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Abstract

This study explores the use of bentonite to enhance biological biogas upgrading in a bubble
reactor (BR) operated under mesophilic conditions (39 £ 1 °C). The experimental setup
consisted of a 2 L vertically oriented BR (height-to-diameter ratio 16:1) fed with a synthetic
gas mixture (60% Hj, 15% CO,, 25% CHy, v/v) at a gas recirculation rate of 4 L L 1h 1.
The aim was to overcome hydrogen’s low gas-liquid mass transfer rate while avoiding
the operational challenges typically associated with trickle-bed reactors (TBR). Bentonite
increases the density and hydrostatic pressure of the liquid medium and likely alters its rhe-
ology, thereby extending the gas-liquid contact time without requiring elevated pressures
or intensive gas recirculation. Additionally, bentonite is expected to provide microstructural
support that promotes the formation of biofilm-like communities, creating favorable mi-
croenvironments for hydrogenotrophic methanogens. As a clay-based additive, bentonite
may also contribute to improved process stability through adsorption of inhibitory com-
pounds, enhanced biomass retention, and pH buffering. Under mesophilic conditions, the
bentonite-modified BR achieved a methane production rate of 2.17 + 0.06 LCH4 Lg~1d!
at a gas retention time of 1.49 h, with methane purity reaching 96.25%. In comparison,
a previously reported mesophilic BR operated under an identical reactor configuration
and operating conditions but without bentonite exhibited substantially lower methane
production rates, supporting the beneficial role of bentonite in biological methanation. The
findings highlight bentonite’s potential dual role (physical and biological) in improving
process efficiency and stability in biological methanation.

Keywords: biogas upgrade; biomethane; hydrogenotrophic methanogenesis; bubble
reactor; bentonite

1. Introduction

Biomethane is a renewable gas similar in composition to natural gas but derived from
biomass, such as animal waste, food waste, agro-industrial residues, and urban sludge [1].
Unlike natural gas, a non-renewable fossil fuel, biomethane is produced by upgrading
biogas from anaerobic digestion, a standard method for treating organic waste [2]. Biogas
typically consists of 50-70% methane (CHy) and 30-50% carbon dioxide (CO,) [3]. The
methane content depends on the carbon oxidation state of the feedstock and the reactor’s
mixed-liquid alkalinity.

Biomethane production through the biological route, classified as second-generation
upgrading, involves a biochemical process in which CO; in biogas is combined with
hydrogen (H;) by hydrogenotrophic methanogens, generating CHy [4,5]. H; is produced
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by water electrolysis, a method that harnesses surplus electricity generated during off-peak
periods by renewable energy sources, such as solar and wind farms. In this way, surplus
renewable energy can be effectively converted into a storable fuel [3,6]. One of the standout
advantages of biomethane is its compatibility with the existing natural gas infrastructure.
This characteristic enables the efficient storage and transport of biomethane from rural
production sites, where organic waste is typically converted into biogas, to urban centers
with significantly higher energy demand [7,8]. Furthermore, the potential of biomethane as
a viable substitute for conventional natural gas offers compelling benefits. These include a
reduction in dependence on traditional natural gas suppliers, potentially improving the
economic viability of renewable gas production due to the generally lower production costs
of biomethane, the substantial reduction in greenhouse gas (GHG) emissions associated
with fossil fuel use, and an enhancement in waste management practices by transforming
organic waste into a valuable resource for energy production [9,10].

Biological upgrading of biogas can be implemented in two configurations: within
the same bioreactor as part of anaerobic digestion or in a separate reactor. The former
approach, known as the “in situ process”, involves injecting H, directly into the anaero-
bic digestion reactor. This injection promotes CO, consumption, thereby increasing the
calorific value of biogas through enhanced CH, production [11]. This method is potentially
cost-effective, as it eliminates the need for an additional reactor dedicated to biomethane
production. However, this process requires careful and continuous monitoring of various
operational parameters to maintain efficiency and prevent disruptions [12,13]. One sig-
nificant challenge of the in situ process is that CO, consumption can raise the reactor pH
above 8.5. Such an increase in pH may adversely affect the overall anaerobic digestion
process [14]. Moreover, under high Hj partial pressure, the degradation of volatile fatty
acids (VFA) through acetogenesis is not favored thermodynamically. VFA accumulation
may impair the acetoclastic methanogenesis pathway and lead to process inhibition [12].
Alternatively, in the ex situ method, Hy and CO; are introduced into a reactor inoculated
with hydrogenotrophic archaea. Separating the two processes appears to enhance both
their operational stability and overall efficiency [15]. Such optimized conditions enable the
ex situ method to achieve significantly higher methane productivity, often exceeding 95%
methane content in the biogas, compared with the in situ approach [1,16].

For the biological upgrading process to evolve effectively, H, must transition from the
gas phase into the liquid phase, where hydrogenotrophic methanogenesis occurs. One of
the major obstacles hindering this process is the extremely low gas-liquid mass transfer
rate of Hy, a challenge mainly due to its poor solubility in water [13,17]. To overcome this
constraint, researchers have explored various bioreactor types and strategies to enhance
H, transfer. For example, vigorous mixing techniques have been employed in Continu-
ous Stirred Tank Reactors (CSTR) [18], intensive recirculation rates have been studied in
BRs [19], specialized diffusers with fine pore sizes have been used [20], elevated pressure
to increase solubility has been applied [21], and packing materials have been incorporated
to increase the interface area of biofilm and gaseous phase in upflow reactors [22]. All these
efforts led to substantial improvements in the performance of biological biogas upgrading.
The use of packing material is essential in an innovative reactor design, the TBR. A TBR
features a tall cylindrical column filled with packing material that fosters biofilm formation,
enriched primarily by hydrogenotrophic methanogens [9,23]. This reactor design concept
significantly increases the interface between gaseous substrates and methanogens [15].
As a result of these advantages, TBRs have consistently demonstrated markedly higher
biomethanation rates in ex situ biogas upgrading processes than homogeneous configura-
tions, such as CSTRs or BRs [24,25].
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While TBRs are recognized for their high efficiency in gas-liquid mass-transfer pro-
cesses, several operational and economic challenges may hinder their practical implemen-
tation for biological biogas upgrading. Although clogging from excessive biofilm growth
is considered a drawback of packed-bed systems, this issue appears less critical in TBRs
operated under autotrophic methanogenic conditions, due to the relatively low growth
rates of hydrogenotrophic methanogens. Indeed, studies by Burkhard et al. [26] and Kary-
ofyllidou et al. [27], conducted under mesophilic conditions, did not observe operational
problems due to clogging. Instead, the performance of TBRs is strongly influenced by
the hydrodynamic behavior of both the trickling liquid stream and the rising gases, as
well as by parameters such as liquid hold-up, bed void fraction, and the degree of biofilm
wetting [28,29]. Inadequate wetting or non-uniform flow distribution can substantially
reduce biological activity and effective mass transfer. Furthermore, the performance of
TBRs is linked to the specific surface area and the physicochemical characteristics of the
packing material, which influence the microbial attachment and the essential gas-liquid
interactions that drive the conversion process [15]. Much of the existing research has relied
on commercially manufactured materials, which may entail higher costs, thereby limiting
the economic feasibility of scaling these processes.

