
Recovery of Uranium from Seawater 
Using Amidoxime HQIIOW Fibers 

A novel amidoxime-group-containing adsorbent of hollow-fiber form 
(AO-H fiber) was prepared by radiation-induced graft polymerization of 
acrylonitrile onto a polyethylene hollow fiber, followed by chemical con- 
version of the produced cyano group to an amidoxime group. Distribu- 
tion of the amidoxime group was uniform throughout the hollow-fiber 
membrane. The fixed-bed adsorption column, 30 cm in length and 
charged with the bundle of AO-H fibers, was found to adsorb uranium 
from natural seawater at a sufficiently high rate: 0.66 mg uranium per g 
of adsorbent in 25 days. 
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introduction 
The concentration of uranium in seawater is remarkably con- 

stant at 3.3 mg U/m3. The main uranium species in seawater is 
the stable anionic tricarbonate-uranyl complex, UO,(CO,):- 
(Saito and Miyauchi, 1981, 1982). Marine uranium displays no 
detectable deviation from the norrnal terrestrial U-235/U-238 
isotope ratio. 'The total volume of the oceans has been estimated 
to be 1.37 x 10" m3, and the dissolved uranium should amount 
to 4.5 x lo9 tons, which is almost a thousandfold larger than the 
terrestrial resources of reasonable concentrations. Thus, the 
ocean is virtually a limitless reservoir of dissolved uranium in a 
well-defined chemical environment. 

A recovery program was begun in England in the early 1960's 
(Davies et al., 1964). Later some studies were made by universi- 
ties and by private companies in various countries, including 
Japan and West Germany (Schenk et al., 1982; Astheimer et 
al., 1983). Many methods of recovery have been suggested: 
coprecipitation, adsorption, ion flotation, solvent extraction, and 
others. Of these, only the adsorption process using a suitable 
adsorbent seemed to be feasible (Kanno, 1981). 

Considerable effort has been directed toward developing such 
adsorbents that originate from inorganic or organic materials. 
Hydrous titanium oxide was identified as the most promising 
inorganic adsorbent. Organic adsorbents were classified into 
three types: a chelating ion-exchange resin containing amidox- 
irne functional groups (Egawa et al., 1980a,b), a macrocyclic 
compound bounded to a resin (Tabushi and Kobuke, 1981), and 
a cellulose resin immobilized by polyphenol compounds (Saka- 

Correspoodencc concerning this paper should be addressed to Kyoichi Saito. 

guchi and Nakajima, 1987). Loading capacities or adsorption 
isotherms reported so far in natural seawater are summarized in 
Figure 1 and Table 1 .  Of the organic adsorbents, intensive stud- 
ies have been made on the amidoxime-group-containing, chelat- 
ing resin because of its ease of synthesis. Various shapes of ami- 
doxime resin, such as spheres (Sakane et al., 1982; Takagi et al., 
1986), membranes (Saito et al., 1987a,b), and fibers (Katoh et 
al., 1982a,b), have been prepared. 

Since the concentration of uranium in seawater is extremely 
low, a large volume of seawater must be contacted with the 
adsorbent to recover significant quantities of uranium. The con- 
tacting mode can be divided into three types according to the 
force transporting the seawater: pumping, direct utilization of 
ocean current, or wave utilization. Moreover, the adsorption bed 
is classified as a fixed bed or a fluidized bed. Adsorption bed 
performance already reported is summarized in Table 2. In this 
table, the adsorbent synthesized by GIRIS exhibits the highest 
adsorption rate. This is due to the extremely hydrophilic proper- 
ties of amidoxime resins. However, it does not satisfy the 
requirements for mechanical strength and chemical durability 
to be applied in practice. 

The advantages of the radiation-induced grafting method are 
as follows: 

1. It is applicable to any shape of the base polymer 
2. Grafted polymer chains on chemically and mechanically 

stable base polymers can be functionalized 
3. Any catalysts in the polymerization process are unneces- 

sary 
Since a microporus hollow fiber provides a high surface-area 

to volume ratio and high porosity for grafting, it is expected to 
be a favorable base polymer for preparing the adsorbent for the 
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uranium from seawater. In addition, the fixed bed 
charged with hollow fibers has a significant advantage in that it 
has a pressure drop about an order lower than the corresponding 
pressure drop in a bed charged with spherical adsorbents, there- 
fore it is suitable for contact with a tremendous volume of sea- 
water. 

