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nmental contaminants at the air/
aqueous and biological soft interfaces†

Giada Dalla Pozza, Danielle Deardorff and Mahamud Subir *
Environmental signicance

The ubiquity of pharmaceuticals and personal care products (PPCPs) in
the aquatic environment is of emerging societal concern. Key pathways of
fate and transport can include adsorption onto various surfaces (e.g., air/
aqueous interface) and interaction with aquatic organisms. Therefore,
understanding their proclivity for air/aqueous interfaces and impact on
biological membranes is essential. Investigations pertinent to the
adsorption of emerging contaminants (ECs) at so interfaces are lacking.
The key nding of this communication is that PPCPs can and do adsorb at
the air/aqueous interface. The extent of their interaction with biological
membranes depends on the type of contaminant. The implication is that
surface interactions of ECs need to be considered to fully address their
impact on the environment.
Detection of micropollutants, such as pharmaceuticals and industrial

chemicals with endocrine disrupting potency, in ground and surface

waters is of emerging concern. Within the aquatic environment, these

emerging contaminants (ECs) can interact with various surfaces and

biological membranes. The implication is that, provided the ECs

exhibit sufficient affinity, these surfaces can modulate their fate and

transport properties. Knowledge of the types of interactions with

biomembranes can also help decipher their impact on aquatic

organisms. Here, we show that selected organic micropollutants –

amlodipine (AMP), carbamazepine (CBZ), b-estradiol (b-ED), and 4-

propylphenol (4-PP) – exhibit proclivity for the air/aqueous interface.

These compounds also interact differently with a zwitterionic phos-

pholipid membrane. The adsorption free energy for the water surface,

in the order of increasing affinity, is as follows: 4-PP < AMP < b-ED �
CBZ. Of the four compounds studied, 4-PP has the greatest extent of

disruption of the phospholipidmembrane. Our results suggest that the

extent of interaction with the water surface and biological membrane

is dependent upon the chemical nature of these micropollutants. This

fundamental study highlights the importance of interfacial chemistry

on the fate and transport of emerging contaminants in natural waters.
Introduction

Understanding chemical interactions of emerging contami-
nants (ECs) is vital to the knowledge of their fate and transport
within the aquatic environment. Aqueous phase photolysis,
biodegradation, and sorption into the soil phase are oen
considered as primary fate and transport pathways of ECs in the
aquatic ecosystem.1–3 However, there are numerous so inter-
faces with which aquatic pollutants can interact. These include
the water surface, polymeric substrates of particulate matters
(e.g., microplastics and colloidal organic matter), and biological
membranes of aquatic organisms. Once adsorbed, these
sity, USA. E-mail: msubir@bsu.edu

mation (ESI) available. See

–437
organic compounds are not only removed from the aqueous
phase but are also susceptible to exhibiting altered photo-
chemical reactivity. Interfacial adsorption can lead to orienta-
tional restriction, spectral shi, and thus, a change in the
efficiency of photon uptake in these molecules.4–6 This can
result in altered photokinetic pathways. For example, a distinct
photolysis rate, as compared to that of aqueous phase photo-
chemistry, has been reported for molecules adsorbed at the
surface of microplastics and in the presence of natural organic
matter.4,7–11 From the point of view of wastewater treatment,
understanding the fundamentals of EC–surface interaction is
also essential for developing remediation techniques for
removing emerging contaminants based on adsorption tech-
nology.12–14 Knowledge of the type of interactions (hydrophobic,
H-bonding, etc.) can guide the development of better sorbents.

In addition to the colloidal interfaces there are planar
interfaces with which micropollutants can interact. For
instance, about two-thirds of the planet earth is an air/aqueous
interface. Adsorption is the rst step for surface mediated
photochemistry. Thus, understanding the proclivity of micro-
pollutants for the water surface is warranted. Similarly, organic
pollutants can interact with aquatic organisms and disrupt
their biological membranes.15,16 Many pharmaceuticals
(including human and veterinary medicine) are designed to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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permeate across lipid membranes and thus can have adverse
effects on microorganisms and aquatic animals. For example,
endocrine disrupting chemicals (EDCs) such as b-estradiol (b-
ED or E2), can cause reproduction toxicity in sh and frogs.17,18

Bioaccumulation of carbamazepine (CBZ), a most frequently
detected active pharmaceutical ingredient, by algae has been
reported.19,20 Biological cells and organelles are composed of
phospholipids. Thus, how these compounds and their metab-
olites interact at the biointerface of lipid membranes is critical
to decipher the toxic effect of these drug contaminants.

