CHAPTER 4 TYPES OF CHEMICAL REACTIONS and SOLUTION STOICHIOMETRY
4.1- Water, the Common Solvent .116-119

1. Bonding in H,0—the two O—H bonds are polar covalent since oxygen has a higher
electronegativity and thus the electrons are more attracted to the oxygen.

2. This creates a partial charge indicated by the Greek lower case letter delta, & (this unequal
charge distribution makes the molecule polar).

3. Also notice the 104.5° bond angle. The two unshared electron pairs require more space than
the shared pairs thus the usual 109.5° bond angle is reduced to about 104.5°.
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4. Solubility and Hydration-Since opposites attract, the positive ends of water are greatly
attracted to the negative ions in an ionic salt crystal structure. The converse of this is also true.
Solubility of ionic substances in water depends on the relative attraction of the ions for the water
molecule.

5. In general, the principle of “like dissolves like” (in terms of bonding) is a useful guideline for
predicting solute and solvent interaction




a. Many ionic salts are soluble in water because of molecule-ion attractions.

b. Water can also dissolve nonionic substances such as alcohols and sugars among others.
If the carbon chain has more than 4 carbons the molecule is only slightly soluble.

i- Alcohols and sugars contain O—H bonds that are polar just as the O—H bond in water. This
polarity makes the molecule soluble.
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c. Nonpolar molecules, such as fats, do not dissolve in water since they are nonpolar and are not
attracted by the polarity of the water molecule.

Example 4.1- Will the substances mix?
a. Sodium nitrate and water

b. Hexane(C6H14) and water

c. lodine and hexane

d. lodine and water

Example 4.2 Practice with Equations

Dissolve each of the solids in H20
a._030|2(5) —
b. Fe(NO;)s —
C. KBI’(S) —

d. (NH,),Cr,0;) ) —



4.2- The Nature of Solutions: Strong and Weak Electrolytes vs. Non Electrolytes (pp.119-123)

1.A solution is a homogeneous mixture where a solute is dissolved in a solvent. Aqueous
solutions are solutions where the solvent is water.

a. solute- it is usually the one of a lesser amount; if is the same phase of matter as the solvent it is
the one that changes phase,; it is the one that dissolves into the solvent.

b. solvent — it is usually the one in the greater amount; it is the one that retains its phase of
matter; it is the one into which the solute dissolves.

2. Properties of aqueous solutions:

a. Electrolytes—substances that dissolve in water to form ions in solutions and thus conduct an
electric current.

i- Strong electrolytes completely dissociate (strong acids, strong bases, and soluble salts)

BaCl4(s)

dissolves
—_—

MEMORIZE!!

* Six Strong acids: HCIO,, HI, HBr, HCI, HNO,, H,SO,

« Eight Strong bases: LiOH, NaOH, KOH, RbOH, CsOH, Ca(OH),, Sr(OH),, Ba(OH),
Group 1 + OH- and some of Group 2 + OH-

* Solubility Rules for ionic salts: (See section 4.5)



i-Weak electrolytes- substances that do not completely ionize in water; only about 1%
dissociation occurs, such that there are mostly un-ionized molecules in the water and only a few
ions (weak acids (HF and CH,;COOH) and weak bases (NH;). These are poor conductors of
electricity.
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P Acd » ?
Proton
@ Negative
1007
Strong acid Weak acid

b. Nonelectrolytes--solutions where dissolving has occurred, but the solute does not make ions
and therefore cannot conduct electricity. (Pure water, sugar, alcohols, antifreeze are a few
examples)

Example 4.2A- Identify each of the following as a Strong electrolyte, a Weak electrolyte, or a
Nonelectrolyte.

a. perchloric acid d. ammonia
b. hexene e. calcium chloride
c. lithium hydroxide f. ethanoic acid



3. Solubility Curves
Solubility vs. Temperature
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a. Any point on a line indicates the concentration of a saturated solution - the maximum amount of
solute that will dissolve at that specific temperature.

b. Values on the graph below a curve represent unsaturated solutions - more solute could be
dissolved at that temperature.

c. Values above a curve represent supersaturated solutions, a solution which holds more solute
that can normally dissolve in that volume of solvent at a given temperature.

Example 4.2C- Solubility Curves — Not in textbook

i- What mass of NaCl solute will dissolve in 100mL of water at 100°C

i-Determine the Molarity of a saturated NaCl solution at 100°C. (Assume 1g =1ml.)

iii-What term - saturated, unsaturated, or supersaturated- best describes a solution that contains
70g of NaNO; per 100 mL H,O at 30°C.

4.3- The Composition of Solutions .123-130



1. Depending on the type of solutes, a solution may contain only ions (for strong electrolytes), ions
and molecules (for weak electrolytes), or only molecules (for nonelectrolytes).

2. The amount of solute dissolved in a solution is expressed in terms of concentrations - the most

important is molarity or molar concentration:

Molarity (M) =  Mole of Solute (M = mol/L)
Liters of Solution

3. If the molar concentration of a solution is known, the mole of solute in a given volume of the
solution can be calculated as follows:

Mole of solute = Molarity x Liters,ution

4. Concentration may also be expressed as:
Percent (by mass) = Mass of Solute x 100%

Mass of Solution

Percent (by volume) = Volume of Solute x 100%
Volume of Solution

Mole fraction (X;) = Moles of Solute
Total Moles of Solution

Molality (m) = Mol f Sol
kg of Solvent (H,0)

Parts per Million (PPM) = Mass of Solute x 10°
Mass of Solution

Example 4.3A- Calculating Molarity



What is the molarity of a solution prepared by dissolving 11.85 g of solid potassium permanganate
in enough water to make 750. mL of solution?

Example 4.3B- Mass from Molarity

Calculate the mass of sodium chloride needed to prepare 175 mL of a 0.500 M NaCl solution.

