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A B S T R A C T   

Gasification residues/chars (GR) and activated carbon (AC) are added to wastewater treatment 
processes mainly as a fourth purification stage, e.g., to adsorb heavy metals or pharmaceutical 
residues. However, the effects of GR or AC, which are transferred to the anaerobic digestion (AD) 
via the sludge, are not yet fully understood. Although, the positive effect of char addition on AD 
has been demonstrated in several investigations, systematic studies with chemically well 
described chars are still missing. Therefore, in this study, different chars were characterized in 
detail, subjected to AD in different concentrations, and their effect on methane production 
investigated. GR of a gasification plant with a floating fixed bed technology, carbon made by 
chemical impregnation with ZnCl2 from waste-wood, carbon produced by thermochemical acti
vation with CO2 from GR and commercial powdered AC were used for the experiments. Among 
others, thermogravimetric analysis, physisorption, pH, and conductivity analysis were used to 
characterize the chars. Mesophilic AD batch tests with different concentrations (0.025, 0.05, 0.5, 
1.0, 7.0, 14.0 gL− 1) of all chars (GR and ACs, respectively) were performed with digester sludge 
from a wastewater treatment plant for a period of 47 d. Volatile fatty acids (VFA) as well as biogas 
production and CH4 concentrations were monitored. It could be shown, that concentrations below 
1.0 g char L− 1 did not result in significant effects on CH4 and/or VFA production, whereas high 
concentrations of GR and AC influenced both, the CH4 yield and kinetics. Depending on the 
production process and the characteristics of the chars, the effect on AD varied, whereby both, 
positive and negative effects on biogas yield and methane production were observed. This study 
provides the first systematic evaluation of char application to AD processes, and therefore allows 
for better predictions of char applicability and effect.   

1. Introduction 

In biogas plants, organic substrates, e.g. waste water and waste water sludge, are converted into energy via anaerobic digestion 
(AD) [1]. More precisely, in AD, microorganisms convert biodegradable material into biogas (mainly CH4 and CO2), which is a 
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renewable energy source. The increase in energy production from 6 200 GWh in 2009 to 18 012 GWh in 2019 clearly shows the 
growing economic interest in biogas production in Europe [2]. However, there are still unanswered scientific questions, whose 
investigation will help understanding and optimizing AD. 

The use of carbonaceous materials, such as char produced from biomass by various thermochemical processes can improve the 
efficiency of biogas plants [3]. Char types, such as biochar, activated carbon (AC), and gasification residues/chars (GR), differ in their 
properties, due to different feedstocks and production processes Previous studies reported a positive effect of biochar on biogas 
production, with increased CH4 production by up to 34 % [4,5]. The positive effects of biochar on AD were primarily attributed to its 
porous structure, which may promote biofilm formation and thus syntrophication [6], ion exchange [7], buffering capacity [5], and 
ammonium migration inhibition [5,8]. 

AC has been specifically designed and manufactured for the removal of all types of contaminants. The removal is based on high 
adsorption capacities due to the high specific surface area (SSA), which is achieved through porous structures. The high SSA can reach 
up to 3 000 m2 g− 1 [9]. Few studies applied AC to AD and most of them showed a positive effect of AC addition [10,11]. Only one study 
reported a negative effect of AC on CH4 production [12]. The positive effect of AC was mainly attributed to its ability of adsorbing 
substances that negatively impact microorganisms, such as active pharmaceutical ingredients like antibiotics [13], and the high 
electrical conductivity of the char, which is considered to improve direct interspecies electron transfer (DIET) [14,15]. A negative 
impact might be that not only inhibitors but also substrates, such as volatile fatty acids (VFAs), can be adsorbed. Lower substrate 
availability may result in lower microbial metabolization [10], and consequently in a decreased chemical oxygen demand (COD) in AD 
system applying AC [15,16]. 

GR are a by-product of gasification processes, which primarily use biomass to produce energy [17]. Research on the use of GR in AD 
studies is, to our knowledge, limited. However, two notable studies have shown promising results with the use of GR to mitigate 
ammonium inhibition through the immobilization of ammonium tolerant methanogens on GR [18,19]. Being a residue, GR could be a 
sustainable additive for AD improvement [20]. 

Most studies reporting a positive effect of char on AD neither give a clear definition of the char’s type and characteristics, nor apply 
biochar produced specifically for a given AD process. Moreover, studies usually test a single char without offering a comparison among 
chars. Such comparison is relevant though, because feedstock and production processes have a significant influence on char properties 
[3], which might affect AD. 

Due to the lack of systematic studies, currently neither the char properties promoting biogas production nor the reasons for char 
effects on AD processes can be concluded. Therefore, this study focused on characterizing different types of char, which were then used 
for AD under controlled lab conditions to understand the effect of char properties on AD. For this purpose, mesophilic batch exper
iments applying sewage sludge as an inoculum were carried out and different types of char were added. The four types of carbon used 
in this study were GR made from recycled waste material, CO2 AC made from GR, and chemically activated carbon from wood with 
ZnCl2. A commercially available powdered activated carbon served as a reference. 

2. Material and methods 

2.1. Experimental design 

After production the chars were characterized by scanning electron microscopy (SEM), pH and EC measurements, elemental 
analysis (ICP), thermogravimetric analysis (TGA), gas adsorption analysis, carbon leaching tests, and volatile fatty acid adsorption 
experiments. Subsequently, chars were used for AD in batch experiments. 

