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ARTICLE INFO ABSTRACT

Keywords: Polymer-particle interactions, adsorption and subsequent polymer saturation in shear flows are studied using
Langevin dynamics Langevin dynamics and a potential-based interaction modelling technique in a three-dimensional domain con-
Polymer taining a single fixed particle. The polymeric phase is modelled as macromolecular chains of interacting beads
lsiil:ca;u?aot‘i’:'l (monomers), with the effects of bead-bead and bead-particle steric interactions incorporated through a truncated
Adsorption Lennard-Jones potential. To further account for polymer flexibility, the Kratky-Porod bending rigidity is also

accounted for. Simulation ensembles of 100 multi-polymer particle adsorption events within a pre-obtained
shear flow are performed for each parameter set studied, with the effects of bending rigidity, FENE potential
strength and polymer concentration examined. It is found that for low bending rigidities, polymers are more
likely to fully adsorb onto the particle, with conformities tightly bound and flattened to the spherical surface.
Increased rigidities cause polymer chains to hang away from the particle surface. Around 75% adsorption is
achieved for low rigidity polymers whereas for high rigidity, just over half of the monomers tend to remain
bound. Furthermore, it is demonstrated that increasing the rigidity leads to more monomers present in the
surrounding area adsorption zone, constituting an increase in effective radius. Results indicate that the FENE
potential strength also significantly impacts adsorption kinetics, with lower interaction strengths favouring
increased adsorption efficiency and longer tails, ideal for flocculation purposes. Conversely, increased FENE
interaction strengths lead to reduced full adsorption probability and shorter tails. Finally, the influence of initial
polymer concentration on adsorption behaviour and surface saturation is investigated. Higher concentrations
result in decreased adsorption efficiency and increased surface monomer saturation, affecting polymer confor-
mations and interaction dynamics such that the potential for important processes such as bridging is hindered.
These findings offer valuable insights for optimising polymer adsorption processes in practical applications such
as flocculation and settling.

1. Introduction

Optimized filtration and thickening stands as an industrial challenge
across many applications, such as water treatment, chemical manufac-
ture and nuclear waste processing (Lockwood et al., 2021). Various
techniques are in development to aid these processes. For instance, low
concentrations of high molecular weight polymers are often added to
aqueous particle-laden suspensions in order to separate the non-settling
solid phase. In recent decades, there has been significant research focus
on the use of polymeric settling agents (Heath et al., 2006; Zhou and
Franks, 2006). This method has proven effective in enhancing processes
such as filtration and thickening across various industrial domains
(Lockwood et al., 2021; Vajihinejad et al., 2019; Lee et al., 2014).
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Particularly relevant to the present study is its application in nuclear
decommissioning settings, where it offers benefits such as reducing
turbidity and enhancing settling and sediment consolidation rates
(Joseph-Soly et al., 2019). Moreover, polymeric flocculants find utility
beyond industrial contexts. The concern over the immobilization and
elimination of trace metal elements and pesticides from rivers, arising
from natural and industrial sources, is escalating. Both organic and
inorganic contaminant molecules are transported, necessitating the ag-
gregation of polymeric colloidal particles (with diameters below 1 pm)
to enable settling in such flows. Occasionally, a phenomenon occurs
where microorganisms release fibrillar extracellular polymeric sub-
stances into river or water ecosystems, naturally facilitating flocculation
(Buffle and Leppard, 1995; Stoll and Buffle, 1996).
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Though having demonstrated their efficacy in laboratory scale rigs,
polymer additives and their particle adsorption dynamics are complex to
predict and so optimisation of these systems is difficult with present
knowledge (Dickinson and Eriksson, 1991). Usually, the advantageous
attributes of both natural and synthetic polymers are utilized to
customize their characteristics for optimal particle adsorption efficiency
(Vajihinejad et al., 2019), a process known as behavioural modification.
Lacking a comprehensive understanding of how polymer properties in-
fluence subsequent adsorption and flocculation results in poor predict-
ability of optimal system parameters for desired outcomes, leading to
inefficient implementation of these techniques. The solid phase particle
diameter range tends to span across nano- to micro-scales and floccu-
lation is therefore used to increase the mean cluster size in order to
improve the ease of removal. Furthermore, to use polymer flocculation
in sensitive systems such as nuclear waste settling tanks and flows, the
effectiveness and resultant behaviour must be fully proven, demon-
strated and understood. One key challenge lies in predicting the process
of steric stabilization, which occurs at high adsorption densities,
wherein adsorbed nonionic polymers inhibit further flocculation by
producing a strong repulsion between the particles. This reduces the
effectiveness of bridging, wherein polymers span the gap between
nearby particles (leading to flocculation) by shielding available
adsorption sites on the particle surface. The polymer itself inherently
possesses properties such as the bond angle between monomers which
influences torsional potentials. These properties’ overall impact on
polymer conformity is often described by a parameter known as the
*persistence length’ (Khokhlov et al., 1994), which quantifies bending
stiffness. Experimental evidence suggests that ionic strength also in-
fluences the persistence length, with higher ionic strengths leading to
charge screening and the adoption of more coil-like conformations with
lower persistence lengths (Colby, 2010). The Kratky-Porod model is
frequently employed to describe semi-flexible polymers, which postu-
lates that the energetic cost of bending is quadratically related to the
bending angle (Vologodskii and Frank-Kamenetskii, 2013). Various
approaches have been proposed within this model to estimate the
effective persistence length (Popov and Tkachenko, 2005; Kulic¢ et al.,
2005). Increased bending rigidity restricts polymer chain flexibility,
impeding their ability to conform around particles and bridge effec-
tively. Consequently, this also influences a polymer’s capability to
establish robust connections between particles, thereby impacting the
strength and stability of resultant flocculants (Mortimer and Fair-
weather, 2023). The fundamental dynamics of interactions between
polymers and particles is also of interest in the polymer synthesis in-
dustry, where studies have demonstrated that nanoparticles can impact
various characteristics of polymer nanocomposites, including viscosity
(Mackay et al., 2003), glass transition temperature (Starr et al., 2001),
and electrical conductivity (White et al., 2010).

