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Learning
Objectives

Write a balanced chemical reaction and use stoichiometry

to determine the corresponding amounts of participants
in a reaction

Understand the formulations of the material balance
Write balance equations based on the extent of reaction
Write balance equations involving atomic species

Write balance equations using molecular species

Use of the extent of reaction for a system of chemical
reactions

Use of component balance for a system of chemical
reactions

Apply the degrees of freedom analysis for a reactive
system

Define the features of combustion processes and properly
apply material balances on them




° ° * * Itisanequationthatrelatesthe relative number of
StOl/Chlometrl/C molecules or moles of participants (reactants and

products) in a chemical reaction.To bevalid, the

Eq uat LOn equation must be balanced. For example, the following

stoichiometric equation is not balanced:
C2H5OH+0O2 -5CO02 +H20

* The following equationisbalanced because the
number of atomsis the same on both sides of the

equation (C, H, and O):
C2H50H +302 - 2CO2 + 3H20




StOl/Cth metrlc * These are the values preceding each

o molecularspecies, i, in a balanced
COefflClentS stoichiometric equation. Values are

defined as positive for products and
negative for reactants. For the reaction,

2502 +02 52503
vS502 =-2, vO2 =-1,v503 =2




Stoichiometric
Ratio

It is the ratio of stoichiometric coefficientsin a
balanced stoichiometric equation. Consider the
oxidation of sulfur dioxide:

2502 +02 52503

The following stoichiometricratioisemployedin
solving material balance problemsthatinvolve this
chemical reaction:

2mol SO3 generated 1mol O2 consumed

Two reactants, A and B, arein stoichiometric
proportion, ifthe ratio (moles of A present)/(moles of B
present) equals their stoichiometric ratio determined
from the stoichiometric equation.




Limiting
Reactant

* Areactantislimitingifitis presentin less thanits

stoichiometric proportion relatively to every other
reactant. It isthe reactant that would be the first to be
consumed completely, if the reaction were complete.
In order to find the limiting reactant, you balance the
stoichiometric equation and then take the ratio of the
reactantamount (mole, flowrate) in the feed to
reactant stoichiometric coefficient, thatis,

ny _ (molar flow rate of component i in the feed)
V; (stoichiometric cofficient of component 1)

* The ratio with the lowest value corresponds to the

limiting reactant.




Excess
Reactants

All reactants, otherthan the limiting species, are termed excess reactants.
An excess reactant is not fully used up when the reaction is complete.

The fractional excess is the ratio of the amount by which the feed exceeds
stoichiometric requirements divided by the stoichiometric requirement.

The fractional excess of the reactant is the ratio of the excess to the
stoichiometric requirement:

. ("A )feed - (nA )stoich (ﬁA )feed - (ﬁA )stoich
Fraction excess of A = = ;
where (1A )stoich (714 )stoich

(nA )feed is the amount (mole, flow rate) of an excess reactant, A, present in the
feed to areactor

(nA )stoich is the stoichiometric requirement of A, or the amount needed to react
completely with the limiting reactant.

Percentage excess of A is 100 times the fractional excess.




How to
balance a
chemical
equation

How many moles of atomic hydrogen and oxygen
would bereleased in 1 mol of H20 if the latter were
broken upintoits constituent parts?

A water drop is 0.05 g. How many moles are therein
the drop? What would be the mass of air in the same
number of moles (Mw of airis 29)?

How many kilograms of H2 that can be obtained by
the electrolysis of 1 kg of water?

Balance the equation for glucose oxidation (i.e.,
determinea, 8, and y):

C6H1206 + aOz - ﬂCOz + szO




. * The numberof moles of atomic hydrogen and oxygen
Solution #1

that would be released if 1 mol of water were broken
up into its con- stituent parts can be calculated as
follows. Consider 1 mol of water broken up into its
constituent parts.

* H202>2H+0O

* There aretwo hydrogen atomsand one oxygen atom
in a water molecule. Thus, 1 mol of water will release 2
mol of atomic hydrogen and 1 mol of atomic oxygen.




: * The numberof molesinan average rain drop contains
Solution #2

0.05 g water, which can be calculated considering the
Mw of water (H20), thatis, (2x1)+(1x16)=18 g/mol.The
number of molesis, therefore,

(n)=m/Mw =0.05g/(18 g/ mol) = 2.78 x 10~ mol

e The massofairinthesame number of moles as that of
water is calculated as follows:

2.78x107° mol iifr = 0.08 g of air




S l t - #té) * Electrolysisisthe use of electrical energy to turn water
O u Z/On intoH2 and O2.The relevantreactioniis
1
H20—>H2 + 202

* Thus, 1 mol ofH20 yields 1 mol of H2. The number of
molesini1kgof H20 is n = m/Mw = 1 kg/(28 kg/kmol).
Thus, (2/18) kmol of H20 yields (1/18) kmol of H2.

* Mass of (1/28) kmol H2 = number of moles of H2
multiplied by the Mw of hydrogen.

