CHAPTER 3

STOICHIOMETRY

Atomic Masses and the Mass Spectrometer

23.  186.207 = 0.6260(186.956) + 0.3740(A), 186.207 — 117.0 = 0.3740(A)

A= 06397'10 =185 amu (A = 184.95 amu without rounding to proper significant figures)

24, A=0.0140(203.973) + 0.2410(205.9745) + 0.2210(206.9759) + 0.5240(207.9766)

A =286 +49.64 +45.74 + 109.0 = 207.2 amu; from the periodic table, the element is Pb.

25. Average atomic mass = A = 0.0800(45.95269) + 0.0730(46.951764) + 0.7380(47.947947)
+0.0550(48.947841) + 0.0540(49.944792) = 47.88 amu
This is element Ti (titanium).
26. Because we are not given the relative masses of the isotopes, we need to estimate the masses
of the isotopes. A good estimate is to assume that only the protons and neutrons contribute to
the overall mass of the atom and that the atomic mass of a proton and neutron are each 1.00
amu. So the masses are about: **Fe, 54.00 amu; *°Fe, 56.00 amu; >'Fe, 57.00 amu; *®Fe,

58.00 amu. Using these masses and the abundances given in the mass spectrum, the
calculated average atomic mass would be:

0.0585(54.00) + 0.9175(56.00) + 0.0212(57.00) + 0.0028(58.00) = 55.91 amu
The average atomic mass listed in the periodic table is 55.85 amu.

27. If silver is 51.82% '’ Ag, then the remainder is '°Ag (48.18%). Determining the atomic
mass (A) of '®Ag:

51.82(106.905) + 48.18(A)
100

107.868 =

10786.8 = 5540. + (48.18)A, A = 108.9 amu = atomic mass of '®Ag
28.  Letx =% of ™Euandy = % of **Eu, then x + y = 100 and y = 100 — x.

x(150.9196) + (100— X)(L52.9209)
100

151.96 =

15196 = (150.9196)x + 15292.09 — (152.9209), —96 = —(2.0013)x

X = 48%:; 48% Eu and 100 — 48 = 52% °Eu

17
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29.

30.

GaAs can be either GaAs or "GaAs. The mass spectrum for GaAs will have two peaks at
144 (= 69 + 75) and 146 (= 71 + 75) with intensities in the ratio of 60 : 40 or 3 : 2.

144 146

Ga,As, can be ®Ga,As,, ®Ga’'GaAs,, or “Ga,As,. The mass spectrum will have three peaks
at 288, 290, and 292 with intensities in the ratio of 36 : 48 : 16 or 9 : 12 : 4. We get this ratio
from the following probability table:

®Ga (0.60) | "Ga (0.40)
*Ga (0.60) 0.36 0.24
"Ga (0.40) 0.24 0.16
288 290 292
Scaled Intensity

Compound Mass Intensity Largest Peak = 100
H,"*’Te 121.92 0.09 0.3
H,'%Te 123.92 2.46 7.1
H,'*Te 124.92 0.87 2.5
H,"*Te 125.92 4.61 13.4
H,'"*Te 126.92 6.99 20.3
H,'*°Te 127.92 18.71 54.3
H,'%Te 129.92 31.79 92.2
H,"*’Te 131.93 34.48 100.0
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31.

100 —

50 —

| ] !
122 124 126 128 130 132 134

There are three peaks in the mass spectrum, each 2 mass units apart. This is consistent with
two isotopes, differing in mass by two mass units. The peak at 157.84 corresponds to a Br,
molecule composed of two atoms of the lighter isotope. This isotope has mass equal to
157.84/2, or 78.92. This corresponds to "°Br. The second isotope is ®Br with mass equal to
161.84/2 = 80.92. The peaks in the mass spectrum correspond to "°Br,, "°Br®'Br, and ®Br, in
order of increasing mass. The intensities of the highest and lowest masses tell us the two
isotopes are present at about equal abundance. The actual abundance is 50.68% "°Br and
49.32% *'Br.

Moles and Molar Masses

32.

1mol

4.24 g CeHs X
9% X Zg11g

=543 x 102 mol CgHg

6.022 x 10%* molecules
mol

5.43 x 102 mol CgHg x =3.27 x 10% molecules CgHg

Each molecule of CsHg contains 6 atoms C + 6 atoms H = 12 atoms total.

3.27 x 10% molecules CgHg x 12atomstotal _ 3.92 x 10% atoms total
molecule
0.224 mol H,0 x 28929 _ 4 04 g 1,0
mol
23

0.224 mol H,0 x 202210 Imo'ecu'es = 1.35 x 10% molecules H,0

mo
1.35 x 10% molecules H,0 x 3atomstotal _ 4.05 x 10% atoms total

molecule
1mol

2.71 x 10?2 molecules CO, x =450 x 102 mol CO,

6.022 x 10* molecules
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450 x 102 mol CO, x 24019 — 1 984 O,
2.71 x 10% molecules CO, x _3atomstotal _ 8.13 x 10% atoms total
moleculeCO,
1molecule

3.35 x 10% atoms total x =5.58 x 10%* molecules CH;OH

6 atomstotal

1mol

5.58 x 10°* molecules CH;OH x =
6.022 x 10”° molecules

=9.27 x 10~ mol CH;OH

32,049

9.27 x 10~ mol CH;0OH x
mol

=0.297 g CH;OH

imolH, 2molH 6.022 x 10*®atoms H

33.  4.0gH,x x x = 2.4 x 10** atoms
2.016gH, 1molH, 1molH
23
4.0gHe x 1molHe 8 6.022 x 107" atoms He _ 6.0 x 102 atoms
4.003g He 1molHe
23
1.0 mol F, x 2molF 8 6.022 x 10°° atomsF — 1.2 x 10% atoms
1molF, 1molF
23
44.0 g CO, x 1molCO, 5 3molatoms(1C +20) y 6.022 x 10" atoms
44.019 CO, 1molCO, 1molatoms
=1.81 x 10** atoms
23
146 g SF¢ x 1molSF, " 7molatoms(1S+6F) 8 6.022x10™ atoms _ 421 x 102 atoms

146.07 g Sk 1mol Sk 1molatoms
The order is: 4.0 g He <1.0 mol F,<44.0 g CO,<4.0 g H, <146 g SF¢
34. Molar mass of CsHgOs = 6(12.011) + 8(1.0079) + 6(15.999) = 176.123 g/mol

19 y 1mol
1000mg 176.12¢

500.0 mg x =2.839 x 10~ mol

6.022 x 10%% molecules
mol

2.839 x 10 mol x =1.710 x 10% molecules

35. a 9(12.011) + 8(1.0079) + 4(15.999) = 180.158 g/mol

19 y 1mol
1000mg 180.169

b. 500. mg x =2.78 x 102 mol
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36.

37.

6.022 x 10% molecules

2.78 x 10~ mol x =1.67 x 10% molecules

mol
14 mol C x 12.011g + 18 mol H x 1.0079g +2mol N x 14.007¢g
mol C molH molN
+5mol 0 x 229999 _ 294 305 g/mol

1molCyHigN,O5 3.40 x 1072 mol C14H1sN,0s

10.0 g C14H1sN,O5 x

29439 C,,H,;N,O,
294,
1.56 mol x M =459 g C14H1sN,O5
23
5.0 mg x 1g X 1mol X 6.02x10" molecles =1.0x 1019 molecules C14H13N205
1000mg 294.3g mol
23
1.2 g CaHiN,0s X 1molC,,H;gN,O; 5 2molN 8 6.02 x 10°° atomsN
29439C,,H,iN,O; molC,,H,;N,Oq molN
= 4.9 x 10* atoms N
1.0 x 10° molecules x 1m;33| « 29439 _ 4910 g
6.02 x 10" atoms mol
1mol 294.305¢ Y
1 molecule x X =4.887 x 10 C14H1gN,0
6.022 x 102 atoms  mol 9 FaatlasTabs

2(12.01) + 3(1.008) + 3(35.45) + 2(16.00) = 165.39 g/mol

500.0 g x —M°1 _ 3023 mol C,H,CI:0,
16539
2.0 x 102 mol x 20>399 _ 330 ¢ H.Cl0,

1mol y 6.02 x 10%® molecules 5 3atomsCl
165.39¢ mol molecule

5.0 g C2H3C|302 X
= 5.5 x 10% atoms of chlorine

1molCl y 1molC,H,CI;0, 8 165399 C,H,CI,0,
35459 3molCl molC,H,CI,0,

1.0gClx = 1.6 g chloral hydrate
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38.

39.

40.

1mol 165399

f. 500 molecules x >3
6.022 x 10°° molecules mol

=1.373x10 g

454gflour 300 x 10° g C,H,Br, . _LmolC,H,Br,
Ib flour g flour 18799 C,H,Br,

1.0 Ib flour x

23
* 6.02 x 10™ molecules =44 x 1016 molecules C,H,Br,
molC,H,Br,
1g 1mol

X =1.03 x 104 mol C8H10N402
1000mg 194.20g

e

20.0 mg CgH10N4O, x

1mol

b. 2.72 x 10* molecules C;HsOH x >
6.022 x 10°° molecules

=452 x 10°mol C,HsOH

150 g CO, x MO _ 341 x 102 mol cO,
44.01g

o

a. A chemical formula gives atom ratios as well as mole ratios. We will use both ratios to
illustrate how these conversion factors can be used.

