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Mass Relationships in

Chemical Reactions
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3.1 Atomic Mass
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The mass of an atom depends on the number
of electrons, protons, and neutrons it con-
tains.

We cannot weigh a single atom, but it is pos-
sible to determine the mass of one atom rela-
tive to another experimentally.

Atomic mass is the mass of the atom in atom-
ic mass units (amu).

Atomic mass unit 1s defined as a mass ex-
actly equal to one-twelfth the mass of one
carbon-12 atom.

It’s necessary to introduce such a unit be-
cause it provide the standard for measuring
the atomic mass of other elements.

Carbon-12 is the carbon isotope that has six
protons and six neutrons.

Average Atomic Mass

| 2

|

Most naturally occurring elements have more
than one isotope.

This means that when we measure the atomic
mass of an element, we must generally settle
for the average mass of the naturally occur-
ring mixture of isotopes.
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Example 3.1
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1.3 o
Boron is used in the manufacture of ceramics and polymers such as fiberglass. The atomic masses of its two stable
isotopes, '’B (19.80 percent) and "B (80.20 percent), are 10.0129 amu and 11.0093 amu, respectively. The boron-10
isotope is also important as a neutroncapturing agent in nuclear reactors. Calculate the average atomic mass of boron.
L) B ¢ il apdasd 000 eSOl of cde 136 LA S auw\&a\{@\jdﬁ,\w\ delio (3 055l pdduing
e 3.2, 511.0093 ¢ 3.2).510.0129 _» (7. 80.2 dx.lall G355 4wi) 'B A0 555l dad 5 (71980 dnclall Godsx
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Strategy Each isotope contributes to the average atomic mass based on its relative abundance. Multiplying the mass
of an isotope by its fractional abundance (not percent) will give the contribution to the average atomic mass of that
particular isotope.

4
2
3
3
3
0
=
S
w
S
-
(@]
-
£
2
z
=
2



Akram Amir EIAli CHAPTER 3 NOTES
www.chemistrysources.com -2- Mass Relationships in Chemical Reactions

u;,ﬂs@,uyasu@ w\dﬁ}jéwéﬁ\JW\L)ﬁ‘w\bﬂérﬁuﬁyd\ [ Lot Al

(MQ)-LHM\Lﬂﬂuu‘)ﬁu‘A_«UbL«,«}rALM«JdJ‘Q)J}‘M‘)‘MJMJ)M(O:?}WM))
Solution First the percent abundances are converted to fractions: 19.80 percent to '**/  or 0.1980 and 80.20 percent to
80.20/100 or 0.8020. We find the contribution to the average atomic mass for each isotope, and then add the contribu-
tions together to obtain the average atomic mass.
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(0.1980)(10.0129 amu) + (0.8020)(11.0093 amu) = 10.8129 amu

Check The average atomic mass should be between the two isotopic masses; therefore, the answer is reasonable. Note
that because there are more !'B isotopes than !°B isotopes, the average atomic mass is closer to 11.0093 amu than to
10.0129 amu.

905 O g 5 T L o 25 Bl 1 s Y et 2158 s s OF o 2,01 LS s 0 01 2 ) o ST
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Practice Exercise The atomic masses of the two stable isotopes of copper, ©*Cu (69.17 percent) and “Cu (30.83 per-
cent), are 62.9296 amu and 64.9278 amu, respectively. Calculate the average atomic mass of copper.

Gasdall (3 03 3 5 &) BCU 5 (7 69.17 mlall G 03 g2 5 Zund) FCU ¢ oy el lonidl (g lasd 01 AT OF ale 13) 2 o 4
ool 500 B a2 el (U1l e ¢ 3.5). 5 64.9278 ¢ 3.8, 562.9296 . «(7.30.83
5.9.563.55: J4

Problem 3.5 5.3 Nl

The atomic masses of *Cl (75.53 percent) and *’Cl (24.47 percent) are 34.968 amu and 36.956 amu, respectively. Cal-
culate the average atomic mass of chlorine. The percentages in parentheses denote the relative abundances.
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Problem 3.6 6.3 Nbeo

The atomic masses of °Li and "Li are 6.0151 amu and 7.0160 amu, respectively. Calculate the natural abundances of
these two isotopes. The average atomic mass of Li is 6.941 amu.

e ¢ dncdall (8 oy oI S35 5 A ol Ul g2 L 5.4, 57.0160 :Jj60151£7L1)6L1€_,.MU|L5J«.14J4.,)JJ\"}.§)|
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Solution The given atomic mass of lithium is an average value of the two isotope masses, based on the relative abun-
dance of those isotopes. If «x» is the fraction of the first isotope and «1 - x» is the fraction of the second isotope:

X ol bes a4l A&H\Jld.).ej\:\(.p\;ﬂ:jrx.:ﬂ\L;ﬂkqt},Sbyu&&bwdndu\‘ja&.«l\ sl as of 0 4
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6.0151x +7.0160 (1—x) = 6.941
6.0151x +7.0160 — 7.0160x = 6.941
—1.0009x = —0.075x = 0.075
Relative abundance of lithium-6 isotope = x X 100% = 7.50%
Relative abundance of lithium-7 isotope = (1—x) X 100% =92.50%

3.2 Avogadro’s Number and the Molar i) sl (sl 9 953l 98 e 2.3
Mass of an Element
» Mole is a special unit to describe a very large NCHFRVURY | PURS VS FUFIVSE RESPRF ST UNE

number of atoms. i .

» Mole (mol) is the amount of a substance that o kel de g 528 Alaslldas b Al <
contains as many elementary entities (atoms, &l 5l Lt 3 o1 l,3) LIV oL 2SI
molecules, or other particles) as there are at- f‘ﬁ 12 d <l sae $slws &fﬂ‘ P (LSJ_;T
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oms in exactly 12 g (or 0.012 kg) of the car-
bon-12 isotope.

The actual number of atoms in 12 g of car-
bon-12 is determined experimentally and
called Avogadro’s number (N, ) and equal to:

1205 SIS s (0225 0.012 1) Lol

ymﬁlzéubuwuuwgv;u

sday A 10 oy o /2 JSC2s =12 050 S|
1S sbs (N 53l 531

NA=6.0221413 x 10%

1 mole of carbon-12 atoms has a mass of ex-
actly 12 g and contains Avogadro’s number
of atoms.

The mass of carbon-12 is called as the Molar
mass (M) and defined as the mass (in grams
or kilograms) of 1 mole of units (such as at-
oms or molecules) of a substance.

Note that the molar mass of carbon-12 (in
grams) is numerically equal to its atomic
mass in amu.

If we know the atomic mass of an element,

$olws 12 - 05 S i ust I L ds
oo 3 Slode e 652 5l 12 Ll
5 5 (M) &I M ASIL 12 = 0 g S AS s
oo s J el kST ST ol L) LS Ll
Lodsle e (il 541 5Tl o) ool
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we also know its molar mass. sl als

12 =0 5 ,SI ol do| I J Gl s of ke 1315
Ol Lalds 13] (6 s iy 5l ¢ Ll 2 12 55
OLs Lo > 1203512 - 055 55,3 6.02 x 107
1.993 x 107 (g5l 0 32 S o801 55,5 055
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» If we know the molar mass of 1 mole of
carbon-12 atoms equal to 12 grams, i.e, the
mass of 6.02 x 10 atoms of carbon-12 at-
oms equal to 12, hence the mass of 1 car-
bon-12 atom is 1.993 x 10> g.

» For simplicity we will use the follwing
scheme to calculate number of moles or the
molar mass or mass in grams.

www.chemistrysources.com 6juj oy closall oo dli-

Mass in
gram

No. of | Molar
Moles mass

Example 3.2 23 J2»

Helium (He) is a valuable gas used in industry, low-temperature research, deep-sea diving tanks, and balloons. How
many moles of He atoms are in 6.46 g of He?
&éjw\y}ﬂ‘&u}b\K.PL’MpL}jMSJ‘FQ@qumg\&ww\éjbw‘érwwju}hrxlril

Strategy We are given grams of helium and asked to solve for moles of helium. What conversion factor do we need to
convert between grams and moles? Arrange the appropriate conversion factor so that grams cancel and the unit moles
is obtained for your answer, or you can use the above scheme to solve the problem .
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Solution The conversion factor needed to convert between grams and moles is the molar mass. In the periodic table, we
see that the molar mass of He is 4.003 g. This can be expressed as:

o sebeld 2 11 201 O S ¢ (g 5ol J gad) 3 -0 50 ANy Y g el Al sl oMl Jy ol ks L

1 mol He = 4.003 g He
From this equality, we can write two conversion factors
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JosZ Jole DS LiSay codn (g 5Ll e 0

1 mol He and 4.003 g He
4.003 g He 1 mol He

The conversion factor on the left is the correct one. Grams will cancel, leaving the unit mol for the answer—that is,
céT_wad}\sbJﬁj‘ﬂJWQu‘}|W‘ﬁ)w‘&&yﬁj‘&bdl

1 mol He
4.003 g He

6.46 g He % =1.61 mol He

Thus, there are 1.61 moles of He atoms in 6.46 g of He.

'U:J‘TM ool > 6.46 4 D:l:):\ 3 e oY 40 1,61 Hlia 56 UL
Check Because the given mass (6.46 g) is larger than the molar mass of He, we expect to have more than 1 mole of
He.

He (o sl g J g 0 ST L) 055 O 3 55 He J 2 1 As3l po ST (o 6.46) sllaall A 0Y 17885 1 S oy 45T
Another solution ksl plusealy A )

Mass in
gram

No. of | Molar
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6.46 g He

W: 1.61 mol He

Practice Exercise How many moles of magnesium (Mg) are there in 87.3 g of Mg?
J}A 3.59: JJ-I

Problem 3.15 15.3 N s

How many moles of calcium (Ca) atoms are in 77.4 g of Ca?

S el S o el 2 77.4 G (Ca) p s S Y g 305 o

Solution JJ-I

Mass in
gram

No. of | Molar

774 gCa

W =1.93 mol Ca
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Example 3.3 3.3 J—

Zinc (Zn) is a silvery metal that is used in making brass (with copper) and in plating iron to prevent corrosion. How

many grams of Zn are in 0.356 mole of Zn?

e i oM 3 L o)l st (L ol ) ol Sl 51 ol 8K i 3 bty O 51 528 ks (Z0) (U
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Strategy We are trying to solve for grams of zinc. What conversion factor do we need to convert between moles and
grams? Arrange the appropriate conversion factor so that moles cancel and the unit grams are obtained for your answer.

5 Spl Ay Y Gy o peil) o gl ol ke g 13 -l A G ) 039 512 slond cyoms £ Job il !
d:;b-\{ ‘J.;|ab}&dﬁ\r}g&}‘ﬂ@quﬂ&ﬂ\Jﬂw

Solution The conversion factor needed to convert between moles and grams is the molar mass. In the periodic table, we
see the molar mass of Zn is 65.39 g. This can be expressed as

65.39 o) 2 11 ST (6 55 (01 sl (3 & 511 2SN g gl At Y U1 o o gt o gl g gl sl 0] I
S 10s o el ey 5 0

mol Zn=65.39¢g7n 1
From this equality, we can write two conversion factors

s Jole DS LiSlay 0 (5 5Ll BMe yo

1 mol Zn a 65.39 g Zn
65.39 g Zn 1 mol Zn

The conversion factor on the right is the correct one. Moles will cancel, leaving unit of grams for the answer. The num-
ber of grams of Zn is

nguuy@)&\&b\fb.l&LB?J(:‘}\EJ})&SJU&QY}H&;'.LZ«W\ﬁw\d&éﬂ‘&ﬂ\&bdl

65.39 g Zn

0.356 mol Zn X m

=233g7Zn

Thus, there are 23.3 g of Zn in 0.356 mole of Zn.

www.chemistrysources.com 6juj oy closall oo dli-

Another solution ksl plsely A )

Mass in
gram

No. of | Molar
Moles [ mass

0.356 mol Zn x 65.39 g Zn=23.3 gZn

Check Does a mass of 23.3 g for 0.356 mole of Zn seem reasonable? What is the mass of 1 mole of Zn?
Como s o Jgo 1 ALS Lo 2 sne (o B 0 J 30 0.356 filio oo 23.3 A8 g5 o S s ST

Practice Exercise Calculate the number of grams of lead (Pb) in 12.4 moles of lead.
MY}A 12.4&é(Pb)prJJ\CJLO\J>:JJ&MTI$}f

Problem 3.16 16.3 (Wl——s
How many grams of gold (Au) are there in 15.3 moles of Au?
...... JH eSS Scadll e @Y 50153 353 52 4l (An) Coalll Dbl - sus oS
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Solution JJ_ |

15.3 mol Au x 196.966 g Au=3013.57 g Au

Example 3.4 4.3 J___.

