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Abstract

Theaim of thiswork is to studyUV—vis responsesf mineralparticlesandcolloidsin orderto obtainabetterunderstandingf “physical”
absorptionphenomenarhe studyof mineral-suspendesblidsandcolloids allowsto point out the influenceof the sizeon UV-vis spectra.
A typology of UV responses of particles accordiogheirsize and a model spectrum of minecalloids are proposed.

Keywords: Colloids; ParticlesUV-vis spectrophotometrilineral suspensions

1. Introduction ena caused by the interaction between light and particles.
Among optical methods, turbidimetry based on absorption
Suspensions are commonly found in many industrial fields and scattering properties of suspended solids is often used to
such as pharmaceutical industry, food industry, materials, estimate total suspended solids (TSS) concentration. But tur-
wastewater and water treatment either in intermediate prod-bidity depends on concentration, size and surface properties
ucts form or in effluent form. The characterization of sus- of particleqg3,4] and the measurement by diffusion considers
pensions is necessary in order to optimise and to control pro-mainly the colloidal fractiori5] limiting its use to wastew-
cesses, separation treatments (filtration, flotation, hydraulicater of constant quality. However, a new method to extract
sizing, ...) as well as treatment processes. For example, particle concentration and a characteristic particle size from
in wastewater treatment, physical and biological processesturbidimeter readings has been develofg@drhe method re-
are influenced by heterogeneous fractions (settleable, supraquires a turbidimeter capable of measuring the forwarél)(12
colloidal and colloidal fractions), particularly for disper- and sideways (90 scattered light simultaneously. Tested on
sion and agglomeration phenomena. Therefore, the underthe calibration of filter aids, an industrial pigment and yeast,
standing of these phenomena, the development of meth-the method is limited to the range of particle concentration
ods allowing the characterization and the quantification of (1-200 ppm) and characteristic particle size (1169 used
solids in sewage are necessary for the optimisation of treat-in the calibration. A second limitation arises from the fact that
ment processes and for the evaluation of their performancethe other parameters influencing scattering (optical proper-
[1,2]. ties, particle shape and porosity, width of the size distribution)
Optical methods are often chosen for the control of wa- are not considered.
ter quality because they can be used on line and allow a Another one is UV spectrophotometry which integrates
real time monitoring. They are based on optical phenom- different combined optical phenomena such as physical ab-
sorption (particles’ absorption, diffusion, refraction, diffrac-
* Corresponding author. Tel.: +33 4 66 78 27 28; fax: +33 4 66 78 27 01. 110n) and chemical absorption. That s the reason why optical
E-mail addresscatherine.berho@ema.fr (C. Berho). responses of wastewater are complex and difficultto interpret.



More precisely, when a particle is illuminated by a beam ods (laser granulometry, for examp[8]; however, little is

of light, it sends back light in all directions of the space: known aboutthe UV-vis response of particles. UV-vis spec-
it is the diffusion phenomenon whose three components aretrophotometry so far focussed mainly on characterization
the refraction, the reflection and the diffractipf). In some and analytical determination of organic compoufidg15].
cases, the light may be absorbed by particles. These interacWe can note that Fu et glL6] have studied the optical re-
tions between a light beam and particles depend mainly onsponse (in UV-vis domain) spectra of organic pigments in
the ratio between the particle size (diametpand the wave-  aqueous dispersions. They have clearly shown that the op-
length (1) of the beam of light. In order to clarify the domain tical response is the result of absorption and scattering of
of each phenomenon, a size parametés generally used  light by the pigment particles. The intensity of the two phe-
[7,8]: nomena (absorption and scattering) is used to determine the

o =

dispersion degree of organic pigments. Alupoaei ef14]
have proposed a model for the quantitative interpretation of
UV-vis spectra of prokaryotic microorganism suspensions

wd
A

According to the value of the parametey and with light  (that present some specific absorption bands). Their model is
sources usually used (UV, visible, near IR), three domains of pased on light scattering theory, spectral deconvolution tech-
diffusion are considered: nigues, and on the approximation of the frequency-dependent

optical properties of the basic constituents of living organ-
isms. Thomas et aJ14,15] have proposed reference spectra
of suspended solids and colloids to model the interferences
of UV spectra of wastewater and natural waters.

On the other hand, Agma et al[18] have shown the influ-
ence of granulometric size distribution on the UV responses
of organic solids but the physical response representing no
chemical absorbance has not been studied.

