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a b s t r a c t

Cassava mill wastewater has a high organic and cyanide content and is an important economic product of
traditional and rural low technology agro-industry in many parts of the world. However, the wastewater is
toxic and can pose serious threat to the environment and aquatic life in the receiving waters. The ability of
Azotobactor vinelandii TISTR 1094, a N2-fixing bacterium, to grow and remove cyanide in cassava wastew-
eywords:
assava mill wastewater
. vinelandii
yanide removal

ater was evaluated. Results revealed that the cells in the exponential phase reduce the level of cyanide
more rapidly than when the cells are at their stationary growth phase. The rate of cyanide removal by
A. vinelandii depends on the initial cyanide concentration. As the initial cyanide concentration increased,
removal rate increased and cyanide removal of up to 65.3% was achieved. In the subsequent pilot scale
trial involving an activated sludge system, the introduction of A. vinelandii into the system resulted in

90%.
not in
iological treatment
ctivated sludge system

cyanide removals of up to
sludge system which did

. Introduction

Cassava starch is an important economic product of tradi-
ional and rural low technology agro-industry in Southeast Asia
s well as in tropical Africa and Central America. Cassava com-
oses approximately 57% of tropical root and tuber production.
he cyanide content of cassava root varies with the plant vari-
ty and soil conditions and may range between 75 and 1000 mg
CN) kg−1. Unfortunately, large amounts of natural cyanoglycosides
ound in cassava are released during the production of starch from
he cassava tuber. These cyanogenic glycosides can enzymatically
ydrolyze to cyanide which is often found within the wastewater
ischarge from these processing industries. Cyanide concentration

n cassava mill wastewater has been reported to contain as high

s 200 mg l−1 depending on the cyanoglycoside content of the cas-
ava varieties [1]. The detected cyanoglucosides concentrations in
ffluents ranged between 10.4 and 274 mg l−1 [2].

∗ Corresponding author at: Earth Tech Engineering Ltd, Wentworth Business Park,
aple Road, Tankersley, Barnsley S75 3DL, United Kingdom. Tel.: +44 122 622 4176;

ax: +44 122 622 4488.
E-mail address: TzeYen.Chiu@eu.earthtech.com (T.Y. Chiu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.06.162
This represented an improvement of 20% when compared to the activated
corporate the strain.

© 2009 Elsevier B.V. All rights reserved.

Cyanide is toxic to humans and animals because it binds to key
iron containing enzymes i.e. cytochrome oxidase required for cells
to respire aerobically [3]. Ingesting cyanide can also result in either
acute poisoning (including death) or chronic poisoning to humans
and animals. Cyanide has also been associated with syndromes
affecting the central nervous system in animals. Other effects of
cyanide include the removal of trace elements from the environ-
ment. The resulting wastewater from cassava starch processing is
therefore toxic and can pose a serious threat to the environment
and aquatic life in the receiving waters. Hence, many countries
have implemented a statutory limit of approximately 0.2 mg l−1 for
cyanide discharge into natural water basins [4].

In order to comply with government legislations, wastewater
containing cyanide must be treated before discharging into the
environment. Current wastewater treatments for cyanide removal
employ chemical and physical methods which are often expensive
and involve the use of additional hazardous reagents (chlorine and
sodium hypochlorite) [5]. In many instances, complete degrada-
tion of some cyanide complexes is not achieved [6,7]. Biological

treatment on the other hand is a cost-effective and environmen-
tally acceptable method for cyanide removal. Several researchers
report that biological processes could be used to remove cyanide
compounds from wastewater [8–10]. Some organisms resis-
tant to cyanide have been reported to remain active even at

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:TzeYen.Chiu@eu.earthtech.com
dx.doi.org/10.1016/j.jhazmat.2009.06.162
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oncentrations higher than 1 mM of cyanide [3]. Bacillus, Pseu-
omonas, and Klebsiella oxytoca have been reported to biodegrade
yanide to non-toxic end-products and using cyanide as the
ole nitrogen source under aerobic and/or anaerobic environment
10–12].

One of the problems in biological treatment of industrial
astewaters, such as cassava wastewater, is their low nitrogen (N)

nd high chemical oxygen demand (COD) content leading to a nutri-
ionally unbalanced wastewater. COD removal performance of the
iological treatment falls due nitrogen (N) deficiency when biolog-

cally utilizable nitrogen concentration is below N/COD < 0.05 [13].
itrogen balancing by external addition of nitrogen compounds

o industrial wastewater is often necessary. A cheaper alternative
o the conventional approach of external nitrogen addition to the
itrogen deficient wastewater is to ultilize nitrogen fixing bacterial

n activated sludge. Azotobactor vinelandii, an aerobic nitrogen-
xing Gram-negative bacterium found in soils has the capacity to
x nitrogen gas (N2) to compound of ammonium (NH4

+) through
he action of nitrogenase [14–16] which is inhibited by free oxygen.
owever, this enzyme is protected from oxygen inhibition by iron
nd molybdenum salts [17]. Additionally, the enzymes within these
trains have been reported such as rhodaneses and nitrogenases to
e involved in cyanide detoxification [18–20].