The primary objective of this study is to address the very low gas-liquid mass transfer
rate of Hy and to optimize BR performance, thereby avoiding the technical issues associated
with TBRs. The exceptionally low gas-liquid mass transfer rate of hydrogen significantly
hampers the performance of BRs, despite their simple design. In these reactors, gaseous
substrates are introduced at the bottom through a diffuser, creating discrete bubbles that
ascend through the liquid medium. This rapid upward movement of bubbles results in a
relatively short residence time for the gases in the reactor, typically a few minutes. Such
limited contact time between microorganisms and gaseous substrates limits the overall con-
version efficiency of the process, as highlighted by Burkhardt et al. [30]. Previous strategies
to enhance this contact time have primarily focused on increasing gas recirculation rates.
While this approach improves mass transfer efficiency, as described by Kougias et al. [19],
it comes at the cost of significant energy consumption, which can undermine the process’s
economic feasibility. In the current study, a novel approach was employed by incorporating
bentonite clay into the reactor to increase the liquid phase density. Bentonite was added to
increase the viscosity and the apparent viscosity of the liquid phase, thereby elevating the
hydrostatic pressure within the reactor and potentially prolonging the contact time between
gas bubbles and the mixed liquor. This modification effectively prolonged the bubble ascent
time in the reactor, thereby extending the contact time between the gaseous substrates
and the microorganisms. Prior investigations have shown that elevated pressures in TBRs
can significantly enhance biomethanation performance, as demonstrated by Burkhardt
et al. [26] and Ullrich et al. [31]. However, these studies have typically explored pressure
levels ranging from 2 bar to 9 bar—conditions that may not justify the substantial capital
investments required, as the authors state. In contrast, a simple approach is employed
herein by integrating bentonite into the process to achieve modest pressure increases.

The inclusion of inert or packing materials in homogeneous bioreactors introduces
controlled micro-scale heterogeneity, which paradoxically enhances the overall homogene-
ity of function. The attached microorganisms self-organize into biofilm communities that
establish localized microenvironments with gradients in substrate concentration and redox
potential. These gradients foster ecological niches that support syntrophic interactions
and metabolic complementarity among species, thereby improving substrate conversion
efficiency and system robustness [32]. Moreover, bentonite is not completely inert in a
physical sense, as it exhibits physicochemical activity that can influence microbial perfor-
mance and reactor chemistry in subtle yet meaningful ways. Previous studies have shown

https://doi.org/10.3390/en19071613


https://doi.org/10.3390/en19071613

Energies 2026, 19, 1613

40f21

that bentonite, as well as other clay-based additives, can absorb inhibitory compounds
such as ammonium, promote biomass retention, and buffer pH, thereby improving process
stability [33,34]. Finally, this study explicitly examines the mesophilic temperature range,
which typically exhibits slower microbial kinetics than the more favorable thermophilic
conditions associated with higher biogas production rates [18,35], while aiming to improve
process performance.

Therefore, the addition of bentonite in the BR is proposed to enhance bubble-liquid
interactions and, consequently, gas-liquid mass transfer. This mechanism likely contributes
to the high methane production rates observed under mesophilic conditions. Previous
anaerobic digestion studies have demonstrated that bentonite can improve methane yield
and process stability through buffering and adsorption effects [34,36,37]. Together with
the present results, these findings suggest that bentonite-enriched BRs may represent a
viable and operationally simple alternative for efficient biological biogas upgrading under
mesophilic conditions. For comparison, the performance of the bentonite-enriched BR is
evaluated against a previously reported mesophilic BR operated under the same reactor
configuration and conditions [25].

2. Materials and Methods
2.1. Analytical Methods

Total solids (TS), volatile solids (VS), ammonium nitrogen (NH3-N), and total alka-
linity were determined according to Standard Methods for the Examination of Water and
Wastewater (APHA 2023) [34]. Parameters such as pH and electrical conductivity (EC) were
measured using a digital pH and EC meter from HANNA Instruments (model HI 83141,
Athens, Greece). Liquid samples were collected from the BR weekly. The concentrations of
VFAs and the gas composition were determined by gas chromatography [25]. Gas volume
was calculated based on the displacement of an equivalent volume of acidified aqueous
solution at 20 °C, the ambient temperature during the experiment.

2.2. Inoculum and Nutrient Media

The digestate used in this study was sourced from a full-scale biogas reactor pre-
dominantly fed with cow manure and corn silage, operating at 40 °C under mesophilic
conditions. The full-scale anaerobic digester operated with a hydraulic retention time
of 27 d and an organic loading rate of 3.15 gVS Lr~! d~!. The digester was producing
approximately 1.35 LCHy Lgr ~! d !, without any sign of inhibition, which is confirmed
by the absence of VFAs. To prepare the inoculum, the raw digestate was sieved through a
2 mm mesh screen. This step was crucial for eliminating coarse particulate matter, ensuring
a consistent, homogeneous sample. Following sieving, the filtered digestate was combined
with bentonite clay to increase solid concentration. The mixing process continued until
a uniform semi-solid mixture was achieved, essential for maintaining stable conditions
during the experiments. The ratio of bentonite to digestate was carefully calibrated to reach
an initial total solid (TS) concentration of approximately 220 g Lg ~*.

The bentonite used in this study was montmorillonite-rich, commercially available
from Italy, and was supplied by Syndesmos, Greece. According to the product specifica-
tions, the material consisted mainly of montmorillonite (>80% w/w, dry basis), with a
specific surface adsorption capacity >300 mg 100 g~! (Table A1). The pH of a 5% aqueous
dispersion was measured at 9.23, indicating a mild alkaline buffering capacity. The loss
on drying was approximately 11%. Particle size distribution data indicated that <10% of
particles were below 10 um, while the crystalline silica content was <3%. These properties
align with those of a swelling, high-surface-area smectite clay, typically used for adsorption,
buffering, and rheological modification in aqueous systems [38—41].
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The compositional characteristics of the inoculum before and after the incorporation
of bentonite are detailed in Table 1. A detailed characterization of the inoculum is given
in Table A2. Since all required macro- and micronutrients were provided through the
digestate, no additional synthetic nutrient medium was supplied, consistent with other
studies that used digestate as inoculum [12,42].

