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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
Cyanide
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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
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nvironment

in the mine process water

. Introduction

Cyanide is highly toxic and its toxicity is related to its physic-
chemical specification. It has played a key role in extracting gold
nd other metals such as silver, copper and zinc from ores in many
ountries of the world. The free cyanide form HCN, CN−, is classi-
ed as the most toxic due to its high metabolic inhibition potential
1,2]. There have been many incidents throughout the world due to
mproper handling or failure during the transportation. As an exam-
le, in 1990, a leak in Colorado (USA) was reported to have destroyed
quatic life along a 17-mile stretch of one river, and in the same year,
0 million gallons of cyanide solution spilled into the South Car-
lina River (USA), killing thousands of fish [3]. Exposure to cyanide
n solution through consumption of surface water is the main expo-
ure route for most animals affected by cyanide poisoning, but
oncurrent exposure through inhalation and skin absorption may
lso occur. Cyanide contamination of rivers, lakes, and seas can
ermanently damage some species. Toxicological studies have indi-
ated that short-term exposure to high levels of cyanide can harm
he nervous, respiratory and cardiovascular system of animals. In
he environment, cyanide may degrade forming products of gen-

rally lower toxicity, but which may also be problematic in the
nvironment.

Many industrial activities such as coal processing, organic
ynthesis, metal plating, and ore leaching, generate significant
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uantities of cyanide which is well-known metabolic inhibitor.
yanidation of oxidized ore is a widespread technology used on
n industrial scale for silver and gold recovery from oxidized ores
nd sulphidic concentrates. Currently, there are about 875 gold and
ilver operations through the world, of which about 460 utilize
yanide. According to some estimates up to 90% of gold is pro-
uced using cyanide [4,5]. Chemical and physical processes have
een applied in most cases for cyanide degradation from tail-

ngs slurries and wastewaters. However, there are still problems
acing the mining industry because of stringent environmental reg-
lations and the cost of compliance with those regulations [5,6].
olatilization and sorption are the two physical processes that
ontribute to the loss of cyanide from surface water. At pH <9.2,
ost of the free cyanide in solution exists as hydrogen cyanide, the

olatile form. Volatilization rates are dependent upon pH (lower
H, faster rates) and aeration [7]. The most common alkali metal
yanides (sodium and potassium cyanide) may be lost from sur-
ace waters primarily through volatilization, whereas the sparingly
oluble metal cyanides (copper, nickel and zinc) are removed from
ater predominantly by sedimentation and biodegradation [8].

Microbiological treatment potentially offers the cheapest means
f cyanide degradation [9–11]. Biodegradation of cyanide in natural
urface waters is dependent on such factors as cyanide concentra-
ions, pH, temperature, availability of nutrients, and acclimation

f microbes [12]. Microbial degradation of cyanide from tailings
nd wastewater is proven and viable alternative to chemical and
hysical treatment processes. Biological treatment can be applied

n many situations, under many conditions, and in many configu-
ations including in situ, aerobic and anaerobic, active and passive,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ata@mmf.sdu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.05.008
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nd suspended and attached growth. It has been employed in
ull-scale facilities worldwide both for conventional cyanidation
nd heap leach applications [12,13]. Microorganisms are known
o possess various enzymes able to convert cyanide into nat-
rally occurring compounds, including mineralization products
14–16]. However, utilization of bacteria to degrade cyanide and
hiocyanate on a scale larger than laboratory bench scale has not
een previously accomplished even though the available literature

ndicated that certain strains of bacteria possessed the capac-
ty to degrade cyanides [13,17,18]. Under aerobic conditions the
iodegradation of cyanides and thiocyanate in wastewaters, ini-
ially produces ammonia, which is converted to nitrite and nitrate
n the presence of nitrifying bacteria, whereas anaerobic biodegra-
ation under denitrification conditions may produce nitrogen.
omplete biodegradation of simple and metal complexed cyanides
nd thiocyanate from mining wastewaters by various species of
seudomonas, Vibrionacas, and Enterobacterias has been reported
19]. Sulphate ions were produced from thiocyanate degradation.

hilst bacteria and fungi have often been identified as cyanide
etoxifying microorganisms, cyanide detoxification by algae has
een shown in only a few studies [20–22].

