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Abstract

In the current study, bioelectricity and polyhydroxyalkanoate (PHA) production were integrated by a dual chamber microbial
fuel cell (MFC) using Enterobacter sp. TS1L and textile wastewater (TW), and the method was evaluated. The highest open
circuit voltage (OCV, 986.50 mV), current density (CD, 6.04 W/m?) and power density (PD, 0.32 W/m?) were observed
when sterile TW was used as the substrate. Sterilization had no effect on electricity generation, while the OCV, CD and
PD were not significantly different. The prolong MFC was operated by Enterobacter sp. TS1L using non-sterile TW for
a period of 7 days. Throughout the 7-day operation, the experiment yielded a consistent CD output, ranging from 1.56 A/
m? to 2.31 A/m>. After MFC treatment, the quality of the effluent surpassed the Thailand water quality standard. A high
percentage of decolorization (72.9%) was observed by Enterobacter sp. under TW-fed MFC. Thereafter, biomass was col-
lected, then, PHA was extracted and characterized. The highest biomass (3.5 +0.6 g/L) and PHA (56.1 +£1.5% cell dry mass,
CDM) level were observed at 6 days of MFC operation. The isolated polymer from Enterobacter sp. TS1L was confirmed
to be medium chain length-co-long chain length PHA (mcl-co-lcl PHA) containing 3-hydroxyhexadecanoate (3HD, C14)
and 3-hydroxyoctadecanoate (3HOD, C18).
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Introduction

Textile industry is a multi-stage operation process that
produces significant amount of highly toxic wastewater. It
has been reported that textile processes consume 100-350
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m? of water for a ton of textile product, and 17-20% of
wastewater is produced [1, 2]. Textile wastewater (TW)
contains high amounts of chemicals, dyes and auxiliaries.
Approximately 1.5 x 10* tons of dyestuff are lost during
different textile process occurs in the TW [1]. Therefore,
TW seriously damages the environment [3]. The develop-
ment of effective, economical, and easy-to handle alterna-
tive treatment technology for TW is of significant interest.
Various methods can be used to treat TW, such as chemi-
cal, physical, physiochemical, oxidation and biological
methods [4]. However, many treatment processes, such
as ultrafiltration, nanofiltration and reverse osmosis, are
expensive and unaffordable for small and medium enter-
prises. In addition, traditional physiochemical and biologi-
cal methods are not suitable for TW treatment because this
waste contains a lower ratio of biological oxygen demand
to chemical oxygen demand (BODs/COD) [5]. In our pre-
vious study, we successfully developed a TW treatment
process using Enterobacter sp. This strain could decolor-
ize culture medium supplemented with 50 mg/L. methylene
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blue (MB) and 100% TW at 92.6 and 72.3%, respectively
[6]. Interestingly, the value-added polymer polyhydroxy-
alkanoate (PHA) was produced (88.66% of cell dry mass)
by Enterobacter during wastewater treatment process via
B-oxidation pathway [7, 8]. PHA is biodegradable polyes-
ter produced microorganism. These polymers are potential
candidate for substitution of petrochemical plastics. PHA
are applied in many fields, such as medicine, agriculture
and packaging. However, the process using Enterobacter
sp. is limited by a high electric cost. To solve this problem,
a method that can produce electricity from TW, such as a
microbial fuel cell (MFC) would be very attractive [9-12].
Shameeda and Rahman [13] reported the effectiveness of
MFC for TW treatment. The maximum COD removal
of 77.03% was detected at a concentration of 1,350 mg
COD/L. The MFC produced a maximum current of 4.8 mA
and power density of 16.8 mW/m?. Rezaei et al. [14] found
that with cellulose as a substrate, Enterobacter cloacae
produces bioelectricity in MFCs with a high efficiency.
Enterobacter sp. are attractive bacteria for wastewater
treatment because they can use a wide range of substrates
to generate bioenergy and can completely degrade com-
plex substrates. A current yield between 0.2 and 4.4 A/m?
(corresponding to 0.005 and 2.0 W/m?) was detected in
MFCs using Enterobacter with various substrates, such
as glucose, cellulose, acetate and Luria—Bertani (LB)
broth [15]. Hsueh et al. [16] reported the decolorization
of reactive green 19 (RG19) by Enterobacter canceroge-
nus BYm30 using a single chamber membrane-less MFC
(SCML-MFC). The decolorization rate of RG19 in Entero-
bacter-MFC was faster than that in non-MFC culture. The
treatment of rhodamine B (RB) contaminated wastewater
by laccase and manganese peroxide-producing bacteria
using MFC was also evaluated by Chaijak et al. [17]. The
findings indicated that 4,816 mA/m? and 2,320.08 mW/m?>
were obtained. In addition, RB was removed at 80.56%.

