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Electricity generation from food
wastes and spent animal beddings
with nutrients recirculation

in catalytic fuel cell

S. 0. Dahunsi

A biochemical system was used for electricity generation from food waste (FW) and spent animal
beddings (SAB). The wastes were blended and fermented anaerobically to produce fermentation
liquids used as fuels for running a catalytic fuel cell. The fermentation liquids were analyzed for

their components. The results show the organic contents i.e. volatile solids of both FW and SAB to

be 23.4 and 20.9 g/L while the carbon contents were 6.5 and 6.1 g/L respectively. The media were
however very rich in volatile fatty acids (VFAs). When used, the fermentation liquids from FW and SAB
generated mean open-circuit voltages of 0.64 and 0.53 V and mean maximum power densities (Pcan)
of 1.6 and 1.3 mW/cm? respectively. The fuel cell showed very high efficiency in the conversion of all
VFAs especially butyric acid with the highest been 97% for FW and 96% for SAB.

The socio-economic growth and wellbeing of any nation depend largely on many factors chief among which is
adequate power generation, effective distribution and efficient usage'. This explains why many nations of the
world especially the developing ones are facing added dilemma in energy availability and this can be linked to
factors such as lack of funds, low generating capacity, lack of continuity in leadership, poor investment policies,
grid theft and sabotage, poor technical know-how, unnecessary bureaucracy and lack of efficient waste/environ-
mental management policies. As a matter of fact, these factors have created a major gap between the demands
and supply and the aftermath is the poor standard of living for the citizenry?. The International Energy Agency®
has estimated that well over 1.1 billion persons which make approximately 17% of the global population do not
have access to electrical energy. Majority of these people lives in the countryside or very remote areas where
several efforts at international, national and local levels which were geared towards the provision of energy supply
has failed so miserably most of the time*. Besides, most of these affected localities have a very small population
which further makes it difficult to provide energy. However, a holistic view of the aforementioned situations
has created the impetus to invest in alternative sources of energy®. Such sustainable energies bring the added
advantage of reduction in the annual emission of greenhouse gas (GHG), saving of cost on energy/fuel purchase
by individuals, as well as in the enhancement in energy efficiency®.

Even though fossil fuels form the bedrock of most economies in the world, a major factor that limits the
reliability and investment into this sector is the constant sudden increase in the price of fuels and other allied
products. Again, this has created an opportunity for renewable energies to favorably compete in the energy
market and possess the potentials to solve the power outage problems usually experienced especially in remote
areas. As a result, several alternative energy devices have been developed and used. These include biogas cook-
ers and lightning systems, diesel generator, micro turbines, photovoltaic apparatus, wind turbine generators,
electric storage devices and fuel cells which can be fired by either natural gas or biomass. All these devices can be
efficiently utilized irrespective of the location and time”®. Among these methods, however, anaerobic digestion
(AD) or fermentation of organic materials and biomass stands out as one of the most sustainable technology for
the provision of green energy®-'°.

According to the Food and Agricultural Organization'’, well over 1.3 billion tons of food waste (FW) which
represents a third of the global food production is churned out annually. In fact, both developed and developing
nations have between 15 and 63% of their municipal waste streams to be FW'®!°. In the same way, the world
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has doubled its total energy consumption over the last two decades most especially due to population surges in
many countries?. Food waste has been ranked as number 3 out of 15 bioresources that provides major opportu-
nities for productivity and investment?'. This makes FW a profound substrate for energy generation and a sure
way to address the ever-increasing challenges of food waste management especially in urban areas**=>. Due to
FW’s richness in nutrients and biodegradable organic matter®, it has been thermally treated and processed to
animal feed?, used for fertilizer production®?, and energy generation via AD*. Besides, AD is one of the most
promising technologies for efficient energy recovery from food waste by utilizing functional microbes for the
conversion of the organic portion of FW into biogas with about 50 to 70% methane content®' .

However, the major challenge in the AD of FW is the high volatile fatty acids (VFAs) accumulation leading
to enormous acid production®*** and this is due to the easy biodegradability of FW besides its high carbon-to-
nitrogen (C/N) ratio®>*®. As a result of these factors, FW is quickly hydrolyzed to VFAs but takes a lot of time
for the subsequent conversion to methane®*, hence the methanogenesis stage is rate-limiting in the AD of FW.
As this happens, VFAs are accumulated and the system more acidified as evidenced in pH decrease. When this
is prolonged, it can cause inhibition to the activities of functional microbes and slow down the rate of methane
generation or completely halt the digestion process.

Spent animal beddings (SAB) are solid wastes usually accumulated in deep-litter systems where materials like
straw, sawdust, and other biomass are used as an absorbent for animal excrements and urine. They accumulate in
the stables, ranches and experimental animal houses™. It has been reported that 53.8% of spent animal beddings
has a total solids (TS) contents of 18% and above®® making them suitable materials for AD. Besides, the properties
of SAB are hardly or sparsely described in the literature as against those of manure and straw separately whereas
the beddings is a profound energy substrate having had its properties modified by passing through the animal’s
mechanical action on the litter coupled with the biological degradation during litter accumulation®”’. However,
the bulk of spent animal beddings are FW accrued from the animal’s feeding and remnants from the feeds. It
is, therefore, a waste stream with similar properties to FW especially with the fact that the animal feeds are also
composed of proteins, carbohydrates, and lipids which are the major components of human food.

Considering the inherent properties of both FW and SAB and the opportunities that abound in the conver-
sion of these wastes to energy, it is expedient to seek an alternative treatment system that will physically sepa-
rate the fermentation and the methanogenesis stages in order to avoid the rate-limiting phenomenon during
methanogenesis®. In this way, it can be possible to use the fermentation products i.e. VFAs for direct energy pro-
duction without necessarily progressing to methanogenesis. This can be possible by replacing the slow biological
methanogenesis pathway with a rapid chemical process which will directly and efficiently convert fermentation
products into energy. Prior to this time, Xu et al.*’ carried out an experiment in which a liquid catalytic fuel cell
utilizing different organic substrates as fuel was developed and used. In actual operation, the organic substances
are rapidly converted to carbon dioxide and water during which electricity is simultaneously generated. The
advantages of this system are adaptation to impurities long term stability*'. Earlier, a fuel cell produced up to
49.8 mW/cm? at 100 °C when phosphomolybdic acid was used as a catalyst while the fuel was sewage sludge*>.