Table 1. Characteristics of digestate before and after bentonite addition.

Parameters Before Bentonite Addition  After Bentonite Addition
pH 7.78 7.94
Conductivity
(mScem-! @25 °C) 17.98 16.74
TS (%) 3.29 21.93
VS (%) 2.61 2.30

2.3. Experimental Setup and Operation

The BR setup consisted of a single, vertically oriented borosilicate glass column with
a working volume of 2 L and a headspace volume of 0.9 L (total volume 2.9 L). The
column’s internal diameter was 5.5 cm, and the height-to-diameter ratio of the working
volume was approximately 16:1, comparable to or higher than most values reported in the

literature [30,43,44] (Figure 1).
o Biomethane bag
‘/ 10L, aluminum foil

Sample tube ending
in the middle of the
column

Gas

recirculation

Glass column,
2L working volume

Silicon Heating Tape
(0.7 W/cm, 2.4 m long, 232° C max)
connected to a temperature controller

Gas feeding pump
0.0001 - 190 ml/min

Gas recirculation pump

S Cranic 0.001 — 3400 ml/min

diffusers

Gas feeding bag ‘ \! ~

10L, aluminum foil

Figure 1. Schematic depiction of bubble reactor setup.

To initiate the process, the BR was inoculated with 2 L of a mixed digestate that
incorporated bentonite. The feeding gas mixture was composed of H, (60% v/v), CO,
(15% v/v), and CHy (25% v/v). This H»:CO, ratio of 4:1 is stoichiometric for the complete
conversion of gaseous substrates to methane. Moreover, the 60:40 CH,:CO, ratio simulates
the typical composition of raw biogas.
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The gas-feeding mixture was contained within gas-tight aluminum bags (Supel®,
Sigma-Aldrich Co., Ltd., Merck KGaA, Burlington, MA, USA) to prevent leakage. It was
continuously introduced into the BR via a commercially available gas diffuser and a precise
peristaltic pump (120S/DV, Watson Marlow, Cornwall, UK) as illustrated in Figure 1.
To maximize gas-liquid contact and optimize mass transfer efficiency, continuous gas
recirculation was employed at a flow rate of 4 L Lg ! h™! (peristaltic pump Masterflex
L/S® Vernon Hills, IL, USA). The produced biomethane was also collected and stored in
gas-tight aluminum bags for subsequent analysis.

To ensure anaerobic conditions were established in the reactor, a nitrogen (Ny) purge
was conducted at the beginning of the operation. Maintaining a stable temperature was
critical, as even slight decreases below the set operating value can slow microbial kinetics.
For this reason, the reactor environment was maintained at 39 & 1 °C using a flexible silicone
heating tape (Briskheat, Columbus, OH, USA) controlled by a temperature controller
(Atelco, Patras, Greece). This temperature corresponds to typical mesophilic anaerobic
digestion conditions.

To foster microbial activity, 50 mL of mixed liquor was removed from the BR, and an
equal volume of bentonite-digestate was added twice a week (every Monday and Thursday)
to the BR to ensure the availability of essential nutrients in the digestate. The introduction
of the bentonite-enriched digestate was carried out through a wide-bore tube, which was
also used for sampling, allowing additions to be performed without opening the reactor
and thus preventing air intrusion. Before adding the bentonite, the digestate was degassed
to remove residual biogas, thereby avoiding any influence on the biomethane composition.
The bentonite-enriched digestate used as the nutrient medium was prepared following the
same procedure applied for inoculum preparation.

A second BR, whose performance had previously been reported by the same
authors [25], was used as a reference in the present study. This reactor consisted of a
borosilicate glass column identical in height, internal diameter, and working volume to the
bentonite-enriched BR. The reactor was continuously supplied with the same synthetic gas
mixture (Hy 60% v/v, COz 15% v/v, and CHy 25% v/v) through an identical diffuser and
operated at the same gas recirculation rate of 4 L Lg ! h~!. Both reactors were inoculated
with digestate from the same biogas plant, while the reference BR had previously been
operated under hydrogenotrophic conditions, resulting in a microbial community with
higher initial methanogenic activity. Although the reactors were not operated simultane-
ously, both experiments were conducted using the same reactor configuration and identical
operating conditions, allowing for a qualitative comparison in their performance.

2.4. Calculations

The hydrogen loading rate (HLR) was calculated as the hydrogen volume introduced
into the bioreactor per unit of reactor working volume per unit of time (LH, Lg~' d~1). It
was determined based on the total gas loading rate (GLR) and the volumetric fraction of
H; (%) in the feed gas mixture (Haip), as described by Equation (1).

HLR = Hy;, x GLR (1)

The net Methane Production Rate (Net MPR; L Lg~! d~!) was defined according
to Equation (2), where MPR and MLR are the Methane Production and Loading Rates,
respectively. The units used to express the MPR and MLR were the methane volume
produced from and loaded in the reactor, respectively, per unit of reactor working volume
per unit of time (LCHy Lg ! d™1).

Net MPR = MPR — MLR )
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The H, utilization efficiency (17y,, %) was estimated based on Equation (3), where
HOR is the H, Outlet Rate expressed as the volume of the Hy produced from the reactor
per unit of reactor working volume per unit of time (LH, Lg =1 d 1),

_ HLR —HOR

1H, IR 100 3

The utilization efficiency of CO» (1co,, %) was determined similarly according to
Equation (4), where CLR and COR are the CO; Loading and Outlet Rates, respectively, and
expressed as the volume of the CO; loaded and produced, respectively, per unit of reactor
working volume per unit of time (LCO, Lg =t d™1).

CLR — COR »

17CO2 = CIR 100 (4)

The pressure at the bottom of the BR was estimated based on the determined slurry
density using a simple hydrostatic model (Equation (A3)). This expression is derived
from the general axial pressure balance in a gas-liquid-solid column by assuming steady-
state conditions, negligible acceleration, and homogeneous liquid-solid mixture along the
column. Since the variations in the solids’ concentration could not be captured, the final
calculated value (1.13 bar at the bottom) should be considered an approximate indication
of the order of magnitude of the pressure developed at the bottom of BR. The analytical
calculations are presented in Appendix B for both TS concentrations.

