Chapter 17. Reaction Equilibria

K, = [Jo:P)" (ig) 17.1

1. Ascertain how many phases are present and the method to be used for the equilibrium
calculations. Our initial examples will use only a gas phase and determine equilibrium
compositions using an equilibrium constant method. Later we will show how to use liquid
and solid phases and how to use the Gibbs energy directly.

2. Use standard state properties to obtain the value of the equilibrium constant at the
reaction temperature, or for the Gibbs minimization method find the Gibbs energies of the
species. Usually this consists of two substeps:

a. Perform a calculation using the standard state Gibbs energies at a reference
temperature and pressure.

b. Correct the temperature (and pressure for Gibbs method) to the reaction conditions.

3. Perform a material balance on the reactant and product species and relate the
composition to the equilibrium constant or standard state properties from steps (1) and (2).

4. Solve for the equilibrium compositions.



17.7

17.22

Practice Problems 17.1, 17.4, 17.9
Test-yourself’s OK but short



Example 17.1. Computing the reaction coordinate
CO and H, are fed to a reactor in a ratio of 2:1 at 500 K and 20 bar, where the equilibrium
constant is K, = 0.00581. (We will illustrate how to calculate K, in Section 17.7.)
CO(,)*+ 2H,,) & CH30H

Compute the equilibrium conversion of CO.

Solution

In the expression for K, we insert each y; P with the appropriate exponent and then insert the
numerical value of pressure:



Ko = Gen,onP)' 0eoP) ' 0y, P) 2 17.2

Fosi.onl 5
0.00581 = — O _ b1 p =20 bar = —uH

YcoP Oy, P)” YcoVh

= 0.00581P2 = 2.32

To relate the composition to the mass balance, we select a basis and use the reaction coordinate.

Basis: 2 mole CO fed. Note the excess CO at the feed conditions. The reaction coordinate and
method of selecting a basis have already been introduced in Section 3.6. The stoichiometry table

becomes
nco = 2-¢
My, = 1-2¢£
ACH30H = '3
nr = 3-2¢

Note that all » values must stay positive, constraining the range for a physically acceptable solution
to be 0 < <0.5. The mole fractions can be written in terms of  using the stoichiometry table.

=28 = =12 = & 17.3

Yco ¢ YH, 3_253 YCH,OH 3-2

[ ATy

3
Substituting the mole fractions into the equilibrium constant expression,

-
)4

B

B-29) _ -23 = S6-29 _,3 17.4
2-5(1-28? 2-5(1-28?
(3-2%°
Rearranging = A9 =232- (2- &(1-282-&3-28° = 0 17.5

A trial-and-error solution is much more robust by using the difference of Eqn. 17.5 rather than the
ratio of Eqn. 17.4. We solve by trial and error and substitute to get { recalling 0 <{ < 0.5. A summary
of guesses:

$ A9

0.10 204
0.25 -0.548

0.20 0.151
0.2099 0.0006

At reaction equilibrium for the given feed conditions, equilibrium is represented by { = 0.21. Now
may be used to find the y’s. The conversion of CO is 0.21/2-100% = 10.5%: conversion of
H, is 2(0.21)/1-100% = 42%. Note the conversion is species-dependent with nonstoichiometric feed.

Conversion can be increased further by increasing the pressure further, or by changing 7 where K, is
larger, provided a catalyst is available and kinetics are adequate at that 7.



This example demonstrates the method to use K, to calculate the reaction coordinate. Readers

should note that the value of K, 1s fixed at a given temperature, but the equilibrium value of { may

vary for different feed conditions and often pressure for gas phase reactions as we will show in other
examples. To relate the equilibrium conditions to reaction engineering textbooks, we note that most
reaction engineering textbooks use conversion rather than reaction coordinate to track reaction
progress. By convention, conversion is tracked for the limiting species (the species used up first at
the value of { closest to zero in the direction of the reaction). A relation is shown in the footnote of

Section 3.6.



17.2. Reaction Equilibrium Constraint

dG = - §dT+VdP+ ) pdn, (Recall w,=(@G/on);,,,) 17.6

I

The fact that species are being created or consumed by a reaction does not alter this equation. At
constant temperature and pressure, the first two terms on the right-hand side drop out:+

dG = Y pdn, 17.7

i

Substituting the definition of reaction coordinate from Eqn. 3.39.

dG = Y pvdé 17.8

i

Because G is minimized at equilibrium at fixed 7 and P, the derivative with respect to reaction
coordinate 1s zero:

dG/dé = D pv; = 0 17.9
i



V;

0= (Zvin)/(RT) + Z In [fﬂ (equilibrium constraint) 17.12
/
a.=— 17.13
! f;o

D In fi = ¥ In(a)" = m][]a)" 17.14

k.= ] lah = H # 17.15

0= (Z v,.Gl?)/(RT)*- InK, or cxp({z V,-G,?)/(RT)] =K 17.16
i i



The Equilibrium Constant for Ideal Gases

V. “
/ j“ 0} )
= H";' = H f—'o - H(v,-l’)"' (ig) 17.17
] i i i

17.4. The Standard State Gibbs Energy of Reaction

A(;‘;:Zvo = Y |vjaGg- Y |vjaGy,

i products reactants

AGy = Zv,.AG";,. 17.19

i

exp(-AG7/(RT)) = K, 17.20




Example 17.2. Calculation of standard state Gibbs energy of reaction
Butadiene is prepared by the gas phase catalytic dehydrogenation of 1-butene:

_)
C4H8(g) - C4H6(g)+H2(g)

Calculate the standard state Gibbs energy of reaction and the equilibrium constant at 298.15 K.

Solution

We find values tabulated for the standard state enthalpies of formation and standard state Gibbs
energy of formation at 298.15 K.

Compound AHS 595 15 (J/mole) AGY 595 15 (J/mole)
| -butene (g) -540 70,240
1,3-butadiene (g) 109,240 149,730
Hydrogen (g) 0 0
AGog 5= 149,730 + 0 - 70,240 = 79,490 J/mole

The equilibrium constant is determined from Eqn. 17.16;

_A(;(.’)‘)S.lS ( ~79. 490 -14 .
e"p(T e 8.3]4(298.15)) = AN = B s

This reaction is not favorable at room temperature because the equilibrium constant is small.




Composition and Pressure Independence of K,

Le Chatelier’s principle

(IT>")P™ = &, (ig) 17.21



Example 17.3. Butadiene production in the presence of inerts

Consider again the butadiene reaction of Example 17.2 on page 648. Butadiene 1s prepared by the
gas phase catalytic dehydrogenation of 1-butene, at 900 K and | bar.

-
C4H8(g) « C4H6(g)+ H2(g)

a. In order to suppress side reactions, the butene is diluted with steam before it passes into
the reactor. Estimate the conversion of |-butene for a feed consisting of 10 moles of steam

per mole of 1-butene.
b. Find the conversion if the inerts were absent and side reactions are ignored.

c. Find the total pressure that would be required to obtain the same conversion as in(a) if
no inerts were present.

