Chapter

) Stoichiometry |

Student Learning Outcomes

Stoichiometry

After studying this chapter, students will be able to:

Use the molar gas volume, 24 dm’ at room temperature
and pressure, in calculations involving gases

Define concentration, u h g/dm’ and mol/ dm’,
and convert between the

Calculate stoic ‘etric relationships between
substances rel ips (specifically:

reacting limiting reactants,
volum '@r\bsses atr.tp,

vol of solution and concentrations of solutions in
or mol/ dm’, including conversion between cm’
dm’)
Calculate concentration of a solution in a titration using
empirical data

Calculate empirical formula and molecular formula
from appropriate data

Calculate percentage yield, percentage composition by
mass and percentage purity from appropriate data.
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15.1 Molar Vol

The volume of a gas varies with changes in pressure and temperature. In
order to compare the volumes occupied by different gases, we must adopt a set
of standard conditions of temperature and pressure called room temperature
and pressure (RTP). Accordingly, 25 °C (298.15K) and one atmosphere (760 torr)
are used as standard conditions of temperature and pressure for measurement
of volumes of gases at room temperature.

It has been found that one mole of all gases occupies a volume of 24 dm’
at RTP. This is called molar volume. It is worth noting that one mole of each gas
contains the same number of molecules, occupies the same volume and at the
same time has different mass. In other words the masses and the sizes of the
molecules of gases do not change the volume occupied by them. The concept of
molar volume is useful because it enables us to calculate'the number of moles or
masses of the gases if we know their volumes.

Calculate the number of moles of nitrogen gas present when it occupies a
volume of 2.5 dm® at RTP.

24 dm’ is occupied by howimany moles of nitrogen = 1 mole

1 dm’ will be occupied-by how many moles of nitrogen = 21—4 mole

2.5 dm’ will be occupied by how many moles of nitrogen = 214 x 2.5
= 0.10 mole

You can use the following equation as well to solve this problem.

Volume of the gas at RTP

- e 1
Ho. ot moles ot 3 gas Molar volume of the gas

=

15:2 Example

Calculate the volume of 0.5 mol of hydrogen at RTP.
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Volume of hydrogen
24
Volume of hydrogen = 0.5 x 24 = 12dm’

Apply the equation (1) 0S5 =

(15:3]Examplel

Calculate the volume occupied by 200 g carbon dioxide at RTP.

Volume

No. of moles =
Molar Volume
Volume = No. of moles x Molar volume
. Mass
Since no. of moles = m
Molar Mass
S0, Mass Calculate the amount of
_ x Molar volume ¢0.in100dm’at RTP?
Volume Molar Macs ,in m’a
200
Volume = 9 « 24dm*= 109 dm’

49

15.2 Concentration of a solution

Concentration of a solution is a measure of the amount of solute that has
been dissolved in a given amount of solution or solvent. The amount of solute
dissolved is expressed .either in grams or in moles whereas the quantity of
solution is expressed in terms of its volume, dm” or cm’.

The unit used for the mass/volume concentration is then g/e:im3 while for
the molar concentration itis mol/dm’.

1152 Example )

Calculate concentration of a solution in g/dm’ which contains 20 g of sodium
chloride dissolved in 0.2 dm’ of water.

Mass of solute in gram
Volume of solution in dm’
20

= ———— = 100 g/dm’
0.2 o

ﬁStni:hinmetw \ ( 18 ) f Chi'.:fifttf;'.'ﬂ

Concentration =

TR O Y P s



- =
o Pdo ¢ X )} AN | A e B J ¥ | ) &
:l"':l_‘:' B w [k y \ E e | { i f I"‘-,I "'_-'._. ..--"-III ; IEI._.:P..-\.\'_" IL:"III - H i e F Py e
: - o ¥ o ' ' @ a4y - pY &

A\ A~ m A @ s — T R A
15.5 Example

500 cm’ of hydrochloric acid contains 1.8 g of dissolved hydrogen chloride.
Calculate the concentration of the acid in g/dm”.

500 cm’
Volume of hydrochloric acid in dm® = i = 0.5dm’
1000
Concentration of hydrochloricacid = D— = 3.6 g/dm’

: | E Poi
ﬂ%m) Calculate the mass of copper L Lidh e \

# i = + M -
sulphate in grams dissolved in 2 dm’ of the solution to Oia CONCCHUANON
and molarity both refer

geta solution with a concentration 15 g /dm’. to the concentrationof

m asolute in a solution.

Mass of solute in gram = Concentration in g/dm’ x(volume in dm’

= 15x2 = 30g
157 Example) |
A solution is prepared by dissolving 10 g of NaOH in 1.2 dm’ of water. Calculate
the concentration of the solution in malf/dm’.

