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Production of alcohol by fermentation of renewable resources like plant biomass is becoming an effective
method for increasing liquid clean fuel production. Hence, ethanol recovery from fermentation broths is
of huge interest. The process here studied is the separation of ethanol–water mixtures by adsorption on a
polymeric resin (Sepabeads 207�). The column capacities of ethanol and water as a function of liquid
composition have been determined, together with the mass transfer parameters. A theoretical model
for predicting the column dynamics in this system has been developed, considering the effect of mass
transfer resistance in the full concentration range (between 0% and 100% ethanol). The model, based
on conservation equations, has been validated with experimental data obtained in a laboratory column.
It has been also applied to design a multi-column cyclic adsorption–desorption process for separating a
10% ethanol–water mixture using the polymeric resin Sepabeads 207� as adsorbent. The net ethanol
product obtained is higher than using silicalite as adsorbent.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bioethanol is one of the most promising liquid clean fuels which
are of huge interest nowadays [1–5]. The conventional technology
for producing bioethanol, based on distillation to separate the eth-
anol from the fermentation mixture, is very energy-intensive, be-
cause the ethanol–water azeotrope (95.6% w/w ethanol) must be
broken. Several alternatives to the distillation of ethanol–water
mixtures have been proposed, including ethanol extraction with
CO2 [6], solvent extraction [7,8], adsorption-based processes [9–
13], or a combination of extraction with CO2 and adsorption pro-
cesses [14], and pervaporation [15–17]. Among them, adsorption
processes appear very interesting, since ethanol and water mole-
cules differ in size and have different dipole moment [18]. Adsorp-
tion based processes are rather promising to reduce significantly
the energy for this separation [19]. Pitt et al. [10] proposed an
adsorption process to recover ethanol from fermentation broths
(ethanol concentration up to 10% w/w) based on the adsorption
of ethanol on hydrophobic sorbents. Some examples of hydropho-
bic adsorbents suitable for the recovery of alcohols are activated
coconut charcoal, carbon molecular sieves, divinylbenzene cross-
linked polystyrene beads and high silica hydrophobic molecular
sieves, such as ZSM-5 and silicalite [20]. After the adsorption step
the column was regenerated by purging with hot air, recovering
the desorbed ethanol by condensation. Later, Sircar and Rao
[21,22] patented two cyclic multi-column adsorption processes
for the separation of bulk liquid mixtures (concentration swing
adsorption, CSA, and concentration thermal swing adsorption,
CTSA) which can be used in the ethanol–water separation with
ethanol-selective adsorbents.

Delgado et al. [23] proposed an adsorption separation process
using silicalite, based on the one suggested by Pitt et al. [10]. Water
is removed from the column after the adsorption step by rinsing it
with 100% ethanol. The reported process adds a new step, rinse
recovery, which can give good results in terms of ethanol purity
(>99.5%) and recovery (above 95%). This process only requires en-
ergy to desorb ethanol while purging the column with air. After the
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Nomenclature

C0 initial sodium chloride concentration in the column
(g l�1)

Cout sodium chloride concentration in the outlet stream
(g l�1)

DL axial dispersion coefficient (m2 s�1)
dP particle diameter (m)
F mass flow rate (kg s�1)
ks,i LDF global mass transfer coefficient (m s�1)
L bed length (m)
LMTZ mass transfer zone length (m)
MTZ mass transfer zone
Ni mass transfer rate between liquid phase and adsorbed

homogeneous phase kg m�3
bed s�1

� �
ni(yi) column capacity measured at equilibrium

kg kg�1
adsorbent

� �
�qi average solid-phase concentration kg kg�1

adsorbent

� �
q�i concentration in the homogeneous solid-phase in equi-

librium with the liquid filling the interstices
kg kg�1

adsorbent

� �
QF flow rate (m3 s�1)
S equilibrium selectivity, parameter defined in Eq. (23)
SB column section (m2)
t time (s)
T temperature (K)
uMTZ velocity of the mass transfer zone (m s�1)

VB parameter defined in Eq. (13) (m3)
VG parameter defined in Eq. (13) (m3)
VH parameter defined in Eq. (13) (m3)
VT parameter defined in Eq. (13) (m3)
VV parameter defined in Eq. (13) (m3)
W mass of adsorbent in the column (kg)
xi mass fraction in the liquid phase, parameter defined in

Eq. (23)
Yi mass fraction in the adsorbed phase, parameter defined

in Eq. (23)
yi mass fraction

Greek symbols
q liquid density (kg m�3)
e bed interparticle voidage fraction m3

void �m�3
bed

� �
u superficial velocity (m s�1)
l liquid viscosity (Pa s)
qP particle density (kgparticle�m�3

particle)

Subscripts
0 initial column conditions
1 ethanol
2 water
atm at atmospheric pressure
F feed condition
i ith component

Table 1
Adsorbent and bed properties (Sepabeads 207�).

