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Abstract: Biological treatments focused on stabilizing and detoxifying olive mill wastewater facilitate
agronomic reuse for irrigation and fertilization. Anaerobic digestion is particularly attractive in
view of energy recovery, but is severely hampered by the microbial toxicity of olive mill wastewater.
In this work, the addition of biochar to the digestion mixture was studied to improve the stability
and efficiency of the anaerobic process. Kinetics and yields of biogas production were evaluated
in batch digestion tests with biochar concentrations ranging from 0 to 45 g L−1. The addition of
biochar reduced sensibly the lag phase for methanogenesis and increased the maximum rate of biogas
generation. Final yields of hydrogen and methane were not affected. Upon addition of biochar,
soluble COD removal increased from 66% up to 84%, and phenolics removal increased from 50% up
to 95%. Digestate phytotoxicity, as measured by seed germination tests, was reduced compared to
raw wastewater. Addition of biochar further reduced phytotoxicity and, furthermore, a stimulatory
effect was observed for a twenty-fold dilution. In conclusion, biochar addition enhances the anaerobic
digestion of olive mill wastewaters by effectively reducing methanogenesis inhibition and digestate
phytotoxicity, thus improving energy and biomass recovery.

Keywords: wastewater valorization; biogas; polyphenols; phytotoxicity

1. Introduction

The disposal of olive mill wastewaters (OMWs) represents a serious economic and en-
vironmental concern due to the high content of organic matter, the significant phytotoxicity,
and the large volumes produced in a short time period [1–3].

Proposed OMW management strategies apply treatments that are either physico-
chemical or biological. Most of the physicochemical treatments suffer several drawbacks,
especially in terms of environmental impact, operational costs, and sensitivity to a variable
composition [4]. Strategies that are based on biological treatments and allow waste val-
orization should be preferred in order to comply with current environmental regulations
and recommendations [5].

Current practice involves the agronomic reuse of OMWs for irrigation and fertiliza-
tion, although it is severely limited by their phytotoxicity; this is mainly due to the high
polyphenol content [6], which varies in the range of 1–10 g L−1 [5]. The impact of OMW
spreading on the fertility of agricultural fields can be attenuated by dosing the volumes to
match the self-remediation capacity of healthy soils. However, if the spreading has to be
delayed, the storage of huge amounts of black, bad smelling wastewater can be difficult to
manage. A biological treatment that is focused on OMW stabilization and detoxification
could allow higher rates of spreading and easier storage.
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Among biological treatments, the anaerobic digestion (AD) process has been proposed
as a promising technology since it allows energy recovery via biogas production. Nev-
ertheless, the application of AD to OMW treatment has some limitations, primarily due
to the inhibition of methanogenesis that is caused by the high concentrations of polyphe-
nols [5,7,8]. Concentrations of total polyphenols higher than 1 g L−1 have been found to
fully inhibit AD in batch tests with non-adapted inocula [9]. The toxicity of several polyphe-
nols common in OMWs towards acetoclastic methanogens has been demonstrated by the
complete suppression of biogas production with concentrations of 1 g L−1 of p-coumaric
acid, 0.6 1 g L−1 of caffeic acid, or 0.8 1 g L−1 of protocatechuic acid [10]. A comparison
of molecular analysis reports on the population composition of methanogenic Archea in
OMW digesters has revealed conflicting results on the prevalent (less inhibited) species,
which probably also depend on the digester operating conditions [11].

AD inhibition can be counteracted by reducing the concentration of the polyphenolic
compounds either by dilution (by water or by co-digestion with other agricultural and
livestock wastes) or by pre-treating OMW to remove the inhibitors. Co-digestion with
manure not only dilutes, but also provides nutrients such as nitrogen and phosphorus,
which are deficient in OMWs [2,12,13]. Pretreatments include physicochemical (filtration
on sand, adsorption on activated carbon, Fenton oxidation, ozonation [12]), and biological
processes (aerobic oxidation by indigenous bacteria [14] or by fungi [15]). In spite of the
well-known microbial toxicity, OMW AD has been shown to be feasible in principle at the
laboratory scale with a careful choice of operating conditions, [2,13,16,17].

