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INTRODUCTION

Bioelectrochemical systems are technolo-
gies that utilize microbial activity to catalyze 
electrochemical reactions and convert chemical 
energy stored in organic matter into electrical en-
ergy or other value-added products. One of the 

most extensively developed configurations is the 
microbial fuel cell (MFC), which employs elec-
troactive microorganisms to oxidize organic sub-
strates and transfer the resulting electrons to the 
anode. The electrons subsequently flow through 
an external circuit toward the cathode, thereby 
generating an electrical current. Through this 
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mechanism, MFCs offer the potential to integrate 
wastewater treatment, resource recovery, and en-
ergy generation within a relatively simple system 
(Logan et al., 2006; Santoro et al., 2017).

A wide variety of substrates have been applied 
in MFCs, ranging from simple organic compounds 
to domestic, industrial, agricultural, and food 
wastes. This substrate flexibility makes MFCs at-
tractive as an alternative waste-treatment technol-
ogy that can simultaneously generate energy. Nev-
ertheless, the electrical output of MFCs generally 
remains insufficient for large-scale commercial 
applications. System performance is also influ-
enced by reactor configuration, substrate proper-
ties, electrode surface area, electrode spacing, in-
ternal resistance, electrolyte conductivity, micro-
bial communities, and operating conditions (Pant 
et al., 2010; Slate et al., 2019). Therefore, MFC 
development requires not only improvements in 
electrochemical activity but also effective control 
of process conditions to maintain biological and 
electrochemical stability during operation.

The scale-up of MFCs continues to face chal-
lenges in maintaining uniform distributions of 
substrates, flow, electrical potential, and micro-
bial activity. The use of stacked MFC configura-
tions can increase the total voltage and current; 
however, it may also create performance imbal-
ances among individual units and increase system 
complexity (Aelterman et al., 2006). Increasing 
reactor dimensions may also extend ion-transport 
distances, increase internal resistance, and create 
nonuniform flow zones. Consequently, operating 
conditions that provide satisfactory performance 
in laboratory-scale reactors may not produce the 
same response at larger scales. Practical MFC 
implementation therefore requires an integrated 
approach that considers reactor design, flow dis-
tribution, electrode area, additional energy con-
sumption, and long-term operational stability (Co-
rona-Martínez et al., 2025; Fathima et al., 2024).

One of the principal biological components 
determining MFC performance is the electroactive 
biofilm formed on the anode surface. Electroac-
tive microorganisms oxidize organic compounds 
and transfer electrons to the electrode through 
direct contact, redox mediators, outer-membrane 
cytochromes, or conductive structures such as mi-
crobial nanowires. Biofilm formation on the elec-
trode increases contact between microorganisms 
and the conductive surface, thereby supporting 
sustained extracellular electron transfer. Studies 
of Geobacter sulfurreducens, for example, have 

demonstrated that microbial colonization of elec-
trode surfaces is associated with electrical-current 
generation, while biofilm and conductive-structure 
production can enhance electron transfer through 
the microbial community (Bond & Lovley, 2003; 
Reguera et al., 2006). MFC biofilm models have 
also demonstrated that electrical output results 
from interactions among microbial kinetics, bio-
film conductivity, mass transfer, and potential dis-
tribution within the biofilm layer (Marcus et al., 
2007; Picioreanu et al., 2007).

A biofilm is a community of microorganisms 
attached to a surface and organized within a ma-
trix of extracellular polymeric substances (EPS). 
This matrix may comprise polysaccharides, pro-
teins, lipids, extracellular nucleic acids, water, and 
various other components that maintain biofilm 
structure. EPS strengthens cell–surface adhesion, 
enhances cell–cell cohesion, retains water and nu-
trients, and protects microorganisms from chang-
es in environmental conditions. Biofilm develop-
ment generally proceeds through cell transport to-
ward the surface, reversible adhesion, irreversible 
attachment, microcolony formation, maturation, 
and partial biomass release into the surrounding 
environment (Flemming et al., 2016, 2023). Suc-
cessful initial adhesion is influenced by cell prop-
erties, surface charge, hydrophobicity, electrode 
roughness, medium composition, and physico-
chemical interactions between microbial cells and 
the surface (Petrova and Sauer, 2012).

Although biofilm formation is essential for 
MFC function, a greater amount of biomass does 
not necessarily indicate better bioelectrochemical 
performance. An excessively thick biofilm may 
develop regions with limited access to substrates, 
ions, or electron acceptors. Cells located farther 
from the electrode surface may also experience 
longer electron-transfer pathways and lower elec-
trochemical activity. In porous electrodes, biofilm 
growth and its contribution to current generation 
may decrease with increasing pore depth because 
of mass-transfer limitations (Yang et al., 2023). 
Biofilm heterogeneity can also produce nonuni-
form distributions of substrates and metabolic 
products, causing a portion of the biomass to 
function as a transport barrier and an additional 
source of resistance rather than as an effective 
biocatalyst (Chen et al., 2024). Biofilm manage-
ment should therefore aim to maintain active and 
stable biomass that remains effectively connected 
to the electrode rather than merely maximizing 
the total microbial population.
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Conversely, insufficient biomass retention may 
reduce the proportion of the electrode surface cov-
ered by electroactive microorganisms. Excessive 
biomass loss may decrease substrate-oxidation 
capacity, reduce current generation, and prolong 
recovery following an operational disturbance be-
cause the electrode surface must be recolonized. 
Research on biofilm revitalization has demonstrat-
ed that controlled hydrodynamic shear can remove 
inactive cells and support stable power generation. 
However, excessive shear forces may detach active 
biomass and impair bioelectrochemical function 
(Islam et al., 2019). The desired biofilm condition 
therefore lies within a balance among microbial 
growth, activity, adhesion, and detachment.

One of the primary factors governing this bal-
ance is the hydrodynamic condition surrounding 
the electrode surface. Hydrodynamics control the 
transport of planktonic cells toward the surface, 
the distribution of substrates and ions, the re-
moval of metabolic products, the thickness of the 
mass-transfer boundary layer, and the mechanical 
forces acting on the biofilm. Under very low-flow 
conditions, mass transfer becomes increasingly 
dependent on diffusion, potentially resulting in 
concentration gradients and stagnant zones. In-
creasing flow or agitation may improve external 
mass transfer and enhance contact among micro-
bial cells, substrates, and electrodes. However, 
increasing hydrodynamic intensity also increases 
shear stress, which may alter biofilm structure, 
density, thickness, and adhesion strength (Liu and 
Tay, 2002; Stoodley et al., 1999).

