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Abstract The degradation capacity of a mixed culture of

Agrobacterium tumefaciens SUTS 1 and Pseudomonas

monteilii SUTS 2 for thiocyanate and metal cyanide, in the

form of zinc and cadmium, has been determined. The

growth of a mixed culture of SUTS 1 and SUTS 2 in

cyanide complexes and the cyanide removal efficiency of a

fixed-film bio-column system were studied. The results

showed that the mixed culture of bacteria can survive and

grow in broth media containing thiocyanate and metal

cyanide complexes with a maximum cell of

1.03 9 108 CFU/mL on day 3. In addition, the optimal

conditions of the fixed-film bio-column system were con-

tinuously tested for 24 h, and it was found that this system

had the highest removal efficiency at a flow rate of 10 mL/

min and 21 min of empty bed retention time, with

decreasing thiocyanate, zinc, and cadmium from 85, 0.44,

and 0.044 to 65, 0.21, and 0.038 mg/L, respectively; this is

in contrast to cyanide, which was not found within 12 h.

Next, the conditions were maintained for 30 days, and it

was found that the system had removed more than 50% of

cyanide complexes, except cadmium. The complex resi-

dues were 29.96, 0.16, 0.204, and 0.085 mg/L of thio-

cyanate, cyanide, zinc, and cadmium, respectively. In

addition, the growth of the SUTS 1 and SUTS 2 mixed

culture increased. The by-product compounds sulfate and

nitrate were found throughout the experiment, whereas

bicarbonate and ammonia were found only on certain days.

Keywords Thiocyanate degradation � Metal cyanide

degradation � Fixed-film bio-column system �
Agrobacterium tumefaciens SUTS 1 � Pseudomonas
monteilii SUTS 2

Introduction

Cyanide is widely used in several industries, such as

mining, metallurgy, painting, paper, and cassava (Medwith

and Lefelhocz 1981; Melcer and Nutt 1988; Aronstein

et al. 1994; Liu et al. 1996; EPA 1997; Patil and Paknikar

2000). As a result of the activities of these industries,

aquatic environmental pollution in the form of cyanide

compounds, thiocyanates, phenols, and ammonia are dis-

charged from industrial processes at almost 10–150 mg/L.

Thiocyanate concentrations in goal mining wastewater

have been normally found from 100 mg/L. In addition to

thiocyanate, heavy metals in the form of zinc and cadmium

from mining effluents were also reported in the range of

0.01–0.1 and 0.005–1.0 mg/L, respectively (Mudder et al.

2001; Dzombak et al. 2006). Furthermore, cyanide can

react with metals and heavy metals to form metal cyanide

complexes, including Cu(CN)2
-, Ni(CN)4

2-, Ag(CN)2
-,

Zn(CN)4
2- and Fe(CN)6

4-, which differ considerably in

toxicity and environmental persistence. The presence of

free and metal cyanide complexes in industrial wastewater

is an important environmental problem with acute toxicity

affecting aquatic organisms and human health. The metal

complexes in the form of zinc cyanide (Zn(CN)2) and

cadmium cyanide (Cd(CN)2) are in the range of

0.02–0.3 mg/L; it can be harmful to aquatic organisms

(Ingles and Scott 1987; Moran 1998).

Free cyanide also reacts with forms of sulfur in mining

effluents, such as sulfur, thiosulfates, or sulfide ions, to
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produce thiocyanates. Thiocyanate can react with various

metals, such as silver (Ag), mercury (Hg), lead (Pb), cop-

per (Cu), and zinc (Zn), to form metal-thiocyanate com-

plexes and turns into a salt that does not dissolve in water

(Staden et al. 1997; Moran 2017). Plumlee et al. (1995)

reported that relatively high concentrations of thiocyanate

may persist in the presence of acidic solutions, which

causes greater toxicity.

Thiocyanate can affect many organisms and accumulate

into the environment in water and soil. Thiocyanate con-

centration in the range between 90 and 200 mg/L is toxic to

aquatic organisms, especially in fish (Ingles and Scott

1987). Furthermore, it is toxic to many higher organisms at

relatively low concentrations (1–2 mM), because it has

strong tendencies to bind to proteins and acts as a non-

competitive inhibitor (Wood et al. 1998). It is considered a

health hazard and is acutely toxic to humans via entry

through inhalation, ingestion, or absorption, especially can

also attack the central nervous system of humans which is

toxic include inhibition of halide transport to the thyroid

gland (Boening and Chew 1997; Ahn et al. 2004; Ryu et al.

