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Abstract
Interest in biochar as an additive to enhance anaerobic digestion (AD)has grown in the context of
biomass cascading use and the 2050 net-zero goal. However, few studies have investigated the effects
of biochar onAD froma biochar production perspective, including biomass feedstocks and pyrolysis
temperatures. To valorise biomass and better understand themechanisms and environmental
implications of using biochar in AD, this study investigated the effects of distinct biochar types onAD
under acid stress-induced process inhibition using batch tests. The results demonstrated that biochar
canmitigate acid stress and enhance themethane production rate. The kinetic rate constant of
methane production is positively related to the buffer capacity of the tested biochars (R2= 0.88). The
choice of feedstocks is a crucial factor (P= 0.003), particularly the best-performing biochars derived
from raw grass silage. In contrast, the pyrolysis temperature effect was less significant (P= 0.18).
Furthermore, the analysis of biochar indicates that the alkali (K) and alkaline earth (Ca,Mg)metals
contained in biocharmay be one of the important factors contributing to buffer capacity (R2= 0.82 to
0.86). Hence, buffer capacity is a crucial quality criteria when evaluating biochar for AD applications.
Raw grass silage biochars are promising for acid stressmitigation due to their high buffer capacity,
while carbon-rich woody biochars have highCO2 sequestration potential. A compromise between
mitigating acid stress and sequestering carbon is the use of pre-treated grass biochar. Overall, the use
of biochar-enriched digestate offers a potential way to closematerial loops and complete the biomass-
to-biochar value chain.

1. Introduction

Biochar (BC) contains recalcitrant carbon derived from the pyrolysis of biomass and, thus, is an emerging tool
formanaging residual biomass and sequestrating carbon (Lehmann and Joseph 2009, Spokas 2010). The specific
properties of BC are influenced by the biomass feedstocks and pyrolysis conditions, in particular the
temperature (Lehmann and Joseph 2009, Chiappero et al 2020). Generally, as pyrolysis temperature increases,
biochar becomesmore graphitic and aromatic due to hydrogen (H) and oxygen (O) losses during pyrolysis (Tan
et al 2015). In addition, themineral ash content increases with higher pyrolysis temperatures due to greatermass
loss of organic compounds, and thismineral content varies significantly depending on the feedstocks
(Raveendran et al 1995, Li et al 2017). As a potential value-added approach for BC, the use of BC as an additive to
optimize anaerobic digestion (AD) processes has been increasingly explored in recent years (Masebinu et al 2019,
Chiappero et al 2020). ADprocesses arewell-established as a sustainablemethod formanaging organicwaste
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and providing renewable energy, particularly biogas.However, ADprocesses are still facingmany challenges
including low reactor efficiency and process inhibition caused by organic acid accumulations, which has been
reported in previous studies as amain challenge for treating foodwaste (FW) or organic fraction ofmunicipal
solidwaste (OFMSW) (Dai et al 2015, Luo et al 2015,Dang et al 2017, Xu et al 2018, Ye et al 2018). This rapid acid
accumulation is related to the high content of easily biodegradable carbohydrates in FWandOFMSWand leads
to an inhibition ofmethanogenesis in ADprocesses (Anderson andYang 1992,Dai et al 2015). To overcome
these challenges, it is important to have a comprehensive understanding of the operation parameters of AD, such
as pH, buffer systems and volatile fatty acids (VFAs) (Rosenwinkel et al 2015). BC produced frompyrolysis
processes exhibits a range of physicochemical properties, such as pH, buffer capacity, which could improve AD
processes (Masebinu et al 2019, Chiappero et al 2020).

Investigations of different biochar types concerning feedstocks or pyrolysis temperatures in ADprocesses
have been reported in previous studies (Fagbohungbe et al 2016, Kaur et al 2019, Zhang et al 2019, Chiappero
et al 2021, Deng et al 2021, Pan et al 2022). For example, Deng et al (2021) demonstrated distinct effects on
digestingwhiskey draff in ADprocesses using biochar produced at pyrolyzing temperatures of 500 °C, 700 °C,
and 900 °C.Among these, only the biochar produced at 700 °C exhibited an increase inmethane production.
The authors proposed that biochar at 700 °C,was characterized bymoderate graphitization and abundant active
surface functional groups, promoted interspecies electron transfer, consequently enhancingmethane
production. Similarly, Pan et al (2022) investigated biochar produced at different temperatures. Their
experiments, conducted under organic substrate overloading conditions, used biochar derived frommushroom
bran at 400 °C, 450 °C, 500 °C, 550 °C, and 600 °C. In particular, the addition of biochar produced at 550 °C
resulted in amaximum significant increase inmethane production and a shortened fermentation period. These
results suggest that, for the same feedstock, the positive effects initially increase as the biochar pyrolysis
temperature increases, and then decrease once reachingmaximum significance. Other studies have tested the
biochar derived fromdifferent biomass feedstocks. For example, Zhang et al (2019) conducted an investigation
involving nine distinct biochar types derived from corn straw, coconut shell, and sewage sludge. These biochars
were produced at pyrolysis temperatures of 400 °C, 500 °C, and 600 °C, respectively. Remarkably, all the tested
biochars demonstrated a significant enhancement inmethane production under conditions of organic substrate
overloading. The authors attribute these results to the alleviation of VFA accumulations. In another study, Kaur
et al (2019) explored the effects of biochars obtained from softwood, oilseed rape, andwheat straw, all pyrolyzed
at 550 °C and 700 °C.The addition of biochar led to an increase inmethane production and the degradation of
VFAswhen compared to control conditions without biochar.

Previous studies havemainly focused on the investigation of biochars derived fromwoody and straw
biomass. In Europe, however, there is a significant underutilised resource in the formof grasslands, which cover
a considerable area and currently account for 17.4%of the EU’s total landscape (LUCAS 2021). Thus, there is
increasing interest in the use of grassland as a renewable resource in Europe and its conversion to biochar
(Heinrich et al 2023a).Moreover, previous studies have tested the biochars produced fromdifferent biomass
feedstocks and pyrolysis temperatures, but how these two parameters affect the characteristics of biochar and
subsequently affect the ADprocess optimization is not well understood. Furthermore, few studies have explored
the potential environmental implications of biochar-enriched digestate, regarding closing the AD-based
biomass-to-biochar value chain and contributing to a broader biomass and carbonmanagement system.

The earlier study conducted byHu et al (2023) has identified the conditions for positive BC effects onAD, i.e.
at a high biochar addition rate and under substrate overloading. The effects of biochar types were however not
investigated. Thus, the objectives of the present studywere to: (1) determine the biochar properties and their
relationships; (2) examine the extent of improvement in acid-stressed ADusing biochars fromdifferent
feedstocks (grass, wood) and pyrolysis temperatures (400 °C, 750 °C); (3) analyse the profile of TVFAs and total
alkalinity duringADprocesses under the influence of biochar addition and acid stress. The potential uses of
biochar-enriched digestates were also assessed in terms of their energy potential via incineration and their heavy
metal concentrations, comparing the latter to the limit values specified in the European Biochar Certificate
(EBC2023). The current studyuniquely tested distinct biochar types from residual (sawdust) and low-value
biomass (grass) at a low and a high pyrolysis temperature, which distinctively shows the properties of biochar
over awide spectrum and increases the validity of the results. Additionally, this study explored the need for pre-
treating grass-type biomass. To our knowledge, few researchers have investigated the effects of grass-type
biochar onADprocesses.
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2.Materials andmethods

2.1. Biomass preparation and biochar production
2.1.1. Biomass feedstocks
Three biomass feedstocks were selected for this study, i.e. (1) grass silage (s); (2) a pre-treated grass silage (g) and
(3) oakwood sawdust (w). The oakwood sawdust was obtained from a commercial sawmill inHedemünden,
Germany. The sawdust is available in large quantities andwith less handling demand, hence ideal for biochar
production (Hamelin et al 2019, Thiffault et al 2023). The grass biomass feedstockwas obtained from roadside
verges along a rural road in theDistrict of LakeConstance, Germany, which need to be valorised (Larsson et al
1998, Piepenschneider et al 2016). The grass sampleswere taken from the second cut in September 2020 by
mowingwith a commercial rotarymower at a stubble height of 5 cm and directly ensiled in 250 kg round bales.

2.1.2. Biomass pretreatment
The pre-treated grass silagewas processed after aminimumensiling duration of sixweeks according to the IFBB
concept (Bühle et al 2014). The IFBB (IntegratedGeneration of Solid Fuel and Biogas fromBiomass)procedure
was developed by theUniversity of Kassel to valorise biomass (Wachendorf et al 2009,Hensgen et al 2011).
Briefly, the ensiled biomasswas chopped to a length of 10 cm and subsequently processed by hydrothermal
conditioning at 40 °Cwith silage-to-water ratio of 1:4 based on freshmatter for 15 min. Afterwards,mechanical
dehydrationwas carried outwith a conical screwpress (typeAV, Anhydro Ltd., Kassel, Germany) to produce a
press cake and a press liquid from the ensiled biomass. The press liquid can be easily degraded formethane
production (Richter et al 2009). The press cakewith reduced ash content, the raw silage and the oakwood
sawdust were further pelletized to a size of 6 mmdiameter and 10 mm length using a pilot-scale pellet press
(PP230UG, qteckGmbH, Bergen, Germany) and the obtained pellets had awater content of 10± 2%.

