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Researches on the in silico prediction of structure-activity relationship in the regulatory
science sectors

Akihiko Hirose

Requirements of iz silico toxicity prediction system are increasing in the chemical risk assessment

fields, as well as in toxicity prediction at the early stage of the new drug development process. Recent

amended chemical registration rules require internationally the risk assessment of huge amounts of

existing chemicals. The (quantitative) structure-activity relationship ((Q)SAR) models are considered

to be most effective tools for the acceleration of toxicity evaluation. In Europe or the United State,

several research projects for the development of the (Q)SAR models are ongoing. Fol.lowing this

introduction, four researches on development of iz silico prediction systems for (Q)SAR in the NIHS

are reviewed. These activities must internationally contribute to the integrated chemical risk

assessment approaches and/or could assist in the new drug development work.

Keywords: structure-activity relationship, in silico toxicity prediction, risk assessment
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The effects of coagulant residuals on fouling of a nanofiltration (NF) membrane were investigated.
Experiments were carried out with a laboratory-scale microfiltration (MF)-NF setup and a pilot MF-NF
plant. In the laboratory-scale experiments, NF feed water was pretreated with poly-aluminum chloride
(PACI) or alum followed by MF. NF membrane permeability declined when the feed water contained residual
aluminum at 18 pg/L or more, but not when it was lower than 9 pug/L. When pretreated with ferric chloride,
no substantial decline of NF membrane permeability was observed; residual iron did not affect the
permeability. When SiO, was added to the water before the pretreatment with PACI, the NF membrane
permeability declined at about double the speed. Thermodynamic calculations and elemental analysis of
foulants recovered from the membranes indicated that the majority of inorganic foulants were compounds
composed of aluminum, silicate, and possibly potassium. In the pilot plant, NF feed was pretreated by PACI.
Transmembrane pressure for NF doubled over 4.5 months of operation. Although the aluminum
concentration in the NF feed was not high (30 pg/L), analysis of membrane foulants revealed excessive
accumulation of aluminum and silicate, also suggesting that aluminum residuals caused the membrane
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fouling by alumino-silicates or aluminum hydroxide.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanofiltration (NF) is a promising advanced drinking water
treatment process that offers an efficient alternative to conventional
advanced treatment (ozone-activated carbon) and has the potential to
produce potable water of better quality. NF is expected to perform better
than conventional advanced treatment in removing natural organic
matter, precursors of disinfection by-products [1,2] and trace hazardous
chemicals such as pesticides [3] from water; however, NF is still more
expensive, and its cost needs to be reduced if it is to be widely accepted.

Membrane fouling leads to a continuous decline in membrane
permeability, and fouling mitigation considerably reduces the cost of
designing and operating membrane filtration systems. In the case of
NF of surface waters, the accumulation of particulate matter severely
decreases the permeability of the NF membranes; such particulates
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must be removed by pretreatment processes such as coagulation,
followed by clarification and then multi-media filtration or micro-
filtration (MF).

Although these pretreatments can alleviate the effect of organic
foulants as well as that of particulate, the pretreatment increases
coagulant residuals to NF feed and they may precipitate on the
membrane surface and reduce membrane permeability. Kim et al. [4]
used three types of NF feed: untreated raw water (RAW water),
pretreated by in-line coagulation followed by MF (MF water) and
pretreated by coagulation, sedimentation and sand filtration (CS
water). They found that the order of the ratio of inorganic foulants to
the total amounts of foulants was CS water>MF water>RAW water.
Gabelich et al. tested reverse osmosis (RO) membrane using feed
pretreated with conventional or direct filtration treatment plants.
They used either alum or ferric chloride, and also used cationic
polymer and chloramines for pretreatment. The tests using alum with
RO elements revealed rapid deterioration in specific flux, on the other
hand, the specific flux using ferric chloride did not decrease over time
[5]. They also suggested that three types of aluminum-based foulants:
aluminum silicates, aluminum hydroxides, and aluminum phosphates
[6]. Accordingly, both pretreatment methods and types of coagulants
may play a crucial role in the control of NF/RO fouling. Application of
conventional coagulation, clarification and multi-media filtration can
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take advantage of preexisting facilities; however, the processes offset
the benefit of small area required for NF membrane process. Pre-
coagulated MF would be more advantageous process for pretreatment
for NF.

Most of the surface water treatment plants in Japan that have
coagulation: process currently use aluminum coagulants [7]. During
our pilot plant experiment {8], which is also discussed in this study,
we found that residual aluminum coagulants in the NF feed might
cause the membrane fouling. Therefore, the objective of this study

was to investigate the effects of coagulant residuals on NF membrane .

fouling when NF is applied as an advanced water treatment process of
surface or ground water. In laboratory-scale experiments, we used
two types of aluminum coagulant: poly-aluminum chloride (PACI)
and alum and pretreated by in-line coagulation and ceramic MF. As an
alternative coagulant, iron coagulant (ferric chloride) was also used.
To clarify the effect of residual coagulants, groundwater that
contained low organic matter was used as raw experimental water.
To elucidate the effects of SiO, on the NF membrane fouling, we added
SiO, to the raw water in some of the experiments. The results of the
pilot scale experiment, in which PACI was used as a coagulant agent,
were also presented and discussed.