Although cyanide is poisonous, it is one of the most indispens-
ble industrial chemicals and is produced on large scale for use in
ining. However, excessive use of cyanide for the dissolution of

u is associated with environmental risk. In order to protect the
nvironment and people, reasonable levels of protection should
e provided through promulgation of standards that not only pro-
ect designated beneficial uses, but also can be achieved through
reatment and analyzed accurately using approved methods.

The preferred method of extracting gold present in ore is as
ater-soluble complexes in aqueous solution of sodium cyanide

NaCN) and then extracting it from the solutions. The alkalinity
nsures that free cyanide ions, which are essential for the reaction,
re not lost as free cyanide gas.

The reaction (Eq. (1)) is electrochemical and describes how
old is dissolved through the combined presence of oxygen and
yanide. During the reaction the gold forms a gold cyanide com-
lex in alkaline solution. The resultant gold-bearing solution (as
escribed by Eq. (1)) to give Au(CN)2

− is named as ‘pregnant liquor’
olution. After the first reaction, the procedure involves passing
hrough activated carbon (Eq. (2)) or by cementation with zinc Eq.
3) however, there many variations of each procedure, leaving a
olution which loaded with cyanide, metalloid cyanide complexes,
hiocyanate (SCN−) and thiocyanate complexes along with other
hemicals [5,23].

Au + 4NaCN + H2O + (1/2)O2 → 2NaAu(CN)2 + 2NaOH (1)

aAu(CN)2
Activated carbon−→ Au(CN)2

− + Na+ (2)

NaAu(CN)2 + Zn → 2Au + Na2Zn(CN)4 (Cementation) (3)

The amount of NaCN generated annually, the land area needed
o dump the waste and the quantity of water used for processing
50.000 tons of ore (3 ppm) per year are, land area (needed) 1.56 ha,
sed NaCN 125 tons, process water 365.000 m3 [24].

The aim of this work was to investigate cyanide degradation of
old mining wastewaters by Scenedesmus obliquus. Uptake of Cu, Fe
nd Zn was examined in short-term experience to assess the uptake
apacities of the algae. The most common forms of cyanide in the
nvironment are free cyanide, metallocyanide complexes, and syn-

hetic nitriles. Free cyanide, specifically HCN at pH 9.2 and lower, is
he primary toxic agent in the aquatic environment. The toxicity of
omplex cyanides is related to their ability to release cyanide ions
n solution; relatively small fluctuations in pH significantly affect
heir biocidal properties [25]. Hence, the study was conducted at
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H 10.3. Gold ores was provided from Ovacik Gold Mine (Izmir,
urkey). In the history of Turkey the first use of cyanide for gold
ecovery has been at the Ovacik Gold Mine.

. Materials and methods

.1. Reagents and conditions

Stock solutions of NaCN were prepared according to process for
xtracting gold from gold ores. A 1-L stock solution of cyanide was
repared by dissolving 1.885 g NaCN with NaOH (solid). All glass-
are was washed by soaking 10% HNO3 and rinsed with de-ionized
ater. All reagents were analytical grade. Factors increasing the tox-

city of free cyanide in aquatic ecosystems include low dissolved
xygen, low pH, but not hardness other than the effect hardness or
lkalinity has on pH. The acute toxicity of cyanide on aquacultures
n solutions containing only free cyanide decreases with increasing
H, indicating the molecular form (HCN) is more toxic (2.3 times)
han the anionic form (CN−) [26]. It has been earlier showed that
hen the pH greater than 10.0 there is a little hydrogen ion present

nd nearly all of the free cyanide is present a CN− [27]. Gurbuz et
l. [21] were obtained the optimum cyanide removal at pH 10.3 due
o cyanide at this pH was less toxic than lower pH values. Hence,
he pH of the solutions was maintained 10.3 and was adjusted by
sing 1N NaOH, before and after stirring to prevent the cyanide

oss as HCN. Temperature was maintained at room temperature
hroughout the process.

.2. Organism and culture conditions

S. obliquus was isolated from Lake Egirdir (Isparta, Turkey) by
ingle cell culturing technique and inoculated in modified SAG
edium. The medium was essentially composed of KNO3 0.1 g;

2HPO4·7H2O 0.02 g; MgSO4·7H2O 0.001 g; FeCl3·6H2O 0.001 g and
0 ml of soil extract for a liter. Further isolation was made on plate
ontaining 2% agar in the same culture (20 ml) media and were
oured into sterile Petri dishes. A dumb-bell tipped bent glass rod
as dipped into the algae suspension and streaked on the surface
f the agar at two or three places. By this method, single cells were
btained [28]. The isolate were identified by manuals by Prescott
29] and John et al. [30]. The culture was aerated with filtered air
nd illuminated at 4000 lx light intensity with a light/dark cycle of
2/12 [31].

