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INTRODUCTION 

In the scale-up of a laboratory decontamination process difficulties arise 

due to the limited understanding of the mechanisms controlling the process. 

This paper contains some initial proposals which may contribute to the 

quantitative understanding of the chemical and physical factors which 

influence deontamination operations. 

The basic concept of decontamination by wet chemical treatment is that the 

activity near the surface boundary is removed as the surface itself is 

dissolved away by the decontaminating fluid. Earlier work has demonstrated 

that the extent of penetration of active material into the contaminated 

surface can be either p.edicted or measured (1) (Fig. 1). Thus, the depth 

to which the surface layer should be removed to achieve the desired level 

of decontamination can be determined. Understanding of the decontamination 

process will allow the determination of the most appropriate conditions for 

the controlled removal of the surface layer to the required depth at any 

sclae of operation. I f a mathematical model of the process can be developed 

which describes with acceptable accuracy the behaviour of the process as a 

function of the design and operating conditions, such a model will be of 

considerable assistance in the interpretation of laboratory data and the 

subsequent problems of scale-up, design and operation. 

For certain materials, laboratory decontamination tests appear to contradict 

the above suggestion that the amount of remaining activity is a unique function 

of the depth to which the surface has been removed. Activity profiles measured 

in the laboratory for different types of decontamination fluid show that, when 

the same amount of material has been removed from the surface as measured 

gravimetrically, different decontamination factors can be obtained (Fig. 2a). 

This behaviour could be explained by Jtaster-Electron-Microscope studies In 

which the formation of layers of solid product on the top of the decontaminated 

metal surfaces was observed. These layers were interpreted as being undesired 

solid by-products of the reaction. I t was further observed 1n the laboratory 

that, at the same depth of removal, a sharp Increase In the decontamination 

factor can be obtained by appropriate change of the deco-medlum (e.g. from 

add to alkaline) (Fig. 2b). In fact, for a negligibly small further removal 
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of the surface at the limit of what is gravimetrically mea<*irable, the 

decontamination factor can be increased by up to a factor of ten. I t is 

suggested that after dissolution of the active nucleides at the surface 

being treated, they are held back in some way, possibly by adsorption, in 

the by-product layer. The solid by-prooucts forming this layer are assumed 

to arise from side reactions accompanying the desired main reaction which 

removes the metallic surface. The sudden change in residual activity can 

then be ascribed to the removal by the new deco-medium of the above solid 

by-product layer. I t has also been found that chemical decontamination is 

most effective when accompanied ly mechanical treatment (e.g. brushing). 

This improved performance may also be ascribed to the removal of the by-product 

layer. A similar effect can be achieved by chemical treatment in several steps 

in sequence with different deco-media. These changes of deco-medium serve to 

dissolve the by-product layers already built-up. 

General features required in a mathematical model to describe a fluid-solid 

reaction will be discussed, and initial work will be presented with a simple 

model which has had some success in describing the observed laboratory 

behaviour. 

GENERAL REQUIREMENTS FOR A DECONTAMINATION MODEL 

The dissolution of the contaminated surface takes place by means of a chemical 

reaction between the surface material and components of the deco-mediurn. 

However, the rate of this reaction may be limited by the rate at which reactants 

and products are transported to and from thr surface. In order to model the 

system both the chemical reactions and all cher significant operations at 

or near the phase boundary between solid and fluid material must be described 

quantitatively. 

CHARACTERIZATION OF THE CHEMICAL REACTIONS 

1. Stoichiometry 

A simple stoichiometric equation can be used to summarize the overall 

reaction taking place. Such equations are commonly available from the 

literature (e.g. 2). A typical example is given for the solution of a 
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chromium oxide surface iayer wit1 alkaline potassium permanganate 

(AP - Citrox Process). 

