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The effect of biochar addition on the anaerobic digestion (AD) of food waste was

evaluated. From the five biochars tested, Fe, Co, Ni, and Mn were leached in very small

quantities (<10 mg/kg), while a high amount of K (1,510 and 1,969 mg/kg) was leached

from treated waste wood and willow tree pyrochar, respectively. AD batch experiments

were performed at an inoculum:substrate ratio of 1:1, at 30◦C and under agitating

conditions. The results showed that the biogas volume produced by the treatments

with the brewery residue hydrochar and treated waste wood pyrochar was lower than

the amount of biogas produced by the control with only food waste. The food waste

supplemented with 1.5mL of trace elements yielded the highest biogas of 588 mL/g

COD (CH4 content−48%). Furthermore, two identical upflow anaerobic sludge blanket

(UASB) reactors, i.e., control reactor and biochar amended reactor, were operated at

30◦C, at organic loading rates (OLR) varying from 3.4 to 7.8 g COD/L.day. The average

COD removal efficiencies of the control and the biochar-amended reactor were 47 and

77% at an OLR of 6.9–7.8 g COD/L.day, respectively. These study results clearly indicate

that the type of biochar and trace elements concentration in biochar play a key role

in determining the effectiveness of the biochar in enhancing biogas production from

food waste.

Keywords: anaerobic digestion (AD), biochar, trace elements, food waste, leaching

INTRODUCTION

Food waste accounts for about 32–62% of themunicipal solid waste (MSW) fraction and is expected
to increase due to the increasing population and urbanization around the world (Xu et al., 2018).
Food waste generation is higher in developed countries, e.g., 98 million tons per annum in the
European Union (EU) countries (Xu et al., 2018) and about 43.6 million tons of food is reported
to have been thrown away in the U.S.A (Zhang et al., 2007). The methods commonly used for
food waste disposal include incineration, landfilling and aerobic composting (Zhang et al., 2014).
However, landfilling has been banned inmost of the developed countries, leaving incineration as the
preferredmethod. Incineration is energy intensive (Zhang et al., 2014) and an expensive technology
to implement, especially in developing countries, incineration possesses environmental risks such
as air pollution. Incineration of food waste is also not favorable because food waste contains high
level of water.
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In contrast, AD is emerging as a most efficient technology
for food waste treatment and disposal. The high amount of
the organic food waste fraction in MSW presents sufficient
raw material for the AD process, which does not only remove
the waste from the environment but is a promising source of
renewable energy as well (Meyer-Kohlstock et al., 2016; Xu et al.,
2018). The biogas produced from AD consists of about 65–
70% methane (CH4) and 35–40% carbon dioxide (CO2) (Xu
et al., 2018), which can be converted into a compressed natural
gas (CNG), and electric energy. However, the AD process is
quite sensitive to disturbance due to the presence of a variety of
microorganisms that are involved in the four distinct stages such
as hydrolysis, acidogenesis, acetogenesis, and methanogenesis
(Fagbohungbe et al., 2017).

The first step is the hydrolysis, where the macromolecules
(proteins, fats, and carbohydrates) are broken down into
smaller molecules (peptides, fatty acids, and saccharides). It is
catalyzed by exo-enzymes called hydrolyses produced by the
fermentative bacteria, as shown in Equation (1) (Kondusamy and
Kalamdhad, 2014). Example of these bacteria include Bacterioides
succinogenes and Clostridium thermocellum.

nC6H10O5 + nH2O → nC6H12O6 (1)

The second step is acidogenesis, where the smaller
molecules are converted into volatile fatty acids (VFA)
such as propionic, acetic and butyric acid, and other by-
product gases like ammonia, carbon dioxide, hydrogen
sulfide, alcohols, and aldehydes by acidogenic bacteria
(Clostridium butyricum) as shown in Equation (2)
(Kondusamy and Kalamdhad, 2014; Zhang et al., 2014).

nC6H12O6 → 3nCH3COOH (2)

The third and fourth steps, i.e., the acetogenesis and
methanogenesis, involve the conversion of acetic acid into
acetate, which is then converted into carbon dioxide and
methane (Equation 3) by acetoclastic methanogens such as
Methanosarcina and Methanosaeta. The hydrogenotrophic
methanogens also produce CH4 by using CO2 as a carbon source
and hydrogen as a reducing agent (Equation 4) (Kondusamy and
Kalamdhad, 2014; Lü et al., 2016).

CH3COOH → CH4 + CO2 (3)

CO2 + H2 → CH4 + 3H2O (4)

Long-term AD of food waste is characterized by poor stability
due to accumulation of volatile fatty acids (VFA), which is
mostly caused by the deficiency of essential trace elements
such as manganese (Mn), cobalt (Co), nickel (Ni), zinc (Zn),
and iron (Fe) (Zhang and Jahng, 2012). Trace elements are
very important in the methanogenesis step of AD that involves
the action of acetyl-CoA synthase and methyl coenzyme M
reductase to catalyze key metabolic steps and require sufficient
amount of Fe, Ni, and Co (van Hullebusch et al., 2016), while
some methanogens may require molybdenum (Mo), tungsten
(W), copper (Cu), and selenium (Se) (Molaey et al., 2018).

The inefficiency of the methanogenesis step leads to low CH4

production. ADmetabolic by-products like ammonia (NH3) also
inhibit the methanogenesis step. Several solutions have been
provided to improve the long-term stability of the AD process.
These include, (i) co-digestion with other substrates such as cattle
manure and sewage sludge (Xu et al., 2018) due to their high
buffering capacity, (ii) addition of trace elements (Banks et al.,
2012), and (iii) multi-digestion steps to separate the acidogenic
and methanogenic phase of AD. One of the emerging trends
in AD is the use of biochar as an additive for enhanced biogas
production. A few researchers have reported that biochar can
help to alleviate this effect when used as an additive in AD
(Mumme et al., 2014; Lü et al., 2016; Wang et al., 2017).