2.1.3. Biochar pyrolysis
Six different types of biochar were produced from the obtained three pellet types in a continuously operated
auger reactor (PYREKA, PyregGmbH,Dörth, Germany),flushedwith nitrogen to avoid uncontrolled
oxidation. Since the process parameters during pyrolysis have an important role in characteristics of biochar
(Lehmann and Joseph 2009, Ippolito et al 2020), the production parameters were set with two temperatures
400 °C (low) and 750 °C (high) and amoderate residence time of approximately 30 min, to ensure the resulting
biochar types had a large spectrumof characteristics. The used parameters allow a high transferability of the
results in a large-scale reactor, for example, Pyreg P500 (PyregGmbH,Dörth, Germany) (Joseph et al 2020).
Biochars were labelled using abbreviations representing the biomass feedstock (s, g, w) and their corresponding
pyrolysis temperatures (400, 750), resulting in a total of six biochar types: s400, s750, g400, g750, w400, and
w750. Before being used in batch experiments, the biochars weremilled to less than 1 mmand dried overnight at
105 °C. The three biomass feedstocks (table 2) and the six biochar types (table 3)were characterised.

2.2. Batch fermentation tests
2.2.1. Source and characteristics of inoculum and substrate
Commercial dog food pellets (OrlandoGourmet, Germany)were used as a substrate to simulate representative
foodwastes (Nakasaki et al 2004,Dang et al 2017, Koch et al 2017), which can be obtainedworldwidewith
comparable quality, thus, enables the experiments to be replicated in international laboratories. According to
the producer, the dog foodwas composed of 25.0% crude protein, 16.0% crude lipid, 2.5% crude fibre, 6.5%
ash, and the remains including carbohydrates accounted for 50.0%on a drymatter basis. The dog food had a
total solid (TS) content of 91.7%based on freshmatter (FM) and a volatile solid (VS) of 93.3%TS prior to
digestion tests. Digested sewage sludgewas used as inoculumobtained from an anaerobicmesophilic sewage
sludge digester that processed sewage sludge from amunicipal wastewater treatment plant (Kassel, Germany,
population equivalent: 340,000). The inoculumhad aTS of 1.83%FMand aVS of 59.5%TSprior to digestion
tests. The electrical conductivity (EC) and pHvalue of inoculumprior to digestion tests were 5.11mS/cm and
7.37, respectively.

2.2.2. Experimental setup
The experiments were conducted using twoGas Endeavour systems (Bioprocess Control SwedenAB), involving
a total of 30 bottles (DURANBoro 3.3, 500 ml). Each bottle was filled to 400 gFM. The experiments included
seven treatments, consisting of a control with only inoculum and dog food, aswell as six treatments, each
containing inoculum, dog food, and a specific biochar from the six biochar types intended for testing (table 1).
Each treatment was conducted in four replicates. A blank test with inoculumonly and a positive test with
cellulose as substrate were also conducted butwithout replicates in the remaining two bottles. To simulate a
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process condition of organic overloading, the inoculum-to-substrate ratio (ISR) based onVSwas chosen to be
0.5, while a non-stressed condition is usually with ISR 2 (Holliger et al 2016,Hu et al 2023). The biochar was
added at a ratio of 25% according to the previous study (Hu et al 2023). This ratio represents the relationship
between biochar total solids and substrate volatile solids andwas equal to 4.1 gTS/L. All tests were conducted
under amesophilic condition (36.5± 0.5 °C) until the daily biogas production during three consecutive days
was less than 0.5%of the total biogas production (VDI 2016).With the embedded real-time data acquisition
systemof theGas Endeavour, both the biogas andmethane volumewere recorded and normalised to the
standard temperature (0 °C) and pressure (1 atm) automatically. Amore detailed description of the
experimental setup and procedure can be found in the previous study (Hu et al 2023).

2.2.3. Sampling and determination of AD process parameters
Todetermine ADprocess parameters, including pH, electrical conductivity (EC), total volatile fatty acid (TVFA)
and total alkalinity (TA), additional 21 glass bottles were prepared. The same seven treatments as described
abovewere conducted but in triplicate (table 1).Measurements were taken periodically until the batch trials for
gas productionwere completed. To avoid sedimentation and to achieve a representative sample, the slurry was
stirred beforemeasurement and sampling. The bottles were opened tomeasure pH and EC at 36.5± 0.5 °C, and
a 5 gFM sample was collected from each bottle at the same time. Subsequently, samples were centrifuged at 4350 g
for 10 min, then the supernatants were frozen at−18 °C for determination of TVFA andTA. After each
sampling andmeasurement, the headspace of bottles was flushedwith nitrogen gas at a flow rate of 2.5 l min−1.
for oneminute, thus,maintaining the anaerobic condition.

2.3. Analyticalmethods
2.3.1. Characterization of biochar and biomass
TS (105 °C) and ash content (650 °C) of biochar weremeasured followingDINEN12902 (2005). TS (105 °C)
and ash content (550 °C) of biomass weremeasured followingDINEN ISO18134-3 (2015) andDINEN ISO
18122 (2016), respectively. Volatilematters of both biomass and biochar were determined in the absence of
oxygen at 900 °C for 7 min (DIN51720 2001, ISO 18123 2016). Fixed carbonwas calculated by subtracting the
ash content and volatilematter from the total drymass. For both biomass and biochar, theweight percentage of
elementCHNS based onTSweremeasured using an elemental analyser (Elementar AnalysensystemeGmbH,
Hanau,Germany). Oxygen (O) content was calculated based on theCHNS and ash content. The concentration
of ashminerals (K,Ca,Mg) and heavymetals (Pb, Cd, Cr, Cu,Ni, Zn)were determined by an ICP-OES analysis
(SPECTROAnalytical Instruments GmbH,Kleve, Germany) aftermicrowave digestionwith nitric acid. A
biochar suspension dilutedwith deionizedwater by 10:1 (v/w)was prepared tomeasure EC and pHof biochar
according to Singh et al (2017). The buffer capacity was determined by titratingwithNaOH in a suspension of
HCl and biochar with 20:1 (v/w) (Singh et al 2017). For biomass fibre analysis, neutral detergent fibre (NDF),
acid detergent fibre (ADF) and acid detergent lignin (ADL)were determined by themethod of van Soest and
Wine (1967) using anANKOM200fibre analyser (ANKOMTechnologies, USA) (table 2). To assess the energy
potential, the higher heating values (HHV) of biochar and digestate weremeasured using an IKAC200 bomb
calorimeter (IKAWerkeGmbH&Co,Germany). Replicate samples of digestates were pooled and dried at
105 °Cprior to themeasurement of the heating value.

Table 1.Experimental conditions for different biochar types under substrate overloading
conditions with a biochar addition rate of 25%and for control without biochar addition.
Positive test for checking inoculumwas conductedwith cellulose as substrate.

Group
Inoculum Substrate

Biochar Deionizedwater

[gFM] [gVS] [gFM] [gVS] [gTS] [g]

Control 300 3.26 7.62 6.52 0 92.38

s400 300 3.26 7.62 6.52 1.63 90.75

s750 300 3.26 7.62 6.52 1.63 90.75

g400 300 3.26 7.62 6.52 1.63 90.75

g750 300 3.26 7.62 6.52 1.63 90.75

w400 300 3.26 7.62 6.52 1.63 90.75

w750 300 3.26 7.62 6.52 1.63 90.75

blank 400 4.34 — — — —

positive 300 3.26 1.71 1.63 — 98.29

FM freshmatter;TS total solids, also drymatter.
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2.3.2. Analysing the AD samples
After digestion, electrical conductivity (EC) and pHof all the digestate (both for gas production and for process
parameters)were immediatelymeasured at 36.5± 0.5 °Cwith theWTWmultiparametermeter 3420 (Xylem
Analytics, Germany; Supplementary). VS andTS of digestate were determined according to theGerman
StandardMethods for the Examination ofWater,Wastewater and Sludge (DEV2020). For total volatile fatty
acid (TVFA) and total alkalinity (TA), the digestates were centrifuged at 4350 g for 10 min, the supernatants were
stored at−18 °Cand later analysed by titratingwith sulfuric acid following theNordmannmethod
(Nordmann 1977).

2.4. Kinetic estimation
First order kineticmodel is often used to describe an anaerobic digestion process (equation (1)):

dS

dt
kS 1= - ( )

where, S is the biodegradable substrate, t is the time and k is afirst order kinetic rate constant.
Considering the relation between the degraded substrate and the generatedmethane (Guwy 2004,

Angelidaki et al 2009, Li et al 2018), separating variables and then integrating, the equation (1) is possible towrite
as follows (equation (2)):

B B

B
ktln 2

-
= -¥

¥
( )

where, t is the time and k is thefirst ordermethane production rate constant. B¥ is the ultimatemethane yield
andB is the cumulativemethane yield at a given time t.

2.5. Biocharmass and carbon yield
Biocharmass yieldwas calculated following equation (3), it equals to the biomassmass conversion rate.

Biochar mass yield Output biochar kg TS

Input biomass kg TS

%

100 3

=
¸ ´

[ ] [ ]
[ ] ( )

The biochar carbon yieldwas defined as the carbon flowquote from the input biomass to the yield biochar,
calculated following equation (4),

Biochar carbon yield
C TS Output biochar kg TS

C TS Input biomass kg TS
%

%

%
100 4BC

BM

=
´
´

´[ ] [ ] [ ]
[ ] [ ]

( )

whereCBC is the carbon content of biochar, andCBM is the carbon content of biomass.

Table 2.Characteristics of raw grass silage (s), IFBB pre-treated grass silage (g) and oak sawdust (w) used as biomass feedstocks for biochar
production.

