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Perspective of Critical Flux on Membrane Filtration

Maneerat Tiranuntakul!

unaaga
uwmmf':ﬁﬁLauammjﬁﬁﬂﬁtﬁmﬁuwgﬂsﬁ
INALAZNNINTBIVEINNILTH Lasludiuusnues
unanulduuzsifaanununsuesnangangans
LUDYTEIANRATEILAZLULAA  IUEInAaNN IaULaas
swazl,'é'mmaan'ﬁmmwgﬂéﬁnqw%aaguuﬁugm
POIRE NN U LAERE NN TN TR AUANAIAHEN
suny duldur nslfinafiaaugauia nMIsana
lasass wazmsdaauuwwilduniInses ludu
wananitgalanisnanisanudunutsenineen
Wandingaussdfasufiianina 1mu AUFNUAYD
g Inges AAENTAYDINNILTY UAZANHIA
yoam3lna Wudu wazifiesandslilddnmsimua
gﬂLmummgmmaamimmwgﬂsﬁnmﬂ 9t
unanwiaslanaimsansseufauanina
mi%’]mwgﬂﬁﬁﬂqﬂugﬂLL‘U‘UGI'N6] 1idae Tusw
vhogaunanuitlddesaannaudilaluligmues
n‘m’im‘sq@ﬁumﬂlﬁam:}:m‘séﬁLﬁmmﬁ@iﬁﬂ'jwm
wandinge lagldasunesanisdangmealwand
ngatanizfiuasianaunslilinisviianuszena
wswuszoziaudiymdae nanlasaiida
unanuiaszmindsanuidenlosszning Wand
Ange Jesunisning LA IAAUVDILUNLLITH 3
oradudslomidegauludumaliudyimaduiiu
NUVBITLUUNINTBIR LN THGR 1

1

Ma1a: Wandainge N1INIIAILLNNLLTY
MIPAnK

Abstract

This paper aims to deliver the principle knowledge
about critical flux and membrane filtration. Firstly,
definitions of critical flux are introduced in both strong
form and weak form. Determinations of the critical flux
are mentioned in three categories based on differences
of considerations and analysis techniques including
material balance technique, direct observation and
filtration profile monitoring. In addition, correlations
between critical flux values and affecting factors are
also focused e.g. feed properties, membrane properties
and hydrodynamic properties. Due to no standard
protocol for critical flux evaluation, comparison studies
of critical flux under various influencing assessments
are presented. In the last section, to clarify the case
of sub-critical flux fouling problem, the local critical
flux phenomenon is explained and the membrane
cleaning periodically is suggested. In summary, this
paper, perhaps, makes more aware of the complicated
links among critical flux, influencing parameters and
membrane fouling which might be more useful to all

readers for improving of membrane application.
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1. Introduction

Membrane filtration systems have been
developed for more than 150 years, starting from
preliminary research and development through to
modern widespread use. By the 1960s, elements of
modern membrane science had been developed and
used in laboratories. By the 1980s, the problem of
slow permeation rates and the issue of packaging a
large membrane surface area into low cost modules
had been overcome.

However, membrane filtration process still has
a major disadvantage of membrane fouling which
affects on operational and energy costs for membrane
replacement, membrane maintenance and membrane
cleaning. A suggested border to handle this fouling
problem called critical flux was introduced just last
decades ago. Thus far, significant differences of
critical flux based on definitions, determination
methods, influencing factors and state of fouling have
not been summarized. Therefore, this paper aims to
broaden a principle knowledge based on critical flux
and membrane filtration which might be more useful

to all readers who involving in membrane application.

2. Concept of Critical Flux

In membrane processes, permeate flux is an
important parameter for determining fouling rate [1].
It is generally considered that higher productivity can
be achieved by operating at a higher flux, which may
initiate more fouling profoundly. In order to prolong
the membrane life and make a compromise between
high production rate and low fouling rate, the so-called

critical flux is applied. It has been reported that fouling
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is not observed when the flux was kept or maintained
below the some certain flux (or critical flux) [2].

