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Chapter 4
Material and Heat Balance
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Material Balance

Material Balance Without Chemical

Reaction
For steady state conditions

Z mass in = Z Mass out
Z molesin = z moles out
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Chemical Process

..chemical process is a method or means of
somehow changing one or more chemicals or
chemical compounds. It can occur by itself or

be caused by an outside force, and involves a
chemical reaction of some sort...







Block Diagram

* Simple diagram that “shows at a glance” the
process

* Most used for MB solving
Show: [ ]°
* Flows J
* Unit Operations
* Some extra data
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+ Basic Process Step in chemical engineering

» Unit operations involve:
~ physical change or chemical transformation
v Examples:

~ separation, crystallization, evaporation, filtration,
polymerization, isomerization, and other reactions
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Heat Exchanger

Straight-tube heat exchanger =+

[one pase lubs-side)

Diagram Picture

Unit Operations

Real-Life Picture
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Flow (mass, mole, volume)

* Mass flow [kg/s] = mass flow per unit time

* Mole flow [mol/s] = mole flow per unit time

* Volume flow [m3/s] = volume flow per unit
time

* How much quantity of (mass/mole/volume) is
“flowing” per unit time



Flow (mass, mole, volume)

* Mass flow examples: « Volume Flow examples:

—~ 10 kg/min —~10m3/s

- 11b/s — 1 liter per minute
— 350 kTon/year — 4.5 ml/day

— 3 mg per day — 18,000 gal/year

* Mole Flow examples:
— 1 mol H20 per min
- 3.02 kmol/h
— 125 |lbmol/s




overall material balance:

Total amount of matter into the vessel= total amount of matter out of vessel

component material balance:

Amount of components (1) into the vessel
= amount of comp. (i) out of vessel




S — /
Stﬁcfy—state op eration: Under steady-state, the

values of all variables associated with the process do not
change with time. That is, at any given location in the process,
the values of temperature, pressure, composition, flow rates,
etc. are independent of time. Even though a process may be
steady state, it is important to realize that temperature, flow
rates, or other variables may, and typically do, change from one

location to another (e.g. from one process stream to another).



Solving Material Balance Problems for Single Units

Without Reaction

1. Mixer unit:

Example: It 1s requred to prepare 1250 kg of a solution composed of 12 wt.% ethanol and
88 wt.% water. Two solutions are available, the first contains 5 wt.% ethanol, and the second
contains 25 wt.% ethanol. How much of each solution are mixed to prepare the desired

solution?

Solution:
1. Fthanol balance

Input = output

5 25 12
A(S)+ B = M)

0.05A+ 025B = 012M

B (15{] —0.25B
B 0.05

) =3000~58.......

(1)

A B
5 wt.% ethanol l l 25 wt.% ethanol
95 wt. water 75 wt, water
(98
M

12 wt.% ethanol
88 wi. water



2. Water balance

[nput = output

095A+ 0.75B = 0.88M =0.88 (1250) = 1100
095A+ 075B=1100.........(2)

Sub. (1) n(2)

0.95(300-5B) +0.75 B= 1100
2850-475+0.75B=1100

4B=1750......................  B=43T5ke
Sub. B m(l): A= 3000 - 5(437.5)=812.5 kg

3. Checking: Total matenial balance (T.M.B.), Input= A+B=4375+812.5=1250 kg
Output = M= 1250 kg
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Example: Balance on a mixing unit

200 kg of a 40% w/w methanol/water solution 1s mixed with 100 kg of a 70% w/w

methanol/water solution m a batch muxer unit. What 15 the final quantity and

composition?

100 kg 70% methanol

200 kg
2

40% Methanol

Mixing unit

L



/ Input Output

(Initial quantity) (Final quantity)

Total mass m = Total mass out = 200+100 = 300 kg
Mass in of methanol = Mass out of methanol

80+ 70 = final methanol mass = 150 kg

Mass in of water = Mass out water

120+30= final water mass =150 kg

Therefore final composttion of methanol 1s (150/300) x 100 =50 % by wt.



/EXa/m/ple (2): Material balances on a Mixing unit

A mixing unit is fed with three streams; the first stream is 20 Kg
of mixture A and B. The second stream is 60Kg of A, B (20%A)
and the third stream is 30 Kg of A and B (50%A). If the final

product contains 40%A. find the composition of each stream.

!



