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Abstract
Anaerobic digestion (AD) is a well-known biological conversion process to obtain a gaseous biofuel from organic matter: 
in fact, upgrading biogas to biomethane is a mean to substitute conventional natural gas. It is also known that biochar can 
improve the biogas production in AD processes. In this work, different biochars have been produced from various feedstocks 
at different process conditions. Biochars obtained from the carbonization of wheat straw (WS) and poplar (P) were produced 
in a Thermo Gravimetric Analyser at lab scale, at a temperature of 400 °C and 2 h of retention time at the maximum tem-
perature, with a heating rate of 20 °C min−1. Another biochar from poplar (Pc) was also produced in a pilot plant (CarbOn, 
RE-CORD) working in oxidative pyrolysis conditions, at a temperature range between 500 and 600 °C. Biochars were oxi-
dized with Oxone® using two different methods (ball-milling and simple aqueous solution mixing) to increase the amount 
of functional groups on their surface. Oxidized biochars (Ws_Ox and P_Ox) were characterized by FTIR, BET, and CEC, 
and their impact on biogas production was investigated through a lab scale biochemical methane potential (BMP) test using 
maize silage as substrate. 0.33 g of biochar was used for each treatment. BMP test shows that all batches containing biochar 
as additive produced more biogas than control (C). WS_Ox and P_Ox produced respectively a + 7.7% and + 11.3% of biogas 
than C, obtaining the higher productivities with respect to not oxidized biochars. The addition of P and Pc biochars were 
similar performances in AD, thus highlighting that no significant differences are due to different biochar production scales 
and process parameters from the same feedstock. This study highlights how in addition to the various examined parameters 
(nature of the feedstock, pyrolysis parameters, size of biochar and its concentration in AD), also the presence of specific 
functional groups on the biochar surface influences the AD performance.

Keywords  Anaerobic digestion · Biochar · Oxidized biochar · CEC · BMP test

1  Introduction

In order to mitigate the impacts of greenhouse gases (GHG) 
on planet’s climate, it is necessary to make an energy tran-
sition, trying to progressively substitute fossil fuels with 
renewable energy resources. A sustainable way to produce 
biofuels from organic matter has been identified in the 

anaerobic digestion (AD) process. AD involves the decom-
position and degradation of organic material under anaerobic 
conditions by a different microbial population, finally result-
ing in the production of a gas mixture, named biogas. The 
AD performance needs to be improved to make the process 
more economically viable [1]. Optimizations of the process 
control variables were reported to minimize energy con-
sumption and increase biogas production [2].

The microbiological activity and, consequently, the pro-
duction of biogas are strictly related to the process param-
eters. To improve the efficiency of substrate degradation, 
pretreatments are sometimes required to overcome the recal-
citrance of raw materials and improve AD performance [3]. 
The AD process is carried out by a consortium of microor-
ganisms that breaks down complex organic material under 
anoxic conditions in multiple steps. The microorganisms 
that drive AD are classified as the acidogens, acetogens, and 
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methanogens [4]. The acidogens degrade soluble organic 
molecules and produce volatile fatty acids (VFA), which 
are used as a substrate by acetogens to carry out their meta-
bolic pathways. As a result of their metabolism, acetogens 
discard acetic acid, carbon dioxide, and hydrogen. Metha-
nogen bacteria use residual molecules released from the 
above-mentioned free-living organisms as a substrate to 
produce mainly CH4 and CO2 [5]. Conversions of complex 
organic compounds into CH4 and CO2 are possible thanks 
to the cooperation of the different groups of microorgan-
isms. Syntrophy is a form of symbiosis of two metabolically 
different groups of bacteria, which allows the degradation 
of various substrates [6]. Commonly, microorganisms use a 
specific structure, called pilus, as electron transfer conduit to 
enhance the efficiency of syntrophic metabolism. The pres-
ence of conductive materials into the digester efficiently 
helps to stimulate the direct interspecies electron transfer 
(DIET) between microbial population [7]. Some conductive 
materials improve the DIET and consequently the biogas 
production. Materials with a higher electrical conductivity 
are suited for this purpose, like biochar, nickel foam, and 
metals particles [8–10]. Biochar is a carbon-based mate-
rial obtained through thermal decomposition of biomass by 
means of a pyrolytic process. Biochar physical character-
istics like porosity (specific surface area and pore size dis-
tribution), bulk density, and surface chemistry like cation 
exchange capacity (CEC), pH, and electrical conductivity 
(EC) mainly depend not only on pyrolysis process param-
eters [11] but also on biomass characteristics [12]. Thanks to 
its properties, biochar can be widely used in various environ-
mental applications such as soil remediation, water and gas 
filtering, human food-supplement, animal feed, pharmaceu-
tic product, building material, and as additive in anaerobic 
digestion [13–15]. In the latter case biochar could improve 
biogas production, as conductive material but also an adsor-
bent, and may have a positive impact on process stability and 
quality of the digestate produced.

