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Required knowledge:

• Chemical Engineering Thermodynamics 

• Unit Operations

• Chemical Reaction Engineering 
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River, 1996

• Warren D. Seider, J.D. Seader, Daniel R. Lewin, Process Design 
Principles: Synthesis, Analysis, and Evaluation, Wiley, New York, 
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Unit 1 Material Balances

1. The Material Balance

System

System Boundary

Input flow 
streams

Output flow 
streams

General Principle:
Conservation of:
1.  Total mass
2.  Total moles
3.  Mass of an atomic species
4.  Moles of an atomic species
5.  Moles of a chemical compound
6.  Mass of a chemical compound
7.  Volume

no chemical reactions !

no nuclear reactions !
no net change of moles due to 

chemical reactions !

no change of density !

not only convective flow, 
but all other relevant 
mass transfer processes !

careful choice of 
system boundary !

In words: accumulation input through output through generation consumption
within the system system within the within the

system boundaries boundaries system system

                  = − + −         
                  

Task:

Find mathematical expressions 
for these terms that accurately 
describe the particular situation

Solve the resulting system of 
equations (linear, nonlinear)

Requirements:

see 1.
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Unit 1 Material Balances

2. Determining the Number of Independent Equations
Rule:
The number of variables whose 
values are unknown equals the 
number of independent equations !

Systems of Linear Equations:

The rank of the coefficient matrix equals the number of 
independent variables !

rank = order of the largest nonzero determinant in a matrix
(can be determined by Gauss-Jordan method)

F = 100 kmol/h

Composition

EtOH: x1F  = 0.5
H2O: x2F  = 0.4
MeOH: x3F  = 0.1

P = 60 kmol/h

W = ?

Composition

x1W  = ?
x2W  = ?
x3W  = ?

Composition

x1P  = 0.8
x2P  = 0.05
x3P  = 0.15

System 
Boundary

General Example:
• steady state
• no chemical reactions

T = 30°C

Total Mole Balance:
0 = F – P – W

Component Mole Balances:
EtOH: 0 = F·x1F – P·x1P – W·x1W

H2O: 0 = F·x2F – P·x2P – W·x2W

MeOH: 0 = F·x3F – P·x3P – W·x3W

Balance of Mole Fractions:
ΣxiF = 1
ΣxiP = 1
ΣxiW = 1 

EtOH: 0 = F·x1F – P·x1P – W·x1W

H2O: 0 = F·x2F – P·x2P – W·x2W

MeOH: 0 = F·x3F – P·x3P – W·x3W

1 1 1
2 2 2
3 3 3

0 0
0 0
0 0

F P W
F P W
F P W

F x P x W x
F x P x W x
F x P x W x

⋅ − ⋅    
    ⋅ − ⋅ = ×
    ⋅ − ⋅     

Component Mole Balances in Matrix Form:
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Unit 1 Material Balances

3. Number of Degrees of Freedom

MeaningProblem isf

no solution, equations are 
inconsistent

infinite number of solutions

unique solution exists

overspecified> 0

underspecified< 0

properly specified0

Nonlinear Equations:

more than one solution may exist even for f = 0

if so, the physics of the process tell which 
solution (s) is (are) relevant  

no general statement can be made

number of number of number of variables degrees independentwhose values of freedom equationsare unknown

         = −     
        

f          =         n            - r

• 12 variables in total
• 7 equations, of which 1 is not independent
• 6 variables have to be specified
• choice of these independent variables is 

not at will 
→ selection must leave a number of 

independent material balances equal to 
the number of unknown variables

F

Composition

x1F

x2F

x3F

P

W

Composition

x1W

x2W

x3W

Composition

x1P

x2P

x3P

System 
Boundary

T = 30°C

LOOKING BACK
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Unit 1 Material Balances

General Strategy for Analyzing Material Balance Problems

Check your answers by introducing them, or some of them, into any redundant material 
balances. Are the equations satisfied? Are the answers reasonable?10.

Solve the equations. Each calculation must be made on a consistent basis.9.