3. Results

The experimental period spanned 165 days and was divided into 13 distinct phases,
each defined by the specific gas retention time (GRT) implemented. Initially, the GRT
was 23 h; this duration was progressively reduced by increasing the feeding gas loading
rate until a notable decline in BR performance was observed. During the initial stages of
operation, particularly during the first four days, a pronounced lag phase was observed
in the biogas reactor’s performance. On day 4, the content of CHy in the gas effluent was
recorded at a mere 62% (as illustrated in Figure 2). This initial low methane concentration
can be attributed to the biomass inoculum, sourced from a biogas production facility that
lacked enrichment for hydrogenotrophic methanogens. Furthermore, the pre-treatment
step of allowing the biomass to degas was likely a contributing factor to the initial lag.
This process was designed to remove residual biogas that could interfere with the reac-
tor’s microbial dynamics. However, by day 6, a significant turnaround occurred, with
methane content rising above 95%. This rapid increase indicated the rapid adaptation of
the biomass to the modified operational conditions, highlighting the potential for improved
biogas production.

Once a stable operational state was established, the GRT in the bioreactor was grad-
ually reduced from 16 to 10.5 h. With this adjustment, the BR performed well, with CHy
concentrations in the biogas exceeding 95%. However, on day 48, an unexpected failure
of the feeding pump caused a shutdown for one day, resulting in a noticeable decline in
reactor performance upon resumption of operation. Despite this setback, the biomethana-
tion process recovered quickly, and within three days the methane content of the produced
biomethane rebounded to 95%. A similar event occurred on day 99 when another mal-
function in the pump’s functionality was recorded. The repair process proved ineffective,
prompting the decision to replace the pump entirely on day 125. The GRT was deliberately
increased to 16 h to mitigate potential shock to the microbial community and to avert the
risk of acetic acid accumulation via the acetogenic pathway, as suggested by Agneessens
etal. [7].
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Figure 2. Biomethane gas composition.

By day 132, biomethanation performance had fully recovered, with methane con-
centrations reaching 97.10%. This successful recovery underscored the resilience of the
microbial ecosystem within the bioreactor, despite operational challenges. Following the
initial phase of the experiment, the GRT was systematically reduced until it reached a
minimum threshold of 0.99 h. Across the GRT conditions tested, at 7.19, 5.48, 3.97, 2.81, and
1.98 h, the efficiency of biomethanation remained high, with CH,4 concentration consistently
exceeding 98.50%. This sustained performance indicates a stable and effective anaerobic
digestion process under these conditions.

The net MPR experienced a significant increase, rising from an average of 0.26 & 0.03 to
1.81 + 0.16 LCHy Lzt 4L Additionally, the Hy conversion rate remained remark-
ably high, above 99%, as illustrated in Figure 3. However, when the GRT was further
reduced from 1.98 to 1.49 h, a slight decrease in methane concentration was detected,
averaging 96.25 & 0.05%. Despite this decline in purity, the net MPR continued to in-
crease, reaching 2.17 4+ 0.06 LCH4 Lr~! d~!. As the GRT was pushed to even lower
values—specifically 1.19 and 0.99 h—there was a marked deterioration in the quality of the
produced biomethane. The CHy content dropped significantly to 90.24 4= 0.33%. This reduc-
tion correlated with a decrease in the net MPR, which fell to 1.91 4- 0.08 LCH; Lz~ ! d~!
(Table 2).

Comparing the BR studied herein with the reference BR [25] shows that even
at the higher GRT (23 h), the bentonite-enriched reactor achieved a net MPR of
0.23 4+ 0.04 LCHy Lr ! d~!, significantly higher than the 0.08 + 0.04 CHy Lg~! d~!
recorded for the reference BR (Table 2). When the GRT was reduced to 16.4 h, the per-
formance of both BRs was approximately the same, although the bentonite-enriched BR
continued to exhibit a slightly higher net MPR. A further reduction in GRT to 10.5 h led to
a substantial performance divergence. The bentonite-enriched BR reached a net MPR of
0.47 + 0.06 LCHy Lg ! d~!, while the reference BR net MPR was increased only slightly,
from 0.21 & 0.03 t0 0.27 + 0.02 L CH, Lg ! d~1. At this operating GRT, a significant differ-
ence in CH, content between the two systems was observed, with the bentonite-amended
BR achieving 97.71 £ 0.15% CHj compared to 91.15 £ 1.01% in the reference reactor. Fi-
nally, by increasing the Hydrogen Loading Rate (HLR) to approximately 2 LH, Lg~' d~!,
corresponding to a GRT of 7.2 h, the bentonite-enriched BR demonstrated a net MPR almost
twice that of the reference (Table 2). Notably, despite the increased HLR, the net MPR of
the reference BR remained the same at 0.27 + 0.06 LCH4 Lg ! d~!. This increase in HLR
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was accompanied by a substantial decline in CHy content in the reference reactor from
91.15 £ 1.01% to 65.01 £ 7.05%, indicating process instability. In contrast, the CHy4 con-
tent in the bentonite-amended BR increased slightly, from 97.71 £ 0.15% to 98.43 4 0.31%,
demonstrating the system’s robustness.

® H, ©® CO, —GRT @ Net MPR
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Figure 3. Utilization efficiencies of gaseous substrates and net MPR.

The incorporation of bentonite increased the density and apparent viscosity of the
mixed liquor, thereby modifying the hydrodynamic behavior of the reactor. Reduced bubble
rise velocity and increased gas holdup were visually observed relative to the reference
bubble reactor operated under identical conditions [25]. While bubble size or volumetric
mass transfer coefficient (k,) were not directly quantified, the higher methane production
rates and improved H; and CO; utilization efficiencies at the same gas retention time
strongly suggest enhanced gas-liquid mass transfer in the bentonite-enriched system.

Based on these observations, the optimal HLR for the bentonite-enriched bioreactor
was identified as 9.50 LH, Lg ! d~!, whereas the reference reactor exhibited an optimal
HLR of 0.86 LH, Lg~! d~!. Operation beyond these optimal values led to a marked
decline in reactor performance, as evidenced by reductions in both methane purity and
the volumetric methane production rate. The strong dependence of net MPR on HLR is
illustrated in Figure 4, which shows a clear downward trend in net MPR when the HLR
exceeds 9.50 LH, Ly 1 d~1.

