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Abstract

Diffuse reflectance of titanium dioxide pigment dispersion is measured in visible region
for wavelengths 400(20)700 nm., Kubelka-Munk absorption and scatltering cocollicients are
determined using two constant K-M theory., Average particle size In pigment dispersion is
determined by light scattering method. Complex refractive Indices of pigment arc determined
using particle model theory, Scatlering and absorption coeflicients are computed for all wave-
lengths using Mic theory equations. K-M coellicients are determined from Mie coellicients
using appropriate formulac, Dilluse reflectance values are calculated from theoretical values
of K-M coelficicnts. Theoretical and experimental values ol rellectance agree well, The colour
difference evaluated from two refllectance curves is 1,28 CIELAD units.
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Introduction

Kubelka-Munk theory (hereafter abbreviated as K-M theory) is used to study multiple
scatlering media. K-M equation is obtained on certain assumptions but tle theoretical ex-
pressions give moderately good results, even though all assumptions are not ideally observed
(Billmeyer & Abrams 1973), K-M theoretical expressions are derived on the physical model
that light flux inside the medium is divided into two channels, one going downwards and
other in upward direction (Kortum 1969; Kubelka 1948). The rale of change of flux in cach
channel is assumed to be proportional Lo two empirical constants K and §. These constants
are known as K-M absorption and scattering coefficients. The K-M theory coeflicients are to
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be determined experimentally only, No theoretical relations are provided by the theory, Lo
determine these coelficients [rom size and refractive index of pigment.

The above fact was also realized by Kubelka and he has proposed thal the K-Al coel-
ficients may exhibit correlation with the extinction coeflicients of single scaltering, Many
aulhors have proposed various relations beiween K-M coellicients and single scaltering co-
ellicients (Kubelka 19-48; Mitton,Vejnsoka & Frederick 1962; Iarding, Golding & Maorgoell
1960; Brockes 1964, Butlignol 1968; Brossman 1974). The research workers in the field have
studied the relation between K-M and single scattering parameters for Ltwo or Lhree selected
wavelengths. The correlation between the theoretical and experimental values of K-M coelfi-
cients and their effect on reflectance has not been reported so far. The uitimate objoctive of
esiablishing the relations between K-M and single scattering cocllicients is to nse the same
for predicting reflectance speetra from size and refractive index of particles. Tn this paper,
we have estimated K-M absorption and seattering coellicients of titanium dioxide pigment
dispersion {rom size and refractive index of pigment for wavelengihs 100(20)700 nwm of futer-
est for colour calculations, These data are then used to determine the spectral refloctanee
curve of the sample. Overall performance of the relation is studied by determining CIELAB
colour difference between the experimentally measured and theoretically predicted diffiuse
reflectance speclra, Average particle size and complex refractive index of the samphe uned
were delermined using appropriate method.

Experiment

Sample Preparation

Rutile titanium dioxide dispersion supplied by Goodlass Nerolae company with 26 por-
cont woight concentration was used for the present study., Pigmoent dispersion were diluted
to .003 percent concentration by weight using the vehicle suppliod by the company. Paint
(ilms were prepared as drawdowns al incotplete hiding on 75 microns Lhick Mylar” polyester
film wsing Gardner Variable Paint Film Applicator, Paint films were determined by weighing
square piece of film of 50 em? area cul using a stecl template and razor blade.

Measurement

The paint films prepared at incomplele hiding on transparent ‘Mylar’ were subsequently
mounted on a black and while ceramic tile with a few drops of ethylene glycol on tile. A cylin-
drical rubber roller was rolled over Lhe film to ensure firm oplical contact between ‘Aylar?
and tile, thus eliminating any air gap between them., The diffuse reflectance measurements
of paint film for wavelenglhs 400(20)700 nm were recorded on Shimadzu double beam spoc-
trophotometer model UV-VIS 240 equipped with integrating sphere,

Calculations

The experimentally measured reflectance were used to calenlate tie refllectance of paint
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film at infinite thickness using lollowing equation

Ro - R+ R
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here @ = 0.5[R+ Rolk, ] | (2)
and b= (a* — 1)}/? (3)

Rao is the reflectance of the paint film at complete hiding, Ry and R being reflectance of
paint film on black and white background R, being the vellectance on white background.
All experimentally measured values of reflectance used in above equations were corrected for
surface reflection using Saunderson relations (Saunderson 1942)

Rm - k'l
4
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Ry =

here By, and Ry are measured and corrected values of reflectance, The corrected values are
often called as internal reflectance factors that would be measured inside the film. Here &
and &y are Fresnel reflection coeflicients and can be determined using equation available clse
where,

Experimental values of K-M scatiering coollicients were determined using Fquatlions
(Kortum 19G9)

2,303 Ry llogl'f'.m[l--h’n:’t’.m]
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S=— 1o Roo = 1l (5)

K-M absorption coelficients were then determined using Tguation

K (1= Roo)?
ST 2R O

Normalized values of K and § were caleulated by dividing experimental values by the con-
centration of paint samples used for experimental measurements. These values are used Lo
compare with corresponding theoretical values obtained using single scatlering parameters.

