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Abstract The fixed-film sequencing batch reactor, or
F-SBR, was developed to treat high organic compound
levels and toxic cyanide concentrations in cassava
wastewater. The performance of the F-SBR was com-
pared with that of a conventional sequencing batch
reactor, or SBR, that was operated with organic com-
pound contents of 16,266.67-26,666 mg COD/L and
132.92-252.66 mg CN /L. The cyanide and chemical
oxygen demand removal efficiencies of the convention-
al SBR system were 42.61% and 36.83%, respectively,
while those of the F-SBR were 77.95% and 74.43%,
respectively; the cyanide removal efficiency reached
95.45% when the hydraulic retention time was increased
to 5 days, and the F-SBR was very effective for the
complete removal of cyanide when the hydraulic reten-
tion time was increased to 10 days. This effectiveness
was similar to the effectiveness of chemical oxygen
demand removal, which reached 40-78% efficiency
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with the F-SBR system. These results showed that the
immobilization of cyanide-degrading bacteria such as
Agrobacterium tumefaciens SUTS 1 and Pseudomonas
monteilii SUTS 2 carried out with a polypropylene ring
in a fixed-film aerobic system enhanced the perfor-
mance of the reactor and can be successfully applied
for cyanide and chemical oxygen demand removal from
industrial wastewater with high cyanide and chemical
oxygen demand concentrations. This study may provide
a promising alternative technique that reduces economic
operation costs in solving wastewater contamination
problems.

Keywords Fixed-film sequencing batch reactor -
Hydraulic retention time - Mixed microbial culture -
Cyanide and COD removal - Specific growth rate

Introduction Cassava (Manihot esculenta) starch, or
tapioca starch, is an important economic product in
Thailand (EI-Sharkawy 2003; Chavalparit and
Ongwandee 2009). Nevertheless, in starch processing,
1 kg of fresh cassava root yields approximately 0.2 kg of
starch, 0.4-0.9 kg of residue, and 5-7 1 of wastewater
(Peters and Ngai 2005; Sangyoka et al. 2007). Cassava
wastewater is a carbohydrate-rich starch waste that con-
tains high chemical oxygen demand (COD), high bio-
chemical oxygen demand (BOD), high total solids (TS),
and very high organic cyanide (Hien et al. 1999;
Kaewkannetra et al. 2009, 2011). The cyanide concen-
tration in cassava mill wastewater has been reported to
range between 10.4 and 274 mg/L depending on the
cyanoglycoside content of the cassava varieties (Siller
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and Winter 1998; Balagopalan and Rajalekshmy 1998),
and cyanide is highly toxic because it has a strong effect
on many organisms at relatively low concentrations (1—
2 mM). It has the ability to bind iron in blood by forming
complexes and can inhibit oxygen transfer to cells by
blocking electron transport and energy release in cells
(Ripley et al. 1996), thereby causing suffocation and
human and animal health hazards. Since cyanide is a
toxic compound as a metabolic inhibitor, it is a serious
threat to discharge into the environment, and aquatic life
in the receiving waters must be protected. Hence, many
countries have implemented a statutory limit of approx-
imately 0.2 mg/L for cyanide discharge into natural
water basins (ATSDR 1997; Patil and Paknikar 2000a,
b).

