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Removal of Hazardous Anions from Aqueous Solutions
by La(lll)- and Y(lil)-Impregnated Alumina
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DEPARTMENT OF CHEMICAL SYSTEMS

NATIONAL INSTITUTE OF MATERIALS AND CHEMICAL RESEARCH
1-1 HIGASHI, TSUKUBA, IBARAKI 305, JAPAN

SANG-WON PARK

DEPARTMENT OF ENVIRONMENTAL SCIENCE AND ENGINEERING
KEIMYUNG UNIVERSITY

SINDANG-DONG DALSEO-GU, DAEGU CITY, KOREA 704-701

ABSTRACT

New adsorbents, La(II)- and Y(III)-impregnated alumina, were prepared for
the removal of hazardous anions from aqueous solutions. A commercially avail-
able alumina was impregnated with La(III) or Y(III) ions by the adsorption pro-
cess. The change in the surface charge due to the impregnation was measured by
acid/base titration. The adsorption rate and the capacity of the alumina for La(III)
and Y(III) ions were determined. The adsorption characteristics of the La(IIl)-
and Y(III)-impregnated alumina and the original alumina for fluoride, phosphate,
arsenate and selenite ions were analyzed under various conditions. The pH effect,
dose effect, and kinetics were studied. The removal selectivity by the impregnated
alumina was in the order fluoride > phosphate > arsenate > selenite. The impreg-
nated alumina has been successfully applied for the removal of hazardous anions
from synthetic and high-tech industrial wastewaters.

INTRODUCTION
Since detrimental effects of hazardous anions in the environment have
attracted increasing attention during the last decade, development of an
effective method to remove these anions from industrial wastewater has
* To whom correspondence should be addressed.
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been required by relevant industries. A large amount of fluorine com-
pounds has been consumed, particularly in high-tech industries such as
those producing semiconductors and integrated circuits where hydrogen
fluoride and ammonium fluoride have been used in the etching and clean-
ing processes (1, 2). Phosphate has been known to cause eutrophication,
especially in enclosed water areas such as lakes and inland seas (3). Nu-
merous measures have been taken, but the eutrophication problem has
not yet been solved completely. It is well known that arsenic and selenium
are highly toxic elements (4—-8) which exist predominantly in the form of
oxyanions in the aquatic environment (9, 10). Recently more stringent
regulations for drinking water and natural water have been set forth in
Japan for arsenic and selenium, <0.01 mg/L for both (11, 12).

To remove the above-mentioned hazardous anions from aqueous solu-
tions, various methods have been proposed. Precipitation and coagulation
processes which convert them into insoluble forms have been convention-
ally used (13-16), but these conventional methods have sometimes not
been successful to meet the regulations due to their requirement of a large
amount of chemicals and the limitation of solubility of the final product.
Among the potential methods, the adsorption process seems most promis-
ing to reduce the concentration of hazardous anions to the minimum level
without increasing salt concentration in the effluent. Recently, rare earth
elements such as lanthanum and yttrium have been found to be effective
to adsorb these hazardous anions (17-20). Rare earth elements have a
specific affinity for fluoride, phosphate, arsenate, and selenite ions. In
the present study the authors have tried to impregnate a porous alumina
with lanthanum and yttrium ions with the aim of developing new adsor-
bents. The prepared materials were evaluated as adsorbents for the re-
moval of fluoride, phosphate, arsenate [As(V)] and selenite [Se(IV)] ions.
Arsenite [As(II)] and selenate [Se(V])] ions, and other predominant forms
of arsenic and selenium, were not examined in this study since the adsorp-
tion process is known to be ineffective to remove these species (21-23).

EXPERIMENTAL
Materials

A 100-mmol/L stock solution of fluoride, phosphate, arsenate, or selen-
ite ion was prepared separately by dissolving analytical-grade sodium fluo-
ride, potassium dihydrogen phosphate, dibasic sodium arsenate, or so-
dium selenite in deionized water, respectively. These solutions were
further diluted to suitable concentrations. Sodium and potassium salts of
chloride, bromide, iodide, nitrate, and sulfate were dissolved in deionized
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water and used for the interference study. A 100-mmol/L La(I1I1) and Y (III)
chloride solution was prepared in deionized water. A commercially avail-
able alumina (Aluminum oxide 90 active, neutral, activity I; Merck
#1077.1000) was used as a support. The particle size and the surface area
of the alumina were 0.063-0.200 mm and 96.1 m?/g, respectively. Reagents
of La(OH); and Y(OH); were used for the comparison of surface charge,
for which the surface areas were found to be 45.1 and 74.7 m?/g, respec-
tively.

