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SOLVENT CLEANUP USING BASE-TREATED
SILICA GEL SOLID ADSORBENT
0. K. Tallent
J. C. Mailen
K. D. Pannell
ABSTRACT
A solvent cleanup method using silica gel columns
created with either sodium hydroxide (NaOH) or lithium
hydroxide (L10H) has been investigated. Its effectiveness
compares favorably with that of traditional wash methods.
After treatment with NeOH solution, the gels adsorb HNO3,
dioutyl phosphate (DBP), U0 2 2+ , Pu*1", various metal-ion
fission products, and other species from the solvent.
Adsorption mechanisms Include neutralization, hydrolysis,
polymerization, and precipitation, depending on the species adsorbed. Sodium dlbutyl phosphate, which partly 4.1y
distributes to the solvent from the gels, can be stripped
with water; the stripping coefficient ranges from 280 to
SAO. Adsorption rates are diffusion controlled such that
temperature effects are relatively small. Recycle of the
gels is achieved either by an aqueous elution and recycle
sequence or by a thermal treatment method, which may be
preferable. Potential advantages of this solvent cleanup
method are that (1) some operational problems are avoided
and (2) the amount of NaNO, waste generated per metric ton
of nuclear fuel reprocessed would be reduced significantly.

1.

INTRODUCTION

The 30Z tributyl phosphate (TBP) — 7QX normal paraffin hydrocarbon
(NPH) diluent used In nuclear fuel reprocessing undergoes degradation
when contacted with HNO3 and/or Intensive ionizing radiation in the first
cycle of reprocessing. Recycle of the solvent requires that the degradation products, principally DBP and monobutyl phosphate (MBP), be removed
from the solvent. Previously developed methods Involve liquid-liquid
contact or scrubbing techniques. An alternative method using NaOH-treated
silica gel to clean up the solvent has been evaluated. Areas of investigation included:

(1) pretreatment and preparation of the gel; (2) HNO3,
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U<>22+, U022+-N03--DBP", and HDBP adsorption capacities; (3) VO22*
adsorption rate; (4) effects of thermal treatments on loaded adsorbents;
and (5) column tests. An evaluation of the process was based on the
requirements for a 0.5-t/d fuel recycle plant.
Solvent cleanup methods used or proposed for use in the past
Include (1) washing the solvent with sodium carbonate (Na^Oa) solution;
(2) washing the solvent with hydrazine carbonate;1 and (3) passing the
solvent through a column of solid adsorbents such as macroreticular
resins,2>3 hydrous titanium dioxide (T102), and lead dioxide (Pb02>.1
The Na2C03 method produces large amounts of waste that must be stored, 1
and the hydrazine carbonate method poses problems in preparation and
storage of hydrazine carbonate f "lutlons. ** Both of these methods are
subject to operational difficulties because of slow phase separations,
gassing, and interfacial "crud" formation. The organic resins used as
solid adsorbents are susceptible to chemical and radiation damage and
work well only with acid-free solvents.5

The T102 method, although used

on an experimental scale by the British, haB not been demonstrated on a
large <jcale. The Pb02 method is reportedly used in Germany but only for
secondary cleanup following standard wash techniques. The silica gel
method described here will eliminate many of the problems and restrictions encountered with previous solid adsorbent and liquid-liquid
approaches.
Numerous studies have been made of the adsorption of anions,
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c a t i o n s 9 complexes,10'11 organic species,12»13 and inorganic species
on silica gel from both aqueous and organic media; however, no previous
studies of adsorption from 30% TBP — ~70% NPH. are known. Information
is presented in this report to aid in the design of larger~scale solvent
cleanup tests using silica gel columns.
2. PREPARATION OF SILICA GEL BY TREATMENT WITH SODIUM HYDROXIDE
Sodium or lithium ions adsorbed on the surface of silica gels
generally increase the adsorptlve propertiesI<4>15 of the gels. This
effect has been recognized In our application. The reaction of cl1lca

3

gel with limited amounts of base can be written as the equilibrium
=Si—OH + NaOH t sSi-ONa + HjjO .

This reaction provides basicity in the water layer on the surface of the
gel to enhance the adsorption of acidic solvent degradation products.
Table 1 shows a listing of the sources and mesh sizes of the silica
gels investigated.

Sodium was adsorbed on the gels at ambient tempera-

ture by soaking the gels in aqueous 1.0 M NaOH solution with occasional
stirring for 24 h, then filtering, washing with about one gel volum-i of
water, and air-drying.

A volume of the 1,0 H NaOH solution was used to

provide an ~100Z excess of sodium over the amount adsorbed on the gtl
surfaces.

The solution volume/gel weight ratios ranged from ~2 tnL/g for

6—16 mesh gel to ~10 mL/g for 150—230 mesh gel.

After treatment, the

gels were analyzed for sodium, surface area, and water content.

Sodlu.n

was determined via a HC1 leach-atomic absorption spectrometrlc method;
water was determined by the Karl Fischer method.

A simple potentlometric

titration method was also developed for adsorbed sodium.

Surface areata

using the BET method were obtained for selected gels (Table 1). Aftsr
NaOH treatment and the previously discussed analyses, several of the
silica gels were washed with water (1 g in 20 mL), air-dried, and the
surface areas redetermined.
The mesh sizes, water contents, adsorbed sodium concentrations, and
surface areas of the treated gels are also shown in Table 1. The amounts
of adsorbed sodium ranged from 1.05 to 3.18 mmol/g (dry weight) of silicr.
gel.

The BET-measured surface areas ranged from 135 to 233 m2/g and the

water content from 4.48 to 16.5 mmol/g.

The adsorbed sodium Is a reactant

in neutralization and/or hydrolysis adsorption reactions such that the
quantity adsorbed can be used as an indirect measure of the surface
adsorption capacity of the gels.

Other investigators have shown that

under properly controlled pH conditions the amounts of sodium adsorbed
by a silica gel can be ueed to accurately determine the gel surface
area. 16 * 17

The values obtained by this method frequently disagree and

Table I.

Source

Characterization of NaOH-treated silica gels

Mesh
size

Surface3
area
(m2/g)

Sodiumc
(mmol/g)

H2pb
(mnol/g)

PH
in water4

6-16

231

4.48

1.25

NDe

W. R. Grace Company grade 35

12.42

233

12.30

2.10

10.37

tfoelm (active)

30-70

ND e

7.00

2.20

10.53

BDH Laboratory, product 15049

60-120

NDe

7.33

2.60

10.8b

Woelm (active)

70-150

135

16.50

2.90

10.70

Woelm (active)

70-230

223

16-50

2.85

10.54

Woelm (active)

150-230

212

13.66

3.18

NDe

Fisher Scientific grade 05

a

BET surface areas by N2 adsorption.
^Water in treated gels.
c
Quantltie8 based on dry weights of silica gel.
d
0.5 g of gel stirred with 25 mL of H2O for 1 h.
e
Not determined.

