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Abstract

Pore fouling of four microfiltration membranes was investigated for the filtration of activated sludge using sonication as the means to
remove the cake layer from membrane surface. Results show that pore fouling was affected by membrane’s microstructure, pore openings
and hydrophilicity. For the track-etched polycarbonate (PC) membrane, there was no measurable pore réjstarfdedtion. For the
three membranes of sponge-like microstructure, the respatfvalues were 0.% 10, 1.3x 10, and 16.4< 10" m~* for polyvinylidene
fluoride (PVDF), mixed cellulose esters (MCE), and polyethersulfone (PES). The PES membrane had th&khidineso its large pore
openings (18-2f.m), whereas MCE had high&y, than PVDF because of its higher hydrophilicity. TRgof PES membrane accounted for
86% of the total resistance for its filtration of activated sludge; the corresponding values were merely 2% for PVDF and 11% for MCE. It
increased with the suspended solids level of the activated sludge to the power of 0.56. Results further demonsiatihtitant type of
membranes, such as PES, was unsuitable for the membrane bioreactors.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction may be expressed, according to Darcy’s law, by the following
equation:
The membrane bioreactor (MBR) process has become
. . AP
widely accepted for wastewater treatm¢hf. In this pro- R=—"— (1)
cess, pollutants are degraded by the activated sludge and the wd

clean effluent is obtained by filtering through a membrane |\ harea P is the trans-membrane pressure gradient (Nyn

under pressure. Compared to the traditional activated sIudgeM the viscosity of the permeate (N sR), andJ the perme-

process, the MBR process not only allows wastewater to be a¢iqn fiux (ms1). For the filtration of activated sludge, the

treated at higher sludge concentrations and loading f2kes {4 permeation resistandg, may be expressed as the sum
but also reduces the sludge yi¢8] and improves the efflu- ¢ ihree components:

ent quality[1]. However, the application of MBR process

has been hampered by the problem of membrane fo[dlhg Rt = Rm+ Rp+ Rc (2)
which results in the increase of operational cost and the short- ] o ]
ening of membrane lif¢5]. whereRy, is the intrinsic membrane resistand, the pore

Fouling is mostly caused by the deposition of colloidal fouling resistance, ank the cake layer resistan®,7].
matters inside the membrane porous structure and the forma- Of the four resistances in E(), Rm andR can be readily

tion of a cake layer on the membrane surface, resulting in the Measurable individually; but, andR. cannot.kRm may be
increase of filtration resistance. Filtration resistaR¢e 1) determined from th¢andA P data for the permeation of pure

water alone through the membrane using(®y.Similarly, Ry
of activated sludge may be determined from the correspond-
* Corresponding author. Fax: +852 2559 5337. ing data of sludge filtration. The fouling resistance, which is
E-mail address: hrechef@hkucc.hku.hk (H.H.P. Fang). the sum ofRp andR., may then be determined from the differ-

0376-7388/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2005.04.029



162 H.H.P. Fang, X. Shi / Journal of Membrane Science 264 (2005) 161-166

[§9)

ence betweeR; andRy,. The fouling resistance is dependent
on conditions of the sludge such as concentration and size
distribution of colloids, characteristics of membrane such as
pore size and chemical nature, as well as process conditions
such asA P and cross-flow velocity, et§8].

In order to further differentiat®, andR. in fouling resis- @gﬁ
tance, one hasto conduct a separate filtration experiment afteg 1 6
removing the cake layer on the membrane. In the absence of
the cake layer, the fouling resistance represent®gtatone.

As a result, thek; value may then be determined from Eq.
(2). The cake layer may be removed from membrane surface
by ””,S'”g [9,10] or scrubbing[11]. Howe\,/er’ microscopic Fig. 1. Schematic diagram of a stirred cell unit for membrane filtration. (1)
examinations have shown that these tactics could not remOVQ\litrogen cylinder, (2) regulator valve, (3) pressure gauge, (4) feed vessel,
the cake layer thoroughly; consequently, the estimRgezhd (5) magnetic stirrer, (6) stirred cell, (7) balance, (8) permeate vessel, (9)
R values were not reproducible. Without a reliable means to personal computer.

remove the cake layer thoroughly and reproducibly is likely

the reason for the conflicting conclusions in literatitgwas collected filtrate which was continuously measured by an
claimed by some as the predominant resistance in membranelectronic balance connecting to a data logger.

fouling of activated sludg®,10,12] while R, by otherd13]. There were two sets of filtration experiments in this study.