The stability of the process is reached by four different 
mechanisms like adsorption of inhibitors, buffering capacity 
of the environmental pH, immobilization of bacterial cells 
within pores [16, 17], and DIET. All these mechanisms are 
strictly linked to the chemical and physical properties of 
biochar. For biochar, an important parameter is represented 
by the ion exchange capacity (IEC), which represents the 
capability of solid materials to exchange ions with organic 
or inorganic matter. In particular, the high presence of sur-
face functional groups, as carboxyl and phenolic groups, 
allows to increase the CEC values and hence the capabil-
ity to adsorb cations [18]. As a consequence, thanks to the 
improvement of microbial community life conditions in the 
anaerobic digester, it increases the biogas production and the 
stability of the AD process. Furthermore, the higher micr-
oporosity of biochar could trap toxic compounds and metal 

ions that inhibit the microorganism proliferations. The mes-
oporosity and macroporosity of biochars often are inhabited 
by free-living organisms and ameliorate the efficiency of the 
AD process.

In recent year, many studies summarized the positive 
effects produced by the introduction of biochar into the AD 
process [5, 19–23]. For example, Zhang L. et al. [24] used 
a biochar, produced by gasification of waste wood pellets 
from the sawmill at 700–800 °C in a small-scale autother-
mal gasifier, for improving the thermophilic semicontinuous 
anaerobic digestion (AD) of food waste to produce methane; 
the optimal dosage range of biochar resulted between 7.5 
and 15 g L−1 with particle size less than 1 mm.

To date, whether a biochar with high CEC could be pref-
erable for improving biogas productivity in an AD system 
has yet to be demonstrated. M. O. Fagbohungbe et al. in their 
study showed that high CEC value could achieve the highest 
removal efficiency of dangerous molecules [25]. Moreover, 
there is little information on which type of raw materials 
should be fed to a pyrolysis reactor and the optimal process 
parameters to produce a tailored biochar as additive for AD. 
In our work, two different raw materials were selected to 
obtain biochar: wheat straw and poplar wood chips, deriv-
ing respectively from agricultural waste and agroforestry 
activities. The biochars were produced in a Thermo Gravi-
metric Analyser at lab scale and in a pilot plant (CarbOn, 
RE-CORD) operating in oxidative pyrolysis conditions. To 
understand if the CEC properties could influence the AD 
performances, biochars have been oxidized to increase 
the surface functional groups content. The performance in 
biogas production of the biochars were evaluated with bio-
chemical methane potential (BMP) test using the method of 
Angelidaki I. et al. [26].

2 � Materials and methods

2.1 � Chemicals

All the reagents and solvents used in this study are purchased 
from Sigma-Aldrich and Carlo Erba. They were used with-
out any further purification. Gases were purchased from 
Rivoira (Italy). Helium had a purity of 99.9995%, while all 
the other gases’ purity was 99,9999%.

2.2 � Inoculum, feedstock, and substrate

The inoculum used for BMP test derived from an anaero-
bic digestion plant of 1 MWel, located in Tuscany (Italy). 
The digester was mainly fed with maize silage. The working 
temperature of the inoculum in this study was between 46 
and 50 °C, replicating the conditions of the digester where 
it was taken.
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Feedstocks used for biochars production were wheat 
straw (f_WS), a well-known agricultural residue, and poplar 
chips (f_P) collected from Mugello area in Tuscany (Italy), 
derived from agroforestry activities. f_WS was pelletized 
before milling. All the feedstocks were dried and milled to 
reach 0.25 mm of particle size in a Retsch SM-300 knife 
mill. Table 1S in Supplementary Information shows the 
characterization of the two feedstocks by means of proxi-
mate and ultimate analyses, content in metals and inorganics.

