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Abstract

Surfactant-rich agueous media are common in natural environments. The sea surface microlayer and
the sea spray droplets are good examples and are also frequently markedly enriched in organic
pollutants. This study focuses on the degradation kinetics of organic pollutants initiated by the
hydroxyl radical in such surfactant-rich environments. The apparent second-order rate constants of
the reaction for the hydroxyl radical with two model pollutants, carbamazepine and phenanthrene,
were determined in the presence of sodium dodecyl sulfate or rhamnolipids at concentrations below
and above their critical micelle concentration (CMC). The results show that the apparent rate constant
remains unaffected below the CMC, unless additional reactive processes are induced. From the results
obtained above the CMC, second-order rate constants were derived for the reaction of the hydroxyl
radical with the pollutant trapped in the surfactant micelles. A rather similar decrease of about a factor
of 3 in comparison to pre-micellar conditions was obtained for all three experimental conditions
tested. This work appears to provide a suitable foundation for evaluating the impact of such surfactant-
rich environments on the half-lives and fates of organic pollutants and a preliminary indication of how
reaction kinetics may be modified in various organized surfactant structures.

Environmental Significance Statement

Photo-induced processes represent a significant pathway for the degradation of most organic
pollutants. Studying the kinetics of these processes is of paramount importance for the evaluation of
the lifetime of these pollutants in aqueous surface and atmospheric compartments. Here, we
expended the existing knowledge on this subject by investigating the degradation kinetics of pollutants
in surfactant-rich aqueous media. Indeed, organic pollutants are known to be enriched in such media,
e.g. in the sea surface microlayer. This work shows that surfactants can increase the pollutants’ lifetime
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47 against hydroxyl radical attack through both radical quenching and micelle trapping. It provides a
jg quantitative assessment of the decrease in reaction rate constants, enabling this modified kinetics to
50 be taken into account in models.

51

52 1. Introduction

gi Assessing the fate of pollutants in the environment is a crucial task in determining their impacts on
55 ecosystems and human health. The pollutant’s half-life and the structures of its degradation products
56 are essential data in this context, contributing to accurate risk assessment by evaluating the pollutant’s
;73 persistence and the potential adverse effects resulting from its transformation.

59

60
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introducing a complexity that is often underestimated in risk assessment. An example of this is the
observed slower degradation rate by gas phase hydroxyl radicals of pesticides sorbed onto/into
atmospheric particles compared to gas phase pesticides. The difference is significant as this slower
rate would explain the unexpected long-range atmospheric transport of some of these compounds.’~
4 Another example is the inhibiting or amplifying effect of different organic coatings on the kinetics of
the heterogeneous reaction of polycyclic aromatic hydrocarbons (PAHs) with ozone at the air-water
interface.>®

In natural surface waters, the fate of organic pollutants is strongly linked to light-initiated degradation
processes. This photochemistry is most often studied in the homogeneous dilute phase. Kinetic rate
constants are inferred from laboratory photodegradation experiments and are then used to predict
the pollutant half-lives in a given body of water, taking into account variations in light flux and
concentrations of organic and inorganic matter.” An interesting application of this is the recent study
by Rosso and Vione'® in which they modelled half-lives of emerging pollutants in a context of
evaporative surface water concentration in arid and semi-arid environments predicting modifications
in the involvement of the different degradation pathways (direct photolysis, triplet sensitized
reactions, etc.). This highly instructive study nevertheless assumes that reaction rate constants remain
unchanged whatever the concentration factor. If this assumption seems justified in the range
examined, i.e. a water depth decreasing to one meter, it would appear to be reassessed when
approaching a depth of zero meters.

The presence of organic compounds with surface-active properties (of biogenic or anthropogenic
origin) could, for instance, lead to the formation of micelles or related organized structures
(monolayers, vesicles, ..) in which the organic pollutants can partition, due to hydrophobic
interactions.'*=2° This could potentially modify reaction kinetics and/or preferential pathways.1821-23
This type of organic-rich medium, with a significant fraction of surface-active compounds, is not
uncommon in the environment. The sea surface microlayer (SML) for instance is enriched in
compounds with surface-active properties.?*26 Those biogenic surface-active compounds, such as
carbohydrates, proteins, lipids, arise from the water column through adsorption at the surface of air
bubbles produced mainly by breaking waves.?” Visible slicks (with at least a monolayer of organic
matter at the air-water interface) are stable for wind speeds of up to 4 m.s* and a SML can exist up to
wind speeds of 6-10 m.st. The SML is thus almost ubiquitous.?® Sea spray droplets, emitted into the
atmosphere when the plumes of air bubbles generated by breaking waves burst at the ocean surface,
are also enriched in organic matter, including compounds with surface-active properties, compared to
bulk sea water?°-32 and individual concentrations can increase upon droplet evaporation and formation
of sea spray aerosol (SSA).

