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is a homogeneous mixture of two or more sub-stances.
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\ 4 the liquid solvent in most of the solutions we will study is water.

are not very

stable \

Sta- urated solution unsaturated solution . supersaturated solution

contains the maximum amount contains more
of a solute that will dissolve in a given solute than is present in

solvent at a specific temperature. a saturated solution

contains less solute than it
has the capacity to dissolve.

the separation of excess solid ¢

47 . substance from a supersaturated solution.
= 1
Crystallization precipitation
is the process in which dissolved solute
comes out of solution and forms crystals

may be large and well formed made up of small particles,



A Molecular View of the Solution Process
Liquid
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separation of solute molecules.

e solute-solute interaction

* solvent-solute interaction v 4
exothermic endothermic
If the solute-solvent attraction is stronger than the solvent-solvent attraction and
solute-solute attraction, the solution process is favorable, or exothermic (AH,, < 0).

If the solute-solvent interaction is weaker than the solvent-solvent and solute-solute
interactions, then the solution process is endothermic (AHy, > 0).
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intermolecular forces of similar 1
similar type and magnitude are likely t

" to be soluble in each other.
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is governed by two factors.

will dissolve in a solvent at a specifictemperature

J

Nonpolar-nonpolar Polar-polar
both carbon tetrachloride (CCly) Alcohols such as methanol, ethanol, and
The only intermolecular forces present 1,2-ethylene glycol are miscible with water

and benzene (C¢Hg) are nonpolar
in these substances are dispersion forces
S99 with water molecules:

because théy can form hydrogen bonds

miscible if they are completely soluble in each other in all proportions.
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Nonpolar-nonpolar _
both carbon tetrachloride (CCly)

The only intermolecular forces present

Polar-polar

Alcohols such as methanol. ethanol, and
1.2-ethylene glycol are miscible with water
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Solvation: c

The process of surrounding an ion or molecule with any solvent.

Hydr'a'fion:
A special type of solvation that occurs only when the solvent is water.

$ ‘Al . e o oS J
d- 8\ayw o\ o 9B g cad el
Jo\ Gz aiasn IS olgid| auld 159 \im by odl il 5,18
onil| ool 91216 o2 JUy Je2 s oY 4
Ve 1 928 s coibl dmnb 3i¥i/ \

Yoo b 923 0 il s 51/ §
o) 8116 Sicah Baybal| > e o g ol 5ol 5V ¥




Predict the relative solubilities in the following cases: (a) Bromine (Br,) in benzene
(C¢Hg, & = 0 D) and in water (w = 1.87 D), (b) KCI in carbon tetrachloride (CCl,,
= 0 D) and in liquid ammonia (NH;, p = 1.46 D), (c) formaldehyde (CH,0) in

carbon disulfide (CS,, » = 0 D) and in water.

Solution (a) Br, is a nonpolar molecule and therefore should be more soluble in CqHg,
which is also nonpolar, than in water. The only intermolecular forces between Br,
and Cg¢Hg are dispersion forces. :

(b) KClI is an ionic compound. For it to dissolve, the individual K™ and CI~ ions
must be stabilized by ion-dipole interaction. Because CCl, has no dipole
moment, KCI should be more soluble in liquid NHj,.a polar molecule with a
large dipole moment.

(c) Because CH,0 is a polar molecule and CS, (a linear molecule) is nonpolar,
<+
C=0 S=C=S
450 H=0

the forces between molecules of CH,O and CS, are dipole-induced dipole and
dispersion. On the other hand, CH,O can form hydrogen bonds with water, so it
should be more soluble in that solvent.
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Why is naphthalene (C,yHg) more soluble than CsF
in benzene?

CsF is an ionic solid; the ion—ion attractions are too strong to be overcome in the dissolving process in
benzene. The ion—induced dipole interaction is too weak to stabilize the ion. Nonpolar naphthalene
molecules form a molecular solid in which the only interparticle forces are of the weak dispersion type. The
same forces operate in liquid benzene causing naphthalene to dissolve with relative ease. Like dissolves like.
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Explain why ethanol (C,HsOH) is not soluble in
cyclohexane (CcHi»).

Strategy: In predicting solubility, remember the saying: Like dissolves like. A nonpolar solute will
dissolve in a nonpolar solvent; ionic compounds will generally dissolve in polar solvents due to favorable
ion-dipole interactions; solutes that can form hydrogen bonds with a solvent will have high solubility in the
solvent.

Solution: Strong hydrogen bonding (dipole-dipole attraction) is the principal intermolecular attraction in
liquid ethanol, but in liquid cyclohexane the intermolccular forces arc dispersion forces because cyclohexane
1s nonpolar. Cyclohexane cannot form hydrogen bonds with ethanol, and therefore cannot attract ethanol
molecules strongly enough to form a solution.
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Arrange the following compounds in order of in-
creasing solubility in water: O,, LiCl, Br,, methanol
(CH;0H).

The order of increasing solubility is: O3 < Brp < LiCl < CH3OH. Mecthanol is miscible with water because
of strong hydrogen bonding. LiCl is an ionic solid and is very soluble because of the high polarity of the
water molecules. Both oxygen and bromine are nonpolar and exert only weak dispersion forces. Bromine is
a larger molecule and is therefore more polarizable and susceptible to dipole—induced dipole attractions.
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Concentration Units

percent by weight or weight percent

(Percent JE)y Mass  Mole Fraction (X) Molality (m) Molarit\l/y (M)

mass of solute

fpercent by mass = @ of solute + mass of solvent < 0" " moles of solute’ molarit moles of solute
molality = =—
mass of solute y mass of solvent (kg) y liters*of soln
percent by mass = “mass of soln X 100%
onlaiy @ oo\l ) mol/kg
s iinogusd mole fraction of component A = X, = mof mollI;:l:; ;i ?nmpnnents mol/L.
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A sample of 0.892 g of potassium chloride (KCl) is dissolved in 54.6 g of water. What
E is the percent by mass of KCI in the solution?

Strategy We are given the mass of a solute dissolved in a certain amount of solvent.
Therefore, we can calculate the mass percent of KCI using Equation (12.1).

Solution We write

f solut
percent by mass of KCI = mass o7 S0 x 100% -°°
mass of soln

. 0892¢g
©0.892g + 546¢
=1.61%

X 100%

Practice Exercise A sample of 6.44 g of naphthalene (C,(Hy) is dissolved in 80.1 g
of benzene (C¢Hg). Calculate the percent by mass of naphthalene in this solution.

sobiball

6.449g=(C H o) QIS »

10 '8

80.1g = (CH, cusill) ol S+

Wslall 2 Clea (1
= +

=6.44+80.1=286.54 ¢

S, T3] Gl 306 3k (2

= () % 100%

a (6444

07
86,54) il

=0.0744 x 100 = 7.44%
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~ Calculate the percent by mass of the solute in each of N
~ the following aqueous solutions: (a) 5.50 g of NaBr

- 1n 78.2 g of solution, (b) 31.0 g of KCl in 152 g of
~ water, (c) 4.5 g of toluene in 29 g of benzene. B

Percent mass equals the mass of solute divided by the mass of the solution (that is, solute plus solvent) times
100 (to convert to percentage).

5.50 g NaBr
78.2 g soln

x100% = 7.03%

(a)

31.0 g KCI

—= % 100% = 16.9%
(31.0 + 152) g soln

(b)

4.5 g toluene

——————x 100% = 13%
(4.5 + 29) g soln

(©)




Calculate the amount of water (in grams) that must
be added to (a) 5.00 g of urea (NH,),CO in the
preparation of a 16.2 percent by mass solution, and
(b) 26.2 g of MgCl, in the preparation of a 1.5 per-
cent by mass solution.

Strategy: We are given the percent by mass of the solute and the mass of the solute. We can use Equation
(12.1) of the text to solve for the mass of the solvent (water).

Solution:
(a) The percent by mass is defined as
mass of solute

percent by mass of solute = - - x 100%
mass of solute + mass of solvent

Substituting in the percent by mass of solute and the mass of solute, we can solve for the mass of
solvent (water).

5.00 g urea
5.00 g urea + mass of water

16.2% = x 100%

(0.162)(mass of water) = 5.00 g — (0.162)(5.00g)
mass of water = 259¢g

(b) Similar to part (a),

26.2 g MgCl,
26.2 g MgCl, + mass of water

1.5% = x 100%
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Concentration Units

percent by weight or weight percent

Percent by Mass

mass of solute
mass of solute + mass of solvent

" percent by mass = X 100%

- Mole Fraction (X)

~ Molality (m)

moles of solute

~ Molarity (M)

BN/

moles of solute

lality = ity =
L ——— molality mass of solvent (kg) molarity liters of soln
percent by mass = mass of soln X 100% \L ‘ ‘ ) ‘
— | | ﬂ»
uu\m‘)w\x%»q\a)om mol/kg
— M\’m‘”‘“" mole fraction of component A = X, = sum of mo[l::l:: :li /:omponents ‘ mol/L.
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Concentration Units

percent by weight or weight percent

fPercent Py Mass ]

HREEEEEE
- Mole Fraction (X)

T —

-~ Molality (m)

Molarity (M)
ERUVNEN

mass of solute
mass of solute + mass of solvent

percent by mass =

X 100%

moles of solute

T T
moles of solute

— molality = molarity = —
mass of solute v mass of solvent (kg) ¥ liters of soln
percent by mass = ——————— X 100%
[ mass of soln ‘ ‘ ‘ ‘
I L N /
ow\ay onid 313-9\a) les of A
— ‘% in o moles o
- 2 mole fraction of component A = X, =

L ayla oldisolal o)

i | H‘H

sum of moles of all components

A ——

W T T I —

Molality is the number of moles of solute dissolved in 1 kg (1000 g) of solvent
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Calculate the molality of a sulfuric acid solution containing 24.4 g of sulfuric acid in
198 g of water. The molar mass of sulfuric acid is 98.09 g.

Strategy To calculate the molality of a solution, we need to know the number of
moles of solute and the mass of the solvent in kilograms.

Solution The definition of molality (m) is

moles of solute

"= mass of solvent (kg)

First, we find the number of moles of sulfuric acid in 24.4 g of the acid, using its molar

mass as the conversion factor.

1 mol H2504
moles of H,SO, = 24.4 g H;SO; X

98.09 g H;50;
= 0.249 mol H,SO4

The mass of water is 198 g, or 0.198 kg. Therefore,

_0.249 mol H,S0,

0.198 kg H,0O




~ Practice Exercise What is the molality of a solution containing 7.78 g of urea
~ [(NH,),CO] in 203 g of water?

