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Abstract: Anaerobic digestion reactors may suffer from acidification when overloading occurs.
Carbon-based materials are amended to mitigate the souring effects of excessive loading. This study
aims to test if graphene oxide (GO) helps overloaded anaerobic reactors recover faster. Batch tests
were conducted following a fed-batch strategy at different GO levels (0, 10, and 20 mg GO per g of
volatile solid (VS)) and different inoculum substrate ratios (ISRs) of 2, 1, and 0.75 based on VS. While
an ISR of 2 was initially applied, the ISR was decreased to 1 and 0.75 in two parallel sets of experiments
to simulate overloading conditions at the fourth feeding cycle. Lastly, an ISR of 2 was restored in all
assays. First-order model kinetic constants confirmed a significant (p < 0.05) effect by GO from the
third feed on. Although the GO-amended assays did not alleviate the acidification effects, during the
final phase the kinetic constants reached values similar to or even above the controls (without GO).
Moreover, a GO concentration up to 20 mgGO/gVS had no impact on FOS/TAC. Overall, this study
broadens the understanding of the design and operation of anaerobic reactors amended with GO.

Keywords: anaerobic digestion; graphene oxide; methane production kinetics; overloaded
conditions; modeling

1. Introduction

Towards the road to defossilization and the increased use of sustainable sources in
the energy sector, renewable gas represents a key cornerstone in this transition [1]. Re-
newable gas and nutrient-rich digestate to be applied as fertilizer are the main outputs
of the anaerobic digestion (AD) process, where organic matter is stabilized and resources
are recovered. Digesters are among the most reliable and affordable technologies to deal
with feedstocks characterized by high organic content, such as municipal organic waste
or sewage sludge [2]. However, AD comprises different sequential steps to degrade the
organic matter and produce biogas, which requires long retention times (ca. 20–30 days).
These steps can generally be classified as hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. All of them are performed by different microorganisms (bacteria, archaea,
but also fungi) with different kinetics. The overall cooperation and synergy of such mi-
crobial communities are based on a delicate syntropic balance that, if altered, can lead to
reactor failure, often recognized as acidification [3]. An imbalance in the AD operation can
occur when the organic loading rate (OLR) is too high for the microorganisms to handle
cooperatively. Fermentative bacteria are known to be much faster than methanogens [4].
Thus, they convert organic material into volatile fatty acids (VFAs), among others, at a
rate higher than methanogens convert those into methane (CH4). In cases of excessive
loading, VFAs accumulate within the reactor, and environmental conditions turn acidic
as methanogens cannot keep up with their conversion [4]. Furthermore, pH values lower
than 6.8 are detrimental for methanogens, inhibiting their activity and ultimately leading
to the failure of the process [5].
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Thanks to their electric properties, carbon-based materials, such as biochar, granular or
powder-activated carbon (AC), are recently being applied to enhance the electron transfer-
ability among the different microbial strains by direct interspecies electron transfer (DIET),
leading to shorter retention times and avoiding acidification [6–9]. Similarly, graphene
oxide (GO) is also recently being investigated as it resembles graphene, the material with
the highest conductivity known, except for the presence of oxygen functional groups [10,11].
However, GO possesses oxygen functional groups in its hexagonal honeycomb carbon
plan, making it less conductive than pristine graphene. Conversely, GO is less costly than
graphene and can restore its layer composition through physical, chemical, or biological re-
duction [12,13]. Furthermore, compared to AC or biochar, the necessary dosage is reported
to be much smaller [10,14].

Compared with other mitigation strategies, GO will be added at the beginning of
the experiment rather than at the moment of acidification due to overloading [15]. It is
hypothesized that GO can act as a mitigator against overloading conditions only when GO
is in its biologically reduced form. One of the main advantages of using GO in an anaerobic
batch reactor is its ability to increase the rate of substrate conversion and act as a support
for immobilizing microorganisms [16,17]. The research gap here investigated is the lack of
understanding of the impact of GO addition in overloaded anaerobic batch reactors.

This study aims to determine the ability of GO-amended anaerobic reactors to recover
from the effects of excessive loading. The ability will be assessed by comparing model-
derived kinetic constants and stability parameters to a control and among different GO
concentrations and inoculum substrate ratios (ISRs) applied. Given the quasi-continuous
operation in fed-batch mode, the highly sophisticated and automated systems, and the
factorial design of the experiment employed, this systematic study offers robust insights
into the impact of GO in overloaded anaerobic assays.

2. Materials and Methods
2.1. Materials and Chemicals

A 4 g/L aqueous dispersion of GO with flake sizes < 10 µm and pH 2.2–2.5 was
supplied by Graphenea (San Sebastián, Spain). D-glucose powder (CAS 50-99-7) (VWR
International GmbH, Ismaning, Germany) was used as the test substrate.

