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Abstract

Adsorption of polymers from an aqueous solution onto clay minerals is of great interest to
many applications such as water purification and soil conditioning. Molecular dynamics
simulations were performed to study the adsorption of anionic polyacrylamide (APAM) on
anionic montmorillonite, in an aqueous solution containing monovalent or divalent salts.
Compared with monovalent salts (NaCl), the enhancement of APAM adsorption brought by
divalent salts (CaClz) was significant, which could not be explained by the Poisson-Boltzmann
theory alone. Each solvated Ca?* was coordinated by 4-6 water oxygens in its first coordination
shell. One to two of these water molecules were displaced when APAM formed a complex with
Ca?*. Ca?" ions in the adsorbed Ca?*-APAM complexes did not serve as bridges sandwiched
between APAM and Mt; instead the complexes carried residual positive charge and were
subsequently attracted to montmorillonite. The number of adsorbed Ca?*-APAM complexes
changed with salinity in a non-monotonic manner, due to the modulation of apparent charges of
montmorillonite and APAM by Ca?*. Increasing adsorption of Ca*-APAM complexes also
promoted APAM adsorption through direct hydrogen bonding with montmorillonite. The
findings provided new molecular insights into the long-standing debates on the role of divalent

ions in promoting polymer adsorption on like-charged solid surfaces.
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1. Introduction

Polymer adsorption at solid-liquid interfaces is ubiquitous in many industrial applications.
For example, the adsorption of supramolecular complexes composed of polymers (e.g.,
poly(diallyldimethylammonium chloride), PDADMAC) on keratinic substrate (hair) is of great
interest in the design of conditioner cosmetic formulations?. Intercalation of polymer chains (e.g.,
chitosan) into clay mineral layers in aqueous environment is a widely used method in the
fabrication of nanocomposites?. In many industrially produced waters, polymeric wastes such as
polymeric dyes can be collected via their adsorption onto synthesized adsorbents®#, and likewise
waste suspensions of fine solids can be treated by polymer flocculants (e.g., polyacrylamide)®.

In particular, interaction between solid particles in colloidal systems may be modulated by
controlled polymer adsorption onto the solid particles. For example, water-soluble cellulose
polymers were widely used to regulate the interactions between drug particles in pharmaceutical
formulations, promoting their stabilities. Drug particles such as ibuprofen became well dispersed
in the suspension due to the steric effect produced by the adsorbed polymer layers®. Thickness as
well as the composition of the adsorbed layer were among the most important factors affecting
the strength of the steric interaction. On the other hand, polymers could also promote
aggregation of solid particles and solid-liquid phase separation in many colloidal systems’®. Via
adsorption, the polymers could provide hydrogen bonding (H-bonding) sites or charge patches
on the surfaces of solid particles, enabling inter-particle attraction. Understanding the behaviors
of polymer molecules as they adsorb on solid surfaces is thus of great importance to modulating
the properties of colloidal dispersions.

In an aqueous medium, interaction between polymer molecules and solid particles is largely
affected by the solution chemistry®°. Certain polymers and solids can become charged from the
dissociation and ionization of functional groups into the solution. The charge properties (e.g.,
charge density, charge distribution or pattern) are sensitive to the constituents of the solution,
such as salt ions. The effects of salt ions on solid-polymer interactions have been extensively
investigated because of the wide existence of salts in many systems such as cosmetics,
wastewater, and drugs'>*2. lons have been shown to markedly improve polymer adsorption,
especially when the polymer and the solid are like-charged. For example, Ji et al.*® compared the
settling rate of negatively charged solid particles in saline water and freshwater, both treated by

Magnafloc 1011 (MF, an anionic copolymer of polyacrylamide and sodium acrylate). The



settling relied on MF adsorbing on the fine particles and subsequently bridging them into larger
aggregates/flocs. It was shown that the solids settled faster in saline water. The observation was
attributed to the compressed electrical double layer caused by high salinity, which led to
enhanced polymer adsorption and suppressed electrostatic repulsion among the particles. Zeta
potential measurements confirmed such a hypothesis, which showed a less negative surface
charge on the solid particles in saline water than in freshwater.

The valence of ions has been shown to have a pronounced effect on the adsorption of
polymers on like-charged surfaces in aqueous media'**°, Deng et al.!* studied the impact of
cations (Na*, K*, Mg?*, Ca®") on the adsorption of anionic polyacrylamide (APAM) on anionic
smectite, using Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction. By
comparing the IR-band positions among the APAM-smectite complexes containing different
cations, it was deduced that APAM bound more strongly to smectites in solutions containing
divalent cations (Mg?*, Ca?*) than those containing monovalent cations (Na*, K*). The adsorption
of APAM was believed to be mainly driven by the ion-dipole interactions, which was stronger
between the divalent cations and the carbonyl dipole of APAM. Verméhlen et al.’® observed a
higher adsorption isotherm of polyelectrolytes (polyacrylic acid, polymethacrylic acid, and
humic acid) onto oxide surfaces (gibbsite, goethite, and alumina) in 0.0033 M CaCl; solution,
compared with 0.01 M NacCl solution. It was proposed that divalent cations served as bridges
between the negatively charged polyelectrolytes and adsorbent, in addition to suppressing the
electrostatic repulsion between them. Similar observation was made by Braganca et al.'®, who
prepared nanocomposites from montmorillonite (Mt) and styrene-acrylic latex in an agqueous
medium, both possessing negative charges. When varying the cation valence, better adhesion
between Mt and styrene-acrylic latex was found in the presence of Ca?* than Na*, which was
attributed to the formation of Ca?* bridges. However, an opposite observation was reported by
Ait-Akbour et al.}’, who measured the adsorption isotherm of PCP (negatively charged
polycarboxylate poly(ethylene glycol) ester) in the interlayer space of Mt containing different
cations. Mg?*, Ca?* and Na* were considered, and the systems were referred to as Mg-Mt, Ca-Mt,
and Na-Mt respectively. Decreased PCP adsorption was found in the interlayer space of Mg-Mt
and Ca-Mt compared with Na-Mt. It was postulated that cations were coordinated to water
molecules in their solvation. PCP adsorbed to the Mt interlayers via the cations, by displacing the