It is therefore proposed in this study to use a catalytic fuel cell to directly convert fermentation products from
FW and SAB into electricity. This going by existing literature is the very first attempt to explore this treatment
for these two abundant waste streams. The advantage of this biological fermentation and chemical conversion is
high efliciency, stability and elimination of inhibition that would have occurred to methanogens. Even though
some previous researchers have studied the anaerobic fermentation (AnF) of FW, several intermediate acids*,
ethanol*, lactic acid*’, and butanol*® were the targets and the rate of degradation varied according to the different
fermentation types*. Though, SAB had been previously utilized for energy generation in some studies®”*’~,
the treatment method employed in all these experiments was AD in which all the four processes of digestion
i.e. hydrolysis, acidogenesis, acetogenesis and methanogenesis were explored using different anaerobic digester
designs/configurations with the target product been biomethane. In this study however, the AnF of SAB is
being studied for the first time as a waste with similar characteristics to FW and with the sole aim of generating
fermentation liquids for running a fuel cell. Besides, all the previous studies utilized SAB from livestock houses
(Piggery, dairy etc.) while this study focused on SAB from experimental animals (Rats, mice, rabbits and other
guinea pigs). The aim of this study, therefore, is to evaluate the electricity generation from the AnF of FW and
SAB using a fuel cell for the conversion of the produced fermentation products. This is expected to clearly dem-
onstrate the efficiency of the anaerobic fermentation-fuel cell (AnF-FC) synergy and design future applications.

Materials and methods

Collection of materials. The FW used was collected from a University cafeteria and it was a mixture of
main carbohydrates including cooked rice, yam, bread, maize, wheat and other food grades like beef, beans,
vegetables, and condiments/seasonings. The SAB, on the other hand, was collected from the animal house where
experimental animals (Rats, mice, rabbits and other guinea pigs) are kept under the Biochemistry Department
of the University. All the food material was blended together using a laboratory blender to constitute the FW that
was used for feeding the reactor. The SAB which was more of animal food waste, droppings and shavings were
also blended before further use.

Description of the fuel cell, catalysts, and fuels. The fuel cell used in this study is very similar to the
one earlier described®. The structure consists of two chambers i.e. an anode and a cathode in an acrylonitrile
butadiene styrene plastic container. The two chambers were divided by a Nafion 115 proton-exchange mem-
brane (Dupont, USA). The electrode had a diameter of 10 mm x 20 mm x 20 mm and was made of graphite felt
filling each of the two chambers alongside a carbon plate for the collection of electric current. By the sidewall of
each of the chambers were an inlet for injection of electrolyte and an outlet for its outflow. In the analytic portion
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of the cell, FeCl; and phosphomolybdic acid (H;PMo,,0,p, PMo,,) (Zhanyun, Shanghai, China) were used as
co-catalysts for the electro-oxidation of fuels and they have high potency on fuels such as glucose, starch, protein
i.e. egg albumin and fermentation liquid (VFAs) as produced and utilized in this study. Lipid was not included
since it has been established that fuel cells lack the capacity to degrade lipids®'. However, the catalyst used in the
catholyte was non-Keggin-type molybdovanadophosphoric acid (H,,P;Mo,,V7Qy;) earlier synthesized®?. The
choice of this catalyst was its high affinity for oxygen in the collection of electrons from cathodes.

Anaerobic reactors. The computer controlled split-chain anaerobic reactors with continuous stirring with
a working volume of 5 L, a temperature of 35 °C and retention time of 4 days were employed in the AnF of FW
and SAB in order to generate the fermentation liquid. Before feeding into the reactors, the lipid components of
both FW and SAB were extracted out using established protocols™->* for the purpose of biodiesel production.
The mixtures from FW and SAB were thereafter fed into the reactors once daily. Subsequently, the fermentation
liquid was obtained by centrifuging the effluents from the FW and SAB reactors at 5,800 g and the supernatants
were used as the fuels in the fuel cell.

Operation of the fuel cell. The fuel cell used in this study was operated in two different modes i.e. batch
and continuous. This was done to evaluate its performance in terms of discharge and also the degradation of the
different fuels respectively®’. The batch operation was used to serve as a 2 h pre-treatment prior to the continu-
ous one that lasts 48 h. The formulation of the components of each mode was done separately and all analyses
were carried out in triplicate and the average values were used for the fuel cell’s performance evaluation. In batch
phase, the anolyte had a total volume of 25 mL consisting of 0.1-mol/L PMo,,, 0.5-mol/L FeCl;, 5 mL of 85 wt%
H,PO,, 180 g/L each of glucose and starch, 80 g/L protein, 40 g/L lipid, 800 mL/L fermentation liquid and deion-
ized water. The compound was thereafter heated in a water bath at 95 °C for 2 h and maintained at 37 °C in the
absence of light. For the catholyte, 0.3 mol/L molybdovanadophosphoric acid (H,,P;M0,,V7Oy;) was used. In
both cases, the anolyte and catholyte were made to circulate between the containing vessels and the fuel cell via a
silicone pipe at a flow rate of 13.3 mL/min. The open circuit voltage of the fuel cell was then tested using a mul-
timeter and the I-V curve by linear sweep voltammetry on a CHI 600E electrochemical workstation (Chenhua
Instrument, China) when voltage stability was achieved. By this, there was a decrease to 0.01 V at a scanning
speed of 0.1 mV/s and record of the current variations and power densities were taken.

For the formulation of the continuous phase, the anolyte’s composition was 0.1 mol/L PMo,, 1.0 mol/L FeCl,,
5 mL of 85 wt% H;PO,, fermentation liquid and deionized water. As done for the batch formulation, this mixture
was heated in the water bath at 95 °C for 2 h, allowed to cool before connecting to the fuel cell while the tempera-
ture was adjusted and maintained at 80 °C. The catholyte was simultaneously connected to the fuel cell while the
electrolyte was continuously made to recycle between the cell and the container at 13.3 mL/min flow rate. After
this, a rubber plug was used to seal the anolyte vessel and two different pipes for sampling gases and liquid were
used to pierce the plug. An ice box was initially used for condensing the generated gas during anodic reactions
before final collection with a sampling bag. The schematic diagram of the experimental set up is shown in Fig. 1

Efficiency and energy recovery. In determining the overall bioelectrochemical performance and electri-
cal energy recovery in this study, the temporal trend of the fuel cell electrical behavior for each continuous AnF
was observed. In doing this, measurement of the external resistive circuit was taken into consideration after
which the current density (The cathodic surface) and the power density (Total volume of reactor) were calcu-
lated. The total electric energy recovered (E,ccovereq) in kJ/m? from each fermentation liquid was determined by
integrating measured electric power over each treatment time>’. Since the batch reactors were fed with com-
plex substrates, the calculation was based on the COD concentration COD of both FW and SAB. To begin with,
the COD removal efficiency for each treatment was determined as follows:

(CODin - CODouZ)
nN=-———""1 X

100
coD,, (1)

where n=COD removal efficiency, COD;, (g/L) =influent concentration (Before treatment), COD,, (g/L) =efflu-
ent concentration (After treatment).

