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The objective of this research was to evaluate the role of atmospheric microorganisms in chemical

transformations occurring within clouds. To achieve this objective, we measured in the laboratory the

rates of biodegradation for four chemical compounds of interest in atmospheric chemistry (formic and

acetic acids, formaldehyde and hydrogen peroxide). We implemented them in an explicit model of cloud

chemistry simulating the exchange processes between air and droplets and chemical reactivity in both

phases. The biodegradation rates were not kept constant; rather, they depended on the concentration of

the four targeted species. For this purpose, a series of incubation experiments were performed in the

laboratory with microbial strains isolated from cloud water by modulating the initial concentration of the

substrate and ambient temperature (5 °C and 17 °C). Different simulations were carried out to investigate

the role of biological activity in contrasting environmental conditions (season, day/night). Sensitivity tests

were also performed on parameters controlling the chemical reactivity and exchanges between phases

such as the cloud liquid water content or acidity. Analysis revealed that biodegradation in the aqueous

phase was competitive with the abiotic processes of transformations for the four compounds, especially

in summer (up to 94% in terms of relative contribution). The concentration of formic acid exerted the

most significant impact in both the aqueous phase and in terms of total concentration in the cloud. In

summer, biodegradation had a strong impact, during both day and night, on formic acid concentration,

inducing a loss of 23 and 65%, respectively. At night, in summer, biodegradation was the main sink for

formic acid, acetic acid and formaldehyde (81, 56 and 98%, respectively). Sensitivity tests (pH and liquid

water content – LWC) further demonstrated the added value of modulating the biodegradation

efficiency according to the concentrations of each compound. For instance, the decrease of formic acid

aqueous concentration due to biodegradation is between 50 and 70% more important when LWC is

reduced by a factor of 3.
Environmental signicance

The role of microorganisms in cloud chemistry was recently highlighted considering their ability to degrade organic compounds and oxidants. This works aims
at assessing by a modeling approach the environmental conditions for which the biodegradations of 4 key compounds (acetic and formic acids, formaldehyde
and H2O2) are favored and thus play a signicant role in the cloud multiphasic chemical budget. The results foreground that microbial degradation is
competitive with chemical sinks whatever the environmental situation. The concentrations of formic acid are the most strongly impacted both in the aqueous
and the gaseous phases. Sensitivity tests on cloud physico-chemical properties (liquid water content and acidity) demonstrate the importance to modulate
biodegradation rates with the concentrations in atmospheric chemistry models.
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dUniversité Clermont Auvergne, CNRS, Observatoire de Physique du Globe de

Clermont Ferrand, UMS 833, Clermont-Ferrand, France

† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d2ea00153e
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1. Introduction

A cloud is a multiphasic environment that is difficult to inves-
tigate by performing laboratory experiments or eld campaigns
due to its inherent complexity. Consequently, numerical
models of different complexities have been developed to
simulate the multiphase chemistry of clouds.1,2 These models
have been used to represent the transformations of organic and
inorganic species during the lifetime of clouds. Models can be
used to simulate processes with different levels of complexity:
0D models help to understand the detailed processes as they
include microphysical processes and explicit chemical mecha-
nisms with hundreds of chemical species and reactions
considering chemical and thermo-dynamical data from labo-
ratory experiments.3–8 These models allow us to evaluate the
effect of individual microphysical and chemical processes in the
context of atmospheric chemistry. This is a crucial step in
developing our understanding of cloud chemistry and to
parameterize the most signicant processes in larger scale
models with the objective of evaluating the impacts of clouds on
air quality and climate change.9,10

Currently, most of these models only consider abiotic
processes. Nevertheless, microorganisms (bacteria, yeasts and
fungi) have been discovered to be alive and metabolically active
in cloud water.11,12 These microorganisms can resist and survive
even when exposed to harsh conditions (cold shock, oxidative
stress, osmotic stress and UV radiation).13 They can act as bio-
catalysts and transform organic matter, thus contributing to
cloud chemistry.14–16 More specically, microorganisms can
degrade compounds such as formaldehyde, methanol and
organic acids by virtue of their metabolism.17,18 Microorganisms
can also act indirectly on cloud chemistry through their inter-
actions with oxidants; to protect themselves from oxidative
stress, microorganisms can transform hydrogen peroxide
(H2O2), a major source of hydroxyl radicals (HOc)19 and one of
the main sources of atmospheric oxidants.

Under laboratory conditions, comparisons between biotic
and abiotic transformation rates in microcosms mimicking
cloud environments and in cloud water have clearly demon-
strated that biodegradation can be competitive with radical
chemistry.20,21 However, such laboratory experiments have been
performed under bulk conditions that were not representative
of the multiphasic cloud system with thermodynamic and
chemical equilibriums between the gas and liquid phases.
Some recent modeling researchers thus proposed to overcome
these experimental limits by integrating biological contribu-
tions within cloud chemistry models.22,23

The rst study to consider biodegradation processes in
a cloud chemistry model was published by Fankhauser et al.22

Microbial consumption rates for the small organic molecules
commonly detected in cloud water have been incorporated in
the 0D-GAMMA model. In this model, biodegradation rates are
constant, and the liquid water content (LWC) is reduced to
extremely low values since only the volume of droplets con-
taining bacteria is considered. The authors showed that
biodegradation rates were efficient enough to modify organic
732 | Environ. Sci.: Atmos., 2023, 3, 731–748
acid concentrations in droplets containing microorganisms but
not the overall droplet population. Khaled et al.23 analyzed the
potential effect of microorganisms on the chemical composi-
tion of cloud water by performing sensitivity tests that modu-
lated biological and chemical process parameters over large
ranges (cell concentrations, loss rates for organics by chemical
and biological processes and the solubility of organics). These
researchers concluded that the organics of intermediate solu-
bility (effective Henry's law constant Heff between 104 to 106 M
atm−1) such as formic and acetic acid may be the compounds
that are most affected by biodegradation in cloud water.

These previous modeling studies assumed that the micro-
biological activity remained constant with different concentra-
tions and that the degradation of a substrate by
microorganisms differs fundamentally from chemical reac-
tivity. Biodegradation involves enzymes that catalyze the trans-
formation of a substrate into a product and whose activity is
regulated by the concentration of the substrate. Hence,
biodegradation rates vary constantly with substrate concentra-
tion. This means that we need to make adequate assumptions
in the model to represent biodegradation effects more realisti-
cally with regard to cloud chemistry.

In the present study, we experimentally determined biodeg-
radation constants for four chemical compounds representing
substrates for microorganisms. Formic and acetic acids along
with formaldehyde were chosen because of their importance in
cloud chemistry; these compounds were implemented in
a model of cloud chemistry. These compounds are known to
enter the central metabolism of several microorganisms; these
metabolites are used to maintain energy levels by the produc-
tion of ATP to synthesize larger molecules and create biomass.
The metabolic pathways of these compounds are relatively well
known and imply a relatively low number of enzymatic steps.
H2O2 was also considered to investigate the indirect effect of
microorganisms on the oxidant capacity of cloud water. The
biodegradation rates of these substrates were experimentally
determined using three bacterial strains isolated from cloud
water sampled at the top of the puy de Dôme mountain (PUY,
France) and known to efficiently degrade these compounds.
Biodegradation rates were evaluated for different initial
concentrations of the substrate and for two temperatures (5 and
17 °C). To implement biological degradation in this model, we
restricted microbial activity to one enzymatic reaction although
the metabolic pathways of microorganisms are clearly more
complex.