Count the number of independent balances that can be written; ascertain that a unique 
solution is possible. If not, look for more information or check your assumptions.8.

Write down the names of an appropriate set of balances to solve; write the balances 
down with type of balance listed by each one. Do not forget the implicit balances for 
mass or mole fractions.

7.

Make a list by symbols for each of the unknown values of the stream flows and 
compositions, or at least mark them distinctly in some fashion, and count them.6.

Select a basis.5.

Put all the known values of compositions and stream flows on the figure by each stream; 
calculate additional compositions from the given data as necessary. Or, at least initially 
identify the known parameters in some fashion.

4.

Label with symbols the flow of each stream and the associated compositions and other 
information that is unknown.3.

Draw a sketch of the process; define the system by a boundary.2.

Read the problem and clarify what is to be accomplished.1.
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Distillation Unit:

Bottoms (Waste) B = kg 

EtOH = ?
H2O = ?

System Boundary

Task:

Calculate composition of bottoms and 
mass of lost alcohol

Steps 1–3: Symbols and data placed 
in flow sheet 

Step 4: Evaluate D = 0.1·F = 100 kg

Step 5: Select as the basis the given
feed F = 1000 kg

Steps 6–8: The remaining unknowns 
are wEtOH,B, wH2O,B and B. 
Two components exist, yielding two 
independent component mass balan-
ces, and wEtOH,B + wH2O,B = 1, so that 
the problem has a unique solution.

Feed F = 1000 kg

10 % EtOH
90 % H2O

Heat

Cooling
Water

Vapor

Reflux
Distillate D = 0.1·F

60 % EtOH
40 % H2O

Step 9: The total mass balance yields:  
B = F – D = 100 kg 
The solution for the composition of the 
bottoms can be computed directly by 
subtraction: 100.0900

95.6= 860– 0.4·1000.9 ·1000H2O

4.4= 40– 0.6 ·1000.1·1000EtOH

percentkg Bottomskg Distillate outkg in Feed
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Unit 1 Material Balances

Material Balance Problem Involving Chemical Reactions

Coal Composition

100
7.36Ash
0.7S

1.08N
3.36O
4.45H

83.05C
%

Gas Composition

100
80.6N2

4.0O2

0.0CO
15.4CO2+ SO2

%

Refuse Composition

100
86.0Ash
14.0C+H+O+N+S
%

Combustion of Coal:
• Steady state

• Coal elemental composition is given

• Moisture content of the coal is 3.9 %

• Moisture content of the air is 0.0048 lb H2O/lb dry air

• Stack gas analysis is given on a dry basis

• Refuse shows 14 % unburned coal with the 
remainder being ash

Tasks:

Check data for consistency

Determine the average percentage excess air used

accumulation input through output through
within the system system

system boundaries boundaries

          = −     
          

generation consumption
within the within the

system system

      + −   
      
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Unit 1 Material Balances

Coal

F (lb)
Furnace

100
7.36Ash
0.7S

1.08N
3.36O
4.45H

83.05C
lb

Stack Gas

P (lb mol)

Added H2O 3.9 lb

100
0.21O2

0.79N2

Mol fr

Added H2O 0.0048 lb/lb Air

Air      A (lb mol)

W (lb mol)      H2O(g) 100 %

100
80.6N2

4.0O2

0.0CO
15.4CO2+ SO2

%

100
86.0Ash
14.0C+H+N+O+S
%

Refuse R (lb)

Steps 1– 4:

Step 5: Pick a basis of   
F = 100 lb as convenient.
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Unit 1 Material Balances

Coal

F (lb)
Furnace

100
7.36Ash
0.7S

1.08N
3.36O
4.45H

83.05C
lb

Stack Gas

P (lb mol)

Added H2O 3.9 lb

Containing H: 0.433 lb mol
O: 0.217 lb mol

100
0.21O2

0.79N2

Mol fr

Added H2O 0.0048 lb/lb Air

Containing H: 0.0154 lb mol/mol A
O: 0.0077 lb mol/mol A

Air      A (lb mol)

