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Lecture - 14
Energy Interactions in Reacting Systems

Welcome. So far we have seen how the various types of reactions come into the material
balance. Now, what we shall do that we will go to the energy balance, before that we and
look into the effects of the reaction terms. So, before that what we shall see in this
particular lecture is that how we account for the various kind of energy interactions in a

reacting system.

(Refer Slide Time: 00:49)

Problem- Standard heat of reaction

Calculate the heat of reaction (HZ,,) for the following reaction :

4NH;(g) + 50,(g) - 4NO(g) + 6H,0
to react 4 gmol of NH,.

So, first we will demonstrate all these things through some problems. So, we go to the
first problem. And in this problem we are required to find out the standard heat of
reaction. Please note that there are various types of enthalpies or heat associated with
different types of reactions. These reactions could be some chemical reactions, there
could be combustion of some fuel which involves the reaction of oxygen with the
particular fuel. So, all these things are coming under some reaction and not only this we
also have the enthalpy of formation that is the heat energy that liberated or consumed

during the formation of some compound.

For example, if you are making carbon dioxide from carbon and oxygen, when this two



types of molecules combine, then whatever heat effects are there that is also comes under
this heat of reaction. So, all these kind of processes are clubbed together under the heat
of reaction. And whenever we are talking of any kind of reactor system or reacting
system, in that which have to account for any kind of energy exchanges associated with

these processes.

So, in this first we shall do the heat of reaction. And the reaction given is the ammonia
reacting with oxygen to give us nitric oxide and water. And please note here that the
amount this is a stoichiometric equation. And so we have to find the heat of reaction

when 4 gram mole of ammonia reacts.

(Refer Slide Time: 02:35)

Solution
Heat of reaction (or enthalpy of reaction) is the change in the enthalpy that
occurs when stoichiometric amounts of the reactants at some specific
temperature and pressure react to form products at the same temperature and
pressure.

Standard heat of reaction (HS,, ) is the heat of reaction for one mole of a
reactant that reacts cnmpletef‘y at STP (generally 1 atm, 25°C), stoichiometrically
to produce products at STP. ,

C
M (25°C) = £ ) VAR, = E4RS
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Where AE‘?, is the standard heat (or enthalpy) of formation of species

i associated with the formation of one mole of the compound from its
constituents in their standard state.
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So, first let us see what we understand by heat of reaction, sometimes it is also called
enthalpy of reaction. And this is the change in the enthalpy that accompanies the
stoichiometric amounts of reactants at some specific temperature, pressure react to form
products at the same temperature pressure. That means, whenever there is some kind of
reaction going on in stoichiometric amount ok, not in non stoichiometric amount,

stoichiometric amount.

So, if the reactants at some given temperature, pressure are forming the products at the
same temperature pressure ok. Now, this is very important for us to note that in general
whenever some reaction takes place, there could be changes in both the temperature and

the pressure ok. However, when we are reporting the heat of reaction, we have to see that



all the temperature pressure conditions for both the product and the reactants are the
same, so that would need some kind of mathematical manipulation in calculation of the
energies associated to do this kind of estimation which we shall see a bit later. So, as of

now this is the way we are defining the heat or enthalpy of reaction.

Now, we also have standard heat of reaction which we put in terms like this that H this
cap O r x n, r X n stands for reaction. This particular O stands for standard and this cap
for per mole per unit mole ok. This is the heat of reaction for one mole of a reactant that
reacts completely at STP. STP could be 1 atmosphere, 25 degree centigrade, because this
STP may be varying for in you will find in different literature, this STP values may be

varying.

So, what we are saying that 1 mole of the reactant reacts completely at STP
stoichiometrically to produce products at STP. So, here we have this that we are not
going into the derivation of this particular equation. So, this is suffice to know that here
we have the heat of reaction at 25 degree centigrade. And this is given in terms of the
heat of formation of the products as well as the reactance. Now, you see depending on
the sign of this particular nu that is the stoichiometric coefficient, we are able to account
for both the product and the reactants. Here C represents the total number of species in
the particular system; the number of species consists both of the reactants and the
products. And ultimately we get this particular relationship between the heat of reaction

and the standard heat of reaction.
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Solution (contd..)

