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Abstract. Salt weathering, driven by the crystallization of
saline solutions within sedimentary rocks, leads to significant
material degradation. Key factors influencing this process in-
clude salt type, concentration, moisture levels, temperature
fluctuations, and pore structure. Environmental conditions
and microbial activity further impact weathering, either miti-
gating or exacerbating its effects. Microorganisms contribute
to biological weathering but may also enhance rock prop-
erties through biofilm formation or biocementation. Labora-
tory techniques such as rock testing and micromodel experi-
ments face challenges in replicating complex interactions be-
tween microorganisms and salt-bearing porous materials. In
this study, we investigated the activity of Paracoccus denitri-
ficans in saline solutions through experiments conducted on
Petri dishes, glass slides and micromodels. Key challenges
included replicating controlled conditions, managing con-
tamination, and maintaining strict environmental controls.
The results highlighted significant challenges in interpret-
ing bacterial activity within salt-bearing systems, particularly
due to contamination risks and difficulties in maintaining
precise experimental conditions. Additionally, experimental
setups, such as fluid actuation using laser light beams, were
found to introduce further complexities. This research pro-
vided recommendations and emphasized the critical need for
refined methodologies to enhance accuracy and reliability in
future studies.

1 Introduction

Weathering is the natural phenomenon by which rocks are
broken down and altered by physical, chemical, and biologi-
cal processes (Smith et al., 2008). This phenomenon signifi-
cantly impacts the built infrastructure, leading to the gradual
disintegration and decomposition of materials. Salt weather-
ing is a common weathering process, which involves saline
solutions moving through porous materials with repeated
crystallization and dissolution often leading to material dam-
age (Desarnaud et al., 2013; Derluyn et al., 2014). This phe-
nomenon can be observed both in coastal areas due to high
salt concentrations from seawater and also in various struc-
tures within the built environment, where cycles of wetting
and drying occur (Godts et al., 2023).

Key factors influencing salt weathering include the type
and concentration of salts, moisture content, temperature
and air humidity fluctuations, and material properties such
as strength and pore structure (Grossi et al., 2011; Shen et
al., 2024). In this process, the distribution and movement of
moisture inside a porous system plays a crucial role. Mois-
ture can infiltrate the rock pore space through mechanisms
like capillary action and water vapor transport, supplying dis-
solved salt or transporting and depositing them in pores and
cracks (Oguchi and Yu, 2021). As brine evaporates, salt crys-
tals form and may exert pressure on the surrounding material
(Flatt et al., 2017; Steiger, 2005). Salt crystallization is fur-
ther affected by environmental factors such as fluctuations in
relative humidity and temperature, which impact the drying
kinetics (Desarnaud et al., 2015).
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Besides the presence of salts, microbial organisms are also
present on stone. They are generally known to adversely
alter rock surfaces and cause biodeterioration (Schröer et
al., 2021). However, some studies suggest that microor-
ganisms can positively affect rock properties by forming
biofilms and producing biocement (Jroundi et al., 2010;
Rodriguez-Navarro et al., 2012; Ranalli and Zanardini, 2021;
De Muynck et al., 2011). This complexity complicates the
development of methods to introduce beneficial microor-
ganisms for stone bioremediation, bio-consolidation, or bio-
protection. A key challenge lies in ensuring the adhesion and
survival of inoculated microbial organisms on stone surfaces.
Limited nutrients and harsh environmental conditions, such
as temperature and humidity fluctuations, combined with ex-
posure to pollutants can compromise microbial viability.

Equally important is the risk of undesirable interactions
between inoculated microorganisms and stone material and
minerals and thereby potentially altering salt crystallization.
Microorganisms may mitigate or worsen weathering, making
it crucial to understand their impact on stone weathering/con-
servation (Goudie and Viles, 1997). Despite numerous pub-
lications on salt and biological weathering, their interaction
and, the effects of different salt (mixture) types, concentra-
tion, and ionic strength on microbially mediated reactions
within porous media are not well understood. High salt en-
vironments can cause osmotic stress in bacterial cells, lead-
ing to dehydration, disruption of cellular functions, and even
cell death (Wood, 2015). Elevated salt levels create hyper-
tonic conditions causing plasmolysis, which disrupts micro-
bial growth and function. Furthermore, ions like Na+ and
Cl− can be toxic to bacteria at high concentrations, inhibit-
ing enzyme activities and nutrient uptake. High salinity can
affect nutrient availability and can alter bacterial metabolism,
complicating cultivation and experimental reproducibility.