Preparation of La(lll)- and Y(lll)-impregnated Alumina

Alumina (100 g) was added to 500 mL of a 100-mmol/L La(III) or Y(III)
solution at an initial pH of 7.5. The mixture was stirred for 48 hours at
room temperature and filtered through a 0.45-pum membrane filter. The
recovered particles were washed repeatedly with deionized water until
the conductivity of the rinse water became <3 pS/cm.

Characterization of La(lll)- and Y(lll)-Impregnated Alumina

The surface charge of La(Il1)- and Y (III)-impregnated alumina, alumina,
La(III) hydroxide, and Y(III) hydroxide was measured by the acid/base
titration method (24). 2.5 g of the material was added to 1 L of a 50-mmol/
L sodium perchlorate solution from which dissolved air was removed by
bubbling with nitrogen. Sodium perchlorate was used to adjust the ionic
strength. The resulting mixture was shaken at 20°C for 5 days in a sealed
bottle. The acid/base titration was carried out on both 50 mL of the filtrate
and suspension while bubbling with nitrogen. The acid titration was made
with 50 mmol/L. HCIO, solution and the base titration with 50 mmol/L
NaOH solution. The net titration curve was obtained by taking the differ-
ence in the titration volumes (Av) for the suspension and the filtrate at
given pH values. The surface charge was calculated from the net titration
curves using the following equation:

oo = AuMF/SAV (1)

where oy is the surface charge (C/cm?), Av is the difference in titration
volumes (mL), M is the molarity of the acid and base titrant (mmol/L),
Fis Faraday’s constant (96,500 C/mol), § is the surface area of the material
(m?/g), A is the amount of the material used for titration (g/L), and V is
the volume of filtrate and suspension used for titration (mL}). The surface
area of the materials was measured by the BET method (Micromeritics;
Flow Sorb II 2300).
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Removal of Fluoride, Phosphate, Arsenate, and Selenite
lons with La(lll)- and Y(IH)-impregnated Alumina

A solution containing a suitable amount of anion was taken separately
in a polycarbonate centrifuge tube. The pH was adjusted by the addition
of 50 mmol/L acid or base solution, and the volume was made up to 25
mL with deionized water. 0.5 g of the La(Ill)- or Y(III)-impregnated alu-
mina was added to each tube. The resulting mixture was shaken at 20°C
for 24 hours. The mixture was centrifuged and the supernatant was ana-
lyzed for lanthanum, yttrium, phosphate, arsenate, and selenite by the
ICP method, and fluoride, chloride, bromide, 10dide, nitrate, and sulfate
ions were determined by ion chromatography (Shimadzu Corp., LC-6A).
Removal of these anions by the original alumina was also measured in
the same way as above.

The adsorption capacity for these anions was measured at 20°C by vary-
ing the amount of adsorbents at an initial concentration of 2 mmol/L fluo-
ride and 1 mmol/L phosphate, arsenate, and selenite ions. A Kinetic study
of the removal of these anions was carried out at different intervals of
shaking time according to the above procedure.

RESULTS AND DISCUSSION
Impregnation of Alumina with La(lll) and Y(Ill) lons
Adsorption of La(lll) and Y(Ill) lons on Alumina

The interaction of the alumina with La(III) and Y(III) ions was studied.
The concentrations of La(IIl) and Y(III) ions remaining in the liquid phase
were measured in the 3 to 12 pH range. The results are shown in Fig. I.
The results in the absence of the alumina show that the hydrolysis of both
La(III) and Y({II) ions took place at pH > 8. On the other hand, the
concentrations of La(Ill) and Y(II1) ions decreased abruptly in the 5 to 6
pH range in the presence of the alumina. Such a decrease of La(lIl) and
Y (III) concentrations in the 6 to 8 pH range can be attributed to the adsorp-
tion of these ions on the surface of the alumina.

The surface characteristics of the materials were analyzed. The surface
areas of the original alumina, La(Ill)-, and Y(II)-impregnated alumina
were 96.1, 93.9, and 93.3 m?/g, respectively. Therefore, the impregnation
of La(Ill) and Y(III) ions slightly decreases the surface area of the support.
The surface charge of the several materials were determined by the acid/
base titration method and the results are shown in Fig. 2. The original
alumina showed its zero point charge, pH,,.. at 6.7, being positively
charged in the lower pH range and negatively charged in the higher pH
range. The two materials obtained from the interaction of the alumina
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FIG. 1 Adsorption of La(lll) and Y(III) ions on the alumina as a function of pH. (@) 0.1
M La(IIf); (O) 0.1 M La(IIl) + alumina; (W) 0.1 M Y(III); (O) 0.1 M Y(III) + alumina.

