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Unit Outcomes

At the end of this unit, you should be able to:

-

-

know the types of solutions;

understand the process of solution formation, the rate of solution, the heat of
solution and solubility;

describe the dependence of solubility on the temperature and pressure of the
solution;

know how to solve problems involving the concentration of solutions and to
express the result in various units;

describe, the behaviour of ionic solute in unsaturated, saturated and supersaturated
solutions using the concept of equilibrium;

prepare solutions of a required concentration by dissolving a solute or diluting
a concentrated solution;

under stand the relationship between the colligative properties of solutions and
know how to solve problems involving colligative properties of solutions;

describe scientific inquiry skills along this unit: observing, classifying, comparing
and contrasting, measuring, asking questions, drawing conclusion, applying
concept and problem solving.
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Most of the materialsaround usare mixtures. In thisunit, we shall be concerned with
propertiesand types of mixtures, and with therelationshipsof their propertiesto those of
theindividua components.

A homogeneous mixture, also known as solution, isamixturethat isuniforminits
propertiesthroughout agiven sample. When sodium chlorideisdissolved in water, you
obtain ahomogeneous mixture, or solution. Air isagaseous solution, principally of two
elementary substances, nitrogen and oxygen, which are physically mixed but not chemicaly
combined.

Therearevariouspractical reasonsfor preparing solutions. For instance, most chemica
reactionsareruninsolution. Solutionshave specific useful properties. For example, when
goldisused for making jewellery, itismixed, or alloyed withasmall amount of silver.
Gold-slver dloysarenot only harder than puregold, but they alsomelt at lower temperatures
and arethereforeeasier to cast.

Inthisunit, you will study the dependence of solubility (the amount of substance that
dissolves in another) on temperature and (in some cases) on pressure; the ways of
expressing the concentration of asolution. Youwill so study about the colligative properties
of solutions.

1.1 HOMOGENEOUS AND HETEROGENEOUS MIXTURES

At the end of this section, you should be able to:

* definethetermsmixture, homogeneousand heterogeneous mixture, solute, solvent,
solution;




SOLUTIONS (UNIT 1) ’

* distinguish between homogeneousand heterogeneous mixtures,
» describesuspensionsand colloids.

1.1.1 Some Basic Definitions

How do you distinguish homogeneous and heterogeneous mixtures?

Mixtur esarecombinationsof two or more substancesin which each substanceretainsits
own chemical identity and henceitsown properties. A sampleof cleanair, for example,
congstsof many elementsand compounds physically mixed together, including oxygen
(O,), nitrogen (N.,,), carbon dioxide (CO,), noble gases, and water vapour (H,0). Can
you give more examples of mixtures? There are two broad classes of mixtures,
homogeneous and heterogeneous mixtures.

A homogeneousmixtur eisamixtureinwhichthecomposition of the mixtureisthe same
throughout. i.e,, it hasno visible boundariesbecause the componentsare mixed asindividua
atoms, ionsand molecul es. For example, when aspoonful of sugar dissolvesinwater you
obtain ahomogeneous mixture.

A heter ogeneous mixtur e hasoneor morevisi ble boundaries between the components.
Thus, itscompositionisnot uniform. In thistype of mixture, each component’sparticles
can be detected by the naked eye or with amagnifying glass. If sandismixed withiron
filings, the sand grains and the iron filings remain separate. Thisis an example of a
heterogeneous mixture.

A typicd solution consistsof at least two substances; asubstancein smaller amount called
the solute, dissolved in alarger amount of another substance, known asthe solvent. The
solvent isoften but not always present in excess. For example, the physical state of a
solution containing 40 g of tablesugar and 30 g of water isliquid. Inthiscase, though water
ispresentin small amount, it ispresent as solvent.

[LILTL]] h
Experiment 1.1 Iﬂl“l“l’ll

Distinction between homogeneous and heterogeneous mixtures
Obj ective: To distinguish between homogeneous and heterogeneous mixtures.
Appar atus. Beakers, test tubes, watch glass, stirrer.

Chemicals: Tablesalt, water, ironfilings, sulphur powder, oil, alcohol.
Procedure:
Prepare mixtures of thefollowing pairsin suitable apparatus.

a Tablesaltandwater
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b Ironfilingsand sulphur powder
¢ Oil andwater
d Water andacohol

Useeither naked eye or hand lensto observe each mixture. Classify the mixturesyou
prepared ashomogeneous and heterogeneous. Givereason for your classification.

1.1.2 Suspension and Colloids

(L] E\
Experiment 1.2 mulﬂl’*'l'

| nvestigating properties of some mixtures

Objective: To seethedifference between suspensions, solutionsand colloids.
Appar atus. Three 100 mL beakers.

Chemicals: Sand, gentianviolet and bile.

Procedure:

1. Label thebeakersasA, B, and C; add sand to beaker A, gentian viol et to beaker
B, and bileto beaker C.

Add about 50 mL water to each beaker and stir the contents.

L eavethe beakers undisturbed for about 30 minutesand seeif they becomeclear
onstanding.

4. Passabeam of light through each beaker.
Observations and analysis:

a Inwhich beaker the contents separate in two layerson standing?

b Which beaker scatterslight without separating the contentson standing?
¢ Which beaker containsasolution and which besker containsacolloid?
d

Wheat do you concludefrom thisexperiment?

Exercise 1.1
Defineeach of thefollowing termsand give examplesfor each.

a homogeneousmixture c Solute e coloid
b heterogeneousmixture d solvent f sugpenson
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What is the difference between suspensions and solutions?

Weareadl familiar with suspens onssuch asamixture of mud and water or flour and water.
Sometimeswe prepare and use asuspension of paint in water. These suspensionsare
heterogeneous mixtures composed of particlesthat arevisibleto the naked eye or that
can be seen with a magnifying glass. The suspended particles appear cloudy, and settle
downindue course of time. When Mg(OH), (called milk of magnesia) isshakenwith
water, it forms a suspension. In contrast, when we make a solution, we prepare a
homogeneous mixtureinwhich the dissolved speciesaremol eculesor ions. A solution may
be coloured, but it istransparent; thedissolved moleculesor ionsareinvisible, and they do
not settleout on standing. Figure 1.1aand Figure 1.1b show asolution and asuspension,

respectively.

Figure 1.1 a) Solution b) Suspension

Thereisanother group, called colloidsthat exhibit propertiesintermediate between those
of sugpensonsand solutions. Theparticlesinacolloid arelarger thanmost Smplemolecules.
However, colloidal particlesare small enough and do not settle down. Although colloid
particlesmay be so small that the dispersion appears uniform, even under amicroscope,
they arelargeenoughto scatter light very effectively (seeFigure 1.2). Consequently, most
colloidsappear cloudy or opagque unlessthey arevery dilute. Like solutions, colloidscan
be gaseous, liquid or solid. Clouds are colloidal mixtures composed of air and water
dropletsthat are small enough that they do not settle out.
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Figure 1.2 The light beam is not visible as it passes through a true solution (left), but it
is clearly visible as it passes through colloidal mixture (right).

1.2 TYPES OF SOLUTIONS

At the end of this section, you should be able to:
» explaindifferent typesof solutions;
» giveexamplesfor eachtypeof solution;

» dfteravigttonearby gold smith, present areport to classon how jewellery goldis
made.

Solutionsmay exist inany of thethree states of matter.

Form groups and discuss the following points. Report the result of your discussion in
tabular form.

1. Mention the types of solutions.
2. What are the possible physical states of solutes and solvents in each type of solution?

3. Give at least one example to each type of solution.

5>

Explain briefly how solid solutions are formed?

P

Copy the given table in your note book and write your answers in it:
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State of solute |State of solvent [State of solution | Type of solution | Examples

Do you know how jewellery gold ismade?

Your teecher will arrangeavisit tothenearby goldsmith. Ask thefollowing questions
during your visit tothegoldsmith:

How isjewellery madefrom gold?What are the possible components, other than
gold present inthejewel lery?Which component ispresent inlarge quantity ? What
is the advantage of mixing gold with other materials? Can you separate the
components present inthejewellery? How ispurity of gold assessed and what is
the unit of measuring the purity? Write areport about what you have observed
during your visit and present it totheclass.

Exercise 1.2

Givetwo examplesof
a gas-gassolution d solidliquidsolution
b gasliquidsolution e solid-solidsolution

¢ liquidiquidsolution

What arethe possible physical statesof solutesand solventsin
a gaseoussolutions? c solidsolutions?

b liquidsolutions?

1.3 THE SOLUTION PROCESS

At the end of this section, you should be able to:

explain how the “like dissolves like” rule depends on inter-particle forces of
interactionsand predict relative solubility;

definerateof dissolution;
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 defineheat of solution, solvation energy and hydration energy;

* apply the concept of heat of solution to asolution of ammonium nitrateand sodium
hydroxidecrystds,

» explainhow heat of solutionisinfluenced by theinter-particleinteraction forces.

Try to mix the following substances with water.
a oil b benzene c ethanol

What did you observe? Which of the substances is completely miscible with water and
which of them is immiscible? Discuss your observations with your classmates, and report

your possible reasons to the class.

1.3.1 Liquid Solutions and Interparticle Forces of
Attractions

What arethemajor factorsthat affect the solubility of substancesin liquid solvents?

When asolutedissolvesinasolvent, particlesof the sol ute di spersethroughout the sol vent.
The solute particles occupy positionsthat are normally taken by solvent moleculesi.e.,
particlesof the solute mix with particles of the solvent. Thetendency to mix isaffected by
therdative strengths of threetypesof interaction. Theseare

*  Solvent-solvent interaction
*  Splute-soluteinteraction

*  Solvent-solute interaction

Strong forcesof attraction between sol ute particles (sol ute-sol uteinteractions) or between
solvent particles (sol vent-sol vent interactions) tend to keep like particles closetogether
and reducethe solubility of solutein the solvent. On the other hand, strong attraction
forces between sol uteand sol vent particles (sol ute-sol vent interactions) makesdissolving
easier and helpsto keep particlesin solution. For smplicity, we canimaginethe solution
processtaking placein threedistinct steps (Figure 1.3).
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Figure 1.3 A molecular view of the solution process, portrayed as taking place
in three steps.

Sep 1—isthe separation of solvent moleculesfrom each other to “ makeroom” for the
incoming solute particlesand step 2 —isthe separation of solute molecules. Thesetwo
stepsrequire energy input to break attractiveintermolecular forces. Therefore, they are
endothermic. In step 3 —the solvent and solute molecules mix. This process can be
exothermic or endothermic.

Solution of liquids in liquids

Ethanol mixeswith water but oil doesnot. Why? Solubility isameasure of how much
solutewill dissolveinasolvent at aspecific temperature. Do you know theprinciple®like
dissolveslike’ ?The*likedissolveslike’ principleishepful in predicting the solubility of a
substancein agiven solvent. What this expression meansisthat two substanceswith
intermolecular forcesof similar typeand magnitude arelikely to be solublein each other.

For example, in asolution formed between benzene (C,H ) and carbon tetrachloride
(CCl,), both species are non-polar and experience only relatively weak L ondon forces.
Whenthesetwoliquidsaremixed, they readily dissolvein each other becausetheattraction
between CCl , and C;H,moleculesis comparablein magnitude to the forces between
CCl , molecules and between C;H; molecules. Twoliquidsare said to be miscibleif they
are completely soluble in each other in all proportions. What can you say about the
solubility of C;H, and CCl ,?

Water isthemost prominent solvent becauseit isso common and dissolves so many ionic
and polar substances. Water molecules are strongly associated with each other through
hydrogen bonding. Compoundsthat form hydrogen bonding tend to be solublein water.
For example, a coholssuch asmethanol, ethanol and 1, 2-ethyleneglycol aremisciblein
water because they can form hydrogen bonding with water molecules.
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Figure 1.4 Solubility of ethanol and methanol in water through hydrogen bonding.

