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The Collection of Uranium from Sea Water with Hydrous Metal Oxide. III.
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The effect of diverse ions present in sea water on the uranium adsorption is elucidated in the present paper.
The uranium-adsorption experiments were conducted using sea water and a solution containing 0.72 mol dm—3
NaCl and 2.3 102 mol dm—2 NaHCO;. The uranium uptake was about ten times larger from the NaCl-Na-
HCO,; solution than from sea water. The ions which depressed the uranium uptake were the calcium, magnesium,
and fluoride present in sea water. Among these ions, calcium had the largest effect on the uranium uptake. The
analysis of calcium and carbonate in the adsorbent after the adsorption experiment has revealed that the molar
ratio between calcium and carbonate was about one. It was considered that calcium carbonate was deposited
on the adsorbent during the uranium adsorption. The specific surface area and the pore volume decreased after
the deposition of calcium carbonate. It was supposed that the decrease in the uranium uptake was caused by
the coverage of the surface of hydrous titanium(IV) oxide with calcium carbonate. Magnesium ions depressed
the uranium uptake in the same manner as calcium ions. The effect of the magnesium ions, however, was re-
latively small compared with that of the calcium ions,

For the purpose of collecting uranium from sea
water, several methods have been proposed; adsorp-
tion,1~%) coprecipitation, ion exchange,? ion floata-
tion,? and solvent extraction.) The adsorption meth-
od has been thought to be most feasible. In the
adsorption method, an adsorbent with a high adsorp-
tion capacity and selectivity is prerequisite, because
the uranium concentration is very low (3 ppb), and
a large amount of diverse ions are present in sea water.
A large number of adsorbents have been examined.

It has been reported that hydrous titanium(IV)
oxide is the most suitable as a uranium adsorbent.1-2)

More than sixty ions are present in sea water. Since
hydrous titanium(IV) oxide serves as a cation exchanger
in sea water, cations present in sea water may affect
the uranium adsorption. Ogata et al.®) reported that
the uranium uptake decreased slightly in the presence
of phosphate, fluoride, and copper. Kanno et al.”
described that carbonate ions present in sea water
had a negative effect on the uranium adsorption.
However, these results can not satisfactorily account
for the effect of diverse ions on uranium adsorption.

In the present work, the effect of diverse ions present
in sea water on the uranium adsorption by hydrous
titanium(IV) oxide is described.

Experimental

Preparation of Hydrous Titanium(IV) Oxide. Hydrous
titanium(IV) oxide was prepared by adding 7% aqueous
ammonia to a solution of 0.6 mol dm~2 titanium(IV) chloride
at 90 °C. The precipitate was filtered off, washed with
water, and dried at room temperature for about 10d. The
dried samples were crushed and sieved, a portion of 300—400
mesh being used in the experiments. The water content
was determined by measuring the ignition loss at 800 °C;
it was found to be 18%,, which corresponded to TiO,-H,O.
X-Ray powder diffraction analysis showed the crystal form
of anatase, with an apparent crystal size of 38 A.

Adsorption  Experiments. Sea water and a NaCl-
NaHCOj, solution were used in the adsorption experiments,

TABLE 1. MOLAR CONCENTRATIONS OF URANIUM
AND MAJOR IONS IN SEA WATER SAMPLED
AT THE HITACHI SEASHORE

Concentration/mol dm—3

U 1.3x10-®
cl 5.4%10-1
Nat 4.6x10-
Mg?+ 5.2x10-2
SO2- 2.7x10-2
Cazt 9.9%10-3
K+ 9.7x10-3
HCO,~+CO,2- 2.3x10-°
pH 8.0—8.1

The molar concentrations of uranium and the major con-
stituents of sea water used in the present work are shown
in Table 1. In the case of a NaCl-NaHCO; solution, the
concentration of NaCl was taken to be 0.72 moldm—3 in
order for it to be the same ionic strength as that of sea water
while that of NaHCO, was ordinarily chosen to be 2.3 x 10-3
mol dm3, equal to that of sea water. The concentration
of uranium in the solution was taken to be 3—60 ppb by
adding a uranyl(VI) chloride solution. In the uranium-
adsorption experiments, 40 mg of the adsorbent were in-
troduced into 1000 ml of the solution. The solution was
stirred by means of a vertical stirrer at 25 °C.  Within 5 h,
the adsorption equilibrium was achieved under the present
experimental conditions. The adsorbent was separated from
the solution, and the change of the uranium concentration
in the solution was measured.

