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Abstract

The many uses of biochar extend to microbial enhancement in fermentation processes because it acts
as a catalyst and a support medium. This study explores how varying biochar properties specifically
concentration, temperature, and particle size affect the growth of hyper-ammonia-producing bacteria
(HAB), using commercially sourced pine wood-derived biochar. Fermentation experiments were
conducted using enriched rumen fluid under controlled conditions to monitor bacterial growth via
optical density (ODsw) over a 48-hour period. Our results showed that microbial proliferation was
significantly influenced by all three parameters. The optimal growth was observed at 0.15% biochar
concentration, a temperature of 45°C, and a particle size of 250 pum. While lower concentrations and
smaller particles promoted microbial adhesion and colonization, higher levels appeared to hinder
growth, likely due to surface saturation and reduced pore accessibility. SEM imaging supported these
findings by revealing structural changes on the biochar surface at different concentrations,
highlighting its role in microbial distribution. Regression analysis confirmed a strong correlation
between biochar parameters and microbial activity, although no single variable stood out statistically
due to likely multicollinearity and sample limitations. These findings suggest tuning biochar
properties for optimal microbial processing, taking into consideration environmental factors and
using additional imaging techniques to better understand HAB- biochar interactions.

Keywords: biochar; microbial fermentation; hyper-ammonia-producing bacteria; biochar particle
size; temperature optimization; microbial growth kinetics

1. Introduction

Microbial fermentation plays a vital role in a wide range of industries, from producing foods
and beverages to creating pharmaceuticals, biofuels and biochemicals [1]. It is also an essential part
of environmental and waste management, supporting processes like anaerobic digestion for
converting waste into energy and composting for recycling organic materials. Despite its broad
application, microbial induced reactions are inherently slow, unlike chemical reactions. For instance,
fermentation of complex feedstocks like lignocellulosic biomass, which doesn’t break down easily
without proper pretreatment, is slow [2]. Fermentation rates are limited by microbial physiology and
growth kinetics. Fermentative microbes are sensitive to medium compositions which can boost or
hinder their proliferation [3]. Creating a supportive environment for microbes can help improve the
fermentation process.

One effective approach is immobilizing or attaching the cells to a solid support matrix. [4]
explain that immobilizing microbial cells helps them stay stable and more concentrated, which can
lead to better yields and faster fermentation. This claim is supported by [5], who found that supported
cultures generally offer better stress tolerance, reusability, and catalytic performance than free-
floating cells. Hence, the need to provide microbes with a supportive environment to enable them to
adapt easily to changing conditions leading to a more efficient fermentation process. However, not
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all materials may be suitable, sustainable and applicable for large-scale use. Some common materials
like synthetic resins, polymer gels, or activated carbon are often expensive and require significant
resources to produce. To keep fermentation cost-effective and eco-friendly, the support materials
need to be affordable, widely available, and ideally made from renewable resources. Recent efforts
have therefore turned to natural, low-cost support materials [6]. Biochar, produced by pyrolyzing
biomass, is becoming a popular, affordable, and sustainable support material. By transforming
agricultural residues into a valuable product, it promotes recycling and supports a circular economy.
Additionally, biochar’s effects on microbial communities are generally positive, as studies have
shown it doesn’t harm microbes. Although microbes will react differently to biochar depending on
the condition [7], the proliferation of hyper ammonia producing bacteria in the presence of biochar
is still a mystery.

Biochar’s porous structure, large surface area, and nutrient-rich particles offer a great
environment for microbes to attach and thrive. It also contains functional groups and minerals like
carbon, hydrogen, oxygen, and nitrogen, as well as key ratios like H/C and O/C [8,9]. The negatively
charged surface of biochar helps attract nutrient ions and beneficial microbes [10]. Because biochar
can create small, protective spaces that help microbes resist stress, it has proven to be an effective
carrier for the bacterial strain N33 [11]. These traits make it an ideal environment for fermentative
microbes, acting like a supportive scaffold that keeps them clustered and active. Biochar stands out
as an affordable, eco-friendly material that’s easy to produce in large quantities and features a porous
structure ideal for microbial growth [6]. Amending anaerobic microbial consortia with biochar led to
high levels of biohydrogen yields from organic waste by encouraging biofilm formation and
enriching beneficial bacteria [12]. Similarly, using biochar in ethanolic fermentation allowed microbes
to handle normally inhibitive by-products, leading to significantly higher ethanol production under
stress [13].

