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The butyl acrylate synthesis from the esterification reaction of acrylic acid with 1-butanol in a fixed-bed adsorptive
reactor packed with Amberlyst 15 ion exchange resin was evaluated. Adsorption experiments were carried out with non-
reactive pairs at two temperatures (323 and 363 K). The experimental results were used to obtain multicomponent
adsorption equilibrium isotherms of Langmuir type. Reactive adsorption experiments using different feed molar ratios
and flow rates were performed, at 363 K, and used to validate a mathematical model developed to describe the dynamic
behavior of the fixed-bed adsorptive reactor for the butyl acrylate synthesis. Due to the simultaneous reaction and sepa-
ration steps, it was possible to obtain a butyl acrylate maximum concentration 38% higher than the equilibrium concen-
tration (for an equimolar reactants ratio solution as feed at a flow rate of 0.9 mL min21 and 363 K) showing that
sorption-enhanced reaction technologies are very promising for butyl acrylate synthesis. VC 2014 American Institute of

Chemical Engineers AIChE J, 61: 1263–1274, 2015
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Introduction

The synthesis of butyl acrylate (BAc) was the subject of
many studies, in the last years, due to its multiple areas of
application. This compound is an acrylate monomer with
molecular formula CH2@CHCOO(CH2)3CH3, which has
been referred as precursor of several products, such as adhe-
sives1 (including PSAs),2,3 varnishes, finishers of papers, and
textiles.4 It has been also applied in the production of coat-
ings and inks, sealants, plastics, elastomers,5 and it has been
mostly used to produce copolymers.6–10

BAc is usually produced by an equilibrium limited reac-
tion between acrylic acid (AAc) and n-butanol, in acidic
medium, having water as by-product, according to Figure 1.

This system presents a complex thermodynamic behavior
since, according to Niesbach et al.,11 it has five azeotropes:
two homogeneous and three heterogeneous. Furthermore,
during this esterification reaction, there is a high risk of
polymerization, mainly at high temperatures.12–14 According
to several research works,12,14,15 the addition of an inhibitor
helps to avoid the polymerization step; phenothiazine (Ptz)
and hydroquinone monomethyl ether have been the most
commonly used inhibitors; however, in a recent study,12 the
researchers concluded that Ptz is the most effective one.

These limitations in the production process of BAc led to
many research studies to improve the conventional process
in terms of cost and environmental issues, which is based on
a homogeneous catalyzed multistage process using two reac-
tors and three distillation columns for the recovery of the
reactants and the purification of the desired product.12

In the last years, process intensification is a subject that

has been explored in chemical engineering research. One

important example of process intensification is the multifunc-

tional reactors, where reaction and separation steps are inte-

grated into a single equipment, usually known as reactive

separations. The reactive separation technologies, when

applied to equilibrium-limited reactions, allow overtaking the

equilibrium conversion by continuously removing at least

one of the products from the reaction medium. These type of

reactors lead to smaller, cleaner and more energy-efficient

processes than the conventional ones.16,17

Chromatographic reactors and reactive distillation (RD)
are the most studied intensification processes. RD was inves-
tigated to improve several conventional processes, including
the BAc production. Schwarzer and Hoffman18 experimen-
tally studied the reaction equilibrium and kinetics and they
used those data to simulate a process to produce BAc using
a catalytic tubular reactor and a RD column. They concluded
that attaching a phase separator above the condenser had an
advantageous effect on the BAc yield because water is
removed selectivity at the top of the column favoring the
BAc production in terms of equilibrium and kinetics. They
also observed in some simulations an unstable reaction mix-
ture at the top of the column that could lead to a phase sepa-
ration affecting the properties of the column’s products
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streams, which should be avoided. Zeng et al.,4 theoretically
investigated the design and control of a RD column with an
overhead decanter using the data of Schwarzer and Hoff-
man.18 It was achieved a high purity 99.83 mol % BAc
product at the bottom of the RD column and they concluded
that it is better to operate the system at a point with slight
imbalance of the stoichiometric feed ratio to achieve strong
open-loop sensitivity for the RD column system. Niesbach
et al.,11 besides a theoretical assessment, presented the
experimental synthesis of BAc using RD evaluating different
parameters like temperature, pressure, and the stability of the
catalyst among others and taking into account for the first
time the polymerization risk. An intensive study about pre-
venting the polymerization reactions in this process was
recently published by the same group.12 It was concluded
that Ptz is more effective than hydroquinone monomethyl
ether. Furthermore, an optimization of the BAc synthesis
process in a RD column at industrial scale using a nonequili-
brium stage model was also studied by this group, achieving
a significant reduction of production costs, by the implemen-
tation of a decanter at the top of the column (allowing recy-
cling of unused reactants), comparing with a single RD
column as well as with the conventional process.19

In the chromatographic reactors, the separation process is
made by adsorption while the reaction step occurs, which
can be advantageous over RD for complex molecules that
are difficult to separate by evaporation processes.20 More-
over, chromatographic reactors are operated at lower temper-
atures than RD being, in principle, preferable to prevent
polymerization reactions.