2.2. Chars 

The GR used was a by-product of the wood gasification process. It was produced in a fixed-bed floating reactor developed by 
SynCraft and operated by the Innsbrucker Kommunalbetriebe “IKB” at the WWTP Innsbruck/Rossau, Austria [21]. The raw material 
for the production of IKB char was residual forest wood consisting mainly of sapwood, bark, tops, and branches. The GR was provided 
by the “Innsbrucker Kommunalbetriebe”. CO2 AC was produced by activating GR using CO2. A laboratory scale fluidised bed reactor 
was used to activate the GR (850 ◦C, 20min (2 L min− 1)). “Carbopal AP Supra” (Com AC) was purchased from the company Donau 
Carbon (Germany). Waste wood from the local waste wood plant, classified under waste code SN 17201, was used for activation using 
ZnCl2 according to Ref. [22] (500 ◦C; 2 h; 10 ◦C min− 1; 5:1). 

GR and ACs were dried at 105 ◦C overnight. All chars except Com AC were grounded and sieved to 1 mm to have a defined size. The 
CH4 production should not be affected by different particle sizes up to 3 mm according to Ref. [23]. 

2.3. Characterization of the chars 

NeoScope JCM-5000 SEM (JOEL) was used to visualize the structure of all chars before and during the batch experiment. Sludge 
samples were analyzed on day 35 after lyophilization using a Mitsubishi GOT10000 VaCo2-II. Reverse osmosis (RO) water and 10 % 
(w/v) char were used to assess the pH and electrical conductivity (EC) of the chars using a pH/Cond 3320 pH/EC meter (WTW, 
Germany) after shaking for 1 h. Optical Emission Spectrometry (OES) combined with Inductively Coupled Plasma (ICP-OES, acid 
fusion with HNO3, Spectro Genesis, SPECTRO Analytical Instruments GmbH) was used for elemental analysis of all chars. To determine 
the moisture content, the volatile solids-, fixed carbon- and the ash content of the ACs a thermogravimetric analysis was carried out 
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with 15.0 g char using a TGA analyzer (Netzsch, STA449 F5 Jupiter, Germany) with setting depicted in Table 1. 
The mass loss [%] of the samples was calculated following equations (1)–(4). 

wH2O =
mwet − mdry

mwet
(1)  

wVM =
mVM

mdry
(2)  

wFC =1 − wVM − wash (3)  

wash =
mash

mdry
(4)  

whereby 

wH2O is the mass water content 
wVM is the mass volatile matter 
wFC is the mass of fixed carbon 
wash is the mass of the ash content 

Gas adsorption analysis with N2 was carried out to characterize the structural properties of the chars. The specific surface area 
(SSA) of the chars was calculated using the Brunauer-Emmett-Teller (BET) isotherm theory. Prior to analysis, 100–150 mg of each AC 
sample was degassed (VacPrep 061, Micromeritics) at 200 ◦C for 12 h. The chars were then set under an atmosphere of N2 at 77 K using 
a 3Flex (Micromeritics) apparatus and their adsorption/desorption isotherms were recorded at 60–80 points with an equilibrium time 
of 10 s. Surface areas were calculated using a linearized form of the BET isotherm equation according to equation (5). 

1

VAds •

(
p∗
p − 1

)=
c − 1

c • VAds
•

p
p∗

+
1

c • V
(5)  

whereby 

VM is the monolayer volume, 
VAds is the total adsorbed volume, 
c is the BET constant [24], 
p is the pressure, 
p* the saturation pressure. 

The pressure difference resulting from N2 adsorption was used to calculate the VAds volume. The adsorbed amount of material 
required for a monolayer was calculated assuming an ideal gas. The SSA was obtained by multiplying the cross-sectional area of an N2 
molecule by the number of N2 molecules (amount of substance [gmol− 1] • Avogadro’s constant) based on the resulting amount of N2 
adsorbed. 

The biological oxygen demand (BOD) of the GR, CO2 AC and Com AC was determined because of their high carbon leaching 
potential (see COD data 3.3) using 14.0 g char L− 1 water according to the WTW operating manual IS6 [25]. The BOD-bottles with 
manometer (WTW, Germany) were incubated for 5 d at 20 ◦C in a BOD Oxitop incubator (WTW, Germany). Carbon leaching COD was 
determined using Nanocolor cuvette tests (Macherey&Nagel, Germany) after 24 h applying 14.0 g carbon L− 1 water. A Dionex™ 
Aquion™ ion chromatography (IC) system (Thermo Fisher Scientific, Germany) was used to determine the anion- (Na, K, Mg, Ca) and 
cation- (F− , Cl− , [SO4]2− , PO4

3− ) concentration leached from the chars (GR, CO2 AC and Com AC). Anion and cation determinations 
were performed using methods described in the Dionex™ IonPac™ CS12A and IonPac™ AS14A IC column operating manuals [26,27]. 
Because the Zn2+ concentration was too high for the ion chromatograph, the carbon leaching of ZnCl2 AC was obtained using a 
Nanocolor photometric cuvette test (Macherey&Nagel, Germany) according to the manufacturer’s recommendations. 

As tars are produced during the thermochemical conversion of biomass to char, the carbon leaching of Polycyclic aromatic 

Table 1 
TGA temperature program applying a flow rate of 50 mLmin-1.   

Tinitial Tend Heating rate/duration Atmosphere 

Segment 1 25 ◦C 100 ◦C 15 ◦C min− 1 N2 

Segment 2 110 ◦C 110 ◦C 10 min N2 

Segment 3 110 ◦C 900 ◦C 30 ◦C min− 1 N2 

Segment 4 900 ◦C 900 ◦C 30 min N2 

Segment 5 900 ◦C 900 ◦C 12 min N2  
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compounds (PACs) was also investigated. A Dionex HPLC system (Thermo Fisher/USA: UV-VIS@254 nm) equipped with a 250 × 4.6 
mm 5 μm particle Eclipse PAH C-18 column (Thermo scientific, Germany) and an elution gradient was used (Table 2). As a standard, 
the 610 PAH Calibration Mix A (16 components) from Restek (USA) was injected with a limit of detection of 10 mg L− 1. 