2kg

1
M f(1/18) kmol H, = —
ass of (1/18) kmol H, J;m/ofl =

18

1
-k
o k8




4 * Bandy are determined by balancingthe number of
each atom on both sides of the equation. In other
words, the number of atoms on the left side of the
equation must equal the number of atoms on the right
side:

Solution 1

C.6=p
H:12=2y = y=6

O:6+2a=2p+y, a=6

Thus, the balanced equation is

C6H1206 + 602 - 6C02 + 6H20




Limiting
Reactant
Example

For the following cases, determine which reactantis
limiting and which isin excess as well as the percent
excess for that component.

1. 2 molof nitrogen (N2) reacts with 4 mol of hydrogen
(H2) to form ammonia (NH3) via the reaction:

N2 +3H2 -2NH3
2. 100 kg ethanol (C2H50H) reacts with 100 kg of acetic
acid (CH3COOH) to form ethyl acetate:
C2H50H + CH3COOH - CH3COOHC2H5 + H20
3. 64 g of methanol (CH30H) reacts with o.5 mol of
oxygen (O2) to form formaldehyde:
CH30H+ 1202 2HCHO+H20




Solution #

]

Analysis: Divide feed component flow rate to its
stoichiometric coefficient, and the lower value is the
limiting reactant.

The feed rate to stoichiometric ratio of both reactants
is as follows:

N2 +3H2 -2NH3
2.0/1 and 4.0/3

This meansthat hydrogen (H2) is the limiting reactant,
since the ratio of hydrogen toits stoichiometric
coefficientislower than that of nitrogen. Accordingly,
nitrogenisthe componentin excess.




Solution

The percent excess of nitrogen (N,) can be calculated from

(NZ)feed - (NZ)stoich % 100%

% excess of N, =
’ (NZ)stoich

TImol N 4
N,) . =4molH 2 = “mol N
( 2)5*°‘d‘ motth 3molH, 3 MOLN:
(z-é)mOlNz

x100% = 50%

% excess of N, =
4
ngl Nz




Solution

2

* Molecular weight of ethanolis 46 kg/kmol, acetic acid
60 kg/kmol, water 18 kg/kmol, and ethyl acetate 88
kg/kmol. First, you need to convert mass to mole. Thus,

( )
CH:OH: 100kg| XM _ 2 17 kmol C,H,0H
( \
CH,COOH: 100 kg[ 1X™° | _ 1 67 kmol CH,COOH
| 60kg

The ratio of the feed rate to stoichiometric coefficient for each
reactant is as follows:

C2H5OH + CH3COOH - CH3COOHC2H5 + Hzo

2.17 1.67
1 1

This means that acetic acid (CH,COOH) is the limiting reac-
tant. The component in excess is ethanol (C,H;OH). The percent
excess of ethanol (C,H;OH) is

% excess = 217 -1.67 x100% = 30.0%

1.67




. l * Molecularweight (g/mol) data: 02=32, CH30H=32,
Solution #3

H20=18, HCHO =30

First, convert masses to mole. Thus,

CH;OH: 64 g( 13’;‘01 ) = 2 mol CH;O0H
8

The feed to stoichiometric ratio for each reactant is

CH,OH + %02 —» HCHO + H,0
2 0.5

1 1/2

* Oxygen (02)isthe limiting reactant.




Solution

3 * The percent by which methanolisin excessis as

follows:

The stoichiometricamount of methanol

1 mol CH;OH consumed

=1 mol CH;OH
1/2 mol O, consumed

(nCH3OH )stoich = (0-5 mol O, )feed

The percent excess of methanol

(2 mol) od ~ (1 mol)soich

% excess of CH;OH = x100% =100%

(1 mOI )stoich




e Chemical reactionsdo not occurinstantaneously but

FraCt Z’Onal rather proceed quite slowly. Therefore, it is not
; practical to design a reactor for the complete con-
Conversion

version of the limiting reactant. Instead, the reactantis
separated from the reactor outlet stream and recycled
back to thereactorinlet. The fractional conversion of a
reactantAis the ratio of the amountreacted to the
amount fed to the reactor:

e s _ (1), =)




Fractional
Conversion

* The percentage conversion of componentA s

(nA )reacted X 100% - (nA )in - (nA )out X 100%

(nA )in (nA )in

* If nocomponentisspecified, then the fractional
conversion (f) is based on limiting reactant:

f - (nLr )reacted - (nLr )in -~ (nLr )out

(an )fed (an )in

where nLris the number of moles of limiting reactant.




General * Mass balance.s are el’fher integral mass
balances or differential mass balances.

Materlal An integral mass balance is a black box
B(],la,n(je approach and focuses on the overall

behavior of a system whereas a
differential mass balances focuses on
mechanisms within the system.




Differential
Balance

« Adifferential balanceisa material balance ata given
instantin time and deals with rates, thatis,
amount/unittime. Typically, a differential material
balance may be written more precisely in a
mathematical form as

d—m_min-mout*’c_é
dt

Where dm/dt denotes the rate of change of the

material, G and C denote the rate of generation and
consumption.




