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Coagulation is an effective pre-treatment process in membrane filtration for recycling spent filter back-
wash water (SFBW). To optimize the operation of the coagulation/filtration process for SFBW recycling,
it is important to understand the critical role of coagulation mechanism on membrane filtration. In this
study, SFBW samples were coagulated with polyaluminum chloride (PACI), followed by a dead-end micro-
filtration (MF), and the mean permeate flux and permeate quality were determined. The results showed
that pre-coagulation improved the flux decline and the degree of the improvement was closely related

Ilf/i{ ‘;\;O_ﬁst:rmon to coagulation mechanisms. The permeate flux was enhanced most effectively by precipitation charge
Coagulation neutralization (PCN) coagulation, followed by charge neutralization and then sweep flocculation. Close

examination of cake properties indicated that the reduced cake resistance (R.) was subjected to the
coagulated SFBW flocs in response to different coagulation mechanism. Smaller flocs, induced by PCN,
were more compact and stronger, forming less compressible cake, which facilitated membrane filtration,
while slower membrane filtration was observed when more compressible cake formed from larger flocs
of looser and weaker structure. Coagulation mechanism also governed the size distribution of SFBW floc,
which is strongly related to the subsequent cake compressibility as well as membrane permeability in

Membrane flux
Spent filter backwash water

membrane filtration.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Filter backwashing is essential to the operation of a water
treatment plant (WTP) in order to maintain efficient filtration.
During filter backwashing, the accumulated impurities are dis-
lodged from the filter, and spent filter backwash water (SFBW)
is generated, which contains colloidal materials, living organ-
isms and natural organic matter, inorganic metals (e.g., aluminum
and iron), and other impurities [1-3]. On average, approxi-
mately 2-10% of the finished water is used for backwashing in
each WTP [4-6]. The SFBW is normally recycled to the influ-
ent stream of the WTP. Studies have found the presence of
pathogens such as Giardia and Cryptosporidium, and precursors
for disinfection by-product (DBPs) in SFBW [7,8]. Therefore, direct
recycling of SFBW could jeopardize the quality of the finished water
due to the concentration of contaminants during the recycling
[9].

Membrane separation has been an option for wastewater recla-
mation in drinking water treatment processes [10,11]. Studies have
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indicated that pathogens, DBPs and particulate contaminants in
SFBW can be effectively removed by processes such as microfiltra-
tion (MF) or ultrafiltration (UF) [12,13]. In addition, SFBW recycling
by dead-end membrane has been proved economically feasible
[14]. However, as in all membrane filtrations, membrane fouling
is the impediment because it can reduce the permeate flux and
increase the burden of membrane cleaning.

One important method to retard membrane fouling is a hybrid
coagulation/membrane separation process, in which coagulation is
performed ahead of the membrane separation by enlarging flocs for
fouling mitigation [15-18]. In such an operation, Al-based coagu-
lants are generally used. However, inconsistent results for filtration
performance were observed due to the variation in floc structure
under different operating conditions, such as pH and the dosage
of coagulants [19-21]. Researchers have also suggested that the
enhancement of membrane permeability was strongly related to
the strength and size distribution of the flocs [22-26]. For Al-based
coagulation, the property of the flocs is dictated by the mecha-
nism of coagulation induced by various hydrolyzing Al species [27].
Mechanisms of coagulation by hydrolyzing these include charge
neutralization of negatively charged colloids and incorporation of
impurities into an amorphous hydroxide precipitate (i.e., sweep
flocculation) [28]. Electrostatic patch and interparticle bridging
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Nomenclature

] permeate flux (Lm=2h-1)

Jo clean water flux (Lm~—2h-1)

T flux of coagulated samples (Lm=2h-1)

> clean water flux after backwash of filtered mem-
brane (Lm~2h-1)

Am membrane area (m?)