The influence of shear stress on biofilm de-
velopment is not uniform. Moderate shear may 
produce a thinner, denser, and stronger biofilm 
by removing weakly attached biomass. Such 
conditions may also improve substrate supply 
to metabolically active regions of the biofilm. 
Conversely, when the applied mechanical force 
exceeds the adhesive strength of microbial cells 
or the cohesive strength of the EPS matrix, the 
biofilm may undergo erosion, sloughing, and de-
tachment. Studies of electroactive biofilms have 
shown that shear stress affects growth rate, thick-
ness, surface coverage, the proportion of active 
microorganisms, microbial-community compo-
sition, and MFC electrochemical performance 
(Godain et al., 2024). The relationship between 
hydrodynamic intensity and biofilm performance 
is therefore likely to be nonlinear because both 
insufficient mixing and excessive shear may pro-
duce undesirable biological conditions.

In fluid systems more generally, hydrody-
namic characteristics are governed not only by 
flow velocity but also by equipment geometry 
and internal configuration. Aopik and Dwiyanto-
ro (2023) demonstrated that modifications to re-
ducer geometry and adjuster-opening conditions 
influenced pressure drop, backflow, and vortex 
formation in a piping system. Sasongko and 
Rahman (2023) similarly showed that damper-
plate configuration, nozzle geometry, and flow 
rate produced different vortex characteristics and 
flow kinetic energies. Although these studies did 
not investigate biofilms, their findings support 
the fundamental fluid-mechanical principle that 
a single velocity or flow-rate value cannot be 
interpreted independently of system geometry. 
In MFCs, electrode positioning, reactor geom-
etry, impeller configuration, liquid volume, and 
spatial distribution may similarly determine the 
local shear and mass-transfer conditions experi-
enced by the biofilm.

Interactions among flow patterns, substrate 
consumption, and current generation have also 
been demonstrated through MFC modeling. Non-
uniform velocity distributions may create spatial 
differences in substrate concentration and elec-
trochemical activity within a reactor (Day et al., 
2022). During scale-up, interactions among inter-
nal structures may become increasingly complex. 
Wulaningtyas and Yuwono (2025), for example, 
demonstrated that rotor spacing in a hydrokinetic-
turbine system affected wake interactions and the 
performance of individual turbines. Although this 
system differs from an MFC, the findings dem-
onstrate that changes in system dimensions and 
component arrangements may create flow inter-
actions that are not observed in isolated compo-
nents. This supports the need to reassess hydrody-
namic conditions whenever the configuration or 
scale of an MFC is modified.

The importance of controlling operating pa-
rameters has also been demonstrated in other bio-
mass-conversion systems. Nugroho et al. (2026) 
showed that temperature, pressure, biomass-to-
water ratio, residence time, and particle-flow dy-
namics jointly influenced biomass conversion in a 
hydrothermal reactor. These findings indicate that 
the performance of a biomass-based process is 
determined not only by feedstock characteristics 
but also by the ability of the system to maintain an 
appropriate combination of operating conditions. 
A similar principle applies to MFCs because hy-
drodynamic conditions interact with substrate 
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composition, microbial-community activity, elec-
trode condition, and biofilm-development stage. 
Operating-condition selection should therefore 
be based on a parameter range that provides an 
acceptable combined response rather than on a 
single optimum value.

Biofilm imbalance resulting from inappropri-
ate hydrodynamic conditions may develop into 
operational problems. Insufficient mixing may 
increase the likelihood of stagnant zones, non-
uniform substrate distribution, excessive biomass 
accumulation, and increased electrode-cleaning 
requirements. Conversely, excessive agitation 
may cause biomass loss, decrease biocatalyst 
coverage, and extend the recovery period follow-
ing disturbances. Unwanted microbial coloniza-
tion of the cathode may also cover active sites 
and restrict oxygen transfer, thereby reducing 
cell potential and power output during long-term 
operation (Barakat et al., 2025). These problems 
demonstrate that biofilm control is related not 
only to biological performance but also to reli-
ability, maintenance, energy consumption, and 
operational continuity.

From a process-safety perspective, hydro-
dynamic conditions can be treated as operating 
variables that should be maintained within an ac-
ceptable range. This approach is consistent with 
inherently safer design (ISD), which prioritizes 
hazard reduction through changes in materials, 
technology, inventories, design, or operating con-
ditions before relying on additional protective 
layers. The four principal ISD strategies are mini-
mize, substitute, moderate, and simplify. In the 
context of biofilm control, the most relevant strat-
egies are moderation, which involves avoiding 
excessively severe operating conditions, and sim-
plification, which involves establishing operating 
guidance and deviation-response procedures that 
are clear and practical (Center for Chemical Pro-
cess Safety, 2019; Hendershot, 2012).

The application of ISD principles does not 
imply that agitation control automatically renders 
an MFC risk-free. Agitators, motors, sensors, 
alarms, and control systems remain active protec-
tive measures that may themselves fail. Neverthe-
less, selecting hydrodynamic conditions that do 
not promote either excessive biomass accumu-
lation or excessive biomass loss may reduce the 
system’s dependence on cleaning, reinoculation, 
and other corrective interventions. ISD principles 
should therefore be integrated with hazard analy-
sis, operating procedures, equipment integrity, 

management of change, training, inspection, and 
maintenance (Amyotte and Khan, 2021; Rayner 
Brown et al., 2021).

Structured risk management generally requires 
hazard identification, risk assessment, prioritiza-
tion, and the development of appropriate control 
measures. Akbar et al. (2025) applied the HIRARC 
approach to connect facility conditions, potential 
hazards, risk levels, and control measures in pump-
house facilities. Although that study focused on 
occupational health and safety rather than MFC 
operation, its approach supports the need to trans-
late technical-analysis results into clearly defined 
indicators, limits, and control actions. In bioelec-
trochemical systems, deviations caused by insuf-
ficient mixing or excessive agitation should simi-
larly be connected to biological, electrochemical, 
operational, and maintenance indicators.

Previous studies of biofilm hydrodynam-
ics have primarily focused on the effects of flow 
velocity or shear stress on microbial adhesion, 
morphology, thickness, community composition, 
mass transfer, and electrochemical performance. 
These investigations provide an important basis 
for understanding biofilm formation and function. 
However, limited attention has been given to trans-
lating biological and hydrodynamic observations 
into structured operating guidance from a process-
safety perspective. In particular, operating-window 
frameworks that simultaneously consider two op-
posing conditions—excessive biomass accumula-
tion under insufficient hydrodynamic intensity and 
biocatalyst loss under excessive hydrodynamic in-
tensity remain underdeveloped.

