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The single step-up pressure filtration test was developed to determine the pressure dependence of average specific resist-
ance of the cake formed in ultrafiltration of a variety of nano-colloids over a wide range of pressure drops across the
cake. The values of the average specific resistance at extremely low pressures were obtained from only the flux decline
data through the use of the distinct time variation of the pressure drop across the cake generated by using the ultrafil-
tration membrane with a high hydraulic resistance under the low filtration pressure in the first step of filtration. The val-
ues at higher pressures were obtained from the time variation of the filtration rate induced by a stepwise increase in the
pressure. The correlations between the average specific cake resistance and the pressure drop across the cake were
evaluated using only the flux decline data for a variety of different proteins and nanoparticles. © 2013 American Insti-

tute of Chemical Engineers AICKE J, 60: 289-299, 2014
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Introduction

Ultrafiltration of nano-colloids such as protein solutions
and nano particulate suspensions has become increasingly
important in widely diversified fields of nanotechnology, bio-
technology, biomedicine, and the dairy and food industry. It
is generally recognized that one of the major bottlenecks in
more widespread use of ultrafiltration systems is a dramatic
flux decline known as membrane fouling. One factor of such
flux decline is attributed to the formation of highly resistant
filter cake caused by accumulation of nanoparticles or
macromolecules on the membrane surface during ultrafiltra-
tion."™ Therefore, the accurate and expeditious determina-
tion of the properties of the filter cake deposited on the
membrane surface during ultrafiltration based on simple and
precise laboratory tests is a key factor in the design of new
ultrafilter equipment and optimization of commercial ultrafil-
tration operations.

In the conventional cake filtration carried out using a
coarse filter medium (coarse such as a filter cloth or filter
paper compared to the membrane), several laboratory filtra-
tion tests using an unstirred dead-end filter have been so far
developed based on the existing compressible cake filtration
theory.”” Above all, constant pressure filtration tests are the
method most commonly employed in industrial laboratories
because of the ease of the testing method, but a set of tests
has to be conducted with varying filtration pressure in order
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to evaluate the relation between the average specific cake
resistance o,, and the applied filtration pressure p, resulting
in the evaluation of the cake compressibility. Constant rate
filtration tests are more significant for finding the compressi-
bility factor of the filter cake from only one test, but it is
necessary to measure the time variation of not only the fil-
trate volume but also the filtration pressure.

Tiller et al.® originally proposed the revised filtration
theory in which oy, varied during the course of filtration
even under constant pressure conditions since the pressure
drop Ap. across the filter cake increased with time.”'° Voro-
biev'' presented the revised filtration theory applicable also
to the compressible filter medium. Teo et al.'* developed a
method for evaluating oy, from the instantaneous filtration
rate in constant pressure filtration by making use of the vari-
ation with time of the pressure drop Ap. across the cake cal-
culated from the flux decline data.

In previous articles,'>'* the single constant pressure filtra-
tion test was developed to employ a filter medium with a
high hydraulic resistance compared to the resistance of the
filter cake, resulting in the observable time variation of Ap..
As a result, the pressure dependence of a,, in cake filtration
of particulate suspension was evaluated over a wide range of
Ap. from only one test. However, the single constant pres-
sure filtration test conducted at a high filtration pressure has
difficulty obtaining the pressure dependence of o, in the
range of relatively low Ap.. Conversely, the pressure
dependence of a,, in the range of high Ap. cannot be eval-
uated from the single constant pressure filtration test con-
ducted at a relatively low filtration pressure.
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The step-up pressure filtration test in which p is increased
in stages in the course of filtration was developed as an
alternative test procedure for determining o,, as a function
of Ap. in cake filtration of particulate suspension.ls’16 When
the appropriate values of the step-up pressure is selected, the
method provides the pressure dependence of o,, in the wide
pressure range that is inaccessible by other techniques.

In this study, a potential method is explored for simply
and accurately determining the properties of the filter cake
formed on the membrane surface during unstirred dead-end
ultrafiltration of nano-colloids such as protein solutions and
nanoparticulate suspensions. The method consists of a com-
bination of the single constant pressure filtration test using
the membrane with a high hydraulic resistance and the step-
up pressure filtration test, making it possible to evaluate
quantitative data on the pressure dependence of oy, over
wider range of pressures. The filtration test is conducted
using an unstirred dead-end filter initially at a relatively low
filtration pressure by employing a membrane with a high
hydraulic resistance compared to the resistance of the filter
cake, resulting in the distinct time variation of Ap., and
hence the pressure dependence of «,, is evaluated for a rela-
tively low pressure range. Subsequently, p is increased in
stages in the course of filtration in order to obtain the values
of o,, at higher pressures. The advantage of the method is
confirmed from comparisons with the existing filtration tests.
The pressure dependence of o, for a variety of nano-colloids
such as protein solutions and nanoparticulate suspensions are
compared with one another, by employing nano-colloids of
bovine serum albumin (BSA), lysozyme, myoglobin, hemoglo-
bin, y-globulin, and silica sols comprised of nanoparticles with
various sizes. In addition, the effect of pH and salt addition on
o,y VS. Ap. relation is elucidated for ultrafiltration of the pro-
tein solution, for instance, BSA solution.