What happensif octane, a typical hydrocarbon, isadded to water? Water molecules
areheld in contact by hydrogen bonding, while octane moleculesare held in contact by
London or dispersion forces. When thetwo liquids are mixed, the attraction between the
octane mol eculesand thewater mol ecul esisnot strong enough to overcomethe hydrogen
bonding between thewater molecules. Therelatively strong hydrogen bonding keep the
water mol ecul es clustered together, and no mixing occurs.

Solutions of Solids in Liquids

Take two containers and add water to both. Put table salt in the first container and table
sugar in the second container and stir. What did you observe? Did both solids dissolve in

water? Repeat the same procedure using oil instead of water.

What did you observe? Did both solids dissolve in o0il? Discuss your observations with your

classmates. Can you make generalization from your observation?

Solids composed of polar moleculesor ions, areinsolublein non-polar solvents. The
weak solute-solvent interaction, compared with thestrong attractionswithinthecrystd, is
not sufficient to tear apart thelattice. Thisiswhy sugar, which consstsof moleculeslightly
bound to each other by hydrogen bonding, isinsolublein solventslikeoil. However, sugar
issolubleinwater, becausethissolvent attracts sugar moleculesin the sameway that sugar
mol ecul esattract each other.

Solids whose crystals are held together by London forces are able to dissolve to
appreciable extentsin non-polar solvents. However, they are not solubleto any great
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degreein polar solvents, for the same reason that non-polar liquidsareinsolublein polar
solvents.

Can you give an example of a solid non-polar compound that dissolves in benzene
but not in water ? Water and other polar moleculesareattracted toions. Theelectrostatic
attraction between anion and amoleculewith adipoleiscalled anion-dipol e attraction.
Theseattractionsplay an important rolein the dissol ution of ionic compoundsin water
(Figure1.5).

Figure 1.5 lon-dipole force in dissolving an ionic crystal.

What happens when ionic compounds dissolve in water?

Whenionic compounds, suchasKCl, dissolveinwater, (Figure 1.6), theionsinthesolid
Separate becausewater mol ecules surround and sol vate theions. When potassum chloride
isadded to water, theion-dipoleforcesattract the positive (hydrogen) end of the polar
water moleculesto the negative chlorideion at the surface of the solid, and they attract the
negative (oxygen) end to the positive potassium ions. The water molecul es penetrate
between individual K* and Cl~ionsand surround them, reducing the strong inter-ionic
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forcesthat bind theionstogether. Thisreduction allowsthem to move off into solution as
hydratedions. In genera, when asol ute particle becomes surrounded by solvent molecules,
wesay that it issolvated. When the solvent iswater the processiscalled hydration.

H
H H o~
S o 1
H—O. | _O—H H M (’_H/O\H
K .CI%.
H—0 | O—H H™ © H
o | oy o
H N H | | |
H H H O H
H

Figure 1.6 K*and CI- surrounded by H,0 molecules.

InGrade 11 Chemistry, you learned about the cleansing action of soap, whichwork onthe
principleof “likedissolveslike’. Non-polar tailsof soap dissolveinoil and greaseglobules.

Thepolar headskeep the particle suspended in water inwhich they can be washed away.
1.3.2 The Rate of Dissolution

What are the major factors that affect the rate of dissolution?

Therate of dissolution isthe speed with which asolute goesinto solution. Thislargely
dependsupon theinter-particle forcesand, to alesser extent, on conditions such asthe
surface areaof the solid solute, and the temperature and the pressure of the system.

I nter-particleforceisthe extent to which solvent molecul esinteract with particlesof the
solute. When the sol vent-sol uteinteractions are stronger than those between sol ute-solute
and sol vent-sol vent particles, the dissol ution process becomeseasier.

Increasing surface areawill increasetherate of dissol ution becauseit increasesthe number
of solute particlesin contact with the solvent.
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1.3.3 Energy Changes in the Solution Process

L LD LD L] E!
Iﬂlﬂlﬂ"l‘

I nvestigation of Heat of Solution

Heat of Solution

Experiment 1.3

Obj ective: Toinvestigatethe hest of solution of sodium hydroxideand ammoniumnitrate.
Appar atus. Erlenmeyer flask, thermometer, cork.

Chemicals: Sodium hydroxide, anmonium nitrateand water.

Procedure:

1. Pour 50 ml of water into Erlenmeyer flask and place athermometer asshownin
Figurel.7.

Figure 1.7 Apparatus to measure the heat of solution of sodium hydroxide.

2. Recordtheinitia temperature of thewater.

3. Removethe cork, along with thethermometer, and add 4 g of sodium hydroxide
pellets.
4. Replacethecork gently, stir the contents, and notethe highest temperaturereading.

5. Determinethe heat of the solution of sodium hydroxide.
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6. Repeat theexperiment, using4gof ammonium nitrate.
7. Copy and completethefollowing table.

Chemical Initial temperature ~ Maximumtemperature Heat of
of the solvent of thesolution solution

NaOH
NH,NO,

8. Writedown your conclusion.
Present your findings.

What are the three major interactions that are observed in the solution process?

You havelearned that the solution process hasthree steps. The amount of energy that is
absorbed or rel eased when one mol e of asubstance enterssolution is called the heat of
solutionandisgiventhesymbol AH°g |, whichisthesum of theenthal piesassociated with
thethree stepsin the solution process (Figure 1.3).

*  Theseparation of solute particlesisendothermic because energy isrequired to
overcometheforces holding the solute particlestogether. For gases, thisstepis
ignored because their molecul esare aready widely separated.

*  Theseparation of solvent particlesisal so endothermic becauseenergy isrequired
to overcometheforceshol ding the sol vent mol ecul estogether.

*  Eachsoluteparticleissurrounded by alayer or “cage’ of solvent moleculesthat is
attracted toit by intermolecular forces. Thisstep can be endothermic or exothermic,
andisreferred to assolvation.

Thehesat of solution AH"SOI

AHO, = AHS + AHS + AHS = AH®

o
Hydration +AH

Latice energy
where AH? and AH, are enthal pies required to separate solute particles and solvent
molecules, respectively, and AHistheentha py of solvation. If thesolute-sol vent attraction
isstronger than both the solvent-sol vent attraction and the sol ute-sol ute attraction, the
solution processisfavourable, or exothermic (AH, <0). If the sol ute-sol vent interaction
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isweaker than the sol vent-sol vent and sol ute-sol ute i nteractions, then the sol ution process
isendothermic (AH g, > 0).

Hydration of lonic Solids in Water
What is lattice energy? How can it affect the solubility of ionic solids?

Hydration of ionsfavoursthe dissolution of anionic solid inwater. Theionsinanionic
crystal arevery strongly attracted to oneanother. Therefore, the solubility of anionic solid
dependsnot only on the energy of the hydration of ions, but also on lattice energy, which
aretheenergy holding ionstogether inthe crystal lattice. L atticeenergy worksagainst the
solution process, soanionic solid with relatively largelatticeenergy isusualy insoluble.

L attice energies depend on the charge on the ions and al so the distance between the
centresof the neighbouring positiveand negativeions. Asthe magnitude of thechargeon
the ions increases the lattice energy aso increases. For this reason, you can expect
substances with single charged ionsto be more comparatively soluble, and thosewith
multiple charged ionsto belesssolubleinwater.

Take 1 g of KNO,, NH,Cl, and Na,CO, each and dissolve them in water in different test
tubes. What did you observe? Which of these chemicals dissolves faster? Is there any
change in temperature before and after mixing? Which solution becomes hot and which
becomes cold, when solute and solvents are mixed? Discuss your observations with your

classmates.

Discuss the following questions and write a report. Present your report to the class.

1. How do you compare the hydration of the ions of Group | metals with that of Group II
metals? Give reasons.

2. Compare the solubility of Mg(OH), with Ba(OH),, MgSO, with BaSO,. Justify your
answers in terms of lattice energy and hydration energy.
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1. Defineeachof thefollowing.

3. Sodium carbonateissolubleinwater, while cal cium carbonateisinsoluble. Why?

Exercise 1.3

a rateof dissolution d hydrationenergy
b hesat of solution e latticeenergy
c Solvation f ided solution

Indicate thetype of solute-solvent interaction that should be most importantin
each of thefollowing solutions:

a KBrinwater ¢ NaOH inwater
b Toluene, C;Hg, incyclohexane, CH,,

1.4 SOLUBILITY AS AN EQUILIBRIUM PROCESS

At the end of this section, you should be able to:

describethedistinctionsamong unsaturated, saturated and supersaturated sol utions;
prepare asupersaturated sol ution of sodium phosphate;

explaintheequilibrium nature of asaturated solutions;

define solubility and describe thefactorsthat affect the solubility of substances;
investigatethe effect of temperature on the solubility of sodium sulphatein water;
conduct an experiment to determinethe solubility of tablesalt and sugar inwater;
date Henry'slaw;

use Henry’s law to calculate the concentration of gaseous solute in asolution.

5.

Form a group and perform the following activity.
1.
2.

Pour 50 mL water in a beaker.
Add some crystal of Na,SO, into the water using spatula and stir until it dissolves.
a What do you call this type of solution?

. Continue adding more and more Na,SO, stirring to dissolve.

b What do you observe after addition of large amount of solute?
Filter the undissolved solute. Collect the filtrate or the solution.

¢ Why does the solute remains undissolved?

d What is the name of such a solution?

Add some more solute to the filtrate and stir.

e Does the additional solute dissolve?

Discuss your findings with rest of the class.
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Experiment 1.4

| nvestigating the solubility of NaCl

Obj ective: Todeterminethe solubility of sodium chlorideinwater.
Appar atus. Beaker, evaporating dish, measuring cylinder, glassrod, filter paper,

analytica balance, and Bunsen burner.

Chemicals: Sodium chlorideand weter.

Figure 1.8 Experimental set-up for the determination of the solubility.

Procedure:

1
2.

Takean evaporating dishand weighit.
Take 100 mL of water in abeaker and add sodium chloridetoit. Stirrthesolution
vigoroudy with aglassrod, until undissolved sodium chlorideisleft inthebeaker.

Take 50 mL of the supernatant saturated sol ution (assumethat 50 mL of solutionis
equal to 50 mL of the solvent) and transfer it to an evaporating dish.

Heat the solution in the evaporating dish asshown inthe Figure 1.8, till al the
water has evaporated and dry sodium chlorideisleft intheevaporating dish.

Cool the evaporating dish containing dry sodium chlorideto room temperature
andweighitagain.

Observations and analysis:

1

2.
3.
4

Volumeof theNaCl solution
Weight of theempty evaporating dish .
Weight of the evaporating dish + NaCl collected after evqooratl ng the solvent ..

Caculatethe solubility of NaCl inwater and expresstheresultsin gramsof NaCI/
100 g of water.
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When anionic solid dissolves, ionsleave the solid and become dispersed in the sol vent.
Occas onally somedissolved ions collidewith the undissol ved solute and crystallize. As
long astherate of dissolutionisgreater thantherate of crystalization, the concentration of
ionsinthesolution rises. Eventualy, ionsfromthe solid are dissolved at the samerateas
theionsinthesolutionarecrysdlized. At thispoint, eventhoughdissolutionand crygtalization
continue, thereisno further changein the concentration over time. The system hasreached
equilibrium. That is, excessundissolved soluteisin equilibriumwith thedissol ved solute.

