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Abstract

Biochar is increasingly recognized in biorefineries for its unique physicochemical properties that enhance microbial per-
formance and process stability. However, limited research has examined its biocatalytic functions in food waste valoriza-
tion, particularly in the Global South regions. This study investigates the functional roles of Fucalyptus grandis-derived
biochar in a pilot-scale anaerobic system, emphasizing pH modulation, volatile fatty acids (VFAs) dynamics, microbial
network transitions, and technoeconomic studies. Comprehensive biochar characterization using FTIR, BET, SEM, TGA,
XRD, and CHNS analyses revealed favorable surface functionality, porosity, and nutrient content conducive to microbial
colonization. Biochar addition maintained a stable pH range of 7.03-5.0, contrasting with the sharper decline observed
in the control (7.03—4.30). Acetic acid was the dominant VFA, with a markedly higher relative proportion in the biochar-
amended reactor (53.23%) than in the control (15.23%). Nutrient recovery in the resulting biofertilizer was also enhanced,
attaining 92.12+0.13, 682.08+0.21, and 4238.06+0.05 mg/L for nitrogen, phosphorus, and potassium (NPK), respec-
tively. Enhanced VFA depletion indicated stimulated syntrophic activity, corroborated by microbial community analysis,
which showed enrichment of Pseudomonadota and Campylobacterota, taxa pivotal to syntrophic metabolism and carbon
flux regulation. Preliminary techno-economic studies also confirmed the cost-effectiveness of biochar in food waste biore-
fineries. These findings demonstrate that Eucalyptus grandis biochar functions as a sustainable, low-cost bioadditive that
enhances biocatalytic efficiency and nutrient recovery in food waste valorization. This work establishes a scalable biore-
finery model for a biochar-mediated bioprocess that advances circular bioeconomy principles and promotes environmental
and socioeconomic resilience in developing regions.
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Introduction

The challenges posed by the linear economy, including cli-
mate change, environmental pollution, water scarcity, food
insecurity, and natural resource depletion, have thrust sus-
tainable technologies to the forefront of global discourse.
The circular bioeconomy has been identified as an innova-
tive strategy for achieving this paradigm shift [1, 2].

The global community is also embracing this concept as
fossil-intensive economies, including the European Union,
have included it in their economic model as corroborated by
the “Fit for 55 EU Plan, the EU Circular Economy Action
Plan, and the EU Zero Pollution Action Plan, among oth-
ers [3-5]. In the same vein, South Africa is following a
similar technological roadmap as the world’s 15th biggest
fossil-based economy by advancing its circular bioeconomy
innovations as shown by recent legislations such as the
National Development Plan 2030, the Decadal Plan, the
Bio-economy Strategy, the Waste Economy Master Plan,
Forestry Bioeconomy Innovation Cluster, Industrial Bioca-
talysis Hub, and the White Paper on Science, Technology
and Innovation [6].

Food waste has been the subject of major valorization
research in recent years due to its desirable properties,
including its carbohydrate-rich content, ubiquity, high bio-
degradability, renewability, and susceptibility to biochemi-
cal and chemical pretreatments [7]. This substrate fits well
within the bioeconomy model as 1.3 billion tons are pro-
duced globally annually, implying that it is suitable for
large-scale biorefineries [8]. South Africa is also experienc-
ing a drastic increase in food waste production (10.3 mil-
lion tons per annum) due to rapid population growth, food
and beverage industry expansion, high agricultural outputs,
and improved living standards [9]. Given the stringent envi-
ronmental policies adopted by nations on the disposal of
organic waste, adopting the food waste biorefinery concept
will not only prevent environmental pollution but will also
foster the creation of new biobased value chains from this
copious waste stream.

Anaerobic co-digestion is regarded as the cornerstone
for food waste biorefinery frameworks, providing afford-
able biobased value chains [10, 11]. It is a biochemical
process that uses coordinated microbial communities span-
ning several taxonomic phyla to produce biobased products
using different biodegradable wastes [12]. This technology
coincides with the burgeoning global bioeconomy trends
due to its (i) ability to valorize the overabundant biowaste
streams, including industrial and municipal side streams
(i1) contributions to the “waste-to-value” innovations (iii)
contributions to social upliftment and economic develop-
ment in marginalized communities (iv) ability to use meso-
philic conditions as opposed to energy-intensive chemical
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processes (V) ability to co-produce biobased products using
closed-loop biorefineries, and (vi) attainment of large-scale
anaerobic systems which implies it is viable for industrial
implementation [13].

Despite the technological strides that have been made
in this scientific domain, anaerobic digestion processes
still suffer from major scientific shortfalls, such as process
instabilities resulting in low outputs and economic losses
for industries. As a response to this barrier, scientists are
proposing biochar as a suitable bio-additive. Biochar has
garnered widespread attention in recent years due to its out-
standing properties, such as high surface-area-to-volume
ratio, high cation exchange capacity, and high adsorption
abilities [14]. When applied as a stimulatory bio-additive
in microbial-based biorefineries, it shortens the lag phase of
the inocula, improves the hydrolysis of feedstocks, aids in
maintaining favorable pH conditions, allows the fermenting
microbes to resist toxic inhibitors, provides a balanced C/N
ratio, promotes direct interspecies electron transfer (DIET),
and promotes synergistic mechanisms among biofilm-form-
ing communities [15].

This carbonaceous material remains an underutilized bio-
resource in developing nations like South Africa. Research
shows that this biomass could immensely benefit South
Africa, as vast biorefinery portfolios could be leveraged due
to the country’s forestry sector, which produces ~ 2.3 mil-
lion m® of biowaste per annum [6]. Furthermore, the con-
tinuous production of forestry waste poses a serious threat
to the environment as the industry only processes 40% of
its initial biomass, implying that 60% of biomass remains
unutilized and is often discarded in landfill sites, leading to
various environmental hazards [16]. The Eucalyptus plant
is an important source of hardwood timber in South Africa
due to its acclimatization to the local climatic conditions,
rapid growth, exquisite branch and stem properties, resis-
tance to parasites and plant diseases, ease of cultivation, and
ability to produce a wide spectrum of timber products [17].
Presently, more than 500,000 hectares of forest landscapes
in South Africa are covered by Eucalyptus plantations [18].
Therefore, this forestry-based material is viewed as a crucial
feedstock that will advance the production of valuable bio-
based resources such as biochar in South Africa.

We acknowledge that there has been an expanding schol-
arly body of knowledge regarding the use of biochar in
this scientific domain. However, a significant focus is on
improving biogas production outputs [19-24], and little
attention is put on acquiring an in-depth understanding of
its impact on liquid-phase parameters such as VFA concen-
tration, biodigestate composition, and microbial population
dynamics. Techno-economic forecasts also show that biogas
alone yields low profits, necessitating the need to include
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integrated biorefinery routes to maximize the recovery of
other biocommodities [11].

Lou et al. [25] discovered that biochar accelerates the
microbial conversion of substrates due to the enrichment
of synergistic consortia, resulting in high VFAs [25]. Other
authors reported that it enhances the acidogenic-solven-
togenic transition phase [26]. Therefore, these scientific
variations underscore the need for further research to pro-
vide plausible explanations for these phenomena while
reconciling these reports based on the studied biostimula-
tory effects of biochar on VFA and NPK outcomes. From a
social standpoint, acquiring in-depth knowledge about the
bioaugmentation role of biochar on these variables is criti-
cal as fermented effluents are renowned in the local agri-
cultural communities as valuable fertilizers for improved
soil quality and crop productivity. For further downstream
processing, these VFAs can be purified and used as valuable
precursors in other biorefinery routes such as chemical pro-
duction, wastewater treatment, and biopolymer production
[1], but this is outside the scope of this research.

In this pilot-scale study, we investigate the influence of
wood-derived biochar on the anaerobic co-digestion of food
waste, focusing on its role in stabilizing pH, enhancing vol-
atile fatty acid (VFA) accumulation, improving biofertilizer
nutrient composition, and modulating microbial community
dynamics. This work aims to advance our understanding of
biochar-mediated biorefineries within the context of circular
bioeconomy and sustainable biorefinery applications. Spe-
cifically, the key objectives of the study are to: (i) produce
biochar from locally sourced woodchips, (ii) characterize
its key physicochemical properties, and (iii) employ it as
a bio-enrichment additive in biocatalytic trials to evaluate
its mechanistic effects on VFA production, pH regulation,
nutrient recovery, and microbial ecological shifts during the
closed-loop pilot-scale food waste valorization process.

