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A film-theory model is presented for nonisothermal gas absorption with a second-
order exothermic reaction. The model accounts for the volatility of the liquid reactant
and heat transfer from the liquid surface to the gas phase. The pertinent equations
were solved numerically using B-spline collocation. Results from this solution show
that for intermediate values of Hatta number the liquid-reactant volatility is det-
rimental to the enhancement of gas absorption. As Hatta number approaches zero
or infinity, however, the effect of liquid-reactant volatility becomes minor. Heat
losses to the gas phase drastically reduce the interfacial temperature rise, which in
turn enhances or inhibits the absorption rate depending on the effective activation
energy being larger or less than zero, respectively. Approximate expressions for the
enhancement factor and the interfacial temperature rise were also developed. Com-
parisons with the “‘exact’’ numerical solution verified the accuracy of these expres-
sions over a reasonable spectrum of parameter values. The model developed was
applied to two cases representing real conditions: the chlorination of toluene and
the sulfonation of dodecylbenzene. Volatility effects are shown to be important for
the former system, while the relatively nonvolatile dodecylbenzene served as a counter

example.

Introduction

Many industrially important gas-liquid reactions, such as
oxidation, sulfonation, nitration, halogenation, and alkyla-
tion, are highly exothermic in nature. In these processes, two
types of heat are generated: the heat of solution that is gen-
erated at the gas-liquid interface; the heat of reaction that is
generated within the mass transfer film near the.interface for
fast reactions or within the bulk liquid for slow reactions. The
release of the heat of solution and reaction during absorption
may result in significant temperature increase at the interface,
which in turn affects the absorption rate behavior. Thus, in
heating the liquid, it increases the rate of reaction and diffusion
further steepening the concentration gradient near the gas-
liquid interface and thereby increasing the absorption driving
force. But it also decreases the solubility of the gas in the
liquid, thereby decreasing the absorption driving force. Hence,
the overall rate of absorption is a result of the combination
of these two opposing effects.

Such an interfacial temperature rise has been observed by
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several investigators. For instance, Mann and Clegg (1975) and
Mann and Moyes (1977) indirectly measured temperature rises
up to 53°C for chlorination and 58°C for sulfonation using a
laminar jet technique, whereas Ponter et al. (1974) measured
the interfacial temperature rise directly by an infrared tech-
nique and found a 20°C rise for sulfonation. Increases of this
magnitude will significantly affect the solubility; hence, this
phenomenon needs to be understood for the design of ab-
sorption-reaction systems.

For first-order reactions, the interfacial temperature rise and
the relevant enhancement factor have been analyzed theoret-
ically by several investigators. These were mainly carried out
using either the film or the penetration models (Danckwerts,
1953; Shah, 1972; Mann and Moyes, 1977; Asai et al., 1985;
Chatterjee and Altwicker, 1987). The more general case in-
volving a second-order bimolecular reaction was analyzed us-
ing the film theory by Bhattacharya et al. (1987) and more
recently by Al-Ubaidi et al. (1990). A penetration theory anal-
ysis of the same case was also attempted by Evans and Selim
(1990).
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A major shortcoming exists with these analyses. Thus, all
these researchers completely neglected evaporation of the lig-
uid reactant into the gas phase. In many practical systems,
especially in laboratory reactors, evaporation from the liquid
may drastically reduce the interfacial temperature rise, and the
nonisothermal effects predicted by the above theoretical work
may be completely obscured. The importance of evaporation
of the liquid reactant during nonisothermal gas absorption was
emphasized by Stockar and Wilke (1977) and, more recently,
by Villadsen (1988). Furthermore, previous studies on gas ab-
sorption with chemical reaction under isothermal conditions
have shown that the volatility of the liquid reactant can be
detrimental to the enhancement of gas absorption (Pangarkar,
1974; Shah and Sharma, 1976; Shaikh and Varma, 1984; Oz-
turk and Shah, 1986). Therefore, for exothermic gas absorp-
tion with chemical reaction, the volatility of the liquid is
expected to give rise to complex possibilities for the enhance-
ment factor and the relevant temperature rise.

The increase in the interfacial temperature is also likely to
result in heat dissipation from the liquid surface to the gas
phase. Heat losses to the gas phase reduce the interfacial tem-
perature rise and, under certain conditions, thermal effects
may become less relevant. In this article, the effects of the
liquid reactant volatility and heat losses to the gas phase on
the rate of chemical absorption under nonisothermal condi-
tions are investigated.

Film Model

Film-theory equations

The problem considered is the situation in which a gas com-
ponent, A, is absorbed into a liquid phase and then reacts
irreversibly with component B which is already present in the
liquid phase. Product P is produced as a result of the liquid-
phase reaction according to the following stoichiometry:

A(g)+»B()—~P(D) 1)

The kinetic equations for 4 and B are:
R,=—k,C4By @
Rp= —vk;C4Cy 3

A schematic diagram of the film model with concentration
and temperature profiles for the case involving a volatile liquid
reactant is shown in Figure 1. The mathematical model is based
on the following assumptions:

1. Mass transfer resistance of the solute gas A in the gas
phase is negligible relative to resistance in the liquid phase.

2. The interfacial mass transfer resistance at the gas-liquid
interface is negligible.

3. Thereaction in the liquid phase is essentially completed
within the film.

4. The liquid phase consists of a volatile liquid reactant B
so that there is material and energy losses due to evaporation.

5. Heat transfer to the gas phase, due to convection at the
interface, is not negligible.

6. The physical properties of the liquid phase, such as
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Figure 1. Film model with concentration and tempera-
ture profiles.

density, heat capacity, and thermal conductivity, are inde-
pendent of temperature and conversion.

7. Bulk flow, Dufort, Soret, and Rayleigh effects are neg-
ligible.

8. The temperature dependence of the diffusivities, solu-
bility, and chemical rate constant may be reasonably expressed
over a wide concentration range as:

DT =DAbexp[ Eon <1T— Ti)} @
Dy(T) =DBbeXp|: o (%— —,};ﬂ )
Cal D) = Canenp [ *%Gf%}] ©
ko (T) = kypexp [ - % <1T— TL,,) ] Q)

where the heat of solution ( — AH;) and the activation energies
Ep,, Epg, and E, are independent of temperature and com-
position.

