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HIGHLIGHTS

e BD study delineates the mechanism of suspension and adsorption of nanoparticles.
o The electrostatic screening length controls particles' suspension and adsorption.

e Adsorbed particles form a monolayer, independent of their bulk concentration.

e The monolayer is either gas or liquid like, depending on their bulk concentration.
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The suspension and adsorption of silica nanoparticles on a cellulose surface, in an aqueous medium is
investigated using Brownian dynamic simulations. The inter particle and particle-surface interactions are
modeled within the framework of the DLVO theory. Our analysis predicts the accumulation of negatively
charged nanoparticles near a negatively charged surface depending on the Debye screening length of the
medium. A crossover from the suspension to the adsorption of negatively charged silica nanoparticles
onto a negatively charged cellulose surface has been reported as the screening length (k’l) of the
medium increases. The crossover is observed at k™' = 100 nm, due to the interplay between the nano-
particle-nanoparticle and the nanoparticle-surface interactions. The adsorption behavior of nano-
particles is explained using the potential of mean force analysis. The amount of nanoparticles adsorbed
depends on their bulk volume fraction (¢») and the screening length of the medium. Further, the effects of
electrical potentials of nanoparticle (¥p) and surface (¥s) on the adsorption are reported. The data
suggests that the adsorption of nanoparticles increases either with increasing ¥» magnitude, or/and,
with decreasing ¥s magnitude. The adsorbed particles form a disordered monolayer, and undergo
subdiffusive motion. We have also observed a transition from the gas-like structure to the liquid-like

structure of nanoparticles in the adsorbed monolayer as their bulk volume fraction increases.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Adsorption of nanoparticles and their self-assembly on surfaces are
common to many fields of engineering such as film manufacturing,
coating, and catalysts (Johnson and Lenhoff, 1996; Kasemo et al., 2000;
Nakanishi et al,, 2001; Nepal et al.,, 2012; Zhang and Bai, 2002). Self-
assembled and ordered structures of adsorbed nanoparticles on a
surface are fascinating owing to their unique optical and electronic
properties. For example, silica nanoparticles adsorbed on a modified
glass substrate finds application in antireflective coatings (Hattori,
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2001; Liu and Yeh, 2010). In addition, coatings of various different
particles on substrates are used in data storage, sensors (Chaikin et al.,
2013; Velev and Kaler, 1999), lithography masks (Hanarp et al., 2003),
and template for photonic crystals (Joannopoulos et al, 1995).
Adsorption of biomolecules like protein on surfaces are also very
useful for biomaterial selection (Jeon et al, 1991), medicines and
enzyme-enhanced laundry detergents. The collective properties of
adsorbed nanoparticles on a surface are largely dependent on their
arrangement. Therefore, in many engineering applications, hetero-
geneous surfaces are used to control the structure and dynamics of
adsorbed particles (Adamczyk et al., 2002, 2005). It is also shown that
surfaces pre-covered with smaller particles are very promising can-
didate for membrane filtration and anti-biofouling (Adamczyk et al.,
2001). Similarly, patterned surfaces with grooves or holes are fabri-
cated to generate a large area defect free ordered array of particles
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Nomenclature

App Hamaker constant for the interactions between a pair
of nanoparticles, ]

Aps Hamaker constant for the interactions between

nanoparticle and surface, ]

Asurface  Area of a single surface, dimensionless

a Radius of a nanoparticle, nm

a Radius of a nanoparticle, dimensionless

Bpp Yukawa coefficient for particle-particle interaction,
dimensionless

Bps Yukawa coefficient for particle-surface interaction,
dimensionless

e Electronic charge, C

Fc Conservative force, dimensionless

Ff Frictional drag force, dimensionless

F, Random force, dimensionless

Fy Frictional drag
force, kg m/s?

F, Random
force, kg m/s?

Fpp Force between two nanoparticles, dimensionless

Fps Force between nanoparticle and surface,

dimensionless
Zin-plane() 2D-radial distribution function, dimensionless

Zoun(r)  Radial distribution function of all the particles in the
system, dimensionless

hy Peak height of a z-density profile, dimensionless

kg The Boltzmann constant, J/K

k1 Screening length, nm

ka Inverse of screening length, dimensionless

Lx Simulation box length in x-direction, dimensionless

Ly Simulation box length in y-direction, dimensionless

m Mass of a nanoparticle, dimensionless

m Mass of a nanoparticle, kg

MSD Mean squared displacement, dimensionless

n(z) Number of nanoparticles within a distance between z
and z+Az
along z direction

Npox Total number of particles in the box

ng(®  Number of nanoparticles adsorbed on the surface at
time

Nad Total number of nanoparticles adsorbed on the surface

N, Total number of nanoparticles in a monolayer

(N(r,r+Ar)) Average number of particles in a circular bin
between two distances r and r + Ar
from the center of a particle

(Np(r,r+Ar)) Average number of particles in a spherical bin
between two distances r and r +Ar
from the center of a particle

PMFpp  Potential of mean force between two particles,
dimensionless

PMFps  Potential of mean force between particle and surface,
dimensionless

r Center to center distance between two particle,
dimensionless

ri(f) Position vector of a nanoparticle " at a time,t

AT Bin width for gpuk(r) and gin-plane(r), dimensionless

T Temperature, K

T Temperature, dimensionless

t Time, dimensionless

t Time, s

At Time step, ns

U Interaction energy, dimensionless

Upp Interparticle interaction energy, dimensionless

Ups Particle-surface interaction energy, dimensionless

Ueppy  Electrostatic interaction energy between two particles,
dimensionless

Uepsy  Electrostatic interaction energy between a particle
and the surface, dimensionless

