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Diethylacetal from ethanol and acetaldehyde catalyzed by the acid resin Amberlyst 18
was synthesized. Adsorption and reaction experiments were performed in a laboratory-
scale fixed-bed adsorpti®e reactor, operating isothermally at 158C and at atmospheric
pressure. Experimental results of dynamic adsorption of binary nonreacti®e mixtures
were used to obtain multicomponent adsorption equilibrium isotherms of the Langmuir
type. The reaction kinetics reported earlier were used in the model of the adsorpti®e
reactor, which also included axial dispersion, external and internal mass-transfer resis-
tances, and multicomponent Langmuir isotherms. Model equations were sol®ed by or-

( )thogonal collocation on finite elements OCFE , implemented by the PDECOL pack-
age, using the measured model parameters, and were ®alidated by experimental data for
reaction and regeneration steps, with good accuracy.

Introduction

Acetals are oxygenated organic compounds used as start-
ing materials for perfumes, agricultural chemicals, and phar-

Ž .maceuticals Iwasaki et al., 1996 , and they are represented
Ž . Ž .by the following structure: R }O}C R R }O}R ,1 2 3 1

where R is an alkyl group, and R and R each represent a1 2 3
hydrogen atom or an alkyl group.

Ž .Diethylacetal herein called acetal is an important raw
Žmaterial for fragrances and pharmaceutical products Kauf-

.hold and El-Chabawi, 1996 and is used in the flavoring of
Ž .alcoholic drinks Kelly et al., 1999 . In perfumery, acetal is

used for the design of synthetic perfumes to increase the re-
sistance to oxidation and therefore the lifetime of perfumes.
Acetal is also widely used as an intermediate for the synthe-
sis of various industrial chemicals, especially alkyl vinyl ethers

Ž .and polyacetal resins Aizawa et al., 1994 .
In the past few years, the development of more environ-

mentally acceptable gasolines and fuels has been studied in-
tensively. Acetals have been under consideration as oxy-
genated additives to diesel fuel because they reduce drasti-

Ž .cally the emission of particles and NO Thuner et al., 1999 .¨x
Diethylacetal is used as an additive for ethanol fuel to de-

Žcrease the auto ignition temperature Kohlpaintner et al.,
.1999 . Recently, it has been reported that it can make an
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attractive additive to diesel oil by keeping or improving the
cetane number and helping in the combustion of the final

Žproducts, without decreasing the ignition quality Capeletti et
.al., 2000; Balzano and Laborde, 2000 .

Most known methods of acetal production involve the
acid-catalyzed equilibrium-controlled reaction of acetalde-

Ž .hyde and ethanol Bramwyche et al., 1950 , according to the
reaction

2 Ethanol A qAcetaldehyde B ~ Acetal C qŽ . Ž . Ž .

Water D .Ž .

Traditionally, mineral or carboxylic acids are used as the
Ž .catalyst Morrison and Boyd, 1983 . The disadvantage of us-

ing soluble catalysts is that they must be neutralized after
reaction. Therefore, heterogeneous catalysts of the strongly
acid resin type are used. These catalysts have the advantage
of being easily separated from the reaction product and hav-
ing a long lifetime. Resins are of particular interest, since
they act like a catalyst for the acetalization reaction and as a
selective adsorbent to the species involved in the process
Ž .Mazzotti et al., 1996, 1997 . Lately, the development of mul-
tifunctional reactors using acid resins as the catalyst is being
implemented in the production of oxygenated fuel additives
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Ž .MTBE, ETBE, TAME, and so on , where the reaction is of
the type: AqB~C. Among all available technologies, the
reactive distillation is the most used in that field, since differ-
ences between the boiling points of reactants, A and B, and

Žthe desired product, C, are sufficient Sundmacker and Hoff-
.man, 1996; Higler et al., 2000 . In the case of acetalization,

where the two products, acetal and water, have boiling tem-
peratures of 1028C and 1008C, respectively, the use of an ad-
sorptiverchromatographic reactor seems to be a feasible and
economical solution. The application of chromatographic re-

Žactors to equilibrium-controlled reactions Sardin et al., 1992;
.Carta, 1990 leads to conversions that are higher than the

equilibrium, since one of the products is being removed from
the reaction zone. Perhaps one of the most interesting chro-
matographic reactors is the simulated moving-bed reactor
Ž .SMBR . This technology has been applied to reversible reac-

Žtions catalyzed by acid resins Kawase et al., 1996; Mazzoti et
. Žal., 1996 and also to biochemical reactions Azevedo and

.Rodrigues, 2001; Barker et al., 1992 . However, some authors
first studied the dynamic behavior of the fixed-bed adsorptive
reactor to validate kinetic and adsorption data and to provide
a better understanding of the performance of chromato-

Žgraphic reactors Lode et al., 2001; Mazzotti et al., 1997;
.Kawase et al., 1999 .