The C; molecule is called buckminsterfullerene because its shape resembles the geodesic domes designed by the vi-

sionary architect R. Buckminster Fuller. What is the mass (in grams) of one C,; molecule?

R. 55U ol gl Lpooo (1 Ly gkl L)ty K5 0¥ SU S 5T i joeieS g ool C o5 o Gl
§Cy s+ (AL ATl | . Buckminster Fuller
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Strategy The question asks for the mass of one C, molecule. Determine the moles of C atoms in one C ; molecule, and

then use the molar mass of C to calculate the mass of one molecule in grams.

&J 5l s piial oF 1y C o5 5 G 05 S ol e ge sus sl C pg i WS JIgadl Sl 4] d2es] A
.r\}l.g.b—bt;é_}a-wgwdﬁﬂ

Solution Because one C60 molecule contains 60 C atoms, and 1 mole of C contains 6.022 x 10 C atoms and has a

mass of 12.011 g, we can calculate the mass of one C,; molecule as follows:

‘o 12.011 45 5 0 4 ,S5,56.022 % 1023L}péﬁoﬁjﬁ\y»\ﬂ\d}l\jaoﬁ;sﬁ‘k~ ‘_;.cé):.écéwék&%ﬁ\jﬁ.} J&
:L}L*J\jaﬂ\ de Cprg i s olua LS

60 C atoms o 1 mol C o 1201 g
1 C,molecule  6.022 x 10* Catom 1 mol C

1 C,, molecule x =1.197x10?' g

Another solution ;-TJ:-
?O}AJSS)ST'Oj)}k\‘}¢¢\ﬁ\\','\L(ijjbﬁjss):sﬁozzx1023&%'5}:;‘_;‘)&}4.4,.{”yb\}\d}\dib«l&ﬁ!

6.022 x 10® 5>—>—— 1201 g

60 ———— 2777

www.chemistrysources.com 6juj oy closall oo dali-

(60 x 12.01)

S0 <105~ 1197 % 102 g

Check Because 6.022 x 10% atoms of C have a mass 12.01 g, a molecule containing only 60 carbon atoms should have
a significantly smaller mass.

052555360 o (5522 Ml e (s 1 Ol ¢ oo 1201 (g5l AS U 05 S5,5 6.022 % 102 OY 13k O 175 2 J& e ST
S al S 045 0 g Lai

Practice Exercise Gold atoms form small clusters containing a fixed number of atoms. What is the mass (in grams) of
one Au,, cluster?

23553 YN 50 0 580 ol siad (ol A1) TSI Lo o0l pn b ks Lo (6 528 5 s Do ol 33 S5
. YAy,
1014 x 102 g [L]

Problem 3.20 20.3 W e

A modern penny weighs 2.5 g but contains only 0.063 g of copper (Cu). How many copper atoms are present in a mod-
ern penny? Cu atomic mass : 63.55
@JA\M\L{é‘hﬁjllwbd\c;l;&;.LoVS.(Cu)wla:Jl&ar\ﬁ0.063 &Lﬁé%&jc\ﬁ\‘,o Sgddl IO
63.55 : juledd & L desT) L Gz
Solution J&
ooleld A AT > 63.55 ————  6.022 x 10%

0.063 ———— PRRRRRY

(0.063 x 6.022 x 10%)
63.55

=597 x 10 atom
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Problem 3.21 21.3 W e

Which of the following has more atoms: 1.10 g of hydrogen atoms or 14.7 g of chromium atoms?
s SIS )3 o o 147 ol o s 5ol I3 e oo 1101 ST o3 Lo 6522 b e ol

Solution J&
For Hydrogen atom _n> 5,04/ 5,1

3
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eyl A G AN > 1.008 ———— 6.022 x 10%

0 ———— geeeee

(1.10 x 6.022 x 10%)

1008 =6.57 x 10® atom

For Chromium atom £3 ASs,0

NJ_QJ &J 5l alsdi > 52.00 ———— 6.022 x 10*

14.7 ———— geeeee
(14.7 x 6.022 x 10%)
52.00

Therefore, there are more H atoms in 1.10 g of H atoms than 14.7 g of Cr.
03N o o 147 (o 28T G 5 50hl o o 110 G H 13 50 dor 0 ¢ S

=1.7 x 102 atom

3.3 Molar Mass ol L1 3.3
» The molecular mass (sometimes called mo- s (&3 055! Ul pond) L A 11ST)
lecular weight) is the mass (in amu) of one dlg e A (4,5 S Bus ) sl

molecule.
» It is determined by the sum of the atomic 3,5 |J&, 41 | s IN= e Ladgad — <
masses of each atom in a molecule. psaiy
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Example 3.5 5.3 J—w

Calculate the molecular masses (in amu) of the following compounds: (a) sulfur dioxide (SO,), a gas that is responsible

for acid rain, and (b) caffeine (C;H, N,O,), a stimulant present in tea, coffee, and cola beverages.

BN (D) 3¢ gaadl Jall e Jg5ms L 525 ¢ (SO,) oy Sl ST 6 (1) 145V LS Sol) (At o JoS 5 ) iy 2 JoSU) |
.‘}!ﬂ!ol{;jiﬁjsj.@.ﬁ\jéw\Qaﬁywﬁjc(CSHmN402)

Strategy How do atomic masses of different elements combine to give the molecular mass of a compound?

?qﬂ@}nﬁ;ﬁ\uwwgﬂwg,x\‘yﬂ‘%«;@:Ja-lwlj.,n
Solution To calculate molecular mass, we need to sum all the afomic masses in the molecule. For each element, we
multiply the atomic mass of the element by the number of atoms of that element in the molecule. We find atomic
masses in the periodic table.

Al olydsie § el L, WA b e A @, I ~Lde cds Al ot [
B 4 D) PFDC FEE (PN oL 3 - 2 -
.é)jﬂ‘d)&\yrﬁw%)ﬁ\&g‘blélﬁ).PL“;};.-‘L}
(a) There are two O atoms and one S atom in SO,, so that
RUISUPE SERPTORPLE SH SPRPENI{ F Pryci(rs

molecular mass of SO2 = 32.07 amu + 2(16.00 amu)
=64.07 amu

(b) There are eight C atoms, ten H atoms, four N atoms, and two O atoms in caffeine, so the molecular mass of

CH,)N,O, is given by ) )

M\&JWO&{.;‘.U;\.]c&@\é&gﬁ‘Sj)ﬁ)cQ?jJ@Q‘).J@)b‘Q?))Jz.habsfiﬁjcOﬁJSQbS&;u.’_SUA(g)
15l S CH, N0, I ds 54

87107 4

8(12.01 amu) + 10(1.008 amu) + 4(14.01 amu) + 2(16.00 amu) = 194.20 amu

C HEM IST RY by: Raymond Chang & Jason Overby
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Practice Exercise What is the molecular mass of methanol (CH,0)?
.CH,0 J slecadd L L1 Al ala s o 2
32.04 amu: |4/

Problem 3.23 23.3 Ao

Calculate the molecular mass or formula mass (in amu) of each of the following substances: (a) CH,, (b) NO,, (c) SO,,

(d) C,H,, (e) Nal, (f) K,SO,, (g) Ca,(PO,),.

«Nal () « CH( () ¢SO, () «NO, (&) < CH, (0 I sl e ST ()5 S 80 5) dnall s {5 ATl
.Ca,(PO,), () <K SO, ()

J&

3
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3
3
é,

a. CH,: 1(12.011 amu) + 4 (1.008 amu) = 16.04 amu CH,
b. NO,: 1 (14.01 amu) + 2 (16.00 amu) = 46.01 amu NO,
c. SO,:1(32.07 amu) + 3 (16.00 amu) = 80.07 amu SO,

d. CH, 6(12.011 amu) + 6 (1.008 amu) = 78.11 amu C H,
e. Nal: 1(22.99 amu) + 1 (126.9 amu) = 149.9 amu Nal

f. K,SO,:2(39.10 amu) + 1 (32.07 amu) + 4 (16.00 amu) = 174.27 amu K SO,

g. Ca,(PO,),: 3 (40.08 amu) +2 (30.97 amu) + 8 (16.00 amu) = 310.2 amu Ca,(PO,),

Problem 3.24 24.3 N e

Calculate the molar mass of the following substances: (a) Li,CO,, (b) CS,, (c) CHCI, (chloroform), (d) C.H,O, (ascor-

bic acid, or vitamin C), (e) KNO,, (f) Mg,N..

o élﬁ”if}l\ o22~) CHO, ()¢ (r)‘}-;j)jls) CHCI, ()« CS, (<) « Li,CO; (0 : i JW sl e ST a5 ATl |
. 1\/Ig31\12 (j) 3 I(I\IO3 (a) ¢ (Cwb:.‘?

J#
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a. Li,CO,.:2(6.941 amu)+ 1 (12.01) + 3 (16 amu) = 73.89 amu Li,CO,

b. CS:1(12.01 amu) + 2 (32.06 amu) = 76.13 amu CS,

c. CHCI;: 1(12.01 amu) +9 (1.008 amu) + 3 (35.45 amu) = 119.368 amu CHCI,
d. CHO,: 6(12.011 amu) + 8 (1.008 amu) + 6 (16 amu) = 176.124 amu C H,O,

e. KNO,:1(39.01 amu) + 1 (14.00 amu) + 3 (16 amu) = 101.10 amu KNO,

f. MgN,:3(24.30 amu) + 2 (14.00 amu) = 100.94 amu Mg N

2

s A A A IS o ey A A ST e

» From the molecular mass we can determine

C HEM IST RY by: Raymond Chang & Jason Overby

the molar mass of a molecule or compound. S el
» The molar mass of a compound (in grams) 1S _.|-s (s e Solus (f\f;b) S el LA <
numerically equal to its molecular mass (in i ) (.:\_,')5 J.S : J&;’) i A

amu).

» For example, the molecular mass of water is 84> 5 18.02 (M &2 ;-1 i LIl JW fow Je
18.02 amu, so its molar mass is 18.02 g. ol 18.02 g 5lus M leds oI ca )3 ks
» 1 mole of water weighs 18.02 g and contains | g2 (,\ﬁ. 18.02 0 5 el o a1 I J

6.022 x 10% H,O molecules.

HO (e ol > 6,022 % 105
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Example 3.6 6.3 J—w

Methane (CH,) is the principal component of natural gas. How many moles of CH, are present in 6.07 g of CH,?
folll s o~ 6.07 (883 32 M Ol &Y s sde Lo . acdall 5L s J1 053 g8 (CHY oL

Strategy We are given grams of CH4 and asked to solve for moles of CH4. What conversion factor do we need to con-
vert between grams and moles? Arrange the appropriate conversion factor so that grams cancel and the unit moles are
obtained for your answer.