Uff(tpp) The effective Lennard-Jones attractive interaction
energy between two particles, dimensionless

Ujjpsy The effective Lennard-Jones attractive interaction

energy between particle and surface, dimensionless
Ujipy  The effective Lennard-Jones repulsive interaction
energy between two particles, dimensionless
Ujipsy The effective Lennard-Jones repulsive interaction
energy between particle and surface, dimensionless
Vhox Volume of the simulation box, dimensionless

v Velocity of a particle, m/s

v Velocity of a particle, dimensionless

z Distance between the center of a particle and the
surface, dimensionless

Az Bin width for p,, dimensionless

b Electrical potential of the surface, mV

¥y Electrical potential of the nanoparticle, mV

'8 Electrical potential of the surface, dimensionless

¥, Electrical potentials of the nanoparticle, dimensionless

n Viscosity of solvent,
Pas

o) Surface coverage, dimensionless

O max Maximum surface coverage, dimensionless

O Surface coverage in infinite time, dimensionless

e Dielectric constant of the solution, dimensionless

€0 Dielectric permittivity of free space, F/m

¢ Bulk volume fraction of nanoparticles, dimensionless

r Damping factor of the medium, s

Pz z-density of nanoparticles, dimensionless

To Time, ns

c Exclusion thickness, dimensionless

over surfaces (Juillerat et al., 2005). Moreover, square shape charged
stripes on a surface induce a great degree of order among the adsor-
bed particles on it (Brewer et al.,, 2010). In addition to the adsorption of
particles and their arrangement over a surface, the suspension of
particles in an aqueous medium is also important for many nano-
biotechnological applications. For example, proteins, which are present
in blood or solution, get adsorbed on an artificial surface to which they
are exposed. Hence, minimizing protein adsorption, is important in
areas of blood-contacting devices, chromatographic supports, contact
lenses, immunoassays, etc. (Jeon and Andrade, 1991; Jeon et al., 1991).
Therefore, the behavior of nanoparticles, proteins, viruses and various

other macromolecules on surfaces have received considerable research
interests in recent years.

Various models have been proposed to properly capture the
adsorption of particles over surfaces in last few decades. The
earliest one is the random sequential adsorption model (RSA)
(Feder, 1980). In this model, particles are individually and ran-
domly placed on a surface such that no particle overlaps with
previously placed particles. At a time one particle is placed on the
surface, and it remains permanently fixed to its adsorbed position.
However, this model does not incorporate some important aspects
of the process - such as explicit particle-surface interactions,
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interaction among particles, surface diffusion of adsorbed particles
etc. Subsequently, the Monte Carlo simulations have been used
widely to incorporate some of the practical aspect of adsorption
process. The Monte Carlo method is successfully used to predict
the adsorption of colloidal particles (Kulkarni et al., 2003) and
orientation of antibodies on charged surfaces (Zhou et al., 2004).
However, it could not capture the dynamical aspect of the
adsorption process. Hence, Brownian dynamic (BD) simulations
are being adopted to capture both equilibrium and dynamical
properties. In Brownian dynamics simulations, the interaction
between nanoparticles can be represented using the DLVO theory.
The DLVO theory (Magan and Sureshkumar, 2006) predicts the
effective electrostatic and van der Waals pair potentials between
particle-particle and surface-particle interactions in a solution.
Models based on the DLVO theory have been successfully used to
understand the dynamics (Miyahara et al., 2004; Watanabe et al.,
2005) and adsorption of lysozyme (Ravichandran and Talbot,
2000) and polystyrene latex on bare mica (Adamczyk et al., 1992)
and silanized mica surfaces (Adamczyk and Szyk, 2000), with
friction (Watanabe and Miyahara, 2010), and without friction
(Miyahara et al., 2006) and various other systems. Thus, many
features of the adsorption process are studied within the frame-
work of Brownian dynamics simulations and DLVO theory. This
approach is able to explain experimental findings, and has been
successful in obtaining a comprehensive picture of the adsorption
process.

It has been shown that, in general, the adsorption of nano-
particles at a solid-liquid interface depends on the particle
potential, surface potential, volume fraction and the Debye
screening length(1/k). In case of oppositely charged surface and
nanoparticles, the particle potential is found to be dominant
parameter controlling the final surface coverage. However, the
ordering of the adsorbed nanoparticles are mainly determined by
the surface potential (Gray and Bonnecaze, 2001). The surface
coverage is also found to increase for high ionic strength of solu-
tion, which reduces the lateral mobility of the adsorbed nano-
particles. Further, the deposition of nanoparticles on a solid sur-
face is usually irreversible (Adamczyk and Szyk, 2000; Semmler et
al., 1998). Adsorbed nanoparticles are confined to a monolayer due
to the electrostatic repulsion between the free and deposited
particles. The irreversible deposition of nanoparticles are also
predicted by multi-scale simulations (Magan and Sureshkumar,
2006) that demonstrated that the surface coverage follows a
power law dependence with time at short timescale, and asymp-
totic behavior at long time-scale.