0l asatis (LY L) molality ) Ll

) mol solute
molality = ——

kg solvent

o bikall

7.78 g :(solutedl) L,qll
203 g = 0.203 kg :(solvent!) (LI <
(NH,),CO : b jsall L 3all Gl

INPWERRIETTIE
i dibamosh £ 2 x 14.01 + 4 x 1.008 + 12.01 + 16.00 = 60.06 g/mol
PN |

Y § EERTSIEVIEG S

7.78
1 =——=0.12 |
mol urea 50.06 0.1295 mo
Y ol a2,
0.1295
lality = ~ 0. 1/k
molality 0203 0.638 mol /kg

ol Bl @

mol/kg 0.638 = LYl




Calculate the molality of each of the following solu-
tions: (a) 14.3 g of sucrose (C;,H,,0;;) in 676 g of
water, (b) 7.20 moles of ethylene glycol (C,H¢O,) in
3546 g of water. —

()

(b)

The molality is the number of moles of sucrose (molar mass 342.3 g/mol) divided by the mass of the |
solvent (water) in kg.

mol sucrose = 14.3 g’sucrose x 1 mol = 0.0418 mol |

3423 /g/ sucrose ]

Molality = 0.0418 mol sucrose — 0.0618 m |
0.676 kg H,0

Molality = 7.20 mol ethylene glycol —2.03m .

3.546 kg H,0 ]
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Calculate the molality of each of the following aque-

ous solutions: (a) 2.50 M NaCl solution (density of
solution = 1.08 g/mL), (b) 48.2 percent by mass KBr
solution.

T mInelely midl dogahl gl asisse

moles of solute
mass of solvent (kg)

molality =

1.08 ¢ -

a) massof | Lsoln = = 1080
(@) Tl g

58.44 g NaCl
f water = 1080 g —| 2.50 NaCl x ———————| = 934 g = 0.934
mass of water g ( n}@(a xlnnyaCl) g kg |
_ 2.50 mol NaCl —268m i
0.934 kg H,0

| () 100 g of the solution contains 48.2 ¢ KBr and 51.8 g H,0.
1 mol KBr
119.0 g’KBr

1kg

1000 g

mol of KBr = 48.2 ¢'KBr x = 0.405 mol KBr 7

mass of H,0 (inkg) = 51.8 g H,0 x

= 0.0518 kg H,0

_ 0.405 mol KBr —782m
0.0518 kg H,0 _

I N R .

Calculate the molalities of the following aqueoué

solutions: (a) 1.22 M sugar (C;,H»,0Oy;) solution (den-
sity of solution = 1.12 g/mL), (b) 0.87 M NaOH solu-

tion (density of solution = 1.04 g/mL), (¢) 524 M

NaHCOj solution (density of solution = 1.19 g/mL).

In each case we consider one liter of solution. mass of solution = volume x density

342.3 g sugar 1 kg

a f =1.22 —=—=— = 418 = 0418k
(a) mass of sugar mol sugar x ! mol sugar g sugar x [000 g sugar

mass of soln = 1000 mL x % = 1120 g'% l(l):(ig/= 1.120 kg

1.22 mol sugar
lality = = 1.74
molality = 1120 = 0.418)kg H,0 "
40.00 g NaOH
fNaOH = 0.87 NaOH x —————— = 35 g NaOH

(b) masso n)df x ln}d(NaOH g Na

mass solvent (HO) = 1040 g-35g = 1005 g = 1.005 kg

molality = M = 087 m

1.005 kg H,0

() mass of NaHCO; = 5.24 mof NaHCO, x 2018 NaHCOs 45 o Natico,

1 mol NaHCO;

mass solvent (HO) = 1190 g-440g = 750 g = 0.750 kg

5.24 mol NaHCO;

molality = = 6.99 m

0.750 kg H,0




The density of a 2.45 M aqueous solution of methanol (CH;0H) 1s 0.976 g/mL. What is
the molality of the solution? The molar mass of methanol is 32.04 g.

Strategy To calculate the molality, we need to know the number of moles of methanol
and the mass of solvent in kilograms. We assume 1 L of solution, so the number of
moles of methanol is 2.45 mol.

given

moles of solute/

/'m - mass of solvent (kg)

want to calculate N need to find

Solution Our first step is to calculate the mass of water in one liter of the solution,
using density as a conversion factor. The total mass of 1 L of a 2.45 M solution of
methanol is

1000 mE—soln 0.976 g
1 Lsoln X X =9076¢
1 Lsoln 1 mE—<soln

Because this solution contains 2.45 moles of methanol, the amount of water (solvent) in
the solution is

mass of H,O = mass of soln — mass of solute

3204 g CH3OH>

=976 g —(2.45mol—GH§6‘H X =

=898 ¢
The molality of the solution can be calculated by converting 898 g to 0.898 kg:
2.45 mol CH;OH

0.898 kg H,0
=273 m

molality =



For dilute aqueous solutions in which the density of
the solution 1s roughly equal to that of the pure sol-
vent, the molarity of the solution is equal to its
molality. Show that this statement i1s correct for a
0.010 M aqueous urea (NH,),CO solution.

Let’s assume that we have 1.0 L of a 0.010 M solution.
Assuming a solution density of 1.0 g/mL, the mass of 1.0 L (1000 mL) of the solution is 1000 g or 1.0 x 10° g.

The mass of 0.010 mole of urea is:

60.06 g urea

= 0.60 g urea
1 mol urea

0.010 mol urea x

The mass of the solvent is:

(solution mass) — (solute mass) = (1.0 x 10° g)—(0.60g) = 1.0 x 10° g = 1.0kg

m moles solute _ 0.010 mol — 0.010 m

mass solvent 1.0 kg

Jsadls G,
28 el Gyl s 8 pun IS (M 0.010 3555 Liyss Jslae 83) 2dall Wl JUsLT o

S = Jglall S -
(W s3) g/mL1.0 = Jsladl GES -

18 el g pran WS anall (LIl
Molarity ~ Molality
Jolall ana (al5581 1

M 0.010 3 55 Usladl e L 1.0 Lisie o] (2 i
Losedl e Mol 0.010 i sins >

Jslall U Cloa 2

GQQBLQ\.‘-)MG&&DNQO\.\“ \“‘9.\\\“\.\38 9/mL1.0 = Gl o Lo
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The concentrated sulfuric acid we use in the labora-

tory is 98.0 percent H,SO, by mass. Calculate the

molality and molarity of the acid solution. The den-

sity of the solution is 1.83 g/mL.

(a) Converting mass percent to molality.

Strategy: In solving this type of problem, it is convenient to assume that we start with 100.0 grams of the
solution. If the mass of sulfuric acid is 98.0% of 100.0 g, or 98.0 g, the percent by mass of water must be

100.0% — 98.0% = 2.0%. The mass of water in 100.0 g of solution would be 2.0 g. From the definition of

molality, we need to find moles of solute (sulfuric acid) and kilograms of solvent (water).

Solution: Since the definition of molality is

molality = moles of solute

mass of solvent (kg)

we first convert 98.0 g H2SO4 to moles of H2SO4 using its molar mass, then we convert 2.0 g of H20 to units

of kilograms.
1 mol H,SO
98.0 g H,S0, x ————2—4_ = (.999 mol H,SO
T ¢ 1,50, 204
20 Hy0 x ——E_ _20x107 kg Hy0

1000 ¢

Lastly, we divide moles of solute by mass of solvent in kg to calculate the molality of the solution.

mol of solute  0.999 mol

= 50x10°m

m = =
kg of solvent  20x 1073 kg

(b) Converting molality to molarity.

Strategy: From part (a), we know the moles of solute (0.999 mole H>SO4) and the mass of the solution
(100.0 g). To solve for molarity, we need the volume of the solution, which we can calculate from its mass
and density.

Solution: First, we use the solution density as a conversion factor to convert to volume of solution.

? volume of solution = 100.0 g'’x = — 546 mL = 00546 L
183

Since we already know moles of solute from part (a), 0.999 mole H>SOy4, we divide moles of solute by liters
of solution to calculate the molarity of the solution.
_ mol of solute _ 0.999 mol

M = - =183 M
L of soln 0.0546 L




Calculate the molality of a 35.4 percent (by mass) aqueous solution of phosphoric acid

(H;PO,). The molar mass of phosphoric acid is 97.99 g.

Strategy In solving this type of problem, it is convenient to assume that we start with

a 100.0 g of the solution. If the mass of phosphoric acid is 35.4 percent, or 35.4 g, the

percent by mass and mass of water must be 100.0% — 35.4% = 64.6% and 64.6 g.

Solution From the known molar mass of phosphoric acid, we can calculate the

molality in two steps, as shown in Example 12.3. First we calculate the number of

moles of phosphoric acid in 35.4 g of the acid

1 mol H3P04

moles of H;PO; = 35.4 g HPO; X 97.99 ¢ H:PO;

= (.361 mol H;PO,

The mass of water is 64.6 g, or 0.0646 kg. Therefore, the molality is given by

0.361 mol H3P04

molality =

0.0646 kg H,0
= 559m

Practice Exercise Calculate the molality of a 44.6 percent (by mass) aqueous

solution of sodium chloride.




Calculate the molarity and the molality of an NH;
solution made up of 30.0 g of NH; in 70.0 g of water.
The density of the solution 1s 0.982 g/mlL.

1 mol NH;
17.03 g'NH,

mol NH; = 30.0 g'NH; x = 1.76 mol NH,

1 ml 1L

x = 0.102 L
0.982 ¢" 1000 mL

Volume of the solution = 100.0 /g/ soln x

1.76 mol NH;
0.102 L soln

=173 M

molarity =

kg of solvent (H,O) = 70'0/g/H20 * l(l)Oli)i{

= 0.0700 kg H,O

1.76 mol NH;
0.0700 kg H,O

molality = =251 m




m Concentration Units

percent by weight or weight percent

Percent by Mass

Mole Fraction (X)

~ Molality (m)

T

T A T

Molarity (M)

7percem by mass =

mass of solute

X 100%

mass of solute + mass of solvent

moles of solute

moles of solute

molality = molarity =
T ty mass of solvent (kg) — y liters*of soln
percent by mass = mx 100%
o L \\/

T @Wyw\giﬁ?w% moles of A L) mol/L. N
W) W mole fraction of component A = X, = [

‘ sum of moles of all components . ol o) d&} |

) » A Jonlanld -
nla sl ) Sttt R <k
bl Sl
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The density of an aqueous solution containing 10.0 per-

cent of ethanol (C,HsOH) by mass is 0.984 g/mL.

(a) Calculate the molality of this solution. (b) Calculate
its molarity. (¢) What volume of the solution would

contain 0.125 mole of ethanol?

Assume 100.0 g of solution.