The concept of critical flux was introduced in
1995. The postulation of the critical flux was based
on the following definition [3]: “The critical flux
hypothesis for microfiltration is that on start-up there
exists a flux below which a decline of flux with
time does not occur; above it, fouling is observed.
This flux is the critical flux and its value depends on
hydrodynamics and probably other variables.”

Critical flux was defined again another way
based on the flux below which there is no deposition
of colloids on the membrane [4]. In general, these
will not give the same flux value. Beyond the critical
flux, irreversible fouling of suspended solids forms
a stagnant, consolidated and aggregated layer on
the membrane surface, which can make flux decline
rapidly. On the other hand, below the critical flux
condition, called sub-critical flux, it has been reported that
fouling is not observed [2]. Consequently, the concept of
critical flux is a key parameter for characterizing
fouling. Summary of all critical definitions is shown
in table 1 [5].

Table 1 Definitions of critical flux [5]

Definitions Discrimination Determination
based on
Strong form of Filtration profile
critical flux No fouling compared with
water flux linearity
We.al.< form of . Fouling Linearity of
critical flux independent
flux-TMP
of solvent transfer
Critical flux for . . o
o Reversiblefouling Irreversibility
reversibility

There are two forms of critical flux: strong
form and weak form. The strong form states that the

sub-critical flux and TMP relationship shows a straight
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Figure 1 Schematic diagrams of (a) the strong form
critical flux, and (b) the weak form critical

flux [6]:

line of the same slope as that of pure water for the
same operating pressure, while the weak form shows
a straight line, the slope of which differs from that of
pure water. Any deviations from the straight line for
both forms indicate above critical flux conditions.
Figure 1 shows the strong and weak forms of the

critical flux.

3. Determination of Critical Flux
3.1 Based on Material Balance

Material balance technique was employed by
measuring the rate of particle deposition at the
membrane surface and observing the variation of
particle concentration in the feed entering and
leaving the modules. The defined critical flux was the
maximum flux at which the feed concentration did not
change. The critical flux for latex particles determined
by mass balance and by TMP monitoring was studied
and found that the critical fluxes identified by
resistance assessment were significantly higher than
those based on mass balance [7]. The difference
between these two critical fluxes increases with the
particle size. This indicates that the assessment of

filtration resistance cannot always determine the flux
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at which particles start to deposit onto the membrane

if the particles can form a loose cake layer.

3.2 Based on Direct Observation

Determination of critical flux based on
non-intrusive observation was experimented by Fane
and teamwork [8]. They studied the critical flux of
yeast and latex particles in cross-flow microfiltration
using in situ observation of particle deposition on the
membrane surface through a microscope and video
camera recording. The critical flux was recognized
as the highest flux where the particle deposition
on the membrane surface remained unobservable.
The particle build-up became significant as the
flux exceeded the critical flux. Relying on light
transmission through the system, this method requires
a transparent membrane and this viewing technique is
restricted to particles greater than 0.5 um due to the
magnification of the microscopic lens [9]. This method
was used to identify critical flux for filtration of yeast,

latex and bacterial particles [10].

3.3 Based on Filtration Profile

In general, if the filtration is performed at a
fixed permeate flux, the increased TMP is monitored
during filtration. An increase of TMP is due to the
increase in filtration resistance. In this case, the critical
flux can be defined as the highest flux where the
filtration resistance remains constant (also constant
TMP). This determination method can be performed
with long term filtration or conveniently with shorter
filtration duration using the flux stepping technique.
The flux incremental technique has been widely used
in many MBR researches [11]-[14]. In this method,
the fixed flux filtration is carried out for a certain

time and this procedure is repeated by incrementally
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increasing the flux until a noticeable steady increase in
trans-membrane pressure is observed.

In comparison, determinations of critical flux
based on material balance and direct observation are
suitable for lab scale systems due to its complicated
detection and these two methods can predict a critical
flux in a very first state even no changing of filtration
profile. In the contrary, only determination of critical
flux based on filtration profile is applicable for full

scale systems due to its simplicity and feasibility.