All the works mentioned above considered the cases where
nanoparticles and the surface are oppositely charged. However, a
recent experimental work shows that silica nanoparticles get
adsorbed on a cellulose surface in an aqueous environment
(Mahouche-Chergui et al., 2014). However, in an aqueous medium,
both silica particles and cellulose surface are negatively charged.
The amount of adsorption, further, depends on the pH of the
medium. Therefore, the adsorption in such a like-charge system is
surprising. The interactions between such like-charge particles
and the surface, which lead to the adsorption of particles on the
surface, are not well understood. Interestingly, the attraction
between like charged colloidal particles in a solution is observed in
few experiments (Crocker and Grier, 1996; Grier, 1998; Larsen and
Grier, 1997). For example, the effective interaction between poly-
styrene sulfate spheres dispersed in water is attractive when they
are confined within two glass walls separated by a distance
d <5 um. However, the effective interaction is purely repulsive
when the glass separation d is close to 2.6 um (Crocker and Grier,
1996). Attractive interactions are also seen from the structure and
dynamics of metastable crystals of charged latex spheres (Larsen
and Grier, 1997). Similarly, spheres confined by a glass wall or by a

concentration of other spheres also feel a long-range attraction,
and highly charged spheres in very low salt concentrations also
favor attraction (Grier, 1998). The attraction between like charged
particles is argued to arise due to a non-equilibrium hydrodynamic
effect (Squires and Brenner, 2000), abundant charge separation
around each particle (Nagornyak et al., 2009), and multivalent ions
with different valence requirements for different polyelectrolytes
(Butler et al., 2003; Zhou, 2013). However, several numerical stu-
dies, which are conducted to estimate the effective interaction
between like charge particles, are contradictory. For example,
Bowen and Sharif (1999) calculated a long range attractive inter-
actions between two spherical particles in cylindrical pore by
solving the nonlinear Poisson-Boltzmann equation. On the other
hand, Gray et al. (1999) using similar methodology and geometry,
observed absence of attraction among spherical particles, rather
they observed that the repulsive interaction among particles
reduces as the confinement increases. Thus, in spite of several
works, the cause for the long range attractive interaction between
like charge particles is not well understood. In addition, the
interaction between like charge particles and a stationary surface,
which cause adsorption of particles, is not studied extensively.

In this work, we have investigated the suspension and
adsorption in a like charge system. In particular, we have studied
the adsorption of silica nanoparticles from its aqueous solution
onto a cellulose surface. Here, we analyze different interactions in
a like-charge system and explain the adsorption behavior in such
systems. Interactions in the system are modeled using the DLVO
theory. We have systematically investigated the effects of particles
bulk volume fraction, surface potential and screening length on
the suspension and adsorption of negatively charged nanoparticles
onto a negatively charged surface, using Brownian dynamics
simulations. We have also studied various parameters that control
the density of the adsorbed monolayer, and its structure and
dynamics.

The rest of the paper is organized as follows. The details of the
model and Brownian dynamic simulations are described in Section
2. Results are presented and discussed in Section 3, followed by
the conclusions in Section 4.

2. Model and methods

We have considered a small volume of aqueous suspension of
silica nanoparticles bounded by two cellulose surfaces, as shown
in Fig. 1. The two surfaces are placed at the edge of the simulation
box in the z-direction. The separations between the surfaces in
reduced units are 60, 60, 100, 100, 200 and 200 for ka values of 0.5,
0.25, 0.1, 0.08, 0.05 and 0.03, respectively. The simulation box is
periodic along the x- and y-directions. The box length in the z-
dimension is considered to be significantly large to avoid slit
effects (Gallardo et al., 2012) on the nanoparticles distribution. The
simulation box contains 500-20,000 nanoparticles depending on
their bulk volume fraction. The nanoparticles bulk volume frac-
tion, ¢ is varied from 0.001 to 0.01 in this study. A nanoparticle is
modeled as a spherical bead of radius, a =10 nm. The Brownian
dynamics of each nanoparticle is expressed by the Langevin
equation of motion (Schneider and Stoll, 1978) as
ﬁw—(_t):l_:ﬁffﬂ_:p (1)

dt
where Fc is the conservative force due to the inter-particle and
surface-particle interactions. The Fy is the frictional drag force or
the viscous damping in the medium that is proportional to a
particle's velocity v. The Fyis calculated as

Fr=—my/I. )
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Here, m and I” correspond to the mass of a nanoparticle and the
damping factor of the medium, respectively. The damping factor is
related to the mass of a nanoparticle and the viscosity of the
medium 7 as

_om
" 6mna

3

The system consists of the solution of silica nanoparticles in
water. The damping factor is calculated using the viscosity of
water and mass of a silica nanoparticle (Lee and Hua, 2010). The
parameters are listed in Table 1. The F, in Eq. (1) represents a
random force that maintains the temperature T of the medium.
According to the fluctuation dissipation theorem the magnitude of
the random force is (Diinweg and Paul, 1991)

](BTm
Froc VAt x I @

Here, T, At, and kg represent the temperature of the system,
integration time step used in simulations, and the Boltzmann
constant, respectively. A random number is used to randomize the
direction of the force, similar to our previous works (Patra et al.,
2015; Patra and Singh, 2014). Throughout the manuscript, a bar on
symbols indicates that, they represent reduced dimensionless
quantities. The distances, energies and masses are reduced by
nanoparticle radius (a), kgT and mass of a nanoparticle (m),
respectively. The method for non-dimensionalising other quan-
tities is same as described in the LAMMPS manual (Plimpton,
1995) by using these three basic quantities.

