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PREFACE

Mass & Energy Balance Practice Exercises is an e-module published in 2024 that references from
the Department of Petrochemical Engineering's Mass and Energy Balance Course at Politeknik
Kuching Sarawak. This module focused on the fundamentals of material balance from Chapter 2
of the Mass and Energy Balance Course.

This module intends to assist students improve their grasp of problem identification, identifying
essential keywords from questions, formulas, and problem-solving methods.

In short, the editors are grateful to the Department of Petrochemical Engineering, Politeknik
Kuching Sarawak for giving them this valuable opportunity.

Hafizah binti Naihi

Dr. Muhamad Nazri Bin Abu Shah
Department of Petrochemical Engineering
Politeknik Kuching Sarawak



ABSTRACT
MASS & ENERGY BALANCE PRACTICE EXERCISES

by
HAFIZAH BINTI NAIHI AND DR. MUHAMAD NAZRI BIN ABU SHAH

The Mass & Energy Balance Practice Exercises e-module provides students with examples of mass
and energy balance issues and solutions. This e-module focuses on the "Fundamentals of Material
Balances" topic, which is covered in Chapter 2 of the Mass and Energy Balance Course of the
Diploma in Engineering Process (Petrochemical) at Politeknik Kuching Sarawak. This e-module
is also meant to be a textbook for students studying chemical engineering and related topics.

This e-module provides practice questions and solutions. The detailed solution steps guide
and teach students in a series of integrated calculations for problem-solving. This book serves as
a teaching assistance for educators, particularly those in the Department of Petrochemical
Engineering at Politeknik Kuching Sarawak, and can be used as a reference for students.

There is enough information supplied in the text of the problem for the students to carry
out the calculation themselves before they can compare their answer version to the answer in the
text of the solution. This is a fantastic exercise for students to assess their comprehension
depending on the number of accurate responses they receive. It is also a challenge for students to
accurately solve the issues highlighted in the solution text. The answer text describes each step of
computation, and the student must determine when and why specific values are generated.

Keywords: Fundamental of material balance, Calculation, Mass and energy balance, Engineering,
Problem-solving
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SOLVED PROBLEMS




FUNDAMENTAL OF MATERIAL BALANCE

Material balances on a non-reactive system:

a. Single unit separation

Example 1

A flash separator that operates at a steady state receives 600 kg/h of a mixture containing 80%

n-pentane and 20% n-hexane. Only n-pentane is present in the top product stream, but 30% of
the mass of the bottom streams contains n-pentane. Calculate the flow rate of both products

leaving the separator.

Step 1: Draw the flow chart of the single-unit process.

ma1 kg/h

»
»

600 kg/h pure n-pentane

0.8 kg n-pentane/kg m2 kg/h
0.2 kg n-hexane/kg >

0.3 kg n-pentane/kg
0.7 kg n-hexane/kg

Method I:

Overall balance:

INPUT = OUTPUT

mqi+mz =600

*Strategy: Use the mass balance of the components involved

Mass balance n-hexane:

INPUT = OUTPUT




600 (0.2) =m, (0.7)
myz =171.429 kg/h

From Equation 1:

m: =600 —171.429
m: = 428.57 kg/h

Therefore, the flow rate of the top and bottom products is 428.57 kg/h and 171.429 kg/h,

respectively.

Method II:

Overall balance:

INPUT =OUTPUT

mis+m2 =600

Mass balance n-pentane:

INPUT = OUTPUT
600 (0.8) =1 (mq+0.3my)
480 =1(m4 +0.3m,)
480 =600-m,+0.3m,
0.7m, =120
m, =171.429 kg/h

From Equation 1:

m1 =600-171.429
mq = 428.57 kg/h

Therefore, the flow rate of the top and bottom products is 428.57 kg/h and 171.429 kg/h,

respectively.




Multiple unit process

Example 2

150 moles of a 55 mol% aqueous ethanol stream are combined with 1000 moles of fresh feed

with a 90% amount of ethanol; the rest is water. The mixture enters a separation unit, which

divides it into two streams. A top stream exit comprises 80% ethanol and the remainder is water.

The 600-mole stream enters a second separating unit. The second unit produces a top stream of

90% ethanol and 10% water, while the bottom stream is unknown. Determine the composition of

the bottom stream leaving the second separation unit if the two top streams leaving the separation

units have the same flow rate.