Many studies have been focused on heterogeneous cata-
lysts for the esterification reaction between AAc and n-buta-
nol11,18,21–26 to overcome the environmental drawbacks
associated with homogeneous catalysts as well as to facilitate
their separation from the final product. It is known that ion
exchange resins are active catalysts for esterification reac-
tions. One example is the Amberlyst 15 resin (A15), which
was, recently, used in a kinetic study of the BAc system
with good results in batch conditions.27 Furthermore, A15
was already successfully applied in simulated moving bed
reactor (SMBR)-based processes for other systems,28–30

showing high selectivity for water adsorption, being very
attractive for BAc synthesis in chromatographic reactors.

The SMBR is a technology developed some years ago that
consists in several chromatographic reactors connected in
series forming a closed loop which can be operated in a con-
tinuous mode. In spite of the good results attained for the
production of other compounds involving equilibrium-limited
reactions, as diethylacetal,31 1,1-dimethoxyethane,32 ethyl
lactate,28 1,1-dibutoxyethane,33 and ethyl acetate,29 by
SMBR, this technology was never evaluated for the produc-
tion of BAc.

This work aims to study the synthesis of BAc in a fixed-
bed adsorptive reactor (FBAR) as a very important step to

determine the best conditions to implement a future SMBR
process for this system using A15 as catalyst and adsorbent.
To assess the performance of this type of reactors, the
knowledge of basic data, as adsorption and reaction kinetics
on the A15 resin, is crucial. The BAc reaction kinetics in a
batch reactor in the presence of A15 was already studied.27

In this work, an adsorption study with binary mixtures in the
absence of reaction was performed, at 323 and 363 K, to
obtain the multicomponent adsorption parameters. Then, the
kinetic and adsorption data were used in a mathematical
model developed to describe the synthesis of BAc in a
FBAR, which was validated by reactive adsorption experi-
ments conducted under different conditions.

Experimental

Chemicals and materials

The chemicals used in the adsorption/reaction experiments
were n-butanol (�99.9 wt %) from Fisher Scientific, AAc
(�99 wt %) and BAc (�99.5 wt %) from Acros Organics.
AAc and BAc were provided stabilized with inhibitor (about
200 and 20 ppm of hydroquinone monomethyl ether
[MeHQ] in AAc and in BAc, respectively). The additional
inhibitor used in this study was Ptz (99 wt %), also from
Acros Organics. Isopropanol (�99.9 wt %) from Fisher Sci-
entific was used as solvent in the chromatographic analysis.

A15 resin was used as catalyst and adsorbent. This is a
highly crosslinked polystyrene-divinylbenzene ion exchange
resin functionalized with sulfonic groups, which swells selec-
tively in contact with a liquid phase multicomponent mix-
ture, especially with polar species.34 This fact depends on
the interactions between the fluid and the resin as well as on
the amount of crosslinks.35 In this work, the swelling ratios
were measured at 323 K for all compounds of the system
under study. The values are 1.55, 1.54, 1.35, 1.08 for water,
n-butanol, AAc and BAc, respectively. Thereby, it is possi-
ble to conclude that A15 has the following decreasing affin-
ity order: water, n-butanol, AAc, and BAc, which is in
accordance with the species polarity. The concentration of
active sites of this resin is 4.7 meq H1 g21 (dry matter), its
surface area is 53 m2 g21, its average radius is 372.5 mm,
and its particle porosity is 0.36.20 The catalyst/adsorbent was
first washed with deionized water and then with ethanol.
Then, it was dried at 90�C and prior to the packing the resin
was immersed in n-butanol.