In order to stabilize and increase the efficiency of the AD process for actual field applica-
tion, the use of additives, such as hydrolysis promoters, pH buffering agents, supplemental
micronutrients, carbon-based conductive carriers [18], could be envisaged. Biochar is a
carbon-based material derived from the pyrolysis of sustainably obtained biomass. It is rich
in aromatic carbon and minerals, and is commonly used in soil amendments. A high surface
area and high porosity allow biochar to be an effective sorbent for organic and inorganic
compounds with different mechanisms, such as adsorption, aromatic-π interaction, and
electrostatic interactions [19].

The addition of biochar has been found to enhance the efficiency and stability of
AD processes, as shown by shorter methanogenic lag phase in batch processing, faster
volatile fatty acid (VFA) formation and utilization, higher rates of biogas production, higher
CH4 yields, better stability in the case of organic overload, and mitigation of ammonium
inhibition [20].

Several, possibly concomitant, mechanisms have been postulated based on known
biochar properties:

• adsorption of inhibitory substances such as heavy metals, pesticides, furfural, etc. [21];
• pH buffering capacity during VFA accumulation [22];
• protective action and syntrophy in biofilms formed on biochar surface [23–25];
• redox activity of biochar, allowing direct interspecies electron transfer (DIET) [23,25],

i.e., exchange of electrons without H2 production.

So far, there have been no attempts to use the addition of biochar to stabilize and
improve OMW digestion. In this work, the effect of biochar addition to the AD process
was evaluated at the laboratory scale by a variant of the standard biomethane potential
(BMP) test. BMP tests are usually performed batchwise with high inoculum/substrate
ratios in order to minimize the initial lag phase and possible inhibitory effects caused by
concentrated wastes [26]. In our setup, the inoculum/substrate ratio was kept low and
the inhibitory effect was evaluated by the duration of the lag phase and by the rate of the
ensuing biogas production. The overall biomethane potential could also be measured at the
end of the prolonged run. The beneficial effects of biochar addition to the OMW digestion
mixture were considered not only in terms of biogas production kinetics, which are relevant
to the stability of the AD process, but also in terms of parameters that are relevant to the
agronomical reuse of digestates, such as polyphenol concentration, oxygen demand (both
chemical and biochemical), and phytotoxicity (using seed germination tests).
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2. Materials and Methods
2.1. Materials
2.1.1. Olive Mill Wastewater

OMW was obtained from a three-phase olive mill process located in Ostuni (Italy)
and stored at −20 ◦C until use. Since it originated from a process involving centrifugation,
it contains low quantities of suspended solid matter and oil phase (total COD was only
7% higher than soluble COD). It was used for anaerobic digestion tests and biochar pre-
treatments without any further separation of fractions. The OMW was characterized
according to APAT standard methods [27] (Table 1). Total phenolic compounds (TPC) were
measured by using the Folin–Ciocalteu reagent on the ethyl acetate extractable fraction [6].

Table 1. Chemical characterization of olive mill wastewater and inoculum.

Properties OMW Inoculum

pH 5.00 ± 0.03 7.60 ± 0.01
EC, mS cm–1 9.30 ± 0.04 12.9 ± 0.12

Dry matter, % 8.0 ± 0.2 6.0 ± 0.1
Organic C, g kg−1 55.0 ± 0.8 22.1 ± 3.0

TKN, g N L−1 0.82 ± 0.01 2.5 ± 0.2
C/N 67.4 8.7

tCOD a, g L− 98.6 ± 0.7 22.5 ± 0.7
sCOD b, g L−1 91.7 ± 0.5 1.15 ± 0.07
BOD5, g L−1 65.0 ± 0.5 2.0 ± 0.3
TPC, g L−1 3.3 ± 0.1 0.20 ± 0.02

a tCOD: total COD; b sCOD: soluble COD.

2.1.2. Inoculum

An anaerobic sludge obtained from a mixed poultry and cattle slurry digester located
in Eboli (Italy) was used as the inoculum in AD tests. It was characterized using the same
analytical procedures previously described for OMW (Table 1).

The inoculum was stored at 4 ◦C before use for no more than 2 weeks. Biogas
production from undigested substrates was measured using the same apparatus described
in Section 2.2 without the addition of OMW (replaced by 50 mL of tap water). Overall
biogas production was 55 ± 21 mL at 25 ◦C and 1 atm. The tiny amount was neglected in
yield calculations.

