PROPERTIES OF GASES
[MH5; Ch 5, 5.1 - 5.5 (only)]

FEATURES OF A GAS
Molecules in a gas are a long way apart (under "normal” conditions).
Molecules in a gas are in rapid motion in all directions.
The forces between molecules in a gas are small.
The molecules in a gas make frequent collisions with each other, and
with the walls of the container.
The collisions of molecules with the walls of the container result in
pressure (force per unit area).
A gas expands to fill all of, and takes the shape of, the available
space.

MEASUREMENTS ON GASES [MH5; 5.1]
A complete description of a gas requires several measurements......
We need to know the amount of gas, (usually expressed as the
number of moles of gas) the volume, the femperature and the
pressure of the gas.

VOLUME
Volume of a gas may be expressed in L, cubic centimetres or cubic
metres. 000 L = /L
I m 3
m = /00D L [em™ - Joa = ImlL
TEMPERATURE

While the femperature of a gas is usually measured in degrees
Celsius, anytime a calculation is involved requires a conversion to
degrees Kelvin (or absolute femperature).

p°0 = q73.-15 K ~ 373 K
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UNITS OF PRESSURE
+  The SI unit is the Pascal (Pa; a force of one Newton m ~2).
The Pascal is very small so we usually use kiloPascals (kPa).

Another unit of pressure is the Atmosphere (atm);

Standard Atmospheric Pressure
latm = 760 torr = 760 mm Hg = 101.325 kPa

We also use: 1 Bar = 100 kPa; note that 1 Bar <1 atm

THE IDEAL GAS LAW [MH5; 5.2]

Volume is directly proportional to amount of gas present.
- Assuming that pressure and femperature are kept constant.

V K M => \/:kl"l’\

e

# 1A
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Volume is directly proportional to absolute temperature. K
The amount of gas and the pressure must stay the same.

VvV AT = \/ = kl._‘—

Jo&
(D)

T (K

Volume is inversely proportional to pressure.
The amount of gas and the temperature are kept constant.

n _ | k
Vd~—5 .-;v_kixgz-??»
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*  These three equations can be combined into a single equation........
V = Kk, V o= k&"\” \ = E
K‘ K \Qa_ 3 k'b —P
—— N\
V = constant x M % )

"P

Avogadr'o s Hypothesis (or Principle):
Equal volumes of all gases contain the same number of molecules
(under the same conditions of P and T).
The product PV depends on the number of molecules (or moles) of
gas present and not on their mass or compositions.
So, in the equation:

PV = n x constant x T
the value of the constant is the SAME for all gases!

In the Ideal Gas Equation, we use the symbol R for this gas
constant...........

PV = nRT
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The units of R, the gas constant, depend on the units of
pressure, P:

PV = nRT so R = PV mol™ K*

8.314 L kPamol™' K™! = 0.08314 L bar mol™ k™!
0.08205 L atm mol™t Kt
8.314 J mol~t k!

R

Be very careful to always use a numerical value for R which has
units consistent with the units of P.
Notice that Volume is always in L.

An “ideal” gas obeys the equation PV = nR T exactly lll

Real gases show small departures from the Ideal Gas Law, called
“non-ideal behaviour”.

Departures from the equation are greatest for:
1) high pressures (molecules close together)
2) low temperatures (molecules move slower)

3)  gases of higher boiling-point, which have stronger
intermolecular forces.

Departures from ideal behaviour are due to attractive forces
between molecules.

In the (hypothetical) “ideal gas” there are NO forces (attractive
or repulsive) between molecules.
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Rearrangements of the Ideal Gas Law

There are five (B) variables in the Ideal Gas Equation, so there are
lots of ways to rearrange this equation......

Sometimes, we may make minor substitutions that will give us other
useful variables.

So let's rearrange PV = nR T..... and introduce the mass of gas.

PV Qead . .

=\ T\(MO') = ™MAsS9
M

Number of moles: n =

Mass of gas present;

s sy = PV onass = PV ¢ MM
MM BT =)

Gas density, d , is always expressed in gL7".......

P
4= rasa ar M P rram

Vel v AT

nN) = 3
Molar Mass, MM, from mass of gas present: ) ma

— rmel
4 AT . e
e 4 AT PV
D AT
= <
DON'T memorize each of these equations!! = £a® W
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Instead, use:
PV = nRT = (mM/MM)RT
to obtain the relationship you need in each problem.

Notes:

1) All gases always mix together in all proportions.

2) A gaseous mixture behaves like a single gas and obeys the
same laws.