In fuel cell’s operation, the hydraulic retention time (HRT) usually varies which requires the calculation of a
normalized COD removal rate for comparison purposes especially between different substrates used in fuel cell
experiments. The normalized COD removal rate (NCRR) was calculated in this study thus:

(CODin - CODout) «

NCRR =
HRT

100 (2)

The electrical energy recovery was calculated using the formula below:

%)

Erecovered = /Pmeandt (3)

3]

where t; = the initial continuous fermentation time, ¢, =the final continuous fermentation time, Pp¢q,=the power
density.
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First phase

Figure 1. This shows the schematic diagram of the experimental set up showing both the first and second
phases of experiment.

Fuel Cell

Fermentation

Parameters (g/L) Food waste | Spent animal beddings
Total solids (TS) 38.5+0.02* 41.2+3.00°
Volatile solids (VS) 23.40+0.01* | 20.90+2.02*
Total organic carbon (TOC) 6.50+0.022 6.10+1.022
Total nitrogen (TN) 0.23+0.01* 0.24+0.01*
Chemical oxygen demand (COD) 15.29+0.02* | 17.91+2.12°
Acetic acid 10.02+1.02* | 8.99+0.12°
Propionic acid 1.78+£0.02* 1.62+0.02*
Butyric acid 1.33+£0.01* 1.27+0.02*
Isobutyric acid 0.49+0.01* | 0.43+0.01*
Valeric acid 1.66+0.00* 1.50+0.02*
Isovaleric acid 0.06+0.01* | 0.05+0.01*
Ammonia 0.61+0.01* 0.62+0.01*

Table 1. Characteristics of fermentation liquid from food waste and spent animal beddings. Values shown
in table are means of triplicate analyses with respective standard errors; superscripts with same letters are

statistically the same by the Tukey’s test at 5%.

aseud puodas

Analyses. Asshown in Table 1, various analyses were carried out on the fermentation fluid. Determination of

total solids (TS), volatile solids (VS) and Chemical oxygen demand (COD) was carried out using the American
Public Health Association’s method for the analysis of water and wastewaters®®. Measurement of total organic
carbon (TOC) and total nitrogen (TN) was done with the aid of a TOC analyzer (TOCL, Shimadzu, Kyoto,
Japan). Concentration of volatile fatty acids (VFAs) were determined chromatographically (Clarus 580GC Perki-
nElmer, USA) to which a flame ionization detector was attached while that of total ammonia nitrogen (TAN)
was carried out spectrophotometrically (Spec DR3900, HACH, USA) using Nessler’s reagent with potassium
sodium tartrate used for screening metal ions. Measurement of pH was by a pH meter (PHS-3C, Shanghai,
China) while the nitrogen (N,) and carbon dioxide (CO,) obtained from the organic breakdown of substrates
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Parameters (g/L) Food waste | Spent animal beddings
Total solids (TS) 21.41+£3.02* |26.6+3.02°
Volatile solids (VS) 470+1.02* |5.10+£1.02°
Total organic carbon (TOC) 1.10+0.01* | 1.40+0.05°
Total nitrogen (TN) 0.03+0.00* | 0.04+0.01*
Chemical oxygen demand (COD) 3.42+0.02° | 4.66+0.12°
Acetic acid 1.01£0.01* | 1.04+0.02*
Propionic acid 0.23+0.01* | 0.17+0.02°
Butyric acid 0.04+0.01* | 0.05+0.02%
Isobutyric acid 0.03+£0.00* | 0.03+0.01°
Valeric acid 0.82+0.01* |0.23+0.01°
Isovaleric acid 0.01£0.01* | 0.01+0.01°
Ammonia 0.23+0.03* | 0.19+0.01°

Table 2. Characteristics of effluent from food waste and spent animal beddings treatment in fuel cells (first
phase). Values shown in table are means of triplicate analyses with respective standard errors; superscripts with
same letters are statistically the same by the Tukey’s test at 5%.

were analyzed using the 78508 gas chromatograph (Jinghe, Shanghai, China) which was equipped with a thermal
conductive detector at 150 °C column temperature.

Results and discussion

Performance of fuel cell. Table 1 shows the characteristics of both fermentation media. Before the actual
continuous experiment, the batch treatment was done by butyric fermentation with acetic acid as the major
product based on the suggestion of Liu et al.>! when a very high rate of acetic acid conversion was reported when
the fermentation liquid from the FW treatment was used in a fuel cell. In this study, the fermentation liquids
from FW and SAB generated mean open-circuit voltages of 0.64 and 0.53 V and P,,,, of 1.6 and 1.3 mW/cm?
respectively.. In reality, FW fuel has a higher power density than the value (1.2 mW/cm?) obtained by Liu et al.*!
but lower than the 3.4 mW/cm? reported by Xu et al.** when glucose was used as fuel. Interestingly, SAB fuel also
performed better than the earlier report for FW>!. The reason for these observations could be directly due to the
relatively high organic load of the two fermentation liquids in this study i.e. 23.4 and 20.9 g/L for FW and SAB
respectively”®®. However, these are still far lower than the 180 g/L glucose concentration used in the study of Xu
et al.* which yielded a better result. In the use of fermentation liquid for fuel cell therefore, a higher concentra-
tion of the liquid is required to enhance the performance efficiency. Since the rate of converting substrates to fer-
mentation fluid during anaerobic fermentation depends on several factors among which are the organic loading
rate (OLR) and pH**¢!, these two factors were strictly regulated in this study in order to achieve higher working
efficiency of the fuel cell. The reactors were dosed with sodium hydroxide (NaOH) in order to stabilize the pH
at between 6.0-6.5 for both reactors and this gives a hydrolysis rate of 62 and 50% for FW and SAB respectively.
These results are very similar to those obtained by Wu et al.* when a rate of 60% was reported for FW at the
working pH of 6.0. At this condition, the major products of the fermentation were VFAs as against lactic acids
and ethanol which would have dominated the process had lower pH values been used®*%. The predominant
among the VFAs were acetic and butyric acids and this justifies the initial use of butyric fermentation at a pH of
6.2 as the pre-positive treatment before the real experiment.

In terms of nutrients degradation and utilization, it was obvious that the fuel cell was able to efficiently uti-
lize the nutrients in the anolyte and this was done within a short experimental period. As shown in Table 2, TS
reduced from the initial concentration of 38.5 and 41.2 g/L to 21.4 and 26.3 g/L for FW and SAB respectively
after the cell stopped electricity production. For VS degradation which represents the utilization of the organic
component of the fermentation liquid, the initial concentration of 23.4 and 20.9 g/L for FW and SAB were
degraded to 4.7 and 5.1 g/L respectively. These show 80 and 76% reductions for both FW and SAB at the end of
the 48 h of the experiment (Fig. 2).

An interesting pattern of degradation was equally shown by the fuel cell in that there were only 23 and 20%
degradation of VS in both FW and SAB after the first 12 h and this progressed to 56 and 49% respectively at
the end of 24 h. This suggests a steady and continuous utilization of the organic substances as the experiment
progressed. In the long run, the fermentation liquid from FW showed better nutrient utilization than that of the
SAB when used in the fuel cell (Fig. 3).