Biochar is a carbon-rich compound that is produced through
thermochemical decomposition of biomass in the absence of
oxygen (Cha et al., 2016). It is produced through different
processes such as pyrolysis (300–700◦C; N2; atmospheric
pressure) and hydrothermal carbonization (170–250◦C; water
above saturated pressure) (Cha et al., 2016). The energy required
for biochar production varies depending on the type of biomass
used. For wood biomass used in the present study, approximately
160 MJ would be utilized for an effective pyrolysis process as
illustrated in Figure 1 (Joseph et al., 2018).

Recent studies have shown that the addition of biochar in
AD of food waste increased the biogas yield (Fagbohungbe et al.,
2016; Meyer-Kohlstock et al., 2016; Sunyoto et al., 2016; Wang
et al., 2017). Sunyoto et al. (2016) added pine sawdust biochar
(produced at 650◦C) to AD of aqueous carbohydrate food waste
made from white bread and observed increased CH4 production
by 41.6%. The addition of 8.3 g/L biochar to the food waste
produced higher methane (from 55 to 78%), while 33.3 g/L
biochar addition resulted in the lowest yield. It is hypothesized
that the biochar creates a surface area for colonization by the
microbial flora in the AD and acts as an adsorbent for compounds
such as limonene (Fagbohungbe et al., 2016) and ammonia (Lü
et al., 2016), that would otherwise inhibit the performance of
the AD. Wang et al. (2017) added vermicompost based biochar
(500◦C) to mixed kitchen waste and observed that the biochar
acted as a buffer and increased CH4 production due to 15–20%
(w/w) biochar addition. Meyer-Kohlstock et al. (2016) added
Holm oak residue biochar (produced at 650◦C) to municipal bio-
waste and observed an increase of CH4 production per organic
dry matter (ODM) by 5% (257–272 NL/kgODM) due to 5% (w/w)
biochar addition and 3% (252–267 NL/kgODM) due to 10% (w/w)
biochar addition.

Recent studies have been carried out to evaluate the
role of trace elements and biochar in the AD of food
waste, independently, mostly in single-stage anaerobic systems.
However, these studies have not addressed the role of biochar in
improving the trace elements bioavailability in AD. The role of
biochar in continuous AD process has also not yet been reported.
Therefore, the objectives of the present study were to: (i) evaluate
the ability of different types of biochar to leach trace elements, (ii)
evaluate the effect of biochar and trace elements addition on the
AD of food waste in batch reactors, and (iii) evaluate the effect
of biochar addition on continuous AD of food waste using an
upflow anaerobic sludge blanket (UASB) reactor.
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FIGURE 1 | Energy balance for biochar production from wood biomass. HHV is the higher heating value, a measure of energy content, including the latent heat of

vaporization of water in the biomass (adapted from Joseph et al., 2018).

MATERIALS AND METHODS

Food Waste, Inoculum, and Biochar
The food waste was simulated using potatoes (30%), white bread
(44%), spinach (10%), tomatoes (10%), and soya beans (6%).
The total solids (TS) and volatile solids (VS) of the individual
fractions of the food waste was analyzed, and the VS/TS ratio
was used to select the required amounts used for this study.
Shredding and dicing was done using a kitchen knife to reduce
the size to ∼2mm. Small portion of the food waste was blended
using a kitchen blender (Proline, MIX55) with frequent addition
of de-ionized water (total of 2 L), which resulted in a thick
paste that was used in the batch experiments. Some of the
paste was stored at −20◦C until further use in continuous
experiments. Anaerobic granular sludge was collected from
Veolia Water Technologies Techno Center Netherlands B.V.
(Biothane). The sludge was stored at 4◦C until use. Before
every batch test and the continuous experiment, the sludge was
maintained at 30◦C for 24 h, in order to acclimatize the sludge
to the experimental conditions. The biochar used was (i) treated
waste wood (600◦C, ETIA, France), (ii) spruce wood (650◦C,
CIRAD, France), (iii) scots pine bark (475◦C, VTT, Finland),
(iv) willow tree (475◦C, VTT, Finland), and (iv) brewery residue
(260◦C, VTT, Finland).

Trace Elements Leaching From Biochar
Biochar samples were weighed and dried in an oven at
105◦C for 24 h. The moisture content was calculated using
the gravimetric method for total solid analysis. The biochar
samples (0.5 g) were placed in 250mL bottles, and 20mL of
demi-water added. The bottles were agitated at 200 rpm on
an orbital shaker (InnovaTM 2100 platform shaker), for 48 h
at 30◦C, and samples were collected at intervals of 0, 24, and
48 h, respectively. The mixture was filtered using a vacuum
pump (Knf laboport, N816.3KT.45.18) to obtain the leachate.
The electrical conductivity (WTW EC meter) and volume of
the leachate were measured. Concentrated nitric acid (5% per
L of filtered volume) was added to acidify the leachate for
trace metal analysis by an inductively coupled plasma mass
spectrometry (ICP-MS, X series 2 by Thermo Scientific). The

amount of trace elements leached was expressed in mg/kg,
according to the calculations described in the EN12457-4
standard (Dutch Standardization Institute, 2002).