Toward the development of biofertilizer, our research group has previously developed bio-
ammonia production via fermentation using hyper ammonia-producing bacteria (HAB) [14].
Inclusion of biochar in the bio-ammonia fermentation system would enhance biofertilizer mineral
composition and potentially serve as support for HAB proliferation. However, not much is known
about how biochar could affect HAB proliferation during fermentation, thereby evincing the
importance of pursuing this research. This study aims to explore how biochar concentration,
temperature, and particle size affect the growth of hyper-ammonia-producing bacteria (HAB) during
fermentation, with the goal of identifying conditions that best support microbial proliferation and
using SEM imaging to visually explore how biochar structure affects bacterial attachment and
colonization.
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https://doi.org/10.20944/preprints202508.1699.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2025 d0i:10.20944/preprints202508.1699.v1

3 of 12

2. Materials and Methods
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Figure 1. Process Flowchart for Biochar-Based Microbial Fermentation Study.

2.1. Media and Fermentation Conditions

The study utilized commercial sourced biochar derived from pine wood, which was sieved to
obtain the desired particle sizes and sterilized at 121 °C to eliminate any remaining microbes. Fresh
rumen fluid was collected from fistulated dairy cows at the North Dakota State University (NDSU)
Animal Nutrition and Physiology Center (ANPC) and stored in 50 mL centrifuge tubes. Samples were
kept in an incubation chamber at 39 °C until use.

To cultivate and isolate hyper-ammonia-producing bacteria (HAB), an enriched medium was
prepared following the formulation described by [14]. The medium per liter consisted of: Na,SOj
(0.480 g), NaCl (0.10 g), CaCl2H,O (0.064 g), Na;COs (4.0 g), K;HPO, (0.292 g), KH,PO, (0.292 g),
yeast extract (0.50 g), and of casamino acids (15 g). The pH was adjusted to 6.5 using HCl, and the
medium was sterilized by autoclaving at 121 °C.

Prior to inoculation, the rumen fluid was allowed to settle, and the supernatant was diluted 1:100
to achieve an optical density (OD) of approximately 0.07. This diluted fluid was then added to the
sterile medium and incubated at 39 °C with shaking at 130 rpm for 12 hours. The resulting culture
was subsequently used as the inoculum for all experiments.

2.2. Experimental Set Up

The fermentation experiments were conducted using a Thermo Scientific MaxQ™ 4000 shaker,
which ensured consistent agitation and precise temperature control. Each treatment was prepared in
250 mL sterile Erlenmeyer flasks containing 40 mL of autoclaved growth medium, inoculated with
0.4 mL of prepared HAB culture. Sterilized pine wood-derived biochar was added according to the
specific variable under investigation concentration, temperature, or particle size. The flasks were
securely clamped onto the shaker platform and incubated for 48 hours under controlled conditions,
with the temperatures ranging from 30°C to 50°C and a shaking speed maintained at130 rpm. These
conditions promoted uniform mixing, prevented particle settling, and enhanced interaction between
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the biochar and microbes. Samples were collected every six hours for optical density measurements
at 600 nm (ODew) and filtered using Whatman qualitative filter paper to separate the biochar particles.

2.2. Biochar Concentration Experiments

The effect of varying biochar concentrations on the growth rates of HAB was evaluated using
six different biochar loadings: 0%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.25% (w/v). This range aligns with
previous findings suggesting that low to moderate biochar levels can enhance microbial activity,
while higher concentrations such as those above 2% reported by [15], may reduce digestibility and
hinder microbial function. Optical density (ODsw) was measured at 6-hours intervals over a 48-hour
incubation period using a spectrophotometer set at 600 nm. The growth medium was inoculated HAB
and incubated at 37 °C on a shaker set to 120 rpm.