Materials and methods
Raw Materials and Biochar Production

The South African Fucalyptus grandis woodchips were
provided by Sappi Sawmill, Umkomaas, KwaZulu-Natal,
South Africa. Prior to the pyrolysis step, the acquired wood-
chips, which had an average size of 3—6 mm, were air-dried
to remove moisture. Subsequently, the biochar was pro-
duced using the bench-scale pyrolysis unit (Thermopower
Furnace, Johannesburg, South Africa) at a pyrolysis tem-
perature of 600 °C, as described in the study of Zhang et al.
[27]. Figure 1 illustrates the adopted biochar-producing unit
process operation for this conceptualized research study.

Biochar Characterization
Elemental Analysis

The elemental analysis was conducted to determine the
composition of carbon (C), hydrogen (H), nitrogen (N), and
sulfur (S) in biochar. This was facilitated using the Perkin
Elmer 2400 Series II CHNS Analyzer (Perkin Elmer Inc.,
Waltham, USA) [28]. The fraction of oxygen was calculated
by subtracting the content of C, H, N, and S from 100%
[29].

Scanning Electron Microscopy Analysis

The surface morphology of the produced biochar was ana-
lyzed using a desktop scanning electron microscope (SEM)
(Phenom Pharos, Thermo Fisher Scientific, Waltham, USA)
at a voltage of 10 kV [30]. Before the SEM analysis, it was
placed on a metal stub with the aid of carbon tape and sub-
sequently covered with thin gold coating material using the
QI50RES sputter coater (Quorum Technologies, UK), as
shown in the literature [30].

Fourier-Transform Infrared Analysis

To determine the functional groups present in the biochar, it
was measured using a 100 FTIR Spectrophotometer (Perki-
nElmer, Waltham, USA). The scanning conditions were in
the spectral range of 4000—500 cm ™! and with a resolution

of4ecm !,

Thermal Gravimetric Analysis

The thermal gravimetric analysis (TGA) was conducted
using the STA 6000 Simultaneous Thermal Analyzer (Perki-
nElmer, Waltham, USA) under an ambient atmosphere of
dry nitrogen set at a flowrate of 10 °C/min and a tempera-
ture range of 35-800 °C [30].

X-ray Diffractometer (XRD) Analysis

The crystallographic properties of the wood-derived biochar
were analyzed using an X-ray diffractometer (PANalytical
X’Pert Pro, Netherlands) operated at a Cu-Ko radiation
(A=1.5406 A) with a filament intensity of 40 mA and a volt-
age of 45 kV.

Brunauer-Emmett-Teller (BET) Surface Analysis
The BET surface area, pore size, and volume were mea-

sured using nitrogen at 77 K using the BET instrument
(Micromeritics TriStar IT 3020, GA, USA). Prior to the
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Fig. 1 Schematic depicting the bench-scale pyrolysis unit set-up

analysis, the biochar was degassed at 90 °C for 1 h, fol-
lowed by heating at 200 °C for 5 h.

Collection of Feedstocks and Biocatalytic Trials
Feedstock Acquisition and Pretreatment

The food waste was collected from a local food vendors’
market, which is situated 5 km from our research facility. It
consisted solely of fruit and vegetable waste, and these feed-
stocks have been shown to promote the growth of diverse
anaerobic cultures due to their rich carbohydrate content
[31]. It was brought into our laboratory using sealed plastic
containers. After this step, it was reduced to small particles
(3 mm) using a kitchen blender before the anaerobic diges-
tion trials, as reported in the literature [32]. Additionally, the
fresh cow dung was collected from a free-range grazing cow
farm in uMsunduzi, KwaZulu-Natal, in South Africa. It was
selected as it harbors microorganisms spanning versatile
taxonomic divisions of fermentative assemblages such as
hydrolytic bacteria, acidogenic species, acetogenic species,
and methanogenic species [33]. The nutritional properties
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of food waste and cow dung were chemically screened to
confirm their suitability for anaerobic food waste digestion.

Pilot-Scale Biocatalytic Experiments

The anaerobic fermentation experiments were conducted
via the co-digestion approach involving cow dung and
food waste as shown in our previous study [34]. Herein, a
co-digestion mass ratio of 50:50 was chosen for cow dung
and food waste as this was proven to yield a better perfor-
mance [34]. The food waste upcycling experiments were
conducted using the commissioned 1000 L anaerobic pilot-
scale fermenter. The anaerobic digestion trials included two
treatments; the control experiment consisted of only cow
dung and food waste, while the biochar-mediated experi-
ments consisted of cow dung and food waste as co-digested
feedstocks coupled with biochar as a 0.5% w/v bio-additive
[14]. The fermenter was fed with equal mass proportions
of cow dung (50 kg) and food waste (50 kg) and filled with
700 L of water, except for the control experiment in which
the biochar was not added. The anaerobic co-digestion pro-
cess was conducted for 30 days (in replicates) in ambient
atmospheric (20-35 °C) conditions without any external pH
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regulation. The pilot-scale biodigester was stirred manually
once daily using a hand-operated stirrer to facilitate homo-
geneity. Five milliliters of effluent were sampled daily from
the fermenter for biochemical and microbial analyses.

Microbial Community Profiling

Sludge samples from anaerobic digesters were homog-
enized on a Tissue Lyser II (Qiagen) with 5 mm stainless
steel beads for 3 min at 25 Hz and 4 °C to ensure consis-
tent disruption without thermal damage. The homogenate
was diluted 1:1 with sterile PBS (pH 7.4) and centrifuged at
500 x g for 10 min at 4 °C to remove macro-debris. Micro-
bial cells were pelleted by centrifugation at 10,000 x g for
15 min at 4 °C, washed twice with PBS to eliminate PCR
inhibitors, and immediately subjected to DNA extraction.

Genomic DNA was isolated using the DNeasy PowerSoil
Pro Kit (Qiagen) with an extended 20 min lysis step and
an additional phenol—chloroform cleanup to remove humic
acids and biochar-associated contaminants. Extracted DNA
quality was confirmed by Qubit fluorometry and NanoDrop
spectrophotometry, targeting A260/A280 ratios>1.8 and
A260/A230 ratios>2.0. Each extraction batch included six
negative controls and a ZymoBIOMICS microbial standard
as a positive control. Inhibition was evaluated by spik-
ing serially diluted samples with an internal amplification
control.

The V3—V4 regions of the 16 S rRNA gene were amplified
with primers 341 F (5-CCTACGGGNGGCWGCAG-3')
and 805R (5'-GACTACHVGGGTATCTAATCC-3'), each
flanked by Illumina adapter sequences. PCR reactions (25
pL) used KAPA HiFi HotStart DNA polymerase under the
following cycling conditions: 95 °C for 3 min; 25 cycles of
95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s; final exten-
sion at 72 °C for 5 min. Triplicate amplifications per sample
were pooled, purified with AMPure XP beads (0.8%), and
quantified by Qubit. Indexed libraries were constructed
using the Nextera XT Index Kit and sequenced on an Illu-
mina MiSeq (2 x 300 bp), targeting 50,000 paired-end reads
per sample. Full-length 16 S rRNA gene amplicons were
sequenced on the PacBio Revio Platform (Pacific Biosci-
ences, Menlo Park, CA, USA), which provides long, high-
fidelity reads that enhance taxonomic resolution compared
with short-read technologies [80]. Long-read sequencing
data were processed using the SMRTLink software suite
(v25.1.0.257715, Pacific Biosciences). Subreads were
converted into highly accurate consensus sequences (QV
> 40) using the Circular Consensus Sequencing (CCS)
algorithm [11]. Amplicon sequence processing for both
short- and long-read datasets was performed with DADA?2,
which denoised reads, removed low-quality and chime-
ric sequences, and resolved amplicon sequence variants

(ASVs) at single-nucleotide resolution [7]. Quality-filtered
ASVs were classified in QIIME 2 (v2021.11) against ref-
erence databases optimized for full-length 16 S rRNA
sequences, enabling taxonomic resolution from kingdom to
species level. The raw Illumina MiSeq and PacBio Revio
16 S rRNA sequencing reads have been deposited in the
NCBI Sequence Read Archive under BioSample accessions
SAMNS56514214 and SAMNS56514215, respectively.