The identification of a single agitation speed 
as an optimum operating condition may also im-
ply an inappropriate level of certainty for a bio-
logical system. Biofilm responses to agitation may 
change with biofilm age, substrate composition, 
microbial concentration, fluid properties, microbi-
al-community activity, electrode condition, reac-
tor geometry, and operating phase. Furthermore, 
rotational speed is specific to the equipment con-
figuration and does not directly represent the shear 
stress experienced by the biofilm. A more trans-
ferable operating window should ultimately incor-
porate variables such as shear rate, shear stress, 
Reynolds number, power input per unit volume, 
mixing time, and superficial velocity, together 
with biological, electrochemical, treatment-per-
formance, and energy-consumption responses.

Based on this research gap, the present study 
aimed to describe the influence of mechanical 
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agitation on bulk-suspension microbial abun-
dance in a single-chamber MFC. Six nominal 
agitation conditions 0, 50, 100, 150, 200, and 250 
rpm, were followed on days 0, 5, 10, 15, and 20. 
The measured response was total cell concen-
tration in a bulk reactor sample; electrode-asso-
ciated biomass, biofilm thickness, attachment, 
and detachment were not measured directly. The 
observed time courses were interpreted descrip-
tively alongside literature-supported biofilm and 
mass-transfer mechanisms.

The principal contribution of this study is 
not a new agitation methodology; the archived 
0–250 rpm time course and direct microscopic 
counts are methodologically straightforward. The 
novelty claimed here lies in translating a limited 
biological observation into a process-safety-ori-
ented, preliminary conceptual SHOW framework 
while explicitly separating measured evidence 
from mechanism-based hypotheses. No numeri-
cal safety boundary, universally optimal rpm, 
causal biofilm mechanism, or validated safety 
margin is claimed.

MATERIALS AND METHODS

Experimental design

The study archive contains six nominal agita-
tion conditions (0, 50, 100, 150, 200, and 250 rpm) 
and one microbial-count time series for each con-
dition. Samples were recorded on days 0, 5, 10, 
15, and 20, giving 30 observations. The five val-
ues per agitation condition are longitudinal time 
points, not five independent biological or reactor 
replicates. No reactor-level replicate identifier is 
preserved in the archive. Agitation speed was the 
controlled variable and bulk-suspension total cell 
concentration was the measured response; the da-
taset was therefore summarized descriptively.

MFC construction and operation

A single-chamber MFC with a nominal 
working volume of 1 L was filled with 500 mL 
of hydrolyzed food-waste substrate and 500 mL 
of Sidoarjo mud. The anode and cathode were 
prepared from carbon cloth (Twill A-2205, 
Shanghai Passion Composites Co., Ltd., Chi-
na), approximately 5 × 2 × 2 mm, and connected 
with copper wire. Before use, the carbon cloth 
was sequentially immersed in 1 M hydrochloric 

acid for 24 h and 1 M sodium hydroxide for 
24 h, followed by rinsing with distilled water. 
The construction of the MFC system is shown 
in Figure 1.

The anode was positioned approximately 3 
cm above the reactor bottom, while the cathode 
was placed near the liquid surface. Both elec-
trodes were connected through a 1000-Ω exter-
nal resistance. Each reactor received 20 mL of 
Shewanella oneidensis MR-1 culture after 10 h 
of cultivation and 1 mL of cobalt micronutri-
ent solution. The MFCs were operated in batch 
mode under the designated nominal rotational 
setpoints. The surviving records do not retain 
the agitator or impeller model, dimensions, 
position, or calibration; consequently, rpm is 
treated as equipment-specific and is not con-
verted to shear stress or power input.

Figure 1. Schematic representation of the single-
chamber microbial fuel cell and the nominal 

mechanical agitation conditions
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Microbial culture and substrate preparation

Shewanella oneidensis MR-1 ATCC 700550 
was activated in nutrient broth at 30 °C; a growth 
curve was previously used to identify the log-
phase cultivation period, and the culture used 
for MFC inoculation was harvested after 10 h. 
The hydrolytic cultures were Aspergillus ory-
zae RIB40 (ATCC 42149), Aspergillus aculeatus 
Iizuka 36411, and Candida rugosa NCPF 8452, 
activated in yeast extract-peptone-dextrose me-
dium at 30 °C. Food waste was homogenized 
and mixed with distilled water at a volume ratio 
of 333:167 mL, after which the three hydrolytic 
cultures were added under log-phase conditions 
and hydrolysis proceeded for 24 h. Sidoarjo mud, 
used as an additional source of indigenous mi-
croorganisms, was collected from approximately 
30–45 cm depth in Renokenongo Village, Porong, 
East Java, Indonesia (approximately 7°31′45.6″ 
S, 112°42′43.6″ E).

Microbial enumeration and data analysis

Samples represented the bulk reactor matrix 
(the liquid–slurry mixture of hydrolyzed food-
waste substrate and Sidoarjo mud), not an electrode 
scraping or eluted electrode-associated fraction. A 
1.00-g aliquot of reactor contents was collected on 
days 0, 5, 10, 15, and 20. The sample was diluted 
with demineralized water through five successive 
tenfold dilutions to an overall dilution factor of 
10⁻⁵, placed in a counting chamber, and examined 
by direct microscopy at 40× magnification. Five 
chamber areas recorded as A–E were counted, and 
their arithmetic mean was used in the archived cal-
culation: cell concentration (cells mL⁻¹) = mean 
chamber-area count × 10⁴ × 10⁵. This was a direct 
total-cell count; viability was not assessed. No cul-
ture medium, plated volume, spread/pour-plating 
technique, incubation temperature or duration, 
technical plate replicate, colony-forming-unit cal-
culation, or colony-countability range applies. The 
counting-chamber manufacturer/model, loaded 
volume, exact serial-transfer volumes, boundary-
counting convention, and storage interval were not 
retained; the archived method describes dilution 
followed by direct counting (Laily et al., 2023). 
The underlying A–E chamber readings for the 
present 30 reported values were not preserved.

