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Symbols used
Crao [mol/L] concentration of EAQ

EAO [mol/L] initial concentration of EAQ
Cgano  [mol/L] concentration of EAHQ
EAQ [-] 2-ethyl-9,10-anthraquinone
EAHQ [-] 2-ethyl-9,10-anthrahydroquinone
fe -] catalyst wetting fraction
L, [mL/min] time-average liquid flow rate
)4 [kPa] pressure
S =] selectivity
S(ss) =] selectivity for steady-state operation
T K] temperature
uG [mmy/s] superficial gas velocity
ur, [mmy/s] superficial liquid velocity
X ] conversion
X(ss) -] conversion for steady-state operation
Greek symbols
T [s] cycle period
o -] cycle split
y ] reactant limitation criterion

(= DEaoCrao!DuzCrpz)
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Distinction between Electrostatic and
Electroviscous Effects on the
Permeability of Colloidal Packed Beds

By Hermann Nirschl and Bastian Schdfer*

Electrostatic and electroviscous effects can significantly de-
crease the permeability of packed beds which consist of col-
loidal particles. This results in poor filterability of colloidal
suspensions. Electrostatic effects refer to the dependency of
the structure of the packed bed on the particles’ tendency to
agglomerate or disagglomerate. This tendency is influenced
by the particle charge, and thus the pH and the ionic
strength of the suspension. Electroviscous effects relate to
the increased flow resistance of the pores due to a streaming
potential being established when the electrochemical double
layer of the particles is sheared off. It is difficult to distin-
guish electrostatic and electroviscous effects because they
are interrelated. The comparison of permeability measure-
ments of both TiO, and Al,O3 with a classical permeability
model demonstrates the influence of the two different
effects on permeability.

1 Introduction

In a packed bed, single colloidal particles with a medium
diameter of the primary particles below 1 um are randomly
and densely distributed between two membranes while lig-
uid flows through the porous structure. The understanding
of the influences on the permeability of packed beds is im-
portant for many processes in the chemical, process, and bio-
technological industries where particles are used, e.g., as a
carrier for immobilized materials (catalysts, enzymes, etc.).
Reactants in the liquid will interact with immobilized mate-
rial on the particles. From an industrial point of view, colloi-
dal particles have the advantage of a larger specific surface
for transfer and reaction than macroscale particles. How-
ever, they cause a high flow resistance even at low volu-
metric flow rates in a thin layer. The results are also signifi-
cant for the design of ultra- and nano-filtration processes for
the separation of very fine particles in the nanometer range.

While liquid flow through a macroscopic packed bed has
been very well described, many aspects of the flow through
colloidal packed beds are not understood. The unsolved
questions arise from the huge specific surface area of the
particles, which is caused by the small particle size. lons or
other specific molecules adsorb or dissolve on the surface
and produce a particle charge with an electrochemical dou-
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ble layer. This accumulation of charge influences both the
structure of the packed bed and the fluid flow through the
pores.

2 Classical Permeability Models

When a fluid is forced to penetrate through a porous me-
dia, the volumetric flow rate per unit area g can be calcu-
lated with D’Arcy’s law [1]. In a generalized form, the vo-
lumetric flow rate 9Y per cross sectional area A can be
written as a function of the pressure drop Ap, the dynamic
viscosity 7, and the flow resistance R:

av._ Ap

=== 1

9= At~ R M

The permeability K is the height of the packed bed &
related to the flow resistance R [2]:

K= R (2)

Different models have been proposed for the calculation
of the permeability of porous media. The well established
model of Carman and Kozeny [3] is based on the assumption
of a Hagen-Poiseuille flow through mono-sized capillaries.
Analytic transformations result in the permeability K as a
function of the porosity ¢ and the surface-volume equivalent
particle diameter xgy:

1 &

180 (1 ¥

Another popular model for the permeability of porous
systems was developed by Rumpf and Gupte [4]. They found
the following empirical equation:

K:%fis ~x§v 4)

1
The porosity can be calculated from the mass of solid mat-
ter in the packed bed my, the density of the solid pg, and the

height & of the packed bed:

Ah-Us

— Ps
E=—-% 5
yw ©)
These equations apply to macroscale packed beds. How-
ever, for the investigation of colloidal packed beds with
nanoscale pores and huge specific surface areas, electrostatic
and electroviscous effects have a significant influence on the
permeation. It is rather evident that the equations are not
able to describe the relations between the main physical

quantities for the nanoscale.