The objectives of our study were twofold: 
1. To prepare the amidoxime-group-containing adsorbent 

with a hollow-fiber form by radiation-induced grafting. 
2. To propose a novel fixed bed charged with the hollow 

fibers and examine the performance of the adsorption bed with a 
low flow resistance by measuring the adsorption rate and pres- 
sure drop. 

Theory 

ing equation: 
Mass balance in the fixed bed can be expressed by the follow- 

Adsorption rate may be represented according to the linear driv- 
ing force (LDF) model: 

aQ/aT = K ( u  - u*) (2) 

where U and U* are respectively the concentration in solution 
and that in equilibrium with Q, in dimensionless form. The 
adsorption isotherm can be written by the Freundlich-type 
equation: 

The dimensionless parameter given in Eq. 2 is: 

K = K,a,L/u (4) 

The initial and boundary conditions are: 

a t T = O  Q = O  (5) 

a t x = O  U = l  (6) 

These equations can be solved numerically by using the finite- 
difference method (von Rosenberg et al., 1977; Suzuki, 1983). 
The dimensionless time and height increments are taken as 0.02 
and 0.05, respectively. The results of adsorption rate for the case 
of the Freundlich constant, n = 5, are shown in Figure 2. 

To examine the order of KFav, an extreme case where the liq- 
uid-film mass transfer is controlling was considered. The corre- 
lation equation for the liquid-film mass transfer coefficient 
inside the hollow fiber, kf ,  is given by Yang and Cussler 
(1 986): 

kfdi /D = 1.64 ( U J ; / ~ L D ) O ' ~  (7) 

Substituting physical properties and operating conditions of this 
study into this equation, K was calculated between 4.8 and 12. A 
dimensionless contact time, T = 1, was calculated to be required 
until an adsorption equilibrium was attained. Since the concen- 
tration factor, qo /Co, of the amidoxime resin in seawater is pre- 
dicted to be more than lo6, which is one or two orders larger 
than conventional adsorbents such as activated carbon, several 
hundreds of days are required to determine the adsorption iso- 
therm. Therefore, difficulty in the kinetic analysis of the adsorp- 
tion rate data is characteristic of research on the recovery of 
uranium from seawater. 

Experimental Procedure 

Preparation of adsorbent 
Porous polyethylene hollow fiber (Mitsubishi Rayon Co., Ja- 

pan) was used as the base polymer for grafting. The inner and 
outer diameter of this hollow fiber are 0.027 and 0.038 cm, 

Table 1. Summary of Adsorption Isotherms Reported 

Key 
for 

Fig. 1 Isotherm Temp. K Adsorbent* Ref. 

0 
0 
A 
A 
A 

qlO.47 = (C/3.3)'/1.6 305 
q/0.70 = (C/3.3)l/'.'' 298 
q = 5  a t C = 3 . 3  - 

ql1.86 = (C/3.3)1/1.'2 303 
q = 0.93 at C = 3.3 - 

T Ogata (1980) 
T Kanno (1 983) 
0 Tabushi and Kobuke (1981) 
0 
0 Chen (1981) 

Sakaguchi and Nakajima ( 1  987) 

*T, Inorganic adsorbent containing hydrous titania 
0, Organic resin 
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Table 2. Previous Studies on Adsorption Rate 

Adsorption 
dc Lh U Adsor- Shape? Rate 

Ref. Bed* cm cm cm/s bent** mm g U/ kg/ 10 days 

Astheimer et al. (1983) 

Wen and Huang (1983) 

Omichi et al. (l986b) 
Kanno (1983) 

Egawn (1986) 

