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A SIMPLE METHOD OF EVALUATING PARTICLE SIZE
DISTRIBUTIONS AND SETTLING RATES FOR SILICA
BASED CHROMATOGRAPHIC SUPPORTS

D.A. Hanggi and P.W. Carr
Department of Chemistry
Smith & Kolthoff Halls
University of Minnesota
Minneapolis, MN 55455

ABSTRACT

A simple and inexpensive method of evaluating
particle settling rates and the particle size distribu-
tion of chromatographic supports using common labora-
tory equipment is reported. The time dependence of the
turbidity of a solution of silica support particles
suspended in an appropriate liquid is measured on a
spectrometer. Digital acquisition allows data manipu-
lation using simple algorithms to yield the distribu-
tion of particle sizes based on the Stoke's diameter.
This data can easily be transformed into the most
useful form for presentation, e.g. number average,
weight average, cumulative distribution, etc.

INTRODUCTION
Knowledge of the average particle size and the
particle size distribution is useful in the evaluation
of the efficiency of chromatographic columns. Measure-
ment of the reduced plate height (h=H/d) and velocity
(v=ud/D) require estimates of the particle size (4). It

is not clear what the best measure of particle size
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should be, e.g. number average, cumulative weight
average, etc. Differences in the values of the weight
and number averages, however, often vary as much as 20%
for small (3 and 5 um) particles. 1In addition, because
commercial packing materials are not perfectly monodis-
perse, a knowledge of the distribution is useful since
column efficiency will tend to reflect the largest
particles present while net pressure drops will be most
influenced by the smallest particles [1]. In this
context alternative efficiency calculations suggested
by Bristow [2] and Halasz [3] which are based on the
column pressure drop, permeability, or flow resistance
parameter weight the smallest particles most heavily in
the determination of an effective particle diameter.
The particle size and distribution will vary
widely not only between different manufacturers and
types of supports, but also between lots of the same
silica. 1In addition, the manufacturer's provided par-
ticle size is often not measured directly for a parti-
cular lot, or the method of analysis is not stated.
Because the actual size can often vary significantly

from the nominal particle size, direct comparison of

different gels is often difficult. In addition, post
manufacturing handling and/or various derivitization
schemes employed prior to column packing may alter the

particle size distribution profile. The common proce-
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dure of extended ultrasonication during out-gassing is
one such procedure which can fracture particles and
alter the distribution [3]. Finally, changes in the
surface properties of derivitized silicas may alter the
aggregation properties of small support particles, and
aggregate size analysis may allow comparison of beha-
vior in various solvent systems.

We have investigated the use of time-dependent
turbidimetry during the settling of silica gel parti-
cles as a means of estimating the size distribution of
chromatographic supports. While commercial instrumen-
tation is available for particle sizing, for our pur-
poses this alternative was cost prohibitive, less
flexible and does not give the desired information on
settling kinetics as a function of solvent. The method
exploited here is similar to that suggested by Gum-
precht and Sliepcevich [4] but uses a simple spectro-
meter as a measuring device. Digital data acquisition
with a microcomputer was used to manipulate data to

yield the various particle size distributions reported.

THEORY
The scattering of light by particles which are
large relative to the wavelength of the light falls in
the realm of Mie scattering. The apparent absorbance
(related by the turbidity) of a solution of non-absor-

bing monodisperse particles in a non-absorbing medium
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is proportional to 1) the pathlength (b), 2) the con-
centration of scattering particles of size d in the
light beam (C(d)), 3) the square of the particle size
(d2), and 4) the scattering coefficient, Q, which is
itself a function of particle size, the wavelength of
light used, and the ratio of refractive indices of the
particle and the medium (m).

