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1 |CHM.5.3.01.011.01 Define stoichiometry

Textbook 209

When a colorless sodium hydrogen sulfite (NaHSO,) solution is
added to a purple potassium permanganate (KMnQ,) solution,
the purple color eventually disappears. Why do vou think this
happens? If vou concluded that the potassium permanganate had
been used up and the reaction had stopped, you are right. Chemi-
cal reactions stop when one of the reactants is used up. When
planning the reaction of potassium permanganate and sodium
hydrogen sulfite, a chemist might ask, “How many grams of
potassium permanganate are needed to react completely with a
known mass of sodium hydrogen sulfite?” Or, when analyzing a
photosynthesis reaction, vou might ask, "How much oxygen and
carbon dioxide are needed to form a known mass of sugar?”

Stoichiometry

The study of quantitative relationships between the amounts of
reactants used and amounts of products formed by a chemical
reaction is called stoichiometry. Stoichiometry is based on the law
of conservation of mass. Recall that the law states that matter is
neither created nor destroved in a chemical reaction, but can
change form. In anv chemical reaction, the amount of matter Figure 1 The balanced chemica
present at the end of the reaction is the same as the amount of A M A D
matter present at the beginning, given that atoms are conserved lr’:'ri:‘:’rtlllpr];ﬁ;t::: :Ili- lr::].zttlflr::;;::;j
during a chemical reaction. Therefore, the mass of the reactants |*.r-r; disbe S
equals the mass of the products. Note the reaction of powdered

iron (Fe) with oxygen (O,) shown in Figure 1. Although iron reacts with oxygen to form a

new compound, iron(l) oxide (Fe,0.), the total mass is unchanged.

A)
B)
C)
D)

A)
B)
C)
D)

A)
B)
C)
D)

A)
B)
C)
D)

A)
B)
C)

D)

Greater than the mass of products
Less than the mass of products
Equal to the mass of products
Unrelated to the mass of products

KMnO, concentration increased

One of the reactants has been completely used up
No reaction occurred

A gas was produced

Thermodynamics
Organic chemistry
Stoichiometry
Analytical chemistry

Law of definite proportions
Ideal gas law

Law of multiple proportions
Law of conservation of mass

Determining the color of the product

Measuring the temperature of the reaction

Calculating the amount of oxygen needed to produce a known mass of sugar in
photosynthesis

Identifying the shape of a molecule
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CHM.5.3.01.011.03 Interpret a balanced chemical equation in terms of moles, mass and representative particles (atoms, molecules and

Textbook + Example problem 1+ Table 1+ Practice Problems

r

Table 1 Relationships Derived from a Balanced Chemical Equation

4Fe(s) + 30,(g) & 2Fe_O.(s)
Iron + oxygen — iron (lll) oxide
4 atoms of Fe + 3 molecules O, —+ 2 formula units of Fe O,
4 mol Fe + 3 mol O, = 2 mol Fe O,
2234 gFe 1 96.00 g O, = 3194 g Fe O,
319.4 g reactants — 319.4 g products

The balanced chemical I.’E.]IJ.P.II;iL'H‘I. for the chemical reaction shown in F:igut‘r 1is as
follows.

4Fe(s) + 30,(g) — 2Fe O, (s)

You can interpret this equation in terms of representative particles by saying that four
atoms of iron react with three molecules of oxvgen to produce two formula units of
iron{lll) oxide. Remember that coefficients in an equation represent not only numbers
of individual particles but also numbers of moles of particles. Therefore, you can also
say that four moles of iron react with three moles of oxygen to produce two moles of
iron{ll) oxide.

The chemical equation does not directly tell you anvthing about the masses of the
reactants and products. However, by converting the known maole quantities to mass,
the mass relationships become obvious. Recall that moles are converted to mass by
multiplying by the molar mass. The masses of the reactants are as follows.

33 Hag ke

dometFE x 7 == =234 pFe

320080,
3 mebO] X | e = 96.00 50,

The total mass of the reactants is: (223.4 g + 96.00 g) = 319.4 g. Similarly, the mass of
the product is calculated as follows:

) 159.7 g Fe,O,
2 m#h;{jj 4

7 II'_._E-T,' =394 g Fe O,

Note that the mass of the reactants equals the mass of the product.

mass of reactants = mass of prnclu-:l:-.-

3194g=73194g

EXAMPLE Problem 1

INTERPRETING CHEMICAL EQUATIONS The combustion of propane (C H_) provides energy
for heating homes, cooking food, and soldering metal parts. Interpret the equation for the
combustion of propane in terms of representative particles, moles, and mass. Show that the law of

conservation of mass is observed.

1 ANALYZE THE PROBLEM

The coefficients in the balanced chemical equation shown below represent both moles and
representative particles, in this case molecules. Therefore, the equation can be interpreted in
terms of molecules and moles. The law of conservation of mass will be verified if the masses of
the reactants and products are equal.

Known
C,H,(g) + 50,(g) — 3CO,(g) + 4H,0(g)

Unknown

Equation interpreted in terms of molecules =7
Equation interpreted in terms of moles =7
Equation interpreted in terms of mass = 7

2 SOLVE FOR THE UNKNOWN
The coefficients in the chemical equation indicate the number of molecules.
1 molecule C_H, + 5 molecules O, — 3 molecules CO, + 4 molecules H,O
The coefficients in the chemical equation also indicate the number of moles.
TmolC_ H, + 5 mol O, — 3 mol CO, + 4 mol H,O

To verify that mass is conserved, first convert moles of reactant and product to mass by
multiplying by a conversion factor—the molar mass—that relates grams to moles.

grams reactant or product
1 mol reactant or product

moles of reactant or product x

44.09 g CH,
1 moleH, x W=M.Uﬁg C.H,

= grams of reactant or product

Calculate the mass of the reactant C,H,.

320090,
EmaHﬂ';:-: —':I-&]HF= 160.0¢g O?

Calculate the mass of the reactant O,

44.01g CO

3 motEQ, X w =132.0gCO, Calculate the mass of the product CO.,,.
18.02 g H.O

4 molH60" % W— =7208gH,0 Calculate the mass of the product H,0.

4409 g CH, +160.0 g O, = 204.1 g reactants Add the masses of the reactants.

132.0g CO, + 72.08 g H,O = 2041 g products Add the masses of the products.

204.1 g reactants = 204.1 g products

The law of conservation of mass is cbserved.

210, 211, 212
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PRACTICE Problems W ADDITIONAL PRACTICE

1. Interpret the following balanced chemical equations in terms of particles, moles, and mass. Show

that the law of conservation of mass Is obsenrved.

a. N (g) + 3H_(g) — 2NH,(g)

b. HCl(ag) + KOH(aq) — KCi{aqg) + H,O(l)

c. 2Mg(s) + G;{g} — 2MagQs)

2. CHALLENGE For each of the following, balance the chemical equation; interpret the equation in
terms of particles, moles, and mass; and show that the law of conservation of mass is observed.

a. _ Na(s)+ __ HO() — __NaOHlaq) + ___H.(g)
b. __Zn(s)+ __HNO (ag) — __Zn(NO )(aq) + __ N.Ofg) + __ H,Ofl)

c. 2Mg(s)+ Oq:g) — IMgO(s)

2 atoms Mg + 1 molecule
: — 2 formula units MgO

2 moles Mg + 1 mole O: — 2 moles MgO

Mass:

2Meg: (2 mol)(24.305 g/mol) = 48.610 g
02: (2 mol)(15.999 g/mol) = 31.998 g

2MgO: (2 mol)(24.305 g/mol) +
(2 mol)(15.999 g¢/mol) = 80.608 g

48.6010 g Mg+ 31.998g O: —»
80.608 g MgO

80.608 g reactants = 80.608 g products

2. Challenge For each of the following. balance the
chemical equation: interpret the equahon mn terms of
particles. moles, and mass; and show that the law of
conservation of mass is observed.

a.  Na(s)+  H:0O{l)—-»  NaOHiag) +
___Hxg)
2Na(s) + ZH:0(]1) — 2NaOH(aq) + 1Hxg)
2 atoms Na + 2 molecules H:O —
2 formula units NaOH + 1 molecule H»
2 mol Na + 2 mol H:0 —
2 mol NaOH + 1 mol H:

Mass:

2Na: (2 mol)(22.990 g'mol) = 45.980 g

2H:0: (4 mol)(1.008 g'mol) +

(2 mol)15.999 g¢'mol) = 36.030 g

2NaOH: (2 mol)(22.990 g/ mol) +

(2 mol)(15.999 g'mol) + (2 mol)(1.008 g'mol) =
79.9%94 ¢

b.

1. Interpret the following balanced chemucal equations
i terms of particles. moles. and mass. Show that the
law of conservation of mass 15 observed

a. Nig)+ IHa(g) — 2NHi(g)

1 molecule N2 + 3 molecules

2 — 2 molecules NHa
1 mole N; + 3 moles H; — 2 moles NH;
Mass;
Nit (2 mol)(14.007 g'mol) = 25.014 g
3H:: (6 mol)(1.008 g'mol) = 6.048 g

2NHs: (2 mol) (14.007 g/mol) +
{6 mol) (1.008 g/mol) = 34.061 g

28.014 g N: 4+ 6.045 g Hy — 34.062 g NHy
34.062 g reactants = 34.062 g products

___Zn(s)+ ___ HNO3(aq) —
—Zn(NOs(aq) , __ _MaOig)  _ HO{)

4Zn(5) + LOHNO3(aq) —
4Zn(NOshriag) + IN:0(g) + SH:O01)

4 atoms o + 10 molecules HNO G —»

4 formulka nnits ZniNO;z): + 1| molecnle N0 + 5

molecules H:O

4 mol Fu+ 10 mol HNO: —

4 mol Zni™00): + 1 mol M0 + 5 mel H2O
Amss:

4Zn: (4 mol)(65.39 g'mol) = 161.56 g

DOTTSCR: (10 modp( 1.008 g2'moal) +
{10 mol)(14.007 g'mol) +
(30 mol)(15.999 g'mol) = 630.12 g

4Zn(NOa)z (4 mol)(65.39 g'mol) +

{8 mol)(14.007 g'mol) +

(24 mol)(15.99% g'mol) = 757.592 g
M0 (I molj14.007 g'mal) +

(1 mol}(15.999 g'mol) = 44.013 g
SHO: (10 mol)(1.008 g/mol) +

(5 mol}(15.999 g'maol) = #0075 g
261.56 g fn + 630.12 g HNO; —»
TET.502 g In(NO3): + 44.013 g M10 =
20.075 g H:O

801.68 g reactants = 891.68 g produocts

Faw

b. HCl(aq) + KOH{aq) — KCl{ag) + H:O(1)

1 molecule HCl « 1 formula unit KOH —
1 formula unit KC1 + 1 molecule H; O

1 mole HCl + 1 mole KOH —
1 mole KCl+ 1 mole H)O

Mass:
HCI: (1 mol)1.008 g'mol) +
(1 mol)(35.453 g'mol) = 36.46] g
KOH: (1 mol){39.098 g/mol) +
{1 mol)(15.999 g/mol) =
(1 mol)(1.008 g/maol)
=50.10%5 g
KCL: {1 mel)(39.093 g/mol) +
(1 mol}35.453 gmol) = T4.551 ¢
H:0: (2 mol)(1.008 g'mol) +
(1 mol){ 15.999 g/'mol) = 15.015 g
36.46]1 g HC1 +56.105 g KOH —»
74.551 g KC1 + 18.01% g H,O
02.560 g reactants = 92,566 g products




3 |CHM.5.3.01.012.02 Calculate the number of moles of a reactant or a product given the number of moles of another reactant or product Textbook + Example problem 2 + Practice Problems 215, 216, 217

4 |CHM.5.3.01.012.01 List the steps included in stoichiometric calculations Textbook + Problem-Solving Strategy 216

Using Stoichiometry

Mastering Stoichiometry
All stoichiometric calculations use mole ratios based on a balanced chemical equation. The flowchart below outiines the steps used 1o solve mole-to-mole, mole-to-mass, and
v mass-lo-mass stokchionseinc oblesms.
Mass-to-mole conversions are also needed. .
1. Complete Step 1 by writing the balanced 2. The end point of the calculation depends on
: ! . : chemical equation for the reaction. the desired unit of the unknoem substance
SI:DHCHIDFTIE’[FIE H1GIE"I.D'”-|{}|E conversion 2. To determing where 10 5tan your calculations, « the answer must be in moles, stop
note the unit of the gwen substance, atter completing Step 3.
The reaction between potassium and water 1s shown in Figure 3. The equation is: « I mass (in grams) of the given substance is . Ifthe answer must be in grams, stop
the starling unit, begin your calculations with after completing Slep 4
Slep 2

2K(s) + 2H,0(1) — 2KOH(aq) + H,(g) e e
thi= starling unit, skip Step 2 :m;ﬂ begin yoar

Here, you know that two moles of potassium yield one mole of o de

hydrogen. But how much hydrogen would be produced if only
0.0400 mol of potassium were used? To answer this question,
identify the given substance and the substance that you need to
determine. The given substance is 0.0400 mol of potassium. The
unknown is the number of moles of hydrogen.

Apply the Strategy
Apply the Froblem-5okving Strateqgy to Example Problems 2, 2, and 4

Step 1
Starl with 4 balanced
equalion. intesprat the
pguation in ferms of moles.

To solve the problem, you need to know how the unknown moles
of hydrogen are related to the known moles of potassium. Mole
ratios are used as conversion factors to convert the known number
of moles of one substance to the unknown number of moles of

=

no direct comersion

Figure 3 Potassium metal reacts

vigorously with water, releasing so much THRA S B — N AR

. - 2 e + Step 2 Step 4
another substance in the same reaction. Several mole ratios can be  peat that the hydrogen gas formed in the S o e TR
written from the equation, but how do you choose the correct one?  reaction catches fire. ik ot i 1 mol nurmbier of grarms ol e

- substance. Use thae e _— prams of unknown
. . imylrsd of they mola Rl Lo M i U the molar mass
As shown below, the correct mole ratio, 1 mol H, to 2 mol K, has moles of unknown in Mass a5 he as e comversion
. i a : ’ A coriversion facion Factar,
the numerator and moles of known in the denominator. Using this mole ratio converts 5
. : i s Of wnkrowwn L
the moles of potassium to the unknown number of moles of hydrogen. W maies of gven T
moles of unknown ! ' -
maoles of known X = moles of unknown -
moles of known Step 3
Cormeerd from males, of the gieen
1 IIIL'-l I 1 ; Mabis of given slubelance (o modes of e unkrnoen Males of wknosn
" - 1 subsiance subslance. Use the appropriate mole subsiancs
0.0400 moHK X 5———== = 0.0200 mol H, | “ s e e s s

equalion as the conversion fachon
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MOLE-TO-MOLE STOICHIOMETRY One disadvantage of burning propane (C,H,) is that carbon
dioxide (CO,) is one of the products. The released carbon dioxide increases the concentration of
CO, in the atmosphere. How many moles of CO, are produced when 10.0 mol of C_H_ are burned
in excess oxygen in a gas grill?

1 ANALYZE THE PROBLEM

You are given moles of the reactant, CEHg and must find the moles of the product, CDE. First
write the balanced chemical equation, then convert from moles of C,H, to moles of CO,. The
correct mole ratio has moles of unknown substance in the numerator and moles of known
substance in the denominator.

Known Unknown

moles '-CZZEHﬂ = 10.0 mol CSHS moles 'I:t'.'i'2 = 7 mol CD:

2 SOLVE FOR THE UNKNOWN
Write the balanced chemical equation for the combustion of C_H_. Use the correct mole ratio to
convert moles of known (C_H ) to moles of unknown (CO.).
10.0 mol 7 mol

C,H_(g) + 50 (g) — 3CO,(g) + 4H,0O(g)

. 3mol CO,
Mole ratio: m

3 mol CO,

10.0 mQJ—E“;H; X 3

Wﬂz 20.0 mol CDJ

Burning 10.0 moles of C_H, produces 30.0 moles CO,,

3 EVALUATE THE ANSWER

Because the given number of moles has three significant figures, the answer also has three
figures. The balanced chemical equation indicates that 1 mol of C_H_ produces 3 mol of CO,.
Thus, 10.0 mol of lC}HE produces three times as many moles of CD?, or 20.0 mol.

PRACTICE Problems

W. ADDITIONAL PRACTICE

. Methane and sulfur react to produce carbon disulfide (CS,), a liquid often used in the production

of cellophane.

__CH, g +___S,lss—__CS,)+___ H.S(g)

a. Balance the equation.

b. Calculate the moles of CS, produced when 1,50 mol S, is used.

c. How many moles of H_}_S are produced?

12. CHALLENGE Sulfuric acid (H,50,) is formed when sulfur dioxide (SO} reacts with

oxygen and water.

a. Write the balanced chemical equation for the reaction.
b. How many moles of H,50, are produced from 12.5 moles of 50,7

¢. How many moles of O, are needed?

11. Methane + Sulfur = CS; + H,S
a) Balance the equation
2CH, + Sg —» 2CS, + 4H,S

b) Moles of CS, produced from 1.50 mol Sg

: 1 mol Sg - 2 mol CS,

11.50 mol Sz X 2 = 3.00 mol CS,
c) Moles of H,S produced

1 mol Sg 2 4 mol H,S

1.50 mol 5 X 4 = 6.00 mol H,S

a) Balanced equation

250, + 0, + 2H,0 - 2H,S0,

b) Moles of H,SO, from 12.5 mol SO,
: 2 mol SO, > 2 mol H,SO, 4wl : 1
112.5 mol SO, — 12.5 mol H,50,

c) Moles of O, needed

2 mol SO, - 1 mol O,

12.5 +2 = 6.25 mol 0,




5 CHM.3.3.01.012.03 Calculate the mass of a reactant or a product given the number of moles of another reactant or product and vice versa

1541 s y K|

MOLE-TO-MASS STOICHIOMETRY Determine the mass of sodium chloride (NaCl), commonly
called table salt, produced when 1.25 mol of chlorine gas {Clzj reacts vigorously with excess

sodium.

