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a  b  s  t  r  a  c  t

Using  numerical  simulation,  we  study  and  compare  the  optical  properties  of  model  systems  represent-
ing three  types  of scatterer:  (a)  standard  TiO2 pigments,  (b) standard  TiO2 pigments  encapsulated  by  a
hard polymer  shell  and (c) standard  TiO2 pigments  encapsulated  by  a  layer  of  air  and  a polymer  shell.
Calculations  are  performed  taking  into  account  multiple  and  dependent  light  scattering  regimes.  Assum-
ing  an  equivalent  amount  of  TiO2 in  each  system,  results  show  that a standard  TiO2 pigment  particle
encapsulated  by air  could  be  a better  opacifier  than  a  standard  un-encapsulated  TiO2 pigment  because
the  presence  of  air  could  provide:  (a)  additional  volume  to  the  existing  particle  to scatter  light;  (b) bet-
ter  redistribution  of the scattered  field  in  the  backward  hemisphere;  (c)  a  scattering  cross-section  less
affected by  crowding  and  (d) spacing  effects  due  to the  presence  of the  thin  hard  polymer  shell  which  is
required  to  encapsulate  the  air  layer.  Nonetheless,  results  also  suggest  that  such  benefits  could  probably
not  be  exploited  in  real  paint  systems  as encapsulated  TiO2 would  only  be more  efficient  than  standard
TiO2 in  a  range  of  pigment  volume  filling  fractions  (PVC)  that would  not  generate  enough  scattering
efficiency to  yield  complete  hiding  as  required  by  international  standards.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Rutile titanium dioxide (TiO2) is by far the most effective white
pigment that is used to provide opacity in architectural coatings.
However it is also the most expensive. The search for an alterna-
tive scattering system that would bring either enhanced scattering
efficiency for the same price or identical hiding property at a lower
cost, has been a major area of research for the coating industry since
the middle of the 20th century.

Among several designed strategies, one promising approach
consists of encapsulating the TiO2 pigment into a hard polymer
shell. The presence of a thick polymer shell provides a steric barrier,
which prevents TiO2 particles from clustering and consequently
limits the decrease of the scattering efficiency due to crowding
effects. Such composite particles are nowadays commercially avail-
able from Dow Chemical under the name of ZenoTM.

Another postulated approach, which has been proposed since
the early 1960s, involves the encapsulation of TiO2 pigments within
an air void, bounded by a hard polymer shell. The presence of the
surrounding air layer is assumed to enhance the rutile titanium
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scattering efficiency because of the increase of the refractive index
contrast between the pigment and its direct surrounding medium.
Ross and Kerker [1,2] realized the first theoretical studies of the
optical properties of such composite scatterers at the beginning
of the 1970s. Using Mie  theory, they calculated the scattering effi-
ciency of a spherical particle of rutile titanium dioxide placed at the
center of spherical air bubble embedded into an infinite polymeric
medium. They found that such a system could never scatter light
with better efficiency than the combination of the isolated TiO2
pigment and the equivalent volume of air directly embedded into
the resin. A slightly more realistic study, assumed that the pigment
is stuck at the internal face of the polymer shell surrounding the air
void, reached an equivalent conclusion [3]. Also, the effect of dis-
placing the pigment on the internal face of the air shell was  found to
only have minor influence on opacity, because: (i) when the size of
the inclusion is much smaller than the dimension of the air bubble,
the scattering characteristics of the composite object are mainly
driven by the air bubble properties; (ii) When it is comparable to
the dimension of the air bubble, the maximum distance at which the
particle can be shifted off center is too small to significantly modify
the overall light scattering properties of the composite particle.

However, it is difficult to apply the conclusions of those studies
to real paint systems since they were conducted with the assump-
tion of independent scattering, which only holds in the limit of
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infinitely diluted medium. Thus, any possible extrapolation of these
conclusions to the case of non-isolated particles, which represents
the realistic light propagation regime in paint films, was uncertain.
Today, there remains uncertainty as to what is the practical capac-
ity of these composite particles to efficiently substitute standard
TiO2 pigments. This question becomes even more important now
as attempts are being made to synthetize such particles [4].

Consequently, the objective of this work is twofold: (a) To deter-
mine, via the use of numerical simulation the scattering efficiencies
of these composite particles in the context of multiple scattering
and to compare their opacifying capabilities with standard TiO2
pigments; (b) to provide a fundamental understanding of the effect
of the air layer and polymer shells on the light scattering properties
of those particles.

To reach those objectives, the article is organized as follows: in
the first section we briefly recall the origins of opacity and sev-
eral key parameters that can influence it in a paint film. We  also
use a semi empirical approach to demonstrate the limitation of the
extrapolation of independent scattering properties trends to dense
medium. In a second section, we examine the optical properties of
various homogeneous and complex structured pigments in diluted
media where the approximation of independent scattering holds. In
the last section we compare the optical properties of different scat-
terers taking into account multiple scattering interactions and we
analyze the effect of the air layer around the TiO2 pigments. Finally
we discuss the possibility of using such encapsulated pigments in
real paint systems and we conclude on the nature of the funda-
mental mechanisms, which govern the light scattering processes
of these particles.