All 30 archived observations are reported in 
Table 1 and Supplementary Data S1. For each 
agitation condition, the mean, standard deviation, 

median, minimum, and maximum across the five 
sampled days were calculated only as descriptive 
summaries of the observed time course. Welch 
ANOVA, Games–Howell comparisons, and other 
independent-groups tests were not used because 
the five values are repeated time points and in-
dependent reactor replication is not documented. 
The data therefore support descriptive and hy-
pothesis-generating interpretation only. 

RESULT AND DISCUSSION

Observed bulk-suspension microbial 
response and mechanistic context

Hydrodynamic conditions are among the 
principal factors governing microbial transport 
and biofilm development in bioelectrochemical 
systems because they can influence cell transport, 
nutrient distribution, boundary-layer thickness, 
extracellular polymeric substances, and mechani-
cal forces at the electrode (Godain et al., 2024; 
Logan et al., 2019). In the present experiment, 
however, only bulk-suspension total cell con-
centration was measured. The following biofilm 
interpretation is therefore literature-supported 
mechanistic context rather than a direct observa-
tion of electrode-associated biomass.

Biofilm formation begins with the transport 
of planktonic cells toward a solid surface through 
diffusion, sedimentation, and convection, as sum-
marized in Figure 2. After reaching a surface, 
cells may undergo reversible and then irreversible 
attachment, followed by extracellular-polymeric-
substance production and community develop-
ment (Flemming et al., 2023; Petrova and Sauer, 
2012). A bulk-suspension count cannot determine 
how many cells reached or remained on the elec-
trode and cannot distinguish growth, attachment, 
erosion, detachment, or loss of viability.

Hydrodynamics affect this process through 
two competing mechanisms. On the one hand, 
enhanced mixing improves mass transfer and in-
creases the transport of microbial cells, nutrients, 
ions, and metabolites to and from the biofilm sur-
face. A thinner mass-transfer boundary layer can 
accelerate substrate delivery and metabolic-prod-
uct removal, thereby supporting microbial activ-
ity (Chen et al., 2024; Logan et al., 2019). On the 
other hand, increasing fluid velocity also increas-
es hydrodynamic shear stress. When the imposed 
stress exceeds the strength of initial adhesion or 
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the cohesive strength of the EPS matrix, the bio-
film may undergo erosion, sloughing, or detach-
ment, thereby reducing the amount of biomass re-
tained on the electrode (Godain et al., 2024; Islam 
et al., 2019).

Shear stress is therefore not uniformly detri-
mental. At moderate levels, it may remove weakly 
attached or inactive biomass and promote a thin-
ner, denser, and more homogeneous electroactive 
biofilm. Conversely, excessive hydrodynamic in-
tensity can cause the detachment rate to exceed the 
combined rates of attachment and growth, thereby 
limiting biofilm development (Godain et al., 2024; 
Islam et al., 2019). The relationship between hy-
drodynamics and biofilm formation is consequent-
ly nonlinear: both inadequate mixing and exces-
sive agitation can compromise the functional per-
formance of a bioelectrochemical system.

The archived observations show different bulk-
suspension microbial-count trajectories across the 
six nominal agitation conditions. Counts at 0–150 
rpm generally increased through day 20, whereas 
the 200- and 250-rpm series peaked on day 10 and 
subsequently declined. At day 20, the recorded 
counts were 9.40 × 10⁶, 6.70 × 10⁶, 6.60 × 10⁶, 6.40 
× 10⁶, 1.00 × 10⁶, and 2.00 × 10⁵ cells mL⁻¹ at 0, 50, 
100, 150, 200, and 250 rpm, respectively

The trajectories are consistent with an agi-
tation-associated difference in bulk-phase cell 
abundance, but they do not identify its cause. 
Possible explanations include differences in 

growth, sedimentation, attachment, shear-related 
loss, sampling heterogeneity, or combinations of 
these processes. Because no electrode-associated 
biomass, cell viability, or local hydrodynamic 
stress was measured, detachment and biofilm re-
tention remain hypotheses rather than measured 
outcomes.

Descriptive interpretation of the archived 
time course

The archived table comprises one observation 
for each agitation condition at each of five sam-
pling days. This structure is longitudinal and con-
tains no documented independent reactor replica-
tion. Treating the five days as five independent 
replicates would underestimate dependence and 
create pseudoreplication. Accordingly, interpreta-
tion is restricted to the observed trajectories and 
descriptive summaries.

Across days 0–20, the descriptive mean counts 
were 6.644 × 10⁶, 3.044 × 10⁶, 2.594 × 10⁶, 2.254 
× 10⁶, 1.028 × 10⁶, and 3.32 × 10⁵ cells mL⁻¹ at 0, 
50, 100, 150, 200, and 250 rpm, respectively. The 
corresponding medians were 8.22 × 10⁶, 2.70 × 
10⁶, 1.90 × 10⁶, 1.60 × 10⁶, 1.00 × 10⁶, and 2.00 × 
10⁵ cells mL⁻¹. The mean at 250 rpm was 95.0% 
lower than the mean at 0 rpm. These summaries 
describe five temporal observations and are not 
estimates from independent replicate reactors.

Figure 2. Proposed hydrodynamic mechanisms governing biofilm development in microbial fuel cells
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The complete 30-value matrix in Table 1 
shows that temporal behavior differed most clear-
ly above 150 rpm: the 200 and 250 rpm counts in-
creased initially and declined after day 10, where-
as the 0–150 rpm series continued to increase 
through day 20. Because each cell in the design 
contains one archived observation, the apparent 
separation should be treated as a descriptive pat-
tern requiring confirmation with independently 
replicated reactors.

Figure 3 presents the 30 archived observations 
as time courses rather than as independent-group 
boxplots. A logarithmic ordinate is used to display 
the full range of counts. Connecting lines are visu-
al guides and do not imply a fitted kinetic model.

Evidence boundary. Independent-groups in-
ferential tests were removed because the five 
values per rpm are repeated sampling days, not 
five documented independent reactor repli-
cates. Therefore, p-values from one-way ANO-
VA, Welch ANOVA, Tukey, or Games–Howell 

procedures would not provide a valid test of in-
dependent treatment replication for this archive.

The descriptive means decline with increas-
ing nominal rpm, and the day-20 observations 
show the same broad ordering. Nevertheless, this 
single archived time series per condition cannot 
quantify between-reactor uncertainty, establish a 
causal agitation effect, locate a threshold, or vali-
date a safe operating region.

