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3.3.6: Forensics- Gunpowder Stoichiometry

Various formulations of gunpowder were apparently discovered and used before 1000 AD in China, and its military use is
documented during the Jin Dynasty(1115-1234). Rockets, guns, cannons, grenades, and bombs were used against invading
Mongols. Since the late 19th century, the original formulation has been called "black powder" to distinguish it from modern
smokeless varieties''|. Knowledge of gunpowder formulations, and of the products of their explosions, is essential in gunshot
residue (GSR) analysis.

Solids and gases resulting from explosion of gunpowder'’ A modern black powder substitute for muzzleloading rifles in FFG
sizel”!

Black powder is usually 75% potassium nitrate (KNOs3, known as saltpeter or saltpetre), 15% softwood charcoal , and 10% sulfur
(elemental S). Charcoal is made by heating wood with limited air, and is mostly carbon (elemental C), but contains trace minerals
(such as potassium carbonate, KoCO3) and some partially decomposed wood chemicals like lignin CgH1905, cellulose (CgH19O5)p.

There is no simple equation for the combustion of black powder because the products, as well as the reactants, are numerous and
varied, as shown in this table:

55.91% solid products (in decending order of quantities) 42.98% gaseous products (in decending order of quantities)

K»COs3, K2SO4, KjS, S, KNO3, KSCN, C, NH4CO3, COy, Ny, CO, H5S, Hy, CHy4, H,O

The main products are K;COs3, CO3, and Ny, so the equation for the combustion can be given as!!

10 KNO3+3S+8C — 2K,CO3+3KSO4+6COy +5N; (1)
But it is often simplified to!°!:
2KNO;+S+3C - K8+ N, +3CO, (2)

Sometimes, formulas for charcoal (like C;H40) that approximate it's composition, but don't represent any actual compound in the
charcoal, are used in place of C:

6 KNO3+C7/H40+2S - 2KyS+4CO;+3CO+2H0+2N;(3)

Example 4 from Equations and Mass Relationships we noted that one reactant in a chemical equation may be completely consumed
without using up all of another. A mixture like gunpowder is formulated for "average conditions", and some portion of reactants
may be left unchanged after the reaction. Conversely, at least one reactant is usually completely consumed. When it is gone, the
other excess reactants have nothing to react with and they cannot be converted to products. The substance which is used up first is
the limiting reagent.

EXAMPLE 1 If 100 g of black powder is made from the general recipe above (75 g KNO3, 15 g C, 10 g S), and the combustion
reaction is given by equation (2), which is the limiting reagent? What mass of solid product will be formed?

Solution

The balanced equation
2KNO3+S+3C - KyS+Ny+3C0;3(2)

Let's see how many moles of each we actually have
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nknNo, = 75.0 g x % =0.742 mol KNOs (3.3.6.1)
ns =10.0 g x l;;cilgs =0.312 mol S (3.3.6.2)
ne :15.0gx% =1.249mol C (3.3.6.3)
Now we can use stoichiometric ratios to determine how much C and S would be required to react with all of the KNOs:
ns = 0.742 mol KNO; x % = 0.371mol S

ng = 0.742 mol KNO; x % = 1.13mol C

Since only 0.312 mol S are present, and 0.371 mol S would be required to react with all of the KNQg, it is clear that this can't
happen, and KNO3 must be present in excess. One of the other reactants must be limiting.

We can use stoichiometric ratios to discover how much KNOj5 and S would be required if all the C reacts:

nkno, = 1.25 mol C x 2Z2AENOs ) 833 1ol KNO;

3mol C
ng=1.25mol C x +225 — 0.416 mol S

We see that C is also present in excess, so S must be the limiting reactant. We can prove it by using stoichiometric ratios to find out
that there is plenty of C and KNOj to react with all the S:

ng =0.312mol S x % = 0.936 mol C

nkNo, =0.312mol § x 2BAEE% — 0,624 mol KNO;

These calculations can be organized as a table, with entries below the respective reactants and products in the chemical equation.
We can calculate (hypothetically) how much of each reactant would be required if the other were completely consumed to
demonstrate which is in excess, and which is limiting.

2 KNO3 +S +3C - KjS + N» + 3 CO,
m (g) 75.0 10.0 15.0
M (g/mol) 101.1 32.1 12.01 110.3 28.01 44.01
n (mol) 0.742 0.312 1.25
H—al—KNO
3 o742 0374 443
reacts
if all S reacts -0.624 -0.312 -0.936
Actual Reaction  _, 4 -0.312 -0.936 +0.312 +0.312 +0.936
Amounts
Actual Reaction ¢ -10.0 11.24 +34.4 +8.74 +41.2
Masses
S(K,S/S)
We use the amount of limiting reagent to calculate the amount of product formed. ng NK,S MK,S

mg,s = 0.312mol S x

110.3 g

=34.4gK,S

mol K,S
When the reaction ends, there will be (0.742 — 0.624) mol KNOj3 = 0.118 mol KNO3, or 11.9 g left over. There will also be (1.25 -
0.936) = 0.314 mol C, or 3.76 g left over. S is therefore the limiting reagent.

