Chapter 12 Solute and Solutions

1. Concentration units

2. Principles of solubility

3. Colligative properties of nonelectrolytes
4. Colligative properties of electrolytes

Hmmmmm, wron g bottle. I guess THIS one
must have been the Elixir of DEATH...

Modified by Dr. Cheng-Yu Lai



Solute

A solute is the dissolved substance in a
solution.

Salt in salt water  Sugar in soda drinks
Carbon dioxide in soda drinks
Solvent

A solvent is the dissolving medium in a
solution.

Water in salt water Water in soda

Solute + Solvent = Solution



Calculations of Solution Concentration:
Mass Percent

Mass percent is the ratio of mass units of
solute to mass units of solution, expressed
as a percent

massof solute
massof solution

Mass percent:( ]xlOO



Calculations of Solution Concentration

Mole fraction — the ratio of moles of solute
to total moles of solution

nA
n, +n,

Mole fractionof A=y, =

A solution contains 1 mole of water and 4 mole of ethanol. The mole fraction of
water and ethanol will be

(a) 0.2 water + 0.8 ethanol (b) 0.4 water + 0.6 ethanol (c) 0.6 water + 0.8 ethanol
(d) 0.8 water + 0.2 ethanol

Ans: (a)



Calculations of Solution Concentration:
Molarity

Molarity is the ratio of moles of
solute to liters of solution

molesof solute
Liter of solution

Molarity=M =

Suppose you had 2.00 moles of solute dissolved into 1.00 L of solution.
What's the molarity?

The answer is 2.00 M. 9 10 ol
Molarity =
1.001L




Preparation of Molar Solutions

Problem: How many grams of sodium chloride are needed
to prepare 1.50 liters of 0.500 M NaCl solution?

J Step #1: Ask "How Much?" (What volume to prepare?)
[ Step #2: Ask "How Strong?" (What molarity?)

] Step #3: Ask "What does it weigh?” (Molar mass is?)

1.500.£ [0.500 mol | 58.44 g
1Y 1 mdl

=43.8 g




Dilution

Problem: What volume of stock (11.6 M)
hydrochloric acid is needed to prepare 250. mL
of 3.0 M HClI solution?

moles solute before dilution = moles solute after dilution M,V; = M, V,

Ms‘rockvs’rock - Mdilu‘revdilu’re

(11.6 M)(x Liters) = (3.0 M)(0.250 Liters)

x Liters = (3.0.M)(0.250 Liters)
11.6 M

= 0.065 L




Calculations of Solution Concentration

Molality — moles of solute per kilogram of
solvent

moles solute
ki log ram solvent

Molality=m=

Suppose you had 2.00 moles of solute dissolved into 1.00 L of solvent.
What's the molality?

The answer is 2.00 m. 200 mol
Mlolality =
1.00 kg




Units of Concentration

Moles of solute
Liters of solution

Molarity (M) =

Moles of component
Total moles making up solution

Mole fraction (X) =

Mass of component
Total mass of solution

Mass percent = X 100%

Moles of solute
Mass of solvent (kQ)

Molality (m) =
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Example 12.4 Calculating Concentrations

A solution is prepared by dissolving 17.2 g of ethylene glycol (C,HgzO,) in 0.500 kg of water. The final volume of
the solution is 515 mL. For this solution, calculate the concentration in each unit.

a. molarity b. molality C. percent by mass
d. mole fraction e. mole percent
Solution

a. To calculate molarity, first find the amount of ethylene glycol in moles from the mass and molar mass. Then
divide the amount in moles by the volume of the solution in liters

1 mol g C2H602
62.07g C;HgO,

amount solute (in mol)

mol C2H602 = 17.2 m X = 02721 mol C2H602

Molarity (M) =

volume solution (in L)
0.2771 mol C,HsO
0.515 L solution

= (0.538 M

Chemistry: A Molecular Approach, 3rd Edition
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A solution is prepared by dissolving 17.2 g of ethylene glycol (C,HO,) in 0.500 kg of water. The final volume of
the solution is 515 mL. For this solution, calculate the concentration in each unit.

a. molarity b. molality c. percent by mass

d. mole fraction e. mole percent

b. To calculate molality, use the amount of ethylene glycol in moles from part (a), and divide by the mass of the
water in kilograms.

