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Abstract

This study investigated possibilities to increase the efficiency of anaerobic digestion of
sewage sludge using biochar produced by pyrolysis of digested sludge (sludgechar). Exper-
iments were conducted in continuous laboratory bioreactors operated at the same loading
rate, gradually increased from 3.2 to 4.5 g/(L-d) (COD) under mesophilic conditions (40 °C).
Sludgechar (SCH) was dosed into the experimental bioreactor at a rate of 0.4-1.3 g/(L-d),
corresponding to 12-28% of the added COD. Biogas production in the experimental bioreac-
tor increased by 6.9-33% compared with the control bioreactor, while the CH, concentration
remained comparable, averaging 62.8%. The COD removal efficiency remained high in the
sludgechar-supplemented bioreactor as the loading rate increased, whereas it decreased in
the control bioreactor, corresponding to lower biogas production. The adsorption capacity,
alkalinity, and mineral buffering properties of sludgechar prevented pH decline and the
accumulation of volatile fatty acids (VFAs) at higher substrate loading. The pH values were
less affected by increasing organic loading in the experimental than in the control biore-
actor and remained within 6.9-7.0. Continuous experiments confirmed that sludgechar
can facilitate stable operation at loading rates that would otherwise cause process failure.
However, the low carbon-to-inorganic ratio of sludgechar is its significant disadvantage.

Keywords: anaerobic digestion; continuously stirred reactor (CSTR); sewage sludge;
sludgechar; biogas; process stability

1. Introduction

As the global population increases, so does the need for efficient waste processing,
including the management of sewage sludge produced during wastewater treatment.
A cost-effective and widely used method is anaerobic digestion (AD), which converts
biodegradable organic matter from sludge into biogas, leaving the inorganic fraction
with residual unused organic matter as sludge digestate or stabilized anaerobic sludge.
The remaining proportion of less readily degradable organic matter in sludge digestate
ranges between 40 and 50% [1], making it a usable raw material. Sludge digestate can
be used as a fertilizer on agricultural land [2], but this is not always feasible due to
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strict limits on the content of inorganic pollutants set by the European Union’s Directive
86/278/EEC on the protection of the environment, particularly the soil, when sewage
sludge is used in agriculture, along with the even stricter laws of some EU member
states [3]. Thermochemical processes, such as pyrolysis, can then be advantageously used
to process and valorize sludge.

Within a circular economy, thermochemical processes convert various waste carbon-
rich biomass (e.g., wood pellets, wheat straw, rice husk, fruitwood) into usable products
such as bio-oil, biochar, or energy-rich gases [4]. Recently, biochar has received consider-
able attention in both research and industry, particularly its distinctive properties, namely,
porous structure, high specific surface area, high ion-exchange capacity, adsorption capacity,
and conductive properties. In addition to the application of biochar for improving soil prop-
erties or air purification [5], its application in anaerobic digestion accelerates the metabolism
of anaerobic cultures, increases the concentration of slow-growing microorganisms by im-
mobilizing them in the pores, promotes direct interspecies electron transfer (DIET) [6], or
mitigates the inhibitory effects of ammonia [7,8]. These positive impacts can synergistically
intensify the anaerobic digestion process, increasing the CHy yield (Ycp,) [9]. In the study
by Cai, He [10], which examined the use of fruit food biochar in the anaerobic digestion
of food waste, the lag phase was shortened and the CH, production increased. Similar
results were obtained in a study by Shanmugam, Adhikari [11], where the lag phase was
also shortened using biochar produced by the hydrothermal carbonization of algal biomass.
Furthermore, Shen [12] and Cai [13] found that adding biochar can reduce the inhibitory
free ammonia concentration by up to 10.5% and improve the activity of methanogenic
microorganisms under reduced pH conditions. Biochar absorbs ammonia nitrogen through
chemical adsorption (electrostatic attraction, ion exchange, and complexation) and physical
adsorption. The results of study [14] revealed that the most significant factors were the total
pore volume and the adsorption capacity of biochar from biomass. In comparison, the DIET
factor was important, but likely not dominant, due to the limited electrical conductivity and
electron-donating /accepting capacities of biochar. The microbial analysis further indicated
that mediated interspecies electron transfer remained the primary mechanism.

