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4.7-5 Energy Balance When the Products and
Reactants Are Not at 25°C

Your objectives in studying this
section are to be able to:

1. Calculate heats of reaction at other than the standard temperature.

2. Calculate how much material must be introduced into a system to
provide a prespecified quantity of heat transfer for the system.

3. Apply the general energy balance to processes involving reactions.

4. Determine the temperature of an incoming stream of material given
the exit stream temperature {when a reaction occurs).

You no doubt realize that the standard state of 25°C for the heats of formation is only
by accident the temperature at which the products enter and the reactants leave a
process. In most instances the temperatures of the materials entering and leaving
will be higher or lower than 25°C. However, since enthalpies (and hence heats of re-
action) are point functions, you can use Eq. (4.24a) together with Eq. (4.33),
(4.34), or (4.35), to answer questions about the process being analyzed. Typical
questions might be:

(a) What is the heat of reaction at a temperature other than 25°C, but still at
1 atm?

(b) What is the temperature of an incoming or exit stream?
{c) What is the temperature of the reaction?

- ~(d) "How much material must be introduced to-provide a-specified-amount-of heat-

transfer for the system?

Consider the process illustrated in Fig. 4.16, for which the reaction is
aA +bB —— cC+ dD

Nonstoichiometric amounts of reactants and products, respectively, enter and leave
the system.

In employing Eq. (4.24a) you should always first choose a reference state at
which the heats of formation are known. This usvally turns out to be 25°C and
1 atm. (If no reaction takes place, the reference state can be an inlet or outlet stream
temperature.) Then the next step is to calculate the enthalpy changes for each stream

i )

s A —_—] | —— fip C
Reactor Product
Reactants % Reaction at 7 A raducts
g B —e] n D

\0 =B Hn Figure 4.16 Process with reaction.




Sec. 4.7 Energy Balances with Chemical Reaction 455

entering and leaving relative to this reference state. Usually, it proves convenient in
calculating the enthalpy change to compute the sensible heat changes, the phase
changes, and the heat of reaction separately, but this arrangement is not essential,
Any phase changes taking place among the reactants or products not accounted
for in the heats of formation must be taken into account in applyiag the general
energy balance.

Because enthalpy is a state function, you can choose any path you want to exe-
cute the calculations for the overall enthalpy change in a process as long as you start
and finish at the specified initial and final states, respectively. Figure 4,17 illustrates
the idea. For example, suppose that the reference state is chosen to be 25°C and
1 atm, the state for which the AH?’s are known. Figure 4.17 indicates that the path
for the calculation for the reactants is from 7, (for A) and T (for B) to 25°C; next,
the heats of formation are used to get AH,, at 25°C and 1 atm employing A, B, C,
and D; and finally, the path for the products goes from 25°C to T¢ and Tp. In Fig.
4.17, Tc = Tp. Pressure effects can be included along with temperature effects on
the enthalpy, but we will omit consideration of the effect of pressure except for
problems in which the enthalpy data are retrieved from tables (such as the sieam ta-
bles) or data bases.
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Figure 4.17 Calculation of enthalpy changes for a process in which a re-
action takes place. The solid lines indicate an arbitrary selection of path
whereas the dashed lines figuratively indicate the actual path taken by the
materials—the actual path may not be known in practice.

We have discussed in earlier sections of this chapter methiods that you can use
to determine the sensible heat AH values for the individual streams:

(a) Obtain the enthalpy values from a set of published tables (e.g., the steam ta-
bles or tables such as in Appendix D).
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(b) Analytically, graphically, or numerically, find
T2
AH = J C, dl
Ty

for each component individually, using the respective heat capacity equations.
(c) Retrieve values from a data base.

