Chapter 7
Balancing Molecular Equations

Chemists write chemical equations to illustrate what is happening during a chemical reaction—honds
are broken, atoms are rearranged and new bonds are formed. Every chemical reaction suUpports the Law

Balancing equations is a process which assures that equations are written propetly to support the Law of
Conservation of Matter; however, balancing cannot be done until each reactant and product formula is
written correctly. It is important to properly write the seven elements that are diatomic in. their elemen-
tal form and also to use subscripts and parentheses appropriately when considering the oxidation nume
bers of ions. All compounds must be made neutral before beginning to balance atoms. . ;

Balancing is accomplished by adding coefficients that multiply the number of atoms represented by the

formula. For example, a coefficient of 2 in front of oxygen (e.g., 20,) means that 4 oxygen atoms are

represented. Unlike algebra, in chemnistry a coefficlent does not need to be outside patentheses or brack-

ets to be distributed. A coefficient applies to the complete substance; however, it no longer applies when
- a plus sign (+) or arrow (———) is encountered. For example,

3(NI—I4)2CO3 shows 6 nitrogen, 24 hydrogen, 3 carbon and 9 OXygen atoms

3MgCl, + NaBr indicates 3 magnesium, 6 chlorine, 1 sodium and 1 bromine atom

Tips{for Balancing Equations

»  Be sure each molecular formula is written cozrectly and each compound is neutral.

* Mentally count or tally how many of each type of atom is present on each side of the equation,

* Begin by balancing elements that are only found in one substance on each side.

* Balance oxygen and hydrogen last—they usually balance out at the end or perhaps only the number
of water molecules will need to be adjusted.

* If there is an odd number of an element on one side and an even number on. the other, the odd
number will need to be evened out—so use a coefficient of 2 for that substance. _

* Ifthere are polyatomic jons that remain together as a unit during the reaction, count the polyatomic
ioh as a unit,

* When tallying, be sure to adjust the count for each and every element that an added coeffcient
affects. ‘

* Combustion reactions that don’t seem to balance will often come out better if a coefficient of 2 js
used for the hydrocarbon,
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Some Examples

Hydragen and chiorine gases react to form hydrogen chioride gas.
H, + Cl,——HCl ~
"H 2 H. 1
Cl 2 SR & SR |

. . ) N ‘ ’ -
Because one hydrogen and one chlotine atom appears to have been lost, a coefficient of 2 is added to

the HCL o
H, + CL,——=2HCl

H 2 CH 2
a2 a 2

| Potassium chlorate is heated and decampbseé into potassium chioride and oxygen gas.

KCIOy —» KCt + O,

K 1 K U
a1 a1
"o 3 0 2

'Because there is an odd number of oxygen atoms on the Jeft and an even number on the right, a coeffi-

cient of 2 is added vo the potassium chlorate.

IKCIO, —KC1 + O,

K .2 . K 1 - S /
a 2. - a1 : SR '
o 6 . S0 1

. “The oxygen atoms can now be batanced using a cqefﬁ;ient_of 3; the 'pot:'-.t#si;im and chlorine atoms can -
. be balanced using a coefficient of 2 in front of KCL. - . o

2KCIO, — IKCL * 30, -

K- 2 K 2.
cl- o2 -cl2

Ahrmonidm nitrate maqfs with éélb_ium phosphate to form ammonium phosphale and calcium nitrate.
. NH,NO, .+ Cay(PO,), — (NH,,PO, + caNOY,. L - :

Balaﬁciné this equation can be simplified greatly by noticing that each of the polyato;ﬁic ions
" remain together as a group throughout the reaction. Note that the tallying below indicates this.

CNH, 1  NH, 3
NO, 1 NO; 2
Ca 3 Ca 1
po, 2 PO, 1
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Beginning with calcium, add a coefficent. of 3'on the right to balance the Ca. This also ¢hanges

~ thenitrate count to 6 on the right, s0.adjust that by adding a coefficient of 6 on the leftside,

6NH,NO; + Cay(PO,), —~ (NH,),PO, + 3Ca(NO,),

NH, 6 NH, 3
NO, 6 NO, 6
Ca 3 'Ca 3
PO, 2 . PO, 1

Finally, a coefficient of 2 is needed in front of ammonium phosphate o complete the balancing.