The application of polymer-phase modelling (Ottinger, 2012) has
been used in recent years, uncovering various interesting phenomena for
simple interacting systems in both stagnant environments (Smith et al.,
1999), as well as shear or turbulent flows (Fu and Kawaguchi, 2013).
Previous studies considering single polymer-particle interaction events
demonstrated that bending rigidity plays an important role in the final
structure upon adsorption, with increased bending rigidities leading to
longer tails (Mortimer and Fairweather, 2023), promoting the bridging
mechanism. Monte-Carlo and Metropolis modelling has shown that the
conformities formed by the interaction between polymers and particles
rely heavily on the strength of the interaction potentials (Li et al., 2016).
When the interaction strength is higher, the proportion of trains to tails
and loops in the resulting structure tends to increase. Experimental ev-
idence has also demonstrated that polymers within shear flows exhibit
elongational and rotational mechanisms, resulting in tumbling motions.
This phenomenon adds complexity to the behaviour of polymer-particle
interactions (He et al., 2009; He et al., 2010). Studies have also revealed
that the final flocculant structure is influenced by the properties of the
polymer. For instance, porous flocculated structures can be disrupted by
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fluid shear, indicating their sensitivity to external forces (Tambo, 1991).

In this study, we aim to determine the extent to which key param-
eters such as bending rigidity and finitely extensible nonlinear elastic
(FENE) potential strength are capable of encouraging the bridging
mechanism in the steric stabilization regime. Natural flocculants can be
combined with synthetic polymers tailored to ideal conditions,
improving the efficiency of the flocculation processes. With knowledge
surrounding the flocculation dynamics on the particle scale, these op-
timizations can be improved. Here, nonequilibrium Langevin dynamics
is used to predict polymer-particle interaction and adsorption in shear
flow conditions, as applied in various other studies (Li et al., 2016;
Brackley et al., 2020; Mortimer et al., 2023). We explore the methods by
which adsorption saturation and steric stabilization occurs and deter-
mine how the polymeric phase parameters can offer various confor-
mities as the adsorption density increases. The advancement of the
current technique also establishes a basis for investigating rheological
flows by examining the interaction between polymer conformation and
the fluid stress tensor at a local level. This framework also enables the
exploration of processes such as drag reduction and viscoelasticity,
facilitating further research in this field.

2. Methodology

The present work uses Langevin dynamics as well as the FENE
polymer model to predict the motion of polymer chains in a pre-
obtained steady shear flow in the presence of a fixed spherical parti-
cle. In typical shear and turbulent flows, particle diameters are often
sub-Kolmogorov, which provides confidence in the assumption that the
shear rate is constant across the surface of the particle and within its
local fluid region. This means that by fixing the particle in the centre of
the domain, we are considering the reference frame of the particle which
is interacting with multiple polymer chains in a region of local shear.