1 ANALYZE THE PROBLEM
You are given the moles of the reactant, C12, and must determine the mass of the product,
NaCl. You must convert from moles of CL, to moles of NaCl using the mole ratio from the
equation. Then, you need to convert males of NaCl to grams of NaCl using the molar mass as
the conversion factor.

Known Unknown

moles of chlorine = 1.25 mol Cl, mass of sodium chloride = 7 g NaCl

2 SOLVE FOR THE UNKNOWN
125mol ?g
2Na(s) + Cl,(g) — 2NaCi(s)

Write the balanced chemical equation, and

identify the known and the unknown values.

, 2 mol NaCl
Mole ratio; W

1.25 met€rD X @mﬂg = 2.50 mol NaCl Multiply moles of Cl, by the male ratio 1o
! get moles of NaCl.
58.44 g MacCl

2.50 motMNaCl x ——+——=— = 146 g NaCl

] Multiply moles of NaCl by the molar mass to

get grams of NaCl

3 EVALUATE THE ANSWER
Because the given number of moles has three significant figures, the mass of NaCl also has
three. To quickly assess whether the calculated mass value for NaCl is correct, perform the
calculations in reverse: divide the mass of NaCl by the molar mass of NaCl, and then divide the
result by 2. You will obtain the given number of moles of CL,.

13, Sodium chionds i5 decompased mto the alements sadium and
chdorine oy means of electnical energy. How much chionne gas,
In grams. is obiaired from the process diagrammed at right?

Textbook + Example problem 3 + Practice Problems 218

Electrical ;&.ﬁ.
——HEE <
|

—3

enengy 250 mo

14, CHALLENGE Titanium is & transition metal used in many slloys
because it is extremely strong and lightwelght. Tianium tetrachioride (TiC1)
i extracted from titandum oxbde (THO ) uging chilorine amd Coke [carbon),

TICk{s) + Cis) + 2CLig) — TiCl s} + CO.tg)

a. What mass of O, gad is feeded 10 medct with 1.25 mal of T
b. What mass of C is needed to react with 1.25 mol of TIO_?
£. Whatis the mass of all of the products formied Dy reaction with 125 mal of Tid 7

Equation:

2NaCl - 2Na + Cl,

Given:

NaCl = 2.50 mol

Step 1: Find moles of Cl, produced
2 mol NaCl - 1 mol Cl;

2.50 - 2 = 1.25 mol Cl,

Step 2: Convert moles of Cl, to grams
Mass = moles X molar mass
Molar mass of Cl, = 70.90 g/mol
1.25 x 70.90 = 88.6 g C},

14. Titanium Tetrachloride Formation

Equation:

TiO, + C+ 2Cl, - TiCl, + CO,

Given:

TiO, = 1.25 mol

a) Mass of Cl, needed

1 mol TiO, - 2 mol Cl;

1.25 X 2 = 2.50 mol C|,

Molar mass of Cl, = 70.90 g/mol

2.50 X 70.90 = 177.3 gCh,

b) Mass of C needed

: 1 mol TiO, > 1 mol C

1.25x12.01 =150¢C

c) Mass of all products

Products: TiCl; + CO,

1.25 mol TiCl, + 1.25 mol CO,

Molar masses: TiCls = 189.7 g/mol CO; = 44.01 g/mol
(1.25 x 189.7) + (1.25 x 44.01) = 236.9 + 55.0 = 291.9 g total



6 |CHM.5.3.01.012.04 Calculate the mass of a reactant or a product given the mass of another reactant or product

Stoichiometric mass-to-mass calculations

If you were preparing to carry out a chemical reaction in the laboratory, you would need
to know how much of each reactant to use in order to produce the mass of product you
required. You can use the balanced chemical reaction to determine this amount. You
could also use the balanced chemical reaction and mole ratios to determine how much
of a product vou would obtain when starting with a known mass of a reactant.

Example Problem 4 demonstrates how vou can use a measured mass of the known
substance, the balanced chemical equation, and mole ratios from the equation to find
the mass of the unknown substance. Notice, as always, a balanced chemical equation is
essential in the calculations associated with any chemical reaction. Without the ratios
between reactants and products, it would not be possible to convert between moles of a
reactant and the moles of a product,

MASS-TO-MASS STOICHIOMETRY Ammaonium nitrate (NH NO.), an important ferilizer, produces
dinitrogen moncowide (N, O} gas and H,O when it decomposes. Determine the mass of H O
produced from the decomposition of 25.0 g of solid NH NO,

1 ANALYZE THE PROBLEM
Write the balanced equation and converl the known mass of the reactant to moles of the
reactant. Mext, use a mole ratio to relate moles of the reactant to moles of the product, Then,
use the maolar mass to comvert fram moles of the product to the mass of the product,

Known Unknown

mass of ammonium pitrate = 25.0 g NH NO, mass of water =T g H,Q

2 SOLVE FOR THE UNEMNOWMN

25.0 g rg
NH, NG, (s} =+ N_O(g) + 2H,0{qg) Wirite the balanced chemical sguation
and igantify the known and unknown
walues,

1imal NH,NO, -
?E.GQM‘;WJ x B0 04 Q- '.QJ"E; = 0312 maol Hl'i_,'f"-ll:}: Muttiphy grams of NH,NO._ by the

inwedse al molar mass o Qe moies

af { M
2 mol H,0
Mole ralic: ol Nk, No,
2 real H O . . ) . R o
0312 .E:I-EI-I-H‘H:N'DI i 4 ml_— 0.624 mol H‘]D Multiply moles of ."1-"-1-4':-_- . 0 the

nale ratio to get males of H.O

iB.02gHO
0.524 ﬂlﬂH'f'D X T = 1.2 g H_F?

Multiply mobes of H.O by the molar

mass io gel grams

PRACTICE Problems W ADDITIONAL PRACTICE

15. One of the reactions used to inflate automabile air bags Involves sodium azide
(NalN_): ZNaN (s} — 2Na(s] + 3N,(g). Determine the mass of N, produced from the

decomposition of NaN, shown below.

|

100.0 g NaNy —= 7 g Naig)

16. CHALLENGE |n the formation of acid rain. sulfur dioxide (SO.) reacts with oxygen

Textbook + Example problem 4 + Practice Problems 219, 220

Summany

« Chamiss use sicachiomeinc
calculations to predict the
amounts of reactants used and
products farmed in specific
reactions.

«  The first steg in salving stoi-
chiometric prablems B writing
the balanced chemical
equation,

M3 gas

- Mlale ratod dedved Iram the
balanced chemical equation
arg used in stoichiomelric
calculations.

and water in the air to form sulfuric acid (H,50 ). Write the balanced chemical + Stoichiometric problems make

equation for the reaction. If 2.50 g of 530, reacts with excess oxygen and water,

hew much H,50,, in grams, |s produced?

15. Sodium Azide Decomposition
Equation:

2NaN;(s) = 2Na(s) + 3N,(g)
Given:

100.0 g NaNs > ? g N,

Step 1: Moles of NaN;

0.0

m = 1.54 m01N3N3

Step 2: Moles of N, produced
2 mol NaNs - 3 mol N,

3
1.54 x = = 2.31 mol N,

Step 3: Convert to grams
Molar mass of N, = 28.02 g/mol
2.31 X 28.02 =647 g N,

Moles =

s of mole ratios (o convert
Betveien mass and moles,

16. Formation of Acid Rain (Sulfuric Acid)
Balanced equation:

250, + 0, + 2H,0 - 2H,S50,

Given:

2.50 g SO, > ? g H,SO,4

Step 1: Moles of SO,

250 _ 0.0390 mol SO
64.07 Mot ot

Step 2: Moles of H,SO, produced

: 2 mol SO, = 2 mol H,SO, 4will] : 1
0.0390 mol H,50,

Step 3: Convert to grams

Molar mass of H,SO,4 = 98.08 g/mol
0.0390 x 98.08 = 3.83 g H,50,



What is the carrect conversion factor for describing ppeddl Csa d el bysadll Jolee L |
the arrow with the letter D in the chart below ? Yolil bl A D bl Jasy 23

- S

Wi £ o e ol L A ..r"l Paiat ol wribeicn i
g
D
I
7 )
i1 C ” -
s - & =

Maes of joern salvtanie [ A T TA SE SL T

What is the first step in solving stoichiometry problems? Thwladtll Slibad! Jass Ja A J 01 5 ghidl b

A Writing the unit of the given substance Sl oLl Saa 5 408

A. Balanced chemical egquation

B. Writing the unit of the unknown substance Ay nall 2 Soldl B 5 44

C. writi ng the balanced chemical equation

. Writing the mole ratios )yl ol S

B. molar mass

C. Inverse Molar mass

D. Male ratio

What is the mass of CaCl; produced from the reaction 175 9 =2 =0 ‘*:.]I CaCly paudiSl oI I6S La

CaCO4(s) + 2HCl(ag) — CaCly(aq) + H;O() + CO;lg)

Maolar Mass CaCO; - 100 g/mol

100 g/imol = CaCO; &l 4688

110.9 g/mol = CaCl, 4.l insh

' What is the mass of Cl, gas is needed to reacted with 1.25 mol of TiOy

( molar mass of Cl,= 71 g/mol)
TiO55) + Cpgy +2Cl55) > TiClgyy) + COpy)?

A.88.75g

B.44.4¢

C.1775¢g

D.1gl3.
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Why do reactions stop?

Rarely in nature are the reactants present in the exact ratios specified by the balanced
chemical equation. Generally, one or more reactnts are in excess and the reaction
proceeds until all of one reactant is used up.

When a reaction is carried out in the laboratory, the same principle applies. Usually,
one or more of the reactants are in excess, while one is limited. The amount of product
depends on the reactant that is limited.

Limiting and excess reactants

Recall the reaction of sodium hydrogen sulfite with potassium permanganate from
Lesson 1. After a colorless solution forms, adding more sodium hydrogen sulfite has no
effect because there is no potassium permanganate left to react. Potassium permanganate
is a limiting reactant. As the name implies, the limiting reactant limits the extent of the
reaction and thereby determines the amount of product formed. A portion of all the other
reactants remains after the reaction stops. Reactants leftover when a reaction stops are
excess reactants.

To help you understand imiting 5. 010 4001
and excess reactants, consider (‘ n (‘ h

the analogy in Figure 4. From

the available tools, four ! ¥
L Sets of tuols
mmplete sels mnsmtmg of a \ ( \ n ( ‘ \

pair of pliers, a hammer, and Set 1 Set 2 Set 3
two screwdrivers can be )
assembled. The number of sets n P P

is limited by the number of |
available hammers. Pliers and Extra tools

screwdrivers remain in excess. Figure 4 Each tool set must have one hammer, so only four sets can be assembled.
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Before Reaction After Reaction

Two nitrogen

Three nitrogen Three hydrogen Twa ammaonia
molecules molecules molecules molecules
(six nitrogen (six hydrogen (two nitrogen atoms, {four nitrogen
atoms) atoms) six hydrogen atoms) atoms)

Figure 5 |f you check all of the atoms present before and after the reaction, you will find that some of the
nitrogen molecules are unchanged. These nitrogen molecules are the excess reactant.

Determining the limiting reactant

The calculations you did in the previous section were based on having the reactants
present in the ratio described by the balanced chemical equation. When this is not the
case, the first thing you must do is determine which reactant is limiting,

Consider the reaction shown in Figure 5, in which three molecules of nitrogen (N_) and
three molecules of hydrogen (H,) react to form ammonia (NH,). First, all the nitrogen and
hydrogen molecules are separated into individual atoms. These atoms are available for
reassembling into ammonia molecules, just as the tools in Figure 4 can be assembled into
tool kits. How many molecules of ammonia can be produced from the available atoms?
Two ammonia molecules can be assembled from the hydrogen atoms and nitrogen atoms
because only six hydrogen atoms are available—three for each ammonia molecule. When
the hydrogen is gone, two unreacted molecules of nitrogen remain.
Thus, hydrogen is the limiting reactant and nitrogen is the excess
reactant, It is important to know which reactant is limiting because
the amount of product formed depends on this reactant.

@Get It?

Extend How many more hydrogen molecules would be
needed to completely react with excess nitrogen molecules
shown in Figure 57

Calculating the Amount of Product
When a Reactant Is Limiting

How can you calculate the amount of product formed when one of ~ Figure & Natural rubber, which is
the reactants is limiting? Consider the formation of disulfur soft a_nd sticky, is hardened in 2
dichloride (S,Cl ), which is used to vulcanize rubber. As shown in chemical process called vulcaniza-
Figure 6, the properties of vulcanized rubber make it useful for ior; iring wWiconization. majccules
'S R : . ; ; become linked together, forming a
many products. In the production of disulfur dichloride, molten dursble naterial that is harder
sulfur reacts with chlorine gas according to the following equation.  smoother, and less sticky, making it

53'{” i 4{:[1{?;] . 452'_:]:“} ideal for many products, such as this

caster.
If 200.0 g of sulfur reacts with 100.0 g of chlorine, what mass of
disulfur dichloride is produced?
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Calculating the limiting reactant

The masses of both reactants are given. First, determine which is the limiting reactant,
since the reaction stops forming product when the limiting reactant is used up.

Moles of reactants ldentifving the limiting reactant involves finding the number of
maoles of each reactant. You do this by converting the masses of chlorine and sulfur to
moles. Multiply each mass by the inverse of molar mass.

- T ol lfl_. B .
IUU.U.H-HI x m = T.410 maol LI:

1 mwal 5
200.0 5.5 % EJW = 0.7797 mol 5,

Using mole ratios Next, determine whether the two reactants are in the correct mole
ratio, derived from the balanced equation. The coefficients in the equation indicate that
4 mol of chlorine is needed to react with 1 mol of sulfur. This 4:1 ratio must be
compared with the calculated ratio of the moles of available reactants above. To
determine the actual ratio of moles, divide the number of available moles of chlorine by
the number of available moles of sulfur.

La1l mol C1, avallable  1.808 mwol Cl, available
07797 mal 5, available — 1 mol 5, available

Only LB08 mol of chlorine is available for every 1 mol of sulfur, instead of the 4 mol
required by the balanced chemical equation. Therefore, chlorine is the limiting reactant.

Analyzing the excess reactant

MNow that vou have determined the limiting reactant and the amount of preduct formed,
what about the excess reactant, sulfur? How much of it reacted?

Moles reacted You need to make a mole-to-mass calculation to determine the mass of
sulfur needed to react completely with 1.410 mol of chlorine. First, obtain the number of
moles of sulfur by multiplying the moles of chlorine by the 5.-to-Cl, mole ratio,

lmel 5, 5
1-4'.Iﬂ_!:mal-E_‘I‘_: b 4M= 0.3525 mol S

Mass reacted Next, to obtain the mass of sulfur needed, multiply by its molar mass,

L 6355,
0.355 mel3, X 5 T s 90.42 g 5, needed

EXAMPLE Problam &

DETERMINING THE LIMITING REACTANT The reaction between sobd white phosphorus [P}
and ooygen produces solid tetraphosphorus decoxide (PO ). This compound is often called
diphosphorus pentoxide becalse its empirical formula is PO

8. Determine the mass of P O, formed if 25.0 g of P, and 50.0 g of axygen are combined,

b. How much of the excess reactant remains alier the reaction stops?

i1 ANALYZE THE PROBLEM
You are given the masses of both reactants, so you must identify the imiting reacisnt and find
the mass of he produch. From the lmiting reaclant, the mwoles of the excess reactond used in
the reaction can be determined. This can be converted o mass and subtracted from the ghven
miass 1o find thee amaunt in Excess.

Kniown Unknown
miazs of phasphorus = 250 5 P, mass of teiraphaiphanis decoxide = g PO
mass of cwygen = 5009 O, mass of excess reaclant = 7 g excess reactant

2 SOLVE FOR THE UNKNOWMN
Duptermine ihe lmiting reaciant,

2509 5008 1@ Wirie the balanced chemeca equation, and
P isl + 50 gl — PO _is) iceniity the knoam and P Enlinoen

Determing ihe number of moles of the reactants by using tha inverse of molar mass

Imal P,

250948, x FELTT 0202 mol P, Calculnte the makes of P,
1 mod ﬂﬂ
BDD gD, x ¥ iy 1.56 mad O, Calculaie the moles of O

Calculate the aciual ratio of avallable moles of O, and available maoles of P,

1S6mal 0, 772 mol0, )

ﬂ_ﬂl.'l-I |-'|17;|-I_F'T = ; =TT F'- = Calcuilnt e el of makies 010, B mokes of .
§ : mel P,

Datermine the mole ratic of the twa reactants from the balanced chemical egquation

§ mal O,
Mele ratio: “mol P,

Because 772 mol of O, s availabla but only 5 mod 15 needed bo react with | mol of P, O, iz in
excess and P, is the limiting reactant. Use the moles of P, o determing ihe moles of PO, thal
will be produced, Multiply the number of moles of P, by the mole ratio of P.O_ to P

1mol PO
0.202 metP, x T;H—F = (.202 mol PO, Criculse the moles of prodect .0 ] formaed
To cakculate the mass of PO, mulliply moles of P.O_ by the molar mass

28399 P,0,
0.202 moLRor x e tst = B7.3 g P,0,, Cakculate the mass of the product P, 0,

L Dol |
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Because O, is in excess, only part of the available O, is consumad. Use the limiting reactant,
P,. to determine the moles and mass of O, used.

& maol O

0.202 mﬂ'l"F‘_ = _'I_rp._n-l-F__.i = 1.1 il GJ MuBlipty the males of limiing reaciant by the mole ratic

1 fansl] (MeDdes Of eC eSS feds tat

Converl moles ol O, consumed to mass of O, consumed.