© 6NH,NO; + Cay(PO,), —— 2(NH,),PO, + 3v,cgl(1~103,)2

- NH, 6 NH,
NO; Y NO, . 6
. Ca 3 Ca 3
PO, 2 PO, 2

As a double check, it is always wise to count the total number of each type of element indicated.
For this reaction there is a total of 12 N, 24 H, 26 O, 3 Ca and 2 P atoms on each side,

Now it is time to apply the rules for balancing equations to some chemical reactions, It turns out that
many chemical reactions can be organized into various groups—that is the focus of the sections that follow.

Exercise 7-1: Balance the following equations by adding coefficients as needed. Some equations may already

10.

~ bebalanced. . :
Ca + HOH — Ca(OH), + H,
Lo, + HO—->=HCO, ,
Fe + O, — Fe,0,
G, + Oy ——> CO, + H,0
Ca,PO,), + H,80, — Ca(H,PO,), + CaSO,
AlCl; + AgNO, === AlINO,), + AgCl
HCl + CaCO, — CO, + HOH + CaCl,
WO, + H, — W + H,0
Cl + H,0 —= HCI + HCIO

Cl, + Nal —— NaCl + I,
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Synthesis Reactions occur when two or more reactants combine to form a single product. There are sev-
eral common types of synthesis reactions.

A metal combines with a nonmetal fo form a binary sall.
example A piece of lithium metal is dropped into a container of nitrogen. gas.
6Li + N, — 2Li;N

Melallic oxldes and water form bases {metallic hydroxides). -
example  Solid sodium oxide is added to water.
Na,0 + HOH —— IN2OH

Solid magnesium oxide is added to water.

MgO + 2HOH —— Mg(OH),

Nonmetaliic oxides and water form acids. The nonmetal retains its oxidation number.

example  Carbon dioxide is bubbled into water. -
CO, + HiO—> H,CO, (Oxidation number of C is +4)

Dinitrogen pentoxide is bubbled into water.
N,O; + H,0 ——— ZHNO, (Oxidation number of N is +5)

Metallic oxides and nonmetalfic oxides form salls.
example  Solid sodium oxide is added to carbon dioxide.

NaZO + CO, —» Na,CO,

Solid.calcium oxide is added to sulfur trioxide.
CaO + SO, —> CaSO,

Decomposition Reactions occur when a single reactant is broken down into two or more products.

Metallic carbonates decompose inra metallic oxides and carbon dioxide.
example A sample of magnesium catbonate is heated.
MgCO, ~— MgO + CO,

Maftallic chiorates decompose into metallic chiorides and oxygen.
example A sampleof magnesium chlorate is heated.
Mg(CIO,), ——> MgCl, + 30,

"~ Ammonium carbonate decamboses into ammonia, water and carbon dloxide.

example A sample of ammonium carbonate is heated.
(NH,),CO; — = INH, + H,0 + CO,

Sulfurous acid decomposes into sulfur dioxide and waler.
example A sample of sulfurous acid is heated.
H,50, — H,0 + 80,



B, ST Y AHGLUL CYURTIONS

43

Garbonie acld dé}:ampasg's into-carbon dioxide and water;
example A sample of carhonic acid is heated. _
H,CO; H,O + CO, L
A binary compound ma Yy break down to produce twp elemerts,

example  Molten sodium chloride is electrolyzed.
ZNaCl —— 2N + Cl,

Hydrogen peroxide decomposes intp water and oxygen, !

- Ammonium hydroxide decomposes into ammonia and water
example NH,OH ~——» NH, + HOH

Exercise 7-2: Predict and balance the following synthesis and decomposition reactions, Use ab
Indicate the phase of reactants and products where passibie [i.e., (aqg) (s) 0 ).

1..A sample of calcium carhonate is heated.

breviations to

2. Sulfur dioxide gas is bubbled through water,
3. Solid potassium oxide is added to a container of carbon dioxide gas,
4. Liquid hydrogen peroxide is warmed, | g
5. Solid lithium oxide is a&ded to water.
6. Molten alt-lminum chloride is electrolyzed.
7. A peasized piece of sodium is added to -container of iodine vapor,
8. A sample of carbonic acid is heated.
9. A sample of potassium chlorate is heated.

