
"thermodynamic artifacts" and "free ride reactions" are mis-
conceptions that invalidate Schweitzer's assertion that a 
kinetic interpretation cannot be used to explain the presence 
of coexisting minerals, or concentrations of aqueous species 
and gases, that are incompatible with conditions of equi-
librium. 

R. C. Arthur 
M. J. Apted 

Pacific Northwest Laboratory 
P.O. Box 999 

Richland, Washington 99352 

February 14, 1989 
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RESPONSE TO "COMMENTS ON 
'INCONSISTENCIES IN THERMODYNAMIC 
ANALYSES OF THE LONG-TERM ISOLATION 
OF HIGH-LEVEL WASTE " 

Arthur and Apted' claim that the premises in my paper^ 
are based on two misconceptions. One is associated with their 
assumption that equilibria apply to single molecules in large 
volumes and the other is associated with their assumption 
that the potential for a reaction to occur cannot be given by 
the standard Gibbs free energy change because it applies only 
to materials in their standard states. I believe they are incor-
rect on both counts. 

In my paper, I have argued that single molecules in large 
volumes should not be considered thermodynamic systems in 
equilibrium because concepts such as entropy, chemical 
potential, temperature, etc., are ill-defined for single mole-

cules. These are statistical concepts applying to assemblies in 
which the number of identical particles (N) must be very 
large. 

Arthur and Apted disagree, claiming that "equilibrium 
relationships are theoretically valid for all concentrations, 
even when the concentrations may be too low to have much 
physical significance." They then proceed to argue 

We reiterate that the statistical interpretation of ther-
modynamic quantities is not based on the existence of a 
large number of identical particles (or atoms, molecules, 
etc.), but by the number of possible microstates accessi-
ble to a system. Entropy, for example is proportional to 
the number of possible microstates in which the macro-
scopic (i.e., observable) state of the system can be found 
at a given time. The relationship can be expressed quan-
titatively by (see, for example, Denbigh^) 

S = A:lnfi 
where 

5 = entropy of the system 

k - Boltzmann constant 

n = number of microstates. 

The latter quantity is given by 

where U and V represent the internal energy and volume 
of the system, respectively, and Ni stands for the num-
ber of molecules of the /'th kind. 

The above discussion is not valid for a single molecule in 
a large volume. A single molecule is not a "system" to which 
an internal energy ( U) can be assigned with justification nor 
is it a system that contains a number (N,) of molecules of 
the / 'th kind. The authors are treating the concept of possible 
microstates available to a system and the mathematical foun-
dations on which the Boltzmann entropy are justified in too 
simplistic a fashion. 

The Boltzmann entropy is, by definition, the number of 
a priori equally probable complexions of an assembly hav-
ing given values of U, V, and N. For a single molecule, it is 
not possible to defend the concept of a microstate nor is it 
possible to support claims as to which microstates are equally 
probable. It is also not possible to justify assumptions that 
the assignment of temperature or internal energy to the pos-
sible "microstates" of a single molecule is vahd. 

The Boltzmann entropy is calculated from 

S = ^ 

and 

under the restrictions that 

ni + n2 -t- nj... -h ni = n, = N 
i 

and 

«, Ml + niUj -F «jMj . . . -F = = ^ • 



The evaluation of Î2 in closed algebraic form from this 
expression is impossible unless N is very large. Neither 
2 nor 2 can be justified as an applicable factor de-
scribing or distinguishing equally probable microstates of a 
single molecule. 

The authors seem to believe that statistical support for 
equilibria applied to one molecule can be obtained from the 
notion that the number of particles and the number of pos-
sible equally probable microstates available to an assembly 
are independent concepts. They are not. The number of avail-
able microstates is determined by the number of ways of 
dividing N particles into groups that contain ni,«2> • ••. 
particles. The N particles are identical. The groups differ from 
each other in that each group has a different energy. 

The number of microstates, i.e, the number of ways of 
dividing N̂  identical particles into i groups containing «i, n^, 
n^,.ni particles (Q) cannot be evaluated for small N 
and, as such, has no meaning for a single molecule. For large 
TV, it is possible to show that only the largest term in the sum-
mation defining Q makes a significant contribution to its 
value. It is the value of this term that is used in calculations 
as a test to justify that the hypotheses used in the statistical 
mechanical definition of entropy agree with the observations 
obtained from the chemical operational definition 

dS = DQre,/T . 

