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Determination of the Leachability of Solids

O. U. Anders,' J. F. t3nttel, and S. J. Allschuler

The D:a C.wmical Co%s tv. M43nd. Mchigan 49640

A novet method fer me^mwing the ieachability of homogeneous to ascertain zero concentration of the teacFant at all times or
scl.:ds is reported usiN .'s exarr.ples radioactive tracers in. involve immersion of the solid until ra equilibrium con.
corporstad in plastics and concrete. Theoretical treatment centration is reached in the liquid (1,2).
of the data using simple it.ffusion theory is able to reduce the Such experiments generally follow protocols specifying a

experiment.slinformatW to a single "leachability constant" certain specimen size and shape and are carried out at elevated

for the malertal and pe,mits the calculation of the leaching temperatures to hasten the teaching process (3). These test

bsha icr as a functh O' f ane for any size recular-ema Atact protocols and their results stand by themselves and serve as

rnade or " 8803300438 871222
yes-no criteria for quality control and Ie;;i,!ation etc. W). They

PDR WASTE do not yuld insight into the leachin;: process nor do they
PDR repre3ent the real world. In particular. they do not aaswerWM-82 the often most import,nt queation: what is the amount of

The teachibility to a .u..tesial 5 frequently rneasured by noxiota substance leached from an objat rnade of the tested
exueriantnts u hich ci; . ,ne Foxhlet extraction equipment mati rial durin the obje< t's u<e time. For example. it is not

. . - - - - - - - . - . . - , . . . - - . - - -- - .
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To initiate tha experiments, thi radioxctive specimens wer[r 4 ' i

prepared, counted, weighed, and their dimemions measured with - e t '
._

caliptrs. They were then placed into thileaching vessels. Each *
e leaching vessel was covered with a cap (i) provided with a small

vent hole, and the biological shielding was put into place.j .',

h
.

D" _/ The parallel experiments used both deionized water and a..-- .,
commercially available formulation simulating ocean water as

1 4-
,

x'
- leachants. |

b ' kg ,

_

a manner.% N The leaching experiments were carried out in the following |

h91 m q
For each experimen: a 10.mL plastic syringe was provided with,

y -- ( .
, a plastic tip such as used with 0.1.mL disposable pipets. The*

.

A <4 [ j js.
.g N. syringes were labeled and kept in sequence in an appropriate rack.@ 1 % j'1 ~a e

After loading each r,pecimen,10 mL of leach solvent was in-

T w.A[M"g / y$, |4 . W g
T gg

- '
jected through the tube into the vessel by means of a dispensing'

'

$rg ? k |5 i N - pipet and immediately withdrawn with the syringe. This served

9 fDM $, , J T4 'f. N as an initial rinse. A se :ond 10.mL portion was then injected and'

_$ fLs N left in contact with the specimen for the desired length of time.M :

w 3/ c After the teach intenal, the teach solvent was withdrawn. Five
J milliliters of the solution was transferred to a counting vial while

~~,'g
the rest was discarded. Quantitative recovery of theleach aliquot

b O-
-

d in order to prepare for the subsequent leach interval,10 mLN was thus not required.
*#

of solvent was again injected into the vessel and immediately
withdrawn and discarded. This operation assured the removal

Figure 1. Schematic c!le.ach test equipment: (a) Leaching vessel,
(b) Rubber septum, (c) Thh chstic tubing. (d) Pilstic Dam support plug, of any leachate remaining from the preceding time interval A

(e) Drywel liner (empty beverage can) embedded in concrete. (f) second charge of 10 mL of the teachant was the Introduced into

Concrete buading block. (g) Leaching Equid, (h) Loadbg board, (i) Cap the vessel and remained there for the next leaching interval

with vent hole The experimental run described was carried out with 54 such
leaching experiments performed simultaneously, From the

important to know how much of a monomer can be leached theontical considerations,it appeared that initial leaching would,

from a specimen of plastic, but rather how n.uch is leached be significant. The leaching time intervals were thus kept short

into the soft drink while the liquid is in a bot.tle made of the at first and followed each other in relatively rapid succession. In

material. And this quantity may be orders of magnitude order to accomplish this, a rigid time schedule was (c!Iowed for

different than the amount leached under extreme conditions.
the initial phase of the experiments.

