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Summary

We evaluated the effects of 15 different organic solvents in the luminescent wmu test, a
simplified version of the conventional umu test, by determining the amount of luminescence
induced by each solvent and considering its toxicity and stability of the solvents with regard to
the following 15 types of solvents: methanol, dimethyl sulfoxide, acetonitrile, 14-dioxane,
tetrahydrofuran, acetone, cyclohexane, ethyl alcohol, N,N-dimethylformamide, ethylene glycol
monopheny! ether, ethylene glycol dimethyl ether, glycerol formal, l-methyl-2-pyrolidone,
tetrahydrofurfuryl alcohol, and formamide. We found that cyclohexane, methanol, acetonitrile,
ethanol, and acetone could be used in the test. Methanol, in particular, was effective for

determining the mutagenicity of environmental samples.
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INTRODUCTION

Many substances in our environment contain trace
amounts of toxic chemicals, such as mutagenic sub-
stances that damage DNA, thus inducing mutation. The
wmu test is one method of rapidly determining the mu-
tagenicity of substances. The test uses the SOS reac-
tion, which is induced by DNA damage. Because of
the advantages of the wmmu test include rapidity and
simplicity,"” it likely will be applied to samples ob-
tained from the environment. For example, we previ-
ously reviewed the possibility of applying the
luminescent wmu test, which is a simplified form of
to sediment and soil

the conventional umu test,

samples®.

In the mutagenicity test that uses bacteria (Ames
test), organic solvents such as dimethylsulfoxide
(DMSO) are used if the test substance is insoluble in
water. DMSO is used widely because it is minimally
toxic to bacteria and has a relatively small effect on
metabolism by S9mix. Maron and coworkers? exam-
ined the applicability of 14 types of organic solvents to
the Ames test. They reported that 12 types out of the
14 tested solvents were found to be applicable to the
test under certain conditions. However, although
DMSO is known to induce the SOS reaction”, no simi-
lar survey of solvents has been made regarding lumi-
study, we

nescent wmu test. In the present
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characterized methano! and the 14 solvents tested by
Maron and colleagues with regard to the solvents’ po-
tential use in the luminescent umu test. Solvent charac-
teristics evaluated included the amount of luminescence
induced by the solvents, toxicity to tester bacteria
growth, and chemical stability.

MATERIALS AND METHODS

Reagents

In the present study, we used the following 15
commercially available reagents: methanol (for testing
of residual
Wako Pure Chemical Industries Ltd.), dimethyl sulfox-
ide (DMSO, for fluorescence measurement; Dojin Ka-

agricultural chemicals; manufactured by

gaku Co., Ltd.), acetonitrile (for testing of residual
agricultural chemicals; Wako), 1,4-dioxane (for spectrum
measurement; Nacalai Tesque, Inc.), tetrahydrofuran
(THF; Nacalai Tesque), acetone (for testing of residual
agricultural chemicals; Wako), cyclohexane (for testing
of residual agricultural chemicals; Wako), ethyl alcohol
(highest grade; Nacalai Tesque), N,N-dimethylformamide
(DME highest grade; Wako), ethylene glycol mono-
phenyl ether (EGPE, highest grade; Nacalai Tesque),
ethylene glycol dimethyl ether (EGME, highest grade;
Nacalai Tesque), glycerol formal (GF; Tokyo Kasei
Kogyo Co., Ltd.), l-methyl-Z2-pyrrolidone (IM2P; Tokyo
Kasei), tetrahydrofurfuryl alcohol (THFA; Tokyo Kasel),
and formamide (for molecular biology applications;
Nacalai Tesque). In addition, dichloromethane (extract-
ing solvent for testing of residual agricultural chemi-
cals) and ampicillin were manufactured by Wako; Bacto-
Difco;
NaCl) and sodium azide (a mutagen), by Nacalai Tesque.

