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Wepresenta small-angle static light scatteringstudyof someof themore commonlyemployedmicroporous
membrane filters under quasi index matching conditions. We have investigated filters of various pore
sizes and of two different chemical compositions, namely, acetate of cellulose (AC) and mixed esters of
cellulose (MEC). The scattering data reveal that on short length scales the membranes have fractal
morphology, a feature already reported in the literature for porous glasses. Membrane filters however
exhibit a wider spectrum of morphologies. In fact, while AC filters may be described as surface fractals
(like porous glasses), MECmembranes turn out to be mass fractals. Furthermore, for all the samples the
scattered intensity distribution is peaked at a finite wave vector qm, a feature typical of systems with a
spatial quasi periodicity Λ ) 2π/qm. The relation between Λ and the pore size ps depends on the type of
membrane. In generalΛ grows with ps, but while for ACmembranesΛ is roughly proportional to the pore
size, for MEC filters a more complex behavior is observed. On the basis of these results and on mass
density measurements we propose two different models for the AC and MEC membrane structure. The
proposed picture is further supported by the observation of scanning microscope images.

I. Introduction

Microporousmembrane filters arewidely used inmany
scientific and technological applications, such as particle
removal,microbiological andsterility testing, gasanalysis,
electrophoresis, and biological tissues simulation. Each
membrane filter is characterized by a certain pore size
value supplied by the manufacturers. The pore size ps
indicates the sieving capability of the filters; that is, it is
ameasureof thesmallestparticle that cannot flowthrough
the membrane. The available pore sizes typically range
from 0.025 to 8 µm, thus spanning over more than two
decades. A wide variety of materials andmanufacturing
techniques are used in the membrane production. In
particular, we focus our attention on membrane filters
made of mixed esters of cellulose (MEC) and of acetate of
cellulose (AC), both belonging to a large family of spon-
gelike membranes, the typical thickness being about 150
µm.
We present for the first time a small-angle static light

scattering study of these membranes. The filters have a
white mat appearance, and in order to make light
scattering measurements possible, all membranes were
imbibed in aproperly chosen solvent, to reduce the optical
contrast to a convenient value. The technique gives a
detailed picture of the membrane architecture. We find
that at short length scales filters of both type exhibit a
fractal nature. More in detail, ACmembranes are porous
solids with a fractal pore surface (surface fractals), while
MEC membranes may be described as mass fractals. On
larger scales, both kinds of filters show a certain degree
of spatial orderwitha (quasi)periodicityΛ. Tounderstand
the relationship of the structure to the sieving capability,
we studied the behavior ofΛ as a function of ps. We show
that a relation between Λ and the pore size does exist,
although it is not trivial and it is strongly dependent on
the type of membrane. On the basis of scattering data
and of mass density measurements we propose two
different models for describing how the MEC and AC
structurevarieswith thepore size. To further corroborate

the proposed picture, some scanning electron microscope
measurements are also presented.
As a final point, we observe that both AC and MEC

membranes exhibit many analogies with semirandom
systems which have been extensively studied via small-
angle scattering techniques, such as porous glasses1-3 or
colloidal gels.4-6 Inparticular,AC filters havea structure
reminiscent of spinodally decomposed materials such as
porous glasses, while MEC membranes are morphologi-
cally similar to gels observed in the last stages of colloidal
cluster aggregation. These analogies might be revealing
of the processes actually employed in the fabrication of
the filters.
Thepaper is organizedas follows. Insection IIwebriefly

recall some properties of fractal objects and the main
results that can be obtained with small-angle scattering.
In section III we describe the sample preparation and the
experimental setup. Finally, in section IV we present
and discuss the experimental data.