Heat of reaction and heat of formation are taken negative for exothermic reaction and
positive for endothermic reactions.

Now, this heat of reaction and heat of formation are taken negative for exothermic
reaction and positive for endothermic reactions by convention. Generally this is the
convention, but in the literature you may find the opposite convention may also be used.
Now, you perhaps know exothermic reactions are those reactions which involve the
liberation of heat on during the product formation. On the other hand endothermic
reactions are those reactions when the product formation is accompanied by an
absorption of heat. And that we can feel very easily that in case of exothermic reactions
the particular vessel will get hotter and in case of endothermic reactions the particular

vessel will get cooler.
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Solution (contd..)

4NH;(g) + 50,(g) - 4NO(g) + 6H,0
Basis: 4 gmol of NH,

i [}

Products Reactants
ﬂﬂ?xn(25°c)=( Z v ARP,; - Z viaﬂ}’.‘.)

NH, (g) 0,(g) NO (g) H,0(g)

4HS, per mole at 25°C

and 1 atm (kl/g mol) ~iliEh

0 90,374 241,826

For 4 gmol of NH, assuming complete reaction, A, (25°C) = AH
AH e (25°C) = [4(90.374) + ﬁ(—Z*(-l.BiG]] - [4(-46.191) + 5(0)]

==-904.696 —————
4 gmol NH;

k K
Per gmol of reaction, AHC,, = —226.174

gmol NHy

Now, coming back to our problem, let us look at this particular equation. And now we
are writing from the definition of the standard heat of reaction this particular formula.
Now, you see that all these values of the heat of formation will be given in some standard
table. And I have given you the references at the end of this lecture, where which you can
refer to get these values of the heat of formation. And you can see that for the pure
components only oxygen, there is no heat of formation. For the other compounds we

have the heat of formation.

And now once we get this heat of formation values we can plug in their respective
stoichiometric coefficients for the product we are putting like here. We have for the NO,
this is 4 so, we are putting 4 here. And the heat of formation of NO is 90.374 which we
are putting here and for water, it is 6 here, so we are putting 6. And this is the value we
are putting over here minus we are going to minus because we are talking about the
reactant side so minus 4 for this ammonia and the value of this heat of formation of

ammonia and 0 for oxygen.

And then after all doing all these things you get this is value of the heat of reaction. And
this is for 4 gram mole of ammonia, when 4 gram mole of ammonia are reacting. Now,
for mole gram mole of ammonia, we simply divide this value by 4 and we get this value.
So, it is quite simple and it is just a manipulation of the heat of formation and the

stoichiometric coefficient to get the heat of reaction.
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Problem- Heat of reaction
The following catalytical reaction proceeds with 100% conversion of CO,.

C0,(g) + 4H,(g) —» 2H,0(g) + CH,

Determine the heat of reaction if stoichiometric amounts of the reactants enter
the reactor. The gases enter and leave at 1 atm and 500°C.

500°C, 1atm O, (g) 1 Ho s00°, 1atm
R ———— Reactor T“—'
B

Next problem is another one for heat of reaction for another kind of reaction that is
carbon dioxide is reacting with hydrogen to give H 2 O and methane. So, here we have
the system and here we are told that gas enters at 1 atmosphere pressure and 500 degree
centigrade temperature it reacts and it gives out the products water vapour and the
methane gas at the same temperature as the inlet and same pressure as the inlet ok. So,
we have to find out the heat of reaction if stoichiometric amounts of the reactants enter
the reactor, that means we are adhering to the exact amount required by the stoichiometry

for each of the reactants.

(Refer Slide Time: 09:19)

Solution

A (T) Products at T

| Reactants: : ! Products: i
| AH = H(25°) - H(T) | | AN = H(T)- H25°0)

I LT W)




Now, in this particular problem, we see that the temperatures are not the standard
temperature. So, this particular line shows that actual case that we have the reactants at
some temperature and the heat of reaction is generated at that temperature, so that we are
getting the products at that particular temperature. However, we are given the values of

this heat of reaction etcetera at some standard value.

So, let us see how to convert this standard value into the values of the heat of reaction at
the given temperature. So, this is the way. So, this particular blue coloured path shows
how we calculate the heat of reaction for the given temperature. So, what we assume that
from the 25 degree centigrade reactants are there and we take it to the given temperature
and this involves sensible heat ok. Once it goes to that temperature, then we have the

heat of reaction at 25 degree centigrade.