These biodegradation rates were implemented in a detailed
model of cloud chemistry which described explicitly the
chemistry in both the gaseous and aqueous phases together
with the dynamical mass transfer between these two phases.7,24

Contrary to previous modeling studies, biodegradation rates
were modulated by the substrate concentrations. The objective
of this research was to compare the efficiency of photochemistry
vs. microbiology with regard to the effects of selected “key”
environmental parameters such as temperature, actinic ux,
pH, cloud liquid water content and cell concentration. We did
not consider all of the environmental parameters known to
modulate microbial metabolic activity and viability in the cloud
© 2023 The Author(s). Published by the Royal Society of Chemistry
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aqueous phase such as pH or actinic ux. Microorganisms other
than bacteria have largely been neglected while all forms of
bacteria were considered to be active. Warm cloud events were
simulated at temperatures of 5 °C and 17 °C; these tempera-
tures are representative of mid-latitude clouds and different
seasons (winter vs. summer). This research aims at providing
a new concept for the role of microorganisms in the atmo-
spheric transformation of chemical compounds and considers
realistic biodegradation rates and the modulation of many
environmental parameters.

2. Methods
2.1. Biodegradation experiments

We utilized three bacterial strains of Pseudomonas, which
represents one of the most encountered genera in clouds.15,25–31

These strains belong to the Gamma-Proteobacteria class re-
ported previously15 and were selected due to their ability to
degrade chemical compounds in clouds.17,20 These bacteria
were formally identied (based on 16S rRNA gene sequences) as
Pseudomonas graminis (13b-3, DQ512786) for formic acid and
hydrogen peroxide degradation, Pseudomonas sp. (14b-10,
DQ512794) for acetic acid degradation and Pseudomonas syrin-
gae (12b-8, DQ512783) for formaldehyde degradation.

These bacteria were grown on R2A medium and were incu-
bated in articial cloud solution. This solution mimics the
chemical composition of clouds that are representative of air
masses that are inuenced by marine environments (see ESI,
S1, S2 and Table SM1 for experimental details†). We chose this
solution because most of the clouds sampled at PUY are inu-
enced by marine environments. The bacteria concentration to
chemical concentration ratio was kept as close as possible to
cloud conditions but due to methodological constraints
(detection limits and the quantication of degradation rates),
bacteria concentrations were adjusted at 107 cells per mL for
acetic acid and formaldehyde and 105 cells per mL for hydrogen
peroxide and formic acid. The articial cloud solution in which
bacteria were incubated was concentrated by a factor of 100
specically for acetic acid and formaldehyde, to keep the same
cell/chemical concentration ratio during the determination of
biodegradation rates. Previous studies in a laboratory environ-
ment have shown that maintaining a constant ratio of cell
concentration vs. degraded chemical compound concentration
(in the range of the investigated concentrations) allows the
evaluation of biodegradation rates independently of the abso-
lute cell and chemical concentrations18 The articial cloud
water was then supplemented with increasing concentrations of
formic acid, acetic acid, formaldehyde or H2O2 to estimate their
biodegradation rates (ESI, S3†).

All biodegradation experiments were performed under
sterile conditions in triplicate (independent replicates). Two
control solutions were also monitored to test substrate stability
(without bacteria) and substrate release by bacteria (without
substrate supplementation). Incubation experiments were per-
formed at two different temperatures (5 °C and 17 °C) to
represent winter and summer conditions. The concentrations
of substrates were monitored by ion chromatography or
© 2023 The Author(s). Published by the Royal Society of Chemistry
uorescence spectroscopy (see ESI, S4 for further details
relating to chemical analysis†). Further information relating to
the incubation experiments is given in ESI (S5†). The calcula-
tions used for biodegradation rates are detailed in ESI (S6†) and
the results are reported in Table SM2.†
2.2. Model setup

The cloud chemistry model used in this research was based on
the Dynamically Simple Model for Atmospheric Chemical
Complexity (DSMACC)32 using the Kinetic PreProcessor (KPP)33

which was modied to take into account the aqueous phase.
The aqueous phase mechanism CLEPS (Cloud Explicit Physico-
chemical Scheme) considers the detailed chemical reactions of
HxOy, chlorine, carbonates, NOy, sulfur, and the chemistry of
the transition metals for iron, manganese and copper in the
aqueous phase.34–36 It also considers the oxidation of organic
species for C1 to C4 carbon atoms based on a protocol described
previously.7 In total, 850 aqueous reactions and 465 equilibria
were included in the aqueous phase mechanism. For organic
compounds, 87 chemical species were considered in the
mechanism corresponding to 657 chemical forms (hydrated
forms and anionic forms). In CLEPS, the most recent structure–
activity relationships (SARs) were used to document missing
data. For example, Doussin and Monod's SAR37 was used to
estimate rate constants and branching ratios for the HOc
oxidation and the GROMHE SAR38 allowed for the determina-
tion of solubility (Henry's law constants) and hydration
constants. The chemical aqueous mechanisms implemented in
the cloud chemistry model for the four studied compounds are
given in ESI (S7a†).

The aqueous phase mechanism was coupled with the latest
version of the explicit gas phase mechanism MCM v3.3.1
(Master Chemical Mechanism).39 Themass transfer between the
two phases was kinetically described previously.40 The model
calculated photolysis rates with the TUV v4.5 model.41 The TUV
model was also modied to calculate aqueous phase photolysis
rates. The model explicitly predicts H+ concentration as part of
the solution of the system of ordinary differential equations
(ODEs). Therefore, pH may evolve dynamically during the
simulation time; it can also be xed at a constant value for
sensitivity tests.

We chose a chemical scenario that was representative of low
NOx conditions for simulations. Initial concentrations, emis-
sions and dry depositions in the gaseous phase were adapted
from the work of McNeill et al.6 and of Mouchel-Vallon et al.7

(ESI S7b and Table SM3†). To obtain a chemical photo-
stationary state, an eight-day-long simulation was performed
modeling only gas phase chemistry. This so-called “spinup”
simulation leads to a complex chemical environment that is
characterized by gaseous inorganics, organics and oxidant
concentrations that are representative of low-NOx conditions.
Spinup simulations were performed to represent two different
seasons (summertime vs. wintertime cases). The temperature
and actinic ux were different and thus simulated the effect of
seasonality. For maximum intensity, the actinic ux was 1.7-
fold higher for the summer case. For the summer case, the
Environ. Sci.: Atmos., 2023, 3, 731–748 | 733
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temperature was set to 17 °C and for wintertime conditions, the
temperature was set to 5 °C. These two temperatures are iden-
tical to the temperatures maintained during incubation exper-
iments, thus allowing us to evaluate biodegradation rates. To
validate the spinup parameters, concentrations obtained on the
last day of simulations were compared to in situ measurements
monitored at the puy de Dôme station (PUY); this is considered
to be a remote station (i.e., a low NOx environment).42 To mimic
the winter chemical environment, isoprene emissions were
reduced from 5.0 × 106 to 2.5× 106 molecules cm−3 s−1 and the
deposition rates of the different chemicals were reduced by
a factor of one-third for the wintertime spinup parameters to
account for reduced plant foliage. The gaseous concentrations
of a selection of key species in atmospheric chemistry for the
two spinup simulations are presented in ESI (S7c, Fig. SM1 and
SM2†). At the end of the spinup, we noticed that, as expected,
the concentrations of oxidants were higher in summer than in
winter. Simulated HOx (HOc, HO2c) concentrations were
compared to previous studies (both modelling evaluation and in
situmeasurements) and present realistic level and modulations
with the different environmental condition (day vs. night,
summer vs. winter) (see ESI S7d†) for more details). Summer
conditions also favored higher organic concentrations (see
Table SM4 for further details†). Cloud simulations were run
using the concentrations obtained at the end of the spinup
simulation as input parameters. The different simulations are
presented in Fig. 1.

