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ABSTRACT: Conventional ionic polymers can effectively adsorb
small molecules of opposite charges, but their applications are
limited by the consensus that inorganic salt ions typically screen
electrostatic binding between them. This weakness results in
significant deterioration in the performance of electrostatic-
dominant chemical processes. Herein, we reported that cationic
poly(hexamethylene biguanide) (PHMB) exhibits an exceptional
screening-enhanced effect, enabling its flocculation performance to
be enhanced by salt ions rather than weakened by them.
Flocculation experiments and theoretical simulations revealed
that the superior performance of PHMB is attributed to its
abundant biguanide groups, enabling screening-enhanced behavior
through stable PHMB-dye adsorption, increased same-segment
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stacking, and a moderately enhanced hydrophobic effect in high-salt environments. This study may lay a solid foundation for
developing screening-enhanced materials with the powerful capabilities of overcoming charge screening limitations for specific

application scenarios.

1. INTRODUCTION

The charge screening effect (i.e., Debye screening), caused by
the presence of inorganic salts, is a ubiquitous phenomenon in
nature.'~* It weakens the zeta potential of large molecules in
aqueous solution and thus inevitably exerts a negative influence
on the system. For example, it can severely cripple the
sensitivity of electronic biosensors and compromise the
flocculation performance of cationic polymeric coagulants/
flocculants in both microalgae harvesting and dyeing waste-
water treatment, leading to increased flocculant dosage and
elevated cost.*™® Therefore, there is a great need to develop
highly efficient screening-enhanced materials to address charge
screening limitations. Inspired by the model of van de Steeg et
al., who scrutinized the charge screening effects by theoretical
calculations and predicted the existence of a screening-
enhanced effect,’ we firmly believe that there must exist
some screening-enhanced materials that are capable of
effectively overcoming charge screening limitations.
Poly(hexamethylene biguanide) (PHMB), one of the major
biguanide-containing polymeric derivatives, could be an
answer. Due to the unique molecular structural properties
such as the rigid active biguanide moieties and flexible alkyl
linking groups, PHMB exhibits self-folding behavior enthalpi-
cally driven by the like-charge pairing of the biguanide units
(Figure 1a), making the adsorption reaction a fast kinetic
process.” The significant HOMO—LUMO energy gap of
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ACS PUb|IcatIOI’]S American Chemical Society 2601

PHMB also favors its stable chemical skeleton and thermal
stability.” Additionally, the biguanide group has three
tautomeric resonance forms, which implies that biguanide-
bearing cationic polyelectrolytes such as PHMB have high
proton mobility and pH-tolerant properties owing to the
delocalization of charges.'””'> We substantiated that PHMB
possesses remarkable flocculation performance and can
effectively overcome charge screening limitations, thereby
greatly reducing the dosages and cost of wastewater treatment
(Figure 1b)."” The color removal efficiency could reach up to
91.5% with the PHMB dosage as low as 40 mgL™' by
increasing the concentration of NaCl to 200 mmol-L™". This
reflects the increased flocculation degree of PHMB targeting
dye molecules with increasing ionic strength.

However, the mechanism of action of the screening-
enhanced effect is unclear. Blackburn et al. observed that the
stacking of PHMB trimers became more favorable in the
presence of chloride ions.'* Studies on the self-assembly of
PHMB and similar polyelectrolytes suggested that the
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Figure 1. Flocculation performance of PHMB and the screening-enhanced effect. (a) Schematic diagram of the flocculation process. (b) Curves of
decoloration efficiency with varying PHMB concentrations for the red dye (C.I. Reactive Red 24) solution. The color removal efficiency gradually
reached 91.5% by progressively elevating the salt concentration when maintaining a low PHMB concentration of 40 mg-L™" (inset). Below the plots
are models of the red dye molecule (with one Cl atom omitted) and the PHMB monomer. (c) Based on the previous literature, we postulated that
nonelectrostatic interactions, which are significantly more pronounced than electrostatic interactions, would dominate the flocculation process.