The left over solids in GSR (gunshot residue) are detected by swiping areas with adhesive coated samplers, which are then viewed
with a scanning electron microscope to indentify the particles.
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From this example you can begin to see what needs to be done to determine which of two reagents, X or Y, is limiting. We must
compare the stoichiometric ratio S(X/Y) with the actual ratio of amounts of X and Y which were initially mixed together. In
Example 1 this ratio of initial amounts

ns(initial) 0.312molS  __ 0.420mol S s . . S _ _1molS  __ i
Pro, (nifial) — 0.742mol KNG, — 1mol KNO was less than the stoichiometric ratio S KNO; ) = ZmolKNO; = 0.5 This indicated

that there was not enough S to react with all the KNOj3 and sulfur was the limiting reagent. The corresponding general rule, for any
reagents X and Y, is

initial X
f M isless than S (—) , then X is limiting. (3.3.6.4)
ny (initial) Y
(3.3.6.5)
nx (initial X
mx(initial) . greater than S | = | , then Y is limiting. (3.3.6.6)
ny (initial) Y

(Of course, when the amounts of X and Y are in exactly the stoichiometric ratio, both reagents will be completely consumed at the
same time, and neither is in excess.). This general rule for determining the limiting reagent is applied in the next example.

EXAMPLE 2 Iron can be obtained by reacting the ore hematite (FepO3) with coke (C). The latter is converted to CO,. As manager
of a blast furnace you are told that you have 20.5 Mg (megagrams) of Fe;O3 and 2.84 Mg of coke on hand. (a) Which should you
order first—another shipment of iron ore or one of coke? (b) How many megagrams of iron can you make with the materials you
have?

Solution

a) Write a balanced equation 2Fe;0O3 + 3C - 3CO; + 4Fe

C _ 3 mol C _ 1.5 mol C
Fes O3 2 mol Fe; O3 1 mol Fe; O3

The stoichiometric ratio connecting C and Fe,Oj is S < The initial amounts of C and Fe,0O5 are

calculated using appropriate molar masses

1mol C
ne (initial) = 2.84 x 10°%g x ——— = 2.36 x 10°mol C (3.3.6.7)
12.01g
(3.3.6.8)
1 1Fe O
MFe,0, (initial) = 20.5 x 10%g x T;T‘;?g"’ =1.28 x 10°mol Fe, 05 (3.3.6.9)
Their ratio is —<imtel)_ _ _2:36x10molC_ _ 184molC i this ratio is larger than the stoichiometric ratio, you have more

Npey0, (initial)  1.28x10°mol Fe,03 1 mol Fe;O3
than enough C to react with all the Fe;O3. FepO3 is the limiting reagent, and you will want to order more of it first since it will be
consumed first. b) The amount of product formed in a reaction may be calculated via an appropriate stoichiometric ratio from the

amount of a reactant which was consumed. Some of the excess reactant C will be left over, but all the initial amount of Fe,O3 will
S(Fe/Fe,03) Mre.
be consumed. Therefore we use ngexo3 (initial) to calculate how much Fe can be obtained nge,0, ———— npe — MFpe

mpe = 1.28 X 10° mol Fey O x 7BeFe x 2R —1.43 x 107 gFe Thisis 1.43 x 10° g, or 14.3 Mg, Fe.

As you can see from the example, in a case where there is a limiting reagent, the initial amount of the limiting reagent must be used
to calculate the amount of product formed. Using the initial amount of a reagent present in excess would be incorrect, because such
a reagent is not entirely consumed.

The concept of a limiting reagent was used by the nineteenth century German chemist Justus von Liebig (1807 to 1873) to derive
an important biological and ecological law. Liebig’s law of the minimum states that the essential substance available in the
smallest amount relative to some critical minimum will control growth and reproduction of any species of plant or animal life.
When a group of organisms runs out of that essential limiting reagent, the chemical reactions needed for growth and reproduction
must stop. Vitamins, protein, and other nutrients are essential for growth of the human body and of human populations. Similarly,
the growth of algae in natural bodies of water such as Lake Erie can be inhibited by reducing the supply of nutrients such as
phosphorus in the form of phosphates. It is for this reason that many states have regulated or banned the use of phosphates in
detergents and are constructing treatment plants which can remove phosphates from municipal sewage before they enter lakes or
streams.
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