The first assumption that ignores the gas-side resistance as-
sociated with the transfer of the solute gas A in the gas film
is equivalent to the validity of the following inequality for
species A: k,>>Hk,, where k, is the gas-side mass-transfer
coefficient for species A, H is Henry’s law constant, and k; is
the liquid side mass-transfer coefficient. This inequality implies
that either pure gas A is used (k,—~ o) or that gas 4 has very
low solubility (H << 1). A similar inequality, however, has not
been assumed for species B. That is, the terms in the inequality
are considered to be of the same order of magnitude for species
B implying that the gas-side resistance for this species is not
negligible. This assumption was first adopted by Pangarkar
(1974), and later used by Hikita et al. (1979) and Shaikh and
Varma (1984).

Since no reaction takes place beyond the mass transfer film,
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the temperature profile in the region 6,,<x< & is linear and
the heat flux at the edge of the mass transfer film is given by:

daT T,-T
—Kp = Kt =
? dx [6H_5M at x 6M (8)

We, therefore, need only consider the equations in the mass
transfer film.

The film-theory equations describing simultaneous diffusion
and reaction with heat effects in the mass transfer film
(0<x<éy) for the case of a volatile liquid reactant are given
by:

d dc
o [DA(T) —df] ~ky (T)C4Cp=0 ©)
d dac,
= [DB(T) Ff] — vk (T)C,C3=0 (10)
d*T (-AH,
Eﬁ(—zﬂ ky(T)C,Cp=0 (11

with the boundary conditions:

x=0: Cu=C4(T), T=T; (12a)
dc,
Dy(T) d—x”= %5(Pp— Py;), Py=Py (12b)
ac,\  _dT
(—AHS)[—DM) —dx—}- Ke—
+hg(T— Tg) + (+AH,)) [DE(T) %] (12¢)
x=08y Cy=0 (13a)
CB=CBb (13b)
dT T,—-T
—Kf“d—x' ‘—Kg 5H—6M (130)

The first term on the right side of Eq. 12¢ represents heat
conduction into the liquid phase, the second term represents
heat losses due to convection to the gas phase, and the third
term represents energy consumed in the evaporation of the
liguid-phase reactant B. Boundary condition (Eq. 13a) implies
that the reaction is essentially completed in the liquid film.
This is generally the case for Hatta number M greater than
3. For v/M <3, the dissolved gas concentration in the bulk
liquid becomes nonzero and the reaction may take place mainly
in the bulk (slow reaction regime). This regime requires the
consideration of global reactor behavior and will be treated
elsewhere. It should be remembered, however, that the fast
reaction regime where \/1\—/[ >3 is frequently encountered in
practice (Danckwerts, 1970).

1f it is further assumed that a linear distribution law governs
the phase equilibrium of the liquid reactant, B, then Eq. 12b
can be written as:
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dcC,
Dy(T) d—x”= 23Hp(T) (Cs—Cyp), Cs=Cp (14

where Hyz(T) is given by:

+AH 1 1
PB=HBbeXP[ —(—TQ (?_F):ICB
b

Integration of Egs. 9 through 11 with given boundary con-
ditions leads to the temperature distribution 7'(x) and the
concentration profiles C, (x) and Cg(x) in the liquid film. The
rate of absorption of dissolved gas across unit area of the
interface is then readily computed from:

- dacC
R=-D(T) =

x=0

For the present problem, a nonisothermal enhancement factor
may be defined as:

« | rate of chemical absorption with heat & volatility
""" | rate of physical absorption without heat & volatility

_DA(T) [dc"]

dx o

= 15
k2Cyiv 13

Accordingly, the rate of absorption of gas A becomes:

ﬁ = E:onk?CAib
=k¢ Can

In order to ascertain the importance of heat effects and vol-
atility on the rate of absorption, two additional enhancement
factors are defined as:

E - rate of chemical absorption with heat & volatility
e rate of isothermal chemical absorption

__Enon (16)
T E

Eoe rate of chemical absorption with heat & volatility
¥ | rate of chemica} absorption with heat effects alone

%

__ Enon (17)
—_EK\OH

The definition of Eg, accounts for heat and volatility effects
on the absorption rate; the absorption rate is enhanced or
reduced depending on the value of Ejy being larger than or
less than unity, respectively. On the other hand, the definition
of E, accounts for the effects of volatility alone on the ab-
sorption rate.

It is convenient to define the following dimensionless vari-
ables:

X CA CB T— Tb
X= -, A =— B=
61\" CAib CBb

(18)
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and the following dimensionless parameters:

_Eo  _Ew  _(-8H) _E _(+AHy)
EDA_RTb’ DB_RTb) 5= RT, s Er RT,,’ v RT,

vD 4, Caip éizwkszBb (—AHR)D4,Cyy

S= ,M= 3 = 1]
Dp,Cas Dy, Br KT,
—AH)D,,Cyu +AH ) Dy, C,
ﬁs=( S) Ab Ab’ BV—( V) Bb¥Bb (19)
KgTb Kt’Tb

The problem then runs as follows:

d 6 \da 9
LA L AB=0 (20
dX[exP<DA1+0>dX} Mexp("*no) (20)

d 8 \dB 0
= — 1= - —JAB=0 (2l
dX[exD<€DBI+0>dX:| MSGXP<GR1+0> @D

d’o
ax?