Dissolution

Crystallization

Solid (solute) Dissolvedions

After equilibriumisestablished, no more solid dissolves. Why? Such asolutionissaid to
be saturated. A saturated solution isasolution inwhich the dissol ved and undissolved
solutesareindynamic equilibrium seeFigure 1.9.

< Ry < R < T <
- T s

I

a

@ >

b

@ >

C

Figure 1.9 Formation of a saturated solution.

a A coloured solid soluteisadded to water.

After afew minutes, the solution iscoloured, dueto the dissolved solute, and there
islessundissolved solutethanin ().

c After more time passes, the solution’s colour has intensified and thereis less
undissolved solute. Therefore, the solution in (b) must have been unsaturated.

d Still later, the solution colour and the quantity of undissolved solute appear to bethe
sameasthat in (c). Dynamic equilibrium must havebeen attained in (c) and persists
in(d). Thesolutionissaturated.

Beforeequilibriumisreached, the solutionissaid to be unsaturated. An unsaturated solution
isasolution that can dissolve more solute at agiven temperature.
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Prepare a saturated solution of sodium thiosulphate (Na,S,0,) in beaker containing 50 mL

water. Heat the solution so that extra amount of solute dissolves.

Filter and divide the solution into two parts in two different beakers. Keep both the
solutions to cool slowly undisturbed. After cooling stir one of the solutions and observe
what happens.

Drop a small grain of crystal in the second one and observe the result.
What is the name of such a solution that is made by cooling concentrated solution?

a
b What happens when the solution was stirred?

(g

What about the solution to which a crystal grain is dropped? Why?

o

What did you understand from the activity?

Thesolubility of many ionic solidsin water increasesastemperatureincreases. They form
supersaturated solutions, which actualy containlarger amountsof solutethan in saturated
solutions. Supersaturated sol utions can sometimes be prepared by saturating asolution at
ahightemperature. Honey isan example of naturally occurring supersaturated solution. It
containsglucose, asasolute, and water, asasolvent. If honey isleft to stand, the glucose
eventudly crysdlizes.

Supersaturated sol utionsareunstable, and addition of a“ seed” crystd of solutewill generdly
causedl of the excesssoluteto suddenly crystallize see Figure 1.10.

A Hotsupersaturated solution before seeding.
B Coldand undisturbed supersaturated solution without seeding.
C Coldsupersaturated solution after seeding.

Figure 1.10 Seeding a supersaturated solution.
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1.4.1 Effect of Temperature on Solubility of Solute

1. Prepare a saturated solution of Na,SO, at room temperature.

Heat the solution on a tripod with wire gauze and add some crystal of Na,SO,.
What happens to the solute?

If the solute dissolves add more and continue heating.

What is the effect of temperature on solubility of this solute?

S

After all the additional solute dissolves remove the beaker from the tripod and add
cold water on the side of the beaker.

Sl

What do you observe?

8. What is the effect of cooling the solution?

9. Why do we always mention temperature when we report solubility of substances?

Temperature affectsthe solubility of most substances. Whenasolid dissolvesinaliquid, the
solute particles must separate, so energy must be added. Thus, for asolid, AHZ . > 0.
In contrast, gas particlesare already separated, soAHg, .= 0. Becausethe hydration
step isexothermic (AH°Hydra< 0), the sum of thesetwo termsmust be negative. Thus, for
al gasesinwater, AHZ  <O0.

Solute(g) + Water(l) — Saturated solution(ag) + Heat

Thisequation meansthat solubility of gasesinwater decreaseswith rising temperature. In
mogt (but certainly not all) cases, the solubility of asolid substanceincreaseswithincrease
intemperature. The magnitude of theincreasein solubility variesfrom one substanceto
another. The solubility of sodium chlorideinwater increases by only about 10% from 35.7
0/100gto 39.8 g/100 g, whenthetemperatureisraised from 0 °Cto 100 °C. The solubility
of slver nitrate, however, increasesby over 700%from 122 g/100gto 951 g/100 g, over
thesametemperaturerange.

A few solids such as sodium sul phate have unusud solubility characteristicsin water. The
solubility of sodium sulphaterisesbetween 0°Cto 32.4 °C, whereit reachesamaximum
of 49.7gNa,SO, per 100 g water. Further, the solubility of sodium sulphate, decreases
by about 19.23%, changing from 49.7 g/100 g at 32.4 °C, t0 42 g/100g at 100 °C. Thus
someionic compounds show mixed solubility behaviour. Figure 1.11 showsthe solubility
of someionic compoundsinwater, asafunction of temperature.
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Figure 1.11 Approximate variation of solubility with temperature for some ionic
salts in water.

1.4.2 The Effect of Pressure on Solubility

Why pressure significantly affect only the solubility of gases? Sinceliquids and solids
areamost incompressible, pressure haslittle effect on their solubility, but it hasamajor
effect on gassolubility. The solubility of gasesawaysincreaseswithincreasing pressure.
Theeffect of increased pressure on solubility haslong been used inthe beverageindustry,
where carbonated beverages such as champagne, beer and many soft drinksare bottled
under CO, pressure, up to 4 Pa.

Thesolubility of agasinaliquidisdirectly proportional tothe partia pressure of thegas
over thesolution.

The quantitativerel ationship between gas solubility and pressureisgiven by Henry'slaw,
which statesthat

“at agiven temperaturethe solubility of agasinaliquidisdirectly proportional tothe
partid pressureof thegasover thesolution”.

Cy= K, Py
whereC_isthemolar concentration (mol/L) of the dissolved gas, Pg isthepressure(in

atm) of tl[ile gasover thesolution and k,, isHenry’slaw constant, which isexpressedin
mol/L am.

Consider the piston-cylinder assembly in Figure 1.12, inwhich gasisabove asaturated
agueoussolution of thesamegas. At agiven pressure, P, , thesamenumber of gasmolecules
entersand leave the solution per unittime. i.e., thesystemisat equilibrium.

Gas + Solvent — Saturated solution
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If you push down the piston (increasing pressureto P,), the gas volume decreases and
gasparticlescollidewith theliquid surface more often. Thus, more gas particlesenter the
solution per unittime. Higher gaspressure disturbsthe balance of equilibrium, somoregas
dissolvesto reducethisdisturbance until the equilibriumisestablished inthe system.

P,
L P
v

— | |
A. ) ; e
&_%

N s¥V® = - =

- - > 9.'.;.
v v

a b

a) Asaturated solution of a gas s in equilibrium at pressure P,

b) If the pressure is increased to P,, the volume of the gas decreases. As a result,
the collisions with the surface increases, and more gas molecules enter the
solution when equilibrium is re-established.

Figure 1.12 The effect of pressure on gas solubility:

Table 1.1 Henry’s Law constants for some gases in water at 20°C.

Gas k,, (mol/L. atm)
Air 7.9 x 107*
Argon 1.5 x 1073
Carbon dioxide 3.3x 1072
Helium 3.7 x 107*
Neon 50 x 10
Hydrogen 8.5 x 107
Nitrogen 7.0 x 107*
Oxygen 1.23 x 1073
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Example 1.1

Thepartia pressure of carbon dioxidegasinsdeabottle of mineral water is4 atm
at 25°C. What isthe solubility of CO,?

Solution:
Given: Required:
PCO2 =4am CCO2 =7
k, =3.3x10?mol/Latm
C002 =ky - P002
=3.3x102mol/L. aih x 4 gih
=0.1mol/L
Ceo, =01 mol/L

Exercise 1.4
1. Ifair contains 78% N, by volume, what isthe solubility of nitrogenin water at
25°C?
2. Calculatethe concentration of CO, inasoft drink after the bottleis opened at
25°C under aCO, partial pressureof 3.0 x 10+ atm.

1.5 WAYS OF EXPRESSING CONCENTRATIONS OF
SOLUTION

At the end of this section, you should be able to:
* definetermslikesolution, concentration, mass percentages, ppm and ppb of asolute
inasolution;
 caculatethemass percentage, ppm and ppb of asolutein asolution from given set
of information;
» definemolefraction, molarity, equivalent mass, number of equivalents, normality
andmoldity;

 caculatemolefraction, molarity, normality and molality of asolution from given set
of information; and

* interconvert variousconcentration expressions.




‘ CHEMISTRY GRADE 12

What does concentration mean? How do you determine it?

The concentration of asolutionistheamount of solute present in agiven quantity of solvent
or solution. The concentration of a solution can be expressed either qualitatively or
quantitatively. Thetermsdiluteand concentrated are used to describeasol ution quaitatively.
A solutionwith arelatively small amount of soluteissaid to bedilute. Onewith alarge
amount of the solutesis said to be concentrated.

Theknowledge of concentration can bevery useful in everyday life. For example, human
beingsestimate the quantity of solutessuch assugar and sdlt, in beveragesand other food
solutions by tasting. However, sometimestasting asubstanceisnot safeand, in general,
thisisnot an accurate method of estimating the concentration of soluteinasolution. Why?

Several quantitative expressions of concentration are used in chemistry. Hereyou are
goingtolearn masspercentage, ppmand ppb, molefraction, molarity, normdity and molaity
of asolution.

1.5.1 Mass Percentage, ppm and ppb of Solute

What does mass percent mean? How do you convert it to ppm and ppb?
Per cent by mass: The percent by mass, also called percent by weight or weight percent,
istheratio of themass of asoluteto the mass of the solution, multiplied by 100.

Massof solute
X
Massof solute+ Massof solvent

Percent by massof solute= 100

or
Massof solute

Percent by mass of solute= Massof solution < 100

Thepercent by masshasno unit becauseitistheratio of two similar quantities.

Example 1.2

A solution is made by dissolving 13.5 g of glucose, C;H,,Oy, in 0.100 kg of
water. What i sthe mass percentage of solutein thissolution?

Solution:
Given: Required:
Massof solute=13.59g % by massof solute?

Massof solvent =0.100kg = 100 g

Massof glucose
Massof solution

_ 135g
~ 135g+100g

% by mass of glucose =

x 100 = 11.9%




SOLUTIONS (UNIT 1) .

Partsper million (ppm): Whenthemassof soluteinthesolutionisvery small, awidely
used expressionispartsper million (ppm).

m of component = Massof solute x 108
PP P ~ Massof solution

or

ppm = Mass percentage of solute x 10*

Example 1.3

A 2.5 g sampleof ground water wasfound to contain 5.4 ug of Zn?*. What isthe
concentration of Zn?*, in parts per million?

Solution:
Because 1 ugis1x10°g,5.4ug=5.4%x10"°¢g
Massof solute 5.4x10°g
Thus, ppm = — x106= ——— x 105=2.16 ppm
PPM= "M assof solution 259 PP

Example 1.4

Express5% (m/m) solution of NaCl inppm.
Solution:

ppm = Mass percentage x 10*
=5x 104

For solutionsthat areeven moredilute, partsper billion (ppb) isused. A concentration of
1 ppb represents 1 g of solute per billion (10°%) gramsof solution.

Massof solute

= 9
ppb Massof solution x 10

Exercise 1.5
1. Asampleof 0.892 g of potassium chloride, KCI, isdissolved in 54.6 g of water.
What isthe percent, by mass, of KCl inthe solution?

2. a If 150g of orangejuice contains 120 mg of ascorbic acid (Vitamin C), what
isthe concentration of ascorbic acid, expressed in ppm?

b Expressthe concentration of ascorbic acid givenin () in ppb.
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1.5.2 Mole Fraction (X)

What isthedifference between molefraction of non-electrolytesand mole-fraction
of electrolytes?