In the recent decades, important eld work on the detection
of ECs and their impact on aquatic organisms has emerged.21–25

Studies involving their occurrence and removal strategies
exist.26–28 Nevertheless, studies involving their interactions with
various surfaces remain scarce. In this communication, we
explore the affinities of selected micropollutants for the air/
aqueous interface and their interaction with a zwitterionic
phosphatidylcholine lipid membrane. Phospholipids are
a dominant lipid class and are common in the cell membranes
of aquatic organisms and marine environments.29–32 To assess
the adsorption of pharmaceutical contaminants, CBZ, b-ED,
and amlodipine (AMP) have been selected for this study. These
micropollutants are detected in various aquatic environments
and are currently listed among the top priority emerging
organic contaminants based on ve different prioritization
schemes.33 On the other hand, 4-propylphenol (4-PP) represents
one of many alkylphenols used in personal care products.
Similar to b-ED, 4-PP also has endocrine disrupting capability.34

The ubiquity of these ECs in the aquatic environment is one
of the main reasons for selecting them in this study. The
concentrations of these compounds in the environment vary
with the source of the water and show regional variations. For
example, the average global maximum concentration of CBZ in
groundwaters has been reported to be 5 � 103 ng L�1.35 In
Portugal, hospital effluents showed a range of 45.5–195 ng L�1

of AMP.36 For b-ED, a concentration range of 2.4–670 ng L�1 in
wastewater has been reported.37 Alkylphenols as high as 644 mg
L�1 have been reported in Spanish rivers.38,39 Along with the
above discussion highlighting the signicance of these
contaminants, they are also representative of a wide variety of
micropollutants in the aquatic environment. Moreover, these
compounds exhibit distinct structural and chemical properties.
For instance, the rotatable bond count (RBC) for both CBZ and
b-ED is zero; whereas, AMP and 4-PP has an RBC of 10 and 2,
respectively (HMDB and Drug Bank databases).40,41 The impli-
cation is that CBZ and b-ED are rigid and AMP is exible. Based
on their pKa values,41–43 CBZ (15.96), b-ED (10.77), and 4-PP
(10.31) exist dominantly as neutral species, and AMP (9.45,
strongest basic) exhibits a positive charge in neutral water.
Thus, elucidating the inuence of their chemical properties on
their interaction with bio-membranes and interfacial water is
also of fundamental interest. Tantalizing results of EC–surface
interactions and their impact on model bio-membranes, as
assessed by surface tensiometry, are the subject of this
communication.

The aim of this study thus can be summarized as follows: to
(1) determine the air/aqueous surface proclivity of representative
© 2022 The Author(s). Published by the Royal Society of Chemistry
emerging organic contaminants, (2) elucidate their impact on
model biological membranes, and (3) provide a preliminary
assessment on the structure–functional relationship between the
pollutant molecules and their interfacial behaviors. We have
accomplished these objectives by experimental measurements of
surface tension of the air/water interface and surface pressure of
the lipid monolayer in the presence and absence of the target
contaminants. By exploring the surface effect at various bulk
concentrations of ECs, energetics of their interactions have been
determined. Given that ECs are pervasive and that there is an
abundance of surfaces in the aquatic environment, under-
standing the interfacial behavior of these contaminants is
signicant. The majority of existing research on environmental
contaminants focuses on bulk or solution phase properties; thus,
fundamental insights into their surface interaction is not only
original but also necessary. The ndings reported herein are
unique and contribute to an overall understanding of ECs in the
environment.