The substrate used in BMP test was maize silage, one 
of feedstock of the anaerobic digestion plant. The substrate 
was stored at − 20 °C, defrosted and dried before BMP tests.

2.3 � Biochar preparation

Biochars from wheat straw (herbaceous feedstock) and from 
poplar wood chips (woody feedstock) were produced in a 
TGA analyzer (Leco TGA 701) at 400 °C, with a retention 
time (RT) of 2 h and a heating rate (HR) of 20 °C min−1, 
under a nitrogen flow (10 L min−1). About 37 g per biochar 
sample was obtained and labeled respectively as WS and P.

The biochar labeled Pc derived from poplar chips and 
it was produced in the CarbOn pilot plant, an autothermal 
carbonization unit developed by RE-CORD [27], in a tem-
perature range between 500 and 600 °C.

The obtained biochar was milled at 0.5 mm.
Thus, two biochars were produced using the same feed-

stock (P and Pc) but at different pyrolysis processes con-
ditions, technologies, reactor size, and process parameters, 
so to investigate the effects of different biochar chemical-
physical characteristics and their influence in the anaerobic 
digestion process.

All samples were characterized in terms of elemental 
analysis, surface area, and functional groups and tested to 
determine the ion retention and release capability via CEC. 
Two different oxidation methods have been used to produce 
oxidized biochar (using WS and P): ball-mill oxidation and 
oxidation in aqueous solution.

In the ball-mill oxidation, a Powteq GT300 ball-mill was 
used with Oxone®. 0.1 g of biochar has been introduced in 
a steel jar with two steel balls (7 mm diameter and 4 g in 
weight), then 1 g of Oxone® was added. The milling lasted 
for 12 h at 300 rpm. The time was divided into cycles of 
40 min of work and 10 min of rest [28]. The experiments 
were repeated later testing different Oxone®:biochar ratios: 
10:1, 5:1, 1:1. For all experiments, the modified biochar was 
washed with water and its pH adjusted at 5 using a Na2CO3 
solution at 1%wt concentration, then all samples were dried 
overnight. The samples obtained with the ball-mill oxidation 
method, using WS and P biochars, were named respectively 
BM_WS_Ox and BM_P_Ox.

The protocol used for testing oxidation in aqueous solu-
tion was reported in the paper of Madduri S. et al. [29]: in 

500 mL of water were added 6 g of biochar, 13 g of Oxone®, 
and 1.3 g of NaCl as catalyst. The solution was then stirred 
for 24 h at 22 °C. Once this step was concluded, the obtained 
biochars were washed with H2O and their pH adjusted at 5 
through Na2CO3 solution at 1%wt concentration. After a fur-
ther washing step, the samples were dried in stove at 60 °C 
overnight. The samples obtained with the aqueous solution 
oxidation method, using WS and P biochars, were named 
respectively WS_Ox and P_Ox.

2.4 � Ultimate and proximate analyses

The ultimate analysis of feedstocks and biochars was deter-
mined according to the UNI EN ISO 16948 and ASTM 
D4239 standards, using a LECO TruSpec CHN. The proxi-
mate composition of feedstocks and biochars was determined 
according to UNI EN ISO 18122, UNI EN ISO 18123, UNI 
EN ISO 18134–2 standards, using a LECO TGA 701.

2.5 � Surface area

The specific surface area of biochars was determined by N2 
adsorption isotherms with Bruneuer-Emmett-Teller method 
(BET) in a Quantachrome NOVA 2200E instrument. Experi-
ments were performed on 60 mg of samples preliminarily 
dried at 200 °C for 48 h. All measurements were performed 
after degassing (200 °C for 24 h).

2.6 � Cation exchange capacity measurement

The analysis of CEC has been conducted according to the 
method provided by the Italian decree for soil analysis DM 
13/9/99, method XIII.2. Two grams of biochar have been 
transferred in a falcon tube; the mass of the sample plus 
the falcon tube was determined and used in Eq. (1) as term 
A. A washing step was performed with 30 mL aliquot of 
0.1 M BaCl2 with a stirring period of 1 h. Then, the solution 
has been centrifuged at 3000 rpm for 10 min and subse-
quently the supernatant was removed. This washing step was 
repeated two more times.