Determination of Size and Refractive Index

Evaluation of single scattering parameters requires the knowledge of size and relractive
index of pigments. In the present study, the average particle size in titanium dioxide, pigment
dispersion was delermined using light scatlering method described in the previous publication
(Mehta et al.1984; Shal & Gandhi 1989) from this department. Average par Llcle diameter
was clLLcrmmed as 0.15 micron,

Opl,ical characterization of particle is determined by its complex relractive index, m =
n—in', In the present study we have taken values of n for titanium dioxide for the available
wavelengths and the mlucq for desired wavelengths are interpolated by fitting the polynomial
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equation to the available data. The results are shown in Fig. 1 as a plot of refractive index
V, wavelength.
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Figure 1. Change of relractive index of pigments for wavelengths 400-700 am.

n' varies with wavelength, The data for ' of titanium dioxide are not available in
literature. Different methods are proposed to determine n' of parliculale systom. We have
used the expression proposed on the basis of particle model theory of diffuse refleclance.
According to the method, values of n' are determined for wavelengths 400(20) 700 nm using
expression

kA
L —
"= dx ()
and
k is determined from equation.
3A
b= o ®)

where d is diameler of pariicle, n is real part of refractive index and A is represenied by
following equalion

; 9
i+ R;i‘,] 2
Computation of Single Scattering Parameters

Single scattering parameters e.g. coeflicients for extinction and phase function depend on
particle size and complex refractive index of material of the pariicle. In the present study wa
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have computed single scallering paramelers using rigorous Mie theory expressions-employing
computer subroutines established by Dave. Linear scattering coefficients & and s are related
to Mie efficiency parameters by relations

. ﬂ@abs 37 Qsca
=5 x d3*2)\ z (10)

where z is particle size parameter and is expressed as ratio of particle circumference to
wavelength of light in respective medium.
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Figure 2. Reflectance ol the paint film al complete hiding.
Results

The plot of Ry va A is shown in Fig. 2. Values of K-M coeflicicnts were determined
using Equalions (8) and (6) for all sixteen wavelengths., These values are then converted to
normalized K-M coefficient, Experimental values of K and 5 are graphically shown in Figs.
3 and 4,

K-M cocflicients are determined by using Equations
| S = 0.75s (11)

and )

§ = 07581 - 3 (12)
where @ is normalized Legendre coefficient and 8 can be calculated using Equation (10).
Values of K-M scattering coeflicients determined using both the Equations are plotted in Fig,

(1), The present study shows that K-M coeflicients determined by relation § = 0.75s overall
agree reasonably well wn,h (‘chl‘lmclltal results. Thorefore these values are used for futher
calculations,
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We have used the theoretically predicted values of K-M coellicients Lo evaluale the
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Figure 3. K-M absorption coellicient vs wavelength.
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Figure 4. K-M scattering coeflicient vs wavelength.
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colourimetric curve of litaninm dioxide using the well known K-M relation

K K. 2 K\ 172
R=14 - —[(~ 2(—= 13
SEEAERS) (13
The values of refllectance are shown by points in Fig.2, The comparison of ex pnrifnonLal and
theoretical results show thal the colourimetric curve predicted using the present theoretical
technique agree satisfactory with the experimental curve. The colour difference between the
experimental and predicted curve turns out to be 1,28 CIELAR units,

Discussion

In this work, for the irst time, we have examined the possibility of predieting colourimet-
ric curve af paint film from size and refractive index ol pigment. The resull shows that there
is only fare correlation between experimental and theoretical values of K-M coellicients for
entire spectral region bul the reflectance values agree fairly well. The colour difference from
two colourimetric curves turng out to be 128, CIELAD units which is within the accepted
tolerance limit for practical purposcs.

In the present study we have used the paint films prepared using highly diluted dispersion
and therefore isotropic distribution of scatiered Hght in the medinm is nol expected. This is
the reason why § = 0.75s works well instead of equation S = 0.75s(1 — «; /3).

The work reported in this paper is a result of our preliminary atlempts to predict colouri-
metric curves of pigment dispersion lrom the fundamental optical and morphological c¢harac-
teristics of pigments. This work may not be of practical use for the enormous colour maiching
computalions carried oul by industrial organization. At the sme time the theoretical tech-
nique will be useful for any pigment industries to determine optimum size and size distribution
of pigmenis Lo achieve the highest tinting strength and surface covering power. Extensive
study in Lhis topic is yet required to establish the method to correlate K-M cocllicient wilh
single scatlering parameter under varied experimental conditions.
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