Batch AD Experiments
Batch AD tests were carried out in 250mL glass bottles having
a working volume of 150 and 170mL headspace, respectively.
The inoculum/substrate (ISR) ratio 1:1 (VSS inoculum/VS food
waste) was used for all the batch experiments. The batch
experiments were carried out in three treatments as summarized
in Table 1. All the batch experiments were performed and
analyzed in triplicates. The food waste paste used in treatments
A and B had an organic load of 18 g COD/L(wetbasis), while the
food waste used in treatment C had an organic load of 6 g
COD/L(wetbasis). The trace elements solution was composed of Fe,
Co, Ni, and Zn, each with a concentration of 1,000 mg/L. The
headspace was purged with pure nitrogen gas for 2min, and the
bottles were tightly covered using a metallic ring cap fitted with a
rubber septum. The reactors were incubated on an orbital shaker
(InnovaTM 2100 platform shaker), at 150 rpm and 30◦C, for 6
days. The daily increment of headspace gas pressure in the bottles
was measured using a manometer (LEO 1 Keller, model: LEO 1/-
1 to 3 bar/81000.2) and was used to calculate the biogas volume,
according to the procedure described by de Lemos Chernicharo
(2007). The biogas was expressed in mL/g COD.

Continuous AD Experiments With UASB
Reactors
Two identical UASB reactors made of perspex glass were used
for continuous experiments. Figure 2 shows the schematic of
the UASB reactor set up. The working volume was 2.25 L with
a height of 91.5 cm and a diameter of 5.6 cm. One reactor was
used as a control and the second one with biochar amendment
as the test reactor. The granular sludge volume was maintained
at 600mL, which was about 30% of the reactors working volume
in both reactors. The treated waste wood pyrochar was sieved to
obtain 800µm particle size fractions. The pyrochar was added to
the granular sludge bed in the test reactor at a concentration of
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TABLE 1 | Experimental design for batch experiments.

Treatment Biochar source Biochar

amount (g)

Food waste

(mL)

Granular sludge

(mL)

Trace elements

mix (mL)

pH adjustment

A (i) Brewery residue 0, 0.1, 0.2, 0.3,

0.4, 0.5, 0.75, 1.2

76 74 0 1M NaOH

(ii) Treated waste wood 0, 0.1, 0.2, 0.3,

0.4, 0.5, 0.75, 1.2

76 74 0 1M NaOH

B (i) Brewery residue 0, 0.2, 1.2 76 74 0 1M NaHCO3

(ii) Treated waste wood 0, 0.3, 1.2 76 74 0

(iii) Biochar only 1.2 0 74 0

C (i) Brewery residue 0, 0.2, 1.2 25 + 51mL water 74 0 4M NaHCO3

(ii) Treated waste wood 0, 0.3, 1.2 25 + 51mL water 74 0

(iii) Brewery residue 0.2 25 + 51mL water 74 1.5

(iv) Treated waste wood 1.2 25 + 51mL water 74 1.5

(v) Food waste + TE 0 25 + 51mL water 74 1.5

M, molarity; NaOH, sodium hydroxide; Na2HCO3, sodium bicarbonate; TE, trace elements solution.

FIGURE 2 | Schematic of the UASB reactor.

8 g/L of the reactors working volume. The control contained the
granular sludge only.

The mixed food waste paste was diluted with deionized water
to the desired g COD/L and the pH adjusted to 7.0–7.5 using
1M NaHCO3. The diluted food waste was continuously fed into
the reactor using a peristaltic pump (Masterflex, by Cole-Parmer;
Model: 7528-30), at a rate of 2.6 L.day and an upflow velocity
of 0.04 m/h. The organic loading rate of the diluted food waste
was increased stepwise from 3.4 to 7.8 g COD/L.day and the
hydraulic retention time (HRT) maintained at 24 h throughout
the operational period. The reactors were operated at 30◦C for
40 days. On day 25 of the UASB reactor operation, the biomass
in the two reactors was reduced to about 20% of the total reactor
working volume. The effluent of both the reactors was sampled
daily and analyzed for COD, NH4-N, pH, and VFA.

Analytical Methods
The analysis of different parameters was done according to
the standard protocols adopted by the IHE Delft laboratory

(Kruis, 2014). Total solids, volatile solids, and volatile suspended
solids were analyzed using the gravimetric (oven method). The
COD, total nitrogen, total phosphorous, and ammonia-nitrogen
concentration were measured using a Perkin Elmer, UV/VIS
Lambda 365 spectrophotometer at 600, 655, 880, and 655 nm,
respectively. VFA was measured using a gas chromatograph
(Varian 430-GC, CP-8400) as well as the CH4 composition
(Scion 456-GC). The trace elements were analyzed using
microwave digestion method with concentrated nitric acid and
the concentration measured using an ICP-MS (ICP-MS, X series
2 by Thermo Scientific).

RESULTS AND DISCUSSION

Feedstock Characteristics
The initial feedstock characteristics play an important role in
AD. The selection of the mixed food waste recipe used for this
research was inspired by research done on AD of kitchen waste
(Qiang et al., 2013; Sunyoto et al., 2016). The food waste and
inoculum were first characterized before the start of the AD
and Table 2 illustrate the properties. The C:N ratio of the mixed
food waste was 21.07, which was in line with the findings of
Kondusamy and Kalamdhad (2014) who reported that a C:N
ratio of 20–30 was sufficient for the AD process. The VS/TS ratio
(organic content) was 97%, which indicates a very high potential
for microbial treatment as reported by Xu et al. (2018). Trace
elements concentration of important elements like Fe, Co, Ni,
and Zn should be present in sufficient supply for a successful
AD. The trace elements concentration in the food waste was
very low and could not be detected by the ICP-MS used for the
analysis. The minimum detection limits were (µg/L): Fe 200;
Co 0.5; Ni 3.0; Zn 20; Cu 10; Mn 100; Na 6,000 and K 3,000.
Hence supplementation was necessary for this food waste. The
granular sludge used as the inoculum contained 842.5, 2.43, 8.02,
and 186.35 µg/ (g d.w.) of Fe, Co, Ni, and Zn respectively which
may have played a role in enhancing the AD process.

The characteristics of the biochar used for the AD are
summarized in Table 3. The brewery residue hydrochar had
a 4% ash content, which was lower than that of the treated
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TABLE 2 | Characteristics of the mixed food waste and the inoculum used for the

AD process.