The cloud aqueous phase appeared on the 6th day at 10 PM
(night cloud simulation) or the 7th day at 10 AM (day cloud
simulation) and both cloud simulations lasted 6 hours
(Fig. SM3†). The radius of the cloud droplets was xed at 10 mm
and the liquid water content (LWC) was equivalent to 3 × 10−7

v/v. The acidity was set constant at pH = 5.5; this value is close
to the pH used for biodegradation experiments. LWC, radius
and pH values are representative of measurements performed
on real clouds sampled at the PUY station. During the cloud
Fig. 1 Conditions of the different simulations: chemical scenarios, envir
carbon (DOC) concentrations are indicated for summer (yellow) and win

734 | Environ. Sci.: Atmos., 2023, 3, 731–748
simulations, emission and deposition rates were identical to the
ones used for spinup simulations. Aqueous HOc concentration
also represents a crucial parameter since it drives the oxidation
of organic matter. Usually, numerical models overestimate the
concentration of this radical in cloud droplets in comparison to
eld measurements.8,43 To consider the scavenging of HOc by
organic matter, the aqueous mechanism involved two main
processes. First, organics present in the gas phase and for which
the reactivity was not described in CLEPS were still transferred
in the aqueous phase and reacted with HOc radicals with
a reaction rate of 3.8 × 108 M s−1. This value was proposed
previously43 to estimate the sink for aqueous HOc by consid-
ering dissolved organic carbon (DOC). Second, we considered
the concentration of DOC reacting with HOc at the same rate. In
contrast to the concentration of organics passing from gas to
droplets, this concentration remained constant. The objective
of this was to represent the soluble organic fraction dissolved
from aerosol particles. These hypotheses enabled the reduction
of HOc by one order of magnitude (from 10−13 to 10−14 M for
maximal values simulated during the day in summer condi-
tions) which is closer to the values observed in situ.44,45
2.3. Implementation of biodegradation rates in the model

Biological degradation reactions were implemented in the
CLEPS mechanism to describe the biodegradation of formic
and acetic acids, formaldehyde and H2O2 (Fig. 2a). Formic and
acetic acids are transformed by bacteria in the aqueous phase
into CO2 and the biodegradation of H2O2 leads to the formation
of H2O and O2. For formaldehyde, we considered that bacteria
lead to the formation of methanol and formic acid, as reported
previously.17 A ratio of 50/50 was chosen since no quantitative
data exist on the modulation of the methanol/formic acid ratio
by bacteria metabolism.

The biodegradation rates per cell obtained in the laboratory
were expressed in mol s−1 cell−1 (Section 2.1) and were
onmental parameters and microphysical properties. Dissolved organic
ter (grey).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic description of the implementation of biodegradation in the model. Four reactions were added to the CLEPS aqueous phase
mechanism. (b) Themodel uses the REAC_BIO function that calculates biodegradation rates for the four organic compounds as a function of the
simulated concentrations at each time step. (c) The function read an input file (represented on the right) containing the linear fit (the dotted green
line) calculated on the basis of the experimental data (the blue points). The rate was calculated using a linear fit in mol s−1 cell−1 that was then
multiplied by the cell concentration to obtain the biodegradation rate in M s−1.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

3/
02

/2
02

6 
10

:4
0:

51
 . 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
measured for different concentrations of substrates and for two
temperatures. Fig. 2 depicts how biodegradation reactions,
rates and cell concentrations were considered in the model. The
biodegradation rates per cell for formic and acetic acids,
formaldehyde and H2O2 at the two different temperatures were
used as input data (Fig. 2c). At each time step, the aqueous
concentrations of these four compounds evolved temporally in
a manner that was dependent on the reactivity and mass
transfer; these changes were monitored by the model. For the
concentration ranges of these four compounds, the rates of
biodegradation per cell varied linearly as a function of the
substrate concentrations (see Section 3.1). For this, we created
a new routine in the model that read the linear function for
formic and acetic acids, formaldehyde and H2O2 and interpo-
lates biodegradation rates per cell for the simulated substrate
concentration (Fig. 2b). The estimated biodegradation rates per
cell Vcell (mol s−1 cell−1) for each compound were multiplied by
the concentration of cells Ccell (cells L−1) in the cloud water to
derive the nal biodegradation rates Vbiodegradation (M s−1):

Vbiodegradation ¼
�
dC

dt

�
biodegradation

¼ Vcell � Ccell (1)

At each time step, the model re-evaluated the biodegradation
rates (M s−1) of the four substrates which depended on the
substrate concentrations; these rates competed with the
chemical losses (M s−1) as calculated by the model of cloud
chemistry.

3. Results and discussion
3.1. Experimental biodegradation rates

The experimental rates measured are listed in Table SM2.† The
rates of biodegradation were inuenced in different ways by the
substrate concentration according to the compound being
© 2023 The Author(s). Published by the Royal Society of Chemistry
investigated. Indeed, rates increased linearly with substrate
concentration for all compounds except for acetic acid. For the
latter, biodegradation rates did not vary with substrate concen-
tration. This linear dependence of the biodegradation rate on
substrate concentration conrmed that if the biodegradation rate
was kept constant, as in Fankhauser et al.22 and Khaled et al.,23

then this leads to an overestimation for low concentrations and
an underestimation for high concentrations. In particular, for
formic acid (mostly deprotonated at the considered pH, as acetic
acid), which in real cloud water varies from less than 1 to more
than 100 mM,42 the biodegradation rate spanned over three orders
of magnitude. Considering the variation of biodegradation rate
with substrate concentration is essential to understand the effect
of microbial activity on cloud water chemistry.

Fig. SM4 (ESI S8†) represents the evolution of biodegrada-
tion rates as a function of the substrate concentration. The
linear functions calculated for each compound are reported in
Table SM5.† At 17 °C, the biodegradation rates were higher than
for 5 °C, especially at high substrate concentrations. For
example, the slope for formic acid was 45-fold higher in
summer and for formaldehyde and H2O2, it was 1.5-fold higher
than in winter. The biodegradation rate for acetic acid was 3.5-
fold higher in summer than in winter.

The experimental biodegradation rates for the selected
strains were compared to previous experimental research that
evaluated the biodegradation rates of microorganisms in
clouds. Many previous research studies involved single strains
incubated with a single substrate.17,29,46–49 However, as with the
present study, some studies used more complex systems that
were closer to cloud environments, including articial cloud
water20 or real cloud samples containing the entire endogenous
microora.21 Table 1 lists the biodegradation rates reported in
these two previous research studies in comparison with the
values obtained in the current research.
Environ. Sci.: Atmos., 2023, 3, 731–748 | 735
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Table 1 Biodegradation rates of formic and acetic acids, formaldehyde and hydrogen peroxide experimentally determined in two previous
studies using pure strains in artificial cloud water or real cloud watera

Temperature (°C) Concentration (mM)

Experimental rates
(mol s−1 cell−1)

Calculated rates
(mol s−1 cell−1)

