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ARTICLE INFO ABSTRACT

Keywords: The efficiency of microbial interspecies electron transfer between syntrophic bacteria and methanogens is

Biometh.ane- ) considered a rate-limiting factor for the overall efficiency of anaerobic digestion (AD). Stimulating interspecies

gf‘a‘:"b“ digestion electron transfer by biochars has been demonstrated to be efficient to enhance AD. However, the enhancing
1ochar

effects vary significantly depending on biochar properties. The correlations between them are not fully under-
stood. Herein, biochars with different physicochemical properties were produced from a whiskey by-product
“draff” and subsequently applied in the digestion of draff. The biochar produced at 700 °C statistically (p less
than 0.05) enhanced biomethane yield by 5%. In contrast, biochars produced at 500 and 900 °C did not increase
biomethane yield. The addition of 700 °C-derived biochar in AD increased the relative abundance of the
methanogen Methanosarcina, which may be the electron-accepting partner in direct interspecies electron transfer
(DIET). The enrichment of Methanosarcina suggested the potential shift of the interspecies electron transfer
pathway towards the DIET mode. The characterization of biochar properties suggested that moderate graphiti-
zation degree and abundant active surface functional groups (such as -C=0, pyridinic-N, and graphitic-N) were
correlated with a more stimulating interspecies electron transfer through both the carbon matrices and the
charging — discharging cycles of surface functional groups.

Direct interspecies electron transfer

1. Introduction

Anaerobic digestion (AD) is an established technology for biogas
recovery whilst treating a wide array of organic substrates (such as agri-
food by-products). These substrates are degraded by consortia of bac-
teria and archaea to produce biogas, which can subsequently be
upgraded to biomethane. The significance of biomethane as an
advanced biofuel for transport has been well demonstrated and recog-
nized worldwide [1,2]. China, which currently produces almost a third
of global biogas, aims to expand biogas production 2.5-fold by 2030 [3]
with ambitions to provide renewable energy and reduce air pollution
whilst improving waste management practices. The European Union
proposes a binding target of 14% renewable energy share and a sub-
target of 3.5% advanced biofuels share in transport consumption by
2030 [4]. However, by December 2020 advanced biofuels have a market
share of less than 0.5% of energy in transport [5]. Biomethane has great

potential in the hard to abate sector of heavy transport [6]. Therefore,
the production of advanced biofuels such as biomethane is incentivized
to be enhanced and refined to optimize the system; this optimization
includes the energy yield from specific feedstocks and an increase in the
range of sustainable feedstocks for advanced biofuel production.
Whiskey manufacturing processes generate large quantities of by-
products which necessitate energy-intensive post-treatment (including
segregation and evaporation) to form traditional valuable products such as
animal feed. Meanwhile, these whiskey by-products have a significant
potential for biomethane production due to their high content of carbo-
hydrates and proteins. A previous study of a large distillery has suggested
that biogas from distillery by-products can replace up to 64% of natural gas
consumption onsite and lead to a 54% reduction in direct greenhouse gas
emissions [7]. As a typical solid by-product, draff primarily consists of
cellulose, hemicellulose, lignin and proteins. The high cellulose and
hemicellulose content of draff suggests it as a promising feedstock for
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biomethane production. However, the considerable lignin content in draff
may hinder the degradation of cellulose and hemicellulose, which on the
contrary makes it a good feedstock for biochar production through pyrol-
ysis. Lignin-rich digested stillage is also a good candidate to produce high-
quality biochar which could constitute attractive soil amendments in a
carbon-negative biorefinery [8]. Thus, it may be that draff is feasible to
produce advanced biomethane and/or as carbonaceous biochar that when
applied to land can generate negative emissions through enhanced
photosynthesis in a circular bioenergy system [9,10].

Despite the potential for biomethane production, digestion of draff is
still challenged by the low conversion efficiency and the instability in
AD due to its recalcitrant structure. Interspecies electron transfer be-
tween the syntrophic bacteria and methanogenic archaea is a funda-
mental factor in determining the overall AD efficiency. Interspecies
electron transfer can be achieved through either a mediated interspecies
electron transfer (MIET) or a direct interspecies electron transfer (DIET)
pathway. DIET has been demonstrated to be more efficient than MIET as
it is not limited by the diffusion rate of electron carriers such as
hydrogen and formate [11]. DIET-based syntrophy can naturally take
place via cytochromes/pili and can also be engineered via the addition
of conductive materials such as graphene, activated carbon, magnetite,
and biochar [12-14]. In recent studies, biochar has shown encouraging
effects on enhancing AD performance through stimulating DIET
[15-18]. These findings highlight future applications of biochar in AD
and the bridging role of biochar between biological and thermochemical
conversion processes in a cascading circular bioenergy system [19].

However, the literature is not definitive on the benefits of biochar
addition to AD systems. Table 1 summarizes the recent studies focusing
on the effects of biochars with different properties in mesophilic AD. The
impacts on biomethane yield were categorized into three types: positive
(increase in biomethane yield > 10%), neutral (0 < increase in bio-
methane yield < 9%), and negative (increase in biomethane yield less
than 0). The variable impacts of biochars are highly dependent on their
properties [20]. Biochar made from the same biomass resource can lead
to either positive or neutral impacts on biomethane yield due to the
differences arising from different pyrolysis temperatures [21]. The po-
tential to facilitate interspecies electron transfer is an important factor
that determines the effects of biochar. It was speculated that the
electron-donating and accepting capacity of biochar, which is associated
with the surface chemical properties of biochar, might determine the
capacity of biochar in promoting interspecies electron transfer [22,23].
Besides the stimulation of interspecies electron transfer, the surface
properties of biochar also impact biochar’s other effects on AD such as
inhibitor adsorption, pH buffering, and immobilization of microorgan-
isms [24]. These important surface properties include the surface
microstructure, pore volume and size, specific surface area, and surface
functional groups. However, arguments still exist over the optimal
biochar properties for enhancing AD performance. Wang et al. consid-
ered the redox activity of biochar as the decisive property for promoting
biomethane production [21]. Ren et al. suggested that it was the
abundance of surface oxygen-containing functional groups rather than
the total redox properties that impacted the biomethane production
[25]. Overall, the gap in the state of the art may be said to be the un-
derstanding of how the properties of biochar correlate to its facilitation
of and promotional effects on AD. Therefore, the determination of the
exact properties of biochar is crucial for a full understanding of the
mechanism of interspecies electron transfer and of how to engineer
biochar-enhancing AD.

The innovation of this study is the identification of the key properties
which contribute to the facilitating effects of biochar on biomethane
production. The specific objectives are to (1) produce high-quality bio-
char from the whiskey by-product draff; (2) evaluate the effects of draff-
derived biochar on biomethane production; and (3) identify the crucial
properties of biochars that have great effects on biomethane production
in AD. To achieve these objectives, the draff was pyrolyzed at different
temperatures to produce biochars with various properties. The
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properties of biochars were identified in terms of the specific surface
area, porosity, crystallinity of carbon structure, and surface functional
groups. A biomethane potential assay was carried out to evaluate the
effects of different biochars on biomethane production.