In the earlier example, we determined the value at 298.15 K for AG, . Now we need
a value at 900 K. The next section explains how the value at 900 K may be obtained.

For now, use the following data for AGy(Klimole) 2+ 900 K and 1 bar:

Component _\(;, 900 (kJ/mole)
1.3 Butadiene 243474

1-Butene 232854
Hydrogen 0

Solution
AGogo= 243474 — 232.854 = 10.62 kJ/mole

K, = exp(-AG gy, [RT) = 0242
a. Basis of | mole 1-butene feed. Set up reaction coordinate, using / to indicate inerts..
", 1-&
C,Hg B




a. Basis of 1 mole 1-butene feed. Set up reaction coordinate, using / to indicate inerts,.

Re, M, 1-¢

CH, 3

ny, 4

m 10

ny | |~+ & )
242 = _L)' :(l__i

0.24 [”';1 1109

The physical range of the solutionis 0 <E< 1. P=1bar= 1.242&>+242¢&—
2.662 =0 = £ =0.784. For the basis of | mol 1-butene feed, the conversion is 78.4%.

b. n;= 0 and the basis of feed 1s the same and 0 < £ < 1. The total number of moles i1s ny= 1
+&; 1.2428% - 0.242 = 0; £ = 0.44, so conversion decreases to 44% without inert.

¢. Rearranging the equilibrium expression for pressure, P~/ =&%/[0.242 - (1-&) - (1 +
£,0=C=1.

Inserting a reaction coordinate of £ = 0.784 gives P = 0.152 bar. So the reaction
would need to run at a much lower pressure without the inerts to achieve the same
conversion. In other words, inerts serve to dilute the fugacities of the products and
suppress the reverse reaction since there are more moles of product than reactant.



17.6. Determining the Spontaneity of Reactions

R U 7 7 o o y <

£,
Z ViU, = Z v,G? + RTZ v',lnlif;] 17.22
2. vikh

The term + on the left side is called the Gibbs energy of reaction and is given the symbol
AGy. Note that this is a different term than the standard state Gibbs energy of reaction (the second

term) that uses the superscript °. Thus, we can write,

v

-~

/ il
AG, = AG7 + RTE v,ln[f—'o = AGp + RTlnI I f_’° (general relation) 17.23
i ! i !

-~

‘0 . - . . . N .
hA¢7 <Y is called exergonic and results in K, > 1, and a reaction with 2“7~ ¥ is

A reaction wit
called endergonic, resulting in K, < 1. This provides an indication of whether the equilibrium favors
products or reactants, but does not mean that reactions with small values of K, cannot be conducted
industrially. For example, Example 17.1 involved a small K, (thus endergonic with 297> 7)_yet the
conversion of H, was 42%. The propensity for the reaction to go forward or backward depends
instead on the Gibbs energy of reaction AGy at the concentrations represented by the fugacity ratios. If
the conditions provide AG;< 0, then the Gibbs energy is lowered when the reaction proceeds in the
forward direction. If we evaluate conditions and AG> 0, then the reaction goes in the reverse

direction than what we have written. In either case, the concentrations adjust until the system reaches
the equilibrium condition, AG;= 0, and then Eqn. 17.12 applies. In summary, the direction a reaction



proceeds is determined by AG, not by AGF Note when evaluating the fugacity term for determining

spontaneity that the actual conditions are used, not the equilibrium conditions. At the feed conditions
of Example 17.1, ycy o = 0, which ensures AGr< 0 at the feed conditions even though AGE>0

O The propensity for a reaction to go forward or backward under actual conditions is
determined by AG, not AGy,




17.7. Temperature Dependence of K,

classical thermodynamics to the change in Gibbs energy with respect to temperature using the Gibbs-
Helmbholtz relation,

OAG/RT) _ L(2MG) _AG _ &S _(AH _AS) _ -AMH —
orT RT\ T /p RT2 RT ‘“R72 RT RT2 '
which results in the van’t Hoff equation:

&(AG;°/RT)  &(-InK,) -AH° p—
T orT RTZ &

— JJ i N S Ak 17.26

= — + = -InK, = - ~InkK, 2

RT r, RT? RTp v . RT?2 aR




=AH‘,;+Aa(T-TR)+A—b(T2 )+—(T3 73)+AT‘!(1“ 7")

J+AaT+ —2-r+—r’ Ad 4

- K, - J _Aa, . AT _AcT> AdT 1798

RT R 2R 6R 12R




Example 17.4. Equilibrium constant as a function of temperature

The heat capacities of ethanol, ethylene, and water can be expressed as Cp = a + bT + ¢T° + dT?

where values for @, b, ¢, and d are given below along with standard energies of formation. Calculate

the equilibrium constant [€XP (-AG/RD] for the vapor phase hydration of ethylene at 145°C and 320°C.
CHyy+H0p 2 C,HsOHg,

AHj 05 | AGraes | b ¢ d
kJ/mol kJ/mol
Ethylene 5251 68.43 |3.806|1.566E-01 | —8.348E-05| 1.755E-08
Water | —241.835 | —228.614 |32.24|1.924E-03| 1.055E-05 |—3.596E-09
Ethanol | —234.95 | —167.73 |9.014|2.141E-01|—8.390E-05| 1.373E-09

Solution
C,H, +H,0 > C,HOH

7 -1 -1 +1

K The workbook Kcalc.xlsx or MATLAB Kcalc.m are helpful in doing these
calculations.

Taking 298.15 K as the reference temperature,

AHp = AHjgq s =-234.95 - [52.51 + (-241.835)] = - 45,625 J/mole
AGp = AGagg 15 =—167.73 — [68.43 + (-228.614)] = ~7546 J/mole




Solution
C:*'l_.‘ + l"l:() :’ Czl’{s()‘l

-1 -1 +1

& The workbook Kcalc.xlsx or MATLAB Kcalc.m are helpful in doing these
calculations.

Taking 298.15 K as the reference temperature,

..\H,o( - v.\l‘lggs 15 = =234.95 ~ [52.51 + (-241.835)] = - 45,625 J/mole
;\(}k - ‘\("59815 =-167.73 - [68.43 + (-228.614)] = -7546 Jmole

The variable J may be found with Egn, 3.46 on page 113 at 298.15 K.
AH,gz ;5° = 45,625 = J+ AaT + (Ab/2)-T? + (Ac/3)- T + (Ad/4)T? = J+(9.014 — 3.806 — 32.24)

T+[(0.2141 —0.1566 — 0.0019)/2] 77 + [(-8.39 + 8.348 — 1.055)(1E-5)/3] T° + [(1.373 -17.55 +
3.596)(1E-9)/4] T*

=J—-27.032 T+0.02779 T2 — (3.657E-6)T° — (3.145E-9)T*
Plugging in 7= 298.15 K, and solving for J, J=-39.914 kJ/mole. Using this result in Egn. 17.28 at
298.15 K will yield the variable /.
AG{’/RT=-39914/(8.314-7) +27.032/8.314 In T — [(5.558E-2)/(2-8.314)] T +[(1.097E-
5)/(6-8.314)]7° + [(1.258E-8)/(12-8.314)]° + 1
Plugging in AGR? at 298.15K, AG;”/RT = —7546/8.314/298.15 = 3.0442. Plugging in for 7 on the
right-hand side results in / = —4.494.

