CHAPTER 5

GASES
Pressure
21, a 4gamx ~20MMHAI _ 56 10° mm Hg; b. 3.6 x 10° mm Hg x Ltorr
atm mm Hg
=3.6 x 10% torr
s i
c. 4.8atm x 1013x10"Pa _ 49x10°Pa; d. 4.8atm x 147pst _ 71 psi
atm at
22. If the levels of mercury in each arm of the manometer are equal, then the pressure in the flask

is equal to atmospheric pressure. When they are unequal, the difference in height in
millimeters will be equal to the difference in pressure in millimeters of mercury between the
flask and the atmosphere. Which level is higher will tell us whether the pressure in the flask
is less than or greater than atmospheric.

a. Pﬂask < Patm; Pﬂask = 760. - 118 = 642 tOfT

642 torr x 2 _ 845 atm
Otorr
5
0.845 atm x 2013x10°Pa g oo 10t pa

atm

b. Pfiask > Pam: Priask = 760. torr + 215 torr = 975 torr

975 torr x —~2M_ _ 1 28 atm
Otorr
5
1.28tm x 1018x10°Pa _ 54 105pa

atm

C. Prask =635 - 118 =517 torr; Psag = 635 + 215 = 850. torr

104
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10mm
X 0 = 47.5mm Hg or 47.5 torr; 47.5 torr x Latm
cm 760torr

23. 4.75 cm =6.25 x 102 atm

1.013x 10° Pa
atm

6.25 x 1072 atm x =6.33 x 10° Pa

24. a. The pressure is proportional to the mass of the fluid. The mass is proportional to the
volume of the column of fluid (or to the height of the column, assuming the area of the
column of fluid is constant).

. mass - - .
d = density = ; the volume of silicon oil is the same as the volume of mercury in
volume .
Exercise 22.
m m m.. my,,d,;
V= —: Vg = Vai; 19 = il g = el
d ng doiI ng

Because P is proportional to the mass of liquid:

d 1.30

Hg -

This conversion applies only to the column of silicon oil.
a. Prask = 760. torr — (118 x 0.0956) torr = 760. — 11.3 = 749 torr

5
Latm  _ 986 atm: 0.986 atm x ~0X3*10°Pa _ g 994 10%pa

Otorr atm

749 torr x

b. Prask= 760. torr + (215 x 0.0956) torr = 760. + 20.6 = 781 torr

5
tatm ) o3atm: 1.03atm x SO18x10°Pa ) b1 105Pa

orr atm

781 torr x

b. If we are measuring the same pressure, the height of the silicon oil column would be
13.6/1.30 = 10.5 times the height of a mercury column. The advantage of using a less
dense fluid than mercury is in measuring small pressures. The height difference
measured will be larger for the less dense fluid. Thus the measurement will be more
precise.

25. Suppose we have a column of mercury 1.00 cm x 1.00 cm x 76.0 cm = V = 76.0 cm®:

mass = 76.0 cm® x 13.59 g/em® = 1.03 x 10° g x 11&

=1.03 kg
000g
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F=mg=1.03 kg x 9.81 m/s*=10.1 kg m/s*=10.1 N

- 2

2
Force _ 101N [1000”"} =1.01 x 10° ﬂz or 1.01 x 10° Pa
Area cm m m

(Note: 76.0 cm Hg = 1 atm = 1.01 x 10° Pa.)

To exert the same pressure, a column of water will have to contain the same mass as the 76.0-
cm column of mercury. Thus the column of water will have to be 13.59 times taller or 76.0
cm x 13.59 = 1.03 x 10° cm = 10.3 m.

Gas Laws
26. PV = nR = constant, LaA2% = PV,
Tl T2
2
p,= PViTa _ 1gqoppx 20X10° ML 273+820K _ o) 164 o
)T, 25mL (273+30) K

217. L =R; for a gas at two conditions:

PV _ PV, : because n and V are constant: h_P

nTy  n,T, T

T, = PaTu _ 2500t0rr = 204.2K _ oo oo oo

P, 758torr

For two-condition problems, units for P and V just need to be the same units for both con-
ditions, not necessarily atm and L. The unit conversions from other P or V units would cancel
when applied to both conditions. However, temperature always must be converted to the
Kelvin scale. The temperature conversions between other units and Kelvin will not cancel

each other.
28. PV = nRT, nis constant. PV_ nR = constant, PV _ PRV, .V, = VAT,
T T T, P, T,
V,=1.00L x 10010 (273-3DK _, o 1 Av_282-100=182L

220.torr (273+23) K
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29. Treat each gas separately, and use the relationship P;V; = P,V, (nand T are constant).

For Hy: P, = A = 475 torr x 2.00L = 317 torr
v, 3.00L

For N,: P, =0.200 atm x 100L =0.0667 atm; 0.0667 atm x 760torr = 50.7 torr
3.00L m
Piotal = PHz + PN2 =317 + 50.7 = 368 torr
30. For H,: P, = PV _ 360. torr x 200L _ 240. torr
) 3.00L
Poa = Py, + Py, Py, = Pow —Ps, =320. torr — 240. torr = 80. torr
For N,: P, = PV _ 80. torr x 3.00L _ 240 torr
A 1.00L
31. As NO, is converted completely into N,O,4, the moles of gas present will decrease by a factor

of one-half (from the 2 : 1 mol ratio in the balanced equation). Using Avogadro’s law:

ViV v, ovx Mo o50mLx L =125mL
n, n, n 2

N>O4(g) will occupy one-half the original volume of NO(g).

32. a. PV=nRT b. PV=nRT c. PV=nRT
nR P
PV = constant P=|— |xT=constxT T=|— [xV=const xV
V nR
PV P T
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d. PV=nRT e, p= MR _ constant f. PV=nRT
Vv \Y
PV = constant P = constant x % P_I_—V = nR = constant
P P 1Y
T
\ Y P
Note: The equation for a straight line is y = mx + b where y is the y axis and x is the x axis.
Any equation that has this form will produce a straight line with slope equal to m and a y
intercept equal to b. Plots b, ¢, and e have this straight-line form.
33. PV =nRT, P is constant. n_T = E = constant, nl—Tl = nZ—TZ
V R \A V,
3 3
n, _ TV, _ 294K 4.20x 1O3m3 - 0.921
n, T,V 335K 4.00x10°m
34. Because the container is flexible, P is assumed constant. The moles of gas present are also
constant.
P1V1 — P2V2 , ﬁ — ﬁ, Vsphere =4/3 Tcr.3
nT,  n, T, T, T,
3
V, = VlTZ’ 4137(r,)° = 4/3w(1.00cm)” x 361K
T, 280.K
361K . .
= ——— =1.29, r,=(1.29)"* = 1.09 cm = radius of sphere after heating
280.K
35. The decrease in temperature causes the balloon to contract (V and T are directly related).
Because weather balloons do expand, the effect of the decrease in pressure must be dominant.
. PV, PRV
36. For a gas at two conditions: —-t = —2-2
T, n,T,
Because V is constant: h_ R , Ny = NPTy
T, n,T, P T,

1.50 mol x 800.torr x 298K
n,= =2.77 mol
400.torr x 323K

Moles of gas added = n, —n; = 2.77 — 1.50 = 1.27 mol
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37.

38.

39.

40.

" AT = GOmORL At = L11%10°mo
RT  200206LalM 5734 24 K
K mol
For He: 1.11 x 10° mol x 2093918 _ 4 44 x 108 g He
mol
For Hy: 1.11 x 10% mol x &%HZ =2.24 x10° g H,
mo

For the first diagram, there is a total volume of 3X after the stopcock is open. The six total
gas particles will be equally distributed (on average) over the entire volume (3X). So per X
volume, there will be two gas particles. Your first drawing should have four gas particles in
the 2X volume flask and two gas particles in the X volume flask.

Applying Boyle’s law, the pressure in the two flasks after the stopcock is opened is:

P]_Vl _ Pl X 2X
V, 3X
The final pressure in both flasks will be two-thirds that of the initial pressure in the left flask.

PV =PV, Py =

2
=Zp
31

For the second diagram, there is a total volume of 2X after the stopcock is opened. The gas
particles will be equally distributed (on average) so that your drawing should have three gas
particles in each flask. The final pressure is:

o PVi_PxX _P
VA 2X

The final pressure in both flasks will be one-half that of the initial pressure in the left flask.

1mol jx 0.08206L atm

22,0 300.K
N, RT ( 97 4401g Kmol 208 am

V 4.00L

P = Peo,

With air present, the partial pressure of CO, will still be 3.08 atm. The total pressure will be
the sum of the partial pressures.

Piotal = Peo, + Pair = 3.08 atm + (740. torr x 1?)ttr:rrJ =3.08 +0.974 = 4.05 atm
PV = nRT, n is constant. P_I_—V = nR = constant, PV _ %
1 2

V, _ 1.000

V, = (LO40)V;, ~L
2= (LO4OV: V, 1.040
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by PVITe g5 i 1000 (73+58K _ o)
V,T, 1.040 ~ (273+19) K
41. PV = nRT, nm_Vv., constant, N7 _ N.T - moles x molar mass = mass
P R P, P,

n;(molarmass)T, _ n,(molarmass)T, mass,x T,  mass, x T,

Py P, P, P,

mass, x T,P,  1.00 x 10° g x 291K x 650.psi

mass, = .
T,P, 299K x 2050, psi

=309¢

42. If we had 100.0 g of the gas, we would have 50.0 g He and 50.0 g Xe.

50.0g
N e 4.003g/mol 12.5molHe
Yhe = = = = 0.970
Nye + Ny, 50.0g 50.09 12.5molHe + 0.381mol Xe
4.003g/mol 131.3g/mol
Pre = YHePiota = 0.970 % 600. torr = 582 torr; Px, = 600. — 582 = 18 torr
43. P + PHZo =1.00 atm = 760. torr = Py + 23.8 torr, Py. = 736 torr
v = 0.586 g x 2! 5146 mol He
4.003¢g
0.146 mol x w « 298K
v= DeeRl mlo — =3.60L
Pre 736torr x a
760torr
44, The container has 5 He atoms, 3 Ne atoms, and 2 Ar atoms for a total of 10 atoms. The mole

fractions of the various gases will be equal to the molecule fractions.

5He atoms 3 Neatoms
AHe = ————(F—————— = 050, ANe =

= = =0.30
10totalatoms

10totalatoms

yar=1.00-0.50-0.30 =0.20
Pre = %He X Protar = 0.50(1.00 atm) = 0.50 atm
Pre = %ne X Protar = 0.30(1.00atm) = 0.30 atm

Par=1.00 atm — 0.50 atm — 0.30 atm = 0.20 atm
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P
45, a. Mole fraction CH, = 3¢y = — & = 0.175atm =0.412
* Pew 0.175atm + 0.250atm
%o, =1.000-0.412=0.588
b. PV =nRT, e = ew XV __0425am x105L  _ 6
RT 0.08206L atm « 338K
K mol
n
C em =~ Mg, = Yo, X Now = 0412 % 0.161 mol = 6.63 x 1072 mol CH,
total
16.04g CH
6.63 x 102 mol CH, x ~0:049CH: 4 460 cp,
molCH,
Ny =0.588 x 0.161 mol = 9.47 x 102 mol O,; 9.47 x 102 mol O, x 320090,
2 molO,
=3.0390;,

46. Piota = 1.00 atm = 760. torr = PNz + PHzo = PN2 + 17.5 torr, PNZ =743 torr

(743torrx — =M ) L (250 x 102 ML x — =)
aoZ PV 760torr 1000mL
N, ™ -
RT 0.08206L atm « 293K
K mol
=1.02 x 10> mol N,
28.02gN
1.02 x 102 mol N, x % =0.286 g N,
OIN,

47. We can use the ideal gas law to calculate the partial pressure of each gas or to calculate the
total pressure. There will be less math if we calculate the total pressure from the ideal gas
law.