Example 4.3C- Volume from Molarity

How many mL of solution are needed to prepare a 2.48 M sodium hydroxide solution that contains
31.52 g of dissolved solid?

Example 4.3D.- Calculating Molarity of lons in Solution

a. 0.025M Ca(OCl), b. 2M CrCl,

Example 4.3E- Calculating Molarity of lons in Solution

Calculate the molarity of chloride ions in a solution prepared by dissolving 9.82 g of copper Il
chloride in enough water to make 600. mL of solution.

Example 4.3 F- Practice with lon Concentration
Determine the molarity of Fe*" ions and SO4 ions in a solution prepared by dissolving 48.05 g of
Fe,(SO,); in enough water to make 800 mL of solution.

Example 4.3- Parts per Million (PPM)

A 155.3 g sample of pond water is found to have 1.7x10* g of phosphate in the water. What is the
concentration of phosphate in ppm?

5. Preparing Solution by Dilution of Stock Solution 128-129



a. A measuring pipet is graduated throughout and can be used to measure various volumes of
liquid very accurately.

b. A volumetric (transfer) pipet is designed to measure one volume accurately.

c. When a solution is diluted the number of moles of solute remains constant.
Mole solute = (initial molarity x initial volume) = (final molarity x final volume)

M, xV, = M;x V;

Example 4.3G- Preparing Solution by Dilution of Stock Solution

a. What volume of 12 M HCI (aq) must be used to prepare 600 mL of a 0.30 M HCI solution?

b. The 12 M HCI must be added to how much water?

Example 4.3I- Parts per Million (PPM)

A 155.3 g sample of pond water is found to have 1.7x10* g of phosphate in the water. What is the
concentration of phosphate in ppm?

Example 4.3J- Molarity to Parts Per Million
A solution is 3 x 10 " in manganese (VII) ion. What is the Mn"* concentration in ppm?

6. Preparing a Standard Solution from a Pure Solid Substance



a. Standard solution—is a solution whose concentration is accurately known.

b. Volumetric flask—contains an exact total volume of solution.

Volume marker
(calibration mark)

Weighed amount
of solute

(a)

C. involved in the pr ration of ndar lution.

i- An analytical balance is used to mass amount a substance (the solute) and is then put into the
volumetric flask, and a small quantity of water is added.

ii- The solid is dissolved in the water by gently swirling the flask (with the stopper in place).

iii- More water is added, until the level of the solution just reaches the mark etched on the neck of
the flask (in (d) above).

iv- To prepare a standard solution from a pure solid, the amount of solute required is calculated
from the volume and molar concentration of the target solution as follows:

d. Thus: Mole of solute = (Liter of solution) x Molarity
grams of solute needed = (mol of solute) x (molar mass)

Example 4.3G- Preparing a Standard Solution from a Pure Solid Substance

To analyze the alcohol content of a certain wine, a chemist needs 1.00 L of an aqueous 0.200 M
K,Cr,0; (potassium dichromate) solution. How much solid K,Cr,O, must be weighed out to make
this solution? [FYIl—this was initially the “stuff’ used for breathalyzers]

4.4 Types of Reactions in Agueous Solutions- overview (p.130



1. Precipitation Reactions (4.5-4.7)

2. Acid-Base (Neutralization) Reactions (4.8)

Buret ——

base of known
concentration

e stOpcock

acid of unknown
concentration

3. Oxidation-Reduction Reactions (REDOX) (4.9)
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4.5 Precipitation Reactions .131-136

1. The solubility rules for ionic compounds are useful for predicting precipitation reactions.

Solubility Rules for lonic Compounds — AP Only responsible for the bold

1. Most salts containing alkali metals and ammonium (NH,*) are soluble.

2. Most compounds of nitrate (NO;’), acetate (CH,COO"), hydrogen carbonate (HCO;),
perchlorates (ClO,) and chlorates (ClO5’) are soluble.

3. Most sallts containing halides CI, Br, and | ions are soluble, except when combined
with Ag*, Pb*? and Hg,". Note most fluorides F- (except those of alkali metals and
ammonium) are insoluble

4. Most sulfate salts are soluble, except BaSO,, PbSO,, Hg,SO,, SrSO,, and CaSO,.

5. Most hydroxides (OH") are only slightly soluble, except to the hydroxides of the alkali
metals, NH,OH, warm Ca(OH), , Sr(OH), and Ba(OH),.

6. Most sulfide (S%), carbonate (CO,%*), chromate (CrO,?*), and phosphate (PO,*) salts
are only slightly soluble, except those compounds that apply to Rule #1.

2. These are reactions that yield insoluble products (called precipitates) when two aqueous
solutions are mixed.

Example: AgNO;,, + NaClg,, [

4.6 Describing Reactions in Solution .136-138
1. Reactions in aqueous solutions may be described using three different types of equations:
a. Molecular Equation

b. Complete lonic Equation or Total lonic Equation
c. Net ionic Equation

2. Note that only the ions that combine to form the precipitate are indicated in the net ionic
equation; lons not involved in forming the precipitate are called spectator ions.

Acids only lose one H+ ion in a reaction for net ionic eqution unless it a titration reaction
and then they will react all H+s in a titration reaction. Weak acids do not dissociate but do
react.

11



Example 4.6A- Molecular, Complete lonic, and Net lonic Equations/Predicting Products

a. Aqueous potassium iodide reacts with aqueous lead Il nitrate.

b Aqueous nickel Il chloride reacts with aqueous sodium hydroxide.

c. Aqueous Calcium hydroxide reacts with Iron lll chloride.

d. Aqueous Sodium hydroxide reacts with hydrochloric acid.

12



4.7 Stoichiometry of Precipitation Reactions .138-140

Example 4.7A- Problems Based on Precipitation
Calculate the mass of Ag,S produced when 125 mL of 0.200 M AgNOQO; is added to excess Na,S
solution.

Example 4.7B- Problems Based on Precipitation
What mass of Fe(OH), is produced when 35 mL of a 0.250 M Fe(NO,); solution is mixed with 55
mL of a 0.180 M KOH solutions?