It is also important to note that concentrations of organic pollutants are likely to be higher in these
organic-rich media than in the more studied diluted phase. Rosso and Vione'® logically supposed
increased organic pollutants concentrations in evaporative waters. Organic pollutants, especially the
most hydrophobic ones (PCBs, aliphatic and aromatic hydrocarbons, PFASs, ...), are found to be
enriched in the SML33-38 with enrichment factors compared to the underlying water up to 950 (value
for anthracene in a harbor3?), and can include anthropogenic surfactants.3®4° Moreover, it has been
shown that these pollutants can be transferred in SSA, with enrichment factors compared to bulk sea
water increasing as the SSA size decreases, particularly in the submicron range.37:384142 |n these
surfactant-rich environments, organic pollutants can partition into micelles (or related structures)
and/or into surfactant monolayers or multilayers at the water-air interface.®** Kinetic and
photochemical pathways may then differ significantly from those observed in the diluted phase.?%46
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z The aim of this V\.IOI’k is thus to investigate the photochemical fate of organic pollutants B?)f‘%ﬁ% T tﬁ‘go%‘g;‘
s rich natural environments, such as SML or evaporative water droplets from sea spray. This study
6 focuses on the degradation kinetics of two pollutants with significantly different water solubilities and
7 octanol-water partition coefficient (K,,,), carbamazepine and phenanthrene (log K., of 2.45%-*° and
8 4.46-4.65°9°1 respectively). Here, we studied hydroxyl radical-initiated degradation in the presence of
9 either sodium dodecyl sulfate (SDS), a well-characterized anionic surfactant that can also be found in
1(1) the environment, or rhamnolipids (RLs), a biosurfactant that may better represent surfactants of
12 biogenic origin encountered in environmental samples. Structures of pollutants and surfactants are
13 presented in Figure 1. The apparent rate constants of reaction between the pollutant and hydroxyl
14 radicals were determined following the competition kinetics method, using the reaction of

terephthalic acid (TPA) with hydroxyl radicals as the reference.
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Figure 1: Structures of (a) carbamazepine (CBZ), (b) phenanthrene (Phe), (c) sodium dodecyl sulfate (SDS), (d) mono-
rhamnolopids, and (e) di-rhamnolipids (RLs). The chain length (n+6) of the commercial mixture of mono- and di-rhamnolipids
used in this study is unknown but was assumed to be ten carbon atoms (n = 4) for micellar volume calculations (see Sl for
details).
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2.1. Chemicals

[e))

j; Carbamazepine (CBZ, 99% purity), phenanthrene (Phe, 99.5% purity), terephthalic acid (TPA, 98%
49 purity), fluoranthene (Fluo, 98% purity), sodium dodecyl sulfate (SDS, >99% purity), rhamnolipids
50 biosurfactants from Pseudomonas aeruginosa (RLs, 90% purity), acetonitrile (HPLC grade, >99.9%
51 purity), hexane (299.9% purity), dichloromethane (>299.8% purity, amylene as stabilizer) and
gg dimethylformamide (299% purity) were purchased from Sigma-Aldrich (St-Louis, USA) and used
54 without further purification. Non stabilized hydrogen peroxide (H,0,, 30 wt% solution in water) was
55 provided by Thermo Fisher Scientific. Potassium hydroxide pellets (KOH, >85%) was purchased from
56 Carlo Erba Reagents (Milano, Italy) and a stock solution was prepared every month at 0.1 M. Stock
57 solutions of Fluo were prepared in hexane at a concentration of 50 mg L' in a 100 mL amber glass
gg bottle and stored at 4°C. All aqueous solutions were prepared with ultrapure water (Merck, Direct-Q®
60 5UyV, 18.2 MQ cm).
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The critical micelle concentration (CMC) of SDS was determined using conductivity measurements at
room temperature. The conductivity (US cm?) of a series of SDS solutions with various concentrations
was measured using a conductivity meter Multi 340i and a measuring cell TetraCon 325 from WTW®.
Conductivity was plotted as a function of surfactant concentration. Since free surfactant molecules
have a different molar conductivity to micelle surfactant molecules, the CMC is identified as the point
on plot where the slope changes. The CMC of RLs was determined using the pendant drop technique.
The surface tension (ST) of RLs solutions was measured with a drop shape analyzer DSA-30 from Krss.
The shape of the drop hanging from a needle is determined by the balance of forces which includes
the surface tension of the liquid. The surface tension can be related to the drop shape by the equation
of Young-Laplace. The accuracy of the measurements is + 0.1 mN m™. Prior to each experiment, the
instrument was calibrated by measuring the surface tension of pure water. The CMC is determined by
measuring the ST of a series of RLs solutions with different concentrations. Above the CMC, ST is
independent of the surfactant concentration. ST was plotted as a function of the decimal logarithm of
the surfactant concentration. The CMC is identified as the point of intersection between the regression
straight line of the linearly dependent region and the straight line passing through the plateau.

2.3. CBZ degradation experiments

The CBZ photodegradation experiments were carried out in a photoreactor equipped with a xenon arc
lamp (300 W - LOT Quantum Design, France). The lamp outlet is equipped with a water filter that
eliminates infrared radiation (A> 800 nm) and helps reduce the thermal load. The horizontal beam is
deflected at a 90° angle by a dichroic mirror before passing through an atmospheric attenuation filter
that removes ultraviolet radiation below 290 nm before reaching the water surface in the reactor. The
resulting lamp spectrum is provided in Supplementary Information (SI-Figure S1). The reactor has a
volume of approximately 100 mL, and the experiments took place in 50 mL of the reaction mixture.
Throughout all experiments, the reactor was hermetically closed with a cap with a quartz window and
was equipped with a double wall that allowed water circulation and regulation of the temperature at
(20 *+ 1)°C. Homogeneity was ensured by magnetic stirring. Sampling was performed through a side
sampling port.

