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Abstract: The inorganic phase, Na0.2Mo0.03W0.97O3
. ZH2O (MoHTB), which has been

previously shown to be selective for Csþ and Sr2þ from acidic radwaste simulants

(0.075 mmol . L21, 1.0 M HNO3), has been granulated with polyacrylonitrile (PAN) to

afford a composite adsorbent suitable for deployment in small scale, fixed-bed columns.

The uptake of Csþ and Sr2þ by the MoHTB-PAN composites from such an acidic

radwaste simulant is optimal for granular material of mesh size ,0.3 mm but satisfactory

uptake rates are also observed with material of mesh size 0.3–0.63 mm. The fixed-bed

column adsorption of Csþ and Sr2þ from acidic radwaste simulant affords breakthrough

curves which are of a typical ‘S’ shape profile but desorption of adsorbed Sr2þ by Csþ

in the radwaste simulant occurs after the composite column achieves equilibrium with

respect to Sr2þ. A simplified model of the adsorption of Csþ and Sr2þ by the MoHTB-

PAN composite fixed-bed column has been applied to these initial results and has been

shown to have utility in describing the performance of the fixed-bed column setup at

the equimolar concentrations of Csþ and Sr2þ employed.
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INTRODUCTION

In recent years there has been a considerable effort directed toward the devel-

opment of inorganic ion-exchange materials for the removal of aqueous metal

cations in a range of applications (1). One of the major drivers for these inves-

tigations has been the fact that such ion-exchangers generally display superior

selectivity for given aqueous metal cations over that of the more traditional

organic-based ion-exchange resins, even in the presence of high concen-

trations of competing cations viz. Naþ, Kþ, H3Oþ. Furthermore, where the

remediation of radioactive waste (‘radwaste’) streams are the targeted

application, inorganic ion-exchangers generally display superior radiation

stability.

Given these potential advantages, it not surprising that numerous

researchers have focused on the development of inorganic ion-exchangers

for the selective removal (pretreatment) of both 137Cs and 90Sr from

alkaline and acidic radwaste, as these two radionuclides account for the

majority of activity in older (.4 y) waste streams from reprocessing and
99Mo production facilities. Such pretreatment can potentially concentrate

the majority of the activity onto a relatively small volume of sorbent, aiding

in the management and costs associated with such wastes (2). The considerable

effort required to develop materials with this prerequisite selectivity for 137Cs

and 90Sr is exemplified by the crystalline silico-titanate (CST) ion-exchanger

(commercial name—UOP IONSIV IE-910 [powder] and 2911 [granular

form], UOP, Inc. Des Plains, IL.) which has proven utility in the pretreatment

of highly alkaline solutions containing molar quantities of competing cations

eg. Naþ (3–6). However, to date, there have been no reports of a granular

inorganic ion-exchanger which displays good selectivity for both 137Cs and
90Sr in highly acidic solutions. Commonly, materials which display selectivity

for Csþ in acidic solutions do not display selectivity for Sr2þ, and vice versa.

Recent investigations by our group on the possible pretreatment of acidic

radwaste resulting from the Brookhaven alumina-nitric acid separation of
99Mo using the microporous tungstate phase, Na0.2Mo0.03W0.97O3

. ZH2O

(MoHTB), have shown that this inorganic phase displays promising selectivity

for both Csþ and Sr2þ from acidic (1.0 M HNO3) radwaste simulants (7, 8).

Although this adsorbent may hold some utility for the pretreatment of this

waste, or that arising from future advanced nuclear fuel cycles, the microcrystal-

line nature of the material precludes its direct deployment in fixed-bed column

separations. This issue is common to many inorganic ion-exchangers and has

been in part overcome for several of these materials through granulation with

polyacrylonitrile (PAN) (9).

Herein we wish to report on the granulation of the MoHTB phase with poly-

acrylonitrile and the basic adsorption performance of the composite adsorbent

for removal of Csþ and Sr2þ from acidic radwaste simulants. Initial investi-

gations of the fixed-bed column performance of this material with similar

radwaste simulant clearly indicates the potential of the composite adsorbent
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in addressing the removal of 137Cs and 90Sr from selected acidic radwaste

streams.