The aim of this work is to study the synthesis of diethylac-
etal in a fixed-bed adsorptive reactor, in view of the future
implementation of the process in a simulated moving-bed ad-
sorptive reactor. Adsorption and reaction experiments were
carried out at 288 K. The multicomponent adsorption param-
eters were obtained by performing binary adsorptive experi-
ments in the absence of reaction. The reaction kinetics of
acetal production, catalyzed by the sulfonic acid ion-ex-
change resin Amberlyst 18, obtained in a batch reactor by

Ž .Silva and Rodrigues 2001 , was considered. The model for
the adsorptive reactor includes axial dispersion, external and
internal mass-transfer resistances, constant temperature, and
multicomponent Langmuir isotherms, and was solved by or-
thogonal collocation by finite elements, using the measured
model parameters.

The Chromatographic Reactor
Experimental apparatus

The experiments have been performed in a laboratory-scale
jacketed glass column that was maintained at constant tem-
perature, through a thermostatic bath at 288 K, at atmo-

Ž .spheric pressure see Figure 1 . All experiments were per-
Ž .formed with analytical-grade chemicals purity )99% from

Ž .Sigma-Aldrich U.K. . The experimental breakthrough curves
were obtained by analyzing, with a gas chromatograph, small
samples withdrawn at different times from the column exit.
The column was packed with the sulfonic acid ion-exchange

Ž .resin Amberlyst 18 Rohm and Haas . The ion-exchange ca-
pacity is 4.5 eq H[rkg of dry resin and the inner surface area
is 30=103 m2rkg. When the dry resin contacts a fluid, it

Žswells, and the swelling ratio ratio between the swollen and
.dry volume of the resin depends upon the fluid composition.

The swelling is due to the sorption of the different compo-
nents of the mixture, depending on their relative affinities to
the resin. The character of the resin is mainly determined by
its structure, for example, cross-linking degree and functional

(Figure 1. Experimental setup configuration: top-down
)flow direction .

groups. The polymeric resins that contain sulfonic acid func-
tional groups, such as Amberlyst 18, exhibit a strong selectiv-
ity for polar species. For Amberlyst 15 the swelling ratio for
water, ethanol, acetic acid, and ethyl acetate is, respectively,

Ž .1.52, 1.48, 1.30, and 1.22 Mazzotti et al., 1997 , which is in
agreement with the polarity of the components. Thus, it is
expected for the system studied here that the order of in-
creasing affinity of the components to the resin is acetal,
ethanol, acetaldehyde, and water. The effect of swelling yields
changes in the length and in the bulk porosity of the fixed-bed
reactor, but during its operation no variations in the bed
length were noticed. Table 1 shows the characteristics of the
fixed-bed column.

In order to determine the Peclet number and the bed
porosity, pulse experiments of the tracer were performed us-

Ž 3. 3ing a blue dextran solution 5 kgrm . Samples of 0.2 cm
were injected under different flow rates and the column re-
sponses were monitored using a UV-VIS detector at 300 nm.
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Table 1. Characteristics of the Fixed-Bed Column
y3Solid weight 46=10 kg
y2Ž .Length L 28=10 m
y2Internal diameter 2.2=10 m
y6Ž .Radius of the particle r 239=10 mp

Ž .External void fraction e 0.39
Ž .Internal void fraction e 0.39p

3Ž .Bulk density r 390 kgrmb

The bed porosity was calculated from the stoichiometric time
of the obtained experimental curves. By calculating the sec-
ond moment of the experimental curves, an average Peclet
number was obtained for the range of flow rates to be used
in the fixed-bed experiments. Figure 2 shows two different
tracer experiments and the respective values of bed porosity
and Peclet number are presented in Table 2.