On the other hand, sonication has recently been shownThe first set was conducted to determine various resistance
as an effective means to remove the cake layer from thevalues of four membranes, following the pattern as illustrated
membrane surfadd4,15] This study was thus conducted to in Fig. 2 (not on scale). Each experiment was conducted
evaluate th&, values of four membranes for activated sludge for 8-19 cycles until steady state was reached. Each cycle
filtration using sonication as the means for cake removal. was composed of three steps: filtration of de-ionized water
Results are then used to correlate pore fouling to various through membrane (15 min), filtration of activated sludge
characteristics of the membranes. (50 min), and removing the cake layer by sonication (Bran-

son 8200, USA) at 355 W for 5 min. The sonication intensity

had been proven unaffecting the permeability virgin mem-
2. Material and methods branes from a series of preliminary tests. In the first cycle,
the resistance of the virgin membrane to water permeation
increased initially, and became constant in about 10 min. The
resistance at the end of the 15-min step representethtloé
the membrane. The filtration resistance was then increased
in the second step as water was replaced by activated sludge,
and then leveled off after about 30 min. The resistance at the

8

\
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[
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2.1. Activated sludge and membranes

Activated sludge sampled from a local municipal wastew-
ater treatment plant (Stanley, Hong Kong) was used in this
study. The sludge contained 4800 m§ bf suspended solids

(SS) and 4100 mgt of volatile suspended solids. Four flat- ; in sl filtrati ft
sheet microfiltration membranes with a nominal pore size end of 50-min sludge filtration step representedihehfter

of 0.2-0.22um were used in this study. These membranes removing the cake layer deposited on the membrane surface
from Millipore (Bedford, MA, USA) were made of different  2Y ®Min of sonication, the cycle was repeated.

polymeric substances, including polycarbonate (PC; GTTP Underideal situation, the membrane’s resistance after son-
14250), polyvinylidene fluoride (PVDF: GVWP 09050), ication should be a constant representhyg if so.nicaf[ion
mixed cellulose esters (MCE; GSWP 09000), and polyether- '€MOVes only the cake layer. However, results in this study

sulfone (PES; GPWP 09050). showed that such resistance initially increased with the num-
2.2. Filtration water filtration sludge filtration sonication
(15 min) (50 min) (5 min)

All experiments were conducted at room temperature
in a complete-mix filtration cell with a membrane area of
31.7 cnt and aworking volume of 200 ml (Model 8200, Ami-
con) and a constanhP of 14 kN2 commonly used in
MBR procesg16,17] Fig. lillustrates the schematic set up
of the filtration system. Throughout the filtration, the mixed
liquor volume was kept unchanged by automatically replac- 2nd
ing the lost filtrate volume with de-ionized water from a IS e
pressurized vessel. The mixed liquor was stirred with a rod,
which was suspended 3 mm above the membrane surface.
The permeate flux was determined from the weight of the  Fig. 2. Filtration cycles from whictm, Rp, andR; were estimated.

steady state

Resistance

Rt

Time
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ber of cycles. The resistance finally leveled off after 6-14 Table 1
cycles to a constant value. based on WhicthevaIue for Characteristics of membranes and resistances on filtration of activated sludge

each membrane was calculat@dwas then lastly calculated  Material pPC PVDF MCE PES

from Eq.(2) using the determined values B, Rt, andRp. Porosity (%) 1021] 70 75 Not available
The second set of experiments was conducted using onlyWettability (co) ~ 0.34[22]  0.41[23] 0.84[24] 0.71[23]

PES and PVDF membranes to simulate the MBR operation &n (x10tm™" 1.2 10 0.9 0.6

for 18 cycles of filtration. Each cycle consisted of four steps: 1’:: E:igl r'::,l; cl)f 4 (1)'13_6 11'33 12§i4

10 min of filtration of activated sludge, 5 min of sonication, g/ (x10ttm-?) 15.6 12.9 125 19.1

decanting the mixed liquor, and replenishing with a new batch
of activated sludge. Unlike the first set, the step of water
permeation was skipped.

a Data from membrane manufacturer Millipore.

