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The residual aluminum concentration in treated water after aluminum coagulation and solid-liquid sep-
aration is one of the key factors in evaluating the effectiveness of water treatments. Polymeric membrane
filters have been widely used to operationally define dissolved substances from particulate matter, and
have sometimes been employed in laboratories and pilot studies to approximately simulate media fiitra-
tion. A comparison between media and membrane filters, however, has not yet been fully investigated.
This study compared aluminuwm concentrations in the filtrate after sand bed and membrane filtrations.
The aluminum concentration after sand bed filtration was lower than that after filtration using a mem-
brane with a pore size of 0.1 um, irrespective of the membrane material, with one exception. A PVDF
membrane with a pore size of 0.1 pm produced a similar residual aluminum concentration to that
obtained using a sand bed. When the natural organic matter concentration was very low, the aluminum
concentration in the PVDF membrane (pore size 0.1 wum) and sand bed filtrates was lower than that
obtained using other membranes with the same pore size. It is believed that adsorption of dissolved alu-
minum may enhance aluminum removal by the sand bed and the PVDF membrane when the aluminum
exists in an uncomplexed form with natural organic matter.
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1. Introduction

Aluminum salts are widely used as coagulants in water treat-
ment so as to reduce the turbidity, organic matter, and microor-
ganism levels. However, this may then lead to an increased
aluminum concentration in the treated water | 11. High aluminum
concentrations in treated water are associated with several prob-
lems, including increased turbidity due to the formation of alumi-
num precipitates. Hazards to human health are also of concern {7
41. Most drinking water quality guidelines and standards for alumi-
num stipulate a maximum concentration of 0.1 or 0.2 mg/L, but
water treatment plants usually set stricter goals for treated water,
e.g., <0.05 mg/L. A further problem associated with using alumi-
num coagulants in pretreatment is that even at lower concentra-~
tions (~0.02 mg/L), aluminum residuals from the pretreatment
process negatively affects reverse osmosis and nano-filtration per-
formance by causing membrane fouling {5-81.

Many factors influence the filtrate aluminum concentration, but
good solid-liquid separation and control of the solution chemistry,
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including the pH to minimize aluminum solubility, are the keys to
minimizing the residual aluminum concentration {4.3]. After sedi-
mentation and rapid sand filtration under well-controlled condi-
tions, the particulate form of aluminum can be removed {111
The dissolved form of aluminum remains as a residual substance,
and the residual aluminum concentration can reach a level as
low as its solubility limit.

A membrane is used to operationally define dissolved versus
particulate matter. In many studies of residual aluminum, a 0.2-
wm membrane was used, while other studies have used 0.45-pum
membranes |i2-i6i. Van Benschoten and Edzwald {17} deter-
mined that a pore size of 0.22 pum was suitable based on the close
agreement between the measured and theoretical aluminum solu-
bility for water containing alum floc particles.

A key consideration in membrane selection for the separation of
dissolved/particulate aluminum is the existence of aluminum in
the colloid size range as well as in the particulate and dissolved
monomeric forms | #3-20} Because aluminum exists over a wide
size range, the aluminum concentration in a filtered solution
should be highly dependent on the membrane pore size and the
separation capability of the membrane. Generally, the metal con-
centration in membrane-filtered water decreases when mem-
branes with smaller pore-sizes are used for filtration i21-2
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However, a number of factors associated with filtration, in addition
to pore size, can substantially affect the separation capability of the
membranes | 74.25}. The separation capability is highly dependent
on, for example, the filter material and filtration procedure {26}.
Therefore, the aluminum concentrations in the filtrate resulting
from employing the same pore size filter may not be comparable.

Membrane filtration is often used in laboratories and pilot stud-
ies to approximately simulate media filtration, usually for a rela-
tively coarse medium. The membranes should separate the
suspended particulate matter, which is potentially subject to sedi-
mentation and media filtration, from the colloids and solutes,
which eventually exists in the treated water. However, the alumi-
num concentration resulting from media filtration has not yet been
fully investigated and compared with the dissolved aluminum con-
centration resulting from filtration through a membrane. This may
partially be because water treated by media filtration may contain
the particulate form of aluminum when turbidity removal is
incomplete, which can cause the aluminum concentration using
media filtration to be higher than the concentration obtained using
membrane filtration.

