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A gamma counting system has been assembled that can profile the breakthrough fronts of gamma-
emitting rad101sotopes longitudinally and axially along a loaded column. This profiling technique has been
particularly useful in column_studies such as those performed with IONSIV® IE-911, a crystalline
silicotitanate (CST) manufactured by UOP, in which unusually long operating times are requlred to observe -
cesium breakthrough in column effluent. The length of the mass transfer zone and extent of column
saturation can be detected early in a column study by viewing the relative emission of gamma emitters along

the length of the column. In this study, gamma scans were used to analyze loaded CST and zeolite columns

used in the treatment of process wastewater simulant and actual groundwater Results indicate good run-to- B

_ runreproducibility in acquiring the scans. The longitudinal gamma scans for both 9°Sr and 137Cs conf ] ed

then resorbed further down the column. This displacement phenomenon identified by gamina scans was‘_ﬂ_
verified using data from a zeolite column, in which both the gamma scan and column effluent data exhibited
radionuclide displacement by groundwater cations. The gamma emission intensities from the CST column
runs are used to quantitate and compare the distribution coefficient and loading capac1ty of ¥7Cs on CST
versus zeohte , ,

- INTRODUCTION

Gamma scanning equipment was designed to allow the location of gamma emitters along loaded
coiumns used fo treat radioactively contaminated wastewaters. Several columns archived frorﬁ tests of
sorbent efficiency in the removal of **Sr and "*’Cs were scanﬁed with the portable gamma system. These .
results were compared with standard column breakthrough data acquired by analyzirig'thé fadionuciide
contents of column effluent fractions. In the first test, engineered CST was used to treat process Waétewater

simulant (refer to Table 1 for water composition). The column run lasted for 10 months, during which time




maximum *°Sr breakthrough in the column effluent did not exceed 28% and B7Cs was not observed in the

effluent. In the case of cesium sorption on CST, an operating time of 17 years was estimated to observe

complete breakthrough using the process wastewater feed. A second column test used -CST to _rémove

ét_rbntium and cesium from seep water collected from a burial ground located at Oak Ridge National -

Laboratory (ORNL). The seep water is contaminated with *°Sr; hoWever, cesium was added to the feed so

that the efficiencies of the sorbents for cesium removal might also be observed. The feéd, designated as Seep |

D water (Table 1), was treated under identical column conditions as the first study. Finally, the portable

gamma system was used to scan a third archived column that contained the sorbent chabazite zeolite, and

Composition of Process Waste Tr:

- Table 1
eatment Plant (PWTP) A

ctual and Simulant

Wastewater, Seep D Water, and Groundwater from Core Hole 8 Sump

_ Concentration (mg/L)
Component , - .
PWTP, actual PWTP, simulant Seep D water”
Ca* 35-40 45 6
BICs* 94x10% 3.4 %10% 34x10%
» (3.0 10°Bg/L) (1.12 x 10° Bg/L) (1.12 % 10 Bg/L)
X 13 1.2 | 16 "
Mg 7-8 8.8 9.1
Na* 14-30 18.3 8.7
Sr** (total) 0.1 . 0.1 0.1 :
- 8r* (rad.) 5.3 x10%as *Sr 1.14 x 10 as Sr 5.33 x 10 as *°Sr
o (2.70 x 10 Bg/L) (1.0 x 10° Bg/L) (2.7 x 10* Bg/L)
pH ' 6.7-9 7-8 8

“Cesium was added to this wastewater in tracer levels. -

had been used to treat Seep D water.

. The breakthrough data, based on column effluent and gamma scan results, were compared and thenused
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to calculate the distribution and mass transfer coefficients of Sr and *’Cs in the various column runs.