/

5

are greater than those obtained by the BET method. 1 5

In our study,

sodium was not adsorbed under thfi strictly controlled conditions
necessary for surface area determinations; nevertheless, the adsorption
properties of the gels were found to correlate more closely with the
quantities of sodium adsorbed than with the BET-measured surface areas.
The pH of 0.5 g of NaOH-treated gel stirred with 25 mL of water for 1 h
varied slightly from ~10.4 to ~10.8, depending on the gel.
Silica gel Is soluble to a small extent in NaOH solution, >'nd treatment of the geis with either large excesses of 1.0 M NaOH solutions or
more-concentrated solutions should be avoided. The water washing step
dissolves a portion of the sodium from the surface of the treated gels
and thus provides a means of controlling the final amounts of sodium
adsorbed on the gels.
3. ADSORPTION OF URANYL NITRATE, URANYL DIBUTYL
PHOSPHATE NITRATE, AND NITRIC ACID
Solvents prepared for these tests contained 30% TBP—~70% NPH and low
concentrations of one of the following: (1) HNO3, (2) UO 2^03)2 plus
HNO3, with a DOa^/NOa" mol ratio of 1.0/2.3; (3) U02(DBP)o.5^03)1.5; or
(4) U02(DBP)(N03) plus HNO3, with a IK^^/NOa" mol ratio of 1.0/2.3. The
solvents were prepared-by contacting 30% TBP—70% NPH solvents with
appropriate dilute' acid and/or salt aqueous solutions so that each
solvent, in addition to the Indicated components, also contained small
amounts of extracted water. Adsorption capacity tests were conducted by
contacting each of the solvents with silica gels containing 3.18, 2.85,

2.60,
or 2.20 mmol of adsorbed sodium per gram of dry weight (Table 1)
for 24 h at 40°C. --It w^s^pveviously determined that the adsorptions were
>99% complete In 24 h. Table 2 shows the molar concentrations of the
components In the solvents and the silica gel weight/solvent volume
ratios used in the tests. At the end of each test, the H+, NO3", V022¥,
and DBP concentrations remaining in the solvent were determined using
potentlometric titration, x-ray fluorescence, and reverse-phase liquid
chromatographic methods, respectively.

6

Table 2. Experimental conditions for nitric acid,
uranyl nitrate, and uranyl nitrate dlbutyl
phosphate adsorption capacity tests

Solvent®

HN03

1

0.545

2

0.004

Concentration of component (M)
U02<N03>2 UO2NO3DBP U02(N03)i.5DBP0(5

0.10
0.0125

0.01

3

0.033

4

0.025

Ratio of silica
gelb weight to
solvent volume
(g/mL)c

0.018

0.05
0.05

a

Solvent is 30% TBP-~70% NPH.
^Silica gels were pretreated to contain 2.20 to 3.18 mnols of adsorbed
sodium per gram of dry weight.
c
Ratio used in tests at 40°C for 24 h.
The molar capacities of the silica gels to adsorb HNO3 from 30%
TBF-~70Z NPH solvents containing low concentrations of HNO3 were found to
be within +0.1% of the molar quantity of sodium adsorbed on the gels
(Table 1). This was first observed for the 0.545 M HNO3 solvents listed
in Table 2 and has subsequently been observed for a number of other
solvents. The adsorption was considered as a neutralization reaction in
developing a procedure for determining the amounts of sodium adsorbed on
the gels. The extent to which the sodium nitrate product is adsorbed on
the solid surface of the silica gel or trapped In the water layer on the
gel surface has not been established. In any event, insolubility of the
salt In the solvent prevents removal of the salt from the silica gel
phase into the solvent phase by desorptlon or other means.
The adsorption capacities of the gels for uranium (shown in Table 3)
generally decreased ss the amounts of sodium adsorbed on the gels were
decreased.

In a series of tests in which the DBP and/or excess nitrate

contents were Increased, the uranium capacity of the silica gel was
decreased due to consumption of sodium or coverage of surface sites by

7

Table 3. Capacity of NaOH-treated silica gel for adsorption
of uranium from 30% TBF-~70% NTH
Uranium
adsorption
capacity^
(mmol/g)

Mol ratio
of solvent
impurity,
U/NO3-/DBP

Mol
ratio
adsorbed
U/DBP

3.18

1/2.3/0c

—

0.931

2.90

1/2.3/0

—

0.810

2.58

1/2.3/0

—

0.655

2.20

1/2.3/0

—

0.582

2.20

1/2.3/0

—

0.538

3.18

1/1.5/0.5d

3.24

0.776

2.90

1/1.5/0.5

3.16

0.669

2.58

1/1.5/0.5

3.62

0.578

2.20

1/1.5/0.5

3.60

0.501

3.18

1/2.4/le

1.96

0.363

2.90

1/2.4/1

1.48

0.321

2.58

1/2.4/1

1.69

0.283

2.20

1/2.4/1

1.89

0.196

Amount of adsorbed
sodium on silica
ge.la»b
(mmol/g)

a

Silica gels prepared as described In Sect. 2.1.
^Adsorbed values based on dry weight of the silica gel.
c
Solvent 2, Table 2.
d
Solvent 3, Table 2.
e
Solvent 4, Table 2.

the DBP and nitrate.

All of the NO3" initially present as HNO3 ln the

solvent plus slightly more than 2 mmol of NO 3" per mLlllmole of adsorbed
U02 2 +

was adsorbed in each test.

The NOs'/IK^*4" mol ratio in the

solvent after contacting the silica gels was slightly <2.0, indicating
slight hydrolysis of the U02(N0 3)2 in the solvent.

Up to 45% of the DBP

in the solvents containing U022+-DBP species either failed to adsorb or,
if adsorbed, was partially desorbed as the sodium salt.

The problem

associated with this lack of adsorption or desorptlon Is addressed in
Sect. 6.
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Other investigators have concluded, based on experiments where
U0 2

2+

ions were adsorbed from acidic aqueous media, that UO22* adsorbs

on silica gel with the axis of the uranyl ion in or very near and
parallel to the plane of the surface oxygens in the gel.9 The gels used
in the work reported here contained significant quantities of surface
water (Table 1) such that, in a sense, the process can be considered as
adsorption from an aqueous medium. Slxice the water layer on the gel
surface is basic (Table 1), the uranyl species absorbed from the solvent
are almost certainly hydrolyzed and/or polymerized and precipitated18
upon entering the water layer. Adsorption studies of uranyl species on
silica gels from aqueous media have generally been conducted6*9 at a ph
that is sufficiently high (>1.5) to promote hydrolysis and polyn

zation

but sufficiently low «4.0) to prevent excessive precipitation of the
uranyl ion.18

These previously reported studies show equilibrium amounts

of adsorption increasing sharply as the pH is increased.8 The pH of the
surface water on our NaOH-treated gels is thought to have varied from ~6
to 10.3 (see Sect. 2 and Table 1), well within the range where precipitation normally might be expected to occur.18 For practical application of
silica gel as a solvent cleanup method, tightly adhering precipitates
serve as well as ordinary adsorption. Tests not specifically described,
but routinely conducted throughout this work, show that uranium Is not
appreciably removed from gel surfaces by washes with water, hexane,
dodecane, or acetone, indicating that it adheres tightly to the gel
surfaces.
The functional relationship between quantities of sodium adsorted
and uranyl [or U02(N03)2] adsorption capacity, as Indicated by the data
in Table 3, is of Interest as a possible key to understanding the nature
of uranyl adsorption as well as from a practical application viewpoint
(Sect, 9). If a sodium dluranate (Na2U207) precipitate Is formed and
physically adsorbed on gel surfaces, 3 mol of NaOH would be reacted per
mol of adsorbed U02(N03)2, as follows:
2tJ02(N03)2 + 6NaOH + Na2B207 + 4NaN03 + 3HZ0 .

(1)

9

The lines in Pig. 1 demonstrate the relationship between uranyl adsorption capacity and the initial quantity of sodium adsorbed on the gels.
The lower 11 ne Is a linear fit to raw data (without DBP) from Table 3 and
follows the equation
[U02(N03)2]cap - 0.375(Na)ln - 2.76

(2)

where
[U02(N(>3)2J

cap

• uranyl nitrate adsorption capacity, mmol/g;

(Na). - quantity of initially adsorbed sodium, ramol/g.
in
The sodium required for neutralization of the free nitric acid in the
solvent is 0.4 mmol per gram of silica gel. If this quantity is subtracted from the initial quantity of sodium in each case, the corrected
data plots as the upper line; this line is the expected capacity for
uranyl nitrate removal from an organic containing no free acid. The
data can then be represented by a line with a 0.97 coefficient of correlation by the following equation:
[U02(N03)2]C a p - 0.32(Na)v.