GIRIS (1980) 
Uezu et al. (1987) 
This study 

CFL 

F 

F 
FL 

FL 

F 
F 
F 

4 44 0.29-1.36 A 0  
7.35 
3.3 t15 0.30 T 

10 <50 0.044-0.44 A 0  
0.5 T 

6.5 A 0  

2.5 0.3 0.34 A 0  
3.1 30 0.125-1 A 0  
3.1 30 0.25-1 A 0  

'F, fixed bed; FL, fluidized bed; CFL, conical fluidized bed 
**T, inorganic adsorbent containing hydrous titanium 
AO, organic adsorbent containing ainidoxitne group 
tSp, spherical; HF, hollow fiber; CF, capillary fiber 

respectively. The preparation process of the chelating resin 
adsorbent by radiation-induced graft polymerization is detailed 
by Okamoto et al. (1985) and Omichi et al. (1985, 1986a,b). 
The base polymer was irradiated by an electron beam a t  ambi- 
ent temperature in a nitrogen atmosphere. Immediately after 
irradiation, the bundle of hollow fibers was reacted in a vapor of 
deaerated acrylonitrile. Vaporized acrylonitrile was reacted 
with the trapped radicals in the base polymer. The cyano group 
of the grafted chains was converted into the amidoxime group by 
reaction with hydroxylaniine. Detailed reaction conditions of 
both grafting and amidoximation are listed in Table 3. A more 
detailed description of amidoximation has been previously pub- 
lished (Hori et al., 1986, 1987). The amidoxime-group-contain- 
ing, polyethylene-based hollow fiber will be hereafter referred to 
as the AO-H fiber. 

The amount of the amidoxime group was calculated from the 
amount of HCI adsorbed. To examine the distribution of the 
introduced functional groups across the AO-H fiber, samples of 
the AO-H fibers were soaked in cupric chloride solution. After 

Figure 2. Dimensionless amount of uranium adsorbed vs. 
dimensionless time. 
Values Kdefined in Fq. 4. 

SP 0.19 (301 K) 
0.2-1 .Q 

0.8-1.1 
Fiber 0.14 

0.3-1 .O 

0.073 (295 K) SP 

SP 

SP 0.14 
0.25-0.5 
Fiber 1.8 (298 K) 
CF 0.1 1 (298 K) 
HF 0.26 (298 K )  

Table 3. Reaction Conditions of Grafting and Amidoximation 

Grafting 
Irradiation dose 20 Mrad 
Reaction temp. 308 K 

Amidoxima tion 
Conc. NH,OH. HCI 3% 
Reaction temp. 323 K 
Reaction time 10 h 

equilibration, an X-ray microanalysis (XMA) of the AO-H 
fiber was used to determine the extent of copper adsorption. 

Prior to the adsorption experiments, AO-H fibers were 
soaked in 2.5% KOH solution a t  323 K for 1 h and then rinsed 
repeatedly with deionized water until the pH of the washings 
was about 9. The dimensions of AO-H fiber conditioned with 
KOH solution were measured with a microscope. 

Adsorption rate 
A diagram of the continuous-flow experimental set-up is 

shown in Figure 3. Fresh seawater sampled near Hachijyo 
Island in the Pacific Ocean was first filtered to remove particu- 
lates larger than 10 x m and then passed upward through 
the packed-bed adsorption column. The temperature of the sea- 
water was controlled at  298 K using a heat exchanger. A bundle 
of 3,000 AO-H fibers, 15 cm in length, was charged in a 3.1 cm 
ID coiumn that was 15 cm in height. The connection of two cot 
umns afforded a 30 cm high column. Seawater Row rates were 
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Figure 3. Apparatus for uranium adsorption. 
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controlled precisely for prolonged periods of time. Since the AO- 
H fibers function only as adsorbents, not as filtration mem- 
branes, seawater does not permeate through the AO-H fibers. 
The cumulative volume of seawater flowing through the column 
was recorded. The superficial velocity varied from 0.25 to 1 
cm/s, resulting in 30 to 120 s contact times. After specific time 
intervals, 2 L of the seawater that had passed through the col- 
umn was sampled. The uranium concentration of the sample 
seawater was determined according to an established method 
(Shijo and Sakai, 1982). The amount of uranium adsorbed on 
the adsorbent, averaged over the column, was calculated from 
the following equation, 

where Aq is the increased amount of uranium adsorbed during 
the time increment At. u, S, and Ware respectively the superfi- 
cial velocity of seawater, the cross-sectional area of the column, 
and the total weight of the AO-H fibers in the column. The pres- 
sure drop across the column was measured with a conventional 
manometer. 