water molecules in the coordination shell of the cations. The displacement of water was argued



to be more difficult for Ca?*/Mg?*, based on their more negative solvation energy (-553.6 kJ mol-
1/-454.8 kJ mol™?) than Na* (-261.9 kJ mol™). Other roles of the valence were also proposed. For
instance, Santos et al.'® and Wang et al.*® performed theoretic calculations that predicted multi-
valent cations to promote the adsorption of anionic polyelectrolyte on a like-charged planar
surface. They proposed that the enhancement was due to the stronger electrostatic correlation
effects brought by the multivalent cations, which could cause the planar surface to be reversely
charged.

The effects of multivalent ions on polymer adsorption are also tied to the salinity of the
solution. The adsorption isotherm of polyelectrolytes on oxide sufaces in Vermohlen et al.®®
increased with CaCl, concentration. This result was explained by the stronger screening of the
negative charges on both the solid surfaces and the polymers at higher salt concentration.
However, a contradictory conclusion was drawn by Peng et al.’, who measured the height of
clear supernatant of kaolinite suspensions treated by APAM, with 0 mol/dm?, 0.0005 mol/dm?,
and 0.001 mol/dm?® of CaCl,. The hydroxyl groups on the surface of kaolinite particles could
enable APAM adsorption through H-bonding, followed by the settling of kaolinite particles
bridged by the polymer chains. The height of clear supernatant in the suspension would thus
increase with solid settling. It was reported that the height of clear supernatant decreased with
CacCl; concentration, suggesting less APAM adsorption at higher salinity. The authors held the
view that the presence of Ca?* triggered precipitation of calcium hydroxyl on the active sites of
kaolinite, preventing the formation of H-bonds between kaolinite and APAM.

In summary, while the adsorption of anionic polymers on like-charged solid surfaces was
generally shown to be promoted by salts, various mechanisms have been proposed from different
experimental observations, some seemingly conflicting. Ambiguities on the effect of valence and
its interplay with salinity are better addressed if a molecular-level picture can be painted
providing direct visualization of the interactions between polymers and solid surfaces. Motivated
by this, molecular dynamics (MD) simulation has been employed in this work to study the
adsorption of a representative polyanion on an anionic model surface. The objectives were two-
fold: to reveal the role of the valence of ions, by simulating both NaCl and CaCl, solutions; and

to address the effect of salinity, by applying a series of different salt concentrations.



2. Simulation methods

2.1 Models & Systems

APAM was chosen as the representative polyanion, which has been popularly used to
enhance solid particle aggregation in colloidal suspensions®**2°2!, The simulated APAM model
had a molecular weight (MW) of 641 g/mol (C27H44NsO12, Figure 1a), with every third amide
group substituted by a carboxylate group, resulting in a charge of -3. All carboxylate groups of
APAM were deprotonated to represent a neutral to slightly alkaline pH condition?*?3, which is
typical in polymer-clay systems?*. The solid surface was represented by a negatively charged
molecular model of Mt, a common clay mineral*>?>27. Mt is an aluminosilicate usually referred
to as 2:1 or TOT layer: it is composed of a central sheet with octahedrally coordinated Al atoms,
sandwiched between two other sheets with tetrahedrally coordinated Si atoms?®. A 2 x 2 x 1
supercell was first developed by closely stacking the neutral unit cells in three dimensions,
followed by isomorphically substituting three random Al atoms with Mg. The substitution of +3
charged Al atoms by +2 charged Mg atoms in the central octahedral sheet resulted in a local
charge deficiency, and the net charge of this supercell became -3. Then the 2 x 2 x 1 cell with a
permanent layer charge was expanded to a 16 x 10 x 1 supercell, as shown in Figure 1b, carrying

a negative charge of -120.
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Figure 1 (a) Molecular structure of APAM and (b) initial configuration of system Ca-0.1. In (b), Mt is
represented by balls, and two basal surfaces are marked by I and II respectively. Color scheme for atoms in
Mt: Si (yellow), Al (pink), Mg (cyan), O (red), and H (white). APAM is represented by licorice with C (green)

and N (blue). The solvent, water, is removed for clarity, whereas ions are shown as Ca?* (black) and CI- (lime).