Molar mass of C;HsO,N =2(12.01) + 5(1.008) + 2(16.00) + 14.0l = 75.07 g/mol

1molC,HO,N _  6.022x 10**molecules C,H,O,N

5.00 g C,H505N x
75079 C,H.O,N mol C,H.O,N

latomN

=4.01 x 10 atoms N
moleculeC,H;O,N

b. Molar mass of MgzN, = 3(24.31) + 2(14.01) = 100.95 g/mol

23 .
5.00 g MgsN, X 1molMg;N, 6.022 x 10% formulaunits Mg;N,
100959 Mg;N, molMg;N,
« 28OMS 5 47 107 atoms N
molMg;N,
c. Molar mass of Ca(NO3), = 40.08 + 2(14.01) + 6(16.00) = 164.10 g/mol

1molCa(NO,), 5 2molN
164.10g Ca(NO,), molCa(NQO,),

5.00 g Ca(NOs), X

y 6.022 x 10 atomsN
mol N

=3.67 x 10?2 atoms N
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d. Molar mass of N,O, = 2(14.01) + 4(16.00) = 92.02 g/mol

1moIN,0,  2moIN X6.022x1023atomsN

5.00 g N,O4 x
92.02g N,O, molN,O, molN

=6.54 x 10% atoms N

Percent Composition

41, NO: Mass% N= 201N 100 =46.68% N
30.01g NO
NO,: Mass % N = 201N 100 =30.450 N
46.01g NO,
N,O: Mass % N = 240NN 100 = 63.65% N
44.02g N,O

From the calculated mass percents, only NO is 46.7% N by mass, so NO could be this
species. Any other compound having NO as an empirical formula could also be the
compound.

42, a. CgHipN,O, Molar mass = 8(12.01) + 10(1.008) + 4(14.01) + 2(16.00) = 194.20 g/mol

Mass % C = 8(120)gC X 100 = 96.08
194209 CgH,,N,O, 194.20

x 100 =49.47% C

b. Ci2H201;: Molar mass = 12(12.01) + 22(1.008) + 11(16.00) = 342.30 g/mol

12(12.00) g C
342309 C,,H,,0,;

Mass % C = x 100 =42.10% C

c. C,HsOH: Molar mass =2(12.01) + 6(1.008) + 1(16.00) = 46.07 g/mol

2(12.01)gC
46.07 g C,H,OH

Mass % C = x 100 =52.14% C

The order from lowest to highest mass percentage of carbon is:

sucrose (C1,H,,011) < caffeine (CgH1oN4O,) < ethanol (C,HsOH)

43.  Molar mass = 20(12.01) + 29(1.008) + 19.00 + 3(16.00) = 336.43 g/mol
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Mass % C = — 2002009C 150 - 79 400 C
336.43g compound
Mass % H= — 29008 gH 05— 56899 H
336.43g compound
Mass % F= — ~2009F 100=5648%F
336.43g compound
Mass % O = 100.00 — (71.40 + 8.689 + 5.648) = 14.26% O or:
Mass % 0= — 4000080 50 _ 1457060
336.43g compound
44, a. CsH4O: Molar mass = 3(12.011) + 4(1.0079) + 2(15.999) = 36.033 + 4.0316 + 31.998
=72.063 g/mol
Mass % C = 36.033¢C x 100 = 50.002% C
72.063g compound
Mass % H = 4.0316g H x 100 = 5.5945% H
72.063g compound
Mass % O = 100.000 — (50.002 + 5.5945) = 44.404% O or:
% 0= 29989 100=44.403% 0
72.063g
b. C4HsO,: Molar mass = 4(12.011) + 6(1.0079) + 2(15.999) = 48.044 + 6.0474 + 31.998
= 86.089 g/mol
Mass % C = 20-0%49 100 =55.807% C: mass % H = 204749 100 = 7.0246% H
86.089g 86.089g
Mass % O = 100.000 — (55.807 + 7.0246) = 37.168% O
c. CzH3N: Molar mass = 3(12.011) + 3(1.0079) + 1(14.007) = 36.033 + 3.0237 + 14.007
=53.064 g/mol
Mass % C = <0330 100=67.905% C: mass % H = S025/9 x 100 = 5.6082% H
53.064g 53.064g
14.007
Mass % N = ﬁ x 100 =26.396% N or % N = 100.000 — (67.905 + 5.6982)
004 = 26.397% N
45, In 1 mole of YBa,Cus0y, there are 1 mole of Y, 2 moles of Ba, 3 moles of Cu, and 7 moles

of O.
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molY mol Ba

+3mol Cu 63.55g Cu +7mol O 16.00g O
molCu molO

Molar mass = 1 mol Y (M] +2molBa (—137'39 Baj

Molar mass = 88.91 + 274.6 + 190.65 + 112.00 = 666.2 g/mol

88.91g

Mass % Y = 56 x 100 = 41.22% Ba

x 100 = 13.35% Y; mass % Ba= 2 00
520 666.29

190659 160 = 28,6296 Cu: mass % O = ~229
666.2 g 6662

Mass % Cu = x100=16.81%0

46. If we have 100.0 g of Portland cement, we have 50. g Ca;SiOs, 25 g Ca,SiO4, 12 g CazAl,Og,
8.0 g Ca,AlFe0s, and 3.5 g CaS0O,e2H,0.
Mass percent Ca:

1molCa, SO, y 3molCa >(40.089Ca

50. g CazSiOs x - -
228339 Ca,Si0; 1molCa,SIO,  1molCa

=26gCa

25 g CapSi0 x —20169C8 45 cq
172259 Ca,SiO,
12 g CasAl,Og x ——20240C8 g4 0cq
270209 Ca,Al,O,
8.0 g CaAlFeO; x —o0100C 5600,
242999 Ca,,AlFeO,
3.5 g CaS0,e2H,0 x 40089 Ca =0.81gCa
172189 CasO, » 2 H,0

Massof Ca=26+12+53+2.6+0.81=47gCa

47gCa

Ca= ——
100.0 g cement

x 100 = 47% Ca

Mass percent Al:

53.96 g Al

12 g Cas Alzoe X
270209 Ca,AlO,

=24gAl
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8.0 g CaAlFe0s x —20989Al (094 Al
242999 Ca,AlFeOq
wAl= 24940890 150 3304 Al
1000g
Mass percent Fe:
8.0 g CaAlFe0; x — 22820 g0 pe gope= 189 4 100=1.8%Fe
242999 Ca,AlFeOq 10004g

47. There are 0.390 g Cu for every 100.000 g of fungal laccase. Let’s assume 100.000 g fungal
laccase.

1molCu 1molfungal laccase

X =1.53 x 10 mol
63.55g Cu 4 molCu

Mol fungal laccase = 0.390 g Cu x

x g fungal laccase _  100.000g
1molfungal laccase  1.53 x 10 mol’

x = molar mass = 6.54 x 10* g/mol

48. Assuming 100.00 g cyanocobalamin:

1molCo 8 1molcyanocobabmin

mol cyanocobalamin = 4.34 g Co x
58.93g Co molCo

=7.36 x 10* mol cyanocobalamin

X9 cyanocobalaml_n = 100'0?29 , X =molar mass = 1360 g/mol
1molcyanocobabmin  7.36x107° mol

Empirical and Molecular Formulas

49. a. SNH: Empirical formula mass = 32.07 + 14.01 + 1.008 = 47.09 g/mol

188359

=4.000; so the molecular formula is (SNH), or S4N4Ha.
47.09¢

b. NPCI,: Empirical formula mass = 14.01 + 30.97 + 2(35.45) = 115.88 g/mol

347.64¢

————= =3.0000; molecular formula is (NPCI,); or N5P5Cls.
11588g ( 2)3 3r3vlg

c. CoC,0s 58.93 +4(12.01) + 4(16.00) = 170.97 g/mol

34194

=2.0000; molecular formula: Co,CgO4
170979
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50.

51.