Adsorption of VFAs on ACs was investigated. For this purpose, a concentration of 10 mM propionate and acetic acid (Roth, Ger
many) each were added to 10.0 g char L− 1 aqueous solution. The experiment was carried out with GR, CO2 and Com AC in 15 mL tubes 
(triplicate) applying a head-over-head shaker. Samples were taken after 0.5, 1, 3, 5 and 24 h to determine propionic- and acetic acid via 
HPLC as described previously [28]. The respective adsorption capacities of the different chars were determined using the mass balance 
method. The calculation was made from the mass ratios of the adsorbate before and after the adsorption test. Adsorption capacity q was 
calculated following equation (6). 

q=
(C0 − Ct) • V

m
(6)  

whereby 

C0 is the initial adsorbate concentration (in solution) before the experiment and 
Ct is the equilibrium concentration after the 24 h experiment. 
V is the solution volume and 
m is the mass of char used. 

2.4. AD batch experiments 

Anaerobic digestion was carried out applying different chars (CO2 AC, GR, ZnCl2 AC, Com AC) across a range of concentrations (0, 
0.025, 0.05, 0.5, 1.0, 7.0, 14.0 g L− 1) in 120 mL small scale batch reactors (Ochs, Germany). A total of 250 mg microcrystalline 
cellulose (MCC, ThermoFischer, Germany) per reactor were used as a defined, standardized carbon source with a theoretical CH4 yield 
of 103.73 NmL (Fig. 1). As inoculum, sewage sludge from the waste water treatment plant in Zirl, Austria (for basic parameters please 
refer to Ref. [28]) was used. Before use, the sludge was fouled out for 14 d at 37 ◦C and anaerobically diluted 1:2 for handling purposes. 
According to Ref. [29], the dilution of the DS should not affect the viability of the microorganisms. Controls without MCC and char 
were investigated to determine basal CH4 [NmL] production from the inoculum. All experiments were performed in triplicates. The 
reactors were sealed with both, butyl rubber stoppers (Ochs/Germany) and aluminum caps (Ochs/Germany) and incubated for 47 d at 
37 ◦C. After 1 h, the gas produced was removed from each bottle using a cannula to ensure that the overpressure caused by the 
temperature difference was released. Gas volume (manometer), gas composition (gaschromatography), pH, and volatile fatty acids 
(VFAs) (HPLC) were determined on days 5, 8, 12, 21, 28, 35 and 47. On each sampling day, molecular biological samples were taken 
for molecular analysis of methanogen abundances and stored at − 21 ◦C. Char concentrations were applied according to calculations 
based on the sludge accumulated per liter influent in a WWTP. At the Zirl waste water treatment plant, 1.25 % of sludge per liter of 
influent water is fed into the digestion tower. If a concentration of 0.05 g L− 1 char of influent water were added to the WWTP, this 
would result in 4 g L− 1 in the digestion tower. Depending on the capacity of the WWTP and the degree of water pollution, this per
centage may increase. This would result in much higher amounts of carbon being added to the AD system. Therefore, the concen
trations tested in this study reflect a realistic addition level. 

A manometer (GDH200-13, Greisinger, Germany) was used for determining headspace pressure at 37 ◦C. The actual air pressure 
from a nearby weather station was used as a reference (airport of Innsbruck, Austria; www.zamg.ac.at). Gas chromatography (GC) was 
used to analyze gas quality according to Ref. [30]. Headspace pressure and gas concentrations were used to calculate gas production 
within bioreactors according to Ref. [30]. Volatile fatty acids were quantified via HPLC according to the method described by Ref. [28] 
using 1 mL of centrifuged and filtered (0.2 μm RC) digester content. The pH of the batch reactors was tested using pH indicator strips 
5.0–10.0 (Merck, Germany). 

Samples for DNA-based analysis were chosen based on CH4 production rate. DNA was extracted from sludge samples of reactors 
with 1.0, 7.0, and 14.0 g L− 1 char addition on days 12, 28 and 47. DNA was extracted using the NucleoSpin SoilExtract kit 
(Macherey&Nagel, Germany) according to manufacturer’s protocol applying 0.9 mL of sludge sample. An elution volume of 50 μL was 
selected and DNA extracts were checked spectrophotometrically (Thermo Scientific Fisher, Germany). Extracts were stored in low 
binding tubes (Eppendorf, Germany) at − 20 ◦C until further analysis. 

Table 2 
Gradient elution program for the quantification of polycyclic aromatic compounds (PACs). Solvent A: 0.1 % trifluoroacetic acid (TFA) aqueous, 
solvent B: 0.1 % TFA in acetonitrile.  

Time [min] Flow rate [mL min− 1] Solvent A [%] Solvent B [%] ramp rate [% min− 1] 

0.0 2.0 60 40 5 
4.0 2.0 60 40 5 
24.0 2.0 0 100 5 
29.0 2.0 0 100 5 
31.0 2.0 60 40 5 
34.0 2.0 60 40 5  
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To determine the abundance of methanogens in the mini-batch reactors, qPCR was used with specific primers targeting the subunit 
of the methyl-coenzyme M reductase gene (mcrA) applying primer mlas-fwd and mcrA-rev according to Ref. [31]. Luna® Universal 
qPCR Master Mix was used for qPCR according to the manufacturer’s instructions (NEB, Germany). Amplification was performed in a 
total volume of 20 μL, consisting of 18 μL diluted master mix and 2 μL of DNA template. Prior to qPCR analysis using a Rotor-Gene Q 
real-time PCR system (Qiagen, Germany), template DNA was diluted to 5 ng/μL. After an initial denaturation step at 95 ◦C, qPCR 
amplification was carried out over 45 cycles, each consisting of 20 s at 95 ◦C for denaturation and 30 s at 60 ◦C for annealing and 
elongation, respectively. After amplification, PCR products were checked by melting curve analysis (60–95 ◦C). 

