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Chapter 9
The Chemical Reaction Equation and Stoichiometry

9.1 Stoichiometry
e The stoichiometric coefficients in the chemical reaction equation
CsH,6(£) + 11 05(g) — 7 COy(g) + 8 H,O(g) Is (1 for C7Hs6, 11 for O, and so on).
e Another way to use the chemical reaction equation is to indicate that 1 mole of CO; is
formed from each (1/7) mole of C;Hy6, and 1 mole of H,O is formed with each (7/8) mole

of CO,. The latter ratios indicate the use of stoichiometric ratios in determining the relative

proportions of products and reactants.
For_example how many kg of CO, will be produced as the product if 10 kg of C;Hy react
completely with the stoichiometric quantity of O,? On the basis of 10 kg of C;Hs

1 kg mol C;H ¢
100.1 kg C7H16

7 kg mol CO;,
1 kg mol C'}H]()

44.0 kg CO,
1 kg mol CO,

10 kg C';Hlﬁ

= 30.8 kg CO,

Example 9.1
The primary energy source for cells is the aerobic catabolism (oxidation) of glucose (CgH120¢, a

sugar). The overall oxidation of glucose produces CO, and H,O by the following reaction
CGHIL’O(S + 002 — b C()z + c HzO

Determine the values of a, b, and ¢ that balance this chemical reaction equation.

Solution

Basis: The given reaction
By inspection, the carbon balance gives b = 6, the hydrogen balance gives ¢ = 6, and an oxygen

balance

6+2a=6*2+6
Gives a = 6. Therefore, the balanced equation is CgH 5,04 + 60, — 6CO, + 6H,0
Example 9.2

In the combustion of heptane, CO; is produced. Assume that you want to produce 500 kg of dry ice
per hour, and that 50% of the CO, can be converted into dry ice, as shown in Figure E9.2. How

many kilograms of heptane must be burned per hour? (MW: CO, = 44 and C;H¢ = 100.1)

Other Products

€0, Gos
(50%)
€0, Solid
CyHhe Gas (50°
——p|  Regclor  |r———
0, Gos 500 kg/h Figure E9.2
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Solution
The chemical equation is ~ C;Hq + 110, — 7CO, + 8H,0

Basis: 500 kg of dry ice (equivalent to 1 hr)
The calculation of the amount of C;H;6 can be made in one sequence:

500 kg dryice| 1kgCO,

0.5 kg dry ice

I kg mol CO,
44.0 kg CO,

1 kg mol C;H g
7 kg mol CO,

100.1 kg C;Hy4
| kg mol C;H ¢

= 325 kg C,H,4

Example 9.3
A limestone analyses (weight %): CaCO3 92.89%, MgCO;35.41% and Inert 1.70%

By heating the limestone you recover oxides known as lime.
(a) How many pounds of calcium oxide can be made from 1 ton of this limestone?
(b) How many pounds of CO; can be recovered per pound of limestone?
(c) How many pounds of limestone are needed to make 1 ton of lime?
Mol. Wt.: CaCO3(100.1) MgCO;3(84.32) CaO (56.08) MgO (40.32) CO, (44.0)

Solution

r————»coa

Limestone
| Ca0
MgOQ Lime
Heat Inert
Chemical Equation:
CaCQO, — Ca0 + CO,
MgCO; — MgO + CO,
Basis: 100 Ib of limestone
Limestone Solid Products
Component Ib = percent Ib mol Compound Ib mol Ib
CaCO, 92.89 0.9280 CaO 0.9280 52.04
MgCO, 5.41 0.0642 MgO 0.0642 2.59
Inert 1.70 Inert 1.70
Total 100.00 0.9520 Total 0.9920 56.33

The quantities listed under Products are calculated from the chemical equations. For example, for
the last column:

92.89 Ib CaCO,4 {1 1b mol CaCO,

100.1 Ib CaCOs,

56.08 1b CaO
I 1b mol CaO

1 1b mo! CaO
1 Ib mol CaCO;

= 52.04 b CaO
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5411b MgCO;| 1 1b mol MgCO,

84.32 1b MgCO,3

1 1b mol MgO
1 1b mol MgCO,

40.32 1b MgO
1 Ib mol MgO |

= 2.59 1b MgO

The production of CO; is:

0.9280 Ib mol CaO is equivalent to 0.9280 Ib mol CO,
0.0642 Ib mol MgO is equivalent to 0.0642 Ib mol CO,
Total Ib mol CO, =0.9280 + 0.0642 = 0.992 b mol CO,

44.01b CO,
1 1b mol CO,

0.992 1b mol CO,

= 44.651b CO,

Alternately, you could have calculated the Ib CO, from a total balance: 100 - 56.33 = 44.67.