O Jeyild ar o 1 oyl Jole o Ot Y gl Lo by L) il ke UL G Gl 5 o dmil
d‘b&?C)‘y)l‘ﬁ.k?jJﬁd}&\ﬁjd)b‘}\@b%}ngUJi?d‘JAWgJ)QQY}UC)L&:‘JA—‘

Solution The conversion factor needed to convert between grams and moles is the molar mass. First we need to calcu-
late the molar mass of CH4, following the procedure in Example 3.5:

CL,SMOM@}lM\gWJQ/Y)TCM A AN ga oY Ay wlel A Gy geedd Ol gl fole Of 1
5.3 Jul g 4 ds
molar mass of CH4 =12.01 g + 4(1.008 g)
=16.04 ¢

%

Because oY s
1 mol CH, = 16.04 g CH,

the conversion factor we need should have grams in the denominator so that the unit g will cancel, leaving the unit mol
in the numerator:

:M‘QJ}ABA?)@)U‘QLA‘}JBbJﬂM r&‘é&b\f&é%di%bbﬁéﬂ‘&ﬂ\&w

1 mol CH,
16.04 g CH,
We now write LS Ly OV
1 mol CH,
6.07 g CH4 X m =(0.378 mol CH4
Thus, there is 0.378 mole of CH, in 6.07 g of CH,. OLdl s 0 6.07 3 Ll (e J 50 0378 e gy ¢« S

Another solution Lkl eluszal, A )=

Mass in
gram

No. of | Molar

6.07 g CH

16.04 g CH, =0.378 mol CH,

Check Should 6.07 g of CH, equal less than 1 mole of CH,? What is the mass of 1 mole of CH,?
CH, (o dl 5 J g0 IS s SCH, ca dl s J 4o (oo JBTCH, (g 0 6.07 (55l 0T 2 o S o ST

Practice Exercise Calculate the number of moles of chloroform (CHCI,) in 198 g of chloroform.
e Lol > 198 § (CHCL ;35 5, SN Y o sde ol £
J&

J 30 166

C HEM IST RY by: Raymond Chang & Jason Overby
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Problem 3.26 26.3 N e

How many molecules of ethane (C,H,) are present in 0.334 g of C,H,? (Molar mass of C,H, = 30.06 g.)
(V‘ﬁ' 30.06 _o» 0L &I 6l Al . SC H o ol > 0.334 J 83 > M (CH) Ol Wl 2 sue ‘.S

Solution J&

3
A
3
3
%

Mass in
gram

No. of | Molar

334 gCH
D224 85 _ 0111 mol CH,

30.06 ¢ C,H,
ol Al s
1 mol C,H, ———— 6.022 x 10%
1.1 x 107 mol C2H6 — > geeeee

(0.0111 mol C,H, x 6.022 x 10%)

= 21
1 mol C,H, 6.68 x 10*' molecule

Another solution ,&T J>

o p i 0334 (35 g g6 5 (56 ¢ Ol 56 3 6.02 X 107 Lo 6 552 ol 2 30.06 03 (51 5 QY (o -1 31 J M OIS 13)
oYl

www.chemistrysources.com 6juj oy closall oo dali-

0.334 g C,H, ENENENEN geeees

(0.334 g CH, x 6.02 x 10%)

= 21
30.06 g CH, 6.68 x 10?' molecule

Example 3.7 7.3 J—w

How many hydrogen atoms are present in 25.6 g of urea [(NH,) CO], which is used as a fertilizer, in animal feed, and

in the manufacture of polymers? The molar mass of urea is 60.06 g.

ol palll dsls (35 ¢ SUlsed) Cile 3 6l pasians Ay ¢ [NH,),CON L sl on pl i 256 G383 5 5b1 Grom s pbebl 53 s oS
1 60.06 L 5l 1 U1 21531 0L | e

Strategy We are asked to solve for atoms of hydrogen in 25.6 g of urea. We cannot convert directly from grams of urea
to atoms of hydrogen. How should molar mass and Avogadro’s number be used in this calculation? How many moles
of H are in 1 mole of urea?

sl Sl 05 80n gl LSy Y 5l ol 25,6 3 o gyl o153 3008 31 Lo ol 2 Jobf el

Solution To calculate the number of H atoms, we first must convert grams of urea to moles of urea using the molar mass
of urea. This part is similar to Example 3.2. The molecular formula of urea shows there are four moles of H atoms in
one mole of urea molecule, so the mole ratio is 4:1. Finally, knowing the number of moles of H atoms, we can calculate
the number of H atoms using Avogadro’s number. We need two conversion factors: molar mass and Avogadro’s number.
We can combine these conversions:

grams of urea — moles of urea — moles of H — atoms of H
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3 in s Ul & 511 QSN phasaaly Uy palt @Y go ) L sl el g2 VT gt ¢ O gkl 53 5 Slud L
L}wp)‘ng\;ékybwﬁ&;&g”wa\,sygv}ﬁ@j;ﬁ,gmu%}‘w\c.,e}:j.v,wwgm
549(:\45&»[{&?})43&\Q\)ibdpg.)ww‘#)J%&\C)biwyjﬁb&ﬁﬂc\j:éij.\ Ifgh@)l‘w\f)g

:cmu,cj\mw@g\u@.,ﬁ%ﬁm,@;\M\:JU;JJL;L;;GL;,L;.)J»,;T

el O3 sde — o gl IO pesde — Ly el Y sesde — Ll Sl 2 sue

1 mol (NH,),CO 4 mol H 6.022 x 10* H atom

= 24
60.06 g (NF1,),CO T mol (NH,),CO | Tol T 1.03 x 10* H atom

25.6 ¢ (NH,),CO x

Check Does the answer look reasonable? How many atoms of H would 60.06 g of urea contain?
?LUxHy¢\ﬁ60.06&é}ﬁdﬂ\ggj).x.:Mo\)S;.L;VS?Zd}amS‘gt?‘}\).\.;‘_}»z J.;-'O.AJ.SB’

Practice Exercise How many H atoms are in 72.5 g of isopropanol (rubbing alcohol), C,H,O?
P JH

5.82 x 10** H atom.

Problem 3.27 27.3 N e

Calculate the number of C, H, and O atoms in 1.50 g of glucose (C.H ,0,), a sugar.
S 525 (CH 00 555 Jbl a pl o 1.50 3 oS 5 o 551 5 0 52,0 13 5k |

J&

=3.01 x 10?*> C atom

1 mol CH O, 6 mol C 6.022 x 10% C atom
150 g CH,0,* 1301555 CH O TmolCH.O - Tmol C

6 1276 61276

SO bl Ol 3 sue Olud
=6.02 x 10* H atom

1 mol CH O, 12 mol H 6.022 x 10 H atom
1.50g CH,0, X 1301555 C .0 TmolCH O Tmol H

671276 61276

LSV 13 sde olud
=3.01 x 10* O atom

1 mol CH O, 6 mol O 6.022 x 10** O atom
1508 CH,.0* 130155 g C 1.0, * TmolCH.O - Tmol O

6 1276 6 1276

Problem 3.28 28.3 (Wl e

Dimethyl sulfoxide [(CH,),SO], also called DMSO, is an important solvent that penetrates the skin, enabling it to be
used as a topical drug-delivery agent. Calculate the number of C, S, H, and O atoms in 7.14 x 10° g of dimethyl sulf-
oxide.

s 38 JolaS aolial ey U ¢ A G52 vgo e 52 < DMSO s LT g ol ¢ [CHL),SO)] il U oSyl
J&

10 5,591 O3 sde Ol

1 mol (CH,),SO : &
mol (CH,), 2mol C 6.022 x 10* C atom _ 1.1 % 10% C atom

78.13 g (CH,),S0  Tmol (CH,),S0 Tmol C

7.14 x 10° g (CH,),SO %

Lo g bl ol 3 sde Olld
1 mol (CH,),SO o 6 mol H o 6.022 x 10 H atom 30 0k
78.13 g (CH,),SO 1 mol (CH,),SO Tmol H =3. atom

7.14 % 10° g (CH,) SO x

C HEM IST RY by: Raymond Chang & Jason Overby
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1 mol (CH
7.14% 10° g (CH,),S0 x e 2ol (CH,),S9

1 mol O

LS Y O3 sde olud

6.022 x 10 O atom

78.13 g (CH,),50

1 mol (CH,),SO

Tmol (CH,),S0

1 mol S

= 25
Tmol O =5.5%10% O atom

g S ol yd sae Ol

23
6.022 x 10% S atom =15.5x 10% S atom

3
7.14x10° g (CH3)ZSO x 78.13 g (CH3)ZSO

3.4 The Mass Spectrometer

>

| 2

v

Mass spectrometer is used to determine the
accurate atomic and molecular masses.

In the mass spectrometer a gaseous sample is
bombarded by a stream of high-energy elec-
trons which knock electrons of the atoms to
produces a positive ions. These positive ions
are accelerated in an electric field and de-
flected into a circular path by a magnet into
different pathes depending on the charge-to-
mass ratio , heavier ions are deflected mor
than lighter ions , so that ions with equal
charges but different masses are separated
from one another. The mass of each ion is
determined from the magnitude of its deflec-
tion. Eventually the ions arrive at the detec-
tor, which registers a current for each type of
ion. The amount of current generated is di-
rectly proportional to the number of ions, so
it enables us to determine the relative abun-
dance of isotopes.

The mass spectrometer provided indisput-
able evidence of the existence of isotopes.

& Accelerating
gﬁﬁ-ﬁ! plates
Electron

Ton beam
pimlifes

Filament il

T'mol (CH,) SO

1 mol S

s Caldae 4.3

Ol eI 3 ) ATl G LLas oy
ol
w&dw%)w\w‘wﬁc&ﬁ\ugbé
by SIL plbas Al Gl e L s
Gf:r_:i‘.:yj.z_eyouﬁiewrubu
Com 55 SLS g Gixdl ol pYleda
iy bl o ul g 4 515 Sl s 1] G5 o3
T CC S O | U P P ¥ E- S
U5t G e ALzl b N 0L 3 e el
o Sy A 5 e sV U oY1 e ST
dalzz s S0 4 sladdl Sloetdl old &b Y
sl JS WS aad o QU 5 Gaadl Ludamy o2
bV s Ll 3 8] il e (Lo sl
Y e 5 JSIIILS Jorny (W1 ¢ i3IS
cobﬁiﬁ\swcaq:} b o gl L) AasSs
Gl 8 5 I OSAE e LiSEE Al odia 0L 10
el

s s 4 e ¥ LD Al Gl oy

sl

Detecting
screen

Wl
NEIRANY

The lllustration from CHEMISTRY by Reaymond Chang and Jason Overby
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3.5 Percent Composition of Compounds Sl ) (58 gl ) s D98 5.3

» The percent composition by mass is the per- a5 M o oS Sl v d el Al o) <«
cent by mass of each element in a compound. S G e S ASIL & gl ]

> Mathematic.ally, the percegt composition of G el i il e ) e Lob,s <
an element in a compound is expressed as: - T R e )

3
A
3
3
E},

n x molar mass of element
molar mass of compound

percent composition of an element = % 100%

where n is the number of moles of the element in S A paslsd e @ el oY pesde n e
1 mole of the compound.

Example 3.8 8.3 J——u

Phosphoric acid (H,PO,) is a colorless, syrupy liquid used in detergents, fertilizers, toothpastes, and in carbonated bev-
erages for a “tangy” flavor. Calculate the percent composition by mass of H, P, and O in this compound.

e 1S5 ol g 501 s 25 QLT Gl 3o Y1y U (§ putst 01 e sl 52 (HLPO,) Sy yinn 5l yamn

Strategy Recall the procedure for calculating a percentage. Assume that we have 1 mole of H3PO4. The percent by
mass of each element (H, P, and O) is given by the combined molar mass of the atoms of the element in 1 mole of H,PO,
divided by the molar mass of H,PO,, then multiplied by 100 percent.

G all e J ek o5y S (HLPO, o oty o L) OF i 00 L g el el bl o ] SU6 - b el
J}\}wb\)dﬁ@&y}\WJMJ\Qbe&&;L}ﬂM@}‘M\JM}&(O)chP)MMMb
ULV By e o5y phan pill ek T N LS b R g Ly s s pil) o cyo

Solution The molar mass of H,PO, is 97.99 g. The percent by mass of each of the elements in H,PO, is calculated as
follows:

1 ol Lo HPO, 3 poliall oy pate 150 2S00 &y bl 2ol Ol 00 97.99 2 HPO, S &3 41 201 [

o o (1008 ) H
° " 97.99 g H,PO,

www.chemistrysources.com 6juj oy closall oo dli-

x 100% = 3.086 %

Vp—ﬂx 100% = 31.61 %
°" " 97.99 g H,PO, e
% O H1600£) O 100% = 65.31 %
= X =
©0=5799gnpo, < 100%= 6531%

Check Do the percentages add to 100 percent? The sum of the percentages is (3.086% + 31.61% + 65.31%) = 100.01%.
The small discrepancy from 100 percent is due to the way we rounded off.

<531 710001 = (7. 65.31 +7.31.61 + 7. 3.086) 58 ol ¢ a2 T8 100 4] &) ol LS Jo ] s a5
8 e o3 A Bl ] o BUI (3100 cpo pinal

Practice Exercise Calculate the percent composition by mass of each of the elements in sulfuric acid (H,SO,).

