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Chapter 4: Reaetions in Aq Selutions
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Example 4.3

Classify each of the following species 1n aqueous solution as a Bronsted acid or base:
(a) HBr. (b) NO;. (c) HCO;.

Strategy What are the charactenistics of a Bronsted acid? Does it contain at least an
H atom? With the exception of ammonia, most Brensted bases that you will encounter
at this stage are anions.

Solution (a) We know that HCI 1s an acid. Because Br and C1 are both halogens
(Group 7A), we expect HBr, like HCL. to 1onize in water as follows:

HBr(ag) — H (ag) + Br (ag)

Therefore, HBr is a Brensted acid.
(b) In solution the mitrite 1on can accept a proton from water to form nitrous acid:

NO3 (ag) + H™ (ag) — HNO:(aq)

This property makes NO5 a Brensted base.
(c) The bicarbonate ion i1s a Brensted acid because it 1onizes m solufion as follows:

HCO5 (ag) = H*(ag) + CO3™ (ag)
It 15 also a Brensted base because it can accept a proton to form carbomic acid:
HCO; (ag) + H' (ag) == HaCOs(ag)

Comment The HCO3 species is said to be amphoteric because it possesses both
acidic and basic properties. The double arrows show that this is a reversible reaction.

Practice Exercise Classify each of the following species as a Bronsted acid or base:
(a) SO3™. (b) HL (c) H,POy.
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Example 4.4

Assign oxidation numbers to all the elements in the following compounds and 1on:
(a) Li,0, (b) HNO;, (c) Cr,07 .

Strategy In general, we follow the rules just listed for assigning oxidation numbers.
Remember that all alkali metals have an oxidation number of +1, and in most cases
hydrogen has an oxidation number of +1 and oxygen has an oxidation number of
—2 1n theiwr compounds.

Solution (a) By rule 2 we see that lithium has an oxidation number of +1 (Li") and
oxygen’s oxidation number is —2 (07 ).

(b) This is the formula for nitric acid, which yields a H” ion and a NO3 ion in solution.
From rule 4 we see that H has an oxidation number of +1. Thus, the other group (the
nitrate 1on) must have a net oxidation number of —1. Oxygen has an oxidation num-
ber of —2, and if we use x to represent the oxidation number of mitrogen, then the
nifrate 1on can be written as

Noog )
(Continued)



so that x+3(—2)= -1
or x=+5

(c) From rule 6 we see that the sum of the oxidation mumbers in the dichromate ion
CrEDET_ must be —2. We know that the oxidation number of O 15 —2, so all that
remains 15 to determine the oxidation number of Cr, which we call y. The dichromate
1on can be written as

c0g P
so that 200+ 7(—2) = -2
or y = +6

Check In each case, does the sum of the oxidation numbers of all the atoms equal the
net charge on the species?

Practice Exercise Assign oxidation numbers to all the elements in the following
compound and 1on: (a) PF;, (b) MnO, .



Types of Redox rxns:
1. Combination rxn.

2. Decomposition rxn.

3. Combustion rxn, with O2 to produce flame (heat and
light) and (CO 2 +H20 mostly, as with C3H8)

4. Displacements rxns:

A. Hydrogen displacement:
From H 20= All alkali and some alkali metals( Ca,Sr &Ba)
From Acids= Almost all metals.

B. Metal displacement: the stronger predominates!

C. Halogen displacement. F2>CI2>Br2>| 2



Reducin

Li—Lit + e
K—-Kt + e
Ba— Ba2t + 2e—
Ca— Ca2t + 2e—
Na— Nat 4+ e—
Mg — Mgt + 2e—
Al— AT + 3e—
Zn— Zn?t + 2e—
Cr— Cr3t + 3e—
Fe — Fe2t + 2e—
Cd— Cd2+ + 2e—
Co—» Co2t + 2e—
Ni— Ni2t + 2e—
Sn— Sn2+ + 2e—
Pb — Pb2t + 2e—
Hy—> 2H+ + 2e—
Cu— Cu2t + 2e—
Ag— Agt + e~
Hg — Hg2t + 2e—
Pt — Pt2F + 2e—
Au— A3t + 3e—

React with cold
water to produce H>

React with steam
to produce H>

React with acids
to produce H-

Do not react with water
or acids to produce H,
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- ARIS Presentation Center, Worked Examples
Example 4.5 - o e e

How many grams of potassium dichromate (K,Cr,O+) are required to prepare a 250-mL
solution whose concentration 1s 2.16 M7

Strategy How many moles of K;Cr;0; does a 1-L (or 1000 mL) 2.16 M K,Cr,0;
solution contamn? A 250-ml. solution? How would you convert moles to grams?

Solution The first step 1s to determine the number of moles of K;Cr;05 in 250 mL or
0250 L of a 2.16 M solution:

2.16 mol KEC.I':;D}
1 Lsoin

moles of K;Cry0; = 0.250 Lsoln X
= 0.540 mol K;Cr;O4

The molar mass of K;Cry(05; 15 294 2 g s0 we wnite

2942 g KECI'QDT
1 mel €10,

grams of K;Cr,05 needed = 0.540 mol ¥,Cr70; X
= 159 g KQCI'IDT

Check As a ball-park estimate. the mass should be given by [molarity (mol/L) X
volume (L) * molar mass (g/mol)] or [2 mol/L. X 025 L X 300 g/mol] = 150 g. So
the answer 1s reasonable.