tryptone by culture reagents (e.g.,, glucose,

Preparation of vehicle exhaust particles for ex-
traction

Vehicle exhaust particles (NIES No. 8, provided by
the National Institute for Environmental Studies) under-
went ultrasonic extraction”. First, 160 mg of particles
were ultrasonically extracted in 10 mg dichlorometh-
ane for 10 min. The extract was then filtered through
a glass-fiber filter (GF75, Advantec), after which it un-
derwent ultrasonic extraction in 5 m¢ dichloromethane
for 10 min. Finally the filtrates were convined and
dried under nitrogen. The resulting solid was. dissolved
in 4 meg dichloromethane, aliquoted into- separate vials
(500 x 2 each), concentrated, and dried under a nitro-

gen stream. To obtain the samples for testing, we
added 500 ;¢ of each solvent to individual vials of

prepared vehicle exhaust particles.

Luminescent umy test

The luminescent wumu test uses Salmonella ty-
phimurium TL210, which was created by incorporating
gene cluster luxA-E derived from luminescent bacte-
rium Vibrio fischer in pSK1002 plasmid (drug tolerance
factor). This simple test does not require substrates
for visualization of results. In the present study, we
used a slight modification of the test procedure of
Tanada et al.” Briefly, frozen bacteria (600 n¢) were
defrosted quickly, and 500 n ¢
lated into 24 me¢ TGA culture medium (1 % Bacto-
tryptone, 0.5 % NaCl, 0.2 % glucose, and 20 (g/me
ampicillin) in an Erlenmeyer flask. The culture was in-
cubated at 37 C for 2 h with shaking at 120 rpm, af-
ter which the optical density at 600 nm (ODww) of the
culture was measured (usually~0.2), and the solution

thawed cells was inocu-

was diluted with enough TGA medium to decrease the
absorbance reading to 0.1. We then transferred 167 .2
culture to each well of a 96-well clear-bottomed black
plate (manufactured by ScreenMates) and added up to
10 u2 of each solvent to each well. Enough sodium
phosphate buffer (pH 7.0, 20 to 37 x£) was added to
bring the volume in each well to 204 u¢ . Plates were
agitated thoroughly on a mixer and then left at rest in
an incubator kept at 30 C. The amount of lumines-
cence and optical density was measured every 20 min
from 120 to 240 min after the start of the reaction by
using a luminescence reader (JNR AB2100, ATTO) and
a Wallac 1420 ARVOsx multilabel counter (Perkin-El-
mer), respectively. The integrated luminescence value
in 1 sec was determined for each well. The amount of
luminescence at 220 min, which was the maximal

value in many tests, was adopted for evaluation.

Conventional umu test

Conventional wumu testing with S, typhimurium
TA1535/pSK1002” was done as follows. A frozen stock
of bacteria was defrosted quickly, inoculated into LB
culture medium (1 % Bacto-tryptone, 0.5 % NaCl, 0.5
% vyeast extract), and incubated at 37 C for 12 h with
shaking (120 rpm). The culture was then diluted with
a 100-fold volume of TGA medium, and incubation at
37 C with shaking continued for another 2 h. The re-
sulting bacterial solution and the test solvents were
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placed in the wells of a microplate, which then was
sealed. The plate was agitated thoroughly with a plate
mixer and incubated at 37 C for 4 h with shaking
(900 rpm), after which the viable cell count in each
well was estimated by measuring the ODss. A 10-u £
aliquot of each bacterial suspension was transferred to
the well of a new 96-well microplate and diluted with
140 2 Z buffer. Z buffer solution was completed add-
ing 2-mercaptoethanol immediately before using it. We
then added 10 £ chlorophenol red- 2-D-galactopyrano-
side (CPRG; 4 mg/mé ) to each sample well, and sam-
ples were incubated at 37 T for 30 min. Finally, 100
pu8 1 M NaCOs; was added to stop color develop-
ment, and relative (f3-galactosidase activity at ODsw
was measured and used to determine the number of

wmu unit (umu unit=0DsnyODss) of the test substance.