This current study aimed to investigate the ability of
Enterobacter sp. to produce bioelectrics and PHA in a dual
chamber MFC. The production of electricity and PHA was
demonstrated in modified nutrient broth (NB), synthetic
wastewater and TW. In addition, the effect of non-sterile
TW on electricity was assayed. The characteristics of TW
before and after treatment by MFC were determined and
compared with the Thailand water quality standard (Pol-
lution Control Department, Thailand). Afterward, Entero-
bacter cells were harvested, and PHA was extracted and
characterized. This is the first reported on PHA recovery
from MFC. The majors advantageous of the present study
including (1) reduce TW treatment using bioelectricity
generate by MFC and (2) the value-added production of
PHA. Therefore, it is economically sustainable and indus-
trially very important.

Materials and Methods
Microorganism and Culture Conditions

Enterobacter sp. strain TS1L was provided by Rakkan
and Sangkharak [18]. This strain was isolated from TW
(Phatthalung, Thailand) and deposited in GenBank (No.
MN508473). This strain was stored in methylene blue-con-
taining nutrient agar (MB-NA) plates containing peptone
10 g/L, beef extract 1 g/L, yeast extract 2 g/L, NaCl 5 g/L,
methylene blue (MB) 50 mg/L and agar 15 g/L at an initial
pH of 7 [19]. Afterward, the strain was aerobically cultivated
in MB-containing nutrient broth (MB-NB) at 35 °C in an
orbital shaker at 150 rpm. The cells were collected after 48
h at the late log-phase by centrifugation at 8,000 X g for 10
min at 4 °C. The cells were washed three times and resus-
pended in MB—NB. The cell suspension was used as the
starter for the MFC experiments.

TW Collection and Characterization

TW was collected from the Ban Phrack Weaving Group
(Phatthalung, Thailand). Samples were placed on ice and
transferred to the laboratory. The sample was preserved at
— 25 °C before use. The characteristics of wastewater were
determined following standard methods described by Rak-
kan and Sangkharak [18] including pH, total dissolved solids
(TDS), settleable solids, total suspended solids (TSS), fat, oil
and grease (FOG), sulfide, total Kjeldahl nitrogen (TKN),
COD and color.

MFC Design and Construction

The dual chamber MFC was constructed based on a modi-
fied model proposed by Khajeh et al. [20]. The cathodic and
anodic chambers were established using a 125 mL suction
flask. A silicon tube with a diameter of 1 cm was employed
as a salt bridge, which was filled with a gel containing 1
mol/L KCl [21]. For the catholyte, a solution of 400 umol/L
KMnO, was utilized [22]. The cathodic electrode consisted
of a copper (Cu) plate measuring 1 X2 cm, while the anodic
electrode was formed by an aluminum (Al) plate of the same
dimensions. The MFC bioreactor and its schematic diagram
were illustrated in Fig. 1.

Electricity Generation in MB-NB

First, the potential of electricity generation was evaluated in
MB-NB. A 90 mg/L of MB was added to NB and used as the
anolyte in the experimental setup. 10 mL of 48 h-old bacte-
rial seed culture were combined with 90 mL of MB-NB.
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Fig. 1 MFC reactor (A) and schematic diagram of MFC with schematic diagram (B)

This mixture was then introduced into the anodic chamber
of the setup. Simultaneously, a cathodic chamber was filled
with 100 mL of a solution containing 400 uM KMnO,. The
open-circuit voltage (OCV) was recorded at 10-min intervals
over a period of 3 h to monitor any changes in electrical
potential. Additionally, measurements of the close-circuit
voltage (CCV) were obtained while varying the external

@ Springer

resistance within a range of 1 to 5,000 Q. A polarization
curve was constructed, illustrating the relationship between
the applied external resistance and the corresponding values
of maximum power density and maximum current density.
The open-circuit voltage (OCV) and close-circuit voltage
(CCV) were monitored and recorded during the observation
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period. MB-NB without bacterial inoculation was used as
a control.

Electricity Generation in MB-synthetic Wastewater
and TW

The potential of bioelectric generation in synthetic wastewa-
ter and TW was also determined. MB-synthetic wastewater
and TW were prepared as follows. Synthetic wastewater was
prepared as described by Thipraksa and Chaijak with modifi-
cations [22]. The MB-synthetic wastewater contained 255.50
mg/L NaHCO;, 21.70 mg/L KH,PO,, 15.60 mg/L MgSO,,
2.50 mg/L CaCl,, 0.08 mg/L (NH,),S0O,, and 50 mg/L. MB.
The OCV was recorded at 10-min intervals over a period
of 3 h. Additionally, the CCV values were obtained while
varying the external resistance within a range of 1 to 5,000
Q. A polarization curve was constructed.