Theory

In cake filtration, at the instant that filtration is started, the
entire pressure drop is across the filter medium and the
applied filtration pressure p equals the liquid pressure drop
Pm across the filter medium. As the filter cake grows with
time in constant pressure filtration, p,, falls and the effective
pressure drop (p — pm) (= Ap.) across the filter cake builds
up because of the increase in the hydraulic resistance of the
growing filter cake.

A filter medium is generally selected to give a minimum
resistance consistent with the filtrate production of satisfac-
tory clarity. In this case, py, rapidly drops to low values, and
thus the filter cake absorbs most of the pressure drop over an
entire period of filtration. However, if constant pressure fil-
tration is conducted with considerably large values of the fil-
ter medium resistance, Ap. gradually increases from zero at
the start of filtration toward the value of p. Consequently,
despite filtration being carried out under a constant pressure
condition, variable-pressure and variable-rate filtration,
where neither Ap. nor the filtration rate u; is maintained
constant, is actually achieved. As a result, the pressure
dependence of w,, is easily available from only the flux
decline data without monitoring the time variation of Ap,, as
mentioned later.

In the single step-up pressure filtration test developed in
this study, filtration is started at the relatively low filtration
pressure p; in the first stage of filtration by employing the
ultrafiltration membrane with a high hydraulic resistance

290 DOI 10.1002/aic

Published on behalf of the AIChE

A
4th St
2 rﬂp
I
I
!
]
22— A RO
! E
], | | |Pa—Pma = BPc
g | i
Z ool 2nd Stage i P3P |
D H !
: i !
= P2~ Pm2 | :
N N N
1st Stage \i ‘\j \ p
m
B P1— Dt | |
i i i
Pmi | [Pma | [Pm3 | (P
l i 5
0 &, ts 6y
Filtration Time, &

Figure 1. Pattern diagram describing principle of single
step-up pressure filtration test.

compared to the resistance of the filter cake, resulting in the
visible time variations of Ap., as schematically shown in
Figure 1. Consequently, the pressure dependence of o,, can
be evaluated for extremely low-pressure range. Subsequently,
the stepwise increase in p is conducted in the method in
order to obtain a,, at higher Ap., as shown in the figure.

In the single step-up pressure filtration test, the filtration
pressure p is increased in stages in the order of pq, ps, ps,
and py (p1 <p2 <p3 <pg) in the course of filtration. As filtra-
tion proceeds to the next stage, the pressure drop Ap. across
the cake profoundly increases mainly due to the increase in
p, resulting in the cake compression. Consequently, filtration
data is available from the method developed in this article
over a wide range of Ap..

The method for obtaining the relation between o,, and
Ap. developed in this article depends on several assumptions
which are summarized as follows:

1. The flow rate is constant across the cake at any instant.

2. All particles convected toward the membrane accumu-

late in the cake.

3. Ultimate values of porosity corresponding to the com-

pressive pressure are attained instantaneously.

4. Colloids are dilute.

5. The pore clogging and compressibility of the mem-

brane are negligible.

In the compressible cake filtration theory, the basic
equation relating the rate of flow through compressible filter
cake to the pressure gradient is described by

1 JOp 1 dps
upsx dw

13,17

ey

where o is the net solid volume per unit membrane area
lying from the membrane up to an arbitrary position in the
filter cake, u is the apparent liquid velocity relative to solids
in the filter cake at distance @ from the membrane, p is the
viscosity of the filtrate, ps is the density of solids, « is the
local specific cake resistance, p; is the local hydraulic pres-
sure, and py is the local solid compressive pressure.
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Assuming that the flow rate u remains constant throughout
the entire cake at any instant in filtration of dilute Colloids,]8
Eq. 1 is integrated from w =0 to wg and ps= Ap. to 0 to
give

v Ap.

—— —_ TWc 2
“ d0  pp ooy 2)

where u, is the filtration rate, v is the cumulative filtrate vol-
ume per unit membrane area, 0 is the filtration time, wy is the
net solid volume of the entire cake per unit membrane area,
and o, is the average specific cake resistance given as'’

Ap.
Olay = L ©))

Apcl
Zdp.
Jo o P

Equation 3 is the defining equation for «,,, which is a unique
function of the effective pressure drop Ap, across the cake.
In the cake filtration model used in unstirred dead-end fil-
tration, it is implicitly assumed that all particles convected
toward the membrane accumulate in the filter cake.**? On
the basis of the material balance, it is convenient to trans-
form Eq. 2 from w, to v to give®'*!*
UOlay PS

_:_:Apc(lfms)v @

where s is the mass fraction of solids in colloids, and m is
the ratio of the mass of wet to mass of dry cake. When the
filtration pressure p; at the first stage of filtration is
employed, p,, is written as

(d0/av),,

Pm=URnuy =

where R, is the hydraulic resistance provided by the mem-
brane, and (d0/dv),, is the reciprocal filtration rate at the
onset of filtration when no cake is present. As a result, Ap.
is represented by

do/d
Ape=p—pm=p— %pl ©)

Note that the value of p in the aforementioned equation
varies in stages between pi, p, p3, and p4 in the single step-
up pressure filtration. It is important to note that the tempo-
ral variation of Ap. can be evaluated directly from the flux
decline data according to Eq. 6.