. amount solute (in mol)
Molality (m) =

mass solvent (in kg)
0.2771 mol C,HsO
0.500 kg H,O
=0.554 m

c. To calculate percent by mass, divide the mass of the solute by the sum of the masses of the solute and solvent
and multiply the ratio by 100%.

mass solute
Percent by mass = — X 100%
mass solution

172 ¢
= — X 100%
172 ¢ + 5.00 X 10* ¢

= 3.33%

Chemistry: A Molecular Approach, 3rd Edition © 2014 Pearson Education, Inc.
Nivaldo J. Tro



Example 12.4 Calculating Concentrations

Continued

d. To calculate mole fraction, first determine the amount of water in moles from the mass of water and its molar
mass. Then divide the amount of ethylene glycol in moles (from part (a)) by the total number of moles.

1 mol H,O
18.02 g H>;0

mol H,O = 5.00 X 10> gH;0 X = 27.75 mol H,0

Ngolute

Xsolute — +
Ngolute Ngolvent

0.2771 mol
0.2771 mol + 27.75 mol

=989 X 1073

e. To calculate mole percent, multiply the mole fraction by 100%.
mol % = X solute X 100%

= 0.989%

For Practice 12.4
A solution is prepared by dissolving 50.4 g sucrose (C,,H,,0;,) in 0.332 kg of water. The final volume of the
solution is 355 mL. Calculate the concentration of the solution in each unit.

a. molarity b. molality Cc. percent by mass
d. mole fraction e. mole percent
Chemistry: A Molecular Approach, 3rd Edition © 2014 Pearson Education, Inc.
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Solubility Factors

The extent to which a solute dissolves in a solvent depends on several
factors:
1. The nature of solvent and solute particles and the interaction
between them
2. The temperature at which the solution forms
3. The pressure, in cases of gaseous solutes
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1. Interaction : For Polar/Non Polar
Molecules Like Dissolves in like

» Like dissolves like
» Polar solutes dissolve in polar solvents
* Nonpolar solutes dissolve in nonpolar solvents
 Nonpolar substances have poor affinity for water
» Petroleum
» Hydrocarbons (pentane, C:H,,)
« Polar substances dissolve easily in water
+ Alcohols, CH,OH

« Solubility of alcohols decreases as the molar
mass of the alcohol increases



Applications of “Like Dissolves Like” Concept

Nonpolar solutes dissolve best in nonpolar
solvents

Fats Benzene
Steroids Hexane
Waxes Toluene

Polar and ionic solutes dissolve best in polar
solvents

alcohols Water



2. Temperature and Solubility

CsCl
. 180 NaNO,
e When a solute dissolves, - /
equilibrium is established

— NaNQ; (s) = Na* (aq) + NO;" (aq)

o C)2 (g) — 02 (aQ) 100 /
* Anincrease in temperature always £ * L
shifts the equilibrium to favor an i /
endothermic process (Ch12.) 10 —— Nal

— Dissolving a solid in a liquid is ?
usually an endothermic process 4 95 4 &0 ED 1

— Solubility tends to increase with Temperature (O
temperature for most solids

Solubility (g salt/100 g H,0)

Temp T Solid Solubility T




Example : Temperature and the Solubility of a Gas

* For a gas, the dissolution process is
exothermic, so the reverse process (gas
evolving from solution) is endothermic

* Therefore, for gases, solubility decreases with
increasing temperature — Ch12 Le Charliter’s

Principle

£ TempT Gas SqubiIitvl

Gas g @ RT more than ice



Solubility Trends

* The solubility of MOST solids increases
with temperature.

* The rate at which solids dissolve increases
with increasing surface area of the solid.

» The solubility of gases decreases with
increases in temperature.

» The solubility of gases increases with the
pressure above the solution.



Therefore...

Solids tend to dissolve best when:
o Heated

o Stirred
o Ground into small particles

Gases tend to dissolve best when:

o The solution is cold
o Pressure is high

p e /’ NG

~

Gas Evolving @ RT more
than ice



3. Pressure and the Solubility of a Gas

* Pressure has a major effect on the solubility of a gas in a
liquid, but little effect on other systems

* Atlow to moderate pressure, the concentration of a gas
increases with the pressure (Henry’s law):

-G, = kPg, where
* P, is the partial pressure of the gas over the solution
* C, is the concentration of the gas
 kis a constant (the Henry’s Law constant)

) "‘
00 g00
o v 00, °

e
Gas ] C/ —
phase S 0‘0 > ‘b o Increase P
e 9 9
iqu
D

At equilibrium More molecules
enter the liquid
phase



What pressure of CO, is required to keep the

[CO,] = 0.12 M at 25°C?