2.1.3. Biochar

Biochar was produced from poplar wood in a downdraft, open-top gasifier by AGT
(Advanced Gasification Technology, Cremona, Italy). The average biomass residence time
inside the reactor was 30–45 min and the temperature reached 1200 ◦C. Poplar biochar (PB)
was used as powder with a granulometry in the range 0.05–0.5 mm. The surface area and
the pore volume, determined by the dynamic Brunauer–Emmett–Teller (BET) method, were
76.88 m2 g−1 and 0.046 cm3 g−1, respectively. Additional physical and chemical properties
of PB have been published [28–30].

2.2. Anaerobic Digestion Tests

AD tests were carried out in glass batch digesters of 750 mL volume, stirred at 60 rpm
and maintained at a constant temperature of 35 ± 1 ◦C.

The fermentative volume was 500 mL and was composed of 50 mL of inoculum, 50 mL
of OMW, 400 mL of tap water and 1.91 g of NH4Cl (corresponding to a final concentration
of 1 g NH4

+-N L−1). NH4Cl was added because bioavailable nitrogen in OMW is generally
considered insufficient or non-optimal for bacterial growth [2,12,13]. Added biochar ranged
from 0 to 45 g L−1. Digesters were run in duplicate for each biochar concentration.
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The anaerobic conditions were ensured by bubbling 150 mL min−1 of nitrogen for
20 min through the digestion medium, then 2 mL with 0.8 mmol mL−1 of Na2S were added
to remove the residual dissolved oxygen.

The pH value of the resulting digestion medium was initially around neutrality. The
pH of the digestion medium was then checked on liquid samples withdrawn throughout
the run. When the deviation from neutrality was more than 0.5 (medium acidifies at the
start of fermentation), a solution of 1 M NaOH was added in order to adjust the pH to the
range of 6.8–7.2, more favorable to growth of methanogenic bacteria [31]. The required
base volume was obtained by titrating the sample and then adding a proportional volume
to the actual digestion volume. Correction was necessary only at the start of the digestion
without biochar and amounted to a few percent of the total digester volume.

During the biogas production stages, 1 mL liquid samples were taken to assess the
formation and utilization of volatile fatty acids (VFAs). Sampling was kept to a minimum
to reduce disturbance to digestion (typically 2–3 samplings for each biogas production
phase). The presence of VFAs was determined by GC analysis, using a Shimadzu GC–17A
equipped with a flame ionization detector and a BP20 capillary column (SGE). At the
end of each run, the digestate liquid fraction was characterized for residual COD, BOD5
and phytotoxicity.

A PTFE tube connected the digesters to external MilliGascounter® devices (type
MGC–1, from Ritter, Bochum, Germany) for the biogas production measurements, in terms
of cumulative volumes with an accuracy of approx. ± 3%, which were collected by an on-
line data acquisition system or read directly from the device display. The biogas produced
was then collected in gas sampling bags of 500 mL volume and periodically analyzed by
a Shimadzu GC-2014 gas chromatograph equipped with a TCD detector and a carbon
molecular sieve packed column (Carboxen–1000 Supelco®, from Merck KGaA, Darmstadt,
Germany). The biogas composition (H2, CO2, CH4, N2) was determined with an accuracy
of approx. ± 0.5%. Cumulative biogas, H2, and CH4 volumes have been reported at the
temperature of 0 ◦C and at the pressure of 1 atm.

2.3. Phytotoxicity Tests

Germination tests were performed with Lepidium sativum seeds in Petri dishes [6],
according to the following procedure. Twenty seeds were distributed on a Whatman
n.1 filter that was wet with 5 mL of the sample diluted in distilled water. Starting with
centrifuged digestates or untreated OMW diluted tenfold, several dilutions ranging from
100 percent (undiluted) down to 0.1 percent of sample in distilled water were tested. Each
test was replicated 3 times and a blank (filter wet with distilled water) was included. After
72 h at 25 ± 1 ◦C in the dark, root length was measured for each seed. For each replica, the
germination Index (GI%) was calculated using the following formula:

GI% =
N ∑i Li

Nb ∑i Lbi
· 100 (1)

where N is the number of germinated seeds, Li the root length of the i-th germinated seed
(mm), Nb the number of germinated seeds for the blank, and Lbi the root length of the i-th
germinated seed for the blank (mm). GI% were averaged over the three replicas.