There are a couple of special cases:

Differential
Balance

For the steady-state case,

0 = Iin — out + generation - consumption
0=my, —My, +G-C
* Forthe case without chemical reaction,

in=out; my, =My




I l * Anintegral balance dealswith the entire time of the

n tegra process at once and uses amounts ratherthan rates at

B l steady state; none of the process variables change with
a ance time. Fortransient processthat beginswith time =to

and ends at a later time tf, the general integral material
balance equationis

tf tf t
My, — My, =fmin dt—fmout dt+fSR dT
to to to

where
my, is the mass of system content at final time
my, is the mass of system content at initial time
R is the generation/consumption term




Integral
Balance

* Thisissignificantfor component with reactive systems
only.The term is positive for produced material and
negative if the material isconsumed. The
stoichiometric equation of the reaction imposes
constraints on the relative amounts of reactants and
productsin the input and output streams. The simple
relation “input equals output” holds for steady-state
processes under the circumstances explained in the
figure below.

Validity of “Input=Output” for a Steady-State Process

Without Chemical With Chemical

Type of Balance Reaction Reaction
Total mass Yes Yes
Total moles Yes No
Mass of a chemical compound Yes No
Moles of a chemical compound Yes No

Moles of an atomic species Yes Yes




Formulation
Approaches

of Mass
Balance

There are three approachesin the formulation of
material balances with reaction, thatis, the extent of
reaction method, the atomic balance method, and
the molecular species method.

For multiple reactions, sometimes, itismore
convenientto use the atomic balance approach.
Generally, atomic species balances lead to the most
straightforward solution procedure, especially when
more than onereactionisinvolved.

Molecular species balances require more complex
calculations than either of the other two approaches
and should be used only for simple systems involving
one reaction.

Each approach providesthe same results, but one
method may be more convenient than the otherfora

given problem




Extent of
Reaction
Method for
a Single
Reaction

* The extent of reaction (¢ or é) isthe amount (in moles
or molar flow rate) of a species convertedin a reaction
divided by the species stoichiometric coefficient.
Therefore, the extent of reaction is a quantity that
characterizesthereactionsinceitis based on the
stoichiometric equation.As such, the extent can be
very useful in simplifying material balance calculations.
The extent of reaction & (or §) has the same units asn
(orn) divided by the moles (stoichiometric) reacting.

* For acontinuous process and single reaction at steady

state: 5. =n? +v,E

where 77 and n; are the molar flow rates of species i in the feed and outlet
streams, respectively. For a batch process,

n; =ni +vi&

where n{ and n; are the initial and final molar amounts of species i,
respectively.



P}"O b lem » Ethylene oxideis produced by the reaction of ethylene

with oxygen as per the following reaction:

P}/'Oductian 2C2H4 + 02 <5 2C2H40
* The feed to thereactor contains 5 mol ethylene, 3 mol
Of Ethy lene oxygen, and 2 mol ethylene oxide. Draw and label the

. process flow sheet. Write the material balance
OXLde equations as a function of the extent of reaction.




 Use the extent of reaction method. From the definition

SO lu t I/O n of the extent of reaction for a single reaction,

fl,‘ = n,° +V,'§
Compound mole balance:

C2H4 . nC2H4 = ngzl‘h _25 =5—2§
O,: no,=nd,-5§=3-§

C2H4O . nC2H4O = n%2H4O + 25 = 2 + 25

5 mol C,H, "ICH,
3 mol O, o 1 PFR 2 » 1o,
2 mol C,H,O

A H,0

Production of Ethylene Oxide




Solution

Total material balance is the sum of the component balance equations:
n=n°-§=10-§

where

0 0 0 0
n- =MncH, +No, + NcyH40




* Elementbalanceshave no generation or consumption terms

Element Or (atomsare not generated or consumed), and the mass balanceiis

simplified to input equals output for continuous, steady-state

AtO m LC processes. The element balance is based on the number of moles
of that elementregardless of the number of moles of the

Ba lance compound.The number of moles of each compound must be
multiplied by the number of atoms of the elementin the
Methad compound in order to obtain the number of moles of the
element.

* Forinstance, inthe ethane dehydrogenationprocess, there are 2

mol of carbon atom for every mole of ethane.
* The atomicbalanceforeach element,CandH, is expressed as

e
. 0
o (1) . C: 271(:21-16 = 271(:2}-14 + 2nc2H6
ncH, 1) nC,H,
: . -
nH H: 671(:21_[6 = 4nc2H4 + 6nC2H6 + 27’11.[2

Plug flow reactor 2
(PFR)



* When applying molecular or component balances,

MO lec U Zar consumption and generation terms need to be

considered according to the problem at hand.
O I Therefore, the general mass balance for steady-state

Component
Balance
Approach

flow processes becomes

nC2H6

n C2H6 nC2H4

nH2

Plug flow reactor
(PFR)




s . 1 :
* Inthe oxidation of sulfur dioxide process,SO; + 202 — SO3, suppose that 5 mol/h of O2 isconsumed.