Now, to calculate the quantities originally asked for:

2000 1b
1 ton

52.04 1b CaO
100 1b limestone

= 1041 1b CaO/ton

(a) CaO produced =

43.65 1b CO,

———— = (0.437 1b CO,/Ib limestone
100 1b limestone

(b) CO; recovered =

100 Ib limestone
56.33 1b lime

2000 Ib _ 3550 Ib limesteone/
1 ton - ton lime

(c) Limestone required =

9.2 Terminology for Applications of Stoichiometry

9.2.1 Extent of Reaction
The extent of reaction, &, is based on a particular stoichiometric equation, and denotes how much
reaction occurs.
The extent of reaction is defined as follows: £ = n’%!n“’ ... 9.1
Where:
n; = moles of species i present in the system after the reaction occurs
Nio = moles of species i present in the system when the reaction starts
vi = coefficient for species i in the particular chemical reaction equation (moles of species i
produced or consumed per moles reacting)

& = extent of reaction (moles reacting)

e The coefficients of the products in a chemical reaction are assigned positive values and the
reactants assigned negative values. Note that (n; - nj,) is equal to the generation or

consumption of component i by reaction.
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Equation (9.1) can be rearranged to calculate the number of moles of component i from the value of

the extent of reaction

n;=ng + £V, ...92
Example 9.4
Determine the extent of reaction for the following chemical reaction N, + 3H, — 2NH,4

given the following analysis of feed and product:
\P) H, NH;
Feed 100g 50g 5¢
Product 90¢g

Also, determine the g and g mol of N and H; in the product.

Solution
The extent of reaction can be calculated by applying Equation 9.1 based on NH3:

1 g mol NH,4
17 g NH,

90 ¢ NH,

n; = 5.294 g mol NH,

_ 5gNH;[1 g mole NH;

¥ — 0.294 g mol NH
17 ¢ NH, g Mot s

ni = Mg _ (5.294 — 0.204)g mol NH;
Vi 2 g mol NHs/moles reacting

Mo

= 2.50 moles reacting

¢ =

Equation 9.2 can be used to determine the g mol of N, and H; in the products of the reaction

_ 100 g N> |1 gmol Ny

28¢N,

= 3.57 g mol N,

N’)I f’li()

nn, = 3.57 + (—1)(2.5) = 1.07 g mol N,

1.07 gmol N»| 28 g N,
= =30gN
Ny 1 g mol N g%
50gH,{1 gmol H
Hy: nyp = DE) gngj 2 = 25 g mol H,

NH2 =25+ (—3)(2.5) = 17.5 g mol H,

2g H,
1 g mol Hy

_ 17.5gmol Hy

Mu2 =35gH;

Note: If several independent reactions occur in the reactor, say k of them, & can be defined for each
reaction, with vy being the stoichiometric coefficient of species i in the kth reaction, the total

number of moles of species i is
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Where R is the total number of independent reactions.

9.2.2 Limiting and Excess Reactants

% The excess material comes out together with, or perhaps separately from, the product, and
sometimes can be used again.

% The limiting reactant is the species in a chemical reaction that would theoretically run out
first (would be completely consumed) if the reaction were to proceed to completion
according to the chemical equation—even if the reaction does not proceed to completion!
All the other reactants are called excess reactants.

amount of theexcess reactant fed - amount of theexcess reactant required to
react with the limiting reactant 100
X
{amount of theexcess reactant required to react with the limiting reactant }

00 excess reactant =

% For example, using the chemical reaction equation in Example 9.2,
C;H,, + 110, = 7CO, + 8H,0

If 1 g mol of C;Hy6 and 12 g mol of O, are mixed.

As a straightforward way of determining the limiting reactant, you can determine the maximum
extent of reaction, £™, for each reactant based on the complete reaction of the reactant. The
reactant with the smallest maximum extent of reaction is the limiting reactant. For the

example, for 1 g mol of C;H3 plus 12 g mole of O, you calculate

0gmol O, — 12 g mol O
M (based on O) = 8O 2 T BT —2_ — 1.09 moles reacting
—11 g mol O,/moles reacting

0 g mol C;H ;—1 g mol C;Hyg

M3 (based on C7H = ' = 1.00 mol Cti
¢7 (based on C7His) —1 g mol CyH ¢/moles reacting fmoles reacting

Therefore, heptane is the limiting reactant and oxygen is the excess reactant.