A = (const)[b c(d) 42 o(d,r,m)] (1)
Equation 1 is often represented in terms of a dimen-
sionless size parameter, a , which relates the diameter
and the wavelength so that at a given wavelength

A = (const)[b C{e) ¢?Q{o,m)] (2)
where
aB7rd/A (3)
Implicit in the above is the assumption that only
transmitted light (i.e., not scattered light) is mea-
sured at the detector. 1In Mie scattering the greatest
scattering intensity is directed nearly along the axis
of transmission [5] so that proper measurement of exact
turbiditimetric data requires precise and narrow detec-
tor geometries. 1In practice some scattered light will
be measured and the scattering coefficient Q should be
replaced in equation 1 with an effective scattering
coefficient Qg ¢g, which is also a function of the
optical geometry. While formal evaluation of the scat-

tering coefficient involves the solution of Maxwell's
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equations, approximate solutions valid at high and low
values of ¢ are more tractable. For silica particles
in water, and using 300 nm radiation, the values of the
dimensionless size (o) are approximately 10 times the
particle diameter in microns. Thus for particles above
about 2.5 microns the approximate solutions of Van de
Hulst and of Walstra [6] can be used to calculate
values of the real and effective scattering coeffi-
cients as a function of o, the refractive index ratio,
and the angle w, which may be viewed as the finite
angle of acceptance of the spectrometer. As shown in
Figure 1, the effective scattering coefficient, Qg.¢¢:
rapidly approaches a limiting value of unity as either
the particle size (i.e. o) or the angle w increases.
For simple spectrometers the value of w will be large.
In our case the value was estimated to be significantly
larger than 5° [6]. The result of this is that to a
first approximation, the scattering coefficient term
may be taken as a constant independent of particle
size, and the absorbance (turbidity) is approximated as
being proportional to the square of a, the concen-
tration, and the path length.
A = (constant)[b C(a) «2] (4)

For a polydisperse suspension the total absorbance will
then be the integral over all particles of the absor-
bances of each particle size, or

Ator = JAla) da = (constant) JcC(a) o2Qa (5)



16: 54 24 January 2011

Downl oaded At:

2328 HANGGI AND CARR

.
28

26 =
24 &

22 =
eff

14 ¢

1.2

1.0 g

A o el e
0 50 100 150 200 250

34

Figure 1. Scattering coefficient (Q(a,m)) and the effective scat-
tering coefficient (Qg¢g(o,m,w)) for various values of w. Plots cal-
culated for the approximate forms of Van de Hulst and of Walstra as
taken from reference 6. Curves l-4 denote w values of 0, 2, 5, and
10 degrees, respectively.

A suspension of particles will eventually settle
out under the influence of gravity. However, for
spherical particles with density greater than that of
the suspending medium the particles will settle out at
a terminal velocity (v{d),cm/s) given by Stoke's law

v(d) = da g (opmpg)/18 1 (6)
where g is the gravitational constant (980 cm/sz), °p

the particle's density, the solvent density

g
(gm/cm3), and n the solvent viscosity (in poise).

While Stoke's law is strictly valid only for spherical
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particles, it may be used to describe the settling of
irregular particles with diameter ratios of up to ap-
proximately four with little error [7]. In such cases
the so~called Stoke's diameter, or the diameter of a
spherical particle with the same volume, is measured.
In addition, for porous particles the density of the
particle will be decreased relative to that of the
solvent due to the inclusion of solvent within the
pores of the particle. It is also implicit that the
particles are settling in a guiescent liquid and that
the particles are large enough that thermal (Brownian)
agitation of the particles is negligible.

For an initially homogeneous suspension, as parti-
cles of a given size settle from an observation plane
(light path) they will be replaced from above by an
equal number of particles of the same size until such
time as all the particles of that size have settled to
a point below the level of the plane. Thus for a
defined observation plane at time t there will be a
critical particle diameter given by

depielt) = [18mx/tg(e -ng)1L/2 (7)
below which all particle sizes are present at their
initial concentrations and above which size the concen-
tration is zero. In the above eguation x is the dis-
tance measured from the top level of liquid to the

obgservation plane, Therefore the total concentration
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of particles at the observation plane at a given time
will be the integral of the initial concentrations of
all particles over all particle sizes up to the criti-
cal diameter.

Re-expressing equation 7 in terms of dimensionless
diameters (o) the dependence of the absorbance on time
is

Alt) = Ecnﬁxt)A(a)da = (constant) gcri&t%(a)azda (8)
which when differentiated with respect to alpha and
divided by the square of alpha critical yields

c(a) = (aa/da)/(a2) (9)

This is easily transformed into the size distribution.