Particle density 650 kg m�3

Average particle size 350 lm
BET surface 600 m2 g�1

Pore volume (from Hg porosimetry) 0.93 cm3 g�1

Bed length 0.1 m
Bed diameter 0.0105 m
Adsorbent weight 3.329 g
Bed interparticle voidage fraction 0.407
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study developed by Delgado et al. [24], the regeneration of a poly-
meric resin column (Sepabeads 207�) saturated with ethanol with
air purge and external heating was possible at low temperature
(35–36 �C), so waste heat can be used as a source of energy in this
step. Moreover, as polymeric resins also adsorb ethanol from water
at these temperatures [10], the cooling step between the adsorp-
tion and regeneration steps can be eliminated in the adsorption–
regeneration cycle. Little information can be found in the literature
about the separation of bulk ethanol–water mixtures with poly-
meric resins. For designing this separation process, the adsorption
behavior in a wide concentration range (from the typical concen-
trations in fermentation broths up to pure ethanol) must be stud-
ied. Some authors have determined the isotherms in liquid phase
for ethanol and water over silicalite-1 [23,25], modified ZSM-5
and b zeolite [25].

The objective of this work is to measure and to model the col-
umn dynamics in the separation of bulk liquid ethanol–water mix-
tures by adsorption with the polymeric resin Sepabeads 207�. The
column capacities of ethanol and water have been determined
from fixed bed experiments at different ethanol concentrations be-
tween 6% and 100% (w/w). To ensure that both adsorption and
regeneration steps can be carried out at the same temperature,
the adsorption experiments have been carried out at 35 �C. A the-
oretical model has been developed for predicting the column
dynamics in this system, which has been validated with experi-
mental data. The model has been used to design a cyclic adsorp-
tion–desorption process for separating an ethanol–water mixture
with the proposed adsorbent. Although we have carried out a sim-
ilar work using silicalite pellets as the adsorbent [23], this work
contributes with the following new features, apart from the differ-
ent adsorbent:

(a) The theoretical model describing the column dynamics of a
bulk liquid ethanol–water separation has been adapted to
a system where it is not possible to distinguish between
the adsorbed phase and liquid phase in the column. In our
previous work, the liquid phase fills the voids between pel-
lets and the pellet macropores, and the adsorbed phase fills
the silicalite micropores.

(b) The designed cyclic separation process has been improved to
handle the case when the mass transfer zone length of the
adsorption step is significant. This was not the case for
silicalite.

(c) A new method is proposed for calculating the net ethanol
product of the separation process (in kg of ethanol product/
kg of adsorbent) when the liquid and the adsorbed phases
are not distinguishable, as it happens with Sepabeads 207�.

2. Materials and methods

Absolute ethanol (>99.5% v/v) was purchased from Panreac�

(Spain). Water was obtained from a Milli-Q purifier (Millipore�).
The adsorbent used in this work (Sepabeads 207�) is a commercial
polymeric resin with a poly(styrenedivinylbenzene) matrix. The
properties of this adsorbent, including the bed properties in the
experiments with a column 0.1 m long, are given in Table 1.

The experimental setup is shown in Fig. 1. It consists of an alu-
minum column loaded with the adsorbent, resting on an analytical
balance (1 mg – 310 g weighing range) connected online to a
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Fig. 1. Picture of the experimental set-up.
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computer. Upward flow is used to facilitate the removal of air from
the column. The column is covered with a Kapton� heater to
change the bed temperature, which is registered in a temperature
logger. The thermocouple tip of this device is located at 1 cm from
the bed end. The heat supply given by the heater is changed with a
potentiometer. The bed is connected to the fluid supply (liquid or
gas) with a 1/16’’ Teflon� tube. The total weight resting on the bal-
ance was about 250 g, which was high enough to make the inter-
ference of the connecting tube and the heater wires unnoticeable.

The column is fed from the bottom part. The ethanol concen-
tration of the outlet stream (top part of the column) is measured
using a RI (Refraction Index) detector. In the experiment with
aqueous sodium chloride to measure the void volume, the so-
dium chloride concentration is measured with a conductivity
detector.

Three kinds of experiments were performed with this
installation:

(a) Column capacity measurement experiments of ethanol and
water on the polymeric resin.