2.2. Experimental Setup and Operation

Biochemical methane potential (BMP) experiments were performed using three Auto-
matic Methane Potential Test System II systems (AMPTS II, Bioprocess Control, Lund, Swe-
den) using glucose as substrate. The inoculum used in the experiments was collected from
the anaerobic digester of the Garching wastewater treatment plant (Garching, Germany).
The digester is fed with a mixture of primary and secondary sludge and operated at a
mesophilic temperature of around 38 ◦C. The inoculum was characterized by total solids
(TS) and volatile solids (VS) contents of 24.5 ± 0.1 gTS/kg and 15.9 ± 0.1 gVS/kg (mean
± standard deviation, n = 3). For glucose, the TS content was 998.7 ± 0.1 g/kg, and the
VS/TS ratio was 100%. AMPTS operating conditions are described elsewhere [16,18].

The experiments were designed according to a factorial design with three factors
(feed, GO concentration, and ISR) and multiple levels. As shown in Table 1, a total of nine
conditions were tested, each carried out in five replicates (n = 5). GO was added only at
the beginning of the experiment, and the concentrations of 0, 10, and 20 mgGO/gVS were
chosen according to literature values [16,19]. Roman numbers were adopted to indicate the
five subsequent feeding cycles.

The three ISRs were chosen according to comparable literature studies that simulated
overloading conditions [19–21]. However, it is important to highlight that the ISR of 1 and
0.75 (representing the overloading conditions) were applied to the target assays only during
feed IV (failure phase). Instead, feeds I, II, III, and V (recovery phase) were performed at an
ISR of 2, as recommended for normal operating conditions [22].
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Table 1. Experimental conditions according to the combination of GO and ISR levels.

ISR

GO Concentration
(mgGO/gVS) 2 1 0.75

0 0–2 0–1 0–0.75
10 10–2 10–1 10–0.75
20 20–2 20–1 20–0.75

Since the objective of this investigation was for comparison purposes among the
tested conditions rather than for the determination of the BMP of a given substrate, the
guidelines for BMP tests were slightly adapted [23]. The BMP termination criteria of daily
methane production lower than 1% for three consecutive days was replaced with less than
0.3 mLCH4/d for two days. Cumulative methane production is expressed as gross instead
of the net since blanks (assays containing only inoculum) were not carried out. In fact, the
scope of the study was not to assess the exact BMP yield from each tested condition but to
gain insights from their comparisons.

2.3. Analytical Methods

The TS and VS of inoculum and glucose were analyzed according to standard meth-
ods [24]. For each of the nine conditions, one of the five replicates was used to grab samples
for FOS/TAC measurement at two specific times. The first was at day 2 of feed IV (i.e., at
the beginning of the failure cycle), and the second was at the end of feed V (when the
digestion process reached the plateau phase). While FOS (“Flüchtige Organische Säuren”)
represents the volatile fatty acids content expressed as mgCH3COOH/L, TAC (“Totales Anor-
ganisches Carbonat”) indicates the alkaline buffer capacity expressed as mgCaCO3/L [25].
Their ratio is generally considered an operational indicator of anaerobic digester status. A
FOS/TAC ratio below 0.3–0.4 suggests a stable process, while above 0.8, the process can
be considered unstable [2,26,27]. The FOS/TAC ratio was determined with the Titralab
AT1000&KF100 Series (Hach, Germany) following the Nordmann method [28]. Of course,
the assays, from which the liquid samples were taken, were not considered for the average
methane production calculations.

2.4. Kinetic Model

Designers and operators widely employ kinetic models to forecast and evaluate the
potentiality of anaerobic digesters in full-scale scenarios [29,30]. The selection of a model
depends on the substrate’s degradation behavior. The methane production of glucose
degradation is reported to start immediately (no initial lag-phase), which is typical for more
complex substrates that involve hydrolysis processes (e.g., microcrystalline cellulose or
sewage sludge) [16,31,32]. Thus, to assess the impact of GO and ISR ratios on the kinetics
constants, a first-order model was applied [33].

B(t) = B∞ (1 − e−kt) (1)

where,

B(t) = methane yield at time t (mLCH4/gVS);
B∞ = ultimate methane yield (mLCH4/gVS);
k = first-order rate constant (d−1); and
t = time (d).

Iterations were performed using the MS Excel solver function, where the objective
function was the minimization of the relative standard square error (RSS). Besides, as
lower limits, the k and ultimate methane yield (B∞) variables were constrained to positive
values, and initial values were set following the recommendation of Brulé et al. [34].
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Moreover, B∞ was upwardly limited to the maximum theoretical BMP of glucose (C6H12O6),
i.e., 372 mLCH4/gVS.

2.5. Statistical Parameters and Analysis

To understand the efficiency and the fitness level of the proposed kinetic models with
the experimental data, the relative root means square error (rRMSE) and the coefficient of
determination R2 were respectively used [35].

