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Reaction Extent and Mass Conservation(s)
Diego J. Raposo 1*

Abstract
A new proof to introduce reaction extent in General Chemistry courses, with mathematical and chemical
arguments, is suggested, together with the relation between mass conservation (over time) and reaction extent
conservation (between different substances in a chemical reaction) in closed systems.
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Introduction
Reaction extent is a well-defined quantity that relates all
components of a system that take part in a chemical reac-
tion. It was firstly defined by Théophile De Donder [1]
and, since then, have permeated many applications [2]
in conceptual teaching of Equilibrium Thermodynamics
[3, 4] and Kinetics [5, 6], and also in the understanding of
complex processes occurring outside equilibrium [7, 8].
There are very good reasons to teach the concept during
Stoichiometry lessons for General Chemistry courses [9],
and according to Moretti, “to use the concept of extent
of reaction may be the first simple way of attaining a
mathematization of chemistry, which is very important
for the advance of chemistry” [10].

The problem is that reaction extend is usually in-
troduced and then subsequently applied (in Physical
Chemistry books), without a proper contemplation of an
important property it has: its conservation within closed
systems. Without it we wouldn’t be able to estimate the
rate of a chemical reaction by following the evolution
of the amount of any reagent or product over time (as-
suming the stoichiometry of the reaction is well known)
[9], for instance. This conservation simply means that
the reaction extent can be calculated from any reagent
or product at a given time in a specific chemical reac-
tion in the system, because it is a characteristic quantity

of the reaction, and not from specific reacting compo-
nents in the phase [2]. More importantly, this “conser-
vation” can be used to demonstrate the presence of a
“constant” through chemical changes in a given time
interval, which is the reaction extent. Now this quantity
can be derived rather than defined from the beginning.

Another approach, used mostly in Thermochemistry
books, is the definition of reaction extent as a conse-
quence of the law of definite proportions [11, 12] (which
was, by the way, the original approach of De Donder).
This law is also used in our demonstration, but not from
start, and not in its usual form. We rather make a logical
construction from basic principles that characterize the
chemical reaction, and the law appears as a reasonable
assumption in the end. Moreover, the aforementioned
approach also does not emphasize reaction extent con-
servation, as we plan to do.

Therefore, in Section 1 we present an alternative
demonstration for the reaction extent presence in a re-
action, without assuming the law of definite propor-
tions explicitly, and using the search for a constant (or
conserved) quantity over chemical changes as a guide
through the proof. In this demonstration, the interpreta-
tion of reaction extent as a “reaction counter” (quantify-
ing the number of chemical processes after some time
interval) and the importance of the precise knowledge
of the reaction stoichiometry to define it are highlighted.

The use of the term “conservation”, if not addressed
properly, may have a drawback: the confusion between
mass conservation and reaction extent conservation. We
dedicate sections 2 (mass conservation) and 3 (reaction
extent conservation) to clarify the matter, but the main
idea is: the first is a conservation over time, and the sec-
ond is a conservation over chemical changes (changes in
the amount of any species in the reaction) in a given time
interval. In mathematical terms, we define conservation
of a quantity ywith relation to a quantity x if dy/dx is
a constant (a function which is independent on both x
and y). In mass conservation y is mass and x is time; so
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the conservation is such that dy(x)/dx = constant = 0.
In reaction extent conservation, y is the reaction ex-
tent, and x is the amount of any component which is
present in the chemical reaction. Both quantities depend
on time, but given a time interval we can show that
dy(x)/dx= constant; this constant is time independent,
different from zero (in contrast with mass conservation)
and depends on the stoichiometry of the reaction, only.

The “reaction extent demonstration” presented in
this paper (Section 1) is suitable for General Chemistry
courses, as a way of introduce the quantity previous
to its applications in Stoichiometry [9, 13], and limiting
reagent concepts [14]. Then the students would benefit
greatly on more advanced steps, when Chemical Kinet-
ics and Thermodynamics are introduced in correlation
with the reaction extent. The precise meaning of conser-
vation of the reaction extent and its relation with mass
conservation (Sections 2 and 3) may have advantages in
the initial steps of Chemical Kinetics classes, or in Ther-
modynamics as taught in Chemistry and Engineering
courses.

