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ABSTRACT

We studied iron removal from water by oxidation and microfiltration. Water sample contain-
ing ferrous ion was oxidized by air at a constant flow rate and pH. The suspension was then
subjected to crossflow microfiltration using mixed cellulose ester and polyvinylidene fluoride
membranes. Results reveal that iron removal efficiency mainly depended on oxidation pro-
cess conditions, and the filtration process enhanced iron removal efficiency. Oxidation pro-
cess at pH 8 followed by microfiltration produced permeate containing iron at
concentrations below 0.3 mg/L, while a slightly higher iron concentration was found at pH
7.5. Under laminar and turbulent flow conditions, permeate flux increased as the filtration
pressure varied from 5 to 10psi. Increasing crossflow velocity from 0.48 to 1.33m/s
increased the permeate flux. Cake resistance was the dominant resistance causing decline in
flux under all filtration conditions. Cake resistance increased with filtration pressure and
decreased with the increase in crossflow velocity. The presence of Mn(Il) and humic acids
(HA) decreased iron removal efficiency and permeate flux. Permeate flux increased with ini-

tial Mn(II) concentrations and decreased with increasing HA concentration.
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1. Introduction

Iron is one of the common metallic elements found
in the earth’s crust, and it is the essential element for
humans, plants, and animals [5]. Iron itself is rela-
tively harmless to health, but it may increase the haz-
ard of pathogenic organisms, since many of them
need Fe to grow [5]. Iron (Fe) and manganese (Mn)
cause some certain problems because of metallic taste,
odor, stains in cloths, interference during treatment
process, and formation of deposits in distribution sys-
tems [5,25].

*Corresponding author.

The maximum recommended levels of Fe and Mn
concentrations for drinking water are 0.2 and
0.05mg/L, respectively, in the European Communities
Drinking Water Regulations 2007 [8]; 0.3 and 0.1 mg/
L in the Guidelines for Drinking Water Quality by
World Health Organization [31]; 0.3 and 0.05mg/L in
the National Secondary Drinking Water Regulations
by US EPA and in the Guidelines for Taiwanese
Drinking Water Quality.

There are many physico-chemical methods to
remove Fe and Mn. High-pressure membrane filtra-
tion (nanofiltration and reverse osmosis) can be
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applied to remove metals from waters [3,25]. Soften-
ing and sand filter processes are effective for water
containing lower contaminants at lower concentrations
[3,7]. Adsorption can remove metals in the presence
of organic matter. However, it has critical problems
related to the regeneration and disposal of spent
adsorbents [2]. Oxidation using oxidants, such as oxy-
gen, air, potassium permanganate, ozone, chlorine,
chlorine dioxide, and hydrogen peroxide is feasible.
Ferrous iron, Fe(Il), is easily oxidized when it comes
into contact with air. Ferric iron, Fe(Ill), then forms
iron oxides or iron hydroxide precipitates [12,13,21].
Iron oxides consist of oxides, hydroxides, and oxyhy-
droxides [10,24]. The reaction mechanism of iron oxi-
dation is as follows [13,26]:

4Fe** 0, + 4H" < 4Fe*" + 2H,0
Fe** 4+ 3H,0 < Fe(OH), + 3H" (x4)
4Fe?t + 10H,0 + O, — 4Fe(OH), + 8H*

Oxidation

Hydrolysis

Microfiltration offers several advantages, including
better water quality by removing colloids and patho-
gens, lower maintenance, and lesser sludge produc-
tion [17,20]. The driving force for water transport
across the microporous membrane is the pressure gra-
dient across the membrane, namely trans-membrane
pressure. Crossflow filtration is a good technique to
minimize particle deposition and membrane fouling
by maintaining a high scour velocity on the mem-
brane surface. Permeate flux is limited by the layer of
particles deposited on the membrane, called dynamic
membrane [15,29].

This study investigates Fe(Il) removal efficiency
using oxidation by air, followed by crossflow microfil-
tration. Various operating conditions, such as mem-
brane types, filtration pressure, and crossflow velocity,
are examined. The effects of Mn(II) and humic acids
(HA) on Fe removal efficiency are also investigated.

