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EXCEPTIONS TO THE
LE CHATELIER PRINCIPLE

Davip S. Corti, ELIAS 1. FRANSES
Purdue University * West Lafayette, IN 47907-2100

hen studying chemical reactions within a single

phase, chemical engineers require knowledge of

the equilibrium constants. For a given tempera-
ture and pressure, equilibrium compositions may then be cal-
culated for all relevant reactions. If the temperature, pres-
sure, or composition of one of the components changes, how-
ever, the equilibrium position usually shifts. The direction of
such shifts can be calculated by direct computation of the
new equilibrium state.

Observations of the direction of shifts in the equilibrium
position led to the formulation of a general statement referred
to as the “Principle of Le Chatelier,”™! or sometimes as the
“Principle of Le Chatelier and Braun.”? Le Chatelier’s prin-
ciple can be stated as follows:!"

In a system at equilibrium, a change in one of the
variables that determines the equilibrium will shift the
equilibrium in the direction counteracting the change
in that variable.

The above statement is useful in inferring, without direct
calculation, the effects of changes in a system initially at equi-
librium. Yet, still not widely known, particularly in the chemi-
cal engineering literature, is that Le Chatelier’s principle is
not universally valid, and exceptions are known to occur. (See,
however, Sandler’” and Tester and Modell® as examples of
current chemical engineering textbooks that highlight the limi-
tations of the above statements. Exceptions to Le Chatelier’s
principle appear to be more widely known in the physical
chemistry literature and have been discussed for some time.
See, for example, de Heer' and Liu, et al.,” for an historical
account of Le Chatelier’s principle.)

Consider, for example, the ammonia synthesis reaction
N, +3H, & 2NH;

in which equilibrium has been established at a given tem-

perature, T, and pressure, P. Le Chatelier’s principle predicts
that the reaction will shift to the right (i.e., more ammonia
will be produced) upon the addition of more nitrogen to the
reaction vessel. If the initial mole fraction of nitrogen ex-
ceeds 0.5 and the given T and P are held fixed, however, the
reaction instead proceeds to the left, producing more nitro-
gen, as predicted from rigorous equilibrium constant calcu-
lations (the value of 0.5, as shown later, is calculated assum-
ing ideal gas behavior). This shift to the left is a clear excep-
tion to the principle of Le Chatelier, which has not been rig-
orously proven'*!

Proofs of this unexpected shift have been given before.**
Most chemical engineering texts do not provide a proof, ex-
cept, for example, Tester and Modell," which does provide a
detailed proof. The most widely referenced and reproduced
proof is by Katz!®! (the procedure followed in Liu, ez al.,” is
nearly the same as the approach by Katz, although the au-

David S. Cortiis Assistant Professor of Chemi-
cal Engineering at Purdue University. His re-
search interests include molecular thermody-
namics of liquids (both stable and metastable),
glasses, and complex fluids, droplet conden-
sation and bubble nucleation, and the devel-
opment of molecular simulation algorithms. He
teaches courses on Thermodynamics and Sta-
tistical Mechanics.

Elias I. Franses is Professor of Chemical Engi-
neering at Purdue University. His research in-
terests include adsorption equilibria and dynam-
ics of surfactants and proteins at air/water inter-
faces, with applications to lung surfactants, and
the surface chemistry and physics of adsorbents
at liquid/solid interfaces, for bioseparations. He
teaches courses on Colloidal and Interfacial
Phenomena, Thermodynamics, and Chemical
Reaction Engineering.

© Copyright ChE Division of ASEE 2003

290

Chemical Engineering Education



To address the technical and educational issues of Le Chatelier’s principle,
we therefore present in this paper a new and conceptually more straightforward
analysis of the direction of the equilibrium shift for the

ammonia synthesis reaction as an example.

thors were apparently unaware of Katz). This proof makes
use of a “reaction quotient” that has the same functional form
as the ratio of mole fractions at equilibrium and is applicable
whether or not equilibrium has been established. The value
of this reaction quotient, defined in Eq. (3), varies if a change
occurs, but must equal the equilibrium constant when the sys-
tem returns to an equilibrium state. The direction that the re-
action quotient takes to restore itself to the equilibrium value
determines the direction of reaction for the given change.