2. Materials and methods
2.1. Materials

The draff feedstock was sourced from a local whiskey distillery in
Ireland. The compositional characteristics of draff are listed in Table 2.
The original draff was used as received for the biomethane potential
assay, but it was oven-dried at 105 °C overnight before being used as the
feedstock for biochar production.

Three types of biochar were produced through pyrolysis of draff at
500, 700, and 900 °C in a compact tube furnace (R50/250/12, Naber-
therm, Germany). Under N, atmosphere, draff was firstly heated up to
the set temperature at a ramp rate of 10 °C/min, then kept at the set
temperature for an hour, and finally cooled down to the room temper-
ature. Corresponding to the pyrolysis temperature, the obtained bio-
chars were referred to as Char 500, Char_700, and Char 900,
respectively. The obtained biochars were ground into powders and
sieved to diameters below 150 pm. Biochar samples were sealed in
plastic bags and kept in a desiccator before use.

The inoculum for the biomethane potential assay was sourced from a
local biogas plant treating food waste and it was acclimatized in the
laboratory using cellulose and peptone as feedstock for several weeks.
The inoculum was degassed for a week before use in the biomethane
potential assay. The compositional characteristics of the inoculum are
listed in Table 2.

2.2. Biomethane potential assay

A batch biomethane potential assay was conducted in a Bioprocess
Automatic Methane Potential Test System (APMTS II, Bioprocess Con-
trol, Sweden). A detailed introduction of the AMPTS II and its operation
procedure can be found in a previous paper [18]. Five groups of diges-
tion (GO-G4) were conducted in triplicate. In the control group GO, 9.77
g of wet draff feedstock (containing 3.00 g VS) and 247.32 g of inoculum
(containing 6.00 g VS) were added to each reactor. G1, G2 and G3 were
three biochar amended digestion groups with the addition of Char_500,
Char_700, and Char_900, respectively.

A previous literature review on biochar addition in batch AD ex-
periments provided references for the determination of biochar dosage
in this study [18]. In the biochar amended groups, 0.75 g of biochar
powder (equivalent to 25% of the volatile solids in the feedstock) was
added into each reactor in addition to 9.77 g of draff and 247.32 g of
inoculum. G4 was a blank group containing only 247.32 g of inoculum
to evaluate the contributory effect of the inoculum. Biomethane yield in
GO to G3 was corrected by the yield in the blank group G4 to offset the
contributory of the inoculum. After the loading of feedstock, inoculum,
and biochar, the working volume of each reactor was adjusted to 400 ml
with distilled water. The initial pH in the reactor was measured as 8.06
+0.00, 8.05 + 0.01, 8.03 + 0.01, 8.04 + 0.01, and 8.13 £ 0.00 for GO to
G4, respectively. The digestion was carried out at 37 °C for 30 days. The
effluent in each reactor was sampled every three days for the analysis of
volatile fatty acids (VFAs). The VFAs concentration in the effluents was
quantified using a gas chromatography system (Agilent 7890B, USA).
Equipment configuration of the gas chromatography system and
analyzing method were described in a previous paper [33]. The VFAs
concentration on the starting day (day 0) was set as the baseline and
subtracted from the yield of VFAs.

The statistical analysis of differences in biomethane production was
conducted on the software IBM SPSS Statistics V25 using the one-way
ANOVA method. It was considered that there were significant differ-
ences when p <0.05.



Table 1
A summary of studies focusing on effects of different biochars on biomethane yield in mesophilic anaerobic digestion (AD) process.
AD Feedstock Biochar Pyrolysis Molar Molar C Content H content O content N content SSA EC(pS/ EDC Increase in Impact Reference
source temperature(°C) o/C H/C (%) (%) (%) (%) (m?/g) cm) (mmol/g) CH,4 yield
Sludge Corn stover 300 0.21 0.76 61.1 3.9 17.5 1.4 19.8 800,000 0.598 31% Positive [21]
(€3]
500 0.13 0.46 64.8 2.5 10.9 1.2 20.1 0.7 0.313 11% Positive
)
700 0.06 0.28 72.9 1.7 2.4 0.7 32.8 1,010,000 0.228 4% Neutral (\)
Wastewater sludge Douglas fir 400 0.36 0.48 65.1 2.6 31.3 0.0 17.0 468 11% Positive [26]
€D
500 0.24 0.33 72.7 2.0 23.8 0.1 13.2 499 11% Positive
(€3]
600 0.15 0.27 78.9 1.8 15.9 0.5 18.4 512 10% Positive
)
730 0.15 0.04 80.3 0.2 16.1 0.1 18.4 636 10% Positive
€D
Food waste Soft wood 700 162.3 160 9% Positive [27]
(€3]
Soft wood 550 26.4 90 5% Neutral (\)
Oil seed rape 700 1.3 25.2 3110 15% Positive
)
Wheat straw 550 1.4 26.4 1700 24% Positive
€D
Aqueous phase of bio- Canola meal 700 180 (S) 80% Positive [28]
oil from algae (+)
Canola meal 900 273 (S) 54% Positive
(€D
Switchgrass 500 5.7 338 (S) 72% Positive
)
Ashe Juniper 400 8.0 350 (S) 1133% Positive
€3]
Ashe Juniper 600 60 (S) 266% Positive
(€D
Raw straw and cow Rice husk 600 0.78 0.21 48.2 0.8 50.4 0.5 2.0 5% Neutral (\) [29]
manure Shrub 600 0 3.98 65.7 21.8 0 10.8 14.7 7% Neutral (\)
Peanut shell 600 0.33 0.52 65.6 2.8 28.9 2.2 0.6 5% Neutral (\)
Straw 600 0.52 0.26 57.4 1.2 39.8 1.4 1.0 10% Positive
€3]
Sawdust 600 0.91 9.08 27.0 20.4 32.7 1.9 1.3 3% Neutral (\)
Coconut shell 600 0.83 3.93 39.1 12.8 43.0 4.5 774.5 13% Positive
€3]
Tar 600 0.35 0.83 64.0 4.4 29.9 1.5 34.7 7% Neutral (\)
Sorghum Rice husk 600 0.10 0.28 33.9 0.8 4.5 0.2 0 Neutral (\) [30]
Glucose Rice straw 500 0.48 0.52 58.6 2.6 37.7 1.2 77.1 7.37 0 1% Neutral (\) [22]
Corn stalk 500 0.43 0.51 61.3 2.6 35.5 0.6 18.4 16.29 0.001 —3% Negative
=)
Bamboo 500 0.11 0.44 84.0 3.1 12.5 0.4 207.8 57.88 0.018 2% Neutral (\)
Food waste Fine walnut 900 0.06 0.20 47.0 0.8 3.9 0.8 86.5 -73% -0 Negative [31]
shell =)
Municipal solid waste  Rice straw 500 59.4 5.5 —47% Negative [32]
=)

Note: SSA = specific surface area, EC = electrical conductivity, EDC = electron-donating capacity. (S) means the EC was measured in biochar suspensions.
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Table 2
Characteristics of draff and inoculum.
Draff Inoculum

Proximate analysis
TS (Wwwt%) 31.7 £ 0.1 3.9+0.0
VS (wwt%) 30.7 £ 0.1 2.4+ 0.0
Ash (wwt%) 1.0 £ 0.0 1.4+ 0.0
Moisture (Wwt%) 68.3 + 0.1 96.1 + 0.0
VS/TS 96.8 61.5
Ultimate analysis
C (% VS) 51.8 £ 0.0 \
H (% VS) 6.8 + 0.0 \
N (% VS) 4.2+0.2 \
O (% VS) 37.2+03 \
C/N 12.3 \
Energy content
HHV (kJ/g VS) 20.6 \
Theoretical biomethane potential (ml/g VS) 517.72 \

Note: TS = total solid, VS = volatile solid, HHV = higher heating value. ?
Calculated based on the Buswell equation Eq. (3).