The conservative force Fc as in Eq. (1) is evaluated from a
potential model based on the DLVO theory. This comprises of the
effective Lennard-Jones and electrostatic interactions. The nano-
particle-nanoparticle and nanoparticle-surface interaction ener-
gies are scaled by kgT to make them dimensionless. The reduced
electrostatic energies are given by the following equations

Fig. 1. A schematic representation of the simulation box. The simulation box
consists of silica nanoparticles (pink spheres) dispersed in water (blue), bounded by
two cellulose surfaces in z-direction (dark blue). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

Table 1
Physical parameters used in the simulations.

Physical parameters Values

a (nm) 10

App (2]) (Senden and Drummond, 1995) 8.4

Aps (z]) (Bergstrom et al., 1999) 3.5

T (K) 298

£ 78.3

& (pF/m) 8.854

n (Pa's) (Miyahara et al., 2004) 8.94x10°*

e (C) 16x107 1

(Oberholzer et al., 1997):
B
Ugtop) (1) = = exp(—ka(r — 2) )

Ukwps)(2) = Bpsexp(—ka(z — 1)) (6)

The dimensionless distances r and z denote the center-to-
center distance between two nanoparticles and the distance
between the surface and the center of a nanoparticle, respectively.
Both are obtained after normalizing the actual distances by the
nanoparticle radius a. The Bpp and Bps are the strength of the
nanoparticle-nanoparticle and nanoparticle-surface interactions,
respectively. The k corresponds to the inverse Debye screening
length. The dimensionless product ka is an important physical
parameter that describes the length scale of electrostatic interac-
tions in a medium. The range of k used in this work is based on the
pH values measured in an experiment for different concentrations
of aqueous silica suspensions (see Supplementary material). The
ionic strength of the suspension is due to the dissociation of
silanol groups of silica nanoparticles. The k! is seen to vary from
193 nm to 693 nm in the experiment. Therefore, the simulations
are conducted for k="' around this range. Further, the By, and Bps
are derived using far field effective potential for a uniformly
charged sphere (Sader, 1997). The Bpp and Bps are related to the
electric potentials or zeta potential of a nanoparticle and the sur-
face, respectively, as shown in the following equations.

B 4xkgTee,a\ [ ¥p+4yQRka 2 7
PP= e? 1+Qka (

_ (ArmkgTee,a\ (¥ p+4yQka s

Bps= ( 2 ) ( 1+Qka 4tanh 4 ®)
where y and Q are related to the nanoparticle zeta potential as

e

y= tanh <4> 9)
_ ?p — 4}/

Q= o (10)

In the above equations, ¥s and ¥p are the dimensionless
electrical potentials or zeta potentials of the surface and a nano-
particle, respectively. They are obtained after scaling of the actual
potentials ¥ and ¥, by kgT/e. Egs. (5) and (6) are valid for all the
values of ka and maintain a good accuracy for all surface potentials
less than 200 mV (Sader, 1997). The zeta potential of the silica-
cellulose system is reported to vary from —50 mV to —10 mV in
recent experimental studies, depending on the pH of the medium
(Mahouche-Chergui et al., 2014). Thus, simulations are conducted
for different combinations of ¥p and ¥s within this range, as
listed in Table 2.

Now, we discuss the effective Lennard-Jones interaction in the
system. The attractive part of the effective Lennard-Jones
(Hamaker, 1937; Oberholzer et al., 1997) interaction energies for

Table 2

Different combinations of the nanoparticle and surface zeta potential values, used
for studying the adsorption behavior of the nanoparticles on the surface at different
ka values ranging from 0.03 to 0.1.

#p (mV) #s (mV)
1 -35 -12, -8, -4
2 —40 ~12, -8 —4
3 —45 12, -8, —4
4 ~50 ~12, -8, -4
5 55 ~12, -8, -4
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particle-particle and particle-surface are described by the follow-
ing equations:

App [ 2 2 4
Uljier) (1) = _GkBT{m—i_?ﬂ_ ln(l _ﬁ)} an
A 1 1 z—1
att S I e
Uyes(2) = 61<BTL—1+Z+1Jr ln<2+1>} e

Here, A, and A, are the Hamaker constants for the interac-
tions between a pair of nanoparticles, and that between nano-
particle-surface, respectively. The effective interactions in Egs. (11)
and (12) are obtained by integrating the Lennard-Jones attractive
interactions of the constituting atoms of a nanoparticle and the
surface, respectively (Hamaker, 1937). The Hamaker constant
depends on the nature of the two interacting materials, inter-
vening medium and its ionic concentration. Here, they are held
fixed for all the systems studied for simplicity (Carnie et al., 1994).
We note that the Eqgs. (11) and (12) are singular at r=2 and z=1,
respectively. This leads to conditions where two particles might
overlap or a particle penetrates the surface. To avoid this situation,
we also consider the contribution of the repulsive part of the
effective Lennard-Jones potential (Everaers and Ejtehadi, 2003).
The repulsive interaction between a pair of nanoparticle and that
between a nanoparticle and the surface are given in Eqs. (13) and
(14), respectively.

urer  (r)= App  0°[r*—14r4+54 r>+14r+54 2(r*-30)
UPPY) = 37800ksT 1 | (r—2) (r+2) @’
(13)
Aps[ o5 7—z 7+z
rep — 2
ULJ<P5>(Z)—1<BT{7560 =17 T@zr1y "

We specifically set the exclusion thickness ¢ =0.1 such that
neither nanoparticles overlap nor they penetrate the surface, due
to the steric exclusion. The Hamaker constants as obtained from
the Lifshitz theory (Bergstrom et al., 1999; Hough and White, 1980;

a : ,
ka =0.50
10 ———ka=025 7
------ ka=0.10 |
- = ka=0.05
B ——ka=003 {
D
0 :
25 30 35 40 200
r
c 0
o~
&
I3 40+ 1
-
\A
£ 80 ]
= 120}
> 4 6 8 18 20

r

Senden and Drummond, 1995) are listed in Table 1, which are used
in this study.