120000,
10! metlr, x <= =323g0,

Mitindy Ee s o I:_'I_ Ere Bl Imelar s

Calculate the amount of excess l::lﬂ

530.0 g O, available - 32 3 g O, consumed = 177 g O, in excess Sulbitract mass used from

thie initiad mass

3 EVALUATE THE ANSWER
All values have a minimum of three significant figures, so the mass of PO, is comrectly stated
with three digits. The mass of excess O, (17.7 g} is found by subtracting two numbsers thal are
accurate to the firs1 decimal place, so the mass of excess O, correctly shows one decimal

place. The sum of the O, consumed (32.3 g) and the given mass of P, (25.0 g) is 57.3 g. the
calcuiated mass of the product P,O_.

PRACTICE Problems W ADDITIONAL PRACTICE

23. The reaction between solid sodiuem and ironfil) oxide is one in a sefes of reactions that inflates
an automobile airbag: GMa(s) + Fe 0 [s) — 3Na_Ofs) + 2Fafs). 1 100.0 g of Ma and 100.0 g of
Fe O, are used in this reaction, determine the following.

a. Emiting reactant

b. reactant in excess

c. mass af salid iron produced

d. mass of excess reactant that remains afier the reaction is complete

24. CHALLENGE Photosynihesis reactions in green plants use carbon dioxide and water
to preduce glucose [C H O, ) and exygen. A plant has 88.0 g of carbon dioside and
84,0 g of water available for photosynthesis, Be sure 1o report the cormect level of accuracy
based on measurements given In the question,

a. Write the batanced chemical equalicn for the reaction,
b. Determing the imiting reactant and the excess reactant.
c. Determine thie mass in excess

d. Determing the mass of glucose produced.

24. Challenge Photosynthesis reactions in green plants
use carbon dioxide and water to produce glucose
(CsH1206) and oxygen. A plant has 88.0 g of carbon

dioxide and 64.0 g of water available for

photosynthesis.

Write the balanced chemical equation for the

reaction.

6CO:2(g) + 6H:0(1) - CsH1206(aq) + 602(g)

1 sl H, 0D

ﬁilﬂgl:l-'[i # i = 3. 55 mal H, D
S morgwo M

Alake mole ratio comparison.

b, Detevmine the limiting reactant. . Determine the excess reactamt,
Alake masy — mole comversion. Water is the excess reacianl,
1 mol CO), ] d. Determine the mass in excess.
BR.0 | = 2.00 sl CCN
A4 _E-l:"'ff Muake mole < mole conversion,

G mal /O
200 mpb€0, x —— i =200 mol H,0

6 mal€0),

Mlake mole — mass conversion.

LM mek CCD, i maol CO, lﬂﬂlg}lﬂ'
=4 o s -
35smelHO T G el O 200 mulH0 x T a0
0.565 ¢ ' L
.I.hﬁ.‘.iwn:]pn:udlnll S _ 36.0 5 H:0 needed
e actuwal ratio is ess than the ne ratin .
corhon dinxide is the imiting reactant. 64.0 g HLO given — 36.0 ¢ H:0 needed
= 2E.0 g HeOV in excess
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How much product?
EXAMPLE Problem &

While solving stodchiometric probems, you might have concluded that chemical reac-

tions always proceed according (o the balanced equation and preduce the calculated PERCENT YIELD Solid silver chromate (Ag,Crl) | forms when excess potassium chromate
amount of product. This, however, is not the case. Most reactions never sucoeed in (K, CrQ ) s added to a solution containing 0.500 g of silver nitrate (AgNCO ). Detarmine the
producing the predicted amount of product. theoretical yleld of Ag CrO . Find the percent yield if the reaction yields 0.435 g of Ag CrO
Reactions do not go o completion or vield ax expected for many reasons. Reactants and 41 AMALYZE THE PROBLEM
products might adbere o the surfaces of their contaners or evaporate. In some cases,
plrliu.lm.' ts other than the mtended ones mighl be Rormed l.'if.' compeling reactions, b m:&wﬂmﬁﬂ?ﬁ;‘::cﬂmlﬁ :;'I.I:QTEEH:N :';:E;: ::ﬂtifiprnm:ﬁﬁ:;h:*nﬂaﬁf::lﬂs
reducing the vield of the desired produoct. O, as shown in Figure 8, someé amount of a 4 ; v 44 o »
i : : ; 3l of AgNO,, moles of AgNO, to moles of Ag CrO,, and moles of Ag CrO, to grams of Ag.CrO,

solid product can be lefl behind on filter paper or lost in the purification process C it the percent Walkd fuars the Rchnl vield and the theoreticsl vl
Biscause of this, chemists meed to know how fo gaoge Uhe vield of a reaction i ¥ ¥ )

K nosn Ll meraen

mass of silver nitrate = 0.500 g AgNQ, thearetical yield = 7 g Ag CrO,

actual yield = D455 g Ag,Cr0, percent yield = ? % Ag, CrO,

2 SOLVE FOR THE UMENOWN
0.500 g g
28gND (ag) + K. CrO, [ag) — Ag,CrO (s} + 2ZKND (ag) Write the balanced chemical

eguation. and idemlilye 0w
KRoET and 1INe LnEnoen

1 ol Al
0.500 g AghT 0.5 AT !I'l‘.'li' = 294 x 10" *mol AgND_ Convert grams of AgMO
: to males
1 mod ﬂ.q_{.‘.lﬂl
284 = 1077 mnlrhgfm; x w =147 = 107" mol Ag CrO, Lise the mole ratio to
- commer moles of AgNO,

Figune 8 SHer chiamade is Tosmesd whon patagtium cheomats K aded 1o 4lear fetrime, Mole thal nod all of : to moles of 'ﬁT‘i:E'G-
ihw precipitatu cam be remoyed Irom the lilber paper. 560 more of the precipiate 1s los becouse it adbargs ip 1.47 % 102 M&m » 33 '?? _.h:g.'i:'._r-l:l. = 0.488 g Ag cro Calculaie the theoretical yield
he sides of the beaket T T molgeertr FT .

Q455 s
Theoretical and actual yields oA ® 100 = 93.2% Ag CrO, Calculate the percent yield,

In many of the caloulations yvou have performed. vou have calculated the amount of

product given an amount of reactant. This value is the theoretical yield of the reaction, PRACTICE Problems W, ADDITIONAL PRACTICE

and represents the maximum amount of product that can be produced from a given :
amaunt of reactant. 28, Aluminum hydroxide (BIOH)) ks often present in antacids to neutralize stomach ackd (HCI), The
reaction occurs as follows: N:GHH{S:I + 3HCl{ag) — AICL {ag) + 3H_Ofl}. If 14.0 g of AOH), 15

A chemical reaction rarely produces the theoretical vield. A chemist determines the present in an antacid tablet, determine the theoretical yield of AICI, produced when the tablet
actual vield of a reaction through an experiment in which the mass of the product is raacts with HCL.
measured, The actual yield is the amount produced when the experiment is performed. 29. Zinc reacts with iodine in a synthesis reaction: Zn + |_— Znl_

Percent yield a. Determine the thearetical yield if 1.912 mol of zinc s used.

Percent yield of product is the ratio of the actual yield to the theoretical vield expressed
as a percent. Chemists use this to measure the efficiency of the reaction,

b. Determine the percent yield if 5156 g of product is recovered.

30. CHALLENGE When copper wire is placed into a silver nitrate solution [AgNO ), silver crystals
and copper(l) nitrate (Cu(NQ.}, ) solution form,

Parcent Yield a, Write the balanced chemical equation for the reactian,

actual yield ¢ 100 b. If a 20.0-g sample of copper s used, determine the theoretical yield

theoretical yield of silver.
. IW50.0 g of silver is recovered from the reaction, determine the percent yield of the reaction.

percent vield =

The actual vield divided by the theoretical vield multiplied by 100 s the percent vield,
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Zinc reacts with iodine in a synthesis reaction 1Al dAlleall lads (519%5 Jelis 3 3l ae Gra AN Jeliny
as the following equation: If 3.50 mol of Zinc f il dgayall Lo ZN (paylall e 3.50 mol pladsid 513

is used. What is theoretical yield?
Zn{g,] + IE{S} e ang{g]

Molar Mass of Znl, = 319 g/mol Znl, = 319 g/mol 1 A gall A0S
Solid caleium hydroxide decomposes by heat into lall g€ sl ) 5hall cleall poandll€l) 1S jan SlSE,
solid calcium oxide and water vapor as in the equation #39.2 9 sl o) YRR AR PR A LS eldl Hlasg
below. If 59.2 g of Ca(OH), is used at the beginning . Ca0 (% 40.32 g 5y Jeldl &y A Ca(CH);
of the reaction and 40.32 g of Ca0 is produced, what ag25all &gl dudll L

is the percent yield?

Ca(OH),(s) = CaO(s) + H;0(g)

Molar Mass of Ca(OH): — 74.0 g/mol Ca(OH): — 74.0 g/mol 1 3,0} Sl

Molar Mass of CaO — 56.0 g/mol Ca0 = 56.0 g/mol 3 ids]) kg
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The Kinetic-Molecular Theory

You have learned that composition (the types of atoms present) and structure (their
arrangement) determine the chemical properties of matter. Composition and structure
also affect the physical properties of matter. Based solely on physical appearance, you
can distinguish between the solids and liquids, as shown in Figure 1. By contrast,
substances that are gases at room temperature usually display similar physical proper-
ties despite their different compositions. Why is there so little variation in behavior
among gases? Why are the physical properties of gases different from those of liquids
and solids?

©

Graphite Mercury

Figure 1 You can distinguish some materials by looking at them, but this is not true for many gases.

Figure 2 Kinetic energy can be transferred
between gas particles during an elastic
collision. Between collisions, the particles
move in straight lines.

Explain the influence that gas particles have
an eagch other, both in terms of coflisions and
what happens to particles between collisions.

By the eighteenth century, scientists knew how to collect gaseous products by displacing
water. Now, they could observe and measure properties of individual gases. About 1860,
chemists Ludwig Boltzmann and James Maxwell, who were working in different coun-
tries, each proposed a model to explain the properties of gases. That model is the kinetic-
molecular theory. Because all of the gases known to Boltzmann and Maxwell contained
molecules, the name of the model refers to molecules. The word kinetic comes from a
Greek word meaning to mowve. Objects in motion have energy called kinetic energy. The
kinetic-molecular theory describes the behavior of matter in terms of particles in motion.

The model makes several assumptions about the size, motion, and energy of gas particles.

Particle size

(Gases consist of small particles that are separated from one another by empty space.
The volume of the particles is small compared with the volume of the empty space.
Because gas particles are far apart, they experience no significant attractive or repulsive
forces.

Particle motion

Gas particles are in constant, random motion. Particles move in a straight line until they
collide with other particles or with the walls of their container, as shown in Figure 2.
Collisions between gas particles are elastic. An elastic collision is one in which no
kinetic energy is lost. Kinetic energy can be transferred between colliding particles, but
the total kinetic energy of the two particles does not change.

Particle energy

Two factors determine the kinetic energy of a particle: mass and velocity. The kinetic
energy of a particle can be represented by the following equation.

. S
KE = zmz

KE is kinetic energy, m is the mass of the particle, and v is its velocity. Velocity reflects
both the speed and the direction of motion. In a sample of a single gas, all particles have
the same mass, but all particles do not have the same velocity. Therefore, all particles do
not have the same kinetic energy. Temperature is a measure of the average kinetic
energy of the particles in a sample of matter.

237,238
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Diffusion and effusion

According to the kinetic-molecular theory, there are no 5ignjfir_‘ant forces of attraction
between gas particles. Thus, gas particles can flow easily past each other. Often, the
space into which a gas flows is already occupied by another gas. The random motion of
the gas particles causes the gases to mix until they are evenly distributed. Diffusion is
the term used to describe the movement of one material through another. The term
might be new, but you are probably familiar with the process.

If food is cooking in the kitchen, you can smell it throughout the house because the gas
particles diffuse. Particles diffuse from an area of high concentration (the kitchen) to
one of low concentration (the other rooms in the house).

Effusion is a process related to diffusion. During effusion, a gas escapes through a tiny
opening. What happens when you puncture a container, such as a balloon or a tire?

In 1846, Thomas Graham conducted experiments to measure the rates of effusion for
different gases at the same temperature. Graham designed his experiments so that the
gases effused into a vacuum—space containing no matter. He discovered an inverse
relationship between effusion rates and molar mass. Graham's law of effusion states
that the rate of effusion for a gas is inversely proportional to the square root of its molar
mass.

Graham'’s Law

1

Rate of effusion o e s
vy molar mass

The rate of diffusion or effusion of a gas is inversely proportional to the square root of
its molar mass.

The rate of diffusion depends mainly on the mass of the particles involved. Lighter
particles diffuse more rapidly than heavier particles. Recall that different gases at the
same temperature have the same average kinetic energy as described by the equation
KE = ; mv’. However, the mass of gas particles varies from gas to gas. For lighter
particles to have the same average kinetic energy as heavier particles, they must have,
on average, a greater velocity.

Graham's law also applies to rates of diffusion, which is logical because heavier particles
diffuse more slowly than lighter particles at the same temperature. Using Graham's law,
you can set up a proportion to compare the diffusion rates for two gases.

Rate, |r molar mass;

Rate, — v molar mass,

EXAMPLE Problem 1

GRAHAM'S LAW Ammonia has a molar mass of 17.0 g/mol; hydrogen chloride has a molar mass
of 36.5 g/mol. What is the ratio of their diffusion rates?

1 ANALYZE THE PROBLEM

You are given the molar masses for ammonia and hydrogen chloride. To find the ratio of the
diffusion rates for ammonia and hydrogen chleride, use the equation for Graham's law of
effusion.

Known Unknown
molar mass,, = 36.5 g/mol ratio of diffusion rates = 7
molar mass,,, = 17.0 g/mol

2 SOLVE FOR THE UNKNOWN

Rate, molar mass, o ) ) .
Rate,_, _ ‘|| moiar mass,,, State the ratio derived from Grahom's law.
26.5 g/mal
= \(W%Emm = 147 Substitute molar mass = 36.5 g/mol and molar

mass,_. = 170 g/mol.

The ratio of diffusion rates is 1.4/

3 EVALUATE THE ANSWER

A ratio of roughly 1.5 is logical because molecules of ammonia are about half as
massive as molecules of hydrogen chloride. Because the molar masses have three
significant figures, the answer also does. Note that the units cancel, and the answer is
stated correctly without any units.

PRACTICE Problems W ADDITIONAL PRACTICE

1. Calculate the ratio of effusion rates for nitrogen (M_) and neon (Ne).

2. Calculate the ratio of diffusion rates for carbon monoxide and carbon dioxide.

3. CHALLENGE What is the rate of effusion for a gas that has a molar mass twice that of a gas that

effuses at a rate of 3.6 mol/min?
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and their molar masses

1. Calculate the ratio of effusion rates for nitrogen (N>)

GRAHAM'S LAW Ammonia has a molar mass of 17.0 g/mol; hydrogen chloride has a molar mass
of 36.5 g/mol. What is the ratio of their diffusion rates? Elﬂd neon {NE}
1 ANALYZE THE PROBLEM Rate, /Rate, =0.8488
You are given the molar masses for ammonia and hydrogen chloride. To find the ratio of the
diffusion rates for ammonia and hydrogen chloride, use the equation for Graham's law of Rate -
effusion. , _ |molar mass, _ 0.8488
Known Unknown Rate,, molar mass,
molar mass,,_ = 36.5 g/mol ratio of diffusion rates = 7 ’ 2

molar mass,,, = 17.0 g/mol

2 SOLVE FOR THE UNKNOWN 2. Calculate the ratio of diffusion rates for carbon

Rat ‘molar mass, : -
o, = WIW i Svit thiaatic dened o GroNamS Ew monoXide and carbon dioxide.

Rate molar mass,,

1.253
26, |
= {% = 1.47 Substitute molar mass . = 36.5 g/mol and molar :
mass, . = 170 g/mol. Rate{'ﬂ mUIal massﬁﬂz 44_01

—_— = = =1.253

The ratio of diffusion rates is 1.47 Rate_, molar mass_ 28.01

2

3 EVALUATE THE ANSWER ‘ .
A ratio of roughly 1.5 is logical because molecules of ammonia are about half as 3. Challenge What is the rate of effusion for a gas that

massive as molecules of hydrogen chloride. Because the molar masses have three -
significant figures, the answer also does. Note that the units cancel, and the answer is has a molar mass twice that of a £as that effuses at a

stated correctly without any units. rate of 3.6 mol/min?

2.5 mol/min

PRACTICE Problems W ADDITIONAL PRACTICE
Rate_ 1

1. Calculate the ratio of effusion rates for nitrogen (N,) and neon (Ne). = |— R;:It.ﬁ-I =2.5 mol/min
2. Calculate the ratio of diffusion rates for carbon monoxide and carbon dioxide. 346 mn]f'mln 2

3. CHALLENGE What is the rate of effusion for a gas that has a molar mass twice that of a gas that
effuses at a rate of 3.6 mol/min?
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High Force per Unit Area Low Force per Unit Area

Figure 4 High-heeled shoes increase the pressure on a surface because the area
touching the floor is reduced. In flatter-heeled shoes, such as boots, the force is applied
over a larger area

Infer where the highest pressure is located between the floor and high-heel shoe,

Gas particles also exert pressure when they collide with the walls of their container.
Because an individual gas particle has little mass, it can exert little pressure. However, a
liter-sized container could hold 10* gas particles. With this many particles colliding, the

pressure can be high.

Air pressure

Earth is surrounded by an atmosphere that extends into space
for hundreds of kilometers. Because the particles in air move in
every direction, they exert pressure in all directions. This
pressure is called atmospheric pressure, or air pressure. Air
pressure varies at different points on Earth. Because gravity is
greater at the surface of Earth, there are more particles than at
higher altitudes where the force of gravity is less. Fewer particles
at higher elevations exert less force than the greater concentra-
tion of particles at lower altitudes. Therefore, air pressure is less
at higher altitudes than it is at sea level. At sea level, atmo-
spheric pressure is about one-kilogram per square centimeter.