19 1molO,

=4.7 x 10" mol O,

No, =15x 10> mg 0, x x
2 1000mg ~ 320090,

1molNH,

o = 8.3 x 10 mol NH,
6.022 x 10 moleculesNH,

NN, = 5.0 x 10* molecules NH; x

Mol = Ny, +No, +Nyy, =5.0x 107 +4.7x 107 +8.3x 10°° = 6.3 x 10~ mol total

6.3 x 1072 mol x 0'08206"'“”‘ « 273K

_ N XRT K mo =14atm

P — =
total vV 10L
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n -2
Pn, = N, % Pl Zn, = —2; Py, = 50> 107 mol > mol 1 4atm=11atm
2 2 2 ntota| 2 6.3 x 107 mol
-3 -3
P, = % x 1.4atm = 0.10atm; Py, = % x 1.4atm= 0.18atm
6.3 x 10" * 6.3x10°
48. For Oy, nand T are constant, so P,V = P,V,.
P,V 1.94L
P, = 22 =785 torr x =761 torr = P,
f 2.00L 2
Ptotal = Po2 + PHZO' PHQO = 785 - 761 = 24 tOI’I’

49. a. There are 6 He atoms and 4 Ne atoms, and each flask has the same volume. The He flask
has 1.5 times as many atoms of gas present as the Ne flask, so the pressure in the He flask
will be 1.5 times greater (assuming a constant temperature).

b. Because the flask volumes are the same, your drawing should have the various atoms
equally distributed between the two flasks. So each flask should have 3 He atoms and 2
Ne atoms.

c. After the stopcock is opened, each flask will have 5 total atoms and the pressures will be
equal. If six atoms of He gave an initial pressure of Py, initiar, then 5 total atoms will have
a pressure of 5/6 x Py initial-
Using similar reasoning, 4 atoms of Ne gave an initial pressure of Py initiary SO 5 total
atoms will have a pressure of 5/4 x Pye, initia: SUMmMarizing:

5 5
Pfinal = nge, initial = ZPNe, initial
d. For the partial pressures, treat each gas separately. For helium, when the stopcock is

opened, the six atoms of gas are now distributed over a larger volume. To solve for the
final partial pressures, use Boyle’s law for each gas.

o - PV X Phe, il
FOI’ He P2 = \1/21 = PHE, initial X R = —ezln”a

The partial pressure of helium is exactly halved. The same result occurs with neon so
that when the volume is doubled, the partial pressure is halved. Summarizing:

b _ Phe initial | _ Pne, initial
He, final — 2 » T'Ne, final — T



CHAPTERS5 GASES 113

Gas Density, Molar Mass, and Reaction Stoichiometry

50.

ol.

52.

Molar mass = dRTT where d = density of gas in units of g/L.

3.164g/L x O'OSEOGLIW“ « 273.2K
Molar mass = mo =70.93 g/mol
1.000atm

The gas is diatomic, so the average atomic mass = 70.93/2 = 35.47 amu. From the periodic
table, this is chlorine, and the identity of the gas is Cl..

If Be**, the formula is Be(CsH;0,); and molar mass = 13.5 + 15(12) + 21(1) + 6(16)
=311 g/mol. If Be*, the formula is Be(CsH-0O,), and molar mass ~ 9.0 + 10(12) + 14(1) +
4(16) = 207 g/mol.

Data set I (molar mass = dRT/P and d = mass/V):

0.2022g x 208206Latm _ »qp
_ mass x RT K mol _
molar mass = = Tatm =209 g/mol
PV (7652 torr x ) x (22.6 x 107 L)
760torr
Data set II:
0.2224g x 2:08206Latm g1
mass x RT K mol
molar mass = = =202 g/mol
PV latm

26.0 x 10° L
orr) x ( 8 )

(7646 torrx

These results are close to the expected value of 207 g/mol for Be(CsH;0,),. Thus we
conclude from these data that beryllium is a divalent element with an atomic weight (mass) of
9.0 g/mol.

d = P x (molar mass)/RT; we need to determine the average molar mass of air. We get this
by using the mole fraction information to determine the weighted value for the molar mass. If
we have 1.000 mol of air:

28.02g N :
average molar mass = 0.78 mol N, x 28020, +0.21 mol O, x 320090,
mol N, molO,
39.95g Ar

+0.010 mol Ar x =28.98=29¢

4o = 1.00atm x 29 g/mol
air —
0.08206L atm « 273K
K mol

=13gL
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53. Rigid container: As temperature is increased, the gas molecules move with a faster average
velocity. This results in more frequent and more forceful collisions, resulting in an increase in
pressure. Density = mass/volume; the moles of gas are constant, and the volume of the
container is constant, so density in this case must be temperature-independent (density is
constant).
Flexible container: The flexible container is a constant-pressure container. Therefore, the
final internal pressure will be unaffected by an increase in temperature. The density of the
gas, however, will be affected because the container volume is affected. As T increases, there
is an immediate increase in P inside the container. The container expands its volume to
reduce the internal pressure back to the external pressure. We have the same mass of gas in a
larger volume. Gas density will decrease in the flexible container as T increases.

54. We assume that 28.01 g/mol is the true value for the molar mass of N,. The value of 28.15
g/mol is the average molar mass of the amount of N, and Ar in air. Assume 100.00 mol of
total gas present, and let x = the number of moles that are N, molecules. Then 100.00 — x =
the number of moles that are Ar atoms. Solving:

9815 = x(28.01) + (100.00— x)(39.95)
100.00
2815 = (28.01)x + 3995 — (39.95)x, (11.94)x = 1180.
X =98.83% N,; % Ar =100.00 —x=1.17% Ar
. 1.17 -
Ratio of moles of Arto molesof N, = —— =1.18 x 10™".
98.83
55. Out of 100.0 g of compound, there are:
g7.4gNx TN _oonmorn: &24 —100
1401 gN 6.24
126gHx MM o5 ok 125 2500
1.008 gH 6.24
Empirical formula is NH,. P x (molar mass) = dRT, where d = density.
= 0.9Z7g 8 O.OSEOGLIatm « 373K
Molar mass = = molatm = 32.0 g/mol
P 710.torr
760torr
Empirical formula mass of NH, = 16.0 g. Therefore, the molecular formula is NyH,.
56. P x (molar mass) = dRT, d= Mmass , P x (molar mass) = Mass . RT

volume
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o 0800g x W x 373K
Molar mass = Mass x = Mo =96.9 g/mol
PV latm

(750.torr x ) x 0.256L
760torr

Mass of CHCl = 12.0 + 1.0 + 35.5=48.5; % =2.00; molecular formula is C,H,Cl..

57. 2 NaClOs(s) — 2 NaCI(s) + 3 Ox(g)

Piotat = Po, + Piy0+ Po, =Pyt —Ph,0 = 734 torr —19.8 torr = 714 torr

714torr x —2AM | 005720
n = oV _ torr =222 x 10 mol O
% - TRT _ 0.08206Latm Y (2731 22) K - 2
K mol

2 INaCl 106.44 g NaCl
Mass NaClO; decomposed = 2.22 x 10~° mol O, x mol NaClo, X 06449 NaClO,

3molO, mol NaClO,
=0.158 g NaCIO;
Mass % NaCIOs = 289 100 = 18.0%
0.8765¢g
58. For ammonia (in 1 minute):
Par, X Vi, 90.atm x 500.L _ 3
v, = Rt T 0.08206Latm = 1.1 x10"mol NHs

x 496 K
K mol

NHj; flows into the reactor at a rate of 1.1 x 10° mol/min.

For CO; (in 1 minute):

no o _FPoo,xVeo, _ 45atmx600L  _ . o e
co, — - e ’
RT 0.08206Latm o0\
K mol

CO, flows into the reactor at 6.6 x 10> mol/min.

To react completely with 1.1 x 10° mol NHa/min, we need:

1.1 x 10° mol NH, . 1molCo,

= 5.5 x 10? mol CO,/min
min 2molNH;,
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59.

60.

61.

Because 660 mol CO,/min are present, ammonia is the limiting reagent.

1.1 x 10° moINH, . Lmolurea  60.06g urea

= 3.3 x 10* g urea/min
min 2molNH, molurea

150 g (CHs),N,H, x 1mol(CH3),N,H, ~ 3moIN,

= 7.5 mol N, produced

60.109 mol(CH,;), N,H,
7.5mol x 0:08206Latm 50,
p, = MRT _ K mol = 0.74 atm
N: Ty 250L '

We could do a similar calculation for P, , and P, and then calculate Py, (= Py, + Py o
+Pco,). Or we can recognize that 9 total moles of gaseous products form for every mole of
(CHg3)2N2H, reacted. This is three times the moles of N, produced. Therefore, Py Will be
three times larger than PNZ. Piotas = 3 % PNZ =3 x0.74 atm = 2.2 atm.

Rigid container (constant volume): As reactants are converted to products, the moles of gas
particles present decrease by one-half. As n decreases, the pressure will decrease (by one-
half). Density is the mass per unit volume. Mass is conserved in a chemical reaction, so the
density of the gas will not change because mass and volume do not change.

Flexible container (constant pressure): Pressure is constant because the container changes
volume in order to keep a constant pressure. As the moles of gas particles decrease by a
factor of 2, the volume of the container will decrease (by one-half). We have the same mass
of gas in a smaller volume, so the gas density will increase (is doubled).

2.00L
For NH;: P, = ﬂ = 0.500 atm x i =0.333 atm
V. 3.00L

2

For O, P,= A =1.50 atm X 1.00L
V. 3.00L

2

=0.500 atm

After the stopcock is opened, V and T will be constant, so P «< n. The balanced equation
requires:

Nno, _ Po, _

=125

M, P,

Nlo

Po, _ 0.500atm _

The actual ratio present is: =
Pwi, 0.333atm
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The actual ratio is larger than the required ratio, so NHs in the denominator is limiting.
Because equal moles of NO will be produced as NH; reacted, the partial pressure of NO
produced is 0.333 atm (the same as Py, reacted).

62. 2 NaN3(s) — 2 Na(s) + 3 N,(g)

PV 1.00atm x 70.0 L

ny, = ﬁ = 0.08206L atm = 3.12 mol N; are needed to fill the air bag.
e T % 273K
K mol
2 mol NaN .02g NaN
Mass NaNj; reacted = 3.12 mol N, x Mol Nl X 65.02g NaN, =135 g NaN;
3molN, mol NaN,
3
1.0atm x 4800m3><(100cm) « L
63 PV m 1000cm 21 % 10° mol
. HH2 = — = =2.1x mo
RT 0.08206L atm « 273K

K mol

2.1 x 10° mol H, are in the balloon. This is 80.% of the total amount of H, that had to be
generated:

0.80(total mol H,) = 2.1 x 10°, total mol H, = 2.6 x 10°> mol H,

1molFe 8 55.85¢9 Fe

2.6 x 10° mol H; x
molH, molFe

=15x10" gFe

1molH,SO, " 98.099H,30, 8 1009 reagent
molH, molH,SO, 98g H,S0,

2.6 x 10° mol H, x =2.6 x 10" g of 98%

sulfuric acid
2
64.  0.27669CO,x —20H9C 2 eigx102gc; o= 1241070 100 =7370% C
44.0099C0, 0.1023g
2
0.0991 g H,0 x —20209H 4 11 w102 gH: oor = 222X1070, 160 -10.9% H
1802gH,0 0.1023g

_ PV _1.00atmx 27.6 x 10° L

PV=nRT, ny, =— = =1.23 x 10> mol N,
RT 0.08206L atm « 273K
K mol
1.23 x 10 mol N, x 28029N; _ 445102 g nitrogen
molN,
3.45x 1072 g

Mass % N = x100=7.14% N

0.4831g
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Mass % O = 100.00 — (73.79 + 10.9 + 7.14) =8.2% O
Out of 100.00 g of compound, there are:
1mol 1mol
73.79gC x =6.144mol C; 7.14g N x =0.510 mol N
12.011g 14.01g
109gHx =M 108 motH: 82g0x 2™ — 951 mol 0
1.008¢g 16.009

65.

66.

Dividing all values by 0.51 gives an empirical formula of Cy,H,;NO.

4.029g “ 0.08206L atm

RT L kmol < 100K
Molar mass = 5 = mo =392 g/mol

256torr x latm
760torr

Empirical formula mass of C;,H,NO =~ 195 g/mol and % ~2.

Thus the molecular formula is C24H4N505.

2 NHs(g) — N(g) + 3 Hx(g); as reactants are converted into products, we go from 2 moles
of gaseous reactants to 4 moles of gaseous products (1 mol N, + 3 mol H;). Because the
moles of gas doubles as reactants are converted into products, the volume of the gases will

double (at constant P and T).

PV =nRT,P = (R—Jjn = (constant)n; pressure is directly related to n at constant T and V.