Consequently, the value of Ap. corresponding to the value
of the reciprocal filtration rate (d0/dv) can be calculated
using Eq. 6. It is assumed that ultimate values of porosity
corresponding to the compressive pressure are attained
instantaneously even in the single step-up pressure filtra-
tion.'>?? Therefore, if the pressure dependence of m in Eq. 4
is known, then the employment of Eqgs. 4 and 6 permits the
calculation of the relation between a,, and Ap. on the basis
of the value of instantaneous reciprocal filtration rate (d0/dv)
for a given v-value in the single step-up pressure filtration.

Since the term (1 — ms) may be approximated by unity in
filtration carried out with dilute colloids, Eq. 4 reduces to

d0  pops

dv Ap.

v @)

In that case, the pressure dependence of o,, can be readily
evaluated from Eqs. 6 and 7 without information about the
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cake dryness. In this study, this method is applied to the
determination of the pressure dependence of «,, and the
validity of the results obtained is confirmed based on com-
parisons with the conventional tedious methods.”’

When the concentration of colloids is not dilute, the use
of Eq. 7 overestimates the value of o,,. In that case, Eq. 4
must be used in order to obtain the accurate pressure
dependence of o,,, and it is necessary to know the pressure
dependence of m in advance. Although it is assumed that
ultimate values of porosity corresponding to the compressive
pressure are attained instantaneously, it is considered that, in
fact, equilibrium porosities are not reached immediately with
changes in pressure. Thus, it is to be noted that the data
obtained right after the applied pressure increase underesti-
mate the value of o,,. This method implicitly assumes that
the hydraulic resistance of the membrane itself is essentially
unaffected by ultrafiltration process and that the pore clog-
ging of the membrane is considered negligible. This assump-
tion should be valid in cases where the membranes are fully
retentive to particles and solutes and the filter cake readily
forms on the surface of the membrane. It is assumed that
compression of the membrane is negligible in the method.
When the membrane compressibility is relatively large, the
analysis presented by Vorobiev'' is available with the aid of
the data of membrane compressibility, and it will be interest-
ing to discuss the influence of membrane compressibility on
the filtration data as the future issue. Therefore, it is of
importance in selecting a membrane and operation that these
phenomena are kept to a minimum.

According to the compressible cake filtration theory, it is
apparent that the value of o, substantially depends on Ap..
As is obvious from Eq. 3, it is necessary to relate o,, to Ap,
in evaluating the flux decline behaviors in the filtration pro-
cess. In general, it is possible to empirically represent o, by
the power function of Ap. for particulate suspension as
follows*

Olay =0 Ap™! ®)

where oy and n; are the empirical constants, and a power
law exponent n; is termed the compressibility coefficient,
reflecting the degree of compressibility of the filter cake.
Note that Eq. 8 holds for the effective pressure drops above
some low-pressure p;. Below the pressure p;, the local spe-
cific cake resistance o in Eq. 3 is assumed constant although
virtually no data are so far available for such low
pressures.*

In order to describe the specific resistance for low pres-
sures more accurately, Tiller and Lew?® proposed an empiri-
cal equation relating o to the local solid compressive
pressure pg for particulate suspension as follows

ny
a=a (1+ &) ©)
Pa1

where ag, pa1, and n, are the empirical constants. The analyt-
ical expression for oy, as a function of Ap. can be derived
from integration of Eq. 9 as follows®

ao(1=m)(Ape/par)

oy = all (10)
(1+APC/pal) -1

.. . . 14
Instead, a new empirical equation is proposed as

A "3
— <1+ ”C) (11)
Pa2
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Table 1. Properties of Selected Proteins

Protein Molecular Weight (kDa) Isoelectric pH
BSA 67 5.1
Lysozyme 14.3 11.0
Myoglobin 17.8 7.0
Hemoglobin 64.5 6.8
y-Globulin 159 5.86 — 6.70

where a;, p.», and n3 are the empirical constants. Based on
the aforementioned equation, the relation between o and pq
becomes

ymg, (FPs/P2)""!
1+(1 _’73)Ps/Pa2

The applicability of these three empirical Egs. 8, 10, and 11
to nano-colloids will be examined on the basis of the curve
fitting of the pressure dependence of w,, determined experi-
mentally by the method developed in this article.

