is found for molecules of type [(us-BCHj3)g(CH),] in which
the boron atoms exhibit planar geometry (17).
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Intensive and Extensive

Underused Concepts

Sebastian G. Canagaratna
Ohio Northern University, Ada, OH 45810

Classifing the properties of material systems into exten-
sive and intensive types embodies a very important con-
cept. Indeed the existence of extensive properties has been
raised (1) to the status of the fourth law of thermodynam-
ics.

The use that we make of these concepts in our teaching
does not do justice to their importance: Most textbooks on
thermodynamics mention them only briefly, sometimes in
connection with Euler’s theorem. A few freshman text-
books (2—4) define them briefly, but make no use of them.
The book by Bodner (5) is the only elementary text I have
seen in which some use is made of these concepts.

In this article I share with the readers of this Journal the
methods I have adopted in teaching intensive and exten-
sive properties both at the freshman and junior levels.
First I will give some background: a systematization of the
facts and concepts relating to intensive and extensive
properties. '

Experimental Facts

Experimental facts concerning the properties of systems
suggest that two important concepts are needed to de-
scribe any system: the state of the system and the size or
extent of the system. This distinction implies that it is pos-
sible to prepare samples of the system that differ in extent
(e.g., volume) but have the same state. The state is defined,
for a pure substance, by the temperature and pressure of
the sample. Thus, two samples of water both at 25 °C and
1 atm, with volumes of 25 mL and 50 mL, are said to be in
the same state.

The concept of state is important because experiments
suggest that certain properties—like density, refractive
index, viscosity—depend only on the state and not on the
size (e.g., the volume of the sample). For a homogeneous
mixture, the state of the system is completely fixed by
specifying, in addition to the temperature and pressure,
the composition of the system (i.e., the chemical nature
and relative proportion of the constituents in the mixture).

Intensive Properties

The above considerations show that there are some prop-
erties that, for a given state, do not depend on the size of
the system. Such properties have, at equilibrium, the same

value for all parts of a phase; indeed they have well-de-
fined values at any point of the phase. They are called in-
tensive properties. Their values can be used to character-
ize the state of the system.

Temperature and pressure are two very important inten-
sive properties. Their intensive nature is stated in two
laws: the zeroth law (law of thermal equilibrium) and the
law of hydrostatic equilibrium. For a pure substance ex-
periments show that all intensive properties depend only
on the temperature and pressure. For homogeneous mix-
tures formed by mixing C substances, any intensive prop-
erty depends, in general, not only on the temperature and
pressure but also on C — 1 additional intensive properties,
(e.g., mole fractions of C — 1 constituents of the mixture).
Examples of other common intensive properties are den-
sity, concentration, and molality of solutes.

We can define an intensive property more formally as
below.

If o, B, v, ... are parts of a system in equilibrium, and y is a
property such that y(o) = () = ¥(y) ..., then y is said to be an
intensive property.

The value of y for the system may then be defined by
y(sys) = y(any part) (1)

Clearly y(sys) is independent of the size (or extent) of the
system.

Constancy of the value in all parts as given by eq 1 is the
criterion for deciding whether a given property is inten-
sive. Another way is to ask “Does it make sense to talk of
the property without specifying the size of the system?” We
speak, for example, of the density of water at a certain tem-
perature and pressure, not of the density of 10 g of water
or the density of 20 g of water. This shows that density is
an intensive property.

Extensive Properties

In strong contrast to intensive properties are properties
like volume and mass whose value for the system is the
sum of values for the parts. Instead of eq 1, the properties
obey the following relations.

Visys) = V(o) + V() + ... (2)
Wisys) = W(o) + W(B) + ... (3)
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Thus, extensive properties are additive with respective to
parts of the system. For example, if a system consists of
solid ice and liquid water, then

V(system) = V(ice) + V(liquid)

Besides mass and volume, common examples of exten-
sive properties include

® number of molecules
* total amount of substance, ny,;
* amount of component i, n;
* mass of component i, W;
¢ the thermodynamic properties
internal energy U
enthalpy H
entropy S
Gibbs free energy G

For homogeneous systems the value of an extensive prop-
erty will depend on the size (or extent) of the system.