Raw Illumina reads were further processed in QIIME 2
(v2023.5) following established protocols. Quality filter-
ing retained reads with a minimum Phred score of 20 and
a maximum expected errors of 2.0. Taxonomic assign-
ments used the SILVA 138 classifier at 99% confidence [7].
Sequences were aligned via MAFFT [10], and a phyloge-
netic tree was inferred using FastTree [10]. Alpha diversity
metrics (Shannon, Simpson, Chaol) were calculated in R
using the vegan package [12]. Normality was assessed by
Shapiro—Wilk tests. P-values were adjusted using the Ben-
jamini—Hochberg false discovery rate method. Beta diver-
sity was quantified using weighted and unweighted UniFrac
distances. Community structure differences were tested via
PERMANOVA (adonis2, 999 permutations) with Bonfer-
roni correction. DESeq2 performed differential abundance
analysis on ASVs present in > 25% of samples with mean
relative abundance > 0.1%. Counts were normalized by
the geometric mean, and taxa with [log. fold-change|>1.5
and adjusted p < 0.05 were considered significant. Nega-
tive extraction and PCR controls were sequenced to iden-
tify contaminant ASVs. Any ASV detected in controls was
removed from sample datasets unless its abundance in
samples exceeded control levels by at least tenfold. Zymo-
BIOMICS mock communities were processed in parallel to
benchmark sequencing accuracy; observed versus expected
compositions were compared using Bray—Curtis dissimilar-
ity. Reproducibility was ensured by standardized protocols
and independent duplication of a subset of 12 samples by
different operators, yielding intraclass correlation coeffi-
cients > 0.85 across diversity metrics.

The Techno-Economic Analysis

The techno-economic analysis is considered in this study,
which includes both the capital and operational expenditure
cost items to assess the profitability of the biochar-mediated
process. Operational expenditure cost includes variable
costs, i.e., the labour cost, electricity, etc. The capital cost
will include the fixed costs. The total cost (TC), a sum of all
costs, is calculated using Eq. 1. The total income (Revenue)
is calculated considering the selling price (SP) of biofertil-
izer and biogas using Eq. 2. Thereafter, the net/total profit
(NP) is calculated using Eq. 3.

@ Springer
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TC = Z (Raw Material Cost, Operating Cost, Utilities Cost) (D
Revenue = Y SP; x F; x OPH ()
P = Revenue — —TC 3)

Where F;is the total component ¢ (biofertilizer, biogas)
production flowrate and OPH is the total operating hours.

Analytical Methods

The VFAs comprising acetate, butyrate, propionate, isobu-
tyrate, and hexanoate were measured using the Agilent 6890
Gas Chromatograph (Agilent Technologies, CA, USA) fit-
ted with the ZB FFAP column (60 m x 0.32 mm). Helium
was used as a carrier gas at a flow rate of 2.9 mL/min as
reported in our previous study [34]. The concentrations of
phosphorus (P) and potassium (K) present in the effluents
were determined using the method described by Khayum
et al. [35], while the nitrogen (N) was calculated using the
Perkin Elmer CHNS Analyzer as stated in Sect. 2.2.1. The
pH was measured using the bench-top pH Meter (Metrohm,
Woodmead, South Africa). The concentrations of carbohy-
drates in food waste and cow dung were analyzed using the
Dionex ICS 5000 + HPIC System (Thermo Fisher Scientific,
Massachusetts, USA). The fractions of the inorganic com-
pounds, including the trace metals studied, were analyzed
using the TAPPI Method [36]. The total organic content
fraction was determined by subtracting the total inorganics
from 100% as reported in the literature [36]. Meanwhile, the
fat and protein content were calculated according to the lit-
erature [37]. The cellulolytic enzyme activity was measured
using the procedure described by Fung et al. [11].

Results and Discussion
Biochar Production Yield

In this study, the biochar yield was determined to be 35.9%.
This value coincides with findings from other researchers
who have reported biochar yields ranging from 20% to 50%
when employing different lignin-rich feedstocks [38—41].
This was also consistent with other scientific studies that
observed that high pyrolysis temperatures significantly
affect biochar yields, primarily due to the enhanced thermal
decomposition of the feedstock materials. While there is
no direct correlation established between biochar yield and
its impact on anaerobic digestion, research conducted by
Alghashm et al. [42] indicates that biochar produced at spe-
cific temperature ranges can enhance anaerobic fermenta-
tions. This observation was confirmed in several outcomes,
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including (i) a reduction in the lag phase, (ii) an increase in
the production and conversion of volatile fatty acids (VFAs),
(iii) improved chemical oxygen demand (COD) removal,
and (iv) augmented biogas production [42]. These improve-
ments are likely caused by high porosity and aromaticity
originating from the elevated pyrolysis temperature.

Calorific Value of Biochar

The calorific value, also known as the heating value, is
one of the pyrolytic outputs used to gauge the applicabil-
ity of biochar in fuel applications [43]. Interestingly, the
biochar obtained in this study had a heating value of 26,33
MJ/kg, which is higher than that of coal (23 MJ/kg). This
implies that it can serve as a substitute for coal [44, 45].
These results are consistent with scientific literature, as it
was reported that biochars produced from Eucalyptus bio-
mass have heating values of 25-35 MJ/kg [46, 47]. Woody
materials have a high content of carbonyl and hydroxyl
groups, which contribute to the overall chemical properties
of wood-based biochar, including their heating values [48].

Physicochemical Characterization of Biochar

To acquire in-depth insights into the biostimulatory role
of wood-derived biochar in food waste valorization, it is
crucial first to explore its physicochemical properties and
elucidate how these affect the biocatalytic valorization of
food waste. This was achieved by subjecting the biochar to
several key characterization tests as articulated below.

SEM Analysis of Biochar

The biochar consisted of distinctive honeycomb-like pore
structures as a result of the thermal depolymerization of the
chemical compounds present in the raw biomass, as shown
in Fig. 2. Higher carbonization temperatures (exceeding 400
°C) tend to enhance porosity and promote the formation of
aromatic compounds within the biochar, which is caused
by an increase in the carbon stability of the final product
[49-51]. These findings correlate with literature. Sahoo et
al. [38] and Yargicoglu et al. [52] observed similar SEM
micrograph patterns in forestry-based biochars. In addition,
biochars produced from forestry residues typically exhibit
larger pore sizes due to their high chemical composition of
lignin, hemicellulose, and cellulose [46, 53], as evidenced in
this study. Elsewhere, it was reported that biochars produced
at high temperatures are ideal as they result in more porous
structures with large surface areas, which in turn enhance
microbial aggregation, biofilm formations, water reten-
tion, pollution removal, and adsorption capabilities, mak-
ing them attractive for a wide spectrum of microbial-based
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Fig. 2 The scanning electron micrographs of the biochar sample

Table 1 Elemental composition of biochar

Sample C (%) H (%) N (%)

S (%) 0 (%) H/C o/C

Biochar 69.42 2.18 0.23

0.72 27.45 0.03 0.40

biorefineries [54]. For this reason, the selection of the
pyrolytic feedstock should not be overlooked as lignin-rich
feedstocks contribute to the thermal stability of biochar due
to the formation of stable C-C bonds with 5-5 linkages in
comparison to hemicellulose- and cellulose-rich materials
which produce less stable volatile compounds [55, 56].

Elemental Analysis of Biochar

Investigating the elemental composition in biochar is essen-
tial as these molecules affect the chemical stability of bio-
char [57]. The N and S atoms are considered minor elements
due to their minor role in the stability of biochar; thus a
major focus is put on carbon (C), hydrogen (H), and oxygen
(O) elements as these affect the aromaticity and unsaturation
of biochar based on their H/C and O/C ratios [41]. In this
work, the biochar consisted primarily of C (69.42%) and a
small fraction of H (2.18%), and these elements were used
in determining an H/C ratio of 0.03 (Table 1). These results
correspond with the literature as the process of pyrolysis
promotes the dehydration and deoxygenation reactions,
leading to the accumulation of stable C atoms in the bio-
char [58, 59]. Biochars with low H/C ratios, as also attested
in this study, are indicative of high aromatic structures and
high thermal stability [58, 60]. Meanwhile, the O/C ratio

is used to measure the hydrophilicity of the biochar [61].
The low O/C ratio of 0.40 obtained in this work implies that
the produced biochar is less hydrophilic. This observation is
consistent with the literature as it has been reported in simi-
lar studies that increasing the pyrolysis temperature (300—
700 °C) results in low O/C ratios due to a substantial loss
in the oxygen-containing functional groups i.e., carbonyl,
hydroxyl, and carboxyl groups [62].