To the authors’ knowledge, there has been no work undertaken
n the cyanide removal efficiency of A. vinelandii from cassava
astewater. Most of the work undertaken for this bacterial strain

n wastewater treatment is concerned with nitrogen fixation in
live-oil and pulp and paper industries [21–23] and the role of
he enzymes rhodanese and nitrogenase in cyanide detoxification
lthough this information may be useful in understanding certain
spects of the cyanide potential of A. vinelandii.

The major objective of this study was to investigate the perfor-
ance of A. vinelandii supplemented activated sludge for biological

reatment of cyanide in cassava wastewater. The ability of A.
inelandii’s to grow in cassava wastewater is assessed and its
yanide removal potential is investigated under various cyanide
oncentrations. Subsequently, the cyanide removal efficiency of an
xisting activated sludge wastewater treatment system is studied
n the presence and absence of this strain.

. Materials and methods

.1. Microorganism

Pure A. vinelandii culture (TISTR 1094) was obtained from Thai-
and Institute of Scientific and Technological Research (TISTR),
hailand. Azotobacter was activated in a nutrient broth on a
haker at 30 ◦C and 200 rpm for 24 h. Subsequent cultivation and
aintenance were carried out in a nitrogen-free sucrose (NFS)
edium containing 2% sucrose, 0.2 g l−1 MgSO4·7H2O, 0.073 g l−1

aCl2·2H2O, 10 �M Na2MoO4·2H2O, 20 �M FeCl3·6H2O and 2 �M
hosphate buffer pH 7.4 [24]. The cell growth was counted every
h for 80 h and the cell was used as the starter for shake flask and

he activated sludge studies. All chemicals used were of analytical
rade (SC Scientific and Merck Chemical, Bangkok, Thailand).

.2. Growth monitoring and cyanide removal in flask scale

Inoculums of the starter were transferred to flasks containing
00 ml NFS and 300 ml cassava wastewater at the final pH of 7–8.5

or acclimatization. The cyanide content was varied using differ-
nt amounts of NaCN ranging from 0 to 150 mg l−1. The cell growth
n terms of total cell was counted and cyanide concentration was

onitored during incubation until end of incubation time. The
icroorganism cell growth was analyzed using haemacytometer
ous Materials 172 (2009) 224–228 225

after the sample was taken from the shake flask, centrifuged at
a speed of 6200 rpm for 5 min and washed twice with phosphate
buffer.

2.3. The activated sludge (AS) experiments

Two 20 l bench scale reactors of conventional activated sludge
(AS) systems were used in this study. The system consisted of a
20 l plexiglas unit with two compartments, an aeration tank and
a sedimentation tank. Aeration was supplied by stone air diffusers
to maintain the dissolved oxygen level of 2 mg l−1. The operation
of the bench scale systems started by the addition of mixed micro-
bial sludge from a full-scale activated sludge wastewater treatment
plant of cassava mill factory (Kalasin province, north-eastern of
Thailand), followed by a sludge acclimatization period where cas-
sava mill wastewater, also obtained from the same factory, was
introduced to the system. Cassava mill wastewater was gradually
replaced by synthetic high strength influent, followed by the addi-
tion of cyanides. A mixed liquor suspended solid (MLSS) of around
2500–3000 mg l−1 within the aeration tank was maintained. Syn-
thetic wastewater was prepared using the following analytical
grade substances: 9.01 mg CaCl2, 5.02 mg FeCl2, 63.6 mg KH2PO4,
38.8 mg MgSO4·7H2O, 684 mg NaHCO3, 940 mg NH4HCO3, 1802 mg
sugar, 120 mg urea and diluted with 2 l of wastewater. In addition
with the desired cyanide concentrations was fed into the aeration
tank at a flow rate of 20 l d−1. Samples of the influent and effluent
were collected daily and analyzed for COD and cyanide concentra-
tions. Two AS systems ran in parallel with one acting as a control
set (without A. vinelandii addition) and the other with A. vinelandii
added to the activated sludge culture.