2.3. Biomass and biochar characterization

The weight percentages of total solids (TS), volatile solids (VS), ash,
and moisture in draff and inoculum were measured according to the
2540G standard methods [34]. The weight percentage of each element
(carbon, hydrogen, and nitrogen) in the TS was measured by an
elemental analyzer (Exeter Analytical, CE 440 Model); these were sub-
sequently converted to a VS basis using the VS/TS ratio. The higher
heating value (HHV) of the draff and biochars was calculated from the
elemental composition data using the modified Dulong Formula as

b ¢ 3 a b ¢

b oc 3 : 3
CaHbOcNd—k—(a—z—g—&-zd)HzO—»(f-i- ————— d)CH4+(———+—+—d

described in a previous paper [18].

The pH and electrical conductivity (EC) of the biochars were
measured in the biochar suspension, which was formed by dispersing
1.0 g of biochar powder into 10.0 ml of distilled water. The pH value was
measured using a pH meter (Mettler Toledo FiveEasy F20) and the EC
value was measured by a multi-parameter meter (Portable Conductivity,
Salinity and Temperature Instrument VWR CO310).

N2 adsorption-desorption isotherms were recorded on a Micro-
metrics ASAP 2020 analyzer. The specific surface area and porosity of
the biochars were then determined via the Brunauer Emmett-Teller
(BET) method. Before the measurement, biochar samples were
degassed at 300 °C under vacuum for 3 h to eliminate adsorbed species.
The surface functional groups on the biochars were qualitatively
analyzed using a Fourier transform infrared spectrometer (FTIR, Nicolet
5700, USA). The X-ray diffraction (XRD) patterns of the biochars were
obtained at room temperature using a PANalytical X'Pert PRO diffrac-
tometer with Cu-Ka radiation. The Bragg angle (20) was scanned be-
tween 5° and 70° with a speed of 0.05°/min and a step size of 0.017°.
The X-ray photoelectron spectra (XPS) were recorded using a Thermo
ESCALAB 250Xi with Al Ka radiation as the X-ray source. Binding en-
ergies were calibrated against the C 1 s peak at 284.4 & 0.2 eV.

2.4. Microbial analysis

The structure of the microbial community in different groups was
analyzed by the high-throughput 16S rRNA gene sequencing. Samples for
microbial analysis were taken from the original inoculum, the effluent in
the control group GO, and the effluents in the biochar amended groups G1

2 8 4 8
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to G3. The DNA extraction and further processing to identify the bacteria
and archaea communities were performed by Shanghai Majorbio Bio-
pharm Technology Co., Ltd (Shanghai, China). The methods for sample
preparation and microbial analysis were detailed in a previous paper
[35]. The sequence data were analyzed on the Majorbio Cloud Platform
(www.majorbio.com). Operational taxonomic units (OTUs) were defined
as a set of sequences clustered at 97% similarity. OTUs were taxonomi-
cally classified using RDP Classifier with reference to the RDP database.
The raw sequence data were deposited into the Sequence Read Archive
database of the National Center for Biotechnology Information (NCBI)
with a BioProject accession code of PRINA691752.

2.5. Kinetic calculation

The process kinetic parameters including the maximum biomethane
yield (Hp,), peak biomethane production rate (Ry,), and lag-phase time
(1) were calculated by fitting the modified Gompertz Equation (Eq. (1)):

H:meexp{fexp{y(l—t)—&-l}} (€8]
Hm
Tm—R—meH (2)

The peak time of the digestion process (Ty,) was calculated as per Eq. (2).
The biodegradability index (BI) was defined as the ratio of specific bio-
methane yield in the biomethane potential assay to the maximum theoretical
biomethane potential. The maximum theoretical biomethane potential was
estimated according to the Buswell Equation as expressed in Eq. (3) [36].

)coz + dNH, ®)

3. Results and discussion
3.1. Biochar yield, elemental composition, and surface area
The biochar yield was defined as the mass ratio of obtained biochar

to the TS in the draff feedstock. Fig. 1 shows the biochar yield at
different temperatures. As pyrolysis temperature increased, the biochar

W
(=)
1

[\
(=)
1

Biochar yield (%)

—_
(=]
1

500 700 900

Temperature (°C)

Fig. 1. The mass yield of biochar from draff at different pyrolysis temperatures.
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Table 3
Compositional characteristics of the biochars.

Sample Elemental analysis (%TS) Ash HHV Molar ratio
name C H N (0] (% mJ/ 0/C  H/C
TS) kg)
Char_500 67.1 2.1 7.0 11.6 12.3 23.7 0.13  0.37
+0.2 + + +0.3 +0.8
0.0 0.2
Char_700 72.3 1.1 5.5 6.7 + 14.5 24.9 0.07 0.19
+0.5 + + 0.4 +0.3
0.0 0.1
Char_900 75.4 0.7 3.9 52+ 14.8 25.5 0.05 0.11
+ 0.7 + + 0.8 + 1.1
0.0 0.1

Note: HHV = higher heating value.

yield decreased from 29.1% at 500 °C to 22.2% at 900 °C due to the loss
of more volatile components. The proximate and ultimate analyses of
biochars are shown in Table 3. As the temperature increased, the
hydrogen, nitrogen, and oxygen content in biochars decreased. The
carbon and ash content increased consequently, leading to the gradual
decrease in the molar O/C (oxygen to carbon) and H/C (hydrogen to
carbon) ratios. The molar ratios of O/C and H/C are important in-
dicators to assess the degree of carbonization. The decreasing trend of
H/C and O/C ratios indicated improved carbonization in the biochars as
the temperature increased. Consequently, the HHV of biochars increased
as the pyrolysis temperature increased.