The use of a reaction quotient can be confusing to students,
particularly to students exposed to reaction equilibria for the
first time. To address the technical and educational issues of
Le Chatelier’s principle, we therefore present in this paper a
new and conceptually more straightforward analysis of the
direction of the equilibrium shift for the ammonia synthesis
reaction as an example. Our approach is, however, more gen-
eral. In contrast to the other methods, changes at constant T
and P are now considered in which the value of the reaction
quotient is strictly held fixed and equal to the equilibrium
constant. Hence, the analysis makes no use of a separately
defined reaction quotient (that is applicable whether equilib-
rium is or is not established) and should be easier for stu-
dents to understand. The analysis also involves finite, as
well as infinitesimal, changes, which can be the basis of
future experimental tests that may demonstrate more viv-
idly the key thermodynamic laws (see del Pino, et al.,!”
for an example of a simple experiment concerning shifts
of chemical equilibrium).

Le Chatelier’s principle can be reformulated in a more gen-
eral way that becomes universally valid,"* although it bears
little resemblance to the statement given earlier. For peda-
gogical reasons, we briefly discuss this new general state-
ment in the last section of this paper. An excellent overview,
and proof, of this new general statement is given by de Heer.
It is, however, only valid for infinitesimal changes from the
initial equilibrium state. In this paper, we also consider the
ammonia synthesis reaction for the case of adding nitrogen
in finite amounts (Liu, ef al.,”' considered finite additions as
well, but the present analysis provides a more straightfor-
ward and quantitative discussion). The value of 0.5 for the
mole fraction of nitrogen, above which the reaction proceeds
to the left while below the reaction proceeds to the right, is
shown to be true for infinitesimal additions of nitrogen.

For finite changes, no universally valid statement on the
direction in which the reaction shifts can be formulated, and
thus each case must be considered individually. In such cases,
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instructors should advise ignoring the reformulated Le
Chatelier’s principle and instead should calculate, in general,
the shift in the equilibrium state directly from the relations of
chemical equilibrium.

AMMONIA SYNTHESIS REACTION
Exception to the Principle of Le Chatelier

Let us consider the ammonia synthesis reaction and assume
for simplicity that the components comprise an ideal-gas mix-
ture. Analyses for nonideal mixtures, although possible, have
not been reported. Let species | represent nitrogen, species 2
hydrogen, and species 3 ammonia. The chemical potential of

each species i, [i;, in the ideal-gas mixture is given by®

f; =T;(T)+RT ny;P (1)
where I' (T) is the chemical potential of pure component i, as
an ideal gas, at the temperature T (and a fixed reference pres-
sure P ), R is the ideal gas constant, P is the system pressure,
and y, is the mole fraction of species i. At equilibrium, the

chemical potentials of the components participating in the
chemical reaction must satisfy!!

ZViﬁi =0 )

1

where v; is the stoichiometrically balanced coefficient of
species i in the reaction ( v; = -1, v, = -3, v3 = 2). Upon sub-
stituting Eq. (1) into Eq. (2), rearrangement yields

2

Y3 - P2K(T) = Kp(T.P) (3)
yiya

where K(T) is the equilibrium constant and K (T,P) is a func-
tion of T and P. The ratio of mole fractions on the far left side
of Eq. (3) is the “reaction quotient.”

Now, let the system be at equilibrium at a given T and P. At
the initial equilibrium state, there are n{, n9, and n§ moles
of each species with mole fractions y{, y5, and y3 satisfy-
ing Eq. (3). Next, we consider the addition of A moles of
nitrogen (1), while keeping T and P constant. As the system
re-equilibrates, the reaction proceeds so that the final mole
numbers of each species will be given by™®

n; =n?+A—é
n, =nj -3§
ny =nj +2§ (4)
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where g is the extent of reaction starting from the above
initial equilibrium state; & is defined to be positive if the
reaction proceeds to the right, i.e., nitrogen and hydro-
gen are consumed while ammonia is produced, and nega-
tive if the reaction proceeds to the left. The above rela-
tions imply that the final mole fractions are given by

nf +A-§ yp+A-E

N0 Aok [+A'-2E
. y3=35"
T AR -0
(o) ’
y3 +28
T 5
Y3 1+Ar_2§/ ()

where n=n{ +nd +n3, A’=A/n° and & =&/n°; A’
and &’ are dimensionless quantities. Since T and P are
held constant, Eq. (3) implies that

326287 _ b o
(vP+a-&)y3 -3 &')3 vi(v3 )3

Equation 6 is valid for all values of A” and can be used to
determine the value of &’ for a given choice of A”. The
sign of &’, however, determines the direction in which
the reaction shifts, and its value determines the extent of
the reaction triggered by the addition of nitrogen.