with La(III) and Y(III) ions showed different patterns of surface charge,
giving a pH,,. at 7.4 in both cases. In addition, the surface charges of
La(III) and Y(III) hydroxide were measured since hydroxide was antici-
pated to form on the surface of the alumina by interaction with La(IlI) and
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FIG. 2 Surface charge of La(lll)-, Y(III)-impregnated alumina, alumina, La(OH);, and
Y(OH); as a function of pH. Ionic strength: 5 x 1072 M NaClO,.
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Y(III) ions, but both La(OH); and Y(OH); showed substantially different
patterns of surface charge, giving pHpc at 9.1 and 8.7, respectively. The
above two facts indicate that La(III) and Y(III) ions are impregnated on
the surface of the alumina by the adsorption process rather than by surface
precipitation. This chemical adsorption reaction can be expressed as

>Al—|—OH + La(OH); — >Al—| —O—La(OH), + H* (2)

>Al— | —OH + Y(OH); —» >Al—|—0O—Y(OH), + H* (3)

According to the pK values of complexes of La(IlI) and Y(11I) with the
OH~ ion, La(OH); and Y(OH); species are predominant at around §
and 7 pH, respectively (25). Such a concept can further be supported by
our previous publication where La(IIl) ion was impregnated on the surface
of porous silica gel (19).

Kinetics of the Adsorption of La(lll) and Y(ill) lons
on Alumina

The rates of adsorption of La(111) and Y(II1) ions on alumina were deter-
mined at pH 7.5 where hydrolysis does not take place. The results, shown
in Fig. 3, were analyzed by using the following Lagergren’s equation (26):

log(qe — q) = log ge — (Kaa/2.303)¢ 4)
where ¢. and g (both in mmol/g) are the amounts of La(IIl) and Y(III)

1.5
2
<E> -2.5 L
E Tt-g.__ Y(Hn) - alumina
G g
1}
o
S -3.5 L
o
La(lil) - alumina
-4.5 4
0 5 10 15 20

Time (h)

FIG. 3 Kinetic data for the adsorption of La(Ill) and Y(III) ions on the alumina.
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ions adsorbed by the alumina at equilibrium and at time ¢ (minutes), re-
spectively. Regression analysis gave the following equations:

log(ge — q) = —1.73 — 0.152¢ (5)
log(ge — q) = —2.17 — 0.053¢ (6)

for La(III) and Y(III) with correlation coefficients of 0.997 and 0.999,
respectively. Therefore it can be concluded that the adsorption follows a
first-order reaction. K.q for La(III) and Y(III) is calculated to be 0.349
and 0.123 min~!, respectively.

Adsorption Capacity

The isotherms for the adsorption of La(Ill) and Y(III) ions by the alu-
mina were measured at 20, 30, and 40°C by changing the initial concentra-
tions of these metal ions. The results were analyzed by using the following
rearranged Langmuir isotherm:

Celge = CelQ° + 1/Q° )

where C. (mmol/L) is the equilibrium concentration and Q° (mmol/g) and b
(L/mmol) are the Langmuir constants representing the adsorption capacity
and adsorption energy, respectively. The results, shown in Fig. 4, indicate

100
80
£ 60 5
= E
5 E
§ 40 s
@« 5
3
@
20 3
K]
2
0

FIG. 4 Removal of fluoride ions by La(IIl)-, Y(III)-impregnated alumina, and alumina,
and dissolution of metal as a function of pH. (O) La(Ill)-alumina; () Y(III)-alumina; (®)
alumina.
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that the adsorption of La(IIl) and Y(III) tons by the alumina follows the
Langmuir adsorption model at 20, 30, and 40°C. The Langmuir constants
are summarized in Table 1. The adsorption capacities for La(III) and Y(IIT)
were 0.234-0.256 and 0.422-0.487 mmol/g, respectively. A larger amount
of Y(III) ions can be impregnated in the alumina.

