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Fig. 1. Water consumption of FO parental animals. *Significantly different from the control, P<0.05, **significantly different from the control, P<0.01.
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Fig. 2. Food consumption of FO parental animals. *Significantly different from the control, P<0.05, **significantly different from the control, P<0.01.

control and 600 ppm groups (100 0.0% versus 98.4+7.3%). The nificant. No significant differences between control and AS-treated
surface righting reflex on PND 5 and negative geotaxis reflex on groups were noted in the age at preputial separation or body weight

PND 8 were achieved in all male and femnale F2 pups in all groups, at the time of completion in males.
and no significant changes were found in the response time (data
not shown). 3.4. Behavioral effects (F1)
As for the sexual development of F1 male and female animals, :
vaginal opening was significantly delayed at 3000 ppm (31.4£1.7, Spontaneous locomotor activity at 10-min intervals and for

compared to 29.5+2.1 in control). At this dose, body weight at  gomin was not significantly different between control and AS-
the time of vaginal opening was slightly heavier than the control treated groups in male and female F1 rats. In the water-filled

(119.0 £ 13.3 g versus 109.6 + 11.6 g) although not statistically sig- T-maze test, pre-test swimming trials in the straight channel
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Fig. 3. Body weight of FO parental animals. *Significantly different from the control, P<0.05, **significantly different from the control, P<0.01.
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Fig. 4. Water consumption of F1 parental animals. *Significantly different from the control, P <0.05, **significantly different from the control, P<0.01.
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Fig. 5. Food consumption of F1 parental animals. *Significantly different from the control, P<0.05, **significantly different from the control, P<0.01.

revealed that all male and female F1 rats in each group could
swim satisfactorily, and no significant changes were observed in
the elapsed time to traverse the straight channel. On days 2-4 of the
T-maze test, no significant changes were observed in the elapsed
time and number of errors in males. In females, the elapsed time
and the number of errors on day 2 of the T-maze was significantly
lowered at 600 ppm, but there were no significant differences in
the elapsed time or number of errors on days 3 and 4 of the

T-maze test between control and AS-treated groups (data not
shown).

3.5. Necropsy, organ weight and histopathology of adults (FO and
F1)

In FO males, absolute and relative liver weights were signifi-
cantly decreased at 3000 ppm. Absolute spleen weight was also
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Fig. 6. Body weight of F1 parental animals. *Significantly different from the control, P<0.05, **significantly different from the control, P<0.01.
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- Table 1
Reproductive performance of FO and F1 parental animals.
AS (ppm) 0 (control) 120 600 3000
FO generation
No. of rats (male/female) 24[24 24/24 24(24 24/24
Copulation index (%)* Males 91.7 91.7 100 91.7
- Females 95.8 100 100 100

Precoital interval (days)® 32%1.1 3218 29+13 2816
Fertility index (%)° Males 95.5 90.9 100 95.5

Females 95.7 91.7 100 95.8
Gestation index (%)¢ 100 95.5 95.7 95.7
Gestation length (days)? 22.4+05 225406 22.1+£04 22.3+05
Delivery index (%)P-¢ 943+5.6 88.6+21.0 90.7 £20.8 92.0+20.5
F1 generation
No. of rats (male/femaie) 2424 23/24 24/24 24/24
Copulation index (%)? Males 95.8 91.3 95.8 87.5

Females 100 95.8 100 95.8
Precoital interval (days)? 33+32 3.0£2.0 27+£15 23+11
Fertility index (%)° Males 91.3 81.0 91.3 95.2

Females 91.7 82.6 91.7 913
Gestation index (%)¢ 100 94.7 100 100
Gestation length (days)? 22.4+£05 22.3+05 22.2+04 222404
Delivery index (%)P-¢ 94.0+9.9 87.5+226 91.4+10.7 946+6.8

a Copulation index (%)= (no. of animals with successful copulation/no. of animals paired) x 100.

b Values are given as the mean = S.D.

¢ Fertility index (%)= (no. of animals that impregnated a female or were pregnant/no. of animals with successful copulation) x 100.
d Gestation index (%)=(no. of females that delivered live pups/no. of pregnant females) x 100.

¢ Delivery index {%)={no. of pups delivered/no. of implantations) x 100.

decreased significantly in this group, but no significant change was
found in the relative weight. In F1 males, the absolute weights of the
adrenals at 3000 ppm and the testes at 600 ppm were significantly
decreased without significant changes in the relative weight. There
were no significant changes in the absolute and relative weights of
any organ in FO and F1 female adults (data not shown).

No dose-related gross lesions were found in FO or F1 adults.
Histopathological examination of the reproductive organs revealed
no compound-related alterations. There was no significant differ-
ence in the number of primordial follicles in the ovary of F1 females
between control and 3000 ppm groups (data not shown).

3.6. Necropsy, organ weight and histopathology of weanlings (F1
and F2)

Absolute and relative organ weights of male and female F1
weanlings are shown in Table 3. The 3000 ppm treated males and
females had a significantly lower body weight at scheduled sacrifice
than the controls. In this group, absolute and relative liver weights
were significantly lower than the controls. Absolute spleen weight
was also decreased significantly in both sexes of the 3000 ppm
group, accompanied by a significant decrease in the relative weight
in males. In addition, significant decreases in the absolute weight
were found for the thymus in both sexes and for the kidneys, testes
and epididymides in males at 3000 ppm, and for the uterus in
females at 600 and 3000 ppm. Relative brain weight was signifi-
cantly increased in both sexes of the 3000 ppm group.

Table 4 presents absolute and relative organ weights of male and
female F2 weanlings. The mean body weight at scheduled sacrifice
was significantly lowered in both sexes of the 3000 ppm group.
In males, the absolute and relative weights of the thymus and
spleen were significantly decreased in the 3000 ppm group. Sig-
nificant decreases were also found in the absolute weight of the
liver and epididymides at 3000 ppm. The relative brain weight was
significantly increased at this dose. At 120 ppm, the only signifi-
cant change was a non-dose-related decrease in the relative thymus
weight. In F2 females, there were significant decreases in the abso-
lute and relative weights of the liver, and the absolute weight of the
spleen, ovary and uterus, and a significant increase in the relative

brain weight at 3000 ppm. In addition, a significant decrease in the
absolute brain weight was observed only in the 600 ppm group.

External and internal gross observations revealed no
compound-related alterations either in F1 and F2 weanlings
or in pups found dead during the preweaning period. There were
no dose-related histopathological changes in the liver and spleen
of male and female F1 and F2 weanlings.

4. Discussion

AS administered via the drinking water to male and female
rats resulted in decreased water consumption for both sexes in
all treatment groups. Since the dosing solution containing AS was
pH 3.57-4.20, the acidity would decrease the palatability of drink-
ing water in AS-treated groups. Decreased water consumption was
associated with decreased food consumption by FO and F1 males
and females in the 600 and 3000 ppm groups and decreased body
weight in FO male and females in the 3000 ppm group. Since water-
deprived animals typically reduce their levels of feed consumption
and consequently lower their body weight [46], decreased food
consumption and body weight observed in the present study could
be considered secondary to the decreased water consumption. In
the present study, food consumption and body weight fell notably
during the early dosing period in FO males and females. Food con-
sumption also decreased in FO and F1 females at the end of the
lactation period, when F1 or F2 pups would commence eating and
drinking for themselves [37]. Campbell et al. [46] reported that ani-
mals have a certain amount of “buffering” capacity in the form of
physiological mechanisms acting to reduce fluid loss. This might
explain notable changes around the time when rats start drinking
AS-containing water. )