Vv cumulative permeate volume (m3)

Cp the bulk concentration of particles (kg m—3)

o specific cake resistance (mkg=1)

n compressibility index

% viscosity (Pas)

AP transmembrane pressure (Pa)

Re total resistance (m~1)

Rm membrane resistance (m~1)

R¢ fouling resistance (m~1)

R¢ cake resistance (m~1)

have also been proposed to interpret coagulation behavior of var-
ious polyaluminum chloride (PACI) coagulants and the resulting
flocs composition [29-31].

Many previous investigations of SFBW recycling by coag-
ulation/microfiltration process have suggested that optimizing
pre-coagulation conditions can enhance the quality and quan-
tity of the filtrate [32,33]. In a study of coagulation/dead-end
microfiltration on SFBW, Huang et al. [34] reported that SFBW
had a wide size distribution, ranging from submicron to micron
scale. Optimal PACI coagulation was achieved when the major-
ity of the submicron particles were enlarged, which delayed the
pore plugging in the filtration membrane. These results imply
that the membrane filtration of SFBW can be affected by manip-
ulating the pre-coagulation mechanisms. However, the effect of
coagulation mechanism on membrane permeability for SFBW
recycling by coagulation-assisted dead-end microfiltration process
remained unclear, and most studies were small-scale labora-
tory tests which provided little information about the long-term
relationship between coagulation mechanisms and membrane fil-
tration behavior of SFBW. In this study, a coagulation/dead-end
MF process was simulated in which PACl was used as coagulant.
Floc formation as well as floc strength during coagulation were
monitored, and the corresponding resistances to membrane filtra-
tion were determined. The quality of the permeate was evaluated
to determine the efficiency of the hybrid coagulation/membrane
filtration.

2. Materials and methods
2.1. Materials

2.1.1. Water sample

SFBW samples were collected from the backwash discharge of
a traditional sand filtration of the Hsinchu Water Treatment Plant
(Hsinchu WTP) in Hsinchu, Taiwan. The filters were backwashed
with the finished water for 10 min once every 24 h. Since the com-
position and turbidity of the SFBW fluctuated during backwashing,
each SFBW sample was the mixture of several collections from
one backwash cycle at fixed intervals. Characteristics of the SFBW
samples are summarized in Table 1.

2.1.2. Coagulants

A commercial PACI product (Al;03=10%; y=1.4), which con-
tained insignificant amount of sulfate, was purchased from Showa
Chemicals Inc. and was used as the coagulant in this study. The

Table 1
Characteristics of SFBW samples and the permeate after membrane filtration cou-
pled with pre-coagulation by PCN, CN and SW.

Parameters Raw water Permeate?

SFBW PCN CN SwW
pH 7.8 7.0 7.0 7.0
Turbidity (NTU) 309 2.09 1.67 1.82
SS (mgL-1) 234 ND ND ND
TS (mgL~1) 635 ND ND ND
DOC (mgL-1) 4.1 1.776 1.304 1.318
UVas4 (cm™1) 0.059 0.018 0.016 0.017
SUVAP (Lmg='m™1) 1.44 1.01 1.22 1.29

3 Permeates at the end of the last coagulation/filtration cycle were collected and
analyzed.
b SUVA =UV,s4/DOC.

PACI coagulant is similar to that used in Hsinchu Water Treat-
ment Plant. Working solutions containing 1000mgL-! as Al were
freshly prepared before each experiment. The Al concentration
was analyzed by inductively coupled plasma-atomic emission
spectrometry (ICPAES, ]JY24, Jobin-Yvon Inc., France). The initial
composition of PACI was determined by Ferron method as reported
in our previous study [27]. It is comprised of 42.3% monomeric Al
(Aly), 8% polymeric Al (Aly), and 49.7% colloidal Al (Alc).

2.1.3. Membrane

The microfiltration (MF) was performed with a flat sheet of
PTFE membrane of which the nominal pore size is 0.5 wm with
polypropylene as the supporting material (Gore, USA). The diame-
ter of the MF membrane was 5 cm and the effective filtration area
was 0.002 m2.