184.32g

d. SN: 32.07 + 14.01 = 46.08 g/mol, =4.000; molecular formula: S;N,

a. The molecular formula is N,O4. The smallest whole number ratio of the atoms (the
empirical formula) is NO,.

b. Molecular formula: CsHe; empirical formula: CH,
c. Molecular formula: P4O,0; empirical formula: P,O5

d. Molecular formula: C¢H1,Og; empirical formula: CH,O

a. Molar mass of CH,0 = 1 mol ¢ 22921914 5 o1 [ 120799
mol C molH

15.999¢
molO

+ 1 mol O( jz 30.026 g/mol

%

12.011gC X 100 = 40.002% C: % H = 2.0158gH

= —— % 100=6.7135% H
30.0269 CH,0O 30.0269 CH,0

_ 1599990
30.026g CH,O

% x 100 = 53.284% O or % O = 100.000 — (40.002 + 6.7135)
=53.285%

b. Molar mass of CsH1,06 = 6(12.011) + 12(1.0079) + 6(15.999) = 180.155 g/mol

%

= 120660C | 100=400029%: 9% H= 200790 160=6.7136%
180.155g C4H,,0, 180.155g

% O =100.00 — (40.002 + 6.7136) = 53.284%

c. Molar Mass of HC,H30, = 2(12.011) + 4(1.0079) + 2(15.999) = 60.052 g/mol

- 240229 06— 40.00206; o6 H = 203169
60.0529 60.0529

% C x 100 = 6.7135%

% O = 100.000 — (40.002 + 6.7135) = 53.285%

All three compounds have the same empirical formula, CH,O, and different molecular
formulas. The composition of all three in mass percent is also the same (within rounding
differences). Therefore, elemental analysis will give us only the empirical formula.
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52.

53.

54.

Assuming 100.00 g of compound (mass oxygen = 100.00g—-41.39gC-3.47gH

=55.14gO):
41.39gCx —~MIC _ 5 emolc: 347gHx ~MMH 5 44 mol v
12.011gC 1.008g H
551490 x —M1O_ _ 3 446 mol O
159999 0

All are the same mole values, so the empirical formula is CHO. The empirical formula mass
is 12.01 + 1.008 + 16.00 = 29.02 g/mol.

Molar mass = _1509 =116 g/mol
0.129mol

Molarmass _ 116
Empiricalmass  29.02

=4.00; molecular formula = (CHO), = C4H4O,

Assuming 100.0 g of compound:

267gPx —MIP g2 molp: 122 gNx —~MIN 864 mol N
30.97gP 1401g N
61.2gClx —MOC 4 23 mo e
35459 Cl
ﬂ =2.01; the empirical formula is PNCl,.
0.862

The empirical formula mass is ~ 31.0 + 14.0 + 2(35.5) = 116 g/mol.

- Molarmass = @ = 5.0; the molecular formula is (PNCI,)s = PsNsClyg.
Empiricalformulamass 116

Out of 100.00 g of adrenaline, there are:

56799C x —MIC 408 moic: 656gH x MM _ 651 molH
12.011gC 1.008g H

283790 x MO 1 273 mo10: 828 gNx ~MUN 6591 moi N
15.999g 0 1401g N

Dividing each mole value by the smallest number:

4.728 =8.00; 651 =11.0; 1773 =3.00; 0.591 =1.00
0.591 0.591 0.591 0.591

This gives adrenaline an empirical formula of CgH;;O3N.
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55.

56.

57.

Compound I: mass O = 0.6498 g Hg,O, — 0.6018 g Hg = 0.0480 g O

0.6018 g Hg x —1°"H9 _ 5500 x 102 mol Hg
200.6 g Hg
0.0480 g0 x —110 _ 300x10 mol 0
160090

The mole ratio between Hg and O is 1 : 1, so the empirical formula of compound I is HgO.
Compound Il: mass Hg = 0.4172 g HgO, — 0.016 g O = 0.401 g Hg

1mol H
MOTHI _ 5 00 x 102 mol Hg: 0.016 g0 x —™M'9 _ 1 6 109 mol 0

0401gHg*x ————— —
200.6 g Hg 16.00g 0

The mole ratio between Hg and O is 2 : 1, so the empirical formula is Hg,O.

1molN 1molH
1121 gNx—"2  ~ 8003 x 102mol N; 0.161 g H x — =160 x 10°* mol H
14.007g N 1.008g H
1molC 1molO
04809 C x — O~ 400x 102mol C; 0.640 g0 x — 112~ 400 x 102mol O
1201gC 160090
Dividing all mole values by the smallest number:
-2 —1 -2
B003x 107 _, o 160x10T _, o 400x107 _,
4.00 x 1072 4.00 x 10 4.00 x 10~

The empirical formula is N,H,CO.

First, we will determine composition in mass percent. We assume that all the carbon in the
0.213 g CO, came from the 0.157 g of the compound and that all the hydrogen in the 0.0310
g H,O came from the 0.157 g of the compound.

0.213 g CO, x _1201gC _ 0.0581gC; % C= 0.0581g C x 100 =37.0% C
44019 CO, 0.157g compound
-3
0.0310 g H,0 x _20160H  _ 5 47410 gH; %H= 347x1079  100=221%H
18.02g H,0 0.157g

We get the mass percent of N from the second experiment:

14.01g N

0.0230 g NH3 x ————2 ~_
17.03g NH,

=1.89x107°gN
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_1.89x107%¢g
0.103¢

% N x100=18.3% N

The mass percent of oxygen is obtained by difference:
% O =100.00 — (37.0 +2.21 + 18.3) =42.5% O
So, out of 100.00 g of compound, there are:

1molC 1molH

37.0gCx ———— =3.08mol C; 221gHx ————— =2.19 mol H
12.01gC 1.008g H

183gNx ~MOIN 3 31 moiN: 425g0x M9 5 66 mol 0
1401g N 160090

Lastly, and often the hardest part, we need to find simple whole number ratios. Divide all
mole values by the smallest number:

308 _pas 219 167 22 o g0 i—gf =2.03

Multiplying all these ratios by 3 gives an empirical formula of C;HsN3Oe.

58. a. Only acrylonitrile contains nitrogen. If we have 100.00 g of polymer:

1moIC;H;N 53069 C;H,N

8.80 g N x
14.01g N 1molC;H;N

=33.3 g CgHsN

33.39 C;H,N

% C3H3N =
100.00g polymer

=33.3% C3H3N

Only butadiene in the polymer reacts with Br,:

1molBr, 8 1molC,H, y 54.099 C,H,

0.605 g Br; x
159.8¢g Br, mol Br, molC,H,

= 0.205 g C4Hs

% CaHs = 01'22%59

x 100 = 17.1% C4Hs

b. If we have 100.0 g of polymer:

1molC,H;N

33.3 g C3HaN x
9 ~as 53.06

=0.628 mol C3H3N

1molC,H;

17.1 g C4He X
9 4 X 54099 CH,

=0.316 mol C4Hg
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49.6 g CaHg x —M01CeHs 6 476 mol coH
104149 C4H,
Dividing by 0.316: % =1.99; @ =1.00; @ =151
0.316 0.316 0.316

This is close to a mole ratio of 4 : 2 : 3. Thus there are 4 acrylonitrile to 2 butadiene to 3
styrene molecules in the polymer, or (A4B,Ss3)n.

59. First, we will determine composition by mass percent:
16.01mg CO, x — 19, 120119C  1000Mg _ 569 0o ¢
1000mg 44.009¢g CO, g
ohc= —+309MIC 100 - 40010 C
10.68 mgcompound
437mgH0x — 19, 20160H  1000Mg _ 4, 4a9 g p
1000mg 18.02gH,0
%H= 0.489mg x 100 = 4.58% H; % O =100.00 - (40.91 + 4.58) = 54.51% O
10.68mg

So, in 100.00 g of the compound, we have:

1molC 1molH

4091gCx ———— =3.406 mol C; 458gH x ——— =4.54 mol H
12.011gC 1.008gH
545190 x —M1O 3 407 mol 0
15.9999 0
. 454 4 P .
Dividing by the smallest number: 3406 =1.33. §; the empirical formula is C3H;0s.

The empirical formula mass of C3H4O3 is = 3(12) + 4(1) + 3(16) = 88 g.

Because %21 = 2.0, the molecular formula is CgHgOs.

60.  41.98mg CO,x —20HMIC 1y semgc: % c= 2240MI L 100 - 57,8506 C
44.009mg CO, 19.81mg
2.016mgH 0.722mg

6.45 mg H,0 x =0.722mgH; % H-= x 100 =3.64% H

18.02mgH,0 19.81mg
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% O =100.00 — (57.85 + 3.64) =38.51% O

Out of 100.00 g terephthalic acid, there are:

57.859Cx —1C _ 4g16morc: 364gHx ~MUH 561 mor H
12.011gC 1.008g H
385190 x —M1O9 5 407 mol 0
15.999g 0
4816 _ 5001 8L _q50; 2497 _ 4 000
2407 2407 2407

TheC:H:Omoleratiois2:1.5:10r4:3:2. Theempirical formula is C4H30,. Mass of
C4H30, ~ 4(12) + 3(1) + 2(16) = 83.

415¢ 166

Molar mass = ————— =166 g/mol; —— = 2.0; the molecular formula is CgHgO,.
0.250mol 83

Balancing Chemical Equations

61.

62.

63.