Direct Proportionality Relationships

We can make the last statement much more definite.
Consider two samples of a system in the same state. Let W,
and W be the total masses of the samples 1 and 2. If

Wg =rx Wl
then sample 2 may be regarded as comprising r parts, each
part being identical to sample 1.
If X and Y are any two extensive properties of the sam-

ples, then by the law of additivity with respect to parts of
the system, we get the following.

Xo=X+X1+...+X; (4)

in which X is added r times to give

Xo=rxX;
Similarly,
Yo=rxY; (5)
Eliminating r, we get
L. h
X X (6)

The validity of eq 6 is independent of r. Thus, we may sum-
marize the significance of eq 6.

The ratio of any two extensive properties of a homogeneous
phase in equilibrium is independent of the size of the system
and depends at most on the state of the system.

Thus, the ratio of extensive properties (in eq 6) is an inten-
sive property. Equation 6 may be regarded in various ways.

® as a rationale for the definition of intensive properties

® as a basic law for extensive properties

® as giving a basis for describing the extent of a phase

* as giving a basis for checking the consistency of equations

Rationale for the Definition of Intensive Quantities

The ratio of any two extensive quantities will be inde-
pendent of sample size and thus can be used to character-
ize the state of the system. Several common intensive
properties can be correlated by eq 6.

Density
Using Y =mass, W, and X =V, we get

L")
¥ ample 1 v ample 2
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This gives us the following definition of density p for the
given state.

p(sample) = [—l
vV
ny sample

The density is a function of T, p, and composition.

Concentration
Using Y =the amount of i, n;, and X = V, we get

4 ample 1 v ample 2

This gives us the following definition for the concentra-

tion of i.
n;
ci=|=
any sample

Thus, the concentration of i, ¢;, is a function of T, p, and
composition. The concentration of C — 1 solutes may used
to specify the composition.

Mole Fraction

Using Y = n; and X = total amount, n, we get

ny "
n
tot ample 1 Yot ample 2

where x; is the mole fraction of i. The mole fractions are
often used to specify the composition. For a given system,
the mole fractions are, in contrast to concentrations, inde-
pendent of T and p.

Molality

Using Y = n; and X = mass of solvent, Wy, we get

n; n;

e =|— =m;

W1 Vo '
'sample 1 'sample 2

where m; is the molality of i. Like mole fractions, the
molalities are, for a given system, independent of T' and p.

Mass Fraction

Using Y = mass of i, W;, and X = total mass W, we get

w; W, . y
e =W = mass fraction of ¢
tht tot

sample 1 ample 2

A related intensive property is mass percentage.

Molar Mass
Using Y =W; and X = n;, we get

Wi w;
n; s
'sample 1 ample 2

where M, is the molar mass. Molar mass is characteristic
of the substance and independent of the state.

M

i

Avogadro Constant

Using Y = number of molecules of i, N;, and X =n;, we get



‘ ==, =Na
i sample 1 i sample 2

where Ny is the Avogadro constant. The Avogadro constant
is a universal constant, due to the way in which we define
the amount of a substance.

Molar and Specific Properties

When Y is any extensive property of a pure substance
and X is either the amount of substance n or the mass W,
we obtain the following definitions of molar and specific
properties, respectively.

molar Y = {—Y
n
y sample

specific Y = {-—K}
w
any sample

Using the Ratio of Extensive Properties

and

Herron et al. (6) have recently drawn attention to the
difficulties that students have with the usual definitions of
density, etc. If we define density as mass divided by vol-
ume, it becomes a purely mathematical relation. Indeed
the student is in danger of thinking that mass and volume
are the independent variables for density! The full signifi-
cance emerges only when we understand the definition in
terms of eq 6.

In particular, eq 6 gives us a recipe for the experimental
determination.