II. Theory
In view of the discussion of the experimental data, we

recall some basic results about fractal morphology and
scattering from fractal objects.
A mass fractal is defined7 as an object such that the

minimum number of cubes of edge l needed to cover it
scales as

where dm e 3 is the mass fractal dimension. In real
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fractals, the scaling (1) holds only between two charac-
teristic length ê1 and ê2, the so called lower and upper
cutoffs, respectively. The mass fractal dimension is
usually not an integer, dm ) 3 being the limiting case of
an ordinary solid. A fundamental quantity for describing
the characteristic physical size of a fractal is the gyration
radius Rg ) (∑imiri2/∑imi)1/2. We point out that, as a
consequence of (1), the mass m of a fractal of radius Rg
scales as Rg

dm. Therefore, for a mass fractal with dm < 3,
the larger the gyration radius, the lower the density.
Fractal concepts may be also applied to self-similar

surfaces. The surface fractal dimensionds can be defined
by the relation7

where N(l) is the minimum number of squares of side l
needed to cover the fractal surface. The surface fractal
dimension varies from 2sthe value for ordinary smooth
surfacessup to 3. Similarly to the case of mass fractals,
for a real fractal surface eq 2 is valid for ê1 < l < ê2. We
call a surface fractal7 a solid object (dm ) 3) bounded by
a fractal surface.
Static light scattering is a very convenient tool to

investigate fractal systems. In fact, for such systems the
angular distribution of the scattered intensity I(q) is given
by

where R is simply related to the fractal dimension, as will
be seen in the following. In eq 3, q ) 4πnλ-1 sin(θ/2), n
being the refractive index of the medium in which the
scattering experiment is performed, λ the light vacuum
wavelength, andθ the scattering angle. It is to be pointed
out that eq 3 applies in the range 1/ê2 , q , 1/ê1 (the
condition q, 1/ê1 is usually fulfilled in the range of wave
vectors accessible to small-angle light scattering experi-
mental apparatus). Aswementionedabove, the exponent
R in the power law (3) is related to the fractal dimension.
More in detail, for a mass fractal7

while for a surface fractal7

We note that in the case ds f 2 eq 3 together with eq 4b
reduces to the well-known Porod’s law I(q) ∝ q-4.

III. Materials and the Experimental Setup
We investigated both Millipore membrane filters made of

mixed esters (nitrate and acetate) of cellulose (refractive index
n = 1.518) and Sartorius membrane filters made of acetate of
cellulose (n = 1.479), with pore size ps ranging from 0.1 to 8 µm
and from 0.2 to 8 µm, respectively.
To perform light scattering measurements, we placed each

filter in a cuvette filled with a proper solvent. The solvent has
been chosen for each sample in order to fully exploit the small-
angle light scattering potentialities. On one hand, samples that
scatter a considerable amount of light are requested. In fact,
collecting light at very small angles has the disadvantage that
spurious contributions due to stray light cannot be avoided.
Therefore, oneneeds thescattered light tobeat leasta fewpercent
of the incoming beam to have an acceptable signal to noise ratio.
On the other hand, samples must not scatter too much in order
to avoid multiple scattering effects. In particular, we typically

worked with transmitted beam attenuations between 2% and
20%. Tomaintain theattenuation in the chosen range, the filters
were imbibed in a proper mixture of p-cymene ((CH3)2CHC6H4-
CH3, refractive index n20D ) 1.490) and 1-bromonaphthalene
(C10H7Br,n20D)1.657)with refractive indexvarying in the range
1.490 e n20D e 1.527.
The major problem in sample preparation is the presence of

trapped air bubbles, as they strongly scatter at low angle, thus
producing a disturbing spurious signal. We therefore outgassed
themembranes once theywere placed in thematching fluid, and
weusedshortultrasoundpulses to further improveair extraction.
The outgassing procedure typically lasted a few hours, and it
was stopped when no air bubble release could be detected by
visual inspection.
The scattering data were recorded at room temperature with

a small-angle static light scattering setup similar to the one
described byCarpineti et al.10 We recall that the systemallowed
the collection of scattered light at 31 angles, corresponding to
almost a two-decade range in transferredmomentum q. Thanks
to a slightly different optical configuration, we can now vary the
accessible q range: all theMECmembrane scattering datawere
collected in the range 6 × 102 cm-1 e q e 5 × 104 cm-1, while
AC membrane data were recorded either in the preceding
transferred momentum range or in the 3 × 102 cm-1 e q e 3 ×
104 cm-1 range.