Parameters s g w

NDF [%TS] 41.06± 0.54 59.68± 0.45 85.88± 0.31

ADF[%TS] 23.31± 0.46 35.93± 0.57 63.01± 0.11

Lignin (ADL) [%TS] 9.48± 0.36 14.08± 0.19 14.84± 0.33

Hemicellulose [%TS] 17.75 23.75 22.87

Cellulose [%TS] 13.83 21.85 48.17

C [%TS] 44.87± 0.05 44.99± 0.08 49.91± 0.10

H [%TS] 4.68± 0.06 4.96± 0.12 5.08± 0.04

N [%TS] 2.59± 0.01 1.99± 0.11 0.40± 0.07

S [%TS] 0.421± 0.127 0.189± 0.017 0.060± 0.014

O [%TS] 30.22± 0.24 33.43± 0.07 43.98± 0.22

K [mg/g]a 27.45± 0.09 7.80± 0.07 1.14± 0.02

Ca [mg/g]a 12.89± 0.08 9.62± 0.10 1.48± 0.03

Mg [mg/g]a 3.03± 0.02 1.58± 0.00 0.22± 0.01

Ash content [%TS] 17.21± 0.10 14.44± 0.16 0.57± 0.01

Volatilematter [%TS] 66.74± 0.02 68.88± 0.04 82.91± 0.08

Fixed carbon [%TS] 16.05± 0.02 16.69± 0.04 16.52± 0.08

Data shown aremean (± standard deviation, n= 2);
a based onTS,TS total solids, also drymatter;ADL acid detergent lignin;ADF acid detergent fibre;NDF neutral detergentfibre;

Hemicellulose=NDF—ADF;Cellulose=ADF—ADL.
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2.6. Statistical analysis
The normality of data was checkedwith the Shapiro-Wilk test. The homogeneity of data variancewas tested
using Levene’s test. Significant differences ofmeanswere assessed using analysis of variance (ANOVA),
considering the experimental factors biochar addition, biomass feedstocks, pyrolysis temperatures and
interactions between feedstocks and temperatures. Kruskal–Wallis test was used for checking the significant
differences of results with non-normal distributed data andDunn’s test was for further pairwise comparison to
identify the significance level of treatments. Linear regression analyses were performed for kinetic rate constants,
total volatile fatty acids and digestate heating values, to determine their relationships with biochar addition.
Relationships between biochar properties were also determinedwith linear regression analyses. The threshold
for significancewas set asP� 0.05. Statistical analysis was carried out using R software (Version 4.1.2) (RCore
Team2021)with additional functions provided by R packages car (Fox andWeisberg 2019) and FSA (Ogle et al
2022).

3. Results

3.1. Biochar andbiomass characterization
3.1.1. Biomass pre-treatment, biomass feedstocks and pyrolysis temperatures effects on biochar characteristics
The IFBB treatment successfully reduced ash content in raw grass silage by 16% (table 2). The ashminerals,
includingK, Ca, andMg, showed a reduction in the range of 25% to 70%after the IFBB treatment butwere still
much higher than that in oakwood by up to 10 times.However, increasing pyrolysis temperature decreased the
biocharmass yield and increased the ash content (table 3). In addition to the pyrolysis temperature, biomass
feedstocks had amuch stronger influence on biochar’s ash content. The grass-type biochars had an almost 15
times higher ash content than that of woody type biochars, which is also reflected in the significantly higher
content of ashminerals in biomass feedstocks (table 2). Furthermore, the high biocharmass yield of up to 40%
for grass-type biochar is positively related to the substantial retention of ashminerals after pyrolysis (ash content
up to 50%). Thus, the biochar carbon content of grass-type biochar was only less than 50% (table 3). However,
the pre-treatment of grass silage enhanced the carbon content in biochar by around 10%.

In addition, only the carbon content of woody biochars was affected by the pyrolysis temperatures, with a
15%difference, which can be related to the significantly higher cellulose content of oakwoodwith 48%

Table 3.Characteristics of biochars produced from raw grass silage, IFBB pre-treated grass silage and oak sawdust either at a pyrolysis
temperature of 400 °Cor 750 °Candwith a retention time of 30 min.

Parameters
Raw grass silage Pre-treated grass silage Oak sawdust

400 °C 750 °C 400 °C 750 °C 400 °C 750 °C

EC [μS/cm]a 10413.0± 130.2 10323.0± 28.7 1037.7± 7.1 1461.0± 15.0 82.0± 2.8 587.0± 3.6

pH [-]a 10.50± 0.00 10.59± 0.00 7.75± 0.03 10.21± 0.09 7.12± 0.02 10.00± 0.04

Buffer [%TS]a,b 12.02± 0.06 18.59± 0.76 5.86± 0.19 10.94± 0.75 4.26± 0.41 5.98± 0.66

Buffer Classc 2 2 1 2 1 1

K [mg/gTS] 58.95± 1.04 71.44± 0.56 14.16± 1.55 18.14± 0.44 2.64± 0.00 3.80± 0.06

Ca [mg/gTS] 31.76± 0.34 40.61± 0.34 23.77± 3.02 30.46± 0.27 7.07± 0.20 10.39± 0.06

Mg [mg/gTS] 8.16± 0.11 10.27± 0.03 4.11± 0.51 5.44± 0.01 0.24± 0.03 0.43± 0.03

Ash content [%TS]a 41.52± 0.46 53.59± 0.22 32.29± 0.27 43.98± 0.11 2.23± 0.07 3.37± 0.06

Volatilematter [%TS] 22.01± 0.05 10.80± 0.31 24.84± 0.07 8.33± 0.02 28.54± 0.17 6.03± 0.08

Fixed carbon [%TS] 36.47± 0.05 35.61± 0.31 42.87± 0.07 47.69± 0.02 69.23± 0.17 90.60± 0.08

C [%TS] 41.47± 0.16 38.71± 0.10 49.85± 0.03 48.46± 0.08 75.97± 0.55 90.10± 0.51

H [%TS] 2.04± 0.02 0.59± 0.01 2.53± 0.03 0.69± 0.01 2.62± 0.03 1.11± 0.02

N [%TS] 2.48± 0.01 1.35± 0.00 2.39± 0.01 1.30± 0.01 0.38± 0.01 0.32± 0.00

O [%TS] 12.28± 0.11 5.56± 0.09 12.90± 0.06 5.53± 0.08 18.78± 0.58 5.10± 0.49

S [%TS] 0.203± 0.014 0.200± 0.005 0.043± 0.001 0.046± 0.009 0.005± 0.000 0.003± 0.002

MolarO/C ratio 0.222 0.108 0.194 0.086 0.185 0.042

MolarH/C ratio 0.591 0.184 0.608 0.170 0.415 0.148

BCmass yield [%] 39.8 32.5 41.2 31.6 31.3 20.1

BC carbon yield [%] 36.8 28.0 45.6 34.0 47.7 36.3

Data shown aremean (± standard deviation, n= 2);
a data shown aremean (± standard deviation, n= 3);
b buffer capacity shown as CaCO3 eq.;
c Class of buffer capacity from0 to 3: Class 0 (<1%CaCO3 eq.), Class 1 (1%–10%CaCO3 eq.), Class 2 (10%–20%CaCO3 eq.) andClass 3
(>20%CaCO3 eq.) (Camps-Arbestain et al 2015);TS total solids, also drymatter;EC electrical conductivity indicating salt contents in the

leachate of biochar;BC biochar.
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compared to the two grass-type biomasswith less than 20% (table 2). The carbon derived from cellulose
remained above 400 °C,while theH andO in biomasswere further lost at pyrolysis temperature from400 °C to
750 °C, resulting in a 90%carbon content of woody biochar produced at 750 °C.However, theH andO content
were reduced significantly at 750 °C compared to 400 °C,which resulted in lowermolarO/CandH/C ratios at
higher pyrolysis. All biochars exhibitmolarO/C ratios lower than 0.2, except for s400 BC.Volatilematter of
biochar also decreasedwith increasing pyrolysis temperatures (table 3) and showed a positive correlationwith
molarO/C ratios (R2= 0.84,P= 0.01).

3.1.2. Correlations betweenAAEMs, buffer capacity and ash content
The biochar’s ash contentwas positively related to its buffer capacity (R2= 0.72,P= 0.03) (table 3). The contents
of alkali (K) and alkaline earth (Ca,Mg)metals (AAEMs) in biochars were also positively linked to both their ash
content (R2= 0.63 to 0.98,P< 0.06) and buffer capacity (R2= 0.82 to 0.86,P< 0.01).With increasing content of
AAEMs, the ash content and buffer capacity also increased to different extents.Marginal enhancements ofMg
related to a pronounced increase of buffer capacity (LRS= 0.7,R2= 0.86,P= 0.007; linear regression
slope= LRS) and ash content (LRS= 0.18,R2= 0.90,P= 0.004), followed byCa andK.However, the linear
regression between ash content andKwasweaker (R2= 0.63,P= 0.06) than that of Ca (R2= 0.98,P< 0.001)
andMg (R2= 0.90,P= 0.004). Generally, biochar producedwith high pyrolysis temperatures and grass-type
feedstocks had a higher pH-value and buffer capacity (table 3). Raw grass silage-derived biochar exhibits higher
values in terms of buffer capacity (t(12)= 15.1,P< 0.001) and ash content (t(12)= 46.6,P< 0.001) compared to
biochar derived frompre-treated grass silage.However, biochar produced fromboth grass-type feedstocks as
well as at high pyrolysis temperature had a higher buffer capacity and pH value, greater content in alkaline ash
minerals and lowermolarO/C andH/C ratios, whichmay favour ADprocesses.

3.2. Anaerobic digestion process
3.2.1.Methane production
The addition of biochar acceleratedmethane production under acid stress, with the effect varying depending on
the biochar (BC) feedstock and pyrolysis temperatures (figure 1(a)). In general, higher ash content in feedstocks
and higher pyrolysis temperatures of BC enhanced the acceleration ofmethane production. This was
particularly pronounced for grass silage biochar produced at 750 °C (s750 BC), while the least effect was
observed for oakwood biochar produced at 400 °C (w400BC). For instance, the time to reach half of the actual
achievable BMPdecreased from216 h (control) to 151 h (s750 BC). Furthermore, themaximum cumulative
methane yieldwasweakly affected by the biochar addition (figure 1(a); one-wayANOVA,P= 0.08)with a
maximum increase by the addition of s750 BCof 4%compared to control. Additionally, biochar had also no
significant effect on themethane content (figure S3; one-wayANOVA,P= 0.54).