Practice Exercise What is the molanty of an 85.0-mL ethanol (C;H;OH) solution
contaiming 1.77 g of ethanol?



r - ' -
ARIS Presentation Center, Worked Examples

Example 4.6 o

In a biochemical essay, a chenust needs to add 3.81 g of glucose to a reaction muxture. Cal-
culate the volume mn malhiliters of a 2.53 M glucose solution she should use for the addition.

Strategy We must first determine the number of moles contained in 3.81 g of glucose
and then use Equation (4.2) to calculate the volume.

Solution From the molar mass of glucose. we write

381 g CH30; X Lmol €610 _ ) 114 % 102 mol CaH,0
= E 126 ISGZEQ&{IEE}E_ = mo e W

Next, we calculate the volume of the solution that contans 2.114 X 102 mole of the
solute. Rearranging Equation (4.2) gives

n
V= Y; j
_ 2.114 X 10 “ mol CgH;,0¢ » 1000 mL soln
2.53 mol CsH;1206/L s0ln 1L soln
= 8.36 mL soln

Check One liter of the solution contains 2.53 moles of CgH;50¢. Therefore, the
number of moles in 8.36 mL or 836 X 10 ° L is (2.53 mol X 836 X ID_E) or
2.12 % 10 ° mol. The small difference is due to the different ways of rounding off.

Practice Exercise What volume (in mulliliters) of a 0.315 M NaOH sclution contains
6.22 g of NaOH?



UNIE

Dilutiomof Salutionsns:

Yyunitsis!

MV,
moles of solute
before dilufion

M;Vs
moles of solute
after dilution



Example 4.7

Describe how vou would prepare 5.00 X 10° mL ofa 1.75 M H,50, solution, starting
with an 8.61 M stock solution of H250y4.

Strategy Because the concentration of the final solution 1s less than that of the onginal
one, this 1s a dilution process. Keep in mund that in dilution. the concentration of the
solution decreases but the number of moles of the solute remains the same.

Solution We prepare for the calculation by tabulating our data:

M =861M M;=175M
V.=7 Ve = 5.00 X 10° mL

Substituting 1 Equation (4.3).

(8.61 MY(¥) = (1.75 M)(5.00 X 10° mL)
. (1.75 M)(5.00 X 10% mL)

P 861 M

= 102 mL

Thus, we must dilute 102 ml of the 8.61 M H,50, solution with sufficient water to give
a final volume of 5.00 X 10° mL in a 500-mL volumetric flask to obtain the desired
concentration.

Check The initial volume is less than the final volume. so the answer is reasonable.

Practice Exercise How would you prepare 2.00 X 10° mL of a 0.866 M NaOH solution.
starting with a 5.07 M stock solution?



Solutiom Staichiomeitryry :
- Quantitativeranalysis:i Gravimetrie ‘and velimetniestric.

- Gravimetriccandsolubility? Wassestes!




- Regular calculationss:
% offacknownnonE massof iftotalmass fhass *100
= Mwt of ittotaltal Mwt*100
themfihddasses!s!



Example 4.8

A 0.5662-g sample of an iomic compound confaimng chloride ions and an unknown metal
15 dissolved in water and treated with an excess of AgNO,. If 1.0882 g of AgCl precipi-
tate forms, what is the percent by mass of Cl in the original compound?

Strategy We are asked to calculate the percent by mass of Cl in the unknown sample,
which 15
mass of C1

%Cl = —— o % 100%
7 0.5662 g sample ‘

The only source of Cl™ ions is the origmal compound. These chlonide ions eventually end
up in the AgCl precipitate. Can we calculate the mass of the C1™ ions if we know the
percent by mass of Cl in AgCl1?

Solution The molar masses of Cl and AgCl are 3545 g and 143 4 g, respectively.
Therefore, the percent by mass of Cl in AgCl 15 given by

%ucl= 2B o0%
1434 g AgCl

= 24.72%

Next we calculate the mass of Cl in 1.0882 g of AgCl. To do so we convert 24.72 percent
to 02472 and write

mass of C1 = 0.2472 x 1.0882 g
= 02690 g

Becanse the original compound also contained this amount of Cl™ ions, the percent by
mass of Cl in the compound is

%Cl = ———— x 100%
T 05662 g :

= 47.51%

Practice Exercise A sample of 0.3220 g of an ionic compound confaining the bromide
ion (Br) is dissolved in water and freated with an excess of AgNO;. If the mass of the
AgBr precipitate that forms 1s 0.6964 g what is the percent by mass of Br in the original
compound?




Acidl Base:Titrationon:
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Example 4.9

In a fitration expeniment, a student finds that 23 48 ml. of a NaOH solution are needed to
neutralize (.5468 g of KHP. What is the concentration (in molarity) of the NaOH solution?

(Contimued )

KHP=204.2g/mol
(to be memorized)
1KHPiNaOH




Strategy We want fo determune the molanty of the NaOH solution. What 1s the
defimtion of molarity?
need to find

e
mol NaOH

L soln
want to calculate ’\\ grven

molarity of NaOH =

The volume of NaOH solution 15 given in the problem. Therefore, we need to find the
number of moles of NaOH to solve for molanity. From the preceding equation for the
reaction between KHP and NaOH shown in the fext we see that 1 mole of KHP neutral-
1zes 1 mole of NaOH. How many moles of KHP are contamed in 0.5468 g of KHP?