Measuring air pressure Italian physicist Evangelista
Torricelli (1608-<1647) was the first to demonstrate that air
exerted pressure. He noticed that water pumps were unable to
pump water higher than about 10 m. He hypothesized that the
height of a column of liquid would vary with the density of the
liquid. To test this idea, Torricelli designed the equipment
shown in Figure 5. He filled a thin glass tube that was closed at
one end with mercury. While covering the open end so that air
could not enter, he inverted the tube and placed it (open end

— Vacuum

1 [ ]
]
B Pressure exerted
by mercury column
Atmospheric
| ressure
760 mm = 3
]
8
. 1
B
L
| |
B
5

Figure 5 Torricelli was the first to design
equipment to show that the atmosphere
exerted pressure

down) in a dish of mercury. The height of the mercury column fell to about one-

fourteenth of a similar water column. This validated Torricelli’s lw;mtlwﬁiﬁ because

mercury is approximately fourteen times more dense than water.
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Figure 6 A manometer
Wacuum q :
measures the pressure of
[=— Closed ol et
' an enclosed gas.

1 end
| L
g %s]
' : ¥ T
oA BN dp g3
' v | Y =
Gas Gas
v4) )
Before gas is released info the After gas is released into the
U-tube, the mercury is at the U-tube, the heights in the two
same height in each arm, arms are no longer equal.

Barometers The device that Torricelli invented is called a barometer. A barometer is
an instrument used to measure atmospheric pressure. As Torricelli demonstrated, at
sea level the height of the mercury in a barometer is usually about 760 mm.

The exact height of the mercury is determined by two forces. Gravity exerts a constant
downward force on the mercury. This force is opposed by an upward force exerted by
air pressing down on the surface of the mercury. Changes in air temperature or humid-
ity cause air pressure to vary.

Manometers A manometer is an instrument used to measure gas pressure in a closed
container. In a manometer, a flask is connected to a U-tube that contains mercury, as
shown in Figure 6. When the valve between the flask and the U-tube is opened, gas
particles diffuse out of the flask into the U-tube. The released gas particles push down
on the mercury in the tube. The difference in the height of the mercury in the two arms
is used to calculate the pressure of the gas in the flask.

Units of pressure
The SI unit of pressure is the pascal (Pa). It is named for Blaise Pascal (1623-1662), a

French mathematician and philosopher. The pascal is derived from the SI unit of force,
the newton (N). One pascal is equal to a force of one newton per square meter: 1 Pa
equals 1 N/m’.

Many fields of science still use more traditional units of pressure. For example, engi-
neers often report pressure as pounds per square inch (psi). You might see this unit of
pressure listed on the tires for bicycles and cars. The pressures measured by barometers
and manometers can be reported in millimeters of mercury (mmlHg). However, if you
listen to your local weather report, vou might hear the meteorologist report the
pressure in inches, which is understood to mean inches of mercury. It is similar to the
unit millimeters of mercury as it describes the height of a mercury column that could be
supported by the atmospheric pressure.

Number Equivalent to | Number Equivalent to

1 atm 1kPa
Kilopascal (kPa) 101.3 kPa ' —
Atmosphere (atm) | — | 0.009869 atm
Millimeters of mercury (mmHg) | 760 mmHg | 7501 mmHg
Torr 760 torr 7.501 torr
Pounds per square inch (psi or Ib/in?) 147 psi | 0145 psi
Bar 1.01 bar 0.01 bar

At sea level, the average air pressure is 101.3 kPa when the temperature is 0°C. Air
pressure is often reported in a unit called an atmosphere (atm). One atmosphere is
equal to 760 mmHg or 760 torr or 101.3 kilopascals (kPa). Table 1 compares different
units of pressure. Because the units 1 atm, 760 mmHg, and 760 torr are defined units,
they should have as many significant figures as needed when used in calculations.

Dalton’s law of partial pressures

When Dalton studied the properties of gases, he found that each gas in a mixture exerts
pressure independently of the other gases present. [llustrated in Figure 7, Dalton's law
of partial pressures states that the total pressure of a mixture of gases is equal to the
sum of the pressures of all the gases in the mixture. The portion of the total pressure
contributed by a single gas is called its partial pressure. The partial pressure of a gas
depends on the number of moles of gas, the size of the container, and the temperature
of the mixture. It does not depend on the identity of the gas. At a given temperature
and pressure, the partial pressure of 1 mol of any gas is the same.

Look again at Figure 7. What happens when 1 mol of helium and 1 mol of nitrogen are
combined in a single closed container? Because neither the volume nor the number of
particles changes, the total pressure equals the sum of the two partial pressures.

-
') & ® ©
. © . ‘I" € L";»- kﬁ" — LL.G" .Y

(L € ({ L
® ,® ¢ e ©
< € = o ®
1 mol He 1mol M3 1mol He + 1 mol N3
Py P Protal

Figure 7 When gases mix, the total pressure of the mixture is equal to the sum of the
partial pressures of the individual gases.

Determine How do the partiol pressures of nitrogen gos and helium gas compare when
a mole of nitrogen gas and a mole of helium gas are in the same closed container?
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Number Equivalent to | Number Equivalent to

1 atm 1 kPa
Kilopascal (kPa) 101.3 kPa ' —
| Mimiosphers fabm) _ — 0.009869 atm
Millimeters of-mercury (mmHg) | 760 mmHg | 7.501 mmHg
Torr 760 torr _ 7501 torr
Pounds per square inch (psi or |b/fin | 14.7 psi 0145 psi
" Bar 1.01 bar | 0.01 bar

At sea level, the average air pressure is 101.3 kPa when the temperature is 0°C. Air
pressure is often reported in a unit called an atmosphere (atm). One atmosphere is
equal to 760 mmHg or 760 torr or 101.3 kilopascals (kPa). Table 1 compares different
units of pressure. Because the units 1 atm, 760 mmHg, and 760 torr are defined units,
they should have as many significant figures as needed when used in calculations.

Dalton's law of partial pressures

When Dalton studied the properties of gases, he found that each gas in a mixture exerts
pressure independently of the other gases present. lllustrated in Figure 7, Dalton’s law
of partial pressures states that the total pressure of a mixture of gases is equal to the
sum of the pressures of all the gases in the mixture. The portion of the total pressure
contributed by a single gas is called its partial pressure. The partial pressure of a gas
depends on the number of moles of gas, the size of the container, and the temperature
of the mixture. It does not depend on the identity of the gas. At a given temperature
and pressure, the partial pressure of 1 mol of any gas is the same.

Look again at Figure 7. What happens when 1 mol of helium and 1 mol of nitrogen are
combined in a single closed container? Because neither the volume nor the number of
particles changes, the total pressure equals the sum of the two partial pressures.

1mol He 1 mol M3 1mol He + 1 mol N5
Py P Protal

Figure 7 When gases mix, the total pressure of the mixture is equal to the sum of the
partial pressures of the individual gases.

Determine How do the partial pressures of nifrogen gos and helium gas compare when
a mole of nitrogen gas and a mole of helium gas are in the same closed container?

Textbook + Figure 7 + Example problem 2 + Practice Problems

Dalton’s Law of Partial Pressures

Dalton's law of partial pressures can be summarized by the following equation.

P represents total pressure. P, P, and P, represent
P =P +P,+P +...P =" st

al 1 2 3 n the partial pressures of each gas up to the final gas, P,
To calculate the total pressure of a mixture of gases, add the partial pressures of each of

the gases in the mixture,

EXAMPLE Problem 2

THE PARTIAL PRESSURE OF A GAS A mixture of axygen (O ), carbion dicdde (CO ). and nitregen
(M.} has a total pressure of 087 atm. What is the partial pressire of O, if the partial pressure of
CO, is Q70 atm and the partial pressune of N, is 012 aim?

1 AMALYZE THE PROBLEM

You are ghven the total pressure of & mixture and the partal pressure of two gases In the
mbxure. Ta find the partlal pressure of the third gas, use the equation that relates partial
pressures to 1otal pressure.

Known Unknawn
A, = Q12 atm P, = ?atm
Fen, ™ 070 Btm
= 097 atm
2 SDLVE FOR THE UNKNOWN
i = Tl T, Sinte Dofton’s bw of paral precsures
P-:-_.: Fm_Pc:.._ﬂ-. Sk for F,
P, =097 mtm — 070 som — OX2 Mtm  SubsStute £/, =002 atrc £, = 070 stm, and FL_ = 0.97 atm

P =075 atm

3 EVALUATE THE ANSWER
Adding the caleulated valus for the partial pressore of coygen 1o the known partial préessures
gives the tolad pressuie, 087 atm. The amnswer has two signifscant figures to match the data,

PRACTICE Problems W ADCITIONAL PRACTICE

4. What i& the partial pressune of hydrogen gas in o miaure of hydrogen and Relium if the 1ol
pressure i 600 mmHg and the partial pressure of aliem is 439 mmHg?

B, Find the tatal pressuns far a8 mibdune thet cantains four gases with partial pressores of 5,00 kKPa,
4,56 kPa, 3 02 kPa_and 1.20 kPa,

6. Find the partial pressure of carbon dicside in a gas mixture with & total pressure of
204 kPa il the partkd presssunes of the otbes two gases in the mixtune ane 16,5 &Pa and
AT kPa

7. CHALLENGE aAir ks a mixture of gases. By percentage, it |13 roughty T8 percent nitrogen,
21 parcanl coygen, and 1 percent argon. (Thene ane trace amournts of many olfer gasey
in aic) i the stmospheric pressura is 760 mmHg, what are the partial pressures of nitrogen,
owygen, and angon n the stmosphers?

244, 245
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4. Wha i& the paEial pressune of hydiegen gat in a mbaune of hydrogen and felium if e tolal
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Dalton’s Law of Partial Pressures

Dalton's law of partial pressures can be summarized by the following equation.

P

total

To calculate the total pressure of a mixture of gases, add the partial pressures of each of
the gases in the mixture,

THE PARTIAL PRESSURE OF A GAS A mixture of axygen (O ). carbon dicdde (CO ). and nitregen
(M) has a o1l pressure of 087 alm. What is the partial pressiure of O, il the partial pressure of

‘E':I, 15 370 At amd Bhe partlal pressune I.'ITH‘ is Ol sami®

1 ANALYZIE THE PROBLEM

You sre ghsen the total pressurs of A mikturs and the parial pressurs of twa gases n hs
milura, Ta find the partial pressure of the third gas, use the equatlon that relates, partial

prEfsunes to 1010l prasiure

Known Unknawn
FL_ 012 atm P;_ T atm

A, =070 atm
P .= 0897 atm

2 S50LVE FOR THE UNKNOWN

P = Fo * Fep, + F, Sinte DMtoen's krw of parial precsure
P =P =P —FR, S Far B

F:___ = D97 gtm — 070 atm — 0L atm Substieute B = 002 stm, &= 00 atmn
F‘u_ = [(LTh alm

3 EVALUATE THE ANSWER

Adding the caleulated valus for the partial pressure of axygen (o the known partial pressiines
gives the tolal pressune, 057 atm. The answer has two significant figures to malch the data,

pressure 5 600 mmHg and the partial pressuire of heliem is 439 mmHg?

Find the tatal preasors far 8 mbauss et cantains four gases with partial pressores af 5.00 kPa,

8,56 kPa, 3,02 kPa, and 120 kPa
Find the partial pressure of carbon dioxide ina gas misture with & total pressuse of

Z0 4 kPa il the panis pressures of the other two gases in the misture are 185 kPa and

1T kPa

CHALLENGE Al ks & mixture of gases. By percentage, it 13 roughly T8 percent nitragen,
21 percani cxygn, and 1 percent argon. (Thare are trace amounis of many olher goses
in aic) if the atmospharic pressura i 70 mmHg, what are the partial pressures of nitrogen,

ouygen, and argon m the atmosphera?

P represents total pressure. P, P, and P, represent
=P AP +FE F.. P et e
1 2 3 the partial pressures of each gas up to the final gas, P,
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4. What 1s the partial pressure of hydrogen gas in a

mixture of hydrogen and helium if the total pressure is
600 mmHg and the partial pressure of helium is
439 mmHg?

161 mmHg
600 mmHg — 439 mmHg = 161 mmHg

S. Find the total pressure for a mixture that contains four

gases with partial pressures of 5.00 kPa, 4.56 kPa,
3.02 kPa, and 1.20 kPa.

5.00 kPa + 4.56 kPa + 3.02 kPa + 1.20 kPa =
13.78 kPa

. Find the partial pressure of carbon dioxide in a gas

mixtire with a total pressure of 30.4 kPa if the partial
pressures of the other two gases in the mixture are
16.5 kPa and 3.7 kPa.

J0.4 kPa —16.5 kPa — 3.7 kPa =10.2 kPa

. Challenge Air is a mixture of gases. By percentage,

it is roughly 78 percent nitrogen, 21 percent oxygen,
and 1 percent argon. (There are trace amounts of
many other gases in air.) If the atmospheric pressure

1s 760 mmHg, what are the partial pressures of
nitrogen, oxygen, and argon in the atmosphere?

760 mmHg x 0.78 = N2 =590 mmHg;
760 mmHg x 0.21 = 02 =160 mmHg;
760 mmHg x 0.01 = Ar =8 mmlg
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mixture of gases

.Whal is the partial pressure of oxygen in an air sample G lavie glegdl e dis ,_,-'- Cuaatill 4-_:;-'-1 Lasll e '-.
when the lotal pressure is 1.10 atm, the partial pressure Oeng il Sl haally « 1.10 atm JSH Las)
of nitrogen is 0.75 atm, the partial pressure of water 0.0056 atm LJ ad el el 0.75 atm
vapor is 0.0056 atm, and the partial pressure of all other 70.0044 atm sl 2 231 Sdlall puead Siall Lialls

gases in air is 0.0044 atm?

0.20 atm 0.21 atm
().34 atm 0.36 atm

A smalad flask contains coygan, belium, and nitrogen S L g filly gy com BT s sl e Glas aley
if the total pressure in the flask is 4,711 atm, the partial 2592 mim g O dl iad daaally o 4.T11 @t wlegll J 60 el
pressure for O & 2,592 atm, and the partial pressure for M. 2 .r'.llh"l Sl g la G H30 AT e He L f'“"! Lk ally

He is 0.B36 alm, what & the partial presiure ol M 7

a
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Wihal ks The Tobal pressure o 3 mislure That contalns Thres

gases with partial pressures of 1.35 kPa, 3.81 kPa, and 521 kPa?

7.68 kPa

10.38 kPa

12.76 kPa

6.57 kPa

PSRy LR, L #,l.:t‘h.._,ﬂ.:.l:-n...h' La
52 WP . BBl KPa o 135 KPa Tl 10wl

2.955 atm

8.139 atm

0.467 atm

1.283 atm

Whal is the partial pressure of waler vapor in an air

sample when the lolal pressure is 1.00 atm, the

partial pressure of nitrogen is 0.79 atm, the parfial

pressure of oxygen is 0,20 atm, and the partial

pressure of all other gases in air is 0.0044 alm?

0.0056 atm

0.2100 atm

D Lz shagll Ja die Aol e el Ll L
0.79 atm faay 3l Sadl laiclls 1.00 atm S0 Lo o)
gl el danally 0.20 atm e S0 el aaally

“0.0044 atm AN o4l

0.80 atm  0.9956 atm
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Boyle's Law

Robert Bovle (1627-16%91), an Irish chemist, described the relationship between the
pressure and the volume of a gas, such as the air in a balloon

How are pressure and volume related?

Bovle designed experiments like the one shown in Figure 1. He showed that if the
temperatune and the amount of gas are constant, doubling the pressure decreases the
volume by one-half. On the other hand, reducing the pressure by one-half doubles the
volume, A relationship in which one variable increases pmrmrtl::una]h as the other
variable decreases is known as an inversely proportional relationship

Pressure-Volume {:I'mnges
. |1['.u-|n'r fou)

E 8 | B S Bl .
| [ [ B atmm, 5 L} |
£ e B I |
2 4 .
J—— . I e 13 3 !t 1§ B sl
B 53 et 508 1 B s
PV = 1 atm] (O L) PV = (2 atm) [B L) PWy = [4 atm} (25 1) O BE 16 1% 38 3% 30 38 40

= 10 ptm = | = W afm-L = 10 atm=L Prassure [atm)
= o i = constani =

ngrrl b the exiernel pressure on the Cylendet 5 DISLOn INCreasas. (M volume inseds (he cylinded
gecreases. The gﬂ:'lﬂh SNEwWS the Imverse rr.1|-11mn*=.h||: DEPWSEn pressus and volume

Boyle's law states that the volume of a fixed amount of gas held at a constant tempera-
ture varies inversely with the pressure. Look at the graph in Figure 1, on the previous
page, in which volume versus pressure is plotted for a gas. The plot of an inversely
proportional relationship results in a downward curve.

Note that the product of the pressure and the volume for each point in Figure 1 is
10 atm-L. Bovle’s law can be expressed mathematically as follows.

Boyle's Law

Pl Vl - szj F represents pressure. V represents volume.

For a given amount of gas held at constant temperature, the product of pressure and
volume is constant.

P, and V, represent the initial conditions, and P, and V, represent new conditions. If you
know any three of these values, vou can solve for the fourth by rearranging the equation.

EXAMPLE Problem 1

BOYLE'S LAW A diver blows a 0.75-L air bubble 10 m under water. As it rises to the surface,
the pressure goes from 2.25 atm to 1.03 atm. What will be the volume of air in the bubble at the

surface?
1 AMALYZE THE PROBLEM

According to Boyle's law, the decrease in pressure on the bubble will result in an increase in
volume, so the initial volume should be multiplied by a pressure ratio greater than 1.