(H,S0,) ks SH Gar 3 USH om ie JS 00585 o o

&
S: 32.5% 0:653%  H:2.01 %

Problem 3.28 28.3 Ao

For many years chloroform (CHCI,) was used as an inhalation anesthetic in spite of the fact that it is also a toxic
substance that may cause severe liver, kidney, and heart damage. Calculate the percent composition by mass of this
compound.

C HEM IST RY by: Raymond Chang & Jason Overby
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¢,<J\éf\Lm&u%ﬁaus;uai@a}yrﬁ';\&gm\,M(CHcg)w;wm\r\mw«a%.\puw

3
A
3
3
@,

(JH

1.008 ¢ H
? 11027 o CHCT =
ol 119.37 g CHCI, x 100% = 0.84 %

12.01 gC
0 __ evrieE o _ ,
oe 119.37 g CHCL, 100% = 10.06 %
%ClzwX 100% — 89,12 %

119.37 g CHCI, .

» Given the percent composition by mass of a U ;S sl v & 2l Al L pre D 0 <

compound, we can determine the empirical S jall iy el drnall (j;f-’ o Ses
formula of the compound. : = g -

Example 3.9 9.3 J—w

Ascorbic acid (vitamin C) cures scurvy. It is composed of 40.92 percent carbon (C), 4.58 percent hydrogen (H), and

54.50 percent oxygen (O) by mass. Determine its empirical formula.

54.507. 5« (H) (5502 4.587. op0 5(C) 055 ,S40.927. 110 O 5Ky 32 50 b g, 20Nl (5 0 (C;yl::é) é.Lw)if)H u.a.eébu
Sy el 4o sd> AL (O) oS

Strategy In a chemical formula, the subscripts represent the ratio of the number of moles of each element that combine

to form one mole of the compound. How can we convert from mass percent to moles? If we assume an exactly 100-g

sample of the compound, do we know the mass of each element in the compound? How do we then convert from grams

to moles?

(oS o Vit Y e S bns s 1 5 i IS Y g 30 o Bl 0 1 87 ¢ alanSl a3 o Ll

G e IS S O pmd Jgb ¢ S U ppn Jadally o V¢ Ul i L 5113 9 a3} RSN i o o ol iy S
SOV bl A e G5 da J g aS SCS L

www.chemistrysources.com 6juj oy closall oo dali-

Solution If we have 100 g of ascorbic acid, then each percentage can be converted directly to grams. In this sample,
there will be 40.92 g of C, 4.58 g of H, and 54.50 g of O. Because the subscripts in the formula represent a mole ratio,
we need to convert the grams of each element to moles. The conversion factor needed is the molar mass of each ele-
ment. Let n represent the number of moles of each element so that

40.92 s O 45w ¢ &eall oda (3 -pl i U8 ble &gt Bl IS o 52 Sad ¢ Sy sSNI aa g pl - 100 Ll OIS 13] J4
oo ) gl ¢ Y L 18 Bl 355 g 1 550 31 OY 115 5.0 (o pl 2 54.50 5 H (o pl 2 458 5« C oo pl >

40928 Cx—20C 3407 mol
n.=40.92¢gCx 20igC 3.407 mol C
gsggHx— D ol
= X — —
n,=458¢ 1.008 g H .54 mo
5450 g 0 x ——20LO 3.406 mol O
= X — =
o =%V 8 16.00 g O AUH Mo

Thus, we arrive at the formula C,, H, O, , ., which gives the identity and the mole ratios of atoms present. However,

chemical formulas are written with whole numbers. Try to convert to whole numbers by dividing all the subscripts by
the smallest subscript (3.4006):

@L:“'.:SJ‘ C’GJ‘ :\.-L?S r.'f: S s, .b;.:}a-}l‘ Q\).LU Q‘g}l\ g Z\.]J.M %;1::3 Ljﬂb ¢ C34407I;I4'5403.406 ;\'&:’Aj‘ Jf‘_d-sda 3 \J&h;
:(3.406)ué.§$¢wr5)ﬂ\J&Lé.é:&dl\JJ}W@@}M@}O;WﬂJ&l&&yd\JJB.WFBJL.
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3407 454 3406
€ 3406~ ! H:3g07 = 133 O:3207 = !

where the =~ sign means “approximately equal to.” This gives CH, ,,O as the formula for ascorbic acid. Next, we need
to convert 1.33, the subscript for H, into an integer. This can be done by a trial-and-error procedure:

o 310133 hsd U b ¢ 3 a2y sSKuYI 2ed draS CH O awy 1ds 5 .U 55 (gl = 2ol s o
> = Al ! P 5 1337 Salt T
el s & ol ol ) Gk e Ay p Ll Ry 5 - e ke ] G gl S|
133 x1=133

1.33 x2=2.66
1.33x3=399=4

3
A
3
3
i,

Because 1.33 x 3 gives us an integer (4), we multiply all the subscripts by 3 and obtain C,H,O, as the empirical formula
for ascorbic acid.

il SN Gaad Ly 2 83aS CHO e a3 550 )l ot o Lo« (4) Baes e Liany 3% 133 0Y 1l

Check Are the subscripts in C;H,O, reduced to the smallest whole numbers?

S sde ol U CHO, Lol G &l Y ome oy 55 o5 o S e ST

Practice Exercise Determine the empirical formula of a compound having the following percent composition by mass:
K: 24.75 percent; Mn: 34.77 percent; O: 40.51 percent.

(L1 334,77 i B (52475 5 gl sy IS o 5500y I A1 el o S Ly ) il s 4
UL 40.51 1 eS|
&

KMnO,

Problem 3.43 43.3 N e

What are the empirical formulas of the compounds with the following compositions? (a) 2.1 percent H, 65.3 percent O,
32.6 percent S; (b) 20.2 percent Al, 79.8 percent CI.

p3n 1 1202 (0) ¢ g 1S 1326 pzmenST 1653 ¢ o 550 1. 2.1 (1) SEIWN LS UL S ol oy 2l il o s

www.chemistrysources.com 6)uj oap closrall o dQliz

57798
J
21 gH x—molH 2.083 mol H
= X — =
M=l 8 1.008 g H V62 mo
30,64 C x —molS 1.016 mol S
= X ——— =
g= 208 32.06¢S Lo mo
65.3 L mol O 4.081 mol
= X —
n, 3g0 160020 .081 mol O
2083 o, 1016 o, 4081 _
7016~ 2 1016 “T016

Empirical formula : H,SO,

AICL A Ly ol Gl fe i 5 G S ) ol b s o5

C HEM IST RY by: Raymond Chang & Jason Overby
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Problem344 43K
A
3
3
%

Problem 3.44 44.3 N e

What are the empirical formulas of the compounds with the following compositions? (a) 40.1 percent C, 6.6 percent H,

53.3 percent O; (b) 18.4 percent C, 21.5 percent N, 60.1 percent K.

5058 1 184(0) ¢ ST 1.53.3 5 (o 5548 166 5 05,8 1.40.1 (1) SIS L S joll dy 2ol il o Lo
.fﬂbﬁ'/ﬁo.ljgg-;j\:&'/llj

S+
J‘sm%‘S,a.U

1 mol C

nc=40.1 gCXW = 333 mol C

1 mol H

nH=6.6ngw= 6.54 mol H

1 mol O

n0=53.3gOXW: 3.33 mol O

33 b 654 0.3 _ |
333 1333 333

Empirical formula : CH,O
KCN:@L*J\%ﬁ&M\&mewu,s,wu#uws@s

> In some cases it’s important to know the ac-  &Lladl LI L xs V_el‘ e a3 «
tual mass of an element in a certain mass of i3 b o oS M e dme S 3L a o

a compound. For example, in the mining in- S ol okl sia i R B I
dustry, this information will tell the scientists o# el ol ’ toE el g

about the quality of the ore.

www.chemistrysources.com 6juj oy closall oo dali-

ru—‘ Sbﬁ

Example 3.10 10.3 J—u

Chalcopyrite (CuFeS,) is a principal mineral of copper. Calculate the number of kilograms of Cu in 3.71 x 10° kg of
chalcopyrite.

Al SIS o @28 371 X 107 3 ulowtll el 2 5hS 3 ol ol 35 ke 58 (CUFeS,) ol 5l SIS

Strategy Chalcopyrite is composed of Cu, Fe, and S. The mass due to Cu is based on its percentage by mass in the
compound. How do we calculate mass percent of an element?

B & gl as o wlontd) e AELN ST el s oSN g ¢ a5 ¢ ol o gl 5 SIS 0 58S 2 b Al
8 i) LSl G s S S M

Solution The molar masses of Cu and CuFeS, are 63.55 g and 183.5 g, respectively. The mass percent of Cu is therefore

A ol A 5 0B Qs Q151 e o 183.5 5 oo 63.55 ol ply SIS 5 el 211 sl s

A= molar mass of Cu -
o U= Tholar mass of CuFeS, 0

63.55¢

% Cu:TSg x 100% = 34.63 %
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To calculate the mass of Cu in a 3.71 x 10° kg sample of CuFeS,, we need to convert the percentage to a fraction (that
is, convert 34.63 percent to 34.63/100, or 0.3463) and write

34.63 4 BUL34.63 o2 1) 8 U & Al 2l o oF ) i ¢ CUFES, a onS 371 X 107 e 3 ol AlS CLL
14U (0.3463 51100/

3
A
3
3
E},

mass of Cu in CuFeS, = 0.3463 x (3.71 x 10° kg) = 1.28 x 103 kg

Check As a ball-park estimate, note that the mass percent of Cu is roughly 33 percent, so that a third of the mass should
be Cu—that is, ¥ x 3.71 x 10° kg = 1.24 x 10° kg. This quantity is quite close to the answer.

T = ol A e 05 S5 OF g 1 B ¥ Gl el A8 s OF LY 05,801 oo Do oS Job s ST
AV e 1 By 3 BreSUl 0 oS 1.24 X 10°% (xS 371 % 10° x Y3

Practice Exercise Calculate the number of grams of Al in 371 g of ALO,.
casll 334.77 :Weasul‘324.75:cﬂbﬁ:leaujﬁ\y@u\&,ﬂlw\d¢}@ﬁﬁﬂlw\;»:_ﬁ,f

L5UL 40.51 : (poensT
JA

196.3 g
Problem 3.41 41.3 N e

The formula for rust can be represented by Fe O,. How many moles of Fe are present in 24.6 g of the compound?
0o b oo oor 24.6 83y sl Ak Y 5 e oS Fe,0, a5V drnnally Tall £5LeaS) Gl 22 Sy

/
111.7 g Fe 1 mol Fe JJ-

24.6 g Fe, O, x 1597 g Fe,0,  35.85 g Fe = 0.308 mol Fe

www.chemistrysources.com 6juj o lorall o doli
X ‘

3.6 Experimental Determination of L s e 5= Al (a5 6.3
Empirical Formulas

» The word “empirical,” literally means “based  &da>MI ] 13Lawl) b 1 (o 20 AalS o5 <
only on observation and measurement.” (lazb WLl

» For Example by burning an ethanol sample e Gl i G 3ok e JUI Jw o <

in an apparatus as shown below we can de- . A o] g S ¢ alos]
termine the empirical formula of etahnol el 8 - 2oV Tt 2 s

.(C,H o)
(C,H,0). (C,H,0) J 555U
CO,
absorber
H,0 ot
0, /KJ absorber “\"‘5 el
: - CuO Ul o ‘)ﬁjs'] |
\\\ //
Furnace Q;‘U‘ The lllustration from CHEMISTRY by Reaymond Chang and Jason Overby

C HEM IST RY by: Raymond Chang & Jason Overby
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Determination of Molecular Formulas i 3] Aol (s

» To calculate the actual, molecular formula _; Jus ol g el il Alisalold <

we must know the approximate molar mass . T . el .
aeo Bl YL CS L i a2l ] L sl
of the compound in addition to its empirical =l o o ) jl |
oY) PV.J =~

formula. -

Example 3.10 10.3 J—w

A sample of a compound contains 30.46 percent nitrogen and 69.54 percent oxygen by mass, as determined by a mass

spectrometer. In a separate experiment, the molar mass of the compound is found to be between 90 g and 95 g. Deter-

mine the molecular formula and the accurate molar mass of the compound.