16 Cr(s) + 3 Sg(s) — 8 Cr,S5(s)

2 NaHCO3(s) — Na,CO3(s) + COx(g) + H,0(qg)
2 KCIOs(s) — 2 KCI(s) + 3 05(q)

d. 2 Eu(s) + 6 HF(g) — 2 EuF3(s) + 3 Hx(q)

e. 2 CgHs(l) + 15 05(g) — 12 CO,(g) + 6 H,O(q)

- &

o

An important part to this problem is writing out correct formulas. If the formulas are
incorrect, then the balanced reaction is incorrect.

b. 3 Pb(NOs)s(aq) + 2 NasPOy4(aq) — Pbs(POy),(s) + 6 NaNOs(aq)

Only one product is formed in this representation. This product has two Ys bonded to an X.
The other substance present in the product mixture is just the excess of one of the reactants
(Y). The best equation has smallest whole numbers. Here, answer ¢ would be this smallest
whole number equation (X +2Y — XY;). Answers a and b have incorrect products listed,
and for answer d, an equation only includes the reactants that go to produce the product;
excess reactants are not shown in an equation.
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64.

65.

66.

o

a o

@

2 KOy(s) + 2 H,O(I) —» 2 KOH(aq) + O,(g) + H.0,(aq) or
4 KO,(s) + 6 H,O(l) — 4 KOH(aq) + O,(g) + 4 H,0,(aq)
Fe,05(s) + 6 HNO3s(aq) — 2 Fe(NOs)s(aq) + 3 H.O(1)

4 NH3(g) + 5 0,(g) — 4 NO(g) + 6 H,0(q)

PCIs() + 4 H,O(I) — H3PO4(aq) + 5 HCI(g)

2 Cao(s) +5C(s) — 2 CaCy(s) + CO,(g)

2 M0S;,(S) + 7 05(g) — 2 MoOs(s) + 4 SO,(Q)

FeCOs(s) + H,CO3(aq) — Fe(HCOs3)(aq)

When balancing reactions, start with elements that appear in only one of the reactants and one
of the products, and then go on to balance the remaining elements.

a.

CeH1206(s) + O2(g) — CO(g) + H20(9)
Balance C atoms: CgH1,06 + O, — 6 CO, + H,0
Balance H atoms: CgH1,06 + O, — 6 CO, + 6 H,0

Lastly, balance O atoms: CgH1,06(S) + 6 O2(g) — 6 COx(g) + 6 H,0(g)

Fe,Ss(s) + HCI(g) — FeCls(s) + H,S(Q)

Balance Fe atoms: Fe,S; + HClI — 2 FeCl; + H,S

Balance S atoms: Fe,S; + HClI — 2 FeCl; + 3 H,S

There are 6 H and 6 Cl on right, so balance with 6 HCI on left:
Fe,Ss(s) + 6 HCI(g) — 2 FeCls(s) + 3 H,S(g)

CS,(I) + NH3(g) — H,S(g) + NH,SCN(s)

C and S are balanced; balance N:
CS; + 2 NH3 —» H,S + NH,SCN

H is also balanced. CS,(I) + 2 NH3(g) — H2S(g) + NH,SCN(s).

Si0O,(s) + C(s) — Si(s) + CO(g); Si is balanced.

Balance oxygen atoms: SiO, + C —» Si +2 CO

Balance carbon atoms: SiO,(s) + 2 C(s) — Si(s) + 2 CO(g)
SiCly(l) + Mg(s) — Si(s) + MgCl,(s); Si is balanced.
Balance Cl atoms: SiCl, + Mg — Si + 2 MgCl,

Balance Mg atoms: SiCl,(l) + 2 Mg(s) — Si(s) + 2 MgCl,(s)
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c. Na,SiFs(s) + Na(s) — Si(s) + NaF(s); Si is balanced.
Balance F atoms:  Na,SiFg + Na — Si + 6 NaF

Balance Na atoms: Na,SiFs(s) + 4 Na(s) — Si(s) + 6 NaF(s)

Reaction Stoichiometry
67. 2 LIOH(s) + CO,(g) — Li,CO3(aq) + H,O(l)
The total volume of air exhaled each minute for the 7 astronauts is 7 x 20. = 140 L/min.

1molLiOH y 1molCO, 8 44,019 CO, 8 1009 air
23959 LIOH  2molLiOH molCO, 4.09CO,

25,000 g LiOH x

I mL air 5 1L 5 1min 5 1h
0.0010gair 1000mL  140Lair  60min

=68 h = 2.8 days

3.0kgNH," . 1000g 1molINH," . LmolCH,O,N
100kg waste kg  1804gNH,”  55molNH,"
11319 C,H,0,N
molC;H,0,N

68. 1.0 x 10" kg waste x

= 3.4 x 10" g tissue if all NH," converted

Because only 95% of the NH," ions react:
mass of tissue = (0.95)(3.4 x 10* g) = 3.2 x 10* g or 32 kg bacterial tissue

759 Cay(PO,), y 1molCa,4(PO,),
100g phosphorie 310.18g Ca4(PO,),

69. 1.0 x 10° g phosphorite x

1molP, . 12388gP,
2molCa,(PO,), molP,

=150 g Py

70. Total mass of copper used:

(8.0cm x 16.0cm x 0.060cm) 5 8.96¢ _

10,000 boards x 3
board cm

6.9 x 10° g Cu

Amount of Cu to be recovered = 0.80 x (6.9 x 10° g) =5.5 x 10° g Cu

1molCu 8 1molCu(NH,),Cl, 8 202.6 g Cu(NH,),Cl,

5.5 x 10° g Cu x
63.55¢g Cu molCu mol Cu(NH,),Cl,

= 1.8 x 10° g Cu(NHs),Cl,
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71.

72.

73.

74.

1molCu 8 4 molNH, 8 17.03g NH,
63.55g Cu molCu molNH,

5.5 x 10° g Cu x =5.9x 10° g NH;

1000g Al 8 1mol Al 8 3molINH,CIO, X117.49g NH,CIO,
kg Al 26.989 Al 3mol Al molNH,CIO,

1.000 kg Al x

10 KCIOs(s) + 3 P4(s) —> 3 P,O1o(s) + 10 KCI(s)

1mol KCIO, 3molP,0;,  28388gP,0;,

52.9 g KC|O3 X X =36.8 g P4OlO
12255¢KCIO, ~ 10 molKCIO, = molP,0,,
Fe,05(s) + 2 Al(s) — 2 Fe(l) + AlLO5(s)
15.0 g Fe x ~MUFe 6 269 mol Fe; 0.269 mol Fe x 2MOIAL 26989 Al o0 Al
55.859 Fe 2 molFe mol Al
0.269 mol Fe x 1molFe,0q X 159709 Fe,0; _ 21.5 g Fe,0;
2molFe molFe,0,
0.269 mol Fe x 1mol Al,O, X 101969 Al,O; _ 13.7 g Al,05

2molFe mol Al,O,

1000g HNO,  1molHNO,
kgHNO, ~ 63.0g HNO,

1.0 x 10° kg HNOj3 x = 1.6 x 10" mol HNO;

We need to get the relationship between moles of HNO3; and moles of NH;. We have to use
all three equations:

2 molHNO, y 2molNO, 5 4moINO _ 16 molHNO,
3molNO, 2molNO  4molNH, 24 molNH,

Thus we can produce 16 mol HNO; for every 24 mol NHj; that we begin with:

24moINH,  17.0g NH,

= 4.1 x10° g or 4.1 x 10° kg NH;
16 molHNO, molNH,

1.6 x 10" mol HNOj; x

This is an oversimplified answer. In practice, the NO produced in the third step is recycled
back continuously into the process in the second step. If this is taken into consideration, then
the conversion factor between mol NH3; and mol HNOs turns out to be 1 : 1; that is, 1 mol of
NH; produces 1 mol of HNO;. Taking into consideration that NO is recycled back gives an
answer of 2.7 x 10° kg NH; reacted.
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Limiting Reactants and Percent Yield

75. One method to solve limiting-reagent problems is to assume that each reactant is limiting and
then calculate how much product could be produced from each reactant. The reactant that
produces the smallest amount of product will run out first and is the limiting reagent.

1molNH, 5 2molHCN
17.03g NH, 2molNH,

5.00 x 10° g NH3 x = 2.94 x 10° mol HCN

1molO, 8 2molHCN
320090, 3molO,

=1.04 x 10° mol HCN

5.00 x 10°g O, x

1molCH, 8 2molHCN
16.04gCH, 2molCH,

5.00 x 10°g CH, x = 3.12 x 10° mol HCN

0, is limiting because it produces the smallest amount of HCN. Although more product
could be produced from NH; and CH,, only enough O, is present to produce 1.04 x 10° mol
HCN. The mass of HCN that can be produced is:

27.03g HCN
molHCN

1.04 x 10° mol HCN x =2.81x10°g HCN

1molO, " 6 molH,0 “ 18.02g H,0

5.00 x 10°g O, x
32.009 0, 3molO, 1molH,0

=5.63 x 10° g H,0

76. 2 C3He(g) + 2 NHs(g) + 3 O2(g) — 2 CsH3N(g) + 6 H20(g)

a.  We will solve this limiting reagent problem using the same method as described in
Exercise 3.75.