2.5. Statistical analysis 

R 4.2.2 was used for statistical analysis and visualizations ("ggplot2” [32]; “tidyverse” [33]). A confidence interval of 95 % (α =
0.05) was chosen for all statistical analyses. ANOVA was used to test the effect of char and concentration on VFA concentrations, 
cumulative CH4 yield and log10-transformed gene copy numbers obtained from qPCR. Homogeneity of variances was checked using 
Levene’s test (package “carData” [34]). Tukey’s HSD post-hoc test (package “stats” [35]) was used for pairwise comparisons. Pearson 
correlation analysis were performed on char and AD properties using the package “dplyr” [36]. The R package “growthrates” [36] was 
used to statistically and graphically assess the growth kinetics of CH4 production. The package includes a non-linear parametric growth 
model with the command “fit_growthmodell” and the function “growth_logistics”, which corresponds to logistic regression. Typically, 
assuming that CH4 production is equivalent to bacterial growth, the cumulative CH4 production data were fitted to the Gomperz 
model. This approach has been described previously in several studies on anaerobic digestion and recommended [37]. 

To calculate the lag phase of each batch reactor, the time period of its linear CH4 production was visually assessed. Within this time 
period, 10 time points with equal distance to each other were chosen and CH4 production was predicted by the fitted model (command 
“predict”). Based on the predicted values, the dependency of cumulative CH4 on time was calculated using linear regression (command 
“lm”). The lag phase of each batch experiment was defined as intersect of the predicted line with the x-axis (time). 

3. Results and discussion 

3.1. Characterization of the chars 

In comparison to GR, the char resulting from the CO2 post-gasification was much rougher and more porous (Fig. 3a, b). ZnCl2 AC 
was generally less contaminated with smaller particles than the other three chars due to a washing step during the manufacturing 
process, and it had a highly porous structure (Fig. 3c). Except for Com AC, the wood-structures of the original material were preserved 

Fig. 1. Schematic of the anaerobic digestion batch test methodology. (C = char, DS = digester sludge, MCC = microcrystalline cellulose, GC = gas 
chromatography, HPLC = High performance liquid chromatography). 
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(Fig. 3d). According to Ref. [38], this preservation of the original structure is typical for chemical ACs. In the case of Com AC (Fig. 3d), 
the particle size distribution was more homogeneous and the char was powdery, thereby indicating a brown or hard coal source as also 
supported by a high aluminum content (Table 3) [39,40]. Taken together, these results show that the properties of the char, including 
its porosity, were strongly influenced by the starting material and the manufacturing process. 

The chars differed in their physicochemical properties (Table 3). While GR and CO2 AC were very alkaline, Com AC was slightly 
above neutral, and ZnCl2 AC was highly acidic. There was a positive correlation between the chars’ pH and ash content. However, 
despite an averaged 3.56 % higher ash content than CO2 AC, the pH-value of Com AC (Table 3) was relatively neutral at 8.62. This 
might be explained by low content of metal oxides, such as calcium, potassium, sodium (Table 3), and low carbon leaching (Table 4) in 
Com AC. Similarly, the higher ash content of CO2 AC compared to GR was positively correlated to higher elemental concentrations 
(Mg, Ca, K, Na) (Table 3). Most likely, the high production temperature of 850 ◦C was responsible for the higher ash content of CO2 AC 
[41,42]. This reasoning is supported by the undetectable low ash content of ZnCl2 AC (Table 3), which had the lowest pH (2.85) of all 
chars tested here. The reason for this low pH is probably that basic components such as minerals and ash were selectively removed by a 
washing step in the manufacturing process, that is necessary to secure product quality. Given that Zn ions should display a neutral pH 
in aqueous solutions, the acidification may be ascribed to the washing step of the AC with an acidic solvent. This procedure results in 
ash components being leached, causing the carbon to become neutral. Nevertheless, the usage of the acidic solvent induced acidifi
cation of the AC. 

GR had the highest carbon content at 82.66 % (Table 3), which can be explained by the progressing of the thermochemical 
transformation during manufacturing. The ZnCl2 AC and Com AC samples had similar values of fixed carbon, with the ZnCl2 AC at 
80.79 ± 1.41 % and the Com AC at 79.68 ± 0.01 %. However, the ZnCl2 AC had the highest volatile content of all four chars at almost 
20 %. This was possibly due to the fact that ZnCl2 activated samples contained more surface functional groups during the activation 
process, which can be detected as volatiles during thermogravimetric analysis [43]. Additionally, the higher volatile content of the 
starting material may have contributed to this observed phenomenon (Table 3). The Boudouard reaction has been examined due to the 
lower fixed carbon content of CO2 AC compared to its precursor GR. This reaction involves the conversion of carbon into carbon 
monoxide utilizing CO2 at elevated temperatures which results in the removal of carbon atoms from a char. A loss of carbon should lead 
to a higher mesoporosity as the pores become wider [38]. However, the nitrogen gas adsorption isotherms (Table 5) did not confirm 
this as both, macro- and micropores, increased after gasification, whereas mesopores decreased. Activation with ZnCl2 resulted in a 
high proportion of micropores of about 50 %, which led to higher total pore content, although its mesopore percentages were low. 
Comparing all chars studied here, Com AC exhibited the highest percentages of micro- and macropores and the lowest percentage of 
mesopores. 

