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Abstract We present data and predictive models for the
shear rheology of suspended zeolite particles in polymer
solutions. It was found experimentally that suspensions of
zeolite particles in polymer solutions have relative viscosities that dramatically exceed the Krieger–Dougherty
predictions for hard sphere suspensions. Our investigations
show that the major origin of this discrepancy is due to the
selective absorption of solvent molecules from the suspending polymer solution into zeolite pores. The effect raises
both the polymer concentration in the suspending medium
and the particle volume fraction in the suspension. Consequently, both the viscosity of the polymer solution and
the particle contribution to the suspension viscosity are
increased. We propose a predictive model for the viscosity of porous zeolite suspensions by incorporating a solvent absorption parameter, α, into the Krieger–Dougherty
model. We experimentally determined the solvent absorption parameter by comparing viscosity data for suspensions
of porous and nonporous MFI zeolite particles. Our results
are in good agreement with the theoretical pore volume of
MFI particles.
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Introduction
Industrial-scale gas separations by means of polymeric
membranes have attracted a lot of attention in recent years.
However, the performance of such membranes seems to be
limited by a general trade-off between selectivity and permeability, often referred to as the Robeson upper bound
(Robeson 1991, 2008). The desire for better gas separation efficiencies has led to the development of mixed
matrix membranes (MMMs) (Chung et al. 2007; Mahajan
and Koros 2000, 2002a, b; Moore et al. 2004; Paul and
Kemp 1973) which combine the processability of polymer
solutions with the high selectivity of zeolite particles. For
gas membranes, hollow fiber modules are preferred due
to their high surface area per unit volume for separation.
The membrane dope for the selective layer of dual-layer
MMMs consists of zeolite particles dispersed in a polymer
solution, while the support layer is made from a polymer solution. The spinning of membrane dopes into hollow
fibers of desired dimensions requires a good measure and
understanding on the rheology of the membrane dope formulations (Ekiner and Vassilatos 1990, 2001; Wallace et al.
2006). To our knowledge, there is no report in the literature were the rheology of porous zeolite particles in polymer
solutions has been addressed. This study addresses some of
the unique ramifications of the presence of porous zeolite
particles on the rheology of polymer solutions.
The rheology of model hard sphere suspensions has long
been a subject of theoretical and experimental investigations. Fundamental and empirical models exist that predict the viscosity of hard sphere suspensions from low
to high particle loadings (Batchelor 1977; Einstein 1906,
1911; Krieger and Dougherty 1959). However, most zeolite