counterion condensation caused by increased ionic strength
could significantly promote the adsorption interactions of
PHMB-contained systems.”' >~ But the impact of inorganic
salts on the homogeneous adsorption reactions of PHMB
toward dye-like molecules remains elusive. According to the
study of van de Steeg and coworkers,” if the electrostatic
attraction was less than the nonelectrostatic force, inorganic
salts would facilitate the adsorption of organic polyelectrolytes
onto the solid surface, a phenomenon referred to as the
screening-enhanced effect (Figure 1lc). Nonetheless, this
computational model considers adsorbate behavior only on a
two-dimensional surface and employs a mean-field approx-
imation, with research parameters for weak interactions based
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on an estimated Flory—Huggins constant lacking further in-
depth exploration. Additionally, no studies have specified the
actual strength, components, or distribution of nonelectrostatic
forces in real chemical systems, nor their relative contribution
to the overall interaction. Therefore, we conducted an in-depth
study of the flocculation performance of PHMB toward
anionic dye molecules in saline solutions. Our findings confirm
that the essence of the nonelectrostatic interactions counter-
acting the electrostatic screening arises from a synthesis of
various weak interactions, primarily dominated by the
dispersion force. Additionally, we assessed the influence of
salt ions on all interactions and their relative contribution to
the screening-enhanced mechanism.

https://doi.org/10.1021/acs.jpcc.4c07047
J. Phys. Chem. C 2025, 129, 2691-2700


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07047?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07047?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07047?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07047?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c07047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
110
a e ¢« b Al
AN Qr 100
LoaaE Qo L90 R
— TR 2
e, 7 \ L
., e 9 B
; 2 . o
. s | g L70 &
Frng| e L
0 1 5 25 50 100 200 300 400 500 5 L 60 ©
Concentration of NaCl (mmol L") ‘ 8
50 g
S = Rl
N =
< X m o__,O L40 3
© E
%, @, 8 I R [ 50 ©
Cop & FPHMB g C IS
‘ 2 4 E T T T T T T T T T T 20
% o 0 1 5) 25 50 100 200 300 400 500
o S Concentration
c d
100 4 o 04 .'. T
= 9 = g
9051, o @ ¢
3 £l . = 200 - —
O\; 805 al: o o . e 4507
2 gﬁﬂ : : 5 ." L =)
15 £ L " 400 £
§ 7'0—530 9 o q.'«' g ’ >
- I ° R e 350 =
T 604 ° 25 50 100 200 300 40 50 . : S 100 ©
g © " Concentration of NaCl fmmot 1t ! . = 100 2 3
o) g ac 300 T
€ 501 - @ Flocculation with salt c .9 al ©
] - @ Flocculation without salt - I % 12 L 250 3
= 9o o R IS
3 40 @ .9 £ [ 500 ©
3 e .9 S 4 e
030—9.-'°‘~. o o VY Aa
@ ) 0"- Ll 150
P
20, L L L L 1 L L L L 5 T T T T T T T T T T 100
32 33 33 38 44 49 64 80 9.1 100 0 1 5 25 50 100 200 300 400 500

PHMB/Dye Mass Ratio

Concentration of NaCl (mmol L™")

Figure 2. (a) The flocculation performance of PHMB in real dye wastewater at different salt concentrations was investigated. The dye wastewater
collected after the normal dyeing of fabric with C.I. Direct Red 81 contained varying proportions of NaCl added during the dyeing process to
enhance the dyeing behavior. The samples were diluted to half of the original concentrations for flocculation testing, and the concentrations of
PHMB were maintained at 50 mg-L™" throughout the experiment. (b) The increment in color removal efficiency varied with the salt concentration
(red points), obtained from the curve of color removal efficiency (green points). The variation in dye removal quantity and PHMB/dye mass ratio
in real wastewater with changing salt concentration is also exhibited in the inset. (c) To compare with the performance without added salt ions, the
color removal efficiency was retested while maintaining the corresponding ratio of PHMB to dye (blue points). (d) The economized quantity of
PHMB varied with increased salt concentration (purple points), derived from the curve representing the residual dye removal quantity variation
under different salt concentrations (yellow points). The photos depicted the before-and-after states of flocculation in wastewater containing S00

mmol-L™" NaCl (with 200 mg-L™" of PHMB).