In the special case where the membrane resistance R, is
assumed to be negligible compared with the cake resistance
R., Ap. in Egs. 7 and 3 is approximated by p and then these
equations lead to

12)

40 _ ptavps 13)
dv p
o= (14)
J _dps
0 o

In that case, «,, is also kept constant as long as p is con-
stant. Consequently, Eq. 13 clearly indicates that the plots of
dO/dv vs. v are linear at each filtration pressure in the con-
ventional step-up pressure filtration using the membrane with
negligible resistance.'>

Experimental
Materials

A variety of different proteins were employed in the ultra-
filtration experiments: (a) bovine serum albumin (BSA)
(Fraction V, Sigma-Aldrich Japan); (b) lysozyme from
chicken egg white (Sigma-Aldrich Japan); (c) myoglobin
from horse heart (Sigma-Aldrich Japan); (d) hemoglobin
from bovine blood (Sigma-Aldrich); and (e) y-globulin from
bovine plasma (Sigma-Aldrich). Table 1 provides a listing of
the properties of the proteins selected in this study. More-
over, the solutions of silica sol (Snowtex (ST), Nissan
Chemical Industries) with three different mean particle sizes
were used as the nano-colloids. The particle size distribu-
tions of silica sol were measured by a dynamic light scatter-
ing (DLS) photometer (DLS-8000, Otsuka Electronics). The
mean specific surface area sizes d; of ST-XS, ST-20, and
ST-ZL employed are 4.8, 13.3, and 99.7 nm, respectively.

Dilute aqueous colloids were prepared by dispersing pre-
weighed quantities of the solutes or solutions in ultrapure,
deionized water (resistivity of at least 18 MQ-cm) prepared
by purifying tap water through ultrapure water systems
equipped both with Elix-UV20 and with Milli-Q Advantage
for laboratory use (Millipore). In the protein solution make-
up, the desired pH value was achieved by adding small ali-
quots of 0.1 M solutions of NaOH or HCI for most of the
proteins and by using 10 mM phosphate buffer solution in
the case of y-globulin because of the problem of dissolution
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of protein crystals. In some experiments the ionic strength of
BSA solution was adjusted by the addition of NaCl
(Cs =200 mol/m?).

Experimental apparatus and technique

Figure 2 illustrates a schematic layout of the experimental
setup used to perform filtration experiments. An unstirred
batch filtration cell with an effective membrane area of 24.6
cm? was used in this research. In the single step-up pressure
filtration test, the pressure was adjusted automatically by a
computer-driven electronic pressure regulator by applying
compressed nitrogen gas and was increased sequentially in
order of 49 (= py), 98 (= p,), 196 (= p3) and 490 (= py)
kPa. The running time at each pressure is 4, 1, 1, and 1 h,
respectively. Asymmetric regenerated cellulose ultrafiltration
membranes (Millipore) with a nominal molecular weight cut-
off (MWCO) of 1 kDa were employed to ensure a high
membrane resistance.

The filtrate was collected in a reservoir placed on an elec-
tric balance (Shimadzu) connected to a personal computer to
collect and record mass vs. time data during filtration test.
The weights were converted to volumes using density corre-
lations. The filtration rate was obtained by numerical differ-
entiation of the volume vs. time data and the reciprocal
filtration rate was represented as a function of the filtrate
volume per unit effective membrane area.

For comparison, the single constant pressure filtration test
was conducted using the same ultrafiltration membrane with
a nominal MWCO of 1 kDa and the filtration pressure was
kept constant at 49 or 490 kPa.'*'* Moreover, a series of
conventional constant pressure filtration tests were performed
using the asymmetric regenerated cellulose ultrafiltration
membranes (Millipore) under different filtration pressure
conditions of 49, 98, 196 and 490 kPa. In this instance, the
appropriate nominal MWCO of the ultrafiltration membrane
was selected to ensure that the resistance of the membrane is
negligibly small compared to that of the filter cake for a
major portion of filtration. There was never any detectable
passage of dispersed phase through the ultrafiltration mem-
brane even in this case.

Results and Discussion
Flux decline behaviors in ultrafiltration of BSA solution

Typical data of the single step-up pressure filtration test
conducted with BSA solution prepared at the isoelectric
point are plotted in Figure 3a as the form of the reciprocal
filtration rate (d0/dv) against the filtrate volume v per unit
effective membrane area. Several data points are cut out
from the figure to make it easier to identify as data points
obtained from the numerical calculation are too many. It
should be noted that the term (df/dv) is a measure of the
total filtration resistance R,, as described by the Darcy’s law
in the form?’

do _ iR,

&= (15)

In the first step of step-up pressure filtration, constant pres-
sure filtration starts at the initial pressure p; of 49 kPa. Since
the ultrafiltration membrane with the MWCO of 1 kDa hav-
ing a high membrane resistance (R, =7.71 X 10" m Y is
used, the value of the initial reciprocal filtration rate (d6/
dv),, is not negligible (1.58 X 10" s ecm™ Y compared to the
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Figure 2. Schematic diagram of filtration apparatus.