Example 4.7C- Problems Based on Precipitation

An ore sample is to be analyzed for sulfur. As part of the procedure, the ore is dissolved and the
sulfur is converted to SO4-2. Barium nitrate is added, which causes the sulfate to precipitate out
as BaS04. The original sample has a mass of 3.187g. The dried BaSO4 has a mass of 2.005g.
What is the percent sulfur in the original ore?

13



Example- Extra: Stoichiometry of Precipitation Reactions
In an experiment, a mixture is prepared by adding 260. mL of 1.20 M Lead (ll) nitrate to 300. mL of
1.90 M potassium iodide. Calculate the following:

a. The total amount of precipitate formed.

b. The final concentrations of the K*, NO5, Pb*2, and I in the solution.

c. Describe the change in concentration of the ions K" and NO;™ as the reaction occurs in the
beaker containing Kl (aq).

d. An important part of the experiment is determining the % yield of solid product formed at the
end of the reaction. To insure precise massing of the collected precipitate, the solid is heat dried
in an oven before massing. If the solid is not adequately heat dried at the conclusion of the
experiment, how would this error affect the calculation of the % yield? (Too high, too low, no
change). Defend your answer with a mathematical setup.

14



4.8 Acid-Base Reactions .140-147
1. ACID-BASE THEORIES
a. ARRHENIUS DEFINITION
e acid--donates a hydrogen ion (H+) in water.

e base--donates a hydroxide ion in water (OH-)
[ ]

b. BRONSTED-LOWRY DEFINITION

acid--donates a proton in water.

base--accepts a proton in water.

This theory is better; it explains ammonia as a base. This is the main theory that we will
use for our acid/base discussion.

c. LEWIS DEFINITION
e acid--accepts an electron pair.
e base--donates an electron pair
e This theory explains all traditional acids and bases plus a host of coordination compounds
and are used widely in organic chemistry. Uses coordinate covalent bonds.
2. THE BRONSTED-LOWRY CONCEPT OF ACIDS AND BASES (our focus!!)
e Using this theory, you should be able to write weak acid/base dissociation equations and
identify acids, bases, conjugate acid and conjugate base pairs.
e conjugate acid-base pair--A pair of compounds that differ by the presence of one H* unit.
This idea is critical when it comes to understanding buffer systems.
Example 4.8A- Bronsted-Lowry conjugate acid/base pairs.

Identify the acid, base, conjugate acid, conjugate base in each reaction.

HNOZ + H20 > H30+ + N02-

H2804 + Hzo > H30+ + HSO4-

Example 4.8B- Neutralization of a Strong Acid

How many mL of a 0.800 M NaOH solution is needed to just neutralize 40.00 mL of a 0.600 M
HCI.

3. Old Table L-Relative Strengths of Acids in Aqueous Solutions

15



RELATIVE STRENGTHS OF ACIDS IN AQUEOUS
SOLUTION AT 1 atm AND 298 K
Conjugate Pairs
ACID  BASE K,
HI=H' +T very large
HBr = H' + Br very large
HCl =H" + CI very large
HNO, = H' + NO;” very large
H,S0, = H' + HSO, large
H,0 + $0O, = H' + HSO, 1.5 x 107
HSO, = H' + 50~ 1.2 x 107
H,PO, = H' + H,PO,” 7.5 x 107
Fe(H,0)s'" = HY + Fe(H,0)s(OH)’* [8.9 x 107
HNO, = H + NO, 4.6 x 107
HF = H' + F 3.5 x 107
CrH,0)' " = HY + Cr(L,O)(OH)*" | 1.0 x 107
CH;COOH = H* + CH,C00" 1.8 x 107
Al(H,0)>" = H' + AlH,0)O0H" " [ 1.1 x 107
H,0 + €O, = H" + HCO;” 43 x 107
HSO, = H* + SO, 1.1 x 107
H,S = H + HS 9.5 x 10°®
H,PO,” = H* + HPO,® 6.2 x 108
NH,” = H' + NH, 5.7 x 107"
HCO; = H' + CO,> 5.6 x 107!
HPO,” = H* + PO> 2.2 x 1079
HS = H™ + &8 1.3 x 107
H,O =H" + OH 1.0 x 107"
OH =H' + 0¥ < 107%
NH; = H' + NH, very small
Note: H' (aq) = H;0"
Sample equation: HI + H,O = H;.,O+ + 1

4. Stoichiometry of Acid-Base Reactions\Neutralization Reaction of an Acid



a. Example of molecular, complete ionic, total ionic, and net ionic equations for strong acid-strong
base reactions:

Molecular:  HCI ,, + NaOH , [

Complete ionic:

Net ionic:

Spectator ions:

For all strong acid-strong base reactions, the net ionic equations are the same.

b. Weak acids and weak bases only ionize partially. In fact, most remain in their molecular form in
solution. Therefore, they should NOT be written in the ionized forms, even when writing the ionic
equations. For example, the equations for the reaction between acetic acid (a weak acid) and
sodium hydroxide (a strong base) are as follows:

Molecular: HC,H;0, ,q + NaOH o [

Complete ionic:

Net ionic:

Spectator ion:

17



5. Acid-Base Titration

a. Titration is an important technique in volumetric analysis. It involves adding an exact amount
of one reactant (called titrant) from a buret to another reactant (called analyte) in a flask.

b. The primary objective of titration is to determine the molar concentration of one solution
using the volume and concentration of another solution.

c. In the process, the titrant is carefully added to the flask from a buret until the equivalence point
is reached. This is the point in the titration where enough titrant has been added to react
exactly with the analyte.

d. In a good titration, the equivalence point should match the end-point — a point marked by the
change in the color of the indicator- a substance that changes color when a solution changes
from being acidic to slightly basic.

e. A commonly used indicator in acid-base titration is phenolphthalein, which changes from
colorless in acid solution to pinkish-violet in basic solution.

f- Neutralization/Titration E ion:

M,xV,x#H* = M,xV, x #OH"

g. Titration video:  http://www.youtube.com/watch?v=i7jnSaf1Muc

Notes:

Example 4.8A- The Stoichiometry of Acid-Base Reactions

18



How many mL of a 0.800 M NaOH solution is needed to just neutralize 40.00 mL of a 0.600 M
HCI.

