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Abstract
A cake layer is formed by coagulation aggregates under certain transmembrane pressure in the coagulation-microfiltration (MF) process.
The characteristics of humic acid aggregates coagulated by different iron-based coagulants, such as charge, size, fractal dimension and
compressibility, have an effect on the cake layer structure. At the optimum iron dose of 0.6 to 0.8 mmol/L for ferric chloride (FC) and
polymer ferric sulfate (PFS) pre-coagulation, at the point of charge neutralization for near zero zeta potential, the aggregate particles
produced possess the greatest size and highest fractal dimension, which contributes to the cake layer being most loose with high porosity
and low compressibility. Thus the membrane filterability is better. At a low or high iron dose of FC and PFS, a high negative or positive
zeta potential with high charge repulsion results in so many small aggregate particles and low fractal dimension that the cake layer
is compact with low porosity and high compressibility. Therefore the membrane fouling is accelerated and MF permeability becomes
worse. The variation of cake layer structure as measured by scanning electric microscopy corresponds with the fact that the smaller the
coagulation flocs size and fractal dimension are, the lower the porosity and the tighter the cake layer conformation. This also explains
the MF membrane flux variation visually and accurately.

Key words: coagulation-microfiltration process; cake layer structure; iron-based coagulant; zeta potential; porosity; scanning electric
microscope
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Introduction

Deterioration in the quality of source waters and increased
demand coupled with more stringent water quality regu-
lations have resulted in an increase in the implementation
of pressure driven membrane technologies for purification
of drinking water. Microfiltration (MF) and ultrafiltration
(UF) are highly effective for turbidity, bacteria and proto-
zoa removal, but achieve lower removal of natural organic
matter (NOM), which is also a main factor in causing
membrane fouling. Humic acid (HA) develops as the major
component of NOM present in natural freshwater and
therefore has been recognized as a significant generator
of disinfection by-products (Park et al., 2002; Howe and
Clark, 2006). HA consists of polycyclic aromatic macro-
molecules with a variety of oxygen-containing functional
groups, and accounts for almost 50%–90% of the total
organic matter in freshwater. A common method to re-
duce membrane fouling and improve filtered water quality
simultaneously is to chemically coagulate the feed water

* Corresponding author. E-mail: jwang1@bjtu.edu.cn

prior to MF/UF (Chen et al., 2007; Choi and Dempsey,
2004).

Many previous investigations have suggested that opti-
mizing pre-coagulation conditions can enhance the quality
and quantity of the MF permeate through a coagulation-
MF process (Choi and Dempsey, 2004; Kimura et al.,
2008; Lee et al., 2000). Understanding the flocs’ prop-
erties and the formation process of the cake layer on
the membrane surface seem to be essential in controlling
membrane fouling. Many factors related to the coagulation
process, such as coagulation mechanisms which vary by
species, concentration of coagulant and pH of the raw
water, affect the floc characteristics, for example the size
and fractal dimension, which play a significant role in
inducing membrane fouling (Howe et al., 2006; Guigui et
al., 2002). Aluminum salt coagulation conditions and their
effect on membrane fouling have been studied carefully.
For Al-based coagulation, the property of the flocs is
dictated by the mechanism of coagulation induced by
various hydrolyzed Al species (Lin et al., 2008). The
enhancement of membrane permeability is strongly related
to the strength and size distribution of the flocs (Wang et

http://www.jesc.ac.cn
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al., 2008, 2010; Lee et al., 2005). Lee et al. (2005) and
Huang et al. (2011) have reported that strong flocs with
compact structure as well as small size can form a cake
layer of high permeability in membrane filtration.

However, the effect of iron coagulation on membrane
fouling is not very clear. Moreover, the use of iron salts
is increasing because iron is an essential element for the
formation of hemoglobin, but aluminum is considered
harmful to human organisms. Cheng and Chi (2002)
compared the hydrolysis/coagulation behavior of polymer-
ic and monomeric iron coagulants in HA solution and
concluded that the formation of HA-[Fem(OH)x]n

(3m−x)n+

complexes and charge neutralization were responsible for
HA removal. In the HA removal mechanism for poly ferric
sulfate or chloride, it is believed that the complexation
of HA with iron species by charge neutralization plays
a more important role than HA adsorption on the iron
hydroxide produced during hydrolysis (Cheng and Chi,
2002; Lei et al., 2009). Under the conditions of zero
ionic strength and 25°C, the pK forms of the hydrolysis
and solubility constants of iron hydroxide are 6 and 38
respectively (Duan and Gregory, 2003). Iron hydrolysis
products with high positive charge exist at acidic pH,
thus charge neutralization occurs predominantly. When the
iron concentration is much above the solubility of iron
hydroxide, the occurrence of sweep coagulation should
also be considered.