The Lewis and Randall quote used by Arthur and Apted 
deals with macroscopic states that imply assemblies, i.e., 
" . . . the probability that the macroscopic state of the sys-
tem . . . " and has no meaning for a single molecule. 

The concept of imagining a time average of one molecule 
traversing TV (or fi) "states" over time has no theoretical sup-
port as an alternative for conventional statistical evaluation 
of thermodynamic equilibrium properties. The states are not 
physical entities. They are configurations obtained by arrang-
ing a very large number of identical particles into a large 
number of distinguishable groups with different group prop-
erties. 

There are other problems with assuming that equilibria 
apply to single molecules even if time averaging statistics 
were acceptable as a substitute for large N statistics and even 
if the temperature were not ill-defined. For example, the 
entropy changes at constant temperature in first-order phase 
transitions (i.e., melting-freezing equilibria) are not meaning-
ful for single molecules. There is no defensible method to 
declare that a single molecule can be associated with either 
the liquid or solid state at a temperature where both can 
coexist. 

Arthur and Apted, in postulating their view that "equi-
librium relationships are theoretically valid for all concentra-
tions, even when the concentrations may be too low to have 
much physical significance," are ignoring several pertinent 
limitations of statistical mechanics and entropy calculations. 
In general, it is not possible to justify, other than through the 
mathematics of large N statistics, that a single term can be 
used to replace the sum that defines the number of available 
microstates. In general, it is also not possible to define, 
through independent theory, the number of equally proba-
ble microstates. It is an underlying hypothesis of statistical 
mechanics that all conceivable states of an assembly with the 
same values of U, V, and N are equally probable. If the 
"assembly" cannot be assigned a value of U and V and N, it 
cannot be assigned a defensible value of entropy. 

I find the example of electron transfer reactions and the 

absence of aqueous electrons given by Arthur and Apted 
unrelated to the points raised in my paper. It is well known 
that a classic approach to the concept of dynamic equilibrium 
invokes the hypothesis that equilibrium is achieved for a 
given set of reactants and products when the kinetic rates of 
the forward and back reactions become equal. The assump-
tion that the forward and back kinetic reactions at equihb-
rium may involve small concentrations of activated species 
or high-energy intermediates does not invalidate thermo-
dynamic treatments of the relationships between the macro-
scopic activities of the postulated or measured reactants 
and products. These are predicted from measurements used 
to develop the free energy of formation tables and the de-
rived internally consistent thermodynamic data bases. If such 
predictions do not match observation, then it is generally 
assumed that the postulated reaction does not include the 
correct naturally occurring species and was written with 
either too few or too many species. Thermodynamic prop-
erties of kinetic intermediates do not enter into equilibrium 
calculations. 

I find the discussion by Arthur and Apted on the "dif-
ferences" between the chemical affinity and the standard 
Gibbs free energy pedantic, simplistic, and irrelevant to the 
points made in my paper. Their discussion on the limitations 
of the standard Gibbs free energy is incorrect. 

After claiming that the correct criterion for determin-
ing whether a reaction "will spontaneously occur" is the 
chemical affinity and not the standard Gibbs free energy, 
they proceed to offer the classic relationships (available in 
most freshman texts on thermodynamics) between the stan-
dard Gibbs free energy and the equilibrium constant and/or 
chemical affinity. They attribute a "misconception" to me by 
claiming 

However, because standard Gibbs free energies of 
reaction are used by Schweitzer, all reactants and prod-
ucts must be assumed to exist in their standard states. 
This approach, therefore, cannot provide a basis for de-
termining reaction potential in systems (for example, 
those existing in a repository) that are not at standard-
state conditions. 

The authors seem to have a distorted view of the logic 
and manner in which speculations are made on possible 
changes in activities of species in postulated reactions. The 
prime sources of data for such speculations are measure-
ments yielding the free energy of formation of compounds 
from elements. These data are given in the form of standard 
Gibbs free energies at given temperatures. Simple algebraic 
manipulation of these source reactions allows one to obtain 
the free energy change associated with the conversion of reac-
tants in their standard states to products in their standard 
states. This value of the standard free energy change is then 
used to calculate the numerical value of the equilibrium con-
stant for the appropriate temperature. The form of the equi-
librium constant involves functions of the thermodynamic 
activities of the postulated species. The individual functions 
are determined from the correctly balanced postulated reac-
tion. 