So, from this temperature, we bring it down to 25 degree centigrade and then we carry
out the reaction at 25 degree centigrade. And we get the products at 25 degree centigrade
and the product temperature is now brought back to the given temperature of the reaction
that also involves the sensible heat. That means we are taking the two sensible heats into
account to bring the reactant as well as the product from their given condition to 25

degree centigrade.

Now, this is after doing this, we see this is the energy we get that. This particular thing
shows that how the product is taken from 25 degree centigrade to the given temperature
how the reactants are taken from the given temperature to 25 degree centigrade and then

we have the reaction heat of reaction at 25 degree centigrade.
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Solution (contd..)
C0,(g) + 4H,(g) - ZH,0(g) + CHy
Basis: 1 gmol CO, (g) at 500°C and 1 atm

AHY (ufgmol)  AHZE (kifgmol)

C0,(g) 1 -393.250 21425

Hy(g) 4

H;0(g) 2 241,835 17010
1

CH,

0 13.834

-74.848 2.1

B R

Bl (500°) = ) il = ) W+ B (25°)
T T
P and R are the total number species in the product stream(s) and reactant stream(s)
respectively
AH 4 (25°C) = [(1)(~74.848) + (2)(-241.835)] - [(1)(-393.250) + (4)(0
=-165.27k

Now, with that information and the formula, what we shall do, we are now again going
back to the problem, we are again getting the values of the heat of formation from the
data table. And here we are writing all the stoichiometric gram moles as per the reaction.
And here we are putting this particular thing is that we are doing the sensible heat thing
which we are putting over here. And you can see that we are writing the heart of reaction
at 500 degree centigrade as this is the total the heat that is out the product side this is the
total amount of heat that is the reactants side plus the heat of reaction. And here the P and
R represent the number of species in the product streams and the reactant streams

respectively.

So, here it is simply just we are plugging in the values of this heat of formation over here
along with the number of moles which are entering. And in this case is mind because the
problems is the number of moles entering the system is same as the stoichiometric
amount. So, in this case, we are finding that n 1 is same as nu i, but in general this n 1
need not be same as the stoichiometric coefficient, there could be excess of reactants
also. In that case, we have to account for the actual number of moles of the reactants ok,
so that is why we are putting it ni n naught nu i. So, just plug in the values along with the

heat of formation and we are getting this value of the heat of reaction.
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Solution  co.@+ (@ - 21,00 + cH,
Basis: 1 gmol CO, (g) at 500°C and 1 atm

A7 (Wfgmol)  AHESES (ki/gmol)

-393.250 21425

1

Hy(g) 4 0 13834

H,0(g) 2 241,835 17.010
CH, 1 74548 2126

R
Z[H‘(SI]I]"C) - H,(25°C)] = (1)(21.425) + (4)(13.834) = 76.761 k]
T

P
Z[Hi(SDD“C) - H,(25°C)] = (2)(17.010) + (1)(23.126) = 57.146 k]

And then we are what we are doing that for this particular thing we are getting this
sensible heat terms and this can be also obtained from these values over here. This is
basically we are doing the C p dt and for C p o s that is C p means is the specific heat
that is specific heat data can also be obtained from the data table from the references I
have given at the end of the lecture. You can find the sensible heat terms and ultimately
you find the heat of reaction by combining all the terms together. And this is the heat of
reaction. And you can see the difference between the standard heat of reaction and the

heat of reaction at some other temperature.
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Problem

Bacteria Lacto bacillus casei produces of ethanol, acetate, formate, and lactate
compounds anaerobically. Mannitol is used as the energy source. The values of
the enthalpy changes for each compounds in the solution are shown in the

following table.
m AH(/gmol) | & mol produced/g mol manitol
Ethanol -133051 1.29
Acetate -BA7.01 022
Formate -221.75 16
Lactate -1330.51 0.4
Mannitol - 1.0 (consumed)

@



Now, we come to another problem of similar kind. Here we have some kind of bacterial
reaction that we know that bacterial reactions are also find in our day-to-day life that. For
example, when we are making curd from the milk we know that lacto bacillus bacteria
acts on the milk to convert into the curd. So, similar things are also done in the industry
for production of many compounds. So, here we have lacto bacillus casei is produces
ethanol, acetate, formate, lactate compounds anaerobically that is in the absence of
oxygen. And mannitol is used as the energy source. And the values of the enthalpy
changes for each compounds in the solution are given in this particular table ok. So, here
we have the gram mole produced per gram mole of mannitol for each of these species in

the particular system and these are the enthalpy of changes for each of the species ok.

