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ABSTRACT

The influence of coagulant type and operating parameters on crossflow microfiltration of
aqueous dispersions of titanium dioxide has been examined. The experiments were carried
out with a tubular ceramic microfiltration membrane with a nominal pore size of 0.1 μm at
various operating parameters. Three chosen types of organic coagulants were used for a
series of crossflow microfiltration experiments: polyacrylamide (PAM), poly(diallyldimethy-
lammonium chloride) (PDADMAC), and poly(acrylamide-co-acrylic acid) partial sodium
salt (PACA). The value of steady-state permeate flux has been experimentally evaluated for
the crossflow microfiltration with and without pretreatment. The results of the experiments
without coagulants showed that the flux initially declines rapidly and then stabilizes. The
results also suggested that PDADMAC was a better coagulant for this system and its opti-
mal concentration was 30 mg l−1. Finally, it was shown that pretreatment of the feed by
PDADMAC resulted in a permeate flux that was more than three times higher than that
obtained without any pretreatment. Moreover, there was a very positive effect of this coagu-
lant on the particle size. Pretreatment by 30 mg l−1 PDADMAC led to an average particle
size that was almost 18 times higher than that obtained without pretreatment. The other
two coagulants did not produce such improvements: pretreatment of the feed by PAM
increased the permeate flux by only 10%, while pretreatment by PACA gave even lower
permeate flux than no pretreatment. This means that the results of various experiments
have shown the need for careful selection of the coagulant due to their differing influences
on the permeate flux. The relationship between the particle size of the dispersion and the
permeate flux was found from the results of these experiments. A published mathematical
model was used to estimate the permeate flux. The results of the experiments showed that
the mathematical model was able to predict the steady-state permeate flux quite accurately
in some cases.
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1. Introduction

Membrane microfiltration is a pressure-driven pro-
cess with a microporous membrane as the separating
medium [1]. The pore sizes of microfiltration mem-
branes range from 10 to 0.05 μm, making the process
suitable for retaining suspensions and emulsions.
Microfiltration is the membrane process which most
closely resembles conventional coarse filtration [2].

Basically, microfiltration can be operated in two
modes: (i) dead-end and (ii) crossflow. In a dead-end
arrangement, the entire feed flow is transported
toward the membrane perpendicularly so that the
retained particles and other components are accumu-
lated and deposited onto the membrane surface. As
opposed to dead-end microfiltration, in a crossflow
operation, the feed stream moves parallel to the mem-
brane surface and only a portion of the feed stream
passes through the membrane under the driving pres-
sure [3]. The tangential flow generates the respective
forces that tend to remove the deposited layers from
the membrane surface, helping to keep it relatively
clean. The operational cost of the crossflow mode is
higher than that of the dead-end mode because of the
energy needed to circulate the feed. The circulation of
the dispersion around the membrane surface and the
permeate removal result in increasing concentrations
of a component in the retentate and in the decreasing
flux, respectively [4].

When microfiltration is applied using constant
pressure filtration, the main problem encountered is
the flux decline, while if microfiltration is applied
using constant flux filtration, the main problem is the
increase in pressure loss. This is caused by the concen-
tration polarization and fouling, the latter being the
deposition of solutes at the membrane surface or
inside the pores of the membrane (plugging). The
steady-state permeate flux may be as low as 2–10% of
pure water flux [2].

The flux decline can be reduced using two groups
of special methods. The first group requires a discontin-
uation process, namely chemical and mechanical clean-
ing or backwashing. The second group of methods can
be used without discontinuation (e.g. feed pretreat-
ment, influencing the interaction phenomena between
the particles and the surface of the membrane, hydro-
dynamic methods) [5]. One of the suitable feed pretreat-
ment methods is coagulation, for which the respective
coagulants can be divided into several categories such
as simple inorganic coagulants, prehydrolyzed metal
salts, organic polymers, and natural coagulants. The
selection of these chemicals and flocculation aids for
use in a particular plant is generally based on economic
considerations along with reliability, safety, and

chemical storage considerations. The best methods of
determining the treatability, the most effective coagu-
lants, and the required dosages are to conduct jar tests,
bench-scale tests, and in some cases, pilot tests [6].