Cyanide can be removed by several techniques, in-
cluding chemical and physical methods, but these pro-
cesses entail high operational costs or large amounts of
land for treatment and involve the use of additional
hazardous reagents (Watanabe et al. 1998;
Mpongwana et al. 2019). In contrast, a biological ap-
proach has been developed to greatly reduce costs and
perform highly as an environmentally acceptable meth-
od for cyanide removal. Under aerobic conditions, bio-
logical processes may consume hydrogen cyanide and
generate hydrogen cyanate and hydrolyze the latter
compound into ammonia and carbon dioxide (Baxter
and Cummings 2006; Dzombak et al. 2006). Further-
more, the enhancement of the biological treatment sys-
tems has been reported. For example, the immobiliza-
tion of bacterium Rhodococcus rhodochrous BX2 with
biofilm-forming bacterium Bacillus mojavensis M1 in
fluidized bed reactors reached 99.8% of cyanide remov-
al efficiency under optimal conditions (An et al. 2018),
and the technology of immobilized cell systems of
Klebsiella oxytoca revealed the efficiency better than
the suspended systems (Chen et al. 2007), and also the
alginate-entrapped cells of Serratia marcescens RL2b
immobilized in the packed bed reactor exhibited the
complete cyanide degradation (Kumar et al. 2015).
However, in many instances, complete degradation of
some cyanide complexes is not achieved (Figueira et al.
1996; Yanase et al. 2000). The sequencing batch reactor
(SBR) system is an alternative biological system used
for cyanide treatment (Sirianuntapiboon et al. 2008).
However, this system has some disadvantages, such as
high excess sludge production and a high sludge volume
index (Barnett et al. 1994; Dangcong et al. 2000; Kargi
and Uygur 2002; Wilen and Balmer 1998). Fixed-film
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sequencing batch reactors (F-SBRs) were developed to
support biological reactors with a high degradation per-
formance. F-SBR systems have attracted a great deal of
attention due to their ability to take advantage of both
fixed biofilms and SBRs, which show improved bio-
mass concentrations in reactors with increased specific
removal efficiencies and are capable of covering small
areas. Therefore, the main idea of developing an F-SBR
system was to achieve a system that has the advantages
of biofilm systems, including (1) the capability for the
treatment of all domestic and industrial wastewaters, (2)
shockability, (3) compactness (small footprint), (4) no
need to return sludge, and (5) a stable ecological system
(Nicolella et al. 2000; Han et al. 2012).

Therefore, this study aimed to evaluate the feasibility
and advantage of a fixed-film sequencing batch reactor
with a mixed culture of Agrobacterium tumefaciens
SUTS 1 and Pseudomonas monteilii SUTS 2
immobilized on polypropylene ring carriers as a biofilm
medium applied to remove high concentrations of cya-
nide and organic matter from cassava wastewater.

1 Materials and Methods
1.1 Microorganisms

A culture of Agrobacterium tumefaciens SUTS 1
and Pseudomonas monteilii SUTS 2 with a high
efficiency for cyanide degradation (Potivichayanon
and Kitleartpornpairoat 2014) was isolated from a
wastewater treatment system in the cassava starch
industry. A previous study found that the mixed
culture was able to degrade hydrogen cyanide and
metal-cyanide complexes. In this study, bacterial
cells were cultured in a buffer medium containing
2.7 g of KH,POy, 3.5 g of K,HPO,, 10 ml of a
mineral salt solution (300 mg of FeSO,4-7H,0,
180 mg of MgCl,-6H,0, 130 mg of
Co(NO;),'6H,0, 40 mg of CaCl,, 40 mg of ZnSO,
and 20 mg of MoOj in 1 L of deionized water), and
25 mg/L potassium cyanide (KCN). An inoculum of
10 ml of mixed culture was added into an Erlen-
meyer flask containing 90 ml of buffer medium and
the cyanide complexes and incubated at room tem-
perature at 150 rpm on a rotary shaker. The growth
of the mixed culture was studied for 7 days by the
colony count technique on buffer medium agar and
incubated at 30 °C (Potivichayanon and
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Kitleartpornpairoat 2014; Supromin et al. 2015;
Potivichayanon et al. 2017), and the cells were used
as a starter for studies of cyanide degradation on a
flask scale and in the F-SBR system.

1.2 Cyanide Degradation on the Flask Scale

Inocula of the mixed culture were transferred to flasks
containing 30 ml of buffer medium and 70 ml of cassava
wastewater for acclimatization. The cell growth in terms
of total cells was monitored every 24 h for 5 days of
incubation. The microorganism cell growth was ana-
lyzed by the colony counting technique on buffer medi-
um agar and incubated at 30 °C, and the wastewater
characterization, such as determinations of COD and
cyanide content, as a function of total cyanide was
performed in triplicate by following the standard
methods for the examination of water and wastewater
(APHA 2005).