The positive effect of biochar on the anaerobic process has been demonstrated for many
substrates and under various conditions, though primarily in batch experiments. Several
studies focusing on the AD process under semicontinuous or continuous conditions provide
valuable findings. In study [12], semi-continuous experiments were conducted with the
addition of biochars derived from corn stover and pine wood using an anaerobic digestion
process for sewage sludge in a two-stage thermophilic system. The results indicated a
significant improvement in methane production of up to 25%. Similarly, in study [15], a
series of continuous experiments was conducted to investigate the improvement in the
thermophilic AD of primary sludge by adding biochar derived from corn straw, where
a 13.8% increase in CHy production and improved removal of volatile solids (VSs) were
reported. In study [16], the distribution of food waste residue-based biochar and its
impact on AD was investigated in a 30 L semi-continuously operated bench-scale anaerobic
digester. The results demonstrated that the biochar significantly increased biogas yields by
23.38% at an organic loading rate (OLR) of 3.0 g/(L-d) VSs. The stability of the AD at an
OLR of 4.0 g/(L-d) VSs was also improved by the addition of biochar.

Although the use of various types of biochar to enhance anaerobic digestion has been
thoroughly investigated, there is still a need for more knowledge regarding the effect
of sludgechar (SCH), which is derived from anaerobically stabilized sewage sludge, on
the anaerobic digestion process, especially in semi-continuous or continuous systems.
Pyrolysis is increasingly being integrated into sewage sludge management technologies
at wastewater treatment plants (WWTPs). This technology reduces the volume of sludge
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that cannot or should not be applied to agricultural land or composted. The reason for
this is the application of the precautionary principle concerning the presence of inorganic
pollutants (e.g., heavy metals) and organic contaminants (persistent organic pollutants
such as PAHs, PCBs, PCDD/Fs, and PFAS, as well as various pharmaceuticals, endocrine
disruptors, and personal care products) [3,17,18]. If it were possible to reuse sludgechar
to improve the anaerobic digestion process, this would provide additional motivation to
incorporate pyrolysis into sludge treatment technologies.

In general, sludgechar exhibits less favorable properties compared with biochar pro-
duced from other waste biomass, primarily due to its higher ash content, much lower
specific surface area, and a different porous structure [19]. Nevertheless, the possibility of
using it is highly beneficial in terms of circular economy principles. The use of sludgechar
as an additive to anaerobic digestion has recently been the subject of several studies. In
batch experiments with sludgechar added, as described in studies [20,21], the digestion
of sewage sludge resulted in increased methane production, a shorter lag phase in the
methanogenic process, and accelerated decomposition of organic matter, with acetotrophic
methanogens becoming dominant over hydrogenotrophic species. Although these findings
are promising, they do not allow us to estimate how the added sludgechar will influence
the continuous AD process.

The study in [22] presents interesting and valuable results, as the authors attempted
to simulate conditions for full-scale anaerobic digestion of mixed sludge (primary and
secondary) at a WWTP. They operated a laboratory semi-continuous digester fed with
real mixed sludge taken directly from a WWTP. Sludgechar was produced by pyrolysis at
550 °C, followed by physical activation with CO; at 900 °C. Since the quality of the dosed
mixed sludge varied with current operating conditions, this had a considerable impact
on the process in the model. Moreover, because the experiment did not allow parallel
monitoring of a control process without dosing sludgechar, its effect was partly obscured
by the lower organic loading applied. As mentioned by Shao et al. [23], the effect of
biochar becomes particularly significant under stressful conditions, affecting the anaerobic
microbial community. Although an increase in both biogas and methane production was
observed, the quantitative evaluation of the effect was not sufficiently reliable.

To address the knowledge gap and gain further insight into the enhancement of
anaerobic digestion by sludgechar, this study investigated the impact of sludgechar on
the anaerobic digestion process using continuously operated laboratory-scale bioreactors,
providing practical insights for future scaling up of the process. The study evaluated
the effect of different sludgechar doses on the efficiency of anaerobic sludge digestion
and biogas production compared with a control bioreactor without sludgechar addition.
For this purpose, various organic loading rates were tested to determine the capacity of
anaerobic sludge digestion in the presence of sludgechar.

