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o)
> Gas Laws 3 Low molecular weight .

Most|substancesjcomposed of(small molecules)are gases under
normal conditions or else aré easily vaporlzed liquids
AR

Table 5.1 Properties of Selected Gases (Liquid — 989)

Name Formula Color X Odor X Toxicity X
Ammonia NH; Colorless Penetrating Toxic
Carbon dioxide CO, Colorless Odorless Nontoxic
Carbon monoxide CO Colorless Odorless Very toxic
Chlorine Cl, Pale green Irritating Very toxic
Hydrogen H, Colorless Odorless Nontoxic
Hydrogen sulfide H,S Colorless Foul Very toxic
Methane CH, Colorless Odorless Nontoxic
Nitrogen dioxide NO, Red-brown [rritating Very toxic




5.1 Gas Pressure and Its Measurement

e

Pressure is defined as|the forcel|exerted per unitlarea of surface
v Force = mass X anstant acceleration of gravity
v Sl unit of pressure, kg/(m-s?), is given the name|pascal (Pa)

v ,A bafometer is a device for measuring the pressure of the
atmosphere||atmosphefiic preseure T
@ ’:_\? SL’D“ PC

Mercury, Hg

v" A manometer, a device that
\ measures the pressure of a

gas or liquid|in a vessel E;;gjgeheric |§ "' Height ofmercur”¥)
°X%" ATMOSPHERIC °° s[ Unif . j
P r > “\nl
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é%Pressure of a coin (9.3imm in radiumr
Force = mass x g = (2.5 x10-3kg) x (9.81 m/s?)

Area ig_'rx (radius)q = 3.14 x (9.3 x 10-3im)?

FO". mﬁ > 253)(@2 =10 =-a)
Citcle f 2.5 X 107 )kg- 2
Proceure — orce :( ) g m/S —.53 kg/(mSZ) =(93 P3

area 2.7 X 107* m?

v' The general relationship between the pressure P and the
height h of a liquid column inja barometer or manometerfis:

P = gdh
- Height
Gravufaflgnal -——— ~—, Denei‘rgg
aceeleration
A Cows,vw\f‘ B the Subsdarce \/

Table 5.2 Important Units of Pressure
Unit Relationship or Definition
Pascal (Pa) kg/(m-s?)
Atmosphere (atm) 1 atm = 1.01325 X 10° Pa = 101 kPa
mmHg, or torr 760 mmHg = 1 atm /760 Jore = 101’&
Bar 1.01325 bar = 1 atm




Example 5.1 |Converting|Units of Pressure

(Q)The pressure of a gas in a flask is measured to be 797.7
mmHg. What is this pressure in pascals and atmospheres?

Solution Conversion to pascals:

1.01325 X 105P
WM7977mmHg 07205nnn1—;)g 2~ 1.064 x 105Pa W%””"MI‘&

Conversion to atmospheres:

|l atm
: X = 1.
797. 7T mmHg 760 mmHg 1.050 atm

» 5.2 Empirical Gas Laws ()Bowleg law 2)Charleg law 3)Combined law 4.>Avogadro'g law

>'Boyle’s Law: Relating|Volumeland|Pressure

Boyle’s law: - + eei'l';'l-i.@’
PV = constant (for a given amount of gas at fixed temperature)

the volume of a sample of gas at a given temperature varies|inversely |With the
applied pressure. That is, Va 1/P, where V is the volume, P is the pressure,
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M . Table 5.3 Pressure-Volume Data for 1.000 g 0, at 0°C
14
anometer Pt VY =
Hg — 0.2500 . ('2.801 A 0.7002
’ ' -
é 0.5000 1.400 (0.7000
@ —
45 = | 0.7500 0.9333 | 2 0.7000
- 5 = | 1.000 0.6998 | Z. 0.6998
= 2| 2.000 0.3495 | 0.6990
Enclosed Enclosed ] Enclosed N ::_-f 3.000 0.2328 g 0.6984
gas gas gas 2 =
= | 4.000 0.1744 0.6976
_ » g TN ¥ 5.000 0.1394 0.6970,
= B L o i Constantd-
= It
- s = [L:ﬂ
Normal Double Triple
Pressure U Pressure Xg ressure
\

» Boyle’s experiment:
The volume of the gasfat normal atmospheric pressure (760 mmHg) is 100 mL.
When the pressure is doubled by adding 760 mm of mercury, the volume is
halved (to 50 mL).