Themolefraction (X) of asoluteistheratio of the number of molesof solutedivided by the
total number of molesof asolution (moles of solute+ moles of solvent).
Molefraction for anon-electrolyte (X) =

Number of molesof solute
Number of molesof solute+ Number of molesof solvent

nSoI ute r]Solvent

or X =——; X =—
Solute ! Solvent
! nSqute + r]Solvent v nSolvent + nSoI ute

A useful relation between X, .. and X, o IS:

n n
Solvent + Solute — 1

><Solvent + XSoI ute = n

Solvent + nSqute nSqute + nSoIvent

For an el ectrolyte solution, themolefractioniscal cul ated by treating the cationsand anions
asindividua particles; hence,

X — nCati ons
Cations +n

Anions

+ N

Cations Solvent

A similar expression can bewrittenfor X, . .

Example 1.5

What isthemolefraction of |,inasolution containing 30g of 1,,in400g of CCl,,?
Solution:
First find the number of molesof 1, and the number of molesof CCl ,

Number ofmolesof 1, = — =0l 08 o450
Hmber ot moles o, = Molar massof I, 254g/mol ~ mots
_ Massof CCl, ~ 400g
Number of molesof CCl,, = Molar massof CCl,  254g/mol =2.6mol CCl,
n 0.12mol

2

X, N, +nNeg, " 0.12mol+2.6mol
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Exercise 1.6
1. 1moleof acohol ismixedwith 3 molesof water. Cal cul ate the molefraction of
acohol and water.

2. Deerminethemolefraction of the substancesin asol ution containing 36 g of water
and 46 g of glycerine, C;H,(OH),.

3. 0.1 moleof NaCl isdissolved in 10 molesof water. Calculatethe molefraction of
Na*ionsand Cl-ions.

1.5.3 Molarity (M)

Molarity or molar concentrationisthe number of molesof solutein 1 L of solution. Molarity
isdetermined by theequation
Number of molesof solute

MOla”ty (M): Vo|ume(L)Of solution

Massof solute
Molar massof solute

But, Number of molesof solute=

Therefore,

Molarity = Massof solute |
Molar massof solutexVolume(L) of solution
Example 1.6
What isthe molar concentration of asolution containing 16.0 g of CH,OH in200
mL of solution?
Solution:

Given: Required:
Mass of solute (CH,OH) =16¢ Molarity =?

Volumeof solution=200mL =0.20L
Molar mass of CH,OH =32 g/mol
Massof CH,OH
Molar massof CH,OHxVolume(L) of Solution
169
~ 329/molx0.20L

Molarity =

=250mol/L =250 M

27
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Example 1.7

How many grams of potassium dichromate (K,Cr,O.) arerequired to prepare
250 mL of solutionwhose concentrationis2.16 M?

Solution:
Given: Required:
Volumeof solution=250mL = 0.250L  Mass of K,Cr,0, =?
Molarity (M) of solution=2.16 M
Molar mass of K,Cr,0, =294 g/mol

_ Massof K,Cr,O,
Molarity = ojar massof K ,Cr,0, x Volume(L) of Solution

Mass of K,Cr,0, =Moalaity x Molar massof K,Cr, O, x Volume(L) of solution
=2.16 mol/L x 294 g/mol x 0.250 L
=159 g K,Cr, 0O,

Exercise 1.7
1. 5.85gof sodiumchloride (NaCl) isdissolvedin 250 mL of solution. Calculate
a themolarity of thesolution.
b themasspercentage of the solute.

2. How would 250 ml of 0.15M KNO, solution be prepared?

1.5.4 Normality (N)

What are number of equivalents and equivalent mass? How are they used in
calculating the normality of a solution?

Thenormdlity of asolution (N) isthe number of equivaentsof the solute containedinone
litreof solution.

Number of equivalentsof solute
Volume(L) of solution

Normality (N) =

Thenumber of equiva ents can be determined from the equivalent mass.
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*  Theequivdent massof an acidisobtained by dividingitsmolar massby the number
of H* ionsfurnished by oneformulaunit of theacid, or by the number of hydroxide
ionswithwhich oneformulaunit of theacid reacts.

Theequivalent massof HCI, for example, isthe sameasitsmolar mass, sinceit
containsone acidic hydrogen per molecule. Theequivaent massof sulphuric acid,
H,SO,, isusualy half itsmolar mass, since both hydrogen are replaceablein most
reactionsof dilute sulphuric acid. An equiva ent of phosphoric acid may be1 mol,
1/2 mol or 1/3 mol, depending on whether one, two or three hydrogen atoms per
moleculearereplaced, respectively, inaparticular reaction.

*  Theequivadent massof abaseisobtained by dividing itsmolar massby the number
of OH-ionsfurnished by oneformulaunit of abase or the number of H* ionswith
which one formula unit of the base reacts. The equivalent mass of NaOH, for
example, isequal to itsmolar mass, since one mole furnishes only one mole of
OH-ion.

*  Theequivdent massof anoxidizing agent or areducing agent for aparticular reaction
isequa toitsmolar massdivided by thetotal number of molesof electronsgained
or lost whentheredox reaction occurs. For example, theequivalent massof KMnO,
inthereaction

KMnO, + KI + H,SO, - K, SO, + MnSO, + I, + H,O
isdetermined asfollows.
Theoxidation number of Mnionis(+7) inKMnO,, andischangedto (+2) inMnSO,.

Thisshowsthat it isa5-electron transfer reaction.
Molar massof KMnO,

Equivalent massof KMnO, = 1" Electronsgained
_ 158g/mal _ 3160/
~ seg/mol 09

*  Theequivalent mass of asalt isequal to its molar mass divided by number of
total positive charges (total positive valency).

Number of equivalentsof solute
Volume(L) of solution

Normality (N) =
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Massof solute
Equivalent massof solutexVolume(L) of Solution

or  Normality (N) =

Noticethat normality ismolarity timesn. Itisalwaysequa to or greater than molarity.
N=Mxn
Wherenis

*  number of ionisable hydrogenionsand hydroxideions per moleculefor acidsand
bases, respectively.

*  total number of positivechargesfor sats.

*  total number of electronslost or gainedin redox reactions.

Example 1.8
Calculate the number of equivaents present in 0.50 mol H,PO, if theacidis
a completely neutralizedto give PO3-
b converted to H,PO,
c convertedto HPO3-
Solution:
a Sinceitiscompletely neutralized, abalanced equation iswritten as
H,PO, — 3H* + PO
From the reaction, one mole of H,PO, produces three moles of H* ions.
Therefore,
Number of equivalents = Moles of H,PO, x 3
=0.5%x 3=1.5equivaents
b Thereactionfor theformation of H,PO; is
H,PO, - H" + H,PO;
Onemoleof H,PO, produces one moleof H*. Therefore,
Number of equivaents = molesof H,PO, x1

=0.5x1=0.5equivalents
c H,PO, — 2H* + HPO*
Onemoleof H,PO, producestwo molesH*. Therefore,

Number of equivalents = moles of H,PO, x 2
=0.5x 2=1equivaent
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Example 1.9
Cdculatethe:
a normality b molarity
of 49 g of H,SO, in 500 mL of solution®?
Solution:
Given:

V=500mL=05L
Massof H,SO, =499

Number of equivalents
Volume(L) of solution

a Normality =

Given mass
Equivalent mass

Number of equivalents=

Molar mass

n
SinceH,SO, furnishes2 molesof H* ions, nequals2.

Equivaent mass=

Molar mass of H,SO,

= Equivdent mass = .
~98g/mol
~ 2eq/mol =499/
Number of equivalents= Glvenmass ___ 499 =1leq

Equivdentmass 49g/eq

Number of equivalents  1eq o
Volume(L)of solution 0.5L
b Tofind molarity, usethereation

N=nxM,wheren=2for H,SO,

Normality =

= o

Example 1.10

Given the unbal anced equation
KMnO, + KI + H,SO, —» K, 8O, + MnSO, + I, + H,0
a How many gramsof KMnO, areneeded to make 500 mL of 0.250 N solution®?
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b How many gramsof K| are needed to make 25 mL of 0.36 N solution?

Solution:
a Intheexamplegiveninthenoteabove, we have seen that the equivalent mass

of KMnO, is

Equivaent massof KMnO, = Molar mass

a 4~ Number of electron gained per mole
158 g/ mol
~ 5eg/mol =316
Massof KMnO,

Nz IR = Equivalent massof KMnO, x Volume(L) of solution

Massof KMnO,=Normality (N) x Equivaent massof KMnO, x Volume(L ) solution
=0.250 eg/L x 31.69/eqx0.50L =3.95gKMnO,

b Inthegivenreaction, the oxidation state of iodineischanged from—1inKI to
Qinl.,

Molar massof Kl
Number of electronslost per mole

Hence, equivaent massof KI =

166 g/mol
"~ leg/mol

Mass of KI =Normality (N)x Equivaent massof KI x Volume (L) of solution
=0.36 eg/L x 166 g/eq x 0.025 L
=1.49gKiI

Example 1.11

What isthe normality of asolutionthat contains2.94 g of K,Cr,O,in100 mL of
solution? What isitsmolarity?K,Cr,O, isused asasdt.

Solution:
Given: Required:
Mass of K,Cr,0,=2.94¢ Normality (N) =7
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Volumeof solution=100mL =0.10 L

Massof K,Cr,O,
Total positivevalanceper mole

Equivalent massof K,Cr,O,

_ 294g/mol — 1474/
= 2gleq g/eq
Normality (N) = Massof K,Cr,O,
ormality (N) = Equivalent massof K ,Cr,0, x Volume(L) of solution
_ 2949 02N
~ 147g/egqx0.10L
. Normdity 0.2N
Molarity = = =01M

2

Exercise 1.8

1. How many equivaentsof soluteare containedin
a 1L of 2N solution?
b 1L of 0.5N solution?
c 0.5L of 0.2N solution?

2. Calculate the mass of Al(SO,), in 250 mL of solution if the concentration
is0.48N.

3. Cdculatethemolarity and normality of asolution that contains 16.2 g of the salt
Fe,(SO,);in 200 mL of solution.

1.5.5 Molality (m)

What is the difference between molarity and molality?

Themoldity of asolutionisthe number of molesof solute per kilogram of solvent contained
inasolution.

Notethat molal solutionsare prepared by measuring masses of solute and solvent, not
volumesof solvent or solution.

Number of molesof solute
Mass(kg) of solvent

Molality (m) = , or
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M assof solute

Molali =
olality (m) Molar massof solutex Mass(kg) of solvent

Example 1.12
Cdculatethemoldlity of asolution prepared by dissolving 32.0gof CaCl,in271g

of water.

Solution:
Given: Required:
Massof CaCl,=32.09 Moldlity (m) =?

Massof H,0=2719g=0.271kg

Massof CaCl,
Molar massof CaCl, x Mass (kg) of H,O

Moldity (m) =

. 32049
"~ 111 g/ mol x 0.271kg

=1.06 mCaCl,

Exercise 1.9

A solution of hydrochloric acid contains 36 percent HCI, by mass
a Cdculatethemolefractionof HCl inthesolution.
b Cdculatethemolality of HCl inthe solution.
¢ What additiond informationwould you needto cal culatethemol arity of the solution?

1.5.6 Conversion of Concentration Units

All thetermswejust discussed represent different waysof expressing concentration. How
can you convert one concentration unit to another ? Observe thefollowing guidelines
when you convert one concentration unit to another.

*  |f thedensity and massof asolution aregiven, you can determinethevolumeof the
solution. Similarly, if thedensty and volumeof asolution aregiven, you cancaculae
themassof the solution.