Known Unknown
V,=075L V. =%l
P, = 2.25 atm

P, = 1.03 atm

2 SOLVE FOR THE UNKNOWN
Use Boyle's law. Solve for V,, and calculate the new volume,

PV. =PV, State Boyle's law.
P1
V.=V, (Fz) Solve for V,.
2.25 atm :
Vz =I5l (m Substitute V, = 075 L, P, = 2.25 atm,

and P, = 1.03 atm.

V,=0751L 335;‘;{ =16L Multiply and divide numbers and units.

3 EVALUATE THE ANSWER

The pressure decreases by roughly half, so the volume should roughly double, The answer is
expressed in liters, a unit of volume, and correctly contains two significant figures.

PRACTICE Problems W ADDITIONAL PRACTICE

Assume that the temperature and the amount of gas are constant in the following problems.

1. The volume of a gas at 99.0 kPa is 300.0 mL. If the pressure is increased to 188 kPa, what will be
the new volume?

2. The pressure of a sample of helium in a 1.00-L container is 0.988 atm. What is the new pressure if
the sample is placed in a 2.00-L container?

3. CHALLENGE Air trapped in a cylinder fitted with a piston occupies 145.7 mL at 1.08 atm pressure.
What is the new volume when the piston is depressed, increasing the pressure by 25%7

275,276, 277
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EXAMPLE Problem 1

are constant in the following problems.

BOYLE'S LAW A diver blows a 0./5-L air bubble 10 m under water. As it rises to the surface, _-tﬁiumf ﬂlﬂt ulf tf'mpfrﬂml'e ﬂﬂd ﬂ]E amount ﬂf g35
the pressure goes from 2.25 atm to 1.03 atm. What will be the volume of air in the bubble at the

surface?

1 ANALYZE THE PROBLEM 1 -

According to Boyle's law, the decrease in pressure on the bubble will result in an increase in
volume, so the initial volume should be multiplied by a pressure ratio greater than 1.

Known Unknown

V,=075L V,=7L
.= 2.25 atm

1'-'-‘2 = 1.02 atm

2 SOLVE FOR THE UNKNOWN
Use Boyle's law. Solve for V,, and calculate the new volume.

PV, =PV, State Boyle's law. 2
lP1
V.= H[E} Solve for V,
v, =075 [$208im Substitute V, = 075 L, P, = 2.25 atm,
and P, = 1.03 atm.
V.= 075 L (%—%—g-;wﬂ'-ﬁ- =16L Multiply and divide numbers and units.

3 EVALUATE THE ANSWER

The pressure decreases by roughly half, so the volume should roughly double, The answer is
expressed in liters, a unit of volume, and correctly contains two significant figures.

PRACTICE Problems W ADDITIONAL PRACTICE

Assume that the temperature and the amount of gas are constant in the following problems.
1. The volume of a gas at 99.0 kPa is 300.0 mL. If the pressure is increased to 188 kPa, what will be
the new volume?

2. The pressure of a sample of helium in a 1.00-L container is 0.988 atm. What is the new pressure if
the sample is placed in a 2.00-L container?

3. CHALLENGE Air trapped in a cylinder fitted with a piston occupies 145.7 mL at 1.08 atm pressure.
What is the new volume when the piston is depressed, increasing the pressure by 25%7

The volume of a gas at 99.0 kPa 1s 300.0 mL. If the

pressure 15 increased to 188 kPa, what will be the new
volume?

158 mL
- _ ViR _ (300.0 mL)(99.0 KPa)

M 188 kPa

=158 mL

. The pressure of a sample of hellum 1n a

1.00-L container 1s 0.988 atm. What 1s the new
pressure 1f the sample 1s placed 1n a 2.00-L container?

0.494 atmm
P

v.p, (100 X)(0.988 atm)
3z = =

: 2.00 ¥

= 0.494 atin

. Challenge Auir trapped 1n a cylinder fitted with a

piston occupies 145.7 mL at 1.08 atm pressure. What
15 the new volume when the piston 1s depressed.
mcereasing the pressure by 25%?

117 mL
P, =1.08 atm+(1.08 atm x 0.25) =1.35 atm

. _ViR (1457 mL)(1.08 aeh

' P 1.35 atm

)=11'}|r mL

275,276, 277
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A he exlernal pressune on lhe ofinder’ s piston el AN 8 A T e e o R el B iy e
nciaases in fhe ligies balwy, Tha gas wlieme B _‘..'*Z 5L kA _|,.= 0L G AaW amn gal

The volume of a gas is 400.0 mL, and the pressure is 1.00 atm. 1.00 atm Lis feg 400.0 Ml 5le aas g s 0L Nk 253 L el Wit 18 Gl e e ) il
When the volume of the gas is 2.0 L, what is the pressure, die jlall ladiale e 2.0 L el aas il lal . S0 e o
if the temperature remains the same? 5lad da s
- 2 F-
(0.20 atm
0.5 atm R 7
2 atm
5.0 atm 4 atm
0.80 atm 6 atm
8 atm
. & i g . . - The pressure of e of heli 1.0 L contain
Air trapped in a cylinder fitted with a piston occupies sie 365.5 mL il S dalaa Dlghl & Jpasa cleb P RO i e 0.857 atm g 1.0 L das digla b ppulegl) (s e aaa

365.5 mL at (0.985 atm pressure. What is the new

_ _ _ el dai 513 (ML) 2aadl andl Lo 0.985 atm L
volume (mL)when the piston is depressed, increasing

the pressure by 50%2 £50% lshey il s iy
244
354
198
455

is .837 alm. What is the pressure if the same sample

is placed in a 0.50 L conlainer? POSIL G oy 8 Al o ey 2 12 Dbl

gt hadl daups o Ll
(Assume thai the tamparature is constant.) ( Ll A o L)

)4 &t

1.4 aim
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Charles’s Law

After a cool evening, a rubber pool raft can appear partially inflated. During a sunny
afternoon, the same raft can appear fulf}-' intlated. Why does the appearance of the raft
change? This can be answered by applying a second gas law—Charles’s law.

How are temperature and volume related?

Jacques Charles (1746-1823), a French physicist, studied the relationship between volume
and temperature. He observed that as temperature increases, so does the volume of a gas
sample when the amount of gas and the pressure remain constant. The cylinders in Figure 2
show how the volume of a fixed amount of gas changes as the gas is heated. Unlike
Figure 1, where pressure in addition to that of the atmosphere was applied to the
piston, the piston in Figure 2 is free to float. The piston is supported by the gas in the
cylinder at a level where the pressure of the gas exactly matches that of the atmosphere.

Volume v. Celsius Temperature
(R )7 T A N OO0 O o

800 ((27°C. 600 mI;J_IJ—
E 600 y
: A
|
'g-ﬂ,cu:r
= 200 || Lef” [N
"1 [(—123°C. 300 mL)]
1 | EL Ll L]

Ol -
=300=250-200 =150 <100 =50 0O 5O
Temperature (°C)

Volume v. Kelvin Temperature

| [ T 1 11
Y, 300mL V, 600mL 500 | (300 K. 600 mi)|
T, 150K 7, 300K ar | N~
1 2 "El 600 —1— 11 = }/ ;3
= 2 mL/K = 2 mL/K : | !
= constant = constant E 400
] "
= 200 Ll L
_L-l (150K, 300 my] | |
- ' | |

Crae -
¢ S50 100 150 200 250 300 350
Temperature (K)

Figure 2 When the cylinder is heated, the kinetic energy of the gas particles increases, causing them to
push the piston outward. The graphs show the relationship of volume to Celsius and Kelvin temperatures.

275,276, 277



19 |CHM.5.2.01.004.15 Use the mathematical formula of Charles’s law to calculate volume—temperature changes at constant pressure

Textbook + Figure 2 + Example problem 2 + Practice Problems

277,278,279

20

CHM.5.2.01.004.19 Use the mathematical formula of Gay—Lussac’s law to calculate pressure—temperature changes at constant volume

Textbook + Figure 3 + Example problem 3 + Practice Problems

280, 281

Charles’s Law

After a cool evening, a rubber pool raft can appear partially inflated. During a sunny
afternoon, the same raft can appear fully intlated. Why does the appearance of the raft
change? This can be answered by applying a second gas law—Charles’s law.

How are temperature and volume related?

Jacques Charles (1746-1823), a French physicist, studied the relationship between volume
and temperature. He observed that as temperature increases, so does the volume of a gas
sample when the amount of gas and the pressure remain constant. The cylinders in Figure 2
show how the volume of a fixed amount of gas changes as the gas is heated. Unlike
Figure 1, where pressure in addition to that of the atmosphere was applied to the
piston, the piston in Figure 2 is free to float. The piston is supported by the gas in the
cylinder at a level where the pressure of the gas exactly matches that of the atmosphere.

Volume v. Celsius Temperature

LI L. LI
I 800 [(27°C. 600 mL)| T
j Y
| I 11 atm EE‘DD
L v il
- £ # E 400
: 1atm - 600mL  F L
W o H_i = 200 s M\
BR300 mL L S et T [=123°C 300 mU)]
> s L= o e
150 K 300K —300-250-200—150 =100 =50 O 50
Temperature (°C)
Volume v. Kelvin Temperature
Yi_300mL Y, _ 600mL 500 | (300 K, 600 )
7.~ 150K T, 300K iy b
1 i 'E'.E,{]D___.-_ o O] [ __.}(._
=2mL/K =2mL/K = . : :
= constant = gonstant E 400
° "
2 200 L=l Hi
- [(150 K, 300 mL)]

o
- I I

D i
Q 50 100 150 200 250 200 350
Temperature {K)

e —_— e

— — — — —

Figure 2 When the cylinder is heated, the kinetic energy of the gas particles increases, causing them to
push the piston outward. The graphs show the relationship of volume to Celsius and Kelvin temperatures.

Graphing the relationship of temperature and volume

Figure 2 also shows graphs of the relationship between the temperature and the volume
of a fixed amount of gas at constant pressure. The plot of volume versus temperature is
a straight line. Note that you can predict the temperature at which the volume will reach
0 L by extrapolating the line to temperatures below the values that were measured.

In the first graph, the temperature that corresponds to 0 L is —273,15°C. This relation-
ship is linear, but it is not a direct proportion. For example, you can see that the graph
of the line does not pass through the origin and that doubling the temperature from
25°C to 50°C does not double the volume.

The second graph in Figure 2, which plots the Kelvin (K) temperature against volume,
does show a direct proportion. A temperature of 0 K corresponds to 0 mL, and doubling
the temperature doubles the volume. Zero on the Kelvin scale is also known as absolute
zero. Absolute zero represents the lowest possible theoretical temperature. At absolute
zero, the atoms are all in the lowest possible energy state.

i

L%Get It?

Explain why the second graph in Figure 2 shows a direct proportion, but the first
graph does not.

Using Charles’s law

Charles’s law states that the volume of a given amount of gas is directly proportional to
its Kelvin temperature at constant pressure. Charles’s law can be expressed as follows.

Charles’s law

Vl = Vz V represents volume.
T‘ o T'Z T represents Temperatire,

For a given amount of gas at constant pressure, the quotient of the volume and Kelvin
temperature is a constant.

V, and T, represent initial conditions, while V, and T, are new conditions. As with
Boyle’s law, if vou know three of the values, you can calculate the fourth. The tempera-
ture must be expressed in kelvin when using the equation for Charles’s law. To convert
a temperature from Celsius degrees to kelvin, add 273 to the Celsius temperature:

T, =273+ T,

K
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CHARLES'S LaW & heliurm balfoan ina dosied car odcupies 8 volume of 2.32 L s 40.0°C. if the
canl 1= parked on B hot day and the temperstune inside rises o 7507, what i5 The res volume of

he ballsan Ascuming (he prasEune rEmamL canstant?’ constant in the fﬂuﬂ“]ﬂg Pl oblems.

1 AMALYFE THE PROBLEM

Charked's law siatac Hal s b lemperalune al a fided amau ! af gas intredaies, =6 does s
wolmee, assuming constant pressure. Thereione, the solime of the balloon will increass, The
Imifial vokime should be meilbplied by o iemparmtuna ratio graater than 1

occupy at 250 K7

BT Urknawn 430
T, =40.0C Wo=TL 35.,[”:
Vo= ddad L
T =750C

2 SOLVE FOR THE UNEKNOWHN
Convert degress Calsirs to kakdin

=&+ T Apoly e convernion febor
F =2 +apFc=330K Saitysimute T il g
T, =373+ 75.0°C = AG8.0 K Saihsmule T, = T80T

3.1L
Use Chartas's law. Sohe lor V. and substiuie ihe known values inte the resrmanged souation

v v i _{-1.3 L)(zsn ,l(’]

TI_.I = 'I: i Cherign's oy P-t

Assume that the pressure and the amount of gas are

4. What volume wall the gas in the balloon below

=X1L

7. Challenge A gas occupies 0.67 L at 350 K. What
temperature 1s required to reduce the volume by 45%?

190 K
13=0.67 L — (0.67 L x 0.45)=0.37L

L (350 K)(0.37 X)

I 0.67 ¥,

=190 K

8 il 350 K
1
v, = V& Srtuw Aor I
l: W 5. A gas at 89°C occupies a volume of 0.67 L. At what
v, = 2321 [322%) Subwte ¥, « 232 T, = 31308 ?iljﬂ:i temperatura will the volume merease to

W, = 230 [:‘.I.I-!"‘EE;:I = J8H L Mustiply and eame fsimDS S0 L 33“”’(:'

3 EVALUATE THE ANSWER Ni=80°C +2T3=362 K

The mcrease in emperatone S ielptvely small, soothe volume should show a small incresse
The unil of the snswer is ers. 8 volume uni, and there are three sagnificant fgures

T

1

0.67 I

G605 — 273 = 3321°C = 330°C

PRACTICE Problems W ADDITIONAL PRACTICE

Assume that the pressure and the amount of gas remain constant in the

- (362 I{Il.ll )
2§ E) o
1

following problems.

. The Celsms temperature of a 3.00-L sample of gas 15

lowrered from 20.0°C to 30.0°C . What will be the

4. What volume will the gas in the balloon at right occupy at 250 K? resulting volume of this gas?
5. A gas at 89°C occupies a volume of 0.67 L. At what Celsius temperature 5381
will the volume increase to 112 L? o
6. The Celsius temperature of a 3.00-L sample of gas is lowered from N =8§0.0°C+273=353K
80.0°C to 30.0°C. What will be the resulting volume of this gas? T = 30.0°C + 271 = 303 K
7. CHALLENGE A gas occupies 0.67 L at 350 K. What temperature is required ) |

to reduce the volume by 45%7

. WL, _(300 L)(303 K)

=2581
2 353 K
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A gas occupies a volume of 0.85 L al 375 K. What ST K 5s A e 0.85 L ooglaia Lias 32 o, What is the volume for the gas in the below balloon when an g paT Lot alial oy glll g gl '|'-IJ' sl
temperature changes to 348 K? T34BK 5yl

temperature (K) is required to reduce the volume lo 60 % ) smal) (ain! Lyl (K) By iall a0 Ld

60% of the original volume increase? "3'4.'1_.-*5‘ paall fa

938
25

275 4.01L
1 SU 3.84L

2.73L
A sample of gas occupies a volume of 6.50 L L 95.0 °C 5)lia da )0 2ic 6.50 L Laa e e die Joo
at 95.0 “C .What is the Celsius temperature(°’C) 231L
71.63 L ()l die ana laaic mq.ﬁi (“G} 5hall s -
at which the volume of the gas sample will -

become 1.63 L?

=151
=92

365
418
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% :
|:F == ) WY |_I | &5 =) T =, 3L A
ATy Lt il b o8 LAWY

If volume is constant, is there a relationship between temperature and F-TM-'-L!W“‘ The
answer to that question is found in Gay-Lussac’s Law.

How are temperature and pressure of a gas related?

Pressure 15 a direct result of collisions between gas particles and the walls of thesr
container. An increase in temperature increases collision frequency and energy, so
raising the temperature should also raise the pressure if the volume is not changed
[oseph Gay-Lussac (1778-1850) found that a direct proportion exists between Kelvin
temperature and pressure, as illustrated in Figure 3. Gay-Lussac’s law states that the
pressure of a fived amount of gas varies directly with the Kelvin temperature when the
volume remains constant. It can be expressed mathematically as follows.

Gay-Lussac's Law

.F:_ = I": o P fEsaTs PrESsLre

T
For a given amount of gas held al constant volume, the quotient of the pressure and the
Kelvin temperaturs is a constant

| iy T represents iempearature

As with Boyle's and Charles’s laws, if yvou know any three of the four variables, vou can
calculate the fourth using this equation. Remember that temperature must be in kelvin
whenever it is used in a gas law equation.

1oL 101
% ‘ ., o Pressure v. Kelvin Temperature
40 ! ! — ! i
. > e _ 35 |GO0K, 30 ulu-:J. i 5
E 5, [
1.5 atm 3 r T 30am B0 ' ' 1 1 |
% W . ° bt 1 1 S Y il I S S N
¥ 1 I P 5 P |
& P L3 . E 210 | T
@15 3 |
300K - 'y e s g N .
150 K ) 1.0 T .
I 0.5 ey | P |
o L
|I-'|I _ 1.5 atm FZ' __ 4.0 atm 4] 100 200 00 G050 00
Ty 1h K Tq A00 K Temperature [K)
= (.01 atm/K = 0.01 atm/K
= constant = gopnslant

00

3 T o
5 1 1

GAY-LUSSAC'S LAW The pressure of the cxygen gas inside a canister is 500 atm at 25.0°C,
The camnsier 5 localed /i o camp hagh on Mount Everest Il ihe temparslure these nlls 1o =100,
wiial is the new pressure nside the canister?

1 ANALYEE THE PROBLEM
Gay-Lussac’s law slales that if the temperature of & gas decreases, 50 does il pressune when
voluma is consiant. Therefore, the pressure in the cdpgen cenister will decrpase. The inkial
pressure should be multiplied by a temparaiure rallo bess than 1.

