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Owing to the rapidly rising human population, the

requirement for energy is increased while fossil fuel is

depleted. Hence, the researcher is focusing on the inves-

tigation of alternative energy resources such as bioen-

ergy from energy crops and agricultural wastes [1, 2].

For the second generation, biofuel is obtained from the

conversion of waste materials. Among waste residue, the

lignocellulose biomass is one of the most interesting

substrates due to its potential for converting to bioenergy

[3]. Almost 50% of lignocellulose is composed of biode-

gradable cellulose derivatives, it is a non-branched poly-

saccharide that comprises approximately 14,000 D-

glucose linked by β-glycosidic linkage [4, 5]. To release

the glucose from the lignocellulose substrate, microbial

cellulolytic enzymes such as exoglucanase (EC 3.2.1.91),

endoglucanase (EC 3.2.1.4), and cellobiase (EC 3.2.1.21)

have been used [6]. However, the high-temperature

reaction is used for removing microbial contamination

and achieving faster chemical reactions during bioenergy

production. so, the thermophilic enzyme has been inves-

tigated owing to its flexibility and high stability at high

temperatures [7].

Moderate thermophile is the microbe that has optimal

growth temperature between 50−60℃ [8]. In Shiratori et

al., the moderate cellulolytic bacteria Clostridium

clariflavum and Clostridium caenicola with optimal

growing at 60℃ have been isolated from anaerobic

sludge of cellulose-degrading methanogenic bioreactor

[9].

Microbial fuel cell (MFC) has recently gained more

interest due to its ability to generate electricity from

various waste materials such as sugar, synthetic sub-

strate, carbon source substrate, nitrogen substrate,

organic acid, livestock wastewater, swine wastewater,

food-based wastewater, dairy wastewater, agro-processing

wastewater, refinery wastewater, and distillery waste-

water [10, 11]. Cellulose-fed MFC is the alternative

electricity generation process that uses cellulolytic

The cellulose-fed microbial fuel cell (MFC) is a biotechnological process that directly converts lignocellulosic

materials to electricity without combustion. In this study, the cellulose-fed, MFC-integrated thermophilic

bacterium, Bacillus sp. WK21, with endoglucanase and exoglucanase activities of 1.25 ± 0.08 U/ml and

0.95 ± 0.02 U/ml, respectively, was used to generate electricity at high temperatures. Maximal current densities

of 485, 420, and 472 mA/m2 were achieved when carboxymethyl cellulose, avicel cellulose, and cellulose powder,

respectively, were used as substrates. Their respective maximal power was 94.09, 70.56, and 89.30 mW/m3.

This study demonstrates the value of the novel use of a cellulase-producing thermophilic bacterium as a

biocatalyst for electricity generation in a cellulose-fed MFC.
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bacteria to decompose cellulose and gain electrical power

[12]. In Tockzylowska-Maminska et al., the maximal

power density of 44 mW/m2 was achieved from the

single-chamber MFC with air-cathode. the microbial

community was dominated by Parabacteroides,

Proteiniphilum, Catonella, and Clostridium [13]. This

work aims to investigate the electricity generation from

cellulose-fed MFC with moderate-thermophilic bacte-

rium Bacillus sp. WK21 under high temperature at

50℃.

The moderate thermophilic bacteria Bacillus sp.

WK21 was isolated from the hot spring sediment in

Nakhon Si Thammarat, Southern Thailand (8º 26' 11" N

and 99º 57' 47"). It was maintained in the nutrient broth

(1.0 g/l beef extract, 2.0 g/l yeast extract, 5.0 g/l peptone,

and 5.0 g/l NaCl) at 50℃. The endoglucanase and exog-

lucanase activities were determined by DNS (3,5-

dinitrosalicylic acid) assay at 540 nm. One unit of the

enzyme was defined as the amount of enzyme that

hydrolyzes carboxymethyl cellulose (CMC) and micro-

crystalline cellulose-avicel then releases 1 µmol of glucose

per min [14, 15].

The dual-chamber MFC was constructed, the 50 ml

cell-culture bottles were used as cathode and anode

chambers. The 1 M KCl salt bridge gel (10% w/v agarose)

was used to transfer a proton from the anode chamber to

the cathode chamber [16]. The 4 cm2 of microwave-

expanded graphite plates were used as electrodes. The

200 mg/l KMnO4 in distilled water was used as a

catholyte [17]. The 1% (w/v) of substrates (CMC, avicel,

and cellulose powder) in 50 mM phosphate buffer saline

(PBS) was used as an anolyte. The 10% (v/v) of liquid

culture was mixed with an anolyte and filled into an

anode chamber. The electrodes were linked by copper

wire.