Amount of NaOH ="10g w

10 :
No. of moles of NaOH =———— = 0.25 mol What mass of CuSO, is
40 present in 50 cm” of a
0+25 ¢ -2 3
Concentration of the solution = ——— B ol i
1.2 aqueous solution?
= 0.21 mol/dm’

15.3 Calculate the Concentration of a Solution in

Titration using Empirical Data
The concentration of a solution can be determined by titrating it with a
solution of known concentration till the end point is reached. For this purpose,
you need to know the balanced chemical equation for the reaction between the
two solutions, the volumes of the two solutions used during the titration and the
concentration of the other solution.
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15.8 Exam

A titration is performed between NaOH and HCI till the end point is reached.
15cm’ of solution of sodium hydroxide having a molar concentration
0.5 mol/dm® is used to neutralize 23 cm’ of HCI. Find out the concentration of HC|

in mol/dm’.

1. Balanced chemical equation for this reaction

NaOH:an * Hc'iam — Nac'[aq} * HEDH]
2. Convert the volume of NaOH used to dm’ w
. _ 15 3 Calculate the volume
Volume of the solution = 000 0.015 dm 0.1 rmolldrt oxaite

H acid (C,O_H.) solution

3. Convert the volume of HCl required to neutralize NaO _
to exactly neutralize

- - 3
solution in dm 53 3 25 cm’ of 0.1 mol/dm?
Volume of HCl required = ke 0.023.dm” KOH solution.
4. No. of moles of NaOH = molar concentration x Volume

= 0.5 mol/dm’ x 0.015dm’

=0.00/5 i Interesting Information

5. According to the balanced chemical-equation Stoichiometry is essential for

1 mol of NaOH has reacted with{T\mol of HCI. optimizing chemical

& No. ol ok ot e —0.0075 reactions in many industries.
No. of moles 0.0075

—
—

~ Volume in dm’ 0.023

=0.326 mol /dm’
Therefore, the molar concentration of the HCl solution is 0.326 mol /dm’.

7. Concertion of HCI solution

15.4 Percentage Composition by Mass, Empirical

| Percentage Composition by Mass |}

Percentage composition of a compound refers to the percentage mass of
each element present in the compound. The percentage of an element in a
compound is the number of grams of that element present in 100 grams of the
compound. The percentage of an element can be determined by applying the
following formula.
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Mass of the element

in the compound
Percentage of an element = E i 0 s

Formula mass of
the compound

Percentage composition is a useful concept to determine the purity of a
compound and its empirical and molecular formulae. Percentage composition of
a compound can be determined both theoretically as well as by performing
quantitative analysis. The following examples will illustrate both these methods.
189 zamnla)

Find out the percentage composition of Ca(OH),

Formula mass of Ca(OH), = 40+ 32 +2\ = 74

Applying the formula given in equation (2)

Interesﬁng
Mass of the element Information ‘
in the compound The composition
Percentage of an element = i x100 ¢ i h ph o
Formufa'mass of cteltechenica
the.compound products which are

in our daily use,

«100 = 54.05 % such as shampoos,
cleaners, soaps,

32 perfumes and

40

Percentage of Ca

Percentage of Oxygen = x100 = 4324 % fartilizars are
5 formed using

Percentage of Hydrogen = x100 = 2.70 % stoichiometric
74 calculations.

15.10 Example

8.657 g of a compound were decomposed into its elements. It gave 5.217 g of
carbon, 0.962 g of hydrogen and 2.478 g of oxygen. Find out the percentage
composition of the compound.

Applying the following formula

Mass of element

Percentage of element = R oF compound x 100

5217 g
8.657 g
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Percentage of carbon x 100 = 60.26%
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0.962 g
Percentage of hydrogen = =11.119
g ydrog 8.657 x 100 11.11%
Percentage of oxygen widlia® 100 28.62%
g yg o 865? g X = i (s]

So, 100 g of the compound under study contains 60.26 g of carbon, 11.11 g of
hydrogen and 28.62 g of oxygen.

@ Rl 1Y) Calculate the percentage of sulphate ions (SO,”) in AL(SO,),.

15.5 Empirical Formula

The formula which shows the simplest whole number ratio of atoms

present in a compound is called empirical formula. For example, empirical
formula of hydrogen peroxide (H,0,) is HO, that of water (H,0) is H,O and for
benzene (C.H,) is CH.