2. Experimental
2.1. Laboratory-scale experiment

In the laboratory-scale experiment, Hokkaido University ground-
water was used as raw experimental water. The average quality of this
water was: DOC 0.5 mg/L, EC450 pS/cm, pH 7.2, Na 29 mg/L, K 9.6 mg/
L Ca 50mg/L, Mg 15mg/L, Cl 25mg/L, SO, 40 mg/L. Types of
coagulants used were PACI (10% Al,Os, basicity 52%, Japanese
Industrial Standard (JIS) grade), alum (Aluminum Sulfate 14-18
Water, reagent grade, Wako Pure Chemicals, Osaka, Japan) or ferric
chloride (Iron (III) Chloride Hexahydrate, reagent grade, Wake Pure
Chemicals). The raw water was firstly treated with activated carbon
cartridge filter to quench residual chlorine and then pretreated by in-
line coagulation followed by MF. The MF filtrate (pH 7.0-7.1) was
then pumped at a rate of 1.5 L/h to a flat sheet membrane test cell
(filtration area 60 cm?, C10-T, Nitto Denko Matex Corp., Tokyo, Japan;
Fig. 1) that housed the NF membrane (UTC-60, nominal NaCl rejection
55%, Toray Industries, Inc.). NF was performed at a filtration flux of
2.5 cm/h and a water recovery rate of 10%. The system flow is shown
in Fig. 2. We conducted nine experimental runs and their conditions
are summarized in Table 1. In all experimental runs, the coagulant

Fig. 1. Flat sheet membrane test cell.

dose was set at 0.04 mM (1.1 mg-Al/L, 2.2 mg-Fe/L). MF was
performed with a laboratory-use ceramic membrane (nominal pore
size 0.1 um, membrane area 0.4 m? NGK Insulators, Nagoya, Japan) at
very low filtration flux (0.83 cm/h), without periodic hydraulic
backwashing; the MF membrane was replaced with a chemically
cleaned membrane when the inlet pressure reached 0.05 MPa. After
the NF experiments, spent NF membranes were cleaned with 2% citric
acid, and the aluminum and iron concentrations in the citric acid drain
were analyzed.

After five experimental runs with the laboratory-scale experimental
setup, an automatic hydraulic backwash system was introduced to the
MF step; the MF was performed at a norma! filtration flux (6.25 cm/h),
and the MF membrane was hydraulically cleaned by backwash at a
pressure of 500 kPa for 10 severy 2 h [9]. MF permeate (pH 6.8-7.0) was
introduced to the NF membrane test cell at a filtration flux of 2.08 cm/h,
which is slightly lower than the fluxes used for the previous
experiments. Runs 6-9 were conducted with this system. Run 6 used
PACI as a coagulant, and Run 7 used ferric chloride.

In the next two experimental runs (Runs 8 and 9), SiO, was added
to the chlorine-quenched groundwater before coagulation with PACI
and MF pretreatment. By comparing these results with the results of
Run 6, in which the mean silicate concentration was 35 mg-Si0,/L, we
investigated the effect of silicate on the NF membrane fouling. Diluted
sodium silicate was added so that the silicate concentration in the NF
feed would be approximately 80 mg-SiO,/L. Sodium silicate is a basic
reagent, and thus the pH was adjusted to approximately 7 with
hydrochloric acid. After Runs 6, 8, and 9, the spent NF membranes
were cleaned sequentially with HCl, NaOH, and citric acid; and then
the aluminum, silicate, calcium, and potassium concentrations in the
cleaning water were analyzed.

2.2. Pilot MF-NF plant experiment

The pilot plant received water at a rate of 24 m?/h from the outlet
of a sedimentation basin of the Ishikawa Water Treatment Plant,
Okinawa, Japan, after PACI (basicity 50%, JIS grade) coagulation. In the
pilot plant, MF (polyvinylidene fluoride membrane, nominal pore size
0.1 pm; Toray Industries, Inc, Tokyo, Japan) filtrates (pH 6.5-7.3)
were transferred to the NF modules (nominal NaCl rejection 55%;
polyamide SU-610, Toray Industries, Inc.), which were operated at
constant flux (2.5 cm/h) and water recovery rate (95%) by adjustment
of the feed pressure. Average quality of MF filtered water was: TOC
0.9mg/L, EC 185 uS/cm, Na 19 mg/L, Ca 11 mg/L, Cl 27 mg/L, SO4
14 mg/L, and residual Al was 0.03 mg/L. The 15 NF modules were
placed in a multistage array (8, 4, 2, and 1 modules in series), and the
water recovery rate of each element was about 13%. Details of the
process configuration and operation are given elsewhere [8]. After
4.5 months of system operation, foulants on the NF membrane surface
were collected by gentle scraping of the membrane deposits. The
foulants were then dried, weighed, combusted for 30 min in a muffle
furnace at 550 °C, and then weighed again to obtain the mass of fixed
solid. The recovered foulant was analyzed for Al, Ca, Fe, S, and Si.

2.3. Analytical methods

Aluminum and iron concentrations were measured by an induc-
tively coupled plasma-mass spectrometer (ICP-MS; HP-4500; Agilent
Technologies, Inc., Palo Alto, CA, USA). lon concentrations (Na*, K™,
Mg™*, Ca*, CI~, NO3, SO3™) were measured by ion chromatograph
(DX-120, Nippon Dionex KK., Osaka, Japan). SiO, was measure by
molybdenum yellow colorimetric method. TOC and DOC were
measured by TOC-5000A (Shimadzu Corporation, Kyoto, Japan) or
Sievers 900 Laboratory TOC analyzer (GE Analytical Instruments,
Boulder, CO, USA).
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Fig. 2. Experimental setup for laboratory-scale MF-NF experiments.