EXPERIMENTAL METHODS
Small Coiumn Setup
Column testing was used to deﬁne the sorpfion characteﬂétics o f a ion exchaﬁger under dynarnic‘ flow |
conditions. The initial dimensions of a sorbent column were selected primarily on the basis of the diameter
of the average sorbent particle.! Results of previous small;column experiments were used fo mddify initial
estimates to allow for practical limitations in preparing large volumes of simﬁlant and in limiting the duration
of the column test. Although the optimum column diameter sho‘ul_d be at least 40 times greater than the

average particlé diameter (typically 0.059 cm, or 30 mesh), a factor of 20 was considered adequate for

testing. A column diameter of 1 cm meets these réquiremépts and was used for comparative testing of the -

L,

sorbents. The optimum lengthwglf:' the ¢olumn shoﬁld be greafer than or equal to foui timesi the éol_uhin ,,
diameter; the typical éolumn éspect ratio for testing is between 4 and 5. Apbroximately 2—4 g (depending
on the ex§hapger) of preconditioneci sofbent was:‘i)ac‘ked in the l-cm;ﬂ) \c.d'lumns, ‘re'sillti‘ng’ ma béd .vjolimvle
of 4-5 mL. | | s

Column preparation was done, in each case, by slowly adding conditioned sorbent from a‘weighed

container to a 1-cm column containing a known volume of water. The sorbent was added to a column bed o

depth of 4.8-5 cm, ‘an.dvthe dry sofbenf container was then reweighed to determine the anibu_nt of sorbent
added to the column. Excess water above the éolumn.bed was collected and weig'hed.‘ The difference
between the initial water volume in the column and the volume of water disﬁlaced by the sorbent represented
the pore volume of the sorbent column. ’Ihé pore fraction was equivalent to the measured pore volume of the
1-cm column divided by the column volume, caiculated on the basis of bed height.

A peristaltic pump was used to transfer the feed solution through a 0.45-pm SﬁporTM filter membrane
into the base of the bsorbent column (Fig. 1). The flow rate of feed was maintéined at about 1.2 mL/min, or

18 - 20 bed volumes (BV)/h. The feed was introduced at the bottom of the column to maximi.ze»contac.t of |




.
oy

the solution and sorbent within the colurnn. An automatic fraction collector was used to collect the column
effluent over 2- to 10-h periods (abo'ut(36 to‘v 190 BV per fraction). Actual fraction volumes were tleter'minecl :
by multiplying the value for the density of the feed stream (0.9965 g/ml,) by the tared weight of the solution
in the fraction. The radionuclide content of each fraction was deterrnined, while aliciuots of intermittent :
fractions were acidified and submitted for analysis by inductively coupled plasma mass spectroscooy to

determine the cationic concentrations in the effluent.

Gamma Scanning of Columns |

Gamma scanning equipment was designed to determine the quantities and locations of gamma emitters

along loaded columns used to treat Process Wastewater Treatment Plant (PWTP) simulant and actual seep
, water Thls system is partlcularly useful for column tests in wh1ch the loadlng capac1ty of the sorbent fora

~ given emltter is so large that unduly long operating times are requlred to observe the breakthrough of a

species. In the case of cesium sorptlon on CST an operatlng time of 17 years was estlmated to observe'

"complete breakthrough usmg the PWTP feed The portable gamma countlng system locates the pos1t10n of o

the cesium mass transfer zone w1th1n the CST column and allows an accurate extrapolatwn of ce ,'um o

breakthrough parameters based on hm1ted column Operauon.

-

Alead-brick apparatus was used to hold the 1-cm-ID columns loaded in the previously described column

experiments. The lead shielding was designed and constructed to enable a gamma scan of the column in

longitudinal and axial increments. Figure 2 shows the design and meaSurements of the lead shielding. The

column was inserted horizontally into the 1-in.-diam hole. A nominal 0.28-cm slit and several lead rings

were used to select and moderate the gamma radiation from 0.25-in. lengths of the column surface. A
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Fig. 1. Flow diagram for column test.
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Fig. 2 Lead shielding apparatus for gamma scanning of columns.
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germanrum detector (NOMAD-PLUS supphed by EG&G ORTEC, Oak Rldge Tennessee) was used to ’

. simulant was carried out oVerla'period of 1v0 monthS' a total of 120,000 BV was processed during this time.,

p

metered push rod was used to index the gamma count rate with longitudinal column position as the IOaded :

column was pushed past the detector sht A portable gamma spectroscopy system w1th a 3 1n hlgh-purrty

acquire the gamma countrate along the column length; EG&G ORTEC GammaVision spectroscopy software =

was used for spectrum analysis and hardware control.

RESULTS AND DISCUSSION
Radionuclide Breakthrough Based on Column Effluent Results
CST Treatment of Process Water Simulant

The small-column test using the hydrogen form of IO_NSIV® IE-911 (Hydrogen-CST) to treat PWTP o

The CST selectwrty of cesium over strontium is demonstrated in Fig. 3, whlch shows the begmnmg of

strontlum breakthrough. Ces1um breakthrough was not observed even up to 120 OOO BV The strontrum o - .