To investigate the adsorption of APAM on Mt in presence of salts, a series of 7 simulations,
divided into two sets, were performed (Table 1). The first set investigated the effect of valence of
cations, where 0.5 M NaCl was solvated into system Na-0.5 in addition to the Na* used to
neutralize the negative charges of Mt, and similarly 0.5 M CaCl, was introduced in system Ca-
0.5 in addition to the neutralizing Ca®*. Systems containing only the neutralizing ions were
simulated for comparison, namely systems Na-0 and Ca-0. The second set of simulations were
run to study APAM adsorption in divalent salt solutions with different concentrations. Three
additional systems were simulated, Ca-0.05, Ca-0.1 and Ca-0.3, corresponding to CaCl;
concentration of 0.05 M, 0.1 M and 0.3 M. In each simulation, the supercell of Mt was placed at
the bottom of a simulation box with dimension of 8.30 x 8.95 x 10.0 nm®. A total of 12 APAM

molecules were then introduced above the Mt surface in a 2 x 3 x 2 array, followed by solvation



of the system with water and an appropriate amount of salt (Table 1). The initial configuration

for Mt and APAM was the same for all systems and is represented by Figure 1b.

Table 1 Simulated Systems

system name neutralizing ions additional salt
Na-0 156 Na* 0
Ca-0 78 Ca* 0
Na-0.5 156 Na* 0.5 M NaCl
Ca-0.5 78 Ca* 0.5 M CaCl
Ca-0.3 78 Ca* 0.3 M CaCl;
Ca-0.1 78 Ca** 0.1 M CaCl;
Ca-0.05 78 Ca* 0.05 M CaCl>

2.2 Simulation details

The force field parameters for Mt and APAM have been developed and validated in our
previous work?®. Briefly, the molecular topology of APAM was created by submitting its
molecular structure to the GlycoBioChem PRODRG server®. Because PRODRG is compatible
with GROMOS96 53A6 force field®!, the parameters for intra- and inter-molecular potentials
were automatically generated. To confirm the accuracy of the partial atomic charges, geometrical
optimization was performed using density functional theory (DFT) at B3LYP/6-31+G (d) level
in Gaussian 16%, followed by charge calculation using the CHelpG method®®. Manual
adjustment of partial atomic charges was then made to the topology file. More details on the
topology of APAM were given in Sl, section S1.1. SPC water model was adopted for the solvent
and the ions were represented by GROMOS96 53A6 force field. Parameters for Mt were adopted
from the CLAYFF force field®**% with all partial atomic charges unaltered.

The MD simulations were carried out in the GROMACS package®% under NPT ensemble
(isotropic pressure coupling) for 80 ns. Due to the application of periodic boundary conditions,

the atoms in the simulation box were effectively moving between two charged Mt surfaces: plane



I in Figure 1b and plane Il in the periodic image above. Therefore, unless otherwise specified any
reference to Mt surface hereafter includes the consideration of both planes I and I1. Before the
NPT run, each system was minimized by the steepest descent method so as to limit the maximum
force to 1000.0 kJ/(mol-nm), followed by equilibration in NVT ensemble for 100 ps. Nose-
Hoover thermostat®>*° and Parrinello-Rahman barostat** were employed to control the
temperature and pressure at 300 K and 1 bar respectively. Equations of motions were integrated
using the Leap-frog algorithm*?, with a time step of 1 fs. Constraints were applied to all the
bonds using the LINC algorithm®, except those in water which were constrained using the
SETTLE algorithm. Cut-off distances for van der Waals and electrostatic interactions were both

set to be 1.0 nm. PME method was used to calculate the long-range electrostatic interactions**.
3. Results and Discussion

3.1 Effect of cation valence on APAM adsorption

Systems Na-0, Na-0.5, Ca-0, Ca-0.5 in the first set of simulations were used to study the role
of valence in the adsorption of APAM on Mt. Snapshots of the final configurations for these
systems are shown in the Supporting Information (SI), section S1.2. The density profiles
(number per unit volume) of carbonyl oxygens (CO) near the Mt surface are shown in Figure 2a,
plotted against Z coordinate, defined as the vertical distance measured upwards from the basal
plane T of Mt (see Figure 1b). The profiles of other key atoms of APAM (amide N and
carboxylate oxygen COQO") are showed in Sl, section S1.3, which correlated well with the density
profile of CO.

Examination of the minimum distance between CO atoms and Mt surface demonstrated that
CO became adsorbed at Z < 0.43 nm from the Mt surface (refer to Sl, section S2.4 for more
discussion on this criterion). Consider first the cases of monovalent ions, systems Na-0 and Na-
0.5. The number density of CO remained ~0 when Z < 0.5 nm. The result shows that when there
were no extra salts added and the aqueous environment contained only neutralizing monovalent
ions (Na"), it was difficult for the anionic polymer to approach Mt. In system Na-0.5 where 0.5
M NaCl was added besides the neutralizing Na*, density of CO remained higher than that in
system Na-0 near the Mt surface (Z < 3.8 nm). However, the values were still ~0 for Z <0.43 nm,
suggesting that it was still difficult for the polymer molecules to form stable adsorption on the

surface in system Na-0.5.



lons distributions, in terms of number density, near the Mt-water interface are shown in
Figure 2b. The plot against full range of Z (Z = 0-10 nm) is shown in Sl, section S1.3. Because of
the periodic boundary condition, increase in Z corresponds to departure from plane | and
approach to plane Il in the periodic image above. Since planes I and Il have the same surface
properties, the distributions were found to be symmetric about Z = 4.7 nm (thickness of the Mt
model was ~0.6 nm), and the number densities were constant between Z = 3.7 and 5.7 nm
representing the bulk solution (see Figure S3). Thus, in Figure 2b, only the results for Z < 3 nm
are shown.