Continuous drinking of AS-contained water for two generations
did notresult in changes in copulation, fertility or gestation indices,
pre-coital or gestation length, the number of implantations or pups
delivered, or the incidence of pups with malformations or varia-
tions. In addition, adverse effects were not found in estrous cyclicity
or sperm parameters, and the histopathology of reproductive tis-
sues in male and female parental animals. Previous studies have
demonstrated that parenterally administered aluminium affected
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Table 2
Sex ratio, viability and body weight for F1 and F2 pups.
AS (ppm) 0 (control) 120 600 3000
F1 offspring
No. of litters 22 21 22 22
No. of pups delivered? 13.9+£1.7 124447 13.1+4.1 13.1+£34
Sex ratio of pups? 0.503 0.462 0.513 0.536
Viability index of pups (%)*
On PND 0° 100.0+0.0 993423 99.7+1.6 99.5+24
On PND 44 98.7+29 95.2+21.8 98.8+2.6 98.0%+54
On PND 21°¢ 99.4+2.7 100.0+0.0 100.0:0.0 99427
Male pup weight during lactation (g)?
On PND 0 7.05+£0.61 7.25+0.99 6.74+£0.69 6.96+£0.76
On PND 4 11.04+0.85 11.41+1.99 10.86+£1.37 11.00+£1.06
OnPND 7 18.91+1.29 19.36+2.77 18.59+1.71 1847+135
On PND 14 37.70+£2.63 37.97+3.08 37.39+2.59 3634241
OnPND 21 62.48 £4.50 62.63+6.14 60.77 £4.01 57.34+4.86"
Fernale pup weight during lactation (g)?
OnPND O 6.61:£0.55 6.89+0.83 6.35+0.57 6.60:+0.64
On PND 4 10.46 £0.89 11.06+1.71 10.27 +1.33 1043+0.83
On PND 7 18.03+1.27 18.56+2.31 17.69+1.61 17.61£1.21
On PND 14 36.29+2.71 36.94:+3.03 35.67 +£2.60 3531+224
On PND 21 60.17 +4.16 60.87 +5.68 57.68 £4.33 55.60+4.34"
F2 offspring
No. of litters 22 18 22 21
No. of pups delivered? 13.1£3.6 13.2+38 12.6+39 140£19
Sex ratio of pups® 0.528 0.502 0.536 0.457
Viability index of pups (%)?
On PND 0¢ 99.68 +1.51 9949+2.14 98.42+£3.57 98.694:3.60
On PND 44 94.724 14,54 98.07 £5.45 99.07 +3.15 99.01+£2.49
On PND 21°¢ 100.00 £0.00 98.61:+4.04 100.00+0.00 100.00+0.00
Male pup weight during lactation (g)?
On PND O 6.97 +0.68 6.92:+£0.81 6.87+:0.74 6.89::0.60
On PND 4 10.73+1.62 10:53+1.27 11.27+1.81 10.52+1.15
On PND 7 ' 17.96 £2.05 17.51+£2.12 18.83+2.39 17.72+1.60
OnPND 14 ' 35.794£3.52 36.18+3.63 37.32+4.15 35444273
On PND 21 59.61+5.45 53844 +5.67 60.12+7.12 56.36+4.47
Female pup weight during lactation (g)?
OnPND O 6.66£0.69 6.38+0.78 6.41+£0.65 6.50+0.49
OnPND 4 10.22+1.63 9.70+1.23 1036+1.54 9.98+0.91
OnPND 7 17.03+£1.99 1636+£235 17.40+£2.18 16.89+1.23
On PND 14 . 34.824+3.52 34.17+£358 34.96:+£4.24 34.01+2.09
On PND 21- 57.33+4.90 56.11+£554 56.41£6.04 54.1642.82"

Values are given as the mean=S.D.
Sex ratio = total no. of male pups/total no. of pups.

Viability index on PND 4 (%)=(no. of live pups on PND 4/no. of live pups on PND 0) x 100.

a
b
¢ Viability index on PND 0 (%)= (no. of live pups on PND 0/no. of pups delivered) x 100.
d
e

Viability index on PND 21 (%)= (no. of live pups on PND 21/no. of live pups on PND 4 after cull) x 100.

" Significantly different from the control, P<0.05.
" Significantly different from the control, P<0.01.

male reproductive systems, causing decreases in testicular and epi-
didymal sperm counts, necrosis of spermatocytes/spermatidsin the
testes, and reduction of fertility, etc., in rats and mice [19,20,47].
Although aluminium has extremely low oral bioavailability (less
than 1%) [48,49], male reproductive toxicity was also observed in
oral gavage studies [22,23,50]. In the 6-month oral gavage study
in rats, changes in the number of spermatozoa and motility, and
the substantial proliferation of interstitial cells in the testes were
observed at doses as low as 2.5 mg Al/kg/day (as aluminium chlo-
ride) [50]. The primary reason why such effects were not detected
in the present study might be a difference in the administration
method because the toxicokinetic behavior of chemicals given as a
bolus dose by gavage must differ significantly from those after con-
tinuous administration via drinking water. Another possible factor
is aluminium content in the laboratory animal feed, for which sub-
stantial brand-to-brand and lot-to-lot variations, ranging from 60
to 8300 ppm, have been reported [51]. Since the dietary intake of
aluminium was not considered in these oral gavage studies, toxic
effects of aluminium could be overestimated. As for continuous
exposure studies, taking into account the aluminium content in
the basal diet, Hicks et al. [52] demonstrated that 28-day contin-

uous dietary exposure to basic sodium aluminium phosphate or
aluminium hydroxide did not affect the testicular histopathology
up to 302 mg Al/kg/day in Sprague-Dawley rats. In the 26-week
feeding study of basic sodium aluminium phosphate in beagle dogs,
germinal epithelial cell degeneration and atrophy in the seminif-
erous tubules were observed at 75 mg Al/kg bw/day [21], but such
effects on male reproductive organs were not detected up to 88 mg
Alfkg/day in the similar subchronic dietary study for acidic sodium
aluminium phosphate in beagle dogs [53]. These dietary stud-
ies used water-insoluble or sparingly soluble forms of aluminium
[8,51]. Since it is widely assumed that insoluble aluminium com-
pounds are less bioavailable than soluble compounds, such as AS,
aluminium chloride and aluminium lactate [8], there is a possibility
that the male reproductive toxicity of aluminium was underes-
timated in these previous dietary exposure studies. The present
two-generation study provided useful information that the male
reproductive system is not affected even after continuous expo-
sure to a water-soluble aluminium compound, at least up to around
50 mg Al/kg bw/day.

In the present study, some developmental effects were
observed. Male and female F1 pups and female F2 pups in the
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Table 3
Absolute and relative organ weight of F1 male and female weanlings.
AS (ppm) 0 (control) 120 600 3000
Males
No. of animals 22 20 ) 22 22
Body weight (g) 90.8+£6.9 93.4+10.5 89.7+6.1 794757
Brain (g) : 1.69+0.06 1.73£0.08 1.72:£0.07 - 1.68+0.05
(g/100 gbw) 1.88+0.13 1.87+0.19 1.92+0.09 2.14£0.17"
Thymus . (mg) 375455 384+ 86 357 £58 3054517
(mg/100gbw) 414+56 409+ 64 398+ 59 383436
Liver (g) 4.33+0.43 4.40+0.60 4.22£045 3.49£0.53™
) (g/100gbw) 4.77+0.30 4.71+£033 4.70+0.27 4.37+0307
Kidney? (g) 1.06+0.09 1.09+0.14 1.03+0.11 0.95+£0.13"
(g/100 gbw) 1.17+0.06 1.16::0.07 1.1540.08 1.20+£0.07
Spleen (mg) 39449 410£68 38874 301+43"
(mg/100gbw) 43663 43740 432+73 379+37"
Testis? (mg) 596+ 65 583+ 67 569+ 65 539+51"
(mg/100gbw) 657 +64 626+ 49 635164 68258
Epididymis? (mg) 81.8+8.6 76.8410.9 76.5+84 72.0+£9.97
(mg/100gbw) 904+103 82.046.1 85.4:+84 91.5+14.6
Females
No. of animals 22 20 22 21
Body weight (g) 84.3+63 85.9:+9.2 80.5+7.0 75.8+:6.4"
" Brain (g) 1.64+0.06 1.66 £0.06 1.63+0.05 1.63+0.07
(g/100gbw) 1.96+0.12 1.95+0.18 2.04+017 2.16+0.14"
Thymus (mg) 383+£66 373+74 345+ 46 3134337
(mg/100gbw) 453463 433+ 64 429 +£57 415+41
Liver (g) 3.83+£047 3.92+048 3.61+£035 3.24+034"
(g/100gbw) 4.53+0.30 4.57 +0.31 4.48 +£0.30 427025
Kidney? (g) 0.99+0.11 0.99+0.09 0.93+0.10 0.93+0.10
(g/100 gbw) 1.17+0.08 1.15+£0.07 1.15+0.09 1.23+0.09
Spleen (mg) 337+62 356+55 341+64 292 443"
- (mg/100gbw) 400+ 67 415+ 44 422 +53 386147
Ovary? (mg) 25.3+48 253+3.8 225+46 247+3.2
(mg/100gbw) 30.1+5.1 29.7+5.0 279450 325+4.2
Uterus (mg) 706+16.6 742320 5924119 55.4+13.4"
(mg/100gbw) 83.8+19.2 85.5+32.4 733+£119 733+18.0

Values are given as the mean £ S.D.
2 Values represent the total weights of the organs on both sides.
" Significantly different from the control, P<0.05.
" Significantly different from the control, P<0.01.