EXPERIMENTAL

Standard laboratory grade (.99% purity) Cs(NO3) and Sr(NO3)2 from

Sigma Aldrich and concentrated HNO3 from Ajax Chemicals were

employed for the preparation of stock solutions. The inorganic adsorbent,

Na0.2Mo0.03W0.97O3
. ZH2O (MoHTB), was synthesized as described pre-

viously (10–12). The composite adsorbent, ammonium molybdophosphate/
polyacrylonitrile (AMP-PAN-85—85.7% w/w, 0.5–1.0 mm bead size), was

supplied by the Czech Technical University in Prague.

Micrographs of the MoHTB-PAN composite adsorbents were obtained

using a JEOL 6400 m scanning electron microscope operating at 15 kV, on

carbon-coated, sectioned samples mounted on a graphite block. Elemental

analysis of cation-containing acidic solutions was performed on a Perkin Elmer

Elan 6100 Inductively Coupled Plasma Mass Spectrometer (ICPMS). Surface

area measurements were collected on a Micrometrics ASAP 2010 porosimeter.

Synthesis of Na0.3Mo0.03W0.97O3
. ZH2O/polyacrylonitrile

(MoHTB-PAN)

The MoHTB-PAN-x composite adsorbents (x ¼ 80% w/w) were synthesized

by coagulation of a mixture of PAN and MoHTB adsorbent in dimethyl sul-

phoxide, in an aqueous bath in the manner outlined previously for the

synthesis of other PAN-based composite adsorbents (13, 14). The resultant

granular materials were wet-sieved into the size fractions .0.8, 0.63–0.80,

0.30–0.63 and ,0.3 mm (MoHTB-PAN-80-A, -B, -C, and -D, respectively).

The percentage weight loading of the inorganic adsorbent was determined by

thermogravimetric analysis and monitoring the weight loss on thermal

decomposition of the PAN matrix. Beads were stored in the absence of light

and at ambient temperature.

Static Batch Contact Ion-Exchange

The simple ion-exchange behavior of the MoHTB-PAN-80 composite adsor-

bents was investigated using the batch contact method. Typically, composite

adsorbent beads (230 mg) and radwaste simulant solution (20 mL, ca.

0.075 mM Csþ/Sr2þ in 1 M HNO3) were contacted at 25 + 18C, with

agitation (platform shaker), for between 5 and 480 min. (kinetic experiments)

or 1440 min. (equilibrium experiments). A V (mL): m (g) ratio of 100 mL . g21

was engineered into all experiments to allow meaningful comparison of Csþ

and Sr2þ extraction levels. After the specified contact time, the supernatant

was removed, syringe filtered (0.45mm), and the metal cation concentrations
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analyzed by ICPMS. Determination of the metal cation concentrations before

and after contact with the composite adsorbent allowed calculation of the

extraction level via the formula

%extraction ¼
ðCi � Cf Þ

Ci

� 100 ð1Þ

where Ci and Cf are the initial and final cation concentrations, respectively.

The concentrations of Csþ and Sr2þ employed in these investigations

(0.075 mM) are indicative of the concentrations of 137Cs and 90Sr present in

the older acidic waste from 99Mo production at the Australian Nuclear

Science and Technology Organisation (ANSTO) site.

Fixed-Bed Column Performance Evaluation

Composite adsorbent columns of ca. 0.8 ml bed volume (BV; 0.5 [internal

diameter] � 4.0 cm) were utilized to determine the dynamic capacities and

kinetics of Csþ and Sr2þ removal from radwaste simulant solutions (ca.

0.075 mM Csþ/Sr2þ in 1.0 M HNO3). Columns were constructed of a

stainless steel (L316C—low carbon) body, fitted with stainless steel

(L316C—low carbon) Swagelock hose reducer adapters at the inlet and outlet

of the column. Stainless steel (L316) mesh (50mm) inserts were fixed inside

the inlet and outlet adapters to support the bed of composite adsorbent. The

mass of composite adsorbent employed in each test was measured externally.

Columns were loaded with dry adsorbent using careful and intermittent

agitation to ensure uniform packing throughout the column. Once connected

to the experimental setup, which had already been flushed with Millipore

water to exclude air, Millipore water was then pumped through the column

(200 mL, 20 mL . min21) by a precalibrated, Masterflex peristaltic pump to

exclude air from the adsorbent bed. The composite adsorbent columns were

then conditioned with 1.0 M HNO3 (50 mL, 1.0 mL . min21) before the

column feed line was switched to the simulant solution and pumped through

the column at a flow rate of 30 BV . h21. To ensure consistent flow rates

during each experiment, calibration of the peristaltic pump was conducted

before and after each test. Column eluant was collected by a fraction

collector (Eldex universal fraction collector, Eldex Corporation, USA) and

the concentration of Csþ and Sr2þ in given fractions determined by ICPMS.