Overall mass balance ———

M1+ M2 + M3 = M4

60 + 20 + 30 = M4
M4 =10

20*%A + 6070.2 + 3070.5 = 11070.4

%ami= 85 %

20*% B + 6070.8 +3070.5 = 11070.6

%B M1 = 15 %



BN Distilaion column

Example : Overall Analysis for & Continuous Distllation Columa:

A binary mixture consists of 35 % benzene and 03 % toluene are contunuously fed o the
distilation column at & rate of 1000 kg/hr. Whereas, the distllte flow rate was 10% from the
egd flow rate. The distallate (top product) contains 83 % benzene. Calculate quantty and
composiions of the waste stream
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‘ Solution:

Although the distillation unit shown in Figure below 1s comprised of more than one unit
of equipment, you can select a system that includes all of the equipment nside the system
boundary. Consequently, you can ignore all the internal streams for this problem.

Basis: | hr
F=1000 kg
P=(10/100) of Feed = 0.1 x (1000) = 100 kg

Overall Material Balance:
Input = Output

F=P+W > 1000=100+ W C——> W=9%00kg

12




Benzene Material Balance:
(0.35) (1000) = (0.85) (100) + Kg of benz. in (W)

350 =85 + Kg ol benz. in (W) :‘l> Kg of benz. in (W) =265 kg

Toluene Material Balance:
(0.65) (1000) = (0.15) (100) + Kg of tol. m (W)

630 = 15 + Kg ol benz. in (W) :> Kgoftol n (W)=635kg

W =Kgofbenz. in (W) + Kg of tol. in (W) =265 + 635 =900 kg

. . 265

Mass fraction of benz. in waste = T 0.294
. . 635

Mass fraction of tol. in waste = =(.706

2654635



Example (2): ' es on a distillation

= n Distillate
. "’
A mixture of Benzene and 50 mol/hr 95% BZ
Toluene is separated into two
fractions, calculate the amount of
Feed)
the bottom stream and its >
= 100 mol/hr
composition.
60% BZ
—
Bottom

F=D+B

B=F-D
B =100 - 50 = 50 mol/hr



Component )

ppent

Benzene Material Balance

100 * (60/100) = 50 * (95/100) + moles of benzene in bottom

f55180%f benzene in bottom stream = 60 - 47.5 = 12.5 mol/hr

Toluene Material Balance

100 * (40/100) = 50 * (5/100) + moles of toluene in bottom
stream

40 - 2.5 = 37.5 mol/hr



%‘Q:Matmalbaw distillation —
~eolumn

40 kg/min
>

100 kg/min

L
20 kg/min NaOH
280 kg/mmin H2O

3 kg/min NaOH
my kg/min H70

M, ke/min

>
m) kg/rmin NaOH
m; kg/min H2O

O.M.B
F=D+B
100 =40+8B
B = 60 Kg/min
C.M.B on NaOH

20=5+ NaOH m°
NaOH; = 15 Kg/min
C.M.B on H,0

80 =35+H,0,
H,O ; = 45 Kg/min




Example (4): Material balancesona distillatio-nﬂum/n

Feed (F)
—_—

Ethanol
30%

B(bottom)prodi

D(distillate)

T

Ethanol
95%

Ethanol
2%

A distillation unit is fed
with 30 Kg/s with a feed
containing 30% ethanol .
If the concentration of
ethanol in the distillate is
95 % and in bottom
product is 2%, Calculate
the total amount (mass)
of distillate & bottom

product.



E G- e i g
3070.3 = D*0.95 + B*0.02

9 = 0.095 D+ 0.02 B

9 = 0.095 D + 0.02(30- D)

9 = 0.95D +0.6 +0.02 D

8.4=0.93D
B =30-9.03




The Chemical Reaction Equation
and Stoichiometry



VIB in Combustion

Combustion: is a high-temperature
exothermic chemical reaction between a fuel
and an oxidant, usually atmospheric oxygen,
that produces oxidized, often gaseous
products

Why burning? To get heat energy = electrical

energy —> electricity!