0
+6RMexp<eR1 0>A B=0 (22)

with the boundary conditions:

0
X=O.A=exp(~esm>,0=0i (23a)
0 dB 0
exp(em m) [dX} Biy, exp(eyl ) (B—B,) (23b)
dA de
Bse’“’(e"" 1+0> [dx] [dx] Bin(0-6,)
6
— ByBiy €xp (EV 1 +0> (B-B,) (23¢9
X=1 A=0 (24a)
B=1 (24b)
Sy dé
<6—,;_1> [dX] +6=0 (240)

where Biy and Bi,, are the Biot numbers for heat and mass
transfer given by:

X
K,

BiH=

Biy= kepH 5500
Dy,

When Bi,,= Biy =0, the above system of equations reduces to
the case of a nonvolatile liquid reactant with no convection
heat losses to the gas phase. This case was analyzed previously
by Al-Ubaidi et al. (1990), in which they neglected not only
evaporation of the liquid reactant but also convection heat
losses to the gas phase. Both restrictions are lifted in this
analysis. We also should bear in mind that in evaluating the
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right side of Eq. 17, the Biot number Biy (which is not nec-
essarily equal to zero) must be the same for both the numerator
and the denominator.

Method of solution

The set of Eqs. 20-24 defines a nonlinear two-point bound-
ary-value problem involving three coupled second-order or-
dinary differential equations. Of the currently available
numerical codes for the solution of this class of boundary-
value problems, COLSYS (Ascher et al., 1978, 1979, 1981) has
proved to be competitive with other robust general-purpose
codes and is effective particularly for solving difficult problems
(Davis and Fairweather, 1981; Denison et al., 1983; Ho, 1983;
Davis, 1984). This code is basically a one-dimensional finite
element method using B-spline collocation at Gaussian points.
The code has many excellent features such as versatility, adap-
tive mesh selection, reliable error estimates, and robust con-
vergence. Because of these advantages, the present problem
was solved using COLSYS.

Approximate solution

A basic requirement in the modeling of gas-liquid reactors
is the accurate simulation of interface mass transfer. For the
modeling of nonisothermal gas-liquid reactors, the interface
mass transfer process is highly complicated by the need for
solving the nonisothermal diffusion-reaction problem in the
liquid film as given by the nonlinear system of Egs. 9 through
14. For this reason, approximate solutions of these equations
which reduce the problem to a system of nonlinear algebraic
equations are highly desirable. With this in mind, an approx-
imate solution to the present problem is developed and its
accuracy relative to the exact numerical solution is ascertained.

To start, Mann and Moyes (1977) introduced two simpli-
fications in the film model: since §,,<<éy, the temperature
across the reaction zone is essentially constant and equal to
the unknown interfacial temperature 7;; the heat generation
due to reaction may be treated as an interfacial heat flux.
Using these approximations, Eqs. 9-11 simplify to:

2
D(T) cA—kz(T)CACB 0 0<x<dy @5
DB(T) — vk (T)C,C5=0 0<x<y (26)
dZ
7= =0 0<x<dy 2N

Equations 25-27 imply that while the temperature is approx-
imately constant across the mass transfer film (= T;), the tem-
perature profile 7(x) must be linear across the heat transfer
film 0 < x< 8y. The unknown temperature 7; is obtained from
the following overall heat balance over the mass transfer film:

] +
x=0.

( DTy T8
x=0

dac,
(—AHS)[—DA(T.-)d—"

dac
(—AHR)[—DA(T,-)—&—"

ik
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dT
'Kizi; +h (T~ T,) + (+ AH ) kgpgHp (T;) (Cg— Cyy)

x =8

28

This heat balance is exact and can be easily derived by first
eliminating the reaction terms between Eqs. 9 and 11 and
integrating the resulting equation across the mass transfer film.

The conduction heat flux at x=3§,,, which appears on the
right side of Eq. 28, is obtained from the solution of Eq. 27
as:

dar T,—T;
K22 - il AL
Udx

X=08p

29)

Moreover, the temperature 7, at the edge of the mass transfer
film is taken equal to 7; in accordance with Mann’s first ap-
proximation.

Next, we eliminate the kinetic terms of Eqs. 25 and 26 to

obtain:
d’ Dy(T)
dx? [ C

47 WD (T) (30)

CB] = O
Integrating this equation twice under the appropriate boundary

conditions, we obtain the following relation between C,(x)
and Cg(x):

Cp(x) Cu(x)
——=1+ SnonEgon
Ca Cu(Ty)
CB,' X
| 1+ 8Bl — 2| 1| @1
where

0;
Spon =S €xp ( —€pg m)

b;
Egon =€Xp I:(GDA - ES) 1_+0::|

Substituting Eq. 31 into Eq. 25, the following differential
equation is obtained:

d ZCA

o Calx
DA(TI) W—kZ(Ti)CA(X)CBbI:l+snonEnon 2 )

Cai(T)

o _Cu)(j_X)|_
- (l +SnonEnon CBb> (1 6M>:| 0 (32)

The concentration profile C,(x) of the solute gas A in the
mass transfer film can be approximated by:

dC,
Cax) =CalT) +7

x=0

* X
CAib Enon rel
Om

D
=Cu(T}) - A0

DA(T) 33

AIChE Journal March 1992

This linearized concentration profile has been used successfully
in previous work by Hikita et al. (1977, 1979). Rearranging
Eq. 33, we obtain:

x _DAE)[@M)_CM)] 1 39

g{ Dy Cuiv Caiv E:on

Substitution of this expression into Eq. 32 leads to:

dZCA

D(T) W—kz(ﬂ)cab(rxcﬁ—l’z(&h() (3%

where

A CB,'
Cai(T) : Cas

Egon C i
A= [SnonEgon_T(l +SnonE30n- B)
CBb

T,

(36)

non

Here, we linearize Eq. 35 by making the following approxi-
mation:

2
C,Zq=§ Cai(T)Cy(x) (37

This approximation was originally suggested by Hikita and
Asai (1964) in the analysis of gas absorption accompanied by
anirreversible (m,n)th-order reaction and has been used widely
with sufficient accuracy to linearize nonlinear differential
equations in other chemical absorption problems (Onda et al.,
1970, 1972; Shah and Kenney, 1972). Substituting Eq. 37 into
Eq. 35, we obtain:

dc, (CB,-

A
D,(T) W“kz(Ti)CBb C_Bb—§>CA(X)=O (38)

The equation now reduces to a form that can be solved ana-
Iytically for C,(x). The solution is given by:

Ca(x) _sinh[EneVM (1= X/5,0)]