2. Materials and methods

Synthetic water sample was made by dissolving a
fixed amount of ferrous sulfate hepta-hydrate
(FeSO, - 7H,0) in de-ionized water in a 1,000-mL volu-
metric flask. The pH of the water sample was adjusted
to the desired pH (+0.1) with 0.1N NaOH or 0.IN
HCI and the initial turbidity and Fe concentration
were measured. It was then oxidized by air under
slow mixing (30rpm) at a constant contact time and
air flowrate. The optimum pH found was used in fur-
ther experiments. The oxidized water sample or the

suspension was analyzed for turbidity, total sus-
pended solids (TSS), and Fe concentration using
atomic absorption spectrometer (Varian, SpectrAA-20).
Manganese concentration was analyzed by atomic
absorption spectrometer, while HA concentration was
represented by the total organic carbon analyzed by
an analyzer (Tekmar Dohrmann, Phoenix 8000). The
iron oxide was characterized by X-ray diffraction (Rig-
aku, D/MAX-RC), field emission scanning electron
microscope (JEOL, JSM-6500F), zeta meter (Malvern,
Zetasizer 2000), and particle sizer (Malvern,
Mastersizer 2000).

The suspension was stirred in a tank to ensure that
there are no solids settled in the tank. The use of
crossflow microfiltration apparatus can be found in
our previous work [14]. Each filtration experiment
was conducted for 3 h. The temperature of the suspen-
sion was maintained at 25°C to eliminate the effects of
temperature. This procedure was repeated with differ-
ent membrane types (mixed cellulose ester hydro-
philic membrane and polyvinylidene fluoride [PVDF]
hydrophobic membrane), filtration pressures (5, 8, and
10psi), and crossflow velocities (0.48, 0.90, and
1.33m/s). The filtrate was then analyzed for iron con-
centration. The cake on the membrane was collected
and weighed. The suspension in the tank was ana-
lyzed for TSS and particle size distribution. Mixed cel-
lulose ester and PVDF were immersed in water and
alcohol, respectively, to ensure maximum wettability.

3. Results and discussion
3.1. Oxidation and microfiltration

X-ray analysis revealed that lepidocrocite was pro-
duced by the oxidation process at pH 7.5, and at pH 8
the formation of lepidocrocite along with magnetite
was favored. Isoelectric point (pHgp) of iron oxide
precipitates was found at pH 7.8, which is approxi-
mately equal to reported values of lepidocrocite at pH
5.4-7.4 and of magnetite at pH 6.5 and 8 [23]. The dif-
ference in the surface charge of iron oxides produced
by oxidation at pH 7.5 and 8 was insignificant. Fig. 1
(A) shows decline in flux under various pH when
using hydrophilic (mixed cellulose ester) membrane at
5psi. The initial flux was 1,335 and 1,080L/ m?h,
respectively, at pH 7.5 and 8. The flux decreased until
steady-state flux was reached. The steady flux was
350 and 245L/m?h, respectively, at pH 7.5 and 8. It
showed that both the initial and steady fluxes at pH
7.5 were higher than those at pH 8 because of the
higher iron oxidation rate and the higher amount of
iron oxides formed at higher pH [1]. The opposite
phenomena occurred at a higher filtration pressure of



376 L. Setyadhi and ].C. Liu | Desalination and Water Treatment 51 (2013) 374-383

1400
] | ]
1200
1000 ¢ [Fe(Il],= 75 mg/L
< e Oxidation parameters:
e . ®  pH 7.5 for 30 minutes
3 good * ® pH 8 for 15 minutes
X o Filtration parameters:
w of AP =5 psi; u = 0.48 m/s; T = 25°C
600
] .'l.°=':l....-
0o, Bup,
% e |
4004 ® co0e o LI BT —
o0o
% o0 o % 0o sessece
200 T T T T T T T T T T
0 2000 4000 6000 8000 10000
Time, s

Fig. 1A. Effects of oxidation condition on flux using
hydrophilic (mixed cellulose ester) membrane at 5 psi.
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Fig. 1B. Effects of oxidation condition on flux using
hydrophilic (mixed cellulose ester) membrane at 8 psi.

8 psi (Fig. 1(B)). The initial flux was 1,335 and 1,410L/
m’h, respectively, for filtration at pH 7.5 and 8. The
steady flux was 225 and 275L/m?h, respectively, for
filtration at pH 7.5 and 8. The initial and steady fluxes
at pH 8 were higher than those at pH 7.5. It might be
due to the larger size of iron particles at pH 8
(Table 1), which were easier to remove in crossflow
membrane filtration.