Materials and methods

Amlodipine (SKU PHR1185), carbamazepine (SKU 94496), b-
estradiol (SKU E8875), 4-propylphenol (SKU P53802), and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (SKU P0763)
were purchased from Sigma Aldrich and used as received.
Aqueous solutions of the organic compounds were prepared
using Milli-Q water (18.2 MU cm). DPPC was prepared in chlo-
roform (99.8% ACS reagent grade, Sigma Aldrich) at a 0.5 mg
mL�1 concentration. All glassware was cleaned with aqua regia
(3 : 1 HCl/HNO3). Stock solutions of the organic compounds
were prepared slightly below their solubility limits and kept in
the refrigerator until further dilutions were needed for the
experiments. The solubilities of these compounds in Milli-Q
water at 22 �C have been estimated in our lab experimentally.
In the order of increasing solubility, they are 47 mM for b-ED, 75
mM for CBZ, 132 mM for AMP, and �8 mM for 4-PP. Fresh
samples were prepared on a weekly basis.

Surface tension measurement at the air/aqueous interface

To determine the surface proclivity of the selected ECs, the
method of surface tensiometry has been employed. A small
Langmuir–Blodgett trough (LBT) apparatus (KN2001, KSV
NIMA) was used to determine the surface tension, g, at the air/
water interface. Applying the Wilhelmy plate method,39 surface
tensions of different solutions containing the desired concen-
tration of micropollutant were measured. Each solution (22 mL)
was poured into a Teon dish (3.1 cm inner diameter), and
allowed to equilibrate for 20 minutes before surface tension was
measured using the Wilhelmy plate. At least 3 measurements
for each concentration were made. The surface tension (g) vs.
concentration (c) plots show the average of these independent
measurements.

Surface pressure vs. area isotherm measurement

Measurement of surface pressure upon compressing insoluble
lipids at the air/water interface was conducted using an LBT.
Environ. Sci.: Adv., 2022, 1, 430–437 | 431
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Fig. 1 Adsorption isotherms (surface excess vs. initial concentration)
of AMP, b-ED, CBZ (Top) and 4-PP (Bottom) for the air/aqueous
interface. The solid black traces correspond to the Langmuir fits of the
experimental data. Images of molecular structures are from Sigma
Aldrich.
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This apparatus senses the surface tension and as the area of the
trough is reduced it generates a surface pressure vs. molecular
area (p�A) isotherm. The isotherms were measured in the
presence and absence of micropollutants in the subphase. The
surface pressure (p) is dened as go� g1, where go is the surface
tension of the clean interface and g1 is that of an interface with
an insoluble monolayer.44 A thorough cleaning and monolayer
preparation protocol was performed prior to each experimental
measurement. This includes, rinsing the Teon components of
the LBT balance with 200 Proof ethanol, followed by rinsing
with abundant Milli-Q water, and drying the trough surfaces
with UHP N2 gas. The Wilhelmy plate was also rinsed with pure
ethanol and Milli-Q water. Then, it was burned using a butane
torch until red hot to remove any residual organic compounds.
For the p vs. A measurements, the LBT Teon base was lled
with 57 mL of Milli-Q water (or aqueous solution of the target
compound). Approximately one-half of the Wilhelmy plate was
submerged in the solution at the centre of the well. Using
a soware, the balance was zeroed. The barriers were then
compressed and the pressure was monitored. Prior to adding
DPPC, it was ensured that the surface pressure upon com-
pressing the neat water remained below 0.3 mN m�1. This
served as an indication that the neat water subphase remained
free of surfactants and other impurities. If the surface pressure
reading was slightly above tolerance, the surface water was
cleaned by aspirating it with a siphon vacuum cleaner, followed
by relling the base with fresh water as needed. If a sub-
tolerance value not achieved, the cleaning procedure was
repeated.

To prepare the DPPC monolayer, using a micro syringe, 15
mL of DPPC/chloroform solution was distributed dropwise at
different locations over the entire water surface. Then 15
minutes was allocated for the chloroform to evaporate. An
additional 30 minutes was given for the subphase containing
the target contaminants to reach an equilibrium with the
phospholipid. During this waiting period and while the
measurement was conducted, the LBT apparatus was covered
with a shield in order to avoid contaminations from dusts and
prevent disruptions from any airow in the lab. The trough was
temperature controlled @ 22 �C by owing water from a chiller
through the LBT baseplate. The insoluble lm was compressed
at an average rate of 0.083 cm2 s�1. Replicates of p�A isotherms
were recorded for each concentration of the micropollutant.
Each data point in the isotherm represents an average value
obtained from independent trials. The data analysis of both
p�A isotherms and surface tension measurements were con-
ducted using IgorPro, Wavemetrics soware.