Microfiltration is used in a wide variety of indus-
trial applications. The most important applications of
microfiltration are wastewater treatment, sterilization,
clarification of all kinds of beverages and pharmaceu-
ticals in the food and pharmaceutical industries, and
removal of particles during the processing of ultrapure
water in the semiconductor industry [7].

In the literature, we were able to find many studies
of feed pretreatment. Erdei et al. [8] and Park et al. [9]
investigated coagulation and its effect on the flux
decline and the removal of pollutants in wastewater
treatment. The results of these studies show that coag-
ulation has a positive effect on the flux decline and on
the removal of colloidal pollutants from wastewater.
Erdei et al. [8] also found that the results are highly
dependent on the type of coagulant. Zhu et al. [10]
reported on membrane fouling in wastewater treat-
ment; the results obtained showed that coagulant
dosage had a clear influence on membrane fouling
during microfiltration. Furthermore, Bhattacharya
et al. [11] investigated the microfiltration of textile
industry water with pretreatment by coagulation with
ceramic membrane. Their results revealed that the
optimal coagulant dosage gave a dye removal rate of
about 96%, while a higher dosage of coagulant
achieved only about 85% removal.

Zhao et al. [12] and Wang et al. [13] investigated
the effect of coagulation on the formation of particles
and particle size. Their studies showed that coagula-
tion had positive effects on the particle size and per-
meate flux. The proper choice of the type of coagulant
had a significant effect on the structure and size of the
particles. In contrast, Hofs et al. [14] found that coagu-
lation could have a negative effect on membrane foul-
ing. In their study, coagulation had a positive effect
on reversible membrane fouling but a negative effect
on irreversible membrane fouling.

Finally, Wang et al. [15] studied the factors and
mechanisms of fouling of microfiltration membranes
by organic polymers which had been used for the feed
pretreatment. The obtained results confirmed that high
concentrations of coagulant could cause clogging of
the membrane due to the presence of free polymer
molecules. Wu et al. [16] outlined similar conclusions,
ascertaining that use of the optimal coagulant concen-
tration reduced the risk of membrane fouling, whereas
a higher concentration led to membrane fouling due
to blocking of the membrane pores by the added
coagulants.
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1.1. Model development

This semi-empirical mathematical model [17] aims
to build the relationship between steady-state perme-
ate flux and the particle size of the dispersion, which
may be helpful for understanding membrane microfil-
tration performance.

The volume flow through the membrane can be
described by Darcy’s law, with the flux through the
membrane being directly proportional to the applied
transmembrane pressure:

J ¼ KDP (1)

where K is the membrane permeability and ΔP is the
pressure difference.

According to the resistance in series model,
Darcy’s law was changed to the form in which the
permeate flux is expressed as a ratio of the transmem-
brane pressure to the permeate flow resistance:

J ¼ DP
l0Rt

(2)

where μ0 is the dynamic viscosity of solvent and Rt is
the total resistance to permeate flow.

The resistance in series model assumes that several
additive resistances affect permeate flux:

Rt ¼ Rc þ Rm þ Rf (3)

where Rc is the resistance of the filtration cake, Rm is
the resistance of the membrane, and Rf is the resis-
tance caused by blocking of pores and adsorption on
their surface.

The resistance of the filtration cake can be
expressed as a function of the cake resistance per unit
thickness (R̂c):

Rc ¼ R̂c dc (4)

where δc is the thickness of the filtration cake.
By combining Eqs. (3) and (4), Eq. (2) can be

rewritten in the form:

J ¼ DP

l0 R̂c dc
� �

þ Rm þ Rf

h i (5)

For negligible membrane resistance and the resistance
caused by pores blocking compared to the resistance
of a filtration cake, Eq. (5) may be expressed as:

J ¼ DP

l0 R̂c dc
� � (6)

It is important to establish the mass balance of micro-
filtration (mass balance in dead-end microfiltration),
which can be expressed as:

J þ ddc
dt

� �
Ub ¼ Uc

ddc
dt

(7)

where Φb is the particle volume fraction of the disper-
sion and Φc is the particle volume fraction in the filtra-
tion cake. The left side of Eq. (7) describes the flux of
particles into the surface of the cake, while the right
side of Eq. (7) describes the buildup of particles in the
cake.