Parameter Unit Food waste Inoculum

pH 5.40 7.20

Moisture content (wet) % 61.82 ± 0.34 –

Total solids (TS) (wet) % 38.18 ± 0.34 –

Volatile solids (VS) (wet) % 36.97 ± 0.42 –

VS/TS % 97 –

Volatile solids (VS) (d.w.) g/g 0.37 –

Total suspended solids (TSS) g/L – 44.67 ± 8.08

Volatile suspended solids (VSS) g/L – 39.67 ± 7.20

COD (d.w.) g/g 1.22 ± 0.01 0.48 ± 0.05

NO3-N (wet) g/L – B.D.L.

NO2-N (wet) g/L – B.D.L.

Phosphorous (d.w.) g/g 8.85 –

Total nitrogen (NH4-N, d.w.) g/g 0.15 0.10

Total organic carbon (d.w.) % 3.16 –

C/N ratio 21.07 –

Iron (d.w.) µg/g B.D.L. 842.50 ± 43.13

Cobalt (d.w.) µg/g B.D.L. 2.43 ± 0.01

Nickel (d.w.) µg/g B.D.L. 8.02 ± 0.14

Zinc (d.w.) µg/g B.D.L. 186.35 ± 12.14

Copper (d.w.) µg/g B.D.L. B.D.L.

Manganese (d.w.) µg/g B.D.L. B.D.L.

Sodium (d.w.) µg/g B.D.L. B.D.L.

Potassium (d.w.) µg/g B.D.L. B.D.L.

-, Not analyzed; (d.w.), dry weight basis; B.D.L., below detection limit; g/L, gram per liter;

g/g, gram per gram; µg/g, microgram per gram; %, percentage; COD, chemical oxygen

demand; NO3-N, nitrate-nitrogen; NO2-N, nitrite-nitrogen; C/N, carbon/nitrogen.

TABLE 3 | Characteristics of biochar used for the AD process.

Parameter Brewery residue

hydrochar

Treated waste

wood pyrochar

Particle size Powder Powder

Temperature (◦C) 260 600

pH 6 8

Electrical conductivity (µS/cm) 117 300

Moisture content (%) 1 29

Ash (%) 4 20

Volatile matter (%) 12 18

Fixed carbon (%) 83 33

waste wood pyrochar, which had 20%. This was in line with
the hypothesis from literature by Kambo and Dutta (2015) who
reported that hydrothermal carbonization produced a product
with a lower ash content compared to slow pyrolysis. The ash
content is an indicator of the amount of alkali metals that
remained in the biochar after production (Kambo and Dutta,
2015). Poerschmann et al. (2015) reported a 6.3% ash content
from HTC of brewer’s spent grain, which is another term used
to refer to the brewery residue. The pH of the brewery residue
hydrochar was 6 while that of the treated waste wood pyrochar
was 8. Poerschmann et al. (2015) also reported a pH of 6.9 of the

produced hydrochar. The pH is important in that the biochar can
provide buffering to the AD when used as an additive.

Trace Elements Leaching From Biochar
The essential trace elements (Fe, Co, Ni, and Zn) were leached
out in very small rates as illustrated in Table 4 in all the biochar
used in the leaching test. This can be explained by the fact that
they were also in almost negligible amounts in the initial biomass.
Only Na and K ions were leached out in high amounts. The Na
and K ions released into the leachate were responsible for the
increase in the EC in the leachate of all the biochars tested as
illustrated in Figure 3. The treated waste wood pyrochar with the
highest EC had the highest Na and K amount while the brewery
residue hydrochar had the second lowest EC and Na, and the
least Kwithin 48 h. This finding corresponds to Kambo andDutta
(2015) who reported that pyrolyzed biochar contained higher ash
content, which signifies a high amount of alkali metals in the
end product.

The percentage of the leached trace and macro elements from
the biochar about the original biomass composition was also
calculated. The data for the brewery residue hydrochar and the
treated waste wood pyrochar was not available for the initial
biomass composition. The scots pine bark leached out 85% of
the amount of Ni and 45.4% K. Cu was not detected in any of
the biochar. The willow pyrochar leached 38.6% Na and 68.3% K,
while the spruce wood pyrochar leached 33% Zn and 30% Fe.

Effect of Biochar on AD in Batch Reactors
Treatment A: pH Adjustment With 1M NaOH
In the batch reactors treated with the brewery residue hydrochar,
the addition of small doses of hydrochar, i.e., 0.2 g (332
mL/g COD) and 0.1 g (332 mL/g COD) increased the biogas
production by 35 and 30%, respectively, when compared to
the control which produced 215 mL/g COD (Figure 4A). The
addition of a higher dose (1.2 g) produced the same biogas
volume as the control (215 mL/g COD). This indicated that the
addition of small amounts of the brewery residue hydrochar was
enough to enhance the volume of the biogas produced. However,
the CH4 percentage in all the treatments was only 7–10%.

In the batch reactors with the treated waste wood pyrochar, the
addition of 1.2 g (262 mL/g COD) pyrochar increased the biogas
production by 18%. The lowest production was by the addition
of 0.3 g (191 mL/g COD) pyrochar, which was 11% lower than
the control (Figure 4C). This indicated that a higher amount of
the treated waste wood pyrochar was required to enhance the
volume of the produced biogas. The CH4 percentage in all the
treatments was between 15 and 27%. The biogas volume was
higher in the treatments with the brewery residue hydrochar, but
the CH4 percentage in the biogas was higher in the treated waste
wood pyrochar treatments.

