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ABSTRACT: A molecular theory has been applied to study
the equilibrium conditions of glyphosate and aminomethyl-
phosphonic acid (AMPA) adsorption from aqueous solutions
to hydrogel films of cross-linked polyallylamine (PAH). This
theoretical framework allows for describing the size, shape,
state of charge/protonation, and configurational freedom of
all chemical species in the system. Adsorption of glyphosate is
a nonmonotonic function of the solution pH, which results
from the protonation behavior of both the adsorbate and
adsorbent material. Glyphosate and chloride ions compete for
adsorption to neutralize the polymer charge; lowering the
solution salt concentration enhances the partition of
glyphosate inside the hydrogel film. AMPA adsorption is
qualitatively similar to that of glyphosate but orders of magnitude smaller under the same conditions. AMPA is less charged than
glyphosate, which unbalances the competition for adsorption with salt counter ions. In mixed solutions, glyphosate presence can
significantly hinder AMPA adsorption. A higher pH establishes inside the film than in the bulk solution, which has important
implications for the herbicide biodegradation because microbial activity is pH-dependent. Thus, PAH hydrogel films can be
considered as functional materials that combine glyphosate sequestration and in situ degradation. In devising these materials,
the polymer density is an important variable of design; polymer networks with high density of titratable units can enhance
adsorption; this density can also be used to modify the pH inside the material.

■ INTRODUCTION
Glyphosate (GLP) is the world’s best-selling and most widely
applied pesticide.1,2 In Argentina, GLP use continues to increase
with 0.2 megatons consumed in 2012, which represents 80% of
total herbicide sales in the country.3 This efficient broad-
spectrum herbicide, used nonselectively in agriculture, works by
blocking a biochemical pathway leading to the production of
essential amino acids, causing plant death by starvation.4

Because humans do not produce essential amino acids, GLP
use is presumed safe. However, its efficiency as a weed killer, its
nontoxicity, and the engineering of genetically modified crops
that can resist GLP exposure have, in many cases, led to
excessive use in the control of weeds and grasses. GLP has been
detected in different soils, groundwaters, surface waters, and its
bottom sediments, not only in those used for agriculture;5−7 it
has also been found in processed food, drinking water, and
pharmaceutical products.8,9 Therefore, it is nowadays clear that
development of means for GLP removal is of critical importance.
Current methods of GLP removal from aqueous solutions

include chemical precipitation,10 advanced oxidation,11,12

membrane filtration,13 biodegradation,14 and physical adsorp-
tion.15−18 Methods involving physical adsorption are generally
efficient, low cost, and more environmentally friendly,

producing no secondary pollution.15 Different adsorbent
materials have been considered for GLP sequestration, including
resins,15 graphene oxides,16 starch,17 and zeolites.18 In all those
studies, GLP adsorption is due to electrostatic attractions with
the substrate. These interactions are highly modulated by
environmental conditions, such as the pH and salt concen-
tration. Indeed, several experimental studies show the
importance of pH and salt concentration in the physical
adsorption of GLP to different materials.15,17,18

Therefore, understanding the physical and chemical proper-
ties that govern pesticide adsorption and their coupling with
environment composition is essential in the development of
materials with optimal contaminant removal/sequestration
capacity. In this work, we investigate the adsorption of GLP,
AMPA, and their mixtures to grafted poly(allylamine hydro-
chloride) (PAH) cross-linked networks. We are particularly
interested in the role that environment pH and salt
concentration have in determining the adsorption behavior.
To this goal, we have applied amolecular-level theory that allows
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for describing size, shape, state of protonation, and con-
formations of all of the chemical species in the system.
Degradation of GLP in soils and waters occurs mainly because

of bacterial activity.19,20 In one of the paths for biodegradation,
an oxidase breaks down the carbon−nitrogen bond of GLP,
which produces aminomethylphosphonic acid (AMPA), the
most abundant byproduct of this herbicide.20 However, when
the medium pH is not optimal, bacterial activity slows down,
which reduces degradation efficiency and results in longer
environmental persistence.20 Our goal is to show that PAH films
can combine enhanced GLP sequestration with a higher pH
environment in the interior of the hydrogel, which provides
optimal conditions for biodegradation.