Cileaiie 4,4 3 5 AUl Gllas Aol 53502 48 (S U3 5 ASIL G2enST769.54 5 o 5 7 7.30.46 Lo S o 00 s (5 524
.qﬂ&;ﬂ\@}\w\j&g}\wbb.‘..?95)‘..7-90‘}3;’5,&3.:3)_&\11.&5\;*;4.?;
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Strategy To determine the molecular formula, we first need to determine the empirical formula. Comparing the empiri-
cal molar mass to the experimentally determined molar mass will reveal the relationship between the empirical formula
and molecular formula.

& 11 A g el 2 L1 SN )l CatSon By el Bl gt VT Ll ¢ 2% 3] Rl gt 2 ] ]
A A Gaeall g Ay el drnall G BNz 50l

Solution We start by assuming that there are 100 g of the compound. Then each percentage can be converted directly to
grams—that is, 30.46 g of N and 69.54 g of O. Let n represent the number of moles of each element so that

69.54 3N (o o 3046 (g1~ ol > ]33l & g0 i IS o 52 Sy o8 a5 - S M m pl 2 100 B OF o L s L4

3046 g N x—2N 5 174 mol N
= X — s m =
iy U0 1401 gN S/ mo
69.54 g0 ! mol © 4.346 mol O
= X — =
n, S4¢ 1600 g0 . mo
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Thus, we arrive at the formula N, - O, ., ., which gives the identity and the ratios of atoms present. However, chemical
formulas are written with whole numbers. Try to convert to whole numbers by dividing the subscripts by the smaller
subscript (2.174). After rounding off, we obtain NO, as the empirical formula.
WA oees fuJL Ll 'c:"ﬂ als (’:‘.’. u‘<J ® ’35)’-',91" <l el 9 &y 92 gsl"".’. ;;"‘“ﬁ Ny 1704346 el ) J"’"’ NS
w2 BeaSNO, Lo e ¢ il da 5.(2.174) o1 05 | e daisedl ruj‘www;wmdiﬂw,u
The molecular formula might be the same as the empirical formula or some integral multiple of it (for example, two,
three, four, or more times the empirical formula). Comparing the ratio of the molar mass to the molar mass of the em-
pirical formula will show the integral relationship between the empirical and molecular formulas. The molar mass of
the empirical formula NO, is
Glansl L)1 5T B 5T 50 ¢ B Juws Jo) Wb AalSA laslall Jam ol doy 2l drvall Lpuds on L A dana] 0555 45
iy ) ) O ARSI BN g el Bl 2 1 ST (4] L1 RS B e iz s (ST 51 2y ol dnnall
A NO, Ly el dnal) & L) Al a4l 5

empirical molar mass = 14.01 g + 2(16.0 g) =46.01 g

Next, we determine the ratio between the molar mass and the empirical molar mass

oo e 2 g1 A g 23 51 AT s Dl ks ¢ U3 ng

molar mass __9%g
empirical molar mass ~ 46.01 g

The molar mass is twice the empirical molar mass. This means that there are two NO, units in each molecule of the
compound, and the molecular formula is (NO,), or N,O,.

The actual molar mass of the compound is two times the empirical molar mass—that is, 2(46.01 g) or
92.02 g—which is between 90 g and 95 g.
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0555 U8 &ty 2k Exnall 5 ¢ S e 55 5 S ANO, e it 5 Iln OF ng a By el £ 51 AT s o 2511 A
N,0, 5I(NO,),
(95 502 90 G Le a s = o 92.02 51 (2 46.01) 2 (5T — oy l) I U1 AN Cinds 2 S o) Bl 4 411 2T

Check Note that in determining the molecular formula from the empirical formula, we need only know the approxi-
mate molar mass of the compound. The reason is that the true molar mass is an integral multiple (1x, 2x, 3%, . ..) of

3
A
3
3
E},

the empirical molar mass. Therefore, the ratio (molar mass/empirical molar mass) will always be close to an integer.

%AT_..\J\).;.ASJQMZ?:.UE:J\@A\M\ﬁﬂ&lhﬁcwc%ﬁﬁ;ﬂM\y%}\&tﬁl%&mﬂb\{ ‘}J-I&a.lsui
&) /@}\M\)M\bg«&ﬂ.%ﬁl@}\ﬁﬁ(...,><3 ,XZ,XI)&K:»wM@W\@)llﬁ:Q\dTﬁ
@Maxwxﬁ}@\;ojﬁw(%gfnﬂ\@)ll

Practice Exercise A sample of a compound containing boron (B) and hydrogen (H) contains 6.444 g of B and 1.803 g
of H. The molar mass of the compound is about 30 g. What is its molecular formula?

e%}‘w;@uﬁ:&o@\?dﬂ
&
B H

2776

Problem 3.48 48.3 N e

The empirical formula of a compound is CH. If the molar mass of this compound is about 78 g, what is its molecular
formula?

Cig bl e A1 ¢ or 78 (55led S 110 511 Al 315 136 . CH o S joll g ol Baal

J&
Given the above: molecular formula = 7 x (empirical formula)

Thus: molecular formula = 78.0 g/mol =n (12.011+1.00794) g/mol

www.chemistrysources.com 6juj oy closall oo dli-

- 78 .
=201 +1.008

And molecular formula = CGH6

Problem 3.49 49.3 Nt
The molar mass of caffeine is 194.19 g. Is the molecular formula of caffeine C,H.N,O or C.H, (N,O, ?

87100 4727

§CH N0, ol CHNLO 0udlsl ity i) el o o 19419 (3l 41 11 2l
J
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We know that,

The molar mass of C=12.01 g
The molar mass of H=1.008 g
The molar mass of N=14.00 g
The molar mass of 0=16.00 g
Therefore,

The molar mass for the formula C,HN,O =4 x (12.01 g C) + 5 x (1.008 g H) +2 x (14.00 g N) +2 x (16.00 g O)
=97.09 g/mol

The molar mass for the formula CH N O, =8 x (12.01 g C) + 10 x (1.008 g H) + 4 x (14.00 g N) +2 x (16.00 g O)

8§10 42

=194.19 g/mol

C.H,N,O, is the correct answer
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Problem 3.51 51.3 W—s

Allicin is the compound responsible for the characteristic smell of garlic. An analysis of the compound gives the fol-

lowing percent composition by mass: C: 44.4 percent, H: 6.21 percent, S: 39.5 percent, O: 9.86 percent. Calculate its

empirical formula. What is its molecular formula given that its molar mass is about 162 g?

444 10 1 S AU o oS A I & ) L) S A o om0 2l 8 5ol ol 1y 3l ST g Y

ColS 13 Asy s ars A b iy el aties ol L BUL 9.86 SonenS Y1 BUL 39.5 g S BUL 6.21 1 55l UL
) § oo 162 Yl 5 2511 acles

3
A
3
3
@,

J
444 C x—mOLC 3.697 mol C
= X—
n. 4g 1201 gC .697 mo
21 g x ol 149 mol H
= X — =
n,=621¢g 1008 g H 6.149 mo
30.5 9§ x — ol 1.232 mol S
= X —
=39S X TR Grgs | 1232mo
1 mol O " i
= X — =
n,=9.86 g0 16.00 g O 0.616 mol O
L g 6149 G L1232 o, 0616
0,616 0,616 0,616 0616

Hence The empiricsal formula is : C.H, S,0

The molar mass for the empirical formula = 6(12.01) + 10(1.008) + 2(32.07) + 1(16.00) = 162.3 g

The molar mass for the empirical formula is equal to the calculated molar mass, hence the molecular formula is same
as empirical formula.

3.7 Chemical Reactions and Chemical jLilesadl S alall g vdlvonsadl SMelall 7.3
Equations
» A chemical reaction, a process in which a i)zl e Lgd (,_:iZ_:Jw_p PSSl Jeledl «
substance (or substances) is changed into one st in 3 J; o 53be Jf (5l 4
or more new substances.

» A chemical equation uses chemical symbols 72 FARV WU IS PVIRI AW DI Y Pl <
to show what happens during a chemical re- - ShaSI &L&:J\ W] KIRCR P
action. )

Writing Chemical Equations Nl S slall Al

» Chemical equations need to be balanced in |1 10 &3 50 Lol Vsl 0T 0T gt <

order to sgtisfy the law (')f conservation of rua-’d 437&_9 . ém coslll e 0 55 3
matter, which states that in a closed system ol s Ly Solll Y sl

matter is neither created nor destroyed.
‘ s el 58 Lol Esla Dslas LS LiSle,

» We can write a chemical equation of reac- .
tion of hydrogen gas (H,) with oxygen (O,) de H,0) U 5, 553 (O,) GenSY! &= (H,)
to form water (H,O) as follow. RUCIPESY
H,+0,—H,0
» The “plus” sign means “reacts with” and the .« =) (,.@_,,Jl 5 Jeley) pas(sl dedle <

arrow means “to yield.”

www.chemistrysources.com 6juj oy closall oo dali-
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» This symbolic expression can be read: “Mo-

lecular hydrogen reacts with molecular oxy-
gen to yield water.”

The reaction is assumed to proceed from left
to right as the arrow indicates.

The equation is not balanced because there
are two oxygen atoms on the left side of the
arrow and one oxygen atom on the right side.

To conform with the law of conservation of

s Jolin 1L S e )l el a5l 3 Sy
"W Y SV (s 5 e i s

S voedl Al olddl e Jlisd Ty OF 5 il e
oS e U3 Blia OV iS55 50 b sl
3l 5 omeST8,3 5 el o VIS (Lo

el S e

<

www.chemistrysources.com 6)uj oap closrall o dQliz

mass, there must be the same number of each Blr 055 “.)‘ — @‘ Lo “ffb - “’J‘}“U «
type of atom on both sides of the arrow. 'N’“’J‘ u;fk? o LA &3 SNl 8
2H,+0,— 2H,0

» We can balance the equation by placing the
appropriate coefficient (2 in this case) in
front of H, and H,O:

» This balanced chemical equation shows that
“two hydrogen molecules can combine or re-
act with one oxygen molecule to form two
water molecules”.

» We refer to H and O, in above equation as
reactants, which are the starting materials in
a chemical reaction. Water is the product,
which is the substance formed as a result of a
chemical reaction.

32) sl ol iy Aol 55 0 LSy @
tH,0 5 H, pLol (UL odn

o e 85 A DS Dslallodn s 5 4
oo s o el T o, O oSy e 5 5!
UL e Cnt s o s g eS|

¢ ileline sl oS el 3O, s H, 1) nis <
seb ol Ll slas el BN g
.é%ﬂ\&&ﬂb@uﬁuuﬁy@\

.

—
o

s

H T —

g &

5”; Two hydrogen molecules +  One oxygen molecule — Two water molecules

>

5 2H, + 0, s 2H,0

=

5 2 moles H, + 1 mole O, — 2 moles H,0

g 2(2.02 g) =4.04 g H, + 32.00 g O, —>  2(18.02 g) =36.04 ¢ H,O
1 ] L I
2 T T

2 36.04 g reactants — 36.04 g product

ilansad) SN alal 153 9o
B350 oS I medd ol lad plaseinl Sy 4
185 leS Aslre
gl plas b G55 50 nb olas 810118 gl
Sl s Al ol ) mad doe ol
CH, + 0, » CO, + H,0

Balancing Chemical Equations
» The following steps can be used as a guide to
balance a chemical equation:

Step1: Write an unbalnced equation using cor-
rect formulas for all reactants and products.

