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REACTION STOICHIOMETRY

SYSTEMATIC WORKSHEETS

Preface


Chemistry, as does any science, develops systematic approaches to solving problems whether those problems are in the lab or classroom. The idea is that if we fully understand each step in solving a problem, then we have the best chance to be able to apply those problem-solving skills to other situations. This is the approach that is taken by most authors of textbooks in chemistry. The particular skill, topic, or theme is divided into logical steps that present the foundations first and additional material, which is based on the foundation, second. This is clearly seen in the skills being introduced in the last part of Chapter 2 and throughout Chapter 3 in our text. For textbooks, though, the job is difficult. No author can judge how much practice will needed by students to acquire a given set of skills. No two students are alike or approach problem solving from the same background or in the same way. This creates a situation where skills are presented in a logical, stepwise fashion with one perhaps two examples provided for each step. Several problems at the end of each chapter are referenced to provide additional practice and then the next step is introduced. For most students, this textbook method provides insufficient practice and really does nothing to ensure that students follow in stepwise fashion. I have tried to provide here a set of worksheets that will provide more practice while also showing how each step fits into the targeted skill---reaction stoichiometry (or chemical algebra).


In Section II, I will present the skills of reaction stoichiometry in a systematic  fashion. We will 1) review the needed math skills, 2) provide a background and a reason for each step, 3) practice the three foundational skills of stoichiometry, 4) practice integrating those skills to solve complete multi-step problems, and 5) apply the skills to a few open problems.
Overview of Stoichiometry

Stoichiometry is the term applied to information obtained from calculations involving balanced reactions or basic formula units. It provides a very fundamental yet valuable set of skills with which chemists or other lab practitioners answer important questions such as how much reagent is needed, how much product will form hypothetically, how are compounds or elements related, which reagent runs out first, and other bits of information. The results of stoichiometry end up in most lab situations regardless of scientific discipline. Any time you follow a procedure that requires you to use specific amounts of materials, those requirements were most likely determined by stoichiometric calculations. Many lab analyzes are based on stoichiometry.


To set the stage for the beginning calculations covered in first semester general chemistry, I introduce a major topic of the second semester, namely equilibrium. All reactions come to equilibrium rather than go to completion. A few reactions proceed very little towards the right hand side materials while some reactions come to chemical rest with a balance of both reagents and products (left and right hand side materials). The Law of Mass Action was discovered approximately 150 years ago and states that as long as the temperature of a reaction doesn’t change, the ratio of product amounts divided by reagent amounts, each amount raised to the power of its balanced reaction coefficient, is a constant which is symbolized by the term K and is called the equilibrium constant. For reactions that proceed very little to the right, K is very small and for reactions where there is a balance between materials the value of K is around one. These two situations are difficult to calculate and so we wait for a time when you are a bit more familiar with chemistry. However a third situation exists where the reaction proceeds almost completely to the right or the reaction set up allows some product to escape the reacting phase. In these cases the K values are very large and we have an easier time with the stoichiometry. These are the reactions of first semester general chemistry. In this type of reaction each reagent reacts until at least one is used up, that one is called the limiting reagent, and the amount of that reagent has gone to zero. Knowing that one reagent has been used up provides a simplification and leads to easier calculations. For instance, if a balanced reaction indicates that for every one mole of A two moles of C form, then a reaction with 0.25 moles of limiting reagent A must have formed 0.50 moles of C.

The first step is to obtain a balanced reaction followed by identifying what information is known about the reaction. Next we identify what quantity is our unknown and then we set up a series of unit cancellation multiplications until we find the solution. Each necessary skill is covered in a worksheet and each worksheet is introduced and discussed individually. The first four worksheets are basic single step calculations and the last several worksheets require you to integrate the single step calculations into more elaborate solutions but which are really just a series of the single step calculations. My assumption is that if you practice each basic skill completely and give yourself a chance to retain the information, the more interesting and realistic integrated or combined calculations will be more logical and easier to do.
Stoichiometry Worksheet #1
Balancing Reactions

A balanced reaction accomplishes several things. First, the Law of Conservation of Matter says that matter can neither be created nor destroyed by ordinary chemical means. This means that if I start a reaction with ten atoms of various kinds combined into certain reagent molecules, then a reaction simply rearranges those ten atoms into new molecules. I still have the same ten atoms. Therefore balancing a chemical reaction accounts for this “no atoms created or destroyed” idea. It also means that if a reagent is all used up and its amount becomes zero, we can predict the amount of product formed because the reagent atoms had to go somewhere. Secondly, and more importantly for stoichiometry, the balanced reaction provides the relationship among the reagents and products. It will tell us, for instance, how many molecules of product C are formed every time one reagent molecule A is used up. We can’t possibly answer the “How much?” questions of stoichiometry without the relationship among the materials of a reaction. So we must balance reactions.
Please balance by inspection the following reactions using scratch paper and pencil. You should study the examples in your text on pages 79 and 80. Visit the class web site for the answers. If you seek out the answers before solving them yourself, you have defeated the purpose of this practice. 