Removal of Fluoride, Phosphate, Arsenate, and Selenite
lons with La(lll)- and Y(lll)-impregnated Alumina

Effects of pH

It has been known that alumina itself adsorbs fluoride, phosphate, arse-
nate, and selenite ions (27-32). Evaluation was made on the performance
of prepared La(Ill)- and Y(III)-impregnated alumina for the removal of
these anions. Figure 4 illustrates the removal of fluoride ions, as an exam-
ple, by the impregnated and original alumina as a function of pH, where
dissolution of La(lll), Y(III), and AI(III) from these materials is also
shown. The highest fluoride removal was obtained by the alumina in the
6 to 8 pH range. The dissolution of AI(III) became significant at pH <6
and >8, indicating consumption of the material. The La(IIl)- and Y({IID)-
impregnated alumina exhibited a similar pattern of fluoride removal with
a higher percent removal than the original alumina, with maximum re-
moval in the pH <8 range. Dissolution of La(IIl) and Y(III) from the
material was negligible in the alkaline pH region. Although the dissolution
of La(Ill) and Y({III) was less significant than that of AI(III), it became
appreciable at pH < 6. Therefore, the optimum pH range is 6 to 8 for
impregnated alumina where the highest fluoride removal can be attained
and the dissolution of the materials can be suppressed. The pH effects
on the removal of phosphate, arsenate, and selenite ions were similar to
those of fluoride.

TABLE 1
Langmuir Constants for the Adsorption of La(Ill) and Y(I1I) lons on the Alumina

Langmuir constants

La(Ill)-alumina Y(11D)-alumina
Temperature Q° b o° b
°C) {mmol/g) (L/mmol) (mmol/g) (L/mmol)
20 0.256 19.7 0.487 19.9
30 0.234 10.9 0.505 20.8

40 0.237 11.2 0.422 16.7
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Effects of Dose

To emphasize the effects of the impregnation of alumina to remove
anions, the doses of the adsorbents were changed at a fixed anion concen-
tration. Figure 5 shows the percent removal of anions as a function of
dose of the adsorbents. It is clearly shown that both La(IIl)- and Y(III)-
impregnated alumina gave a higher percent removal for fluoride and phos-
phate ions, especially at low doses of the adsorbent. There was no signifi-
cant difference in the removal of arsenate and selenite ions between the
impregnated alumina and the original alumina.

Adsorption Capacity

The adsorption capacities of impregnated alumina and original alumina
for fluoride, phosphate, arsenate, and selenite tons were determined by
changing the dose. The results were analyzed by using the Langmuir

100 | 100 |,
__ 80 80 |
)
= 60 60 |
3
g 40 40 |
@
o ~ ) I
20 | Fluoride 20 | Phosphate
0 —_t s ' 0 [ 1 1
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
100 100
g 80 L. 80
Tg 60 L 60
8
S 40 L 40
c« L L
20 Arsenate 20 fa Selenite
Q A ! 4] I 3 A
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Dose (g) Dose (g)

FIG. 5 Removal of fluoride, phosphate, arsenate, and selenite ions by La(Il11)- and Y (111)-
impregnated alumina as a function of dose. (O) La(IIl)-alumina; (O) Y(I1D)-alumina; (@)
alumina.
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model; Eq. (7). The values of the adsorption capacity, Q°, are incorporated
in Table 2 and compared with those of the original alumina. The original
alumina showed similar adsorption capacities for each anion in the 0.174
to 0.186 mmol/g range. The impregnated alumina showed a significant
increase of the adsorption capacity for fluoride and phosphate ions. On
the other hand, impregnation of alumina with La(III) and Y(III) did not
significantly increase the adsorption capacity for arsenate and selenite
ions.

The possible mechanism of the removal of these anions, especially fluo-
ride and phosphate ions, by impregnated alumina can be explained by an
ion-exchange process between these anions and the hydroxide group on
the surface of the material as shown in Eqs. (8) and (9):

>Al— | —O—La(OH), + 2A~ ~> >Al— | —O—LaA, + 20H~ (8)
>Al— | —O—Y(OH), + 2A~ - >Al— | —0—YA, + 20H~  (9)

where A~ is a monovalent anion. At pH < pH,,., the surface of the
impregnated alumina is positively charged. Consequently, coulombic at-
traction can readily take place in conjunction with specific chemical ad-
sorption due to an exchange reaction between anions and hydroxide ion.
When pH > pH,,., the surface is negative, and the adsorption is sup-
pressed due to coulombic repulsion.

Kinetic Study

Our kinetic study shows that removal of these anions follows a first-
order reaction. The rate constants were calculated by using Eq. (4) and
are shown in Table 2. The La(I1l)- and Y(III)-impregnated alumina gave
lower K.q values for the adsorption of fluoride, arsenate, and selenite
ions, indicating that these anions were removed faster than by the original

TABLE 2
The Rate Constants and Adsorption Capacities of the Impregnated and Original Alumina
for the Removal of Fluoride, Phosphate, Arsenate, and Selenite lons

Kag (min™1) Adsorption capacity (mmol/g)

Material F P As(V)  Se(lV) F P As(V)  SedV)

La(lll)-alumina  0.046  0.084  0.024 0.062  0.328 0.332  0.172 0.194
Y (II)-alumina 0.036 0.071  0.018 0.092 0368 0.319 0.193 0.182
Alumina 0.080 0.056  0.135 0.150  0.174 0.184  0.182 0.186
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alumina. On the other hand, the impregnated alumina gave higher K.q
values for the adsorption of phosphate ion, indicating slower adsorption.