IV. Experimental results and discussion
In Figure 1 we show the intensity distributions I(q) of

the light scattered by two membranes having the same
pore size (ps)1.2µm)butdifferent chemical compositions,
both imbibed in pure p-cymene. Although the two curves
refer to the same value of ps, they are quite noticeably
different. We point out that their basic features are quite
representative of the two types of membranes, as they
have been observed for almost all the investigated pore
sizes. In particular, we observe that for both samples the
largeqasymptotic behavior of the scattered light intensity
follows the power law I(q) ∝ q-R (see eq 3) with R < 4, and
this reveals that both the membranes have fractal
morphology on short length scale. Two different values
of R have been measured depending on the membrane
type, being R ) 1.9 for MEC membranes and R ) 3.7 for
AC ones. As we mentioned in section II, these values of
R reveal that great differences in the membrane mor-
phologies do exist. In fact, for the MEC membranes R )
1.9 indicates a mass fractal morphology with dm ) R. By
contrast R ) 3.7 reveals that AC membranes are surface(8) Millipore technical brochure,Millipore Corp., Ashby R., Bedford,

MA 01730.
(9) Sartorius technical brochure, Sartorius AG, P.O. Box 32 43,

Weender Landstrasse 94-108, D-3400 Göttingen, Germany.
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N(l) ∝ l-ds (2)

I(q) ∝ q-R (3)

dm ) R (4a)

ds ) 6 - R (4b)

Figure 1. Intensity distributions of the light scattered by two
membrane filterswith the samepore size (1.2 µm)but different
composition. Solid dots refer to the AC filter, open dots to the
MEC filter. Both filters are imbibed in pure p-cymene.
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fractals, as the fractal morphology extends only to the
boundary of the structure. From eq (4b) it follows that
the surface fractal dimension ds is 6 - R ) 2.3.
Another fundamental featurewhich can be observed in

Figure 1 is that the intensity distributions exhibit a peak
at a finite wave vector qm, a behavior typical of systems
characterizedbymassanticorrelationovera typical length
scale Λ ) 2π/qm. The presence of a peak in the intensity
distributions indicates that both membranes can be
described as structures where each massive area has to
be surroundedbya regionwhere theprobability of finding
another massive domain is less than the average value.
In other words there is a certain degree of spatial order
with mass density fluctuations at a characteristic length
Λ. It is also quite remarkable that, despite the fact that
the pore size is the same (ps ) 1.2 µm), the peak positions
are substantially different. The values of the character-
istic lengthΛ that canbeestimated for the twomembranes
are Λ ) 22.4 µm for the AC filter and Λ ) 8.4 µm for the
MEC one. Both these values are quite far from the pore
size (1.2 µm). To have qualitative evidence of the
information obtained from the scattering data it is quite
helpful to observe Figure 2, where two scanning electron
microscope images of the same membranes of Figure 1
are shown. We observe that, although the two Figures
aresubstantiallydifferentasaconsequenceof thedifferent
morphology of MEC (Figure 2a) and AC (Figure 2b)
membranes, it can be appreciated that each structure
exhibits a certain spatial regularity. In fact, both figures
show that the void areas, surrounded bymassive regions,
are distributed in space quite uniformly. By visual
inspection only, we cannot give a quantitative estimate
of the typical length scale that can be associated with
eachmembrane, but it can be easily observed that for the
MECmembrane this length is definitely shorter than the
one associated with the AC one. It turns out that light
scattering is a very powerful technique with respect to
direct observation. In fact, although the micrographs
shown in Figure 2 provide detailed images of the mass
spatial arrangement in the two different structures, light

scattering allows one to quantitatively estimate morphol-
ogy and characteristic length of the two samples with a
single measurement.
Wepointout that thepeak-shaped intensitydistribution