1)  List of symbols at the end of the paper.
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3 The Electrochemical Double Layer and Zeta
Potential

The surfaces of particles in water have a material specific
charge which influences the distribution of ions in their
vicinity. A negatively charged particle is surrounded by the
inner Stern layer, a monolayer of anions, the so called co-
ions, which are adsorbed due to van der Waals forces. The
van der Waals forces only act on dehydrated anions because
cations have a high resistance to dehydration and their ra-
dius is just too large for the short range van der Waals forces
to be effective. The inner Stern layer is surrounded by a
monolayer of cations, the outer Stern layer. These cations,
the counter ions, are bonded by electrostatic forces. The sur-
face charge of the particle is not fully compensated in the
Stern layer, and the resulting potential at the outside of the
outer Stern layer is called the Stern potential. The outer
Stern layer is surrounded by a diffuse ’ion cloud’. The ion
distribution in the diffuse layer is governed by the electro-
static attraction, which decreases with the distance from the
surface. Thus, the ion concentration decreases and an expo-
nential distribution results which depends on the pH value
and the ionic strength of the suspension [5].

The Stern potential is not accessible by measurements. A
better approach to characterize the surface charge is the zeta
potential. When the particle is moved relative to the electro-
lytic solution, the diffuse layer is partly sheared off. The elec-
tric potential between the shear plane and the surrounding
water is called zeta potential. The zeta potential is the driv-
ing force for electrokinetic effects, and can thus be calcu-
lated from measured values.

The zeta potential is positive at a low pH value. An in-
creasing pH value leads to a decrease in the concentration of
H;O" ions and a lower particle charge. The zeta potential
reaches zero at a material specific pH value, the isoelectric
point (IEP) and becomes negative beyond the IEP. Since
solute ions block the electrochemical potential, the zeta
potential will have low values for suspensions with a high
concentration of ions.

4 Electrostatic, Electrokinetic and Electroviscous
Effects

According to the DLVO theory, the stability of colloidal
suspensions is determined by the equilibrium of the repul-
sive and attractive forces, with electrostatic repulsion, van
der Waals attraction, and Born’s repulsion being the most
important contributions.

Particles with low surface charge agglomerate due to at-
tractive van der Waals forces. Packed beds formed by filtra-
tion of an agglomerated suspension have a loose structure
and a high porosity. The pore size distribution is very inho-
mogeneous and permeating water will mainly flow through
the big pores between the agglomerates, while the inner
pores of the agglomerates are hardly affected. In contrast,

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 863
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suspensions with high surface charging are stabilized by elec-

trostatic repulsion. Packed beds formed by filtration of a

stable dispersion have a compact structure with a low porosi-

ty. The pore size distribution is homogenous and a high flow
resistance results.

Under application of an electrostatic potential or a pres-
sure difference, the ions in the diffuse layer are sheared
apart from the particle surfaces. The classical theory of elec-
trokinetics describes two electrokinetic effects, which influ-
ence the flow through colloidal packed beds [6]:

— Electroosmosis is the flow of a liquid in a confined and
charged structure caused by the application of an electric
potential. The ions in the diffuse layer are accelerated by
the electric field. The water molecules adjacent to the ions
are dragged by viscous forces, and a volumetric flow re-
sults.

— The streaming potential can be measured when a liquid is
driven through a confined and charged structure. The
moveable ions in the diffuse layer are sheared off by drag
forces. A charge transport takes place and an electric
potential is built up.