All the calculations in this work are done in reduced units. The
simulations are conducted at a reduced temperature T = 1, corre-
sponding to an actual temperature of 298 K. The equations of
motions are integrated using the Verlet algorithm (Frenkel and
Smith, 2001) with a time step of 0.0037, where 7o =a oo is the

unit of time. Systems are equilibrated for 108 steps followed by 107
steps of production run. The cut-off distance for the effective
Lennard-Jones interaction is 9a and for the electrostatic interac-
tion it is 3k, so as to allow all the interactions to die out sig-
nificantly within half of the simulation box. All the simulations are
performed using the LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) package (Plimpton, 1995).

3. Results and discussion

First, we investigate the generic behavior of the electrostatic
and effective Lennard-Jones interactions between two silica
nanoparticles, and between a silica nanoparticle and a cellulose
surface in an aqueous medium. The electrostatic potential of silica
- silica and silica - cellulose interactions are calculated using the
zeta potentials, as discussed in Section 2. Fig. 2 shows the total
interaction energy as a function of distance for different ka values.
This accounts for both the effective Lennard-Jones and electro-
static interactions. In this case study, we used ¥p=—40 mV and
Ys=—12 mV for the calculation of the electrostatic interactions.
The silica-silica interaction energy (Upp), which is the summation
of Egs. (5), (11) and (13), is shown in Fig. 2a. The Upp shows that the
energy between two particles monotonically increases as they
come closer, which is an indication of repulsive interaction at close
proximity. The interaction energy however decays significantly
with increasing distance and it attains a negligible value at a dis-
tance r=4. Interestingly, the Upp is not much influenced by the
screening length, as the change in interactions with ka is

b

0 5 10 15 20 25 30
z
d 0
£ 2000 W ]
- )
= =400} % 1
~_ i\\
1%2) T
£ 6000 % 1
E {..‘\
D -800f %Y
-1000 Lt
I 2 3 4 5 6 7 8
z

Fig. 2. Total interaction energies between (a) two silica nanoparticles Upp as a function of the distance between their centers r and, (b) a silica nanoparticle and the cellulose
surface Ups as a function of the distance between the nanoparticle's center and the cellulose surface z. Inset shows a zoomed image of the highlighted region of the
interaction energies. The (c) and (d) represent the ratio of the electrostatic to the effective Lennard-Jones interaction energies for particle-particle and particle-surface

respectively. For all the cases, ¥p=—40 mV and ¥s=—12 mV.
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insignificant. Similarly, the interaction energy between a silica
nanoparticle and the cellulose surface (Ups), which is the sum-
mation of Egs. (6), (12) and (14), is shown in Fig. 2b, for different
ka values. While Ups gradually increases with decrease in the
particle-surface distance, it drops visibly at a very small distance
from the surface. The drop in the Ups near the surface increases
with decreasing ka. Thus, when a particle comes close to a surface
the energy shows different behavior for varying ka values. Unlike
the silica-silica interaction, here the decay of interaction strength
with increasing distance strongly depends on the ka. As ka
decreases, the Ups decays slowly. For example, the interaction does
not die out significantly even at a distance of z=60 for ka < 0.05.
Fig. 2c and d presents the ratio of the electrostatic to the effective
Lennard-Jones energies for the particle-particle and surface-par-
ticle interactions, respectively. The magnitude of the ratio is much
greater than one for both the cases. This indicates that the elec-
trostatic interaction dominates over the effective Lennard-Jones
interaction. The negative sign of the ratio is due to the fact that the
effective Lennard-Jones interaction is negative while the effective
electrostatic interaction is positive. Therefore, we infer that the
adsorption process is mainly governed by the electrostatic inter-
actions between a pair of nanoparticles and that between nano-
particles and the surface. Further, we investigate the interplay
between the particle-particle and particle-surface electrostatic
interactions. The ratio of the electrostatic energy for the nano-
particle-surface to that of nanoparticle-nanoparticle interactions
is shown in Fig. 3. It is clearly evident that the ratio, UgpsyUgipp),

2.5 Fo7s ‘ 1;4;' Zt
7~
0.70 2,
20 R
£ 0.65 2
= A
0.60
Q@ 1.5 F 0. 0.03 0.06 o.();),_,//,’
= W2
= Pois
-} < -ka=025
1.0 s o
—-—ka=0.05
—) —---ka=0.03
0.5 === . 1
0.0 0.2 0.4 0.6

(r-2) or (z-1)

Fig. 3. Ratio of the electrostatic energy due to interaction between a silica nano-
particle and the cellulose surface to that between two silica nanoparticles. The x-
axis represent the closest surface to surface separation distance (r—2) in case of the
nanoparticle-nanoparticle interaction, and the distance between the cellulose
surface and a nanoparticle surface (z—1) in case of nanoparticle-surface interac-
tion. The ratio is evaluated at equal (r—2) and (z—1). The inset shows the zoomed
values at very close distances. For all the cases, ¥p=—40 mV and ¥s=—12 mV.

is below unity for small distances, which is typically seen for
r<2.25 or z<1.25. This implies that the nanoparticle-nano-
particle electrostatic energy is higher than that of the nano-
particle-surface electrostatic energy at short distances. The ratio
further decreases as ka decreases (near z=1.0), as shown in the
inset of Fig. 3. As a consequence, we anticipate that nanoparticles
would tend to accumulate near the surface as ka decreases, in
order to minimize the system's energy.