The surface physical properties of biochars are shown in Table 4. The
specific surface area of draff was as low as 0.44 m?/g and mainly
ascribed to mesopores (pores with diameters between 2 and 50 nm). At a
lower temperature of 500 °C, the specific surface area increased signif-
icantly to 94.12 m?/g and the average pore width reduced to 2.397 nm
as compared to draff. The volume of micropores (pores with diameters
less than 2 nm) on Char 500 contributed to 70% of the volume of total
pores. As the temperature increased, the specific surface area of
Char_700 increased by 142% and that of Char_900 increased by 291% as
compared to Char_500. The volume of micropores increased by 162% for
Char_700 and by 290% for Char_ 900 as compared to Char 500. The
proportion of micropores (Viicro/Viotal) increased to 70%, 81% and 72%
for Char_500, Char_700 and Char_900, respectively as compared to 0%
for Draff. Yin et al. ascribed the higher adsorption capacity of biochar to
higher specific surface area and higher porosity [37]. However, other
studies suggested that the specific surface area might not predominate
over the adsorption behavior [38]. For example, the surface functional
groups (such as acidic functional groups or hydrogen bonding) and the
cationic exchange capacity might play the primary role in determining
the adsorption capability [15]. Even if the interactions between the
surface functional groups and the absorbate might play a role in the
adsorption, higher specific surface area and porosity are key parameters
to enhance the adsorption capacity of biochars.

The pH values for these biochars ranged from 7.67 to 6.99 and
decreased with the increase in pyrolysis temperature. These pH values

Table 4
Surface properties, pH, and EC of biochars.
Sample SpET Viotal Vmicro Avg. pore pH EC (uS/
name (m?%/g) (em®/g)  (em®/g)  width cm)
(nm)
Char_500 94.12 0.056 0.039 2.397 7.67 207.0
+ 0.01 + 3.2
Char_700 227.78 0.126 0.102 2.207 7.12 202.8
+ 0.02 + 25
Char_900 368.10 0.209 0.152 2.272 6.99 302.9
+ 0.00 +1.9
Draff 0.44 0.001 0.000 7.124 \

Note: Spgr = specific surface area, Vo, = volume of total pores, Viyicro = volume
of micropores, EC = electricity conductivity.
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were lower compared to the pH value of 8.95-9.22 for the woody bio-
char previously studied [18], suggesting a lower buffering capacity of
draff-derived biochars. The conductivity values of Char 500 and
Char_700 exhibited no significant difference but the conductivity of
Char 900 was 49% higher as compared to Char_700. The conductivity of
biochar suspension was impacted by the bulk conductivity of solid
biochar and the ion exchanging capacity of biochar. The improvement in
conductivity suggested that Char_900 exhibited the highest capacity for
transferring electrons in a suspension without engagement in microbial
metabolism. These results suggested that Char_700 and Char_900 might
be preferable over Char_500 for addition in AD due to the higher specific
surface area, higher porosity, and high conductivity in the suspension.

3.2. Effects of biochar addition on anaerobic digestion

3.2.1. Effects on biomethane production

In addition to the utilization as feedstock for biochar production,
draff is also suitable for biogas production in AD. The biomethane yield
from draff is shown in Fig. 2 as portrayed by the biomethane potential
assay. In the control group GO, the biomethane yield was 302.3 ml/g VS
and the BI was 58.4%. The three different biochars showed different
effects on biomethane yield. Char_500 significantly (p < 0.05) inhibited
the biomethane yield by 12%, leading to a decreased BI of 51.6%.

This might result from an excessive dosage of Char_500 causing in-
hibition to AD or the relatively low quality of Char_500. Similarly, a 37%
reduction in biomethane yield caused by walnut shell biochar in the co-
digestion of food waste and sludge was observed (Table 1), which was
ascribed to the high concentration of mono- and di-valent cations
released from the biochar into the digester [31]. Char_700 statistically (p
< 0.05) increased biomethane yield by 5% compared to the yield in GO.
Char 900 did not significantly (p >0.05) change the biomethane yield
compared to GO. Table 5 shows the kinetic parameters calculated ac-
cording to the modified Gompertz Equation. The peak production rate in
Char 500 amended group decreased by 7% compared to that in GO.
Unlike their distinct effects on biomethane yield, Char 700 and
Char_ 900 slightly (p > 0.05) enhanced the peak production rate by 1%
and 4%, respectively. Similar values of lag-phase time were observed in
all the control and biochar amended groups.

3.2.2. Profiles of volatile fatty acids

The variation of VFAs during the digestion process is shown in Fig. 3.
For all groups, the total VFAs accumulation reached the peak value on
day 6 and then began to decrease till the end of the process. The highest

350

! T

P . . |

—{— GO: Control group

n
<
20
E
3 2007 —O— Gl: Char 500
~ —/A— G2: Char_700
g 1504 G3: Ch
g : Char_900
£
[} .
2 100
g
m 50 4
1/
0 — T T T T T
0 6 12 18 24 30

Digestion time (Day)

Fig. 2. The biomethane yield in the digestion of draff with the addition of
different biochars.
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Table 5
Kinetic parameters for the digestion of draff with different biochars.

Fuel 306 (2021) 121736

Group Experimental Results Kinetic model parameters

BMP (ml/g VS) BI (%) Initial pH End pH H,, (ml/g VS) R (ml/g VS /d) A (d) T (d) R?
GO: Control 302.3 + 1.4 58.4 8.06 + 0.00 7.89 + 0.06 308.4 + 1.5 26.8 + 0.5 22+0.1 6.4+ 0.1 0.998
G1: Char_500 267.2 + 5.6 51.6 8.05 + 0.01 7.92 £ 0.06 273.0 £ 1.7 24.8 £ 0.7 2.3+0.1 6.3+0.1 0.997
G2: Char_700 317.4+ 1.4 61.3 8.03 £ 0.01 7.91 £ 0.02 3244 +1.6 27.2+£0.5 22+0.1 6.6 +0.1 0.998
G3: Char_900 305.1 £2.7 58.9 8.04 £ 0.01 7.91 £0.01 3109 + 2.0 27.8 +£0.7 23+0.2 6.4+ 0.1 0.997

Note: BMP = biomethane potential, BI = biodegradability index, H,, = maximum biomethane yield, R, = peak biomethane production rate, A = lag-phase time, and

Tm = peak time of the digestion process.
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Fig. 3. The VFAs accumulation in different groups during the digestion of draff.

concentration of total VFAs for the control group GO was 2068.6 mg/L,
of which acetic acid, propionic acid, and butyric acid represented
77.7%, 9.4%, and 3.7%, respectively. On day 9, the concentration of
acetic acid in GO decreased by 20% compared to the peak value on day 6
due to the action of acetoclastic methanogenesis. The concentration of
butyric acid decreased by 81% on day 9 compared to the peak value on
day 6. No significant change in propionic acid concentration was
observed between day 6 and 9. On day 12, the acetic acid reduced by
81.0% compared to the peak value on day 6, while the degradation of
propionic acid did not take place yet at this stage. At the end of the
process, the VFAs were almost completely degraded with a small amount
of butyric acid remaining.

In the Char_ 500 amended group G1, the total VFAs reached the
highest concentration of 1961.1 mg/1 on day 6, presenting a 5%
decrease compared to that in GO. On day 12, 78.0% of acetic acid was
consumed compared to the peak value on day 6. The production and
degradation efficiency of acetic acid during the first twelve days in G1
was the lowest among the four groups.