. A5,
n%o
2 .
® @ >( )—@—> nso,
"o, .
no

* From the stoichiometric equation and using molecularspecies balance, the number of moles of SO3 generated
IS

(5 mol of O consumed/h ) * 1 mol/h SO3 generated/1/2 mol O2 consumed/h =10mol/hSO3 produced

* Usingthe molecular species balance, the number of moles of SO3 leaving the reactor s

Nso; =0 +10 - 0 =10 Mol e




e Ammoniaisburnedto form nitric oxide and water:
Extent of

4NH3 +502 54NO+6H20

ReaCth n, * The fractional conversionof oxygeniso.5. Theinlet

molar flow rate is g mol/h of NH3 and 5 mol/h of

oxygen.Calculate the exit component molar flow rates
Atomic Balance, Jgen. Calculateth ; ar
d using the three methods:
an * a.Extent of reaction method

MOlecular b. Atomic balance approach

c. Molecular species balance approach

Species Balance
Methods — **=" _ o Dmrs™
Exa mp Ze ny =5 mol/h nH,0

* Basis: All results are based on 1 h of operation.




E xtent o f : :ehaec:;;i:i:tl :jéa:sc;l?/v 2e written using the extent of
reaction = VE
Method i o e s
NH;: nnyg, =nlm, —48
O,: no, =nd, -5

NO: nno =nNo +4E




The total number of moles at the outlet of the reactor:
n=n’+(-4-5+4+6)=n°+&
where
n°® = nlu, + N, + NNo + NiLo
The total material balance equation is
n=n°+&
Inlet molar feed rates:

nam, =dmol/h, nd, =5mol/h, no =0, npo =0




* Thereactorsingle passconversion based on oxygen componentis given by

: no, —n _— "
Conversion = f = —22-9°2, substituting known quantities.

no,
0.5 = > -57102 , the exit number of moles of oxygen is np,= 2.5 mol.

Substituting no, in oxygen component mole balance equation
and solve for &

nOz = n?)z - 5§

2.5=5 - 5¢

The extent of reaction is £=0.5

Substituting the value of £=0.5 and the initial molar flow
rates of each component into components mole balance equa-
tions, the final results are then

no, =2.5mol/h, nyy, =3 mol/h,

N0 =3 mol/h, nyo =2mol/h




* * Atomicbalance onatomsinvolvedinthe reaction (N,
Atomic

O, H)— this is based on reactorinlet and outlet streams

and not on the stoichiometry of the reaction equation:
balance
h N: 5=TlNH3+TlNo
approac

O: 2(5)=2no,)+ nu,o0 +nno

H: 3(5) = 3nNH3 + 2nH20

* Thesingle pass conversion, fO2

f02 _ no, :nOZ =05= 5- no, , Mo, = 2.5 mol
no, 5




SubstitutingnO2 in the O atomic balance and rearranging equations

5=nNH3 +nNO
5=nH20 +nNO
15=3nNH3 +2nH20

Subtracting Equation 2 from Equation 1 leads to

0 = fiNgy = M0, hence, NNH; = 0

Substitution of nny, = ny,0 in Equation 3
15 = 3nNH3 -+ 2"NH3
5nNH3 = 15, NNH; = 3 mol

Since nnu, = Mu,0, accordingly, 7,0 =3 mol
Substitute ny,o in Equation 2 to get the value of nyg

5= nHzo + Nno
5=3+ny0, Nno =2mol

The final results are
no, =2.5mol/h, nyy, =3mol/h, nyy, =3 mol/h,

nu,0 =3 mol/h, nyo=2mol/h




Molecular
species
approach

* The limiting reactantis oxygen:

Moles reacted ~ Mole reacted
Moles in the feed 5

Conversion = f =0.5 =

Moles of O, reacted =0.5x5=2.5 mol
Moles of O, exiting the reactor=5 - 2.5=2.5 mol

Moles of NH; consumed = 2.5 mol O, consumed

4 mol NH; consumed

X =2 mol
5 mol of O, consumed

Moles of NH; leaving the reactor=in — consumed =5 — 2=3 mol

Moles H,0O generated = 2.5 mol O, consumed

6 mol H,O generated

3 mol
5 mol of O, consumed
Moles of NO generated = 2.5 mol O, consumed
4 mol NO generated _ 2 mol

5 mol of O, consumed




The final values of exit stream component molarflow rates are:

nO2 = 2.5 mol/h
nNH3 =3 mol/h
nH20 =3 mol/h

nNO =2 mol/h




Summary * The extent of reaction method and

molecular species balance require the
specification of the stoichiometric

equation.

* By contrast, the stoichiometric
equation is not needed in atomic
balance.

e All of the three methods lead to the
same results.




Problem

The feed contains 10 mol% propylene (C3H6), 12 mol%
ammonia (NH3),and 78 mol% air. Hint: Airis 21% O2
and 79% N2.

A fractional conversion of 30% of the limiting reactant
is achieved.

Taking 100 mol of feed as a basis, determine which
reactantislimiting, the percentage by which each of
the otherreactantsisin excess, and the molaramounts
of all product gas.