Mn04~ + ? H20 + 3 e" -• Mn02 + 4 OH" 

Cr(0H)3 + 5 OH" - Cr04
2" + 4 H?0 + 3 e" 

Cr(0H)3 + ^ Cr203 + | H20 

Cr203 + 2 OH" + 2 HnO^" - 1 Cr04
2" + 2 Hn02 + H20 

Where subsequent or parallel reactions arc significant in comparison with 

the main reaction their stoichiometry must also be described. The stoichio

metric equations serve to calculate the component and material balances 

around the reactor and conversely experimentally measured balances should be 

used to check and correct proposed stoichiometric relationships. 

2. Chemical Thermodynamics 

Thermodynamic data for the proposed reactions may also be available from 

literature sources (e.g. 2, 3). The equilibrium constants determined from 

these data indicate the theoretical feasibility of proposed reactions for 

the corrosive removal of the contaminated material. From the equilibrium 

constants the equilibrium concentrations in the system can be determined as 

functions of temperature, feed concentrations and other relevant variables 

and provide an upper limit to the attainable conversion. 

3. Chemical Kinetics 

The rate of progress of a reaction depends on the local concentrations 

of the reacting materials and the temperature. These functional dependencies 

must usually be determined experimentally for the relevant reactions. I t is 

.ommonly assumed that the rate constant of the reaction has an Arrhenius 

dependence upon teiperature and that the reaction rate depends on the local 

reactant concentration to a simple power (one or two). However, when summary 

expressions are used to approximately represent more complex underlying reaction 

schemes more complex concentration dependencies may be called for. 

CHARACTERIZATION OF THE TRANSPORT OF MATERIAL 
AND AND FROM THE REACTION SITE 

The decontamination process involves interaction between the liquid and solid 

phases: 
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Deco-medium (liquid) + contaminated surface (solid) =^> 

= ^ products (dissolved) + byproducts (may be partly solid). 

This interaction comprises some or all of the following steps: 

(1) Diffusion of the reactive components in the decontaminating 
fluid to the phase boundary. 

(2) Activities at the phase boundary: 

(a) adsorption of the reactive components 
(b) chemical reaction between the reactive components 

and contaminated surface, as discussed above. 
(c) desorption of the reaction products 
(d) dissolution of the soluble reaction products 

in the solution 
(e) possible deposition of a layer of undesired 

solid by-products on the treated surface 

(3) Diffusion of soluble reaction products from the 
phase boundary into the solution. 

Since the above steps take place in series the overall progress of the 

reaction is limited by the slowest step. 

QUALITATIVE ASSESSMENT OF THE 
DECONTAMINATION PROCESS 

An initial assessment of the relative importance of the various stages in 

the overall process can be made by observing the effects of changing conditions 

on the decontamination performance. 

Changing temperature allows a discrimination between stages having different 

sensitivities to temperature. Generally chemical reactions are mon. sensi

tive to temperature change than the accompanying transport processes. Thus, 

at a low temperature where the chemical reaction rate is slow this may 

control the overall rate of progress of the reaction. The chemical reaction 

rate may increase rather rapidly with rising temoerature until it is 

greater than the overall rate of the transport processes. Further increase 

of temperature will result 1n the overall rate of conversion increasing 

more slowly, corresponding to the Increase in the rate of the transport 

processes. Thus, a breakpoint In the curve of overall reaction rate against 

temperature will be an indication of a transition of the control of the 

overall reaction rate from one stage of the process to another. 
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An indication of the role of the diffusional resistance to transport from 

the bulk of the fluid to the surface can be obtained by changing the degree 

of agitation of the fluid. As the agitation rate is increased the diffusional 

resistance to transport will be reduced and i f this resistance plays a signi

ficant part in controlling the progress of the reaction, the overall reaction 

rate will increase. I f the agitation rate can be increased until there is no 

further increase in the overall reaction rate, this indicates that a level of 

agitation has been reached at which the diffusional resistance is no longer 

significant in comparison with other processes contributing to the control of 

the reaction. 