RESULTS AND DISCUSSION

MoHTB-PAN–80 Composite Adsorbents

The SEM micrographs of the cross-sections of the granular MoHTB-PAN-80-

C (0.3 , x , 0.63 mm) composite adsorbent prepared by the coagulation of a

mixture of MoHTB and PAN in an aqueous bath are shown in Fig. 1a. The

C. S. Griffith et al.1784
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internal structure displayed by this bead size fraction is also indicative of those

of the other bead size fractions produced by this method. The micrographs

highlight that the macroporous internal structure observed for the MoHTB-

PAN-80 composites is comparable to that of AMP-PAN-85 (Fig. 1b) with

interconnecting pores radiating outwards from the center of the beads. The

N2 adsorption data presented in Table 1 further highlight the open structure

of the MoHTB-PAN-80 and AMP/PAN-85 composites with between 31–

36 m2 . g21 of surface area (excluding microporosity) measured for each of

the size fractions. The pore size distribution of the MoHTB-PAN-80-D

(,0.3 mm) composite as determined from the N2 adsorption data is given

in Fig. 2 along with the N2 adsorption and desorption isotherm plot. This

Figure 1. SEM (secondary electron) micrographs of the cross-section of (a) MoHTB-

PAN-80-C (0.3–0.63 mm) composite adsorbent; and (b) AMP-PAN-85 (0.5–1.0 mm)

composite adsorbent.

Table 1. Various physical properties of MoHTB-PAN and AMP-PAN-85 composite

adsorbents

MoHTB/PAN composites (mm)

AMP/PAN

0.5–1.0 mm

80%

.0.8

80%

0.63–0.8

80%

0.3–0.63

80%

,0.3

Surface area

total (m2 . g21)

132 37.5 39.8 41.1 41.8

Surface area

(ex. micro.)

(m2 . g21)

31.6 34.0 35.5 36.3 36.8

Density

(g . mL21)

0.614 0.269 0.272 0.279 0.334
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data is indicative of the remaining size fractions of the MoHTB-PAN-80

composite. The distribution data show that the composite matrix contains a

very small fraction of mesoporosity with a narrow pore diameter range of

between 3.5–4.5 nm; however, a majority of the porosity of the composite

is defined as macroporous consisting of a relatively broad distribution of

pore sizes between 20–100 nm.

In order to determine the most appropriate form of the composite

adsorbent for fixed-bed column separations and determine the effect that

bead size has on the uptake of Csþ and Sr2þ from acidic solution as a

function of time, the kinetic profiles for the adsorption of Csþ (Fig. 3) and

Sr2þ (Fig. 4) were determined for each of the MoHTB-PAN-80 composites.

Figure 2. Pore size distribution of MoHTB-PAN-80-D (,0.3 mm) (left) as deter-

mined by N2 adsorption/desorption isotherms (right).

Figure 3. Time dependent Csþ sorption profiles for MoHTB-PAN-80 and AMP-

PAN-85 composite adsorbents with radwaste simulant (ca. 0.075 mmol . L21 Csþ

and Sr2þ in 1.0 M HNO3; V/m ¼ 100 ml . g21). Legend: .0.8 mm (A); 0.63–

0.8 mm (S); 0.3–0.63 mm (þ ); ,0.3 mm (B); AMP-PAN-85 (†) and powdered

MoHTB (W).

C. S. Griffith et al.1786
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The kinetic profile for Csþ uptake by AMP-PAN-85 was also determined

in parallel for comparison against the MoHTB-PAN-80 composites. The

MoHTB-PAN-80-D composite (,0.3 mm) displays the fastest uptake of Csþ

and is comparable with the uptake displayed by the parent MoHTB sorbent

(W). The next largest size fraction, MoHTB-PAN-80-C (0.3–0.63 mm), sorbs

ca. 15% and 5% less Csþ at 5 and 10 min. contact, respectively. However,

maximum uptake of Csþ is still observed at 30 min. contact. Both the

MoHTB-PAN-80-B (0.63–0.8 mm) and MoHTB-PAN-80-A (.0.8 mm)

display similar uptake profiles but only attain maximum uptake of Csþ after

60 min. contact. Importantly, the extensively investigated AMP-PAN-85

composite displays slower uptake of Csþ than all of the MoHTB-PAN-80 com-

posites, only reaching maximum uptake after 100 min. contact. However, this

may be attributed to the fact that the material had been air-dried after coagu-

lation, and optimum uptake for this material is known to occur only with

beads that remain wet after coagulation (15).