3. Results and discussion

3.1. Laboratory-scale experiment pretreated with aluminum coagulants
(Runs 1-3)

Changes in NF membrane permeability over time in the labora-
tory-scale experiment with different aluminum coagulants (i.e., PACI
and alum) are compared in Fig. 3. Because variation in the initial
filtration flux of the pieces of NF membrane sheet used in the NF
cross-flow cell was small, nanofilter permeability was evaluated in
terms of the dimensionless standardized filtration flux, which is the
standardized flux at 1 MPa and 25 °C divided by the standardized flux
for pure water, as described by the following equations [10]:

=% M)

where ] is standardized filtration flux [m/(h MPa)], Q is filtration rate
(m?/h), A is membrane surface area (m?), a is a temperature
compensation factor to 25 °C, and AP is transmembrane pressure
(TMP) (MPa); and

= (2)

el

where J* is dimensionless standardized flux, and Jyy is standardized
filtration flux for pure water [m/(h MPa)].

After 25 days of operation of the laboratory-scale experiment with
PACI coagulant (Run 1) in which MF permeate (NF feed) had a mean
aluminum concentration of 20 pg/L, the filtration flux decreased by
about 15% (Fig. 3). In an experiment with alum coagulant (Run 2) in
which NF feed contained aluminum at a mean concentration of 18 pg/
L, the filtration flux again decreased by about 15%. Lower mean

Table 1
Laboratory-scale experimental conditions and mean concentrations of residual
coagulant in NF feed water.

Run Typeof  Automatic
coagulant backwash system added to be. concentration of

Si0; was Mean NF
filtration

in MF and ~80 mg/L.  residual coagulant flux

filtration flux in NF feed water - (cm/h)

(cm/h)
;| PACI No (0.83) 20 pg-Al/L 2.5
2 Alum No 18 pg-Al/L 25
3 PACL No 8.7 pg-Al/L 25
4 FeCl3 No 10 pg-Fe/L 2.5
5 FeCl3 No 18 png-Fe/L 25
6 PACI Yes (6.25) 40 pg-Al/L 2.08
7 FeCl; Yes 8.6 pg-Fe/L 2.08
8 PACI Yes Yes 103 pg-Al/L -2.08
9 PACI Yes Yes 85 pg-Al/L 2.08

aluminum concentration (8.7 ug/L) in NF feed was observed in
another experiment with PACI coagulant (Run 3); we did not change
any specific condition of coagulation and MF, and we could not
elucidate the reason why we could achieve this lower residual
aluminum concentration. In this Run 3, the NF membrane permeabil-
ity did not change substantially. The percentage rejection of
aluminum by NF was more than 85%; most of the aluminum
remaining after MF obviously could not permeate the NF membrane
and thus had the potential to be deposited on the NF membrane,
reducing membrane permeability. However, the aluminum concen-
trations in the NF retentates were only slightly higher than the
concentrations in the corresponding NF feed; more than 98% of the
aluminum fed to the NF was discharged with the NF retentate.
Therefore, the high rejection ratio of aluminum did not produce a
retentate that was highly concentrated in comparison with the feed
and did not necessarily result in a high deposition rate on the NF
membrane.

3.2. Laboratory-scale experiment with iron coagulant pretreatment (Runs 4
and5)

Unlike Runs 1 and 2, Runs 4 and 5 did not show a large change in
nanofilter permeability (Fig. 4). Mean iron concentrations in the NF
feed after the ferric chloride coagulation and MF pretreatments in
Runs 4 and 5 were 10 and 18 pg/L, respectively, and the aluminum
concentration in the NF feeds was less than 2 pg/L. The percentage
rejection of iron by NF was 60-90%, which was not as high as that of
aluminum. These results suggest that the concentration of residual
aluminum after coagulation influenced NF fouling more strongly than
did the residual iron concentration.

—O—Run 1 (NF feed: 20 pg-Al/L, PACI coagulation)

Dimensionless flux
(=]
(=]
L

04}
—&— Run 2 (NF feed: 18 pg-Al/L, alum coagulation)
02 _@ Run 3 (NF feed: 8.7 yg-Al/L, PAC! coagulation)
ovo L E | : | 1 1 J
0 100 200 300 400 500 600

Time (h)

Fig. 3. Time dependence of dimensionless standardized flux (standardized flux/
standardized flux for pure water) for NF after coagulation and MF in the laboratory-
scale experiment (Runs 1-3).
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Fig. 4. Time dependence of dimensionless standardized flux (standardized flux/
standardized flux for pure water) for NF after coagulation and MF in the laboratory-
scale experiment (Runs 4 and 5).

Table 2 summarizes the masses of aluminum and iron eluted from
the spent NF membranes by citric acid. The membranes used in Runs 1
and 2, which showed larger permeability declines, contained more
aluminum (3.6 and 4.0 mg/m?-membrane surface) than the others.
The amount of iron eluted from the spent membranes was similar to
the amount of aluminum (Table 2), but unlike the mass of aluminum,
the mass of iron was not obviously correlated with membrane
permeability decline (Figs. 3 and 4).

3.3. Laboratory-scale experiment with backwashing in the MF step

3.3.1. Comparison of aluminum and iron coagulation (Runs 6 and 7)

An automatic backwash was introduced to the MF step after Run 5,
and this alteration permitted MF at a normal filtration flux. Under this
altered condition, experimental runs with PACI coagulant (Run 6) and
ferric chloride (Run 7) were performed. Nanofilter permeability
declined during Run 6 (Fig. 5). In this run, the NF feed contained
residual aluminum of 40 ug/L in average, and the membrane
permeability declined by 25% after 60 days (1440 h) of operation.
The permeability declined at lower rates in this run than in Runs 1 and
2; this result was probably due to the fact that the filtration flux
(2.08 cm/h) was lower than in Runs 1 and 2 (2.5 cm/h). In the
experiment with ferric chloride (Run 7), no substantial decline in NF
membrane permeability was observed; this result was the same as
those for Runs 4 and 5.