The formation of electric double layer (EDL) was observed from the density profiles of
counterions and co-ions*. Taking system Na-0.5 as an example, Na* displayed a pronounced
peak at Z = 0.4 nm where the density of CI- was still 0. The region with Z = 0-0.4 nm can
therefore be identified as the “stern layer” according to the EDL theory®. After Z = 0.4 nm, the
density of co-ions (CI) began to grow while the density of counterions (Na*) decreased until
both converged to the bulk value at Z = 1.39 nm (refer to Sl section S2.1 for more details). The
region where Z = 0.4-1.39 nm can be identified as the “diffuse layer”. Stern layer and diffuse
layer were divided by the outer Helmholtz plane (OHP), which corresponded to Z = 0.4 nm in
this case. The outer location of the diffuse layer, 1.39 nm here, is a measure of the thickness of
the EDL, at which the surface charge of Mt became neutralized (the cumulative charges for each
system are shown in Sl, section S1.4). The locations for the OHP and outer boundary of the EDL
are marked in Figure 2b for all the systems. As shown in the figure, the thickness of the EDL in
system Na-0.5 (1.39 nm) was smaller than that in system Na-0 (2.49 nm), consistent with the
prediction from the Poisson-Boltzmann (PB) theory where the “decay length” reduces as salinity
IS increased.

In contrast to systems Na-0 and Na-0.5 where stable adsorption was absent, adsorption was
observed when the neutralizing ions were replaced by Ca?*, even without adding extra salts. As
shown in Figure 2a, in system Ca-0, CO atoms started accumulating before Z = 0.43 nm,
indicating that they became adsorbed. In Figure 2b the counterions (Ca?*) converged to the bulk
density at Z = 1.90 nm in system Ca-0, faster than the counterions in system Na-0. Similarly, ion
densities in system Ca-0.5 converged to their bulk values at a shorter distance (Z = 1.35 nm) than
that in system Na-0.5. To conclude, the EDL was suppressed by replacing monovalent ions with

divalent ions (Na* — Ca?*); meanwhile adsorption of CO atoms on the surface was observed.



The number of adsorbed CO atoms was calculated by integrating the density profile in Figure
2a from both Mt surfaces to the distance of 0.43 nm from them. The results are summarized in
Table 2, along with the thickness of EDL determined from Figure 2b and the Debye length
predicted by PB theory. The number of adsorbed CO atoms followed the order of Na-0 = Na-0.5
< Ca-0.5 < Ca-0. The thickness of the EDL and the predicted Debye length followed the same
sequence of Na-0 > Ca-0 > Na-0.5 > Ca-0.5. Interestingly, significantly enhanced adsorption was
observed from Na-0.5 to Ca-0 evidenced by the much larger amounts of adsorbed CO in Ca-0,
while the thickness of EDL was larger in system Ca-0. In addition, less adsorption was found in
Ca-0.5 than in Ca-0 although the EDL was ~57% thinner in Ca-0.5. It can thus be inferred that
besides suppressing the EDL, divalent Ca?* played other roles in the adsorption of APAM on Mt.
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—— Ca?*(Ca-0)
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Figure 2 (a) Density profiles of carbonyl oxygens along Z axis, averaged over the last 20 ns of the simulations.
(b) Density profile of counterions ions and co-ions along the Z axis, averaged over the last 20 ns of the
simulations. For each system, the location of OHP is marked with diamond symbol, and the location where

the EDL ends is marked with ‘x> symbol.
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Table 2 Summary of number of adsorbed CO atoms per unit volume, EDL thickness, and decay length
predicted by PB theory

No. adsorbed CO thickness of EDL @ Debye length °

system atoms in last 20 ns (nm) (nm)
Na-0 0.02 2.49 0.73
Na-0.5 0.02 1.39 0.37
Ca-0 2.16 1.90 0.51
Ca-0.5 0.37 1.35 0.22

a. The calculation of EDL thickness for all systems are shown in Sl, section S2.1. b. Predicted by
PB theory, a measure of the EDL thickness. The Debye length x~1 was calculated from k=1 =

(e0eksT/ X C, ezziz)l/z, where &, is the permittivity of vacuum, ¢ is dielectric constant (78.4 for
water), kj is the Boltzmann constant, T is the temperature (300 K), C; is the number density of it"
ion, z; is the valence of i ions, and e is the elementary charge. The number of counterions
(Na*/Ca?*) and co-ions (CI") in each system are shown in Sl, section S2.2.

3.2 Coordination to divalent ions

To further probe the role of Ca?*, radial distribution functions (RDFs) of APAM carbonyl
oxygen (CO), carboxylate oxygen (COO"), and water oxygen (Ow) around Ca?* in system Ca-0.5
are shown in Figure 3a. The first peak in the RDF of water was at ~0.25 nm (see enlarged inset
in Figure 3a), indicating the solvation of Ca®* ions*’. Meanwhile, the first peak in the RDF of
carbonyl oxygen was located at ~0.24 nm, suggesting that APAM formed a stable complex
around Ca?" at a distance similar to water.

