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Controlling swelling/deswelling of stimuli-
responsive hydrogel nanofilms in electric fields†

Gabriel S. Longo,*a Monica Olvera de la Cruzbc and Igal Szleifercde

The swelling/deswelling transition of pH-sensitive, electrode-grafted, hydrogel nanofilms when exposed

to electric fields is studied by theoretical analysis. In acidic conditions, the response of these films

to changes in pH is dominated by network–surface interactions, while intra-network electrostatic

repulsions, which are highly modulated by the adsorption of salt ions, determine material response at a

higher pH. Film thickness is a non-monotonic function of solution pH and displays a local maximum,

a local minimum or both, depending on the salt concentration and the applied voltage. We suggest the

use of these materials in the development of biosensors and control of enzyme activity.

1 Introduction

Stimuli-sensitive polymer hydrogels change their physical and
chemical properties in response to moderate external perturbations.
For example, ionic gels undergo many-fold volume changes
upon varying solution pH1–4 or salt concentration,5–7 and
polyelectrolyte (PE) gels shrink in the presence of modest
electric fields.8–10 These materials can be straightforwardly
designed to be biocompatible as well as modified to incorporate
functional groups or ligands to favor adsorption of bioactive
molecules, which makes these hydrogels very attractive for
biomedical applications.11 In particular, based on the changes
in pH that occur in the gastrointestinal tract, pH-responsive
hydrogels are actively investigated as functional vehicles in the
oral administration of small-molecule drugs12–14 and therapeutic
proteins.15–21

Thin hydrogel films are specially suitable for applications
requiring fast response.22 When one of the hydrogel’s dimensions
is sub-micrometric, swelling in response to changes in the
environment occurs within the second timescale.23 Application
of thin hydrogel films include biosensors,24,25 responsive
supports for cell-culture,26 drug/protein release devices27 as
well as materials for energy conversion.28 In particular, there

are many examples of the use of pH to trigger or control the
response polymer films, such as adjusting the thickness of
adsorbed weak polyelectrolyte layers,29 changing the swelling
temperature of grafted copolymer layers,30 controlling cell
adhesion on responsive polymer coatings,31 and shifting the
adsorption spectra of polymer-modified plasmonic surfaces.32

In this work, we provide theoretical predictions for the
swelling/deswelling of pH-sensitive hydrogel nanofilms grafted
onto an electrode when exposed to applied voltages. Our results
show that depending on the applied potential and salt con-
centration, the thickness of the film is a non-monotonic
function of the solution pH. As pH is varied, these nanofilms
undergo transitions between regions of swelling and regions
of deswelling.

When no external electric field is applied, pH-sensitive films
swell as the solution pH (pH) increases above the intrinsic
pKa of the network acidic units (pKa). Swelling occurs due to
electrostatic repulsions between increasing numbers of dissociated
(charged) polymer segments. The acid–base equilibrium favors
the dissociated species when pH 4 pKa. The amount of charge
on the polymer, however, does not completely define these intra-
network repulsions; rather they are highly modulated by the
adsorption of salt ions inside the material.

When the film is placed in contact with a low salt solution,
confining ions inside the network is entropically costly. Only
enough counterions adsorb to balance the network charge and
neutralize the film. Intra-network repulsions extend for several
nanometers and the film response to an increasing pH is
two-fold. To reduce electrostatic repulsions, the amount of
charge established on the network is much less than what the
acid–base equilibrium favors. Namely, the network degree of
dissociation is significantly lower than that of acid groups in a
dilute (ideal) solution under the same conditions. In addition,
because intra-network repulsions are relatively long-range, the
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little charge established on the polymer network is sufficient
to swell the film. Swelling occurs to place charged segments
further apart thus reducing electrostatic repulsions.

Entropy loss of confining ions inside the film lowers as
solution salt concentration increases. Both coions (negatively
charged) and counterions (positively charged) adsorb, even if
the network is weakly charged (low pH). These ions screen
intra-network electrostatic repulsions, which become relatively
short range and effectively extend for a few nanometers. When
pH increases the film swells to reduce these repulsions, but
there is little displacement from ideal dissociation.

An applied electric field induces charges on the electrode
surface that supports the film. This charge modifies in a
nontrivial manner the fine balance between intra-network
repulsions, adsorption of salt ions, and acid–base equilibrium.
Here, we report the non-monotonic swelling/deswelling with
varying solution pH of grafted weak polyelectrolyte hydrogel
nanofilms under external electric fields.