1.3 Immobilization of Mixed Culture Bacteria

The mixed culture bacteria of SUTS 1 and SUTS 2
grown in the exponential phase (Potivichayanon and
Kitleartpornpairoat 2014) were immobilized on packing
materials [polypropylene Pall (PP) ring]. The diameter
of the polypropylene Pall ring was 3 in. The PP rings
were sterilized with ultraviolet light using laminar air-
flow cabinets (ScanLaf/Mars 1500, Labogene Aps,
Denmark) and transferred into F-SBR containing buffer
medium (30 L). After that, the mixed culture bacteria
were added to the F-SBR system to become
immobilized cells at a ratio of 10:100 v/v and prepared
for 30 days.

1.4 Wastewater Source and Sample Characteristics

The cassava wastewater in this study was collected from
a primary sedimentation tank in a cassava industrial site
at Nakhon Ratchasima, Thailand. The chemical and
physical characterization was carried out in triplicate.
The experiments were carried out with various concen-
trations of pollutant in the wastewater that are given as
average values 132.92-252.66 mg CN /L and
16,266.67-26,666 mg COD/L; for nitrogen compound
content (pH 4.3-5.1), NH;-N was 7.81-8.96 mg/L, and
NO; -N was 3.59-4.21 mg/L.

1.5 Experimental Design

The experiments were performed in two types of se-
quencing batch reactor (SBR): a conventional sequenc-
ing batch reactor (SBR) was a control, and a fixed-film
sequencing batch reactor (F-SBR) was also used. Each
reactor was fabricated from transparent acrylic material
(5 mm thick). The diameter of each reactor was 30 cm,
and a depth of 50 cm corresponded to an effective
volume of 35 L; they had a working volume of 30 L.
The conventional SBR was operated in parallel with the
F-SBR, but the F-SBR had fixed-film packing medium
installed as 30% of the working volume in the reactor
(Fig. 1). The influent (cassava wastewater) was fed into
a reactor at the bottom of the system, while the effluent
was drawn at the top of a packing medium layer using a
peristaltic pump. One set of air pumps was used to
supply air to each reactor, and the aeration system was
equipped with an air diffuser installed at the bottom of
each reactor. The conventional SBR system and the F-
SBR system were installed with an automatic timer to
control the intermittent operation of each step.

1.6 Reactor Start-Up and Operation

The typical cycles in the operation program consisted of
five steps that were controlled by an automatic timer: fill
(instantaneous), react (aeration), settle (sedimentation/
clarification), draw (decant), and idle (Metcalf and Eddy
1991). The fixed-film bacterium was added to cassava
wastewater to replace the buffer medium at a fill rate of
10% (v/v) every day into the wastewater to achieve a
final working volume. Initially, a single start-up cycle
was carried out over 24 h, including 1 h of feeding (fill),
21 h of aeration, 1 h of settling, and 1 h of effluent
withdrawal (drawing and idle) under each set of opera-
tion conditions, as shown in Table 1. The wastewater
was fed into the reactor within 1 h (fill step) by a
peristaltic pump. The aeration was then continued for
another 21 h (reaction step), and the required oxygen
was maintained as evidenced by the dissolved oxygen in
the system of approximately 0.35-1.5 mg/L. Then, the
aeration was shut down for 1 h (settling step) during
which sludge settled down to the bottom of reactor.
Subsequently, the clarified effluent had to be removed
(the volume of effluent was based on the operation
program) for 1 h (drawing and idle step). The excess
sludge was drawn during the drawing and idle steps.
After that, the raw wastewater was filled into the
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Fig. 1 Schematic diagram of F-SBR (a) and conventional SBR (b)

reactors to a final volume of 30 L, and the operation was
repeated. Each experiment was carried out for 10 days,
and buffer medium was added as an essential nutrient
source with a fill rate of 10% (v/v) to support the growth
of microorganisms after the completion of each experi-
ment. The influent was collected daily every 2 days, and
the effluent was obtained once a day for biological and
chemical analyses. In addition, the conventional SBR,
as a control, was operated similar to F-SBR with a
hydraulic retention time (HRT) of 3 days.