Fe removal efficiency at pH 8 was higher than that
at pH 7.5 (Table 1). The combination of oxidation and

microfiltration processes resulted in higher Fe removal
efficiency than the combination of oxidation and sedi-
mentation processes. The concentrations of Fe after
oxidation followed by the sedimentation process,
either at pH 7.5 or 8, were higher than the guideline.
The higher residual turbidity also revealed that the
sedimentation process could not separate iron oxides
from water as effectively as the filtration process. The
turbidity of the suspension after oxidation followed
by the sedimentation process at pH 7.5 was higher
than that at pH 8. The higher turbidity at pH 7.5 was
related to the smaller size of iron oxide particles,
which had difficulty to settle. Iron oxides have a small
size at a low pH and a larger size at a high pH [13].
Iron oxide particles became larger after microfiltration
(Table 1). Further oxidation in the filtration system
produced metal oxides/hydroxides as a result of
adsorption or co-precipitation rather than the precipi-
tation process [12].

Fig. 2(A) shows decline in flux under two different
pH conditions while using hydrophobic (PVDF) mem-
brane at 5psi. The initial flux was 1,040 and 955L/
m?h, and the steady flux was 365 and 280L/m’h at
pH 7.5 and 8, respectively. The initial and steady
fluxes of the filtration process using hydrophobic
(PVDF) membrane were higher at pH 7.5 than those at
pH 8. It is in agreement with the results obtained using
hydrophilic membrane. However, the steady flux
obtained by filtration using hydrophilic membrane
was lower than that using hydrophobic membrane. It
was likely that iron oxides are hydrophilic and tend to
attach more strongly to the hydrophilic membrane sur-
face. The stronger attachment of iron oxides to the
hydrophilic membrane surface would result in higher
resistances and lower steady state flux.

Fig. 2(B) shows flux at pH 7.5 and 8.0 while using
hydrophobic (PVDF) membrane at 8psi. The initial
flux was 1,365 and 1,400L/m?h, respectively, at pH
7.5 and 8. The steady flux was 250 and 315L/ mzh,
respectively, at pH 7.5 and 8. The initial and steady
fluxes at pH 8 were higher than those at pH 7.5,
which were consistent with the result obtained by fil-
tration using hydrophilic membrane. Table 2 shows
that the removal efficiency of the sedimentation pro-
cess was not as high as that of the microfiltration pro-
cess. Oxidation followed by sedimentation processes
produced water with Fe concentrations higher than
the guideline. Almost all the results obtained by
microfiltration using hydrophobic membrane were
similar to those using hydrophilic membrane, as
shown in Tables 1 and 2. It is noted that at pH 7.5,
the Fe concentration in permeate was higher than the
guideline. The performance of the membrane filtration
process depends on particle size, and particles larger
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Table 1

Residual Fe concentration and turbidity under different oxidation conditions using hydrophilic (mixed cellulose ester)

membrane as compared to sedimentation

pH Conditions Residual Fe (mg/L) Residual turbidity (NTU) Median diameter (um)
7.5 (5 psi) Sedimentation 3.19 3.77 0.62
Microfiltration 0.25 0.00 0.72
8 (5 psi) Sedimentation 1.85 1.04 0.86
Microfiltration 0.08 0.00 1.29
7.5 (8 psi) Sedimentation 3.30 3.81 0.66
Microfiltration 0.25 0.00 1.00
8 (8 psi) Sedimentation 1.85 1.04 0.87
Microfiltration 0.09 0.00 2.97
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Fig. 2A. Effects of oxidation condition on flux using
hydrophobic (PVDF) membrane at 5 psi.

than the membrane pore will be rejected. The size of
iron oxides after the oxidation process was similar
(Tables 1 and 2). The similarity of particle size should
result in similar removal efficiency or rejection, but it
was not found in this experiment. The lower removal
efficiency of the filtration process using hydrophobic
membrane might be related to hydrophobic interac-
tion. As mentioned previously, iron oxides tended to
attach strongly to the hydrophilic membrane surface.
The particles deposited on the membrane surface act
as pre-coated filter or secondary membrane [16,29].