subsequent variation of df/dv, as shown in the figure. Thus,
dO/dv increases with v very gradually, and the plots exhibit
the concave upward behavior. However, once the pressure
suddenly increases from 49 to 98 kPa in the second step of
filtration, d0/dv decreases abruptly in response to a jump in
the applied pressure leading to the increase in the driving
force of filtration, but thereafter it increases with v as the fil-
ter cake grows. Subsequently, the pressure was increased to
196 and 490 kPa in stages. In either case, the trends of the
transient response of the filtration rate to a step change in

x10*
py = 93 kPa
1.5 e
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§ P
S : '
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pressure are similar to those seen with the pressure increase
to 98 kPa. The values of o,, for different Ap. can be easily
determined from Eqs. 6 and 7 by using the data of df/dv vs.
v presented in Figure 3a. As seen from Eq. 15, it is instruc-
tive to convert the data of d0/dv vs. v into a form of the total
filtration resistance R, vs. v for ease of comparison between
pressures, and the results are indicated in Figure 3b. The
decrease of the values associated with the step increase in
the filtration pressure appearing in Figure 3a resolves in 3b,
and R, increases with increasing v, reflecting the increase in
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6 I I I
Single Step-Up Pressure ~ Pi= 490 kPa
5 BSA ‘ il
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pHS5.1 5
4~ MWCO 1 kDa L
= H
E3tL -
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Figure 3. Flux decline behaviors in single step-up pressure filtration.

(a) Reciprocal filtration rate, and (b) total filtration resistance.
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Figure 4. Variations of effective pressure drop across
filter cake with filtrate volume per unit mem-
brane area in single step-up pressure
filtration.

o,y associated with the increase in Ap.. In total, the plots
exhibit a concave upward behavior, which is distinctive in
the compressible filter cake.

Figure 4 shows the variation with v of Ap.. Also plotted
are the variation with v of p and p,. The magnitude of p,,
undergoes little change with v throughout the period of filtra-
tion. Therefore, Ap. remarkably increases with v due to the
step-up increase in p with the progress of filtration. In ultra-
filtration conducted at the initial pressure of 49 kPa, Ap.

x10*
1.0 T I T
Single Constant Pressure
BSA
0.8~ s =1.0x10"
pHS5.1
—_ MWCO 1 kDa
é c'-6_p=490]LcPa .
s
s 04 -
-
0.2 —
0 | | |
0 0.5 1.0 1.5 2.0
(a) v (cm)

ranges from 0.42 to 5.5 kPa. In contrast, in ultrafiltration car-
ried out at the final pressure of 490 kPa, Ap. ranges from
410-420 kPa. Thus, Ap,. is varied over a wide range by car-
rying out the ultrafiltration operation with an accompanying
step change in pressure using the ultrafiltration membrane
with a high hydraulic resistance.

For comparison, both the single constant pressure filtration
data obtained at the applied filtration pressure of 490 kPa
and the conventional constant pressure filtration data
obtained at the pressures of 49, 98, 196, and 490 kPa are
shown in Figure 5. The plots of the single constant pressure
filtration data obtained by using the membrane with a high
hydraulic resistance are not linear, but exhibit a concave
upward behavior, as shown in Figure 5a. Significant curva-
ture is present only in the initial period of filtration, and
thereafter df/dv varies almost linearly with v because the
resistance of the cake becomes much higher than that of the
membrane itself due to the cake growth. In contrast, the
plots of the conventional constant pressure filtration data
obtained by using the membrane with a negligible hydraulic
resistance can be approximated by a straight line with a
slope varying with the applied filtration pressure and an
intercept close to zero throughout the period of filtration in
accordance with Eq. 13, as shown in Figure 5b, in sharp
contrast to the behaviors shown in Figures 3 and 5a. This is
attributed to the negligibly small resistance of the ultrafiltra-
tion membrane with the MWCO of 10 kDa used compared
to the resistance of the filter cake comprised of BSA solutes
even in the incipient period of filtration. It should be noted
that the gradient value of the straight line in the latter part of
the plots shown in Figure 5a is almost equal to that of the
straight line obtained from the pressure of 490 kPa shown in
Figure 5b.

Pressure dependence of specific resistance of BSA cake

The experimental data of «,, are logarithmically plotted in
Figure 6 against Ap.. The open circles in Figure 6a are the
result of the single step-up pressure filtration test conducted
using the ultrafiltration membrane with the MWCO of 1 kDa
and they are evaluated using Eqs. 6 and 7 with the data of

x10*

Constant Pressure
BSA

20 s=10x107?
pH5.1

MWCO 10kDa
- Op= 49kPa
Ap= 98kPa
Op=196kPa
| ¥ p=490kPa

[
v}
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0.5

I | |
0 0.5 1.0 1.5 2.0
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Figure 5. Flux decline behaviors for comparison to single step-up pressure filtration.

(a) Single constant pressure filtration with considerable membrane resistance, and (b) conventional constant pressure filtration

with negligible membrane resistance.
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Figure 6. Pressure dependence of average specific cake resistance.