Furthermore, given the factorial design of the experiments conducted, three-way
analyses of variance (ANOVA) were carried out using Origin 2021 software (OriginLab
Corporation, Northampton, MA, USA) to estimate statistical differences among the different
experimental conditions. A p-value < 0.05 was used as the significance level, and the
Bonferroni test was adopted to compare the means and control the overall Type I error.

3. Results
3.1. Model Accuracy

To assess the ability of GO to attenuate the effects of low ISRs (i.e., high substrate
dosage) during the degradation of glucose, the first-order model was applied. The suitabil-
ity of the model was evaluated through the R2 and rRMSE values. Except for conditions
with the lowest ISR of 0.75 during feed IV (failure phase), R2 and rRMSE were greater
than 0.97 and lower than 7%, respectively, for all conditions tested, confirming the overall
suitability of the model (A1). The relatively lower model performance for ISR 0.75 can
be explained by the overloading effect, which caused an anomalous methane production
behavior. In Figure 1, the experimental and model values of the methane production of ISR
0.75 and 2 are compared for feed IV. While for assay 0–2, the model aligns very well with
the experimental data (R2 of 0.99 ± 0.00 and rRMSE of 3.1 ± 0.4), this is not the case for
0–0.75, confirmed by the low R2 of 0.91 ± 0.06 and the high rRMSE of 11.6 ± 2.4% achieved.
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Figure 1. Comparison of experimental cumulative methane yield of conditions 0–0.75 (empty dots)
and 0–2 (empty squares) during feed IV and their corresponding model-derived values (dashed and
solid line, respectively).

3.2. Impact of GO and ISRs on the Kinetic Parameters
3.2.1. Ultimate Methane Yield B∞

The kinetic parameters obtained from the first-order model, namely B∞ and k, were
used to evaluate the impact of GO concentration on the anaerobic reactor’s capabilities to
counteract stress conditions. After an initial feeding strategy at an ISR of 2 for all assays
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until feed III, feed IV was conceived as a failure phase where higher substrate dosages
were applied.

Figure 2 illustrates that at feed I, high B∞ values were observed across all conditions
because no blanks were included; hence, the reported values are the gross gas productions
of both substrate and inoculum. Moreover, significantly lower B∞ values were observed
when GO was present. Both aspects have already been reported in a similar previous
study [16]. From feed II on, the B∞ values dropped to around 305 mLCH4/gVS and were
kept stable and maintained within the range of 305–355 mLCH4/gVS, representing the
refined validation criteria [23]. It is noteworthy that it can be expected that the background
production from the inoculum itself, usually measured in blanks, is getting smaller in
fed-batch systems with each new feed. Although increases can be observed at feed IV for
the conditions with lower ISRs, the B∞ values were still within the proposed range.
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Figure 2. Average of the ultimate methane yield B∞ obtained from first-order model corresponding
to three GO levels (0, 10, and 20 mgGO/gVS), and: (a) conditions with ISRs of 2 and 1; (b) conditions
with ISRs of 2 and 0.75. Horizontal dotted lines show the refined validation criterion of 82.1% and
95.4% of the theoretical BMP of glucose (i.e., 372 mLCH4/gVS) according to the validation criteria
proposed by Holliger et al. [23]. Error bars represent the standard deviations of replicates (n = 5,
where applicable).

Finally, regardless of the GO concentrations applied, at feed V (recovery phase at an
ISR of 2), all conditions yielded similar B∞ values (no significant differences from three-way
ANOVA) (Table A2). Thus, both conditions with ISRs of 0.75 and 1 recovered comparably.

The absence of significant differences (p < 0.05) among the conditions for B∞ is evident
in Figure 3 (and in Table A3). It shows the incremental differences in the B∞ values for the
GO-amended condition compared to the control (no GO) for each considered ISR. The B∞
values were generally close to or below 0%, indicating a slightly lower B∞ for GO-amended
assays compared to their respective conditions without GO (for each considered feed).

Figure 4 provides further details on the impact of GO and the high ISR of feed IV
on the methane production behavior for 20–0.75. Initially (20–0.75 (I)), it can be seen how
the methane production curve has a low steepness and a longer time needed to reach the
plateau. Such limited methane production was assumed to be related to lower electron
availability, used for the biological reduction of GO, happening during the first day [36–38].
However, during the recovery phase (20–0.75 (V)), the methane production curve perfectly
overlaps the previous feeding cycles II and III curves, where an ISR of 2 was applied. As
already seen in Figures 2 and 3, the capacity of GO to fasten methane production is kept
even after an intense loading stress.
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Figure 3. Average incremental difference in the ultimate methane yield B∞ compared to the respective
(same ISR) condition without GO for each feed. (a) 10 and 20 mgGO/gVS of ISR 2 and 1 conditions
compared with their respective control (0–2 and 0–1); (b) 10 and 20 mgGO/gVS of ISR 2 and 0.75 con-
ditions compared with their respective control (0–2 and 0–0.75). Error bars represent the standard
deviations of replicates (n = 5, where applicable).
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Figure 4. Average cumulative methane yield over time for the condition of 20 mgGO/gVS and ISR of
0.75 (applied only at feed IV). Roman numbers indicate the feeding cycle. Error bars represent the
standard deviations of replicates (n = 5, where applicable).