To study the swelling of hydrogel nanofilms, we use a theory
that accounts for size, shape, conformation, and charge
distribution of all molecular components. This theory can
describe network charge regulation, because it predicts the
state of dissociation of each acidic unit depending on position
and local environment. This approach, based on work by Gong
et al.33 has been recently used to study pH-dependent swelling
of poly(acrylic acid) (PAAc) hydrogel nanofilms under no external
electric fields.34 In the next section, we describe the most important
features of this theoretical framework, while complete details of
this molecular theory can be found in our previous work.34

2 Method

Consider a network of crosslinked weak polyelectrolyte chains
(e.g., PAAc) having some of its chains covalently grafted to a
planar electrode. The Cartesian coordinate z measures the
distance from the grafting electrode placed at z = 0. This
network is immersed in an aqueous salt solution that contains
water molecules, protons, hydroxyl ions, and monovalent salt
(NaCl) completely dissociated into sodium (Na+) and chlorine
ions (Cl�). Far from the grafting electrode the system exchanges
molecules with a bath (bulk) solution of controlled pH (pH) and
salt concentration (cs). An electric potential difference, DV, is
maintained between the electrode and the bulk solution.

The Helmholtz free energy of this system can be expressed as:

F = �TSnw � TStr + UvdW + Ust + Fchm + Uel (1)

where T is the temperature of the bath solution, Snw is the
entropy that results from the different molecular conforma-
tions of the network, Str is the sum of the translational
entropies of all free species, UvdW represents total attractive
van der Waals energy, Ust is the total repulsive steric (excluded
volume) interaction, Fchm is the chemical free energy that
describes the acid–base equilibrium of ionizable network
segments, and Uel is the total electrostatic energy.

Each of terms in eqn (1) can be expressed as functional of
one or more of the following functions: the distribution of
probability of network conformations, the local density of each
free species, the local degree of charge (or dissociation) of
network units, and the local electrostatic potential. Optimization
of the appropriate thermodynamic potential with respect to each
of these functions leads to a series of integro-differential equations
that can be numerically solved.

At each position, the equations to solve are the local
incompressibility of the fluid and the Poisson equation. The
unknowns in these equations are the position-dependent
interaction potentials: the local osmotic pressure and the local
electrostatic potential. Once these interaction potentials are
calculated, all functions that compose the free energy are
determined. Then, any thermodynamic quantity of interest
can be derived from the free energy, while calculation of
structural properties may require using the probability distribu-
tion of network conformations. The dependence of all functions
that express the free energy on two interaction potentials makes
clear the coupling existing between the physical interactions that
contribute to the free energy and the chemical states of the
different species.

An applied voltage fixes the value of the electrostatic
potential at the surface of the metallic electrode. Namely, the
boundary condition when solving the Poisson equation is

C (z = 0) = DV (2)

where C(z) is the position-dependent electrostatic potential.
The charge density induced on the grafting electrode, sM, can
be obtained from

sM ¼ ew
dCðzÞ
dz

����
z¼0

(3)

where ew is the absolute permittivity of water. In this work, we
compare our results to the behavior of the same hydrogel
nanofilms when grafted to a dielectric surface under no external
electric field (hereinafter, we denote this last system as reference
film).34 In this last situation, the density of charge at the dielectric
surface must be zero.34 Namely, the boundary condition for the
Poisson equation is sM� 0. Note that subscript M refers to metal,
since sM is the charge density induced on the metallic electrode.
For the sake of clarity, we have also used this notation when
the boundary conditions are zero surface charge. We make the
assumption that no chemical reactions occur at the electrode
surface, which is a reasonable approximation for some metallic
electrodes (gold or platinum). We have also assumed that the
system is homogeneous in the x–y plane.

Evaluation of the present theory requires defining a mole-
cular model for the polymer network, which is schematically
illustrated in Fig. 1. The network consists of 25-segment long
chains interconnected at six-coordinated cross-linker units.
Each segment bears an acidic group. Some chains are end-
grafted to the electrode. Grafting points arrange on the electrode
surface forming a square lattice with density 0.01 nm�2. The
polymer volume fraction of the hydrogel is 0.005, when the
network is in the protonated state (low pH). A representative
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set of conformations of this polymer network is obtained
performing molecular dynamics simulations. The intrinsic
(logarithmic) acid–base equilibrium constant of network units
is pKa = 5, which represents a carboxylic acid such as acrylic
acid. Then, the material that we model can represent a PAAc
hydrogel chemically grafted to a planar gold electrode.