M Bentonite-enriched A Reference
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|
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-} [} 1
< 1 1
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= 1.50 - n |
o o I
() 1
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Figure 4. Net Methane Production rate vs. Hydrogen Loading rate for the bentonite-enriched BR and
the reference BR (without bentonite) [25].
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Table 2. Bubble reactor efficiency for each studied GRT (values in parentheses denote the standard deviation).
Phase I I 1 v A VI VI VIII IX X XI XII XIII
GRT (h) 23.02 16.44 10.46 16.44 10.46 7.19 5.48 3.97 2.81 1.98 1.49 1.19 0.99
HLR (LH; Lg1d~ 1) 0.62 0.86 1.36 0.86 1.36 1.97 2.59 3.58 5.06 7.16 9.50 11.97 14.32
CHL (%) 97.14 97.14 92.95 97.31 97.71 98.43 99.03 99.22 99.33 98.58 96.25 94.50 90.24
atse (0.06) (0.53) (3.48) (0.29) (0.15) (0.31) (0.07) (0.03) (0.11) (0.59) (0.05) (0.13) (0.33)
92.24 94.63 91.15 65.01
Ref (o
CHy 7 (%) 036)  (0.15) (1.01)  (7.05)
H, %) 0.25 0.47 4.85 0.07 0.02 0.03 0.00 0.01 0.06 0.88 2.67 4.14 7.67
217 (0.11) (0.36) (2.81) (0.10) (0.00) (0.05) (0.00) (0.01) (0.08) (0.51) (0.04) (0.11) (0.27)
492 2.38 493 27.1
Ref (o
Hz 7 (%) 034)  (0.16) (1.08)  (5.61)
CO, (%) 2.61 2.39 2.20 2.62 2.28 1.54 0.97 0.77 0.62 0.54 1.08 1.36 2.09
217 (0.13) (0.18) (0.68) (0.18) (0.15) (0.27) (0.07) (0.03) (0.03) (0.08) (0.01) (0.02) (0.06)
2.84 2.99 3.92 7.88
Ref (o
CO2 ™ (%) 0.08)  (0.06) 031)  (1.46)
H, (%) 99.81 99.65 97.17 99.95 99.99 99.98 100.0 100.0 99.96 99.43 98.26 97.49 95.49
N2t (0.08) (0.27) (1.65) (0.08) (0.00) (0.03) (0.00) (0.00) (0.06) (0.32) (0.01) (0.12) (0.13)
94.81 98.53 96.53 77.57
Ref (o
nH; 7 (%) (190)  (0.2) 0.88)  (5.96)
CO, (%) 92.34 93.33 95.12 92.89 93.44 95.85 97.52 97.99 98.39 98.65 97.34 96.88 95.37
A e (0.92) (0.38) (1.50) (0.82) (0.58) (0.65) (0.17) (0.16 (0.06) (0.16) (0.01) (0.12) (0.11)
92.49 93.11 89.83 75.88
Ref (o
nCoz = (%) (1.04)  (1.37) 0.7) (5.9)
MPR 0.48 0.62 0.74 0.60 1.01 1.39 1.75 2.44 3.48 4.66 5.95 6.86 7.60
(LCH; Lg~1d71) (0.04) (0.03) (0.06) (0.03) (0.02) (0.06) (0.02) (0.11) (0.06) (0.16) (0.06) (0.14) (0.08)
MPR Ref 037 (0) 0.57 0.73 1.07
(LCH4 Lg~1d™ 1) ' (0.03) (0.02) (0.06)
Net MPR 0.23 0.28 0.20 0.26 0.47 0.61 0.71 1.02 1.46 1.81 2.17 2.10 1.91
(LCH; Lg~1d7 1) (0.04) (0.03) (0.06) (0.03) (0.02) (0.06) (0.02) (0.11) (0.06) (0.16) (0.06) (0.14) (0.08)
Net MPR Ref 0.08 0.21 0.27 0.27
(LCH; Lg~1d~1) (0.04) (0.03) (0.02) (0.06)

Superscript Ref denotes the results of the reference reactor [25].
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The pH levels within the bentonite-enriched reactor increased from 7.90 to approx-
imately 8.30 (see Figure 5). Similarly, the pH of the reference reactor increased from
7.82 to 8.00 during the start-up [25]. This shift is primarily attributed to the reduction of
bicarbonate during hydrogenotrophic methanation. Despite this upward trend, the pH
remained within the optimal range of 6.5 to 8.5, which is crucial for promoting efficient
hydrogenotrophic methanogenesis, as highlighted by Kougias et al. [19]. In fact, similar ob-
servations have been reported from various ex situ biogas upgrading systems. For instance,
Kamravamanesh et al. [45] documented a pH escalation from 8.0 to 8.9 in a TBR. Yet, no
adverse effects on hydrogenotrophic methanogenic performance were noted, underscoring
the stability of these microbial communities. Likewise, Tsapekos et al. [46] reported pH
oscillations consistently between 8.0 and 8.5, a range that did not cause any decline in
biomethanation efficiency, thereby validating the robustness of these microorganisms under
slightly alkaline conditions. Conversely, Thapa et al. [47] observed a marked decrease in
bioreactor efficiency as pH reached 8.77. To counteract this, they introduced an acidic
solution, thereby stabilizing the pH within a more favorable range of 8.15-8.28. Further-
more, Huang et al. [14] observed a significant decline in biomethanation performance
in a TBR when pH levels reached 9.2. To address this issue, they adjusted the H, /CO,
feeding ratio, successfully restoring the pH to a more manageable 8.00, thereby enhancing
bioreactor performance. This pH control aligns closely with the current study’s findings,
underscoring the critical importance of maintaining pH below 8.5 to sustain the efficacy of
hydrogenotrophic methanogenesis.

e pH —GRT
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Figure 5. pH of the mixed liquor in the BRs under decreasing GRTs.