FTIR Analysis

To delve deeper into its molecular constituents, the wood-
derived biochar was subjected to further characterization
tests in order to identify the main functional groups pres-
ent in the studied biochar, as depicted by the FTIR wave-
length spectrum in Fig. 3. This analytical test is critical for
revealing the absorption pattern of the functional groups as
a result of the thermal decomposition process [63]. The bio-
char exhibits typical spectra that correspond to lignocellu-
losic-rich biomass [50]. The peak at 3234 cm™ ! is assigned
to stretching vibrations of the O-H groups as these usually
fall within the 3500-3000 cm™ ! range in wood-derived bio-
chars. The peaks at 1799 cm™ ! and 1578 cm™ ! are associ-
ated with the carbonyl C=0O and aromatic C=C stretching
vibrations, respectively. The peak at 1405 cm™ ! represents
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Fig. 3 FTIR spectra of the pre- o
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Fig.4 TGA curve of the prepared wood-derived biochar

the aromatic ring structures, while the spectral peaks at 872
and 713 cm™ ! represent the C-H bond in aromatic and het-
eroatomic compounds [38].

TGA Analysis

The TGA curve in Fig. 4 represents the material (weight)
loss of the wood-derived biochar. The curve showed an
acceptable weight loss of 32% induced by the pyrolysis
temperature of 600 °C. It can therefore be deduced that the
wood-derived biochar is thermally stable, as similar weight
loss patterns were reported in the literature when using simi-
lar biomass and pyrolysis conditions [64]. Lignin-rich feed-
stocks constitute a rigid cross-linked structure compared to
the low lignin-containing feedstocks, which produce unsta-
ble carbon and volatile compounds that are lost during the
pyrolysis process [64].
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XRD Analysis

As shown in Fig. 5, distinct peaks were observed at 20
values of 23.52 and 29.38°, and these typically depict the
crystal plane for cellulose and calcite, respectively [64]. The
observed XRD patterns are similar to those of Sahoo et al.
[38], who observed the crystallographic orientation of cellu-
lose at 22.58° for wood-derived biochars and also reported
that increasing the fractionation temperature led to the loss
of the crystalline materials of cellulose due to the formation
of miscellaneous inorganic compounds [38]. Minor XRD
peaks were detected at 35.92-48.31°, which also represents
the different chemical compounds in biochar, as corrobo-
rated in the study of Liu et al. [65].
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Fig. 5 XRD spectra of the prepared wood-derived biochar

Table 2 BET results of the wood-derived biochar
BET surface area

Total pore volume Mean

(m%/g) (cm’/g) pore
diam-
eter
(nm)

Biochar 140.29 0.10 2.0
BET Analysis

The wood-derived biochar possessed a specific surface area
of 140.29 m?/g, a total pore volume of 0.10 cm?/g, and an
average pore diameter of 2.0 nm, as shown in Table 2. This
elevated surface area is consistent with previous research
that documented BET surface areas ranging from 186.08 to
307.10 m?/g when pyrolysis temperatures were maintained
between 500 °C and 600 °C [38]. The pore volume and mean
pore diameter are also in agreement with literature findings
[38], where similar values were observed at elevated pyrol-
ysis temperatures, attributed to the thermal degradation and
subsequent release of vaporous organic compounds from
the lignin-rich Eucalyptus grandis feedstock.

Chemical Characterization of Biochar via the Py-GC/
MS

An additional analytical step was performed to assess other
vital chemical constituents found in the wood-derived bio-
char using pyrolysis-gas chromatography/mass spectrome-
try (Py-GC/MS), as shown in Table 3. The biochar exhibited
a high ketone content of 80.6%, which may be closely
linked to the adopted pyrolysis setpoint conditions, which
thermally disrupted the recalcitrant forestry-based structure.
Biochars rich in aldehydes, hydroxyls, and ketones have
been shown to possess high surface binding capabilities,
particularly on polar contaminants [66]. As a consequence,
it has been proposed that biochars exhibiting these chemi-
cal components may be applicable in bioremediation studies
due to their high chelating strength [66]. This may create an
opportunity for new scientific frontiers as this domain is still
in its nascent stages.

Biocatalytic Valorization of Food Waste
Characteristics of Feedstocks used in Biocatalytic Trials

The nutritional compositions of the carbon and inoculum
source utilized in the biocatalytic experiments are presented

@ Springer



Waste and Biomass Valorization

Table 3 Chemical compounds present in biochar

Ketones Retention Time Area% Name
2.107 80.25 Stigmastane-3,6-dione, (5.alpha.)-
2.785 0.35 2-PENTANONE
Total 80.6
Ester Retention Time Area% Name
4.839 0.8 1,2,4-Benzenetricarboxylic acid, 1,2-dimethyl ester
12.819 0.13 Carbonic acid, nonyl vinyl ester
23.198 0.38 Sulfurous acid, hexyl octyl ester
Total 1.31
Aldehyde Retention Time Area% Name
8.602 0.48 Benzaldehyde
33.998 1.03 Butyraldehyde, semicarbazone
Total 1.51
Alkene Retention Time Area% Name
9.996 0.25 Decane, 5-methyl-
10.255 0.37 Decane, 4-methyl-
11.305 0.58 Tetradecane
12.648 0.61 Tetradecane
14.475 0.18 DECANE, 2,9-DIMETHYL-
15.527 0.68 DODECANE
15.926 0.25 Undecane, 2,6-dimethyl-
16.159 0.28 Tetradecane
16.771 0.29 1-Iodo-2-methylundecane
17.336 0.46 Undecane, 4-ethyl-
17.778 0.76 Heptadecane
19.036 0.42 Heptadecane
20.986 0.58 Tetradecane
21.544 0.29 Hexadecane
22.328 0.36 Hexadecane
22.554 0.16 Hexadecane
23.267 0.18 Decane, 5-ethyl-5-methyl-
23.394 0.96 Hexadecane
24.475 0.51 Octadecane
Total 8.17
Siloxanes Retention Time Area% Name
9.455 0.82 trisiloxane, 1,1,1,5,5,5-hexamethyl-3-[(trimethylsilyl)oxy]-
14.115 0.56 Cyclopentasiloxane, decamethyl-
18.931 0.91 Cyclohexasiloxane, dodecamethyl-
23.324 0.49 3-Isopropoxy-1,1,1,7,7,7-hexamethyl-3,5,5-tris(trimethylsiloxy)tetrasiloxane
30.641 0.45 Cyclohexasiloxane, dodecamethyl-
Total 3.23
Nitrile Retention Time Area% Name
5.821 0.40 4-(METHOXYMETHYL)-6-METHYL-2-PHENOXYNICOTINONITRILE
Total 0.40
Aromatics Retention Time Area% Name
2.599 1.00 Benzene
3.894 0.48 Benzene, methyl-
6.063 0.52 Benzene, 1,2-dimethyl-
6.625 1.27 Benzene, ethenyl-
12.432 0.31 Benzene, 1-methyl-4-(1-methylethenyl)-
Total 3.58
Alcohol Retention Time Area% Name
15.31 0.34 I-nonanol
Total 0.34
Cycloalkenes Retention Time Area% Compound Name
10.527 0.46 Cyclohexene, 1-methyl-4-(1-methylethenyl)-, (S)-

@ Springer



Waste and Biomass Valorization

Table 3 (continued)