TJotad Mass o Ges
Total Moles 7 lal

Average Molar Mass =

In any gas mixture, the average MM = M M a.vg
and MM, = X, MM, +X;MM, + X MM, (3 ﬁ aﬁs)
(same as avg atomic mass of mixture of isotopes)

For just 2 gases, X, + X, =1

So....... X = I—XB
Xg = | = ¥4
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EXAMPLE 1: R=834 LkParol ™ K~
Wha’r is ‘rhe mass of 5 60 L of O, gas at 100°C and 50.0 kPa pressure ?

Ps“l"

= (50.0 iP) (5 60kL)
(8314 m&)(zooc + 373 150K

= 0-0903 22/ |

. |~

M )ass = 0.09030 mo/ X 3 M

= a8
EXAMPLE 2:
What is the density of SO, gas at 47°C and 82.5 kPa pressure ?
3 (s0,)
™M) =d 8T ___> d = Pmw)
P RT—

ad = /807-5 %(6407%')
(%314 LY )/47 Al ’5>X

vaol K< 33015

= 1.96751_.—! = I-CMJL

. —3
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EXAMPLE 3:

At what temperature in K will the density of gaseous CO, be
2.00 gL " at 100 kPa pressure ?

MM = dRT

P
T = MM %P
o R
- (4401 g 0at=) (100%R)

(a.ooabc'> (¢314 f@_ti;\

= Q64 %0 K

= b5 K

—_—
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Changes in Conditions [MH5; 5.3]
Often a given amount of a gas changes from an initial to a final
state - by changing the pressure, temperature or volume (or any or
all of these conditions!)

EXAMPLE 1:
A 500.0 mL sample of gas at 25°C and 100 kPa is heated to 100°C.
The volume increases o 550.0 mL What is the new pressure ?

, , L. ol 7 an
Since the gmount of gas is constant....... - g 5%4_

AAMauLN
PV = nRT ’%"’\:E—y %“R=—EX
BT T
. PV, .R_’Fi\/,. - Aosve
v 1 = M - out “nR
T, T

=
\ T; J
100 kFa x 500.0 mL - —Pq X 950.0mL
(85 raT3) K (100 + AT K —
wrou

’,Da _ 100 : 5000wk 373K - N3
9% & 550-0 A _ | |4\Pa




EXAMPLE 2:

A 2.50 L flask contains CO, gas at 100° C. The pressure of the gas is
measured at 85.0 kPa. The flask is cooled to 25° C. What is the
pressure of the cooled gas ?

? \/_AJLrna.ins
_'_‘/' = R V"“ cons §ant
T, T, at §-50L
JO C - _7:’ = _7_>_3~
T, Ty
W bot/tut ! $5.0 kfa _ FP;L
373 K 398 K
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DALTON'S LAW OF PARTIAL PRESSURES [MH5:5.5]
In a gas mixture, the total pressure equals the sum of the partial
pressures of the components.
The partial pressure of each component is the pressure that
component would exert if it were present alone m the g&m‘mner
for n, moles of component 'A": 'PPn

\/

In a gaseous mixture, R, T and V are constant, so total P is given by:

Piytas = PP, + PP, + PP, and  n .= (h, + ng + ny) so....
= AT

Dalton’'s Law of Partial Pressures means: the Ideal Gas Equation can
be applied to individual components and to the whole mixture..........

ot

So......... if we keep R, T and V constant:
PToml > Niotal Gﬂd PPA « Na

If we divide one into the other (keeping R, T and V constant allows
us to make these relationships equalities):

= _ X _ s
N yotal H R
o7& total

oz u_)p,7$ o el el uke 7{)9[; gm.c#m ‘

- _,w(u—;sdr rmoles - U»O‘—'ﬂ Pousssure
. PP,
R - 87 -
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EXAMPLE 1.

Two vessels, A (volume 4.0 L) and B (volume 6.0 L), are connected by a
stopcock.

Initially, the stopcock is closed, the temperature is 300 K, and A
contains N,(g) at a pressure of 50 kPa, while B contains O,(g) at a
pressure of 80 kPa.

i) What is the final pressure gps:rill at 300 K) after the stopcock is
opened ? P = AT

i) What is the mole fraction of each gas in the final mixture ?

iii) What is the average molar mass of the final mixture?

) gy = PV - 50XH0  _ 4 o808 mad
a Bl %-314 X 300
no = PV _ %0 %60 _ g9 mid
& BT ¢34 x300
Ty, = 0-0604 mol + 0.1901"7[ mef
= o-a7a6m01‘
P _ RT
I"v'ial = Tofud _ 0-3736%$314 5300
V"‘O‘}d 10-0 o
= (£6-0 kP
—
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N .
d Q
= 4%.0 kP
] -
) X”a ) _"“Ma_ = 0-0%02 _ p.344
T Jof 0- A7k
0R P .
dea = Na . © - 9.294
‘?40_‘ 630 ———
X. - | - ¥ - |-19.29y = 0-70¢6
0d N.I ——

i‘b MMQ\] :[MMN‘;XN&J + [MmDéXOa]

- (315 X o.aqq) + ( 3d A 0'7Db>
geool = ol -
= 30-% amol -
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EXAMPLE 2:

A mixture of ethane, C,H,, and oxygen, O,, has the correct
stoichiometric composition for combustion o CO, and H,0.