A biochar particle size of 850 um was selected to balance microbial accessibility, as supported
by He et al. (2020), who found that particles <1 mm enhance microbial colonization and sustained
methanogenesis. To maintain consistency across treatments, 0.1 g of biochar was added to 40 ml of
media, ensuring a representative biochar-to-liquid ratio, while 0.4 ml of HAB inoculum was used to
provide a uniform microbial load for tracking growth patterns. All treatments were prepared in
duplicate for reliability.

Bacteria growth phases were identified based on OD trends. Samples were collected and filtered
through qualitative Whatman filter paper, and the optimal biochar concentration for bacterial growth
was determined from the OD measurements.

2.3. Temperature Experiments

Experiments were conducted to evaluate the effect of temperature on the growth of HAB in the
presence of biochar at five distinct temperatures: 30°C, 35°C, 40°C, 45°C, and 50°C. The study
included two treatment groups: the first comprised biochar and medium only (BM), while the second
included biochar, medium, and HAB (BMH). Each treatment was prepared in duplicate using 2g of
850 pm biochar/800ml of media. For each experimental unit, 40ml of media containing 0.1 g of biochar
and 0.4ml of HAB inoculant (for BMH only) was used. Samples were collected every 6-hour interval
for 48 hours. OD was measured at each time point, and all samples were filtered using Whatman
qualitative filter paper to remove biochar particles. A two-way ANOVA was conducted to assess the
significance of differences in bacterial growth across treatments and temperatures.

2.4. Biochar Particle Size Experiments

The impact of biochar particle size on microbial interactions was evaluated using three biochar
particles sizes: 250 pum, 425 um, and 1.40 mm. Experiments were conducted in duplicate using growth
media inoculated with HAB. Each treatment consisted of 40 mL of media, 0.1 g of biochar of the
specified particle size, and 0.4 mL of HAB inoculum. Samples were collected every six hours over a
48-hours period and filtered using Whatman qualitative filter paper to remove biochar particles.
Microbial interaction levels were quantified by measuring OD values, and statistical analyses were
performed to determine significant differences among particle sizes, thereby identifying the size that
best supports microbial growth and activity.

2.5. Statistical Analysis

Two-way ANOVA was used to assess the effects of time and experimental variables specifically
biochar concentration, temperature, and particle size on microbial growth. Statistical significance was
determined at a p-value threshold of < 0.05. All analyses were performed using R (version 4.3.0).
Additionally, regression analysis was performed to evaluate the relationship between each
experimental factor (biochar concentration, temperature, and particle size) and microbial growth, as
measured by optical density (OD). This approach enabled us to identify optimal conditions for
enhancing the growth of HAB.
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2.6. Scanning Electron Microscope Analysis (SEM)

To prepare the samples, biochar was applied to adhesive carbon tabs that were subsequently
mounted on cylindrical aluminum holders. To ensure optimal imaging conditions, the excess biochar
was carefully removed using a nitrogen gas stream, which aids in preventing contamination and
ensuring a clear view of the surface features. Before imaging, a conductive gold coating was applied
to the samples using a Cressington 108auto sputter coater (Ted Pella Inc., Redding CA, USA). Coating
will help to enhance the conductivity of the biochar samples, by improving the quality of the SEM
images and reducing charging effects during electron beam exposure. Images were obtained using a
JEOL JSM-6490LV scanning electron microscope (JEOL USA, Peabody MA, USA) at an accelerating
voltage of 15 kV.

3. Results

3.1. Temperature Effect

Temperature is a key factor influencing microbial growth and interactions within their
communities [16]. Different microbial species respond uniquely to temperature changes, which can
lead to variations in behavior and community structure [17]. Some microbes thrive at elevated
temperatures, exhibiting accelerated growth, while others experience thermal stress that impairs
survival and metabolic function [18,19].

Biochar helps microbes stay active under high temperatures by protecting their enzymes and
supporting normal metabolic function, even during heat stress [20]. Its hydrophobic properties also
facilitate interactions at the gas-liquid interface in static systems potentially stabilizing the thermal
characteristics of the surrounding medium [21]. Furthermore, biochar enhances enzyme stability at
higher temperatures, boosting microbial performance and making it a valuable tool for optimizing
microbial processes [22]

Achieving optimal microbial growth requires careful temperature regulation. In our study, we
examined the growth patterns of HAB in the presence of biochar across a temperature range of 30°C
to 50°C, over a 48-hours period. Treatments that included biochar, medium, and HAB (BMH)
consistently showed higher microbial growth than those containing only biochar and medium (BM),
especially at higher temperatures. The highest microbial activity was observed in BMH treatments at
45°C, with OD values occurring at 48-hour mark. This supports previous findings which suggest that
increased temperatures accelerate microbial biomass turnover, potentially favoring fast-growing
microbial species [23].