ication is an effective means for the removal of cake layer. In
addition, Fig. 3a—d further illustrate the morphological dif-
ferences of the four membranes. The PC membraige 3a),

Surfaces of fouled membrane in this study were ana- which was made by the_track-etc_h process, had a dense struc-
ture with small but uniform cylindrical pores of 0.20n

lyzed using a SEM (Cambridge Stereoscan 360). The fouled
membranes were fixed in a 2.5% glutaraldehyde solution .[19’201 In sharp contrast, the other three membranes had the

overnight, followed by stepwise dehydration in a graded ::fn%?gﬁgss?ggf'“kgj rwggof;;uglrjrg'stp‘ngfgg t2§§ne ;h(r)(fee
series of water/ethanol solutions and critical-point drying ' Q. 30) gest p pening

with carbon dioxid¢18]. Lastly, the dried samples were sput- up to 18-2Qum, whereas MCERig. ) and PVDF Fig. X)

ter coated with gold/palladium prior to SEM observation. membranes havg the comparable pore openings of Q13
These pore openings estimated based on the micrographs are

substantially higher than the 0.g22n reported by Millipore
3. Results and discussion using undisclosed methods.

2.3. Scanning electron microscopic (SEM) images

3.1. Membrane surface and morphology 3.2. Determination of resistance values

Fig. 3a—d are the scanning electron micrographs of mem-  Table 1summarizes the relevant characteristics of the four
brane surface atthe end of the last cycle atthe same degrees ahembranes and the respective resistance valueRf khal-
magnification. These figures illustrate that all the membrane ues were relatively low, varying from 05610 m~1 for the
surfaces were in general free of foulants, confirming that son- PES membrane (the pore size of which being 18420

—— (bar=4um)

Fig. 3. SEM images of membrane surfaces after sonication: (a) PC, (b) PVDF, (c) MCE, and (d) PES membranes.
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2 20 Of the three membranes of sponge-like microstructure,
~ el Caai T PES had aRp value of 16.4x 10''m~1, substantially
B 3 . higher than the respectivg, values of 1.3x 10! and
S Ll IR R 1 0.3x 10" m~1 for MCE and PVDF. This is likely due to the
z N A oFC effect of pore openings. Foulants had a much higher tendency
§ 08 | A BPVDF - fg to deposit inside the porous structure of the PES membrane
7 . a o 4 A MCE with large pore openings (up to 18—2én) than inside the
M4t A 8og L% APES 4 MCE and PVDF membranes (pore openings 0.o/8. The

no® oy ° more foulant deposits resulted in the higher &e
0——sb ¢ ¢ ‘ 0 For membranes of similar microstructure, porosity and
0 5 10 15 20

pore opening,Rp is likely affected by the membrane
Cycle hydrophilicity. Membranes of higher hydrophilicity tend to
be more vulnerable to deposition of foulants of hydrophilic
nature. Since activate sludge contains substantial amount
to 1.2x 10t m~1 for the PC membrane (Oi2m). It shows of hydrophilic extracellular polysaccharidf&5], the more
that R, decreased with the increase of pore size, as would hydrophilic MCE (with a wettability of 0.84) thus had a
be expected hydrodynamically. Tt values varied from higher R than the less hydrophilic PVDF (wettability of
12.5x 101t m~1for MCE t019.1x 101 m~for PES. Over- ~ 0.41), as observed.
all, Ry, of all membranes accounted for only 3—8% of the
Fig. 4illustrates the pattern of pore resistance after sonica- 3-4- Effect of activated sludge strength on R,,
tion at various filtration cycles. It shows a general trend that
the pore resistance after sonication of a membrane increased TWo additional sets of experiments were conducted to
initially, and leveled off to a steady-state value after a cer- determine the effect of activated sludge strengtRjom low-
tain number of cycles. The, listed in Table 1were the  Strength (2400 mgt' of SS) sludge was prepared by diluting
steady-state resistances showRim 4. Fig. 4alsoillustrates ~ the activated sludge with an equal amount of water, whereas
that there was no measurable pore resistance, and thus littié high strength sludge (9600 mgtlof SS) was prepared by
pore fouling, for PC. Th&j, values varied substantially from ~ concentrating the sludge by settling. Tigvalues of PES for
nil for PC, to 0.3x 10 m~1 for PVDF, 1.3x 10 m~1 for the filtration of these two sludges were determined follow-
MCE, and 16.4< 101 m~1 for PES. Thek values iriTable 1 ing the same aforementioned procedures. Resuli&gn5
were |ast|y determined from E(Q) using the determined Va'_ i||ustl’ates that th@p Va.lue increased W|th the mixed |iqu0r
ues ofRm, Rt andRyp. suspended solids (MLSS) level of the sludge which may be
Results irTable 1show that the fouling resistance of PES expressed as:
membrane wagp-dominant, whereas that of the other three Rp = 6.35[MLSS[% 3)
membranes waBc-dominant.