10. Solid magnesium oxide is added to sulfir trioxide gas.
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| | Chapters _
| Single Replacemen { Roactions |

Single replacement reactions are reactions that jnvolve an elemient teplacing one part of a compound.
The products include the displaced element arid a néw compound. An element can only replace anoth-
er element that is less active than itself - :

. General activity serles for mefals _
(most active) . - Li Ca Na Mg.Al Zn Fe Pb (H,] Cu Ag Pt (least active)

General activity series for nonmstats
{most active) - - F, C Bs, I {least active)

" Here ate some common types of single replacement reactions.

Aci_‘ive hweta!s replace Iéss éctlye metals fmm their compouno's in aqueous solution.
example  Magnesium turnings are added to a schition of iron(IIf) chioride.
3Mg + 2FeCl; ——m2Fe + 3MgCl,

Active metdla replace hydrogen in water,
example  Sodium is added 1o water. . _
' . INa + 2HOH —— H, + 2NaOH
 Active metals replace hydrogen in acids. - * o
' example  Lithium is added to hydrociilbric acid.
' o Li+ ZHCl —»H, -_F'ZLiCL . o -
Active pbnmetals replace less active nonmetals from their compeunds in aqueous solution.
exarnple . Chlorine gas is bubbled into a solutlon.of potassium iodide.
Cl, + 2KI——>1, + 2KCl ‘ '

If a less reactive element is combited with a more reactive element in compound form, there will be no -

. resulting reaction. o _ _
‘example  Chlotine gas is'bubbled into a _s-o'lutibn of potassium fluoride.
' Cl, + KF ——— 16 reaction

example Zincis added to a solution of sodium chloride.
' Zn + NaCl ——= o reaction
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Exercise 8-1: Using the activity serles, predict and batance the following single replacement reactions. Use
abbraviations to indicate the appropriate phase of reactants and products where possible.
Note: Not all of the reactions will occur. For ihose that do not, write no reaction.

1LA Biece of copper is dropped into a container of water.

2. Liquid bromine is added to a containet of sodium iodide- crystals.
3. An aluminum strip is immersed in a solution of silver nitrate.

4. Zinc pellets are adc'le'd to a sulfuric acid solution.

5. Fluorine gas is bubbled into a solution of aluminum chloride.

6. M{agnesium turmngsare added to a solution of lead(ll) acetate.

7. Todine crystals a;:e added to a solution of sod.ium chloride.

8. Calcium metal is added to a solution of nitrous acid.

9. A peassized piece of lithium is added t.:o watet.

10. A sotution of iron(lID) chloride is potred over a piece of platinum wire.

Note: On the AP reaction prediction section, all reactions “work”; in other words there will be no “No
reactions” on the AP Exam.



Chapter 9

[ Double Replacement (Metathesis) Reactions ’

In many reactions between two compounds in aqueous solution, the cations and anions appear 1o
switch partners according to the following equation: '

AX + BY —>AY + Bx

This removal of jong can occur in one of three ways:

1. Pormation of 3 Precipitate: A precipitate is an insoluble substance (solid) formed by the reaction of
WO aqueous substances. It js the result of fong bonding together so strongly that the solven (water)
cannot pull them apart, The insoluble solid (or solids i 5 double precipitate occurs) will settle ot
(precipitate) from the solution and this results in the removal of ions from the solution,

€ reaction is reve ‘ ;
rium and have both forward and Teverse reactions taking place. In g reversible reaction, evapontion of
the water solvent wil] result in solid residues of both reactants and products. The reaction is 10t driven

to completion {products) because 1o ions have been removed. A double arrow is used to designate 5
reversible reaction ar equilibiium,

BaCl,(aq) + ZNaNQ,(aq) ==—= Ba{NO,),(aq) + 2NaCl(aq)
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r Solubility Rules Tahle

The solubility classification of jonic substances according to their solubility in water is diffi-
The degree of solubility varies from one

calt. Nothing is completely “nsoluble” in water.
“soluble” substance o another. Nevertheless, a solubility classification scheme is useful even

though it must be regarded as an approximate guideline.