As an alternate to determining the limiting reactant,

Ratio in feed Ratio in chemical equation
0O, 12 11
- — =12 > — =11
CsHyg 1 1
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%+ Consider the following reaction A + 3B + 2C — Products
If the feed to the reactor contains 1.1 moles of A, 3.2 moles of B, and 2.4 moles of C. The extents

of reaction based on complete reaction of A, B, and C are

—1.1 mol A
EM (based on A) = - _H]lo - =1
. =32 mol B
€7 (based on B) = —— 20 = 107
; —24mol C
£ (based on C) = f_r;o =12

As a result, B is identified as the limiting reactant in this example while A and C are the excess

reactants.
As an alternate to determining the limiting reactant for same example:

We choose A as the reference substance and calculate

Ratio in feed Ratio in chemical equation
B2y, . 3,
A 1.1 ' 1
C 2.4 2
A 1" 218 > 1" 2

We conclude that B is the limiting reactant relative to A, and that A is the limiting reactant
relative to C, hence B is the limiting reactant among the set of three reactant. In symbols we
have B< A, C>A(i.e., A<C),sothat B<A<C.

Example 9.5
If you feed 10 grams of N gas and 10 grams of H; gas into a reactor:

a. What is the maximum number of grams of NHj3 that can be produced?
b. What is the limiting reactant?

c. What is the excess reactant?

Solution
NH; (9)
I\"I'ZD(g] — Reactor | ——————— HE (g)
g 10g
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N,(g) + 3H,(g) — 2NH;(g)

Given g: 10 10 0
MW: 28 2.016 17.02
Calculated g mol: 0.357 4.960 0

) —0.357 g mol N, ' )
£ (based on Ny) = —= (.357 moles reacting
—1 g mol Ny/moles reacting

—4.960 g mol H, .
E™ (based on Hy) = —=1.65 tholes reacting
—3 g mol Hy/moles reacting

(b) N2 is the limiting reactant, and that (c) H; is the excess reactant.
The excess H, = 4.960 — 3(0.357) = 3.89 g mol. To answer question (a), the maximum amount of

NH; that can be produced is based on assuming complete conversion of the limiting reactant

0.357 g mol N, |2 g mol NH;

1 g mol N,

17.02 g NH;
1 g mol NH;

= 122 g NH,

9.2.3 Conversion and degree of completion
xI Conversion is the fraction of the feed or some key material in the feed that is converted into
products.
Conversion is related to the degree of completion of a reaction namely the percentage or
fraction of the limiting reactant converted into products.
Thus, percent conversion is

moles (or mass) of feed (or a compound in the feed) that react 5

% conversion = - -
moles (or mass) of feed (or a component in the feed) introduced

For example, for the reaction equation described in Example 9.2, if 14.4 kg of CO, are formed in
the reaction of 10 kg of C;Hj6, you can calculate what percent of the C;Hi¢ is converted to CO,

(reacts) as follows: C;Hg + 110, = 7CO, + 8H,0

14.4 kg CO, |1 kg mol CO,

44.0 kg CO,

1 kg m01 C7H16
7 kg mol CO,

C7Hss equivalent to CO; in the product = 0.0468 kg mol C;Hyg

10 kg C',lHl() 1 kg mol C','Hm

100.1 kg C7H|6

C7Hy¢ in the reactants = 0.0999 kg mol C;H ¢

0.0468 mol reacted
9% conversion = 0.0999 kg mol fod 100 = 46.8% of the C;H 4
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The conversion can also be calculated using the extent of reaction as follows:
Conversion is equal to the extent of reaction based on CO, formation (i.e., the actual extent
of reaction) divided by the extent of reaction assuming complete reaction of C;Hs (i.e.,

the maximum possible extent of reaction).

extent of reaction that actually occurs
extent of reaction that would occur if complete reaction took place

S
gmax

Conversion=

9.2.4 Selectivity
Selectivity is the ratio of the moles of a particular (usually the desired) product produced to the
moles of another (usually undesired or by-product) product produced in a set of reactions.
For example, methanol (CH3OH) can be converted into ethylene (C,H,) or propylene (CsHg) by the
reactions

2 CH3;0H — C,H, + 2H,0

3 CH;0H — C3Hg + 3H,0
What is the selectivity of C,H, relative to the C3Hg at 80% conversion of the CH3OH? At 80%
conversion: CoH,s 19 mole % and for CsHg 8 mole %. Because the basis for both values is the same,
the selectivity = 19/8 = 2.4 mol C;H, per mol C3Hé.