W (lb mol)      H2O(g) 100 %

100
80.6N2

4.0O2

0.0CO
15.4CO2+ SO2

%

100
86.0Ash
14.0C+H+N+O+S
%

Refuse R (lb)

Steps 1– 4: 1 lb mol H2O18 lb H2O
= 0.433 lb mol H

2 lb mol H1 lb mol H2O3.9 lb H2O

lb mol air
lb mol H2O= 0.0077

18 lb H2O1 lb mol airlb air
1 lb mol H2O29 lb air0.0048 lb H2O

Step 5: Pick a basis of          
F = 100 lb as convenient.

Step 6: A, W, P, R remain
unknown. Mass balance on 
the elements in lb mol.
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Unit 1 Material Balances

Coal

F (lb)
Furnace

100
7.36Ash
0.7S

1.08N
3.36O
4.45H

83.05C
lb

Stack Gas

P (lb mol)

Added H2O 3.9 lb

Containing H: 0.433 lb mol
O: 0.217 lb mol

100
0.21O2

0.79N2

Mol fr

Added H2O 0.0048 lb/lb Air

Containing H: 0.0154 lb mol/mol A
O: 0.0077 lb mol/mol A

Air      A (lb mol)

W (lb mol)      H2O(g) 100 %

100
80.6N2

4.0O2

0.0CO
15.4CO2+ SO2

%

100
86.0Ash
14.0C+H+N+O+S
%

Refuse R (lb)

Steps 1– 4: 1 lb mol H2O18 lb H2O
= 0.433 lb mol H

2 lb mol H1 lb mol H2O3.9 lb H2O

lb mol air
lb mol H2O= 0.0077

18 lb H2O1 lb mol airlb air
1 lb mol H2O29 lb air0.0048 lb H2O

Step 5: Pick a basis of          
F = 100 lb as convenient.

Step 6: A, W, P, R remain
unknown. Mass balance on 
the elements in lb mol. Ash Material Balance

7.36 lb = R·0.86 

→ R = 8.56 lb
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2.

1.
3.

Unit 1 Material Balances

C, H, O, N, S in unburned coal (assumption: proportions may not change)

Mass of unburned coal:  0.14·R = 1.2 lb

*on an ash-free basis
0.14741.20100.00
0.00030.0090.76S
0.00100.0141.17N
0.00270.04363.63O
0.05370.0584.8H
0.08971.07689.65C

lb mollbMass %*Component

Step 6 (repeated): A, W, P remain unknown.         
Only four mole balances on the elements can 
be written, because S + C must be combined 
as these elements are linked in the stack gas 
analysis (SO2 + CO2).

=
=
=
=

+ 2·0.001
+ 0.0027
+ 0.0537
+ 0.0897 + 0.0003
R

OutputInput

+ 2·(0.154+0.04)·PW+ 0.21·2·A + 0.0077·A3.36/16 + 0.217O
+ 2·0.806·P0+ 2·0.79·A1.08/14N

+ 02·W+ 0.0154·A4.45/1.008 + 0.433H
+ 0.154·P0+ 083.05/12 + 0.70/32C+ S
PWAF

C+S → P = 50 lb mol N → A = 45.35 lb mol H → W = 2.746 lb mol O → 19.8 ≈ 20

Test
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Unit 1 Material Balances

2 2

2

entering   required
 required% excess air 100 O O

O
−= ×

9.524 7.942
7.942% excess air 100 19.9%−= × =

7.942
0.022

-
-0.105
1.104
6.921

Required O2
(lb mol)

0.0220.70S + O2 → SO2S
0.0771.08-N
0.2103.36-O
4.4154.45H2 + 0.5 O2 → H2OH
6.92183.05C + O2 → CO2C

lb mollbReactionComponent

Average percentage excess air:

O2 required is calculated from reaction stoichiometry:

O2 entering with the air:   45.35 lb mol × 0.21 = 9.524 lb mol.