The objective of this study was to compare the filtrate alumi-
num concentrations after membrane filtration and media filtration
under satisfactory conditions for turbidity removal. The compari-~
son provides an insight into the proper selection of a membrane
that can be used as a surrogate for media filtration, in terms of
the residual aluminum concentration in the treated water. The
residual aluminum concentration was used to assess the relative
performance of different treatment options or conditions. The
mechanisms of aluminum removal by the membrane and the sand
bed filter are also discussed.

. 2. Materials and methods
2.1. Sampling and filtration at water treatment plants

Water sampling was conducted primarily at the Moiwa Water
Treatment Plant (WTP, Sapporo, Japan) and at five other WTPs
Table 18, Supplemestary information). For the production of
drinking water, all of these use coagulation by poly-aluminum
chloride, followed by settling and rapid sand filtration. Five of
the six WTPs use chlorination before rapid sand filtration to oxi-
dize and remove manganese, In these WTPs, the sand particles
were coated with manganese dioxide. The coagulated-and-settled
water was sampled and then immediately filtered through micro-

Table 1
Characteristics of the membranes used.

filtration (MF) and ultrafiltration (UF) membranes to avoid any
temperature change (see Tabie 1). Fifteen minutes (the detention
time of the rapid sand filtration process) after the coagulated-
and-settled water was sampled, the water that was treated by ra-
pid sand filtration was then sampled. In Japan, the government has
claimed that the turbidity of the treated water after rapid sand fil-
tration is less than 0.1 turbidity units (equivalent to 0.14 NTU), so
as to reduce the risk of Cryptosporidium contamination to a negligi-
bly small level. The rapid sand filters from which samples were ta-
ken were in good condition for turbidity removal, and the turbidity
of the filtered water was always reduced to less than 0.1 NTU, such
that the aluminum remaining in the water treated by rapid sand
filtration was mostly in the dissolved (soluble and colloidal) form;
the aluminum concentration of the treated water did not change
after membrane filtration (pore size: 0.45 pm; data not shown),
thus confirming that the aluminum in the treated water was in
the dissolved form. :

Filtration using MF membranes was conducted with hand pres-
sure using a syringe filter unit (Swinnex Filter Holder, Milipore and
Disposable Syringe, Terumo Corp.) after rinsing the syringe. The
first 5 mL of filtrate was discarded to avoid any dilution, and the
next 20 mL of filtrate was sampled. Filtration using UF membranes
was conducted in a 50 mL stirred cell (Amicon 8050 series, Nihon
Millipore) under a pressure of 0.5 MPa in a temperature-controlled
unit, so as to maintain the same water temperature as at the time
of sampling. The cell was rinsed with the sample water, and a 50-
mL sample was then placed in the cell. In this filtration experiment,
the first 1 mL was discarded to avoid any dilution, and the next
20 mL of filtrate was sampled in a plastic bottle. The aluminum
concentrations were analyzed with an inductively coupled plasma
- mass spectrometer (ICP-MS, HP-7700, Agilent Technologies, Inc.)
after adding nitric acid (CV: <5%). The average and standard devi-
ation were calculated when multiple bottles of water were sam-
pled at the same sampling point and time. Data, including the
turbidity, total organic carbon (TOC) and water temperature of
the raw water, coagulation pH, and coagulant (polyaluminum chlo-
ride) dosage, were obtained from each WTP.

2.2. Jar tests

Natural water was collected from three rivers (Chibaberi, Toy-
ohira, and Wani rivers) and one lake (Lake Kasumigaura) in Japan.
In addition to these, organic-free water (OFW) modified by the
deliberate addition of inorganic ions (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) and suspended matter recovered from