As the reaction occurs, the moles of gas will double, so the pressure will double. Because 1
mol of N, is produced for every 2 mol of NHj reacted, Py = 1/2Py, . Owing to the 3 to 2

mole ratio in the balanced equation, P, = 3/2Py,, .

Note: Py = Py, +Py, = 32P, + 112P, = 2Py, . As we said earlier, the total pres-

sure doubles as reactants are completely converted into products for this reaction

1000g 8 1molMo
kg 95.94g Mo

1.00 x 10% kg Mo x =1.04 x 10* mol Mo

1molMoO, 8 7/2mol 0,
molMo molMoO,

1.04 x 10* mol Mo x

=3.64 x 10* mol O,
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67.

68.

69.

3.64 x 10° mol x 208206Latm g0
No,RT K mol _ 5
V, = - =8.66 x 10° L of O,
2 P 1.00atm
100L ai _
8.66 x 10° L Oy x ——— _ 4.1 x 10° L air
2
1.04 x 10 mol Mo x 2™z _ 5 15 5 169 mol H,
molMo
312x104m0b<OoimeNM]x29QK
Vv, = Mo = 7.42 x 10° L of H,
2 1.00atm
latm
Protat = Py, + Pyy0, Py, =726 torr —23.8 torr = 702 torr H Otorr =0.924 atm
P, xV -3
Ny, = — =Ogﬁ$&i;§M1OL':LNXMﬁmMNZ
RT voscboLatm  »ggk
K mol

28.02g N,
mo

Mass of N in compound = 1.20 x 10~ mol N, x =3.36 x 107 g nitrogen

3.36x107% g
0.253¢

Mass % N = x 100 =13.3% N

10.10 atm — 7.62 atm = 2.48 atm is the pressure of the amount of F, reacted.

P PP P, n
PV =nRT, Vand T are constant. — = constant, -~ = —% or -+ = 1%
n n, n, P, n,

MolF, reacted _ 2.48atm
Mol Xereacted 1.24atm

=2.00; so: Xe+2F, > XeF,

Because P and T are constant, VV and n are directly proportional. The balanced equation
requires 2 L of H, to react with 1 L of CO (2 : 1 volume ratio due to 2 : 1 mole ratio in the
balanced equation). The actual volume ratio present in 1 minute is 16.0 L/25.0 L = 0.640
(0.640 : 1). Because the actual volume ratio present is smaller than the required volume ratio,
H, is the limiting reactant. The volume of CH;OH produced at STP will be one-half the

volume of H, reacted due to the 1 : 2 mole ratio in the balanced equation. In 1 minute,
16.0 L/2 = 8.00 L CH3OH are produced (theoretical yield).
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70.

71.

PV 1.00atm x 8.00L

Neron = RT = 0.08206L atm =0.357 mol CH30OH in 1 minute
T x 273K
K mol
0.357 mol CH30OH x 32049 CH,OH =11.4 g CH3;0H (theoretical yield per minute)
mol CH,OH

actual yield % 100 = 5.30¢

Percent yield = - -
theoreticd yield 1149

x 100 = 46.5% yield

CH30H + 3/2 O, —» CO, + 2 H,O or 2 CH30H(I) + 3 Ox(g) — 2 COx(g) + 4 H,0(g)

0.8509 8 1mol
mL 32.04¢g

50.0 mL x

= 1.33 mol CH3;OH(l) available

N = ﬂ _ 2.00atm x 22.8L
%" RT  0.08206L atm
K mol

=1.85 mol O, available
x 300. K

3molO,

1.33 mol CH;0H X ————=—
2molCH,OH

=2.00 mol O,

2.00 mol O, are required to react completely with all the CH;OH available. We only have
1.85 mol Oy, so Oy is limiting.

4 molH,0

1.85 mol O, x = 2.47 mol H,O
3molO,
T 0.70302g 5 0.08é06L|atm < 9732 K
Molar mass = = Mo = 15.90 g/mol
P 1.000atm

15.90 g/mol is the average molar mass of the mixture of methane and helium. Assume
100.00 mol of total gas present, and let x = mol of CH, in the 100.00 mol mixture. This value
of x is also equal to the volume percentage of CH,4 in 100.00 L of mixture because T and P
are constant.

X(16.04) + (100.00 - x)(4.003)
100.00

15.90 = , 1590. = (16.04)x + 400.3 — (4.003)x

1190. =(12.04)x, x =98.84% CH, by volume; % He = 100.00 — x = 1.16% He by volume
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Kinetic Molecular Theory and Real Gases

72. a.

Containers ii, iv, vi, and viii have volumes twice those of containers i, iii, v, and vii.
Containers iii, iv, vii, and viii have twice the number of molecules present than
containers i, ii, v, and vi. The container with the lowest pressure will be the one which
has the fewest moles of gas present in the largest volume (containers ii and vi both have
the lowest P). The smallest container with the most moles of gas present will have the
highest pressure (containers iii and vii both have the highest P). All the other containers
(i, iv, v and viii) will have the same pressure between the two extremes. The order is ii =
Vi <i=iv=v=viii <iii = vii.

b. All have the same average Kinetic energy because the temperature is the same in each
container. Only temperature determines the average kinetic energy.

c. The least dense gas will be in container ii because it has the fewest of the lighter Ne
atoms present in the largest volume. Container vii has the most dense gas because the
largest number of the heavier Ar atoms are present in the smallest volume. To figure out
the ordering for the other containers, we will calculate the relative density of each. In the
table below, m; equals the mass of Ne in container i, V; equals the volume of container i,
and d; equals the density of the gas in container i.

Container i i iii iv v Vi Vii viii
mass, mq, Vi1 my, 2V1 2my, V1 2my, 2V, 2my, V1 2my, 2V, 4m, Vi 4mq, 2V,
volume
densi 2m 2m 2m
massty m-d 2“:/1:§d1 2m1:2dl Lo | —L=2d, | —L=q, 4m1_4d 4my
=d, — —Loyg, | —L=
( ) v, 1 v 2V, \ 2V, ] 2V,
volume

From the table, the order of gas density is ii <i=iv = vi <iii = v = viii < vii.

d. Hms = (BRT/M)*?; the root mean square velocity only depends on the temperature and the

73.

molar mass. Because T is constant, the heavier argon molecules will have a slower root
mean square velocity than the neon molecules. The order isv = vi = vii = viii<i=ii =
iii = iv.

The kinetic molecular theory assumes that gas particles do not exert forces on each other and

that gas particles are volumeless. Real gas particles do exert attractive forces for each other,
and real gas particles do have volumes. A gas behaves most ideally at low pressures and high
temperatures. The effect of attractive forces is minimized at high temperatures because the
gas particles are moving very rapidly. At low pressure, the container volume is relatively
large (P and V are inversely related), so the volume of the container taken up by the gas
particles is negligible.

74. a.

At constant temperature, the average Kinetic energy of the He gas sample will equal the
average kinetic energy of the Cl, gas sample. In order for the average kinetic energies to
be the same, the smaller He atoms must move at a faster average velocity than Cl,
molecules.  Therefore, plot A, with the slower average velocity, would be for the Cl,
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sample, and plot B would be for the He sample. Note the average velocity in each plot is
a little past the top of the peak.

b. As temperature increases, the average velocity of a gas will increase. Plot A would be for
0,(g) at 273 K, and plot B, with the faster average velocity, would be for O,(g) at 1273
K.

Because a gas behaves more ideally at higher temperatures, O,(g) at 1273 K would
behave most ideally.
75. V, T, and P are all constant, so n must be constant. Because we have equal moles of gas in
each container, gas B molecules must be heavier than gas A molecules.

a. Both gas samples have the same number of molecules present (n is constant).

b. Because T is constant, KE,,. must be the same for both gases (KEa.e = 3/2 RT).

c. The lighter gas A molecules will have the faster average velocity.

d. The heavier gas B molecules do collide more forcefully, but gas A molecules, with the
faster average velocity, collide more frequently. The end result is that P is constant
between the two containers.

76. Boyle's law: P o 1/V at constantnand T

In the kinetic molecular theory (KMT), P is proportional to the collision frequency which is
proportional to 1/V. As the volume increases, there will be fewer collisions per unit area with
the walls of the container, and pressure will decrease (Boyle's law).

Charles's law: V « T at constant n and P

When a gas is heated to a higher temperature, the velocities of the gas molecules increase and
thus hit the walls of the container more often and with more force. In order to keep the
pressure constant, the volume of the container must increase (this increases surface area,
which decreases the number of collisions per unit area, which decreases the pressure).
Therefore, volume and temperature are directly related at constant n and P (Charles’s law).

Avogadro’s law: V o n at constant P and T

As gas is added to a container (n increases), there will be an immediate increase in the
number of gas particle collisions with the walls of the container. This results in an increase in
pressure in the container. However, the container is such that it wants to keep the pressure
constant. In order to keep pressure constant, the volume of the container increases in order to
reduce the collision frequency, which reduces the pressure. V is directly related to n at
constant P and T.

Dalton’s law of partial pressure: Pia = P1+ P2+ P3+ ...
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77,

78.

79.

The KMT assumes that gas particles are volumeless and that they exert no interparticle forces
on each other. Gas molecules all behave the same way. Therefore, a mixture of gases behaves
as one big gas sample. You can concentrate on the partial pressures of the individual
components of the mixture, or you can collectively group all the gases together to determine
the total pressure. One mole of an ideal gas behaves the same whether it is a pure gas or a
mixture of gases.

P versus n relationship at constant V and T. This is a direct relationship. As gas is added to a
container, there will be an increase in the collision frequency, resulting in an increase in
pressure. P and n are directly related at constant V and T.

P versus T relationship at constant V and n. This is a direct relationship. As the temperature
of the gas sample increases, the gas molecules move with a faster average velocity. This
increases the gas collision frequency as well as increases the force of each gas particle
collision. Both these result in an increase in pressure. Pressure and temperature are directly
related at constant V and n.

12
Graham’s law of effusion: Rate, = M,
Rate, M,

Let Freon-12 = gas 1 and Freon-11 = gas 2:

1.00

1/2
107 _ (137.4) 1= B4 g/mol

1 1

The molar mass of CF,Cl, is equal to 121 g/mol, so Freon-12 is CF,Cl,.

Rate, (M,)  2cU0 (300)"2 . _ 2¢%0 (3002 _
Rate, | M, ) ' 2c®0 | 29.0 =102 12¢c18g | 280 =104
) ] . .

The relative rates of effusion of *2C*0 : C''0 : *C*®0 are 1.04 : 1.02 : 1.00.
Advantage: CO, isn't as toxic as CO.
Major disadvantages of using CO, instead of CO:

1. Can get a mixture of oxygen isotopes in CO,.

2. Some species, for example, *C*0*0 and **C*’0,, would effuse (gaseously diffuse)
at about the same rate because the masses are about equal. Thus some species cannot
be separated from each other.

The number of gas particles is constant, so at constant moles of gas, either a temperature
change or a pressure change results in the smaller volume. If the temperature is constant, an

increase in the external pressure would cause the volume to decrease. Gases are mostly
empty space so gases are easily compressible.
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80.

81.

82.

83.

If the pressure is constant, a decrease in temperature would cause the volume to decrease. As
the temperature is lowered, the gas particles move with a slower average velocity and don’t
collide with the container walls as frequently and as forcefully. As a result, the internal
pressure decreases. In order to keep the pressure constant, the volume of the container must
decrease in order to increase the gas particle collisions per unit area.

In this situation, the volume has increased by a factor of two. One way to double the volume
of a container at constant pressure and temperature is to double the number of moles of gas
particles present. As gas particles are added, more collisions per unit area occur and the
internal pressure increases. In order to keep the pressure constant, the container volume must
increase.

Another way to double the volume of a container at constant pressure and moles of gas is to
double the absolute temperature. As temperature increases, the gas molecules collide more
frequently with the walls of the container. In order to keep pressure constant, the container
volume must increase.

The last variable which can be changed is pressure. If the external pressure exerted on the
container is halved, the volume will double (assuming constant temperature and moles). As
the external pressure applied is reduced, the volume of the container must increase in order to
equalize the higher internal pressure with the lower external applied pressure.