1. FeS2(s) + O2(g)  (  Fe2O3(s) + SO2(g)

2. C7H6O2(s) + O2(g)  (  CO2(g) + H2O(g)

3. zinc sulfide solid + oxygen gas  (  zinc oxide solid + sulfur dioxide gas
4. BCl3(s) + P4(s) +H2(g)  (  BP(g) + HCl(g) 

5. C2H2Cl4(l) + Ca(OH)2(s)  ( C2HCl3(l) + CaCl2(s) + H2O(l)

6. Zn3Sb2(s) + H2O(l) ( Zn(OH)2(s) + SbH3(g)

7. HClO4(l) + P4O10(s)  ( H3PO4(l) + Cl2O7(l)

8. C6H5Cl(l) + SiCl4(l) + Na(s)  (  (C6H5)4Si(l) + NaCl(s)
9. iodine bromide solid + ammonia gas  (  nitrogen triiodide solid + ammonium bromide

    solid

10. NCl3(g) + H2O(l)  (  NH3(g) + HOCl(g) 

11. PCl3(s) + H2O(l)  (  H3PO3(l) + HCl(g)

12. SbCl3(s) + H2O(l)  (  SbOCl(s) + HCl(g)

13. sodium carbonate solid + carbon solid + nitrogen gas ( sodium cyanide solid + 










carbon monoxide gas 

14. KrF2(g) + H2O(l)  (  Kr(g) + O2(g) + HF(g)

15. Fe(CO)5(s) + NaOH(s)  (  Na2Fe(CO)4(s) + Na2CO3(s) H2O(l)

16. Sb2S3(s) + HCl(g)  (  H3SbCl6(s) + H2S(g)
Stoichiometry Worksheet #2

Grams ( Moles or Grams ( Number of Formula Units

The calculations presented in this worksheet answer questions concerning how many from how much. They are unit cancellation type problems that use the molar mass of a formula unit to convert from grams of substance to moles of substance. Avogadro’s Number (6.022 ( 1023 units per mole) can then be used if needed to convert from moles to numbers of units. The formula unit may be represented by the least whole number ratio of ions in a unit such as found for an ionic compound or simply a molecule formula. The molar mass is the sum of the atomic weights of average atoms in the molecule or unit. 

Answer the following questions by using unit cancellation and Avogadro’s Number. You may want to review Examples 3.3, 3.4, and 3.5 on pages 95 – 97 of the text before starting. Remember to complete the work, double check your answers, reinvestigate the examples, and recalculate the answer before checking your work against the web site.

1. How many moles of substance are in the following?


a) 2.86 g C
b) 7.05 g Cl2
    c) 76.5 g C4H10
d) 26.2 g Li2CO3

e) 2.57 g As
f) 7.833 g S8
    g) 41.47 g N2H4
h) 227 g Al2(SO4)3 

2. Calculate:


a) Number of formula units in 112 g Pb(CO3)2.

b) Number of SO42( ions in 19.8 g Al2(SO4)3.

c) Number of atoms of C in 22.2 g of C2H6.

d) Number of molecules in 14.9 g N2O5.

e) Number of oxygen atoms in 14.9 g N2O5.

f) Number of formula units in 11.8 mg NaCl.

3. How many phosphorus atoms are in 5.046 grams of CaCO3 ( 3 Ca3(PO4)2?

4. How many barium atoms and oxygen atoms are in 107.8 grams of Ba(ClO3)2 ( H2O?

Stoichiometry Worksheet #3

Moles of A ( Moles of B

In chemistry, the only relationship between two different materials exists through a balanced chemical reaction that they have in common. The balanced reaction provides the stoichiometric coefficients for each material and therefore provides the ratio of Moles of B to Moles of A that can be used in a unit cancellation scheme to convert from Moles of A to Moles of B. There are a variety of specific questions that can be answered using this set of skills but they all give information about one material and want to know something about a different material in the reaction. (You may want to read through Section 3.7 of your text before starting.)
Answer the following questions using the balanced chemical reactions that are given. 