Biologically, the descriptive differences may 
reflect changes in the bulk microbial population 
and/or redistribution between suspended and at-
tached fractions. The present measurements can-
not isolate those alternatives. Thus, 0 rpm cannot 
be designated as the best condition solely because 
it had the highest bulk count, and the low count 
at 250 rpm cannot be classified as biofilm failure 
without direct measurements of electrode-associ-
ated biomass, viability, mass transfer, and electro-
chemical performance.

Table 1. Archived longitudinal bulk-suspension microbial counts (cells mL⁻¹)

Sampling day 0 rpm 50 rpm 100 rpm 150 rpm 200 rpm 250 rpm

0 1.40 × 106 4.30 × 106 5.60 × 106 3.80 × 106 1.80 × 106 3.00 × 106

5 5.40 × 106 9.90 × 106 7.10 × 106 5.90 × 106 2.60 × 106 1.90 × 106

10 8.22 × 106 2.70 × 106 1.90 × 106 1.60 × 106 1.90 × 106 6.70 × 106

15 8.80 × 106 4.40 × 106 3.20 × 106 2.30 × 106 1.80 × 106 5.70 × 106

20 9.40 × 106 6.70 × 106 6.60 × 106 6.40 × 106 1.00 × 106 2.00 × 106

Figure 3. Archived bulk-suspension microbial counts by sampling day and nominal agitation speed
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Operational implications 			 
for bioelectrochemical systems

The performance of a bioelectrochemical sys-
tem depends not only on the ability of microor-
ganisms to form a biofilm but also on the ability of 
the system to maintain that biocatalytic function 
during operation. In an MFC, electroactive micro-
organisms oxidize organic substrates and transfer 
electrons to the electrode. Changes in biofilm con-
dition may therefore affect electrode utilization, 
extracellular electron transfer, internal resistance, 
electrical-output stability, and substrate-removal 
performance. A biofilm with a high cell count does 
not necessarily provide superior performance if a 
substantial fraction of the biomass is inactive or 
poorly connected to the electrode and substrate 
supply (Logan et al., 2019).

The present study quantified bulk-suspension 
total cell counts but did not measure electrode-as-
sociated biomass, voltage, current density, power 
density, internal resistance, Coulombic efficiency, 
chemical oxygen demand removal, biofilm thick-
ness, extracellular polymeric substances, or cell 
viability at each agitation speed. Consequently, 
the operational implications discussed here are 
mechanistic interpretations supported by the liter-
ature rather than direct measurements of biofilm 
or electrochemical performance.

The higher bulk-suspension count observed 
at 0 rpm indicates greater measured cell abun-
dance in the sampled reactor matrix, not stronger 
electrode-biofilm retention. Bulk and attached 
fractions may respond differently, and a high bulk 
count cannot be equated with maximum electro-
chemical activity. During prolonged operation, 
excessive attached biomass could still produce 
transport limitations or inactive regions, but that 
possibility was not measured in the present ex-
periment (Islam et al., 2019).

Excessive accumulation may also create 
electrochemically inactive regions. Cells located 
close to the electrode generally have better access 
to direct or mediated electron-transfer pathways, 
whereas cells located farther from the electrode 
depend on longer substrate-diffusion and elec-
tron-transfer paths. If biomass accumulation is 
not accompanied by a corresponding increase in 
accessible electrode area, part of the biofilm may 
become a transport and resistance burden rather 
than a functional biocatalyst.

Conversely, the lower bulk-suspension 
counts observed at 200 and 250 rpm identify a 

condition that warrants further investigation, but 
they do not prove insufficient electrode coverage 
or shear-induced detachment. The decline could 
reflect lower growth, redistribution to attached 
biomass, loss from the reactor, reduced viability, 
or sampling variability. Direct electrode-biomass 
and electrochemical measurements are required 
before a low-retention mechanism or operational 
failure can be assigned.

Total biomass is also an incomplete measure 
of electrode utilization. Yang et al. (2023) showed 
that restricted mass transfer within anode pore 
channels affects biofilm thickness, metabolic ac-
tivity, community composition, and power gen-
eration. In narrow or deep pores, colonization by 
electroactive microorganisms and current contri-
bution decline because substrate access becomes 
limited. Thus, a high overall microbial count does 
not necessarily imply a proportionally larger elec-
trochemically active electrode area.

Biofilm heterogeneity can further create spa-
tial differences in electrode activity. Regions with 
adequate substrate and ion supply may remain ac-
tive, whereas transport-limited regions may con-
tain biomass with low metabolic or electrochemi-
cal activity. Chen et al. (2024) emphasized that 
heterogeneous biofilm structures create nonuni-
form transport pathways for substrates and prod-
ucts, making mass-transfer efficiency a central 
determinant of reactor performance.

These imbalances can ultimately be translated 
into process deviations. Excessive accumulation 
may increase concentration polarization and re-
duce effective electrode utilization, whereas insuf-
ficient retention may reduce biological reaction 
capacity and electron-transfer capability. Both 
conditions may contribute to voltage fluctuations, 
changes in current density, lower substrate-con-
version efficiency, and longer recovery after load 
changes. The model developed by Day et al. (2022) 
similarly showed that flow patterns, substrate re-
moval, and current generation are interdependent 
in MFCs. The conceptual relationships between 
hydrodynamic conditions, biomass imbalance, 
electrochemical consequences, and operational 
reliability are summarized in Figure 4. The illus-
trated electrochemical and maintenance effects 
are literature-supported implications and were not 
measured directly in the present experiments.

An additional operational consideration is the 
trade-off between wastewater-treatment function 
and energy recovery. MFC operation requires 
sufficient microbial activity to degrade organic 
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matter while ensuring that the resulting electrons 
are efficiently transferred to the electrode. A large 
biomass inventory may support substrate deg-
radation but does not necessarily produce high 
Coulombic efficiency or power output if electrons 
are diverted to cell growth, side products, or path-
ways not connected to the electrode. Conversely, 
excessive biomass removal may reduce treatment 
capacity. Because the present system used a mix-
ture of food-waste hydrolysate, Sidoarjo mud, 
and Shewanella oneidensis MR-1, its actual op-
erational response may also depend on microbial-
community interactions and substrate complexity.

The importance of this balance increases dur-
ing scale-up. Larger bioelectrochemical reactors 
may develop nonuniform flow and substrate dis-
tributions, causing different areas of the same re-
actor to experience different levels of biomass ac-
cumulation. Consequently, an agitation speed that 

produces a particular response in a 1-L laboratory 
reactor cannot be transferred directly to a larger 
configuration without reassessing reactor geom-
etry, flow distribution, electrode area, and organic 
loading (Fathima et al., 2024).