To better understand the interactions of water and APAM with Ca?*, system Ca-0.5 was
examined in more detail by tracking two representative Ca?* ions in the EDL, marked as Ca?* 1
and Ca®*_2. Based on 2000 snapshots uniformly sampled from the last 20 ns of the simulation,
the number of water oxygens within 0.25 nm of Ca?* 1, denoted by N, was calculated and
plotted in Figure 3b (left panel, green segments) as a function of time. The histogram for N is
shown in the same figure (right panel, green bars). As shown in the histogram, N was nearly
normally distributed, and 92% of the data were in the interval of N = 4-7. Besides, all the atoms
within 0.25 nm of Ca?*_1 were found to be water oxygens after analyzing the atom types (refer
to Sl, section S2.3 for calculation details). This indicates the formation of a hydration shell
around Ca?*_1 by 4-7 water oxygens at the distance of 0.25 nm. Ca?* ions and water oxygens are
known to form coordinate covalent bonds*®. The center Ca?* and the surrounding water oxygens

constituted a coordination complex. The coordinate bond length (0.25 nm) suggested by the first
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peak in the RDF of water around Ca?*, as well as the number of water oxygens per Ca®* in the
first coordination shell (4-7), are in good agreement with previous reports.

While the atoms within 0.25 nm of Ca?*_1 were entirely water oxygens, atoms within 0.25
nm of Ca?*_2 included two types, water oxygens and APAM CO. N vs. time for Ca?*_2 is shown
as red dots in the left panel of Figure 3b and the corresponding histogram is shown in the right
panel as red bars. Here, 93% of the data fell into the range of 3-6, suggesting that Ca®*_2 was
coordinated to 3-6 water oxygens for most of the time. This range was lower than the number of
water oxygens coordinated to Ca?*_1. The ‘x> symbol in Figure 3b (left panel) represents the
number of CO within 0.25 nm of Ca?*_2, which fluctuated between 1-2. It can thus be deduced
that in the first coordination shell of Ca?*_2, 1-2 water oxygens were displaced by CO, while the
same number of total oxygens were maintained as in the first coordination shell of Ca?*_1. The
close proximity between CO and Ca?*_2 led to the formation of a Ca?*-APAM complex.

While CO formed stable complex with Ca?*, the number of COO oxygens that coordinated
to Ca?* was collected in Sl, section S1.6. Table S2 showed that the binding of COO" to Ca®* was
much less prominent than CO, which was also consistent with the weaker peak intensity of the
COO" RDF around Ca?* shown in Figure 3a. The number of CO that coordinated to Na* is also
shown in Table S2, where the binding of CO to Na* was much less favored compared with Ca?*,
suggesting that the replacement of water by APAM in the first coordination shell of Na* was

much weaker.”
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Figure 3 (a) RDFs of carbonyl oxygens of APAM (Ca_CO), carboxyl oxygens of APAM (Ca_COOQO"), and
water oxygens (Ca_Ow) around Ca?* in system Ca-0.5. (b) Number (N) of water oxygens within 0.25 nm of
Ca®_1 (left panel, green segments, one data every 1 ps) and statistical histograms for N (right panel, green
bars). Corresponding data for Ca?*_2 is shown as red dots for N vs. time and red bars in the histogram. Blue
x’ in the left panel represents the carbonyl oxygens of APAM within 0.25 nm of Ca?"_2. All data points were

sampled from the last 20 ns simulation of system Ca-0.5.
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To explore whether the coordination of APAM to Ca?* was related to its adsorption on Mt, a
three-dimensional (3-D) map was created to show the locations of adsorbed APAM CO that were
simultaneously coordinated to at least one Ca®" ions. Such a map is shown in Figure 4a for
system Ca-0.5, based on data from the last 20 ns of the simulation (corresponding maps for
systems Ca-0, 0.05, 0.1, 0.3 are given in SI, Section S1.4). To generate this map, a Ca®* ion and a
CO atom were said to be coordinated if this CO atom was within 0.24 nm of the Ca®* ion
(location of first peak in the RDF of CO around Ca?* in Figure 3a), suggesting the formation of a
Ca?"-APAM complex. All CO atoms that were both adsorbed (refer to Sl, section S2.4 for more
discussion on this criterion) to Mt and coordinated to Ca?*, i.e., those adsorbed from Ca?*-APAM
complexes, were mapped onto Figure 4a, with their X, Y coordinates as defined in Figure 1b, as
well as their distance D to the nearest Mt surface (plane I or the periodic image of plane I1). The
Ca?" ions in those adsorbed Ca?*-APAM complexes were also mapped onto Figure 4a in the
same way.

In Figure 4a, the Ca®" ions stayed at an average distance of 0.42 nm from Mt, around the
OHP (see Figure 2b). The CO atoms were located at a closer distance (average around 0.35 nm)
within the stern layer of Mt. Therefore, unlike what was hypothesized in some literature*, the
Ca" ions did not serve as bridges sandwiched between APAM and Mt. Instead, our results
showed that the Ca®**-APAM complexes, which resulted from the coordination of carbonyl
groups to solvated Ca?*, carried residual positive charges and were subsequently attracted to Mt.
Figure 4b shows an image of a Ca?*-APAM complex near the OHP of the Mt surface. As shown
in the enlarged area, there were five water oxygens and one APAM CO in the first coordination
shell of the Ca?* ion; the CO and Ca®" were at similar distances from Mt in this image. The
ability of Ca?* to form a coordination complex with APAM and the lack of such ability by Na*
was the main reason for the significant improvement in adsorption from the Na* systems to the

Ca?" systems as seen in Table 2.
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(b)

Figure 4 (a) 3-D map of CO and Ca?" in Ca?*-APAM complexes adsorbed on Mt, data from the last 20 ns of

the simulation for system Ca-0.5. (b) Snapshot extracted from system Ca-0.1 at 65 ns. Green spheres

represent water oxygen, while the other atoms are in the same color scheme as in Figure 1b.