.3. Measurement of algal growth

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

hlorophyll a (12.7 × A663) − (2.69 × A645) (4)
.4. Cyanidation and degradation processes

The gold ores were supplied from the Ovacik Gold Mine [33],
nd treated with NaCN for 24 h as described in Fig. 1. Cyanidation
rocess was carried out in a 2 L glass container which had gold ore
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Fig. 1. Cyanidation process of gold deposits a

45%, w/v) and NaCN− (200 mg/L). The pulp was mixed by overhead
tirrer for 24 h and filtered through a filter (Whatman No. 40) at end
f the mixing duration. The flasks, containing filtered effluents of
50 mL, were sealed with silicone rubber bungs. After cyanidation,
he processed effluents were measured for cyanide concentration.
nalytically, the “toxicologically significant” or ecologically impor-

ant” forms of cyanide are differentiated most accurately from the
thers by the WAD cyanide procedure. This procedure is widely
sed by industry and regulatory agencies for compliance and moni-
oring purposes. The WAD analytical procedure measures free (CN−,
CN) and the weakly metal complexed (zinc, cadmium, silver, cop-
er, and nickel) forms of cyanide [5,34]. Subtraction of the WAD
yanide value from the total cyanide value obtained from a split
ample provides a measure of, the essentially non-toxic and stable,
ron cyanide levels present.

Free cyanide and weak acid cyanide reacts with the picric acid
eagent to produce an orange color that can be measured colori-
etrically at a wavelength of 520 nm using known standards for

uantification. The dissolved alkali metal picrate was converted by
yanide to the colored salt of iso-purpuric acid and its concentration
as measured.

Calibration curves were prepared for each test (R2 = 0.999 for all
ests). Control groups, one of which contained growth medium and
N− solution but no algal cells, and the other group contained algal
ells and the growth media and none cyanide solution to test the
ffect of cyanide on algal growth, were carried out under identical
onditions. All experiments and colorimetric readings were per-
ormed in duplicates according to colorimetric picric acid method
35]. Cyanide concentration was measured by Shimadzu UV/vis
601, calibration curve was performed for every test (R2 = 0.999).
he most critical environmental factors associated with aerobic
iological treatment include pH, temperature, oxygen levels, and
utrient availability. Temperature should be above 20 ◦C to sup-

ort adequate biological growth and treatment. Limiting nutrient

n the solution is found to be phosphate, need for the nutrient
s ranging from about 1 to 5 mg/L [36]. The concentration of the

etals in the waste solution was measured by AAS (PerkinElmer

able 1
omposition of the wastewater after cyanidation process

arameters Composition

H 9.85
yanide (WAD) (mg/L) 77.91
itrate (mg/L) 25.0
O4 (mg/L) 9.8
H4 (mg/L) 10
n (mg/L) 2.9
u (mg/L) 0.69
e (mg/L) 3.854
b (mg/L) <0.45
d (mg/L) <0.03
r (mg/L) <0.08
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al treatment of the filtrated cyanide wastes.

Analyst800). The concentration of the nutrients was calculated
ccording to processes; NO3

− [37], PO4
3− and NH4

+ [38].
Biodegradation assays were carried out according to the method

f Stauber et al. [39]. Exponentially growing cells (2 weeks old)
ere harvested by centrifuging. Cells were inoculated to the flasks

ontaining 200 mL 72 mg/L of cyanide waste solution and to the
asks of control groups. These flasks were incubated at room tem-
erature, aerated with filtered air and illuminated (cool white
uorescent tubes) with a light/dark cycle of 12/12.