The aim of this work is to study UV-vis responses of
model particles in order to obtain a better understanding of
the validity limit of the last models (diffusion and diffrac- “phy3|ca_l” absorptlon_phenomena. Model p?‘”'c'es cho_sen

are of mineral nature in order to avoid chemical absorption.

tion), because diffusion is also influenced by reflection, The infl fthe si f particles i dcularly studied i
refraction and absorption phenomena. These can be taken € influeénce ot the size of particles 1S particufarly studied in

into account by the complex theory of Lorenz—Mie. Opti- order to propose a typology of UV—vis response of patrticles.
cal properties of particles are necessary and optical model

with real and imaginary parts of refractive index must be )
used. 2. Experimental procedure

Fora < 0.3, i.e. for particles smaller than the wavelength,
the optical model of the Rayleigh diffusion is used. Parti-
cles diffuse light as much forward as backward.

For o > 30 which corresponds to particles whose size is
greater than the wavelength, laws of geometric optics and
diffraction are used. In this case, light is diffracted, mean-
ing that the diffusion is mainly concentrated in front of the
particles.

For 0.3 <« < 30, i.e. for particles whose size is close to
the wavelength, this intermediate domain corresponds to

These domains of diffusion are valid for spherical parti- 2.1, Samples

cles and single diffusion. About the shape of the particles

(spherical in Mie model), itis well known thatithas astrong  The particles studied are mineral suspensions in slurry or
influence on optical properti¢8] and other approaches have in powder form.Table 1gives the origin of the product and
been proposed for non-spherical parti¢le3,11]. The shape  the initial concentration of samples for UV spectra acquisi-
but also the orientation of the particle is important. Thus, tion. The slurry formulation may contain additives differing

a study[12] has shown a strong effect of particle shape on in chemical nature and propertiéable 2gives some prop-
the particle size distribution, measured by laser diffraction erties of studied minerals (shape, shape factor and density).
and scattering and by photosedimendation, because of pariMain granulometric characteristics of studied suspensions
ticles’ orientation. In the case of aggregate, the relation be- g3re summarized ifiable 3.

tween monomer size and its number in the aggregate de- Two types of particles are particularly studied by UV-vis
termines the optical properties of the particles. Extinction Spectrophotometry’ partides whose Sizeis|argerthanm2
observations are used for estimating the size of scatteringapproximately, usually called total suspended solids in wa-
particles. However, if the particle size is comparable to the ter and wastewater, and colloids whose size ranges from
wavelength of light, the extinction will depend on particle 0.1 to 1.2um. The calculation of the size parameter for
shape. For aggregate particles with a size comparable to theyv—vis wavelengths (from 200 to 800 nm) allows determin-
wavelength, the spectral dependence of extinction efficiency ing the diffusion domain of TSS (>1,2m), “larger” colloids

is less steep than that for equivalent spheres, and its maximum0.1-1.2um) and “soluble matter” (<0..m) approximately

is shifted to larger size parameters, i.e. smaller wavelengths(rig. 1):

[13].

Light—particle interactions have been intensively stud- e for colloids, the light diffusion corresponds to the Mie do-

ied in relation to the development of granulometric meth-  main;



Table 1
Origin and concentrations of studied samples

Mineral suspensions

Carbonate (slurry)

Kaolin (slurry)

Talc (slurry)

“Amazone 88" kaolin (powder)

“Ultracarb” Carbonate (powder with stearate coating)

Origin Initial concentrations (for
UV spectra acquisition)

Les papeteries Lancey (France) 250mg Lt

Les papeteries Lancey (France) 250mg Lt

Les papeteries Lancey (France) 10gL?t

Westerlund Corporation 207mg Lt

Microfine Minerals Ltd. 206mg Lt

Table 2
Properties of studied minerals (adapted fri@®,21])

Mineral suspensions Shape Shape Density
facto®

Carbonate (slurry and powder) Rhombus 1-7 2.7

Kaolin (slurry and powder) Hexagonal plaques  1-2 2.6

Talc (slurry) Flakes 1-2 2.6-2.8

@ Ratio between length and central width (determined from microscopic
appearance).

Table 3
Main granulometric characteristics of studied suspensions (f2dn22])

Suspension Main modes (p.m)

Talc 10

Kaolin (slurry) 0.6and 2
Carbonate (slurry) 0.5and 2
Kaolin (powder) 5 and 50

Carbonate (powder) 10 (broad granulometric spectrum)

e for TSS, the light diffusion can correspond to the Mie
domain or the diffraction domain in accordance with the
size.