3.2. Effects of filtration pressure and crossflow velocity

The resistance to filtration was analyzed using
equations that divide total resistance (R, into resis-

Fig. 2B. Effects of oxidation condition on flux using
hydrophobic (PVDF) membrane at 8 psi.

tance of the clean membrane (R,,), resistance of foul-
ing (R¢), and resistance of cake (R.) [17,29]. In
addition, the relationship between cake resistance,
cake mass per unit filtration area (w.), and specific
cake resistance (x,,) can be assessed [17]. Table 3
shows that cake resistance contributed more than 50%
of total resistance regardless of pH, membrane types,
and filtration pressure. The cake resistance increased
with increasing filtration pressure because the higher
filtration pressure resulted in higher cake compress-
ibility, higher cake mass on the membrane surface,
and higher cake resistance [15,16]. The higher cake
resistance was observed while using hydrophilic
membrane than that using hydrophobic membrane for
the filtration process because of the hydrophilic inter-
action between the iron oxides and the membrane sur-
face. Membrane resistance (R,) might vary with
filtration pressure, as shown in Table 3. However, it
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Table 2

Residual Fe concentration and turbidity under different oxidation conditions using hydrophobic (PVDF) membrane as

compared to sedimentation

pH Conditions Residual Fe (mg/L) Residual turbidity (NTU) Median diameter (um)
7.5 (5 psi) Sedimentation 3.24 3.79 0.62
Microfiltration 0.45 0.00 0.75
8 (5 psi) Sedimentation 1.81 0.97 0.86
Microfiltration 0.10 0.00 1.30
7.5 (8 psi) Sedimentation 3.49 3.94 0.65
Microfiltration 0.44 0.00 1.10
8 (8 psi) Sedimentation 1.94 1.06 0.86
Microfiltration 0.11 0.00 3.51
Table 3

Various resistances under different pH, membrane type, and filtration pressure

pH Filtration pressure, (psi)

Hydrophilic (mixed cellulose ester) membrane (0.48 m/s)

Ry, (m™)

7.5 5 4.30e10 (12.11%)
8 4.80e10 (5.44%)

8 5 3.80e10 (7.50%)
8 4.00e10 (5.54%)

Hydrophobic (PVDF) membrane (0.48m/s)

7.5 5 8.30e10 (24.41%)
8 8.60e10 (10.83%)
8 5 8.50e10 (19.19%)
8 8.30e10 (13.17%)

Rf/ (mil)

9.10e10 (25.63%)
1.87e11 (21.18%)
8.90e10 (17.55%)
1.05e11 (14.54%)

6.90e10 (20.29%)
1.05e11 (13.22%)
6.70e10 (15.12%)
1.03e11 (16.35%)

R, (m™)

2.21ell (62.26%)
6.48el1 (73.38%)
3.80el1 (74.95%)
5.77e11 (79.92%)

1.88e11 (55.30%)
6.03e11 (75.95%)
2.91el1 (65.69%)
4.44e11 (70.48%)

Rt/ (mil)

3.55e11 (100%)
8.83e11 (100%)
5.07e11 (100%)
7.22e11 (100%)

3.40e11 (100%)
7.94e11 (100%)
4.43e11 (100%)
6.30e11 (100%)

could be assumed constant since it was only impor-
tant in the early stages of filtration.

Fig. 3(A) shows flux using hydrophobic (PVDEF)
membrane at three different filtration pressures under
the laminar flow condition. The Reynolds number
(Nge) used in this study was 1,800. The initial flux
was 955, 1,400, and 1,155L/m?h, respectively, at filtra-
tion pressures of 5, 8, and 10 psi. The steady flux was
280, 315, and 300L/m?h, respectively, at filtration
pressures of 5, 8, and 10psi. The initial and steady
fluxes increased with filtration pressure. However, at
a filtration pressure of 10 psi, values of initial and
steady fluxes lower than those at 8 psi were obtained.
Fig. 3(B) shows flux at three different filtration pres-
sures under the turbulent flow condition. The Rey-
nolds number (Ng.) used in this study was 3,400, and
the initial flux was 1,290, 1,425, and 1,475L/m?h,
respectively, at filtration pressures of 5, 8, and 10 psi.
The steady flux was 310, 350, and 410 L/ m?h, respec-
tively, at filtration pressures of 5, 8, and 10psi. The
initial and steady fluxes increased with the increase in
filtration pressure. Iron removal efficiency of the
microfiltration process was higher than that of the
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Fig. 3A. Flux at different filtration pressures in laminar
region using hydrophobic (PVDF) membrane.

