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The separation of dissolved aluminum in neutral /slightly basic river (Seta River) water was carried out using high-
performance cation-exchange chromatography with a gradient elution of calcium ion in a dilute nitric acid solution (pH 4)
and fluorometric detection of the lumogallion—aluminum complex. Although three peaks may appear, which correspond
to species having a charge of less than 41, 42 and +3, only one major peak at the “3+" position appeared. From the
sample pH and this result of separation, the main species of dissolved aluminum was concluded to be AI(OH),~. In order
to evaluate whether the elution was complete or not, the peak areas obtained with and without the cation-exchange column
were compared. For an accurate evaluation of the elution peak, the residual solution of the solvent extraction with the 8-
quinolinol/chloroform system was used. The elution of dissolved aluminum from the cation-exchange column was found
to be incomplete (or not quantitative); i.e., the percentage of eluted aluminum was 79 and 70% for two Seta River water
samples in October and January, respectively. The chemical form of the aluminum species which was adsorbed in the

cation-exchange column is discussed.

Aluminum is the third most abundant element in the earth
crust. It has been believed to be a non-toxic element for a long
time. However, its increased concentration in lakes and rivers
due to acidification of the environment has recently occurred
in North America and Europe, and has caused serious damage
to some aquatic life.!> Moreover, aluminum has been proven to
be toxic to the human nervous system if it accumulates in the
human brain through an unfortunate incident of dialysis demen-
tia.> Reports have been published, in which a positive correla-
tion between the aluminum concentration in drinking water and
Alzheimer’s disease is observed through epidemiological re-
search.*> Tts toxicity was influenced by co-existing ligands,
such as fluoride or silicate.>” This fact suggests that the speci-
ation of aluminum in drinking water is very important.

Lake Biwa, the largest lake in Japan, is located in Shiga pre-
fecture. The lake water flows out from the Seta River. The pH
of Seta River water is always above 7.0 and may be increased
up to 9 due to the high activity of phytoplankton in the summer
season. The water is actually used as drinking water not only
for people living in Shiga, but also for over 13 million people
living in the Kinki district. Lake Biwa is sometimes compared
to a water jar for the Kinki district.

The chemical behavior of aluminum in Lake Biwa has been
examined from a limnological standpoint.®!! The dissolved
aluminum concentration in the surface water of both the north-
ern and southern parts of the lake shows a seasonal variation:
high during the summer and autumn and low in the winter.31°
The cause of this phenomenon was examined by Kanao-
Koshikawa et al., who concluded that the pH of the lake, meas-
ured one month before, is the main factor.!? We also found such
a seasonal variation of dissolved aluminum concentration in the
Seta River,!>!3 which correlated well to the pH measured im-

mediately after sampling. The concentration range of dissolved
aluminum in the Seta River is between 0.5 and 5 x 107’
mol dm—3,

Ton-exchange chromatography has been widely used for the
speciation of aluminum in drinking water,'*! lake water,'®!’
soil extracts,'®!? and so on. The aluminum species are separat-
ed according to their charge; i.e., AP, “24” charged species,
such as AIF?*, and “14”; neutral or negatively charged spe-
cies, such as AlF,", AlF; and Al-organic complexes, respec-
tively.

Recently, cation-exchange HPLC with postcolumn fluoro-
metric detection of an aluminum lumogallion complex has been
developed and applied to the analysis of acidified lakewater.'®
This method uses the gradient elution of divalent calcium ion
for effective separation, and is very sensitive to detect even 1 x
10~ mol dm™—* aluminum. We successfully applied this meth-
od to the speciation of dissolved aluminum in acidic rain water
into three categories, i.e., free AI**, aluminum fluorides and
other forms.?"

