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FOREWORD

Increased industrialization and economic development are accepted by almost every country as
desirable goals, which bring many benefits. However, they may also cause a number of serious
problems, including their potential for creating a negative impact on the environment due to the
production of toxic pollutants.

Environmental pollution has many causes. One of the most important sources is that associated
with the large quantities of solid wastes produced by modern industrial societies - materials such as
coal fly ash, incinerator ash, sewage sludge and mine tailings. Not only do these give rise to physical
problems of disposal - due to the enormous quantities involved - but also, in the long run, they may
pose some serious environmental risks. Questions arise as to what will happen to them as a result of
interacting with rain or groundwater. Will their toxic components eventually migrate out of waste
depositories and contaminate the environment, including groundwater?

Nuclear analytical techniques, such as neutron activation analysis, are not sufficient in
themselves to provide a complete answer to these questions. Nevertheless, they have unique properties
which enable them to determine many of the important bulk constituents of solid wastes and to
explore how toxic and other trace elements can be removed from them by leaching with different
kinds of water (e.g. rain water, groundwater and sea water).

This report attempts to explore some of these issues and to offer guidance on how nuclear
analytical techniques may be applied in a standardized way, thus helping to ensure that the results
reported by different laboratories will be compatible and comparable with each other. It was prepared
by Dr. H.A. Das, Netherlands, at the invitation of the IAEA, and was mainly intended for use by
participants in an IAEA co-ordinated research programme on the use of nuclear and nuclear-related
techniques in the study of environmental pollution associated with solid wastes. It is reproduced here
in order to make it available to a wider audience.

The IAEA would like to thank Dr. Das for preparing this report, and also to acknowledge the
assistance of all those who provided comments -bn an early draft of it.



EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States or
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1. INTRODUCTION

1.1. SURVEY

Virtually all human activities imply the production of some kind of waste. In recent years, its
impact on the environment has become a major concern. Thus reliable, well standardized, procedures
for risk assessment are in urgent demand.

Inorganic non-degradable wastes constitute a large section of the refuse, produced in
industrialized countries. The slow but considerable release of trace elements to surface-, ground- and
sea water presses for a two-pronged monitoring programme:

(a) Classification of waste materials by standardized laboratory tests to predict the release
under "field" conditions.

(b) Observations on this release to the environment from actual dump-sites and
waste-containing products.

Results have to be interpreted by comparison to the data obtained for unpolluted soils and
generally accepted construction materials. Concentrations in the leachate are judged against those
found in rain water and (apparently unpolluted) groundwater.

Bulk industrial wastes are dealt with in three ways: temporary storage, disposal, recycling.
Figure 1 summarizes the possibilities and associated environmental risks. The obvious conclusion is
that the standard experiments have to be adaptable to the chemical composition of the leachant and
the spatial conditions of the storage or disposal. In addition, these standard tests should cover a large
time-span, reaching from instantaneous release upon wetting to diffusion and dissolution processes
which last for hundreds of years.

Finally one should be prepared to handle materials of widely varying grain size, next to
irregularly shaped lumps and products of a more or less geometrical appearance.

In addition to the primary wastes, there now exist the waste-loaded cements and bitumens,
developed to constrain toxic wastes. It follows logically that leaching experiments on these materials
should be performed with water as the leachant. This choice encompasses (acid) rain and sea water
as well as ground and surface waters. These waste containers are shaped into cubic or cylindrical
blocks. The main difference to the primary wastes is that upon leaching a saturated solution is formed
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inside the pores of the solid. This in turn leads to a different, more simple, formulation of the
leaching behaviour.

Table I gives the various standard tests as a function of grain- or lump-size. The physical
characterization comprises the grain-size spectrum, the void fraction and the fusion temperature. For
"products", including irregularly shaped lumps, the surface is analysed and photographed by scanning
electron microscopy.

The acidity test applies to granular materials only. It refers to the pH variation upon wetting and
is performed batch-wise.

Shaking (batch) experiments yield the gradual release and, ultimately, the total available amount
of a trace constituent.

Column experiments are the most reliable, yet simultaneously the most laborious of all standard
tests. They consist of two parts: the flow pattern and its homogeneity over the column is controlled
in a preparatory radiotracer experiment with an inert tracer. The actual measurements follow on an
identically prepared column. This usually takes a few months.



TABLE I. SURVEY OF STANDARD TESTS ON COAL COMBUSTION RESIDUES

Fine
granular material
d £ 3mm

a

Physical characterization of particles
Acidity test
Shaking test
Column test
Stand test
Extraction test

Coarse
granular material

Physical characterization of particles
Acidity test
Shaking test
Stand test
Extraction test

Product Physical surface characterization
Product test

The established correlations between the various stages of the column and shaking experiment
allow the use of the latter as a substitute, if one is interested in the available amount of a trace
constituent without any regard to the mass-transfer processes inside the (wetted) material. To this end,

the cascade-test has been developed which differs from an ordinary batch shaking experiment in that
the leachant is renewed several times.

The stand test is based on extraction with an excess of diluted nitric acid. No shaking is applied.

When it comes to the application of the laboratory results to field situations, the influence of the
spatial structure of the dump or waste products containing construction has to be considered. This
implies measurement of the local diffusion or flow rates and the interaction of the leachate with the
material surrounding the dump.



The ensuing emission estimates should be checked by measurements of the concentrations in
ground- and surface water and soils as a function of the distance to the dump or construction.

1.2. DEFINITIONS

There is a clear need for giving a well-defined meaning to the expressions which are used in
connection with environmental risks of industrial wastes. The obvious starting point is the "leaching"
process itself including its time scale. From there, one arrives at the definitions of "total available
amount" or "total available fraction", "cumulative fraction leached" and "leaching rate". For the
column experiments and in field measurements, the transport parameters apply: "Void fraction",
"effective diffusion coefficient", "retardation by tortuosity and interaction with the solid
(constrictivity)", "backmix flow", "plate-number", "barrier layer" and finally "emission". It should
be noticed that the most difficult definition is that of "waste" itself. For a number of elements, US
and EEC regulations state the total concentration above which a material is to be regarded as
"chemical waste". However, until now no such rules exist which pertain to the available fraction of
the elements.

Leaching is defined here as any process of net mass transfer from the solid waste to the leachant.
Regarding the time scale the following division can be made:

Term
Short-term
leaching

Timescale
Phase 1
up to 5 min.
after introduction
of water

Phase 2
Up to — 2 days

Process involved
Primary reactions
with water

Precipitation of
secondary compounds
(mostly hydroxycarbonates)
Adsorption

Relevant test
Acidity test

Shake test

Long-term
leaching

PhaseS
Up to — 1 year

Unlimited

Redissolution of
secondary compounds

Dissolution into pore
water and diffusion
Dissolution of lattice

Column

experiments
cascade
shake test
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Thus, leaching comprises two opposite phenomena, the net result of which is observed.

The amount of some trace constituent, transferred to the leachant after a certain contact time t
(usually expressed in hours), divided by the total amount, originally present in the solid, is the
cumulative fraction leached. The leaching rate is the amount of trace constituent which is leached
during one time unit, usually one day. It is a function of time (cf. Section 2.1.).

The total available amount and fraction refer to an infinite contact time. In practice one may
infer these parameters from a graph of the corresponding cumulative quantities as a function of time,
by semi-logarithmic extrapolation (cf. Section 2.1.).

The void fraction is defined as the ratio apparent free space within the solid test specimen/total
volume of that solid specimen.

The value of the apparent free space may depend on the trace constituent involved. A reasonable
estimate can be obtained by a separate (radio-)tracer experiment (cf. Section 5.4.).

The effective diffusion coefficient [m^s"1] of a trace constituent is the value of that parameter
which results from separate experiments under equilibrium conditions (cf. Section 5.5.).

The retardation by tortuosity and interaction with the solid (constrictivity) is closely connected
to the effective diffusion coefficient as it is a (dimensionless) measure for the resistance put up by the
solid against diffusion (cf. Section 5.5.).

In most laboratory experiments, backmix flow prevails. This implies that concentrations in the
liquid inside the system are the same everywhere and that, consequently, the outgoing leachate is
identical with that still inside.

