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Introduction

Adams and Nicol (1986) and Adams (1990,
1994) investigated the kinetics of elution of
gold from activated carbon in a stirred reactor
through which solution was continuously
pumped, but in which the carbon was retained
with a screen. Despite the inherent unsteady
state nature of this type of reactor, they
assumed steady state behaviour of the gold in
solution in their model. This model was
subsequently used to analyze their experi-
mental data. The validity of the steady state
assumption was not established and could
have resulted in an inaccurate interpretation of
their experimental results. In this note the
validity of the steady state assumption and its
effects will be investigated.

Elution model

For the sake of clarity the elution model
proposed by Adams and Nicol (1986) and
Adams (1990) is given. It was proposed that
the rate of elution could be described by the
rates of mass transfer of gold di-cyanide in the
outer layer of the carbon particle and in the
solution film surrounding the particle. The rate
of mass transfer in the outer layer of the
carbon particle is given by the flux Jc and the
rate of mass transfer in the solution film is

given by the flux Js:

Jc = –kcρ(qs – q) [1]
Js = –ks (C – Cs) [2]

with ks and kc the mass transfer constants, C
and q the bulk concentrations of gold and Cs
and qs the gold concentrations at the surface of
the carbon particle in the solution and carbon
respectively and ρ the apparent density of the
carbon. The desorption reaction at the surface
of the carbon particle is assumed to be fast
enough so that local equilibrium exists which
is given by the linear relationship:

qs = B Cs [3]

with B the equilibrium constant describing the
desorption equilibrium. At the outer surface of
the carbon the rates of mass transfer in the
solution film and the outer layer of the carbon
particle are equal; substitution of equation [3]
to eliminate qs and re-arrangement yields:

[4]

In their experimental work, solution with a
constant concentration C0 was continuously
fed at a constant flow rate of Q through the
stirred reactor with a constant volume V. The
mass of loaded carbon m with an initial gold
concentration of q0 was placed in the reactor at
the start of the experiment and retained in the
reactor with a screen across the outlet. A mass
balance of the gold in solution inside the
reactor yields:

[5]

with k given by:
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Synopsis

The validity of a steady state assumption made by Adams and
Nicol (1986) in the modelling of the elution of gold from
activated carbon was investigated. It is shown that the accuracy
of the steady state approximation is dependent, not only on the
magnitudes of the solution flow rate and reactor volume, but
also on the lumped elution rate constant. Under the experi-
mental conditions used by Adams and Nicol (1986) the steady
state assumption was inaccurate. This could be circumvented in
this instance by applying a rigorous general model which
accounts for unsteady state behaviour in the solution and in
the activated carbon to the experimental data.
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where A is the superficial area of the carbon per unit mass of
carbon. A mass balance of the gold on the activated carbon
inside the reactor yields:

[7]

The initial conditions are given by:

[8]

[9]

Equations [5] and [7] were solved, subject to the conditions
stated in equations [8] and [9]:

[10]

with:
[11]

[12]

Equations [10] to [12] constitute the general model solution
for the unsteady stirred reactor in question. In the steady
state approximate solution of the reactor model proposed by
Adams and Nicol (1986) it was assumed that the rate of
accumulation of gold in the solution was negligible (steady
state), due to the small volume of solution in the reactor,
resulting in equation [5] simplifying to:

[13]

Equation [13] was substituted in equation [7]; the resulting
equation was integrated subject to the initial condition stated
in equation [9] followed by re-substitution of equation [13]
to yield the steady state approximate solution of the model:

[14]

To allow comparison of the dynamic behaviour of the general
and approximate solutions (equations [10] and [14]) they
were converted into nondimensional format. Define the
following nondimensional parameters and concentration and
time variables:

[15]

[16]

with Ci the gold concentration in equilibrium with the initial
gold concentration on the carbon, i.e. Ci = q0/B. Equation
[10] and its associated equations, [11] and [12] converted

into nondimensional form are given by:

[17]

[18]

[19]

Equation [14] in its nondimensional form is given by:

[20]

Discussion

An idea of the domain of validity of the steady state
assumption could be obtained by comparing the response of
the two models with variation in the nondimensional
parameters. The validity of the steady state approximation is
dependent on the magnitude of the nondimensional
parameters η and γ, it is not affected by the initial nondimen-
sional concentration ζ0 (Figure 1). With increasing γ the
agreement between the general and approximate solutions
improves. At values of γ of 10 and higher the general and
approximate solutions coincided for all the values of η and ζ0

investigated. With increasing η the agreement between the
general and approximate solutions also improved in the
initial period of elution. For the approximate solution to be
valid the solution concentration in the exit stream of the
reactor must increase very rapidly initially and then tail off at
the same rate predicted by the approximate model. 