EXPERIMENTAL

All absorption measurements were made on a Bausch
and Lomb Spectronic 88 spectrophotometer. For con-
venience, the standard cuvette holder was used in place
of the universal test tube cuvette holder supplied. No
modification of the detector or optics were made in
contrast to most true turbidimetry analyses [6] with
the exception of masking the cuvette to define the
Plane of observation. Data was taken at the 2V out-
puts, digitized, and stored on an Apple II Plus compu-
ter (48K) via an ADALAB (Interactive Microware, Inc.,
State College, PA) ADC. Calculations and data mani-
pulation were carried out via BASIC programs on the

Apple computer.
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Silica gels analyzed included samples of various
batches of LiChrosorb Si60 (Merck, GFR) of 5 and 10
micron nominal particle sizes. Two of these samples
were donated by Micromeritics, Inc. (Norcross, GA) and
had been analyzed previously with respect to particle
size on their Model 5000 SediGraph analyzer. Other
samples included LiChrosorb $i60 and Sil00 DIOL phases,
as well as LiChrosorb S$i60 derivatized by various
methods with the affinity ligand Cibacron Blue 3G-A.
Reverse-phase supports Hypersil ODS 5 micron (Shandon,
UK) and Nucleosil 7 C,g (Macherey-Nagel, GFR) were also
studied. Solvents used in this work included doubly
deionized water, methanol (Mallinkrodt, HPLC grade),
ethanol (University of Minnesota, technical grade),
isopropanol (MCB, HPLC grade), toluene (Fisher, scin-
tillation grade), and cyclohexane (Eastman, reagent
grade). All solvents were filtered through 0.45 micron
filters before use.

The procedure involved weighing out 10-20 (typi-
cally 15) mg portions of silica gels and suspending
each in 3 ml of solvent. The suspensions of silica gel
in solvent were thoroughly outgassed under vacuum with
ultrasonication for a short time. To assure disaggre-
gation, samples were also vigorously agitated on a
vortex mixer for 1 minute immediately prior to measure-

ment. Timing of the settling commenced with pouring
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the suspension into a cuvette which was then placed in
the spectrometer. Solvent temperature was recorded at
the onset of each experiment and no significant thermal
heating of the solution during the settling experiment
itself was observed.

In order to define the plane of observation for
the scattering, the cuvette was masked off with opaque
plastic tape, leaving a 1 mm plane exposed approximate-
ly 1 cm from the base of the cuvette. Knowledge of the
distance between this plane and the top level of solu-
tion in the cuvette is necessary to measure the size
distribution (x in equation 7). Minimum data acquisi-
tion intervals varied with solvent and mean size of the
silica gel. It was found that 1000 points at a 10 sec.
interval yield more than sufficient data density to
define the 5 um support in water. Shorter times can be
used for larger particles or solvents with lower visco-
sities. An example of the typical raw data (absorbance
vs. time) is shown in Figure 2. Data acquisition was
continued until the absorbance leveled off after a
steep decline.

Construction of the size distribution from absor-
bance-time data was achieved using a BASIC program.
Values for the solvent density and viscosity, acquisi-
tion time increment, and settling distance (x) are

required as well as an estimate of the net particle
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Figure 2, Absorbance-time raw data for a settling experiment. Upper
(a) curve shows LiChrosorb $i60 5 micron (nominal size) silica, lower
(b) curve is LiChrosorb Si60 10 micron silica. Solvent (both curves)
is water, 30°C, %=2.00 cm, A=400nm.

density. Values of the density and viscosity for non-
aqueous solvents and mixtures at the experimental tem-~
peratures were obtained in standard references or were
estimated using the procedures in [8]. We have esti-
mated the net particle density by assuming a percent
porosity of the particle and calculating a density
based on a mean silica density of 2.36 gm/cm3 [9] ana
the percent volumes of the silica and the solvent.
Silica densities of 2.30 and 2.46 gm/cm> were used for
LiChrosorb Si60 and LiChrosphere S8i500 supports respec-

tively [{9]. Percent porosities for different gels were
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estimated on the basis of previous experience with
porosities of columns packed with the packing material
or on the basis of relative packing densities and pore
volumes. In this manner we used a value of 1.43 gm/cm3
for the solvated LiChrosorb Si60 particle in water
based on a porosity of 67%. It should be noted that
the effect of inaccuracies in the estimation of the
density is decreased due to the dependence of the
particle diameter on the square root of the density.
An option to skip over a set number of points was
included in the computer program in order to reduce the
data density in the differentiation step, if necessary,
since high density at low particle sizes increases the
scatter in this step.