2. EXPERIMENTAL METHODS

2.1. Flocculation Experiments of PHMB. To measure
the flocculation ability of PHMB for the dye-containing
wastewater, PHMB solutions in the concentrations of 5, 10, 15,
20, 30, 40, 50, 60, 70, and 80 mg-L™"' were prepared and the
concentration of dye was kept at 100 mg-L™". The mixtures
were left to stand undisturbed for 5 h before further testing.
The turbidity values and zeta potentials were measured by
assaying the supernatant, which was filtered through a 0.45-um
filter before absorbance measurements. The concentration of
the dye solution after flocculation was determined by using a
premeasured standard curve, and the color removal efficiency
was subsequently calculated based on Eq S1. To examine the
influence of a high-salt environment on the flocculation
efficacy of PHMB, varying quantities of NaCl crystals were
preintroduced to achieve the final NaCl concentrations of 1, S,
25, 50, 100, 150, 200, 250, 300, 400, and 500 mmol-L~".
Details of the experiments and the calculation methods for
flocculation performance can be found in Part 1 (Flocculation
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experiments of PHMB) and Part 2 (Screening-enhanced effect
of PHMB in real dyeing wastewater) of the Supporting
Information.

2.2. Computational Methods. For DFT simulations,
preliminary optimized structures were generated using
Gaussianl6 software with the B3LYP-GD3BJ functional and
the DFT-D3 method employing Becke-Johnson damping for
weak interaction corrections. The TZVP basis sets were
employed to ensure adequate accuracy at this stage. For a more
precise analysis of noncovalent interactions involving main
group elements, the M06-2X density functional and multifuse
def2-TZVP basis sets with dispersion correction were
employed for single-point energy calculations. These simu-
lations also incorporated the SMD (solvation model based on
density) explicit solvent model to account for solvent effects.
Preparatory work for the simulations, such as determining the
lowest energy configurations, as well as the subsequent DFT
analysis methods, is detailed in Part 3 (DFT computational
methods) of the Supporting Information. Additionally,
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Figure 3. (a) Schematic diagram illustrating the flocculation forces, showing PHMB-dye adsorption as well as PHMB—PHMB stacking; (b) the van
der Waals surfaces of the PHMB monomer and the dye molecule. The yellow and blue dots represent the maximum and minimum ESP points,
respectively; (c,g) the RDG-sign(4,)p(r) scatter diagrams of the PHMB-dye adsorption and PHMB—PHMB stacking systems; (d,h) a local image
of RDG isosurfaces (0.6 au) reflecting weak intermolecular interaction areas in the PHMB-dye complex or PHMB—PHMB stacking structure, the
top of which is the interpretation of coloring method of mapped function sign(4,)p(r); (e,i) a plot of a color-filled map of RDG in the plane
determined by three atoms (C1 atom of the dye molecule, N66 atom of the PHMB monomer, and N67 atom of PHMB the monomer) for the
PHMB-dye complex and the RDG sectional drawing for the PHMB—PHMB stacking system; (f,j) the corresponding van der Waals penetration
diagrams of PHMB-dye adsorption and PHMB—PHMB stacking adsorption systems. E; is the energy barrier value for forming the PHMB-dye
complex, and E; is the energy barrier value for forming the stacked structure of PHMB monomers (M06-2X/ma-def2-TZVP). All results were
obtained from Gaussian16 software and Multiwfn program and visualized using VMD (visual molecular dynamics) software."”™>' The van der
Waals penetration graphs and the RDG graphs in the 3D animation were uploaded to the Figshare website (10.6084/m9.figshare.23937087).

molecular dynamics simulation was also performed at 298.15 K
in the NPT ensemble for 1000 ns by GROMACS/2023
software based on the GAFF force field parameters produced
from the Sobtop program and the RESP (restrained electro-
static potential) charge generated by the Multiwfn program.
Details of the parameter settings can be found in Part 4
(Molecular dynamics simulation) of the Supporting Informa-
tion.