Conversely, Microbial activity was notably reduced at lower temperatures, with ODsg values of
0.567 at 30 °C and 0.572 at 35 °C. The minimal difference between these values suggests that HAB
growth was similarly limited under both conditions, likely due to temperature-induced constraints
on enzyme efficiency and metabolic function. Reduced molecular movement at these temperatures
leads to diminished enzyme activity due to insufficient kinetic energy for effective substrate binding
and catalysis. This is particularly evident in mesophilic microbes, which typically exhibit optimal
enzyme activity around 37°C. As the temperatures drop below this threshold, metabolic rates decline,
resulting in slower microbial growth and reduced metabolic efficiency [24]. This trend is consistent
with findings by [25], who reported changes in microbial community structure and metabolic
efficiency at suboptimal temperatures.

Interestingly, temperatures above 45°C had a detrimental effect on microbial activity. This
decline is likely due to enzyme denaturation, which disrupts essential metabolic pathways. These
observations highlight the importance of maintaining an optimal temperature around 45°C for
maximizing the synergistic effects of biochar and promoting robust microbial growth. It can be
concluded that although biochar significantly enhances microbial activity, its effectiveness is closely
tied to environmental factors, particularly temperature.
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Figure 2. Average growth rate for biochar, HAB and media at different temperatures.

3.2. Particle Sizes

Biochar particle size is a crucial parameter influencing its efficiency and microbial activity in
both soil systems and fermentation media. Recent studies, such as [26], highlight that microbial
colonization, diversity, and activity are strongly influenced by biochar particle size, with smaller
particles boosting microbial growth thanks to their greater surface area and porosity. These
characteristics offer ample sites for microbial attachment and create favorable microenvironments
that support microbial growth [27-29]. Studies exploring the impact of biochar particle size on
microbial activity and gas production consistently emphasize the advantages of finer particles. [30]
demonstrated that smaller biochar particles significantly improved forage digestibility and gas
output compared to larger sizes. Supporting this, [31] found that while most particle sizes enhanced
methane yields during fermentation, biochar particles in the 1-3 cm range were less effective, likely
due to their tendency to float and limit physical contact with microbial communities. These trends
are further explained by [32], who noted that fine biochar particles provide a higher surface area-to-
volume ratio, increasing the availability of reactive sites for microbial colonization and facilitating
electron transfer critical in syntrophic microbial interactions. On the other hand, large biochar
particles can still benefit fermentation by acting as stable scaffolds for microbial communities, as [33]
showed they support the accumulation of methanogenic archaea and secondary fermenters in
anaerobic digesters.

To optimize biochar particle size for HAB fermentation, we used different sizes of biochar to see
how each one affected the growth of hyper-ammonia-producing bacteria. The treatments included
250 pm, 425 pum and 1.40 mm biochar particle sizes and were applied for 6, 24, 30, 42 and 48 hours,
respectively. In the first stage of the experiment (6—24 h), the levels of microbial interaction were low
for all the treatments, which is in accordance with the lag phase that is seen when bacteria are
adjusting to a new environment [34]. It was expected that microbial interaction levels would increase
as bacteria continued to adapt to the biochar environment.

At the end of 48hours, microbial interaction levels increased significantly, particularly with 250
and 425 um biochar particles. These findings corroborate prior research emphasizing the contribution
of smaller particles to microbial colonization and activity via increased surface area and porosity [28].

On the other hand, the 1.40 mm biochar particles had a slower rate of microbial interaction
throughout the experiment. Their low surface area and pore volume probably suppressed microbial
colonization and activity, and thus were less effective in supporting HAB. The finding agrees with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the previous research that has shown that larger biochar particles are less effective in microbial
environments [35]. These findings suggest the need to use the right size of biochar particles to
enhance microbial activity.