The implications of this condition for the experiments are very important (cf. Sections 5.4.
and 6.3.).

The system can be described as consisting of one compartment only. If the plate number is
larger than unity, the formulation of the experiment is more difficult as there are now a series of
subsequent plates or compartments. The plate number can be determined by a separate (radio-)tracer
experiment (cf. Section 5.4.).
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In many laboratory experiments there are (involuntary) barrier compartments, voids which tend
to hold up and spread out the leached material. This phenomenon is applied in the barrier layers
around actual dumps. The simplest case is considered in Section 6.3.

The final effect of leaching is emission, defined as the amount of the trace constituent that leaves
the system per time unit. Usually, the emission is a function of the time elapsed since the entry of the
leachant. This is the principal difference with the steady-state conditions met in soil - water
interaction.

It is obvious that there is no generally valid relation between leaching rate and emission, as this
depends entirely on the spatial structure of the system.

1.3. SCOPE OF THIS REPORT

This text tends to serve three purposes:

(a) The definition and formulation of the various phenomena, encountered in leaching studies of
industrial wastes.

(b) A short description of standard laboratory tests and related measurements in the field.

(c) An inventory of the application of radiotracers to this subject.

Obvious limitations are:

(a) Neither the well-known schemes for sequential extraction, like that of Tessier [1] nor the ANS
standard procedure for the measurement of the leachability of solidified low-level radioactive
wastes [2] are discussed. Moreover, this report does not provide a literature survey.

(b) No effort is made to cover all possible industrial wastes. Although, in principle, the laboratory
tests apply to practically every situation they may have to be adapted. In addition, the mentioned
analytical procedures for both solids and leachates will have to be changed accordingly. The
present text centers on the combustion residues from coal-fired power plants.

(c) Details on the chemical reactions and physical interactions that cause the temporary retardation
of leached trace constituents by (co-)precipitation, ad- or absorption have been omitted.

12



2. LEACHING BEHAVIOUR OF GRANULAR SOLIDS

2.1. FORMULATION

2.1.1. The specific mass transfer function

Leaching can be defined in terms of a time-dependent specific mass-transfer function, F(t),
which gives the net release rate of a trace constituent per gram of material. Once the F(t)-function
has been determined for a given trace constituent, it can be used in its mass balance over a waste
dump to estimate future leaching behaviour.

Curve-fitting of an "a priori" likely function to the experimental data leads to the determination
of the parameter values involved. The choice of the F(t) function is based on elementary
physico-chemical considerations. The number of parameters should be kept as small as possible.

2.1.2. Batch shaking experiments

The mass transport over the batch experiment can be described by Equation (1):

y-||=G.F(t) (D

where
V = volume of eluent [mL],
c = concentration in the eluent of the compound of interest [g-mL'1],
t = time PI],
G = amount of solid [g] and
F(t) = the specific mass transfer function [g-g^-h'1].

By measuring c as a function oft, one may obtain information on F(t). The interpretation of the
experimental data is most conveniently done on the basis of a suitable choice for F(t) and subsequent
curve fitting. The F(t) function should contain a positive (leaching) and a negative (precipitation/
adsorption) term, which should counterbalance each other at equilibrium. Thus:

f ( t )=F 1 ( t ) -F 2 ( t ) (2 )

As the leachable amount is finite, it is obvious that:

F1(«)=F2(~)=0 (3)

13



The total amount which can be leached from one gram of solid is equal to

( t) . dt

If (cJ0 denotes the original concentration in the solid, one may define an availability ratio r:

(4)

Leaching experiments give variously shaped graphs of concentration versus time (cf. Figure 2).
Some of these are of an exponential appearance, some are hump-shaped. Occasionally one gets a
straight line. This suggests an F(t) function of the type

F(t)=ki.e-"t-k2(c-c ) [ 5 )

1=k ,= 020Kr7 a=001
2 = k = 07710-7 a =0033

o = 0 1 k =023 W6

A = k = 069 XT6 a =03

FIG. 2. fc-curves. The &/- and ct-values refer to equation (5),

The leaching term is governed by the rate constants lq [g-g'^h'1] and a [h'1]. The total leachable
amount per gram solid is Iq/ar [g-g"1] while

r =
The equilibrium concentration is denoted by c^. The counter-current from the solution to the

solid is supposed to be a linear function of (c - c^); this fits with a linear adsorption isotherm as well
as with precipitation. The dimension of the rate constant kj is [g-g^-h"1 (g-mL'1)'1].

The values of the four parameters depend on the grain size of the solid. As reduction of the
grain size will, to a first approximation, not change the total leachable amount, it is obvious that kt/a
will remain approximately constant. The influence of the mass ratio solid eluent is reflected by the
term G/V and the parameter c«,. If the GAT ratio does not appreciably influence the shaking efficiency
or the composition of the eluent, k,, a and kj will not vary with it.
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2.1.3. Column experiments

The specific mass transfer function follows from the mass balance for one "plate" or
compartment

v. (c0-c)+G.F(t)=V.-|| (6)

where
c0 = concentration of incoming water [g-I/1],
c = that of the water leaving,
F(t) = specific mass transfer function [g-g'̂ h"1],
G = mass of solid [g],
V = volume of water within the compartment [L] and
v = flow rate [L-fr1].

In this Equation net transport by diffusion is neglected.

The main possible F(t)-functions are:

Instantaneous dissolution F(t) = 0 Observed for W,
upon wetting Na, Cr, Se, Mo

Exponentially decreasing F(t) = k-e""" with K, Br, Cs
leaching n=number of free

volumes led through

Slow dissolution of the F(t) = k or Si, Al
matrix F(t) = k1+k2-(l-e-an)

Precipitation and adsorption F(t) = kj-e'^'-kj-c Ca, As, Sb
governed dissolution

The initial pH variation consists of two steps:

(1) In case of acid ashes (cf. Section 2.2.3.) a momentaneous decrease to ~ 4, due to the
dissolution and oxidation of SO2 from the surface.

(2) A gradual increase to 8.5-11.5, depending on the ash-type, over the first two free volumes.

15



The influence of this variation on the values of the parameters differs with the F(t) expression
involved. Obviously, the instantaneous dissolution is not affected. This also holds for the slow
dissolution of the matrix. The exponentially decreasing leaching becomes virtually complete in the
first 2-4 free volumes; thus in principle it is influenced. Judging from the ions involved one must
expect this influence to be small or negligible. An important effect is likely when dissolution of a
secondary precipitate of calcium or magnesium (basic) carbonates governs the liberation of trace
elements.

The influence on the parameter values can be obtained from batch experiments in a closed
system where Equation (1) applies.

By variation of the ratio V/G and extrapolation to zero one can rapidly obtain an estimation of
the initial column behaviour.

The number of compartments in an experimental column follows from the elution pattern of a
momentaneously added amount of inert (radio)tracer. The fact that, in practice, the tracer has to be
added over a certain time-interval encumbers the formulation but does not change the principle
(cf. Section 5.4.).

Preferably, experiments should be done in a one-"plate" or "backmix" system. Then
Equation (6) describes the concentration in the eluate. If more than one compartment is involved, the
formulation becomes more complex as Equation (6) has to be solved for each consecutive
compartment.

Whether the column really consists of one compartment only can be checked by observing the
elution pattern for trace constituents which dissolve immediately upon wetting. Here F(t) = 0 and the
mass balance reduces to a simple exponential.

2.2. A STANDARD LEACHING TEST FOR COMBUSTION RESIDUES

2.2.1. General

The procedures given here were developed in the years 1981-1983 by a Dutch working group
in respond to the urgent need for a standard leaching test of coal combustion residues [3]. About 20
scientists from industrial, government and university laboratories as well as from independent
consultant agencies participated in this project. Water, eventually acidified, was chosen as the only
relevant leachant.
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The (final) ratio leachant solid is denoted as the L/S-ratio. This expresses the fact that (unlike
in the previous Section where the symbols V/G are used) this ratio is a continuously variable
parameter. The word percolate is used for the leachate from a column experiment. The verb ÎQ
acidulate means to add acid dropwise.

The acidity test is also referred to as acid-base behaviour.