The polymer dynamics described below have been employed in
various Brownian dynamic studies (Doyle et al., 1998; Li et al., 2017;
Brackley, 2020), though prediction of adsorption is very rare in the
literature, with no studies performing Monte-Carlo based analysis in
shear flows to the authors’ knowledge. Polymers themselves are repre-
sented as macromolecular chains of interacting monomer beads, as
illustrated in Fig. 1, with each bead’s trajectory calculated using the
Newtonian equation of motion (Ottinger, 2012):
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Here, r; is the position vector of bead i in the chain, m, is the mass of
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Fig. 1. Schematic of a single modelled monomer chain forming a polymer.
Dashed lines represent fictional springs connecting monomer beads
(solid circles).
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the bead, ¢ is the drag coefficient, uy; is the fluid velocity obtained from
the simulated shear flow steady state and interpolated at the bead po-
sition, kz is Boltzmann’s constant and #,(t) is a Brownian noise term
which satisfies (i,,(t)) = 0 and (17, (t)n(t)) = SapS(t —t'). This equation
is solved in non-dimensional form, with the space timescale using the
bead diameter, o, and time using the Brownian bead timescale, 7, =
+/my0 /kgT. Introducing the diffusion coefficient, D = kzT/&, we may
rewrite Eq. (1) in non-dimensional form as:

d’r; .o 1dr . \/5
a? VvV, D (Ef"z-',i) + B’h (t). 2
In this equation, variables denoted with (*) indicate non-dimensional

terms. The individual contributions to the overall interaction potential
for the beads are provided as follows:

Vx = VlF + ‘/IB + V:w + VZP' 3

The term V;, represents the bonding between the monomers using
the finitely extensible nonlinear elastic spring force potential. This force
is described by:

B B K*R*Z 5r% 2
V6r)= ——"2%In|1- (=
ooy = Kk n{ (%)

Here, 5r' = |r},;
Ky /kpT is the energy scale of the FENE potential, and Ry, is the maximum
FENE bond length. This interaction potential is considered only for
adjacent beads within the polymer chain. The second term accounts for
the impact of polymer bending rigidity observed in actual polymers,
where energetically unfavourable acute polymer angles arise due to

molecular constraints. The Kratky-Porod potential is expressed as:

G

— r}| represents the separation between beads, K =

Vip(6:) = Ky(1+cos(6:) ), N

where 6; is the angle formed by two neighbouring bead separation
vectors, ie. 0;=cos !(fy1-M;) with A; = (rf —rf,)/|r}

r; —ri,,|. The

bending rigidity strength is denoted by Kj. The second to last term in Eq.
(3) accounts for steric interactions among polymer beads and is
described by a Weeks-Chandler-Anderson potential:

v =104[(2)" - (2]

This term adds to the overall potential between pairs of monomers
within a maximum distance 6r, ., accounting for their inability to
occupy the same spatial location. The last term in Eq. (3) accounts for
the interaction with a dispersed particulate phase. The particles are
represented as isotropic spheres of constant diameter, Dp = 100. In all
simulations considered in this context, the particle remains fixed at the
centre of the computational domain. Polymer beads in proximity to the
particle experience steric interactions. The interaction potential be-
tween the polymer and particle is a truncated Lennard-Jones potential,
given by (Li et al., 2017):

1 12 1 6
P E—— - 2 P E——
(5r” - s“) (6r* - s“)

with the term V;, representing a shift in the interaction potential
such that V;,(6r" > 5) = 0, given as:

- . 1\" 1\°
Vo (6r) =K p (2—5> —2(2—_5> . (8)

The equations above are solved for each monomer bead using a
Verlet-velocity integration scheme and constant timestep 5t = 0.005.
To study multi-polymer adsorption onto a stationary particle within a
flow, the domain is a 60 x 30 x 30 computational channel cell in all

Vip(8r') = Kpyy

+Vop @

International Journal of Heat and Fluid Flow 110 (2024) 109606

cases, with domain lengths presented in non-dimensional units using the
bead length scale, o. Periodic conditions are enforced in the streamwise
(x") and spanwise (z") directions, while the wall-normal (y*) direction
extents use a wall potential, V;, (5y") = 105y, for wall penetration
depth 8y". The velocity of the lower wall is kept constant, u;, = 0, while
the top wall moves with velocity u; = L We, with L the vertical length
and We = 0.3 the Weissenberg number. The steady state flow field was
captured using the spectral element method-based direct numerical
simulation solver, Nek5000 (Fischer et al., 2008) on a Cartesian mesh
containing 54,000 elements. No-slip boundary conditions were enforced
on the spherical surface at the centre of the domain, as well as upon the
upper and lower walls (y* = —15,15), with the lower wall enforcing u, =
0. 0 and the upper wall enforcing a standard Dirichlet velocity condition
(w, = L,We). The Navier-Stokes equations were solved in non-
dimensional form using the above non-dimensionalisation, using a
constant timestep dt;yc = 1 x 107> for Ny pys = 50,000 timesteps, with
the final steady-state flow field used in the subsequent polymer-particle
simulations, as illustrated in Fig. 2.