A 9 point differentiating Savitsky and Golay
smooth [10] was used to differentiate the raw data with
respect to time. The critical particle sizes and
a values for each time were then calculated and the
corrections for differentiation with respect to o and
the o squared term were performed. The size distri-
butions in terms of number and weight concentrations
(arbitrary units) as well as cumulative number and
weight distributions versus the critical diameter were

automatically computed and plotted on the video screen.

RESULTS AND DISCUSSION
Results of the determination of replicate runs of

5 and 10 micron LiChrosorb Si60 supports are shown in
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Figures 3 and 4 respectively. In 3a and 4a the number
and weight distributions are shown as a function of
particle size. The integrated cumulative distributions
are shown in the 3b and 4b. Two replicate runs are
shown in each case. The open circles in 3b and 4b
represent values provided by Merck on the labels for
the cumulative weight percent, while the open squares
represent the corrected data obtained from the Sedi-
graph analyzer. The Sedigraph data was corrected in
order to normalize for a different value of the parti-
cle density used in the analysis at Micromeritics [11].
The agreement between our cumulative weights with those
provided by Merck for these lots is excellent while the
agreement of our distributions with those provided by
Micromeritics is still quite reasonable. It should be
noted that due to the algorithm used in plotting, the
areas of different plots have not been conserved.

At very high data densities, for small particles
the scatter in the data increases significantly due to
the numerical process of differentiation of data evenly
spaced in time. As the particles become very small the
difference in critical diameters between successive
times becomes very small, thereby greatly expanding the
scatter due to noise. Time increments of 10 to 100
seconds can be used to cover the range from approxi-

mately 3 to 20 micron silica particles. 1In general we
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Figure 3. Size distributions for LiChrosorb Si60 silica gel (5 um).
Solid lines depict number distributions while dashed lines depict
weight distributions., Replicate runs are shown for each curve. Left
plot (a) shows the actual distributions of the data im (a). Squares
indicate values obtained by corrected SediGraph analysis while circles
indicate Merc¢k provided data.
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Figure 4. Size distributions for LiChrosorb silica gel (10 ym).

Solid lines depict number distributions while dashed lines depict
weight distributions. Replicate runs are shown for each curve. Left
plot (a) shows the actual distributions while the right plot (b) shows
cumulative distributions of the data in (a). Squares indicate values
obtained by corrected Sedigraph analysis while circles indicate

Mexrck provided data.
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found 500 points spaced at 20 second intervals provided
a reasonable compromise between data density at large
diameters and data scatter in the small diameter re-
gion. We have obtained reasonable plots using as few
as 100 points.

In all the data sets involving underivatized Li-
Chrosorb 5 and 10 um particles a significant change in
the absorbance curve occurred at times corresponding to
silica particles of approximately 3 and 4 microns re-
spectively. We are uncertain of the origin of this
phenomenon which manifests itself as the brief region
of a high concentration (highly scattered) of particles
at the very lower extreme of the distribution. Identi-
cal results were obtained at both 400 and 800 nm,
indicating that this is not an anomaly of the particu-
lar scattering conditions. We speculate the existence
of fine particles of much higher density for which the
settling rate is the same as that for approximately 4
um support particles. The algorithm would interpret
these co-settling fine particles as a higher concentra-
tion of the larger support particles. In such a case,
the high scatter in this region on the distribution
plots would not signify an actual deviation in the
shape of the tail of the distribution of the support
particles. 1In any case the total effect on the cumula-

tive number distribution is small and is negligible on
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the cumulative weight distribution. This phenomenon
was not observed with the same LiChrosorb gels after
treatment to derivitize the particles with a DIOL func-
tionality. 1In addition, the similarity of results at
400 and 800 nm wavelengths is strong support of our
assumption that the effective scattering coefficient is
virtually independent of o for our spectrometer, since
changing the wavelength will alter the o« value (see
egn. 3). If the scattering coefficient was changing
significantly with o the greatest differences between
400 and 800 nm experiments should be noted at small
particle sizes where our agreement is still good.