E mowem Unknown

P = %00 atm F, = 7 gim Real-Warkd Chemistry
T, =250°C Limsac's Law

1, = =—HL0%C

2 SOLVE FOR THE UNKENOWN
Comvert deqrees Lelsius 10 kelvin

T,=2T24+T Apnty b conversinn
T, =273 + 25.0°C = 2680 K SubEide T, = 5.0
=273 + |=10.0°C) = 263.0 K Siplystliite T 0Oy

Use Gay-Lussec's low. Sohve for P and substiute the known

values inta the rearranged sgquation

ﬂ'_ <]
it tat ot L
T
F-'P'I:r] Seitvm
P, = 5.00 oim (55573 subsiitute P, = 5.00 atn PRESSURE COOKERS 4 firessure
| - i ] G008 C0OKEY E5 @ paof with @ lid that ks
into plage. This sealy the comsiner,
= 5 EU ahm 1 EE‘}Eﬂ a4.47T atm LT i i g i wiliich .r-“-'F' 1% e Fars &
1 ; Jog0) Autipty e diveide rumbs

Healing the pol incrsases the prassiie

il [he Cookon, A5 Dressure (mieases

3 EVALUATE THE ANSWER
Eslvin temparature decreases, 5o the pressure should
decradse. The unil 15 atm, & pressung unil, and thame ane
three significont Fl-;l_u:_l';

1he fermperalune contimies 10 increas:
arel fnods cook fosie

Assume that the volume and the amaunt of gas are constant in the following profloms,

A. The pressure in an automobile tre = LE8 atm at 25,00 What will be the sressure H the
lemperaiune incresses (o 3707
8. Helium gas 8 200-L eylindesr 5 under LE2 aim greasuns, Al 36.5°C, that same gas sample
has a pressure of 256 atm. Wihat was the initial temperature in degrees Celsius of the gas in
the cylinder?
10. CHALLEMGE If a gos sample has a pressure of 307 kPa at QL00°C, by how many degreas
Ceksius does the tempersture have 10 increase o cause the pressune to double?
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The presswia o & gas ina cylindar is |00 atim &l 3040 K. LS00 K s 1,00 atm Dlged a0 il el |f Th ; X ; e - ’ i i
e of pressure of a sample of hydrogen gas equals de 3.33 kPa (gl feag gl Jld e die Laas IS 13)
What will b tho pressure | the lempembre increases o 00 K7 1400 K 2 i) A0 el b Jeial) mimis o P P Y J g - 3 t'l;j e S e = :

3.33 kPa at 20.0°C. What is the Celsius temperature Ml Janis Wadie muad Al dsjaludl 3)ad) 4oy e .20.0°C

at which the gas pressure becomes 3.44 kPa? ¢3.44 kPa

29.7 °C
0.75 atm 35. 0 OC

2.67 atm 27.5 0C:

2.44 atm

18.5 °C

1.30 atm
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Avogadro’s Principle

The particles that make up different gases can vary greatly in sise. However, Kinetic-
molecular theory assumes that the particles in a gas sample are far enough apart that
size has very little influence on the volume occupied by a gas. For example, 10040
relatively large krypton gas particles occupy the same volume as 1000 smaller helium
gas particles at the same temperature and pressure. [t was Avogadro who first proposed
this idea in 1811, Avogadro's principle states thal equal volumes of gases al the same
temperature and pressure contain equal numbers of particles. Figure 5 shows equal
volumes of carbon dioxide, helium, and oxvgen,

w
=
W
=
=1
E
a
0
=
o
L% ]

Flgure 5 Gas tanks of equal valume that are a1 the same pressure and temperature contain equal numbers
of gas particles, regardiess of which gas thiey contain,

Imfer Why doesn't Avogadro’s prnciple opply fo iqulds and solids?

Volume and meles
Recall that one mole of a substance contams 6.02 x 10* particles. The molar volume of
a gas is the volume that 1 mol occupies at 0.00°C and 1.00 atm pressure. The conditions

of 0.00°C and 1,00 atm are known as standard temperature and pressure (STP). Avoga-

dro showed experimentally that 1 mol of any gas occupies a volume of 22.4 L at 5STP.

Because the volume of 1 mol of a gas at 5T is 22.4 L, vou can use 22.4 L/mol as a
conversion factor whenever a gas is al STP. For example, suppose you want to find the
number of moles in a sample of gas that has a volume of 3.72 L at 5TP. Use the molar
volume to convert from volume to moles.

- 1 mol _
372 L % PAL 0.166 mal

22 |CHM.5.2.01.004.28 Use the ideal gas law to calculate pressure, volume, temperature, mass of a gas, when three quantities are given Textbook + Table 2 + Example problem & + Practice Problems

EXAMPLE Problem 5

MOLAR VOLUME The main component of natural gas used for home heating and cooking s
mathane (CH, ) Calculate the voleme that 2.00 kg of methane gas will occupy at 5TP

1 AMALYZIE THE PROBLEM
The nwmber of males can be cakkulated by dividing the mass of the sampie, m, by its molar
mass, M. The gas s at STP ({0.00°C and 100 atm pressure), 50 you can use the molar volume 1o
comdert fram the numbear of males to the woluwme.

Known Unknown
m= 200 kg V=TL

I = D.O0°C

P =100 atm

2 SOLVE FOR THE UMKNOWMN
Determine the molar mass for methans

M =1C atanT 15.?!’"‘::' + 4 H aters {:Elmu Doterming the molecular mass

= 1201 amu + 4.04 amu = 1605 amiu

= 16.05 gimal Eapress the molecular mass as gimol 1o
arrve ot the meier mags

Determine the number of moles of methane

2.00 ke %ﬂ' =200x1) g Coanvert the imess from g o g
]
E = %ﬁ;::—;: = 125 muaoil Divide mass by molar mass o determing

e nurmbiss of mabes

Use the molar volume {o determing the volume of methane at STR.

Vo= 125 meat = %t—ﬁl .= 2.80 x 10° L Ulse the malar voluime, 224 L Amal, o
canver from madas ta the wolume

3 EVALUATE THE ANSWER
The amaunt ol melhane present 5 much mose than 1 mol, S0 you should expect & lBrge yolume,
which ks in agreement with the answer, The unitis [ers, a volume unit, and there are three
significant figures

PRACTICE Problems W ADDITIONAL PRACTICE

What size container do you need to hald 00453 mol of M, gas at STP?

Howe much carbon diceide gas, in grams, s ina 1.0-L balloon at STP?

What volurme in milliliters will D002 g of H, gas occuny ol STP?

Wt wndume will D416 g of krypton gas oooupy 8t STET

Calculate the volume That 45 kg of elhylene gas [CH ) will occupy at STR

CHALLENGE A fledble plastic container containg 0UBG0 g of hellum gas in & wolume of 19.2 L
it 2206 q of helum 5 removed at constant pressure and temperature, what will be the new
wiluene?

BEUNRS

287, 288, 289
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The ldeal Gas Law

Avogadro’s principle and the laws of Bovle, Charles, and
Gay-Lussac can be combined into a single mathematical
statement that describes the relationships between pressure,
volume, temperature, and number of moles of a gas. This
formula works best for gases that obey the assumptions of the
kinetic-molecular theory. known as ideal gases, their particles s
occupy a negligible volume and are far enough apart that they Figure 6 The volume and femperature

exert minimal attractive or repulsive forces on one another. of this tire stay th: same a5 alr &s added
Howewar, {he pressure in the tire

Increases as the armount of air present

From the combined gas |law to the ideal gas law
INENB3Ses.

The combined gas law relates the variables of pressure, volume,
and temperature for a given amount of gas.

PV, WV,
II . j"
For a specific sample of gas, this relationship of pressure, volume, and temperature is
always the same. You could rewrite the relationship represented in the combined pas
law as follows.

BEEET BESF ERIGENRE PN QG

Tahle 2 Values of R

v
= canstant
P i Valie of B

As Figure b illustrabes, increasing the amount of gas present inoa sample 00831 L-atm
will raise the pressure if temperature and volume are constant. Likewise, mol-

if pressure and lemperature remain constant, the volume will increase as . L.kPa
more particles of a gas are added. In fact, we know that both volume and g malK
pressure are directly proportional to the number of moles, i, s0 n can be 634 L.mim Hg
incorporated into the combaned gas law as follows melK

%— = gonsbant

Experiments using known values of 2 1, ¥, and n have determined the value of this
constant. [t is called the ideal gas constant, and it is represented by the symbol R, If
pressure is in atmospheres, the value of R is 0.0827 L-atm/mol-K. Note that the units for
R are simply the combined units for each of the four variables. Table 2 shows the
numerical values for R in different units of pressure

e [ S Wil T Haa b
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Substituting R for the constant in the equation on the previous page and rearranging
the variables gives the most familiar form of the ideal gas law. The ideal gas law
describes the physical behavior of an ideal gas in terms of the pressure, volume,
temperature, and nuomber of moles of gas present.

The Ideal Gas Law

P represents pressure. V represams voluma
PF = HRT n represants number of moles, B is the ideal gas constant
T represents temperaiune,
For a given amount of gas held at constant temperature, the product of pressure anad
volume is a constant.

If vou know any three of the four variables, vou can rearrange the equation to solve for
the unknown.

EXAMPLE Problem G

THE IDEAL GAS LAW  Calculsie the number of moles of ammaonia gas (NH,) contained in 2 30-L
vessel at 3.00 = WP K with a pressure of 1.50 atm.

1 AMALYZE THE PROBLEM
ou are ghven the volume, temperature, and pressure of a gas sample. Use the ideal gas law,
and select the value of R that contains the pressure units given in the problem. Because the
pressune and iemperatune ofe close 10 5TR bul the volume is much smaller than 224 L i
would make sense if the caloulaied answer were much smaller than 1 mol

Knonam Uinderoesery
e300 n =T mal
T=3.00 = 0K

= 1.50 mtrmi

F
Re= mnnzlﬁ%

2 SOLVE FOR THE UNKNOWMN
Use the idasd gas law. Sabve for i, and substitute the Known values,

P = oaRT Bl e idnal Gas ke,
= "—"#' Sodve for n
= E'E':'““"ﬂ“u Substiule W= 30 L, T =300 = 107 K,
l:ﬂﬂBI'l ,,ﬂlul (300 = W' K) P 150 atm, and @= 00821 L atrmimod K
(LEO ptmif3 Ouk)

nm = .18 mal Multiply ang Shdde numbears Ang s,
[un-am Lt (3.00 = 10°K)

3 EVALUATE THE ANSWER
The answer agrees with the prediction that the number of moles present will ba significanthy
kass than 1 mol. The wnil of the answer i5 the mole, and there ang two significant figures,

287, 288, 289
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CHM.5.2.01.004.28 Use the ideal gas law to calculate pressure, volume, temperature, mass of a gas, when three quantities are given

PRACTICE Problems W ADDITIONAL PRACTICE

26. Determine the Celsius temperature of 2.49 mol of a gas contained in a 1.00-L vessel ata
pressure of 143 kPa.

27. Calculate the volume of a 0.323-mol sample of a gas at 265 K and 0.900 atm.

28. What is the pressure, in atmospheres, of a 0.108-mol sample of helium gas at a temperature of
20.0°C If its volume is 0.505 L?

29. If the pressure exerted by a gas at 25°C in a volume of 0.044 L is 3.81 atm, how many moles of
gas are present?

30. CHALLENGE An ideal gas has a volume of 3.0 L. If the number of moles of gas and the
temperature are doubled, while the pressure remains constant, what is the new volume?

The ldeal Gas Law—Molar Mass and Density

The ideal gas law can be used to solve for the value of any one of the four variables P, V,
T, or n if the values of the other three are known. However, you can also rearrange the
PV = nRT equation to calculate the molar mass and density of a gas sample.

Molar mass and the ideal gas law

To find the molar mass of a gas sample, the mass, temperature, pressure, and volume
of the gas must be known. Recall that the number of moles of a gas (1) is equal to

the mass (m) divided by the molar mass (M). Therefore, the n in the equation can

be replaced by m/M.

mRT

PV = nRT substitute n = PV = 0

I3

You can rearrange the new Equati-:m to solve for the molar mass.

. mRT

Density and the ideal gas law

Recall that the density (D) of a substance is defined as mass (m) per unit volume (V).
After rearranging the ideal gas equation to solve for molar mass, you can substitute D
for m/ V.

_ mRT

i m __ B
M= PV substitute V= D M= =P

You can rearrange the new equation to solve for density.

MP
RT

Textbook + Table 2 + Example problem & + Practice Problems

287, 288, 289
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Avogadro's principle states that equal volumes of gases contain equal numbers of particles.

What are the standard temperature and pressure (STP) for a gas? 3R (STP) Sl Jaiall 35 ) a1 6 e
Temperature =0 °C and pressure = 1 kPa 1 kPa = Ll 0°C = 5, jadl da 2 O
Temperature = 273 °C and pressure = 1 atm 1atm = bell; 273°9C =31 il ds o O
Temperature =1 °C and pressure = 0 atm 0atm =laaualls 1 9C = 35 alida O

CHM.5.2.01.004.28 Use the ideal gas law to calculate pressure, volume, temperature, mass of a gas, when three quantities are given

it STP occupies a volume of

| _f"’-s

According to Avogadro’s principle, | mol of any gas

Textbook + Table 2 + Example problem & + Practice Problems

287, 288, 289

Bl dsjay biall 2ie Jle sl e (MOl) Jsa 1 o)y polagl Tae s

2y Leaa iy STP [aeclidll

O

Helium

Carbon dioxide

1 mol of any gas occupies a volume of 22.4 L at STP.

Temperature = 0 °C and pressure = 1 atm 1atm =Laall;0°C =5 =l i @)

1.00 L

6.02L
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Vi it iy ki e B o, B 275 L 4nna cglo o3 agmpell phidls igasSh apesl 8 205 Lo How many neon aloms are Ihere in 1.86 L sample Sl dapy danaall 2o 4a 136 L £ ol algae b
a 2.75 L balloon al 3TP? ¥ ATP el dai ol §ilmll da gy i =

o at standard lemperalure and pressure (STP)? USTP) [l
Molar mass ol carbon dioxide — 44.0 g/mol 44.0 g/mol = [ps0 w8l ] Al pull A5

| gl (22) 23S
R - 0-031’1 L.atm 6.02 x 102
mol K Avogadro’s constant{number)

R = 0.0821 L.atm/mol.K

‘d ]
N N

h |
© | |u @

5.00 x 10--

2.70 = 107
3.50 x 10*

h |y ]

ol
o | &

1.40 x 10%°
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; . beci o B s ;. - . 5y - : s T
A 4.25 L flask is filed with butane gas (C4Hy) s e (CgHyg) Jlgdl jlay glea d.25 L anaa iy What is the volume of a (0.323 mol sample 0.323 mol \gise 22e jle e dic pa e

al a pressure of 1.5atm and a lemperature of
=20 °C. What is the mass of butane in the flask?

sl i (el AL =20 °C a0y 1. 5atm

CiHyo Gissll ddaal) ESH

R Molar mass of butane CyH,
0.0821 L.atm/mol.K 28.1 g/mol
17.8 g
8.9g¢g

26.7 g

of a gas at 12°C and 0.900 atm?
R =0.0821 L.atm/mol.K

7.26 L

£0.900 atm 4 12°C xc

8.40 L

fad
N
Q)
-

6.52 L

13.5¢g
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A 4.50 L flask is filled with butane gas (C4H;;)

at a pressure of 1.20 atm and a temperature
of (=10.0°C).

What is the density of the butane?

R = 0.082] 4™

maol K

0.82 g/L
1.35 g/L

{ CiHp) SOl iy eples 4.50 L aags 399
(=10.0 °C ) 5l 35,05 1.20 atm laas 2=

? kgl AMCS Lad

What is the valume(L) of 0.216 mol sample

Textbook + Table 2 + Example problem & + Practice Problems

of helium gas at a temperature of 30.0 “C and
a pressure of 7.16 atm?

287, 288, 289

gy s 0.216 MOl Wjlika salgd Hb e e (L) s La

#7.16 atm Ladsy 30.0 "C 5

R = 0.0821 L.atm/mol.K

0.750 L

1.40 L
0.375L

If the pressure exerted by a gas at 35°C in a volume

3.22 g/L

of 0.044 L is 7.62 atm

3 . 40 g/L How many moles of gas are present?

9l 35 °C 5l o aie e (e Jatall Jaiall (1S 1)

283 L

0.044 L U].‘E.u e ‘,ﬁ 7.62 atm

fBagagall JAN Vg sic a5

R =0.0821

L.atm

mol .K

4.25 mol

0.068 mol

2.45 mol

0.013 mol
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What is the volume of a (0.323 mol sample

of a gas at | 2°C and ().90() atm?

R = 0.0821 L.atm/mol.K

7.26 L

8.40 L

Whal is the molar mass of unknown gas al STP,

if its densily was 1.70 g/L?

0.323 mol &Yse 2= & o die aaa la
$0.900 atm 5 12°C 1

Textbook + Table 2 + Example problem & + Practice Problems

R = 0.0821 L.atm/mol.K

87.3 g/mol

25.6 g/mol

38.1 g/mol

5.11 g/mol

287, 288, 289

STP ucliall ladally adl de s 2o Jagaee jlad ddgall A0S) L

? 1.70 g/L ;L0 26BE a1 15
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Textbook + Figure 8

287, 288, 289

291

| |
“Equal volumes of gases at the same pressure and 3t
temperature contain equal numbers of particles.”
This is the statement of oininnin

ol dppty Jeball | edl e s ol e e gletiad) slaa T

JaEsLaEn e _\J- e .-i:.dlnll—l-.' - ;a:_ql—'u. LTS -

4% 1 "5 Wl ¢\

'ﬂ#ql l(:i‘.‘J -x:: .:

Y A - N 4 Lo v
g

Combined gas law

Le Chatelier's principle

Ideal gas law

syl La

e ksl ) g

What is the volume(L) of 0.216 mol sample
of helium gas at a temperature of 30.0 °C and

a pressure of 7.16 atm?