4. Factors Affecting the Critical Flux
4.1 Feed Properties

1. Particle Size

Several sizes of latex particles ranging from 0.1
to 11.9 pm were tested in a crossflow micro-filtration
system [7]. For small particles from 0.1 to 0.46 pm, the
critical flux decreased as the particles size increased
due to the greater Brownian back diffusion force of
the smaller particle size. The reverse trend occurred
in larger particles from 0.46 to 11.9 pm, which might
be due to the cake formed by the large particles being
too loose to create resistance compared with the mem-
brane resistance. This phenomenon can be explained
using the concentration polarization (CP) model. In
this CP model, the sub-micron particles are likely
to cause Brownian diffusivity while shear induced
hydrodynamic seems to be dominant for micron sized
particles.

2. Feed Concentration

Some studies [6],[7] reported the decrease
of critical flux with the increase of particle
concentration due to the higher particle deposition on the
membrane at the higher concentration. On the other
hand, the increase in MLSS concentration to 12 g/l could
noticeably reduce the fouling performance [14].

In summary, the effect of MLSS concentration on
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the critical flux is not very obvious and difficult to
compare results from different researches due to the
sludge complexity.

3. pH and Ionic Strength

It was observed that ionic strength of particles
has a significant effect on the critical flux [15]. The
increase in ionic strength from 10-5-10-2 M decreased
the critical flux values, thereafter the critical flux
increased. Also, a considering surface chage of the
particles as one of the influencing factors for particle
back-transport mechanisms was suggested [16].
The effects of pH on critical flux presented that the
critical flux at pH 4.8 was found lower than at pH 3.0 and
pH 9.0 [17].

4.2 Membrane Properties

1. Membrane Pore Size

The effect of membrane pore size on the critical
flux using 50 kDa and 100 kDa membranes for 5%
baker’s yeast filtration showed that the larger membrane
pore size tended to have lower critical flux due to the
internal fouling of cell debris and small components
[18]. The critical flux of 0.4% BSA solution was
increased with tracked-etched membrane pore sizes
(0.1, 0.2 and 0.4 pm) [19]. On the other hand, the
critical flux was insensitive to some membrane pore
sizes (0.1,0.2,0.45 and 0.65 pm) [7]. This phenomenon
can be explained in that the total drag force for different
membrane pore sizes was identical at the same flux
and causing similar deposit latex particles.

2. Zeta Potential

Many studies found that neither the zeta potential
of the silica particles (0.53 pm) nor the membrane
had an impact on the critical flux. Some earlier
works reported that the specific resistance is strongly
dependent on zeta potential of colloids [20],[21]. The
zeta potentials changed significantly after fouling by
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humate reducing cationic functionality and adsorption
of anions resulting in reduced zeta potentials [22].
The modification of membrane surfaces by oxidation
increased the fouling and mitigating fouling by
decreasing of interaction between foulants and
membrane zeta-potential [23].

3. Hydrophilicity/hydrophobicity

The effects of hydrophilic and hydrophobic
membranes on the critical flux was compared and
found that the larger critical flux appeared for
hydrophilic membrane [24]. Protein could deposit
above and below the apparent critical flux using
the hydrophobic membrane while the coverage was
only found above critical flux when the hydrophilic

membrane was used [25].

4.3 Hydrodynamics

Some hydrodynamic factors such as cross-flow
velocity and air sparging have been accounted to affect
the critical flux. Most researches showed the increase
of critical flux with increase of cross-flow velocity and
air sparging [8], [26] due to shear-induced diffusion
and inertial lift.

In addition, the effects of the constant pressure
operation and constant flux operation on the critical
flux was compared [27],[28]. The results showed
that the constant flux operation created less hydraulic
resistance than constant pressure operation due to
different fouling histories and fouling initiation. A
linear relationship between air flow rate and criti-
cal flux in the submerged hollow fibre system was
reported [26].