Stock solutions of CBZ and TPA were prepared at 1.6x10* M and 4.8x10°> M respectively using
ultrapure water (Merck, Direct-Q® 5 UV, 18.2 MQ cm) and stored in the dark at 4°C. Working solutions
were prepared before each experiment by dilution of stock solutions in ultrapure water to
concentrations of 2x10> M for each reagent and the pH was adjusted to 8.2 using a 0.1 M KOH solution.
This pH was chosen because it is representative of marine environments and because it implies the
predominance of the doubly deprotonated form of TPA (pKarp, = 3.51 and 4.82), strongly limits the
partitioning of TPA in surfactant micelles. Hydroxyl radicals were produced by H,0, photolysis. The
concentration of H,0, and surfactant (SDS or RLs) added in each experiment was estimated to achieve
a degradation of about 70-80% of CBZ within 4 hours of irradiation, using a kinetic model based on the
known reaction rate constants of CBZ, TPA and SDS towards "OH radicals. A summary of the initial
conditions of all the experiments performed with CBZ is provided in the Supplementary Information
(SI-Tables S1 and S2). Aliquots of the reaction mixture were taken from the reactor for CBZ and TPA
quantification right before the irradiation was turned on and after 30, 60, 120, 180 and 240 minutes.

2.4. Phe degradation experiments

The Phe photodegradation experiments were carried out using an irradiation chamber equipped with
3 UV fluorescent tubes (CLEO Compact S 25W from iSOLde). The spectral irradiance at the center of
the chamber is provided in the Supplementary Information (SI-Figure S2). The chamber is equipped
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with a ventilation system to maintain a constant temperature of (25 * 2) °C inside the b%"&i%%%'?%’&
the experiments.

The reactor was a glass crystallizer on which a quartz plate was sealed with a Teflon gasket prior each
experiment. The crystallizer was filled with 200 mL of the reaction mixture, thereby ensuring that the
headspace volume was minimized to limit the volatilization of Phe. Homogeneity was ensured by
magnetic stirring.

A stock solution of both Phe and TPA at concentrations of 5.6x10° and 3x10° M respectively was
prepared in one liter of ultrapure water every two weeks. This solution was left under magnetic stirring
for 2 days in the dark at room temperature to maximize the solubilization of phenanthrene. Prior each
experiment, 200 mL of the stock solution were filtered into the reactor through a hydrophilic PTFE
filter (0.22 um Clarify-PTFE (hydrophilic) syringe filters from Phenomenex). The pH was then adjusted
to 8.2 using a 0.1 M KOH solution. The concentration of H,0, and surfactant (SDS or RLs) added in each
experiment was estimated to achieve a degradation of about 70-80% of Phe within 4 hours of
irradiation, using a kinetic model based on the known reaction rate constants of Phe, TPA and SDS
towards ‘OH radical. A summary of the initial conditions of all the experiments performed with Phe is
provided in the Supplementary Information (SI-Tables S3 and S4). Aliquots of the reaction mixture
were taken from the reactor for Phe and TPA quantification right before the irradiation and after 30,
60, 120, 180 and 240 minutes of exposure.

2.5. Analytical methods

The analyses of CBZ and TPA were carried out by high performance liquid chromatography using a
UHPLC PerkinElmer FX 10 equipped with a 330-diode array UV-visible detector (Flexar PDA Plus
model) and a 410 automatic injector. The chromatographic separation was carried out on a Brownlee
SPP RP-amide column (150 mm x 2.1 mm; 2.7 um) maintained at 30°C. The volume of reaction
mixture injected was 10 uL. Analytes were separated with a mixture of acetonitrile/water with 0.1%
formic acid at a flow rate of 0.5 mL min using the following gradient: from 5% to 50 % acetonitrile
within 20 min and then back to initial conditions within 5 min. TPA and CBZ were detected at A = 241
and 285 nm respectively. Under these conditions, their retention times were 8 and 20 min respectively.
The data was processed by the Chromera software.

For Phe extraction and concentration (SI-Figure S3), aliquots of 5 mL of the reaction mixture were
sampled and Fluo (20 uL of the stock solution), used as an extraction surrogate, was introduced. The
aliquots were then extracted 4 times, adding 5 mL of dichloromethane and agitating on a rotary
agitator for 7 min at each cycle. The 20 mL of dichloromethane were then evaporated to 1 mL, 100 pL
of dimethylformamide were added and the remaining dichloromethane was evaporated. 900 uL of
acetonitrile were then added and the 1 mL solutions were filtered onto a 0.22 um PTFE filter before
chromatographic analysis. In the presence of SDS in the reaction mixture, 200 mg of KCl was introduced
after Fluo addition and prior to dichloromethane extractions to precipitate SDS and avoid excessive
foaming. The global Phe recovery was estimated to be (95 + 4) % (SI-Table S5).