Although there have been many studies of speciation of alu-
minum in acidic water samples by cation-exchange chromatog-
raphy, its application to neutral water samples has been rela-
tively few.!*!5 In present work, we tried to apply this method
to the analysis of Seta River water as a typical example of neu-
tral/slightly basic water samples. We first optimized the analyt-
ical system in order to obtain a correct chromatogram. We then
considered the chemical species of dissolved aluminum based
on the chromatogram from which the baseline chromatogram
was subtracted. To obtain a correct baseline, a residual solution
of solvent extraction was used. We also compared the peak area
with and without a cation-exchange column in order to examine
whether the chromatographic elution was quantitative or not.
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Experimental

Reagents. Once-distilled water was further purified using a
Millipore Milli-Q Labo system. Guaranteed reagent-grade chemi-
cals were obtained from Nakalai tesque (Kyoto, Japan), unless oth-
erwise noted. Ultrahigh-purity nitric acid, Tamapure AA-100 was
supplied from Tama Chemicals Co., Ltd. (Kanagawa, Japan). Cal-
cium nitrate tetrahydrate (Cat. no. C4955, SigmaUltra) was pur-
chased from Sigma (St. Louis, MO, USA). The postcolumn
reagent solution was 0.05 mmoldm™ lumogallion (DOJINDO,
Kumamoto, Japan) dissolved in 0.2 mol dm™> acetate buffer (pH
5.2). Two eluents for gradient elution were used: pH 4.0 HNO3
and 0.0165 mol dm~—3 Ca(NO3), (the pH was also adjusted to 4.0
by HNO3). Aluminum standards were prepared in plastic volumet-
ric flasks. A stock standard (1072 mol dm~—3) was prepared by dis-
solving 0.4744 g of AIK(SO4),-12H,0 into 100 mL of 1073
mol dm~3 nitric acid. The pHs of the 0-10 x 10~ mol dm~> alu-
minum standard solutions were adjusted to ca. 4.0 by adding 0.1
mL of 0.1 moldm~ nitric acid into 100 mL plastic volumetric
flasks.

Apparatus. Figure 1 shows a schematic diagram of the HPLC
system. The basic scheme was the same as that of Sutheimer and
Cabaniss.'® Two Shimadzu LC-10AD chromatographic pumps
were used to create a concentration gradient of divalent calcium
ions. All of the sapphire plungers of each pump were replaced
by a zirconia ceramic plunger in order to decrease the possibility
of aluminum elution from the pump. The sum of the flow rates
was kept at 0.9 mLmin~!. A single plunger pump (Nihonseimitsu
Model SP-T-2501-U, Tokyo, Japan) was used to deliver the re-
agent solution. The pulse was effectively damped using a damper
(GL Science Model HPD-2, Tokyo, Japan). The flow rate was
set at 0.4 mL min~!.

In order to remove residual aluminum ions from the eluents, a
precolumn was placed just after each main pump. The precolumn
was prepared by placing a TSK-8HQ chelating resin in a PEEK
column (4.7 mm i.d., 15 cm long). The TSK-8HQ chelating resin
was based on a TSK-Gel TOYOPEARL HW-65F (Cat.
no. 07465, Tosoh, Tokyo, Japan), on which 8-quinolinol was cova-
lently fixed, prepared according to a method reported by Landing et
al.?! It has long-term stability and shows excellent efficiency for re-
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moving aluminum ions.

We also used a second precolumn after the TSK-8HQ column in
order to remove residual fluoride. The precolumn was filled with a
cation-exchange resin (Dowex 50W-X8 200-400 mesh) treated
with a solution of zirconium(IV) bis(nitrate) oxide (Zr(NO3),0),
prepared according to a method reported by Kokubu et al.??

The rotary injection valve was made of stainless steel (Rheo-
dyne Model 7010, CA, USA) fitted with a PEEK 500 pL injection
loop. To separate aluminum species according to their charge, a
cation-exchange column (Mitsubishi Kagaku MCI-Gel, SCKOI,
6 mm i.d., 50 mm long, Tokyo, Japan) was used. This column
was made of a copolymer based on polystyrene and divinylbenzene
having a sulfonate functional group, and was usually used for the
ion-chromatographic separation of singly-charged cations. In order
to avoid the accumulation of adsorbed species, the column was
washed with 0.1 mol dm~ nitric acid after a series of the separa-
tion experiments were finished. Then, nitric acid was replaced by
ultrapure water until the pH became 4 or above.