Mathematical model
A rigorous modeling of the sorption in the swelling poly-

mer should include an appropriate model, such as the modi-
fied Flory]Huggins model, to predict the polymer-phase ac-

Ž .tivities Mazzotti et al., 1996 . However, for densely cross-
linked resins bearing highly polar groups on almost every
monomer, these effects are poorly understood and this model
should be regarded as an empirical tool to correlate the equi-
librium data sorption and to predict the behavior of multi-

Ž .component mixtures Lode et al., 2001 . For this reason, an
alternative approach based on the multicomponent Langmuir
model was considered

Q K Ci i i
q s , 1Ž .ni

1q K CÝ j j
js1

where Q and k represent the total molar capacity per uniti i
volume of resin and the equilibrium constant for component
i, respectively. It was shown that thermodynamic consistency

Figure 2. Tracer experiments, using a blue dextran so-
lution.

Ž . Ž .Experimental results: e run 1; ` run 2. Simulated re-
Ž . Ž .sults: run 1; run 2.

Table 2. Results Obtained from Tracer Experiments
7 3 2Ž . Ž .Q =10 m rs t s e s Pe

Run 1 0.83 500 0.392 0.506 273.8
Run 2 1.25 335 0.393 0.234 265.7

requires that the total molar capacity of the resin should be
equal for all species. For physical adsorption of molecules of
widely different size such an assumption is unrealistic. Popken¨

Ž .et al. 2000 states that using a Langmuir-type adsorption
isotherm based on mass instead of adsorbed amount, where
the total adsorbed mass per mass of catalyst was kept the
same for all species, results in further improvement of the
fitting result. It should also be mentioned that the underlying
assumptions of the Langmuir model, that is, the monolayer
adsorption to energetically equal binding sites, do not de-
scribe the actual physical phenomena of adsorption. How-
ever, the Langmuir model should be regarded as an analyti-
cal description rather than a physical model that is able to
represent satisfactorily the experimental adsorption data.

The mathematical model used to describe the dynamic be-
havior of the fixed-bed adsorberrreactor considers the follow-
ing assumptions:
Ž .1 The flow pattern is described by the axial dispersed

Ž .plug-flow model Chung and Wen, 1968 ;
Ž .2 External and internal mass-transfer for adsorbable

species are combined in a global resistance;
Ž .3 Isothermal process;
Ž .4 Constant column length and packing porosity are as-

sumed.
The model equations are constituted by the following sys-

tem of four second-order partial differential equations in the
bulk concentration of the ith component, C , and four ordi-i
nary differential equations in the average concentration of
the ith component into the particle pores, Cp,i
Bulk Fluid Mass Balance to Component i

­ C ­ uC 3 ­ ­ xŽ .i i i
e q q 1ye K C yC seD C .Ž . Ž .L i p , i ax Tž /­ t ­ z r ­ z ­ zp

2Ž .

Pellet Mass Balance to Component i

­ C3 ­ q rp , i i b pK C yC se q 1ye yn RR ,Ž .Ž .L i p , i p p ir ­ t ­ t 1yep

3Ž .

together with the initial and Danckwerts boundary conditions

ts0 C sC sC 4Ž .i p , i i ,0

­ Ci
zs0 uC yeD suC 5aŽ .i ax i , F­ z zs 0

­ Ci
zs L s0. 5bŽ .

­ z zs L

The subscripts F and 0 refer to the feed and initial states,
respectively, u is the superficial velocity, K is the globalL
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Table 3. Reaction Equilibrium Constant and Kinetic
Parameters of Acetal Synthesis Catalyzed by Amberlyst 18

Ž . Ž .T K K k molrkg ? s Keq c I

283 1.39 2.83 2.34
288 1.29 4.05 2.68

Ž .Source: Silva and Rodrigues 2001 .

mass-transfer coefficient, D is the axial dispersion coeffi-ax
cient, t is the time variable, z is the axial coordinate, n isi
the stoichiometric coefficient of component i, r is the bulkb
density, and R p is the rate of the chemical reaction given by
Ž .Silva and Rodrigues, 2001 :

a a y a a rK aA B C D eq ApR s k , 6Ž .c 21q K a raŽ .I C A

where the activities of the components are relative to the liq-
uid phase inside the catalyst pores. The activity coefficients

Žwere evaluated using the UNIFAC method Fredenslund et
.al., 1977 . The equilibrium constant and the kinetic parame-

ters of Amberlyst 18 are presented in Table 3.
Variations in the superficial velocity and in the total con-

centration of the liquid phase can be accounted for by assum-
ing the ideal volume additivity of the components within the
liquid phase, that is, S C V s1. However, velocity and to-i ml ,i
tal concentration variations in the simulations under exami-
nation are small and can be neglected without significantly
affecting the model accuracy.