9.2.5 Yield

No universally agreed-upon definitions exist for yield—in fact, quite the contrary. Here are three
common ones:
e Yield (based on feed)—the amount (mass or moles) of desired product obtained divided by
the amount of the key (frequently the limiting) reactant fed.
e Yield (based on reactant consumed)—the amount (mass or moles) of desired product
obtained divided by amount of the key (frequently the limiting) reactant consumed.
e Yield (based on theoretical consumption of the limiting reactant)—the amount (mass or
moles) of a product obtained divided by the theoretical (expected) amount of the product
that would be obtained based on the limiting reactant in the chemical reaction equation if it

were completely consumed.
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Example 9.6
The following overall reaction to produce biomass, glycerol, and ethanol

CgH ,04(glucose) +0.118 NH; — 0.59 CH, 7,N; 5,04 45 (biomass)
+ 0.43 C;HgO4(glycerol) + 1.54 CO, + 1.3 C,H;OH (ethanol) + 0.03 H,0

Calculate the theoretical yield of biomass in g of biomass per g of glucose. Also, calculate the yield

of ethanol in g of ethanol per g of glucose.

Solution
Basis: 0.59 g mol of biomass
0.59 g mol biomass | 23.74 g biomass | 1 g mol glucose )
- = 0.0778 g biomass/g glucose
| g mol glucose |1 g mol biomass| 180 g glucose
1.3 gmol C;HsOH| 46 g C;HsOH |1 g mol glucose
2H5 - "
1 g mol glucose |1 g mol C;HsOH | 180 g glucose 0.332 g CoH;OHJg glucose
Example 9.7

For this example, large amounts of single wall carbon nanotubes can be produced by the catalytic
decomposition of ethane over Co and Fe catalysts supported on silica

CHg—2C+ 3H, (a)

NCoHy + Hy (b)
If you collect 3 g mol of Hz and 0.50 g mol of C;H,4, what is the selectivity of C relative to C,H,?
Solution
Basis: 3 g mol H, by Reaction (a)
0.50 g mol C,H,4 by Reaction (b)

The 0.5 g mol of C,H, corresponds to 0.50 g mol of H, produced in Reaction (b).
The H; produced by Reaction (a) =3 - 0.50 = 2.5 g mol.

The nanotubes (the C) produced by Reaction (a) = (2/3)(2.5) = 1.67 g mol C

The selectivity = 1.67/0.50 = 3.33 g mol C/g mol C,H,4

Example 9.8

The two reactions of interest for this example are
Cly(g) + C3Hg(g) — C3HsCl(g) + HCl(g) ()
Cly(g) + C3Hg(g) = C3HeCli(g) (b)

CsHeg is propylene (propene) (MW = 42.08)

CsHsC1 is allyl chloride (3-chloropropene) (MW = 76.53)
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C3HgCl; is propylene chloride (1,2—dichloropropane) (MW = 112.99)

The species recovered after the reaction takes place for some time are listed in Table E9.8.

species Cl, CsHs CsHsC1 C3HgCl; HCI
g mol 141 651 4.6 24.5 4.6
Based on the product distribution assuming that no allyl chlorides were present in the feed, calculate
the following:
a. How much ClI, and C3Hg were fed to the reactor in g mol?
b. What was the limiting reactant?

What was the excess reactant?

a o

What was the fraction conversion of CsHg to C3H5C1?
e. What was the selectivity of C3HsC1 relative to C3HgCl,?
f.  What was the yield of C3HsC1 expressed in g of C3HsC1 to the g of C3Hg fed to the reactor?
g. What was the extent of reaction of the first and second reactions?

