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Chapter 3 – Mass Relationships in Chemical Reactions

3.1 Atomic Mass

An atom is made up of three subatomic particles: protons, neutrons, and electrons.  The mass of an atom is so small that the smallest speck of dust that our unaided eyes can detect contains as many as 1 X 10 16 atoms.  The mass of an atom is the combined weight of the protons and neutrons since the electrons have an insignificant mass.  Since the mass of an atom is so small, it is only possible to determine its mass experimentally relative to the mass of another atom.  The atomic mass of an atom is the mass of the atom in atomic mass units (amu).  An atomic mass unit is defined as the mass of 1/12 the mass of 1 carbon-12 atom.  The relative masses of atoms are internationally agreed upon and universally accepted.  When you look at the periodic table, as seen on the next page, you should notice that each box represents a different element, and each box contains vital information about the element, including its name, symbol, atomic number, and atomic mass.
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In nature, most elements have more than one isotope, meaning that the same element with a different number of neutrons exists.  Each of these isotopes has a different atomic mass because they have a different number of neutrons.  The average atomic mass that is seen on the periodic table is the average mass of the different isotopes of an element that occur naturally.  For example, there are three isotopes of carbon: carbon – 12, carbon – 13, and carbon – 14.  The number after the carbon is the mass (protons plus neutrons) of the specific carbon isotope as it occurs in nature.  To figure out the average atomic mass, you use the natural abundances of these three isotopes.  Carbon – 12 and carbon – 13 are 98.90 percent and 1.10 percent abundant on Earth respectively.  Carbon – 14 is so rare that its abundance is insignificant.  Therefore, the

average atomic mass of carbon = (.9890)(12.00 amu) + (.0110)(13.00) = 12.01 amu.

Since most elements occur with several isotopes in nature, the amu of most elements is the average of the isotope of a particular element as it occurs in nature. 

(Image http://mil.citrus.cc.ca.us/cat2courses/bio104/ChapterNotes/Chapter02notesLewis.htm)


(Periodic table found at http://www.epa.gov/seahome/mercury/images/periodic.gif)
3.2 Avogadro’s Number and the Molar Mass of an Element
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In a laboratory setting, scientists work with extremely large numbers of atoms since an atom is so small.  Avogadro’s number is the accepted value of the number of atoms in 1 mole of an element. It was long after Avogadro that the idea of a mole was introduced. Since a molecular weight in grams (mole) of any substance contains the same number of molecules, then according to Avogadro's Principle, the molar volumes of all gases should be the same. The number of molecules in one mole is now called Avogadro's number. It must be emphasised that Avogadro, of course, had no knowledge of moles, or of the number that was to bear his name. Thus the number was never actually determined by Avogadro himself. 

As we all know today, Avogadro's number is very large, the presently accepted value being 6.0221367 x 1023 atoms per 1 mole of an element. The size of such a number is extremely difficult to comprehend. There are many awe-inspiring illustrations to help visualize the enormous size of this number. For example: 
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An Avogadro's number of standard soft drink cans would cover the surface of the earth to a depth of over 200 miles. 

· If you had Avogadro's number of unpopped popcorn kernels, and spread them across the United States of America, the country would be covered in popcorn to a depth of over 9 miles. 

· If we were able to count atoms at the rate of 10 million per second, it would take about 2 billion years to count the atoms in one mole.  

A mole (mol) can be described as the amount a substance that contains as many elementary entities  as there are atoms in exactly 12 grams of carbon – 12.  This means that 1 mole of carbon –12 atoms has a mass of 12 grams and contains 6.022 X 10 23 atoms.  The molar mass of an element is the mass in grams of 1 mole of units of a substance.  Because of this, the molar mass of carbon –12 , which contains 12 amu, is 12 grams.  Likewise, the molar mass of sodium is 22.99 amu, which is equal to 22.99 grams.  Therefore, we can conclude that 

1 mol carbon –12 atoms/12.00 g carbon –12     and    

1 mol carbon –12 atoms/6.022 X 10 23 carbon –12 atoms.

Sample problem:  How many moles of He atoms are in 6.46 g of He?