134

particles are not spherical. Particle nonsphericity (Jeffery
1922a, b; Mueller et al. 2010; Stimson and Jeffery 1926)
invariably results in additional viscous dissipations not
accounted for by hard sphere models. For nonspherical
particles with simple prolate or oblate axial symmetry,
extensions of hard sphere models can still be used, using
the particle aspect ratio as an additional parameter (Mueller
et al. 2010). The aspect ratio (1 for spheres, >1 for nonspherical particles) affects the value of two key parameters:
the intrinsic viscosity and the maximum packing volume
fraction (Jeffery 1922a; Kitano et al. 1981; Mueller et al.
2010; Pabst et al. 2006). In general, as the aspect ratio
of particles increases, the intrinsic viscosity increases, and
the maximum packing fraction decreases,both effects act to
enhance the viscosity of a suspension. For hard sphere suspensions, the size of suspended particles itself has no effect
on rheology; the volume fraction is the only relevant parameter. The aspect ratio of MFI particles, however, depends
on particle size due to unequal growth rates in different
planes during crystal formation (Flanigen et al. 1978; Fyfe
et al. 1982). Based on this peculiar feature of MFI particles, one would expect the viscosity of suspensions of MFI
particles to show size dependency. In addition, zeolite particles may possess surface silanol groups or other functional
groups that may dissociate, causing them to acquire surface
charge in aqueous solutions. Suspensions of charged particles have enhanced viscosities due to electroviscous effects
(Booth 1950; Russel 1976; Vaynberg and Wagner 2001;
Watterson and White 1981; Zurita et al. 1994). In addition
to the deviations resulting from particle peculiarities, the
rheology of suspensions in elastic matrices is also impacted
by the nature of the suspending medium. Particularly at
high shear rates where the viscosity becomes nonlinear,
shear-induced relaxation spectrum rearrangements could
lead to the formation of anisotropic structures and changes
in macromolecular entanglements. These macromolecular
transformations may induce nonlinearity in the suspensions
such as migration, alignment, and flocculation as reported
in the literature (Malkin 2012; Zhou et al. 1999; de Oliveira
et al. 2011; Pasquino et al. 2012). Furthermore, in the linear flow regime, the elasticity of the suspension medium
could impact the viscosity of overall suspension as previously reported (Pasquino et al. 2008; Snijkers et al. 2013).
This paper investigates the deviations from model suspensions behavior arising from the porous structure of zeolite
particles.
Specifically, in this paper, we report on data and semiempirical models for the viscosity of suspensions of MFI
zeolite particles in polymer solutions. As will be shown,
the viscosity of zeolite suspensions may not be readily predicted by hard sphere models. Zeolite particles often have
internal pores that are sufficiently large to be accessible to
water and other small solvent molecules, while excluding
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the larger macromolecules. The selective absorption of
solvent molecules from the suspending medium results in
concentration changes of both polymers in the suspending phase and particles in the overall suspension, which
can lead to dramatic increases in the viscosity of such
suspensions. To correctly predict the viscosity of zeolite
suspensions in polymer solutions, the quantity of absorbed
solvent must first be determined. This can then be used to
calculate the effective particle volume fraction and effective polymer concentration. It should be noted that for the
specific case described in this paper (MFI zeolite particles
with NMP), the molecular mechanism for solvent extraction from the medium is adsorption onto the zeolite pore
walls. However, the phenomenon described here, viscosity enhancement due to solvent loss from the suspending
polymer solution into porous particles, is independent of
the molecular mechanism; hence, we prefer to use the term
absorption instead of adsorption.
We describe the effect of solvent absorption on the
viscosity of zeolite particles in polymer solutions in the
form of a new mathematical model. To this end, a solvent
absorption parameter, α, was defined, and experiments were
designed to quantify it. The experimental determination of α
is based on a direct comparison of the viscosities of porous
(calcined) and nonporous (uncalcined) MFI zeolite suspensions in polymeric solutions of polyetherimide (Ultem®)
in N-methyl pyrrolidinone (NMP). This system was chosen
because of its relevance for MMM hollow fiber spinning,
but the concepts developed in this paper are more broadly
applicable.

Experimental
Materials The polymer used in all experiments reported in
this study is polyetherimide (Ultem 1000, MW ∼ 61,000)
purchased from GE Plastics. The solvent of choice is NMP
(purity 99.95 %), purchased from Sigma-Aldrich and used
as received.
Pure silica MFI particles of 130 nm (shown in Fig. 1)
were used in this study. Pure silica MFI crystals were
hydrothermally synthesized using tetraethylorthosilicate
(TEOS, Sigma-Aldrich) and tetrapropylammonium hydroxide (TPAOH, 40 % in water, Alfa Aesar) as silica source
and structure-directing agent, respectively. The synthesis is
described in more detail in references Cheng et al. (2008)
and Schoeman (1997a, b). In order to promote good dispersion of the particles in the polymer solutions, we used
silane-treated MFI (ST MFI) and Ultem-sized MFI (USZMFI) instead of untreated pure silica MFI for our membrane
dope preparation. The method of surface functionalization is
available in greater detail in the paper by Husain and Koros
(2007).
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suspension, and the mixture is subsequently allowed to mix
for 10–30 min on a slow roller. This step aims to sterically
stabilize the suspension against particle aggregation through
polymer adsorption. Finally, the remaining amount of polymer is added to the mixture as dried powder to bring the
final concentration of all components to the desired dope
composition. The suspension is placed on a slow roller until
the polymer is completely dissolved for at least 24 h. Subsequently, the suspension is confirmed to be well dispersed
by optical microscopy.
Fig. 1 SEM micrograph of pure silica MFI zeolite particles