Take any sample in the specified state.

Then either select a portion of this sample of known mass and
determine its volume, or select a sample of known volume
and determine its mass.

The ratio of mass to volume will give the density.

The Law for Extensive Quantities

Equation 6 is a basic law concerning extensive quanti-
ties. It can be used directly without reference to the name
of any intensive quantity. I believe there is much pedagogic
merit in stressing the general laws and in reinforcing them
by showing how they can be used in solving problems.

Applying the Ratio of Extensive Quantities

The way I work the following problems shows how I re-
inforce the importance of this law.

Problem

«5.0 g of oxalic acid is dissolved in 150 g of water.
Calculate the mass of oxalic acid in 50 g of the solution.

Solution

The quantity that we want is W(oxalic acid), given that
Wi(solution) = 50 g. Because these are extensive properties,
the law for the problem is

W(oxalic acid) _ ( W(oxalic acid)
W(solution) — | Wi(solution) R

Taking sample 1 as the solution with W(solution) = 50 g
and sample 2 as the solution with W(oxalic acid) = 5.0 g
and W(water) = 150 g, we have

Wioxalic acid) _ 50g
50 g T5.0g+150¢g

Thus, we get

W(oxalic acid) = % x50g

Applying Changes in Extensive Properties

Another type of question that I give students concerns
the stoichiometric law for chemical reactions. These relate
changes in extensive quantities and may be regarded as an
example of eq 6: Changes in amounts, masses, and vol-
umes of gases (measured at the same T and p) are propor-
tional to one another.

One of the samples can be taken as the sample repre-
sented by the following balanced equation. Consider the
following.

Problem

* What is the mass of calcium oxide that can be prepared by
the complete dissociation of 100 tons of calcium carbonate?

The equation for the reaction is

CaCO; == CaO + CO,

Solution
It is given that
W(CaCOy3) = 100 ton

or more strictly, Aw(CaCOQOj3) = 100 ton, etc.

W(Ca0) =7

Because these are extensive quantities, we can apply eq 6,
and the law for the problem becomes

W(Ca0) [ W(Ca0)
W(CaCOsy) " | W(CaCOs)
sample 1 ample 2

Taking the balanced equation as representing sample 1,
when W(CaCOQ3) = 100 g, W(CaO) = 28 g. Thus, we get

W(Ca0) 28¢g
100ton 100 g

W(Ca0) = % % 100 ton

There is no need to convert from ton to gram and back, as
many students might do using the “dimensional analysis”
approach.

Specifying the Extent of a Phase

In my treatment I stress that students should be sure
their systems are completely defined before embarking on
any analysis: A system is completely defined by its state
and its extent. Equation 6 may also be written as

Y = X x intensive property

To calculate an extensive property we need not only the
state of the phase (to define intensive properties) but also
one extensive quantity. Also, any extensive quantity is di-
rectly proportional to another extensive quantity. This
makes clear the rule for describing a phase.

A phase is completely described by specifying its state and
its extent. The state of a phase is completely described by spec-
ifying its temperature, pressure, and C — 1 composition vari-
ables. The extent is specified by specifying any one extensive
quantity.

Checks for Mistakes in Equations

Students often make careless mistakes in mathematical
manipulations, so they should check for such mistakes. A
check that follows from eq 6 is
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If one side of an equation is extensive (or intensive), then so
must be the other side.

In applying this check we must remember the following.

The product of an intensive quantity with an extensive
quantity is extensive.

The ratio of two extensive quantities is intensive.

The product of intensive quantities will be intensive.

Though the quantity calculus will reveal any mistakes at
the final stage, I encourage students to apply this check
before starting the numerical calculation.

Laws of Conservation

There are two other ideas that I use in my systematiza-
tion. The law of conservation obeyed by some extensive
quantities is the following.

The value of a conserved extensive property of a closed sys-
tem is independent of time and does not change even if there is
a change of state.

This may be written as

The total property after the reaction =
The total property before the reaction

where the value of the total property is calculated by the
principle of additivity with respect to the parts of the sys-
tem.