5. Comparision of Critical Flux Assessment

Until now, there is no standard methodology or
precisely agreed-upon protocol to define the exact
value of the weak form of critical flux. The critical
fluxes evaluated by different methods were compared
and plotted in Figure 2 [32]. Obviously, the critical
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Figure 2  Comparison of critical fluxes obtained
from different variables and determination

methods [32] critical flux.

fluxes were affected by the filtration variables, namely
step height and step length. The decline of critical flux
as the step height increases has been noticed in most
determination methods namely; flux linearity, 90%
permeability, and reversibility of flux cycling, which
is similar to the observation based on flux linearity.
Of course, it would be better to use small step heights
to determine critical flux values in order to pre-
vent large errors from flux averaging. Unlike other
methods, hysteresis of flux stepping filtration shows a
positive relationship between the step height and
critical flux values. On the other hand, the step length
has no obvious effect on the critical fluxes assessed
from all determination methods. Noticeably, only
the critical fluxes based on the two-third limiting flux
method are constant and independent from the influ-
ence of step height and step length [33].

In fact, fouling was reported to develop in the
transient behavior [34]. Therefore, it is reasonable
that various determination methods of critical flux
can give slightly variations of the critical flux values.
From Figure 2, the highest and lowest critical flux
values are obtained from the two-third limiting flux
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and the hysteresis of stepping filtration, respectively.
It is suggested that the two-third limiting flux and the
flux hysteresis are likely to indicate upper and lower
border of the critical zone, respectively. Operating
beyond this point is likely deleterious to membrane
operation. A short term experiment is only sufficient
to indicate critical flux but not relevant to the stability
of this critical flux over longer periods of time [34].
Therefore, the recommended flux for membrane
operation is dependent upon the application period
which some fouling rate can be tolerated when operating

in the short term, but unacceptable for long term filtration.

6. Sub-critical Flux Fouling in the Long Term Run

Based on the critical flux concept, operation
of the membrane process under sub critical flux is
generally recommended due to avoiding of fouling
problem. However, the development of the fouling
process can happen in the long term operation despite
the choice of sub-critical conditions. It is based on
the following phenomenon (Figure 3): during the
first period, solute-membrane interactions provoke a
reduction in the number of pores open to the filtrate
flow. As the permeate flow is held constant during the
experimental run, this reduction of the area open to
the flow is expressed a gradual increase in circulation
rate, or local flux Jp, in the pores remaining open. In
the absence of regular membrane regeneration, the
increase slowly intensifies as the pores close, and
may lead to the local flux reaching a level equal to the
critical flux. A deposit then forms on the membrane,
translating to very high hydraulic resistance: this
marks the onset of the second filtration period and
the cake fouling has been occurred [35]. This local
critical flux phenomenon confirmed the importance
of membrane cleaning periodically in the long term

run of any membrane systems.
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7. Conclusions

The critical flux concept is useful in understanding
and improving the operation of membrane filtration
systems. Critical flux can be categorized as a strong
form and a weak form Determinations of the
critical flux have been proposed in three categories
based on differences of considerations and analysis

techniques including material balance technique, direct
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observation and filtration profile monitoring. Critical
flux can be affected by three types of factors namely feed
properties, membrane properties and hydro-dynamics.
Up to date, assessment parameters on critical flux were
studied and indicated that the critical flux decline as
the step height increased regardless of step length
influence and smaller step height are recommended due
to avoiding large error of flux averaging. Moreover,
the development of the fouling process can happen
in the long term run despite the choice of sub-critical
flux operation due to local critical flux phenomenon.
Therefore, membrane cleaning periodically in the long
term run is suggested. In summary, this paper, perhaps,
makes us become more aware on the complicated links
among nature of critical flux, influencing parameters
and membrane fouling which might be more useful to

all readers involving in membrane application.

References

[1] L.Zeman and A. L. Zydney, Microfiltration and
ultrafiltration: Principle and applications, New
York: Marcel Dekker Inc., 1996.

[2] L-S. Chang, P. Le Clech, B. Jefferson, and
S. Judd, “Membrane Fouling in Membrane
Bioreactors for Wastewater Treatment,” Journal
of Environmental Engineering (Reston, VA,
United States) vol. 128, pp. 1018-1029, 2002.