Given:
Find:

S=[CO,]=0.12 M,
P of CO,, atm

Concept Plan:

Relationships:

[co) J=—=1(P ]

S =k,P, k, = 3.4 x 102 M/atm

Solve:

S 0.12 M
k, 3.14x107° Meatm™

=3.5atm

Check:

the unit is correct, the pressure higher than 1 atm
meets our expectation from general experience




Colligative Properties of Solutions

Colligative properties are those
that depend on the concentration
of particles in a solution, not on

the nature of those particles.
These are colligative properties

A Freezing Point Depression

- ore . . Jacobus Henricus van 't Hoff
.:I Boiling Point Elevation (1852-1911)
] Osmotic Pressure

1 Vapor Pressure Lowering




How do you get from this...

Lower Freezing Point
Why ?

el ‘a
RISTCRCNAN Sl SO -



1. A T - Freezing Point Lowering

Solution and Solvent Phase Diagram

/ / o
1 atm A — —
v/ B
o /. f f f
Liquid '
Lo
Pure liquid .
% Solid solvent \ ]
2 Triple point -
E of solvent sl .
Pure solid| Lo
solvent Boiling point : :
of solution. ! !
o Freezing point . Coolant
Triple point ofsclusion Boili int '
| oiling point \ |
of solutlon | / Eiesizlxlii tpomt of solvent \: [
\
ATf Temperature AT,

* When a solution of a nonvolatile solute is cooled, it does not freeze until
a temperature below the freezing point of the pure solvent is reached

— The difference in temperature is called the freezing point lowering
— T is the freezing point of the solution
— T is the freezing point of the pure solvent



Freezing Point Depression

Each mole of solute particles lowers the freezing
point of 1 kilogram of water by 1.86 degrees
Celsius.

AT =1-K, -m

solute

Kf 186 °C - kilogram/mol

m = molality of the solution

I = van’t Hoff factor



K: Freezing Point Constant

TABLE 10.2 Molal Freezing Point and Boiling Point Constants

Solvent o (°C) k: (°C/m)
Water 0.00 1.86
Acetic acid 16.66 3.90
Benzene 250 210
Cyclohexane 6.50 2.2
Camphor 178.40 40.0
p-Dichlorobenzene 53] B &
Naphthalene 80.29 6.94

Table of Molal Boiling Point Elevation/Freezing Point Depression
Constants for Various Solvents

Solvent Normal BP (°C) K, (°C/m) Normal FP (°C) K¢ (°C/m
H,O 100.0 0.52 0.0 1.86

Ethanol, C,H.OH  78.4 1.22 -114.6 1.99



Example 12.8 Freezing Point Depression
Calculate the freezing point of a 1.7 m aqueous ethylene glycol solution

Sort
You are given the molality of a solution and asked to find its freezing point.

Given: 1.7 m solution
Find: freezing point (from AT;)

AT = m X K¢

ATy = m X K;
= 1.7.m X 1.86 °ClL.m
=32°C
Freezing point = 0.00 °C — 3.2°C
= —3.2°C

Chemistry: A Molecular Approach, 3rd Edition © 2014 Pearson Education, Inc.
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2. T, -Boiling Point Elevation

1 atm / /
v
Liquid | :
Pure liquid : :
g Solid solvent \ i |
2 Triple point o
E of solvent Solution : :
Pure solid| | |
solvent e Boiling point i i
I |
| | |
|
l |
|

Triple point |
of solutlon I

of solution
Freezing point
of solution Boili )
Freezing point ofing point
,/ of solvent of solvent : .

