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ABSTRACT

Effect of ionic strength and calcium ions addition on the molecular properties of humic acid
(HA), as well as the HA rejection coefficient and fouling characteristics of ultrafiltration
were investigated in this study. Experiments were performed with an immersed hollow-
fiber polyvinyl chloride membrane at a laboratory scale. The results indicated that both
ionic strength and calcium ions could effectively reduce zeta potential of the HA solution.
Average size of HA was identical with various ionic strength (10, 20, and 40 mM) or low
calcium ion concentration (0.5mM), but a much larger HA size was obtained with higher
calcium ion concentrations (1.0mM or 2.0mM) for the complexation interaction between
HA molecules. The ionic strength significantly reduced the HA removal, and somewhat
mitigated the membrane fouling for the reduction of electrostatic repulsive forces between
HA molecules and the membrane surface. At a low calcium ion concentration, the surface
complexation dominated the fouling behavior of the process, and led to an increase of cake
fouling resistance. However, at higher calcium ion concentrations, the bulk complexation
dominated the interaction fouling behavior of the process, leading to a reduction of both

cake fouling and pore blocking for the larger size aggregations.
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1. Introduction

Ultrafiltration (UF), a low-pressure membrane fil-
tration process, has been widely applied during the
past decades in drinking water treatment for the
removal of particles, turbidity, micro-organisms, and
pathogens from surface water and groundwater [1].
The application of UF in drinking water treatment is
considerably constrained by membrane fouling caused

*Corresponding author.

by the accumulation of contaminants on the surface or
within the pores of the membrane over time. Mem-
brane fouling contributes to increased operational
costs associated with higher trans-membrane pressure
(TMP) and the need for frequent chemical cleaning as
well as shortened membrane service life [2]. Recent
studies have shown that humic acid (HA), as the main
component of natural organic matter, is a major fou-
lant during UF of surface water [3-5]. A large number
of studies have conducted to identify the fouling
characteristic of HA, as well as synergy effects with
particles or other organic matter [6-9].
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Previous studies indicated that membrane fouling
of HA was affected by many factors, including the
characteristic of the HA molecule and membrane sur-
face, operating conditions, and solution environment
of the feed. The solution chemistry, such as calcium
ion and ionic strength concentration, may affect the
conformation and electrostatic repulsive force of the
molecules, and therefore has a significant impact on
the interaction between foulants and the membrane
surface. Yuan et al. [5] found that the flux at the end
of the two-hour filtration varied from 5.2x10° m/s in
deionized (DI) water to 2.6 x 10> m/s in the presence
of 100mM ionic strength, and 1.0mM calcium ions
also caused a significant increase in the rate of flux
decline, which was well agreeable with the findings of
Shao et al. [10]. However, Qu et al. [11] reported that
the flux decline was apparently improved with 2.0,
5.0, and 10.0mM calcium ions addition for the
improved adhesion on the membrane surface. More-
over, Tian et al. [12] observed that ionic strength could
mitigate the membrane fouling of HA. Therefore,
further studies are required to investigate the effect of
different cations on HA fouling of UF membrane to
elucidate the above-mentioned divergence.

The aim of this study was to investigate the effect
of ionic strength and calcium ions on HA properties,
as well as the membrane fouling characteristics in the
hollow fiber UF process. Experiments were performed
with an immersed hollow-fiber polyvinyl chloride
(PVC) membrane at a laboratory scale, the membrane
has been extensively used for drinking water treat-
ment with more than 485,000m®/d in China to this
point. Fouling resistance distribution, including cake
fouling and pore blocking, were performed to access
the contribution of ionic strength and calcium ions on
fouling resistance.