Leaching started with a 0.S.h interval which was followed by
It is the purpose of this report to introduce a new and a 1.5.h interval and subsequently by 3-h,6.h 18-h, and 24.h teach

inexpensive approach to leachability measuretsent which is mtervals. After this,leachmg times of I day were in order ex-
both fast and applicable to ambient conditions and determines cepting weekends and holidays, when, after the initial week of
a "leachability parameter'' specific for the matenal bemg operation, up to 96.h leach intervals were tolerated. It was
tested. Its significance is readily interpreted by theory and assumed that the accumulation of dissolved material in the leach
can be extrapolated to arbitrary specimen size and shape as solution would not significantly affect the theoretical assumption

a function of time. of having zero-concentration leachant present at all times. The
total amouct of radioactivity present in the solutions for these

EXPERIMENTAL experiments was kept to below 20% of the original radioactidty

The experimentalinvestigation addressed itself to the teaching present in the specimen.
of radioactive isotopes from cylinders prepared by the solidiEcation ne run was subdivided into three sets so that 18 experiments

of simulated rad. waste in plastics and concrete (5). The study in gmups of six could be started together on one day. De second |

included the solidification of true solutions as well as of sus. IS followed the next day, and the third 18 were started the day

pensions or slurries ofion-exchange resins. The experiments were after. In this way there was only one, and on the subsequent dan

performed in multiples using different specimens cast from the two 0.5-h periods during which more than six leach changes had

same preparations by the same, or supposedly same, procedure, to be performed This schedule permitted the operation to be t,

'

The dimensions of the specimens were kept small to limit the carried out by one person.

amounts of radioactive material involved and to enhance the
The radioactivity of the 5.mL aliquots in the counting vials

leaching process. The teaching was carried out with relatively was crudely measured by holding them in front of i Geiger. tube i

small amounta of leachant in contact with the specimen in order laboratory :nonitor and comparing the approximate counting rates i
I

to minimi:e dilution and render most of the leached radioactivity nith that of a comparison standard. In case the aliquot exceeded

accessible to measurement in the counting aliquots. this counting rate, a 1:5 dilution was prepared. The counting viah

The apparatus shown in Figure 1 consists cf a leaching vessel were then sealed and counted in a 3 in. x 3 in. we!!. type NaI(TI) |
made of plastic tubing (s) cut to the right length to contain the detector of a y. ray spectrometer capable of hand!ing up to 100

specimen and the leaching aliquot. This tubing is closed at the samples per counting run. I

bottom with a septum (b) through which penetrates a 1 mm Many of the investigations were carried out using both mCs i
*

diameter plastic tubir.g 1 or 2 ft long (c). This "vessel" is mounted and *Co tracers in the same specimens. In the present context,

on a plastic. foam plug (d) provided with a cut-in recess to receive
this was done merely to obtain twice as much data from the same j

experi=ents. The fact that different behavior of the tracers wr.sthe septum and guide the small tubing in a 1S0' turn. observed in certain matrizes demonstrated the dependence of theThe mounted vessel is inserted into a beverage can without
lid (e) which in tum is cast into a concrete building block (0 using teachability on the chemical nature of the species and the matrix

I
portland cement. Four such beverage cans can be :nounted in

material. A detailed study of this subject will have to wait for

one building block as seen in the figure. a later time.
An array of teaching vessels was constructed of these concrete v. Ray spestrometry was used to distinguish between the two

'alncks. Other concrete blocks served both as the supports and isotopes, so that their individualleaching rates could be followed.

the bio!cgical shielding surrounding the radioactive experiments. In order to ensure consistency of the counting data, the :nea-

The thin plastic tubinzs were brought out toward the front of the suremenu were carried out relative to standardmhich were ustd
structure and lined up on a luading board' th) consisting of a throuznaut tne counting experiments. The counting data were

woulen lath onto which the tubings were fastened and labeled obtained in units of thase countin: standardt Therar , activity

with the number of the respective teaching seuel. origmally present in the specimens wa, abo determined relative

, . - ._. _ - - _ - . _ . _ . ___
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/ to these counting standards by counting both with a low-sensitivity Series A is that given in Equation 3. In series B and C, ths
UtiLi) 3 spectrometer. In this way the selection of the y- thickness 2a is replaced with the corresponding thicknesses
spe.trometer sindow widths was not critical from day to day and in the other two dimensions.
weak to week. The equivalent equation describing the diffusion behavior

One set of experiments,was carried out with tritium as the
r:dioactive species. The mitialloadmg of the tritium.contammg of the sphere, Equation 5 contains a similar series:

specimens was determined from their weights and the specific

2' Jsin f exp(-hohr 2)-
i

actisity of the formulation from which they were prepared. A C~C' =
small piece of the plastic was weighed, burned in oxygen, and the co - c nr J r

resulting tritiated water was counted with a liquid-scintillation
1

'

coun:er. 'Ihe teach aliquots from the tritium-leaching experiments -sin 2W'expl-4h6[# )+-

were similarly couated with the liquid-scintillation counter. 2 r \ \r

DISCUSSION AND THEORY $ sin exp(-9h6 ...f (5)
An evaluation of the results of these leaching experiments 3 r r

was found possible with reference to simple diffusion theory
(6-6). A mathematical model could be derived for the case where r p. the radius of the sphere.