Kp(T,P)=

First, we focus on how the extent of the reaction varies
when an infinitesimal amount of nitrogen, i.e., A" = 0,
is added. One can solve Eq. (6) for various values of A’
and then determine the sign of & as A" — 0. But since
E’— 0as A" — 0, we instead determine d&’/dA” ana-
lytically for A” = 0. To proceed, and for ease of further
manipulations, we first rewrite Eq. (6) as

(v3+28") (1+a7-2"y2(y3) =

(v8) (9 +a-)(y3-3¢") (7)

We now differentiate both sides of Eq. (7) with respect to
A’ for constant y{,y9,andy$, letting
n=d&’ /dA’=dE/ dA. We then take the limit for A" —
0, with &” — 0 as well, and finally solve for n. After a
few lines of algebra, we obtain

e y3y3(1-27)
A 4yPy3(1-y3)+y3y3+9yPys

(8)

Since the denominator in Eq. (8) is always positive, the
sign of 7 is given by the sign of (1- 2y} ). Therefore, for
infinitesimal additions of nitrogen, we conclude that
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1
when y! <Zm>0

reaction proceeds to the right,
consistently with the Le Chatelier Principle (9a)

1
when y/ >2m<0

reaction proceeds to the left,
against the Le Chatelier Principle (9b)

1
when y? =E,T]=0:

no reaction takes place,
against the Le Chatelier Principle (9c¢)

Hence, the exception to Le Chatelier’s principle occurs when the
initial equilibrium mole fraction of nitrogen is equal to or ex-
ceeds 0.5 and is independent of the mole fractions of the other
species or of the values of the temperature and pressure.

Why the reaction reverses direction can be understood qualita-
tively!"! by considering the form of the reaction quotient in Eq.
(3). The addition of nitrogen increases the mole fraction of nitro-
gen, y,, but also causes a decrease in y, (hydrogen) and y, (am-
monia). Since y, is cubed in the denominator of the reaction quo-
tient, the decrease in y, may have a more significant effect on the
reaction quotient than the increase in y, or decrease in y,. When
the mole fraction of nitrogen is small, the change in y, upon addi-
tion of some nitrogen yields a proportionally larger change in y,
as compared to the decreases in y, and y,. To compensate, and so
ensuring that the reaction quotient must remain equal to K (T,P),
the reaction proceeds to the right, reducing some of the added
nitrogen and producing more ammonia. When the mole fraction
of nitrogen is large, so that the mole fraction of hydrogen is small,
the proportional decrease in y, is greater than the increase in y,.
The decrease in y, is magnified by the appearance of y,*, and so
the reaction proceeds to the left, generating more nitrogen and
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Figure 1. Extent of reaction versus the amount of
nitrogen added for y,° = 0.5.
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hydrogen (thereby offsetting, to some degree, the decrease in y,).
Why the reaction shifts direction when y | exceeds 0.5 is, however,
not readily apparent from the above analysis. The composition at
which the reaction changes direction is, in general, dependent on
the form of the reaction quotient.®

The above exceptions, relations (9b) and (9c¢), do not occur when
hydrogen or ammonia are added to the system or when the tem-
perature and volume are held constant.!"® The addition of an inert
species does not alter these conclusions. Many other reactions can
exhibit such exceptions to Le Chatelier’s principle, including lig-
uid-phase reactions. Katz® considers in general the conditions un-
der which a reaction with several reactants and products shifts to
the left. The results depend on the stoichiometric coefficients of
the given species and can be analyzed similarly as above. Such
examples can provide useful teaching assignments, and use of
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Figure 2. Extent of reaction versus the amount of
nitrogen added fory,°=0.7.
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Figure 3. Extent of reaction versus the amount of
nitrogen added fory,° = 0.25.
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nonideal gas models may provide further enrichment.

Equation (8) and the conclusions of (9) are valid only
for infinitesimal additions of nitrogen at constant T and
P. Equation (6) or (7), however, is valid for finite addi-
tions of nitrogen at fixed T and P. To determine how the
reaction shifts upon addition of a finite amount of nitro-
gen, one must use Eq. (6) or (7) to determine the value
(and sign) of &’ for a given value of A’. Given that y,°
=1-y,°-vy,% Eq. (7) can be rewritten as

(1-y2 -y +28) (1+ 4 - 28 y0(v3)

=(1-y9 - y‘z’)z(Y? o -E)ys- 3&')3 (10)