¢7.16 atm Lia, 30.0 °C 55

R =0.0821 L.atm/mol.K

0.730 1, 1.40 L

Avogadra’s principle

2l L

0.375 L

285 1.
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| 23 ‘CHM.i.E.Dl.D‘DllE Predict the conditions under which a real gas might deviate from ideal behavior while explaining its effect ‘ Textbook + Figure 8 ‘ 291
A 425 L sk s fled wih bt g2 (Cf) i (Ol i o425 L s 3 ol rokcirter) | Redgustdsionidnd
ol 3 ofdestre of ] jatm and a smoaraline of e Particles take up no space Particles |'::w:: valume
pr , pef TJ ‘t,.'.u : ,_,I'-l ,yﬂ i i -20 [rC i}b—" i-l}-!j 1.5atm W Mo attraction or repulsion There are intermalecular interactians
-Iﬂ ﬂ'{:_ W'hal E IhE mass ﬂf I]Ula"E' in IhE ﬂash‘? , 3 ' Collisions between particles are elastic Collisions are nat elastic
High temperature Low temperature
CaHig sl Adgal 288D | ‘ - 9 - 5 gh temp P
R T SN 1 f g 8-_ _E 26- g 13-- _g W Low pressure High pressure
Monpolar Polar
0.0821 L.atm/mol.K 58.1 gfmol :
e s Small Particles (Low Molar Mass) | Large Particles (high Molar Mass)
S c -] ing is a characteristic of the |geal gas T Jhal ladl | allad e A Las
When real gases deviate most from 1deal gas Which of the following is a characteristic of the ideal gas? A al patlas cia b laa
behavior?
Its particles move at variable velocities and on winding g gale S lcay Baidle ile gy ilapn T O
A — At high pressures and low temperatures (2igzag) e
B . At low pressurcs and high tcmpcramrcs its particles take up space and measured in volume units (L) (L) ppad) Biags lgie juasy EL.J s 1_,,1. Olagg Jats O
C -Athi gh pressures and h|gh temperatures lts particles collide with each other o with the wall surface St gl e an 5 Yoy dllapa piladi
| in perfectly elastic way e 2 &5 O

D - At low pressures and low temperatures

Its parlicles experience intermolecular altractive forces g alad  guil dlascs | s jall D
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I 1
When does a real gas behave like an ideal gas? !‘_T.:.ﬁ Jab "'j_.l.i.'h]l gall il S
a. When the par ticles are far -ﬂpﬂﬂ and attractive forces decreases Al high pressure and low lemperalure bl iyl gy Ml el sl

b. When the particles are closer together and attractive forces increases

When high pressure s applied and the gas changes
i thee it phase

Sl duiiay ade bR e e ) D e Jeadl letie

€. At high pressure and low temperature

Fj" When ‘t}lE gas is Hqueﬁed if eﬂﬂﬂgh }}I'ESSIITE iE applied Whan Ihe paticles are close 1o aach alher, and aftmctive ) Sl i i el il

Adiadll gy A2y T
forcess are high

When the particles are tar apar, and the aftractive forces
are low il gl iy anall Lpans o Sl i Lesis
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Real Versus Ideal Gases Extreme pressure and temperature

c : 1 ? A5 r a5 1 . . E . ;
o SO T T S S S . When is the ideal gas law not likely to work for a real gas? Real gases deviate most from

kinetic-molecular theory. According to this theory, an ideal gas is one whose particles

take up no space. Ideal gases experience no intermolecular attractive (electrical) forces, ideal RS behavior at hiﬂh PTEsSsSUres and low l;EI'I"IPE!‘TﬂtL]I’EE. The ﬂitngﬂ gas shown in
nor are they attracted or repelled by the walls of their containers. The particles of an Figure 8 (left) behaves as a real gas. Lowering the temperature of 11il1'[:g£‘l‘1 gas results in
ideal gas are in constant, random motion, moving in straight lines until they collide lens Linetie enereyv-of the gaz narbides: which means theit inks lecul tractive

with each other or with the walls of the container. Additionally, these collisions are 855 Kineuc energy o € gas parucies, which means tneir intermolecular atiractve
perfectly elastic, which means that the kinetic energy of the system does not change. (electric) forces are strong enough to affect their behavior. When the temperature is low
An ideal gas follows the gas laws under all conditions of temperature and pressure. Eﬂﬂugh, this real gas condenses to form a quuid.

In reality, no gas is truly ideal. All gas particles have some volume, however small, and . : . . .

are subject to intermolecular interactions. Also, the collisions that particles make with [he propane gas in the tanks shown in FIE‘-“E 8 ':Tlﬁht:' also behaves as a real gas.

each other and with the container are not perfectly elastic. Despite that, most gases Increasing the pressure on a gas forces the gas particles closer together until the volume

behave like ideal gases at a wide range of temperatures and pressures. Calculations : . : .
R A e R £ Caxal occupied by the gas particles themselves is no longer negligible. Real gases such as
made using the ideal gas law often closely approximate experimental measurements. 4

EGE‘! It?

Explain how the interactions of real gases are determined by attractive (electrical)
forces between particles.

propane will liquely if enough pressure is applied.

— __l
Nitrogen gas tums to liquid at —196°C. At this About 270 times more propane can be stored
temperature, scientists can preserve biological as a liquid than as a gas in the same amount
specimens, such as body tissues, for future research of space. Your Family might use small tanks of
or medical procedures. ligquid propane as fuel for your barbecue grill

or larger tanks for heating and cooking.
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Textbook + Figure 8
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Ideal gases(follow kinetic molecular theory)

Real gases(deviate from ideal)

Particles

behaviour

Particles take up no space
No attraction or repulsion

Collisions berween particles are elastic

Particles have volume

Collisions are not elastic

There are intermolecular interactions

High temperature

Low tem pe rature

Conditions

Low pressure

High pressure

Nonpolar

Polar

When does a real gas behave like an ideal gas?

Al high pressure and low temperature

When high pressure is applied and the gas changes

to the hquid phase

When the particles are close to each other, and attractive

forces are high

When the particles are far apart, and the attractive forces

are low

Small particles(low molar mass)

Large particles(high molar mass)

[ I (P - m B

_Li_l-..l..&.J'I' sladl B 1.L..ullu.'n.ﬂ.."m.Jl'| el dlls S

datanid 5hall 42 Jall badll 2

ad ja Jaiay agle ol die ol AN Alla Jean Lasie

el g oy Jandl lgiany G Clijall o Laxie

-—":'—"-:'-:I' b ,_:-ﬂ; __:.A.l_]'l Lgacans e ..;._.J)g.._'l 28 Ladie
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| 1
Vhich of the following is a characteristic of the ideal gas? ¢ AGd Gl pailiad e b Las (sl
Its particles move at variable velocities and on winding Rajaia Siljlowy Bpatia Sle s dlaria dam O
(zigzag) lines
Its particles take up space and measured in volume units (L) (L) pasll asgn lgie ey Bl (ha Tas dilanen (Jotn O
Its particles collide with each other or with the wall surface Silaalead glegll s aa 5 Lgamanas 4ilasen pleall
in perfectly elastic way e (S Al O
Its particles experience intermolecular attractive forces lgan alad | goal dilasus | yimgpe™ o
Regarding both ideal and real gases. oadall clilally LA Sblall e UK Slans Laud
Which of the following is correct? Srana 4:11__1 s (!
Polar gases like water vapor behave Sliall Sl elghe ol jlag Jis &bl culilall el

as ideal gases

Gases of larger particles like butane (C4H,) (CaHig) bsd) o Lans &Y Sljadl Gl Sl s
behave as ideal gases Sl Al gl
Real gases deviate most from ideal gas behavior ve Jhall Slall dsle e BaS d3eall Sl Capas

at high pressures and low lemperaltures

Ideal gases experience intermolecular attractive aiafg Lgtlasan e dlaS (568 Lgaal BN cllall
forces, and they aliracted, repelled by the walls Lot Bagagall o g¥) (Mo ra Al

of their containers
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Textbook + Example problem 2 + Practice Problems 311, 312

26 [CHM.5.2.03.002.16 Perform calculation inveolving diluting a concentrated solution

Textbook + Figure 9 + Example problem 3+ Practice Problems 314, 315, 316
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27 CHM.5.2.03.002.07 Calculate molality when the moles or the mass of solute and mass of solvent are given and vice versa

t-.. LT
o
F

The concentration of a solution is a measure of how much solute is dissolved in a specific
amount of solvent or solution. Visual observations can be used to describe solutions qualila—

yressing Concentration

tively by using the words concentrated or dilute. Notice the containers of tea in Figure 6.
One of the tea solutions is more concentrated than the other. In general, a concentrated
solution contains a large amount of solute. The darker tea has more tea particles than the
lighter tea. Conversely, a dilute solution contains a small amount of solute. The lighter tea in
Figure 6 is dilute and contains fewer tea particles than the darker tea.

Although qualitative descriptions of concentration can be useful, solutions are more often
described quantitatively. Some commonly used quantitative descriptions are percent by
mass, percent by volume, molarity, and molality. These descriptions express concentration as
a ratio of measured amounts of solute and solvent or solution.

Figure 6 The strength of the tea corresponds to its concentration.
The lighter tea is less concentrated than the darker tea.

Textbook + Example problem 4 + Practice Problems 316, 317

Table 3 Concentration Ratios

T————

mass of solute
mass of solution

Percent by mass % 100

volume of solute
100

Percent by volume volume of solution

moles of solute
liter of solution

Molarity

__moles of solute
kilogram of solvent

Molality

mole of solute

Mole fraction moles of solute + moles of solvent

Table 3 shows ratios for common quantitative descriptions. Which quantitative descrip-
tion should be used? The description used depends on the type of solution analyzed
and the reason for describing it. For example, a chemist working with a reaction in an
aqueous solution most likely refers to the molarity of the solution because he or she
needs to know the number of particles involved in the reaction.
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Percent by mass

The percent by mass is the ratio of the solute’s mass to the solution’s mass expressed as
a percent. The mass of the solution is the sum of the masses of the solute and solvent.

Percent by Mass

mass of salute % 100

ercent by mass = -
¥ by mass of solution

Fercent by mass eguals the mass of the sclute divided by the mass of the whale sofution,
multiplied by 100,

EXAMPLE Problem 1

CALCULATE PERCENT BY MASS In order to maintain a sodium chioride (MaCl) cancentration
similar to acean water, an aquarium must contain 3.6 g MaCl per 100.0 o of water. What is the
percent by mass of MaCl in the solution?

1 ANALYZE THE PROBLEM

You are given the amount of sodium chloride dissolved in 100.0 g of waler. The percent by

mass of a solute is the ratio of the solule’s mass Lo the solution’s mass, which is the sum of the
masses of the solute and the schvent.

Known Unkrown
mass of solute = 3.6 g MaCl percent by mass = 7

mass of solvert = 1000 g H O

2 SOLVE FOR THE UNKNOWM
Find the mazs of (he solulion

mass of solution = grams of splute + grams of solvent

mass of solution =36 g + 1000 g= 1036 g SubstilLiie mass of salute = 3.6 g, and mass
of spivant = W0 g
Calculale the percent iy mass.

_ _mass of solute
percent by mass = ooss of solution 00

Slate tha acgiiabion fod penceEnt by mass

16g .
percent by mass = iieg 100 = 1.5% Subsiiute mass of solube = 36 g, and mass
el sofpicn = 3.6 g

3 EVALUATE THE ANSWER
Becapss only & small mass of sodium chioride i3 diszolyed per 100.0 g of water, the pancent
by mass should be a small value, which it Is. The mass of sodium chioride was ghven with two
significant figures; thersfors, the answer is also sxpressed with two significant figures,

PRACTICE Prablems | ADDITIONAL PRACTICE

9. Whal is the percent by mass of MaHCD, in a solution containing 2000 g of MNaHCD, dissolved in
S00.0 mL ol H 07

1. You have 15000 g of a Beach salution, The percent by mass of the solute sodivm hypochlorite
(MaQCh s 2 62% How many grams of NaDCE are in the solution?

. In Question 10, how many grams of solvent are In the solutlan?

12. CHALLENGE The percent by mass of calcium chioride n o salution |5 found o be 265%
if S0.0 g of calcium chioride is used, whai is the mass of the solution?

Textbook + Example problem 2 + Practice Problems 311, 312
26 [CHM.5.2.03.002.16 Perform calculation inveolving diluting a concentrated solution Textbook + Figure 9 + Example problem 3+ Practice Problems 314, 315, 316
27 | CHM.5.2.03.002.07 Calculate molality when the moles or the mass of solute and mass of solvent are given and vice versa Textbook + Example problem 4 + Practice Problems 316, 317
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Percent by volume

Percent by volume usually describes solutions in which both
solute and solvent are liquids. The percent by volume is the

ratio of the volume of the solute to the volume of the solution,

expressed as a percent. The volume of the solution is the sum
of the volumes of the solute and the solvent. Calculations

of percent by volume are similar to those involving percent
by mass.

Percent by Volume

volume of solute 100

percent by volume = volume of solution

Percent by volume equals the volume of solute divided by the
volume of the solution, multiplied by 100.

Biodiesel, shown in Figure 7, is an alternative fuel that is
produced from renewable resources. Biodiesel can be used in
diesel engines with little or no modifications. Biodiesel is
simple to use, biodegradable, nontoxic, and it does not
contain some of the pollutants found in regular gasoline.

PRACTICE Problems

CHM.5.2.03.002.07 Calculate molality when the moles or the mass of solute and mass of solvent are given and vice versa

Figure 7 B20 is 20% by volume biodiesel
and 80% by volume petroleum diesel.
Biodiesel is a clean-burning alternative fuel
that can be produced from renewable
resources, such as vegetable oil.

‘W ADDITIONAL PRACTICE

13. What is the percent by volume of ethanol in a solution that contains 35 mL of ethanol dissolved

in 155 mL of water?

14. What is the percent by volume of isopropyl alcohol in a solution that contains 24 mL of isopropyl

alcohol in 1.1 L of water?

15. CHALLENGE If 18 mL of methanol is used to make an agueous solution that is 15% methanol by

volume, how many milliliters of solution is prdUCEd?

Textbook + Example problem 4 + Practice Problems 316, 317

Molarity

Percent by volume and percent by mass are only two of the commonly used ways to
quantitatively describe the concentrations of liquid solutions. One of the most common
units of solution concentration is molarity. Molarity (M) is the number of moles of
solute dissolved per liter of solution. Molarity is also known as molar concentration,
and the unit M is read as molar. A liter of solution containing 1 mol of solute is a 1M
solution, which is read as a one-molar solution. A liter of solution containing 0.1 mol of
solute is a 0.1M solution. To calculate a solution’s molarity, you must know the volume
of the solution in liters and the amount of dissolved solute in moles.

Molarity

o __ moles of solute
mnlarlt} [M}  liters of solution

The molarity of a solution equals the moles of solute divided by the liters of solution,

Molarity is the measure of concentration that you will likely use most in your studies of
chemistry. The molarity of a solution tells you the amount of solute present in a solu-
tion, and this is the information that is important to know when you are planning and
analyzing reactions in solution. Knowing the amounts of different solutes in solution
allows vou to predict how they will react based on a balanced chemical equation.

When performing calculations involving concentrations, you can think of molarity as a
conversion factor that you can use to convert between volume of solution and amount
of solute in moles. (Note that sometimes you will see molarity expressed using units of
mol/L instead of M.)
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] | bl T

CALCULATING MOLARITY A 100.5-ml intravenaous () selution contoins 510 g of phecose
[ H, Q) What is e modarity of this solution? The molar mass of glucose is BOAE6 g'mol,

1 ANALYZIE THE PROBLEM

You are ghaen the mass o glucose dissalved ina volame of walar The malanty ol the salutdan

Is 1| rabo of molas of sohne par liker of soiution,
Known

mass of solute = 5309 S H O

s mass of CH O = TS0 gimol

walume of solution = 105 mlL

Irkrawn
solution concentrvtion = 7 A

2 SOLVE FOR THE UMKROWN
Calcidate (He number of males o CH O

= 00283 mad C H_DO

L1 (=l |
Coanvert the volume of H‘E:I Tk libers,
(1005 msoiution)| 1|:|TI-=-L e ) = Q005 L solution
Sobve for the maolariby

M = TS o gohily

ey Gl fakilio

00283 mat CH.O, )

M = {_mum L solutien |

|: Q0282 mal CM_ 0,

T Sohon ]‘ = O I AIA

3 EVALUATE THE ANSWER

Wity grarms of MO, By she modes

s af _H

L& his Eofiwiiphan

Tairsrns T LU0 el

SEnbe She nnbanBy eoualian

Subwtitcne raokes of C W0 = QOIS mnd volume
md wolulion = e of sohution = 010809 L

MRiche aumpers and Lr

The molarity walue will e smiall bacause only & smal mass of glucose was dissohved in the
sofution, The mass of glocose used in the problem has hree significant igures; therefore, the

value of the molarity also has three significant figures

PRACTICE Problems W ADDMTIOMAL PRACTICE

16. Whal is the molaly af an aguedws selubion contaning 40.0 g of gluease (CH O in

15 L of solution?

@@ N

0. 258 soluton?

Cabcuinne the moladty al 160 L of & sohdion containing 1.55 g of dissoived KBr
. What = the molarity of 8 bleach sclution comadning 9.5 g of NaDC| per liter of bleach?
CHALLEMNGE How much calcum hydromide (CafoH] ) in grams, is needed to produce 15 L of a

Diluting molar solutions In the laboratory, vou might use concentrated solutions of
standard molarities, called stock solutions. For example, concentrated hydrochloric acid
(HCI) 1s 12M. Recall that a concentrated solution has a large amount of solute. You can
prepare a less-concentrated solution by diluting the stock solution with additional
solvent. When you add solvent, you increase the number of solvent particles among
which the solute particles move, as shown in Figure 9, thereby decreasing the solution’s
concentration.