Elution 
The bundle of AO-H fibers was taken from the bed after 24 

days contact with seawater. To understand the distribution of 
uranium along the bed, the AO-H fibers were cut into 10 pieces 
in the direction of the bed height. To elute the uranium adsorbed 
quantitatively with hydrochloric acid, a concentration of more 
than 1M is necessary (Saito et al.. 1987). The elution on each 
piece was achieved by overnight shaking with three successive 
portions of 1N hydrochloric acid. The uranium content in the 
eluates was usually determined colorimetrically using Arsenazo 
I11 reagent (Motojima et al., 1969). Qther metals were deter- 
mined in the eluates by atomic absorption spectrophotometry. 
When calculating the average amounts of elements adsorbed on 
the AO-H fiber over the bed, the concentration factor CF may 
be defined as 

CF- (g/kg adsorbent)/(g/L seawater) (9) 

Results and Discussion 

Adsorbent 
To prepare the AO-H fiber with the best possible uptake 

properties, an optimized conversion of the cyano group into an 
amidoxime group was necessary along with balancing the ami- 
doxime group against by-product (Hori et a]., 1987). Since the 
amount of HC1 adsorbed corresponds to the amount of the ami- 
doxime group, the amidoximation was terminated after 10 h, 
which provided for the maxinium amount of adsorbed HCL. The 
conversion of the grafted cyano group into the amidoxime group 
was 34%. The amount of amidoxime group, 8.3 mol/kg of base 
polymer, was almost comparable to that of a commercial ion- 
exchange resin. 

The properties of the AO-H fiber are summarized in Table 4. 
Figure 4 shows the distribution of copper across the Fully cop- 
per-loaded AQ-H fiber measured by XMA. The uniform copper 
distribution corresponds to the uniform distribution of amidox- 
ime groups throughout the membrane. Qkamoto et al. (1985) 
prepared the fibrous amidoxirne-group-containing resin by ra- 

Table 4. Properties of AO-H Fiber 

Degree of grafting 128% 
Amaurit of CN group 

Amount of A 0  group 

--I- -I___._-__ 

after grafting 24.2 nioljkg base polymer 
8.3 rnol/kg base polymer 

Dimension 

4 4 
0.38 mm Rase polymer 0.27 mrn 

AO-11 fiber 0.32 mm 0.46 mm 

Uensity 0.49 kg resin (FICI)/B. resin (KOH) 

diation-induced grafting polymerization of acrylonitrile in the 
vapor phase onto a nonporous tetrafluoroethylene-ethylene co- 
polymer fiber. They reported the distribution of functional 
groups located on the surface. Ilniform distribution of the ami- 
doxjme group on the AQ-H fiber in Figure 4 is due to high p r -  
osity (70%) of the porous polyethylene hollow 6bcr used as the 
base polymer. 

Adsorption rate 
Since the inner and outer diameters of the AO-H fiber treated 

with alkaline solution were 0.032 and 0.046 cm, respectively, the 
porosity of the bed and the specific surface area of the adsorp- 
tion column were calculated to be 0.66 and 97 cm2/cm3, respec- 
tively, from the following equation, 

t = I - (dz - d:)N/dE (10) 

a, = 4(d, + di)N/df 

where d,, d!, do, and n are respectively the column diameter. the 
inner and outer diameter of the AO-H fiber, and the number of 
fibers packed in the column. The ratio of the porosity in the 
inner part to that of the outer of the AO-H fiber is 9/10. 

Figure 5 shows a plot of the amount of uranium recovered as a 
function of both dm3 of AQ-H fiber in the KOH-treated form 
and kg in the HC1-adsorbed form vs. contact time. We have 
obtained a uranium adsorption rate of 0.66 nrg IJ/g of AO-N 
fiber over 25 days for a superficial velocity of I cm/s. This is 
finite large when compared with the rate of adsorption by 

Inner surface 

Figure 4. Distribution of Cu in AO-H fiber. 
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Figure 5. Uranium loading as a function of contact time. 

hydrous titania granules, which has values of the order of 0.1 mg 
U/g of granules over 20 days. The value of 0.66 mg U/g, that is, 
0.066%, is equivalent to the uranium content of low-grade ura- 
nium ore. 