2.2. Fractionation technique

The experimental procedure used to separate particles in

suspensions is describedHig. 2. In this study, the particles
are separated by filtering with glass fiber filters (approxi-
mately 1.2um). Colloids are separated from “soluble” matter
by crossflow-microfiltration (0.fum) on acetate membrane.
A filtration (on nylon filter) at 1Qum is used to isolate the
larger particles (coarse) in the studied suspensions.

Colloids 7ss

« Soluble » matter
| | | | e
T T T >
0.001 0.1 1.2 100 Hm
o
0.3 30
Rayleigh Mie Diffraction

Fig. 1. Diffusion domain according to the size of particles.

2.3. UV-vis spectrophotometry

2.3.1. Spectrophotometer

The UV spectra study concerns the acquisition of ab-
sorption spectra, i.e. the variation of absorbance value with
wavelength. The spectrophotometer used is an Anthelie Light
(Secomam) of 2 nm bandwidth, with a quartz cell of 270 mm
pathlength. A speed of 1800 nm/min is chosen with respect
to the presence of suspended solids in samples. Dathelie PC
software (Secomam) is used for data processing. The influ-
ence of settling on the acquisition of data was studied for
suspensions prepared from powder. The measured errors on
the absorbance values are the following:

e 1.2% for kaolin suspension;
e 0.75% for carbonate suspension;
e 6.0% for talc suspension.

2.3.2. Exploitation methods of UV-vis spectra

e The first method of exploitation of UV-vis spectra is the
difference of spectra, corresponding to the difference be-
tween the absorbance values for each waveldi@ihlt is
thus possible to visualise the spectra of different fractions
of one sample. For instance, the spectrum of suspended
solids corresponds to the spectrum of the raw sample minus
the one of the sample filtered at Ju&h, with the following
relation for each wavelength:

ABSTSS()L) = ABSRaW()L) - ABSFiItere(K)L)y
with ABSraw(*) > ABSkiltered(1)

The difference between the spectrum of thednefiltered
suspension at 1;2m and the filtered suspension at f.h
allows one to obtain the spectrum of colloids.

e The second one is the normalisation of spectra in order to
compare the spectra shape from a qualitative point of view.
Normalised spectra have the same area, i.e. the same total
sum of absorbance values inside the wavelength window
[19].

For a given spectrum and a small acquisition step (e.qg.
1nm), the area is:

350 350
AREA= " A()=Ct Y &()
A=200 2=200
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Fig. 2. Fractionation technique.

Table 4
Optical models used by laser granulometry

Suspension Refractive Refractive Model
index real index
part imaginary part
Talc 1.65 0.1 Mie
Kaolin (powder and slurry) 1.65 0.1 Mie
Carbonate (powder and slurry) 1.48 0.1 Mie

whereC is the sample concentration,is the optical path-
length, andt is the absorptivity at the wavelength
Normalisation of the spectrum, according to a given value

of the normAy, changes the absorbance value at the wave-

lengtha, Ai(%i), into a normalised absorbandgy (1,):
Ai(Aj)AN
Z)Lin()‘j)h

with Aiy(2j): value of the absorbance at the wavelength
after normalisation (a.u.)Ai(j): value of the absorbance
at the at the wavelengtly before normalisation (a.u.fin:
relative area of normalisation (fixed value of, for example,
100 (a.u.) nmh: step of 1 nm.

Ain(rj) =

2.4. Laser granulometry

Measurements of particle size distribution are performed
with a LS 230 Beckman-Coulter laser granulometer. The vol-
ume of the analysis cell is 125 ml. The incident light is trans-

mitted through the suspension that circulates. The Fraunhofer
model considers the particles as spherical and opaque, and al-

lows calculating granulometric distributions of suspensions

count in the Fraunhofer model, as small particles involve dif-
fusion and transparent particles involve refraction phenom-
ena. Optical models are presentedable 4.

3. Results and discussion

Several parameters such as diffusion domain (Rayleigh,
Mie or diffraction), the type of diffusion (single or multiple)
and the influence of the size of particles (colloids or TSS) are
studied.

3.1. Determination of the diffusion domain of mineral
suspensions

The granulometric characteristics of mineral suspensions
studied are estimated by laser granulometry. The main granu-
lometric modes are presentedliable 3. The talc suspension
is composed of TSS predominantly whereas carbonate and
kaolin suspensions (prepared from slurry) contain colloids
and TSS.