The main objective of this study was to investigate the
behavior of various monomer ferric chloride (FC) and
polymer ferric sulfate (PFS) species as coagulants and their
effects on HAs removal and membrane fouling when com-
bined with the MF membrane process. The relationship of
membrane permeability with cake layer conformation and
coagulation aggregate structure is analyzed and described.

1 Materials and methods

1.1 Feed water

NOM in feed water was prepared using HA which was ob-
tained from commercial sodium humate (Sigma-Aldrich,
USA). Stock solutions were prepared by dissolving 1 g
of powdered HA in 1 L of MilliQ water (>18 MΩ/cm).
The HA concentration was evaluated with the ultraviolet
absorbance measured at 254 nm (UV254) using a UV-
Vis Spectrophotometer (Varian-Cary 50 Bio, UK). The
overall HA concentration was determined by comparing
the absorbance and UV254 data with the appropriate cali-
bration curves. The HA concentration of the synthetic raw
water was diluted to 10 mg/L. Then 2 mmol/L sodium
bicarbonate (NaHCO3, Sigma-Aldrich, USA) was added to
provide carbonate alkalinity similar to that of natural river
water. The pH of the raw water was 7.7. Unless otherwise
specified, all reagents and chemicals were of analytical
grade.

1.2 Pre-coagulation microfiltration experiment

Two commercial iron-based coagulants, i.e., FC
(FeCl3·6H2O) and PFS (w (Fe) ≥ 18.5%, basicity:
10%) (Beijing Chemicals, China) were selected on
account of their common use in water treatment plants.
Stock solutions were prepared every day to achieve 0.1
mol/L calculated as the ferric ion concentration.

A dead-end batch MF unit was set up as shown in
Fig. 1. MF membranes (hydrophilic, Millipore, USA) with
a nominal pore size of 0.22 µm were used. The membrane
material was a modified polyvinylidene fluoride. A fresh
piece of membrane was used in every experiment. Prior to
the filtration of the coagulation suspensions, MilliQ water
was filtered through the fresh membrane in its non-fouled
state until a steady permeate flux of 2.0 L/hr was observed.
The effective MF membrane area was 28.26 cm2. The

Humic acid

raw water

Coagulant

Coagulation

reactor

Microfiltration cell

Membrane

Pressure controller

Suction pump

Electronic

balance

PC

Fig. 1 Schematic diagram of the experimental set-up.
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instantaneous mass of cumulative permeate was measured
with an electronic balance (PB3002-SDR, Mettler Toledo
Ltd., Switzerland) with automated data logging capability.
The data were recorded from a connected PC at a predeter-
mined time interval. The room temperature was maintained
at 20°C.

In order to evaluate the pre-coagulation effect on mem-
brane filterability, the same dose calculated as iron content
was chosen for the two coagulants (0.2, 0.4, 0.6, 0.8 to
1.0 mmol/L). Coagulation was conducted in a 2.5-L cylin-
drical reactor under 1 min of rapid mixing (mean velocity
gradient 100 sec−1) and 20 min of flocculation (mean
velocity gradient 25 sec−1). Subsequently, the coagulation
suspension was transferred from the coagulation reactor
directly to a 0.23-L cylindrical filtration cell and filtered
through a MF membrane under constant initial permeate
flux. A weak stirring velocity was maintained in the
reservoir to prevent flocs from settling. The MF membrane
permeate was analyzed with UV254 for HA contents. Coag-
ulation suspension samples were collected from the reactor
to measure the zeta potential with a Zetasizer 3000HSa
(Malvern Instruments, UK) and particle size with Malvern
Mastersizer/E and obtain data for the fractal dimension
calculation. The pH of the coagulated suspension was
also measured, as shown in Fig. 2. The pH gradually
decreased from 7.7 to 5.4 with iron addition increasing
from 0.2 to 0.8 mmol/L no matter which iron compound
was used, monomer FC or polymer PFS coagulant. When
the dose increased further to 1.0 mmol/L, the monomer FC
hydrolysis was more evident and pH value dropped faster
to below 4.0 as the ferric ion hydrolysis exceeded the buffer
capacity of the solution in comparison with PFS.