To understand the salt-bacteria interactions in porous sys-
tems during evaporation, one efficient way is to look at their
behavior in microfluidic devices subject to varying environ-
mental conditions (Zhou et al., 2019). Micromodels mimic
partially the pore structure of rocks and due to their trans-
parency and thin design enable the visualization of fluid
transport at the microscale, making them popular in biomed-
ical and microbiology research (Sackmann et al., 2014). De-
spite their advantages, measurements conducted using mi-
cromodels present several challenges (Karadimitriou and
Hassanizadeh, 2012). For instance, the use of light and laser
beams is a fundamental component of microfluidic studies.
However, some studies have highlighted the potential ef-
fects of localized laser heating, such as the formation of
bubbles within the liquid inside micromodels (Hung and
Huang, 2013). When investigating microbial activity within
microfluidic devices as well as the dynamic interactions be-
tween microorganisms and their surrounding environments,
it is crucial to thoroughly address the associated challenges
to ensure accurate and reliable insights. These challenges in-
clude the precise replication of natural microenvironments,

the potential artifacts introduced by experimental setups, and
the limitations of current imaging and analytical techniques.

Investigating the interplay between bacterial activity and
salt crystallization in porous media, such as micromodels,
requires addressing several key challenges. These include
assessing bacterial influence on salt crystallization. This in-
volves exploring how bacterial growth and biofilm forma-
tion are influenced by varying salt concentrations and as-
sessing their potential role in shaping salt crystallization pat-
terns. Since bacteria require an optimal growth medium to
form biofilms, the introduction of such a medium into a
porous structure may inadvertently facilitate salt crystalliza-
tion by altering local chemical and physical conditions. Con-
versely, addressing the potential challenges of fostering bac-
terial growth in salt-saturated porous media is essential. In
this context, a critical question arises regarding bacterial ac-
tivities and interactions in saline environments, specifically
concerning the survival and resilience of bacteria in the pres-
ence of specific ions and under high-salinity conditions.

Biological contamination can obscure the extent of the
engineered bacterial colonization inside porous structures,
complicating result interpretation. These challenges add to
the complexity of microbial research in saline conditions
within rocks. Building on the previously mentioned facts,
it is essential to identify potential artefacts and challenges
when using specific bacteria in research studies across differ-
ent scales and techniques. This includes understanding how
bacteria selection and experimental setup can impact results
and recognizing sources of error or distortion. Addressing
these factors will optimize research methods and improve re-
sult reliability.

A critical challenge in biological experimentation within
micromodels is contamination control. Maintaining steril-
ity across equipment, media, and experimental environments
is critical but inherently difficult. It requires rigorous pro-
tocols and careful handling to prevent microbial contami-
nation. Implementing effective contamination control mea-
sures is essential to ensure reliable and reproducible results
in microfluidic-based microbial studies. Sterilization proce-
dures like autoclaving, chemical disinfectants like isopropyl
alcohol or ethanol, and even ultraviolet (UV) irradiation
might be necessary but may add some complexity (Bharti et
al., 2022; Harrigan and Mccance, 2014). Maintaining steril-
ity in micromodel equipment is challenging due to limited
disinfectant access to tiny pores, human error, handling is-
sues, and airborne microorganisms. Cross-contamination in
multi-experiments requires strict protocols and early detec-
tion of contamination is time-consuming. Failure to maintain
sterility can lead to unwanted microbial growth, compromis-
ing research outcomes.

In this study, we explored the interactions between the
bacterial activity of Paracoccus denitrificans, a specific den-
itrifying bacterium, under varying concentrations of saline
solutions through experiments conducted on Petri dishes,
glass slides and micromodels and highlight the associated
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Table 1. Composition of the growth medium adapted from Erşan et al. (2015).

Concentration Concentration
Compounds (g L−1) Compounds (g L−1)

Buffer Na2HPO4.7H2 8.5 Salt NaCl 0.5

KH2PO4 3 MgSO4 0.24

Carbon source Methanol 4 CaCl2 0.011

Nitrate source KNO3 0.72

experimental challenges and potential mitigation. Special
attention was devoted to examining evaporation from bio-
treated saturated porous samples to evaluate the influence
of bacterial presence on the evaporation process, salt crys-
tallization, and biofilm growth. We selected P. denitrificans
for its potential application in soil improvement (Rebata-
Landa and Santamarina, 2012) and building stone conserva-
tion (Schröer, 2017).

2 Materials and methods

The experiments conducted in this study utilized a mixture of
P. denitrificans, mineral medium, and either water or various
salt solutions. Two types of experiments were designed to
evaluate bacterial interactions with different salts: aqueous
solution experiments in (1) test tubes, and (2) micromodels.