3.2.2. First-Order Rate Constant k

Another model-derived kinetic parameter extracted to evaluate the impact of GO on
overloaded anaerobic assays is the kinetic constant k.

Regardless of the GO level considered during feed I, the kinetic constant was only
around 0.55 d−1, two times smaller than in feed II (ca. 1.5 d−1) (Figure 5). A potential
explanation of such low k values in the first batch test might be a potential ammonia
inhibition and the necessary adaptation to the easily degradable substrate [39]. However,
for each tested ISR, GO presence significantly improved k from feed III on (Table A4),
confirming findings from a similar previous study [16]. At feed IV, the dosage of a higher
amount of substrate caused the kinetic constants to drop to 0.51–0.61 d−1 for an ISR of
1 and 0.20–0.34 d−1 for an ISR of 0.75. Meanwhile, k values for ISR of 2 kept similar to
feed III with values ranging from 1.30–1.55 d−1. Remarkably, the enhanced kinetics due
to GO addition were preserved even after the loading shock (feed IV) for assays with an
ISR of 1. Conditions 10–1 and 20–1 during feed V achieved values of 1.78 d−1 and 1.76 d−1,
significantly higher than 0–1 (1.56 d−1). However, the same behavior was not observed for
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the ISR of 0.75. The assay 0–0.75 achieved a k value of 1.67 d−1, significantly higher than
1.43 d−1 and 1.31 d−1 of conditions 10–0.75 and 20–0.75, respectively (Table A5).
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Figure 5. Average first-order rate constants k obtained from first-order model corresponding to three
GO levels (0, 10, and 20 mgGO/gVS), and: (a) conditions with ISRs of 2 and 1; (b) conditions with
ISRs of 2 and 0.75. Error bars represent the standard deviations of replicates (n = 5, where applicable).

In Figure 6, a relative increase in the kinetic constant k for GO-amended conditions
compared to controls can be seen from feed III. During feed IV, where ISRs of 1 and
0.75 were applied, the impact of the increased substrate availability differed for the two
ratios. For ISR 1 (Figure 6a), the faster kinetics for conditions 10–1 and 20–1 were preserved
both during the failure phase (feed IV) with k values of 25% and 20% higher than 0–1,
respectively, and during the recovery phase (feed V) with k values of 14% and 13% higher
than 0–1, respectively. On the other hand, for an ISR of 0.75, the first-order rate constants
were consistently smaller than the control without GO (0–0.75) during both feeds IV and V.
Conditions 10–0.75 and 20–0.75 achieved −11% and −48%, respectively, during feed IV,
and −14% and −22%, respectively, during feed V.
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Figure 6. Average incremental difference in the first-order rate constant k compared to the respec-
tive (same ISR) condition without GO for each feed. Schemes follow another format. (a) 10 and
20 mgGO/gVS of ISR 2 and 1 conditions compared with their respective control (0–2 and 0–1);
(b) 10 and 20 mgGO/gVS of ISR 2 and 0.75 conditions compared with their respective control (0–2 and
0–0.75). Error bars represent the standard deviation of replicates (n = 5, where applicable).
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3.3. Impact of GO and ISRs on the pH and FOS/TAC

pH and FOS/TAC measurements were also carried out in this study to gain further
insight into the reactor stability during (and after) the overloading phase. As described
in Figure 7a, at day 2 of the failure phase (feed IV), the lower the ISR applied, the lower
the pH values due to the higher VFA concentration present. Interestingly, GO presence
affected the pH values, too.
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Figure 7. Average values of (a) pH value, (b) FOS/TAC, (c) FOS, and (d) TAC at day 2 of feed IV and
the end of feed V. Error bars represent the standard deviations of replicates (n = 3).

The addition of GO (pH of ca. 2.2) caused a long-term impact on the pH, resulting in
significantly lower values than in control assays (i.e., without GO) (Table A6). In fact, pH
values remained lower for GO-amended assays even after four feeds. Nonetheless, at the
end of feed V, all conditions, except 20–0.75 (pH of 7.2), exhibited no significant difference
in their pH values, ranging from 7.3–7.5 (Table A7).