Use all methods of solution.

Acrylonitrile (C3H3N) is produced by the reaction of
propylene, ammonia, and oxygen:

C3H6 +NH3 + 3/2 O2 ->C3H3N+3H20




* The limiting reactantis found by determiningthe lowest

Determining nifvi ratio:
limiting C3H6----10/1 =10

NH3----12/1 =12

reaCtant O2----(78%0.21)/1.5 =16.38

Then C3H6 is the limiting reactant!
* The percent excess of ammoniais:

%NH3 in excess= ((nfeed -nstoich)/nstoich) *100 = ((12-10)
/10) x100 =20 %

* The percent excess of oxygen:

%NH3 in excess= ((nfeed -nstoich)/nstoich) *100 =
((16.38-15) /25) X100 = 9.2 %




Extent of
reaction
method

Using the extent of reaction method for single reaction, nj=n°+ v &
C3H6 : nC3H6 =10- €
NH3: nNH3=12-¢
0O2:n02=(0.21%x78)-15¢
C3H3N: nC3H3N =0 + &
H20: nH20 =0 + 3§
Conversion ofthe limiting reactant (C3H6):
0.3 = (20 - nC3H6)/20, NC3H6 =7 Mol
Substituting nC3H6 in C3H6 component balance equation 7=10-¢, &=3

Substitute é=3 in the rest of component mole balance equationsto get
the number of moles of all components leavingthe reactor, the values
supposed to be as follows:

nC3H6 = 7mol, nNH3 =gmol, nO2 =11.88mol, nC3H3N =3mol




* Input=output

AtOmlC C:3x10=3nC3H6 +3nC3H3N

H: 6(10) +3(22) = 6nC3H6 + 3nC3H3N + 2nH20 + 3nNH3

O: 2x0.21(78) =2n02 +nH20
balance N: 2x0.79(78)+12=nNH3 +nC3H3N +2nN2
approach

NN2 is inert
* Thesingle pass conversion:
f=0.3=(20-nC3H6)/10  ------- nC3H6 =7 mol
* Substitute nC3H6 in C atomic balance: 30=3x7+3nC3H3N, nC3H3N =3mol
* Substitute nC3H3N =3 mol and
nN2 =0.79 x 78 = 61.62 mol: 2x0.79(78)+12=nNH3 +3+2x61.62
* Solving for nNH3
2x0.79(78)+12=nNNH3 +3+2x61.62 nNH3 = g mol
* Solving the rest of equations gives the following results (in mol):
* nC3H6 =7, nNH3 =9, nO2 =11.88, nC3H3N =3, nH20 =9, NnN2 =61.62 4




Molecular
species
balance
approach

Accumulation = (input - output) + (generation - consumption)
Conversion:0.3 = (20 - nC3H6)/20 , NC3H6 =7 mol
Accordingly, the amount of C3H6 consumed =10 - 7=3 mol
NH3:0=122—-nNH3+0-3---NH3 =g mol
02:0=16.38-n02+0—4.5---n0O2=11.88 mol

C3H3N: 0=0-nC3H3N +3 -0 ----nC3H3N =3 mol

H20: 0=0—-nH20 +9 -0 ---nH20 = g mol




E:r, t t * Generally, the synthesis of chemical products does not
x en O involve a single reaction but rather multiple reactions.
For instance, the goal would be to maximize the

ReaCt LO n production of the desirable product and minimize the

d production of unwanted by-products. For example,
an ethyleneis produced by the dehydrogenation of

Multiple

C2H6 ->C2H4 +H2

ReaCtiOnS C2H6 +H2 -2CH4

C2H4 +C2H6 - C3H6 +CH4

* Yieldandselectivity are used to describe the degree to
which a desired reac- tion predominates over
competing side reactionsin a multireaction system.




Yield has various definitions:

Yield

Yield = moles of desired product formed/ moles
formed if there were no side reactions and limiting
reactant reacted completely

Yield = moles of desired product formed/ moles of
reactant fed

Yield = moles of desired product formed/ moles of

reactant consumed




Selectw I,ty * The selectivity of a componentis the number

of moles of desired componentto the number
of moles of undesired component.

Selectivity = moles of desired product formed/
moles of undesired product formed




Multiple
Reactions

The concept of extent of reaction can also be applied to
multiple reactions, with each reaction havingits own
extent. If a set of reactions takes placeinabatchor
continuous, steady-state reactor, we can write the
following equation for speciesi:

o
n=n; + zvig]-

]

where
v; is the stoichiometric coefficient of substance 7 in reaction j
&; is the extent of reaction for reaction j




* The followingreactionstakeplacein areactor, where CO
Ethane ° < akep
is the undesired product:

Combustion C2H6 +3.502 > 2C02+ 3H20
PI"Oblem C2H6 +2.502 -2C0O + 3H20

* The feedto reactor consists of 100 mol C2H6 and 500 mol
O2.The product stream was analyzed and found to

contain 20 mol C2H6, 120 mol CO2, 40 mol CO, 240 mol
02, and 240 mol H20. The reactor conversion is 80%.