2.4. Analytical methods

To determine total cell count the samples were serially diluted
with sterile saline solution (0.85% w/v NaCl). The appropriately
diluted samples (0.1 ml) were plated and incubated at 30 ◦C for 24 h
to form fully developed colonies. The cell count was estimated by
counting colonies grown on nutrient agar medium using a haema-
cytometer [25]. For all counts, the average of at least three replicate
plates was used for each tested dilution. In order to establish the
reliability and reproducibility of the plate count technique, 10 inde-
pendent samples were drawn (at the same time) from the shake
flask experiment and were serially diluted and plated. Each dilu-
tion was plated in three different plates and the colonies were
counted and the standard deviation was calculated using Microsoft
Excel’s built-in STDEV function (“non-biased” or “n−1′′

method). The
standard deviation was 6%.

The wastewater characteristics such as pH, suspended solids
(SS), MLSS, COD ammonia were analyzed following standard meth-
ods [26] and the cyanide content was analyzed using a modified
ninhydrin method as follows [27]: wastewater sample was cen-
trifuged at 6200 rpm, for 5 min. Then, 2 ml of supernatant was
mixed with 2 ml ninhydrin solution. After 10 min incubation at
room temperature, the absorbance was measured at 485 nm using
spectrophotometer (UV-1201 Shimadzu). Samples were analyzed
in triplicates. Standard deviations were less than 5% of the average.

3. Results and discussion

3.1. Characteristics of cassava mill wastewater
Table 1 shows the composition of cassava wastewater. The high
organic content of 16,000 mg l−1 in the wastewater found in this
study is in agreement with those found typically in large scale
starch processing industries [28,29]. These organic pollutants orig-
inate from the washing and extracting processes in the tapioca
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Table 1
Composition of cassava mill wastewater.

Parameter Concentration (mg l−1)

Current study [28,29,32,33,37]

pH 5.5 3.8–5.7
SS 2200–4000 330–7600
Cyanide 86 19–61
Ammonia 37 37.8–102
Chemical oxygen demand (COD) 16,000 7000–41,406
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Fig. 2. Growth pattern of A. vinelandii in cassava wastewater under various NaCN
concentrations as a function of time.
otal kjeldahl nitrogen (TKN) 350 –
otal carbohydrate 16 –

ndustry [30,31]. In order to produce 1 ton of starch, a tapioca
rocessing factory discharges about 12 m3 of wastewater con-
aining 6125–13,500 mg l−1 (COD), 1466–7600 mg l−1 (SS) and pH
.5–5.0 [32,33]. These values indicate that the wastewater is highly
iodegradable and therefore, there is no need for the supply of
xternal organic carbon source for cyanide-degrading microogan-
sms. The wastewater pH was low (pH 5.5) and probably arises from
he acidification process of starch due to organic acid production
34]. The low carbohydrate content (16 mg l−1) of the wastewater
as in agreement with this observation. A high cyanide concentra-

ion of 86 mg l−1 was observed in this study comparing the other
assava mill wastewater studies (Table 1) and this could arise from
he different variety of cassava that is being treated. Elsewhere,
yanide concentration in cassava mill wastewater was reported
ontain up to 200 mg l−1 depending on the cyanoglycoside content
f the cassava varieties [1].

.2. Growth monitoring and cyanide degradation in flask scale

The growth pattern of A. vinelandii in cassava mill wastewa-
er is shown in Fig. 1. The initial lag period was observed after
h of incubation and stationary phase was exhibited within 30 h.
he specific growth rate (�) and cell number were about 0.1 and
.2 × 108 cell ml−1 respectively.

Fig. 2 shows the growth pattern of A. vinelandii under various
odium cyanide concentrations (50, 100 and 150 mg l−1) and the
ell reached to stationary phase after 30 h respectively. The results
uggest that A. vinelandii are able to survive under the maximum

ange of cyanide concentration typically found in the cassava mill
ndustry. Preliminary studies carried out at higher cyanide con-
entrations (>250 mg l−1) in nitrogen-free sucrose medium show
rowth inhibition of A. vinelandii. The mechanism of cyanide reduc-
ion could be associated with the N2-fixing enzymes of A. vinelandii.

Fig. 1. Growth pattern of A. vinelandii in cassava wastewater as a function of time.
Fig. 3. Schematic of possible reactions involved in cyanide reduction (adapted from
[20]).

Nitrogenase commonly found in A. vinelandii has been demon-
strated to be involved in cyanide reduction and is illustrated in Fig. 3
[20,35].

HCN is initially converted into CH2 NH (methyleneimine) by
two electrons and two protons and when this intermediate escapes
from the active site, it is hydrolyzed to H2C O and NH3 [20,35].
Under these circumstances, NH3 is produced without concomitant
CH4 production. In the next step, an additional two electrons and
two protons produce CH3NH2, which can also escape. Finally, CH4
and NH3 are formed in equal quantities by the next pair of electrons
and protons.