AN

breakthrough curve is very atypical, where C/C’ increases (as expected) up 10 0. 28 but then dec ’

ascs,
mcreases agam and subsequently decreases again, to approx1mately 0. 15 at 120 000 BV "A c
mechanism for strontium sorption and ion exchange is obviously occumng, and »Whll}e‘ rnultrcompo_nen_tﬂg-
sorption and desorption nlay account for some of these phenomena, perhaps the avallablhty of sites”vivithint : :
the sorbent is also changing during the diffusion process. A linear extrapolation of the breakthrough curve
from the point at which the column test was terminated .would give 50% breakthrough of strontium at 175’(,000
BV.
CST T, reatment of Actual Seep D Water

Engineered Hydrogen-CST was again used in a column test, this time with a feed stream consisting of
actual water from ORNL Seep D site located in the WAG 5 burial grounds‘. The cornposition of the Seep D

water is shown in Table 1; *Sr is present in the water, while the cesium was added only for observational
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Fig. 3. Breakthrough of strontium and cesium on CST from PWTP simulant.
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purposes. Note that the calcium concentration is almost twice that of the PWTP simulant column feed. *
Again, the CST selectivity of cesium over strontium is demonstrated in Fig. 4, which shows 10 cesium
breakthrough, up through column test compl'etion at 61,400 BV, The strontium breakthrough curve is very

unusual, but similar to the strontium breakthrough for the PWTP column test (see Fig. 3)

Zeolite Treatment of Actual Seep D Water
A column test comparable to the CST/ Seep D water column experrment was performed using chabazrte
zeohte with the Seep D water feed (Table 1). As mentloned before this seep water contains *°Sr; cesium was

added simply for observational purposes. Figure 5 shows the breakthrough of strontium and cesium on -

| zeolite in Seep D water. Incipient (1%) strontium breakthrough occurred at 2000 BV, 50% strontiurnv
breakthrough occurred at 10,100 BV. In most zeolite column studies reported in the literature, the run waé |
terminated at this point and zt strontium K, was calculated on the basis of the quantity of strontium sorbed on‘
the oolumn to this point. HOwever, eontinuettion of the column run showed that sorbed strontium is not‘ ‘ -
v retained on thevcolurnn'.instead it was displaced ﬁOrn the zeolite as the C/C, ratio inoreaeed abovel 0 B
22,000 BV, more than half the stront1um originally sorbed onto the column was d1splaced from the zeohte s
by competing water cations. No cation drsplacement was observed from the comparable CST column test, _

even at a throughput of 60,000 BV seep water.

Radionuclide Breakthrough Based on Gamma Scanning Results.
CST Treatment of Process Water Simulant | |
Figure 6 shows the gamma scan profile of the CST column test using PWTP simulant feed.
Approximately 300 meq of strontium and 0.3 meq of cesium per kilogrém of CST had been sorhed onto the
column when the test was téerminated in February 1998. Aceounting for the decdy of ¥Sr, 3uCi of *Srand
13 uCi of ®'Cs were present in the- column when the scan was taken; the dose rate of the column was 50

[
\

mRem/h at contact.
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Each data point in tﬂe figure feprésent_s the count rate of 0.25 -cm lengths, étartihg froiﬁ ;t'}'ié‘ he#cjl of ‘th;sv e
column. The "*’Cs profile indicates that tﬁe mass transfer zone was ~1 cm long; therefore, less than 215%»o‘f V
the sorbent bed was saturated with cesium. The‘ gamma scan data were used to calculaté thé d}istribuvtion ;:' E
croefﬁcient (K,) and loading capacity of -mCs on CST. The K, for cesium removal from p‘ro‘cess water was

850,0001 (L/kg) on CST as compared with 90,000 (L/kg) on zeolite.” ‘The calculated CST loading cépacity,» e

based on the gamma scan results, indicated that the point of 50% cesium saturation was 2.1 meq'/kg.‘ 0

Strontium detection was hampered by the lower-energy gamma emission (514 keV) that was moderated by |
the CST and shielding from the glass column, as well as by the interference of a secondary 1¥7Cs emission
at this same energy. Therefore, the signal-to-noise ratio in **Sr detection was limited relative to that of *"Cs.