Designation MF/ Nominal pore size or molecular weight Material Experiment  Filter thickness Comimercial name; manufacturer
UF cutoff (pm)
PTFE-0.45 MF 0.45 pm Polytetrafluoroethylene 1,2 nja Omnipore; Millipore Corp,
PTFE2-0.45 MF 045 pum Polytetrafluoroethylene 1,2 nfa DISMIC-45HP; Toyo Roshi Kaisha, Ltd.,
Tokyo
PTFE-0.1 MF Q.1 pum Polytetrafluorocethylene 1,234 2413 Omnipore; Millipore Corp.
MCE-0.1 MF 0.1 um Mixed cellulose esters® 1,24 118+0.8 MF-Millipore; Millipore Corp.
PC-0.1 MF 0.1 pm Polycarbonate 14 29£0.8 Isopore; Millipore Corp.
PVDF-0.1 MF 0.1 pm Polyvinylidene 1,24 115+0.8 Durapore; Millipore Corp.
difluoride ’
MCE-0.05 MF 0.05 pm Mixed cellulose esters® 2 nja MF-Millipore; Millipore Corp.
MCE-0.025 MF 0.025 pm Mixed cellulose esters® 2 nfa MF-Millipore; Millipore Corp.
RC-100k UF 100 kDa Regenerated cellulose 1 nfa Ultracell-PL; Millipore Corp.
RC-10k UF 10 kDa Regenerated cellulose 1 nja Ultracell-YM; Millipore Corp.
RC-3k UF 3 kDa Regenerated cellulose 1 nja Ultracell-PL; Millipore Corp.
RC-1k UF 1 kDa Regenerated cellulose 1 nfja Ultracell-PL; Miilipore Corp.
CA-500 UF 500 Da Cellulose acetate 1 nja Amicon-Y; Millipore Corp.

@ Composed of cellulose acetate and cellulose nitrate.
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the Chibaberi water were also used, so as to obtain an ionic com-
position and turbidity (1.2 NTU) similar to ‘that of the Chibaberi
water. Recovery of the suspended matter from the Chibaberi water
was conducted using a PTFE-0.45 membrane. The dissolved organic
carbon (DOC) and turbidity were determined using a TOC analyzer
(Sievers Model 900; GE Analytical Instruments, Boulder, CO, USA)
and a turbidity meter (2100AN, Hach Company, Loveland, Colo-
rado, USA). Jar tests were performed with a jar test apparatus at
room temperature (approximately 20 °C). The water was first
transferred to a 1-L square plastic beaker. After enough HCl or
NaOH was added to bring the final coagulation pH to approxi-
mately 7, a coagulant was injected into the water. The coagulant
dosages were determined based on the dosage of each WTP from
which a water sample was taken. After injection of the coagulant,
the water was stirred rapidly for 1 min (G =200s~1, 136 rpm), then
slowly for 10 min (G =205"", 30 rpm), and was then left to rest for
1 h so that the resulting aluminum floc particles could settle. Sam-
ples were then taken from the supernatant and filtered through MF
membrane filters (Yabie 1) for quantification of the aluminum
concentration.

2.3. Adsorption tests

Coagulated-and-settled water was sampled at the Moiwa WTP
and filtered through a PTFE-0.1 membrane. 1 or 15 g of either
quartz sand particles or manganese-coated sand particles (Nihon
Genryo Co., Ltd., Kawasaki, Japan) were immersed in 200 mL of
the filtered water, and the water was agitated at 150 rpm for
30 min. Aliquots (10 mL) were withdrawn at 5, 10, and 30 min,
and immediately filtered through a PTFE-0.45 membrane filter to
determine the aluminum concentration.

To test the adsorption of aluminum on the membranes, batch
adsorption tests were conducted. The coagulated-and-settled
water was sampled and filtered through a PTFE-0.45 membrane,
and the water was adjusted to a pH of 7.0. A membrane filter (¢
47 mm) was immersed in the water contained in a 20-mL plastic
bottle, and the bottle was then shaken for 24 h. The aluminum con-
centration in the water phase was then measured.

2.4, Filtration of monodisperse particles

The separation abilities of the various membranes were evalu-
ated using suspensions of monodisperse particles (1.25-10 mg/L)
of different sizes (25, 50, 100, and 200 nm). The suspensions were
prepared by diluting a polystyrene latex (PSL) particle suspension
(Micromer, Corefront Corp., Tokyo, Japan) with a 5-mM phosphate
buffer solution. The concentrations were determined by measuring
the absorbance at 230 nm (the linearity between the PSL particle
concentration and the absorbance was confirmed beforehand).
The suspensions were filtered through the membranes and filtrates
were collected in fractions (30 mL each). The removal percentages
of the PSL particles were evaluated when the PSL concentration in
the filtrate reached a pseudo steady state.