The streaming potential leads to an electroosmotic flow
against the direction of the pressure driven flow. This so
called electroviscous effect retards the pressure driven flow
and leads to a steady state of the streaming potential.

The influence of the electrostatic effect on the permeabil-
ity of filter cakes has been investigated [7, 8]. The electrovis-
cous effect has been investigated for flow in microchannels
[9] and in colloidal suspensions [10]. We do not know of any
model describing how the combination of electrostatic and
electroviscous effects influences the permeability of colloi-
dal packed beds.

5 Materials and Experimental Setup

The experiments where carried out in a Compression-Per-
meability cell (CP cell) (see Fig. 1). In the CP cell the
packed bed is formed by the filtration of a suspension of
nanoscalic particles between two membranes inside a cylin-
drical device. The upper membrane of the packed bed is

| _::'; ' IF'Iunger

Membranes

wuw g -
-« >

Figure 1. Compression-permeability cell.

864 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compressed to defined pressures by a plunger and the fil-
trate drains through the lower membrane onto a scale.
Nylon membranes with a nominal pore diameter of 0.2 um
(Pall, USA) were chosen as the filter media. Bridge forma-
tion on the membrane retards the small particles from pass-
ing the relatively large membrane pores. The thickness of
the particle bed is in the range of some millimeters.

After a steady state of compression is reached, this is
when the filtrate flux abates, a valve at the permeate inlet is
opened. Pressurized de-ionized water starts to flow through
the plunger into the chamber above the upper membrane,
permeates the packed bed, and leaves the CP-cell onto the
scale.

Titanium dioxide particles (Aeroxide TiO,, P25, Degussa,
Germany) with a purity of 99.5 %, a primary particle size of
21 nm, and a specific surface area (BET) of 50 + 15 m%/g
[11] were used. The suspension was prepared by mixing the
particles and an aqueous solution of nitric acid or caustic
potash in order to vary the pH value, so that different levels
of zeta potential were obtained. The suspension is dispersed
in an ultrasonic bath and evacuated at a pressure of 5 kPa.
Fig. 2 shows the agglomerates in a suspension with a pH
value of 11.5. Since the particles are connected by strong
sinter bridges, the particles are not fully dispersed but form
agglomerates of heterogeneous size. The dark holes in Fig. 2
represent the pores of the REM grid.

Figure 2. REM picture of TiO, agglomerates.

The measurements with Al,O; [12] were made with parti-
cles MR70 (Martinswerke Frechen, Germany) with an aver-
age primary particle size of 263 nm and a specific surface
area of 8 m*/g. The pH value was varied with hydrochloric
acid and sodium hydroxide. The Al,O5; agglomerates consist
of only a few irregularly shaped particles.

6 Results and Discussion

The influence of the zeta potential on the permeability
and on the porosity of packed beds consisting of Al,O5; and

http://www.cet-journal.de Chem. Eng. Technol. 2005, 28, No. 8
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TiO, is shown in Fig. 3 and Fig. 5 at different pressure levels.
The packed beds show compressible behavior, i.e., porosity
and permeability strongly depend on the applied pressure
which is transmitted by the plunger of the CP-cell. The influ-
ence of the pressure is more significant at the IEP, where the
zeta potential is zero and the particles are thus agglomer-
ated. Compression leads to a reduction of the porosity and
permeability with a shrinking of the large pores between the
agglomerates. The agglomerates are probably not disrupted,
they are just deformed.

0,5bar 2 bar 16 bar

Permeabilty —8— —e— —A—
Porosity -4a- -0- -A-
T T T T T T 1,0
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g L2ETT T T TR 048
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Figure 3. Permeability and porosity of Al,Os. The curves represent second
order polynomial fits.

A strong particle charge, with either positive or negative
algebraic sign, prevents agglomeration and leads to a dense-
ly packed structure. The dense structure permits less com-
pression than a loose structure. Furthermore, the repulsion
of the particles limits their approach to each other. There-
fore, a colloidal packed bed permits less deformation when
the surface charge is higher. We can conclude that both high-
er particle charging and higher compression will cause a
more homogeneous structure with a minimum porosity.