Stigmastane-3,6-dione, (5.alpha.)-

Cyclohexene, 1-methyl-4-(1-methylethenyl)-, (S)-

Ketones Retention Time Area% Name

2.107 80.25

10.527 0.40
Total 0.86
Table 4 Nutritional composition of feedstocks
Parameter Food waste Cow dung
Moisture (%) 17.60 14.88
Ash (%) 9.88 21.30
Inorganics (%) 9.88 21.30
Organics (%) 90.12 78.70
Calcium (mg/kg) 2 891 12 044
Potassium (mg/kg) 24 482 5628
Magnesium (mg/kg) 1076 5026
Sodium (mg/kg) 3445 843.0
Aluminium (mg/kg) 7.40 62.03
Barium (mg/kg) 0.870 6.63
Copper (mg/kg) 0.10 1.00
Iron (mg/kg) 5.85 48.14
Manganese (mg/kg) 2.95 24.54
Zinc (mg/kg) 0.95 9.00
C/N ratio 25.79 19.00
Protein (%) 11.12 11.33
Fat (%) 1.08 421
Carbohydrate (%) 65.18 45.08

in Table 4. It can be shown from nutritional results that food
waste and cow dung are excellent feedstocks for the pursued
biorefinery process. Food waste has a high biodegradable
matter content of 90.12%, while cow dung contains 78.70%
(Table 4). This high organic composition is essential for
fostering the cultivation of syntrophic microorganisms
including hydrolytic species, acidogens, acetogens, and
methanogens. These biocatalysts thrive in anoxic microen-
vironments, which in turn stimulate the production of VFAs,
biofertilizers, and other valuable compounds [8].
Furthermore, these findings coincide with existing litera-
ture that reports desirable concentrations of organic matter
when utilizing comparable feedstocks in microbial-based
biorefineries [9]. The results are further substantiated by the
significant carbohydrate composition observed, measuring
65.18% for food waste and 45.08% for cow dung, respec-
tively. Recent communications have shown that substrates
rich in carbohydrates promote the growth of anaerobic
microbial consortia more effectively than those rich in lipids
and fats due to their inherent building blocks, which mainly
consist of Cs and C, sugar monomers [7, 9]. The carbon-
to-nitrogen (C/N) ratios for food waste and cow dung were
recorded as 25.79% and 19.00%, respectively. In literature,
a C/N ratio within the range of 20-30 is ideal for sustain-
ing a favorable nutritional equilibrium and enhancing the
activities of potent microbes during food waste valorization
[10]. Additionally, these feedstocks contain essential trace

elements, including calcium, copper, iron, manganese, and
magnesium, which confer stimulatory effects on biochemi-
cal pathways [10].

pH Profile During Biocatalytic Valorization Trials

Figure 6 illustrates the pH profile for biochar-treated and
control experiments. In the control experiments, the pH var-
ied from 7.03 to 4.30. This low pH range is primarily attrib-
uted to the rapid accumulation of VFAs and alcohols due to
the bioprocess’s minimum buffering capacity. This causes
a drastic shift in the ecological niche of fermentative con-
sortia due to the predominance of anaerobic inhibitors [66].

A similar occurrence was reported by Logan et al. [67]
in a non-buffered anaerobic digestion system where the pH
was below 5.5. Upon adding the biochar, an optimal pH
range of 7.06-5.50 was attained during the 15-day fermen-
tation period (Fig. 6). This phenomenon can be linked to
the functional groups identified in the FTIR spectra, notably
the hydroxyl (-OH) and carboxyl (-COOH) groups at 3243
cm™ !, which contribute to the buffering capacity acting as
either weak acids or bases, which can accept protons (H")
from the medium when pH decrease or release H" ions when
the pH rises, thus resisting drastic pH changes in acidity.
This proton exchange mechanism neutralizes excess acids
generated during the anaerobic digestion period, as shown
in Fig. 6 [66, 67]. Similar beneficial pH-buffering effects
of biochar functional groups have been reported in the lit-
erature, further corroborating these findings. For example,
Poerschmann et al. [68] and Gao et al. [69] observed that
biochar provides a near-neutral pH range due to improved
buffering and resistance to metabolic inhibitors and stresses.
It is also worth highlighting that the neutral pH range is crit-
ical during anaerobic fermentations as it provides a good
balance between the acidogenic—methanogenic transition
pathway, and this ensures that the byproducts of acidogenic
metabolisms serve as vital precursors for archaeal popu-
lations, as revealed by Jiang et al. [70] and Yellezuome et
al. [71]. Acidic pH tends to disrupt the cell membranes of
microorganisms, cause microbial stress, and reduce enzy-
matic functions, which in turn leads to the suppression of
the methane-forming communities during the final step of
anaerobic digestion [71].
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Fig. 6 pH variation in biochar-treated and non-treated (control) trials

Volatile Fatty Acid Composition

Figure 7 depicts the composition of VFAs obtained in con-
trol and biochar-treated experiments. Acetic acid was the
prevalent VFA type in both experiments and a maximum
acetic acid concentration of 15.23% (week 1) was obtained
in the control experiment (Fig. 7A). The addition of biochar
in the anaerobic digester improved the formation of VFAs
as shown by the high acetic acid fraction of 53.23% in week
1 (Fig. 7B). The elevated VFA concentrations, specifically
acetic acid, butyric acid, propionic acid, iso-valeric acid,
and hexanoic acid, detected in the biochar-treated system
are indicative of improved bioprocess efficiency. These
byproducts serve as critical precursors in the methanogen-
esis phase of anaerobic digestion, as elucidated by Wu et al.
[72]. Thus, a high concentration of these metabolites during
the initial stages of anaerobic digestion is crucial for the suc-
cessful endogenous fermentation of biogas and NPK-rich
biodigestate. Sun et al. [73] observed that biochar improves
the growth of the dominant VFA-producing acidogens, such
as Clostridium species, leading to significant production
of VFAs in the early phases of the anaerobic fermentation
process. As anticipated, extending the anaerobic digestion
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period to week 4 resulted in a marked reduction in the forma-
tion of VFAs in both experimental setups (Figs. 7A and B).
This decline can be attributed to the consumption of these
intermediates by syntrophic fermentative microorganisms,
including various archaeal communities [73]. A comparable
pattern of VFA production and utilization was documented
by Ding et al. [74] in an anaerobic digestion process that
employed coconut-based biochar to enhance reactor perfor-
mance. Meng et al. [75] discovered that biochar alleviates
metabolic stress caused by VFAs by enhancing both their
production and subsequent upgrading to biomethane, result-
ing in high yields.

Biodigestate Composition

This study also examined the anaerobic digestion system’s
capacity to produce biofertilizer by determining the con-
centration of nitrogen (N), phosphorus (P), and potassium
(K) in the liquid phase of the anaerobic digestate (Table 5).
In the control experiment, the N, P, and K contents were
found to be 89.08 +0.23, 491.69 + 2.60, and 3029.49 £ 0.56
mg/L, respectively. The addition of biochar in the biocata-
lytic digester had a positive effect on the composition of
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Table 5 NPK and micro/macro-nutrients in the biodigestate

Biodigestate content (mg/L) Control Biochar-treated
Nitrogen (N) 89.8+£0.23 92.12+0.13
Phosphorus (P) 491.69+2.60 682.08+0.21
Potassium (K) 3029.49+0.56 4238.06+0.05
Ca 193.54+0.37 186.21+0.98
Mg 2690. 00+£0.45 2823.03+0.13
Fe 14770.00+2.10  2012.23+0.62
B 1858.40+0.89 1685.23+0.75
Cu 147.60+£0.57 154.86+£0.55
Al 2170.00+1.01 3201.56+0.34
Zn 5612.20+0.03 6571.25+0.66
NH, 114.72+0.83 156.65+0.85
S 48.40+0.03 52.40+0.46
NO; <5.00 10.05+0.17
NO, <0.01 <5.00

Mo <20 <10

biodigestate as evidenced by the improved concentrations.
Herein, the concentrations of N, P, and K were recorded as
92.12 £ 0.13, 682.08 + 0.21, and 4238.06 = 0.05 mg/L. It
is worth highlighting that the underlying bioaugmentation
mechanisms of biochar on NPK generation are not well elu-
cidated in the literature. Nevertheless, a possible explana-
tion for the observed phenomenon could be the functional
groups and minerals found in the biochar, which improve
the physical and chemical properties of the digestate, thus
leading to the high bioavailability of NPK in the fermented
effluent [75]. Moreover, the carbon-rich biochar (69.42%)
observed in Table 1 creates optimal microenvironments for

microbial growth and activity that lead to nutrient recycling
processes and the bioavailability of NPK elements [75]. This
is in line with a recent publication that reported that biochar-
treated compost consists of high contents of NPK compared
to non-treated soils due to enhanced biochemical activities
[76]. Therefore, the recovery of nutrients from anaerobically
digested biowaste streams presents an innovative digestate
valorization approach that supports sustainable agronomic
solutions, thereby reducing the high reliance on hazardous
chemical fertilizers, in accordance with the emerging global
circular bioeconomy principles.