2.1 Aqueous solution experiments in test tubes

To test the viability of P. denitrificans in high-concentration
salt solutions, a series of experiments were conducted us-
ing the following mixtures: the growth medium (Table 1)
described by Erşan et al. (2015), the same medium with-
out salts, the medium with only salts, and salts prepared ac-
cording to RILEM standards (5 wt % and 10 wt % NaCl and
Na2SO4). The mixtures were inoculated with P. denitrificans
strains grown in Lysogeny Broth (LB) medium and incubated
at 25 °C for 21 d. Samples were collected on days 1, 3, 7, 14,
and 21 for subsequent plating tests. The plating method was
employed to assess bacterial viability under the specified ex-
perimental conditions.

2.2 Aqueous solution experiments in micromodels

Figure 1a provides a snapshot of a saturated micromodel
used in the study, while the procedure for the evaporation ex-
periment conducted in the micromodel is detailed in Fig. 1b.
The micromodel was fabricated from Polydimethylsiloxane
(PDMS), a transparent silicon polymer, mimicking a slice
of a homogeneous porous stone with a porosity of 40 %
and a thickness of 150 µm. Prior to conducting the experi-
ment, bacterial cultures grown in LB were centrifuged and
subsequently mixed with a methanol-mineral medium, fol-

lowing the method described by Erşan et al. (2015), to pre-
pare the bacterial solution. Initially, we saturated all micro-
models with deionized (DI) water or different salt solutions
at relatively high concentrations, including sodium chloride
(21.2 wt %), sodium sulphate (15.0 wt %), and a mixture of
these two salts (NaCl 3.9 wt %; Na2SO4 9.6 wt %). Follow-
ing this, 210 µL of the bacterial solution was injected with a
1 µL min−1 rate in the open channel of the micromodel inter-
face (Fig. 1a) and then incubated the micromodels for 3 to
5 d. Afterward, they were partially dried by introducing air
at varying relative humidity levels, while maintaining ambi-
ent temperatures, at a flow rate of 100 cm3 STP min−1 across
the model’s interface. Finally, we examined the micromodels
using Confocal Laser Scanning Microscope (CLSM) (Nikon
ECLIPSE Ti) at magnifications ranging from 40x to 100x.

3 Results and discussion

3.1 Aqueous solution experiments in test tubes

3.1.1 Activity of P. denitrificans under high-salinity
conditions

Preliminary studies in test tubes conducted in this research
indicated that while P. denitrificans can survive in higher
concentrations of Na2SO4 up to 10 wt %, the tolerance
threshold for NaCl is lower (5 wt %). The literature has lim-
ited information regarding the salt tolerance of this bacteria.
However, based on the work of Nokhal and Schlegel (1983),
it has been noted they can withstand salt solutions up to
7 wt % NaCl concentrations. It is known that most cultural
heritage buildings have salt within the pores (Steiger et al.,
2014), and determining the salt concentrations and ion com-
positions that P. denitrificans can tolerate is crucial for its po-
tential application in the field of conservation. On the other
hand, P. denitrificans needs a certain mineral medium for
optimal growth. However, these media typically contain low
amounts of salts, usually below 5 wt % (Al-Salloum et al.,
2017). One of the main challenges we faced during the test
tube experiments, was contamination as observed in the plat-
ing tests (Fig. 2).
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Figure 1. (a) The micromodel used in this study (thickness= 150 µm, porosity= 0.4); (b) The workflow of the micromodel experimental
study adopted in this research.

Figure 2. Plating test results from the salt tolerance experiment,
with white arrows indicating contaminations: (a, b, d) Pure P. deni-
trificans samples suspended in water. Contamination is observed as
a small spot in (a). (c) P. denitrificans grown with only salts in Er-
san’s medium (Erşan et al., 2015). (e) P. denitrificans in full Ersan’s
medium, with contamination almost fully covering the plate. (f) P.
denitrificans in Ersan’s medium without salts, with partial contam-
ination present.

3.1.2 Salt morphological changes by bacteria during
drying

Another observed outcome of salt and bacteria interactions
is the morphological changes in salt crystallization in the
presence of bacteria. For example, in Fig. 3, slide images
of 5 wt % and 10 wt % NaCl and Na2SO4 salt solutions are
shown. As evident from these images, the crystallization pat-
terns differ significantly in the presence of bacteria (either
dead or alive). This suggests that when salts are present in
stones, post-application drying can result in varying forms of
deposition.