Solution

Figure E9.8 illustrates the process as an open-flow system. A batch process could alternatively be

used.
Cl, (9)
Cl, (g) CsHs (9)
—| Reactor e~ C3H;Cl (g)
CaHs (9) C3HgClo (g)
HCI (g)

Figure E9.8
A convenient basis is what is given in the product list in Table E9.8.
Reaction (a)

46 gmol C;HsCl] 1 gmol Cly

1 g mol C3H;5CI

= 4.6 g mol Cl, reacts

Reaction (b)

245 gmol C3HgCl| 1 gmol Cl;

1 g mol C';H(,Clg

= 24.5 g mol Cl, reacts

Total = 4.6 + 24.5 = 29.1 g mol ClI; reacts
Cl; in product = 141.0 from Table E9.8
(@) Total Cl, fed =141.0 + 29.1 = 170.1 g mol Cl,
Total C3Hg fed = 651.0 + 29.1 = 680.1 g mol of C3Hs
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stoichiometric coefficients, both reactions will have the same limiting and excess reactants

—-680.1 £ mol C3H6

max (hoced C:Hy) =
£ (based on C; 6) —1 g mol C3Hg/moles reacting

= 680.1 moles reacting

—170.1 g mole Cl,

max (paced Cl,) =
EM (based on Cl,) —1 g mol Cly/moles reacting

= 170.1 moles reacting

Thus, C3Hg was the excess reactant and Cl, the limiting reactant.

(d) The fraction conversion of C3Hg to C3HsC1 was

4.6 g mol C3Hg that reacted

= 6.76 X 1077
680.1 g mol C3Hg fed 6
(e) The selectivity was
_46gmol GH5C1 _ 5 8 mol C3HsCl
245gmol C3HeCl, g mol C3HeCly
(F) The yield was
(76.53)(4.6)g C3HsCl , 8 C3HsCl
(42.08)(680.1)g C3H, g CiHg

(9) Because C3HsC1 is produced only by the first reaction, the extent of reaction of the first
reaction is

n,-“n,-,,:4.6~—(}=
Vi 1

§1 = 4.6

Because C3HgCy, is produced only by the second reaction, the extent of reaction of the
second reaction is

np—n, 245 -0
- = = =245
& v I

Example 9.9
Five pounds of bismuth (MW=209) is heated along with one pound of sulfur (MW=32) to form
Bi,S; (MW=514). At the end of the reaction, the mass is extracted and the free sulfur recovered is
5% of the reaction mass. Determine 2Bi + 3S —— Bi,S;

1. The limiting reactant.

2. The percent excess reactant.

3. The percent conversion of sulfur to Bi,S3
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Solution
a. Find the Limiting reactant

Ratio in the feed

5.00 1b Bi| 1 Ib mol Bi
Bi 2091b B 0.0239 mol Bi _ ,
S - | = 0.0313mol S _ 0774
1.001b S|11b mol S
321b S
o . . 2Ilbmol Bi _
Ratio in the chemical equation =3 b molS = 0.667
Compare the two ratios: S is the limiting reactant.
b. % Excess reactant
.. 11bS/1IbmolS 2molB:r _ .
B1 required = 39 1b S 3molS - 0.0208 1b mol Bi
% excess Bi = (0'026?0'23028) X 100 =  149%

c. We will assume that no gaseous products are formed, so that the total mass of the reaction
mixture is conserved at 6 Ib (51b Bi + 11b S). The free sulfur at the end of the reaction =

5%.

6.00 1b rxn mass 5.001b S 1 1b mol S

100 1b rxn mass 32010 S 0.00938 1o mol S

moles of feed that react

moles of feed introduced 100

% Conversion =

_ 0.03156;}1.590938 5 100 = 70.0 %

Questions

1. What is a limiting reactant?

2. What is an excess reactant?

3. How do you calculate the extent of reaction from experimental data?
Answers:
Q.3 Reactant present in the least stoichiometric quantity.
Q.4 All other reactants than the limiting reactant.

Q.5 For a species in
Aout,i — Min,i

Open system: ¢ = == Closed system: ¢ =
v;

94
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Problems
1. Write balanced reaction equations for the following reactions:
a. CgHig and oxygen to form carbon dioxide and water.
b. FeS; and oxygen to form Fe,O3 and sulfur dioxide.
2. If 1 kg of benzene (CgHg) is oxidized with oxygen, how many kilograms of O, are needed to
convert all the benzene to CO, and H,0?
3. The electrolytic manufacture of chlorine gas from a sodium chloride solution is carried out
by the following reaction:

2 NaCl + 2 H,O — 2 NaOH + H, + Cl,

How many kilograms of Cl, can be produced from 10 m® of brine solution containing 5% by

weight of NaCl? The specific gravity of the solution relative to that of water at 4°C is 1.07.