The analysis of Phe and Fluo was carried out using a UHPLC PerkinElmer FX6a coupled to an A-30
fluorescence detector Atlus. An Agilent Chromsep pursuit 5PAH column (250 mm x 4.6 mm; 5 pum)
equipped with a precolumn CP 28151 was used and maintained at 30°C. The injected volume was
10 pL. Analytes were separated with a mixture of acetonitrile/water (80:20, v/v) with 0.1% formic acid
at a flow rate of 1.2 mL min using an isocratic elution mode. Detection of Phe and Fluo were
performed at Ay /Aem Of 248/375 and 280/462 nm, respectively. The data was processed by the
software Waters Empower®.
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Apparent second order reaction rate constants between the pollutant and the hydroxyl radicals,
Kapp(poliutant Ho"), Were determined following the competition kinetics method.>? TPA was selected as the
reference compound.>3>* TPA being doubly deprotonated at pH 8.2 (pKarps = 3.51 and 4.82), negligible
partitioning into the negatively charged micelles of surfactant is supposed. Its reaction rate constant
with hydroxyl radicals, kpa no), has been reported to be (4.4 +0.1) x 10° M1 s71.5* The apparent second
order rate constant for the reaction between the pollutant and hydroxyl radicals, Kapp(oliutant,Ho?), Was
determined using the following equation (see Sl for details):
[pollutant]e _ kappouutanthor 1., [TPA]:

= 1
[pollutant], k(rpauoy n [TPA]o Fa. 1

where [pollutant], and [TPA], are the initial concentrations and [pollutant], and [TPA]; the
concentrations remaining in the solution at an irradiation time t. The ratio Kapp(oliutant o)/ K(rea Ho®)
correspond to the slope of the linear regression obtained by monitoring pollutant and TPA

concentrations over time, from which Kyppolutantio) Was inferred. The uncertainty for each

Kapp(poliutant Ho) Value was estimated based on the standard deviation of replicate measurements (SI-
Tables S1 to S4) and the uncertainty associated with the kpa no*) value.

2.7. Adaptation of the micellar pseudophase model

The pseudophase model provides a theoretical approach to describe reaction kinetics in
heterogeneous systems. In this model?3>>°8, the total available volume of micelles of a given surfactant
S (Vsm) is assimilated to a conventional reaction medium. Here, as the hydroxyl radical is a transient
species, this model was adapted (see Sl for details) assuming that the hydroxyl radical is in the aqueous
phase and can react either with the pollutant P solubilized in the water phase or with the pollutant
entrapped in the micellar pseudophase. The apparent second-order reaction rate constant for the

reaction of a pollutant with hydroxyl radicals, K,pp(poiiutant,Ho), €an then be expressed as a function of the
true second-order reaction rate constant of hydroxyl radicals with water solubilized pollutant, k.

nollutant Ho'), the true second-order reaction rate constant of the reaction of hydroxyl radicals with the

pollutant molecules trapped into the micelles of surfactant, Ksm-poiutant Ho-), the partition coefficient of
the pollutant between the surfactant micelles and water, Kywpollutant,s)y @and the total micellar volume,
Vs, (equation 2):

k(w—pollutant,HO-)+ k(Sm—pollutant,HO-) - me(pollutant.S) - VSm Eq 2

kapp(pollutant,HO-) - 1+me(pollutant,S) Vsm

The experimental values of K,pp(oiutant o) Were plotted as a function of Vs, and fitted using Eq. 2,

allowing the estimation of the three equation parameters Ky-poilutant, o) K(sm-poliutant,Ho-) @Nd Kiw(poliutant,s)-

3. Results and Discussion

3.1. Determination of the critical micelle concentrations

The CMC of SDS in ultrapure water was found to be 2300 mg L? (= 8.0 mM) (SI-Figure S4 and Sl-Table
S6). This value is in the range of those reported in the literature, which generally fall in the 7.9-8.3 mM
range at 25°C.5’-%0 The presence of CBZ (2 x10°> M), H,0, (1 M) and KOH (for pH adjustment at 8.2)
induced no significant change, with a mean CMC value of 2192 + 223 mg L. This latter value has been
used to estimate the total volume of SDS micelles in the framework of the micellar pseudophase
model.
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2 RL.I, surfactants used in this study were shown to reduce th.e su.rface tension of water fron%glzlgqo%%jmlgo%‘g?
s m! at room temperature. The CMC value of the RLs solution in ultrapure water was about 145 mg L™
6 (SI-Figure S5). This value has been used to estimate the total volume of RLs micelles in the framework
7 of the micellar pseudophase model. The previously reported CMC values range from 1.6 to 400 mg.L-
8 1,61-63 This broad variation in CMCs values is likely due to the fact that RLs are produced by different
9 strains under varying production conditions, leading to different proportions of mono- and di-
1(1) rhamnolipids. The extraction and purification methods used to isolate rhamnolipids from microbial
12 cultures can also affect the purity and composition of the rhamnolipid samples, potentially leading to
13 differences in reported CMC values.