The specificmethane production rate, however, was affected by different biochar types under acid stress and
showed the same dependence on biochar types as inmethane production process (figure 1(b)). Additionally,
multiple peakswere observed indicating the inhibitions during themethane production process. After the
decline of the first peak due to the high organic loading, themethane production rate was able to increase again
with different recovery speeds. The groupwith s750 BC recovered significantly faster than other treatments, and
the slowest recoverywas obtainedwithw400 BC and then control.

Figure 1. (a)Cumulativemethane production curves with the addition of different biochar types and (b) specificmethane production
rates with different biochar types. The data shown are average values of 4 replicates.
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3.2.2. Pseudo-first-order kinetic ofmethane production and its correlationwith biochar properties
All the used biochar elevated the pseudo-first-order kinetic rate constants ofmethane production compared to
the control treatment (figure 2(a)), the degree offit (R2) ranged from0.90 to 0.95. The feedstocks of biochar had
a significant impact on the kinetic rate constants (two-way ANOVA, F(3,21)= 6.49,P= 0.003). However, no
significant effects were observed for pyrolysis temperatures (two-way ANOVA, F(1,21)= 1.88,P= 0.18) and its
interactionwith feedstocks (two-wayANOVA, F(2,21)= 0.06,P= 0.94) on themethane production kinetic rate
constants. Thus, the grass biochar s750 achieved themaximal improvement in kinetics (t(21)= 4.18,P< 0.001)
of ca. 31%,whereas the oakwood biochar w400 obtained theminimal improvement in kinetics (t(21)= 1.90,
P= 0.07) of ca. 14% compared to the control (figure 2(a)). In addition, increasing the pyrolysis temperature of
biochar from400 °C to 750 °C resulted in slightly improved kinetics (figure 2(a)).

The pseudo-first-order kinetic rate constant of themethane production process was positively related to the
buffer capacity and ash content of biochar under the high organic loading condition (figure 2(b)).While
marginal increases of the buffer capacity caused a conceivable improvement of themethane production kinetic
(LRS= 398), a greater extent of ash content was needed to achieve the same kinetic improvement (LRS= 1544).

3.2.3. VFAs and alkalinity
During the anaerobic digestion (AD) process, the total volatile fatty acids (TVFAs)were generally not affected by
the biochar addition (Kruskal–Wallis,P= 0.98) (figure 3(a)). However, in the TVFAs degradation phase at the
beginning of the experiment, biochar addition exhibited some effects. Especially on day 4, the highTVFAswere
reduced rapidly with the addition of g750 BC (t(14)=−2.05,P= 0.06) by 26% compared to control, whereby

Figure 2 (a)Mean effect (± standard deviation, n= 4) of biochar produced fromgrass silage (s), IFBB pre-treated grass silage (g) and
oak sawdust (w) either at 400 °Cor 750 °Con themethane production kinetic rate constant (k) in comparison to the control treatment
(0%biochar); (b)mean effects of contribution of biochar’s buffer capacity (n= 3) and ash content (n= 3) on the first order kinetic rate
constant (n= 4) of themethane production process. Biochar produced from grass silage (s) shown in blue colour ( ), from IFBBpre-
treated grass silage (g) in green colour ( ) and fromoak sawdust (w) in orange colour ( ), with 400 °C shown in unfilled symbols (d
!) and 750 °C in solidfilled symbols (●#).

Figure 3.Mean effect (± standard deviation, n= 3) of biochar produced from grass silage (s), IFBB pre-treated grass silage (g) and oak
sawdust (w) at either 400 °Cor 750 °Con the development of (a) total volatile fatty acid (TVFA), (b) total alkalinity (TA), during the
whole incubation time in comparison to the control treatment (0%biochar).
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with the addition of s750 BCobtained also a considerable reduction of TVFAs (t(14)=−1.46,P= 0.17) by 18%
compared to the control. Data for TVFAs on day 11 are not representative due to an error inmeasurement
process (figure 3(a)). In contrast to TVFAs, the total alkalinity (TA)was significantly affected by biochar addition
(Kruskal–Wallis, P= 0.005) (figure 3(b)). Treatments with s750 BC addition showed a greater TA than both oak
wood biochars (comparing tow400BC:Dunn-Test,P= 0.009 and comparing tow750BC:Dunn-Test,P= 0.05)
(figure 3(b)).

3.3.Heavymetal concentrations and energy potential of biochars anddigestates
Comparison of the heavymetal concentrations in biochars with EBC-Agro limits (EBC2023) indicates the
potential use of these biochar in agricultural applications (table 4). All woody biocharsmeet the EBC-Agro
limits. In contrast, both pre-treated grass biochars (g400 and g750) have higher chromium (Cr) concentrations
than the limits, while both raw grass silage biochars (s400 and s750) exceed the nickel (Ni) concentration limits.
This is strongly coupled to the highCr andNi concentrations in the biomass. Except for zinc (Zn), the IFBBpre-
treatment concentrated the heavymetals from raw grass silage (s) in the resulting press cake (g).

Heating values indicate energy potential via incineration. After adding biochar inADprocess, the digestates
show increased heating values thanwithout biochar, which is positively linked to the biochar heating values (R2

= 0.93,P< 0.001; table 5).Woody biochars, as well as their corresponding biochar-enriched digestates
demonstrated the highest heating values because of the high carbon content in thewoody biochar (table 3).
Remarkably, even for grass, an atypical fuel source, their biochars significantly increased the higher heating
values of digestates. Both pre-treated grass-type biochar significantly increased the higher heating value (HHV)
of digestates by up to 10%compared to control without biochar addition (g400 BC, t(7)= 5.42,P< 0.001; g750
BC, t(7)= 3.21,P= 0.01). In contrast, raw grass silage derived biochar enhanced theHHVof digestates only at
400 °Cby 9% ( t(7)= 5.01,P= 0.002). Adding 750 °C raw grass silage biochar did not affect theHHVof digestate
(t(7)=−0.85,P= 0.43), probably due to its higher ash content. However, the IFBB pre-treatment process

Table 4.Heavymetal concentrations (mg/kgTS) in biomass feedstocks, including grass silage (s), IFBB pre-treated grass silage (g), and
oak sawdust (w), as well as in the resulting biochars produced at either 400 °Cor 750 °Cwith a retention time of 30 min.

Pb Cd Cr Cu Ni Zn

Biomass feedstock

s 3.53± 0.08 <0.5a 33.93± 0.31 16.90± 0.60 36.05± 1.76 62.72± 0.34

g 5.22± 0.25 <0.5a 55.77± 2.76 25.26± 0.53 72.98± 11.74 54.02± 4.79

w 0.18± 0.00 <0.5a 2.86± 0.49 1.87± 0.31 11.28± 6.30 3.20± 0.72

Biochar

s400 7.48± 1.92 <0.5a 55.46± 8.18 32.54± 6.84 93.67± 12.03 122.35± 20.96

s750 6.13± 0.50 <0.5a 67.98± 1.64 41.41± 1.11 62.30± 7.52 131.63± 3.34

g400 8.28± 2.06 <0.5a 95.14± 12.22 43.72± 7.57 35.41± 5.37 103.21± 7.62

g750 13.43± 2.75 <0.5a 123.58± 4.44 49.20± 2.72 37.98± 7.99 132.23± 8.05

w400 <0.5a <0.5a 2.76± 0.32 5.80± 0.15 32.77± 6.33 22.78± 3.14

w750 <0.5a <0.5a 3.66± 0.74 7.74± 1.49 21.82± 2.56 14.99± 1.05

EBC-Agro limit values

120 1.5 90 100 50 400

Data shown aremean (± standard deviation, n= 3);
a below detection limit; EBC-AgroEuropean biochar certificate for agricultural applications.

Table 5.Heating values of biochars and digestates in
MJ/kgTS, inoculumhadHHVwith 11.87± 0.05MJ/kgTS.

Biochar addition BiocharHHV DigestateHHV

None — 12.24± 0.09

s400 15.63± 0.08 13.31± 0.08

s750 13.06± 0.05 12.06± 0.21

g400 18.58± 0.04 13.39± 0.14

g750 16.94± 0.04 12.92± 0.00

w400 28.04± 0.03 15.26± 0.32

w750 32.23± 0.01 17.70± 0.36

Data shown aremeans (± standard deviation, n= 2);HHV
higher heating value; HHV for digestates weremeasured

with pooled samples.
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reduced the ash content of raw grass silage and increased the heating value of the resulting biochar, thereby
enhancing the energy potential of the digestates enrichedwith them.

4.Discussion

4.1. Role of biochar in acid-stressed ADprocesses
Biochar-assisted anaerobic digestion systems demonstrated generally a stable process and rapidmethane
production. As acid stress is themain challenge for treating foodwaste or organic fraction ofmunicipal solid
waste (OFMSW)usually resulting from substrate overloading (Luo et al 2015, VDI 2016,Dang et al 2017), this
study used the inoculum to substrate ratio (ISR) 0.5 to simulate a substrate overloading, which led to the
conditions of acid stress. At the beginning of ADprocesses, the volatile fatty acids (VFAs)were accumulated
intensively due to the high loading of foodwaste containing high content of carbohydrates. Carbohydrates are
easily anaerobically biodegraded and quickly converted toVFAs (Pavlostathis andGiraldo-Gomez 1991).
However,methanogens could not convert VFAs as quickly as theywere produced due to the lower growth rate of
methanogens than acidogens (Hill andHolmberg 1988, Pavlostathis andGiraldo-Gomez 1991). Therefore, the
specificmethane production rates decreased rapidly in the early days indicating a strong inhibition. In contrast,
the total alkalinity (TA)was consumed strongly at the beginning, presumably due to the rapidVFAproduction.
Subsequently, the TA recovered slowly until the VFAswere nearly completely degraded. This study showed that
TA concentration in the systemwith s750 BCwas significantly higher than that of w400BCor control during the
ADprocesses. This could be a result of the high buffer capacity of s750 BC (table 3), which increased the TA
concentration in theAD system, and consequentlymitigated theVFA inhibition. The present study also revealed
that under the acid stress, themost rapid recovery of specificmethane production rate was obtainedwith the
addition of s750BC, and the slowest recoverywithw400 BC compared to control, which are in consistent with
their TA concentrations inAD systems. This is similar to a previous study, inwhich a sour digester was
successfully treatedwith the addition of biochar and alkalis (Aramrueang et al 2022). Hence, the results suggest
that themethane production processes can be inhibited byVFA accumulation, and the TA concentration inAD
systems is a crucial parameter tomitigate this inhibitionwhich could be facilitated by adding biochars.