Solution First, we calculate the mumber of moles of KHP consumed in the fitrahon:

1 mol KHP
moles of KHP = 0.5468 g KHP 2042 g X3P

= 2678 x 10> mol KHP

Becanse 1 mol KHP = 1 mol NaOH, there must be 2.678 x 10~ mole of NaOH in
2348 mL of NaOH solution. Finally, we calculate the mumber of moles of NaOH in
1 L of the solution or the molanty as follows:

| 2678 % 10> mol NaOH 1000 mL-sofi
larity of NaOH soln = X
molarity of NaOX so 73 48 mL soln 1L soln

= (.1141 mol NaOH/1 L soln = 0.1141 A

Practice Exercise How many grams of KHP are needed fo neuiralize 18.64 ml. of a
0.1004 A NaOH solution?



Example 4.10

How many nulliliters (ml) of a 0.610 A NaOH solution are needed to neutralize
20.0 mL of a 0.245 M H,50, solution?

{Confinued )



Strategy We want to calculate the volume of the NaOH solution. From the definition
of molanty [see Equation (4.1)]. we write

peed to find

want to calculate I\\ FIVED

From the equation for the neutralization reaction just shown, we see that 1 mole of
H,50, neutralizes 2 moles of NaOH. How many moles of H,50, are contained in

200 mL of a 0.245 M H,50, solution? How many moles of NaOH would this quantity
of H250;4 neutralize?

Solution First we calculate the number of moles of H,SOy in a 20.0 mL solution:
0.245 mol Hy504

moles H,50, = 1000 mL<olf > 20.0 mL-sol

= 400 % 10~ mol H,S0,

From the stoichiometry we see that 1 mol HySO4 = 2 mol NaOH. Therefore, the num-
ber of moles of NaOH reacted nmst be 2 % 490 x 10~ mole, or 980 x 10~ mole.

From the definition of molanty [see Equation (4.1)]. we have

moles of solute
molarity

liters of so0ln =

0.80 % 10~ mol NaOH
G ulEl =

= 0.0161L or 16.1 mL

Practice Exercise How many milliliters of a 1.28 M H,50, solution are needed to
neutralize 60.2 ml. of a 0427 M KOH solution?



moles of solute

molanty (M) = — (4.1)  Definition of molanty.
liters of soln
M= % 42) Definition of molarity.
MV, = MJ; (4.3) Dilution of solution.
4.1 (a) Insoluble, (b) insoluble, (c) soluble. 4.2 AP (aq) 4.6494mL. 4.7 Dilute 34.2 mL of the stock solution to
+ 30H (ag) —> Al(OH);(s). 4.3 (a) Bronsted base, (b) 200mL. 4.892.02%. 4.903822¢g.
Brensted acid. (c) Bronsted acid and Bronsted base. 4.1010.1 mL.

44 (a)P: +3.F: —1:(b) Mn: +7.0: —2. 450452 M
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Characteristics:s:

1. Shape andivelume: .
2.. Compressibilityy .

3.. Density?”

4. ldeallandcdonee-ideal

Pressure:: HoreelAreas(IN[N/m2)

Densityy massA/olume ¢g(mirar or em3)
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Barametetr
VS.
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Pressure Units

Pounds per Standard Technical
Pascal Bar _
square inch atmosphere  atmosphere
1Pa XX 0.00001 0.000145 0.0000099 0.0000102
1 bar 100000 XX 14.5 0.987 1.020
1 psi 6895 0.0689 XX 0.0630 0.0703
1 atm 101330 1.013 14.7 XX 1.033

1at 98670 0.981 14.2 0.968 XX




Example 5.1

The pressure outside a jet plane flying at high altitude falls considerably below standard
atmospheric pressure. Therefore, the air mside the cabin must be pressurized to protect
the passengers. What is the pressure in atmospheres in the cabin if the barometer read-
ing 15 688 mmHg?

(Confinued)

Strategy Because 1 atm = 760 mmHg, the following conversion factor is needed to
obtain the pressure in atmospheres

1 atm
760 mmHg

Solution The pressure in the cabin is given by

1 atm
760 metiy

pressure = 688 mmHg <
= 0.905 atm

Practice Exercise Convert 749 mmHyg to atmospheres.



KEY EQUATIONS

Py = PV
AL
n n
TS &
T
V= kan
PV = nRT
P P
mI a m.T5
P P
R
Pl
RT
X, — i
nT
P; = XiPr
ART
o =\
P T

(5-2)

(5-4)

(5.6)

(5.7
(5-8)

(5:9)

(5.10)

(5.11)

(5.13)

(5.14)

(5.16)

(5.17)

P+ g)(rf — nb) = nRT (5.18)

Bovle’s law. For calculating pressure or volume changes.

Charles’s law. For calculating temperature or volume changes.

Charles’s law. For calculating temperature or pressure changes.

Avogadro’s law. Constant P and T
Ideal gas equation.

Combined 1deal gas equations for initial and final states.

For calculating changes 1n pressure, temperature, or volume
when » 15 constant.

For calculating density or molar mass.

Definition of mole fraction.
Dalton’s law of partial pressures. For calculating partial pressures.

For calculating the root-mean-square speed of gas molecules.
Graham’s law of diffusion and effusion.

van der Waals equation. For calculating the pressure of a nomdeal gas.
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» Boyle’s Law

Volume decreases Volume increases ¢
(Pressure increases) ¢ (Pressure decreases) *a
L. e* 5 ‘. =
ey ® e %, S J
Boyle’s Law
i (nRT) %, nRT is constant
Heating or cooling a gas at constant pressure
®- P &
¢
Lower temperature ¢ ; Higher temperature  # v \e
g 5 (Volume decreases) o'g® %y (Volume increases) : 1%
e e ® e %, 0 .
Charles’s Law

V= ('-‘}) T '-‘FBis constant
Heating or cooling a gas at constant volume

©- ©-

Lower temperature

(I;resaue decreases) s
.