sedimentation process, as shown in Table 4. The Fe
concentration in permeate was lower than the guide-
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Fig. 3B. Flux at different filtration pressures in turbulent
region using hydrophobic (PVDF) membrane.

line under all conditions. Turbidity in the permeate
was all below detection limits and lower than that
from sedimentation.

Table 5 summarizes various resistances as a func-
tion of filtration pressure and crossflow velocity under
laminar and turbulent flow conditions. Cake resistance
was the dominant one, which had the most significant
effect on the decline in flux. Cake resistance increased
with increasing filtration pressure. The increase in
cake resistance with filtration pressure could be
explained using average specific cake resistance and
cake mass per unit filtration area analysis. The aver-

age specific cake resistance («,,) and cake mass per
unit filtration (w.) increased with increasing filtration
pressure. The average specific cake resistance is
related to the compaction of the cakes, in which a
cake with larger o has smaller voidage or porosity
and causes better compaction. The higher value of
average specific cake resistance and cake mass per
unit filtration area under the laminar flow condition
than that under the turbulent flow condition indicated
a higher amount of and more compact cake was
deposited on the membrane surface under the laminar
flow condition. Average specific cake resistance and
cake mass per unit filtration area increased with
increasing filtration pressure because of cake compres-
sion and a higher amount of particles were retained
by the membrane. The greater the specific cake resis-
tance, the smaller was the filtration rate for a given
pressure drop across the filter. Cake mass per unit fil-
tration area increased with filtration pressure and
decreased with increasing crossflow velocity [22].

3.3. Effects of manganese (Mn)

The effects of Mn on Fe removal were investigated
in this study. During the oxidation process, Fe
removal efficiency decreased with the increase in Mn
concentration, while a higher Mn concentration
resulted in higher Mn removal efficiency (Table 6). It
might be due to the competition between Fe and Mn
for oxygen. Wolthoorn et al. [30] found that the pres-
ence of Mn retarded the homogeneous and heteroge-
neous oxidation rates of Fe. Fe removal efficiency in
the presence of Mn was above 90%, and less than 5%
Mn was removed. Much higher Fe removal efficiency
than Mn removal efficiency was related to the slow

Residual Fe concentration ad turbidity under different conditions using hydrophobic (PVDF) membrane as compared to

Table 4
sedimentation
Crossflow velocity (m/s)  Filtration pressure (psi)
0.48 5
8
10
0.90 5
8
10

Conditions Residual Fe (mg/L)  Residual turbidity (NTU)
Sedimentation 1.81 0.97
Microfiltration ~ 0.10 0.00
Sedimentation  1.94 1.06
Microfiltration  0.11 0.00-
Sedimentation 1.74 0.88
Microfiltration  0.09 0.00
Sedimentation 1.79 0.99
Microfiltration  0.09 0.00
Sedimentation  1.84 1.03
Microfiltration  0.09 0.00
Sedimentation 1.95 0.87
Microfiltration ~ 0.09 0.00
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Table 5
Resistances under different filtration pressure and crossflow velocity using hydrophobic (PVDF) membrane
Crossflow  Filtration  w,, Ly Rn, R¢, R, Ry,
velocity pressure (kg/m?)  (m/kg) (m ) (m™) (m™) (m™
(m/s) (psi)
0.48 5 0.019 1.55e13  8.50e10 (19.19%)  6.70e10 (15.12%)  2.91ell (65.69%) 4.43ell (100%)
8 0.023 191e13  8.30e10 (13.17%)  1.03ell (16.35%)  4.44ell (70.48%) 6.30ell (100%)
10 0.025 2.53e13  8.10e10 (9.79%) 1.07e11 (12.94%)  6.39el1 (77.27%)  8.27ell (100%)
0.90 5 0.015 1.53e13  8.20e10 (20.50%)  8.50e10 (21.25%)  2.33ell (58.25%)  4.00e11 (100%)
8 0.021 1.80e13  8.40e10 (14.81%)  1.05e11 (18.52%)  3.78ell (66.67%)  5.67ell (100%)
10 0.023 1.83e13  8.40e10 (13.88%) 1.10ell (18.18%) 4.11ell (67.94%)  6.05el1 (100%)
1.33 8 0.015 1.75e13  8.40e10 (18.63%)  1.00ell (22.17%)  2.67¢ll (59.20%)  4.51ell (100%)
Table 6
Experimental results under various initial Mn concentrations
Initial Conditions Residual Residual turbidity (NTU)
concentration concentration
(mg/L) (mg/L)
Fe Mn Fe Mn
75 0 Sedimentation 1.81 - 0.95
Microfiltration 0.09 - 0.00
2 Sedimentation 3.27 1.96 1.99
Microfiltration 1.07 1.94 0.00
5 Sedimentation 3.34 447 1.27
Microfiltration 1.93 4.26 0.00
7.5 Sedimentation 3.60 7.11 091
Microfiltration 1.24 6.47 0.00
37 Sedimentation 3.93 35.37 0.54
Microfiltration 0.41 31.00 0.00