= . 39)
Cai(T) Snh[£ eV M]
where
w2 _Cgi(6) 1 o Enon Cri(9)) 0
Thon = sz - 5 [ SnonEnon - E:on (1 - ’LC‘%_' + SnonEnon> :l

6
f =¢Xp [OS(GR - EDA) 1_4-—0’]

Next, we derive an exact expression for the interfacial con-
centration of the liquid reactant, Cg;(6,). Eliminating the kinetic
terms from Egs. 25 and 26 and integrating the resulting equa-
tion twice across the film, we obtain the following expression
for Cy(6):
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b;
oo m] B

6;
1+96;

Expressions for the mass fluxes of the solute gas 4 at x=0
and x = 8,, are now readily obtained through the differentiation
of Eq. 39. Substitution of the mass fluxes into Eq. 28 and 15
gives the following equations for the mterfac1al temperature
0; and the nonisothermal enhancement factor Em,n

1- Snon(E:on_Egon) +BiMCXp [(EV_
Cai(6) _
CBb

1+BIM cXp [(GV EDB)

(40)

[ B+ Bs Be ]
tanh(no/ ME)  sinh(pmo,/ME)

XM exp [ iy Z 0} 1+ gzzz:)/am 1 f Zﬁf&fﬁéﬁ, )
By Biyexp (e o ) (647 6s)
1+ Biy(8/84) (B—B,) 4D
. ToorN M

42)

non

G;
€Xp effl+0

eeff=0'5(€R+ GDA) — €g

" tanh(nue,vME)

where

Equations 40 through 42 constitute a set of nonlinear al-
ge*braic equations for the three unknowns Cg/Cgy,, 8, and
E, ... These were solved numerically using the Newton-Raphson
method. For VM =3, these equations simplify to:

6;
1-§ on E:on_E?lon Bi B
non ( )+ IMCXP[(EV €op) 1 +0j}

CBI'(GI') -
C 9,
% 1+ BiMeXpl:(EV EDB) 1+ 0:,
43)

_ . (5u/5) 0
0, = (B +.35)77non\/——M[ 1 +BfH(5H/5M):l (249 (fefr T 91) +

. b,
ByBiyexp [ €y m:l Ou/841)

Biy{8y/6y)
— B —
1+ Biy(65/8y) ¢ 1 + Biy; (81/84) (Bi—B,)
(44)
E. M exp| e i/ (45)
non nnon p eff 1+0i

Several limiting cases may be discerned from these equations.
For instance, when Bi,,— o, the gas-phase resistance for the
volatile liquid reactant becomes negligible, and Eq. 43 reduces
to Cy,= Cg,. Similarly, when Biy— o, no gas-phase resistance
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to heat transfer exists, and Eq. 44 reduces to 6,=6,. On the
other hand, when Bi, = Bi,,= 0, Egs. 40-42 reduce to Al-Ubaidi
et al. (1990) equations for the case of a nonvolatile liquid
reactant with no convection heat losses to the gas phase.

When heat effects are negligible, Br=8s=8,=¢p4
=epp=¢ex=€s=€,=0, Egs. 40-42 reduce to:

_%ZI-S(E*—I?+BiMBg )

Cap 1+ Biy,
6,=0 7

* n*\/I\—’I
E=— (48)

tanh(n*vV'M)

where

* CBi 1 l CBI
= =B s-=(1-=Z+s
"=\ Cu 3[ E( Cor )]

which apply to the case of a volatile liquid reactant under
isothermal conditions (Hikita et al., 1979). These equations
reduce to the van Krevelen-Hoftijzer solution for isothermal
absorption with a nonvolatile liquid reactant when Biy,=0.

Thus the general Egs. 43-45 reduce to the correct expressions
under various limiting conditions.

Accuracy of the approximate solution

The accuracy of the approximate solution for the case of a
volatile liquid reactant was compared with the numerical so-
lution obtained by B-spline collocation. Table 1 gives the per-
centage deviation for the interfacial temperature rise and the
nonisothermal enhancement factor for various combinations
of Biy, and Biy, for 84/8,=Le"?. As seen from this table, the
maximum deviation is about 13% for the interfacial temper-
ature and 4% for the enhancement factor. It may, therefore,
be concluded that Egs. 40-42 provide an accurate approximate
solution for the case of nonisothermal gas absorption with a
volatile liquid reactant and convection heat losses to the gas
phase.

Results and Discussion

Concentration and temperature profiles

Figure 2 compares the concentration and temperature pro-
files in the mass transfer film for the two cases of a volatile
(solid lines) and nonvolatile (dashed lines) liquid reactant. As
can be seen from the figure, when Bi,, increases from zero to
0.8, the liquid reactant is depleted in the neighborhood of the
surface due to evaporation and the interfacial concentration
falls from B;=0.88 to B;=0.57. In addition, the heat consumed
in the evaporation of B causes the interfacial temperature to
be reduced from 6,=0.16 to 8,=0.1. Clearly, the reduction in
temperature causes the rate constant &, to decrease; but it also
causes the solubility of the dissolved gas to increase from
A;=0.35to A;=0.5, as shown in the figure. The absorption
rate, however, is reduced by about 40% in spite of the increased
solubility of the dissolved gaseous species. This behavior is
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Table 1. Percentage Deviation of Approximate Solution from Numerical Solution’