2.2. Methods

2.2.1. Analysis of water quality

The pH, suspended solid (SS) and total solid (TS) of SFBW sam-
ples were determined by standard methods. Dissolved organic
carbon (DOC) was analyzed with a total organic carbon (TOC) ana-
lyzer (TOC-5000A, Shimadzu, Japan). Measurement of absorbance
at the wavelength of 254nm (UV,s4) was carried out with a
spectrophotometer (UV-Vis spectrometer-U3010, Hitachi, Japan).
Turbidity was measured with a turbidimeter (Turb555, WTW Co.,
Germany). Zeta potentials and particles size were determined with
a zeta meter (Zetasizer nano ZS, Malvern, UK) and a particle size
analyzer (Mastersizer 2000, Malvern, UK), respectively.

2.2.2. Coagulation experiments

Standard jar tests were carried out for the coagula-
tion experiments. A square acrylic vessel (dimensions:
11.5cm x 11.5cm x 21 cm), was used as a mixing device, and
is commonly known as a gator jar. A flat rectangular blade (dimen-
sions: 76 mm x 25 mm) driven by a single thin spindle via a motor
was located at the center of the vessel. The speed of the motor
could be adjusted to 300 rpm. Rapid mixing was initially carried
out at 200 rpm (G=350s""1) for 1 min, followed by a slow mixing at
30rpm (G=25s"1) for 20 min. After a 20-min settling period, the
supernatant was drawn off to measure turbidity. The coagulant
(Al) dosage is expressed in mgL~! as Al in this study. A particle
size analyzer (Mastersizer 2000, Malvern, UK), coupled with a
small angle laser light scattering (SALLS) was used to observe the
aggregation dynamics of particles and size distribution of flocs
during coagulation. Fractal dimensions of the coagulated flocs
were calculated from the data of SALLS, as reported in our previous
study [35]. Floc strength was determined following the procedure
reported by Jarvis et al. [36]. The flocs formed after slow mixing
were further mixed for 15 min at four different mixing intensities,
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Fig. 1. Schematic diagram of dead-end membrane filtration.

25s1,70s71,130s~! and 350571, to break up the flocs. The size
of the broken flocs after each mixing was measured. The slope of
the log-log plot of floc size and the applied shear stress represents
floc strength constant.

2.2.3. Membrane filtration

The schematic diagram of the dead-end micro-filtration (MF)
system used in this study is shown in Fig. 1. After pre-coagulation
the suspension was transferred to a 1.5L flask and was slowly agi-
tated at 30 rpm to retain suspension for the subsequent membrane
filtration. A flat sheet MF membrane was fixed in the membrane
holder and was then submerged in the suspension, and filtration
was carried outata constant filtration pressure of 0.4 bar, created by
avacuum pump (GAST, USA). The permeate flux was determined by
weighing the permeate on an electronic balance, and was recorded
simultaneously on a computer equipped with an auto-reading pro-
gram.

Before each filtration experiment, the new membrane was
immersed in ultrapure water for 2 h, followed by the filtration of 1L
of ultrapure water to remove any impurities. The clean-water flux
(Jo) was then measured by filtering the DI water through the mem-
brane. Each experiment comprised nine filtration cycles, and each
cycle consisted of a filtration and an air backwash. Filtration was
terminated when 0.45 L filtrate was collected, followed by a pulse
of air injected at a pressure of 0.5 bar to remove the cake from the
membrane.