Step 2: Check the number of atoms in each 3 > IS 3 ol ,ddlsue s aST 25 4 dad

C HEM IST RY by: Raymond Chang & Jason Overby

side: Reactant &Meledl  Products G?\ Fal Al
3 C atoms 1 C atom
8 H atoms 2 H atoms
2 O atoms 3 O atoms



Akram Amir EIAli CHAPTER 3 NOTES
www.chemistrysources.com -22- Mass Relationships in Chemical Reactions

C HEM IST RY by: Raymond Chang & Jason Overby

Step 3: Compare the number of each atom -, >~ JS ds 8,3 IS sue O,L5:3 5 5ol
on each side of the equation. Add coefficients S5 d ke D515k oSl il Al

to balance the number of atoms. Remember . . :
SAG el IS =Sl L) O
that adding coefficients all elements in the ~SAH S < =l 8L 0

compound.
CH, + 50, — 3CO, + 4H,0

3
A
3
3
@,

Step 4: Now recheck if the equation is bal-  {slal Gk deldlisue e ST aed 143 gl |
anced. T

Reactant &delell  Products = | I

3 C atoms 3 C atom
& H atoms & H atoms
10 O atoms 10 O atoms

Step 5: When it's applicable, write the coef- — <lall LS« USCe i3 0 4 odie 255 g dad |
ficients in their lowest possible ratio. Wb ase L JzL

> Very important note: Never change the sub-  .4Ja.Ji el SV e 1 B Vil dags i «
script.

Example 3.12 12.3 J——w

When aluminum metal is exposed to air, a protective layer of aluminum oxide (Al,O,) forms on its surface. This layer
prevents further reaction between aluminum and oxygen, and it is the reason that aluminum beverage cans do not cor-
rode. [In the case of iron, the rust, or iron(IIl) oxide, that forms is too porous to protect the iron metal underneath, so
rusting continues.] Write a balanced equation for the formation of AL O,.

www.chemistrysources.com 6juj oy closall oo dali-

L] Jelis &g Bakall odn ik 5 cambans Lo (ALO,) p sto IV ST (g0 2315 B2l St o gl p V1 56 5 o Lokie
| ST T Tl ST s Al (31 e Y1 g e gl S5 2L e JST pke o 5 15 ¢ oS 15 05l
ALO, o S B 55 go Dslre ST [T et 13 ¢ a2 dyud 515 ot 0Y 10 Calis 045 20 o1 s 015 ¢ (TTT)

Strategy Remember that the formula of an element or compound cannot be changed when balancing a chemical equa-
tion. The equation is balanced by placing the appropriate coefficients in front of the formulas. Follow the procedure for
balancing equations described earlier.

el alall s g Dalall 531 g 05 5 Al skl 05 i S M 1 aiall drns oS Sy Y il S5 b el
il 8, S SYslall 05 g1 Aol olsl 2 W1 . gnall plel

Solution

Stepl: Write an unbalnced equation using correct formulas for all reactants and products.
Al+0, —AlLO,

Step 2: Check the number of atoms in each side:

Reactant e ezl Products G:l I
1 Al atom 2 Al atoms

2 O atoms 3 O atoms

Step 3: Compare the number of each atom on each side of the equation. Add coefficients to balance the number of at-
oms. Remember that adding coefficients all elements in the compound.

4A1+30, — 2AL0,
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Step 4: Now recheck if the equation is balanced.

Reactant «Helall Products G:\ 5
4 Al atom 4 Al atoms
6 O atoms 6 O atoms

3
A
3
3
E},

Practice Exercise Balance the equation representing the reaction between iron(III) oxide (Fe,O,) and carbon monox-

ide (CO) to yield iron (Fe) and carbon dioxide (CO,).

AT U5 (Fe) dadl 15y (CO) 0 5o, ST 15 (Fe,0,) SO o) ST Gy Jolidlh Ju ) Aslall 0 0 o 4
(CO,) 04,

J&

Fe,0, +3CO — 2Fe +3CO,

Problem 3.55 55.3 ;W e

Why must a chemical equation be balanced? What law is obeyed by a balanced chemical equation?
531 520 AloaS Aslas anlas 0 6 (6T Ta5La ST Aslall 31 50 g 13U

J&
Chemical equations need to be balanced in order to satisfy the law of conservation of matter, which states that in a
closed system matter is neither created nor destroyed.

o LY paalll Y Gl el G ol Lo oy (gl caalll Lo 0 56 532 ol 10 33 0 AsboanSIl VLl 0455 O ot

Problem 3.56 56.3 WL e

Write the symbols used to represent gas, liquid,solid, and the aqueous phase in chemical equations.
CaSLe Sl Yl (8 A5y alall s ALl & 5Ll > LI Jtesd dedsaid) g0 I S
J&
(s) Solid, (1) Liquid, (g) Gas, (qa)aqueous (dissolved in water)

‘t

www.chemistrysources.com 6juj oy closall oo dli-

3.8 Amounts of Reactants and Products Asild) ol 9 ezl ol gl Sless 8.3
» Stoichiometry is the quantitative study of re- 5L (s paall SLEYT L) e daly <
actants and products in a chemical reaction. 2L 5 (Mhelal) dlelad) yold LSl el )

JL.Q.&H Jeladl 8 (5:3\}:.3\)

» The mole method means that the stoichio- (83 L@l oMalas O sdllds Jo aniy <
metric coefficients in a chemical equation .\ 0 3de L Lo s e Koy 23LaSTN Aslal
can be interpreted as the number of moles of ) L s

each substance. de Jyad | LSo Uil S UL OV o <

» From the chemical equation we can gain

NI . .
many information as show below. bl alb 5o |S o glall o sl
N,(g) + 3H,(g) - 2NH,(g)
1 molecule 3 molecule 2 molecule
6.022 x 10* molecule 3(6.022 x 10* molecule) 3(6.022 x 10* molecule)
1 mol 3 mol mol 2
28g 6.04 g 34.06 g
» The general approach for solving stoichiom- ?5\-:«-«15‘ o sl 14 (\-&5‘ c@—'-” ol = |
etry problems is summarized next. RUIENEY

C HEM IST RY by: Raymond Chang & Jason Overby

1. Write a balanced equation for the reaction. Jelal 55 50 Ualas 811
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2. Convert the given amount of the reactant f‘}:—b,) deladl el s slaall 40531 |54 .2
(in grams or other units) to number of moles. N lsae ) (s J;y‘ Sl |

3. Us'e the mole ratio from the balanced ol 5331 Dslall 10 2,112 .H(’ e 03
equation to calculate the number of moles of - N i
O Sl el Y g sus

product formed. . o i
4. Convert the moles of product to grams (or =M= D bl dldgtdinll N g |52 4

other units) of product. L (2]

3
A
3
3
@,

Example 3.13 13.3 J—w

www.chemistrysources.com 6juj oy closall oo dali-

The food we eat is degraded, or broken down, in our bodies to provide energy for growth and function. A general overall
equation for this very complex process represents the degradation of glucose (C,H ,0,) to carbon dioxide (CO,) and
water (H,0):

12

Boiall Lol 0 Zela) BASI Aol 18 5 el sl 5 pLEY 5 pocdl 23Ul b Lol (§ ST AUHPRY plalall floy
:(CO,) 15 (CO,) 0 3, 4T GB Y (CH,,0,) 558 511 U 4L

CH,,0, + 60, — 6CO, + 6H,0

671276

If 856 g of C,H ,0, is consumed by a person over a certain period, what is the mass of CO, produced?
TLZLIN 0 5 SN AeST B ALS | ¢ dime B3 558 IV CH 0, n pl - 856 L s gl s

Strategy Looking at the balanced equation, how do we compare the amounts of C.H,,0, and CO,? We can compare
them based on the mole ratio from the balanced equation. Starting with grams of C .H,,0,, how do we convert to moles

of C;H,,0,? Once moles of CO, are determined using the mole ratio from the balanced equation, how do we convert

to grams of CO,?

R A.J)l\ Aol UALNT e Les)lae L..iu .$CO, 5 CH O wlwS G 04l oS ¢ &gl dalall Jf Ll [ doedl Anf

LSt b Y go 3de Ldd 5 e &1 (S ICH,,0, Y 5o ] o sl iSlay 2S CH O, bl o oo 2y .85 5511 dlslall
?oﬁ,ﬁlMigﬁyuulﬁéldﬁ%&&j\fllﬁﬂally@}\&,&lﬂb@hoﬁjﬁ\

Solution We follow the preceding steps:
Wlow 5 Sl Sl gkl o )
Step 1: The balanced equation is given in the problem.

Step 2: To convert grams of C.H,,O, to moles of C .H,,O,, we write

&35 0 LI G alanll Aslall 113 gl
CH,,0, Y 5o QI CH, 0, bl o sy p 555 125 glad |

1mol CH O

856 & CH,,0, X g0 0 = 4750 mol CH,0,

61276

Step 3: From the mole ratio, we see that 1 mol C6H1206 is stoichiometrically equivalent to 6 mol CO,. Therefore, the

number of moles of CO, formed is

2ewST B SN g0 e 01 ¢ AU L0 5o S AeeST GU 0 N 50 6 2B CH O, s g 101 (55 ¢ L0 Al 0 13 5 5lak |
Sl &S0 Sl

, cH 1 mol CO,
X
750 mol C H,,0, 1 molCH O

61276

= 28.50 mol CO,

Step 4: Finally, the number of grams of CO, formed is given by
a5 0 SN CO, lol - sde dud o2y 1551 145 ok

44.01 g CO,

28.50 mol CO, x T mol CO,

= 1254.2=1.25x10° g CO,



CHAPTER 3 NOTES Akram Amir EIAli
Mass Relationships in Chemical Reactions -25- www.chemistrysources.com

After some practice, we can combine the conversion steps

Bl 5 8 gty Jo sl gl s LSy ¢ Ll e g el la Lo oyl ans iy

grams of C.H O, — moles of C.H, O

Jal H,,0, — moles of CO,— grams of CO,

3
A
3
3
i,

1 mol CH O 6 mol CO, 44.01 g CO,

— 6 1276
mass of CO, = 856 g CH,.0 X 802 g C 1,0, Tmol CH,O, « 1molCO,

6 71276 671276

= 1254.2=1.25x10° g CO,

Another Solution J&T
According to the chemical equation, if 1 mole of C.H ,O, is consumed it will produce 6 moles of CO,, in other words
if' 180.2 grams of C.H ,O, is consumed it will produce 264.06 grams of CO2 ( 6 x 44.01) , now, how much of CO, will

be produced if 856 g of C.H ,O, are used up in a combustion process?
ﬂM\H\SlJ;TW¢oﬁjﬁ\MTQUOAQ‘Y}»6G&:~MJ§CGHIZOGOAJJAlﬂﬁhg.:u\vsl';lci;w\ﬁ;w@j
052 AT G o Ll 05 ¢ OY15 ¢ (44.01 % 6) O 52 SN 1ST G 10 Gl 2 264.06 s 4515 CH,,0, (0 Gl > 180.2
S8l dlee §CH,,O( e o 856 r\br:wa\ - 13] axLs) o sy

180.2 g C.H,,0 o 264.06 g CO,

1276

856 g C.H,,0, o 7727?
856 g CH ,0,%264.06 g CO, B \
180.2 g C,H0, =1254.2=125x10°g CO,

Check Does the answer seem reasonable? Should the mass of CO, produced be larger than the mass of C H, O, reacted,

even though the molar mass of CO, is considerably less than the molar mass of C . H, ,O,? What is the mole ratio between
CO,and CH ,0,?

6 712767

AN Of g o CH,,0, Aol 55Ul S o ST IZLNI CO, S 0555 0T w2 oo W gims LN 505 o 1 e ST

§CH,,0, 5 CO, (&4 Ll oa Lo SCH 0, I & L1 ATl o i 151 0 5 S ST G 3 50

6 1276

www.chemistrysources.com 6)uj oap closrall o dQliz

Practice Exercise Methanol (CH,OH) burns in air according to the equation.
2CH,OH + 30, — 2CO, +4H,0
If 209 g of methanol are used up in a combustion process, what is the mass of H,O produced?
sV asleald b ol 5dl G J Sl G A2 0 o 2
2CH,OH + 30, — 2CO, + 4H,0
CLELI U2k a1 Bl dlas (3 Lgaltswznl o3 J Sl e el 2 209 OF s

S
235 g H,0

Problem 3.56 56.3 W e

Fermentation is a complex chemical process in which glucose is converted into ethanol and carbon dioxide:

1051 50 ST G 5l ] 555 S0 o5 o g Sk R3S o 52 el

CH _O

6 71276

— 2C,H,OH + 2C0,

Starting with 500.4 g of glucose, what is the maximum amount of ethanol in grams and in liters that can be obtained by
this process? (Density of ethanol = 0.789 g/mL.)

3LS) Silonll oy gre Jpuadl Sy AN Iy ol AL TSI o aS ga3l 2 Lo ¢ 558 I o ol 2 500.4 (T
(.o / ox 0.789 = d SluY!

