
Introduction

The asymmetry of nanosized colloidal particles can be
evaluated by a number of methods. Young et al. [1]
developed a method based on combining time-averaged
light scattering (TLS) and dynamic light scattering
(DLS). Rowell [2] proposed that the polarisation ratio
between the vertical and horizontal component in a light
scattering apparatus could be used to obtain the shape.
Biddle et al. [3] developed a method based on combining
capillary viscometry and DLS. Small-angle X-ray scat-
tering (SAXS) [4] and small-angle neutron scattering [5]
are other useful means of obtaining the size and shape of
colloidal particles. The full potential of these methods is
probably not yet recognised.

Small silica particles with a diameter of 5 nm can
aggregate in various ways depending on the conditions
used. Thus, under basic conditions in the absence of salt
the particles grow symmetrically maintaining a spherical
shape [6]. In the presence of salt spherical particles
aggregate to form clusters of particles and can form
three-dimensional networks. Small aggregates have a
tendency to be more or less linear.

These particles have considerable importance in
paper manufacture and are used in retention aid systems
with cationic polyacrylamide or cationic starch [7].

Extensive ¯occulation studies of these system have been
reported [8±13]. Also the particles electrical properties
have been investigated by means of electrokinetic sonic
amplitude by Rasmusson and Wall [14]. The shape of
the particles has been investigated by Biddle et al. [3];
however, they used very fresh, specially prepared, silica
samples.

They found the particles to have a short axis diameter
of 2.2 nm and a long axis of 7.2 nm. This was con®rmed
by transmission electron micrographs. The silica sample
used in this study was stored for about 6 months and
corresponded to the samples used in the ¯occulation
studies. The particles were investigated by means of
TLS, DLS and SAXS.

Experimental

Materials

The silica was kindly provided by Eka Chemicals. It has a surface
area of about 500 m2 gÿ1 according to the manufacturer. The
surface area corresponds to a spherical particle radius of about
2.5 nm.

Sample preparation

The silica dispersion was used as received and was diluted to
appropriate concentrations with double-distilled water. The silica
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dispersions were ®ltered twice through a 0:22 lm Millipore ®lter.
All glassware used after the ®ltering step was carefully cleaned with
condensing acetone. The pH was found to be 10.0 in all silica
dispersions. The concentration of silica varied from 2.5 to 10 g lÿ1.

Time-averaged light scattering

TLS was performed on a fully computerised goniometer from
Malvern Instruments, UK. The light source was an argon ion laser
with vertically polarised incident light operating at 488 nm from
Spectra physics. It was found that the dissymmetry ratio R60=R120

was never higher than 1.05. This was taken as a criterion that
the particles were Rayleigh scatterers, i.e., r < k0=20 where r is the
particle radius and k0 the wavelength of the incident light.
Therefore the TLS data were only measured at one angle, namely
h � 90�. The data were plotted as a Rayleigh equation with an
interaction term which is given by [15]

K0c
R90
� 1

Mp
� 2B2c ; �1�

where c is the concentration of particles, R90 is the Rayleigh ratio,
Mp is the molecular weight of the particles and B2 is the second
virial coe�cient. K0 is the optical constant which is given by [15]

K0 � 9p2n40
k40NAq2

p

n2p ÿ n20
n2
p � 2n2

0

 !2

; �2�

where np is the refractive index of the particles, n0 is the refractive
index of the solvent, NA is Avogadro's number and qp is the density
of the particles. The molecular weight of the anhydrous particles
can be converted to the volume of the particles, Vp, via

Vp � Mp

NAqp

: �3�

The volume of the particle can easily be converted to a spherical
radius, r, according to

r �
�������
3Vp

4p
3

r
: �4�

The refractive index of the particles was taken as 1.455 and that of
the solvent as 1.337. The density of the particles was taken as
2:2 g cmÿ3.