First step: Draw the flow chart of the multiple-unit process.

150 moles
0.55 moles ethanol/mole
0.45 moles water/mole

nz moles nz moles
0.8 moles ethanol/mole 0.9 moles ethanol/mole
0.2 moles water/mole 0.1 moles water/mole

SEPARATION

1000 moles
0.9 moles ethanol/mole
0.1 moles water/mole

Total feed:

»| SEPARATION
nimoles UNIT 1

X1 E
ylw

UNIT 2

600 moles nsmoles

X2 E X3 E
y2 W ys W

ni = 1000 moles + 150 moles

= 1150 moles

*Strategy: Use the mass balance of the components involved




Mass balance ethanol (feed):

INPUT = OUTPUT
1000 (0.9) + 150 (0.55) = 1150 (x1)
xi = 0.8543

=1-0.8543
= 0.1457

Separation unit 1 balance:

OUTPUT
N2+ N3
=ny + 600

= 550 moles

Mass balance ethanol at separation unit 1:

INPUT = OUTPUT

1150 (0.8543) = 550 (0.8) + 600x
X, =0.9041

=1-0.9041
=0.0959

=ny

550 moles




Overall feed balance:
INPUT =OUTPUT
Nt =na+nz+ng
1150 =550 + 550+ n4

ns =50 moles

Overall mass balance ethanol:
INPUT = OUTPUT
1000 (0.9) + 150 (0.55) =550 (0.8) + 550 (0.9) + 50x3
982.5 =935+ 50x3
x3 =0.95

The composition of the bottom stream leaving the second separation unit is 50 moles output

that contains a 0.95/0.05 ratio of ethanol/water.




Material balances on a reactive system:

Example 3

120 moles of aluminum are placed in a solution that contains 240 moles of sulphuric acid.

Hydrogen gas and aluminum sulfate are produced in this reaction. The fractional conversion of Al

is 0.7.
2Al + 3H,S0O4 — 3H, + A|2(SO4)3
(a) Identify the limiting reactant.
(b) How many grams of excess reactant is consumed in this reaction?
(c) What is the mass of excess reactant remains after the reaction is complete?
The General Balance Equation:

Input — Output + Generation — Consumption = Accumulation

At steady state, accumulation = 0.

Therefore, the equation is simplified as below:

Input + Generation — Consumption = Output

Consumption of Al =120 (0.7)

= 84 moles

120 moles of Al entering - moles of Al leaving
120 moles of Al entering

Fractional conversion = 0.7 =

(Nna)out = 120 moles — 84 moles

= 36 moles




Method I:
The extent of reaction method:

Al:

(nAI)in— (nAI)consumed = (nAI)out
120 moles Al - 2§ = 36 moles Al

& =42 moles

240 moles H2S0O4 - 3¢

= (Np,s0,)

out

(N,s0,) = 240-3 (42)

out

=114 moles

(nH2)out =3
= 3 (42)

=126 moles

Alx(SO4)s:
=8

=42 moles




Method II:
The molecular species balance method:

H2SOy4:

(nH2804)in_ Consumption of H.SO,

3 moles H,SO, consumed
2 moles Al consumed

240 moles H,SO, -< ) (84 moles Al)

(nH2304 )out

Consumption of H2SO4

3 moles H, generated)

(nH2)0ut = (84 moles Al consumed ) (2 —los Al consumad

Since Generation

Generation of Hz

A|2(SO4)3Z

1 moles AI2(SO4)3 generated)

(nA'2(504)3)0ut = (84 moles Al consumed ) < 2 moles Al consumed

Since Generation
Generation of Al2(SQO4)3

= (N s0,)

out

- (nHZSO4 )out

= 114 moles

=240-114

= 126 moles

= 126 moles

= Qutput
= 126 moles

= 42 moles

= Qutput

= 42 moles




Method lll:

The atomic species balance method:

Input + Generation — Consumption = Output
Generation =0
* because atoms cannot be created in a chemical reaction
Consumption =0
* because atoms cannot be destroyed in a chemical reaction
Therefore, balances on atomic species are written as:

Input = Output

Step 1:
Identify the element involved in the reaction.
Al H

Step 2:

Balance each element involved in the reaction.