O2 coming with the coal !
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Unit 1 Basic definitions

Extent of Reaction, Reaction Rate and Fractional Conversion in Single Reactions:

VR
ni

0
[kmol]A A

A

n n−ξ =
ν

0
A A An n= + ν ξ

Batch Reactor:

3
kmol 
mRV

ξ  λ =  
 

0
A A Ac c= + ν λ

A B C DA B C Dν + ν → ν + νReaction:

Molar extent:

if there is no volume change due to the reaction 
you better divide by the volume of the reaction

mixture and work with concentrations

3
1 kmol 

m s
A

A A
R

dnR r
V dt

 = − = −  
 

νA = -1

Rate of Consumption:

Rate of Reaction:

Fractional Conversion of A:
0

0 0 01  [-]A A A A
A

A A A

n n nX -
n n n
− ν ξ= = = −

Af Remaining fraction of A

0 01  [-]A A

A A

c-
c c

ν λ= = − for VR=const.

stoichiometric coefficients
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Unit 1 Basic definitions

Rate of Consumption/Formation, Yield and Selectivity in Multiple Reactions:

0

0 01A A A
A

A A

n n nX
n n
−= = −

� � �

� �

Fractional Conversion of A:

3
1

kmol 
m s

m
i ij j

j
R r

=

 = ν  
 

∑

0

1

m
A A R Aj j

j
n n V

=
= + ν ξ∑� � RV= +0n n νξ� �

0

1

m
A A Aj j

j
c c

=
= + ν λ∑ for VR=const. = +0c c νλ

Rate of Consumption/Formation:

stoichiometric coefficient of 
compound i in reaction j

Matrix Form:

0

1...
in
i n=
�

VR

44332211

442332222112

441331221111

AAAA

AAAA
AAAA

mmmm νννν

νννν
νννν

+→+

+→+
+→+

�������

1...
in
i n=
�

Same definition, but more than 
one reaction contribute to the 
consumption of A.
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Unit 1 Basic definitions

Rate of Consumption/Formation, Yield and Selectivity in Multiple Reactions:

,

0 ,
, 0 ,

moles of P formed formed  supplied with feed when all moles of A
 supplied with feed are converted to P

P A

A refP P
P A

P refA

P PY
A

n nY
n

 −
 = ×
 
 

β−= ×
β

� �

�

[-]PA
PA

A

YS
X

=

1

1

[-]

m
Pj j

jP
PA mA

Aj j
j

r
Rs
R

r

=

=

ν

= =
−

ν

∑

∑

0

1...
in
i n=
�

VR

44332211

442332222112

441331221111

AAAA

AAAA
AAAA

mmmm νννν

νννν
νννν

+→+

+→+
+→+

�������

1...
in
i n=
�

Selectivity to product P 
based on reactant A:

Yield of Product P based on consumption of A:

Stoichiometric ratio between A and P based on a 
common reference, e.g. an atomic species 

(β = matrix of chemical compounds vs. atomic species)

Differential selectivity:
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Example:

4 2 2 2

4 2 2

2 2
2

CH O CO H O
CH CO CO H

+ → +
+ → +

common basis 
for comparison

4
44

0
,

, 0 ,

CO CCO CO
CO CH

CH CCH

n nY
n

β−= ×
β

� �

�

how many moles (or 
kg*) product do I get 
from one mole (or kg*) 
reactant ?0

2

0

H2

1

0

1

CO

O

H

C

1220

2004

0101

H2OCO2O2CH4

=β

2
22

0
,

, 0 ,

CO OCO CO
CO O

O OO

n nY
n

β−
= ×

β
� �

�

1

0.5

reactants product

ATTENTION

The definitions based on moles – as given here – is convenient 
for most applications in chemical reaction engineering, but an 
analogeous definition of extent of reaction, reaction rate, rate of  
formation/consumption, conversion, yield and selectivity based
on mass* is used frequently as well.

Sometimes even mixed definitions, e.g. moles produced per 
mass of feed.

Yield of CO either based on CH4 or on O2:
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Unit 1 Energy Balances

1. The Energy Balance

General Principle:

Conservation of total energy

careful choice of 
system boundary !