Problem solution:  6.46 g of He x 1 mole He atoms/4.003 g He = 1.61 mol He atoms.

If we wanted to figure out the number of atoms in 6.46 g of He, we would take the 

1.61 mol He atoms x 6.022 X 10 23 He atoms/1 mol He atoms = 2.674 X 10 24 He atoms.

(Additional information and images taken from http://www.bulldog.u-net.com/avogadro/avoga.html)

3.3 Molecular Mass

The molecular mass is simply the sum of the atomic masses (in amu) in a molecule.  The molar mass (g) of a compound is numerically equal to the molecular mass (amu); therefore, if we can figure out the molecular mass, we know the molar mass. 
Sample problem:  What is the molecular mass of water (H2O)?

Problem solution:  (2 atoms of H x 1.008 amu of H) + 16.000 amu of O = 18.02 amu 
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Since 18.02 amu is the molecular mass of water, we can conclude that there is 1 mole of H2O atoms/ 18.02 g of H2O.

(Image from http://www.carlton.paschools.pa.sk.ca/chemical/molemass/)

3.4 The Mass Spectrometer

The mass spectrometer was developed in the 1920’s by English physicist F.W. Aston.  The machine provided evidence that isotopes of elements exist.  The most accurate way to figure out the mass of certain elements is by using a mass spectrometer.  The mass spectrometer is an instrument which can measure the masses and relative concentrations of atoms and molecules. It makes use of the basic magnetic force on a moving charged particle. [image: image1.png]+
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A velocity selector is used with mass spectrometers to select only charged particles with a specific velocity for analysis. It makes use of a geometry where opposing electric and magnetic forces match for a specific particle speed. It therefore lets through undeflected only those particles with the selected velocity.
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(http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/maspec.html)

3.5 Percent Composition of Compounds

The percent composition by mass is the percent of each element in a compound.  The formula is as follows:

Percent composition of an element = n x molar mass of element/molar mass of compound x100%

In this equation, n represents the number of moles of a certain element within a compound.

Sample problem:  The molar mass of H3PO4 is 97.99 g.  What is the percent by mass of each of the elements in this compound?

Sample solution: 


%H = 3(1.008 g) H/97.99 g H3PO4 x 100% = 3.086%


%P = 30.97 g P/97.99 g H3PO4 x 100% = 31.61%


%O = 4(16.00 g) O/97.99 g H3PO4 x 100% = 65.31%

Notice that the percent of each element in the compound add up to be 100% of the mass of the compound. 

Other sample problems take from http://www.ausetute.com.au/percentc.html
1.) Calculate the percent by weight of each element present in sodium sulfate (Na2SO4). 

· Calculate the molecular mass (MM):
MM = (2 x 22.99) + 32.06 + (4 x 16.00) = 142.04 

· Calculate the total mass of Na present:
2 Na are present in the formula, mass = 2 x 22.99 = 45.98 

· Calculate the percent by weight of Na in Na2SO4:
%Na = (mass Na ÷ MM) x 100 = (45.98 ÷ 142.04) x 100 = 32.37% 

· Calculate the total mass of S present in Na2SO4:
1 S is present in the formula, mass = 32.06 

· Calculate the percent by weight of S present:
%S = (mass S ÷ MM) x 100 = (32.06 ÷ 142.04) x 100 = 22.57% 

· Calculate the total mass of O present in Na2SO4:
4 O are present in the formula, mass = 4 x 16.00 = 64.00 

· Calculate the percent by weight of O in Na2SO4:
%O = (mass O ÷ MM) x 100 = (64.00 ÷ 142.04) x 100 = 45.06% 

The answers above are probably correct if %Na + %S + %O = 100, that is, 
32.37 + 22.57 + 45.06 = 100 

2.) Calculate the percent by weight of each element present in ammonium phosphate [(NH4)3PO4] 

· Calculate the molecular mass (MM) of (NH4)3PO4:
MM = 3x[14.01 + (4 x 1.008)] + 30.97 + (4 x 16.00) = 3 x [14.01 + 4.032] + 30.97 + 64.00 = (3 x 18.042) + 30.97 + 64.00 = 54.126 + 30.97 + 64.00 = 149.096 