In a similar fashion to the uptake of Csþ, the MoHTB-PAN-80-D

composite displays the fastest uptake of Sr2þ, reaching maximum uptake at

ca. 60 min. contact (Fig. 4). The rate of Sr2þ uptake, in comparison to that

of Csþ, is considerably slower for this material and this property has been

reported previously (7, 8). The remaining MoHTB-PAN-80 composites all

display comparable uptake profiles, attaining maximum uptake of Sr2þ

between 60–240 min. contact. The lack of uptake by AMP-PAN-85 for

Sr2þ is consistent with the well-known behavior of this phase.

The rate of uptake of Csþ and Sr2þ by the composite adsorbents can also

be compared via numerical treatment using a pseudo-second order rate law

first proposed by Ho et al. (16) (Eq. 2). The rate constant kad for Csþ and

Figure 4. Time-dependent Sr2þ kinetic profiles for MoHTB-PAN-80 and AMP-

PAN-85 composite adsorbents with radwaste simulant (ca. 0.075 mmol . L21 Csþ

and Sr2þ in 1 M HNO3; V/m ¼ 100 ml . g21). Legend: .0.8 mm (A); 0.63–0.8 mm

(S); 0.3–0.63 mm (þ); ,0.3 mm (B); AMP-PAN-85 (†) and powdered MoHTB (W).
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Sr2þ adsorption by the MoHTB-PAN-80-D composite supports the graphical

assessment of the two uptake profiles against the other composites as

discussed previously (Table 2). The constant h is defined by Eq. (3) and

represents the rate of adsorption by the various composite sorbents as

t(min)! 0. For the MoHTB-PAN-80-D composite, both kad and h

approach that of the parent MoHTB, thus demonstrating that the PAN

matrix impacts minimally upon the adsorption properties of the sorbent at

this bead size but is still the limiting factor to the rate of uptake. To test the

utility of the MoHTB-PAN material in a fixed-bed column setup, the

MoHTB-PAN-80-D (,0.3 mm) and MoHTB-PAN-80-C (0.3–0.63 mm)

materials were selected for further investigation.

t

qt

¼
1

kadqe

� �
þ

1

qe

� �
� t ð2Þ

h ffi kadq2
e as t! 0 min ð3Þ

Fixed-Bed Column Performance of MoHTB-PAN-80-C

(0.3–0.63 mm) and -D (0.3 mm) Composite Adsorbents

The Csþ and Sr2þ breakthrough profiles for the MoHTB-PAN-80-C and -D

composite columns conducted at 30 BV . h21 with acidic radwaste simulant

are presented in Fig. 5. If column breakthrough for Csþ and Sr2þ is defined

at the 1% level, the profiles demonstrate breakthrough at ca. 180 and 600

BV, respectively, for the MoHTB-PAN-80-C, and 350 and 1000 BV, respect-

ively, for the MoHTB-PAN-80-D composite. Exhaustion (.95%

Table 2. Pseudo second order rate constants for the adsorption of Csþ and Sr2þ by

MoHTB, AMP-PAN-85 and MoHTB-PAN-80 composite adsorbents from radwaste

simulant

Csþ Sr2þ

kad

(g . mg21

min.)

h

(mg . g21

min.)

kad

(g . mg21

min.)

h

(mg . g21

min.)

MoHTB 5.29 0.716 6.25 0.0544

MoHTB-PAN-80-A 1.01 0.120 0.894 0.0068

MoHTB-PAN-80-B 1.33 0.156 1.53 0.0117

MoHTB-PAN-80-C 3.01 0.342 2.74 0.0202

MoHTB-PAN-80-D 3.64 0.411 5.47 0.0394

AMP-PAN-85 0.644 0.0202 nd nd

nd: not determined.
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breakthrough) of both columns with respect to Csþ is observed within

1300 BV from the point of breakthrough, and with respect to Sr2þ, within

800 BV. The earlier breakthrough observed for Sr2þ is expected, as the

capacity of the MoHTB sorbent for Sr2þ is known to be ca. 50% (on a

mmol . g21 basis) of that for Csþ from our previous investigations (7, 8). It

is mindful at this stage to consider that on the basis of previous investigations

of the AMP-PAN-85 composite one would predict breakthrough of Csþ, by a

similar size column with this simulant, at significantly higher bed volumes.