4.1.1. Themechanism: alkaline properties of biochar
Consistent with previous studies, all of the used biochar exhibited an alkaline characteristic. For example, Luo
et al (2015) conducted experiments using easily degradable glucose under high substrate loading rates (ISR 1/4,
1/6, 1/8), resulting in acid stress. In their study, the utilized biochar exhibited an alkaline pHof 8.63 and
increased themaximummethane production rate. Similarly,Wang et al (2017) also increasedmethane
production rate through the addition of biochar to AD systems under high loading rate (ISR 0.3), using chicken
manure and kitchenwaste. The biochar used in their study also exhibited an alkaline pHof 8.96 and a substantial
ash content of 75%. Therefore, it implies that BC’s alkaline properties are primarily responsible for reducing
acid stress in ADprocesses. Indeed, the addition of biochar kept ADprocesses in the pH range between 6 and 8,
which is favourable formethanogens (figure S5) (Williams andCrawford 1984, Garcia et al 2000,Megonigal et al
2004).

4.1.2. Effects of biochar feedstocks
The results demonstrated that biochar addition improved the first-ordermethane production rate constants in
acid-stressedADprocesses. The extent of this improvement varied depending on the type of biochar feedstock
used. For example, s750 BC showed themost significant increase in kinetics compared to the control,mainly
due to its high buffer capacity, highest ash content, and the highest pH value among the tested biochar types
(table 3). These parameters correlated with the concentration of alkali (K) and alkaline earth (Ca,Mg)metals
(AAEMs) in the biomass feedstocks.As suggested in previous studies (Shen et al 2015,Wang et al 2017), the
results revealed that the AAEMs are closely linked to buffer capacity and ash content. However, the absence of a
linear correlation betweenK and ash content can be attributed to the initially highK concentration in grass silage
and its substantial reduction through the IFBB pre-treatment process (table 2). This suggests that the role of K in
relation to ash contentmay not be as significant as its role in determining buffer capacity. Thefinding is
consistent with prior research indicating that K, as an alkalimetal, can increase the pH value (Shen et al 2015).
Furthermore, the comparison revealed that g400 BC andw750 BC exhibited similar buffer capacities, despite a
tenfold difference in their ash contents. This significant variation in ash contentmay be attributed to disparities
in their respective feedstock sources. However, the comparable buffer capacities of g400 BC andw750 BC are
influenced not only by their AAEMconcentrations but also potentially by specific functional groups, such as
amines, which can adsorbH+ (Zhang et al 2018, Chiappero et al 2020).
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4.1.3. Effect of pyrolysis temperature
Biochar from the same feedstocks, produced at 750 °C, showed higher buffer capacity, ash content, and pH than
produced at 400 °C.This observationmay explain the slightly higher kinetic rate constants associatedwith using
750 °Cbiochar compared to 400 °Cbiochar. Indeed, the results demonstrated that the pyrolysis temperature has
a significant impact on the elemental ratios, while the feedstocks seem to play aminor role (table 3). Some
researchers proposed that biochar promotes the ADprocess as an electron conductor by facilitating direct
interspecies electron transfer (DIET) (Liu et al 2012, Chen et al 2014). ThemolarH/C ratio below 0.35 and
molarO/C ratio below 0.09 are indicative of amore graphitic structure of biochar (Sun et al 2017). This suggests
a decreased obstacle to the transfer of electrons and thus facilitates theDIET (Johnravindar et al 2021). Both the
molarH/CandO/C ratio of the used biochars pyrolyzed at 750 °Cmeet the suggested ratios (table 3), which
indicates that 750 °Cbiocharsmay improve themethane production rate via facilitatingDIETdue to their
carbonmatrices (Sun et al 2018). Alternatively, other factorsmay also facilitate the process ofDIET. For
example, some redox-active functional groups of biochar, e.g. phenolic and quinoid, were also suggested as
electron shuttles, which could promotemethanogenesis via facilitating theDIET (Kappler et al 2014, Klüpfel
et al 2014, Saquing et al 2016), and consequently, improving themethane production rate.However, further
analysis, such as Fourier-transform infrared spectroscopy (FTIR), is necessary to identify these functional
groups.

4.2. Biochar for environmentalmanagement
4.2.1. Improving the efficacy of treating organic waste
The results showed that the kinetic rate constant ofmethane production increasedwith biochar addition up to
30% compared to the control. The pseudo-first-order kinetic rate constant is an important parameter to assess
the speed of a substrate conversion tomethane.With s750 BC, the kinetic rate constant was increased to 0.29 d−1

(figure 2(a) and table S16)under acid stress (ISR 0.5). This result is similar to two previous standard batch
experiments under ISR 2with foodwaste or dog food as substrate, inwhich the kinetic rate constant was 0.30
d−1 (Koch et al 2015) and 0.35 d−1 (Koch et al 2017) respectively. However, the kinetic rate constant is usually
fitted using data frombatch tests conducted under standard fermentation conditions (ISR 2). This condition
avoids inhibitions caused by substrate overload, thereby ensuring an accurate estimation of themaximum
methane production rate. The outcomes indicate that biochar could enhance the throughput of a digester by
maintaining the kinetic rate constant under non or less-inhibited condition, thus increasing the efficacy of
treating organic waste. However, the experiments were conducted using short-term batch trials and do not
include the potential effects of a long-termmicrobiological adaption between biochar and inoculum,whichmay
include biofilm formation on biochar surface or selective colonization of functionalmicrobes (Luo et al 2015).
This could affect the speed of conversion of substrates tomethane as well as the degradation extent of substrates.

4.2.2.Making use of grass-type biomass
The study demonstrated that grass-type biochar has amore significant effect on the elevation ofmethane
production rates thanwoody biochar. This points out a potential way to valorise grass-type biomasses. For
example, in this study, grass biomass from roadside verges was employed as feedstock for biochar production.
This type of grass is usually not used, but cut and left in place to decay, i.e.mulching (Piepenschneider et al 2016).
However, there is a growing concern that themulching process has negative environmental effects due toNH3

andN2O emissions (Larsson et al 1998). On the contrary, roadside verges are potential habitats for various
species to protect biodiversity (Kaur et al 2019). Although, considering the complexity of roadside verges
management, using this biomass for biochar production offers an attractive alternative for future biomass
utilization and potential profitability in biogas plants, such as ADprocess enhancement and increased energy
potential of digestate. Furthermore, the pre-treatment of grass silage increased the carbon content in biochar
while reducing the ash content. Thismakes pre-treated grass silage biochar a compromise between raw grass
silage biochar andwoody biochar, thus, offering both good buffer capacity and high carbon sequestration
potential. However, the pre-treatment did not assist in reducing the high heavymetal concentrations in roadside
verges. The roadside verges derived biochars had higher heavymetal concentrations compared to EBC limits for
agricultural applications. Therefore, it is not recommended to use this digestate in the field for soil improvement
or as fertilizer. Nonetheless, extensive grasslands in nature conservation areas are expected to have lower heavy
metal concentrations (Heinrich et al 2023b,Heinrich et al 2023a), suggesting their potential as feedstocks for
grass-type biochars. Future research should explore grass types with lower heavymetal concentrations and
investigate newpre-treatmentmethods tomeet these limits.
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4.2.3. Potential implications and future perspectives
The results suggest that biochar could alleviate an acid shock due to its alkaline properties, thus, when the goal is
tomitigate acid stress, the grass-type biochar has a significant advantage. Additionally, the carbon fractions in
biochars used in this study showed a higher stability due to their lowermolarO/C ratios, suggesting a longevity
for CO2 sequestration (Spokas 2010, Ladygina andRineau 2013). In particular, woody biochar had a
significantly higher carbon sequestration potential due to their high carbon content.When the goal is carbon
sequestration, woody biochar seems to bemore attractive. Furthermore, this application of woody biomass
prioritizedmaterial use over energy use (Olsson et al 2016, Fehrenbach et al 2017), which is a value-added
process and follows the biomass cascading use principle. A conceptual large-scale discontinuousCSTR as an
indicative examplewas simulated, which received biochar and foodwaste using the parameters frombatch tests
obtained in this study (Supplementary). The indicative energy balance showed that the additional biomass
preparation and pyrolysis processes are energy self-sufficient due to the surplus energy frompyrolysis gas and
energy-rich press liquid from IFBBpre-treatment of grass. Thus, the CO2 emissions from fossil sources are also
reduced due to the renewable energy. Consequently, the amount of biochar added to the digester approximately
equals its carbon sequestration potential, preventing the release of carbon back into the atmosphere.