Dynamic light scattering

The concentration ¯uctuation of particles in solution is due to
motion of the centres of mass. This will give rise to ¯uctuations in
the scattered light when light is shining through the solution. The
function of interest in DLS is the ®eld time-correlation function
(TCF) which is given by [16]

g1�t� � jhE
��0�E�t�ij

jhE��0�E�0�ij ; �5�

where E is the amplitude of the electromagnetic ®eld. The function
is obtained from the experimentally directly accessible scattering
intensity via the relationship [16]

hI�0�I�t�i � G2�t� � A� Bg2
1�t� ; �6�

where A and B are time-independent constants and t is the delay
time. The correlation function G2�t� is normalised with the
correlation function at in®nite time, i.e. [17],

G0
2�t� �

G2�t�
G2�1� �

hI�0�I�t�i
hIi2 : �7�

For homogenous monodisperse spherical particles this equation
can be written as [17]

G0
2�t� � hIi2�1� CeÿCt� ; �8�

where C is the e�ciency of the detector. Thus, the TCF decays with
a single exponential decay where the di�usion coe�cient, D, of the
particles is given by [16, 17]

C � Dq2 : �9�
The di�usion coe�cient is related to the hydrodynamic radius for
spherical particles by [16, 17]

rh � kBT
6pgD

; �10�

where rh is the hydrodynamic radius, kB is Boltzmann's constant, T
is the absolute temperature and g is the viscosity of the solvent.

The DLS measurements were performed on the same apparatus
as the TLS measurements at an angle of 90�. The data could be
®tted with a single exponential decay.

Small-angle X-ray scattering

X-rays interact with the electrons of an atom and the intensity of
scattered radiation is given by [18]

I�q� � ANpV 2
p �qp ÿ qm�2P�q� ; �11�

where A is a calibration constant, Np the number of particles, Vp the
volume of the particles, and qp and qm are the scattering length
density of particles and medium, respectively. P�q� is as usual the
form factor. The scattering vector q can, as usual, be derived via the
equation [19]

q � 4p
k
sin�h=2� ; �12�

where k is the wavelength of the incident radiation and h is the
scattering angle. The scattering length density is correlated to the
scattering length b via the relation [19]

q � b
V

; �13�

where V is the volume of particles or the volume of the medium
molecules. The scattering length can be calculated from [19],
namely,

b � b0z ; �14�
where b0 � 0:282� 10ÿ12 cm and z is the number of electrons in the
molecule; however, at larger scattering angles, h, the full Thomson
formula [20]

b0 � 1� cos2 h
2

� �
0:282� 10ÿ12 �15�

must be used.
SAXS measurements were performed at the Synchrotron

Radiation Source at Daresbury Laboratories, UK using the
beamline NCD 8.2. The q range covered in these experiments
was 0.025±2.5 nmÿ1. The q range was derived from two di�erent
camera lengths (4.5 m and 0.6 m yielded scattering vectors
0:025 � q1 � 0:5 nmÿ1 and 0:1 � q2 � 2:5 nmÿ1, respectively.)
An absolute q calibration was obtained through subtraction of
parasitic (slits) and background scattering (water solution and
mylar window material) using the procedure introduced by Vonk
[21]. Since the shape of the particles was under investigation
the apparatus was not calibrated to an absolute scale of intensity.
The form factor can be obtained for noninteracting particles via the
formula [15]
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P�q� � I�q�=I0 : �16�
This is also a good approximation as long as 2B2Mpc << 1;
however, calculations show that the interaction term cannot be
neglected. In this case Eq. (16) must be rewritten to account for
particle interactions according to [15]

I�q� � ANpV 2
p �qp ÿ qm�2P�q�S�q� ; �17�

where S�q� is the structure factor. The structure factor is related to
the radial distribution function g�r� via the relation [15]

S�q� � 1� 4pq0

q

Z 1
0

r�g�r� ÿ 1� sin�qr� dr ; �18�

where q0 is the average density of particles. Using the mean
spherical approximation as given by Hayter and Penfold [22] the
S�q� value based on the electrostatic repulsive potential can be
calculated. It was found that under the experimental conditions
used S�q� � 1, i.e., particle interactions do not a�ect the form
factor P�q�.