*  Moaldity involvesquantity of solvent, whereasthe other concentration unitsinvolve
quantity of solution.
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Example 1.13

Hydrogen peroxideisapowerful oxidizing agent used in concentrated solutionin
rocket fuelsand, indilutesolution, in hair bleach. An agueous solution of H,0O, is
30% by massand hasadensity of 1.11 g/mL. Calculatethe:

a moldity of thesolution

b molefractionof H,0,

¢ molarity of thesolution
Solution:

a For molality, we need the number of moles of solute and the mass (kg) of
solvent. If we assume 100 g of H,O, solution, we can express the mass
percentage directly as mass of substance. We subtract the mass of H,0, to
obtainthe mass of solvent. Tofind moldity, we convert massof H,O, tomoles
and divide by massof solvent.

Massof solvent (H,0) =Massof solution—Massof solute
=100.09—-30.0g=70.0¢g

Molesof H,0,= —229 _ _ 882 mol H.0
olesof H,0,= 370 /mel = 0:882mol H,0,
. lesof H,O0,  0.882mol
Molality (m) = — > > e 2882 MO

Mass (kg) of solvent  0.070 kg
=12.6 mH,0O, solution

b Tofindthemolefraction, you usethe number of molesof H,O, from part aand
convert themassof H,Otomoles.

Number of molesof H ,0,=0.882 mol H,O,

70.0
Number of molesof H,O = 019 =3.88 mol of H,O
27 18g/mol 2
molesof H,O, 0.882

Xip0, = _ .
"2 " molesof H,0, + molesof H,0  0.822+3.88 ~ 018

¢ Tofind molarity, we assume 100.0 g of solution and use the given solution
dengity tofind thevolume.
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Mass
Volume

Dengty =

Massof solution
Density of solution

Volumeof solution =

~100.0g
" 111g/mL

=90.1 mL

Number of molesof solute
Volume(L) of solution

Molarity (M) =

0.882mol _
= —0.090L =9.79M H,0, solution

Exercise 1.10

1. Asampleof commercial concentrated hydrochloricacidis11.8 M HCl and hasa
density of 1.190g/mL. Caculate

a themass%of HCI
b themoldity of HC
¢ themolefractionof HCI
2. Themolefraction of ethanol inwater is0.3. Calculate
a themoaldity of thesolution

b themasspercent of ethanol

1.6 PREPARATION OF SOLUTIONS

At the end of this section, you will be able to:

*  Preparemolar solutions, normal solutionsand mola solutionsof different substances;

» Explaindilution processand cal culate the volume or concentration changesduring
thedilution of solutions; and

* Prepareadilute solution from aconcentrated sol ution.
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Experiment 1.5

Preparation of Solutions of Known Concentrations

Objective: To prepareal molar NaCl solution and a1 molar table-sugar solution.

Apparatusand Chemicals: 200 mL volumetric flasks, stirrers, beakers, measuring
cylinders, balance, sodium chloride, sugar, and water.

Procedurel:
1. Weigh 11.7 g of sodium chloride, using abalance, and add to abeaker.

2. Add about 50 mL of water to the beaker containing the sodium chloride and
dissolveit by tirring.

3. Usingafunnéd, transfer the solution to thevolumetric flask.

4. Sowly add morewater to the volumetric flask until the solution reachesthe volume
mark.

Observations and analysis:
a How many molesof sodium chloride did you useto prepare the solution?
b What arethemolarity and normality of thesolution?

Procedure 2:

1. Weigh a beaker and record its mass. Then add 50 g of water. Perform the
measurement and calculaions:

Mass of beaker
Mass of beaker + massof water
Mass of water
2. Weigh17.1gof tablesugar.
3. Dissolvethe 17.1 g of table sugar in the beaker containing 50 g of water, by
dirring.
Observations and analysis:
Calculate:
a masspercent of thesolution.
b molefraction of thesolution.
¢ moldity of thesolution.

How do you prepare a solution of known concentration?

A commontaskinschool, medicd, indudtrid and other chemicd |aboratoriesisthe preparation
of solutionsof known concentrations. For agueous solutions, distilled, de-mineralized or
de-ionized water is used. Other solvents can also be used, depending on the solution

37
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specified. Solutionsare usually prepared from solutes of liquidsor solids. Occasionally
they are prepared from gases. First, the soluteisaccurately weighed and transferred to a
volumetric flask, then water isadded through afunnel (Figure 1.13a). Next, thesolidis
dowly dissolved by gently swirling theflask (Figure 1.13b). After dl thesolid hasdissolved,
more water isslowly added to bring the level of solution exactly to the volume mark
(Figure1.13¢). Knowing thevolumeof thesolutionintheflask and the quantity of compound
(the number of moles), you can cal culate the mol arity of the solution using theformulaof
molarity.

a b 4
Figure 1.13 Preparation of a solution of known molarity.

A one-molar solution of NaCl can be prepared by dissolving 58.5 g of NaCl inwater until
the solution becomesonelitre.

Dissolve 1g each of NaCl, CuSO,, and KMnO, in different 50 mL measuring flasks. Note the
colour intensity of the solutions.

Take 25 mL of solution from each flask and further dilute each solution to 50 mL.
Note the colour intensity again.

What did you observe? Can you correlate the colour intensity with the concentration of
the solution? Does this analogy works for colourless solution also? Discuss your
observations with your classmates.
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Diluting Solutions

Concentrated solutions are often stored in the laboratory as* stock” solutionsfor useas
needed. Frequently wedilutethisstock solution beforeworking with them.

Dilution is the procedure for preparing a less-concentrated solution from a more-
concentrated one.

In carrying out adilution process, it isuseful to remember that adding more solventtoa
given amount of the stock sol ution changes (decreases) the concentration of the solution
without changing the number of molesof solute present inthe solution. In other words,

Number of molesof solutebeforedilution=Number of molesof soluteafter dilution
Since number of molesof solute =molarity x volumeof solution,
=MxV
Number of of molesof solutebeforedilution=M,V;
Number of molesof soluteafter dilution=M,V;
Therefore, dilution can be expressed as
MV, =M.V,
or, moregenerdly,
CV.=CV,

WhereC,;isinitial concentration, C; isfinal concentration, V, isinitial volumeandV, is
find volume.

Example 1.14

Describe how you would prepare 5.00 x 10° mL of a1.75 M H,SO, solution,
starting with an 8.61 M stock solution of H,SO,.

Solution:

Because the concentration of thefinal solutionislessthanthat of theoriginal one,
thisisadilution process.

Given: Required:
M, =8.61M V,=?
M=175M
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V, =5.00x 102 mL
MV, = MV,

v=MxVe 175 M x 5.0 x 10° mL
oM, 861 M

=102 mL

Thus, wemust dilute 102 mL of 8.61 M H,SO, sol ution with sufficient water to
giveafina volumeof 5.0 x 10?mL.

Experiment 1.6 i“iuiﬂ;'*r:\

Preparation of Solution of Lower Concentration from Standard
Stock Solution

Obj ective: To preparediluted solution of H,SO,
Apparatus: burette, beaker, stirrer, funnel, stand with clamp
Chemicals: 18 M H,SO,, distilled water.

Procedure:

1. Carefully add the concentrated acid into the burette.

2. Slowly addwith stirring 10.0 mL of the acid into abeaker containing 50 mL of
digtilled water.

3. Transfer thenew solutioninto avolumetric flask (1 L) and add water up tothe mark.
Observations and analysis:
From Procedure 1 and 2:

a Why areacid added to thewater not thewater to the acid?

b Explainwhether volume, massor number of molesof the soluteischanged or not
inthe process.

¢ Whatisthenew concentration of theH,SO,?
From Procedure 3:

d Cdculateconcentration of the new solution.
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Exercise 1.11

a How do you prepare 60.0 mL of 0.2 M HNO, from astock solution of 4 M
HNO,?

b Youhave 100 mL of a0.5M HCI solution, and you want to diluteit to exactly
0.1 M. How much water should you add?

1.7 SOLUTION STOICHIOMETRY

At the end of this section, you should be able to:

» Usegoichiometericaly equivaent molar ratiosto ca culatetheamounts of reactants
and productsin areaction of pureand dissolved substances.

In Grade 9 Chemistry, you learned the stoichiometry of pure substances. What does
stoichiometry mean? How can you apply it to solutions? Form a group and discuss these
questions.

Sincemany environmenta reactionsand amost al biochemica reactionsoccur insolution,
an understanding of reactionsin solutionisextremely important in chemistry and related
sciences.

Solution stoi chiometry differsfrom pure-substances stoichiometry in that theamount of a
pure substance can be obtained by converting its mass into moles. For substancesin
solution, we must know the concentration to find the volumethat containsagiven number
of moles. Thus, the concept of molarity isvery important in sol ution stoichiometry.

You can think of molarity asaconversion factor. We useit to convert thevolume of a
solution to the number of moles of asolute. From theresult, we can find the mass or the
number of particlesof asolute.

Mole-Mass Problems

Therelationship between the mass of asubstance and the corresponding number of moles
isgoverned by themolar mass of the substance. But, for problemsinvolving substancesin
solution, we need to know the concentration of the solution beforewe can find the number
of moles.

M ole of asubstance = Concentration x Volume
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Example 1.15

What volumeof 1.40 M H,SO, solutionisneeded to react exactly with 100 g of
Al? Thebaanced molecular equationfor thereactionis

2Al + 2H,S0, — Al,(SO,), + 2H,

Solution:
We use the mole-mass method:
100
Number of molesof Al = "9 - 3.70 mol
27.0 g/mol

From the balanced equation, 2 moles of Al reactswith 2 molesof H,SO,. Tofind
the number of molesof H,SO, that reactswith 3.70 moles of Al, we proceed as
follows: 2molesof Al needs2 molesof H,SO,

3.7 molesAl needs X molesof H,SO,, therefore

3.7mol Alx2mol H,SO,
= 2mol Al

X=3.7mol H,SO,
Volumeof 1.40M H,SO, containing 3.70 mol

Number of molesof H,SO,  3.70mol
molarity ~1.40mol L™

=264 L

2.

Exercise 1.12
What volume of 1M HCI solutionisrequired to react with 6 g of magnesium?
Reaction: Mg(s) + 2HCl(ag) — MgCl,(ag) + H,(9)
What volumeof 0.25 M NaOH solutionisneeded to react with 50 mL of 0.125M
H,S0,?
Reaction: 2NaOH (ag) + H,SO,(ag) — NaSO,(aq) + H,O(l)

Calcium hydroxideissometimesused in water trestment plantsto purify water for
resdentia use. Calculatethevolumeof 0.0250 M cal cium hydroxide solution that
can react completely with 25.0 mL of 0.125 mol L~ aluminium sul phate solution.

Reaction: Al(SO,),(aq) + 3Ca(OH),(aq) — 2AI(OH),(aq) + 3CaSO,(s)
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Mole-Volume Problems

Inthistype of problem, the concentration of the solutionisgiven, and you are asked to
determinethe volume of the solution that contains arequired number of molesor vice
ver sa.

Example 1.16

Ammonium sulphateis manufactured by reacting sulphuric acid withammonia.
What concentration of sulphuric acid isneeded to react with 24.4 mL of a2.20
mol L~ ammoniasolution, if 50.0 mL of sulphuric acidisused?

H,SO,(a0) + 2NH,(ag) — (NH,),SO,(aq)
Solution:

First, wecal culatethe number of molesof H,SO, that react with the given amount
of ammonia. To do this, we need to know the number of molesof NH.,.

Number of molesof NH, =Molarity of NH, x Violume (L) of solution
=2.20mol L1x 0.0244 L
=0.0537 mal

Fromthebal anced equation above, 2 mol NH, reactswith 1 mol H,SO,.. Therefore,

the number of molesof H 2804 that reactswith 0.0537 molesof N H, is

0.0537 mol NH, x1mol H,S0,
2 mol NH,

=0.0268 mol H,SO,

0.0268 mol .