Immediately after synthesis, MFI particles are uncalcined
and nonporous with a density of 1.99 g cm−3 (Flanigen
et al. 1978). The microporous form is obtained by calcination in air at 500–600 ◦ C for 8 h. Calcination is the
thermal decomposition of the organic templates to yield the
calcined (porous) MFI of a lower density (Flanigen et al.
1978). Indeed, pure silica MFI is a highly robust inorganic
crystal which is stable up to 700∼800 ◦ C. The calcination
process only removes the structure-directing agent, and the
morphology and crystal structure of MFI is always retained.
Therefore, the size and morphology of pure silica MFI crystals should be the same before and after the calcination as
long as the zeolites are produced from the same batch, indicating that the effect of particle size variation caused by the
calcination on the membrane dope solution rheology can
be ruled out. Meanwhile, the average size of MFI crystals
in SEM image was about 131 nm with 6 nm of standard
deviation, as analyzed by ImageJ, a freely available software. Particle size distribution (PSD) affects rheology at
high particle loadings (Metzner 1985). The effect of PSD on
suspension viscosity is negligible in the present case since
the PSD is narrow, and particle loading is much less than the
maximum packing fraction.
Sample preparation The polymer was dried at 120 ◦ C for
6 h before use, while the NMP solvent was used without any pretreatment. Polymer solutions were prepared by
adding calculated amounts of dried Ultem polymer to NMP
and allowing the polymer to fully dissolve on a slow roller
for at least 72 h at room temperature before measurements
were performed. The suspensions were prepared carefully,
following a well-defined protocol to facilitate good dispersion of the particles in a 30 wt% Ultem/NMP solution.
First, the required mass of zeolite was weighed on an analytical balance, and some solvent was added, followed by
horn sonication (Biologics Inc., Manassas, VA) three to
five times in 30-s bursts and with at least 1-min rest intervals between successive steps. The sonication step was
used to break apart agglomerates of fired particles. The
next step was a “priming” step in which a small quantity
of preprepared polymer solution is added to the sonicated

Density measurements The density of calcined MFI particles, ρcal , was determined by measuring the weight of a
fixed volume of MFI before and after calcination, muncal and
mcal , respectively. Using the assumption that the external
physical volume occupied by uncalcined and calcined MFI
is the same, the density of calcined MFI was calculated to
be 1.76 g cm−3 from the following equation:
mcal
ρcal =
ρuncal
(1)
muncal
The density of polymer solutions was determined with
a pycnometer by measuring the weight of known sample
volumes. The variation of the density of Ultem/NMP solutions as a function of polymer weight fraction is presented
in Fig. 2. This information is important for the analysis
of suspensions in which the polymer concentration in the
suspending medium varies.
Rheological measurements The shear viscosity of the pure
polymer solutions was measured over a range of shear rates
(0.1–100 s−1 ) at 50 ◦ C with a stress-controlled rheometer (MCR 300, Anton Paar) and Couette geometry (CC10;
cup inside diameter 10.845 mm and bob outer diameter
10.000 mm). The viscosities reported for the polymer solutions and zeolite suspensions in this paper were measured
at low shear rates, before the onset of shear thinning, and
represent the zero shear viscosity. The specific viscosity
is plotted as a function of Ultem/NMP solution concentration in Fig. 3a. Figure 3a shows the overlap concentration

Fig. 2 Density of Ultem/NMP solutions at 50 ◦ C as a function of
polymer concentration
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at 0.02 g/ml and the critical entanglement concentration at
0.1 g/ml. The power law fit for the data in the second concentration regime has a power 2 scaling implying a theta
solvent. The regime covering concentrations beyond the
critical entanglement concentration, 0.1 g/ml, is the relevant regime since the zeolite particles are suspended in a
30 wt% Ultem/NMP solution. Thus, the viscosity of solutions are plotted and fitted for concentrations ranging from
0.1 to 0.35 wt% as shown in Fig. 3b. The exponential fit of
viscosity with respect to concentration was chosen because
it minimizes the fitting error. Flow curve measurements
were also performed at different MFI particle loadings
in the suspending media with a nominal concentration of
30 wt% Ultem/NMP for both uncalcined and calcined MFI
particles. The fixed polymer concentration used for these
zeolite suspensions represents an optimized dope composition that enables good hollow fiber spinning properties for
Ultem/NMP solutions as reported by Husain (2006).
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mass of dry zeolite in suspension. We denote the densities
of polymer solution, solvent, zeolite particles, and overall
suspension as ρpsol , ρsolv , ρz and ρsusp , respectively. The
weight fraction of zeolite in the suspension is wz , and the
as-prepared nominal weight fraction of polymer in the suspending medium is wp . As a result of solvent absorption,
the Ultem (polymer) weight fraction in the continuous phase
deviates from the nominal values and must be corrected
to wp,eff . Similarly, although wz remains constant, the rheologically more relevant volume fraction of zeolite in the
suspension also must be corrected for absorption effects,
ϕz,eff . Using this nomenclature, the absorption-corrected
polymer weight fraction in the suspending medium and
effective zeolite volume fraction are derived below.
Using a basis of 1-g zeolite suspension, we define the
following:
fractional absorption parameter,
α=