Generally, woody biochar, due to their high carbon content, tends to storemore carbon, while grass-type
biochar had higher ash content indicatingmore alkaline properties that canmitigate acid stress in ADprocesses.
IFBB-processing of biomassesmight be a good compromise solution, providing both effective acidmitigation in
AD and carbon sequestration.However, the roadside verges derived biochar exceeds the EBC-Agro limits,
making it unsuitable forfield use. Nevertheless, the heating values of all biochar-enriched digestates, except s750
BC, increased significantly compared to the digestates without biochar, indicating improved energy potential via
incineration. Grass-type biochars can be employed inADprocesses that handle sewage sludge or other
substrates, whose digestates are unsuitable for use on arable lands and require eventual incineration.On the
other hand, woody biochar is suitable for agricultural biogas plants, where the digestate is typically used as
fertilizer or soil improvement. Overall, the use of biochar-enriched digestates fromADpoints to the potential of
closing thematerial loop. A comprehensive study of these proposed applications is needed.

5. Conclusion

This study reveals the importance of the alkaline bufferingmechanism formitigating acid stress and elevating
methane production rate. The effectiveness of acidmitigation level was significantly higherwith grass-type
biochar compared towoody biochar, highlighting a potential approach for valorising grass-type biomass.
However, woody biochars can sequestratemoreCO2 than grass-type biochars due to their high carbon content.
Hence, IFBB-processing of grass-type biomassesmight be a good compromise solution, providing both effective
acidmitigation and carbon sequestration. The present study contributes to the understanding of the broad
application potential of biochar and their biomass feedstocks, by demonstrating the environmental implications
of using biochar during and after AD. In light of the increasing demand for sustainable CO2 sequestration and
the growing attention to biomass cascading use for enhancing resource efficiency, it is recommend adding
biochar inADprocesses to treat organic waste. This can lead to the simultaneousmitigation of acid stress and
CO2 sequestration, thereby contributing to a combined biomass and carbonmanagement system.However, a
comprehensive life cycle assessment is needed in future work.

Acknowledgments

The authors thankfully acknowledge the technical support ofMatthias Karl vonAhn,Wolfgang Funke, Andrea
Gerke, Thomas Fricke, EvaWiegard andClaudia Thieme-Fricke. The authors alsowish to thank the support by
theOpenAccess Publication Fund of theUniversität Kassel.WG thanks Alexander vonHumboldt Stiftung.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

Funding

This studywas partly funded by InterregNWEProject ThreeC (Grant number: NWE1010) and InterregNWE
Project RE-DIRECT (Grant number: NWE294).

12

Environ. Res. Commun. 6 (2024) 035010 JHu et al



Competing interests

The authors have no relevant financial or non-financial interests to disclose.

Author contributions

JH: study conception, experiment design,material preparation, data collection and analysis, writing-original
draft;MW: funding, supervising, revising, editing;WG:mentoring, revising, editing; BJ: validation-carbon and
energy balance; KS: funding, revising, editing; KK: funding, project administration, supervising, revising,
editing. All authors read and approved the finalmanuscript.

ORCID iDs

JiahuiHu https://orcid.org/0000-0002-7284-3336
MichaelWachendorf https://orcid.org/0000-0002-2840-7086
Willis Gwenzi https://orcid.org/0000-0003-3149-1052
Ben Joseph https://orcid.org/0000-0001-8394-9171
Kathrin Stenchly https://orcid.org/0000-0001-8215-510X
KorbinianKaetzl https://orcid.org/0000-0002-6157-7191

References

AndersonGK andYangG1992 pHControl in Anaerobic Treatment of IndustrialWastewater J. Environ. Eng. 118 551–67
Angelidaki I, AlvesM, BolzonellaD, Borzacconi L, Campos J L, GuwyA J, Kalyuzhnyi S, Jenicek P and van Lier J B 2009Defining the

biomethane potential (BMP) of solid organic wastes and energy crops: a proposed protocol for batch assaysWater Sci. Technol. 59
927–34

AramrueangN, Zhang R and LiuX 2022Application of biochar and alkalis for recovery of sour anaerobic digesters J. Environ.Manage. 307
114538

Bühle L, Dürl G,Hensgen F,UrbanA andWachendorfM2014 Effects of hydrothermal conditioning andmechanical dewatering on ash
melting behaviour of solid fuel produced fromEuropean semi-natural grasslands Fuel 118 123–9

Camps-ArbestainM, Amonette J E, Singh B,Wang T and SchmidtH-P 2015ABiochar Classification System andAssociated TestMethods 2nd
edn (PacificNorthwestNational Lab.)

Chen S, RotaruA-E, Shrestha PM,MalvankarN S, Liu F, FanW,NevinKP and LovleyDR 2014 Promoting interspecies electron transfer
with biochar Sci. Rep. 4 5019

ChiapperoM,Cillerai F, Berruti F,MašekO and Fiore S 2021Addition of different biochars as catalysts during themesophilic anaerobic
digestion ofmixedwastewater sludgeCatalysts 11 1094

ChiapperoM,Norouzi O,HuM,Demichelis F, Berruti F, DiMaria F,MašekO and Fiore S 2020Review of biochar role as additive in
anaerobic digestion processesRenew. Sustain. Energy Rev. 131 110037

Dai B, Xu J, He Y, Xiong P,WangX,Deng Y,Wang Y andYin Z 2015Acid inhibition during anaerobic digestion of biodegradable kitchen
waste J. Renew. Sustain. Energy 7 23118

DangY, SunD,WoodardTL,Wang L-Y,NevinKP andHolmesDE 2017 Stimulation of the anaerobic digestion of the dry organic fraction
ofmunicipal solidwaste (OFMSW)with carbon-based conductivematerialsBioresour. Technol. 238 30–8

DengC, Lin R, KangX,WuB,Wall DMandMurphy JD 2021What physicochemical properties of biochar facilitate interspecies electron
transfer in anaerobic digestion: A case study of digestion ofwhiskey by-products Fuel 306 121736

DEV2020Deutsche Einheitsverfahren zurWasser-, Abwasser- und Schlamm-Untersuchung (German StandardMethods for Examination of
Water,Wastewater and Sludge) (VCH)

DIN51720 2001DIN 51720:2001-03, Prüfung fester Brennstoffe_- Bestimmung des Gehaltes an Flüchtigen Bestandteilen (BeuthVerlagGmbH)
DINEN12902 2005Products Used for Treatment ofWater Intended forHuman consumption - Inorganic Supporting and FilteringMaterials -

Methods of Test. (BeuthVerlag GmbH)
DINEN ISO18122 2016DINEN ISO 18122:2016-03, Biogene Festbrennstoffe - Bestimmung des Aschegehaltes (ISO 18122:2015) (BeuthVerlag

GmbH)Deutsche Fassung EN ISO18122:2015
DINEN ISO18134-3 2015DINEN ISO 18134-3:2015-12, Biogene Festbrennstoffe - Bestimmung desWassergehaltes - Ofentrocknung - Teil_3:

Wassergehalt in allgemeinen Analysenproben (ISO 18134-3:2015); Deutsche Fassung EN ISO 18134-3:2015 (BeuthVerlagGmbH)
EBC2023European Biochar Certificate -Guidelines for a Sustainable Production of Biochar https://european-biochar.org/en/ct/2-EBC-

guidelines-documents(accessed 17.May.2023)
FagbohungbeMO,Herbert BM J,Hurst L, LiH,Usmani SQ and SempleKT2016 Impact of biochar on the anaerobic digestion of citrus

peel wasteBioresour. Technol. 216 142–9
FehrenbachH et al 2017BIOMASSCASCADES Increasing resource efficiency by cascading use of biomass— fromTheory to Practice (The

GermanEnvironment Agency)
Fox J andWeisberg S 2019AnRCompanion to Applied Regression 3rd edn (Sage)
Garcia J L, Patel BK andOllivier B 2000Taxonomic, phylogenetic, and ecological diversity ofmethanogenic ArchaeaAnaerobe 6 205–26
GuwyA J 2004 Equipment used for testing anaerobic biodegradability and activityRev. Environ. Sci. Bio/Technol. 3 131–9
Hamelin L, BorzęckaM,KozakMandPudełkoR 2019A spatial approach to bioeconomy:Quantifying the residual biomass potential in the

EU-27Renew. Sustain. Energy Rev. 100 127–42
Heinrich T, Kaetzl K, Libra J A andHoffmannT 2023a Influence of thermochemical conversion technologies on biochar characteristics