3. RESULTS AND DISCUSSION

In order to better understand the screening-enhanced
behavior, we first repeated the flocculation experiments of
PHMB on various anionic dyes, and the results demonstrate
that PHMB is highly salt tolerant and is able to effectively
surmount the charge screening limitations (Figure S1). We
also employed the real dyeing wastewater containing a great
amount of inorganic salts to investigate this effect. As shown in
Figure 2a, unlike the common cationic polymeric flocculants,
the screening-enhanced effect can make PHMB effectively
avoid performance degradation in salty environments. An
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increase in the concentration of salt added in the dyeing
process significantly reduced the residual dye concentration
while maintaining an enhanced dyeing rate and dye uptake
(Figure 2b (inset)). The increment in color removal efficiency
(eq S2) resulting from increasing NaCl concentration could
reach 69.8% at 500 mmol-L™' NaCl compared to that without
salts (Figure 2b). If the mass ratio of PHMB to the residual
dye was maintained, the flocculation activities of PHMB in the
presence of salt ions always outperformed the counterparts
without salts (Figure 2c), indicating that the color removal
efficiency in salt-containing wastewater was significantly
improved due to the screening-enhanced effect. Moreover, an
economized quantity of PHMB (eq S3) exhibited a remarkable
improvement, being up to 246.2% at 500 mmol-L™" NaCl in
comparison to the salt-free wastewater environment (Figure
2d).

Based on the characteristics of flocculation interactions, they
can be divided into two parts: the interactions between PHMB
and dye molecules and the stacking interactions among PHMB
molecules themselves (Figure 3a). The van der Waals surface
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website (10.6084/m9.figshare.23937114).

of each molecule shows the active sitt —NH—-H" of the van der Waals interpenetrating regions between both
biguanide group in the PHMB molecule and the active —803_ molecules further prove the apparent existence of Weak
group of the dye molecule, respectively (Figure 3b). However, interactions in their complex (Figure 3f). Moreover, the

there is no formation of strong electrostatic bonds between
these two polar molecules; instead, they are bound together by
weak interactions as reduced density gradient (RDG)>*
analysis according to eqS8 shown in Figure 3c—e. For the
PHMB-dye complex, the large areas of green-colored isosur-
faces display the presence of intermolecular weak interactions $4—87) is —14.85 kcal'mol™, which also reflects the
between the PHMB monomer and the dye molecule. Various pronounced binding affinity of PHMB to the dye molecule.

mutual penetration between the biguanide and a sulfonic acid
group is approximately 2 nm (Figure S7), indicative of a
significantly weak interaction between active sites. The energy
barrier value for the flocculation reaction (Ej, as defined in egs
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Figure 5. In the flocculation model within NaCl saline solution, various interactions can be divided into intermolecular interactions (a,cfi(left))
and same-segment interactions (b,d,e,gh,i(right)): (a) by calculating the ground-state energy difference between PHMB(CI™)-dye(3Na*) and the
sum of PHMB(CI™) and dye(3Na"), the energy barrier of flocculation in the presence of inorganic salt ions, denoted as Eg,y), can be determined.
Ef(no salt) is the energy barrier of flocculation in the absence of inorganic salt ions. The isosurface of §¢™ at 0.001 au is visualized to examine the
variations in weak interactions between PHMB and dye; (b) the energy differences between different PHMB—PHMB stacking systems with
different Cl™ ion ratios. The isosurfaces of 5¢™*" at 0.001 au among three fragments (the chloride ion acts as one fragment, while each PHMB
monomer serve as a fragment) are also presented; (c) in the model system for the PHMB-dye complex in 0.5 M NaCl solution, the configuration
extracted from one frame (frame number 499141: about 998 ns) with the lowest Gibbs energy during the dynamic process in 0.5 M NaCl solution
and the corresponding free energy landscape (FEL) are illustrated, in which RMSD and R, of the PHMB-dye complex were the X value and Y
value, respectively. The movies of 1000 ns formal dynamics simulation for the PHMB-dye complex in 0.5 M NaCl or water solution were uploaded
to the Figshare website (10.6084/m9.figshare.23936832). Comparison of Min-distance (f1), HBs (the number of hydrogen bonds) (f2), and the
number of donor-H with N HBs (f3) between the PHMB monomer and dye molecule in water and NaCl solution. Comparison of the donor—
acceptor angle (f4), donor—acceptor distance (f5), and uninterrupted lifetime (f6) for donor-H with N HBs in water and NaCl solution. In the
PHMB-PHMB stacking systems, frames corresponding to the lowest point in FEL graphs in water solution (d,g) and 0.5 M NaCl solution (e,h)
are exhibited individually.
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What is even more remarkable is that even without anions
neutralizing the charges in the PHMB stacking system, no
repulsion occurs between the two positively charged PHMB
monomers. They can still interact and bind through similar
weak interactions as RDG plots shown in Figure 3g—i).
Moreover, ESP penetration maps indicate the formation of
stable stack structures between PHMB segments (Figure 3j).
For the PHMB—PHMB system, the energy barrier value of
stacking adsorption (E,) remains considerable (—6.04 kcal-
mol™"). This may explain why PHMB exhibits excellent
flocculation performance because the chemical adsorption
occurs not only between PHMB and dye molecules but also
between PHMB segments.