3000 ppm group had a lower body weight on PND 21 while no
difference was found in the birth weight. Such inhibition of the

. preweaning body weight gain may be simply attributable to the
decreased palatability of the drinking water, which would decrease
the water intake of pups themselves or might decrease the amount
.of maternal breast milk; however, similar developmental effects
of aluminium were reported in the previous three dietary expo-
sure studies, in which aluminium lactate was mixed in the diet and
fed to mice from day 0 of gestation throughout the lactation period
[28,30,32], and the lowest effect level was 500 ppm, which was esti-
mated to be equal to 94-273 mg Al/kg bw/day based on the body
weight and food consumption during the lactation period [28]. In
these dietary exposure studies, food consumption was decreased,
but Golub et al. [28] indicated that the mean body weight of pups
on PNDs 15 and 20 in the 1000 ppm group was lower than that
of the pair-fed control. In contrast, the effects on body weight of
preweaning mice were not found in the other two dietary expo-
sure studies [29,31], which were conducted using a similar study
design by the same research group. Donald et al. [29] discussed
differences in the constituents of the diet as a possible cause of
the inconsistent results, but this speculation appears to be contra-
dicted by a subsequent study [30]. Although it is still unclear why
different results were obtained in these dietary exposure studies,
these results suggest that the fall in body weight around weaningin
the present study might not be explained only by decreased water
intake. Aluminium ingested by pups themselves and/or taken via
maternal milk may affect preweaning growth, or impairment of
maternal nursing behavior or the lactation status could be consid-
ered possible factors.

In F1 and F2 weanlings, various organ weight changes were
found in the 3000 ppm group. Among them, an increase in the rela-
tive brain weight is considered to be a secondary change that occurs
with the fall in body weight becausé the absolute weight did not
change. Similarly, decreased absolute weights of the kidneys, testes,
epididymides, uterus, etc., without changes in the relative weight,
were thought to be associated with decreased body weight. On the
other hand, the effects on the liver and spleen, the absolute and rel-
ative weights of which were decreased in both generations, could
not be explained only by the fall of body weight. Since similar effects
were observed in the above-mentioned dietary exposure study of
aluminium lactate [28], the effects on the liver and spleen weight
might be a direct effect of aluminium ingested by pups themselves
and/or taken via maternal milk; however, in the present study, no
histopathological changes were detected in the liver and spleen.
Furthermore, the changes in the liver or spleen weight were not
detected in adults, except for FO males in the 3000 ppm group;
therefore, organ weight changes observed in F1 and F2 weanlings in
the 3000 ppm group were not deemed to be adverse effects. Organ
weight changes in the 120 and 600 ppm groups were not consid-
ered to have toxicological significance because these changes were
not dose-dependent or were inconsistent across generations.

As for effects on the developmental landmarks, vaginal opening
was slightly delayed in F1 females in the 3000 ppm group while no
compound-related changes were found in the other developmental
landmarks, including male preputial separation. Vaginal opening
generally occurs around the time of first ovulation in response to
an increase in serum estradiol levels as females enter puberty [54],
and therefore, it is widely used as a marker of female puberty.
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Table 4 .
Absolute and relative organ weight of F2 male and female weanlings. X

AS (ppm) 0 (controt) 120 600 3000

Males .

No. of animals 21 18 22 21

Body weight (g) 87.7+5.8 89.0+8.7 87.0+9.6 79.2+6.8"

Brain (g) 1.66 £0.05 1.69+0.06 1.70+0.06 1.67 +£0.06
(g/100 gbw) i 1.90+£0.13 1.91+0.17 1.97+0.16 2.13£0.177

Thymus (mg) 382+50 348 +49 357466 305+36"
(mg/100gbw) 439+70 392+£52° 411457 386£40"

Liver (g) 3.93+037 4.04 +0.64 3.91+0.39 3.45+£041"
(g/100 gbw) 4.49+£0.34 4.5240.44 4.50+0.24 4.36+0.23

Kidney? [€:3) 1.02+0.09 1.01+0.13 0.99+0.13 0.94+0.10
(g/100 gbw) 1.16 £0.08 1.14+0.06 1.14+0.07 1.19+£0.06

Spleen (mg) 368 +54 381+62 36149 296+48"
(mg/100 gbw) 421464 427 +£50 416+48 372+£42"

Testis? (mg) 559+ 67 54998 54377 534+54
(mg/100gbw) 637 +£60 615+81 624£47 680492

Epididymis? (mg) 753 £6.9 78.3£8.8 75.1+10.7 70.5+5.7
(mg/100gbw) 86.1+£83 88.4+9.0 86.5£9.0 894482

Females

No. of animals R 22 18 21 21

Body weight (g) 80.8+6.0 80.0£7.2 80.849.1 73.8+44"

Brain (g) 1.60 £0.06 1.61+0.05 1.64+0.05 1.61+0.04
(g/100 gbw) 1.99:+£0.14 2.03+£0.16 2.05+0.20 2.194+0.15"

Thymus (mg) 33745 364436 347+ 49 312+£37
(mg/100 gbw) 419461 457 +50 431447 424454

Liver (g) 3.56+£035 3.61+0.39 3.61+£0.48 3.07+026"
(g/100 gbw) 441+£021 4.51+0.26 4.47 +:0.26 417+£0.29"

Kidney? (g 0.95+0.07 0.93+0.10 0.92+0.10 0.88 +0.08
(g/100 gbw) 1.18£0.08 1.16 +£0.09 1.14+0.06 1.20£0.07

Spleen . (mg) 320.9+46.7 331.84+59.3 3313571 269.9+£55.2"
(mg/100gbw) 398.4+59.0 414.8+64.3 409.0+£42.2 365.0+674

Ovary? (mg) 23.9+£37 22.8+36 232435 20.2+237
(mg/100gbw) 29.7+4.9 288456 29.0+4.7 275435

Uterus (mg) 60.5+£17.0 63.8+18.4 65.0+41.7 493+11.6"
(mg/100gbw) 746+19.2 79.3+£19.3 78.7+40.4 67.0+16.2

Values are given as the mean £S.D.
3 Values represent the total weights of the organs on both sides.
" Significantly different from the control, P<0.05.
“ Significantly different from the control, P<0.01.

On the other hand, vaginal opening is closely related to body
weight, and growth retardation can delay the day of acquisition
[55]. In the present study, body weight at the time of vaginal open-
ing was slightly heavier in F1 females of the highest dose group,
compared with the control. However, other hormone-dependent
events, including estrous cyclicity and AGD, were not changed in
AS-treated groups. It seems unlikely that aluminium have a clear
impact on the hormonal event. Further studies are required to draw
a definitive conclusion on the effects of aluminium on the sexual
maturation.

Aluminium has been reported to affect the developing nervous
system [56,57]. In continuous exposure studies using rodents, the
neurobehavioral effects were reported as follows: dietary expo-
sure of pregnant rats to aluminium chloride or lactate at more than
96 mg Al/kg bw/day impaired the righting reflex, gasping reflex,
negative geotaxis and/or locomotor coordination of preweaning
pups [25,26]. Impaired performance of operant conditioning tasks,
accompanied by a decrease in locomotor activity, was observed
on PND 65 in the offspring of rats receiving a diet containing
aluminium lactate at 400 mg Al/kg bw/day during gestation [58],
suggesting that the effects continue after maturation. Unfortu-
nately, aluminium concentration in the basal diet was not reported
in these feeding studies using rats. Similar neurobehavioral effects
were found in the preweaning, juvenile and adult periods of the
offspring after dietary exposure of mice to aluminium lactate
throughout the gestation and lactation periods [28-32]. These
mouse studies took the basal diet content of the aluminium diet into
consideration, and the lowest observed effect level was 500 ppm,
corresponding to 100 mg Al/kg bw/day at the beginning of preg-

nancy and 210 mg Al/kg/day near the end of lactation [29]. In the
present study, no changes were found in the reflex ontogeny of
F1 and F2 pups and in spontaneous locomotor activity tested at 4
weeks of age for F1 animals. As for the performance in a water-filled
multiple T-maze, a transient decrease in the elapsed time and the
number of errors were found in F1 females in the 600 ppm group,
but this change was not considered to be treatment-related because
of the lack of dose-dependency. These findings indicate that pre-
vious findings of developmental neurotoxic effects were possibly
related to the toxic effects of aluminium given at higher doses than
those given in this study.