Concentration (molarity of H,SO,) = o 0.536 M

Mole-Number of Particles Problems

How do you relate number of moles and number of particles?
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Example 1.17

What volume of 0.5 M glucose (C;H,,0,) contains 3.01 x 10%2 molecul es of
glucose?

Solution;

We first change 3.01 x 1022 molecules of glucose to moles of glucose.
1 moleof glucose contains 6.02 x 103 molecules.

Therefore, 3.01 x 10?2 moleculesof glucosewill be

1 mol x 3.01 x 102 molecule
6.02 x 10 molecule
Since,

=0.05mol

Number of moles = Concentration x Volume

Volume Number of moles _ 0.05 prdl 0L~ 100mL
OUME =~ Concentration 0500 gl L2~ ~ - o

1.8 DESCRIBING REACTIONS IN SOLUTION

At the end of this section, you should able to:
» explaintherelationship between reacting ions, spectator ions, precipitation and
olubility;
* writenetionicequations.

What is the difference between molecular equations and ionic equations? What
are spectator ions?

We use chemical equationsto help usdescribereactions. Reactioninvolvingionscanbe
presented with different typesof chemical equations. The onewe use dependsonthekind
of information wewant to convey. We can represent such areaction by amolecular equation
or anionic equation.

1.8.1 Molecular Equation

A molecular equationisachemical equation inwhich thereactantsand the productsare
written asif they weremol ecular substances, eventhoughthey may actudly existinsolution
asions. Molecular equationsare useful becausethey are explicit about what thereactants
areand what productsyou obtain.
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Consider the reaction between calcium chloride, CaCl,, and sodium carbonate, Na,CO,,
in aqueous solution to give solid cal cium carbonate and aqueous sodium chloride. The
equationfor thisreaction may bewritten as:

CaCl, (ag) + Na,CO,(aq) —— CaCO,(s) + 2NaCl (aq)

Themolecular equation closely describeswhat isactually doneinthelaboratory orinan
industria process.

1.8.2 lonic Equation

Although amolecular equation isuseful in describing the actua reactantsand products, it
doesnot give any information about what ishappening at theleve of ions. Sincethiskind
of informationisvery useful, you often need to write the molecular equation asanionic
equation.

Consider thereaction of calcium chloride and sodium carbonate. Both aresolubleionic
substancesand are strong el ectrolytes. Whenthey dissolveinwater, they gointo solution
asions. Eachformulaunit of CaCl, formsone Ca™ ionand two Cl-ionsin solution. So,
instead of CaCl (aq), it would be better to write Ca**(aq) + 2Cl-(aq). Similarly, each
formulaunit of Na,CO, formstwo Na' ionsand one CO; ionin solution, and thiscan be
writtenas2Na'(aq) + CO? (aq) instead of Na,CO,(aq)). Thereactant side of thereaction
becomes

Ca?*(an) + 2Cl(aq) + 2Nar(ag) + CO? (aq)

Ontheproduct sideof the equation, CaCO,(s) isanionic compound, but theionsareheld
together in particular sitesinthecrystalline solid. WeleavetheformulaasCaCO,(s) to
convey thisinformationintheequation. Ontheother hand, NaCl isasolubleionic compound
andisagtrong el ectrolyte. Alsoit dissolvesin agueous solution to give freely movingions.
Therefore, wecanwriteit asNa'(aq) + Cl-(aq).

Thecompleteequationis
Ca*(ag) + 2Cl~(ag) + 2Nar(ag) + CO5 (ag) — CaCO,(s) + 2Na‘(aq) + 2Cl-(aqg)

Theionsappearing on both sidesof the equation (Na" and Cl-) are called spectator ions,
asthey do not take part in the reaction and they can be cancelled on both sidesto express
the essentid reaction that occurs.
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Ca*(ag) + 2€1(aq) + 2Xa(ag) + CO7% (ag) — CaCO,(s) + 2Mar(aq) + 2€T(ag)
Theresultingequationis:
Ca*(ag) + CO5 (ag) — CaCO,(s)

Thisnet ionic equation, iswithout spectator ionsand the reaction that actually occursat an
ionicleve isbetween ca ciumionsand carbonateionswhich form solid ca cium carbonate.

Form a group and discuss the following:

1. How are sodium carbonate and calcium hydroxide found in water solution? Write
dissociation reaction for each of them.

2. Write the ionic equation for the reaction between sodium carbonate and calcium
hydroxide. Are the products formed soluble in water?

3. Write the soluble product in ionic form. Are there the same ions in the reactant and
product side?

4. Write the net ionic equation.

Exercise 1.13

For each of thefollowing molecular equations, writeionic equation, writeanet ionic
equation, and identify the spectator ions:

a 2AgNO;(ag) + Na,CrO,(agq) — Ag,CrO,(s) + 2NaNO,(aq)
b 2HCIO,(aq) + Ca(OH),(ag) — CaClO,),(ag) +2H,0(l)

C  2HNO,(ag) + Mg(OH),(s) — 2H,0(1) + Mg(NO,),(aq)

d Pb(NO,),(ag) + Na,SO,(ag) — PbSO,(s) + 2NaNO,(aq)

1.9 COLLIGATIVE PROPERTIES OF SOLUTION

At the end of this section, you should be able to:
» definecolligativeproperties.
 ligtheimportant propertiesof solventsthat areaffected by theformation of asolution;
» dateRaoult’'slaw;
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» explainthechangeinthecolligative propertiesof solvent when acertain soluteis
added;

e describetheVan't Hoff’sfactor;

» caculatethevapour pressure, boiling point, and freezing point of asolvent after a
given amount of soluteisdissolvedinit;

» defineosmosisand osmotic pressure of asolution;
» cdculatetheosmotic pressureof asolution; and

» compare and contrast change in colligative properties of electrolytic and non
electrolytic solution.

What is meant by colligative? Why does the addition of ethylene glycol lower the
freezing point and raise the boiling point of water? Discuss this question with
your classmates.

Certainphysicd propertiesof solutionsdiffer inimportant waysfromthoseof puresolvents.
For example, purewater at 1 atm pressurefreezesat 0°C, whilean aqueoussolutionsat 1
am pressurefreezesat alower temperature. Ethyleneglycol isadded towater inradiatorsof
carsasantifreezetolower thefreezing point of thesolution. Thisa soraisestheboiling point
of thesolution abovethat of purewater, permitting operation of enginesat higher temperatures.

Thelowering of thefreezing point and theraising of the boiling point are examplesof the
physicd propertiesof solutionsthat depend on the quantity (concentration) of thesolute but
not on the kind of solute particle. Properties that depend on the number of particlesor
concentration of the solutein the given amount of solvent and not ontheir naturearecalled
colligativeproperties. (Colligativeisal atinword that means* depending onthecollection”.)

Therearefour important properties of asolution that are affected by the addition of anon-
volatilesoluteto asolvent. Theseare:

Vapour pressure lowering

np o

Bailing point elevation
3. Freezing point depression
4. Osmotic pressure

1.9.1 Vapour Pressure Lowering

How do non-volatile solutes affect the vapour pressure of the solvent?

If asoluteisnon-volatilei.e., it doesnot have ameasurabl e vapour pressure, the vapour
pressureof itssolutionisawayslessthan that of the pure solvent. Vapour pressurelowering

47
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isthelowering of thevapour pressure of the solventsthat resultswhen anon-vol atile solute
isadded to form asolution. The solute prevents (blanket) the tendency of the solvent to
escape and it also lowersthe vapour pressure of the solvent (Figure 1.14). Thus, the
rel ationship between solution vapour pressure and solvent vapour pressure dependson
the concentration of the solutein the solution.

IYYYYYVYVVYY 4 4444 44
....... s Qu s s
....... .60.9
.............. ,., ,(.). + 4 | —= Solute particles
N SOAA
Solvent Solution

Figure 1.14 shows the lowering of the rate of vaporization of a solvent when a non-
volatile solute is added.

Therd ationship between sol ution vapour pressureand sol vent vapour pressureisexpressed
by Raoult’slaw. Thislaw statesthat “the partial pressure of a solvent over asolution,
P, isgiven by the vapour pressure of the pure solvent, timesthe molefraction of the
solventinthesolution, X, at constant temperature’”.
P =x,Py
AP =P} -P,
where AP = Changeinvapour pressure (vapour pressurelowering)
P° = Vapour pressure of pure solvent
P, = Vapour pressureof solventin solution
Notethat the vapour pressure of asolvent isnot acolligative property. Only thechangein
vapour pressure, AP, which occurswhen asol uteisadded to the solvent, isacolligative

property. It can be defined asthe difference between the vapour pressure of the pure
solvent and the vapour pressure of solvent inthe solution.

In asolution containing only onesolute, x, = 1—-x,, wherex, isthemolefraction of the
solute. Inserting thisinto the Raoult's-law equation gives:

Py= (1-%) P}

P, = P?—P? x,
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P; —P,=P] X,
AP=P; X,

Example 1.18

Calculatethe vapour pressure of water at 90 °C in asolution containing 5.0 g of
glucose (C;H,,O,) in 100 g of water. The vapour pressure of pure water at
90 °Cis525.8 Pa.

Solution:
Given:

Massof C,H,,0,=5.09

Massof water =100g

Vapour pressure of purewater at 90°C = 525.8 Pa

Required:

Vapour pressureof water inasolution P, =?

First, wefind molefractionsof both solute and solvent. To do this, wemust find

the number of molesof glucoseand water.
Massof C H,,0 509

61276

Molar massof C;H,0, 180 g/mol
=0.028 mol

Number of molesof C;H,,O, =

00g

m =5.56 mol

Number of molesof H,O =

0.028 mol

= = 0.005
0.028 mol + 5.56 mol

Xceleoa

5.56 mol

= = 0.995
5.56 mol + 0.028 mol

Xh,0

o

R =X,0R
= 0.995 x 525.8 Pa=523.17 Pa
AP=P°—P
= 525.8 Pa—523.17 Pa= 2.63 Pa
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Example 1.19

Cd culate the vapour pressure of asolution made by dissolving 218 g of glucosein
460 mL of water at 30 °C. What isthe vapour pressure lowering? (Assumethat
the density of water is 1.00 g/mL). Vapour pressure of water at 30 °C is
31.82torr.

Solution:
Given: Required:
Mass of solute (C;H,,0) =2189g P, (vapour pressureof solution) =
Volume of water =460 mL =0.46 L AP (lowering in vapour pressure) = ?
From Raoult’slaw
Py =x P}
To determinethe number of molesof H,0O, itsdensity isused.

1t
460 mL —?
609

——— = 25.56 mol
18 g/mol

Number of moles of H,O=

2189

——— = 1.21mol
180g/mol

Number of mole of C;H,,0,=

_ 25.56 mol
25.56 mol + 1.21mol

1.2 mol

= = 0.045
*e0 = 7 21 mol + 25.56 mol

P, = x, P

= 0.955

X1,0

P; isthevapour pressure of water at 30°C, whichisequal to 31.82torr.
P, =0.955 x 31.82 torr

=30.4 torr
AP=P°-P
=31.82 torr —30.4 torr
=1.42torr
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Exercise 1.14

1. Why isthevapour pressure of asolution lessthanthat of the pure solvent?

2. Thevapour pressure of purewater at 110°Cis1070torr. A solution of ethylene
glycol inwater hasavapour pressureof 1.00 atimat 110°C. Assuming that Raoult's
law isobeyed, what isthe molefraction of ethyleneglycol inwater?

3. Cdculatethevapour pressurelowering, AP, when 10.0 mL of glycerol (C;HZO;)
isadded to 500.0 mL of water at 50°C. At thistemperature, the vapour pressure
of purewater is92.5torr and itsdensity is0.988 g/mol. Thedensity of glycerol is
1.26g/mL.