The carbonate, calcium, and magnesium uptake was
measured by the following procedure; one-fifth gram of the
adsorbent was introduced into 5000 ml of the solution, after
which the solution was stirred for 5h at 25 °C. The con-
tents of calcium, magnesium, and carbonate in the adsorbent
were then determined.

Analytical Method. The uranium in the solution was
determined spectrophotometrically, with Arsenazo III as the
indicator, The determination of the carbonate in the
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adsorbent was carried out by the following procedure. The
adsorbent after the adsorption experiment was washed with
distilled water and dried at room temperature. The dried
samples were placed in a flask, where N, as carrier gas was
passed through continuously, about 10 ml of 0.1 mol dm—3
HCI solution were then added to the flask at 50 °C. The
carbon dioxide thus produced was introduced into the carbon
analyzer, Kokusai Denki VK-I-type “Coulomatic C,” and
was determined by the coulometric titration. The limit
of detection was 4.2 X 10~ mmol as carbon, and the coef-
ficient of variation was found to be 3.59% when 5 mg of
calcium carbonate was analyzed by this procedure.

The determination of the calcium and magnesium ad-
sorbed in the adsorbent was carried out by the following
procedure; after the adsorption experiment, the dried samples
were fused with sodium carbonate and boric acid and dis-
solved in an HCI solution. The concentration of calcium
or magnesium in the HCI solution was then determined by
atomic absorption spectrophotometry using a Hitachi 207
Atomic-absorption spectrophotometer.

The specific surface area and pore volume of the adsorbent
were determined by means of the N, adsorption at —195 °C
using a Carlo Erba Sorptomatic Series 1800.

Results and Discussion

Adsorption Isotherm of Uranium. The adsorption
isotherm of uranium in sea water or a NaCl-NaHCO,
solution is shown in Fig. 1. Kanno ef al.? reported
that the uranium adsorption from sea water gave a
Freundlich-type isotherm. As is shown in Fig. 1,
the same results were obtained in both sea water and
the NaCl-NaHCO, solution.

The value of n in the Freundlich equation (v=
k C/") was found to be 1.4 and 1.3 for sea water and
for the NaCl-NaHCO, solution respectively.

It is known that uranium in sea water exists in the
form of tris(carbonato)dioxouranate(VI) ion [UO,-
(COy);)4~. The distributions of uranyl(VI) species in
the NaCl-NaHCOj solution used in the present work
were calculated from the stability constants;® they
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Fig. 1. Adsorption isotherm of uranium on hydrous
titanium(IV) oxide.
Adsorption temperature: 25 °C, O; NaCl-NaHCO,
solution, @: sea water,
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TABLE 2. DISTRIBUTION OF URANYL COMPLEXES
N THE NaCl-NaHCO; soLution aT pH 8

Species Ratio/%
U0+ 0
UO,(OH)+ 0.1
UO,(OH),~ 14.1
UO,CI+ 0
UO,Cl,~ 0
UO0,(CO,),2~ 0.9
UO,(CO,),4- 84.9

are summarized in Table 2. The tris(carbonato)di-
oxouranate(VI) ion, which is the major uranyl(VI)
species in sea water, is a predominant species in the
NaCl-NaHCO, solution. Although the uranyl(VI)
species and the type of adsorption are the same in
sea water and in the NaCl-NaHCO, solution, the
uranium uptake is found to be quite different. The
difference in the uranium uptake is thought to be
attributable to the diverse ions in sea water.