Two PEEK mixing coils (0.5 mm i.d., 5 m long) were used, the
first maintained at 60 °C in a water bath, while the second remained
at room temperature. PEEK tubing was used in the whole system
with some exceptions [otherwise, a poly(tetrafluoroethylene)
(= PTFE) tube was used]. Fluorescence was detected by a JASCO
(Nihonbunkou, Tokyo, Japan) FP2025 detector equipped with a
150 W xenon lamp, a 16 L quartz flow cell, and a photomultiplier
tube. The excitation and emission wavelengths were 500 and 595
nm, respectively. The detector signals were transmitted every 0.5
s and recorded by a microcomputer using JASCO BOWIN soft-
ware running on a Windows NT operating system.

The fluoride concentration in the eluents before and after pass-
ing through the Zr-column was measured potentiometrically using
an Orion fluoride ion-selective electrode (Model 96-09BN). Detec-
tion limit was 1 x 10~ moldm™3 using an acidic buffer?* com-
posed of 2-aminopropionic acid and HCI.

Determination of Total Dissolved Aluminum. The total dis-
solved aluminum was determined by the same HPLC system with-
out Zr and SCKO1 columns. Samples were injected through a 0.22
wm disk filter (Millipore Millex-GS, MA, USA), and the peak area
during 10 min after the sample injection was recorded. A calibra-
tion graph was prepared using 0, 2, 4, 6, 8, and 10 x 1077
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Fig. 1. Schematic diagram of the chromatographic system. E1: pH 4.0 nitric acid. E2: 0.0165 mol dm™> calcium nitrate (pH was
adjusted to 4.0 by nitric acid). The concentration of lumogallion was 0.05 mmol dm—3.
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mol dm~3 aluminum standard solutions. The correlation coefficient
of the calibration graph usually exceeded 0.999. The blank alumi-
num level calculated from the intercept of a calibration graph was
usually below 3 x 108 moldm™3. To calculate the concentration
of a sample, this blank level was ignored. The mean value of dupli-
cate or triplicate analysis was used to calculate the sample concen-
tration. The relative standard deviation of the three peak areas was
usually below 1.0% for a sample containing above 1 x 1077
mol dm~ total dissolved aluminum, and became larger for more
dilute samples.

Separation of Aluminum Species Based on Charge. The
flow rate of the two eluents, pH 4.0 HNO3 and 0.0165 mol dm™3
Ca(NO3), (pH 4.0), was adjusted to 0.082 and 0.818 mL min~'.
After mixing, the concentration of calcium ions was 0.015
mol dm~3. One minute before the sample injection, the flow rates
of both pumps were exchanged. Then, 1.5 min after sample injec-
tion, gradient elution began. During 30 min, the flow rates were lin-
early changed to preset values with time. Namely, the flow rate of
the pH 4.0 HNO; changed from 0.082 mLmin~' to 0.818
mL min~! instantaneously, remained for 2.5 min, then returned
back to 0.082 mL min~! after 30 min, and vice versa. The total re-
cording time was usually set to 90 min.

The procedure produced three distinctive peaks if positively
charged species of +1 or less, 42, and 43 were contained in a sam-
ple solution. The peak area of each peak was obtained from a chro-
matogram of the sample after subtracting the chromatogram of the
corresponding baseline, which was measured just before the sam-
ple. In order to improve the fitness of both chromatograms, the drift
of the background level of fluorescence was corrected by tilting
each chromatogram so as to take both ends to be zero. We call this
“a leveling treatment”, and show two chromatograms after this
treatment in one figure.