In crossflow microfiltration, the effect of turbulence
on the filtration cake is defined as:

k1
dU

dy

� �
dc (8)

where k1 is the particle constant and dU/dy is the
velocity gradient where dU is the flow velocity differ-
ence between the layers and dy is the distance
between the layers.

The new term representing the particle mass bal-
ance that reflects the effect of turbulence can be
obtained from Eqs. (7) and (8):

J þ ddc
dt

� �
Ub � k1

dU

dy

� �
dc ¼ Uc

ddc
dt

(9)

By combining Eqs. (6) and (9), the following can be
obtained:

ddc
dt

¼ DPUb

l0 R̂c dc Uc � Ubð Þ �
k1 dU=dyð Þdc

Uc � Ub
(10)

Assuming zero thickness of the filtration cake at the
start of separation, constant transmembrane pressure
during microfiltration, a constant shear rate, and
specific resistance of the filtration cake, Eq. (10) can be
integrated:

dcðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPUb

R̂c k1l0
dU
dy

� � 1� exp �
2k1

dU
dy

� �
t

Uc � Ub

0
@

1
A

0
@

1
A

vuuuut (11)
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By combining Eqs. (5) and (11), a generic term describ-
ing the permeate flow in time can be obtained:

JðtÞ ¼ DPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPUb l0 R̂c

k1 dU
dy

� � 1� exp � 2k1
dU
dy

� �
t

Uc�Ub

� �� �s" #
þ l0 Rm þ Rfð Þ

(12)

For Newtonian fluids, the velocity gradient may be
replaced by the expression:

dU

dy
¼ sw

l
(13)

where τw is the shear stress at the membrane wall and
μ is the dynamic viscosity of a suspension.

By combining Eqs. (12) and (13), the following can
be obtained:

J ðtÞ ¼ DPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPUb l0 l R̂c

k1sw
1� exp � 2k1 swt

l Uc�Ubð Þ
� �� �r	 


þ l0 Rm þ Rfð Þ

(14)

However, a number of substances form a compressible
filtration cake. Porter [18] suggests a relationship to
estimate the influence of the compressibility of the fil-
ter cake on the cake resistance per unit thickness in
the form:

R̂c ¼ a0 DPð ÞsqsUc (15)

where α0 is the particle constant, s is the filtration cake
compressibility constant, and ρs is the density of the
particles constituting the filtration cake.

By combining Eqs. (14) and (15), the following can
be obtained:

Then, for the steady-state permeate flux,

lim
t!1

exp � 2k1 sw t

l Uc � Ubð Þ
� �

¼ 0 (17)

For an incompressible filtration cake and negligible
resistance by blocking of pores, the resulting equation
for the steady-state permeate flux can be written in
the form:

J ðtÞ ¼ DPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPUb l0 l a qs Uc

sw

q
þ l0 Rm

(18)

2. Experimental

The microfiltration experiments were carried out
with an aqueous dispersion of titanium dioxide
(anatase form; PRECHEZA, Czech Republic). Disper-
sions were prepared from powdered titanium dioxide
and deionized water at a concentration of 3 wt.%
TiO2.

Titanium dioxide was chosen for the experiments
because of the continuity to previous works at our
research institute. Other reasons include the polydis-
persity of powdered titanium dioxide, which predesti-
nes it as a suitable dispersion model with realistic
properties. Finally, an important argument for this
choice is the practical use of dispersions of titanium
dioxide, especially in its production and in many
other practical applications, since titanium dioxide is
used in many applications, for example, as an additive
to foods, pharmaceuticals, and paints.

Fig. 1 shows the particle size distribution of the
dispersion without pretreatment. The average particle
size of the dispersion was 0.486 μm, while the particle
size distribution curve showed two maxima. The first
one was the major peak, with an average particle size
of about 0.5 μm, whereas the second peak had an
average particle size of about 10 μm.