% Deviation*

S
(Biy, Biy,) 0.01 0.0 0.1
N Ep, 6 Enon 6, Epon 6
2 0.64 ~3.62 0.72 ~2.03 0.81 0.08
4 0.33 —2.67 0.42 —2.71 0.55 —2.73
(0.015, 0.15) 6 0.05 ~0.96 0.05 ~0.97 0.08 -0.98
8 ~0.04 ~0.66 ~0.11 ~0.73 ~0.17 ~0.80
10 ~0.08 —0.47 0.21 ~0.61 ~0.34 ~0.74
6 1.78 ~1.55 1.96 ~0.20 2.19 L1
8 1.02 0.07 1.17 0.67 1.41 1.29
10 0.56 ~0.01 0.67 0.31 0.87 0.82
(0.075, 0.75) 15 0.01 ~0.16 ~0.04 ~0.08 0.02 0.09
20 ~0.22 —0.24 ~0.41 ~0.35 ~0.53 ~0.37
30 ~0.37 ~0.30 —0.77 —0.61 -1.26 —1.04
8 2.89 9.41 3.10 9.08 3.39 9.81
10 2.14 3.30 2.38 437 272 5.49
0.15. 1.5 15 0.89 1.16 1.19 172 1.58 2.55
15, 1. 20 0.35 0.49 0.47 0.82 0.82 1.43
30 ~0.26 ~0.03 -0.39 ~0.05 ~0.23 0.19
40 ~0.51 ~0.26 ~0.88 ~0.53 ~1.00 ~0.59
15 3.70 13.81 4.08 12.56 4.58 13.35
20 2.80 5.42 3.26 6.42 3.91 8.18
30 1.55 2.26 2.10 3.36 2.98 5.12
(0.375, 3.75) 40 0.75 1.23 1.28 2.00 2.32 3.80
50 0.21 0.65 0.65 1.29 1.82 2.99
60 ~0.71 0.24 0.14 0.65 1.41 2.38
70 ~0.46 ~0.05 ~0.30 0.20 1.07 1.90

'Br=0.005, Bs=0.001, By=0.05, B,=0.0, 8,=0.0, eps=3, epp=S5, ex=10, e5=7.5, ey =2, 64/by=Le"’?, Le=100

numerical — approximate
PP X 100

0% deviation = -
numerical

based on the physical reasoning that the depletion of B and
the accompanying decrease in the rate constant k, more than
offset the increase in the reactant concentration A4, so that the

1-0 L] T L} T T T T R |— . ===
4 =" -~ _
1 ek\/\\
0.8 4 4
CD - -4
1 S=0.01
5067 ——— (Biy=0.6, Biy=0.0)]
m —— (Biy=0.6, Biy=0.8)]
< 0.4 _
0.2 6 (X) 1
0.0 7T T T T T T T 17T T T
0.4 0.6 0.8 1.0
X

Figure 2. Effect of Biy on the concentration and tem-
perature profiles in the film region.

Br=0.005, 65=0‘O\(}1_,_ﬁy=0.005, k=22, epa=3,€pg="5, €5=1.5,
€y=2, By=0,=0, VM= 10, 6,,/8,,= Le'”, and Le = 100.
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local rate of reaction is reduced, leading to a reduction in the
absorption rate.

Figure 3 shows the effect of the Biot number for heat trans-
fer, Biy;, on the concentration and temperature profiles. When
Biy increases from 0.45 to 0.75, the heat loss to the gas phase
increases, leading to a significant reduction in the temperature
throughout the film region. Thus, as can be seen from this
figure, the interfacial temperature decreases from 8,=0.15 to
9,=0.07, a 55% reduction. This reduction causes the solubility
of A to increase from A4;=0.37 to 4;=0.63, a 60% increase.
The concentration of the liquid reactant B, however, is reduced
only slightly. However, the decrease in the rate constant k,,
caused by a substantial temperature drop throughout the film,
more than offsets the increase in the solubility of A4, and the
absorption rate is thereby reduced. That is the effect of the
reaction rate constant, and diffusivity is dominant over the
solubility enhancement.

It should also be noted in Figures 2 and 3 that the temperature
#(x) changes by only 5% from its maximum at the gas-liquid
interface to its lower value at the edge of the mass-transfer
film. This small difference supports the approximations of
Mann and Moyes (1977) who considered the temperature to
be essentially constant throughout the reaction zone.

Figure 4 shows the effect of Bi,, on the dimensionless in-
terfacial concentration B;. The figure clearly indicates that B;
is greatly influenced by the parameter Bi,,, especially at low
values of Hatta number. The effect starts to diminish as the
instantaneous reaction regime is approached. We may also note
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Figure 3. Effect of Bi, on the concentration and tem-
perature profiles in the film region.

Br=0.005, BS:o.oggp,,:oms, €r=22, €pqa=3,€pg=5,€5=1.5,
ey=2, B,=0,=0, \N'"M=10, 85/8,s=Le"?, and Le=100.

that the curves in Figure 4 approach the asymptotic value of
B;=0 as Hatta number becomes large. This asymptote cor-
responds to the case of an infinitely rapid reaction where the
reaction takes place beneath the surface and the concentration
of B is zero at the interface.

Figures 5 and 6 show the effect of Biy, and Biy on the
interfacial temperature rise 6,. As expected, higher values of
Biy, or Biy lead to a decrease in the interfacial temperature
rise. We may also note that the curves in Figure 5 approach

Biy=2.0, 5=0.025
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o] 10 20 30 40 50 60 70

WM

Figure 4. Effect of Biy on the interfacial concentration
of the liquid reactant.

Br=0.005, B5=0.001, §,,=0.005, B =22, epy=3, epg=5, es=7.5,
€y=2, B,=6,=0, VM =10, 8,/8,,= Le'”, and Le=100.
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Figure 5. Effect of Biy on the surface temperature rise.

Br=0.005, Bs=0.001, 8,=0.005, =22, €pa =3, epg="3,e5= 1.5,
ev=2, By=0,=0, VM =10, 3,/8,,=Le'?, and Le=100.

a single horizontal asymptote as Hatta number becomes large.
This asymptote corresponds to the case of a nonvolatile liquid
reactant in the instantaneous reaction regime. In this regime,
the reaction is confined to a plane situated beneath the interface
and the liquid reactant B does not reach the gas-liquid interface.
Accordingly, the interfacial temperature rise becomes inde-
pendent of the volatility magnitude as this regime is ap-
proached. A similar behavior is also obtained in Figure 6,
except that in this case each curve reaches its own asymptote
as Hatta number becomes large. The asymptotes correspond
to the instantaneous reaction regime for the indicated values
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Figure 6. Effect of Bi,, on the surface temperature rise.