14

3.2. Degradation kinetics in the presence of SDS
3.2.1. CBZ degradation kinetics

The photochemical stability of CBZ in ultrapure water at a pH adjusted to 8.2 was validated under our
experimental conditions (SI-Figure S6). In a preliminary series of experiments, slower CBZ degradation
rates were observed in the presence of increasing concentrations of SDS for a given initial H,0,

concentration (SI-Figure S7), reflecting the quenching of ‘OH radical by SDS molecules (ksps o) = 8.2 %
10° M s #%). Nevertheless, this simple approach suffers from reproducibility issues, which make the
determination reaction rate constants unreliable. To encompass this, the competition kinetic method
was used to infer the second order apparent rate constant for the reaction of ‘OH radicals with CBZ,

Kapp(cazno, for each experimental condition. Figure 2(a) shows the results obtained for CBZ in the
presence of increasing concentrations of SDS.
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(TPA,HO-)
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range of previously reported values, which vary from 2.05 to 18 x 10° M s'1.65-%7 Discrepancies may
arise from temperature, pH dependencies and the determination method employed. The presence of
SDS at concentrations below the CMC does not significantly affect the value of the apparent reaction
rate constant, indicating that SDS monomers can inhibit the degradation of CBZ but only by acting as
a hydroxyl radical quencher. Conversely, above the CMC, a significant decrease in the value of the
apparent reaction rate constant is observed. This decrease is not linear and tends to reach a plateau
at high SDS concentrations. According to previous studies, the neutral CBZ molecules are assumed to
partition into the apolar SDS micelle core.?8%° The total volume of the SDS micelles, Vspsm, Was
estimated assuming a micellar radius of 1.84 nm and a number of monomers per micelle of 647° (see
Sl for details). Vsps, increases linearly with the SDS concentration above the CMC (Figure S8(a)).

The experimental values of k,p(caz o) Were plotted as a function of Vepsr, and fitted using Eq. 2. (Figure

3(a)). The resulting estimated values of the three equation parameters k.cszHo, Kispsm-cezno) and
Kmw(caz,sps) Were (7.25 £ 0.54) x 10° M1 s, (1.88 £ 0.42) x 10° M s and 489 £ 171, respectively (Table
1). CBZ shielding by SDS micelles thus results in a 74 % decrease of the second-order rate constant of
its reaction with hydroxyl radicals. This reaction rate constant decrease leads to an increase in the half-
life of CBZ towards HO' reaction by a factor of 3.8. The estimated value of log Kiw(cszsos) is 2.69, with
an uncertainty range of 2.50 to 2.82. This value is within the range of the published CBZ octanol-water
partition coefficient (log K,w,cgz), which varies from 1.51 to 2.77 for calculated values, with a commonly
used experimental value of 2.45.47-%9 Using this log Kw(cszsps) Value, the molar fraction of CBZ trapped
in SDS micelles was inferred (see Sl for details) and plotted as a function of SDS concentration (Figure
3(b)). This figure shows that, even for a fairly water-soluble compound such as CBZ, the molar fraction
of molecules trapped in SDS micelles rapidly becomes non-negligible above the CMC of SDS, reaching
a value of 0.5 at twice the CMC (corresponding to a Vspsm 0of 2 ml L1).
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2

3 Figure 3: (a) Apparent second-order reaction rate constant measured for the reaction of hydroxyl radicals with CBZ as a function of estimateticle Online
4 total SDS micelle volume fitted with Eq. 2. (b) Corresponding estimated molar fraction of CBZ trapped into SDS micellédYs JQOW/@#E}”‘OOZ%F
5 estimated total SDS micelle volume.

6 . .

7 3.2.2. Phe degradation kinetics

8 The experimental conditions used for Phe degradation experiments were determined so that the direct

?0 photolysis as well as the volatilization of Phe can be considered negligible (SI-Figure S9). The evolution

11 of the measured apparent rate constant of the reaction between hydroxyl radicals and Phe as a

12 function of SDS concentration is shown on Figure 2(b). The reaction rate constant value obtained

13 without SDS, (1.22 + 0.16) x 10 M s, is in good agreement with the lowest ones previously reported
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that range from 1.24 x10'° to 2.3 x 100 M1 51,7172

In contrast to the results obtained for CBZ, the apparent second-order reaction rate constant for Phe
increased with SDS concentration below the CMC and reached a maximum of (1.31 + 0.36) x 10! M
s close to the CMC. This increase causes the rate constant to exceed the classical diffusion-controlled
limit value observed for bimolecular reactions in the aqueous phase at ambient temperature, which is
around 10'° M-1s! 73, The diffusion-controlled limit is due to molecular agitation in a medium at a
certain temperature, and to the fact that the reaction cannot occur faster than the reactive molecules
colliding. Molecular diffusion depends on the medium properties, including viscosity, the size of the
reactants, and temperature. Here, the diffusion limited rate constant was determined to be
approximately 8.5 x 10° M1 s* (see Sl for calculation details). The reaction of Phe with hydroxyl radicals
in the absence of surfactant is thus probably limited by diffusion. Since the actual rate constant of the
reaction cannot exceed the diffusion rate constant, parallel processes must be involved in the presence
of SDS. Enhanced direct photolysis is excluded as Phe stability was validated in the presence of SDS (SI-
Figure S9). This increase in the apparent second-order reaction rate constant corresponds to a
decrease in the Phe half-life by a factor of almost 11. Complementary experiments carried out in the
presence of RLs instead of SDS at concentrations below the CMC show no significant influence on the
apparent rate constant (SI-Figure S10). This suggests the existence of specific side processes resulting
from the simultaneous presence of both Phe and SDS, as discussed in section 3.4.