The final cyanide reduction increased when initial cyanide con-

centration was increased (Table 2). Cyanide reductions of 56%, 58%,
and 65.3% were obtained corresponding to initial NaCN concentra-
tions of 50, 100 and 150 mg l−1 respectively. This is in agreement
with Fisher et al. [20] who observe increased NH3 and CH4 at NaCN

Table 2
Sodium cyanide reduction in cassava wastewater by A. vinelandii.

Time (h) NaCN concentration (mg l−1)

0 50 100 150
6 48 92.5 137.5
12 44 77.4 121
18 41.2 66.2 109
24 35 58.8 88.5
30 34 51.5 79.4
36 32 49 76
42 29 47.5 71
48 26.5 46.1 68.5
54 24 45.1 65.5
60 22.5 43.1 59
66 22.1 42 52

% cyanide reduction 56 58 65.3
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F tems as a function of time (�: C-AS and �: E-AS for COD; �: C-AS and x: E-AS for cyanide).
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ig. 4. COD and cyanide concentrations observed in the effluent of AS treatment sys

oncentrations of up to 5 mM indicative of increased cyanide reduc-
ion. The rate of removal seems to be dependent on the initial
aCN concentration. When the concentrations increased from 50

o 150 mg l−1, the rate of cyanide removal was found to increase
rom 0.4 to 1.5 mg l−1 h−1. In addition, rate of cyanide removal was
bserved to be faster when the cells are at their exponential growth
hase (6–30 h) as compared to when the cells are at their station-
ry phase (over 36 h). This suggests that rate of cyanide removal is
inked to the metabolic activity of A. vinelandii.

.3. The activated sludge (AS) experiments

Figs. 4–6 show the wastewater quality such as COD, cyanide con-
entrations, TS and pH in two both sets of AS: control set (C-AS) and
xperimental set (E-AS). The effluents of both AS systems achieved
imilar COD and TS removals of about 74.5% and 26.1% respectively.
he pH of wastewater in both AS ranged from pH 7 to pH 9 which

ies within the discharging wastewater standard. This implies that
oth systems have similar efficiencies for treating the wastewater.

The cyanide removals of about 70% and 90% are observed in
-AS and E-AS sets respectively. The ability of the control system
o remove cyanides at high influent concentration of 86 mg l−1 is
ttributed to the presence of acclimatized microorganisms that

re able to remove cyanide in the wastewater. Additionally, other
biotic removal processes might be involved. Previous researchers
ave reported almost 60% cyanide removal in activated sludge pro-
ess by stripping i.e. the volatilization of HCN from aqueous phase

ig. 5. Total solids concentration obtained from the effluent of AS treatment systems
s a function of time (�: control-AS, �: experiment-AS).
Fig. 6. pH values of the effluent of AS treatment systems as a function of time (�:
control-AS, �: experiment-AS).

to air phase. This is highly likely to occur in the current study since
the system pH was pH 7–8.5 (Fig. 6) and cyanide in this pH range
is normally in the form of HCN which is highly volatile. Adding A.
vinelandii resulted in increased COD and cyanide removals. It seems
that A. vinelandii is able to co-cultivate with the mixed microbial
microorganisms within the AS wastewater treatment and aid in
an enhanced removal of cyanide. This is the first study in which
A. vinelandii is illustrated to possess the ability to remove cyanide
under wastewater conditions. The improved COD removal under
A. vinelandii supplemented conditions is in agreement with Kargi
and Ozmuci [17] although their comparisons were made for the
biological treatment of nitrogen deficient synthetic wastewater.

An interesting observation in the present study is the appar-
ent link between the decrease in cyanide concentrations and the
reduction in the levels of COD in the wastewater. This is illustrated
when comparing the cyanide and COD reductions with and with-
out A. vinelandii. Analogously, tetracyanonickelate degradation by
A. vinelandii is found to be dependent on the availability of a carbon
source [36].

4. Conclusions

The ability of A. vinelandii, a N -fixing bacterium, to grow and
2
remove cyanide in cassava wastewater was evaluated. This study
demonstrates that A. vinelandii are able to survive and thrive within
the typical range of CN concentrations found in the cassava mill
industry. The A. vinelandii supplemented activated sludge cultures
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howed that A. vinelandii possess the ability to co-cultivate with
ther MMS and aid in an enhanced removal of cyanide. Cyanide
emoval increased from 70% to 90% in the presence of A. vinelandii.
his is the first study in which A. vinelandii was shown to be able to
emove cyanide under wastewater conditions.
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