The Baseline Solution. The residual solution from solvent ex-
traction was used for a baseline. The extraction of aluminum ions
using 100 mL of a river water sample solution after filtration was
repeated three times with 20 mL of 0.1% 8-quinolinol/chloroform
in a PTFE separatory funnel. The residual solution was washed
once with 20 mL of chloroform to remove §-quinolinol in the aque-
ous phase. The extraction procedure was performed without any
buffer. The pH of the baseline solution was almost unchanged,
or slightly higher than that before extraction. The concentration
of 8-quinolinol was high enough to ensure that the concentration
of dissolved aluminum decreased to 2-9% of that before extrac-
tion; i.e., on the order of 10~ mol dm™3.

Synthetic Seta River water was prepared, which had nearly the
same ion concentrations (except nitrate ion) and pH as the Seta
River for the purpose of a comparison. The major ion concentra-
tions of Seta River water during one year were given in a previous
paper.'? The pH of the synthetic Seta River water was adjusted to
7.2-7.5 by adding sodium hydrogencarbonate (NaHCOs3) and cal-
cium carbonate (CaCOs3).

River-Water Sampling. One or two liters of Seta River water
was sampled at a spot near to the bus stop of Shiga-Dai Mae, which
is located on the west side of the river. The water characteristics at
the sampling spot are nearly the same as those of Nanko (the south-
ern part of Lake Biwa) water. The pH of a sample was measured on
site with a visual color pH indicator. Upon returning to the labora-
tory, the sample pH was again measured with a pH glass electrode.
Each sample was filtered using a plastic funnel equipped with a
0.45 um cellulose acetate membrane filter (Type HAWP, Milli-
pore) in order to remove any suspended particulate matter. The fil-
trate was injected into the FIA system through a disk filter (Milli-
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pore Millex-GS 0.22 pwm). The filtered water samples were stored
in a thermostated bath at 30 °C.'3 (The storage temperature was at
first determined in order to investigate the effect of temperature on
the total dissolved aluminum concentration during the storage of
winter samples. Against our expectation, the concentration was rel-
atively stable during one month storage after sampling, which
means that the temperature increase had no relation to the concen-
tration increase in the summer season.'® The storage below freez-
ing temperature gave rise to a very poor recovery of dissolved alu-
minum from the thawing sample. We had no experience of sample
storage in a refrigerator, while Andrén reported the effects of stor-
age on stream water fractionated for labile and non-labile alumi-
num?* at 4 42 °C. The stability of monomeric aluminum during
storage for one or two months depended on the water characteris-
tics of the sample.?*)

Results and Discussion

Importance of the Baseline Solution. In this system, the
baseline level depends on the residual aluminum concentration
in the eluents (e.g., usually higher in the calcium nitrate eluent),
and also changes according to the mixing ratio of the eluents
during the gradient elution process. Moreover, a small peak
at the retention time of AI** inevitably appeared because of
the gradient elution, even if ultrapure water was injected as a
sample. The residual aluminum ion in the eluents is concentrat-
ed in the cation-exchange column at the first stage of gradient
elution when the calcium concentration decreases to 0.0015
moldm™3; then it will be eluted as the calcium concentration
increased. Thus, a correct baseline is indispensable for evaluat-
ing the peak area quantitatively.

In a previous study,?® we used ultrapure water for a baseline
solution. However, we found that the shape of the thus-obtained
baseline from ultrapure water did not fit the chromatogram of
Seta River water well, probably because of the ionic strength
difference. We then used a synthetic solution having nearly
the same ion concentrations as those of the Seta Rive water
as a baseline solution, but it was not satisfactory. Finally, the
residual solution of the solvent extraction was tested to give a
satisfactory result.