Effect of Sterile and Non-sterile TW on Electricity
Generation

TW was also used as a substrate for electricity in the MFC.
TW was centrifuged (3,000 X g, 10 min) to remove contami-
nated sediment. For the sterile condition, textile wastewater
was autoclaved at 121 °C for 15 min. Afterward, the effect
of sterile TW and non-sterile TW was studied. The electric-
ity production from MB-NB, MB-synthetic wastewater and
TW was compared.

Effect of Prolong Operation on Bioelectric
Generation, PHA Production and Decolorization

A total of 90 mL of non-sterile wastewater was carefully
combined with 10 mL of bacterial seed to create the mixture,
which was subsequently introduced into the anodic chamber.
In addition, the effect caused by a prolong operation period
on the current output was also investigated. The experiment
spanned 7 consecutive days during which the CCV at 1,000
Q was recorded at 24 h intervals. Systematic data was col-
lected to establish and verify the current output performance
under prolonged operating conditions. The bioelectric pro-
duction of sterile and non-sterile TW was compared. In addi-
tion, 5 mL of bacterial culture was harvested every day for
7 days. The sample was centrifuged, and the cell were col-
lected for PHA extraction and characterization. The superna-
tant was also collected and subjected to characterization. In
addition, the percentage of decolorization was determined.

Decolorization Measurement
The decolorization efficiency was measured in a UV-Vis

spectrophotometer at 540 nm. The TW after MFC was
collected and centrifuged at 8,000 X g for 10 min prior to

measurements [23]. The percentage of decolorization was
calculated as follows:

% Decolorization = [(Initial absorbance — Final absorbance)

/Initial absorbance] x 100

Cell Recovery and PHA Extraction

Cells from the non-sterile TW MFC chamber were washed
twice with sterile distilled water. The collected cell was
dried in a hot air oven (80 °C) until a constant weight was
observed. The concentration of cells was calculated using
the following formula:

Cell dry mass (CDM, g/L) = [(dried weight, g)/5 mL]| x 1,000

To determine the content of PHA, dried cells were
resuspended in 10 mL of 4% HCIO and incubated at
37 °C and150 rpm for 2 h. The mixture was then cen-
trifuged (8,000 X g, 10 min), and then, the residue was
collected and washed twice with 5 mL of mixed solvent
(acetone:ethanol:diethyl ether,1:1:1). PHA was obtained
by centrifugation (8,000xg, 10 min) [24]. The PHA con-
tent was calculated using the following formula:

PHA content (% CDM)
= (Weight of PHA, g/Dried cell weight, g)
x 100

Determination of PHA Functional Groups
and Composition

The functional groups of PHA were analyzed by Fourier
transformed infrared (FTIR) spectrophotometry. The spec-
tra of the PHA were recorded in the wavenumber range
from 650 to 4,000 cm™! (Jasco FTIR-6100, Japan) [25].
The sample was prepared in a 50 mL glass round bottom
flask. A 2 mg of PHA was mixed with 2 mL of CHCI; and
2 mL of CH;OH. Afterward, 0.5 mL of H,SO, was also
added. The sample was refluxed in silicone oil (100 °C,
2 h) and then cooled to room temperature (25 °C). After-
ward, distilled water (2 mL) and saturated NaHCO; (2 mL)
were added. The mixture was left to separate, and only the
bottom layer (CHCI;) was collected. Residual water was
removed using Na,SO,. The sample was filtered through
a 0.45 pm nylon membrane. The filtrate was subjected to
gas chromatography (GC) analysis [26].

PHA was analyzed by a Hewlett Packard GC-6890 with
an HP-INNOWAX capillary (30 m long, 0.25 mm internal
diameter, 0.25 pm film thickness). The initial column tem-
perature was set at 65 °C (5 min), and then the temperature
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was increased at 10 °C/min to 150 °C. Then, the tempera-
ture was increased to 200 °C at a rate of 5 °C/min, and the
temperature was set at 200 °C for 6.5 min. The injection
temperature was set at 250 °C. The temperature of the MS
quadrupole (150 °C) and MS source (230 °C) was set. A
constant flow of carrier gas (helium) was set at 1 mL/min.

Statistical Analysis

All experiments were run in triplicate. A completely rand-
omized design was used throughout this study. Data were
subjected to analysis of variance (ANOVA), and mean com-
parison was carried out using Duncan’s multiple range test
[27]. All analyses were performed using the statistical pack-
age for social science, SPSS (SPSS 24 for Windows, SPSS
Inc., Chicago, IL, USA).