Real cloud21 Pure strains20

Pure strains

This work

Formic acid 17 4.9 7.7 × 10−19 — 3.8 × 10−18

17 15.0 — 0.8–8 × 10−18 2.2 × 10−17

17 33.2 6.4 × 10−19 — 5.5 × 10−17

17 42.7 1.9 × 10−18 — 7.3 × 10−17

5 15.0 — 0.4–5 × 10−18 1.7 × 10−18

Acetic acid 17 4.5 4.6 × 10−18 — 1.1 × 10−18

17 20.0 — 0.4–5 × 10−18 1.1 × 10−18

17 23.2 2.2 × 10−18 — 1.1 × 10−18

17 25.4 1.4 × 10−18 — 1.1 × 10−18

5 20.0 — 0.1–1 × 10−18 3.2 × 10−19

Formaldehyde 17 1.5 1.0 × 10−19 — 2.2 × 10−18

17 2.7 3.7 × 10−20 — 3.7 × 10−18

17 6.1 1.1 × 10−19 — 7.8 × 10−19

Hydrogen peroxide 17 33.4 2.3 × 10−18 — 4.0 × 10−18

17 57.7 2.5 × 10−18 — 6.8 × 10−18

a The last column is relative to the rates determined for the concentration values of these two referenced studies using equations given in Table SM5
in comparison with our current research.
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Väıtilingom et al.20 investigated 17 strains isolated from
cloud water and incubated at temperatures relevant for clouds
(5 °C and 17 °C). These authors investigated the biodegradation
of carboxylic acids at concentrations that were representative of
cloud systems. The biodegradation rates for formic and acetic
acids varied from 0.8 × 10−18 to 8.0 × 10−18 mol s−1 cell−1 and
from 0.4 10−18 to 5 10−18 mol s−1 cell−1, respectively, at 17 °C
and 0.4 × 10−18 and 5 × 10−18 mol s−1 cell−1 at 5 °C. Table
SM5† shows calculations for biodegradation rates associated
with the concentrations of formic and acetic acids for the
experiments described by Väıtilingom et al.20 (15 mM) at 17 °C
and 5 °C (Table 1). The rate of biodegradation of formic acid was
higher in our study at 17 °C although the rates calculated for
formic acid and acetic acid at 5 °C were in the same range as
those reported by Väıtilingom et al.20

Incubations performed by Väıtilingom et al.21 at 17 °C on real
clouds showed that endogenous microorganisms can transform
carboxylic acids such as formic and acetic acid but also form-
aldehyde and H2O2. Interestingly, the biodegradation rates
determined in our study are in the same range as those
measured by Väıtilingom et al.;21 this shows that our results can
be extrapolated to the real cloud environment which contains
thousands of potential substrates and a mix of microbial
strains. For formic acid and formaldehyde, we notice that the
biodegradation rates observed in our study were higher than
those measured in real clouds. The lack of competition between
substrates and bacteria, and the pure strain chosen to degrade
the targeted compound can explain this statement. Some
microorganisms could preferentially degrade substrates other
than formaldehyde and formate since other sources of carbon
are available in natural clouds.
736 | Environ. Sci.: Atmos., 2023, 3, 731–748
3.2. Simulations: the effect of biodegradation on aqueous
concentrations

Winter and summer simulations present different environ-
mental parameters that can exert strong inuences on multi-
phase chemistry and the mass transfer between gaseous and
aqueous phases. First, the mass transfer of all soluble species is
modied by temperature (higher solubility with decreasing
temperature). Second, the oxidative capacity of the atmosphere
is modulated by temperature, actinic ux and the intensity of
emissions and depositions. In the present study, very different
aqueous HOx (HOc and HOc/O2c

−) radical concentrations were
simulated (Fig. SM5a and b†). For HOc, maximum concentra-
tions during the day were equal to 9.2 × 10−14 M and 2.5 ×

10−14 M in summer and winter, respectively. During the night,
maximum HOc concentrations were around one order of
magnitude lower than during the day (8.0 × 10−15 and 3.5 ×

10−15 M on average for summer and winter simulations,
respectively). Finally, the initial concentrations of the gaseous
environment were also notably different with lower concentra-
tions of organic compounds (for weaker emission of isoprene)
and of HxOy compounds in the winter scenario (Fig. SM2,
Tables SM4 and S7d†). This led to a very contrasted multiphase
chemical composition and reactivity in the simulated clouds.

Model results for all simulation cases are presented in Fig. 3
which shows the time evolution of formic and acetic acids,
formaldehyde and H2O2 concentrations in the aqueous phase.
As expected, differences were evident between the two seasonal
scenarios in terms of oxidative capacity and organic content.

During the day, formic acid concentrations presented
different temporal proles depending on the scenarios
involved. Reduced concentrations were observed at the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Time evolution of the concentrations in the aqueous phase (mM) of formic and acetic acids, formaldehyde and hydrogen peroxide for
summer (left) and winter (right) simulations at night (dashed line) and day (solid line). Each simulation was performed with and without the
consideration of biodegradation. Note that a secondary scale for formaldehyde and hydrogen peroxide concentrations is used to represent their
lower concentrations at night.

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2023, 3, 731–748 | 737
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beginning of the summer simulation (from 23 to 19 mM) fol-
lowed by an increase to 26 mM (Fig. 3a). Formic acid concen-
tration for the winter simulations increased with time (from 13
to 22 mM) (Fig. 3b). Even if the solubility of gaseous formic acid
was elevated during winter, its initial aqueous concentration
was higher in summer (23 mM vs. 13 mM); this is due to the
higher concentration of formic acid in the gas phase during
summer (Table SM4†). The same tendency was observed for
night-time simulations with a more elevated initial concentra-
tion in summer vs. winter and a small production of formic acid
for both scenarios (from 25 to 26 mM in summer and from 13.5
to 14.5 mM in winter). In summer, accounting for biodegrada-
tion rates in the model had a strong impact on formic acid
concentration and induced a loss of 23 and 65% during the day
and night, respectively. For daytime simulation, the temporal
evolution of formic acid concentration followed the same trend
either with or without the consideration of biodegradation; for
night-time conditions, a trend inversion was observed and for-
mic acid was consumed. This means that the production
observed in the case without microorganisms was largely
reduced by biodegradation. In winter, the night-time concen-
tration of formic acid was also impacted with a clear reduction
of 11% at the end whereas during the day, an increase was
observed (a 22% increase, from 22 to 28 mM).

As with formic acid, the concentrations of acetic acid were
higher during summertime (Fig. 3c and d). For both scenarios,
acetic acid was produced during the day and was consumed
during the night. A maximal increase was observed during the
summer (from 10 to 15 mM). Incorporating biodegradation in
the model led to a small deviation in the acetic acid concen-
tration (5% of the maximal reduction for daytime summer
conditions at the end of simulation).

In contrast to the two previous compounds, formaldehyde
was more concentrated in the aqueous phase during winter
than during summer for daytime simulations (maximal
concentrations of 22 mM in summer and 30 mM in winter)
(Fig. 3e and f). During the night, concentrations were much
lower due to the low gaseous mixing ratios of formaldehyde
(Table SM4†). Formaldehyde was produced during both night
and day simulations, irrespective of the season involved.
Biodegradation exerted only a slight effect on the daytime
concentration of formaldehyde during the summer (a 5%
decrease) and winter (a 14% decrease).