Subsequently, we explored the properties and characteristics
of these weak interactions, especially the strength, bonding
forms, range, and relative contribution of nonelectrostatic
components to the total weak interactions. According to the
independent gradient model based on Hirshfeld partition
(IGMH)*® analysis, the extensive green-color isosurface (5g™"
= 0.00S, defined as eqs S9 and S10) suggests that there were
various weak interactions in the PHMB-dye adsorption system
(Figures 4a and S10). These weak interactions can be assigned
to moderate-strength hydrogen bonds (H-bond), weak-
strength H-bonds, and intermolecular van der Waals forces
(Figure 4b).**** Then, we evaluated the contributions of
atomic pairs and atoms to total forces (5gP*" and 5g°™)
according to eqs S11-S16. The specific H-bonds of N—H--O,
C—H--C, C—H-:S, N-H:--S, C—H--N, and C—H---Cl were
the major contributors (>0.8%) to the total interactions
(Figure S12). Among them, the H-bond between the polar
active sites (N—H--O) had the highest atomic pair
contribution (5¢P"= 2.12%) and the highest electron density
at a certain bond critical point (Spgcp = 0.03 au) (Figure S13).
The other Opycp values can be found in the Supporting
Information IGMH.zip. Both weak hydrogen bonds and
intermolecular van der Waals forces are weaker than the
moderate-strength N—H---O hydrogen bond, but all are
dominated by dispersion forces arising from polarization
fluctuations between neighboring particles. Figures 4c—e, S11
and S14 further illustrate that similar dispersion-dominated
weak interactions were also abundant in the PHMB—PHMB
stacking adsorption system, which resulted in the mutual
attraction and stacking between PHMB chain segments. All of
the above H-bonds and van der Waals forces are dispersion-
dominated weak interactions, establishing a vast weak-binding
network through flexible intermolecular contact. Meanwhile,
the weak interactions can accumulate owing to numerous
repeating units of the long-chain PHMB macromolecule,
thereby enhancing the adsorption capacity toward dye
molecules. Hence, as predicted by the model of van de
Steeg, the nonelectrostatic, high-proportion, short-range
intermolecular dispersion forces in the system far exceed the
low-proportion, long-range interfragment electrostatic forces,
enabling PHMB to achieve highly efficient flocculation via the
nonelectrostatic interactions (Figure 4f).