Nonetheless, the **Sr profile indicates that the strontium mass transfer zone extended nearly the full length

of the column (3.8 cm), suggesting full utilization of the column bed. This value conforms to a C/C, of 15- '

20%, which was determined by the anaiysis of column effluent.

'CST Treatment of Actual Seep D Water

Figure 7 illustrates radionuclide loading profiles on CST usingvSeep D water as the column féed; The
excellent reproduéibility in gamma profiles of the column in triplicate scanning runs is evident in this figure.
The cesium K, in the Seep D water matrix was 150,000 (L/kg), indicating a reduction in cesium loading

capacity on CST due to a highei‘ calcium concentration (i.e. twice that present in PWTP simulant).

Zeolite T reatmeﬁt of Actual Seep D Water

| Gamma scan results also identified significant displacement of radionuclides in the upstream portion of
the zeolite column (Fig. 8), and, to a much smaller extent, from the CST colﬁmn (Fig.7) during the treatment
of actua1 seep watér. Although effluent activity indicated that strontiufn was desorbed from the zeolite, the

gamma scan indicates that both cesium and strontium in the saturated zone of the zeolite column were

11
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displaced by the higher levels of water sations and were then resorbed farther down the column. The cesiUm b

K, in the Seep D water matrix was a factor of 3 lower on the zeolite (50,000 L/kg) than that observedthh ’
CST in the same water matrix. | B
The gamma scan data were also used to predict the breakthrough profiles for cesium. The scans _proAvide‘
a proﬁle within .the column, and knowledgé of the time dependency of these internal profiles allows tyf;ical
column breakthrough profiles to be generated. Figﬁre 9 shows the actual effluent analysis breakthrough of
cesium on chabazite zeolite. The se‘cond'set of data points, “gamrha scan analysis”, shOWS the pfojected
breakthrough based on the gamma analysis of the column. Validation of the use of the gamma scans to
predict breakthrough is seen in the excellent agreement of these two sets of da’;a. This treatmeﬁt, along with »
the distribution coefficients obtained through the gamrf;a data, was used to prédict the breakthroﬁgh curves
for cesium on CST (see Figsrf\“lo and 11). A ’predjctior; method (Rosen model) was also‘. employéd to |
determin_e nﬁss transfer coefficients for the CST in the givén water matrices. ‘This method is discussed in

the following section.

Calculatidn of Column Mass Trgansfer Coefﬁcients ‘

All column experimental data were fit to the Rosen solution’, which is sfélid for long-bed systems '
Both the film- and the péxticie-side resistances to mass transfer are accounted forin the' model. Rossh began
with two basic assumptiéns: ey the» diffusional parameters for both the film and particle are independent of
concentration and position in the coiumn, and (2) adsorption of the solu.te(s‘) can bs represehted bya lineaf

isotherm. Thus the linear representation of equilibrium is written as

q,= Kd c, . | (1)

12
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F1g 9. Cesmm breakthrough on chabazxte zeollte, determmed by efﬂuent ana]y51s and '
gamma scans of column. Test conditions: 2.3 g chabazite zeolite; 1-cm-ID column bed o ; SpoE
length, 4.8 cm; flow rate of Seep D water 1.2 mL/mm.
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Fig. 11. Experimental and predicted breakthrough of strontium and cesium on
Hydrogen-CST in Seep D water. Test conditions: 3.85 g of Hydrogen CST; 1-cm-ID column;
5.2-cm bed length; feed flow rate, 1.2 mL/min.
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Based on these assumptions, Rosen present'ed,an analytic solution to the mass balance equation

= the concentration on the sohd meq/kg,
‘the equilibrium constant, or distribution coefﬁ01ent L/kg,
¢ = the concentratlon 1n the 11qu1d meq/L

e
Il |

dc  Jdc 179 | ' et
dz Ot m ot -

as:
L (2 1)) o
where
= P gg e ) (bed—lerzgth parameter) e e (4)‘

D K s \

% (film- reszstarzce parameter)

A
and

2Dp
.Y= Rz

- (z‘— —[7) (contact-time parameter)

The variables in the above equations are defined as follows:

D, = effective dlffu51V1ty in the partlcle cm /s,
R =radius of the particle, cm; ‘
U, = interstitial liquid ve1001ty, cm/s;
t =time,s;

-k, = film mass transfer coefficient, cm/s;
¢ = concentration of solute at time t, meq/L
C, = concentration of solute in feed, meq/L
¢ =void fraction in column;

- Z =bed length, cm;
P, = density of sohd kg/L.