2.5. Others

Scanning electron microscopy (SEM, JSM-7400F, Jeol, Tokyo, Ja-
pan) was used to acquire images of the membrane pore structure
and size for each type of membrane used. Before SEM observation,
the MCE membrane was treated as follows: filtration with ultra-
pure water, immersion in 0.5-N nitric acid with short-duration
sonication, filtration with ultra-pure water, and platinum coating
to a thickness of 40 nm. The PVDF, PTFE, and PC membranes were
observed without any pretreatment or coating. The membrane
thickness was measured with a micrometer (MDE-M]J/P], Mitutoyo
Corp., Kawasaki, Japan).

3. Results and discussion

3.1. Comparison of the residual aluminum concentration after rapid
sand and membrane filtrations

Fig. 1 shows the relationship between the aluminum concentra-
tions in the membrane filtrates and the water samples taken after
rapid sand filtration. An important result is that the residual alumi-
num concentration attained after sand bed filtration was markedly
lower than the concentrations after filtration through all of the
membranes except PVDF-0.1. Among the membranes, the PVDF-
0.1 membrane was the closest to the rapid sand filter in terms of
the aluminum concentration in the filtrate. The aluminum concen-
trations of the PTFE-0.1, MCE-0.1, and PC-0.1 filtrates were similar
but higher than the concentration of the PVDF-0.1 filtrate. The
PTFE-0.45 membrane produced a higher filtrate aluminum concen-
tration than the PTFE-0.1 membrane, indicating an effect of the
specific inner surface of the membrane. The aluminum concentra-
tions of the UF membrane and sand bed filtrates are compared in
Fig, 15 (Supplementary information). The aluminum concentra-
tions of the sand bed filtrates take values falling between those
of the RC-3k and RC-10k membranes. The aluminum concentra-
tions of the RC-100k membrane filtrates were similar to those of
the PTFE-0.1, MCE-0.1, and PC-0.1 filtrates, but were higher than
the sand bed filtrate and the PVDF-0.1 filtrate (Fig¢. 1 and ¥Fig. 13).
Aluminum concentrations in filtrates are primarily determined
by the membrane pore size. However, these results indicate that
the formation of colloids in the nm-range and other factors may
play a role in determining the aluminum concentrations in the
filtrate.

3.2. Separation ability of the membranes

The pore sizes of the membranes shown in Table | are the nom-
inal pore sizes determined via bubble-point measurements per-
formed by each manufacturer. Vignati et al. {27} concluded that
the actual cut-offs of filters with the same nominal pore size can
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Fig. 1. Aluminum concentrations in the MF membrane and sand bed filtrates
(Moiwa WTP, raw water TOC = 0.6-1.4 mg/L, coagulant dose = 0.6-4.6 mg-Al/L, pH
7.1-7.4, water temp. = 5,0-17.6 °C).
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Fig. 2. Removal efficiencies of PSL particles by the membranes.

be very different. Therefore, the nominal pore size may not corre-
spond exactly to the efficiency of the removal of aluminum or par-
ticulate matter. An SEM was thus used to observe the structure and
pores of the PVDF-0.1, PTFE-0.1, MCE-0.1, and PC-0.1 membranes,
which did not show the same aluminum removal abilities (Fiz. 1)
even though they had the same nominal pore size (Table 1). Com-
pared with the PC-0.1 and MCE-0.1 membranes, large pores were
observed in the PVDF-0.1 membrane (Fig. 25, 3uppiementary infor-
mation), which nevertheless showed a lower aluminum concentra-
tion in the filtrate. The filtration efficiency in the removal of PSL,
shown in ¥ig. Z, indicates that the PVDF-0.1 membranes do not
have a higher removal efficiency of particulate matter than other
membranes of the same nominal pore size. Therefore, the ability
of the PVDF-0.1 membrane to produce a low filtrate aluminum
concentration cannot be attributed to its physical separation
ability.