1. Reaction extent demonstration
Consider a reaction 3A −→ 2B. If 3 molecules of A re-
acts, and there were initially 3 of them, in the end none
remain, so the molecular variation – the difference be-
tween the final and the initial number of molecules, Nf
andNi, respectively – is∆N=Nf−Ni = 0−3=−3. That
leads, according the reaction equation, to 2 molecules of
B where there were none: ∆N ′ =N ′f −N

′
i = 2−0= 2. Ob-

viously, the mass of the system hasn’t changed, but the
number of each molecule did. So how could we scribe
a quantity that says to us the reaction just occurred, in
terms of the molecules that had to react and in fact did?
We know the variations ∆N and ∆N ′ are connected,
since they pertain to the same reaction: ∆N↔ ∆N ′. But
if one defines a quantity that is conserved through vari-
ations of one substance compared to variations in any
other, that would be chemically very useful, since to deal
with amounts of individual species compared to others
in a reaction is the main goal of Stoichiometry. The way
of doing that is to turn ∆N↔ ∆N ′ into an equality, by
dividing the molecular variation by proper numbers:

∆N= 0−3↔ 2−0= ∆N ′

∆N

−3
=
0−3

−3
=
2−0

2
=
∆N ′

2
= 1

Observe that dividing the molecular variation by the
substance’s stoichiometric number (the negative of the
stoichiometric coefficient for reagents, and the stoichio-
metric coefficient for products) the association becomes
equality, and this normalization leads to a number: 1.
This number tells that one reaction (or “reaction event”

[9]), as defined, occurred. It is not hard to generalize
this for a prototype reaction:

a1A1+a2A2+ . . .−→ b1B1+b2B2+ . . .

Therefore, in order to 1 reaction event occurs, the
changes in molecules number are such that:

∆NA1 = 0−a1

∆NA2 = 0−a2

. . .

∆NB1 = b1−0

∆NB2 = b2−0

. . .

And, obviously, to associate the variations in a single
quantity, which is “1 reaction” or “1 rxn” as suggested
previously [13]:

∆NA1 ↔ ∆NA2 ↔ . . .↔ ∆NB1 ↔ ∆NB2 ↔ . . .

0−a1↔ 0−a2↔ . . .↔ b1−0↔ b2−0↔ . . .

0−a1
−a1

=
0−a2
−a2

= . . .=
b1−0

b1
=
b2−0

b2
= . . .= 1 rxn

∆Nk
νk

= 1 rxn (∀ k) (1)

Where “∀ k” is a shorthand notation of “for all species
k”, and the stoichiometric number for a substance k is
defined as:

νk :=

{
−ai for a reagent Ai
bj for a product Bj

(2)

The symbol “:=” means that the term on the left of
the equation is defined as the term on the right.

Therefore, once the quantity defined “tells” when
one reaction occurs, let’s see when more reactions are
taking place. Once again using the previous example,
3A −→ 2B, if we have 3 mols of A generating 2 mols
of B, then ∆N = 0−3 mol↔ 2−0 mol = ∆N ′, with ∆N
meaning the change in A’s quantity in order to 1 mol
of reactions (just the Avogadro’s number of reactions)
occur is −3 mol, leading to a increase of 2 mol of B
(∆N ′ = 2mol). Making it general:

∆NA1 ↔ . . .↔ ∆NB1 ↔ . . .

(0−a1) mol↔ . . .↔ (b1−0) mol↔ . . .

(0−a1) mol
−a1

= . . .=
(b1−0) mol

b1
= . . .= 1mol− rxn

∆Nk
νk

= 1mol− rxn (∀ k) (3)
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What relates the variation in molecular numbers or
in substance quantities through equality is the normal-
ization by stoichiometric numbers, since they lead to the
same result for each substance: either 1(rxn) or 1 mol(-
rxn). Naturally the number of reactions needs not to be
an integer, or an integer multiple of 6.02×1023. Since
the amount of substance A1 that changes have to be a
multiple of a1, the proportionality constant, ξ, is such
that nA1 = ξa1 mol (this is statement of law of definite
proportions, if the relation between the amount of sub-
stance with its mass is used). Doing that for variations
in any substance quantities, ∆n:

∆nA1 ↔ . . .↔ ∆nB1 ↔ . . .