1.3 Flocs size distribution

A particle size analyzer (Mastersizer 2000, Malvern, UK),
coupled with a small angle laser light scattering system,
was used to observe the aggregation of particles and size
distribution of flocs during coagulation. Floc size distribu-
tion and fractal dimension (dF) were analyzed to determine
the changes in floc characteristics under different HAs
coagulation conditions. In this study the size distribution
was determined using the polydisperse mode of analysis,
and the mean diameter over the volume distribution was
used to describe the mean particle size.

3.0

4.0

5.0

6.0

7.0

8.0

0 0.2 0.4 0.6 0.8 1.0 1.2

p
H

Dose as Fe (mmol/L) 

FC

PFS

Fig. 2 pH variation of suspension coagulated by different iron-based
coagulants and doses. FC: ferric chloride; PFS: polymer ferric sulfate.

Floc structure was represented as the fractal dimension.
For colloidal aggregates, the cluster mass distribution can
be presumed from the value of the mass fractal dimen-
sion, dF. The dF was calculated based on the small-angle
static light scattering theory by graphing a log-log plot of
intensity (I) vs. the wave number (Q). In order to calculate
the fractal dimension from the logI–logQ plot precisely,
a Gaussian cutoff function was used to cover the Guinier
regime data. The detailed relevant information has been
discussed in previous work (Waite, 1999; Bushell and
Amal, 2000).

Scanning electron micrographs (SEMs) of the mem-
brane surfaces after filtration were obtained to visualize the
foulant layers. The membranes were dried overnight in an
oven at 60°C and observed under a field emission scanning
electron microscope (LEO 1525, Carl Zeiss, Thornwood,
USA) after sputter coating with a thin (10 nm) layer of
gold.

2 Results and discussion

2.1 Variation of zeta potential

HAs are negatively charge due to the deprotonation of
carboxylic and phenolic groups (Thurman and Malcolm,
1981). Figure 3 shows the change in zeta potential of
the HAs suspension with different ferric coagulants and
doses. The charge neutralization point occurred between
Fe doses of 0.6 to 0.8 mmol/L for both FC and PFS
coagulants. However, for the monomer FC coagulant,
significant charge reversion occurred as the zeta potential
changed remarkably from –25 to 45 mV with increasing
dosages from 0.2 to 1.0 mmol/L. A small change in the zeta
potential to 8 mV was observed for the polymer coagulant
PFS at iron dose enhanced to 1.0 mmol/L.

With iron dose increasing and pH decreasing, a different
coagulation zone occurred, particularly at 1.0 mmol/L for
FC, where the charge reversion and restabilization resulted
in higher zeta potential. Colloidal particles are usually
less negatively charged in the acidic pH range and over-
adsorption of coagulant causes charge reversal on the
surface, and thus the restabilization of the colloidal suspen-
sion at overdose. Liu and Chin (2009) also observed that
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Fig. 3 The zeta potential of HAs suspension for different iron-based
coagulants and doses.
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restabilization did not occur when polymer iron chloride
was used, whereas it occurred at acidic pH when FeCl3 was
used. The charge density of the polymers is less than the
low molecular weight oligomeric species in FeCl3 solution
based on the charges each iron atom carries. The higher
charge density of the oligomeric species may explain
the restabilization observed in acidic conditions. When
colloids are destabilized by polymeric coagulants in acidic
pH, the lower charge density of the polymer makes the
surface potential less positive than colloids destabilized by
oligomeric species. Therefore, restabilization of colloids is
then prevented as a result of coagulation by PFS.