RESULTS AND DISCUSSION

Effect of solvents on response of the lumines-
cent umu fest

We tested methanol and the 14 solvents evaluated
for their effects in the Ames test” to determine their
effects on the response of the luminescent umu test
(Fig. 1). In particular, DMSO and EGDE exhibited
marked dose-response effects, wh:ich disqualifies them
for use as solvents in the luminescent wmu test. Even
when we added the minimal amount of solvent (1 x4
Jwell), the amounts of luminescence of EGPE and form-
amide were lower than that of bacterial solution with-
out solvent. This decreased the amount of
luminescence was due to the marked toxicity of these
solvents to the bacterial suspension; therefore EGPE
and formamide are not suitable for use in the lumines-
cent umu test.

Although the amount of luminescence of THF was
small, no toxicity occurred when it was used immedi-
ately after the bottle was opened. However, as re-
ported by Maron and coworkers®, noteworthy toxicity
occurred when the solvent was used about 170 days af-
ter the bottle was opened (Fig. 1); this difference in ob-
served toxicity suggests that THF is unstable and
therefore unsuitable for use in the luminescent wmu
test. Among the remaining 10 solvents, increasing the
volume of solvent added tended to decrease the
amount of luminescence. The maximal Juminescence
achieved by each solvent (difference from bacteria-only
well) and the amounts of solvent added are as follows:

Bl % Vol15, No.3 [2005)

DMSO, 5000 counts/sec (7 x£); methanol, 300 counts/
sec (2 ;24); acetonitrile, 200 counts/sec (4 g £); diox-
ane, 2000 counts/sec (2 x2¢); THE 600 counts/sec (2
p2); acetone, 1300 counts/sec (7 u£); cyclohexane,
200 counts/sec (1 x£); ethanol, 1000 counts/sec (7 p 2);
DME 1700 counts/sec (2 j£); EGME, 7500 counts/sec
4 p2); GE 3500 counts/sec (4 1 2); IM2P 1800 counts/
sec (1 p#); and THFA, 3000 counts/sec (1 p¢). Be-
cause the amount of luminescence obtained in the ab-

~sence of solvent (bacterial solution and buffer solution

only) was 1000 to 2000 counts/sec, we conclude that
cyclohexane, methanol, acetonitrile, ethanol, and ace-
tone can be used as solvents without compromising

the results of the luminescent umu test.

Conventional umu test using solvenis with little
luminescence response

The solvents that did not cause much change in
the amount of luminescence even at maximal volumes
were cyclohexane, methanol, acetonitrile, ethanol, and
acetone, The balance between the effect of these sol-
vents on the luminescence mechanism and their toxic-
ity may account for this result, causing the change in
the amount of luminescence to appear smaller than in
actuality. To assess this possibility, we evaluated the
SOS response of these 5 solvents in the conventional
umu test,- which measures light absorbance. In addi-
tion, we estimated the viable cell count at 4 h after
the start of the reaction by measuring the ODss.

As shown in Fig. 2, none of the tested solvents
produced an intense SOS response or strong growth in-
hibition. Although ethanol at 10 p¢ led to growth inhi-
bition of ~40 %, little occurred at the solvent volume
typically used in the wmu test (4 gﬁj. Since only a
slight
amount, ethanol could also be used as a solvent for

growth inhibition was observed with this
the umu test. Of the 15 types of solvent we tested,
we found acetonitrile, methanol, acetone, and cyclohex-
ane to be most suitable for use in both luminescent

and conventional wmu tests.

Luminescent umu test with methanol used as sol-
vent

Of the 5 effective solvents, high-purity methanol
can be obtained at low cost. We therefore used metha-
nol as the solvent in luminescent umu tests in which
we evaluated 2 typical mutagens, ‘sodium azide and di-
chloromethane extract from vehicle exhaust particles

— 571 =



Luminascence {(count/sec) Luminescence {count/sec)

Luminescence (count/sec)

Luminescence (count/sec)

10,060
8,000
6,000
4,000
l2,000

0

10,000
8,000
6.000
4,000

2,000

10,000
8,000

8,000

10,000

8,000

4,000

2,000

0

o

2 4 8 8 1012
EGPE (u 8/well)

/!