The extensive quantities that obey the law of conserva-
tion are

¢ electric charge (There seem to be no exception to this.)

¢ the mass (This is strictly true only if we neglect small rela-
tivistic corrections.)

¢ the amount of each elemental species (in the absence of a
nuclear reaction)

* the amount of each molecular species (in the absence of a
chemical reaction)

A common mistake that students make is to assume that
volume is conserved. When I ask students to predict the
volume of the resulting solution obtained by mixing 200
mL of distilled water with 50 mL of 1 M NaCl solution,
almost all give 250 mL as the answer. This gives me a
chance to discuss the difference between additivity with
respect to parts and conservation. Because there is a
change of composition in the above case, volume is not con-
served.

I contrast this case with mixing 200 mL of 0.1 M NaCl
solution with 50 mL of 0.1 M NaCl solution, where both
solutions are at the same temperature and pressure. In
this example there is no change of state, and the final vol-
ume by additivity is 250 mL.

Additivity with Respect to Constituents

The last of the ideas that I use in my systematization
(but only at the junior level) relates to the additivity with
respect to constituents of extensive properties of a mix-
ture. Thus, in a homogeneous mixture with the amounts n;
for species 1, ny for species 2, etc., any extensive property
may be written in the following form.

Y=ny,+ngys + ngys + ... (7

o [9Y
Yi= ani
By

with y; called the partial molar value of ¥ with respect to
species i.

Y takes the form of a sum of contributions from each con-
stituent, where the contribution of each constituent is for-

where
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mally similar to that of a pure substance (i.e., Y = ny) ex-
cept that y; depends not only on 7" and p but in general also
on the composition.

The following equation is an example of using eq 7 to
state the Gibbs free energy.

G=nUy +nollg + ... (8)

Equation 8 has its basis in Euler’s theorem on homoge-
neous functions (8). Students can write such equations
more readily and work with them better when they grasp
the connection between the form of the equation and the
extensivity of the property.

The following equation can also be understood in terms
of intensive and extensive properties.

dY =y;dn, + ypdns + ... (9)

It describes changes in an extensive property Y brought
about by changes dn; at constant T and p.

Equation 9 combined with eq 7 gives us the Gibbs-
Duhem equations. Students find it easier, at least the first
time around, to have these equations written according to
their physical significance rather than by using Euler’s
theorem.

Introducing the Concepts: When and How?

Many of the concepts that science students encounter in
high school and earlier are intensive or extensive: mass,
length, volume, area, temperature, pressure, concentra-
tion. Much of the difficulty that students later experience
may arise from a poor first introduction to these concepts.

An example is the way in which we introduce a concept
like density. We tell students how we define the value of
this quantity, but a true understanding of this concept re-
quires seeing that density does not depend on the sample
size. It depends only on 7, p, and composition. Students
must also understand why this follows from the additivity
of mass and volume: The density is characteristic of the
substance and its state—not of the sample size.

The basic ideas on which the “extensive/intensive” clas-
sification is based are

® the additivity of a property with respect to parts of a system
® the constancy of a property in all parts of the system at equi-
librium
The idea of additivity of the mass and volume of a sample
is best explored by the “discovery lab” method using simple
systems like water or a solution of sodium chloride. Stu-
dents can then be led to explore how the ratio of mass to
volume depends on sample size, temperature, and concen-
tration of sodium chloride. The constancy of this ratio then
becomes a “law”, and problems involving this law can be
introduced even before the term density is introduced. Stu-
dents should also be invited to measure the temperature at
various points in the system and contrast this with the re-
sults they obtained with mass and volume.

Hypothetical Experiments

Unfortunately, my students have not had such a discov-
ery course in high school, and lack of time has kept me
from developing the subject this way. I do the next best
thing: I discuss the relevant ideas in terms of hypothetical
experiments and try to elicit responses from students as to
the results they think they would obtain.