In summary, AS administered via drinking water at 120, 600 or
3000 ppm resulted in decreased water consumption. This change
was associated with decreased food consumption in the 600 and
3000 ppm groups and decreased body weight in the 3000 ppm
group. In the 3000ppm group, male and female pups had a
lower body weight on PND 21. At this dose, vaginal opening was
slightly delayed. No definitive effects were found in the other
reproductive/developmental parameters, including developmen-
tal neurobehavioral toxicity. Although there is a possibility that
observed developmental effects are results of decreased water con-
sumption, more definitive conclusions could not be reached since
paired-comparison data are not available to assess the effects of
decreased water intake in the absence of AS exposure. Based on
these considerations, a conservative evaluation of the data led to
the conclusion that the no observed adverse effect level of AS
in this two-generation study is 600 ppm (41.0 mg/kg bw/day) for
parental systemic toxicity and reproductive/developmental toxic-
ity. The total ingested dose of aluminium from food and drinking’
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water combined in this 600 ppm group was calculated to be 8.06 mg
Al/kg bw/day.
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The capacity to adsorb natural organic matter (NOM) and polystyrene sulfonates (PSSs) on
small particle-size activated carbon (super-powdered activated carbon, SPAC) is higher
than that on larger particle-size activated carbon (powdered-activated carbon, PAC).
Increased adsorption capacity is likely attributable to the larger external surface area
because the NOM and PSS molecules do not completely penetrate the adsorbent particle;
they preferentially adsorb near the outer surface of the particle. In this study, we propose
a new isotherm equation, the Shell Adsorption Model (SAM), to explain the higher
adsorption capacity on smaller adsorbent particles and to describe quantitatively adsorp-
tion isotherms of activated carbons of different particle sizes: PAC and SPAC. The SAM was
verified with the experimental data of PSS adsorption kinetics as well as equilibrium. SAM
successfully characterized PSS adsorption isotherm data for SPACs and PAC simulta-
neously with the same model parameters. When SAM was incorporated into an adsorption
kinetic model, kinetic decay curves for PSSs adsorbing onto activated carbons of different
particle sizes could be simultaneously described with a single kinetics parameter value. On
the other hand, when SAM was not incorporated into such an adsorption kinetic model
and instead isotherms were described by the Freundlich model, the kinetic decay curves
were not well described. The success of the SAM further supports the adsorption mecha-

. nism of PSSs preferentially adsorbing near the outer surface of activated carbon particles.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

to increase (Weber et al., 1983). Possible reasons for these
contradictory results have been discussed, but a clear mech-.

It has been thought that adsorption capacity of activated
carbon does not depend on particle size because adsorption
occurs in internal pores of activated carbon particles
(Letterman et al., 1974; Najm et al.,, 1990; Peel and Benedek,
1980a and Leenheer, 2007); however, the effect of adsorbent
particle size on adsorption capacity has not been examined
sufficiently. With. decreasing activated carbon particle size,
the capacity to adsorb natural organic matter (NOM) has been
reported both to not change (Randtke and Snoeyink, 1983) and

* Corresponding author. Tel./fax: +81 11 706 7280.
E-mail address: matsui@eng hokudai.ac.jp (Y. Matsui).

anism with supporting experimental evidence has not yet
been presented.

Recently, very fine (median particle diameters of 0.7 pm)
activated carbon particles (super-powdered activated carbon,
SPAC) became available through advances in pulverization
technology (Matsui et al., 2004, 2005, 2007, 2009a). Thus, it has
become possible to reduce adsorbent particle diameter to the
submicron range, which is ten times as small as the size of
powdered-activated carbon (PAC). SPAC adsorbs NOM

0043-1354/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2010.11.020
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efficiently because of its high adsorption capécity as well asits
kinetic properties. The high adsorption capacity of SPAC rai-
ses the issue of adsorption capacity dependence on adsorbent
particle size. In the early stages of SPAC research, increased
capacity for NOM adsorption on SPAC was thought to be
attributable to the mesopore volume increase caused by the
fracture of ink-bottle pore structures during pulverization
(Matsui et al., 2004). However, it later became apparent that
structural changes in pore size distribution attributable to
pulverization were not large, and the capacity increase for
NOM adsorption could not be explained adequately by an
increase in mesopore volume. Instead, it has been proposed
that the capacity increase for NOM adsorption on SPAC is due
to adsorbate not penetrating completely into the adsorbent
particle and preferentially adsorbing in the particle outer
region close to the surface of the particle; we also proposed
a conceptualization of this concept (Ando et al., 2010).

The objective of our current research is to verify and
confirm this conceptualization through model analysis. To do
so, we have developed adsorption isotherm and kinetic
models based on the shell adsorption mechanism, and veri-
fied our findings with experimental data by using polystyrene
sulfonates (PSSs) as model substances (Karanfil et al., 1996a,b;
Li et al., 2003a,b; and Ando et al., 2010).

2. Materials and methods
2.1. Activated carbons

Commercially available PAC (Taikou-W, Futamura Chemical
Industries Co., Ltd., Gifu, Japan) was used as received (PAC-T)
or pulverized in a bead mill (Metawater Co., Ltd., Tokyo, Japan)
to achieve four degrees of pulverization; we designated these
super-powdered activated carbons as SPACa-T, SPACb-T,
SPACc-T, and SPACA-T, in increasing order of particle size.
The pore size distributions and the scanning electron micro-
graphs of SPACa-T and PAC-T are presented elsewhere (Ando
et al,, 2010). Slurries of each activated carbon were prepared in
pure water and stored at 4 °C and used after dilution and
placement under vacuum. Particle size distributions of the
five activated carbons were determined by using a laser-light
scattering instrument (LA-700, Horiba, Ltd., Kyoto, Japan).

2.2 Water samples

PSSs with various molecular weights (MWs) were selected as
model substances instead of NOM because PSSs are chemi-
cally homogeneous compounds with known MWs and narrow
MW ranges, while NOM is a complex mixture of compounds
with unknown compositon. Thus, our selecton of PSSs
makes model analysis of adsorption equilibrium and kinetics
clear and unambiguous. We refer to our first PSS formulation
as PSS-4600 (Polysciences, Inc., Warrington PA, USA), with
a weight-average MW (Mw) of 5180 Da and a number-average
MW (Mn) of 4600 Da. Our second PSS formulation, referred to
as PSS-1800 (Polysciences, Inc.), had an Mw of 1430 Da and an
Mn of 1200 Da. Our final PSS formulation, referred to as PSS-
1000 (Polymer Standard Service GmbH., Mainz, Germany), had
an Mw of 1100 Da and an Mw/Mn of <1.2.

We dissolved the PSSs in ultrapure water after the addition
of inorganic ions to adjust the ionic strength, and we adjusted
the constituent inorganic ions and their concentrations to
match those of natural water and the PSS waters used in
previous experiments (Table 1S in the supplementary
information, Matsui et al., 2004; Ando et al., 2010). All water
samples were adjusted to pH 7.0 + 0.1 by the addition of HCl or
NaOH, as required; they were then filtered through 0.2-um
membrane filters (DISMIC-25HP, Toyo Roshi Kaisha, Ltd.,
Tokyo) before use in experiments. We determined PSS
concentrations by UV absorption at a wavelength of 262 nm
(UV-1700, Shimadzu Co., Kyoto, Japan).

2.3.  Batch adsorption tests

We conducted PSS-1800 and PSS-1000 adsorption equilibrium
tests with all five activated carbons, but we conducted PSS-
4600 adsorption equilibrium tests only with SPACa-T, SPACd-
T, and PAC-T. The experimental procedure, described in detail
elsewhere (Ando et al., 2010), briefly is as follows. SPAC and
PAC slurries were diluted, placed under vacuum, and added to
300-mL solutions containing adsorbate with mixing (Table 25
in the supplementary information). Aliquots (100 mlL) were
transferred from the 300-mL solutions to 125-mL vials, which
were agitated on a shaker for 3 weeks at a constant temper-
ature of 20 °C. Control tests were also conducted that did not
contain carbon to confirm that concentration changes during
long-term mixing were negligible. After filtering the water
samples through a 0.2-pm membrane filter, we measured the
liquid-phase adsorbate concentrations.

We investigated adsorption kinetics of SPACa-T, SPACA-T,
and PAC-T by means of batch tests with efficient mixing.
Sample water (3 L) containing PSSs was placed in a beaker, and
an aliquot (50 mL) was withdrawn from the beaker to deter-
mine the initial PSS concentration. After the addition of
a specified amount of an activated carbon suspension (Table 35
in the supplementary information), aliquots (50 mL) were
withdrawn atintervals and filtered immediately through a 0.2-
um membrane filter for determination of PSS concentration.

3. Results and discussion
3.1.  Shell adsorption model

Clearly adsorption capacity for PSS-4600, PSS-1800, and PSS-
1000 on activated carbon (SPACa-T, SPACb-T, SPACc-T,
SPACA-T, and PAC-T) increased with decreasing adsorbent
particle size (Fig. 1 and Fig. 1S in the supplementary
information). Adsorption sharply increased with increasing
equilibrium concentration close to the initial concentration, in
particular for PSS-1000. This could be due to the heterogeneity
of PSS compounds (Karanfil et al., 1996a; Matsui et al., 1998),
despite our assumption of homogeneity for the PSS
compounds because of their small-MW ranges. Therefore, the
data points for concentrations close to the initial concentra-
tion, indicated by red color in Fig. 1, were omitted from our
mathematical analysis. Adsorption capacity for all three PSS
formulations, as represented by gso, increased with
decreasing adsorbent particle size (Fig. 2). PSS adsorption
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Fig. 1 — Adsorption isotherms of PSS-4600 (upper left panel), PSS-1800 (upper right panel), and PSS-1000 (lower panel). Lines
are SAM and Freundlich fits to data (plots close to the initial concentration are red-colored) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

capacity on SPACa-T (dsp = 0.7 pmy), which had the smallest
particle size, was highest, followed by SPACb-T (dsp = 1.1 pm),
SPACc-T (1.9 um), SPACA-T (3.0 um), and PAC-T (11.8 um), in
increasing order of particle size: dso is a volumetric median
particle diameter, and g is defined as the amount adsorbed
on activated carbon in equilibrium with 2.5 mg/L liquid-phase
concentration equal to half the initial concentration (5 mg/L)
in the adsorption experiment. Ando et al. (2010) hypothesize
that the increase in adsorption capacity with decreasing
adsorbent particle size is attributable to molecules adsorbing
principally in the exterior region close to the external particle
surface. The specific external surface area (surface area per
unit mass) available for adsorption would be greater for

smaller adsorbent particles, and hence adsorption capacity
could be larger on SPAC, which had a much smaller particle
size than PAC.