B =0.005, Bs=0.001, B,,=0.005, ea =22, eps =3, epp=S5, es=7.5,
€y=2, By=8,=0, M= 10, 8,,/5,=Le"?, and Le= 100,
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Figure 7. Effect of S on the surface temperature rise.

Br=0.005, Bs=0.001, B=0.005, e, =22, epa=3, epp="5, es= 1.5,
€r=2, B;=0,=0, VM=10, 8,/5y=Le"?, and Le=100.

of Biy. As Biy increases, the asymptotes are reached at much
smaller values of v/M. At Bi, = 10, the interfacial temperature
rise is essentially negligible for all values of M so that little
error is introduced by assuming Bi, = oo in this case.

The effect of the parameter S on the interfacial temperature
rise 8;is shown in Figure 7. The figure reveals that lower values
of S lead to an increase in the interfacial temperature rise 6,.
This behavior is based on the following physical reasoning.
At low values of S, the bulk concentration of the liquid reactant
is relatively large enough or it diffuses toward the surface fast
enough to prevent the reaction or evaporation causing sub-
stantial depletion there. The concentration of B is therefore
relatively large throughout the film and the local rate of re-
action is accordingly high. As a result the heat generated due
to reaction is high and so leads to a substantial temperature
rise. On the other hand, at large values of S, the concentration
of the liquid reactant is relatively small throughout the film
leading to a low rate of reaction. The heat generated due to
reaction is accordingly low and the temperature rise is relatively
small.

Enhancement factor

Figures 8a and 8b show the nonisothermal enhancement
factor E:,m as a function of Hatta number \/171 for different
values of Biy,. In Figure 8a §=0.01, and in Figure 8b §=10.05.
Higher values of Bi,, increase the magnitude of the liquid
reactant concentration gradient at the interface and so lead to
a decrease in the enhancement of gas absorntion. Conversely,
if Bi,, is sufficiently small due to a small value of kgp such
that the liquid concentration gradient at the mterface ap-
proaches zero, then it can be safely assumed that Em,n will not
be appreciably different from the value of the corresponding
nonvolatile case (Biy=0). We also observe that the curves in
each figure approach the horizontal asymptote correspondings
to Bi,,=0 as Hatta number becomes large. Thus, the effect of
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Figure 8a.

Etfect of Biy, on the enhancement factor for
§$=0.01.

Br=0.005, B5=0.001, By=0.005, ex=14, eps=3, €pz=5,
es=7.5, ey =2, By=8,=0, 8/5,=Le'™, and Le=100.

volatility on E:o,, diminishes as VM approaches the diffusion-
controlled limit. Furthermore, comparing the results in both
figures, we notice that the effect of increasing S is to cause
the asymptotic condition to emerge at smaller values of \/—JCI

The effect of the Biot number for heat transfer, Biy, on the
nonisothermal enhancement factor E:o., is shown in Figures 9a
and 9b. In Figure 9a, where ¢.;=5, we observe that E:on de-
creases as Biy increases. As alluded to earlier, when Bij is
increased, the temperature throughout the reaction zone is
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Figure 8b. Etfect of Biy on the enhancement factor for

S$=0.05.
Br=0.005, B5=0.001, 8,=0.005, e,=14, €5, =3, ¢p5=5,
es=1.5, ey=2, By=0,=0, 6,/8=Le""%, and Le=100.
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Figure 9a. Effect of Biy, on the enhancement factor for
€off = + 5.

r=0.005, 85=0.001, B,=0.005, €x=22, eps=3, epp=35,
es=7.5, ey=2, B,=8,=0, 84/8=Le"?, and Le=100.

reduced. The drop in temperature causes the rates of reaction
and diffusion to decrease, thereby reducing the absorption rate.
But, it also increases the solubility of the solute gas and in
turn the absorption rate. Thus, the rate of absorption is reduced
or enhanced depending on the relative influence of temperature
on the reaction rate constant, diffusivity, and solubility of the
absorbing gas. When ¢, is larger than zero, the activation
energies due to reaction and diffusion exceed that due to sol-
ubility so that the effect of temperature on reaction and dif-
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Figure 9b. Effect of Bi, on the enhancement factor for
€= — 5.

Bg=0.005, 85=0.001, 8,=0.005, eg=22, ep,=3, €pz=S5,
es=7.5, €y=2, B,=0,=0, 8,/8,,=Le"?, and Le = 100.
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Figure 10. Effect of the effective activation energy, ey,
on the enhancement factor E,.

Br=0.005, Bs=0.001, B=0.005, eps=3, epp=S5,e5=7.5,€6,=2,
B,=8,=0, 84/6y,=Le"?, and Le=100.

fusion becomes dominant over its effect on solubility. The net
effect is that the absorption rate is reduced as the temperature
is decreased. This situation is realized in Figure 9a. When e,
is sufficiently negative, however, the effect of temperature on
solubility becomes dominant and the absorption rate is en-
hanced as the temperature is increased. This situation is shown
in Figure 9b.

We may also observe that as Hatta number becomes large,
the curves in Figures 9a and 9b approach horizontal asymptotes
that correspond to the instantarieous reaction regime. Fur-
thermore, as Biy, becomes large, E,., approaches the isothermal
asymptote that corresponds to isothermal chemical absorption
with a volatile liquid reactant.

The effect of e.;; on the absorption behavior is further brought
out in Figure 10. The figure depicts the enhancement factor
E,, vs. Hatta number with e, as parameter. The factor E,
represents the extent to which heat effects and volatility in-
crease or decrease the rate of chemical absorption compared
to chemical gas absorption with no heat effects on volatility.
It is clear from this figure that the departure of E,;, from unity
depends strongly on the effective activation energy, €., and
Hatta number \/M. For large Hatta numbers, the curves even-
tually reach horizontal asymptotes that correspond to the in-
stantaneous reaction regime. The asymptotic values depend to
alarge extent on the individual values of the activation energies
€pa, €pg, and eg, rather than their combination e.;. Though not
shown, when epp =0, the asymptotes combine closely to a single
asymptote that is approximately equal to the isothermal asymp-
tote (Egy=1). This was previously shown in Al-Ubaidi et al.
(1990) for the nonvolatile case.