.

of the teaching of homogeneous solids of regular shape, as- Equation 6 describes the, instantaneous concentration at
suming no chemicalinteraction between leachant and the a distance (r) from the arts of an aitially homogeneous,
material being leached. It was assumed that diffusion through infinitely long cylinder of radius (r) a+ the time 8 after the

the matrix is the rate-limiting process, begmnmg of <.he diffusion process:

The general diffusion equation: -

Ja r

exp(-he
2 C~Ci #= k? c (1) =2 +

i)c - ci Ro 'R J -r2 id: scribes the rate of change e,f concentration at a given 1o. r
eation in the diffusion medium in terms of the size- and Jo r

-

[, [7/ / + '"Rsj2}shape-dependent Laplacian operator and a diffusisity constant r
\ \ N)k characteristic of the material. Solutions of the general

RJ{/R.diffusion equation are thus r). ape- and size dependent. They 2ri rcan be derived by various techniques well known to math- _

ematicians.
To provide a needed base for the present discussion, the The right side of this equation we will denote as "Series R",

in which:following equations are given which describe the diffusion
behasier of simple boiies progressing from the "in5 nite slab",
tha "parallelepiped", the "sphere", and the "infinitely-long J,(x) = 1 #s *. *. -

(7)-+ + --
cylinder" to the cylinder of finite length. 22 2242 - 2 4:62

For specific cases the intels of the diffusion equation are
conveniently presented in the form (9): and

C ~ #' 3 8'x x x
-

-J (x)" d(Jo(x))=
i (8)

o g y g+gc - ei
-.

the difference between the concentration
!'at a point and the concentration in the For the finite cylinder ofleng:h (2a) and radius (r) the flow

liquid at time e is described by:
(2)-

the initial uniforTn concentration in excess c - ei
of the concentration of the leach liquid at * N" N (Sed" M @)e, _ c,
time 0

where e is the concentration of the leachable substance in the Integration of these equations permits the determination
solid. c.,is the concentration in the initially homogeneous solid of the tutal transport from the surface of the specimen into

and ci s the equilibrium concentration in the teachate at time the surrounding liquid as a function of time. One can thusi

c. calculate both the leaching rate at a given time and the
Equation 3 represents the teaching behavior of an infinite fraction of the unleached constituent still remaining in the

sh.b of thickness 2a: solid.
For the present purpose,it is sufficient to be ab:e to cal.

4j ( [ )2)
culate the average residual concentration in the solid relativec - ci xx

cI- ci "k '5 \ \ 2.2 /
to the initialloading. The equations then take on the form

I'

pos 5 exp -9h6 2)+
1 3:x n

w-c
,

1 5ex / /n \ ... ) (3) C' ~ #82

j cos y exp(-25h6 ) f average concentration in excess of c'
(10)

initial uniform concentration in excess of ci
Equation 4, in analogy to Equation 3, describes the par-

allelt piped. where w ei s the average concentration of the teachablei
substance in the solid at some given time 0 in excess of the

#~
= ISeries A) (Series B) (Series C) (4) concentration in the teachate. |

co - ei The corre pondin;: equations are the followin; For the >!a!x

t
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zg+ ''*""; iw - ei 8 '/ h6 x
) 1c - ei a _exp( 2

=- :
|o a 2 ;

exp(-9 + N nn.in , a
~

,,

2
, g ga s. m s . .

I he r o :
- exp -25 +- .

(11) \
-

2 m25 a 2 w
a. -

u
For the sphere:

-

m
?* "

u a n. . n., . :

w - c' 6~ h6 + _1exp _4 _2
h6 -

-i>='.-= -

:2exp -r y + g ,=-
2

c - ci n . r 4o r .