3.3. Adsorption of aluminum on the membranes

We hypothesized that the aluminum concentration of the
PVDF-0.1 membrane filtrate, which was lower than the others,
was due to the adsorption of aluminum on the PVDF-0.1 mem-
brane, Fig. 38 (Supplementary informarion) shows the aluminum
concentration after 24 h of membrane-water contact in batch
adsorption tests and after 24 h without a membrane in a blank test.
No decrease in the concentration was observed for any of the
membranes as compared to the blank test, indicating that adsorp-
tion of aluminum did not occur.
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Next, we conducted multiple filtration tests in which five sam-
ples of the water collected after the sedimentation process in the
WTP were taken, and then filtered one after the other using the
same filter. As shown in fig. 3, the aluminum concentration in
the filtrate of the first batch of filtration using a new PVDF-0.1
membrane was lower than the filtrates of the second and third
batches of filtration using the used PVDF-0.1 membrane. We con-
ducted other tests: when the filtrate of PVDF-0.1 membrane filtra-
tion was filtered again with a new PVDF-0.1 membrane filter, the
aluminum concentration was further reduced (¥ig. 4). When the
filtrate was filtered again with the same PVDF-0.1 membrane filter
(the used filter), the aluminum concentration was not changed.
Such trends were not clearly observed for the other membranes
(Figs. 3 and 4). The aluminum concentrations in the filtrates of
these membranes were stable; the concentrations did not change
regardless of whether a new or used membrane was used. When
the membrane acts as a strainer to separate aluminum from water,
the filtrate aluminum concentration stays constant or decreases
because the membrane pores constrict with the accumulation of
aluminum and particulate matter during filtration. This decrease
in the filtrate aluminum concentration with the filtration progress
was observed with the PTFE-0.45 membrane. Conversely, an in-
crease in the concentration of the filtrate can be observed if re-
moval occurs primarily within the membrane filter, which is
referred to as depth filtration. Aluminum particles that are much
smaller than the pores of the membrane usually pass through
the membrane, but some of the particles can be captured and re-
tained as a consequence of convective and diffusive transport
and adsorptive force. The number of sites for aluminum adsorption
is limited, and therefore aluminum removal can become less effi-
cient as more aluminum accumulates in the membrane as filtra-
tion progresses. Therefore, the low aluminum concentration in
the filtrate of the new PVDF-0.1 membrane may be due to the
adsorption of aluminum inside the membrane.

In depth filtration, the aluminum concentration in the filtrate is
dependent on the rate of filtration (e.g. {281). On the contrary, if the
straining mechanism plays a primary role in the separation, the
concentration in the filtrate may be independent from the filtration
rate, which is changed by varying the applied pressure. To investi-
gate this dependency/independency, filtrations were conducted at
various constant pressures, controlled manually by observing the
pressure on a pressure gage connected to a syringe filtration unit,
and the effect of the applied pressure on the aluminum concentra-
tion was studied (note: filtration under controlled-pressures was
performed only in this experiment, but filtrations in other experi-
ments were performed at 0.1-0.15 MPa, according to the touch of
the syringe piston). As shown in Fig spplomentary informa-
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1+ 2 3 4 5
Number of filtrations

Fig. 3. Change in the filtrate aluminum concentration with the number of filtrations without changing the membrane. The filtration was conducted 5 times using one filter for
newly sampled waters. Two filtration sets were conducted with the PVDF-01 membrane (Moiwa WTP, left panel: raw water TOC = 1.1 mgj/L, coagulant dose = 3.7 mg-Al/L, pH
7.1, water temp. = 5.0 °C. Right panel: raw water TOC= 1.0 mg/L, coagulant dose = 1.0 mg-Al/L, pH 7.1, water temp. = 5.5 °C).



62 Y. Matsui et al./Separation and Purification Technology 119 (2013) 58-65

O 0035

2} ~@-PTFE-0.1
£ 0030}

= —2—MCE-0.1
£ 0.020 | ~@-PYDF-0.1
gc)) 0015 | =-== Sand bed
Q

[&]

e 0.010 ¢

2

= 0005 |

£

=]

< (0.000) .

2nd filtration of  2nd filtration of
the 1st filtrate by the 1st filtrate by
the filter used for  a new filter
the 1st filtration

1st filtration

Fig. 4. Change in the aluminum concentration with repeated filtration of filtrate
(Moiwa WTP, raw water TOC = 1.4 mg/L, coagulant dose = 1.2 mg-Al/L, pH 7.2,
water temp. = 8.9 °C).

the aluminum concentration in the PVDF-0.1 membrane fil-
trate increased with increasing pressure applied to the membrane,
while the concentration in the other membrane filtrates did not
change with pressure. This result also supports aluminum adsorp-
tion as a mechanism for aluminum separation by the PVDF-0.1
membrane. It remains unclear, however, why aluminum adsorp-
tion was not observed in the batch adsorption test. Convective
and diffusive transport of aluminum are necessary before adsorp-
tion of aluminum inside the membrane can occur, but the convec-
tive transport of aluminum into the membrane pore would not be
sufficient in the batch adsorption tests.