Upon obtaining this, and before the first polymer-particle simulation
timestep, Np polymer chains consisting of Ngpp = 32 connected beads
are injected into the upstream region x" < 20, with the particle of
diameter D;, = 10 fixed stationary at x° = 30. Mean behaviour depen-
dence on the initial distribution and initial conformity of the polymer
chains will hence be eliminated due to the nature of the Monte Carlo
sampling method employed, and the high number of samples (100) used
for all probability density functions presented within this study. The
computational domain at injection of one realisation for the polymeric
phase is illustrated in Fig. 3.

The properties used in all simulations considered here are presented
in Table 1. Parameters listed in bold are used when other parameters are
varied. Three important properties, the bending rigidity potential
strength, K, the FENE potential strength, KF and the number of injected
polymers (or polymer concentration), Np, are studied in order to
determine their influence on the conformation and structures formed
during ensembles of simulated polymer-particle interaction events.
Specific values, as well as the ranges of interaction strengths, were
chosen to encompass those considered in previous studies in order to
provide comparisons to such, as well as to expand understanding (Lang
et al., 2014; Li et al., 2016; Li et al., 2017; Brackley, 2020).

3. Results and discussion

The interaction between flexible polymer chains and particle sur-
faces plays a crucial role in their subsequent flocculation dynamics in
multiphase systems. In this analysis, the intricate dynamics of polymer
adsorption onto surfaces are analysed, elucidated, and discussed
through studying three dimensional Langevin dynamics simulations of
the adsorption process instigated through advection within a shear flow
in the presence of a single particle. Through simulations and statistical
analyses, we investigate how variations in the bending rigidity potential
strength, FENE potential strength and concentration impact the
adsorption efficiency, polymer conformations, saturation and the for-
mation of tails on the surface. Adopting a Monte-Carlo approach to study
resulting conformities, simulation results presented here are averaged
across 100 independent realisations of the shear flow, chosen to be a
sufficient number in order to produce smooth probability distribution
functions and negligible statistical error in temporal observations of
final conformation properties. This number was decided on by
comparing the results of one parameter set using 50, 100 and 150
realisations, with statistical noise observed in the former, and dimin-
ishing returns on sample number independence noted in the latter.

The Kratky-Porod bending rigidity potential, given by V;;(6;) =
K3(1 +cos(6;) ), has been demonstrated to influence the conformity of
the polymer chain when adsorption takes place (Mortimer and
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Fig. 2. Instantaneous pseudocolor plot of velocity magnitude representing the computational fluid flow field in the (x",y") plane through the midpoint of the shear

channel containing a fixed spherical particle at the centre.
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Fig. 3. Schematic illustrating the injection condition for an instance of multi
polymer-particle adsorption interaction events.

Table 1

Polymer-particle adsorption simulation parameters.
Parameters indicated in bold represent fixed ‘base case’
conditions when other parameters are varied.

Parameter Value

R, 1.6

We 0.3

D 5.0

D}, 10.0

Ky 10.0, 30.0, 50.0
Ky 1.0, 3.0, 5.0

st 0.005

Np 15, 25, 35

Ngpp 32

Fairweather, 2023). Here, we consider the effect of the strength of this
potential, which acts to restrict the bead chains from adopting acute
angles, within shear flows. Fig. 4 illustrates the result of such in-
teractions while varying the potential strength, K. At low bending ri-
gidity, the result is that polymers are able to adsorb onto the particle
with ease, flattening and spreading out across its surface. From the
instantaneous snapshot from a single simulation in the ensemble, we
observe that the surface coverage is high, with only a few loops and tails
formed travelling away from the particle. As the rigidity is increased, the
inability to flatten out onto the particle leads to more cluster-like
polymer conformities forming on the particle, and longer structures
leading to longer tails. These also tend to form parallel to the streamwise
direction. Similar results are observed for K = 5.0 with most structures
tending to be more train like, encircling the particle diameter in some

cases. To quantify the adsorption events, we consider a monomer to
have adsorbed onto the particle if its distance from the particle surface is
less than the monomer bead diameter (dr” < 1).