Al:

1 mole Al 1 mole Al 2 mole Al
120 moles Al (—) - (—)
( ) Tmole Al/  =(Maout 1 mole Al +(nAl2(SO4)3)out 1 mole Aly(SO,),

120 moles :(nAl)OUt +2 (nAlz(SO4)3)OUt

120 moles = 36 moles + 2 (nAlz(SO4)3)
out

= 42 moles
(nAIQ(SO4)3)OUt

240 le H.SO 1 mole S _ 1 moles S +( ) 3 mole S
(240 mole H,S04) | 17156 1,50, | = (Mas04) o | Tmole 1,80, ) + ™00, ) | Trmole Al5(SO,),

240 moles = (Ny,g0,) +3 (nAIZ(SO4)3)

out

(nH2304)0ut = 240 — 3(42 moles)




=114 moles

(M50, )out

H:
2 moles H 2 moles H 2 moles H
>= (Ny,s0,) ( _>+(nH2) (—)
1 mole H,SO, 250470ut \1 mole H,SO, out \1 mole H,

480 moles =2 (114 moles) + 2(ny,)_,

(240 moles H,SO, ) (

(nHz)out = 126 moles




3. Combustion reaction
Example 4

Methanol acts as an alternative fuel for internal combustion engines. The first reaction shows the
complete combustion of methanol. A basis of 500 moles of methanol is fed to the reactor and the

air is fed at 20% excess.
Complete combustion of methanol:
2CH30H + 302 — 2C0O2 + 4H.0
Find moles of air fed to the reactor and moles of each component in the stack gas.

Step 1: Draw and label a flow chart.

500 mol CHsOH

Nair mol air nimol CO2
n2 mol H20
0.21 mol O2/mol nzmol Oz
0.79 mol N2/mol ns mol N2

% Excess Al moles of air fed-moles of air theoretical 100%
X ir=
° moles of air theoretical °

3 mol O,

= 500 mol CH3OH X m

=750 moles O,

(nOZ)theoreticaI

1 mol air
; 1= 750 mol — =357142 | ai
(Nair) theoretical 50 mol O, x 0.21 mol O, 35 9 mol air




20%% = Ny -3571.429 {00
°” T 3571.429 °

Nair = 4285.7148 mol

Method I:

The extent of reaction method:

Nout = Nin + Vi§

0=500-2¢
& = 250 moles
n=0+2¢

=2 (250)

= 500 moles

n2:O+4§

=4 (250)

= 1000 moles

N3 =0.21 Nair- 3 §

= 0.21 (4285.7148) - 3 (250)

= 150 moles

N2 balance: | In = Out

0.79 nar=n4

ns = 0.79 (4285.7148)
ns = 3385.7147 moles




Method II:

The molecular species balance method:

2CH30H + 30, — 2C0O, + 4H,0

Input — Output + Generation — Consumption = Accumulation

At steady state, accumulation = 0.

Therefore, the equation is simplified as below:
Input + Generation — Consumption = Output

(nCHSOH)m— Consumption of CHzOH= (nCHsoH)out

2 moles CH30OH consumed
3 moles O, consumed

500 moles CH3;OH -< ) (No, consumed) = (McHz0H) out

500 — @ (750) = (Ngyy.0n)

out

(nCH3OH)out =0 mole

Generation = Output

((n ) ) 2 moles CO: generated = (nco,)
CHsOH’consumed / \ 2 moles CH3OH consumed €02 0ut

(nco,),,, =500 (1)

(nco,),,= 500 moles

Generation = Output
4 moles AI2(SO4)3 generated
((nCH3OH)consumed )< 2 moles CH3OH consumed )

(nhp0),,, =500 (2)

(nh,0), = 1000 moles

nHZO)out




Oq:

(ng,) — Consumption of O
2%in

3 moles O, consumed
2 moles CH3OH consumed

(0.21)(4285.7148) moles O2 -(

) (nCHgoH consumed)

900 — (g) 00y ~ (o),

(noz)out= 150 moles

Method lIl:

The atomic species balance method:

Input + Generation — Consumption = Output
Generation =0
* because atoms cannot be created in a chemical reaction
Consumption =0
* because atoms cannot be destroyed in a chemical reaction
Therefore, balances on atomic species are written as:

Input = Output

Step 1:
Identify the element involved in the reaction.
C

Step 2:

Balance each element involved in the reaction.