This equation is fourth-order in &’ with roots that de-
pend on A’,y°, and y,°. The physically relevant value
of & must be such that each of the terms in parentheses
in Eq. (10) and the final mole fractions of Eq. (5) lie
between 0 and 1. For small to moderate values of A’,
the physically relevant solution of Eq. (10) is therefore
small. Equation (10) was solved by the standard New-
ton-Raphson’s method with an initial guess of & = 0.
Convergence to the one physical root was readily
achieved. Values of &’ were generated for a range of A’
ata given y ° and y,°. One may vary y,° independently
from y °, with the constraint that 0 <y,° < 1 - y°. Equa-
tion (10), like Egs. (6) and (7), also does not require that
one specify the pressure and temperature explicitly. The
value of y,° for a given y ° must be consistent with the
choice of T and P in Eq. (3), but the specific value of T
and P is not required for the determination of &’.

Figure 1 displays a plot of &’ versus A’ fory °=0.5
and different values of y.°. In all cases, § — Oas A’
— 0, and the slope of g approaches zero as A" — 0,
consistent with relation (9¢). Nonetheless, for any finite
addition of nitrogen, the reaction proceeds to the left,
i.e., & <0.The value of &’ is quite small, remaining so
as A" — 1. The reaction proceeds to the left, but only
by arelatively small extent, even if nitrogen is added in
an amount equal to the total number of moles of all the
species initially present (e.g., &’ = -0.006 for A" = 1.0
and y,° = 0.30). The extent of reaction, though always
negative, also depends on y,’.

Figures 2 and 3 display plots of &’ versus A’ fory °=
0.7 and y° = 0.25, respectively, at different values of
y,"- When y °= 0.7, the limiting slopes are all negative,
consistent with relation (9b), and a finite addition of ni-
trogen, at least up to A” = 1, causes the reaction to pro-
ceed to the left (&" < 0). When y ° = 0.25, the limiting
slopes are all positive, again as required by relation (9a),
and a finite addition of nitrogen up to A" = 1 causes the
reaction to proceed to the right (&’ > 0). Yet, the curves
in Figure 3 display maxima, suggesting that for suffi-
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ciently large A’, the curves will eventually yield nega-
tive values of &’.

To illustrate this effect further, we consider Figure 4
in which y ° = 0.45. As required by relation (9a), all the
curves initially have a positive slope, so that the reac-
tion proceeds to the right for small values of A". At
some critical value of A" (which depends slightly on
y,"), & becomes negative. Therefore, at y ° = 0.45, the
reaction proceeds to the right for small additions of ni-
trogen, but shifts to the left when a sufficient quantity
of nitrogen is added. The figures suggest that for all
values of y °, the reaction will eventually proceed to the
left if a large enough amount of nitrogen is added to the
reaction vessel. These calculations also suggest ways
for experimentally testing the predictions and demon-
strating the thermodynamic laws.

GENERALIZATION OF
LE CHATELIER’S PRINCIPLE

The Principle of Moderation

We close this paper by briefly discussing the general-
ized statement of Le Chatelier as stated and proved by
de Heer,"! which is more appropriately called a Prin-
ciple of Moderation (the proof given by de Heer is be-
yond the scope of an undergraduate course). Since gen-
erality often causes one to sacrifice simplicity, the more
general principle of moderation may be given as¥!

The change of an intensive variable caused by
changing the corresponding (conjugate) extensive
variable is smaller if chemical equilibrium is
maintained than if no reaction could take place in the
system.

The change of an extensive variable caused by
changing the corresponding (conjugate) intensive
variable is larger if chemical equilibrium is
maintained than if no reaction could take place in the

system.

The above statement has been shown to be valid only
for infinitesimal changes from the initial equilibrium
state.*' It does not necessarily hold for finite changes."!

The principle of moderation applies, for example, to
the change of the chemical potential of nitrogen (inten-
sive variable) upon the addition of nitrogen (conjugate
extensive variable). With the ammonia synthesis reac-
tion prevented from occurring, the addition of nitrogen
at constant T and P yields an increase in the value of the
chemical potential of nitrogen. If nitrogen were instead
added while maintaining chemical equilibrium, i.e., the
reaction was allowed to proceed, the resultant increase
in the chemical potential of nitrogen would be smaller
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than the increase obtained when the reaction was prohibited. In
other words, the change in the chemical potential of nitrogen is
moderated, or lessened in this example, by the reaction.