Biofilm-related operational problems are not 
limited to the anode. In membrane-less MFCs, 
unwanted microbial colonization of the cathode 
can cover active sites, restrict oxygen access, and 
impair the oxygen-reduction reaction. Barakat et 
al. (2025) associated severe cathode biofouling 
with decreases in cell potential, current density, 
and power during long-term operation. Never-
theless, the microbial-count data obtained in the 
present study cannot be used to claim cathode 
biofouling, pore blockage, or increased internal 
resistance because the location of biomass and 
the electrochemical consequences were not mea-
sured directly.

Figure 4. Conceptual pathway linking hydrodynamic operating conditions, biomass imbalance, electrochemical 
consequences, and operational reliability in bioelectrochemical systems
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From a maintenance perspective, uncon-
trolled accumulation may increase the need for 
electrode inspection and cleaning, whereas fre-
quent biomass detachment may cause solids re-
lease and instability of the microbial community. 
Overly aggressive cleaning may also remove 
the electroactive biofilm required for operation 
and extend the recovery period. Operational and 
maintenance strategies should therefore target se-
lective control of inactive or excessive biomass 
rather than complete biofilm removal.

Bulk-suspension microbial count can conse-
quently serve as one indicator of biological condi-
tion, but it is insufficient as the sole basis for op-
erational decisions. A more complete monitoring 
strategy should combine suspended and electrode-
associated biomass, viability, electrochemical 
response, substrate removal, hydrodynamic vari-
ables, energy demand, and maintenance indicators.

Hydrodynamic operating control as an 
inherently safer design-aligned strategy

Hydrodynamic operating control in bioelec-
trochemical systems should not be interpreted as 
maximizing agitation speed or maximizing total 
biomass. In the present study, the defensible ob-
jective is to avoid hydrodynamic extremes while 
recognizing that the available data do not identify 
a unique optimum or validated safe rpm. Agita-
tion speed is therefore treated as a candidate 
preventive operating variable whose acceptable 
range must ultimately be verified using multiple 
biological, electrochemical, process, energy, and 
reliability indicators.

This approach is consistent with the philoso-
phy of inherently safer design (ISD), which prior-
itizes elimination or reduction of hazards through 
changes in materials, technology, inventory, and 
operating conditions rather than relying exclu-
sively on additional protective systems. The four 
commonly cited ISD principles are minimize, 
substitute, moderate, and simplify. The most rel-
evant principle in the present context is modera-
tion: operating conditions should be kept away 
from extremes so that the likelihood and conse-
quences of deviations are reduced at their source 
(Amyotte and Khan, 2021; Hendershot, 2012).

The term inherently safer must nevertheless 
be used carefully. ISD is relative to a particular 
hazard or deviation, and an operating change that 
reduces one risk may increase another. A static 
condition may enhance biomass retention but 

promote nonuniform transport, whereas increased 
agitation may improve circulation while reducing 
biofilm retention. No single agitation condition 
can therefore be assumed to be inherently safer 
with respect to every possible failure mode.

The descriptive time courses motivate evalu-
ation of an operating range rather than selection 
of a single optimum, but they do not resolve indi-
vidual agitation speeds or establish an operating 
limit. Any rpm grouping in the present framework 
is a hypothesis-generating working classification. 
In biological systems, an acceptable hydrody-
namic condition may also change with biofilm 
age, substrate concentration, fluid properties, mi-
crobial-community activity, electrode condition, 
and operating phase.

From an ISD perspective, moderation means 
avoiding conditions that create excessive depen-
dence on corrective action. Inadequate mixing may 
eventually require manual intervention or cleaning 
after excessive accumulation develops, whereas 
excessive agitation may require a recovery period 
or reinoculation after substantial biomass loss. A 
more preventive strategy is to establish hydrody-
namic conditions that limit the tendency toward 
either extreme during normal operation.

Agitation control through a motor, instrumen-
tation, and control logic is an active safeguard 
and is therefore not inherently safer in the strict-
est sense. The more precise description is an op-
erational strategy aligned with ISD, particularly 
with the principles of moderation and simplifica-
tion. Such a strategy does not replace active con-
trols, alarms, operating procedures, inspection, or 
maintenance; rather, it reduces the burden placed 
on those layers of protection (Center for Chemi-
cal Process Safety, 2019).

Implementation requires coordinated decisions 
at the design, operating, and monitoring levels. Re-
actor geometry, electrode placement, impeller con-
figuration, and flow distribution should be selected 
to avoid stagnant or excessively stressed zones. 
During operation, agitation should be maintained 
around a defined target and bounded by warning 
and action limits. Biological, electrochemical, 
process, and equipment indicators should then 
be monitored to verify that the selected hydrody-
namic condition continues to provide the intended 
function. This integrated implementation pathway 
is summarized in Figure 5. The framework inte-
grates the hydrodynamic design basis, agitation 
targets and operating limits, controlled operation, 
and monitoring of biological, electrochemical, and 
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equipment indicators. Acceptable conditions sup-
port continued operation and periodic verification, 
whereas deviations approaching or exceeding the 
operating limits require gradual adjustment, evalu-
ation, and corrective action.

As summarized in Figure 5, hydrodynamic 
operating control should be implemented as a con-
tinuous operational cycle rather than as a one-time 
selection of agitation speed. Monitoring results 
determine whether the system remains within an 
acceptable condition or requires gradual adjust-
ment, further evaluation, and corrective action.

ISD principles should also be integrated into 
process safety management rather than treated as 
a stand-alone assessment. Hydrodynamic oper-
ating limits should be considered during hazard 
analysis, management of change, equipment-in-
tegrity programs, operating-procedure develop-
ment, training, and incident investigation. Explic-
it integration of ISD into these management ele-
ments is more effective than using inherent safety 
only as a general design-stage concept (Amyotte 
et al., 2007; Rayner Brown et al., 2021).

Changes in agitation speed should be man-
aged as changes in operating conditions. Be-
fore a set point is modified, the potential effects 
on mixing-energy demand, electrode condition, 
biological stability, biocatalytic function, and 

maintenance requirements should be considered. 
For an operating reactor, the transition period is 
also important because the biofilm response may 
lag behind the change in agitation.

Start-up and steady-state operation may re-
quire different hydrodynamic strategies. During 
start-up, microorganisms are still establishing ini-
tial colonization; an agitation speed tolerated by a 
mature biofilm may therefore be unsuitable dur-
ing early attachment. Gradual ramping is prefera-
ble to an abrupt transition to the final set point be-
cause it moderates the rate of change and reduces 
the likelihood of forcing the developing biofilm 
outside an acceptable operating condition.

