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1.2 THE MOLE UNIT
Your objectives in studying this
section are to be able to:
1. Define a kilogram mole, pound mole, and gram mole,
2. Convert from moles to mass and the reverse for any chlemical com-

pound given the molecular weight.
3. Calculate molecular weights from the molecular formula.

L

What is a mole? The best answer is that a mole is a certain nuni
atoms, electrons, or other specified types of particles.* In particul
national Committee on Weights and Measures approved the mole
SI system) as being “the amount of a substance that contains as
entities as there are atoms in 0.012 kg of carbon 12.” Thus in
mole contains a different number of molecules than it does in th
neering system. In the SI system a mole has about 6.023 X 102 m
call th:s a gram mole (symbol g mol) to avoid confusion even thoug
of units the official designation is simply mole (abbreviated mol)
hope to avoid the confusion that could occur with the American e
pound mole (abbreviated Ib mol), which has 6.023 X 102 X 453.¢
a pound mole of a substance has more mass than does a gram mole

Here is another way to look at the mole unit. To convert the

ber of molecules,

ar, the 1969 Inter-
symbol mol in the

many elementary
the SI system the
£ American engi-
olecules; we shall
h in the SI system
. We can thereby
ngineering system
molecules. Thus
of the substance.
number of moles

to mass, we make use of the molecular weight—the mass per mole:
mass in g
= 1.
the g mol molecular weight (14
the Ib mol = [mass In lb. (1.5)
molecular weight
or
mass in g = (mol. wt.)(g mol) (1.6)
mass in Ib = (mol. wt.)(Ib mol) (1.7)

Furthermore, there is no reason why you cannot carry out computs
ton moles, kilogram moles, or any corresponding units if t
analogously to Eqgs. (1.4) and (1.5) even if they are not standard

“For a discussion of the mole concept, refer to the series of articles in J. Chd

549~556 (1961), and to M. L. McGlashan, Phys. Educ., p. 276 (July 1977)

tions in terms of
hey are defined
nits. If you read

m. Educ., v. 38, pp.
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about a unit such as a kilomole (kmol) without an associated mass spec

kg mol, assume that it refers to the SI system and 10° g mol.

Values of the molecular weights (relative molar masses) are builf
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ification, or a

up from the

tables of atomic weights based on an arbitrary scale of the relative masses of the ele-

ments. Atomic weight of an el
assigns a mass of exactly 12 to

tons and 6 neutrons. The terms atomic “weight”
sally used by chemists and engineers instead

“mass” or riolecul

ement is the mass of an atom based on
the carbon isotope 2C, whose nucleus coptains 6 pro-
and molecular “weight
of the more accurate terms atomic
ar “mass.” Since weighing was the original method for determin-
ing the comparative atomic masses, as long as they were calculated |

gravitational field, the relative values obtained for the atomic “‘weights”
cal with these of the atomic “masses.”

Appendix B lists the atomic weights of the elements. On this sca
weights, hydrogen is 1.008, carbon is 12.01, and so on. (In most of our
we shall round these off to | and 12, respectively, for convenience.)

A compound is composed of more than one atom, and the molecul
the compound is nothing more than the sum of the
is composed. Thus H, O consists of 2 hydrogen atoms and 1 OXygen at
molecular weight of water is (2)(1.008) + 16.000 = 18.02. These we
relative to the 2C

2.016 ton/tcn mol, and so on. Gold (Au) is 196.97 0z/0z mol!
You can comnpute average molecular weights for mixtures of consta

tion even though they are not chemically bonded if their compositions arg

curately. Later (Example 1.13) we show how to calculate the averag
weight of air. Of course, for a material such as tuel oil or coal whose
may not be exactly known, you cannot determine an exact molecular

though you night estimate an approximate average molecular weight g
for engineering calculations. Keep in mind that the symbol Ib refers to

otherwise stated.

weights of the atomg

he scale that

sy

are univer-

n a common
were identi-

le of atomic
calculations

ar weight of
of which it
om, and the
ghts are all

atom as 12.0000, and you can attach any unit of mass you de-
sire to these weights; for example, H, can be 2.016 g/g mol, 2.01§

Ib/1b mol,

1t Composi-
known ac-
¢ molecular
¢omposition
weight, al-
bod enough
1bs unless

EXAMPLE 1.9 Use of Molecular Weights

Solution

If a bucket holds 2.00 1b of NaOH (mol. wt. = 40.0), how many

(a) Pound meles of NaOH does it contain?