oxidation kinetics of Mn at circumneutral pH of air
[11,33]. It was found that both Fe and Mn removal
efficiencies increased after the microfiltration process.
It could be concluded that in the microfiltration sys-
tem, further oxidation process still continued. Davies
and Morgan [6] found that Mn was more readily oxi-
dized on surfaces than in solution. The solubility of
contaminant metals could be lowered if they are
adsorbed onto other precipitated metals [29]. Fe
removal efficiency decreased with increasing initial
Mn concentration when a low initial Mn concentration
was used, and increased with increasing initial Mn
concentration when a high initial Mn concentration
was used.

Fig. 4 shows flux when using hydrophobic (PVDEF)
membrane under various initial Mn concentrations.
The initial flux was 1,465, 760, 945, 1,095, and 1,415L/
m?h, respectively, when the initial Mn concentration
was 0, 2, 5, 7.5, and 37mg/L. The steady flux was

440, 150, 205, 325, and 365L/m?h, respectively, when
the initial Mn concentration was 0, 2, 5, 7.5, and
37mg/L. The initial and steady fluxes obtained in the
absence of Mn were higher than those in the presence
of Mn. The initial and steady fluxes in the presence of
Mn increased with increasing initial Mn concentration.
It might be due to the larger particles at a higher ini-
tial Mn concentration, as shown in Fig. 5. The highest
flux occurred when the initial Mn concentration was
37mg/L. It was likely that the heterogeneous oxida-
tion process was more significant than the homoge-
nous oxidation process. The lowest flux and the
smallest particle size occurred when the initial Mn
concentration was 2mg/L (Fig. 5). The particles with
a small size had higher possibility of causing clogging
on the membrane pore. Choo et al. [3] found that oxi-
dized Mn had a more significant effect on membrane
fouling than oxidized Fe. Yamamura et al. [32] found
that the particle size of Fe was larger than that of Mn.
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The particle size obtained after the microfiltration pro-
cess was larger than those before microfiltration,
owing to the further oxidation process on membrane
surfaces.

3.4. Effects of HA

The effects of HA on Fe removal were investi-
gated. Lower Fe removal efficiency in the presence of
HA was found (Table 7). Fe removal efficiency

decreased with increasing HA concentration, and it
resulted in a higher concentration of Fe than the
guideline, although the removal efficiency was still
above 90%. The lower Fe removal efficiency in the
presence of HA was because organic matter retarded
the oxidation process [30]. HA removal efficiency
increased with the increase in initial HA concentra-
tion. Charge neutralization and precipitation are the
dominant mechanisms for HA removal at low pH.
Adsorption (hydrophobicity and ligand exchange) is
the dominant mechanism at high pH (pH>7) [2,28].
Illes and Tombacz [18] found that at the same pH, the
adsorption capacity of magnetite would increase with
increasing HA in solution. Adsorption phenomena
involve the exchange of hydroxyl groups of iron oxide
by the adsorbing ligands [4]. HA removal efficiency
was very high, which might be because of the usage
of high Fe concentrations in this study and removal of
HA by co-precipitation. In addition, high initial Fe
concentrations resulted in large amounts of iron oxi-
des. Large amounts of iron oxides formed in this sys-
tem provided more surface area for organic matter to
be adsorbed.