The independent variables of a calculation consist of pH and
cs, which define the bulk densities of all free species, and the
applied voltage, DV, which sets the boundary condition of
the Poisson equation at the metallic surface of the grafting
electrode. Other required input quantities are the volume and
charge of all molecular components. More information of the
method is provided in the ESI,† while a complete description of
the molecular modeling of the polymer network, including
details of the molecular dynamics simulations used to obtain
conformations, and the numerical methodology employed to
solve the theory equations can be found in our recent work.34

3 Results and discussion

We begin presenting results by describing the environment-
sensitive swelling of these hydrogel nanofilms under applied
electric fields. Because the polymer backbone is covalently
grafted to the supporting electrode, the film can only modify
its thickness, hgel, in response to external stimuli. Film thickness
can be calculated using:

hgel ¼

Ð1
0
2z fpðzÞ
D E

dz

Ð1
0 fpðzÞ
D E

dz
(4)

where hfp(z)i is the local volume fraction of polymer at a distance
z from the electrode. In our method, this local polymer volume
fraction results from the minimization of the system free energy.
Thus, a different polymer volume fraction profile is obtained for
each set of experimental conditions, which introduces the depen-
dence of film thickness on pH, cs and DV. Similarly, we can obtain

the local densities of all other molecular species as well as the
local degree of dissociation of acidic units of the network.

Fig. 2 shows film thickness as a function of pH for different
applied voltages and low (Fig. 2A) and high (Fig. 2D) salt
concentration. Independently of solution composition, the film
deswells (hgel decreases) as the applied voltage increases. This
is because the resulting surface charge density on the metallic
electrode, sM, increases with DV (Fig. 2B and E). Depending on
the sign of sM, increasing the voltage leads to either weaker
electrostatic repulsions or stronger attractions between the
surface and the negatively charged polymer network. Several
experimental results have shown that polyelectrolyte gels
contract with increasing voltage when in contact with the
electrode.8,35–38 Yamamoto and Pincus39 predicted that grafted
strong PE brushes shrink with increasing applied voltage,
because the polymer structure collapses to bring its charges
closer to the surface and neutralize those induced on the
grafting electrode. We will show that the same phenomenon
dominates the behavior of pH-responsive hydrogel nanofilms
at low pH.

Fig. 2 shows that film thickness is a non-monotonic func-
tion of pH. Both regions of swelling and deswelling are
observed with increasing pH. Two observations from panels A
and D allow us to uncover the underlying mechanism behind
the pH-triggered swelling–shrinking behavior. First, swelling

Fig. 1 Scheme representing the system of study. Crosslinked poly(acrylic
acid) chains form the hydrogel backbone. The polymer network is grafted
to a planar electrode. A voltage DV is applied between the grafting
electrode and the bulk solution, which contains water and salt ions.

Fig. 2 Plot of film response as a function of pH for low (left-hand side
panels) and high (right-hand side panels) salt concentration solutions. Film
thickness (panels A and D), charge density induced on the electrode
surface (B and E), and network degree of dissociation (C and F), are all
shown for different applied voltages (solid lines) and sM � 0 boundary
conditions (dashed black lines). Ideal dissociation is displayed using a
dotted orange line.
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(deswelling) can occur at low pH where the network is weakly
charged, and intra-network repulsions are not strong enough to
swell the film. Indeed, when the imposed boundary conditions
are zero surface charge (sM � 0) instead of an applied potential,
the film remains in its unswollen state within this pH range
(dashed black lines). Second, swelling (deswelling) is more
accentuated for low salt solutions. These two features indicate
that network–surface electrostatic interactions are responsible
for the behavior observed at low pH.

Next, we show that as pH increases, the film transitions
from the regime dominated by network–surface interactions
at low pH to one regulated by intra-network repulsions. As a
result, film thickness as a function of pH can display a
maximum, a minimum or both depending on the solution
composition and applied voltage. In the network–surface
regime swelling or deswelling depends on the sign of electric
charge established on the surface. At higher pH, the adsorption
of ions modulates intra-network repulsions determining whether
the film swells or compresses. This last phenomenon is also
observed when film is grafted to an uncharged dielectric surface
(sM � 0) under similar conditions.