2.2 Flocs size

Figure 4 shows the volume average diameter of flocs
formed by FC and PFS coagulation for various dosages.
The dissolved HA molecule is too small to be detected by
the Malvern MasterSizer for the raw water sample without
coagulation. There was a prominent indication of small
flocs particularly in the size range 0.1–1 µm formed at
the high iron dose of 1.0 mmol/L for FC pre-coagulation,
which could be detrimental to MF performance as the
particles had a relatively comparable size to the average
membrane pore size 0.22 µm. At such a high dose, the
HA molecule is covered by a large amount of ferric
hydrolysis species with a high positive charge density,

which makes it difficult for the particles to approach each
other and achieve coagulation due to high electrostatic
repulsion. Except at the 1.0 mmol/L ferric dose for FC pre-
coagulation, the mean particle size was at a minimum and
small particles with 1–10 µm were most prevalent at the
low dose of 0.2 mmol/L, and the average particle size was
at a maximum and small particles were least prevalent at
the optimum dose of 0.6 mmol/L.

For PFS pre-coagulation, the small particles below 10
µm occurred mostly at the low 0.2 mmol/L ferric dose. At
high 1.0 mmol/L doses, the particle size distribution was
broad and presented double peaks, one between 1–10 µm
and the other between 10–100 µm. The average particle
size was the largest and small particles were least prevalent
at dose 0.8 mmol/L, nearest the isoelectric point, as shown
in Fig. 3. At either a low or high dose, the imbalance
of electric charge reduced the efficiency of coagulation,
which resulted in the generation of small flocs in the
system.

The fractal dimensions dF of HAs flocs formed under
different iron doses by both FC and PFS are shown in
Fig. 5, which were derived from the scattering patterns
(Waite, 1999; Bushell and Amal, 2000). For both FC and
PFS coagulation, the aggregate structure becomes compact
because the zeta potential decreases and charge repulsion
is reduced with ferric dose increasing from 0.2 to 0.6
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Fig. 4 Volume average diameter of flocs formed by FC and PFS coagulation for different iron doses. (a) FC pre-coagulation; (b) PFS pre-coagulation.

-3

-1

1

3

5

7

-6 -5 -4 -3 -2 -1

logQ

lo
g
I

lo
g
I

lo
g
I

lo
g
I

lo
g
I

d
F
 = 2.45, FC 0.2 mmol/L

d
F
 = 1.68, PFS 0.2 mmol/L

-3

-1

1

3

5

7

-6 -5 -4 -3 -2 -1
logQ

d
F
  = 2.47, FC 0.4 mmol/L

d
F
  = 2.59, PFS 0.4 mmol/L

-3

-1

1

3

5

7

-6 -5 -4 -3 -2 -1

d
F
 = 2.51, FC 0.6 mmol/L

d
F
 = 2.60, PFS 0.6 mmol/L

-3

-1

1

3

5

7

-6 -5 -4 -3 -2 -1

d
F
  = 2.29, FC 0.8 mmol/L

d
F
  = 2.58, PFS 0.8 mmol/L

-3

-1

1

3

5

7

-6 -5 -4 -3 -2 -1

d
F
  = 1.86, FC 1.0 mmol/L

d
F
  = 2.46, PFS 1.0 mmol/L

logQ logQ logQ

Fig. 5 Fractal dimensions (dF) of flocs formed by FC and PFS coagulation with different iron doses. I: scattering light intensity; Q (nm−1): wavenumber.
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Fig. 6 HAs removal by MF with different iron-based coagulants and
doses.

mmol/L. Whereas for ferric dose increasing continuously
from 0.6 to 1.0 mmol/L, the aggregate structure became
loose due to charge reversion and repulsion augmentation,
in particular for FC coagulation. At the medium dose 0.4 to
0.8 mmol/L, the fractal dimension of flocs pre-coagulated
by monomer FC was lower than with PFS, indicating that
the aggregate structure pre-coagulated by monomeric FC
was looser than that formed by polymeric PFS.