2.2.2. Sampling

2.2.2.1. Drying

Samples should first be dried to constant weight at 105°C. This treatment may be combined with
a determination of the moisture content. Even when no drying is required, it has to be determined
because leaching percentages are based on the dry material. If, for evaporation, drying at 105°C is
not feasible, the moisture content should be determined in a separate sample by the method currently
used for the material.

2.2.2.2. Particle size

The sample should not contain any particles larger than 3 mm to avoid a small contact area and
non-uniform flow profile in the column test and, consequently, poor reproducibility of results.
According to the state of the starting material, it is treated as follows:

Sieving if the sample contains about 20% or more of particles with a diameter smaller than
3 mm. If this is not the case, crushing is mandatory. Either the ASTM or prevailing national
procedures should be applied. Grinding should be avoided.

2.2.3. Acidity test

The acid-base behaviour of the material is determined by the initial and the stabilized pH value
of the contact liquid, to be measured after 1 and 10 minutes. Under these conditions the system is not
yet seriously affected by solubility limitations.

Procedure:

- Transfer 5.0 g of the material under investigation to a 1000 mL beaker and add 500 mL
demineralized water, or, alternatively, distilled water.

17



- Stir well, so as to ensure that all the material is adequately contacted with the liquid. Read the pH
after exactly 60 seconds stirring and record as pH (l min).

- Stir the mixture for another 9 minutes and again read the pH. Record as pH (10 min).

Interpretation:

- If the pH (10 min) is smaller than 7 the material is said to be "acid".

- If the pH (l min) > 10, the material is said to be "alkaline".

- The other materials are said to be "neutral".

2.2.4. Shake test and cascade shake test

Apparatus:

- Shaking machine or roller bench.

- 0.45 mm membrane filters and filtering equipment.

- Balance.

Materials:

- Demineralized or demineralized double distilled (d.d.d.) water.

- High-purity nitric acid.

Procedure:

- Acidulate 4.5 L of the water with nitric acid to pH = 4.

- Store 0.5 L as a blank.

- Weigh 40 g of the material to be tested (after previous drying).

18



- Place these in a 1 litre polyethylene bottle and add 0.8 L of the acidulated water.

- Shake, roll (or agitate in a similar way) for 23 hours1 and ensure an intimate contact between
liquid and solid in a closed bottle.

- Allow to settle for 15 min and decant through 0.45 mm membrane filter. Transfer last remnant
with filtrate on filter.

- Measure the pH and the conductivity of the filtrate and record.

- Next, acidulate the water with nitric acid to pH = 2.

- Keep the ash for the next test, in which it is extracted again for 23 hours with fresh acidulated
water (pH = 4), at an L/S ratio of 20. Transfer the ash, including the membrane filter, to the
bottle for the next extraction. This saves the trouble of rinsing (or scratching) the ash from the
filter.

- Repeat these extractions, each time using the same ash, until in total five extractions have been
performed.

fraction le2

fraction 2c
fraction 3c
fraction 4c
fraction 5c

: L/S 20
: L/S 40
: L/S 60
: L/S 80
: L/S 100

cumulative
cumulative
cumulative
cumulative

The acidulated samples and the blank are analysed by the usual technique.

2.2.5. Column test

Apparatus:

- Column (preferably of perspex), 5 cm internal diameter, minimum height 20 cm. These dimensions
may be departed from, provided that the column diameter is at least 10-20 times as large as the
largest particle diameter. The column height should be at least 4x the diameter.

'A contact time of 23 hours is recommended in the cascade tests for
reasons of practical timing over a 5-day period

2c stands for cascade, as distinguished from fractions 1-7 of the
column test.

19



- Peristaltic pump, capacity 0-50 mL/h.

- Tubing; connectors.

- 5 1-litre receiving bottles (preferably polyethylene).

- 2 5-litre receiving bottles.

- Optionally, a turntable for automatically changing the receivers.

- A balance.

In the environmental laboratory of ECN, Petten, Netherlands, perspex columns of (height x width)
15 x 35 cm2 and 80 x 20 cm2 (Farmacia, Uppsala, Sweden) are used. Figures 3 and 4 give the
experimental set up [4]. The columns are filled with dry fly-ash, obtained from the collection tanks
of the electrostatic precipitators. They are operated in up-flow to minimize channelling effects and
reduction of the flow rate by clogging. The bottom plates of the wide columns are equipped with six
injection points. The element is moved by a peristaltic pump. Capillary suction acts as an additional
driving force.

Materials:

- Demineralized water or demineralized double distilled (d.d.d.) water.

- High-purity nitric acid.

Procedure:

- Fill the column with the (previously dried) residue to a bed height of at least 4x the column
diameter. Place a 0.45 mm membrane filter at the bottom and the top of the bed to prevent fine
ash particles from being entrained by the percolate.

- Determine the weight of the column material by weighing by difference (G [kg]).

- Measure (10 x G) + 0.1 litre demineralized (or d.d.d.) water and acidulate with high-purity HNO3

to pH = 4; store 0.1 litre of this acidulated water as a blank sample.

20



FIG. 3. Array for leaching experiments with a wide column at ECN [4].
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FIG, 4. Array for leaching experiments with a long column at ECN [4],
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- Adjust the pump at a throughput of G/48 [L/h].

- Connect the delivery side of the pump to the bottom of the column to obtain upward flow through
the column.

- Connect the top of the column to the receiving bottle.

fraction 1
fraction 2
fraction 3
fraction 4 and 5
fraction 6
fraction 7

0.1 x G litres (L/S = 0.1)
0.4 x G litres (L/S = 0.5)
0.5 x G litres (L/S = 1.0)
1.0 x G litres (L/S = 2.0 and 3.0)
2.0 x G litres (L/S = 5.0)
5 x G litres (last fraction, L/S = 10)

- After collecting each fraction, measure pH and conductivity and acidulate with high-purity HNO3

to pH = 2.

2.2.6. Determination of the total available amount

- Weigh 10 g of residue into a 1 litre polyethylene bottle.

- Add 0.2 L of demineralized or d.d.d. water, acidulated with high-purity HNO3 to pH = 4.

- Store 100 mL of acidulated water.

- Shake for 24 hours in a closed bottle (or agitate by a similar method, like rolling or rotating).

- Allow to settle for 15 min.

- Filter through a 0.45 mm membrane filter.

- Measure pH and conductivity of the filtrate.

- Acidulate the filtrate with high-purity HNO3 to pH = 2.

- Re-extract the residue filtered off for 24 hours with 0.8 L fresh demineralized water (pH = 4).
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- After 25 min settling, filter off through a 0.45 mm membrane filter.

- Measure the pH and conductivity of the filtrate and record these.

- Acidulate the filtrate with high-purity HNO3 to pH = 2.

- Analyse the two filtrates.

2.2.7. Shake test in the case of slurry transport

If the material is transported as a slurry the accompanying leaching can be estimated from the shake
test. An important consideration is whether or not the transport water is recirculated. Thus two cases

arise:

(a) No recirculation

Single shake test:

- Demineralized water or d.d.d. water, acidulated with high-purity HNO3 to pH = 4 is used as the
extraction agent, unless sea water is used for transport. In the latter case use artificial sea water

(ASTM D665-60).

- Store 100 mL of this water as a blank.

- Calculate L/S ratio from field data:

rate of solid transport, tons/h _ _1 , 3 to„-i)-i
throughput of transport water, m3/h A

- Calculate contact time from field data:

cubic content of pipeline, m3 _ fc (hours}
throughput of transport water, m3/h

If the contact time is smaller than 1 minute, the test is carried out with a net contact time of
1 minute. The net contact time is the time of shaking, rolling or rotating.

- Weigh a quantity of residue corresponding to the use of approximately 0.8 litres of extraction
water.
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- Place the material in a polyethylene bottle and add the calculated quantity of acidulated water.

- Shake, roll or rotate for the contact time calculated, but at least for 1 minute.

- Allow to settle for 15 min.

- Filter through a 0.45 mm membrane filter.

- Measure pH and conductivity and record these.

- Acidulate with high-purity HNO3 to pH = 2.

- Analyse extract and blank by the usual method,

(b) With recirculation

Cascade shake test:

- Demineralized water, acidulated with high-purity HNO3 to pH = 4, is used as the extraction agent,
unless the transport water is sea water. In that case use artificial sea water (ASTM D655-60).