(b) Ethanol desorption experiments with water.
(c) Rinse experiments with pure ethanol.

Before each experiment, the heat supply to the column is fixed
with the potentiometer, to reach a bed temperature of 35 �C. To
regenerate the column, except for the desorption experiments with
water, it is purged with air keeping the heat supply until the
weight loss stops.

In the column capacity measurement experiments, an ethanol–
water liquid mixture with a pre-established concentration is fed
into the empty column (filled with resin and air) with a HPLC
pump. The feed flow rate remains constant at 1 ml min�1. The
bed weight evolution and temperature are recorded. The experi-
ments are conducted until the ethanol concentration in the outlet
stream is equal to the one of the feed stream.

In the desorption experiments with water, the column is previ-
ously saturated with an ethanol–water mixture with a pre-estab-
lished composition. Then, Milli-Q water (1 ml min�1) is fed to
desorb and displace the ethanol in the column. When no ethanol
is measured in the outlet stream the experiment is stopped.
Prior to the rinse experiments, the column is filled with a 10%
w/w ethanol–water mixture. To rinse the column, pure ethanol is
fed at a constant rate of 1 ml min�1. The experiment finishes when
pure ethanol comes out of the column and thus, all the water has
been removed.
3. Theoretical model

The measurement and interpretation of the adsorption of a bulk
liquid mixture on a solid adsorbent presents important difficulties
because the density of the adsorbed phase is similar to the one of
the bulk fluid, and the density of the adsorbed phase is not open to
direct measurement [20]. Thus, it is not possible to separate the
amounts of adsorbed and non-adsorbed phases in the system with-
out introducing any assumption. This problem is accentuated if the
adsorbent is a polymeric resin, where both adsorption on the inter-
nal surface of the resin, and absorption (penetration of the adsor-
bate in the polymeric matrix) can occur. When working with the
adsorption of a bulk liquid mixture on a packed bed of adsorbent,
the only amount which can be measured experimentally is the to-
tal column capacity for each component, including both adsorbed
and non-adsorbed amounts. In this work, the assumption consid-
ered is that the total column capacity is divided into two zones:
(1) voids between the resin beads, (2) pore volume inside the beads
plus the volume of dense polymeric matrix. The volume of zone 1
is calculated as the bed interparticle voidage fraction times the col-
umn volume. The interphase between the two zones is the external
surface of the resin beads. The masses of ethanol and water filling
the column are distributed among the two zones described previ-
ously. The ethanol–water mixture filling zone 1 has the properties
of a liquid mixture, so the component concentration in zone 1 is
the liquid density times the corresponding mass fraction. The mix-
ture filling zone 2 is assumed to be a homogeneous solid-phase for
simplicity. The amounts of ethanol and water filling zone 2 at equi-
librium are calculated by subtracting the mass of each component
in zone 1 from the column capacity measured experimentally for
each component at equilibrium. The component concentration in
zone 2 is calculated as the mass of each component in this zone di-
vided into the mass of resin. The phases in zones 1 and 2 will be
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called liquid phase and homogeneous solid-phase, respectively,
from now on.

On this basis, the theoretical model for describing the column
adsorption dynamics is derived from mass and momentum bal-
ances, based on the following additional assumptions:

(i) The system is isothermal.
(ii) The mobile phase is described by an axial-dispersed plug

flow model. The mobile phase only moves in zone 1.
(iii) The rate of mass transfer of each component between liquid

and homogeneous solid-phase is given by a linear driving
force (LDF) expression. The driving force is the concentration
in the homogeneous solid-phase in equilibrium with the
liquid in contact with the solid-phase minus the concentra-
tion in the homogeneous solid-phase.

The total mass balance in a differential portion of the column is
described by (1 = ethanol, 2 = water):

e
@q
@t
¼ � @ðuqÞ

@z
�

Xi¼2

i¼1

Ni

 !
ð1Þ

where q is the liquid density, t is time, e is the bed interparticle voi-
dage fraction, u is the superficial velocity, z is the axial coordinate,
and Ni is the mass transfer rate of the ith component between liquid
phase and adsorbed homogeneous phase.

The effect of the composition on the liquid density is described
with the following empirical equation, which was obtained by fit-
ting the experimental data available in Perry’s handbook [26] for
ethanol–water mixtures:

qðyi;1 atmÞ ¼ q1y1

1� ay2
þ q2y2

1� ay1
ð2Þ

where yi is the mass fraction of each component. At 35 �C and 1 bar,
q1 = 776 kg m�3, q2 = 994 kg m�3, a = 0.03723.