Reactants:

e Fuel

e Oxygen

e Inerts (don’t react)

Products:

« CO,

« HO

* Inerts (flow out)

MB in Combustion

General idea:

Fuel + Oxygen = CO2 + H20 + Heat

Ex: CH4 + 02 = CO2 + H20 (not balanced)

Tips for ba

- Ba

dNCE d
dnce 4

ancing (order)

Carbon atoms
Hydrogen Atoms

Ux*,fgen Atoms (don't hesitate to use




MB in Combustion

* Example: Propane

* C3H8+02 - C0O2 +H20
— Balance C: C3H8 + 02 = 3C02 + H20
— Balance H: C3H8 + 02 = 3C02 + 4H20

— Balance O: C3H8 + 5:02 = 3C02 +4H20



=,

7 E——— I, = 2x12+6x1 =30
example = G

CO, =12+2x16 = 44
C2H6 1 Oz(g) =2 COz(g) + HzO HZO =2%X1+16 = 18

If the molarmassof C=12, H=1, O =16

S . — — . — —

Balance C: C,Hg + O,
Balance H: C,Hg + O,
Balance O: C,Hg + 3.5 O, — 2C0,,)+3 H,0 Z . Z
To get the balanced equation: moles m% moles ot
C,Hg + 3.5 0,4 — 2C0O,, + 3H,0
30 3.5 X 32 2 X44 3x18

Sy ZCOZ(g) + HZO ZmﬂSS in= Zm[ﬂﬂ out
S ZCOZ(g) + BHZO

Massin=1x30+3.5x32= 142 gm

Massout =2 x 44+3 x18 = 142 gm



Concept of Excess Air

For optimum combustion, the real amount of combustion air must be
greater than that required theoretically. This additional amount of air is
called “excess air".

A certain amount of excess air is needed for complete combustion of fuel.

Too much excess air leads to heat losses and too little excess air leads to
incomplete combustion.

You can tell if there is too little or too much excess air by measuring the
CO, in the flue gases.

The amount of excess air required depend on various factors like type of
fuel used, type of firing system, size of fuel in case of solid fuel etc.




% of Excess Oxygen

* Express the excess in %

% Excess Oxygen = [Oxygen feed - Oxygen (theoretical)]/|Oxygen (theoretical)]

* So a 20% oxygen excess for CH4 would be:

20%= (Oxygen feed - 4 mol 02)/ (4 mol 02)

0.24=0-4
0 = 440.8 = 4.8 moles of 02

QR




Use of excess of one component of reactants
CH, +2 0, —»CO, +2 H,0O
This is the stoichiometric reaction; but usually we use excess of one of the

components.

If we use 20 % excess of oxygen,

then the reaction will be

CH, + (2+2%0.2)0, —» CO,+2H,0 + 0.4 O,
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C,Hg) burns in this reaction:
C,Hg+50,—4H,0+3C0,
50% excess 02
If 200 g of propane is burned, how many g of H,O is produced?
Answer: &Actual wt.

C,Hg+ (5+2.5) O,—4H,0+3CO, + 2.5 O2

C,Hg+ 7.5 O,—4H,0+3CO, + 2.5 O2

Theoretical wt. 441 7.5%32 418 3%44 2.5%32
Actual wt.. 200 ><‘ X

Actual wt. Oz reactant = (200 *7.5*32) / 44 =1090.9 gm
Actual wt. H20 =( 200 *4*18) / 44 = 327.27 gm

Actual wt. CO2 = (200 *3%44) / 44 = 600 gm

Actual wt. Oz product = (200 *2.5*32) / 44 = 363.63 gm



Physical Process
(Without Chemical Reaction)

i. Without any phase change

The energy lost or gained is given by:

T2
E = m Cp dT
Ty
Ty mass or mole of the fluid (kg) or (kmole)

Cpaiis Specific heat capacity of the fluid (k]J/kg K) or (k]J/kmol K)

If the specific heat doesn’t vary with temperature

E=mCpAT

At temperature difference



Latent energy
The energy that causes

change in the phase
without change in
temperature

The energy lost or gained is given by:

E = mCp AT + m’ x latent heat

m ... Total mass of the fluid (kg)
Y mass of the fluid changing its phase
et warmed
fluid in fluid out
The energy balance is calculated according to: l ]

Heat lost = Heat gained

fluid in cooled
fluid out

Precision Graphics




| Calculate the mass of hot oil required to raise the temperature of 200 kg water

from 20 °C to 70 °C ; given that:

» Cp for water =418 kg /kg °C
» Cpforoil =2.1
» Initial temperature of oil = 120 °C

» Final temperature of oil = go °C

heat lost = heat gained

and smce no phase change occurs.

mwater = cpwater (70 —20) = motl » cpotl (120 —90)
200 = 418 « 50 = moil * 2.1 = 30

moil = 6635 kg.