Responses of an experimental laboratory decontamination process to changes 

of temperature and agitation rate are illustrated in Fig. 3. There is a 

continuing increase of the overall reaction rate with increased stirring 

indicating that even at the upper limit of stirring rate used the fluid 

phase diffusional resistance is st i l l significant in comparison with the 

other rate controlling processes. The effect of temperature on the overall 

reaction rate is significant but sufficient evidence is not yet apparent 

in this case to locate a break point where one controlling mechanism takes 

over from another. 

A SIMPLE MODEL OF DECONTAMINATION 

Qualitative features of the decontamination process indicate that a model 

must include at least a description of the chemical kinetics, the transport 

of reactants to the surface and, where appropriate, the effect of the accumu

lated solid by-product film ( i .e . stages 1 , 2b and 2e of those discussed 

above). The success of the simplest form of model will show whether the 

effects of the other stages also need to be considered. 

The simplest model incorporating the three features discussed above assumes 

that the reaction proceeds at the surface with a velocity proportional to 

the concentration of the fluid reactant there, that the rate of transport 

of reactant through the fluid is proportional to the concentration difference 

across a fluid film divided by its thickness, which depends upon the degree 

of agitation, and that the rate of transport through the solid by-product 

film 1s proportional to the concentration difference across i t divided by 
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its thickness, which is assumed proportional to the amount of material 

which has reacted in the main reaction. 

For such a model, the rate of change with time of reactant concentration 

or of the amount of solid dissolved is derived in the Appendix (Eqns. A4 

and M } ) . It is clear from this expression that, as expected, the overall 

rate of progress of the reaction will be dominated by the slowest of the 

three stages - surface reaction, diffusion through the by-product film and 

diffusion through the liquid film. 

The differential equation (A4 or A4 ) can be integrated analytically and 

expressed in a linear form (Eqns. A6 ard A V ) . This can be used as an initial 

check on the plausibility of this simple model. When measured values of c or s 

are available as a function of time they can be inserted, together with known 
6A 

constant values of ̂ r and c0 or s0, into the equation. If the model is correct 

the plotted results should lie on a straight line, the slope and intercept 
aBSn l x 

of this line giving respectively the value of - = — and (T— • p - ) . 

when the degree of agitation is changed at constant temperature the term jrr 
1 a$s0 should change but -r- and ""jvT" should remain the same. Thus, the nsdel 

predicts a line of the same slope but different intercept. 

This type of behaviour is borne out by the experimental results plotted in 

the required linear form in Fig. 4. The validity of the model cannot be 

tested statistically from this transformed data. 

However, it seems clear that the inclusion of a term in the model for the 

resistance of the by-product film n of benefit. A model with only fluid 

film resistance and a first-order reaction at the surface would give a 

constant value when plotted on these coordinates, corresponding to o*0. 

To examine the validity of the model more closely the experimentally observed 

values of c or s should be compared directly with values predicted by the 

model when the best values of the parameters in the integrated forms of Eqns. 

A4 or A4' have been fitted by a non-linear regression program. For a good 

model the discrepancies should be of the same order of magnitude as the 
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experimental measurement error. Since the analytical solution of the 

differential equation is implicit in the concentration i t will probably 

be nore convenient to integrate Eqn. A4 or A4" numerically to obtain the 

concentration explicitly as a function of t*me. Non-linear regression 

programs are available for parameter fitting of models expressed in the 

form of differential equations (4). 

A similar equation for a second-order surface reaction is also given 

(Eqn. A7). 