The sample obtained was washed with 30 mL of water, 
then centrifuged and the supernatant discarded. The falcon 
tube was weighted, and the mass value was used in Eq. (1) 
as B term. After that, the sample was washed with 30 mL of 
a 0.02 M MgSO4 solution. The dispersion was then stirred 
for 2 h, then centrifuged. 10 mL of supernatant was col-
lected in a conical flask, in which 100 mL of H2O, 10 mL of 
NH4Cl, and the Eriochrome Black T indicator were added. 
The ethylenediaminetetraacetic acid (EDTA) volume used 
for titration was recorded and used in Eq. (1) as the term M.

CEC was then expressed as per the following equation:
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In which:
CEC—cation exchange capacity.
Va—volume of EDTA solution used for titration of sam-

ple in mL.
Vb—volume of EDTA solution used for titration of white 

in mL.
A—sample + falcon tube mass.
B—sample + falcon tube after saturation with BaCl2 and 

washing with H2O.
M—molar concentration of EDTA solution, in this case 

0.0025 M.

2.7 � Infrared spectroscopy FT‑IR

Infrared spectroscopy was performed in a SHIMADZU 
IRTracer-100 spectrophotometer. Data were collected at 
room temperature in attenuated total reflectance (ATR) 
mode. The optical resolution was 4 cm−1 and the spectral 
range investigated was from 600 to 4000 cm−1. Each spec-
trum was averaged over 45 scans.

2.8 � Determination of pH

pH was calculated following the method ISO 10390: 5 mL of 
sample and 25 mL of a water solution 0.1 M of CaCl2 were 
added in a falcon tube. The solution was shaken for 60 min, 
using a mechanical shaker. The pH was measured at room 
temperature with a Metrohm pHlab phmeter.

2.9 � Electrical conductivity (EC)

Electrical conductivity was analyzed according to DIN ISO 
11265: 5 g of biochar was weighted and transferred in a 
falcon tube, then 50 mL of water was added (1:10 ratio). 
The dispersion obtained was shaken for 30 min and then the 
solids were filtered through filter paper. The EC value was 
then measured with an Eutech COND 6 + instrument.

2.10 � Inductively coupled plasma mass 
spectrometry (ICP‑MS)

Microelement and macroelement contents on inoculum, sub-
strate, feedstocks, and biochars were analyzed after a minerali-
zation step using an Agilent microwave plasma atomic emis-
sion spectrometers (A200 MP-AES), previously calibrated 
with a multielemental standard solution. 0.05 g of biochar and 
0.5 g of inoculum and substrate were weighted. Three millilit-
ers of H2O2 and 8 mL of HNO3 were then added to the sam-
ple. Samples were then mineralized in a Milestone Microwave 

(1)CEC =
(Vb − Va)x0, 25x(30 + B − A)

M

Digestor System. HNO3 at 1% concentration was added to the 
collected mineralized solution to reach 25 mL in volume.

2.11 � Biochemical methane potential (BMP)

The method reported by Angelidaki I. et al. [26] was used for 
BMP test. In a 100 mL vessel, were added a fixed quantity of 
inoculum (33 mL), then water and an adequate mass of sub-
strate in order to reach a food to microrganism ratio (F/M) of 
0.5, majorly used in these studies [30]. The F/M ratio was cal-
culated considering the volatile solids VS content (100-ashd.b.) 
of the inoculum (M) and the substrate (F). Control vessel con-
tained 34 g of inoculum (total solid content of 2.42 g dry basis) 
and 0.83 g dry basis of maize silage, biochar addition consisted 
in 0.33 g of vegetable carbon as additive.

The vessels were closed by gas tight caps and equipped 
with 100 mL syringes and maintained at 48–50 °C and the 
BMP test ended after 37 days.

The produced biogas was daily collected through obser-
vation of volume reported in the syringes. In the trial, 6 
different treatments were tested in triplicate, where (C) is 
the control, made by the inoculum, water, and corn silage 
as substrate, and the other five treatments represent the con-
trol plus the addition of different biochars: wheat straw bio-
char (WS), poplar biochar (P), poplar biochar produced in 
CarbON (Pc), wheat straw oxidized biochar (WS_Ox), and 
poplar oxidized biochar (P_Ox).