For daytime simulations, the time evolution of H2O2

concentration was characterized by a bell-shaped curve for all
simulations reaching up to 86 mM in summer (Fig. 3g) and 11
mM in winter (Fig. 3h), respectively. Simulations for night-time
conditions presented with lower maximal concentrations (1.2
mM for summer and 3.1 × 10−4 mM for winter). For all simula-
tions, concentrations of H2O2 were not strongly impacted by
biodegradation with the highest reduction of H2O2 equal to
12% at the end of the night-time summer simulation.
3.3. Simulations: analysis of sources and sinks

To assess the role of biology in cloud chemistry in a quantitative
manner, we investigated the sinks and sources of the targeted
738 | Environ. Sci.: Atmos., 2023, 3, 731–748
compounds as a function of time by calculating the production
and degradation rates (in M s−1). Fig. 4 represents these rates
integrated throughout the duration of the simulation (6 h). The
rst 10 minutes of the simulation were not considered since
they correspond to the period required for the multiphase
chemical system to reach its equilibrium (i.e., mass transfer).
Only chemical reactions whose contributions to total degrada-
tion and production rates exceeded 1% were considered. In
total, for all simulations, the selected reactions represent more
than 97% of the total production/degradation rates.

First, as expected, the calculated rates for daytime were
higher than those evaluated for night-time since photochem-
istry induced more efficient kinetic transformations. For
daytime simulations, these uxes were more important in
summer than in winter due to a higher temperature and actinic
ux.

3.3.1 Formic acid. During the day, the chemical budget for
formic acid was essentially driven by HOc chemistry for both
seasons (Fig. 4a and b). The production of formic acid is due to
the oxidation of organic compounds by HOc radicals (“Org +
Ox”). For both seasons, the main contributors were the oxida-
tion of glyoxal (75% in summer and 80% in winter) (ESI S7a,
reaction R312†) and glycolaldehyde (14% in summer and
winter) (ESI S7a, reaction R303†). During the day, mass transfer
represented a small contributor of formic acid production (less
than 6% for summer and less than 15% in winter). Formic acid
was efficiently oxidized by HOc leading to the production of CO2

(ESI S7a, reactions R264 & R265†). As explained in Section 3.2,
simulated HOc concentrations were elevated especially for
intense actinic ux (i.e., in the summer). Moreover, at pH = 5.5,
the formate ion was the dominant formic acid form and the
kinetic constant of the anionic form with HOc was approxi-
mately 30-fold higher than that for formic acid. This explains
the very efficient oxidation rate of this organic acid.

When biodegradation was considered, an additional sink
and source for formic acid were added. Indeed, the biodegra-
dation of formaldehyde also produces formic acid. In summer,
this supplementary sink induced a reduction in the concen-
tration of formic acid (for both day and night). At night,
biodegradation was the main sink for formic acid (81% in
summer). Note that for this condition (summer, night),
biodegradation modies the HOx budget. A weak increase of the
HOc concentration is simulated with biodegradation
(Fig. SM5a†): HOc is less consumed by formic acid that is bio-
degraded. The opposite trend is observed for the HO2c/O2c

−

concentration (Fig. SM5b†) that is slightly lower with biodeg-
radation: when considering biodegradation, the oxidation
formate by HOc producing O2c

− is reduced. In winter, the
biodegradation rate was lower than in summer and then the
contribution of biodegradation was reduced. However, at night,
this remained a signicant sink (approximately 50%) and rep-
resented a source of formic acid (13%). During the day, the
concentrations increased due to the new source of formic acid
induced by formaldehyde biodegradation (representing
approximately 50% of the total source).

3.3.2 Acetic acid. In summer, during the day, acetic acid
was produced throughout the simulation by the oxidation of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Aqueous chemical budgets for formic and acetic acids, formaldehyde and H2O2 during summer and winter simulations at day and night,
with or without biodegradation. Production rates (positive values) and destruction rates (negative values) were integrated over the entire
simulation (the first 10 minutes were excluded in these calculations). Chemical (blue) and biological (light green) sources are presented together
with the chemical (yellow) and biological (green) sinks. The equilibrium for the formaldehyde budget is marked in pink. Mass transfer is presented
in orange. Ox: oxidants; “Org + Ox”: a sum of organic compounds reacting with oxidants; “HO2c self-reaction”: reaction of HO2c/O2c

− with itself;
HMS: hydroxymethanesulfonate. Note that the scale for the rates is different for simulations at day and night.

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2023, 3, 731–748 | 739
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organic compounds (mainly pyruvic acid (30%) (ESI S7a, reac-
tion R590†) and hydroxybutanedione (65%) (ESI S7a, reactions
R621 & 623†)) (Fig. 4d). During winter, the reaction between
HSO3

− and peracetic acid (ESI S7a, reaction R319†) was one of
the major sources of acetic acid (over 90% during the day and
night). The oxidation of organics is so efficient during daytime
summer simulation that the concentration of acetic acid
increased signicantly over time (Fig. 3c). The main sink for
acetic acid was its transfer from droplets to the gas phase. In
both summer and winter, this accounted for more than 80% of
the total sink during daytime (Fig. 4d) and more than 95% at
night (Fig. 4c). During daytime, the oxidation by HOc radicals
(ESI S7a, reactions R322 & R323†) represented only 17% and
10% of the sinks for acetic acid during summer and winter,
respectively. During the night, for both seasons, the only
signicant sink was mass transfer (over 95% for summer and
winter scenarios) (Fig. 4c).

Surprisingly, even if the concentration of acetic acid in the
aqueous phase did not change signicantly, as shown in Fig. 3c
and d, biodegradation remained a non-negligible sink for acetic
acid. Considering the sinks of acetic acid, in the presence of
microorganisms, we observed a reduction in the contribution of
mass transfer for all simulations except for winter night-time
simulation where the mass transfer became a source of acetic
acid. As simulated for formic acid, the relative contribution of
biodegradation to the total sink was higher at night for both
seasons (from 34 to 56% in summer and from 64 to 98% in
winter simulation) (Fig. 4c and d).

3.3.3 Formaldehyde. During summer, formaldehyde was
produced by the oxidation of organics (mainly glycolaldehyde
(ESI S7a, reaction R303†) and glycolic acid (ESI S7a, reaction
R374†)), thus inducing a sink by mass transfer (Fig. 4e and f).
The only signicant sink during daytime simulation was the
Fig. 5 The relative contributions of chemical (yellow) and biological (gre
was not considered.

740 | Environ. Sci.: Atmos., 2023, 3, 731–748
oxidation of formaldehyde by HOc. During winter, the equilib-
rium of HCHO with HMS (hydroxymethanesulfonate) became
signicant due to the lower oxidation efficiency; this repre-
sented a sink (night) or a source (day) for formaldehyde (ESI
S7a, reactions R171 to R174†).

During the day, formaldehyde biodegradation represents
a signicant sink as its relative contribution was approximately
56% in summer and 80% in winter (Fig. 4f). At night, the role of
microorganisms was even stronger than for daytime simulation
and its contribution exceeded 98% in summer and 44% in
winter (Fig. 4e). This sink is so important that mass transfer was
reversed.

3.3.4 Hydrogen peroxide. H2O2 is an important oxidant in
the cloud aqueous phase. During the day, H2O2 is produced by
the self-reaction of HO2c/O2c

− (ESI S7a, reactions R8 & R9†)
(Fig. 4h). In summer, the production in the droplets is so
important that the mass transfer becomes a signicant sink;
other abiotic degradation pathways play a negligible role.
During night-time, the production arising from the self-reaction
of HO2c/O2c

− was two orders of magnitude lower and the reac-
tion with HSO3

− (ESI S7a, reaction R207†) was the main sink for
hydrogen peroxide in both winter and summer simulations;
mass transfer became a source because of the low H2O2

concentration in the aqueous phase (Fig. 4g).
Biodegradation did not signicantly impact the chemical

budget for H2O2. This conrms the absence of the impact of
biodegradation on the time evolution of concentration (Fig. 3).