Introducing the dimensionless variables for space z s zrL
Ž .and time u s tr eLru and the parameters

uL
Pes Peclet number 7Ž . Ž .

eDax

r k eLb c
Das Damkohler number 8Ž . Ž .¨

1ye uŽ .
eL 3

UK s k Number of mass-transfer units . 9Ž . Ž .L Lu rp

The model Eqs. 2 and 3 become

­ C ­ C 1ye 1 ­ 2Ci i iUq q K C yC s 10Ž .Ž .L i p , i 2­u ­z e Pe ­z

­ C ­ qp , i iUK C yC se q 1ye yn Daf C ,Ž .Ž . Ž .L i p , i p p i p , i­u ­u

11Ž .

with the initial and boundary conditions

u s0 C sC sC 12Ž .i p , i i ,0

1 ­ Ci
z s0 C y sC 13aŽ .i i , FPe ­z z s 0

­ Ci
z s1 s0. 13bŽ .

­z z s1

The proposed model considers a global mass-transfer coef-
Ž .ficient K defined asL

1 1 1
s q , 14Ž .

K k e kL e p i

wherein k and k are, respectively, the external and internale i
mass-transfer coefficients to the liquid phase.

Ž .Santacesaria et al. 1982 showed that the internal mass-
transfer coefficient varies in time, and the calculation of the
rigorous value requires the solution of the complete model
equations inside particles. As an approximation, the mean

Ž .value estimated by Eq. 15 Glueckauf, 1955 was used

5D rtm
k s . 15Ž .i rp

The external mass-transfer coefficient was estimated by the
Ž .Wilson and Geankoplis correlation Ruthven, 1984

1.09 0.33 16Sh s Re Sc 0.0015- Re -55, Ž .Ž .p p pe

where Sh and Re are, respectively, the Sherwood andp p
Reynolds numbers, relative to particle

k de p
Sh s 17Ž .p Dm

r d up
Re s , 18Ž .p m

and Sc is the Schmidt number

m
Scs . 19Ž .

rDm

The diffusivities in multicomponent liquid mixture were es-
timated by the modified Wilke]Chang equation, proposed by

Ž .Perkins and Geankoplis Reid et al., 1987

1r2
fM TŽ .

y8D s7.4=10 20Ž .Am 0.6mVml , A

n

fMs x f M 21Ž .Ý i j j
js1
j/ A

where D is the diffusion coefficient for a dilute solute AAm
into a mixture of n components; T is the temperature; Vml, A
is the molar volume of the solute A; x is the molar fractionj
for component j; f is the association factor for componentj
j, that is, equal to 2.6 for water, 1.5 for ethanol, and 1.0 for
unassociated components. The mixture viscosity, m, was pre-
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dicted by the generalized corresponding states method pur-
Ž .posed by Teja and Rice 1981 .

The system of partial differential equations represented by
Ž .Eqs. 10 to 13 is solved by the method of the lines MOL

using orthogonal collocation in finite elements, with B-splines
as base functions through numerical package PDECOL
Ž .Madsen and Sincovec, 1979 . Fifty subintervals for spatial
discretization along the z-axis were used, with two internal
collocation points in each subinterval, resulting in 200]400
time-dependent ordinary differential equations for adsorp-
tionrreaction simulations. For all simulations there was a
fixed tolerance value EPS equal to 10y7.

Results and Discussion
Binary adsorption experiments

The breakthrough curves of ethanol, acetal, and water were
measured in the absence of reaction. The resin was saturated
with a certain component, A, after which the feed concentra-
tion of component B was changed stepwise. The adsorption
parameters were optimized by minimizing the difference be-
tween experimental and simulated stoichiometric times of the
breakthrough curves

L Dq
t s e q 1ye e q 1ye 1ye , 22Ž . Ž . Ž .Ž .st p pu DC

where

Dq q C y q CŽ . Ž .F 0
s . 23Ž .