(a) Comparison between single step-up pressure filtration data and conventional constant pressure filtration data, and (b) single

constant pressure filtration data.

dO/dv vs. v shown in Figure 3a, as described previously. It is
of importance to emphasize that the pressure dependence of
o,y 18 available over an extremely wide pressure range from
a low of 0.42 to as high as 420 kPa from only one filtration
test by the method developed. The increase in o,, with Ap,.
is gradual in the low-pressure region under approximately 6
kPa, but the plots become almost linear in accordance with
Eq. 8 when Ap. somewhat exceeds 20kPa. This suggests that
there is a threshold pressure below which o,, approach a
nearly pressure independent value, as pointed out by Tiller
and Cooper.”” This also means that the compressibility of
the BSA cake depends on the range of Ap. and that it
becomes lower under the relatively low-pressure conditions.
Therefore, it is expected that the filtration rate in constant
pressure filtration increases in almost direct proportion to the
applied pressure in the range of low pressures and that the
increase in the applied pressure is not so effective in increas-
ing filtration rate in the high-pressure range. The solid and
dashed curves on Figure 6a are obtained from the curve fit-
ting based on Egs. 10 and 11, respectively. Both curves cor-
respond with each other and are in very good agreement
with the plots over a whole range of pressures evaluated
from the single step-up pressure filtration data.

The filled circles shown in Figure 6a are the results eval-
uated from a series of the conventional constant pressure fil-
tration tests conducted using the ultrafiltration membrane
with the MWCO of 10 kDa at pressures of 49, 98, 196, and
490 kPa. The value of o,, corresponding to each pressure is
determined from the slope of the straight line of d0/dv vs. v
shown in Figure 5b by use of Eq. 13. Such plots thus
obtained become virtually linear in line with Eq. 8, and it is
found that the value of the compressibility coefficient n; in
Eq. 8 is around 0.76 for the filter cake of BSA, indicating
high compressibility. However, it should be noted that Eq. 8
can only be used in restricted pressure ranges due to the
inadequate fit of the two parameter power law expression.
The plots are in good agreement with the data obtained from
the single step-up pressure filtration test. This clearly demon-
strates that the internal pore structure of step-up pressure fil-
ter cake is identical to that of constant pressure filter cake
provided the pressure drop across the cake is the same. This
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also implies that equilibrium porosities are reached instanta-
neously with changes in pressure. However, it would be
impractical to produce the data of oy, under extremely low
pressures by the conventional constant pressure filtration
tests because of experimental difficulties such as adjusting
pressure. Furthermore, the tests are very tedious because sev-
eral experimental runs are required in order to obtain the
pressure dependence of o,.

The triangles and squares depicted in Figure 6b are the
results evaluated from the single constant pressure filtration
tests conducted using the ultrafiltration membrane with the
MWCO of 1 kDa under the pressure conditions of 49 and
490 kPa, respectively. It is very difficult to evaluate the val-
ues of oy, at the extremely low pressures from the test con-
ducted at the pressure of 490 kPa. Conversely, the pressure
dependence of o,, in the high-pressure range cannot be
found from the test conducted at the pressure of 49 kPa
because it is impossible to obtain the values of o,, in the
pressure range above the applied filtration pressure. Conse-
quently, at least two single constant pressure filtration tests
in which the applied filtration pressure differ widely between
both must be conducted in order to evaluate the pressure
dependence of a,, over a wide pressure range.

To examine the deviations in the experimental data in sin-
gle step-up pressure filtration tests, Figure 7 illustrates the
experimental data obtained from five runs carried out under
the same operating conditions. The plots of o,, vs. Ap. are
indicated by the logarithmic and linear scales in Figures 7a
and b, respectively. The linear scale was used in order to
exaggerate the deviations in the data obtained from single
step-up pressure filtration tests. Data indicate that the experi-
mental error remains within the scope of 5% above or below
the solid curve fitted by Eq. 11. Therefore, our results clearly
show that the single step-up pressure filtration test is a
highly reproducible and effective method in evaluating the
pressure dependence of o,, expeditiously and easily.

Effects of solution concentration and solution
environments

The possible effects of solution concentration and such
solution environments as pH and salt concentration are
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Figure 7. Reproducibility of pressure dependence of average specific cake resistance in single step-up pressure

filtration test.

(a) Plots indicated by logarithmic scale, and (b) plots indicated by linear scale.

discussed here in the case of BSA solution as an example.
Figure 8 shows the influence of the mass fraction s of BSA
molecules in the solution on the relation between o,, and
Ap.. The values of s range from 1.0 X 107? to 5.0 X 10>
Our experimental data suggest that the deviations in oy, vs.
Ap. data between the solution concentrations are not so
obvious in accord with the results obtained previously
although the data obtained at the concentration of 5.0 X
10~ exhibit slightly higher %ay."> Therefore, it is confirmed
that Eq. 7 can be used in place of the rigorous Eq. 4 within
the range of concentrations employed in this study.