In Fig. 5, the left plot compares the percentage of adsorbed mono-
mers over time to ensure the length of each simulation in the ensemble
chosen is suitable to capture the adsorption process. In each case, the
percentage of adsorbed monomers, Ny (%), stabilises by the end of the
simulation indicating that the adsorption process takes place by around
t" =10. It is observed that for low bending rigidity, more monomers are
capable of adsorbing onto the particle surface by the end of the inter-
action event. As the potential is increased, the longer conformities
present means that full adsorption onto the surface is less energetically
favourable, and so the percentage is reduced. The right plot in Fig. 5
tracks the percentage of monomers within the adsorption region, Ng(%),
defined as (1 < dr" < dp), which would indicate the presence of tails.
The maximum bead density within that region occurs for the low
bending rigidity monomers but very rapidly decays indicating the full
adsorption taking place over a short timeframe, and tails diminishing.
The end result indicates that the polymers with K; = 3 possess the
largest tails, with around a third of their chains still present in the
adsorption region, leading to a larger effective particle radius.

Results sampled from 100 Monte Carlo events for each bending ri-
gidity potential strength considered are presented in Fig. 6, which
considers the adsorption dynamics of each polymer in the system
separately. The left plot illustrates the probability density functions of
the number of adsorbed beads from each polymer. This analysis tech-
nique was chosen to fully capture the range of eventual conformities
present for each parameter set, including the existence of rare events
which could play an important role in bulk-scale dynamics, such as the
infrequent existence of polymer tails which could subsequently form
bridges with other particles. The distribution is bimodal in each case
studied, with the left peak both representing polymers which did not
remain bound to the particle after adsorption (Ny = 0), as well as rare
events where tails are only around 1-6 of the monomers adsorb,
inducating the existence of tails or loops. For the two highest bending
rigidity strengths, K; = 3.0 and 5.0, polymers are less likely to either
miss the particle or be removed from the surface, indicated by the less
pronounced initial maximum. Since these polymers tend to have
increased radii of gyration due to their tendency to straighten out more
than the curled up Kj; = 1.0 polymers, collision with the particle is more
likely. We observe the greatest monomer adsorption for K = 3.0, with
lower bending rigidities likely spreading out across the particle surface
reducing vacancies for other polymer chains, and higher bending ri-
gidities more likely to hang away from the particle as observed in single-
polymer adsorption studies (Mortimer and Fairweather, 2023). Sintes
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Fig. 5. Effect of bending rigidity potential strength on the temporal evolution of percentage of adsorbed monomers (left) and monomers in adsorption region
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Fig. 6. Effect of bending rigidity potential strength on the probability density functions of the number of adsorbed beads from a single polymer, N4 (left), and number

of tail beads, N (right).
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et al. (2001) also observed increase adsorption onto flat surfaces as the
stiffness of the polymer chain initially increased in off-lattice Monte
Carlo simulation, though this effect persisted further into more rigid
polymers, unlike the results observed here. This is likely because flat
surfaces offer easier adsorption potential for a particular conformity,
whereas on a curved surface, the more stretched out, rigid chains need to
further bend, which is more energetically unfavourable as the bending
rigidity potential strength increases. The right plot in Fig. 6 illustrates
the number of tail beads present in attached polymers by the end of the
simulation. Tail beads are counted as being connected to a polymer
which has another monomer bead fully adsorbed onto the particle sur-
face. For the purpose of this analysis, polymers which did not adsorb
onto the particle at all are counted as possessing zero tail beads. As the
bending rigidity is increased, the distribution increases its skew towards
chains containing a greater amount of tail beads, in line with previous
studies (Mortimer and Fairweather, 2023). Due to steric stabilization
effects, the consideration of other polymers which have already adsor-
bed onto the surface leads to more tail beads present in the final struc-
ture when compared to single-polymer Monte Carlo studies. In a
practical application, to instigate flocculation both adsorbed beads and
tail beads must be present in order to avoid saturation of the particle
surface before the effective interaction radius of the flocculant grows
due to tails. High bending rigidities are hence shown to exhibit these
properties, and chain stiffness has been demonstrated to possess the
ability to be tuned by modifying the ionic strength of the carrier phase
(Tree et al., 2013).