2014). The rate of skin absorption is enhanced when the

skin is cut, abraded, or moistened. Thus, most countries

require complete removal of these pollutants from effluent

before disposal. In Thailand, the statutory limit for disposal

of wastewater containing cyanide (as HCN), zinc, and

cadmium into bodies of water is 0.2, 5.0, and 0.03 mg/L,

respectively (Notification the Ministry of Science, Tech-

nology and Environment 1996). Although the disposal of

thiocyanate is not defined by industrial standards, it should

be removed before discharge into the environment, in

addition to the removal of cyanide and heavy metals.

Cyanide can be degraded or detoxified through several

methods; the biodegradation method is the process that is

usually used to treat cyanide-containing substances by

means of cyanide-oxidizing bacteria that break down and

transform hazardous materials into simple non-toxic sub-

stances or harmless compounds. The biodegradation of

metal cyanide complex anions is carried out by living cells

and involves the metabolism and/or transformation of

cyanide complexes into less toxic products (Dursun and

Aksu 2000; Bose et al. 2002; Chakraborty and Veeramani

2006; Jeong and Chung 2006; Sirianuntapiboon and

Chuamkaew 2007; Potivichayanon and Kitleartpornpairoat

2014; Supromin et al. 2015). Some microorganisms can

adapt to grow in the presence of metal cyanide complexes

by synthesizing enzymes that degrade cyanide complexes

and utilizing cyanide as a source of nitrogen for growth.

Although there are several reports on the treatment of

cyanide compounds, the treatment for both thiocyanate and

cyanide metals has rarely been reported. Most research has

separately studied the treatment of each cyanide com-

pound, including separate cyanide, thiocyanate, or metal

cyanide degradation studies (Silva-Avalos et al. 1990;

Hung and Pavlostathis 1997; Barclay et al. 1998; Patil and

Paknikar 2000; Jeong and Chung 2006; Dash et al. 2009;

Gurbuz et al. 2009; Potivichayanon and Kitleartpornpairoat

2014; Supromin et al. 2015). In addition, immobilized cell

technology is promoted and used for the removal of pol-

lutants that contaminate the environment. Immobilized

microbial cell systems could also provide additional

advantages over freely suspended cells (Kacer et al. 2002).

For these reasons, the objective was to study the growth

and removal efficiency of a mixed culture of Agrobac-

terium tumefaciens SUTS 1 and Pseudomonas monteilii

SUTS 2 in the degradation of thiocyanate and metal cya-

nide complexes and develop a fixed-film bio-column sys-

tem to determine the optimum flow rate for wastewater

treatment.

Materials and methods

Microorganisms

The two different types of bacteria used were Agrobac-

terium tumefaciens SUTS 1 and Pseudomonas monteilii

SUTS 2; both were isolated from a wastewater treatment

system in the cassava starch industry. The mixed cultures

showed a high efficiency for cyanide degradation (Po-

tivichayanon and Kitleartpornpairoat 2014). In this study,

bacterial cells were cultured in a buffer medium containing

2.7 g KH2PO4, 3.5 g K2HPO4, 10 mL of a mineral salt

solution (the following composition: 300 mg FeSO4�7H2O,

180 mg MgCl2�6H2O, 130 mg Co(NO3)2�6H2O, 40 mg

CaCl2, 40 mg ZnSO4 and 20 mg MoO3 in 1 L deionized

water), 100 mg/L of potassium thiocyanate (KSCN), and

metal cyanide in the form of 0.05 mg/L zinc cyanide

(Zn(CN)2) and cadmium cyanide (Cd(CN)2) by mixing

0.064 mg/L cadmium sulfate (3CdSO4�8H2O) and

0.04 mg/L potassium cyanide (KCN). The inoculum of

10 mL of mixed culture was added into an Erlenmeyer

flask containing 90 mL of buffer medium and the cyanide

complexes and incubated at room temperature at 150 rpm

on a rotary shaker. The growth of the mixed culture was

studied for 7 days by the colony counting technique on

buffer medium agar and incubated at 30 �C. The expo-

nential phase of bacterial growth was investigated to

develop a fixed-film bio-column system for the treatment

of thiocyanate and metal cyanide.