Figure 9 shows the effect of solution environments such
as pH and salt concentration on the pressure dependence of
the average specific resistance o,, of BSA cake. Previous
studies of the effect of pH on o,, suggested that o,, has a
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Figure 8. Effect of solution concentration on pressure
dependence of average specific resistance of
BSA cake.
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distinct maximum around the isoelectric point, i.e., the point
of no net charge on the molecules.®>?° However, the pressure
dependence of oy, is very similar in the relatively low-
pressure range below 6 kPa regardless of the solution pH.
As the pressure drop Ap. across the cake is increased, the
curves for a,, at pH 3.5 and 7.0 lie below the curve for pH
5.1 of the isoelectric point of BSA. It should be noted that
the cake porosity reflects a balance between the electrostatic
repulsion force between charged BSA molecules forming the
cake and the compressive pressure which tends to drive the
proteins closer together.”® In response to the increase in
applied pressure, the cake is compressed and the intermolec-
ular distance between BSA molecules in the cake becomes
small. As a result, a mutual electrostatic repulsion force
which acts between BSA molecules becomes more marked
at pH 3.5 and 7.0 than at pH 5.1 since BSA molecules are
electropositive at pH 3.5 or electronegative at pH 7.0. There-
fore, the decrease in the cake porosity associated with the
increase in the pressure is suppressed at pH 3.5 and 7.0
where proteins have charge, leading to a reduction in o,,, as
discussed elsewhere.>?° In contrast, as the sufficient intermo-
lecular distance is kept between BSA molecules in the cake
in the range of relatively low pressure, such a charge effect
is negligible, leading to the similar results at either pH val-
ues. In the figure, the results evaluated from a series of the
conventional constant pressure filtration tests are shown as
the filled circles and triangles for pH 5.1 and 3.1, respec-
tively, and they are in excellent agreement with those eval-
uated from the single step-up pressure filtration test.
Subsequently, in order to investigate the dependence of
o,y on the salt concentration, the single step-up pressure fil-
tration tests were conducted under the solution environment
of pH 3.5 and the NaCl concentration C of 200 mol/m3, and
the results are shown in Figure 9. When the salts are added,
o,y at pH 3.5 increases significantly and approach that at the
isoelectric point without the salt addition. The salt addition
leads to a less extensive diffuse double layer. Such charge-
shielding between BSA molecules arising from the existence
of salts would reduce electrostatic repulsion between the
molecules. Thus, the difference in «,, at between pH 3.5 and
5.1 becomes less noticeable, and the cake is sufficiently

January 2014 Vol. 60, No. 1 AIChE Journal



1017 T III| T lIII T IlI] T T TT

Single Step-Up Pressure -

- O pHS.1 i
A pH3.S5

. O pH3.5, C,=200mol/m’
Vv pH7.0

1016 | Constant

® pHS.1

A pH35

— Eq. 11 .

1015 1
i BSA
5s=1.0%10"
1014 PR N U T T S N I N SO S A A T N A
10° 10° 10* 10° 10°

Ap, (Pa)

Figure 9. Effect of such solution environments as pH
and salt concentration on pressure depend-
ence of average specific resistance of BSA
cake.

compressed in the high-pressure range even at pH 3.5, lead-
ing to high specific cake resistance. These results provide
important insights into the physical phenomena governing
the structural changes in the filter cake comprised of BSA.

Pressure dependence of specific cake resistance of a
variety of proteins and nanoparticles

The single step-up pressure filtration tests were conducted
for a variety of protein solutions and nano-colloids, and the
pressure dependence of o, was evaluated in a relatively
wide pressure range. Figure 10 illustrates the relation
between o,, and Ap. evaluated from the filtration tests for
the protein solutions of BSA, lysozyme, myoglobin, hemo-
globin, and y-globulin. The values of the solution pH pre-
pared are shown in the figure. In any of these protein
solutions, the data can be well approximated by Eq. 11 over
the entire pressure range. In either protein, o,, undergoes a
profound change with Ap. as Ap, is increased. It is important
to note that o,, decreases with increasing molecular weight
of proteins with the exception of y-globulin in the low-
pressure range where the charge effect of protein molecules
is negligible. However, the magnitude relationship of o,
becomes complicated in the high-pressure range probably
under the influence of the charge and deformability of
proteins.