Students have no difficulty with the additivity of mass
and volume. I then have them consider the additivity of
numbers of particles and amounts (no. of mol). The effect
of increasing (doubling, trebling, etc.) the size of a sample
(system) on the ratio of two such additive properties is con-
sidered. Students are also invited to consider how they
would verify that a solution is homogeneous. These consid-



erations lead them to the concept of properties that have
the same value everywhere. Specific examples of such
properties are considered.

I try to reinforce the idea that the ratio of two extensive
properties is independent of sample size. One way is to in-
troduce problems long before formally introducing the rel-
evant intensive properties like concentration and molality.

My experience in teaching these ideas at the freshman
level is limited, but I have consistently used this approach
in the physical chemistry course at the junior level. The
treatments at both levels have many ideas in common, but
at the junior level I am able to give a systematic treatment
at the beginning of the course because students are al-
ready familiar with many of the concepts.

My goal is to show how these ideas will help them do the
following.

e correlate a large number of properties

¢ understand the rules for describing a system

® check the consistency of equations

¢ understand the physical significance of equations

Calculating Intensive Quantities

Students often have difficulty calculating intensive
quantities or deriving theoretical expressions for them. In-
tensive quantities are by definition independent of sample
size. Thus, they can be expressed completely in terms of
other intensive quantities. The ideal gas equation is a good
yet simple way to show this.

Exercises I have students try include

® obtaining the expression for the concentration of an ideal gas
in terms of T and p
® obtaining the expression for the density of an ideal gas

Another good exercise is the derivation of the expression
for the average molar mass of a mixture. They know that
it is an intensive quantity, but can they express it entirely
in terms of other intensive quantities? More difficult exam-
ples are expressing molalities in terms of concentrations
and vice versa.

Choosing Any Convenient Size

I stress that because intensive properties are indepen-
dent of sample size, we may consider any convenient sam-
ple size. To illustrate some of these ideas I work problems
of the following type, emphasizing how our knowledge of
intensive and extensive properties can guide us.

Problem

® A 0.4332 M solution of MgCly at 20 °C and 1 atm has a den-
sity of 1.0311 g/em?®,
Calculate the molality of magnesium chloride.

Solution

Because molality is an intensive property, it is indepen-
dent of sample size. To calculate it we can consider a sam-
ple in the prescribed state but of any extent. We may
choose a convenient extent for the sample from one of the
following: mass of solution, mass of magnesium chloride,
volume of solution, etc.

A natural choice seems to be the volume of solution be-
cause both concentration and density refer to volume of so-
lution. We take a sample of solution of volume 1 L. For this
sample we get the following.

From
n=¢xV
we get
n(MgCly) = 0.4332 mol
and from

W=dxV
we get
W(solution) = 1.0311 x 1000 g
By definition, molality is given by

MgCl
m(Mng):[ n(MgCly)

mass of solvent]
any sample

Thus, we need to know the mass of solvent.

Because we appear to have exhausted all the relation-
ships between extensive quantities, we need another
source of information concerning mass, so we try the law of
conservation of mass.

Mass of solution = mass of HyO + mass of MgCl,

The mass of solute can be calculated from the amount.
From

W!-=TL[-)<M£

we get

W(MgCly) = 0.4332 mol x %ﬁ —412g

The mass of water is thus
1031.1g-41.2g=989.9g =989 x 10~ kg
Therefore

0.4332 mol _ 0.438 mol
m(MgCly)= 0.989 kg = kg

I stress how important it is for students to show their
reasoning, as in the above example, and I give them credit
for this. This minimizes working by rote memory.

Single- and Multistep Calculations

The idea that the extensive properties of a phase are di-
rectly proportional to one another is, when coupled with
definitions of intensive properties, a very fruitful one in
mapping out the strategy for solving a problem. The im-
portance of mapping out a path has been stressed (9). The
book by Yi-Noo Tang (10) is one of the few solutions manu-
als that I have seen that does an excellent job encouraging
the student always to write out a solution path.