3.2 Aqueous solution experiments in micromodels

3.2.1 Fluid actuation by laser/light beams

Figure 4 illustrates an example of the evolution of the inter-
face between bacteria-containing liquid and air-dried regions

Figure 3. Salt crystallization on glass slides from 5 wt % and
10 wt % NaCl and Na2SO4 solutions, with and without P. denitrifi-
cants.

during imaging by CLSM. Over time, the interface distorts
due to localized heating. We found that the high-intensity
beams negatively (i.e., destructively) affected the liquid-gas
interface. In other words, the interface temporally evolved
during the CLSM measurements and lost its original mor-
phology. This heating can alter surface tension and contact
angles, leading to changes in fluid distribution and poten-
tially inaccurate experimental results. Additionally, the heat
may accelerate evaporation, further distorting observations
and affecting the interpretation of transport processes.

3.2.2 Bacteria-salt interactions in microfluidic
experiments

Figure 5 illustrates micromodel images after the drying test,
where the model was saturated with an NaCl-Na2SO4 brine
mixture

prior to the injection of a bacteria-containing liquid. Here,
we observed a biological network inside the model. Further
identification is needed to determine whether this network
originated from P. denitrificans activity or from other mi-
crobial organisms, as it may alter salt crystallization mech-
anisms and kinetics. This becomes more important when the
saline solutions inside the model undergo an evaporation pro-
cess, increasing the possibility of crystallization with differ-
ent morphologies and structures. The potential occurrence
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Figure 4. An example of the temporal evolution of the liquid-gas
interface between bacteria-containing liquid and air-dried regions
during CLSM imaging, influenced by laser beam effects; A snap-
shot of a liquid-air interface at time (a) t , (b) t +4 s, and (c) t +5 s.

Figure 5. Examples of CLSM images after the drying experiment
for models saturated with NaCl-Na2SO4+ bacteria-containing liq-
uid. Evidence of hyphae-like structures or potential biofilms are vis-
ible in the partially dried pore space. Further analysis is necessary
to confirm the composition of these structures.

of ring effects (Yanni et al., 2017), salt crystallization and
biomass aggregation/biofilm creates a very complex situa-
tion that necessitates the use of additional techniques, such
as scanning electron microscopy (SEM), to accurately dis-
tinguish these features.

3.2.3 Maintaining experimental validity in micromodel
studies

Contamination control is crucial for reliable micromodel mi-
crobial experiments, as even minor contamination can mis-
represent bacterial interactions with salt solutions. We found
that unwanted microorganisms, such as airborne microbes
or potentially fungi, could introduce variability and interfere
with the experimental outcomes. Strict sterility is therefore
essential, including the use of sterilized tools, proper sealing,
laminar flow hoods, and cleanrooms to prevent exposure to
airborne microorganisms. Additionally, specific contamina-
tion protocols should be tailored to the microorganisms un-
der study to maintain the integrity of the experimental setup.

4 Conclusions

The use of microorganisms in experimental studies usu-
ally requires replicates to confirm their findings. In this
study, multiple iterations were conducted to ensure the re-
producibility of observations and to minimize the influence
of random variation or experimental errors. Achieving con-
sistent and reproducible results in microbiological systems,
particularly in micromodel studies, proved challenging due
to inherent variations in bacterial growth and behavior. Main-
taining optimal conditions for bacterial activity, such as tem-
perature, relative humidity, and pH, required precise control
and monitoring, as even slight deviations could affect out-
comes. One significant observation during our experiments
involved the formation of hyphae-like structures within mi-
cromodels. However, based on imaging data alone, it remains
unclear whether these structures represent biomass aggrega-
tions, biofilms, fungal hyphae, or other phenomena. Addi-
tional research, including advanced characterization meth-
ods such as SEM and various spectroscopy techniques, is re-
quired to conclusively identify these structures. Furthermore,
contamination emerged as a critical concern, as even minor
contamination at this scale could complicate interpretations
and undermine the validity of results.

Working with P. denitrificans in saline environments pre-
sented unique challenges, including controlling environmen-
tal conditions, managing contamination risks, and addressing
issues related to environmental chemistry and imaging com-
ponents, such as laser beam-line effects. These challenges
were particularly pronounced during drying experiments in-
volving bacterial-inoculated micromodels and stone materi-
als. Despite these difficulties, our preliminary results demon-
strated the feasibility of studying bacterial dynamics in salt-
bearing porous media. Future research should focus on dis-
tinguishing bacterial-induced products generated by P. deni-
trificans from those generated due to contamination. A com-
bination of different techniques can provide more relevant
data. This will enhance our understanding of microbial be-
havior in complex environments and improve the accuracy
of experimental outcomes.
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