■ METHOD
To study the adsorption of GLP (and AMPA) to hydrogel films
of grafted cross-linked PAH chains, we apply a molecular-level
theory with explicit description of all chemical species that
compose the system. In this approach, the protonation state of
each of the different titratable units of GLP is not assumed but
predicted as a result of the local interplay between the free-
energy cost of protonation/deprotonation, the entropic loss of
molecular confinement, the conformational degrees of freedom
of the network and the adsorbate, and the electrostatic and steric
interactions. This is achieved through the formulation of a
general free energy that includes all of these contributions. This
molecular theory was originally developed to study adsorption
of histidine peptides to grafted polyacid networks21 and has been
recently extended to investigate protein protonation upon
adsorption to such pH-responsive hydrogel films.22,23 The
method is based on an extension of the theory developed by Nap
et al.24 and Gong et al.25 to consider the behavior of grafted weak
polyelectrolyte layers. Next, we outline the theoretical method
used in this study, whereas a full description can be found in our
recent work.23

The system consists of an aqueous solution in contact with a
network of cross-linked polyallylamine that is chemically grafted
to a planar surface (see Figure 1). The coordinate zmeasures the
distance from the surface placed at z = 0. The solution is
composed of water molecules, hydronium and hydroxide ions,

and a monovalent salt (NaCl) that is assumed to be completely
dissociated into chloride and sodium ions. This solution can
additionally contain a finite concentration of either GLP,
AMPA, or both molecules; we will refer to these species as the
adsorbates.
The Helmholtz free energy of the system can be expressed as

∑
= − + −

+ − − +

+ + +

F TS F TS

TS TS F

U U U

( )
i

i i i

cnf,nw chm,nw mix

cnf, tr, chm,

st vdW elect (1)

where the first term in the right-hand side of this expression
includes the conformational entropy of the network (Scnf,nw),
which is due to the many possible spatial distributions of PAH
segments (conformations), and T represents the system
temperature. The second term is the chemical free energy of
the network (Fchm,nw) that accounts for the acid−base
equilibrium of PAH segments. The next term includes the
translational and mixing entropy of all free species, except the
adsorbates, as well as the formation self-energies of these species.
In the second line of eq 1, the sum runs over GLP and/or AMPA
if they are present in the solution; for a particular adsorbate (i ∈
{GLP, AMPA}), these terms include its conformational entropy
(Scnf,i), its translational entropy and self-energy (Str,i), and the
chemical free energy (Fchm,i) that results from the acid−base
equilibrium of its titratable units. The third line in eq 1 includes
the energetic contributions to the free energy, incorporating
steric (excluded volume) repulsions (Ust), van der Waals
attractions (UvdW), and electrostatic interactions (Uelect). This
system is in equilibrium with a bulk solution, which fixes the
chemical potentials of all free species. As a result, the proper
thermodynamic potential whose minimum yields equilibrium is
the semigrand potential, which is a function of these chemical
potentials. The semigrand potential results from the Legendre
transform of the Helmholtz free energy (eq 1).
The aforementioned contributions to the free energy can be

explicitly written in terms of a few functions: (i) the local
densities of all free species; (ii) the local densities of different
configurations of the adsorbates; (iii) the probability distribu-
tion of network conformations; (iv) the local degrees of
protonation of all titratable species including network and
adsorbate units; and (v) the local electrostatic potential. The
next step in this method is the optimization, with respect to each
of these functions, of the semigrand potential. Such a procedure
allows for expressing functions (i) to (iv) in terms of only two
position-dependent interaction potentials: the local osmotic
pressure and the electrostatic potential.
These local interaction potentials can be numerically

calculated through iteratively solving both the Poisson equation
and the incompressibility constraint imposed to the fluid. This
last restriction assures that at each position, the available volume
is fully occupied by some of the chemical species. After these
interaction potentials are determined, any thermodynamic
quantity of interest can be derived from the free energy. At
this point, the local functions that compose the free energy are
known as well, which allows for the calculation of different local
and average quantities.