The particle size distributions were measured by a
Mastersizer 2000 MU instrument (Malvern Instru-
ments, UK) and by a Zetasizer Nano ZS (Malvern
Instruments, UK). By employing the Mastersizer 2000
MU, the particle size measurements were performed

using laser diffraction and the measured particle size
ranged from 0.02 to 2,000 μm. The Zetasizer Nano ZS
was then used to perform the particle size measure-
ments with the aid of a process called dynamic light

J ðtÞ ¼ DPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPð1þsÞUb l0 l a0 qs Uc

k1 sw
1� exp � 2k1 sw t

l Uc�Ubð Þ
� �� �r	 


þ l0 Rm þ Rfð Þ
(16)
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scattering (DLS). In this case, the device measured the
Brownian motion of particles, displaying it in relation
to their size. The particle size of the Zetasizer Nano
ZS was measured in the range from 0.6 to 6 μm.

In the separation experiments, asymmetric α-Al2O3

microfiltration membranes (Terronic, Czech Republic)
were used. They were configured as single cylindrical
tubes, 25-cm long, 6 mm in inner diameter, and
10 mm in outer diameter, with the active layer depos-
ited on the internal surface of the tubular support.
The basic properties of the membrane are shown in
Table 1.

Microfiltration was operated in the crossflow con-
figuration and the corresponding experimental equip-
ment is shown in Fig. 2. The feed dispersion was
pumped from the storage tank (1) to the membrane
module (3) by a positive displacement diaphragm
pump (2) (Hydra-Cell Pump) with a frequency con-
verter to control the speed (model VA 02B-03, TOS
Kuřim; Czech Republic). The permeate flux was
measured by an electronic balance (4) (model KERN
573–46NM, Kern, Germany) connected to a personal
computer (5) via an RS 232 serial communication port.
The retentate was returned to the storage tank, and
the permeate was also returned to the feed tank to
maintain a constant feed concentration. The pressure
was adjusted to the target value by a regulating valve

(6) and the overpressure was measured by a manome-
ter (7) (model TMG 567 C3H, Cressto, Czech Repub-
lic). The flow rate of the feed was determined by a
flowmeter (8) and the temperature of the feed was
kept constant by the thermoregulation system (9).

Three types of organic coagulants were used for
the crossflow microfiltration experiments: (i)
polyacrylamide (PAM) 50 wt.% solution, (ii) poly(dial-
lyldimethylammonium chloride) (PDADMAC) 20
wt.% solution, and (iii) poly(acrylamide-co-acrylic
acid) partial sodium salt (PACA) 80 wt.% solution. All
three coagulants were purchased from Sigma–Aldrich.
The formulas of the coagulants are shown in Table 2.

Different coagulation abilities of tested coagulants
may be caused by different mechanisms of coagula-
tion. The tested coagulant PDADMAC is a cationic
polymer with medium average molecular weight and
a high charge density. High charged polymers tend to
produce flocs with higher particle size and therefore
induce electrostatic patch flocculation [19]. According
to Blanco et al. [20], PDADMAC produces flocs by
charge neutralization. In contrast, PAM is a polymer
with low average molecular weight and low charge
density producing flocs by bridging [20].

For each experiment, coagulant was added to the
dispersion, which was then homogenized by stirring
at 2,000 rpm for 30 s and then at 100 rmp for 20 min.
Next, the dispersion was poured into the experimental
equipment. The same procedure was performed to
measure the particle size of the dispersion.

During all the tests, the microfiltration process was
run at a constant crossflow velocity of 2 m s−1 and a
pressure difference of 100 kPa, with the temperature

Fig. 1. Particle size distribution of the titanium dioxide
dispersion used (measured by a Mastersizer 2,000 MU).

Table 1
Membrane characteristics

Producer Terronic

Material α-Al2O3

Geometry Tubular
Nominal pore diameter 0.1 μm
Membrane area 43.35 cm2

Permeability 1,894.9 l m−2 h−1 bar−1

Fig. 2. Schematic diagram of the experimental equipment.
Notes: (1) Storage tank, (2) pump, (3) membrane module,
(4) electronic balance, (5) PC, (6) regulating valve, (7)
manometer, (8) flowmeter, (9) thermoregulator, (F) feed,
(P) permeate, (R) retentate.
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of the dispersion being 20˚C. The particle size distribu-
tions were determined by a Mastersizer MU 2000
(Malvern Instruments).

3. Results and Discussion

In order to select the optimum dose of coagulant,
different doses were tested and their influence on the
crossflow microfiltration process with respect to the
steady-state values of permeate flux and particle size
distribution was studied.