Theory
As previously discussed, calcined MFI particles possess
pore volumes that may be accessible to solvent molecules.
If solvent molecules are small enough to penetrate into the
available pores, then some solvent is lost from the suspending polymer solution thereby increasing the polymer
concentration. As an additional consequence, the reduced
volume of the suspending medium effectively increases the
zeolite volume fraction in the suspension. These two concentration changes contribute to a rise in viscosity. Thus,
it is imperative to derive model equations for the effective
concentrations of the polymer and zeolite.

weight of absorbed solvent
weight of dry zeolite

weight fraction of suspending medium in suspension,
1 - wz
weight fraction of polymer in suspending medium
(before absorption), wp
weight fraction of polymer in suspension, wp (1 - wz )
weight fraction of solvent in suspension, (1 - wz )(1 - wp )
After solvent absorption, we have as follows:
weight of solvent absorbed in zeolite particles, α · wz
weight of solvent left in suspending medium,
(1 - wp ) (1 - wz ) − α · wz
effective polymer weight fraction in suspending medium,

Models for effective polymer concentration and effective
zeolite volume fraction

wp,eff =

wp (1 − wz )
.
wp (1 − wz ) + (1 − wp )(1 − wz ) − αwz

We define a dimensionless fractional absorption parameter, α, as the weight of absorbed solvent (NMP) per unit

wp,eff =

wp (1 − wz )
(1 − wz ) − αwz

Fig. 3 a Specific viscosity as a
function of Ultem concentration
showing the dilute, semidilute
unentangled, and semidilute
entangled concentration regimes
at 50 ◦ C. b Viscosity of
Ultem/NMP solutions versus
polymer concentration with an
exponential fit to data at 50 ◦ C

(2)
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The absorption-corrected effective zeolite volume fraction is derived below.
volume of absorbed solvent,
volume of particles, wρzz

α·wz
ρsolv

volume of suspension before solvent absorption,
effective zeolite volume fraction,
 
ϕz,eff = 



1
ρsusp

ϕz,eff =

ρz
ρsusp

wz
ρz

−



α·wz
ρsolv

1
ρsusp

.

wz
z
− αwz ρρsolv

(3a)

The overall suspension density, which also depends on solvent absorption, can be expressed in terms of other variables
as follows:
ρsusp =

1
[vol. of polymer soln]+[vol. of zeolite in soln]−[vol. of absorbed solvent]
ρz
ρsusp

z
z
= wz + (1 − wz ) ρρpsol
− αwz ρρsolv

(3b)

Combining Eqs. 3a and 3b leads to the expression for
effective zeolite volume fraction in Eq. 3c:
wz
ϕz,eff =
(3c)
z
z
wz + (1 − wz ) ρρpsol
− 2αwz ρρsolv
As expected, the equations for absorption-corrected concentrations show that the concentration of polymer in the suspending phase and the zeolite particle loading both increase
for increased solvent absorption.
Models for effective viscosities
From the measured viscosity flow curves of different concentrations of Ultem/NMP solutions, a correlation for viscosity as a function polymer weight fraction at 50 ◦ C is
determined as follows:
ηp = 0.0037 · e27.3·wp (Pa s)

(4)

Hence, using Eq. 2, the corrected effective viscosity of
polymer solution after solvent absorption becomes


ηp,eff = 0.0037 · e

27.3·wp,eff

= 0.0037 · e

w (1−w )

p
z
27.3· (1−w
z )−αwz



(5)