1.7 Analytical Methods

The growth of the mixed culture was estimated using the
colony counting technique with tenfold serial dilutions
with sterile saline solution (0.85% w/v NaCl). The cassava
wastewater and effluent were analyzed in terms of the
cyanide (CN"), chemical oxygen demand (COD),

Table 1 Operation parameters of F-SBR
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ammonia (NH3-N) and nitrite (NO, -N) levels according
to the standard methods for the examination of water and
wastewater (APHA 2005) and nitrate (NO5; -N) (APHA
1998). All chemical ingredients were analytical grade and
purchased from Merck (Darmstadt, Germany), Sigma-
Aldrich (St. Louis, USA), or Ajax (Auckland, New
Zealand). Dissolved oxygen (DO) and pH were measured
routinely by using a DO meter and a pH meter (Jenway
3510, Keison, England). Biofilm concentrations were cal-
culated as dry mass and expressed in grams (of biomass).

2 Results and Discussion
2.1 Cyanide Degradation on the Flask Scale

The preliminary studies of cyanide degradation were
studies in buffer medium supplemented with 70%

Parameters Hydraulic retention time (HRT)
3 days 5 days 7 days 10 days

Working volume of reactor (L) 30 30 30 30
Flow rate (ml/min) 168 112 74 54
Replacement volume (L/day) 10 6 44 3
Operating step of the cycle (h) 24 24 24 24

Fill up (h) 1 1 1 1
Aeration (h) 21 21 21 21
Settling (h) 1 1 1 1

Draw and idle (h) 1 1 1 1
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(v/v) cyanide-contaminated wastewater collected from
the cassava industrial site; this wastewater contained an
initial concentration of cyanide and an initial COD of
132.92 mg/L and 26,133.33 mg/L, respectively. The
results demonstrated that the growth pattern of the
mixed culture showed a clear exponential phase on
day 4, with a maximum cell count of approximately
10® CFU/ml (Fig. 2). As growth occurred, the levels of
cyanide removal efficiency were maintained at approx-
imately 36—74% over the same periods. The increased
rate of cyanide and COD removal from the medium was
accompanied by an increase in the bacterial population.
In other words, when the cells reached the exponential
phase, the rate of cyanide degradation reached 70.95 and
73.88%. Meanwhile, the rate of COD removal as time
progressed sharply increased from 26 to 66% with in-
creasing cell growth in the exponential phase at 4 days
of incubation. The results showed that organic matter
consumption was dramatically faster in the exponential
phase than in the lag phase. The cell population at the
higher cyanide concentration showed that in the initial
period, the cells needed some time for acclimatization.
Particularly, the period corresponding to the initial cell
adaptation phase occurred before the biodegradation
started, which implies that the rates of cyanide and
COD degradation are related to the metabolic activity
of microorganisms. The results indicated that the mixed
cultures are able to survive under the very high cyanide
and COD concentrations typically found in the cassava
industry and are capable of eliminating cyanide and
COD in wastewater. The next process was conducted
by applying a conventional sequencing batch reactor

integrated with fixed-film bacteria to improve the effi-
ciency in the treatment and removal of pollutants.

2.2 Evaluation of SBR and F-SBR Performances

The performances of SBR and F-SBR were determined
regularly after operating at an HRT of 3 days and a
wastewater flow rate of 168 ml/min. The reactor perfor-
mance was evaluated continuously for 10 days under
influent cyanide and COD concentrations of approxi-
mately 208.93 mg/L and 16,266.67 mg/L, respectively,
or under organic loading of 69.64 mg CN /L d and
5422.22 mg COD/L d. The results revealed that the
conventional SBR system (without inoculum seeding)
could perform, with an average removal efficiency of
42.61% for cyanide and 36.83% for COD; however, the
system showed low removal efficiency. This might be
due to the very high concentrations of cyanide and
COD. The use of the control system to remove cyanide
and COD resulted in effluent concentrations of these
compounds of 90 mg/L and 7626.67 mg/L, respectively,
which were attributed to the ability of indigenous mi-
croorganisms to remove cyanide from wastewater. As a
result, it was necessary to improve the treatment system
by installing a fixed-film mixed culture of
Agrobacterium tumefaciens SUTS 1 and Pseudomonas
monteilii SUTS 2. The ability of the F-SBR to include
packing media significantly increased the biodegrada-
tion efficiency on the first day and effected more than
70.68% removal after 4 days of operation (Fig. 3a). The
residual cyanide in the effluent was 61.25 mg/L. After
that, this F-SBR system was 77.95% and 74.43%