Importantly though, no Sr2þ would be removed from the simulant unlike

the MoHTB-PAN-80 composite column.

The four breakthrough profiles in Fig. 5 all appear as typical ‘S’ shaped

curves between 0–95% breakthrough. However, in the case of the Csþ break-

through profiles there is a slight flattening, or decrease in the slope, of the

curves between 1–90% breakthrough in comparison to that of the correspond-

ing Sr2þ breakthrough curves. Furthermore, at ca. 95% breakthrough there is a

second flattening of the Csþ breakthrough curves which significantly increases

the number of BV of simulant required before the fixed-beds reach equili-

brium. We postulate that this flattening at high breakthrough represents a

slowing in the kinetics associated with the adsorption of Csþ as the

composite struggles to adsorb the maximum level of Csþ. Also evident

from Fig. 5 is that as passage of the feed simulant continues past the point

where the fixed-beds attain equilibrium with Sr2þ in the feed simulant, a

‘bleed’ of Sr2þ is observed with concentrations up to 20% greater than that

of the feed measured in the column eluant. The concentration of Sr2þ in the

Figure 5. Breakthrough profiles of Csþ and Sr2þ for MoHTB-PAN-80-C and -D

composite fixed-bed columns using acidic radwaste simulant (ca. 0.075 mmol . L21

Csþ and Sr2þ in 1.0 M HNO3); BV ¼ ca. 0.8 ml; F ¼ 30 BV . h21; Legend: MoHTB-

PAN-80-D – Csþ and Sr2þ (B and †, respectively), MoHTB-PAN-80-C – Csþ

and Sr2þ (A and W, respectively).
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eluant remains above that of the feed concentration for ca. 1000 BV before

Co/C returns to unity.

One explanation for the ‘bleed’ of Sr2þ from the fixed-bed is that under

the dynamic conditions of the fixed-bed column experiment, Sr2þ-loaded

composite adsorbent is constantly in contact with fresh acidic simulant,

possibly resulting in desorption of Sr2þ from the stationary phase by

hydronium ions viz. H3Oþ leaching. Another explanation might involve com-

petitive desorption of Sr2þ by Csþ in the fresh feed simulant, by virtue of the

greater selectivity of the MoHTB adsorbent for Csþ over Sr2þ (7, 8). In an

attempt to discern between these two possible scenarios, the Sr2þ break-

through profiles for the MoHTB-PAN-80-D (,0.3 mm) composite

adsorbent were determined using acidic feed solutions containing Sr2þ

(0.375 mmol . L21) and varying levels of Csþ (0, 0.94, or 2.25 mmol . L21)

(Fig. 6). The concentrations of Sr2þ and Csþ in these feed solutions were

employed to ensure rapid breakthrough (relative to the original radwaste

simulant) of Sr2þ from the fixed-bed setup, and facilitate rapid assessment

of the column performance data, k1 and q0, for Sr2þ adsorption by the

composite adsorber fixed-bed. The Sr2þ breakthrough plots in Fig. 6 demon-

strate that in the absence of Csþ a typical ‘S’ shaped breakthrough profile is

observed, with no “bleed” of Sr2þ into the column effluent. This indicates

that once the composite fixed-bed is at equilibrium with the feed solution,

the Sr2þ-loaded composite is not affected by the continued passage of

“fresh” acidic solution through the column. For the alternative feed

solutions containing increased concentrations of Csþ, a concomitant

increase in the degree of Sr2þ “bleed” is observed from the composite

fixed-bed, therefore implying that the proposed desorption mechanism

Figure 6. Breakthrough profiles of Sr2þ for MoHTB-PAN-80-D composite fixed-bed

columns using acidic feed solutions containing a fixed concentration of Sr2þ

(0.375 mmol . L21 in 1.0 M HNO3) and various concentrations of Csþ (0 mmol . L21

†; 0.094 mmol . L21
4; 0.225 mmol . L21 W); BV ¼ ca. 1.8 ml; F ¼ 30 BV . h21.
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involving Csþ is at play after the composite fixed-bed is at equilibrium with

respect to strontium. These results also make it quite apparent that the

capacity for Sr2þ and degree of “bleed” of Sr2þ from the composite fixed-

bed are dependent on the concentration of Csþ present in the acidic feed

solution.