C:

500 moles CH.OH 1 mole C _ TmoleC ), 1 mole
(500 moles CHsOM) {11 eron ) ~(eron), \ Tmole crzor ) ("0 )ou | Trole ¢

500 moles =0+ (ncoz)out

(nCO2)out = 500 moles




H:

4 moles H )_ ( 4 mole H )+( ) < 2 mole H )
Tmole crwort) ~ "crsor)y \Tmote GHs0H) T ™20 out \Tmole 1,0

2000 moles = 4(ngyy 1)+ 2(Nhy0)

(500 moles H,SO, ) (

out

2(nhy0),,, = 2000 moles - 4 (0)

(nH2o)out = 1000 moles

(500 moles CH3OH) (-eo—) +((0.21)(4285.7148) moles
O2) (fﬁf&) =(Nch,on) (%) o,/ (12,:31:82) + (ncoz)out (%) +
(M1,0) (T T50)
= (nCH;;OH) +2(n02)Out + 2(500 moles) +

(500 + 1800) moles out
(ano)

noz)

out

out

2(no,) , + (MHy0),,, = 1300 moles

ou

2(n,.) + 1000 moles = 1300 moles
0276t

(noz)out = 150 moles




Example 4

Hexane is burned with 65% excess air during the combustion process. Determine

the AF ratio on a mass and a mole basis

the dew point temperature of the products

The combustion equation:
CGH14 + X02 + 376XN2 — yC02 + ZH20 + 376XN2

Fuel + Air - Products

Combustion

Chamber Products

P=1atm

Method I:
Mass basis:
C: 1@)=y(1)
y =6 kg mol
1(14)=2z(2)
z =7 kg mol
x(2)=6(2)+7(1)
x = 9.5 kg mol
3.76 (9.5) = 35.72 kg mol

Thus, the equation becomes as follows:

C6H14 + 9502 + 3572N2 — GCOZ + 7H20 + 3572N2

65% excess air

CgHiq + (1+0.65)(9.50, + 35.72N,) — 6CO, + 7TH,0 + (1+0.65)35.72N, + a0,




0:(1.65)(9.5)(2) =6(2) + 7(1) + a (2)
a =6.175 kg mol

Hence, the balanced equation with excess air can be written as:

CgH1q + 15.6750, + 58.938N, — 6CO, + 7H,0 + 58.938N, + 6.1750,

Y
Fuel Air

Remember the atomic weight of these elements:

O=16

_ Mairactual _ Kg air _ 15.675 O, + 58.938N,

AF = = =
el T meer kg fuel CeH1s

15.675 (16 x 2) + 58.938 (14 x 2)
(12%6) + (1 x 14)

AFactuaI =

kg air

AF ctual = 25.02 kg fuel

C6H14 + 9502 + 3572N2 — 6C02 + 7H20 + 3572N2

— | J

Mair, theo. _ kg air _ 9.5 02 + 3572N2

AFtheo. = Mue kg fuel CeHis




9.5 (16 x 2) + 35.72 (14 x 2)
(12x6) + (1 x 14)

AFtheo. =

kg air

AFiheo. = 15.16 kg fuel




Method II:

Assume
Alirtheo., @th. = X
Combustion equation:

How? Ratio 79/21=3.76

CgH1s +1.65x [0,+3.76N;,] — 6CO, + 7H,0 + 0.65x0; + (1.65x3.76)xN,

Oz balance: 1.65x =6 + 3.5 + 0.65x
x=95
Substituting:
CgH14 + 15.675[0, + 3.76Ny] — 6CO, + 7H,0 + 6.1750, + 58.938N,

29K

 Maracwal | kgair _ (15.675x4.76 kmol)(i- ) , kg air

" mpe | kg fuel 12kg 2kg , "7 kg fuel
ue (6kmol) (—km 9) + (7kmol)( 2T,

AFactual

_ Mgir theo. _ kg air _ 9.5(4.76)(29) _ kg air
AFtneo. = Muwe kg fuel 86 =15.25 kg fuel




Mole basis:

Nairactual _ (19.675 % 4.76 kmol) 613 kmol air

AFactual = Nfyel 1 kmol fuel = kmol fuel

_ Nair theo. _ 9.5 (4.76 kmol) kmol air
AFtheo. = Ner 1 kmol fuel =4822 4 el

Solution for Question (ii)

Nproducts = 6 + 7 + 6.175 + 58.938 = 78.113 kmol

_ n
Partial pressure water vapour, P, = (—V) Piotal
total.