3.1. Pretreatment by PAM

The dependencies of the flux–time curve on PAM
dosage are shown in Fig. 3. From this figure, it is

evident that the influence of PAM on the steady-state
permeate flux is positive. In Fig. 3, we can also see
that the optimal dose of PAM among the doses tested
is 100 mg l−1. The results with the higher dose
(200 mg l−1) are worse than those with the lower one
and even worse than for the experiment without
pretreatment.

In Fig. 4, we can see the effect of PAM dosage on
the particle size distribution. It is evident that the dis-
tribution curves for all concentrations of coagulant
have a similar character. The results indicate that the
dispersion with the highest concentration of coagulant
(200 mg l−1) contained smaller particles than the dis-
persion without pretreatment. This can be explained
by the fact that these small particles have a tendency
to block (clog) the membrane pores. In Fig. 3, we can

Table 2
Coagulant characteristics

Coagulant Average molecular weight (g mol−1) Formula

PAM 10,000

PDADMAC 400,000–500,000

PACA 520,000

Fig. 3. Effect of PAM dosage on flux–time curve during
crossflow microfiltration.

Fig. 4. Effect of PAM dosage on particle size distribution
(measured by Zetasizer Nano ZS).
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see that the clogging of the membrane pores caused a
lower steady-state permeate flux during the mem-
brane separation due to the high concentration of
coagulant.

3.2. Pretreatment by PACA

Fig. 5 depicts the dependencies of the flux–time
curve on the PACA dosage, revealing that the influ-
ence of PACA on the steady-state permeate flux is
negative. It can also be seen that the steady-state flux
increases as the dosage of coagulant increases.

It can be stated that all the tested concentrations of
coagulant gave worse results than the experiment
without pretreatment. Thus, the coagulant PACA was
not suitable for this system as it reduced the steady-
state permeate flux compared to the experiments
without pretreatment.

In Fig. 6, we can see the effect of PACA dosage on
the particle size distribution. It is evident that the dis-
tribution curves for the dispersion prepared using the
coagulant had different characteristics compared to
the distribution curve of dispersion without pretreat-
ment. Also, the distribution curves for all concentra-
tions of coagulant are similar in the area of the main
peak, except in the case with a small particle size,
where the respective distribution differs from the dis-
tribution curve of dispersion obtained by the same
process without pretreatment. Dispersions pretreated
by PACA coagulant contained smaller particles than
the dispersion without pretreatment, namely, concen-
trations of 20 and 50 mg l−1 led to particles sizes of
20–50 nm. At the highest concentration of the coagu-
lant (100 mg l−1), the dispersion contains particles lar-
ger than 10 nm. These trends toward the production
of smaller particles when the concentration of PACA
coagulant increases demonstrate why the increasing

concentration of PACA coagulant gives rise to a
decrease in the steady-state permeate flux. This proba-
bly occurred because the very small particles were
smaller than the membrane pores, which may have
caused the above-mentioned clogging. These effects of
blocking of membrane pores by small particles then
resulted in a lower steady-state permeate flux of the
pretreated dispersion compared to the experiment in
which the dispersion was not pretreated.

3.3. Pretreatment by PDADMAC

The dependencies of the flux–time curve on
PDADMAC dosage are shown in Fig. 7. This figure
reveals the benefit of using PDADMAC in comparison
with the other two types of coagulants. The figure also
reveals that the optimal dose of PDADMAC is
30 mg l−1; nevertheless, the results with higher doses
(40 or 50 mg l−1, respectively) are very similar. Other-
wise, the results also show that pretreatment of the
feed by PDADMAC led to permeate flux that was

Fig. 5. Effect of PACA dosage on flux–time curve during
crossflow microfiltration.

Fig. 6. Effect of PACA dosage on particle size distribution
(measured by Zetasizer Nano ZS).

Fig. 7. Effect of PDADMAC dosage on flux–time curve
during crossflow microfiltration.
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more than three times higher than in the conditions
without any pretreatment. It can be stated that the
application of a higher dose (100 mg l−1) led to worse
results than the optimal dose but still gave better per-
formance than the experiments without pretreatment.

Next, we explored the effect of PDADMAC dosage
on the average particle size, which is plotted in Fig. 8.
As can be seen, the particle sizes are highly variable
with different concentrations of coagulant, as even the
lowest concentration of coagulant caused an abrupt
increase in particle size.