DC C yCF 0

Then the mass-transfer parameters were estimated from
the preceding equations, after the tortuosity was optimized
from the experimental data by ‘‘best fit’’ procedure. For all
simulations, the viscosity mixture and the diffusivity of each
component in the liquid mixture were calculated at each time
and any axial position, and so the mass-transfer parameters
also depend on the liquid composition.

It should be noted that the hydrodynamic regime has an
important effect on the experimental results, and the differ-

Ž .ence in densities of the species see Table 4 can lead to axial
backmixing driven by natural convection. The concentration
fronts moving within the column are hydrodynamically stable
if the component in the component above the front is less
dense than the component under the front. In order to ob-
tain reproducibility in the experimental results, the correct

Ž .flow direction bottom-up or top-down has to be chosen. As
an example, for a breakthrough experiment where acetal is

Table 4. Adsorption Equilibrium Isotherms and
Component Densities at 288 K

Q k r
y3 3 6 3 3Ž . Ž . Ž .Component =10 molrm =10 rm rmol kgrmres

Ethanol 25.9 195 795
Acetaldehyde 35.4 173 784
Acetal 15.9 71 836
Water 60.7 310 1003

Figure 3. Breakthrough experiments: outlet concentra-
tion of acetal as a function of time.

y7 3 ŽAcetal displacing ethanol: Q s 3.9 = 10 m rs 23.2
. Ž .mLrmin ; botton-up direction flow. ) Experimental acetal

Ž .concentration; model results.

fed to a column initially saturated with ethanol, the liquid
flow direction must be bottom-up, due to the higher density
of acetal as compared to the ethanol, as shown in Figure 3.
So, the correct liquid flow direction was considered in all ex-
periments performed.

In order to compare the selectivity of the resin to the com-
ponents, two different experiments performed in the fixed-
bed column are illustrated in Figure 4a and 4b; in both cases,
top-down flow was used. In Figure 4a, ethanol displaces wa-
ter, which initially saturates the resin. Since the resin prefer-
entially adsorbs water, the concentration front of ethanol has
a dispersive character. In Figure 4b, ethanol displaces acetal,
which is the weakest adsorbed component, and in this case
the breakthrough front of ethanol is self-sharpening.

In a breakthrough experiment, where component A dis-
places the component B, the total amount of A necessary to
saturate the column is given by the product between the volu-
metric flow rate and the area over the breakthrough curve
limited by the feed concentration. The product between the
flow rate and the area under the elution curve gives the total
amount of component B that was initially saturating the col-
umn. In Figure 5a and 5b, the concentration history of ethanol

Žand water are shown. In the breakthrough of ethanol Figure
.5a , the errors between the experimental and simulated

amounts of ethanol fed and water displaced are 1.2 and 0.5%,
respectively. Comparing the amount of ethanol fed in the ex-
periment of Figure 5b with the amount of ethanol displaced
by water in the experiment of Figure 5a, the error obtained is
2.0%. For water, the error between the amount fed, Figure
5a, and the amount eluted, Figure 5b, is 2.0%.

It was not possible to perform the breakthrough experi-
ments with acetaldehyde, because acetaldehyde reacts with

Ž .itself to give an acetaldehyde trimer paraldehyde . So the
adsorption parameters were determined by optimization of
the reaction data.

Kinetic experiments
In a typical reaction experiment, a mixture of ethanol and

acetaldehyde is continuously fed to the chromatographic re-
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Figure 4. Breakthrough experiments: outlet concentra-
tion of ethanol as a function of time.
Ž . y7 3 Ža Ethanol displacing water; Q s 3.8= 10 m rs 23.0

. Ž .mLrmin ; top-down direction flow; b ethanol displacing ac-
y7 3 Ž .etal; Q s 3.6=10 m rs 21.4 mLrmin ; top-down direction

Ž . Ž .flow. * Experimental ethanol concentration; model
results.

actor, initially saturated with ethanol. Since the feed mixture
is less dense than ethanol, the flow direction adopted was
from the top to the bottom of the column. In the regenera-
tion experiment, ethanol was used as desorbent and the top-
down flow was adopted, because the reaction mixture present
within the column is heavier than pure ethanol.