Throughout the experimental period, the VFAs concentrations remained consistently
below 0.01 g Lg~!. Remarkably, even when the GRT was reduced to 1 h, no detectable VFA
accumulation was observed in the bentonite-enriched reactor. This behavior is consistent
with the stable pH values of approximately 8.3 maintained throughout the experiment. In
contrast, in the reference bioreactor [25], reducing the GRT to 7.2 h resulted in rapid acetate
accumulation, with concentrations reaching up to 1.5 g Ly ~!. This was accompanied by
a pronounced decrease in pH to approximately 6.2, indicating a severe loss of process
stability. The addition of Na,CO3 and 1 N NaOH was subsequently applied to neutralize
the pH and promote microbial activity; however, the reactor did not recover, and stable
biomethanation could not be re-established. Consequently, the operation of the reference
reactor was terminated.
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During reactor operation, variations in TS and VS concentrations were observed. The
TS and VS concentrations were 22.6 £ 1.5 and 2.4 £ 0.1, respectively, during the first 29 d
of operation, and subsequently stabilized at 16.3 £ 0.8 and 2.6+ 0.2, respectively, for the
remainder of the experiment. The decrease in TS was attributed to partial sedimentation
of solids in the lower part of the reactor, where a settled layer occupying approximately
one-fourth of the working volume was visually observed. Samples were collected from the
middle of the working volume after mixing the liquid phase by repeatedly withdrawing
and reinjecting approximately 100 mL of slurry with a syringe to obtain a representative
sample of the suspended fraction. Therefore, the TS measurements mainly reflected the
suspended solids in the column. Notably, the VS concentration remained relatively stable
throughout the operation, indicating that the settled fraction consisted predominantly of
inorganic solids (e.g., bentonite), which typically have a higher density than organic solids.
These observations suggest that the applied gas recirculation rate (4 L Lg ! d ') was not
sufficient to maintain complete suspension of the solids, but this value was intentionally
kept constant to allow for comparison with the reference BR.

4. Discussion

The bentonite-enriched BR in this work showed enhanced biomethanation efficiency
compared to the reference BR, indicating the potential of bentonite as a cost-effective ad-
ditive for modifying the hydrodynamic conditions of the mixed liquor. In the reference
reactor, the accumulation of VFAs—particularly acetate—was identified as the primary fac-
tor leading to performance deterioration. By contrast, the absence of VFA accumulation in
the bentonite-enriched system suggests that bentonite may contribute to improved process
stability and more efficient hydrogen utilization. However, since microbial community
analyses were not conducted, the underlying microbial mechanisms cannot be conclusively
determined. It is notable, though, that the outperformance of the bentonite-enriched BR
across nearly all tested gas retention times was consistent, indicating that the increased
liquid density and associated elevation in hydrostatic pressure played a key role in en-
hancing methane production. In addition, the higher solid concentration resulted in a
thicker mixed liquor, which likely reduced bubble rise velocity and prolonged gas-liquid
contact time. Overall, these findings support the hypothesis that bentonite modifies the
hydrodynamic environment of the reactor in a manner favorable for ex situ biological
biogas upgrading. These results indicate that bentonite emerges as a promising alternative
for boosting the performance of an ex situ biogas upgrading BR. A critical challenge in these
systems is enhancing hydrogen gas mass transfer into the liquid, a hurdle that previous
researchers have addressed through various innovative strategies. For instance, Bassani
et al. [48] meticulously examined the effectiveness of four highly efficient diffusion devices
under thermophilic conditions in bioreactors. Their findings revealed a remarkable net
MPR of 0.82 + 0.15 LCH, Lg ! d ! at a GRT of 4 h. Our study demonstrates a higher net
MPR of 1.02 + 0.11 LCH4 Lg ! d! at the same GRT of 4 h under mesophilic conditions,
representing a notable 25% increase. This improved performance was achieved with a
surprisingly low gas recirculation rate of only 4 L L ! h~!, which is 5 times lower than
the20.14LLg ' h~! employed by Bassani et al. [48]. Similarly, Ghofrani-Isfahani et al. [20]
investigated the efficiency of aluminum oxide gas diffusers, testing various pore sizes in
thermophilic BRs. Their results documented a net MPR of 1.30 4= 0.15 LCH,4 Lg 1dlata
GRT of 2.5 h and a gas recirculation rate of 4.87 L Ly ~! h™!. In comparison, our research
achieved a higher net MPR of 1.46 £ 0.06 LCH,4 Lr 'd'ataGRT of 28 hand a gas
recirculation rate of 4 L Ly ~! h~!. Kougias et al. [22] focused on the impact of packing
material in a thermophilic BR, reporting a net MPR of 0.67 + 0.17 LCHy Lg ' d~! at a GRT
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of 5 h and a gas recirculation rate of 8.8 L Lg ! h~!. Our study presents comparable results,
with a higher net MPR of 0.71 & 0.01 LCHy Lg~! d~! at a slightly longer GRT of 5.5 h.

Based on previous studies, the performance of BR reported herein demonstrates an
improvement in biomethanation efficiency, highlighting the promising role of bentonite
as a cost-effective additive that increases hydrostatic pressure and viscosity in the mixed
liquor. Intriguingly, Luo et al. [18] found that under thermophilic conditions, the H; uti-
lization rate increases by 60% compared with mesophilic conditions. The results obtained
in the present study indicate that high biomethanation performance can also be achieved
under mesophilic conditions when bentonite is added to the system. The notable absence
of VFAs at the bentonite-enriched BR is significant, suggesting that hydrogenotrophic
methanogenesis was the prevailing process and that the homoacetogenic metabolic path-
way of homoacetogenesis was not favored. In contrast, several ex situ biogas upgrading
studies conducted under thermophilic conditions have reported high concentrations of
VEAs, raising concerns about the process stability, since they can severely hinder reactor
performance and even provoke process inhibition. For instance, Jonson et al. [49] observed
VFA levels reaching 2.1 g Lr !, while Tsapekos et al. [46] documented concentrations as
high as 1.2 g Lx ~!. At these VFA concentrations, process efficiency was reduced drastically,
with the methane content of the biomethane decreasing from 95% to around 70%. While
thermophilic systems are generally associated with higher microbial activity and faster
reaction kinetics, they also carry an inherent risk of operational instability, such as the
accumulation of VFAs or unpredictable pH fluctuations. In striking contrast, this study’s
findings demonstrate the stability of mesophilic biomethanation even at low GRTs, a crucial
factor for large-scale systems that require reliability and consistency.