Results and discussion
Adsorption onto the air/aqueous interface

The surface tension of neat water is reduced when organic
molecules are adsorbed at the water surface. This principle has
been the basis of determining the Gibbs surface excess, G. Fig. 1
shows the G vs. c plots for the compounds investigated in this
study. The upper value of the bulk concentration for each
micropollutant is restricted by its solubility limit in water. These
432 | Environ. Sci.: Adv., 2022, 1, 430–437
isotherms allow the determination of the energetics of the
adsorption process. However, at this juncture a description of
how the G vs. c plot was generated is warranted.

In brief, the slope of the g vs. c plot is related to G as follows:

G ¼ � c

RT

dg

dc
(1)

where R is the gas constant and T is the Kelvin temperature.44,45

Thus, for each micropollutant, the surface tension data were
plotted against its solution phase concentration (Fig. A1 in the
ESI†). The decrease in g observed with increasing concentration
resembles the adsorption of amphiphiles at the air/aqueous
interface. Plotting the concentration on a log-scale, it is
apparent that at a low concentration there is a slow decrease in
g, followed by a sharp drop in surface tension at a higher
concentration. This behaviour is best described using a 2nd or
3rd degree polynomial function.46 This empirical t allows the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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simulation of the dependence of surface tension on concen-
tration and the derivative of the continuous t function is taken
instead of the discrete data points. Each plot was thus tted

using a polynomial equation, from which the slope,
dg
dc

, was

determined. These plots and the t parameters are shown in the
ESI.† The value of G (in mol m�2) at different concentrations
was determined based on eqn (1).

It is clear (Fig. 1) that all these compounds show surface
activity, but the extent of surface coverage varies. In Table 1, the
area occupied per molecule at the highest concentration
investigated is reported for each of these compounds. Given
that the surface coverage values for both AMP and 4-PP are close
to their molecular dimensions, it is apparent that these
contaminants have reached full coverage at their respective
concentrations. However, the surface coverage of CBZ and b-ED
are not completely saturated. A possible reason is that these
rigid and roughly leaet-like compounds lie at and thus
occupy a greater area. The adsorption isotherms also show
a Langmuirian behaviour. Thus, tting the data using the
Langmuir model (eqn (2)),44,45 we have further obtained the
equilibrium constant, Kads, and maximum surface excess, Gmax.

G ¼ Gmax

Kads

c

co

Kads

c

co
þ 1

(2)

In this equation, co represents the concentration of water,
which is 55.5 M, and c corresponds to the equilibrium
concentration of the target compound remaining in the solu-
tion. However, since the depletion of the solution phase species
is negligible, the initial concentration is used. From the equi-
librium constant, Gibbs adsorption free energy (DGads) is
calculated using DGads ¼ �RT ln Kads. The tting parameters,
DGads and Gmax, are shown in Table 1. The negative DGads values
suggest that the adsorptions of these ECs at the air/aqueous
interface are indeed favourable.

Within the uncertainty of the experimental measurements,
the affinities of CBZ and b-ED for the air/aqueous interface are
similar. This can be attributed to the fact that both molecules
contain cyclic rings and are rigid; that is, they are likely to have
similar driving forces for the surface. AMP exhibits a slightly
diminished affinity compared to that of CBZ and b-ED. This can
be attributed to the fact that AMP is positively charged, and thus
more likely to be solvated. Within this set of compounds, the
surface affinity trend appears to be the reverse of the solubility
trend of these compounds. That is, the higher the solubility, the
less surface active it is. Given that 4-PP is the most soluble of the
Table 1 Air/aqueous adsorption thermodynamic parameters of micropo

AMP CBZ

DG (kJ mol�1) �30.9 � 0.3 –32.
Gmax (�10�6) (mol m�2) 5.9 (�0.6) 0.9
Area per molecule (�A2 per molecule) 71 � 3 at 120 mM 430

© 2022 The Author(s). Published by the Royal Society of Chemistry
group, its affinity for the surface is also lower compared to the
rest of the micropollutants studied. Many factors,47 such as H-
bonding with water, p–p interactions,48 the inuence of p–H
bonding,49 hydrophobic interactions50 and entropic constraints,
can dictate favourability, or the lack thereof, of these
compounds for the water surface. What is clear is that these
compounds do show proclivity for the air/water interface and
elucidation of specic interactions is needed for further
mechanistic insights.