In adsorption isotherm model equations, such as the
Freundlich equation, amount adsorbed is expressed as mass
of adsorbate per unit mass of adsorbent (e.g., Sontheimer
et al, 1988). This relationship implicitly assumes that
adsorption surface area is proportional to mass of adsorbent
and that adsorption capacity is independent of adsorbent
particle size. In a previous study (Karanfil et al., 1996a), the
Freundlich equation has been employed successfully to
describe adsorption isotherms of PSSs, but the effect of
adsorbent size was not studied. In our current research, we

1000 1000 1000 ¢
PSS-4600 PSS-1800 PSS-1000
o
- | ~ a £ N
§ 100 § 100 %. 100E 0.34
o F A
O Experimental
~<h=-SAM
10 bttt = 10 bttt . 10
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
dso, pm dso, um dso, pm

Fig. 2 — PSS adsorption capacities represented by gso against volumetric median diameters of adsorbents. gso is defined as
the amount adsorbed on activated carbon in equilibrium with 2.5 mg/L liquid-phase concentration equal to half of initial

concentration (5 mg/L) in the adsorption experiment.
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have modified the Freundlich equation, as per Eq. (1), in order
to describe adsorption capacity dependence on adsorbent
particle size, as follows:

qe =KC" 1

where g is the amount adsorbed in solid-phase in equilibrium
with liquid-phase concentration (mg/g), C is the liquid-phase
concentration (mg/L), K is the Freundlich adsorption capacity
parameter (mg/g)/(mg/L)¥", and n is the Freundlich exponent.

Beginning with the Freundlich approach, we have modeled
the mechanism of Ando et al. (2010) such that the adsorption
capacity parameter K is assumed to decrease with increasing
distance from the adsorbent particle surface. Using radial
coordinates, the Freundlich adsorption capacity parameter is
a function of radial distance and particle radius; adsorption
capacity of an adsorbent with radius R at radial distance r is
then given by Eq. (2), as follows:

qs(r,R) = Ks(r,R)CH" )]

where r is the radial distance from the center of a PAC particle
(nm), Ris the adsorbent particle radius (um), gs(r, R) is the local
solid-phase concentration (mg/g) at radial distance r in an
adsorbent with radius R, and Ks{r, R) is the radially changing
Freundlich adsorption capacity parameter (mg/g)/(mg/L)¥" as
a function of radial distance r and adsorbent radius R.
Spherical particles were assumed for the PAC and the SPACs,
which is the conventional practice for adsorption kinetic
models (e.g., Sontheimer et al., 1988).

Therefore, adsorption capacity of an adsorbent with
particle radius R in equilibrium with liquid-phase concentra-
tion Cg is given by Eq. (3), as shown below: )

R
3r2 d 1/n 3 r 2
qs(r,R)F r =Cg = Ks{r,R)r*dr (3)
0 0

Accordingly, when the adsorbent size is not uniform, the
overall adsorption capacity of the adsorbent is given by Eq. (4),
as follows :

@

R
Qs = Cé’"% { / Ks (r,R)rzdr}fR(RMR @
[¢] 0

where gg is the overall adsorption capacity of adsorbent (mg/
g), and fr(R) is the normalized particle size distribution func-
tion of adsorbent (um™%).

As a model for Kg{r, R), we adopted Eq. (5), in which

adsorption capacity linearly decreases with distance from the
external surface to a depth, 4, but thereafter some of the
adsorption capacity remains at a level, p, inward from that
depth, as depicted in Fig. 3:
Ks(r,R) =Ko [max (ﬂ;_—l-_é’ O) (1-p)+ p} (5)
where K, is the Freundlich parameter of adsorption at the
external particle surface (K, means solid-phase concentration
atr = R at unity equilibrium concentration, (mg/g)/(mg/L)*™),
6 is the penetration depth (or thickness of the penetration
shell, pm), and p is a dimensionless parameter that defines
availability of internal porous structures for adsorption.

Ks(r, )/ K

Radial distance

Fig. 3 — Schematic diagram of SAM. Molecules adsorb
principally in the exterior region (black region in the figure)
close to the particle surface, but to some extent do diffuse
into the inner region (light gray region in the figure) of an
adsorbent particle. Kg(r, R)/K,, normalized adsorption
capacity relative to the adsorption capacity at the external
surface linearly decreases with distance from the external
surface to a depth ¢, (from black to dark gray region) in the
figure and thereafter (light gray region) it remains constant
as p.

Eq. (5) evolved from the following reasoning: If adsorption
occurs only at external particle surface, then adsorption
capacity increase is inversely proportional to adsorbent
particle size (slope of log gso vs. log dso = —1). However, slopes
for data points (Fig. 2) range only from —0.34 to —0.58 (less
steep than —1), thereby indicating that some of the interior
region of the adsorbent particles is available for adsorption.
Some adsorbate molecules probably diffuse into and adsorb
onto the interior region, while other molecules adsorb onto
the exterior region close to the particle outer surface (shell
region). :

The final form of the isotherm equation, referred to here-
inafter as the Shell ‘Adsorption Model (SAM) equation, is

" expressed as Eq. (6)

@ R N
4= Yo { [ [max(=520)a -+ r?dr}mR)dR
0 0

®)

We have applied this SAM equation to describe isotherm
data shown in Fig. 1; in doing so, we sought a single set of
isotherm parameter values for Ko, n, 6, and p in order to obtain
the best model fit to data for PSS adsorption isotherms of
SPACa-T, SPACb-T, SPACc-T, SPACA-T, and PAC-T. SAM
satisfactorily described the experimental data, as shown in
Figs. 1 and 2. Our SAM equation is a modified version of the
Freundlich equation that is extended so that the slope in the
log—log plot of solid-phase concentration vs. liquid-phase
concentration is identical for each of the activated carbon
preparations. However, experimentally measured slopes for
SPACa-T and SPACb-T were actually slightly less steep than
those for SPACA-T and PAC-T when applying the Freundlich
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equation to data for each activated carbon (see dashed lines in
Fig. 1 and Table 1). Because the change in slope after pulver-
ization was not very marked, however, we feel that the SAM
approach was successful in providing a first estimate of the
dependence of adsorption capacity on particle size.

3.2.  Adsorption kinetics in the shell adsorption model

We analyzed adsorption kinetics data to determine whether
incorporation of the SAM equation into an adsorption kinetic
model adequately describes the kinetics data. In combining
the kinetic model with SAM, we used the pore diffusion model
(PDM, e.g., Sontheimer et al., 1988). Although the homoge-
neous surface diffusion model (HSDM) is more widely used
than PDM (Sontheimer et al., 1988), we felt that it could not be
applied because it assumes homogeneity inside activated
carbon particles. Such homogeneity implies that adsorbed
molecules have migrated into adsorbent particles by Fick’s
first law of diffusion according to a local solid-phase concen-
tration gradient, and that adsorbate molecules are ultimately
- distributed evenly along an adsorbent gradient such that local
solid-phase concentrations become equal. Such a scenario is
inconsistent with SAM. Therefore, instead of HSDM, we used
PDM in which migration of molecules in the liquid-filled pores

contributes to transport of adsorbates into particles, while
local solid-phase and liquid-phase concentrations in pores
remain at equilibrium during the entire period of adsorption
(instantaneous adsorption). At an adsorption equilibrium
condition in PDM, local liquid-phase concentrations become
equal, while local solid-phase concentrations do not neces-
sarily become equal; that condition does not violate SAM.
Local adsorption equilibrium is expressed by Eq. (7), as
follows:

q(t, T, R)\"
c(t,1,R) = (Ks(r,R)) 7
where t is adsorption time in the batch system (s); c(t, 7, R) is
the liquid-phase concentration in an adsorbent particle
having radius R at radial distance r and time t (mg/L); and q(t, 1,
R) is the solid-phase concentration in an adsorbent particle
having radius R at radial distance r and time t (mg/g).

Diffusion of adsorbate molecules in an adsorbent particle
is expressed by Eq. (8), as follows

q(t,r,R) Dp 13 ac(t,r,R))
ot pr 6r(r2 or (®)

where Dy is the pore diffusion coefficient (cm?/s); and p is

adsorbent particle density (g/L).