3.3.2. Effect of SiO, addition (Runs 6, 8 and 9)

When SiO; was added to the water before the pretreatment by
coagulation with PACI and MF (Runs 8 and 9), the NF membrane
permeability declined at about double the speed observed for Run 6
(Fig. 6). The pH in Run 8 was not strictly controlled (the pH of the NF
feed water fluctuated between 6.6 and 7.5). Aluminum is more
soluble at alkaline pH than at neutral pH [11], and therefore the mean
aluminum concentration in the NF feed was as high as 103 pg/L. In
Run 9, the pH was controlled more strictly (6.7-7.0 over the course of
the run); nevertheless, the mean aluminum concentration was also
rather high (85 pg/L) in this run. This higher residual aluminum may

Table 2
NF membrane foulants in the laboratory-scale MF-NF experiment in Runs 1-5.
Coagulant Foulant
Al (mg/m?) Fe (mg/m?)
Run 1 PACI 36 25
Run 2 Alum 4.0 1.7
Run 3 PACI 1.8 21
Run 4 FeCl3 02 33
Run 5 FeCl3 1.2 1.8

3
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2o 0.4 - —O— Run 6 (NF feed: 40 pg-Al/L, PACI coagulation)
02k —— Run 7 {NF feed: 8.6 pg-Fe/L, FeCls coagulation)
00 1 i i L 1 J
0 10 20 30 40 50 60
Time (d)

Fig. 5. Time dependence of normalized flux (standardized flux/first day standardized
flux) for NF after coagulation and MF in the laboratory-scale experiment (Runs 6 and 7).

have been due to the effect of excess silicate. Lartiges et al, [12]
reported that flocculation of colloidal silica with polymerized
aluminum begins with the formation of negatively charged alumino-
silicate sites. Duan and Gregory [13,14] investigated the interaction of
aluminum coagulants with silica and found that a small amount of
dissolved silica can improve coagulation by affecting the charge-

mneutralizing behavior of hydrolyzed aluminum species, but silica

coagulation is inhibited as the amount of silica is increased, as a result
of the increasing negative charge of the particles.

To explore further the effect of a large amount of silicate on the
faster decline of NF membrane permeability, we cleaned the spent
membrane sequentially with HCl, NaOH, and citric acid after the
experimental runs. Results after chemical cleaning with HCI are
shown in Table 3; aluminum and silicate were recovered in molar
ratios of 1:0.49 (Run 6), 1:1.52 (Run 8), and 1:1.78 (Run 9). These
results suggest that aluminum and silicate were major inorganic
foulants of the nanofilter.

We calculated the aluminum solubility diagram for the NF feed
solution used in Runs 6, 8, and 9 (Fig. 7) with Geochemist's Workbench
(ver. 6, RockWare, Inc., Golden, CO, USA). The major difference in the feed
water quality of these runs was silicate concentration. The aluminum
concentration in the NF feed water exceeded the upper solubility limit in
the case of gibbsite (Al(OH)s), pyrophyllite (AlSi;OsOH), and kaolinite
(ALSi;05(0H)y), that is, an aluminum compound and two compounds
containing both aluminum and silicate. Furthermore, changing the silicate
concentration from 40 to 80 mg-SiO,/L led to a large decrease in the
solubility of pyrophyllite and kaolinite (from dotted line to solid line),
although the solubility of gibbsite did not change. This result implies that
more aluminum silicate compounds may have deposited on the NF
membrane as the amount of silicate in the feed water increased. Therefore,
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Fig. 6. Changes in standardized flux for NF after coagulation and MF in the laboratory-
scale experiment (Runs 6, 8, and 9).
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Table 3
Molar ratio of Si and K to Al recovered by cleaning with HCL.

Mean Si concentration in Si/Al (mol/mol) K/Al (mol/mol)

NF feed water (mg-SiO,/L)
Run 6 35 0.49 0.48
Run 8 75 1.52 1.02
Run 9 77 1.78 0.70

the silicate concentration could play a major role in NF membrane fouling,
even though the rejection rate of silicate itself was not high: the rejection
percentages of silicate were only 10-20% in both the pilot plant and
laboratory experiments.

Calcium was not detected on the spent membrane from Run 6 but
was detected in Runs 8 and 9. In these runs, calcium was detected in the
NaOH cleaning solution, which suggests that calcium fouled the NF
membrane in combination with organic substances. In contrast,
potassium was largely detected in the HCl and citric acid cleaning
solutions. The molar ratios of aluminum to potassium in the HCl cleaning
solution were 1:0.48 (Run 6), 1:1.02 (Run 8), and 1:0.70 (Run 9)
(Table 3). The thermodynamic calculation (Geochemist's Workbench)
also suggests that the aluminum concentration in the NF feed water was
higher than the solubility of mordenite-K (K,Al,Si;g024-7H,0) (Fig. 7),
and in some calculations, clinoptilolite-K (KgAlgSizgO72) also appeared as
a candidate foulant (data not shown). These two minerals are siliceous
zeolites [15,16], and the chemical formulas of natural zeolites are very
complicated; not only potassium but also other cations, including
sodium, calcium, and magnesium, are incorporated into the zeolites
because zeolites have ion-exchange properties [17]. The foulants in the
other experiments were not analyzed for potassium (because we did not
consider potassium as a potential foulant when the research started) and
other cations except calcium; we therefore could not elucidate further
the effects of these cations.