Figure 11 depicts the effect of volatility alone on the rate
of gas absorption. The figure shows E, as a function of Hatta
number for different values of S. As Hatta number approaches
zero, that is, when gas absorption becomes chemical-reaction
controlled, the volatility of the liquid reactant as well as the

AIChE Journal



1.00
0.95
0.90 -
0.85 -

E o.80

Y
0.75 -

0.70 4

0.65

060 +—T—r— 7T T T T r T T T T T T 1T T T
0 20 40 60 80 100

Figure 11. Effect of the parameter S on the enhance-
ment factor E,.

Br=0.005, Bs=0.001, B;=0.005, eps =3, epg =15, 5= 7.5, €,=2,
B,=0,=0, 8y/8=Le"*, and Le=100.

quantity S do not materially influence the absorption rate.
Similarily, as Hatta number becomes large, that is, when gas
absorption becomes mass-transfer-controlled, E, approaches
unity indicating that the absorption rate becomes independent
of the volatility magnitude. On the other hand, for intermediate
values of Hatta number, the liquid reactant volatility is always
detrimental to gas absorption. The actual influence of volatility
depends on the relative magnitudes of /M and S. For instance,
when $=0.025 and \/_IVI =20, the nonisothermal enhancement
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Figure 12. Effect of the heat of generation, 8., on the
enhancement factor E,.

y=0.005, eg=14, epa=3, €pp=5, e5=7.5, =2, B;=6,=0,
84/8y=Le', and Le=100.
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Table 2. Dimensionless Heat of Reaction, Heat of Solution,
Lewis Number, and Bi, for Figure 12

B Bs Le Biy Bese
0.0035 0.0007 100 2.0 0.002
0.00184 0.00036 100 1.0 0.002
0.000335 0.000065 100 0.1 0.002
0.0199 0.004 100 2.0 0.011
0.0184 0.0036 100 1.0 0.011
0.00335 0.00056 100 0.1 0.011
0.035 0.007 100 2.0 0.02
0.0184 0.0036 100 1.0 0.02
0.00335 0.00065 100 0.1 0.02

factor is about 33% lower than the corresponding value for
the nonvolatile case. As S increases to 0.1, however, the en-
hancement factor is only 14% lower than the corresponding
value for a nonvolatile liquid.

Effective heat of generation

The approximate solution (Egs. 40-42) indicates that the
temperature rise, §;, and the nonisothermal enhancement fac-
tor, En., depend on the quantity (8- Bs)Biy(85/8,)/
[1+ Biy(6,4/8,)], rather than the individual values provided
that (8,/8,) is fixed. This hypothesis was tested extensively by
solving the original differential equations (Egs. 20-24) for a
wide range of the pertinent parameters. Sample results are
shown in Figure 12. In this figure, three curves are shown with
B.r=0.02, 0.011, and 0.002 where

Biy(8y/0n)
=(Br+Bs) —m
eff (BR BS) 1+BlH(6H/5M)

The individual values of Bg, 85, Biy, and Lewis number are
listed in Table 2. It is clear from this figure that the hypothesis
is valid.

Application to real systems

The model developed above was applied to two practical
systems: the chlorination of toluene and the sulfonation of
dodecylbenzene. Data for these systems were taken from Mann
and Clegg (1975) and Mann and Moyes (1977), as shown in
Table 3. These data give 8;=0.022, B3,=0.0055, 3,=0.031,
€2 =30.0, ¢=17.0, ¢,=3.4, and ¢p5=6.4 for the SO,-dode-
cylbenzene system, and (3,=0.022, 8,=0.0039, 3,=0.039,
er=27.0, €5=9.0, ¢, =1.4, and ¢pp=4.4 for the Cl-toluene
system. In addition, eps=3.0 and 6,=B,=0.0 for both sys-
tems. Figyres 13 and 14 show the nonisothermal enhancement
factor, E,,, and the temperature rise 8 as a function of Hatta
number, v/M, for both systems. In Figure 13, evaporation was
assumed negligible for the SO,-dodecylbenzene system, and
the Biot number for mass transfer, Bi,,, was taken equal to
zero. The calculated interfacial temperature rise varies between
6,=0.0046 (T,=299.4 K) to 6,=0.085 (T,=323.4 K) as VM
increases from 4 to 100. Because the vapor pressure of do-
decylbenzene is negligibly small throughout this temperature
range, our assumption of Bi,,=0 (negligible evaporation of
the liquid reactant) is justified. On the other hand, taking
Bi,;=0 for the Cl,-toluene system, Figure 14 shows a temper-
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Table 3. Data for Sulfonation of Dodecylbenzene and
Chlorination of Toluene

SO,-Dodecylbenzene Cl,-Toluene

(- AH;), 1/kmol 1.68 % 10° 1.26x 10°
(- AH,), J/kmol 42x10 2.31x 10
(+AH}), J/kmol 8.4x 10° 3.36 x 10
Kp 1/(s-m-K) 0.0322 0.1494
a, m*/s 2.0x1078 1.05%1077
Dy, Dgy, m*/s 10°° 3.5%x107°
C.jp, kmol/m’ 1.273 2.18
Cpp, kmol/m® 35 150

b K 298 298
Eg, J/kmol 7.44 % 10 6.72x 10
Ep4, J/kmol 7.56x 10° 7.56x 10°
Epg, J/kmol 1.58x 10 1.08x 10
Le 20 30

ature rise of 8,=0.0045 (7;=299.3 K) to §,=0.282 (7,=382
K)as ~/M increases from 4 to 80. Throughout this temperature
range, however, the vapor pressure of toluene is fairly high,
and evaporation of the liquid reactant cannot be neglected.
On the other hand, calculations with Bi,,=3.75 show a lower
temperature rise and correspondingly reduced enhancement
that reflect the effect of evaporation.