(a) The mass of ethanol in the solution is 0.100 x 100.0 g = 10.0 g. The mass of the water is
100.0 g — 10.0 g =90.0 g = 0.0900 kg. The amount of ethanol in moles is:

mol

07 ¢

_ mol solute  0.217 mol
kg solvent  0.0900 kg

= 0.217 mol ethanol

1
10.0 g’ethanol x
& pr

=241m

(b) The volume of the solution is:

wysibl duail\ Bl o2 dgl e @l cin Ul s }/ 102mL = 0.102 L

Sl e\« Jedbind U oo,dl &) Ady

The amount of ethanol in moles is 0.217 mole [part (a)].

mol solute ~ 0.217 mol

= - = = 2-13 M
liters of soln 0.102 L

(¢) Solution volume = 0.125 rgo’f n;wr = 0.0587 L = 58.7 mL




&)igall Jalgallg plgall suies e -

Wil Lo ulse QL2 LS ole 3)all day0 35 S Lilysdll (ol 5,150 556

auibigall wnle hanllg &)lyall il s ol 5l

Lohl sl bl s e bl 35
Silsuall 3 1311 I3l s

(Sl ) 5 Y olyn ) 01 il e 35 2 bl Zaalaldl ol
Jstall pailad ole (less iuls i

(NaCl i) Sl o slyo o oS0 oty s el Gaalall alsal
K S s )

hsa driligs alaji duibigs J4i laiy
ajlpall ga dulnll slgall aljlall

Judlwol) d yuudl 5Ll

Glyaol) duelll aclgd Glapuall go Juld 2ac ps) wais

?\«‘L‘) é

Spaill , duigall I3Lo) :Ciligiall yulsd

. r3 o £ o . -
arui i asuj¥l aealall plgall (m) ayuigall
e }I .J 3 (p .ol go plppglis J4J wlioll ilgo 2ac v T
[M=(m,wg,,, ’ & It

(kg) wuioll dlis
(@lid)l e aoisi) ayigall  (paall Lle aisi) dyylgall

ggill ga @al 232l :asalall gplgall

«liall Glapwa aac wnle haa aaiel ailna
aisub wlc guilg

(H3PO,) elyjgaumgall has Jglao duliigo wibus :Jlio i 1) syl guled) dagyb ) gliai Jullaoll (nilns dwljal
e (] :Jolaall go a2 100.0 oy Bj155g lgaa psy lao (gt aic Jilgull 2205 qulng-“i}Jl
o o =

cg © 22 35.4 = H,P0, alis

0.0646 = a2 64.6 = 100.0 - 35.4 = H,0 &lis aic lgiasd piilu AUl ju3,01 Cilasg go 1 103

3 & 2 siygin day> 88 ] dsglo d2y2 20 4o Jolao e
Jg00.361 = Jgo/p2 97.99 /02 35.4 = H,PO, llgo séyyUgall pl dulUgall aLisll &gioll dnuill
= e alisll dgiall dwillg dyugall .psis LUl @ &) ool

[ ©5.59 = 025 0.0646 /Jgo 0.361 = dyligall ] il 2> o 553 1 g A8 o glaois3
>0 :Jodll 8aclall

Ea, 200 - oﬂﬁf:jtﬂ s d.fl s OJl}:ﬂl

T 150 : e

3 NaNO, alnll slgoll awiligd

3 100 claijl 20 dulnll slgall akheo dxilig alaji

S K asllc 2007 U .Lgl5 yu ¢lg «6)lpall do)o

T 5 fSaCl «* :iuh;ejl oo neillg AHg,, - 8)Lub] g aadlg

1 e 5 psall o il ol 13J 81yl 2o duiigall

o ilgll psall

0 20 40 60 80 100
(dugio) 6l a2

ES b Jbl guawsl Application Snippet );@&E UIjh'" a.ubg:
3 o3l el e et i e oy L] g3 J&T @ulnll slgall yuse e
3 V4 O o e aee |3 .8ylall @93 63U 2o Bale clall o
=2 dio B 5 J& C16g (59 ¢ i = ~c Sy - g
3 B e O e Alall diyl e dopsgslee al 5o

Jslllg Gacll @bliall 1 wlawll
0 20 40 60 80 100 Bjlall caunll ol 6 5294
(éugio) 8jhall @12



250

200

Lyl

i

150

100

(clo @> 100 / Llin @)

o2l oluidl 09 :aclgdll JSlaiwl

Sl yoludl 9o Lo

Ol e 2Ly 4485 OligSo Ll dlgall o buls> Juad dulac o
Juasl JSiy dayyhall 030 Josi .dalize 8)ly> Oy s lgioilgd
> dibgd Lisie diusis wglhell CSyall (9% bosic

& (KNO) poamwligal Ol duiis 1> dunlys
NaCl (0 o> 10 3 diglo KNO; (0 02 90 dise Lyl o yoysail

030 i .dygko @273 60 ic clall o Jo 100 L duall LIS .1
JolSIL GusSyall 8S gy 811

NaCl Aigte @23 0 )] Linya3 Jslowell 5y .2

Jolxall 9 Gl NaCl JS Liw Loiw Al KNO; (30 0>

-9,

. Lodsy a2 121 KNO; dilig (955 sdaglo o 0 i .3
78=(12- 90 g > 34.2 sic NaCl &y
— (10 el 32 s

20

(dag50) 81yl ‘?)-‘

silell ugpuall 595
hary ggusll msi@ug clggll 3o aujoy lghas aiy dsbojll GUE| Jub
9 gbgall e CO, (o 6 dras pay lao ch
aubgall Jaio ..,;g:_xll henll JI ol:_sn henll pasi clhell 2i6 aic P
lelds Jaub Sle Jglaall go il CO, ajiug

80

100°C

banll ciaj aulill saclall

(Henry's Law) )ia gils
§98 jlall 130 b 20 oy slil il 5 JIé aulbg3 ol he s

Jolaall

{(10/Jgo) Lilaall jlall Jgall i3l : ¢
(atm) Jolaall Ggb jlall Gijall hasl : P
(&)1l @23 e 2aie) Spd ogild culik

Josll ayil

o jgi:xfg Jilwdl abuw pabini Gill Glijall sac slajs Jjlall heo 85bj

' 2123 10l 0jigd ] Jgoll cin wlall 8l 158 52 )l 5234 Lo
e ® 8@

e @
o".l

¢

&% B
ee-O 8
)

|
v

diio has (1) 2aij0 hes (v)

9 byazy dluwle taclgdll daubll (G35 bosis

daals

sl gl pauns ol 3 dle Ol I3 &Sy 8o B (91308l 8 Yogss 8puou
Graall Bl g8 )] (CO,) u,,,su.ms‘dm

s> JSy dle Sya lsall CO, a3 cdlosHl b Jilall Seiliuog) ssqll bl Joiy
(53 (9ilal Lisg

1986 Luuwsi 21

olsall 392u5 9 asmusi Law woluall Slisb Ll L] (5ol Gyl 15Legil of 3135 o adzad 1abijll
i bl ) 518l depiiall dasasll oliall

elogll po Jibl @iy (5)laiil JSid Jolanall o Lliall CO; 255 asudll yolasnl go il
egizdlog paid 1700 (e 1 Jiio L] (531 Leo «$lgll Jauwl Asl 5lall &l Cudd i

4 pSxio JSito bl )] dosll oluoll ) canlil iS5 3 luolall 5 gial silisll
-0lol CO, i) pasy loo

Jis () a2 ()

€o, o, €O, €O, CO,

Jle 35550 oJle hao Jadiio 14851 ipadiio b



i

@T

SN
SN~
Bl basll plasil ollall daps glail
O.Oo.c,oo e
%O.OO:(T?OO. (
/ ?JQO?DLZOOO 2 \ ;
|
1
|
20aill 2> Hlasil Sigowl basll

gaill 3o pal 332l auny Loaic :dclasll 695

f(Colligative Properties) dueraaill plgill 8 Lo
wlaoll Slowus 3ac e hasd aaied Jullaall aibjss pilns
Olaguall 038 doub e yuylg wuiall o dieo dros ;6 53g2gall
(olijs gl \alighl «aly3 Cuils clguw)

00 0|g° e o|®
f.oo.ooo°o o, o, %
© %00 [0® ; A ERE
® 090 °, |0 ®o® 0o
¢ 0g0 °|® ® o o

Jolao i i

fla® sy l5lal

also o JId; oo iludl aills b "I7lydkul ji51" uyaell Joa 138 cudell b (gl gilgiiell go 2ujs wilall Cilowud 5g2g ol
(2021l d9)> B3I Lo L] gl ()il heall Blasil) By I Jgail

S)Bdl baudll yolaxil 93l duoll

dJUoll ja9 dullinll Julall

Loloi Jogly 09ild gty (nglgdll-nyadll Jio) SUiall Jolall
0950 JSJ ddjall bgauall ggaxe 9o LISI basuall gS

(Raoult’s Law) Jgly ogild o, Con

)l bl (gS) yallaie yué Ll3all 9S) Loric
il il )l bl o J81 @3 (Py) Jolaal

g Ptotal = Pbenzene + Ptoluene [t
5
b =
=
=
Ptoluene
0.0 0.2 0.4 0.6 0.8 1.0
Xbenzene

ol (@gall 0 el buns) oon] Bl abs5 Jullrall pliso
5l g O3l $98 M| asn (31 ) Biluo

.(P9)

P]_ = lef

Jolnall )l bl Py
el Jgall sl Xy
il cuiall )bl bl P

Bosb cawlity (AP) syl bl 9 polanidl lado
(%) Lldall Jgall yuiS)l go

AP = X, P}

Lail :glibyljio glixols
202l plaiilg gulall glai)l

A

- - e s s \ ! . - .
2021l asja Hlaiil ey b ollell asys glai)l
0o dylgiic Ji8T Jolaall g1 _ Y 3 W3l )34l Joloall e gl
jall A o il cusall / olel 81 @2y ) aisiui iy
8)lj doyal oayd) dblbll go 8 am 7 & & o2l haall )] Jay el
aiy 6 wljall cuiyd (Jsl - £ i L ; ollely fayg

) aloaygl 8 Pt o
& S DS el
ATy =Kg*m o i ATy =Kp*m

2021l d2) 5 PBLaaIUI ATy /i o T olulsll dap> b glaiyll :AT,

Slgall 2021l @pa pladil culi (Ke ! (2021l 9o laAil) ! (olulall ay> glas)l) SJgall gllall aps glaijl cuybi Ky

dadigoll :m 0°C 100°C > adigall :m

(Temperature) &)lyall a3)a

clall pud
(°C/m) aouall culil
1.86 K¢
0.52 Kb




6LaJl 6989 (Sjgomill bebll :dsslyl dplall

2auy) 34io awd cliké pe wuioll Gilyjal Gilaldl Jlaiill ddoc o
jssyi sl Jglao ] Ladso Jolao go (laall gioyg cuaall jgjay