* Calculate the yieldand selectivity.




Solution

* Use the three definitionsforyield and selectivity:

Yield = moles of desired product formed/ moles formed if there were no side
reactions and limiting reactant reacted completely

=120 mol CO2/ 200 mol CO2 should be formed = 0.6

Yield = moles of desired product formed/ moles of reactant fed

=120 mol CO2 /100 molC2H6 =1.2

Yield = moles of desired product formed/ moles of reactant consumed

=120 mol CO2/ (100 - 20) = 1.5




Se leCtlUlty * Selectivity is the number of moles of

desired product (carbon dioxide) to
the number of moles of undesired
product formed:

Selectivity =120 mol CO2 /40 molCO =3




* Ethyleneisoxidized to ethylene oxide (desired) and

Oxidatian carbon dioxide (undesired).
ReaCt iOn » The following reactions are taking place:

P bl C2H4+2/202—->C2H 40
rO em C2H4 +302 52C02 +2H20




Solution

Assign an extent of reaction for each reaction; &1 for
the first reaction and é2 for the second reaction. 1

The first reaction: C2H4 + 2 O2 > C2H40 €1
The second reaction: C2H4 +302 - 2C0O2 + 2H20 &2

Mole balance using the extent of reaction approach:

CHy : He,Hy = n?:ZH4 -5 -5

o 1
O,: Tloz=noz—§§1—3§2

C2H4O . NCHO = 0+ §1
COZ . Hco, = 0+ 252

HZO . Ny,0 = 0+ 252




* The feed stream contains 85 mol% ethane (C2H6), and

PrOdLLCt Lon the balanceisinert. The fractional conversion of ethane
Eth l is 0.5, and the fractional yield of ethylene (C2Hg) is
Of y ene 0.40. Calculate the molar composition of the product
P bl gas and the selectivity of ethylene for methane
rO em production.

* The following two multiple reactions take placein a

continuous reactor at steady state:
C2H6 ->C2H4 +H2
C2H6 +H2 -2CH4




* Assign an extent of reaction for each reaction, namely,

SO lu t I/O n &1 for the first reaction and &2 for the second reaction.

For simplicity, you may assign symbolsfor the
componentsinvolved in thereaction.

* Basis: 200 mol of feed.
The primary reaction:C2H6 - C2H4 + H2 &
The secondary reaction: C2H6 + H2 - 2CH4 &2

* Component mole balance equations using the extent
of reaction method approach:

CHe: nep, =85-8-5;
C2H4 . NcHy = 0.0+ 51

HzI ny, =0.0+§1—§2

CH;: ncy, =0.0+25



Solution

* The fractional conversionof ethane, C2H6, is
f C2H6 = 0.5 = (85 - nC2H6) /85
Moles of unreacted ethane in the exit stream: nC2H6 = 42.25 mol

* Theyield ofethylene (C2H4) equals the number of moles of the desired component produced to the number
of moles produced of the same component, if there were no side reactions and the reactantis completely
used up:

0.40 =nC2H4 [ 8g

The number of moles of ethylene in the exit stream is, nC2H4 = 34 mol




Solution

Substitute nC2H4 in Equation to determine é1: 34 =0.0 + &1

The extent of reaction for the first reaction is é&1 = 34 mol Substitute &1 and nC2H6 in Equation to
determine £2: 42.5=85-34-&2

The extent of reaction for the second reaction is £2 = 8.5 mol Substituting é1 and 2 in Equation gives
nH2 =0.0+&1-&2 nH2 =0.0+34-8.5

The number of moles of hydrogen in the exit streamis nH2 = 25.5 mol Substituting £2 in Equation to
find out nCHy :

nCH4 =0.0+2x8.5
The number of moles of methanein the exit stream is nCH4 =17 mol




* When using the molecularspeciesapproach
Molecular 9 peciesapp

for multiple reactions, we have to choose a

SpeCLeS single chemical speciesin each equation that

appears in that reaction only. We can then use

App rOaCh the number of moles of that species to keep
fOY’ Mu lt lp le track of how much of that reaction occurs.

) Consider the following multiple reactions:
Reactwns C6H6 + Cl2 > C6H5Cl + HCl
C6H5Cl + Cl2 - C6H4Cl2 + HC
C6H4Cl2 + Cl2 - C6H3CI3 + HC




We have to choose a single unique chemical speciesin each reaction that does not appearin other
reactions.

There isa unique chemical compound to the firstand the last reactions only. However, reaction 2 has
no speciesthat are unique toit.

The amount of reaction that occursin the first reaction can be determined by computing how much
benzene (C6H6) reacts.

All other species consumed or produced via the first reaction can be expressed in terms of this
quantity and the stoichiometric coefficients.

. .
mC6H6 = NcegHe — NCeHs




* The amount of reaction that occursin the third reaction can be determined by computinghow much
trichlorobenzene (C6H3Cl3) is generated. All other species consumed or produced via the third
reaction can be expressed in terms of this quantity and the stoichiometric coefficients.