Necessity of the Zr-Column. Even if no aluminum fluo-
rides exist in a sample solution, they can give a small peak at
the “24" position, because of the reaction between the alumi-
num ion in a sample solution and fluoride in the eluents.
Figure 2 shows the effect of the Zr-column to remove fluoride.
Apparently, the “2+" peak height decreased when the Zr-col-
umn was inserted in both lines (see Fig. 1). If fluoride could be
completely removed, it would be reasonable to expect that the
“2+4+” peak would disappear. Interestingly, nearly the same
peaks as those shown in the figure were obtained when the
Zr-column, inserted in the calcium nitrate eluent, was removed.
This result suggests that the fluoride in the pH 4 nitric acid elu-
ent mainly caused the small peak at the “2+" position. Howev-
er, the concentration of fluoride in the pH 4 nitric acid eluent,
itself, was too low to be measured by the fluoride ion-selective
electrode method (below 1 x 10~% moldm™?). It increased to
be about 1 x 1077 moldm~> when sampled at just before the
entrance of the cation-exchange column. Thus, we concluded
that fluoride in the pH 4 nitric acid eluent came from some parts
of the chromatographic system; e.g., it might have been eluted
from the chromatographic pump. We did not further examine
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Fig. 2. Effect of Zr-column on the chromatogram of Seta
River water sampled on October, 8, 2002. Upper curve:
without Zr-column, lower curve: with Zr-column at each
eluent line.
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Fig. 3. Chromatogram of Seta River water sampled on Oc-

tober, 8, 2002 (upper curve) and January, 28, 2003 (lower
curve). Baseline chromatogram was taken with the residue
of the solvent extraction by 8-quinolinol/chloroform pre-
pared from each sample.

the origin of fluoride, because the “2+” peak disappeared in
winter samples containing very low concentrations of alumi-
num ion.

Result of Separation. Figure 3 shows chromatograms of
Seta River water in two seasons when the dissolved aluminum
concentration was relatively high and low, together with the
corresponding baselines. Irrespective of the season, one major
peak appeared at the “34" position (Similar results were ob-
tained in spring and summer samples.) In this system, AlI*T
and its hydrolysis species, such as Al(OH),*, Al(OH); and
Al(OH)4~, all give only one peak at the “34 position.'® It
is well known that AI(OH),~ is dominant at pHs greater than
7,226 A3+ may be formed from Al(OH);~ by reactions with
acidic eluents. This result confirmed the report of Koshikawa,'!
in which the major part of the dissolved aluminum in Lake
Biwa was suggested to be aluminum hydroxides and/or very
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weakly bound organic complexes. It also corresponds well to
the equilibrium model calculation performed by Bi et al.?® for
surface water of low ionic strength. Most of the truly dissolved
aluminum is concluded to be in the form of AI(OH),~ in Seta
River water with a weak alkaline pH.

The very small peak appearing at the “2+" position in Fig. 3
is concluded to be a false peak, which was produced by the re-
action of aluminum ion in the sample and fluoride in the pH 4
nitric acid eluent, as mentioned above. According to the equi-
librium calculation of Bi et al.,?® aluminum fluoride should
not be formed at a pH region above 7.0.

We concluded that the peak appearing at the “1-+" position
was also a false peak, which was caused by the shock of sample
injection. This small peak always appeared in the chromato-
gram of a sample and its corresponding baseline in a similar
manner. Thus, this peak will almost disappear after subtracting
the baseline. Mitrovi¢ et al. separated dissolved aluminum in
surface water (pH 7.6) by cation-exchange fast protein liquid
chromatography.?’” Aluminum species gave only one peak at
the solvent front, the result of which was interpreted as the elu-
tion of AI(OH),~ and aluminum humate. The complex of alu-
minum and humic substances has a negative charge in pH 6.0
(or above).”’ Although the aluminum hydroxide species can
be separated in their system, it is impossible to separate
Al(OH);~ and aluminum humate, because they are both nega-
tively charged species in neutral/slightly basic water. In the
present system, the separation of these species is possible be-
cause AlI(OH);~ is decomposed into APt by acidic eluents,
while aluminum humate elutes at the solvent front.2® Thus,
we concluded that there are no negatively-charged aluminum
organic complexes in Seta River water, at least in both samples,
shown in Fig. 3.

