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1.7.6: Limiting Reactant and Theoretical Yield

4b Leamning Objectives

o Identify the limiting reactant (limiting reagent) in a given chemical reaction.
o Calculate how much product will be produced from the limiting reactant.
o Calculate how much reactant(s) remains when the reaction is complete.

In all examples discussed thus far, the reactants were assumed to be present in stoichiometric quantities. Consequently, none of the reactants were left over at the end of the reaction. This is often
desirable—as in the case of a space shuttle—where excess oxygen or hydrogen is not only extra freight to be hauled into orbit, but also an explosion hazard. More often, however, reactants are present
in mole ratios that are not the same as the ratio of the coefficients in the balanced chemical equation. As a result, one or more of them will not be used up completely, but will be left over when the
reaction is completed. In this situation, the amount of product that can be obtained is limited by the amount of only one of the reactants. The reactant that restricts the amount of product obtained is
called the limiting reactant. The reactant that remains after a reaction has gone to completion is in excess.

Consider a nonchemical example. Assume you have invited some friends for dinner and want to bake brownies for dessert. You find two boxes of brownie mix in your pantry and see that each
package requires two eggs. The balanced equation for brownie preparation is:
1 box mix 4 2 eggs — 1 batch brownies (1.7.6.1)

If you have a dozen eggs, which ingredient will determine the number of batches of brownies that you can prepare? Because each box of brownie mix requires two eggs and you have two boxes, you
need four eggs. Twelve eggs is eight more eggs than you need. Although the ratio of eggs to boxes in is 2:1, the ratio in your possession is 6:1. Hence the eggs are the ingredient (reactant) present in
excess, and the brownie mix is the limiting reactant. Even if you had a refrigerator full of eggs, you could make only two batches of brownies.

Reactants _— Products
2 boxes mix + 12 eggs 2 batches brownies + 8 eggs
(limiting reactant) (reactant present

in excess)
Figure 1.7.6.1: The Concept of a Limiting Reactant in the Preparation of Brownies. For a chemist, the balanced chemical equation is the recipe that must be followed.
2 boxes of brownie mix and 12 eggs results in 2 batches of brownies and 8 eggs; in this case the 8 eggs are reactant present in excess

X PhET Simulation: Reactants, Products Leftovers

View this interactive simulation illustrating the concepts of limiting and excess reactants.

Reactants, Products and Leftovers

Sandwiches

@& <) PhET :

Consider this concept now with regard to a chemical process, the reaction of hydrogen with chlorine to yield hydrogen chloride:
H, +Cl,(g) — 2HCI(g)

The balanced equation shows that hydrogen and chlorine react in a 1:1 stoichiometric ratio. If these reactants are provided in any other amounts, one of the reactants will nearly always be entirely
consumed, thus limiting the amount of product that may be generated. This substance is the limiting reactant, and the other substance is the excess reactant. Identifying the limiting and excess
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reactants for a given situation requires computing the molar amounts of each reactant provided and comparing them to the stoichiometric amounts represented in the balanced chemical equation. For
example, imagine combining 3 moles of H, and 2 moles of Cl. This represents a 3:2 (or 1.5:1) ratio of hydrogen to chlorine present for reaction, which is greater than the stoichiometric ratio of 1:1.
Hydrogen, therefore, is present in excess, and chlorine is the limiting reactant. Reaction of all the provided chlorine (2 mol) will consume 2 mol of the 3 mol of hydrogen provided, leaving 1 mol of
hydrogen non-reacted.

An alternative approach to identifying the limiting reactant involves comparing the amount of product expected for the complete reaction of each reactant. Each reactant amount is used to separately
calculate the amount of product that would be formed per the reaction’s stoichiometry. The reactant yielding the lesser amount of product is the limiting reactant. For the example, in the previous
paragraph, complete reaction of the hydrogen would yield:

2 mol HC1
mol HCI produced = 3 mol H, x Zmo v ¢ =6 mol HC1
1 mol Hy
Complete reaction of the provided chlorine would produce:
mol HCI produced — 2 mol Cl, x 229Gl _ o ormc
1 mol Cl,

The chlorine will be completely consumed once 4 moles of HCI have been produced. Since enough hydrogen was provided to yield 6 moles of HCI, there will be non-reacted hydrogen remaining
once this reaction is complete. Chlorine, therefore, is the limiting reactant and hydrogen is the excess reactant (Figure 1.7.6.2.