According to previous studies conducted by our team [31], 
the amount of biochar used for each treatment was 5 g L−1 d.b.

The theoretical biomethane potential was calculated 
through the relations reported by Buswell, A. M., & Mueller, 
H. F. [32].

In which:
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Biogas is composed of different molecules: CH4, CO2, 
NH3, and H2S; from the equations described above, it was 
possible to quantify the theoretical biomethane production 
(TBMP) adding the individual contributions calculated for 
each compound present in the biogas mixture. The indi-
vidual TBMP contributions were calculated through the 
formula reported below:

where, C%, H%, N%, O%, and S% are collected from 
CHNS(O) analysis.

Finally, the theoretical biomethane potential was calcu-
lated adding each contribution [33].

3 � Results and discussion

3.1 � Biochar characteristics

In Table 1, the summary of the main characteristics of the 
produced biochars is reported.

(8)TBMP
(

mLCH
4
gVS−1

)

=

22,4 × 1000 ×

(

a

2
+

b
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−

c
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−

3d

8
−

e

4

)

12,017a + 1,0079b + 15,999c + 14,0067d + 32,065e

(9)TBMP
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2
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22,4 × 1000 ×
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+
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+

e

4

)

12,017a + 1,0079b + 15,999c + 14,0067d + 32,065e

(10)TBMP
(

mLNH
3
gVS−1

)

=
22,4 × 1000 × d

12,017a + 1,0079b + 15,999c + 14,0067d + 32,065e

(11)TBMP
(

mLH
2
SgVS−1

)

=
22,4 × 1000 × e

12,017a + 1,0079b + 15,999c + 14,0067d + 32,065e

The ICP analysis of biochar WS, P, and Pc is reported in 
Table 2S of the Supplementary Information. As expected 
from literature [34], ash content for WS was significantly 
higher than in P and Pc. In particular, Al, Ca, K, Mg, Mn, 
and Na are more abundant in WS than in P. The EC reflected 
the trend showed for % dry weight of the ash content; in 
fact, it was higher in WS than in poplar biochars (P and Pc). 
After pyrolysis, fixed C increases in all biochars, but the 
C/N ratio was higher in P and Pc than in WS. All biochars 
show a basic pH value and in particular WS resulted with the 
highest pH value. BET values were variable and the differ-
ences seem mainly related to the technology used for their 
production. WS resulted in a specific surface area lower than 
P, probably due to the high ash content, characteristic of 
the feedstock. Pc resulted with the highest specific surface 
area. Particle sizes used for BMP test are the same for WS 
and P biochars, the ones produced in TGA (< 0.25 mm), 
and higher for Pc, the one produced in CarbOn pilot plant 
(< 0.5 mm) [31].

3.2 � Biochar oxidation

FTIR analysis was used to choose the best oxidation method 
to produce the oxidized biochar. As already described above, 
the biochars were oxidized with two different methods: by 
ball-mill (with different ratio biochar:Oxone®) and by aque-
ous solution (using the same oxidizing agent).

Figure 1 shows the IR spectra of P (a) and WS (b) bio-
chars oxidized with the ball mill method.

Table 1   Biochar 
characterization through TGA, 
CHN, pH, EC, CEC, and BET 
analysis

* P and WS: biochars produced from wheat straw and poplar wood respectively, in a TGA analyzer at 
400 °C
** Pc: biochar derived from poplar chips and produced in the CarbOn pilot plant in a temperature range 
between 500–600 °C

P* WS* Pc**

Parameter U.M Value Value Value Method
Water content % w/w w.b 2.4 2.2 3.8 EN ISO 18134–2
Volatile matter % w/w d.b 29.4 25.8 7.6 EN 18,123
Fixed carbon % w/w d.b 60.7 58.9 89.8 -
Ash % w/w d.b 9.9 15.3 4.1 EN ISO 18122
Total C % w/w d.b 72.03 ± 0.33 69.70 ± 0.05 89.79 ± 0.61 EN ISO 16948
Total H % w/w d.b 3.04 ± 0.08 3.50 ± 0.03 1.35 ± 0.05 EN ISO 16948
Total N % w/w d.b 0.40 ± 0.01 1.10 ± 0.04 0.49 ± 0.02 EN ISO 16948
pH - 9.5 10.4 8.9 ISO 10390
Electrical 