{b) Grarn moles of NaOH does it contain?

Basis: 2.00 1b of NaOH
2.00 Ib NaOH [ 1 ib mol NaOH

= 0.050 Ib mol NaOH
@ [ 400 b NaoH 0030 b mol NeO
2.00 1b NaOH ] 1 1b mol NaOH | 454 g mol
= 22.7 g mol
() | 40.01bNaOH | 1lbmol _ 2277 8m0
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2.00 1b NaOH | 454 g | 1 g mol NaOH
b ‘\#—; =0
(b I | 40.0g NaoH ~ 227 &mol

or

tions Chap. 1

EXAMPLE 1.10 Use of Molecular Weights

Solution

How many pounds of NaOH are in 7.50 g mol of NaOH?

Basis: 7.50 g mol of NaOH

7.50 g mol NaOH | 11b mol | 40.0 Ib NaOH

= 0.661
| 454 g mol | 1 1b mol NaoH ~ 0661 [P

NaOH

1.3 CONVENTIONS IN METHODS OF ANALYSIS
AND MEASUREMENT

Self-Assessment Test

1. What is the molecular weight of acetic acid (CH, COOQH)?
2. What is the difference between a kilogram mole and a pound mole?

3. Coavert 39.8 kg of NaCl per 100 kg of water to kilogram moles of NaCl per kilogram

mole of water.
4. How many pound moles of NaNO, are there in 100 1b?

5. One pound mole of CH, per minute is fed to a heat exchanger. How many kilograms is

this per second?

Thought Problem

L. There is twice as much copper in 480 g of copper as there is in 240|g of copper, but is

there twice as much copper in 480 g of copper as there is silver in 24{)

g of silver?

Your objectives in studying this
section are to be able to:

1. Define density and specific gravity,

2. Calculate the density of a liguid or solid given its specific gravity and

the reverse.

3. Look up the density or specific gravity of a liquid or solid in reference

tables.
4. Interpret the meaning of specific gravity data taken from rd
bles.
5. Specify the common reference material(s) used to dets
specific gravity of liquids and solids,

ference ta-

rmine the
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6. Convert the composition of a mixture from mole fraction (or ¢
to mass (weight) fraction (or percent) and the reverse.
Transform a material from one measure of concentration to 4
including mass/volume, moles/volume, ppm, and molarity,
Calculate the mass or number of moles of each component in
ture given the percent (or fraction) composition, and the rever
compute the average molecular weight.

. Convert a composition given in mass (weight) percent to mdg
cert, and the reverse.

7.

8.

L
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ercent)

nother,

a mix-

se, and

le per-

There are certain definitions and conventions which we mention at thi
they wi

will immediately have a clearer perspective and save considerable troub

1.3-1 Density

Density is the ratio of mass per unit volume,
has both a numerical value and units. To determ
must find both its volume and its mass. If the sub
to determine its volume is to displ
ple, a known weight of a material
weight and volume, and the final
The density [or specific gravity)
ter (a known weight and vol
penetrates into the liquid is

as, for example, kg/m®
ine the density of a sub
stance is a solid, a comq
ace a measured quantity of inert liquid
can be placed into a container of liqui
weight and volume of the combinatiof]
of a liquid is commonly measured with
ume is dropped into the liquid and the depth
noted) or a Westphal balance (the weight

point since

Il be used constantly throughout the book. If you memorize them now, you

e later.

or Ib/ft’, It
stance, you
non method
. For exam-
d of known
measured.
a hydrome-
to which it
f 2 known

slug is compared in the unknown liquid with that in water). Gas densiti¢s are quite

difficult to measure; one device used is the Edwards balance, which co

weight of a bulb filled with air to the same bulb when fill

In most of your work using liquids and solids, de
much with pressure, but for precise measurements for ¢
always look vp in a handbook the variation

nsity will not ¢
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CHAPTER 1

Problem 1.1A
Convert the following quantities to the ones designated :
a. 42 ft2/hr to cm?/s.
b. 25 psig to psia.
¢. 100 Btu to hp-hr.