Table 1 — Equilibrium and kinetic parameters and Eys values

|

PSS-4600 Simulation 1 Slmulatlon 2 : Simulation 3
Adsorption equilibrium SAM ) : Freundhch : :
' Ko = 1.8 x 10% (mg/g)/(mg/L)¥" K (SPACa-T) = 110 (mg/g)/(m )
n=010 ' 1/n (SPACa-T) = 0.064 *
6=0.22 pm K (SPACA-T) = 39 {mg/g) (mg/L)
p =0.038 .1/n (SPACA-T) =026 . ;
K (PAC-T) = 18 ( mg/g)/(rng/L)
‘ . E /n (PAC T) 027 -
Adsorption kinetics PDM . HSDM PDM : S
Dp =29 x 107% cm¥s Ds=3.3 x 1013 cmzls = Dp=17 x 10°° cm?¥s
Ens S 025 " -21° T T 049
PSS-1800 Simulation 1 Slmulation 2. Simulation 3
Adsorption equilibrium SAM Freundlich
Ko = 3.2 x 10? (g/g)/(mg/L)/" K (SPACa-T) = 190 (mg/g)/(mg/L)V"
1/n =015 1/n (SPACa-T) =0.11.
-6=0.20pm K (SPACA-T) = 85 (mg/g) (mg/L
p = 0.095 1/n (SPACA-T) = 0.28 -
K (PAC-T) = 45 (mg/g) /(mg/L)l/"
i (PAC T) 0.28
Adsorption kinetics PDM HSDM o -~ PDM :
Dp=7.6x 10 cm?s Ds=21x10"1 cm2/s o Dp =32 x 107° cm¥/s
Ens 0.85 oa1 . on '
PSS-1000 Simulation 1 Simulation 2” Simulation 3
Adsorption equilibrium SAM ) Freundlich' e
Ko=2.8 x 10? (mg/g)/(mg/L)V" . K(SPACa-T) = 190 (mg/g)/(mg/L
/=021 “Un (SPACa-T)=0.16  ~
6=0.21um K (SPACA-T) = 97 (mg/g)/(mg/L)V"
p=018 1/n (SPACA-T) = 0.27;
K (PAC-T) = 67 (mg/g)/(mg/L)""
, . 1/n (PAC T) =028
Adsorption kinetics PDM HSDM : : PDM
Dp =110 x 107° cm?s Ds =15 x 107 cm?/s Dp=3.3 x 107° “™%/g’
Ens 0.40 -084 . SRR 0.083




WATER RESEARCH 45 (2011) 1720-1728

1725

OBy particle size measurement

- Discrete approximation

Y
o
o

®
[=]
T

SPACa-T /

[=2]
(=}
T

S
[=]
T

s

N
o
—_—

Cummurative percentage undersize

o

0.1 . 1

10 100

Particle diameter, um

Fig. 4 — Particle size distributions of SPACa-T, SPACd-T, and PAC-T.

External film balance is described by equating mass
balance and mass transfer from the external particle surface
to inside the particle, as shown in Eq. (9):

R
g { [rar, R)dr} = e~ <R R) ©)
4]
where keis the liquid film mass transfer coefficient (cm/s), p is
the adsorbent particle density (g/L), and C(t) is the adsorbate
concentration in the bulk water phase as a function of time, t
(mg/L).

When considering adsorbent particle size distribution
(Matsui et al., 2003), the mass balance equation for an adsor-
bate in a batch reactor is given in Eq. (10), as follows:

dc(y)
d

_ _3Ccks mfR(R)rr' -
e O/ IC(t) - c(t, R R)AR (10)

We approximated particle size distribution of adsorbent by
a discrete density function consisting of M size classes, where
M is 13, as shown in Fig. 4. We converted the set of model Eqs
(5) and (7)—(10) for adsorption in a batch reactor into a set of
ordinary differential equations with respect to time, t, using
the method of orthogonal collocation. We took many collo-
cation points in an attempt to describe precisely the change of
solid-phase concentration in the vicinity of the particle
surface (shell region in Fig. 3). When the number of collocation
points was 40, the shell region of a PAC particle 11.8 ym in

diameter was divided by 6 in the radial direction and that of
a SPAC particle 0.7 ym in diameter was divided by 30. Resul-
tant equations were solved as a system of ordinary differential
equations by Gear's stiff method in the IMSL® Math Library,
after deriving the analytical Jacobian of the equations (Matsui
et al., 2009b). Mass transfer resistance across the liquid film
external to the adsorbent particle surfaces was substantially
neglected because it cannot be the rate-determining step in
well-mixed reactors (Sontheimer et al, 1988). In model
simulations, the liquid film mass transfer coefficient (kf was
set to 10 cm/s, at which value liquid film mass transfer did not
control adsorbate uptake to adsorbent, because any values
larger than 10 cm/s yielded the same simulation results for
concentration decay curves. Finally, a single value of pore -
diffusion coefficient D,, the remaining unknown model
parameter in PDM, was sought by using quasi-Newton
method in the IMSL® Math Library and then the D;, value was
determined that produced best-fits to the experimental data
for SPACa-T, SPACA-T, and PAC-T under the minimum error
criterion [maximizing the Eys value defined by Eq. (11)], as
follows:

St (Cabsj = Cea)’”
Z;‘il (Cobs,j - Cave)2
where Cgpsj and Cca; are the observed and calculated

concentrations (mg/L) of adsorbate, respectively; Cqye is the
average concentration of adsorbate (mg/L); and N is the

Ens=1- (1)
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Fig. 5 — PSS-4600 adsorption kinetics data and curves fitted with three models (Initial PSS-4600 concentration was 5 mg/L.
PAC-T, SPACd-T, and SPACa-T doses were 500, 200, and 100 mg/L, respectively).
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Fig. 6 — PSS-1800 adsorption kinetics data and curves fitted with models (Initial PSS-1800 concentration was 5 mg/L. PAC-T,
SPACA-T, and SPACa-T doses were 200, 50, and 50 mg/L, respectively).

number of data points. Eys values vary between —« and 1;
a value of 1.0 indicates a perfect fit.

As a comparison to the SAM + PDM model (to be called
Simulation 1 hereinafter), we used the Freundlich
model + HSDM (Simulation 2) and the Freundlich
model + PDM (Simulation 3). In these cases, the Freundlich
model parameters were individually determined for each
activated carbon sample (SPACa-T, SPACA-T, and PAC-T) from
the corresponding set of isotherm data. Then, from adsorption
kinetics data, a single value for the surface diffusion coeffi-
cient Dg was sought under the minimum error criterion to
simulate experimental data sets for SPACa-T, SPACA-T, and
PAC-T (Simulation 2) [Matsui et al., 2003]. A single value of the
pore diffusion coefficient Dp was sought in Simulation 3.
Isotherm model parameter values determined from experi-
mental data of Fig. 1 and the Dy and Ds values searched are
summarized in Table 1. )

All PSS kinetics curves featured a sharp concentration drop
in the first few minutes, followed by a subsequent slower
decrease (Figs. 5—7). Experimental data for all PSS kinetics are
the best described by the SAM + PDM model, into which
a single Dp value was inserted. Eys value for PSS-1000, for
example, was 0.40 (Table 1). Freundlich model + HSDM
simulations carried out with one Dg value (Simulation 2) did
not fit experimental data for activated carbons of small and
large size: Ens value was —0.84. Freundlich model + HSDM
simulations underestimate solute uptake rate into large
particle-size adsorbent (PAC-T) and overestimate solute
uptake rate into small particle size adsorbent (SPACa-T).
Simulation 3, carried out with one Dp value, also did not
adequately describe PSS adsorption kinetics for PAC-T and
SPACa-T (Ens value was 0.083). Simulation 1 was also
reasonable in terms of diffusivity and MW: the smallest

molecule, PSS-1000, had the highest diffusivity, followed by.
PSS-1800; and the largest molecule, PSS-4600, had the lowest
diffusivity (the Dp values of PSS-4600, -1800, and -1000 were
2.9 x 107%, 7.6 x 107", and 11.0 x 107*® em?s, respectively;
see Table 1). Such a relationship between diffusivity and MW
was not observed in Simulations 2 and 3.