Data regression and IC50 estimation were performed using the R statistical software
v.4.2.2 [32] with the drc package v.3.0.1 [33]. Dose–response curves were fitted using the
log-logistic model or the Brain-Cousens modification in the case of hormesis.

2.4. Modelling of Biogas Production Curve

All biogas production curves in this study show two well distinct stages: a first,
mainly acidogenic, hydrogen-producing phase, and a subsequent fully methanogenic
phase. Cumulative biogas volumes V versus digestion times t were thus described by a
double modified Gompertz model [34]:
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V(t) = A1 exp
{
− exp

[
R1 exp(1)

A1
(λ1 − t) + 1

]}
+ A exp

{
− exp

[
R exp(1)

A
(λ − t) + 1

]}
(2)

where λ1, R1, and A1 are lag time (d), maximum volumetric production rate (mL d−1),
and asymptotic cumulative volume (mL) for the hydrogen production stage; and λ, R,
and A are lag time (d), maximum volumetric production rate (mL d−1), and asymptotic
cumulative volume (mL) for the methane production stage. The meaning of the parameters
in the equation (for λ1 << λ) is further elucidated in Figure 1.
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Figure 1. Biogas production in a double phase AD. Model parameters: λ1, λ lag times (d), R1,
R maximum volumetric production rates (mL d−1), A1 and A asymptotic cumulative volumes (mL).

Data regression was performed using the R statistical software v.4.2.2 [32] with the
nlstools package v.2.0.0 [35].

3. Results
3.1. Time Course of Biogas Production

Online recorded data of biogas production from digesters with different amounts of
biochar (0–45 g L−1) (Figure 2) showed a sequence of well-separated phases. Each phase
was characterized as follows.

After a short lag time (less than 0.5 days), an initial biogas production occurred in
four days (~400–600 mL at 0 ◦C and 1 atm). The average initial biogas percentages by
volume were 42.7% (±5.6) of H2, 1.2% (±0.5) of CH4, and CO2 to balance (see Table S2
of Supplementary Materials for raw data on biogas composition at different digestion
times). Taking into account the initial presence of nitrogen in the digester dead volume, the
hydrogen partial pressure reached a value of 0.2–0.3 atm. The length of the first phase and
the extent of biogas production were not affected by biochar presence and concentration.

At the end of the first biogas production, the pH of the digestion mixture was checked.
For the batch without biochar, the pH value had dropped from neutrality to 5–5.5. A
neutral pH was immediately restored by adding 1 M NaOH. No further pH correction was
necessary. No pH adjustment was necessary for the whole length of digestion with biochar.
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Figure 2. (a) Sample fits of biogas production data with the double Gompertz model
(Equation (2)), only 50% of data points are shown for clarity; (b) R estimates versus biochar
concentrations; (c) λ estimates versus biochar concentrations (dashed lines in (b,c) have been drawn
to highlight the trends).

A second lag time that lasted for several days followed, without any significant biogas
production. The duration of the second lag time decreased with increasing biochar con-
centration. The biogas production became again appreciable 10–16 days after inoculation,
when the cumulative volume of biogas started to increase exponentially. Finally, the biogas
production rate declined again. During this phase, the produced biogas consisted mainly
of CH4 (77.6 ± 8.1%) and CO2 to balance.

Online recording of the cumulative volumes stopped at the 32nd day due to a failure of
signal connection, but the data were sufficient to evaluate lag phases and maximum biogas
production rates. Sample fits of biogas production data with the double Gompertz model
(Equation (2)) are shown in Figure 2a. While the estimates of λ1 and R1 do not show a trend
with biochar concentration (see Table S1 in Supplementary Materials), λ and R values do,
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as shown in Figure 2b,c. With increasing biochar concentrations, the lag time before the
start of the second phase was reduced from ~16 down to ~10 days (Spearman correlation
coefficient confirms negative association with ρ = −0.935, p-value = 7.0 × 10−5), while
the maximum biogas production rate increased from ~100 up to ~170 mL d−1 (positive
association with Spearman’s ρ = 0.812, p-value = 0.0043).