The pH of the treatments with both the brewery residue
hydrochar and the treated waste wood pyrochar decreased from
7.0 to below 4.5. This was caused by the rapid accumulation of
VFA. Acetic (3.2–9.8 g/L) and propionic acids (1.4 to 2.1 g/L)
were the most dominant in these treatments (Figures 4B,D).
The pre-treatment of the food waste by blending made it highly
biodegradable; hence, the rate of VFA production rate exceeded
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TABLE 4 | Trace element concentration within 24 h of leaching from different biochar.

0 h 24 h

BR SR SPB TWW WIL BR SR SPB TWW WIL

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Mn (d.w.) 0.6 ± 0.4 1.0 0.4 1.0 B.D.L. 2.3 ± 1.6 6.4 0.8 ± 0.3 B.D.L 1.3

Fe (d.w.) 1.9 ± 1.4 1.9 1.9 1.9 ± 0.3 1.9 2.0 ± 1.4 3.9 B.D.L. 1.2 B.D.L.

Co (d.w.) B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L.

Ni (d.w.) 1.4 ± 1.6 0.7 0.5 1.0 0.4 3.4 ± 1.5 0.4 1.7 ± 2.1 0.4 ± 0.3 0.2

Cu (d.w.) B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 0.5 ± 0.4 2.3 B.D.L. B.D.L. B.D.L.

Zn (d.w.) 0.9 ± 0.3 0.7 ± 0.1 0.5 ± 0.1 1.2 ± 0.5 0.7 3.0 ± 2.6 13.2 1.5 ± 1.4 1.3 ± 0.5 0.4 ± 0.2

Na (d.w.) 37.5 22.3 ± 3.2 20.7 294.6 ± 24.9 21.5 ± 2.1 50.1 ± 5.5 46.6 ± 1.9 43.7 ± 6.5 454 ± 14.7 55.7 ± 0.2

K (d.w.) 27.6 ± 1.9 128.3 ± 64.5 178.5 ± 27.4 1048.4 ± 3.6 470.1 34.2 ± 19.6 420.2 ± 47.4 967.7 ± 27.4 1510.3 ± 3.8 1969.3 ± 43.4

BR, brewery residue; SR, spruce wood; SPB, scots pine bark; WIL, willow tree; Mn, manganese; Fe, iron; Co, cobalt; Ni, nickel; Cu, copper; Zn, zinc; Na, sodium; K, potassium; B.D.L.,

below detection limit.

FIGURE 3 | Increase in electrical conductivity (EC) over the 48 h leaching period.

the consumption rate (Ren et al., 2018). The methanogenesis
step was inhibited by the high VFA concentration leading to
a low CH4 percentage in the biogas. This was in line with
the findings of Sunyoto et al. (2016) who used pine sawdust
biochar on AD of white bread without pH buffering and observed
accumulation of VFA in their cultures that led to low pH of about
4.9. The hydrochar and the pyrochar did not provide buffering
against the high VFA concentration as reported in the literature
by Wang et al. (2017).

Treatment B: pH Adjustment With 1M NaHCO3

1M NaHCO3 was used as a buffer to adjust the pH to 7.0. Two
brewery residue hydrochar and treated waste wood pyrochar
doses were used for this set instead of the seven used in the
treatments adjusted with NaOH (treatment A). The doses that
produced the highest and lowest biogas yield in treatment A were

used for this set, together with two controls (With biochar only
and with food waste only). The 0.2 and 1.2 g brewery residue
hydrochar, and 0.3 and 1.2 g treated waste wood pyrochar doses
were used.

The treatment with 0.2 g hydrochar dose produced 325
mL/g COD which was an increase in biogas production by
3% when compared to the control which produced 315 mL/g
COD (Figure 5A). This volume by the 0.2 g dose was 2% lower
than the amount produced with 1M NaOH pH buffering. The
1.2 g hydrochar dose (317 mL/g COD) increased the biogas
production by only 0.6%. However, the volume produced by
the 1.2 g dose in the buffered treatment was 32% more than in
the treatment with NaOH (treatment A). The biogas produced
by the control with hydrochar only (12 mL/g COD) could be
attributed to the digestion of the organic carbon still present in
the hydrochar as reported by Kambo and Dutta (2015). The CH4
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FIGURE 4 | (A) Cumulative biogas production during the treatment with different doses of the brewery residue hydrochar, with 1M NaOH, (B) Production of acetic

and propionic acid in the treatments with the brewery residue hydrochar, with 1M NaOH (incubation period: 6 days), (C) Cumulative biogas production during the

treatment with different doses of the treated waste wood pyrochar, with 1M NaOH, and (D) Production of acetic and propionic acid in the treatments with the treated

waste wood pyrochar, with 1M NaOH.

percentage in the biogas was 23 and 24% for the treatments with
the hydrochar and control, respectively, an increase from 7 to
10% reported in the treatment with NaOH (treatment A). The
treatment with 1.2 g treated waste wood pyrochar dose (328mL/g
COD) increased the biogas production by 4%, but the volume
was 20% higher than in the treatment with NaOH (treatment A).
The CH4 percentage in the biogas with the treated waste wood
pyrochar treatments was 24%, a slight increase for the 0.3 g dose
that had 16% in the treatment with NaOH (treatment A).

The pH in all the biochar treatments and the control without
biochar, reduced from 7.0 to 4.0 due to the accumulation of VFA
in the reactors. Acetic acid was produced in high concentrations
(more than 8 g/L) in all the treatments with the hydrochar,
pyrochar, and the control without biochar. Butyric acid was the
second highest concentration with more than 3 g/L in all the
treatments. The highest concentration of propionic acid was 2.6
g/L in the 0.3, and 1.2 g treated waste wood dose treatment
while 0.2 g brewery residue hydrochar dose had the lowest
concentration of 1.7 g/L. The 6.9 and 7.2 pH in the hydrochar
control without the food waste and the treated waste wood
pyrochar respectively was an indicator that the organic load from
the food waste was contributing to the high VFA production in
the reactors (Hobbs et al., 2018).