Results and Discussion
Electricity Generation in MB-NB

First, Enterobacter sp. TS1L was cultivated in NB to evalu-
ate its ability to produce bioelectricity. The results indicate
that the bacterium Enterobacter sp. TS1L cultured in NB
exhibited a significant increase in the OCV, with a maximum
value of 134.87 mV (Fig. 2A). This OCV peak was achieved
after an operation time of 170 min. In contrast, the maximal
OCYV generated by the control (NB without bacteria) was
notably (64.20 mV). These findings highlight the superior
electrochemical performance of Enterobacter sp. TS1L in
NB, suggesting its potential as a promising candidate for
applications requiring high OCV output. The polarization
curve analysis demonstrated that peak values were attained
for the maximal current density (CD) and power density
(PD). Specifically, when the bacterium Enterobacter sp.
TS1L was cultured in NB under optimal external resistance
conditions, a remarkable CD of 3.44 A/m® and a correspond-
ing PD of 0.04 W/m? were achieved (Fig. 2B). These results
underscore the favorable electrochemical performance of
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Enterobacter sp. TS1L in the culture medium, emphasizing
its potential as an efficient and viable option for applications
demanding high current and power densities in microbial
electrochemical systems. This study indicated that Entero-
bacter sp. TS1L can be used as an electrochemically active
bacterium. Generally, most microbes are electrochemically
inactive and need mediators, such as methyl viologen, thio-
nine and humic acid, to transfer electrons to the electrode.
To date, some bacterial genera have been reported as elec-
trochemically active bacteria that can produce electricity by
transferring electrons to electrodes without the facilitation
of mediators [28]. These electrochemically active bacteria
include Geobacter, Enterobacter, Shewanella and Bacillus.

Therefore, a pure culture of Enterobacter sp. TS1L was used

throughout this study. Compared to using a mixed microbial

community, utilizing a single strain in an MFC system may
be advantageous, it is easier to control the optimal condi-
tions for one strain and determine the mechanism and physi-
ological details [28].

Moreover, the capability of the bacterium Enterobac-
ter sp. TS1L to degrade textile dye and produce bioelec-
tricity was also demonstrated in NB containing 50 mg/L
MB (MB-NB medium). Both the OCV and polarization

Fig.3 The OCV gained from
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curve were evaluated as part of the study. The results
revealed a highly impressive maximal OCV of 1,138.00
mV (Fig. 3A). Moreover, under these experimental condi-
tions, the bacterium demonstrated a substantial CD of 0.81
A/m?® and an associated PD of 0.11 W/m> (Fig. 3B). These
findings highlight the significant electrochemical potential
of Enterobacter sp. TS1L in the presence of MB within
the culture medium, suggesting its proficiency in electric-
ity generation. Due to these attributes, the bacteria are a
promising candidate for potential applications in microbial
electrochemical systems in which higher OCV, CD, and
PD are desirable.

The decolorization mechanism of Enterobacter sp. in
MFCs involves a similar step as that of other microorgan-
isms. First, color is removed by a biodegradation mechanism
rather than biosorption by bacterial cells [29]. At the anode,
bacteria produce protons and electrons by oxidizing organic
substrates. Then, the product is transported to the cathode by
a proton exchange membrane and an external circuit [28].
Azo bonds of MB are broken under anaerobic conditions in
the anode compartment, and the dye and intermediates are
completely degraded abiotically under aerobic conditions in
the cathode chamber [30]. Aerobic treatment results in the
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complete reduction of the dye. The biological process uti-
lized by Enterobacter sp. to degrade MB was already dem-
onstrated by Rakkan and Sangkharak [18]. These bacteria
can degrade MB by oxidative deamination and carboxyla-
tion, generating phthalic acid and di(2-propylpentyl) ester,
which are transformed into various fatty acids and aldehydes
can directly/indirectly enter the oxidation pathway to pro-
duce acetyl-CoA, NaDH, and FADH,,.

Electricity Generation in Synthetic Wastewater

Bioelectricity production by Enterobacter sp. TS1L in syn-
thetic wastewater containing 50 mg/L. MB was also dem-
onstrated. The OCV and polarization curve were recorded.
The experimental findings demonstrated a remarkably high
maximal OCV of 1,885.00 mV (Fig. 4A). Additionally, dur-
ing the stationary phase, the bacterium exhibited impressive
electrochemical performance, attaining a maximum CD of
0.92 A/m? and an accompanying PD of 0.15 W/m? (Fig. 4B).
These outcomes underscore the remarkable electrical prop-
erties of Enterobacter sp. TS1L when exposed to synthetic
wastewater containing MB. Moreover, the observed values
of OCV, CD, and PD highlight the considerable potential of

Fig.4 The OCV obtained from 2500
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trochemical systems, making it a promising candidate for
various practical applications.