2. Materials and methods
2.1. Experimental materials

HA (Jinke, China) was used as the model foulant
in this study. HA (5g) was dispersed in 0.1mM
NaOH, and mixed for 24 h by a magnetic stirrer. The
suspension was filtered by a 0.45um cellulose acetate
membrane (Taoyuan, China) to remove the undis-
solved part, afterwards, the pH of the filtered solution
was adjusted to 7.5 using 0.1mM NaOH (Beijing
Chemical, China) or HCI (Beijing Chemical, China).
Then, the solution was diluted to a volume of
1,000 mL and stored in the dark at 4°C. The HA solu-
tion was diluted to 20 mg/L with DI water, solution
pH was adjusted to the desired value using small
amounts of HCl or NaOH. NaCl of 0.1M (Fuchen,
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China) and 0.1 M CaCl, (Fuchen, China) were used to
prepare the background electrolyte solution. All chem-
icals used in this study were analytically pure.

The apparent molecular weight (MW) distribution
of the HA sample was determined using the UF frac-
tionation method. HA samples were fractionated in a
76 mm diameter stirred cell (Amicon 8400, Millipore,
USA) using a series of regenerated cellulose UF mem-
branes (Millipore Corp., USA) with nominal MW cut-
offs of 1, 3, 10, 30, and 100kDa. The filtration was
performed at a constant pressure of 100 kPa, with the
fractional amount of HA within each size range calcu-
lated from the difference in HA concentration between
adjacent filtrate samples.

A hollow-fiber UF membrane module (Litree,
China) with a total surface area of 0.017 m?, which is
made of PVC, with a nominal pore size of 0.01 um, an
internal diameter of 0.8 mm, an outer diameter of
145mm, and a length of 25cm, was used in this
study. The new membrane was immersed in DI water
for at least 24 h before using to remove any residual
storage agent.

2.2. Experimental methods

A schematic illustration of UF experiment is shown
in Fig. 1. The raw water was fed into a constant-level
tank to manipulate the water head for the subsequent
unit. The membrane module was submerged in the
cylinder, and continuous aeration was provided at the
bottom of the cylinder to wipe the membrane. The
effluent was collected directly from the membrane
module by a peristaltic pump. A manometer, connect-
ing with a programmable logic controller, was
installed between the membrane module and the peri-
staltic pump to monitor the TMP periodically. The UF
process was conducted with a dead-end filtration
mode at constant flux of 50 L/(m*h), corresponding to
a hydraulic retention time of 0.5h. Permeate samples
were collected periodically for subsequent concentra-
tion analysis.

Manometer
i [PLC |
Constant level tank
Influent
Flow meter }
. Permeate
m bt g
Air blower Peristaltic pump

Fig. 1. Schematic diagram of UF system.
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2.3. Fouling analysis

The resistance-in-series model proposed by Choo
and Lee [13] was used to analyze the fouling resis-
tance distribution. The filtration of ultrapure water
with new membrane was conducted to calculate Rm.
At the end of every filtration experiment, the HA solu-
tion in the cylinder was discharged, then refilled with
ultrapure water for estimating R, afterwards, the
membrane was cleaned with cotton gently to remove
the cake layer on the membrane surface in order to
evaluate the R,, + R,.

Ri=Ru+R:+R, @
Rm - & (2)
W
P 3)
W
P. — Py
R, — 4)
’ i

where x4 was fluid viscosity (Pas), ] was the permeate
flux (m/s), R,, was the intrinsic membrane resistance
(m™Y), R, was the cake fouling resistance (m™Y), R, was
the pore blocking resistance (m™'), and P, was the
TMP of the new membrane (Pa), P. was the TMP after
physical cleaning (Pa), and P; was the TMP at the final
filtration (Pa).

2.4. Analysis methods

HA concentration of the permeate and at the inlet
were evaluated by a UV/Vis spectrophotometer (T6,
Puxi, China) with the absorbance measured at 254 nm.
zeta potentials of the samples were measured with a
zeta potential analyzer (Nano-Z, Malvern, England).
The size distribution, sized between 0.6 nm and 7 um,
was measured with DelsaNano S (Beckman Coulter,
USA) at 25°C, which was based on dynamic light

Table 1
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scattering (DSL) analysis. pH value was determined
and calibrated daily using pH buffer solutions. The
temperature was measured with a alcohol thermome-
ter.