R - 0.94 ,

(3)

<fhere
(Na)c - the corrected initial adsorbed sodium in mmol/g.
The slope of 0.32 (Fig. 1) indicates the consumption of 3.1 mol of sodium
per mol of adsorbed uranyl nitrate, which is in good agreement with the
ratio of 3.0 expected for the precipitation and/or adsorption of Na2U207
[aee Eq. (1)].
A. URANIUM ADSORPTION RATE
Batch equilibration tests were conducted at 25, AO, and 60°C to show
the relative effects of temperature. A 12-42 mesh silica gel preparation
(grade 35, W. R. Grace Company) containing 1.05 mmol/g (wet weigh
sodium and 23.IX water was used as the adsorbent.

Each test was conducted

10

ORNL-DWG 8 4 - 1 8 1

SODIUM [mmol/g (dry weight) silica gel]
Pig. 1. Capacity of silica gel to adsorb UO2(1*03) 2 from 302 TBP—
70Z NPH as a function of adsorbed sodium.
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by equilibrating 1 g of gel with 2.0 mL of 30% TBP—70% NPH -0.0122 M
U02(N03>2 solvent in a shaker bnth at a constant speed for periods
ranging from 0.25 to 5.25 h. After equilibration, the solvents were
decanted from the gels, filtered through Whatman 40 paper, and analyzed
for uranium by an x-ray fluorescence method.
Plots showing uranium solvent concentration as a function of equilibration time with silica gel at 25, 40, and 60°C are shown in Fig. 2. It
is evident that the effect of temperature on the adsorption rate In the
range investigated was relatively small. The amount of uranium adsorbed
in 1.25 h, for example, was only ~50% greater at 60°C than that at 25°C.
This modest increase with temperature is consistent with a diffusioncontrolled reaction.
The data plotted In Fig. 2 are typical of a larger body of unreported
rate data not only for U02(N03>2» but also for U02-N0 3~-DBP~, HDBP, and
HN03. Variables found to affect the adsorption rates include silica gel
manufacturing source, sodium and water contents of the gel, composition
of the feed solvent, gel weight /solvent* volume ratio, and agitation or
stirring speed. In cases where these varlableo were kept constant,
relatively small temperature effects were observed (see Fig. 2). The
sorption rates of HNO3 and HDBP were found to be greater than those for
the uranium-containing species. In comparable tests, the half times for
HNO3 and HDBP adsorption from the solvent were one-tenth and one-half,
respectively, the half time for U02(N03>2«
5. SMALL-COLUMN TESTS WITH IRRADIATED AND UNIRRADIATED SOLVENTS
The cleanup of Purex solvent using base-treated silica gel would
probably be done by continuous flow In packed columns rather than via
a batch process. Specific problems addressed In these small-column
Investigations include (1) breakthrough capacities of the gel columns
for U022+ and DBP

(2) effects of column flow rate, and (3) procedures

for recycle of the gels. Both Irradiated and nonlrradlated solvents
were used In the tests.

12

ORNL DWG

84-162

TIME ( h )
Fig. 2. ~ Adsorption of uranium from 30% TBP-~70% NPH-0.0122 M
U02(N03>2 solvent at three different temperatures. Silica weight:
solvent volume ratio • 1:2.
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Nonlrradiated solvents were prepared by adding small amounts of
HDBP-H2MBP to 30% TBP-70% NPH solvent, contacting the mixture with
aqueous solution containing excess <U02(N03)2, and washing with three
equal volumes of water. The irradiated solvent prepared for the tests
had been contacted with a dissolver solution from H. B. Robinson fuel
in a mixer-settler Purex test conducted in ORNL's Transuranium Facility
(Building 7920). The base-treated gels used in the tests were prepared
from 20-42 mesh Bilica gel (grade 35, W. R. Grace Company) as described
earlier, except that one gel was treated with LiOH Instead of NaOH. The
gels, which had a bulk density of "0.9 g/mL, were loaded into 1.0-cm-dlam
glass columns. Effluent streams from the columns were variously analyzed
for U022+, DBP, NO3", and (in the case of the irradiated solvents) for
gross alpha and gross gamma activities. Plutonium retention tests were
conducted on several effluent;samples. Methods used to analyze these
samples were largely the same as those described in Sect. 3.
5.1 COLUMN BREAKTHROUGH CAPACITIES
Breakthrough capacities of the gel columns for UO22* and DBP were
determined by passing a solvent that was 0.005 M in U0 2 2+ , 0.008 M In
DBP, and <0.005 M in H+ through a 16.5-mL silica gel column at the rate
of 22 mL/h at 40°C. The gel initially contained 1.15 mmol of sodium per
gram of gel (dry weight).
As shown in Fig. 3, breakthrough of the U0 2 2 + was minimal until
~28 column volumes (1 column volume - 10.0 mL) of effluent had been
collected. The DBP amounts plotted at or below the 0.001-M concentration
were questionable because of analytical problems. Actual DBP concentrations may have been a factor of 2 lower than those plotted at the low
concentrations. This deficiency notwithstanding, the curves in the figure
provide a means to estimate approximate column adsorption capacities for
UO22"'" and DBP at 100Z breakthrough and to additionally show that the
column capacity for UO22* adsorption is less than that of DBP. After
~28 column volumes of effluent had been collected, the column contained
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~0.094 mmol of U02 Z+ and 0.L50 mmol of DBP per gram of gel.

Extrapola-

tions (not shown) indicate that 100% breakthrough would have occurred at
~58 effluent column volumes for tK>22+ and ~50 column volumes for DBP,
The capacity of the column per gram of silica gel (wet weight) at 100%
breakthrough is estimated to be >0.141 mmol of U0 2 2 + and >0.209 mmol of
DBP, respectively.

5.2

TESTS TO DETERMINE EFFECT OF COLUMN FLOW RATE

An investigation of the effects of column flow rate was conducted
by using a feed solvent that was 0.0016 M in U 0 2 2 + and 0.0048 M in DBP
and a NaOH-treated silica gel initially containing 0.90 mmol of sodium
per gram.

The feed solvent was passed through 10-mL columns of the gel

at 40°C at flow rates of 50, 85, and 130 mL per hour per unit (cm2) of
column cross-sectional area.
Increasing the flow rate from 50 to 85 mL/h'cm2 significantly
increased the DBP breakthrough at a given effluent volume, as can be
seen in Fig. 4; however, any further increase in the flow rate from
85 to 130 mL/h'cm2 had a relatively small effect.

Breakthrough of U0 224"

was <5 yg/mL throughout the tests at 85 and 130 ml/h'cm2 but occurred in
greater concentrations beginning at ~150 effluent column volumes in the
50-mL/h'cm2 test.

5.3

CLEANUP OF IRRADIATED SOLVENTS

The effectiveness of the gels for cleaning up irradiated solvents
was determined using a feed solvent of the composition shown in Table 4.
A 275-mL volume of the solvent was passed through a column containing
15 mL of silica gel initially containing 1.15 mmol of sodium per gram at
40°C at the rate of 78 mL/h'cm . The column effluent was collected in
three successive equal-volume allquots.

The amounts of plutonlum

retained in the feed solvent and in the third aliquot of effluent were
determined by equilibrating 0.2 mL of pi.ueous solution that contained

ORNL DWG 8 4 - 1 8 5
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Table 4. Results of cleanup tests with irradiated solvent3
using silica gels substrate adsorbent^ at 40°C
Flow rate, mL/min*cm 2

1.3

Feed
Gross alpha, counts min-1 mL _1
Gross gamma, counts min-1 mL'1
Uranium, mg/mL
H+, M
DBP, M
MBP, M

48,700
7,390
<0.15
<0.01
0.0003
0.00007

Column effluent (275 ML or AO column volumes)
Groeu alpha, counts min'1 mL"1
Gross garnna, counts min- 1 mL"1
DBP, M

<14
389
0.00005

Plutonium retention0
Feed, H
Effluent, M

0.013
0.001A

Decontamination factor
Gross alpha, counts min*"1 mL"*1
Gross gamma, counts min-1 mL -1

>3,500
19

a

Solvent from mixer-settler tests using feed from H. B. Robinson
fuel under LMFBR fuel processing conditions.
^The dry adsorbent contained 0.065 mmol of 0H~ and 0.014 tmnol of
NO3- per gram of SIO2.
c
Plutonlum retention was determined by equilibrating 0.2 mL of
solution containing 71. A mg Pu^/mL with 10 mL of solvent and then
washing the solvent three times with equal volumes of 0.01 M HNO3.