■ MOLECULAR MODEL
A molecular model of all chemical species must be defined to
apply this theory and calculate results. GLP is represented using

Figure 1. Left: Scheme representing the adsorption of GLP from a salt
solution to a surface-grafted, cross-linked PAH network. The coarse-
grained molecular model is illustrated on the right. AMPA is modeled
similarly to GLP but without including the carboxylate unit.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b02727
Langmuir 2018, 34, 12560−12568

12561

http://dx.doi.org/10.1021/acs.langmuir.8b02727


a coarse-grained model, where we include the phosphonate,
amine, and carboxylate groups. The molecular volumes assigned
to these coarse-grained units, as well as to other species in the
system, are presented in Table 1. To construct this coarse-

grained model, we have performed density functional theory
(DFT)26 geometry optimizations using Gaussian 03 package;27

the B3LYP hybrid exchange-correlation functional28,29 and the
6-31G(d,p) basis set were used. All geometrical parameters were
optimized without constraints. The coarse-grained units are
assigned to the position of the carbon atom in the carboxylate
group, the nitrogen in the amine, and the phosphorus in the
phosphonate group. These positions are kept fixed with respect
to the center of mass of the GLPmolecule according to the DFT
optimization of the atomistic structure. The molecule, however,
has full rotational and translational freedom. An AMPA
molecule is represented in the same way but without including
the carboxylate unit.
The pKa values of titratable units have been obtained from the

literature.30−33 For GLP, these values are 0.8 and 5.6 for the
diacidic phosphonate group, 2.3 for the carboxylic acid, and 11.0
for the basic amine group;30,32 for AMPA, we have used 1.8 and
5.4 for the phosphonate and 10.0 for the amine group.30,32 In the
case of the basic allylamine segments of the network, their pKa is
8.5.31,33 For the self-dissociation of water, we use pKw = 14.
Using this pKa scheme, Figure 2 shows the charge of GLP and

AMPA in dilute solution as a function of pH. The plot also

includes the degree of charge of an isolated allylamine monomer
under the same conditions. Given that adsorption to the PAH
film is expected to be driven by adsorbate−network electrostatic
attractions, these curves anticipate a nonmonotonic pH-
dependence of such adsorption. At low pH, the PAH segments
will be strongly positively charged, but GLP or AMPA

adsorption will bring less net charge to the film than the
adsorption of a (smaller) chloride ion. Similarly at high pH, GLP
and AMPA are more negatively charged, but PAH segments will
only be weakly charged. Only for intermediate pH values, where
both adsorbent and adsorbate are strongly charged, we expect
significant adsorption to occur.
The different molecular conformations of the PAH network

are also an input needed to evaluate this theory. This network is
composed of cross-linked 50-segment long polymer chains,
where each segment is a coarse-grained representation of a PAH
unit, having 0.5 nm segment length. Most of these chains
connect two cross-linking segments, except those top-most
chains, which have their solution-side ends free, and some chains
that are connected by one of their ends to a surface-grafted
segment. The cross-linking units have coordination four, and the
structure has a diamond-like topology.34−37 To generate
network conformations, we have performedmolecular dynamics
(MD) simulations using GROMACS 5.1.2,38−40 where the
network is a periodic molecule composed of 30 cross-linking
segments, 2 grafting points, and 64 chains with a total of 3200
PAH units. The supporting surface in the MD simulation box
has a 33 nm2 area; periodic boundary conditions are imposed in
both the x and y directions. The force field used in this MD
simulation has been well described in other works.34,36,41,42

To numerically solve the equations resulting from the
molecular theory, the Poisson equation, and the incompressi-
bility constraint, space is discretized into 0.5 nm thick layers
parallel to the supporting surface (the x−y plane). The system is
assumed to be isotropic in the x and y directions. The aqueous
medium has a dielectric constant ϵwϵ0, where ϵw = 78.5 is the
relative dielectric constant of water at room temperature and ϵ0
is the permittivity of vacuum.