In our simulations using the Freundlich model + HSDM and
the Freundlich model + PDM, we employed six adjustable
parameters (2 model parameters times 3 carbons) to describe
adsorption isotherms for the three activated carbon prepara-
tions: that is, we determined distinct K and 1/n values for
SPACa-T, SPACA-T, and PAC-T by linear regression. On the
other hand, SAM has four adjustable model parameters for all
the three carbons. When considering only the number of
adjustable model parameters, the SAM + PDM model should
have two less degrees of freedom in describing a variety of
adsorption kinetics than the Freundlich model + HSDM or the
Freundlich model + PDM. Our results, however, show that
SAM + PDM was more accurate in describing adsorption
kinetics than the Freundlich model + HSDM or the Freundlich
model + PDM. The Freundlich model + HSDM or Freundlich
model + PDM simulations underestimate solute uptake rate
into the large particle-size adsorbent (PAC-T). Implementation
of SAM contributed to the solving this underestimation
problem by enhancing adsorbate uptake rate. We attribute this
enhancement to the fact that most adsorbate molecules do not
diffuse into the inner region of adsorbent particles before
reaching adsorption equilibrium. Thus, most of the adsorption
process is complete close to the exterior particle surface.
Therefore, the superiority of the SAM + PDM model is attrib-
utable to the shell adsorption mechanism, and our finding of
a better data fit to the SAM + PDM model offers further
evidence that PSS molecules adsorb mostly near the adsorbent

1.0 O 1.0 &
SPAC-T SPACa-T
8 8 g 08 O Experimental
E) \3 e 06 — Simulation1
E g ‘g -5 mmm= Simulationz‘
g g 'zg 04 Co o ~== Simulation3
& 4 &
0.2
0.0 0.0
0 20 40 60 0 20 40 60

Contact time, min

Contact time, min

Contact time, min

Fig. 7 — PSS-1000 adsorption kinetics data and curves fitted with models (Initial PSS-1000 concentration was 5 mg/L. PAC-T,
SPACd-T, and SPACa-T doses were 200, 50, and 50 mg/L, respectively).
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particle surface. We believe that the shell adsorption concept
provides the best mechanism for describing adsorption
kinetics on activated carbons with various particle sizes.

While the discrepancies between the experimental
kinetics data and data obtained from Simulation 1
(SAM + PDM) could be partly due to experimental errors, we
note some trends. For most experimental data of PAC-T and
SPACA-T, concentrations drop rapidly as adsorption begins.

However, initial adsorptions were slower in the simulations.
On the other hand, the concentrations of SPACa-T for PSS-
4600 and -1000 declined faster in the simulations than we
observed in our experiments. This pattern of change could be
related to local slow diffusion from macropore to micropore,
which follows relatively rapid radial diffusion in macropore
regions in the adsorbent (Sontheimer et al.,, 1988; Peel and
Benedek, 1980a,b). Adsorption kinetics of a small-MW adsor-
bate, geosmin, which could adsorb on nﬁcropores of SPAC and
PAC, is better described by a branched-pore kinetic model
(BPKM), in which a slow diffusion mechanism is incorporated
into HSDM (Matsui et al., 2009b). We have confirmed that PSS
concentration decay curves are also better defined when
a slow diffusion mechanism is incorporated into PDM, and the
resulting simulation is more successful (data not shown). This
improvement may be due to the number of adjustable model
parameters for adsorption kinetics increasing from 1 to 3 with
implementation of the slow diffusion mechanism.

Further research will be necessary to elucidate the slow
diffusion mechanism for PSS adsorption. In this study, we
have focused on the fact that application of the shell adsorp-
tion mechanism, whereby the compounds we studied adsorb
mostly in the vicinity of external adsorbent particle surfaces,
dramatically improves modeling of adsorption kinetics as well
as isotherms. To enhance our understanding of the adsorp-
tion mechanism, we have modeled the adsorption of PSSs
which are homogeneous compounds with a defined structure,
but with a molecular size similar to that of NOM. In future
work, adsorption behavior of NOM must be modeled in order
to elucidate its adsorption capacity increase with decreasing
adsorbent particle size. However, applying SAM to NOM may
be difficult, as NOM is an extremely polydisperse mixture,
with MWs ranging from hundreds to tens of thousands.
Therefore, the parameter values of § and p might vary for the
various adsorbates with different properties (including MW)

" within each NOM solution. i

The results of the current research may change the para-
digm of rapid small-scale column tests (RSSCTs, Crittenden
et al, 1986a,b). Our simulation by SAM-PDM implies that
adsorption capacity is particle size dependent but that the
intraparticle diffusion coefficient is not. The paradigm of

SAM-PDM is opposite to that used to scale NOM adsorption in

RSSCTs. RSSCTs for NOM adsorption implicitly assume the

independence of adsorption capacity from carbon particle size
and the proportional diffusivity (PD, the intraparticle diffusion
coefficient linearly decreases with particle size). The RSSCT
method is well supported by RSSCT data for NOM removal
(e.g., Crittenden et al.,, 1991; Summers et al., 1995). One simple
way to reconcile the SAM paradigm with the RSSCT is
hypothesising that PAC adsorption capacity is dependent on
carbon particle size but that GAC (granular activated carbon)
adsorption capacity is not, because GAC has developed

macropores that enable PSS and NOM molecules to penetrate
inside of carbon particles and which then equalize carbon
capacity regardless of carbon particle size (Ando et al., 2010).
The diffusivity issue could be resolved if the SAM-PDM would
better fit our experimental data when diffusivity was treated
as variable rather than constant.

In addition to kinetics, adsorption capacity is a critical

_ parameter that must be considered in the design of RSSCTs

(Crittenden et al, 1986a; Sontheimer et al, 1988). Since
RSSCTs are conducted on a sieved small-size fraction of
crushed carbon particles instead of on the original as-received
GAC, which is used in the full-scale adsorber, for proper
design of RSSCTs it is essential to understand how not only
the adsorption kinetics but also the adsorption capacity is
affected by particle size. Actually, capacity increases with
decreasing carbon particle size are reported for GACs (Randtke
and Snoeyink, 1983; Weber et al., 1983). Moreover, the theo-
retical background is weak for the PD on which the design of
RSSCTs relies. For synthetic organic chemicals (SOCs), on the
other hand, isotherm capacities are not affected by carbon
particle size (Letterman et al,, 1974; Najm et al, 1990 and
Leenheer, 2007). The independence of SOC adsorption
capacity from carbon particle size is also held for SPAC and
PAC (Matsui et al., 2004; Ando et al., 2010). For SOC removals,
the RSSCT data well support the assumption of constant
diffusivity (Crittenden et al., 1986a). We feel, therefore, that
the method of RSSCT design for NOM adsorption could be
improved through the study of how NOM adsorption capacity
is affected by GAC particle size.

4, Conclusions

1) We have proposed a shell adsorption mechanism by which
PSS molecules are principally adsorbed in the exterior
(shell) region of activated carbon particles and adsorbed
less in the interior region. The increasing adsorption
capacity with decreasing particle size is explained by the
increase in specific external surface area (surface area per
unit mass) available for adsorption with decreasing adsor-
bent particle size. Therefore, the PSS adsorption capacity of
SPAC was higher than that of PAC.

2) We have proposed a new isotherm equation (SAM), which
incorporates the shell adsorption mechanism into the
Freundlich model, and we have successfully described PSS
adsorption isotherms for SPACs and PAC with the same
model parameters.

3) PSS adsorption kinetics were described much better by SAM
incorporated into PDM than by the conventional
approaches of the Freundlich model + HSDM or the
Freundlich model + PDM, which further supports our
proposed shell adsorption mechanism.
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Direct observation of solid-phase adsorbate concentration
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ARTICLE INFO ABSTRACT

" Decreasing the particle size of powdered activated carbon (PAC) by pulverization increases
its adsorption capacities for natural organic matter (NOM) and polystyrene sulfonate (PSS,
which is used as a model adsorbate). A shell adsorption mechanism in which NOM and PSS
molecules do not completely penetrate the adsorbent particle and instead preferentially
adsorb near the outer surface of the particle has been proposed as an explanation for this
adsorption capacity increase. In this report, we present direct evidence to support the shell
adsorption mechanism. PAC particles containing adsorbed PSS were sectioned with
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SPAC sections were directly observed by means of field emission—scanning electron microscopy/
FIB energy-dispersive X-ray spectrometry (FE-SEM/EDXS). X-ray emission from sulfur, an index
SEM of PSS concentration, was higher in the shell region than in the inner region of the parti-
EDXS cles. The X-ray emission profile observed by EDXS did not agree completely with the solid-
Isotherm phase PSS concentration profile predicted by shell adsorption model analysis of the PSS

PSS isotherm data, but the observed and predicted profiles were not inconsistent when the
NOM analytical errors were considered. These EDXS results provide the first direct evidence that
PSS is adsorbed mainly in the vicinity of the external surface of the PAC particles, and thus
the results support the proposition that the increase in NOM and PSS adsorption capacity
with decreasing particle size is due to the increase in external surface area on which the

molecules can be adsorbed. ‘
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction carbon is widely used, it is expensive, and the higher the grade

and quality of the activated carbon, the greater its cost (Babel

Powdered activated carbon (PAC) is used for the treatment of
drinking water because this versatile adsorbent removes
a broad range of organic pollutants, including pesticides and
other organic chemicals, taste and odor compounds, cyano-
bacterial toxins, and total organic carbon (Suffet and McGuire,
1980; World Health Organization, 2006). Although activated