- roPn‘HM$
2CH,+70, » 4¢0,+6H0 9 eath

Q:-S
haq noleLs
a) What is the mole fraction of each gas before the reaction :

b) If the total pressure of the mixture is 80 kPa, what is the partial
pressure, in kPa, of each gas before the reaction ?

a..) In:'-}v'AJ i X ul e taun's d mol (,&"”b

end 1rmdl 0,
Total ot 9/ gas = 9
- oL 0. )( = ::0-7'78
Xca;.lb _3'__ = 0:933 oa 3
b s0.0th = B+ Py
P AN [ = Xoanb X
'P-w-iocl
(Pca;-lb = \(Cdl—lb *?m+d
= 0.332 X B0 kh
= 130 L Pa
'Po& = P - Few, OB Bz 0

" n
R
O
\
(o

@
><
N
S



EXAMPLE 3:
A gas mixture contains ethane, C,H, at 70.0 kPa and propane, C;H,,

at a pressure of 45.0 kPa.
What is the average molar mass of the gas mixture ?

MMQ\/ - LMMed“b Ycanb} 4 [.MMCBA% xcsns

d
- ot pactial puLadnss Laoh 440
#0 ]a;{)a/ 0l )lcacv‘/'en 7

X, = 700k _

3Me (70-0 + 45.0) k¥a = 0001
X _ -0 = 9.

e My 1 - 0.609 9.39!

MMM(f = (30-08mol"x o.wQB
+ (L\'-\ [)ﬂ\rvrsO"l ) 0-3‘“)

= 35.5 amol"
—_—
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MM = a ‘Rﬁr"
EXAMPLE 4: 3

2l P
A mixture of N, (g) and Cl, (g) has density 1.58 gL' at 25 °C and
100 kPa pressure.

What is the partial pressure of N, ?
-dRT . .3) 9
MMavg =dR! _ 1.5% %%-314 % 29%

IR 100 -
39. d camol -

g = i %, ] [ e
det Xy b X

l.o xcc .y I—IX

3
Sub: 3a.9 = (3% x)+ [ 0-1]
39.Q = Q¥R + Al -1
A -1 = a3 - LA
+ 3.9 = 4+ 43
I S— 0‘7"{' = XNQ.
XNQ = ??N&

::> 0-14 = -P.PN;
Piot.

100 kPa
s PPy = 4 kR
o =
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EXAMPLE 5:

A container with a fixed volume of 10.0 L contains 5.60 grams of N, (g)
at 10°C. Then 5.00 L of CO, (g) at a pressure of 75.0 kPa and 15°C are
added. The gases mix and the temperature equilibrates at 12° C.

What is the final pressure of the gas mixture ?

-m\/a = 5~boa

= 0.0
3% 0mol"' mot.
MNco. = __E_}_/ = 150 x5-0 = 0-157mol

> BT 2314 x Q3R

Nyl = 080 + 0. 157 mo)
= 0-357 mal
Final kmp = 13°C = A85 K
PV = ~ AT
Potal = Tl B Trin
Vjgtal
0-357 % -3 § J85
10 -0
= 4.6 kP

y ———

r
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STOICHIOMETRY OF GASEOUS REACTIONS [MH5; 5.4]
From Avogadro's Hypothesis, it follows that, at constant T and P,
gases react in simple whole-number ratios by volume (Gay-Lussac's

2 H(g) + 0,(9) - 2 H,0(9)

2 mol 1 mol 2 mol OR..
2 volumes 1 volume 2 volumes OR..
20 kPa 10 kPa 20 kPa

C;Hy(@) + 50,(9) -~ 3 CO,(g) + 4 H,0O(9)

1 mol 5 mol 3 mol 4 mol OR..
1 vol 5 vol 3 vol 4 vol OR..
10 kPa 50 kPa 30 kPa 40 kPa

If temperature and pressure are kept constant, the volumes of each
gas could be used instead of moles to do stoichiometry calculations.

If volume and temperature are kept constant, the pressures of the
gases may be used in place of moles for stoichiometric calculations.

If using moles of gases in a mixture, remember that the pressure of
the gas mixture is due to the total number of moles of gas presentl!
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EXAMPLE 1.