Among all the factors responsible for the efficiency of a fuel cell in treating fermentation liquid is the composi-
tion and oxidation pattern of organic carbon (TOC). In this study, when the fuel cell was operated in continuous
mode, there was a rapid degradation of TOC. The TOC values at the end of 12 h operation were 4.3 and 4.5 g/L
from the initial concentrations of 6.5 and 6.1 g/L for FW and AB. After this, degradation was slower and picked
up again at about the 25 h of the experiment. At the end of 48 h, the final values of TOC in the fuel cells treating
FW and SAB were 0.3 and 0.5 g/L respectively (Fig. 4). These mean that at the end of the experiments, 95 and
92% of the initial TOC in FW and SAB fermentation liquids had been utilized. It was also noticed that bulk of
the TOC in the liquids was drawn from the VFAs which is evident in the high diversity and concentrations of
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Figure 2. This figure shows the pattern of total solids (TS) conversion for (A) food wastes and (B) spent animal
beddings during the experiments.
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Figure 3. This figure shows the pattern of volatile solids (VS) conversion for (A) food wastes and (B) spent
animal beddings during the experiments.

the VFAs in this study. This phenomenon also impacted greatly on the degradation or conversion of the VFA
for the efficiency of the cells in both FW and SAB experiments.

This efficient conversion of organic carbon had a great impact on the electricity generation by the cells. At
about the 12 h of the experiment, most organic substances in the liquids were just being degraded to different
other degradable forms and the cells at this point showed a decrease in voltage from 0.48 to 0.07 and 0.11 V for
FW and SAB. This decrease in voltage was observed to continue steadily and was almost at zero in both fuel
cells by the end of the experiments. This simply means that there all the earlier formed intermediate substances
were degraded though slowly. Similar to the degradation pattern of TOC, the concentration of total nitrogen
(TN) followed the same trend. In the FW fermentation liquid, the concentration reduced from 0.23 to 0.03 g/L
at the end of 48 h which translate to 87% reduction while in the SAB fermentation liquid, a final 83% reduction
was observed i.e. from initial 0.24 g/L to a final of 0.04 g/L. In an earlier study*’, had reported the two major
possibilities for maximum TN reduction which are converted to nitrogen gas (N,) and binding to PMo12 in
order to form ammonium phosphomolybdate (APM) which is most unlikely considering the low concentration
of TN in the medium before treatment in fuel cells. Even in the likelihood of a combination of nitrogen and
APM, the latter can still be efficiently used as a catalyst after dissolution in a solution of phosphoric acid. This
still gives rooms for speculations as to the final fate of nitrogen during the fuel cell experiments involving FW
and SAB fermentation liquid. As for ammonia which is usually formed from the degradation of the protein, its
concentration was higher at the beginning due to its protein degradation giving rise to ammonia formation. It
was finally converted to nitrogen gas and CO, after experiencing a slow degradation with slight accumulation
towards the end of the experiment. In FW fermentation liquid, ammonia degraded from initial concentration
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Figure 4. This figure shows the pattern of total organic carbon (TOC) conversion for (A) food wastes and (B)
spent animal beddings during the experiments.

A B
0.25 0.3

3 d
go.zo 3

c c b
0045 2

4 4

c 10 &

0 Q

5 0.05 3

8 ' 0

O 0 ) @ PP N A P P 3
Time (h) Time (h)

Figure 5. This figure shows the pattern of total nitrogen (TN) conversion for (A) food wastes and (B) spent
animal beddings during the experiments.

of 0.61 g/L to 0.23 g/L at 48 h representing 62% degradation/conversion. For SAB, there was 69% degradation
i.e. from 0.62 to 0.19 g/L as shown in Fig. 5.

The efficiency of the fuels cells to utilize VFAs as fuel for electricity generation was the major objective of this
study. In the assessment of VFAs utilization, therefore, it was discovered that virtually all VFAs present in the
fermentation liquids were efficiently converted to CO, and other important molecules which contributed to the
high performance seen in the fuel cells. The high conversion rate of VFAs seen in this study was made possible
by the actions of the co-catalysts (FeCl; and phosphomolybdic acid (H;PMo,,0,y, PMo,,)) which brought about
the oxidation of the VFAs. As shown in Tables 1 and 2, VFAs detected in the fermentation liquids produced from
FW and SAB includes the three major VFAs acetic, propionic and butyric and others such as valeric, isobutyric
and isovaleric acids. In both FW and SAB, acetic acid dominated the total VFAs (TVFAs) composition account-
ing for 66.3 and 65% of TVFAs in each case. Propionic and butyric acids were the second most abundant with 20
and 21% in FW and SAB respectively. Following these major acids is valeric acid having a composition of 11% in
both media while others are isobutyric and isovaleric acids. The VFAs profile of both FW and SAB in this study
provides a considerable platform for comparing both materials in the production of fermentation medium since
they have a very similar and almost equal composition of VFAs. The initial concentration of acetic acid in FW
medium was 10.02 g/L which decreased significantly with treatment time, an indication of efficient degradation
with a final concentration of 1.01 g/L i.e. 90% degradation. For SAB, acetic acid decreased from 8.99 to 1.04 g/L
which account for 88.4% degradation. Overall, the degradation levels of propionic, butyric, valeric, isobutyric
and isovaleric acids in the fuel cell treating FW fermentation medium were 87.1, 97, 84, 94 and 83% respectively.
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Figure 6. This figure shows the pattern of volatile fatty acids (VFAs) conversion for (A) food wastes and (B)
spent animal beddings during the experiments.

Similarly, in the fuel cell treating SAB fermentation liquid, the degradation of the same set of VFAs were 90, 96,
85, 93 and 80% respectively after the 48 h of treatment (Fig. 6). A major inference here is that fuel cells treating
fermentation liquids are capable of efficiently utilizing smaller molecules.

Evidence of further organic matter mineralization was seen in the decrease in the concentration of soluble
chemical oxygen demand (SCOD) in both fuel cells all through the treatment period. This further supports the
assertion that VFAs were broken down to CO,, H,0, and other small organic molecules. In the fuel cell treating
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Figure 7. This figure shows the pattern of total soluble chemical oxygen demand (SCOD) conversion for (A)
food wastes and (B) spent animal beddings during the experiments.

FW fermentation liquid, SCOD decreased by 78% i.e. from initial 15.29 to a final concentration of 3.42 g/L at
48 h treatment time (Fig. 7). Also, in the SAB fermentation liquid treatment cell, the final value of SCOD was
5.56 g/L as against the initial value of 17.91 g/L which translate to a reduction of 74% after 48 h. These results
corroborate the earlier submission' that biochemical reactions in a fuel cell can cause enormous decomposi-
tion of organic substances due to the provision of more reduced catalysts which in turn help in organic matter’s
oxidation especially in the anolyte.