from extensive grassland for safe soil application Energies (Basel) 16 1896

13

Environ. Res. Commun. 6 (2024) 035010 JHu et al

https://orcid.org/0000-0002-7284-3336
https://orcid.org/0000-0002-7284-3336
https://orcid.org/0000-0002-7284-3336
https://orcid.org/0000-0002-7284-3336
https://orcid.org/0000-0002-2840-7086
https://orcid.org/0000-0002-2840-7086
https://orcid.org/0000-0002-2840-7086
https://orcid.org/0000-0002-2840-7086
https://orcid.org/0000-0003-3149-1052
https://orcid.org/0000-0003-3149-1052
https://orcid.org/0000-0003-3149-1052
https://orcid.org/0000-0003-3149-1052
https://orcid.org/0000-0001-8394-9171
https://orcid.org/0000-0001-8394-9171
https://orcid.org/0000-0001-8394-9171
https://orcid.org/0000-0001-8394-9171
https://orcid.org/0000-0001-8215-510X
https://orcid.org/0000-0001-8215-510X
https://orcid.org/0000-0001-8215-510X
https://orcid.org/0000-0001-8215-510X
https://orcid.org/0000-0002-6157-7191
https://orcid.org/0000-0002-6157-7191
https://orcid.org/0000-0002-6157-7191
https://orcid.org/0000-0002-6157-7191
https://doi.org/10.1061/(ASCE)0733-9372(1992)118:4(551)
https://doi.org/10.1061/(ASCE)0733-9372(1992)118:4(551)
https://doi.org/10.1061/(ASCE)0733-9372(1992)118:4(551)
https://doi.org/10.2166/wst.2009.040
https://doi.org/10.2166/wst.2009.040
https://doi.org/10.2166/wst.2009.040
https://doi.org/10.2166/wst.2009.040
https://doi.org/10.1016/j.jenvman.2022.114538
https://doi.org/10.1016/j.jenvman.2022.114538
https://doi.org/10.1016/j.fuel.2013.10.063
https://doi.org/10.1016/j.fuel.2013.10.063
https://doi.org/10.1016/j.fuel.2013.10.063
https://doi.org/10.1038/srep05019
https://doi.org/10.3390/catal11091094
https://doi.org/10.1016/j.rser.2020.110037
https://doi.org/10.1063/1.4918281
https://doi.org/10.1016/j.biortech.2017.04.021
https://doi.org/10.1016/j.biortech.2017.04.021
https://doi.org/10.1016/j.biortech.2017.04.021
https://doi.org/10.1016/j.fuel.2021.121736
https://european-biochar.org/en/ct/2-EBC-guidelines-documents
https://european-biochar.org/en/ct/2-EBC-guidelines-documents
https://doi.org/10.1016/j.biortech.2016.04.106
https://doi.org/10.1016/j.biortech.2016.04.106
https://doi.org/10.1016/j.biortech.2016.04.106
https://doi.org/10.1006/anae.2000.0345
https://doi.org/10.1006/anae.2000.0345
https://doi.org/10.1006/anae.2000.0345
https://doi.org/10.1007/s11157-004-1290-0
https://doi.org/10.1007/s11157-004-1290-0
https://doi.org/10.1007/s11157-004-1290-0
https://doi.org/10.1016/j.rser.2018.10.017
https://doi.org/10.1016/j.rser.2018.10.017
https://doi.org/10.1016/j.rser.2018.10.017
https://doi.org/10.3390/en16041896


Heinrich T, ParkH,Orozco R,Ding Z, Álvarez-López V,Mosquera-LosadaMR, Steinbeis L andHoffmannT2023b Biochar production
from late-harvest grass—Challenges and potential for farm-scale implementation Sustain. Prod. Consum. 37 256–67

Hensgen F, Richter F andWachendorfM2011 Integrated generation of solid fuel and biogas from green cutmaterial from landscape
conservation and private householdsBioresour. Technol. 102 10441–50

Hill DT andHolmberg RD1988 Long chain volatile fatty acid relationships in anaerobic digestion of swinewasteBiol.Wastes 23 195–214
Holliger C et al 2016Towards a standardization of biomethane potential testsWater Sci. Technol. 74 2515–22
Hu J, Stenchly K,GwenziW,WachendorfM andKaetzl K 2023Critical evaluation of biochar effects onmethane production and process

stability in anaerobic digestion Front. Energy Res. 11 1205818
Ippolito J A et al 2020 Feedstock choice, pyrolysis temperature and type influence biochar characteristics: a comprehensivemeta-data

analysis reviewBiochar 2 421–38
ISO18123 2016DINEN ISO 18123:2016-03, Biogene Festbrennstoffe_- Bestimmung des Gehaltes an flüchtigen Bestandteilen

(ISO_18123:2015); Deutsche Fassung EN_ISO_18123 (BeuthVerlagGmbH) 2015
JohnravindarD,Wong JWC,ChakrabortyD, Bodedla G andKaurG 2021 Foodwaste and sewage sludge co-digestion amendedwith

different biochars: VFA kinetics,methane yield and digestate quality assessment J. Environ.Manage. 290 112457
Joseph B, Kaetzl K,Hensgen F, Schäfer B andWachendorfM2020 Sustainability assessment of activated carbon from residual biomass used

formicropollutant removal at a full-scale wastewater treatment plant Environ. Res. Lett. 15 64023
Kappler A,WuestnerML, Ruecker A,Harter J, HalamaMandBehrens S 2014 Biochar as an electron shuttle between bacteria and Fe(III)

mineralsEnviron. Sci. Technol. Lett. 1 339–44
KaurH, TormaA,Gallé-SzpisjakN, Šeat J, Lőrinczi G,MódraG andGallé R 2019Road verges are important secondary habitats for

grassland arthropods J. Insect Conserv. 23 899–907
Klüpfel L, KeiluweitM, KleberM and SanderM2014Redox properties of plant biomass-derived black carbon (biochar)Environmental

Science&Technology 48 5601–11
KochK,Helmreich B andDrewes J E 2015Co-digestion of foodwaste inmunicipal wastewater treatment plants: Effect of differentmixtures

onmethane yield and hydrolysis rate constantAppl. Energy 137 250–5
KochK, Lippert T andDrewes J E 2017The role of inoculum’s origin on themethane yield of different substrates in biochemicalmethane

potential (BMP) testsBioresour. Technol. 243 457–63
LadyginaN andRineau F 2013Biochar and Soil Biota (Taylor &Francis)
Larsson L, FermM,Kasimir-KlemedtssonA andKlemedtsson L 1998Ammonia and nitrous oxide emissions from grass and alfalfamulches

Nutr. Cycl. Agroecosyst. 51 41–6
Lehmann J and Joseph S 2009Biochar for EnvironmentalManagement Science andTechnology 1st edn (Earthscan)
LiH,DongX, da Silva E B,Oliveira LM, de, ChenY andMaLQ2017Mechanisms ofmetal sorption by biochars: biochar characteristics and

modificationsChemosphere 178 466–78
Li Y, Jin Y, LiH, Borrion A, YuZ and Li J 2018Kinetic studies on organic degradation and its impacts on improvingmethane production

during anaerobic digestion of foodwasteAppl. Energy 213 136–47
Liu F, RotaruA-E, Shrestha PM,MalvankarN S,NevinKP and LovleyDR 2012 Promoting direct interspecies electron transfer with

activated carbon Energy Environ. Sci. 5 8982
LUCAS 2021 LUCAS: The EU’s Land use and LandCover Survey : 2021 edition (Eurostat Compact Guides) 2021st edn (PublicationsOffice of

the EuropeanUnion)
LuoC, Lü F, Shao L andHeP 2015Application of eco-compatible biochar in anaerobic digestion to relieve acid stress and promote the

selective colonization of functionalmicrobesWater Res. 68 710–8
Masebinu SO, Akinlabi E T,Muzenda E andAboyadeAO2019A review of biochar properties and their roles inmitigating challenges with

anaerobic digestionRenew. Sustain. Energy Rev. 103 291–307
Megonigal J P,HinesME andVisscher PT 2004AnaerobicMetabolism: Linkages to Trace Gases and Aerobic Processes 1st edn (Elsevier)
Nakasaki K,Nagasaki K andArigaO2004Degradation of fats during thermophilic composting of organic wasteWasteManag. Res. 22

276–82
NordmannW1977DieÜberwachung der SchlammfaulungKA-Informationen für das Betriebspersonal, Beilage zur Korrespondenz Abwasser

3/77
OgleDH,Doll J C,Wheeler P andDinnoA 2022 FSA: Fisheries stock analysis.: R package version 0.9.3
OlssonO, Bruce L, Roos A,Hektor B,GuissonR, Lamers P,HartleyD, Ponitka J, Hildebrandt J andThränD 2016Cascading ofWoody

Biomass: Definitions, Policies and Effects on International Trade (IEABioenergy Task) p. 40
Pan J, Sun J, AoN,Xie Y, ZhangA, ChenZ andCai L 2022 Factors influencing biochar-strengthened anaerobic digestion of cowmanure

Bioenergy Res. (https://doi.org/10.1007/s12155-022-10396-3)
Pavlostathis SG andGiraldo-Gomez E 1991Kinetics of anaerobic treatment: a critical reviewCrit. Rev. Environ. Control 21 411–90
PiepenschneiderM, Bühle L,Hensgen F andWachendorfM2016 Energy recovery fromgrass of urban roadside verges by anaerobic

digestion and combustion after pre-processingBiomass Bioenergy 85 278–87
RCore Team2021R: A Language and Environment for Statistical Computing (RFoundation for Statistical Computing)
RaveendranK,GaneshA andKhilar KC 1995 Influence ofmineralmatter on biomass pyrolysis characteristics Fuel 74 1812–22
Richter F, GraßR, Fricke T, ZerrWandWachendorfM2009Utilization of semi-natural grassland through integrated generation of solid

fuel and biogas frombiomass: II. Effects of hydrothermal conditioning andmechanical dehydration on anaerobic digestion of press
fluidsGrass Forage Sci. 64 354–63

Rosenwinkel KH,KroissH,Dichtl N, Seyfried CF andWeiland P 2015Anaerobtechnik: Abwasser-, Schlamm- undReststoffbehandlung,
Biogasgewinnung 3rd edn (Springer Vieweg)

Saquing JM, YuY-H andChiu PC 2016Wood-derived black carbon (Biochar) as amicrobial electron donor and acceptor Environ. Sci.
Technol. Lett. 3 62–6

ShenY, Linville J L, Urgun-DemirtasM, Schoene RP and Snyder SW2015 Producing pipeline-quality biomethane via anaerobic digestion
of sludge amendedwith corn stover biocharwith in situCO2 removalAppl. Energy 158 300–9

Singh B, Camps-ArbestainMand Lehmann J 2017Biochar: AGuide to AnalyticalMethods 1st edn (CSIROPublishing)
Spokas KA2010Review of the stability of biochar in soils: predictability ofO:Cmolar ratiosCarbonManag. 1 289–303
SunT, Levin BDA,Guzman J J L, Enders A,MullerDA, Angenent L T and Lehmann J 2017Rapid electron transfer by the carbonmatrix in

natural pyrogenic carbonNat. Commun. 8 14873
SunT, Levin BDA, SchmidtMP,Guzman J J L, Enders A,Martínez CE,Muller DA, Angenent L T andLehmann J 2018 Simultaneous

quantification of electron transfer by carbonmatrices and functional groups in pyrogenic carbon Environ. Sci. Technol. 52 8538–47