The observed pressure dependence of o,, is shown in Fig-
ure 11 for nano-colloids of silica sol with the mean specific
surface area sizes d, of 4.8, 13.3, and 99.7 nm. It can be
seen that the values of «,, increase with the decrease in the
particle size over the entire range of pressures tested. In
each case, Eq. 11 provides a fairly good approximation of
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experimental data. The slope of o, vs. Ap. curve increases
as Ap. is increased. Table 2 lists the best values of the
adjustable parameters in Eqs. 9 and 11 chosen to fit
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Table 2. Values of Adjustable Parameters in Egs. 9 and 11 for a Variety of Nanocolloids

Eq. 9 Eq.11
Nano-Colloids ao (m/kg) P,1(Pa) ny (—) a; (m/kg) P(Pa) ns (—)
BSA (pH 5.1) 7.39 X 10 3.12%x10° 1.03 7.08 X 10 5.54 % 10° 0.79
BSA (pH3.5) 8.79 X 10" 4.54 X 10* 1.28 8.78 X 10" 4.13 x10* 1.03
BSA (pH3.5, C; = 200 mol/m®) 7.21 X 10 3.91 X 10° 1.09 7.76 X 10'* 8.16 X 10° 0.82
BSA (pH 7.0) 9.42x 10™ 494 x10* 1.85 9.44x 10" 5.26 X 10* 0.97
Lysozyme 234X 10" 497 x10° 245 234X 10" 451x10° 1.12
Myoglobin 126 X 10" 2.94 x 10* 1.14 1.26 X 10" 4.16 X 10* 0.76
Hemoglobin 8.02x 10 1.12x 10* 1.27 8.21 X 10" 1.75 X 10* 0.86
y-Globulin 7.95x 10" 1.80 X 10° 0.88 7.45% 10" 3.60 X 10° 0.73
ST-XS 451 x 10" 537X 10* 1.04 452 % 10" 7.57 x 10* 0.70
ST-20 1.46 X 10' 2.40 X 10* 1.17 1.47 x 10* 3.54 X 10* 0.79
ST-ZL 420% 10" 3.07 X 10° 0.49 429 % 10" 6.90 X 10° 0.43

experimental data obtained throughout this investigation. The
correlation coefficients are 0.99 for all cases, indicating that
the parameters are highly correlated.

Conclusion

The single step-up pressure filtration test was conducted
by filtering a variety of nanocolloids with a ultrafiltration
membrane having a high hydraulic resistance, in order to
find the relation between the average specific cake resistance
o,y and the effective pressure drop Ap. across the filter cake
over a wide range of pressures. Focusing on the distinct vari-
ation of Ap. with progression of filtration, the data of the
reciprocal filtration rate (d0/dv) vs. the filtrate volume v per
unit membrane area permitted us to determine the pressure
dependence of w,, based on the compressible cake filtration
theory. The single step-up pressure filtration test was able to
adequately evaluate the pressure dependence of oy, for a
wider range of pressures from extremely low pressures to
high pressures from only one filtration test, unlike the con-
ventional constant pressure filtration test and the single con-
stant pressure filtration test. The results derived from this
method were compared with the conventional constant pres-
sure filtration data collected for a variety of filtration pres-
sures and the single constant pressure filtration data,
excellent agreement being observed. The data obtained using
this method revealed the effect of the kind of protein, size of
nanoparticles, the solution concentration, and the solution
environment such as pH and the salt concentration on the
pressure dependence of o,,.
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Notation

ap = empirical constant in Eq. 9, m/kg
a; = empirical constant in Eq. 11, m/kg
C, = NaCl concentration in solution, mol/m®
dy = mean specific surface area size of nanoparticles, m
(d0/dv),, = reciprocal filtration rate at onset of filtration, s/m
m = ratio of mass of wet to mass of dry cake
ny = compressibility coefficient defined in Eq. 8
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n, = empirical constant in Eq. 9
n3 = empirical constant in Eq. 11
p = applied filtration pressure, Pa
Pa1 = empirical constant in Eq. 9, Pa
Da> = empirical constant in Eq. 11, Pa
pi = some low pressure below which local specific cake resist-
ance o is kept constant, Pa
pL. = local hydraulic pressure, Pa
Pm = liquid pressure drop across membrane, Pa
ps = local solid compressive pressure, Pa
p1 = applied filtration pressure at the first stage in single step-up
pressure filtration, Pa
p» = applied filtration pressure at the second stage in single step-
up pressure filtration, Pa
p3 = applied filtration pressure at the third stage in single step-up
pressure filtration, Pa
ps = applied filtration pressure at the fourth stage in single step-
up pressure filtration, Pa
hydraulic resistance of filter cake, m
hydraulic resistance of membrane, m™~
s = mass fraction of solids in colloids
u = apparent liquid velocity relative to solids in cake at distance
 from membrane, m/s
u; = filtration rate, m/s
v = cumulative filtrate volume per unit membrane area, m>/m?

1
1

=
&
I n

Greek letters
o = local specific cake resistance, m/kg
o,y = average specific cake resistance, m/kg
o, = empirical constant in Eq. 8, kg ™1~ !+ g7m
Ap. = pressure drop across filter cake, Pa
= filtration time, s
= viscosity of filtrate, Pa s
= density of filtrate, kg/m3
ps = density of solids, kg/m®
o = net solid volume per unit membrane area lying from membrane
up to an arbitrary position in filter cake, m*/m?>
wy = ne3t sglid volume of entire filter cake per unit membrane area,
m’/m
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