Trend for biochar, media & microbes(BMM) at different particle sizes
1.2

0.8

0.6

7 I
-+ gii il ili T i'l “I " “

Incubation Time (hours)

~

Microbial Growth (ODeoo)
N

B 250um MW425um 1.40mm

Figure 3. Trend for biochar and HAB at different particle sizes.

3.3. Biochar Concentration

Biochar concentration plays a critical role in microbial-driven processes such as fermentation,
where its application can enhance nutrient retention and provides surfaces for microbial
immobilization. Although biochar offers notable advantages, [36] emphasized that there is no
universally optimal biochar concentration. Instead, it must be tailored to specific application goals
and environmental contexts. This underscores the importance of optimizing biochar dosage to
support the growth of hyper-ammonia-producing bacteria (HAB) without introducing adverse
effects.

In this study, we evaluated the impact of various biochar concentrations (ranging from 0% to
0.25% w/v) on the growth kinetics of free-living HAB (Figure 3). The results show that smaller biochar
particles support more robust HAB proliferation, likely due to greater surface area and porosity.
Compared to the control (0% biochar), the addition of biochar generally reduced the concentration of
free HAB in solution, presumably due to microbial entrapment or adhesion to biochar surfaces. This
observation aligns with previous findings that biochar offers a porous and structurally favorable
substrate for bacterial attachment and immobilization [37].

During the initial phases of incubation (6—18 hours), microbial growth was observed across all
treatments, although no consistent trend emerged across biochar concentrations. This variability
suggests that early microbial activity may be influenced by additional factors such as microbial
adaptation, competition, or bioavailability of nutrients within the substrate.

Between 24 and 30 hours, particularly in the control (0% biochar) and the 0.15% biochar
treatment, which exhibited the highest growth rates. Growth was reduced at elevated concentrations
(2.0% and 2.5%), which shows inhibiting effects, likely due to overpopulation or depleting resources
[38]. A similar inhibitory effect was reported by [39,40] that observed that high biochar concentrations
inhibited enzyme activity and microbial growth due to substrate saturation and nutrient
immobilization.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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At the end of the 48-hour incubation period, optical density values across treatments aligned,
with the control and 0.15% biochar treatments showing slightly elevated values. Interestingly,
increasing biochar concentrations show a reduction in free microbial populations possibly due to
increasing adhesion HAB with biochar concentration. Based on this observation we propose the
following 2 stages namely (i) Adaptation and colonization stage: HAB progressively colonized the
biochar surface, possibly utilizing its structure to their advantage, and (ii) Detachment and
redistribution stage: more HAB become free into the surrounding solution thereby contributed to the
increased free microbial numbers. These insights suggest that optimal microbial proliferation and
overall process efficiency depends on finely tuned biochar concentrations. This necessitates further
studies employing advanced nano-imaging techniques (e.g., SEM, TEM, or confocal microscopy) to
directly observe microbial adhesion, colonization patterns, and biofilm formation on biochar
surfaces.

Different concentrations of biochar

: i b il I‘ “

Incubation Time (hours)

Microbial Growth (ODsoo)
°© o o Boe
B (o)) o] = N >

o
N

mO0B m0.05B 0.1B 0.15B m0.2B m0.25B

Figure 4. Different biochar concentrations at a 6 hourly incubation period.

The results of the two-way ANOVA revealed that time (hours) has a highly significant effect on
microbial growth outcomes, as measured by optical density (F (1, 56) =782.970F, p < 2x10-16).
Additionally, the experimental condition (encompassing variations in biochar concentration,
temperature, and particle size) also had a significant effect (F (11, 56) =8.427, p = 1.65x10-8). Importantly
there was a statistically significant interaction between time and condition (F (11,56) =3.958, p
=0.000285). This interaction suggests that the effect of time on microbial growth is not uniform across
all experimental conditions; rather, it varies depending on the specific treatment applied. Such a
result implies that both time and condition contribute to microbial growth in both dependent and
independent ways.