Example 4.8B- Acid-Base titration

You wish to determine the molarity of a solution of sodium hydroxide. To do this you titrate a 25.00
mL aliquot of your sample, which has had 3 drops of phenolphthalein added so that it is pink, with
0.1067 M HCI. The sample turns clear, indicating that the NaOH has been neutralized, after the
addition of 4295 mL of the HCI. Calculate the molarity of your NaOH solution.

Example 4.8C- Molar Mass of an Acid

A student is trying to determine the molar mass of a monoprotic acid. A 2.879 g sample of the
pure solid acid is massed using an electronic balance and dissolved in distilled water. Three drops
of phenolphthalein indicator are added to the solution. The sample is titrated with a standardized
solution of 0.1704 M NaOH,, The pink endpoint is reached after the addition of 42.55 mL of the
base. Calculate the molar mass of the monoprotic acid.

Example 4.8C- Acid-Base Titration-Lab based (2004B #5)

19



Anexperiment is performed to determine the molar mass of an unknown solid monoprotic acid, HA, by titration
with a standardized NaOH solution.

(a) What measurement(s) must be made to determine the number of moles of NaOH used in the titration?

ib) Write a mathematical expression that can be used to determine the number of moles of NaOH used to reach
the endpoint of the titration.

ic) How can the number of moles of HA consumed in the titration be determined?

id) In addition to the measurement(s) made in part {a), what other measurement(s) must be made to determine
the molar mass of the acid, HA ?

ie) Write the mathematical expression that is used to determine the molar mass of HA.

if) The following diagram represents the setup for the titration. In the appropriate boxes below, list the
chemical(s) needed to perform the titration.

Chemical(s) Needed in Buret

Chemical(s) Needed in Flask

ig) Explain what effect each of the following would have on the calculated molar mass of HA. Justify your
ANSWETS,

ii) The original solid acid, HA, was not completely dry at the beginning of the experiment.
(ii) The procedure called for 25 mL of HO in the Edenmeyer flask, but a student used 35 mL of H;0.

More space on next page

6._Acid-Base Reactions that Produces Gases and Related Reactions
20



a. Some substances produce gaseous product when reacted with acid solution. For
example, all carbonate and bicarbonates produce carbon dioxide gas when reacted with
dilute acid solution.

1. CaCO;(s) + HCI (aq) —

2. NaHC03(S) + HCzH302 (aq) -

b. Metallic oxides and water form bases (metallic hydroxides):

1. Solid sodium oxide is added to water

2. Solid magnesium oxide is added to water

c. Nonmetallic oxides and water form acids. The nonmetal retains its oxidation number:

1. Dinitrogen pentoxide is bubbled into water

2. Dichlorine trioxide is bubbled into water

d. Metallic oxides and nonmetallic oxides form salts:

1. Solid sodium oxide is added to carbon dioxide

2. Solid calcium oxide is added to sulfur trioxide

4.9- Oxidation-R ion R ion 147-152
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N

. An oxidation-reduction (REDOX) reaction is an electron transfer reaction.

a. Oxidation- loss of electrons and an increase in oxidation number. “OIL”

b. Reduction - the gain of electrons and a decrease in oxidation number. “RIG”

c. Oxidizing agent- reactant that gains electrons; it contains the element being reduced.
d. Reducing agent - reactant that loses electrons; it contains the element being oxidized.

2. Determining Oxidation-Reduction Reactions
a. The oxidation state (or oxidation number) is the charge that an atom has or appears to have

whether it is in free elemental form, a compound, or a polyatomic ion.
b. The following guidelines are used to determine the oxidation numbers (0.n.) of elements.

3._Guidelines for Determining Oxidation Numbers- (Rules are listed in order of preference.
Whenever two rules contradict one another, the one listed first takes precedence)

a. Atoms in free elemental forms are assigned an oxidation number 0.

b. The sum of o.n. of atoms in a neutral molecule or formula unit is O0; the sum of o.n. of
atoms in a polyatomic ion is equal to the net charge of the ion (in magnitude and sign).

c. In their compounds, each element of Group 1 metals has an o.n. +1, each element of Group 2
metals has an o.n. +2, boron and aluminum each have an o.n. +3, silver has an o.n. +1, zinc has
an o.n. +2, and fluorine has an o.n. -1.

d. The o.n. of hydrogen is +1, except in metal hydrides, in which its o.n. is -1.

e. The o.n. of oxygen is -2, except in peroxides, in which its 0.n. is -1 or +2 in OF,.

f. In binary compounds with metals, chlorine, bromine, and iodine each has an o.n. of -1;

sulfur, selenium, and tellurium each has an o.n. of -2. Nitrogen is usually -3 when found as

an anion in a compound

Example 4.9A- Assigning Oxidation Numbers

Assign oxidation #’s to each element in the following species:

a. CaF, b. NH; c. KMnO,

d. Na,0, e. Al,(C,0,), f. Cr,0,%

Example 4.9B- Practice with Oxidation States
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Assign oxidation states to each atom in the equation.
Fezo3 + AI ad A|203 + Fe

Example 4.9C- Oxidation and Reduction

Identify the reduction half reaction, oxidation half reaction, the substance being oxidized, the
substance being reduced, balance the equation, and determine the total number of electrons
transferred in the process.