The complexities associated with modeling the adsorption of a fixed-bed

column are well documented (17–19) but the simplified model originally

proposed by Thomas (20) has been successfully employed by several investi-

gators. In brief, the model can be described by Eq. (4) where axial dispersion is

neglected, the effects due to diffusion are combined into one constant, k1, and

where C ¼ cation effluent concentration (mg . L21); Co ¼ cation feed concen-

tration (mg . L21); k1 ¼ column exhaustion rate constant (L . h21 . mg);

F ¼ flow rate (L . h21); qo ¼ equilibrium adsorbent phase cation concen-

tration (mg . g21); M ¼ mass of composite adsorbent (g); and V ¼ eluant

volume (L). The overall rate constant, k1, and cation capacity, qo, can be

calculated from either a regression fit of the Co/C vs. V (L) plot, or from

the linearized form of Eq. (4) [Eq. (5)].

Co

C
¼ 1þ ek1=FðqoM�CoVÞ ð4Þ

ln
Co

C
� 1

� �
¼

k1CoV

F

� �
þ

k1qoM

F

� �
ð5Þ

Employing the later analysis, the breakthrough profiles for Csþ and Sr2þ

with the MoHTB-PAN-80-C and -D composites using radwaste simulant

(Table 3); and for Sr2þ with various levels of Csþ with the MoHTB-PAN-

80-D composite (Table 4), were analyzed to derive the overall rate

constants (k1) and column capacity values (qo). In the case of the radwaste

simulant feedstock, the Csþ and Sr2þ capacity values calculated by this

treatment are comparable for both composites and are as expected given

that the two materials only differ with respect to their size fraction, and not

their chemical composition. Furthermore, the calculated qo for Csþ and

Sr2þ are in reasonable agreement with the maximum cation uptake

Table 3. Overall rate constant (k1) and dynamic cation exchange

capacity (qo) for MoHTB-PAN-80-C and -D composite fixed-bed

columns using acidic radwaste simulant

k1 (L . h21 . mg21) qo (mg . g21)

Csþ Sr2þ Csþ Sr2þ

MoHTB-PAN-80-C 0.119 0.395 8.89 1.66

MoHTB-PAN-80-D 0.088 0.409 8.91 1.60
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(mg . g21) predicted from the Langmiur fits of the adsorption isotherms for

MoHTB-PAN-80-D and the cesium and strontium-containing radwaste

simulant (Fig. 7). For the Sr2þ breakthrough profiles observed with feedstocks

containing varying levels of Csþ the susceptibility of a portion of adsorbed

Sr2þ to desorption by Csþ in the feed solution is reflected in the values of

k1 and qo (Table 4) with the overall rate coefficient increasing by ca. 30%

and the capacity for Sr2þ decreasing by 38% at the maximum concentration

of Csþ studied.

Table 4. Overall rate constant coefficient (k1) and dynamic cation

exchange capacity (qo) of MoHTB/PAN-80-D composite fixed-

bed column sorption of Sr2þ using feed solutions containing vari-

able concentrations of Csþ

Sr2þ k1

(L . h21 . mg21)

Sr2þ qo

(mg . g21)

0 mmol . L21 Csþ 0.0559 6.664

0.375 mmol . L21 Csþ 0.0445 6.947

2.25 mmol . L21 Csþ 0.0764 4.783

Figure 7. Equilibrium cation uptake (mg/g) of MoHTB-PAN-D composite for

Csþ (B) and Sr2þ (†) using acidic radwaste simulant (ca. 0.075 mmol . L21 Csþ and

Sr2þ in 1.0 M HNO3).
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In the absence of more rigorous numerical treatment of the breakthrough

data, the ability to describe the Csþ and Sr2þ breakthrough performance of the

composite fixed-beds in part validates the use of the Thomas model to describe

the individual adsorption of Csþ and Sr2þ by the fixed-bed up to ca. 90–95%

breakthrough. Given that the Thomas model was originally formulated to

describe the adsorption of a single species from solution, the apparent appli-

cability of the model might be seen to infer that the ion-exchange of Csþ

and Sr2þ by the composite occurs by two independent mechanisms, or in

other words, at two distinct sites within the MoHTB structure. However, the

results presented in Fig. 6 demonstrate that this is not strictly the case as

some Sr2þ is susceptible to ion-exchange/desorption by Csþ, and that k1

and qo column performance parameters are specific for given feedstock

solutions. Furthermore, comparison of the calculated Csþ and Sr2þ qo

values from the modeling should be made against the cation exchange

capacities derived from the adsorption isotherm for the corresponding

Csþ and Sr2þ-containing feedstock solution, and not the individual binary

(Csþ/Hþ or Sr2þ/Hþ) adsorption isotherms.