Analytical method

All samples collected were analyzed (at least two times) in a
Shimadzu—GC 2010 Plus gas chromatograph equipped with
flame ionization and thermal conductivity detectors. The com-
pounds were separated using a silica capillary column
(CPWax57CB, 25 m 3 0.53 mm ID, film thickness of
2.0 mm). Helium N50 was used as the carrier gas at a flow rate
of 3.9 mL min21. The linear velocity was set to 30 cm s21

Figure 1. Esterification reaction of acrylic acid with 1-butanol.
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and the injection volume used was 0.8 mL with a split ratio of
15. The temperature of the injector and of the Thermal Con-
ductivity Detector (TCD) was set to 523 K while the tempera-
ture of the Flame Ionization Detector (FID) was set to be
573 K. The initial column temperature was 393 K for 4.3 min,
the temperature was then increased at 60 K min21 up to
473.15 K remaining constant for the following 17 min. Isopro-
pyl alcohol (isopropanol) was used as solvent. The global asso-
ciated uncertainty of the measured molar fractions was �0.05.

Experimental set up and procedure

The experiments at 323 K were carried out in a
laboratory-scale jacketed glass column, which was kept at
the desired temperature by a thermostatic bath, while the
experiments at 363 K were performed in a stainless steel col-
umn able to withstand higher temperatures placed inside an
oven (Figure 2). The main differences between the set ups
used and shown in the Figure, besides the columns, are that
the sampling is performed manually at 323 K and automati-
cally at 363 K and on the left side set up only one HPLC
pump was used to feed the column while on the right side
set up one HPLC pump was used for the adsorption mixture
and another for the regeneration step, avoiding the need to
purge the system. Both columns were packed with the sul-
fonic acid ion exchange resin A15 and their characteristics
can be seen in Table 2.

Tracer experiments were carried out by pulse injections of a
Dextran solution (15 kg m23) in water, since Dextran is insol-
uble in n-butanol. Samples of 0.2 cm3 were injected at differ-

ent flow rates (5, 7.5, and 10 mL min21) using water as eluent
and the column outlet concentration was monitored using a
UV–VIS detector (Gilson, Model 115) at 300 nm. At least,
three runs were performed for each flow rate to check the stoi-
chiometric time reproducibility of the experimental curves.

The adsorption experiments were performed by feeding to
the fixed-bed column different binary mixtures of known
composition of a reactant and a product of the esterification
reaction, at constant temperature and feed flow rate. To
obtain the breakthrough curves, small samples were collected
at the column outlet, at periodic time intervals, and analyzed
by gas chromatography according to the analytical method
described above. The reactive adsorption experiments were
performed in a similar way, but now by feeding reactive
mixtures comprising n-butanol and AAc, to the fixed-bed
column. In both cases, the experiments proceeded until no
changes were observed in the outlet stream composition.

Since BAc and AAc have high risk of polymerization at
high temperatures, previous tests were performed using
binary mixtures of these compounds (AAc/water and AAc/
BAc) in batch conditions over A15 resin at the same work
temperatures during 8 h. It was not observed the formation
of any by-products at 323 K; however, at 363 K, two new
peaks were observed in the corresponding chromatograms,
which can be butyl 3-butoxypropanoate or butyl
3-acryloxypropanoate, according to the literature21 (3-butox-
ypropionic acid and butyl hydroxypropanoate—also
possible by-products—were tested and excluded as possi-
bilities). Nevertheless, the area ratios observed were less

Figure 2. Experimental set up: (a) jacket glass column used at 323 K (top-down flow direction); (b) stainless steel
column used at 363 K (bottom-up flow direction).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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than 5% (Ai/Atotal). Anyway, some adsorption experiments
were repeated using Ptz as inhibitor to check its effect
in the adsorption profile. The amount of Ptz used was
1000 ppm as suggested by Niesbach et al.12

Mathematical model

A mathematical model was developed to predict the inter-
nal concentration profiles or the concentration histories of a
FBAR applied in the synthesis of BAc using the A15 resin
as catalyst and water selective adsorbent, which takes into
account the following assumptions:
1. Isothermal operation;
2. Constant bed and packing porosities;
3. Plug flow model with axial dispersion but negligible

radial dispersion;
4. Velocity variations due to changes in the bulk

composition;
5. Mass transfer described by the linear driving force model;
6. Multicomponent adsorption equilibrium described by

extended Langmuir isotherm model.
The bulk fluid and pellet mass balances to component i

are given by Eqs. 1 and 2, respectively
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where KL;i, Ci, and �Cp;i represent the global mass-transfer
coefficient, the bulk concentration and the average concen-
tration in the particle pores of component i, respectively. xi

is the component molar fraction and CT the total concentra-
tion in the liquid phase; u is the interstitial velocity, E the
bed porosity, and Dax is the axial dispersion coefficient,
which was obtained from the Peclet number, according to
Eq. 3; z is the axial dimension along the bed, r is the particle
radius, and t is time.