SRC(,H3C13 = nC6H3C13

* The amount of the second reaction that occursisthe total amount of HCl minus thatis formed by the
first and last reactions. Thus the amount of the second reaction that occursis

. ‘o ‘o ) )
ERHCI = (Tch1 — NHQa ) - (nC6H6 — NCgHg ) — NCyH3Cl3




Material balances on the remaining chemical species:

Material balance on Cl:

: ‘o o : : : : ‘o :
Na, =na, —(nc6H6 ~ NCHe )— (an1 +7ceH — MCsH3Cls — MCeHe ) - (ficgac; )

Material balance on C6H5Cl:

. ‘o > . . . . P
Nceasa = NegHsa t+ (nC6H6 — NCgHg )— (nHCl + McgHg — NCcgH3C13 — NCeHg )

Material balance on C6H4Cl2:

A <0 . . . .0 .
nC6H4C12 = nC6H4C12 + (nHCI + nC6H6 - nC6H3Cl3 - nC6H6 ) - (nC6H3C13 )




Multiple
Reactions

Problem

10 mol/h of benzene (C6H6) and 20 mol/h of chlorine
(Cl2) are fed to a reactor. The exit stream was analyzed
and found to contain 1 mol/h of Cl2, 2 mol/h of C6H5Cl,
and 4 mol/h of C6H4Cl2.

Solve the problem using the extent of reaction
method, atomic species balance, and molecular
speciesapproach.

Calculate the percent conversion of benzene.

The chlorination of benzene occurs via the following
reactions:

C6H6 +Cl2 > C6H5Cl+HCI
C6H5Cl + Cl2 - C6H4Cl2 + HC
C6H4Cl2 + Cl2 - C6H3Cl3 + HCI




Extent Of : Basis: 1 h of operation.

Extent of reaction approach

}/‘eact iO n Let &1, £2, and &3 be the extent of the first, second, and third

reactions, respectively.

app }"O(IC]’L C6H6 + Cl2 > C6H5Cl + HCl £1

C6H5Cl + Cl2 - C6H4Cl2 + HCI &2
C6H4Cl2 + Cl2 - C6H3CI3 + HCI &3




* The number of moles of each speciesin the reactor exist stream may written as
CeHg : N, = negus — &1
Cla: na,=n&, -5 -8 -5
CeHsCl:  negp,a = nepsa +8 - &
HCl: nya=naa+& +& +&;
CeHCly : negcn, = nega, +852 - 83

. (0]
CeH3(Cl5 : Nc,H;5C1; = NCH5Cl; + &




Negs =10-&
1=20-5-5-5;
2=0+§&-§
nua =0+85+85+8&;
4=0+5-5;

NCHAClz = 0+&;

Solving the third equation for £, and the fifth for £, as follows:
§51=2+5
§=5-4

Substitute &, and &; into the second equation to get

0=19-(2+§2)—§2-(§2-4)




Solving this equation gives £&2 =7 mol
Substituting £2 into these preceding equations gives

£&1=9g mol and é&3 =3 mol.
Substituting these values into the species balances gives
nC6H6 =1 mol, nHC| =19 mol, nC6H3CI3 =3 mol
The conversion of benzeneis
fC6H6 =(20mol-1mol)/10 mol=0.90
Selectivity isdefined as
Selectivity = moles of desired product formed / moles of undersired product formed
The desired productis C6H5Cl, and the undesired product is C6H3Cl3.
Accordingly, Selectivity = 2/3 = 0.667




* Analternative solution isthe atomic species approach.

AtO mic We can now write the atomic species balances forC, H,
' andCl.
species )
approac h C: 6(10) = 6itcus, +6(2) + 6(4) + bricuras

H: 6(10)= 671, +5(2) + 4(4) + 3icgias, + fuc
Cl: 2(20)=2(1)+1(2) + 2(4) + 3ncgc1; + Nuc

Simplifying these three equations gives

6nC6H6 + 6nC6H3Cl3 =24
6 cehs + Mcgscl; + Mua = 34

371(:61.13(:13 + Ny = 28




There are now three equationsin three unknowns. Subtract the last from
6n =6, hencen =1 mol C6H

Substitute this value into the first equation to get n C6H3CI3 = 3 mol, and further substitute this
value into the last equation to get n HCl =19 mol.

Sincethese arethe same numbers as those obtained via the extent of reaction method, the
conversion and selectivity values will be 9go% and 0.667, respectively.




Molecular
species
approach

The third alternative solution is the molecular species
approach.The three chemical reactionsthat occurare
as follows:

C6H6 +Cl2 ->C6H5Cl+HCI
C6H5Cl + Cl2 - C6H4Cl2 + HC
C6H4Cl2 + Cl2 - C6H3Cl3 + HCI

In using the molecular species approach, we pick a
single chemical speciesin each reaction thatis unique
to thatreaction.