This solution was used to predict strontium and cesium breakthrough profiles for the CST column
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.experiments. All the measured material and columﬁ Variébles_ (exchanger Weigﬁts, bed lerigth,’ ‘ﬂevif"'r”aies,

etc.) used in the predictions are su.mmfarizedv in Table 2. |
The validify of the simplified Roseﬁ solution requires_that the bed-length parameter, X, be greater theﬁ |
40.° Material—speeiﬁc, adjustable parameters needed to complete the above solutiyonl inclﬁde the effecvftived -
diffusivi'ey in the particle and the film mass transfer coefficient. In order for X to be greater than 40; the
effective diffusivities must exceed a given Valﬁe. | An effective particle diffusivity of 2.7 x 107 cmz/sv was
assumed for cesit.xm, diffusing into the particle. This assumption is 'supﬁorted by researchers at Texas AKM,S .
who have calculated and veriﬁ.ed‘ this effeetive diffusivity for cesium in CST; Usi'ng‘this value, X exceeds o

40. An effective diffusivity of 5.0 x 10% cm?¥s was assumed for strontium.’

~

R _‘-'«."Tabllé'z ;
Summary of Variables in Column Experiments

- PWTP simulant feed SeepD water feed

Variable ‘ e . . o e e
T Chabazite zeolite Hydrogen-CST  Chabazite zeolite - Hydrogen--
"E.xehanger' R ) o 213 381 LT g U385
weight, g ‘ ‘ o L e R
Particle diameter, 484 - 420 484 a0
um 2 . ‘ o
Column diameter, v 1.0 : 1.0 1.0 - 1.0
cm o v ) S : ‘
Bed length, cm _ 4.9 4.85 4.8 52
Bed volume, mL 3.85 381 | 3.77 4.08
Flow rate, 1.28 1.21 125 1.2
mL/min ' _
Column void 0.48 0.47 048 0.47
fraction B
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‘closely

The film ‘mass-transfer coefficients for each cationic species were calculated from empirical

relationé,hip’s":iareeented in The C’he_mzcal Engz‘i‘;i"eié;s' Handbook, by Perry and Chilton,’ as :

0.51 \ 0.16

L _1097a-of o " D)
f-_ 'dpap de , K >

or ‘ ' L ,
 4.367 (1- e )(DyV)*} | | o
kr=— , ( 1.56)( fr/) ’ . N ' (8) ;

S d” ap

where

V' = volumetric flow rate, cm /sz,

D, = fluid-phase diffusivity, cm?s;

dp = diameter of particle, cm;

a, = outer surface area of partlcles per unit volume of contactmg system 6(1 g/d, cm’

I4
o= ﬂurd Vlscosrty, p01ses

The coefﬁcrents were then adj usted to predrct the actual expenmental data more accurately F or strontru

the add1t1on of a term to account for 10ng1tud1na1 dlsperswn was necessary. For cesium, the ﬁlm coefficient

for strontlum is dependent on the drstrrbutlon coefﬁcrent used A rnedran value was used in each case.

Because strontium had such an 1rregular breakthrough curve on CST the model was unable to predrct.the N

expenmental data satlsfactonly For ces1um the model predrcted'the gamma analysrs generated data '
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- S Table3 ; .
Mass-Transfer Coefﬁments Calculated for Column Breakthrough Curve Predlctions

Film mass-transfer coefficients (k x 107 cmz/s)

 Cation PWTP 51mu1ant feed stream o Seep D feed stream

/ :  Zeolite ~ Hydrogen- CST Zeolite  Hydrogen-CST .~
Cs* 126 128 e 123
Sr* o5 035 K 035