Results and discussion

Time-averaged light scattering

The TLS data of the silica particles given by Eq. (1) are
shown in Fig. 1. They are plotted as K0c=R90 versus c. It
can be seen that at zero concentration all data converge
to the same value at the y-axis. This value corresponds
to 1=Mp and gives the molecular weight of the particles.
It was found to be 2:16 � 0:10� 106 gmolÿ1. It corre-
sponds to a spherical radius of 7:3 � 0:1 nm. Further-
more, since the data converge to one value irrespective
of the electrolyte concentration this indicates that the
particles do not aggregate between 0.4 and 50 mM
NaCl. The second virial coe�cients extracted from

Fig. 1 are summarised in Table 1. The second virial
coe�cient decreases as the electrolyte content increases.

Dynamic light scattering

The DLS data could be ®tted by a single exponential
decay which gave a di�usion coe�cient of
2:55 � 0:10� 10ÿ7 cm2 sÿ1. This corresponds to a hy-
drodynamic radius of 9:6 � 0:4 nm. These data are
rather approximate but indicate that the particles are
too small to be evaluated by the combination of TLS
and DLS at an incident wavelength of 488 nm. There-
fore the shape of the particles was evaluated by SAXS.

Small-angle X-ray scattering

The scattering curve obtained for 0.5% wt and
1.0% wt silica indicated that the particles were rod-
shaped. Three procedures were utilised in order to
obtain the radius of the rod and the full length. In
Fig. 2 the form factor P�q� is plotted versus the

Fig. 1 Light scattering data of
the silica particles. They are
plotted as K0c=Rh versus c. It can
be seen that, within experimental
error, the data converge to the
same value at the y-axis. This
value corresponds to 1/Mp.
The molecular weight of the
particles was found to be 2:16�
106 g molÿ1. This corresponds
to a spherical radius of 7.3 nm.
The second virial coe�cients as a
function of electrolyte concen-
tration are given in Table 1

Table 1 The second virial coe�cient, B2, as a function of electro-
lyte concentration: it decreases as the electrolyte concentration
increases

NaCl concentration (mM) B2 (mol cm3 g)2)

0.4 3.84 ´ 10)5

2 1.83 ´ 10)5

10 8.25 ´ 10)6

50 4.95 ´ 10)6
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scattering vector q. The scattering curves of 0.5%wt
and 1.0%wt silica have been normalised in order to
check whether the structure factor S�q� will a�ect the
scattering curve or not: the form factor is not a�ected
by any structure in the system. The data can now be
®tted with an in®nitesimally thin rod, i.e., it has no
radius. The form factor is given by [23]

P �q� � 2

X

Z x

0

sin t
t

dt
� �

ÿ sinX=2
X=2

� �2

; �19�

where X � lq and l is the full rod length. The integral
can be expanded by the functionZ x

0

sin t
t

dt � X ÿ X 3

3�3!
� X 5

5 � 5!
ÿ X 7

7 � 7!
� X 9

9 � 9!
ÿ � � � :

�20�
Fourteen terms were included in this expansion. Fitting
the data at small q gives the full length of the particles.
Furthermore expanding the thin rod equation in order
to obtain a radius, a, of the rod gives [24]

Fig. 2 Small-angle X-ray scat-
tering (SAXS) data of the silica
particles, r and j 0.5 NSP.
They are plotted as the form
factor P�q� versus the scattering
vector q. Within experimental
error the scattering data contain
no structure. The data were
®tted with the thin rod model.
The thin rod model was further
expanded (Eq. 20) to obtain a
radius. This is shown as ´, in
the ®gure. This full length of the
rod was found to be 44 nm and
the radius was found to be
2.5 nm. The background scat-
tering at high q values has not
been ®tted. For comparison the
scattering curve of a sphere (s)
of the same radius of gyration,
i.e., 12.8 nm is given. This cor-
responds to a spherical radius
of 16.5 nm

Fig. 3 SAXS data Fourier
transformed to real space. The
distance distribution function
p�r� is plotted as p�r�=r against
r. The radius of the cylinder is
2.7 nm and the full length is
44 nm

683



P �q� � p
qL
ÿ 2

�qL�2
 !