ATf

Temperature ATy

AT, =T, -T;

* When a solution of a nonvolatile solute is heated, it does not boil
until the temperature exceeds the boiling point of the pure solvent

— The difference in temperature is called the boiling point elevation

— T, is the boiling point of the solution

— T,° is the boiling point of the pure solvent



Boiling Point Elevation

Each mole of solute particles raises the boiling
point of 1 kilogram of water by 0.51 degrees

Celsius.
AT =1-K, -m

K, =0.51 °C - kilogram/mol
m = molality of the solution
I = van’t Hoff factor

solute

Table of Molal Boiling Point Elevation/Freezing Point Depression
Constants for Various Solvents

Solvent Normal BP (°C) K, (°C/m Normal FP (°C) K¢ (°C/m
H,O 100.0 0.52 0.0 1.86
Ethanol, C,H.OH 78.4 1.22 -114.6 1.99




Example 12.9 Boiling Point Elevation

What mass of ethylene glycol (C,HgO,), in grams, must be added to 1.0 kg of water to produce a solution that
boils at 105.0 ° C?

Sort
You are given the desired boiling point of an ethylene glycol solution containing 1.0 kg of water and asked to

find the mass of ethylene glycol you need to add to achieve the boiling point.
Given: AT,=5.0° C, 1.0 kg H,O
Find: g C,HgO,

ATb m
ATy, = m X K,
kg H20 E mOl C2H602 g C2H602
mol C2H602 62.07 g C2H602
kg H20 1 mol C2H607_
AT, = m X K, From first step
AT, 50°€
m = Kb = e = 977m
b 0512
m
{ Ok " 9.77 molE;HeO, . 62.07 g C,HO, 61 X 10% & C-HLO
.0 kg H,0 — 0. g LollgUs
kg H>,O 1 mol-G5HO,

Chemistry: A Molecular Approach, 3rd Edition © 2014 Pearson Education, Inc.

Nivaldo J. Tro



Summary - Boiling and Freezing Point Alteration
* Boiling point elevation and freezing point lowering are
both colligative properties

— Depend on the concentration of the solute in molality
— Both follow the same dependence:

_ For water,
If i=1, then -
— kK. =0.52—
_ o C

— K:is the freezing point lowering constant

— K, is the boiling point elevation constant



The van't Hoff Factor, i

Solutions may have two, three or more times the
effect on boiling point, freezing point, and osmotic
pressure, depending on its solute dissociation.

NOTE: 1| = van’t Hoff factor, which is determined experimentally and
represents the degree of dissociation of the solute in the solvent.

Table of Molal Boiling Point Elevation/Freezing Point Depression
Constants for Various Solvents

Solvent Normal BP (°C) K, (°C/m) Normal FP (°C) K¢ (°C/m
H,O 100.0 0.52 0.0 1.86

Ethanol, C,H.OH  78.4 1.22 -114.6 1.99



Dissociation Equations and the

]
N

NaCl(s) =  Na*(aq) + Cl-(aq)

AgNO,(s) =2 aq) + NO;(aq)
MgCl,(s) 2  Mg2*(aq) + 2 Cl(a

2 /
Na,5O,(s) > 2 Nam

AICl,(s) =  AlP*(aqg) + 3 Cl(aq)

\



Boiling-Point Elevation and
Freezing-Point Depression

What is the freezing point (in °C) of a solution prepared
by dissolving 7.40 g of MgCl, in 110 g of water? The
van't Hoff factor for MgCl, is 1 = 2.7.

Calculate the moles of MgCl.;:

7.40 ¢ y 1 mol
95.2 ¢

= 0.0777 mol

Calculate the molality of the solution:

0.0777 mol 1000 g mol
X =0.71

110 g 1kg kg

© 2012 Pearson Education, Inc. Chapter 11/34



Boiling-Point Elevation and
Freezing-Point Depression

Calculate the freezing point of the solution:

°C kg mol ~
X 0.71—x 2.7 =3.6 °C
mol kg

AT, =K, mi=1.86

T.=0.0°C -3.6°C :[_3_6 OC]

TABLE 10.2 Molal Freezing Point and Boiling Point Constants

Solvent Ip (°C) ks (°C/m) bp (°C) k, (°C/m)
Water 0.00 1.86 100.00 0.52
Acetic acid 16.66 3.90 11790 2.53
Benzene 5.50 510 80.10 2.53
Cyclohexane 6.50 20.2 80.72 245
Camphor 178.40 40.0 20742 5.61
p-Dichlorobenzene 534 o 174.1 6.2
Naphthalene 80.29 6.94 217.96 5.80

Chapter 11/35



Ideal vs. Real van't Hoff Factor

The ideal van’t Hoff Factor is only achieved in VERY
DILUTE solution.