Solution
42,0 112 1.0 m » 10%em? | hr 3 ,
T (3.2808’&‘[)1 1.0 m2 3600 s = 10.8 cm?/s

1 Bip 30X 4 hoohr
b, 100 Btu 3.93 ><1 l'é)m hp-hr _ 3.93 x 102 hpehr

80.01by 32,174 (Ibp)(f). Tkg * 1m = | N
(Iba(s)?

2.20 1by, 3.2808 11 (keymys)2 PN

Problem 1.1 B

. cal Btu
‘'onvert the ideal gas constant : R = 1.98 NS IVET: : Tpy
Convert the ideal gas constant : R = 1,987 (emol)(K) LSRN mol)(°R)

—_

Solution

1987 cal 1 Btu o 454 gmol 1K _ |og - Btul
(gmol)(K) 252 cal* 1 1b mol 1.8 °R ~ 7% (1b mol)(°R)

Problem 1.1 C

Mass tlow through a sonic nozzle is a function of gas pressurc and tenjperature. For a
given pressure p and temperature T, mass flow rate through the nozzle is giver] by
m = 0.0549 p A(T)*> where m is in [b/min, p is in psiajand T is in °R
a. Determine what the units for the constant 0.0549 are.
b. What will be the new value of the constant. now given as 0.0549_ if

the variables in
the equation are to be substituted with SI units and m is calculated in

ST units.
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ethyl alcohol ang

Composition, weight fraction alcohol of composition.

nia. Figure 1.2 illustrates how density also varies with composit

0.900’"
0.8501—
0.800 10°C
40°C
0.750 — | j Figure 1.2 Density of a mixture of
0 0.2 04 06 0.8 1.0

water as a function

on. In the winter

you may put antifreeze in your car radiator. The service station atdendant checks the
concentration of antifreeze by measuring the specific gravity and, n effect, the den-

sity of the radiator solution after it is mixed thoroughly. He has a
in his hydrometer kit in order to be able to read the density corrg
ture.

1.3-2 Specific Gravity

Specific gravity is commonly thought of as a dimensionless ratio. A
be considered as the ratio of two densities—that of the substance
that of a reference substance. In symbols:

(/) (glemds (K

ittle thermometer
cted for tempera-

\ctually, it should
of interest, A, to

B/ )4

sp gr = specific gravity =

The reference substance for liquids and solids is normally
specific gravity is the ratio of the density of the substance in quest

(b (glemVer  (K/mP)ur

of water. The specific gravity of gases frequently is referred to ait
ferred to other gases, as discussed in more detail in Chap. 3. Liqu
considered to be nearly independent of pressure for most common
as indicated in Fig. 1.1 it varies somewhat with temperature; ther

(1.8)

water. Thus the
on to the density
-, but may be re-
id density can be
calculations, but,
efore, to be very

precise when referring to specific gravity, state the temperature at which each density

is chosen. Thus

20°
4°

sp gr = 0.73

can be interpreted as follows: the specific gravity when the solutidn is at 20°C and

the reference substance (water) is at 4°C is 0.73. Since the density

f water at 4°C is
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very close to 1.0000 g/em® in the SI system, the numerical values d
gravity and density in this system are essentially equal. Since densities
can enginesring system are expressed in

Ib/ft* and the density of water

25

f the specific
in the Ameri-
is about 62 .4

Ib/ft*, it can be seen that the specific gravity and density values are nojt numerically
equal in the American engineering system.
In the petroleum industry the specific gravity of petroleum products is usually

reported in terms of a hydrometer scale called °API. The equation for the API scale

1S

141.5
‘APl = ———— - 131,
P S r_6_(_)_0 5
pg 600
or
60° 1415

P EC° T APl 1 1315

{1.9)

(1.10)

The volume and therefore the density of petroleum products vary with temperature,

and the petroleum industry has established 60°F as the standard temperat

ure for vol-

ume and API gravity. The °API is being phased out as SI units are accepted for den-

sities.