- Store 100 mL of this water as a blank.

- The same procedure as described above applies for the calculation of L/S ratio and contact time.
- Calculate how often the water is recirculated:

throughput of transport water, m3/h _
throughput of added water, mz/h

- Calculate the number of steps in the cascade test and the L/S ratio in this test as follows:

where
q = number of steps in cascade test
A = liquid/solid ratio in the transport system
n = number of times the water is recirculated
L/S = liquid/solid ratio during the cascade test.
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Example:

1000 kg fly ash per hour is transported by 10 trf-h"1 water. 0.5 m3 water per hour is added to
make up for water losses,
n = 20 ,
A = 10 J -* q = 2 x (L/S)

This means that, if for the test an L/S ratio of 3 is chosen, 6 steps are needed.

The contact time in the test is calculated from:

tc - ———, where

tc = contact time in cascade test
tt = contact time per cycle in the transport line

If tt < 1 minute, a contact time of 10 minutes is adhered to in the cascade test.

Procedure:

- To 0.8 L water (artificial sea water ASTM D665-60, if relevant, or water acidulated with
high-purity HNO3 to pH = 4) add the material to be examined at the desired L/S ratio.

- Shake, roll or rotate in a closed polyethylene bottle for t,. (but at least 10) minutes.

- After 15 minutes settling filter off through a 0.45 mm membrane filter.

- Measure the quantity of water filtered off and add a quantity of fresh residue corresponding to the

L/S ratio also used in the previous step and start shaking again.

- Repeat this procedure q times.

After filtering for the q* time:

- Measure pH and conductivity and record these.

- Acidulate with high purity HNO3 to pH = 2.

- Analyse extract and blank by the usual method.
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2.2.8. Stand test

Extraction agent: demineralized or d.d.d. water acidulated with high-purity HNO3 to pH = 4;
or another extraction agent if required (e.g. artificial sea water ASTM D665-6Q).

- Weigh 100 g of the material to be examined into a 1 litre polyethylene bottle.

- Keep 100 mL of the extraction agent as a blank.

- Close the bottle and store undisturbed for 7 days.

- Decant the water through a 0.45 mm membrane filter.

- Measure pH and conductivity and record these.

- Acidulate with high-purity HNO3 to pH = 2.

- Analyse by the usual method.

If the situation in the field departs widely from these conditions, the test may be adapted as
required, unless field conditions cannot be simulated.

3. LEACHING BEHAVIOUR OF PRODUCTS

3.1. FORMULATION

3.1.1. General

Leaching of solid bodies depends on three processes:

(a) Wetting by intrusion of water into the pores.
(b) Dissolution of trace constituents from the solid into the pore water.
(c) Outward diffusion.
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In fact this is a simplified picture as the pores are supposed to be homogeneous throughout the
solid and matrix-dissolution is excluded. It is, however, sufficient for the present purpose of deriving
a quantitative description of industrial waste leaching.

If it is supposed that the solid is already completely wetted, two cases have to be distinguished:

(1) The dissolution process is the rate-controlling step. This implies that no steady-state is reached.

The diffusion Equation (7) has to be solved according to the numerical procedure, discussed in
Ref. [5].

The relevant parameter is the dimensionless group D-t/R2 , where
D = effective diffusion coefficient [m^s"1],
t = time [s] and
R = dimension parameter [m]. For a sphere it obviously means the radius.

(2) Dissolution is rapid and results in a saturated solution inside the pores. Thus a steady-state is
reached with dc/dt = 0 and, consequently, 3c/9x = constant.

Case (1) applies to the leaching of industrial wastes, while the alternative is met in dealing with
the waste-loaded cements and bitumens mentioned in Section 1.1.

3.1.2. Leaching of industrial waste; the non-stationary case

In all experimental situations, the parameter D-t/R2 is <, 10"4. This implies that only a small
depletion has occurred and that the original concentration still prevails in most of the solid specimen.
Then the amount Mt [kg], emitted by the specimen into a surrounding (infinite amount of) leachant
over a contact-time t [s] is given by Equation (8):

M — r- \LJ*'> o l"7Mt - c,. ^ .S

Here c. [kg-m'3] stands for the available concentration, D [m2-s'1] for the effective diffusion
coefficient, t [s] for the contact-time, and S [m2] for the outward surface area. It can be supposed that
c, is equal to the product of total available fraction and total (original) concentration. The procedure
for the estimation of the "effective diffusivity", given in Ref. [2], is based on this Equation.
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3.1.3. Leaching of loaded cement and bitumen; the stationary case

In terms of waste solidification, concrete and cement are characterized by an effective porosity,
e, and a retardation of diffusion, £, caused by the tortuosity of the pores and the interaction with their
walls (constrictivity). Both parameters are dimensionless; the ration £/e is a figure of merit for the
loaded concrete. Together with the solubility of the waste material and the degree of loading, this
ratio determines the practical use of the procedure.

It can be derived [6] that the fraction of the original waste load, leached in a time t [s] from an
already wetted specimen, is given by Equation (9):

* m T-v _ 1 1

"2

ep (£j 2 V

where
ft = leached fraction
V = volume of specimen [m3]
S = outer surface area of specimen [m2]
e = void fraction
u = retardation factor due to tortuosity
m^, = specific waste load [kg-kg'1]
p = average density [kg-nr3]
D0 = diffusion coefficient in an aqueous solution [m^s"1]
t = contact time [s]
cMt = concentration of saturated solution [kg-nr3]

If leaching experiments are performed on originally dry specimens, a correction term for the
inward water diffusion has to be added [6].

If one applies the calculation of Ref. [2] to this steady-state case, the resulting "effective
diffusivity" is a fraction of both the saturation concentration and the specific waste load.

3.2. A STANDARD LEACHING TEST FOR PRODUCTS

3.2.1. General

The following procedures stem from the (unpublished) standard test for products, developed by
the working group mentioned in Section 2.2.1. and Ref. [3].
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3.2.2. Determination of the total available amount

A representative aliquot of the specimen is crushed in an agate mortar until a sufficient fraction
of the grains has a diameter of less than 3 mm. This fraction is then isolated by sieving as mentioned
in Section 2.2.2.

Five grams of this aliquot are transferred to a one-litre vessel which already contains 500 mL
of déminerai ized water, acidified to a pH = 4 by drop wise addition of 1:1 HNO3.

The mixture is stirred for 5 hours while the pH is kept at 4 by occasional addition of some drops
of 1:1 HNO3.

After settling of the solid particles, the liquid is filtered over a 0.45 mm membrane filter into
a polyethylene bottle with screw cap. It is acidified to pH = 1.5-2 and stored until analysis.

3.2.3. Stand test

A specimen of a well-defined simple geometrical shape is placed on a tripod in an rectangular
vessel which can be closed and contains a volume of leachant (water), at least 5 times that of
the specimen itself.

The volume is closed and stirred over a period of ~ 6 hours. The water is taken out and fresh
leachant is added.

This procedure is repeated at 24, 96, 360 and 600 hours after the beginning of the experiment,
in accordance with Equation (8).

Each used leachant is immediately filtered over a 0.45 mm membrane filter into a polyethylene
bottle with screw cap, acidified to a pH = 1.5-2 and stored for analysis.

If the leached fraction is less than ~ 0.2 the geometry of the test specimen does not influence
the results appreciably [5]. Then the "effective" diffusion coefficient, Deff [mV1], over the time
interval At = tfti is obtained from Equation (10):

• > - • • • • * <10>
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where f^ is the increment of the leached fraction over the time interval and t the average time,
defined by

D - £°. *-e2 c"*t _______l______
a f f ~ £' 2 'p.irr,/ t i + 0?v)0 _cjat j j (11)

2A> ' p..msp

Comparison of expressions (9) and (10) and insertion of the correction factor for the inward
diffusion of water [6] leads to

n „ D0 t • e2 csatiJ^ff " —r- . ——r— • -=——— •
(12)

. _
2D0 p.m «P

Here (Dw)0 and D0 stand for the diffusion coefficients of water and the trace constituent in an
aqueous solution.

It is seen that, at low values of c^/p-m^,, Deff increases linearly with crat but that with increasing
solubility the relation Deff/(ciat)1/2 is approached.