To determine cake resistance, an unstirred cell unit process
was set up as illustrated in Fig. 2. Each coagulated suspension
was transferred into the unstirred cell, and membrane flux was
recorded with trans-membrane pressure (TMP) ranging from 0.13

Sample inlet

T Gas flow
|—i LA l /
«—Pressure
sensor |

UI

]

L
Pressure

sensor 2
Unstirred cell unit

to 0.53 bar. Pressure was provided by nitrogen. The result was used
to determine various resistances of membrane filtration, adopting
the resistance-in-series model. The relationship between permeate
flux and resistances can be expressed as Eq. (1):

AP AP

= TR, 1
URe  p(Rm + Ry +Rc) M

where | is the permeate flux, AP is the TMP, u is viscosity of per-
meate, Ry, Rm, Rc and Ry are total resistance, membrane resistance,
cake resistance and fouling resistance, respectively.

Rm, Ry and Rc can be calculated from Eq. (2)-(4), in which Jp is
clean water flux, J; is flux of coagulated samples and J, is clean
water flux after backwash of the filtered membrane.

m=% 2)
AP

Rf:@—Rm (3)

RC:%—Rm—Rf (4)

Specific cake resistance, «, is related to cake resistance, R., and
the mass of cake deposited on the membrane surface, M, as illus-
trated in Eq. (5):

_axM  aVG

Re = =
c Anm

. (5)

where Ap, is the membrane area, V is the cumulative permeate
volume, and Cj, is the bulk concentration of particles.

Balance

Fig. 2. Schematic diagram of a batch unstirred cell for the determination of cake compressibility index.
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Fig. 3. Destabilization of SFBW particles by PACI coagulation. (a) Variation of resid-
ual turbidity and zeta potential with pH at dosage of 1 mgL-" as Al (b) Variation of
residual turbidity and zeta potential with dosage at neutral pH.

o was used to determine the compressibility of the cake by a
power law [20], where

o =ag x AP? (6)

o is an empirical constant which represents specific cake resis-
tance in the absence of TMP and n is the compressibility index. Thus,
the slope of the linear fit to the logarithmic plots of « at variousAP
gives the value of n.

3. Results and discussion

3.1. Effect of coagulation mechanism on the destabilization of
SFBW suspensions

In a hybrid coagulation/membrane process, coagulation mech-
anisms dominate the performance of subsequent membrane
filtration. Coagulation mechanisms are strongly affected by opera-
tion parameters such as pH and dosage [20]. In this study the pH
effect on coagulation efficiency was first investigated at a constant
PACI dosage of 1 mgL-! as Al The optimum pH was found around
neutral pH, where the lowest residual turbidity was obtained,
as shown in Fig. 3a. This could be explained by the variation of
hydrolyzed Al species with pH. The PACI applied in this study con-
tained a large fraction of monomeric Al species, which formed
hydrolyzed Al(OH); at neutral pH [27]. Our work also indicated that
the amounts of hydrolyzed AI(OH)3 was a critical factor in deter-
mining the coagulation mechanism [35]. To verify this hypothesis,
coagulation performance of SFBW at various dosages was deter-
mined. The variation of residual turbidity and zeta potential with

the dosage at neutral pH is illustrated in Fig. 3b. At dosages higher
than 5mgL-1 as Al, consistent turbidity removal was observed,
even though charge reversal of particles occurred. It suggested that
the turbidity removal at overdosing was most likely due to sweep
flocculation (SW) in which particles were entrapped in the grow-
ing Al(OH); precipitates [28]. On the other hand, efficient turbidity
removal at a low dosage of 2.5mgL~! where zeta potential closed
to zero, suggesting particle destabilization was caused by charge
neutralization (CN).

When the dosage was as low as 0.5mgL~! as Al, satisfac-
tory turbidity removal occurred. The corresponding more positive
zeta potential suggested that particle coagulation was caused by
positively charged AI(OH); through precipitation charge neutral-
ization (PCN), when such a low dosage of positively charged
Al(OH)3 was present [35,37]. Wang et al. [31] have demonstrated
that particles were effectively destabilized by AI(OH)3; precipitates
even when the negatively charged particles were weakly neutral-
ized. Furthermore, the high concentration of particles in SFBW
improved the PCN effect on coagulation due to the high collision
frequency between particles, which results in satisfactory turbid-
ity removal. The results imply that the dosage of PACI can dictate
the aggregation of SFBW particles and the predominant coagulation
mechanisms at neutral pH. The following experiment was designed
to correlate the relationship between coagulation mechanism and
the performance of membrane filtration.