There are many other systems of measuring density and specific gravity that

are somewhat specialized; for example, the Baumé (°Be) and the Twaddel
tems. Relationships among the various systerns of density may be found
reference bcoks.

1.3-3 Specific Volume - -

The specific volume of any compound is the inverse of the density, that

1 (°Tw) sys-
in standard

is, the vol-

ume per unit mass or unit amount of material. Units of specific volume might be ft¥/

Ibw, ft’/1b mole, cm/g, bbl/lb,, m*/kg, or similar ratios.
1.3-4 Mole Fraction and Mass (Weight) Fraction

Mole fraction is simply the moles of a particular substance divided H
number of moles present. This definition holds for gases, liquids, and sq
larly, the mass (weight) fraction is nothing more than the mass (wei
substance divided by the total mass (weight) of all substances present. A
mass fraction is what is intended to be expressed, ordinary engineering
ploys the term weight fraction. Mathematically, these ideas can be expr|

moles of A
total moles

mole fraction of A

mass (weight) of A
total mass (weight)

il

mass (weight) fraction of A

Mole percent and weight percent are the respective fractions tirmes 100.

y the total
lids. Simi-
ght) of the
Ithough the
usage em-
essed as

(1.11)

(1.12)
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1.3-5 Analyses

The analyses of gases such as air, combustion products, and the Ijke are usually on
a dry basis—that is, water vapor is excluded from the analysis.| Such an analysis,
called an Orsat analysis, is explained in Sec. 2.3. If the gas acts s an ideal gas and
its components are each measured by volume, you know (or will learn in Sec. 3.0
that volume percent under ordinary conditions is the same as mole percent. For ex-
ample, consider the composition of air, which is approximately

21% oxygen
79% nitrogen
100% total

This rneans that at room temperature and pressure, any sample of air will contain
21% oxygen by volume and also be 21 mole % oxygen.

In this book, the composition of gases will always be presumed fo be given in mole
percent or fraction unless otherwise stated.

Analysis of liquids and solids are usually given by mass (vji/eight) percent or
fraction, but occasionally by mole percent. ‘

In this text, the analysis of liquids and solids will always be asspmed to be weight
percent unless otherwise stated.

EXAMPLE 1.11 Mole Fraction and Mass (Weight) Fraction

An industrial-strength drain cleaner contains 5.00 kg of water and 5.00 lkg of NaOH. What
are the mass (weight) fraction and mole fraction of each component in the¢ bottle of water?

Solution

Basis: 10.0 kg of total solution

Weight Mol. kg Mole
Compornent kg fraction wit. mol ' fraction
500 . 0278 _
H.O . 5.00 0.0 0.500 18.0 0.278 0403 = 0.690
5.00 0.125
NaOH 5.00 100~ 0.500 40.0 0.125 0403 = 0.310

Tota. 10.00 1.000 0.403 ‘ 1.00

The kilogram moles are caleculated as follows:

5.00 kg H;0 | 1 kg mol H,0
18.0 kg H,0

= 0.278 kg mol H,0 |
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5.00 kg NaOH | 1 kg mol NaOH
=0.12 I NaOH
| 40.0kg NaOH U125 kg mol Na
Adding these quantities together gives the total kilogram moles.
EXAMPLE 1.12 Density and Specific Gravity

If dibromopentane (DBP) has a specific gravity of 1.57, what is its density in (a) g/em®? (b)
1b./ft*? and (c) kg/m??

Solution

No temperatures are cited for the dibrom
be water); hence we assume that the temp
1.00 X 10° kg/m? (1.00 g/em?).

opentane or the reference compound (presumed to
eratures are the same and that water his a density of

DBP
1 57808F 1.0081:0
cm cm g DBP
(a) o = 1575
1.00 822 l &
cm
{.57100DBP | b H.0
) fe € _ o g baDBP
.00 Ibn H,O ' ft’
' fe
1.57 g DBP | /100 cm\® | 1kg » kg DBP
= 1.57 x 10" 2——
© em [\ 1m /[ 1000 g 3
or
1.57 kg DBP | 1.00 X 10° kg H,0
m? m? kg DBP
= 1.57 x 10° 22—
1.00 kg H,0 m’
o m

Note how the units of specific gravity as used here clarify the calculations.