Unlike most previous studies focused on biomass-derived biochars and batch-scale
experiments, this work investigated the application of sludgechar produced directly from
digested sewage sludge in long-term continuous anaerobic fermentation. The study aimed
to evaluate not only its effects on biogas production and process stability but also its perfor-
mance under progressively increasing organic loading rates and its practical limitations
associated with the accumulation of inorganic solids. The results provide new insights
into the potential role of sludgechar as a functional additive for improving the resilience of
anaerobic sludge fermentation under high-load operating conditions.
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2. Materials and Methods
2.1. Experimental Setup

The experimental setup consisted of two continuously stirred reactors (CSTRs) with
total and working volumes of 17 L and 12 L, respectively. One CSTR served as a control
bioreactor (C), to which only the substrate was dosed, while the second CSTR served as the
experimental bioreactor (E), to which both the substrate and sludgechar were dosed. No
biological replicate reactors were operated. The experimental bioreactors were custom-built
at the Department of Water Technology and Environmental Engineering, University of
Chemistry and Technology Prague, Prague, Czech Republic. The bioreactors were operated
under mesophilic conditions (40 £ 1 °C) maintained by heating coils wrapped around
the acrylic glass walls of the CSTRs. Mixing was performed using double-blade mixers
operating at 55 rpm. Each lid of the bioreactor was equipped with three flanges for a
pH probe (Polilyte Plus H Arc 225, (Hamilton, Bonaduz, Switzerland), a temperature
probe (T-type ThermoCouples, (National Instruments, Austin, TX, USA), and a septum
for the biogas sampling and analyses. Biogas production was measured using a MilliGas-
counter (MGC-1 PMMA, RITTER, Bochum, Germany). Substrate dosing was controlled
by LabVIEW 2012 software (National Instruments, Austin, TX, USA). Temperature, biogas
production, and pH measurements were recorded using Compact RIO controllers and
LabVIEW 2012 software (National Instruments, Austin, TX, USA). Additionally, equip-
ment for conveying and dosing sludgechar (SCH) into the headspace of bioreactor E was
installed on its lid. The equipment for conveying and dosing sludgechar (SCH) was custom-
built at the Department of Water Technology and Environmental Engineering, University
of Chemistry and Technology Prague, Prague, Czech Republic. A continuously mixed
feeding tank, stored in a refrigerator at 5 °C, ensured substrate dosage to each bioreactor
via peristaltic pumps (see Figure S1).

2.2. Inoculum, Substrate, and Sludgechar Characteristics

The continuously stirred-tank reactors (CSTRs) were inoculated with anaerobic sludge
from the mesophilic anaerobic digester processing sewage sludge produced at a municipal
WWTP. The characteristics of the inoculum used were as follows: pH of 7.4, total solids (TSs)
27.9 g/L, volatile solids (VSs) 14.9 g/L, and chemical oxygen demand (COD) 25.8 g/L.

The substrate was periodically collected from a municipal wastewater treatment plant
as a mixture of primary sludge and thickened-disintegrated waste activated sludge at a
volume ratio of 3:1. The collected substrate was refrigerated at 5 °C prior to any laboratory
pre-treatment. The chemical composition of the substrate, monitored throughout the
experimental duration, was as follows: pH of 6.7 £ 0.1, TSs 55 £ 5g/L, VSs 39 £ 1 g/L,
COD 72 £ 3 g/L, and volatile fatty acids (VFAs) 1.6 = 0.7 g/L.

The sludgechar was produced from digested and dried sludge obtained from Trutnov
WWTP, Trutnov, Czech Republic. previously described in [18]. In brief, the sludge was
pyrolyzed in a PYREG PX 500 SF pyrolyzer (PYREG GmbH, Dérth, Germany) at 600-650 °C,
with an approximate residence time of the sludge/sludgechar in the reactor of 15 min. The
complex characterization of the sludgechar is displayed in the Supplementary Information
in Tables S1 and S2, where the methodology of the analysis was done according to [24] and
further described in the Supplementary Information.

The properties of sludgechar include a specific surface area of 45 m? /g, a pH of 11.7,
an ash content of 76.2%, and an electrical conductivity of 1500 uS/cm. Compared with
biochars derived from sources with higher organic fractions, such as woody biomass or
agricultural digestates, digested sewage sludge disposes a higher ash content, resulting
in sludgechar with a lower carbon content and specific surface area. Consequently, all
attributes associated with positive effects on anaerobic digestion are low in the sludgechar
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used. However, the study aimed to investigate the potential for the purposeful use of the
pyrolysis product directly at the site of its production.