Effect of Sterile and Non-sterile TW on Electricity
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The effect of sterile and non-sterile TW on the electricity-
generating capacity of Enterobacter sp. TS1L was evaluated.
For sterile TW, the sample was subjected to autoclaving at
121 °C for 15 min before being employed as the anolyte in
the experiments. The results revealed an impressive maximal
OCYV of 986.50 mV (Fig. 5A). Interestingly, Enterobacter
sp. TS1L exhibited a remarkable CD of 6.04 A/m’ and a
corresponding PD of 0.32 W/m? using sterile TW (Fig. 5B).

To increase the feasibility and ease of operating MFC
for industrial use, the effect caused by non-sterile TW was
also determined. The bacterial seed was directly inocu-
lated into the TW without any sterilization processes. The
experimental results revealed a notable maximal OCV of
822.50 mV (Fig. 6A). Additionally, the polarization curve
analysis demonstrated the electrochemical performance
of the bacterium, wherein a maximum CD of 6.04 A/m’
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and an accompanying PD of 0.32 W/m? were produced
(Fig. 6B). Similar values for CD and PD were observed
in sterile and non-sterile TW. The result may due to the
minimal disparity observed in the CD and PD between
sterile and non-sterile wastewater samples in our MFC
operation study can be attributed to the primary source
of electrical energy being derived from textile dye com-
pounds. These textile dyes are inherently resistant to deg-
radation under autoclave conditions. Consequently, this
leads to the similarity in CD and PD values between the
sterile and non-sterile wastewater samples. The utilization
of non-sterile wastewater further emphasizes its practi-
cal applicability in sustainable wastewater treatment and
energy generation processes. A comparison between bio-
electric generation from various dyes using different types
of MFCs and inoculum is also provided in Table 1. The
data showed that a more desirable PD was obtained from
Enterobacter sp. compared with other reports. However,
a lower CD was obtained compared with that of Mu et al.
[31]. Based on the literature, most MFCs are operated by
mixed consortiums. However, the production of electricity

from mixed microbial communities and a single strain
using Enterobacter sp. were not significantly different.
There are too many factors that affect the performance of
MFCs, including the type of bacteria and their metabo-
lism, design of the MFC, anodic and cathodic chamber,
type and concentration of substrate, operating conditions
and type of membrane [28]. Therefore, a study to increase
electricity production from Enterobacter sp. using TW is
needed in the future.

Effect of Prolong Operation on Electricity
Generation

The prolong electricity-generating capability of Enterobac-
ter sp. TS1L using TW was also studied. The bacterial seed
was directly inoculated into non-sterile TW, and the system
was operated continuously for a period of 7 days. Through-
out the 7-day operation, the experiment yielded a consistent
CD output, ranging from 1.56 to 2.31 A/m> (Fig. 7). It is
essential to consider the relationship between the operating
time and the growth of microorganisms or exoelectrogens,
as this directly influences the electrical output. Specifically,
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Fig.6 The OCV generated from 1200 T
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when the MFC operates during the logarithmic growth phase
of the bacterial population, we observe higher electrical
energy generation. Conversely, if the operating time cor-
responds to the bacterial death phase, the electrical energy
output decreases. This phenomenon aligns with findings
from the study conducted by Akman et al. [37] as referenced
in the link provided. Lower CD (2.31 A/m?®) was obtained
under prolong condition compared with the result from 3-h
operation. it is important to recognize that power generation
under prolong operation may depend on various parameters
such as the control of operating conditions, MFC stability,
the accumulation of inhibitors etc. Therefore, all variations
are major barrier as it exerts a direct influence on the electri-
cal energy generated.

Zhang et al. [38] reported an MFC operated with a bio-
cathode manure for 171 days. The electricity decreased from
Day 140 results from a lack of fuel. However, long-term
MEFCs are very limited and greatly needed, as they will be
helpful for achieving the long-period stability and longevity
of the process. These investigations will be useful in gaining
a reliable method of recovery electricity and increasing the
stability of the TW treatment infrastructure. These results
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demonstrate the sustained and reliable electricity generation
potential of Enterobacter sp. TS1L when utilizing TW as a
renewable and economically feasible substrate. The ability
of the bacterium to consistently produce electricity over an
extended duration underscores its potential applicability for
prolong and practical use in microbial electrochemical sys-
tems. However, information on the effect caused by prolong
operation of MFCs on stability, treatment efficiency, organic
and nutrient removal and electricity generation is lacking
[39]. Therefore, for future applications, a longer operation
period will be employed and the overall performance of
MFCs using Enterobacter sp. and TW will be studied in
more detail to increase the potential of MFC as an applicable
technology.