[3] R. W. Field, D. Wu, J. A. Howell, and B. B.
Gupta, “Critical flux concepts for microfiltration
fouling,” Journal of Membrane Science, vol. 100,
pp- 259-272, 1995.

[4] J. A. Howell, “Sub-critical flux operation of
microfiltration,” Journal of Membrane Science,
vol. 107, pp. 165-171, 1995.

[5] P. Bacchin, P. Aimar, and R. W. Field, “Critical

and sustainable fluxes: Theory, experiments and

433

applications,” Journal of Membrane Science, vol.
281, pp. 42-69, 2006.

[6] B. Fradin and R. W. Field, “Crossflow micro-
filtration of magnesium hydroxide suspensions:
determination of critical fluxes, measurement and
modelling of fouling,” Separation and Purification
Technology, vol. 16, pp. 25-45, 1999.

[7] D.Y.Kwon, S. Vigneswaran, A. G. Fane, and R.
B. Aim, “Experimental determination of critical
flux in cross-flow microfiltration,” Separation
and Purification Technology, vol. 19, pp. 169-181,
2000.

[8] H. Li, A. G. Fane, H. G. L. Coster, and S.
Vigneswaran, “Direct observation of particle
deposition on the membrane surface during
crossflow microfiltration,” Journal of Membrane
Science, vol. 149, pp. 83-97, 1998.

[9] V. Chen, H. Li, and A. G. Fane, “Non-invasive
observation of synthetic membrane processes - a
review of methods,” Journal of Membrane
Science, vol. 241, pp. 23-44, 2004.

[10] H. Li, A. G. Fane, H. G. L. Coster, and S.
Vigneswaran, “Observation of deposition and
removal behaviour of submicron bacteria on the
membrane surface during crossflow microfiltration,”
Journal of Membrane Science, vol. 217, pp.
29-41, 2003.

[11] D. Wu, J. A. Howell, and R. W. Field, “Critical
flux measurement for model colloids,” Journal
of Membrane Science, vol. 152, pp. 89-98, 1999.

[12] A. Madec, H. Buisson, and R. Ben Aim, “Aeration
to enhance membrane critical flux,” presented
at Proceeding of World Filtration Congress,
Brighton, UK, 2000.

[13] B. D. Cho and A. G. Fane, “Fouling transients

in nominally sub-critical flux operation of a



MMM wIAnTie 17 22 AU 2 wa. - 8.9, 2555
The Journal of KMUTNB., Vol. 22, No. 2, May. - Aug. 2012

membrane bioreactor,” Journal of Membrane
Science, vol. 209, pp. 391-403, 2002.

[14] P. Le-Clech, B. Jefferson, I. S. Chang, and S. J.
Judd, “Critical flux determination by the flux-step
method in a submerged membrane bioreactor,”
Journal of Membrane Science, vol. 227, pp.
81-93, 2003.

[15] D. Y. Kwon and S. Vigneswaran, “Influence of
particle size and surface charge on critical flux
of crossflow microfiltration,” Water Science and
Technology, vol. 38, pp. 481-488, 1998.

[16] H. Li, A. G. Fane, H. G. L. Coster, and S.
Vigneswaran, “An assessment of depolarisation
models of crossflow microfiltration by direct
observation through the membrane,” Journal of
Membrane Science, vol. 172, pp. 135-147,2000.

[17] R. Chan and V. Chen, “The effects of electrolyte
concentration and pH on protein aggregation
and deposition: critical flux and constant flux
membrane filtration,” Journal of Membrane
Science, vol. 185, pp. 177-192, 2001.

[18] D. Wu, J. A. Howell, and R. W. Field, “Critical
flux measurement for model colloids,” Journal
of Membrane Science, vol. 152, pp. 89-98, 1999.

[19] V. Chen, “Performance of partially permeable
microfiltration membranes under low fouling
conditions,” Journal of Membrane Science, vol.
147, pp. 265-278, 1998.