In Fig. 2B and E, we present the electric charge density
induced on the grafting electrode sM as a function of solution
pH. To understand the non-monotonic dependence of film
thickness on pH, let us first concentrate on the higher salt
concentration shown in Fig. 2 (cs = 0.1 M). For these solutions,
the electric charge on the grafting electrode does not signifi-
cantly vary with pH, except when DV = 0, where the surface
transitions from neutral to slightly positively charged as pH
increases. The surface is negatively charged when DV 4 0 and
positively charged otherwise.

Panels D and E of Fig. 2 show that regardless of bulk
solution composition, film thickness increases if sM o 0 and
decreases if sM 4 0 with respect to the situation where the
boundary condition is sM � 0 (reference film). This result is
consistent with the predictions of Drozdov et al.,40 within the
framework of continuum modeling, which indicate that a
positive area density of charge at the supporting surface of a
poly(acrylamide-co-acrylic acid) nanogel layer leads to swelling,
while a negative surface charge decreases the degree of
swelling. Our results show that applied DV and sM, obtained
through eqn (3), have the same sign at high salt concentration
(Fig. 2E). Thus, under such conditions the film swells if a
negative potential is applied and shrinks if the applied
potential is negative, relative to the reference film. This last
statement, however, is not necessarily true at low salt concen-
tration (see Fig. 2A and B).

In Fig. 2C and F we plot network degree of dissociation,
calculated using:

fnwh i ¼

Ð1
0 fnwðzÞ fpðzÞ

D E
dz

Ð1
0 fpðzÞ
D E

dz
(5)

where fnw(z) is the local degree of dissociation at distance z
from the grafting electrode. For high salt solutions, the network
state of dissociation given DV is roughly the same as that

resulting from zero surface charge. The adsorption of ions
inside the film is also similar (see ESI†). Then, film swelling
under zero surface charge provides a reference of the intra-
network repulsions that drive swelling above pKa. Indeed,
independently of the applied potential, the film swells in the
same pH intervals where the reference film does (Fig. 2D).

If surface charge is positive at low pH (DV 4 0 for cs = 0.1 M),
the film deswells with increasing pH (see Fig. 2D and E). Under
these conditions, intra-network repulsions are not strong
enough to swell the film. Through deswelling, the network
can place its negatively charged units closer to the surface,
without the cost of large intra-network repulsions. When the
surface charge is negative (DV o 0 for cs = 0.1 M), additional
swelling with respect to the reference film occurs to place
charged units further apart from the like-charged surface.

At low salt concentration, electrostatic interactions are effec-
tively longer range than in high salt environments. As a
consequence, swelling behavior displays more complex features
(see Fig. 2A). Qualitatively, swelling (deswelling) can be under-
stood in terms of the same competing interactions that
describe the behavior at high salt conditions, but the adsorp-
tion of salt ions plays a critical role. At low pH, where intra-
network repulsions are weak, surface charge can drive swelling
or deswelling of the film depending on the sign of the electric
charge established on the surface. Compared to reference
conditions, the film is thicker if sM o 0 and thinner if sM 4 0
(compare Fig. 2A and B). Interestingly, to favor attractions with
the positively charged surface for high voltages (and low pH), the
network dissociates more than ideally (see Fig. 2C).

When DV 4 0, the behavior observed in panels A and B of
Fig. 2 is relatively similar to what occurs at higher salt concen-
tration. When pH increases from a low value, the film first
shrinks due to positive charges on the grafting electrode, but
then swells due to increasing intra-network repulsions as acid
groups dissociate (see Fig. 2C). Compared to high salt condi-
tions, swelling and deswelling span wider pH intervals.