This equation can be expressed in a form that shows the relative increase in the viscosity of polymer solution as result
of solvent absorption:
ηp,eff
=e
ηp



αw w

z
27.3· (1−wzp)−αw
z



(6)

The Krieger–Dougherty (KD) model (Krieger and
Dougherty 1959) for suspension viscosity is frequently used
for viscosity predictions of hard sphere suspensions, using

the intrinsic viscosity, [η], and maximum packing fraction,
ϕm , as key parameters. There are several other models for
predicting suspension viscosity; many of these models,
however, only give good predictions for particular ranges of
particle concentrations. Therefore, we have chosen to use
the KD model for our suspension viscosity because of its
versatile application to a wide range of particle concentrations and the convenient physical interpretation of its input
parameters:


ϕ −[η]ϕm
ηr = 1 −
(7)
ϕm
Inserting the absorption-corrected zeolite concentration (Eq.
3c) into the Krieger–Dougherty model yields the equation below; ηsusp and ηp,eff are, respectively, the measured
suspension viscosity and the effective viscosity of the suspending medium, i.e. the polymer solution:
ηsusp
ηr,eff =
ηp,eff
⎤−[η]ϕm
⎡
w
z

⎦ (8)
= ⎣1 −
z
z
ϕm wz + (1 − wz ) ρρpsol
− 2αϕz ρρsolv
It should be noted that in experiments, the suspension viscosity is naturally compared to the viscosity of the original
polymer solution, which gives rise to an apparent relative
viscosity, ηr,app :
ηr,app =

ηsusp
ηp

⎡
⎤−[η]ϕm
ηp,eff
w
z
⎣1 −

 ⎦ (9a)
=
ηp
z
z
ϕm wz + (1 − wz ) ρρpsol
− 2αϕz ρρsolv
ηr,app = e



αw wz
27.3 (1−wzp)−αw
z

⎤−[η]ϕm

⎡

× ⎣1 −

wz


⎦
z
z
ϕm wz + (1 − wz ) ρρpsol
− 2αϕz ρρsolv

(9b)

Using Eq. 9b and assuming that porous particles behave
as hard spheres, the effect of solvent absorptions on the
viscosity of suspensions of porous particles in a polymer
solution can be calculated. The variation of the apparent
relative viscosity as a function of particle volume fraction
at different values of the absorption parameter α is plotted and presented in Fig. 4. The plot assumed a starting
suspending medium of a 30 wt% Ultem/NMP at 50 ◦ C
and that MFI particles behaved as model hard spheres with
[η] = 2.5 and ϕm = 0.63. The graph shows clearly that
the apparent relative viscosity increases strongly with the
amount of solvent absorbed. The effect is more important
at high particle loadings, because higher loadings result in
more solvent absorption from the suspending medium; as
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Suspending medium:
30 wt. % Ultem/NMP

14

α = 0.20

12
r, app

10

α = 0.15

8
α = 0.10

6

α = 0.05
α = 0,
KDmodel

4
2
0
0

0.1

0.2

0.3

Fig. 4 The apparent relative viscosity of suspensions of MFI particles
in a 30 wt% Ultem/NMP solution for different values of the absorption
parameter α

a consequence, an exponential increase in the viscosity of
the polymer solution according to Eq. 6 is realized. The
variation of the apparent relative viscosity as a function
of polymer concentration at a fixed particle concentration
(35 wt% MFI zeolite) is shown in Fig. 5 for the same
values of α; again, the polymer is assumed to be Ultem dissolved in NMP at 50 ◦ C. This graph highlights the fact that
the apparent relative viscosity is even most enhanced by
solvent absorption at higher polymer concentrations. This
treatment does not take into account the effect of electroviscous effects, particle geometry or viscoelastic matrices
on MFI suspension viscosity since these nonidealities are
independent of solvent absorption. In light of these results,
it is important to determine the value of α as accurately as
possible for the suspensions of porous particles. In the next
section, a method for the experimental determination of α
from rheological measurements will be described.