3.2. Effect of coagulation mechanism on membrane filtration

Enlarging submicron particles of SFBW by pre-coagulation is
crucial to enhance flux in membrane filtration [34]. To investigate
the effect of pre-coagulation mechanisms on the membrane filtra-
tion of SFBW, the coagulated suspensions formed by PCN, CN and
SW were subjected to a dead-end MF membrane filtration pro-
cess, as described below. As can be seen in Fig. 3, the dosage for
the coagulation mechanism of PCN, CN and SW was 0.5, 2.5 and
5mgL-! as Al, respectively. Nine filtration cycles were conducted
to ascertain the long-term effect of pre-coagulation mechanism on
membrane filtration. Permeate was collected and analyzed at the
end of the last coagulation/membrane filtration cycle. Permeate
quality is the key to the effective SFBW recycling in a coagula-
tion/membrane filtration process. The quality of the permeates was
compared with that of the raw water, as summarized in Table 1.
No significant difference was observed among the permeates from
three pre-coagulation mechanisms. The turbidity of the perme-
ates was less than 2 NTU, indicating the effective turbidity removal
of SFBW by coagulation/dead-end microfiltration process. By con-
trast, 30-40% of DOC still remained in the permeate. Other studies
on the removal of dissolved organic matter (DOM) by coagulation
have given different results. Zhang et al. [38] recorded that the DOM
aggregated into clusters after pre-coagulation, which effectively
facilitated their rejection by MF membrane. Pikkarainen et al. [39]
found that pre-coagulation enhanced the DOC removal in upland
surface water by more than 80% in a coagulation-assisted MF pro-
cess. In our coagulation/dead-end MF process, on the other hand,
the highest removal of DOC and UV,s54 was 68% and 72%, respec-
tively, which could be explained by the much lower SUVA value of
the DOM [40]. As shown in Table 1, the SUVA value of SFBW was
about 1.4 (less than 2), suggesting that the DOM in SFBW are low
molecular weight and low hydrophobicity. As aresult, the DOM was
hard to aggregate by coagulation, leading to poor DOM rejection in
the subsequent microfiltration.

In practice, permeate flux is the main concern in SFBW recycling
by membrane operation. The relative mean flux (J/Jo) of the MF
membrane for nine successive filtration cycles is plotted in Fig. 4,
showing marked difference before and after coagulation. Perme-
ate flux was significantly improved through pre-coagulation, and
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Fig. 4. Variation of relative mean flux of coagulated suspensions formed from vari-
ous coagulation conditions with filtration cycles of the dead-end microfiltration.

the flux improvement by PCN is consistently more effective, fol-
lowed by CN. This could be explained by the characteristics of the
cake layer. Lee et al. [20] have demonstrated that the porosity of
the cake layer formed on the membrane from CN suspension is
larger than those from SW suspension, which might explain the
delayed TMP buildup at a steady-state flux for CN coagulation.
Other studies have proposed that pre-coagulation mechanisms
can mitigate membrane fouling due to their effect on cake layer
characteristics [24,41]. Judd and Hills [42] proposed that cake
layer formation dominates the magnitude of irreversible fouling,
while other researchers have found that cake porosities are mainly
affected by the properties of pre-coagulated flocs such as size and
fractal dimension [23]. It is thus hypothesized that the enhanced
flux by pre-coagulation is strongly related to the characteristics of
the pre-coagulated SFBW flocs, which determines the subsequent
cake layer on membrane surfaces. In other words, flocs formed
from pre-coagulation could influence indirectly the performance
of membrane filtration, which was verified in the next experiment.