The resultant formula to calculate 2“7 at any temperature is
AG}: -39914 +27.0327In 7~ 0.0278 72 + (1.828E-6)7 > + (1.048E-9)7* - 37.363 T

at 145°C  AG=7997 J/mol = K, = 0.1002;

at 320°C A(i;‘ = 31,045 J/mol = K, = 0.00185



17.8. Shortcut Estimation of Temperature Effects

what we refer to as the shortcut van’t Hoff equation:

K AGR° AG;° -AHR°(1 1
K, RT, RT R \T T

Exothermic
Reaction

Endothermic
Reaction

at Equilibrium

g
»

Temperature

Figure 17.1. Qualitative be havior of e quilibrium conversion for exothe rmic and endothermic
reactions.



Example 17.5. Application of the shortcut van’t Hoff equation

Apply the shortcut approximation to the vapor phase hydration of ethylene. This reaction has been
studied 1n the previous example, and the Gibbs energy of reaction and heat of reaction can be
obtained from that example.

Solution
K, 08 15 = eXp(7546/8.314/298) = 21.03

al

| Na 45,625(1 1 ))
2103) 8314 \7 29815

K, =0.106 at 145°C; K, = 0.0022 at 320°C

The results are very similar to the answer obtained by the general van’t Hoff equation in Example
174.



17.9. Visualizing Multiple Equilibrium Constants

60 T QO
C
050, + ¢ « 0
"O > C“‘ T -“-
- ) » -S“: &
20 CO2 v+ 20,0
- — (‘0:0 ‘,‘l: - ,
-~ e D CO+H,0 2 CO,*H,
- %-t ,O > - -
.\ - o CO 4+ CH, ~* ¢
< 20 H, ™4 < C+2H,
= 40 27C S 6
.80 () ‘ 0.5() - & 05()
=100
0.5 | 1.5 2 2.5 3 35

1000/ T (K)
Figure 17.2. Graphical analysis of competing reactions.

néarly linear as would be approximated by the short-cut van’t Hoff. Exothermic reactions have a
negative slope and endothermic reactions have a positive slope. When dealing frequently with a set of



Reaction

£ -
Hy0g) + C5) « COg) + Hy(q)

COyg) + 4Ha(g) = CHyg) +2H;0,

CO,, +H,0 CO,(g)+ H,(g)

(2)
COyg) * Cis) < 2CO0¢,,

(g) «

_)
s) « COg)

CH4(g) « C(s)+ 2H"(g)

0.502( %) +C

COxg) +2Hy(g) < Cs) *2H0()

H,0 +0.50,,,

@ < Hag)

COz(g) Bl +O.502(g)

(2)

Name
Syngas
Sabatier
Water-gas shift
Boudouard
Partial oxidation
Methane pyrolysis
Bosch
Water decomposition

CO oxidation

17.30

17.31

17.32

17.33

17.34
17.35

17.36
17.37

17.38



17.10. Solving Equilibria for Multiple Reactions

Example 17.6. Simultaneous reactions that can be solved by hand

We can occasionally come across multiple reactions which can be solved without a computer.
These are generally limited to textbook problems, but provide a starting point and test case for
applying the general approach. Consider the two series/parallel gas phase reactions:

A+B 2 C+D K, =2.667
A+C 2 2E K, =3.200
The reactions are considered series reactions because C is a product of the first reaction, but a
reactant in the second. They are parallel because A4 is a reactant in both reactions. The pressure in the

reactor 1s 10 bar, and the feed consists of 2 moles of 4 and 1 mole of B. Calculate the composition of
the reaction mixture if equilibrium is reached with respect to both reactions.

Solution

The material balance gives:
na=2-61— &
ng=1-¢
nc= G —&
np= &
ng = 28

¢ { v 3




ng=1-¢

nc= 6 —&

np= &

ng = 26,
ny =

Note that for a physical solution, 0 <&, < I, 0 <&, < ¢, to ensure that all mole numbers are
positive. This reaction network i1s independent of P because Xv; = 0. The equilibrium constants are

;2 p2

y ’ 2
"' ( '} I)I _‘ ,..

= 2667 and . 3.200 ; or in terms of reaction coordinates,
}) V 1’2 },r Vv ‘I.’a-
A'B ) o AC i

- (—§| ":3)51 - 2667 457

2-& -8

&) 2-§-5)E5-5)
Solving the first equation for &, using the quadratic equation,

= 3.2

£ =24-115- J24-1.15)2-1.6(2- &) 17.39

Similarly, for the second reaction,

$ =-4+ [16+4£,(2-¢) 17.40



& MATLAB Ex17 06.m.

We may now solve by trial and error. The procedure 1s: 1) guess £;: 2) solve Eqn. 17.40 for &5; 3)
solve Eqn, 17.39 for &1™™; 4) if 1" # <1, go to step 1. The iterations are summarized below.

é 3 s
1.0000 04721 0.8355
0.8355 0.4600 0.8342
0.8342 0.4598 0.83415

Further iteration results in no further significant change.

These equations were amenable to the quadratic formula, but in general equilibrium criteria can be
more complicated. Fortunately, standard programs available that are formulated to solve numerically
multiple nonlinear systems of equations, so we can concentrate on applying the program to
thermodynamics instead of developing the numerical analysis. Many software packages like
Mathematica, Mathcad, MATLAB, and even Excel offer the capability to solve nonlinear systems of
equations. Excel provides an especially convenient basis for illustrating the methods presented here.




Example 17.7. Solving multireaction equilibria with Excel

Methanol has a lower vapor pressure than gasoline. That can make 1t difficult to start a car fueled
by pure methanol. One potential solution 1s to convert some of the methanol to methyl ether in situ

during the start-up phase of the process (1.e., automobile). At a given temperature, 1 mole of MeOH 1s
fed to a reactor at atmospheric pressure. It is assumed that only the two reactions given below take
place. Compute the extents of the two simultaneous reactions over a range of temperatures from
200°C to 300°C. Also include the equilibrium mole fractions of the various species.

CH40H, | 2 CO,,+2H,,, (1)

(g) ¢
.__)
2CH,0OH CH3OCH3(g)+H20(K) (2)

(g) ¢



Solution
A worksheet used for this solution is available in the workbook Rxns.xlsx.

Data for reaction (1) have been tabulated by Reactions Ltd.2—at 473.15 K, AH;= 96,865 J/mol
and InK,; ,7; = 3.8205. Over the temperature range of interest we can apply the shortcut van’t Hoff
equation assuming constant heat of reaction using the data at 200°C as a reference.

968651 1 ). e
nKa 8.314('1' 473.15) S

Data for reaction (2) can be obtained from Appendix E for MeOH and water. For DME, the values
are from Reid et al. (1987).