Quantitative Elution. It has been well recognized that
there are several species of aluminum in natural waters, which
are adsorbed by a cation-exchange column. Driscoll utilized
this fact to construct the original fractionation scheme.? Labile
monomeric aluminum, such as aluminum sulfate, fluoride, and
hydroxide complexes, was separated from non-labile mono-
meric aluminum, such as monomeric alumino—organic com-
plexes, by passing an aliquot of each sample through a cati-
on-exchange column.? Only non-labile monomeric aluminum
was thought to be eluted.

Using the present method, no result has been reported on the
quantitative elution of neutral natural water samples. For a
quantitative evaluation as to whether the elution of aluminum
species from the cation-exchange column was complete or
not, we compared the peak area recorded with and without
the cation-exchange column. We assumed that the peak area
without the cation-exchange column represented the total alu-
minum concentration, which can be reacted with lumogallion.
Not only labile monomeric aluminum, but also aluminum or-
ganic complexes with humic acid, were reported to be meas-
ured; however, lumogallion did not react with polymeric alumi-
num.>® In order to obtain the sum of the peak area appearing on
the cation-exchange chromatogram, we constructed a chroma-
togram of Seta River water in which the baseline was subtract-
ed. By this treatment, not only the aluminum concentrated on
the column at the first stage of the gradient elution, but also
the aluminum contained in the residual solution (which re-
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Table 1. Comparison of the Peak Area before and after Separation with the Cation-Exchange Column

Date of sampling [T-Al] Peak area/V's Ratio
umol dm—3 Total® “247 “34+7 Base? Sum® Sum/Total

Oct. 8, 2002 0.385 8.60 0.12 6.55 0.16 6.83 0.79

Jan. 28, 2003 0.0752 1.63 0 0.99 0.15 1.14 0.70

a) Peak area of the sample and the baseline solutions measured without the cation-exchange column. b) Sum of the
peak area corresponding to the “2+" and “3+" peaks plus Base.

mained after the extraction process) was subtracted. The latter
peak area of the baseline solution was measured without the
cation-exchange column previously and added afterwards for
calculating the peak-area ratio.

Table 1 gives the results of a peak-area analysis of the chro-
matograms shown in Fig. 3. The results mean that the only 79
or 70% of the aluminum in the sample solution eluted from the
column. Although we have no explicit data on the reproducibil-
ity of the separated “3+" peak area, we have other data for the
Jan. 28 sample taken with a different experimental condition.
Namely, the “34" peak area was 0.988 Vs (99.4% of 0.994
V's) when the time for the gradient elution was reduced from
30 min to 4.5 min, and also the peak area for T-Al was meas-
ured on the same day to be 1.60 Vs (98.2% of 1.63 Vs), and
finally the peak area ratio was 71%. We estimated that the re-
producibility of the peak area ratio should be within +5%.
We concluded that the difference of the peak areas with and
without the cation-exchange column was statistically signifi-
cant.

Thus, 20-30% of the dissolved aluminum was adsorbed by
the cation-exchange column, although it reacted with lumogal-
lion. First, we discuss the chemical form of the adsorbed spe-
cies. According to Bloom and Erich,3! the soluble aluminum
in natural water has at least 6 different forms. That is, 1) the fine
colloidal mineral aluminum, 2) aluminum associated with or-
ganic macromolecules such as fulvic and/or humic acids, 3)
aluminum adsorbed on the surface of colloidal mineral alumi-
num, 4) low-molecular weight organic complexes, 5) mono-
meric inorganic complexes, and 6) hydroxy-polymers. As for
the form of 1), it is well known that colloidal aluminosilicates
are contained in river and/or lake water.>2 However, colloidal
clay particles, such as aluminosilicates, do not react with lumo-
gallion. As for the form of 6), polymeric aluminum hydroxides
also could not react with lumogallion,*® although they were
easily adsorbed by a cation-exchange fast protein liquid chro-
matography (FPLC) column.?’ (Even Al(OH),~ was adsorbed
by a cation-exchange FPLC column as reported by Mitrovi¢ et
al.3%) Among them, the forms of 2), 4), and 5) can be measured
by the lumogallion method.* From the result of separation, the
forms of 2) and 4) do not exist in Seta River water and the form
of 5) should be aluminum hydroxides only; they have to elute
completely as AI**. Accordingly, the only possible adsorbed
species is the form of 3). This form of aluminum is said to play
an important role in the seasonal concentration change of dis-
solved aluminum in Lake Biwa.!? If this form of aluminum
could be measured by the lumogallion method, the aluminum
of this form may be regarded as the adsorbed species.