Figure 2b shows that above the CMC, as for CBZ, the apparent reaction rate constant of Phe decreases.
Figure 4(a) shows the plot of the apparent reaction rate constant values as a function of total SDS
micelle volume in the SDS concentration range of 2000-7000 mg L, fitted with Eqg. 2. The resulting

estimated values of the three equation parameters Ky.-phe Ho')s K(spsm-phe,o ) @Nd Kmwiphe sps) were (1.31
0.20) x 10 M1 s, (4.17 + 0.40) x 10 M1 st and (1.1 £ 10.9) x 105, respectively (Table 1). The k-

phe,Ho) Value is irrelevant as it corresponds to the apparent reaction rate constant for water solubilized
Phe in the presence of SDS concentration just below the CMC, thus including side degradation
processes (discussed in section 3.4). This fit also suffers from a large uncertainty in the Kspsm-w,phe Value,

4? probably due to a lack of data in the 0-0.9 range for the mole fraction of Phe trapped in SDS micelles
48 (Figure 4(b)), making it statistically insignificant. Nevertheless, the corresponding estimated log
49 Kmw(phe,sps) Value, 5.06, is only slightly above the values reported in the literature for the log K,,, of Phe,
g? which ranges from 4.46 to 4.65.°>%! The decrease in the apparent reaction rate constant observed
52 above the CMC of SDS is consistent with the results obtained for CBZ, i.e. with a shielding effect of
53 micelle trapping. The estimated value of the second-order rate constant for the reaction of hydroxyl
54 radicals with Phe molecules trapped in SDS micelles, (4.17 + 0.40) x 10° M s, corresponds to a 68%
55 decrease compared to the pre-CMC value. It is thus of the same order as that observed for CBZ (74%).
g? Nevertheless, this Kspsm-rheo Value remains significantly higher than the reaction rate constant
58 obtained without any surfactant addition ((1.22 + 0.16) x 10% M- s1). This suggests that, if micelle
Zg trapping effectively protects Phe from the hydroxyl radical attack, this effect does not fully offset the
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increase in reactivity induced by free SDS monomers and does not significantly affec%gle%@o@g‘j:g?@de Ontine

M
processes occurring in parallel with the hydroxyl radical attack.
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Figure 4: (a) Apparent second-order reaction rate constant measured for the reaction of hydroxyl radicals with Phe as a function of estimated
total SDS micelle volume fitted with Eq. 2, for SDS concentrations in the range of 2000 - 7000 mg L. (b) Corresponding estimated molar
fraction of Phe trapped into SDS micelles as a function of estimated total SDS micelle volume.

3.3. Degradation kinetics of CBZ in the presence of RLs

Figure 5 shows the evolution of the experimental values of the apparent second-order rate constant
of the reaction of CBZ with hydroxyl radicals in the presence of RLs. The general trend appears to be
quite similar to that obtained with SDS, with a significant decrease in the apparent reaction rate
constant at RLs concentrations above the CMC. For RLs concentrations below the CMC, the rate
constant value determined in the absence of RLs ((7.39 + 0.24) x 10° M s%) is higher than the values
obtained at 10 and 80 mg L* of RLs ((6.77 £ 0.26) x 10° M s and (6.80 + 0.16) x 10° M* s
respectively), while these two latter are not significantly different. Whereas SDS clearly acts only as a
quencher of hydroxyl radicals in the pre-micellar region, these results could suggest interactions of RLs
with CBZ under similar conditions. Another explanation could be that RLs start to form aggregates at
concentrations below the determined CMC, which was established by surface tension measurements.
In any case, the dataset is too small to support any firm conclusion and the effect remains very limited
compared to the decrease in the rate constant above the CMC. In this post-micellar region, CBZ
behaves similarly as with SDS, partitioning into micelles with corresponding shielding effects. At pH
8.2, RLs are in their deprotonated form (pKa ranging from 4.28 to 5.50 depending on concentration’?)
and are assumed to form micelles only, with negligible presence of larger structures such as of lamellae
or vesicles.”7® The total volume of RLs micelles, Vy.m, Was approximated using an estimated mean
molecular weight of 577 g mol?, a micellar radius of 2.4 nm and a number of monomers per micelle of
251576 (see S| for details). The total volume of RLs micelles, Vg.m, increases linearly with RLs