Component AH ; kJ/mole AG ; kJ/mole
MeOH =2 20094 -162.24
H-0 1 -241.835 -228.614
MeOMe 1 —-184.2 -113.0
-24.155 -17.134

The shortcut van’t Hoftf equation for this reaction gives:

at 298 K, anulm” : 83+(%_’498) 69156
, 24. 155/ 1 |
v o - - g - .9
InK 8.3]4(7' 298.15) SN



Material balances:

Specie Initial Final

| McOH 1 1=& =25
2C0 0 &

3 H, 0 2§
4MeOMe 0 &

5 H,0 0 )

Total | | + 24:|

Writing equations for reaction coordinates for reaction 1:

47 ;
. =K, = 457 -K, (1-§-25) (1+25P=0="errl"
(-§-25)0+2§)P ° )
and for reaction 2:
£2
s KD & Ka (15287 =0= e
— o1 T +92)"

These two equations are solved simultaneously for £; and &,. We have rearranged the objective

functions to eliminate the ratios of £ functions and use differences instead because the Excel Solver is
much more robust with this mathematical form. The solution is implemented in the worksheet
DUALRXN in Rxns.xIsx or Matlab Ex17_07.m. In the example here (see Eig. 17.3), the ACj, for both
reactions is neglected. The equations derived above are entered directly into the cells, and the Solver
tool is called.* You will need to designate one of the reaction equations as the target cell, the value of
which is set to zero. The other reaction equation should be designated as a constraint (also set to
zero). The cells with the reaction coordinates are the variables to be changed to obtain a solution.
Under “options,” you may want to specify the “conjugate™ method, since that generally seems to
converge more robustly for the reacting systems typically encountered. Generally, the Solver tool will
require a reasonably accurate initial guess to keep it from converging on absurd results (e.g., y; <0).

The initial guess can be easily developed by varying the values in the reaction-extent cells until the
target cells move in the right direction. It sounds difficult, but the given worksheet will get you

started, then you can experiment with initial guesses and experience how good your initial guesses
need to be.

& Rxns xIsx, Worksheet DUALRXN of MATLAB Exl 7 07.m.




Sample solution of two simultaneous reactions:
CH:,OH - C0+2H2

2CH30H = CH3OCH3+H20
(Details of input equations described in text by Elliott and Lira)

T(K) 473 493 513 533 553 573
Ka 45272 122.971 308.986 724.512 1597.281 3332.341

Kia 27.4786 21.4179 17.0214 13.7627 11.3002 9.4069
& 0.9048 09651 09870 09951 09979 0.9991
€2 0.0435 0.0158 0.0058 0.0022 0.0009 0.0004
y+ 0.0030 0.0012 0.0005 0.0002 0.0001 0.0000
y. 0.3220 0.3294 0.3319 0.3328 0.3331 0.3332
y: 06441 06587 0.6637 06656 0.6662 0.6665
Y« 0.0155 0.0054 0.0020 0.0007 0.0003 0.0001
Ys  0.0155 0.0054 0.0020 0.0007 0.0003 0.0001

Objective Functions
errl1  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
err2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Figure 17.3. Worksheet DUALRXN from workbook Rxns.xlIsx for Example 17.7 showing
converged answers at several temperatures.



17.11. Driving Reactions by Chemical Coupling

Example 17.8. Chemical coupling to induce conversion
Example 17.3(a) considered use of steam as a diluent where the conversion was found to be 78%

using 10 moles of steam as diluent and only 44% without the diluent. Consider the conversion by
inducing higher conversion by replacing the 10 mole steam with 10 mole CO, which adds the water-

. . . . ston T H, : () +ll O
gas shift reaction. For the water-gas shift written as COxp* Hag « € @ K,,=0.441 at

900 K. What is the conversion of 1-butene at 900 K and | bar?

Solution

The butadiene reaction has been written in Example 17.3(a) and &, will be used for that -butene
reaction and &, will be used for the water-gas shift reaction. The stoichiometry table is,

e H, =&
e, H, S
My, s~ &
co, 10-&
fco =
11,0 &2
ny 11+ ¢
. - .
Ka1 = 0242 = (]]ilgl)(lsll ’:'l) [n +>§l) -

0.242(1 -8+ &) - (5 -&) = 0 17.4]



';:;
K, = 0441 = - -
e (10—§|)(~f|—§2)
Physical limits for the reaction coordinatesare 0 <&; <1 and 0 <&, <¢&,. Solving Eqns. 17.41 and
17.42 simultaneously, we find &; = 0.949 and &, = 0.792. Reviewing previous examples, the

conversion at |1 bar was only 44% without an inert, increased to 78% with an inert, and increased to
95% using CO, to induce conversion by reaction coupling. Note that even though the water-gas shift

equilibrium constant is not very large, it makes a significant difference in the conversion of [-butene.
Whether this is implemented depends on the feasibility of economically separating the products.

or 0.441(10-&,)(&,-&)-& =0 17.42



Chemical coupling can be classified in three ways: (1) induction, where a second reaction “pulls™
a desired reaction by removing a product as in Example 17.8; (2) pumping, where the second reaction
creates additional reactant for the desired reaction to “pump’; or (3) complex, where both induction
and pumping are operative.2 An example of chemical pumping starts with the reaction of methyl
chloride and water to form methanol and hydrochloric acid.

CH;Cl, + Hy0y & CH;0H,, + HC K400~ 107 17.43
By adding the methyl chloride synthesis reaction,
CHy)+ Clygy o CH;Cl, + HClg, K (400) ~ 10° 17.44

This overall reaction becomes (adding the reactions, and take the product of the K s):
CHyg + Cly + HyOy 2 CH;0H(g + 2HCI K_(400) ~ 10° 17.45

The large equilibrium constant of 17.44 forms CH3Cl,, readily, to pump reaction 17.43 via Le

Chatelier’s principle. Through chemical coupling, the prospects of developing a feasible reaction
network are virtually endless.



17.12. Energy Balances for Reactions

Adiabatic Reactors

The energy balance for a steady-state adiabatic flow reactor is given in Egn. 3.53 on page 118. The

variables 77" and  from the energy balance also appear in the equilibrium constraint that will govern
maximum conversion. Earlier, in Chapter 3, we considered the reaction coordinate to be specified.
However, in a reaction-limited adiabatic reactor, we must solve the energy balance together with the
equilibrium constraint to simultaneously determine the maximum conversion and adiabatic outlet
temperature. Using the energy balance from Egn. 3.53, do the following.

1. Write the energy balance, Eqn 3.53. Calculate the enthalpy of the inlet components at 7.

2. Guess the outlet temperature, 7°*. Calculate the enthalpy of the outlet components at
Tvut.

3. Determine = at 7' using the chemical equilibrium constant constraint.

)

4. Calculate =™k for this conversion.
5. Check the energy balance for closure.
6. If the energy balance does not close, go to step 2.

As you might expect, this type of calculation lends itself to numerical solution, such as the Solver
in Excel.