2.3. Settings of Individual Phases of Bioreactors Operation

Before the start of the experiments, both bioreactors were inoculated and gradually
adapted to the sewage sludge substrate until they reached the initial organic loading rate of
3.1 g/(L-d) (COD). The first phase was to confirm stable, comparable operating conditions
for both bioreactors before the start of sludgechar dosing. In the subsequent phases, the
organic loading of both bioreactors and sludgechar doses to the experimental reactor was
gradually increased, and the residence time was shortened according to the scheme shown
in Table 1. The sludgechar doses were selected as stepwise increasing laboratory-scale
doses to evaluate the response of the anaerobic fermentation process to increasing organic
loading rates. These doses should therefore be interpreted as experimental doses rather
than optimized full-scale application rates.

Table 1. Settings of organic loading and hydraulic retention time of both bioreactors and sludgechar
dosing to experimental bioreactor in individual phases of experiment.

OLR OLR
Phase Phase (COD) (VSs) SCH SCH/TSs HRT

d g/(L-d) g/(L-d) g/d d
1 0-27 3.1 1.8 0 0 22
2 28-62 3.2 1.9 5.1 20 22
3 63-97 3.4 2.0 10.2 20 20
4 98-111 3.8 2.8 10.2 20 19
5 112-146 44 3.3 10.2 40 17
6 147-176 45 34 15.0 60 17

OLR—organic loading rate; COD—chemical oxygen demand; SCH—sludgechar; VSs—volatile solids; TSs—total
solids; HRT—hydraulic retention time.

2.4. Analytical Methods

Liquid samples from the bioreactor were collected at least once per week for analysis
of COD, TSs, volatile solids (VSs), and volatile suspended solids (VSSs) in accordance with
the Standard Methods for Examination of Water and Wastewater [25]. Concentrations of
individual VFA (acetate, propionate, butyrate, valerate, and caproic acid) were determined
by the GC 2010 gas chromatograph (Shimadzu Corporation, Kyoto, Japan) following the
method described in Andreides, Bautista Quispe [26]. Biogas composition (Hp, CHj, and
CO,) was determined using the gas chromatograph with a thermal conductivity detector
(GC 8000 Top, CE Instruments, Milan, Italy). The column temperature (Hayesep D packed
column (80/100)) and detector temperature were set to 100 °C and 185 °C, respectively.
Argon was used as the carrier gas, and the analysis time was 3 min. The pH values and
temperature measurements were obtained using probes and sensors permanently inserted
into the bioreactors.

2.5. Calculations

The biogas volume produced was calculated as dry gas at standard conditions (0 °C
and 101,325 kPa). The CHy4 production yield (Ycp,) was calculated as daily CHy production
(CHjyout) divided by the daily dosed VSs (VS;,) (Equation (1)). The VS input (VS;,) used
for methane yield calculations included only the volatile solids supplied with the sewage
sludge substrate. Volatile solids associated with the sludgechar additive were not included

in the calculation.
_ CH,,, (L/d)

Ycn, (L/g) = VS (2/d) (1)
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The COD or VS removal efficiency (n;) was calculated according to Equation (2):

mi,in(g/d) - mi,out(g/d)

m;in(g/d) 100 @

n; (%) =

where 1; represents removal efficiency, m, i, is the daily substrate mass inlet to the biore-
actors, mj oyt is the daily mass outlet from the bioreactors, and ; refers to either COD
or VSs.

3. Results and Discussion

The following sections present the operational dynamics of the bioreactors across
six phases (1-6), with a particular focus on biogas quality and quantity. Subsequent sections
discuss the stability of the anaerobic digestion process, the efficiency of COD removal, and
the influence of sludgechar addition on the solids composition and concentration in the
digested sludge.

3.1. Biogas Production and Methane Yield

In the first phase, both bioreactors were operated as conventional anaerobic sludge
digesters without sludgechar addition, establishing a baseline for subsequent comparison.
The CH,4 concentration in biogas averaged 62.9 &= 0.8% in the experimental bioreactor E and
62.7 &= 0.8% in the control bioreactor C. Consistent methane yields (Ycp,) were observed in
both bioreactors E and C, recorded at 0.22 4= 0.01 L/g of VSs, with daily biogas production
reaching approximately 7.5 L.