Example 2 . e

Calculate the mass of hot oil used for heating 600 Kg of milk from 4 °C to 82 °C given
that:

e Cpmilk= 4.3 kJ/Kg °C,

» Cpoil=1.8 kJ/Kg °C,

* Initial temperature of oil = 150 °C,

 Final temperature of oil = go °C

M ik X CPmik X (Tour —tin) = M o X Cpgi X (Tin — Tour)

600 x 4.3 x(82-4)=m
m ,; = 1863.33 Kg

g % 1.8 x(150 - 90)

0]
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Calculate the mass of component (A) with Cp= 2.1 kJ/ kg C, cooling by 200 kg cold
water from 50 °C to 25 °C, the cooled water inter the heat exchanger at 4 °C and out

at 20 °C, Cpwater=4.18 kJ/kg.C

M X Cpp x (TIN-TOUt) = My aer X CPyater X(tOUt-tin)

my x 2.1 x (50 -25) =200 x 4.18 x (20 - 4)
M,= 254.78 Kg




P Frergy Balance

The heat of reaction is produced or absorbed during
chemical reactions. The value of the enthalpy change
reported for a reaction is the amount of heat released or
absorbed when reactants are converted to products

Enthalpies of Chemical Change
Enthalpy

 isa state function whose value depends only on the current state of the system, not
on the path taken to arrive at that state

« AH=H H

products reactants

* The physical states of reactants and products must be specified as solid (s), liquid (/),
gaseous (g), or aqueous (aq) when enthalpy changes are reported



: e Y RO :
[CC asured under -
——————

Etandard Thermodynamic Conditions
1 atm pressure
J specified temperature usually 25 C,
1 M concentration for all substance in solution

is called a standard heat Of reaction and is indicated by the symbol AH°r.

e can calculate the heat of reaction using different methods

By the knowledge of heat of formation of both reactants and

products.
Using Hess’s law

By using the bond dissociation energy.




1. Bythe knowledge o

reactants and products

their standard states.

Cls) + 2Hy(g) — CHyg

Substance

€at Oor

Standard Heats of Formation for Some Common Substances at 25°C

Substance

AH" = 748K

Formula

ation of both

The Standard heat of formation is the enthalpy change for the

formation of 1 mol of a substance in its standard state from its constituent elements in

AH"
(k] mol)

Carbon dioxide

Carbon monoxide

CoH=OH(I)

C.-,H 12':'.:,{5::

Hydrogen chloride
Iron(Ill} oxide
Magnesium carbonate
Methane

Mitric oxide

Water (g0

Water (I}

N.B. The heat of formation of element is equal zero.

HClig)
Fey (5]
MgO0(5)
CHa(g)
N )

H O )
H2O(I)

—92.3
—524.2
—1095.8
—74.8
00.2
—241.8
—285.8



_—

> — AH®caction = AHS(Products) — AH% (Reactants)

——

To tind AH® for the reaction

aA+bB+.--—cC+dD + .-

N~ A L » &
Subtract the sum of the ... from the sum of the
heats of formation for heats of formation for
these reactants . . . these products.

ﬂJLPresu:tin::ml = [CﬁHGf(C] T dﬁHﬂf{D) + ] = [a i"-HGf(A] + bﬂHﬂf{:B)

For example, let’s calculate A H® for the fermentation of glucose to make ethyl alco-
hol (ethanol), the reaction that occurs during the production of alcoholic beverages:

CeH1204(s) — 2 CoHsOH(I) + 2CO4(g)  AH® = ?

Using the data in Table 8.2 gives the following answer:
AH® = [2 AH®(Ethanol) + 2 AH®(CO,)] — [AH"{Glucose)]
= (2mol)(—277.7 k] /mol) + (2mol){—393.5 k]/mol) — (1 mol)(—1260 k] /mol)
= —82 K]

The fermentation reaction is exothermic by 82 kJ.



The standard heat of reaction AH” 15 calculated according to the equation /
/

-

A" =¥ heat of formationof products

— ¥ heat of formationof reactants .