1. How many moles of O, oxygen, are in:


a) 2.55 ( 10(2 moles of NO3(

b) 1.00 ( 10(3 moles of HClO

c) 1.00 ( 10(3 moles of HClO4
d) 2 moles of H2O

2. How many moles of P, phosphorus, are in:


a) 0.179 moles of Ca3(PO4)2

b) 0.500 moles of H3PO4
3. For the reaction 4 H3PO3 ( 3 H3PO4 + PH3, answer the following questions.


a) How many moles of hydrogen phosphate can be formed from 0.15 moles of hydrogen phosphite?


b) How many moles of phosphine are formed when 1.00 moles of hydrogen phosphate are produced?


c) How many moles of hydrogen phosphite must have reacted to form 0.728 moles of phosphine?

4. Propane burns completely in oxygen according to the reaction shown below.


C3H8 + 5 O2  (  4 H2O + 3 CO2

a) How many moles of water are formed when 0.51 moles of propane burns completely?


b) How many moles of CO2 are formed at the same time?


c) How many moles of O2 will be needed?

Stoichiometry Worksheet #4

Moles or Formula Units of B to Grams of B


As demonstrated in Worksheet #2, the molar mass allows us to use unit cancellation to convert grams of a material to the number of moles or formula units in that quantity of material. This worksheet demonstrates that the same technique allows us to convert numbers of moles or formula units of a material to the grams of that material. A single step conversion using molar mass takes us from moles to grams and a two step conversion involving an initial use of Avogadro’s Number takes us from formula units to grams. See Example 3.4 on page 96 of our text before beginning practice.

1. Calculate the mass in grams of the following quantities:


a) one N2O molecule  

b) one sulfur atom
      c) one AlCl3 formula unit


d) 0.15 mol Na

e) 2.78 mol CH2Br2
      f) 0.79 mol F2

g) 27.5 mol H2
2. What is the weight of 1 ( 103 molecules of water? Of 1 ( 1012 molecules of water? Of 

1 ( 1021 molecules of water?

3. How many grams are in:

a) 2.75 mol of CH4

b) 8.0 mol of Br2
      c) 3.65 ( 10(5 mol C


d) 1 ( 10(2 mol C6H6
e) 5 ( 1015 molecules O2
4. How many grams of sulfur are in each quantity?


a) 0.400 mol H2S

b) 8 ( 1020 molecules CS2
c) 1.0 mol H2SO4
5. How many milligrams are in:


a) 8.27 ( 10(5 mol NaCl
b) 3.0 ( 10(6 mol He
Stoichiometry Worksheet #5
Combination Problems

Combination problems involve the use of the techniques practiced in Worksheets #1 – 4. In many of the problems, the balanced chemical equation is supplied to you. If the balanced reaction is not available then you will need to balance it yourself. (Remember the discussion in the first worksheet and the need to always use a balanced reaction.) Combination problems fall into two distinct categories: grams A to moles B or grams A to grams B. The first category involves converting grams A to moles A just as would be done in Worksheet #2 using the molar mass. Moles A are then converted to moles B using the technique of Worksheet #3. The second category involves adding one last step to the two already discussed. When moles B are calculated, the use of its molar mass results in grams B just as in Worksheet # 4. The wording of the problem itself will indicate whether you are dealing with a grams to mole problem or a grams to grams problem. You should review Examples 3.13 and 3.14 before starting.
1. Answer the following questions concerning the following reaction:

3 NiCl2(aq)  +  2 Na3PO4(aq)  (  Ni3(PO4)2(s)  +  6 NaCl(aq)


a) How many moles of sodium phosphate are needed to exactly react with 0.0172 moles of nickel(II) chloride?


b) How many grams of nickel(II) phosphate will be produced, theoretically, from the 0.0172 moles of nickel (II) chloride if the other reagent is in excess?

c) How many grams of sodium chloride will be produced, theoretically, from exactly 0.9215 grams of sodium phosphate if the other reagent is in excess?

2. Acrylonitrile, C3H3N, is the starting material for the production of modern acrylic fibers. The reaction is: 4 C3H6(g)  +  6 NO(g)  (  4 C3H3N(g)  +  6 H2O(g)  +  N2(g)


a) How many kilograms of acrylonitrile are produced, theoretically, from 525 kg of propylene in excess nitrogen monoxide?


b) How many moles of nitrogen monoxide are used during the process described in part a?
3. Copper metal, which is inert to hydrochloric acid, reacts with nitric acid according the reaction: 3 Cu(s)  +  8 HNO3(aq)  (  3 Cu(NO3)2(aq)  +  2 NO(g)  +  4 H2O(l)


a) If 5.92 grams of copper(II) nitrate are obtained, how many moles of nitrogen monoxide were also formed?


b) How many grams of copper metal were used to produce the 5.92 grams of copper(II) nitrate?