While the settling time for very small particles
can be quite long, use of a solvent with lower density
and/or viscosity will decrease the required time. In
this case, however, changes in the surface wetting
characteristics due to variation in other physical
properties, e.g. the surface tension, may alter parti-
cle agglomeration properties and change the distribu-
tion. We examined LiChrosorb DIOL supports in various
solvent systems and found that the DIOL settling beha-
vior in water, methanol, and ethanol varied systemati-
cally and quantitatively as expected from eguation 6
with changes in solvent density and viscosity. For
these solvents the cumulative weight average particle

sizes (dSO) were calculated to be between 10.7 and 11.8
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microns. Drastically different behavior was observed
in isopropanol, toluene, and cyclohexane, which can be
attributed to particle agglomeration in these solvents.
The values for the measured apparent dgg values in
these solvents were 13.8, 23.1, and 29.0 microns, re-
spectively. The distributions of the particles in
methanol, isopropanol, toluene, and cyclohexane are
shown in Figure 5. Similar results were observed for
both commercial and in house preparations of the DIOL
phase. The shift in the measured distribution to par-
ticles of larger (apparent) size also suggests that
particle agglomeration is occurring. The actual size
of the larger particles may not be accurately reflected
by the abcissa value as the agglomerate net density
probably varies from the assumed value for single par-
ticles due to a probable change in the effective poro-
sity of the agglomerate. Because the algorithm assumes
a single density value for all particles, increased
porosity in agglomerates, due to the interparticle
volume, would actually result in a larger particle size
than shown.

The data from the DIOL phases agrees well with the
expected results based upon the assumption that highly
polar particles will agglomerate in very non-polar
solvent to minimize the exposed surface area. The
results in isopropanol are nonetheless surprising. The

solvent order in which agglomeration apparently occurs
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Figure 5. Particle weight distributions of LiChrosorb Si60 DIOL
(10 m)samples in the solvents (a) methanol, (b) isopropanol, (c) and
toluene, and (d) cyclohexane. The cumulative weight distributions

are shown in the lower plot.
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is consistent with the solvent polarity as measured by
Snyder's polarity (P') scale [12] in which the order of
solvents decreases in the sequence as water > methanol
> pthanol > isopropanol > toluene > cyclohexane.

Less solvent dependeﬂt results were obtained using
the reverse-phase octadecylsilyl derivitized sup-
port Hypersil ODS (5um) in various non-agqueous sol-
vents. Results for Hypersil in methanol, ethanol,
isopropanol, toluene, and cyclohexane indicate no sig-
nificant agglomeration occurs for the reverse-phase
support in these solvents. Weight distributions for
the Hypersil ODS in methanol, isopropanol, and cyclo-
hexane shown in Figure 6 illustrate this point. The dry
silica density of 2.36 gm/cm3 and a net porosity of 45%
was used in calculations for this material. Water was
not tested due to its inability to wet the support, so
in order to test the effect of increased solvent polar-
ity on the settling behavior of the Hypersil ODS sup-
ports, an electrolyte was added to methanol. The use
of 12 millimolar hydrochloric acid in methanol as sol-
vent resulted in doubling the average particle size
relative to the value in pure methanol. When the
solvent was comprised of 16 millimolar ammonium hydro-
xide, however, a slight decrease in the average parti-
cle size relative to pure methanol was noted. These

results can be understood both in terms of agglomera-
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Figure 6. Particle weight distributions of Hypersil (5 um) ODS
samples in the solvents (a) methanol, (b) isopropanol, (c) toluene,
and (d) cyclohexane.

tion of a non-polar support in the polar solvent and in
terms of the existence of an electrostatic barrier to
agglomeration created by residual surface charge. In
the former case the addition of hydrochloric acid to
the solvent should result in a decrease of the net
surface charge due to the increased degree of protona-
tion of residual surface silanols, thereby reducing the
electrostatic barrier to agglomeration. 1In the case of
added ammonia, the degree of silanol ionization should
increase, creating a net negative charge on the parti-
cle [1] for which the electrostatic repulsion opposes
agglomeration and offsets the effect of the increased

solvent polarity.