4. ANALYTICAL METHODS

4.1. SOLID WASTE

4.1.1. General

Analytical observations on solid waste comprise physical characterization at one hand and
elemental analysis, including homogeneity tests, on the other.

The methods used are:

Physical characterization [7] Elemental analysis

° Sieve analysis on granules n Atomic absorption spectrophotometry
(AAS) after dissolution, eventually

n Pycnometry on granules in a pressurized steel bomb.
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Reflectometry on granules

Microscopy on granules and
on products

Scanning electron microscopy
(SEM) with simultaneous
X-ray fluorescence (XRF)
on products

o Instrumental neutron activation
analysis with both thermal and
fast neutrons.

Radiochemical neutron activation
analysis based on volatilization.
Figure 5 gives a survey.
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FIG. 5. Survey of analytical procedures for the determination of total concentrations in use at ECN [4].
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4.1.2. Physical characterization

4.1.2.1. Granular solids

Physical characterization is based on the particle size distribution, the void fraction and the ash
fusion temperature [7]. Particle size distribution is obtained by dispersing the ash into alcohol and
optical measurement with a "Malvern 2200/3300" particle sizer. Size bands range from 1.9 /im to
188 /im. In addition the mass fraction of particles larger than 30 /un is determined with a "Bahco"
centrifuge.

The void fraction is determined by way of the apparent and true densities. The latter is obtained
from pycnometry with toluene; voids are filled by ultrasonic agitation.

The ash fusion temperature is measured according to DIN 51730 using a "Leitz
Erheizungsmikroskop".

4.1.2.2. Products

The surfaces of test specimens are examined by SEM at a magnification factor of ~ 103.
Photographs are stored for reference purposes.

Simultaneously, the single grains are analysed by XRF to identify the mineral fractions.

4.1.3. Elemental analysis

Figure 5 summarizes the analytical procedures used for the determination of total concentrations
in coal and (fly) ash [4]. INAA is the first choice; RNAA with separation by volatilization and
collection on active carbon is applied for Hg [8] and for As, Sb and Se at concentrations below
— 1 /ig-g"1 [9]. AAS is preferred for the determination of Be, Mg, Ça, Ni, Cu, Zn, Cd and Pb, after
application of a standard dissolution procedure [10]. Coal aliquots are mineralized in a
low-temperature asher.

The procedure, recommended by the working group on the standard leaching tests
(cf. Section 2.2.1.), runs as follows:

About 750 mg of the material is treated for two days with 20 mL 20% hydrofluoric acid (HF).
Then 80 mL 5% boric acid (H3BO3) is added to dissolve an eventual precipitate of CaF2.
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The resulting solution is used for AAS.

The determination of anions by ion-chromatography is based on extraction into a concentrated
solution [11].

4.2. LEACHATES

Figure 6 summarizes the practice at ECN [4].
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FIG. 6. Survey of the procedures for the analysis of leachates in use at ECN [4].

Eluates are analysed by AAS, ion-chromatography and INA A after preconcentration on small
aliquots of very pure active carbon. Usually FA AS is sufficient; GFAAS is applied for Ni and Cd.
Sulphate tends to hamper the measurement by ion-chromatography of other anions.

The active carbon procedure consists of 4 steps: preconcentration, neutron activation, chemical
separation and -y-ray spectrometry.
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(1) Preconcentration

Co-precipitate arsenic with Fe(OH)3 at pH = 8.5 and collect the precipitate on a 0.8 /on
membrane filter.

Chelate Co, Zn, Mo, Sb, W, Cr(VI), and Hg with APDC at appropriate pH values and scavenge
the chelates on very pure activated carbon.

Reduce selenite with 1-ascorbic acid at pH = 2 and adsorb the elemental selenium on very pure

activated carbon.

(2) Neutron activation

Irradiate the Fe(OH)3 precipitates for 10-20 minutes at 5 x 1013 n-cm^-s'1 and allow a decay-time
of about — 3 h before handling.

Irradiate the carbon fractions for 8-12 h at 5 x 1012 n-cm^-s"1 and allow a decay-time of 12 h
before handling.

Standard-loaded pure active carbon samples are used for comparison and iron rings as flux
monitors.

(3) Chemical separation

Dissolve the irradiated Fe(OH)3 precipitates in hot HNO3, dilute to 4M and pass through an acid
A12O3 column. Wash the column with 4 mL 4M HNO3 twice and dry with acetone-air. Transfer
the A12O3 layers to test tubes for counting.

Heat the irradiated carbon fractions under nitrogen in a tube furnace at 900°C and collect the
volatile Hg on activated carbon at the outlet tube.

(4) -y-ray spectrometry

All -y-ray spectra are measured with a 50 cm3 coaxial Ge(Li) detector, mounted in a sample
changer and connected to a 4000 channel analyser with magnetic tape read-out.
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One then measures: i) the irradiated carbon fraction for "Mo-Tc"1, 122Sb, 187W, ^Co, "Zn after
3 days and 1 week decay-time; ii) the irradiated carbon fraction for 51Cr and 75Se after 3-4 weeks
decay-time.

The decay-times are ^ 6 h for 7*As and 3 days for 197Hg.

A 3" x 3" NaI(Tl) detector is used to measure the ^Te -y-lines for the purpose of flux
monitoring.

5. APPLICATION OF RADIOTRACERS

5.1. SURVEY

Radiotracers serve two purposes:

(1) Measurement of net mass transport between distinctive compartments of a "system", thus of an
experimental set-up.

(2) Observation of self-diffusion and isotopic exchange in a "system" at equilibrium conditions.

Ideally, in the first case the specific activity of the radiotracer does not change and variations
in specific count rates of aliquots reflect that of the concentration of the component under observation.

In the extreme opposite second situation only the specific activity changes as the radiotracer is
gradually distributed by self-diffusion and isotopic exchange. Combinations of these two variations
should be avoided as impracticable.

Both situations apply to the study of leaching phenomena.

Radioactivity can be induced into a "system" either by simple addition or by radioactivation of
(part of) the material involved.

"Systems" are conveniently divided into "closed" and "open" ones. With the second group one
has to consider the hi- and outgoing mass flows.
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The following applications are considered here:

Mode
Activated solid
aliquot

Net mass transport
in a closed system

Application
Determination of the leached
amount as a function of the time
in shake tests (cf. Section 5.2.).

Net mass transport in
an open system

Determination of the leached
amount as a function of time
in column tests (cf. Section 5.2.).

Radioactive "spike"
added to liquid phase

Isotopic exchange only Determination of exchangeable
mass on the solid at equilibrium
conditions in shake tests
(cf. Section 5.3.).

Net mass transport
in an open system

Determination of the number of
plates in a column test
(cf. Section 5.4.).

Isotopic exchange only

Net mass-transport
in a closed system

Determination of the effective
diffusion coefficient in granular
solids (cf. Section 5.5.).

Determination of interface
reactions and migration
(cf. Section 5.6.).

5.2. THE USE OF A RADIOACTIVATED ALIQUOT FOR THE DETERMINATION
OF THE LEACHED AMOUNT [12]

5.2.1. Radioactivation and counting

In principle, a radioactivated aliquot will behave differently due to recoil effects. In practice,
however, no influence of the integrated neutron dose on the leaching behaviour is found below an
integrated neutron dose of 5 x 1016 n-cm"2 (product of flux and irradiation time).
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Aliquots of 15 g of a well-defined fly-ash are taken from a homogenized large sample and
packed in polythene capsules. Annular iron flux monitors are mounted. Standards consisting of pure
active carbon loaded with known amounts of the elements of interest are packed in the same way.

Irradiation takes 7 hours in a thermal neutron flux of 5 x 1010 n-cm^-s"1 at a Cd-ratio of ^ 20.
The integrated neutron dose is ^ 2 x 1015 n-cm"2. Then the material is allowed to cool for an
appropriate time, related to the half-life of the radionuclide of interest.

The 7-spectra of the flux monitors are recorded under standardized conditions with a 3" x 3"
Nal-detector and 400 channel analyser to obtain the relative integrated neutron flux.