2.3 Removal of humic acid

Figure 6 shows the removal efficiency of HA, which is
described by the surrogate parameter UV254 with different
ferric coagulants and doses. Direct MF has almost no
effect on HA removal because the size of the majority of
HA is much smaller than the membrane pores. Within all
the factors involved, what most affected the coagulation
efficiency was pH and coagulant dose, which influenced
the hydrolysis equilibrium of the coagulant species. At
an iron dose of 1.0 mmol/L for FC pre-coagulation, the
removal of HA by MF was only 72%, because so many
particles smaller than 0.22 µm were formed as shown in
Fig. 4a. The removal efficiency of HAs was 95% or even
higher with ferric doses increasing from 0.4 to 0.8 mmol/L
for both FC and PFS, indicating that effective coagulation
pre-treatment formed large enough flocs and improved
the interception efficiency of the MF membrane for HA
removal. At the low dose of 0.2 mmol/L iron, the HA
removal declined to 94% for FC and 95% for PFS, lower
than that at the optimum dose. HA could not be coagulated
well enough at such a low dose by either FC or PFS pre-
coagulation.

2.4 Structure of cake layer on the membrane surface

Figure 7 shows the cake layer on the MF membrane
surface scanned by SEM after typical precoagulation-MF
experiments. The SEM photos visually illustrate the cake
layer structure on the membrane surface, which is closely
related with membrane filterability. In Fig. 7, compared
to the layers formed at a low 0.2 mmol/L and high 1.0
mmol/L iron dose for both FC and PFS coagulation, the
structure of the cake layer is more loose, porous and rough
for the larger size and higher fractal dimension coagulation
aggregates formed for the 0.6 mmol/L iron dose, as shown
in Figs. 4 and 5, to resist the compressibility. However, the

zeta potential was the most negative 35 mV at the mini-
mum iron dose 0.2 mmol/L for PFS and the most positive
45 mV at the maximum dose 1.0 mmol/L for FC, so that
the aggregate particles with the smallest size and lowest
fractal dimension were occurred for great charge repulsion.
Thus the cake layers were very compact and nearly no
interstices shown as Fig. 7b and e for small particle size
and large compressibility. Moreover, the cake layer was
more porous coagulated by FC than PFS at the 0.2 mmol/L
iron dose, but on the contrary the cake layer was looser
by PFS than FC at the 1.0 mmol/L dose in Fig. 7, which
was also consist with the comparison of the particle size
and compressible strength. In general, the variation seen in
the SEM photos corresponds completely with the fact that
the smaller the coagulation flocs size and fractal dimension
are, the tighter the cake layer conformation. However, the
SEM photos give us the qualitative but hardly quantitative
comparison completely.

Although the fractal dimension of the aggregates is
higher for the medium iron dose of 0.6 mmol/L than
for any other dose (Fig. 5), indicating more compact
aggregates, the cake layer seen from SEM photos, on
the contrary, is looser. The structure of the coagulation
aggregates and the cake layer on the membrane surface are
interrelated yet different. The structure of the cake layer
is related to not only the aggregate fractal dimension but
also aggregate size and compressibility. The coagulation
particles were smaller due to higher charge repulsion at the
low iron dose of 0.2 mmol/L for FC and PFS coagulants
and at the high dose 1.0 mmol/L for FC (Fig. 4), producing
a tight arrangement and low porosity in the cake layer;
at the same time, the lower fractal dimension of flocs
(Fig. 5) appears to result in more compressibility at a
given transmembrane pressure, which also finally reduces
the porosity of the cake layer. Therefore, the cake layer
becomes more compact and tighter at lower and higher
doses than at medium dose. In the end, the porosity of
the cake layer formed through particle deposition plays the
most important role in the filtration performance of low-
pressure membranes.

2.5 Membrane filtration

The change in permeate flux during MF of raw water
and suspensions pre-coagulated by FC and PFS coagulants
with different ferric dosages is shown in Fig. 8. As the size
of non-coagulated HAs is significantly smaller than the
average membrane pore size, HAs removal was low for raw
water, and thus the permeate flux only decreased slight-
ly, which did not cause severe membrane fouling. SEM
photos illustrate the cake layer fouling on the membrane
surface visually, which is closely related with membrane
filterability. The decline in permeate flux was slow and
membrane fouling was alleviated for pre-coagulation with
ferric doses of 0.6 and 0.8 mmol/L for both FC and PFS
coagulants, where aggregate particles had greater size and
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a b

c d

e f

Fig. 7 SEM photos of cake layers on the membrane surface for different iron-based coagulants and doses: (a) FC 0.2 mmol/L; (b) PFS 0.2 mmol/L; (c)
FC 0.6 mmol/L; (d) PFS 0.6 mmol/L; (e) FC 1.0 mmol/L; (f) PFS 1.0 mmol/L.

incompressible dimension, thus the cake layer was also
loose as shown in Fig. 7. Barbot et al. (2008) also sug-
gested that the optimal pre-coagulation condition for the
coagulation/membrane filtration process is the formation
of large flocs with a strong structure. Strong flocs can resist
the stress of fluid during filtration, which facilitates the
flow between aggregates within the cake.