3.3 Non-monotonic influence of salinity on the adsorption of Ca?*-APAM complexes

One interesting observation from Table 2 was that APAM adsorption appeared to be reduced
as the concentration of CaCl> increased from 0 to 0.5 M. To further investigate the effect of
salinity, additional simulations were performed with CaCl, concentrations of 0.05 M, 0.1 M and
0.3 M. Snapshots of final configurations of these systems are shown in Sl, section S1.1. Figure
5a shows the average number of Ca*-APAM complexes adsorbed on the Mt surface (Nepr). Nepi
was determined in the same way as described in section 3.2, by counting the number of adsorbed
APAM CO that were simultaneously coordinated to at least one Ca?" ions. Nepi was ~0.9 in
system Ca-0, where the number of Ca?* was just enough to neutralize the system. When the
concentrations of CaClz increased to 0.05 M and 0.1 M, Ny increased to 1 and 2, respectively.
However, the increasing trend of Nepi reversed when the concentration of CaCl reached 0.3 M
(Ncpi = 0.6) and continued decreasing to Nepi = 0.2 at CaClz concentration of 0.5 M, both lower
than the value in system Ca-0.

To understand the non-monotonic trend of Nepi with salinity, the cumulative charges around
Mt were calculated and displayed in Figure 5b (results for full range of Z are given in Sl, section
S1.3). In system Ca-0, because of the distribution of counterions and APAM molecules in the
EDL, the Mt surface charge was gradually compensated until the cumulative charge approached
zero in the bulk solution. However, when additional CaCl, was added, the PB theory failed and

the charge of Mt was overcompensated. This phenomenon can be attributed to the “ion-
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correlation” effect, in which ions are no longer treated as point charges but have finite volume. It
was shown that when electrostatic correlation was considered among ions with finite volume,
free energy minimization of the system would lead to a surface charge reversal, and the “ion-
correlation” effect was more prominent for multivalent ions than monovalent ions->2,

The average number of Ca?" ions coordinated to each APAM molecule (including both
adsorbed and unadsorbed ones) is plotted in the inset of Figure 5b (calculation details are in Sl,
section S2.5). As shown in Figure 4a, for the adsorbed Ca?*-APAM complexes, the Ca?* and CO
were mostly within or around the OHP (Z = 0.4 nm) of Mt. In system Ca-0, the cumulative
charge was negative around the OHP. The average number of Ca?* coordinated to each APAM
molecule was ~0.83, less than the Ca?* needed to neutralize each APAM molecule (1.5 since
each APAM carried a charge of -3). As a result, on average the electrostatic interaction between
Ca?*-APAM complexes and Mt was repulsive, which hindered their adsorption. In system Ca-
0.05, the cumulative charge was also negative at OHP and became close to O after Z = 0.65 nm.
The average number of Ca®* coordinated to each APAM was around 1.33, indicating that the
Ca?*-APAM complexes were close to charge neutrality and their repulsion with Mt diminished.
The cumulative charge around Mt in system Ca-0.1 was similar to that in Ca-0.05, negative at
OHP and close to neutral after Z = 0.65 nm. The average number of Ca?* coordinated to APAM
was 1.65, thus the Ca?*-APAM complexes carried a residual positive charge and were attracted
by the long-range electrostatic interaction to the OHP. However, when the ion concentration
further increased, i.e., represented by systems Ca-0.3 and Ca-0.5, the cumulative charge around
Mt was positive after the OHP. Meanwhile, the average numbers of Ca?* coordinated to each
APAM were more than 1.5, resulting in residual positive charges. Hence there was a long-range
electrostatic repulsion between the Ca**-APAM complexes and the OHP preventing the
accumulation of the complexes in the EDL. To conclude, the adsorption of Ca?*-APAM
complexes on Mt surface had a non-monotonic dependence on Ca?* concentration because the
concentration regulated both the charge of the Ca**-APAM complexes and the cumulative charge

near Mt surfaces, determining the long-range electrostatic interaction between them.
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Figure 5 (a) Number of Ca?*-APAM complexes adsorbed on Mt surfaces in systems Ca-0, 0.05, 0.1, 0.3 and

0.5. (b) Cumulative charges of Mt, APAM and ions in systems Ca-0, 0.05, 0.1, 0.3 and 0.5, as a function of Z

coordinate. Average number (n) of Ca?* coordinated to each APAM molecule is shown as inset. In (a) and

inset of (b), error bar represents the standard deviation of data, which were collected from the last 20 ns of

the simulation.

3.4 APAM adsorption through H-bonding facilitated by Ca?* coordination

While the Ca?* and CO of adsorbed Ca?*-APAM complexes were located, on average, at a
distance of 0.35-0.42 nm from Mt (see Figure 4a), the minimum distance between adsorbed
APAM molecules and Mt was within 0.23 nm (see Sl, section S2.4). This shorter distance
suggests that other atom groups were forming closer contact with Mt. Analysis of the APAM
atoms within 0.23 nm of Mt showed that all of them were hydrogens in the amino groups, which
formed direct H-bonding with the surface oxygen of Mt. Hence, while the coordination of Ca?*
with APAM and the formation of Ca?*-APAM complexes facilitated the long-range electrostatic
attraction and the approach of the complexes to Mt, the short-range H-bonding stabilized the
adsorption on the surface. The advantage of this synergy was that there was no competition of
active sites on APAM between Ca?* coordination and H-bonding. As illustrated in Figure 4b, H-
bonds were formed through the amino groups in the amides of APAM, with H atoms pointing
towards the oxygens of Mt, while Ca?*-APAM complexes were formed through the carbonyl
oxygens in the amides.