[20] I. H. Huisman, E. Vellenga, G. Tragardh, and
C. Tragardh, “The influence of the membrane
zeta potential on the critical flux for crossflow
microfiltration of particle suspensions,” Journal
of Membrane Science, vol. 156, pp. 153-158, 1999.

[21] Persson, A.-S. Jonsson, and G. Zacchi, “Separation
of lactic acid-producing bacteria from fermentation

broth using a ceramic microfiltration membrane

434

with constant permeate flow,” Biotechnol.
Bioeng., vol. 75, pp. 233-238, 2001.

[22] Y. Lee, J. Cho, Y. Seo, J. W. Lee, and K.-H. Ahn,
“Modeling of submerged membrane bioreactor
process for wastewater treatment,” Desalination,
vol. 146, pp. 451-457, 2002.

[23] C. Combe, E. Molis, P. Lucas, R. Riley,
and M. Clark, “The effect of CA membrane
properties on adsorptive fouling by humic acid,”
Journal of Membrane Science, vol.154, pp.
73-87, 1999.

[24] S. S. Madaeni, A. G. Fane, and D. E. Wiley,
“Factors influencing critical flux in membrane
filtration of activated sludge,” J. Chem. Technol.
Biotechnol, vol.74, pp.539-543, 1999.

[25] V. Chen, H. Li, and A. G. Fane, “Non-invasive
observation of synthetic membrane processes - a
review of methods,” Journal of Membrane
Science, vol. 241, pp. 23-44, 2004.

[26] L. Defrance and M. Y. Jaffrin, “Reversibility of
fouling formed in activated sludge filtration,”
Journal of Membrane Science, vol. 157, pp.
73-84, 1999.

[27]1 F. Wicaksana, “Submerged hollow fibre
membrane in bubbling systems,” in School of
Chemical engineering and Industrial chemistry,
vol. PhD thesis. Sydney, Australia: The University
of New South Wales, 2006.

[28] B. Espinasse, P. Bacchin, and P. Aimar, “On an
experimental method to measure critical flux in
ultrafiltration,” Desalination, vol. 146, pp. 91-96,
2002.

[29] P. Bacchin, “A possible link between critical and
limiting flux for colloidal systems: consideration
of critical deposit formation along a membrane,”

Journal of Membrane Science, vol. 228 pp.



- msirmnsasundwssuasnie 9 22 a0 2 wa. - a. 255
The Journal of KMUTNB., Vol. 22, No. 2, May. - Aug. 2012

237-241, 2004.

[30] S. Metsamuuronen, J. A. Howell, and M.
Nystrom, “Critical flux in ultrafiltration of
myoglobin and baker’s yeast,” Journal of
Membrane Science, vol. 196, pp. 13-25, 2002.

[31] J. A. Howell, H. C. Chua, and T. C. Arnot, “In
situ manipulation of critical flux in a submerged
membrane bioreactor using variable aeration
rates, and effects of membrane history,” Journal
of Membrane Science, vol. 242, pp. 13-19, 2004.

[32] M. Tiranuntakul, P. A. Schneider, and V.
Jegatheesan, “Assessments of critical flux in a
pilot-scale membrane bioreactor,” Bioresource
Technology, vol. 102, pp. 5370-5374, 2011.

[33] Z. Wu, Z. Wang, S. Huang, S. Mai, C. Yang,

435

X. Wang, and Z. Zhoua, “Effects of various
factors on critical flux in submerged membrane
bioreactors for municipal wastewater treatment,”
Separation and Purification Technology vol. 62,
pp- 56-63, 2008.

[34] S. Hong, R. S. Faibish, and M. Elimelech,
“Kinetics of Permeate Flux Decline in Crossflow
Membrane Filtration of Colloidal Suspensions,”
Journal of Colloid and Interface Science, vol.
196, pp. 267-277, 1997.

[35] S. Ognier, C. Wisniewski, and A. Grasmick,
“Membrane bioreactor fouling in sub-critical
filtration conditions: a local critical flux concept,”
Journal of Membrane Science, vol. 229, pp.
171-177, 2004.