Immobilization of mixed culture bacteria

The mixed culture of SUTS 1 and SUTS 2 grown in the

exponential phase was immobilized on packing materials

[Polypropylene pall (PP) ring]. The diameter of the
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polypropylene pall ring is 1 inch (Fig. 1). The PP rings

were sterilized with ultraviolet light (UV) and transferred

to the Erlenmeyer flask containing buffer medium. After

that, the mixed culture bacteria were added to the flask at a

ratio of 10:100 v/v and shaken at 100 rpm on a rotary

shaker at room temperature. Processed immobilized cells

were prepared for 15 days for short-term study and 30 days

for long-term study. Afterwards, 2 PP rings were randomly

sampled to evaluate the increase in dry weight after cellular

immobilization, and then, the immobilized PP rings were

packed into a column.

Experimental design and operating conditions

The experiments consisted of a bio-column that was 3 cm

in diameter and 50 cm in height and a synthetic wastewater

tank. The immobilized PP rings were packed within the

bio-column at a height of 30 cm. The synthetic wastewater

containing thiocyanate and metal cyanide was prepared

according to the conditions shown in Table 1 and recir-

culated throughout the bio-column by a peristaltic pump

(Fig. 1).

The experimental system was divided into two steps: (1)

A short-term study was conducted to find the optimal rate

for running the long-term system; the wastewater flow rate

was varied from 10 to 30 mL/min. The system continu-

ously ran for a period of 24 h, and samples were collected

for analysis at 0, 6, 12, and 24 h. (2) A long-term study was

conducted, and the system was set to the optimal condi-

tions and continuously operated for 30 days.

Analytical methods

All experiments were carried out in duplicate, and the

effluent was analyzed in the forms of thiocyanate (SCN-),

cyanide (CN-), cadmium (Cd), Zinc (Zn), ammonia (NH3),

sulfate (SO4
2-), and bicarbonate (HCO3

-), according to

the standard methods for the examination of water and

wastewater (APHA, AWWA, WPCF 2005) and nitrate

(NO3
-) (APHA, AWWA, WPCF 1998). The growth of the

mixed culture was studied using the colony counting

technique. All chemical ingredients were analytical grade

and purchased from Merck (Darmstadt, Germany), Sigma-

Aldrich (St. Louis, USA), or Ajax (Auckland, New

Zealand).

Residual thiocyanate and cyanide were calculated using

the following equations:

Thiocyanate (mg SCN�=lÞ ¼ ðma1þ bÞ � dilution factor

ð1Þ

where a1 = Absorbance of sample solution, and

m = Slope and b = Intercept.

Cyanide (mg CN�=l) ¼ ðA� BÞ � 1000

mL of original sample

� �

� 250

mL of portion used

� �
ð2Þ

where: A = mL of standard AgNO3 for the sample, and

B = mL of standard AgNO3 for the blank.

The performance of system was calculated in terms of

removal efficiency, RE (%) by the following equation:

RE (% ) ¼ Ci � Cf

Ci

� 100 ð3Þ

where Ci is the influent concentration (mg/L), and Cf is the

effluent concentration of the treated compounds (mg/L).

Results and discussion

Growth of mixed culture bacteria

The maximum growth rate of mixed culture bacteria was

obtained on day 3 of the incubation, which corresponded to

approximately 1.03 9 108 CFU/mL (Fig. 2). When con-

sidering the maximum growth rate of each bacterium,

Agrobacterium tumefaciens SUTS 1 and Pseudomonas

monteilii SUTS 2 grew to 8.70 9 107 and

1.70 9 107 CFU/mL on day 3 and day 1, respectively.