The MFC was operated at 50℃, the opened circuit

voltage (OCV) was monitored every 6 h for 72 h. The

closed-circuit voltage (CCV) was measured at fixed

external resistance (1000 Ω). Current (I) and power (P)

were calculated according to Ohm’s law. The current

density (CD) and power density (PD) was calculated

based on electrode area and working volume.

Endoglucanase can randomly hydrolyze internal sites

of cellulose, whereas exoglucanase can act at the reduc-

ing and non-reducing ends of cellulose [14]. In this

study, the endoglucanase and exoglucanase activities of

1.25 ± 0.08 U/ml and 0.95 ± 0.02 U/ml were shown when

the Bacillus sp. WK21 was grown at 50℃. Previous stud-

ies on endoglucanase and exoglucanase activities of ther-

mophilic bacteria isolated from natural sources were

generally low (Table 1). In Zhao et al., the cellulolytic

bacterial consortium contains Geobacillus sp., Thermus

sp., Bacillus sp., and Anoxybacillus sp. was gained from

the hot spring sediment in China. However, the endoglu-

canase and exoglucanase activities were not analyzed

[23].

The maximal OCV of the dual-chamber MFC with

Bacillus sp. WK21 as an anodic catalyst of 890 ± 5 mV,

650 ± 10 mV, and 860 ± 10 mV was gained when the 1%

(w/v) CMC, avicel, and cellulose powder were used as a

substrate (Fig. 1A). Currently, there have been few

studies that have developed the cellulose-fed MFC for

second-generation clean energy production (compared in

Table 2). In this study, the new knowledge of using

dual-chamber MFC was integrated with thermophilic

cellulolytic bacterium Bacillus sp. WK21 for operation

under high temperature at 50℃ was gained.

Table 1. Review of endoglucanase and exoglucanase activities of thermophilic bacteria isolated from a natural source.

Microbe Source
Optimal

 temperature (°C)
Endoglucanase

(U/ml)
Exoglucanase

(U/ml)
Reference

Bacillus sp. WK21 Hot spring sediment 50 1.250 ± 0.080 0.95 ± 0.02 This study

Bacillus licheniformis 2D55 Compost 50 0.330 NA [18]

Bacillus sp. C1CA5507 Sugarcane bagasse 70 0.370 NA [19]

Bacillus subtilis BY-3 Tibetan pig feces 60 4.323 NA [20]

Geobacillus sp. Hot spring sediment 60 0.096 0.156 [21]

Bacillus aerius CMCPS1 Hot spring sediment 50 2.980 1.76 [22]
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Fig. 1. The electrochemical properties of dual-chamber MFC in this experiment. (A) The OCV (mV) of dual-chamber MFC. (B)
The generated current density based on the working volume (mA/m3) of dual-chamber MFC. (C) The generated power density
based on the working volume (mW/m3) of dual-chamber MFC. 

Table 2. Comparison of cellulose-fed MFCs.

Microbe MFC Type Specification Cellulose type
PD

(mW/m2)
Reference

Bacillus sp. WK21 Dual-chamber Graphite electrodes and 
potassium permanganate 
catholyte

CMC 94.09 ± 0.00 This study

Avicel 70.56 ± 0.01

Cellulose powder 89.30 ± 0.01  

Enterobacter cloacae Dual-chamber Carbon cloth anode, 
carbon fiber cathode, and 
ferricyanide catholyte

Cellulose powder 5.4 [24]

Clostridium sp. and Comamonas sp. Dual-chamber Graphite electrodes and 
ferricyanide catholyte

Cellulose powder 55 [25]

Rhizobiales sp., Clostridiales sp., 
Chloflexi sp., and 
Methanobacterium sp.

Dual-chamber Graphite electrodes and 
ferricyanide catholyte

Avicel 10 [26]

Clostridium sp. and Comamonas sp. Single-chamber - Cellulose powder 44 [13]

Rhodopseudomonas sp., and
 Clostridium sp.

Single-chamber - Corn stover 10 [27]
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