]

’ TII' r'-l .
o= Y i Cpar- ¥ w"[  cpdr-camy 3.53
g B

components components



Adiabatic Reactors

Suppose that a reactor is adiabatic (€ = %), For the Heat of Reaction method, the energy balance
becomes (for a reaction without phase transformations between 7 and the inlets or outlets),

in

. T 7..r‘n-l )
AN v LOul v
0= Y i L_R CpdT- Y i jr, Cp AT - EAH 3.53

componenls componenits

and as before, any latent heats must be added to the flow terms. An exothermic heat of reaction will
raise the outlet temperature above the inlet temperature. For an endothermic heat of reaction, the
outlet temperature will be below the inlet temperature. At steady state, the system finds a temperature
where the heat of reaction is just absorbed by the enthalpies of the process streams. This temperature
1s known as the adiabatic reaction temperature, and the maximum reactor temperature change is
dependent on the kinetics and reaction time, or on equilibrium. For fixed quantities and temperature of
feed, Eqn. 3.53 involves two unknowns, 7% and &, and, if the reaction is not limited by equilibrium,
the kinetic model and reaction time determine these variables. If a reaction time is sufficiently large,
equilibrium may be approached. Equilibrium reactors will be considered in Chapter 7.



Example 17.9. Adiabatic reaction in an ammonia reactor

Estimate the outlet temperature and equilibrium mole fraction of ammonia synthesized froma
stoichiometric ratio of N, and H, fed at 400 K and reacted at 100 bar. How would these change 1f the
pressure was 200 bar?

Solution
For a rough estimate we will use the shortcut approximation of temperature effects. Furthermore,
we will assume K = 1. (Is this a good approximation or not?#) Therefore we obtain,

- 314
PK,=yms/ [('n2) )]
Basis: Stoichiometric ratio in feed.

§=30-9siigy, = &g’ =2-§ 1746

For the purposes of the example, the shortcut van’t Hoff equation will be used to iterate on the
adiabatic reactor temperature. However, the full van’t Hoff method will be used to obtain *7ses and
A mear at an estimated nearby temperature 7, = 600K as suggested in Section 17.8. Then the

near
shortcut van’t Hoff equation will be used over a limited temperature range for less error. The energy

balance will also use *¥rmear; we will create an energy balance path through 7,,,,, = 600K rather than

298.15K. We will compare the approximate answer with the full van’t Hoff method at the end of the
example.



. AG; = -16,401.3 Ymol AH’ ., = ¢ . .
For ammonia, ~ /29815 i AH 298 15 = —45.940 J/mol Since the reactants are in the pure state,

the respective reactant formation values are zero, and therefore the formation values for ammonia
represent the standard state values for the reaction. Inserting the formation values along with the heat
capacities into the detailed van’t Hoff equation—one of the K, calculators highlighted in the margin
note to Example 17.4 on page 653 is used—at an assumed temperature of 600 K, the values obtained
are Moo =~ 51413 Jmol gnd K = 0.0417659. Then the shortcut van't Hoff in the vicinity will be

Kt 51.413/1 1
: = 2L4131 1 7.47
'"(0.0417659) 8314 (r &0 :

From an assumed value of 7, this equation will provide the equilibrium constant. Some
manipulation is necessary to obtain the material balance from K, . Plugging the mole fraction

expressions into Egn, 17.17, and collecting the fractions 1/2 and 3/2,

: (1-&? 4
defining M @PA",_T = M+ 1)E - 2M+ 1)E+M - o:>;=3-2.7;'¢[—w"" 1) -0
Applying the quadratic formula,
2 * +
Fo2EHACAMIAEM) _ 370+ M) 17.48

”
.-

The strategy will be to guess 7, and calculate K, 7, M, and . & will be used in Eqn. 17.46 to

perform the material balance. The material balance will be combined with the energy balance using
the Heat of Reaction method (¢f. Example 3.6), until the energy balance closes as represented by:

- re :
Fh= ¥ f:j."_[r CpdT- ¥ r’z:-""IT Cp AT-EAH =0 1749
R R

components components



The strategy will be to guess 7, and calculate K, 7, M, and =. = will be used in Eqn. 17.46 to

perform the material balance. The material balance will be combined with the energy balance using
the Heat of Reaction method (¢f. Example 3.6), until the energy balance closes as represented by:

” ot

o 14 .
Fh= Y f:j."jr CpdT- ¥ r’r}""IT Cp dT-CAHp =0 1749
R

componenis R componenlis

Heat capacity integrals and the energy balance have been entered in the workbook Rxns.xIsx. At the
initial guess of 600 K, the F(7) of Eqn. 17.49 1s 19.4 kJ. A converged result 1s found at 699 K shown

in Fig, 17.4 and the & = 0.33, conversion of feed is 33%. At 200 bar, the answer is 739 K, and
conversion is 38%.

Adiabatic Synthesis of Ammonia Protected without a password
Feed Temperature (K) 400
Outlet Temperature(K) 699.07 AH% 20 AG°se Heat Capacity Constants
P(bar) 100 (kJ/mol)  (kJ/mol) a b c d
Ta(K) 600 K H2 0 0 271E+01 927E-03 -138E-05 7.65E-09
Standard State Hxn(Tg) 51413 J/imol N2 0 0 3.12E+01 -1.36E-02 268E-05 -1.17E-08
Ka (Tg) 0.04177 NH3 -4594 -16.4013 273E+01 238E-02 171E-05 -1.19E-08
In[K, (T)] -4 63623 A -4594 -164013
K, at reaction T 0.00969 M 1.259311 & 0.3347085
Inlet Qutlet

moles  H(J/mol) [totals moles  H(J/mol) [totals
H2 1.5 -5854.46| -8781.7| 099794 291596| 2909.94
N2 0.5 -5927.19| -2963.59| 0.33265 3016.21| 1003.33
NH3 0 -8401.78 0| 0.33471  4630.33| 1549.81
Total -11745.3 5463.08

IBalanoe( Zﬁ’"n"{ﬁ"ﬁ”{AHF 6.665E-07 J

NOTE: The inlet moles cannot be changed without recalulating a formula for §
Use solver to set value of Balance to zero by adjusting Feed Temperature, Outlet Temperature, or P.

Figure 17.4. Display from Rxns.xlIsx showing a converged answer.



Graphical Visualization of the Energy Balance
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Figure 17.5. Approximate energy balance for an exothermic reaction. The dot simultaneously
represents the equilibrium outlet conversion and reaction coordinate value at the adiabatic
outlet temperature. The plot for an endothermic reaction will be a mirror image of this figure as
explained in the text.



17.13. Liquid Components in Reactions

‘,'L( P - Psul))

j'. X; 7: w)’w’Pf‘”exp( RT VI.([) - 1))
0 s 1L —. psatyy RT / $e
i Sat psal oy V ( l P ) .
o P exp\ ——o7—)

where P is expressed in bar, and the Poynting correction is often negligible, as shown. Another
important change in working with liquid components is that in determining K, liquid phase values are

vo

used for ““%7, not the ideal gas values. Frequently these values are not available 1n the literature, so it
1s common to express equilibrium in terms of temperature-dependent correlations for K, as described

in Section 17.18.