Fig. 2 Efficiency of cyanide and 100.00 1 - 1.80E+08

COD removal by mixed x~ | 1 60E208
microbial culture on the flask 80.00 A _
scale g N 1.40E+08 &
& \ T 1208408 g
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effective at degrading cyanide and COD, respectively,
within a period of 10 days, with effluent containing
46.06 mg CN /L and 6400 mg COD/L, whereas the
efficiencies of the conventional SBR were 45.85% and
46.56%, respectively (Fig. 3a and Fig. 4). As time
progressed, the maximum cell concentration in the F-
SBR was found to be 10’ CFU/ml, while the maximum
cell concentration in the conventional SBR was
10° CFU/ml (Fig. 5). As a result, the total biomass of
the F-SBR system due to an increase in the amount of
biofilm mass on the medium in the system supported an
efficiency higher than that of the SBR system. Never-
theless, a previous study reported that a mixed culture of
SUTS 1 and SUTS 2 was capable of degrading cyanide
and metal-cyanide complexes (Potivichayanon et al.
2017) because the efficiencies of bioreactors can be
improved by inoculating a specific microorganism with
enhanced metabolic capabilities (Li et al. 2015). Mekuto
et al. (2013) reported that mixed culture mainly domi-
nated by Bacillus spp. (Bacillus safensis, Bacillus
licheniformis, and Bacillus tequilensis) was able to tol-
erate and degrade cyanide broth. These microorganisms
were able to degrade 131 (65.5%) and 177 (44.3%) mg
CN /L in cultures containing 200 and 400 mg CN /L
over a period of 8 days, respectively.

Furthermore, cyanide was degraded by many mi-
crobes under aerobic conditions and transformed into
less toxic forms by extracellular enzymes found on the
cell wall of cyanide-oxidizing bacteria into byproducts
such as ammonia (NH5-N), nitrite (NO, -N), nitrate
(NO3 -N), and bicarbonate (HCO3; ) (Akcil and
Mudder 2003; Sirianuntapiboon and Chuamkaew
2007; White and Schnabel 1998; Watanabe et al.
1998). Thus, this study investigated the byproducts
ammonia (NH3-N), nitrite (NO, -N) and nitrate
(NO;5 -N). The results showed that the byproduct con-
centrations increased with increasing cyanide removal
efficiency. At an HRT of 3 days, the accumulation of
ammonia occurred in the system after the first day of the
operating period. In the control experiment (SBR), am-
monia and nitrite concentrations exhibited stable values,
with average values of approximately 31.35 mg/L and
0.03 mg/L, respectively, but nitrate exhibited high con-
centrations on days 2-3 (approximately 0.69 mg/L),
conforming to residual cyanide concentrations and de-
creasing afterward. Although the F-SBR revealed an
increase in ammonia concentrations to 17-26 mg/L,
the nitrate concentration was 0.34-0.61 mg/L, and ni-
trite was found at low levels of approximately 0.02—
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0.11 mg/L (Fig. 6a). This behavior may be because the
mixed culture was able to consume ammonia as a nitro-
gen source better than the indigenous microbes, which
can be observed from this ammonia concentration being
less than that in the SBR system because Pseudomonas
spp. could degrade cyanide and convert it to ammonia
under both aerobic and/or anaerobic conditions
(Watanabe et al. 1998), similar to Agrobacterium
tumefaciens SUTS 1, which was able to degrade cyanide
to ammonia and nitrate as a final byproduct
(Potivichayanon and Kitleartpornpairoat 2014). These
could be easily utilized by microbes. Furthermore,
immobilized cells are advantageous because they sup-
port a higher cell density than planktonic cells, eliminate
cell recovery and offer the possibility of maintaining the
cells under viable conditions with a high specific surface
area for microbial proliferation (Bohn 1992;
Potivichayanon et al. 2006; Terada et al. 2006; Dursan
and Aksu 2002; Zhou et al. 2007; Chen et al. 2008;
Dash et al. 2009a, b). The experiment suggested that the
immobilized cells exhibited a high tolerance for the
extreme environment.