In words:

Task:

Find mathematical expressions 
for these terms that accurately 
describe the particular situation

Solve the resulting system of 
equations (linear, nonlinear)

State
H = U + p·V = H(T,p)

[kJ/kg]
Enthalpy

StateU = U(T,p)   [kJ/kg]Internal 
Energy

StateP = m·g·h     [kJ}Potential 
Energy

FunctionSymbolType

StateK = ½·m·v2 [kJ]Kinetic 
Energy

PathQ = k·A·∆T    [kJ]Heat
PathW = É F·ds    [kJ]Work

Six Types of Energy

accumulation transfer of energy transfer of energy 
of energy  into system out of system 
within the through system through system

system boundary boundary

     
     = −     
     
     

energy energy
generation consumption
within the within the

system system

   
   + −   
   
   

System

System Boundary

Transfer of 
energy into 

system

Transfer of 
energy out 
of systemSURROUNDINGS

^ ^

^ ^ ^^
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Unit 1 Energy Balances

1. Closed System (without Chemical Reactions)

SYSTEM

∆E = E2 – E1Total Energy

∆P = P2 – P1Potential Energy

∆K = K2 – K1Kinetic Energy

∆U = U2 – U1Internal Energy

AcumulationEnergy Inventory

Work W
+ –

Heat Q
– +

SURROUNDINGS

Energy Balance:

∆E = E(t2) – E(t1) = ∆U + ∆P + ∆K = Q + W
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Work performed to 
transfer mass 

(Volume Work)

Unit 1 Energy Balances

SYSTEM

∆E = E2 – E1Total Energy

∆P = P2 – P1Potential Energy

∆K = K2 – K1Kinetic Energy

∆U = U2 – U1Internal Energy

AcumulationEnergy Inventory
Work W

+ –

Heat Q
– +

SURROUNDINGS

2. Open System (without Chemical Reactions)

Energy Balance:

∆E = E(t2) – E(t1) = Q + W – ∆[H + K + P] 

Mass m
+ –

Energy transfer due to mass tranport

( ) ( )ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ= + + − + + + + + −a a a a b b b b a a a b b bU K P m U K P m Q W p V m p V m

( ) ( )2 1 2 2 2 2 1 1 1 1ˆ ˆ ˆ ˆ ˆ ˆ( ) ( )∆ = − = + + − + +E E t E t U K P m U K P m

a b

net heat input to 
system

net work done on system 
by surroundings∆ means „a minus b“∆ means „t2 vs. t1“
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–mb(pbVb)ma(paVa)
Work to introduce material into system, or work 
recovered on removing material from system

WNet work done on system by surroundings

QNet heat input to system

Pb = P·mbPa = P·maPotential

Kb = K·mbKa = K·maKinetic

Ub = U·mbUa = U·maInternal

Transport outTransport inType of Energy

Energy accompanying mass transport

m2m1Mass

Summary of the Symbols to be Used in the General Energy Balance

P2

K2

U2

At time t2

P1Potential

K1Kinetic

U1Internal

At time t1Type of Energy

Accumulation term

^ ^

E(t2)E(t1)

^ ^

^ ^

^ ^
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Unit 1 Energy Balances

Air Compressor:

∆Ha = 489 kJ/kg
va = 0 m/s

100 kPa
225 K

100 kg/hr air

∆Hb = 509 kJ/kg
vb = 60 m/s

1000 kPa
278 K

100 kg/hr air

System Boundary Task:

determine the required power in kW for 
the compressor

Steps 1 – 4:  Steady state flow process
(open system) without chemical reactions. 
Available data and unknowns listed.

Step 5: Basis 100 kg/hr of air 

Steps 6 – 7: Simplification of the general 
energy balance. 