The knowledge of main granulometric modes of suspen-
sion allows to calculate the size parameter for 200, 400 and
800 nm and to deduce the main domain of light diffusion in
the UV-vis region (Table 5):

e concerning TSS of talc, the diffusion domain is the diffrac-
tion one;

e concerning TSS and colloids of carbonate and kaolin sus-

pensions, the diffusion domain is the Mie domain.

First of all, TSS of talc whose size is greater than the

in terms of volume percentage. Nevertheless, the refractivewavelength (diffraction domain) are studied. Then, results
index of particles composed of a real part and an imaginary related to colloids and TSS of kaolin and carbonate whose
one, which corresponds to absorption, has to be taken into ac-size is close to the wavelengths (Mie domain) are presented.

Table 5
Size parameter for studied suspensions

Diameter; nature of the particles

0.6m; kaolin (slurry) 0.5um; carbonate (slurry)

am; kaolin/carbonate (slurry) 10m; talc, kaolin/carbonate (powder)

a for A =200 nm 9.4 7.8

o for A =400 nm 4.71 3.9

« for A =800 nm 2.35 3.0

Diffusion domain Mie, 0.3 «« < 30 Mie, 0.3 <a < 30

31.4 157.1
15.7 85
7.9 0.3
Mie, 0.3 <a < 30 Diffraction, « > 30
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Fig. 4. UV-vis spectra of carbonate (206.3 mgi).and kaolin suspensions (207 mgl) (a) and granulometric distribution (b) prepared from slurry.

3.2. Optical response of talc suspension suspension contains more colloids (whose size is lower than
0.45p.m) than the kaolin one.

Fig. 3presents the UV-vis response and the granulomet- A shoulder at 260 nm can also be shown on the kaolin sus-
ric size distribution of a suspension of talc. The suspension is pension spectrum. This chemical response is probably due to

mainly composed of TSS and represents a main granulomet-the presence of an organic compound used for the formulation

ric mode at 1Gum and a broad distribution at about 1,061.
The UV-vis response due to diffraction is only slightly de-
pendent on wavelength.

3.3. Optical responses of kaolin and carbonate
suspensions

3.3.1. UV-vis responses of suspensions

of kaolin (coating, dispersant or surfactant).

Fig. 5 presents the absorbance values at 400 and 800 nm
of UV—vis spectra of suspensions versus concentration. Al-
though the suspensions contain both colloids and TSS, the
absorbance is proportional to the concentration, meaning that
the diffusion of light is single for the tested concentrations.
At 40 nm, the saturation is reached for a carbonate suspen-
sion of 500 mg ! whereas the absorbance value is below

Fig. 4 presents the UV-vis responses and the granulo- 2.0 a.u. for the same kaolin concentration. It confirms the

metric size distributions of kaolin and carbonate suspensionspresence of finest colloids in the carbonate suspension. The
(prepared from slurry). We can compare these suspensions agdifferences observed between the two suspensions can also
they are characterized by similar refractive index and granu- be due to the particles’ shape, aggregation or refractive index
lometric distribution (Tables 2 and 4). The absorbance values(seeTables 2 and 4).

decrease according the wavelength. After 250 nm, although

the concentrations are similar, the absorbance values of the3.3.2. UV-vis responses of colloids and TSS

carbonate spectrum are higher than the kaolin spectrum ones. Fig. 6compares normalised UV-vis responses of mineral
This result can be due either to the presence of finest colloidsTSS and colloids (prepared from slurry). Except for the spec-
(<0.45um) in the carbonate suspension (partly detected by trum of carbonate TSS, exhibiting a very broad slight max-
laser granulometry), which diffuse more light, or to a differ- imum leading to a quasi-independence of absorbance value
ent shape of particles which influence the diffusion of light. with wavelength, the other spectra show absorbance decrease
The first hypothesis has been validated by a fractionation atfrom UV to visible region. However, this observation should
0.45um of these suspensions, showing that the carbonatebe confirmed for kaolin TSS, considering the presence of
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Fig. 5. Absorbance values vs. concentration for (a) kaolin suspension and (b) carbonate suspension prepared from slurry.
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800 nm. e Contributions of the range 300-450 nm are similar (30%
of the total area) for colloids and TSS.

organic contaminant (previously noted) and its possible im- ® The contribution of the range 450-800 nm is more impor-
pact on the spectrum shape. tant f_or TSS spectrum (35-50% of the total area) than for

With respect to spectra shapes, three wavelength domains €°!l0ids (20-25% of the total area).
can be proposed: 200-300, 300-450 and 450—-800 nm.