To quantify the synergetic effect above, the number of adsorbed APAM molecule is shown
in Figure 6 as a function of time. Also shown are the percentage of CO in the adsorbed APAM
that contributed to the formation of adsorbed Ca?*-APAM complexes, as well as the percentage

of amino hydrogens in the adsorbed APAM that contributed to H-bonding with Mt (more
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calculation details in Sl, section S2.6). These three quantities changed with time in synchronous
manner and were highly correlated, confirming the synergy between Ca?* coordination and H-

bonding in APAM adsorption.

60 - —— H-bond —— complex - APAM
a0, °M M4
20 2
0 PARE.Y P
60
a0 005M r4
. 2 e —
20 A =
[
= 0 - e E"
= 4
S 60 <
o l 40
g 40 0.1 M Py
'E o
@ L2 8
o 20 =
5 o
o [72]
0 a 'g
60 .
2
a0/ 0.3M e
20 4 L2
o AN M e
60
Fa
40
20 - M2
01— r - . . : e A 1o
0 10 20 30 40 50 60 70 80
Time (ns)

Figure 6 Percentage of CO in adsorbed APAM that contributed to the formation of adsorbed Ca?*-APAM
complexes (blue solid curve, left axis), percentage of amino hydrogen in adsorbed APAM that contributed to
H-bonding with Mt (red solid curve, left axis), and number of adsorbed APAM molecules on Mt (green
dashed line, right axis), in systems Ca-0, 0.05, 0.1, 0.3, and 0.5 respectively. Each point is an average of 100
sample points within the previous 1 ns.

In Figure 6, the number of adsorbed APAM molecules in all systems was less than 12, the
total number of APAM in the simulation box. This result indicates that a fraction of the APAM
molecules stayed in the bulk solution without being adsorbed on Mt. Analysis of these
unadsorbed APAM revealed that Ca?*-APAM complexes still formed (see Sl, section 1.5 for
details), affecting the cumulative charge around APAM. In addition, for the adsorbed APAM, the
contribution from the Ca?*-APAM complexes within could be significant. For example, when
0.05 M CaCl was added, as high as 56% (at 56 ns) of the CO in the adsorbed APAM molecules
was adsorbed on Mt in the form of complexes, stabilizing the polymer adsorption. It is worth

mentioning that APAM could adsorb on Mt either as monomers or in the form of clusters. H-
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bonding as well as Ca?* coordination between different APAM molecules both contributed to the
clustering. Detailed illustration of APAM-APAM interaction can be found in Sl, section S1.8.

3.5 Discussion

Several mechanisms have been proposed in the literature for polymer adsorption mediated by
divalent ions. Some argued that the charges of the solid and polymers were suppressed by the
ions due to the screening effect!3, or even reversed due to ion correlation!®!®, Some proposed
that counterions became adsorbed on the polymers and/or solid through coordination and water
displacing, and that the solid and polymers were bridged in the configurations of polymer-cation-
solid*’ or polymer-water-cation-solid*.

As revealed by the atomistic results in this work, when divalent ions were present, APAM
tended to bind to Ca?* by displacing 1-2 water in the first coordination shell of Ca*, forming
Ca?*-APAM complexes. The displacement of water was supported by the experimental study of
Ait-Akbour et al.’ in which water loss was reported upon the adsorption of anionic PCP on Mt
interlayer. In addition, our results showed when the Ca?*-APAM complex was attracted to the Mt
surface, Ca®* ions were located slightly further from Mt than the carbonyl oxygens of APAM,
instead of forming a bridging structure in the form of APAM-Ca?*-Mt or APAM-water-Ca?*-Mt.
Meanwhile, direct H-bonds were formed between the amino groups of APAM and surface
oxygens of Mt, and there was a strong positive correlation between the degree of coordination,
the number of H-bonds and the amount of APAM adsorption.

This work presented several new discoveries that differed from previous reports. Braganca et
al.1® attributed Ca?*-enhanced anionic styrene-acrylic adsorption on Mt to “ion bridging” where
Ca?" ions were suggested to be located between Mt and styrene-acrylic. Deng et al.'* proposed
that the adsorption of APAM on smectite could be promoted through water bridges, where H-
bonds were formed between APAM and water in the solvation shell of Ca?*. Such bridging
structures, in the form of APAM-Ca?*-Mt or APAM-water-Ca?*-Mt, were not observed in our
simulations. Peng et al.® reported that Ca?* could suppress H-bonding between APAM and
kaolinite due to the competition of active sites, while our results showed the promotion of H-
bonding by Ca?*. In fact, our results demonstrated a new adsorption mechanism where different
active sites on the APAM interact with different entities to cooperatively enhance the adsorption.
The carbonyl oxygens were coordinated to Ca?* while the nearby amino groups were H-bonded

to Mt (see Figure 4b). This arrangement was able to simultaneously promote Ca**-APAM
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interaction and APAM-Mt interaction. The cooperative interactions enabled by the different
active sites of APAM also removed the requirement of an explicit “bridge” (Ca®" or water) for
the adsorption, as the amino groups were brought sufficiently close to Mt to establish the short-
range stabilizing H-bonds.