Porosity and permeability of the Al,O; packed bed
strongly depend on the zeta potential, as shown in Fig. 3.
They are significantly higher in the vicinity of the IEP than
in the region of high surface charge. These relations are sym-
metric with respect to the IEP as the observed electrostatic
and electroviscous effects only depend on the absolute value
of the particle charge. The strong dependency of the porosity
on the zeta potential can be explained by the agglomeration
of the small Al,O; aggregates in the region of the IEP, as al-
ready discussed in section 4.

Fig. 4 shows a comparison of the measured permeability
of the packed beds with the permeability calculated with the
empirical Rumpf-Gupte model [4]. The calculated perme-

Chem. Eng. Technol. 2005, 28, No. 8 http://www.cet-journal.de
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Figure 4. Comparison of the measured permeability with the permeability

calculated with the Rumpf-Gupte model for Al,O3. The curves represent sec-
ond order polynomial fits.

abilities of the Al,Os; packed bed show, in principle, the
same dependency on the zeta potential as the measured val-
ues. The differences for the single values could arise from
the non-spherical particle shapes of the measured material.
This influence is not taken in to account in the empirical
model. However, in nanoscalic dimensions the geometry ef-
fect should be minor compared to the effects arising from
the big surfaces. We presume that the dependence of the per-
meability on the surface charge can be assigned to structural
changes of the packed bed.

In principle the same correlations can be observed for
TiO,. The permeability of the TiO, packed bed is higher for
pH values close to the IEP than for pH values corresponding
to high surface charge. The deviation of the maximum per-
meability from the IEP presumably arises from measuring
errors and problems of numerical adjustment. A difference
to the AL, O3 particles is visible for the porosities. The small
influence of the pH value on the porosity can be explained
by the strong sinter bridges in the TiO, agglomerates, which
can not be affected by high particle charging.

The deviation of the calculated permeability from the
measurements is significantly stronger for TiO, than for
ALOj; (see Figs. 5 and 6). The calculated permeability hardly
changes with pH value. The strong dependency of the mea-
sured permeability thus can not be explained by structural
changes. The changes must be a result of electroviscous ef-
fects. The higher importance of the electroviscous effect for
TiO, packed beds than for Al,O5; packed beds can be ex-
plained by the much higher specific surface area of the TiO,
particles, which allows a higher number of ions to bond to
the surface. The TiO, packed beds were compressed to dif-
ferent pressure levels than the Al,O; packed beds because
of construction limitations.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 865
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Figure 5. Permeability and porosity of TiO,. The curves represent second
order polynomial fits.
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Figure 6. Comparison of the measured permeability with the permeability
calculated with the Rumpf-Gupte model for TiO,. The curves represent sec-
ond order polynomial fits.

7 Summary

The permeability of colloidal packed beds is dominated by
electrostatic and electroviscous effects, which originate from
the surface charging of the particles and, thus, the pH value
of the suspension. The distinction between electrostatic and
electroviscous effects on the permeability of packed beds is
difficult since they always occur together. While the electro-
static effect denotes the impact of particle charge on the
structure and thus the permeability of the packed bed, the

866 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

electroviscous effect is the influence of ion motion on the
permeability of a fine particulate system.

The permeability of packed beds of Al,O; particles and of
TiO, was measured for different pH values and, therefore,
zeta potentials of the suspension. A comparison with the
classical permeability model from Rumpf and Gupte shows
that for Al,O3 the permeability variation can be explained
by the electrostatic effect to a large extent. For TiO, the per-
meability variation can not be explained by the electrostatic
effect since the porosity does not depend on the pH value.
Therefore, the permeability variation must result from the
electroviscous effect.
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Symbols used

cross sectional area

height of the packed bed

permeability

mass of solid matter in the packed bed
volumetric flow rate per unit area
flow resistance

volume

xsy  surface-volume equivalent particle diameter
Ap pressure drop

€ porosity

n dynamic viscosity

Ps density of the solid
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