All the ionic compounds are represented ‘by their empirical formulae.
These formulae show the simplest ratio present between their ions. The formula
of sodium chloride(NaCl) represents the‘simplest ratio between sodium and
chloride ions present in it. Similarly the.formula of calcium chloride (CaCl,) shows
the ratio present between calcium and-chloride ions.

Since an empirical formula'does not tell us about the actual number of
atoms present in that compound rather it represents the simplest ratio of
minimum ratio between@toms, it is possible that some compounds may have
same empirical formula:For example, both acetylene (C,H.) and benzene (C.H,)
have same empirical formula CH. In the same way acetic acid (CH,COOH) and
glucose (C,H,.O,) also have the same empirical formula CH,O.

Empirical formula of a compound can be calculated following the steps

shown below.

. Determine the percentage composition of the compound.

il. Find out the number of moles of each element. This is done by dividing
the mass of each element (percentage of element) by its atomic mass.

ii. Determine the atomic ratio of each element in the compound. This ratio
can be found by dividing the number of moles of each element by the
smallest number of moles.
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V. If the atomic ratio obtained is simple whole number, it gives the empirical
formula, otherwise multiply this ratio with suitable digit to get the whole
number ratio.
V. Use this whole number ratio as a subscript for the elements to get the

empirical formula.

The percentage composition of a compound shows it to contain 25.26% Mg and
74.74% Chlorine. Find out its empirical formula.

1. Change the percentage of elements to grams

Mg = 2526% =25.26g

2. No. of moles of each element

25.26

Mg = = 1.05

24

3. Atomic ratio of each element

1.05

i SRR
1.05

Mg =

Cl =

Cl

Cles

71474 % =74.74 g

1474

35.5

2.10
1.05

===u
=

2.10

2

A 0.5 g sample of
compound contains
0.418 g of antimony
(Sb) and 0.082 g of
oxygen. What is the
empirical formula of
the compound?

\ The empirical formula-of. magnesium chloride is MgCl.. /

15.12 Example

The percentage composition of an organic compound by mass is 64.8% carbon,
15.62% hydrogen and 21:58% oxygen. Find out its empirical formula.

1. Change the percentages into grams

C = 648% H = 1562 %
= 648¢ = 1562 ¢
2. No. of moles of each element
C =%=5.4 H=15i2=15.62
3. Atomic ratio of each element
= 5.4 . H = 15.62=10
1.35 1.35

O

21.58 %
2158 g

2198 _ 135

16

1:39
1.35

\ The empirical formula of the compound is C,H,,O. /
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Molecular Formula

Molecular formula of an element or a compound represents the actual

number of atoms present in the molecule of these substances. Water, hydrogen

peroxide, ethylene and sulphur have molecular formulae H,0, H,O,, C,H, and S,
respectively. Molecular formula of a compound can be calculated by multiplying
a whole number with the empirical formula of that compound as shown in the

following equation.
Molecular Formula = n (Empirical Formula)

Molecular Mass
Empirical Formula Mass

Where n

Benzene is represented by its empirical formula CH while its molecular mass is 78.
Find out its molecular formula.

| solution: __§ eresting

Information

Empirical formula of benzene = CH
Empirical formula mass of benzene = 12+1=13 toiehiometry IS
used to determine
Molecular mass of benzene 2A\V78 the optimal
78 dosages of
N = F medications for
» o patients based on
. fEerUI(E_!]H and other factors.
= b 4 = el g . -
R So molecular formula of benzene comes out to be C.H.. 2

15.14 Example

Glucose has an empirical formula CH,O and its molecular mass is 180 g mol .
What will be its molecular formula?

m @r" 15.6 Quick Check!

Empirical formula of glucose = CH,0O T,

12 + 2 + 16 = 30 hydrocarbon contains

Molecular mass of glucose = 180 85.71% carbon. lts
molar mass is 84

180 g/mol. What is its
30 molecular formula?

“ﬁ:\;ﬂni:hinmetry \ ( 24 :) f q:hg::-f;fttf; '.11!:
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Mﬂlecular formula of glucuse 6 (CH Q) =C HHO

\ So, molecular formula of glucose will be C.H,,0.. /

Calculations Based on Chemical E

A complete and balanced chemical equation tells us the mole ratio or
mass ratio between the reactants and the products. With the help of this ratio we
can find out the masses of the products from the given masses of the reactants or
the masses of the reactants from the given masses of the products.

For example, the following equation tells us that one mole (100 g) calcium
carbonate reacts with two moles (73 g) of hydrochloric acid to produce one mole
{111 g) of CaCl,, one mole (18 g) of water and one mole (44 g) of carbon dioxide.