CONCLUSIONS 

In further work the simple models already proposed will be furthir developed 

by comparison with additional laboratory and pilot plant data. The experimental 

program will be designed to identify those stages which are critical for the 

progress of the overall reaction and the means by which these stages can most 

effectively be controlled. The understanding of the most important stages of 

the system will facilitate the design, operation and control of full-scale 

decontamination processes. 
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Appendix 

Derivation of Model Equations 

I t is assumed that reactant from the bulk liquid phase diffuses through a 

liquid film and the solid by-product film before reacting at the surface 

I f i t is assumed that accumulation in the liquid and solid films and at 

the surface can be neglected, the rate of decrease of reactant in the liquid 

phase ( I ) can be equated to the flow through each of the liquid ( I I ) and 

solid ( I I I ) films and to the reactant consumed at the surface (IV). 

dt y dt '"* 
I 

AD' ^ ~ =AD ^ * = Ar(cs) (Al) 

II III IV 

The simplest assumption for the reaction rate expression is that the reaction 

is first-order r(cs) • kjCs. 

above equations to give 

c and c* can then be eliminated from the 

-v£ -M . 6 . X 

k, + F + D 

(A2) 

The amount of material deposited in the solid film is assumed to be proportional 

to the amount of reactant that has reacted. 

<*V(c0-c) « A x p (A3) 
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Substitution fo r x in (A2) 

V dc _ 

k1 0 ' U A<> 

Eqn. A4 can be integrated ana ly t ica l l y to give 

A5 can be fur ther re-arranged to produce a l inear form 

(A4) 

(A5) 

A c 

- l n - ^ "1 " " "M - l n ^ -
co co 

These equations can also be wr i t ten i n terms of the amoun': o f so l id 
SA from the surface s(moles/area) by the substi tut ion c « =£ (s - s ) where 

c , BA V ds _ sQ - s v 

co V V BA dt J_ . 5 . 1 o$s (A4') 
k1 F D p 

M * J. 
V / 1 x * - . a B S 0 n So * , . f i ,* s0 -s * k , D " Dp - ^ s p ^ s 

•1n - v 

When the reaction at the surface is assumed to be second-order in the 
2 

reactant concentration r(c } * k^c. a similar derivation can be made with 

the result: , , 
roV(c-c) . , r / « V ( c - c ) . v l / 2 

v* 1 ^ c | - T O - * r l - I^M-TeS-*^)! <A7) 
-Xdt t * l y ) , i | ' 

2 k2 I ADD * F I 
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Nomenclature 

A area of contaminated surface 

c molar concentration of reactant In bulk liquid phase 

c In i t ia l value of c o 
c* molar concentration of reactant at out»r surface of solid by-product film 

c molar concentration of reactant at solid surface 

D diffusion coefficient In solid by-product film 

D' diffusion coefficient in liquid film 

k] reaction velocity constant, first-order reaction 

k2 reaction velocity constant, second-order reaction 

N number of moles of reactant in bulk liquid phase 

Q flow rate of reactant (moles/area) towards solid surface 
r(c ) rate of reaction (moles/area of surface) as a function of 

surface concentration of rci-tant 

s amount of solid removed from surface (moles/area) 

s0 amount of solid that would be removed from the surface (moles/area) 
i f al l the in i t ia l reactant of concentration c0 were used up. 

V volume of bulk liquid phase 

x thickness of solid by-product film 

a ratio of moles deposited as solid film to moles reacted at surface 

3 moles of liquid reacting per mole of solid removed from the surface 

5 thickness of liquid film 

p density of solid film (moles/vol) 
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Fig. 1: Predicted and measured values of the penetration of 
active material into the contaminated surface 
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factor with change in 
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3: Amount of surface removed in laboratory experiment a function 

of temperature and stirring speed n. 



*4 
[*m] 

- 14 -

l O O -

IS©" 

293.5 </> 

fOO •> 

ISU/mim 

90OU/, 
I390ufmn 

50" 

Equations for linear f i t : 

1) y • 92.66 + 439 97 x 

2) y = 65.43 + 483.27 x 

3) y x 56.87 + 481.01 x 

4) y » 45.41 + 504.69 x 

0,03 0,1 0,16 0,Z 

Fig. 4: Plot of linearized equation A6 for model with first-order reaction and 
transfer resistance by liquid film and growing solid by-product film 