Fig. 5 compares the biotic and abiotic sinks (relative
contribution in %) for the four compounds investigated when
neglecting mass transfer. By this comparison, we aimed to
compare chemical and biological transformations in the cloud
aqueous phase. First, even if the concentration of formic acid
was strongly impacted by biodegradation, photochemistry was
en) sinks in the percentage of total chemical sinks. Here, mass transfer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dominant for most of the simulations. It is important to note
that during the summer simulation, the concentration of HOc
was especially strong and the rate constant for formate (domi-
nant form at pH 5.5) was approximately 30-fold higher than for
formic acid. The signicant contribution of microorganisms
was, nevertheless, observed for night-time simulations. Acetic
acid and formaldehyde biodegradation was far more efficient
than their chemical transformations. The main abiotic sink was
HOc oxidation and was between 25- and 100-fold lower than the
values observed for formate; this was because their kinetic
constants with HOc were weaker. H2O2 was signicantly
impacted by biodegradation in the summer simulation but only
during the daytime.
3.4. Simulations: analysis of the biodegradation efficiency
on multiphase cloud chemistry

Next, we aimed to evaluate the role of aqueous phase trans-
formations in the multiphase cloud chemical budget (gas phase
+ aqueous phase). To this extent, we analyzed the concentra-
tions of the total species (the sum of the aqueous and gas phase
concentrations in molecules cm−3) (Fig. 6a–d) and the mean
rates of sources and sinks of the total species (in molecules
Fig. 6 Total concentration (top) and total chemical budget (bottom) of t
used in simulations. The total concentration is the sum (in molecules
simulations with (green) and without (yellow) consideration of biodeg
formations: chemical sinks (yellow) and sources (blue) and biodegrada
(hatched yellow) and sources (hatched blue) as well as the emission (pin
balanced between the gas and the aqueous phase.

© 2023 The Author(s). Published by the Royal Society of Chemistry
cm−3 s−1) (Fig. 6e–h) for the summer simulations (day and
night). We decided to focus this analysis on the summer
scenario since biodegradation rates made the largest contri-
bution to the aqueous degradation of the targeted species.

First, when considering the simulations without biodegra-
dation, we noted that the presence of cloud strongly modied
the total concentrations of the targeted species. Formic acid was
produced much more efficiently by aqueous phase chemistry
than via gas phase reactivity (Fig. 6e). At the end of the simu-
lations, the total concentrations of formic acid in comparison
with the clear sky simulations (i.e., without cloud) were
enhanced by 15% and 10% for daytime and night-time simu-
lations, respectively (Fig. 6a). Similarly, during the day, H2O2

was predominantly produced in the aqueous phase thereby
strongly enhancing its total concentration (maximal concen-
tration was approximately 5-fold higher) (Fig. 6d). Aqueous
chemical sources led to a slight increase in the concentration of
acetic acid during the day (Fig. 6b). At night, the instantaneous
production of acetic was observed at the beginning of the
simulation due to the reaction of peracetic acid with HSO3

−

quickly producing acetic acid in the aqueous phase; however,
aerwards, the consumption rates were similar with or without
clouds because gas phase acetic acid deposition was the
he four compounds (formic and acetic acids, formaldehyde and H2O2)
cm−3) of the aqueous and the gas phase concentrations of different
radation. The total chemical budget considers the aqueous trans-
tion (green); and the gas phase transformations: the chemical sinks
k) and deposition (purple) processes. The mass transfer was zero as it
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dominant sink (Fig. 6f). Formaldehyde chemistry was mainly
driven by gas-phase chemistry although aqueous reactivity
induced a global production increase of 43% and 41% during
the day and night, respectively.

As observed in Section 3.3. analyzing the aqueous phase
chemistry, total H2O2, formaldehyde and acetic acid concen-
trations were less affected when considering biodegradation
(Fig. 6b and d) than formic acid. Formic acid is so importantly
degraded by microorganisms in the aqueous phase that the
total species is impacted, especially at night. At the end of the
simulations, reductions of 23% and 66% were simulated in the
total formic acid concentration for day and night runs, respec-
tively, in comparison to abiotic simulations (Fig. 6a). This
degradation would have been more important if formaldehyde
biodegradation did not induce such an efficient production of
formic acid (19% and 35% during the day and night, respec-
tively) (Fig. 6e).
3.5. Simulations: the sensitivity of LWC, pH and cell
concentration

The implementation of biodegradation rates in the model
demonstrated that these rates may represent a signicant sink
in the aqueous phase, thus leading in some cases to a pertur-
bation of the concentration in the gas phase with a conse-
quential impact on the global chemical budget. In the
preceding sections, various chemical scenarios were presented
(winter vs. summer, day vs. night), but other relevant parame-
ters could strongly perturb the physicochemical processes
occurring in clouds, such as microphysical properties, acidity
and microbial load. The aim of this next evaluation was to
determine how these parameters may modulate the contribu-
tion of biodegradation in clouds. The different sensitivity tests
are presented in Table SM6.†

The concentrations and chemical budgets in the aqueous
phase only are presented in Fig. SM6 and SM7.† Fig. 7 illustrates
the total concentration (aqueous + gaseous phase concentra-
tions) and total chemical budget of formic acid (considering
these two phases). Fig. SM8, SM9 and SM10† present the same
results for acetic acid, formaldehyde and H2O2, respectively.
The most signicant conclusions arising from these ndings
are discussed below.

3.5.1 Liquid water content (LWC). Simulations were
designed to consider two extreme values of liquid water content
in clouds: 1 × 10−7 v/v and 9 × 10−7 v/v. These parameters were
chosen based on LWC data monitored at the PUY station to
simulate different microphysical properties in clouds and to
understand how these modulate the importance of
biodegradation.

As illustrated in Fig. SM6a–d,† modifying the LWC signi-
cantly impacted upon the aqueous phase concentration of
organic compounds. The higher the LWC, the more diluted the
droplet was and vice versa. Thus, the mean chemical rates (sinks
and sources) exhibited a global decrease as the LWC increased;
this was the case for all chemical species (Fig. SM7a–d†).

For formic acid, the low cloud LWC favored the role of
microorganisms in the aqueous phase. Indeed, biodegradation
742 | Environ. Sci.: Atmos., 2023, 3, 731–748
rates were enhanced when the substrate concentration
increased; biodegradation relative contributions to the aqueous
phase sinks increased from 28 to 39% during the day and from
81 to 83% during the night when modifying the LWC from 3 ×

10−7 to 1 × 10−7 v/v, as reported in Fig. SM7a.† The aqueous
phase concentration of formic acid was therefore more strongly
impacted by microorganisms for low LWC (Fig. SM6a†). When
considering the total concentration (aqueous + gaseous phase
concentrations) (Fig. 7a), conclusions were different: with an
elevated LWC, the aqueous chemical uxes (sinks and sources)
were enhanced since more chemical species were transferred
into the aqueous phase (Fig. 7b). Therefore, even if the effi-
ciency of biodegradation was more important at a lower LWC,
the impact of the cloud on the total concentration was higher
when the LWC increased. The contribution of biodegradation to
the total degradation rates was very similar for each test on the
LWC (around 30 and 80% of the total sinks during the daytime
and night-time, respectively, according to Fig. 7b). Furthermore,
biodegradation led to a slightly stronger loss of the total
concentration at the end of the simulations for lower LWC
during the day (from 20 to 29% for a LWC of 9 × 10−7 and 1 ×

10−7 v/v, respectively, according to Fig. 7a). During night-time,
this total concentration loss varied between 50 and 70% for
all simulations.