A 2.00 L vessel contains 14.0 kPa of propane, C;Hg. Exactly enough O,
is added to react completely, giving CO, and H,O0. What is the initial
pressure in kPa, before reaction, at 300 K? The combustion heats the
product gases. What is the final pressure at 650 K?

Run: (Hy 90 —7 38 + 44,0

I mol (’3 He unct with 94

Pan: 14 ki ()5;48 I /;( "
Ihl _ A _;7 /A - 70 k?a, D&
T3

P = |4 kPa o/ 03 “8 + T kR OJ_

= ¢4 kPa

a/kf-' b ol JMC-HJ\‘h Ldield ] m;’ Pro:/.
4 kPa . woog ki
A =8 T 2 43R
b e
of 300K

’

53

a
(AR __7%@& =S
300 A 050\

P = a1 K
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EXAMPLE 2:
What is the formula of gas X, given the following volume relationships
at constant T and P?

X(g) + O,(9) - CO,(9) + H,O(9)
021L 1.36 L - 0.84L 1.05L

04 wnsiant Parnd™T 1 Vo T

L xed ra#o
Valierts oul SN Areu e -
(PL—D,OmJ'I'M fo mo(ls) - u)Lob’#' eoe//:czenfs
X oR (O, si;o
0-3! 031 0-a) 0-a.l
=\ = b5 - = E
Jo A+ 650, 40O * 5H,0
"Does Dxa,?u\ belane ! yas
' ' 0 and H
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PANn  -_unt P inated 9 rols
EXAMPLE 3: +0 dp ~Yo; A

A mixture contains 55 kPa pressure of methane, CH, , and 80 kPa
pressure of O,. A spark produces an explosion.

What pressures of CO, (g) and H,0(g) are produced, (measured at the
original femperature) ? Ao o cheng in volurvt.
What gas remains unreacted ? What is the tottl pressure after the
reaction is complete ?

’R_y,y.’ 0/_/4 + QD& —) 00& 1'2”3.0

7Dcz)ol " [ e
_ k
?'L/&O = 80 1 = (35 k ta
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Liquid-Vapour Equilibrium
A volatile liquid (or solid) in a closed container will reach equilibrium
when molecules enter the liquid (or solid) [i.e. condense] and leave
the liquid or liquid [i.e. evaporate] at the same rate.

This is a dynamic process.

The pressure (or, in a mixture, the partial pressure) of this
component in the gas phase is the Equilibrium Vapour Pressure of
that substance.

Its value depends on:

1) The nature of the liquid (solid). Those with lower boiling-points
(sublimation points, for solids) will have higher vapour pressures.
They are volatile, e.g. (diethyl) ether, bp. 35 °C; hexane, bp. 69 °C.
Substances with higher bp.'s (sublimation points) have lower vapour
pressures and are less volatile e.g. H,SO,, bp. 336 °C and Hg(l), bp
351 °C, have very low volatilities at room temperature.

2) The Temperature. As the temperature increases, the vapour-
pressure increases because heating gives extra energy to the liquid
molecules. However, the increase in vp is not linear with
temperature so long as liquid (solid) is present.

As the temperature is increased, eventually the vapour-pressure will

reach 1 atmosphere at the Normal Boiling Point of the liquid
(Normal Sublimation Point, for solids).
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If the atmospheric pressure is low, e.g. on a mountain-top, liquids
boil at lower temperatures.

Whenever there is liquid water, there is also water vapour present;
if this liquid water is in a closed container, there will be a liquid -
vapour equilibrium.

As another gas (besides water vapour) may be present as well, the
total pressure of the gas mixture will be due to the gas and the
water vapour.

So..... the equilibrium vapour-pressure of water is very important!

°c 0 20 24 100
kPa 0.61 2.4 2.9 101.3
EXAMPLE 1:

Suppose O, (g) is in equilibrium with liquid water at 24°C .
The total gas pressure is 100 kPa.

?O'fa.[ - —Po&'-ayl— F’i‘ao (.a_)

This is a gaseous mixture; it contains O,(g) and H,O (9).

at °C . Pyo =44 LTa

STy = By - o

= 100 -39
= Q7.1 4h
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EXAMPLE 2:

Suppose carbon dioxide gas is collected over water at 20°C. The
volume is 265 mL and the total pressure 98.0 Kpa. What mass of dry

CO, is present ? 73/ 0 at &02’. = 024 kPQ
3

Pfofa./ - 7’CD& ’ (P"’a-o
—’Dco& = Fytel - ?H&D
= 980 -a-Y
= Q5.4 kfa
PV = ~RT =) 7eq " —P“DA v
Al
K
N, = 567X 0.5 L
006.
§-314 LK 393
ool K
= 0-0/04 m&(

é
O
w
(

0.0/04 mol X 44&’”0/4
= 0-4585
—
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