However, the maximum growth rate of the mixed culture

was selected, because they expressed the highest growth on

thiocyanate and metal cyanide complexes. In addition, the

growth of this mixed culture obtained the exponential

phase of growth in copper and zinc cyanide condition

(Supromin et al. 2015). It might be due to a synergistic

effect from biodegradation process of mixed culture; for

example, SUTS 1 and SUTS 2 may be capable of respi-

ration in the presence of some product such as nitrate and

use nitrate as an alternate electron acceptor for their growth

(Bergey and John 1994). Therefore, microbial utilization of

cyanide complexes has been investigated, and it was found

HCO3
-

SO4
2-

NH3 

NO3
-

Synthetic wastewater recirculation tank

Mixed culture in
Fixed film column

SCN-

MCN

Peristaltic pump

Fig. 1 Schematic diagram of fixed-film bio-column system
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that thiocyanate could be degraded by many microorgan-

ism species, such as Arthrobacter, Bacillus, Escherichia,

Klebsiella, Methylobacterium, Pseudomonas, and

Thiobacillus (Boucabeille et al. 1994; Ebbs 2004; Ahn

et al. 2005). Moreover, this bacterium, Agrobacterium sp.,

is the first bacterium studied that was able to degrade

cyanide complexes in the form of thiocyanate, zinc cya-

nide, and cadmium cyanide.

Short-term mixed culture microbial development

of thiocyanate and metal cyanide degradation

Thiocyanate and metal cyanide degradation

The biodegradation rate of the bio-column system was

significantly dependent on the flow rate. The results

demonstrated that the system can remove thiocyanate

throughout the experiments, with an efficiency of approx-

imately 23.23 and 13.21% at flow rates of 10 and 30 mL/

min, respectively. Moreover, at a flow rate of 10 mL/min,

the removal efficiency increased every 6 h, because this

flow rate had an empty bed retention time (EBRT) of

approximately 21 min, indicating that the mixed culture

bacteria in the system had a suitable duration time for

contact with pollutants to degrade thiocyanate. In contrast,

at flow rate of 30 mL/min, the system showed a lower

efficiency. Therefore, the sufficient time period for treat-

ment promotes an enhanced removal of cyanide com-

pounds in the system, which the microbes are able to utilize

for sources of carbon, nitrogen, and/or sulfur (Dzombak

et al. 2006). Karavaiko et al. (2000) reported that the

nitrogen utilization efficiency by Pseudomonas putida

strain 21, Pseudomonas stutzeri strain 18, and Pseu-

domonas sp. strain 5 was decreased when wastewater flow

rate increased. It is necessary to have an appropriate con-

tact time with microorganisms to promote degradation.

Furthermore, degradation also depends on the design of the

treatment system, the concentration of thiocyanate, and

type of microorganism. However, Ahn et al. (2005)

reported that the initial thiocyanate concentration of

250 mg/L could be degraded by Klebsiella sp. in 7.5 days.

In addition, Lim et al. (2008) reported that the degradation

of thiocyanate could be completed after 2.8 days of incu-

bation at an initial KSCN concentration of 838 mg/L.

In addition to thiocyanate, cyanide was completely

degraded after the first 12 h, which is more than 99.99%

efficiency. The results of metal removal efficiency in the

form of zinc and cadmium were approximately 52.29 and

14.26% at 24 h. However, when increasing the wastewater

flow rate to 30 mL/min, it was demonstrated that metal

cyanide was able to be continuously degraded, but its

efficiency was lower than 10 mL/min (Table 2). An inter-

esting result of this study was that the mixed culture in the

bio-column system was able to remove zinc better than

cadmium. It may be due to zinc being an essential nutrient

for microorganisms. Zinc is a component of a variety of

enzymes and DNA-binding proteins to supporting cellular

growth (Nies 1999). The resistance mechanisms for zinc

toxicity occur during intracellular accumulation of bacteria

and are transported by members of a variety of protein

families. For example, Pseudomonas sp. was resistant to

zinc owing to the accumulation of this metal in the cell

(Mago and Srivastava 1994). The system for detoxification

in microbes may be through zinc efflux mechanisms or by

reducing intracellular uptake (Nies 1999; Ahuja et al.

2001). Furthermore, the previous study found that the

mixed culture of SUTS 1 and SUTS 2 was able to degrade

zinc cyanide rapidly within 24 h (Supromin et al. 2015).

However, cadmium is more toxic to microorganisms

than zinc (Ragan and Mast 1990), but SUTS 1 and SUTS 2

are still resistant in wastewater containing cadmium com-

pounds, and they can grow continuously, as was demon-

strated throughout the experiment (Fig. 3).