(15.7 Quick Check!

iy — CaCl

CaCO, , + 2HCI 200+ HO ¢ + CDE@ Why it is necessary for a

1 mole 2 moles 1 mole 1mole 1 mole chemical equation to be
100 g 73 g M1g 18g 44 g balanced before it can be

used in calculation?
15 15TBxample

25 g of lime stone (CaCO,) react with.an excess of hydrochloric acid according to
the above equation. How much ealcium chloride (CaCl,) will be produced?

According to the equation

100 g of lime stone react to produce calcium chloride =111g

1 g of lime stone will react to produce calcium chloride = 1;{1} g

25 g of lime stone will react to produce calcium chloride = % x 25
=27.75¢

15.6 Limiting Reactant

In a chemical reaction, reactants are not always mixed according to
stoichiometric ratio shown in the balanced chemical equation. Most often in
experimental works, one or more reactants is /are used in large excess. This is
done deliberately to ensure that the other expensive reactant is used completely.

ﬁStni:hinmetw \ ( 25 ) f q:hg::-f;fttf; '.1155
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In this way the reactant which is used in excess is left behind at the end of the
reaction and the other reactantis consumed completely.

This reactant which is consumed earlier is called the limiting reactant. In
fact, it is the limiting reactant which controls the amount of the product formed

iIn a chemical reaction.

How to Identfy a Limit_ing reacta_nt_

A limiting reactant present in a chemical reaction can be identified by
carrying out the following steps.

1. Calculate the number of moles of the reactants from the amounts
provided.

2. Calculate the number of moles of the product which will form with the
given moles of reactants.

3. |dentify the reactant which gives the least amount of the product. This

reactant will be the limiting reactant.

15.16 Example
Calculate the amount of carbon dioxide in grams produced when 25 g of glucose
reacts with 40 g of oxygen in the following photosynthesis reaction.
CHoQ o &+ E’Oﬂ‘@{:“:‘;’ 6CO, , + 6H,0

Glucose E

In order to find out the amount of CO, in this reaction, we will have to identify

which of the reactants isalimiting reactant

1. No. of moles of the reactants
25
180

0

No. of moles of oxygen = 2 = 1.25 mol

2. Calculate the no. of moles of CO,, which will be given by !f you react 100 g of

bafel h ot s chlorine gas with 500 g
each ot the reactants as snown in the equation: af ki which) reactant

0.148 mol

No. of moles of glucose

1 mole of glucose gives =6 moles of CO, will be the limiting
reactant?
o b
0.138 mol of glucose will give = % 0.148 Clg + 2Kl og—
K{:Iiﬂm + IE igl

0.848 mol
Chapter-15
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6 moles of oxygen gives = 6 moles of CO,
= b
1.25 mol of oxygen will give = = x 1.25
= 1.25 mol

Since CO, obtained from glucose is less than that of oxygen, so glucose is the
limiting reactant.

Amount of CO, produced =0878 x44 = 3696 g

15.7 Yield

The quantity of the product obtained when chemical reaction is
performed is called the actual yield. This yield is always less than the theoretical
yield. The theoretical yield is the amount of product which we calculate assuming
that all the reactants react according to the balanced chemical equation.

A chemist is usually interested in the efficiency of the reaction which is
commonly expressed by comparing the actual yield with the theoretically yield
in the form of percentage yield. Percentage vield is calculated by applying the

following formula.
Actual yield

Percentage Yield = x 100

15117 Example )

Theoretical yield

A chemist reacts 50 g of Znwwith excess of nitric acid to get 80.2 g Zn(NO,)..
Calculate the theoretical yield and the percentage yield of this reaction.

1. Balanced chemical equation for the reaction

Zn, + 2HNO, ,, —> Zn(NO,),,, + H,,
2. No. of moles of Zn = = = 0.76 mol
65.37
Amount of Zn(NO,), = 80.2 ¢

| Theoretical yield })
According to the balanced chemical equation

1 mol of Zinc gives = 1 mol of Zn(NO,),

0.76 mol of Zinc gives = 0.76 mol of Zn(NO,),

Amount of Zn(NO,), ingrams = 0.76 x 189.38 = 14392 g

vsmi:hinmetry \ ( 27 :) f q:hg::-ﬂl:tt:; '.1§
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| Percentage yield J)
’ Actual yield
Percentage Yield = . : x 100
Theoretical yield
80.2

= 123.92 x100 = 557 %

@-ﬁ 15.9 Quick Check!