(Refer Slide Time: 14:53)

Problem

The biomass growth is 40.5 g cells/g mol mannitol. Determine the net enthalpy
change (AH) for the given products (metaholites) per

a) g mol mannitol consumed
b) g cells produced

Now, what we have been asked that biomass growth is 40.5 gram cells per gram mole of
mannitol. Determine the net enthalpy change for the given products or vardenafil
metabolites. Metabolites are the compounds which are produced after some metabolic
reaction goes on ok. So, metabolic reactions goes on in any kind of animal body in even
in our body, we have many metabolic active activities. So, whatever products are formed,
they are called metabolites. So, this particular net enthalpy of change for the given
products per gram mole of mannitol consumed and from per gram of cells produced. So,

this is what you have to find.
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Solution

a) Basis: 1 g mol of mannitol reacting

OH,=[ 129(-1330.51 + 022 (-887.01) + 1.6 (-221.75) 40. 4( 133051) | - 1.0(-2082.78)=

-84.28 k| /g mol mannitol Species prE———
j/g mannital
mol)

Ethanol  -1330.51

-B87.01
Formate  -221.75 L6
Lactate  -1330.51 04
Mannitol  -2882.70 1.0 (consumasd )

vy (=84.28K) (1 g mol mannitol)
bl {Perigram of cels; AH, = (T g mol mannitol) (40.5 g cells)
=208 kag cells

And it is pretty simple problem. You can see that we just find out the enthalpy change by
writing all these respective gram mole along with the enthalpy of formation and we put
this here. And now what we do for per gram mole of the cells, what we do that we know
that how many cells have been produced per gram mole of mannitol, we put it put this
value here. And we get that this is the value of the enthalpy change per gram mole of
cells. And this is the value is the enthalpy change per gram of mannitol as obtained from

this particular data table. So, this is a pretty straightforward problem.

(Refer Slide Time: 16:25)

Problem

Determine the change in the enthalpy (AH) due to the following reaction.
CO (g, 1 atm, 25°C) + (1/2) 0, (g, 1 atm, 400 °C) — CO, (g, 1 atm, 300 °C)

Assume nonstoichiometric quantities of compounds enter and leave with the moles and
temperatures shown in table. @
0,

No. of moles | T(°C)
1atm, 400°C
.W Iml! [n) . ;

co(g) €0,(2).0,(8)
0, 15 400 — Resr s
Tatm, 300°C
o w10 % 1atm, 25°C atm




Next problem we come here that we are finding that in this problem, we are producing
carbon dioxide from carbon monoxide. And here these are the temperatures given that
the carbon monoxide intercept 1 atmosphere 25 degree centigrade, oxygen enters at 1
atmosphere and 400 degree centigrade. And carbon dioxide and oxygen comes out at 300
degree centigrade and 1 atmosphere. So, you can see there are some unreacted oxygen

also coming out in the product, but there are no carbon monoxide in the product.

Now, what we do that here we write the all the species we have and the number of gram
moles which are going in and which are coming out and these are the respective
temperatures of the various streams. Now, with this information and assuming that
nonstoichiometric quantities of compounds enter and leave with the moles and
temperature shown in the table that means, these are on nonstoichiometry. Stoichiometry
says for each gram mole of carbon monoxide, we need only 0.5 gram mole of oxygen,
but what we are doing we are sending much more than that. So, here you see we are
sending much more than that ok. So, this oxygen is in excess ok. So, for 1 mole of
carbon monoxide, we need only 0.5 mole of oxygen that will rest 1 mole is remaining

unreacted and it will get out in the product stream.