Mono treatment of FW and SAB organic components. As earlier reported*, one way to confirm the
efficiency of a fuel cell in converting the organic constituents of FW was to directly and singly treat the major
components and this further showed the extent of degradation or utilization of each component in the fermen-
tation liquid and the extent of contribution toward the overall electricity generation from the cell. Even though
this was reported for FW in that previous study, there is a need to do the same for the major constituents of SAB
which are not very different from those of FW. Another major observation here is that even the composition of
FW differs according to the types of food materials coming into the stream. This also necessitated that the com-
ponents in the FW used in this study be treated individually in a fuel cell. All these were carried without prior
positive treatment before actual fuel cell reactions. In doing this, glucose, starch, and protein were each used as
fuel in the cells and their respective degradation and input toward electricity generation were quantified. Lipid
was not considered in this study since it was already extracted from the substrates and more importantly because
it cannot be degraded in a fuel cell according to earlier reports owing to its insolubility and structure.

The use of glucose as fuel yielded very high power densities of 6.7 mW/cm? This value is very similar but
slightly higher than obtained via the use of glucose in previous studies***! which utilized the same co-catalysts
as used in the current study. In the usage of starch as fuel in the cell, the power density reached 2.1 mW/cm?
which was far lower than the result obtained in the use of glucose since starch showed a lower level of catalytic
reactions than glucose in the fuel cell. Besides, starch is known to gelatinize and this would possibly make the
reaction medium more viscosity with the attendant effect of a lower transfer of mass and subsequent power gen-
eration. By using protein, the power density was 1.8 mW/cm? This equally showed a slightly higher performance
by starch since proteins are known to denature thereby forming several other compounds whose presence and
concentration could cause the reaction medium to also become viscous and this ultimately slow down the rate
of reaction and could even lead to no reaction at all. Another reason that could cause a better performance of
starch over protein is the composition of starch in terms of the hydroxyls and this aided the reaction process
with evidence of higher electricity generation. This phenomenon had earlier reported®. The summation of this
is that glucose remained the most efficient in fuel cell experiment which is easily linked to the far higher organic
constituent in glucose than most fermentation liquids ever reported. This calls for the use of liquid fuels with
higher organic loading as this will definitely enhance the efficacy of electricity generation from fuel cells. In
themselves, fermentation liquids are highly potent as fuels considering their compositions of different organic
materials, acids and nutrient elements than ordinary glucose. Therefore, fermentation liquids should be used
with higher organic constituents in order to enhance their discharge performance in fuel cells.

It is noteworthy to say that there may still be some lipid residues in the substrates used in this study owing to
the fact that lipids are usually not 100% removed from food substances especially those that are lipid-rich. These
residues must have been dealt with in the 2 h batch treatment and subsequently converted to simple VFAs and this
explain why no lipid clogging effect was reported in this study. It is, therefore, necessary to always remove the lipid
portion of FW and even SAB as seen in this study and to also pretreat such substances in short batch experiments
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Parameters (g/L) Food waste | Spent animal beddings
Total solids (TS) 21.242.02* |27.1£3.01°
Volatile solids (VS) 4.83+0.01* |5.60+0.01°
Total organic carbon (TOC) 1.30+£0.01* |2.20+0.01°
Total nitrogen (TN) 0.21+0.00 0.06+0.00
Chemical oxygen demand (COD) 3.94+0.11* | 4.88+0.03"
Acetic acid 4.51+0.01* |4.06+0.03°
Propionic acid 1.03+£0.03* | 1.00+£0.01*
Butyric acid 0.94+0.02* | 0.55+0.03"
Isobutyric acid 0.44+0.02* | 0.35+0.02°
Valeric acid 1.02+0.01* | 1.01+0.01*
Isovaleric acid 0.04+0.01* | 0.02+0.01*
Ammonia 0.13£0.01* | 0.11£0.02*

Table 3. Characteristics of fermentation liquid from food waste and spent animal beddings after
reconstitution. Values shown in table are means of triplicate analyses with respective standard errors;
superscripts with same letters are statistically the same by the Tukey’s test at 5%.

prior to real continuous treatment in fuel cells. The extracted lipid is not usually wasted as it would make a very
good candidate for the biodiesel production via catalytic transesterification and esterification reactions.

Nutrient recirculation. The effluents from the reactors treating both FW and SAB fermentation liquids
were closely examined after the continuous experiments to see the possibility of re-use especially since they still
contain some levels of nutrients. Even though the VFAs in these liquids have been almost completely used up in
the generation of electricity by the fuel cells, there is still a considerable composition of VS and SCOD which are
the main sources of organic matter. Though TOC was efficiently used up during continuous treatment, a boost
in the organic carbon via external source can make the liquids resuscitated thereby energizing the bacterial
community in using up the carbon and converting the organic matter to VFAs. By so doing, a new and viable
fermentation liquid can be reconstituted. In this study, both effluents were dosed with 20, 30, 40 and 50 g/L pyru-
vate (CH;COCO,H) as external carbon source and fed into the anaerobic reactors for a 4-day fermentation as
earlier done for the FW and SAB. The characteristics of the fermentation media resulting from these are shown
in Table 3 and they were then used in the fuel cells for electricity generation for another 48 h. Results in the table
showed that the addition of pyruvate energized the microbial communities in degrading the VS, SCOD, and
TOC evident by the formation of some levels of all the VFAs earlier reported in the media. Also, highest P, .,
of 0.8 and 0.5 mW/cm? for FW and SAB respectively were reported in this second phase of power generation.
Thus, this study has shown the high potential of VFAs regeneration and additional electricity production by the
addition of an external carbon source to already used fermentation medium.

The characteristics of the final effluents after the second treatment (Table 4) showed that they can be used
as fertilizers for crop plants sustainable wellbeing in many cropping systems. This is most possible because the
effluents are rich in suitable microbial inoculants as well as easily degraded fibers.

Overall performance assessment of fuel cell. In this study, the overall treatment period was only
6 days i.e. 4 days for the batch AnF and 2 days in the continuous system. Thus, using a fuel cell is a more efficient
way of energy generation with very shorter retention time than most conventional energy generation methods.
Anaerobic digestion (AD) though is an efficient energy generation pathway, will require up to 30 days treatment
in a controlled system or more in an uncontrolled system depending on ambient temperature. Also, a fuel cell
as seen in this study was very efficient in organic matter degradation as up to 95% initial TOC was degraded
while almost all VFAs that were reported in the media were consumed by the microbial community. This equally
showed that a fuel cell provides better ambiance for acidogenic microbial activities which results in the maximal
consumption of VFAs unlike in AD where VFAs accumulates most times due to an imbalance between the aci-
dogenic and methanogenic microbial communities. This among many other factors is responsible for high-level
inhibition to digestion and could even cause total system failure. Another major inhibitor to the AD process is
the formation of ammonia and its derivatives from nitrogen due to the systematic breakdown of the latter espe-
cially at the initial digestion period. However, TN in the fermentation media used in this study was converted
and subsequently degraded up to 87% implying a better performance than methanogenesis. As earlier reported,
a fuel cell has between 40 to 60% energy efficiency compared with AD with only 19%°%-%°.