An equation of state is required get a relationship between the
time-derivatives of pressure and density. The following equation of
state is proposed, assuming that the derivative of density with re-
spect to pressure is constant at constant temperature for a small
pressure change:

qðyi; PÞ ¼ qðyi; PatmÞ þ
@q
@P

����
T
ðP � PatmÞ ð3Þ

The value of oq/o|T was taken as 3.7 � 10�7 kg m�3 Pa�1, esti-
mated for pure water at 25 �C in the pressure range from 1 to
25 bar [27]. This parameter has little effect on the simulated results
when changed by a factor of 10, so it is not necessary to use an
accurate value in the simulation. The time-derivative of pressure
at any axial point can be estimated from Eq. (1) as:
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The superficial velocity is related to the pressure gradient according
to Ergun’s equation:

� @P
@z
¼ 150lð1� eÞ2

e2d2
P

uþ 1:75ð1� eÞq
e2dP
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where l is the liquid viscosity, and dP is the particle diameter.The
mass transfer rate between liquid and solid-phase for each compo-
nent is given by:

Ni ¼ ð1� eÞqP
@qi

@t
ð6Þ

where qP is the particle density. Eq. (6) can be simplified to Eq. (7)
with the LDF approximation:
Ni ¼ ð1� eÞqPkS;iðq�i � qiÞ ð7Þ

where ks,i is the LDF global mass transfer coefficient of the ith com-
ponent, q�i is the concentration in the homogeneous solid-phase

kgi kg�1
adsorbent

� �
, in equilibrium with the liquid filling the interstices

and qi is the average solid-phase concentration. The value of q�i are
calculated by subtracting the amount of the ith component in the
liquid phase from the column capacity measured experimentally
at equilibrium (ni(yi)):

q�i ¼ niðyiÞ �
qyie

ð1� eÞqP
ð8Þ

The mass balance for each component in a differential portion of the
column gives the variation of the corresponding weight fraction
with time:
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where DL is the axial dispersion coefficient.
The boundary conditions giving the time dependence of P and yi

at z = 0 and z = L, where L is the bed length, are the following:

z ¼ 0 uq ¼ QF

SB
qF z ¼ L P ¼ Patm ð10Þ

z ¼ 0� eDL
@yi

@z
þ uðyi � yi;FÞ ¼ 0 z ¼ L

@yi

@z
¼ 0 ð11Þ

where QF is the feed flow rate, SB is the column section, and the sub-
script F indicates feed conditions. The initial values of the depen-
dent variables are:

t ¼ 0 8 z; P ¼ Patm; yi ¼ yi;0; qi ¼ q�i ðyi;0Þ ð12Þ

where the subscript 0 indicates the initial column conditions.
The complete model was solved numerically using the PDECOL

package, a public domain code for research purposes developed by
Madsen and Sincovec [28] which uses orthogonal collocation on fi-
nite elements technique. This package is based on the method of
lines and uses a finite element collocation procedure (with piece-
wise polynomials as the trial space) for the discretization of the
dimensionless spatial variable z. The collocation procedure reduces
the PDE system to a semi-discrete system which then depends only
on the time variable t.

The fitting quality of the models was evaluated by calculating
the coefficient of determination (r2), which is defined as:

r2 ¼ 1�
Xn

1

ðycalc � yexpÞ
2
=
Xn

1

ðyexp � yexpÞ
2 ð13Þ

where n is the number of experimental points and y is the regressed
variable. The statistical significance of the regressed parameters
was evaluated by calculating their 95% confidence intervals. For
the parameters in the algebraic models (Eqs. (21) and (22)), the
95% confidence intervals were calculated with the Origin 6.0� pro-
gram. For the parameters in the dynamic differential model (Eqs.
(1)–(12)), the 95% confidence intervals were calculated following
the method proposed by Froment and Bischoff for models that are
non-linear in the parameters [29].

4. Results and discussion

4.1. Determination of the void volume and the axial dispersion
coefficient

In order to describe the adsorption dynamics of ethanol–water
mixtures on the polymeric resin column, as well as to measure the
column capacities of ethanol and water, the void volume in the
installation must be known. The total void volume (VV) includes



Table 2
Column capacities of ethanol (1) and water (2) and equilibrium selectivity towards
ethanol for different liquid compositions.