The most drastic permeate flux decline occurred in
the case of ferric overdosing (1.0 mmol/L) for FC pre-
coagulation and underdosing (0.2 mmol/L) for both FC
and PFS, in comparison with the optimum doses (0.6–
0.8 mmol/L). When the ferric dose is either too high
or too low, particle aggregation is not complete as a
result of greater repulsion forces caused by high charge
imbalances. Hence, the existing small particles and low
porosity for compressibility produced a tighter cake layer
and worsened MF membrane permeability.

It is noteworthy that the initial permeate flux (initial 10–
15 min) for pre-coagulation by FC or PFS at the optimum
dose of 0.6 and 0.8 mmol/L iron was even higher than

that for direct MF, because the cake layer as a dynamic
“membrane” forms quickly from large aggregates, which
effectively restrains the fraction of smaller particles from
severely fouling the MF membrane.

The volume average diameter and fractal dimension
of coagulation flocs was measured to indicate the initial
aggregates’ size and structural characters of compactness
and compressibility without MF, as shown in Figs. 4 and
5. With the MF process, the cake layer formed by the
aggregates deposited on the membrane surface under a
given pressure. When the fractal dimension of aggregates
is lower, the higher compressibility results in smaller
porosity in the cake layer. The smaller size and lower
porosity produce higher cake layer specific resistance
according to the Carman-Kozeny relationship:

α =
180(1 − ε)
ρd2ε3

where, α (m/kg) is specific cake resistance; d (m) is particle
diameter; ρ (kg/m3) is suspension density; ε is the porosity
of cake layer.
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Fig. 8 Variation of membrane flux for different iron-based coagulants and doses.

The SEM photos in Fig. 7 which showed the final
cake layer structure on the membrane surface after MF
verified the above deduction. Monitoring of the cake lay-
er’s formation and variation of the structure on-line could
not be achieved without disturbing it. However, we can
optimize the coagulation conditions to improve membrane
filterability by analyzing the coagulation flocs’ characters
of charge, size, fractal dimension initially and the structure
variation of the cake layer under the pressure of MF finally.

3 Conclusions

A cake layer is formed by coagulation aggregates under the
influence of transmembrane pressure. The characteristics
of aggregates pre-coagulated by iron-based coagulants,
such as charge, size, fractal dimension and cake layer
conformation, could have a major impact on the removal
efficiency of HAs and the reduction of membrane fouling.
The cake layer structure is related to aggregate structure
but is not exactly the same because of compressibility.

The structure of the cake layer on the membrane surface
in the coagulation-MF process directly affects membrane
fouling.

At the optimal dose of 0.6 to 0.8 mmol/L iron for
FC or PFS precoagulation, the charge repulsion is at the
lowest for near zero zeta potential, which results in larger
coagulation particles and higher fractal dimension, and
at the same time the cake layer is most loose with low
compressibility and high porosity. Thus the membrane
fouling is alleviated and MF filterability is better. At a
low or high dose of FC or PFS, the high charge repulsion
for high negative or positive zeta potential produces small
aggregates but a low fractal dimension, so the cake layer
is compact with high compressibility and low porosity.
Therefore the membrane fouling is accelerated and MF
permeability is worse.

The cake layer structure observed by SEM explains
the MF membrane flux variation clearly. SEM photos
show that the cake porosity is the most important factor
affecting the hydraulic resistance of the cake layer. The
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exploration of the relationship between floc properties
and the corresponding cake layer properties indicates that
the higher fractal dimension of stronger flocs with lower
compressibility and larger size results in higher membrane
flux in the coagulation-MF process.
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