10

Page 10 of 20


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00203f

Page 11 of 20 Environmental Science: Processes & Impacts

1

2

z concentration above the CMC (SI-Figure 9(b)). The experimental values of K.pp(caz1o) Weredlotted as@io0s05:
5 function of Vg.m and fitted using Eq. 2. (Figure 6(a)). The resulting estimated values of the three
6 equation parameters K.cazHo?) Krism-caznor) @Nd Kmw(cezris) Were (6.86 £ 0.24) x 10° M1 s, (2.67 £ 0.42)
% x 10° M1 st and 2037 + 1162, respectively (Table 1). CBZ shielding by RLs micelles thus results in a 61
g % decrease of the second-order rate constant of its reaction with hydroxyl radicals. It is interesting to
10 note that the rate constant values obtained for CBZ trapped in micelles of SDS and RLs are not
11 significantly different. The estimated value of log Kiwcezris) is 3.31, with an uncertainty range of 2.94
12 to 3.51. This value is slightly higher than both the value obtained for SDS micelles and the log K., of
12 CBZ (2.69 and 1.51-2.77%* respectively). This may indicate a higher propensity of RLs micelles to trap
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CBZ compared to SDS ones. Using this log Kiwcezris) Value, the molar fraction of CBZ trapped in RLs
micelles was plotted as a function of RLs concentration (Figure 6(b)). As with SDS, the molar fraction
of CBZ molecules trapped in RLs micelles rapidly becomes non-negligible as the concentration of RLs
increases. It should be pointed out that the value determined here as the CMC of RLs (145 mg L) is
similar to those obtained in most studies'>®3, but has previously been shown to actually represent the
critical aggregation concentration (CAC) above which only premicellar aggregates are formed, the true
CMC occurring at a higher RLs concentration (7.5 mM for monorhamnolipids, equivalent to 3.8 g.L1).7®
Molecular dynamic simulations performed in this CAC-CMC range by Eismin at al.’® predict loosely
packed premicelles into which water can significantly penetrate. This suggests that fully formed RLs
micelles could have a higher shielding effect than the one quantified here. Nevertheless, our value
seems relevant for environmental conditions with surfactant concentrations just above CMC.
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Figure 5: Apparent second-order rate constant for the reaction of hydroxyl radicals with CBZ as a function of RLs concentration. Error bars
correspond to the uncertainty estimated based on the standard deviation of replicate measurements and the uncertainty associated with the
K(rea o value. Vertical dashed line indicates the CMC of RLs.
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Figure 6: (a) Apparent second-order reaction rate constant measured for the reaction of hydroxyl radicals with CBZ as a function of estimated
total RLs micelle volume fitted with Eq. 2. (b) Corresponding estimated molar fraction of CBZ trapped into RLs micelles as a function of
estimated total RLs micelle volume.

3.4. Discussion
3.4.1. Influence of surfactants below the CMC

The presence of SDS or RLs concentrations below the CMC induces no significant modification in the
second-order rate constant of the reaction of hydroxyl radical with the two model pollutants chosen,
CBZ or Phe, except in the case of Phe in the presence of SDS. This suggests that, in many cases,
solubilized surfactants monomers can reduce the half-life of organic pollutants relative to "OH
reactions by acting solely as ‘OH radical quenchers. This effect alone can have a dramatic influence on
the half-life of pollutants in organic-rich environments.® However, the notable ~11-fold increase in the
apparent second-order rate constant of the reaction of Phe with increasing SDS concentrations below
the CMC suggests that the situation can sometimes be more complex, requiring consideration of side
processes. Here, the hypothesis that additional reactive species are produced during SDS degradation
must be considered. Degradation of SDS molecules initiated by hydroxyl radicals has been shown to
lead to the formation of peroxy (ROO’) and sulfate (SO,~) radicals,”” both being able to react with
organics. Given the second-order rate constant values determined in this study for the reaction of
hydroxyl radicals with CBZ and Phe and those from previous studies for the reaction of sulfate radicals
with TPA, CBZ and Phe, the expected ki / ksos.. ratio (SI-Table S7) is only slightly higher for Phe than for
CBZ (ratios ranging from 4 to 9 and from 3 to 4, respectively), while it is significantly higher for TPA
(ratio of 26).5>78-81 Compared to TPA, both CBZ and Phe should therefore appear affected by the
formation of sulfate radicals, albeit to a slightly lesser extent in the case of CBZ. The fact that the
reaction rate constant for CBZ appears unaffected by the hypothetic formation of sulfate radicals,

12
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M su'ggests that addltlc.mal side processes contribute to the increasing rate constants obsgggﬂ&%%@&oozw
5 with SDS concentration.
6 Table 1: Second-order rate constants previously reported and determined in this study for the reaction of CBZ and Phe with hydroxyl radicals,
7 octanol-water partitioning coefficients previously reported and surfactant micelles-water partitioning coefficients determined in this study.
8
9 CBz Phe
10 Free pollutant - Previous studies 3.1to 18 x 10° 6566 1.24 to 2.3 x 10107172
11 Free pollutant without surfactants - This study 2 (7.39 £ 0.24) x 10°2 (1.22 £ 0.16) x 1002
12 HO' reaction , _
Free pollutant with SDS below CMC - This study (7.25 £ 0.54) x 10° (1.31+0.20) x 101 b
13 second order
14 rate constant  Free pollutant with RLs below CMC - This study (6.86 +0.24) x 10° (1.13 +0.23) x 10%0¢
-1 el
(M) Pollutant trapped in SDS micelles - This study (1.88 £+ 0.42) x 10° (4.17 + 0.40) x 1010
Pollutant trapped in RLs micelles - This study (2.67 £ 0.42) x 10° nd
. . 32-589 2.88 x 10% - 4.47x 10*
Kow (log Kow) - Previous studies (1.51 - 2.77) 4749 (4.46 - 4.65) 5051
me(sps) (Iog me(sps)) - This study 489+ 171 (269) (11 + 109) x 10° (506)
Kmnwres) (108 Kmw(rts)) - This study 2037 + 1162 (3.31) nd