Tripling the pressure decreases the volume to one-third of the original (to 33
mL). 6



PV = constant 2> PV, = P,V,

L imeast

D\( A é; )é’f

Volume (L)

v ol

-
=" 0 025 050 075 1.00
( 25 75 ;
) 0.25 @50 075 L0 Pressure (atm)
Pressure (atm)

(@(A volume of air occupying 12.0 dm3 at 98.9 kPa is{compressed
to a pressure of 119.0 kPa. The temperature remains constant.
What is the new volume?

Example 52 PV, =PV, gml’ﬂ e)‘.l /c %
. . 989 kPx .
W = K== 12.0 dm” X : = 997 dm® “.
ly 119.0 kP c v



S5PKPL dm ekl 1 ofm- ioazgxlo

B7 Kpa « iai'/vvb 104 K pa
o1 K pa [,gélatm] x F40 mmHg - 1 otm
Staatmc 20" 098,40 mally . [4.3410'mmly ]

zxercise 5.2 A volume of carbon dioxide gas, CO,, equal 1 See Problems 5.39, 5.40, 5.41,
to 20.0 L was collected at 23°C and 1.00 atm pressure: _and 5.42.

What would be the volume of carbon dioxide collected at | NOH‘fOXiC
23°C and 0.830 atm? |

(’A/a,

Cpi\h = pe x Vo)) 23C° _ (o3
200l « 1.0ctm - Ve «. 830 alm At given Amgu;s ob

as_a

Ve - 2009 L =[2u 1L I emprehite.




» Charles’s Law: Relating|Volumejand Temperature]p?mugf be in Kelvin
2

V \ . -
== constant (for a given amount of gas at a fixed pressure)

0.8 Lmeaﬂ — 7(:»!&

0.6
S)
L
= 04 Extrapolation
o
> # Y -’
Abgolute zero™ -
0.2 7 ”
” // < -
O= KE)VM 2 -~ 8 : -
. o -
0 LE="
-250 -200 -150 -100 -50 0 50

Temperature (°C)



‘Ez{ercise 9.3 If you expect a chemical reaction to produce
4.38 dms3 of oxygen, O,, at 19°C and 101 kPa, what will I y
be the volume at 25°C and 101 kPa? CHem

First, convert the temperatures to the Kelvin.
T=(19+273)=292K
T:=(25+273)=298 K

Apply Charles’s law

T 298 K
V,=V,x £ =4.38dm3x = 4.470 = 4.47 dm3
I 292 K
Example 5.3
arlier we found that the total volume of oxygen that can be obtained from a partic- /CFIEM
ular tank at 1.00 atm and 21°C is 785 L (including the volume remaining in the
tank). What would be this volume of oxygen if the temperature had been 28°C?

T-2C . 2B - 294Kk <\l‘. _ Ve ) 7850
T-25C . qi3 3ofk [N T T/ AWk sedk
— ou L 9




» Combined Gas Law: Relating|Volume, Temperaturel, and
Pressure

v Boyle’s law (V a 1/P) and Charles’s law (V a T ) can be
combined to:
VaTlP

T PV :
V' = constant X P O = constant (for a given amount of gas)

) [t mugt be in Kelvin

Given amount of gag it Example 5.4
) A 39.8 mg sample of caffeine gives 10.1 cm? of N, gas at 23°C

and 746 mmHg. What is the volume of N, at 0°C and 760 mmHg?

T,=(23+273)K=296 K =
T,=(0+273)K=273K ¥ Cr
7 746 mmHg _ 273K

=9.14 cm?

P.
Vo=V, X — X —=10.1 cm? X X ooz
r=ViX e X, "7 760 mmtTg 296 K
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(\Q{What will be the final pressure of a sample of nitrogen gas
with a volume of 950. m3 at 745 torr and 25.0 °C if it is heated
to 60.0 °C and given a final volume of 1150 m3?

