count-
ing during cyanide degradation assay. The cell growth was affected
by the cyanide when it was compared to control group which only
contains SAG growth media and none cyanide. Chlorophyll a was
suggested as the most important photosynthetic pigment in algal
cells and any inhibition of its activity would cause a reduction of
photosynthesis, leading to a decrease in cell [47]. Tam et al. [48]
showed 85% of Ni removal by viable cells of Chlorella miniata. The
removal rate was maintained for five cycles, but the efficiency of
removal Ni thereafter progressively declined, reaching 70% at the
end of 10th cycle. Cells were still viable after successive Ni biosorp-
tion, but division rate and chlorophyll a activity were adversely
affected.

Chlorophyll a was measured as 4.4 pg/L at the start of the test.
During the first 24 h of exposure, slight decrease in growth of S.
obliquus was observed (Fig. 3). It was detected as 3.60 .g/L, whereas
the control group showed an increase in the biomass Chlorophyll
a was measured as 3.60 ug/L at the beginning of the test then
increased to 4.0 wg/L. HCN, a low molecular-weight, non-ionic,
hydrophilic chemical specie, is easily able to penetrate into the cell
membrane. Once it is inside the cell HCN is converted to CN~ form
which may inhibit enzymes within the cells [49]. This might be
the cause of decrease on the growth of algae in the study although
pH was 10.3, even at this stage there was found a small amount

of HCN form present in the solution. Increase in the growth of S.
obliquus was detected at 48 h due adaptation of the cells. Chloro-
phyll a was measured as 3.90 pg/L and continued to increase. The
difference in growth rate between test groups and controls were
found similar. Fig. 3 presents the effect of cyanide on growth and
algal adaptation.

3.4. Metal uptake

This experiment was carried out in order to determine how
much quantity of metals could be removed by adsorption which
were biologically degraded and became free in the effluents from
metal cyanides. Uptake of the metals in the effluents showed that
sorption of the metals influenced and affected due to competitive-
ness. The uptake capacities of the metals (Zn, Cu, Cd, Al) decreased
in uptake capacities as the complexity of the solution increased. The
remarkable ability of biomass to uptake and concentrate the heavy
metals, is becoming a useful tool for treating industrial solutions
contaminated with heavy metals [50,51]. Scenedesmus is a microal-
gae genus commonly used in heavy metal removal experiments. It
has proven removal capacity for US* [52], Cu?*, Cd?* [53] and Zn2*
[54].

pH of the study was kept at 10.3 due to cyanide degradation.
Hence uptake of the metals was low. The order of uptake for com-
petitive conditions was Zn(II) > Fe(III) > Cu(II). The uptake of Zn was
50% and 46% for Fe at the end of test period (Fig. 4). Copper uptake
behaved differently from the other two metals in the effluents.
It was found that there was no difference in removal of Cu con-
centration in the solution which implies that the removal of Cu
at lower pH could be more complete than at a high pH. Karahan
et al. [55] studied biosorption of Cu by S. obliquus and found the
optimum pH for removal was 5.5. Zhou et al. [56] also found that
increasing pH from 3.0 to 5.0 increased the sorption of Cu by S.
platensis. However, at pH 8.6 they found decrease in the sorption
and suggested that Cu started to precipitate at this pH. The pres-
ence of divalent ions may alter the biosorption of heavy metals
by algal biomass, particularly if these ions are alkaline or alkaline
earth elements. Cobalt biosorption by Ascophyllum nodosum was
improved by the presence of potassium ions [57]. Costa et al. [58]
was found the presence of sodium and magnesium contributed to
the increase in the uptake capacity for Zn by Sargassum sp. Uptake
of Zn ions by living S. obliquus in the effluents could occur due to
an independent metabolism binding to cell walls and metabolism-
dependent uptake where metals ions are transported across the cell
membrane. This phenomenon was reported by living organisms
elsewhere [59,60].
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Fig. 3. The effect of cyanide on the growth of S. obliquus. (Biomass; chlorophyll a)
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Fig. 4. The effect of time on the uptake of Zn, Cu and Fe in the waste effluent by S.
obliquus.

In our study Fe uptake in the solution, reduced down to 1.50 mg/L
up to 48h. Then the following 24 h, release of the metal was
observed due to dissociation of iron cyanide complexes. This phe-
nomena followed by decrease of Fe concentration due to either
adsorption or precipitation of the metal on the cell surface (Fig. 4).

Perales-Vela et al. [61] were investigated the effects of sub-
lethal concentrations of Cu?* in the growth and metabolism of
Scenedesmus incrassatulus and found that sensitivity occurred
at: growth > photosynthetic pigments content = photosynthetic O,
evolution > photosynthetic electron transport>respiration. As a
redox-active metal, Cu is known to directly participate in the for-
mation of toxic reactive oxygen species, thereby causing oxidative
stress [62]. On the other hand, Zn does not directly accelerate the
formation of reactive oxygen species due to its redox inertness, and
it therefore, exerted comparatively less stress on the test organ-
ism. However, algae have some protective mechanisms under stress
conditions. Rijstenbil and Gerringa [63] have proved that sexual
reproduction is promoted under Cu2* stress and can serve as protec-
tive mechanism. Sexual reproduction as a response to severe heavy
metal shock has also been observed in Scenedesmus spp. In the case
of Cd2* and Cu?*, it has been found that S. incrassatulus, can respond
to metal stress by expressing phenotypic plasticity that may allow
these cells to survive in a hostile environment [64].

4. Conclusions

Main objective of the present study was to evaluate the effi-
ciency degradation rate of cyanide in the effluents of gold mill
as alternative chemical processes. WAD cyanide is generally con-
sidered to be the best current measure for assessing human and
animal toxicity. In the study, WAD cyanide determined due to “Free”
cyanide has been shown to be analytically inexact at desired reg-
ulatory levels and WAD cyanide levels are more easily determined
below one part per million (ppm) and more relevant from an envi-
ronmental standpoint [65].

Cyanide degradation was affected by the other metals being
present in the solutions. In our previous study cyanide was
degraded down to respectively 1 mg/L with synthetic solution of
cyanide at almost every concentration tested (100-400 mg/L) by
Scenedesmus [21]. In the current study, viable cell of S. obliquus was
degraded and detoxified cyanide in the cyanide effluent down to
6.42 mg/L at over 60 h period. Scenedesmus biomass and cell count
showed us after a period of adaptation increase of biomass took
place. Cells well adapted high pH and S. obliquus degraded over
90% of cyanide.

It is important that the uptake rate of Zn(II) ions by S. obliquus
were 50% and 46% for Fe(Ill) ions at the end of test period. The use of
biological cyanide degradation eliminates the need for toxic or cor-
rosive chemical oxidizers. Algae have many advantages for handling
waste effluents due to easy handling and culturing. They offer eco-
nomical approach as a cheap material for degradation cyanide and
waste material. Bearing in mind the advantages of algae, there is a
strong potential that such system could be exploited commercially
for the treatment of waste effluents or radioactive wastewaters.
Therefore, algae can be used for the treatment of cyanide wastes as
an alternative to fungi and bacteria.
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