In the Char 700 amended group G2, the highest concentration of
total VFAs reached 2303.0 mg/1 on day 6, 11% higher than that in GO.
The composition of total VFAs also changed: the share of acetic acid
increased to 80.7% and the share of propionic and butyric acids were
9.0% and 2.0%, respectively. On day 12, the concentration of acetic acid
decreased by 88% compared to the peak value on day 6.

In the Char_900 amended group G3, the highest VFAs concentration
on day 6 was 2234.2 mg/1, in which acetic acid accounted for 79.3%. On
day 9, both the concentration and composition of the total VFAs were
close to those in GO. On day 12, the concentration of acetic acid
decreased by 79.5% compared to the peak value. G3 was not distinct
from GO in terms of the VFAs concentration and composition. The final
pH values of the effluents ranged from 7.89 to 7.92 (see Table 5) for all
the control and biochar amended groups, which were all in the optimal
pH range.

3.2.3. Microbial community structure

The classification of the bacteria and archaea communities is shown
in Fig. 4. The bacteria community in all the groups were dominated by
Firmicutes (60.9 — 67.5%) at the phylum level, accompanied by Bacter-
oidetes (3.3 — 5.8%), Proteobacteria (0.7 — 2.3%), Atribacteria (0.7 —
3.1%), and Synergistetes (0.6-3.7%) as shown in Fig. 4 (a). Compared to
the original inoculum, the relative abundance of Firmicutes in the control
group increased from 63.4% to 67.0%. Compared to the control group,
the relative abundance of Firmicutes in Char 500 group (60.9%) and
Char 900 group (61.0%) were both lower; in contrast, the relative
abundance of Firmicutes in Char_700 group was slightly improved to
67.7%. Firmicutes contain acidogenic and acetogenic bacteria which
convert various organic matters to VFAs and subsequently to acetate, Ha,
and CO,. The enrichment in Firmicutes indicated the acclimatization of
the inoculum which facilitated the biomethane production from draff.
Clostridiales was the major stream in Firmicutes. Representatives in
Clostridiales such as Ruminococcaceae and Clostridiaceae are hydrolytic
and acidogenic bacteria and shown to be electroactive [22,39]. Other
bacteria that were highly enriched in the presence of Char_ 700 were
Bacteroidetes. The relative abundance of Bacteroidetes in the control
group was 3.3% and it increased to 4.7% in the Char_500 group, 5.8% in
the Char_700 group, and 4.2% in the Char_900 group. Strains in Bac-
teroidetes play a crucial role in the decomposition of organic matters by
secreting various hydrolyzing enzymes [40]. The enrichment in Bac-
teroidetes could benefit the digestion of draff.

Five archaea genera, Methanoculleus, Methanobrevibacter, Meth-
anosarcina, Methanobacterium, and Methanosphaera, were predominant
in the archaea community for all the groups as shown in Fig. 4 (b).
Compared to the control group, the relative abundance of Meth-
anosarcina significantly increased from 20.0 % to 24.9% in the
Char_700 group, to 27.8% in the Char_ 900 group, but decreased to
17.6% in the Char_500 group. Methanosarcina contains both aceto-
clastic and hydrogenotrophic species that can convert various sub-
strates such as acetate, methanol, and H,/CO, to biomethane.
Methanosarcina has been proven to establish DIET with Geobacter
[41-43]. They prefer to accept electrons through DIET to produce
biomethane when conductive carbon materials are introduced into the
system [43-45]. Previous studies found that Methanosarcina instead of
Methanosaeta was the dominant archaea in the biochar amended
digester [46,47]. The enrichment of Methanosarcina in the Char_700
group might indicate the enhanced DIET by Char_700, resulting in the
increase in biomethane yield. The abundance of Methanoculleus in the
Char_700 and Char 900 groups also increased. Methanoculleus are
hydrogenotrophic and cannot directly use acetic acid to produce bio-
methane [22]. In contrast, the abundance of Methanobrevibacter,
Methanobacterium and Methanosphaera decreased in the Char_700 and
Char 900 groups but increased in the Char 500 group. Methano-
brevibacter and Methanobacterium are typical Hy utilising methanogens.
The decrease in the abundance of Methanobrevibacter and Meth-
anobacterium suggested the possible shift of the interspecies electron
transfer pathway from the MIET mode to the DIET mode. Interestingly,
Shen et al. found a significant negative correlation between biochar’s
electron-accepting capacity and the abundance of hydrogenotrophic
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Fig. 4. Classification of (a) bacteria community at the Order level and (b) archaea community at the Genus level. Species with relative abundance less than 2% were
classified in others.

3.3. Chemical properties of biochar

Draff 3.3.1. X-ray diffraction results
— Char_500 Fig. 5 shows the crystalline properties of biochars identified by the
— Char_700 XRD spectra. The broad peak centered at the 26 value of 22° for the draff
— Char_900 sample was assigned to the crystalline region of cellulose [48]. In bio-
char samples, the broad peak for crystalline cellulose disappeared,
indicating the decomposition of cellulose during pyrolysis. A broad and
strong peak centered at 24° in biochar samples was the (002) peak of
turbostratic carbon [49]. Another peak at 44° observed in biochars was
contributed by the (10) peak of graphite [50]. The 44° peak in Char_500
was unobservable. The intensity of 44° peak in Char_700 and Char_900
increased as the pyrolysis temperature increased, indicating the for-
mation of more graphitic structures at higher pyrolysis temperatures.
The graphitization degree in the biochars was compared through the
: : : : : : . measurements of apparent interlayer spacing (dgo2) and microcrystallite
10 20 30 40 50 60 70 diameter (L,). The interlayer spacing (doo2) indicated the packing den-
20 (° sity of carbon layers and was estimated by the Bragg’s law nA = 2dgo2
© sinf (n = 2) [51]. The microcrystallite diameter L, was estimated ac-

Fig. 5. The XRD spectra of draff and biochars derived at different pyrolysis cording to the Warren’s formula (Eq.4) [52].

Intensity

temperatures.
. é.w @
cosf
Methanobacterium and a significant negative correlation between bio-
char’s electron-donating capacity and the abundance of H,-dependent where } is the X-ray wavelength (0.154 nm), 0 is the Bragg angle, and B
methylotrophic Methanosphaera [21]. is the line broadening at half the maximum intensity in radian. The

average spacing dgp2 was about 0.37 nm for all the biochars, slightly
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Fig. 6. The FTIR analysis of draff and biochars derived at different pyrolysis
temperatures.

larger than the dgo2 of 0.34 nm for graphite [52]. The pyrolysis tem-
perature imposed little influence on dggg. The microcrystallite diameter
L, increased in biochars as the temperature increased. The L, for
Char_500, Char_700, and Char 900 was 1.34, 1.91, and 3.71 nm,
respectively. The increase in L, indicated the lateral growth of the
graphitic carbon layer in the carbonization process.