1molC,;H, y 2molC;H;N

1.00 x 10% g CsHs x
42,089 C,H, 2molC,H,

= 23.8 mol C3H3N

1molNH, 2molC;H;N

X =88.1 mol C3H3N
1703gNH,  2molNH,

1.50 x 10° g NH3 x

1molO, g 2molC;H;N

2.00 x 10° g O; x
32.00g0, 3molO,

=41.7 mol C3H3N

C3Hg is limiting because it produces the smallest amount of product, and the mass of
acrylonitrile that can be produced is:

y 53.06 g C;H;N
mol

23.8 mol =1.26 x 10% g C3H;N
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77.

78.

6 molH,0 y 18.02gH,0

b. 23.8 mol C3H35N x
2molC;H;N molH,0

=1.29 x 10° g H,0

Amount NH; needed:

2moINH;  17.03g NH;

23.8 mol C3H3N x
2molC,H;N molNH,

= 405 g NH;

Amount NH; in excess = 1.50 x 10° g — 405 g = 1.10 x 10° g NH;
Amount O, needed:

3molO, 8 320090,

23.8 mol C3H3N x
2molC;H;N molO,

=1.14%x10°g O,

Amount O, in excess = 2.00 x 10° g — 1.14 x 10° g = 860 g O,
1.10 x 10° g NH3 and 860 g O, are in excess.

The product formed in the reaction is NO,; the other species present in the product picture is
excess O,. Therefore, NO is the limiting reactant. In the pictures, 6 NO molecules react with
3 O, molecules to form 6 NO, molecules.

6 NO(g) + 3 02(g) — 6 NO,(9)

For smallest whole numbers, the balanced reaction is:

2NO(g) + 02(9) — 2 NO4(9)

In the following table we have listed three rows of information. The “Initial” row is the
number of molecules present initially, the “Change” row is the number of molecules that
react to reach completion, and the “Final” row is the number of molecules present at
completion. To determine the limiting reactant, let’s calculate how much of one reactant is
necessary to react with the other.

4 moleculesNH,
5moleculesO,

10 molecules O, x = 8 molecules NHj; to react with all the O,

Because we have 10 molecules of NH; and only 8 molecules of NH; are necessary to react
with all the O,, O, is limiting.

4 NHs(g) + 5 0,(9) - 4NO(g) + 6 H,0(9)
Initial 10 molecules 10 molecules 0 0

Change -8 molecules -10 molecules +8 molecules +12 molecules
Final 2 molecules 0 8 molecules 12 molecules
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79.

80.

The total number of molecules present after completion = 2 molecules NH3; + 0 molecules O,
+ 8 molecules NO + 12 molecules H,O = 22 molecules.

1molBao,

= 8.86 x 10~ mol BaO,
169.3g BaO,

1.50 g BaO, x

0.0272g HCl _1molHCI
mL 36.469 HCI

25.0 mL x =1.87 x 102 mol HCI

The required mole ratio from the balanced reaction is 2 mol HCI to 1 mol BaO,. The actual
mole ratio is:

1.87 x 10 molHCI

=211
8.86 x 10° molBaO,

Because the actual mole ratio is larger than the required mole ratio, the denominator (BaO5)
is the limiting reagent.

1molH,0, 8 34.02g H,0,

8.86 x 10~° mol BaO, x
molBaO, molH,0,

=0.301 g HzOz

The amount of HCI reacted is:

2 molHCI
mol BaO,

8.86 x 10~ mol BaO, x =1.77 x 1072 mol HCI

Excess mol HCl = 1.87 x 102 mol — 1.77 x 102 mol = 1.0 x 10~ mol HCI

36.46 g HCI
molHCI

Mass of excess HCI = 1.0 x 10~* mol HCI x =3.6 x 102 g HCI

2509 Ag0 x —M1 _ 5108 mol Ag,0
23184

1mol
50.0 g C1oH10N4sSO, x ———— =0.200 mol C1yH1oN4SO
g C10M10N400; 250294 10M10N4S0;

mO|C10H10N4SC)2 (aCtuaI) = w = 185

mol Ag,0O 0.108

The actual mole ratio is less than the required mole ratio (2), so C1oH1oN4SO; is limiting.

2molAgC,,HyN,SO, 5 357.18g

0.200 mol C1oH1oN4SO, x
2molC,H,,N,SO, mol AgC,,H,N,SO,

=71.4 g AgCy1oHgN4SO, produced
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81.

82.

83.

84.

P4(s) + 6 F»(g) — 4 PF3(g); the theoretical yield of PF; is:

100.0g PF; (theoreticd)

120. g PF; (actual) x
78.19 PF, (actual)

= 154 g PF; (theoretical)

1molPFR " 6 molF, X38.009F2
87979 PR 4 molPF molF,

154 g PF; x =99.8gF,

99.8 g F, are needed to actually produce 120. g of PF; if the percent yield is 78.1%.

a. From the reaction stoichiometry we would expect to produce 4 mol of acetaminophen for
every 4 mol of C¢HsO3N reacted. The actual yield is 3 mol of acetaminophen compared
with a theoretical yield of 4 mol of acetaminophen. Solving for percent yield by mass
(where M = molar mass acetaminophen):

. Ix M
percent yield = 3molx M x 100 = 75%
4 molx M

b. The product of the percent yields of the individual steps must equal the overall yield,
75%.

(0.87)(0.98)(x) = 0.75, x=0.88; step Il has a percent yield of 88%.

1000kg ><10009 ><1moICu3FeS3 o 3molCu y

metricton kg 342719 1molCu,FeS,
63.55¢
molCu

2.50 metric tons CusFeS; x

=1.39 x 10° g Cu (theoretical)

86.3g Cu (actual)

- =1.20 x 10° g Cu = 1.20 x 10° kg Cu
100.g Cu (theoreticd)

1.39 x 10° g Cu (theoretical) x

= 1.20 metric tons Cu (actual)

a. 1142 g CoHeCl x —~MAUCHCl 1615 ot comecl
112559 C,H.CI
485 g CHOCI, x —=MOICHOC 5 o9 1 coHoC,
147.38g C,HOCI,
. i .. 2molCH.CI
From the balanced equation, the required mole ratio is Mol CHsC = 2. The actual
1molC,HOCI,

10.15molC4H.CI
3.29molC,HOCI,
the required mole ratio, so the denominator of the actual mole ratio (C,HOCI,) is
limiting.

mole ratio present is = 3.09. The actual mole ratio is greater than
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1molC,,H,Cl; y 354469 C,,H,Cl,

3.29 mol C,HOCI; x
molC,HOCI, molC,,H,Cl.

=1170 g C14HoCls (DDT)

b. C,HOCI; is limiting, and CsHsCl is in excess.

2molCgHsCl 112559 CoH:Cl

c. 3.29 mol C,HOCI; x
molC,HOCI, molC4HCI

=741 g C¢HsCl reacted

1142 g — 741 g = 401 g C¢HsCl in excess

d. Percent yield = 20009 DDT x100=17.1%
1170g DDT
Additional Exercises
85. The volume of a gas is proportional to the number of molecules of gas. Thus the formulas
are:
I: NH; I1: NyH,4 II: HN;
The mass ratios are:
I 4.634g N - 6.949g N " 417gN
: —g H : —g H : —g o

If we set the atomic mass of H equal to 1.008, then the atomic mass, A, for nitrogen is:

I: 14.01 I1: 14.01 Il. 14.0
For example, for compound I: A = 4'634, A=14.01
3(1.008) 1
86. Assuming 100.00 g of tetrodotoxin:
11.38gCx —~MC 5 a5 moic; 1316 gN x —MOMN 49305 mol N
12.011gC 14.007g N
537gHx ~MOMH 5 ag ol H: 40.09g0x 12O 5 506 mol 0
1.008gH 15.9999 O
Divide by the smallest number:
3.445 _ 3.667: 533 _ 5.67: 2506 _ 2 667
0.9395 0.9395 0.9395

To get whole numbers for each element, multiply through by 3.
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87.

88.

89.

Empirical formula: (Czgs7Hs67NO2667)3 = C11H17N30g; the mass of the empirical formula is
319.3 g/mol.

159 x 10 g
1 mol

6.022 x 10%° molecules

Molar mass tetrodotoxin =

=319 g/mol
3 molecules x

Because the empirical mass and molar mass are the same, the molecular formula is the same
as the empirical formula, C11H17N3Og.

lkg ~ 10pg 1x 10°g . lmol  6.022x 10* molecules
2.20461b kg ug 319.3¢g 1mol

= 1.4 x 10*® molecules tetrodotoxin is the LDs, dosage

165 Ib x

1375 g Agl x —MOIAIL _ 5 ae6 4 10 mol Agl = 5.856 x 10~ mol |

234.8 g Adgl

1269g] .

1375gAgl x ————— =0.7431 g |; Xl,contains 0.7431 g | and 0.257 g X.

23489 Agl
5.856 x 102 mol 1 x ~1X _ 5 928 x 10 mol X

mol |
0.257g X 8789

Molar mass = ; atomic mass = 87.8 amu (X is Sr.)