The interstitial fluid velocity variation is given by Eq. 4,
which was obtained from the total mass balance

Pe5
uLb

Dax

(3)

du

dz
52

12Eð Þ
E

3

rp

XNC

i51

kL;iVM;i Ci2 �Cp;i

� �
(4)

where VM,i is the molar volume of component i and NC is
the number of compounds.

In Eq. 2, qb is the bulk density, Ep is the particle porosity,
qi is the average adsorbed phase concentration of species i
in equilibrium with �Cp;i, mi is the stoichiometric coefficient
of component i and r is the kinetic rate of the chemical
reaction.

The adsorption equilibrium of component i is described by
the multicomponent Langmuir adsorption equilibrium isotherm
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where Qi is the monolayer capacity and Ki is the equilibrium
constant for component i.

It is known that, for thermodynamic consistency, the max-
imum molar capacity of an adsorbent should be the same for
all species to follow the Langmuir equilibrium model
assumption. However, this assumption is not verified for
molecules of very different sizes.31 Therefore, in some scien-
tific works, it is assumed a constant monolayer capacity in
terms of mass36 or in terms of volumes.28 In this work, it
was considered a constant volumetric monolayer capacity for
all species, Qv, which is given by Qv5Qi3VM;i. This
assumption allowed reducing the adjustable adsorption
parameters from 8 (one molar monolayer capacity and one
equilibrium constant for each species) to 5 (one volumetric
monolayer capacity for all species and one equilibrium con-
stant for each species), at each temperature.

The rate of chemical reaction is given by the following
equation27
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where in ai are the species activities (calculated using the
UNIFAC model), the subscripts A, B, C, and D refer to
n-butanol, AAc, BAc, and water, respectively, and kc, Ks;D,
and Keq are the kinetic constant, the water adsorption con-
stant, and the thermodynamic equilibrium constant, respec-
tively, which are equal to27
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Initial and Danckwerts boundary conditions are given by
Eqs. 10–13, where the subscripts F and 0 represent the feed
and initial condition, respectively
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Mass-transfer parameters

In this model, a global mass-transfer coefficient was con-
sidered that combines external and internal mass-transfer
coefficients, ke and ki, respectively, according to the
resistances-in-series model given by the following equation
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The internal mass-transfer coefficient was estimated by
Glueckauf Eq. 1537 while the external mass-transfer coeffi-
cient was estimated by the Wilson and Geankopolis correla-
tion,38 expressed by Eq. 16
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where Shp and Rep are the Sherwood and Reynolds numbers
relative to the particle, respectively, described by Eqs. 17
and 18. The Schmidt number, Sc, was determined according
to Eq. 19
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The infinite dilution diffusivities were estimated by the
Scheibel correlation39
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where D0
A;B is the diffusion coefficient for a dilute solute A

into a solvent B and gB is the viscosity of pure solvent B.
Vignes equation,40 based on coefficients at infinite dilu-

tion, was used to predict the diffusion coefficient in concen-
trated solutions for binary systems
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The diffusion coefficient for multicomponent concentrated
solutions was determined by the Perkins and Geankoplis41
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where gm is the viscosity of the mixture and gi is the viscos-
ity of the component i.

Numerical solution

The numerical solution of this problem was obtained using
the commercial software general PROcess Modelling System
version 3.5.3, using a method of orthogonal collocation in
finite elements; to this end, the axial dimension of the bed
was discretized in 21 finite elements with two interior collo-
cation points in each finite element and the Differential-
Algebraic equation SOLVer (DASOLV) integrated solver
was used to solve the remaining system of ordinary differen-
tial equations in time. For all simulations, a tolerance of
1025 was used.

Results and Discussion

Fixed-bed column characterization

Tracer experiments were performed at 323 K (shows as
Supporting Information) to characterize the glass fixed-bed
column in terms of Peclet number and bed porosity. These
experiments were carried out by pulse injections of a Dex-
tran solution, since its molecules are large enough to avoid
entering in the resin particles pores. The theoretical results
were obtained using the proposed fixed-bed model without
the reaction, adsorption and mass-transfer terms, since these
phenomena do not occur in the tracer experiments.