As a measure of reduced carbon availability, the COD and BOD of the chars and their leachates were measured. There was no 
difference in COD between GR and Com AC (Table 6). Notably, BOD (in the leachate) was detectable in both chars, despite their high 
levels of fixed carbon, thereby suggesting that the chars might serve as a source of reduced carbon for microorganisms. Usually, char 
carbon occurs in a solid, chemically bound form; it is not directly available to microorganisms. The metabolization of char carbon by 
bacteria under aerobic conditions has been reported [66]. Therefore, char carbon forms and contents might influence the AD process. 
However, the BOD of GR was lower than Com AC. The COD leaching results show that all the chars, except GR, had a low release of 
oxidizable compounds (Table 6). For ZnCl2, the low COD value was to be expected as compounds were washed out in the acidic 
washing step. The relatively low COD of CO2 AC leachates, which contained GR (exhibiting a higher COD) as a feedstock, were 
probably due to the fact that the post-gasification had resulted in compounds that cannot be further oxidized. This was also found 
previously [67] reporting that biochar produced at higher temperatures had lower DOC release in aqueous environments. Generally, 

Table 3 
pH, electrical conductivity (EC), elemental composition and thermogravimetric analysis (TGA) of gasification residues (GR), CO2 activated carbon 
(CO2 AC), ZnCl2 activated carbon (ZnCl2 AC) and commercially available activated carbon (Com AC) at 1.0 g L− 1.   

GR CO2 AC ZnCl2 AC Com AC 

pHchar 10.74 12.63 2.85 8.62 
ECchar (μS cm− 1) 1777 16240 1456 130.6 
Elemental composition 
Al/mgL− 1 2.54 1.79 0.43 11.84 
Ca/mgL− 1 42.44 59.39 0.48 1.86 
Fe/mgL− 1 1.70 2.50 0.30 7.30 
K/mgL− 1 13.54 27.45 0.24 0.18 
Mg/mgL− 1 5.05 6.24 0.15 1.11 
Mn/mgL− 1 1.72 0.55 0.00 0.12 
Na/mgL− 1 0.49 2.39 0.35 0.40 
Ni/mgL− 1 0.01 0.16 0.01 0.07 
P/mgL− 1 2.46 2.17 n.a. 0.63 
S/mgL− 1 1.25 1.78 0.15 3.29 
W/mgL− 1 0.00 0.00 0.55 0.00 
Zn/mgL− 1 0.35 0.08 10.80 0.05 
TGA 
Volatiles (%) 7.49 ± 0.33 10.99 ± 0.33 19.30 ± 1.32 3.73 ± 0.01 
Carbon content (%) 82.66 ± 1.10 75.98 ± 0.04 80.79 ± 1.41 79.68 ± 0.01 
Ash content (%) 9.89 ± 1.72 13.03 ± 0.37 0.00 ± 0.12 16.61 ± 0.01  
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several studies [68–70] showed that biochar or activated carbon reduce BOD in wastewater. It was found that biochar may not only 
remove BOD, but also cause leaching of organic carbon [68], which is consistent with our findings (Table 6). 

An- and cation analysis showed lower leaching in Com AC compared to all other chars (Table 4). GR carbon leaching had the 
highest levels of chloride, phosphate, sulfate, and magnesium. In contrast, CO2 AC had the highest calcium leaching, while in GR, 
calcium leaching was low (Table 4). GR was the only char from which phosphate was leached. 

Adsorption capacities of chars were determined in tap and de-ionized water (DI). For CO2 AC, an adsorption capacity of acetic acid 
of 1.20 ± 0.18 mg g− 1 was found after 24 h in tap water (Fig. 4A), which was 5.4 times lower than that of GR, despite its larger specific 
surface area. Although only a 3.7-fold reduction was observed for CO2 AC compared to GR, a similar trend was observed when DI water 
was used as leaching solvent. The highest adsorption capacity for acetic acid was shown by Com AC in DI with an adsorption capacity 
of 22.12 ± 7.49 mg g− 1 (Fig. 4A). Here, an average reduction of 32.97 % in acetic acid concentration was observed in the DI water and 
an average reduction of 25.62 % in the tap water. Similar results were also obtained in a previous study [44]. 

Table 4 
Anion and cation leaching [mg L− 1] (n = 3) of GR, CO2 AC and Com AC at 14.0 g L− 1.  

Ions GR CO2 AC ZnCl2 AC Com AC 

Fluoride 0.00 ± 0.00 0.01 ± 0.00 n.a. 0.01 ± 0.01 
Chloride 0.56 ± 0.07 0.35 ± 0.06 n.a. 0.17 ± 0.06 
Phosphate 0.33 ± 0.07 0.00 ± 0.00 n.a. 0.00 ± 0.00 
Sulfate 0.05 ± 0.05 0.00 ± 0.00 n.a. 0.00 ± 0.00 
Sodium 0.15 ± 0.01 0.16 ± 0.01 n.a. 0.07 ± 0.01 
Potassium 7.15 ± 0.12 7.19 ± 0.13 n.a. 0.00 ± 0.00 
Magnesium 0.16 ± 0.03 0.00 ± 0.00 n.a. 0.02 ± 0.01 
Calcium 0.31 ± 0.13 15.72 ± 0.87 n.a. 0.21 ± 0.04  

Table 5 
Gas adsorption of GR, CO2 AC, ZnCl2 AC and Com AC at 1.0 g L− 1 using Brunauer–Emmett–Teller (BET) theory analysis.  