shown in Figure 1 together with the fractal morphology
is strongly reminiscent of other systems that have been
studied in the past via small-angle scattering techniques.
In particular, the light scatteringdistributions fromMEC
membranes are strongly similar to the ones observed for
diffusion-limitedcolloidalaggregation indensesolutions.4,5
In fact, we recall that dm ) 1.9 is a typical mass fractal
dimension reported for colloidal aggregationphenomena11
and that thepresenceofapeak in the intensitydistribution
has been observed during the formation of colloidal gels,
i.e. semirigidstructures composedof interconnected fractal
aggregates.4-6 By analogy we may model MEC mem-
branes as a matrix of close packed mass fractal clusters,
the average packing distance being equal to Λ. Inciden-
tally, we point out that the electron microscope image
shown inFigure2a is strongly similar to imagesof colloidal
gels obtained with a confocal microscope.12 By contrast,
AC membranes have a structure similar to porous
materials obtained by etching a spinodally decomposed
glass mixture, such as Vycor glass1-3,13 and other con-
trolled-pore glasses2,14,15 which have been characterized
via neutron and X-ray small-angle scattering. These
materials have been found to exhibit a surface fractal
nature, the surface fractal dimension being somewhere
between 2.2 and 2.4. This value is indeed very close to
that observed here for AC membrane filters. As a
consequence, AC membrane filters may be modeled as
spongelike porous solids. It is important to stress that it
has been reported16 that some microporous membranes
are produced via a phase separation process followed by
the removal of one of the separated phases, a technique
similar to that used to produce porous glasses. We point
out that the similarities between the morphologies of the
filters and that of the structures generatedby thephysical
processes indicated above (colloidal cluster aggregation
and spinodal decomposition) might be revealing of the
manufacturing processes actually employed in the pro-
duction of membrane filters.
In Figure 3 we present the scattered intensity versus

q for ACmembrane filters of different pore sizes. Similar
data for the MEC filters are shown in Figure 4. The low
q data for the smallest pore size membrane of both types
are not shown since they are very noisy.17 We point out
that the curves in Figure 4 have closely lying asymptotes
at high q vectors, and for the largest pores the asymptotes
are almost identical. This behavior is invariably observed
in colloidal aggregation phenomena when there are no
settling problems due to gravity. Indeed, it has been
pointed out10 that this is a consequence of the conservation
of the overall mass within the scattering volume. The
same arguments used in ref 10 can be applied to MEC
filters, as they can be modeled as close packed fractal
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pure p-cymene. For the smaller values of ps of AC filters we slightly
increased the optical mismatch by adding small amounts of 1-bromo-
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Figure 2. Scanning electron microscope images of a MEC (a)
and an AC (b) filter, both with ps ) 1.2 µm. The bars refer to
10 µm.
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aggregates. This can be taken as an indication that the
overall density of the filters does not change toomuchand
for the largest pores is almost identical. This is consistent
with the independent density measurements to be pre-
sented later for theMEC filters. Referringnow toFigures
3 and 4, we observe that for both filter types each curve
exhibits apeakand thepeakpositionmoves towardhigher
q values when ps diminishes, eventually falling out of the
instrumental range for theMECmembranes. This result
suggests that Λ could be somehow related to the pore
size. Wepoint out that the existence of a relationbetween
Λandps is inprinciplenot obvious. In fact,ps is ameasure
of themembrane filter sievingcapability,which isbasically
determinedby thesmallest size of the connectionsbetween
themembrane voids that a particle is likely to go through

during its travel across the filter. By contrast, Λ is only
the typicalmass density fluctuation length, and therefore
it could be in principle independent of the size of the
smallest path through the membrane. Furthermore, as
Λ is by definition larger than the average size of the voids,
Λ is expected tobe onlyanupper limit forps, and therefore,
membraneswithdifferentΛmayhave the samepore size.
We observe that this is exactly the case shown in Figure
1 and in Figure 2.
In Figure 5 and in Figure 6 the dependence of the

characteristic length Λ on the pore size is plotted for AC
and MEC membranes, respectively. It can easily be
noticed that the two plots are appreciably different. For
AC membranes, Λ varies roughly linearly with ps in the
whole range of pore sizes (the dashed line shows a linear
fit through the origin of the data), and the typical mass
density fluctuation length is alwaysmuch larger than the
pore size, the ratioΛ/ps being approximately equal to 8.3.
For MEC membranes two regions may be distinguished
in the plot: for small pore sizes (ps < 1.2 µm) the linear
regime holds, and the typical mass density fluctuation
length is approximately proportional to the pore size (see
inset). Moreover,Λ is againmuch larger than ps andΛ/ps