Before reaction After reaction

)y W W

‘@ 2 @60
6 Hyp and 4 Cl, 8 HCland 2 Hy
Figure 1.7.6.2: When H; and Cl, are combined in nonstoichiometric amounts, one of these reactants will limit the amount of HCI that can be produced. This illustration shows a reaction in which
hydrogen is present in excess and chlorine is the limiting reactant. The figure shows a space-filling molecular models reacting. There is a reaction arrow pointing to the right in the middle. To the left
of the reaction arrow there are three molecules each consisting of two green spheres bonded together. There are also five molecules each consisting of two smaller, white spheres bonded together.
Above these molecules is the label, “Before reaction,” and below these molecules is the label, “6 H subscript 2 and 4 C 1 subscript 2.” To the right of the reaction arrow, there are eight molecules each
consisting of one green sphere bonded to a smaller white sphere. There are also two molecules each consisting of two white spheres bonded together. Above these molecules is the label, “After
reaction,” and below these molecules is the label, “8 H C 1 and 2 H subscript 2.”

A similar situation exists for many chemical reactions: you usually run out of one reactant before all of the other reactant has reacted. The reactant you run out of is called the limiting reactant; the
other reactant or reactants are considered to be in excess. A crucial skill in evaluating the conditions of a chemical process is to determine which reactant is the limiting reactant and which is in excess.

X How to Identify Limiting Reactant (Limiting Reag

There are two ways to determine the limiting reactant. One method is to find and compare the mole ratio of the reactants used in the reaction (Approach 1). Another way is to calculate the grams
of products produced from the given quantities of reactants; the reactant that produces the smallest amount of product is the limiting reactant (Approach 2). This section will focus more on the
second method.

Approach 1 (The "Reactant Mole Ratio Method"): Find the limiting reactant by looking at the number of moles of each reactant.

1. Determine the balanced chemical equation for the chemical reaction.

2. Convert all given information into moles (most likely, through the use of molar mass as a conversion factor).
3. Calculate the mole ratio from the given information. Compare the calculated ratio to the actual ratio.

4. Use the amount of limiting reactant to calculate the amount of product produced.

5. If necessary, calculate how much is left in excess of the non-limiting (excess) reactant.

Approach 2 (The "The Product Method"): Find the limiting reactant by calculating and comparing the amount of product that each reactant will produce.

1. Balance the chemical equation for the chemical reaction.

2. Convert the given information into moles.

3. Use stoichiometry for each individual reactant to find the mass of product produced.

4. The reactant that produces a lesser amount of product is the limiting reactant.

5. The reactant that produces a larger amount of product is the excess reactant.

6. To find the amount of remaining excess reactant, subtract the mass of excess reactant consumed from the total mass of excess reactant given.

The key to recognizing which reactant is the limiting reactant is based on a mole-mass or mass-mass calculation: whichever reactant gives the lesser amount of product is the limiting reactant. What
we need to do is determine an amount of one product (either moles or mass) assuming all of each reactant reacts. Whichever reactant gives the least amount of that particular product is the limiting
reactant. It does not matter which product we use, as long as we use the same one each time. It does not matter whether we determine the number of moles or grams of that product; however, we will
see shortly that knowing the final mass of product can be useful.

v Example 1.7.6.1: Identifying the Limiting Reactal

As an example, consider the balanced equation
4C,H;Br; +110, - 8CO, +6H,0+6Br,
What is the limiting reactant if 76.4 grams of C,H,Br, reacted with 49.1 grams of O,?

Solution
Using Approach 1:

Step 1: Balance the chemical equation.
The equation is already balanced with the relationship
4 mol C,H,Br, to 11 mol O, to 6 mol H, O to 6 mol Br

Step 2: Convert all given information into moles.
1 mol C;H;3Br;

266.72 g CoHaBy

=0.286 mol CoH3Br3

76.4 g CyHyBer x

9.1 g Qr x AmolOs 4 g 010,

32.00 g O
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Step 3: Calculate the mole ratio from the given information. Compare the calculated ratio to the actual ratio.
Assuming that all of the oxygen is used up,

« 4 molC,H;Br;

1.53 mol = 0.556 mol CyH3Brj are required.
11 molOsr
Because 0.556 moles of C;H;Br; required > 0.286 moles of C;H3Br; available, C;H3Br; is the limiting reactant.