Properties GR n = 2 CO2 AC n = 6 ZnCl2 AC n = 2 Com AC n = 5 

BETSSA (m3 g− 1) 188.1 ± 14.44 675.3 ± 35.90 1931.8 ± 61.52 964.2 ± 32.87 
Vtotal (cm3 g− 1) 0.19 ± 0.01 0.48 ± 0.03 1.20 ± 0.06 0.59 ± 0.04 
% micropores (<2 nm) 27.29 ± 0.22 47.44 ± 1.27 49.68 ± 1.88 55.43 ± 3.49 
% mesopores (2–50 nm) 66.05 ± 0.18 44.48 ± 0.99 42.54 ± 2.07 33.17 ± 6.12 
% macropores (>50 nm) 6.66 ± 0.04 8.08 ± 0.58 7.78 ± 0.19 11.32 ± 2.68  

Table 6 
Chemical oxygen demand (COD) and the biological oxygen demand (BOD) in the leachate of GR, CO2 AC, ZnCl2 AC and Com AC at a respective 
concentration of 14.0.g L− 1.  

Properties GR CO2 AC ZnCl2 AC Com AC 

CODchar g/L O2 26.78 ± 1.81 n.a. n.a. 28.78 ± 0.85 
CODleaching mg/L O2 25.30 6.90 4.31 7.24 
BODchar mg/L O2 15.85 ± 0.07 n.a. n.a. 32.00 ± 0.93 

n.a: not available due to low char quantities. 

Fig. 2. pH of batch reactors over a period of 47 days with a char addition of 14.0 g L− 1. The concentration of 14.0 g L− 1 was chosen exemplarily.  
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The adsorption capacity of propionic acid was generally higher than that of acetic acid (Fig. 4B). For Com AC, an average reduction 
of up to 58.80 % in DI water and 52.87 % in tap water was found. For both tested VFAs, GR had a higher adsorption capacity than CO2 
AC (Fig. 4A and B) despites the greater surface area of the latter. An average reduction in propionic acid concentration of 13.87 % in DI 
and 12.81 % in tap water was achieved by GR. Furthermore, all chars were found to have reduced adsorption capacity for propionic- 
and acetic acid in tap water compared to DI. Looking at the time course of adsoption, it is noticeable that after about 60 min desorption 
of both, acetic- and propionic acid, was observed for CO2 AC (Fig. 4A and B). 

3.2. Effect of char addition on AD performance 

During AD, a decrease in pH was observed in all batch reactors, including the reference without char addition, probably due to VFA 
formation in the hydrolysis phase (Figs. 2, 7 and 8). After an initial drop of pH, being strongest for ZnCl2 AC with a pH < 6 at day 10, all 
reactors recovered in the course of the incubation (Fig. 2). The addition of GR, CO2 AC and Com AC resulted in higher pH values 
compared to the control and was probably due to an increased buffer capacity, e.g. due to higher ash content or increased concen
tration of inorganic materials [45]. Furthermore, char functional groups have the ability to adsorb H+ and accept electrons, as noted in 
a review by Ref. [46], thereby contributing to higher buffer capacity. Methane production derived from added substrate was observed 
for all reactors. Theoretical CH4 yields according to substrate’s COD were not fully achieved, probably due to cellular biomass for
mation and other factors, such as nutrient limitation, inoculum type, and methodological variation [47]. 

While there was no significant effect of char type on cumulative CH4 yield at char concentrations of 0.05, 0.15 and 0.5 g L− 1, at 
higher char concentrations (1.0, 7.0 and 14.0 g L− 1), differences among char types and concentrations were observed (Fig. 5). Char 
addition up to 1.0 g L− 1 usually resulted in similar or higher cumulative CH4 yields in comparison to controls. This indicates that these 
char concentrations tended to be neutral or slightly promoting for the reactor microbiomes substrate conversion ability. As most 
studies in which char was applied to AD start from 2.0 g L− 1, direct comparison with existing literature is hardly possible [48,49]. In 
contrast, Com AC at 14.0 g L− 1 and ZnCl2 AC at 7.0 and 14.0 g L− 1 had significantly lower cumulative CH4 yields compared to the 
reference. All other experiments yielded cumulative CH4 amounts comparable to the reference (Fig. 5). 

The addition of GR resulted in the highest methane yields and tended to increase the cumulative CH4 yield at all concentrations 
tested (Fig. 5) as also found by Ref. [5]. With 14.0 g L− 1 and 7.0 g L− 1 GR addition, respectively, 7.93 % and 4.66 % more methane were 
produced compared to the reference. Char composition and carbon leaching (please also refer to Table 6) were likely responsible for 
the increased methane yields. In addition, GR also contained the highest levels of macro- and micronutrients (e.g. P and SO2 and Ca, 
Mg, K, Na, Table 3), which might have been beneficial for microbial processes and activity as shown previously [50–52]. It has been 
suggested that GR components may serve as a substrate for methanogens [5]. Ref. [53] showed that microorganisms can attack the 
surface of biochar fragments, whereby the main carbon sources derived from unspecified water-soluble carbon components. The COD 
results of the carbon leaching (Table 6) support the assumption that water soluble organic compounds dissolved from GR. Moreover, 

Fig. 3. The well-preserved guide vessels of the wooden feedstock of the gasification char as characterized using scanning electron microscopy 
(SEM): images magnified 500× of (a) GR, (b) CO2 AC, (c) ZnCl2 AC, (d) Com AC. 
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newly discovered methoxydotrophic methanogenesis might also have been engaged in the process [54–56]. However, further mo
lecular biological analyses are required for deeper insights. Nevertheless, the idea that GR could serve as a substrate is supported by our 
study. 