Conclusions

Nonisothermal gas absorption accompanied by a second-
order exothermic reaction has been analyzed for the case of a
volatile liquid reactant. Heat transfer and liquid-reactant evap-
oration from the liquid surface to the gas phase were taken
into account through lumped heat and mass transfer coeffi-
cients. A film-theory model was developed and the governing
equations were solved numerically for a reasonable spectrum
of parameter values. In addition, approximate expressions for
the interfacial temperature rise and the enhancement factor
were developed. Comparisons with ‘‘exact’” numerical solu-
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Figure 13. Enhancement factor and interfacial temper-
ature rise for the sulfonation of dodecylben-
zene.
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Figure 14. Enhancement factor and interfacial temper-
ature rise for the chlorination of toluene.

tions verified the accuracy of these expressions over a wide
range of the system parameters.

The liquid reactant volatility is shown to have a detrimental
influence on the enhancement of gas absorption by reaction.
The extent of this deleterious effect is found to depend largely
on the Hatta number ~/M and the dimensionless parameter
S(=vD4Cai/DpsCrp). It is found that as v/M—0 and
VM— o, the effect of liquid reactant volatility is minor; it
becomes more significant for intermediate values of Hatta
number. The effect becomes more pronounced as S decreases
due to the depletion of the liquid-reactant concentration near
the gas-liquid interface.

The effect of heat losses to the gas phase is found to enhance
or decrease the absorption rate depending on the effective
activation energy, e, being positive or negative, respectively.
As e.q; approaches zero, the nonisothermal effect becomes less
significant.

The model developed was applied to the two cases that
represent real conditions. These included the chlorination of
toluene and the sulfonation of dodecylbenzene. Volatility ef-
fects are shown to be important for the former system, while
the relatively nonvolatile dodecylbenzene served as a counter
example. We should note that the present model of noniso-
thermal behavior does not include aqueous systems where the
solvent water is likely to be more volatile than the liquid reac-
tant. Such systems will be treated elsewhere.

The results obtained in this work are essential for the proper
design of gas-liquid reactors. These results address the micro-
scale phenomena taking place close to the gas-liquid interface.
As such, they may be incorporated into the design models by
Pandya (1983), De Leye and Froment (1986), Yu and Astarita
(1987), Fu et al. (1988), Tontiwachwuthikul et al. (1989), and
Carey et al. (1991).

Notation
A = dimensionless concentration of dissolved gas A4 in the
liquid phase, C4/Cy;
B = dimensionless concentration of the liquid reactant B in
the liquid phase, Cy/Cy,
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B; = dimensionless interfacial concentration of the liquid
reactant B, Cy/Cg,
Bi,; = Biot number for heat transfer, ,8,/K,
Bi,, = Biot number for mass transfer, k3, ,64,/Dpg,
C,4, Cp = concentrations of A, B in liquid film
C.i» Cp = interfacial concentrations of 4, B at prevailing inter-
facial temperature T
Caip» Cyiy = interfacial concentrations of A, B evaluated at the bulk
temperature 7,
Cp, = concentration of B in the bulk liquid
Cy, = concentration of B in the bulk gas
D,, Dy = diffusion coefficients of 4, B in the liquid film
Dy, Dg, = diffusion coefficients of A, B in liquid film evaluated
at the bulk temperature 7},
E = isothermal enhancement factor for chemical absorption

of A
E' = isothermal enhancement factor for chemical absorption
of A with volatility

E., = nonisothermal enhancement factor for chemical ab-
sorption of A without volatility
E},. = nonisothermal enhancement factor for physical absorp-
. tion of A (defined in Eq. 31)
E,,, = nonisothermal enhancement factor for chemical ab-
sorption of 4 with volatility
E;, = activation energy of diffusion
Ey = enhancement factor due to heat and volatility effects,
EIIOH/E
E, = activation energy of liquid reaction
E, = nonisothermal enhancement factor due to volatility,
Enon/Enon
Hy, = distribution constant for the liquid reactant B evaluated
at the bulk temperature 7,,Pp/Cy
h, = heat transfer coefficient in the gas phase
K, = thermal conductivity in the liquid phase
k = reaction rate constant
w» = gas mass transfer coefficient for physical desorption of
B,Dp/8,
k¢ = liquid mass-transfer coefficient for physical absorption
of A,D,/6,,
k. = liquid mass-transfer coefficient for chemical absorption
of A
Le = Lewis number, a/D,,
/M = Hatta number, 8,A/%,,Cpr/Dop
P = pressure
R = universal gas constant
R = rate of absorption of A per unit interfacial area
S = diffusional rate of A relative to B, »D,,C.,/Dg,Cas
Shon = nonisothermal value of S defined in Eq. 31
T = absolute temperature, K
T, = temperature of gas-liquid interface
x = distance from the interface into the liquid phase
X = dimensionless thickness, x/8,,

Greek letters
a = thermal diffusivity of liquid phase, K,/pC,

B.s = effective heat of generation, (Bz+Bs)Bix(0n/0r)/
[1+ Bisd641/041))
Br = dimensionless heat of reaction, (— AHR)D 4,C.i/K,T,
Bs = dimensionless heat of solution, (— AH) D ,C4/KT,
By = dimensionless heat of vaporization, (+ AH)Dg,Cg,/
KT,
(—AHg,) = heat of reaction
(—AH;) = heat of solution
(+AH,) = heat of vaporization of liquid reactant
&y = heat transfer film thickness
8y = mass transfer film thickness
ep = dimensionless activation energy of diffusion, £,/RT,
e.q; = effective activation energy, 0.5(ez + €p,q) — €5
er = dimensionless activation energy of reaction, Ex/RT,
es = dimensionless activation energy of solution, (—AHs)/
RT,
¢y = dimensionless activation energy of evaporation,
(+AH,)/RT,
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D

dimensionless liquid temperature, (T— 7,)/T,
dimensionless temperature at the gas-liquid interface,
(T,—-T,)/T,

= stoichiometric coefficient

=
(1l

<
|

Subscripts

second order reaction

dissolved gas

evaluated at bulk liquid temperature, T,
liquid reactant

gas phase

gas-liquid interface

liquid

nonisothermal

=S - TR N NN

X
Q

Superscripts

o
*

physical absorption
volatility effect
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