R P e _, (145 <950 Pf&iisof)
% i = 25 OC 243 28 K_
T - 00C 238 = K+ (e O3 s
Exercise 5.4

balloon contains 5.41 dm?3 of helium, He at 24°C and 101.5
kKPa. Suppose the gas in the balloon is heated to 35°C. If the
helium pressure is now 102.8 kPa, what is the volume of the gas?
T,=(24 +273) =297 K 4 ,.
T.= (35 +273) =308 K ~

&

P T
V,= V.x -t x L =541 dmd x 10L3KPa S8R 5 539 5 54 dm3
P, T 102.8kPa . 297K
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? Avogadro’s Law: Relating|Volumeland|]Amount

v French chemist Joseph Louis Gay-Lussac concluded from
experiments on gas reactions that:
the volumes of reactant gases at the same pressure and

% temperature are in ratios of small whole numbers|(the law of

combining volumes). when +he queslion So)
Qo (53.50) » ; L
uslo £5-20- - 2Hy(g) +10,(g) 2H,0(g) 4 T-0OC
2 volumes 1 volume 2 P- | atwn

v Avogadro’s law: 3 Lmol of gon —224L

equal volumes of any|two gases|at the same temperature and

pressure contain the same number of molecules./MO[gg
v' volume of one mole of gas is called the molar gas volume, V...

v, = Vo ] C
T = Te Avogadro’s law: [—% imol — 220 8P «— ‘\d

P - P2/| V, = specific constant|(=22.4 L/mol at STP) (em__ﬁer_l
> 02 My (depending onbut independent of the gas) |

12

STP = Standard Temperature and Pressure (0°C and 1 atm)
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> 5.3 Theldeal GasLaw (P} = yRT gm;;,;er,

Example 5.6

(Q')/I-Iow manmof oxygen are there in a 50.0-L gas cylinder
at 21°C when the oxygen pressure is 15.7 atm? e
K Crice

&
P'\T- - RT 57 Lréoo " 20y 0082
atw o S’\ aql

Exercise 5.6 (m.- 10Y0-64 g - 1.04.10%)

ygat IS the pressure in a 50.0-L gas cylinder that contains 3.03 kg

of oxygen, O,, at 23°C? iy
J .. ke ~

L ¢ -
PT= nRT =7 P, 5o -303:10 x 003244295 -
NNE (p=46.00 im)
Calculate the volume (in L) occupied by 7.40 g of NH; at STP

AN
Tm ‘
@§I@L V =740 3 2241L 0C"  fotm

-nQT o 3x17.03g 3 1WH§
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6 5.5 Deriving Empirical Gas Laws from the Ideal Gas Law

GaWfing Mastery Toolbox Prove the following statement: the pressure of a given amount of gas at a fixed vol-
Criticam ume is proportio'nal to the absolute temperature. This is sometimes called Amontons’s
The ideal gas law can be used to derive | /@w. In 1702, Guillaume Amontons constructed a thermometer based on measure-
relationships between n, P, T, and V. ment of the pressure of a fixed volume of air. The principle he employed is now used

Interpreting the equation PV = nRT can in special gas thermometers to establish the Kelvin scale.
lead you to the relationships between
each of the variables. For example, for a Problem Strategy Because we need a relationship between pressure and temperature,
sample of gas the pressure (P)is directly | the jdeal gaslaw is a logical starting place.

proportional to the number of moles (n)
of gas and the temperature (T) of the gas. | Solution From the ideal gas law,
Solution Essentials:

« Ideal gas law (PV = nRT)

« Units of pressure (Table 5.2) Solving for P, you get
« Kelvin temperature

PV = nRT

nR
P= (I—)T

Note that everything in parentheses in this equation is constant. Therefore, you can write
P = constant X T
| Or, expressing this as a proportion,
2

Boyle’s law and Charles’s law follow from the ideal gas law by a similar derivation.
( continued )

ercise 5.5 Show that the moles of gas are proportional to | See Problems 5.55 and 5.56.

I
I
he pressure for constant volume and temperature. :
* *
PV= nE'T = P = V‘_R_J‘ Constant
P= v x Consont — (P L n))







» Gas Density; Molecular-Weight Determination

PM, = dRT| disthe density of the gas in eeﬂm,ieu
Example 5.7 L.
(\Q’fWhat is the density of oxygen, O,, in grams per liter at 25°C

and 0.850 atm?

d = PM_/RT = (0.85 X 32)/ (0.082 X 298) = 1.11 g/L

ﬁr{ercise 5.8 A sample of a gaseous substance at 25°C and 0.862
atm. has a density of 2.26 g/L. What is the molecular weight of

the substance?
M., =dRT/P =(2.26 x 0.082 x 298) / 0.862 = 64.1 g/mol 4%"

Ldn' - 11
| w = 1000 L y




ercise 5.7 Calculate the density of helium, He, in grams per | See Problems 5.63, 5.64,
' 5.65,and 5.66. /

iter at 21°C and 752 mmHg. The density of air under these
conditions is 1.188 g/L.. What is the difference in mass between
| liter of air and 1 liter of helium? (This mass difference 1s
equivalent to the buoyant, or lifting, force of helium per liter.)