Operational decisions should be based on 
multiple success criteria. Bulk-suspension total 
cell count is the only quantitative biological re-
sponse available across agitation conditions in 
the present archive, and a safer or more reliable 
condition cannot be identified by maximizing or 
minimizing this variable alone. Future implemen-
tation should consider the combined stability of 
suspended and attached biomass, cell viability, 
voltage, current density, internal resistance, Cou-
lombic efficiency, organic-matter removal, mix-
ing-energy demand, and maintenance frequency.

It is also important to distinguish among a nor-
mal set point, a warning limit, and an action limit. 

Figure 5. Conceptual framework for implementing hydrodynamic operating control as a preventive operational 
strategy aligned with inherently safer design principles
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The normal set point represents the target for stable 
operation. A warning limit indicates that the sys-
tem is moving away from the desired condition but 
can still be corrected without interruption. An ac-
tion limit indicates a sufficiently large deviation to 
justify operating adjustment, inspection, or tempo-
rary shutdown. The present dataset is insufficient 
to define these limits numerically, but it provides 
an initial basis for developing such a structure.

Scale-up further limits the direct use of rpm as 
a universal parameter. Agitation speed is specific 
to reactor dimensions, impeller type, electrode 
geometry, fluid properties, and working volume. 
More transferable hydrodynamic parameters in-
clude power input per unit volume, superficial ve-
locity, mixing time, Reynolds number, shear rate, 
and estimated shear stress. Laboratory trends can 
indicate the direction of the agitation effect, but 
operating limits must be re-established for each 
reactor configuration (Corona-Martínez et al., 
2025; Fathima et al., 2024).

Simplification is equally important. An oper-
ating strategy with numerous set points and com-
plex rules may increase the likelihood of operator 
error. Hydrodynamic guidance should therefore be 
documented in a clear and monitorable form, with 
predefined criteria for when agitation should be 
increased, decreased, or maintained. Deviations 
should trigger consistent actions such as electrode 
inspection, evaluation of the electrochemical re-
sponse, and assessment of cleaning requirements.

Hydrodynamic control should not be pre-
sented as a substitute for other risk-management 
measures. Changes in substrate composition, 
contamination, electrical disturbances, electrode 
damage, and microbial-community instability 
may still occur. Hydrodynamic operating control 
should therefore form part of a layered strategy 
that includes appropriate equipment design, mon-
itoring, procedures, inspection, and maintenance.

Overall, agitation can be positioned as a 
candidate strategic variable for avoiding hydro-
dynamic extremes. In this study, the concept 
represents a structured compromise and moni-
toring framework rather than a mathematically 
determined optimum, a validated rpm value, or 
a quantified safety margin. This evidence-limited 
preventive concept is formalized in the following 
section as a preliminary conceptual Safe Hydro-
dynamic Operating Window (SHOW).

Proposed preliminary conceptual safe 
hydrodynamic operating window (SHOW)

Based on the descriptive time courses and the 
preceding mechanistic and operational interpreta-
tion, this study proposes SHOW as a preliminary 
conceptual framework for translating hydrody-
namic observations into structured operating 
guidance. SHOW is not intended to identify a 
universally applicable agitation speed or certify 
a numerical safety margin. Instead, it defines how 
an acceptable hydrodynamic region could be es-
tablished in future work by jointly considering 
bulk and attached biomass, bioelectrochemical 
function, process performance, energy demand, 
and operational reliability.

An operating window represents a range of 
parameters that produces an acceptable process re-
sponse. This differs from a single optimum because 
several operating conditions may provide compara-
bly acceptable performance. Conceptually, SHOW 
is analogous to a design space: the acceptable re-
gion is established from the combined relationships 
between operating parameters and relevant process 
responses and should be revised when process 
knowledge, scale, or equipment changes (Interna-
tional Council for Harmonisation, 2009).

In the present study, nominal agitation speed 
was the controlled hydrodynamic variable and 
bulk-suspension total cell concentration was the 
measured biological response. The descriptive 
means across days 0–20 were 6.644 × 10⁶, 3.044 
× 10⁶, 2.594 × 10⁶, 2.254 × 10⁶, 1.028 × 10⁶, and 
3.32 × 10⁵ cells mL⁻¹ at 0, 50, 100, 150, 200, and 
250 rpm, respectively. Because independent reac-
tor replication is not documented, no numerical 
SHOW boundary can be statistically validated 
from this dataset.

The framework is divided into three literature-
informed, hypothesis-generating regions: Region 
I, a low-mixing reference; Region II, a candidate 
study region; and Region III, a higher-agitation ref-
erence. These regions organize future testing and 
must not be interpreted as measured biofilm states, 
proven safety boundaries, or causal classifications.

Region I – Low-mixing hypothesis. The 
0-rpm condition is retained as the low-mixing 
reference because it had the highest descriptive 
mean bulk-suspension count. However, a high 
suspended-cell count does not demonstrate at-
tached-biomass accumulation or the most stable 
electrochemical operation. A defensible lower 
hydrodynamic boundary would require direct 
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evidence of mixing adequacy, attached biomass, 
mass transfer, treatment performance, and elec-
trochemical function.

Region II – Descriptive candidate study re-
gion. The 50–150 rpm conditions had descrip-
tive mean bulk-suspension counts between 2.254 
× 10⁶ and 3.044 × 10⁶ cells mL⁻¹. This interval 
is retained only to focus future independently 
replicated experiments at narrower hydrody-
namic intervals. It is not claimed to be safe, op-
timal, statistically superior, or representative of 
verified biofilm retention. Only bulk-suspension 
total cell concentration was measured as a re-
sponse to agitation in the present archive, and 
even this dimension does not establish viability, 
electrode-associated biomass, biofilm quality, 
or electroactive function. The electrochemical, 

treatment-performance, hydrodynamic-stress, 
operational-reliability, and energy dimensions in 
Table 2 are therefore explicit future validation re-
quirements rather than measured evidence.

Region III – Higher-agitation hypothesis. The 
200- and 250-rpm conditions had descriptive mean 
bulk-suspension counts of 1.028 × 10⁶ and 3.32 
× 10⁵ cells mL⁻¹, respectively; the 250-rpm mean 
was approximately 5.0% of the 0-rpm mean. These 
lower bulk counts do not demonstrate that an elec-
trode-biomass, process-failure, or safety threshold 
was crossed. Such a classification requires concur-
rent unacceptable changes in attached biomass, 
viability, electrochemical performance, treatment, 
recovery, or reliability indicators.