To further determine the extent of saturation of monomer adsorption
leading to steric stabilization, the eventual state is now treated as a
collection of individual monomer beads. Statistics were collected sur-
rounding the positions of these beads in the final adsorbed state across
all fifteen polymers, and 100 Monte Carlo samples were again used to
generate the results.

Fig. 7 shows the effect of the bending rigidity on the percentage of
the total number of beads which have been fully adsorbed. No simula-
tions lead to zero monomers adsorbed, with at least 20% of the total
beads adsorbing onto the particle surface in all cases. The K = 1.0 case
has the lowest percentage peak, with around 30% of the total monomers
reaching the particle, though interestingly, at this low bending rigidity,
another peak occurs around 45%. Single-polymer studies (Mortimer and
Fairweather, 2023) indicated that these spread out across the particle
surface, reducing the area which further polymers can adsorb to due to
their exclusion radii. Aside from this lowest chain stiffness which dem-
onstrates a range of behaviour, as the bending rigidity increases, the
modal percentage of beads which are fully adsorbed also increases.

0.06

PDF

0.02

0.00 — L ) . — —
0 20 40 60 80 100
Nra (%)

Fig. 7. Effect of bending rigidity potential strength on the probability density
functions of the percentage of fully-adsorbed beads across all polymers, Ng4.
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However, the largest adsorption percentage (around 60%) occurs at the
midrange bending rigidity (K = 3.0). This is likely due to the medium
rigidity polymer chains being capable of wrapping around the particle
surface, rather than spreading out across a local region, leading to
further, wider adsorption-capable areas.

Another important property of importance to adsorption dynamics is
the strength of the FENE potential, K, which determines the mean
separation distance between monomers in the polymer chain. Our pre-
vious work (Mortimer et al., 2023) demonstrated that lower FENE po-
tential strengths lead to higher adsorption efficiency for a semi-adsorbed
final state, wherein it is more likely to observe tails similar in length to
the fully-adsorbed section of the polymer. This is ideal for practical
flocculation purposes since the polymer remains tightly bound to the
particle while still increasing its effective radius of gyration. Examples of
final states for the FENE potential strength variation study are presented
in Fig. 8. For the low K}, the majority of polymers spread out across the
particle surface with evidence of tails hanging away from the particle
particularly in the streamwise direction in the region of increased fluid
velocity. As the strength of the potential increases, we observe that full
adsorption becomes less likely, with many polymers conforming around
the particle, straightening out, with more polymers not fully adsorbing
to the surface. Finally, at K; = 50, we once again observe more
adsorption, with larger tails when compared to the K, = 10 simulation.

Probability density functions of the number of adsorbed beads and
the number of tail beads are presented in Fig. 9. The highest likelihood of
full adsorption of monomers onto the particle surface occurs at K = 10,
where there are limited events where the polymer does not adhere at
least one monomer. These occurrences are likely only caused when the
polymer misses the particle surface during advection. As the FENE po-
tential strength is increased, by K = 30, the full-adsorption probability
is reduced though increases again by K, = 50. It has been previously
shown that high FENE potential polymers with low bending rigidities
will eventually undergo full adsorption provided there is vacant area
surrounding the monomers as long as one monomer has adsorbed onto
the surface, since the strong attractive potential causes them to sample
locations very close to the initial adsorbed bead, eventually adhering to
the surface. At low FENE potential strengths, the effective polymer
length and radius of gyration is larger due to the monomers residing
further apart from each other, hence collision with a vacancy on the
surface is more likely leading to an increased adsorption rate. It seems
that the midrange K}, lies between these two ideal conditions and so the
full-adsorption probability is reduced. Furthermore, the peak at Ny = 0
for the two increased FENE potential strengths implies that their lower
radii of gyrations leads to more occasions where the particle is missed
during advection. The number of tail beads present in the final state
shows less sensitivity to the FENE potential strength. We observe that
the longest tails occur in the K; = 50 simulation, whereas the K = 10
polymers tend to possess more tails distributed across the midrange
10 < Nt < 20, more ideal for flocculation purposes.

Probability density functions of the total percentage of fully-
adsorbed beads are presented in Fig. 10. We observe that by lowering
the FENE potential strength, the adsorption rate is increased signifi-
cantly, with the majority of events leading to between 40% and 60%
monomer adsorption. We also see the secondary peak diminish as more
events take place where polymers interact with the particle surface (i.e.
they do not miss the particle due to their increased radii of gyration).
Increasing K, from the base case also increases the adsorption rate but
only slightly.