Find out the theoretical yield and percent yield of oxygen generated by
heating 40 g of KCIO, (M = 122.5). The mass of oxygen gas produced is 14.9g
2KClO, ,—2KCl, + 30,

Percentage Purity

In chemistry, purity refers to the degree to which a substance is free from
impurities. Percentage purity of compound indicatés-the amount of pure
compound present in an impure sample. Percentage purity of a sample is
calculated by the following formula.

Mass of/the pure sample
Total mass.of the impure sample

Percentage purity =

1558 Example |

12.0 g sample of a pharmaceutical product was found to contain 11.57 g of the
active drug. Find out the percentage purity of the sample.

Mass of the pure drug

Percentage: punly = Total mass of sample ok

x 100

1154

Choose and tick the correct answer from the given choices.

—

1. Volume occupied by 15 moles of ammonia gas at RTP:
(@) 224dm’ (b) 160dm’
(c) 360dm’ dy 265dm’

ﬁStni:hinmetry \ ( 28 ) f chﬁ:ﬁﬂf; '.1155
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How many moles of natural gas CH, will be present in a cylinder if its
volumeis 18 dm’at RTP?

(a) 0.75 mol (b) 0.67 mol

(c) 0.85 mol (d)  0.56 mol

What will the molar concentration of potassium hydroxide solutionif2.0g
of itare dissolved in 100 cm’ of solution?

(@) 0.36mol/dm’ (b)  0.53 mol/dm’

(c) 0.70mol/dm’ (d  0.45mol/dm’

What will be the mass of NaCl needed to make up 15 dm’ of its solution
with a concentration of 0.7 g/dm’?

(a) 21g (b) 105g

()  315g (d 54g

Find out the concentration of H,SO, in mol/dm’ if its 10 cm’ react with
20 cm’ of NaOH solution having concentration 0.4, mol/dm’.

(a) 0.01 mol/dm’ (b)  0.60¥Ymol/dm’

(c) 0.1mol/dm’ (d) 0,15 mol/dm’

If the molar mass of a compound is 178-g/mol and its empirical formula is
C,H.O,. What s its molecular formula?

(a) C,H.O, (b)y C.H,0O,

() C,H,.O, (d) CH,0O,

When natural gas burns inair, which component is the limiting reactant?
(a) Both components

(b)  Neithercomponentisalimiting reactant

(c) Air

(d)  Naturalgas

If the actual yield of a compound is 0.198 g while the theoretical field is
0.217 g. What will be the percentage yield?

(a) 50% (b) 91.2%

() 80% (d 90%

0 Short Answer Questions

“ﬁ:\;ﬂni:hinmetry \ ( 29 :) f q:hg::-f;fttf; '.11!:

15.1. Whatis the molarvolume of a gas at RTP?
15.2. Howdoes the concept of molarvolume useful forus?
15.3. Howdoesthe molarvolume relate to the Avogadro's law?

15.4. Why two different compounds may show the same empirical formula?
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15.5. Whyis percentage yleld 1mpertant?

15.6. What is the concentration of a solution in mol/dm’ if it contains 49 g of
H,SO, in one dm’ of solution?

G Constructed Response Questions

15.1. How would you identify the limiting reactant in a chemical reaction?

15.2. Why is it important to find the purity of a compound which is used as a
medicine?

15.3. Willthere be alimiting reactantin areversible reaction?

15.4. How doyouknow if aformulais empirical or not?

15.5. Write down one method to find out the molecular mass of a compound
without knowing its molecular formula.

0 Numerical Problems

15.1. Calculate the number of moles, volume and-number of moleculesin4.0 g
of CH, at RTP.

15.2. What mass of NaCl need to be dissplved in 150 cm’ of a solution if the
concentration of the solution.is 0.4 mol/dm??

15.3. Find out the percentage of sedium in NaHCO.,,.

15.4. Asulphide of iron contains 1.926 g of sulphur and 2.333 g of iron. Find out
the empirical formulaof this compound.

15.5. A compound contains by mass, 40.0% C, 6.71 % H and 53.3 % oxygen. A
0.320 mole of this compound weighs 28.8 g. What is the molecular
formula of this compound?

15.6. Theformation of ammonia gas is given by the following equation:

3H, @ Nz{g}_} 2NH3[gJ
If you start reacting 12 g of H, with 64 g of N,, which will be the limiting
reactant?

15.7. When 305 g of AgNQ, is reacted with excess of MgCl, it produces 23.7 g of
Mg(NO.). What is the percentage yield of the reaction?

2AgNO, ., + Mg(Cl, .,— Mg(NO,), .., + 2AgCl

15.8. Asample of metal has a total mass of 3.66 kg and contains 2.45 kg of gold.

What is the percentage purity of gold in this sample?
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