4. Can you balance the following chemical reaction equation?

a,NO; + a,HCIO — a;HNO; + a,HCl

5. For the reaction in which stoichiometric quantities of the reactants are fed

2CH,y+ 150, — 10 CO, + 10 H,0

and the reaction goes to completion, what is the maximum extent of reaction based on

CsH1p? On O,? Are the respective values different or the same? Explain the result.

6. Calcium oxide (CaO) is formed by decomposing limestone (pure CaCOs3). In one kiln the
reaction goes to 70% completion.
a. What is the composition of the solid product withdrawn from the kiln?
b. What is the yield in terms of pounds of CO, produced per pound of limestone fed
into the process?
7. Aluminum sulfate can be made by reacting crushed bauxite ore with sulfuric acid, according
to the following chemical equation:

ALO; + 3 H,S0, — ALy(SO,); + 3 H,0

The bauxite ore contains 55.4% by weight of aluminum oxide, the remainder being
impurities. The sulfuric acid solution contains 77.7% pure sulfuric acid, the remainder being
water. To produce crude aluminum sulfate containing 1798 Ib of pure aluminum sulfate,
1080 Ib of bauxite ore and 2510 Ib of sulfuric acid solution are reacted.

a. ldentify the excess reactant.

b. What percentage of the excess reactant was consumed?
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C.

What was the degree of completion of the reaction?

8. Two well-known gas phase reactions take place in the dehydration of ethane:

C,Hy — C,Hy + H, (a)

C,Hg + H, — 2 CH, o)

Given the product distribution measured in the gas phase reaction of C,Hg as follows
C2H6 27%, C2H4 330/0, H, 13%, and CH4 27%

o o

- ® o O

ANSWers:

(@)
3.08
323

No

o > W N e

(@1,
(b) 1,

What species was the limiting reactant?

What species was the excess reactant?

What was the conversion of C,Hg to CH,4?

What was the degree of completion of the reaction?

What was the selectivity of C,H, relative to CH,4?

What was the yield of C,H, expressed in kg mol of C,H, produced per kg mol of
C,Hg?

What was the extent of reaction of CoHg?

27
CoH g + 702~—>9C02 + 9 H,0; (b) 4 FeS, + 11 O, — 2Fe,0; + 850,

(c) The same,

(d) The extent of reaction depends on the reaction equation as a whole and not on one

species in the equation.
6. CaCOsg: 43.4%, CaO: 56.4%; (b) 0.308
7. (a) H2SO4
(b) 79.2%;
(c) 0.89
8. (a) C,He (the hydrogen is from reaction No.2, not the feed);
(b) None;

96



Chemical Engineering principles— First Year/ Chapter Nine
Dr. Ahmed Faiq Al-Alawy

3

E
24
‘é
f
ONIYFINIONT!
VDINIHD

(c) Fraction conversion = 0.184;

(d) 0.45;

(e) 1.22

(f) Based on reactant in the feed: 0.45, based on reactant consumed: 0.84, based on theory:
0.50;

(9) Reaction (a) is 33 mol reacting and reaction (b) is 13.5 mol reacting, both based on 100

mol product.

Supplementary Problems (Chapter Nine):

Problem 1

Gypsum (plaster of Paris : CaSOy4- 2H»0) 1s produced by the reaction of calcium
carbonate and sulfuric acid. A certain lime stone analyzes: CaCO3 96.89 %; MgCO3 1.41 %:;
merts 1.70 %. For 5 metric tons of limestone reacted completely, determine:

a. kg of anhydrous gypsum (CaSOy) produced.

b. kg of sulfuric acid solution (98 wt%) required.

c. kg of carbon dioxide produced.