Molality, m
Solute 1.0 0.10 0.010 0.0010 Inf dil’
NaCl [.81] 1.87 1.94 1.97 2
MgSO, 1.09 .21 .53 1.82 2
Pb(NO;), 1.31 213 2.63 2.89 3

Limit to applicability of these laws usually is 1m



3. Osmosis and Semi-Permeable Membranes

!
l\
I
Side A_Side B

—_—
Pure water || sojution The necessary
' pressure to stop
osmotic flow is called
osmotic pressure () of
the solution.

_Membrane

* Consider the concentration of solvent in a
solution
— Concentration is lower than it is for the pure solvent

— Solvent will flow from an area of high concentration to an
area of low concentration

— Water will flow from high concentration to low
— Process is called osmosis



Osmotic Pressure

The minimum pressure that stops the osmosis is equal to
the osmotic pressure of the solution

)

| m—

Pure

Semipermeable
membrane

|

solvent

Solution

Pure
solvent

== Semipermeable

membrane

Solution

Osmotic pressure =
Applied pressure
to stop 0SMOSIs

=

Semipermeable
membrana

Pure
solvent Solution




Osmotic Pressure Calculations

[T=IMRT

I'l = Osmotic pressure
I = van’t Hoff Factor

M = Molarity of the solution

R = Gas Constant = 0.08206 L-atm/mol-K



Example 12.10 Osmotic Pressure

The osmotic pressure of a solution containing 5.87 mg of an unknown protein per 10.0 mL of solution is 2.45 torr
at 25 ° C. Find the molar mass of the unknown protein.

Sort
You are given that a solution of an unknown protein contains 5.87 mg of the protein per 10.0 mL of solution. You

are also given the osmotic pressure of the solution at a particular temperature and asked to find the molar mass of
the unknown protein.

Given: 5.87 mg protein
10.0 mL solution L i N
I1=2.45 torr [T = MRT Molar mass = ) .
T=25° C moles protein
Find: molar mass of protein (g/mol)
mL solution L solution mol protein
1T = MRT 1L mol protein
1000 mL L solution
1 atm
2.45 tort X
_ B 760 tort
M = R Lt From first step
0.08206 (298 K)
mol -
= 1318 X 107 M Molar mass — 2SS protein
B moles protein
318 X 107* =
(DS & 10010Em£ 2 EIO e . SEIXUF'g 4.45 X 10° g/mol
1.318 X 10~ ° mol '

= 1.318 X 107® mol

Chemistry: A Molecular Approach, 3rd Edition © 2014 Pearson Education, Inc.

Nivaldo J. Tro



Osmolarity

Solutions of the same osmotic pressure are
said to be isotonic; i.e., they have equal
osmolarity

— Important to medical applications

— Consider a red blood cell , | TR
* If the concentration of ions is larger © @S o % a‘ -

inside the cell, water will flow in,
causing the cell to burst (hemolysis)

by 7 B

&

e | 3
& A \

* If the concentration of ions is larger g, promic
outside the cell, water will flow out,
. . The fluid inside the red blood cell has the
causmg the Ce” to ShflVEl same osmotic pressure of 0.92% NaCl
(crenation) Solution:

Isotonic Hypertonic

 Solutions such as intravenous fluid
are prepared to be osmolar with
the blood plasma to prevent
hemolysis or crenation from
occurring



An 1Isosmotic solution has the same osmotic
pressure as the solution inside the cell; as a

result there is no net flow of water into or out
of the cell.

solution solution

Isosmotic Hyperosmotic Hyposmotic
solution

(a) Normal red blood cells (b) Shriveled red blood cells (c) Swollen red blood cells



4. Colligative Properties-Vapor Pressure Lowering




Colligative Properties — Vapor Pressure

e Step 1:A solvent in a closed container
reaches a state of dynamic equilibrium.

e Step 2: The pressure exerted by the
vapor in the headspace is referred to as
the vapor pressure of the solvent.

* The addition of any nonvolatile solute
(one with no measurable vapor
pressure) to any solvent reduces the
vapor pressure of the solvent.