A piece of membrane was cut from the membrane
module, and flushed with DI water gently to remove
the unfirmed foulants. It should be dried 24h in a
dryer at room temperature before observing in the
scanning electron microscope (S-4300, HITACHI,
Japan), which was performed at coarse vacuum with
an accelerating voltage of 15kV.

3. Result and discussion

3.1. Zeta potential and size distribution of HA with ionic
strength and calcium ions addition

Zeta potential, an indicator of the electric property,
was used to investigate the effect of ionic strength and
calcium ions on HA molecule. HA shows a negative
charge in the pure water solution as it is made of car-
boxyl groups, phenolic groups, and other negative
charge groups [14]. As shown in Table 1, zeta poten-
tial of HA changed from —43.9 to —23.7mV with an
ionic strength increase from 0 to 40 mM in the absence
of calcium ions. With the addition of ionic strength,
negative charged functional groups of the HA were
shielded due to the double layer compression and
reduction of charge at stern layer [3,15,16]. A same
zeta potential change was achieved with the addition
of calcium ions, which varied from —31.5 to —20.3 mV
as the calcium ions increased from 0 to 2.0 mM with
the ionic strength of 10 mM. It should be noted that
calcium ions can increase HA aggregation by cancel-
ing the negative charge functional groups or by bridg-
ing the membrane surface with negative charge
functional groups of HA [8].

Size distribution of HA with ionic strength and
calcium ions addition was also conducted, the results
were shown in Fig. 2. The main peak of HA was
about 150 nm in pure water solution, and there was
no change with gradual addition of ionic strength,
then, it can be concluded that ionic strength had

Effect of ionic strength and calcium ion concentrations on zeta potential of HA solution

Calcium ions® (mM)

Ionic strength (mM)

0 0.5 1.0 2.0 0 10 20 40
Average zeta potential (mv) —-31.5 —28.6 —24.5 -20.3 —43.9 —-35.13 —-30.53 —23.7
Standard deviation (mv) 1.47 1.19 0.72 0.46 3.0 2.55 2.67 2.11

Determined using 20 mgL ' HA solution with ionic strength 10 mM at pH 7.0, 25°C.
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Fig. 2. Size distribution of HA at different ionic strength
(a) and calcium ion (b) concentrations.

negligible influence on HA particle size. However, a
study carried out by Zularisam et al. [8] revealed that
the HA became more compact because their functional
groups were shielded and the electrostatic repulsion
was reduced. Here the change of HA size distribution
was not observed with different ionic strength concen-
trations, or if present, the compaction was too small to
be measured by DSL analysis. Interestingly, as com-
pared to ionic strength, different changes were
observed with relatively lower (0.5mM) and higher
(1.0 and 2.0mM) calcium ion concentrations. On one
hand, the size distribution of HA with 0.5 mM calcium
ions was identical with the base case where no cal-
cium ions was added. Calcium ions were usually
thought to bind the carboxylic group of HA and lead-
ing to conformational changes. However, at low cal-
cium ion concentration, the effective concentration of
HA were similar, and aggregations between HA mole-
cules did not occurred for the strong electrostatic
repulsive force. On the other hand, in the case of
higher (1.0 and 2.0mM) calcium ion concentrations,
the main peak of HA shifted to a larger scale com-
pared to the base case, and a bigger particle size was
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obtained with the higher concentration. This indicated
that 1.0 or 2.0mM calcium ions were enough to pro-
mote aggregations among HA molecules. The calcium
ions preferentially bind to carboxylic groups of HA
and form bridges among HA molecules, which can be
explained by the so-called “egg-box” model [17]. Size
distribution of HA plays a vital role in the rate and
extent of HA rejection and membrane fouling, which
will be discussed hereinafter.

3.2. Effect of ionic strength on HA removal, TMP, and
fouling resistance distribution

The effect of ionic strength on HA removal and
membrane fouling during constant flux UF were
investigated, as shown in Fig. 3. It was observed that
the HA removal at the beginning of the filtration was
much higher than that of the following process, which
was reasonable owning to rapid adsorption of HA into
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Fig. 3. Effect of different ionic strengths on HA removal
(a) and TMP (b) development of the UF process.
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the membrane pores and the surface [8]. The HA
removal coefficient of the HA solution without any
additive at the final filtration was about 86.1%; how-
ever, the percentage of HA components with MW
greater than 100 kDa (the MWCO of the membrane in
this experiment) was 73.4%, as plotted in Fig. 4. This
phenomenon was mostly owing to the pore blocking
that restricted membrane pores, and the compact cake
layer formed on the membrane surface that rejected
more HA molecules [18].