conductivity 
extract 1:10

mS m−1 98.00 ± 2.25 395.00 ± 0.02 74.70 ± 0.03 ISO 11265

CEC m2 g−1 44.22 ± 0.03 59.94 ± 0.03 57.00 ± 0.23 DM 13/9/99 metodo XIII.2
BET cmol( +) kg−1 28 4 342 ± 30.5 ASTM D6556-10
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The spectra (Fig.  1) showed an adsorption band at 
1700 cm−1, which correspond to a carboxylic group, and an 
absorption band at 1590 cm−1, related to C = C stretching vibra-
tion of conjugated systems. C = O groups are particularly suited 
to drive the CEC value thanks to their capability to create a neg-
ative charge on biochar surface. As consequence of the Oxone® 
concentration increase, the peaks relative to C = O become 
more evident both in P and WS biochar, but the intensity of 
C = C peaks decreased. Therefore, a better oxidation with the 
ball mill method is observed for higher biochar:Oxone® ratios 
(1:10), but a good degree of oxidation is however obtained with 
lower Oxone® concentrations (ratios 1: 5 and 1: 2.5).

Figure 2 shows the IR spectra of P (a) and WS (b) bio-
chars oxidized with the aqueous phase method.

In this case, spectra in Fig. 2 show the peak at ~ 1700 cm−1 
related to the stretching of C = O and the peak at 1597 cm−1 
related to C = C stretching as resulted with the ball mill method. 
Although it is possible to obtain excellent results with the ball 
mill method, it requires large amount of reagent and long reac-
tion time. Furthermore, the volume of the vessel required and 
the heat produced during the grinding phase are the main bottle-
neck related to a possible industrial-scale implementation of this 
method. Vice versa, the reaction in aqueous solution allowed to 
obtain excellent results with a reasonable biochar:Oxone® ratio.

The ICP analysis of oxidized biochars is reported in 
Table 3S of the Supplementary Information.

Table 2 shows the BET and CEC values obtained for WS_
Ox and P_Ox. Compared to the corresponding not oxidized 

Fig. 1   FTIR spectra of P (a) and 
WS (b) biochars, oxidized with 
the ball mill method at different 
Oxone® concentration
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biochars, WS_Ox and P_Ox did not result with significant 
variations in their specific surface area (BET value). On 
the other hand, they showed a significant increase in CEC 
value with respect to unoxidized biochars samples: + 23.1% 
and + 40.1% respectively.

3.3 � BMP test

Figure 3 shows the trend in biogas production over the 
37 days in which the test was conducted.

In all treatments where biochar was added, more biogas 
than the control was produced.

Regarding the untreated biochars, P produced more than 
Pc and WS, respectively 574 ± 25.8 mL, 564 ± 54.4 mL and 
554 ± 145.9 mL of biogas. The maximum difference between 
untreated biochar and control in terms of productivity is 

recorded on the 15th day from the start of the test, when 
a yield greater than + 13.4% with WS, + 20.2% with P, 
and + 16% with Pc was obtained. In conclusion, the obtained 
results confirm the positive effect in biogas production due 
to the presence of biochar in AD, as reported in many papers 
and described above [16, 17, 24].

As already described above, P and Pc are biochars pro-
duced with different pyrolysis temperatures and different tech-
nologies and scales, but the differences in biogas yield are not 
very significant. Furthermore, in the analysis on the effects of 
the process, it must be considered that, for the two samples 
P and Pc, the specific surface area values (BET) resulted in 
a different order of magnitude. BET analysis mainly investi-
gates the porosity in a pore size range from microporosity to 
mesoporosity (< 50 nm), not appreciating the contribution of 
macroporosity. To understand if this contribution has specific 

Fig. 2   FTIR spectra of P and 
WS biochars, oxidation in aque-
ous solution with an Oxone® 
concentration ratio of 1:2.5
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effects on the process (e.g., favoring the inclusion of micro-
organisms in the surfaces of the biochar particles), it is sug-
gested to investigate it with a mercury porosimetry combined 
with a scanning electric microscope (SEM).

