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ABSTRACT

Membrane processes have been used in numerous applications such as drinking water production
from surface water. However, in the water treatment processes with membrane, a membrane foul-
ing is a major problem. In this paper, we investigated the effect of microbubbles (MBs) and ultrafine
bubbles (UFBs) on reversible and irreversible fouling in a river water treatment with ultrafiltra-
tion process to make a drinking water. The fouling was evaluated by fouling indexes. The relation
between a fouling property and a content of dissolved organic matter was also discussed. As a
result, it was found that the fouling was mainly a reversible fouling due to biopolymers in feedwa-
ter. It was also confirmed that MBs and UFBs prevented sedimentation of foulants on membrane
surface for both irreversible and reversible foulings. MBs were more effective to reduce the fouling

than UFBs.
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1. Introduction

In recent years, membrane processes have attracted
the worldwide attention of both scientific and industrial
communities, and have been used in numerous appli-
cations such as drinking water production from surface
water, wastewater treatment, and desalination of seawater.
Particularly, the ultrafiltration (UF) membrane is usually
used for the drinking water production from river water.
In the water treatment processes with membrane such as
reverse osmosis, nanofiltration, and UF, a membrane foul-
ing due to a deposition of various foulants on membrane
surface and a pore blocking is a major problem. Membrane
fouling reduces a product quality and a permeation flux,
and then increases energy consumption. In addition, it
results in the frequent chemical cleaning of membranes and
membrane module replacement. Thus, the fouling results in
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an increase of water production costs. Therefore, it is essen-
tial to prevent the fouling for reducing water production
costs.

Membrane fouling is classified as a reversible and an irre-
versible fouling. The reversible fouling is recovered by phys-
ical cleaning such as a strong shear force or a backwashing,
while the irreversible fouling is not recovered by physical
cleaning. When the irreversible fouling occurred, a chem-
ical cleaning of membrane is necessary to recover a water
flux, and it is a serious problem for membrane processes.
Therefore, numerous studies have been reported to reduce
the irreversible fouling [1-4].

Natural organic matter (NOM) such as humic sub-
stances (HS), proteins, and polysaccharides is widely rec-
ognized as the major foulants in low-pressure membrane
processes of surface water [5,6]. Generally, NOM is classi-
fied as a dissolved organic matter (DOM) and a particulate
organic matter (POM). POM is the components filtered by
0.45 pm membrane. Recently, a high-performance liquid
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chromatography with liquid chromatography-organic car-
bon detection (LC-OCD) analysis is used to analyze DOM
which causes membrane fouling. Excitation-emission
matrix (EEM) fluorescence spectroscopy is also used
to analyze components of DOM in water and soil [7,8].
The hydrophobic HS have been considered as the dom-
inant foulants in UF membrane process [9]. Shang et al.
[10] reported that the adsorption of HS on membrane is a
major cause of the irreversible fouling. On the other hand,
it is also reported that the polysaccharides and proteins
are problematic foulants in UF process in spite of their
relatively hydrophilic characters [5,6]. Kimura et al. [3]
demonstrated that polysaccharide-like organic matter was
responsible for the irreversible fouling in surface water
filtration. The mechanism of membrane fouling due to
NOM has been reported by Yamamura et al. [1,2]. First, the
hydrophobic NOM such as HS adsorb on the membrane,
and then hydrophilic NOM such as polysaccharides and
proteins block the membrane pores.

One of the possible ways to reduce the irreversible foul-
ing is the reduction of NOM content of raw water. A pretreat-
ment of raw water is a highly potential way. Coagulation/
sedimentation through the addition of chemicals is the most
common pretreatment not only for improving the quality of
treated water but also for reducing membrane fouling [11,12].
However, coagulation/sedimentation has various problems,
such as a high flocculant cost and a subsequent membrane
fouling by residual flocculants [13,14]. Recently, some chem-
ical-free processes have been reported for membrane fouling
reduction. Hallé et al. [15] reported the chemical-free rapid
biological filtration for surface water treatment. Although the
contact time with the biofilter was long, the membrane foul-
ing was reduced [15]. Muthukumaran et al. [16] studied the
use of ultrasonic cleaning for membrane fouling reduction in
whey treatment.

We have also reported that the microbubbles (MBs) are
effective for reducing membrane fouling in the UF process of
real surface water [17]. In a pilot-scale experiment, the stable
membrane filtration was achieved under a high membrane
flux of 3.0 m*/m?/d by adding MBs to feedwater. MBs were
also effective for chemical-free cleaning of the fouled mem-
brane module. On the other hand, the lab-scale experiments
using river water and model foulant solutions revealed
that the effect of MBs on reduction of membrane fouling
depended on the characteristics of raw water [18]. However,
in these papers, the fouling behavior analysis such as revers-
ible fouling and irreversible fouling was not investigated. In
addition, only MBs were used in these papers, and the eval-
uation of water quality was insufficient since it was done by
the only total organic carbon.