Significantly lower cumulative CH4 yields were found for CO2 AC addition at a concentration of 14.0 g L− 1, whereas lower con
centrations tended to increase methane production (Fig. 5). Similarly, Ref. [5] reported a higher CH4 yield up to 10 g L− 1; a negative 
effect was observed at higher concentrations (34.0 g L− 1). Reasons for the reduced gas production might be an initially high pH of 8, 
especially for reactors with 14.0 g L− 1 CO2 AC (Fig. 2), which might have caused delayed CH4 production (Fig. 6B and C). Leaching of 

Fig. 4. Adsorption capacity for acetic acid (A) and propionic acid (B) of GR, CO2 AC and Com AC in de-ionized water (DI water) and tap water after 
30, 60, 180, 300, and 1440 min. As a reference, acetic acid and propionic acid mixture was used without the addition of GR and AC. 

Fig. 5. Cumulative methane yields [NmL] from completed batch tests adding GR, CO2 AC, Com AC and ZnCl2 AC at 0.05, 0.15, 0.5, 1.0, 7.0 and 
14.0 g L− 1, respectively. These results are presented in comparison with the reference condition, where no char was added. 
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CO2 AC introduced high Ca concentrations in the AD system (Table 4), thereby further increasing pH. 
For high concentrations of Com AC, the decrease in CH4 yield might be due to aluminum release. The toxic effect of aluminum was 

described previously by Ref. [57], who found that concentrations of 0.1–10.0 mg Al L− 1 had a toxic effect on E. coli. Here, the high 

Fig. 6. Boxplot of (A) growth rate and (B) lag phase duration from cumulative CH4 yield [NmL] of batch reactor experiment with different con
centrations of GR, CO2 AC, Com AC and ZnCl2 AC. (C) Cumulative CH4 production (points) from 47 d batch tests with logistic regression growth 
model (blue lines) and the linear range from the logistic regression that shows on the x-axis where methane production begins (red line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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concentrations of more than 10 mg L− 1 of aluminum in Com AC (Table 3) may have inhibited bacterial growth during AD. Similar 
effects were found for the addition of ZnCl2 AC. The high zinc leaching and content of ZnCl2 AC were likely responsible for an 
inhibitory effect. A review by Ref. [58] reported a negative effect of zinc on AD. Conversely, zinc is an important trace element and it 
plays an important role in microbiological processes. A positive effect of zinc supplementation on biogas production was reported in a 
study by Ref. [59]. The study by Ref. [60] also confirms a beneficial effect of zinc as growth and activity of methanogenic cells was 
observed at a zinc concentration of up to 1.0 mg L− 1. It was shown that, in concentrations of up to 4.0 mg L− 1, zinc leads to slight 
inhibition, whereas stronger effects on AD were observed at 8.0 mg L− 1 [61]. 

The specific surface area (SSA) of the chars was negatively correlated with cumulative CH4 yield (r = − 0.66, p < 0.001) and higher 
SSAs resulted in decreased methane production. In other studies, the addition of high SSA char has been found to increase methane 
production [62,63]. Higher SSA is thought to promote biofilm formation and thus support syntrophic interaction [64], while it may 
also adsorb microorganism-inhibiting substances [13]. However, further studies are needed to explain the role of SSA of different ACs 
in AD. 

3.3. Biogas production kinetics 

Biogas production kinetics were evaluated in detail for chars at concentrations of 1.0, 7.0, and 14.0 g L− 1 (Fig. 6C) including growth 
rates (Fig. 6A) and lag phases (Fig. 6B); lower addition levels did not result in altered kinetics. All variants showed an initial lag phase 
in cumulative CH4 production. The extent of the lag phase, however, depended on the type of char (F(4,26) = 46.17, p < 0.001) and 
both, char type and concentration (F(8, 26) = 34.04, p < 0.001). As observed previously for biochar [65], for all chars except Com AC, 
higher char concentrations prolonged the lag phase (Fig. 6B). For GR, CO2 AC and ZnCl2 AC, the lag phase was longer in comparison to 
the reference if added in concentrations of 7.0 and 14.0 g L− 1, respectively. The highest adaption time of the AD microbiome was found 
for ZnCl2 AC (Fig. 6B). The high zinc content of 10.80 mg L− 1 (Table 3) and the very high zinc leaching were probably responsible for 
this prolonged lag phase, as zinc is the second most toxic heavy metal for e.g. acetogens after copper [66]. 

Similar to GR and ZnCl2 AC, CO2 AC addition also prolonged the lag phase with increasing concentration compared to the reference 
(p < 0.01; Fig. 6B). This prolongation contrasts other studies reporting shorter lag phases, especially of methanogenesis [12,67] 
following char addition [68–70]. Using AC in AD resulted in a shortening of the lag phase for methanogenesis [12,67], in contrast to 
our results where all three types of activated carbon (Com AC, ZnCl2 AC and CO2 AC) resulted in a prolongation. Ref. [71] found 

Fig. 7. Acetic acid concentration [mM] in batch reactors for different concentrations of (A) GR, (B) CO2 AC, (C) commercial powder AC and (D) 
ZnCl2 AC during 47 d of incubation. 
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reduced hydrolysis rates due to AC adsorbing the soluble substrate COD. The high adsorption capacity of char used in the present study 
could therefore be a reason for increased lag phases. 

Correlation analysis between growth rate and lag phase duration showed a significant positive correlation (r = 0.669, p < 0.001). 
The growth rate was affected by the type of char (F(4, 26 = 2.985, p = 0.03744) and by both, the type of char and the char con
centration (F(8, 26 = 4.101, p = 0.00285). Here, the growth rate increased with higher concentration for CO2 AC, GR and ZnCl2 AC. 
Due to the longer lag phase, limitations during hydrolysis have been overcome in the subsequent digestion phase as shown by the 
higher growth rate (Fig. 6A). This phenomenon is also known as diauxic growth, which is defined as the adaptive phase to maximise 
population in multi-nutrient environments. 