;,,
50

'

, hg

c ) + ...-j exp(-9 ' (12) $
*~"2

- e := ' ,, ;

I :
w -

For the cylinder: "

w-c' ~1 h6
-=4 exp - y R ,2 +-

2c-c _R I a ,. . . . . , , .o

Rs,exp(rR2)+... TINE C Dr1YS ]2 (13)
Figure 2. Experiment A: '8'Cs leacNng data of tfvee cy6nders,5 cm
bng and 1.28-cm diameter made of a porttand cement-simulated liquid

and for the finite cylinder: rad-waste fonmlaton. DeicNzed water used as luchant. Expenet
B: Tritiated water teacNng data from 5 cm long,1.19 cm diameter

g and 1.42-cm dameter cylinders rnade of a plastic ferrrdation. Decnized

,xp[\- - R'+ water used as teachant. The meoretical cunes am calculated withw - ci 1
_4 2 i

c - ci .,R 2 r en estrnated teachaeilaity parameter, k, to fit the experimental data.o 3
- B 1 and B-2 are calculated for the two sizes of cylinders used in

exP(-
2

R2 + . . . X *rpenment B. mas of me same materal for wNch k = 3 x 104
2 .

cm
R: ,

3 ;xeXi)')+ 6 x feWO )+
'

!

~ - "- - ~~

~i-

2 -

1 he a
-- exp -25 7 - + . . . (14) N ,20 a 2 .

- i

Ng g. n n .. ., ,
;

Equation 14 for the finite cylinder has two parts, one
, ......-' 3

c
stemming from the equation of the infinite cylinder or radius x :
(r) the otbr from the slab of thickness (2a). These d!=ensions E
are the size parameters for our cylinder. The equation u -

contains as additional parameter the teachability (= diffu- "

|, , , 1 i,
2sivity) constant k[cm s*!] for the material. The terms R , R:, u

t

etc. represent the roots of the :ero-order Bessel function of 3 1
- =

*the first kind (11),4(r), and 8 is the time elapsed since the w 1

beginning of the leaching process. $L t ) [
u

E | gIt was found that the two mathematical series =aking up " " " ' " " ' '

Mf'j ,, ,

Equation 14, each representing one of the simpler gec=etrical " ' " "
g p

shapes that constitute the finite cylinder, converge very slowly H: : ;-

2 2for small values of ko/a or kd/r . For reasonable accuracy, - - j ;

calculations must thus consider a large number cf terms in i ;g
each series. This virtually requires that the calculations be

{ '' '' ** . . -} /
M

,

carried out with a computer or programmable ca'cu'ator. For .-

the range of interest in this discussion, it is necessar/ to include T I ME C 0;W c. ) {
between 100 and 200 terms of the series to arrive at =ea linpul

Figure 3. Experiment C: Leachmg data of '8'es from 5 cm for's.leachmg rates for the imtial phases of the leaching process. us cm mer om mas of a mennype pusx tmw. 3The Equations 11,12,13, and 14 give the average con- Smtated ocean water used as teachant. Erperiment 0: Leaching I
centration of the teachable substance in the solid after a given ca.a cf "Oa frem two cylinders made of yet ano:ner plasuc formveen. i
time o as a fraction of the initialloading. The fraction leached Decnced water used as teachant
during an interval of interest is thus computed as the dif.
ference of the fractions remaining in the solid at the beginning model for the finite cylinder of the dimensions of the re- i

and the end of the leaching interval. spective specimens and estimated "leachability constant"(k) '

to fit the data.
RESULTS The deionized water teaching rates determined for "Cs1

The experimental data from several of the specimens in. from three identical specimens made of a formulation of
vestigated are presented as plots in Figures 2,3, and 4. The simulated ad. waste and portland cement are plotted in Figure

,

theoretical curves were calculated with the aid of the described 2 as "experiment A" The cylindrical specimens were 5 cm !

i /



s
Y k68e AN.ALYTICAL CHEMISTRY. VOL 50, NO. 4, APRIL 1978
. .<
< ...,

.

. _m w% .,. . . . ' , , , . , . , . . . . ,. . . . . . . . . . . . . . . . . . . . . . . . . . , ,.

( ..N.-

{ -. ,-' ' . . , ,-a *M
~(% .. s.,

,
mn.

O \ ' s. '*yr *H-
j,

,.,
-

, . m . . , ,.,
...\ \r E

- , - ,

s.=- ,

m M .

mt s. s. s uc
= < . s., i..

4o x ;

\., CL,7. iEE,ce % 3 ',-
u -

gy. z z z
__; .. ....-. : --.

;=

m j.. . gg- -
g ; -s

.,

.i ~\ !iEN ! g ( ..--

e N : ? \ \,

.\ !5
\ s

s ......- j 3 4- i 3=-
,

\@
**

g . . - " \
\ - ra , : .

-
i
i * i

i i
-

: .. . ,. . .