The validity of the steady state approximation depends to
some extent on the magnitude of parameter γ. Thus the
validity of the approximation depends on the magnitude of
the rate parameter to be estimated and not only on the two
operational parameters, namely the volumetric flow rate and
the volume of the reactor. For this reason great care must be
exercised in the application of this assumption to experi-
mental data obtained with this type of reactor. In the
application of the steady state assumption under conditions
where it is invalid, the physical meaning of the different
process parameters is lost. It is evident that it would be
expedient to apply the general solution of the model in the
interpretation of experimental data of this kind. 

The elution conditions and the operational, equilibrium
and rate parameters reported by Adams and co-worker are
summarised in Table I. Unfortunately the data are
incomplete. The values of the nondimensional parameters
were estimated from the available data (Table I). The values
of γ are on the border or well within the range where
significant deviation from the general model solution can be
expected (Figure 1). This seriously compromises the interpre-
tation these investigators attached to their experimental data.
Due to the lack of data it was not possible to re-estimate the
rate constants. If more data were available an optimization
procedure may have been used to estimate the values of the
rate and equilibrium constants from the experimental data. 
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Figure 1—Sensitivity analysis of the dynamics of the steady state approximate model and the general model for elution in a semi-batch type reactor with
continuous flow of solution but with the activated carbon retained inside it

+ These values were not reported, but inferred from Adams (1989) and Adams (1994)
* calculated with additional data in the second column from right

Table I

Experimental conditions used in the elution studies

Adams and Adams (1990) Adams (1989) Adams
Nicol (1986) (1994)

T (°C) 25 to 95 95 25 to 95 25
Solution: 0.2 M NaOH 0.2 M NaOH 0.2 M NaOH 0.2 M Na2S

0.2 M NaCN 0.2 M NaCN 0.2 M NaCN

rs (mm) -1.03 + 0.58 -1.03 + 0.58 - -1.03 + 0.58
m (kg) - 1.35 x 10-3 (1.35 and 26.7) x 10-3 + 26.7 x 10-3

q0 (mg/kg) - 1245 - 1245
B (m3/kg) 0.057 0.055 - -
k (h-1) 1.4 2.0 - -
V (m3) - 7.5 x 10-5 7.5 x 10-5 8.0 x 10-5

C0 (mg/m3) 0 0 to 19 100 0 to 19 100 0
Q (m3/h) - 3.9 x 10-5 (5.9 to 44.0) x 10-5 20.0 x 10-5

γ 0.6 to 4.2* 0.26 - -
η 1.03 to 20.3* 0.99 - -
ζ0 0 0 to 0.84 - 0
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Conclusions

The validity of a steady state assumption is dependent, not
only on the magnitudes of the solution flow rate and reactor
volume, but also on the elution rate constant. Under the
experimental conditions used by Adams and Nicol (1986) the
steady state assumption was inaccurate. Rigorous application
of a general model which accounts for unsteady state
behaviour in both the solution and in the activated carbon
would be the preferred method of analyzing rate data from
this type of reactor.
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Nomenclature

A = specific superficial area of the carbon
B = equilibrium constant
C = gold concentration in solution
Ci = gold concentration in solution in equilibrium

with initial gold concentration on the carbon
C0 = initial and feed gold concentration in solution
Cs = gold concentration in solution at the surface of 

the carbon particle
Jc = flux of gold cyanide across the outer carbon layer
Js = flux of gold cyanide across the solution film
k = lumped rate constant, defined by equation [6]
kc = mass transfer constant through the outer layer

of carbon 

ks = mass transfer constant through the solution film
m = mass of carbon in the reactor
q = gold concentration on the carbon
q0 = initial gold concentration on the carbon
qs = gold concentration on the carbon at the surface 

of the carbon particle
Q = volumetric flow rate of solution
rs = particle radius
t = time
V = solution volume in the reactor 
α = lumped parameter, defined by equation [18]
β = lumped parameter, defined by equation [19]
γ = nondimensional parameter, defined by

equation [15]
ζ = nondimensional solution concentration, defined 

by equation [16]
η = nondimensional parameter, defined by

equation [15]
ρ = apparent density of the carbon
τ = nondimensional time, defined by equation [16]
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The South African Institute of Mining and Metallurgy’s
specialist adviser and representative on EPPIC and Mintek’s
Consultant: Environment Management, John Freer, was
honoured at the recent Environment Day awards dinner
where he received special recognition for his dedication to
green issues.

The citation accompanying the award states that ‘This
award for outstanding dedication and service is being made
to a man who has put in many hours, time and effort, and
has been the backbone of the World Environment Day
Committee for many years.

‘He was Chairman of this committee from 1989 to 1993,
and chairman of EPPIC for the years 1988 and 1989’.

The award, in the form of a graphic by Ernst De Jong,
(which was donated by the Engineering Council of SA) is
based on Leonardo da Vinci’s sketches of measuring
instruments which he used for his investigations into the
structure of pyramids. The hand-drawn fine art graphic and

poster have been produced in a limited edition of 500 and
have been personally signed by the artist.     ◆

* Issued by: Mintek, Private Bag X3015, Randburg, 2125.

Mintek’s enviro man gets recognition*