2.3 Cyanide Removal Efficiency under Different HRTs

According to the above results, the F-SBR system can
treat a very high concentration of organic contaminants
that is greater than the concentrations treated by the
conventional SBR because immobilized cells in the
reactor are more suitable for cyanide treatment than
the cells in the SBR. Therefore, the HRT is a critical
design parameter for biological treatment systems
whose proper selection guarantees the removal of sub-
strates since establishing an optimal HRT significantly
affects microbial and substrate reaction times (Romero
Aguilar et al. 2013). In this study, the F-SBR system
was applied to obtain the optimal conditions with vari-
ous HRTs of 3, 5, 7, and 10 days. The results illustrated
that the removal efficiency increased when the HRT was
increased to 5 days with an organic loading of
3253.22 mg COD/L d and cyanide loading of
41.79 mg CN /L d and initial cyanide and COD con-
centrations of 208.93 mg/L and 16,266.67 mg/L, re-
spectively. The results showed that the system was able
to degrade cyanide and COD better than when the HRT
was 3 days. The cyanide removal efficiency remained at
an average of 93.27% at a DO concentration of 0.51 mg/
L and improved to 95.21% within 8 days (Fig. 3a) even
though the COD exhibited the highest removal
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Fig. 3 Cyanide degradation at
different HRTs: (a) HRTs of 3
and 5 days, (b) HRTs of 7 and
10 days, using the SBR as a
control system at an HRT of

3 days and F-SBR systems
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Fig.5 Comparison of the growth

patterns of cells cultured in the
SBR and F-SBR systems
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compounds as carbon and nitrogen sources that can be
degraded and/or eliminated into ammonia, nitrite, and
nitrate, as mentioned above (Petrozzi and Dunn 1994;
Dzombak et al. 2006). Nevertheless, the concentrations
of byproducts, especially ammonia, increased sharply to
53.95 mg/L at first and then decreased afterwards while
the nitrate concentration increased. An interesting ob-
servation on days 3—4 was an apparent link between the
DO value and the nitrification reaction (Fig. 6b). When
oxygen decreased, ammonia and nitrate concentrations
decreased, but nitrite increased to 0.1767 mg/L and then
decreased. This trend can explain why oxygenation is a
major challenge in the biodegradation of cyanide in the
degradation pathway and immobilization approach: liv-
ing cells require sufficient oxygen to keep cells highly
available and productive throughout a culture period
(Meuwly et al. 2005). As a result of cell growth, the cell
concentration tended to increase when the degradation
rate increased; for example, the cyanide and COD re-
moval efficiencies were in the ranges of 92-94% and
70-73%, respectively, and cell growth usually increased
during 3-7 days of operation (Fig. 5). Furthermore, a
previous study reported that Agrobacterium tumefaciens
SUTS 1 was able to degrade cyanide to ammonia and
nitrate as final byproducts; thus, the byproduct concen-
tration was dependent on the rate of cyanide degradation
(Potivichayanon and Kitleartpornpairoat 2014;
Supromin et al. 2015; Potivichayanon et al. 2017). In
addition, Ibrahim et al. (2015) reported that Pseudomo-
nas spp. have a great capability for cyanide removal.
However, in the experiments with HRTs of 7 and
10 days, the concentrations of COD and cyanide in the
cassava wastewater dropped to 10,906.67 mg/L and