An interesting response is observed for the most negative
voltages (Fig. 2A and B). At low pH, the film swells first due to
the like-sign surface charge and then because of intra-network
repulsions (the reference film swells). However, as pH increases,
film thickness reaches a maximum, followed by shrinking at
higher pH. Such deswelling occurs because of the rising ionic
strength that results from the adsorption of salt ions as network
dissociation proceeds. A higher ionic strength results in stronger
screening of intra-network repulsions, which become effectively
shorter-range, thus allowing the observed deswelling. Indeed, ionic
strength inside the film increases 15–30 fold, depending on DV, as
pH increases in this deswelling region (see ESI†). In comparison,
such change is less than 1.2 when cs = 0.1 M. Deswelling due to
salt-driven screening of intra-network repulsions has also been
predicted for zero surface charge.34 Interestingly, the sign of
electrode charge reverses within this deswelling region and
network–surface interactions become attractive (see Fig. 2A and B),
which additionally favors film compression.

We close the description of swelling behavior at low cs by
discussing two particular cases. When DV = �20 mV, the film
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experiences both local maximum and minimum with increasing
pH. The initial swelling–deswelling transition occurs because
network–surface interactions change from repulsive to attractive,
while the subsequent swelling is due to intra-network repulsions.
When DV = 0, film thickness is relatively similar within the whole
pH range. The magnitude of the response is much less significant
than that of the reference film. This behavior is completely
different from what occurs at high salt concentration, where
swelling at DV = 0 and that at sM � 0 are roughly identical.

Fig. 3 shows total cumulative charge, qtot, as a function of
the distance from the grafting electrode as well as individual
contributions from each ionic species. Two different sets of con-
ditions are presented in Fig. 3 that correspond to the minimum
thickness (panel A) and maximum swelling (panel B) predicted in
Fig. 2D for high cs. Under no external electric field, the film satisfies
local electroneutrality.34 Namely, at any distance z from the
dielectric supporting surface, the total cumulative charge
satisfies qtot(z) E 0, this condition results from a local balance
between physical interactions and chemical states. The only
constraint that we impose in our calculations is global electro-
neutrality. Namely, total cumulative charge must be zero when

considering the fluid system from immediately above the
surface up to bulk solution lim

z!1
qtotðzÞ ¼ 0. Local electro-

neutrality is not maintained when an external electric field is
applied, as seen both panels of Fig. 3. However, displacements
from local charge-neutrality occur only in the very few nano-
meters closest to the grafting electrode (typically less than 5 nm
as illustrated in Fig. 3). Further apart from the surface, local
electroneutrality is achieved in all regions, inside the film, in
the solution and in the film–solution interface, independently
of the applied potential and the solution composition.

The conditions leading to minimum and maximum thickness
in Fig. 2D illustrate hydrogel response in the low-pH regime,
where surface–network interactions drive swelling or deswelling.
Shrinking resulting in minimum thickness is associated with a
high density of positive charge on the surface. To neutralize the
electrode charge, more Cl� and less Na+ ions are present in
the region near the surface, with respect to the reference film
(see Fig. 3A). Deswelling allows the network to bring significantly
more charge to this region, as compared to uncharged dielectric
surface, without paying the price of strong intra-network repul-
sions. The situation reverses under the conditions of maximum
thickness, where the surface charge density is high and negative.
Compared to the reference film, there are significantly more
Na+ near the electrode (see Fig. 3B), but the polymer brings
less charge to this region. Intra-network repulsions under these
conditions are strong enough to swell the film. Additional
swelling with respect to the reference film occurs to place
charged units further apart from the electrode. We remind the
reader that given the pH at this relatively high salt concentration,
the average degree of charge of network units is roughly identical
whether an electric potential is applied or not (see Fig. 2F).

Inside the film, pH drops with respect to the bulk solution.
This occurs because of the constraint that the dissociation of
confined acid units and the resulting electrostatic repulsions
impose on the local density of protons. To describe this
behavior, we define the local pH as:

pH(z) = �log10[H+](z) (6)

where [H+](z) is the local concentration of protons. The pH
established inside the film can be adequately described using
the average of the local pH over the film thickness,

pHgel ¼
1

hgel

ðhgel
z0

pHðzÞ (7)

where z0 = 5 nm is introduced to exclude the region of non-local
electroneutrality (close to the electrode; see Fig. 3) from the
calculation of the gel pH. Then, the drop in pH inside the film is

DpH = pHgel � pH (8)

The magnitude of such drop in pH depends on the solution
composition and the density of network ionizable groups,34 as
can be seen in Fig. 4. Applying an electric potential does not
significantly affect the pH established inside the film, which
results similar to that when sM � 0 (see Fig. 4). Thus, Fig. 4
suggests that pHgel(DV) E pHgel(sM � 0) is a reasonable