· Calculate the total mass of N present:
3 N are present, mass = 3 x 14.01 = 42.03 

· Calculate the percent by mass of N present in (NH4)3PO4:
%N = (mass N ÷ MM) x 100 = (42.03 ÷ 149.096) x 100 = 28.19% 

· Calculate the total mass of H present:
12 H are present in the formula, mass = 12 x 1.008 = 12.096 

· Calculate the percent by mass of H present in (NH4)3PO4:
%H = (mass H ÷ MM) x 100 = (12.096 ÷ 149.096) x 100 = 8.11% 

· Calculate the total mass of P present:
1 P is present in the formula, mass = 30.97 

· Calculate the percent by mass P in (NH4)3PO4:
%P = (mass P ÷ MM) x 100 = (30.97 ÷ 149.096) x 100 = 20.77% 

· Calculate the total mass of O present:
4 O are present in the formula, mass = 4 x 16.00 = 64.00 

· Calculate the percent by mass of O in (NH4)3PO4:
%O = (mass O ÷ MM) x 100 = (64.00 ÷ 149.096) x 100 = 42.93% 

The answers above are probably correct if %N + %H + %P + %O =100, that is,
28.19 + 8.11 + 20.77 + 42.93 = 100 
3.6 Experimental Determination of Empirical Formulas

If we know the percent composition of the elements within a compound, we can figure out the empirical formula of a compound.  The empirical formula expresses the simplest form of a compound.  Through chemical analysis, we can determine the amount of grams of each element in a compound.  Then, we have to convert these gram quantities to the number of moles of each element.  Once we know the number of moles of each element, we can determine the empirical formula of the compound by converting the ratios of moles to the simplest whole integer numbers.  Once we determine the empirical formula, we can determine the molecular formula if we know the approximate molar mass of the compound by taking the molar mass of the compound and dividing it by the empirical molar mass.

Sample problem:  A sample compound contains 1.52 g of nitrogen (N) and 3.47 g of oxygen (O).  The molar mass of this compound is between 90 and 95 grams.  Determine the molecular formula and the accurate molar mass of the compound.

Problem solution:  1.52 g N x 1 mol N/14.01 g N = .108 mol N



    3.47 g O x 1 mol O/16.00 g O = .217 mol O

The formula for this compound would read N.108 O.217 but in order to arrive at the empirical formula, the ratios of the atoms must be in whole numbers.  To convert the moles to whole numbers, divide the subscripts by the smaller subscript.  After doing this, you should obtain NO2 as your empirical formula.  Since we know that there is between 90 and 95 grams of this compound, we are able to figure out the molecular formula .  The molecular formula should be a multiple of the empirical formula and can be determined by taking the molar mass of the compound (between 90 and 95 grams) and dividing it by the empirical molar mass.

Empirical molar mass = 14.01 g of N+ 2 (16.00g) of O = 46.01 g

90 g of NO2/46.01 g of NO2 = approximately 2, which means that the molar mass is twice the empirical molar mass.  We can assume the molecular compound to be (NO2)2 or N2O4.

3.7 Chemical Reactions and Chemical Equations

A chemical reaction is a process in which a substance is changed into one or more new substances.  Chemical reactions are represented in a chemical equation to show what happens during such a reaction.  In a chemical equation, the substances that are the starting materials are [image: image8.wmf] 

called the reactants and the substance formed as a result of the chemical reaction is the product.  Conventionally the reactants are written on the left side of the equation and an arrow shows that these reactants yield the products.          (crazy scientist image from http://can-do.com/uci/ssi2002/chemicalreactions.html)

The physical states of the reactants and products are also included in a chemical equation.  The letters g, l, s, and aq represent gas, liquid, solid, and an aqueous (water) environment respectively.  For example

2CO(g) + O2(g) ( 2CO2(g)

As you noticed from the equation above, the both the reactants and the products must be balanced, meaning that both sides of the yield arrow must contain the same number of atoms of each element.  An equation can be balanced by placing the appropriate coefficients in the right place in the most simplified manner.  This is an example of an unbalanced equation (emitting the physical states for simplicity of explanation)