By-products from thiocyanate and metal cyanide

degradation

The biotransformation of thiocyanate and metal cyanide

has been investigated (Table 2). In this case, thiocyanate

Fig. 2 Growth curve of SUTS 1, SUTS 2, and the mixed culture

bacteria

Table 1 Operational working conditions for the fixed-film bio-col-

umn system

Conditions Values

Thiocyanate concentration (mg/L) 100

Zinc cyanide concentration (mg/L) 0.05

Cadmium cyanide concentration (mg/L) 0.05

Buffer media (L) 2

Wastewater flow rate (mL/min) 10 or 30

Height of packing materials (m) 0.30
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and metal cyanide were degraded and transformed into

bicarbonate, ammonia, sulfate, and nitrate. At a flow rate of

10 mL/min, sulfate and nitrate increased throughout and

showed the highest concentrations of 60.60 and 0.06 mg/L

at 24 h, respectively. This interesting result demonstrates

that by-product concentrations increased when mixed cul-

ture bacteria have an increased rate of thiocyanate and

metal cyanide degradation. In this case, bicarbonate

reached its highest concentration at 6 h (75 mg CaCO3/L),

and thereafter, the bicarbonate concentration decreased. At

that time, when increasing the flow rate to 30 mL/min,

sulfate and nitrate increased throughout the study period

and exhibited a higher concentration than the culture with a

flow rate of 10 mL/min. Bicarbonate and ammonia were

not detected during this study. It is possible that bicar-

bonate was not detected in the bio-column system owing to

the transformation of the compound into carbon dioxide,

ammonia, or nitrogen gas (Whitlock 1990; Hung and

Pavlostathis 1997; Akcil 2003). In addition, ammonia was

not detected in this bio-column system, it might be due to

the ammonia which was oxidized rapidly and transformed

into a less toxic form of the nitrate (Chapatwala et al. 1998;

Sirianuntapiboon and Chuamkaew 2007) or the ammonia

was utilized directly by microbes for their growth (Hung

and Pavlostathis 1999; Sorokin et al. 2001). In addition, the

previous study found that the mixed culture of SUTS 1 and

SUTS 2 was able to degrade cyanide and transform into

ammonia and nitrate (Potivichayanon and Kitleartporn-

pairoat 2014). It was also found that nitrate increased with

a decrease in ammonia concentration or was not detected.

In this fixed-film bio-column system, both the mixed

culture bacteria were immobilized with polypropylene ball

ring (PP ring) or were suspended in an aqueous phase.
Fig. 3 Suspended growth of mixed culture bacteria in short-term

experiments compared to flow rates at 10 and 30 mL/min

Table 2 Removal efficiency of thiocyanate and metal cyanide complexes in short-term experiments and their by-products

Time (h) Wastewater flow rate (mL/min) EBRT (min) Thiocyanate Cyanide Zinc

SCN- (mg/L) RE (%) CN- (mg/l) RE (%) Zn* (mg/L) RE (%)

0 10 21 85.12 ± 0.10 0.00 0.68 ± 0.03 0.00 0.440 ± 0.01 0.00

6 72.01 ± 0.16 15.40 0.31 ± 0.01 53.90 0.338 ± 0.00 23.15

12 68.23 ± 0.38 19.84 ND [99.99 0.300 ± 0.01 31.85

24 65.35 ± 0.56 23.23 ND [99.99 0.210 ± 0.01 52.29

0 30 7 84.65 ± 0.04 0.00 0.67 ± 0.00 0.00 0.450 ± 0.01 0.00

6 70.17 ± 0.62 17.11 0.34 ± 0.01 49.29 0.309 ± 0.00 31.25

12 75.35 ± 0.08 10.99 0.17 ± 0.01 74.98 0.278 ± 0.00 38.15

24 73.47 ± 0.36 13.21 ND [99.99 0.283 ± 0.01 36.96

Time (h) Wastewater flow

rate (mL/min)

EBRT (min) Cadmium By-products

Cd (mg/L) RE (%) NH3 (mg/L) NO3
- (mg/L) HCO3

- (mg CaCO3/L) SO4
2- (mg/L)