1 Lo L TI. |

¢ 2 4 6 8 1012
Formamide (1 2/well)

L e )

02 46 81012
THF (128/well)

<

2 4 8 8 1012
DMSO (1 2/well)

AN

2 4 6 8 1012
THFA (1t 2/well)

oo o
SN NS R EUSUN W—— S—
0 2 4 6 8 1012
Methanol ( 4 2/well).

0 2 4 6 81012
DMF (¢t 2/well)

f L L 1 Lol

0 2 4 6 8 1012
1.4-Dioxane (gt 0/vwall)

S S TS TR S |

0 2 4 6 8 1012

THF 170 days passed
afcer opening (11 2/well)

s

0 2 4 8 8 1012
1M2P (1 8/ well)

L L 3 1 o

0 2 48 8 1012
EGDE(u 8/wel)

poot—g

ISR NAPUURD NN VS SR —
0 2 4 6 8 10 12
Acetonitrile ( (4 8/well)

6 2 4 6 81012
GF (4 0/well)

1 ] L L

g 2 4 6 8 1012
Cyclohexane (1t 2/well)

P N T N S

0 2 4 6 8 1012
Ethanol ( ¢ 8/wel))

0 2 4 6 8 10 12
Acetone (1 2/wel))

Fig. 1 Results of luminescent umu tests using various organic solvents
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(NIES No. 8). For comparison purposes, we also tested
samples diluted in DMSO, a solvent used in the Ames
method. Both mutagens displayed a pronounced dose-re-
sponse effect, and the amount of luminescence of the
methanol-containing samples was twice as large as that
of DMSO within the concentration range of the test, a

BEBILF Vol.15, No.3 [2005]

positive result (Fig. 3).

The dose-response relation of the 2 mutagens was
lower when methanol was used instead of DMSO, and
the amount of luminescence for both decreased simi-
larly. This result indicates that DMSO causes a rela-
tively high background and therefore is unsuitable for
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Fig; 3 Results of luminescent umu tests of (a) sodium azide and (b) vehicle exhaust particles (NIES No. 8)
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the detection of substances of low mutagenicity (e.g.,
in situations of positive versus negative judgment). In
contrast, methanol, which causes less background, is
suitable for the detection of mutagenicity of minute sub-
stances. In addition, compared with DMSO, ‘methanol
also shoWéd slightly higher sensitivity, on condition
that the variation of test results is the same.

Together, the results of our current study indicate
that cyclohexane, methanol, acetonitrile, ethanol, and
acetone can be used for the luminescent umu test and
that methanol is a good choice when detecting the mu-
tagenicity of environmental samples. Given the fact
that the luminescence response of DMSO, which has
thus far been widely used for the test, was relatively
high, we feel that the remaining 4 solvents will be
more effective than DMSO for testing samples with
low SOS response.
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Abstract

NF membranes have been drawing much attention in the field of drinking water treatment because they can remove
hazardous organic micro-pollutants such as pesticides and THM precursors, as well as hardness. The rejection
properties for 10 kinds of aromatic pesticides (0.045-0.194 mg:L'") were investigated with a bench-scale flow cell
equipped with a hollow-fiber NF membrane (HNF-1, the nominal desalting degree 35% at 0.3 MPa). Both the permeate
and retentate were returned to the feed tank, and separation experiments were conducted for 10 days. Although the feed
and retentate concentrations decreased in the first half of the experimental period, stable rejections werc obtained in
the latter half of the period. The rejections were calculated based on the average concentrations of the retentate and
feed, and the removals were on the initial feed concentration. The removals were in the range of 45.0-93.8%, but the
rejections based on the feed concentrations were relatively low (41.0-88.4%). The logarithm of the solute permeability
(log B) correlated linearly with the molecular weight of the pesticides. In addition, the batch-type adsorption
experiments indicated the following results: all pesticides were adsorbed on the membrane and the adsorption
properties were controlled not only by hydrophobicity (log P) of the pesticides but also by molecular planarity.