It is worth noting that to determine the thermodynamic
properties accurately, a broader concentration range of the
micropollutants was chosen. Exploring this entire range, which
exceeds the typical concentrations of these compounds detected
in the aquatic environment, is necessary in order to observe the
saturation in the isotherm data and thus obtain accurate tting
parameters. As noted above, the concentration of these
compounds detected in the aquatic environment is generally in
the nano to sub-micromolar range. Unless a large volume spill
or a localized build-up occurs, the surface population of these
contaminants will be small. Nevertheless, the equilibrium
constant dictating the surface proclivity remains the same at all
concentrations. Their propensity for the air/water interface is
certain. More importantly, the adsorption free energy of these
compounds for the hydrophobic air/water interface provides
insights into the type of interactions these contaminants are
likely to have with other surfaces. Our results show that a van
der Waals type interaction or entropically driven adsorption
process can provide a sufficient gradient for these small organic
molecules to adsorb at the hydrophobic interfaces. That is,
hydrophobic interactions can overcome the solvation energy
observed for charged compounds (e.g., AMP) and the H-bonding
ability with water that all of these molecules exhibit. Thus,
interaction of these compounds with particulate organic matter
and microplastics, which oen contain hydrophobic polymeric
constituents, is expected.
Interaction with the lipid membrane

Next, we consider the effect of these micropollutants on the
integrity of a zwitterionic phospholipid membrane. In the top
panel of Fig. 2, the surface pressure vs. molecular area
isotherms of DPPC in the absence and presence of a range of
micropollutant concentrations are shown. As discussed in the
Materials and methods section, the p�A isotherm is generated
by compressing the insoluble lipid distributed on the water
surface. The black solid trace in these graphs represents the
isotherm of pure DPPC on the neat water surface. It displays
various phases and phase transitions related to the conforma-
tional order as packing density increases (see Fig. 2A in ESI†).
llutants

b-ED 4-PP

3 � 0.9 –33.2 � 1.3 –27.8 � 0.6
� 0.2 2.1 � 0.9 6.8 � 0.5
� 150 at 70 mM 260 � 36 at 37 mM 28.7 � 0.2 at 4.3 mM

Environ. Sci.: Adv., 2022, 1, 430–437 | 433
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Fig. 2 Surface pressure vs.molecular area isotherms and elasticity vs.molecular area plots of DPPC in the presence of micropollutants, from left
to right: AMP, CBZ, b-ED, and 4-PP. The concentration of the contaminant in the sub-phase is noted in the legend. The black trace is the
measurement corresponding to DPPC in the absence of any micropollutant (i.e., neat water sub-phase).
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The common phases are gaseous (G), liquid-expanded (LE), and
liquid-condensed (LC). If the subphase contains organic
contaminants, they can interact with the lipid and thereby
modify this phase behaviour. This would manifest in an altered
p�A isotherm showing changes in the surface pressure and
shis with respect to the molecular area. These variations map
out the extent of interaction the molecule has with the lipid
monolayer. Fig. 2 clearly shows that all the micropollutants
investigated interact with the DPPC lipid membrane. This result
is not surprising given the fact that these compounds show
strong proclivity for the air/water interface.

A careful inspection of the isotherms reveal that the degree
of the interactions varies with the identity of the micro-
pollutant. For instance, in the presence of CBZ and b-ED, the
surface pressure dropped (especially at low molecular area) for
all concentrations and the isotherms shied to the le relative
to that of pure DPPC in neat water. The latter indicates that the
mean molecular area is reduced in the presence of these
compounds. This observation suggests that both CBZ and b-ED
increase the condensation of lipid packing. Furthermore, it has
been noted that the surface pressure at collapse is a measure of
the lipid monolayer stability.51 The lower the pressure at
collapse, the less stable the monolayer. Thus, the lower surface
pressure common to both CBZ and b-ED at all concentrations,
suggests that these species have a destabilizing effect when
a compact monolayer is formed. Another interesting feature to
note is that the phases observed for pure DPPC are also
observed in the presence of these species. The implication is
that despite their interaction with DPPC, CBZ and b-ED do not
drastically disrupt the DPPC phase behaviour.