0 10 21 0.044 ± 0.000 0.00 ND 0.05 ± 0.003 ND 58.87 ± 0.16

6 0.032 ± 0.001 27.45 ND 0.06 ± 0.003 75.00 56.00 ± 0.07

12 0.035 ± 0.000 19.94 ND 0.06 ± 0.001 30.00 59.49 ± 0.07

24 0.038 ± 0.000 14.26 ND 0.06 ± 0.006 5.00 60.60 ± 0.07

0 30 7 0.049 ± 0.002 0.00 ND 0.09 ± 0.012 ND 58.53 ± 0.46

6 0.039 ± 0.000 18.72 ND 0.10 ± 0.005 ND 59.18 ± 0.18

12 0.033 ± 0.001 31.15 ND 0.10 ± 0.002 ND 59.61 ± 0.18

24 0.034 ± 0.001 29.75 ND 0.11 ± 0.001 ND 69.44 ± 0.14

The values are shown in mean ± SD

ND indicates that the compound was not detected

* The concentration of zinc in this study originates from zinc cyanide and zinc sulfate
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Thus, mixed culture bacteria in the bio-column system had

a high efficiency for removal of cyanide compounds in the

form of thiocyanate and metal cyanide. Other studies have

found that P. putida immobilized cell degraded sodium

cyanide (NaCN) more efficiently than non-immobilized

cells (Chapatwala et al. 1998). This is similar to data

suggesting that higher concentrations of cyanide (up to

120 mM) can be degraded by immobilized cells than non-

immobilized cells of P. putida, which could degrade a

maximum of 4 mM (Babu et al. 1992), but the maximum

thiocyanate degradation rate of a biofilm reactor system is

much higher than those obtained from suspended reactors

(Jeong and Chung 2006). The mixed culture immobilized

on the PP ring was investigated by random sampling at the

top, middle, and bottom positions of a bio-column. The

results show that the mixed culture on a PP ring was

4.95 9 105, 2.16 9 106 and 1.37 9 106 CFU/mL, respec-

tively. Therefore, the persistence of a mixed culture either

immobilized or suspended showed that the SUTS 1 and

SUTS 2 can efficiently grow using cyanide compounds as a

source of nutrients and can lead to the development of a

biodegradation system for long-term treatment of thio-

cyanate and metal cyanide by the fixed-film bio-column

system.

Long-term fixed-film bio-column system

From the short-term study, the optimal flow rate of 10 mL/

min with EBRT for 21 min was applied to the long-term

study. Thiocyanate and metal cyanides were degraded

within the first 24 h. Nevertheless, thiocyanate degradation

occurred quite regularly over the last 13–24 days, in which

thiocyanate degraded from 72.04 mg/L down to approxi-

mately 44.19 mg/L, and the efficiency was approximately

38.66% (Fig. 4). Afterwards, the efficiency for thiocyanate

degradation increased from day 25 to 30. At day 30 of the

experiment, the system exhibited the highest thiocyanate

degradation efficiency (58.41%) with residual thiocyanate

at 29.96 mg/L. It might be due to the mixed culture of

SUTS 1 and SUTS 2 adapted and began to tolerate the high

thiocyanate concentrations throughout the 30 days, as

shown in Fig. 4 and Table 3. Other studies have reported

that thiocyanate utilization occurred mainly during the

exponential phase of growth for mixed culture and pure

bacterial strains (Souza-Fagundes et al. 2004). A similar

result was previously reported for Arthrobacter species

(Betts et al. 1979) using thiocyanate as energy and a sulfur

and/or nitrogen source for growth (Chapatwala et al. 1998;

Sorokin et al. 2001). Sulfate, the by-product, was observed

for 30 days, and it stabilized in the range of 30–50 mg/L

during days 3–24 and then increased to 61–100 mg/L

during days 25–30 of the study, which was consistent with

the degradation of thiocyanate (Fig. 4). This is consistent

with other studies which reported that sulfate is the end-

product of thiocyanate degradation by microbes as shown

in the following equation (Akcil and Mudder 2003; Lim

et al. 2008; Grigor’eva et al. 2009; Huddy et al. 2015):