71.4 mg Pu4+/ml with 10 mL of each of the solvents (column feed and
column effluent) for 5 min and then washing with equal volumes of 0.01 M
HNO3 aqueous solution three times. Allquots of the feed solvent were
additionally washed with equal volumes of aqueous 0.23 M sodium carbonate
and 0.23 M hydrazine carbonate solution.
The average gross alpha and gross gamma activities in the successive
effluent aliquots were, respectively, ~14 and 389 counts ndn-1 mL -1 down
from respective feed solvent activities of 48,700 and 7,390. The activities
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in Che three successive allquots showed no significant variation.

The

plutonium retention capacity of the solvent was decreased by a factor of
92 (i.e., from 0.013 to 0.00014 mmol/mL) by the column treatment.
Plutonium retention is considered to be a reasonably accurate indication
of the concentration of degradation products in the solvent.3

The gross

alpha decontamination factor obtained by the column treatment was ~1750
times greater than that obtained by equal-volume aqueous washes with
either the sodium or the hydrazine carbonate waah solutions (Table 5).
The column treatment was slightly more effective than the aqueous washes
for gross gamma decontamination (Table 5).

Table 5.

Solvent® decontamination factors
from aqueous wash tests
Decontamination factors
Gross gamma
Gross alphab

Wash solution

0.23 M sodium carbonate

2.0

16.5

0.23 M hydrazine carbonate

1.9

6.9

a

Equal-volume aqueous-organic equilibrations for 5 min at 25°C.
Solvent from mixer-settler tests using feed from H. B. Robinson fuel
under IMFBR fuel processing conditions.
b
239
Gross alpha,
Pu and 238 Pu.

5.4 RECYCLE OF SILICA GEL

Tests to investigate recycle of the silica gel used In the column
were conducted using a feed solvent that was 0.00147 M in U 0 2 2 + and
0.0027 M in DBP.

The solvent was passed through a column of silica gel

initially containing 0.9 mmol of lithium per gram of gel at 40°C at the
rate of 30 mL per h per cm 2 of column cross-sectional area.

The flow

of feed solvent was terminated after 198 column volumes of effluent had
been collected.

For purposes of elutlon and regeneration the column was
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drained, washed with 18 column volumes of 1.26 M HNO3 aqueous solution,
washed with 10 column volumes of water, allowed to stand for 16 h while
containing 4 column volumes of 0.5 M L10H solution, then drained a second
time, and finally dried with air.

The cycle (loading, elutlon, and

regeneration) was repeated with the regenerated column except that the 18
column volumes of 1.26 M HNO3 aqueous wash were replaced with 12 column
volumes of solvent wash containing 0.64 M HNO3.
Th4 gel column recycle tests showed that initial breakthrough of the
DBP occurreu in the first loading cycle at ">66 column volumes of effluent.
At the point where the feed input was discontinued (~199 column volumes),
the U02 Z+ breakthrough in the effluent remained at <5 ug/raL; however, the
DBP breakthrough had reached a level of ~57% of the concentration in the
feed solvent.

Approximately 100% of the uranium that had been loaded on

the column was eluted in the HNO3 and water washes.

The DBP from the

column was largely recovered in a separate 0.5 column volume of organic
phase that separated out above the HNO3 wash solution.

Approximately 51%

of the lithium initially adsorbed on the column silica gel was eluted In
the HNO3 and water washes, and approximately the same amount of lithium
was readsorbed when the column was again treated with the LiOH solution.
In the second cycle following collection of 198 column volunes of
effluent, the U02 Z + and DBP concentrations in the effluent stream had
Increased to 70 and 79%, respectively, of the concentrations initially
in the feed solvent.

The earlier breakthroughs of both the U02 Z + and

the DBP In this second cycle

probably resulted from ineffective regenera-

tion of the column between the cycles.

The UO2 2 * and the DBP loaded on

the column were essentially 100% eluted in the acidified solvent wash.
The adsorbed sodium or lithium content in each small column that
was successfully operated was <1.15 mmol/g.

Attempts to operate columns

under similar conditions, except with adsorbed sodium concentration >1.5
mmol/g, were unsuccessful because of column plugging.

The heavier UO2

DBP loading on gels with the greater sodium concentrations caused the gel
particles to mat together and eventually plug the columns (see Sect. 7).
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5.5

SUMMARY OF SMALL-COLUMN OPERATIONS

The base-treated silica gel columns effectively remove TBP degradation products and metal ions that have complexed with the degradation
products from 30% TBP—70% NPH solvents.

Indications are that these

columns can be utilized to provide greater DBP adsorption capacities if
slower feed solvent flow rates (~25 to 30 mL per h per cm 2 of column
cross-sectional area) are used.

Section 6 explains how the DBP breaks

through ln column effluents before yranium is present In the solvent as
sodium dibutyl phosphate (NaDBP) and, as such, is easily stripped from
t.Ue solvent with one equal volume of water wash.

Removal of the NaDBP

by this simple step allows the columns to be utilized to full uranium
adsorption capacity and at flow rates up to 130 mL/h'cm2.

The uranium

adsorption capacities of silica gel columns containing from 0.9 to 1.2
mmol of sodium per gram of gel are estimated to be >0.15 mmol/g.

Elutlon

>t

and regeneration of columns for recycle purposes, although showing
promise, require additional work to improve the ln-column regeneration
step.

Alternatives to the elution and regeneration steps are addressed

in Sect. 8.

The problem of column plugging encountered with the use of

highly loaded sodium gels Is discussed in more detail In Sect. 7.1.

This

problem is significantly alleviated with upflow loading.
6. BEHAVIOR OF DIBUTYL PHOSPHORIC ACID
IN THE SILICA GEL ADSORPTION SYSTEM

This phase of our study was prompted by the results reported ln
Sect. 5, which show that under conditions where U0£(DBP)x(N03)2-x Is
adsorbed on NaOH-treated silica gel from 30% TBP—70% NPH solvent, the
DBP component remains partially distributed to the solvent phase.

For

purposes of this study, it was assumed that the DBP was distributed
between the solvent, the gel water, and the gel solid phases.

It was

also assumed that a significant fraction of the DBP In the system is
present as NaDBP.
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Two types of experiments were conducted to test these Assumptions.
In the first type (Sect. 6.1), HDBP neutralization and/or adsorption
capacities of several gela were determined to evaluate relationships, if
any, between these capacities and the amounts of sodium sorbed on the
gels.

In the second type (Sect. 6.2), the distribution of NaDBP between

solvent and gel phases was investigated.

As a supplementary part of the

work, coefficients for the distribution of NaDBP between aqueous NaOH
solutions and 30% TBP—70% NPH solvents (in the absence of silica gels)
were also determined.

These distribution coefficients are reported in

Appendix A.

6.1

GEL NEUTRALIZATION AND/OR ADSORPTION CAPACITIES FOR HDBP
The neutralization and/or adsorption capacities of five of the

gels listed in Table 1 for HDBP were ''."itermined by equilibrating the
gels with 0.202 M HDBP in 30% TBP—70% NPH for 24 h at 2?°C with a gel
weight/solvent volume ratio of 0.01 g/mL.

The amounts of unneutralized

and/or unadsorbed HDBP were determined by potentiometric titration of
the decanted solvents.