¢ pMm= dRT- T- 2, 23, 2%k

929 4026 - 440.0821 «29u p- E’_TT% . .9% dm
0
. d =014k 8/!. Rost Oy _ Mos He =

*D.\)O!)(nmce'wu Hom Lieliveen iLogcwtamcl ueg Ne -

ample 5.8 Determining the Molecular Weight of a Vapor
Gaining Mastery Toolbox Using the apparatus described in Figure 5.17, a 200.0-mL flask at 99°C and a pressure
Critical Concept 5.8 01: 733 mmHg is filled with the vapor of a volatile (easily vaporized) liquid. The mass & mL > .

A e e S e of the substance in the flask is 0.970 g. What is the molecular weight of the liquid?

|
I
I
I
|

grams of substance per mol of sub- ? o
stance (g/mol). The ideal gas law can be Problem Strategy You can calcu dlt? l. he moles of vapor lr01tn the ideal gas law and 1 _ m C 243
used to determine the moles of a gas then calculate the molar mass by dividing mass by moles. Note that the temperature = 4+ =

sample when the pressure (P), tempera- | of the vapor is the same as the temperature of the boiling water and that the pressure

ture (7), and volume (V) are known. of the vapor equals the barometric pressure. i
(continued) mm 3 —

pilm - AP.T (Mm =152 456» =00

‘/P‘{m, FRT/ L<> \5Y omu.:i ross ~ B0




( Stoichiometry Probleme [nvolving Gag Volumeg

Mag - (A
&)

N\

~

Volume d
opr M . (L)

No?e )

(m)

Mag - ®

|G

Mok @)

(mol)
Ny

eV - kT

Volume of

0pS @ _.




5.4 Stoichiometry Problems Involving Gas Volumes
/6NaN3(s) + Fe,O5(s) > 3Na,O(s) + 2Fe(s) + 9N,(g) /me»:

Calculate the volume of N, generated at 80°C and 823 mmHg by
the decomposition of 60.0 g of NaN;

o

gxercise 9.9 How many liters of chlorine gas, Cl,, can be /
btained at 40°C and 787 mmHg from 9.41 g of hydrogen [
chloride, HCI, according to the following equation?

€

2KMnQO,(s) + 16HCIl(aq) - 8H,0O(/) + 2KCl(aq) + 2MnCl,(aq) + 5CI,(g)
R

T
Q4qHoL (ImdHd 5 ,(50921!313’ _(20.1)

15



Example 5.9

#-6 f\)(l Ug © FQ,O? Q __)%MQQO() +2 r"-@ q '\’2 9)

\]o{wme o - ?
T- f0C’' 5 3B3K

p 82& mwqu —.y iO?af/m
NaNs - 60. Oj —M

Mam MalJ3s ., Mole Jal)s _,I{olc l\)z \/We UQ
50.0 % L wde Nol)3 me N2 00821u353 ISK.

b4 .q3) }5/ bl Was  » .4.08 én
o — — » 33.2L

\/M _

Yld = Q(q)

—




5.5 Gas Mixtures: |Law of Partial Pressures

» Partial Pressures and Mole Fractions

v'|Dalton’s law |of partial pressures:
¥ The pressure exerted by a particular gas in a mixture is the
partial pressure of that gas ¥

Wil is added via the
funnel until the flask
is filled,

Lome 5710
A

) ( ,
“—‘.' e el
Sl 3 7 | .,
—-— v - w =y ) L 13 Pressure
Pressure = of | 4Ol ol |8 152 mmHg He +
152 mmHg He | Pressure = 408 mmHa H, =

Q o 608 mmHg Hp b 760 mmHg
= = »03
- )

Flask A Flask B Flask A Flask B
BEFORE MIXING AFTER MIXING



-
-

S Bt

(na + e Ne & -
al

;PA+PB+P°+““

)