Selectivity 
The distribution of uranium adsorbed along the bed is shown 

in Figure 6 as a function of superficial velocity of seawater. At 
each superficial velocity, the sixth piece cut in the direction of 
the bed height had an amount higher than uranium adsorbed by 
the fourth and fifth pieces. Since the 30 cm long bed is made of 
two columns 15 cm long, the twist of the bundle of the AO-H 
fibers formed a dead region along the bed height, and mixing in 
the connection part resulted in an increase in the amount of ura- 
nium adsorbed at the sixth piece. 

The concentration factors CF for some elements after 25 days 
exposure to seawater for a superficial velocity of 1 cm/s are 

t c 
3 0 0  
$ 0  

I I 

u [m/hl 
0 36 

1 I 
15 30 

Bed height [cml 

Figure 6. Distribution of amount of uranium adsorbed 
along the bed. 

Table 5. Concentration Factors after 25 Day Contact, 
Superficial Velocity 1 cm/s 

~~ 

Conc. in Conc. Conc. 
Seawater Adsorbed Factor 

Metal g/L g/kg L/kg 

Uranium 0.0000033 0.66 200,000 
Magnesium 1.4 4.6 3.3 
Calcium 0.40 2.5 6.3 

shown in Table 5. The CF for uranium was found to be 200,000 
and those of magnesium and calcium to be 3.3 and 6.3, respec- 
tively. These values are almost of the same order reported in our 
other amidoxime resins (Saito et al., 1987b; Uezu et al., 1987). 

Flow resistance 
The dependence of the pressure drop across the bed on the 

superficial velocity is shown in Figure 7. A superficial velocity of 
1 cm/s gave a water head loss of about 14 cm. During the con- 
tact with filtered seawater over 25 days, the pressure drop was 
almost constant, and thus the blocking by bubbles and by solid 
precipitates evolved during the prolonged periods was found to 
be negligible. The novel packed bed suggested by this work is of 
greater advantage than conventional packed beds for stable 
operation. 

Acknowledgment 
The authors thank Takeji Ohtani of the Membrane and Medical 

Materials Dept., Mitsubishi Rayon Co., Ltd., for his help in providing 
the starting polymer. Special thanks are also extended to Satoru 
Aramaki and Yoshimitsu Aramaki of K. S. Auto Co., Ltd., for their 
many suggestions in manufacturing the automatic experimental appara- 
tus. 

We sincerely thank Motoyuki Suzuki of the Institute of Industrial 
Science, University of Tokyo, for advice with the numerical calcula- 
tions. 

This work was supported by Grants-in-Aid for Energy Research Nos. 
59040018, 60040012, and 61040020 from the Ministry of Education, 
Science, and Culture. 

Notation 
a, = specific surface area, cm2/cm3 
C, = concentration of uranium at column exit, g U/cm3 
C, = concentration of uranium in seawater, g U/cm' 
D = diffusivity, cm'/s 
d, = diameter of column. cm 
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Figure 7. Pressure drop. 
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di - inner diameter of hollow fiber, cm 
do = outer diameter of hollow fiber, cm 
KF = overall mass transfer coefficient, cm/s 
kf = film mass transfer coefficient, cm/s 
L = length of column, cm 
N = number of hollow fibers 
n = constant in Freundlich isotherm equation 
Q = dimensionless average resin-phase concentration 
qo = resin-phase concentration in equilibrium with Co, g U/g 
s = cross-sectional area of column, cm’ 
t = time, s 

U = dimensionless bulk concentration 

u = superficial velocity of seawater, cm/s 
W = total weight of AO-H fibers in column, g 
x - dimensionless axial coordinate 

U* = dimensionless concentration in liquid in equilibrium with Q 

Greek letters 
c = porosity 
K = defined in Eq. 4 

T = dimensionless time = u C o t / ( p b q o L )  
pb = bed density, g resin/cm3 bed 

Literature Cited 
Astheimer, L., H. J .  Schenk, E. G. Witte, and K. Schwochau, “Develop- 

ment of Sorbents for the Recovery of Uranium from Seawater. 2: The 
Accumulation of Uranium from Seawater by Resins Containing Ami- 
doxime and Imidoxime Functional Groups,” Separ. Sci. Technol.. 18, 
307 (1983). 