The capacities of the gels (see Table 6) ranged

from 1.80 to 12.80 mmol/g.

The DBP/Na mol ratios for DBP adsorbed on

the gels ranged from 1.44 to 4.03, showing that significant fractions
of DBP were adsorbed in a form other than NaDBP.

These results notwith-

standing, a relationship appears to exist between the DBP neutralization/
adsorption capacity and the amounts of adsorbed sodium.

Although the

amounts of HDBP adsorbed on the gels without sodium treatment are known
to be small, they increase with increasing amounts of adsorbed sodium.
One explanation for this relationship is that the Na + (or 0H~) ions in
the water layer act in such a way that they enhance the transport of the
DBP" ions through the water to the solid surface of the gel without
becoming permanently adsorbed on the solid surface as NaDBP.
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Table 6. Neutralization and adsorption capacities8
of NaOH-treated silica gels for HDBP
Concentration (mmol/g)
In Initial silica gel
Na
H20
4.48
12.30
16.50
16.50
13.66

1.25
2.10
2.90
2.85
3.18

HDBP neutralization and
adsorption capacity
(mmol/g)

DBP/Na
mol ratio

1.80
6.40
7.30
8.60
12.80

1.44
3.05
2.52
3.02
4.03

a

Gels were equilibrated with 0.202 M HDBP ln 30% TBP—70% NPH
solvents at 23°C for 24 h; gel weight/solvent volume ratio • 100.

6.2

DISTRIBUTION OF NaDBP BETWEEN SOLVENT AND SILICA GEL

The distribution of NaDBP between the NaOH-treated silica gels and
the 30% TBP—-70% NPH solvent was Investigated using five of the gels
listed in Table 1 (the 12-42, 30-70, 60-120, 70-150, and 70-230 mesh
gels). Ten-milliliter volumes of 30% TBP-~70% NPH-0.308 M HDBP solvent
were equilibrated with 1-g batches of each of the gels for 24 h at 23°C.
Following the equilibrations, the solvents were decanted and analyzed for
HDBP by potentiometrlc titration and for sodium (as NaDBP) by inductively
coupled plasma (ICP) spectroscopy. The unadsorbed, unneutralized HDBP
concentrations remaining ln the solvents after equilibration ranged from
0.09 to 0.12 M, as shown in Table 7. The total adsorbed mmol of DBP plus
mmol of NaDBP in the solvent (10 mL) was greater in three of five tests
than the initial 1.6 to 2.1 mmol of sodium adsorbed per gram of gel.
These results are consistent with findings from the capacity tests
reported in Sect. 6.1. A fraction of the adsorbed DBP was again present
in a form other than NaDBP. We would not expect DBP present as HDBP to
be stripped from the solvent phase into the gel water phase since HDBP is
only sparingly soluble In water. By inference, we would expect the
non-NaDBP fraction, which is not present in the gel water phase, to be
present ln an adsorbed state on the surface of the gel solid.
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Table 7.

Equilibration 8 of 30% TBP--~70% NPH-0.357 M HDBP
solvent with NaOH-tre^ted all Lea gels

Concentration
(mmol/g) in
initial silica gel
H20
Na

Concentration (M)
in final
solvent phase
NaDBP
HDBP

Df<" adsorbed by
gel phase
(mmol/g gel)

7.00

1.93

0.12

0.13

0.97

4.35

1.62

0.09

0.18

0.87

12.30

2.10

0.11

0.09

1.08

16.50

2.01

0.068

0.07

1.71

16.50

2.04

0.107

0.08

1.23

a

Ten-milliter volumes of solvent equilibrated with 1-g batches of
gel for 24 h at 23

.The fraction of NaDBP in the solvent ptiase was determined in tests
similar to those previously discussed, except that an additional step was
included in which the solvents were decanted and subjected to an equal
volume of either water wash or strip solution following equilibration
with the gels.

The washed or stripped solvents were analyzed for sodium,

and the aqueous strip solutions were analyzed for both sodium and
phosphorus.

The pH of each aqueous strip solution was measured; results

of these measurements are shown in Table 8.

The stripping procedure

decreased the NaDBP concentrations in the solvents to approximately
0.0002 to 0.0004 M.

The variation in the aqueous/organic, A/0, stripping

coefficients for NaDBP, from 282 to 540, was probably the result of
sample cross-contamination and/or problems with analytical limits of
detection.

The coefficients were large in any event.

Small amounts of

the DBP were stripped into the aqueous phase in the form of HDBP, as is
shown by the pH of the strip solutions (2.31 to 2.85) and also by the
fact that the solutions have higher concentrations of phosphorus than of
sodium.

Table 8. Coefficients for stripping NaDBP from 30Z TBP—70Z NPB-~0.1 M
HDBP—0.1 M NaDBP solvents® with water (test series 2)
Concentration (mmol/g)
in initial silica gel
Na
H20

Concentration (M)
in stripped solvent*1
HDBP

NaDBP

Concentration (M) in
aqueous strip solution
Na+

P

HDBP

pH

Stripping
coefficient,
A/0

7.00

1.93

0.11

0.0003

0.130

0.171

0.041

2.49

464

4.35

1.62

0.07

0.0004

0.174

0.238

0.064

2.85

435

12.35

2.10

0.13

0.0004

0.113

0.148

0.035

2.37

282

16.50

2.01

0.10

0.0003

0.113

0.148

0.035

2.31

377

16.50

2.04

0.06

0.0002

0.108

0.139

0.031

2.46

540

a

The NaDBP in the solvents resulted from contacting 10-mL volumes of solvent initially
containing 0.308 M HDBP with NaOH-treated silica gels at 23°C for 24 h.
^Solvents stripped with one equal volume of water for 1-min equilibration.
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The assumptions made in Sect. 6 that the DBP (in different forms)
are distributed between the solvent, the gel water layer, and the gel
solid phases are further substantiated by the test results.

It is

additionally shown that sulvent-phase NaDBP can be effectively stripped
from the solvent by washing with water.

(

7. TESTS WITH LARGER COLUMNS
A series of tests using larger columns was undertaken to demonstrate
the scale-up potential of the system and to examine the possibility of
using fluldlzed beds of base-treated silica gel for solvent cleanup.
Pressurized upflow was used to further study the backpressure problem
encountered with highly loaded packed beds In the smaller-column tests.
Fluidlzed beds were not included in the small-column tests because of
the difficulties involved in their operation.
Two glass columns (2.5 and 7.5 cm long, 1 and 3 In. in diameter)
were used for the fluldlzed bed and a few larger-scale packed-bed
studies.

Each column was jacketed over about half of its length for

temperature control.

In additional tests, the columns were operated at

c

~45 C, a temperature found to give superior results in packed-bed tests.
This is also the anticipated ambient temperature in an operating hot
cell. The 2.5-cm-dlam column used ~40 g of 60-200 mesh lithium-loaded
silica gel (untreated silica gel, grade 62, from Davison Chemical
Company, Baltimore, Md.) in fluidized-bed tests. Up to 80 g of the
sodium-loaded 12-42 mesh silica gel [2.1 omol/g of Na (dry weight)]
described earlier in this report was used in each of the packed-bed
tests. The ~7.5-cm-dlam column used 500 to 800 g of lithium-treated
60-200 mesh silica gel in fluldized-bed tests and ~1 kg of sodiumtreated 12-42 mesh silica gel In packed-bed tests.
Figure 5 shows the complete test system (7.5-cm-dlam column),
Including the pump (Fluid Metering, Inc., Oyster Bay, N.Y.) and a water
scrubber. The water scrubber was intended to trap any silica gel eluted
from the fluldlzed beds, as well as any small droplets of lithium or
sodium solution that might be released from the bed. It was later
realized that a water scrubber was desirable to remove dissolved NaDBP
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from the solvent. The water scrubber used In these tests, although
adequate for its intended purpose, did not give sufficient contact to
completely remove the NaDBP.
Each run was started by recirculating the clean organic phase
through the column and water scrubber for ~2 h. During this period
the flow rate was ~25% greater than that to be used, In the case of the
fluidlzed-bed tests, or about equal to that expected to be used, in the
case of the packed-bed tests. This treatment served to elute any fine
silica gel (In the fluidized-bed tests) and also to prehydrate the bed.
Following the pretreatment period, the feed was switched to the
contaminated feed and the effluent was sampled periodically until a
visible breakthrough of uranium was observed. These samples were then
submitted to the ORNL Analytical Chemistry Division.