Fig. 4. Post-sonification pore resistance at various filtration cycles.

The positive correlation betwedty and MLSS found in
this study concurs with the findings of several previous stud-
ies[2,4,26,27] On the other hand, some other studies showed

Results in this study show that pore fouling is affected by thatRp was independent of MLS28-31} The discrepancy
three characteristics of membrane: structure, pore openingss Jikely due to the difference in the membrane characteris-
and hydrophilicity. The PC membrane had little pore resis- tics, such as pore opening and hydrophilicity, which were not
tance, as shown iig. 4 This is likely due to the membrane’s  gpecified in most previous studies.
uniform, small cylindrical pore configuration, which makes
it difficult for foulants to deposit inside the pores. In contrast,
the other three membranes of sponge-like microstructure are
more vulnerable to pore fouling due to their porous network. 20
This concurs with a recent study, which reported similar
observation$11].

Fig. 4illustrates that pore resistance after sonication ini-
tially increased with the number of filtration cycles, suggest-
ing that sonication in the initial cycles removed not just the 3
cake layer but also some loosely bound foulants deposited 0 , , , , ,
inside the pores. After several cycles, all the loosely bound 0 2 4 6 8 10 I
foulants were removed and the pores were packed with the
tightly bound foulants that could no longer be removed by
sonication. The post-sonication pore resistance became Congig. 5. Increase ok, for PES membrane with the SS level of activated
stant afterwards. sludge.

3.3. Membrane characteristics affecting R,

Rp (x10"'m")

SS (x10°mg! )
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as PES, because conventional membrane cleaning tech-
niques, such as sonicatigh5], backwashing35] cannot
effectively remove foulants deposited inside the pores. Sec-
ondly, permeation flux oRp-dominant membranes steadily
decreased in the initial cycles due to the gradually buildup
of pore fouling; thus estimation of permeation flux of
these membranes cannot be relying on the data of initial
cycles.
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4. Conclusions

@
S

Based on results of this study, the following conclusions
may be drawn:

1. Sonication is an effective means for the removal of cake
K\ layer from the membrane surface.

(%3
(=]

2. The track-etched PC membrane did not have measurable
pore resistance. For the three membranes with sponge-like
microstructure, thek, were 0.3x 10t*m~! for PVDF,

Fig. 6. Patterns of permeation fluxes for (a) PVDF and (b) PES membranes.  1.3x 10''m for MCE, and 16.4 101 m~1 for PES

membranesRy accounted for 86% of the total perme-

3.5. Filtration of Rp- and R.-dominant membranes ation resistance for the filtration of activated sludge by

. ) PES, but only 2% for PVDF and 11% for MCE.
Results inTable 1show that membrane fouling may be 3 Membrane’s microstructure, pore openings and hydro-

classified into two typeskp-dominant andkc-dominant. The philicity affect the pore resistance. For the three sponge-
PES membrane, which has the sponge-like microstructure | o membranes, PES had the high&stdue to its large
with large pore openings, belongs to the former, whereas the pore openings (18-20m). MCE had higherR, than
remaining three, the latter. PVDF because of its higher hydrophilicity.

A MBR system is normally operated alternately between 4 TheR,, of PES membrane increased with the MLSS level
sludge filtration and membrane cleanif3®—34]} Filtration of the activated sludge to the power of 0.56.
experiments were conducted in parallel to compare the fil- ¢ \igr system should use th-dominant type of mem-

tration performance of PVDF, representing fredominant branes, such as PC, PVDF and MCE, but avoidRje
membranes, and PES, representing Rgalominant mem- domina’nt type of me’mbranes such as,PES.

branes. Each filtration test was conducted for 18 cycles, each

comprised the following: activated sludge filtration (10 min),
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