Hyg + O, — HO

Zn + Cu®**—> Zn*+ Cu

AgCl +H, — H*+Ag+CI

MnO, + H"+ C,0,% — Mn?"+ CO, + H,0

cooyw
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Rules for Balancing REDOX Equations (Half-Reaction Method)

A. Acidic, or Neutral, Solution

N

. Divide the “skeleton” equation into two separate reduction and oxidation “half-reactions”.

N

. For each half-reaction:

)

. Balance all elements except hydrogen and oxygen.

b. Balance oxygen by adding water (H,O(/)).

o

. Balance hydrogen by adding H*(aq) ion.

o

. Balance charge by adding electrons.

w

. If required, multiply each balanced half-reaction by the smallest whole number necessary to
equalize the number of electrons in the two half reactions.

4. Sum the two half-reactions to obtain the overall equation. If possible, simplify the overall
equation by canceling like species.

5. Check that the elements and charges balance on both sides of the equation.

B. Basic Solution
1. Complete steps 1-5 described above for an acidic solution.

2. Add one OH'(aq) ion to both sides of the overall equation for every H*(aq) ion present.

a. The H*(aq) ions on one side combine with the added OH (aq) ions to form H,O(/), and OH (aq)
ions appear on the other side of the equation. H*(aq) + OH(aq) — H,O(/)

3. If possible, simplify the resulting overall equation by canceling like species.

4. Check that the elements and charges balance on both sides of the equation.

Example 4.10A- Balancing REDOX Practice-acidic solution
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Balance the following REDOX reactions in acid solution:

a. Cu(s) + HNO;(aq) — Cu*’(aq) +

b. Cr,0/%(aq)+ NO (9g) - Cr** (aq)

Example 4.10B- Balancing REDOX Practice-basic solution

+

NO (g)

NO; (aq)

25



Balance the following REDOX reactions in basic solution:

Cr,0/%(ag)+ NO(g) — Cr*(aq) + NO;(aq)

411 T f Oxidation-R ion R ion
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1. Reactions between Metals and Nonmetals to form binary salts
Examples:

Mg + Ny U

In reactions between metals and nonmetals, the metals are reducing agents, which are
oxidized to cations, and the nonmetals are oxidizing agents, which are reduced to anions.

2. Single-Replacement Reactions-active metals and nonmetals replace less active metals and
nonmetals.
Examples:

Faq + KCl o) U

Cuy + AgNO; ) [
In these reactions, free metals such as Al, and Cu, are reducing agents; each loses one or
more electrons. In the other reaction, F, is reduced as it replaces CI" in KCI.
3. Oxidation-Reduction Reactions in Aqueous Solutions

Examples:

MO, +  5Fe™uq+ 8H'qq [ Mn™ g +5 Fe™yg + 4H0

Many oxidation-reduction reactions in aqueous solutions occur under acidic or basic
conditions: MnO, and Cr,0,% are strong oxidizing agents; in acidic solutions they are
reduced to Mn?* and Cr**, respectively.

27



Simple Oxidation-Reduction Titrations

1. Titration Involving Oxidation-Reduction Reactions:

a. KMnO, and K,Cr,0; are the most commonly used oxidizing agents in REDOX titration. This is
because the solutions change color as they are being reduced and this color change
serves as the titration indicator. For example:

i- For KMnQ, its purple color changes to colorless when MnO,  is reduced to Mn?#".

ii- For K,Cr,0, its color changes from bright orange to purplish-blue when Cr,0,% is reduced to
Cr¥.

b. Summary of steps in a REDOX titration:

Example 4.11 A REDOX Titrations

28



0.2640 g of sodium oxalate is dissolved in a flask and requires 30.74 mL of potassium
permanganate (from a buret) to titrate it and cause it to turn pink (the end point).

The equation for this reaction is:
5Na,C,0,(aq) + 2KMnO,(aq) + 8H,S0,(aq) ---> 2MnS0,(aq) + K,SO,(aq) + 5Na,S0,(aq) + 10 CO,(g) + 8 H,O(I)

(a) How many moles of sodium oxalate are present in the flask?

(b) How many moles of potassium permanganate have been titrated into the flask to reach the end
point?

(c) What is the molarity of the potassium permanganate?

Example 4.11B REDOX Titrations

A 0.0483 M KMnO, solution was used to titrate a solution containing 0.8329 g of impure CaC,0,.
If 30.25 mL of KMnQO, solution was required to reach the titration endpoint, calculate the mass
percent of the CaC,0,.

AP REDOX Titrations: Lab Based (2003B #5)
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Oxalic acid, H5C40y . is a primary standard used to determine the concentration of potassium permanganate,
KMn0Q, . in solution. The equation for the reaction is as follows.

2 KMnOylag) + 5 HCOylag) + 3 Hp580,ag) — 2 MnSOylag) + 100050g) + 8 HO0) + K;504(aqg)

A student dissolves a sample of oxalic acid in a flask with 30 mL of water and 2.00 mL of 3.00 M H,50, . The
KMn0y, solution of unknown concentration is in a 25.0 mL buret. In the titration, the KMnO, solution is added
to the solution containing ox alic acid.

ia) Whatchemical speciesis being oxidized in the reaction?

ib) What substance indicates the observable endpoint of the titration? Describe the observation that shows the
endpoint has been reached.

ic) Whatdata must be collected in the titration in order to determine the molar concentration of the unknown
KMnO, solution?

id) Without doing any calculations, explain how to determine the molarity of the unknown KMn0O, solution.

ie) How would the calculated concentration of the KMnQ), solution be affected if 40 mL of water was added to
the oxalic acid initially instead of 30 mL? Explain your reasoning.

REDOX Titrations: Lab Based
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Your responses to these questions will be graded on the basis of the accuracy and relevance of
the information cited. Explanations should be clear and well organized. Examples and equations
may be included in your responses where appropriate. Specific answers are preferable to broad,
diffuse responses.

5 Fe’(ag) + MnO, (ag) + 8 H*(ag) — 5 Fe**(ag) + Mn*(aq) + 4 H,O())

The mass percent of iron in a soluble iron(Il) compound is measured using a titration based on the
balanced equation above.