The largest average particle size of the dispersion
was obtained at the optimum concentration of coagu-
lant (30 mg l−1). At this concentration, the average par-
ticle size was 8.65 μm, which was 18 times higher than
the average particle size in the experiments without
pretreatment.

At concentrations of coagulant higher than
30 mg l−1, the particle size decreased, confirming the
results of the microfiltration tests and the previously
observed changes in the steady-state permeate fluxes.

The filtration cake seemed more compact and
sticky at high doses of the coagulant than at the opti-
mal dose. This fact and the decrease in the particle
size are probably caused by free molecules of the
coagulant in the dispersion.

3.4. Comparison of coagulants

In Fig. 9, the dependencies of the flux–time curve
for the coagulants tested and their optimal dosages
are shown. From this comparison, it is evident that
the most suitable coagulant for the system used is
PDADMAC at the optimum dosage of 30 mg l−1. The
other two coagulants did not produce such an
improvement as PDADMAC, because the pretreat-
ment by PAM and PACA led only to insignificant

enhancement of the permeate flux. Pretreatment of the
feed by PAM resulted in a negligible improvement,
that is, a ca. 10% higher permeate flux compared to
that obtained without pretreatment, while the applica-
tion of PACA led to an even lower permeate flux than
that obtained without pretreatment. Thus, the experi-
mental results revealed the need for careful selection
of the coagulant, because different coagulants had
considerably different impacts on the permeate flux.

3.5. Effect of transmembrane pressure on microfiltration
(limiting flux)

The dependencies of the flux–time curve on trans-
membrane pressure during the experiments without
pretreatment are compared in Fig. 10. From this fig-
ure, it is evident that the permeate flux increases with
higher transmembrane pressure but this increase is
not linear. For example, when the transmembrane
pressure increases from 50 to 100 kPa, the steady-state
permeate flux increases from 207.9 to 265 l m−2 h−1,
which is an increase of 57.1 l m−2 h−1, while if the

Fig. 8. Effect of PDADMAC dosage on average particle
size (measured by Mastersizer MU 2,000).

Fig. 9. Effect of coagulant addition at optimum dosage on
the flux–time curve during crossflow microfiltration.

Fig. 10. Effect of pressure difference on flux–time curve
during crossflow microfiltration (without pretreatment).
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transmembrane pressure increases from 250 to 300 kPa
the steady-state permeate flux increases from 354.6 to
368.6 l m−2 h−1, which is an increase of only
14 l m−2 h−1. From these values, it is evident that this
system exhibits a limiting flux. The limiting flux repre-
sents the maximum stationary permeation flux which
can be reached when increasing the transmembrane
pressure [21].

Fig. 11 depicts the effect of the transmembrane
pressure on the flux–time curve during experiments
with pretreatment using 30 mg l−1 PDADMAC. Under
the same pressure differences as in the case of disper-
sion without pretreatment, the steady-state permeate
flux increases by 569.4 and 391.61 l m−2 h−1. The dif-
ference between these values is not as strong as with-
out pretreatment.

Fig. 12 shows that dispersion with pretreatment
has a smaller tendency to reach a limiting flux com-
pared to that without pretreatment. The pretreated
dispersion curve is more linear than the curve for

dispersion without pretreatment. This is probably
caused by lower cake compression and resistance than
those obtained without pretreatment.

3.6. Validation of the mathematical model

In Fig. 13, we can see the effect of transmembrane
pressure on steady-state permeate flux during
crossflow microfiltration of dispersion without pre-
treatment. Comparison of the experimental data points
with the values predicted by the mathematical model
shows that the model is not able to predict the
permeate flux accurately. The curves are similar, but
the values obtained from the mathematical model
are significantly lower than those obtained
experimentally.

Fig. 11. Effect of pressure difference on flux–time curve
during crossflow microfiltration (pretreatment with 30 mg l−1

PDADMAC).

Fig. 12. The dependencies of steady-state permeate flux at
transmembrane pressure.

Fig. 13. Effect of transmembrane pressure on steady-state
permeate flux during the crossflow microfiltration of
model dispersion (without pretreatment).