■ RESULTS AND DISCUSSION
We will first consider the effect of solution pH and salt
concentration on the adsorption of GLP to PAH films. To
quantify such a behavior, we define the adsorption as the number
of molecules adsorbed per unit area, in excess of the bulk
contribution. Namely

∫ ρ ρΓ = −
∞

z zd ( ( ) )
0 glp glp

bulk
(2)

where ρglp(z) and ρglp
bulk are the local and bulk (number) densities

of GLP, respectively, such that limz→∞ρglp(z) = ρglp
bulk. Note thatΓ

includes contributions from adsorbed molecules throughout the
whole thickness of the hydrogel film as well as from the
polymer−solution interface.
Figure 3 describes the adsorption of GLP as a function of the

bulk solution composition. Panel A shows that Γ is a decreasing
function of the salt concentration, which is a clear signature that
adsorption is driven by PAH−GLP electrostatic attractions. An
increasing salt concentration makes the adsorption of chloride
ions more favorable, which results in the screening of these
attractions, diminishing the capacity of the film to adsorb the
herbicide. Panel B of Figure 3 shows that GLP adsorption is a
nonmonotonic function of the solution pH, a result that can be
explained by looking at the charge behavior of both species, the
adsorbate and adsorbent material, displayed in Figure 2. At low
pH, most segments of the polymer network are charged, but
GLP is mostly in its electroneutral state; chloride ions will
preferentially adsorb as counter ions under such conditions. At
high pH, on the other hand, the situation reverses: while GLP is
negatively charged, polymer network units are deprotonated

Table 1. Molecular Volumes of the Coarse-Grained Units
Considered in Our Model

species/group volume

H2O, OH
−, H3O

+ 0.030 nm3

salt ions (Na+, Cl−) 0.033 nm3

phosphonate 0.054 nm3

amine 0.040 nm3

carboxylate 0.056 nm3

allylamine 0.068 nm3

Figure 2. Plot of average GLP and AMPA charge in dilute solution as a
function of pH (left-hand side y-axis). The right-hand side y-axis
corresponds to the degree of protonation of the isolated allylamine
monomer under the same conditions.
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(uncharged). As a result, negligible adsorption occurs at both
extremes of the pH scale. In the intermediate pH range, where
both adsorbent and adsorbate are strongly and oppositely
charged, significant adsorption takes place, leading to the
nonmonotonic curves observed in Figure 3B.
The general trends of the behavior predicted in Figure 3 when

changing the solution composition have been experimentally
found for GLP adsorption to other materials. Guo et al.17 have
recently highlighted the critical importance of pH and NaCl
concentration in the adsorption of GLP from aqueous solutions
to cross-linked amino-starch. Their work shows decreasing
adsorption with increasing salinity as well as a nonmonotonic
pH-dependent adsorption with a maximum around pH 6. In
addition, Zhou et al.15 have shown that the adsorption of GLP
from water to nanosized microporous exchange resins, modified
with copper hydroxide, depends nonmonotonically on the pH
having a peak around pH 6−7. This pH dependence has also
been reported upon GLP adsorption to zeolites.18 In these
different systems, the nonmonotonic behavior can be under-
stood with a slight modification of our previous argument using
the pH dependence of the bulk solution charge. However, we
will show that such reasoning to understandGLP adsorption can
be misleading in other situations, in particular because GLP
deprotonation upon adsorption plays a critical role in defining
adsorption to PAH films.
In both panels of Figure 3, maximum adsorption of GLP is

achieved near pH 5. The net charge (number) of the molecule is
approximately−1 at this pH (see Figure 2), the same as chloride
ions. This raises the question of what drives the adsorption
behavior observed in Figure 3 because the adsorption of the
more abundant ([salt] > [glp]), smaller chloride ion is expected.
To address this question, Figure 4 shows different local
quantities as a function of the distance to the supporting surface
at pH 5 for both low and high salt concentrations. Panel A shows
the PAH volume fraction under such conditions; this curve is
not very sensitive to an increase in the salt concentration, so we
only include the case [salt] = 1 mM. We find that the polymer
network extends up to h ≈ 130 nm from the surface; below this
distance (z < h) that defines the thickness of the hydrogel film,
PAH segments occupy roughly 5% of the local volume.
Panel B of Figure 4 shows the local concentration of GLP.