The calculated k1 and qo values for the two composites were subsequently

employed at varying elution volumes (expressed in terms of BV) to generate

theoretical Csþ and Sr2þ breakthrough profiles for the MoHTB-PAN-80-C

and -D composites with acidic radwaste simulant using Eq. (4) (Fig. 8).

For the Csþ and Sr2þ breakthrough profiles of the MoHTB-PAN-80-C

composite and Sr2þ breakthrough profile of the MoHTB-PAN-80-D

composite there is excellent agreement (neglecting the ‘bleed’ of Sr2þ)

Figure 8. Experimental and theoretical breakthrough profiles of Csþ and Sr2þ for

MoHTB-PAN-80-C and -D composite fixed-bed column with acidic radwaste simulant

(ca. 0.075 mmol . L21 Csþ and Sr2þ in 1.0 M HNO3); BV ¼ ca. 0.8 mL; Flow rate ¼

30 BV . h21; Legend: MoHTB-PAN-80-C Csþ and Sr2þ (A and W, respectively);

MoHTB-PAN-80-D Csþ and Sr2þ (B and †, respectively).
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between the theoretical and experimental profiles. The theoretical and exper-

imental Csþ breakthrough profiles of the MoHTB-PAN-80-D composite are

also in good agreement; however the model marginally underestimates the

composite’s sorption of Csþ in the early stages (1–10%) of Csþ breakthrough.

CONCLUSIONS

Granulation of the inorganic phase, Na0.2Mo0.03W0.97O3
. ZH2O (MoHTB),

with PAN affords a composite adsorbent which can be successfully

deployed in fixed-bed (1 mL) column separations of Csþ and Sr2þ from

acidic radwaste simulants. It is clear that as the bead size of this composite

is decreased the polyacrylonitrile matrix has increasingly less impact upon

the kinetics of Csþ and Sr2þ uptake by the MoHTB phase which has pre-

viously been shown to be quite rapid. In addition, further scope exists to poten-

tially improve the Csþ and Sr2þ adsorption kinetics of the composite materials

by avoiding drying during their processing as has been found in the case of the

AMP-PAN-85 composite adsorbent.

The breakthrough profiles of Csþ and Sr2þ from acidic radwaste simulant

using the two smallest bead size fractions of MoHTB-PAN-80 have been suc-

cessfully described using the simplified model proposed by Thomas. Although

the modeling has been successfully conducted for each cation independently,

this approach masks the subtle interplay between the two adsorption

processes. The adsorption of Csþ and Sr2þ by the MoHTB-PAN-80 compo-

sites in a fixed-bed column setup appears to occur by two independent

processes where the molar ratio of Csþ:Sr2þ falls below 0.25:1. Above this

point, the Sr2þ dynamic cation exchange capacity (q0) and overall rate coeffi-

cient (k1) for the composite column are highly dependent on the concentration

of Csþ present. Thus demonstrating that any column performance data derived

for a given feedstock solution is specific to that feedstock solution.

ABBREVIATIONS AND SYMBOLS

AMP ammonium molybdophosphate

BV bed volume

Ci initial cation concentration in static batch experiments

(mg . L21)

Cf final cation concentration in static batch experiments

(mg . L21)

C cation concentration in column effluent (mg . L21)

Co cation concentration in column feed (mg . L21)

CST crystalline silico-titanate

F flow rate (L . h21)

h rate of cation adsorption as t! 0 min (mg.g21 . min)
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k Langmuir adsorption coefficient

k1 column exhaustion rate constant for a given cation

(L . h21 . mg)

kad overall rate of cation adsorption (g . mg21 . min)

M mass of composite adsorbent in the fixed-bed column (g)

MoHTB molybdenum-doped hexagonal tungsten bronze

PAN polyacrylonitrile

q equilibrium adsorbent phase cation concentration (mg . g21)

qo dynamic cation exchange capacity (mg . g21)

t time for adsorption (min)

V volume of feed passed through a fixed-bed column (L)
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