After MFC treatment, treated TW was collected. The
supernatant and bacterial cells were separated. Cell-free TW
was characterized and compared with the Thailand water
quality standard. Microbial cells were collected and sub-
jected to PHA accumulation.
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Table 1 Comparison of bioelectric generation from various dyes, types of MFCs, sources of inoculum and decolorization efficiencies
Type of MFC  Anode Cathode Dyes and con-  Source of Power density Currentden-  Decoloriza- References
centration inoculum (PD) sity (CD) tion efficiency
(%)
Air-cathode  Porous carbon Platinum Active brilliant Mixture of 234 mW/m?>  0.82 A/m> -2 [29]
single cham-  paper red X-3B, aerobic and
ber MFCs 300 mg/L anaerobic
sludge
Two equal Granular Granular Acid orange 7, Microbial 0.31 W/m® 14.2 A/m’ 77.4 [31]
rectangular graphite graphite 0.06 mg/L consortium
Perspex
frames
Two identical ~ Carbon felt Carbon felt Methyl orange, Klebsiella 34.77 mW/m? 15478 mA/m> — [32]
chambers 0.016 mg/L pneumoniae
L17
Two identi- Plain carbon  Granular Congo red, Anaerobic 364.5 mW/m?> 2.70 A/m> 4.8 [30]
cal chamber felt graphite 100 mg/L sludge
MEFC
Air-cathode Plain porous  Platinum Congo red, Mixture of 103 mW/m?  0.66 A/m? - [33]
single-cham-  carbon paper 300 mg/L anaerobic
ber MFC and aerobic
sludge
A double Granular Spectrographic Amaranth, 75  Microbial 137.37 mW/ 58 A/m> - [34]
chamber graphite pure graphite ~ mg/L consortium m?
MFC
A dual-cham-  Unpolished Rutile-coated =~ Methyl orange, Anaerobic - 0.13 A/m? 16.2 [35]
ber MFC graphite graphite 10-20 mg/L sludge
Two chamber  Porous carbon Porous carbon  Active brilliant Mixture of 213.93 mW/ 0.58 A/m? - [36]
MFC paper paper red X-3B, anaerobic m?
300 mg/L and aerobic
sludge
Dual chamber Aluminum Copper MB, 50 mg/L.  Enterobacter  0.11 W/m? 0.81 A/m® 72.6 This study
MFC Synthetic TW  sp- TSIL 0.15W/m*  0.92 A/m’
Sterile TW 0.32 W/m? 6.04 A/m® 72.9
Non-sterile 0.32 W/m® 6.04 A/m’
™

-% Not reported

Characterization of TW and Decolorization Efficiency

The characteristics of TW before and after MFC were deter-
mined (Table 2). Interestingly, the water quality of the textile
effluent after the MFC passed the Thailand water quality
standard. The initial characteristics of TW include pH 7.9,
27.5 °C, TDS 1,564 mg/L, SS 194 mg/L, TSS 340 mg/L,
FOG 2 mg/L, sulfide 0.02 mg/L, TKN 42 mg/L, COD 2,995
mg/L and dark blue color. However, after the MFC process,
the pH was reduced to 6.0 and 30 °C. A similar trend was
also observed in other parameters. All parameters correlated
with the Thailand water quality standard were significantly
reduced. The final characteristics of TW after MFC were
TDS 200 mg/L, SS <0.1 mg/L, TSS 10 mg/L, FOG 1 mg/L,
sulfide 0.01 mg/L, TKN 35 mg/L, COD 50 mg/L and light
blue color. This result indicated that MFC could improve
the quality of TW.

The decolorization efficiency of TW by the MFC was
also investigated (Table 1). In this study, the MFC perfor-
mance was different with the different substrate. The high-
est current density was obtained from TW. The result may
due to the bioelectric generation is primarily attributed
to the organic substrate used, whether it be wastewater or
microbial medium. It is noteworthy that a higher organic
content within the system leads to an increase in electri-
cal energy production. This observation aligns with the
findings of the study conducted by Zhao et al. [40]. In
addition, the rationale behind the observed difference in
electrical energy generation between TW and synthetic
wastewater lies in the higher organic matter content pre-
sent in TW. This organic matter serves as a richer bacterial
feedstock compared to synthetic wastewater, consequently
leading to increased microbial activity and enhanced elec-
trical energy production. The power generation was related
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Fig.7 Prolong electricity-gen- 2.50
erating capability of Entero- %,
bacter sp. TS1L using TW as a %‘}
cost-effective substrate 2000
~lso ! %
£ ,.’
2 :
a B --©- Control
© 1.00 + ’.' -< - Enterobacter sp. TS1L
050 4/
,, B L ey - A ey s e P occen- o
0.00 c }
0 1 2 3 4 5 6 7
Time (Day)
Ta?le 2 Chafracteﬁizat@on O,f TW Parameters Unit ™ Thailand water
before and after the microbial Quality standard®
fuel cell process Before MFC After MFC
pH 7.9 6.0 5.5-9.0
Temperature °C 27.5 30 <40
TDS mg/L 1,564 200 <3,000
SS mg/L 194 <0.1 b
TSS mg/L 340 10 <50
FOG mg/L 2 1 <5
Sulphide mg/L 0.02 0.01 <1.0
TKN mg/L 42 35 <100
COD mg/L 2,995 50 <120
Color Dark blue Light blue <300 ADMI