However, there is no colloidal mineral aluminum in a syn-
thetic aluminum solution. In our preliminary experiment, the
peak area ratio of the Al standard solution (4 x 10~7 moldm3,

50
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Peak hight/mV

Time/min

Fig. 4. Chromatogram of acidified Seta River water sam-
pled on October, 8, 2002. The pH of the sample and the
baseline solution were adjusted to 3.61 and 3.66, respec-
tively, by adding 0.01 mol dm~ nitric acid.

pH 4) with and without a cation-exchange column decreased
from 0.99 to 0.72 after neutralizing it to pH 7.2 with a sodium
carbonate solution (The baseline solution was pH 4 nitric acid
and its pH became 7.85 by adding the same amount of sodium
carbonate solution.). This result means that the adsorbed chem-
ical species are formed by neutralization without colloidal min-
eral aluminum. Thus, we come to the conclusion that the adsor-
bed chemical species is a colloidal aluminum trihydroxide
(AI(OH);3).

Even if this is true, the species might be hardly decomposed
at pH 4 or less. We also tried to separate the aluminum species
in Seta River water immediately after acidifying it to pH 3.6
with nitric acid. Figure 4 shows the chromatogram, in which
distinct peaks at the positions of “1+” and “2+4” can be ob-
served. These peaks indicate the formation of aluminum fluo-
rides (the concentration of fluoride in Seta River water is ca.
6.2 x 107% mol dm~3). The peak area ratio with and without
the cation-exchange column was 0.98. This result suggests that
the adsorbed aluminum species (even if it were colloidal) at
neutral pH may be easily dissolved at pH 3.6 (but not at pH
4.0). At present, we have no more data to support the above de-
duction. Further research is necessary to determine the chemi-
cal form of the adsorbed species explicitly.

In order to apply cation-exchange chromatography to the
speciation study of aluminum, we think that it necessary to as-
sure quantitative elution. It is not desirable that a portion of the
injected species is adsorbed on a column (unfortunately as was
the case in this study), because the reliability of the result of
speciation analysis decreases. Namely, the percentage of the
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adsorbed species may be easily changed if some of the exper-
imental conditions are varied. Thus, we have to try first to find
an analytical condition which enables quantitative elution on
this column. If this will be difficult, we will try to use another
kind of column, or try to separate the colloidal species before-
hand by using a new membrane technique.’*

Conclusion

We have applied cation-exchange chromatography to the
separation of aluminum species in neutral/slightly basic river
water (the water characteristic is similar to that of the southern
part of Lake Biwa). We first tried to obtain a correct chromato-
gram by improving several points concerning the analytical
conditions. One such improvement was to use a residual solu-
tion of solvent extraction as a baseline. The chromatograms
of two samples taken in different seasons, when the dissolved
aluminum concentration was relatively high and low, showed
only one major peak at the position of “3+4" charged species,
i.e., A’*. This species may be formed by the reaction with
acidic eluents from Al(OH), ™. The chemical form of dissolved
aluminum in Seta River water was concluded to be mainly
AI(OH),~. We also compared the peak area with and without
a cation-exchange column. The sum of the peak areas with a
column was smaller than that measured without a column by
about 20-30%. This portion of aluminum species was adsorbed
on a cation-exchange column, although the both eluents were
acidic (pH 4). We discussed the chemical form of the adsorbed
species, and deduced that a fine colloidal AI(OH); was adsor-
bed. We will pursue the analytical condition of quantitative elu-
tion in a future study.

We thank E. Yoneda and H. Yamamoto for their assistance
with some of the experiments.
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