Several challenges associated with the use of fuel cell have been evaluated for which solutions have also been
propounded*>*!. However, a major issue is that of lower performance because of low organic content. This can
be corrected by using fermentation media that are higher in the concentration of organics such as used in this
study i.e. 23.4 and 20.9 g/L which can be increased for better performance of fuel cell. Another challenge is pH
fluctuation in the anaerobic fermentation stage and this can be corrected by dosing the medium with weak
alkali so as to stabilize the pH at around 6.0-6.5 which is ideal for VFAs formation from substrates’. In this
study, SAB compared favorably with FW in composition and performance in a fuel cell. Treatment of FW for
energy generation is very popular in the energy sector while the SAB generated in most animal rearing systems
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Parameters (g/L) Food waste | Spent animal beddings
Total solids (TS) 13.11£3.02* | 16.1+1.02°
Volatile solids (VS) 1.39+1.02* | 1.70+1.02°
Total organic carbon (TOC) 1.06+0.01* | 0.80+0.05"
Total nitrogen (TN) 0.03+0.00* | 0.01+0.01*
Chemical oxygen demand (COD) 1.7240.02* | 2.24+0.10°
Acetic acid 1.71+0.01* | 1.44£0.02*
Propionic acid 0.03+0.01* | 0.07+0.02°
Butyric acid 0.15+0.01* | 0.03+0.02°
Isobutyric acid 0.13+£0.00° | 0.11+0.01°
Valeric acid 0.21£0.01* | 0.00+0.00
Isovaleric acid 0.00£0.00 | 0.00+0.00
Ammonia 0.03£0.01* |0.03+0.01°

Table 4. Characteristics of effluent from food waste and spent animal beddings treatment in fuel cells (second
phase). Values shown in table are means of triplicate analyses with respective standard errors; superscripts with
same letters are statistically the same by the Tukey’s test at 5%.

Substrate | COD,, (g/L) \ HRT (h) \ NCOD (%) | NCRR (g/L'day™) | Ppesn (MW/cm?) | Erecoverea (KJ/cm?)
First phase

FwW 15.29 48 78 24.7 1.6 0.2765

SAB 17.91 48 74 27.6 1.3 0.2246

Second phase

FW 3.94 48 56 4.6 0.8 0.1383

SAB 4.88 48 54 55 0.5 0.0864

Table 5. Bioelectrochemical performances and energy recovery from the fuel cells during continuous
treatment.

and experimental laboratories are swept away into the dustbin without any sustainable usage. This study has
established the high potential of this bioresource for energy generation, especially in fuel cells. The overall bio-
electrochemical performance and comparative electrical recovery from the use of fermentation liquids in the
continuous fuel cell’s operation is shown in Table 5. In the first phase, COD removal efficiency reached 78 and
74% for both FW and SAB fermentation liquids respectively while the normalized COD removal rate (NCRR)
recorded values of 247.3 and 276 in both FW and SAB respectively. Employing the standard formula, the total
electrical energy recovery (E,covered) from both experiments was 0.2765 and 0.2246 kJ/cm? for FW and SAB
respectively. In the second phase, COD removal efficiency reached 56 and 54% respectively for FW and SAB
while the NCRR values were 4.6 and 55 for both experiments. The total E,.,yereq Were 0.1383 and 0.0864 kJ/cm?
for FW and SAB respectively. In comparison, better efficiency and higher energy recovery was recorded in the
first phase experiments largely due to nutrients abundance.

Conclusions

It has been shown in this study that a fuel cell can efficiently be used for energy generation from food wastes
and spent animal beddings. Anaerobic fermentation of the waste streams was first carried out and the prod-
ucts were very rich in nutrients and volatile fatty acids which were all subsequently and efficiently converted
to electricity. The initial extraction of lipids gave the fermentation liquids a better chance of performing as no
clogging or inhibition was observed and up to 97% VFAs conversion was achieved. In the same manner, there
was high mineralization of carbon to CO, while most nitrogen was degraded to ammonia and subsequently
to N,. The experiment also showed efficiency in the generation of additional electricity from the effluents in
a second treatment with the addition of an external carbon source. Even though food waste has been treated
using many technologies in the past, the result of this study showed one of the very best treatment efficiencies
achieved for food wastes. Also, spent animal bedding has been shown to be a profound energy resource as it
compared favorably well with food waste in this study. Therefore, the use of fuel cell for the treatment of highly
volatile waste streams such as different food wastes and others is hereby solicited as this treatment shows higher
efficiency than anaerobic digestion at a shorter period.

Received: 5 February 2020; Accepted: 5 June 2020
Published online: 01 July 2020

SCIENTIFIC REPORTS |

(2020) 10:10735 | https://doi.org/10.1038/s41598-020-67356-0



www.nature.com/scientificreports/

References

1.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
. IEA, International Energy Agency. Key World Energy Statistics 6 (IEA, Paris, 2014).
21.

22.

23.
24.

25.
26.
27.
28.
. Cerda, A. et al. Composting of food wastes: Status and challenges. Biores. Technol. 248, 57-67 (2018).
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.

41

42.

Adefaratia, T. & Bansal, R. C. Reliability, economic and environmental analysis of a microgrid system in the presence of renewable
energy resources. Appl. Energy 236, 1089-1114 (2019).

. Al Mamun, K. & Amanullah, M. T. O. Smart Energy Grid Design for Island Countries (Springer, Berlin, 2018).
. International Energy Agency. World Energy Outlook 2017—Executive Summary (accessed November 2018); https://www.iea.org/

access2017/ (2017).

. Adefarati, T. & Bansal, R. C. Reliability and economic assessment of a microgrid power system with the integration of renewable

energy resources. Appl. Energy 206, 911-933 (2017).

. Adefarati, T., Bansal, R. C. & Justo, J. J. Reliability and economic evaluation of a microgrid power system. Energy Procedia 142,

43-48 (2017).

. Catalao, J. P. Smart and Sustainable Power Systems: Operations, Planning, and Economics of Insular Electricity Grids (CRC Press,

Boca Raton, 2017).

. Adefarati, T. & Bansal, R. C. Integration of renewable distributed generators into the distribution system: A review. IET Renew.

Power Gener. 10(7), 873-884 (2016).

. Hietala, D. C., Godwin, C. M., Cardinale, B. J. & Phillip, E. The independent and coupled effects of feedstock characteristics and

reaction conditions on biocrude production by hydrothermal liquefaction Savage. Appl. Energy 235, 714-728 (2019).