SCN� þ 5=2O2 þ 2H2O �! SO2�
4 þ HCO�

3 þ NH3 ð4Þ

The fixed-film bio-column treatment system rapidly

removed zinc within the first 24 h (Fig. 5). The removal

efficiency of zinc was 62.80%, with zinc at an initial

concentration of 0.561 mg/L. The ability of the bio-column

system to remove zinc began 22–30 days after culture, and

the maximum removal efficiency of zinc was 68.60% on

day 27. For cadmium removal, which started in the form of

cadmium cyanide at an initial concentration of 0.105 mg/L,

the results illustrated that the bio-column system was

capable of cadmium removal within the first 24 h, similar

to zinc, and showed a maximum removal efficiency of

27.17% on day 2. Afterwards, the removal efficiency of

cadmium decreased for 30 days. There was a negligible

trend of removal when compared to zinc removal, similar

to the short-term study. During cyanide treatment, the

system was less effective at degrading metal cyanide

complexes such as zinc cyanide and cadmium cyanide for

use as a carbon source compared with the free cyanide

form (CN-). It was also found that cyanide can be rapidly

degraded within 2 days (Fig. 6). During the initial period

of running the system, the effective treatment may not have

been continuous owing to the presence of several com-

pounds. After day 9 of the experiment, cyanide degradation

became more steady. The cyanide degradation rate reached

its maximum on day 17 (80.56%) from an initial concen-

tration of 0.76 mg/L and degraded to 0.15 mg/L. It still

contained residual cyanide of approximately 0.17 mg/L on

days 9–30; thus, the efficiency of cyanide degradation was

approximately 77.85%.

According to other studies, cyanide was degraded by

microorganisms, with the maximum rate of degradation in

the exponential growth phase (the first 6–24 h), and they

were able to utilize cyanide compounds and transform

them into non-toxic substances, such as ammonia, nitrite,

or nitrate (Chakraborty and Veeramani 2006; Sirianun-

tapiboon and Chuamkaew 2007; Potivichayanon and

Kitleartpornpairoat, 2014). There are a wide variety of

microorganisms, and each type of bacteria has the ability to

remove heavy metals in different ways. For example,

several species of Pseudomonas were able to remove

metals and reduce toxicity to tolerate cadmium and/or zinc

(Malik and Jaiswal 2000; Raja et al. 2006; Ozgur and Aysel

2012). Sannasi et al. (2009) showed that Pseudomonas sp.,

Serratia sp., Flavobacterium sp., Chryseomonas sp., Xan-

thomonas sp., Agrobacterium sp., Bacillus sp., Arthrobac-

ter sp., and Micrococcus sp. can remove heavy metals in
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the form of Cd(II), Cr(VI), Cu(II), Ni(II), and Pb(II). The

previous study also found that mixed culture of Agrobac-

terium tumefaciens SUTS 1 and Pseudomonas monteilii

SUTS 2 in batch experiment can remove copper and zinc

cyanide (Supromin et al. 2015). In this work, the mixed

culture of Agrobacterium tumefaciens SUTS 1 and Pseu-

domonas monteilii SUTS 2 on a fixed-film and in suspen-

sion could eliminate zinc and cadmium in the form of Zn

(CN)2 and Cd (CN)2. It was found that the elimination of

zinc increased for 30 days, but cadmium was removed only

moderately. Although cadmium accumulated in the system,

the mixed culture bacteria were able to multiply (Fig. 7;

Table 3). This indicated that the bacteria are resistant to the

toxicity of cadmium. Another study also reported that

Pseudomonas aeruginosa B237 and Cupriavidus taiwa-

nensis E324 were tolerant of both cadmium and zinc, while
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Table 3 Weight of the biofilms on packing materials of mixed culture bacteria from the bio-column system

Position of packing

on bio-column

Weight of biofilm on packing before

experiment (mean ± SD) (g)

Weight of biofilm on packing after

experiment (mean ± SD) (g)

Weight of biofilm increased on

packing (mean ± SD) (g)

Upper 2.0530 ± 0.0001 2.0643 ± 0.0001 0.0113 ± 0.0001

Middle 2.0676 ± 0.0001 2.0816 ± 0.0001 0.0140 ± 0.0001

Bottom 2.0495 ± 0.0001 2.0691 ± 0.0001 0.0197 ± 0.0001
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Tsukamurella paurometabola A155 were tolerant of zinc

only; in addition, more Zn2? and Cd2? absorbed on to cell

walls than inside the cells (Limcharoensuk et al. 2015).