_ ; M2:16'049;M1:?
min min mol

Rate, _ (M), _ 240mL. rate, = 478ML
Rate, | M, ) ' ' ’ [

1/2
- 0.502, 16.04 = (0.502)2 x My, M, = ~0:04 _ 6379
0252  mol

240 (1604
478 | M,

Rate;
Rate,

1/2
M
= [VZ] where M = molar mass; let gas (1) = He, gas (2) = Cl,.
1

10L
45min _ (7090
1.0L 4.003
t

1/2 t
j , —— =4.209, t=19 min
4.5min

a. They will all have the same average kinetic energy because they are all at the same
temperature. Average kinetic energy depends only on temperature.

b. Flask C; at constant T, s & (1/M)*2. In general, the lighter the gas molecules, the
greater is the root mean square velocity (at constant T).

c. Flask A: collision frequency is proportional to average velocity x n/V (as the average
velocity doubles, the number of collisions will double, and as the number of molecules in
the container doubles, the number of collisions again doubles). At constant T and V, n is
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84.

85.

86.

87.

proportional to P, and average velocity is proportional to (1/M)Y%2  We use these

relationships and the data in the exercise to determine the following relative values.

n (relative) Uavg (relative) Coll. Freq. (relative) = n x Uy,

A 1.0 1.0 1.0

B 0.33 1.0 0.33

C 0.13 3.7 0.48

a b c d

Avg. KE (KEag < T) inc dec same same
Uy (U2 oc T) inc dec same same
Coll. freg. gas inc dec inc inc
Coll. freq. wall inc dec inc inc
Impact E (impact E « KE « T) inc dec same same

Both collision frequencies are proportional to the root mean square velocity (as velocity
increases, it takes less time to move to the next collision) and the quantity n/V (as molecules
per volume increases, collision frequency increases).

No; at each temperature there is a distribution of energies. Similarly, there is a distribution of
velocities at any specific temperature (see Figs. 5.15 to 5.17 of the text). Note that the major
reason there is a distribution of kinetic energies is because there is a distribution of velocities
for any gas sample at some temperature.

a. All the gases have the same average Kinetic energy because they are all at the same
temperature [KEqe = (3/2)RT].

b. At constant T, the lighter the gas molecule, the faster is the average velocity [Uae &
(1/M)*2].

Xe (131.3 g/mol) < Cl, (70.90 g/mol) < O, (32.00 g/mol) < H; (2.016 g/mol)
slowest fastest

c. At constant T, the lighter H, molecules have a faster average velocity than the heavier O,
molecules. As temperature increases, the average velocity of the gas molecules
increases. Separate samples of H, and O, can only have the same average velocities if
the temperature of the O, sample is greater than the temperature of the H, sample.

a. PV=nRT

~p  0:5000mol x ‘MSKZOGLI"’I““ < (25.0 + 2732) K
p= NRT _ mo = 12.24 atm
Y, 1.0000L
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2
b. |P+ a(%j ] (V —nb) =nRT; for N,: a=1.39 atm L¥mol® and b = 0.0391 L/mol

0.5000)°
1.0000

P +1.39( atm} (1.0000 L —0.5000 x 0.0391 L) = 12.24 L atm

(P + 0.348 atm)(0.9805 L) = 12.24 L atm

12241 atm
0.9805L

—0.348 atm =12.48 — 0.348 = 12.13 atm

0.11

c. The ideal gas law is high by 0.11 atm, or 1213 x 100 = 0.91%.

0.5000mol x O'OSKZOG"Ia”" « 2982 K

88. a. P= = mo =1.224 atm
\Y 10.000L

2
b. |P+ a(%j ](v —nb) = nRT; for N;: a=1.39 atm L%mol?and b = 0.0391 L/mol

p +1.39(

2
05000+ (20.000 L - 0.5000 x 0.0301 L) = 12.24 L atm
10.000

(P +0.00348 atm)(10.000 L — 0.0196 L) = 12.24 L atm

P + 0.00348 atm = 12.241 atm =1.226 atm, P =1.226 —0.00348 = 1.223 atm

9.980L

c. The results agree to £0.001 atm (0.08%).

d. In Exercise 87 the pressure is relatively high and there is significant disagreement. In
Exercise 88 the pressure is around 1 atm and both gas laws show better agreement. The
ideal gas law is valid at relatively low pressures.

89. (KE)avg = 3/2 RT; KE depends only on temperature. At each temperature CH, and N, will
have the same average KE. For energy units of joules (J), use R = 8.3145 J K™ mol™. To
determine average KE per molecule, divide by Avogadro’s number, 6.022 x 10%
molecules/mol.

8.3145]
K mol

x 273 K = 3.40 x 10° J/mol = 5.65 x 10%* J/molecule

At 273 K: (KE)ay = g x
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At 546 K: (KE)ayq = 3 B35 56K = 6.81 x 10° I/mol = 1.13 x 102 Jmolecule
2 K mol
3RT )} 8.3145]
90. Ums= | —— | ,whereR= = and M = molar mass in kg
M K mol

For CH,: M =1.604 x 10° kg and for N, M = 2.802 x 107 kg.

83145 v2
K mol

1.604 x 1072 kg/mol

3 x 273K

For CH, at 273 K: Uyys = =652 m/s

At 546 K: Uy, for CH, is 921 m/s.

For No: Ums= 493 m/s at 273 K and 697 m/s at 546 K.

r 1/2

2
3(8'3145‘“”“J (2274273 K

1/2 2
s Kmol
91. Urms = (3&) = — =667 m/s
M 28.02 x 107" kg/mol

r 2 -1/2
) 9 8.3345kg m (500.K)
2RT s° Kmol
Unp=|—— | = — =545m/s
M 28.02 x 10™° kg/mol
| _(8.3145kgm? I
ve |8 SSRIM 500 K)
8RT s“ K mol
Uavg = = - =615 m/s
™M n(28.02 x 10™° kg/mol)

92. KEave = 3/2 RT per mol; KE,e = 3/2 kg T per molecule

KEw = 3/2 x (1.3807 x 102 J/K) x 300. K x (1.00 x 10%° molecules) = 0.621 J

2
93. The values of a are: Hs, 0'244;““"; COy, 3.59; N,, 1.39; CH,, 2.25

2
mol
Because a is a measure of intermolecular attractions, the attractions are greatest for CO,.
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94.

95.

96.

97.

98.

The van der Waals constant b is a measure of the size of the molecule. Thus Cs;Hg should
have the largest value of b because it has the largest molar mass (size).

The pressure measured for real gases is too low compared to ideal gases. This is due to the
attractions gas particles do have for each other; these attractions “hold” them back from
hitting the container walls as forcefully. To make up for this slight decrease in pressure for
real gases, a factor is added to the measured pressure. The measured volume is too large. A
fraction of the space of the container volume is taken up by the volume of the molecules
themselves. Therefore, the actual volume available to real gas molecules is slightly less than
the container volume. A term is subtracted from the container volume to correct for the
volume taken up by real gas molecules.

3/2
f(u) — 47_[ uze(—muZIZkBT)
2nkgT
As u — 0, eC™ /2T, 60 = 1- at small values of u, the u term causes the function to
increase. At large values of u, the exponent term, -mu®/2kgT, is a large negative number, and

e raised to a large negative number causes the function to decrease. Asu — «, ¢* — 0.

1/2
Intermolecular collision frequency = Z = 4%d2 (%) , Where d = diameter of He atom

n P 3.0atm
—=—= =0.12 mol/L
V RT 0.08206L atm « 300.K
K mol
N _012mol 6022 x 10*° molecules  1000L _ 7.2 x 10*° molecules
V L mol m?® m®
25 1/2
7= 4% 7.2 x10 gnolecules % (50. x 102 m)? n(8.3145)(3030.)
m 4,00 x 10
= 1.0 x 10° collisions/s
u 1/2
Mean free path=4 = —=2; u,,, = [8 RT] =1260m/s; A= % =13x10°%m
Z T 1.0 x10°s

m(sso. ij

o 1/2

A(mu) = 2mu and u o< (T/My22 AWz _ M/~ (350') =1.08
A(mu),, 2m[300. Kj 300.

M

The change in momentum is 1.08 times greater for Ar at 77°C than for Ar at 27°C.

12 172 1/2
zAzAﬂ( RTJ L L ﬁ:(@j =108
vieam) ' z,, \T,,) ' Z,, \300.

There are 1.08 times as many impacts per second for Ar at 77°C as for Ar at 27°C.
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99. The force per impact is proportional to A(mu) = 2mu. Because m o< M, the molar mass, and u

o (1/M)*? at constant T, the force per impact at constant T is proportional to M x (1/M)"? =

M.

M /
Impactforce(H,) _ He _ 2.016 07097
Impactforce(He) M, 4.003

e

100,  Diffusion rate 2%UF,
Diffusion rate *®UF,

=1.0043 (See Section 5.7 of the text.)

235 235

TUFG x (1.0043'%° = 15256 , 238UF6 x 15358 = 20
UF, 1.000x10° 1526  ***UF; 98500

235UF6 _

55— = 1.01 x 107 = initial **°U to ***U atom ratio
UK

101. A(mu) = 2mu = change in momentum per impact. Because m is proportional to M, the molar

mass, and u is proportional to (T/M)*2:

1/2 1/2
T T
A(mu)g, o ZMOZ[M J and A(mu),, o< ZMHG[M_j

0, He

T 1/2
2 OZ(M} 12 12
Ao, 0, _MOZ{MHEJ =L998(m) - 2827

A(mu),, T W2 My (Mo, 4,003 | 31.998
2MHe VR
e

H

The change in momentum per impact is 2.827 times larger for O, molecules than for He
atoms.

ZA=A

2nM

1/2 1/2
T
% _ O %)  _ 3537 Zre_ g7

Zoe A[Nj - 1/2 1 1/2 Z_oz
V )\ 2aM M

There are 2.827 times as many impacts per second for He as for O..

RT 2 .
= collision rate
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Atmospheric Chemistry

102.  Ny(g) + Ox(g) — 2 NO(g), automobile combustion or formed by lightning

2 NO(g) + O2(g) > 2 NOy(g), reaction with atmospheric O,

2 NOy(g) + H,O(l) > HNO3(aq) + HNOz(aq), reaction with atmospheric H,O

S(s) + Oz(g) — SO,(g), combustion of coal
2 SO,(g) + O,(g) — 2 SO5(g), reaction with atmospheric O,
H,O(l) + SO3(g) — H,SO4(aq), reaction with atmospheric H,O

2 HNOjs(aqg) + CaCOs(s) — Ca(NOs)2(aq) + H,O(l) + CO,(g)

H,SO4(aq) + CaCOs(s) — CaSOy(aq) + H.O(I) + COx(g)

103. a. If we have 1.0 x 10° L of air, then there are 3.0 x 10 L of CO.

_ 3.0x10?

V,
€O pecause V % n; Pco =

Pco = %coProtal; Xco =

b. Nco= P;?I_V : Assuming 1.0 m® air, 1 m® = 1000 L:

0.19

—gp M (1.0 x 10°L)
Nco = =1.1x 1072 mOI co
008206Latm o\
K mol
23
1.1 x 102 mol x 6.02 x 10> molecules

mol

Vista 1.0 x 10°

x 628 torr = 0.19 torr

= 6.6 x 10 CO molecules in 1.0 m® of air

6.6 x 107 molecules ( im jg _ 6.6 x 10" moleculesCO

3

m 3

100cm cm

104.  yne =5.24 x 107 from Table 5.4. Ppe = Ype X Prow = 5.24 x 10°x 1.0 atm = 5.2 x 10 °atm

n_P _ 52x10°atm
V RT 0.08206L atm « 298K
K mol

=2.1 x 107" mol He/L
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2.1 x 10" mol L 1L y 6.022 x 10*® atoms
L 1000cm?® mol

= 1.3 x 10* atoms He/cm?®

105.  For benzene:

1mol
89.6 x 107 g x MO% ~ 1.15 x 10* mol benzene

78.11g

o 115x10°7molx O'Ogi%"latm x 296K
Vbenzene = nbenzene = 1r:t(?n =2.84 x 1078 L

P 748torr x
760torr
-8
Mixing ratio = 284107 L, 406 -g47x10° ppmv
3.00L

volof X x10° 284 x10°L

or ppbv =
PP totalvol 3.00L

x 10° = 9.47 ppbv

1.15 x 10™° molbenzene y 1L y 6.022 x 10%* molecules
3.00L 1000cm?® mol

=2.31 x 10" molecules benzene/cm?®

For toluene:
1 |
153 x 10° g CyHg X — 12 = 1,66 x 10° mol toluene
92.139
o 18610 molx W % 296K
Violuene = foluene = 1r:t?n =4.10 x 10_8 L
P 748torr
760torr
8
Mixing ratio = 410107 L, 406 - 137 x 102 ppmv (or 13.7 ppbv)
3.00L
1.66 x 10°° moltoluene y 1L y 6.022 x 10%® molecules
3.00L 1000cm?® mol

= 3.33 x 10" molecules toluene/cm?®
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Additional Exercises

106.