Figure 3. Scattered light intensity I(q) for the ACmembrane
filters with pore size ranging from 0.2 to 8 µm: (0) 0.2 µm; (O)
0.45 µm; (2) 0.64 µm; (9) 0.8 µm; (3) 1.2 µm; (*) 3 µm; (]) 5
µm; (b) 8 µm. Large pore size membranes are imbibed in pure
p-cymene, while for small pore size filters small amounts of
1-bromonaphthalene were added to the solvent to increase
scattering efficiency. To avoid crowding theplot, the intensities
ofall pointsoneachcurveweremultipliedby the factor indicated
in the figure. The low q data of the 0.2 µm pore size membrane
are not plotted, since they are very noisy.

Figure4. Scattered light intensity I(q) for 10MECmembrane
filters, with pore size ranging from 0.1 to 8 µm: (0) 0.1 µm; (b)
0.22 µm; (4) 0.3 µm; (1) 0.45 µm; (×) 0.64 µm (+) 0.8 µm; ([)
1.2 µm; (*) 3 µm; (O) 5 µm; (2) 8 µm. All membranes were
imbibed in pure p-cymene. The low q data of the 0.1 µm pore
size membrane are not plotted, since they are very noisy.

Figure5. Pore sizedependence of themassdensity fluctuation
lengthΛ ) 2π/qm for the ACmembrane filters. The dashed line
is a linear fit through the origin over the whole range of rated
pore sizes (the line is Λ ) Rps with R ) 8.3).

Figure6. Pore sizedependence of themassdensity fluctuation
lengthΛ for theMECmembrane filters. In the inset, thedashed
line is a linear fit through the origin for ps e 0.8 µm (the line
is Λ ) Rps with R ) 9.0).
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) 9.0, a value similar to that observed for AC filters. By
contrast, for larger ps, Λ only slightly increases with ps
and eventually tends to saturate, reaching a value
comparable to that of the pore size. Looking at Figure 4,
we observe that for ps g 1.2 µm not only does the peak
position hardly move but also the intensity distributions
becomequite similar and eventually tend to superimpose.
To better understand how the membrane structure

changes with the pore size, we performed mass density
measurements for different values of ps. The results are
shown in Figure 7, where themass density F as a function
of ps is plotted for AC (a) and MEC membranes (b).18 We
notice that for AC membranes the mass density F is
approximately constant. Therefore both scattering and
density data suggest that the morphology of the filters
remains essentially the same as ps changes, the scale of
the structure varying accordingly. In other words, dif-
ferent sieving capabilities correspond to shrunkor dilated
versions of the same pattern. In fact, due to the morphol-
ogy of the ACmembranesa porous solid with fractal pore
surfacessif the structure is rescaled, the mass density
should not change.19 By contrast, for MEC membranes
there are two different trends corresponding to the two
pore size ranges where the linear regime and the satura-
tion regime of Λ are observed (see Figure 5). For ps < 1.2
µm, where the ratioΛ/ps is almost constant, F diminishes
when ps grows. At larger pore sizes, where Λ tends to
saturate, stronglydeviating fromthe linear regime,Fdoes
not appreciably change with ps. By combining mass
density and scattering data, we deduce that the scaling
model proposed for AC membranes applies only to MEC
filters with pore size less than 1.2 µm. In fact, we recall
that MECmembrane filters can be described as a matrix
of close packed mass fractals of almost the same size.
Consequently, a scale dilation of the structure not
modifying themorphologynecessarily implies a reduction

of the density F. In fact, the density of a fractal cluster
of radiusRg scales asRg

dm-3, and thedensity Fm of amatrix
of equally sized close packed fractal clusters behaves
exactly as the density of one single cluster.20 Therefore,
as the size of the packed fractals of which the membrane
is composed increases, the density of the membrane
decreases, leading to the observed F trend.
In Figure 8 we present three micrographs of MEC

membranes with pore sizes 0.1 µm (a), 0.3 µm (b), and
0.65 µm (c), for which we expect that an increase of the
sieving capability implies a proportional dilation of the
membrane structure. These images give an impressive,
althoughonlyqualitative, demonstrationofwhathasbeen
inferred by light scattering and mass density measure-
ments. In fact, the three micrographs show three sub-
stantially identical structures where the only difference
seems to be the typical length scale, which increases with
the pore size.