3.3. Effect of floc properties on membrane permeability

To study the effect of coagulated SFBW floc properties on mem-
brane filtration, the size of the flocs by coagulation through PCN, CN
and SW was monitored by SALLS for a period of 20 min. The results
are shown in Fig. 5. The growth profiles of flocs during coagulation
differed markedly with various coagulation mechanisms. The floc
formed by SW coagulation was the largest and grew the fastest. The
profile was also accompanied by the greatest breakage rate. Jarvis
etal. [36] have reported that larger flocs contain larger porosity and
are easily broken by surface erosion of eddies splitting. As a result,
the obvious breakage of the SW flocs occurred during flocculation.
To examine the effect of floc structure on the subsequent mem-
brane filtration, fractal dimensions (dy) of flocs were determined
from the data given by SALLS. The df of the PCN, CN and SW flocs are
2.14,2.06 and 1.90, respectively, as shown in Fig. 5. The results indi-
cate that the SW flocs are the largest and loosest. In general, large
flocs form cakes with high porosity and low cake resistance, which
is favorable for membrane filtration. Other studies have reported
that higher membrane flux accompanying low cake resistance is
associated with large floc or low df [22,24]. However, in our study,
the lowest membrane flux occurred in the largest SW flocs with the
lowest d, as shown in Fig. 4. The results suggested that membrane
filtration can be affected by parameters other than size and d; of
flocs.

220¢ —&—— without precoagulation
200l ° PCN (d; =2.14, DSI=0.77)
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Fig. 5. Variation of floc size (dso) with flocculation time for coagulated SFBW at
pH 7. The distribution spread index (DSI) of floc size is expressed by the ratio
(dgo — d10)/2(dsp). dgo: diameter corresponding to 90% of cumulative undersize; dyo:
diameter corresponding to 10% of cumulative undersize; dso: median diameter.

Barbot et al. [43] suggested that the optimal pre-coagulation
condition for coagulation/membrane filtration process is the for-
mation of large flocs with strong structure. Strong flocs can resist
the shear stress of fluid during filtration, which facilitates the flow
between aggregates within cake. To verify this, the flocs formed
through the process of PCN, CN and SW coagulation were agitated
for 15 min with different breaking intensities. The floc strength con-
stants were calculated from the slope of the log-log plot of floc size
and the applied shear stress. Higher floc strength constants means
that flocs are easier to break by shear forces [36]. As shown in Fig. 6,
floc strength constants of PCN, CN and SW flocs are 0.114,0.158 and
0.173, respectively, indicating that PCN flocs are the strongest. Lee
et al. [44] have reported that strong flocs with compact structure as
well as small size can form cake layer of high permeability in mem-
brane filtration. In our study, because PCN flocs are the strongest,
most compact and smallest, the most enhanced flux was observed
in PCN coagulation, as evidenced in Fig. 4. The results implied that
the strength of SFBW flocs can influence the cake permeability and
the performance of membrane filtration.

® PCN (slope=0.114)
CN (slope = 0.158)
SW (slope =0.173)

4 O

ds, size (um)
=
f=]

100
-1
GG )

Fig. 6. Variation of the size (dso) of floc formed from different coagulation mecha-
nisms with breaking intensity. The slope represents floc strength constant.
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Table 2
Membrane filtration resistance of SFBW flocs formed from various coagulation con-
ditions with filtration pressure of 0.4 bar over 9 cycles.

Coagulation Membrane filtration resistance?

conditions

R (%) R (%)  R(%) Re (m~1)

PCN 4 3~13 93~83 5.04 x 10° ~5.43 x 10°
CN 4 3~13 93~83 5.15x 10°~5.61 x 10°
SW 4 3~12 93~ 84 5.82 x 10°~6.31 x 10°
Without 2 3~9 95~ 89 8.76 x 10° ~1.15 x 1010

coagulation

2 R, Rs, Rc, and Ry of the cake formed from flocs through various coagulation condi-
tions were calculated by the resistance-in-series model.