107.

108.

109.

110.

111.

Statements a, ¢, and e are true. For statement b, if temperature is constant, then the average
kinetic energy will be constant no matter what the identity of the gas (KEa. = 3/2 RT). For
statement d, as T increases, the average velocity of the gas particles increases. When gas
particles are moving faster, the effect of interparticle interactions is minimized. For statement
f, the KMT predicts that P is directly related to T at constant VV and n. As T increases, the gas
molecules move faster, on average, resulting in more frequent and more forceful collisions.
This leads to an increase in P.

At constant T and P, Avogadro’s law applies; that is, equal volumes contain equal moles of
molecules. In terms of balanced equations, we can say that mole ratios and volume ratios
between the various reactants and products will be equal to each other. Br, +3F, » 2 X; 2
moles of X must contain 2 moles of Br and 6 moles of F; X must have the formula BrF; for a
balanced equation.

The partial pressure of CO, that reacted is 740. - 390. = 350. torr. Thus the number of moles
of CO, that reacts is given by:

PV % atm x 3.00 L ,
n=—= =575 % 10~ mol CO,
R 0.08206L atm « 293K
K mol

1molMgO y 40.31g MgO

5.75 x 1072 mol CO, x
1molCO, molMgO

=2.32 g MgO

Mass % MgO = 2529 x 100 = 81.4% MgO
2.85¢

Processes a, ¢, and d will all result in a doubling of the pressure. Process a has the effect of
halving the volume, which would double the pressure (Boyle’s law). Process ¢ doubles the
pressure because the absolute temperature is doubled (from 200. K to 400. K). Process d
doubles the pressure because the moles of gas are doubled (28 g N, is 1 mol of N,). Process
b won’t double the pressure since the absolute temperature is not doubled (303 K to 333 K).

14.1 x 10%in Hg e in®x

2.54cm y 10mm o latm “ 2.54cm ’ y 1L
in lcm ~ 760mm in 1000cm?®
=0.772atm L

Boyle’s law: PV =k, where k = nRT; from Example 5.1 of the text, the k values are around
22 atm L. Because k = nRT, we can assume that Boyle’s data and the Example 5.1 data were
taken at different temperatures and/or had different sample sizes (different moles).

PV =nRT, Vand T are constant. h_ & P

oM
n n, P n,
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112.

We will do this limiting-reagent problem using an alternative method than described in
Chapter 3. Let's calculate the partial pressure of C3H3N that can be produced from each of
the starting materials assuming each reactant is limiting. The reactant that produces the
smallest amount of product will run out first and is the limiting reagent.

2 MP H.N . e
Pc.q.n = 0500 MPa x & = 0.500 MPa if C3Hg is limiting
st 2 MPaC;H;
Pc.y.n = 0800 MPa x M =0.800 MPa if NH3 is limiting
3T 2 MPaNH,
2 MP H.N . e
Py = L500MPa x 2MPaGsH;N - _ 1.000 MPa if O, is limiting
3t 3MPaO,

C3Hg is limiting. Although more product could be produced from NH; and O,, there is only
enough CsHg to produce 0.500 MPa of C3H3N. The partial pressure of CsHsN in atmospheres
after the reaction is:

latm

0.500 x 10°Pax —————— =4.94 atm
1.013x 10° Pa
n=l= 02.29616atr2t>r<‘1150. L -30.3mol CH:N
RT  D.002UbLalm  Hagk
K mol
30.3 mol x M =1.61x10° g C3HsN can be produced.

12mL C,H.OH

— =90. mL C,HsOH present
100mL juice

750. mL juice x

0.79gC,HOH  1moIC,HOH  2molCO,

=1.5mol COZ
mLC,H.OH  4607C,H.OH  2molC,H.OH

90. mL C2H5OH X

The CO, will occupy (825 — 750. =) 75 mL not occupied by the liquid (headspace).

1.5mol x 208206Latm o0

N, RT K mol

= =490 atm
€0, Vv 75x107° L

Actually, enough CO, will dissolve in the wine to lower the pressure of CO, to a much more
reasonable value.
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1.149¢9 y 1molO,

113.  0.050 mL x = 1.8 x 10~ mol O,

mL 320¢g
o 18x107molx (MSEO‘SLI""”" « 310.K
V= - mo =46 x102L =46 mL
P 1.0atm

114.  The partial pressures can be determined by using the mole fractions.
Pmethane = Ptotal X Ymethane = 1.44 atm x 0.915 = 1.32 atm; Pethane = 1.44 — 1.32 =0.12 atm
Determining the number of moles of natural gas combusted:

i _ PV _ 144atmx1500L
natural gas — RT - W
K mol

= 0.898 mol natural gas
x 293K

Nmethane = Nnatural gas X Ymethane = 0.898 Mol x 0.915 = 0.822 mol methane
Nethane = 0.898 — 0.822 = 0.076 mol ethane
CHy(g) +20,(9) — COx(g) +2H0(l); 2CyHs +7 0x(g) — 4 COx(g) + 6 HO(1)

2molH,0 8 18.02gH,0

0.822 mol CH, x
1molCH, molH,0

=29.6 g H,0

6 molH,0 y 18.02gH,0

0.076 mol C,Hg x
2molC,H; molH,0

= 419 H,0

The total mass of H,O produced = 29.6 g + 4.1 g = 33.7 g H,0.

latm
115. Piotal = PH2 + PHZO’ 1.032atm = PH2 + 32torr x Z60torr

, 1.032-0.042=0.990 atm = P,,_

I P,V 0.990atm x 0.240 L
"7 RT T 008206Latm 400
K mol

=9.56 x 10~ mol H,

1molZzn 5 65.389 Zn

9.56 x 10~ mol H, x
molH, molZn

=0.6259 Zn

116. 2 HN3(g) — 3 Na(g) + Hx(g); at constant VV and T, P is directly proportional to n. In the
reaction, we go from 2 moles of gaseous reactants to 4 moles of gaseous products. Because
moles doubled, the final pressure will double (P = 6.0 atm). Similarly, from the 2 : 1 mole
ratio between HNjz and H,, the partial pressure of H, will be 3.0/2 = 1.5 atm. The partial
pressure of N, will be (3/2)3.0 atm = 4.5 atm. This is from the 2 : 3 mole ratio between HN3
and N,.
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117. Mn(s) + x HCI(g) — MnCly(s) + g H,(q)

PV 0.951atm x 3.22L

Ny, = —— = =0.100 mol H,
RT 0.08206L atm « 373K
K mol

Mol ClI in compound = mol HCI = 0.100 mol H; x ::mﬂ =0.200 mol ClI
—molH,
2

MolCl 0.200molCl _0.200molCI  _ 4.00

MoIMn 5 7474 Mn x £MOIMN_ 0.05000mol Mn

54.94g Mn

The formula of compound is MnCl,.
118. a. Volume of hot air: V = %nr3 = %n(Z.SO m)®=65.4 m®

(Note: Radius = diameter/2 = 5.00/2 = 2.50 m)

3
654 mx [100M) AL 610l
m dm?
o (745t0rrx 723?: j « 6.54 x 10° L
rr
N= = 5082060 atm = 2.31 x 10° mol air
RT 9.00200LaAM - h73165) K
K mol

Mass of hot air = 2.31 x 10% mol x 2:;2'9 =6.70 x 10* g
PV 743 tm x 6.54 x 10° L
Air displaced: n= —— = 760 = 2.66 x 10° mol air

RT  0.08206L atm

x (273+2) K
K mol

29.0¢g
mol

Mass of air displaced = 2.66 x 10° mol x =7.71x10%g

Lift=7.71x10"g—-6.70x 10 g= 1.01 x 10" g
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b. Mass of air displaced is the same, 7.71 x 10* g. Moles of He in balloon will be the same
as moles of air displaced, 2.66 x 10° mol, because P, V, and T are the same.

. 4.003g

Mass of He = 2.66 x 10° mol =1.06 x 10*g

Lift =7.71 x 10 g — 1.06 x 10 g = 6.65 x 10* g

% atm x (6.54 x 10* L)

. P 7 3 ;
Cc. Hotairr n= — = =1.95 x 10° mol air
0.08206L atm « 338K

K mol

1.95 x 10° mol x % =5.66 x 10* g of hot air
mo

630. atm x (6.54 x 10* L)
Air displaced: n= PV _ 760
RT ~008206Laim

K mol

=2.25 x 10° mol air

x 294K

29.0¢g

2.25 x 10% mol x
mol

=6.53 x 10* g of air displaced

Lift = 6.53 x 10 g - 5.66 x 10* g =8.7 x 10° g

d. Mass of hot air = 6.70 x 10* g (from part a)

745

PV oepn M x (6.54 x 10* L)
Air displaced: n= — = 7(?88206L - =2.95 x 10° mol air
RT  200~0Lalm | Hesk
K mol
29.0g

2.95 x 10% mol x =8.56 x 10 g of air displaced

Lift =8.56 x 10°g—6.70 x 10*g = 1.86 x 10* g

PP
119. PV =nRT,Vand T are constant. -+ = -2 or -+ = %
n, Ny P, n,

When V and T are constant, then pressure is directly proportional to moles of gas present, and
pressure ratios are identical to mole ratios.

At 25°C: 2 Hy(g) + O2(g) — 2 H,O(l), H,O(l) is produced at 25°C.
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120.

121.

122.

The balanced equation requires 2 mol H, for every mol O, reacted. The same ratio (2 : 1)
holds true for pressure units. The actual pressure ratio present is 2 atm H, to 3 atm O,, well
below the required 2 : 1 ratio. Therefore, H, is the limiting reagent. The only gas present at
25°C after the reaction goes to completion will be the excess O,.

latmO,

Po, (reacted) = 2.00 atm H, x . =1.00 atm O,

2

Po, (excess) = Po, (initial) — Po, (reacted) = 3.00 atm — 1.00 atm = 2.00 atm O; = Py

At 125°C: 2 Hy(g) + O,(g) — 2 H,0(g), H.0(g) is produced at 125°C.

The major difference in the problem is that gaseous H,O is now a product (instead of liquid
H,0), which will increase the total pressure because an additional gas is present.

2atmH,0

=2.00 atm H,0O
mH,

Puo (produced) = 2.00 atm H, x

Prota = Po, (excess) + Puo (produced) = 2.00 atm O, + 2.00 atm H,0O = 4.00 atm

Average velocity oc (1/M)* at constant T; the pressure in container A will increase initially

because the lighter H, molecules will effuse into container A faster than air will escape
container A. However, the pressures will eventually equalize once the gases have had time to
mix thoroughly.