2.928 x 10°° mol X mol
We would see the peaks corresponding to:

B%*Cl; [mass = 10 + 3(35) = 115 amu], *°B¥*CL,*'CI (117), *B*CI¥'Cl, (119),
°B¥Cl; (121), M'B*Cl; (116), B*CI,*Cl (118), “B*CI¥’Cl, (120), *B¥Cl; (122)

We would see a total of eight peaks at approximate masses of 115, 116, 117, 118, 119, 120,
121, and 122.

Assuming 1 mole of vitamin A (286.4 g vitamin A):

0.8396g C 5 1molC
gvitaminA  12.011gC
0.1056g H 8 1molH
g vitaminA  1.0079gH

=20.00 mol C

mol C = 286.4 g vitamin A x

mol H = 286.4 g vitamin A x =30.01 mol H

Because 1 mole of vitamin A contains 20 mol C and 30 mol H, the molecular formula of
vitamin A is C,oH3E. To determine E, lets calculate the molar mass of E:

286.4 g = 20(12.01) + 30(1.008) + molar mass E, molar mass E = 16.0 g/mol

From the periodic table, E = oxygen, and the molecular formula of vitamin A is C,oH3,0.
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90.

91.

92.

93.

94.

molX _, _ 40.0/A, _ (400)A,

X,Z: 40.0% X and 60.0% Z by mass; =
mol Z 60.0/A,  (60.0)A,

where A = molar mass

or A, =3A,

For XZ,, molar mass = A, + 2A, = A+ 2(3A)) = TA.

Mass % X = 7';* x100=14.3% X; % Z=100.0-14.3=857%Z
X
1molFe 1molFe,0, 5 159.709 Fe,0O,

453 g Fe x X
55.85¢g Fe 2molFe molFe,0,

= 648 g Fe, 04

6489 Fe, O,

Mass % Fe,O3 =
752gore

x 100 = 86.2%

12C,"Hg: 2(12.000000) + 6(1.007825) = 30.046950 amu
2C'H,™0: 1(12.000000) + 2(1.007825) + 1(15.994915) = 30.010565 amu
“N™0: 1(14.003074) + 1(15.994915) = 29.997989 amu

The peak results from 2C*H,™0.

8Rb atoms

- =2.591; If we had exactly 100 atoms, x = number of *Rb atoms and
Rb atoms

100 — x = number of 8’Rb atoms.

X =2501, x=259.1- (2.591)x, x = 2591 72.15; 72.15% *Rb
100- x 3.591

0.7215(84.9117) + 0.2785(A) = 85.4678, A= c>20/8=6126 _ g0 0 omu

0.2785

a. At 40.0 g of Na added, Cl, and Na both run out at the same time (both are limiting reac-
tants). Past 40.0 g of Na added, Cl; is limiting, and because the amount of CI, present in
each experiment was the same quantity, no more NaCl can be produced. Before 40.0 g of
Na added, Na was limiting. As more Na was added (up to 40.0 g Na), more NaCl was
produced.

1molNa 5 2moINaCI>< 58.44g NaCl
22.999 Na 2 molNa mol NaCl

b. 20.0g Nax =50.8 g NaCl

c. At40.0 g Naadded, both Cl, and Na are present in stoichiometric amounts.

1molNa 8 1molCl, 8 70.90gCl,

40.0 g Na x
2299gNa 2molNa molCl,

=61.79Cl,

61.7 g Cl, was present at 40.0 g Na added, and from the problem, the same 61.7 g Cl, was
present in each experiment.
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d. At50.0 g Naadded, Cl is limiting:

1molCl, o 2 mol NaCl “ 58.449 NaCl

617 g C|2 X
70.90gCl, 1molCl, mol NaCl

=101.7 g = 102 g NaCl

1molNa 8 1molCl, 8 70.909 Cl,
2299gNa 2molNa molCl,

e. 20.0g Nax =30.8 g Cl,reacted

Excess Cl,=61.7 g Clyinitially — 30.8 g Cl, reacted = 30.9 g Cl, in excess

Note: We know that 40.0 g Na is the point where Na and the 61.7 g of Cl, run out at the
same time. So if 20.0 g of Na are reacted, one-half of the Cl, that was present at 40.0 g

Na reacted will be in excess. The previous calculation confirms this.

For 50.0 g Na reacted, Cl, is limiting and 40.0 g Na will react as determined previously.

Excess Na = 50.0 g Na initially — 40.0 g Na reacted = 10.0 g Na in excess.

5. 173gHx MM 7 morH: s27gcx 1T _ g g9 molc

1.008gH 12.01gC

E = 2.50; the empirical formula is C,Hs.

The empirical formula mass is ~29 g, so two times the empirical formula would put the
compound in the correct range of the molar mass. Molecular formula = (C,Hs), = C4Hyg

259 x 10% atoms H x 1moleculeC,H,, 8 1mo|2§34H10

10atomsH 6.022x10°° molecules
=4.30 x 102 mol C4H1o
12

4.30 x 102 mol CaHy x —229  — 250 ¢ CyHig

molC,H,,
96. Assuming 100.00 g EzHs:
MolE=873gH x ——moIH_ 3MOIE 4 e mol E

1.008g H 8 molH

xgE _ 9127gE

= , X =molar mass of E = 28.1 g/mol; atomic mass of E =28.1 amu
1molE 3.25molE

97. Mass of H,O = 0.755 g CuSO,exH,0 — 0.483 g CuSO, = 0.272 g H,O

1molCuSO ,
159.629 CusO ,

0.483 g CuSQO,4 x = 0.00303 mol CuSQO,4
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0272 g H,0 x =10 _ 6151 mol 1,0
18.02g H,0
0015imolH,0 _ 4.98molH,0 ; compound formula = CuSO4e5H,0, x =5
0.00303molCuSO , 1molCuSO ,
98. In 1 hour, the 1000. kg of wet cereal contains 580 kg H,O and 420 kg of cereal. We want the
final product to contain 20.% H,0O. Let x = mass of H,O in final product.
X =020, x =84+ (0.20)x, x=105~ 110 kg H,0
420+ X
The amount of water to be removed is 580 — 110 = 470 kg/h.
99, 120 g CO, x 1molCO, y 1molC y 1molC,,H;,N,0 y 37651¢g
44.019 molCO, 24molC molC,,H;,N,0
=0.428 g C24H30N30
04289 C;4H30N;0 % 100 = 42.8% Cy4H3oN30 (LSD)
1.00g sample
100. Cag(POy4),(s) + 3 H,SO4(aq) — 3 CaS0y(s) + 2 H3PO4(aq)

1molCa,(PO,),
31029 Ca,(PO,),

1.0 x 10° g Cag(POy), % = 3.2 mol Cay(PO,),

989 H,0, 5 1molH,SO,

1.0 x 10° g conc. H,SO, x
100gconcH,S0, 981gH,SO,

=10. mol H,SO,

The required mole ratio from the balanced equation is 3 mol H,SO, to 1 mol Ca3(PO,),. The
10.molH,SO, —31

actual ratio is =
3.2molCa,(PO,),

This is larger than the required mole ratio, so Cas(PO,), is the limiting reagent.

3molCaSO, " 13629 CaSO,

3.2 mol Ca;(POy), x
molCa,(PO,), molCaSO ,

= 1300 g CaSO, produced

2molH,PO, y 98.0g H;PO,
molCa,(PO,), molH,PO,

3.2 mol Caz(PQOy), x =630 g H3PO, produced
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101.

102.

Molar mass X, = 0.105¢g

Tmol =70.9 g/mol

6.022 x 10* molecules

8.92 x 10*° molecules x

The mass of X = 1/2(70.9 g/mol) = 35.5 g/mol. This is the element chlorine.

Assuming 100.00 g of MX; compound:

5447 Clx =M _ 1 537 mol ci
35.45¢
1537 mol I x 2O _ 6 5193 mot m
3molCl
Molar mass of M = _4553gM__ 88.87 g/mol M
0.5123molM

M is the element yttrium (YY), and the name of YCl; is yttrium(l1) chloride.
The balanced equationis2Y +3Cl, — 2 YCls.

Assuming Cl; is limiting:
1moldCl, 8 2 mol YCI, 8 19526 g YCl,

1.00 g Cl, x = 1849 YCl;
70.909Cl, 3 molCl, 1molYCl,
Assuming Y is limiting:
100g Y x 1molY 2 mol YCI, 8 19526 g YCl, =220 YCl,

8891gY = 2 molY 1mol YCI,

Because Cl,, when it all reacts, produces the smaller amount of product, Cl; is the limiting
reagent, and the theoretical yield is 1.84 g YCls.

The reaction is BaX,(aq) + H,SO4(aq) — BaSOy(s) + 2 HX(aq).