Selectivity and Interference

One of the important characteristics of an adsorbent is selectivity to
remove only the pollutant of interest among various chemical species. In
many cases, industrial wastewaters contain various kinds of ions which
it is not necessary to remove. The performance of La(lll)- and Y(III)-
impregnated alumina was evaluated with two types of synthetic waste-
waters and a real wastewater which contained various anions. The results
are summarized in Table 3. In the two synthetic wastewaters, chloride,
bromide, iodide, nitrate, and sulfate ions were not adsorbed by both
La(III)- and Y(IID-impregnated alumina, and significant amounts of fluo-
ride, phosphate, arsenate, and selenite ions were removed. Therefore, the
impregnated alumina is highly selective for the adsorption of fluoride,
phosphate, arsenate, and selenite ions and free from interference by com-
mon anions. In the second synthetic wastewater with a higher anion con-
centration, fluoride ion was still removed at a high percent removal, but
the removal of the other anions decreased significantly due to the limita-
tion of adsorption capacity and probably due to interference from the high

TABLE 3
Removal of Fluoride, Phosphate, Arsenate, and Selenite Ions with the Lanthanum-
and Yttrium-Impregnated Alumina

Equilibrium
concentration % Removal
Composition of wastewater La-alumina  Y-alumina  La-alumina  Y-alumina
Synthetic wastewater:
F, P, As(V), Se(IV): 2.0 mM  F: 0.001 F: 0.001 F: 99.95 F: 99.95
Cl, Br, I, NO;, SO,: 5.0 mM  P: 0.010 P: 0.012 P: 99.5 P:99.4
As: 0.020 As: 0.060 As: 99.0 As: 97.0
Se: 0.100 Se: 0.130 Se: 95.0 Se: 93.5
F, P, As(V), Se(IV): 5.0 mM  F: 0.001 F: 0.001 F: 99.98 F: 99.98
Cl, Br, I, NOs, SO4: 8.0 mM  P: 0.100 P: 0.130 P: 98.0 P:97.4
As: 0.980 As: 1.000 As: 80.4 As: 80.0
Se: 1.502 Se: 1.120 Se: 69.6 Se: 77.6

Real wastewater:®
F:2.19; P: 0.09; Cl: 1.05mM  F: 0.007 F: 0.002 F: 99.7 F: 99.91
NO;: 7.49; SO4: 0.87 mM

2 From a semiconductor manufacturing industry.
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concentration of common anions. Based on the equilibrium concentra-
tions, the order of the adsorption selectivity of these two impregnated
alumina is fluoride > phosphate > arsenate > selenite. The impregnated
alumina were also effective for removing fluoride ion from the real waste-
water which contained various types of pollutants.

CONCLUSION

A commercially available alumina was impregnated with La(Ill) or
Y(III) ion by the adsorption process. The rates of adsorption of La(Ill)
and Y(III) ions followed a first-order reaction. According to the Langmuir
model, the adsorption capacities of the alumina for La(lll) and Y(III)
were 0.234-0.256 and 0.422-0.487 mmol/g at 20-40°C, respectively. The
surface charges of La(lll)- and Y(III)-impregnated alumina, alumina,
La(I1I) hydroxide, and Y(III) hydroxide were measured by the acid/base
titration method and their pH,,.’s were 6.7, 7.4, 7.4, 9.1, and 8.7, respec-
tively.

The adsorption characteristics of La(III)- and Y(III)-impregnated alu-
mina and the original alumina for fluoride, phosphate, arsenate, and selen-
ite ions were analyzed under various conditions. These anions were re-
moved efficiently in the 6 to 8 pH range. The dissolution of La(lII) and
Y(III) from the impregnated alumina became appreciable at pH < 6. The
original alumina showed 0.174 to 0.186 mmol/g of adsorption capacities for
each anion at neutral pH. The impregnated alumina showed a significant
increase in the adsorption capacity for fluoride and phosphate ions. The
impregnation did not enhance the adsorption capacity for arsenate and
selenite ions. The adsorption rate followed a first-order reaction. The re-
moval selectivity by the impregnated alumina was found to be in the order
fluoride > phosphate > arsenate > selenite. Impregnated alumina has
been successfully applied for the removal of hazardous anions from syn-
thetic and high-tech industrial wastewaters.
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