In this paper, we investigated the effect of two types of
fine bubbles (FBs), MBs, and ultrafine bubbles (UFBs). In
addition, the effect of FBs on reversible and irreversible foul-
ing in UF process was analyzed separately. Three different
river waters were used as a feedwater and the water quality
was evaluated with EEM and LC-OCD. The fouling behav-
iors were evaluated by the fouling indexes [4,19-21]. The
relation between the fouling indexes and component of DOM
was also discussed.

2. Experimental setup
2.1. River waters and water quality

The water samples were obtained from three rivers
in Japan (Toga River, Sumiyoshi River, and Muko River).
They were used as feedwater in a lab-scale membrane fil-
tration test. The river water samples were filtered through
a 0.45 um polytetrafluoroethylene filter before water quality
analyses to remove POM. The DOM analysis of water samples
was subjected to the LC-OCD system (Model 8, DOC-Labor,
Karlsruhe, Germany). The dissolved organic carbon (DOC)
content of DOM such as biopolymers, HS, building blocks,
low-molecular-weight (LMW) acid, and LMW neutrals were
measured by LC-OCD. The components of DOM were ana-
lyzed with the EEMs spectroscopy (Aqualog, Horiba, Kyoto,
Japan) between 250 and 610 nm at intervals of 5 nm.

2.2. FBs generation and size distribution

A pressurized dissolution-type apparatus
(OM4-MDG-045, AuraTec Co., Ltd., Fukuoka, Japan) was
used as a FBs generator. The mixture of water and air sup-
plied to the internal tank of FBs generator was pressurized by
internal gear pump, where dissolved air was supersaturated.
Highly pressurized water was released into a supply pipe
through a reducing valve and nozzle, and then FBs were gen-
erated by discharging the pressure. In this study, two nozzles
with different orifice diameter were used for generating MBs
and UFBs. The MBs and UFBs size distributions were mea-
sured using SALD-7500nano (Shimadzu Co., Kyoto, Japan)
and NanoSight (Quantum Design Japan, Inc., Tokyo, Japan)
nanoparticle size analyzers, respectively. To measure the
bubbles size distributions, the FBs generator was separated
with the filtration equipment. Size of MBs changes every sec-
ond. Therefore, MBs size distribution was measured with a
low pressure flow cell connected with MBs generator. The
flow rate was 1.5 L/min and the pressure was 0.1 bar. On the
other hand, size of UFBs does not change for several min-
utes. In addition, NanoSight cannot be connected with UFBs
generator. Therefore, UFBs size distribution was measured
in other tank.

2.3. Filtration experiments

Cellulose acetate UF hollow fiber membranes (Daicen
Membrane-Systems Ltd., Tokyo, Japan) were used for
filtration. The membrane (inner/outer fiber diameters:
0.80/1.30 mm) was hydrophilic and showed low foulant
adsorption. The nominal molecular weight cut-off (as deter-
mined by protein rejection) was 150,000 Da. One fiber was cut
to 110 mm (effective membrane area: 0.00028 m?) and used
for filtration. The hydraulic permeability of the membrane,
determined by using pure water, was 320 L/m*h at 0.5 bar.

Fig. 1 shows a schematic diagram of the lab-scale filtra-
tion equipment with the FBs generator. The filtration system
consisted of two parts: an internal pressure type cross-flow
unit with a circulation loop, and a pure water backwashing
unit. The circulation loop comprised a membrane module, an
FBs generator, and a feed tank. At first, a pure water was used
as a feedwater and put into a feed tank kept at 25°C. Then,
the cross-flow filtration was carried out under a constant
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pressure of 0.5 bar (flow velocity was almost 0.06 m/s). The
retentate was circulated to the feed tank. The FBs do not
influence the filtration fluxes at all in the filtration of pure
water containing FBs.

FBs size, MBs, and UFBs were changed by changing noz-
zles equipped at the outlet of the generator. During the fil-
tration, MBs or UFBs were kept being supplied to the water
sample. The volumetric flow rate (mL/min) was determined
by measuring the volume of permeate with time. After
the pure water filtration, a river water sample was filtered
through the same hollow fiber membrane and the volumetric
flow rate was measured. The river water was filtrated for 1
h and then the membrane was backwashed for 10 min with
pure water. The backwashing pressure was 1.0 bar. This pro-
cedure was repeated four times.