. Dahunsi, S. O., Olayanju, A., Izebere, J. O. & Oluyori, A. P. Data on energy and economic evaluation and microbial assessment of

anaerobic co-digestion of fruit rind of Telfairia occidentalis (fluted pumpkin) and poultry manure. Data Brief 21, 97-104 (2018).
Dahunsi, S. O. et al. Anaerobic conversion of Chromolaena odorata (Siam weed) to biogas. Energy Rep. 4, 691-700 (2018).
Dahunsi, S. O. et al. Biochemical conversion of fruit rind of Telfairia occidentalis (fluted pumpkin) and poultry manure. Energy
Sources Part A Util. Environ. Eff. 40(23), 2799-2811 (2018).

Dahunsi, S. O., Olayanju, A. & Adesulu-Dahunsi, A. T. Data on Optimization of bioconversion of fruit rind of Telfairia occidentalis
(fluted pumpkin) and poultry manure for biogas generation. Chem. Data Collect. 20, 100192 (2019).

Dahunsi, S. O. Mechanical pretreatment of lignocelluloses for enhanced biogas production: Methane yield prediction from biomass
structural components. Biores. Technol. 280, 18-26 (2019).

Dahunsi, S. O., Osueke, C. O., Olayanju, T. M. A. & Lawal, A. I. Co-digestion of Theobroma cacao (cocoa) pod husk and poultry
manure for energy generation: Effects of pretreatment methods. Biores. Technol. 283, 229-241 (2019).

Wall, D. M., McDonagh, S. & Murphy, J. D. Cascading biomethane energy systems for sustainable green gas production in a circular
economy. Biores. Technol. 243, 1207-1215 (2017).

Voelklein, M. A., Rusmanis, D. & Murphy, J. D. Biological methanation: Strategies for in-situ and ex-situ upgrading in anaerobic
digestion. Appl. Energy 235, 1061-1071 (2019).

FAO, Food and Agriculture Organization of the United Nations. Summary Report of Food Wastage Footprint: Impacts on Natural
Resources (FAO, Rome, 2013). ISBN: 978-92-5-107752-8.

Zhang, C., Su, H., Baeyens, J. & Tan, T. Reviewing the anaerobic digestion of food waste for biogas production. Renew. Sustain.
Energy Rev. 38, 383-392 (2014).

Kim, M. et al. More value from food waste: Lactic acid and biogas recovery. Water Res. 96, 208-216 (2016).

Dobbs, R., Oppenheim, J., Thompson, E, Brinkman, M. & Zornes, M. Resource Revolution: Meeting the World’s Energy, Materials,
Food and Water (Copenhagen, McKinsey Global Institute, 2011).

Ebner, J., Babbitt, C., Winer, M., Hilton, B. & Williamson, A. Life cycle greenhouse gas (GHG) impacts of a novel process for
converting food waste to ethanol and co-products. Appl. Energy 130, 86-93 (2014).

Kiran, E. U, Trzcinski, A. P, Ng, W. J. & Liu, Y. Bioconversion of food waste to energy: A review. Fuel 134, 389-399 (2014).
Morero, B., Groppelli, E. & Campanella, E. A. Life cycle assessment of biomethane use in Argentina. Biores. Technol. 182, 208-216
(2015).

RedCorn, R. & Engelberth, A. S. Identifying conditions to optimize lactic acid production from food waste co-digested with
primary sludge. Biochem. Eng. J. 105, 205-213 (2016).

Li, W, Loh, K., Zhang, J., Tong, Y. W. & Dai, Y. Two-stage anaerobic digestion of food waste and horticultural waste in high-solid
system. Appl. Energy 209, 400-408 (2018).

Dou, Z., Toth, J. D. & Westendorf, M. L. Food waste for livestock feeding: Feasibility, safety, and sustainability implications. Glob.
Food Secur. 17, 154-161 (2018).

Du, C. et al. Valorization of food waste into biofertilizer and its field application. J. Clean. Prod. 187, 273-284 (2018).

Jin, Y., Chen, T., Chen, X. & Yu, Z. Life-cycle assessment of energy consumption and environmental impact of an integrated food
waste-based biogas plant. Appl. Energy 151, 227-236 (2015).

Li, Y. et al. Kinetic studies on organic degradation and its impacts on improving methane production during anaerobic digestion
of food waste. Appl. Energy 213, 136-147 (2018).

Xu, E, Li, Y., Ge, X,, Yang, L. & Li, Y. Anaerobic digestion of food waste—Challenges and opportunities. Biores. Technol. 247,
1047-1058 (2018).

Li, Y, Jin, Y, Li, J,, Chen, Y. & Gong, Y. Current situation and development of kitchen waste treatment in China. Procedia Environ.
Sci. 31, 40-49 (2016).

Ye, M. et al. Improving the stability and efficiency of anaerobic digestion of food waste using additives: A critical review. J. Clean.
Prod. 192, 316-326 (2018).

Ma, Y., Cai, W. & Liu, Y. An integrated engineering system for maximizing bioenergy production from food waste. Appl. Energy
206, 83-89 (2017).

Dai, X., Duan, N., Dong, B. & Dai, L. High-solids anaerobic co-digestion of sewage sludge and food waste in comparison with
mono digestions: Stability and performance. Waste Manag. 33, 308-316 (2013).

Sanchis-Sebastia, M., Erdei, B., Kovacs, K., Galbe, M. & Wallberg, O. Analysis of animal bedding heterogeneity for potential use
in biorefineries based on farmyard manure. Waste Biomass Valoriz. 11, 2387-2395 (2020).

Degueurce, A., Capdeville, J., Perrot, C., Bioteau, T., & Martinez, J. Fumiers de bovins, une ressource a fort potentiel pour la filiére
de méthanisation en France? Sci. Eaux Territ. 1, 1-9 (2016).

Li, L., Peng, X., Wang, X. & Wu, D. Anaerobic digestion of food waste: A review focusing on process stability. Biores. Technol. 248,
20-28 (2018).

Xu, E, Li, H,, Liu, Y. & Jing, Q. Advanced redox flow fuel cell using ferric chloride as main catalyst for complete conversion from
carbohydrates to electricity. Sci. Rep.-UK 7, 5142 (2017).

. Liu, W,, Mu, W. & Deng, Y. High-performance liquid-catalyst fuel cell for direct biomass into-electricity conversion. Angew. Chem.

Int. Ed. 53, 13558-13562 (2014).
Zhang, Z. et al. Direct conversion of sewage sludge to electricity using polyoxometalate catalyzed flow fuel cell. Energy 141,
1019-1026 (2017).

SCIENTIFIC REPORTS |

(2020) 10:10735 | https://doi.org/10.1038/s41598-020-67356-0


https://www.iea.org/access2017/
https://www.iea.org/access2017/

www.nature.com/scientificreports/

43.

44,

45.

46.

47.

48.

49.

50.