∆E = E(t2) – E(t1) = Q + W – ∆[H + K + P] 

(1) The process is at steady state, hence ∆E = 0.
(2) ma = mb = m.
(3) Potential Energy is not changed: ∆P = 0.
(4) Q = 0 by assumption (insulation).
(5) va = 0 by assumption (unknown but will be small)

Result: 0 = W – ∆H – ∆K

Steps 6 (repeated): We have one equation and one 
unknown W (∆H and ∆K can be calculated), hence a 
unique solution exists.

kg
= 2000 kJ

100 kg(509-489) kJ
∆H =

∆K = ½ m(vb
2-va

2) = 50 kg × 3600 (m/s)2

= 180 kJ
W = 2180 kJ

Required Power :
2180 kJ / 3600 s = 0.61 kW 

Steps 7 – 9: Calculate the solution.

^

^
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Unit 1 Material and Energy Balances

Roasting of Iron Ore:

100.0
21.0
79.0

mol %

O2

Total

N2

Reactor

x6

x5

x4

mol 

O2

N2

SO2

100.0
15.0
85.0
wt %

gangue
Total

FeS2

x1Gangue

x1 + x2+ x3

x3

x2

kg

FeS2

Total

Fe2O3

Cinder: C200 % excess Air: A

Product: P
Ore: F

An iron pyrite ore containing 85 % FeS2 and 
15 % inert dirt, rock, etc. (gangue) is roasted 
with an amount of air equal to 200 % excess 
air according to the reaction:

4 FeS2 + 11 O2 → 2 Fe2O3 + 8 SO2

In order to produce SO2. All the gangue plus 
the Fe2O3 end up in the solid waste product 
(cinder), which analyses 4% FeS2.

Task:

Determine the heat transferred per kg of 
ore to keep the product stream at 25°C if 
the entering streams are at 25°C

Material balance:

Steps 1 – 4:  Steady state flow process
(open system) with reaction. The system 
is the reactor. Available data and 
unknowns listed.

Step 5: Basis 100 kg of pyrite ore. Step 6: Six unknowns exist. We can write 5 component mass 
balances (O, N, S, gangue, and Fe). With the information on 
FeS2 in the gangue six equations are available, hence the 
problem should have a unique solution.

continue exact way
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Unit 1 Material and Energy Balances

Roasting of Iron Ore: The excess air is calculated based on the 
stated reaction as if all the FeS2 reacted to 
Fe2O3 even though some FeS2 will not.

Required O2:

0.85·100/120·11/4 = 1.9479 kg mol

Excess O2: 2·1.9479 = 3.8958 kg mol

Total O2: 5.8438 kg mol

Total N2: 5.8438·21/79 = 21.983 kg mol

100.0
21.0
79.0

mol %

O2

Total

N2

Reactor

x6

x5

x4

mol 

O2

N2

SO2

100.0
15.0
85.0
wt %

gangue
Total

FeS2

x1Gangue

x1 + x2+ x3

x3

x2

kg

FeS2

Total

Fe2O3

Cinder: C200 % excess Air: A

Product: P
Ore: F



25

Unit 1 Material and Energy Balances

Roasting of Iron Ore:

x115.0Gangue (kg)
2·x2/159.7 + x3/1200.85·100/120Fe (kg mol)

OutInComponent

x4 + 2·x3/1200.85·100/120·2S (kg mol)

x621.983N2 (kg mol)
x4 + x5 + 1.5·x2/159.75.8437O2 (kg mol)

P

C
15.0 kgx1

54.63 kg molx2

2.90 kg molx3

21.938 kg molx6

3.938 kg molx5

1.368 kg molx4

Roasting of Iron Ore:

100.0
21.0
79.0

mol %

O2

Total

N2

Reactor

x6

x5

x4

mol 

O2

N2

SO2

100.0
15.0
85.0
wt %

gangue
Total

FeS2

x1gangue

x1 + x2+ x3

x3

x2

kg

FeS2

Total

Fe2O3

Cinder: C200 % excess Air: A

Product: P

Ore: F

Step 7 – 9: The component mass balances are:

the solution is:

Energy Balance:

With ∆E = 0, ∆K = 0, ∆P = 0 and W = 0, the general energy balance 

∆E = E(t2) – E(t1) = Q + W – ∆[H + K + P] reduces to: Q = ∆H

3

2 3
0.04

15
x
x x

=
+ +

Together with

skip exact way
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Unit 1 Material and Energy Balances

Roasting of Iron Ore:

Reactor

100.0
15.0
85.0
wt %

gangue
Total

FeS2

x1gangue

x1 +x2+ x3

x3

x2

kg

FeS2

Total

Fe2O3

Cinder: C

Ore: F

Steps 7 – 9: Gangue goes completely to Cinder, hence:

x1 = 100×0.15 kg = 15 kg

To determine x2 and x3 we use the Fe component mass balance and 
the information that the FeS2 content in C is 4%.

3

2 3
0.04

15
x
x x

=
+ +

3220.85 100
120 159.7 120

xx⋅⋅ = +

The equations can be solved easily 
by substitution, which gives:
x2 = 57.7455 kg
x3 = 3.0311 kg

Step 6 (repeated): We have 3 
unknowns left and 3 component 
mass balances. 
The excess air is calculated from 
the stated reaction while taking into 
account that not all the FeS2 will 
react to Fe2O3.

Required O2:

(0.85·100 – 3.0311)/120·11/4 = 1.8785 kg mol

Excess O2: 2·1.8785 = 3.7569 kg mol

Total O2: 5.6354 kg mol

Total N2: 5.7023·0.21/0.79 = 21.200 kg mol calculating excess oxygen the exact way (1)
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Unit 1 Material and Energy Balances

Roasting of Iron Ore:

OutInComponent

x4 + 3.0311/120·20.85·100/120·2S (kg mol)
x621.200N2 (kg mol)
x4 + x5 + 1.5·57.7445/159.75.6354O2 (kg mol)

kg mol

21.200x6

3.7269x5

1.3661x4

Roasting of Iron Ore:

100.0
21.0
79.0

mol %

O2

Total

N2

Reactor

x6

x5

x4

mol 

O2

N2

SO2

100.0
15.0
85.0
wt %

gangue
Total

FeS2

x1gangue

x1 +x2+ x3

x3

x2

kg

FeS2

Total

Fe2O3

Cinder: C200 % excess Air: A

Product: P

Ore: F

Step 7 – 9: The component mass balances are:

The solution is:

Energy Balance:

Since ∆E = 0, ∆K = 0, ∆P = 0 and W = 0, 
the general energy balance 

∆E = E(t2) – E(t1) = Q + W – ∆[H + K + P] 

reduces to:   Q = ∆H

calculating excess oxygen the exact way (2)
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Unit 1 Material and Energy Balances

0
mixture ,

i i

ˆ ˆ

ref

T

i fi i p i
T

H n H n c dT
 
 ∆ = ∆ +
 
 
 

∑ ∑ ∫

-126.007Total-706.96Total
0
0
0
0

-126.007
kJ

ni∆Hf
0

-296.90
0
0

-822.156
-177.9

kJ/g mol
∆Hf

0

0-405.185-296.601.3661SO2

5.6354003.7269O2

21.2000021.200N2

0-297.281-822.1560.3616Fe2O3

0.7083-4.494-177.90.0253FeS2

g molkJkJ/g molg molComponent
10-3 ×ni∆Hf

0∆Hf
010-3 ×

ReactantsProducts

Result:

Q = [–706.96 – (–126.007)] × 103 =  –580.953 × 103 kJ / 100 kg ore = –5.801 × 103 kJ/kg ore

The negative sign indicates that heat is removed from the process.

Reactants and products are at the same temperature and pressure of 25°C and 1 atm. 
Hence this is chosen as reference state, so that the temperature dependent term becomes zero.

0 0

products reactants

ˆ ˆi fi i fiQ n H n H= ∆ − ∆∑ ∑
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Unit 1 Final Word

Many more instructive examples are contained in the book by 
D.M. Himmelblau (Basic Principles and Caculations in Chemical
Engineering), which is an excellent textbook for self-instruction.

The last wisdom:

Take care of your units and they will take care of you !