2.4. Fouling indexes

The fouling index is a conventional parameter to evaluate
the fouling potential in membrane filtration. Standardized
total fouling index (TFI), hydraulic reversible fouling index
(HRFI), and hydraulic irreversible fouling index (HIFI) are
generally used [4,19-21]. The definitions of indexes are
indicated in Fig. 2. These indexes are obtained from the
time course of water flux. The specific flux ] (L/m?*/h/bar) is
expressed as follows:

Backwashing water Retentate =)

UF membrane

I
ﬂ ﬂ module Over flow = ﬂ
i:l Nozzle Tank Air
Gear pump

Fine bubble generator

= Filtration flow scheme
—> Backwash flow scheme

Pure water
for backwash

Water bath

Fig. 1. Schematic diagram of membrane filtration equipment
with fine bubbles.

Hydraulic Backwash
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Total Fouling Index
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11441

Hydraulic Irreversible
Fouling Index (HIFI) [m2/L]

Hydraulic Reversible
Fouling Index (HRFI) [m?/L]
= TFI-HIFI

Specific volume, V [L/m?]

Fig. 2. Concept of membrane fouling progress during filtration.

_J_ -
I.=3p (K + KV M

total

where | is the water flux (L/m?/h), AP is the transmembrane
pressure (bar), p is the viscosity of water (bar-h), K __ 1is the
resistance of a clean membrane (m?L), k,_, is the sum of rate
constants for resistances (m*/L?) due to reversible fouling
and irreversible fouling, and V is the specific permeate vol-
ume (L/m?). The normalized specific flux (J,") was obtained
by dividing J/AP at any specific volume, (J/AP),, by the initial
condition (clean membrane, V = 0), (J/AP), as follows:
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In Egs. (2) and (3), k,./K,.., corresponds to TFI and is
obtained from the gradient of 1/] " vs. V curve.

The concept of the linear relaﬁonship between 1/ “and V
is shown in Fig. 2.

The increase in 1/] " just after backwashing indicates the
amount of irreversible fouling which is evaluated as HIFI as
shown in Fig. 2. HRFI is defined as the difference between

the TFI and HIFI.

3. Results and discussion
3.1. Size distribution of FBs

Fig. 3 shows the size distributions of MBs and UFBs gen-
erated in the river water samples. The distribution of MBs
was similar in all samples, and their diameters ranged from
0.5 to 2.0 pm and were mainly 0.75 um, as shown in Fig. 3(a).
Although the distributions of UFBs were slightly different in
each sample, their diameters were mainly 100 nm, as shown
in Fig. 3(b). Thus, it is clear that the size distribution of FBs
scarcely depends on the river waters.

3.2. Water quality of river waters

Fig. 4 shows the LC-OCD chromatograms of the river
water samples. According to Huber et al. [22], fractions A,
B, C, D, and E are attributable to the biopolymers, HS, build-
ing blocks, LMW acids, and LMW neutrals, respectively.
Approximately, molecular weight of the biopolymers
is >20,000 g/mol, the HS is >1,000 g/mol, building blocks
is 300-500 g/mol, and LMW acid and LMW neutrals are
<350 g/mol. The results are summarized in Table 1, including
the specific ultraviolet absorbance (SUVA). SUVA indicates
the existence of the hydrophobic aromatic substances such as
HS in dissolved organic compounds [23]. It was clearly from
Table 1 that the content of each component in Muko River
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Fig. 3. Size distributions of: (a) microbubbles and (b) ultrafine
bubbles in the river water samples.
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Fig. 4. LC-OCD chromatogram of river water samples.

Table 1
The water quality of three rivers by LC-OCD measurement

sample was the highest, and that of Sumiyoshi River sample
was the lowest. In all samples, the main substance of DOC
was HS. As for the SUVA value, Toga River sample showed
the highest value. It indicates that the proportion of hydro-
phobic aromatic substances in DOM of Toga River sample is
highest in three river waters.

Composition of polysaccharides and proteins, which
are similar size, is unidentified because these are analyzed
as biopolymer in LC-OCD. Then, the components of DOM
were analyzed by EEM. The measurement results are shown
in Fig. 5. According to Chen et al. [7], the peak in region IV in
this figure is attributable to the soluble microbial by-product-
like material such as tryptophan and the peak in region V
is humic-acid-like organics such as humic acid. As for the
region IV, the Muko River sample showed the strongest peak
although the samples from the Toga and Sumiyoshi Rivers
did not show the clearly detectable EEM peaks. In addition,
as for the region V, the Muko River sample showed the stron-
gest peak and Sumiyoshi River sample showed the weak-
est peak. This tendency has good relation to the quantity of
biopolymer and HS analyzed by LC-OCD. It indicated that
the protein content in the biopolymer composition of Muko
River sample was higher than other samples.