KClO3 ( KCl + O2
This equation is not balanced because there are not equal atoms of Oxygen on the reactants and products sides of the equation.  A balanced equation would look like


2KClO3 ( 2KCl + 3O2
Now there is an equal number of atoms of each element on each side of the yield.  It is important to remember that the coefficients in front of the molecules must be written in whole  
numbers.  If an equation can only be balanced using a fraction, then the fraction must be multiplied out of the equation by putting brackets around both the reactants and products.  For example when balancing the equation


C2H6 + O2 ( CO2 + H2O

Since the number of atoms is not the same on both sides of the equation for any of the elements (C,H, and O), we must do the following


C2H6 + 7/2O2 ( 2CO2 + 3H2O

Using 7/2 as a coefficient on the reactants side is necessary to balance the 7 atoms of Oxygen that are on the products side.  In order to express the equation with whole number coefficients, we must multiply the entire equation by 2 


2[C2H6 + 7/2O2 ( 2CO2 + 3H2O]

to get    2C2H6 + 7O2 ( 4CO2 + 6H2O

Balancing chemical equations can be tricky when there are more elements with different amounts of atoms involved.  In balancing a difficult equation, you might want to follow the following steps:

1.) Make sure that you identify all of the reactants and products with their correct formulas.

2.) After the correct formula is written, begin balancing the equation by putting different coefficients to make the number of atoms for each element the same on both sides.  It is important to remember that you can only change the coefficients and not the subscripts.  Changing the subscripts would change the identity of the compound.

3.) Look for elements that appear only once on each side of the equation with the same number of atoms on each side.  The elements must have the same coefficients so we don’t adjust them until the end.  Find the elements that appear once on each side with unequal atoms.  By putting coefficients in front of them, balance these elements.  Then balance elements that appear in two or more formulas on the same side of the equation.

4.) In the end, it is mandatory to have the same number of atoms for each element on each side of the equation.

I will provide one more sample problem to make sure you understand how to balance chemical equations.

Sample problem:  balance the equation Al + O2 ( Al2O3
Problem solution:          2Al + (3/2)O2 ( Al2O3
Since it is only possible to have a balanced equation with the smallest whole number coefficients, we must multiply the entire equation by 2



2[2Al + (3/2)O2 ( Al2O3]

to get

4Al + 3O2 ( 2 Al2O3
As you can see, the reactants side contains 4 atoms of Al, and 6 atoms of O.  The products side contains 4 atoms of Al, and 6 atoms of O.  This is a balanced equation.

3.8 Amounts of Reactants and Products
Stoichiometry is the quantitative study of reactants and products in a chemical reaction.  In a chemical reaction, the units of the reactants or products can be measured in moles, grams, liters, or a different unit, but scientists use the mole method to determine the amount of product formed in a reaction.  The mole method is when the stoichiometic coefficients in a chemical reaction can be interpreted as the number of moles of each substance.  The coefficients in a chemical equation represent the number of molecules of a certain compound, but also represent the relative number of moles of that compound.  Therefore, if you are given the mass of a reactant or product, you will be able to figure out the mass of the compounds on the other side of the yield sign by using different ratios.  To figure out the mass on the other side of the yield you should follow these steps:

Grams of reactant ( moles of reactant ( moles of product ( grams of product

The moles of the reactant and product is a simple ratio of the coefficients in front of these compounds as explained earlier.
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(http://www.mhhe.com/physsci/chemistry/chang7/esp/folder_structure/cr/m2/s2/crm2s2_1.htm)

Sample problem:  10.7 grams of CO react completely with O2 to form CO2.  The balanced equation is represented as    2CO(g) + O2(g) ( 2CO2(g) .  How many grams of CO2 will be formed?