3.2. Overall Biogas Production

Biogas production continued after the 32nd day at low rates. Tests were stopped at
the 36th day when the final cumulative volume reading on the device display was no more
than 1–2% of the value at the 32nd day. These values were considered as the ultimate
biogas production. The ultimate cumulative volume approached an average value of
2100 ± 300 mL at 0 ◦C and 1 atm.

Via offline GC–TCD analyses of biogas collected in gas sampling bags (raw data are
reported in Table S2 of Supplementary Materials), accurate CH4 and H2 volumes (reported
as L of gas at 0 ◦C and 1 atm per L of digestion mixture) were obtained for each biochar
concentration in duplicate (Table 2).

Table 2. Cumulative volumes of hydrogen and methane collected during each digestion test and
estimated COD removal for biogas production. Cumulative volumes are reported as liters of gas
at 0 ◦C and 1 atm per liter of digestate. H2 was collected only during the first phase, and CH4 was
collected during both phases of biogas production. COD removal was calculated from Equation (3).

Batch Label Biochar (g L−1) H2 (L L−1) CH4 (L L−1) COD Removal
(g L−1)

OMW-0-R1 0 0.32 2.55 7.52
OMW-0-R2 0 0.28 2.60 7.64

OMW-7.5-R2 7.5 0.39 2.59 7.67
OMW-7.5-R3 7.5 0.57 2.84 8.53
OMW-15-R4 15 0.38 3.15 9.27
OMW-15-R5 15 0.44 2.56 7.62
OMW-30-R6 30 0.35 2.59 7.66
OMW-30-R7 30 0.27 2.12 6.23
OMW-45-R3 45 0.36 2.78 8.19
OMW-45-R4 45 0.41 2.39 7.12

Mean ± standard deviation 0.38 ± 0.09 2.62 ± 0.27 7.74 ± 0.81

From the theoretical biogas yields per gram of digested COD (0.35 L CH4/g COD and
1.4 L H2/g COD at 0 ◦C and 1 atm) and from the measured cumulative volumes (Table 2),
the overall COD removal for biogas production was calculated as follows:

(
COD removal, g L−1

)
=

(
cumulative CH4 volume, L L−1

)
0.35

+

(
cumulative H2 volume, L L−1

)
1.4

(3)

The concentration of biochar has no significant effect on the cumulative volumes of
methane and hydrogen (MANOVA test, p = 0.4724). Average values were 2.62 ± 0.27 L of
CH4 and 0.38 ± 0.09 L of H2 per L of digestion mixture, corresponding to an estimated COD
removal for biogas production of 7.74 ± 0.81 g L−1. Taking into account OMW dilution in
the digestion mixture, a 78% removal of the 9.95 g COD L−1 of added OMW was attained.

Biogas yields cannot be compared directly with values reported in the literature, since
the latter are usually measured in digestion tests in which high hydrogen partial pressures
are not achieved. However, a comparison can be made in terms of COD removal for biogas
production. The CH4 yield of 0.26 L/g COD was measured in AD batch tests with untreated
OMW by [15]. Assuming that 0.35 L of CH4 is produced per gram of digested COD, the
yield corresponds to a 74% removal of added COD, in good agreement with our estimate.
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3.3. Volatile Acid Trends during Digestion

Acetate, propionate, butyrate and lactate were detected by a GC–FID analysis of diges-
tate liquid fractions. A small amount of ethanol (~6 mg L−1) was already present in raw
OMW and was only consumed as a substrate during digestion in all the digesters (Figure 3).
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Figure 3. Time courses of butyrate, acetate, ethanol, lactate, and propionate concentrations during
digestion with different amounts of biochar.

Only a limited number of samples were drawn from the digestion mixture to minimize
disturbances to the process. Nevertheless, some trends could be evidenced. Radically
different soluble product distributions were obtained with and without biochar.

In the digesters without biochar, an increase in the acetate and butyrate concentrations
stopped simultaneously with the first biogas production (after ~4 days). During the second
lag time, propionate and lactate were produced without biogas production. Concentrations
of all VFAs declined only after the start of the second biogas burst (~16 days).