Isﬂ'wﬂ' gjgaumll ddoc Wlayl pjllll hanll ga:(m) pjlll hesll ga

(atm) sjgowill henll :w

. (/Jgo) dxigall M
m = MRT olall ciljlall eyl R
(K) aalbholl éjlyall aago T

...I... J*ll:.o(._?bl:l_.l.li“

(Hypertonic) giijjo ~ Jigill gaijo (Hypotonic) jagiio  jigill Jaddio (Isotonic) sglwio gl Sgluio
.olel ausll gl jusyill .JBl aulall o)l5 jussil alall Jsla syl
law ayl3ll oyl5 ) clall G5y * Al J315 I eloll G620 2591 U glutio lga)l3g
Lgsilasil S $o8 lg3Laiil L) 28 Lao wlb G625 23g) I
{HEY) (pall Juail) lajlasilg
olel aall o)l jus il J5l aylall o5 jusil lgaylsg alall Jsla jusyill
lao .dulall 25 Sl clall G621y Lao dgall 3l Gl cloll Goais h\/ wlo G627 2991 U .gluiio
{(0p) lgablasil I $25 la)ladilg leilﬂ(ﬂ' ;f;j:J ﬁ;gu; «clol)
(o

8 Ciliyhi :gslgll I dBill o

gllall d9)s 29) 2020l gio
wunll p0 : Gubi [Jf 2031l 2ls3o 1 Gubi
il Jilw gllé @) g6y Lle Ayl Jooi lguai 20aill gio 63lo Slapo Gl galaisll Jgdull Lolj

aunll ;6 6iljl digaudll go jall gicy lao

dygio @9)3 102.2 aic 1oy galinlll Jgdulls Jolao yuai dlm
oldell an awls| alas 369y Low Jdugio d)3 100 o 1lay

)P
) N

lall jlao e dlos jog) 2lg ilass Taso

02 oo cloll 2027 d9)3 aea) Gljluull
gl cliidl ;9 eJpnall

40 02 651 ile (sginy Jglao 1 Jlio
clall go a3 2505 6 eyl Josul
0 go 1y dygio a9)a 7.79- aic 20aQ)
-yglo

aylall @] :2 Gubi )

& @bl Gl (Cacl, gf NaCl) alall gy
M 9o aed @Gub ge alall iy

= ~ :ln" :m:u
o~ .—-1 aulall dlljy agilivo Jilguw padiuws

- E - .l ol ge

plabll Bas I jbuiill pob Go :djgounill 695

atm 1510 ) Jrus sjgaul his pjls GbLil 56 cloll agen
b bgsuull jladbl a0 )] cloll Jail SRR Jobl 05 )] g2l o eloll Y il gyl &yl & Gjoauwill
120 1] Lgelaiyl Jos Gl @JMB & § lgws ciblaall sy alajy il e eloll §lolll glaas go jlabil
.lile 698 Gl pe Gledl L elodl Lo loo

1 2 daaclll bao
_ _——— i o o 2 B )
TR DT A Ful Jglao @Glay .lghaal pall dclio ;0 ddle Oljasyl Jull pasiug
Jle jsby aslo] e LSl b5 go cloll 243 upisull (hypertonic) jigill dedijo diy
Sl go gigog lgalasil )] 23 oo dyjgoulll
el
1o aubll Gléyhil
Gt et ) @—’ &b Adaill Lle adlagsgull Gllasll go ayaell aaiss

A N doaaiuall (hemolysis) paJl Julail &xiss Jio «dyjgouwl
(}Jgﬂl dglutio dly) (sigill deaijo aly) pall Julail o9 lgeng @ub ge clpaall pall LS Glgino dwl)jal
Jigill agiio Jglao



:@yall 6 jgbi
cealiggyislul ge Islo

aasall wilbleall HO— o lgibig3 aic ciligsl Il (NaCl Jio) calisdgyislyl ¢léais
S WH.-OH J3olg Ly bei U NaEl 00 o+x>|g 629 .cloll ;9
pi=IV pi Tt NaCl o Cl™ g Na*t) gaouus s J3slg
ATf =i Kf *m
olo wlagwall sac Gle 10iei dreranill plgall of Loy
m =i* MRT X X / m;ln.om.clnn;ui:dwﬂ:JwNaClprldgbn
(Glgyial] pe) jgysull go o 0.1 Joloay
®
o) &a 6 o Q dall
HOL :(van't Hoff Factor, i) Logm Cuils Joleo
Q Q‘d@&’ < I 29 Jolaall o6 Ologuwall ledll a0l gy duuill ga
B ile s yladl 6 dlaall gewnll lasgll 2acg clbaill
T @ QJ(O o cﬁdﬂ|mdgbdl@ah;a;ﬂ@l:uﬂl_i
NP dladl o6 dlaoll &sunll Olangll2ac
‘itlgpisl] 1inlgyisl] pue =
P 23‘,&;}9 51591 mfl«d—gagpy:ng 1 For nonelectrolytes (sucrose): i =~ 1

olglogougll digoll alidll yuls :db dauwl)s

Why Osmotic Pressure is Better: §;usll Oilisigul) dugall alisll yulid)
Joslll ga sjgawlll henll glb guglaggll Jio

heoo al il 1 .6 guglagougll 3o 03 35.0 e sginy Jolao :Example
mgmu::pZSmau;pnlOOglu;sjgmuI

.Jgo/a2 10% x 6.51 = yuglogargll dugall ali4ll :Result

ol ,dnglI Uuml 20aill dgp phml plaaiwl lilgb gJ :Comparison
U137 6us0 dois 09 [bds digio d)s 0.001 l_.,llg:) (AT,) wlasidl
.ad2y lguwlis glou

ForNaCl» Na* +Cl™: i~ 2
ForCaCl, » Ca?* + 2Cl™: i ~ 3

Plgall plasiwl :Jggaall Laiiis
dugoll alisll 2332 dueroaill

aLisll ajaail gyydll dreraqill plgall go 5i plaaiwl ghoy
bs.nJIg aoaill dgpn u:ln:ul iy ilac.ulaall dgoll
Lagill Wolaaiwl 51l Las .__s;gmu.l]l bsnllg 20aillg

«lgguy gulisl duls Oilpsi glbe)
I — T
= a2
9l wlws .2 awlill ywlis .1
(asUgoll gl dyltlgall) 5 (m of AT,) dusr0aill
S

v
=

dygoll alidll wlws 4| €= | wlgodaculws.3
ulaall Ololys = gall alisll) uwlaall
(wlaall Gllgo /

NS e )

lgall ) asll o

Sdsbro 9 Olowwal a2 CasS o JIgun bl
- Olowwsdl sac - Uwho)!l pgg.smll RPYIREN
Owlgdll Go degazo Llay &l CasS LiadiSg

Uoluw @S5 il dygdll ,_,.ylgn.ll oo 3 Gl dygall
d5)8g dyjlall g inall (Hl)gd (yo .63kl
39209 Wl)luw Oy dla> Jl ipwgs 8

038 JS yluddl Jobl dod JI sloll 39509

S bel) &yl 8L o 245 yalglall

rn> 3929 I )0 49U s 3 u:b.o.«.(”,_,s
OSas Gy dg> o ‘dl.n”).m.! ul..\.o
RISV ‘.e.u.lldsg gy gl



Wb\ 290 Je i )\ dolgsd| o 0\, >4\ ox
IPX) The Effect of Temperature on Solubility

Solid Solubility and Temperature

Gas Solubility and Temperature

In most but certainly not all cases, the solublhty of a solid substance

increases with temperature. \

— 200

[ 50

— 250 KNO;

NaNO;
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Figure 12.5 Dependence on

temperature of the solubility of O,

gas in water. Note that the solubility

decreases as temperature increases.
The pressure of the gas over the

solution is 1 atm.

of AHSO,,, and the variation of solubility with temperature.
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Fractional crystallization is the separation of a mixture of
substances into pure components on the basis of their differing

solubilities.
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3
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Figure 12.4 The solubilties

of KNOz and NaCl at 0°C and
60°C. The difference in temperature
dependence enables us to isolate
one of these compounds from a

)\
/},\\’
solution containing both of them,
\,i; \s through fractional crystallization.
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H The ‘Effect of Pressure on the Solubility of Gases

v

J

Henry's Law states that the solubility ofa -
gas in a liquid is directly proportional to the
pressure of that gas above the solution.

cox P

c = kP

¢ = concentration of the dissolved gas (mol/L)

k = constant depending on temperature °

Mathematical Expression:

In soft drinks, carbon dioxide (CO,) is dissolved under high *

@= 3P

~ pressure.

When the bottle is opened, pressure drops and CO, escapes  *
Where: 55 pubbles — this is called effervescence.

4

Molecular Interpretation:

Low pressure - fewer gas molecules dissolve. *

High pressure - more gas molecules dissolve. *

Practical Example:

F = pressure of the gas (atm)
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EXAMPLE 12.6

The solubility of nitrogen gas at 25°C and 1 atm is 6.8 X 10 * mol/L. What is the
concentration (in molarity) of nitrogen dissolved in water under atmospheric conditions?
The partial pressure of nitrogen gas in the atmosphere is (.78 atm.

Strategy The given solubility enables us to calculate Henry’s law constant (k), which
can then be used to determine the concentration of the solution.

Solution The first step is to calculate the quantity k in Equation (12.3):
c=kP

6.8 X 10 * mol/L = k (1 atm)
k=68 % 10 *mol/L-atm

Therefore, the solubility of nitrogen gas in water is

¢ = (6.8 X 10" * mol/L - atm)(0.78 atm)
=53 X% 10 *mol/L

The decrease in solubility is the result of lowering the pressure from 1 atm to 0.78 atm.

Check The ratio of the concentrations [(5.3 X 10™* M/6.8 X 10™* M) = 0.78] should
be equal to the ratio of the pressures (0.78 atm/1.0 atm = (.78).

Practice Exercise Calculate the molar concentration of oxygen in water at 25°C
for a partial pressure of .22 atm. The Henry's law constant for oxygen is 1.3 X
10* mol/L - atm.

The solubility of CO, in water at 25°C and 1 atm is
0.034 mol/L. What s its solubility under atmospheric
conditions? (The partial pressure of CO, in air is
0.0003 atm.) Assume that CO, obeys Henry’s law.