C HEM IST RY by: Raymond Chang & Jason Overby
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500.4 g C,H,,0,x 92 g C,H.OH
180.2g CH,,0

6 1276

www.chemistrysources.com -26- Mass Relationships in Chemical Reactions
3
A
1802gCH O, ————  92gCHOH _%
500.4 g C6H12O6 ————> 2997? 3«

=255.9 ¢ C,H,OH

The amount of ethanol in liters:

59/ +1000=0.324 L C,H.OH

0.789) :

www.chemistrysources.com 6juj oy closall oo dali-

Example 3.14 14.3 J_"w

All alkali metals react with water to produce hydrogen gas and the corresponding alkali metal hydroxide. A typical
reaction is that between lithium and water:

5l o el Sl 055 . L 6 SR 5L S 5 3om s o s sokebl 56 Y oL e 2y N ol L4 Cas&;d
I&;* Ul g

2Li(s) +2H,0(l) — 2LiOH(aq) + H (g)

How many grams of Li are needed to produce 9.89 g of H,?
§ o 9 o0b o Lol > 9.89 Ct:s}!bjﬂrx‘;zblywﬁv_ﬁ

Strategy The question asks for number of grams of reactant (Li) to form a specific amount of product (H,). Therefore,
we need to reverse the steps mentioned before. From the equation we see that 2 mol Li stoichiometrically equivalent
to 1 mol H,.

Sl skl S ) gl ¢ QUL (H,) gt n 5302 88 1 583 (L) Alsliskl 80} ol 2 30 Il ol sy < JoL ] ]
H, J e 155 Lid ge 2 0f 65 ¢ Dbl oye . ols 5,5

Solution The conversion steps are
Blw sy Sdll ol shd| S
grams of H, — moles of H, — moles of Li — grams of Li

1 mol H, 2 mol Li 6.941 g Li

2006gH, « ImolLi ~ TmolLi _ ool&l

mass of Li= 9.89 g H, x

Another Solution =1 J=

13.88 g Li ———— 2.016 gH,
2297? oo 9.89 ¢ H,

13.88 g Lix 9.89 g H,
2016gH,

= 68.1 gLi

Check There are roughly 5 moles of H, in 9.89 g H,, so we need 10 moles of Li. From the approximate molar mass of
Li (7 g), does the answer seem reasonable?

7) p gl e 21 &I M1 AN a L a0 50 10 ] s S H, 0 9.89 G H, o &Y 50 5 Yl g o g 2 S e ST
4 gane LY 55 o (or

Practice Exercise The reaction between nitric oxide (NO) and oxygen to form nitrogen dioxide (NO,) is a key step in
photochemical smog formation:

C HEM IST RY by: Raymond Chang & Jason Overby
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2NO(g) + O,(g) — ZNO,(g)

How many grams of O, are needed to produce 2.21 g of NO,?

Cladll 5255 3 Bl 8 gkt (NO,) o s eidl denaST GU 55 eI 5 (NO) Sy AN ST G Jo il g £ 4
LSl ShesTl Gl

2NO(g) + O,(g) — ZNO,(g)

INO, po e 2.21 5N L3I0, wlol > 50 L
207 (T T4 2 S

0.77 ¢ O,

Problem 3.64

Silicon tetrachloride (SiCl,) can be prepared by heating Si in chlorine gas:

AU 58 (50 5Sbnd) e G 55 (SICL) 0 5l 5 S 5 e 5

Si(s) + 2Cl(g) — SiCL,(l)

In one reaction, 0.507 mole of SiCl, is produced. How many moles of molecular chlorine were used in the reaction?

64.3 e

€ ol (3 coninol A )5 501 Y o s (S SICI, (ye J 30 0.507 2] o5 ¢ Lo Jolis 3

JJ-I
2 mol C]2 N 1 mol SiC14
22279 ————> 0.507 mol SlCl4

2 mol Cl,x 0.507 mol SiCl,

1 'mol SiCI,

3.9 Limiting Reactants

| 2

The reactant used up first in a reaction is called
the limiting reactant, because the maximum
amount of product formed depends on how
much of this reactant was originally present.
When the limiting reactant is used up, no
more product can be formed.

The reactant will yield the smaller amount of
the product is called the limiting reactant.
Excess reactants are the reactants present
in quantities greater than necessary to react
with the quantity of the limiting reagent.

For example if 4 moles of CO react with 6
moles of H, to form CH,OH , at the start of
the reaction, there were six H2 molecules
and four CO molecules. At the end, all the H,
molecules are gone and only one CO mol-
ecule is left. Therefore, H, molecule is the
limiting reactant and CO is the excess re-
agent.

=1.014 mol Cl,

Jelanl) 3aded! algtl 9.3

Jolil GV el 1 alelid 5501 Lo Gl
23 0Y ¢ Jelal sl Aol 35U
ssllloda Hlude Lo dazay & STl AL LN 8oL AT
oLl G Mol 5 g Sl sl

oS Y ¢ Jeledd ssa i s Ul S)&.@;_..u\{,.gux.o
.@M\:\jl\wu\i}l\aﬂ

W e e daS T e Al Aol 5L
- Jeledd ssasli s Ul ("“’L’ P

83 g2 ol ddeladl sl o L) s usl Il ddeladf sl 5 L
ool 83LL o oo linll o 53U e ST Loy
Jelal

6 02 CO (o N yod clelis 3] ¢ JE Jorw Jo
¢ Jeadl &l 3 « CHOH o ST H, (o &Y s
CO ol i) s H, ol s dew Sla 018
S G2 po Hy, Sl o casl e dnlell g
A H e 0B eI CO o dmls e 7>
210 Jelisdl 4o CO 53l Jolil]

<
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Example 3.15 15.3 J——w

The synthesis of urea, (NH,),CO, is considered to be the first recognized example of preparing a biological compound
from nonbiological reactants, challenging the notion that biological processes involved a “vital force” present only in
living sy§tems. Today urea is produced induélrially by reacting ammonia with carbon dioxide:

Caby&l&@w}é&hﬁwfﬁlb)ﬂlcbl &l@y‘dheabyf Myojﬁ Jﬁdjlagw‘ﬁjﬂluwl

2NH,(g) + CO,(g) — (NH,),CO(aq) + H,0(1) )

In one process, 637.2 g of NH, are treated with 1142 g of CO,. (a) Which of the two reactants is the limiting reactant?
(b) Calculate the mass of (NH,),CO formed. (c) How much excess reagent (in grams) is left at the end of the reaction?

Q&wo:bdloéulﬁu\l&ulwgl(l) Uyﬂlwlubwﬁll42_g qu»Y\u,«F6372¢4-L~:u_c¢Lawd
€ Jolial) il 3 ALl (ol AL 153 GBSl e Lo () 155581 b gl &S ol ()

(a) Strategy The reactant that produces fewer moles of product is the limiting reactant because it limits the amount of
product that can be formed. How do we convert from the amount of reactant to the amount of product? Perform this
calculation for each reactant, then compare the moles of product, (NH,),CO, formed by the given amounts of NH, and
CO, to determine which reactant is the limiting reagent.

u.ll &U\ sl 4.«;5 RS AL L,‘Y J&LA..U sads<l] aalll @ &ul sl oo uyj.o e Jﬁl s c.w ‘_;Jl deladf sl J;Ll wl o |
o:uluYJAQ)bVacWWOJLAJQULMJ—HMf—lfLr;Q&Ulabulwdld&wlobulwddyuus L@.»}S:u.iw
J.&LQ.U 350l deladf 3ol upusd NI‘I3 9 NI‘I3 e sUzall uwl o djga u.ll 9 (NH ) CO &U\

Solution We carry out two separate calculations. First, starting with 637.2 g of NH,, we calculate the number of moles
of (NH ),CO that could be produced if all the NH, reacted according to the following conversions.

grams of NH, — moles of NH, — moles of (NH,),CO

1 mol NH, “ 1 mol (NH,),CO
17.03 g NH, 2 mol NH,

= 18.71 mol (NH,),CO

www.chemistrysources.com 6juj oy closall oo dali-

moles of (NH,),CO = 637.2 g NH, x
Second, for 1142 g of CO,, the conversions are
SNy el 0 555 ¢ 0 g S ST G e Gl 1142 3 2l < G5
grams of CO, — moles of CO, — moles of (NH,),CO

Imol CO, 1 mol (NH,),CO
44.01 g CO, 1 mol CO,

moles of (NH,),CO = 1142 g CO, x = 25.95 mol (NH,),CO

It follows, therefore, that NH, must be the limiting reactant because it produces a smaller amount of (NH,),CO.

Lyl e ylm@wywuwmmo;w\di\rn ol Jsall esles ade

Another Solution ,>'-T J=
We can determine the limiting reagent by calculating which reactant produce a smaller ammount of product, For ex-
ample ccording to the above chemical equation, if 2 moles of NH, is full consumed will produce 1 moles of (NH,),CO,
in other words if 34.06 grams of NH, (2 x 17.03) when consumed will produce 60 grams of (NH,),CO , now, how much
of (NH,),CO will be produced if 637.2 g of NH, are consumed in the reaction?

Dslaadd Gy ¢ JEI s do ¢ ) oo 08 ol x5 A Aolid) 8ol Gl Gy b oo Jolind s0oud) 801yl Loy
34.06 $gral OIS 5] T imay ¢ (NH),CO (o  go 1 426 gy b JalSOL NH, 0 J o 2 BDgeal 0515] ¢ s34el &30S
o 637.2 85t 13 13] 5] 2w (NH,),CO ey oS ¢ 531 ¢ (NH,),CO iy il 60.06 pestpms (17.03  2) L a1y el >

¢ Jelidl 3 NH, 5o
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34.06 g NH, ————  60.06 g (NH,),CO
637.2gNH;,  —>——— 29999

637.2 g NH, x60.06 g (NH,) CO
34.06 g NH,

= 1124 g (NH,),CO

If we do the same calculation with CO, the answer will be : 1558.4 g (NH,),CO
sl el 15584 2l Y1 0580 ¢ 0 g1 SN AT G pltseinly Skl i by 2113

It follows, therefore, that NH, must be the limiting reactant because it produces a smaller amount of (NH,),CO.

sl om BT 2eS x5 WY Jolaal) saondl 83UL1 0585 O g NH, 0L J 3l Ly e

(b) Strategy We determined the moles of (NH,),CO produced in part (a), using NH, as the limiting reactant. How do
we convert from moles to grams?

Y 5n o goei 45 - Joliald 530 82\ S NH, pltseraly (1) 5 521 (3 L5l o5 3 (NHL),CO Y o s Ustom £ o] il
Sl > )

60.06 g (NH,),CO
1 mol (NH,),CO

mass of (NH,),CO = 18.71 mol (NH,),CO X = 1124 g (NH,),CO

Check Does your answer seem reasonable? Note that 18.71 moles of product are formed. What is the mass of 1 mole
of (NH,),CO?

¢ (NH,),CO cyo Jgo 125 Lo ezl o I ga 1871 JoS05 o5 il Lo € gime Shtlor] 55 fo 1 S o ST

(¢) Strategy Working backward, we can determine the amount of CO, that reacted to produce 18.71 moles of (NH,),CO.
The amount of CO, left over is the difference between the initial amount and the amount reacted.

ieS (NH,),CO 5o J 50 18.71 5 el 1 0 oSN ST 5 £aS it Loy ¢ Calinld Jadd] IV (0 2 S il
Aol sl &0 Y1 £aS o 3,801 o 2221 0 5 ,ST1 aST 6

Solution Starting with 18.71 moles of (NH,),CO, we can determine the mass of CO, that reacted using the mole ratio
from the balanced equation and the molar mass of CO,. The conversion steps are

555 0 Uslabl n 2 1 £l plidiinly Ao 210 5 S ST G B 430 1Sy ¢ (NH),CO 0 ¥ 30 18.71 o oty o

grams of CO, — moles of CO, — moles of (NH,),CO

1 mol CO, o 44.01 g CO,
1 mol (NH,),CO 1 mol CO,

mass of CO,reacted = 18.71 mol (NH,),CO x = 823.4¢CO,

The amount of CO, remaining (in excess) is the difference between the initial amount (1142 g) and the amount reacted
(823.4 g):

:(vz 823.4) delall L1 5 ((‘? 1142) E\:JJ;Y\ LSl G 3,41 &P (sl 1) L2l 0 5 S AT Gl &S
mass of CO, remaining = 1142 g - 823.4 g=319 g

Practice Exercise The reaction between aluminum and iron(IIT) oxide can generate temperatures approaching 3000°C

and is used in welding metals:

g\}u&g(s.u,;wsﬁ,u:\?Ja3oooygjxass,\fot?,sgjst;l(nl),w;\”,g‘w.\,..sT;,HJ;u;ﬂg;:;ﬁoTogﬂ LopAt
2A1+Fe,0, — Al O, + 2Fe

In one process, 124 g of Al are reacted with 601 g of Fe,O,. (a) Calculate the mass (in grams) of Al,O, formed. (b) How
much of the excess reactant is left at the end of the reaction?