The addition of the 1M NaHCO3 pH buffer enhanced the
volume of biogas produced in all the treatments, but the high
VFA concentration quickly reduced its effect. At high organic
load, a higher concentration of the pH buffer is required (Gao
et al., 2015). The hydrochar and the pyrochar could not provide
sufficient buffering to counter the effect of acidification from
the VFA.

Treatment C: pH Adjustment With 4M NaHCO3

The treatment with 4M NaHCO3 was aimed at addressing
the effect of the hydrochar and pyrochar on AD on a
reduced organic load of the food waste. The food waste paste
was diluted by reducing the amount of food waste from
76 to 25mL and then adding 51mL of de-ionized water
to top up the volume to 76mL, which was the required
amount for the 1:1 ISR (Table 1). The same hydrochar and
pyrochar doses used in the treatment with 1M NaHCO3

(treatment B), were used in treatment C, together with a
control without biochar, food waste with 1.5mL mixed trace
elements supplement (1,000 mg/L of Fe, Co, Ni, and Zn) and a
combination of biochar doses with trace elements supplement.
The NaHCO3 buffer concentration was increased to 4M in
treatment C.

In the batch reactors with the brewery residue hydrochar, the
food waste with trace element supplement produced 588 mL/g
COD which was an increase in biogas production by 9% when
compared to the control without biochar, which had a biogas
production of 538 mL/g COD as illustrated in Figure 5B. The
biogas production by the control was 60 and 41%more compared
to the treatment with NaOH (treatment A) and 1M NaHCO3

(treatment B) treatments, respectively. The 0.2 g hydrochar dose
biogas production (435 mL/g COD), was 24–25% higher than
in the treatments with NaOH and 1M NaHCO3, respectively.
The 1.2 g hydrochar dose production (438 mL/g COD) was
51–28% more than in treatments A and B, respectively. The
production was also higher than that of the 0.2 g hydrochar
in treatments A and B. The 0.2 g hydrochar dose with trace
elements supplement produced 4% more biogas compared to
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FIGURE 5 | (A) Cumulative biogas production during the treatment with different doses of the brewery residue (BR) hydrochar and the treated waste wood (TWW)

pyrochar, with 1M NaHCO3, (B) Cumulative biogas production during treatment with the brewery residue hydrochar and the treated waste wood pyrochar (FW, food

waste; TE, trace element; BR, brewery residue; TWW, treated waste wood), with 1M NaHCO3, (C) VFA production in the treatments with different doses of the

brewery residue (BR) hydrochar and the treated waste wood (TWW) pyrochar (incubation period: 6 days), with 1M NaHCO3, and (D) VFA production in the treatments

with the brewery residue hydrochar and the treated waste wood pyrochar (incubation period: 6 days; FW, food waste; TE, trace element; BR, brewery residue; TWW,

treated waste wood), with 1M NaHCO3.

the hydrochar treatments without the supplement, and 22%
lower than the treatment with the trace elements supplement
without biochar addition. However, the hydrochar treatments
still produced lower biogas when compared to the control
without hydrochar.

The 0.3 g treated waste wood pyrochar dose treatment
production (447 mL/g COD) was higher by 57–37% when
compared to the treatment with NaOH (treatment A) and
1M NaHCO3 (treatment B) treatments, respectively. The 1.2 g
pyrochar dose production (405 mL/g COD) increased by 35–19%
compared to treatments A and B. The 1.2 g pyrochar dose with
trace elements supplement produced 9% more biogas than the
treatments without the supplement but was 24% lower compared
to the treatment with the trace elements supplement without
biochar addition. This could be due to the adsorption of the trace
elements ions by the hydrochar and the pyrochar as reported by
Fagbohungbe et al. (2017) and Li et al. (2017). The trace elements
were therefore not available for the enzymatic activity of the
microorganisms. The CH4 composition in the biogas was 48%
in the control and food waste with trace element supplement
treatments, which was higher than in the treatments with the
hydrochar and the pyrochar (36–38%). The biogas volume and
CH4 composition improved with the high buffer concentration in
this treatment compared to the treatment with NaOH (treatment
A) and 1M NaHCO3 (treatment B) treatments. The addition
of 4M NaHCO3 provided good buffering capacity in the batch
reactors as reported by Gao et al. (2015), wherein the authors

used 1,000 mg/L NaHCO3 in the AD of kitchen waste and
reported a 48% improvement in CH4 yield.

Even with a pH buffer, the pH of the treatments with
the hydrochar and pyrochar reduced to between 4.8 and 5.0
due to VFA accumulation (Figures 5C,D). The propionic acid
concentration was higher (2.6 to 3.9 g/L) in all the hydrochar
and pyrochar treatments. This explains the rapid decline in the
pH because the accumulation of propionic acid consumes the
highest alkalinity in the AD, thus inhibiting the degradation
of acetic acid, which was also very high (2.3 to 5.3 g/L). The
high propionic acid concentration in the treatment with 4M
NaHCO3 (treatment C) could also be due to Na+ toxicity to the
propionic utilizing microorganisms than the acetic acid utilizing
ones (Gao et al., 2015). The pH buffer used contained a higher
concentration of Na+. The control and the food waste with trace
elements supplement had very low total VFA production of <0.7
g/L. Hence, the pH remained around neutral. The high VFA
accumulation and low final pH observed in the three treatments
are in line with the findings of Wang et al. (2017). The authors
used kitchen waste and vermicompost biochar for the batch
AD and after incubation recorded 0.4 g/L acetic acid, 5 g/L
butyric and 1 g/L propionic acid at pH 4.9. The higher biogas
volume and CH4 percentage in this treatment (C), for both the
brewery residue hydrochar and the treated waste wood pyrochar,
shows that the methanogenesis step was relatively successful
compared to treatments A and B, due to the good buffering
capacity provided by the addition of 4M NaHCO3. However, the
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TABLE 5 | Oxidation-reduction reactions in anaerobic digestion.