We first find the value of k& for Henry's law

o= &2 003 molL ) s mol/L-atm

P 1 atm

For atmospheric conditions we write:

¢ = kP = (0.034 mol/L-atr)(0.00030 atrn) = 1.0 x 10°° mol/L




— The solubility of N, in blood at 37°C and at a partial
~ pressure of 0.80 atm is 5.6 X 10~ mol/L. A deep-
sea diver breathes compressed air with the partial
-~ pressure of N, equal to 4.0 atm. Assume that the total
volume of blood in the body is 5.0 L. Calculate the
- amount of N, gas released (in liters at 37°C and
1 atm) when the diver returns to the surface of the
water, where the partial pressure of N, is 0.80 atm.

Strategy: The given solubility allows us to calculate Henry's law constant (k), which can then be used to
determine the concentration of N2 at 4.0 atm. We can then compare the solubilities of N2 in blood under
normal pressure (0.80 atm) and under a greater pressure that a deep-sea diver might experience (4.0 atm) to
determine the moles of N2 released when the diver returns to the surface. From the moles of N released, we
can calculate the volume of N released.

Solution: First, calculate the Henry's law constant, &, using the concentration of N2 in blood at 0.80 atm.
<

P
5.

k =

4
k= 20X10 molL o6 104 molL-atm
0.80 atm

Next, we can calculate the concentration of N2 in blood at 4.0 atm using & calculated above.
¢ = kP
¢ = (7.0 x 10~ mol/Lat)(4.0 atm) = 2.8 x 10 mol/L

From each of the concentrations of N3 in blood, we can calculate the number of moles of N dissolved by

multiplying by the total blood volume of 5.0 L. Then, we can calculate the number of moles of N; released
when the diver returns to the surface.

The number of moles of N> in 5.0 L of blood at 0.80 atm is:
(5.6 %10 molL)(5.0 ) = 2.8 x 10~ mol

The ber of moles of N> in 5.0 L of blood at 4.0 atm is:
(28107 mol/L)(5.0 ) = 1.4 x 10 mol

The amount of N2 released in moles when the diver returns to the surface is:

(14 %102 mol)— 2.8 x 10> mol) = 1.1 x 107 mol

Finally, we can now calculate the volume of N3 released using the ideal gas equation. The total pressure
pushing on the N> that is rel dis pheric p (1 atm).

The volume of N2 released is:

-2
= L1x10 n)a()(273+37)l(x 00821 Lot _ (o0

T (Loam)
NN S ) N N N




Colligative Properties off Nonelectrolytd Solutions
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Colligative properties (or collective properties) are properties that depend only on
the number of solute particles in solution and not on the nature of the solute par-
ticles. These properties are bound together by a common origin—they all depend on
the number of solute particles present, regardless of whether they are atoms, ions,
or molecules. The colligative properties are vapor-pressure lowering, boiling-point

elevation, freezing-point depression, and osmotic pressure. For our discussion of

colligative properties of nonelectrolyte solutions it is important to keep in mind that

we are talking about relatively dilute solutions, that is, solutions whose concentra-
tions are = 0.2 M.

e g aalall ob GIAl Slasiun sue plo Lidd aciad pailiad oo (Leloadl pailadll Ca guandy) daslall palladll

Slascuall sia g g

Slia T obial slal,d el elgw @y (G PRV | RRYS aalial ogd syl Juals bl 3 ailaddl sia
ORI DT URIRE g <892 A (48 i Juals a5 e

i daaladl Lailoasll

Sl b alias! .

oLl ds g La,) -

sanill da s palindl +

Esasd | biall

1 8T L3S 55 ol 6T ¢ G 2aaa ) AL (ol 585300 o iy IV pié Jullovall Aol Lot G230 el 1ia o




Colligative Properties of Nonelectrolyte Solutions
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Figure 12.9 An apparatus for o=l 3
small-scale fractional distillation.
The fractionating column is v
packed with tiny glass beads.
The longer the fractionating (-) Distilling flask
column, the more complete the 0= |—- !Heming mantle
separation of the volatile liquids. — e —™

# What is fractional distillation?

Fractional distillation is a method used to separate the components of a liquid
mixture based on differences in their boiling points, which directly depend on
their vapor pressures.
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“Calculate the vapor pressure of the solution” *
"What is the pressure above the solution?"

"What is the pressure when a solute is present at a certain amount?”

“How much did the vapor pressure decrease?”
“Calculate the decrease in vapor pressure” *
“What is AP?" -

“What is the effect of the solute on vapor pressure?” -




Calculate the vapor pressure of a solution made by dissolving 218 g of glucose (molar
mass = 180.2 g/mol) in 460 mL of water at 30°C. What is the vapor-pressure lowering?
The vapor pressure of pure water at 30°C is given in Table 5.3 (p. 200). Assume the
density of the solution is 1.00 g/mL.

Strategy We need Raoult’s law [Equation (12.4)] to determine the vapor pressure of a
solution. Note that glucose is a nonvolatile solute.

Solution The vapor pressure of a solution (P,) is

need to find
P] = X]P?

A
want to calculate given

First we calculate the number of moles of glucose and water in the solution:

1.00
ny(water) = 460 s X —& 5 1ML _ 55 5 mol
lmE  18.02¢g
1 mol
2 — X = 1.
ny(glucose) = 218 g 1802 ¢ 1.21 mol

The mole fraction of water, X, is given by

ny

X|=

n|+n2

25.5 mol

= 0.955

= 25.5mol + 1.21 mol

From Table 5.3, we find the vapor pressure of water at 30°C to be 31.82 mmHg.

Therefore, the vapor pressure of the glucose solution is

P, = 0.955 X 31.82 mmHg
= 30.4 mmHg

Finally, the vapor-pressure lowering is (31.82 — 30.4) mmHg, or 1.4 mmHg.

Check We can also calculate the vapor pressure lowering by using Equation (12.5).

Because the mole fraction of glucose is (1 — 0.955), or 0.045, the vapor pressure
lowering is given by (0.045)(31.82 mmHg) or 1.4 mmHg.

Practice Exercise Calculate the vapor pressure of a solution made by dissolving

82.4 g of urea (molar mass = 60.06 g/mol) in 212 mL of water at 35°C. What is the
vapor-pressure lowering?
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The vapor pressures of ethanol (C,Hs;OH) and
1-propanol (C;H,OH) at 35°C are 100 mmHg and
37.6 mmHg, respectively. Assume ideal behavior
and calculate the partial pressures of ethanol and
I-propanol at 35°C over a solution of ethanol in

l-propanol, in which the mole fraction of ethanol
is 0.300.

For any solution the sum of the mole fractions of the components is always 1.00, so the mole fraction of
I—propanol is 0.700. The partial pressures are:

Pethanol = Xethanol * Plhdllol (0.300)(100 mmHg) = 30.0 mmHg

Pl—pmpunol = ’Yl—propanolx Pl propanol — = (0.700)(37.6 mml lg) = 26.3 mmHg

Is the vapor phase richer in one of the components than the solution? Which component? Should this always
be true for ideal solutions?



Practice Exercise Calculate the vapor pressure of a solution made by dissolving
82.4 g of urea (molar mass = 60.06 g/mol) in 212 mL of water at 35°C. What is the

vapor-pressure lowering?
|

Lysall &Y g vae Olua 21 55kl

82.4
F Mopen = e 1.372 mol

Xyo =

;U.lg:aYJA J..\c-g._aLa.uA 2 SJL'A”

2117

"HO = 1502 ~ 11.77 mol

(W) quiall (bl oS Lo 13 55kl

o 1177 1177

_ ~ ~ 0.896
Mo + Mgen 1177+ 1.372  13.14

Joladl S bis Ol 34 5 shall

P, = Xyo - P; = 0.896 - 42.2 ~ 37.8 mmHg

Sl bas Galins] Gleua 35 8 glaall

AP= P; — P, = 42.2 — 37.8 = 4.4 mmHg




he vapor pressure of the solution” *

the pressure above the solution?" *

fe is present at a certain amount?" *

How much did the vapor pressure decrease?” *

A solution 1s prepared by dissolving 396 g of sucrose
(C,H»0Oq)) 1n 624 g of water. What is the vapor
pressure of this solution at 30°C? (The vapor pres-
~sure of water is 31.8 mmHg at 30°C.)

The first step is to find the number of moles of sucrose and of water.

1 mol

Moles sucrose = 396 /g/ X = 1.16 mol sucro

3423 -

Moles water = 624 /g/x mol = 34.6 mol water

1
18.02 g B

The mole fraction of water is:

34.6 mol

Xy o = = 0.968
H:0 ™ 34,6 mol + 1.16 mol

The vapor pressure of the solution is found as follows:

Foltion = X11,0% ﬁ}zo = (0.968)(31.8 mmHg) = 30.8 mmHg




How many grams of sucrose (C;,H,,O;;) must be

added to 552 g of water to give a solution with a va-

por pressure 2.0 mmHg less than that of pure water

at 20°C? (The vapor pressure of water at 20°C is

17.5 mmHg.)

Strategy: From the vapor pressure of water at 20°C and the change in vapor pressure for the solution
(2.0 mmHg). we can solve for the mole fraction of sucrose using Equation (12.5) of the text. From the mole
fraction of sucrose, we can solve for moles of sucrose. Lastly, we convert form moles to grams of sucrose.

Solution: Using Equation (12.5) of the text, we can calculate the mole fraction of sucrose that causes a
2.0 mmHg drop in vapor pressure.

AP = X,F
AP = X, P

sucrose” water

AP 2.0mnxﬁg

Xsucrose - -
Prater 17.5 mgzﬁg

From the definition of mole fraction, we can calculate moles of sucrose.

= 0.11

_ Msucrose

X, =
sucrose N

Myater T Msucrose

moles of water = 552 /g x l:l%lg/= 30.6 mol H,0O

n
X, = (.]] = ——ucmoes
suerose 30.6 + Ngyerose

Rgucrose = 3.8 mol sucrose

Using the molar mass of sucrose as a conversion factor, we can calculate the mass of sucrose.

mass of sucrose = 3.8 n}of sucrose x 3423 g sucrose = 13x10° g sucrose
sucrose




Let us call benzene component 1 and camphor component 2.

° _ nl )
= ("l + nz)ﬂ
1 mol

78.11/3/

1 mol
24.6 g camphor x = 0.162 mol camphor
g camphor x 7o ¥ ph

R

= 1.26 mol benzene

n = 98.5 /g/benzene x

n

N 1.26 mol
1™ (126 + 0.162)mol

x 100.0 mmHg = 88.6 mmHg

The vapor pressure of benzene is 100.0 mmHg at
26.1°C. Calculate the vapor pressure of a solution
containing 24.6 g of camphor (C,yH;¢O) dissolved in
98.5 g of benzene. (Camphor is a low-volatility solid.)