The strong and extensive nonelectrostatic dispersion
attractions between PHMB and small molecules, as well as
among PHMB chain segments, mainly arise from the unique
electronic delocalization structure of PHMB. According to the
anisotropy of the induced current density (AICD) map of a
PHMB monomer (Figure $15),%° it was found that the valence
electrons within the biguanide backbone were effectively
delocalized, which provides an explanation for the stable
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adsorption with dye molecules and effective stacking between
positively charged PHMB chain segments. Analysis of the
orbital interactions through the extended transition state-
natural orbitals for chemical valence (ETS-NOCV)?” method
further reveals the electron transfer occurring in both the
PHMB-dye and PHMB-stacking structures. As shown in
Figure S16a, the NOCV pair 1 of the PHMB-dye complex
had the largest energy (—4.89 kcal-‘mol™"), with an eigenvalue
of 0.17, accounting for the main part of the total orbital
interactions. Further analysis reveals that it corresponded to
the moderate H-bond (N—H-+-O) interaction. This orbital
interaction led to a region with an increased electron density
between the hydrogen atom of biguanide in PHMB and the
oxygen atom of the —SO;~ group in the dye molecule (as the
hydrogen bond receptor), indicative of the feature of a
moderate-strength hydrogen bond. More interestingly, the
—NH-, —NH,— or adjacent —CH,— groups had orbital
interactions with the benzene ring of the dye molecule.
Especially for NOCV pair 2, the delocalized electrons on the
biguanides were even conjugated with 7 electrons of the
benzene ring. It was also found that electron transfer occurs
between two PHMB monomers due to active delocalized
electrons within the biguanide backbone, facilitating efficient
stacking between positively charged PHMB chain segments
(Figure S16b). Hence, the properties of PHMB impart the
biguanide compound with pronounced reactivity and facilitate
strong interactions with surrounding molecules or PHMB
segments. All the NOCV pairs can be found in the
corresponding Supporting Information (NOCV.zip).
HOMO-LUMO orbital diagrams (Figure S17) also demon-
strate that the biguanide groups not only facilitate the
formation of hydrogen bonds through primary active sites
but also interact with the orbit of the dye molecular
heterocyclic rings, leading to the formation of a stable complex.
Surprisingly, the energy barrier of flocculation in the
presence of inorganic ions (Egy = —13.63 kcal-mol™") was
slightly greater than that without inorganic salts (Egoer) =
—14.85 kcal-'mol™") (Figure Sa). The difference between them
is insignificant, suggesting that the influence of inorganic ions
on the adsorption mode between PHMB and the dye
molecules was negligible. The distinct green IGMH isosurfaces
further indicate that the weak interactions between PHMB and
the dye were hardly influenced by the presence of Na* and CI~
ions (Figure Sa). According to the molecular dynamics
simulation (GROMACS/2023 software using the GAFF
force field),”* ™ the frames associated with the lowest Gibbs
energy in 0.5 M NaCl solution (Figure Sc) exhibited a similar
binding structure to that in D.I. water solution in Figure S19,
which indicates the resistance of intermolecular binding forces
to electrostatic shielding. In the presence of salt ions, PHMB
can still form a stable complex with the dye molecule (Figures
$20 and S21). The minimum adsorption distance (Figure 5f1)
and the number of hydrogen bonds (Figure 52,f3) between
PHMB and the dye molecule were hardly affected by the
presence of NaCl solute. The almost identical hydrogen bond
angles, donor—acceptor distances, and uninterrupted hydrogen
bond lifetimes of the N—H--O H-bond in both NaCl and
aqueous solution (Figure 5f4—f6) also prove that the influence
of salt ions on PHMB-dye adsorption was not significant.
Furthermore, the PHMB—PHMB stacking adsorption was
enhanced by the increased chloride ions, as shown in Figure
Sb. The PHMB segments could always attract each other via
van der Waals forces (Figure S18), irrespective of the number
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of chloride ions (0, 2, or 4). Additionally, as depicted in the
IGMH isosurfaces in Figure Sb, each chloride ion was
encircled by a green floral-shaped isosurface, which reveals
the existence of a weak interaction. Chloride ions acted
as’adhesive’ agents, generating electrostatic attractions and van
der Waals interactions between PHMB segments and the
inorganic ions, thereby enhancing the stability of PHMB—
PHMB stacking. A shorter distance between PHMB segments
in the frame (corresponding to the lowest point in the free
energy landscape (FEL)) in NaCl solution in Figure Se;h than
that in pure water solution in Figure 5d,g also verified the
enhanced same-segment adsorption. This is consistent with the
results obtained by using the OPLS-AA force field to simulate
the self-assembly behavior of PHMB.®