Effect of Diverse Ions in Sea Water. In order to
investigate the effect of diverse ions in sea water on
uranium adsorption, the uranium uptake was measured
with NaCl-NaHCO; solutions containing 20 ppb ura-
nium and a diverse ion at the concentration equal
to that of sea water. The ion species examined are
magnesium, calcium, strontium, potassium, borate, sul-
fate, fluoride, and bromide ions. The results are sum-
marized in Table 3. The uranium uptake from an
NaCl-NaHCO; containing K+, Sr2+, SO,2-, Br-, or
BO4%- was nearly equal to that from the NaCl-NaHCO,
solution. The obtained results show that these ions
have no effect on the uranium uptake. On the other
hand, the uranium uptake was reduced by the presence
of calcium, magnesium, and fluoride ions. Particu-
larly, the presence of calcium ions hindered the uranium
adsorption.

The uranium uptake from the solution containing
all the ions together (No. 10 in Table 3) agreed well
with that from sea water. The effects of calcium,
magnesium, and fluoride ions on the uranium uptake

TasrLe 3. Uranium upTAkE wiTH A NaCl-NaHCO,
SOLUTION CONTAINING 20 ppb OF URANIUM
AND VARIOUs IonNs AT pH 8

Sample Salt Concentration ~ Uranium uptake
No. added mol dm-3 ug gt
1 Not added — 460
2 MgCl, 5x 10-2 428
3 Na,SO, 3x10-2 458
4 CaCl, 1x10-2 273
5 KCl 9x10-3 462
6 KBr 8x10-4 460
7 H,BO, 4x10-4 460
8 SrCl, 2x10-4 457
9 NaF 7x10-5 435

No. 2 to
10 No. 9 added 223
11

Sea water 220
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are discussed below.

It was reported in our previous paper'® that the
adsorption site of hydrous titanium(IV) oxide for [UO,-
(CO3)5]*~ may be supposed to be the surface hydroxo
group [Ti-OH]. The fluoride ion reacts with Ti-OH
to form Ti-F. The reaction is useful for the determina-
tion of the surface hydroxo group.!) It may, therefore,
be considered that fluoride ions reduce the uranium
adsorption site by forming Ti-F. Since the concentra-
tion of fluoride ions in sea water is low, the effect of
fluoride ions on the uranium uptake is small.

Figure 2 shows the variation in the uranium uptake
with the concentration of calcium ions in NaCl-
NaHCO; solutions containing 20 ppb of uranium. The
uranium uptake decreases with an increase in the
concentration of calcium ions. Since the deposition
of the calcium compound was expected to take place
on the adsorbent, the calcium uptake and carbonate
uptake were measured in various solutions. The results
are shown in Table 4. The calcium uptake was
0.56 mmol g from the NaCl-NaHCO;-CaCl, solu-
tion (No. 2 in Table 4) and 0.34 mmol g~! from the
NaCl-CaCl, solution (No. 3 in Table 4). Since hy-
drous titanium(IV) oxide behaves as a cation exchanger
in an alkaline solution,'® the calcium ion is thought
to be adsorbed from the NaCl-CaCl, solution by
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Fig. 2. Variation of uranium uptake with concentra-
tion of CaCl,.
pH of the solution: 8.0, NaCl: 0.72 mol dm-3,
NaHCO;: 2.3 1072 mol dm=3, uranium: 20 ppb.
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means of an ion-exchange reaction. It is deduced
that 0.34 mmol g~ of the 0.56 mmol g~ calcium uptake
from the NaCl-NaHCO,-CaCl, solution is attributable
to the ion-exchange reaction, and 0.22 mmol g—! (=0.56
mmol g~1-—0.34 mmol g-1) to an other adsorption pro-
cess. The carbonate uptake from the NaCl-NaHCO -
CaCl, solution is found to be about 0.20 mmol g—!
(No. 2 in Table 4), while it is very small without calcium
ions (No. 1 in Table 4).

The calcium uptake attributed to the adsorption
process other than ion-exchange (0.22 mmol g=1) is
nearly equal to the carbonate uptake (0.20 mmol g—1),
indicating that calcium carbonate is deposited on the
surface of the adsorbent. In the case of sea water,
the calcium uptake and the carbonate uptake are in
good agreement with those from the NaCl-NaHCO,-
CaCl, solution (No. 2 and No. 6 in Table 4).