Fig. 6 shows flux under various initial HA concen-
trations. The initial flux was 1,465, 1,300, 1,135, and
865 L/m?h, respectively, when the initial HA concen-
tration was 0, 4, 12, and 30 mg/L. The steady flux was
440, 365, 245, and 170L/m?h, respectively, when the
initial HA concentration was 0, 4, 12, and 30mg/L
The lower value of the initial and steady fluxes was
obtained in the presence of HA. The fluxes decreased
with increasing HA concentration. It might be because

1600+
] Oxidation parameters: t = 15 min; pH = 8
L Filtration parameters: PVDF; AP = 8 psi; u_= 1.33 m/s|
1400+ B HA=0mg/L
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Fig. 6. Decline in flux as affected by various concentrations
of HA.
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Table 7

Experimental results under various initial HA concentrations

Initial concentration (mg/L) Conditions Residual concentration (mg/L)
Fe HA Fe HA
75 0 Sedimentation 1.81 -
Microfiltration 0.09 -
4 Sedimentation 3.65 3.14
Microfiltration 2.44 1.46
12 Sedimentation 491 2.99
Microfiltration 2.99 1.35
30 Sedimentation 8.32 3.06
Microfiltration 3.37 2.53
25+
. [1Fen), =75 mgll actiqn bereen iron OXid(.% sgrfaces .and HA [19]. The
: Oxidation parameters: particle size decreased with increasing HA, as shown
204 \- pH = 8, t = 15 minutes, room T in Fig. 7 because of the more negative surface charge
Filtration parameters: of the particles, which caused the repulsion interaction
\ PVDF, 25°C, 8 psi, 1.33 m/s between the particles and prevented the aggregation
< 15 - :mgm:?g mgjt [18]. It is proposed that cake resistance contributed
= ! % | —A— NOM =4 mg/L the most to the delelne in flux. Howeve%‘, at hlgh ini-
£ \ & —w— NOM =0 mg/L tial HA concentrations, the effect of fouling resistance
3 10+ could not be neglected because of the smaller particles
4 & at high initial HA concentrations. The higher cake
\S \A resistance with increasing initial HA concentration
54 v\ was because of the higher average cake specific resis-
l'. ¥ \'A tance and cake mass per unit filtration area. Average
. bl l..l..v¢A= specific cake resistance and cake mass per unit filtra

Particle Size, um

Fig. 7. Particle size distributions in the presence of HA
after oxidation process.

of the hydrophobic interaction between particles and
membrane. The membrane type used in this study
was hydrophobic in nature. The particle surface chan-
ged from hydrophilic to hydrophobic in the presence
of organic matter [4,9]. The hydrophobicity of particles
also explains the increase in HA removal at higher ini-
tial HA concentrations. Schafer et al. [27] found that
the flux decreases much faster when a higher HA con-
centration was used.

Table 7 shows that the Fe concentration in perme-
ate was above the guideline in the presence of HA.
The surface charge of the particles obtained after the
oxidation process became more negative in the pres-
ence of HA. Particles had negative charge when cov-
ered with adsorbed HA, showing that ligand
exchange was more dominant than electrostatic inter-

tion area were higher in the presence of HA.

4. Conclusions

Iron removal under various conditions of oxida-
tion-microfiltration membrane processes was investi-
gated in this study. From the experimental results, the
following conclusions are made:

(1) The higher pH and the longer oxidation time
gave higher Fe removal efficiency.

(2) The microfiltration process enhanced
removal.

(3) Various conditions in the microfiltration system,
such as membrane types, filtration pressure, and
crossflow velocity, had significant effects on per-
meate flux and insignificant effects on Fe removal
efficiency.

(4) Hydrophilic and hydrophobic membranes gave
similar trends in results, except differences in per-
meate flux.

(5) Permeate flux generally increased with filtration
pressure, either under the laminar or turbulent
flow condition.

iron
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(6) Increase in crossflow velocity resulted in increas-
ing permeate flux.

(7) Cake resistance contributed more than other resis-
tances in terms of decline in flux under all micro-
filtration conditions.

(8) The presence of Mn and HA reduced Fe removal
efficiency and permeate flux.
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