Moreover, a GO concentration of up to 20 mgGO/gVS had no impact on the FOS/TAC,
as the three-way ANOVA revealed no significant differences (Table A8). However, it should
be highlighted that the FOS/TAC is an indirect estimation of the alkalinity ratio carried
out through titration. Since the GO-amended assays had a lower pH, a lower starting pH
meant a lower TAC value (Figure 7d) and a higher FOS for the control (no GO) (Figure 7c).
The GO addition might consequently help in the VFA degradation, which often becomes
the rate-limiting step in AD after applying a high organic loading (low ISR) with an easily
degradable substrate [40]. This would finally also link back to the observed higher k values,
which—in this case with glucose as substrate—were not reflecting the hydrolysis as the
rate-limiting step but rather the VFA degradation.
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4. Discussion

Previous studies have already reported the more efficient conversion of VFA and the
faster kinetics owing to the presence of carbon-based materials in overloaded batch assays.
For example, Wang et al. [8] used biochar at 20 g/L to recover a severely acidified AD
system. They observed that biochar addition was helpful for a more rapid methanogenesis
recovery due to DIET. Similarly, the GO added in this investigation may allow the same
DIET capabilities as the faster VFA degradation could be observed indirectly through the
FOS/TAC measurements. However, compared to Wang et al., who used 1.53 gbiochar/gVS,
in this study, only 10 to 20 mgGO/gVS were used. Therefore, GO addition may bring the
beneficial effects of carbon-based material in DIET establishment already at significantly
smaller concentrations.

Gökçek et al. [19] adopted similar concentrations of 0, 10, 20, and 30 mg/L (i.e., 0, 1, 2,
and 3 mg/gVS), but of already reduced GO (RGO). Adding RGO had a beneficial effect,
leading to higher and faster methane production in overloaded anaerobic digesters. Still,
the use of GO (and its consequent biologically reduced form), as in the present study, seems
to be preferred over RGO in terms of its production effort [41]. In contrast to the biological
reduction of GO, the reduction of GO to RGO entails the use of physical (thermal energy),
chemical (strong oxidant), or their combination (photochemical) methods [42].

One aspect that requires attention is the long-lasting acidifying effect due to the GO
addition observed. Although no significant differences were noticed among the average
pH values of each condition at the end of feed V (except for 20–0.75), during the AD process
(day 2 of feed IV), those differences were amplified and became significant (even for an ISR
of 2, Figure 7a). Low pH values can severely inhibit the process. However, the lower pH
may even represent a silver lining in adopting GO as an additive. A lower pH (caused by
the GO presence) shifts the equilibrium from inhibiting ammonia to ammonium (NH4

+). In
fact, the high ammonia concentrations found in typical anaerobic digesters were reported
to cause a prolonged inhibition role in the AD process [43,44]. This condition is generally
referred to in the literature as “inhibited steady state conditions” [45]. Thus, the system
may benefit from the presence of GO due to the lowered pH. Future investigations should,
therefore, also focus on the impact of GO on the ammonia concentration in the AD system.

Similarly, a closer inspection is needed to understand the VFA distribution. Previous
studies suggested the critical role of propionate acid in anaerobic reactors supplemented
with nanomaterial (i.e., nano-zero valent iron-modified biochar) [46]. The analysis of
AD intermediates combined with 16sRNA gene sequencing could be decisive in clearly
assessing the contribution of GO (or bioRGO) toward DIET in engineered nanosystems.

5. Conclusions

The impact of GO addition (0, 10, and 20 mgGO/gVS) in overloaded anaerobic reactors
(ISRs of 2, 1, and 0.75 based on VSinoculum) was studied. The results showed that the addition
of low GO amounts contributed to the acceleration of degradation kinetics obtained from
the first-order model under standard operation conditions (i.e., an ISR of 2). Moreover,
during and after an overloading situation (lower ISR), the kinetic constant k ended up at
similar values as the control (no GO) or even above. Overall, this study contributed to
the area of recovering acidified AD processes using novel carbon-based nanomaterials
as additives.
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Appendix A

Table A1. Experimental and first-order model methane production and kinetic constants. The relative
root mean square error (rRSME) and the coefficient of determination (R2) are also reported. Five
replicates (n = 5) were used to determine the standard deviations, if not indicated differently (†: n = 4,
‡: n = 3, ”: n = 2, *: n = 1).

Experimental Model

Feed BMP (mLCH4/gVS) B∞ (mLCH4/gVS) k (d−1) rRSME (%) R2

I 357 ± 8 372 ± 0.0 0.59 ± 0.02 6.8 ± 0.5 0.97 ± 0.00
II † 310 ± 7 311 ± 7 1.39 ± 0.05 3.1 ± 0.4 0.99 ± 0.00

0–2 III ‡ 328 ± 12 327 ± 12 1.50 ± 0.09 2.2 ± 0.1 0.99 ± 0.00
IV † 309 ± 5 309 ± 3 1.30 ± 0.06 3.1 ± 0.4 0.99 ± 0.00
V * 341 342 1.25 2.8 0.99