This graph shows that the behavior described in Figure 3 is not a
surface phenomenon, but the adsorbate partitions at different
spatial regions throughout the whole thickness of the hydrogel
film. Inside the film, this concentration increases several orders
of magnitude with respect to the bulk value (10 μM). Consistent
with the results of Figure 3, lowering the salt concentration

decreases the local concentration of GLP inside the film. At 1
mM salt, GLP is mainly responsible for neutralizing the polymer
charge, whereas increasing the availability of the salt from the
solution to 10 mM results in chloride ions being the most
abundant adsorbed counter ions.
When in contact with these relatively low ionic strength

solutions, the film only adsorbs enough counter ions to
neutralize the electric charge of network segments.22 This is
because of the high cost that results from the loss of translational
entropy when these counter ions are confined inside the film. In
this context, the adsorption behavior of Figure 4B can be
interpreted by considering panel C that shows the average, local
net charge of GLP. A few nanometers above the top film surface,
the average charge of the molecule becomes that of the bulk
solution; most GLPmolecules are in the−1 charge state because
its average charge is close to that value. Inside the film, however,
the GLP charge is around −2. Under the conditions of Figure 4,
adsorbing one GLP molecule brings more counter ion charge to
the film for the entropic price of confining just one molecule.
This explains why the film adsorbs GLP which, in the solution, is
much less abundant than chloride ions and similarly charged. As
mentioned, increasing salt concentration lowers the entropic
cost of confining such ions, which displaces the balance to favor
chloride adsorption, as seen in Figure 4B.
The reason for GLP charge regulation can be explained

considering panel D of Figure 4, which shows the local pH.
Sufficiently far from the film z≫ h≈ 130 nm, local pH takes the
bulk value. Inside the film, however, a much higher pH
establishes; the local pH increases 2−3 units in the particular
cases of Figure 4. Upon adsorption, the higher-pH environment
results in the deprotonation of GLP acidic units, which explains
the more negative charge of the molecule inside the film. This
increase in pH not only favors adsorption but has also the
additional advantage of potentially enhancing biodegradation of
the pesticide inside the film. It has been reported that non-
neutral pH slows downmicrobial activity, lowering the efficiency
in GLP biodegradation.20

In addition, local pH is relevant because this single quantity
provides information on the local state of charge of all ionizable
species, including the different units of GLP and those of the
polymer network. Panel A of Figure 5 shows the film pH, pHpol,
calculated as an average from z = 0 up to z = h, as a function of
the bulk pH. Film pH, which depends on the solution salt
concentration, is higher than the pH imposed to the bulk
solution, in almost all the scale. One of the consequences of this
last result, combined with those shown in Figure 3B, is that PAH
films offer a wide range of conditions that can simultaneously

Figure 3. Plots of GLP adsorption, Γ, as a function of the bulk solution composition: panel A shows Γ as a function of the salt concentration for
different pH values; panel B shows the adsorption as a function of the pH for various salt concentrations. In both panels, the concentration of the
adsorbate in the bulk solution is [glp] = 10 μM.
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drive adsorption and result in more favorable conditions for
degradation inside the film.
Because pH is higher inside the film, the average charge of

adsorbed GLP is more negative, which is shown in Figure 5B.
This behavior depends on the salinity of the solution; the lower
the salt concentration, the more negatively charged the
adsorbate is. The maximum deviation from the bulk solution
conditions occurs near pH 5; the conditions are also shown in
Figure 4. As we have briefly mentioned, the more negative

charge of GLP inside the film is due to deprotonation of its acidic
units inside the film resulting from the higher pH environment.
To illustrate this behavior, Figure 5C shows the degree of charge
of phosphonate units corresponding to adsorbed GLP
molecules as a function of bulk pH. Compared to the bulk

Figure 4. Plots of different local quantities at pH 5 and two salt
concentrations, 1 mM (black curves) and 10 mM (red curves): local
polymer volume fraction (A), local GLP concentration (B), net charge
(C), and local pH (D) all as a function of the distance to the supporting
surface, z. The inset in panel B shows the local concentration of chloride
ions at the same conditions. The bulk concentration of GLP is [glp] =
10 μM.