In phase 2, the integration of sludgechar at a dosage of 5.1 g/d into bioreactor E was
initiated. This modification did not substantially affect the CH4 concentration compared
with the control bioreactor C. However, there was an increase in both biogas production
volume and Ycp,. Bioreactor E produced 7.7 L/d of biogas with a Ycy, of 0.23 L/g,
and bioreactor C produced 7.2 L/d of biogas with a Ycp, of 0.22 L/g. The lower biogas
production in the control bioreactor resulted from declining substrate quality, affected by
conditions at the WWTP.

During phase 3, the sludgechar dosage into bioreactor E was increased from 5.1 g/d
to 10.2 g/d, while the organic loading rate as COD in both bioreactors was 3.4 g/(L-d).
The biogas production of bioreactor E increased to 7.9 L/d compared with 7.3 L/d in the
control bioreactor, representing an increase of 8.3%. Methane yield in the experimental
bioreactor reached 0.24 L/g VS compared with 0.22 L/g VS in bioreactor C, a difference
of 9.1%.

The fourth phase with OLR of COD 3.8 g/(L-d) caused a further increase of biogas
production and methane yield in bioreactor E to 7.8 L/d and 0.26 L/g VS, representing
increases of 8.9% and 8.3%, respectively.

A higher increase in OLR of COD to 4.4 g/(L-d) in phase 5 caused an increase in biogas
production in the experimental bioreactor to 14.3 L/d, as well as specific methane produc-
tion to 0.32 L/g VS, representing increases of 31.2% and 37.5% respectively, compared with
the control bioreactor.

In the last phase of the experiment with further increase in OLR of COD to 4.5 g/(L-d)
and SCH dose to 15 g/d, the control bioreactor showed significant signs of overload-
ing; in contrast, bioreactor E achieved 33% higher biogas production and the same for
methane yield.

Changes in biogas production across different phases are presented in Figure 1.
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Figure 1. Daily biogas production (BG) in control bioreactor (C) and in experimental bioreactor
(E) in relation to organic loading rate (OLR). C—control bioreactor; E—experimental bioreactor;
OLR—organic loading rate.

Detailed data for all phases are provided in Table 2. Depending on the phase duration
and the monitored parameter, 4-6 observations were typically included when calculating
the mean values and standard deviations.

Table 2. Basic data characterizing phases of experiment.

Phase BGE BG C BG E/BG C YCH4 E YCH4 C YCH4 E/YCH4 C
L-d L-d % L/g VSs L/g VSs %
1 75£0.1 75£0.1 0 0.22 £0.01 0.22 £ 0.01 0
2 77 +£0.13 72£011 6.9 0.23 £ 0.01 0.22 +0.01 4.5
3 79 £0.15 73£0.13 8.3 0.24 4= 0.005 0.22 4= 0.004 9.1
4 85+0.3 78 +£0.2 8.9 0.26 £ 0.01 0.24 £ 0.01 8.3
5 143 £0.3 109 £0.1 31.2 0.44 + 0.004 0.32 + 0.001 37.5
6 14.5 1+ 0.06 10.9 £ 0.11 33.0 0.44 £ 0.003 0.33 £ 0.004 33.3
Phase CH4 E CH4 C VFAs E VFAs C n CODE n COD C
Y% % g/L g/L % %
1 62.9 £0.8 62.7 £ 0.8 0.165 = 0.02 0.158 £ 0.025 534=£19 548 £ 19
2 629 £ 0.8 62.7 £ 0.8 0.101 +£0.018  0.101 + 0.015 564 +15 53.7+20
3 63.0 £ 0.56 62.7 £0.5 0.108 £ 0.018  0.086 & 0.006 56.7 =14 511+19
4 63.3 £ 0.7 63.0 £ 0.6 0.525 £ 0.009  0.493 &+ 0.061 55.0 £ 0.9 500+14
5 62.9 4+ 0.32 62.4 1+ 0.46 0.625 +0.054  1.213 - 0.241 552+ 0.1 433+ 1.0
6 63.1 - 0.38 62.2 - 0.58 0.583 +=0.050  1.400 4= 0.055 54.7 £ 0.2 376 =14

BG E—biogas production bioreactor E; BG C—biogas production bioreactor C; Ycy, E—specific methane produc-
tion bioreactor E; Ycp, C—specific methane production bioreactor C; VEAs E—volatile fatty acids (expressed as
acetic acid) bioreactor E; VFAs C—volatile fatty acids (expressed as acetic acid) bioreactor C; 1 COD—efficiency
COD removal.