How many grams of urea [(NH,),CO] must be added

to 450 g of water to give a solution with a vapor

pressure 2.50 mmHg less than that of pure water at

30°C? (The vapor pressure of water at 30°C is

31.8 mmHg.)

o
AP = X, urea P, \;ater

2.50 mmHg = Xreal(31.8 mmHg)
Xuma = 0.0786

The number of moles of water is:

1 mol H,O
n = 450 g H,0 x ———2— = 25.0 mol H,O
water & 10 ¢ H,0 2
R e
X — Murea
urca
"watcr+”urca
0.0786 = —urea
25.0 + nye,
Nyrea = 2.]3 mOI
mass of urea = 2.13 n}ofurca X 60.06 ¢ wrea = 128 g of urea




If both components of a solution are volatile (that is, have measurable vapor
pressure), the vapor pressure of the solution is the sum of the individual partial pres-
sures. Raoult’s law holds equally well in this case:

Py = XAP}

Pg = XpP3
where P, and Py are the partial pressures over the solution for components A and B; P}
and Pg are the vapor pressures of the pure substances; and X, and Xy are their mole frac-
tions. The total pressure 1s given by Dalton’s law of partial pressure (see Section 5.6):

Pr = Py + Py




The vapor pressure of ethanol (C,HsOH) at 20°C is
44 mmHg, and the vapor pressure of methanol
(CH;0H) at the same temperature 1s 94 mmHg. A
mixture of 30.0 g of methanol and 45.0 g of ethanol
i1s prepared (and can be assumed to behave as an
ideal solution). (a) Calculate the vapor pressure of
methanol and ethanol above this solution at 20°C.
(b) Calculate the mole fraction of methanol and etha-
nol in the vapor above this solution at 20°C. (c¢) Sug-
gest a method for separating the two components of

the solution.

(a) First find the mole fractions of the solution components.

Moles methanol = 30.0 g'x

Moles ethanol = 45.0 g'x ————

= 0.936 mol CH;0H
g

= 0.977 mol C,H;OH

X methanol = =
methanol =0 936 mol + 0.977 mol
X. hanol = l - X I
The vapor pressures of the methanol and ethanol are:

Puethanol = (0.489)(94 mmHg) = 46 mmHg
Pithanot = (0.511)(44 mmHg) = 22 mmHg

(b) Since n=PV/RT and V and T are the same for both vapors, the number of moles of each substance is
proportional to the partial pressure. We can then write for the mole fractions:

X,

methanol P

Xethanol = | = Xiethanol = 0.32

T %6 mmHg + 22 mmHg -

methanol *

0.68

(¢) The two components could be separated by fractional distillation. See Section 12.6 of the text.
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32.04

= 0.936 mol
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=0 0.977 mol
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n

0.936

= 0489
0.936 +0.977
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X =1-0489=0.511
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P=0.489 - 94 = 46 mmHg
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P=0.511-44 = 22 mmHg



Colligative Properties of Nonelectrolyte Solutions
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Colligative Properties of Nonelectrolyte Solutions =
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AT=T9 =T, B
\ , T 9 is the freezing point of
1 atm / 4 the pure solvent —
. e /,' T is the freezing point of
Z 7 the solution
Solid il T?> Tf ATf >0
Vapor T
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pointol - pointof - point of - point of mis the molality of the solution
K; is the molal freezing-point
depression constant (°C/m)
for a given solvent |, ]
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el

TABLE 12.2 Molal Boiling-Point Elevation and Freezing-Point Depression

Constants of Several Common Liquids

Normal Freezing K; Normal Boiling K,
Solvent Point (°C)* (°C/m) Point (°C)* (°C/m)
Water 0 1.86 100 0.52
Benzene 5.5 5.12 80.1 2.53
Ethanol -117.3 1.99 78.4 1.22
Acetic acid 16.6 3.90 117.9 293
Cyclohexane 6.6 20.0 80.7 2.79

Measured at 1 atm.
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Ethylene glycol (EG), CH,(OH)CH,(OH), is a common automobile antifreeze. It is water

soluble and fairly nonvolatile (b.p. 197°C). Calculate the freezing point of a solution

containing 651 g of this substance in 2505 g of water. Would you keep this substance in

your car radiator during the summer? The molar mass of ethylene glycol is 62.01 g.

(Continued)

Strategy This question asks for the depression in freezing point of the solution.

constant

4
ATf = Kfm

want to calculate \need to find

The information given enables us to calculate the molality of the solution and we refer

to Table 12.2 for the K; of water.

Solution To solve for the molality of the solution, we need to know the number of

moles of EG and the mass of the solvent in kilograms. We find the molar mass of EG,
and convert the mass of the solvent to 2.505 kg, and calculate the molality as follows:

1 mol EG

651 £E6 X — > _ 105 mol EG
62.07 ¢ EG e

moles of solute

"= mass of solvent (kg)

10.5 mol EG

= 4.19 mol EG/kg H,O

2505 kg H,0

=4.19m

From Equation (12.7) and Table 12.2 we write

ATf =S Kfm

= (1.86°C/m)(4.19 m)

= S

Because pure water freezes at 0°C, the solution will freeze at (0 — 7.79)°C or —7.79°C.

We can calculate boiling-point elevation in the same way as follows:

ATb = Kbm

= (0.52°C/m)(4.19 m)

= 2.2°C

Because the solution will boil at (100 + 2.2)°C, or 102.2°C, it would be preferable to

leave the antifreeze in your car radiator in summer to prevent the solution from boiling.




Practice Exercise Calculate the boiling point and freezing point of a solution
containing 478 g of ethylene glycol in 3202 g of water.

s Libaal

-

g 478 = JsSdla onliny | A

g =3.202 kg 3202 = U/ 4=

EG = 62 g/mol J sl A

Kf = 1.86°C/m . Kb = 0.512°C/m

5 yaiall ol glaadl R

oY ol sae 1.
478

—— ~ 7.71 mol
62

Y 2,
7.71

——— ~ 2.41 mol/k
3.202 /kg

AT 5 Tf: 3.
AT) = 1.86 - 2.41 ~ 4.48

Tp=0— 448 = —4.48°C

ATbij: 4,
AT, = 0.512 - 2.41 ~ 1.23
T, = 100 + 1.23 = 101.23°C
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~12.55 What are the boiling point and freezing point of a
2.47 m solution of naphthalene in benzene? (The
boiling point and freezing point of benzene are
80.1°C and 5.5°C, respectively.)

ATy = Kpym = (2.53°C//ﬁ5(2.47)ﬁ5 = 6.25°C”
- The new beoiling point is 80.1°C + 6.25°C = 86.4°C

ATty = K = (5.12°C/m)(2.47 ) = 12.6°C
~ The new freezing point is 5.5°C — 12.6°C = -7.1°C

- - - ‘ ‘ ‘ ‘ ‘ ‘

12.56 An aqueous solution contains the amino acid glycine
(ijARlS' (NH,CH,COOH). Assuming that the acid does not

ionize in water, calculate the molality of the solution

if it freezes at —1.1°C.

1256 m=2 - L€ g9,

Ke  1.86°CIm




12.57 Pheromones are compounds secreted by the females

of many insect species to attract males. One of these

compounds contains 80.78 percent C, 13.56 percent H,

and 5.66 percent O. A solution of 1.00 g of this pher-

omone in 8.50 g of benzene freezes at 3.37°C. What
are the molecular formula and molar mass of the

compound? (The normal freezing point of pure ben-

zene 1s 5.50°C.)

METHOD 1: The empirical formula can be found from the percent by mass data assuming a 100.0 g sample.

1 mol
Moles C = 80.78 g’x ——— = 6.726 mol C
/g/ 12.01 /g/

Moles H = 13.56 g’ 1 mol 13 45 mol H
1.008
Moles O = 5.66 g’ tmol _ 354 mol 0

16.00/g/

This gives the formula: Cg726H13.4500.354. Dividing through by the smallest subscript (0.354) gives the
empirical formula, C9H350.

The freezing point depression is A7y= 5.5°C — 3.37°C = 2.1°C. This implies a solution molality of:

AT, 2.1
= — = oo =041 m METHOD 2: Use the freezing point data as above to determine the molar mass.
Ky 5.12ﬁ/m molar mass = 286 g/mol |
. . . Multiply the mass % (converted to a decimal) of each element by the molar mass to convert to grams of each
Since the solvent mass is 8.50 g or 0.00850 kg, the amount of solute is: element. Then, use the molar mass to convert to moles of each element. i
1 mol €
= (0.8078) x (286 g) x =2 = 19.2 mol €
0.41 mol ! e 12.01¢C
—_——x 0.00850/k§ benzene = 3.5 x 10~ mol Lol H ]
l/ké benzene my = (0.1356) x (286 g) x L0 g 38.5 mol H
1 mol O
no = (0.0566) x (286 ) x 16000 = 1.01 mol O i

Since 1.00 g of the sample represents 3.5 x 107 mol, the molar mass is:

Since we used the molar mass to calculate the moles of each element present in the compound, this method
directly gives the molecular formula. The formula is C19H330. ~

1.00 g

molar mass = A S
3.5x 107 mol

= 286 g/mol

The mass of the empirical formula is 282 g/mol, so the molecular formula is the same as the empirical
formula, C19H3g0.




-

12.58 The elemental analysis of an organic solid extracted
CARIS from gum arabic (a gummy substance used in adhe-
sives, inks, and pharmaceuticals) showed that it
contained 40.0 percent C, 6.7 percent H, and 53.3 per-
cent O. A solution of 0.650 g of the solid in 27.8 g of
the solvent diphenyl gave a freezing-point depression
of 1.56°C. Calculate the molar mass and molecular

formula of the solid. (K; for diphenyl is 8.00°C/m.)

Strategy: First, we can determine the empirical formula from mass percent data. Then, we can determine
the molar mass from the freezing-point depression. Finally, from the empirical formula and the molar mass,
we can find the molecular formula.

Solution: If we assume that we have 100 g of the compound, then each percentage can be converted directly
to grams. In this sample, there will be 40.0 g of C, 6.7 g of H, and 53.3 g of O. Because the subscripts in the
formula represent a mole ratio, we need to convert the grams of each element to moles. The conversion factor
needed is the molar mass of each element. Let # represent the number of moles of each element so that

1 mol C

ne = 40.0 g'C x = 3.33mol C
12.01gC

my = 67 gHx T 66 ol H
1.008 g'H

no = 533 g0 x 1O _ 3330610
16.00 g0

Thus, we arrive at the formula C3 33Hs,603 3, which gives the identity and the ratios of atoms present.
However, chemical formulas are written with whole numbers. Try to convert to whole numbers by dividing
all the subscripts by the smallest subscript.

w

3

3

3
~ = 1.00 H: 66
3.33

3.33
C: =20 O: —— =100
3.33

w
<@

This gives us the empirical, CH>0.