Results and discussions
Figure 6 shows experimental data on the apparent relative
viscosities of calcined (porous) 130-nm USZ-MFI suspensions in 30 wt% Ultem/NMP solutions as a function of
the apparent particle volume fraction, ϕz . This is only an
apparent volume fraction because it is calculated based
on the density of dry, calcined MFI particles. In reality,
the effective volume fraction is greater than the apparent
volume fraction due to solvent absorption resulting in a
decreased volume of the suspending medium. For comparison, the Krieger–Dougherty (Krieger and Dougherty 1959)
hard sphere model prediction (with [η] = 2.5 and ϕm =
0.63) is shown in the same figure. It is clear from this graph
that there is a significant disparity between the data and the
model prediction.
We propose three reasons for this discrepancy. The first
and major cause of deviations from hard sphere behavior
is the effect described in the previous section: absorption
of NMP solvent molecules from the polymer solution into
the MFI zeolite pores. The apparent volume fraction of
the zeolite suspension as plotted on the horizontal axis of
Fig. 5 is therefore not an accurate depiction of the effective particle volume fractions expressed in Eqs. 3a and 3c,
but without knowing α, the effective volume fraction cannot be calculated. The apparent relative viscosity in Fig. 5,
calculated as the measured suspension viscosity divided by
a 30 wt% Ultem/NMP solution viscosity, is a combination of increased particle contribution to viscosity plus an
additional contribution to the viscosity from the increased
polymer concentration above the assumed nominal 30 wt%
Ultem in NMP. The effect is captured in Eq. 9a, b,
provided that the particles behave as hard spheres and that
slight variations in the suspending medium composition do
not affect the particle contribution to the suspension viscosity. A secondary cause for the deviations in Fig. 6 could
be that the MFI zeolite particles acquires surface charge in

10
α = 0.20

MFI particle loading:
wz = 0.35

r, app

8
α = 0.15

6

α = 0.10

4

α = 0.05
α = 0,
KDmodel

2
0
0

0.1

0.2

0.3

0.4

wp
Fig. 5 The apparent relative viscosity of suspensions with 35 wt%
MFI particles in suspending Ultem/NMP media with varying nominal weight fractions of polymer for different values of the absorption
parameter α

Fig. 6 Relative viscosity as a function of particle volume fraction;
large deviation between calcined MFI suspension and the Krieger–
Dougherty hard sphere model prediction is observed
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solution, consequently showing electroviscous effects and
thus deviating from the model of hard sphere prediction
of the Krieger–Dougherty equation. Thirdly, the fact that
the particles are suspended in viscoelastic polymer solution
may also contribute to deviation from hard sphere predictions. Although it is known that such nonidealities exist, it
is generally not known a priori how strongly these affect
the suspension viscosity. We therefore devised a strategy to
experimentally determine the absorption parameter α without having to make assumptions about the applicability of
the Krieger–Dougherty equation.
Figure 7 presents the experimental data that were used to
determine the solvent absorption parameter α for MFI particles. In this approach, a direct comparison of the viscosity
of suspensions of comparable concentrations of uncalcined
and calcined ST MFI particles in Ultem/NMP solutions
were used to estimate the solvent absorption parameter.
As expected, in all cases, the viscosity of the calcined
(porous) zeolite suspensions is greater than the corresponding uncalcined zeolite suspensions due to the absorption of
solvent in the suspensions of calcined MFI particles.
In Fig. 8, the apparent relative viscosity in the zero shear
limit is plotted versus the apparent particle volume fraction
for the uncalcined MFI suspensions, which are nonporous
and calcined MFI suspensions. This uncalcined MFI suspension data was used to determine empirical fit parameters,
β and γ , needed to account for deviations from the Einstein
(1911) and Batchelor (1977) coefficients arising from hard
sphere model assumptions such as particle nonsphericity
and electroviscous effects. The semiempirical relationship
between the relative viscosity and particle volume fraction

Fig. 7 Flow curves for polymer solution and suspensions of uncalcined and calcined MFI particles. Unfilled and filled symbols represent porous and nonporous MFI particles, respectively, while
the different geometric symbols indicate MFI concentration: circle
(2 wt% MFI), triangle (3 wt% MFI), diamond (5 wt% MFI), square
(10 wt% MFI)