Morphological Profile of Endogenous Inocula
During Biocatalytic Trials

The ability of biochar to function as a biocarrier for the
adsorption of biofilm-forming microorganisms is increas-
ingly acknowledged within the scientific community
[77-79]. Its exceptional functional properties, particularly
its large surface area and porous structure, create micro-
environments conducive to the colonization of microbes
on its surface. This attachment leads to enhanced carbon
assimilation, the development of exoelectrogenic microbes,
increased defense against inhibitors, and improved recovery
of final products [80, 81]. This was also observed in our
study as the biochar possessed a high surface area of 140.29
m?/g (Table 2) coupled with the porous honeycomb-like
structures (Fig. 2), which aid in microbial colonization and
biofilm formation (Fig. 8b). This also promotes syntrophic

Fig. 8 SEM morphology for control (A) and biochar-treated (B) experiment
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interactions among different microbial species, as observed
by the abundance of the Pseudomonadota, in contrast to the
non-treated system (Fig. 8a), which exhibited a smooth sur-
face characterized by the dominance of planktonic cells.

A similar morphological pattern was documented by
Tahsini et al. [81] in their characterization of the biofilm-
forming communities in the biochar-mediated biocatalytic
system utilized in the biotransformation of municipal solid
waste. The authors also observed that biochar enhances the
production of extracellular polymeric substances (EPS)
within biofilm-forming microbial networks, a natural
polymer that heterogeneous biofilm communities utilize
to regulate their metabolic functions [81]. Therefore, the
development of biochar-mediated biofilm fermenters will
play an instrumental role in bioaugmenting the biocatalytic
valorization of food waste as demonstrated in this study.

Carbon Assimilation and Cellulolytic Activity During
Biocatalytic Trials

To determine how biochar affects the consumption of the
carbon source by the fermentative microorganisms, the
carbohydrate utilization in the control and biochar-treated
experiments was measured using HPLC as shown in Fig.
9. The initial carbohydrate concentration decreased steadily
within the 30 day anaerobic fermentation process from 65
g/Lto 8.78 g/L and 65 g/L to 4.07 g/L for the control and the
biochar-treated experiment, respectively (Fig. 9). The high
carbon consumption observed in the biochar-treated bio-
process is due to the bioaugmentation of synergistic multi-
step carbohydrate-driven metabolisms associated with the
biocatalytic conversion of food waste. Also, adding biochar

Fig.9 Carbohydrate consumption
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improves the microbial carbon conversion kinetics of the
growth nutrients as reported by Valentin and Biatowiec
[82] in a study that explored carbon assimilation in biochar-
treated and non-treated bioreactors during fermentation.

To further substantiate these findings, an additional step
was taken to gain fundamental insights into the hydrolytic
conversion of food waste into its final biobased products
by examining the cellulolytic enzyme activity during the
fermentation trials (Fig. 10). Compared to the control, the
biochar-treated bioprocess demonstrated high cellulolytic
activity. In this case, the cellulolytic activity decreased
steadily from 0.82 to 0.32 nmol pl~ ! min~ ! per 100 mg of
food waste, whereas the control showed a decline from 0.66
to 0.20 nmol pl~ ! min~ ! over the same digestion period.
The decrease observed in both setups is likely attributed to
substrate depletion, specifically food waste [11]. This fer-
mentation step is regulated by dominant hydrolytic species
such as Bacillus and Clostridium [11].

Microbial Community Analyses
Microbial Diversity and Sequencing Quality

High-throughput 16 S rRNA gene amplicon sequencing
revealed significant differences in microbial recovery and
community composition in biochar-amended anaerobic co-
digestion systems compared to controls. Biochar treatment
yielded 2,541 high-quality sequences (accuracy> QV40),
4.5-fold increase over the 568 sequences obtained in the con-
trol system (Fig. 11a). Post-quality filtering via the DADA2
pipeline, 71.50% of biochar sequences were taxonomically
assignable compared to only 23.40% in the control (Fig.
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11b), suggesting biochar enhances DNA preservation and
selectively enriches well-characterized bacterial lineages
[83, 84]. This effect is likely attributable to biochar’s porous
structure and surface adsorption properties, which help pro-
tect microbial biomass and DNA from degradation [85].
However, as observed in Fig. 11b, the unassigned sequences
dominated the control (76.6%) as compared to only 28.5%
of biochar sequences that could be linked to the presence of
novel taxa [86, 87].

At the phylum level, biochar amendment shifted the
community to a dual dominance of two phyla with Pseu-
domonadota accounting for 48.76% (n = 1,239 abundance
sequence) and Bacteroidota 25.23% (n = 641 abundance
sequence), which collectively represent 73.99% of the bac-
terial community (Fig. 12a). In contrast, the control treat-
ment system were co-dominated by Pseudomonadota at
42.25% (n = 240 abundance sequence) and Campylobac-
terota at 25.00% (n = 142) (Fig. 12b). This pronounced
shift indicates biochar imposes selective pressures favour-
ing metabolically versatile taxa with key functional roles in
nutrient cycling and organic matter degradation [88—90].

Functional Guild Distribution

Genus-level analysis highlighted functional specialization
with implications for biocommodity production (Table 6 and
Supplementary Figure Sla and b). Table 6 summarizes key
genera such as Comamonas, Bacteroides 1, Aliarcobacter,
and Romboutsia, along with their relative abundances,

(A)

Pseudomonadota 48.76% (1239)

Bacteroidota 25.23% (641)
Bacillota A 9.56% (243)
Campylobacterota 9.21% (234)
2.75% (70)

Planctomycetota

Actinomycetota 2.20% (56)

Phylum

Bacillota{ 1.18% (30)

Desulfobacterota { 0.51% (13)
Cyanobacteriota - 0.31% (8)
0.20% (5)

Bacillota B

Bacillota G 1 0.08% (2)

20 30

Percentage (%)

40 50 60

Phylum

enrichment factors, and primary functions. These taxa exhib-
ited distinct responses to biochar amendment, reflecting
shifts in ecological niches and metabolic contributions that
support process stability, nutrient recovery, and substrate
conversion efficiency. Comamonas, a phosphate-solubiliz-
ing genus, reached 25.54% abundance in the biochar treat-
ment, a 2.5-fold enrichment over controls (10.21%). This
enrichment correlated with enhanced phosphorus recovery
in biochar-derived biofertilizers (682.08 mg/L compared to
491.69 mg/L in the control). Phosphate solubilization by
Comamonas is mediated by key genes such as ged (encod-
ing quinoprotein glucose dehydrogenase) and g/p (involved
in glycerol-3-phosphate pathways), which facilitate the
release of orthophosphate from insoluble forms; in biochar-
amended systems, the provision of conductive surfaces
and microelements (iron) likely promotes Comamonas as
a syntrophic partner, aligning with observed improvements
in phosphorus transformation and availability [91-93]. Bac-
teroides, associated with cellulolytic activity, increased to
11.22% in the biochar system from 5.99% in the control,
supporting improved residual carbohydrate utilization (from
initial 65 to 4.07 g/L in biochar compared with 8.78 g/L in
the control). Cellulolytic activity in Bacteroides is driven
by diverse glycoside hydrolase (GH) families that hydro-
lyze complex polysaccharides, including cellulose, thereby
enhancing hydrolysis and acidogenesis stages. Biochar
amendment selectively enriches such hydrolytic taxa, facili-
tating the breakdown of refractory organics and contribut-
ing to elevated volatile fatty acid production for subsequent

(B)