In all the digesters with biochar, different and somewhat unexpected VFA time courses
were found. Higher concentrations of acetate, propionate and butyrate were initially
attained, with production lasting even further at the end of the first biogas production.
VFA degradation started already during the second lag time without biogas production.
The rate of VFA degradation seemingly increased with biochar concentration. Even though
lactate production delayed with respect to the other VFAs, degradation started prior to the
second biogas burst and the degradation rate increased with biochar concentration, as well.
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3.4. Digestate Characterization

The initial values of sCOD and BOD5 in the digestion mixture soluble fraction were
9170 mg L−1 and 6700 mg L−1, respectively. Residual values of sCOD and BOD5 were also
measured at end of digestion on the supernatant after 24 h sedimentation of suspended solids.
Biochar improved oxygen demand removal. The residual sCOD and BOD5 of digestates
followed the same parallel, approximately linear, decreasing trend with increasing biochar
concentration (Figure 4). With biochar concentrations ranging from 0 to 45 g L−1, sCOD
removal increased from 66% to 84%, whereas BOD5 removal increased from 60% to 89%.
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Figure 4. Residual sCOD and BOD5 (a) and residual TPCs (b) of digestate soluble fraction from
digesters with different biochar concentrations.

The amount of extractable TPCs in the undigested mixture was about 0.36 g L−1. Upon
digestion in the absence of biochar, the TPC value halved, whereas 80–95% removals were
attained in the presence of biochar.

Seed germination tests were also performed, with the soluble fraction of the digestates
collected at the end of the runs. For comparison, the phytotoxicity of an undigested sample
(10% OMW in distilled water) was tested, as well. Dose–response curves were obtained
by plotting percent germination indices (GI%) against several dilutions of undigested and
digested samples in distilled water (Figure 5).

The digested mixture was less phytotoxic than the undigested OMW (IC50 95% confi-
dence intervals are 0.2−1.5 and 7.2−10.9 for undigested and digested mixture, respectively).
The presence of biochar during digestion further reduced the residual toxicity (IC50 95%
confidence interval is 16.9−23.1 for the digestate with 45 g L−1 of biochar). A hormesis
zone (for less than 10% of digested sample in distilled water) is also evident at a 45 g L−1

biochar concentration.
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Figure 5. Germination index versus several dilutions of the digestion mixture (as volume percentages
in distilled water). Samples from an undigested control (ten-fold diluted OMW), a digestate without
biochar, (0 g L−1) and digestates with 7.5, 15, 30, 45 g L−1 of biochar.

4. Discussion

All biogas data showed a sequence of two production phases that were well-separated
by a long lag time, namely a first phase with a prevalently fermentative-acidogenic
metabolism with scarce methanogenesis and a second phase with a well-developed anaero-
bic food chain.

The initial biogas production is mainly due to fermentative bacteria that consume
the organic substrate and produce H2, CO2 and VFAs. The low inoculum/substrate ratio
and the presence of phenolic inhibitors delay the growth of hydrogenotroph methanogens
and homoacetogens, and lead to H2 accumulation. The rapid attainment of a H2 partial
pressure of 0.2–0.3 atm, which is inhibitory of proton-reducing pathways [36], arrests biogas
production because the surplus-reducing equivalents could not be any longer disposed as
H2. Fermentation continued without biogas production, but differently in the digesters
with biochar compared to those without.

In the digesters without biochar, the inhibition of H2 production also switched the
VFA production from acetate and butyrate to propionate and lactate. pH was then adjusted
to neutrality to favor the growth of methanogens. However, it was only 16 days after
inoculation that the growth of acetogens and hydrogenotrophic methanogens was signaled
by the decrease in VFA concentrations and the zeroing of H2 partial pressure with the
simultaneous production of CH4. In the digesters with biochar, the production of acetate
and butyrate persisted even after the halt of H2 accumulation, and the production of
propionate and lactate started earlier. Higher overall VFA concentrations were attained
without the necessity of pH adjustments thanks to the buffering capacity of biochar [22]. In
all the digesters with biochar, the VFA degradation took place also during the intermediate
lag time. Seemingly, the growth of syntrophic acetogens was stimulated by the presence
of biochar. Indeed, the rate of the VFA degradation increased with increasing biochar
concentration. Several studies have reported that the biochar addition simultaneously
enhances the production and degradation of the intermediate VFA products [24,37,38].
The final soluble reduced product generated by acetogenic activity during the lag phase
could not be identified by GC–FID analyses, but it could be formate, which is known to go
undetected by flame ionization detectors.
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Biogas production became again appreciable when the exponential growth of methanogenic
bacteria started with the associated production of CH4 and CO2. Even in the case of methanogens,
the biochar had a beneficial effect on the kinetics of methanogen growth, as it could be evaluated
by the apparent reduction in lag time and increase in the maximum biogas production rate
with increasing biochar concentration. Both of these effects have been associated with biochar
addition by several authors [24,37–39].