Let us first demonstrate how to calculate the heat of reaction at a tempera-
ture other than 25°C. By this we mean that stoichiometric quantities of the reac-
tants enter and the products leave at the same temperature—a temperature different
from the standard state of 25°C in stoichiometric quantities. Figure 4.18 illustrates
the information flow for the calculations corresponding to those associated with Eq.
(4.33) assuming a steady-state process (AE = 0), no kinetic or potential energy
changes, and W = 0. The general energy balance [Eq. (4.24)] reduces to

Q = AH = [AH_? + A(H - Ho)]pmdums - [AH_? + A(H - HO)]reactam

or .
sensible

—_—
0 = (AHy — AHR) + (AHaur, ) (4.40)

in terms of the notation in Fig. 4.18. By definition, Q, as calculated by Eq. (4.40),
is equal to the “heat of reaction at the temperature T,” so that

AH,-,,.T = AH“‘“TM + AHpr — AHr (441)

To indicate a simplified way to calculate AHp — AHg, particularly using a computer
code, suppose that the heat capacity equations are expressed as

C,=oa + BT + T? (4.42)
" Then; to obtain AHr — AHR, we add up the sensible heat enthalpy.changes.for_the_
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Figure 4.18 Heat of reaction at a temperature other than standard condi-
tions.
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products and subtract those for the reactants. Rather than integrate separately, let us
consolidate like terms as follows. Each heat capacity equation is multiplied by the
proper number of moles:

aCp, = alas + BT + v T?) (4.43a)
bCpp = blag + BT + ¥ T (4.43b)
cCpe = clac + B.T + 7vTY (4.43¢)
dC,, = d(ap + BpT + wT? (4.434d)
Then we define a new term AC, which is equal to
original expression equivalent
new term

¢Cpe + dCpp, — (aC,, + bC,,) = AC,
and
[(cac + dap) — (aa, + bag)] = Aa
Tl(cBc + dBp) ~ (aBs + bBs)] = T AB (4.44)
T?[(cyc + dy) — (aya + bys)] = T? Ay
Simplified, ACr can be expressed as
AC, = Aa + ABT + AyI? (4.45)

Furthermore,

T T
AHp — AH0=f Ac,,dr=f (Ac + ABT + AyT?) dT
To A‘"o A (4.46)
= B - Ty + L - 19 + - 19

where we let Ty = Ts for simplicity.
If the integration is carried out without definite limits,

AHP - AHR = f (ACp) dl = AaT + A—éB'TZ + é‘:;)“’TS + C (447)

where C is the integration constant.
Finally, AH,, at the new temperature T is
AB.. 2 AY s 3
AHpop = AHMTO + Aa(T - Tp) + —2—(T - T3 + ?(T — T3 (4.48a)

or

AHow, = AHpap, + AeT + %éTz + %’Ti“ +C (4.48b)

as the case may be. Using Eq. (4.48a) and knowing AH., at the reference tempera-
ture 7o, you can easily calculate AH, at any other temperature.
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Equation {(4.48b) can be consolidated into

AHoop = AHp + AaT + %ETZ + A—;’Tﬂ (4.49)

where
AH[) - AHanD + C

Now, if AHns is known at any temperature T, you can calculate AH, as follows:
A
AHo = Moy — Ba(D) — 221 - 2o (.50)

Once you calculate the value of AHo, you can use it to calculate AH, at any other
temperature.

Probably the casiest way to compute the necessary enthalpy changes is to use
enthalpy data obtained directly from published tables or published formulas. Do not
forget to take into account phase changes, if they take place, in the enthalpy calcula-
tions. If there is a phase change in one or more of the streams entering or leaving the
process, you can conceptually think of the enthalpy changes that take place as
shown in Fig. 4.17 if the phase difference is not included in AH}. For example, if
the product of combustion is water vapor, use AH? for water vapor, not for liquid
water. Then the phase change from liquid water at 25°C to water vapor at 25°C auto-
matically is taken into account. Otherwise, AH of the phase change must be ac-
counted for separately by incorporating it into Eq. (4.46).

EXAMPLE 4.38 Calculation of Heat of Reaction at a Temperature Different from Standard
Conditions

. _...Aninventor thinks he has developed a new catalyst that can make the gas-phase reaction )
CO, + 4H, —— 2H,0 + CHy

proceed with 100% conversion. Estimate the heat that must be provided or removed if the
gases enter and leave at 500°C.