3.4. Effect of cake properties on membrane permeability

Cake resistance is generally the primary resistance in coagula-
tion/membrane filtration. Based on the resistance-in-series model,
various resistances (i.e., Rm, Ry, Rc and R¢) were calculated by Eq.
(1)in our coagulation/membrane filtration process. The resistances
are summarized in Table 2. It is clear that most membrane resis-
tance comes from cake resistance, R, suggesting that the property
of cake layer plays a critical role in cake permeability. On the other
hand, because particles <0.5 pm was less than 5% by volume in each
coagulated sample, pore-blocking was considered minor during
membrane filtration, echoing the results in Table 2.

Research has also suggested that during filtration, cakes con-
taining higher cake compressibility lead to lower cake porosity
and higher specific cake resistance, which reduces the cake per-
meability [20]. In order to explore the relationship between
cake compressibility and membrane flux in coagulation/dead-end
microfiltration, specific cake resistances as it varied with TMP was
determined, and is shown in Fig. 7. Cake compressibility (n) is the
slope of the log-log plot of specific cake resistances and TMP, where
the slope of PCN, CN and SW flocs are 0.82, 0.92 and 1.15, respec-
tively. The result proved that SW flocs are more compressible in
structure, which produce more compact cake layer in the subse-
quent filtration process. Although cake layers formed by larger flocs
usually have higher porosity, this results in lower specific cake
resistance. However, due to the very loose structure of SW flocs, the
flocs are easily compressed by the pressure applied during filtra-
tion, resulting in higher specific cake resistance. On the other hand,
strong PCN and CN flocs produce less compressible cake during
membrane filtration, resulting in the high membrane permeability.

letl2

® PCN (slope = 0.82)
v CN (slope=10.92)
| SW (slope =1.15)

letll

Specific cake resistance (m kg™)

0.1 TMP (bar) 1.0

Fig. 7. Variation of specific cake resistance of flocs formed from various coagulation
mechanisms with TMP in unstirred cell filtration. The slope represents compress-
ibility index (n).

Bizi [25] noticed that in addition to cake porosity, distribution
spreading index (DSI) of floc size distribution also played a critical
role in specific cake resistance, where the minimum specific cake
resistance occurred at the highest cake porosity and lowest DSI.
Higher DSI means the broader size distribution of particles. In our
study the minimum specific resistance occurs in PCN coagulation,
as seen in Fig. 7, while the PCN flocs bore the minimum DS, as illus-
trated in Fig. 5. As a result, the enhanced flux by PCN coagulation
exceeded those by CN and SW coagulation.

The exploration of the relationship between floc properties and
the corresponding cake properties indicated that stronger SFBW
flocs of smaller size and lower DSI tended to form cakes of low
compressibility, resulting in high membrane permeability and high
flux in coagulation/membrane filtration process.

4. Conclusions

Pre-coagulation can enhance the permeate flux of dead-end MF
membrane in coagulation-assisted membrane filtration for SFBW
recycling with satisfactory permeate quality, regardless of coag-
ulant dosage. However, pre-coagulation mechanisms govern the
membrane flux of the subsequent microfiltration. The most effi-
cient membrane flux improvement is induced by PCN. The structure
of SFBW flocs determines the characteristics of cake and cake resis-
tance, which is the key to flux improvement. In addition, the DSI of
SFBW floc size is closely related to the performance of membrane
filtration. SFBW flocs by PCN are smaller and stronger, with a lower
DSI value, resulting in lower specific cake resistance to membrane
filtration. To maximize the performance of coagulation/membrane
filtration for SFBW recycling, the coagulation must produce strong
flocs with low DSI to lower the specific cake resistance of the mem-
brane filtration.
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