Pseudomonadota

42.25% (240)
25.00% (142)
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16.90% (96)
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Fig. 12 The Phylum distribution in biochar (A) and control (B) treatments during anaerobic food waste valorization
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Table 6 Key bacterial generaand  Genus Relative Relative Enrichment Primary function Refer-
their functional roles in biochar- abundance abundance compared to ence
amended and control in anaerobic inbiochar  in control  control
co-digestion systems (%) (%)
Comamonas 25.54 10.21 Substan- Phosphate solubilization; correlated  [96]
tially higher with enhanced P recovery in biochar
in biochar  systems (facilitated by ged/glp
(2.5%) genes encoding glucose/glycerol-
3-phosphate dehydrogenases for
orthophosphate release).
Bacteroides 1 11.22 5.99 Higher in Cellulose degradation; cellulolytic/  [97]
biochar CAZyme potential (glycoside
(1.9%) hydrolase families) supporting
improved carbohydrate turnover
and hydrolysis in complex organic
matrices.
Aliarcobacter 9.26 25.18 Lower in Organic acid production, reduced [98]
biochar abundance suggests altered acido-
genic dynamics and VFA patterns
(fermentative contributions to
acetate and other acids in anaerobic
consortia).
Romboutsia 6.49 4.96 Slightly Acetogenesis; associated with acetic  [99]
higher in acid production and DIET-linked
biochar acetogenic roles (facilitating inter-
(1.3%) mediate metabolite stabilization and

syntrophic acetate supply).

methanogenesis [94]. Conversely, Aliarcobacter exhibited
lower abundance in the biochar treatment (9.26% against
25.18% in control), potentially reflecting niche displace-
ment under conditions favoring more efficient syntrophs or
reduced acid stress. This genus contributes to organic acid
production, including acetate and other volatile fatty acids,
through fermentative metabolism; although less dominant
in biochar systems, its presence in controls underscores
its role in acidogenic consortia, with biochar potentially
shifting fermentation patterns toward stabilized intermedi-
ates [94]. Romboutsia showed slightly higher abundance in
biochar (6.49% compared to 4.96% in control), consistent
with its involvement in acetogenic metabolism. Romboutsia
participates in acetogenesis, producing acetic acid and sup-
porting syntrophic interactions, often enhanced by biochar’s
promotion of direct interspecies electron transfer (DIET).
This genus contributes to intermediate metabolite degrada-
tion and acetate supply, aiding methanogenic stability in
wood-derived or similar biochar amendments [95]. Eight
genera were shared across treatments, forming the func-
tional core of anaerobic digestion, while biochar and con-
trol tests supported 23 and 25 unique genera, respectively,
indicating distinct ecological niches shaped by biochar’s
unique properties (surface area, conductivity, and nutrient
retention). These community shifts underpin improved pro-
cess performance, including higher phosphorus recovery for
biofertilizer applications and enhanced carbohydrate degra-
dation for biogas yield.
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Species-Level Functional Specialization

At the species level, Comamonas avium dominated biochar
systems at 25.05% (n = 633 abundance sequence), compris-
ing 97.53% of Comamonas sequences and driving enhanced
phosphorus mobilization (Fig. 13a). In contrast, Aliarco-
bacter suis was prevalent in the control (Fig. 13b) at 25.18%
(n = 142 abundance sequence) but reduced to 9.26% (n =
234 abundance sequence) in biochar treatments, suggesting
suppression of potentially undesirable taxa [100-102]. Core
acetogenic species, such as Romboutsia sp. 018336475,
maintained stable abundance (6.49% in biochar compared
to 4.96% in controls), preserving volatile fatty acid (VFA)
production pathways [103]. Generally, the biochar systems
hosted 39 unique species compared with the 26 species of
the control, and 9 were shared, highlighting treatment-spe-
cific functional specialization [104].

Microbial Diversity and Ecosystem Stability

Biochar-amended systems showed significantly higher
alpha diversity compared to the control treatment (Table 7).
Shannon diversity increased by 27.5% in biochar treatments
(H'=3.45 £ 0.11) compared to controls (H' = 2.71 + 0.04;
p = 0.012), indicating greater species evenness and niche
partitioning. This enhancement is attributed to biochar’s
heterogeneous microenvironments, which promote niche
availability and reduce competitive exclusion via its porous
architecture and ion exchange capacity [105]. A similar



Waste and Biomass Valorization

Fig. 13 Species-level taxonomic ( a)
distribution of biochar (A) and con-
trol (B) treatment obtained during
anaerobic food waste valorization

UBA5287 0.91% (23)

Phenylobacterium 0.98% (25)
Romboutsia E 1.02% (26)

Azospira 1.14% (29)

Pristimantibacillus 1.18% (30)

Devosia 1.61% (41)

Rhodopirellula

Genus

Proteiniphilum

Romboutsia

Macellibacteroides

Pseudomonas E

Brevundimonas

Aliarcobacter

Bacteroides I

Comamonas

4.76% (121)

7.83% (199)

7.95% (202)

8.03% (204)

8.23% (209)

9.21% (234)

11.22% (285)

25.54% (649)

pattern emerged from the Simpson diversity (1-D), which
increased from 0.83 + 0.004 in control to 0.87 = 0.011 in
biochar- amended systems (p = 0.041), reflecting reduced
species dominance and more equitable resource distribution.
Although Chaol richness was estimated at 156 + 11.0 spe-
cies in the biochar system versus 143 + 4.00 in the control,
the difference was not statistically significant (p = 0.078).
This observation reflects modest enhancement of rare taxa
with specialized metabolic roles.

Conversely, beta diversity analysis using Bray-Curtis
dissimilarity revealed no significant difference in overall
community composition between treatments (mean dissimi-
larity=0.694 at p=0.330; Table 7). These results indicate
that biochar primarily enhances within-sample microbial
diversity through greater evenness and modest increases
in richness, without substantially restructuring community
structure. Biochar thus appears to act as a primary driver
of community assembly, creating distinct selective environ-
ments that reshape microbial communities toward biocom-
modity-enhancing configurations.

Nutrient Transformation Networks

Biochar amendment enriched phosphate-solubilizing bac-
teria (Comamonas, Pseudomonas, and Brevundimonas),
which comprised 41.8% of the biochar community com-
pared to 24.66% in the control treatment, supporting a 38.8%
increase in phosphorus recovery (693.7 mg/Lvs. 587.2mg/L)
(Fig. 14A). These findings align with prior biochar studies
in anaerobic co-digestion systems, demonstrating consistent
enhancements in nutrient cycling [106, 107]. Cellulolytic
guilds, dominated by Clostridium, further decreased from

10 15 20 25 30
Percentage (%)

90.9% in the control to 83.7% in biochar systems, with a
compensatory increase in Bacteroides (5.99% to 11.22%),
ensuring balanced hydrolytic activity without setbacks (Fig.
14B). Fermentative Bacillota remained stable (11% in both
treatments), preserving organic acid production pathways
that are critical for nutrient cycling (Fig. 14B) [108]. The
parallel rise in Comamonas abundance (14.7% to 25.5%)
and phosphorus recovery (Fig. 14C) underscores biochar’s
role in enhancing polyphosphate accumulation and nutrient
assimilation [109]. Nutrient-transforming guilds showed
reduced Clostridium (55.3% to 41.6%) and increased Pseu-
domonas (11.1% to 20.4%), Comamonas (10.1% to 16.5%),
and Acinetobacter (5.0% to 10.6%) in biochar systems (Fig.
14D), reflecting a shift toward multifunctional communities
that sustain nutrient turnover and system resilience [110].
These microbial shifts also support improved biogas pro-
duction through stabilized fermentation pathways, which
demonstrate biochar’s capacity to optimize microbial com-
munities for improved resource recovery and biochemical
stability in anaerobic co-digestion systems, with potential
implications for integrated biogas-biofertilizer production
technologies.