Using Approach 2:

Step 1: Balance the chemical equation.
The equation is already balanced with the relationship

4 mol CyH3Br3 to 11 mol O3 to 6 mol H,O to 6 mol Br,

Step 2 and Step 3: Convert mass to moles and stoichiometry.

1 mol CoH,Ber . 8 mol COr . 4401gCO,

76.4 g CpHyBer x —95.2¢ CO,
266.72 g CoHsBer 4 mol CoHsBer 1 mol COr
1 mol 8 mol C
49.1 g Qs x oo~ 1007 44.018C0:_ 401 . o,

X
32.00 gQr 11 molOr 1 molCOr

Step 4: The reactant that produces a smaller amount of product is the limiting reactant.
Therefore, by either method, C,H;Br, is the limiting reactant.

v Example 1.7.6.2: Identifying the Limiting Reactant and the Mass of Excess Reactant

For example, in the reaction of magnesium metal and oxygen, calculate the mass of magnesium oxide that can be produced if 2.40 g Mg reacts with 10.0 g O2. Also determine the amount of
excess reactant. MgO is the only product in the reaction.

Solution
Following Approach 1:

Step 1: Balance the chemical equation.
2Mg(s) + 0, (g) ~ 2MgO (s)

The balanced equation provides the relationship of 2 mol Mg to 1 mol O, to 2 mol MgO

Step 2 and Step 3: Convert mass to moles and stoichiometry.

1 molMe- 2 molMgb- 40.31 g MgO
X X

2431 gMe 2 molMg 1 molMgO

1 mol Oy " 2 mol Mgo- o 40.31 g MgO

32.00 gQr 1 molOr 1 molMg&

Step 4: The reactant that produces a smaller amount of product is the limiting reactant.

=3.98 g MgO

2.40 gygx

=25.2 g MgO

10.0 g Qr x

Mg produces less MgO than does O (3.98 g MgO vs. 25.2 g MgO), therefore Mg is the limiting reactant in this reaction.
Step 5: The reactant that produces a larger amount of product is the excess reactant.
O produces more amount of MgO than Mg (25.2g MgO vs. 3.98 MgO), therefore O; is the excess reactant in this reaction.
Step 6: Find the amount of remaining excess reactant by subtracting the mass of the excess reactant consumed from the total mass of excess reactant given.

Mass of excess reactant calculated using the limiting reactant:

1 molMe 1 molOr 32.00¢0,
2431 gMg 2 molMg 1 molOr

=1.58g 0,

2.40 gyl.g—x

OR
Mass of excess reactant calculated using the mass of the product:

1 molMgO 1 molOr 320g0,
X X
40.31 gMgO 2 molMgO 1 molOr

Mass of total excess reactant given — mass of excess reactant consumed in the reaction:

10.0g O; - (available) 1.58g O, (used) = 8.42g O, (excess)

=1.58g 0,

3.98 g MgO-x

Therefore, O, is in excess.

v Example 1.7.6.3: Limiting Reactant

What is the limiting reactant if 78.0 grams of Na,O, were reacted with 29.4 grams of H,O? The unbalanced chemical equation is
Na, O, (s) + H,O(l) - NaOH(aq) + H,0,(1)

Solution
Solutions to Example 8.4.3

Steps for Problem Solving- The Product Method Example 1.7.6.1
Given: 78.0 grams of Na,Op

Identify the "given" information and what the problem is asking you to "find." 29.4 g H,0
Find: limiting reactant

1 mol NayO,= 77.96 g/mol
List other known quantities. 1 mol H,0 = 18.02 g/mol
Since the amount of product in grams is not required, only the molar mass of the reactants is needed.
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Steps for Problem Solving- The Product Method Example 1.7.6.1

Balance the equation. Nax0, (5) + 21,0 {l) - gN,BOH @a) + HZOZ Fl)
The balanced equation provides the relationship of 1 mol Na;O, to 2 mol H,0 2mol NaOH to 1 mol H,0,

Ceo B o B

1mol Na,0, 2 mol NaOH
77.96 g Na,0, 1 mol Na,0,
Prepare a concept map and use the proper conversion factor. d @ .
1mol H,0 2mol NaOH
18.02 g H,0 2mol Hy0

Because the question only asks for the limiting reactant, we can perform two mass-mole calculations and
determine which amount is less.