I 343 ± 20 365 ± 12 0.61 ± 0.07 6.9 ± 0.8 0.97 ± 0.01
II 312 ± 37 313 ± 34 1.54 ± 0.15 3.5 ± 0.5 0.98 ± 0.00

10–2 III 314 ± 10 311 ± 9 1.54 ± 0.07 2.3 ± 0.1 0.99 ± 0.00
IV † 309 ± 4 309 ± 3 1.55 ± 0.04 2.7 ± 0.2 0.99 ± 0.00
V * 332 322 1.09 4.6 0.96

I 326 ± 15 355 ± 13 0.57 ± 0.03 6.4 ± 0.2 0.98 ± 0.00
II 296 ± 13 298 ± 13 1.42 ± 0.09 3.4 ± 0.2 0.98 ± 0.00

20–2 III ‡ 309 ± 6 304 ± 6 1.44 ± 0.06 2.4 ± 0.3 0.99 ± 0.00
IV † 322 ± 7 322 ± 7 1.43 ± 0.08 2.7 ± 0.2 0.99 ± 0.00
V * 305 302 1.39 1.9 0.99

I † 358 ± 6 372 ± 0 0.61 ± 0.01 7.0 ± 0.4 0.97 ± 0.00
II 310 ± 7 311 ± 7 1.45 ± 0.06 3.3 ± 0.1 0.98 ± 0.00

0–1 III 313 ± 11 315 ± 9 1.43 ± 0.13 3.4 ± 0.4 0.98 ± 0.00
IV ‡ 312 ± 9 348 ± 18 0.51 ± 0.05 7.0 ± 0.5 0.97 ± 0.01
V ‡ 343 ± 14 336 ± 15 1.56 ± 0.04 2.7 ± 0.4 0.98 ± 0.01

I † 335 ± 4 365 ± 6 0.57 ± 0.02 6.5 ± 0.2 0.97 ± 0.00
II 298 ± 7 301 ± 6 1.44 ± 0.06 3.7 ± 0.1 0.98 ± 0.00

10–1 III 301 ± 6 301 ± 6 1.67 ± 0.09 2.5 ± 0.2 0.99 ± 0.00
IV † 316 ± 7 336 ± 8 0.64 ± 0.04 6.2 ± 0.2 0.97 ± 0.00
V ” 332 ± 0 331 ± 1 1.78 ± 0.07 1.7 ± 0.0 0.99 ± 0.00

I 326 ± 12 358 ± 9 0.55 ± 0.03 6.5 ± 0.1 0.97 ± 0.00
II † 307 ± 3 308 ± 4 1.41 ± 0.05 3.7 ± 0.0 0.98 ± 0.00

20–1 III † 310 ± 10 308 ± 9 1.60 ± 0.04 2.3 ± 0.1 0.99 ± 0.00
IV † 307 ± 8 331 ± 9 0.61 ± 0.01 6.8 ± 0.1 0.96 ± 0.00
V † 335 ± 9 332 ± 8 1.76 ± 0.08 1.8 ± 0.2 0.99 ± 0.00

I 350 ± 8 372 ± 0 0.56 ± 0.04 6.5 ± 0.5 0.98 ± 0.00
II † 300 ± 9 302 ± 7 1.42 ± 0.02 3.4 ± 0.2 0.98 ± 0.00

0–0.75 III 307 ± 15 307 ± 13 1.44 ± 0.09 3.2 ± 0.3 0.98 ± 0.00
IV ‡ 337 ± 13 358 ± 24 0.38 ± 0.07 11.6 ± 2.4 0.91 ± 0.06
V ” 339 ± 5 323 ± 9 1.68 ± 0.04 3.5 ± 0.4 0.97 ± 0.01
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Table A1. Cont.

Experimental Model

Feed BMP (mLCH4/gVS) B∞ (mLCH4/gVS) k (d−1) rRSME (%) R2

I † 332 ± 4 364 ± 5 0.56 ± 0.02 6.4 ± 0.2 0.98 ± 0.00
II 303 ± 6 305 ± 6 1.47 ± 0.04 3.5 ± 0.1 0.98 ± 0.00

10–0.75 III ‡ 305 ± 5 305 ± 4 1.66 ± 0.08 2.5 ± 0.2 0.99 ± 0.00
IV ‡ 325 ± 19 372 ± 0 0.34 ± 0.02 10.7 ± 2.5 0.93 ± 0.04
V ” 338 ± 43 329 ± 37 1.43 ± 0.10 4.1 ± 0.5 0.97 ± 0.01

I 318 ± 11 346 ± 12 0.59 ± 0.03 6.5 ± 0.1 0.97 ± 0.00
II 297 ± 7 299 ± 6 1.48 ± 0.05 3.9 ± 0.3 0.98 ± 0.00

20–0.75 III † 296 ± 5 297 ± 6 1.64 ± 0.07 2.5 ± 0.2 0.99 ± 0.00
IV † 322 ± 13 363 ± 11 0.20 ± 0.02 8.2 ± 1.2 0.96 ± 0.01
V ‡ 304 ± 14 309 ± 15 1.31 ± 0.14 3.8 ± 0.4 0.98 ± 0.00

Table A2. Overall three-way ANOVA for the ultimate methane yield B∞ from Origin 2021.