This is possible, because the anionic functional groups on

the surface of the cell wall are involved in extracellular

accumulation and/or sequestration of Zn2? and Cd2? ions

(Lima et al. 2006; Vijayaraghavan and Yun 2008). Gurbuz

et al. (2009) noted that the uptake of metals (Zn, Cu, Cd,

and Al) decreased with an increase in the complexity of the

solution. In addition, cyanide degradation was affected by

other metals in the solution, which was similar to this study

where the complexity of thiocyanate, zinc, and cadmium

cyanide was evident. The interval of maximum efficiency

demonstrated that the fixed-film bio-column system can

treat cyanide rather than zinc, thiocyanate, and cadmium.

These efficiencies were approximately 80.56, 68.60, 58.41,

and 27.17 for cyanide, zinc, thiocyanate, and cadmium,

respectively. However, it is interesting that when more than

one type of cyanide was treated, these compounds had a

direct effect on biological treatment. Certain substances

may have an inhibitory effect on the biodegradation of

other substances. Shivaraman et al. (1985) reported that the

presence of phenol and cyanide had a negative influence on

the degradation of thiocyanate; the studies of Paruchuri

et al. (1990) illustrated that the concentration of cyanide

above 2.5 mg/L required a longer time to complete the

degradation of thiocyanate, and complete inhibition

occurred at 10 mg/L. The results also found that bicar-

bonate was 54.50 mg CaCO3/L after the first 24 h and had

a maximum concentration on day 2 of 92.00 mg CaCO3/L.

Bicarbonate may be produced from thiocyanate degrada-

tion and/or metal cyanide degradation, as shown in Eq. 5,

so it is related to the degradation of thiocyanate and cya-

nide, especially zinc and cadmium cyanide, which rapidly

degraded on day 3, but no bicarbonate was detected

afterwards (data not shown). Moreover, ammonia in this
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study was not detected, except on days 19–21, when it

reached a concentration of 0.14 mg/L. This may be due to

the ammonia oxidizing and transforming into its nitrate

form (Eqs. 6, 7) (Akcil and Mudder 2003):

MCNþ 3H2Oþ 1=2O2 �! Mþ þ HCO�
3 þ NHþ

4 þ OH�;

ð5Þ

NHþ
4 þ 3=2O2 �! 2Hþ þ H2Oþ NO�

2 ; ð6Þ
NO�

2 þ 1=2O2 �! NO�
3 ð7Þ

Furthermore, the mixed culture of SUTS 1 and SUTS 2

was able to use ammonia as a source of nitrogen and/or

carbon. This system could detect nitrate for 30 days (Fig. 6).

The value of nitrate was 0.40–0.50 mg/L for the first

20 days. Maximum nitrate was up to 0.61 mg/L on day 5

of the study. The nitrate concentration depended on the

cyanide degradation rate by mixed culture bacteria.

However, the concentration of ammonia and nitrate at 3

and 1.5 g/L, respectively, slightly inhibited thiocyanate

degradation (Kwon et al. 2002). In contrast, it demonstrated

that the concentrations of ammonia and nitrate in this study

did not cause or inhibit the degradation of thiocyanate. In

addition, it was observed from increasing the treatment

efficiency. Consequently, the fixed-film bio-column system

for the integrated degradation of thiocyanate and metal

cyanide by immobilized of Agrobacterium tumefaciens

SUTS 1 and Pseudomonas monteilii SUTS 2 is an efficient

means of detoxification, which is technically feasible and is

highly effective, especially in the elimination of cyanide,

zinc, and thiocyanate, and has a high removal efficiency of

greater than 50%.

Conclusions

The mixed culture of Agrobacterium tumefaciens SUTS 1

and Pseudomonas monteilii SUTS 2 in a fixed-film bio-

column system revealed the optimal removal efficiency for

cyanide complexes in the form of thiocyanate, zinc cya-

nide, and cadmium cyanide. The wastewater flow rate for

the fixed-film bio-column system of 10 mL/min had the

highest removal efficiency for metal cyanide treatment

compared to a flow rate of 30 mL/min, except for the

removal efficiency of cadmium. It can be concluded that

the efficiency of cyanide complex degradation is high

during a short period of time, whereas a longer period of

time showed the accumulation of by-products and may

have some effect on the removal efficiency. Therefore,

wastewater treatment systems should be employed over the

long term to study its effect and optimal efficiency.
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