Two reaction experiments, where the feed is a mixture of
ethanol and acetaldehyde that is almost at the stoichiometric
ratio to a column initially saturated with ethanol, are shown
in Figure 6, which shows the time evolution of the outlet con-
centrations. As the acetaldehyde enters the column, it is ad-
sorbed and reacts with the adsorbed ethanol, in the resin
phase. Acetal and water are formed in stoichiometric
amounts, but the resin preferentially adsorbs water, whereas
acetal is soon desorbed and carried by the fluid stream along
the column. Since one of the products is removed from the
reaction medium, the acetalization continues until the ac-

Figure 5. Breakthrough experiments: outlet concentra-
tion of ethanol and water as a function of time.
Ž . y7 3 Ža Water displacing ethanol; Q s 2.8= 10 m rs 16.7

. Ž .mLrmin ; bottom-up direction flow; b ethanol displacing
y7 3 Ž .water; Q s 3.9=10 m rs 23.5 mLrmin ; top-down direc-

Ž . Ž . Ž .tion flow. Experimental data: e ethanol; ) water;
model results.

etaldehyde is consumed. This process continues until the resin
is completely saturated with acetaldehyde and water. When
the resin reaches equilibrium, sorption, the selective separa-
tion of acetal and water, is not possible anymore. Local com-
positions remain constant, the steady state is achieved, and a
reactive mixture at the equilibrium composition constitutes
the outlet stream. The difference under the outlet concentra-
tion curves of the two products is relative to the difference in
the adsorbed amount of acetal and water in the resin, once
both products are formed at the same stoichiometric amount.
In this case, the model predictions are quite good.

It is interesting to note that there are two concentration
fronts. The first one is a separative front of acetal and ethanol,

Ž .which occurs between 4 and 11 min Figure 6 . The second
front is a reactive front where acetalization and separation of
the products occur, and it is apparent after 12 min. These
phenomena are better understood with the analysis of propa-
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Figure 6. Concentration histories in a fixed-bed adsorp-
tive reactor initially saturated with ethanol and
then fed with ethanol and acetaldehyde.

y7 3 Ž .Experimental conditions: Q s 2.4=10 m rs 14.5 mLrmin ,
C s11.7=10 3 molrm3 and C s 6.3=10 3 molrm3. Ex-A0 B0

Ž . Ž . Ž .perimental data: l ethanol; v acetaldehyde; ^ acetal;
Ž . Ž . Ž .B water. Model results: ethanol; acetalde-

Ž . Ž .hyde; acetal; water.

gation of these composition fronts. This is only possible by
considering the simulated profiles in the same experimental
operating conditions of Figure 6. Figures 7a]7d show con-
centration profiles for each species at 1, 3, 6, and 9 min. At
the entrance of the reactor, there is a reaction zone even
when the steady state is reached. This reaction zone corre-
sponds to the consumption of the acetaldehyde until the

Ž 3 3.equilibrium composition Cs2.9=10 molrm . When the
Žequilibrium conversion is reached at z s0.25 and t)180 s,

.in Figure 7 , the reactants’ concentrations do not change un-
til a second transition occurs. This second transition corre-
sponds to the front of the reactive zone that travels along the
column at constant velocity without changing its shape. In
this last reaction zone, reaction occurs until the acetaldehyde
has been completely consumed, since the amount of ethanol
far exceeds acetaldehyde, and water displaces acetal from the
stationary phase. In this reaction front, the acetaldehyde con-
centration front exhibits constant pattern behavior, since it

Žpropagates along the column at a constant velocity at about
y4 .3.6=10 mrs (2.2 cmrmin, in Figure 7b without chang-

ing its shape. Since water is being preferentially adsorbed by
the resin while it is produced, the velocity of the water front

Žis lower than that of the acetaldehyde front at about 1.9
.cmrmin, in Figure 7d . The water front also exhibits constant

pattern behavior. The acetal produced is immediately de-
sorbed, increasing the acetal fluid concentration. After the
reactive front zone, there are only acetal and ethanol in a
separate front where acetal is eluting the ethanol initially
present on the column. Since ethanol has more affinity to the
resin than acetal, this front is dispersive, as shown in Figures
7a and 7c.