3.3. Effect of addition of FBs on fouling behavior

Fig. 6 shows the inverse of specific flux (1/].") as a func-
tion of specific volume for the three river water samples. In
all cases, four cycle (one cycle: filtration and backwashing)
experiments were conducted. The addition of FBs decreased
the gradient, which indicated that TFI was decreased and
FBs was effective in the reduction of membrane fouling by all
river water samples. This fouling-reduction effect depended
on not only the river samples, but also the bubble size distri-
bution (MBs or UFBs).

Fig. 7 shows the effect of FBs on the fouling indexes
and the backwashing efficiency in three river samples. In
Fig. 7(a), the order of the TFI values in each samples agreed
with that of the DOC values of the river water samples shown
in Table 1, regardless of the presence or absence of FBs. That
is, the Muko River sample showed the largest TFI and the
Sumiyoshi River sample showed the lowest. In all filtration
tests, the HRFI was larger than the HIFI. Therefore, reversible
fouling is a dominant factor to water flux reduction in this
paper. In addition, the FBs were effective in reducing both
the HRFI and HIFI, and the effect of MBs was greater than
that of UFBs except Sumiyoshi River water. In the case of the
Sumiyoshi River sample, the difference between the effects
of MBs and UFBs was not clear, because the fouling indexes
were too low.

Samples DOC Biopolymers Humic substance Building blocks + HS LMW acids LMW SUVA [1/m/mg/L]
[ppb-C] [ppb-C] (HS) [ppb-C] [ppb-C] [ppb-C] neutrals [ppb-C]
[ppb-C]
Muko River 1,737 261 851 273 59 293 1.46
Toga River 802 99 487 127 26 63 3.21
Sumiyoshi 554 36 268 110 23 117 2.87

River
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In addition, the index of backwashing efficiency defined
as 100 x (TFI — HIFI)/TFI was shown in Fig. 7(b). This index
indicates the percentage of reversible fouling. Thus, if the
flux recovery of fouled membrane is high this index is large.
The backwashing efficiencies were >70% in each filtration
test, and it was >85% in case of Muko River sample. From
Fig. 7(b), the effect of FBs on the backwashing efficiency was
not clear. It means that the percentage of reversible foul-
ing is not clearly affected by FBs. On the other hand, TFI is
decreased by FBs. Therefore, it is clear that the FBs prevented
sedimentation of foulants on membrane surface for both irre-
versible and reversible foulings.

The large molecules such as the biopolymers and HS are
the main compounds for membrane fouling, because the
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Fig. 5. EEM spectra of surface water samples: (a) Muko River,
(b) Toga River, and (c) Sumiyoshi River.

molecular weight cut-off of employed UF membrane was
150,000 Da. In addition, Kimura et al. [20] reported that the
biopolymers were mainly responsible for membrane foul-
ing in low-pressure membrane processes. The relationship
between the fouling indexes and biopolymers concentration
was shown in Fig. 8.

As shown in Fig. 8(a), HRFI increased with the increase
in the biopolymers concentration. The MBs were effective
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Fig. 6. Effect of addition of FBs on inverse of specific flux in the
river water (RW) samples: (a) Toga River, (b) Sumiyoshi River,
and (c) Muko River.
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for HRFI reduction than that of UFBs. This indicates that the
fouling reduction mechanisms may be different in the cases
of the additions of MBs and UFBs. For example, the effect
of MBs on shear rate at the membrane/water interface may
be stronger than that of UFBs although the total surface area
of UFBs is large than that of MBs. Moreover, the difference
may be caused by the difference in a shrinkage characteristic
of MBs and UFBs, but further study is necessary to confirm
these.

On the other hand, the HIFI slightly increased with
the increase in the biopolymers concentration as shown
in Fig. 8(b). The clear difference of MBs and UFBs was not
observed. However, it is clear from Fig. 8 that FBs are very
effective to reduce the fouling in the UF of river water.

4. Conclusion

We investigated the effect of FBs, MBs, and UFBs, on
reversible and irreversible foulings in UF process using three
river waters. The fouling behaviors were evaluated by the
fouling indexes. The relation between the fouling indexes
and component of DOM was also discussed. HRFI was >70%
of TFIL Thus, it was found that the fouling in river water treat-
ment with UF membrane was mainly reversible fouling. In
addition, the reversible fouling was mainly due to the bio-
polymer, since HRFI increased with the increase in the bio-
polymers concentration. On the other hand, HIFI slightly
increased with the increase in the biopolymers concentration.
The MBs were more effective for HRFI reduction than that of
UFBs. TFI was reduced by FBs, but the percentage of HRFI
in TFI was scarcely affected by FBs. Thus, it is clear that FBs
prevented sedimentation of foulants on membrane surface
for both irreversible and reversible foulings. Thus, FBs are
very effective to reduce the fouling in UF process using river
water. However, the mechanism of fouling reduction due to
the addition of FBs and UFBs should be investigated in our
future work.
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