Chen, Y. F., “A New Type of Uranium Adsorbing Material-SOSA,” 
Bull. SOC. Sea Water Sci., 35,24 (1981). 

Davies, R. V., J .  Kennedy, R. W. Mcilroy, R. Spence, and K. M. Hill, 
“Extraction of Uranium from Sea Water,” Nature, 203, 1110 
(1964). 

Egawa, H., H. Harada, and T. Nonaka, “Preparation of Adsorption 
Resins for Uranium in Seawater,” Nippon Kagaku Kaishi, 1980, 
1767 (1980a). 

Egawa, H., H. Harada, and T. Shuto, “Recovery of Uranium from Sea 
Water by the Use of Chelating Resins Containing Amidoxime 
Groups,” ibid., 1980, 1773 (1980b). 

GIRIS (Government Industrial Research Institute Shikoku, Japan), 
“Development of a Novel Adsorbent for Recovery of Uranium from 
Seawater,” GIRIS News. 34(9), (1980). 

Hori, T., K. Saito, S .  Furusaki, T. Sugo, and J. Okamoto, “Synthesis of 
a Hollow-Fiber Type Porous Chelating Resin Containing the Amide 
Oxime Group by Radiation-Induced Graft Polymerization for Ura- 
nium Recovery,” Nippon Kagaka Kaishi. 1986, 1792 (1986). 

Hori, T., S. Furusaki, T. Sugo, and J. Okamoto, “The Effect of the Con- 
dition of Amidoximation on the Properties of Functional Groups and 
Adsorptive Characteristics of Amidoxime Resin,” ibid., 1987, 1071 
(1987). 

Kanno, M., “Present Status of Study on Extraction of Uranium from 
Seawater in Japan,” J.  Atom. Energy SOC. Japan, 23,36 (1981). 

, “MMAJ (Metal Mining Agency of Japan) Project for the 
Extraction of Uranium from Seawater,” Proc. Int. Meet. on Recovery 
of Uraniumfrom Seawater, 12, Atom. Energy Soc. Japan (1983). 

Katoh, S., K. Sugasaka, K. Sakane, N. Takai, H. Takahashi, Y. Umeza- 
wa, and K. Itagaki, “Preparation of Fibrous Adsorbent Containing 
Amidoxime Group and Adsorption Property for Uranium,” Nippon 
Kagaku Kaishi, 1982,1449 (1982a). 

, “Enhancement of the Adsorptive Property of the Amidoxime- 
Group-Containing Fiber by Alkaline Treatment,” ibid., 1982, 1455 
(1982b). 

Motojima, K., T. Yamamoto, and Y. Kato, “8-Quinolinol Extraction 
and Spectrophotometric Determination of Uranium with Arsenazo 
111,” Bunseki Kagaku, 18,208 (1969). 

Ogata, N., “Review on Recovery of Uranium from Seawater. 111,” Bull. 
SOC. Sea Water Sci. Japan, 34,3 (1980). 

Okamoto, J., T. Sugo, A. Katakai, and H. Omichi, “Amidoxime-Group- 
Containing Adsorbents for Metal Ions Synthesized by Radiation- 
Induced Grafting, “J. Appl. Polym. Sci. 30,2967 (1985). 

Omichi, H., A. Katakai, T. Sugo, and J.  Okamoto, “A New Type of 
Amidoxime-Group-Containing Adsorbent for the Recovery of Ura- 
nium from Seawater,” Separ. Sci. Technol., 20, 163 (1985). 

, “A New Type of Amidoxime-Group-Containing Adsorbent for 
the Recovery of Uranium from Seawater. 2: Effect of Grafting of 
Hydrophilic Monomers,” ibid., 21,299 (1986a). 