Zhou, M., Yan, B., Wong, ]. W. C. & Zhang, Y. Enhanced volatile fatty acids production from anaerobic fermentation of food waste:
A mini-review focusing on acidogenic metabolic pathways. Biores. Technol. 248, 68-78 (2018).

Ma, H,, Xing, Y., Yu, M. & Wang, Q. Feasibility of converting lactic acid to ethanol in food waste fermentation by immobilized
lactate oxidase. Appl. Energy 129, 89-93 (2014).

Feng, K., Li, H. & Zheng, C. Shifting product spectrum by pH adjustment during long term continuous anaerobic fermentation
of food waste. Biores. Technol. 270, 180-188 (2018).

Ujor, V., Bharathidasan, A. K., Cornish, K. & Ezeji, T. C. Feasibility of producing butanol from industrial starchy food wastes. Appl.
Energy 136, 590-598 (2014).

Tait, S., Tamis, J., Edgerton, B. & Batstone, D. J. Anaerobic digestion of spent bedding from deep litter piggery housing. Biores.
Technol. 100(7), 2210-2218 (2009).

Riggio, S. et al. Mesophilic anaerobic digestion of several types of spent livestock bedding in a batch leach-bed reactor: Substrate
characterization and process performance. Waste Manag. 59, 129-139 (2017).

Riggio, S. et al. Comparison of the mesophilic and thermophilic anaerobic digestion of spent cow bedding in leach-bed reactors.
Biores. Technol. 234, 466-471 (2017).

Yap, S. D., Astals, S., Jensen, P. D., Batstone, D. J. & Tait, S. Pilot-scale testing of a leachbed for anaerobic digestion of livestock
residues on-farm. Waste Manag. 50, 300-308 (2016).

51. Liu, Y., Feng, K. & Li, H. Rapid conversion from food waste to electricity by combining anaerobic fermentation and liquid catalytic
fuel cell. Appl. Energy 233-234, 395-402 (2019).

52. Odyakov, V. E, Zhizhina, E. G. & Maksimovskaya, R. I. Synthesis of molybdovanadophosphoric heteropoly acid solutions having
modified composition. Appl. Catal. A 342, 126-130 (2008).

53. Pleissner, D., Kwan, T. H. & Lin, C. S. K. Fungal hydrolysis in submerged fermentation for food waste treatment and fermentation
feedstock preparation. Biores. Technol. 137, 139-146 (2014).

54. Pleissner, D., Lam, W. C,, Sun, Z. & Lin, C. S. K. Food waste as a nutrient source in heterotrophic microalgae cultivation. Biores.
Technol. 137, 139-146 (2014).

55. Karmee, S. K., Linardi, D., Lee, J. & Lin, C. S. K. Conversion of lipid from food waste to biodiesel. Waste Manag. 41, 169-173
(2015).

56. Capodaglio, A. G. et al. Microbial fuel cells for direct electrical energy recovery from urban wastewaters. Sci. World J. 2013, 634738
(2013).

57. Logan, B. E. Microbial Fuel Cells (Wiley , Hoboken, NJ, 2008).

58. APHA. Standard Methods for the Examination of Water and Wastewater (American Public Health Association, Washington, DC,
2012).

59. Liu, C,, Li, H., Zhang, Y. & Liu, C. Improve biogas production from low-organic-content sludge through high-solids anaerobic
co-digestion with food waste. Biores. Technol. 219, 252-260 (2016).

60. Yi, J., Dong, B,, Jin, J. & Dai, X. Effect of increasing total solids contents on anaerobic digestion of food waste under mesophilic
conditions: Performance and microbial characteristics analysis. PLoS ONE 9, 102548 (2014).

61. Chen, X. et al. Improving biomethane yield by controlling fermentation type of acidogenic phase in two-phase anaerobic co-
digestion of food waste and rice straw. Chem. Eng. J. 273, 254-260 (2015).

62. Wu, Y. et al. Effect of pH on ethanol-type acidogenic fermentation of fruit and vegetable waste. Waste Manag. 60, 158-163 (2017).

63. Wu, Y., Ma, H., Zheng, M. & Wang, K. Lactic acid production from acidogenic fermentation of fruit and vegetable wastes. Biores.
Technol. 191, 53-58 (2015).

64. Wu, W, Liu, W,, Mu, W. & Deng, Y. Polyoxometalate liquid-catalyzed polyol fuel cell and the related photoelectrochemical reaction
mechanism study. J. Power Sources 318, 86-92 (2016).

65. Gong, J. et al. Direct conversion of wheat straw into electricity with a biomass flow fuel cell mediated by two redox ion pairs.
Chemsuschem 10, 506-513 (2017).

66. Micolucci, E, Gottardo, M., Pavan, P, Cavinato, C. & Bolzonella, D. Pilot scale comparison of single and double-stage thermophilic
anaerobic digestion of food waste. J. Clean. Prod. 171, 1376-1385 (2018).

67. Poeschl, M., Ward, S. & Owende, P. Evaluation of energy efficiency of various biogas production and utilization pathways. Appl.
Energy 87, 3305-3321 (2010).

68. Asensio, E. J., San Martin, J. I., Zamora, I. & Onederra, O. Model for optimal management of the cooling system of a fuel cell-based
combined heat and power system for developing optimization control strategies. Appl. Energy 211, 413-430 (2018).

69. Li, H. & Feng, K. Life cycle assessment of the environmental impacts and energy efficiency of an integration of sludge anaerobic
digestion and pyrolysis. J. Clean. Prod. 195, 476-485 (2018).

70. Wang, K., Yin, J., Shen, D. & Li, N. Anaerobic digestion of food waste for volatile fatty acids (VFAs) production with different types
of inoculum: Effect of pH. Biores. Technol. 161, 395-401 (2014).

Acknowledgements

The author appreciates the efforts of the technical staff members who helped in some of the experiments. This
research received funding from the Ton Duc Thang University, Ho Chi Minh City, Vietnam

Author contributions
S.0.D. conceived the research idea, carried out the research and the analyses and wrote the manuscript.

Competing interests
The author declares no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-67356-0.

Correspondence and requests for materials should be addressed to S.0.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:10735 | https://doi.org/10.1038/s41598-020-67356-0


https://doi.org/10.1038/s41598-020-67356-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS |  (2020) 10:10735 | https://doi.org/10.1038/541598-020-67356-0


http://creativecommons.org/licenses/by/4.0/

	Electricity generation from food wastes and spent animal beddings with nutrients recirculation in catalytic fuel cell
	Anchor 2
	Anchor 3
	Materials and methods
	Collection of materials. 
	Description of the fuel cell, catalysts, and fuels. 
	Anaerobic reactors. 
	Operation of the fuel cell. 
	Efficiency and energy recovery. 
	Analyses. 

	Results and discussion
	Performance of fuel cell. 
	Mono treatment of FW and SAB organic components. 
	Nutrient recirculation. 
	Overall performance assessment of fuel cell. 

	Conclusions
	References
	Acknowledgements