The two reaction zones can be better visualized if the cal-
culated reaction-rate profiles inside the column at different

Ž .times are plotted Figure 8 . The maximum reaction rate is
observed at the entrance of the reactor; it then decreases

Figure 7. Internal concentration profiles of each species
in fluid phase inside the column, at different
times, during the reaction experiment of Fig-

( ) ( ) ( )ure 6: a ethanol; b acetaldehyde; c ac-
( )etal; d water.

Ž .exponentially until z (0.4 for ts12 min , and this zone cor-
responds to the steady-state reaction zone. The second reac-

Žtion zone moves along the column at constant velocity at
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Figure 8. Calculated reaction-rate profiles inside the
column for the experiment in Figure 6 at dif-

( ) ( )ferent times: 3 min ; 6 min ; 9 min
( ) ( ); 12 min .

Table 5. Mass-Transfer Coefficients Estimated at 288
K, at the Inlet of the Column

K K Ke i L
q5 q5 q5Ž . Ž . Ž .Component =10 molrs =10 mrs =10 mrs

Ethanol 7.70r5.92 1.88r1.32 0.68r0.48
Acetaldehyde 7.80r5.98 1.92r1.33 0.68r0.50
Acetal 5.38r4.13 1.10r0.77 0.40r0.28
Water 12.3r9.48 3.80r2.65 1.30r0.95

UThe feed is a mixture of ethanol and acetaldehyde at stoichiometric ratio
y7 3 Ž .and the flow rate is 2.4=10 m rs 14.5 mLrmin : particle radius s

239r327 mm.

y4 .about 3.4=10 mrs ( 2 cmrmin, in Figure 8 and travels

(Figure 9. Calculated bulk concentration dashed line
)with black symbol and average particle con-

(centration continuous line with white sym-
)bol profiles inside the column for the run

show in Figure 6, at 3 min.
Ž . Ž . Ž .Model results: e ethanol; ` acetaldehyde; ^ acetal;

Ž .I water.

together with the concentration fronts of acetaldehyde and
y4 Ž .water, whose velocities are 3.6=10 mrs (2.2 cmrmin

y4 Ž .and 3.2=10 mrs (1.9 cmrmin , respectively, as shown in
Figures 7b and 7d.

In order to assess the mass-transfer resistances, the values
of the external, internal, and global-mass transfer coefficients
are shown in Table 5, and it is thus concluded that the inter-
nal diffusion is the controlling mechanism. In Figure 9, the
comparison between the bulk and the average particle con-
centrations is shown for the run in Figure 6, at time 3 min. At
the entrance of the reactor, the ethanol and acetaldehyde are
consumed by the reaction inside the particle, and since the
mass transfer is not sufficiently high, the average particle
concentration is lower than the bulk concentration. Two re-

Ž .action experiments Figure 10a and 10b , were achieved with
Ž .a bigger pellet diameter d s654 mm at a different flowp

rate and temperature, in order to validate the mass-transfer
parameters estimation. The mass-transfer resistance in-

Figure 10. Concentration histories in a fixed-bed ad-
sorptive reactor initially saturated with
ethanol and then fed with ethanol and ac-
etaldehyde, with particle diameter d =654p
mm.

Ž . y7 3 ŽExperimental conditions: a Q s 3.4=10 m rs 20.5
. 3 3mLrmin , T s 288 K, C s12.3=10 molrm , and C sA0 B 0

3 3 Ž . y7 3 Ž .5.5=10 molrm ; b Q s 2.3=10 m rs 13.5 mLrmin ,
T s 283 K , C s12.2=10 3 molrm3 and C s 5.6=10 3

A0 B 0
3 Ž . Ž .molrm . Experimental data: l ethanol; v acetalde-
Ž . Ž . Ž .hyde; ^ acetal; B water. Model results: ethanol;

Ž . Ž . Ž .acetaldehyde; acetal; water.
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Figure 11. Concentration histories in the regeneration
step of a fixed-bed adsorptive reactor.
The initial profiles in the bed are those at the final steady
state of the run in Figure 6. Experimental conditions: Q s

y7 3 Ž . 3 32.4=10 m rs 14.5 mLrmin , C s17.0=10 molrm ,A0
3 3 Ž .and C s 0.0 = 10 molrm . Experimental data: lB0

Ž . Ž . Ž .ethanol; v acetaldehyde; ^ acetal; B water. Model
Ž . Ž . Ž .results: ethanol; acetaldehyde; ac-

Ž .etal; water.