16: 54 24 January 2011

Downl oaded At:

2344 HANGGI AND CARR

A strong solvent dependence of the settling beha-
vior was also observed for DIOL phases derivitized with
the triazine dye Cibacron Blue 3G-A. Figure 7 shows
size distributions for LiChrosphere Si500 DIOL, derivi-
tized with Cibacron Blue by the procedures of Mosbach
et al. [13], in various solvents. The anionic tri-
azinyl dye is a polysulfonated aromatic ring system
covalently bound to the DIOL phase via a 1,6-hexane
diamine spacer arm at very low surface concentrations
{ca. 10 nmole/mz). While the equations derived earlier
do not strictly hold in the case in absorbing scat-
terers (Cibacron Blue absorbs somewhat throughout the
visible spectrum) the above approach should be able to
differentiate changes in the shape of the size distri-
bution between solvents. This is seen in Figure 7 in
which the differences in the size distributions in
methanol, isopropanol, toluene, and cyclohexane again
suggest that agglomeration is occurring. In comparison
with their precursor DIOL phases, the Cibacron modified
phases display a similar pattern but appear to be
slightly more hydrophillic, which is consistent with
the existence of several highly polar and ionic func-
tional groups on the dye molecule. While a detailed
knowledge of the interactions between solvent and Ciba-
cron supports is unknown at this time the data suggests

that at least the non-polar solvents interact with the
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Figure 7. Cumulative weight distributions of samples of Cibacron

Blue 3G-A modified LiChrosphere Si500 DIOL in the solvents (a) meth-

anol, (b) isopropanol, toluene, and (d) cyclohexane.

support in a very different manner than do polar sol-
vents.

Figure 8 summarizes the results of experiments on
five different silica supports in various solvent sy-
stems. The abscissa in Figure 8 represents the mea-
sured value of the cumulative weight average particle
size (dgg) for the given silica gel in the specified
solvent system, Silica gel 1 is the underivitized 5
and 10 micron LiChrosorb 8i60 while silica 2 is the
data from the 5 micron Hypersil ODS support. Silica 3
is LiChrosorb Si60 DIOL and silicas 4 and 5 are Ciba-

cron modified phases. Silica 4 is lightly loaded with
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Figure 8. Summary of the dependence of the observed 50% cumulative

weight diameter (d5g) on the solvent for a variety of silica gels:

(1) underivitized LiChrosorb $i60 5 and 10 um particles, (2) Hypersil
(5 um) ODS, (3) LiChrosorb Si60 DIOL, (4) Cibacron modified (Mosbach
prep) LiChrosphere Si500 DIOL and (5) Cibacron modified (directly

coupled) LiChrosorb Si60 DIOL. Solvents are designated as (a) water
(b) methanol, (b') 16 nM NH,OH in methanol, (b'') 12 nM HCL in methol,
(c) ethanol, (d) isopropanol, (e) toluene, and (f) cyclohexane.

ligand immobilized via the hexanediamine spacer arm as
described above, while silica 5 is a much heavier
loading of directly bonded (no spacer arm) dye. The

solvent symbols are given in the figure legend.

CONCLUSIONS
The results obtained by this method of studying

the particle size distribution are comparable to those
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of other methods for silica chromatographic supports.
Because the method fundamentally estimates the number
distribution most other widely used definitions of the
distribution can be readily calculated. The method
uses only common laboratory experiment. The parameters
necessary involve an estimation of the density of the
particles in the solvent, a measurement of the settling
distance, and values of the solvent density and visco-
sity. Of these the particle density can be obtained
based on an approximation of the porosity of the parti-
cle. In addition to determination of the size distri-
bution for the purposes of column efficiencies, the
method can be useful in the evaluation of solvent
effects on particle agglomeration. By evaluating the
size distribution of a support matrix in various sol-
vent systems and comparing the results, significant
information can be inferred as to the nature of the
particle surface and solvent wetting under the experi-
mental conditions. By means of an example, settling
rates and size distribution data for Cibacron Blue
affinity chromatographic supports suggest substantial
particle agglomeration occurs in non-polar solvents,
implying a strongly polar character to the surface.
Knowledge of the particle settling rates and agglomera-
tion properties can be useful in the optimization of

solvent conditions during column packing.
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