Regarding acetic acid, the rate of biodegradation was not
concentration dependent and remained constant; therefore, the
role of microorganisms in the aqueous phase was more
competitive for a higher LWC (from 21 to 97% of the aqueous
degradation mean rates for LWC from 1 to 9 × 10−7 v/v at night
and from 11 to 77% at daytime) since other sink uxes were
reduced (Fig. SM7b†). When considering the total chemical
budget, the observed tendency was almost the same. The major
difference was the additional sink for deposition formed by the
main sink. Consequently, the total concentration (aqueous +
gaseous phase concentrations) was more impacted at 9 × 10−7

v/v (a loss of 11 and 8% concentration at the end of the simu-
lation for day and night, respectively, when considering
biodegradation) than at 1 × 10−7 v/v (9% at day and less than
1% of concentration at night) (Fig. SM8a†).

For formaldehyde, the aqueous phase production was much
higher when the LWC decreased; the mass transfer was
modulated, and the aqueous concentrations remained weakly
modied for the different tests (Fig. SM7c†). The rates of
biodegradation were almost the same for different LWCs, thus
inducing a more important sink contribution at a higher LWC
in the aqueous phase. The total concentration of formaldehyde
was mostly driven by gas phase chemistry (Fig. SM9b†);
however, at an LWC of 9 × 10−7 v/v—, the contribution of
aqueous phase chemistry was higher; thus, biodegradation
induced a signicant reduction of total formaldehyde, espe-
cially during the day.

When considering H2O2, the variation of LWC values did not
exert a strong impact on the aqueous phase concentration
(Fig. SM6d†). We observed a slightly more important contri-
bution of biodegradation in the aqueous phase at a higher LWC
since other sinks in the aqueous phase were reduced
(Fig. SM7d†). We found that the total H2O2 concentration was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Total concentrations (left) and multiphase chemical budgets (right) for formic acid when considering the LWC (“_LWC_1”: 1 × 10−7 v/v;
”_LWC_9”: 9 × 10−7 v/v), the cell concentration (“_cell_1”: 1.27 × 104 cells mL−1; “_cell_12”: 12.35 × 104 cells mL−1) and the pH variations
(“_pH_4.5”: 4.5). The total concentration is the sum (in molecules cm−3) of the aqueous and the gas phase concentrations of the different
simulations with (green) and without (yellow) biodegradation. The total chemical budget considers the aqueous transformations: chemical sinks
(yellow) and sources (blue) and biodegradation (green); and the gas phase transformations: the chemical sinks (hatched yellow) and sources
(hatched blue) as well as the emission (pink) and deposition (purple) processes. The mass transfer was zero as it balanced between the gas and
the aqueous phases.
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maximal at 9 × 10−7 v/v because the aqueous production of
H2O2 was more efficient (Fig. SM10a†). Total concentration was
more impacted at a higher LWC although biodegradation did
not seem to exert a signicant impact on the total chemical
budget of H2O2 (Fig. SM10b†).

3.5.2 Cell concentration. Two additional tests were per-
formed using two extreme values extrapolated from the stan-
dard deviation reported by the puy de Dôme station (cell
concentration in the aqueous phase: 6.81 ± 5.54 104 cells mL−1

from Väıtilingom et al.30). Test cell_1 refers to the lowest cell
concentration (1.27 × 104 cells mL−1) while test cell_12 refers to
the highest one (12.35 × 104 cells mL−1).

Modifying the cell concentration led to a signicant effect on
the aqueous concentrations of formic acid. For example,
considering the highest cell concentration, the concentrations
of formic acid were reduced by 14% (day) and 27% (night)
compared to reference simulations (Fig. SM6e†). For the lowest
cell concentration, we still noted a reduction in the aqueous
concentrations of formic acid, especially for night-time condi-
tions. As with the reference simulations, we observed that the
aqueous concentrations of formaldehyde, acetic acid and H2O2

were not signicantly affected by the modulation of cell
concentration (Fig. SM6f–h†).

Analyzing the chemical budget in the aqueous phase clearly
indicated that for formaldehyde and acetic acid, the contribu-
tion of biodegradation to the aqueous sinks became more
dominant for the highest cell concentrations even during the
day with maximal irradiation (Fig. SM7f and g†). This nding
remained unchanged for H2O2 even when we increased the cell
concentration (Fig. SM7h†). For the lowest cell value and for all
compounds, the contribution of biodegradation was no longer
a dominant sink except for formic acid during the night.

The same conclusions were drawn with regard to the total
concentrations of different compounds (Fig. 7c, SM8c, SM9c
and SM10c†) with only a visible effect on cell concentrations on
formic acid budget and concentrations (Fig. 7c and d).

3.5.3 Cloud water pH. The constrained pH of 5.5 for
simulations was representative of cloud acidity for remote
environments such as the puy de Dôme station which is also
under a marine inuence.50 More polluted clouds present with
a more acidic pH and, thus, simulations were performed using
a pH of 4.5 to better assess the role of bacteria in different
chemical environments. Microorganisms are supposed to be
similarly active at both pH 5.5 and 4.5. This approximation is
questionable since bacterial metabolic activity could be modi-
ed by the acidity of the cloud aqueous phase. Recently, the
work of Liu et al.51 investigated the role of acidity in microor-
ganisms' survival and activity. They showed that, for pH > 5,
a minimal effect was observed in the energetic metabolism and
survival of the 2 studied strains (Enterobacter). However, at pH
between 4 and 5, the energetic metabolism and survival can be
negatively impacted especially under light exposure. This study
is of particular interest since few studies investigated how
biodegradation rates are impacted by the pH. However, the
incubation experiments were performed with strains isolated
from an aerosol sample and these investigations should be
extended to bacteria species that are commonly reported in
744 | Environ. Sci.: Atmos., 2023, 3, 731–748
cloud waters. At this moment, it seems critical, based on the
results from Liu et al.,51 to modulate with the pH of our
biodegradation rates. Nevertheless, we are aware that, by
decreasing the pH from 5.5 to 4.5, biodegradation rates can be
lower than predicted. So, the effect of biodegradation for our
sensitivity tests performed at pH 4.5 is surely overestimated and
results must be analyzed with caution.

pH inuenced aqueous phase chemistry and modied mass
transfer by controlling the solubility of acidic compounds. The
effective Henry's law constants for formic and acetic acids
reduced by factors of 9 and 4, respectively, at 17 °C when
modifying the pH from 5.5 to 4.5 (Table SM7†). This explains
why the aqueous phase concentrations for formic and acetic
acids weremore than two-fold lower at pH 4.5 (Fig. SM6i and j†).

For formic acid, this lower concentration induced a reduc-
tion in the rate of biodegradation (approximately 40% lower
than at a higher pH) (Fig. SM7i†). The degradation of formic
acid by the HOc radical was also reduced since the acidic form
was the dominant form and presented with a kinetic constant
with a HOc concentration that was 30-fold lower than that of the
anionic form (ESI S7a, reactions R264 & R265†). Therefore, the
relative contribution of biodegradation to the aqueous sinks
was higher than at pH 5.5 (28 and 81% for pH 5.5 during the
night and day, respectively, and 51% and 92% for pH 4.5 during
the night and day, respectively) (Fig. SM7i†). Furthermore, the
aqueous concentration of formic acid was impacted by
biodegradation to a lesser extent (Fig. SM6i†). During the day,
without biodegradation, the total concentration of formic acid
increased with decreasing pH because the aqueous phase
consumption processes are far less efficient (Fig. 7f). At the end
of the simulation, even considering biodegradation, the total
formic acid concentration was reduced by a lesser extent at pH
4.5 than at pH 5.5 (Fig. 7e).