Solution

Figure 4.18 applies. In effect we need to calculate heat of reaction at 500°C from Eq. (4.41)
or @ in Eq. (4.40). For illustrative purposes we use the technique based on Egs. (4.49) and
(4.50). At standard conditions

Basis: 1 g mol of CO(g)

Tabulated data CO:(g) Hig) H,0(g) CH,(g)
—AH3()ig mol) 393,513 0 241,826 74,848

Aﬁngsx = [—74,848 — 2(241,826)] — [4(0) — 393,513]
= 164,987 J/g mol CO,
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First we shall calculate AC,; units are (gmiw
Coca, = 26.75 + 42.26 X 107°T — 14.25 x 107°T* TinK
Con, = 26.88 + 4.35 X 107°T — 0.33 X 1067 TinK
Como = 29.16 + 14.49 X 10737 — 2.02 x 107577 TinK

Cocn, = 13.41 + 77.03 X 10T — 18.74 X 10797* TinK
Aa = [1(13.41) + 2(29.16)] — [1(26.75) + 4(26.88)]

= —62.54

Ap = [1(77.03) + 2(14.49)](107%) — [1(42.26) + 4(4.35)](1073)
= 46.35 x 1073

Ay = [1{—18.74) + 2(—2.02)](107%) — [1(—14.25) + 4(—0.33)](10°%)
= —7.21 X 10°¢

AC, = ~62.54 + 46.35 X 10737 — 7.21 X 10672

Next we find AH,, using as a reference temperature 298 K.

AHy = AH,, — AT %Tz - A—;’T3
46.35 x 1073
~ ~164,987 — [(—62.54)(298) + #——(298)2
-7, X —6
L7 213 10 (298)3]

—164,987 + 18,637 — 2058 + 64 = —148,345 J/g mol CO,(g)
Then, with AH, known, the AH, at 773 K can be determined.

A
AH""“’:‘?BK = AHo +Aa T + ATBTZ + %Ta
46.35 x 1072

= —148,345 + [—62.54(773) + i%5_2_(773)2

_ -6

L Z721 X 10 (773)3]
3

= —183,9501 = @

Hence 183,950 J/g mol CO; must be removed.

EXAMPLE 4.39 Calculation of Heat of Reaction at a Temperature Different from Standard
Conditions

Repeat the calculation of the preceding example using enthalpy values from Table 4.4 and
Appendix D. Use linear interpolation in the tables,
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Solution
The heat of reaction at 25°C and 1 atm from the preceding example is

N i
AH“"Z?SK = "'164,987m

From Tables 1.2 and 4.4b, AH (J/g mol) values are [reference is 0°C (273 K)]:

Temp. (°C) CO, H, H.O CH,
25 912 718 837 879
500 22,345 14,615 17,795 24,014

_ From Eq. (4.41),

AHnngyye = AHompge + Ayosoes — AHisucns

164,987 + [(1)(24,014 — 879) + (2)(17,795 — 837)]
~[(1)(22,345 — 912) + (4)(14,615) — 718)]

_ &
kg mol CO,

Note that the enthalpies of the products and of the reactants are both based on the reference
temperature of 25°C. The answer is not quite the same as in Example 4.38 because the heat
capacity data used there were not quite the same as those used in calculating the AH values in
the tables, and because of the use of linear interpolation in the tables.

—184,957

In most processes with reaction, the temperature of the entering materials and
. exit materials is not the same. Such cases can be represented by an information dia-
gram such as Fig. 4.19. Equation (4.40) still applies. Phase changes must still be in-

cluded, if applicable, as explained previously.

EXAMPLE 4.40 Application of the Energy Balance to a Process in which the Temperatures of
the Entering and Exit Streams Differ

Carbon monoxide at 50°F is completely burned at 2 atm pressure with 50% excess air that is
at 1000°F. The products of combustion leave the combustion chamber at 800°F. Calculate the
heat evolved from the combustion chamber expressed as British thermal units per pound of
CO entering.

Solution

Steps 1, 2, and 3 Refer to Fig. E4.40a. A material balance is needed before an en-
ergy balance can be made.
Step 4

Basis: 1 1b mol of CO (easier to use than 1 Ib of CO)