This however is not the case when AMP or 4-PP are the
micropollutants in the subphase. While in the low concentra-
tion range (6.9–34.7 mM) the behaviour is like that of CBZ and b-
ED, at higher concentrations (63.1 mM and 82.2 mM), a clear
shi to a higher surface pressure is observed for AMP at large
molecular area where molecules are farther apart. At these
434 | Environ. Sci.: Adv., 2022, 1, 430–437
concentrations the well-known phases of DPPC are appreciably
altered. The LC phase is stretched over a larger area and the LC-
LE transition is subdued. The most extensive changes in the
DPPC isotherm are observed in the presence of 4-PP. Unlike the
other micropollutants, 4-PP appears to increase the surface
pressure. Even at the larger molecular area domain (gaseous
phase), higher surface pressure is observed when the 4-PP
concentration is at and above 20 mM. The presence of 4-PP leads
to an expanded isotherm with a larger mean molecular area,
which is indicative of a uidizing effect, i.e., disordering of
DPPC.

One approach to understand the mechanical properties (e.g.,
uidity and rigidity) of the lipid membrane is through the
concept of surface elasticity E,5,44 dened as:

E ¼ �A
�
vp

vA

�
T

(3)

Also known as the elastic modulus, in this equation, A is the
total surface area and p is the surface pressure. This quantity
represents a measure of the rigidity of the lm; in other words,
the lm's resistance against compression. The larger the value
of E, the greater the interaction between the lipid molecules.
The bottom panel of Fig. 2 shows the plots of E against
molecular area and the effect of various concentrations of the
micropollutants. For neat DPPC, in the gaseous region (above
100 �A2 per molecule), the surface elasticity is small due to the
highly compressible and disordered insoluble monolayer. Two
maxima are observed – the smallest representing the LE phase
(a broad plateau in the range of d �65–90�A2 per molecule) and
the larger corresponds to the LC phase (peak at �32 �A2 per
molecule).

Our results show that these micropollutants modify the
elasticity of the DPPC monolayer. At all concentrations, both
AMP and b-ED lower the elasticity of the LC phase, implying that
DPPC is less rigid or ordered in the presence of these species.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The relative Helmholtz free energy of compression of DPPC as
a function of concentration of different micropollutants.

Communication Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

12
:0

0:
51

 P
M

. 
 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
Lowering of surface elasticity has also been attributed to parti-
tioning of molecules into the lipid membrane and interaction
with the hydrophobic tails.52 Attractive interaction would explain
a reduction in the molecular area facilitating a closely packed
membrane. However, further investigations are necessary to
elucidate this mechanism. For CBZ, a reduction in the LC phase
elasticity is only seen at higher concentrations (42.3 mM and 61.8
mM). At lower CBZ concentrations, elasticity of the lm is not
signicantly affected. In contrast, 4-PP has a substantial impact
on the rigidity of the lm. The interaction with this molecule
appears to have increased the surface elasticity throughout the
LC to G regions. At higher concentrations (35 mMand 50 mM), the
shi in the peak position to a larger molecular area and an
increase in elasticity also suggest that 4-PP makes the DPPC
monolayer more uid and hinders it from becoming compact. A
plausible explanation for this is that 4-PP changes the tilt angle
of the lipid to occupy a larger surface area.53,54

Another assessment we have performed is related to the
favourability of the DPPC and micropollutant interaction. Since
we are compressing the DPPC molecule in the absence and
presence of a target compound, we can compare the Helmholtz
free energy44,45 (DF) of compression for these processes. Eqn (4)
shows that DF is the integral (or area under the curve) of the
p�A isotherm.

DF ¼
ðA2

A1

pdA (4)

For our calculation A1 and A2 were chosen to be 120 and 15�A2

per molecule, respectively. The relative (or the difference in)
Helmholtz free energy of compression with (w) or without (w/o)
micropollutants is thus:

DDF ¼ DFw � DFw/o (5)

Based on eqn (5), if DDF is negative, less energy is required to
compress the lipid in the presence of these compounds. This
would imply either a favourable interaction of the ECs with the
lipid molecules or a reduction of repulsive interaction between
the DPPC molecules. Fig. 3 displays the effect of the micro-
pollutants on DDF as a function of their concentrations.