In some cases, a

portion of the sample was contacted with uranyl nitrate solution followed
by two water scrubs to investigate the possibility that HDBP or the
sodium or lithium salts of HDBP were breaking through before uranium was
lost from the column. The importance of water In the organic and on the
surface of the silica gel was assessed by using dry solvent and by
passing initially moist solvent through the molecular sieve before it
entered the silica gel column. In a few tests, the bed was regenerated
by elutlng with 1 to 8 M HNO3, draining, washing with water, and
retreating with LiOH or NaOH solution. The L10H treatment to prepare
the gels was similar to the NaOH treatment reported in Sect. 2.
The amount of sodium or lithium adsorbed on a sample of silica gel
was determined by soaking a weighed quantity of silica gel overnight In
HC1 solution and back-titrating the HC1 with NaOH solution.

7.1 ADSORPTION OF LiOH ON SILICA GEL
Several considerations led us to believe that silica gel treated
with LiOH might be superior to that treated with NaOH since lithium
silicate Is reported to have a low solubility in LiOH. Thus, the loading
step could be undertaken with minimal dissolution of the silica gel, and
regeneration of the silica gel by many additional LiOH treatments could
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greatly extend the life of the bed.

In actual practice, however, the

silica gel was found to exhibit similar behavior ln the two bases; no
practical benefit was realized by using L10H. The initial loading
procedure was to soak the silica gel in a 0.5 to 1.5 M L10H solution
for 2 to A h, followed by vacuum filtration and air-drying.
7.2 RESULTS OF COLUMN TESTS
The results of the larger-column tests were ln good agreement-with
those obtained from tests ln the smaller columns. The quantity of uranium
that can be loaded from a solvent containing U-DBP before a breakthrough
of 10% of the feed concentration was found to be essentially Independent
of the U-DBP concentration in the feed. In packed-bed tests using 12-42
mesh sodium-treated silica gel containing ~2 mmol sodium per gram of gel,
the amount of uranium loaded at ~10% of feed breakthrough of uranium was
~0.1 mmol per gram of gel with feed concentrations of both 0.015 and
0.0012 M U-DBP. The 2.54-cm-dlam column was used in these tests with a
n

feed rate of

mL per min per cm* of bed cross-sectional area in each

case. This result implies that the reaction is not reversible and that
the reaction rate is first order with respect to U-DBP concentration.
The backpressure observed in the smaller columns resulted from
bridging between the particles at heavy loadings, thus restricting the
flow channels. Using 80 g of 12-42 mesh silica gel that had an initial
sodium concentration of ~2 mmol/g, the backpressure in a 2.5-cm-diam
column at column saturation with a 0.0012 hi U-DBP solution was ~143 kPa
(6 pslg) for the 30.5-cm (1-ft) column length at a solvent flow of 0.9
mL per min per cm2 of bed cross-sectional area. Although this backpressure posed no problems in operation with pressurized upflow, a
similar pressure in the smaller gravity-driven, downflow columns would
cause termination of a run. The backpressure for a similar column
packed with 30-70 mesh Bodlum-treated silica gel was more than three
times as high at bed saturation. This pressure would probably be
undesirable and, therefore,

would

dictate the use of the larger-size
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silica gel for packed columns. The precipitated material was completely
removed from the columns after each of these tests by draining the
solvent, contacting with ~6 M HNO3, and washing with water.
The presence of an aqueous layer on the surface of the silica gel
1b vital to Its operation. This conclusion was drawn from the results
obtained In two tests: one In which dry solvent containing U-DBP was
passed through a column, and one In which moist solvent containing U-DBP
was dried via molecular sieve before entering the silica gel column. In
each case, the uranium failed to load onto the silica gel. This behavior
is consistent with the proposed mechanism for the operation of basetreated silica gel columns in which the sorbing species first transfers
to the aqueous layer and then either adsorbs on the silica gel or undergoes hydrolysis by base In the aqueous layer.
Regeneration of the 60-200 mesh silica gel (initial lithium
concentration, 2.1 mnol/g) used In fluidlzed-bed tests was accomplished
by eluting with 1 M HNO3, washing with water, and then recirculating 1 L
of 1 M LIOH through the bed for ~2 h at ~22°C. This procedure was
successful for two regenerations. Reloading from "<0.015 M U-DBP gave
~0.3 mmol of uranium per g of gel at ~10% of feed breakthrough in each
case. After three regenerations, the size of the particles had decreased
sufficiently to make elutriatlon from the fluldized bed a problem. An
attempt to regenerate at 45°C (the temperature likely to be used in the
reprocessing plant) caused excessive dissolution of the silica gel.
Regeneration would probably require that the column be cooled in order to
minimize such dissolution.
Although up to 4 mmol/g of lithium can be loaded onto the 60-200
mesh silica gel, the quantity of U-DBP that was loaded before substantial
breakthrough occurred in short-term (~l-h) fluidlzed-bed tests was
limited to ~0.3 mmol/g. In longer-term equilibrium tests where the gel
had been soaked for 24 h in solvent containing an excess of U-DBP before
use, the uranium capacity was one-fourth that of lithium. This result Is
in agreement with the previously discussed results obtained with sodiumloaded silica gel. Table 9 gives the loading data for the equilibrium
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8. THERMAL TREATMENT OF SILICA GELS TO DECOMPOSE
AND/OR VOLATILIZE ADSORBATES
Thermal treatment of sillcf gel to decompose and/or volatilize
adsorbates such as NaNOa, NaDBP, U02(N03)2, and U022+-DBP-N03~ was
Investigated. The results, which are based on exploratory tests, are
of particular Interest since thermal treatment offers to be a promising
alternative gel recycle method. Gel recycle by the elutlon method
involves converting the silica-gel column bed, first, from an organic
to an aqueous medium for the elutlon, then from an acidic to a basic
medium for retreatment purposes, and, finally, back to an organic medium
for reloading purposes, with appropriate wash treatments between eich
step. The multiplicity of steps will almost certainly be a deterrent to
the use of the base-treated silica gel if this method Is required for gel
regeneration. The thermal method reported In this section Is the most
promising of several alternative approaches for improving gel recycle.
The tests to volatilize and/or decompose nitrates and organic
phosphates from loaded gel samples were conducted using NaOH-treated
12-42 mesh silica gel (grade 35, W. R. Grace Company) containing 2.10
mmol of sodium per gram of gel (dry weight). Four 302 TBP—~70% NPH feed
solvents containing 0.545 M HNO3, 0.200 M HDBP, and either 0.0148 M
U022+-0.029 M NO3- or 0.002 M U022+-0.065 M DBP-0.002 M NO3- were used.
Each of these solvents was contacted with individual batches of the gel
at 40°C for 24 h, after which they were decanted and sampled. A gel
weight/solvent volume ratio of 0.1 g/mL was used. The samples were
analyzed for H4", NO3-, HDBP, DBP, and/or U0 2 2+ , depending on which feed
solvent was used. The gels were washed with hexane and dried In air;
then samples of each gel were subjected to thermogravimetrlc analysis.
The major portion of each hexane-washed and air-dried gel was subsequently heated at 500°C for 24 h in air, rehumidlfied over a 60°C water
bath for 24 h, and air-dried. A small portion (~0.5 g) of each gel,
both before and after the heat-treatment, was stirred with 10 mL of
water, and the pH of the water was measured in each case. To continue
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the experiment, the same four feed solvents were again contacted with the
same gels under similar conditions except with a gel weight/solvent
volume ratio of 0.05 g/mL.