*Thailand water quality standard for industrial effluent standards for industrial plants and industrial estates.
Notification of Ministry of Science, Technology and Environment No.3—4 (1996), Pollution Control Com-
mittee (1996) and Ministry of Industry No.2 (1996)

®Non mentioned

with decolorization efficiency. High percentage of decol-
orization lead to high power production. A high percentage
of decolorization at 72.9% was observed by Enterobacter
sp. in the TW-fed MFC. Interestingly, the decolorization
efficiency of Enterobacter sp. TS1L was higher than that
produced by two identical chamber MFCs containing
100 mg/L Congo red and a dual chamber MFC contain-
ing 10-20 mg/L methyl orange, which reached only 4.8
and 16.2% decolorization, respectively [34, 39]. However,
the highest decolorization efficiency was observed in two
equal rectangular Perspex frames containing 0.06 mg/L
acid orange 7, which yielded 77.4% decolorization [31].
The structure of synthetic dyes mainly affects the decol-
orization efficiency. It has been reported that monoazodyes
are more easily biodegraded than polyazo dyes [41].
The hydroxyl groups of azo dyes ortho to the azo bond
exhibit different decolorization rates. The ranking of the

@ Springer

biodecolorization rate was as follows: para > ortho > meta.
The electrons at the para position are easily withdrawn.
On the other hand, steric hindrance at the ortho and meta
positions results in slower color removal [28].

Production of PHA by Enterobacter sp. TS1L During
Prolong MFC

The functional groups of the isolated polymer from TW-fed
MCEF were first characterized by FTIR. The spectra of the
isolated polymer demonstrated hydroxyl and methyl groups
at 3,316 and 2,945 cm™!, respectively. Asymmetric CH,
and CH; were detected at 2,850-2,920 cm™!. In addition, a
PHA marker peak at 1,730 cm™! corresponding to the car-
bonyl ester bond was also recorded. Absorption at 1,370
and 1,300-700 cm™' was assigned to CH; groups and the
C-O-C and C-C linkages of PHA. This result indicated that
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Table 3 Comparison of FTIR

> i Wavenumber (cm™")
analysis of the biopolymer

Functional groups

extracted from Enterobacter sp. Biopolymer from Enterobac- Standard PHB mcl-co-Ic] PHA

TS1L with PHB and other mcl- ter sp. TS1L

co-lcl PHA
1,300-700 1,280 1,300-1,000 C-0-C
1,370 1,370 1,376 — CH;,
1,730 1,724 1,738 - C=0
2,850 2,800 2,850 — CH,—CH;
2,920 2,926 2,919 — CH,—CH,
2,945 2,968 2,924 — CH;,
3,316 3,296 3,366 - OH
This study [25]

Table 4 Biosynthesis of PHA from TW-fed MFCs under prolong
operation (0—7 days of operation)

Operation  CDM (g/L) PHA con- PHA composition (mol%)
days (Day) tent (% CDM)
3HD (C16) 3HOD (C18)
0 1.0£0.1 0.0£0.0 . -
1 1.5+0.1 5.1+0.3 100+£0.0 -
2 22+0.2 12.0+0.2 100+0.0 -
3 29+0.5 233+1.0 100+£0.0 -
4 3.0+£0.5 30.1+1.8 100+£0.0 -
5 32+0.7 435+1.2 100+£0.0 -
6 35406 56.1+1.5 80.5+0.1 19.5+0.1
7 35+0.8 56.0+£1.0 56.3+0.1 43.7+0.1

*Non detected

the isolated polymer from Enterobacter sp. TS1L after MFC
operation is PHA (Table 3).

Afterward, the PHA content and monomer composi-
tion were analyzed by GC-MS (Table 4). Table 4 indicates
that bacterial biomass and PHA increased with increas-
ing operation time. The highest biomass (3.5+0.6 g/L)
and PHA (56.1+1.5% CDM) were observed at 6 days of
MEFC operation. Afterward, biomass and PHA production
maintained constant in 7 days of MFC operation due to the
reason of the substrate was limited, bacteria enter station-
ary phase and PHA accumulation reached a maximum. The
GC results indicated that Enterobacter sp. TS1L produced
medium-co-long chain length (mcl-co-Icl) PHA containing
3-hydroxyhexadecanoate (3HD, C14) and 3-hydroxyocta-
decanoate (3HOD, C18). 3HD showed a molecular ion of
m/z 270 with a structural formula of C;4H;,0, and 3HOD
had a molecular ion of m/z 296 with a structural formula
of C;gH350,. At 0-5 days of MFC operation, 100 mol%
3HD was detected. However, 3HD (56.3-80.5 mol%) and
3HOD (19.5-43.7 mol%) were observed after 6 and 7 days
(Table 4). A similar trend was also observed in Enterobacter
sp. TSIL cultivated in PHA-producing medium containing
50 mg/L MB. The highest PHA (56.0% CDM) with 92.6%