Aluminum adsorption on the PVDF-0.1 membrane may be re-
lated to its large thickness (Tabte 1). However, the MCE-0.1 mem-
brane, which did not exhibit adsorption ability, has a similarly
large thickness. Therefore, aluminum adsorption on the PVDF-0.1
membrane cannot be explained by only its thickness. According
to Alhadidi et al. {24}, the PVDF membrane has a slightly lower
negative surface charge than the PTFE membrane, and a much low-
er negative surface charge compared to the polycarbonate mem-
brane. The MCE-0.1 membrane is composed of cellulose acetate,
which has a negative surface charge similar to PVDF, and cellulose
nitrate, whiclh has a higher negative surface charge than PVDF.
Therefore, only the PVDF membrane possesses both a large thick-
ness and a low negative charge. The aluminum adsorption on the
PVDF-0.1 membrane could thus be explained by the membrane
surface chemistry and thickness. Further study is needed to discern
the mechanism of aluminum adsorption.
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3.4. Adsorption of aluminum on sand

Analysis of the surface coatings of media samples collected
from treatment plants indicates incorporation of aluminum into
manganese-oxide coatings on media that is being continuously
regenerated with free chlorine and adsorbing and oxidizing dis-
solved Mn(II) {30}, To explain the lower residual aluminum con-
centration that was attained after sand bed filtration compared
to the concentrations after filtration by all of the membranes ex-
cept PVDF-0.1, we hypothesized that the adsorption of aluminum
on manganese-coated sand may be a possible mechanism. The
residual aluminum after sand bed filtration was of the dissolved
form as described earlier. Therefore, the floc size and structure
would not be related to the lower residual aluminum concentra-
tion. Fig. 5 shows the changes in the dissolved aluminum concen-
tration after quartz sand particles and manganese-coated sand
particles were immersed into water samples in batch adsorption
tests. A reduction in the amount of dissolved aluminum was ob-
served, especially when 15 g of manganese-coated particles was
immersed in 200 mL of water. The results clearly show that the dis-
solved aluminum is adsorbed onto the manganese-coated sand,
and to a lesser degree onto the quartz sand. The filtrates from
which the water samples were taken for the data in ¥iz. | were
those that were filtered through a manganese-coated sand bed.
Therefore, aluminum would have been removed by the manga-
nese-coated sand filter by adsorption onto the sand particles, as
well as by physical sieving and interception of the suspended alu-
minum particles by the sand particles. The manganese-coated sand
beds of the WTPs from which the water samples were taken was
60 or 65cm in depth, and filtrations were operated at rates of
around 100 m/day, with backwashes at every 48-h or 72-h interval
(Table 15, Supplermentary information), The volume of treated
water per mass of sand was approximately 200 or 300 mL/g. Filtra-
tion with the water/sand ratio of 200 mL/g was attained after 48 h
of filtration. At the ratio of 200 mL/g in the batch adsorption test, a
decrease in the aluminum concentration was observed (see the left
panel of Fig. 5). We therefore conclude that the adsorption of alu-
minum will contribute to a lower aluminum concentration in the
filtrates of the manganese-coated sand bed than the filtrates of
membranes with a 0.1 pm pore size (e.g. PTFE-0.1).

3.5. Effect of natural organic matter (NOM) on residual aluminum
concentration

The dissolved residual aluminum can be in the form of a soluble
aluminum-NOM complex when NOM is present in the water that
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Fig. 5. Change in the aluminum concentration in water in contact with sand, manganese coated sand, and water without any sand [water/sand ratios were 200 mL/g for the
left panel and 200 mL/15 g for the right panel, water temp. ~ 20 °C, PTFE-0.1-filtered water of the settled water from Moiwa WTP (left panel: raw water TOC = 1.0 mg/L,
coagulant dose = 1.0 mg~Al[L, pH 7.2, water temp. = 2.4 °C, right panel: raw water TOC = 0.9 mg/L, coagulant dose = 1.0 mg—-Al/L, pH 7.2, water temp. = 14.7 °C)].
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Fig. 6. Aluminum concentrations in the membrane filtrates from the jar tests. The filtration was conducted after coaguiation, flocculation, and sedimentation. The coagulant
doses were 1.9 mg-Al/L for the OFW, Chbaberi, and Toyohira waters, 5-7 mg-Al/L for the Kasumigaura water, and 3 mg~Al/L for the Wani water.