3.3.2. Fourier transform infrared spectroscopy results

Fig. 6 shows the FTIR spectra of draff and biochars. The absorbance
peak at around 3400 cm ! was attributed to the stretching of O-H [53].
The absorbance peak at 2930 cm ™! was due to the stretching of aliphatic
C-H [53]. The peak at 1640 to 1650 cm ™! was due to the stretching of
quinone/ketone C—=0 [54,55]. The intensive O-H, C-H, and C=0 peaks
were flattened or disappeared as the pyrolysis temperature increased
due to the breakage of the functional groups by the dehydroxylation,
decarboxylation, decarbonylation, and demethoxy reactions. The peak
at 1570 cm™! observed only with biochar samples was due to the
stretching vibration of aromatic C=C [54]. The peaks at 1120 and 1020
cm ™! were attributed to the stretching vibration of aromatic C-O and
aliphatic C-O, respectively [53]. In biochar samples, the aromatic C-O
peak appeared, while the aliphatic C-O peak disappeared. The occur-
rence of intensive C—=C and aromatic C-O peaks suggested that poly-
aromatic structure was formed [50].

3.3.3. X-ray photoelectron spectroscopy results

The XPS spectra of Cls in Fig. 7 reveal the chemical status of carbon
on the surface of biochars. The Cls spectra were deconvoluted into six
peaks representing six functional groups: sp? C hybridisation peak
(graphitic/aromatic carbon) at the binding energy of 284.4 eV, sp° C
hybridisation peak (hydrocarbon) at 284.8 eV, -C-O peak (alcohol/
ether) at 285.7 eV, -C=O0 peak (quinone/ketone) at 287.0 eV, -COOR
peak (carboxyl/ester) at 288.9 eV, and the n-n* shake-up satellite peak
(satellite of graphitic carbon) at 290.4 eV [56-58]. The peak area rep-
resented the relative abundance of each functional group. Normalization
was conducted on the integral area of the peaks and the results are
shown in Table 6. The major functional groups on draff were sp® C,
-C-0, and -C=0 groups, accounting for 84.1% of the total carbon
species. The percentage of total oxygen-containing functional groups
(namely -C-0, -C=0, and ~COOR) on draff was 50.1%. A considerable
decrease in total oxygen-containing functional groups and an increase in
sp°> C were observed on Char 500 as compared to draff due to the
carbonization reactions. The relative abundance of sp? C on Char_700
doubled as compared to Char_500, indicating the enhanced aromatiza-
tion. The increase in sp? C on Char_700 was accompanied by a decrease
in sp° C. The percentage of n-n* shake-up satellite on Char_700 did not
change significantly compared with Char_500. The percentage of total
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oxygen-containing functional groups on Char_700 slightly increased to
37.8% as compared to 32.2% on Char_500. Particularly, the percentage
of -C=0 doubled on Char_700 compared to Char_500. As the temper-
ature increased to 900 °C, the percentage of sp> C increased to 29.5%
and exceeded that of sp® C. The percentage of n-n* shake-up satellite
reached the highest level of 13.6% on Char_900, indicating the forma-
tion of more graphitic carbon. The conjugated n-electron systems asso-
ciated with condensed graphitic carbon are responsible for the bulk
electrical conductivity of biochars [52,59]. The increase in sp2 C
abundance along with the increase in n-1* shake-up satellite could lead
to a higher bulk electrical conductivity of Char 900 and facilitate the
direct electron transfer through carbon matrices [52,60]. The percent-
age of oxygen-containing functional groups on Char_ 900 decreased to
the lowest level of 29.4%. The oxygen-containing functional groups such
as the quinone - hydroquinone pairs are responsible for the electron-
accepting and donating capacity of biochars [21]. Char_700 had the
highest percentage of 8.7% for -C=0, followed by the percentage of
8.1% for Char_900. The high abundance of -C=0 on Char_700 could
contribute to its capacity of electron transfer through surface charging —
discharging cycles.

The deconvolution of N1s spectra in Fig. 7 revealed that pyridinic-N
(6 member N heterocycles) at 398.1 eV, pyrrolic-N (5 member N het-
erocycle) at 399.1 — 400.0 eV, and graphitic-N at 401.2 eV were the main
forms of nitrogen on biochar surface [61]. The normalized results are
displayed in Table 7. Pyrrolic-N was the predominant group on draff and
all the biochars. At lower temperatures, pyridinic-N formed on biochars
by the conversion of thermally unstable pyrrolic-N. The relative abun-
dance of pyridinic-N on Char_700 was higher than those on Char_500
and Char_900. At 700 and 900 °C, more pyrrolic-N was further trans-
formed to graphitic-N. Char_700 also presented the highest abundance
of graphitic-N. Both pyridinic-N and graphitic-N can donate electrons to
the conductive z-system in carbonaceous materials and enhance the
conductivity [62]. The electrochemical behaviour of Char_700 may be
better due to its moderate nitrogen content and the highest abundance of
functional pyridinic-N and graphitic-N.

3.4. Correlations between biochar properties and facilitating effects in
anaerobic digestion

The properties of biochar determine its role in facilitating bio-
methane production in AD. The pyrolysis temperature as a major
parameter in biochar production plays an important role in shaping the
properties of biochar. Fig. 8 shows the increase in biomethane yield
affected by the addition of biochars produced at different temperatures
[18,21,22,26-32,39,40,44,46,63-71]. Most of the studied biochars can
enhance biomethane yield by 0-50% regardless of the biomass resources
and pyrolysis conditions for biochar production. However, considerable
outliers exist which lead to neutral or even negative effects on bio-
methane yield. The 26 types of biochars produced at low temperatures
(<500 °C) lead to a median increase of 13% in biomethane yield within
a variation range between —12% and 52%. The 25 types of biochars
produced at medium temperatures (500 — 700 °C) lead to a similar
median increase of 13% in biomethane yield within a smaller variation
range of 0 — 37%. The 7 types of biochars produced at high temperatures
(>700 °C) lead to a median increase of 3% within a variation range
between —73% and 78%.

To establish relationships between the observed enhancement in AD
and the properties of biochars, mathematic correlations between the
increase in biomethane yield and the major properties of biochars were
analyzed.

Generally, increasing pyrolysis temperature leads to higher porosity
and specific surface area of biochars. Qin et al. suggested that the spe-
cific surface area was one of the key biochar properties for enhancing AD
as a high specific surface area could facilitate the attachment of mi-
croorganisms and the contact between microorganisms and the avail-
able substrates [22]. Zhang et al. found that the proportion of the
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Fig. 7. The X-ray photoelectron spectra of C1s on (a) draff, (c) Char_500, (e) Char_700, and (g) Char_900; XPS spectra of N1s on (b) draff, (d) Char_500, (f) Char_700,
and (h) Char_900.
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Table 6
Relative abundance of different carbon functional groups.
C sp> C sp> C -C-0 -C=0 -COOR  m1*
speciesSample shake-up
satellite
284.4 284.8 285.7 287.0 288.9 290.4 eV
eV eV eV eV eV
Draff 15.2% 34.7% 32.9% 16.5% 0.7% 0
Char_500 9.1% 53.8% 24.1% 4.3% 3.8% 4.9%
Char_700 19.1% 38.5% 25.7% 8.7% 3.4% 4.6%
Char_900 29.5% 27.5% 20.4% 8.1% 0.9% 13.6%

Note: The relative abundance of each functional group was determined by the
integral area of the characteristic peak in the X-ray photoelectron spectra.