Higher temperature
(Pressure increases)

L]
e % °

Charles’s Law
o (nTI’t) T "1315 constant

.
©

y Charles’s Law

'S
. 0,°

Gas Laws:
P= nRT/w
Pv=nRT



Dependence of volume on amouant
of gas at constant temperature and pressare
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Avogadro’s Law

F= [—RPI—}H % 15 constant

Figure 5.5
Schematic tlustrations of Boyle s law, Charles’s law, and Avogadro s Iow.

STP = Standardd érap\( Zete:ro celsius= 273k) and! Presstiree
(1atm)

R= Generallideahpases canstantzt= 0.0822 |.athm/k.mall
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Example 5.2

Sulfur hexafluonide (S5Fg) 15 a colorless, odorless, very unreactive gas. Calculate the
pressure (o atm) exerted by 1.8I moles of the gas in a steel vesseal of volume 543 L
at 45"C.

Strategy The problem gives the amount of the gas and its volume and temperature. Is
the gas undermong a change in any of 1tz properaes? What equation should we use to
solve for the pressure? What temperature unit should we usa?

Solution Because no changes in gas properties occur, we can use the ideal gzas
equation to calcunlate the pressure Feammanging Equation (5.8), we write

p — RRT
¥
(182 mol)(0.0821 L - atm/E - mol){45 + 273) K
a 543L
= §.75 atm

Practice Exercize Calculate the volume (in liters) occupied by 2.12 moles of nitric
oxide (MO at 6.54 atm and T6°C.



Example 5.3
Calculate the volume (in liters) occupied by 7.40 g of MH- at STE

Strategy What i= the volume of one mole of an ideal gas at STP? How many moles
are there in 7.40 g of NH;T

Solution Recognizing that 1 mole of an ideal zac occupies 22.4 L at STP and using
the molar mass of NH; (17.03 g), we wnte the sequence of comrersions as

grams of NH; — moles of NH; — liters of WH; at 5TP
so the volume of NH; is given by

lmelNH; 2241
17.03 g3H; 1 mel3¥H;

F = 7.40 gNIT; X
=0T7L

It 15 often true in chemistry, particularly m gas-law calculations, that a problem
can be solved in more than one way. Here the problem can also be solved by first coa-
verting 7.40 gz of NH; to the number of moles of NH:, and then applying the ideal gas
equation (F = nRI/P). Try it.

Check Becamse 7.40 g of NH; is smaller than its molar mass, its volume at STP
chonld be smaller thanm 22 4 L. Therefors, the answer is reasonable.

Practice Exercize What is the volume (im Liters) occupied by 49.8 g of HCl at STR?



Example 5.4

A small bubble rises from the bottom of a lake, where the tempersture and pressure are

£°C and 6.4 atm, to the water’s surface, whers the temperamre iz 25°C and the pressure
is 1.0 atm. Calculate the final volume (in ml) of the bubble if its initial volume was
2.1 mlL.

Siratezy In solving this kind of problem, where a lot of information is given, it is
sometimes helpful to make a sketch of the simaton, as shown here:

Imf:-»ﬁ_ EM'E._,

ﬁ:é-‘fﬁﬁ* Fr=[0atie
V= 20 ml =T  M=7"
t.=8c &:ff’ﬂ

What temperamre unit should be used in the calmlation?
Solution According to Equation (5.9)

P Pil
H]T| J'I'JT;

We assume that the amount of air in the bubble remains constant, that 1s, m; = n; so that

LA L

I T

(Comtimtad')



which is Equation (5.10). The given information is summarized:

Imifial Conditions Final Conditions
Py=64am P,=10am
F =21mL F, =7
nN=@+22T3)EKE=281K L=25+2T3)E=24K

Rearranging Equation (5.10) gives

¥, =V, X il o L
fd4am 298K

1.0 atm . 281 K

= 21ml X
= 14 mL

Check We see that the final volume mvolves multiplying the initial volume by a ratio
of pressures (P,/F,) and a ratio of temperatures (T,/T,). Eecall that volume is mversaly
proportional to pressure, and volhume is directly proportional to temperature. Becanse the
pressure decreases and temperature increases as the bubble nses, we expect the bubhble’s
volume fo mcrease. In fact, here the change in pressure plays a greater role in the

volume change
Practice Exercize A gas initially at 4.0 L, 1.2 atm, and 66 C undergoes a change so

that its final volume and temperamare are 1.7 L and 42°C. What is its final pressure?
Assome the mumber of moles remaims unchanged



Densityyanddmoleeuldnmass?s?

Mwt= d.RT />

Example 5.5

A chemist has synthesized a greemish-yellow gaseons compound of chlorine and oxygen
and finds that s density 1= 7.71 gL at 36'C and 2 88 atm Calculate the molar mass of
the compound and detarmine its molecular formmla.

Stratezy Because Equations (5.11) and (5.12) are rearrangements of each other, we
can calculate the molar mass of a gas if we know its density, temperature, and pressure.
The molecular formula of the compound must be consistent with 15 molar mass, What
iemperamre unit should we usa?

Solution From Egquaton (5.12)

dRT
.ﬂ. - T
(771 g/L){0.0821 L - sm/E - mol){36 + 273) K
: 2 88 amm
= 6§79 g'mol

Ve can determine the molecular formoula of the compound by trial and error, using
only the knowledge of the molar masses of chlorine (3545 g) and oxygen (16.00 g).
We know that a compound containing one Cl atom and one O atom would have a molar
mass of 51.45 g, which is too low, while the molar mass of a compound made up of
o Cl atoms and one O atom is 86.90 z, which is too high Thus, the compound mmst
confain one Cl atom and two O atoms and have the formula C10,, which has a molar
maczs of 67.45 =

Practice Exercize The density of a gaseous organic compound is 3.38 gL at 40°C
and 1.97 atm_ What is its molar mass?