The bed porosity and the Peclet number were calculated
according to Eqs. 24 and 25, respectively, where t is the
mean residence time and r2 is the variance of the residence
time distribution curve. The results obtained are presented in
Table 2
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Regarding to the stainless steel column used for experi-
ments performed at 363 K, despite its different dimensions
(see Table 1, where the fixed-bed columns characteristics are
presented), the bulk density is almost the same, which
implies the same bed porosity (�0.4). The Pe number was
determined from the following empirical correlation valid
for liquids in packed beds42: EPep50:210:011Re0:48

p (sub-
script p corresponds to the particle), where Pep5Pedp=Lb.
The Pe number obtained from this correlation was 226. To
validate the correlation, the same was applied to calculate
the Pe number of the glass column. The correlation gives a
Pe equal to 82, while from the tracer experiments an average
value of 110 was determined (Table 2).

Adsorption isotherms

The multicomponent adsorption equilibrium was studied
at two temperatures, 323 and 363 K. The breakthrough
curves of nonreactive pairs were measured in accordance to
what was described in Experimental Set Up and Procedure
section, to evaluate the A15 performance in terms of
adsorption capacity and selectivity for all compounds of the
system under study. The possible binary mixtures to per-
form the breakthrough experiments in the absence of reac-
tion are: n-butanol/water, n-butanol/BAc, AAc/water, and
AAc/BAc.

Table 1. Characteristics of the Fixed-Bed Columns

Characteristic/column
Jacketed

glass
Stainless

steel

Length of the column, L(cm) 12.0 35.1
Internal diameter of the column, Di (cm) 2.6 1.95
A15 weight (g) 24.9 41.0
Bulk density qb(g dm23) 390.8 391.0

Table 2. Tracer Experiments Results at 323 K

Run Q (mL min21) �t (min) E Pe r2 (min2)

1 5.0 4.87 0.42 107 0.446
2 7.5 3.27 0.41 109 0.215
3 10.0 2.45 0.41 116 0.199
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Preliminary studies

It has been referred in the literature28,31,43 that it is
extremely important to set the correct liquid flow direction,
which should be based on the different species densities;
bottom-up or top-down direction must be used to ensure that
the component above the front is less dense than the compo-
nent below the front. This condition avoids a possible axial
backmixing phenomenon driven by natural convection.31 An
example is shown in Figure 3, where the results of two
adsorption experiments performed at the same conditions but
using opposite feed flow directions are presented. It can be
observed in Figure 3 that the use of the bottom-up configura-
tion results in more dispersive curves than when the correct
configuration (top-down direction since a less dense mixture
is being fed) is used. In all the experiments, the correct feed
flow direction was considered, taking into account the den-
sities of the species, which, at 363 K, are 746, 823, 963, and
970 kg m23, for n-butanol, BAc, water, and AAC,
respectively.

The effect of the presence of inhibitor was also studied by
performing the same breakthrough experiment with and
without Ptz. According to the suggested by Niesbach et al.,12

to suppress the formation of by-products, it was ensured an
amount of 1000 ppm of Ptz along the column bed during the
experiment. The breakthrough curves obtained are shown in

Figure 4, where it is visible that the inhibitor has no signifi-
cant effect on the results.

Adsorption experiments

The adsorption results were used to calculate the experi-
mental number of moles adsorbed/desorbed according to Eq.
26. Then, the parameters of the multicomponent Langmuir
adsorption isotherms (Eq. 5) were determined by minimizing
the difference between experimental and theoretical values
(determined by Eq. 27), according to Eq. 28, and applying a
Jackknife methodology.44 The same procedure was applied
for the results at 323 K
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The final adsorption parameters as well as the respective
molar volumes at 323 and 363 K are summarized in Table 3.

The breakthrough curves for all the possible binary mix-
tures obtained using the correct liquid flow direction and
without inhibitor (except the inhibitor already present in the
acquired AAc and BAc purchased), at 363 K, are shown in
Figures 5–8, while the adsorption results at 323 K are shown
as Supporting Information.

The experimental results are generally well predicted by
the mathematical model using the optimized adsorption
parameters presented in Table 3. For the pair n-butanol/
water, Figure 5, the mean deviation obtained between experi-
mental and theoretical amounts of n-butanol adsorbed are
1.1, 1.7, and 0.2% for the results presented in (a), (b), and
(c), respectively. For water, deviations of 2.0% (a) and 0.9%
[(b) and (c)] between the experimental and theoretical
desorbed amounts were observed. Regarding to the n-buta-
nol/BAc pair (Figure 6), the differences obtained between
the experimental amount adsorbed of BAc and the one pre-
dicted were 0.7, 7.9, and 1.5% for the experiments shown in
(a), (b), and (c), while for the amount desorbed of n-butanol,
the mean deviations obtained were 0.6, 8.0, and 0.8%,
respectively. The higher deviations between the experimental
results and the model predictions are observed for AAc/water
mixture (Figure 7); a mean deviation of about 20% for the
amount adsorbed/desorbed of AAc/water were observed,
except for the experiment (b) for which it was found a mean
deviation of 6.4% between the experimental and theoretical
number of moles for both species. This large deviation might
be caused by some polymerization of AAc in the column
despite the fact that in the experiments performed using
AAc, the concentration of this species was never higher than
50 mol %, because of the risk of polymerization and also to
avoid possible corrosion of the experimental set up compo-
nents such as the peristaltic pumps. Nevertheless, it is known
that AAc tends to polymerize at high temperatures.12,14,15