139

Fig. 8 A quadratic fit to the relative viscosity versus volume fraction
of uncalcined ST MFI particle suspension to determine the intrinsic
viscosity, β, and the interaction term coefficient, γ , for MFI particles.
filled circle, uncalcined MFI; unfilled circle, calcined MFI

for the uncalcined MFI particle suspension from Fig. 8 is
given by the following:
ηr = 1 + β.ϕ + γ .ϕ 2

(10)

A second-order polynomial dependence of relative viscosity
on particle volume fraction is used to fit our data for uncalcined MFI suspensions in this range of dilute to semidilute
concentration of particles. Analysis was carried out in this
regime so that the important physical attributes of a suspension (i.e., the intrinsic viscosity and the effective collision
diameter) are in play, while maintaining a sufficiently low
particle concentration to facilitate mathematical analysis for
absorption parameter.
From the data in Fig. 8, the intrinsic viscosity of uncalcined ST MFI particles was found to be roughly 13.9,
much greater than the intrinsic viscosity of 2.5 for the
model of hard sphere suspensions. There are a number factors contributing to the observed deviation: (1) the aspect
ratio of the MFI particles is not unity and (2) electroviscous effects due to charging of MFI particle surfaces in
the solution. Together, these effects conspire to significantly
increase the intrinsic viscosity of uncalcined MFI in a polymer solution. Similarly, the coefficient of the second-order
interaction term is 56.1, which is much greater than the
Batchelor prediction of 6.2 for hard spheres. This deviation may be largely due to secondary electroviscous effects
(Russel 1976) since the MFI particle acquires an electric
double layer in solution.
For the uncalcined MFI suspensions, there is no loss of
solvent due to absorption, since the pores of the MFI particles are still occupied by the organic templates. Therefore,
it is reasonable to expect that the empirical fit obtained for
uncalcined MFI particles in Fig. 8 should also correctly capture the relationship between relative viscosity and particle
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Fig. 9 Effective relative viscosity versus effective volume fraction
for calcined MFI particle suspensions (volume fraction corrected with
α = 0.18); line represents model predictions using α = 0.18. Effective relative viscosity only accounts for the effect of solvent absorption
to suspension viscosity

volume fraction for calcined MFI particle suspensions, provided that the correct effective volume fraction of calcined
MFI particles in Eq. 3c is used. For the calcined MFI particle suspension, the effective relative viscosity can then be
expressed as follows:
ηr,app


ηr,eff =
wu wz α
exp 27.338 1−(1−α)w
z
2
= 1 + 13.9ϕz,eff + 56.1ϕz,eff

(11)

Using the expression for ϕz,eff in Eq. 3c, Eq. 11 can be
solved for α using ηr,app and wz  as input vectors that
contain the data from the measurements on porous, calcined
MFI suspensions. Using a suitable optimization scheme, the
solvent absorption parameter was determined as 0.18. This
value is in good agreement with the theoretical pore volume
of MFI particles of 0.175 calculated based on information
in the reference (Flanigen et al. 1978). Figure 9 compares
the experimental data of calcined MFI with the model
predictions after incorporating the determined absorption
parameter value, α = 0.18 in Eqs. 3c and 11 to correct for
solvent absorption. As expected, the experimental result and
simulation result show a good agreement.

Conclusions
We have shown that when solvent molecules are of comparable size to the pore volume windows of porous zeolite
particles, the rheology of suspensions of such particles
in polymer solutions can be drastically altered by solvent absorption. Absorption of solvent from the suspending
medium into porous zeolite particles increases the concentrations of the polymer in the continuous phase and the
concentration of dispersed particles. Consequently, such

suspensions can have viscosities that significantly exceed
model predictions based on nonporous particles. Corrections for these deviations can be achieved by taking into
account the changes in polymer and particle concentrations.
We present simple models that use a solvent absorption
parameter, α, defined as the weight of solvent absorbed
per gram of porous zeolite particle to make the necessary
corrections. We developed and validated an experimental rheological technique to determine α. The value α =
0.18 that was found for MFI zeolites was found to be in
good agreement with the theoretical pore volume available
within MFI particles based on the crystal structure. Based
on these findings, a model can be proposed to correctly predict the effect of absorption on the viscosity of suspensions
of porous particles.
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