Fig. 3 Plot of total cumulative charge per unit area (magenta dotted line)
and individual contributions from different ionic species (solid lines),
including the polymer network (red line), as a function of the distance
from the grafting electrode. Dashed lines show species cumulative charge
when sM� 0. At the surface, the total cumulative charge equals the density
of charge induced on the electrode, qtot(z = 0) = sM. Experimental
conditions correspond to those of minimum and maximum thickness
predicted in Fig. 2D, respectively. Salt concentration is 0.1 M.
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approximation in for the whole range of experimental condi-
tions considered. The absolute error of using this approxi-
mation is less than 0.2 units (of pH) when cs = 0.001 M and
less than 0.015 units when cs = 0.1 M. Indeed, local pH is not
very sensitive to the applied voltage, except in the region
nearest the grafting surface (see ESI†).

However, in the few nanometers closest to the surface the
situation is completely different. Local pH strongly depends on
the applied voltage (see ESI†). In particular, immediately above
the electrode, pH can be regulated using the applied voltage
without altering pHgel. To illustrate how surface pH can be
controlled, Fig. 5 shows

DpHsurf = pH(z = 0) � pH (9)

where pH(z = 0) is the local pH immediately above the grafting
electrode. Note that for the uncharged dielectric grafting
surface, pH(z = 0) and pHgel must be similar, within the local
fluctuation occurring inside the film. Namely, surface pH and
gel pH are similar for this boundary condition. Thus, DpHsurf

for sM � 0 gives additional information on DpH (for both
boundary conditions according to the results of Fig. 4). Note
that in Fig. 5 curves for different applied potentials are roughly
parallel to each other. This behavior results because to a
first order approximation DpHsurf(pH) is proportional to DV
(see ESI†).

The results presented in Fig. 5 are consistent with experi-
mental findings that report a lower pH in the vicinity of the
anode for positive applied electric potentials.36,41,42 Together
Fig. 4 and 5 show that applying an electric potential allows
controlling the pH near the electrode without altering the
environment in other regions of the hydrogel; this environment
can be independently modified varying the solution pH and salt
concentration.

4 Conclusions

The ability to control film thickness by means of an applied
voltage has technological relevance in the development of
biomolecular sensors. We have recently shown that the presence
of peptides43 and proteins44 modifies the swelling behavior of the
pH-sensitive nanofilms under no external electric field. In this
work, using a molecular theory, we predict that the thickness of
pH-responsive hydrogel nanofilms can be externally controlled
using the solution composition and an electric field. Depending
on the applied voltage, hydrogel nanofilms display swelling–
deswelling transitions upon changes in pH. As the solution pH
increases these transitions are associated with the crossing from a

Fig. 4 Plot of the drop in pH inside the film DpH = pHgel� pH as a function
of solution pH for different applied voltages and low (top panel) and high
(bottom panel) salt concentration. In both panels, a black dashed line
represents the drop in pH when no external electric field is applied (sM � 0).

Fig. 5 Plot of excess surface pH (with respect to the bulk solution) DpHsurf =
pH(z = 0) � pH as a function of solution pH. Upper and lower panels
correspond to low and high salt concentrations respectively. In both panels,
a black dashed line gives DpHsurf for sM � 0 boundary conditions.
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regime where network–surface electrostatic interactions
dominate swelling behavior to one where the intra-network
repulsions prevail. The adsorption of salt ions plays a fundamental
role in modulating these interactions in both regimes. For example,
varying the solution pH at low salt concentration can induce
surface charge reversal (at constant applied voltage), thus film-
surface interactions change from repulsive to attractive.

Varying the applied potential and the solution composition
enables controlling the chemical environment in different
regions of the material. Except in the region nearest the grafting
surface, local pH inside the film is controlled by the solution
composition (and the polymer volume fraction) regardless of the
applied voltage. However, immediately above the electrode,
surface pH can be regulated using the applied potential. Local
pH is an important quantity, which defines the protonation state
of adsorbed peptides and proteins.43,44 We envision a hydrogel
film whose gel pH is (indirectly) controlled to drive adsorption of
enzymes inside the material from a dilute solution, while the
applied voltage is set to regulate the activity of these molecules
near the surface. At finite concentrations, however, the presence
of the adsorbate modifies the gel pH.45
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