.- , “A New Type of Amidoxime-Group-Containing Adsorbent for 
the Recovery of Uranium from Seawater. 3: Recycle Use of Adsor- 
bent,” ibid., 21, 563 (1986b). 

Saito, K., and T. Miyauchi, “Diffusivities of Uranium in Artificial Sea- 
water,” Kagaku Kogaku Ronbunsyu. 7,545 (198 l) .  

, “Chemical Forms of Uranium in Artificial Seawater.” J. Nucl. 
Sci. Telchnol., 19, 145 (1982). 

Saito, K., S. Yamada, S. Furusaki, T. Sugo, and J. Okamoto, “Charac- 
teristics of Uranium Adsorption by Amidoxime Membrane Synthe- 
sized by Radiation-Induced Graft Polymerization,” J. Memb. Sci., 
34,307 (1987a). 

Saito, K., T. Hori, S. Furusaki, T. Sugo, and J.  Okamoto, “Porous Ami- 
doxime-Group-Containing Membrane for the Recovery of Uranium 
from Seawater,” Ind. Eng. Chem. Res.. 26, 1977 (1987b). 

Sakaguchi, T., and A. Nakajima, “Recovery of Uranium from Seawater 
by Immobilized Tannin,” Separ. Sci. Technol., 22, 1609 (1987). 

Sakane, K., T. Hirotsu, N. Takagi, S .  Katoh, K. Sugasaka, Y. Umeza- 
wa, N. Takai, and H. Takahashi, “Extraction of Uranium from Sea- 
water by the Tetraethylene-glycol Dimethacrylate Crosslinked Poly- 
(acrylamidoxime) Resin,” Bull. SOC. Sea Water Sci. Japan, 36, 101 
(1982). 

Schenk, H. J., L. Astheher, E. G. Witte, and K. Schwochau, “Develop- 
ment of Sorbents for the Recovery of Uranium from Seawater. 1: 
Assessment of Key Parameters and Screening Studies of Sorber 
Materials,” Separ. Sci. Technol., 17, 1293 (1982). 

Shijo, Y., and K. Sakai, “Rapid Spectrophotometric Determination of 
Uranium in Seawater,” Bunseki Kagaku. 31, E395 (1982). 

Suzuki, M., “Kinetics in Recovery of Uranium from Seawater,” Marine 
Sci. Monrhly, (1 I ) ,  660 (1983). 

Tabushi, I., and Y. Kobuke, “Extraction of Uranium from Sea Water by 
Bound Macrocyclic Hexadentates,” AlChE J. Meet. Preprints. 84f 

Takagi, N., T. Hirotsu,S. Katoh, K. Sugasaka, N. Takai, H. Takahashi, 
and T. Itagaki, “Control of Swelling of the Hydrophilic Amidoxime 
Chelating Resin,” Bull. SOC. Sea Water Sci. Japan, 40, 3 (1986). 

Uezu, K., K. Saito, T. Hori, S. Furusaki, T. Sugo, and J. Okamoto, 
“Performance of Fixed Bed Charged with Chelating Resin of Capil- 
lary Fiber Form for Recovery of Uranium from Seawater,” J .  Atom. 
Energy SOC. Japan, (1987). 

von Rosenberg, D. U., R. P. Chambers, and G. A. Swan, “Numerical 
Solution of Surface Controlled Fixed-Bed Adsorption,” Ind. Eng. 
Chem. Fundam., 16,154 (1977). 

Wen, T. J., and T. C. Huang, “Uranium Adsorption with Composite 
Titanium-Iron Hydrous Oxide Microspheres,” Proc. inr. Meet. on 
Recovery of Uranium from Seawater, 332, Atom. Energy Soc. Japan 
(1983). 

Yang, M. C., and E. L. Cussler, “Designing Hollow-Fiber Contactors,” 
AIChE J., 32, 1910 (1986). 

(198 1 ). 

Manuscript received Aug. 24.1987, and revision received Dec. I ,  1987 

416 March 1988 Vol. 34, No. 3 AICLE Journal 