IlME ( YEEE3 )e ,. . i. ,i..

TINE C DRY 51 mne s. Caicuated leachwg rates for banewze weat bgots
of 90-cm height and 55 cm diameter as function of time for materials

Figure 4. Ocean-water teacNng rates of '2'Cs from two cylinders 4.9 with d.tferent values of the teachability parameter k (cm s j. The8 d

cm long and 1.18-cm diameter mada of an inhomogeneous material dotted curves represent the fractionala.nounts of teachable material
containing lon-exchange beads left in the solid as a function of leaching time

long and 1.23 cm in diameter. The resulting histogram is fit model. Figure 4 presents the data of a "'Cs leaching ex-
well by the model prediction using h = 4 x 104 2 4cm s as the periment using ingots made of ion-exchange resin beads
leachability constant of the material. solidified in a plastic matrix and ocean water a:leachant. The

The two histograms representing the data from "experiment surfaces of the two specimens were formed in part by exposed
B" are also plotted in Figure 2. The trseer, tritiated water, resin beads which showed an enhanced leaching rate relative
was solidified in a plastic formulation ss two different. size to the average composite.
ingots. Both were 5 cm long, one had a diameter of 1.19 cm, Perous materials ant. :pecimens with rough surfaces also
the other of1,42 cm. As predicted by the model, the teachir.g exhibit initially higher teaching rates, since their surface-
rates obtained with deionized water for tha sma.ler cylinder to-volume ratios are greater than for a regular body (cf. Figure
remained higher than those of the larger cylinder throughout 3, experiment D).
the experioent. The theoretical curves, B 1 and B 2, cal- After the surface layer is depleted to some depth, the
culated with k = 1.3 x 10 cm s for the two aizes have about relative effects of the surf.ce irregularities and micro-inho-

'

(
4 24 -

the same distance as the corresponding histograms. mogeneities are overcome or averaged out and the theoretical
In Figure 3 the results of"experiment C" are well matched leaching curve is approached (Figure 4). Due to the higher i

4 2 4 as the material surface-to-volume ratio, such irregularities are more pro- - iby the model using k = 1 x 10 cm s
parameter. This experiment invoh ed the ocean-water leaching nounced in experiments using smallingota. They become less }
of SCs tracer from another plastic formulation. Important as the size is increased. >

The model also accommodated the much lower leaching The assumption that the diffusion across the solid-liquid j,

rates found for "Co teached by deionized water fror2 yet interface is rapid relative to the diffusion in the solid is given [
another plastic formulation. The leachability constant in this its most severe test at the beginning of the teaching exper- L
case was only k = 3 x 10-u em s . iments with high k materials, whera relatively high leaching , k,2 4

The leachability parameter introduced here is a function ra'e* sre encountered TF affect of surface-diffusion limi- E

of the matrix as well as cf the leachant and the species being tation is thus seen only in cigure 3, experiment C for the k i
leached. For different leachable species present in the same = 1 x 10 cm s material during the first day of the run. E4 2 4

solid, one would thus expect to obtain different values for the The experimental data there definitely stayed below the g
respective leachability constants. prediction of the simple model.

It is apparent that the experimental results are generally In case a chemical interaction between the teachant and !
in good agreement with the model. For each case studied, it constituents of the solid causes changes which affect the |
is thus possible to describe the results by a single number, characteristics of the material. i.e the diffushity etc. or causes "

k, representing the material and with its aid calculate the the leachable material to precipitate and change chemically
expected teaching behasior as a function of time for any in the solid, we expect deviations from the model.
regular. shaped body made of the material. .

CONCLUSIONFigure 5 is presented to faci;itate the ex rapolation of g

experi.nental data, obtalaed with small specimens in a few The teachability of solidified low level radioactive waste }
days, to the 55. gallon drum size ingots customary in radio, forms is one of the critical parameters determining the quality ?

active. waste burial operations. The figure includes the ex- of the product and its acceptability for burial (12). The 4

pected leaching rates for materials of different "leachabilities" present work provides a simple procedure to measure this b
"

for times up to 1000 years. It also includes, as dotted curves, parameter in a few days of experimentation and supplies a
the predicted fractional amounts of leachable material left mathematical model able to predict the teaching behavior of f
in the salid as a function of the teaching time. w.ute forms made of the material. As an extension of the .

Whenever nonhomogeneous leach specimens are investi. reported approach, the methmi might find application in the i

gawd the leaching data t 'atained deviates frorn the theoretical quality assurance tnting of rnaterials used for besera,:e j
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