—

Pr

~—

_ Pa ] = Xa — mole mem*

\



Dalton’s law of partial pressures:
E= P+ Ppt Bogt

v The individual(partial pressures)follow the ideal gas law. For
componentA,  pi/=n,RT

P .
Mole fraction of 4 = S gemmder /
n & e 0

Example 5.10

MA 1.00-L sample of dry air at 25°C and 786 mmHg contains

0.925 g N,, plus other gases including oxygen, argon, and [
carbon dioxide. Hew

a. What is the partial pressure (in mmHgQ) ofme air sample?
b. What is the mole fraction and mole percent of N, in the

. | mol N,
mixture? (.925 o N3 x —> 2 _ (0330 mol N,

Midfare  28-0 &1N3

InR ) 0330 mo 821 V- 10R W _
B = NN, : 0.0330 mol X 0.0821 E-atm/(K-mol) X 298 K _ 0.807 atm (= 613 mmHg)
N, .
g V. Midote [ Sample  1.00 ¥

Ll e (g gfolo Py 613 mmHg i i
Mole fraction of [N, = —p — = (.780—> Aur contains 78.0 mole
P/ 786 mmHg \upg percent of N,.



) Each of the color spheres represents a different gas
molecule. Calculate the partial pressures of the gases if the

total pressure is 2.6 atm.

P

Mole fraction of 4 = e <4

n P
nr

/
X et L’ = - 333 wiol
¥ - —

\2“ nt

*




JQ) A mixture consists of 122 moles of N,, 137 moles of C3H,
and 212 moles of CO, at 200 K'in a 75.0 L container. What is
the total pressure of the gas and the partial pressure of CO,?

— Z R 4
A.4b4atm, 209atm BT (471 moles f0.0821 L atmmol”! K 200 K)
B. 103 atm, 26.7 atm ! Ftowl = 75.0 L = SAHPLE

C. 103 atm, 46.4 atm P, =103 atm v
D. 103 atm, 29.9 atm 212 moles CO, 7+ o

2 mole fraction CO, : =0.450
E. 46.4 atm, 46.4 atm 122 +137 + 212 total
<~ nr
PC02 = (Xcoz XPtotal) = (045 O)(l 03 atm)
Pwiic] prewe Qo2 Peo, =46.4atm

n F o

C A ny P,
—‘7. Mole fraction of 4 {-% = )

19



MA mixture of 250 mL of methane CH4,and 0.55 atm

and 750 mL of propane, C;Hg, a And 1.5 atm was
introduced into a 10.0 L container. What is the mole fraction of
methane in the mixture? L PVi-RV (P)
A. 0.50 = A — 0.55atm x 0.250 L _ 0.0138 atm
B 011 Mole fraction ofAZHT‘:—ZT;{ 4 s th.O |(_)750 ] .
D dlm x V. _
C.0.89 Porlial prewe ) ¢ R, = ol = 0.112 atm
D. 0.25 e M 00138 atm 0110
U9 =, | Y CH, - - U
E.0.33 aLa)l € Volume 3 JO'0138 atm + 0.112 atm
\stal . PTA‘A
Ay S Boyle'S law
em\pfc!me .‘)“ = “
Ccm‘—_ a;;_»bjo;:—; Uolume CHY ( n)
p'mecl Louw : \I ‘D s 3
] = Hx10 mol
&!‘. . Pa Vo V\:L — 2 P-‘[ ngﬂl.‘lr L'x

T T. RPT olume Gzt 0.044 ) . 108
= U mol
0PV L ey
RT

S
csMg 20
n Total



\Tabme io oL T 200 K o
O - 10313_05123 Cor (- ®C:
) poniia!pane O2 = POQ=& YLQ/T/

- m
(L= 1,031 . 00322 ml Vv “&Tm

“O‘l S

1. S'mo[ * pO.'l = 0.0321« 00321x ple] D)

— O 0349 ol \- ._do Omn

9 p(mimﬂ prowre Cox = PCox = ORT/
YU = O 5729 - 013 mol (>hCoz V

43.9a9 . 0.018 x00821 2
0. 031 am PCOl Vi 10 e )




2) Totad prewve = PG , PO

0074 . 003
Pr —- ,1079 otm -

4) The mele Prachion On »

K 02 = Yl 01 PO&
_00% * “ <
7))

" 1om *
0 0451
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