MAINLY WATER SOLUBLE ' |
NO,” AlL nitrates are soluble. '
CH,COO™ or C,H Oy All acetates are soluble except AgCH,COO".
ClO5” All chlorates are soluble.
Cl All chlorides are soluble except AgCl, Hg,Cl, PbCL".
Br All bromides are soluble except AgBr, PbBr,”, He,Br; and HgBr, ™
I- All jodides are soluble except Agl, Hg,1,, Hel, and Pbl;.
50+ All sulfat;zs are soluble except BaSO,, PbSO,, He,S0, CaSO,, Ag,S0 .
and 5:80," .
Alkali metal cations All are soluble.
{(Group 1A) and NH,*
H All common inorganic acids and low molecular mass organic
acids are solible. ' ' :
MAINLY WATER INSOLUBLE |
CO,> All carbonates are insoluble except those';:)f the TA elements and NH,'.
GO 47" - All chrométes are insoluble except those of of the A elerents, NH,,:,
. CaCtO,”* and StCrO,". 7 .
OH- _ All hvdroﬁdes are insoluble except those of the IA elements, NH,
Ba(OH),, Sr{OH),”, and Ca(OH),". : -
PO 43" - All pﬁospha‘tgs are insoluble except those of the JA elements and NH,"
SO,* All sulfii;.es are ipsoluble except those of the IA elements and NH,".
g2~ "All sulﬁdes. are insoluble except those of the 1A and TIA elements and

NH,".

*Slublz compounds disselve to the exent of at leest 10 g/Lae 25 °C-
g/Lat 25 °C. Those compounds that have a solubility of less than 1

g/L are constdered to he insohdble, These standards are common but arbitrary.

Slightly sn!ub.ls compounds (marked with an ) dissolve in the rangs of from 1 g/Lto 107

}
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Formation of a Precipitate _ _ o
In order to predict double replacement reactions yielding precipitates, one must memorize the solubili.
ty rules listed on page 48. ' _

Exergise 9-1: Predict and balance the following metathesis reactions based on the solubility of the products.
Use the abbreviations (ag) and (s) for the reactants and products. All reactants are aqueous.

Note: Some of these reactions do not go to completion.
L. silver nitrate + potassium chromate

2. ammonium chloride + cobalttﬂ) sulfate

3. lithium hydroxide + sodium chromate

4. zinc acetate + cesium hydroxide

5. ammonium sulfide + lead(ID) nitrate |

6. iron(IlD) sulfate + barium iodide

7 chromium(III) bromide + sodium ni‘trate
8. rubidium phosphate + titanium(IV) nitrate
9. ammonium carbonate + nickel(IT) chloride
10. tin(IV) nitrate + potassiuz# sulfite

Note: Correct molecular formulas must be written for both the reactants and products before a equa-
tion may be balanced.
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Formation of a Gas
Compmori gases formed in metathesis reactions are listed in the table below.

Gommaon Gases

H,S
co,
SO,
NH,

Any sulfide (salt of $%) plus any acid form H,S(g) and a salt.
Any carbonate (salt of CO;%) plus any acid form CO,(g), HOH ardd a salt.
Any sulfite (salt of SO;*) plus any acid form SO,(g), HOH and a salt.

Any amamonium salt (salt of NH, ) plus any soluble strong hydroxide react upon heating
to forma NH,(g), HOH and a salt,

Reactions that produce three of the gases (CO,, SO, and NH,) involve the initial formation of a sub-
stance that breaks down to give the gas and HOH,

Examiple 1.

Eﬁcamplé 2.

Example 3.

Example 4.