187398 _ o 1790 ¢ Ba: 06 Ba = 207299 Ba

0.124 g BaSOy X ——————— _—
23349 BasO, 0.158g BaX,

x 100 = 46.1%

The formula is BaX; (from positions of the elements in the periodic table), and 100.0 g of
compound contains 46.1 g Ba and 53.9 g of the unknown halogen. There must also be:

46.1 g Ba x L mol Ba x 2 molX = 0.672 mol of the halogen in 53.9 g of halogen
137.3gBa mol Ba
. 539¢g
Therefore, the molar mass of the halogen is ———— =80.2 g/mol.
0.672mol

This molar mass is close to that of bromine. Thus the formula of the compound is BaBr.
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103.

104.

105.

106.

Consider the case of aluminum plus oxygen. Aluminum forms AI** ions; oxygen forms O*
anions. The simplest compound of the two elements is Al,Oz. Similarly, we would expect
the formula of a Group 6A element with Al to be Al,X3. Assuming this, out of 100.00 g of
compound, there are 18.56 g Al and 81.44 g of the unknown element, X. Let’s use this
information to determine the molar mass of X, which will allow us to identify X from the
periodic table.

1856 g Al x ~MAIAL - 3mOIX ) 135 mol x
26.989 Al 2mol Al

81.44 g of X must contain 1.032 mol of X.

81449 X

Molar massof X = ———
1.032mol X

=78.91 g/mol

From the periodic table, the unknown element is selenium, and the formula is Al,Ses.

Empirical formula mass = 12.01 + 1.008 = 13.02 g/mol; because 104.14/13.02 =7.998 = §,
the molecular formula for styrene is (CH)g = CgHs.

1molCgHs  _ 8molH 6.022x10** atoms

x =09.25 x 10% atoms H
104.149 C4H, molCgHg molH

2.00 g CgHg x

2 NaNO3(s) — 2 NaNO,(s) + O,(g); the amount of NaNOjsin the impure sample is:

1molNaNO, y 2 mol NaNO; 5 85.00g NaNO4
69.00g NaNO,  2molNaNO, mol NaNO,

0.2864 g NaNO, x

=0.3528 g NaNO;
0.3528g NaNOy

0.4230g sample

x 100 = 83.40%

Mass percent NaNO; =

PaO, + O, — Pa,Oy (unbalanced)

0.200 g PaO, x _23lgPa_ =0.1757 g Pa (We will carry an extra significant figure.)
2639 Pao,
1molO 3
0.2081 g Pa,Oy — 0.1757 g Pa=10.0324 g O; 0.03249g 0 x ———— =2.025 x 10~ mol O
16.00g O
0.1757 g Pax ~10P3 _ 2 &1 « 107 mol Pa
231gPa
-3
Mol © = 2.025x 194 molO =2.66 ~ 2z = M; empirical formula: PazOg
MolPa  7.61x 10" molPa 3 3molPa
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Challenge Problems

107.

108.

109.

The balanced equations are:

4 NHs(g) + 5 O2(g) — 4 NO(g) + 6 H,O(g) and 4 NH3(g) + 7 O,(g) — 4 NOx(g)
+6 H,0(9)

Let 4x = number of moles of NO formed, and let 4y = number of moles of NO, formed.
Then:

4x NH;3 + 5x O; — 4x NO + 6x H,O and 4y NH3 + 7y O, — 4y NO, + 6y H,0
All the NH; reacted, so 4x + 4y = 2.00.
10.00 — 6.75 = 3.25 mol O, reacted, so 5x + 7y = 3.25.
Solving by the method of simultaneous equations:
20x + 28y = 13.0

—20x — 20y =-10.0
8y= 3.0, y=0.38; 4x+4x0.38=2.00, x=0.12

Mol NO =4x =4 x 0.12 = 0.48 mol NO formed
30.07 g/mol 44.09 g/mol

Let x = mass C,Hg, 50 9.780 — x = mass CzHg. Use the balanced reaction to set up an
equation for the moles of O, required.

X xz+mx§=l.120m0|02
3007 2 44.09 1
3.7¢

Solving: x =3.7 g C,H;

x 100 = 38% C,Hg by mass
9.7809g

For a gas, density and molar mass are directly proportional to each other.

Molar mass XH, = 2.393(32.00) = 220 9
mol
0803 g H,0x —2MMH 891 %102 mol H
18.02g H,0

8.91x 1072 molH 4 molH

2.23x 102 molXH,  molXH,

Molar mass X = 76.58 — 4(1.008 g) = 72.55 g/mol; the element is Ge.
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110. aNyH; + b NH;3 + (10.00 — 4.062) O, — ¢ NO, +d H,0

Setting up four equations to solve for the four unknowns:

2at+hb=c (N mol balance)
2¢ +d =2(10.00 — 4.062) (O mol balance)
4da+3b=2d (H mol balance)

a(32.05) + b(17.03) = 61.00 (mass balance)
Solving the simultaneous equations gives a = 1.12 = 1.1 mol N,H.,.

1.1 moIN,H, x 32.05g/molIN,H,

x 100 = 58% N,H,
61.00 g

111. Letx=mass KCl and y = mass KNO3z. Assuming 100.0 g of mixture, x + y = 100.0 g.

Molar mass KCI = 74.55 g/mol; molar mass KNOz = 101.11 g/mol

Mol KCl = —: mol KNOs = ——
7455

10111

Knowing that the mixture is 43.2% K, then in the 100.0 g mixture:

3910/ —=— + Y |-432
7455 10111

We have two equations and two unknowns:

(0.5245)x + (0.3867)y = 43.2
X + y =100.0

3299

Solving, x = 32.9 g KClI, x 100 = 32.9% KCI
10009

112.  We know that water is a product, so one of the elements in the compound is hydrogen.

XaHb+02 e d Hzo +?

To balance the H atoms, the mole ratio between X,H, and H,0 = %
mol compound = & =0.0224 mol; mol H,0 = & =0.0671 mol
62.09g/mol 18.02g/mol

2 = 0.0224 b =6; XsHs has a molar mass of 62.09 g/mol.

b 0.0671
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113.

114.

62.09 = a(molar mass of X) + 6(1.008), a(molar mass of X ) = 56.04

Some possible identities for X could be Fe (a= 1), Si (a=2), N (a=4), and Li (a = 8).
N fits the data best so N4Hg is the most likely formula.

When the discharge voltage is low, the ions present are in the form of molecules. When the
discharge voltage is increased, the bonds in the molecules are broken, and the ions present are
in the form of individual atoms. Therefore, the high discharge data indicate that the ions
%0, 180", and “°Ar* are present. The only combination of these individual ions that can
explain the mass data at low discharge is °0™°0* (mass = 32), **0**0* (mass = 34), and “Ar*
(mass = 40). Therefore, the gas mixture contains *0*°0, **0™0, and “°Ar. To determine the
percent composition of each isotope, we use the relative intensity data from the high
discharge data to determine the percentage that each isotope contributes to the total relative
intensity. For “°Ar:

1.0000 100 = 29000 4 60 — 57.0949% “Ar

0.7500 + 0.0015+ 1.0000 - 1.7515

0.7500
1.7515

0.0015

For 0: x 100 = 42.82% °0; for *0: x 100 = 8.6 x 1072% 80
1.7515

Note: *°F instead of *®0 could also explain the data. However, OF(g) is not a stable
compound. This is why *#0 is the best choice because O,(g) does form.

Fe(s) + é 0,(g9) — FeO(s); 2 Fe(s) + g 0,(9) = Fe,04(s)

1molFe

20.00g Fe x =0.3581 mol
85¢g

1molO,

(11.20-3.24)g 0O, x = 0.2488 mol O, consumed (1 extra sig. fig.)

Assuming x mol of FeO is produced from x mol of Fe, so that 0.3581 — x mol of Fe reacts to
form Fe,0s:

X Fe + %XO2 — xFeO

(0.3581— x) molFe + 3 [%j molO, — (%j mol Fe,0,
2 2 2

Setting up an equation for total moles of O, consumed:

éx + %(0.3581— X) = 0.2488mol0,, x = 0.0791= 0.079mol FeO
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115.

116.

117.

71.85g FeO
mol

0.079 mol FeO x = 5.7 g FeO produced

Mol Fe,O; produced = %_0079 = 0.140 mol Fe,0O4

159709 Fe,0,

0.140 mol Fe,03 x
mol

=22.4 g Fe,O3 produced

4.000 g M,S; — 3.723 g MO,

There must be twice as many moles of MO, as moles of M,S; in order to balance M in the
reaction. Setting up an equation for 2(mol M,S3) = mol MO, where A = molar mass M:

,__4000g _ 3.723g 8000 3723
2A +3(3207)) A +2(1600)° 2A +9621 A + 3200

(8.000)A + 256.0 = (7.446)A + 358.2, (0.554)A =102.2, A = 184 g/mol; atomic mass
=184 amu
The two relevant equations are:

Zn(s) + 2 HCl(aq) — ZnCl,(aq) + H,(g) and Mg(s) + 2 HCIl(aq) — MgCl,(aq) + H,(g)

Let x = mass Mg, so 10.00 —x = mass Zn.  From the balanced equations, moles H, = moles
Zn + moles Mg.

mol Hy = 05171 g Hp x —MMH2 5565 mol H,
2.0158g H,
02565 = X 4 1000=X. 1 ving. x = 4.008 g Mg.
2431 6538
40089 140 = 40.08% Mg
10.00g

10.00 g XCl, + excess Cl, — 12.55 g XCly; 2.55 g Cl reacted with XClI; to form XCl,. XCl,
contains 2.55 g Cl and 10.00 g XCl,. From mole ratios, 10.00 g XCl, must also contain 2.55
g Cl; mass X in XCl, =10.00 -2.55=7.45¢g X.