Keywords: Hollow-fiber NF membrane; Aromatic pesticide; Molecular weight; Log P; Adsorption

*Corresponding author.

0011-9164/05/$~ See front matter © 2005 Elsevier B.V. All rights reserved
doi:10.1016/j.desal.2004.11,087



64 Y.-J. Jung et al. / Desalination 180 (2005) 63-71

1. Introduction

The increased use of pesticides has led to
many benefits such as advanced productivity,
lower maintenance costs in agriculture, and the
improvement of public health. On the other hand,
their adverse effects have also grown [1]: an
increase of the risks to the ecosystem and human
health.

One of the sources for the risk of human
health is drinking water contaminated by hazard-
ous micro-organic pollutants including pesticides
and endocrine disrupting chemicals. Activated
carbon adsorption processes have been commonly
applied to remove trace organic pollutants such as
pesticides [2].

Removal performance in the activated carbon
adsorption processes strongly depends on the
physicochemical properties of pollutants (3], and
therefore membrane separation technology is
focused on as an alternative water treatment
process. NF membranes are useful for drinking
water treatment because they can operate at rela-
tively lower pressure and can effectively remove
both hardness and THM precursors [4-6].

Many researchers have reported that NF mem-
branes can also effectively remove hazardous
organic micro-pollutants [7-14]. The factors con-
trolling the rejection properties of organic solutes
have been discussed based on a variety of
physicochemical properties of solute; however,
only limiting information is available.

In our previous works where the rejection
properties of pesticides and alky] phthalates were
examined with flat-sheet-type NF membranes
[8-10], the following results were obtained:
(1) higher desalting NF membranes rejected
almost all solutes at more than 95%, (2) some
compounds were rejected effectively even by
lower desalting membranes, (3) the rejection pro-
perties were influenced not only by steric hind-
rance but also by an affinity to the membrane.

The rejection properties of a hollow-fiber
membrane (HNF-1) for non-phenilic pesticides

were also investigated in our previous work [11]
where the rejection properties were discussed on
the basis of short-term (5 h) of membrane separa-
tion experiments. The fact that the pesticides
were adsorbed on the membrane suggested that it
isnecessary to conduct the experiments for longer
periods in order to evaluate the effects of the
adsorption. In addition, it was found that aromatic
pesticides were adsorbed more than non-aromatic
pesticides.

Some researchers indicated that the adsorption
of hazardous organic micro-pollutants affected
their rejection [15-17]. In our previous works
[8,10], it was found that other NF membranes
also adsorbed almost all pesticides. In this work
the membrane separation experiments were con-
ducted with a hollow-fiber membrane (HNF-1)
for 10 days where 10 kinds of aromatic pesticides
with a wide range of hydrophobicity were used as
solutes. The concentration variations of the feed
solution and the permeates were examined and
the factors controlling the rejection properties
were discussed. In addition, the adsorption pro-
perties of the pesticides on the membrane were
also examined.

1. Experimental
2.1, Membrane and solutes

Mini-modules of the HNF-1 membrane used
in this work were prepared for a bench-scale cell:
400-mm-long filament, total area of 228.5 cm?,
and average pure water flux of 324 L:-m™%d"'
(RSTD=4.48%) at 0.3 MPa. A prototype module
of HNF-1 was prepared as CM-10 (membrane
area 9 m? length 440 mm; diameter 100 mm)
[18]. The characteristics of the HNF-1 are sum-
marized in Table 1.