Finally, by varying the number of initially injected polymer chains,
Np, the effect of polymer concentration on the adsorption behaviour
within a shear flow may be studied. Here, we choose to increase the
number of injected polymers from the base case value in order to discern
the effects of steric stabilization, wherein the surface of the particle
becomes saturated with monomer adsorption sites, reducing the chance
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Fig. 8. Instantaneous snapshots of polymer-particle interaction at the final adsorbed state at t* = 10. Upper-left: K, = 10; upper-right: K = 30; lower: K;; = 50.
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Fig. 9. Effect of FENE potential strength on the probability density functions of the number of adsorbed beads from a single polymer, N4 (left) and number of tail
beads, Ny (right).
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Fig. 10. Effect of FENE potential strength on the probability density functions of the percentage of fully-adsorbed beads across all polymers, Ng4.
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or availability for further adsorption. This has consequences for further
behaviours in flocculation settings, since if the surface is saturated, there
is reduced potential for tails from other particle-polymer systems to
interact and form bridges.

The effect of the initial polymer concentration on the eventual state
of example adsorption events is illustrated in Fig. 11. Increasing the
concentration from the base case to Np = 25 shows an increase in the
complexity of the structure formed, with tails on either side of the
particle, and enhanced adsorption on the underside (lower streamwise
velocity) region of the particle surface. Interestingly, it appears that
some polymers which are not adsorbed onto the particle become
entangled in the tails. Spreading out across the particle is still observed,
and there is still vacant area on the particle for other adsorption to take
place, though this is in an increased velocity region, reducing the chance
of this occurring. In this case, the underside of the particle is saturated
with monomers, which is not ideal for flocculation via bridging. When
the concentration further increases to Np = 35, the entire particle be-
comes saturated with polymers, and though tails are present, they are
much shorter due to the compaction of nearby monomers. There is also
evidence of some polymers which were unable to adsorb to the particle
surface, with some likely loosely bound in the second monomer layer,
not fully adsorbed to the particle.

Fig. 12 (left) shows the effect of the number of injected polymers on
the monomer adsorption dynamics. As the polymer concentration in-
creases, the number of monomers in a chain which are fully adsorbed
starts to reduce, as the vacancies for new adsorption sites reduce when
the surface becomes saturated. Due to steric stabilization, where the
attractive potential surrounding the particle is screened by the existence
of monomers, the frequency of additional adsorption events is lowered.
This leads to an increase in events where only a few of the beads actually
adsorb onto the surface. This is in line with Fig. 12 (right) which shows
an increase in the number of tail beads for higher concentrations, though
beyond Np = 25, the disparity reduces slightly, indicating similar
behaviour once the surface becomes saturated.

Fig. 13 shows the PDF of total percentage of fully-adsorbed beads
across all polymers in each ensemble. As the concentration increases,
fewer beads result in full absorption, in agreement with the previous
observations and confirming that surface saturation is taking place.
Furthermore, the distributions are much narrower, and by Np = 35, the
profile does not contain the secondary peak associated with the exis-
tence of polymers with long tails (where only a small amount of the
monomers actually adsorb onto the surface). It can be ascertained that
the eventual final state at high concentrations is hence made up of either
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collapsed polymers which fully adsorb onto the surface, or polymers
which do not undergo an interaction and either miss the particle or
interact for a short time, with the attraction potential not strong enough
to instigate adsorption (such as in the case of a fully saturated monomer
layer for instance). These findings demonstrate agreement with previous
experimental studies which indicate that for increased polymer con-
centrations, for steritcally stabilised systems, the subsequent addition of
free polymers becomes more and more energetically unfavourable as the
depletion layer builds, hence fully adsorbed polymers becomes
decreasingly possible (Tadros, 1991; Lockwood et al., 2023). These
observations further underline the importance of polymer concentration
in flocculating systems, since concentration must be mediated in order
to ensure vacancies are present for subsequent bridging. That said, with
sensible tuning, concentration has also been shown to promote the ex-
istence of polymer tails upon adsorption, which should be further
investigated.

4. Conclusions

A novel simulation method based on particle-polymer adsorption has
been developed to investigate the basic principles of flocculation and the
interaction between polymers and particle surfaces. The behaviour of
the polymer component was simulated using the FENE bead-spring
technique and time-evolved using Langevin dynamics. The calcula-
tions considered both the non-linear and exclusion interactions within
the polymer chain as well as the bending rigidity potential described by
Kratky-Porod theory. The particle component was represented by a
computational sphere with a finite size, and its steric interaction with
the polymer beads was modelled using a modified truncated Lennard-
Jones potential. Simulations of multi-polymer particle adsorption
events have been performed using this technique to determine the
sensitivity to two key polymer properties, the bending rigidity and the
FENE non-linear spring potential.