Since at constant T and P the chemical potential of a component
in an ideal-gas mixture increases with increasing mole fraction, we
instead analyze the change in the mole fraction of nitrogen upon
the addition of nitrogen to illustrate in more detail the principle of
moderation (this is one aspect of the ammonia synthesis reaction
that was not directly discussed by de Heer). We consider the addi-
tion of nitrogen with the ammonia synthesis reaction taking place
and with the reaction prevented from occurring. From Eq. (5), we
see that in the limit of A" — 0

dYI 2 0 o
dA;"l—YI +n(2y1 —1) (11)

If no reaction is allowed to take place, then the final mole fraction

of y, is equal to

o ’

Y1 +A

= 12
# 1+ A’ (12)

Taking the derivative of y, with respect to A’, we find in the limit
of A” — 0 that

(dy; )

=1-y? >0 13
\dA,)norxn Y1 ( )

Equations (11) and (13) imply that

dy, _ (dy; )
dA’ de’ )no rxn

+n(2y7 -1) (14)

Since Eq. (8) indicates that n(2y,° - 1) <0, then

d_ng(d_yL\ (15)
dA, de,}norxn
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Figure 4. Extent of reaction versus the amount of
nitrogen added fory,° = 0.45.
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or the change in the mole fraction of nitrogen is always less
(or equal) when the reaction proceeds than when no reaction
takes place. The reaction is said to “moderate” the mole frac-
tion of nitrogen, i.e., the reaction decreases the final mole
fraction of nitrogen as compared to the case when no reac-
tion occurs. This result is counter-intui-
tive, since Eq. (15) is also valid when
the reaction shifts to the left, thereby pro-
ducing more nitrogen. In this instance,
the additional hydrogen that is pro-
duced by the reaction shifting to the
left offsets the increase in the mole
fraction of nitrogen.

Similar arguments, as discussed by de
Heer, show that the partial pressure and
chemical potential of nitrogen are also
moderated by the reaction: the change
in these intensive quantities is always
less when the reaction occurs than when
no reaction takes place. Equation (15)
also supports these conclusions since, at
constant T and P, the partial pressure and
chemical potential of a component in an
ideal gas mixture increase with increas-
ing mole fraction.

For finite additions of nitrogen, and
for most conditions, calculations show
that Eq. (15) is still satisfied. There are
ranges of finite A", however, in which
the reaction does not moderate the
change in mole fraction of nitrogen (a
value of y ° = 0.45 provides an example
for A’ between approximately 0.12 and
0.22). In this case, the final mole fraction of nitrogen after
reaction is in fact greater than the final mole fraction of nitro-
gen without reaction. The ratio of the final mole fraction of
nitrogen with reaction to the mole fraction without reaction
is, however, only slightly greater than unity. Thus, in this case,
the violation of the principle is minor for finite values of A”.

CONCLUSIONS

When a gas-phase system is at chemical reaction equilib-
rium at constant temperature and pressure, and some extra
reactant or product is added, the system, upon reestablishing
equilibrium does not always respond in a way qualitatively
consistent with the traditional Le Chatelier principle. If there
is a change in the number of moles, as in the ammonia syn-
thesis reaction, then adding one reactant (N,) may cause the
reaction to proceed in a direction that produces more of the
added ingredient (N,). These results are perfectly consistent
with the laws of thermodynamics. The direction of the reac-
tion depends on whether the added amount is infinitesimal or
finite. For infinitesimal additions, a new principle of mod-
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eration, first suggested formally by de Heer,* does apply.
Even this principle does not apply for finite additions of re-
actant (N,). These results indicate that the principle of Le
Chatelier should be taught in its more general form. In addi-
tion, instructors should emphasize that even the more gen-
eral formulation is valid for infinitesimal
changes only. (Nonetheless, the principle
does appear to be valid for finite changes
in temperature and pressure.) The present
analysis provides for a deeper understand-
ing of chemical reaction equilibria and can
form the basis of several stimulating lec-
tures and problem-solving sessions.

As afinal note, a general statement con-
cerning the direction of shift for changes
in temperature of arbitrary amounts at
constant pressure can be formulated. As-
suming that the heat of reaction is always
positive or negative, then an increase in
temperature of any amount will cause the
equilibrium to be displaced in the direc-
tion of the heat of reaction. A similar state-
ment appears to be possible for pressure
changes at constant temperature and de-
pends on which direction the volume
changes upon reaction. The addition of
reactants and/or products, however, re-
quires care, and in these cases it is not
possible to formulate a general statement
that is universally valid for any addition
of products or reactants.
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