(18) Our mass density measurements are in very good agreement
with Millipore data on the fraction of the sample volume occupied by
thepores.Unfortunately,no similardatawereavailable for theSartorius
membranes.

(19) See eq 2 and the following definition of a surface fractal in ref
14.

(20) The density Fm of amatrix of massMm and volumeVm of equally
sized close packed fractals is Fm ) Mm/Vm ) ncMc/Vm, where nc is the
number of clusters of massMc and volume Vc contained in the matrix
volume. But as nc ≈ Vm/Vc, it follows that Fm ≈Mc/Vc ) Fc. This result
is obviously quite general and does not depend on the clusters size.

Figure 7. Membrane mass density as a function of the pore
size: (a)ACmembrane filters; (b)MECmembrane filters.Note
in part b the two different F trends corresponding to the ps
ranges where the Λ linear behavior and the saturation regime
are observed (see Figure 6). The arrow indicates where the
transition from the linear to the saturation regime occurs.

Figure 8. Micrographs of MECmembranes with pore size 0.1
µm (a), 0.3 µm (b), and 0.65 µm (c). The bars refer to 10 µm.
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The case of MEC membranes with ps g 1.2 µm is more
complex. In fact, the observation that Λ and F do not
appreciably change with the pore size necessarily means
that the structure of the membranes should be basically
the same for filters with different ps. The three micro-
graphs shown in Figure 9a-c of MEC membranes with
ps ) 3, 5, and 8 µm, respectively, give additional support
to this picture. In fact, one can hardly notice appreciable
differences between the three images.

The informationobtained suggests the followingpicture
for MEC filters with ps > 1.2 µm. As almost identical
structures give rise to different values of the pore size, the
sieving capability should be determined by the presence
(or absence) of very tenuous arms that adjust the size of
thepassagesbetween thevoidareas. Althoughthesearms
heavily affect the sievingproperties, and thereforeps, they
should be only an insignificant amount of the overall
membrane mass, since they cannot be detected by mass
density or scattering measurements and even by visual
inspection.

V. Conclusions
We studied microporous membrane filters made of

acetate and mixed esters of cellulose, by means of small-
angle static light scattering. The data show that on a
short length scale the membranes have fractal morphol-
ogy, while at larger scales the system is characterized by
a certain degree of spatial order, as is revealed by the
presence of a peak at qm * 0. Depending on the type, the
membranes can be described either as a porous solidwith
fractal pore surface (AC filters) or as a network of close
packed mass fractal clusters (MEC filters). The charac-
teristicmassdensity fluctuation lengthΛ )2π/qm is found
to grow with the pore size, always being larger than it.
For AC membranes, Λ is approximately proportional to
ps and themass density F is constant over thewhole range
of pore sizes, suggesting that the membrane structure
scalesasps. MECmembranes showtwodifferent regimes.
For small ps, the scaling model is pertinent. In fact, Λ is
proportional to the pore size, while the density decreases
as ps grows, as is to be expected for a material with mass
fractal morphology. At large pore sizes, we believe that
the overall membrane structure substantially does not
vary, as indicated by light scattering and mass density
measurements and scanning electronmicroscope images.
In conclusion, small-angle static light scattering, to-

getherwithmass densitymeasurements, has allowed the
characterization ofmorphology and structure of a variety
of microporous membrane filters. The results seem to
indicate that small-angle static light scattering may be a
promising, reasonably cheap tool for quality control for
most membrane filters.
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Figure 9. Micrographs of MEC membranes with pore size 3
µm (a), 5 µm (b), and 8 µm (c). The bars refer to 10 µm.
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