The Kratky-Porod bending rigidity potential has proven to signifi-
cantly impact the conformation of polymer chains during the process of
adsorption. By examining the influence of the potential strength we have
gained insights into the behaviour of polymer chains when interacting
with particles. At lower rigidity values, polymers readily adhere to the
particle surface, spreading out and achieving high surface coverage.
However, as rigidity increases, the inability to flatten results in the
formation of cluster-like conformations with elongated tails, often
aligned in the streamwise direction leaving further surface for more
interactions to occur. Notably, polymers with K = 3 exhibit the largest

Fig. 11. Instantaneous snapshots of polymer-particle interaction at the final adsorbed state at t* = 10. Upper-left: Np = 15; upper-right: Np = 25; lower: Np = 35.
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tails, with approximately one-third of their chains still present in the
adsorption region. This results in an increased effective particle radius,
which holds significant implications for flocculation processes. The
presence of polymer loops and tails extending from the surface enhances
the likelihood of bridging with other nearby particles, thereby facili-
tating further adsorption events. Higher bending rigidities result in a
decreased likelihood of polymers missing the particle or being removed
from the surface. This is attributed to the increased radii of gyration of
these polymers, which enhances their collision probability with the
particle due to a tendency to straighten out more compared to the curled
up Kz = 1.0 polymers. None of the simulations resulted in zero mono-
mers being adsorbed, with a minimum of 20% of the total beads
adsorbing onto the particle surface in all cases. The case with K, = 1.0
had the lowest percentage peak, with approximately 30% of the total
monomers reaching the particle. Single-polymer studies indicated that
these polymers spread out across the particle surface, limiting the
available area for further adsorption due to their exclusion radii. With
increasing bending rigidity, the modal percentage of fully adsorbed
beads also increased. However, the highest adsorption percentage,
around 60%, was observed at the midrange bending rigidity, K; = 3.0.
This is likely due to the higher rigidity of polymer chains, enabling them
to wrap around the particle surface instead of spreading out within a
localized region. Consequently, this leads to the creation of wider areas
capable of absorption.

The strength of the FENE potential, Kj, is also a critical factor
influencing adsorption dynamics. Lower K}, values are demonstrated to
enhance adsorption efficiency, resulting in a semi-adsorbed state with

tails similar in length to the fully-adsorbed section of the polymer. This
is beneficial for flocculation applications as it maintains a strong bond
while increasing the effective radius of gyration. For low Kj, most
polymers spread out across the particle surface, exhibiting tails
extending in the streamwise direction in regions of increased fluid ve-
locity. As the potential strength increases, full adsorption becomes less
likely, with polymers conforming around the particle and straightening
out, resulting in fewer fully adsorbed polymers. However, at K, = 50.0,
there is an increase in adsorption, accompanied by slightly larger tails
compared to the K = 10.0 simulation. Decreasing the FENE potential
strength significantly enhances the total monomer adsorption rate, with
the majority of events resulting in 40% to 60% monomer adsorption.
More interactions occur between polymers and the particle surface,
reducing the likelihood of polymers missing the particle due to their
increased radius of gyration.

The study finally demonstrates the significant impact of polymer
concentration, represented by the number of initially injected polymer
chains, on adsorption behaviour within a shear flow environment.
Increasing polymer concentration leads to enhanced surface saturation,
wherein the particle has reduced monomer adsorption sites, limiting
further adsorption opportunities. This phenomenon, known as steric
stabilization, reduces the likelihood of tail formation and bridging be-
tween particle-polymer systems, crucial for effective flocculation pro-
cesses. Our findings illustrate that as concentration increases, the
complexity of the final structure grows, with more polymers becoming
entangled with others and the entire particle surface becoming satu-
rated. The decrease in fully adsorbed beads with increasing concentra-
tion underlines the importance of managing polymer concentration to
maintain optimal flocculation conditions. These insights emphasize the
necessity of controlling polymer concentration in practical applications
to ensure the availability of vacant sites for effective bridging and suc-
cessful flocculation.

Based on the present study, the ideal conditions for flocculation
involve a low to moderate concentration (based on the length and
thickness of the polymers with respect to the particle surface area) of
polymers, with bending rigidity of K = 3.0 and a low FENE potential
strength Kj, = 10.0 to maximize adsorption efficiency and promote the
formation of tails while maintaining a strong bond between the polymer
and the particle.
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