Indeed, after the adsorption experiments performed with this
binary mixture, the column was opened and it was observed

Figure 4. Breakthrough curves for a mixture BAc/AAc
(50/50 mol %) displacing a BAc solution
using or not inhibitor: with Ptz (�/•) and
without Ptz (�/�).

Figure 3. Breakthrough curves for BAc displacing a
BAc/AAc mixture (50/50 mol %) using differ-
ent feed configuration: top-down (�/•) and
bottom-up (�/�).
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the presence of an apparently viscous polymer like a color-

less gel with elastic properties in the bulk. However, no

significant amount of other species were detected in the liq-

uid phase (less than 5% of Ai/Atotal) as already reported by

other authors.14 For the pair BAc/AAc, both species with

high risk of polymerization, good results were obtained as

can be observed in Figure 8, resulting mean deviations of

0.2 (a), 3.0 (b), 12.3 (c), and 8.0 % (d) between experimen-

tal and predicted amounts desorbed of BAc and 0.9 (a), 1.9

(b), 11.2 (c), and 7.0 % (d) for the amounts adsorbed of

AAc. Accordingly, this fact leads to conclude that, besides

the high temperature, water had the main role in the forma-

tion of the polymer observed in the experiments with AAc/

water, like it happens in the hydrogel synthesis. This kind

of polymers, as polyacrylic acid, are formed in the aqueous

phase and they have water holding capacity and permeabil-

ity as important characteristics, leading to the formation of

a network that swells.45 This process leads to believe that

there was a change in the bulk conditions which hampered

the passage of the fluid through the bed, delaying the

breakthrough curves in relation to the predicted by the

model. Nevertheless, the experimental adsorption results

are overall well described by the considered mathematical

model.

Fixed-bed adsorptive reactor

A simulation study was performed to predict the perform-
ance of the FBAR, at 323 and 363 K, when an equimolar
mixture of reactants (AAc and n-butanol) is fed at 1 mL
min21 to the fixed-bed column (stainless steel) saturated
with n-butanol. It was concluded that, at 323 K, the conver-
sion achieved under these conditions is small due to the low
reaction rate. At steady state, the conversion obtained is
17%, which is significantly smaller than that attained in a
batch reactor under the same conditions (56%). Indeed, at
this temperature, the reaction equilibrium conversion for an
equimolar mixture of AAc and n-butanol can only be
achieved for a FBAR space time of approximately 186 min.

To increase the reaction rate, attain higher conversions
and, consequently, better performance in the BAc produc-
tion, the reaction plus adsorption experiments were con-
ducted at 363 K.

A first experiment (FBAR1) was performed by feeding a
mixture comprising AAc and n-butanol in the stoichiometric
amount, at a flow rate of 1.3 mL min21, to the stainless steel
column packed with A15 saturated with n-butanol (Figure
9). As soon as the reactive mixture enters the column it is
adsorbed by A15 and starts to react producing BAc and
water in stoichiometric amounts. As shown in Figure 9, BAc

Figure 5. Breakthrough curves for n-butanol displacing n-butanol/water mixtures [80/20 (a), 67/33 (b), and 55/45 (c)
mol %] at 7.5 mL min21 and 363 K; top-down direction.

Table 3. Adsorption Parameters Over A15 Resin and Molar Volume at 323 and 363 K

Component

QV (mL L21
wet solid) K (L mol21) VM (mL mol21)

323 K 363 K 323 K 363 K 323 K 363 K

n-Butanol

462.0 6 2.0 452.5 6 10.8

6.90 6 1.51 7.07 6 2.59 94.71 99.38
Water 48.74 6 7.39 22.74 6 8.09 18.24 18.71
BAc 2.67 6 0.30 1.94 6 0.34 147.65 155.65
AAc 3.51 6 0.32 1.90 6 0.45 70.85 74.31
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is the first eluted species, while water is the last, in accord-
ance with the resin affinity toward these components (BAc is
the less adsorbed component; water is the most adsorbed
one). The concentration profiles evolution continues until the
resin is completely saturated with water. After this, the

selective separation of BAc and water is no longer possible,
the outlet stream composition remains constant and the
FBAR achieves the steady state. A maximum concentration
of the desired product (BAc) equal to 5 mol L21, at approxi-
mately 85 min, was achieved, which significantly overcomes

Figure 7. Breakthrough curves for AAc/water mixtures [50/50 (a), 30/70 (b), and 10/90 (c) mol %] displacing water
at 7.5 mL min21 and 363 K; bottom-up direction.