Below, we present the Brownian dynamics simulation results in
two different subsections. In Subsection 3.1, the adsorption of
nanoparticles from their bulk suspension is discussed. Subsection
3.2 represents the structure and dynamics of adsorbed nano-
particles in the monolayer.

3.1. Nanoparticles adsorption on the surface

Here, we focus on nanoparticles adsorption on the surface. We
have analyzed the nanoparticles density as a function of the per-
pendicular distance above the surface. The z-density profile (p,) is
defined as the local density of nanoparticles at a distance z above
the surface, normalized by the global density of nanoparticles in
the system. Thus, the z-density profile is written as

_ <Tl(Z)> Nbox
z— LXLy Az Vboxh

15)

Here, Ly and L, correspond to the box length along x- and y-
directions, respectively. The n(z) is the number of nanoparticles
within a distance between z and z+ Az above the surface along the
z-direction, We choose Az = 0.1 in this study. The N, and Vj,x are
total number of particles in the system and total volume, respec-
tively. Fig. 4 shows the z-density profile for ka=0.25 and 0.1, for
four different volume fractions (¢) of nanoparticles in the system.
Fig. 4a indicates that nanoparticles density near the surface is very
low, in comparison to that far away from the surface. Therefore,
particles are repelled away from the surface as shown by the
cartoon in the inset. The p, reaches a value close to one, at a very
large distance from the surface. This trend is independent of the
particles volume fraction. On the other hand, a strong peak is
observed at around z=1 for ka=0.1, as shown in the Fig. 4b. This
implies a layer of nanoparticles near the surface, as depicted by the
cartoon in the inset. The peak height increases as the nanoparticles
volume fraction increases. This indicates that the nanoparticles
density in the layer increases as particles bulk volume fraction in
the system increases. We, therefore, identify a crossover from the
suspension to the adsorption of nanoparticles on the surface as ka
decreases. The transition, which is observed at ka=0.1, seems to be
independent of the particles volume fraction. Further the
adsorption of nanoparticles for ka < 0.1 is investigated for wide
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Fig. 4. The z-density profile of nanoparticles for (a) ka = 0.25 (b) ka = 0.1, for ¥p= —40 mV and ¥s= — 12 mV. The insets in (a) and (b) show a schematic representation of the

distribution of particles over the surface.
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range of their volume fraction. Fig. 5a-d shows the BD snapshots
of adsorbed nanoparticles at different volume fractions for
ka=0.05, and the corresponding p, functions are shown in Fig. 5e.
Nanoparticles within a distance of z=2.0 from the surface are
considered to be adsorbed, and are shown in Fig. 5. It is evident
from the snapshots that the number of nanoparticles adsorbed on
the surface increases with increase in the bulk volume fraction of
nanoparticles. Thus, the peak height of the p, increases as ¢
increases. But the peak position remains fixed as seen in Fig. 5e.
We note that nanoparticles are adsorbed on a single layer. In all
the cases, multi layers are not seen, which is due to the fact that
the adsorbed nanoparticles repel the non-adsorbed nanoparticles.

To further understand the adsorption mechanism of nanoparticles
on the surface, we have calculated the potential of mean force for the
particle-particle (PMFpp) and the particle-surface (PMFps) interac-
tions. The potential of mean force, in the reduced form for a particle-

particle interaction is given by PMFpp = — In(gp, (1)), and that for
particle-surface interaction is PMFps = — In(p,) (Patra and Singh,
2013). Here g, (1) :%/%Zz, is the nanoparticle radial dis-

tribution function, which is calculated using Ar=0.1. The p, is the
z-density profile as described in Eq. (15). The Fig. 6a and b shows the
potential of mean force for particle-particle and particle-surface
interactions respectively, for ¢»=0.005. The PMFpp represents repul-
sive interaction between a pair of nanoparticles, as it monotonically
decreases as a function of the distance between them. The nature of
interaction remains repulsive as ka varies, as shown in Fig. 6a. On the
other hand, the PMFps is strongly dependent on ka. For ka=0.5 and

a b

0.25, it represents repulsive interaction between the surface and
nanoparticles. As ka decreases, the interaction becomes attractive as
the PMFps shows a minimum at a distance of the order of nano-
particle's radius. This crossover from the repulsive to the attractive
interaction is identified at ka = 0.1. As the ka decreases beyond 0.1,
the strength of attraction increases as shown in Fig. 6b. Therefore, the
potential of mean force suggests the adsorption of particles for
ka < 0.1. This observation is in agreement with Fig. 4 where particles
are shown to adsorb for ka < 0.1. Interestingly, the minimum in the
PMFps is followed by an energy barrier as shown in Fig. 6b for
ka < 0.1. The height of the barrier increases as ka decreases. It has a
significant impact on the kinetics of the adsorption process. We
anticipate a slower rate of adsorption of particles for higher energy
barrier. Further, the surface coverage is expected to be higher for
higher energy barrier, as it corresponds to a deeper energy mini-
mum. These effects are directly observed in simulations by calcu-
lating the surface coverage with respect to time, which are presented
in the following part of the manuscript.