Vapor pressure

"lg‘ —
t’ AYE J
e U X
[ o 2
[ ° ) &
|y 4y \ Y
A /

\\\‘\‘ . / \\\\‘:\ o ///

Solvent alone

Vapor pressure

63 o
[ L& =
: 7{51{3,77\\ S\

“ 2 ;\ 1)
\ ’/ ‘3’ l ‘\

y Q.
o—

g

y/

Solvent + solute



Colligative Properties — Vapor Pressure

* Nonvolatile solutes reduce the ability of the
surface solvent molecules to escape the liquid.

— Vapor pressure is reduced.

‘4 ;‘
‘ ‘

Solvent + solute

* The extent of vapor pressure lowering
depends on the amount of solute.

— Raoult’s Law quantifies the amount of vapor
pressure lowering that is observed.



Colligative Properties — Vapor Pressure

e Raoult’s Law:
P, = X,P%,

where P, = partial pressure of the solvent (A)
vapor above the solution (ie with
the solute)

Vapor pressure \

e \
L \

» | B —
Y

°, =vapor pressure of the pure L4 l
solvent (A) | .

X, = mole fraction of the solvent (A)

\—‘:1
r

Solvent + solute



Vapor-Pressure Lowering of
Solutions: Raoult’s Law

The vapor pressure of pure water at 25 °C is 23.76 mm
Hg. What is the vapor pressure of a solution made from

1.00 mol glucose in 15.0 mol of water at 25 °C? Glucose
IS a nonvolatile solute.

P = Py X

soln solv 7 }solv

— 23.76 mm Hg , 15.0 mol
1.00 mol + 15.0 mol

= 22.3 mm Hg

© 2012 Pearson Education, Inc. Chapter 11/47



Example 12.12 Calculating the Vapor Pressure of a Solution
Containing an lonic Solute

A solution contains 0.102 mol Ca(NO,), and 0.927 mol H,O. Calculate the vapor pressure of the solution at 55 ° C.
The vapor pressure of pure water at 55 ° C is 118.1 torr. (Assume that the solute completely dissociates.)

Sort
You are given the number of moles of each component of a solution and asked to find the vapor pressure of the

solution. You are also given the vapor pressure of pure water at the appropriate temperature.

Given: 0.102 mol Ca(NO,),

0.927 mol H,O

Py,0 = 118.1 torr (at 55 C) XH,0> P‘}’IZO P olution

Fmd: I:)solution
Psolution = XHZOP?-IZO

Ca(NOy)5(s) —> Ca>*(ag) + 2 NOj; (aq)

nH,0
XH,0 —
“ 3 X + 5
nca(NO3)2 "H,0 Psolution = XHZOPHZO
_ 0.927 mol = 0.7518(118.1 torr)
3(0.102) mol + 0.927mol — 88.8 torr
= 0.7518

Chemistry: A Molecular Approach, 3rd Edition © 2014 Pearson Education, Inc.

Nivaldo J. Tro



SOLUTION COLLIGATIVE PROPERTIES

- Depends on the collective effect of the number of solute
particles but not on the nature of the solute. Van Hoff’s factor
might be needed,

1. Boiling point elevation
AT, = k, M

2. Freezing point depression

3. Vapor pressure lowering
Raoult’s law P, = X,P°,

4. Osmotic Pressure
IT = MRT = @JRT




EXERCISE: Molar Mass from Freezing-Point Depression

A solution of an unknown nonvolatile electrolyte was prepared by dissolving
0.250 g of the substance in 40.0 g of CCl,. The boiling point of the resultant
solution was 0.357°C higher than that of the pure solvent. Calculate the molar

mass of the solute. For pure CCl, k, =5.02 °C/m

[ _
Answer:
molality = —solute n;ol _ATp 0375 C1:0.0711m
40.0x10° kg Kp 5.02°Cm’
“solute__ _0,0711m
40.0x107° kg

Neolute = 40.0x1073 kg x 0.0711(mo|.kg'1) = 2.84x10°> mol of solute

N m
solute = W ana
MM

m(Q) B 0.250¢
Nsolute (MOI)  2.84x1073 mol

— 2.84x10™ mol of solute

- MM = =88.0g.mol™