The concentration in the fly ash of the element of interest is obtained by a separate activation.
Here the flux is 5 x 1012 n-cm^-s"1 and the irradiation time 12 h. The concentrations follow from
7-ray spectrometry with a 80 cm3 well-type Ge(Li) crystal connected to a 4000 channel analyser and
comparison to standards.

5.2.2. Leaching procedure

Six aliquots of 1.5, 3.0, 7.5 or 15.0 g are weighted out and transferred to a 250 mL polythene
flask with a screw cap; 150 mL double distilled water is added. Thus the G/V-ratios are 1:100; 1:50;
1:20 and 1:10, respectively.

The flasks are placed upright in a 5 litre vessel resting on two bars which can rotate at
10 rev./min. The ambient temperature is kept at (20 ± 1)°C. After a rotation time of 1, 2, 4, 7, 24
and 48 hours, one of the flasks is taken out and the filtered eluent analysed by 7-spectrometry with
a 80 m3 well-type Ge(Li) detector. The data may be expressed conveniently as the (apparent)
percentage leached. An equal but untreated aliquot of the irradiated fly ash is taken as the reference.
The radionuclides which are measured and their y-lines used are summarized in Table II.

The change in the pH of the element is followed in a separate experiment to establish the
equilibration time.

38



TABLE H. RADIONUCLIDES MEASURED IN LEACHING
EXPERIMENTS WITH RADIOACTIVE FLY ASH [12]

Element

Na

K

As

Se

Br

Mo

Sb

W

Radio-
nuclide Half-life Ey in keV

MNa 15.0 h 1369

42K 12.5 h 1524

76As 26.4 h 559

75Se 120.4 d 265

^r 35.5 h 777

"Mo-̂ c" 66.7 h 140

122Sb 2.7 d 564

187W 23.9 h 686

5.2.3. Interpretation

The obvious aim is to determine the (four) parameters of the mass-transfer fraction, as specified
in Section 2.1.2., Equation (5). For a full account, Ref. [12] should be consulted. Here only the
outline of the procedure is given.

In case of radio-activated solid, one measures the count rate of (an aliquot of) the liquid phase
as a function of time. The number of counts collected, A, is given by:

A = e.T.a.c.v (13)
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where
e = counting efficiency [counts-(disintegration)'1],
T = counting time [s],

a = specific activity [(disintegrations) '̂1 '̂1],

c = concentration [g-mL"1] and
V = volume of aliquot [mL].

If one considers the ratio A/A^, where A^ is the number of counts obtained when the system
is in equilibrium, it is obvious that

^" -̂ (l*«)

d(-g-)
(14b>

dt a^ ' dt cgq dt

A difficulty arises if the fresh eluent already contains some of the trace elements involved. Let
this concentration be c0. Now two cases are possible (G = mass of aliquot):

~G

I ( c) ' dt FI ( t} • dt

When the fresh eluent does not contain the element of interest (c„ = 0), the ratio a/a^ is constant
and equal to unity and thus A/A^ = c/c,,. With c„ f 0, the value of a changes with time and one has
for a/a«,.

In the latter situation, the counting result A is not proportional to the concentration in solution.

The values of the (four) parameters involved are obtained by non-linear curve fitting
(cf. Figure 7).
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FIG 7. Experimental set-up of the diffusion experiment [16].

5.3. DETERMINATION OF THE EXCHANGEABLE MASS AT EQUILIBRIUM
CONDITIONS [13]

The principle of this procedure is obvious: at equilibrium, the distribution of the radiotracer
reflects that of the exchangeable (leachable) mass.

The gradual approach of the equilibrium situation can be observed as well. The procedure given
here is taken from Ref. [13].

After some initial experiments the following conditions were chosen: G/V = 0.1; contact time
^ 24h; measurements on 10 different but identical aliquots of the same fly ash; contact times
sampled: 5; 10; 15; 20; 30; 60; 240; 420 and 1440 minutes.

The procedure runs:

(1) To 20 mL portions of demineralized water 100-500 fiL amounts of an inactive solution of the
element in a known ionic form are added.

(2) The radiotracer is added as a 100-500 fjL spike of a solution of known specific activity,
chemical form and concentration. The mixture is allowed to homogenize.

(3) Aliquots of 2 g of fly ash, weighted to 0.01 g, are added through a small funnel. This moment
is taken as t=0.

(4) The tubes are immediately transferred to a shaker and kept under continuous agitation.
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(5) At each sampling time, one tube is centrifugea at 2000 rev./min for 4 minutes. The supernatant
is then led through a 0.45 /*m membrane filter and collected in a glass vial with stopper.
Five mL are pipetted into a test tube and counted in a 3" x 3" Nal well type crystal connected
to a single channel analyser.

(6) The pH of each aliquot is measured so as to control the time needed to reach equilibrium. The
data are expressed by an Equation of the type

pH = (pH)0 + [(pH). - (pH)0](l - O (16)

where (pH)0 and (pH)„ are the initial and final value, respectively, and v [min"1] the rate constant of
the pH change.

The relative statistical error in fA was found to depend on the sampling procedure primarily. A
group of six aliquots taken from one basic fly ash was processed at a single contact time. A total
relative standard deviation of 7% was observed against a contribution of 0.6% from counting
statistics.

Experiments are usually performed on chromium, cobalt, zinc, selenium and antimony, using
51Cr as CrO2'4 and Cr(IH), ""Co as Co(H), "Zn as Zn(II), 74As as AsO%), 7SSe as SeO2^ and Seo2'4
and 12iSb as (Sb(III)).

5.4. DETERMINATION OF THE NUMBER OF PLATES IN A COLUMN

In Section 2.1.3. it was observed that the number of "plates" or "compartments" within a
column must be known in order to interpret the experiment properly.

This plate number is usually determined by measuring the dispersion of some inert tracer which
has been added as a momentary pulse to the incoming eluent. The principle of this method is
discussed in textbooks on chemical engineering, e.g. in Ref. [14].

It follows that the plate number can be derived from the dimensionless parameter D/uL, where
D = effective diffusion coefficient [m^s"1],
u = linear velocity of eluent [m-s"1] and
L = length of column [m].
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Above D/uL — 0.1 there is one plate only and backmix flow (cf. Section 1.2.) prevails, as is
the case in the experiments described in Section 2.2.5.

The backmix condition can be checked by spiking the eluent storage vessel with some suitable
inert radiotracer and observing the exit signal. Usually "^Br, T1/2 = 35.4 h, added as bromide, is
applied.

During the time that the spiked eluent is used, the mass balance for the radiotracer in the column
is (cf. Equation (6), Section 2.1.3.):

V.4jL = v.(c0-c) (17)

where
V = free volume of column [m3],
v = flow-rate of eluent [m'-s"1],
t = time [s],
c0= tracer concentration in fresh eluent [Bq-m"3] and
c = tracer concentration in eluate [Bq-m"3].

The corresponding exit signal is:

c=cD . [ l -e^] < 1 8 a>

If after a time tls the analyst switches over to non-radioactive eluent one gets:

.e

5.5. DETERMINATION OF THE APPARENT DIFFUSION CONSTANTS IN WATER
CONTAINING GRANULAR SOLIDS [15, 16]

5.5.1. Principle

Diffusion of inert radiotracers in a miniaturized system can be used to measure the apparent
diffusion constants of trace constituents through water containing granular solids.

The use of a miniaturized system for diffusion measurements was first demonstrated in the case
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of '̂Pu [15]. Two identical cylinders are pressed together in a syringe. One part contains the
radionuclide; the diffusion into the other section is measured. If a "weightless" spike is used one
operates at equilibrium conditions. This procedure yields the coefficient of self diffusion. When a
component is involved which is present in solution only, the obtained apparent diffusion coefficient(s)
reflect(s) the tortuosity and constrictivity of the void fraction(s). Experimentally, these two effects
combine into one "restriction factor".

The simple diffusion Equation (19) applies to a radiotracer which is exclusively present in
solution and in one chemical form only and for the case of semi-infinite media.