As seen from Fig. 3, ionic strength had a great
influence on the HA rejection coefficient. At the end of
the UF process, the HA rejection was 67.5% for the
solution with 10 mM ionic strength addition compared
to 50.9% for the solution with 40 mM ionic strength.
There was a smaller value of 35.6% for the solution
with 20mM and much larger value of 86.0% for the
solution without extra ionic strength added. A dra-
matic reduction of electrostatic repulsive forces
between HA molecules and membrane surface would
be achieved with the addition of ionic strength for
reducing zeta potential of HA. Although the size dis-
tribution of HA was not affected by ionic strength, the
decrease in electrostatic charge repulsion on the mem-
brane surface allowed HA pass through the mem-
brane easily, indicating that electrostatic interaction
plays a more important role than pore size exclusion
mechanism under the conditions tested [8]. Interest-
ingly, HA removal rate was lower for ionic strength of
40 mM than that of 20mM, and it was deduced that
high ionic strength could cause considerable compac-
tion of membrane pores, encouraging further restric-
tion of HA [19].

As shown in Fig. 3, the ionic strength could miti-
gate membrane fouling; the increase of TMP was
declined from 6.72kPa without ionic strength to 4.93,
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Fig. 4. Apparent MW distribution of HA at pH 7.0.
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4.60, and 4.01kPa with 10, 20, and 40 mM, respec-
tively. The ionic strength was able to decrease the
stretching degree of HA molecular structure by neu-
tralizing its negative charges, thus decreasing electro-
static interaction between HA and membrane surface.
In such case, it was easier for HA molecular to pass
through membrane pores. This result was consistent
with Tian et al. [12] who observed that ionic strength
addition reduced the total fouling resistance of HA.

To further observe how ionic strength affects vari-
ous fouling resistances, we conducted a fouling resis-
tance distribution. The results of this analysis are
plotted in Fig. 5. The cake fouling resistance was alle-
viated with the increased ionic strength; however, the
pore blocking resistance was stable. The reduction in
cake fouling resistance was primarily attributed to the
lower HA rejection with the addition of ionic strength,
allowing a larger volume of HA pass through the
membrane with lower deposition. In terms of the pore
blocking resistance, this resistance was mostly owing
to the foulant comparable to the pore size of mem-
brane, whereas the ionic strength has little influence
on the particle size distribution of HA. Therefore, pore
blocking resistances were stable with different ionic
strength levels.

3.3. Effect of calcium ions on HA removal, TMP, and
fouling resistance distribution

The influence of calcium ions on HA removal and
membrane fouling were further studied. As shown in
Fig. 6, at the end of the UF process, the HA rejection
coefficient was 84.7% with 0.5mM calcium ion com-
pared to 84.5% for the solution with 2.0 mM. There
was a smaller value of 89.07% for the solution with
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Fig. 5. Effect of different ionic strengths on fouling
resistance distribution at the end of UF.
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Fig. 6. Effect of different calcium ions on HA removal (a)
and TMP (b) development of the UF process.

1.0mM and much larger value of 67.5% for the solu-
tion without extra calcium ions addition. Higher HA
rejection rate could be obtained with the addition of
calcium ions, which was mainly attributed to the com-
plexation among HA molecules and that between HA
molecules and membranes. On the other hand, bridg-
ing interactions formed between HA and the mem-
brane led to increase of HA deposition on the
membrane, thus increasing the HA rejection coeffi-
cient. However, the HA rejection coefficient was lower
for 2.0 mM calcium ion than that of 1.0 mM, probably
because of the porous structure formed with bigger
HA particle size allowed more low MW HA trans-
ferred to the effluent.