(Refer Slide Time: 18:03)

Solution

Enthalpy change due to reaction, AH is given by
. AH = A gy ~ Ay

MMy, = Z A, BHy= Z M,
j=1 T, J=1

AH; = H(T;) - H;(25) = n; J Cpde I AH?J + Aﬁphase :hangn]
25

So, you can see here that net enthalpy change of the reaction is given by the change in
the enthalpy out and this for the reactant side ok. So, for the total enthalpy change in the

input is for all each of the species whatever enthalpy changes are there, we just sum it up.



And for the outgoing streams we sum it up all the enthalpy changes associated with each
of the products species ok. And we know that this is the delta H i which has the enthalpy
at the given temperature minus the enthalpy at the standard temperature, in this case that
is 25 degree centigrade. I am not writing this degree centigrade every time; by default we

are assuming that all the temperatures here are in degree centigrade.

Now, this particular thing is given by this particular equation. And you can see that in
this case there could be phase changes also. Suppose the reaction is happening in gaseous
phase, but product is coming out in the liquid phase or the reaction is in the liquid phase,
the product is coming in the gaseous phase. So, there will be some kind of phase changes
also involved ok. But in this particular example, there is no phase change. So, enthalpy
change due to phase change will be taken as 0 and rest of the things we shall be

accounting for.

(Refer Slide Time: 19:29)

Solution

* The specific heat may be estimated from the following correlation
¢y =a+bT+cT? +dr

The values of the parameters a, b, ¢, d are given in the following table

co 28,95 0.411 0.3548 2,220
co, 36.11 4233 -2.887 1.464
o, 25.10 1158 -0.6076 131

Cp isinkl/(kmol k), and T i in °C

So, again we see that the specific heat may be estimated for various types of correlations.
And in the data source, we find that the specific heat for the given components have been
given in terms of this polynomial equation. And in this a, b, ¢, d are specific for a given
component. And in this table, I have shown you the values of a, b, ¢ and d and here for
this particular values of a, b, c, d the unit of the specific heat is kilojoule per kilo mole
Kelvin and the temperature to be taken is in degree centigrade, So, you have to be very

careful whenever you are using any kind of correlation about the units ok.
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Solution  gasis 1gmol CO

No. ni' T(°c) | Standard heat | Sensible h.r,, Al = (AH04AR, ]
moles (g of formation mf - pram | lu]
mal) [n;] AH? (ld/g mol) e -rzs €T (/g mol)

h 10 5

-110.520 0 110520

o, 15 400 0 11.714 1757

out (€0, 10 300 -393.510 11577 -381.933
0, 10 300 0 8467 8467

Aﬁphase change = 0 for both reactats and products because both the rea
ants and the products are in gaseous phase

AH = A o —~AH;, = (-361.933+8.467) -(-110.520+17.571)
=-280.517 kI /g mol CO

-

Now, after that what we do that again we reproduce the table, only thing is this we now
put some extra values which we need to find out the enthalpy change. First we get the
values of the enthalpy of formation from the data table ok. Next is this we get the values
of the a, b, c, d as we have just shown you. And now we perform this particular

integration to find out the sensible heat contribution ok.

Now, we do this integration and we put the values of this integration values. This you can
perform very easily. And then we find out we simply add this value with this value for
each of the components over here, only thing is this now this we first we sum these two
values and then we multiply with the number of moles, so that we get total change ok,
because each of these values are giving for per unit mole. So, we multiplied by the total
number of moles to get the total change. So, after we see that this values also may be
getting modified especially for oxygen we find that this value is getting modified to this
value for rest of the components we find the values are remaining unchanged, because

the number of moles for them is 1.

Now, in this case as I told you the change in enthalpy due phase change is taken to be 0
because both the reactants and the products are in the gaseous phase. And now after
obtaining this total enthalpy change associated with the reactance and the product, what
we simply do, we first sum up the total enthalpy change on the product side and then

from that we subtract the total enthalpy change due to the reactants. And this is the value



we get for the total change in the enthalpy for one gram mole of CO. Now, please mind
the basis over here has been taken to be 1 gram mole of CO as per the question. But, if
we change the basis, if or for other thing we want to know the basis, then definitely these

values will also be changed ok.
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Now, as I told you these are the two references you can refer to for more information on

these concepts plus some more data which I have shown in the problems.

Thank you.