3.4. Pilot MF-NF plant experiment

The permeability of the first stage modules in the multistage array
of nanofilters declined with operation time (Fig. 8). Although no
severe membrane fouling was expected for the first stage module,
TMP doubled and the permeability (represented by standardized
filtration flux at 25 °C and 1 MPa) was reduced to 1/3 the original
permeability over 4.5 months of operation. The mean silt density
index of the NF feed water was 2.25 (minimum 1.0, maximum 3.2),
which suggests an absence of severe fouling by particulate matter.
Gabelich et al. [18] recently reported that aluminum residuals, most
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Fig. 7. Solubility diagram for aluminum at 25 °C: dotted lines, solubility diagram for the
NF feed solution in Run 6 (40 mg-SiO,/L); solid lines, Runs 8 and 9 (80 mg-SiO,/L).
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Fig. 8. Water permeability for the first stage of the multistage array in the NF pilot plant.
Triangles, transmembrane pressure (TMP); circles, permeability represented by
standardized filtration flux at 25 °C and 1 MPa of TMP.

notably from alum coagulation, cause colloidal fouling of RO
membranes through interaction with the ambient silica to form
aluminum silicate. They suggested that keeping the aluminum
concentration at <50 pg/L would result in stable RO membrane
performance. The aluminum concentration in the NF influent of our
experiment was below this suggested limit (mean 30 pg/L, minimum
10 pg/L, maximum 47 pg/L).

Collection of the membrane deposits was followed by combustion
at 550 °C, and we recovered remaining foulants (regarded as ash) ata
rate of 330 mg/m*-membrane surface. We conducted elemental
analysis of this ash for Al, Ca, Fe, S, SiO, and their concentrations
were 46, 0.33, 2.5, 3.9, and 30 mg/m?, respectively. This excessive
accumulation of aluminum and silicate also suggests that aluminum
residuals probably caused the membrane fouling by forming alumino-
silicates or aluminum hydroxide.

4. Conclusion

Residual aluminum in the NF feed water greatly increased the
decline of NF membrane permeability both in a pilot MF-NF plant
experiment and in laboratory-scale MF-NF experiments when
aluminum coagulants were used in the pretreatment process. On
the contrary, there was no substantial decline in NF membrane
permeability in the laboratory-scale experiments when ferric chloride
was used as a coagulant. In the laboratory-scale experiments with
aluminum coagulants, NF membrane permeability declined when the
feed water contained residual aluminum at 18 pg/L or more, but not
when the aluminum concentration was lower than about 9 pg/L.
Therefore, the control of residual aluminum in the pretreatment
processes of NF is crucial for mitigation of severe fouling of the NF
membrane. The silicate concentration in the NF feed water also
greatly increased NF membrane fouling, and other cations, especially
potassium, may have been incorporated in the foulants in the form of
zeolites.

References

[1] M. Siddiqui, G. Amy, J. Ryan, W. Odem, Membranes for the control of natural
organic matter from surface waters, Water Res. 34 (13) (2000) 3355-3370.

[2] 1. Mijatovic, M. Matosic, H. Cerneha, D. Bratulic, Removal of natural organic matter
by ultrafiltration and nanofiltration for drinking water production, Desalination
169 (2004) 223-230.

[3] B.Van der Bruggen, ]. Schaep, W. Maes, D. Wilms, C. Vandecasteele, Nanofiltration
as a treatment method for the removal of pesticides from ground waters,
Desalination 117 (1998) 139-147,

[4] HA. Kim, J.H. Choi, S. Takizawa, Comparison of initial filtration resistance by
pretreatment processes in the nanofiltration for drinking water treatment, Sep.
Purif. Technol. 56 (2007) 354-362.

[5] CJ. Gabelich, T.I. Yun, B.M. Coffey, L.H. Suffet, Effects of aluminum sulfate and ferric
chloride coagulant residuals on polyamide membrane performance, Desalination
150 (2002) 15-30.



22 K. Ohno et al. / Desalination 254 (2010) 17-22

[6] CJ. Gabelich, W.R. Chen, T.I. Yun, B.M. Coffey, LH. Suffet, The role of dissolved
aluminum in silica chemistry for membrane processes, Desalination 180 (2005)
307-319.

[7] K. Ohno, E. Kadota, Y. Matsui, Y. Kondo, T. Matsushita, Y. Magara, Plant capacity
affects some basic indices of treated water quality: multivariate statistical analysis
of drinking water treatment plants in Japan, J. Water Supply Res. T. AQUA 58 (7)
(2009) 476-487.

[8] T. Ohgai, Y. Oguchi, K. Ohno, T. Kamei, Y. Magara, M. Itoh, Development of
evaluation methods to introduce a nanofiltration membrane process in drinking
water treatment, Water Sci. Tech. Water Supply 6 (2) (2006) 9-17.

[9] Y. Matsui, H. Hasegawa, K. Ohno, T. Matsushita, S. Mima, Y. Kawase, T. Aizawa,
Effects of super-powdered activated carbon pretreatment on coagulation and
trans-membrane pressure buildup during microfiltration, Water Res. 43 (20)
(2009) 5160-5170.

[10] M. Itoh, S. Kunikane, Evaluation method of nanofiltration membranes by
semibatch experiment, J. Jpn. Water Works Assoc. 68 (11) (1999) 21-31 (in
Japanese).

[11] MWH, Water Treatment: Principles and Design2nd ed, John Wiley & Sons, Inc,
Hoboken, New Jersey, 2005.

[12] B.S. Lartiges, J.Y. Bottero, LS. Derrendinger, B. Humbert, P. Tekely, H. Suty,
Flocculation of colloidal silica with hydrolyzed aluminum: an 27Al solid state NMR
investigation, Langmuir 13 (1997) 147-152.

[13] J. Duan, J. Gregory, Influence of soluble silica on coagulation by aluminium
sulphate, Colloid. Surface A 107 (1996) 309-319.

[14] J. Gregory, J. Duan, The effect of dissolved silica on the action of hydrolysing metal
coagulants, Water Sci. Tech. 38 (6) (1998) 113-120.

[15] K. Itabashi, T. Fukushima, K. Igawa, Synthesis and characteristic properties of
siliceous mordenite, Zeolites 6 (1986) 30-34.