] e (19)

where
a = specific activity [Bq-g'1],
c = concentration [g-L"1],
D = coefficient of self-diffusion [m^s"1],
x = position [m] and

t = time [s]

At chemical equilibrium, thus for a "weightless" spike, this expression reduces to

t ( 2 0 )

The addition of radiotracer to one compartment of the system may have changed the void
structure somewhat and, consequently, the diffusion coefficient(s). This is reflected by the general
solution of (20) which, for the originally non-radioactive part, is given by Equation (21).

iiSäL^lL ,„,

The suffices I and II refer to the radio-spiked and originally non-radioactive compartments
respectively; the zero denotes the initial situation; x is the distance from the boundary plane. If
D,= Dn, as is usually found to be the case, Equation (21) simplifies to

^. A. [!-„,. ,^ä_^„ (22)

(4£>t) 2
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The adaptation of (22) to finite systems yields Equation (23) where h is the length of a

compartment [17].

_E_ = 0.5 + — .V ( —) .e'De ' a'^ .cos [n.it (1--^) ] .sin[rz.— ] (23)
a0 TC £i n h 2

Plotting of (In a) against x2 and linear curve fitting reveals whether more than one void fraction

is manifest.

In addition, the apparent diffusion coefficients are obtained. Finally one may estimate the relative
abundances of the different fractions by back-extrapolation of the straight parts of the graph to the
boundary line. The ratio of the intercepts reflects that of the partial mass flows and thus that of the
volumes of the respective void fractions.

At equilibrium conditions and with rapid isotopic exchange one has for the experimentally
apparent D-value:

_D
D* = ———^-=— ( 24 )

where
D = the "true" or unretarded diffusion coefficient in an aqueous solution,
£ = the mentioned restriction factor (cf. Sections 1.2. and 3.1.3.) and
ms/mL = the ratio of the exchangeable masses of the element involved in the solid and liquid
phases.

By making a convenient choice of the radiotracer, one can have ms/mL = 0, and thus determine
the retardation factor £ by comparison of the apparent diffusion coefficient to the tabulated value for
a dilute aqueous solution.

5.5.2. Radiotracers

The practical application of the procedure is governed by the availability of suitable radiotracers
and the fact that, preferably, a molecular tracer should be used to exclude electrostatic interactions.
The combined use of 3H, T1/2 = 12.3 y, as HTO, ^Na, T1/2 = 2.6 y, as cation and NO3' (to be
determined spectrophotometrically) as anion may serve to probe charge effects.

The specific activity of the spikes should be ^ 1 mCi-g or 2: 4 x 107 Bq-q'1.
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5.5.3. Experimental

5.5.3.1. Preparation of the labelled segment

About 3 grams of the material under investigation is mixed with 0.9 mL of a carrier-free
radiotracer solution, of which the chemical form is known and the specific activity allows detection
in sliced segments at 10~2% of the originally added activity level. The mixing of tracer and solid with
a spatula is continued for at least 5 minutes to obtain a homogeneous paste. The consistency of this
should be such that no liquid is spilled upon introduction in the diffusion tube. In practice this always
implies unsaturated conditions. A small quantity of the mix is kept as a reference. This material is
also used to measure the change in availability due to interaction of the tracer with the solid.

5.5.3.2. Assembling of the diffusion tube

The diffusion tube consisting of polyethylene tubing (d = 8 mm, 1 = 70 mm) is marked on the
non-active side (Figure 7). On that side a piston is inserted and the tube is filled with untreated,
wetted material up to a length of 25 mm with a consistency similar to that of the labelled material
(water content: 25% w/w). The interface is kept as smooth as possible. Since the interface is not
visible, an interface marker is introduced. For this purpose a 1TOTm (T1/2 = 128d, EY=84 keV) spike
of high specific activity is used.

To avoid addition of water, the interface is marked by wetting a small rod with a 170Tm spiking
solution, removing the attached water droplet and lightly touching the smooth interface of the
untreated segment. Subsequently, the labelled material is added up to a total length of 50 mm and the
second piston is put in position. In Figure 8 the preparation is illustrated. The tube is stored in a
water-saturated environment to avoid drying out during the experiment. In case of redox sensitive
materials, like bottom sediments and sludges, precautions are needed to avoid reduced materials to
become oxidized due to slow penetration of 02 through the polyethylene tubing. Oxidized materials
should be prevented from turning anoxic by biological activity. Reduced materials are kept in this
state by storing the tubes under water in a wash bottle, which is continuously flushed with N2 during
the experiment. Oxidized materials liable to reduction are treated with 10 mg-g^NaNj to inhibit
biological activity during the experiment. These measures prove effective up to several months.
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FIG. 8. Experimental procedure of the diffusion experiment [16].

5.5.3.3. Concentration profile analysis

After a suitable storage time, which may vary from one day to several months depending on the
mobility of the element, the combined segments are pressed out on the non-labelled side to avoid
contamination by material adhering to the wall of the tube. The ideal exposure time is estimated from
D-t = 3 x 10"4 m2, in which D is the effective diffusion coefficient of the element and t the exposure
time. This condition is based upon the fact that the diffusing species should not reach the end of the
25 mm long diffusion tube. The combined segments are sliced into coupes of 0.3-1 mm. Material with
a fibrous structure is frozen in liquid N2 prior to the cutting to avoid disruption of the profile. The
slices are transferred to pre-weighted counting tubes, dried at 85°C, and weighted. They are counted
with a Nal detector connected to a two channel analyser, adjusted to the radiotracer and the interface
marker, or on a Ge(Li) detector connected to a multichannel analyser. The mass of the slices and the
total weight of the tube contents is used to calculate the axial length of each slice. The position of the
interface marker 170Tm is recorded.

5.5.4. Processing of data

Data are read into a micro-computer and processed by a program which applies linear fitting to
the In (counting result) versus square of the distance graph. The final result is a picture of the
experimental points, the fitted curves and the calculated diffusion coefficients in itf-s'1, expressed as
pD's. The uncertainty is usually around 0.01 pD-unit.
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The values of the restriction factor, obtained with HTO, NO3" and SeO4"2 agree within the
experimental error of ± 0.1. The results from the experiments with MNa are somewhat (—10%)
higher due to the already mentioned electrostatic interaction.

Figure 9 gives the results of the measurements with HTO on a (neutral) fly ash at a water
content of 70% of the saturation value [16].

o
0)
U)*-~.

Ë

-2OO -1OO O 1OO 2OO 30O 4OO

Distance [mm2]

5OO 6OO

FIG 9 Measurements of the diffusion of HTO through a fly ash [16]

5.6. A RAPID METHOD FOR THE DETERMINATION OF THE MOBILITY OF

TRACE CONSTITUENTS UNDER NATURAL CONDITIONS

The diffusion experiment, mentioned in the previous Section, can also be applied in the
non-equilibrium cases of either different concentrations in the same material or the junction of two
different materials with different physical properties and concentrations. In the latter case, a
distinction may be made between "interface" reactions and "migration". Figure 10 illustrates these
possibilities next to the "diffusion" measurement of the previous Section [18].

The main restriction imposed by the use of a radiotracer is that the influence of isotopic
exchange on the specific activity, the quantity "a" in Equations (19) - (23), should be negligible. The
specific activity should thus remain constant so that the product "a-c" can be considered as just one
single variable. In practice this means that the concentration in the spiked material should be large
compared to that in the other compartment.
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FIG. 10. The three applications of the diffusion method [18].

If this condition is fulfilled, the migration of trace constituents in soils may be investigated in
a much shorter time than would be possible with the traditional column experiments. This opens up
the possibility of measuring the influence of various concentrations of complexing agents like "humic
acid" at both sides of the junction.

Non-equilibrium methods may also yield information on the apparent diffusion coefficient of
organometallic compounds. The obvious condition is that no isotopic exchange takes place with other
species of the same element.
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6. SAMPLING IN THE FIELD

6.1. SURVEY

To monitor eventual leaching from dumps, both water and soil or sludge are sampled at various
distances from the disposal site. Thus three major problems arise:

(1) How to take representative samples.

(2) How to keep them intact during sampling, storage and transport to the laboratory.

(3) How to interpret the analytical results.

The first two aspects belong to the domain of environmental analytical chemistry while the third
is connected to the spatial structure of the dump site and the various barrier compartments that it
contains (cf. Section 1.2.).

As there is an abundant amount of literature available, the aim of this chapter is just to give the
indispensible guidelines.