will be treated by coagulation {%1

3721, The aluminum-NOM com-

plex fraction of dissolved aluminum is small in low-DOC water
{17]. Conversely, the aluminum-NOM complex fraction is large
when the DOC/aluminum coagulant dose ratio is high, and the
fraction is further dependent on the density of complexing acidic

groups in NOM {33

4}, As seen in fig. 1, the TOC values of the

raw waters of the plants from which samples were taken were
low (1.4 mg/L), suggesting that the residual dissolved aluminum
after the coagulation and sedimentation steps would mostly be in
the form of uncomplexed aluminum.

The effect of NOM on the residual aluminum concentration was
investigated using jar tests with samples of various DOC concen-

trations. As shown in Fig

, aluminum concentrations in the fil-

trates from membranes with a pore size of 0.1 um were the
same when the DOC concentrations were greater than 2 mg/L
(Kasumigaura and Wani waters). In waters with DOC concentra-
tions €1 mg/L, however, the aluminum concentrations in the fil-

trates from the PVDF-0.1

membranes were lower than the

concentrations in the filtrates from other membranes with the
same pore size (0.1 pm). Moreover, the aluminum concentrations
in the PVDF-0.1 membrane filtrates were lower than those in the
filtrate of a membrane with a smaller pore size (MCE-0.05, pore
size 0.05 pm). These results suggest that the PVDF membrane
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can adsorb uncomplexed aluminum, thereby removing aluminum
from the feed water to a greater extent than would be expected
from the membrane pore size. The aluminum concentration in
the filtrate increased with pH for the Kasumigaura water, but not
for the Chibaberi water. This pH dependency/independency may
also be related to the complexed/uncomplexed formation of alumi-
num-NOM.

Based on these results, additional sampling and filtering exper-
iments (Experiment 1) were conducted at 5 WTPs, two treating
high TOC (>2.0 mg/L) water (Kasumigaura and Aikoku) and one
treating very low TOC (<1 mg/L) water (Chimaibetsu). The results
are shown in Fig. 7. Except for the very low TOC water (the right
panel), the trend of a lower aluminum concentration in the
PVDF-0.1 filtrate compared to the PTFE-0.1 and MCE-0.1 filtrates
was not observed (the left panel). Moreover, the aluminum con-
centration in the sand bed filtrate was similar to the concentrations
in the PTFE-0.1 and MCE-0.1 filtrates.

The plots in ¥ig. ¥ (Experiment 1) were obtained using different
sources of raw water with TOC concentrations ranging from 0.6 to
1.4 mg/L. When the plots were divided into two panels based on
whether the raw water TOC was <1.2 or->1.2 mg/L, ¥i¢. & was ob-
tained. The phenomenon of lower aluminum concentrations in
the sand bed and PVDF-0.1 filtrates as compared to the PTFE-0.1
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Fig. 7. Aluminum concentration in the MF membrane and sand bed filtrates. Left panel: Diamonds represent Aikoku WTP (raw water TOC = 3 mg/L, coagulant dose = 2.8 mg~
Al/L, pH 7.1, water temp. = 5 °C); squares represent Mito WTP (=1 mg/L, 1 mg/L, pH 7.4, 9-20 °C); triangles represent Tonegawa WTP (=1.5 mg/L, 1.5 mg~Al/L, pH 7.3, 10-
20 °C); circles represent Kasumigaura WTP (=4 mg/L, 2-3 mg/L, pH 7.3, 8-21 °C). Right panel: Chimaibetsu WTP (0.5 mg/L, 1 mg-Al/L, pH 6.9, 4~15 °C).
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and MCE-0.1 filtrates was more clearly observed in raw waters
with a TOC concentration <1.2 mg/L (the left panel) than for raw
waters with a TOC concentration >1.2 mg/L (the right panel).
Therefore, lower aluminum concentrations in the sand bed and
PVDF-0.1 filtrates compared to the PTFE-0.1 and MCE-0.1 filtrates
were observed when raw waters with very low TOC were treated
with aluminum coagulants. The lower aluminum concentrations
are partially due to adsorption, as previously described. However,
dissolved aluminum may exist in an NOM-complex when the
TOC concentration is high, and this complexed form of aluminum
may not adsorb onto sand or a PVDF membrane. Finally, the resid-
ual aluminum in the sand bed and MF membrane filtrates become
equal when the NOM concentration is high. Therefore, the similar-
ity in the amount of residual aluminum in the filtrates from the MF
membranes and sand beds may depend on the NOM concentration
in the raw water. Among the membranes, PVDF-0.1 showed the
closest similarity to sand bed filtration in this study, but the alumi-
num concentration in the PVDF-0.1 filtrate was not stable; it chan-
ged with the volume of the filtrate, as described in Section
Therefore, no ideal surrogate membrane for evaluating the alumi-
num concentration after coagulation and rapid sand filtration was
found.