62.46 mg/L, respectively, or the organic loading was
3635.56 mg COD/L d and 20.82 mg CN /L d, respec-
tively. At the HRT of 7 days and when the experiment
was started with organic loadings of 1558.10 mg COD/
L d and 8.92 mg CN /L d, the cyanide degradation
tended to drop. The results demonstrated that the highest
cyanide removal efficiency occurred after 7 days of
operation (approximately 89.21%), and the residual cy-
anide concentration in the effluent was 6.74 mg/L
(Fig. 3b). However, the COD had the better removal
efficiency of 77.87% after 3 days of operation, with a
COD concentration in the effluent of approximately
2413.33 mg/L. This value decreased to below 53.30%
afterward, with a final effluent concentration of
6400 mg/L (Fig. 4).Analysis of byproducts in the efflu-
ent revealed that ammonia accumulation in this cycle
reached above 128.61 mg/L, but very low nitrite (aver-
age of 0.0081 mg/L) was present, sometimes not being
detected. In contrast, the nitrate concentration in effluent
increased with increasing ammonia and remained at a
relatively high level of more than 0.2851 mg/L (Fig. 6¢).
This result indicated that the nitrogen from ammonia
directly accumulated as an intermediate product before
nitrate instead of being completely nitrified (Ma et al.
2017). Nevertheless, the accumulation of ammonia was
affected by decreasing cyanide degradation because am-
monia may inhibit bio-oxidation due to the participation
of microbial enzymes in cyanide degradation, nitrifica-
tion, and denitrification in the treating system (Bian
et al. 2015; Zheng et al. 2016; Naveen et al. 2011; Suh
et al. 1994). However, a fluctuating concentration of
ammonia was observed; the high ammonia concentra-
tion in the broth could inhibit cyanide biodegradation,

Fig. 7 Photograph of immobilized cells fixed on the surface of polypropylene ring carrier materials in F-SBR
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Table 2 The weight of the biofilms of mixed culture bacteria from the F-SBR system

Position of Weight of biofilm on packing ~ Weight of biofilm on packing Increase in weight of Cell Specific growth
packing before experiment (g)* after experiment (g)* biofilm on packing (g)* count rate; w (h 1)
(CFU/ml)
Top 8.3931 + 0.0768 8.4487 £ 0.1140 0.0556 + 0.0373 1.60x 107 0.004
Middle  8.6280 + 0.2312 8.6825 £ 0.2287 0.0545 + 0.0082 2.70x 107 0.005
Bottom  8.5769 + 0.0933 8.6833 + 0.0466 0.1063 + 0.0764 4.55% 107 0.005

*The values are shown as the mean+SD

because the organisms prefer ammonia as a nitrogen
source rather than cyanide, thus reducing cyanide deg-
radation by the microbial species (Mekuto et al. 2013).

The F-SBR system exhibited better removal of cyanide
when operating with a high retention time at 10 days, a
wastewater flow rate of 54 ml/min and organic loadings of
approximately 1090.67 mg COD/L d and 6.25 mg CN /L
d than under other conditions. The cyanide removal effi-
ciency of the system gradually increased during the first
period of the operation cycle and then reached a steady
state after 4 days of operation (Fig. 3b), while the initial
period presented the highest efficiency of COD removal,
which was 74.21% (Fig. 4). In the steady state, it proved
possible to achieve 94.42-96.70% (Fig. 3b). The residual
cyanide decreased to approximately 2.07-3.51 mg/L. To-
wards the end of operation, the system could completely
degrade the cyanide after 10 days of running. In addition,
residual cyanide was not detected in the effluent on day 10
of an experiment, possibly because the cyanide in the
reactor was oxidized rapidly by nitrification and trans-
formed into ammonia and nitrate (Chapatwala et al.
1998; Sirianuntapiboon and Chuamkaew 2007). Further-
more, the nearly complete removal of cyanide increased

Fig. 8 The relationship between 0.12 1

the weight of the biofilms and cell
growth of mixed cultures from the
reactor

0.1 1

Weight of biofilm (g), p (")
E

the ammonia concentration in the effluent, corresponding
to a cyanide removal efficiency that increased from 106.87
to 170.99 mg/L. Meanwhile, nitrite was not detected but
there was accumulation of nitrate from 0.3406 to
0.7958 mg/L during that time (Fig. 6d). This might be
because these compounds could be utilized as electron
accepters to stimulate the denitrification reaction when
insufficient DO was present (Third et al. 2003). In addition,
Holt et al. (1994) reported that Agrobacterium spp. could
utilize ammonia salts and nitrate as the sole nitrogen
sources, and ammonia can be oxidized by microbes and
converted to nitrite and nitrate. Furthermore, the formation
of byproducts that are produced through cyanide degrada-
tion, especially ammonia, is hazardous to aquatic life if the
concentration is in very high (EPA 2013).