decolorization efficiency was reported after 72 h of cultiva-
tion [6]. The mcl-co-lcl PHA was detected by strain TS1L
using PHA producing medium containing MB as the sub-
strate. However, three monomers were detected, including
3-hydroxytetradecanoate (3HTD), 3HD and 3HOD, at 39.5,
50.4 and 9.9 mol%, respectively [6]. The mechanism for
PHA production from dye by Enterobacter sp. was already
evaluated in our former study [25]. The first mechanism,
dye was changed to oxime-, methoxy-phenyl by oxidore-
ductase. Afterward, oxime-, methoxy-phenyl changed to
pyruvate which can be converted into acetyl-CoA by dear-
omatization and amino acid. The second mechanism, dye
degradation, oxidative deamination and carboxylation lead
to produce phthalic acid, di(2-propylpentyl) ester, which can
be transformed into different fatty acids and aldehydes. The
phthalate, fatty acids and aldehydes can directly/indirectly
enter into fatty acid oxidation reactions (p-oxidation). When
the nitrogen and phosphorus in the substrate are limited, the
tricarboxylic acid cycle (TCA) process would be delayed,
limiting the biological process of bacterial synthesis of cyto-
plasm and genetic materials, and leading to the slow growth
rate of bacteria. As a result, the remaining acyl-CoA mol-
ecules that cannot be completely used in the TCA progress
enter the PHA pathway. Afterward, the mcl-co-lcl PHA was
accumulated.

In addition, one point should be emphasized that the fatty
acids composition plays a more vital role in regulating PHA
monomer composition and content [42]. As mention above,
Enterobacter sp. able to use dye as substrate for PHA pro-
duction by convert dye into fatty acids such as hexadecenoic
acid and octadecanoic acid [6]. The acid production after
fermentation stage of dye correlated with PHA monomer
observed in this study. Type of fatty acids were also deter-
mined. In day 1-5 of operation only hexadecenoic acid was
detected which 100% of HD was observed. Afterward, the
percentage of hexadecenoic acid decreased on day 6-7 with
an increase of octadecanoic acid. The results related with the
mol% of PHA presented (Table 4). The production of PHA
with medium- and long-chain-length monomers exhibits
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advantages over scl PHA because it possesses much bet-
ter thermal and mechanical properties (soft, less crystalline,
elastomeric, lower melting point and glass transition temper-
ature) [43]. Currently, little information on PHA accumula-
tion in MFCs has been reported. Srikanth et al. [44] showed
that 19% of PHA was produced using treated wastewater
after 48 h of cultivation. The organic content was reduced
by 59.5 and 76.5% in the anodic and cathodic chambers,
respectively. The highest PD (15.2 mW/m?) was detected
after 144 h of cultivation. Therefore, a higher content of
PHA and COD removal was obtained by Enterobacter sp.
TSIL using TW fed-MFC.

Conclusion

In the present study, the performance of MFC for power
generation, wastewater treatment and PHA production was
investigated. Bioelectricity was successfully generated using
Enterobacter sp. TS1L and TW. A maximum OCV, CD and
PD at 986.50 mV, 6.04 W/m? and 0.32 W/m?, respectively.
Prolong MFC was also determined using non-sterile TW.
A CD output of 1.56 to 2.31 A/m* was observed. Prolong
operating MFC was also determined using non-sterile TW.
A CD output of 1.56 to 2.31 A/m> was observed without any
exogenous medium supplement for microbial growth. After
6 days of prolong MFC, the quality of textile effluent was
improved and passed the water quality standard (Thailand).
In addition, 3.5 g/L of mcl-co-1cl PHA was produced under
conditioning. The potential of bioelectricity and simulta-
neous waste treatment and valuable bioproduct recovery
employing MFC are highlighted due to their low cost and
environmentally friendly. The limitation and challenges of
this process is low energy generation. The power production
may be sensitive to operation conditions. Therefore, some
parameters need to be studied in future work, such as the
factors that affect bioelectric generation and longer opera-
tion times. In addition, the improvement of output power and
percent decolorization will be determined. Moreover, the use
of Enterobacter sp. may involve with regulatory challenges
and safety concerns. Therefore, the microbial management
should be restricted.
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