Problem solution:  10.7 g of CO x 1 mol CO/28.01 g CO = .382 mol CO

Next, we use the ratio of molecules in the equation to figure out the moles of CO2


     .382 mol CO x 2 mol C O2/ 2 mol CO = .382 mol CO2
Then, using the molar mass of CO2we figure out the grams of CO2 produced



     .382 mol CO2x 44.01 g CO2/ 1 mol CO2= 16.8 g CO2
3.9 Limiting Reagents

The limiting reagent is the reactant used up first in the reaction.  Because the limiting reagent is used up first, it will produce less of the product.  Excess reagents are the other reactants present in greater quantities than necessary in order to react with the limiting reagent.  The textbook uses a great analogy to understand the concept of the limiting reagent.  If 14 men and 9 women are at a dance club, then it is only possible for 9 men and 9 women to pair up, leaving 5 men without dance partners.  The number of women limits the number of couples there can be, which is why women would be the limiting reagent if this were a chemical reaction.  The men would be considered the reagents in excess.

To figure out the limiting reagent in a chemical reaction, you have to figure out which reactant will produce the least amount of the product.  Following are a couple Limiting Reagent problems.

Sample Problem:  In the following chemical reaction  MnO2 + 4HCl ( MnCl2 + Cl2 + 2H20

If 0.86 moles of MnO2 and 48.2 g of HCl react, which reagent will be used up first?  

Problem Solution:  The first thing we have to do is convert the reactants to there molar amounts.

48.2 g of HCl X 1 mole of HCl/ 36.46 g = 1.32 moles of HCl.  We know there are .86 moles of MnO2.

The next step is to figure out which reactant will produce the least amount of the product.  This reactant is the limiting reagent.

0.86 moles of MnO2 X 1 mole MnCl2/ 1 mole MnO2 = 0.86 moles of MnCl2 

1.32 moles of HCl X 1 mole MnCl2/ 4 moles of HCl = 0.33 moles MnCl2  
We can conclude that HCl is the limiting reagent because it limits the amount of product produced.

Sample Problem:  The depletion of ozone (O3) in the stratosphere has been a matter of great concern among scientists in recent years.  It is believed that ozone can react with nitric oxide (NO) that is discharged from the high altitude jet plane, the SST.  The reaction is





O3 + NO ( O2 + NO2

If .740 g of O3 reacts with .670 g NO, how many grams of NO2 will be produced?  Which compound is the limiting reagent?  Calculate the number of moles of the excess reagent remaining at the end of the reaction.

Problem Solution:    .740 g O3 X 1 mole O3 / 48 g = .0154 moles O3


       .670 g NO X 1 mole NO / 30.01 g = .0223 moles NO

Since O3 and NO both have a 1:1 ratio with NO2, there will be less NO2 produced by the limiting reagent O3.  The number of grams of NO2 produced will be 



    .0154 moles NO2 X 46.01 g/ 1 mole NO2 = .7086 g of NO2 
There will be .0223 - .0154 = .0069 moles of NO remaining at the end of the reaction.

3.10 Reaction Yield
The theoretical yield is the maximum attainable yield predicted by a balanced chemical equation.  This yield would result if all the limiting reagents reacted.  In chemistry, the theoretical yield does not always occur and what we get is the actual yield.  This is yield is less than the theoretical yield and happens because of the fact that many reactions are reversible and are not produced 100 percent from left to right.  Another reason that the theoretical yield may not be obtained is because it is extremely difficult to recover all of the products from a chemical reaction without inquiring some human error.  The percent yield is used to determine how efficient a chemical reaction is.  The equation to figure out the percent yield is

% yield = actual yield / theoretical yield X 100%

A sample problem taken from http://www.science.uwaterloo.ca/~cchieh/cact/c120/yields.html
A solution containing silver ion, Ag+, has been treated with excess of chloride ions Cl-. When dried, 0.1234 g of AgCl has recovered. Assume the percentage yield to be 98.7%, how many grams of silver ions were present in the solution? 
 
The reaction and relative masses of reagents and product are: 

Ag+(aq) + Cl-(aq) = AgCl(s)

107.868 + 35.453 = 143.321 

The calculation,                       

0.1234 g AgCl   X 107.868 g Ag+/143.321 g AgCl = 0.09287 g Ag+
shows that 0.1234 g dry AgCl comes from 0.09287 g Ag+ ions. Since the actual yield is only 98.7%, the actual amount of Ag+ ions present is therefore, 

0.09287 g Ag+ /.987 = 0.09409 g Ag+
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