: . Tabled4 PR
L1 u1d lefuswmes for Cesmm and Strontium

- ‘Catio”n o L1qu1d diffus1v1ty,D cm/s T

CONCLUSIONS

The gamma scanmng system described here is particularly useful for column tests 1n Wthh the loadmg

capac1ty ofthe sorbent for a given emitter is s0 large that unduly long operatmg tlmes are required to observe ‘

cation breakthrough. In additlon to determining the relatlve count rates of 8SSr and B7Cs, the quantities of
these nuclides on the sorbent ata given column position could be quantiﬁed by determining spectrometer
counting efficiency using a gamma-emitter standard. To accomplish this, both CST and zeolite sorbents
could be slurried with a known volume of a mixed radionuelide gamma-ray reference standard, dried, and

packed into a 1-cm glass column and counted under identical geometric conﬁgurations. A mass balance

18



- could then be made between the known amounts of strontium and ces1um loaded on the wastewater columns o
‘ ‘:versus those measured by gamma emlsslon to verlfy spectroscoplc results | |
Frgure 6 shows a gamma scan proﬁle of the CST column test using" PWTP simulant feed.
Approximately 300 meq of strontium and 0.3 meq -of cesium per kilog_ram of CST had been sorbed onto the: :
column when the run Wjas terminated in February 1998. Accounting for the decay of ¥ Sr‘, 3 microcuries of -
85Sr and 13 microcuries of *’Cs were present rn the column when the scan was taken; the dose rate of the
column was 50 mR/h at contact. | |
Each data point in the figure represents‘ the count rate of 0.25-cm lengths, starting from the head of the
column The 137Cs proﬁle 1ndrcates that the mass transfer Zone was ~l cm 1ong, therefore, less than 25% of |
the sorbent bed was saturated with cesmm The gamma scan data were used to calculate the drstnbuuon
coefﬁc1ent (Kd) and the loadmgcapamty of 137Cson‘ CST The K, for ces1um removal from process vyater R

 was 850 000 (L/kg) on CST as compared wrth 90 OOO (L/kg) on zeohte in PWTP s1mulant and 150 000 L/kg , L

for cesium removal from Seep D water by CST and 50,000 (L/kg) for chabazxte zeohte The calculated CST |

loadlng capac1ty, based on egamma scanresults indicate hat the pomto 50% cesit

| meq/kg Strontlum detect1on was hampered by the lower—energy gamma emission (514 keV) that is

R moderated by the CST and sh1eldmg from the glass column as Well as by the 1nterference ofa secondary_"ﬂ

137Cs emrss1on at th1s same energy Therefore, the s1gnal-to-n01se ratio in 85Sr detectron was limited re atlve” V’ B
to that of 137Cs Nonetheless the 8 Sr proﬁle 1ndrcates that the stront1um mass transfer zone extended nearly -
‘ | the full length of the column (3 8 cm) suggestlng full utlhzatlon of the column bed. Thrs value conforms
toa C/C, of 15 20% as determmed by the analysrs of column efﬂuent o |
Figure 8 illustrates radionuclide loading profiles on CST using Seep D water as the column feed. The
excellent reproducibility in gamma profiles of the column in triplicate scanning runs is evident in this figure.
The cesium K, in the Seep D water matrix was 15 0 000 (L/kg), indicating a reductlon in cesium loadmg
capacity on CST at a calcium concentration of twwe that present in the PWTP process 31mulant :

Gamma scan results also identified si gniﬁcant displacement of radionuclides in the upstream portion of

19



T

-

| the zeohte column (F ig 8) and toa much smaller extent from the CST column ‘(F 1g 7) durlng the treatment

mass transfer coefficients and modeled breakthroug_h curves.

of actual éeep water. Although efﬂuent act1v1ty 1ndlcated"that strontrum was desorbedvfrom:the zeohte the :

gamma scan 1ndlcated that both cesium and strontlum 1n the saturated zone of the zeohte column were '
displaced by the higher levels of water cations and were resqrbed farther down the column. ,The' ,ceSium Kd
in the Seep D water matrix was a factor of 3 lower on Zeolite'(S0,00(') L/kg) than that ob.ser_v.ed ‘for CST in E
the same water matrix. | | “ | ‘ »
The gamma scans were successfully used to predrct cesium breakthrough as demonstrated by Flg 9 |

F1gures 10 and 11 show the extrapolated breakthrough profiles for cesium based on the dlstrlbutlon

coefﬁcients calculated using gamma scan resul_ts; these data were then ﬁt to the RoSen modelto give ﬁlm: o
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