[16] D.Zhao, K. Cleare, C. Oliver, C. Ingram, D. Cook, R. Szostak, L. Kevan, Characteristics
of the synthetic heulandite—clinoptilolite family of zeolites, Micropor. Mesopor.
Mat, 21 (1998) 371-379.

[17] RY. Ning, Discussion of silica speciation, fouling, control and maximum reduction,
Desalination 151 (2002) 67-73.

[18] CJ. Gabelich, K.P. Ishida, FW. Gerringer, R. Evangelista, M. Kalyan, LH. Suffet,
Control of residual aluminum from conventional treatment to improve reverse
osmosis performance, Desalination 190 (2006) 147-160.



2664 RNV IRl Water Science & Technology—WST | 62.11 | 2010

Geosmin and 2-methylisoborneol adsorption on
super-powdered activated carbon in the presence

of natural organic matter

Y. Matsui, Y. Nakano, H. Hiroshi, N. Ando, T. Matsushita and K. Ohno

ABSTRACT

Geosmin and 2-methylisoborneol (2-MIB) are naturally occurring compounds responsible for
musty-earthy-odors in surface water supplies. They are a severe problem confronting utilities
worldwide. Adsorption by powdered activated carbon (PAC) is a widely used process to control
this problem, but it has low efficiency, which engenders large budget spending for utilities
services. Super-powdered activated carbon (S-PAC) is activated carbon with much finer particles
than those of PAC. Experiments on geosmin and 2-MIB adsorptions on S-PAC and PAC were
conducted. Geosmin and 2-MIB adsorption capacities on S-PAC were not smaller than those on
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PAC although natural organic matter, which adversely impacted the adsorption capacity of
geosmin and 2-MIB, was more adsorbed on S-PAC than on PAC, meaning that the adsorption

competition is less severe for S-PAC than for PAC.

Key words | competitive adsorption, humic substance, PAC, particle size, submicrometer, taste

and odor

INTRODUCTION

Although taste and odor problems are not considered a
direct threat to public health, they are perhaps the single
greatest public relations issue confronting many water
utilities because consumers generally rely on the taste of
their water as the primary indicator of its safety (Wear
2006). Taste and odor are aesthetic qualities of drinking
water. For that reason, their assessment depends on
human perception. The human perception of taste and
odor in drinking water depends on numerous factors, but
tastes and odors are sometimes perceived at extremely low
concentrations, typically for taste and odor problems
caused by algae, mold, and bacteria. The major components
within algae that give rise to tastes and odors are
geosmin and 2-MIB. In Japan, geosmin and 2-MIB
concentrations in tap water from drinking water suppliers
are regulated by the drinking water quality standard to be
less than 10ng/L, which are the lowest concentrations
among all items.

doi: 10.2166/wst.2010.415

The removal of geosmin and 2-MIB during water
treatment is usually done by adsorption using activated
carbon or oxidation by ozone. Among such methods, PAC
is the simplest most widely applied method, but means that
are more economical are anticipated (Newcombe & Cook
2002). The process of 2-MIB and geosmin adsorption onto
PAC takes time, usually more than 1h (Huang et al. 1996).
Maximizing the contact time between PAC and water is
critical, for efficiently utilize its adsorptive capacity of the
PAC. Particle size reduction of PAC, which improves the
adsorbate uptake rate, is another means for efficient
utilization of its adsorptive capacity (Najm et al 1990).
Recently, activated carbon that is much finer than con-
ventional PAC has become available: super-powdered
activated carbon (S-PAC). In fact, S-PAC is far superior to
PAC in removing geosmin and natural organic matter
(NOM) (Matsui et al. 2004, 2007, 2009). However, the
removal of 2-MIB, which has less affinity to activated
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carbon than geosmin, has not yet been investigated.
Moreover, characteristics of adsorptive removals of
2-MIB/geosmin by S-PAC, which adsorbs NOM more
than PAC, remain unknown. In this paper, the adsorption
equilibrium of 2-MIB/geosmin on S-PAC and PAC were
investigated experimentally along with their adsorption in
the presence of NOM.

METHODS
Activated carbon

Commercially available wood-based PAC (Taikou-W;
Futamura Chemical Industries Co. Ltd., Gifu, Japan) was
wet-ground to produce S-PAC using a wet bead mill
(Metawater Co. Ltd.; Tokyo, Japan, Matsui et al. 2004).
We used both the S-PAC and the as-received (i.e. normal)
PAC. The S-PAC was stored in slurries (2.1 and 0.21%)
with pure water at 4°C, as was the PAC (2.6 and 0.28%).
The particle size distributions of S-PAC and PAC (Figure 1)
were determined using laser-light scattering instruments
(LMS-300; Seishin Co., Ltd., Tokyo, Japan).

Water samples

Hakucho and Suwannee humic acid waters were used as
source waters containing NOM. The Hakucho water
samples were collected from Lake Hakucho in Hokkaido,
Japan, transported in polyethylene tanks, and stored at
4°C. The TOC and ultraviolet absorbance at 260nm
(UV260) served as parameters for bulk NOM quantification
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Figure 1 | Particle size distributions of S-PAC and PAC.

(TOC: Model 810; Sievers Instruments, Inc., Boulder, CO,
USA; UV260: Model UV-240, Shimadzu Corp., Kyoto, Japan).
The Suwannee humic acid water was prepared by dissolving
Suwannee humic acid (International Humic Substance
Society) in pure water (Milli-Q Advantage, Millipore Co.)
after inorganic ions, which bring the ionic composition equal
to that of water from Hakucho water. The molecular weight
(MW) distributions of NOMs in the Hakucho water and
Suwannee humic acid water were determined using liquid
chromatography-organic carbon detection [HP1100 (Agilent
Technologies, Inc., CA, USA); packed column GL-P252
(Hitachi, Ltd.); eluent: 0.02M Na,HPO, +0.02M KH,PQ,].
Polystyrene sulfonate (MW 1800, 4600, and 8000) was used for
calibration. The UV absorbance at 260 nm and TOC (Model
810 Turbo; GE Analytical Instruments) of the column effluent
were measured continuously (see Table 1).