In addition, it was found in Fig. 6 that the
membrane fouling was significantly decreased with
the increase of calcium ion concentration from 0 to
20mM. As mentioned in Fig. 2, the size of HA
dramatically increase with calcium ions addition.
When transported towards the membrane, these
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aggregates form a more porous cake layer with rela-
tively high permeability [10], a mitigated TMP was
therefore found. This result was in agreement with the
result of others [11,12]. However, calcium ions addi-
tion was also found to deteriorate the UF behaviors
during the treatment of surface water or secondary
effluent [3,20,21]. The differences were mostly attrib-
uted to the tendentious aggregate interactions, formed
between the negative charged functional groups on
the membrane surface and the carboxyl groups, or
among the carboxyl groups of HA molecules. When
complexation happened near the membrane, calcium
ions served as bridges, firmly linking foulant mole-
cules to the membrane surface, which resulted in a
more serious membrane fouling [22]. In this study, the
interaction mostly occurred between carboxyl groups
of HA molecules, forming a porous structure. More-
over, there was no membrane fouling with 2.0 mM cal-
cium ions in the UF process, which was likely
ascribed to non-resistant cake layer formed with
micron scale aggregations, as Lee et al. [23] had
shown that particles larger than 1.2 pm would not foul
the membrane.

Complexation appears not only on the membrane
surface (surface complexation), but also in the bulk
solution (bulk complexation). To explain the variation
of fouling resistance distribution with different cal-
cium ion concentrations, surface complexation and
bulk complexation should be considered simulta-
neously [23]. Calcium ions mitigated the membrane
fouling compared to the base case without calcium
ions, and the total membrane fouling resistance
decreased with the increase of calcium ion concen-
tration. However, as shown in Fig. 7, fouling resis-
tance distribution showed divergent tendencies with

pore blocking resistance
- cake fouling resistance
membrane resistance

Membrane fouling resistance (x10"°m™")

T
0 0.5 1 2
calcium ions (mM)

Fig. 7. Effect of different calcium ions on fouling resistance
distribution at the end of UF.
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relatively lower (0.5 mM) and higher (1.0 and 2.0 mM)
calcium ion concentrations. During the UF with low
calcium ion concentration (0.5 mM), cake fouling resis-
tance was increased compared to the solution without
calcium ions. This phenomenon was likely due to the
surface complexation that dominates the interaction
with relative low calcium ions. There were two proba-
ble evidences for this. Firstly, no significant bulk com-
plexation occurred with calcium ion concentration of
0.5mM, which was confirmed by the same size distri-
bution of HA molecules between 0 and 0.5mM cal-
cium ions addition (see in Fig. 2). Secondly, as shown
in Fig. 8, the SEM images of the membrane surface
indicated that a considerable amount of HA deposited
on the membrane surface, which implied that a large
amount of surface complexation took place between
HA and the negative charged functional groups of the
membrane. Calcium ions enhanced the interaction

Y. Liu et al. | Desalination and Water Treatment 54 (2015) 2976-2985

between HA and the membrane surface, leading to a
dense gel layer with high cake fouling resistance. This
result was in agreement with Mo et al. [24], who
found that a faster gel formation and denser gel layers
was formed with calcium ions addition.

Additionally, in the case of higher calcium ion con-
centrations (1.0mM and 2.0mM), both cake fouling
resistance and pore blocking resistance were found to
be decreased. It was mostly due to the dominated
bulk complexation. The bulk complexation was
occurred in the solution leading to a much larger HA
diameter. There were two changes of fouling resis-
tance. First, the aggregations with high calcium ion
concentration were too large to penetrate into the
membrane pores, most of them were deposited on the
membrane surface, therefore pore blocking resistance
was reduced [25]. Second, compared with 0.5mM
calcium ions, the deposited aggregations in 1.0 or

Fig. 8. SEM images of the new membrane and membranes fouled by 20mg/L HA at different calcium ions
concentrations. (a) New membrane, (b) 0 mM, (c) 0.5mM, and (d) 2.0 mM.
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2.0mM calcium ions was more porous with a lower
filtration resistance [26], and the cake fouling resis-
tance was thus alleviated.