Figure 5. Plots showing the pH-dependence of different quantities at
two salt concentrations, 1 mM (black-line curves) and 10 mM (red-line
curves), and [glp] = 10 μM. (A) Average pH inside the film, pHpol
(dashed-line curve corresponds to pHpol = pH); the dotted lines show
pHpol for solutions containing no GLP. (B) Average net charge of
adsorbed GLP molecules (dashed-line curve shows the solution
charge); (C) average degree of charge of phosphonate groups
corresponding to adsorbed GLP molecules (dashed-line curve
corresponds to solution molecules); (D) average degree of protonation
of network segments for solutions with (solid line) and without (dotted
line) GLP (dashed-line curve represents the protonation of the isolated
monomer in dilute solution).
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solution, inside the film, this unit is significantly more
deprotonated at the same pH. At pH 5, for example, the
phosphonate unit is mostly protonated (uncharged) in the
solution, whereas inside the film, it is fully deprotonated
(charged) at both salt conditions shown in the plot. The
magnitude of this displacement toward deprotonation, however,
does depend on the salt concentration because the film pH also
shows this dependence (see Figure 5A).
The higher pH inside the film also results in the deprotonation

of PAH units; this behavior is presented in Figure 5D. Namely,
compared to the isolated monomer, these units are significantly
more deprotonated (less charged) when confined to the
polymer network, which depends on the salt concentration. In
the absence of GLP, this behavior occurs to reduce electrostatic
repulsions between like-charged polymer units. When GLP is in
the bulk solution, this allows the polymer to bemore protonated,
although protonation is still much lower than the ideal behavior
(see Figure 5D), particularly at low salt concentration.
In this context, knowing the film pH provides information

about the state of charge of all species inside the film. For
example, using the intrinsic pKa of its units, one can construct
Figure 2 and evaluate it at the film pH (rather than the bulk pH),
which gives a reasonable approximation of the molecule charge
inside the film. However, film pH results from the nontrivial
balance between all of the physicochemical contributions to the
free energy. Let us consider the following situation: a higher film
pH allows for the adsorbate to be more strongly charged inside
the hydrogel than in the solution, favoring adsorption due to
stronger electrostatic attractions. This higher film pH, however,
results in the deprotonation of network units lowering their
degree of charge, which weakens the electrostatic attractions and
disfavors adsorption. For both species, the chemical free-energy
cost of deprotonation favors a lower pH, equal to the bulk value.
Therefore, the pH that establishes inside the film results from
the conditions that yield thermodynamic equilibrium; such
conditions emerge from the complex local interplay between all
physical interactions, chemical equilibrium, and molecular
organization at the environmental conditions imposed exter-
nally (bulk solution composition). Experimental access to this
quantity requires very dilute concentrations of the probe; we
have shown in Figure 5A that adsorption, even at low bulk
concentrations ([glp] = 10 μM), can modify the pH inside the
material.
We now investigate the effect of polymer density on the

adsorption of GLP to PAH hydrogel films. To address this
question, we have considered three films with the same topology
but having different polymer densities. The volume fraction of
these networks is shown at in Figure 6A as a function of the
distance to the supporting surface. Figure 6B shows the pH
dependence of GLP adsorption to these hydrogel films.
Although the films have similar thickness, increasing the
polymer density enhances adsorption per unit area. This
enhancement is due to a higher negative charge density that
occurs in the films as the density of PAH increases. The degree of
protonation, however, decreases as the volume fraction
increases, an effect that is compensated by the higher density
of protonable PAH segments (see Supporting Information).
Moreover, given the solution pH, Figure 6B inset shows that

the film pH changes with the network density. As the polymer
density increases, so does the pH inside the material. In
particular, for the cases presented in Figure 6, pHpol 7 occurs
within the range of pH values 3.5−5. This behavior suggests that
polymer density can be used as a design parameter not only to