Degrees of
F r ee dO m number of rirrllclil:p;:::i(e)flt‘ | number of

. NDF = {un knowns}h chemical [ independent molecular |
Analysis for o | | speciesbatances
; [ numberof )
R eac t l U e other equations |

relating

Processes | varables




In atomic balance
case, the degrees of
freedom analysis

number of

NDF =
{unknowns

A set of chemical reactions are independent, if the stoichiometric equation of any one of them cannot be obtained by a linear

}-4

[ number of )

independent
atomic
species

b <

balances

.

[ number of )

molecular
balances on
independent

nonreactive

[ number )
of other
relations
relating

species

variables

combination (via addi- tion, subtraction, or multiplication) of the stoichiometric equations of others.




Chemical
Equilibrium

More often than not, reactions do not proceed instantly.
Predicting the speed at which a reaction occursis very
Important.

Reactionsdo not necessarily happenindependently. Very
often, thereverse “half” reaction of the reaction we are
interested in also takes place.

Chemical equilibriumis reached when the rates of the
forward and reverse reactions are equal to each other (i.e.,
compositions no longer change with time). While we will
not calculate reaction rates, we need to know what affects
them because this will affect the equilibrium.

Things that we must consider that affect reaction rates
and, hence, equilibrium are temperature and
concentration.




Equilibrium
Reaction

e Consider the reaction of methane with
oxygen:

2CH4 + O2 2CH30H
At equilibrium, the compositions of the
components satisfy the relation:

K(T) _ yCl-IsOH
y CH: Y0,




* The feedto a plug flow reactor contains

Methane equimolaramounts of methane and oxygen.

Assume a basis of 100 mol feed/s. The fractional

Oxl/dat Lon conversion of methaneis 0.9, and the fraction

P yield of formaldehydeis0.855. Calculate the
Focess molar composition of the reactor output stream

P}"O b lem and the selectivity of formaldehyde production

relative to carbon dioxide production. Methane
(CHg4) and oxygenreactin the presence of a
catalystto form formaldehyde (HCHO). In a
parallelreaction, methane is oxidized to carbon
dioxide and water:

CH4 +O2 2 HCHO+H20
CH4 +202 -5 CO2 +2H20




* The feedto a plug flow reactor contains

Methane equimolaramounts of methane and oxygen.
Assume a basis of 200 mol feed/s. The

Oxl/dat Lon fractional conversion of methaneis 0.9, and

PY’OC@SS the fractionyield offormald.ehyde is 0.855.
Calculate the molar composition of the

P}"O b lem reactor output stream and the selectivity of
formaldehyde production relative to carbon
dioxide production. Methane (CHg) and
oxygenreact in the presence of a catalystto
form formaldehyde (HCHO). In a parallel
reaction, methane is oxidized to carbon

dioxide and water:
CH4 +02 52 HCHO+H20

CH4 +202 -5CO2 +2H20



Answers

Ncy, = 5 MOl
NhcHo = 42.75 Mol
No, = 5 Mol

Nco, = 2.75 MOl

N0 = 47.25 Mol




* Combustionistherapidreaction of a fuel with oxygen to

CO m b Uus t lon produce energy.Combustionisavery importantindustrial

ReClCt I:OI’LS chemical reaction. Fuelsinclude coal (C, H, S, and others),
fuel oil (high Mw hydrocarbons and some S), gaseous fuel
(natural gas—mostly methane), or liquefied petroleum gas
(propane and/or butane). Maximum energy is produced when
fuel is completely burned (oxidized). The product gasis called
stack gas or flue gas.

* Complete combustion resultsin all C oxidized to CO2, allH
oxidizedto H20, and all S oxidized to SO2.

* Inincomplete combustion, Cis oxidized to CO and CO2.




C()mbusti()n « Complete combustion of butane:
ReaCthnS C4H10 +13/2 02 -4C02 +5H20

 Side reaction;incomplete combustion of
butane:

C[|.H10 +9/2 O2 94CO+5H20




Theoretical and Excess Air

For obvious economicreasons, air (79% N2, 21% O2) is the source of oxy- genin
combustion reactions. Combustion reactions are always conducted with excess air, thus

ensuring good conversion of the expensive fuel.

Theoretical oxygenis the moles or molar flow rate of O2 required for complete
combustion of all the fuel. Theoretical airis the quantity of air that containsthe
theoretical oxygen.

Theoretical air=1/0.21 x theoretical O2

Excess airis the amount of air fed to the reactorthat exceeds the theoretical air.

Percent excess air = (((moles air)eq — (moles air)ieoretical )/ (MOlES Air)iheoretical) X 200%0 q




Combustion
process of
coal

Calculate the flow rate of all streams and their
compositions. Assuming all the coal is consumed,
calculate the percent excess air and the ratio of water
vapor and dry gas. Note that the feed compositioniis

givenin mole fraction. The following reactions are taking
place:

C+02>5C02S5+02->502
2H+1202—->H20

Dry gas
0.78 N,
3 > 0.09 CO,
0.08 0,
0.03 co
Coal ‘\ 0.02 SO,
072 C s 1 Furnace 4
011 S ~— v
0.17 H
Water




Answe}f's * 43% excess air

* 0.014 mol H20/mol dry gas