Gas staichometiy:y :

Amount of Moles of Moles of Amount of
reactant (grams ————= —» —»  product (grams

of volume) reactant LT or volume)



Example 5.6
Sodium azids (Mal;) is nsed in some antomobile air bags. The impact of a collision
migzers the decomposidon of Waliy as fiolloars:

MNaNzz) —* 2Mafs) + INxe)

The niTopen gas produced quickly inflates the bag between the drmver and the windshield
and dashboard. Calculate the volume of W, zenerated at 80°C and 823 mmHgz by the
decomposition of §0.0 g of Mald,.

Strategy From the balanced equation we ses that 2 mol Hal: = 3 mol H, so the
comversion factor between Mal, and B, is

3 mol W,
2 mol Haki;

Bacause the mass of Nal; is given we can caloulate the number of moles of Mal; and
bence the mumber of moles of My prodoced. Finally, we can calculate the volume of Wz
using the ideal gas equation.

Solution The sequence of comversions i= as follows:
grams of Mall; — moles of Nall; — moles of M; —— volnome of B,
First we calculate the number of moles of W, produced by 60.0 g of Mal;:

Lmol¥al;  3molN,
65.02 g, 2 mol¥aN,

maoles of M, = G0.0 ghéabl; x

138 mol M,
The wvolume of 138 moles of M can be obtained by nsing the ideal zas eguation:

_ mRT _ (1328 mol)(0.0821 L - am/K. - mol)(80 + 273 K)
P (823/760) atm
=3658L

F

Practice Exercize The equation for the metabolic breskdown of ghicose (C.H; 0]
iz the zame as the equaton for the combustion of glncose in air:

CaH06i5) + 60,(g) — 6C0,{(g) + 6HO0

Calculate the volume of CO, produced at 37°C and 1.0 atm when 5.60 g of ghicose is
used nup in the reaction



Volume and temperature are constant

Figure 5.13
Schematic iliustration of Dalton’s law of partial pressures.



Example 5.7

A mixmre of gases contains 4 46 moles of neon (Me), 0.74 mole of argon (Ar), and
215 moles of xenon (Xe). Calculate the partial pressures of the gases if the tofal
pressure is 204 aim af 3 cerain temperature.

Stratezy What is the relationship between the partizl pressure of 3 gas and the total
zas pressure? How do we calculate the mole fraction of a gas?

Solution According to Equation (5.14), the partial pressure of Ne (Py,) is equal to the
product of its mole facton (15,) and the totsl pressure (P

el s il
E
;P'r:r = arHuPT'

wand Lo cadeislale g

Using Equation (5.13), we calculate the mole fraction of Ne as follows:

T = e _ 446 mol
N e + Ma, £ My, 446mol + 0.74mol + 2.15 mol
= L6007
Tharsfore,
P = EyePr
= 0.607 x 2.00atm
=121 am
Similarly,
Py = Xael7
=010 ¥ 2.00 atm
= 020 atm
and P = Xy Pyp
= 0.293 x 2.00atm
= 0.585 atm

Check Make sure that the sum of the partizl pressures is equal to the given total
pressure; that is, (1.21 + 0.20 + 0.586) atm = 2.0 atm.

Practice Exercize A sample of natursl gas contains £.24 moles of methane (CH,),
0421 mole of ethane (C,H,), and 0.116 mole of propans (CHg). If the total pressure
of the gases s 1.37 atm, what are the partial pressures of the zasesT



Example 5.8

Oxygen zas gpeneraied by the decomposition of potassmm chlorate 15 collecied as shown
m Figure 5.14. The volume of oxygen collected at 24'C and atmosphernic pressure of
762 mmHz i 128 ml.. Calcnlate the mas:s (in grams) of oxyzen gas obizined. The
pressure of the water vapor at 24°C iz 22 4 mmHz.

Strategy To solve for the mass of O, generated we must first calcalate the partial
pressure of O, in the mixture. What gas law do we need? How do we comvert pressure
of O, gas to mass of O in grams?

Solution From Dalton’s law of partial pressures we know that

PT =S .P,E.: T PH:II:I
(Continued)



Therafore,
P.:.__ = "PT - P:H,l:ll
= 762 mmHg — 22 4 mmHg
= 740 mmHg

From the ideal gz= equation we write

PF=nR.T=%RI

where m and 4l are the mass of O, collected and the molar mass of O, respectively.
Feamanging the egquation we obtain

_ PFAML_ (740/760) amm {0.128 L)(32.00 g/mel)
~ RT  (0.0821L-atmE -mol)(273 + M) K
= 0164 g

™

Practice Exercize Hydrogen gas generated when calcinm metal reacts with water is
collected as shown in Figure 5.14. The volome of gas collected at 30°C and pressure of
988 mmHg is 641 ml. What is the mass (in grams) of the hydrogen zas obtained? The
pressure of water vapor at 30°C 15 31.82 mmHg.



5.6 The KineticdMoleculaiaFheéorywof,Gdsesises:

. A gas 1s composed of molecules that are separated from each other by distances
far greater than their own dimensions. The molecules can be considered to be
“pomts™; that 1s, they possess mass but have negligible volume.

. Gas molecules are in constant motion in random directions. and they frequently
collide with one another. Collisions among molecules are perfectly elastic. In
other words, energy can be transferred from one molecule to another as a result
of a collision. Nevertheless, the total energy of all the molecules 1in a system
remains the same.