(a) What is the oxidation number of manganese in the permanganate ion, MnO, (aq)?
(b) Identify the reducing agent in the reaction represented above.

The mass of a sample of the iron (Il) compound is carefully measured before the sample is
dissolved in distilled water. The resulting solution is acidified with H,S0, (aq). The solution is then
titrated with MnO, (aq) until the end point is reached.

(c) Describe the color change that occurs in the flask when the end point of the titration has been
reached. Explain why the color of the solution changes at the end point.

AP Lab Based Problem (2005B #5)
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2 Al(s) + 2 KOH(aq) + 4 H,S0,(aq) + 22 H,0())—2 KAI(SO,),12H,0(s) + 3 Ha(g)

In an experiment, a student synthesizes alum, KAI(SO,),12H,0(s), by reacting aluminum metal
with potassium hydroxide and sulfuric acid, as represented in the balanced equation above.

(a) In order to synthesize alum, the student must prepare a 5.0M solution of sulfuric acid. Describe
the procedure for preparing 50.0 mL of 5.0 M H,SO, using any of the chemicals and equipment
listed below. Indicate specific amounts and equipment where appropriate.

10.0 M H,SO,

50.0 mL volumetric flask

Distilled water 50.0 mL buret

100 mL graduated cylinder 25.0 mL pipet

100 mL beaker 50 mL beaker

(b) Calculate the minimum volume of 5.0 M H,SO, that the student must use to react completely
with 2.7 g of aluminum metal.

(c) As the reaction solution cools, alum crystals precipitate. The student filters the mixture and
dries the crystals, then measures their mass.

(i) If the student weighs the crystals before they are completely dry, would the calculated percent
yield be greater than, less than, or equal to the actual percent yield? Explain.

(i) Cooling the reaction solution in an ice bath improves the percent yield obtained. Explain.

(d) The student heats crystals of pure alum, KAI(SO,), 12H,0(s) , in an open crucible to a constant
mass. The mass of the sample after heating is less than the mass before heating. Explain.

AP Lab Based Problem (2005 #5)
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Answer the following questions that relate to laboratory observations and procedures.

(a) An unknown gas is one of three possible gases: nitrogen, hydrogen, or oxygen. For each of the
three possibilities, describe the result expected when the gas is tested using a glowing splint (a
wooden stick with one end that has been ignited and extinguished, but still contains hot, glowing,
partially burned wood).

(b) The following three mixtures have been prepared: CaO plus water, SiO, plus water, and CO,
plus water. For each mixture, predict whether the pH is less than 7, equal to 7, or greater than 7.
Justify your answers.

(c) Each of three beakers contains a 0.1M solution of one of the following solutes: potassium
chloride, silver nitrate, or sodium sulfide. The three beakers are labeled randomly as solution 1,
solution 2, and solution 3. Shown below is a partially completed table of observations made of the
results of combining small amounts of different pairs of the solutions.

Solution 1 2 3
1 XXXXXXXXXXXXXXXXXXXX Black Preciptate
2 XOOXXKXXKXX XXX XXX XXX No Reaction
3 XXXXXXXXXXXXXXXXXXXX

(i) Write the chemical formula of the black precipitate.
(ii) Describe the expected results of mixing solution 1 with solution 3.
(iii) Identify each of the solutions 1, 2, and 3.
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AP Lab Based Problem

(2001 #5)
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Solution 1 Solution 2 Solution 3 Solution 4 Solution 5

—
0.10 M 0.10 M 0.10 M 0.10 M 0.10 M
Pb(NO,), NaCl KMnO, C,H.OH KC,H,0,

5. Answer the questions below that relate to the five agueous solutions at 25°C shown above.

{a) Which solution has the highest boiling point? Explain.
(b} Which solution has the highest pH? Expl ain.

(c) Identify a pair of the solutions that would produce a precipitate when mixed together. Write the formula of
the precipitate.

{d) Which solution could be used to oxidize the Cl {ag) ion? Identify the product of the oxidation.

(e} Which solution would be the least effective conductor of electricity ? Expl ain.

Answers:
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In each part, one pointis earned for the correct solution or solutions, and one point 15 eamed for the
correct explanation (in parts a b, and ), precipitate Gnpart c), or product (in part d).

(a)

(h)

(c)

()

(e)

Pbi(1Os), (Solution 1)

Ph(MO5)o hasthe largest value of 7, the van’t Hoff factor, so the solution
has the highest number of solute particles (it dissociates into the most particles)

+  Student must address the relative number of particles.

KC-H;Oy (Solution 5)

The acetate 10n1s the conjugate base of a weak acid, 501t 15 a weak base
{or KC5Hz0, 13 the salt of a strong base and a weals acid, go the solution
1z basic).

Ph(MOg), and MaCl (Bolutions 1 and 2)

PbCl, would precipitate

+  Points can dso be earned for KMnO, plus one of the other solutions
{with the precipitation of MnO- ).

+  Points can dso be earned for KMnOy plus PhiMOg,
{with the precipitation of FbO,, or MnOy, ).

KMnO, (Solution 3)
The product ofthe omdation s Cl,
CoH-OH (Sclution 4)

Ethanol iz the only nonelectrolyte miven. It does notreadily dizssoc ate into 10n5,
s0 it would not produce charged species that would conduct a current.

+  Onepoint can also be earned for explanations using i, the van’t Hoff factor.

I paint

I point

I point

I point

I point

I point

I paint
I point
I point

I point
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2 A1(s) + 2 KOHiag) + 4 HyS Oyiag) + 22 HyO — 2 KAI(E0, ) 12H,005) + 3 Hy(g)

In an experiment, a student synthesizes alum, KAISO, ) 12H,O(F), by reacting aluminum metal with potassivm

hydrozide and sulfuric acid, as represented in the balanced equation above.