Ex situ biological upgrading of biogas in TBRs is superior to that in BRs. However,
the results of the BR in this study during the XI phase (MPR of 2.17 + 0.06 LCHy Lg ' d~!
under a GRT of 1.49 h) are comparable to some studies in the literature focusing on ther-
mophilic TBRs. Sieborg et al. [50] reported a net MPR of 2.08 £ 0.04 LCH4 Lr 'd~1'ataGRT
of 1.32 h. Ata longer GRT of 2.1 h, Porté et al. [51] obtained 1.74 & 0.01 LCHy Lg ' d !,
which is comparable to the net MPR of 1.81 £ 0.01 LCHy4 Lr ! d~! observed in the present
study at a GRT of 1.98 h. However, significantly higher biomethanation rates have been
documented in the literature under optimized TBR configurations. Jenson et al. [49] re-
ported a net MPR of 10.6 & 0.6 LCHy Lg ! d~! at a GRT of approximately 20 min, utilizing
a packed material with a high surface area of 3500 m? m~3. Similarly, Ashraf et al. [8]
achieved a net MPR of 8.54 4 0.47 LCH, Lr ! d~! using polyurethane foam as a pack-
ing medium. Striibing et al. [52] demonstrated that TBR can accomplish a net MPR of
154 + 0.0 LCH; Lg ! d~! with a CH,4 concentration of 98.5 + 0.7%. These findings indi-
cate that TBRs, when operated under optimal conditions, can achieve a significantly higher
hydrogen mass-transfer rate than the BR configuration evaluated in this study. However, it
is essential to note that the net MPR is expected to be higher when the feeding gas consists
solely of CO, and Hj [8,41]. This contrasts with studies in which the upgrading system is
supplied with a mixture of CO,, Hy, and CHy4 (or a gas simulating biogas CHy). Therefore,
direct comparisons across ex situ biogas upgrading studies should be interpreted with
caution, as differences in gas composition can influence CHy production rates.

The higher efficiency of the bioreactor presented in our study can be attributed, in
part, to the elevated hydrostatic pressure within the reactor and the increased viscosity of
the mixed liquor. Existing research on ex situ biomethanation has examined the effects
of pressure. For example, Ullrich et al. [31] explored the impact of pressures ranging
from 1.5 to 9 bar within a thermophilic TBR. Their findings established a clear, positive
relationship between applied pressure and methane concentration in the upgraded biogas:
the higher the pressure, the richer the biomethane became in CHy. Similarly, Ebrahimian
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etal. [21] examined the performance of a thermophilic TBR operating at a mere overpressure
of 0.7 bar, revealing the capability to achieve CHy concentrations exceeding 90% even with
a remarkably short GRT of just 21 min. In the current study, the pressure in the BR was
calculated to be 1.13 bar at the bottom of the reactor and decreased to 1.01 bar near the
headspace. The calculation was based on the slurry mixture’s density, as explained in
the Materials and Methods section. In addition, the presence of bentonite increased the
apparent viscosity of the mixed liquor, resulting in a thicker slurry that likely reduced
bubble rise velocity. Consequently, gas bubbles remained submerged in the reactor for
longer periods and were exposed for longer to the hydrostatic pressure gradient within the
column, thereby increasing gas-liquid contact time.

Moreover, the enhanced performance of the bentonite-enriched BR can be interpreted
as the combined effects of hydrodynamic and microenvironmental factors induced by
bentonite in the mixed liquor [53]. The bentonite used in this study consisted predomi-
nantly of montmorillonite (>80% w/w, dry basis), a clay mineral characterized by high
swelling capacity and a specific adsorption capacity exceeding 300 mg 100 g~ [38,39].
The resulting increase in slurry density and apparent viscosity likely reduced bubble rise
velocity relative to the reference BR, thereby prolonging gas residence time and improving
gas-liquid contact. This interpretation is supported by the significantly higher net MPRs
and hydrogen utilization efficiencies observed in the bentonite-enriched system, particu-
larly at gas retention times (GRTs) below 10.5 h, where the reference reactor exhibited a
clear performance plateau of approximately 0.27 LCH, Lg~! d~ 1.

Beyond hydrodynamic effects, bentonite may also have contributed to enhanced
process stability through physicochemical interactions within the liquid phase. The lay-
ered aluminosilicate structure of bentonite and its high cation exchange capacity provide
extensive surface area for microbial attachment [31,51]. In addition, the mildly alkaline
nature of the clay (pH 9.23 in a 5% aqueous dispersion) likely increased the system’s
buffering capacity, consistent with the stable pH observed throughout the experimental
period. Furthermore, the high surface area and ion-exchange properties of montmorillonite
offer plausible mechanisms for the adsorption of inhibitory intermediates and the forma-
tion of favorable microenvironments that promote hydrogenotrophic methanation [32,35].
The porous, hydrated structure of bentonite facilitates diffusion of dissolved gases and
could enhance local H; and CO; availability to methanogenic cells, as suggested in the
literature [52]. In this way, bentonite could indirectly support hydrogenotrophic methano-
genesis by improving mass transfer within the biofilm-liquid continuum [32,51]. An
additional benefit may arise from the mechanical stability imparted by bentonite parti-
cles, which can protect attached microorganisms from shear stress [31]. Although direct
measurements of gas-liquid mass transfer coefficients or microbial attachment were not
conducted, the increased methane productivity, high methane purity, and absence of VFA
accumulation at HLRs suggest that bentonite acts as an effective environmental moderator,
thereby benefiting ex situ biological biogas upgrading.

Despite the clear performance enhancement observed in the bentonite-enriched BR,
several limitations of the present study must be acknowledged. No direct hydrodynamic
characterization was performed for either the reference or bentonite-amended reactors;
bubble size distribution, gas holdup profiles, and volumetric mass transfer coefficients
(kpa) were not measured. Consequently, the proposed enhancement in mass transfer
is inferred from comparative reactor performance. In addition, microbial community
analyses were not conducted to confirm microbial attachment to bentonite particles directly.
Accordingly, the present work should be regarded as a proof-of-concept, demonstrating that
low-cost mineral additives can enhance biomethanation performance in bubble reactors by
modifying hydrodynamic and microenvironmental conditions within the mixed liquor.

https://doi.org/10.3390/en19071613


https://doi.org/10.3390/en19071613

Energies 2026, 19, 1613

15 of 21

Bentonite is a widely available industrial clay with a low cost—typically ranging from
170 to 240 USD per ton, depending on region, logistics, and grade [54]—making it an ap-
pealing alternative to engineered packing materials commonly used in trickle-bed reactors.
However, the high solid concentration employed in this study (TS ~ 22%) could pose oper-
ational challenges on a larger scale, particularly concerning slurry mixing, sedimentation,
and energy requirements for pumping. Consequently, additional research is needed to
determine the optimal bentonite dosage, avoiding the potential operational problems at a
larger scale with respect to parameters such as bentonite type, dosage, and particle size.
Moreover, directly quantifying mass transfer parameters and microbial attachment will be
essential. Further performance improvements may be achieved through operational strate-
gies, such as increasing gas recirculation rates or operating under thermophilic conditions.
Such approaches could enable bubble reactors to approach the performance levels reported
for TBRs while maintaining operational simplicity.