PV _ 1.00atmx (1.75x 107° L)
RT ~ 0.08206L atm
K 'mol

Mol of He removed = =7.16 x 107> mol He

x 298K

In the original flask, 7.16 x 10~ mol of He exerted a partial pressure of 1.960 — 1.710
=0.250 atm.

nRT _ (7.16 x 10> mol) x 0.08206L atmK™ mol™" x 298K
\% 0.250atm

=7.00x10°L
=7.00 mL

V =

a. Initially PN2 = PHz = 1.00 atm and the total pressure is 2.00 atm (Piota = PNz + PHz)' The
total pressure after reaction will also be 2.00 atm because we have a constant-pressure
container. Because V and T are constant before the reaction takes place, there must be
equal moles of N, and H, present initially. Let x = mol N, = mol H, that are present
initially. From the balanced equation, Nj(g) + 3 Hx(g) — 2 NHs(g), H> will be limiting
because three times as many moles of H, are required to react as compared to moles of
Nz.
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After the reaction occurs, none of the H, remains (it is the limiting reagent).
Mol NH; produced = x mol H; x 2mo—H\IH3 = 2x/3
3molH,
Mol N, reacted = x mol H, x M =x/3
3molH,

Mol N, remaining = x mol N, present initially — x/3 mol N, reacted = 2x/3 mol N,
After the reaction goes to completion, equal moles of N,(g) and NH3(g) are present
(2x/3). Because equal moles are present, the partial pressure of each gas must be equal
(PN2 = PNH3)'
Piow =2.00 atm = Py +Py, ; solving: Py = 1.00atm= Py,
V o« n because P and T are constant. The moles of gas present initially are:

Ny, +Ny, =X +x=2xmol
After reaction, the moles of gas present are:

2X  2X
Ny, +N = — +— =4x/3moal
N, NH, 3 3

Vafter — nafter — 4X/3 — E
Vinigar Ninitial 2X 3
The volume of the container will be two-thirds the original volume, so:

V =2/3(15.0L)=10.0L

123. 2 CHy(g) + 2 NH3(g) + 3 O2(g9) > 2 HCN(g) + 6 H,O(g)

Volumes of gases are proportional to moles at constant T and P. Using the balanced
equation, methane and ammonia are in stoichiometric amounts and oxygen is in excess.
In 1 second:

ne, = ﬂ/ _ 1.00atm7>1< 20.91L = 0.576 mol CH,
4 RT 0.08206L atmK™ mol™ x 423K
0.576molICH, 8 2molHCN 5 27.03g HCN — 15.6 g HCN/s

S 2molCH, molHCN
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124, a. Outof 100.00 g of Z, we have:

3438 g Ni x =M _ ( 5858 mol Ni
69¢g
28139Cx M 53 molc: 2342 _ 53995
12.011g 0.5858
374890 x —M 533 moro; 2242 _ 4000
15.999¢ 0.5858

The empirical formula is NiC40.,.

1/2
RateZ ( My, _ (3995
MZ I\/IZ

1/2
= : because initial mol Ar =mol Z:
Rate Ar

39.95

z

12
0.4837 = [ J , M,;=170.8 g/mol

c. NiC,0,; M =58.69 + 4(12.01) + 4(16.00) = 170.73 g/mol
Molecular formula is also NiC,O,.

d. Each effusion step changes the concentration of Z in the gas by a factor of 0.4837. The
original concentration of Z molecules to Ar atomsisa 1 : 1 ratio. After 5 stages:

Nz/nar = (0.4837)° = 2.648 x 10

New,

n
2280 571 mol Ar: o, = — S, 0.650=

125, na= —— , _—
39.95¢g/mol Nep, + Nar Ney, +5.71

0.650(n¢y, +5.7) = n¢y,, 3.71 = (0.350)n¢,,,, Ny, = 10.6 mol CH,

KEag = E RT for 1 mol
)

Thus KEw = (10.6 + 5.71 mol) x 3/2 x 8.3145 J K™ mol™ x 298 K = 6.06 x 10* J = 60.6 kJ

126. 2 SO,(g) + O2(g) — 2 SO5(g); because P and T are constant, volume ratios will equal mole
ratios (V#V; = ndn;). Let x = mol SO, = mol O, present initially. SO, will be limiting
because a 2 : 1 SO, to O, mole ratio is required by the balanced equation, butonly a1 : 1
mole ratio is present. Therefore, no SO, will be present after the reaction goes to completion.
However, excess O(g) will be present as well as the SO3(g) produced.

1mol O,

Mol O, reacted = x mol SO, x
2molSO,

=x/2 mol O,
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127.

128.

Mol O, remaining = x mol O, initially — x/2 mol O, reacted = x/2 mol O,

2molSO 4

=x mol SO,
2molSO,

Mol SOz produced = x mol SO, x

Total moles gas initially = x mol SO, + x mol O, = 2x
Total moles gas after reaction = x/2 mol O, + x mol SOz = (3/2)x = (1.5)x

n, _V, (15x 15

V. 2X 7

—

=0.75; Vi/V;=0.75:1 or 3:4

>

The volume of the reaction container shrinks to 75% of the initial volume.
P,V; = P,V,; the total volumeis1.00 L + 1.00 L + 2.00 L = 4.00 L.

P,V .
For He: P, = -1 =200. torr x LooL
V 4.00L

2

=50.0 torr He

For Ne: P, =0.400 atm x 1.00L _ 0.100 atm: 0.100 atm x 760torr
4.00L atm

For Ar: P, =240 kPax 2995 = 100 kpa: 12.0 kpa x &M  760torr
4.00L 1013 kPa atm

=76.0 torr Ne

=90.0 torr Ar

Piwota =50.0 + 76.0 + 90.0 = 216.0 torr

12.01mgC =914 mgC; %C= 9.14mg

—_— x100=26.1% C
44.01mg CO, 35.0mg

33.5mg CO; x

x100=13.1%H

2.016mgH - 460 Mg H: % H = 4.60mg

41.1 mg H,O X —————
18.02mgH,0 35.0mg

740. 3
PNZV 7760 atm x 35.6 x10™° L

Ny, = = =1.42 x 10" mol N,
RT 0.08206L atm « 298K

K mol

28.02g N,

1.42 x 10° mol N, x
molN,

= 3.98 x 107? g nitrogen = 39.8 mg nitrogen

39.8mg
65.2mg

Mass % N = x 100 =61.0% N

Or we can get % N by difference: % N =100.0 - (26.1 + 13.1) = 60.8%
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Out of 100.0 g:
261gCx M 517 morc: 21 Z100
12.01g 217
131gHx =10 _ 13 0morn: 229 Z 59
1.008g 217
608gNx —10 _43smorn: 234 2500
1401g 217

Empirical formula is CHgNs.

Rate,
Rate,

12
_(M _ 264 _ 1.07, M = (1.07)* x 39.95 = 45.7 g/mol
39.95 24.6

Empirical formula mass of CHe¢N, = 12 + 6 + 28 = 46. Thus the molecular formula is also

CHgNa.

129. a. 156 mL x 1'37_9 =209 g HSICl; = actual yield of HSICl;

m
PV 10.0atm x 15.0L
NHot = — = =5.93 mol HCI
RT 0.08206L atm « 308K
K mol

1molHSICI, 8 135459 HSICl,
3molHCI molHSICl

5.93 mol HCI x =268 g HSICl;

actual yield <100 = 209¢g

—— = x 100 = 78.0%
theoreticd yield 268¢

Percent yield =

1molHSICl, 5 1molSH,

_ 4 =0.386 mol SiH,
135459 HSICl, ~ 4molHSICl,

b. 209 g HiSCly x

This is the theoretical yield. If the percent yield is 93.1%, then the actual yield is:
0.386 mol SiH, % 0.931 = 0.359 mol SiH,

0.359mol x 2-08206Latm 5 o

nRT K mol

Vi, = = =0.907 L = 907 mL SiH,

P 10.0atm
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1/2
130. a. PV =o+pP b. 'A(mu) = 2mucc M(l] = /M at constantT
n impact M
(straight line, y = b + mx)
PV
— Amu
n slope=m= impact
oF y intercept=b =«
P M

C. Ti=Toc +273; P= —”R(T"i; 2739

= constan{T.. + 273), where constant = %

This is in the form of the straight line equation, y = mx + b.

—m =R
slope =m = v

273 nR int t=p= 273 nR
-~ y intercept=b = =7

T(°C)

131.  We will apply Boyle’s law to solve. PV =nRT = constant, P,;V; = P,V,

Let condition (1) correspond to He from the tank that can be used to fill balloons. We must
leave 1.0 atm of He in the tank, so P, = 200. — 1.00 = 199 atm and V; = 15.0 L. Condition (2)
will correspond to the filled balloons with P, = 1.00 atm and V, = N(2.00 L), where N is the
number of filled balloons, each at a volume of 2.00 L.

199 atm x 15.0 L = 1.00 atm x N(2.00 L), N =1492.5; we can't fill 0.5 of a balloon, so N =
1492 balloons, or to 3 significant figures, 1490 balloons.

Challenge Problems

132. a. The formula of the compound A,B, depends on which gas is limiting, A, or B,. We need
to determine both possible products. The procedure we will use is to assume one reactant
is limiting, and then determine what happens to the initial total moles of gas as it is
converted into the product. Because P and T are constant, volume « n. Because mass is
conserved in a chemical reaction, any change in density must be due to a change in
volume of the container as the reaction goes to completion.

; d n. ..
Density =d L and vV n, so: —ater — _initial
\ d n

initial after



CHAPTERS5 GASES 143

133.

Assume the molecular formula of the product is A,By where x and y are whole numbers.
First, let’s consider when A, is limiting with x moles each of A, and B, in our equimolar
mixture. Note that the coefficient in front of ABy in the equation must be 2 for a
balanced reaction.

XAx9) + yBag) — 2ABy(9)

Initial x mol x mol 0 mol

Change —xmol -y mol +2 mol

Final 0 (x —y) mol 2 mol
Qapier _ 150 = Ninitial _ 2X

dinitial nafter X—y+ 2

(1.50)x — (1.50)y + 3.00 = 2x, 3.00 — (1.50)y = (0.50)x

Because x and y are whole numbers, y must be 1 because the above equation does not
allow y to be 2 or greater. Wheny =1, x = 3 giving a formula of A3B if A; is limiting.

Assuming B is limiting with y moles in the equimolar mixture:

XA(Q) + yBag) — 2AB09)

Initial y y 0
Change  —x -y +2
After y =X 0 2

denSityafter =150 = Ninitial — 2y

density, rore Nar Y =X+ 2

Solving gives x = 1 and y = 3 for a molecular formula of AB; when B, is limiting.

b. Inboth possible products, the equations dictated that only one mole of either A or B had
to be present in the formula. Any number larger than 1 would not fit the data given in the
problem. Thus the two formulas determined are both molecular formulas and not just
empirical formulas.

The reactions are:

C(s) + 1/2 0z(g) — CO(g) and C(s) + Oz(g) — CO2(9)

PV =nRT, P= n(gj = n(constant)

Because the pressure has increased by 17.0%, the number of moles of gas has also increased
by 17.0%.

Nfinal = (1.170)Ninitia = 1.170(5.00) = 5.85 mol gas = N + N +Neg,
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Nco +Nco, =5.00 (balancing moles of C). Solving by simultaneous equations:
No, + Nco +Nco, =585
—(N¢o +Nco, =5.00)
No, =0.85
If all C were converted to CO,, no O, would be left. If all C were converted to CO, we would
get 5 mol CO and 2.5 mol excess O; in the reaction mixture. In the final mixture, moles of
CO equals twice the moles of O, present (nco = 2N ).
Neo = 2Ny, =1.70 mol CO; 1.70 + n¢o, = 5.00, neo, =3.30 mol CO;
1.70 3.30
=—— = 0.291; = —— = 0.564; =1.000 - 0.291 - 0.564 = 0.145
Xco 585 Xco, 585 Xo,
134.  BaO(s) + CO,(g) — BaCOs(s); CaO(s) + COy(g) — CaCOx(s)

@atm x 1.50L

PV _. .. 760
n; = —— = initial moles of CO, = =0.0595 mol CO,
RT 0.08206L atm X 3032 K

K mol

@atm x 1.50L

PV _ . 760
n; = —— = final moles of CO, = =0.0182 mol CO,
RT 0.08206L atm « 3032 K

K mol

0.0595 - 0.0182 = 0.0413 mol CO,reacted
Because each metal reacts 1 : 1 with CO,, the mixture contains 0.0413 mol of BaO and CaO.
The molar masses of BaO and CaO are 153.3 and 56.08 g/mol, respectively.

Let x = mass of BaO and y = mass of CaO, so:

X+y=514g and —— + —Y— =0.0413 mol or x + (2.734)y = 6.33
1533 ' 56.08

Solving by simultaneous equations:

X+ (2.734)y= 6.33
=X -y=-5.14
(1.734)y= 1.19, y=1.19/1.734 = 0.686

y=0.686 g CaO and 5.14 —y =x = 4.45 g BaO



CHAPTERS5 GASES 145

135.

136.

4.459 BaO

1l4g
% CaO =100.0 — 86.6 = 13.4% CaO

Mass % BaO = x 100 = 86.6% BaO

Figure 5.16 shows the effect of temperature on the Maxwell-Boltzmann distribution of
velocities of molecules. Note that as temperature increases, the probability that a gas particle
has the most probable velocity decreases. Thus, since the probability of the gas particle with
the most probable velocity decreased by one-half, then the temperature must be higher than
300. K.