At low substrate loading in the system (3.1-3.8 g/(L-d) COD), the addition of SCH
did not significantly affect the biogas production (phases 1-4). However, increasing the
bioreactor load to 4.4 and 4.5 g/(L-d) COD resulted in biogas overproduction when SCH
was added. Similar increases in biogas production with higher loading and SCH addition
have also been reported by [27].
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3.2. Bioreactors Stability and COD Remouval

The stability of bioreactor operation is primarily assessed by monitoring pH and volatile
fatty acids concentration, as acid accumulation and the resulting drop in pH typically indicate
suboptimal process conditions and inhibition of methanogenic microorganisms.

The difference in pH trends between the two bioreactors is shown in Figure 2, and
it is evident that the pH in bioreactor E, with applied sludgechar, was less affected by
the increasing organic loading rate than in the control bioreactor and remained within
the range acceptable to the microorganisms of anaerobic culture. This demonstrates the
buffering capacity of biochar, as reported by many authors [20,28].

C E OLR

74

7.2

7.0

6.8

pH
OLR [g/(L-d)]

6.6

6.4

6.2

6.0

0 50 100 150
Time [d]

Figure 2. Trends of pH in bioreactors E and C during phases of the experiment. C—control bioreac-
tor; E—experimental bioreactor; OLR—organic loading rate. Vertical lines separate the individual
experimental phases.

In the range of OLR 3.1-3.4 g/(L-d) (COD), the total amount of volatile fatty acids
(expressed as acetic acid) in both bioreactors decreased from 200 to about 100 mg/L. A
sharp increase to 1200 mg/L and 1400 mg/L in the bioreactor C was noted after increasing
the organic load to 4.4 and 4.5 g/(L-d), while it had only increased to about 600 mg/L
in bioreactor E. The high concentration of VFAs in the bioreactor C corresponds to a
decrease in pH, whereas in bioreactor E, there was only a slight pH decrease to 6.8, which
is still acceptable for an effective function of methanogens. The development of the VFAs
concentration during individual phases of the experiment is shown in Figure 3.

Owing to its absorption properties, the addition of SCH prevents or moderates the
increase in VFAs concentration at higher substrate loads and, through the gradual release
of these compounds, enables continuous biogas production [29,30].

The COD removal efficiency for each phase of the experiment is shown in Figure 4.
The COD removal efficiency was calculated based solely on the influent and effluent COD
associated with the sewage sludge substrate; the sludgechar added directly to the reactor
was not included in the influent COD load.

It is clear that as the organic load increased, the COD efficiency remained high in
the SCH-supplemented bioreactor, whereas it decreased in the control bioreactor, which
is consistent with its lower biogas production. The addition of SCH increased the range
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of applicable organic loads for anaerobic digestion, which would otherwise significantly
reduce process efficiency.

20 —*— VFAE ——+— VFAC =—— OLR 5.0

18 i 45

16 ! 40

14 35
3 12 30 3
2 10 25 ®
08 20 3

06 15

04 10

02 05

00 00

0 20 4 60 80 10 120 140 160 180

Time [d]

Figure 3. Total amount of volatile fatty acids (VFAs) during individual phases of the experiment.
VFAs C—control bioreactor; VFAs E—experimental bioreactor, OLR—organic loading rate. Vertical
lines separate the individual experimental phases.

70
60 T T
50
5 4
Q
S 3
=
20
10
0
I n m v v VI

Experimental Phases BE mC

Figure 4. COD removal efficiency in individual phases of experiment. C—control bioreactor;
E—experimental bioreactor.

These results also support the findings of the authors who worked with batch tests. The
lag phase occurred at the beginning of a batch test, when all the tested substrate was dosed
at once, creating a higher load that was, to some extent, unfavorable for the anaerobic
culture and required time to overcome. Overload is always manifested by increased
production of volatile fatty acids and a lower associated pH, and due to its absorption and
buffering properties, biochar can alleviate these symptoms and thereby shorten or eliminate
the lag phase [31-33]. The higher COD removal observed in the sludgechar-amended
reactor may have been associated not only with enhanced biological conversion but also
with adsorption of soluble organic compounds onto the sludgechar surface. The present
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study does not permit a quantitative distinction between these mechanisms. Therefore, the
observed increase in COD removal should be interpreted as a combined effect of biological
and physicochemical processes.