The solvents were decanted, sampled, and

analyzed, as before.
The thermogravimetrlc results for the gels that had been loaded with
various adsorbates, washed with hexane, and air-dried are summarized in
Fig. 7.

The weight losses for each of the gels in the temperature range

from ~40 to ~200°C are primarily attributed to loss of water.

The weight

losses in the 350 to 410°C range may have resulted, at least partially,
from the decomposition of NaN03.

The only samples that had significant

weight losses at temperatures >410°C were the two samples containing DBP,
and these weight losses were completed at temperatures <480°C.

Apparently,

there was a small amount of decomposition of UO3 to UO2 between 700 and
750°C.

Essentially all of the weight loss below 800°C in each of the

samples occurred at a temperature below 500°C.
Table 11 shows the effects of heating at 500°C on the adsorptive
properties of the gels previously loaded with various adsorbates.

For

the purposes of these exploratory tests, the additional amounts of NO3 adsorbed and/or neutralized by the gels after heating were not significantly different from the initial amounts adsorbed.

The additional

amounts of DBP adsorbed and/or neutralized by heated gels decreased from
1.71 to 0.68 mmol/g.

Measured pH values of adsorbate-loaded gel samples

stirred in water were lower than the pH of nonloaded gel (i.e., 10.4).
Heating these loaded gels at 500°C Increased the measured pH values to
>10.2 (Table 11), except in the case of the DBP-loaded gel where the
increase was only to 9.6.

Data for loading, heat-treating, and reloading

with the solvent containing U02 2+ , DBP, and NO3- are included in the
table, even though the quantities of contaminant in the organic phase
were insufficient for complete loading of the silica gel.

These data

demonstrate that low loadings did not seriously damage the silica gel and
that the pH recovered to nearly the Initial value after rehumidification;
however, they do not show the extent to which recovery of capacity Is
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Table 11.

Feed solvent8

Effect of heating at 500°C on gel adsorption properties

Gel adsorption before
heating (mmol/g)
N03DBP
U0 2 2+

1.800

0.545 M HI
0.200 M HDBP
0.0148 M U0 z 2 + ~

Additional gel adsorption
after heating^ (mmol/g)
uo 2 2+
DBP
NO3-

1.470

0.680

1.710

0.116

0.285

0.100

0.020

0.020

Gel water suspension0
pH
pH
before
after
heating
heating

3.8

10.3

6.8

9.6

0.512

8.2

10.2

0.029

9.4

10.3

0.0290 M NO 3"

0.002 M U0 2 2+ 0.0065 M DBP—

0.016

0.025

0.010

0.002 M NO3a

Feed solvent contacted with gel at 40°C for 24 h; gel weight/solvent volume ratio =0.1 g/mL.
^Gel reloaded after being heated at 500°C for 24 h in air and rehumidified; gel weight/solvent
volume ratio « 0.05 g/mL.
c
0.5 g of gel suspended in 10 mL of water; initial pH of gel before loading was 1037.
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possible when metal Ions are present.

Therefore, additional studies of

the regeneration of silica gel loaded with metal-Ion contaminants are
necessary.
The results obtained from these exploratory tests indicate that the
thermal treatment at least partially decomposed and/or volatilized the
nitrates and organics adsorbed on the gels.

If Na20 and NaPOa were

formed by thermal decomposition, these compounds would be expected to
react during the humidiflcation stop to form NaOH and Na2H2P20'7.

Both

of the NaOH and Na2H2P20y products adsorbed on the surface of the silica
gel would contribute to the return of the basic properties of gel.

The

humldification step also returned the silica gel surface to the hydroxylated state.

Ideally, the thermal treatment method would simplify the gel

recycle procedure (over that used in Sects. 5 and 7) by eliminating some
of the steps, generating no liquid waste streams, causing no dissolution
of the SIO2, and resulting in only minimal losses of sodium^(as NaDBP to
the solvent).
Aspects of the method which need further investigation include
determination of the effects of (1) repeated heating cycles on gel
adsorption properties, (2) variations in the heating schedule,
(3) various gaseous atmospheres during heating, and (4) humldification
of the heated gels with wet solvent (30% TBP—^70% NPH) instead of moist
air.

Storage of gels as waste after calcination at 1000 to 1500°C

appears to be a promising alternative to recycle of the gels, although
this method also requires further investigation.

9.

ESTIMATED PROCESS REQUIREMENTS

Estimates of the silica gel column requirements for cleanup of the
solvent from a 0.5-t/d fuel recycle plant have assumed that 13,500 L of
solvent containing a total of 4.05 mol each of metal ion, DBP, and HNO3
will be processed each day.

These concentrations are those estimated for

solvent used in processing breeder fuels in centrifugal contactors.

It

was further assumed that the column would be operated between 25 and 40°C,
that 12-42 mesh silica gel containing from 1 Co 1.5 anol/g (wet weight)
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of adsorbed sodium would be used, and t-hat the column would be loaded
upflow.

Conservative values for flow rate <50 mVh'cm 2 ) and gel capacity

(0.136 nnol/g IK>22+) were used to prepare the estimates listed In Table 12.
According to these estimates, a 1.2-m-dlam, 2.0-m-long column containing
2000 kg of silica gel would be sufficient to process the solvent from a
0.5-t/d fuel recycle plant for 67 d.

This estimate is based on the opera-

tion of columns in series such that each column would be loaded to 100%
U02 2 + (or other cation equivalent) effluent breakthrough capacity with an
auxiliary process step to strip out any NaDBP breakthrough from the
solvent.

The 2000 kg of silica gel would not necessarily be discarded

after the column Is saturated because of the various possibilities for
its recycle.

Table 12. Estimates of solvent cleanup operation
requirements for the 0.5-t/d fuel recycle process

Solvent volume, L/d

13,500

DBP feed rate, mol/d

4.05

Metal ion feed rate, mol/
- U02 2+ , Pui4+, etc.

4.05

HNO3 feed rate, mol/d

4.05

Flow rate, L/h
Silica gel for 67-d column
loading, kg

526.5
2000

Column size, m (diameter x height)

1.2 x 2.0

The initial amount of sodium ln the 2000-kg column would be expected
to vary from 46 to 69 kg.

As conservatively estimated, the column would

clean up the solvent involved in reprocessing ~33 t of fuel; thus, 1.39
to 2.09 kg of sodium would be required per t of fuel.

Wash methods with

sodium carbonate require up to ten times more sodium (as Na 2 C03) per ton
of fuel reprocessed.

The wash methods do not fully utilize the sodium
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present since any attempt to do so would effect the precipitation of
uranium or other metal lonB.

Sodium is almost completely utilized in

the NaOH-treated gel columns; thus, precipitation Is not a problem.

10.

SUMMARY

From the results obtained in this study, we can draw the following
conclusions:
1.

Silica gels suitable for cleanup of 30% TBP—'70% NPH solvents can
be prepared by soaking 12—42 mesh gels in volumeu of 1.0 H NaOH
solution to provide a 100% excess of sodium over the amount adsorbed
on the gel surfaces.

A similar treatment with L10H was used in a

few tests, and the resulting silica gels performed in a manner
similar to those treated with NaOH (see Sect. 2).
2.

The adsorption of uranium on NaOH-treated gels from 30% TBP—70%
NPH solvents containing U02(N03)2 or UO2Z+-DBP-N03" species is
similar in several respects to the adsorption of U0 2(N03)2 on
silica gel from aqueous media.

3.

Uranyl adsorption appears to involve the formation of a tightly
adhering localized precipitate of sodium diuranate on the gel
surface.

The molar neutralization/adsorption capacity of the gels

for HNO3 (or NO3 - ) Is equal to the mol of adsorbed sodium present
on the gel surfaces (see Sect. 3).
4.