enhance adsorption but also to achieve optimal degradation
conditions inside the material.
Next, we consider how GLP adsorption depends on its bulk

concentration. Adsorption isotherms are presented in Figure 7
for different pH values and salt concentrations. Here, we see
again that the effect of increasing salt concentration is reducing
the effective capacity of the hydrogel to adsorb GLP. Moreover,
the pH of maximum adsorption depends sensibly on the GLP
concentration as well as the salt concentration. In the
Supporting Information, we compare the results of Figure 7,
obtained with our molecular theory, with well-known, simple
adsorption isotherm models.
AMPA is the most abundant degradation product of GLP.

Thus, in Figure 8, we consider the adsorption of AMPA to the
PAH film in terms of the composition of the bulk solution. These
curves show the same general trends of the adsorption of GLP
seen in Figure 3. AMPA adsorption decreases with increasing
salt concentration because of the enhancing role of chloride ions
to neutralize the network charge (see Figure 8B). Moreover,
adsorption of AMPA is a nonmonotonic function of the bulk pH
(see Figure 8B). At low pH, AMPA is only weakly charged (see
Figure 2), whereas the polymer is weakly charged at high pH.
Under these conditions, no significant adsorption occurs. At
intermediate pH, however, both molecules are strongly charged,
leading to the maximum in the pH-dependent adsorption
profiles of Figure 8B.
The adsorption of GLP and that of AMPA are qualitatively

similar. However, the adsorption of GLP is roughly 2 orders of
magnitude larger than that of AMPA at the same conditions
(compare Figures 3 and 8). The reason for this behavior is the
additional carboxylate group that GLP bears. Under most
conditions, this group is deprotonated when GLP adsorbs,
which means that this molecule bears one more negative charge
inside the hydrogel (see Supporting Information).

Figure 6. (A) Polymer volume fraction as a function of the distance to
the supporting surface for three different networks at pH 5. (B) GLP
adsorption as a function of pH for the three different polymer films of
panel A; the inset shows the pH inside the film. In both panels, the
conditions are [salt] = 1 mM and [glp] = 10 μM.
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In this context, the next question that we address is how is the
adsorption from mixtures of GLP and AMPA? Figure 9 shows
the adsorption from such mixtures as a function of pH at

relatively low salt conditions. In panel A, the bulk concentration
of AMPA is 1 order of magnitude larger than that of GLP. Under
these conditions, the adsorption of GLP from pure solutions is
more than an order of magnitude larger than the adsorption of
AMPA from pure solutions. As a consequence, the adsorption of
GLP from mixtures is not affected by the presence of AMPA.
Contrarily, GLP reduces the adsorption of AMPA to
approximately half of the value for pure solutions (in the pH
range around maximum adsorption). When increasing the bulk
concentration of AMPA, the situation is qualitatively similar, as
seen in Figure 9B. Although the adsorption of GLP in the
mixture diminishes with respect to pure solutions, the main
effect is on the adsorption of AMPA. Under these conditions
that are a priori more favorable for AMPA adsorption, GLP
significantly reduces the adsorption of AMPA when comparing
mixtures to pure solutions.

■ CONCLUSIONS

In this work, we have applied a molecular-level theory to study
the equilibrium adsorption to grafted PAH hydrogel films from
salt solutions containing GLP, AMPA, or both. Our molecular
model includes description of size, shape, conformation, and
charge state of all chemical species, including the adsorbates and
the polymer network. We have focused our attention in the role
that solution composition (pH, salt, and adsorbate concen-
tration) has on the adsorption behavior. Adsorption of GLP (or
AMPA) is a nonmonotonic function of the solution pH, which is
explained in terms of the charging behavior of both the polymer
network and adsorbate. The pH of maximum adsorption
depends on the salt and adsorbate concentrations. Our
predictions show that in finding the optimal conditions for
adsorption, salt concentration is a critical variable. The lower the

Figure 7. Adsorption isotherms: plot of Γ as a function of the solution concentration of GLP. The various curves correspond to different pH values.
The salt concentrations of panel A and B are 1 and 10 mM, respectively. The insets show the same curves using a linear x-scale.