Techno-Economics of a Biochar-Mediated
Bioprocess

To acquire insights into the economic feasibility of estab-
lishing a biochar-mediated system tailored for anaero-
bic digestion, where biogas and biofertilizer are the main
products, a preliminary techno-economic (TEA) study was
undertaken. Such an assessment provides critical economic
insights that can guide the development, optimization, and
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(b)
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Fig. 13 (continued)

Table 7 Key bacterial genera and their functional roles in biochar-
amended and control during anaerobic co-digestion processes

Diver- Metric Biochar Control p-value

sity

Index

Alpha  Shannon Index 3.450+£0.110 2.710£0.040 0.012"
() *
Simpson Index  0.870+£0.011  0.830+0.004  0.041
(1-D)
Chaol 156.0+11.00 143.0+£0.400 0.078 ™

Beta Bray-Curtis 0.694 0.330™

dissimilarity

Values are mean+SD for alpha diversity. *Indicates significance at
P<0.05 (Benjamini—Hochberg (BH) adjusted). Beta diversity was
tested with PERMANOVA

future scale-up of biorefineries. In this study, a profitability
analysis approach was applied to estimate the potential eco-
nomic performance of the process.

The primary operating cost components include raw
materials such as distilled water, food waste, and biochar,
which are summarized in Table 8. For this assessment, food
waste is assumed to be obtained at no cost from nearby
food waste suppliers, reflecting common waste diversion/
valorization practices where biodegradable waste residues
are provided free of charge to treatment facilities. Conse-
quently, transportation costs were considered negligible due
to the proximity of the waste source to the production site.

The process operates in a batch mode over 720 h (30
days), representing a typical anaerobic digestion cycle for
the co-production of biofertilizer and biogas. To simplify
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the analysis, biochar derived from Fucalyptus grandis wood
is assumed to be externally sourced at a fixed market price
of R50 kg™'. Therefore, the capital costs associated with bio-
char production via slow pyrolysis are excluded from this
preliminary assessment.

As shown in Table 8, a large fraction of the projected
revenue is obtained from biofertilizer, primarily due to its
higher market value and production yield compared with
biogas. The integration of biochar into the anaerobic system
enhances microbial activity and nutrient retention, which
can improve the quality and agronomic value of the result-
ing digestate, thereby strengthening its commercial poten-
tial as a biofertilizer. These findings highlight the economic
promise of biochar-induced anaerobic bioprocesses as a
sustainable strategy for resource recovery from food waste
within circular bioeconomy frameworks.

Table 9 shows the total operating cost and the profit-
ability of the process with and without labor. The process
is characterized by zero-energy cost with minimal labour
requirements. The labour cost, while minimal, dominates
the operating cost. The labour process is only required dur-
ing the preparation, loading, start-up, monitoring (<30 min
per day), analysis of results, and shutdown. This is approxi-
mated to take a total of 5 h in the overall 30 day operation
cycle. Only one technician billed at R650/hour is needed,
with no shift changes necessary. The process generates a
total profit of R159 384,16 as presented in Table 9. The total
operating cost (incl. labour cost) takes about 2.21% of the
entire cost flow. This indicates that the biochar-mediated
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Fig. 14 Functional guild distribution and nutrient transformation net-
works distribution of bacterial genera in biochar and control treat-
ment obtained from an anaerobic co-digestion system. A phosphate-

solubilizing bacteria B cellulolytic bacteria, C phosphorus recovery
against Comamonas Abundance, and D relative abundance of nutrient
transformation

Table 8 Raw and product materi-  Batch capacity 1000 L
als, and their associated costs Raw Materials Price (R/kg) % Usage per batch Mass usage per Price per batch (R)
batch (kg)
Distilled water 0,04 229,51 700 28
Food waste (kg) 0 81,97 250 0
Biochar (kg) 50 1,64 5 250
Main Products Price Density Capacity Sales
Biofertilizer R 60/L 1.11 kg/L 100 kg/day R162 162,16
Biogas R 40/kg 1.25 kg/m3 500 L/day R 750, 00

Table 9 Profitability analysis of the biochar-mediated process for bio-

fertilizer and biogas

Total operating cost (Incl. Labour) R 3 528,00
Total operating cost (Excl. Labour) R 278,00
Profit (Excl. Labour) R 162 634,16
Total Profit (Incl. Labour) R 159 384,16

process is attractive for investment and further scale-up.
Future work should focus on the scale-up of the process to
commercial scale, with consideration of the upstream bio-
char production process scale-up and investment. Compari-
son between fast and slow pyrolysis will determine the final
selling price of biochar as a valuable commodity.

Compared with other commonly used bio-additives,
biochar demonstrates a competitive cost advantage. For
example, activated carbon, which is widely utilized as an
adsorbent and microbial support material, is reported to cost
R24 — R33 kg™ in South African markets [111], with inter-
national prices ranging from $1,500 — $2,700/ton, depend-
ing on grade and specification [112]. In contrast, the biochar
applied in this study was assumed to have a purchase price
of R50 kg. This cost is considered economically reason-
able, particularly given that biochar can be locally produced
from copious lignocellulosic wastes such as Eucalyptus
grandis and does not require the high-temperature activa-
tion processes necessary for activated carbon production.
Therefore, biochar represents a cost-effective alternative
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bio-additive for anaerobic-based biorefinery systems, while
retaining beneficial properties such as high surface area,
porosity, and functional groups that facilitate microbial
attachment and enhance process stability [113].

Limitations, Recommendations, and Future
Research

In spite of the promising results observed in this work, there
are a lot of significant knowledge gaps that must be addressed
to obtain in-depth insights into the bioaugmentation effects
of biochar-mediated closed-loop food valorization biorefin-
ery scenarios. The main bottleneck of the current study is its
narrow feedstock scope, as only fruit and vegetable waste
was evaluated. Therefore, future research should incorpo-
rate protein- and fat-rich food waste residues to improve
the extensibility of the outcomes and better reflect practical
(real-world) food waste management scenarios. Also, it is
important to examine different biomass sources for biochar
production, as the chemical composition, including lignin,
hemicellulose, and cellulose, significantly affects the final
physicochemical properties and functional role of the manu-
factured biochar.

Another significant research gap is the lack of under-
standing regarding optimal biochar-producing conditions,
including the biomass fractionation temperature, retention
time, and heating rate, which directly affect the desirable
surface properties and functional groups. The application
of multivariate optimization tools could provide invalu-
able insights in this domain. Additionally, the mechanistic
basis of biochar-mediated enrichment in food waste valo-
rization studies remains scantily elucidated. Future work
should leverage advanced molecular tools, such as OMICS
technologies, to investigate the individual and synergis-
tic microbial and biochemical mechanisms governing this
bioprocess.

Further research should also explore the long-term stabil-
ity and reusability of biochar, for example, over multiple
digestion cycles, and examine the potential benefits of bio-
char modification, such as nutrient doping, to enhance its
performance. The role of biomass origin and regional con-
ditions, particularly for forestry-derived feedstocks, should
be systematically evaluated, given their impact on biochar
properties. Finally, integrating TEA assessments and life-
cycle analyses (LCA) of the entire “woodchip — biochar
— food waste valorization” chain is crucial to generate data
that can guide the scale-up, optimization, and sustainability
assessment of pilot- and industrial-scale biorefineries.
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Conclusion

This study elucidates the transformative role of Eucalyptus
grandis-derived biochar in enhancing food waste valoriza-
tion through pilot-scale anaerobic co-digestion. The bio-
char’s physicochemical properties, including a high surface
area (140.29 m?/g), mesoporous structure (2.0 nm), and
diverse functional groups, confirmed by SEM, BET, CHNS,
FTIR, TGA, and XRD, facilitated significant bioaugmenta-
tion. Biochar amendment stabilized pH (7.06—5.50 compared
to 4.37 in the control), increased volatile fatty acid produc-
tion (53.23% acetic acid relative to 15.23% in the control),
and improved nutrient recovery, yielding biofertilizer with
enhanced NPK content (92.12, 682.08, and 4238.06 mg/L
for N, P, and K, respectively), including a 38.8% increase
in phosphorus recovery. Microbial community restructuring
enriched phosphate-solubilizing bacteria (41.8% compared
to 24.66% in the control) and improved taxonomic assign-
ability (71.46% relative to 23.35%), enhancing process
stability. These findings position biochar-mediated anaero-
bic process as an innovative and cost-effective strategy for
food waste valorization, advancing circular bioeconomy
principles and sustainable waste management in develop-
ing regions. By integrating pH stability, VFA production,
nutrient recovery, and microbial optimization, this approach
provides a scalable framework for biorefinery development,
contributing to the UN’s Sustainable Development Goals 2
(Zero Hunger), 12 (Responsible Consumption and Produc-
tion), and 13 (Climate Action).
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