3.3. Influence of Sludgechar Addition on Solids Concentration in Digested Sludge

The composition of sludgechar (see Section 2.2) is not very favorable for carbon content
due to its high ash content. To ensure the beneficial effect of carbon, an increased total
amount of SCH is needed [22,34], thereby increasing the inorganic content of the anaerobic
sludge. The composition of the inoculum, sewage sludge, and digested sludge solids in
both bioreactors is summarized in Table 3.

Table 3. Solids and COD concentrations in bioreactors E and C during experiments.

Phase TSs TSSs VSs VSSs COD VSs/TSs  VSSs/TSSs
g/L g/L g/L g/L g/L % Y%
Inoculum 27.9 26.5 14.9 14.4 25.8 53.4 54.3
Substrate 56.1 £33 51.76 +£37 451+41 386+05 722423 80.2 74.9
1 SludgeE 347 +1.6 309+13 2044+09 180+07 329+15 59.0 58.3
Sludge C 31.0 =09 28.3 4+ 0.7 193 +07 17.0+0.7 31.2+0.8 60.6 60.0
2 SludgeE 354 +1.4 321+1.5 199+20 179422 306+1.1 56.0 55.6
SludgeC  30.0+ 1.4 267 +15 189 +0.7 1674+08 31.6+1.9 62.9 62.6.
3 Sludge E 405+ 5.6 373+23 212+12 197+15 323405 52.3 52.7
SludgeC 297+ 1.5 267+ 15 183+0.8 1634+0.8 298425 61.8 61.3
4 Sludge E 463 + 2.3 433 4+ 2.1 208+06 190+15 31.0=+0.7 44.9 43.9
SludgeC 275+17 245+ 2.1 165+30 1534+1.0 265+1.0 60.0 62.2
5 SludgeE 463 £5.5 428 +4.6 207+05 197+10 334+09 44.6 459
SludgeC 293 +12 265+ 14 207 +3.0 166+09 312+25 70.5 62.6
6 SludgeE  51.3 £33 433+1.6 21.34+04 208+08 347+05 41.5 48.1
SludgeC 302+ 0.8 27.0+0.7 2454+08 172+05 335+15 81.2 63.5

As shown in Table 3, the addition of SCH significantly increased the concentration
of total solids in bioreactor E versus bioreactor C, and as shown in Figure 5, the increase
corresponds to the inorganic fraction of the digested sludge solids. In the case of potential
sludgechar application in anaerobic digestion processes, it will be necessary to verify
whether the installed mixing equipment can ensure sufficient homogenization of the
digesters at elevated sludge concentrations. Additional potential issues may be associated
with the abrasive effects of the inorganic fraction of sludgechar. Sludge with a high
concentration of inorganic material would also be an unsuitable feedstock for pyrolysis;
therefore, future research is focused on the co-pyrolysis of digested sludge with waste
materials rich in organic matter, as discussed by Biney [35] and Diaz Lara [36].

The stimulatory effect of the organic fraction of sludgechar, combined with the catalytic
effect of its ash content, appears to be highly potent, allowing similar effects to be achieved
at lower dosages. When comparing the effect of biochar derived from organic materials
used in semi-continuous experiments by Shen [12], a 36.9% increase in CH, production was
achieved using a biochar dose of 3.4 g/g [SCH/VS]. In contrast, our experiments achieved
a 37.5% increase in CHy production using only 0.37 g/g [SCH/VS].

In addition to increasing the biogas yield and improving the stability of the anaerobic
digestion process, the subsequent application of digestate containing sludgechar to soil
may also provide significant benefits. Although elevated concentrations of ash and trace
metals may restrict direct agricultural application, the environmental impact depends not
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only on their total concentrations but also on their chemical speciation and bioavailability.
The presence of sludgechar may enhance micronutrient availability, reduce soil hydraulic
conductivity, improve water retention, and increase soil aeration and water availability.
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Figure 5. Total solids in bioreactor E (TSs E, g/L), total solids in bioreactor C (TSs C, g/L), and
inorganic solids in bioreactor E (ISs E, g/L) in individual phases of experiment.