P was produced at a lower temperature than Pc, using the 
same feedstock: it can therefore be observed that biochar pro-
duced at a lower temperature had similar effects of a biochar pro-
duced at a higher temperature. Reducing the process temperature 
from 500 to 400 °C can lead to economic benefits for the opera-
tion of a slow-pyrolysis plant. The main difference among the 
two biochars (P and Pc) so produced consists in the ash content: 
WS ash % w/w is higher than P; that difference probably drove 
the high standard deviation of WS batch triplicates.

In Fig. 3, it is also possible to observe different effects 
due to the feedstock used for biochar production; in fact, WS 
biochar sample has undergone the same production process 
of P but resulted in a lower average biogas production with 
a high standard deviation (as shown in Fig. 4).

Results for the oxidized biochar samples (WS_Ox and 
P_Ox) show that their cumulative biogas production’s trend 
followed the shape of the control (C) but with respect to the 
latter, the biogas yield resulted higher for both: at the 37th 
day it was 584 ± 35.8 mL for WS_Ox and 603 ± 53.43 mL 
for P_Ox (Fig. 3). P_Ox showed a better average result 
value than WS_Ox, confirming for the oxidized biochars 
the same results obtained for the not oxidized samples: the 
poplar feedstock performed better than the wheat straw one.

Finally, it is possible to notice that in the first two 
days there is a boost in biogas yield in both WS_Ox and 
P_Ox with respect to the not treated biochars, but later, 
their production alignes with the other treatments. Biogas 
achieved the highest yield on the 21st day: WS_Ox  and 
P_Ox produced respectively + 14.9% and + 20.9% more 
than the control (C).

Making a comparison between oxidized biochar and 
untreated biochar, it is possible to observe how the treated 
biochars (WS_Ox and P_Ox) resulted in a higher biogas 
yield than the untreated ones (WS, P and Pc). In fact, 
the biogas yield at the end of the BMP test (on 37th day) 
was higher  for WS_Ox compared to WS (+ 5.5%) and 
for P_Ox compared to P (+ 5.4%) and to Pc (+ 7.2%); so 
the results show that biochar oxidation promotes the AD 
process performance. Furthermore, WS_Ox resulted with 
a stronger reduction of the standard deviation value than 
the not oxidized biochar WS; the difference between the two 
biochar samples is mainly the higher CEC value obtained 
with the proposed oxidation process for WS_Ox (Table 2).

3.4 � BMP test results with respect to the theoretical 
production

Applying the Buswell’s formula for corn silage, the theoreti-
cal biogas potential resulted of 662 ± 56.82 mL (as reported Ta
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in Fig. 4). Data of cumulative biogas production showed 
that P_Ox and WS_Ox are the treatments that produced the 
most quantity of biogas, respectively with a 603 ± 53.4 mL 
and 584 ± 35.8 mL.

Treatments with not oxidized biochar WS, P, and Pc 
attained cumulative biogas production of 554 ± 145.9 mL, 
574 ± 25.8 mL, and 564 ± 54.4 mL, respectively.

Control (C) is recorded as the lowest value of biogas pro-
duced with 542 ± 13.9 mL.

Table 3 compares biogas yields as % of the different 
biochars versus Control at different days of the BMP test 
(15th, 21st, 25th, 30th, and 37th). The data are also shown 
in graphical form in Fig. 5.

Commonly, hydraulic retention time HRT refers to 
the mean time a particle is held into the digester and its 

optimal value may change for different substrates and reac-
tors. This value is also correlated to the loading rate of a 
digester, and it is one of the main parameters considered 
in biogas industrial plants [35].

In a BMP batch test, where daily productivity and 
cumulative production are monitored, it is possible to 
identify the optimal HRT for each biochar type tested. 
Optimal retention time allows maximizing biogas yield 
because microorganisms are maintained constantly in the 
exponential growth phase and that is usually lower than 
the duration of a BMP test (in this case 37 days) [36, 37].

The data collected show that all the different biochars 
produced more than the control for all the duration of the 
test (at day 15, 21, 25, 30, and 37).

Fig. 3   Cumulative biogas 
production during the 37 days 
of the test

Fig. 4   Biogas productivity 
versus theoretical biochemical 
methane potential
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Furthermore, the peak productivity, compared to the 
control at the same day, occurred differently depending on 
the biochar used: untreated biochars (WS, P and Pc) after 
15 days, instead, oxidized biochars (WS_Ox and P_Ox) 
after 21 days (6 days later).