Solutionsthat obey Raoult’slaw are said to beideal solutions. If both componentsof a
solution arevolatile, i.e., have measurable vapour pressure, the vapour pressure of the
solution isthe sum of theindividual partial vapour pressures. Thus, for two volatile
components, A and B, the vapour pressure of each component above the solutionis
proportiond toitsmolefractioninthe solution.

Pa=XsPa

Pg =% Pg
According to Dalton’slaw of partia pressure, at constant temperature, the pressureof a

mixture of gasesisequal to thesum of the partial pressuresof al of the constituent gases.
Thetotd pressure, is:

PT :PA+PB:XAP:+XB PE;)

Thiscan beshown graphically asin Figure 1.15, assuming that A ismorevolatilethan B.

T = constant P
e \
=}
[%]
8 P
a 8 T
5| e P
g8 / A
g P
B
0 Xa > 1
1 < Xq 0

Figure 1.15 Vapour pressure versus mole fraction for an ideal solution.
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|dedl solutionsare characterized by thefollowing properties:

1) Thevolumeof anideal solutionisthesum of the volumesof its pure components.
i.e., thereisno expansion or contraction on mixing.

i) Theheat of asolutioniszero. i.e., mixing isneither exothermic nor endothermic.
I ntermolecular forces between sol ute-sol ute and sol ute-sol vent moleculesareequal,
asare those between sol vent-sol vent mol ecul es and sol ute-sol vent molecul es.

i)  Thevapour pressure abovethe solutionisequd tothesum of theindividua partial
Vapour pressures.

Iv)  Thecomponentshavesimilarity intheir chemica structures.

v) Thesolutionsobey Raoult’slaw.
Can you give examples of an ideal solution?

Many solutionsdo not behaveideally. They deviatefrom Raoult’slaw and aresaid to be
non-ideal. Here, we can consider thefollowing two cases.

Case 1: If theintermolecular forces between A and B molecul esare weaker than those
between A and A molecul esand those between B and B molecules, thenthereis
agreater tendency for A-B moleculesto leavethe solution, compared tothe case
of anideal solution. Consequently, thevapour pressure of the solutionisgreater
than the sum of the vapour pressuresthat would be predicted by Raoult’slaw for
the same concentration.

Thisbehaviour exemplifiesthe positive deviation from Raoult’slaw (Figure
1.16 &). Inthiscase, the heat of mixingisan endothermic process.

Case 2: If A moleculesattract B moleculesmore strongly than they do their ownkind,
then the escaping tendency decreases and the vapour pressure of thesolutionis
lessthan the sum of the vapour pressures as predicted by Raoult’slaw.

Here, wehaveanegative deviation from Raoult’slaw, and mixingisan exothermic
process (Figure 1.16 b).
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a) Positive deviation b) Negative deviation
T = constant T = constant
Non-ideal solution
-7
P. /’;/
o g el e o
5 e 5
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=] -~ 4 >
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e ‘N\\\§
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X,=0 X,=1 X,=0 X,=1
Xy=1 X,=0 X=1 X;=0

(Dotted lines show the expected values and the solid lines show the observed values).

Figure 1.16 Vapour pressure versus mole fraction for real solutions.
1.9.2 Boiling Point Elevation

Which do you think has a higher boiling point, a pure solvent or a solution
containing a non-volatile solute? Why?

Theboiling point of aliquidisthetemperature at which itsvapour pressure equalsthe
atmospheric pressure. If anon-volatile soluteisadded to asolvent, the solution’sboiling
point will beincreased. Thisisdueto thefact that the vapour pressure of asolvent at a
giventemperatureislowered by the presence of anon-volatile soluteinit, becauseless
number of solvent moleculesareavailableon the surface exposed to aimospherein presence
of solutemolecules, asshownin Figure 1.14. Therefore, such asolution must be heated to
ahigher temperature than the pure solvent in order for itsvapour pressureto be equal to
theatmospheric pressure.

Thehboiling-point elevation (AT,) isdefined asthe boiling point of thesolution (T,) minus
theboiling point of the puresolvent (Ty)).

AT =T, -T;
Theeevationin boiling point (AT,) isdirectly proportional to themoldity of thesolution.
Thetis

AT om

AT, =Km
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wheremisthemoldity of thesolution, and K isthemolal boiling point elevation constant
for the solvent.

Table 1.2 Boiling points, molal boiling point elevation constants, freezing points and
molal freezing point depression constants of some solvents at 1 atm pressure.

Solvent Boiling K, (°C/m) Freezing K. (°C/m)
point (°C) point (°C)

Acetic acid (C,H,0,) 118.10 3.07 16.60 3.90
Benzene (C6H6) 80.10 2.53 5.50 512
Camphor (C,H,0) 208.00 5.95 179.00 39.70
Carbon disulfide (CS,) 46.30 2.34 -111.50 3.83
Chloroform (CHCI3) 61.26 3.63 - 63.50 4.70
Cyclohexane (C6H12) 80.70 2.79 6.60 20.00
Nitrobenzene (C.(H.NO,))  210.88 5.24 5.70 7.00
Phenol (C,H.OH) 182.00 3.56 43.00 7.40
Water (H,0) 100.00 0.51 0.00 1.86

Example 1.20

Calculate the boiling point of a 0.33 m solution of a solute in benzene.
(K,=253°C/m).

Solution:
Given: Required:
Molality =0.33m Boiling point of the solution®?
K,=253°C/m
AT =K, m,

AT, =253°C/mx0.33m=0.83°C

Therefore, the boiling point of the solution isdetermined from the boiling point of
the pure sol vent benzene (Table 1.2) and the change, in bailing point, AT,..

Boiling point of thesolution=80.1°C + 0.83°C
=80.93°C

Example 1.21

Cdlculatetheboiling point of asolution that contains200 g of sucrose, C,,H,,O
in500 g of water.

1
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Solution:
Fromthegiven massesof soluteand solvent, wecan find themol dity of thesolution.
Massof sucrose
Molar massof sucrosexMassof H,Oinkg

200g
= 342g/mol x 0.5 kg ~ -1/m

AT, =K m,fromTable1.2, K for H,0is0.512°C/m
Therefore, AT, =0.512°C/m x 1.17m=0.6°C

Sincethenormal boiling point of water is100°C, theboiling point of the solution
will be equal to 100°C + 0.6°C = 100.6°C.

Moldity (m) =

Exercise 1.15
What istheboailing point of 1.93 m solution of anon-volatile solutein nitrobenzene?

2. Automotive antifreeze consists of ethylene glycol, C,H,O,, a non-volatile

non-€lectrolyte solute. Cal culate the boiling point of a25.0 masspercent solution
of ethyleneglycol inwater.

1.9.3 Freezing Point Depression

Discuss in group and account for the following processes. Report your idea to the class.

1. In countries with extremely cold conditions, anti-freezing substances like ethylene
glycol (CH,0,) are used in the cooling system of the automobiles.

2. Salts such as NaCl or CaCl, can be used to prepare ice cream or to de-ice the roads.

When asol ution beginsto freeze, the component that crystalize out firstisalmost pure.

Pureice, for example, crystallizes out of asolution of salt and water. Solute particles,
because of their different size and shape, do not fit into the crystal lattice of thefrozen
solvent. They tend to concentrateintheremaining liquid, and they interferewith thefreezing
processby gettingintheway of solvent moleculeslooking for latticesites. Thisinterference
causesthe solution to freeze at lower temperature than the pure solvent. The greater the

concentration of the solution, the greater theinterference and therefore, thelower the
freezing point of the solution.
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Thefreezing point depression (AT;) isdefined asthefreezing point of the puresolvent (T)
minusthefreezing point of thesolution (T).

AT, =T-T,
Thefreezing point depression (AT;) of solutionsof nonelectrol ytes has been found to be

equd tothemolality of the solutiontimesaproportiondity constant. Thisconstant isthe
molal freezing point depression constant, K, of the solvent.

ATf: Kfm

Example 1.22

The freezing point of pure camphor (C,,H,;0), T7, is 179.0°C, and its K; is
39.70°C kg/mol. Find the freezing point of a solution containing 1.50 g of a
compound of molecular mass 125, dissolved in 35 g camphor (solvent).

Solution:
First wefind number of molesof thecompound

S59

————— = 0.012 mol
125 g/mol

Number of moles=

Number of molesof solute _ 0.012 mol
Weight (kg) of solvent 0.035 kg

Moldity = = 0.343 mol/kg

AT, =K:m=39.7°Ckg/mol x 0.343 mol/kg

=13.6°C
Thenormad freezing point of camphor islowered by 13.6°C. Therefore, thefreezing
point of thesolution, T, will be:

AT, =T-T, = 179.0°C — 13.6°C = 165.4°C

Exercise 1.16

1. Caculatethefreezing point of asolutionthat contains60.0 g of urea, N,H,CO, in
500.0 g of water.

2. Cdculatethemolecular massof sulphur if 35.5 g of sulphur dissolvesin 100.0g of
CS, to produce asol ution that has aboiling point of 49.48°C.
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1.9.3 Osmosis and Osmotic Pressure
How do you calculate osmotic pressure?

Osmosisisthe selective passage of solvent molecul esthrough aporous (semi- permeable)
membranefrom adiluteto amore concentrated sol ution or from the solvent sideinto the
olutionside.

Figure 1.17 showstwo solutionson equa level, separated by asemi-permeablemembrane.
Solvent molecules move through the membranefrom left to right. Asaresult, theliquid
levelsinthetwo armsbecome uneven. Eventudly, the pressure differenceresulting from
the unequal heightsof theliquid inthe two arms becomes so large that the net flow of
solvent ceases. Alternatively, wemay apply pressureto theright arm of the apparatus, as
showninFigure1.17 b, to stop the net flow of solvent either way.

The pressure required to prevent osmosisis known asthe osmotic pressure, r, of the
solution.

a) A pure solvent and its b) The system at
solution are separated | | | [~ 777" equilibrium,
by a semi-permable where the rate

membrane through of solvent
which solvent molecules transfer is the
can pass but solute same in both
molecules cannot. direction.

Semi-permable
membrane

Figure 1.17 Apparatus for measuring osmotic pressure.

JacobusHenricusVan't Hoff found that the osmotic pressure obeysalaw smilar to the
ideal gaslaw, PV =nRT,

whereVisthevolumeof the solution, nisthe number of molesof solute, Ristheided gas
congtant, and T isthe temperature on the Kelvin scale. From the equation, we can write:

T= P:EEJRT:MRT
\/

whereM isthe molarity of the solution.

Like other colligative properties, osmotic pressure can be used to determine the molar
massof solute. Especialy osmotic pressureisused in biological laboratoriesto determine
molecular masses of hugemoleculeslike proteinsand nucleic acids.
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Example 1.23

What isthe osmotic pressureat 17°C of 150 mL agueous sol ution containing
1.75gof sucrose(C,,H,,0, ) per 150 mL of solution?

Solution:
First wecaculatethemolarity (M) of thesolution

Number of molesof solute
Volume (L) of solution

_ 175 g /(342 g /mol)

0.150L

Molarity(M) =

= 0.034 mol/L

© =MRT

=Q086Lpd Y [am@}(zgomzamz am

d K
Example 1.24

Inan experiment to measurethe molar massof polyethylene, 2.20 g of polyethylene
plastic was dissol ved in enough tolueneto produce a100 mL solution. Itsosmotic
pressureat 25°C was measured as 1.10 x 10-2atm. Cal cul ate the molar mass of

polyethylene.
Solution:
. T
Fromthe equation, 7= MRT = M = RT
2
M = 1'105;0 AM - 45x10* mol/L
(0.0821 ' m)(298K)
mol.K

That is, 1 L solution contains4.5 x 10~* mole of polyethylene. The amount of
polyethylenein 100 mL of thesolutionistherefore

1L » 45x10*mol
0.10L —» ?
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0.10L x 4.5x10™*mol

Amount of polyethylene (mol) = n
=4.5 x 10> mol
Molar massof polyethylene (g/mol ) - 2209
POVEY 4.5x107° mol

=4.89 x 10* g/ mol

Take 5%,10% and 20% solutions of sucrose in water.