The pesticides used in this work are listed In
Table 2, where all solutes are presently included
in the WHO regulation for drinking water quality
or endocrine disruptors, and they have a wide
variety of log P values. The pesticides were used



Y.-J. Jung et al. / Desalination 180 (2005) 63-71 65
Table |
Nominal properties of HNF-1 membrane
Structure and materials Hollow fiber (composite membrane)
Skin layer:polyamide; Support membrane:poiysulfone

Dimension o.d. 350 um; i.d. 200 pym
Membrane performance and Solution flux 250 L'm*d"'; Salt rejection 35%
operation condition Salt; NaCl 500 mg-L""; Pressure 0.3 MPa; pH 6.0
Other property MgSO, rejection 93% (at 0.5 MPa)
Table 2
Properties and rejections of the pesticides
No. Pesticide Initial conc.  Molecular  Molecular  log P Dipole Rejection  Removal

(mg/L) weight width (nm) moment (D) (%) (%)
1 Propiconazole 0.120 342.2 0.481 4.58° 3.81 82.3 86.3
2 Carbaryl (NAC)  0.111 201.2 0.377 2.36 3.24 70.9 86.9
3 Chlorothalonil 0.045 265.9 0.320 2.90 2.10 69.5 80.1
4 Propyzamide 0.114 256.1 0.437 317 2.61 64.9 72.2
5 Chloroneb 0.102 207.1 0.365 3.09 3.04 88.4 93.8
6 Methyl dymron  0.151 268.4 0.406 2.56° 3.54 “64.4 719
7 Fenobucarb 0.137 207.3 0411 2.78 4.84 64.1 68.1
8 Tricyclazole 0.194 189.2 0.331 1.70 6.09 58.1 74.9
9 Esprocarb 0.134 +265.4 0.446 4.52° 1.97 55.4 77.5
10 Mefenacet 0.173 298.4 0.354 3.23 6.09 41.0 45.0

*Measured in this work; the others from Hansh et al. [19].

without further purification. The pesticide stock
solutions were prepared by the method described
in our previous work [11], and the feed solutions
were prepared by the dilution of the stock solu-
tions. The molecular width was also calculated by
the method described in our previous work [10].
The logarithm of n-octanol/water partition coeffi-
cient (log P) for pesticides was used as a para-
meter of hydrophobicity in this work; some
values were measured based on the method in our
previous work [10], and the others were obtained
from Hansh et al. [19].

2.2. Membrane separation experiments

A bench-scale flow cell used in this work was
the same one as shown in a previous work [11]:

the volume of a 10 L feed tank and a cell
(23.0mmi.d.x1,150 mm long) equipped with the
HNF-1 membrane.

The membrane separation experiments were
conducted under the following conditions: the
temperature was at 25°C, the applied pressure
was 0.3 MPa, the flow rate in the cell was ca.
16.4 cmrs™', and the experimental period was
10 days. The initial concentrations (0.045-
0.194 mg'L™') of feed solution are listed in
Table 2.

In general, the retentate and permeate were
returned to the feed tank. The samples for analy-
sis were obtained daily from the feed tank, the
permeate stream, and the retentate stream. A new
membrane was used for each pesticide to prevent
the effects of contamination of the pesticide used
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previously. The separation experiment for each
pesticide was conducted after the measurement of
the pure water flux with milli-Q water. After the
separation test for each pesticide, the pipeline of
the apparatus was washed with methanol and
rinsed with pure water. Subsequently, additional
experiments without the membrane were per-
formed as a blank test in the same way as the
membrane separation tests.

The rejection (R,) was calculated based on the
average concentration of feed and retentate as
expressed by Eq. (1). The removal (R,,) was cal-
culated based on the initial feed concentration as
expressed by Eq. (2).

R=1-—2
A 1)
/ (C, +C)r2
C
Rm = 1 - ._.._‘l.,_ 2)
Cro (

where C,, C,, C;, and C,, are the concentrations
of the permeate, retentate, feed solutions, and the
initial feed solution, respectively.

In this work the effects of the concentration
polarization were not considered, The pesticide
concentrations were analyzed by the HPLC-direct
injection method [20]. Since this method does not
require any pretreatments including extraction
and enrichment, any losses of target compounds
are negligible in the analytical procedure, and the
quantification levels were pg/L or sub-ug/L.

2.3. Adsorption properties of the pesticides on the
membrane

The adsorption properties of the pesticides on
the HNF-1 membrane were examined by batch-
type experiments. An appropriate amount of cut
membrane filaments was immersed into a vial
containing pure water, and the pesticide stock
solution was added after degassing by suction.