Using A Strategic Map

The following illustrates how I help students find their
way through a multistep problem.
Problem

¢ Calculate the amount of HySO, in 2 L of a solution of sulfuric
acid in which the mass percentage of HySO, is 96.4% and the
density is 1.84 g/mL.

Solution
Summarizing the data, we have
V(solution) =2 L
WH,S0,) _96.4
W(soln) 100

p(soln) = 1.84 %

n(H,S0,) = ?

Because n(H;S0,) is an extensive quantity, it can be cal-
culated from another extensive quantity. We have been
given the extensive quantity V(soln) = 2 L. If we knew the
ratio n(HyS04):V(soln) we could solve the problem.

To get this ratio we consider another sample. Size does
not matter, but the data suggests that we fix either the
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mass or volume of the solution. Let us take 100 g of solu-
tion. For this sample we must calculate the amount of sul-
furic acid and the volume of the solution. I have students
draw a rough circle to represent their sample and get them
to calculate all extensive properties associated with this
system.

From the assumption we get W(soln) = 100 g. The task is
of course to get the amount of sulfuric acid and the volume
of the solution. From the physical interpretation of mass
percentage, we have W(H,SO,) = 96.6 g.

Thus,

n(H,80,) = —2888  _ 0,985 mol

98.07 -
mol

We now need the volume of solution. The definition of den-
sity gives

Vi(soln) = I0E =54.3 mL

£
1.84 =%

Using the constancy of n(HS04)/V(soln), we now have

n(HyS0y, 2-L sample) 0,985 mol
2L 54.3x 107° L

We can also do this by considering just one sample. Here
again we make use of the fact that the extensive n(HsSO,)
can be calculated from the extensive V(soln). But we don't
know a relationship that relates these two directly. Obvi-
ously, we have to do this in several steps. How do we pro-
ceed?

Let us try W(H3SO,). This would require the molar mass
of sulfuric acid, which is of course known. Now too, there
does not seem to be a direct relationship between
W(H3S0,) and V(soln). As a possible next step, the data on
mass fraction suggests the extensive quantity W(soln).

Are we home? Yes, of course, since W(soln) and V(soln)
are related by the density of the solution. The strategy can
be mapped out as below.

n(HzS0,) « W(H,S0,) « W(soln) « V(soln)

The actual calculation can be carried out in separate
steps.

® W(soln) from V(soln) using the density

¢ then W(H,S0,) from W(soln) from the mass percentage

* lastly, the required quantity n(H;SO,) from W(H;SO,) using
the molar mass of sulfuric acid

An alternative method that some might prefer uses one
step. To generate a one-line relationship we use

_ab
a=y X _Xc..
The motivation behind this step is our knowledge that ra-
tios of extensive properties are intensive properties.

The strategic map yields the following.

n(HpS04)  W(HS04)  Wisoln)
n(H2500) = 35 50, ¥ Wisoln) * Visoln) = V(=0Im)
. 96i4, X p(soln) x 2 L

= M(H,S0,) ~ 100

where we have used both the density and the definition of
the molar mass.

Summary of Problem-Solving Strategy

We are working with quantities, not units, and the start-
ing point in the generation of the map is the required ex-
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tensive quantity—the amount of sulfuric acid. Mapping
out the path is an essential step in the calculation, and the
student should be expected to write it out explicitly. No
“mental” steps are involved, and the student is forced to
think of relationships between quantities and the defini-
tions of the associated intensive quantities.

A Chart of Relationships

A chart (see the figure) giving the interrelationships be-
tween the various intensive quantities is very helpful in
mapping out one or more strategies for solving a problem.
By using this chart, the student learns to think in terms of
quantities and relationships—not in terms of units and the
manipulation of units. The student can also map out a
path for the solution to a problem even when there are no
actual numbers involved.

A major difficulty for the students, especially the weaker
ones, is that they cannot always remember the various re-
lationships. There is a definite improvement in their per-
formance if they have the chart of relationships in front of
them; a permanent improvement will depend on the
students’ willingness to memorize the relationships.