. Results and discussion

.1. Analysis of the constituent in cyanide waste

Depending on the constituents in the remaining solution and
heir respective concentration after cyanidation, the processed
astewater is hazardous to the environment and needs special

reatment and remediation. Gold ores were processed according
he treatments in Ovacik Gold Mine. Treated process solutions are
ontained free contaminants such as copper, iron, mercury nitrate
nd zinc as well as metal cyanide complexes of them. The processed
ffluents were measured for the components and the results were
resented in Table 1. Phosphate and nitrate were as nutrient vital
omponents for the growth of S. obliquus in the effluents. Phos-
hate concentration was found 9.8 mg/L and nitrate was 25.0 mg/L.
lthough the effect of phosphate concentration on the degradation
f cyanide has not been examined, it has been presented earlier by
lumenroth et al. [40] that with lower phosphate concentration,
egradation rate of cyanide was decreased down considerably.

.2. Cyanide degradation assay

A large number of processes exist for the removal of cyanide.
hemical and physical processes have been applied in most cases

or cyanide degradation from tailings slurries and wastewaters.
owever, there are still problems facing the mining industry
ecause of stringent environmental regulations and the cost of
ompliance with those regulations and many require or produce
hemicals that have an ecotoxicological impact. Microbial cyanide
xidation is proven, economical technology for destroying free and
omplex cyanide in process solution, wastewaters and spent heaps
41,42].

Cyanide removal by viable microbial cells achieved from solu-
ions up to 350 mg/L. However, concentration above 300 mg/L was
ound to be toxic to alive microorganism [43]. On the other hand, S.
bliquus tolerated 400 mg/L CN− without adaptation to the medium
21]. The degradation of cyanide effluents were tested by using

urkholderia cepacia. It was shown that cyanide concentration of
bout 220 mg/L was degraded down to 50 mg/L [39]. Another report
as done by Akcil et al. [13] and they reported that Pseudomonas sp.

educed the cyanide concentration of 200 mg/L down to 1 mg/L in
0 h. Dumustre et al. [44] demonstrated that fungus Fusarium solani
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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].
Fig. 2. The degradation rate of cyanide by Scenedesmus obliquus.

HEM 8026 degraded cyanide under alkaline conditions. Although
. solani was unable to grow on cyanide, it degraded 1.176 mmol of
N/h. In another study Fusarium oxysporum CCMI 876 and Methy-

obacterium sp. RXM CCMI 908 were studied for biodegradation.
yanide was degraded by F. oxysporum CCMI 876 at a rate of
.059 mM/h leading to 96% cyanide conversion and leaving a resid-
al 0.21 mM [45]. Ezzi and Lynch [46] evaluated degradation of
yanide by certain strains of the Trichoderma spp. and showed that
yanide (2000 mg/L) concentrations reached low levels within 32
ays of incubation by the presence of glucose.

In this work, unlike the other studies reported, we used the
rocess effluents to find out the adaptation of the alga and sustain-
bility of the application for industrial use. S. obliquus was exposed
o the processed effluent which concentration of cyanide was found
7.91 mg/L. Cyanide level was gradually decreased down to approx-
mately 6 mg/L. Control group revealed that escape of free cyanide
o the gas phase took place although initial pH was kept 10.3. The
esults showed that S. obliquus degraded cyanide 91% in 77 h exper-
ment. The decrease of cyanide concentration in the control group
as found 19.8% during the period of the experiment. Fig. 2 shows

he daily measured total cyanide concentration over 4 days.

.3. Growth rate of S. obliquus

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

Chlorophyll a was measured as 4.4 �g/L at the start of the test.
uring the first 24 h of exposure, slight decrease in growth of S.
bliquus was observed (Fig. 3). It was detected as 3.60 �g/L, whereas
he control group showed an increase in the biomass Chlorophyll

was measured as 3.60 �g/L at the beginning of the test then
ncreased to 4.0 �g/L. HCN, a low molecular-weight, non-ionic,

ydrophilic chemical specie, is easily able to penetrate into the cell
embrane. Once it is inside the cell HCN is converted to CN− form
hich may inhibit enzymes within the cells [49]. This might be

he cause of decrease on the growth of algae in the study although
H was 10.3, even at this stage there was found a small amount

F
(
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f HCN form present in the solution. Increase in the growth of S.
bliquus was detected at 48 h due adaptation of the cells. Chloro-
hyll a was measured as 3.90 �g/L and continued to increase. The
ifference in growth rate between test groups and controls were
ound similar. Fig. 3 presents the effect of cyanide on growth and
lgal adaptation.