Temperature has relatively little effect on the rate at which
U02 2+ , U022+-DBP-N03~, HDBP, or HNO3 is adsorbed on NaOH-treated
silica gels from 30% TBF-~70% NPH solvents (see Sect. 4).

5.

Silica gel columns are as effective as wash methods for cleanup
of 30% TBP—70% NPH solvents (both unirradiated and irradiated).
An elutlon regeneration-recycle procedure for the columns shows
promise but needs additional study.

6.

Sodium hydroxide—treated gels appear to adsorb DBP partly by
normal solid surface adsorption and partly as NaDBP in gel water
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layers, from which the NaDBP may be distributed to 30% TBP--~70%
NPH solvent.

The NaDBP can be stripped from the solvent with an

equal-volume water wash.
7.

The data from larger-column tests are in complete agreement with
the results frotr smaller-column tests, indicating that scale-up
of the silica gel sorption process would not be difficult.

8.

In exploratory tests, both the elution and the regeneration
steps were replaced by heating the gels at 500°C to decompose
and/or vaporize the adsorbed nitrates and organlcs.

This gel

recycle method Is promising but requlree further study.
9.

It is estimated that a 1.2-m-dlam, 2.0-m-long column containing
2000 kg of NaOH-treated nilica gel cculd be used to clean up the
solvent from a 0.5-t/d fuel recycle plant for 67 d.

The amounts

of sodium (as NaOH) required per metric ton of fuel reprocessed
are up to ten times less than those required for Na2CC>3 wash
methods (see Sect. 9).

40

11.
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Appendix A: DISTRIBUTION OF NaDBP BETWEEN
SOLVENT AND AQUEOUS NaOH SOLUTIONS
The purpose of this appendix Is to report coefficients for the
distribution of NaDBP between aqueous NaOH solutions and 30% TBP—~70%
NPH solvent.

The experimental methods employed to obtain the data

required to calculate the coefficients are described.

In addition,

the coefficients are listed in tabular form, and an expression relating
the coefficients to the aqueous-phase sodium ion activity is included.
Experiments to determine coefficients for the distribution of NaDBP
between aqueous NaOH solutions and 30% TBP—70% NPH solvent (in the
absence of gels) were conducted by equilibrating 2-mL volumes of aqueous
1.8 to 18.i M NaOH solutions with 200-mL volumes of 30% TBP—70% NPH
solvent containing 0.0032, 0.0052, or 0.0077 M HDBP for 24 h at 23°C.
After equilibration, the phases were separated and sampled; then the
aqueous-phase volumes were measured.

The latter were increased over the

initial 2-mL volumes due to extraction of water from the solvent phaae
and ranged from 2.3 to 3.0 mL, depending on the NaOH concentration.
organic-phase samples were filtered and analyzed for sodium.

The

A 175-mL

aliquot of each organic phase was equilibrated with 50 mL of doubledlstllled water for 24 h at 23°C.
sampled.

The phases were then separated and

Both the organic-phase and the aqueous-phase samples were

filtered and analyzed for sodium; the aqueous-phase samples were also
analyzed for phosphorus.

Aqueous-phase allquots (20 mL) were separated,

evaporated to dryness by heating for 24 h at 120°C, cooled at 23°C, and
weighed.
The 50-mL water samples had an average sodium/phosphorus mol ratio
of 1 after equilibration with the 175-mL organic-phaBe aliquots, as
would be expected If the species stripped from the solvent were NaDBP.
The presence of the sodium and phosphorus as NaDBP, first in the solvent
and second In the aqueous strip solution, is additionally shown by the
residual weights recovered from evaporation of the strip solutions.

The
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weight of solids recovered per nmol of sodium originally in an organic
phase ranged from 214.3 to 247.0 mg; the average, 234.6, is very close
to the molecular weight (232) oJ' NaDBP.
Table A.l shows the equilibrium concentrations of NaOH in the
aqueous phase and those of NaDBP in both phases based on sodium and
phosphorus analyses.

As seen In the table, the NaDBP A/0 distribution

coefficient increased from 0.0017 to 0.13 as the equilibrium aqueous
NaOH concentration increased from 1.59 to 10.22.

If the extracted

species is the neutral sodium salt, the reactions In the aqueous phase
can be written as
Na + + DBP-

NaDBP(a) ,

(A.l)

and in the extraction as

NaDBP(a)

NaDBP(o) ,

(A.2)

where the ions are in the aqueous phase and the (a) and the (o)
designate aqueouu and organic phises, respectively.

It is assumed that

the major species in the aqueous phase are the ions and that the NaDBP(a)
concentration is small relative to the concentration of DBP~.

At the

higher NaOH concentrations, the activity coefficients are not constant;
therefore, activities19 rather than concentrations for Na + must be used.
The equilibrium constant for Eq. (A.l) is

[NaDBP]y v
K -

.

(A.3)

a Na+ [DBP-]

The distribution of the NaDBP between the aqueous and organic phases can
be written as:

M

-

iNaDBP], .
<°> .
INaDBPL N
vaj

(A.4)
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Table A.l. Distribution of NaDBP between aqueous NaOH
solutions and 30% TBP—70% NPH solvent at 23°Ca

Aqueous-phase
NaOH

Concentration CM)
b
Aqueous-phase
Na
NaDBP

Organic-phase
NaDBP

NaDBP
distribution
coefficient,
0/A

0.243

0.0004c

3.77

1.11
3.32

0.113

0.0019

0.0017
0.017

7.38

15.0

0.064

0.0024

0.040

10.36

49.7

0.037

0.0027

0.067

NDd

3.0008e

1.59

12.49
1.53

1.07

0.342

0.0013f

0.0038

3.72

3.24

0.195

0.0028

0.015
0.052

7.26

14.3

0.082

0.0042

10.21

46.5

0.056

0.0048

d

12.31

0.096
e

ND

0.0040

1.57

1.10

0.617

0.00068

0.0010

1.57

1.10

0.591

0.0009

0.0015

3.71

3.23

0.516

0.0015

0.0029

3.71

3.23

0.391

0.0030

0.0077

7.10

13.3

0.160

0.0057

0.0360

7.10

13.3

0.118

0.0508

10.22

47.0

0.052

0.0061
0.0070

10.22

d

ND

12.15

ND

0.0039
0.0044e

12.15

NDd

0.0050®

a

d

Pha8e at equilibrium after equilibration for 24 h;
organic/aqueous volume ratio - 100.
^Activity of sodium ion, as obtained from ref. 19.
c
0rganlc-phase HDBP concentration before extraction
d
Not determined.
e
Precipltate formed.
^Organic-phase HDBP concentration before extraction
SOrganic-phase HDBP concentration before extraction

0.1300

initial

- 0.0032 M.

* 0.0052 M.
- 0.0077 M.
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Combining Eqs. (A.3) and (A.4) gives:

[NaDBP]/ v
K -

.

(A.5)

M-a Na+ [DBP-]

Using the assumptions presented earlier, the overall distribution of DBP
(both as the NaDBP compound and as the Ion) is given, approximately, by

[NaDBPJ,,
D

.

.

(A.6)

[DBP-]

Substituting this into Eq. (A.5) and rearranging gives

D - KMaNfl+ .

(A.7)

Thus, the overall distribution of the DBP should be proportional to the
activity of the sodium ion.

The data of Table A.l (excluding the data

for samples where precipitation occurred) are shown in Fig. A.l as a
log-log plot to help spread out the data at low NaOH concentrations.

A

reasonable linear fit is seen; the equation of the line is
D - 2.157 x 1CT3

with a correlation coefficient of 0.85.

,

(A.8)
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DWG

64-164

NaOH ACTIVITY ( M )
Fig. A.1. Dibutyl phosphate distribution coefficient as a function
of NaOH activity in 30% TBP-~70% NPH-aqueous NaOH system.
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