Degree of Freedom Sum of Squares Mean Square F-Value P-Value

GO 2 3322.94952 1661.47476 13.52386 4.50341 × 10−6

ISR 2 1064.13914 532.06957 4.33087 0.01506
Feed 4 91,174.36975 22,793.59244 185.53243 0

GO × ISR 4 1178.02982 294.50745 2.39719 0.05341
GO × ISR 8 1716.566 214.57075 1.74654 0.09335

ISR × Feed 8 16,079.85973 2009.98247 16.3606 1.11022 × 10−16

GO × ISR × Feed 16 2459.69914 153.7312 1.25132 0.23831
Model 44 117,776.90507 2676.74784 21.78786 0
Error 133 16,339.71885 122.85503 0 0

Corrected Total 177 134,116.62393 0 0 0

Table A3. Interactions among the different means of the ultimate methane yield B∞ for each tested
condition using the Bonferroni Test in Origin 2021.

GO ISR Feed Mean Groups 1

0 2 I 372 A
10 0.75 IV 372 A B
0 1 I 372 A B
0 0.75 I 372 A
10 2 I 365.49403 A B C
10 1 I 365.2831 A B C D
10 0.75 I 364.38624 A B C D
20 0.75 IV 362.80431 A B C D E
0 0.75 IV 357.98037 A B C D E F G
20 1 I 357.80345 A B C D E F
20 2 I 354.78967 A B C D E F G
0 1 IV 348.03364 A B C D E F G H I
20 0.75 I 346.30224 B C D E F G H
0 2 V 341.52374 A B C D E F G H I J K L M
10 1 IV 336.44378 E F G H I J
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Table A3. Cont.

GO ISR Feed Mean Groups 1

0 1 V 336.35243 C D E F G H I J K
20 1 V 332.35585 F G H I J K L
10 1 V 331.35573 D E F G H I J K L M
20 1 IV 330.59132 G H I J K L M
10 0.75 V 329.48386 E F G H I J K L M
0 2 III 327.01213 G H I J K L M
0 0.75 V 322.86852 G H I J K L M
20 2 IV 321.60454 H I J K L M
10 2 V 321.51135 D E F G H I J K L M
0 1 III 314.63418 J K L M
10 2 II 312.60576 J K L M
10 2 III 311.38966 J K L M
0 2 II 311.22019 J K L M
0 1 II 310.8593 K L M
0 2 IV 309.38486 K L M
10 2 IV 309.24517 K L M
20 0.75 V 308.61859 J K L M
20 1 II 308.43098 K L M
20 1 III 307.59806 K L M N
0 0.75 III 307.12533 K L M N
10 0.75 III 305.35254 L M N
10 0.75 II 305.2529 M N
20 2 III 304.43436 K L M N
0 0.75 II 302.11482 N
20 2 V 302.09481 I J K L M N
10 1 III 301.37282 N
10 1 II 300.9247 N
20 0.75 II 299.23791 N
20 2 II 297.96662 N
20 0.75 III 296.77677 N

1 Means that do not share a letter are significantly different (p < 0.05).

Table A4. Overall three-way ANOVA for first-order rate constant k from Origin 2021.

Degree of Freedom Sum of Squares Mean Square F-Value P-Value

GO 2 0.0731 0.03655 8.26117 4.15125 × 10−4

ISR 2 0.6221 0.31105 70.30133 0
Feed 4 29.3895 7.34737 1660.59201 0

GO × ISR 4 0.0922 0.02305 5.20979 6.25952 × 10−4

GO × ISR 8 0.17166 0.02146 4.84958 2.92017 × 10−5

ISR × Feed 8 7.62922 0.95365 215.53665 0
GO × ISR × Feed 16 0.52437 0.03277 7.40709 3.95861 × 10−12

Model 44 40.45992 0.91954 207.82758 0
Error 133 0.58847 0.00442 0 0

Corrected Total 177 41.04839 0 0 0
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Table A5. Interactions among the different means of the first-order rate constant k for each tested
condition using the Bonferroni Test in Origin 2021.