. Gas molecules exert neither attractive nor repulsive forces on one another.

4. The average kinetic energy of the molecules 1s proportional to the temperature of

the gas in kelvins. Any two gases at the same temperature will have the same
average kinetic energy. The average kinetic energy of a molecule 1s given by

KE = 3mi’

(thermad matioi)n)



Root Meam StuatiesSpeed d

/ [3RT
N TF — MHime — '\ -'[.'I_



Example 5.9

Calcnlate the root-mean-square speeds of belium afoms and nittopen molecules n m's
at 25°C.

Stratezy To calcnlate the root-mean-square speed we need Equation (5.16). What units
should we use for R and JL 50 that #e. will be expressed in m/s?

Solution To calculate u,,,. the units of B should be 8314 I/E - mol and, becansze 17 =
1kz m‘-‘il._ the molar mass must be in kpmol. The molsr mass of He is 4.003 z/mol
or 4.003 * 10 ? kz'mol. From Equation (5.18),

IRT
=N M
3(8.314 VE - mol)(208 K)
Y 4003 x 10 *kg/mol

-
v/'1.86 x 10° Tkg

Uszing the conversion factor 1 T = 1 kg m¥is? we gl

v1.86 % 10°kg m* kg - 5°

ok At 3
W1B6 ¥ 10" m*s

1.36 ¥ 10° m's

The procedure is the same for I;, the molar mass of which is 2802 gmel, or 2.802
10 * kp/mol so that we write

3(8.314 J/K - mol)(208 K)
tome =\ 5 802 % 10 2 kg/mol

e R PR
= %265 x 100 m's

= 515m's

Check Becanse He is a lightsr gas, we expect it to move faster, on average, than M,.
A quick way to check the answers i= to note that the ratio of the two u,,,, valoes
(136 = 10°/515 =~ 2.6) should be equal o the square oot of the ratos of the molar
masses of My to He, that is, % 28/4 =~ 1.4

Practice Exercise Calculate the root-mean-square speed of melscular chlomine in m's
at 20°C.




Gas Difféision((Distribute)anchd Efféision((Escape):

n_ M
i ﬂll"u'l ..'“.1

Time? @ppeses: rater¢ (r1/r2)=(t2/t1)



Example 5.10

A flammable gas made up only of carbon and hydrogen 1s found to effuse through a

porous barrier m 1.50 nun Under the same conditions of temperature and pressure, it
takes an equal volume of bromine vapor 4.73 mun to effuse through the same barner
Calculate the molar mass of the unknown gas, and suggest what this gas might be.

Strategy The rate of diffusion 15 the mumber of molecules passing through a porous
barrier in a given time. The longer the time it takes, the slower is the rate. Therefore,
the rate 15 #nversely proportional to the time required for diffusion Equation (5.17) can
now be written as 71/m = &'ty = Mo/ Ay, where #; and #; are the times for effusion
for gases 1 and 2, respectively.

Solution From the molar mass of Bry. we write

1.50min | M
473min % 159.8 g/mol

where .M 1s the molar mass of the unknown gas. Solving for i, we obtain

150miny ___
A = (4_?3 rum) » 1398 g/mol

— 16.1 g/mol

Because the molar mass of carbon 15 12.01 g and that of hydrogen 1s 1.008 g, the gas 1s
methane (CHy).

Practice Exercise It takes 192 s for an unknown gas to effuse through a porous wall
and 84 s for the same volume of N, gas to effuse at the same temperature and pressure.
What 1s the molar mass of the unknown gas?



5.7/ Deviattiomfromridé@alBehaviarior:
Forces andivolumes?’ldeath(onlynat < <= Satm)
Intermaleeulanandhintrameolectdarforcésrces .

Van Deer\Wédals equationd For momddeal gasesses

-~

(P + “;’;)(F— nb) = nRT
corrected comrected
pressure volume




TABLE 5.3

van der Waals

Constants of Some
Common Gases

a b

(atm-L:) ( L )
Gas mol* mol

He 0.034 0.0237
Ne 0211 0.0171
Ar 1.34 0.0322
Er 232 0.0398
Xe 419 0.0266
H, 0244 0.0266
N, 1.39 0.0391
0, 1.36 0.0318
Cly 6.40 0.0562
CO4 350 0.0427
CHy 225 0.0428
cCl, 204 0.138

NH; 417 0.0371

H,0 546 0.0305



Example 5.11

Grven that 3.50 moles of NH; occupy 5.20 L at 47°C, calculate the pressure of the gas
(in atm) using (a) the ideal gas equation and (b) the van der Waals equation

Strategy To calculate the pressure of NH; using the ideal gas equation, we proceed as

in Example 5.2. What corrections are made to the pressure and volume terms in the van
der Waals equation?

Solution (a) We have the following data:
F=520L
T=47T+213)K=3MK
n = 3.50 mol

R =00821L-atm/K - mol

Substifuting these values 1n the i1deal gas equation, we wnie

nRT
P==
(3.50 mol)(0.0821 L - atnvK - mol)(320 K)
- 520L
= 177 am

{(b) We need Equation (5.18). It i1s convenient to first calculate the correction terms in
Equation (5.18) separately. From Table 5.3, we have
a = 4.17 atm - L*/mol®
b = 0.0371 L/mol
(Continued )



so that the correction terms for pressure and volume are
an® _ (4.17 atm - L*/mol’)(3.50 mol)”
72 (520 L)
nb = (3.50 mol)(0.0371 L/mol) = 0.130 L

= 1.89 atm

Finally, substituting these values in the van der Waals equation, we have

(P + 1.89 atm)(5.20 L — 0.130 L) = (3.50 mol)(0.0821 L - atm/K - mol)(320 K)
P=162am

Check Based on vour understanding of nonideal gas behavior, is it reasonable that the
pressure calculated using the van der Waals equation should be smaller than that using

the ideal gas equation? Why?
Practice Exercise Using the data shown in Table 5.3, calculate the pressure exerted

by 4.37 moles of molecular chlonine confined in a volume of 2.45 L at 38°C. Compare
the pressure with that calculated using the ideal gas equation.