C HEM IST RY by: Raymond Chang & Jason Overby
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Problem 3.86 86.3 W s

Consider the reaction &;31\ Jeladl 5 2ad
MnO, + 4HCI — MnCl, + Cl, + 2H,0

If 0.86 mole of MnO, and 48.2 g of HCI react, which reactant will be used up first? How many grams of CI, will be

produced?

Caml5] i Cl, 1o Ll oS © V5T LeSgial o A1 Jolisll3le 2 |3 ¢ HCl s o 48.2 5 MNO2 50 J 52 0.86 Jolis 13]

J&

n(MnO,) = 0.86 mole
m(HCl)=482¢g
M(HCI) = 36.5 g/mole,
M(CL,) = 71 g/mole

n(HCI) = m(HCI) / M(HCI) = 48.2 / 36.5 = 1.32 mole HCI
From the chemical equation: 1 mole of MnO, reacts with 4 moles of HCI.

Thus, 0.86 mole of MnO, require 4-0.86 = 3.44 moles of HCl to react with (but only 1.32 mole are present). This
means there is deficiency of HCI in terms of amount of MnO,, and HCI will be used up first.
From the chemical equation: 1 mole of Cl, is produced when 4 moles of HCl react. So, we can write the following
proportion:
4mole -36.5 g/mole (HCI) — Imole -71g/mole(Cl,)
48.2 g (HCI) — m(CI2)
m(CI2) =71-48.2/(4:36.5)=23.4 g
Answer: HCI1 will be used up first.
23.4 g of CI, will be produced.

Example 3.16 16.3 J—w

The reaction between alcohols and halogen compounds to form ethers is important in organic chemistry, as illustrated
here for the reaction between methanol (CH,0OH) and methyl bromide (CH,Br) to form dimethylether (CH,OCH,),
which is a useful precursor to other organic compounds and an aerosol propellant.

www.chemistrysources.com 6juj oy closall oo dali-

ISl g Jelall La b 50 58 S5 ¢ & padndl slooSl 3 e DI 2NN (2 5 G ST LS o5 SN e (el O]
8518 5 6,2V paall DS ) delial psers sl 8ole a5« CHLOCH, 4] bis U3 0,53 CHLBr 201 s s s CHLOH
o8 e G sl

CH,OH + CH,Br + LiC,H, — CH,OCH, + LiBr + C H,,

This reaction is carried out in a dry (water-free) organic solvent, and the butyl lithium LiC,H, serves to remove a hy-
drogen ion from CH,OH. Butyl lithium will also react with any residual water in the solvent, so the reaction is typically
carried out with 2.5 molar equivalents of that reagent. How many grams of CH,Br and LiC,H, will be needed to carry
out the preceding reaction with 10.0 g of CH,OH?

CHZOHuAu?j)J.:MdﬁTﬁleP L1C4H9<=}.:’2AJ\J:.‘F_,:.vJMﬁ)c(;u\uﬂt}b)dbéw%.u@d&uﬂ\‘Mr—\flr@.)
Loasllloda o J 30 2.5 ¢ 3 plaszal Sale Jeladl el o] oy AU ¢ Colll e elo gl o Ll 5 30 p gt Joliy 5 g (S
SCH,0H (s o 10.0 plasezuly aldt Joladl diesd LICH 5 CH,Br e o 3301 Slel A1 sae

Solution We start with the knowledge that CH,OH and CH,Br are present in stoichiometric amounts and that LiC H,
is the excess reactant. To calculate the quantities of CH,Br and LiC H, needed, we proceed as shown in Example 3.14.

CH,Br s & yllall oSl Olud sl 301 Jelird! oo LiC,H, 01 5 &850 <laSG 01 g2 50 CH,Br 5 CH,OH 01 & x0T |4/
143 JE L} c@y}k LScLD ¢ LiC4H9_5

1 mol CH,OH o 1 mol CH,Br o 94.93 g CH,Br
32.04 g CH,OH 1 mol CH,OH 1 mol CH,Br

grams of CH,Br= 10.0 g CH,OH x = 29.6 g CHBr
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2 5 mol L1C H,

1 mol CH,OH 9 o
1 mol CH OH

32.04 g CH,OH

64.05 g LiC,H,
1 mol LiC H,

grams of LiC,H, = 10.0 g CH,OH x = 50.0 g LiC,H,

3.10 Reaction Yield
» The theoretical yield of the reaction is the

Jelatdl 3935 10.3
SHagUl B jlads g Jeladd g Lluslall <

3
A
3
3
E},

amount of product that would result if all the
limiting reactant reacted.

Badedl oMelall IS e el 13 e

_; The theoretical yield, then, is the maximum r‘-;" S dsle Ls“ﬁ 2 sl sl 03]«
: obtainable yield, predicted by the balanced gl KRR J‘S‘ sale
% equation. o i

= The actual yield, or the amount of product ac-  lgde J snd| = dJ\ c..ll LS ol J._;ud\ Ll «
3 tually obtained from a reaction is almost al- o &1 G (D15 085 Labsle el oy “|ab

1 ways less than the theoretical yield. &kl sl

X % "

% There are many reasons for the difference <51 sadl G MM Ol s el s «
5 between actual anq theoretical yleflds. Forin- - o oouadl c JUl o fe & Bl L ladl

o stance, many reactions are reversible, and so ;. $Y b ALl s ¢ L Ko el

g they do not proceed 100 percent from left to ¢ el ) Ll o 7 100

vl right.

@ In S?I;:lit 1:e:actions tgf procllucts forTlf(tlhmay i }g_x\ 51l Jelas ad c oM eladl [ Lg <
5 reac eramong themselves or with there- | & . ww\ 31l e ol Lgio J\Sl <

Q actants to form still other products, and these | L5l },\;ljj‘ - ' T )

= dditional reactions will reduce the yield of O =2 & AL eds 525 s A
o additional reactions will reduce the yield o J 8 el st L
Q2 the first reaction. ol Jelaell g5 A%

GE_, To determine how efficient a given reaction  su2 e LIl ¢ Gons Joliiselis (gds dus) <
'g_ is, chemists often figure the percent yield, aas Ay i W i sl il 0 sl S
which describes the proportion of the actual T R TR T,
ety sl ) | Ll
§ yield to the theoretical yield. It is calculated de oty B di =2 e

as follows:

actual yield
theoretical yield

% yield = x 100%

‘

C HEM IST RY by: Raymond Chang & Jason Overby

16.3 Jb—Zwe

Titanium is a strong, lightweight, corrosion-resistant metal that is used in rockets, aircraft, jet engines, and bicycle

frames. It is prepared by the reaction of titanium(IV) chloride with molten magnesium between 950°C and 1150°C:

oJ:...,b.irJi.CJL?-\_)..U\Q\)Lbbﬁuﬂlasf;&\_ga\;u\j@)\f,a_“gjrM&W(;W}OjA\@;@}ONr}QL@|
g ek B2 53 1150 5 &y jlons &0 55 950 () snadl!l p gl s (IV) o 5iledl g5 SIS Jolis 55 b e

TiCl,(g) + 2Mg(l) — Ti(s) + 2MgCL(1)
In a certain industrial operation 3.54 x 107 g of TiCl, are reacted with 1.13 x 107 g of Mg. (a) Calculate the theoretical
yield of Ti in grams. (b) Calculate the percent yield if 7.91 x 10° g of Ti are actually obtained.
.(=|,4~,-L3 (ayL,.JJ =y EL‘J\ | M Mg s o 113 % 107(:4 TiCl, o 3.54 % 107 Jelaw ¢ &oms dolis ddae &
.rle::.ﬂ\ oo 191 % 10° e J2dll d sad | (.5151 Ll s ol (O)

Example 3.16

(a) Strategy Because there are two reactants, this is likely to be a limiting reactantproblem. The reactant that produces

fewer moles of product is the limiting reactant. How do we convert from amount of reactant to amount of product?

Perform this calculation for each reactant, then compare the moles of product, Ti, formed.

Y pe e J3T1500 ey g0 Jolish) . Jelinl) st 21SCe i 0585 OF Jazoed! (o ¢ ot s o gl 15103 Job) el )

oY e 0,6 - delime 83l IS Ol a6l - o fadUlasll dns Q) deladl sslll 4aS 0 J g2 S . 5amll Jeladl ga
L& S ¢ el C“‘U
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Solution Carry out two separate calculations to see which of the two reactants is the limiting reactant. First, starting

with 3.54 x 107 g of TiCl,, calculate the number of moles of Ti that could be produced if all the TiCl, reacted. The

conversions are

CTICL, oo o 354 % 107 oy 2y « V5T ool Jolitl g ololicll n (61 8 pal tlaion Gl Cilas o)y o3 L)
A Oy >l LTICL, IS Jolas 13] L ) Sy L*;"Jl (ale::.dl Y g sde o

3
A
3
3
%

grams of TiCl, — moles of TiCl, — moles of Ti

1 mol TiCl4 o 1 mol Ti
189.7 g TiCl, 1 mol TiCl,

moles of Ti = 3.54 x 107 g TiCl, x = 1.87 x 10° mol Ti

Next, we calculate the number of moles of Ti formed from 1.13 x 107 g of Mg. The conversion steps are

A sl o sl .Mg&or.g- 1.13 X107 -0 & 5l Ti Y g0 5de G ¢ S5 dns
grams of Mg — moles of Mg — moles of Ti

1 mol Mg o 1 mol Ti
2431 gMg 2 mol Mg

moles of Ti= 1.13 x 107 g Mg x = 2.32 x 10° mol Ti

Therefore, TiCl, is the limiting reactant because it produces a smaller amount of Ti. The mass of Ti formed is
2 B TIALS 5. Ti o ol 408 x5 LY Joliad samll 53T a TICL, ¢ U
47.88 g Ti

s . _ P
1.87 x 10° mol Ti % ol T 8.95x10°g Ti

(a) Strategy The mass of Ti determined in part (a) is the theoretical yield. The amount given in part (b) is the actual
yield of the reaction.

- Jo il ol Lt n () o 541 3 aldaml) 2o g ) il o (1) 341 G ool Ti &S o el

www.chemistrysources.com 6juj oy closall oo dali-

Solution The percent yield is given by

tgb S adll 555 M ds nd S

9% il = actual yield < 100%
o Y T heoretical yield °
791 x 10°g
_ 100°

505 < 10°g . [00%
= 88.4 %

Practice Exercise Industrially, vanadium metal, which is used in steel alloys, can be obtained by reacting vanadium(V)
oxide with calcium at high temperatures:

o (V) bl s Jolis o b e ¢ dlall sl (8 ptut (Ul 5 03Bl Gkas Jo Jnad) Sy ¢ Bl ¢ o 4
@Lﬁﬁ)‘fﬁ)l})bwrwm‘
5Ca+V,0, — 5Ca0 +2V

In one process, 1.54 x 103 g of VO, react with 1.96 x 10° g of Ca. (a) Calculate the theoretical yield of V. (b) Calculate
the percent yield if 803 g of V are obtained.

w‘ (u) rﬁJbLLU L“g)u‘ S5 W‘ (T) (‘f:"‘*j&j‘u-‘ v.>- 1.96 x 1038\/205‘)'4 v.>- 1.54 x10° J.PLA'QG 3.,\>-\) Z:.l.a.o‘:;
5230 e > 803 o J g 513] (5 2 L)

J&
a. The limiting reagent is V, 0O
b. The percent yield is 93.0%