Results suggest that, for the optimization of the pro-
cess in a plant using biochar as additive, HRT parameter 
should be shorter than usual, since the anaerobic digestion 
process is boosted (i.e., it is possible to produce the same 
amount of biogas in a shorted time).

4 � Conclusions

In this study, biochars from wheat straw (WS) and poplar 
(P) wood were produced under different operating con-
ditions. These biochars underwent different methodolo-
gies of oxidation to increase their cation exchange capac-
ity (CEC). Aqueous solution oxidation was an effective 
method compared to dry ball-mill, providing comparable 
results but requiring a lower amount of reagents, lead-
ing to faster reactions and shorter sample preparation 
time. Oxidized wheat straw biochar (WS_Ox) and oxi-
dized poplar biochar (P_Ox) increased their CEC by 
respectively  + 23.1% and + 40.1% compared to their 

unoxidized counterparts. Both oxidized and not oxidized 
biochars were tested in BMP test. All the biochar-added 
media produced a higher amount of biogas than control 
(C), respectively WS + 2.2%, P + 5.9%, Pc + 4.1%, WS_
Ox + 7.7%, and P_Ox + 11.3% at the end of the test (lasted 
for 37 days). Under the same prevailing pyrolysis con-
ditions (technologies and process parameters used), the 
use of two different kinds of biochar in AD, WS, and P, 
showed no significant differences in terms of total biogas 
production. Nevertheless, WS presented greater differ-
ences among replicates.

Comparing P (char from Poplar prepared in a TGA) 
and Pc (char from Poplar prepared in a pilot unit) per-
formances on yields, no significant differences in terms 
of biogas yields were observed, even though the two 
biochars were produced using the same feedstock but 
through different pyrolysis technologies, operating con-
ditions and scales. This result represents a remarkable 
result, offering a significant economic gain in terms pro-
duction costs at industrial scale, as it is demonstrates 
that it is possible to process the feedstock at lower tem-
peratures, which allows to achieve a direct energy sav-
ing effect. At batch scale, oxidation proved to bincrease 
biogas yields, probably thanks to the enhancement of 
functional groups on biochar surface (CEC values). 

Fig. 5   Graphical representation 
of biogas yield increment versus 
control (C), for the various bio-
char used (WS, P, Pc, WS_Ox, 
and P_Ox), at different days 
(15, 21, 25, 30, and 37), i.e., 
different HRT

Table 3   Comparison of biogas 
yields as % of the different 
biochars versus control (C) at 
different days of the BMP test

Day Units WS P Pc WS_Ox P_Ox

15 %  + 13.4  + 20.2  + 16.1  + 6.8  + 12.0
21 %  + 11.5  + 17.0  + 14.9  + 14.9  + 20.9
25 %  + 4.5  + 11.3  + 8.4  + 10.5  + 13.8
30 %  + 2.5  + 8.4  + 5.7  + 8.8  + 5.7
37 %  + 2.2  + 5.9  + 4.1  + 7.7  + 11.3
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WS_Ox and P_Ox produced more biogas than all the 
other treatments (WS_Ox + 7.7% and P_Ox + 11.3%). 
Furthermore, a feedstock effect is observed in the per-
formance of biochars: in fact, both the P (compared to 
WS) and P_Ox (compared to WS_Ox) showed a higher 
biogas production and therefore a better performance as 
an additive in the AD process.

The evaluation of the production peak at different days 
of the experiment using oxidized biochar showed the best 
improvement versus control (C) at the 21st day (respec-
tively WS_Ox + 14.9% and P_Ox + 20.9%).

In conclusion, the addition of oxidized biochar (P_Ox 
and WS_Ox) in AD, thanks to CEC improvement of the 
carbonized biomass, permits to obtain a higher biogas pro-
duction compared to using a biochar obtained at 400 °C 
maximum process pyrolysis temperatures (P and WS). How-
ever, the additional processing step necessary to oxidize the 
biochar needs to be further investigated as regards techni-
cal and economic feasibility at industrial scale, in view of 
future commercial applications.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13399-​022-​02813-6.
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