5. Conclusions

The integration of bentonite into the BR significantly improved biomethanation
efficiency, resulting in a net MPR almost twice that of the reference BR at the HLR
of 1.36 LH, Lg ' d !, which corresponds to the optimum HLR identified for the refer-
ence BR operation. Notably, this enhancement occurred without relying on specialized
hydrogen-diffusion mechanisms or increased gas recirculation rates. The peak net MPR
was 2.17 + 0.06 LCH, Lr ~! d~! ata GRT of 1.49 h, and the methane content in the resultant
biomethane was 96.25%. These findings were achieved under mesophilic conditions, sur-
passing efficiencies typically reported in thermophilic BR setups. Throughout the process,
pH was maintained between 8.0 and 8.5, which aligns well with optimal conditions for
hydrogenotrophic methanogenesis. Bentonite served as a medium to increase the density
of the mixed liquor and, consequently, the hydrostatic pressure within the reactor. In
addition, the higher solid concentration increased the apparent viscosity of the slurry,
likely reducing bubble rise velocity and prolonging gas-liquid contact time. Overall, the
use of bentonite represents a simple and potentially cost-effective strategy to modify the
hydrodynamic properties of bubble reactors used for biological biogas upgrading. By
improving gas-liquid contact and creating a favorable microenvironment that supports
microbial metabolism and stability, this approach may allow for higher reactor productivity
without significant modifications to existing reactor configurations.
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Abbreviations

The following abbreviations are used in this manuscript:

BR
CH,
CLR
co,
COR
CSTR
GHG
GLR
GRT
H,
HLR
HOR
kpa
Lr
MLR
MPR
N,
7Ico,
TH,
NH;-N
TBR
TS
v/v
VFA
VS

Bubble reactor

Methane

Carbon dioxide loading rate (LCO, Lg~td™ )
Carbon dioxide

Carbon dioxide outlet rate (LCO, Lg~1 d 1)
Continuous stirred tank reactor

Greenhouse gas

Gas loading rate (L Lg~* d~ 1)

Gas retention time (h)

Hydrogen

Hydrogen loading rate (LH; Lg~td™D
Hydrogen outlet rate (LH; Lg~td™D
Volumetric gas-liquid mass transfer coefficient
Reactor working volume (L)

Methane loading rate (LCHy Lg~td™}
Methane production rate (LCHy4 Lg~td™})
Nitrogen

CO; utilization efficiency (%)

Hy utilization efficiency (%)

Ammoniacal nitrogen

Trickle bed reactor

Total solids (%)

Volume per volume

Volatile fatty acids

Volatile solids (%)

Appendix A. Characterization of Bentonite and Digestate Used for
Inoculation and Nutrient Supplement

Table A1l. Characteristics of bentonite *.

Parameter Value

Dry matter (%) 89

pH dispersion 5% 9.23
Extractable Na (g kgDM 1) 35

Montmorillonate (g kgDM 1) 800
Particles < 10 um 10
Crystalline silica % 3

Specific surface absorption (mg 100g~1) 300
Disacidifying power (g kgDM 1) 2.5

* The bentonite characteristics were obtained from the product specifications provided by the supplier.

Table A2. Characteristics of inoculum prior to bentonite addition.

Parameter Value
pH 7.78 £ 0.18
EC @25 °C (mS cm™1) 17.98 +0.23
TS (%) 329+0.21
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Table A2. Cont.

Parameter Value
pH 7.78 £0.18
EC @25°C (mS cm™ 1) 17.98 +0.23
TS (%) 329 £0.21
VS (%) 2.61 £0.50
NH3-N (mg Lg 1) 1943 + 32
VFAs

acetate (mg Lr 1) n.d.

propionate (mg Lg 1) n.d.

isobutyrate (mg Lg 1) n.d.

butyrate (mg Lr D n.d.

isovalerate (mg Lg ') n.d.

valerate (mg Lr ) n.d.

Total Alkalinity (g CaCOs Lr 1) 10.9

Potassium (%) * 2.07

Aluminum (mg kgDM 1) * 1400

Cadmium (mg kgDM 1) * 0.3

Cobalt (mg kgDM 1) * 2.12

Iron (mg kgDM 1) * 4680

Copper (mg kgDM 1) * 391

Manganese (mg kgDM 1) * 500

Molybdenum (mg kgDM 1) * 8.75

Nickel (mg kgDM 1) * 17.4

Selenium (mg kgDM 1) * 0.95
Tungsten (mg kgDM 1) * <0.500

Tin (mg kgDM 1) * 1.29

Zinc (mg kgDM 1) * 3.57

Phosphorus (mg kgDM 1) * 3.01

* These parameters were determined by an external laboratory (Qlab, Thessoloniki, Greece).

Appendix B. Pressure Calculation

The two average TS and VS contents were taken into account. To determine the
pressure at the bottom of the BR, the relative density of the total solids was first calculated
using Equation (A1) [55].

Ws _ Wf + Wy
Ss X pw  SgX pw Sy X pw

(A1)

where

W, = total solids weight (22.6 or 16.3 g per 100 g of sludge)
Sg = relative density of total solids (dimensionless)

pw = water density (1000 g Lg ')

W, = volatile solids weight(2.4 or 2.6 g per 100 g of sludge)
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Sy = relative density of volatile solids (1, typical value)
W; = total fixed solids weight (22.6 — 2.4 =20.2 or 16.3 — 2.6 = 13.7 g per 100 g of sludge)
S¢ = relative density of total fixed solids (2.5, typical value)

Sg = 2.16 or 2.02

Similarly, the relative density of mixed liquor (sludge) was calculated based on Equation (A2).

Wy _ Wi " Wy
Sg) X pw Ss X pw  Sw X pw

(A2)

where

Wy, = total sludge weight (100 g)

Sg1 = relative density of sludge

W, = total weight of sludges” water (100 — 22.6 =77.4 or 100 — 16.3 =83.7 g)
Sw = relative density of water (1)

Sg; = 1.138 or 1.090

The pressure developed at the bottom of the BR is calculated via Equation (A3).
P = Patm +ps X g x h (A3)

where

Patm = 101325 Pa

ps1 = sludge density (Sg;-pw = 1.138-1000 = 1138 or 1.090-1000 = 1090 g L
g = gravitational accelaration constant (9.81 m s~2)

h = height of mixed liquor (1.05 m)

P =1.130 or 1.125 bar

The difference between the two values of pressure is not significant and can be approxi-
mated by 1.13 bar.
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