? Determined in ultrapure water at pH 8.2 adjusted with the 1 M KOH solution

b These values involve side processes, see text for details

¢ This value represents the arithmetic mean of all measurements obtained below the RLs” CMC in the series of experiments presented in Si-
Figure S1 with the corresponding standard deviation

nd: not determined

3.4.2. Influence of surfactants above the CMC

Above the CMC, a similar trend is observed in the evolution of the apparent second-order rate constant
for the three experimental conditions tested. The partitioning of the pollutant in the micelles of
surfactant decreases its apparent reaction rate constant with hydroxyl radicals, according to previous
studies.?283 Here, the results show that this decrease reaches a plateau when the micellar volume
becomes sufficient to tend to trap all the available molecules of pollutant. Interestingly, the magnitude
of this decrease is quite similar for both model pollutants and model surfactants, with a reduction by
a factor of about 3 (3.9, 3.1 and 2.6 for CBZ with SDS, Phe with SDS and CBZ with RLs respectively). A
similar extend was found by Bansal et al.83 for the degradation of benzene initiated by H,0, photolysis
in solutions of three different surfactants, with second-order reaction rate constants with hydroxyl
radicals decreasing from 8.2 to 2.6-3.0 x 10° M1 s'1. SDS has also been shown by Faust and Abbatt® to
slow down the rate constant of the heterogeneous reactions of a highly hydrophilic compound
(tricarballylic acid) solubilized in aqueous droplets with gas phase hydroxyl radicals. Despite the
heterogeneous nature of the chemistry involved in this case, there again the decrease in the reaction
rate was found to fall within the same order of magnitude, with a decrease of about 60% in the
presence of a SDS monolayer at the water surface.®* The consistency of all these results provides an
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47 interesting starting point for considering such modified kinetics in the assessment of the fate of organic
48 pollutants in surfactant-rich environments.

gg In addition, the results presented here indicate that the generally easily available K,,, value could be
51 employed to assess the molar fraction of a pollutant that partitions into a given volume of micelles,
52 even for relatively water-soluble compounds. A limitation may be the required absence of ionic or
53 other interactions between the hydrophilic head group of the surfactant and the pollutant, as it was
>4 the case in this study with nonionic pollutants and anionic surfactants. For hydrophobic compounds,
gg some KoK relationships can be found in the literature.16.8

57 These findings may also be used as a preliminary indication of how reaction kinetics may be modified
58 in other surfactant-organized structures, including surfactant mono- or multilayers at water-air
Zg interfaces (e.g. SML or atmospheric droplets) and vesicles and lamellae for media with higher

surfactant concentrations.
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This work was focused on the determination of the kinetics of the reaction of the hydroxyl radical with
pollutants in surfactant rich media. It was shown that, in the absence of side processes, the presence
of monomers of the two tested surfactants, SDS (a well-known anionic surfactant) and RLs (a biogenic
surfactant), at concentrations below the CMC does not significantly affect the value of the second-
order reaction rate constant. In these concentration ranges, the pollutant degradation can
nevertheless be slowed down by the quenching of hydroxyl radical by the surfactant monomers. In
some cases, side processes can also be involved and affect the degradation kinetics at sub-CMC
concentrations. Here, SDS degradation was for instance suspected to produce additional reactive
species able to accelerate the degradation kinetics of Phe. Above the CMC, partitioning of the pollutant
into surfactant micelles induces the decrease of the reaction rate constant, shielding it from the
hydroxyl radical attack. Values of these second-order reaction rate constants were determined for
pollutant molecules trapped into micelles and shown to be a factor of about three times lower
compared to those obtained in premicellar condition, in good agreement with previous studies.
Estimated K., values are in good agreement with K., values for both tested pollutants, with little
impact of the nature of the surfactant for CBZ.

Organic pollutants are known to be enriched in surfactant-rich environments such as the SML,
atmospheric aerosols and fog droplets or even in the case of evaporative waters. This work appears to
provide a suitable foundation for evaluating the impact of such surfactant-rich environments on the
half-life and fate of these pollutants and an interesting indication of how reaction kinetics may be
modified in various organized surfactant structures. Future studies may wish to explore the influence
of surfactants on direct photolysis and degradation processes initiated by other reactive species, such
as the triplet state of organic matter or singlet oxygen. Another emerging question is whether the
reaction pathways and the structure of the degradation products formed in these environments are
modified.
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