The contribution of absorbances to the total area of the
spectrum in these domains is calculated as follows for TSS
and colloid spectra:

For a mineral suspension composed of TSS and colloids in
the same concentration, the UV response from 200 to 300 nm
seems to mainly be due to the colloid one whereas the visible
response from 450 to 800 nm could correspond to the TSS
one. However, the presence of a shoulder at 260 nm, as noted
« 100 previously, shows that a validation with kaolin suspensions
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Fig. 7. Contribution of 200-300, 300—450 and 450-800 nm ranges to the total area of TSS and colloid spectra of (a) kaolin and (b) carbonate suspensions.



Table 6

UV-vis responses (normalised spectra) of particles according to their size

Particles

UV-vis spectra

Comments

Coarse particles (>10m)

TSS including coarse particles (>Juth)

Colloids (0.1-1.2um)

0.2
~——-Talc
R Ultracarb Carbonate (powder)
= — Amazone 88 Kaolin (powder)
<
2
<
=
I}
£
g
£
<
00 T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
0.2
— Talc
~ Carbonate (slurry)
z ------ Ultracarb Carbonate (powder)
8 .. T Kaolin Amazone 88 (powder)
g 014 ™ - Kaolin 1 (slurry)
£
Z
£
<
OO T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
0.2
— Kaolin (slurry)
- - Carbonate (slurry)
;: === Ultracarb Carbonate (powder)
8
=
g
£
ot
Z
=
<«
00 T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Diffraction domain (oo nm= 157 toagoonm=39);
absorbance depends very slightly on the wavelength
(A200 nmfAg00 nm = 1-3)

Mie and diffraction domains (g0 nm> 19 t0 o800 nm
>5); absorbance depends slightly on the wavelength
except for Kaolin (slurry) (Aoo nm/Aso0 nm=1.5—6)

Mie domain (1.57 <w200nm < 19 to 0.4 < @oonm

< 5); absorbance depends strongly on the wave-
length (Ao nm/Asoonm = 10-24);A = a(1/3) + b;

a~ 0.03-0.05b ~ 0.03-0.06

These observations should be confirmed by a comparisone For TSS (>1.2.m), the diffusion domains are both Mie and

of optical responses based on the use of extinction coefficient

rather than absorbance value.

3.4. Typology of UV-vis responses of particles

according to their size

Table 6gathers all UV—-vis responses of particles accord-

ing to their sizes:

diffraction ones. TSS present the same optical response as

particles whose size is greater thanidfl even if a marked
slope is noticed for kaolin. The ratio between absorbance

values at 200 and 800 nm is about 2 except for kaolin,

because of organic contaminant.
e For colloids, the diffusion domain is the Mie one. UV-vis

responses depend strongly on wavelength. The ratio be-

tween absorbance values at 200 and 800 nm ranges from

10 to 24.

e For particles whose diameter is larger thanuhd, the

diffusion domain is the diffraction. This phenomenon is

Moreover, a linear relation between normalised ab-

characterized by UV-vis spectra with absorbance val- sorbance values and the reciprocal wavelength (Fig. 8) can
ues slightly dependent on wavelength (diffraction and be proposed to model the UV response of colloids:
Mie/diffraction domain) which are almost independent of

the wavelength. The ratio between absorbance values ate A = 35.3(1/1)— 0.032

200 and 800 nm is about 2.

R%2 =

0.9976 (carbonate Ultracarb, powder);
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Fig. 8. Normalised absorbance values of colloid spectra vs. 1/x.
o A=426(1/0)—0.048 R?=
0.9916 (carbonate, slurry);

o A=49.4(1/0)—0.064  R?=0.973(kaolin, slurry).

The difference observed between UV spectra of particles
in slurry form and in powder form can mainly be explained by
the presence of organic compound(s) used in the formulation
which may absorb in the UV region (particularly for kaolin).
For range of 200—300 nm (1f’)om 0.003to 0.005), carbonate
powder spectrum deviates negatively, and kaolin positively
from linearity. Further validation should be made to check
the linearity observed.

4. Conclusion

In conclusion, the UV-vis responses of non-absorbing
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