How do you determine the volume of stock solution you must dilute? You can rearrange
the expression of molarity to solve for moles of solute.

larity (M) = moles of solute
molanty YWl = fiters of solution

moles of solute = molarity x liters of solution

Because the total number of moles of solute does not change during dilution,
moles of solute in the stock solution = moles of solute after dilution.

Substituting moles of solute with molarity times liters of solution, the relationship can
be expressed in the dilution equation on the following page.
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Dilution Equation
MV, =MV,

Ef rppToRans malanty

¥ represenis vokirme

For a given amouni af solube. the product of e molarity and vollume of e stock solulson
eouals the producs of the malanty and the velume of tha dilute solugion

I thee diluation |.'|||.|..'|I:i||n. MI S 'I.-'I TPl the mealarets and volummee of the sk
sotution, and M, and V, represent the meolarity and volumee of the dilute solution, Before
dilution, a concentrated solution contains a Fuirly high rabio of solute particles o solvent
particles. After adding more sobaent, however, the ratio of sodute particles to solvent

pra ticles hps decreased, However, because the tojal number of solute particles would
not change during dilution, the total number of meles of solute would remain the same,

EXAMPLE Problem 3

DRUTING STOCK SOLUTIONS If you know the concentration and walume of 1he soluton w
want to prepare, you can calculate the volume of stock soluison you will need, What woluma,
in milliEees, of 2. C0M calcum chisride (CaCl ) stock salution would you use 1o make 0.50 L of
G 300M calchum chigrkde solution?

1 AMALYIE THE PROBLEM
You are ghren the molarity of a stock solution of CaCl, and the voleme and molartty o & dilule
solition of CaCl, Use the relationship between molarities and valum a2 to find the velume, in
e, of the stock solution required. Then, comvert the solume to milliiters

Knowrn UnEnown

M, = 2.00M CaCl, ¥, =T mi 2 00M CaCl,
M, = 0.300M

WV, =050L

2 SOLVE FOR THE UNKNOWN
Solve the makarity-volume relatienship for the volume of e stock sohtion V.

MY =M Stata 1 dikalicon eouaticn
V= Vg{ﬂ_} Soites for V)
v - 0300 ) ot e
¥, =050 u{r?u:?r:;r] =00751L Muitply and divide numbers and Lnis
= 00T E%) < e bl

To make the dilution, measure out 75 ml of the stock sohtion and dilute it with enough water to
make the final wplome 050 L.

3 EVALUATE THE ANSWER
The wvolume ¥, was calculated, and then s vBiue was comverted fo milliliters. This
volume should be lees than the final wolume of the dilute solution, and it is. Of the gven
infarmation, ¥ had this Fevwest nimiber of Sionifecont ligures, with tet. Thius, e vehame
¥, should alsd have hwo Sapnathcant figures, and it does

CHM.5.2.03.002.07 Calculate molality when the moles or the mass of solute and mass of solvent are given and vice versa

PRACTICE Problems W, ADDITIONAL PRACTICE

3. Whati volume of a 3000 Kl stock solulion would you use 1o make 0300 L of a 1250 Kl
SOlutiont

25, How many millililers of 8 5.0MH 50, slock solution would you need (o prepare
100.0 mL of 0.25M H,50,7

£6. CHALLEMGE If 0.50 L of 5008 stock solution of HCH s diluted o make 2.0 L of salution. how

misch HCI, in grams. s in the sclution?

Maolality

The volume of a solution changes with temperature as it expands or contracts. This
change in volume alters the molarity of the solution. Masses, however, do not change
with temperature. [t is sometimes more useful to describe solutions in terms of how
many moles of solute are dissolved in a specific mass of solvent. Such a description is
called molality—-the ratio of the number of moles of solute dissolved in 1 kg of solvent
The unit m s read as modal. A solution containing 1 mol of solute per Kilogram of
solvent s a one-maolal solution

Molality

oy (n) = TS

The molality of a solution eguals the moles of solule divided by kilograms af solvenl

EXAMPLE Problem &

Textbook + Example problem 4 + Practice Problems 316, 317

CALCLILATIMNG MOLALITY In the lab, a student adds 4.5 g of sodium chioride (Nailh) ta $3000 g of
weater Calculiie the molafty of the salution

1 AMALYZE THE PROBLEM
You are green e mass of solute and solvent Detesmine the number of moles of solule. Then.
yoil can Calouale the maoladimy

L Lnknawn
mass af waler [H O] = 100.0 g m = 7 molfg

mass of sodium chiosde (MaCly = 4 5qg
2 SOLVE FOR THE UNKHOWHN

A5 QMRET % gy ""I ,":',;:., = 0.077 mal NaCl Caiculnte the rumber of moles of aowte
b H,0 Comenr iha mnss of H O from grams oo Eingrams

muj 1 T = '.I}I:H:lﬁ = D000 k“ H_.,ﬂ' wskg e Taetor | ghE0D g
Subatitute the known values into the expresxsion for maodality, snd sobe

< mkes of palie B Bl 2 lp a0 TOr el iy
m= milGg i ol sohaan
anr NaC SUDEIMAe rolet of snéots = 001 mol Mal
micd Bl >
= 000 R HO 0. moding fiagrant of sobvent = D000 kg H O

3 EVALUATE THE ANSWER
Bacause thene was less than one-tenth of & mole ol solute prasent in one-tenth of 8 kiogram
of water, the molality should be less than one, and it s, The mass of scdium chioride was given
with two significant figures; thereiome, the molality i slse expressed wih teo significent figures,
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What 1s the percent by mass of NaHC Oy in a solution

contamimg 40.0 g of NaHCO, dissolved m ~60.0 ml

CHM.5.2.03.002.07 Calculate molality when the moles or the mass of solute and mass of solvent are given and vice versa

hr:.ﬂ-_:,j._r.:.____}.l._-l._.__rl “;illlilf}-., _I.;-.F.E:Ih._;.e_}__]':n_.......l Jj.._.

T H;0 slad! 5a T60.0 mL A 4doe NaHCOy = 400 g

of water H,0? (lg /' mL = st 2305 )
( demsity of water = 1 ¢ mL )
A - 8.40% 8.40% — A
B-6.70% 6.70% - B
C- 5.30% 5.30% - C
5.00% -D

|D~ 5.00 %

Whalt is the percent by mass of sodium chloride NaCl in

a solution containing 4.() g of NaCl dissolved in

100.0 g of water H,0?

Textbook + Example problem 4 + Practice Problems

S5as Jsiaa 4 NaCl popeall 1 A0 Lgidd) o)) L
tH,0 Wl 0 100.0 g 440 NaCl 4.0 g e

3.8%

4.0%

3.3%

4.8%
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What is the molarity of a 5(0.0 mL solution containing S e 10.0 g e Jalaa pe 50.0 mL i—ﬁ-"‘i‘ A

10.0 g of table sugar (C,,H,,0,,)? v { C‘ifH_'_'Dll:l sl

= 1 ] I ¥ T . :
(molar mass of table sugar = 342.3 g/mol) ( 342.3 g/mol= sl S A gall A0CH )

0.584 M

200 M

5.84 x 104M

2.00 M

What is the molarity of 2.5 L of a solution contaming

(3.95 g) of KBr?

TI"':HT.._F'* £ gL 1_*}&}-_-...- 1 £1] "-.-.:l..-n,_:_,l-\-.- Jl-.:__;.:_;.—'-.n

( AMolar mass of KBt =119 g mul ) (119 g mol = KB = &) ol )
A- 002M 0.02M-A
B- 004M 0.O4M-B
C- 005M 0.O5M-C
D- 0.08M 0.0O8M-D
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What mass of calcium hydroxide Ca(OH), is needed to saaail APl Ca(OH)y agendiSll 1S5 50 A0S Lo

produce 1500 mL of a 0.025M solution?

( Molar mass of Ca(OH), = 74.09 g/mol)

234 ¢

2.78 g

1.85¢

3.17 g

T0.025 M 23854 1500 ML dsas Jolas

(Ca(OH), = 74.09 g/mol 1 a4zl aksl)

316, 317



24 |CHM.5.2.03.002.12 Calculate percent by mass of a solution

Texthook +Table 3+ Example problem 1 + Practice Problems

308, 309, 310

25 [CHM.5.2.03.002.05 Calculate molarity when the moles or the mass of solute and volume of solution are given and vice versa

Textbook + Example problem 2 + Practice Problems

311, 312

26 [CHM.5.2.03.002.16 Perform calculation inveolving diluting a concentrated solution

Textbook + Figure 9 + Example problem 3+ Practice Problems

314, 315, 316

What is the molality (m) of a solutioncontaining 7.10 g

of Na,S0, dissolved in 500.0 g of water?
(Molar mass of MNa.50,= 142 g/'maol)

27 CHM.5.2.03.002.07 Calculate molality when the moles or the mass of solute and mass of solvent are given and vice versa

N2,S0; o= 7.10 g o 5 5o sladd (i ) &Y s e
Paldl [ps 500.0 g A <5

(142 g/mol= Na,S0, = 4l padt 418

A~ 0500 0.500- A
B- 0.250 0.250-B
C- 0.100 0.100-C
D- 0.050 0.050-D

What is the molality of a solution that contain 3.5 mol

of KCl dissolved in 1.5 kg of water?

1.13m

4.28 m

L KCI e 3.5 Mol e e Jlae 3l L

Teld e 1.5 Kg \’_‘I

233 m

7.78 m

Textbook + Example problem 4 + Practice Problems

316, 317

What is the mass in i#) of Na OO, mma 0.20 m
solutnon dissolved m “50.0 ¢ of water?

{ Aolar mass of Na( () = 1062 maol)

L2001 2 8 5 Jslas A (@) Baa g Na (0, 22 L
Tolall e TROL0 g b A3

(106 ¢ mual Ny = A gl 4l )

A - 12.5 12.5-A
B~ 159 159 -B
( 24.6 246-C
D- 285 285-D
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Factors That Affect Solvation

Solvation occurs only when the solute and solvent
particles collide with each other. There are three
common ways to increase the collisions between
solute and solvent particles and thus increase the rate
at which the solute dissolves. These three common
ways, shown in Figure 14, are agitation, increasing
the surface area of the solute, and increasing the
temperature of the solvent.

Agitation

Stirring or shaking—agitation of the mixture—moves
dissolved solute particles away from the contact
surfaces more quickly and thereby allows new
collisions between solute and solvent particles to
occur. Without agitation, the solvated solute particles
move away from the contact areas slowly.

Surface area

Breaking the solute into small pieces increases its
surface area. A greater surface area allows more
collisions to occur between the solute particles and
the solvent particles. This is why a teaspoon of
granulated sugar dissolves more quickly than an
equal amount of sugar in cube form.

Temperature

The rate of solvation is affected by temperature. For
example, sugar dissolves more quickly in hot tea,
shown in Figure 14, than it does in iced tea. Addi-
tionally, hotter solvents generally can dissolve more
solid solute. Hot tea can hold more dissolved sugar
than the iced tea.

A sugar cube in iced tea will dissolve slowly, but
stirring will make the sugar cube dissolve more
quickly.

Granulated sugar dissolves faster in iced tea than
a sugar cube, Stirring speeds the process.

Most solids act in the same way as sugar—as tempera-
ture increases, the rate of solvation also increases.
Solvation of other substances, such as gases,
decreases at higher temperatures. For example, a
carbonated soft drink will lose its fizz (carbon
dioxide) much faster when it is at room temperature
than when it is cold.

@Get It?
Explain how the rate of solvation can be
increased.

324

323,324, 325

Granulated sugar dissolves very quickly in hot tea.

Figure 14 Agitation, surface area, and temperature
affect the rate of solvation
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Solubility

Solubility is a property of a solute that describes its
ability to dissolve in a solvent. Just as solvation can
be understood at the particle level, so can solubil-
ity. When a solute comes in contact with water
molecules and solvation is inthated, at first, the
solute particles are carried away from the solute.
As the number of dissolved particles increases,
collisions between dissolved solute particles and
the remaining solute also increases.

However, solvation is a reversible process, and
some colliding solute particles rejoin the solid
solute. As long as the solvation rate is greater than
this crystallization rate, solvation continues.
Eventually, the rate of solvation and crystallization

may become equal, forming a state of dynamic
equilibrium, as shown in Figure 15, as long as the
temperature remains constant. During dynamic
equilibrium, solute particles return to the surface of
the solid solute at the same rate as they are leaving.

Saturated solutions :
. Figure 15 During dynamic equilibrium, the rate of
Saturated solutions occur when no more solute can solvation equals the rate of crystalization and the amount

be dissolved. The solution contains the maximum of dissolved solute remains unchanged
amount of dissolved solute for a given amount of
solvent at a specific temperature and pressure,

Unsaturated solutions

Unsaturated solutions contain less dissolved solute for a given temperature and pres-
sure than a saturated solution. This means that more solute can be dissolved in an
unsaturated solution.
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Table 4 Solubilities of Solutes in Water at Various Temperatures

Temperature and supersaturated solutions Solubilities as a Function

Solubility is affected by raising the temperature of the

of Temperature

; : 08 T T 0°C 20°C 60°C 100°C
solvent because the kinetic energy of its particles is o 90  cacl ' _
increased, resulting in more-frequent collisions and T 80 —-7/— — —1 Aluminum sulfate Al,(SO4), 312 36.4 59.2 89.0
collisions with greater energy than those that occur at lower 2 g' 70 ,,.--"" = Barium hydroxide Ba(OH), 1.67 3.89 20.94 —
. £ 60
5 5 5 % % F = - - oy oy % ¥ — D
theratun?s,. The fact that many substances are l'f't{_'l]!'{_ 32 ., KCI Calcium hydroxide Ca(OH), 0189 0173 0121 0.076
soluble at high temperatures is demonstrated in Figure 16. = E ao 1 | o=t ; e _
For example, calcium chloride (CaCl)) has a solubility of " o 3 —— NaCll__| " | Ligrom Sulate Li,50, 361 34.8 326 -
about 64 g CaCl, per 100 g H,O at 10°C. Increasing the S 20 #,ﬂ/ “i:’:'{:-‘s Potassium chloride KCl 28.0 34.2 45.8 56.3
temperature tfj approximately 27°C increases the solubility 2 12 i = i‘:ez_ﬁf:qla:— i NaCl 357 35.9 371 39,2
b}" almost 50%, to 100 8 CEC!E PEr 100 g H:{:} For other 0 10 20 30 40 50 60 70 B0 90100 e it AGNO 129 216 440 733
substances, such as cerium sulfate, Ce, (50 ),, solubility Temperature (°C) s
initially decreases rapidly as temperature increases, but then t Nl Sucrose C.H..O 179.2 2039 2873 4872
Is }.” P , PI Y : P Figure 16 The solubilities of several LA,
levels off and remains constant. substances as a function of temperature are Ammonia® NH, 1130 680 200 —
The effect of temperature on solubility is also illustrated by shown in this graph. Carbion diskde’ co, 1713 0.878 0.359 -
the data in Table 4. Notice in Table 4 that at 20°C, 203.9 g
Oxygen® 0, 0.048 0.031 0.019 —

of sucrose {E_'EI"IHU”} dissolves in 100 g of water. At 100°C,
487.2 g of sucrose dissolves in 100 g of water, a nearly 140%
increase in solubility.

ﬁ(ﬁet It?

Interpret According to the graph in Figure 16, what is the
solubility of NaCl at 80°C?
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I'he fact that solubility changes with temperature and that some substances become
more soluble with increasing temperature is the key to the formation of supersaturated
solutions. A supersaturated solution contains more dissolved solute than a saturated
solution at the same temperature. To make a supersaturated solution, a saturated
solution is formed at a high temperature and then cooled slowly. The slow cooling
allows the excess solute to remain dissolved in solution at the lower temperature.

Supersaturated solutions are unstable. If a tiny amount of solute, called a seed crystal, is
added to a supersaturated solution, the excess solute crystalizes quickly, as illustrated in
Figure 17. Crystallization can also occur if the inside of the container is scratched or the
supersaturated solution undergoes a physical shock, such as stirring or tapping the
container. Rock candy and mineral deposits at the edges of mineral springs, such as
those shown in Figure 18, are both formed from supersaturated solutions

- 4 4 EEEE  Figure 18 Hot spring minera

are an examgpie of crystais i

Figure 17 When a seed crystal is added to a supersaturated solution, the excess solute crystallizes out of
the solution.

from supersaturated solutions
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Using the graph below, which of the following statements is comect?  Tlagms 3000 el o ol el 2 o 9 Jloanl, "”"H:':'“ a1 2 Function
of Temperalune

Salulailitsey av 3 Function
all Termpedaimis

=

o5 BEBEEdREEE

Solubility (g of sohute/100 g H,0)

I =1 :R'.l,,lii-'-'.'l,l,

A B
(g il Ga /100G Hp00

Selublliy ig of sobute/1i g H 0}

] d 1630 30 &0 W S TO B0 W
010 20 10 40 50 B W O W Temperature (*C)

B IRm NG NN N ™MW

Temporature [°C) . i
L SRR =l

Which of the following substance present initially a fast solubility decreases when the temperature

increase?
CaCl; has a solubllity equals 64 g par 100 g of H,O at 1("C 10°C ua HO 1Ml g JS1 Gd gt CaCl, a0l
Mall has the highest increase in solubility with increasing temperature hadl da e il c..-'._...;lm R d.i.'l <1 NaCl
a | Ce(50,);
KCIO, solubility decreases as temperature increases Bl Aa o Caaity ) L 1Y | eia KCIO, a1:
Ce;(30,), solubility increases rapidly as lemperalure increases B! da s bl de Ae e dai ey (S0,); a0 b. NaCl
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