The time evolution of the surface coverage 0(t) is measured to
quantify the maximum amount of nanoparticles adsorbed on the
surface for different screening lengths and their bulk concentra-
tion. The bulk equilibrium configuration of nanoparticles is gen-
erated by conducting simulations for 107 steps in the absence of
surfaces. Then we bring two surfaces at the bottom and top of the
simulation box along the z-axis, and record the nanoparticles
adsorbed on the surface as a function of time. Here, the surface
coverage is defined as the ratio of projected area of absorbed
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Fig. 5. The BD snapshots of nanoparticles adsorbed on the surface for ka = 0.05, ¥p= —40 mV and ¥s= —12 mV, for (a) ¢=0.001 (b) #=0.0025 (c) #=0.005 and (d) ¢#=0.01.

The z-density profiles of nanoparticles are shown in (e) for the four cases.
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Fig. 6. Potential of mean force between (a) particle-particle and (b) particle-surface for ¢=0.005. All the plotted data are for ¥p=—40 mV and ¥s=—12 mV.
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Fig. 7. The surface coverage is plotted as a function of time for (a) ka=0.05 and (b) #=0.01, for ¥p=—40 mV and ¥s=—12 mV.
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Fig. 8. (a) The maximum surface coverage 6nmax, and (b) the equilibrium surface coverage 6,,, which is calculated from Eq. (17), are shown as a function of ka. Both correspond

to ¥p=—40mV and ¥s=—12 mV.
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Fig. 9. The peak height, h, of the z-density profile is shown as a function of ka at ¢=0.005 for (a) ¥s=—12mV and (b) ¥s=—4 mV.

particles to the total area of the surface:

=2
0(t) =ng(H7

. 16
ASurface ( )

where ngy(t) represents the number of nanoparticles on the sur-
face at a time f. The Agsqce is the area of the surface. Fig. 7a shows
the surface coverage as a function of time for ka=0.05 for various
values of ¢. Similarly, Fig. 7b shows the surface coverage for
¢$=0.01 for various ka values. Initially, the surface coverage
increases very rapidly with time and then reaches a saturation
(plateau). As ka decreases, it takes more time to reach the plateau

region. Similar, as ¢ increases, it takes more time to reach the
plateau region. The cause for such a behavior is due to barrier in
the PMFps as explained in Fig. 6b. We have also estimated the
maximum surface coverage @4 as the average of the data points
in the plateau region. The maximum surface coverage as a function
of ka for different ¢ values is obtained as shown in Fig. 8a. Further,
the equilibrium surface coverage (6..) is defined as the amount of
nanoparticles adsorbed on the surface in an infinite time.
According to the asymptotic power law (Schaaf et al., 1991)

O — 0 ~T 2. 17)
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Fig. 10. Plot of the in-plane radial distribution function for (a) ka=0.05 and (b) ¢=0.005. Both correspond to ¥p= —40 mV and ¥s=—12 mV.
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Fig. 11. The mean squared displacement (MSD) of a nanoparticle in the adsorbed monolayer is plotted as a function of time for (a) ka=0.05, and (b) ¢#=0.005. Both

correspond to ¥p=—40 mV and ¥s=—12 mV.

Here, ¢ is the time in reduced units. The above expression is
fitted to the data of 6(t) vs T~ >’ to obtain ... Fig. 8b shows the
as a function of ka for different ¢ values. It is observed that Gy
and 6., are nearly same. It further signifies that the simulation
time is sufficient to capture the maximum amount of nano-
particles adsorbed for a given system. The surface coverage
increases exponentially as ka decreases, as seen in Fig. 8. Further, it
increases as ¢ increases for a constant ka. This observation is in
agreement with the experimental results (Mahouche-Chergui
et al., 2014). Therefore, high value of ¢ and low value of ka are
good for obtaining better adsorption of nanoparticles on the
surface.

The above case study is conducted for a particular combination of
the nanoparticle and surface potentials ie. ¥p=—-40mV and
¥s= —12 mV. Similar studies are repeated for various ka values and
at ¢p=0.05, and combinations of ¥p and ¥ as given in Table 2. The
z-density profile is estimated for all the cases. The peak heights of
the z-density profiles (hy,) are shown in Fig. 9 as a function of ka, to
qualitatively compare the amount of nanoparticles adsorbed on the
surface for different combinations of ¥p and ¥s. Fig. 9 indicates that
the height of the peak increases with the decrease in the magnitude
of ¥s for a particular ¥p value. It also indicates that the height of the
peak increases with the increase in magnitude of ¥ for a fixed ¥s,
The decrement in the magnitude of ¥s reduces the repelling force
between the surface and particles. On the other hand, the increment
in the magnitude of ¥ increases the repelling forces between par-
ticles. Hence, the adsorption of nanoparticles on the surface increases
in both the cases.