As observed at pH 5.5, the aqueous concentration of acetic
acid was not signicantly impacted by the microorganisms at
a lower pH (Fig. SM6j†). When considering the aqueous
chemical budget (Fig. SM7j†), the degradation by HOc became
negligible because the concentration of HOc was slightly lower
(Fig. SM11†) and the oxidation rate of the acidic form was 7-fold
lower than that for the basic form (ESI S7a, reactions R322 &
323†). The relative contribution of biodegradation consequently
became more important in the aqueous degradation of acetic
acid; during the day, this contributed to 49% of its consumption
and became dominant (99%) during the night (Fig. SM7j†). The
total concentration of acetic acid was not signicantly impacted
when the pH was reduced (Fig. SM8e†).

The aqueous concentration of formaldehyde was slightly
reduced at pH 4.5 due to less efficient aqueous production
(Fig. SM6k and SM7k†); the same tendencies were observed for
total formaldehyde concentration and chemical budget
(Fig. SM9e and f†).

The H2O2 production in the aqueous phase is mainly driven
by the self-reaction of HO2c/O2c

−which occurred in a pH-
dependent manner (ESI S7a, reactions R8 & R9†). The
aqueous production of H2O2 was reduced when the pH was
reduced (Fig. SM7l†); furthermore, the aqueous concentration
also decreased slightly (Fig. SM6l†). As the production in the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00153e


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

3/
02

/2
02

6 
10

:4
0:

51
 . 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
aqueous phase was reduced, the total concentration was lower
at pH 4.5, especially during daytime simulations (Fig. SM10e†).
The role of microorganisms did not differ signicantly when
modulating pH.

4. Conclusion

The biodegradation of the organic species investigated herein
competed with abiotic degradation in the aqueous phase for all
environmental conditions and became dominant when the
water content of the cloud and/or the cell concentration
increased. The same effect was observed when the acidity of the
droplets increased.

The aqueous concentration of formic acid was the most
impacted by biodegradation, especially during the night-time.
When LWC decreased, the aqueous concentration of formic
acid increased further and was thus more impacted by the
activity of microorganisms. When the acidity of the droplets
increased, the reactivity of the aqueous phase globally
decreased; furthermore, the effect of biodegradation on the
chemical budget of formic acid became increasingly more
important.

Mass transfer was the dominant sink in the aqueous phase
and controlled air/droplet exchange for both acetic acid and
formaldehyde. Biotic and abiotic transformations in the
aqueous phases of these two compounds were far less efficient
than for formic acid. Mass transfer became less important at
a high LWC because an increase in cell concentration and an
increasingly acidic pH induced a more signicant contribution
of biological activity during the degradation of these chemical
species. The production of H2O2 in the aqueous phase during
the day was so important that it induced an extremely efficient
transfer to the gas phase which represents the dominant sink.
Biodegradation competed with the abiotic degradation of H2O2

in the aqueous phase but was less important when compared to
the efficiency of mass transfer during the day.

By analyzing the total concentration of the targeted species
(gas + droplets) and without considering biodegradation, we
observed a signicant effect of the cloud with a global increase
in concentrations at the end of the simulation by the cloudy
processes when compared to clear sky simulations (i.e., without
clouds) for all simulations (sensitivity tests included). The only
simulation where cloud processes tended to reduce the total
concentration was the case of formic acid with a low cloud water
content. The consideration of biodegradation rates did not
change these conclusions for acetic acid, formaldehyde and
hydrogen peroxide. However, for formic acid, the consideration
of biodegradation induced a systematic reduction in the total
concentration at the end of the simulation when compared to
clear sky simulations, except for two simulations: when the
LWC was high and when the pH was more acidic.

In this study, we demonstrated the need to modulate the rate
of biodegradation according to the substrate concentration.
Indeed, as highlighted in this study, the concentrations of
chemical species were strongly modulated by different param-
eters such as the LWC or pH (for acid/base). For low water
content (i.e., the aqueous concentrations were high),
© 2023 The Author(s). Published by the Royal Society of Chemistry
considering that a constant biodegradation rate could lead to
underestimate the contribution of microorganisms in the total
budget of the different compounds; for high pH (i.e., the high
solubility of carboxylic acids), this assumption can also lead to
the same underestimation.

The study of cloud water reported by Väıtilingom et al.21

highlighted the potential role of biodegradation in cloud
chemistry by demonstrating the fact that endogenous micro-
ora can degrade chemical compounds as efficiently as abiotic
pathways. The ndings of our present study support this
conclusion but also highlight the primary role of exchange
between the interstitial air and cloud droplets in controlling the
transformation processes of chemical compounds. Thus, only
the concentration of formic acid was strongly impacted in the
cloud by biodegradation; this process was found to be extremely
efficient in our study; the concentration of the other three
compounds was strongly controlled by mass transfer. The
ndings of our present study did not support the hypothesis put
forward by Väıtilingom et al.21 and conrmed by Wirgot et al.;19

these groups both stated that the oxidative capacity of the cloud
(i.e., H2O2) could be modied by the cloud microora; H2O2 was
only slightly impacted by biodegradation.

Nevertheless, the knowledge on ecology of bacteria in the
atmosphere is limited; this implies that, at this moment,
modeling studies on the role of microorganisms in atmospheric
chemistry still consider rough assumptions. For example, the
modulation of biodegradation rates by environmental factors
such as light intensity and acidity should be investigated.51

Additionally, little is known also on the preferred degradation of
one substrate over another by microorganisms in a complex
organic medium. Bacteria are also known to produce
substances, such as biosurfactants and siderophores, whose
impact on the physics and chemistry (notably heterogeneous) of
the cloud is certainly neglected.4,25,52

Even if this work presents some limitations, it allows dis-
cussing the possible role of biodegradation in a broader context.
Formic acid could be efficiently consumed in warm clouds, at
relatively high temperatures (10–20 °C), conditions typically
encountered in tropical environments.53 The recent study by
Franco et al.54 highlighted the important role of clouds in for-
mic acid production via multiphase reactivity. Their modeling
investigations indicated overestimated concentrations of for-
mic acid in the tropics; various reasons were given in this work
to explain this statement (especially the elevated isoprene
emissions) but biological activity (especially at night) could
strongly reduce formic acid levels in these regions. Oppositely,
over boreal forests, biological activity would be less effective and
overall, the presence of clouds could lead to an increase in
formic acid concentrations (for clouds with long enough life-
times). This could lead to an increase in formic acid levels over
these regions and explain the satellite observation of a large
source of formic acid in the boreal forest, which models are
unable to reproduce.55 More broadly, the approach we devel-
oped in this work could become the basis for implementing
biological sources and sinks of organic compounds, dependent
on environmental conditions, in regional to global chemistry
Environ. Sci.: Atmos., 2023, 3, 731–748 | 745
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models with the aim of reducing the modeling uncertainties
related to the fate of atmospheric organic compounds.
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3 P. Bräuer, C. Mouchel-Vallon, A. Tilgner, A. Mutzel, O. Böge,
M. Rodigast, L. Poulain, D. van Pinxteren, R. Wolke,
B. Aumont and H. Herrmann, Development of a protocol
for the auto-generation of explicit aqueous-phase oxidation
schemes of organic compounds, Atmos. Chem. Phys., 2019,
19, 9209–9239.
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