The solution was shaken at 70 rpm for 15 days to
obtain equilibrium conditions.

3. Results and discussion
3.1. Rejection properties

In the case of hydrophilic compounds such as
saccharides, the concentrations of the feed and
the retentate were stable within a few hours as
described in our previous work [12]. In the case
of the pesticide solutions, however, the concen-
trations for some pesticides did not reach a stable
level within a few hours, as shown in Fig. 1.
Therefore, the separation experiments for the
pesticides were carried out for 10 days. The
rejection profiles of some pesticides are shown in
Fig. 2. Although the rejections varied in the first
half of the experimental period, relatively stable
rejections were obtained in the latter half of it.

The concentration profiles of the feed, reten-
tate, and permeate for propyzamide and chloro-
neb are shown in Fig. 3. The concentrations of
the feed and the retentate decreased obviously
during the first half of the experimental period.
Similar results were also observed for carbaryl,
chlorotalonil, and propiconazole. The results may
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Fig. 1. Rejection profile in the short-term operation (5 h).
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permeate.

be caused by the following factors: vaporization,
decomposition, and/or adsorption on the mem-
brane and the pipeline in which polymeric
materials were used as an end-cap and O-ring.
However, the effects of vaporization may be
small because of very low volatile compounds.
Similar results were also found in the blank tests
conducted without a membrane, and therefore,
the effects of the adsorption on the membrane
were not evaluated explicitly in the experiments.

It is pointed out that the retentate concen-
trations were significantly higher than the feed

concentration, and the results obviously indicate
that the pesticides were rejected by the mem-
brane. Moreover, it was found that the solution
fluxes were almost equal to the pure water fluxes.
Therefore, even if the pesticides were adsorbed
on the membrane, the adsorption did not influ-
ence the solution flux.

The rejections (R;) were also varied due to the
decrease of the feed concentrations; however,
they indicated relatively stable values in the latter
half of the experimental period as shown in
Fig. 2. The average values of the rejections for
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7-10 days were used as the rejections in later
discussions. The rejections were in the range of
41.0to 88.4% as shown in Table 2. The rejections
of the pesticides are significantly lower than
those of glucose and sucrose, although the mole-
cular weights of the pesticides (189.2-342.2 Da)
are similar to those of saccharides. Considering
that the rejection is mainly controlled by the
molecular sieving effect [11], the results for
pesticides suggest some influence by other factors
such as interaction with the membrane.

The removals (R,,) based on the initial feed
concentrations are also shown in Table 2: the
removal includes the effects of the disappearance
of the pestigides as mentioned above. The values
of R, were 45.0-93.8%: however, the values are
also lower than the rejéctions of saccharides.

3.2. Adsorption properties

Although the adsorption amounts of the
pesticides were not evaluated in the blank tests,
significant adsorption was observed by the batch
adsorption experiments where a state of equili-
brium was obtained over 10 days. Our previous
works [8-11] showed that almost all pesticides
used for the examination were adsorbed on seve-
ral types of NF membranes, and the adsorption
property was correlated with hydrophobicity of
the solute. Therefore, the logarithm of the par-
tition coefficients (log K) were plotted against
log P as shown in Fig. 4, where the partition
coefficient is described as the following equation:

-4
k=2 3
where K is the partition coefficient [(ugcm™)
(mg-L™')""], ¢ the adsorption amount [pg:cm™],
and Cthe concentration of bulk solution [mg-L™'].