Single solute solutions of geosmin and 2-MIB were
prepared respectively by diluting geosmin-MeOH liquid
(Supelco, Sigma Aldrich Japan, Tokyo) and 2-MIB-MeOH
liquid (Supelco, Sigma-Aldrich Japan, Tokyo) with pure
water (Milli-Q Advantage, Millipore Corp., Billerica, MA,
USA). Solutions of geosmin and 2-MIB in natural water
were prepared respectively by diluting geosmin (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) and 2-MIB (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) with pure
water and natural water (Hakucho water or Suwannee
humic acid water). All waters were filtered through a 0.2 pum
pore size membrane before use. Geosmin and 2-MIB
concentrations were adjusted to 100ng/L. Geosmin and
2-MIB concentrations were analyzed using a Thermal
Desorption System (TDS), a gas chromatography/mass
spectrometer) (GC/MS), and the Stir Bar Sorptive Extrac-
tion (SBSE) method (Gerstel GmbH and Co. KG, Tokyo,
Japan, and Agilent Technologies Japan, Tokyo) using
deuterium-labeled geosmin (Hayashi Pure Chemical Ind.,
Ltd., Osaka, Japan) as an internal standard, or using a
Purge and Trap Concentrator Coupled to the GC-MS
(GCMS-QP2010 Plus; Shimadzu Corp., Kyoto, Japan;
Aqua PT 5000 J, GL Sciences Inc., Tokyo, Japan).

Table 1 | Properties of natural water samples

Hakucho water Suwannee humic acid water

TOC
Uv260

1.4 mg/L
0.028cm™!

1.6mg/L
0.096cm™!
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Batch adsorption tests

In adsorption equilibrium tests, aliquots (125 mL) from the
1L solution containing each geosmin/2-MIB and PAC were
transferred to 125-mL vials. Then the vials were agitated on
a shaker for one week. In the preliminary experiment, it was
confirmed that in one week geosmin/2-MIB adsorption
equilibrium was reached and NOM adsorption equilibrium
was almost reached.

After the water samples were filtered through a 0.2-um
membrane filter (DISMIC-25HP; Toyo Roshi Kaisha, Ltd.,
Tokyo), the water-phase of each geosmin/2-MIB concen-
tration was measured using TDS-GC/MS and SBSE. The
solid-phase of each geosmin/2-MIB concentration was
calculated from the mass balance. They are shown against
water-phase concentrations to obtain isotherm data. In the
natural water system, the NOM concentration was evalu-
ated by measuring the total organic carbon (TOC) concen-
tration (Sievers 900 Laboratory TOC Analyzer; GE
Analytical Instruments, Boulder, Colorado, USA).

RESULTS AND DISCUSSION

Geosmin and 2-MIB adsorption capacities
of S-PAC and PAC

As presented in Figure 2, no large difference in geosmin
adsorption capacity was observed between S-PAC and PAC
although there was a tendency observed that adsorption
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A PAC, pure water @ PAC, Hakucho water
LA S-PAC, pure water O S-PAC, Hakucho water

Solid-phase concentration (ng/mg)
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1 10 100
Liquid-phase geosmin concentration (ng/L)

Figure 2 | Adsorption isotherms of geosmin in Hakucho water and pure water
(the lines are Freundlich model fits).
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Figure 3 | Adsorption isotherms of 2-MIB in Hakucho water and pure water (the lines
are Freundlich model fits).
capacity on S-PAC was slightly higher than on PAC. For
2-MIB, adsorption capacities were not clearly different
between S-PAC and PAC, as shown in Figure 3. In contrast,
for NOM, a higher adsorption capacity of S-PAC than on
PAC was reported for natural organic matter (Matsui ef al.
2004). The reason for the higher NOM adsorption capacity
on S-PAC was not clear, but the effect of carbon particle
size on the adsorption capacity differed depending on the
adsorbates. Adsorption equilibrium data of Figure 2 also
show that the geosmin adsorption capacity was smaller in
natural water than in pure water. This resulted from
adsorption competition between NOM and geosmin,
where NOM reduced the adsorption capacity of geosmin.
The extents of geosmin adsorption capacity reductions were
similar between S-PAC and PAC. The geosmin adsorption
capacity was also almost the same for S-PAC and PAC in
the presence of NOM. Figure 4 shows adsorption isotherms
of NOM in the presence of geosmin for S-PAC and PAC in
terms of TOC. For both Hakucho water and Suwannee
humic acid water, S-PAC showed higher NOM adsorption
capacity than PAC, indicating that S-PAC adsorbed NOM
more than PAC at a given dose. The geosmin adsorption
capacity in natural water did not, however, differ between
S-PAC and PAC. The geosmin adsorption capacity on
S-PAC was decreased by the competitive effects of NOM,
but the competitive effects are the same degree between
S-PAC and PAC although S-PAC adsorbed the larger
amount of NOM than PAC. In other words, the large
amount of NOM adsorbed onto S-PAC exerted the same
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Figure 4 | TOC adsorption isotherms in Hakucho water and Suwannee humic acid
water (the lines are Freundlich model fits).

degree of competition to geosmin adsorption as the small
amount of NOM adsorbed onto PAC. A similar result was
obtained for 2-MIB, as portrayed Figures 3 and 4. Therefore,
the adsorption competition effect of NOM is expected to
differ between S-PAC and PAC, and the adsorption
competition effect is less severe on S-PAC than on PAC.
The size reduction of carbon particle could be advantageous
for removing both the NOM and the geosmin and 2-MIB by
avoiding the adsorption competition effect.