78.0 & NayO» x 1 molNayO, 2 mol NaOH « 40 g NaOH
.l as
8 N X 7 96 g NagOy .« LmolNayO, .« 1mol NaOH

1 mol H,O 2molNaOH 40 gNaOH
294810 X 7500 1,0 * ZmolNay0,  Tmol NaOH ~ 05 WOl NaOH

= 2.00 mol NaOH
Cancel units and calculate.

Therefore, H,O is the limiting reactant.

Think about your result.

v Example 1.7. imiting Reactant Mass of Excess Reactant

A 5.00 g quantity of Rb is combined with 3.44 g of MgCl, according to this chemical reaction:

2Rb(s) + MgCly(s) — Mg(s) +2RbCl(s)
‘What mass of Mg is formed, and what mass of remaining reactant is left over?

Solution

Solutions to Example 8.4.10
Steps for Problem Solving- The Product Method Example 1.7.6.2
A 5.00 g quantity of Rb is combined with 3.44 g of MgCI2 according to this chemical reaction:
Steps for Problem Solving 2Rb(s) + MgCly(s) — Mg(s) + 2RbCI(s)
‘What mass of Mg is formed, and what mass of remaining reactant is left over?
Identify the "given" information and what the problem is asking you to "find." I?l::nmiioffﬁ;::igg;:; o R e
« molar mass: Rb = 85.47 g/mol

« molar mass: MgCl, = 95.21 g/mol
« molar mass: Mg = 24.31 g/mol

List other known quantities.

Find mass Mg formed based on mass of Rb

OO DD

1mol Rb 1mol Mg 24.31g Mg
85.47g Rb 2mol Rb 1mol Mg

Find mass of Mg formed based on mass of MgCl,

S S .
. 1 mal MgCl,
Prepare concept maps and use the proper conversion factor.

1 mol Mg 24319 Mg
95.21g MgCl, 1 mol MgCl, 1mol Mg

Conversion factors: 1 mole MgCl2 to 95.21 grams MgCl2, 1 mole Mg to 1 mole MgCl2, 24.31 grams Mg to
1 mole Mg

Use limiting reactant to determine amount of excess reactant consumed

1 mol Rb 1mel MgCl, 95.21g Mgcl,
85470 Rb 2mol Rb 1mol MgCl,

Conversion factors: 1 mole Rb to 85.47 grams Rb, 1 mole MgCI2 to 2 moles Rb, 95.21 grams MgCI2 to 1
mole MgCI2
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Steps for Problem Solving- The Product Method Example 1.7.6.2

Because the question asks what mass of magnesium is formed, we can perform two mass-mass calculations
and determine which amount is less.

1 mol Bb . 1 mol Mg | 24319Myg
85.47 g@, 2 mol Bb lmal/Mg.

1 mol M, 1 mol M, 24.31 g M
x Lol =% 99 _ 878 Mg
95.21 gMgCla- 1 mol MgCls- 1mol Mg
Cancel units and calculate. The 0.711 g of Mg is the lesser quantity, so the associated reactant—5.00 g of Rb—is the limiting reactant.
To determine how much of the other reactant is left, we have to do one more mass-mass calculation to

determine what mass of MgCl, reacted with the 5.00 g of Rb, and then subtract the amount reacted from the
original amount.

5.00 gRb x =0.711gMg

3.44 g MgClo

LmolBb 1 mol MgCly- 95219 MgCly
85.47 gRb 2 mol Bb- 1mol MgCla-

Because we started with 3.44 g of MgCl,, we have
3.44 g MgCl, - 2.78 g MgCl, reacted = 0.66 g MgCl, left

5.00 g}@, X = 2.78 gMgCl, reacted

It usually is not possible to determine the limiting reactant using just the initial masses, as the reagents have

Think about your result.
¥ different molar masses and coefficients.

Exercise 1.7.6.1

Given the initial amounts listed, what is the limiting reactant, and what is the mass of the leftover reactant?
22.79+17.9 g— MgS(s) + H,O(l)
—— N~
MgO(s)  H,S

Answer
H)S is the limiting reagent; 1.5 g of MgO are left over.
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