Example 17.10. Oligomerization of lactic acid

Lactic acid is a bio-derived chemical intermediate produced in dilute solution by fermentation.
Lactic acid is an a-hydroxy carboxylic acid. As an aqueous solution of lactic acid is concentrated by
boiling off water, the carboxylic acid on one molecule reacts with a hydroxyl on another forming a
dimer and releasing water. Denoting the “monomer™ as L; and a dimer as L,,

9Ly P La#-H,0 17.51

The dimer has a hydroxyl and carboxylic acid that can react further to form trimer L;,
L,+L, 2 Ly+H,0 17.52

As more water 1s removed, the chain length grows, forming oligomers. The oligomerization can be
represented by a recurring reaction for chain formation. Each liquid phase reaction that adds a lactic
acid molecule can be modeled with a umiversal temperature-independent value of K, = 0.2023 and

the solutions may be considered ideal.® Commercial lactic acid solutions are sold based on the wt%
of equivalent lactic acid monomer. So 100 g of 50 wt% solution would be composed of 50 g of lactic
acid monomer and 50 g of water that react to form an equilibrium distribution of oligomers. The
importance of including modeling of higher oligomers increases as the concentration of lactic acid

increases.

a. Determine the mole fractions and wt% of species in a 50 wt% lactic acid solution in
water where the distribution is approximated by only reaction 17.51.

b. Repeat the calculations for an 80 wt% lactic acid solution in water where both reactions
are necessary to approximate the distribution.

E MATLAB Ex17 10.m may be helpful in calculations for this example.



Solution
a. Basis: 100 g total, 50 gof L, = (50 g)/(90.08 g/mol) = 0.555 mol initially, 50 g = (50
2)/(18.02 g/mol) = 2.775 mol water initially, and 3.330 mol total. The equilibrium relation
1s K, =0.2023 = xL_‘xH:O/(xLJ)Z. Since the total number of moles does not change with
reaction, it cancels out of the ratio, and we can write 0.2023 = n; ny o/(n L{)z. Introducing
reaction coordinate, o

0.2023 = 2.775 + £/(0.555-25) 17.53

Solving, we find, £ = 0.0193, x; =(0.555-2(0.0193))/3.33 =0.155,x; =
0.0193/3.33 = 0.006, x; o = (2.775 + 0.0193)/3.33 = 0.839. Note that although the
mole fraction of L, seems small, converting to wt%, the water content 1s (2.775 +
0.0193)(18.02 g/mol)/(100 g)-100% = 50.4 wt%, L, 1s (0.555 — 2(0.0193))(90.08
g/mol)/(100 g)-100% = 46.5 wt%, and L, 1s 0.0193(162.14 g/mol)/(100 g) - 100% =
3.1 wt%.

b. Basis: 100 g total, 80 g of L, = (80 g)/(90.08 g/mol) = 0.888 mol nitially, 20 g = (20
2)/(18.02 g/mol) = 1.110 mol water initially, and 1.998 mol total. Moles are conserved in
both reactions. The equilibrium relations are K,; = 0.2023 = x; x; /(x; )%, K, = 0.2023 =
X1 Xp o/ (xp X ). Introducing the mole numbers and reaction coordinates,

0.2023 = (& — EN1.110 + & + E)(0.888 — 2(&)) — &) 17.54
0.2023 = gz(ll 10 + gl v 3 §2)/((§| — (;':2)(0888 — 2(7;') — ;2)) D

Solving simultaneously, &, = 0.0907, &, = 0.009, x; = (0.888 —2(0.0907) —
0.009)/1.998 = 0.349, x; =(0.0907 —0.009)/1.998 =0.041, x; =0.009/1.998 =



0.0045, xz o= (1.110 + 0.0907 + 0.009)/1.998 = 0.6055. The weight fractions are:

(1.110 +0.0907 + 0.009)(18.02 g/mol)/(100 g)-100% = 21.8 wt% water, (0.888 —
2(0.0907) — 0.009)(90.08 g/mol)/(100 g)-100% = 62.8 wt% L, and (0.0907 — 0.009)

(162.14 g/mol)/(100 g)-100% = 13.2 wt% L,. 0.009(234.2 g/mol)/(100 g)-100% =
2.1 wt% L.



17.14. Solid Components in Reactions

(VS(P - pser)
A @S PSal x|
L B B - ) B o(YHP-1) . .
73 - VS(1 - peany, = xi};-e.xp\T) = x,Y: solid solution 17.56
] —

@-‘“’P,"”cxp( =

' VS(P — psat)
SAlPpsal oy
fi - - ;7 YP; C’\P( RT ) . (VL(P— |)) )
—_—=qg = = exp| =)=~ | pure solid 17.57
j’. at psat (VS( | — psaty RT
¢; i eXp RT .
Consider the reaction:

The carbon formed in this reaction comes out as coke, a solid which 1s virtually pure carbon and
separate from the gas phase. What is the activity of this carbon? Since it is pure, a~= 1. Would its
presence in excess ever tend to push the reaction in the reverse direction? Since the activity of solid
carbon is always 1 it cannot influence the extent of this reaction. How can we express these
observations quantitatively? Eqn, 17.15 becomes

—AG;] _ (szO/f”g()) - 1.0 Yo o

f.uz/ /f,z) ( f( o/ fzo)  Yvco

To compute AG”as a function of temperature, we apply the usual van’t Hoff procedure. This
means that Cp . can be treated just like Cp of the gaseous species.

_ 1
K. = exp|: RT P



Example 17.11. Thermal decomposition of methane

A 2-liter constant-volume pressure vessel is evacuated and then filled with 0.10 moles of methane,
after which the temperature of the vessel and its contents is raised to 1273 K. At this temperature the

equilibrium pressure is measured to be 7.02 bar. Assuming that methane dissociates according to the
CHygy & Ci+ 2Hyg

reaction , compute K, for this reaction at 1273 K from the experimental data.
Solution
= O b
s L.fn:r _f":) -1.0 Y&, 5
a - e -"CH,
(-’cu,'/cu,) A

We can calculate the mole fractions of H, and CH, as follows. Since the temperature is high, the

total number of moles finally in the vessel can be determined from the ideal gas law (assuming that
the solid carbon has negligible volume): n = PY/RT = 0.702-2000/(8.314)(1273) = 0.1327. Now
assume that £ moles of CH, reacted. Then we have the following total mass balance: n;=0.10 + .