Ž .creases see Table 5 , and the agreement between experi-
mental and simulated results is quite good. The nonideality
of the system is observed by analyzing the activities’ coeffi-
cients calculated by the UNIFAC method. In a typical experi-

w xment, the activity coefficients ranges are 1.1]2.8 for ethanol,
w x w x w x1.3]2.1 for acetaldehyde, 0.6]2.7 for acetal, and 2.3]3.6
for water.

After the steady state is achieved, and before starting a
new reaction experiment, it is necessary to regenerate the
column. This step requires the use of a solvent to remove the
adsorbed species. Ethanol was used as desorbent, although it
is possible to use acetaldehyde to regenerate the resin. Fig-
ure 11 shows the regeneration step relative to the run repre-
sented in Figure 6. Acetal and acetaldehyde are the weakly
adsorbed species and are the first to be desorbed. Water is
strongly adsorbed and has much more affinity to the resin
than ethanol, so large amounts of ethanol are needed to
complete the water displacement. Again, in the regeneration
step, agreement between model predictions and experimental
results is satisfactory.

Conclusions
The dynamic behavior of a fixed-bed adsorptive reactor for

the synthesis of diethylacetal, using an acid resin catalyst
Ž .Amberlyst 18 , was studied.

The adsorption data were obtained by performing dynamic
binary adsorption experiments, in the absence of reaction, at
288 K, in a laboratory-scale column. The adsorption parame-
ters were optimized by minimizing the difference between the
experimental and simulated stoichiometric times of the
breakthrough curves. The internal mass-transfer coefficients
were estimated by the Glueckauf approximating equation, and
the Wilson and Geankoplis correlation was used to estimate

the external mass-transfer coefficients.
A mathematical model for the adsorptive reactor was de-

veloped, including axial dispersion, external and internal
mass-transfer resistances, and constant temperature; multi-
component Langmuir adsorption isotherms and reaction rate
were measured in our laboratory. Model equations were
solved by orthogonal collocation by finite elements, using the
measured model parameters. The model was validated by
comparing the experimental results obtained for the produc-
tion and regeneration steps. Quite a good agreement be-
tween the model predictions and the experimental data was
observed. This tool will be used in future work on the synthe-
sis of diethylacetal in a simulated moving-bed adsorptive re-
actor.
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Notation
as liquid-phase activity
Cs liquid-phase concentration, molrm3

3C saverage liquid-phase concentration inside the particle, molrmp
C s total liquid-phase concentration, molrm3

T
d sparticle diameter, mp ¨DasDamkohler number

D sdiffusion coefficient for a dilute solute A into a mixture, m2rsA m
D saxial dispersion, m2rsax
D smolecular diffusivity, m2rsm

k s internal mass-transfer coefficient, mrsi
k sexternal mass-transfer coefficient, mrse
k skinetic constant, molrkg ? sc res
KsLangmuir equilibrium parameter, m3rmol

K sequilibrium constanteq
K sadsorption constant in Eq. 6I
K sglobal mass-transfer coefficient, mrsL
K Us number of mass-transfer unitsL

Lsbed length, m
PesPeclet number

qssolid-phase concentration in equilibrium with the fluid con-
centration inside the particle, molrm3

res
Qsadsorption capacity, molrm3

res
r sparticle radius, mp

R ps reaction rate relative to fluid concentration inside the particle,
molrkg ? sres

Re sReynolds number relative to particlep
r sparticle radius, mp

Sh sSherwood number relative to particlep
ScsSchmidt number

ts time, s
t sstoichiometric time defined in Eq. 20, ss t
Ts temperature, K
ussuperficial velocity, mrs

V smolar volume in the liquid phase, m3rmolm l
xs liquid-phase molar fraction
zsaxial coordinate, m

Greek letters
esbulk porosity

e spellet’s porosityp
gsactivity coefficient
ms fluid viscosity, kgrm ? s
nsstoichiometric coefficient
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rs liquid density, kgrm3

r sbulk density, kg rm3
b res
usdimensionless time coordinate
ts tortuosity
zsdimensionless axial coordinate

Subscripts and superscripts
Ž .isrelative to component i, is A, B, C, D

Fsrelative to the feed
0srelative to initial conditions
psrelative to particle
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