Table 7
Relative abundance of different nitrogen-containing functional groups.

N speciesSample Pyridinic-N Pyrrolic-N Graphitic-N
398.1 eV 399.1-400.0 eV 401.2 eV

Draff 0 100% 0

Char_500 32.7% 67.3% 0

Char_700 34.8% 41.4% 23.8%

Char_900 24.5% 57.4% 18.1%

Note: The relative abundance of each functional group was determined by the
integral area of the characteristic peak in the X-ray photoelectron spectra.

microbial cells attaching to the biochar surface increased as the pyrol-
ysis temperature increased from 700 to 900 °C due to the enlarged
specific surface area and porosity [65]. It could be inferred that the
higher specific surface area and higher porosity of Char 700 and
Char_900 were beneficial to the attachment of microorganisms on bio-
char and the microbial electron transfer. However, no direct linear
correlation (R?> = —0.085) between the enhancement in biomethane
yield and the specific surface area was observed as shown in Fig. 9 (a).

Higher pyrolysis temperatures generally lead to lower molar H/C
and O/C ratios due to the loss of hydrogen and oxygen components. The
significant decrease in H/C and O/C ratios indicated the increase in
carbonization degree of Char_700 and Char_900, which was confirmed
by the XRD and XPS results. In agreement with the results in this study,
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Zhang et al. observed that a higher conductivity of biochar was associ-
ated with a lower oxygen content [65]. The graphitic and aromatic
carbon matrices in biochars are capable of directly transferring electrons
and may have a significant influence on facilitating DIET in AD. For
instance, the direct electron transfer through carbon matrices contrib-
uted to 87-100% of the total electron transfer by biochars derived at
high temperatures (650 — 800 °C) [52]. Biochars with a molar H/C ratio
lower than 0.35 and a molar O/C ratio lower than 0.09 are capable of
directly transferring electrons through carbon matrices more than three
times faster than the surface charging — discharging cycles [60]. The
findings suggested that the electron transfer through Char 700 and
Char 900 highly depended on the conductivity of carbon matrices.
However, there was no linear correlation (R? = —0.923) between the
increase in biomethane yield and the electrical conductivity (measured
in the biochar suspensions) of biochars in this study as shown in Fig. 9
(b). Some researchers have also reported that the conductivity of bio-
chars did not linearly correlate with the enhancing effect of biochar in
AD [69,72].

Besides carbon matrices, the redox cycling of surface functional
groups is another important mechanism for electron transfer by bio-
chars, particularly for biochars produced at low temperatures. Accord-
ing to Sun et al., the redox cycling of functional groups accounted for 78
—100% of the total electron transfer by biochars derived at 400-500 °C
[52]. When applied in AD, biochars with abundant functional groups
can function as an electron shuttle involving in the electron-donating/
accepting cycle, thereby promoting microbial electron transfer and
subsequent biomethane production [21,47]. The quinone - hydroqui-
none pair has been identified as the most common couple that con-
tributes to the redox activity of biochar [21]. In this study, the relative
abundance of oxygen-containing functional groups (especially —-C=0
groups which include quinone groups) increased as the temperature
increased to 700 °C but decreased as the temperature increased further
to 900 °C. Sun et al. observed the charging and discharging capacities of
surface quinone groups increased from 400 to 550 °C due to the
improved reactivity of quinone groups, but the capacities decreased
above 550 °C due to the reduced surface functionality [60]. The
threshold temperature for the turning point of the redox activity of
surface functional groups might vary for different biochars due to the
variation in biomass resources and pyrolysis conditions [60]. In this
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> 700 (n=7)
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Fig. 8. The increase in biomethane yield in anaerobic digestion through the addition of biochars produced at different temperatures. The data were collected from
both literature and this study [18,21,22,26-32,39,40,44,46,63-71]. Note: n = number of biochar samples.
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Fig. 9. Correlations between the increase in biomethane yield and the biochar properties: (a) specific surface area, (b) electrical conductivity (EC), (c) relative
abundance of -C=O0 functional groups, and (d) relative abundance of pyridinic-N and graphitic-N.

study, a positive correlation (R2 = 0.947) was observed between the
increase in biomethane yield and the relative abundance of -C=0
functional groups as shown in Fig. 9 (c). This observation suggested the
—C=O0 groups might play an important role in enhancing AD efficiency.
Further investigation of the interactions between microbes and the
functional groups on biochar surface could facilitate the understanding
of the fundamental drivers for biochar-stimulated interspecies electron
transfer.

Although the nitrogen content in biochars was less than 10%, the
surface nitrogen-containing functional groups might have significant
influences on the electrochemical characteristics of biochars. The
pyridinic-N and graphitic-N are both capable of donating electrons with
a high reactivity [73]. The introduction of electronegative N atoms de-
creases the electron density of the graphite layer, which enhances the
n-electron-accepting capacity of biochar [61]. The significant role of
nitrogen-containing functional groups in promoting the electrochemical
performance of biochars has been adequately explored [73]. Nitrogen-
doped biochar derived from watermelon rind at 700 °C achieved a
low charge transfer resistance comparable to that of commercial Pt/C
electrodes in microbial fuel cells [74]. In this study, Char_700 had the
highest abundance of pyridinic-N and graphitic-N, which might
contribute to the stimulation of microbial electron transfer. However,
there was only a weak positive relevance (R? = 0.430) between the in-
crease in biomethane yield and the relative abundance of pyridinic-N
and graphitic-N as shown in Fig. 9 (d). Nonetheless, the engagement
of N-containing functional groups in the adsorption, microbial accli-
mation, and DIET process in the AD system has yet to be revealed.

Draff-derived biochars led to a smaller increase in biomethane yield
as compared to several other biochars such as those derived from
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Douglas fir, soft wood, oil seed rape, canola meal, switchgrass, coconut
shell, and Ashe juniper as shown in Table 1. The differences in the
enhancing effects can arise from several factors such as various feed-
stocks, different microbial communities in the inoculum, and distinct
biochar properties. The properties of biochar are important factors but
not the only ones responsible for this. Char 700 exhibited a lower O
content and a smaller O/C ratio compared to biochars derived from
Douglas fir, soft wood, oil seed rape, canola meal, Ashe juniper, straw,
and coconut shell at temperatures between 500 °C and 900 °C. It could
be inferred that the smaller amount of oxygen-containing functional
groups on Char 700 was associated with its lower effectiveness in
enhancing biomethane yield. There were no direct correlations between
the specific surface area or electrical conductivity of these biochars and
the enhancement in biomethane yield. This observation was in line with
the finding in this study that the -C—=0 groups rather than the specific
surface area or the electrical conductivity might play a more significant
role in facilitating biomethane production.