The equation that determines the probability that a gas molecule has a certain velocity is:

3/2
m J U 2e M’/ 2ksT

flu) = 4
w) 7t[27rkBT

Let T, = the unknown temperature, then:

—muj, x/2kgT,

m 3/2
4n uz e
flUmp) 1 _ (anBTXJ .

- - 3/2
f(Ump300) 2 m “mu2, 500! 2KgT.
2 mp,300 B 300
TKg 1300

1 3/2
1 (T] (T [TJ

2 3/2 T
[1j (Ts00)

X
T300

Note that the overall exponent term cancels from the expression when 2kgT/m is substituted
for uﬁm in the exponent term; the temperatures cancel. Solving for Ty:

2

X

L (300' KJ, T,=1.20x 10°K

As expected, Ty is higher than 300. K.

a. The number of collisions of gas particles with the walls of the container is proportional

to:
N [T

Zpoc — . |—

AT vIM
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where N = number of gas particles, V= volume of container, T = temperature (Kelvin),
and M = molar mass of gas particles in kilograms. Because both He samples are in
separate containers of the same volume, V and M are constant. Because pressure and
volume are constant, P oc nT (also, n oc N).

Thus: Za o NVT

N T,
é = 1\/_1 = 2, and N;T;=N,T,
Z,  NypT,

2T

s M AT T 2L T, 2T, =T,

N A
Solving: 4T, =T,, T;=1/4T,, because P o« nT, and P is constant, n; = 4n,.
Although the number of collisions in container 1 is twice as high, the temperature is one-
fourth that of container 2. This is so because there are four times the number of moles of
helium gas in container 1.

b. There are twice the number of collisions, but because the temperature is lower, the gas
particles are hitting with less forceful collisions. Overall, the pressure is the same in each
container.

137.  From the problem, we want Z,/Z = 1.00 x 10" where Z is the collision frequency of the gas

particles with the walls of the container and Z is the intermolecular collision frequency.

N | RT
V\2zM
Fromthetext: 2 = — V="M —1 00 10%®, 1.00 x 10 = +
Z N [xRT 4d® nv2
\% M

If | = length of the cube edge container, then the area A of one cube face is I* and the total

area in the cube is 61% (6 faces/cube). He diameter =d = 2(3.2 x 10 m) = 6.4 x 10 m.

Solving the above expression for A, and then for | gives | =0.11 m = 1.1 dm.

Volume =P =(1.1dm)®=13dm*=13L

138. a. We assumed a pressure of 1.0 atm and a temperature of 25°C (298 K).

50. Ib x 0.454 kg/lb = 23 kg

N = ﬂ/ _ 1.0atm x 10.L — 0.41molgas
RT 0.08206L atm « 298K
K mol

The lift of one balloon is: 0.41 mol(29 g/mol — 4.003 g/mol) = 10. g.
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139.

140.

To lift 23 kg = 23,000 g, we need at least 23,000/10 = 2300 balloons. This is a lot of
balloons.

b. The balloon displaces air as it is filled. The displaced air has mass, as does the helium in
the balloon, but the displaced air has more mass than the helium. The difference in this
mass is the lift of the balloon. Because volume is constant, the difference in mass is
directly related to the difference in density between air and helium.

dRT P x molarmass
Molar mass = 5 P and molar mass are constant; dT = XT = constant

d = constant(1/T) or d;T; = d,T,, where T is in kelvin (K).

T =x+°C; 1.2930(x + 0.0) = 0.9460(x + 100.0)

(1.2930)x = (0.9460)x + 94.60, (0.3470)x = 94.60, x = 272.6

From these data, absolute zero would be —272.6°C. The actual value is —273.15°C.

Dalton’s law states: Py = Py + P, + ... + Py, for k different types of gas molecules in a
mixture. The postulates of the kinetic molecular theory are:

1. the volume of the individual particles can be assumed to be negligible.

2. the collisions of the particles with the walls of the container are the cause of the pressure
exerted by the gas.

3. the particles assert no forces on each other.

4. the average kinetic energy of a collection of gas particles is assumed to be directly
proportional to the Kelvin temperature of the gas.

The derivation is very similar to the ideal gas law derivation covered in Section 5.6 of the
text. For a mixture of gases in a cube, there exist k different types of gas molecules. For
each type (i) of gas molecule, the force on the cube = F; = (2mi/L)ui.

Because the gas particles are assumed non-interacting, the total force for all the gas molecules
in the mixture is:

k

2m;
Frotal = ZT'(U.Z)

i=1

Now we want the average force for each type of gas particle, which is:

2m;
Ftotal = ZTI(U?)
i=1
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Pressure due to the average particle in this gas mixture of k types is the average total force
divided by the total area. The expression for pressure is:

2

K. 2m. k
2 ) X mE)

P= 5 = , Where V is the volume of the cube
6L 3V

Total pressure due to the number of moles of different gases is:

Zk:niNami(Uiz)

Pota = 3y where Na = Avogadro’s number

1 _ . .
Because molar KE; 4 = NE’(E miufj, the expression for total pressure can be written as:

Assuming molar KE; . is proportional to T and is equal to %RT , then:

n;RT
\%

n;RT
\%

P =

total

M-

Il
=

k
= Y P, because P, =
i=1

This is Dalton’s law of partial pressure. Note that no additional assumptions are necessary

other than the postulates of the kinetic molecular theory and the conclusions drawn from the
ideal gas law derivation.

141. PV _ 1+ PP; N molar mass = d
nRT V
molarmass P _, o P__RT  _ PRTP
RT d d molarmass molarmass

This is in the equation for a straight line: y = b + mx. If we plot P/d versus P and extrapolate
to P =0, we get ay intercept = b = 1.398 = RT/molar mass.

0.08206x 273.15
1.398

At 0.00°C, molar mass = =16.03 g/mol.

142. a. When the balloon is heated, the balloon will expand (P and n remain constant). The mass
of the balloon is the same, but the volume increases, so the density of the argon in the
balloon decreases. When the density is less than that of air, the balloon will rise.
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b. Assuming the balloon has no mass, when the density of the argon equals the density of
air, the balloon will float in air. Above this temperature, the balloon will rise.

PeMM, .
air = % , Where MMy;, = average molar mass of air

MM,;r = 0.790 x 28.02 g/mol + 0.210 x 32.00 g/mol = 28.9 g/mol

1.00atm x 28.9 g/mol
0.08206L atm
K mol

4o = 1.00atm x 39.95g/mol
&N T 0.08206L atm
e T
K mol

dair = = 1.18 g/L

x 298 K

=1.18¢g/L, T=413K

Heat the Ar above 413 K or 140.°C and the balloon will float.

143.  Initially we have 1.00 mol CH,4 (16.0 g/mol = molar mass) and 2.00 mol O, (32.0 g/mol
= molar mass).

CH4(g) + a0z(9) — bCO(g) + ¢ CO(g) + d HO(g)
b+c¢=1.00 (Cbalance); 2a=b +2c +d (O balance)

2d =4 (H balance), d=2=2.00 mol H,O

nRT _ 3.00mol x 0.08206L atmK ™ mol™* x 425K

Vinitial = 1.00atm

=104.6 L (1 extra sig .fig.)

80.0g

———— =0.7648 g/L (1 extra significant figure
1046 L oL J gure)

Densityinitial =

Because mass is constant:

d. .. 0.7648g/L
maSS:Viii diii :Vi di ,Vi =Viii M=1046L _—
nitial X initial final X Ufinal, V final nitial X X 072829/L

final

Visina = 109.9 L (1 extra significant figure)

Nfinal = PV _ 0 ééozooztﬁa:mlwg L 3.15 total moles of gas
RT  200-06Lalm | o5k

K mol

Assuming an excess of O, is present after reaction, an expression for the total moles of gas
present at completion is:
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b+c+2.00+(2.00—a)=23.15; Note: d=2.00 mol H,O was determined previously.
Because b + ¢ = 1.00, solving gives a = 1.85 mol O, reacted. Indeed, O; is in excess.
From the O balance equation:
2a=3.70=b+2c+2.00, b+2c=1.70
Because b + ¢ = 1.00, solving gives b = 0.30 mol CO and ¢ = 0.70 mol CO..
The fraction of methane that reacts to form CO is 0.30 mol CO/1.00 mol CH4 = 0.30 (or 30.%
by moles of the reacted methane forms CO).
1/2
Tl
NY RT V¥ z, (M, M,T, )
144, 7, = A(—)[—) ; = = =211 =100, MiT, = M,T,
V )\ 2aM z, T, M, T,
M,
T2 _ &; Tur, = Mur, _ 3520 _ 87.93
T, M, T, M,, 4.003
145.  Cr(s) + 3HCI(ag) — CrCls(aq) + 3/2 Hx(g); Zn(s) + 2 HCl(ag) — ZnCl,(aq) + Hz(g)

750.torr x _-atm
760torr

J x 0.225L
= 9.02 x 102 mol H,

___ PV
Mol H, produced—n—ﬁ— 0.08206L atm

x (273 + 27)K
K mol

9.02 x 10~ mol H, = mol H, from Cr reaction + mol H, from Zn reaction
From the balanced equation: 9.02 x 10 mol H, =mol Cr x (3/2) + mol Zn x 1
Let x = mass of Cr and y = mass of Zn, then:

@.5)x N y

x+y=0.362gand9.02x10°= —
5200 6538

We have two equations and two unknowns. Solving by simultaneous equations:

9.02 x 10°% = (0.02885)x + (0.01530)y
—0.01530 x 0.362 = —(0.01530)x — (0.01530)y

-3
3.48x 102 = (0.01355)x, x = mass of Cr= S0 X107 _ 4 557 g
0.01355

0.105g

y = mass of Zn =0.362 g — 0.257 g = 0.105 g Zn; mass % Zn = 5 x 100

629 29,09 zn
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146.

After the hole develops, assume each He that collides with the hole goes into the Rn side and
that each Rn that collides with the hole goes into the He side. Assume no molecules return to
the side in which they began. Initial moles of each gas:

L _ PV _ (200x10° atm) x 1.00L

= -8
RT ~ 0.08206L atm = 812107 mol

ol ¥ 300.K
1/2
Zie = A x vﬁ X (ZRLJ : vﬂ = R—PT x Na % 1000 L/m® and A = nr?
T
2.00x10°

Zie =7(1.00 x 107° m)® x x (6.022 x 10%) x 1000

0.08206x 300.

[ _8:3145x 300.
21(4.003 x 107%)

1/2
J = 4.84 x 10" collisions/s

Therefore, 4.84 x 10'° atoms/s leave the He side.

60 min y 60s y 4.84 x 10'° atoms

- =1.74 x 10" atoms
1h 1min S

10.0 h x

1.74 x 10™ atoms

r: = =2.89 x 10~ mol He leave in 10.0 h.
6.022 x 10°° atoms/mol

2.00 x 10°°

Zrn=m(1.00 x 10 m)? x -~~~
an =1 ) X 308206 300

x (6.022 x 10%) x 1000

. ( 8.3145 x 300.

1/2
——o | =6.50 x 10° collisions/s
21 (222 x 107°)

6.50 x 10° atoms/s leave Rn side.

6.50 x 10° atoms y 1mol
s 6.022 x 10 atoms

Side that began with He now contains:

=3.89 x 107 mol Rn leave in
10.0 h

3.60 x 10* s x

8.12x10°%-2.89 x 10°%=7.83 x 10 mol He + 3.89 x 10° mol Rn
=7.87 x 10 moles total

The pressure in the He side is:

nRT _ (7.87 x 10° mol) x 0.08206L atmK ™ mol™ x 300. K
Vv 1.00L

P = =1.94 x 10°° atm
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147.

148.

We can determine the pressure in the Rn chamber two ways. Because no gas has escaped,
and because the initial pressures were equal and the pressure in one of the sides decreased by
0.06 x 10 atm, P in the second side must increase by 0.06 x 10~° atm. Thus the pressure on
the side that originally contained Rn is 2.06 x 10~ atm. Or we can calculate P the same way
as with He. The Rn side contains:

8.12x10°-3.89 x 10° =8.08 x 10 mol Rn + 2.89 x 10°° mol He
=8.37 x 10°® mol total

nRT _ (8.87 x 10°® mol) x 0.08206L atmK ™ mol™* x 300.K
\Y 1.00L

P = =2.06 x 10 atm

Each stage will give an enrichment of:

1/2
. . 12 M13
Diffusion rate ““CO, _{ COZJ _ (45'001J: 1.0113

Diffusion rate 3CO, | M 43998

12¢p,

Because 2CO, moves slightly faster, each successive stage will have less **CO..