1ÿ q2a2

5

� �
: �21�

The procedure used is to place a sphere at each
scattering point on the rod; the expansion is only valid
when qa < 1 and qL > 1. Fitting the curve at slightly
higher q values gives the rod radius. By this procedure

the radius of the cylinder was found to be 2.5 nm and
the full length 44 nm. For comparison the scattering
curve of a sphere of the same radius of gyration is
plotted. It is apparent from this plot that the particles
are rod-shaped.

The data can also be converted to real space via
a direct Fourier transform according to the following
equation [4, 25]:

Fig. 4a, b SAXS data where
the intensity (a.u.) is given as a
function of the scattering vector
q. In a the data are for 0.5% wt
silica ®tted by Eq. (24). In b the
data are ®tted for 1.0% wt
silica. The result was the same
in both cases. The radius is
2.5 nm and the full length is
67 nm
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c�r� � 1

2p2

Z 1
0

I�q�q2 sin qr
qr

dq : �22�

The characteristic function, c�r�, is related to the
distance distribution function by [26, 27]

p�r� � 4pr2c�r� : �23�

The distance distribution function represents the sys-
tem's behaviour in real space. Glatter [28] pointed out
that the function p�r�=r is a more sensitive indication of
shape than p�r�. Comparison of these results with the
calculations of Glatter [28] shows them to be strongly
indicative of homogenous cylinders. The radius of the
rod can be obtained from the maximum in the curve
shown in Fig. 3 and the full length can be obtained from
the curve where p�r�=r goes to zero. The radius of the
cylinder was found to be 2:7� 0:2 nm and the full length
44 nm.

A third method to obtain the radius of the rod and
the full length is via the equation [25, 29]

p�q� �
Z p=2

0

sin2�qH cos b�
q2H2 cos2 b

4J2
1 �qR sin b�

q2R2 sin2 b
sin b db ; �24�

where the height of the cylinder (full length) is 2H and
R is the radius. b is the angle between the axis of
the cylinder and the bisectric. J1�qR sin b� is a Bessel
function of order 1. For computational purposes the
data were ®tted with a program developed at ILL called
cdisc using a least-squares ®tting routine called ®tfun
developed by Ghosh [30]. The ®t is shown in Fig. 4. The
radius of the cylinder was found to be 2.5 nm and the
full length 67.2 nm.

The data of the ®ts are summarised in Table 2.
Clearly, the particles are rod-shaped and the radius of
the rod was found to be 2.5 nm; however, the full length
of the rod varies in the di�erent procedures probably
due to di�erent weighings used in the models. It must be
emphasised that particles made under more controlled
circumstances, i.e., in a laboratory experiment were also
rod-shaped [3].

The radius of gyration of a rod is given by [25]

r2g �
r2

2
� l2

12
�25�

and for a sphere by [25]

r2g �
3r2

5
: �26�

We can therefore compare the radius of gyration
obtained with TLS and SAXS. The radius of gyration
of the TLS data as calculated from the spherical particle
radius is 5.7 nm. The radii of gyration calculated for the
di�erent rod models obtained from SAXS are 12.8 nm
and 19.5 nm, respectively: the particles are small. As
TLS measurements were made at only one angle and
an e�ective solid radius was calculated from the total
intensity, it is not unreasonable for there to be a
substantial discrepancy compared to SAXS data. The
usual Guinier plot to obtain the radius of gyration at
small scattering vectors could not be applied in the
SAXS measurements as no linear region was found. The
intensity increases rapidly as the scattering vector q
decreases in the low q region. It must be emphasised that
even if the radius of gyration was obtained in an
approximate way the data are still in good agreement.
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Table 2 The radius of the rod and the full length calculated
according to the di�erent procedures outlined in the text

Model Equations Radius
(nm)

Full length
(nm)

Thin rod 19±21 2.5 44
Fourier
transformation

22±23 2.7 44

Rod 24 2.5 67
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