Both the energy decomposition analysis for the weak
interaction energies method (sobEDAw)*' and molecular
mechanics/Poisson—Boltzmann surface area calculations
(MM/PBSA)*** further clarify the impact of salt ions on
various weak interactions. The results in Tables S1 and S2
confirm that salt ions only shielded the electrostatic attraction,
which contributed minimally to the total binding forces and
hardly changed the essential dispersion interactions for
PHMB-dye adsorption. By contrast, the salt ions significantly
reduced the same-segment electrostatic repulsion and
enhanced the dispersion forces and orbital interactions
between PHMB segments, which can also be indirectly
supported by variation curves of Coul-SR and LJ-SR in Figure
§22 and interrelated values in Table S3. Notably, as shown in
Figure S21, the hydrophobic surface areas of the PHMB-dye
complex were greater than the hydrophilic areas. MM/PBSA
calculations also showed that the AE, of the complex system
was 5.03 kcal/mol lower in the simulated solution of 0.5 M
NaCl (145.51 kcal/mol) than in water (150.54 kcal/mol)
(Table S2), reflecting the hydrophobic effect of the complex
system. The nonelectrostatic terms (ACDS, Equation S17 after
Table S1) in the sobEDAw analysis also indirectly reflect a tiny
trend of the hydrophobic effect driving the formation of the
PHMB-dye or PHMB—PHMB complex.”**> However, the
contribution of hydrophobic effects to the screening-enhanced
behavior is minimal and not sensitive to ionic strength;g'6 the
primary factors are the stable PHMB-dye adsorption and the
enhanced PHMB—PHMB stacking.

Thus, the screening-enhanced effect of PHMB is well
explained by the combination of steady PHMB-dye adsorption,
increased same-segment stacking, and a slightly enhanced
hydrophobic effect, which collectively enhance flocculation
activity, leading to an elevated color removal efficiency of up to
100% at high concentrations of salt ions. This aligns with the
screening-enhanced weak-interaction-dependent mechanism
illustrated in Figure Si, primarily governed by dispersion
forces, which counteract the screening effect of inorganic salt
ions, thereby preventing the attenuation of the binding
interactions during the flocculation process in a highly saline
environment.

4. CONCLUSION

In conclusion, the present work thoroughly studied the
screening-enhanced effect of PHMB by using theoretical
calculations based on DFT and wave function analysis. It
was found that the adsorption between PHMB and dye
molecules primarily relies on the moderate-strength hydrogen
bond, weak-strength hydrogen bonds, and notable intermo-
lecular van der Waals forces, indicating a weak-interaction-
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dependent mechanism. The biguanide groups of PHMB serve
as the primary active adsorption sites for flocculation and
activate the hydrogen atom activity in neighboring alkyl chains,
which raises the possibility of binding for the flocculation
process. Through molecular dynamics simulations, the under-
lying mechanism for overcoming the charge shielding effect
was elucidated. Salt electrolyte ions hardly affect the weak
interactions that maintain intermolecular adsorption but
increase PHMB intersegment stacking absorption and slightly
promote the hydrophobic effect of flocculation complexes. As a
result, as the salt concentration increases, this mechanism not
only preserves the steady PHMB-dye adsorption and enhances
same-segment stacking but also strengthens the hydrophobic
effect, which triggers the screening-enhanced effect and
facilitates flocculation performance. This contributes positively
to the flocculation process in high-salt environments, resulting
in an improvement in color removal efficiency at low PHMB
concentrations. For the real dyeing wastewater treatment, the
flocculation performance can be enhanced by 69.8% at a higher
salt concentration, and the cost can be decreased by 246.2%.
Therefore, the screening-enhanced effect makes PHMB a
highly promising candidate for real saline colored wastewater
treatment. Meanwhile, the present study may also facilitate a
better understanding toward the anticharge screening effect
and inspire more researchers to develop innovative screening-
enhanced polymeric materials to surmount the charge
screening limitations in practical applications.
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