EXAMPLE 1.13 Average Molecular Weight of Air
What is the average molecular weight of air and its composition by weight percent?
Solution

Basis: 100 Ib mol of air

Component Moles = percent Mol. wt. b weight %
O, 21.0 32 672 23.17
N,* 79.0 28.2 2228 76.83

Total 100 2900 1060.00

*Includes Ar, CO,,

Kr, Ne, and Xe, and is called atmospheric nitrogen.
weight is 28.2.

The inolcculax'
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Table 1.5 lists the detailed composition of air.
The average molecular weight is 2900 ib/100 Ib mol = 29.00.

TABLE 1.5 Composition of Clean, Dry
Air near Sea Level

Percent by volume

Component = mole percent
Nitrogen 78.084
Oxygen 20.9476
Argon 0.934
Carbon dioxide 0.0314
Neon 0.001818
Helium 0.000524
Methane 0.0002
Krypton 0.000114
Nitrous oxide 0.00005
Hydrogen 0.00005
Xenon 0.0000087
Ozone

Summer 0-0.000007

Winter 0-0.000002
Ammonia O—trace
Carbon monoxide O—trace
Iodine 0-0.000001
Nitrogen dioxide 0-0.000002
Sulfur dioxide 0-0.0001

Do not attempt to get an average specific gravity or average density for a mix-
ture of solids or liquids by multiplying the individual component specific gravities or
densities by the respective mole fractions of the components in the mixture and sum-
ming the products. The proper way to use specific gravity is demonstrated in the next
example.

EXAMPLE 1.14 Application of Specific Gravity

In the production of a drug having a molecular weight of 192, the exit stream from the reac-
tor flows at the rate of 10.3 L/min. The drug concentration is 41.2% {in water), and the
specific gravity of the solution is 1.025. Calculate the concentration of the drug (in kg/L) in
the exit stream, and the flow rate of the drug in kg mol/min.

Solution

For the first part of the problem, we want to transform the mass fraction of 0.412 into mass
per liter of the drug. Take 1.000 kg of exit solution as a basis for convenience. See Fig.
Ei.14.

Basis: 1.000 kg solution
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0.412 kg Drug

- Reoctor ———ou
0.588 kg Water

Figure E1.14

29

How do we get mass per volume (the density) from the given data which is in terms of mass

per mass? Use the specific gravity of the solution.

1.025 g;si“ 1.000 i:n#jo oln
density of solution = 00 = 1.025 gc 3
1.000 £22 ) ™
cm

Next

0.412 kg drug | 1.025 g soln | 1 kg | 10° em?
1.000kgsoln | 1em® | 10°g| 1L

= 0.422 kg drug/L. soln

To get the flow rate, we take a different basis, 1 minute.
Basis: 1 min = 10.3 L solution

-0.3 L soln | 0.422 kg drug | 1 kg mol drug
1 min ‘ L soin L 192 kg drug

= 0.0226 kg mol/min

1.3-6 Concentrations

Concentration means the quantity of some solute per fixed amount of solvent, or so-

lution, in a mixture of two or more components; for example:

(a) Mass per unit volume (lb,, of solute/ft’, g of solute/L, lb,, of solute/bbl, kg of

solute/m?).

(b) Moles per unit volume (Ib mol of solute/ft?, g mol of solute/liter, g mol of sol-

ute/em?).

(¢) Parts per million—a method of expressing the concentration of extremely di-
lute solutions. Ppm is equivalent to a weight fraction for solids and liquids be-
cause the total amount of material is of a much higher order of magnitude than

the arount of solute; it is a mole fraction for gases. Why?