To speculate on what value the activity of a given species 
will have at equilibrium, the values of the activities of the 
other species at equilibrium must be known or assumed. 

The point to be made is that, with very few exceptions, 
neither the equilibrium constant nor the activity product are 
available as prime sources of data for speculation. In the 
absence of specific equihbrium measurements dealing with 



the reaction as postulated, the equilibrium constant is calcu-
lated from the standard free energy change for the postulated 
reaction. The thermodynamic activities of the other reactants 
and products must be assumed or obtained from independent 
measurement or independent theory. 

The magnitude of the Gibbs free energy change for reac-
tants in their standard states converting to products in their 
standard states at a given temperature is the basic data source 
for determining the quantitative value of the relationship 
between reactants and products for what can be an infinite 
number of activity and concentration sets that are stable and 
will not change at that temperature. The claim that its use is 
valid only for materials in their standard states is as mislead-
ing and as incorrect as is the claim that canaries were used 
in coal mines only as a source of music. 

By itself, the sign and numerical value of the standard 
free energy for reactants and products in their standard states 
is a direct and classic indicator for estimating relative differ-
ences in the equilibrium activities of the numerator and de-
nominator of the equilibrium constant. If desired, it can be 
used to calculate the quantitative value of the equilibrium 
constant. It is not restricted to situations where the reactants 
and products must be in their standard states. 

I do not believe that this approach is a misconception on 
my part. What I do believe is that the claim by Arthur and 
Apted that "this approach, therefore, cannot provide a basis 
for determining reaction potential in systems (for example, 
those existing in a repository) that are not at standard-state 
conditions" is naive and erroneous. 

Donald G. Schweitzer 

Brookhaven National Laboratory 
Department of Nuclear Energy 
Upton, New York 11973 

March 6, 1989 

plateau of americium concentration in the column was gen-
erated rapidly (within 28 days) and did not seem to increase 
with time. This phenomenon was explained as not due to the 
colloid filtration, but due to the adsorption of the colloid on 
the packing material under a Langmuir-type isotherm. Con-
sidering this observation, polydispersed colloid migration in 
the porous media was modeled and it showed a good agree-
ment with experimental results. However, if we look into this 
model, it shows an inconsistency with the observation: Even 
though it was explained that the plateau was not thought to 
be affected by colloid filtration, Eq. (17) included the filtra-
tion term. Thus, in Figs. 8, 9, and 10, the americium plateaus 
from modeling increase with time. 

In summary, the modeling through observation does not 
seem to be proper. 

Heui-Joo Choi 

Korea Advanced Energy Research Institute 
Radwaste Disposal Department 
P.O. Box 7, Daeduk-Danji 
Choong-Nam, Korea 

December 10, 1988 
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COMMENTS ON "AMERICIUM FILTRATION 
IN GLAUCONITIC SAND COLUMNS ' 

I have read Dr. Choi's letter and am puzzled by his con-
cluding remark. 

Of course my Eq. (17) includes a filtration term; the point 
we are making in the paper is that the filtration term is not 
responsible for the plateau at early times, which —I believe — 
we have shown. 

Is the apparent plateau in Figs. 8, 9, and 10 increasing? 
This does not seem to be the case at all. What is increasing 
is the overall colloid concentration in the column, which is 
superimposed on the plateau; in Fig. 10 the plateau is no 
longer visible. 

We encourage Dr. Choi to verify the above by testing the 
model without the sorption term, in order to verify the influ-
ence of filtration alone. 

The recent paper by Saltelli et al.' presents the migration 
characteristics of polydispersed '̂̂ 'Am colloid in sand col-
umns. In this paper, the nature of the colloid migration was 
explained as convection, filtration, and sorption of the poly-
dispersed colloid in solution. The sorption saturation mech-
anism was interpreted with a Langmuir isotherm. 

The most interesting observation in this work is that the 

Andrea Saltelli 
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