(MW : CaCO3 100.1; MgCO3 84.32; H2SO4 98; CaSO4 136; MgSO4 120;
H>O 18;CO, 44)

Solution
The problem involves 2 reactions. Both calcium carbonate and magnesium carbonate

react with sulfuric acid. The stoichiometric equations are

CaCO; + H,SO4 --—---- > (CaS0Oq + HO + CO» (1
MgCO3 + HS04 ---—-- > MgSOq4 + HO + CO; 2)
mass fr
CaCO3; 0.9689 mass fr
MgCOs; 0.0141 CO, 0.1.00

Inerts 0.0171

F1 S o Z o . * P1
! . Reactor !
. e . P 2

F2 S mass
EE—

mass fr CaS0y, m1

HSO3; 0.98 MgSoO, m2

H,0 0.02 H,0 m3

Inerts 0.0171 Inerts m4

Basis : 5000 kg limestone
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a. CaSOy produced

5000kglimestone ‘96.89kgCaCO 3£lkgmolC:1CO 3£lkgmolCaSO 4t 136kgCaSO 4
| 100kglimestone | 100.1kgCaCO 3|lkgmolCaCO 3 lkgmolCaSO 4

= 6600 kg CaSOy4
b. Sulfuric acid required

Both CaCO3 and MgCOj3 react with sulfuric acid in a 1 to 1 molar ratio.

5000kgIimestone‘96.89kg Ca(fO_z‘lkg mol CaCO 3 lkg mol H2S04 98kg H2S04
100kg limestone| 100.1kg CaCO 3| kgmolCaCO3 | kgmol H2SO4

= 4740 kg HaSO4

1 kg mol MgCO3|1 kg mol H,80,4(98.0 kg H,S0,
kg mol MgCOj3 |kg mol H2SO;4

5000 kg limestone‘ 1.41 kg MgCO3
"1 00 kg limestone ‘ 84.32 kg MgCO3

=81.94 kg H,SOy4
total acid required = 4739.9 + 81.94 kg = 4822 kg 100 % acid.

We need to correct for the fact that acid is available as a 98 %o solution.

4821.84 kg HaS04 ‘ 100 kg acid solution ‘ ]
| 98.0kg HoSO4  ~ 4920 kg H>SO4 solution

c. Carbon dioxide generated

Both CaCO3 and MgCO3 react with sulfuric acid to produce carbon dioxide.

5000 kg limestone|96.83 ke CaCO3 |1 kg mol CaCO3| 1 kg mol CO, | 44 kg CO,
100 kg CaCO3 [100.1 kg CaCOj3 |1 kg mol CaCO3 |1 kg mol CO3 +

5000 kg limestone|1.41 kg MgCO3| 1kg MgCO3 | 1kgmol CO; | 44 ke €O,
100 kg MgCO3 [84.32 kg MgCO3 | 1 kg mol MgCO;3 "lkg mol CO»

2128.1 + 36.8 = 2165 kg CO,

Problem 2
The synthesis of ammonia proceeds according to the following reaction
N, + 3H; ---- = 2 NH3
In a given plant, 4202 Ib of nitrogen and 1046 1b of hydrogen are fed to the synthesis reactor
per hour. Production of pure ammonia from this reactor is 3060 1b per hour.

a. What is the lumting reactant.
b. What is the percent excess reactant.
¢. What is the percent conversion obtained (based on the limiting reactant).

Solution
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F1

H, 4202 Ib/hr Reacto ] P
F2FF NH3; 3600 Ib/hr

N, 1046 Ib/hr

4202 Ib N2 | 1 1b mol N3 | 2 Ib mol NH3

28 1b N> ‘ 1 Ib mol N>

300 Ib mol NH;

a.

1046 1b H> |1 1b mol H>
2 1b Hy

2 1b mol NH;
316 mol 1> = 348.6 Ib mol NH3

If all of the N> were to react, 300 Ib mol of ammonia would be produced while if all of
the hydrogen were to react, 348.6 Ib mol ammonia would be produced. N; is the limiting
reactant.

b. Hj; required : based on the limiting reactant

4202 1b N3 | 1 1b mol N,
TN,

3 1b mol H, .
T 1b mol N = 450 Ib mol H; required

1046 1b Hy | 1 1b mol H;

H> available : 210, = 523 1b mol H
o ‘ B mol in excess
7o excess reactant = ol required fo react with Limiting reactant < 100
, (523 - 450) |
% excess H» = 150 x 100 = 16.2 %
_ _ moles (or mass) of feed that react _
¢. Percentage conversion = ToTecT6r mass) of feed mntroduced x 100
3060 1bNH;|1Ibmol NH3 | 1IbmolN; | 281bN;
N reacted = T T7INH; | 210 mol NH; [ 110 moIN; = 2520 N,
, | 2520 Ib
% conversion = 7307 < 100 = 60.0 %
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