(d) Other methods of expressing concentration with which you should be famil

are melarity (g mole/liter) and normality (equivalents/liter).

iar

A typical example of the use of some of these concentration measures is the set
of guidelines by which the Environmental Protection Agency defined the extreme
levels at which the five most common air pollutants could harm people over stated

periods of time.

(@) Sulfur dioxide: 365 u g/m’ averaged over a 24-hr period
(b) Particulate matter: 260 ug/m’ averaged over a 24-hr period
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(¢) Carbon monoxide: 10 mg/m’ (9 ppm) when averaged over an 8-hr period;
40 mg/m® (35 ppm) when averaged over 1 hr

(d) Nitrogen dioxide: 100 pg/m? averaged over 1 year

It is important to remember that in an ideal solution, such as in gases or in a
simple mixture of hydrocarbon liquids or compounds of like chemical nature, the
volumes of the components may be added without great error to get the total volume
of the mixture. For the so-called nonideal mixtares this rule does not hold, and the
total volume of the mixture is bigger or smaller than the sum of the volumes of the
pure components.

In Chap. 2 we will use stream flows and compositions in making material bal-
ances. To calculate the mass flow rate, », from a known volumetric flow rate, g,
you rrultiply the volumetric flow rate by the mass concentration thus

gm’ pkg _ ke
s m? s

How would you calculate the volumetric flow rate from a known mass flow rate?
From the volumetric flow rate you can calculate the average velocity, v, in a pipe if
you kriow the area, A, of the pipe from the relation

q = Av

Self-Assessment Test

1. Answer the following questions true (T) or false (F).
(a) The density and specific gravity of mercury are the same.
(b) The inverse of density is the specific volume.
{¢) Parts per million expresses a mole ratio.
(d) Concentration of a component in a mixture does not depend on the amount of the

mixture.

2. A cubic centimeter of mercury has a mass of 13.6 g at the earth’s surface. What is the
density of the mercury?

3. What is the approximate density of water at room temperature?

4. For liquid HCN, a handbook gives: sp gr 10°C/4°C = 1.2675. What does this mean?

5. For ethanol, a handbook gives: sp gr 60°F/60°F = 0.79389. What is the density of
ethanol at 60°F?

6. Commercial sufuric acid is 98% H, SO, and 2% H,O. What is the mole ratio of H, S0,
to p: 07

7. A contamer holds 1.704 1b of HNO4/Ib of H, O and has a specific gravity of 1.382 at
20°C. Compute the composition in the following ways:
(a) Weight percent HNO,
(b) Pounds HNO; per cubic foot of solution at 20°C
(¢) Molarity at 20°C
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12.7 kg sugar| 100 kg solution

100 kg soln\_J 87.3 kg H,O B

Sec. 14

_ kg sugar
145 \kg H,0

1.075 g soln/cm31 1.00 gH»O/cm3] 1 1b ‘2.832>< 104cm3
=4 m ~ﬁ\‘ ~ 67.1
1.0 g HyO/cm3 | 454 g f3

1.075 g soln/em3 | 1.0 g HoO/em3 | 12.7 g sugar| 1000 c¢m3
1.0 g H»O/cm3

100 g soln 1L

Basis

_1b soln
ft3 soln

- g sugar
L soln

i
L %Problem 14 A

’ A liquified mixture of n-butane, n-pentane an

/in percent. \ A

| n- C4Hyp 50 : >
n-CsHypp 30 [
n-CeHyy 20 Nt

\‘ Calculate the weight fraction, mol fraction and m

|average molecular weight of the mixture.

L

Solution

Note that the ]

d n-hexane has the following composition

o)
ol percent of each component and also the

|
|
|

hydrocarbon mixture is liquid so that the composition is therefore in

weight percent. It is convenient to use a weight basis and set up a table to make the calculations.

n-CyqHyg
n-CsHj»
n-CgHiy

Basis: 100 kg

% =kg wt fr MW kg mol mol fr
50 0.50 58 % » 086 057 ¢ Mfg
30 0.30 2 gy 0.42 0.28
20 0.20 86 -1 0.23 0.15
100 1.00 ’ 1.51 1.00
Average molecular weight = total mass = _100kg = 66
total mol 1.51 kg mol

,glﬂ