GO ISR Feed Mean Groups 1

10 1 V 1.78214 A
20 1 V 1.75578 A
0 0.75 V 1.67514 A B C D
10 1 III 1.66651 A B
10 0.75 III 1.66212 A B C
20 0.75 III 1.64238 A B C
20 1 III 1.59969 A B C D E
0 1 V 1.55734 B C D E F
10 2 IV 1.55423 B C D E F
10 2 II 1.53805 B C D E F
10 2 III 1.53783 B C D E F
0 2 III 1.5013 B C D E F G
20 0.75 II 1.48066 D E F G
10 0.75 II 1.4734 E F G
0 1 II 1.4519 E F G
20 2 III 1.44388 E F G H
0 0.75 III 1.44227 E F G H
10 1 II 1.43713 F G H
20 2 IV 1.42697 F G H
0 1 III 1.42685 F G H
10 0.75 V 1.42535 E F G H
20 2 II 1.42017 F G H
0 0.75 II 1.41745 F G H
20 1 II 1.41093 F G H
20 2 V 1.39474 C D E F G H I
0 2 II 1.39305 F G H
20 0.75 V 1.3145 G H I
0 2 IV 1.29726 H I
0 2 V 1.2461 G H I
10 2 V 1.08528 I
10 1 IV 0.6439 J
20 1 IV 0.61478 J
0 1 I 0.61027 J
10 2 I 0.60686 J
20 0.75 I 0.58751 J
0 2 I 0.58549 J
10 1 I 0.57035 J
20 2 I 0.56792 J
10 0.75 I 0.56385 J K
0 0.75 I 0.56294 J
20 1 I 0.55091 J K
0 1 IV 0.51446 J K L
0 0.75 IV 0.38066 K L M
10 0.75 IV 0.33926 L M
20 0.75 IV 0.19877 M

1 Means that do not share a letter are significantly different (p < 0.05).
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Table A6. Overall three-way ANOVA for pH values for the two measures carried out at feed IV
(day 2) and feed V (end of experiment) from Origin 2021.

Degree of Freedom Sum of Squares Mean Square F-Value P-Value

GO 2 0.40782 0.20391 19.18411 2.37029 × 10−6

ISR 2 1.87881 0.9394 88.37931 2.08722 × 10−14

Feed 1 4.40231 4.40231 414.17052 0
GO × ISR 4 0.15565 0.03891 3.66091 0.01359
GO × ISR 2 0.07318 0.03659 3.44241 0.04317

ISR × Feed 2 1.54419 0.7721 72.63908 3.48499 × 10−13

GO × ISR × Feed 4 0.05673 0.01418 1.33425 0.27664
Model 17 8.51014 0.5006 47.09625 0
Error 35 0.37202 0.01063 0 0

Corrected Total 52 8.88216 0 0 0

Table A7. Interactions among the different means of pH for each tested condition at day 2 of feed IV
and end of feed V using the Bonferroni Test in Origin 2021.

GO ISR Feed Mean Groups 1

0 1 V 7.56667 A
0 2 V 7.53333 A

10 0.75 V 7.53333 A
0 2 IV 7.477 A B

20 1 V 7.46667 A B
0 0.75 V 7.46667 A B

20 2 V 7.43333 A B
10 2 V 7.4 A B
10 2 IV 7.366 A B C
10 1 V 7.33333 A B C
20 0.75 V 7.23333 B C
20 2 IV 7.09667 C D
0 1 IV 6.9 D E

10 1 IV 6.83333 D E F
20 1 IV 6.75 E F G
0 0.75 IV 6.56667 F G

10 0.75 IV 6.53333 G
20 0.75 IV 6.23333 H

1 Means that do not share a letter are significantly different (p < 0.05).

Table A8. Overall three-way ANOVA for FOS/TAC values for the two measures carried out at feed
IV (day 2) and feed V (end of experiment) from Origin 2021.

Degree of Freedom Sum of Squares Mean Square F-Value P-Value

GO 2 0.06733 0.03367 1.2821 0.30296
ISR 2 4.36054 2.18027 83.03204 1.68535 × 10−9

Feed 1 7.04736 7.04736 268.38742 7.58316 × 10−12

GO × ISR 4 0.04201 0.0105 0.39999 0.80594
GO × ISR 2 0.06296 0.03148 1.19881 0.3258

ISR × Feed 2 2.88591 1.44296 54.95272 3.79519 × 10−8

GO × ISR × Feed 4 0.02813 0.00703 0.26778 0.89462
Model 17 21.83052 1.28415 48.90475 4.0153 × 10−11

Error 17 0.44639 0.02626 0 0
Corrected Total 34 22.27691 0 0 0
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Table A9. Interactions among the different means of FOS/TAC for each tested condition at day 2 of
feed IV and end of feed V using the Bonferroni Test in Origin 2021.

GO ISR Feed Mean Groups 1

20 0.75 IV 2.51326 A
0 0.75 IV 2.23356 A

10 0.75 IV 2.11869 A
20 1 IV 1.39861 B
0 1 IV 1.1696 B

10 1 IV 1.13837 B
0 2 IV 0.58873 C

20 2 IV 0.51284 C
20 0.75 V 0.45336 C
10 2 IV 0.44283 C
10 0.75 V 0.42239 C
0 0.75 V 0.41849 C
0 2 V 0.28229 C

10 1 V 0.27758 C
0 1 V 0.26984 C

20 2 V 0.25132 C
20 1 V 0.24618 C
10 2 V 0.23531 C

1 Means that do not share a letter are significantly different (p < 0.05).
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