Geosmin and 2-MIB adsorption in Hakucho and
Suwannee humic acid waters

The initial TOC of Suwannee humic acid water (TOC,
1.6mg/L) was higher than that of Hakucho water (TOC,
1.4mg/L) in the adsorption experiments. It was therefore
expected that the adsorption competition was more severe
in Suwannee humic acid water than in Hakucho water.
However, results show that the amounts of geosmin
adsorbed onto S-PAC and PAC in the Hakucho water
were about half of those in the Suwannee humic acid water,
as presented in Figure 5. Therefore, NOM existing in the
Hakucho water tends more to compete in adsorption with

geosmin than NOM existing in the Suwannee humic water.
One reason related to this different adsorption competition
effect is the difference of the molecular weight distributions
of NOMs in the Hakucho water and Suwannee humic acid
water. The molecular weight of NOM contained in
Hakucho water was lower than that of the Suwannee
humic acid water, as depicted in Figure 6. Accordingly,
Hakucho water probably has a greater tendency to compete
in adsorption with low molecular weight compound of
geosmin than Suwannee humic acid water. Moreover,
Figure 4 presents that TOC adsorption capacity in the
Hakucho water was greater than in the Suwannee humic
acid water. These results indicate that natural water whose
NOM adsorbs more on S-PAC and PAC might decrease the
geosmin adsorption capacity more.

Comparison between the geosmin adsorption capacity
and 2-MIB adsorption capacities

As shown in Figure 2, the geosmin adsorption capacity was
decreased by one-fifth through adsorption competition by
NOM of Hakucho water. However, according to Figure 3,
the 2-MIB adsorption capacity was decreased more. It was
decreased by one-tenth by the NOM. These results
demonstrate that 2-MIB has a greater tendency to receive
adsorption competition from NOM than geosmin. Geosmin
has slightly lower MW than 2-MIB (geosmin 220 and
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Figure 5 | Adsorption isotherms of geosmin in Hakucho water and Suwannee humic
acid water (the lines are Freundlich model fits).
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Figure 6 ] Molecular weight distributions of NOMs in natural water.

2-MIB 206 Da), which might cause geosmin to have less
severe adsorption competition from NOM, which has large
MW, because adsorbates of similar MW would have high
competition. Overall, the NOM competition effect observed
for 2-MIB and geosmin on S-PAC and PAC is not
straightforward and remains to be resolved.

CONCLUSIONS

(1) Geosmin adsorption capacities on S-PAC and PAC were
not very different: the capacity on S-PAC was slightly

higher than on PAC. Carbon particle size reduction did
not largely change the geosmin adsorption.

(2) Although S-PAC adsorbed NOM more than PAC, the
adsorption capacity of geosmin in natural water did not
largely differ between S-PAC and PAC. Increased NOM
adsorption through carbon particle size reduction did
not influence the geosmin adsorption capacity.

(3) Adsorption competition with geosmin was severer in
natural water including NOM of the lower molecular
weight.

(4) Findings described in conclusions (1)-(3) for geosmin
were also obtained for 2-MIB.

(5) 2-MIB shows a greater tendency to have adsorption
competition with NOM than geosmin does.
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ARTICLE INFO ABSTRACT
Article history: We examined the natural organic matter (NOM) adsorption characteristics of super-
Received 10 November 2009 powdered activated carbon (S-PAC) produced by pulverizing commercially available,
Received in revised form normal PAC to a submicron particle size range. The adsorption capacities of S-PAC for NOM
21 May 2010 and polystyrene sulfonates (PSS) with molecular weights (MWs) of 1.1, 1.8, and 4.6 kDa,
Accepted 24 May 2010 which we used as model compounds, were considerably higher than those of PAC. The
Available online 4 June 2010 adsorption capacity increases were observed for all five types of carbon tested (two wood-
based, two coconut-based, and one coal-based carbon). The adsorption capacities of S-PAC
Keywords: and PAC for polyethylene glycols (PEGs) with MWs of 0.3 and 1.0 were the same. The
NOM adsorption capacities of S-PAC for PEGs with MWs of 3.0 and 8.0 kDa were slightly higher
Pore size than the adsorption capacities of PAC, but the difference in adsorption capacity was not as
Humic large as that observed for NOM and the PSSs, even though the MW ranges of the adsorbates
Fulvic were similar. We concluded that the adsorption capacity differences between S-PAC and
Isotherm PAC observed for NOM and PSSs were due to the difference in particle size between the two

carbons, rather than to differences in internal pore size or structure, to differences in
activation, or to non-attainment of equilibrium that resulted from the change in particle
size. The difference in adsorption capacity between S-PAC and PAC was larger for NOM
with a high specific UV absorbance (SUVA) value than for low-SUVA NOM. The larger
adsorption capacities of S-PAC compared with PAC were explained by the larger specific
external surface area per unit mass. We hypothesize that a larger fraction of the internal
pore volume is accessible with carbon of smaller particle size because the NOM and PSS
molecules preferentially adsorb near the outer surface of the particle and therefore do not
completely penetrate the adsorbent particle.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction a simple and widely applied method for removing dissolved

contaminants that cannot be removed by the separation
In water treatment plants, the addition of powdered activated process itself. Although the adsorption capacity of PAC is high,
carbon (PAC) prior to a solid—liquid separation process, such that capacity is not fully utilized if the PAC—water contact
as sedimentation, deep filtration, or membrane filtration, is times are insufficient, because adsorbate uptake is slow. PAC
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