Stoichiometry Worksheet #6
Limiting & Excess Reagent Calculations


Limiting reagent calculations are really combination problems with a twist. In the real world, we usually mix large molar amounts of less expensive reagents with a small molar quantity of a single more expensive reagent in an effort to use all of the expensive material. Since a small molar quantity of the expensive reagent is used, we have set it up as the limiting reagent as it is depleted before any of the other reagents run out. As the limiting reagent, it is said to limit the extent to which the reaction proceeds. All other reagents are called excess reagents because some quantity of each remains after the reaction has stopped. The maximum amount of any product or the maximum amount used of any excess reagent is based on the amount of limiting reagent because when it runs out, the reaction stops. In other real world situations when none of the reagents are expensive, we just mix reagents together and determine which reagent is the limiting reagent through a calculation. Limiting reagent questions can be identified because they involve giving exact initial amounts for at least two reagents where as combination questions usually give you information about only one reagent. Limiting reagent calculations provide us with a way to predict the maximum amount of a product that can be formed from an initial set of reaction conditions and are therefore very important calculations. One sure method of identifying the limiting reagent is to perform a combination calculation for each reagent for which you were given an exact initial quantity. Since the limiting reagent runs out first, the reagent that forms the least amount of any product compared to the other reagents is the limiting reagent. Once the limiting reagent is identified, other “How Much” questions are answered based on it. 
There are a few more terms and concepts to consider. The theoretical yield of any reaction is the amount of product that you predict will form from the limiting reagent. In real reaction situations, one can never recover all of the product formed due to side reactions that give you a different product, escape of product from the reaction vessel, incomplete removal of product from the reaction vessel, and so forth. The efficiency of a real reaction is usually reported as the % Yield. The % Yield is the ratio of the grams of product actually recovered to the theoretical yield of a product and then the ratio multiplied by 100. You should review Examples 3.15 and 3.16 before starting.
1. Lithium reacts with oxygen to form lithium oxide: 4 Li(s)  +  O2(g)  (  2 Li2O(s).


a) When 20.0 grams of lithium metal reacts with 30.0 grams of oxygen gas, which reagent is limiting and which is excess?

b) How many grams of lithium oxide are formed, theoretically?


c) How many grams of excess reagent remain unreacted?

2. Silver carbonate is an insoluble compound in water and forms according to the reaction: 2 AgNO3(aq)  +  K2CO3(aq)  (  Ag2CO3(s)  +  2 KNO3(aq)


a) What is the theoretical yield, in grams of silver carbonate, when 0.250 grams of potassium carbonate is mixed with 0.051 grams of silver nitrate?


b) How many grams of excess reagent remain?

3. A common acid/base reaction is HCl(aq)  +  NaOH(aq)  (  H2O(l)  +  NaCl(aq). 

a) If 0.150 grams of hydrochloric acid reacts with 0.150 grams of sodium hydroxide, how many grams of water will form?


b) How many moles of excess reagent remain?

4. Sulfur is a fairly reactive chemical like its family member oxygen. It reacts with copper metal according to the reaction: 2 Cu(s)  +  S(s)  (  Cu2S(s).


a) What is the theoretical yield of copper(I) sulfide if 100.0 grams of copper metal is mixed with 50.0 grams of sulfur?


b) How many grams of excess reagent could you plan to recover from the reaction vessel?
5. What is the % Yield for each of the previous four problems if the actual amount recovered for each reaction is given below.

a) 32.0 grams of lithium oxide are recovered.


b) 0.037 grams of silver carbonate are actually recovered.


c) 0.0600 grams of water were actually found.


d) 100.0 grams of copper(I) sulfide are actually recovered.

Additional Combination Problems

1. Calcium carbonate reacts with hydrochloric acid to form carbon dioxide gas according to the reaction: CaCO3(s)  +  2 HCl(aq)  (  CO2(g)  +  H2O(l)  +  CaCl2(aq). A mixture of calcium carbonate and unreactive sand weighs 4.00 grams. The solid is treated with excess hydrochloric acid and 0.880 grams of carbon dioxide are produced. What percentage of the original 4.00 gram sample is calcium carbonate?
2. How many tons of calcium phosphate rock, Ca3(PO4)2, must be refined to produce 1.00 ton of phosphorus?

3. Which sample contains more carbon, 6.01 grams of glucose (C6H12O) or 5.85 grams of ethanol (C2H6O)?

4. Zinc metal is refined from ore, ZnO, by reaction of the ore with carbon monoxide: ZnO(s)  +  CO(g)  (  Zn(s)  +  CO2(g). Industrially, carbon monoxide is formed by burning carbon: 2 C(s)  +  O2(g)  (  2 CO(g). What is the theoretical yield of zinc metal from 75.0 grams of zinc oxide and 50.0 grams of carbon?