2A+3E-=2C+1D
AHO, = [2x (H)+1x (Hgp)]-[2x (Hg) +3x(Hg)]



HESS’S LAW The overall enthalpy change for a reaction is equal to

the sum of the enthalpy changes for the individual steps in the reactions.
Reactants and products in the individual steps can be added and

subtracted like algebraic quantities in determining the overall equation

Methane, the main constituent of natural gas, burns in oxygen to yield carbon dioxide
and water:
CHy(g) + 205(g) — COz(g) + 2H0(])

Use the following information to calculate AH" (in kilojoules) for the combustion of
methane:

CHy(g) + Oa(g) — CHyO(g) + H20O(g) AH® = —284 k]
CH>0(g) + O3(g) — COz(g) + H20(g) AH® = —518Kk]
H,O(l) — H,0(g) AH® = 44.0K]



_ - /

SOLUTION

C(Hyg) = Oylg) — CHOfg) + By K" = -I0AK

|

CHO) + 0nlg) — COyfg) + HOg] A= -D18K

1 [Hy0fg) — H;0() J[AH" = -H0K] = -880K
| )

l

CHg) + 204(g) — COfg) + 2HO()  AH = -]



Water gas is the name for the industrially important mixture of CO and H; prepared by
_— passing steam over hot charcoal at 1000°C:

Cls) + H0(g) — CO(g) + Ha(g)

“Water gaﬁ"

The hydrogen is then purified and used as a starting material for preparing ammonia,
Use the following information to calculate AH® (in kilojoules) for the water-gas reaction:

Cis) + Oyfg) — COyg)  AHP = -3935K
200(g) + Oyfg) — 2C0yg)  AH® = -5660K]
MHyfg) + Oyfe) — 2H0(g)  AH® = ~4836K]

ey
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STRATEGY

As in Worked Example 8.6, the idea is to tind a combination of the individual reactions
whose sum is the desired reaction. In this instance, it's necessary to reverse the second
and third steps and to multiply both by 1/2 to make the overall equation balance. In so
doing, the sign of the enthalpy changes for those steps must be changed and also mul-
tiplied by 1/2. (Alternatively, we could multiply the first step by 2 and then divide the
final result by 2.) Note that CO;(¢) and O,(g) cancel because they appear on both the
right and left sides of reactions.

SOLUTION

C(s) + Osfg] — COY) AH® = —3935K]

1/2[2€Ox7) — 2CO(g) + Oofg)]  1/2[AH® = 566.0K]] = 283.0K]
1/2[2H,0(g) — 2Hy(g) + Osfg)]  1/2[AH° = 4836 K]] = 241.8K]

C(s) + HyO(g) — CO(g) + Ha(g) AH® = 131.3K]

The water-gas reaction is endothermic by 131.3 k.



3. By using the bond dissociation energy, —

=

Forthereaction A-Y — X+ Y A" = ) = Bond dissociation energy

Bond dissociation energies are always positive because energy

must always be put into a bond to break it.

AH" = D(Reactant bonds) — D(Product bonds)



/

3 Ml : 777777\ /

——

AH is called the dissociation energy of the bond X - Y.

For a certain chemical reaction, the standard heat of reaction
AH°
AHo = 2 D (reactant bonds - ¥ D (product bonds)
e.g. H,+ Cl,—2 HCl
AH° = [D(H-H)+D (Cl-Cl)] -2 xD (H-Cl) |



——

Use the data in Table 7.1 to find an approximate AH® (in kilojoules) for the industrial
- synthesis of chloroform by reaction of methane with Cl,.

CHy(g) + 3Cly(g) —— CHCl5(g) + 3 HCl(g)

STRATEGY

[dentify all the bonds in the reactants and products, and look up the appropriate bond
dissociation energies in Table 7.1. Then subtract the total energy of the product bonds
from the total energy of the reactant bonds to find the enthalpy change for the reaction.

SOLUTION

The reactants have four C—H bonds and three CI-CI bonds; the products have one C-H
bond, three C—CI bonds, and three H-CI bonds. The bond dissociation energies from
Table 7.1 are:

C—H D =410kJ/mol Cl—Cl D = 243kJ/mol
C—Cl D =330k]/mol H—Cl D = 432k]/mol



- Subtracting the tofal energy of the product bon from the ofal energy of the reactant
bonds gives the enthalpy change forthe reaction

M = 3D + 4Dl - [De—g + 3Dy * 3 D
= (3 mol)(243 k| /mol) + (4mol) (410K} /mol)] - {(Tmol)(410k]/mal) +

o

3 mol)(42K]/mal) + (3 mol) (0]l

= =3l1K

The reacton is evathermic by approximately J30K].



Calculate th | of the followmg reactlon
= CH, +3Cl, — CHCL, + 3HCL

Given that:

C-H D = 410 KJ / mole.
C-dl D =330 KJ / mole.
Gl D = 243 K] / mole.

H-Cl D =432K]J/mole.

Solution

BH: =1 & Dl Gl £ e ] B Bl
S e ChE S e B
=[3x243+4x410]-[1x410+ 3 x432 + 3 X
330] =- 327 KJ.
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