{a) In order to synthesize alum, the student must prepare a 5.0 Afsolution of sulfunic acid. Describe the
procedure for prepaning 50.0 mL of 5.0 A Ho50, using any of the chemicals and equipment listed below,

Indicate specific amounts and equipment where appropriate.

10.0 Af HyB 0y 50.0 mL wolumetric flask
Distilled water 50.0 L buret
100 ml graduated cylinder 25.0 mL pipet
100 mL bealer 50 mL beaker
(50.0 mL) | — = 5.0 mol Hy504 | _ 95 mal Hy50,
1,000 ml. 1L
(.25 mol Hy80,) L [LDDD mL] = 25.0mLof10.0 AFH,80,
10.0 mal H,30, 1L

Put on goggles. Measure approximately 20 mL of distill ed water using the

100 L graduated cylinder, and add the distilled weater to the 50.0 mL volumetric
Hask., Measure 25.0 mL of the 10.0 44 H, 30, using the 25.0 mL pipet, and
transfer the concentrated acid slowly, with occasional switling, to the 50.0 mL
volumetric flask contaning the distilled water. After adding all the concentrated
acid, carefilly add distilled water until the merscus of the solution is atthe

500 mL mark on the neck ofthe fask at 20°C.

One pointis earned for
the wolume of
10.0 M H,50,.

One pointis earned for
uzing a volumetric
flask and the pipet.

One pointis earned for
adding the acid to the
water.

One pointis earned for
filling to the mark
with water,

(b} Calculate the mirdrnum volume of 5.0 A9H,50, thatthe student must use to react cornpletely wath

2.7 g aluminum metal.

One point 15 earned for the

Y04

27 0g Al 2 mal Al LS.D 1ol HZSD4J

= (27 g Al (1 tool M] [4 tmol HZSD“] ( LL ! mumber ofmoles of AL

Cne pointis earned for the
correct stoichiom ety

Che pointis sarned for the
arswer.
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{c] Asthe reaction solution cools, autn crystals precipitate. The student filters the mizture and dries the
crystals, then measures their mass.

(1) Ifthe student weighs the crystals hefore they are completely dry, would the calculated percent wield be
greater than, less than, or equal to the actual percent yield? Exzplain,

Ifthe KAI(30,4)-12H005) crystals have not been properly dried, there
will be excess water present, making the mass of the product greater than

it should be and the calenlated percent vield too high. Therefore, the
calculated percent wield will he greater than the actual percent wield.

Cne pointis earned for the
prediction and a correct
explanation.

{111 Cooling the reaction solution in an ice bath improves the percent vield obtained Explain.

Ifthe soluhility nf KM(SDQ:IEHQO(S} decreases With decreasir?g. . One pointis earned for the
temperatire, conling the reaction solution would result in the precipitation cotrect explanation

of more KAIEO -1 2H4O(E).

{(d) The student heats crystals of pure aluen, KAISO,)-12H,008), in an open crdchle to a constant mass. The
tnass of the sample after heating 15 less than the mass before heating. Explan.

KAIR0 - 12H,00) 1s abydrate. Forthe mass ofthe sample to be less

after heating, the water of by drati on must be lost. Heating the sample of One pointis earned for the
KAIR0 - 12H,00) crystals wall dnve off the water first, decreasing the correct explanation.
tnass of the sample.
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{a) Anunlmown gasis one of three possible gases: mtrogen, hydrogen, or oxygen. For each of the three
possibilities, describe the result expected when the gas is tested using a glowang splint (a wooden stick with
otie end that has been ignited and extinguished, but still contains hot, glowing, partally bumed wood),

Mitrogen: When the glowing splintis inserted into the gas sample, the glowing
splinnt wall be extinguished.

Hydmgen: When the glowing splint 15 inserted into the gas sample, a popping
sound (explosion) can be heard.

Cazygen: When the glowing splint 15 inserted into the gas sample, the splint
will glow brighter or retgnite.

One pointis earned for each
description.

(b} The following three mixtures have been prepared: CaO plus water, 310y plus water, and OO, plus water, For
each mizture, predict whether the pH iz less than 7, equal to 7, or greater than 7. Justify your answers.

Cal plus water:

The pH of the solution wall be greater than 7. CaO in water fonms the base
CalOH)y (ormetd oxides are basic, or basic anhydrides).

B10, plus watet:
The pH ofthe solution wall be equal to 7. 510 13 insoluble in water, so there
would not be achange in the pH of the mixture,

O plug water:
The pH ofthe solution will be less than 7. COy in water forms the acid H,OO,
{or nonmetal oxides are acidic, or acidic anhydrides).

Che point is earned for each
description.
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{c) Each of three heakers containz a 0.1 Af solution of one of the following solutes: potassium chlon de, slver
mitrate, or sodium sulfide. The three beakers are labeled randomly as solution 1, solution 2, and solution 3.
Shown belowis a partially completed table of observations made of the results of combiung small amounts
of different pairs ofthe solutions.

Solution 1 Solution 2 Solution 3

Solution 1 hlack precipitate

Solution 2

Solution 3

i1) Write the chermical formula of the black precipitate.

The black precipitate is Ag, 5. One pointis earned for the correct formula,

(i) Describe the expected results ofmizing solution 1 with solution 3.

A precipitate wall be produced when the two

- . One pointis earned for the correct observation.
solutions are rizxed.

{111} Identify each of the solutions 1, 2, and 3.

Solution 1 iz silver nitrate.
solution 2 is sodium sulfide. One point 15 earned for the correct identification of 4l three

Solution 3 13 potassium chlonde. solutions.
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5 An experiment 15 performed to determine the molar mass of an unknown solid monoprotic acid, HA, by titration
with a standardized MaDH solution.

{a) What measurement(s) must be made to determine the number of moles of MaOH used in the titration?

Initial wolume of standardized MaOH solution and . . o .
final volume of standardized NaCOH zolution éfp}?;?; for identifying both initial and finl volume
frolume at the endpoint of the titration)

th) Whrite amathematical expression that can be uzed to determine the number of moles of NaOH used to reach
the endpoint of the ttration.