Helpful Tip:

The reaction of Na,SO; and HCl produces H,S0;;
Na,S0,(aq) + 2HCl(ag) —> H,S0,(aq) + INaClaq)

Bubbling is observed in this reaction because the H,SO, (sulfurous acid) is unstable and
immediately decomposes to give HOH and 8O, gas:
H,S0, —— HOH() + S0,

The molecular equation for the complete reaction, therefore, is:
Na,SO5faq) + 2HClaq) ——> HOH(D) + SO, + 2NaCl(ag)

A typical reaction of a carbonate and an acid is: J
K,CO,(aq} + 2HNO,(ag) — HOH() + CO,{g) + ZKNO;(aq)

Bubbling is also observed in this reaction. Theotetica]lv.HZCOy carbonic acid, is formed,
but the acid is unstable and immediately decomposes to form carbon dioxide gas and water

according to the following equation:
H,CO,(ag) —> HOH() + CO,@

Ammonium salts and soluble bases react as foltows (particularly when the solution is warmed):
NH4C1(aq) + NaOH(aq) — NH,{g) + HOH{) + NaCl(aq)

The odor of ammonia gas is noted and moist blue litmus paper held near the mouth of
the container will turn. blue, Theotetically NH,OH, ammonium hydroxide, is produced
(also known as ammonia water). The compound is unstable and decomposes into ammo-
nia gas and water: : ‘

NH,OH(ag) —> NH,(@ + HOH®

The odor of rotten eges and bubbling are noted when an acid is added to a sulfide. A
typical reaction producing hydrogen sulfide pas is:
FeS(s) + 2HCl(ag) ~—— FeCl,(aq) + H,5()

Be aware of redctions involving the formation of carbon dioxide, sulfur dioxide, ammonig, and hydro-
gen sulfide gases on the AP Chemistry Examination. Ower the years these reactions have appedred
many, many times. Know these four gases and how they are produced!
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Exercise '9-—2: Predict and balance the foliowi

(aq) for the reactants and prod
L. ammonium sulfate and potassium hyd

ng metathiesis reactions. Use the abbreviations (8), 1), (g), and
ucts. All reactants are aqueous unless otherwise stated,
roxide arE'l'.I:li}iEd together

2. ammonium sulfide is réacted with hydrochloric acid . |
A
3. cobaItUI) chloride is combined with silver nitrate
41 solid calchum ca:bpnate is reacted with ;u]furic acid
5. potassium sulfite is reacted with hydrobromic acid
6. potassium sulﬁﬁe is reacted with nitric acid

of

7. ammonium iodide + magnesium sulfate

8. solid titanium(IV) carbonate + hydrochloric acid

9. solid calcium sulfite + acetic acid

10. strontium hydroxide + ammonium sulfide
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Formation of a Molecular Species (Weak aor Nonelecirolytes)

Metathesis reactions that produce primatily molecules in the form of partially dissociated or ionized
molecules (weak electrolytes) or molecules that do not ionize or dissociate at all {nonelectrolytes) serve as
the driving force in some agueous reactions. Forming molecular products in double replacement reac-
tons results in the removal of ions from solution. Such reactions tend to go to completion (shif to the

right) and form primarily products.

Simplified list of rules:

A. The common strong acids and thus strong electrolytes are HCIO,, HCIO,, HCY, HBy, HI, HNO,,
and H,SO,. (Memorize these seven strong acidsf) All other common acids are weak acids and thus
weak electrolytes (CH,COOH, H,PO,, HE, and HNO, are examples of weak acids. (Note: All organ-
ic acids (R-COOH) are weak electrolytes.) All strong acids in their pure form (as opposed to dilute
agueous form) are nonelectrolytes (moleculay). When water is added, the action of the solvent water
with a strong acid produces a hydrated proton (hydronium ion) and a negatively charged anion. The
process of making ions from molecular species is known as ionization. Strong acids ionize 100% in
water. An example of a strong electrolyte undergoing ionization is as follows:

HClg) + H,00 — H,0"(aq) + Cl-(ag)
This reaction may be abbreviated as:
HCl(aq) — H*(aq) + Cl'(aq)

B. The common strong bases are the soluble hydroxides (those of Group 1A elements and Ba?*) and
the slightly soluble hydroxides (those of Ca?* and Sr?*). Strong bases, like strong acids, are strong
electrolytes. Memotize the strong bases! NH OHisa soluble weak electrolyte which normally
decomposes into NH,(g) and HOH(). Technicaily speaking, the pure compound ammonium,
hydroxide has never been isolated and the substance is mote correctly known as aqueous ammonia.
Most other hydroxides are insoluble. Pure liguid hydroxides are strong electrolytes because they
already contain ions. The action of the solvent water releasing the ions of a base into solution is
known as dissociation. Acids ionize in water; bases dissociate! '

C. Most common (soluble) salts are strong electrolytes and thus dissociate into ions when placed in water.
D. Water is a weak electrolyte which is typically produced in acid-base neutralization reactions.