4. Strategies for Improving Sludgechar Properties for Anaerobic
Fermentation Applications

The useful properties of biochar for anaerobic digestion are already well known. These
have been tested across many types of biochars produced under different conditions. These
key properties include pore size, specific surface area, and carbon and ash contents, as
described by Nie [37]. The properties of sludgechar are largely governed by the composition
of the sewage sludge from which it is produced. Although the high mineral content of
sludgechar may contribute to buffering and catalytic effects, its relatively low carbon
content and high ash fraction may limit some of the properties typically associated with
biomass-derived biochars. Therefore, various approaches aimed at improving sludgechar
characteristics and enhancing its performance in anaerobic fermentation are currently
being investigated.

Sludgechar possesses distinct mineralogical and catalytic properties that differentiate
it from conventional biomass-derived biochar, particularly in adsorption processes and
contaminant removal. These advantages are largely attributed to the mineral-rich and
catalytically active surface of sludgechar. This surface acts both as an adsorbent and a
reactive medium, according to Lee [38].

To further enhance the properties of sludgechar, several studies have proposed modi-
fications to its production from sewage sludge to improve its stimulatory effects, including
works by Jin [39], Duan [20], Nie [37], and Singhal [31]. Proposed sludgechar functional-
ization methods include heteroatom doping (N, P, S), which enhances its electrochemical
properties and increases the number of surface functional groups. Other methods involve
treatment with acids or alkalis and doping with metals (Fe, Mn, Co) or trace elements (Cu,
Ni, Zn, Co, Mo), as discussed by Choong and Nie [37].

Moreover, to increase the carbon content in sludgechar, co-pyrolysis with additional
biomass sources has already been proposed and investigated [35] as a means of increasing
the concentration of organic matter entering the pyrolysis process and thereby improving
the ash-to-carbon ratio, as reported by Cao [40] and da Silva [41].
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5. Conclusions

Continuous anaerobic fermentation experiments with sewage sludge demonstrated
that the addition of sludgechar produced directly from digested sewage sludge was associ-
ated with improved process stability under elevated organic loading conditions. While only
minor differences between the control and experimental reactors were observed at lower
loading rates, the beneficial effect of sludgechar became increasingly evident at higher
organic loading rates, where the control reactor exhibited signs of overloading.

The sludgechar-amended reactor showed lower VFA accumulation; improved pH
stability; higher COD removal; and increases in biogas production and specific methane
yields of up to 33% and 38%, respectively. These improvements are likely associated with a
combination of adsorption, buffering, mineral, and catalytic effects of sludgechar, although
the individual mechanisms were not directly investigated in the present study.

A practical limitation of sludgechar is its relatively low carbon content and high ash
fraction compared with conventional biomass-derived biochars. At doses sufficient to
improve process performance, sludgechar increases the concentration of inorganic solids in
the digester, which may affect mixing efficiency and increase the risk of mechanical wear.

The increased inorganic fraction resulting from sludgechar addition should also be
considered when assessing the final utilization pathways of the digestate. At the same time,
the mineral-rich digestate may offer opportunities for resource recovery and integration
into circular bioeconomy concepts, including phosphorus recovery and co-pyrolysis with
organic waste streams.

Overall, the results suggest that sludgechar is a promising functional additive for im-
proving the resilience and performance of anaerobic sludge fermentation under high-load
operating conditions. Further research should focus on optimizing sludgechar properties
and application rates while minimizing the negative impacts associated with the accumula-
tion of inorganic solids.

Supplementary Materials: The following supporting information can be downloaded from https:
/ /www.mdpi.com/article/10.3390/en19133054 /s1. Figure S1 Bioreactors setup for investigating the
effects of sludgechar on the anaerobic digestion of sewage sludge. Analysis of the sludgechar. Table S1
Macro- and micronutrients analyzed in sludgechar and the standard analytical methods used for their
determination. Properties of sludgechar. Table S2 Physico-chemical properties of the sludgechar used
as additive to anaerobic digestion process. Refs. [42—-46] are cited in the Supplementary Materials.
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VSSs volatile suspended solids

SCH sludgechar (sludge-derived biochar)
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