Figure 6. Breakthrough curves for n-butanol/BAc mixtures [0/100 (a), 80/20 (b), and 33/67 (c) mol %] displacing n-
butanol at 7.5 mL min21 and 363 K; bottom-up direction.
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the equilibrium concentration that is equal to about 3 mol
L21 (represented by a dashed line in Figure 9). This result
demonstrates the potential of sorption enhanced reactor tech-
nologies, as the FBAR and the SMBR, for the BAc produc-
tion. After the FBAR1 experiment, a regeneration step was
performed by feeding n-butanol at a flow rate of 7.5 mL
min21 to the column to displace all the adsorbed compo-
nents. The concentration histories obtained at the fixed-bed
column outlet during the regeneration step are shown in Fig-

ure 10, where it can be observed that AAc and BAc are
completely eluted after 12 min, while water requires about
60 min to be desorbed using, therefore, a significant larger
amount of n-butanol than the other species. In both reactive
and regeneration steps, the model describes reasonably well
the experimental results (Figures 9 and 10).

To validate the mathematical model under different condi-
tions, additional reactive adsorptive experiments were per-
formed: FBAR2—an equimolar reactants ratio solution was
fed at a flow rate of 0.9 mL min21 (Figure 11) and
FBAR3—a mixture with reactants molar ratio 3:1 (n-butanol:
AAc) was fed at a flow rate of 1.0 mL min21 (Figure 12).

Figure 8. Breakthrough curves for AAc/BAc mixtures [50/50 (a), 35/65 (b), 10/90 (c), and 0/100 mol %] displacing
BAc at 7.5 mL min21 and 363 K; bottom-up direction.

Figure 9. FBAR1—Experimental and simulated concen-
tration histories at the outlet of the fixed-bed
adsorptive reactor initially saturated with n-
butanol and fed with a mixture of AAc/n-
butanol (Cn-butanol,F 5 5.88 mol L21 and
CAAc,F 5 5.60 mol L21); bottom-up feed con-
figuration; Q 5 1.3 mL min21 and T 5 363 K.

Dashed line represents the concentration of BAc in equi-

librium in batch conditions.

Figure 10. FBRA1_R—Experimental and simulated con-
centration histories at the outlet of the
fixed-bed adsorptive reactor for the regen-
eration step with n-butanol; top-down feed
configuration; Q 5 7.5 mL min21 and
T 5 363 K.
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Once again, in both cases, the column was previously satu-
rated with n-butanol. The behavior observed in the species
concentration histories at the column outlet shown in Figure
11 is similar to the one described above for the FBAR1. The
outlet concentrations of both reactants and products at the
steady state should be the same (as in experiment FBAR1).
However, this is not observed in the case of the products
(water presents a lower concentration than BAc), which
might be due to errors associated with the analytical method.
Due to the simultaneous reaction and separation steps, in the
FBAR2 experiment, it was possible to obtain a BAc maxi-

mum concentration 38% higher than the equilibrium concen-
tration. The FBAR2 and FBAR3 experimental results are also
reasonably well described by the considered mathematical
model as can be seen in Figures 11 and 12, respectively.
Nevertheless, the quality of the fittings was determined quan-
titatively by computing the respective correlation coefficient,
R2

corr, according to the following equation

R2
corr512

XNC

i51

XNE

j51

XNP

k51

Cexp
out;i;j;k2Cmod

out;i;j;k

� �2

XNC

i51

XNE

j51

XNP

k51

Cexp
out;i;j;k2

�C
mod

out;i

� �2
(29)

where NC, NE, and NP are the number of compounds,
experiments, and data points, respectively. The value
obtained for this parameter was 0.975, confirming that the
mathematical model implemented describes with good accu-
racy the concentration histories of all compounds in FBAR
experiments.

Conclusions

The feasibility of the BAc production in a FBAR packed
with A15 ion exchange resin was assessed.