Oxidation reactions 1G0 (kJ/mole)

Propionate → acetate CH3CH2COO
− + 3H2O → CH3COO

− + HCO− + H+ + H2 +76.1

Butyrate → acetate CH3CH2CH2COO
− + 2H2O → 2CH3COO

− + H+ + H2 +48.1

Reduction Reactions

Bicarbonate → acetate 2HCO−

3 + 4H2+ H+ → CH3COO
− + 4H2O −104.6

Bicarbonate → methane HCO−

3 + 4H2+ H+ → CH4 + 3H2O −135.6

Modified from de Lemos Chernicharo (2007). 1G0, Gibb’s free energy; kJ, kilojoules.

FIGURE 6 | Cumulative biogas production in the control and biochar amended UASB reactors.

hydrochar and pyrochar treatments did not enhance the biogas
production and composition when compared to the control.

From the trace elements leaching experiments, the hydochar
and pyrochar used in the batch AD released negligible amounts
of the trace elements into the batch reactors. This explains the
inability of the biochar to enhance the biogas production as there
was a deficiency of the required trace elements for utilization
by the methanogens. The conversion of the organic matter in
the food waste in the AD process takes place following the
oxidation and reduction reactions as illustrated in Table 5. The
oxidation reactions have a 1G0 > 0; hence, the degradation of
propionate and butyrate cannot occur under standard conditions
and the reactions cannot shift to the right due to high amount
of hydrogen (H+) ions. There was more hydrogen production
in the batch experiments evidenced by the reduced pH due to
high VFA concentration at the end of the incubation period,
which inhibited the conversion of propionic and butyric acids
into acetic acid, and CH4. The continuous removal of hydrogen
from the AD system would ensure efficient completion of the
process (de Lemos Chernicharo, 2007). This can be achieved
by the addition of alkalinity (electron acceptors) in the form of
bicarbonate to complete the methanogenesis step. The results
from the three batch AD treatments indicate that even with
the addition of a higher buffer concentration, the pH of the
treatments with the brewery residue hydrochar and the treated
waste wood pyrochar reduced to levels that inhibited the

methanogenesis step, due to high VFA concentration. The pH of
the biochar did not influence the AD process, but it led to the
acidification in the reactors.

The NH4-N in the batch reactors of the three treatments (A,
B, and C) was below 200mg NH4-N/L. It is reported in the
literature that concentrations in this range can be beneficial to
the AD process, while more than 3,000mg NH4-N/L can cause
complete inhibition of methanogenic activity at any pH level
(Rajagopal et al., 2013).

Effect of Biochar on AD in a Continuous
UASB Reactor
The reactor with biochar (treated waste wood pyrochar)
amendment produced the highest cumulative biogas (32 L/g
CODremoved) with an average of about 0.86 L/g CODremoved per
day. The highest volume was within the first 3 days with a
production of 20 L/g CODremoved. This may have been due to the
low amount of particles in the influent caused by some particles
settling in the influent pipes. The diluted food waste was therefore
easily digested owing to the high activity of the granular sludge at
the beginning of the operation. The biogas production remained
steady for the rest of the operation time. The control reactor
cumulative biogas production was 18 L/g CODremoved with an
average of 0.45 L/g CODremoved per day. The biogas production
in the control was also steady during the operation time with the
highest production of 5 L/g CODremoved on day 32 (Figure 6). On
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day 29, the pH of the control reduced to 5.8, which reduced the
activity of the granular sludge. This led to the accumulation of
organic matter in the sludge bed, and once the pH was restored
to 7.0, the activity and COD removal recovered causing a sharp
increase in the biogas volume.

The COD removal efficiency (RE) was higher in the reactor
with the biochar amendment than in control (Figure 7). For
both reactors, the RE increased to 75% up to day 4 when the
organic loading rate (OLR) was 3.4 g COD/L.day. The OLR was
increased to 4.4 g COD/L.day on day 5. The RE of both reactors
decreased to 33 and 25% for the control and the reactor with
biochar amendment, respectively, between day 6 and 9. This
was due to a design problem of the influent pipes, which led to
clogging of the pipes hence the diluted food waste could not reach
the granular sludge bed. This led to a sharp decrease in the pH
(Figure 8) and reduced the activity of the microorganisms. The
influent pipes were replaced with a smaller size, which allowed

efficient pumping of the influent. The pH was adjusted to 7.0
using 1M NaHCO3 and the reactors recovered on day 10. Apart
from day 8 and 9, the pH of the two reactors remained stable
(around neutral) up to day 40. The OLR was maintained at 4.4
to 5.2 g COD/L.day from day 5 to 29. The average RE of the
control was 38–59% for the reactor with biochar amendment
during this period. The CH4 percentage in the biogas was 28%
for the control and 63% for the biochar amended reactor in
this period.

During the operation, the granular sludge bed was rising to
the top of the reactors (Figure 9). The produced gas was trapped
within the sludge bed causing it to float, and because the diameter
of the reactor was very narrow (5.6 cm); the granules could not
fall back to the bottom without manual manipulation. Therefore,
the biomass was reduced to about 20% of the reactors working
volume on day 25. After the reduction, the granules were able to
rise and fall back.

FIGURE 7 | Comparison of the COD removal efficiencies (RE) of the control and biochar amended UASB reactors.