All three pharmaceuticals show a favourable interaction at
low concentrations. As the AMP concentration increases,
however, DDF becomes less negative and exhibits a positive
value at the highest concentration. It appears that at low
concentrations, these compounds interact in a way that mini-
mizes the net repulsive interaction between the lipid head-
groups. AMP at higher concentrations, and thus higher surface
population, acts to resist compression, leading to an increase in
DDF. Interestingly, 4-PP leads to the most unfavourable inter-
actions at all concentrations. 4-PP appears to occupy a signi-
cant surface area or cause the lipid molecules to orient at such
that the energy required to compress them is greater in its
presence. Clearly, the organo-heterocyclic and the lipid like
molecules show favourable interactions, whereas the benzenoid
displays a hindrance effect.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In this communication we have demonstrated that amlodipine,
carbamazepine, b-estradiol, and 4-propylphenol, all of which
represent contaminants of emerging concern, show strong
proclivity for the water surface. The extent of surface population
and affinity vary for these compounds. The DGads trend, in the
order of decreasing spontaneity of the physisorption process, is
b-ED � CBZ > AMP > 4-PP. It is also evident that both b-ED and
CBZ occupy a larger surface area, whereas AMP and 4-PP can
form a compact monolayer at their respective highest concen-
trations investigated. The air/water interface represents
a hydrophobic environment. Natural water contains a plethora
of surfaces including hydrophobic polymeric/aqueous inter-
faces. Thus, the nding suggests that these micropollutants will
interact with these interfaces. Consideration of the interfacial
interactions is thus important to accurately predict their fate
and transport and determine their effectiveness in binding to
various sorbents.

We have further studied the impact of these compounds on
the mechanical properties and phase behaviour of a model lipid
membrane. It is evident from the discussion that different
classes of compounds have a distinct effect on DPPCmonolayer
formation. Overall, a similar effect on the DPPC phase behav-
iour is observed for both CBZ and b-ED. This can be attributed
to the fact that these molecules are neutrally charged and
structurally rigid (RBC ¼ 0). In comparison, AMP shows
a greater extent of interaction, especially at a higher concen-
tration. The fact that AMP is positively charged, coulombic
interaction between the zwitterionic headgroup of DPPC and
AMP is thus likely responsible for the differences. Unlike the
pharmaceutical ECs, 4-PP has a drastic impact on the structural
integrity and phase behaviour of the DPPC monolayer. Both
AMP and 4-PP have a greater degree of freedom with respect to
bond rotation allowing numerous conformational possibilities
of interaction with DPPC molecules.
Environ. Sci.: Adv., 2022, 1, 430–437 | 435
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This communication provides a preliminary insight into the
surface activity of select classes of emerging organic pollutants.
However, to extract additional fundamental properties, such as
a correlation between the molecular structure and the type of
surface interaction, more laboratory experiments are needed,
and this is the focus of our ongoing research. For example, for
deciphering the binding strength and how it varies with
micropollutant functional groups, enthalpic and entropic
contributions to DGads are necessary. To better elucidate the
phase behaviour of biological membranes, specic chemical
interactions and orientational analysis, as can be elucidated
with various interfacial selective tools,5,55,56 are warranted. At
a fundamental level, these thermodynamic parameters can
establish a structure–function relationship between various
contaminants and surfaces. At a practical level, these interfacial
parameters can help assess the fate and transport of these
compounds or compounds belonging to a similar class. They
can also be used to develop contaminant remediation methods
based on adsorption techniques. Studies involving the detec-
tion and toxicity effect of emerging contaminants such as
pharmaceuticals and personal care products are prominent.
However, investigations pertinent to the interactions of these
compounds with various so interfaces, including biological
membranes available in the aquatic environment, are limited.
This study goes to show that organic ECs can exhibit proclivity
for the air/water interface and have different disrupting effects
on phospholipid membranes common in aquatic cells. Thus,
this communication also highlights the need to better under-
stand the interfacial properties of emerging contaminants.
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