The regression analysis assessed the impacts of biochar concentration, temperature, particle size,
and their interactions on microbial growth, quantified as optical density (OD). The model exhibited
a robust fit, accounting for 99.31% of the variation in OD (R? = 0.9931) with an adjusted R? = 0.9758.
None of the individual predictors or interaction terms exhibited statistical significance (p > 0.05),
presumably attributable to the limited sample size or multicollinearity among the variables.
Although the model displays a variability in OD, the absence of substantial impacts indicates that
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more comprehensive data or more studies with larger sample sizes are required to validate the
relationships among biochar concentration, temperature, and particle size.

3.3. Biochar, Microbe and Composite Morphology

The scanning electron microscopy (SEM) images of biochar inoculated with hyper ammonia
producing bacteria (HAB) at varying concentrations, specifically from 0.5 to 0.25, were analyzed to
assess the structural changes. The results (Figure 5) show clear differences in structure across various
biochar concentrations, emphasizing how the amount of biochar affects microbial growth and its
ability to absorb substances.

1,000  10pm

3
&
"
/

%
15kv X1,000 15kv X1,000 10pym 5 15kv X1,000 % 10pm

Figure 5. Scanning electron microscopy (SEM) images of biochar inoculated with hyper-ammonia-producing
bacteria (HAB) at varying concentrations. The pore structure biochar (A) Raw biochar (B).0.05% biochar with
HABs (C). 0.10% biochar with HABs (D). 0.15% biochar with HABs (E). 0.20% biochar with HABs (F). 0.25%
biochar with HABs.

The SEM images showed an uneven textured surface and a presence of pores, due to biochar’s
interaction with the HABs, facilitating adsorption and microbial colonization. Studies by Tao et al.
(2019) support this finding, showing that biochar’s porous surface created a favorable environment
for Bacillus subtilis bacteria. Similarly, [41] found that surface texture played a role in the interaction
of biochar and E. coli bacteria, with smoother surfaces attracting a greater number of bacteria.
Furthermore, microbial treatment has been shown to enhance biochar's surface properties. [42]
reported that biochar treated with microbes exhibited increased surface area and porosity compared
to untreated ones, which improved their adsorption capabilities. Our results show that lower
concentrations of biochar (0.5% - 0.15%), possess a highly porous and well-distributed structure with
minimal aggregation, indicating that open pores and accessibility, providing an ideal environment
for the HABs to grow. In contrast, as the concentration increases (0.20% - 0.25%), there is an
appearance of a distorted surface, more compact and with evidence of pore blockage and particle
aggregation. Such structural alterations may impact the biochar’s adsorption ability and may limit
microbial colonization. Thus, to effectively apply biochar, there is a need to understand the amount
of biochar needed to create a balance between biochar and microbial interaction.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4. Conclusions

The study confirms that biochar has the potential to support microbial fermentation, especially
hyper-ammonia-producing bacteria (HAB). We discovered that there is a relationship between
biochar concentration, temperature variations, and particle size that influences microbial
proliferation. The results suggest that biochar can provide a conducive environment for bacterial
attachment and nutrient retention. Optimal microbial proliferation was observed at a biochar
concentration of 0.15%, a temperature of 45°C, and a particle size of 250 pm. However, higher
concentrations and biochar particle size displayed inhibitory effects, which could be because of
surface saturation and limited microbial access. The varying temperature used revealed the influence
of thermal conditions on microbial dynamics. Although biochar enhanced microbial tolerance to heat
variations, higher growth rates were observed around 45°C, with increasing temperature showing a
reduction in microbial growth suggesting an enzyme denaturalization state. The biochar particle size
for this experiment shows that surface area, porosity in microbial adhesion and proliferation were
influenced by particle size. Smaller particle sizes (250—425 um) provided favorable microbial
colonization sites while larger particles (>1.40 mm) were less effective, likely due to reduced available
surface area and pore connectivity. We carried out a regression analysis and it shows that there is a
strong correlation between biochar properties and microbial growth, with the model explaining
99.31% of OD variability. However, there is an absence of statistical significance in individual
variables suggesting the complexity of HAB-biochar interactions. The SEM analysis showed a
microstructural view of how biochar surface morphology changes with increasing concentration and
its impact on bacterial distribution. Hence the need for tuning the biochar to suit specific application.
Further research can be done to evaluate additional environmental factors, and advanced imaging
techniques to elucidate the mechanisms that influence biochar-microbial interactions.
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