2. Preliminary discussion

2.1. Origins of opacity

Opacity describes the ability of a paint film to hide or obliter-
ate a given substrate. At a microscopic scale, and for non-absorbing
medium, the opacity of white paint originates from the multiple
scattering interactions of light with either white pigments such as
rutile titanium dioxide, hollow opaque polymer or air voids trapped
within the paint film (when formulating above the Critical Pig-
ment Volume Concentration (CPVC)). The higher the proportion of
the total scattered field redistributed in the back hemisphere at
each scattering event, the better is the opacity. The effectiveness of
the backscattering interaction between the incoming light and the
randomly dispersed pigments is generally quantified by the magni-
tude of the pigment scattering efficiency (having unit of Length−1),
defined as:

S(�) = n(�)bsca(�) (1)

where � is the pigment volume-filling fraction, n(�) and bsca(�)
represent the number of particle by unit volume (unit of length−3)
and the backscattering coefficient of the scattering centers (unit
of length2) present in the paint film. The latter can be expressed
in terms of the particles’ scattering cross-section and the particles’
asymmetry parameter (denoted Csca, (unit of length2) and g (unit
less) respectively) such that:

bsca(�) = Csca(�)[1 − g(�)] (2)

where g ranges from −1 for total backwards scattering, to +1 for
complete forward scattering and the value of 0 represent isotropic
scattering. Inspection of Eqs. (1) and (2) shows that optimum
scattering efficiency is reached when the following conditions
simultaneously occur: (a) the number of particles by unit volume is
a maximum, (b) the magnitude of the scattering interaction, which
is given by the value of the scattering cross-section, is a maximum

and (c) the angular re-distribution of the scattered light in the back-
ward hemisphere is maximum (asymmetry parameter g being a
minimum).

Consequently, a strong scattering interaction alone does not,
a priori lead to good hiding especially if most of the incoming
light is scattered in the forward hemisphere. On the other hand,
a large angular distribution of the scattered light in the backward
hemisphere cannot provide good hiding if the overall scattering
interaction is too weak because only a small proportion of the
incoming light is scattered. Finally, at a constant back scattering
coefficient and constant PVC, the smaller the particle, the higher is
the opacifying power.

2.2. Validity of the extrapolation of independent light scattering
trends to dense media

We  consider two  different white pigments, labeled A and B, such
that the scattering efficiency of A is greater than the scattering effi-
ciency of B in an infinitely diluted system, i.e. SA(�) > SB(�) when
� � 1. In a first approximation it is possible to represent the varia-
tion of the pigments’ cattering efficiencies as a function of the PVC
by a simple Polynomial function such that:

S(�) = BI
sca� − ��2 (3)

where BI
sca = bsca/v is the independent scattering efficiency by unit

volume v of the particle and � is mostly a positive number, which
represents the magnitude of the crowding effect such that the larger
the value of � , the higher the magnitude of dependent scattering
phenomenon. The polynomial function has no zero order, because
the scattering efficiency must vanish in absence of pigments, i.e.
S(0) = 0. Also, in the limit of infinitely diluted systems, where inde-
pendent scattering assumption holds, � → 0 and Eq. (3) simplifies
to the well-known relation of proportionality between S and �.

Now, Eq. (4) below, derived from Eq. (3) and our initial assump-
tion, describes in terms of physical quantities and semi empirical
parameters the condition under which the scattering efficiency of
pigment B can become superior to the scattering efficiency of pig-
ment A. That is:

SB(�) > SA(�), at � > �t ⇒
{

BI(A)
sca − BI(B)

sca

�A − �B
< �t < � (4)

where �t, represents the threshold PVC at which the change, due
to the presence of non negligible dependent light scattering effect,
may occur. This simple relationship shows that, when the evalu-
ation of �t is either not physical (�t > 1) or non compatible with
realistic range of PVC found in paint formulation, the inequal-
ity SA(�) > SB(�) holds even in dense medium as shown in Fig. 1.
However, it also indicates that pigment B could develop higher
scattering efficiency than A if the magnitude of dependent light
scattering effect is much larger for A than for B (i.e. �A � �B). Such
an example is given in Fig. 2. Moreover, if BI,(A)

sca and BI,(B)
sca have rela-

tively similar values, then �A needs only to be slightly higher than
�B.

3. Light scattering properties in independent scattering
regime

3.1. Theoretical formalism

We  consider an incident electromagnetic plane wave, of wave-
length �0 which impinges on a spherical dielectric particle of
radius r1 and complex index of refraction n1. The particle, which
is embedded in a continuous and non-absorbing medium of index
of refraction n0, can enclose a spherical dielectric inclusion, con-
centric or not, characterized by a radius r2 and complex index of



Download	English	Version:

https://daneshyari.com/en/article/10397913

Download	Persian	Version:

https://daneshyari.com/article/10397913

Daneshyari.com

https://daneshyari.com/en/article/10397913
https://daneshyari.com/article/10397913
https://daneshyari.com/