12 12
99.9013 co, « 10113 = 99.99013 co,
0.10 ~°CO, 0.010 ~°CO,
9,9990 . o .
1.0113V = ===== =10.009 carrying extra significant figures
999,00 (carrying g gures)
N log(1.0113) = log(10.009), N = % =2.05 x 10% ~ 2.1 x 10° stages are needed.
. X

Let x = moles SO, = moles O, and z = moles He.

PeMM

where MM = molar mass

1924 g/L = 5 08216%0Loz:[tr: MM MM = 43.13 g/mol
0.08206Latm 4, k

K mol

Assuming 1.000 total moles of mixture is present, then: x + x +z = 1.000 and:
64.07 g/mol x x + 32.00 g/mol x x + 4.003 g/mol x z =43.13 g

2x +z=1.000 and (96.07)x + (4.003)z = 43.13

Solving: x =0.4443 mol and z = 0.1114 mol

Thus: yne = 0.1114 mol/1.000 mol = 0.1114
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b. 2S0,(g) + O2(g) — 2 S04(g)

Initially, assume 0.4443 mol SO,, 0.4443 mol O, and 0.1114 mol He. Because SO; is
limiting, we end up with 0.2222 mol O,, 0.4443 mol SOs, and 0.1114 mol He in the
gaseous product mixture. This gives: Niyiia = 1.0000 mol and nginy = 0.7779 mol.

. . m 1
In a reaction, mass is constant. d = % andV «<natconstantPand T,sod o« —.
n

Ninitial _

Nfinal 0.7779  diita

1.0000  dg, _(1.0000
- v HYfinal T | A 5955

x 1.924 g/L, dfing = 2.473 g/L
0.7779j g final g

149.  d =molar mass(P/RT); at constant P and T, the density of gas is directly proportional to the
molar mass of the gas. Thus the molar mass of the gas has a value which is 1.38 times that of
the molar mass of O,.

Molar mass = 1.38(32.00 g/mol) = 44.2 g/mol

Because H.,0O is produced when the unknown binary compound is combusted, the unknown
must contain hydrogen. Let AH, be the formula for unknown compound.

1molAH

Mol AH, =10.0g AdHy x — . Y =0.226 mol AH,

1molH,0 y 2molH
18.02¢g molH,0

= 1.81 mol H

Mol H=16.3gH,0 x

1.81molH

=8 mol H/mol A\H, ; AAZH, = AH
0.226molA,H, Y T R

The mass of the x moles of A in the AHg formula is:

442 g—8(1.008¢g)=36.1¢
From the periodic table and by trial and error, some possibilities for A;Hg are CIHg, F;Hs,
C;sHs, and BesHs. CsHg and BeysHg fit the data best and because CsHg (propane) is a known

substance, CsHg is the best possible identity from the data in this problem.

150.  Assuming 1.000 L of the hydrocarbon (C,H,), then the volume of products will be 4.000 L
and the mass of products (H,O + CO,) will be:

1.391 g/L x 4.000 L = 5.564 g products

=0.0392 mol

PV 0.959atmx 1.000L
Mol CHy = ngpy = 5= =
RT 0.08206L atm « 298K
K mol
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Mol products = n, = % =9 Oégégtrztxm‘l'oom' =0.196 mol
'KT x 375K
CiHy + oxygen — x CO, +y/2 H,0
Setting up two equations:
(0.0392)x + 0.0392(y/2) = 0.196 (moles of products)
(0.0392)x(44.01 g/mol) + 0.0392(y/2)(18.02 g/mol) =5.564 g (mass of products)
Solving: x =2 and y = 6, so the formula of the hydrocarbon is C,He.
151. a. Thereactionis: CH4(g) + 2 Oy(g) — CO(g) + 2 H,0(g)

P.. V, \/.
PV =nRT, *¥ = RT = constant, ~HecHe _ PairVar
n nCH4 naxir

The balanced equation requires 2 mol O, for every mol of CH, that reacts. For three
times as much oxygen, we would need 6 mol O, per mol of CH, reacted (ny, = 6ng,,, ).
Air is 21% mole percent Oy, so No, = (0.21)ng. Therefore, the moles of air we would
need to deliver the excess O, are:

n02: (0-21)nair= GHCH , Ngir = 29nCH ’ Ny =29
4 -

CH,
In 1 minute:
. P 1. m L
Vi = Ve, X Nair x —M =200, L x 29 x S0at =8.7 x 10° L air/min
tNey, P.ir 1.00atm

b. If x mol of CH, were reacted, then 6x mol O, were added, producing (0.950)x mol CO,
and (0.050)x mol of CO. In addition, 2x mol H,O must be produced to balance the
hydrogens.

CH.(g) + 2 O,(g) — CO(g) + 2 H,0(9); CHa(g) + 3/2 O,(g) — CO(g) + 2 H,0(9)
Amount O, reacted:

(0.950)x mol CO, x 2M2102
molCO

1CO,

= (1.90)x mol O,

1.5mol0O,

(0.050)x mol CO x
molCO

=(0.075)x mol O,

Amount of O, left in reaction mixture = (6.00)x — (1.90)x — (0.075)x = (4.03)x mol O,
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79molN,

Amount of N, = (6.00)x mol O, x
21mol O,

= (22.6)x =~ 23x mol N,

The reaction mixture contains:
(0.950)x mol CO, + (0.050)x mol CO + (4.03)x mol O, + (2.00)x mol H,O

+23x mol N, = (30.)x mol of gas total

yoo 2 050X oo (0950 _ s (409X _
(30.) T (30)x : ~ (30)x
g = 200X g 067 4 =2 _ o7
© = "(30)x : ~ (30)x

C. The partial pressures are determined by P = yPi. Because P = 1.00 atm, Peo =
0.0017 atm, PCOZ =0.032 atm, Poz =0.13 atm, PHZO =0.067 atm, and PNz =0.77 atm.

152. Ny = total number of moles of gas that have effused into the container:

o PV _ (120x10°atm) x 1.00L
& T~ 0.08206L atm
K mol

=4.87 x 10 mol

x 300. K

This amount has entered over a time span of 24 hours:

24h x 20MIN 608 _ g 6ax10ts
1lh 1min
-8
Thus: 487 x10 4mo| =5.64 x 10 mol/s have entered the container.
8.64 x 10" s

5.64 x 107 mol . 6.022x 10% molecules

= 3.40 x 10* molecules/s
S mol

The frequency of collisions of the gas with a given area is:

1/2

N )( RT 3.40 x 10" molecules

Z=A ; Ztotal = = ZN2 + ZO2
Vv 21M S

_ P 1.00atm
RT 0.08206L atm « 300.K
K mol

=4.06 x 102 mol/L

n
Y
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—2 23

N _ 4.06 x 10 mol o 6.022 x 10°° molecules y 1008L — 244 x 10% molecules/m?

V L mol m

For N,: Vﬁ = (0.78)(2.44 x 10%) = 1.9 x 10% molecules/m®

For Oy Vﬂ = (0.22)(2.44 x 10%) = 5.4 x 10* molecules/m®

Ziowa = 3.40 x 10™ molecules/s = Zy, + Zo,

8.3145x 300, | 8.3145x 300. |
340 x 101 = Al19x 107 -2 T | 54100 X2
27(280 x 10°7) 2 1(32.0 x 107°)
3.40 x 10" molecules Al 23 10°" molecules L 60x 10°® molecules
S m?s m?s
1 16 2 \Y2
p= 320107 o a0 =g, 1= | 22X ) 6ok 10°m=62nm
29 x10 o

Diameter of hole = 2r =2(6.2 x 10°m) = 1.2 x 10 m =12 nm

153. a. Average molar mass of air = 0.790 x 28.02 g/mol + 0.210 x 32.00 g/mol = 28.9 g/mol;

molar mass of helium = 4.003 g/mol

A given volume of air at a given set of conditions has a larger density than helium at
those conditions. We need to heat the air to a temperature greater than 25°C in order to
lower the air density (by driving air out of the hot air balloon) until the density is the
same as that for helium (at 25°C and 1.00 atm).

b. To provide the same lift as the helium balloon (assume V = 1.00 L), the mass of air in the
hot-air balloon (V = 1.00 L) must be the same as that in the helium balloon. Let MM =
molar mass:

PeMM = dRT, mass = w ; solving: mass He =0.164 g

Mass air = 0.164 g = 28.9g/mol x 1.00atm x 1.00L , T=2150 K (a very high

0.08206L atm temperature)
K mol
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Marathon Problem

154.

We must determine the identities of element A and compound B in order to answer the
questions. Use the first set of data to determine the identity of element A.

Mass N, = 659.452 g — 658.572 g = 0.880 g N,

1molN,

0.880 g N, x = 0.0314 mol N,
28029 N,
o 003L4mol x W « 288K
v="10 mloatm - 0.714L
P 790. torr x
760torr
(745t0rrx 7flsgttm J « 0.714L
Ir
Molesof A=n= ° =0.0285 mol A

0.08206L atmK ™ mol™* x (273+ 26) K

Mass of A = 660.59 — 658.572g=2.02g A

2.02g A

Molar massof A= ————
0.0285mol A

=70.9 g/mol

The only element that is a gas at 26°C and 745 torr and has a molar mass close to 70.9 g/mol
is chlorine = Cl, = element A.

The remainder of the information is used to determine the formula of compound B.
Assuming 100.00 g of B:

1molC 7.13

8569 Cx —~ =713mol C; ~=2 =1.00
1201gC 713

1agHx =M ok 3 oo,
1.008g H 713

Empirical formula of B = CH,; molecular formula = C,H,, where x is a whole number.
The balanced combustion reaction of C,H,, with O, is:
CxHax(g) +3x/2 O5(g) — X CO,(g) + x H0(1)

To determine the formula of C,H,,, we need to determine the actual moles of all species
present.
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Mass of CO, + H,O produced = 846.7 g — 765.39=81.4¢
Because mol CO, = mol H,0 = x (see balanced equation):

44.01g CO 18.02g H,0

81.4 g =x mol CO, x Z +x mol H,0 x , Xx=1.31mol
molCO, molH,0
Mol O, reacted = 1.31 mol CO, x M =1.97 mol O,
molCO,

From the data, we can calculate the moles of excess O, because only O,(g) remains after the
combustion reaction has gone to completion.

PV 6.02atm x 10.68 L

Ng, =— = ERE] = 2.66 mol excess O,
*  RT 0.08206LatmK™ mol™ x (273+22) K

Mol O, present initially = 1.97 mol + 2.66 mol = 4.63 mol O,

Total moles gaseous reactants before reaction = PV = 11.98atm x 10.68L = 5.29 mol
RT 0.08206 x 295K

Mol C,H,, = 5.29 mol total — 4.63 mol O, = 0.66 mol C,Hy
Summarizing:

0.66 mol C,H,, + 1.97 mol O, — 1.31 mol CO, + 1.31 mol H,0
Dividing all quantities by 0.66 gives:

CiHx +30, > 2 CO;, + 2 H,0
To balance the equation, CyH,, must be C,H, = compound B.
a. Now we can answer the questions. The reaction is:

C2Ha(g) + Clx(g) — C2H4Clx(9)
B + A C

Mol Cl,= n = -¥ = L00atm x 1001 = 0.446 mol Cl,
RT  0.08206L atmK™ mol™ x 273K

Mol CiH,=n = ¥ = LODatm x 8.60 L = 0.384 mol C;H,
RT  0.08206L atmK™ mol™ x 273K

Because a 1 : 1 mol ratio is required by the balanced reaction, C,H, is limiting.
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1molC,H,Cl, y 98.95¢
molC,H, molC,H,Cl,
=38.0 g CzH4C|2

Mass C,H4Cl, produced = 0.384 mol C,H, x

b. Excess mol Cl, =0.446 mol Cl, — 0.384 mol ClI, reacted = 0.062 mol Cl,

n total RT
Vv

Protar =

Niotat = 0.384 mol C,H,Cl, produced + 0.062 mol Cl, excess = 0.446 mol

V=100L+860L=186L

-1 -1
Piu = 0.446mol x 0.0820(ilégt£nK mol™ x 273K — 0537 atm