510986atm 5.2929L. 53306L. 5426atm 5.10 146 g/mol.  5.11 30.0 atm; 45.5 atm using the ideal
5544 1g/mol 5.6475L. 5.7CH, 1.29 atm:; C,Hg: gas equation.
0.0657 atm: C;Hg: 0.0181 atm  5.80.0653g 59321 m/s.




Chepter 63 Energy Relatiensips
I ehemical reactions



6.11: TheeNaltutreraf Energyand diypesyofeEnefgynergy:

Energy:: capacityto do avorkork
Work: difectedeehergy-changerresulted frem arprocess:ocess.

Heat : is thectransfer of thérmalenergyrbetweentwoshodies thatiare that are
at differentrtemperaturesres.

Thermachemistryy: is theestudyiof heatehangeinchemicamical reactionss
Types offERergyjy

Potential enetrgy;yavailableoby objectject® position:.
Kinetic-energyyenergycuete motioniimovementsynis).

1. Radiant-solar energyycames: fromatiheisunsun.

2. melsenew: associated! with the: ramdem matiomof atomsrandnd

3. Chemical energy:storecwithin‘the isteucturat tinits afrchemicahemical
substances..

4.

5.

A Law offconversioniofegne © the:total ity iof emergyendhen th
universe is assumed cons i ) Uméﬂam;ge?g?' y gyandh -

*Uhivernse: systemrangrsuroundinging.



6.2: EnergyyChangessinClhemicaldR éastionsns:

Water vapor

I "

(a) (b) (c)

A) Open system exchangeofchassiancienergyrqgy .
B) Closed systemi: exchamnge of energy only.
C) Isolatedsystemmno rexcharigelof anthing:hing.



Im chemistryy chemiecal€quationsns:
Systemi startingrieactantsints.
Surmounding; :eadinggpodutists .

Endothenmic:reactioninin whichisystemthas taxabsordibheab heat
(energy)) fromrthelsurroundingi(energy will be writtenrinrthe in the
reactamts) )+ +ve charge; syswilligainlin/

Exothermicareactionoin whiehsystemaihas toogive affiieatfo heat to
the: ssuroundingenergygwillvide writteninctherproducts)ducts). éve
charge;, syswillilosete!



6.3 Ihtroductiomio thethihefmedynamiesnics:

Themmedynamics:: is the:scientifidic studyyof thehinténconversionsaf of
heatramd-otherekinds@f of energy,, thermachemistryis apartpefrit. of it.

iestudies changes:in ther staterofa systemydefineddbyined by
the: valliessof allimacraseopic(large,seenseedefinet: by.eyesoppesitepposite

t@ microseopl '?c)mmtqréesie@:cm\eegmrgqmmtpmitﬁmpeirannpera'rure,
pressure: amg{/o mee.

Energy, pressure; temperaturerandvolunierare defined as state state-
functions spmppﬁleﬁeby iehhtbeytarey/determined-byrthe change inhange in
the:stater of systenteeg sslhow itwastachievedhieved.

How? Consider initials ofoPi=i= 2 atm, Ti= 300 k andiViz== 1L, ifithéhe
temp:. wasscanstanin(Boyle/le® law)) anddhenfinalsals: Pf= latm, Tff= 300
kand Vf= 2L, the: finall change in V (deltan V)=2-1=1L, regardiesss
the:stater of pressurecchanger(gne(care on-finalfiritiall states;! states,
regardiesssitivasas inc.. t@ 4atm, thean Satm them 3atm them latm, we:
care: ontyyfarcthe tast state here)here)



- Energy ((Gravitationahpotentialtial
energy due-ta gravity)tig)the the
same, regardi€iss whataouteute
wedl takedWeonlyleareabattout
the:increase ofdieight;abovedhe the
surface=of, earth; ot inther the
lengtihof pathtof effort paid fonid for
that)) Ay statesfunctiomon.

Opposite:tostate of fuhdtioniscpath (process)dunctionsnasiheat eswork) or work,
We caree on the:pathlfasiwill paymoreceffortf(work) tado)itj@nth moresheatore heat

Willlbee gained/Iost tufingrthat-progess.ess.



The: First Law of thermodyndmiesiics:

Based on thezldawiof¢onservationiofienergyerqgy, states:s thatienergycarbebe
convertedifromranenforfaite anothes;but cannotbenot be createdondesiroyedead.

deltan E sys= Ef - Ei
initiah anddirfahehergiesiof systens (reactants)tants)

We meam,, reactantsgainedordostenergy throughdheh the precess, no
misconceptiam withisutrounding.g .

Deltanu(universe)s E sysyE- E surr =zero
As E sygsalways= = - E surr

Iff we named Work< (Joule;, 1 kgtm2isi-2) assWanddHeat(dduletbo)ras)qnuwe;; we

Can definez change in E sys as:changezind\Wbetweenesyssandind surr added too
change imgjbetweenisysyanahd surr tee, simplifigdeas:as:

DeltanE-sys = deltal tp+cdeltaavia w



We camdeterminewwithengrandanane tire +ve or 6 ve based am:

LIRS A Sign Conventions for Work and Heat

Process Sign

Work done by the system on the surroundings

Work done on the system by the surroundings

Heat absorbed by the system from the surroundings (endothermic process)
Heat absorbed by the surroundings from the system (exothermic process)

I+ <+ |

W:: -ve iffdonecbygysys 0 wedl lose itt0 but +-ve iffdonesbypgurarr. 6 as sys willll
gain itifronam surro.