Now, we can use the freezing point data to determine the molar mass. First, calculate the molality of the
solution.
AT} 1.56°C
m = Lo = —0195m
Ky 8.00°C/m

Multiplying the molality by the mass of solvent (in kg) gives moles of unknown solute. Then, dividing the
mass of solute (in g) by the moles of solute, gives the molar mass of the unknown solute.



12.62 A solution of 2.50 g of a compound having the em-
pirical formula C4HsP in 25.0 g of benzene i1s ob-
served to freeze at 4.3°C. Calculate the molar mass
of the solute and its molecular formula.

First, from the freezing point depression we can calculate the molality of the solution. See Table 12.2 of the
text for the normal freezing point and Ky value for benzene.

ATy = (5.5-43)°C = 1.2°C

AT; 1.2°C

= =023 m
Ky 5.12°C/m

m =

Multiplying the molality by the mass of solvent (in kg) gives moles of unknown solute. Then, dividing the
mass of solute (in g) by the moles of solute, gives the molar mass of the unknown solute.

? mol of unknown solute = 0.23 mol solute x 0.0250 J&ébenzene
lkébenzene

= 0.0058 mol solute

250 g

molar mass of unknown —_—F
0.0058 mol

= 4.3 x 10 g/mol

The empirical molar mass of CgHsP is 108.1 g/mol. Therefore, the molecular formula is (C¢HsP)4 or
C24H20P4.



Multiplying the molality by the mass of solvent (in kg) gives moles of unknown solute. Then, dividing the
mass of solute (in g) by the moles of solute, gives the molar mass of the unknown solute.

0.195 mol solute
1 kg diphenyl
= 0.00542 mol solute

2 mol of unk solute = x 0.0278 kg diphenyl

0.650 g
0.00542 mol

molar mass of unknown = =120 x 10? g/mol

Next, we multiply the mass % (converted to a decimal) of each element by the molar mass to convert to
grams of each element. Then, we use the molar mass to convert to moles of each element.

1 mol C

= (0.400) x (1.20 x 10? = 4.00 mol C
ne = (0.400) x (120 x 107 g) x 1201gC mo
1 mol H
= (0.067) x (1.20 x 10? = 7.98 mol H
ny = ( ) % (1.20 x /gjxl.ms/{H mol
1 mol O
= (0.533) % (120 x 10? = 4.00 mol O
ng = ( ) x (1.20 x /86)(16,00}/0 mo

Since we used the molar mass to calculate the moles of each element present in the compound, this method
directly gives the molecular formula. The formula is C4HgOy4.

12.59 How many liters of the antifreeze ethylene glycol
ARIS [CH,(OH)CH,(OH)] would you add to a car radiator
containing 6.50 L of water if the coldest winter tem-
perature in your area is —20°C? Calculate the boil-
ing point of this water-ethylene glycol mixture. (The

density of ethylene glycol is 1.11 g/mL.)

41 N A 1 P 11 1 A NN T '

We want a freezing point depression of 20°C.

AT, _ 20 o6,
K;  186°C/m

m =

The mass of ethylene glycol (EG) in 6.5 L or 6.5 kg of water is:
10.8 mol EG  62.07 g EG

1 kg H,O : I mol EG

mass EG = 6.50 kg H,0 x = 436x10°g EG

The volume of EG needed is:

V = (436 10° ¢ EG) x ImLEG 1L 4oy

111 gEG * 1000 mL

Finally, we calculate the boiling point:
ATy = mKy = (10.8 p)(0.52°C/m) = 5.6°C

The boiling point of the solution will be 100.0°C + 5.6°C = 105.6°C.




12.60 A solution is prepared by condensing 4.00 L of a gas,
measured at 27°C and 748 mmHg pressure, into
58.0 g of benzene. Calculate the freezing point of
this solution.

We first find the number of moles of gas using the ideal gas equation.

1 ;mﬁ ] ¢ i
748 mmHg x ———— |(4.00 k) /
PV ( . 760 mmHg ’ mol - K |
n = = X = 0160 mOI
RT (27 + 273)K 0.0821 L"at i
molality = ——ot60mol 5 26 B

0.0580 kg benzene

ATy = Kmm = (5.12°C/m)(2.76 m) = 14.1°C .

freezing point = 5.5°C - 14.1°C = -8.6°C




Colligative Properties of Nonelectrolyte Solutions

3 | N

Vapor-Pressure Lowering Freezing-Point Depression

AV

Boiling-Point Elevation Osmotic Pressure

Osmotic Pressure (7)

Osmosis is the selective passage of solvent molecules through a porous
membrane from a dilute solution to a more concentrated one.

A semipermeable membrane allows the passage of solvent molecules but
blocks the passage of solute molecules.

Osmotic pressure (7) is the pressure required to stop osmosis.

:(Osmosis) ;s HLaisyl
V58 ST sl ] b olae oo cdiie g oLt e oIUERI Sty il Sl JUTI 50
:(Semipermeable membrane) il b cLaall -
w2l S lasa j5e ang dafd ol Slda 550 ga
(TT) Sosa¥] il
$agand | LY Llee LAY a3 Laiall

7= MRT
oY o) g aYgnlics
M is the molarity of the solution

R 1s the gas constant
T'is the temperature (in <)
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~ The average osmotic pressure of seawater, measured in the kind of apparatus shown in
Figure 12.11, is about 30.0 atm at 25°C. Calculate the molar concentration of an
aqueous solution of sucrose (C;,H»0,;) that is isotonic with seawater.

Strategy When we say the sucrose solution is isotonic with seawater, what can we
~conclude about the osmotic pressures of these two solutions?

~ Solution A solution of sucrose that is isotonic with seawater must have the same
——osmotic pressure, 30.0 atm. Using Equation (12.8).

7 = MRT
— T 30.0 atm
- "~ RT  (0.0821 L - atm/K - mol)(298 K)
= 1.23 mol/L
| =123M

Practice Exercise What is the osmotic pressure (in atm) of a 0.884 M urea solution
at 16°C?

II=MRT

atm 8aags ey baall o1

(M 0.884) L,¥sll 1M/

0.0821 Latm/molK = ;I cul6:R *

16 4+ 273.15 = 289.15 K = (aKIL & ) jadl dayu 2T °

i =1 a5l Jalas Gl (el g iSI) 5a2) U (o8 0l Y Lyl 5T e

IT = (0.884)(0.0821)(289.15) ~ 20.98 atm

atm 20.98 = ) sec¥! Liall




A solution is prepared by dissolving 35.0 g of hemoglobin (Hb) in enough water to make
up 1 L in volume. If the osmotic pressure of the solution is found to be 10.0 mmHg at

25°C, calculate the molar mass of hemoglobin.

Strategy We are asked to calculate the molar mass of Hb. The steps are similar to those
outlined in Example 12.10. From the osmotic pressure of the solution, we calculate the
molarity of the solution. Then, from the molarity, we determine the number of moles in
35.0 g of Hb and hence its molar mass. What units should we use for 77 and temperature?

Solution The sequence of conversions is as follows:

osmotic pressure —> molarity ——> number of moles —> molar mass

First we calculate the molarity using Equation (12.8)

7 = MRT
M=
RT
I atm
10.0 mmHg X ———————
. 760 mmHg

- (0.0821 L - atm/K - mol) (298 K)

=538%X 10*M

this quantity to calculate the molar mass:

The volume of the solution is 1 L, so it must contain 5.38 X 10 % mol of Hb. We use

mass of Hb
moles of Hb = molar mass of Hb
mass of Hb
molar mass of Hb = moles of Hb
350¢

= 5.38 X 10" mol
= 6.51 X 10" g/mol

Practice Exercise A 202-mL benzene solution containing 2.47 g of an organic
polymer has an osmotic pressure of 8.63 mmHg at 21°C. Calculate the molar mass of
the polymer.

SUT H [PRECWRPTEL YOV, [ DO | IPY RS-V ROV A R VYT | R DO

nRT mRT
m= " A= MBI
v v

(o lball

m = 247g s -
V=202mL = 0.202L paall *
I = 8.63mmHg = % ~ 0.01135 atm §3sews¥! b all

T=21°C = 294.15K 8, ,all da s
R = 0.0821 Latm/molK 3l euls *

toagsadll

_247-0.0821-294.15  59.5
©0.01135-0.202  0.00229

~ 2598.3 g/mol

g/mol 2600 = e s.ll sl <II




12.63 What is the osmotic pressure (in atm) of a 1.36 M

aqueous solution of urea [(NH,),CO] at 22.0°C?

1463 m = MRT = (1.36 mol/L)(0.0821 Eatm/K-mel)(22.0 + 273)K = 32.9




12.64 A solution containing 0.8330 g of a polymer of
unknown structure in 170.0 mL of an organic sol-
vent was found to have an osmotic pressure of
5.20 mmHg at 25°C. Determine the molar mass of
the polymer.

4 Strategy: We are asked to calculate the molar mass of the polymer. Grams of the polymer are given in the

problem, so we need to solve for moles of polymer.

want to calculate

given

'

grams of polymer

molar mass of polymer =
moles of polymer

need to find

From the osmotic pressure of the solution, we can calculate the molarity of the solution. Then, from the
molarity, we can determine the number of moles in 0.8330 g of the polymer. What units should we use for n

and temperature?

Solution: First, we calculate the molarity using Equation (12.8) of the text.

n = MRT
1 atfn )
20
Moo [5 il 760 mmtHg mol K

RT 298 K 00821 Loamn

=280x10*Mm

Multiplying the molarity by the volume of solution (in L) gives moles of solute (polymer).

2 mol of polymer = (2.80 x 107 mol/L)(0.170 k) = 4.76 x 10™° mol polymer

Lastly, dividing the mass of polymer (in g) by the moles of polymer, gives the molar mass of the polymer.

0.8330 g polymer — 175 x 10 g/mol

molar mass of polymer =

4.76 x 107 mol polymer




12.65 A quantity of 7.480 g of an organic compound is dis-
solved in water to make 300.0 mL of solution. The
solution has an osmotic pressure of 1.43 atm at 27°C.
The analysis of this compound shows that it contains
41.8 percent C, 4.7 percent H, 37.3 percent O, and
16.3 percent N. Calculate the molecular formula of
the compound.

Method 1: First, find the concentration of the solution, then work out the molar mass. The concentration is:

1.43 atfn

Molarity = —— = 0.0581 mol/L

RT

~ (0.0821 L-gtryK - mol)(300 K)

The solution volume is 0.3000 L so the number of moles of solute is:

0.0581 mol

x 0.3000/Z = 0.0174 mol

I

The molar mass is then:

7.480 g

————— = 430 g/mol
0.0174 mol

The empirical formula can be found most easily by assuming a 100.0 g sample of the substance.