Below we use this chart to map out a solution to two dif-
ferent problems in which no numbers are involved, one in-
volving an extensive quantity and another an intensive
quantity.

Finding an Extensive Quantity
Problem

¢ Determine the amount of a solute i in a given volume of so-
lution, when the concentration of solute i is not known.
What other information would be required to enable us to
calculate n(i)?

Solution

The chart tells us that n(i) is related to V(tot) by c(i). (All
three sit on the same circle.) However, we do not know ¢(i).
We must take an alternative route. An adjacent circle of
relationship involves W(tot) and d(tot), which takes us to

N

V(i) W —w;

N./Nm W,-\ fw (i)
"\ /(/Mi e

n

/ L Wig
n ni
tot 1§
! ( VtOt Vtot\_jm
ot
X
A
any balanced egn

Chart of Relationships. Circles connect values that are related to
each other by simple relationships. (The bottom circle shows that a
change in the amount of a species, An(j), is related to the change in
another species, An(j), by the coefficients that balance the reaction
equation.) Lines show interrelationships that can be used to strategi-
cally map out paths for problem solving. (Because n(/) is found on five
circles, it is often used to obtain one of the other values found on the
five circles. The path depends on the information given.)



the next circle of relationship involving W(i) and W(tot)
through the mass fraction f,,(i). Having come to W(i), we
find that it is easy to calculate n(i).

Finding an Intensive Quantity
Problem

=Calculate the concentration c(i) of a solute i from its molality
m(i) in a solution containing only one solute i.
What further quantities are required?

Solution

The first thing to note is that the relationship must in-
volve intensive quantities only, because an intensive quan-
tity can be expressed completely in terms of intensive
quantities. Also we can consider any extent in deriving the
relationship.

We must go from the cirele of relationship involving c(i),
n(i), and V(tot) to the one involving m(i), n(i), and W(sol-
vent). We wish to establish a connection between c(i) and
m(i). Because n(i) is common to both circles, we must con-
nect W(solvent) with V(tot). We can go through V(tot) to
Vitot), d(tot), and W(tot).

Can we connect W(solvent) and W(tot)? Yes, through the
law of conservation of mass

W(tot) = W(solvent) + W(i)
where W(i) is given by
W) = n(i) x M(@)

To actually derive the relationship we first write down
both definitions.

. n()
®) =V tot)

and

nli)

ey = W(solvent)

We now have

= n@ _ n@) n(i) x d(tot)
= Vitot) ~ Witot)  Wisolvent) + n(i))M()

d(tot)

Are we home? Not quite. We must express the RHS in
terms of m(i), which is related to W(solvent) and n(i). One
way to do this would be to write W(solvent) in terms of n(i)
and m(i). Then simplify. Because

. on@
m() = Wi(solvent)

it would be quicker to divide the numerator and denomina-
tor by W(solvent).

.. __m(i) xd(tot)
@Y=+ MG) % m(i)

Thus, we need to know the density of the solution and the
molar mass of i.

Conclusion

Though I do not have objective data comparing the ap-
proach outlined above with other approaches, from talking
with my students I get the impression that they find the
concepts of intensive and extensive properties very helpful
in several ways.

*in understanding the physical significance of equations
* in correlating various properties
*in working out a strategy for problem solving

Recognizing that a quantity is extensive sometimes
gives them a valuable clue that they had missed. This en-
ables them to try the general laws applicable to extensive
properties. Their main difficulty is that they (especially
the freshmen) are still thinking in the “dimensional analy-
sis” mode, and it takes effort to grow.

These concepts are fundamental and may very well be
teachable even at the school level. The idea of additivity of
certain properties and constancy of others is easily ex-
plored in the laboratory and may improve concept forma-
tion.

The main objective of the approach has been to provide a
general conceptual framework for students—not a prob-
lem-solving method. However, students can use these con-
cepts with the different problem-solving methods. All ap-
proaches would benefit from some emphasis on the
correlational power of these concepts.
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