The sampling of water implies the use of plastic tools, preferably made of nylon or teflon.
Immediately upon sampling, the water is filtered through a fresh 0.45 mm filter or better even, led
through a flow-through centrifuge with plasticized internal surfaces [19]. Usually the sampling tools,
whether bucket or pipe, are first rinsed through with the water to be sampled before the actual
aliquots are taken. When the centrifuge is used, this may imply several tenths of litres.

The final analytical aliquots are between 500 mL and one litre. They are stored in closed plastic
bottles (preferably nylon or teflon) which have been submitted to prolonged leaching with dilute nitric
acid and subsequent rinsing. The sampled aliquots are acidified to pH = 1-2 with "analytical grade"

nitric acid.

Eventually, the preconcentration by chelation and scavenging with active carbon (cf. Section 4.2.
and Ref. [19]) can be applied at the spot.

Sampling of soil is best done by coring; sludge is mostly grabbed or dredged. A soil core is
immediately transferred to a fitting plastic jacket and frozen. In the laboratory the pore water is
obtained by pressing under a nitrogen atmosphere. This is followed by slicing, again under nitrogen.
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If a choice is possible, sludge is preferred to soil as it is easier to sample and handle. A possible
procedure is considered in Section 6.2.

The leachate from a dump enters some other material with which it reacts, usually by being
adsorbed partially. Dump-sites are often surrounded by barrier-layers of alkaline adsorbing materials
like iron hydroxide or calcium/magnesium carbonate. This will result in a strong retardation of the
leached trace constituents.

In the simplest case such a barrier consists of a immobile volume of (intergranular) water, which
acts as a one-compartment (backmix) column to which Equation (17) applies (cf. Section 5.4.). The
influence of such a barrier on the field observation is discussed briefly in Section 6.3.

6.2. LEACHING OF DREDGED SLUDGE [20]

6.2.1. Sampling

Samples are stored under a layer of water to minimize surface oxidation. To oxidize subsamples
of the reduced sludge, a thin layer (< 0.5 cm) of the original reduced black harbour sludge is spread
out in a polyethylene through (5 x 30 x 60 cm) and exposed to atmospheric oxygen such that exposure
to wind or rain is avoided. The quick change of colour, from black to grayish brown, is an indication

that oxidation proceeds rapidly. A few times a day the crust is broken, the material mixed and spread
out again. This procedure is continued until the black colour of the sludge has disappeared.
Completeness is verified by measuring the redox potential in a slurry of oxidized sludge and water
in the ratio 1:1 after a contact time of 4 h. The redox potential of the oxidized sludge is found to be
200 mV as compared with -170 mV for the originally reduced sludge. Within 1 week a reducing
sludge can be fully oxidized in this way. For comparison, a subsample of the reduced sludge is
freeze-dried.

The redox potential is measured in the wet sludge against a Ag/AgCl - reference electrode.

6.2.2. Analysis

After homogenization, the elemental comparison is determined as indicated in Section 4.1.3.
A mixture of concentrated HNO3, HF and HC1O4 is used to dissolve the material.
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6.2.3. Leaching procedures

In order to study the leaching behaviour of trace elements, from both oxidized and reduced
sludge in the long term, batch experiments are conducted. Pre-rinsed polyethylene bottles are filled
with 10 g (dry weight equivalent) dredged material. The reduced material is not dried to prevent
oxidation. After addition of 200 mL demineralized water, acidified to pH = 4 with nitric acid, the
bottles are shaken on a roller table for 24 h. The solids are separated by centrifugation and the clear
liquid is filtered over a 0.45 mm membrane filter. The solid residue is extracted as before. This
procedure is repeated five times until a cumulative liquid solid ratio of 100 is achieved.

Column leaching experiments are performed to simulate the conditions in natural groundwater
systems. In order to minimize channelling effects and reduction of the flow rate due to clogging, the
columns are operated in upflow at a flow rate of 8-10 mL-h"1, corresponding to a percolation rate of
10-12 cm-day"1. Distilled water acidified to pH = 4 with nitric acid is used as the eluant. The height
of the columns is 4-9 cm, the width 5 cm. The bed height of the fresh sludge decreases, probably due
to (physical) reorientation of the particles, after starting the experiments. To minimize the dead
volume created by this compaction, column pistons are adjusted during the experiment. The percolate
is collected in a reservoir, from which, at certain time intervals, samples are withdrawn. These
samples are stored for analysis after acidification with HNO3 to pH = 2. Column experiments on both
oxidized and reduced sludge are carried out in duplicate.

6.2.4. Sequential extraction

The scheme of Tessier is used [1]. Its outline is given in Table III.

6.3. INFLUENCE OF A ONE-COMPARTMENT BARRIER ON THE SHORT-TERM

BEHAVIOUR OF A LEACHED OUT TRACE CONSTITUENT

The effect of a stagnant volume barrier on the result of field observations is considerable. It is
derived here as the simplest example of the compartimentai - or "box" - model approach to the
interpretation of such results.

From Equation (5), the expression for the specific mass-transfer function for short-term leaching
of granular material F(t), it follows that the concentration at the exit of the dump site will vary with
time according to (25) (cf. Figure 7):

c = J^. t .e-«-e + K2. (l-e-*-*) ( 25 )

52



TABLE III. TESSIER'S SCHEME FOR SEQUENTIAL EXTRACTION OF TRACE METALS
FROM PARTICIPATE MATTER AND SEDIMENTS [1]

PREPARATION OF SAMPLES

- Drying at 105°C

- Crushing in an agate mortar

- Homogenization

- Storage at 4°C

PROCEDURE FOR A ONE GRAM ALIQUOT

Fraction Characterization
1 Exchangeable

Extraction procedure
At room temperature for one hour with 8 mL either IM
MgCl2, pH = 7.0, or IM Na(CH3COO), pH = 8.2.
Under continuous agitation.

Bound to carbonates Residue from (1) is leached at room temperature with 8
mL Na(CH3COO) adjusted to pH = 5.0 with CH3COOH.
Continuous agitation is maintained.

3 Bound to Fe-Mn
oxides

Residue from (2) is extracted with 20 mL of either 0.3M
0.3M Na^A + 0.175M Na - citrate + 0.25M citric
acid, or 0.04M NH2OH.HC1 in 25% (v/v) CH3COOH.
Temperature of the extraction is 96.+3°C with occasional
agitation.

4 Bound to organic
matter

Residue from (3) is heated for 2 hours at 85 +. 2°C with
3 mL 0.02M HNO3 and 5 mL of 30% H202, adjusted to
pH = 2 with HNO3; occasional agitation. A second 3 mL
aliquot of 30% H2O2 (pH = 2 with HNO3) is added and
the mixture is heated again for 3 hours.
After cooling, 5 mL 3.2M NH4(CH3COO) in 20% (v/v)
HNO3 is added; the sample is diluted to 20 mL and
agitated continuously for 30 minutes.
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TABLE m. (cont.)

Fraction Characterization Extraction procédure

5 Residual The residue from (4) is digested with 2 mL cone. HC1O4

and 10 mL cone. HF to near dryness. A second digestion
with 1 mL cone. HC1O4 and 10 mL cone. HF follows.
Finally 1 mL cone. HC1O4 is added and the mixture is
heated until white fumes appear. Then it is dissolved
in 12N HC1 and diluted to 25 mL.

The parameters follow from those of the F(t) function. This function has to be inserted as c0 into
the mass balance for a backmix system (see Equation (17)).

The result for the concentration which leaves the barrier is

— -«-1 —
c=jq . -£ . -£———.(!-«-••*) + K2. ( l -e-P- t ) + ——?——. ( l-e-P'6) (26)

. v (-£-«)' <-£-p>

Upon numerical calculation, this expression yields a much more flat and prolonged curve than
the original concentration in the leachate from the dump.

7. CONCLUSIONS

(1) Leaching of industrial waste can be described by simple specific mass transfer functions, the
parameters of which may be derived from laboratory experiments on granular solids and related
products.

(2) The use of standard leaching tests is mandatory in the comparison of various types of the same
material or product as well as for interlaboratory correlations.

(3) Radioanalysis is a vital tool in the experimental determination of leaching behaviour.

(4) The environmental effect of any leaching depends strongly on the spatial structure of the waste

storage or disposal.
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