In this study, the biochar derived at 700 °C statistically enhanced
biomethane production by 5%, which made a significant difference from
the 500 °C-derived biochar. The increase in biomethane production is
expected to be enlarged with future optimization of biochar properties
and its addition strategy in AD. The shift of microbial structure towards
the increase in Methanosarcina in the Char 700 amended group indi-
cated the potential enhancement in microbial interspecies electron
transfer. The proposed mechanisms for microbial electron transfer
facilitated by different biochars are shown in Fig. 10. As discussed
above, the higher capacity of Char_700 for facilitating microbial inter-
species electron transfer was postulated as being associated with the
high specific surface area, high abundance in graphitic/aromatic
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Fig. 10. The proposed mechanisms of microbial electron transfer stimulated by biochars produced at different temperatures.

carbon, abundant oxygen-containing functional groups (-C=0 groups),
and abundant active nitrogen-containing functional groups (pyridinic-N
and graphitic-N). The higher capacity of stimulating microbial electron
transfer through both carbon matrices and surface functional groups was
possibly responsible for the best performance of Char_700 in enhancing
biomethane yield. The Char_ 900 amended group presented no signifi-
cant difference with the control group in biomethane production
possibly due to the reduced surface functional groups. This phenomenon
suggested that electrical conductivity might not be the critical factor for
assessing the efficacy of biochar in promoting DIET. The electron
transfer by Char_500 relied largely on the charging — discharging cycle
of the surface functional groups given the low graphitization degree.
However, Char_500 showed poor surface and pore properties, and a low
abundance of functional groups such as -C=O, pyridinic-N, and
graphitic-N, which might collectively lead to its lowest capacity in
facilitating microbial electron transfer. Furthermore, the presence of
Char_500 in AD might introduce adverse effects, such as the adsorption
of nutrients and useful metabolites, reduced interaction amongst mi-
croorganisms, and the destruction of microorganism diversity [75-77].

3.5. Potential implementation and future perspectives

A preliminary mass and energy balance for the AD of draff and py-
rolysis for biochar production was assessed. The mass and energy bal-
ance of a conventional AD system without biochar addition was
calculated based on the BMP results in section 3.2.1. The calculation
methods and results are presented in Table S1 in the supplementary
material. Briefly, the energy output from the AD of 1.00 kg draff (wet
weight) is 3.69 MJ, which is the HHV of the produced biomethane. The
primary energy consumption for operating the AD process is 0.22 MJ.
The net energy gain from the AD of 1.00 kg draff is 3.47 MJ. The mass
and energy balance for the biochar production was estimated based on
the data adapted from Aimaro et al. [78] which investigated the py-
rolysis of wheat and barley spent grain. The primary process parameters
adapted from Aimaro et al. [78] include (1) the yield and HHV of the

produced biochar, bio-oil, and syngas, (2) the energy consumption for
grinding, drying, and pyrolysis of draff, and (3) the energy used to
produce the ice required for the tar-trap. Detailed calculations for the
mass and energy balance of the pyrolysis are presented in Table S2 in the
supplementary material. To match the AD of 1.00 kg draff (containing
0.31 kg VS), the calculations for the pyrolysis are based on the pyrolysis
of 1.45 kg draff which produces 0.08 kg of biochar which satisfies the
calculation of addition to the digester at a mass ratio of 25% (biochar to
the VS of the feedstock in AD). As such, in addition to 0.08 kg biochar,
0.24 kg bio-oil and 0.14 kg syngas are co-produced. The energy output of
the pyrolysis in terms of the energy value of the bio-oil and syngas, is
4.91 MJ. The total energy consumption of the pyrolysis process is 4.00
MJ. Therefore, the net energy gain from the individual pyrolysis of 1.45
kg draff is 0.91 MJ. When biochar is added into the digester, the net
energy gain from the AD process increases by 0.19 MJ due to the 5%
increase in biomethane yield. The trade-off between the cost of biochar
production and the benefits of adding biochar into AD depends on the
application routes of biochar:

(1) If biochar is seen as a solid fuel, the energy value of biochar is an
energy loss due to the application of biochar in AD (1.95 MJ of
biochar VS 0.19 MJ of the increased biomethane). An increase of
at least 53% in biomethane yield is necessary to compensate for
the loss of energy in this case.

If biochar is seen as a soil additive to increase organic carbon in
soils rather than a solid fuel [79], it has negative emission po-
tential when applied into the soil after the application in AD.
Anaerobic digestate derived from biochar-amended AD has been
reported to improve agronomic qualities with improved biomass
yield [38]. Therefore, the increase in biomethane yield in AD can
be regarded as an extra benefit of biochar.

(2

—

The optimal application of biochar in a large-scale AD system could
have potential to create additional economic and environmental bene-
fits as outlined below:
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(1) Further optimization of biochar properties and additional diges-
tion strategies could enlarge the enhancing effects of biochar on
AD performance. Desirable biochar properties include for:
abundant surface functional groups (particularly -C=O,
pyridinic-N, and graphitic-N); increased surface area and pore
volume; high electrical conductivity; and high alkalinity poten-
tial. A deeper understanding of the role of biochar in AD from the
microscopic scale will help to identify the optimal range of bio-
char properties and facilitate the production of tailored biochar
to enhance AD performance, leading to a more significant
enhancement above and beyond the 5% achieved here.

In addition to the increase in biomethane yield, the addition of
biochar may lead to a number of other co-benefits. As demon-
strated in the literature, biochar can enhance AD stability, buffer
pH, support microbial growth, improve agronomic qualities of
the digestate, and increase soil organic carbon when applied to
land [38]. These co-benefits should all be considered when
assessing the benefits of a biochar amended AD system in future
studies.

Further integration of the AD and pyrolysis systems will facilitate
the enhancement of both economic and environmental benefits.
The development of further technology integration such as bio-
char amended biomethanation via the biological Sabatier reac-
tion [80] or pyrolysis of solid digestate [18] offers potential
opportunities for further enhanced energy production efficiency
and enabling of a zero-emission technology system [81]. The
economic feasibility and environmental sustainability of such
integrated systems need evidence based justification.

2

3

-

4. Conclusion

This study showed that biochar produced from the whiskey by-
product draff at different temperatures led to distinct effects on bio-
methane yield in AD. The distinct effects are highly dependent on the
surface chemical properties of biochars. Increasing the pyrolysis tem-
perature from 500 to 700 °C facilitated the graphitization of the carbon
fraction and enhanced the abundance and activity of surface functional
groups in biochars. The 700 °C-derived biochar statistically enhanced
biomethane yield by 5%. The capacity of 700 °C-derived biochar for
enhancing interspecies electron transfer was postulated as being asso-
ciated with a moderate graphitization degree and a high abundance of
surface functional groups such as —-C=O groups, pyridinic-N, and
graphitic-N. A further increase in the pyrolysis temperature above
700 °C reduced the abundance of surface functional groups on biochar,
which led to the decreased capacity in promoting interspecies electron
transfer. Comprehensive optimization of the addition of 700 °C-derived
biochar in AD is necessary to further enhance biomethane production
from draff. Future studies are required to evaluate the techno-economic
viability of a circular bioenergy system incorporating biochar into AD.
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