* Cerresponding author. Tel./fax: +81 11 706 7280.
E-mail address: matsui@eng hokudai.ac.jp (K. Ohno).

and Kurniawan, 2003). While attention has been focused on
investigation of various replacements for activated carbon,
enhancing its adsorption has also been studied. For example,
reducing the particle size of activated carbon increases the
rate of adsorbate uptake and thereby reduces the amount of
activated carbon required (Randtke and Snoeyink, 1983; Najm

0043-1354/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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etal., 1990; Jia et al., 2005; Matsui et al., 2005, 2009,); therefore,
pulverizing activated carbon has been used as a strategy for
costreduction. Although decreasing the particle size increases
the adsorption rate, it has been long assumed that the
adsorption capacity does not change with particle size
(Randtke and Snoeyink, 1983; Najm et al., 1990). However,
several studies have shown that activated carbon with a small
particle size (e.g., 100/200 US sieve size, Weber et al., 1983; and
0.73 ym median diameter, Ando et al.,, 2010) has a higher
adsorption capacity for NOM. This NOM adsorption capacity
increase is explained by means of a mechanism whereby NOM
is adsorbed more in the shell region close to the external
surface of the particles than in the region inside the particles
because NOM forms aggregates in activated carbon pores and
does not fully penetrate the carbon particle (Ando et al., 2010),
and a shell adsorption model (SAM) based on this mechanism
is proposed and verified by means of adsorption isotherm data
(Matsui et al., submitted for publication).

The radial profile of adsorbate concentration throughout
a particle, however, has not been confirmed by direct obser-
vation. Generally, activated carbon adsorption data is inter-
preted on the basis of measurement of the adsorbate
concentration in the bulk water phase, and the solid-phase
concentration profile inside activated carbon particles has
rarely been observed. Ahn et al. (2005) recently used micro-
probe laser-desorption laser-ionization mass spectroscopy to
spatially resolve the intraparticle concentration profile within
several granular adsorbents, including granular activated
carbon particles (40 pm). The study demonstrated the
complexity of the intraparticle diffusion process.

The objective of the current study was to directly observe
the solid-phase adsorbate concentration profiles of PAC
particles and thus verify the shell adsorption mechanism. PAC
particles containing PSS as a model adsorbate were sectioned
with a focused ion beam (FIB), and the intraparticle solid-
phase concentration profiles were directly quantified at
a 0.4-um scale by means of energy-dispersive X-ray spectro-
metry (EDXS) in a field emission—scanning electron micro-
scope (FE-SEM).

2. Materials and methods
2.1. Adsorbents and adsorbate

Commercially available PAC (Taikou-W, Futamura Chemical
Industries Co., Gifu, Japan) was used as received (designated
PAC-T) or pulverized in a bead mill {Metawater Co., Tokyo,
Japan) to produce super-powdered activated carbon (SPAC)
samples of various particle sizes, designated SPACa-T, SPACb-
T, SPACc-T, and SPACA-T in order of increasing particle size.
A slurry of each activated carbon sample was prepared in pure
water and stored at 4 °C before use. The median particle
diameters of the samples were 0.7 um for SPACa-T, 1.1 pm for
SPACD-T, 1.9 um for SPACc-T, 3.0 um for SPACA-T, and 11.8 ym
for PAC-T (as determined with an LA-700 size distribution
analyzer, Horiba, Kyoto, Japan). The sulfur content of PAC-T
was determined by combustion (International Organization
for Standardization, 1998; TOX-100, Mitsubishi Chemical
Analytech Co., Mie, Japan) and ion chromatography (DX-120,

Dionex Corp., California, USA). PSS (Polymer Standard Service,
Mainz, Germany; Mw = 1100 Da; Mw/Mn < 1.2) was used as
a model adsorbate (Matsui et al., submitted for publication).

2.2 Preparation of PSS solutions and measurement of
adsorption isotherms

PSS solutions (initial concentrations, 4.7 and 104 mg/L) were
prepared by dissolving PSS in sulfate-ion-free water containing
NaHCO; (20 mg/L as alkalinity) and CaCl, (4.9 mg/L as Ca). The
PSS solutions were adjusted to pH 7.0 + 0.1 by the addition of HC
or NaOH as required, and the solutions were filtered through
0.2-ym PTFE (Polytetrafluoroethylene) membrane filters before
being used for adsorption isotherm tests. The bottle-point
technique was used to conduct the adsorption isotherm tests.
Various amounts of activated carbon were added to the PSS
solution with efficient mixing, and 125 mL aliquots from the
solution containing PSS and activated carbon were transferred
to 125 mL vials. The vials were then agitated on a shaker for 3
weeks. After the contents of the vials were filtered through
a 0.2-ym PTFE membrane filter, the liquid-phase PSS concen-
trations were measured. The PSS concentrations were deter-
mined by UV absorption at a wavelength of 262 nm (UV-1700,
Shimadzu Co., Kyoto, Japan) with a calibration line.

2.3.  Solid-phase PSS concentration profile in a PAC-T
particle

2.3.1. Preparation of PAC-T samples

To prepare PAC-T particles with adsorbed PSS (PSS-loaded
PAC-T), we conducted batch adsorption in a 125 ml vial con-
taining a suspension of PSS (103 mg/L), PAC-T (20 mg/L),
NaHCOs3 (0.2 mmol/L), and CaCl, (0.12 mmol/L). Because the
PAC concentration profiles were determined by means of
EDXS analysis of the sulfur in PSS, no sulfate-ion was added.
To prepare PAC-T particles without PSS (blank PAC-T), we
conducted a blank test without PSS in a 125 mL vial containing
a suspension of PAC-T (20 mg/L), NaHCOs (0.2 mmol/L), and
CaCl; (0.12 mmol/L). After the vials were shaken for 3 weeks,
the PAC-T particles were recovered from the vials by means of
centrifugal separation (1000 rpm, 190 g, 10 min). The particles
were dried for 24 h at about 40 °C.

2.3.2. FIB sectioning of PAC-T particles

PAC-T particles were placed on a silicon (Si) wafer that was
mounted with double-stick carbon tape (Nisshin EM Co.,
Tokyo, Japan) on the specimen holder of the FIB system (FB-
2100, Hitachi, Ltd., Tokyo, Japan). After desiccation at 40 °C,
the sample surface was coated with a 20-nm layer of platinum
(Pt) to avoid charge-up effects by means of ion sputtering
equipment (JEC-1600, JEOL, Ltd., Tokyo, Japan). A PAC-T
particle was selected arbitrarily during real-time scanning-ion
microscope imaging, and tungsten (W) was FIB-deposited on
the particle for 20 min to prevent damage to the PAC-T particle
during FIB milling, which was performed at a beam energy of
40 kV (Fig. 1a). Deep trenches were grooved around the PAC-T
particle by means of gallium (Ga) FIB milling such that a small
cubic portion (micro-sample) of the Si wafer with the PAC-T
particle on top remained; a corner of the small cubic portion
(micro-bridge) was left to connect the micro-sample to the Si
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Fig. 1 — Micro-sarhpling and sectioning of a PAC-T particle using FIB: (a) PAC particles on silicon wafer; (b) micro-sample
{small cube with a PAC particle on top) and a tungsten probe; (c) micro-samples on Si wafer, and (d) cross-section of PAC

particle.

wafer. Subsequently, the specimen holder was tilted to 60°,
and the bottom of the micro-sample was cut with a Ga FIB; as
a result, the micro-sample was supported by a micro-bridge at
one corner. A mechanical probe was inserted, and the tip of
the probe was welded to the micro-sample by means of FIB-
assisted W deposition (Fig. 1b). After the micro-bridge was cut
with a Ga FIB, the micro-sample was separated from the Si
wafer and placed on a newly inserted Si wafer by means of W
deposition (4 min). The mechanical probe was cut with a Ga
FIB (Fig. 1c) after the newly inserted wafer was mounted on
the sample holder of the FIB system by double-stick carbon
tape. About half of the PAC-T particle on the micro-sample
was then cut away with a Ga FIB to leave a cut PAC-T particle
(Fig. 1d). The cut particle was coated with a 2 nm layer of Ptby
ion sputtering to avoid charge-up effects during SEM.

2.3.3. FE-SEM/EDXS of a PAC-T particle

The Si wafer with the FIB-cut PAC-T particle was mounted
with double-stick carbon tape on an L-shaped holder (JEOL)
for FE-SEM (JSM-7400F, JEOL) observation of the cross-
section of the particle. EDXS line-scan chemical analysis was
performed in 0.047-um increments on the surface of the

cross-sectioned particle in the FE-SEM (acceleration voltage,
10 kV; number of sweeps, 25; dwelling time, 0.1 s; magnifi-
cation, 10,000; working distance, 8.0 mm; JED-2300, JEOL).
The penetration depth of electron for the EDXS analysis-
could be considered large (Castaing, 1960). Lee et al. (2006)
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Fig. 2 — Adsorption isotherms of PSS.