3.4. SEM analysis of fouled membrane

SEM images were taken to determine the morphol-
ogy of the fouling layer on the membrane surface at
different calcium ion concentrations. As shown in
Fig. 8, there were a great number of large pores pres-
ent on the new membrane surface. However, as com-
pared with the new membrane, the number of open
pores observed on the fouled membrane decreased
significantly, and the size of the remaining pores was
simultaneously reduced. The phenomenon was owing
to pore blocking that restricted the membrane pores
and cake layer formation with the deposited HA
aggregations that covered the membrane surface.
Whereas, no pore could be discovered with calcium
ions addition (0.5 or 2.0 mM) for the complexation
interaction which leads to a visible cake layer depos-
ited on the membrane surface. It was worth noting
that the cake layer formed by 2.0mM calcium, as
shown in Fig. 8, was thicker than that of 0.5mM
although the rejection coefficient was comparable,
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which can be explained by the aggregations of larger
diameter with 2.0 mM calcium ions addition.

3.5. Schematic model

Based on the results of particle size distribution, HA
removal rate, TMP, and fouling resistance distribution
in this study, the schematic model of ionic strength and
calcium ions on HA fouling is proposed in Fig. 9. HA
molecule deposited on the membrane surface and
blocked in the membrane pores caused cake fouling
and pore blocking. Ionic strength reduced electrostatic
repulsive forces between HA molecules and the
membrane surface for the decreased zeta potential of
HA, which made it easier for HA molecules to penetrate
into the effluent, and leading to a lower deposition.

When calcium ions were present in HA solution,
aggregation took place between two HA molecules or
between HA molecule and membrane surface. In
lower calcium ion concentration, the dominated aggre-
gation appeared between HA molecule and membrane
surface, and more HA molecules deposited on the
membrane surface during the UF, which leads to an
increase of cake fouling resistance. In higher calcium
ion concentration, the particle of HA changed to a

Fouli
System Deposited HA (?u e Schematic model
resistance
AT
1 HA Moderate Moderate R, (( | {i
Moderate Re | | 'D _____ :D i
A A
ARARRTA,
HA Moderate R, § ’
20 . Small P ) L ([
ionic strength ma Small R¢ 4 S
A A
~
A~ ~
HA Small R
3 ) P
lower calcium Large Large R,
HA, Small R,
4 higher calcium Large Small R,
o~ % )
7TV HA Y ionic strength +  calcium ions membrane ~  negative
charge

Fig. 9. Schematic ouling model of HA (1), HA and ionic strength (2), HA and lower calcium (3), and HA and higher cal-

cium (4) on UF.
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bigger particle size for the bulk complexation that
between two HA molecules. Therefore, cake fouling
and pore blocking were mitigated for the particle size
changes.

4. Conclusions

Ionic strength and calcium ions were added into
HA solution to investigate the influence on HA
removal and membrane fouling. The following conclu-
sions could be drawn:

e Both ionic strength and calcium ions addition
could effectively reduce zeta potential of the HA
solution. Size distribution of HA showed no
change with various ionic strength (10, 20, and 40
mM) or lower calcium ions (0.5 mM) concentration,
but the particle size of HA increased with higher
calcium ions (1.0 and 2.0 mM) concentrations.

e The addition of ionic strength reduced the HA
removal significantly, and somewhat mitigated the
membrane fouling for a reduction in electrostatic
repulsive forces between HA molecules and the
membrane surface. The cake fouling resistance was
reduced with ionic strength addition.

e In a low calcium ion (0.5mM) concentration, the
surface complexation dominated the fouling behav-
ior of the process, leading to an increase of cake
fouling resistance. However, in higher calcium ion
concentrations, such as 1.0 and 2.0 mM, the bulk
complexation dominated the interaction fouling
behavior of the process, which reduced both cake
layer fouling resistance and pore blocking
resistance.

o A clearly observable thick cake layer formed on the
membrane surface with calcium ions addition from
SEM analysis.
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