The variation in the uranium, calcium, and carbonate
uptake with the concentration of NaHCO,; in the
NaCl-CaCl, solution is shown in Fig. 3. The increase
in the concentration of NaHCO; raises the calcium
and carbonate uptakes while the uranium uptake mark-
edly decreases. Regardless of the NaHCO, concentra-
tion, the difference between calcium and carbonate
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Fig. 3. Variation of uranium, calcium and carbonate

uptake with concentration of NaHCO,.

pH of the solution: 8.0, NaCl: 0.72 mol dm-3, CaCl,:
102 mol dm=3, wuranium: 20 ppb, @: uranium
uptake, O: calcium uptake, (: carbonate uptake.

TaBLE 4. UPTAKE OF CALCIUM, MAGNESIUM, AND CARBONATE BY HYDROUS TITANIUM(IV) OXIDE
WITH VARIOUS SOLUTIONS AT pH 8

Uptake/mmol g—*

Sample No. Solution®
Calcium Magnesium Carbonate

1 NaCl-NaHCO, — — 0.003

2 NaCl-NaHCO,-CaCl, 0.56 — 0.20

3 NaCl-CaCl, 0.34 — —

4 NaCl-NaHCO,-MgCl, 0.25 0.04

5 NaCl-MgCl, — 0.20 —

6 Sea water 0.51 0.18 0.22

a) NaCl: 0.72 mol dm~3, NaHCOj,: 2.3 X 10-3 mol dm-3,

CaCl,: 10-2 mol dm~-3, MgClg: 5x 102 mo] dm™3,
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TaBLE 5.
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SPECIFIC SURFACE AREA(S) AND PORE VOLUME(V) OF HYDROUs TITANIUM(IV) OXIDE BEFORE

AND AFTER URANIUM ADSORPTION

Before adsorption

NaCl-NaHCO,

After adsorption

NaCl-NaHCO;-CaCl,

Sea water

S/m2 g1 261
V/cm? g-1 0.34

250 177 168
0.33 0.26 0.24

500 10

300} 406

400}

200} 404

100 402

Uranium uptake/zg g™’
Carbonate uptake/mmol g=!

(@] o =Y o N I_n. o
o 1 2 3 4 Bx10~2

Concentration of NaHCOgz,/mol dm=3

Fig. 4. Variation of uranium and carbonate uptake
with concentration of NaHCO,.
pH of the solution: 8.0, NaCl: 0.72 moldm3,
uranium: 20 ppb, @: uranium uptake, O: carbonate
uptake.

uptakes remained constant (about 0.35 mmol g—1); this
value corresponds to the calcium uptake by the ion-
exchange reaction. The variation in the uranium and
carbonate uptakes with the NaHCO,; concentration
in the NaCl solution is shown in Fig. 4. In the absence
of calcium ions, the carbonate uptake is very small,
and the uranium uptake is slightly decreased with
the concentration of NaHCO,. It may be supposed
that the decrease in the uranium uptake is due to
the deposition of calcium carbonate on the adsorbent.

The magnesium uptake by the adsorbent is also
shown in Table 4. The magnesium uptake in the
presence and in the absence of NaHCO, were 0.25
mmol g=* (No. 4 in Table 4) and 0.20 mmol g~ (No. 5
in Table 4) respectively. Thus, the effect of carbonate
ions on the magnesium uptake is rather small compared
with that on the calcium uptake. It is considered
that the deposition of magnesium carbonate is more
difficult on the adsorbent than that of calcium car-

bonate. The specific surface area and pore volume
of the adsorbent before and after the adsorption ex-
periment are presented in Table 5. With the NaCl-
NaHCO; solution, the changes in the surface area
and the pore volume arec very small

On the other hand, with the NaCl-NaHCO,-CaCl,
solution and sea water, the decreases in the specific
surface area and the pore volume are large. These
results indicate that the decreases in the specific surface
area and pore volume are due to the deposition of
calcium carbonate on the adsorbent.

The present experimental results make it possible
to conclude that the uranium uptake from sea water
by hydrous titanium(I1V) oxide is reduced mainly
because of the calcium carbonate deposition.

The authors wish to thank Professor Shosuke Imoto
of Osaka University for his many helpful discussions
and suggestions.
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