Myson % Vwaon
1 point for mathemati cal expression

(M olanty of MaCH solution) times (volume {in L) of NaOH added)

{c) How can the number of moles of HA consumed in the titration be determined ?

HA + MaCH — Mas + HO

moles H& = moles MaOH . . _ o
1 point for showing conversion based on stoichiometry of

toles monoprotic acdd = moles NaOH the neutralizaion reachon
lmol HA
= les NaOH [ ]
A ~ 00 B ol NaOH

{d) In addition to the measurement(s) made in part (), what other measurement(s) must be made to determine the
molarmass ofthe acid, HA ?

mass of Hé 1 point for measurement

(e) Whnte the mathematical expression that 15 used to detenmmine the molarmass of Ha

mass Ha

mol HA
1 point for quotient

mass of Hé measyred in part {d) divided by the moles
of Ha& determined in patt (c)
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ify The following diagram represents the setup for the titration. In the appropriate hoxes below, list the

chemical(s) needed to perform the titration.

Chemical(s) Needed in Flask

(fhcmi;:ul_{s]_Nccdcd in_ F_}urr:r.

Chernicals needed in flask: solid weak monoprotic acid
(H&) and an indicator to detect endpoint of titrabion

Chemical in buret: standardized MNaOH solution

1 point for either one oftwo chemicals in flask,
2 points for both

| pount for MaCOH in the buret
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Chemicals needed in flask solid weak monoprotic acid | 1 point for either one oftwo chemicals in flask,
(Ha) and an indicator to detect endpoint of titration 2 points for both

Chemical in buret: standardized NaCH solution | point for WaOH 1n the buret

{z) Explain what effect each of the foll owang would have on the calculated molar mass of HA Justify vour

atlswWers.

(1) The original solid acid, Hé&, was not completely dey at the beginning of the experiment.

IMeasured mass of Ha iz larger; so, according to expression in
part (), calculated molar mass wall be higher than it should.

1 point for the effect on molar mass and
explanation

(1) The procedure called for 25 mL of HoO in the Efenmeyer fask but a student ueed 35 mL

of Hzo

Mo effect on calculated mol ar mass, because mathematical
expression for molar mass does not include amount of
water used to dizsolve solid Ha. Both mass and number
of moles of Hé are unaffected by the addition of water.

1 point for effect on molar mass and explanation.
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5 Ozalic acd, HoCo0y , 15 a pmary standard uged to detemmine the concentration of potassium
permanganate, KMnOy | in solution. The equation for the reaction 15 as follows.

2 KMan_(ﬂq) + 5 HngDq_(ﬂq} + 3 H25D4 — 2 MHSDq_(ﬂq} + 10 CDz(g) + & HED{‘J} + KESDq_{ﬂq}

A student dissolves a sample of oxalic actd 1n a flask wath 30 mL of water and 2.00 mL of3.00 A4 Ho;
The KMnCy, solution ofunknown concentraion isin a 25.0 mL buret. In the titration, the KMMnOy
solution 12 added to the solution contaning the oxalic acid.

{a) What chermical species 1z bang oxidized in the reaction?

HoC50, 15 the substance being oxidized. The halfreaction is:
HaCo04lag) — 2C0i (gl + 2 H ag) + 2 e 1 point for 1dentifying HyC5 0,
OR or C504% as species oxidized

The oxidation state of carbon changes from +3 to +4 10 CO.,

(h) What suhstance indicates the ohservable endpoint of the titration? Describe the ohservation that
shows the endpoint has heen reached.

In the reaction, the purple KMnOy solution in the buretis added . . .

S _ | point for1dentifring
to the colorless solution in the flask. KMnO, reacts wath H,C50, KMnO, as reacting species
upon addition, so the puple KMnO, color dissppears as it s that indicates the endpaint
added to the solution 1n the flask that contains unreacted H,Co0,

Az soon as all the HyCy0y has reacted (endpoint), the KMnOy 12 | point for indicating color

in excess and the solution in the flask wall tum pink (pink 15 the change is from colotless to
color produced when the more concentrated purple KMnO, pirk atthe endpoint

solution in the buret 1z diluted in the solution in the flask).

{c) What datamust be collected in the titration 1n order to detenmine the molar concentration of the
unknown KMnO, solution?

_ _ o | point for the mass of oxaic acid
The mass of oxdic acid, the itial volume ofthe KMnOy,

solution in the buret, and the final volume ofthe KMnO,
solution in the buret

1 point for the initial and final
volume o for saying the change 1n
volume of KMnO,
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(d) Without doing any calculations, explain how to determine the molarity of the unlmown KMnO,
solution.

Determine the moles of oxalic acd (by dividing the mass of 1 pount for determining moles
oxalic acd measired/weighed, by the molar mass of oxdic anid). | 0f HoCo0y

Use the stoichiometric ratio ofthe arnount (2 mol) of KMnO, to
amnount (5 mol) of HyCo0, from the balanced chemical equation | 1 point for using correct
to convert from amount (in moles) of HyCh0y to amount {in stoichiometric factor
moles) of KMnOy.
1 point for dividing moles of
KMnO, by liters of KMnO,
solution

Divide the amount (in males) of KMnO, by the volume,
expressed in liters, of KMnOy needed to reach the endpoint.

(g) Howwould the calculated concentration ofthe EMnOy solution be affected 1£40 mL of water was
added to the oxalic acid tnitially instead of 30 mL? Explan your reasoning.

There would be no effect on the concentration of the KMnO,
solution. We are only interested in the moles of oxalic acid. -

_ o _ o 1 point for effect
Sinceitis a solid, the moles of ozalic and are calewlated from

the mass of oxalic acid. The volume of water used to dissolve the | | point for explanation

oxalic acd 13 independent of the moles of ozxalic acd.
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