Figure 8. Plot of AMPA adsorption, Γ, as a function of the bulk solution composition: panel A shows Γ as a function of the salt concentration for
different pH values; panel B shows the adsorption as a function of the pH for various salt concentrations. The concentration of the adsorbate in the bulk
solution is [ampa] = 10 μM.

Figure 9. Adsorption frommixtures of GLP and AMPA as a function of
the pH, for solutions having [ampa] = 10−4 M (panel A) or [ampa] =
10−3 M (panel B). In both panels, [glp] = 10−5 M and [salt] = 1 mM.
The dotted-line curves show the adsorption from pure solutions at
otherwise the same conditions.
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salinity of themedium, themoreGLP (or AMPA) adsorbs to the
film. In particular, a sufficiently low salt concentration allows for
a wide range of pH values where adsorption is significant.
Therefore, the optimal conditions for adsorption are achieved

lowering the salt concentration. The reason for this behavior is
the competitive adsorption between GLP and salt anions. These
ions adsorb to the film to neutralize the charge in the polymer.
Counter ion confinement has an entropic cost associated with
the loss of translational entropy. As a counter ion, GLP is only
slightly better than a monovalent anion; depending on the pH,
this herbicide bears an additional negative charge, which favors
its adsorption. Such adsorption brings the same counter ion
charge to film but at a lower entropic cost of molecular
confinement. However, GLP adsorption has also some
disadvantages with respect to salt anion adsorption; first, it is a
larger molecule and second, the additional charge requires some
of its titratable groups to be deprotonated, which increases the
chemical free energy that describes this acid−base equilibrium.
As a result, the ratio between GLP and salt concentrations
becomes a critical factor in deciding the winner in this
competitive adsorption game.
Inside the film, a higher pH establishes than the bulk value.

The main effect of this phenomenon is that the adsorbate
regulates its charge. Upon adsorption, GLP is more negatively
charged than in the bulk solution, which enhances electrostatic
attractions with the positively charged network and drives
adsorption. Equally important, this increase in pH has
implications for GLP biodegradation because microbial activity
depends on the acidity of the medium. Therefore, PAH films
offer an additional advantage to pesticide sequestration from
aqueous solutions. Namely, under some experimental con-
ditions, biodegradation inside the material can be enhanced.
AMPA is the GLP main metabolite. In pure solutions, the

adsorption of GLP is significantly higher than that of AMPA at
the same conditions. This occurs because GLP bears an
additional carboxylate group that deprotonates as the herbicide
adsorbs. For this reason, GLP can hinder the adsorption of
AMPA from binary mixtures. This behavior points to an
additional advantage of PAH films for GLP sequestration and
biodegradation. Although biodegradation occurs inside this
material, GLP will remain adsorbed.
Finally, in devising PAH films for GLP sequestration and

degradation, the material density of the polymer is an important
design variable. We have shown that polymer networks with
high density of titratable units can enhance adsorption. In
addition, the film pH can be modified using the network density
if the goal is to optimize in situ microbial degradation.
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(36) Kosǒvan, P.; Richter, T.; Holm, C. Modeling of polyelectrolyte
gels in equilibrium with salt solutions.Macromolecules 2015, 48, 7698−
7708.
(37) Hofzumahaus, C.; Hebbeker, P.; Schneider, S. Monte Carlo
simulations of weak polyelectrolyte microgels: pH-dependence of
conformation and ionization. Soft Matter 2018, 14, 4087−4100.
(38) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R.
GROMACS: A message-passing parallel molecular dynamics imple-
mentation. Comput. Phys. Commun. 1995, 91, 43−56.
(39) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.
E.; Berendsen, H. J. C. GROMACS: Fast, flexible, and free. J. Comput.
Chem. 2005, 26, 1701−1718.
(40) Abraham, M. J.; Murtola, T.; Schulz, R.; Paĺl, S.; Smith, J. C.;
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