(0−ξa1) mol↔ . . .↔ (ξb1−0) mol↔ . . .

(0−ξa1) mol
−a1

= . . .=
(ξb1−0) mol

b1
= . . .= ξmol− rxn

∆nk
νk

= ξmol− rxn (∀ k) (4)

To that quantity – which is the amount of reaction
performed [13], and that can be found by variations
in particle’s (or mols) number of any species involved
– it was given the name reaction extent. The reaction
extent is a reaction-counter, and since its definition its
meaning was clear: “how many complete reactions have
taken place” [15]. Since nk is a quantity that changes
through time, as much as ξ, both can be differentiated
and integrated, according to proper boundaries in time:

dnk(t)
νk

= dξ(t) (∀ k)

1

νk

∫nk(t)
nk(t0)

dnk(t ′) =
∫ξ(t)
ξ(t0)

dξ(t ′) (∀ k)

nk(t)−nk(t0)

νk
= ξ(t)−ξ(t0) (∀ k) (5)

In the beginning of a reaction we set the time t0 =
0, and define ξ(t0) := 0 [3, 12], since no reaction have
occurred:

ξ(t) =
nk(t)−nk,0

νk
(∀ k) (6)

Where nk,0 = nk(t0 = 0) is the initial amount of k
(which is time independent). If we differentiate both
sides of Eq. 6 with respect to time (and omit the time
dependence of n and ξ to simplify the notation):

dξ
dt

=
1

νk

dnk
dt

(∀ k) (7)

In another form, by comparing two substances x and
y, that share the same reaction extent change:

1

νx

dnx
dt

=
1

νy

dny
dt

(∀ x,y) (8)

Here we found an expression that relates variations
in quantities of different species.

2. Mass vs. reaction extent
conservations

If a chemical reaction is performed in a closed system
the total mass is conserved, and the sum of initial masses
of all reagents (mR,0) and all products (mP,0) is equal to
the sum of the final masses of both at time t:

mR,0+mP,0 =mR,t+mP,t

mR,t−mR,0 =mP,0−mP,t

mR,t−mR,0 =−(mP,t−mP,0) (9)

Defining mass variations ∆m as differences between
final and initial states:

∆mR =−∆mP (10)

Logically, if this variation is over time, then:

∆mR

∆t
=−

∆mP

∆t
(11)

For infinitesimal changes, Eq. 11 leads to:

dmR

dt
=−

dmP

dt
(12)

Although general for closed systems, this relation
does not allow us to relate variations in the mass of a
specific substance during a reaction with changes in the
mass of any other. In other words, you cannot derive
Eq. 13 from the relations just presented:

dmi
dt

=−
dmj
dt

(uncorrect) (13)

for any reagent i or product j, with masses mi and
mj, respectively. Its not possible to prove dmi/dt =
K(i, j)dmj/dt for a proportionality constantK(i, j) (which
depends on both i and j) either, because no information
with regard to the stoichiometry of the reaction and the
relation between mass and amounts of substances have
been provided so far.

One can demonstrate, however, that (from Eq. 11):

dmR

dt
=

d
dt∑

i

mi =−
dmP

dt
=−

d
dt∑

j

mj

∑
i

dmi
dt

=−∑
j

dmj
dt

(14)
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Naturally that Eq. 14 does not lead to Eq. 13 if consid-
ered alone. It says, though, that the sum of the variations
on reagents masses through time is the negative of the
sum of variations on products through the same time
interval, despite the fact that individual variations of
mass in certain reagent i is not necessarily equivalent
to the decrease in mass of any particular product. The
mass conservation is a global concept, not a molecular
one (at least not directly).

We can represent mass conservation as the sum of
the mass changes being equal to zero for any k, either
reagent or product:

∑
k

dmk
dt

= ∑
i

dmi
dt

+∑
j

dmj
dt

= 0 (15)

Which is sometimes abbreviated as ∑kdmk= 0. There-
fore, the total mass ∑kmk is conserved over time be-
cause it is not a function of t, implying its derivative
with relation to time is a constant; in this case, zero.