Accordingly, an upper SHOW boundary can-
not be assigned from this dataset. A validated upper 

Table 2. Evaluation dimensions, acceptance concept, and evidence status for future SHOW validation

Evaluation dimension Future SHOW acceptance concept Evidence in the present archive

Biological Suspended and attached viable biomass remain 
sufficient and stable.

Bulk total-cell count measured; electrode 
biomass, viability, EPS, and biofilm thickness 
not measured.

Electrochemical Voltage, current, power density, and resistance 
remain acceptable. Not measured across agitation conditions.

Treatment 
performance Substrate/COD removal meets the required target. Not measured across agitation conditions.

Hydrodynamic Mixing is sufficiently uniform without excessive local 
stress.

Nominal rpm recorded; agitator geometry, 
shear stress/rate, and mixing uniformity not 
retained.

Operational Cleaning and recovery demands remain acceptable. Long-term recovery, cleaning demand, and 
reliability not measured.

Energy Mixing-energy demand does not exceed the 
performance benefit. Mixing-energy demand not measured.

Figure 6. Preliminary conceptual SHOW framework. The indicated rpm groupings are descriptive candidate 
regions and do not constitute statistically validated safety boundaries
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boundary would require independently replicated 
evidence that increased hydrodynamic intensity 
produces a sustained unacceptable biological, 
electrochemical, treatment, energy, or maintenance 
response. The three-region diagram in Figure 6 is 
therefore a conceptual map for future validation, 
not a validated numerical operating envelope.

Region II should not be interpreted as safe in 
an absolute or validated sense. Here, “safe” de-
notes the intended future function of an operating 
window assessed and bounded using multiple rel-
evant indicators; it does not mean that 50–150 rpm 
has been validated as safe or that all risks are elimi-
nated. This interpretation is consistent with inher-
ently safer design, which emphasizes relative risk 
reduction and moderation of operating extremes.

SHOW should ultimately incorporate four 
categories of boundaries. The biological bound-
ary is reached when microbial count or viability 
moves outside the range required for biocata-
lytic function. The electrochemical boundary is 
reached when voltage, current, power density, 
or internal resistance shows an unacceptable de-
viation. The process boundary is reached when 
substrate removal, pH, conductivity, or another 
treatment variable no longer meets its target. The 
operational boundary is reached when mixing-en-
ergy demand, cleaning, recovery, or maintenance 
requirements increase disproportionately. The 
validated SHOW would be the intersection of all 
acceptable ranges rather than the range of a single 
response variable.

In its present form, SHOW is a single-re-
sponse, hypothesis-generating framework in-
formed by bulk-suspension microbial-count 
trends and literature mechanisms. Validation re-
quires independently replicated reactors and nar-
rower hydrodynamic intervals together with sus-
pended and attached biomass, microbial viability, 
biofilm thickness and EPS, shear stress or shear 
rate, voltage, current/power density, internal re-
sistance, Coulombic efficiency, COD/substrate 
removal, mixing-energy consumption, and long-
term operational-reliability measurements.

Agitation speed should also not be the sole ba-
sis for transferring SHOW to another reactor or 
a larger scale. Hydrodynamic operating windows 
should be evaluated in terms of more represen-
tative variables such as shear rate, shear stress, 
power input per unit volume, superficial velocity, 
mixing time, and relevant dimensionless numbers. 
Scale-up must account for nonuniform flow dis-
tribution, changes in internal resistance, electrode 

arrangement, and substrate distribution (Corona-
Martínez et al., 2025; Fathima et al., 2024).

Finally, SHOW should be treated as a liv-
ing framework that evolves with process knowl-
edge. Initial candidate regions can be informed by 
laboratory observations, but validated boundar-
ies should be refined using multivariable experi-
mental evidence, operating trends, disturbances, 
maintenance history, and responses to substrate 
variability. The contribution of the present study 
is therefore a structured method for defining what 
should be measured, monitored, and updated 
when establishing hydrodynamic operating limits, 
rather than the assertion of a final safe rpm range.

Study limitations and evidence boundaries

The evidence base has several limitations. 
First, the archive contains five longitudinal sam-
pling days per agitation condition but no docu-
mented independent reactor replication, so treat-
ment-level inferential testing is not justified. Sec-
ond, only direct total-cell counts from the bulk re-
actor matrix were preserved; electrode-associated 
biomass, viability, and the electroactive fraction 
were not measured. Third, the underlying five 
chamber-area readings for each reported observa-
tion and several counting-chamber details were 
not retained. Fourth, local shear stress, hydrody-
namic hardware details, biofilm characteristics, 
electrochemical performance, substrate removal, 
mixing-energy demand, and long-term reliability 
were not measured. Finally, rpm is equipment-
specific and cannot be transferred directly across 
reactor geometries or scales. These limitations 
prevent validation of a numerical safety margin 
or universal hydrodynamic operating window.

The original 30 reported observations, a data 
dictionary, descriptive summaries, and the surviv-
ing microbial-enumeration protocol are supplied 
in Supplementary Data S1. The supplement ex-
plicitly identifies the measured fraction as bulk 
reactor suspension and lists unretained metadata 
without substituting fabricated values. The pres-
ent SHOW must therefore be interpreted strictly 
as a preliminary conceptual framework supported 
by a descriptive time course.

CONCLUSIONS

The surviving archive shows a strong descrip-
tive agitation-related gradient in bulk-suspension 
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microbial counts. The mean across days 0–20 de-
creased from 6.644 × 10⁶ cells mL⁻¹ at 0 rpm to 3.32 
× 10⁵ cells mL⁻¹ at 250 rpm, a 95.0% difference, 
while the 200 and 250-rpm series peaked on day 
10 and subsequently declined. Because the five val-
ues per condition are repeated time points without 
documented independent reactor replication, the 
data do not support independent-groups inferential 
testing, a causal biofilm-detachment claim, or a sta-
tistically validated rpm threshold. The 50–150 rpm 
interval is retained only as a candidate region for 
future independently replicated validation. SHOW 
remains a preliminary conceptual framework re-
quiring direct measurements of attached biofilm, 
viability, hydrodynamic stress, electrochemical 
performance, treatment performance, energy de-
mand, and long-term operational reliability.
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