7 kmol
P, = <—|) (101.325 kPa) = 9.0801 kPa

78.113 kmo

From the saturated water-temperature table,

Temperature/°C | Pressure/kPa
40 7.3851
X 9.0801
45 9.5953

Using interpolation,

X - 40 _ 45-40
9.0801-7.3851 9.5953-7.3851

Tap = Tsat@9.0801kPa = 43.83°C

Info: Tqy, of gas-vapor mixture is the saturation temperature of water vapor in the product gases
corresponding to its partial pressure.



mailto:Tsat@9.0801kPa%20=
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Exercise

1. Aliquid mixture containing 30mol% benzene (B), 25mol% toluene (T), and the balance xylene

(X) is fed to a distillation column. The bottom product contains 98 mol% X and no B, and 96%
of the X in the feed is recovered in this stream. The overhead product is fed to a second
column. The overhead product from the second column contains 97% of the B in the feed to
this column. The composition of this stream is 94mol% B and the balance T.

a) Draw a process flowchart with labelling variables

b) Calculate all unknown variables in the process flow chart

Answer :




2. Hydrogen can be produced by the processes of coal gasification and methane steam
reforming. Both processes generate syngas as a by-product, which contains CO and H.. The
syngas obtained by the coal gasification process will be fed to a water gas shift reactor to
produce pure hydrogen for use in Proton Exchange Membrane Fuel Cells (PEMFC). The
unreacted syngas combine with a stream of syngas exiting a steam methane reforming reactor
and entering a purification unit. The product stream from the purification process will be stored

for use in Solid Oxide Fuel Cells (SOFC). A diagram of this process is shown below:

Syngas

m, = 150 kg/min

0.40 kg CO/ kg

0.60 kg Ho/ kg
Syngas . ) Syngas
m, N 3 | m = 40 kg/min
0.30 kg CO/ kg 0.95 kg CO/ kg
0.70 kg Ha/ kg 0.05 kg Ho/ kg

Pure hydrogen
m, = 100 kg/min

Syngas
m, = 130 kg/min

a) Calculate the mass flow rate of streams ms and ms

b) Calculate the composition of syngas in-stream mjy

Answer :




25




3. The chlorination reaction of methane (CH,) is as follows:

CH, +Cl, -» CH,Cl + HCI

If the feed comprises CHs 30 mol%, Cl, 60 mol%, and N2, 10 mol% and the percentage

conversion of the limiting reactant is 90%.

a) Draw a process flowchart with labelling variables

b) Identify the reactant is limiting

c) Calculate the percentage excess of reactant

d) Calculate the molar products of each species using:-
i.  The extent of reaction method
ii.  The molecular species balance method

iii.  The atomic species balance method

Answer :




The extent of reaction method




The molecular species balance method




The atomic species balance method




. Acrylonitrile is produced by the reaction of propylene, ammonia, and oxygen.

C,H, + NH, +§O2 — C,H,;N +3H.,0

The feed contains 8 mol% propylene, 12 mol% ammonia, and 80 mol% air (21% Oxygen dan
79% Nitrogen) by assuming 100 mol/s as the basic calculation.
a) Identify the reactant is limiting
e) Calculate the molar product of each species using :-
i.  The extent of reaction method
ii.  The molecular species balance method

iii.  The atomic species balance method




The extent of reaction method




The molecular species balance method




The atomic species balance method




5. Octane is fed into a burner with 20% excess air. Assuming complete combustion occurs.

a) the AF ratio on a mass and a mole basis

b) the dew point temperature of the products

Answer :




6. One hundred mol/h of Nonane and 8000 mol/h of air are fed into a combustion reactor.

a) Calculate the percent excess Air

b) Calculate the air-fuel ratio for theoretical and excess conditions.

Answer :
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