Q:: -ve iff done by sys and absorhedibyysurr( sysswill loselthis energyrandy and
give toosunr) bub#t +ve iffdonesbyy surr and alisenbediby sys,{sys willgainit)n it).

Then, assadolelef tHumbumb:
lff W anQlis igivencoffidanel byesys/=sys = -ve
lf WVor ©Q iS)given offidone’byne by surtr= +ve



Woaork<anddHeatat
Notr a statez of functionss because they, are: not preopertiesobf system.

Work<is defirféras d=ofce-multipliec bylistancet@path functiorf,thetmarethe more
distanee:thémere-waorkdone)ne ).

Work< also cam bbezundeestoachbyttherpressuresof eylindersrexerted against against
certainnvohimeecobgasdillingl acontainenifbe. cylnderwilbpushitheush the
compressor byyitstPréssurer(e (P1); assthéieontainenis-fillediobwithfgastandas and
has aivelume: (VY atar certaintpoinbthis gas willdhave! alpressureressure (P2)
opposes thatobthelcompressessfinallyiithéworlke donelbydhe compressompressor
will be negative!;;asthefin@irpressure(re (P2) apposed itsefféctct:

Waorks= --P *deltad/V

Wim L.athm 3
Whicthequad|
101.33J
Vacuum: pulls;;
Wont givesPP

AV




Example 6.1

A certain gas expands in volume from 2.0 L to 6.0 L at constant temperature. Calculate
the work done by the gas if it expands (a) aganst a vacoum and (b) agamnst a constant
pressure of 1.2 atm.

Strategy A simple sketch of the situafion 1s helpful here:

qpfg;.u.’, pressme
F: _J;ﬁf?ﬂji }iﬁﬁJL

Pbﬁ""{. vgfﬂqut‘ ﬁ’} }:==£?
Z20L 60L (b) Px [.2ali

Gas AV=(60-20)L
=40L

The work done mn gas expansion 15 equal to the product of the external, opposing pres-
sure and the change in volume. What 1s the conversion factor between L - atm and J7

Solution
(a) Because the external pressure 15 zero, no work 1s done in the expansion:
w= —PAV
= —()(6.0 —2.0)L

=10
(Continued )



(b) The external. opposing pressure 15 1.2 atm, so

w = —PAV
— —(1.2 am)(6.0 — 2.0)L
— —48L-atm

To convert the answer to joules. we write

1r||:=—-’-LEL-;n:lJ:l::-c:M
1L - atm

= —40x 10°7

Check Because this 1s gas expansion (work 15 done by the system on the surround-
mgs), the work done has a negative sign.

Practice Exercise A gas expands from 264 mL to 971 ml at constant temperature.
Calculate the work done (in joules) by the gas if it expands (a) agamnst a vacuum and
(b) against a constant pressure of 4.00 atm.



Example 6.2

The work done when a gas 15 compressed in a cylinder like that shown in Figure 6.4
15 462 J. During this process, there is a heat transfer of 128 J from the gas to the sur-
roundings. Calculate the energy change for this process.

Strategy Compression is work done on the gas, so what is the sign for w7 Heat 15
released by the gas to the surroundings. Is this an endothermic or exothermic process?
What 1s the sign for g7

(Confinued )

Solution To calculate the energy change of the gas, we need Equation (6.1). Work of
compression 1s posifive and because heat 1s released by the gas, g 1s negative. Therefore,
we have

AE=g+w
= —128T + 462 ]
= 334]

As a result, the energy of the gas increases by 334 I

Practice Exercise A gas expands and does P-J" work on the surroundings equal to
279 J. At the same time, it absorbs 216 J of heat from the surroundings. What 1s the
change in energy of the system?



6.4:: Enthalpy of.Chemicat Reaetiangsins :

Enthalpy:: extensivezpropettyty thatimeasuresenergygy in aitheemodyhamicisystemert.isit is
equal tostheiintermalrenergyroefithe’ systemyplusithe productiofcphessure anessure and volume,
&)yl s gimall; cambedbéstunderistood using ithe followingwing:

wedl use fiist thenmadynamielaw dos studyitwo chemicat neactionsictions:

1. Ifwedavesa constantavolume(rarérand ineanvenientnient), asswe=-p deltacv vdeftal vowill will
be zeroo(initial= finainCONSTANT) K0 W will bevdOneg andrithe enérgyecotsystemof system
will bezequahtorheatat

DeltanE=sys = Déltal tp( or(gor qv, meaning;heat thange;underconstantarolume)mne).

2. Ifwedavera constantpressure (cenmonyras using.atmospheriopeessure}sifithe), if the
reactionrdonecgave ¢sim sdamolecules|intoatmospheneas inaeactinganetals withals with
acids (generatedd gas g‘las giving off energy to surr, and work will be  dve), BUT if
chemical reaction absor as molecules from the air (as in cotton where it absorbs

water vapor from the air), the work here will be done by surr on sys (+ ve). Note that
in both we do have work regardless of the constant pressure (done on atmosphere or

open air). In this case we can say that

Where qp is heat under constant pressure, and will be given a new name of enthalpy (H
| does it sound better now? I really hope so.