Fig. 14. Effect of transmembrane pressure on steady-state
permeate flux during the crossflow microfiltration of
model dispersion (pretreatment by 30 mg l−1 PDADMAC).
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The dependencies of steady-state permeate flux on
the transmembrane pressure during crossflow micro-
filtration with pretreatment by 30 mg l−1 PDADMAC
are shown in Fig. 14. From this figure, it is clear that
the model is able to predict the steady-state permeate
flux for crossflow microfiltration with pretreatment
quite accurately. This result has a considerable practi-
cal importance and may reduce costs compared to
physical experiments.

Differences between the model and experiment can
be caused by simplifications used in the derivation of
the mathematical model. These simplifications are, for
example, neglecting the resistance of the boundary
layer and neglecting the lateral migration of particles
due to inertial lift or the flowing cake. The mathemati-
cal model also neglects the effect of the ζ-potential of
the particles and membrane.

4. Conclusions

The results of the experiments presented in the
previous sections have shown that during crossflow
membrane microfiltration of titanium dioxide disper-
sion, the values of steady-state permeate flux and the
particle size distribution were significantly affected by
the choice of the respective coagulant, with PDAD-
MAC, PAM, and PACA being of interest in this study.
The use of coagulants could significantly decrease the
membrane fouling, thus increasing the resultant per-
meate flux. The most suitable coagulant for the cross-
flow microfiltration of titanium dioxide was
PDADMAC and its optimal dosage was 30 mg l−1.
Pretreatment of the feed by 30 mg l−1 PDADMAC led
to a permeate flux that was more than three times
higher than that obtained without any pretreatment.
The largest average particle size of the dispersion was
8.65 μm and was obtained at the optimum concentra-
tion of 30 mg l−1 PDADMAC. This average particle
size was 18 times higher than the average particle size
of dispersion without pretreatment. The other two
coagulants tested did not lead to improvements as
large as those given by PDADMAC; the optimal
dosage of PAM was 100 mg l−1 but feed pretreatment
with this PAM dosage led to a permeate flux that was
only 10% higher than obtained in experiments without
pretreatment. This is a considerably lower permeate
flux than that obtained with pretreatment by PDAD-
MAC. Regarding PACA, no optimal dosage was
found because, for each dosage, pretreatment of the
feed by PACA always led to a lower permeate flux
compared to that obtained without pretreatment.

The results of the experiments showed that coagu-
lation could decrease the membrane fouling and

increase the permeate flux. On the other hand, in
some cases, coagulation could also decrease the per-
meate flux. Finally, although the average particle size
was mostly increased by coagulation, in some cases it
was smaller than that of unpretreated dispersion
material. Based on the experiments performed, it can
be concluded that the proper coagulant has to be
carefully selected because its type and the actual
dosage both have important impacts on the resultant
permeate flux.

The results of the experiments presented in the pre-
vious sections show that the mathematical model is
able to predict the steady-state permeate flux quite
accurately in the case with pretreatment. This model
can be considered as a first approximation to explain
the physical phenomena involved. Differences between
model and experiment can be caused by simplifications
used in the derivation of the mathematical model.
These simplifications are, for example, neglecting the
resistance of the boundary layer and neglecting lateral
migration of particles due to inertial lift or the flowing
cake. The mathematical model also neglects the effect
of the ζ-potential of the particles and membrane.

However, it needs further verifications with more
microfiltration data for a detailed understanding of
the coagulation process. For future work is suitable
improvement of the mathematical model and its verifi-
cation under various conditions.
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List of symbols
J — permeate flux (l m–2 h–1)
k1 — particle constant (–)
K — membrane permeability (l m–2 h–1 bar–1)
ΔP — pressure difference (Pa)
Rc — resistance of the filtration cake (m–1)
R̂c — cake resistance per unit thickness (m–1)
Rf — resistance caused by pore blocking and

adsorption on pore surfaces (m–1)
Rm — resistance of the membrane (m–1)
Rt — total resistance to permeate flow (m–1)
S — filtration cake compressibility constant (–)
U — crossflow velocity (m s–1)
α0 — particle constant (–)
δc — thickness of the filtration cake (m)
µ — dynamic viscosity of suspension (Pa s)
µ0 — dynamic viscosity of solvent (Pa s)
ρs — density of the particles constituting the filtration

cake (kg m–3)
Τ — time (s)
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