The final yields of hydrogen and methane remain unchanged, independent of the
concentration of biochar in the digestion medium. Biochar addition seemed to affect only
the kinetics of biogas production but not its maximum yields, as if only a fixed fraction of
COD could be degraded in anaerobic conditions.

On the contrary, biochar addition did affect oxygen demand abatement, as demon-
strated by COD and BOD5 measurements on the soluble fraction of the digestate that
showed a decrease in value with the increase in biochar concentration. Further COD
abatement (up to an overall ~84%) should be attributed to the non-selective adsorption
of soluble organic compounds by biochar. The adsorption could not affect the maximum
digestible fraction of COD because it was either not adsorbed by biochar or it could be
accessed by bacteria on the biochar surface.

Residual soluble COD can be further degraded aerobically, as shown by BOD5 values.
The average BOD5/COD ratio of digestates was 0.62, which is optimal for the fully aerobic
biodegradation of COD [31].

The extractable TPC was only halved in the absence of biochar. Higher removals
were obtained in the presence of biochar, probably due to the adsorption of polyphenols.
Indeed, a batch adsorption test in the absence of fermentation showed a 70% removal of
TPC in 20 days with 15 g L−1 of PB [40]. The results confirmed that PB is a good sorbent
for phenolic compounds, in agreement with literature data showing the high efficiency of
biochar in phenol removal from synthetic and real effluents [30,41–43].

The addition of biochar also further decreased the phytotoxicity of the liquid fraction
of digestates, as evidenced by germination tests. Again, the beneficial effect could be due
to the adsorption of inhibiting compounds.

Additional COD removal by biochar increases the suitability of digested liquids for an
aerobic treatment. BOD5/COD ratios are in the optimal range for full biodegradation. The
reduced phytotoxicity valorizes digested liquids as soil conditioners, combining irrigation
and fertilization [44]. Further research is necessary to evaluate the suitability of using the
solid fraction of digestate (consisting of microbial biomass and biochar) as a soil conditioner.

In brief, the mechanisms putatively involved in AD stimulation by biochar are as follows:

• Adsorption of polyphenolic compounds. It has been hypothesized that adsorption by
biochar is involved in the attenuation of the phenol inhibition of methanogenesis [45].

• Facilitation of symbiosis. The symbiotic activity of acetogens and methanogens is
eased by the formation of biofilm on the biochar surface [23–25]. DIET, in the presence
of a conductive material such as biochar, allows the exchange of electrons between
species without H2 production.

The further physicochemical characterization of biochar and the microbiological clas-
sification of the methanogenic consortium are necessary to evaluate the relative weights of
the different mechanisms in the AD of OMW.

In summary, the addition of biochar is expected to have beneficial effects on the
management of OMW anaerobic digestion in process bioreactors. Indeed, the reduced
inhibition of methanogen growth allows for higher organic loading rates in the process
digester. The stimulation of syntrophic acetogens will prevent VFA build-up in the case of
organic overload. Furthermore, the biochar buffering capacity could ease pH control. A
reduction in the organic load and phytotoxicity of OMW digestates is also beneficial from
the perspective of further treatments or agricultural reuse.
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5. Conclusions

Biochar addition improved the efficiency of the anaerobic digestion of OMW by stimu-
lating methanogenesis, enhancing COD removal, and reducing phytotoxicity. Adsorption
by biochar did not decrease the bioavailability of degradable COD and maintained the
overall biogas production.

Therefore, AD with biochar addition should be considered for the development of a
sustainable treatment process of OMW, which would allow both energy recovery and the
agricultural reuse of the waste.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en16073259/s1, Table S1: Estimated parameters of the double Gompertz
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