Compared with divalent ions (Ca®"), monovalent ions (Na*) had two disadvantages in
promoting APAM adsorption on Mt. The first is the less screening of the electrostatic repulsion
between APAM and Mt. More importantly, Na" lacked the ability to form Na'™-APAM
complexes through coordination (Table S2). The long-range electrostatic interaction driving the
Ca?"-APAM complexes towards the solid was therefore missing, making it difficult to establish
stable short-ranged interactions such as H-bonding.

Because the long-range electrostatic interaction regulated the initial approach of the polymers
towards the solid, the effect of divalent ions on adsorption was concentration dependent. Our
work showed a non-monotonic trend between the number of adsorbed Ca?*-APAM complexes
and the salt concentration, which provides explanations for several conflicting reports on the
effect of ion concentration®®®. Increasing the dosage of multi-valent salts may promote or impede
the polymer adsorption, depending on both the charge of the Ca®-APAM complexes and
cumulative charge near the solid surface, the latter may be reversed as a result of ion correlation.

Several limitations exist in this work. lons distribution as well as polymer adsorption vary
with surface properties of the solid*’*3% In this work, basal surface of Mt was selected to
represent the solid for polymer adsorption. However, other types of surfaces exist in practical
applications which might lead to different adsorption behaviors. For example, Bourg et al.*
showed that when atom substitution on the basal surface of mica (sharing similar structure to Mt)
was on the tetrahedral sheet instead of the octahedral sheet in this work, the counterions were
adsorbed by forming inner surface complexes and an inner Helmholtz plane (IHP) could be
identified. Besides, hydroxyl groups also exist on many solid surfaces, such as basal/edge surface
of kaolinite and edge surface of Mt, which can promote the formation of H-bonds.

Lastly, as in any MD simulations using classical force fields, the force field parameters can
have some influence on intermolecular interactions. For instance, Moucka et al.>” demonstrated
that physical properties such as density and chemical potential of CaCl could be well modeled
by classical force field (transferable CaCl, force field for Ca?*, Dang-Smith force field for CI-

and SPC/E water model) at ambient conditions when the salt concentration was less than 1 mol
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kg, while the prediction was poor at elevated temperature and pressure and high concentrations.
Here in this work, we used CLAYFF for Mt, SPC model for water, and GROMOS force field for
APAM and ions. There were extensive evidences®®®° for the good compatibility of the three
force fields, including our own validation®. Our simulations were performed under ambient
conditions and the highest salt concentration used was 0.47 mol kg™, which is well within the
regime where faithful modeling of aqueous CaCl solution is expected. Nevertheless, as an
exercise, we tested a different force field namely OPLSAA®! for the APAM molecule and ions.
Results from the additional simulation (SI, section S1.7) showed that the preferential
coordination of Ca®* with CO, as compared with COO", still held but the preference was less
prominent. This sensitivity to force field is not surprising since classical force fields require the
atomic charges to be constant while charge transfer may play a role in ion-polymer coordination.
Additional DFT calculations (SI, section S1.7) did not show clear evidence that one force field
(GROMOS or OPLSAA) was superior to the other, and extensively testing other force fields is
out of the scope of this work. The adsorption mechanism reported in this work did hold for both
force fields that we tested, including the lack of Ca?* bridges and synergy with H-bonding, but
future studies may have a more in-depth look at the force field dependence.

4. Conclusions

The adsorption of anionic APAM on Mt in saline solutions was investigated by all-atoms
MD simulations. Divalent ions (Ca?*) showed a much better enhancement of the polymer
adsorption than monovalent ions (Na*). Besides the better charge screening ability, Ca®* was
coordinated to the carbonyl oxygens of APAM, resulting in the formation of Ca?*-APAM
complexes. The Ca?*-APAM complexes were subsequently captured into the EDL of Mt, but
without the need of Ca?* bridges. While the long-range electrostatic attraction drove the
approach of Ca?*-APAM complexes to Mt, short-range H-bonding formed directly between
APAM and Mt provided an important stabilizing mechanism for the adsorption. A strong
positive correlation was found between the degree of coordination, the number of H-bonds and
the amount of APAM adsorption. A delicate balance was discovered when varying the
concentration of CaCl,. The best adsorption performance required an optimal concentration that
did not under-neutralize or over-neutralize the charges of Mt or APAM. This work is a unique

contribution to the fundamental understanding of polymer adsorption promoted by multi-valent
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ions. To our knowledge, it is the first atomistic-level study that examined the interplay of charge
screening, ion-ion correlation, cation coordination and hydrogen bonding for the adsorption of
anionic polymer on like-charged solid surface. The results demonstrated a new mechanism of
synergetic adsorption and explained the long-standing debate on the effect of salinity. New
insights gained through this work highlighted the value of using molecular simulations to study
polymer adsorption at a resolution much finer than that in experiments. Besides contributing to
fundamental understanding, the present work also shed light onto applications in soil remediation,
pharmaceutical formulation, wastes consolidation, cosmetics design, hydrogel fabrication, and
many others. Future work involving different surfaces can allow us to further address the effect

of surface properties on polymer adsorption.
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