An adsorption study using nonreactive binary mixtures
was performed, at 323 and 363 K, to determine the adsorp-
tion parameters of the selected isotherm (multicomponent
Langmuir isotherm) at this two temperatures. The resin affin-
ity toward the species involved in BAc synthesis in descend-
ing order is: water, n-butanol, AAc, and BAc.

Reactive adsorption experiments were also performed
under different conditions to validate the proposed mathe-
matical model that considers: isothermal operation, axial dis-
persion, constant bed volume, and packing (porosity),
internal and external mass-transfer resistances, and velocity
variations due to changes in the bulk composition. This
model is efficient in the prediction of adsorption, reaction,
and regeneration steps and it will be an important tool to
implement and develop sorption enhanced reaction technolo-
gies. This type of reactors is very promising for the sustain-
able BAc synthesis as proved by the conversions
significantly above the equilibrium attained in the FBAR.
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Notations

Abbreviations

RD = reactive distillation.
FBAR = fixed-bed adsorptive reactor.

Figure 11. FBAR2—Experimental and simulated con-
centration histories at the outlet of the
fixed-bed adsorptive reactor initially satu-
rated with n-butanol and fed with a mixture
of AAc/n-butanol (Cn-butanol,F 5 5.91 mol L21

and CAAc,F 5 5.67 mol L21); Bottom-up feed
configuration; Q 5 0.9 mL min21 and
T 5 363 K.

Dashed line represents the concentration of BAc in

equilibrium in batch conditions.

Figure 12. FBAR3—Experimental and simulated con-
centration histories at the outlet of the
fixed-bed adsorptive reactor initially satu-
rated with n-butanol and fed with a mixture
of AAc/n-butanol (Cn-butanol,F 5 8.35 mol L21

and CAAc,F 5 2.28 mol L21); Bottom-up feed
configuration; Q 5 1.0 mL min21 and
T 5 363 K.

Dashed line represents the concentration of BAc in

equilibrium in batch conditions.
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SMBR = simulated moving bed reactor.
BAc = butyl acrylate.
AAc = acrylic acid.
A15 = Amberlyst 15.
Ptz = Phenothiazine.

TCD = Thermal Conductivity Detector.
FID = Flame Ionization Detector.

DASOLV = Differential-Algebraic equation SOLVer.

Symbols

a = liquid phase activity, 2

C = liquid phase concentration, mol L21.

Cp = average liquid phase concentration inside the particle, mol L21.

Ct = total liquid phase concentration, mol L21

dp = particle diameter, cm.
D0

A;B = diffusion coefficient for a dilute solute A into a solvent B, cm2 s21.

DA;B = diffusion coefficient for binary concentrated solutions, cm2 s21

Dax = axial dispersion coefficient, cm2 s21.

Dm = molecular diffusivity, cm2 s21.

K = Langmuir equilibrium parameter, L mol21

ki = internal mass-transfer coefficient, cm s21.

ke = external mass-transfer coefficient, cm s21.

kc = reaction kinetic constant, mol g21 min21

Keq = equilibrium constant, 2.
Ks = adsorption constant in Eq. 6, 2.
KL = global mass-transfer coefficient, cm s21

Lb = bed length, cm.
n = number of moles, mol.

Pe = Peclet number, 2

q = average solid phase concentration in equilibrium with Cp, mol L21
res .

Q = molar adsorption capacity (Qi5Qv=VM;i) in Eq. 5, mol L21
res .

Qv = volumetric monolayer capacity, L L21
res .

r = reaction rate, mol g21 min21

rp = particle radius, cm.
Rep = Reynolds number relative to particle, 2.
Shp = Sherwood number relative to particle, 2
Sc = Schmidt number, 2.
T = temperature, K.
t = mean residence time, min
u = interstitial velocity, cm s21.

VM = molar volume in the liquid phase, cm3 mol21.

x = liquid phase molar fraction, 2

z = fixed-bed adsorptive reactor axial coordinate, cm.

Greek letters

E = bulk porosity, 2

Ep = catalyst/adsorbent particle porosity, 2.
f = correction factor, 2.
g = fluid viscosity, g cm21 s21

gm = mixture viscosity, g cm21 s21.

m = stoichiometric coefficient, 2.
q = fluid phase density, g cm23

qb = bulk density, g cm23.

s = tortuosity, 2.

Subscripts

exp = experimental
the = theoretical.

i = relative to component i (n-butanol, water, BAc, or AAc).
o = relative to initial conditions
F = relative to feed.

out = at the outlet of the fixed-bed column.
p = relative to particle.
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