Some Examples of Weak Elecirolytes Forming as Products (shown in hold):
Ca(CH,COO),(aq) * 2HCl(aq) ——» CaCly{aq) + 2CH,COOH(aq)
2Na PO fag) + 3H,S0,(aq) ——» 3N3,50,(aq} + ZELPO (aq)
HClaq) + NaOHfaq) — NaCl(aq) + HOH(®
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Exercise 9-3: Predict and balance the followi
reactants and products. All rea

1. carbon dmxlde gas is bubeed through

ng reactions. Use the abbreviatlons (), () {g)..ang- (aq) forthe -
Ctants are aqueous. unless othenmse st_ated ,

a solution of 11t111um hydromde

2. sodium nitrite is reacted with hydrochloric acid
3. ammom‘-utin bromide + sodium hydroxide
4. carhbon dio:dcie gas is reacted with solid potassiu%n oxide
5. solid magnesium oxide is reacted with hydrochloric acid

6. equal numbers of moles of potassium hydroxide and phosphoric acid react

1. sodium fluoride reacts with dilute nitric acid

8. ammonium carbonate + potassium bromide

9. oxalic acid (0.1 M) reacts with an equal volume of cesium hydroxide (0.1 M)

10. silver nitate + sodium chromate
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Acid-Base Nenfralization Reactions .

Acids react with bases to produce salts and water. One mole of hydrogen ions will react with one mole
of hydrozide iops to produce one mole of water. Learn which acids are strong acids (written in ionic
form) and which are weak acids (written in molecular form). Check the solubility rules for the solubility
of the salt produced. If it is soluble, it is written in ionic form; if it is insoluble it is written in molecular

form. This will be covered further in Chapter 10.
. Acid + Base — Salt + Water

(A salt consists of a cation from a base and an anion from an acid. e.g., the salt sodium sulfate contains

* sodium ions from sodium hydroxide and sulfate ions from sulfuric acid.)

Example 1: Hydrogen sulfide gas is bubbled through excess potassium hydroxide solution.
H,S( + 2KOH(ag) —— K;Slaq) * 2HOH(®)

Polyprotic acids can be tricky when it comes to predicting neutralization reactions. Sulfuric acid and
phosphoric acid are classic examples frequently encountered on AP Examinations. If the base is in
excess, all hydrogen ions will react with strong base to produce water.

Example 2: Dilute sulfuric acid is reacted with excess sodium hydroxide.
H,S0 4(aq) + 2NaQOH(ag) —— Na,SO 4(aq) + ZHOH{)

If, however, the reaction in Example 2 stated that equal numbers of ‘moles of sulfuric acid and sodium
hydroxide react, then the coefficients for both reactants must be one and the salt that forms is sodiurm

hydrogen sulfate.
Example 31 Equal number of moles of sulfuric acid and sodium hydroxide react.

H,S0,(ec) + NaOH(ag) —= NaHSO(ac) + HOHO

Take into account information dealing with the quantity of each reactant.

Example 4: Equal volumes of 0.1 M phosphoric acid and 0.2 M sodium hydroxide are reacted together.
H,2O,aq) + 2NaOH() ——= Na;HPOGeq) + 2HOH() |

Whatch for substances that react _with water before reacting with an acid or a base. The acid and basic
anhydrides covered in Chapter 7 behave in such a manner. These are really two-step reactions.

" . Example 5: Excess sulfur dioxide gas is bubbled into a saturated solution of calcium ]:_Lvdrozdde.

SO,(@ + Ca(OH)faq) —> CaSO,(s) + HOH()
: (Remember, SO,{g) is an acid anhydride)
fortacid + base jields  slt + water, ¢hen an acid anhydide + basic anhydride willyield & salt.
Example 6 Sulfur dioxide gas and solid calcium cxide are reacted togethet. |
| SO,(@) + CaOfe) ——== CaSO;(e)

(Note: SOz(g) is the acid anhydride for sulfurous actd and CaQ(s) is the basic anhydride for calcium hydroxide.)