2.4 Quantification of Bacterial Community

Biofilm formation of mixed-culture bacteria in the F-
SBR system was observed after operation (Fig. 7) by
random sampling of the packing medium from this
reactor (top, middle, and bottom position). The micro-
bial community attached to the carrier medium was
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characterized by its dry weight (Table 2). After the
operation period, the total microorganisms attached to
the medium averaged 2.95 x 10’ CFU/ml and presented
a specific growth rate (1) of 0.005 h™' (Fig. 8). This
specific growth rate presented the cell growth
(mass/volume) in a specific time (h) (Maier et al.
2009). In addition, the total number of suspended cells
in the reactor was 6.65 x 10’ CFU/ml; this indicated that
the mixed culture, either immobilized or suspended, is
tolerant to high organic loading and cyanide toxicity.
Furthermore, immobilization of bacteria as biofilms on
the surface of the packing material can reduce the
chance of biomass wash-out because a combination of
suspended cells and biofilms of immobilized cells were
in the reactor (Magri et al. 2012; Maston and Tomaszek
2015). The performance of the reactor will be promoted
to remove the very high levels of pollutant compounds
contaminating the environment. However, the types of
microorganisms and texture of packing materials for the
biofilm system are the most important factors in the
performance of wastewater treatment processes because
they affect the weight, activities, and composition of the
biofilm in the system (Felfoldi et al. 2015; Maston and
Tomaszek 2015). On the other hand, the operation cost
of wastewater treatment system should be considered
for the industrial plant. The SBR with biofilm system
has been reported the cost-effectiveness because it could
be operated in a different mode in the same tank and also
it requires only the nutrient for supporting microbial
growth and activating removal rate (White et al. 2000;
Maniyam et al. 2015; Mpongwana et al. 2019). This is
similar to this study, the F-SBR system was operated
and added with 10% (v/v) of buffer medium as nutrient
sources in every 10 days under the optimal conditions
which the cost was estimated at 3.15 TH Baht or 0.11
US Dollar per 1 m® of wastewater containing cyanide
and organic matter with high initial concentration of
208.93 mg/L and 16,266.67 mg/L, respectively, where-
as the traditional chemical treatments such as alkaline
chlorination or hydrogen peroxide could be more ex-
pensive to operate due to high reagent usage and also
undesirable toxic byproducts requiring further treatment
(Akcil 2003; Parga et al. 2003; Dash et al. 2009a,
2009b; Botz et al. 2016; Pueyo et al. 2016); for example,
if the usage of chlorine for alkaline chlorination process
is in the range 3.0-8.0 g Cl, per gram of cyanide
oxidized under pH 10.5, it will generate toxic byproduct
compounds or excess chlorine in the effluent, and if that
of hydrogen peroxide process is 50 mg/L H,O, for

oxidizing 4.1 mg/L of initial cyanide under pH 10.9,
the excess dosages of hydrogen peroxide are required
for slurry treatment (Botz et al. 2016).

3 Conclusions

The bioremediation of cyanide and COD contaminating
cassava wastewater by mixed microbial culture of
Agrobacterium tumefaciens SUTS 1 and Pseudomonas
monteilii SUTS 2 with indigenous microorganisms
demonstrated that the F-SBR can treat high concentra-
tions of cyanide and organic matter in cassava wastewa-
ter. The cyanide removal efficiency increased with in-
creasing hydraulic retention time (HRT); the cyanide
removal efficiency reached 95% with an HRT of 5 days.
The use of the F-SBR was very effective for the com-
plete removal of cyanide when the HRT was increased
to 10 days, and it provided 40-78% COD removal
efficiency. Therefore, these results showed that the
fixed-film aerobic system can be successfully applied
for cyanide and COD removal from industrial wastewa-
ter better than conventional SBR systems.This study
contributes a sufficient method that is economical for
use as a promising alternative technique, offering an
applicable solution to the problem. However, the further
studies are required to enhance the methods for the
bioremediation of cyanide; for example, the idea of a
fixed-film system must be developed to maintain the
performance of such a system to increase the amount of
packing medium because this increase should increase
the surface area available for microbial adhesion, which
will reduce the loss of microorganisms within the treat-
ment system and make treatment with the system more
effective.
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