FIGURE 8 | VFA production in the control UASB reactor.
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The OLR was later increased to 6.9–7.8 g COD/L.day on
day 30–40. The average RE for the control was 47–77% for
the reactor with biochar amendment during this period. The
average CH4 percentage in the biogas during this period was
39% for the control and 65% for biochar amended reactor. The
high CH4 percentage in the biogas produced by the biochar
amended reactor was in line with the findings of Latif et al.
(2012) who reported a 63% CH4 composition in the treatment of
liquidized food waste at an OLR of 12.5 g COD/L.day, and a COD
removal efficiency of 75%, but without biochar amendment.
The control (R1) is more comparable to the findings of these
authors and the CH4 percentage, and COD removal efficiency
was 38–37% lower, respectively. The results indicate that the
COD, RE and CH4 percentage increased in both reactors when
the OLRwas increased to 6.9–7.8 g COD/L.day. The treated waste
wood biochar amendment in the test reactor enhanced the COD
removal and increased the CH4% by 37–47% respectively when
compared to the control. The high carbon content in the biochar

FIGURE 9 | Photograph of the floating granular sludge during the operation

period.

enhanced the C:N ratio of the diluted food waste paste hence the
better performance of AD in the test reactor.

The VFA production in control was slightly higher than in
the reactor with the biochar amendment during the operation
period (Figures 8, 10). The total VFA concentration in control
was below 500 mg/L up to day 24 when it started increasing
up to a high of 1,660 mg/L of acetic acid on day 34. This
corresponds to the fluctuating pH level of the reactor. The total
VFA concentration in the reactor with the biochar amendment
was below 350 mg/L during the operation period. This indicated
that the AD process in the biochar amended reactor was relatively
stable. A total VFA concentration of between 50 and 250 mg/L
would indicate a stable AD system (Ren et al., 2018). The
VFA concentration in both reactors was below the inhibitory
2 g/L level as reported by Kondusamy and Kalamdhad (2014).
The NH4-N concentration in both reactors was below 200mg
NH4-N/L and was below the inhibitory levels as reported
by Rajagopal et al. (2013).

Practical Implications of This Research
The results of this research show that biochar addition can be
used to enhance the AD process especially in the UASB reactor.
However, some of the challenges faced in this research can be
stated as follows:

(i) The pH drop in the batch reactors with the different biochars
was caused by the accumulation of VFA.

(ii) The high particulatematter in the foodwaste used in theUASB
reactors led to reactor failure at the start of the operations.
Besides, the design of the reactors, less inner diameter and
the fluctuation of the pH during the night also affected the
performance of the reactor.

(iii) The physical and chemical properties of the pyrochar and
hydrochar used in this research could not be compared
to previous literatures because the available literature is on
different types of biochar produced from a wide variety of
biomass sources, i.e., different physico-chemical properties,
which makes a direct comparison of the results difficult.

FIGURE 10 | VFA production in the UASB reactor amended with biochar.
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The effect of the biochar of this food waste in the batch
reactors should further be investigated using different inoculum:
substrate ratios, and trace elements concentration to establish
the right ratios in case of future applications in large-scale
applications to avoid VFA accumulation. The applicability of
the UASB reactors in the AD of food waste requires research to
establish the suitable design due to the high particulate matter
present in the food waste. The reactors should be designed
with an optimum height: diameter ratio than the ones used
in this research to create more space for the granules to rise
and release the gas with ease and fall back. The operation
of the UASB at a large-scale level should be automated to
ensure continuous pH monitoring and buffer dosing, which
will prolong the longevity of the operations. The relationship
between the initial biomass trace elements concentration will
need to be established and the bioavailable amount at the end
of the biochar production for AD applications. A database of
suitable biomass and production temperature/process should be
put in place to act as a guide for future AD applications. Biochar
production at the industrial level for use in AD applications
requires careful planning involving the integration of different
policies. These include Waste Management, Renewable Energy,
European GMO policy, Clean Development Mechanism (CDM)
of the Kyoto Protocol, United Nations Framework Convention
for Climate Change (UNFCCC), and Economic Policies. Some of
the standards that need to incorporate the biochar include; the
REACH (Registration, Evaluation, Authorization & Restriction
of Chemicals) regulation (Regulation 1907/2006/EC), use of
fertilizer regulation, soil remediation and protection regulations,
and regulation of biodiversity (Van Laer et al., 2015). The
International Biochar Initiative (IBI) has developed standards
for biochar properties and testing of biochar, while the Delinat
Institute defines on top of the biochar properties also the required
properties of the feedstock used for the production of the biochar
more in detail (Van Laer et al., 2015). The available standards are
meant for the application of biochar in soils, hence, there is an
urgent need to develop and integrate standards that apply to the
use of biochar for AD processes.

CONCLUSIONS

The biochar used in this research leached very small quantities
of trace elements because the initial biomass used for their
production also had low quantities of Fe, Co, Ni, Zn, Cu, andMn.

The high amount of K leached from the treated waste wood
(1,510 mg/kg) and the willow tree pyrochar (1,969 mg/kg), and
relatively high amount of Na and K from the other biochars
caused an increase of the EC in the leachate. Even with the
addition of a buffer, the pH of the biochar treatments reduced
to levels that inhibited the methanogenesis step (pH 3.8–5.0),
at both higher (18 g COD/L) and lower (6 g COD/L) organic
load of the food waste in the batch reactors. The biogas volume
produced by the treatments with the brewery residue hydrochar
and treated waste wood pyrochar was lower than that produced
by the control with food waste only (538 mL/g COD). Trace
elements supplementation enhanced the biogas production of
the food waste without biochar addition (588 mL/g COD) by
8.5%. The combination of the 0.2 g brewery residue hydrochar
and 1.2 g treated waste wood pyrochar with trace elements
supplement in the batch AD enhanced the biogas production
compared to the treatments without the supplement, but the
biogas volume and composition was still lower when compared
to the control. The treated waste wood pyrochar enhanced the
COD removal efficiency and CH4 composition in the test UASB
reactor by 37–47% respectively, compared to the control. This
shows that addition of treated waste wood pyrochar can enhance
the performance of a UASB reactor for the AD of food waste.
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