Therefore, £ = 0.0327 and

(0.1327) g _ 0493°

((01 _:)) 0.507
0.1327

Note that the equilibrium constant indicates that significant decomposition will occur (the reaction

1s exergonic, K, > 1) and that graphite forms. Such behavior i1s known as “coking” and i1s common

during industrial catalysis. Industrial application of catalysis often includes consideration of
“regeneration’” of the catalyst by burning off the coke and using the heat of combustion elsewhere in
the chemical plant.

a

702 = 337



17.15. Rate Perspectives in Reaction Equilibria
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17.17. Gibbs Minimization

R% o an_(A_ngZ) : Z",-‘".",-” (ig) 17.69

i i

To find equilibrium compositions, we just need to minimize Egn. 17.69 by varying the mole
numbers 7; of each component while simultaneously satisfying the atom balance. Note that the mole



Example 17.12. Butadiene by Gibbs minimization

Review Example 17 .3(a) where steam is used to enhance conversion for 1-butene
dehydrogenation. Gibbs energies of formation at 900 K for the hydrocarbons are summarized in that
example.

The Gibbs energy of formation for water at 900 K is —198.204 kJ/mol. Vary conversion by
selecting values of the reaction coordinate, calculating the Gibbs energy by Eqn. 17.69. and plotting
the total Gibbs energy as a function of reaction coordinate. Demonstrate that Gibbs energy is
minimized. Compare the equilibrium composition with that found in Example 17 3(a).

Solution
The initial moles of feed are | mol of 1-butene and 10 moles of steam. As an example calculation,
select & = 0.1. Then the material balance provides, ncy; = 0.9, nc 5y = ny = 0.1, ny o = 10. The mole
fractions are y = 0.9/(0.9 +2(0.1) + 10) = 0.08108, y¢c y =yp = 0.0090, yy o = 0.9009, and
inserting the quantities into Eqn. 17.69, gives (inserting components in the order given above)
G AGY
7(—_'1" = Zn,(T}“‘) + Zn,ln_v,l’
_ 09 (232854) .. (243474) 10 (198204)
© 83145(900)  8.3145(900) 8.3145(900)
0.9In(0.08108 - 1) + 0.1In(0.009 - 1) + 0.1In(0.009 - 1) = -237.858

+0.1(0) +



Repeating the calculation at various extents of reaction results in the following plot:
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Careful analysis would show that the minimum is at = 0.784 as in the earlier example. Note the
changes in values are a small percentage of the absolute values of the total Gibbs energy, a numerical
observation that is important in setting up convergence in Excel.




Example 17.13. Direct minimization of the Gibbs energy with Excel

Apply the Gibbs minimization method to the problem of steam cracking of ethane at 1000 K and 1
bar where the ratio of steam to ethane in the feed 1s 4:1. Determine the distribution of C, and C,

products, neglecting the possible formation of aldehydes, carboxylic acids, and higher hydrocarbons.

Solution
The solution 1s obtained using the worksheet GIBBSMIN contained in the workbook Rxns.xlsx (see
Fig 17.0).

Values for \G°/RT are determined by using Kcalke.xis at 1000 K prior to

using this spreadsheet.
AG/RT  Moles
1000 K Fed log(n) n; yi n{GJ/RT+hy
CH, 245% 120712929 0.062067903 0007  -0.15560
C2Hs 14.27 5988574605 1.02666E07 0000  0.00000
C.H; 20427 9430100874 3.71449E-10 0000  0.00000
CO, 47612 0258598372 055131731 0062 -27.78131
co 24089 0.141955136 1.386612582 0.156 -35.97632
0, 0 -20.11203877 7.72612E21 0000  0.00000
H, 0 0729578484 536510819 0604  -2.70090
H.0 23178 4 01791963408 1510752799 0170 -37.69136
C.H, 133 1 -6.000000002 1E06 0000  0.00000
Total 8.875850886 -104.30549
Balances O-bal 4 4
H-bal 14 14
C-bal 2 2

Figure 17.6. Worksheet GIBBSMIN from the workbook Rxns.xlsx for Example 17.13.

H Workbook, Rxns.xIsx, Worksheet GIBBSMIN, or MATLAB Gibbsmin.m.




Example 17.14. Pressure effects for Gibbs energy minimization

Apply the Gibbs energy minimization method to the methanol synthesis reaction using stoichio-
metric feed at 50 bar and 500 K. The reaction has been discussed in Example 17.1 on page 643, and

in Section 17.5 on page 649.

Solution

It is convenient to first find AG”¢; ;- and then find G/RT for each species, and then apply these

values in the Gibbs minimization.
Compound  AGgp,(kl/mole) G,/RT

Methanol ~ —134.04 ~134.04/8.314E-3/500 + In(50) =-28.332
CO ~155.38 ~155.38/8.314E-3/500 + In(50) =-33.466
H, 0 In(50) =3.9120

For a basis of 1 mole CO: NC feed = |l =neo + nyeon: NH feed = 4 =2ny +4ny.0mn: no feed = NCO ™
nyeop the C-balance is redundant with the O-balance so only one of these should be included as a
constraint to improve convergence. Minimizing the Gibbs energy gives v,y = 0.42 in agreement

with the other method in Section 17.5 on page 649.

Note: The objective function changes weakly with mole numbers near the minimum, so tighten the
convergence criteria or re-run the Solver after the first convergence. Convergence is sensitive to the
initial guess. An initial guess which works 1s log(n;) =—0.1 for all .



17.19. Simultaneous Reaction and VLE
Example 17.15. The solvent methanol process

In a process being considered for methanol synthesis, a heavy liquid phase is added directly to the
reactor to absorb the heat of reaction. The liquid is then circulated through an external heat exchanger.
Usually, the catalyst is slurried in the liquid phase. An alternative to be considered is putting the
catalyst in a fixed bed and adding just enough liquid so that a fairly small amount of vapor is left at
the end of the reaction. Supposing naphthalene was used as the heavy liquid phase, use the Peng-
Robinson equation to obtain approximate vapor-liquid K-value expressions of the form

u'IO[h'“ 1/7m)]

! 1)

for each component at a temperature of 200-250°C and pressures from 50—100 bar.# In the
worksheet computations, you may assume the K-value of naphthalene to be negligible.

Solution
A worksheet used for this solution 1s available 1n the workbook Rxns.xlsx.

Computing the K-value would normally require calling the Peng-Robinson equation during every
flash and reaction iteration. This approximate correlation enables you to use Excel to perform the
calculations since it i1s independent of any external programming requirements. The correlation should
be suitably accurate if you “guess™ compositions for developing the correlation that are reasonably
close to the compositions at the outlet of the reactor. We suggest a guess for feed composition of

10.02, 0.10, 0.02, 0.035, 0.005, 0.82} for {CO, H,, CO,. methanol, water, and naphthalene}.



As an example of a way to develop a synthetic data base, perform flash calculations at 75 bars and
temperatures of {200, 210, 220, 230, 240, 250} and the suggested feed composition. Tabulate the K-
values for each component and plot them logarithmically with reciprocal temperature on the abscissa.
Select a set of points, then select “add trendline™ from the Chart menu. Select the options for a
logarithmic fit, and displaying the equation on the chart. The coefficients of the equation give the a
and b for the local “shortcut™ correlation. (This step simplifies the implementation in Excel, but
would be unnecessary if you were writing a dedicated program with access to a Peng-Robinson
subroutine.)