1 mol
Moles C = 41.8 = 3.48 mol C
oles /g/x lZ.Ol/g/ mo
1 mol
Moles H = 4.7 g'x = 4.7 mol H
/g/ 1.008/g/
1 mol
Moles O = 37.3 g'x = 233 mol O
ek 16.00 ¢
Moles N = 16.3/g/>< 1 mol = 1.16 mol N

l4.01/g/

The gives the formula: C3 48H4 707 33N 16. Dividing through by the smallest subscript (1.16) gives the

empirical formula, C3H402N, which has a mass of 86.0 g per formula unit. The molar mass is five times this
amount (430 + 86.0 = 5.0), so the molecular formula is (C3H3402N)5 or C15H20010Ns.

METHOD 2: Use the molarity data as above to determine the molar mass.

molar mass = 430 g/mol

Multiply the mass % (converted to a decimal) of each element by the molar mass to convert to grams of each
element. Then, use the molar mass to convert to moles of each element.

1 mol C

ne = (0.418) x (430 g) x Ty 15.0 mol C
my = (0.047) x (430 g x 110?:;11 = 20mol H

no = (0.373) x (430 g) x 1'6"(‘)‘(‘)’;)0 = 10.0 mol O
ny = (0.163) x (430 g) x l:‘(‘)‘;’;; = 5.00 mol N

Since we used the molar mass to calculate the moles of each element present in the compound, this method

directly gives the molecular formula. The formula is Cy5sH39O19Ns.

|

(Empirical Formula) ¥/ Guall slay) :4 5 5ball
st il n

C=41.8% - 3.48 mol *

H=4.7%->4.7 mol *
O =37.3% > 2.33 mol *
N =16.2% - 1.16 mol *

:(116) sue Hial ol ands
Y Baall >

C,H,0,N

N

Lisall Tl l slay] 15 5slaall

yi

ot

g
oM\ aiwall o shll

CREIEARIET=S
86 g/mol B
’ SRPRETRET I
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W s 93 s ol ]
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12.66 A solution of 6.85 g of a carbohydrate in 100.0 g of
water has a density of 1.024 g/mL and an osmotic

pressure of 4.61 atm at 20.0°C. Calculate the molar

mass of the carbohydrate.

12.66  We use the osmotic pressure data to determine the molarity.

P2 4.61 at mol-K

RT ~ (20 + 273)K  0.0821 L-atm

= 0.192 mol/L
Next we use the density and the solution mass to find the volume of the solution.
mass of soln = 6.85g+100.0 g = 106.9 g soln

volume of soln = 106.9/g/soln X = 1044 mL = 0.1044 L

1 mL
1.024 g
Multiplying the molarity by the volume (in L) gives moles of solute (carbohydrate).

mol of solute = M xL = (0.192 molM(O.lO44 /Zf = 0.0200 mol solute
Finally, dividing mass of carbohydrate by moles of carbohydrate gives the molar mass of the carbohydrate.

6.85 g carbohydrate
0.0200 mol carbohydrate

molar mass = = 343 g/mol



Colligative Properties of Nonelectrolyte Solutions

Colligative properties are properties that depend only on the
number of solute particles in solution and not on the nature of
the solute particles.

Vapor-Pressure Lowering P, =X, P}
Boiling-Point Elevation AT, =K, m

Freezing-Point Depression AT:=K:m

Osmotic Pressure (7) 7= MRT
soul! O lall FEWNEN |
sllie it GlieBila) sie Sl biadas P =XP) i palast
S 583l il s ey AT, = Kym OLlall daya g 151 2
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olligative Properties of Electrolyte Solutions
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TABLE 12.3 The van’t Hoff Factor of 0.0500 M Electrolyte Solutions at 25°C

Electrolyte i (Measured) i (Calculated)
Sucrose* 1.0 1.0
HCl 1.9 2.0
NaCl 1.9 2.0
MgSO, 1.3 2.0
MgCl, 2.7 3.0
FeCl, 3.4 4.0

*Sucrose is a nonelectrolyte. It is listed here for comparison only.
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number of formula units initially dissolved in soln
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EXAMPLE 12.12

The osmotic pressure of a 0.010 M potassium iodide (KI) solution at 25°C is 0.465 atm.
Calculate the van’t Hoff factor for KI at this concentration.

Strategy Note that KI is a strong electrolyte, so we expect it to dissociate completely
in solution. If so, its osmotic pressure would be

2(0.010 M)(0.0821 L - atm/K - mol)(298 K) = 0.489 atm

However, the measured osmotic pressure is only 0.465 atm. The smaller than predicted
osmotic pressure means that there is ion-pair formation, which reduces the number of
solute particles (K™ and I ions) in solution.

Solution From Equation (12.12) we have

. _ T

"7 MRT
_ 0.465 atm
~ (0.010 M)(0.0821 L - atm/K - mol)(298 K)
=1.90

Practice Exercise The freezing-point depression of a 0.100 m MgSO; solution is
0.225°C. Calculate the van’t Hoff factor of MgSO, at this concentration.



The osmotic pressure of 0.010 M solutions of CaCl,
and urea at 25°C are 0.605 atm and 0.245 atm,
respectively. Calculate the van’t Hoff factor for the
CaCl, solution.

The temperature and molarity of the two solutions are the same. If we divide Equation (12.12) of the text for
one solution by the same equation for the other, we can find the ratio of the van't Hoff factors in terms of the
osmotic pressures (i = | for urea).

TCaCl, ' _i 0.605 atm
Turea W ' 0.245 atm

/*E'N\ 3 remls

= 2.47

12.69 Which of the following aqueous solutions has (a) the
higher boiling point, (b) the higher freezing point,
and (c) the lower vapor pressure: 0.35 m CaCl, or
0.90 m urea? Explain. Assume CaCl, to undergo
complete dissociation.

CaCl; is an ionic compound (why?) and is therefore an electrolyte in water. Assuming that CaCl; is a strong
electrolyte and completely dissociates (no ion pairs, van't Hoff factor i = 3), the total ion concentration will be
3 x 0.35 = 1.05 m, which is larger than the urea (nonelectrolyte) concentration of 0.90 m.

(a) The CaCl; solution will show a larger boiling point elevation.

(b) The CaCl; solution will show a larger freezing point depression. The freezing point of the urea
solution will be higher.

(¢) The CaCl; solution will have a larger vapor pressure lowering.
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12.70 Consider two aqueous solutions, one of sucrose

(C12,H»,04,) and the other of nitric acid (HNO3).

Both solutions freeze at —1.5°C. What other proper-

ties do these solutions have in common?

12.70  Boiling point, vapor pressure, and osmotic pressure all depend on particle concentration. Therefore, these
solutions also have the same boiling point, osmotic pressure, and vapor pressure.

12.71 Arrange the following solutions in order of decreas-
U ARIS ing freezing point: 0.10 m NasPO,, 0.35 m NaCl,
0.20 m MgClz, 0.15m C6Hl2069 0.15m CH3COOH

4 A YA ~ 11 e

12.71  Assume that all the salts are completely dissociated. Calculate the molality of the ions in the solutions.

(a) 0.10 m Na3zPOg: 0.10 m x 4 ions/unit = 0.40 m

(b) 0.35 m NaCl: 0.35 m x 2 ions/unit = 0.70 m

() 0.20 m MgCly: 0.20 m x 3 ions/unit = 0.60 m

(d) 0.15 m CeH1206: nonelectrolyte, 0.15 m

(e) 0.15 m CH3COOH: weak electrolyte, slightly greater than 0.15 m

The solution with the lowest molality will have the highest freezing point (smallest freezing point depression):
(d) > (e) > (a) > (c) > (b).




12.72 Arrange the following aqueous solutions in order of

decreasing freezing point, and explain your reason-

ing: 0.50 m HCI, 0.50 m glucose, 0.50 m acetic acid.

The freezing point will be depressed most by the solution that contains the most solute particles. You should
try to classify each solute as a strong electrolyte, a weak electrolyte, or a nonelectrolyte. All three solutions
have the same concentration, so comparing the solutions is straightforward. HCl is a strong electrolyte, so
under ideal conditions it will completely dissociate into two particles per molecule. The concentration of
particles will be 1.00 m. Acetic acid is a weak electrolyte, so it will only dissociate to a small extent. The
concentration of particles will be greater than 0.50 m, but less than 1.00 m. Glucose is a nonelectrolyte, so
glucose molecules remain as glucose molecules in solution. The concentration of particles will be 0.50 m.
For these solutions, the order in which the freezing points become lower is:

0.50 m glucose > 0.50 m acetic acid > 0.50 m HCI

In other words, the HCI solution will have the lowest freezing point (greatest freezing point depression).

12.73 What are the normal freezing points and boiling

ARIS points of the following solutions? (a) 21.2 g NaCl in

135 mL of water and (b) 15.4 g of urea in 66.7 mL of

water

T T
(a) NaClis a strong electrolyte. The concentration of particles (ions) is double the concentration of NaClL
Note that 135 mL of water has a mass of 135 g (why?).

The number of moles of NaCl is:

1 mol

21.2 g'NaCl x = 0.363 mol NaCl
g 5844 g

Next, we can find the changes in boiling and freezing points (i = 2)

~0.363 mol
0.135 kg

= 270m

ATy = iKym = 2(0.52°C/m)(2.70 mi) = 2.8°C
ATy = iKm = 2(1.86°C/m)(2.70 pi) = 10.0°C

The boiling point is 102.8°C; the freezing point is =10.0°C.
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Colloids

A colloid is a dispersion of particles of one substance
throughout a dispersing medium of another substance.
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Colloid versus solution

« collodial particles are much larger than solute molecules

« collodial suspension is not as homogeneous as a solution
« colloids exhibit the Tyndall effect
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Dispersing Dispersed

Medium Phase Name Example

Gas Liquid Aerosol Fog, mist

Gas Solid Aerosol Smoke

Liquid Gas Foam Whipped cream
Liquid Liquid Emulsion Mayonnaise
Liquid Solid Sol Milk of magnesia
Solid Gas Foam Plastic foams
Solid Liquid Gel Jelly, butter
Solid Solid Solid sol Certain alloys

(steel), opal
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Figure 12.15 Three beams of
white light, passing through a
colloid of sulfur particles in water,
change to orange, pink, and
bluish-green. The colors produced
depend on the size of the
particles and also on the position
of the viewer. The smaller the
dispersed patrticles, the shorter
(and bluer) the wavelengths.
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Hydrophilic and Hydrophobic Colloids

Hydrophilic and Hydrophobic Colloids
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Hydrophilic: water-loving R 4
Hydrophobic: water-fearing
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Stabilization of a hydrophobic colloid
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Chemistry In Action:

Desalination

Reverse Osmosis

Glass . ..
. Solar radiation
window

Condensed
water
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