14

Environ. Res. Commun. 6 (2024) 035010 JHu et al

https://doi.org/10.1016/j.spc.2023.02.019
https://doi.org/10.1016/j.spc.2023.02.019
https://doi.org/10.1016/j.spc.2023.02.019
https://doi.org/10.1016/j.biortech.2011.08.119
https://doi.org/10.1016/j.biortech.2011.08.119
https://doi.org/10.1016/j.biortech.2011.08.119
https://doi.org/10.1016/0269-7483(88)90034-1
https://doi.org/10.1016/0269-7483(88)90034-1
https://doi.org/10.1016/0269-7483(88)90034-1
https://doi.org/10.2166/wst.2016.336
https://doi.org/10.2166/wst.2016.336
https://doi.org/10.2166/wst.2016.336
https://doi.org/10.3389/fenrg.2023.1205818
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1016/j.jenvman.2021.112457
https://doi.org/10.1088/1748-9326/ab8330
https://doi.org/10.1021/ez5002209
https://doi.org/10.1021/ez5002209
https://doi.org/10.1021/ez5002209
https://doi.org/10.1007/s10841-019-00171-9
https://doi.org/10.1007/s10841-019-00171-9
https://doi.org/10.1007/s10841-019-00171-9
https://doi.org/10.1021/es500906d
https://doi.org/10.1021/es500906d
https://doi.org/10.1021/es500906d
https://doi.org/10.1016/j.apenergy.2014.10.025
https://doi.org/10.1016/j.apenergy.2014.10.025
https://doi.org/10.1016/j.apenergy.2014.10.025
https://doi.org/10.1016/j.biortech.2017.06.142
https://doi.org/10.1016/j.biortech.2017.06.142
https://doi.org/10.1016/j.biortech.2017.06.142
https://doi.org/10.1023/A:1009799126377
https://doi.org/10.1023/A:1009799126377
https://doi.org/10.1023/A:1009799126377
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1016/j.apenergy.2018.01.033
https://doi.org/10.1016/j.apenergy.2018.01.033
https://doi.org/10.1016/j.apenergy.2018.01.033
https://doi.org/10.1039/c2ee22459c
https://doi.org/10.1016/j.watres.2014.10.052
https://doi.org/10.1016/j.watres.2014.10.052
https://doi.org/10.1016/j.watres.2014.10.052
https://doi.org/10.1016/j.rser.2018.12.048
https://doi.org/10.1016/j.rser.2018.12.048
https://doi.org/10.1016/j.rser.2018.12.048
https://doi.org/10.1177/0734242X04045430
https://doi.org/10.1177/0734242X04045430
https://doi.org/10.1177/0734242X04045430
https://doi.org/10.1177/0734242X04045430
https://doi.org/10.1007/s12155-022-10396-3
https://doi.org/10.1080/10643389109388424
https://doi.org/10.1080/10643389109388424
https://doi.org/10.1080/10643389109388424
https://doi.org/10.1016/j.biombioe.2015.12.012
https://doi.org/10.1016/j.biombioe.2015.12.012
https://doi.org/10.1016/j.biombioe.2015.12.012
https://doi.org/10.1016/0016-2361(95)80013-8
https://doi.org/10.1016/0016-2361(95)80013-8
https://doi.org/10.1016/0016-2361(95)80013-8
https://doi.org/10.1111/j.1365-2494.2009.00700.x
https://doi.org/10.1111/j.1365-2494.2009.00700.x
https://doi.org/10.1111/j.1365-2494.2009.00700.x
https://doi.org/10.1021/acs.estlett.5b00354
https://doi.org/10.1021/acs.estlett.5b00354
https://doi.org/10.1021/acs.estlett.5b00354
https://doi.org/10.1016/j.apenergy.2015.08.016
https://doi.org/10.1016/j.apenergy.2015.08.016
https://doi.org/10.1016/j.apenergy.2015.08.016
https://doi.org/10.4155/cmt.10.32
https://doi.org/10.4155/cmt.10.32
https://doi.org/10.4155/cmt.10.32
https://doi.org/10.1038/ncomms14873
https://doi.org/10.1021/acs.est.8b02340
https://doi.org/10.1021/acs.est.8b02340
https://doi.org/10.1021/acs.est.8b02340


TanX, Liu Y, ZengG,WangX,HuX,GuY andYang Z 2015Application of biochar for the removal of pollutants from aqueous solutions
Chemosphere 125 70–85

Thiffault E, Gianvenuti A, ZuzhangX andWalter S 2023The Role ofWoodResidues in the Transition to Sustainable Bioenergy: Analysis of Good
Practices and Recommendations for theDeployment ofWood Residues for Energy (FAO)

van Soest P J andWine RH1967Use of detergents in the analysis offibrous feeds. IV. determination of plant cell-wall constituents J. Assoc.
Off. Anal. Chem. 50 50–5

VDI 2016VDI 4630: 2016-11VergärungOrganischer Stoffe - Substratcharakterisierung, Probenahme, Stoffdatenerhebung, Gärversuche
(Fermentation ofOrganicMaterials Characterisation of the Substrate, Sampling, Collection ofMaterial Data, Fermentation Tests). (Beuth
VerlagGmbH)

WachendorfM, Richter F, Fricke T,GraßR andNeff R 2009Utilization of semi-natural grassland through integrated generation of solid fuel
and biogas frombiomass. I. Effects of hydrothermal conditioning andmechanical dehydration onmass flows of organic andmineral
plant compounds, and nutrient balancesGrass Forage Sci. 64 132–43

WangD, Ai J, Shen F, YangG, ZhangY,Deng S, Zhang J, ZengY and SongC 2017 Improving anaerobic digestion of easy-acidification
substrates by promoting buffering capacity using biochar derived fromvermicompostBioresour. Technol. 227 286–96

WilliamsRT andCrawford R L 1984Methane production inMinnesota peatlandsAppl. Environ.Microbiol. 47 1266–71
Xu F, Li Y, GeX, Yang L and Li Y 2018Anaerobic digestion of foodwaste - challenges and opportunitiesBioresour. Technol. 247 1047–58
YeM, Liu J,MaC, Li Y-Y, Zou L,QianG andXuZP 2018 Improving the stability and efficiency of anaerobic digestion of foodwaste using

additives: A critical review J. Clean. Prod. 192 316–26
Zhang J, ZhaoW, ZhangH,Wang Z, FanC andZang L 2018Recent achievements in enhancing anaerobic digestionwith carbon- based

functionalmaterialsBioresour. Technol. 266 555–67
ZhangM, Li J,Wang Y andYangC 2019 Impacts of different biochar types on the anaerobic digestion of sewage sludgeRSCAdv. 9 42375–86

15

Environ. Res. Commun. 6 (2024) 035010 JHu et al

https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.1111/j.1365-2494.2009.00677.x
https://doi.org/10.1111/j.1365-2494.2009.00677.x
https://doi.org/10.1111/j.1365-2494.2009.00677.x
https://doi.org/10.1016/j.biortech.2016.12.060
https://doi.org/10.1016/j.biortech.2016.12.060
https://doi.org/10.1016/j.biortech.2016.12.060
https://doi.org/10.1128/aem.47.6.1266-1271.1984
https://doi.org/10.1128/aem.47.6.1266-1271.1984
https://doi.org/10.1128/aem.47.6.1266-1271.1984
https://doi.org/10.1016/j.biortech.2017.09.020
https://doi.org/10.1016/j.biortech.2017.09.020
https://doi.org/10.1016/j.biortech.2017.09.020
https://doi.org/10.1016/j.jclepro.2018.04.244
https://doi.org/10.1016/j.jclepro.2018.04.244
https://doi.org/10.1016/j.jclepro.2018.04.244
https://doi.org/10.1016/j.biortech.2018.07.076
https://doi.org/10.1016/j.biortech.2018.07.076
https://doi.org/10.1016/j.biortech.2018.07.076
https://doi.org/10.1039/C9RA08700A
https://doi.org/10.1039/C9RA08700A
https://doi.org/10.1039/C9RA08700A

	1. Introduction
	2. Materials and methods
	2.1. Biomass preparation and biochar production
	2.1.1. Biomass feedstocks
	2.1.2. Biomass pretreatment
	2.1.3. Biochar pyrolysis

	2.2. Batch fermentation tests
	2.2.1. Source and characteristics of inoculum and substrate
	2.2.2. Experimental setup
	2.2.3. Sampling and determination of AD process parameters

	2.3. Analytical methods
	2.3.1. Characterization of biochar and biomass
	2.3.2. Analysing the AD samples

	2.4. Kinetic estimation
	2.5. Biochar mass and carbon yield
	2.6. Statistical analysis

	3. Results
	3.1. Biochar and biomass characterization
	3.1.1. Biomass pre-treatment, biomass feedstocks and pyrolysis temperatures effects on biochar characteristics
	3.1.2. Correlations between AAEMs, buffer capacity and ash content

	3.2. Anaerobic digestion process
	3.2.1. Methane production
	3.2.2. Pseudo-first-order kinetic of methane production and its correlation with biochar properties
	3.2.3. VFAs and alkalinity

	3.3. Heavy metal concentrations and energy potential of biochars and digestates

	4. Discussion
	4.1. Role of biochar in acid-stressed AD processes
	4.1.1. The mechanism: alkaline properties of biochar
	4.1.2. Effects of biochar feedstocks
	4.1.3. Effect of pyrolysis temperature

	4.2. Biochar for environmental management
	4.2.1. Improving the efficacy of treating organic waste
	4.2.2. Making use of grass-type biomass
	4.2.3. Potential implications and future perspectives


	5. Conclusion
	Acknowledgments
	Data availability statement
	Funding
	Competing interests
	Author contributions
	References