1 molCl 1 molXCl, 5 1 mol X

x =3.60 x 10*mol X
3545 g Cl 2 molCl mol XCl,

2.55 g Cl x

So, 3.60 x 102mol X has a mass equal to 7.45 g X. The molar mass of X is:

7459 X
3.60 x 102 mol X

=207 g/mol X; atomic mass = 207 amu, so X is Pb.



CHAPTER 3 STOICHIOMETRY

51

118.  The balanced equation is 2 Sc(s) + 2x HCl(aq) — 2 ScCli(aq)+ x Hx(g).

The mol ratio of Sc to H, = E

X
mol Sc = 2.25 g Sc x MU _ 6 0500 mol sc
44.969 Sc
mol H, = 0.1502 g H, x ﬂ =0.07451 mol H,
2.0158g H,
2 = 0.0500 , Xx=3; the formula is ScCls.
X 0.07451

119.  LaHjg is the formula. If only La*" is present, LaH; would be the formula. If only La®" is
present, LaH, would be the formula. Let x = mol La*" and y = mol La*":

(La®")x(La®*"),Hex + 3y Where x +y = 1.00 and 2x + 3y = 2.90
Solving by simultaneous equations:
2x + 3y= 2.90

—2X — 2y =-2.00
y = 0.90 and x =0.10

LaH, ¢, contains % La%*, or 10.% La*", and % La*", or 90.% La*".

120.  CH,0,+oxygen —> x CO, +y/2 H,0

1molCO, 1molC 1201gC

2.20g CO, x X X
44019gCO, molCO, molC

Mass % C in aspirin = — = 60.0% C
1.00g aspirin
sty 0 LA e L0
Mass % H in aspirin = el L mo7H, mo = 4.48% H

1.00g aspirin
Mass % O = 100.00 — (60.0 + 4.48) = 35.5% O

Assuming 100.00 g aspirin:

60.0gCx ~MMC 5 oomoic; 44sgrx MMM 4 44 mol
1201gC 1.008g H
355g0x ~M0 o molo

16.00g O
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121.

122.

Dividing by the smallest number: 00 =2.25; 444 =2.00
2.22 2.22

Empirical formula: (Cy 25 Hz.000)4 = CoHgO4. Empirical mass ~ 9(12) + 8(1) + 4(16)
=180 g/mol; this is in the 170-190 g/mol range, so the molecular formula is also CgHgO.,.

Balance the aspirin synthesis reaction to determine the formula for salicylic acid.
CaH,O, + C4HsO3 — CgHgO4 + CoH40,, C,H,O, = salicylic acid = C;HgOs
The balanced equations are:

C(s) + 1/2 Ox(g) — CO(g) and C(s) + O2(g) — CO(9)

If we have 100.0 mol of products, then we have 72.0 mol CO,, 16.0 mol CO, and 12.0 mol
0,. The initial moles of C equals 72.0 (from CO,) + 16.00 (from CQO) = 88.0 mol C and the
initial moles of O, equals 72.0 (from CO,) + 16.0/2 (from CO) + 12.0 (unreacted O,) = 92.0
mol O,. The initial reaction mixture contained:

92.0molO,

=1.05 mol O,/mol C
88.0 molC

Let M = unknown element

Mass % M = mass M 100 = 2.077
3.708

totalmass compound

x 100 =56.01% M

100.00 —56.01 = 43.99% O
Assuming 100.00 g compound:

439990 x MO _ 5 250 mol 0
1599990

_S601gM =20.37 g/mol.
2.750moIM

This is too low for the molar mass. We must have fewer moles of M than moles O present in

If MO is the formula of the oxide, then M has a molar mass of

the formula. Some possibilities are MO,, M,03, MO, etc. It is a guessing game as to which
to try. Let’s assume an MO, formula. Then the molar mass of M is:

56.01g M

2.750mol0 x MM
2molO

=40.73 g/mol

This is close to calcium, but calcium forms an oxide having the CaO formula, not CaO..
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If MOg is assumed to be the formula, then the molar mass of M calculates to be 61.10 g/mol
which is too large. Therefore, the mol O to mol M ratio must be between 2 and 3. Some
reasonable possibilities are 2.25, 2.33, 2.5, 2.67, and 2.75 (these are reasonable because they
will lead to whole number formulas). Trying a mol O to mol M ratio of 2.5 to 1 gives a molar
mass of:

56.01g M

2.750mol0 x +MoIM
2.5molO

=50.92 g/mol

This is the molar mass of vanadium and V,Os is a reasonable formula for an oxide of
vanadium. The other choices for the O : M mole ratios between 2 and 3 do not give as
reasonable results. Therefore, M is vanadium, and the formula is V,0Os.

Marathon Problems

123.

To solve the limiting-reagent problem, we must determine the formulas of all the compounds
so that we can get a balanced reaction.

a. 40 million trillion = (40 x 10°) x 10" = 4.000 x 10" (assuming 4 sig. figs.)

1molA

— = 6.642 x 10”° mol A
6.022 x 10°° moleculesA

4.000 x 10* molecules A x

426x10°gA

Molar mass of A = 3
6.642 x 10 mol A

=64.1 g/mol

Mass of carbon in 1 mol of A is:

375¢C

64.1g A x
1000g A

= 24.0 g carbon = 2 mol carbon in substance A

The remainder of the molar mass (64.1 g — 24.0 g = 40.1 g) is due to the alkaline earth
metal. From the periodic table, calcium has a molar mass of 40.08 g/mol. The formula
of substance A is CaCs.

b. 536gH+4259g0 =47.9(¢; substance B only contains H and O. Determining the
empirical formula of B:

536 gHx ~1OMH g0 mork: 232 2500
1.008g H 2,66

1molO _ 2.66

42590 %x ——— =2.66 mol O; —— =1.00
16.00g0O 2.66
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Empirical formula: H,O; the molecular formula of substance B could be H,O, H40,,
HsOs, etc. The most reasonable choice is water (H,O) for substance B.

Substance C + O, —» CO; + H,0; substance C must contain carbon and hydrogen and
may contain oxygen. Determining the mass of carbon and hydrogen in substance C:

1molCO, y 1molC ><12.OlgC

33.89 CO; x
4401gCO, molCO, molC

=9.22 g carbon

1molH,0 2molH 8 1.008g H

6.92 g H,O x X
18.02gH,0 molH,0 molH

=0.774 g hydrogen

9.22 g carbon + 0.774 g hydrogen = 9.99 g; because substance C initially weighed 10.0
g, there is no oxygen present in substance C. Determining the empirical formula for
substance C:

9.22gC x 1molC = 0.768 mol carbon
12.01gC
0.774 g H x _LmolH =0.768 mol hydrogen
1.008gH

Mol C/mol H = 1.00; the empirical formula is CH which has an empirical formula mass
~ 13. Because the mass spectrum data indicate a molar mass of 26 g/mol, the molecular
formula for substance C is C,H,.

Substance D is Ca(OH),. Now we can answer the question. The balanced equation is:

CaCy(s) + 2 HO(l) — C;H3(g) + Ca(OH).(aq)

45.0 g CaC, x ——101CC2 _ 4 200 ol cac,
64.10g CaC,

230 g H,0 x ~MOMH0 _ ) o8 om0, MOIHO _ 128 o)
18.02gH,0 molCaC, 0.702

Because the actual mole ratio present is smaller than the required 2 : 1 mole ratio from
the balanced equation, H,O is limiting.

1molC,H, 8 26.04gC,H,

1.28 mol H,0 x
2molH,0 molC,H,

=16.7 g C,H, = mass of product C

i. If the molar mass of A is greater than the molar mass of B, then we cannot determine
the limiting reactant because, while we have a fewer number of moles of A, we also
need fewer moles of A (from the balanced reaction).
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ii. If the molar mass of B is greater than the molar mass of A, then B is the limiting
reactant because we have a fewer number of moles of B and we need more B (from
the balanced reaction).

b. A+5B —»3C0O,+4H,0
To conserve mass: 44.01 + 5(B) = 3(44.01) + 4(18.02); solving: B = 32.0 g/mol
Because B is diatomic, the best choice for B is O,.

c. We can solve this without mass percent data simply by balancing the equation:

A+50;, -»3C0O,+4H,0

A must be C3Hg (which has a similar molar mass to CO,). This is also the empirical
formula.

3(12.01)
3(12.01) + 8(1.009)

Note: x 100 =81.71% C. So this checks.