Take 3 potatoes of almost equal size and make one cubic hole in each potato of equal
dimensions.

Fill the holes with water and keep these potatoes in different solutions of sucrose.
Observe the change in the water level at different time intervals.

Discuss your observations with your teacher as well as classmates.

Exercise 1.17

1. A sampleof 2.05gof polystyrene plastic wasdissol ved in enough tolueneto form
100 mL of solution. The osmotic pressure of thissolutionwasfoundto be 1.21
kPaat 25°C. Calculatethe molar massof polystyrene.

2. What istheosmotic pressure, inatm, of a0.30 M solution of glucosein water that
isused for intravenousinfusion at body temperature, 37°C?

1.9.4 Colligative Properties of Electrolytic Solutions

Form groups and discuss the following. Present the result of your discussion to the class as
a report.

1. What is the difference between electrolytes and non-electrolytes?

2. How do the effects of the presence of electrolyte solute on the properties of pure
solvent differ from the effect of the presence of non-electrolyte solvent? Justify your
answer by giving example.
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Theeffective number of moles of ions produced by one mole of asoluteisexpressedin
termsof the\Van't Hoff factor (i).

_ Measured valuefor electrolytesolution
Expected valuefor nonelectrolyte solution

Thus, i is1for dl solutionsof nonelectrolytes, but isgreeter than 1 for solutionsof eectrolytes.
Therefore, thecolligative-property relationship should bemodified to account for dissociation
of eectrolyte solutes. Consequently,

AP =i x,P{

AT, =iKm

AT, =i Km

n=i MRT

Table 1.3 Experimental values of the Van’t Hoff factor for some substances.

Compound 0.100m 0.001m
HCl 1.9 2.0
NaCl 1.87 1.97
MgSso, 1.21 1.82
K,SO, 2.32 2.84
KBr 1.88 1.97

AscanbeseeninTable 1.3theexperimental Van't Hoff factorsarelessthan thetheoretica
prediction. Thisismainly dueto thecation-anioninteractioninthesolution of thee ectrolytes
that prevents complete dissociation.

Example 1.25

If 20.10mMgSO, solution causesan élevation of 0.062°Cintheboiling point of
water, what is:

a theVan't Hoff Factor (i)?
b theboailing point of thissolution?
Solution:
a Firgt, wefindi by applying the modified colligative-property relationshipfor
AT,
AT, =iKm
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Given:
AT, =0.062°C
Kp, 1,0= 0.512°C/m
m=0.1m
0.062°C =i x0.512°C/mx 0.1 m
i =1.21. What doesthisindicate?
b Recall that AT, =T, ~T¢
0.062°C =T, —100°C
T, =100°C + 0.062°C = 100.062°C

Exercise 1.18
A 0.0622msolutionof iron (I11) chloride, FeCl,, inwater freezesat —0.412°C.

DeterminetheVan't Hoff’sfactor of FeCI3 inthissolution.

» Solutions are homogeneous mixtures of two or more substances.

» Solubility depends on the rel ative magnitude of solute-sol ute, solute-solvent,
and solvent-solvent attractive forces.

» The relative amounts of solute and solvent in a solution can be described
quantitatively in termsof mass percentage, partsper million, partsper billion,
mole fraction, molarity, molality and normality.

* Increasing the temperature usually increasesthe solubility of solidsin water
and liquidsin water while it decreases the solubility of gasesin water.

* Raoult’s law states that the partial vapour pressure of substance A over a
solution is equal to the mole fraction of A, X,, times the vapour pressure of
pure solvent. An ideal solution obeys Raoult’s law over the entire range of
concentration. Non ideal solutions show positive or negative deviation from
Raoult’slaw.

»  Somephysical propertiesof solutionsare colligative, that is, they depend on
the concentration of the solute particles that are present in a given amount
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of solvent and not on their chemical identity. These are vapour pressure
lowering, boiling point elevation, freezing point depression, and osmotic

pressure.

* The Van't Hoff factor provides a measure of the extent of dissociation of

electrolytein solution.

Key terms of the unit

* Boiling point elevation .
» Colligative properties

» Electrolyte solution

» Freezing point depression

e Henryslaw

» Heterogeneoussolution

» Homogeneous solution

* |deal solution

» Lowering of vapor pressure
» Masspercentage

» Miscible

* Molality

* Molarity

 Molefraction

Negative deviation from Raoult’s
law

Nonel ectrolyte

Nonideal solution
Normality

Osmosis
Osmotic pressure
Parts per billion
Parts per million

Positive deviation from Raoult’s
law

Raoult’'slaw
Solvation
Van't Hoff factor

REVIEW EXERCISE FOR UNIT 1

Part I: Multiple Choice Questions
1. Asolutionisa
a heterogeneousmixture

b homogeneousmixture

C suspenson
d coloid
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Sodawater isan exampleof:

a liquid-liquidsolution c gasliquidsolution

b solid-liquidsolution d gas-gassolution

Which of thefollowing substancesare not readily misciblewithin each other?
a CH,and CCl, ¢ CHOHandH,0O

b CH,OHandCCl, d CH,OHandH,0

Rate of dissolutionislargely dependent upon:

a theinter-particleforces

b thesurfaceareaof solid solute

c thetemperatureof thesystem

d thepressureof thesystem

Which of thefollowing statementsisnot correct?

a pressurehaslittleeffect onthesolubility of liquidsand solids

b thesolubility of most solidsincreaseswith increasing temperature

¢ thesolubility of gasesinwater increaseswithincreasing temperature.

d noneof theabove

The quantitative rel ationship between gas solubility and pressureisgiven by:
a Raoult'slaw ¢ Hessslaw

b Henry'slaw d Ddton'slaw

When anon-volatile soluteisadded to apure solvent the:

a vapour pressure of the solvent decreases.

b vapour pressureof the solvent increases.

¢ boailing point of the solution decreases.

d freezingpoint of thesolutionincreases.

Which of thefollowingisnot trueabout ideal solutions?

a thevolumeof anided solutionisthe sum of thevolume of itspure components
b thereisnoexpansion or contraction on mixing

¢ theheat of solutioniszero

d they deviatefrom Raoult’slaw
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11.

12.

13.

14.

15.
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Theratio of the number of moles of solute divided by thetotal number of moles
gives

a themolefraction of thesolute

b themolarity of thesolution

¢ themoaldity of thesolution

d thenormality of thesolution

Which of thefollowing liquid pairsshowsapositivedeviation from Raoult’slaw?
a octane, chloroform ¢ benzene methanol

b ethanol, water d water, nitricacid

Which of thefollowingisnot acolligative property?

a Osmotic pressure c Boailingpointeevation
b Vapour pressure d Freezingpoint depression

Theaddition of anon-volatile soluteto asolvent resultsin thelowering of :
a boailing point aswell asfreezing point

b freezing point aswell asvapour pressure

C vapour pressureaswell asdensity

d boiling point aswell asvapour pressure

Phosphoric acid reactswith calcium hydroxideto form ca cium hydrogen phosphate
and water. The equival ent mass of phosphoric acidinthisreactionwill be:

a 98d/eq c 499/eq
b 32.69/eq d l4g/eq

A non-volatileelectrolyte dissolved in an aqueous sol ution with the samemolal
proportion asanonel ectrolyte produces:

a thesamecolligativeeffect
b lower colligativeeffect

¢ higher colligativeeffect
d nocolligativeeffect

According to Raoult’slaw, therel ativelowering of vapour pressure of asolution by
anon-voldilesoluteis:

a equa tothemolefraction of solvent
b equal tothemolefraction of solute
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c directly proportional to molefraction of solute
d equa tonormdity of solution

Part ll: Short Answer Questions

16.
17.
18.
19.

20.

21,

22.

23.

24,

25.

Distinguish between solutionsand colloids. Give an exampleof each.
Explaintheprinciple*likedissolveslike'.
Explain how sogpsand detergentsremovedirt from clothing.

Indicate thetype of solute-solvent interaction that ismost important in each of the
following solutions:

a KBrinwater

b hexane, C,H,,, ingasoline

C ammoniainwater

Consder thefollowing solutions. In each case, predict whether the solubility of the
solute should behigh or low. Justify your answer.

a KCIinHZO d HZOinCHsoH
b HFinHO e NH,ClinCH,
C KCIinCCI4 f CCI4inHZO

Cd culatethemolarity of each of thefollowing solutions:
a 10.5gNaCl in 350.0 mL of solution
b 40.7gLiCIO, - 3H,0in 125mL of solution

The concentrated sulfuric acid weuseinthelaboratory is98.0% H,SO,, by mass.
Cdculatethemolaity and molarity of theacid solution. Thedensity of thesolutionis
1.83g/mL.

Calculate the gpproximate volume of water that must beaddedto 250 mL of 1.25N
solutionto makeit 0.500 N.

a What ismeant by theterms saturated and unsaturated solutions?
b Explain how supersaturated sol ution can beformed.

State Raoult’slaw and explainit onamolecular basis.




26.

27.

28

29.

30.

31.

32.

33.

34.

35.
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Usetheexampleof asolution of benzeneintolueneto explain what ismeant by an
idedl solution.

What characteristic of asolution determinesitscolligative properties?

Thevapour pressure of ethanol (C,H,OH) and 1-propanol (C,H,OH) at 35°C are
100 mmHg and 37.6 mmHg, respectively. Assumingideal behaviour, calculatethe
partial vapour pressuresof ethanol and 1-propanol over asolution, inwhichthe
molefraction of ethanol is0.3.

A solution was made by dissolving 3.75 g of apure non-volatile solutein 95 g of
acetone. Theboiling point of pure acetone was observed to be 55.95°C, and that
of the solution was 56.50°C. If the molar boiling point elevation constant (K, ) of
acetoneis 1.71°Ckg/mol, what isthe approximate molar massof the solute?

Urea(NH,),COisthe product of protein metabolismin mammals. What isthe
osmotic pressure of an agueous solution containing 1.10 g of ureain 100 mL of
solutionat 20°C?

Calculate thefreezing point of asolution of 3.46 g of acompound, X, in 160 g of
benzene. When aseparate sample of X wasvaporised, itsdensity wasfound to be
3.27g/L at 116°C and 773 torr. Thefreezing point of pure benzeneis5.45°C, and
K;is5.12°Ckg/moal.

Why attention givento the colligative propertiesof electrolyte solutionsthan that of
nonel ectrolyte solutions?

Pure benzenefreezesat 5.45°C. A solution containing 7.24 g of C,CI H,in115.3g
of benzenewas observed to freeze at 3.55°C. From these data, cal culatethemola
freezing point depression constant of benzene.

Theosmotic pressure of 20.010 M agueous solution of CaCl, isfound tobe 0.674
amat 25°C. Caculate Van't Hoff'sfactor, i, for the solution.

A solution of crab hemocyanin, apigmented protein extracted from crabs, was
prepared by dissolving 0.750 g of the protein in 125 mL of water. At 4°C, a
2.6 mmHg osmotic-pressurerise of the solution wasobserved. Thesolution had a
density of 1.00 g/mL. Determinethe molar massof the protein.
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