Now we proceed to investigate reaction extent con-
servation. From Eq. 7:

dξ/dt
dnk/dt

=
dξ

dnk
=
1

νk
(∀ k) (16)

Therefore, the changes in the reaction extent relative
to the amount of any substance k is constant for a spe-
cific amount of time, ν−1k , and if we sum the derivatives
of all substances:

∑
k

dξ
dnk

= ∑
k

1

νk
(∀ k) (17)

Here we have an analogous expression for mass con-
servation through time, ∑k (dmk/dt) = 0 (the summa-
tion of mass variations through time is constant, and
zero), but for the reaction extent conservation through
changes in substance quantities, ∑k (dξ/dnk) = ∑kν

−1
k

(the summation in reaction extent changes relative to
n over all substances is constant). The summation in
Eq. 17 is not zero, but is constant over chemical transfor-
mations during certain amount of time. It is conserved
through changes in quantities of any substance upon
reaction in this time interval.

An important observation is that the reaction extent
is defined under the assumption that there is no change
in the chemical reaction followed during time: the stoi-
chiometry of the reaction is not changed. This is clearly
expressed by Eq. 17, where reaction extent is conserved
only if the stoichiometric coefficients do not change. If
more than one reaction with distinct stoichiometry is
present, then more than one reaction extent must be
defined [7].

3. Mass conservation in chemical
reactions

The usual expression for mass conservation in chemical
reactions is based on the sum of stoichiometric numbers
of the substances (ν) multiplied by the respective molar
masses (M) [3, 11, 12]:

∑
k

νkMk = 0 (18)

Eq. 18 is the mathematical expression implied when
the chemical equation ∑k vkAk = 0, for chemical species
Ak, is cited. It can be proved that Eq. 18 is a necessary
and sufficient condition for Eq. 15 (which means that
each one can be proved if one assumes the other):(

∑
k

dmk = 0

)⇔(∑
k

νkMk = 0

)
(19)

It can be proved by direct use of the law of definite
proportions [2], but we will show it by applying mass
conservation in reaction extent definition.

Since the quantity of substance is just the mass over
the molar mass, then for any pair of species x and y in
Eq. 8:

1

νxMx

dmx
dt

=
1

νyMy

dmy
dt

(∀ x,y) (20)

Which leads to the correct form of 13, relating the
mass variations of any reagent x= i with changes in a
product y= j. The negative sign of Eq. 13 also appears in
Eq. 20, but is canceled out because of the stoichiometric
number definition (negative for reagents). If we sum up
the reaction extents over all species:

1

νkMk

dmk
dt

=
dξ
dt

(∀ k)

1

νkMk

dmk
dt

−
dξ
dt

= 0 (∀ k)

1

νkMk

(
dmk

dt
−νkMk

dξ
dt

)
= 0 (∀ k)

dmk
dt

−νkMk
dξ
dt

= 0 (∀ k)

∑
k

dmk
dt

−
dξ
dt ∑

k

νkMk = 0

∑
k

dmk
dt

=
dξ
dt ∑

k

νkMk (21)

If mass is conserved then ∑k (dmk/dt) must be zero.
That implies ∑kνkMk = 0, since dξ/dt 6= 0 (otherwise
no reaction has occurred), which is the usual mathemat-
ical representation for mass conservation in chemical
reactions. On the other hand, assuming ∑kνkMk = 0
leads directly to ∑kdmk/dt = 0. Consequently, mass
conservation is a necessary and sufficient condition for
the quantity ∑kνkMk to conserve as well.
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4. Conclusions
Reaction extent is the way of counting how many reac-
tions of some kind occurred in the system after some
variation (usually through time) by the changes in the
amount of any species involved. That is, for a given
reaction, you can tell how many times the prototype of
reaction you write, such as 3A−→ 2B, had occurred af-
ter some time. This quantity can be defined, as usual in
books, or proved to be a consequence of law of definite
proportions in closed systems, an older (often forgot-
ten) approach. We have shown an alternative version
of this proof, which grounds the comprehension of the
meaning of the reaction extent, and its relation with
mass conservation, for the student to proceed in the ad-
vanced courses of Chemistry. Reaction extent conserves
in closed systems, and this also is evidenced, in a dis-
tinct manner as mass conserves. The first conservation is
a consequence of the closeness of the system; the second
comes from the assumption that the reaction has specific
and unchanged stoichiometric coefficients.
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