Since log K and log P are the functions of free
energy for partition and adsorption, respectively,
a correlation between these parameters may be
expected. However, the correlation coefficient for
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Fig. 4. Relationship between adsorption property (log K)
and log P.

all solutes was very low. When the solutes were
classified into two groups (A and B), log K for
both groups A and B was correlated with log P,
respectively. The groups were classified based on
molecular planarity, where the molecular plana-
rity was evaluated with the P-MWd decided as
follows: when a phenyl! group is fixed on the X-Y
plane, the length of a molecule in the Z-axis
direction was calculated and one-half of this
length was taken as P-MWd [10]. Group A,
shown in Fig. 4, includes planar compounds
(P-MWd <0.3 nm) and group B non-planar com-
pounds (P-MWd >0.3 nm). The planar com-
pounds were adsorbed more effectively than the
non-planar compounds. The result is similar to
the case of the NTR membrane [10} where bulky
substituents to the phenyl group hinder adsorp-
tion. However, the following must be pointed out:
the solutes were adsorbed not only on the skin
layer (polyamide) but also on the support layer
(polysulfone); therefore, the adsorption amounts
are the sum of those in both phases. In the
membrane permeation process, since a part of the
solute permeated through the skin layer may be
entrapped on the support layer, the effects of the
adsorption may appear more clearly after a much
longer experimental period.
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The logarithm of the partition coefficient,
log K, was also plotted against the dipole moment
of solutes as shown in Fig. 5. When the datum of
tricyclazole was neglected, both parameters were
well correlated. Considering the fact that the
dipole moment was not correlated with log P,
polar effects may also play a significant role for
adsorption.

3.3. Factors controlling solute separation

Rejections of organic compounds have been
discussed with a number of physicochemical
properties such as molecular size, solubility,
dissociation, polarity, hydrophobicity, etc. [5,
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8-17,21]. As a first step, the influencing factors
for the rejection were examined with the proper-

ties related to a whole molecule. Fig. 6 shows the

plots of the rejection against molecular weight,
molecular width, dipole moment, or log P. The
former two parameters are size parameters and
the latter parameters are ones in relation to
interaction between membrane and solute. Van
der Bruggen et. al. [21] suggested that the dipole
moment is related to the orientation to the mem-
brane pore. However, no parameters were signi-
ficantly correlated with the rejection.

The logarithm of solute permeability (log B),
which is defined by Eq. (4), was correlated with
molecular weight as shown in Fig. 7.

Js=B(C/ cp) (4)

where J| is the solute flux, and C; and C, are
concentrations of the feed and permeate solutions,
respectively.

In nanofiltration processes, a part of a solute
may permeate by convective transport as well as
diffusive transport. Since the solute permeability
is based-on a solution—diffusion model, it does
not include the effect of convective transport. The
solute permeability used in this work is only an
apparent parameter. In the case of the HNF-1
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Fig. 7. log B vs. molecular weight.

membrane, a similar relationship was obtained for
non-phenylic pesticides appeared in our previous
work [11], although for hydrophilic compounds
log B was correlated linearly with molecular
width. On the other hand, in the systems of
hydrophobic compounds and NTR membranes,
log B was not correlated linearly with molecular
width but with log P (for alky] phthalates) [9] or
linear combination of log P and log K (for pesti-
cides) [10). Based on these results, it can be seen
as a feature of the HNF-! membrane that log B
and molecular weight are useful descriptors for
estimation of the rejection.

4. Conclusions

The rejection properties of 10 kinds of aro-
matic pesticides were examined with a hollow-
fiber NF membrane (HNF-1) and the results are
summarized as follows:

1. Concentrations of the feed and retentate
solutions decreased in the experimental period of
10 days, and stable rejections were obtained in
the latter half of the experimental period.

2. Rejections of the pesticides were in the
range of 41.0 to 88.3%, and the removals based
on the initial feed concentration were in the range
of 45.0 to 93.8%.

3. It was found that all of the pesticides were
adsorbed on the membrane and that the adsorp-
tion property was influenced not only by hydro-
phobicity but also by molecular planarity of the
solute.

4. The apparent solute permeability is corre-
lated linearly with the molecular weight of the
pesticide.

The relationship between the pesticide perme-
ability and the molecular weight was also ob-
served for non-phenilic pesticides, and therefore,
the results may characterize a feature of the
HNF-1 membrane, although the factors control-
ling the solute permeability were not identified. It
is pointed out that the effects of adsorption on the
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solute permeation will be one of the important
subjects in discussing the membrane separation
mechanism.
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