3.2. Structure and dynamics of nanoparticles in the adsorbed
monolayer

All the above analysis confirms that there is an adsorbed
monolayer on the surface for ka < 0.1. In this section, we study the
effects of screening length and nanoparticles volume fraction on
the structure and dynamics of the adsorbed monolayer. The
in-plane radial distribution function gi,-piane(r) is calculated, which
is defined as

(N(r,T+A7)) / Ngg
2nrAr

gin—plane(r) = (18)

ASurfacel

Here (N(r,r+Ar)) is the average number of nanoparticles in a
circular bin between two distances r and r+ Ar from the center of
mass of a nanoparticle in the adsorbed monolayer (2D). We
choose, Ar=0.1 in this study. The radial distribution function is
shown in Fig. 10a for ka=0.05, for different volume fraction of
nanoparticles. The gin_piane(r) reaches to unity from below for a
very low volume fraction, ¢p=0.001. This behavior indicates that
nanoparticles are distributed randomly in the monolayer, similar
to a gas-like state. As ¢ increases, we observed a distinct peak in
the gin-piane(r). Further, the position of the peak shifts to the left
from r=10.5 to 6.5 as ¢ increases from 0.0025 to 0.005. This
implies that the average distance between two neighboring
nanoparticles decreases as ¢ increases. Also, the peak height of the
Zin-plane(r) increases as ¢ increases. This indicates a denser
arrangement of nanoparticles in the monolayer. Similarly, Fig. 10b
presents the radial distribution function for ¢»=0.005, for varying
ka. Here also we observe a single peak in the radial distribution
function. The peak position shifts to the left as ka decreases. For
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example the peak position changes from r=8.5 to 7.85 as ka
decreases from 0.1 to 0.08, leading to a shorter distance between a
pair of nanoparticles. The peak height of the gin-plane(r) also
increases as ka decreases. This indicates a denser arrangement of
particles as ka decreases. However, there are no specific crystal-
like arrangement among the nanoparticles for all the cases.
Usually, nanoparticles are in an ordered state if there exist a split
in the second peak of their radial distribution function (Miyahara
et al,, 2004). In our case, we do not observe any such split; in fact a
pronounced second peak is not present in any of the cases. This is
a signature of liquid-like structure. We, therefore, observe a tran-
sition from a gas-like structure to a liquid-like structure in the
adsorbed monolayer as the nanoparticles volume fraction
increases.

Further the dynamics of the nanoparticles in the monolayer is
investigated by calculating the in-plane mean squared displace-
ment (MSD) of the adsorbed nanoparticles as a function of time.
The MSD is defined as

Nm
MSD(f) = Nim 1; < [ri(®)—1(0)] 2>, (19)
where r;(f) is the position vector of the nanoparticle ‘i’ at a time ‘¢’
and N, is the total number of nanoparticles in the monolayer.
Fig. 11 shows the MSD of a nanoparticle as a function of time. The
MSD of a nanoparticle in the adsorbed layer increases as ¢
decreases, as shown in Fig. 11a. This is due to their low density in
the adsorbed monolayer. On the other hand, when ¢ further
increases more nanoparticles adsorb on the surface and the
movement of nanoparticles gets restricted. Similarly, Fig. 11b
indicates that the MSD decreases as ka decreases. As ka decreases,
the range of electrostatic interaction increases causing slower
mobility of the particles. Moreover, the mean square displacement
of a particles is related to its dynamical time as MSD(f) ~ # (Patra
et al., 2012). In case of normal diffusion =1 and it is less than one
for subdiffusive particles. In all the MSD plots shown in Fig. 11, we
find that the u varies from 0.91 to 0.97. Hence, we conclude that
nanoparticles in the adsorbed monolayer undergo subdiffusive
motion.

4. Conclusions

In this work, we have studied the suspension and adsorption of
silica nanoparticles on a cellulose surface using Brownian
dynamics simulations. The effective Lennard-Jones and electro-
static interactions for silica-silica and silica-cellulose are calcu-
lated in an aqueous medium based on the DLVO theory. These
interactions are influenced by the concentration of the suspension.
The electrostatic interaction dominates over the effective Lennard-
Jones interaction, and determines the adsorption or suspension of
nanoparticles over a surface. Our analysis has also emphasized the
interplay between the nanoparticle-nanoparticle and the nano-
particle-surface electrostatic interactions. The influence of the
nanoparticles volume fraction (¢) and the Debye screening length
(k=) on their suspension and adsorption is systematically studied.
A crossover from the suspension to the adsorption of nanoparticles
is identified as ka decreases. Nanoparticles remain suspended in
the bulk medium and non-adsorbed for ka > 0.1. However, the
adsorption of nanoparticles on the surface is observed for ka < 0.1.
The crossover is independent of the bulk concentration of nano-
particles in the medium. Thus, our work has identified the
adsorption of negatively charged silica nanoparticles on a nega-
tively charged cellulose surface, and presented an explanation for
such an adsorption behavior. The adsorption mechanism is
explained using potential of mean force. It is observed that the

amount of nanoparticles adsorbed depends on their bulk con-
centration. As nanoparticles bulk concentration increases, their
adsorption on the surface also increases. This leads to an increase
in the surface coverage, and decrease in the mobility of nano-
particles in the adsorbed monolayer. The distribution of nano-
particles in the adsorbed monolayer is also investigated. The
monolayer consists of nanoparticles in a disordered arrangement.
Further a transition from a gas-like structure to a liquid-like
structure of the adsorbed nanoparticles in the monolayer is
shown as their bulk volume fraction increases. The impact of
nanoparticles zeta potential and surface zeta potential on the
adsorption of nanoparticles over a surface is demonstrated in this
numerical investigation.
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