3.4. VFAs 

For all chars at an addition level of 14.0 g L− 1, a delay in acetic acid production was observed (Fig. 7A–D), whereas at 7.0 g L− 1 this 
effect was only found for Com AC and CO2 AC (Fig. 7A–D). The CO2 AC and Com AC showed delayed acetic acid production in 
comparison to the reference already at a concentration of 7.0 g L− 1. However, addition of GR promoted acetic acid generation during 
the first phase of AD (Fig. 7A). Remarkably, higher GR concentrations stimulated microbial metabolization of acetate after 20 d of 
incubation, possibly by an increased addition of micro- and macronutrients (Tables 3 and 4). Similar results were also obtained for CO2 
AC (Fig. 7B). 

The addition of char usually reduced the concentration of dissolved propionic acid in a concentration-affected manner during the 
first 28 days of incubation (Fig. 8A–D), which is in line with previous findings [72,73]. Other studies showed increased propionic acid 
concentrations due to biochar addition [74,75], especially during acidogenesis. A higher concentration of propionic acid was often 
used as an indicator of microbial stress in AD systems [76], therefore, char addition might be useful in AD processes facing limitation 
due to high propionic acid concentration. However, this has to be studied in detail in future investigations. 

3.5. Effect of char addition on methanogenic abundance 

McrA gene copy numbers were evaluated in detail for chars at concentrations of 1.0, 7.0, and 14.0 g L− 1 (Fig. 9A–D) as lower 
addition levels did not affect methane production. QuantitativePCR showed significant differences in methanogen abundance between 

Fig. 8. Propionic acid concentration [mM] in batch reactors for different concentrations of (A) GR, (B) CO2 AC, (C) commercial powder AC and (D) 
ZnCl2 AC during 47 d of incubation. 
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various samples including all char types and concentrations used (F(12, 132) = 1.91, p = 0.0385; Fig. 9E and F). When compared to the 
reference, higher abundances of methanogens were found for all chars. There was no systematic concentration effect across chars after 
47 d of incubation, where higher char addition resulted in higher mcrA gene copy numbers. There was a high abundance of metha
nogens in the inoculum, and therefore, in all reactors at the beginning of the experiment (3.6*107±3.3*106 copies/mL). During the 
first days, mcrA gene copy numbers decreased, but stabilized in the course of the following 47 days. In contrast to the reference, in 

Fig. 9. mcrA gene abundance [log copies/mL] in the batch reactors supplemented with chars at different concentrations of 1.0, 7.0 and 14.0 g L− 1. 
(A) GR, (B) CO2 AC, (C) commercial powder AC and (D) ZnCl2 AC. (E and F) show the mcrA gene abundance of all chars at different concentrations 
from day 28 and 47, respectively. 
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which mcrA copy numbers increased after 28 days, in samples containing char (except for Com AC), the mcrA copy numbers started to 
increase after 12 days. One possible explanation for the earlier increase in methanogen abundance is the porous structure of char 
(Fig. 3). This provides a greater surface area for microorganisms to colonize and grow. Studies confirm that the number of metha
nogens increases as surface areas increase [68,77]. High surface areas may lead to biofilm formation which increases in the formation 
of microhabitats, in which methanogens may be protected from unfavorable conditions like very acidic pH and high antimicrobial zinc 
amounts (ZnCl2 AC). It is important to note that, while the abundance of methanogens was higher in ZnCl2AC, the cumulative methane 
yield was lower compared to the reference. The observed phenomenon can be explained by the inhibition of acidogenesis caused by the 
extremely low pH value, as shown in the kinetics presented in Fig. 6. Possibly due to the slower supply of fatty acids, methanogens may 
have allocated more resources towards biomass production rather than methane production. Therefore, they may have switched to a 
different survival strategy because of the slower kinetics. 

The buffering effect of alkaline chars might have prevented excessive acidification during acidogenesis, which is beneficial for 
methanogens, as they thrive optimally in a certain pH range [5,16,73,78–81]. This positive effect of char on AD is probably not only 
due to pH, but might also be partially ascribed to chars adding nutrients to the AD system. 

Adding CO2 AC resulted in the highest abundance of methanogens (Fig. 9B). The addition of 14.0 g L− 1 CO2 AC resulted in higher 
mcrA copy numbers than in the reference starting already at day 12 (day 12: p = 0.016; day 28: p < 0.001; day 47: p < 0.001). The high 
abundance of methanogens with CO2 AC is in agreement with high growth rates (Fig. 6A), while the lower cumulative CH4 yield with 
CO2 AC addition may indicate that methanogenesis was still in progress and residual substrate was still present due to the longer lag 
phase (please also refer to Fig. 5). 

4. Conclusions 

In conclusion, this study highlights the importance of characterizing key parameters of char materials for AD. A particularly 
important parameter was found to be the pH of the char, which varied widely among the chars tested here. GR, with a pH of 10.7, was 
found to be best suited for AD, whereas zinc-activated chars exhibited an acidic pH, which inhibited methanogenic growth and/or 
activity. Therefore, a char’s pH of at least 7 is recommended. In addition, the elemental composition of ZnCl2AC with its high zinc 
content due to the activation method, also had a negative effect on both, AD and overall CH4 yield. The addition of Com AC showed 
that parameters such as char feedstock, oxidation stage and composition can also affect both, AD and CH4 yields. Char surface area had 
no significant effect on CH4 production but did affect the relative abundance of methanogens. In particular, GR emerges as the most 
suitable AD additive at concentrations above 1.0 g L− 1 leading to an average cumulative increase in CH4 yield of 7.93 %. However, 
semi-continuous AD experiments are planned to improve the understanding and impact of char addition with well-characterized char. 
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