.4. Metal uptake

This experiment was carried out in order to determine how
uch quantity of metals could be removed by adsorption which
ere biologically degraded and became free in the effluents from
etal cyanides. Uptake of the metals in the effluents showed that

orption of the metals influenced and affected due to competitive-
ess. The uptake capacities of the metals (Zn, Cu, Cd, Al) decreased

n uptake capacities as the complexity of the solution increased. The
emarkable ability of biomass to uptake and concentrate the heavy
etals, is becoming a useful tool for treating industrial solutions

ontaminated with heavy metals [50,51]. Scenedesmus is a microal-
ae genus commonly used in heavy metal removal experiments. It
as proven removal capacity for U6+ [52], Cu2+, Cd2+ [53] and Zn2+

54].
pH of the study was kept at 10.3 due to cyanide degradation.

ence uptake of the metals was low. The order of uptake for com-
etitive conditions was Zn(II) > Fe(III) > Cu(II). The uptake of Zn was
0% and 46% for Fe at the end of test period (Fig. 4). Copper uptake
ehaved differently from the other two metals in the effluents.

t was found that there was no difference in removal of Cu con-
entration in the solution which implies that the removal of Cu
t lower pH could be more complete than at a high pH. Karahan
t al. [55] studied biosorption of Cu by S. obliquus and found the
ptimum pH for removal was 5.5. Zhou et al. [56] also found that
ncreasing pH from 3.0 to 5.0 increased the sorption of Cu by S.
latensis. However, at pH 8.6 they found decrease in the sorption
nd suggested that Cu started to precipitate at this pH. The pres-
nce of divalent ions may alter the biosorption of heavy metals
y algal biomass, particularly if these ions are alkaline or alkaline
arth elements. Cobalt biosorption by Ascophyllum nodosum was
mproved by the presence of potassium ions [57]. Costa et al. [58]
as found the presence of sodium and magnesium contributed to

he increase in the uptake capacity for Zn by Sargassum sp. Uptake
ig. 3. The effect of cyanide on the growth of S. obliquus. (Biomass; chlorophyll a)
population; cell/mL).
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ig. 4. The effect of time on the uptake of Zn, Cu and Fe in the waste effluent by S.
bliquus.

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

Perales-Vela et al. [61] were investigated the effects of sub-
ethal concentrations of Cu2+ in the growth and metabolism of
cenedesmus incrassatulus and found that sensitivity occurred
t: growth > photosynthetic pigments content = photosynthetic O2
volution > photosynthetic electron transport > respiration. As a
edox-active metal, Cu is known to directly participate in the for-
ation of toxic reactive oxygen species, thereby causing oxidative

tress [62]. On the other hand, Zn does not directly accelerate the
ormation of reactive oxygen species due to its redox inertness, and
t therefore, exerted comparatively less stress on the test organ-
sm. However, algae have some protective mechanisms under stress
onditions. Rijstenbil and Gerringa [63] have proved that sexual
eproduction is promoted under Cu2+ stress and can serve as protec-

ive mechanism. Sexual reproduction as a response to severe heavy

etal shock has also been observed in Scenedesmus spp. In the case
f Cd2+ and Cu2+, it has been found that S. incrassatulus, can respond
o metal stress by expressing phenotypic plasticity that may allow
hese cells to survive in a hostile environment [64].

[

[

s Materials 162 (2009) 74–79

. Conclusions

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

Cyanide degradation was affected by the other metals being
resent in the solutions. In our previous study cyanide was
egraded down to respectively 1 mg/L with synthetic solution of
yanide at almost every concentration tested (100–400 mg/L) by
cenedesmus [21]. In the current study, viable cell of S. obliquus was
egraded and detoxified cyanide in the cyanide effluent down to
.42 mg/L at over 60 h period. Scenedesmus biomass and cell count
howed us after a period of adaptation increase of biomass took
lace. Cells well adapted high pH and S. obliquus degraded over
0% of cyanide.

It is important that the uptake rate of Zn(II) ions by S. obliquus
ere 50% and 46% for Fe(III) ions at the end of test period. The use of
iological cyanide degradation eliminates the need for toxic or cor-
osive chemical oxidizers. Algae have many advantages for handling
aste effluents due to easy handling and culturing. They offer eco-
omical approach as a cheap material for degradation cyanide and
aste material. Bearing in mind the advantages of algae, there is a

trong potential that such system could be exploited commercially
or the treatment of waste effluents or radioactive wastewaters.
herefore, algae can be used for the treatment of cyanide wastes as
n alternative to fungi and bacteria.
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