Designating the solvent as component 6, the vapor-liquid K-values can be estimated as follows.
K,=(9.9/P) - 10~ (2.49(1-133/7))
»=(970/P)
K;=(23/P) - 10~ (2.87(1-304/T))
K;=(61/P) - 10~ (3.64(1-513/T))
Ks=(410/P) - 10~ (3.14(1-647/T))
Ke=0
Solve for the simultaneous reaction and phase equilibria at 240°C and P = 100 bars considering
the following two reactions:
CO+2H, > CHOH (1)
CO,+3H, 2 CHOH+H,0 (2)

Add moles of the heavy liquid until 9 moles of liquid is obtained for every mole of vapor output.
The gases are fed in proportions 2:7:1 CO:H,:CO..

Applying the shortcut van’t Hoff equation (calculated at 503 K using InK, and AH®, all reacting

species gases),
InK,,; = 11746/T - 28.951

InK,,= 6940/T - 24.206



Stoichiometry

Comp # ni vy V2 n!
| co 7 -1 0 =
2 H, 7 = R 1-2& =38
3 CO- l 0 = 1-&
4 McOH 0 | 1 &+ &
5 H,0 0 0 1 3

Imagine performing a flash at each new extent of conversion:

- Koo 5 _Zoie 5
Nyr=Nrg=<6) — <92

=g + V& + v8)Vny

1. ¢

y; =

s vy, =
K+ 7(1-K)

Writing objective functions:
F(1) = errl = (P?K 3,73~ Vs

I'(z) = cl‘r2 - (I,:Kdz}'}vg }4}'5)

F(3) = I-Zy,

This worksheet is called SMPRXN. An example of the output from a feed of 2,7,1.0.0 mole each of
CO, H,, CO,, CH;0H, H,O 1s shown in Fig. 17.7.



—P(bar)— 50

T(K) 513 533 553 573 593 613
Ka, 0.002347712 0.000994295 0.0004481 0.0002135 000010694 56037E-05
Ka, 2.30525E-05 1.38758E-05 866454E-06 559125E-06 3.71625E-05 2 53674E-06
Ky 13.839 14.633 15.410 16.170 16.912 17.637
K, 19.400 19.400 19.400 19.400 19.400 19.400
Ks 6.792 7.867 9.016 10.235 11.520 12.867
K 1.220 1671 2237 2.934 3.779 4788
Ks 1.241 1.747 2.399 3.223 4.245 5.491
Ks 0.000 0.000 0.000 0.000 0.000 0.000
&1 1.845 1.604 1.185 0.694 0.302 0.058
& 0.361 0.253 0.198 0.179 0.180 0.191
LIF 0.900 0.900 0.900 0.900 0.900 0 900
moles solv 16.368 23680 32671 41.780 48 658 52 826
Y1 0.043 0.082 0.129 0.168 0.192 0205
Y2 0.692 0.691 0.691 0.693 0.693 0692
Ya 0.125 0.116 0.101 0.087 0.080 0.076
Y4 0.120 0.097 0.069 0.043 0.025 0.014
Ys 0.020 0.014 0.010 0.009 0.010 0.012
erri 0.000 0.000 0.000 0.000 0.000 0.000
err2 0.000 0.000 0.000 0.000 0.000 0.000
Z(yi) 1.000 1.000 1.000 1.000 1.000 1.000
z, 0.007 0.013 0.020 0.026 0.029 0.031
z; 0.101 0.101 0.101 0.101 0.102 0.101
zy 0.02¢ 0.025 0.020 0.016 0.014 0.013
z, 0.101 0.082 0.035 0.017 0.008 0.004
Zs 0.0186 0.008 0.005 0.004 0.003 0.003

Figure 17.7. Worksheet SMPRXN from workbook Rxns.xIsx for Example 17.15 at several
temperatures.



Example 17.16. NO, absorption®

The strength of concentrated acid which can be produced is limited by the back pressure of NO,

over the acid leaving the absorbers. The overall reaction, obtained by adding reactions (a) and (), 1s
shown as (¢). Here we assume that N,O, 1s equivalent to 2NO,.

INO,+H,0 2 HNO;+HNO, (a)
3HNO, 2 HNO;+2NO+H,0 (b)
3NOy) + HOy & 2HNOj3,, + NO,,  (€)
The gas entering the bottom plate of a nitric acid absorber contains 0.1 mole of NO per mole of

mixture and 0.25 mole of NO, per mole mixture. The entering gas also contains 0.3 bar partial

pressure of oxygen, in addition to inert gas. The total pressure is 1 bar. The acid made by the
absorption operation contains 50% by weight of HNO;, and the operation is isothermal at 86°F.

Estimate the composition of the gas entering the second plate and the strength of the gas leaving the
second plate.



Solution

(Basis: 1 mole gaseous feed)
Assume Yu=V HNO. =( and XNo. —XNo ~ 0.

For liquid:

For vapor:

In A Out

H,0 W & W-¢&
HNO; 0 28 2
Total W+¢

In A Out
NO, 0.25 38 025-3¢
NO 0.10 & 0.10+ &
0, 0.30 0 030
| 0.35 0 0.35
Total 1-2¢

(.;'H:O .ff'_/':,:o ) (.;i\'O: ’;02) 3

3 . p2
o,u.0Mm,0) /

We can determine the mole fractions from the weight fractions:

Xpno, = (0.5/63)/[(0.5/63) + (0.5/18)] = 0.222



Noting from the CRC Handbook® the vapor pressure of HNO, is 64.6 mmHg, we can estimate the
activity coefficients of HNO; and water from the x-y data in The Chemical Engineers’ Handbook =

B Yo" 039mmHg  _ sy
HNO, — — 02
fvo Pilo.  0.222-64.6 mmHg

1,0~ 5778 23.8 mmHg

Gibbs energies of formation are available in Appendix E for all but nitrogen dioxide, and Reid et
al.{ give the standard Gibbs energy of formation as 52 kJ/mol and the standard heat of formation as

33.87 kJ/mol. Performing a shortcut calculation using Kcalc.xlsx, the equilibrium constant at 303.15
Kis K, =0.0054.

At P =1 bar:
ne(0.222 - 0.027)2 y
K, =2 No! Y 00054 = 22 0,00007983
Yo, (0.778 - 0.5785) o,
Substituting for the reaction coordinate:
Yvo _ 0054 _(0.1+8) (025-353
V3o, 0.00007983 e (l 2.) ( 1 2:)

Solving the cubic equation, £ = 0.0431.

Xpno = (28/(W+ &) =2-0.0431/(W +0.0431) = 0.222 tells us that

W=-0.0431+2-0.0431/0.222 = 0.345 moles

So the composition of gas entering the second stage i1s vy o = 0.157; yyp = 0.132: v, =0.328; y, =
0.383. Computations for further stages would be simular.



17.20. Summary

K AGp° AG,° -AHR°
bl |, 40x" A, =_~[1_L 17.29
K, RT, RT B \T I

£ =] ]a¥ = n{f{l 17.15

K, = []o.p" (ig) 17.17
I