4. Conclusion

(1) The aluminum concentration in the microfiltration and sand
bed filtrates falls into the following decreasing order: PTEF-
0.45 > PTFE-0.1 = MCE-0.1 2 PC-0.1 > PVDF-0.1 = sand bed
filtrate. The aluminum concentration in the sand bed filtrate
falls between those attained using UF membranes of 10 and
3 kDa.

(2) Adsorption of dissolved aluminum on sand, particularly on
manganese-coated sand, could contribute to the lower alu-
minum concentration observed in the sand bed filtrates, as
compared to the PTFE-0.1, MCE-0.1, and PC-0.1 membrane
filtrates.

(3) The lower aluminum concentration in the PVDF-0.1 mem-
brane filtrates compared to the PTFE-0.1, MCE-0.1; and PC-
0.1 membrane filtrates is due to the adsorption of aluminum
onto the filter.

(4) The aluminum concentrations in all of the membrane fil-
trates and sand bed filtrates were similar when coagulation
was used to treat raw water with a significant TOC concen-

tration (>2 mg/L). This behavior suggests that adsorption on
the membrane and sand does not occur for an aluminum-
organic complex.

(5) Among the MF membranes, the aluminum concentration in
the PVDE-0.1 filtrate was always similar to the concentration
in the rapid sand filtrate. However, the PVDF-0.1 membrane
is not fully recommended as a surrogate for sand bed filtra-
tion because while aluminum removal is enhanced by
adsorption, the adsorption is not stable, causing the alumi-
num concentration to be dependent on the filtration rate
and volume. On the contrary, the PTFE-0.1, MCE-0.1 and
PC-0.1 membranes produced filtrates with stable aluminum
concentrations, but the aluminum concentrations were
higher than those in the sand bed filtrate when the NOM
concentration was very low. Thus, an ideal surrogate mem-
brane for evaluating the aluminum concentration after coag-
ulation and rapid sand filtration was not found.
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The Formaldehyde Contamination in Water Supplies along the Tone River

and Issues Raised by the Accident
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Taku KANAMI

Abstract. Formaldehyde was detected in the purified water of some purification plants in the Tone river system

in May 2012.Some water' utilities suspended water supply and 870,000 people was affected. Also, the water

quality accident raised many issues regarding crisis management of drinking water quality because it had

specificity of the causative substance, hexamethylenetetramine. Hexamethylenetetramine is high hydrophilic, so

it cannot be reduced by powdered activated carbon. Without odor, color and high toxicity, it is difficult to find

the substance at the river. And the most unique point is that it is formaldehyde precursor. By dealing with the

issues, the tap water quality management can be improved further more.

Key Words: water quality accident, formaldehyde, hexamethylenetetramine, crisis management
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Risk Management Framework Related to the Accidental Formaldehyde

Contamination in Water Supplies along the Tone River Basin

xR EE™, R

&E *, KEF E—

Mari ASAMI, Koji KOSAKA and Koichi OHNO

Abstract. Formaldehyde concentration in treated water in some water treatment plants along the Tone River

exceeded the Drinking Water Quality Standard in Japan in May 2012. Water supply was halted in five cities and

approximately 870 thousand people were affected by this accident in Tokyo metropolitan area. It was finally

proved that, over 10 tons of hexamine, a formaldehyde precursor, was transported into a waste treatment factory

without an appropriate notice from the emitting chemical company and discharged from the waste treatment

factory. It then contaminated the river water, introduced into water treatment facilities, and transformed into

formaldehyde by chlorination in water treatment. We hereby describe governmental risk management framework

in this situation and show future direction.

Key Words: Risk management, formaldehyde, drinking water, water quality accident, regulation
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