y1,F T (K) n1 kg kg�1
adsorbent

� �
n2 kg kg�1

adsorbent

� � aS1,2

0.06 308 0.12 0.92 2.32
0.08 308 0.16 0.94 2.20
0.10 308 0.19 0.91 2.11
0.10 308 0.22 0.88 2.11
0.10 296 0.20 0.80 –
0.20 308 0.36 0.85 1.84
0.20 308 0.44 0.71 1.84
0.30 308 0.47 0.64 1.69
0.30 308 0.50 0.73 1.69
0.40 308 0.61 0.64 1.59
0.50 308 0.73 0.55 1.51
0.80 308 1.11 0.12 1.35
1.00 308 1.25 0.00 –

a This parameter was calculated introducing Eqs. (21) and (22) in Eq. (23).
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the void volume in the following zones: connecting tubes (VT), a
5 cm long bed packed with glass beads before the adsorbent col-
umn (VG), the 10 cm long resin bed (excluding the internal adsor-
bent porosity, already considered in the homogeneous solid-
phase) (VB), and a glass hollow cylinder 5 cm long after the bed
(VH). Therefore:

VV ¼ VT þ VG þ VB þ VH ð14Þ

The total void volume was estimated with the column packed
with glass beads (15 cm of glass beads and 5 cm of glass hollow
cylinder). The glass beads are of the same size as the resin beads.
The column was initially filled with a sodium chloride solution,
and it was purged with water. The sodium chloride displacement
curve obtained is shown in Fig. 2. The total void volume was calcu-
lated as:

VV ¼ Q F

Z t1

0

Cout

C0
dt ð15Þ

where Cout is the sodium chloride concentration, resulting in
VV = 7.77 � 10�6 m3. The void volume outside the resin bed is esti-
mated as:

VT þ VG þ VH ¼ VV � SBLBe ¼ 4:24� 10�6 m3 ð16Þ

where LB = 0.1 m. The apparent dispersion coefficient in the instal-
lation (DL) was estimated by fitting the model to the experimental
sodium chloride displacement curve (Fig. 2), setting Ni = 0 in Eq.
(7). It was assumed that dispersion only occurs in the zones filled
with beads (VG + VB), whereas the flow pattern in VT and VH is plug
flow. Thus, VT and VH only cause a delay time in the displacement
curve:

tD ¼
VT þ VH

Q F
¼ VV � SBðLB þ LGÞe

Q F
ð17Þ

where LB + LG = 0.15 m. The estimated value of DL was
(3.97 ± 1.38) 10�6 m2 s�1, with r2 = 0.99. A comparison between
the theoretical and the experimental displacement curve is pre-
sented in Fig. 2.

4.2. Measurement of ethanol and water column capacities

Several column capacity measurement experiments with liquid
ethanol–water mixtures were carried out with different feed etha-
nol concentrations at 308 K. One experiment was carried out at
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Fig. 2. Displacement curve of sodium chloride by water in the experimental
installation packed with glass beads (QF = 1 ml min�1, C0 = 8 g l�1). The line is
obtained by fitting the model to the experimental data.
296 K to evaluate the effect of temperature on the column capaci-
ties. The feed ethanol concentrations studied are given in Table 2.

The column capacities are estimated from a mass balance
around the experimental installation. The ethanol capacity is cal-
culated as:

n1 ¼
R t1

0 ðQ FqFy1;F � Fouty1;outÞdt � ðVT þ VG þ VHÞqFy1;F

W
ð18Þ

where Fout is the mass flow rate of the effluent, y1,out is its ethanol
mass fraction, and W is the resin bed mass. The evolution of Fout

can be calculated from the time derivative of the experimental col-
umn weight history (dWcolumn/dt (t)):

FoutðtÞ ¼ Q FqF �
dWcolumn

dt
ðtÞ ð19Þ

The column water capacity has been calculated as:

n2 ¼
DWcolumn �

R t1
0 ðQ FqFy1;F � Fouty1;outÞdt � ðVT þ VG þ VHÞqFy2;F

W
ð20Þ

where DWcolumn is the column weight variation between the begin-
ning and the end of the experiment. The estimated values of column
capacities are given in Table 2. It is observed that the effect of tem-
perature is quite small between 296 and 308 K, as the variation is
within the experimental error (8.68%, calculated as average relative
standard deviation following the IUPAC Recommendations [30]).
This result indicates that cooling the column before the adsorption
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Fig. 3. Ethanol column capacity at 308 K for different liquid compositions.
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step is not advantageous in the proposed process. The effect of the
liquid composition on the column capacities at 308 K can be corre-
lated with the following equations:

n1 ¼
3:8312y1

1þ 2:0234y0:3737
1

ð21Þ
n2 ¼ 0:995y2 ð22Þ

These expressions were proposed because they gave a satisfac-
tory reproduction of the experimental results. A comparison be-
tween the predicted and the experimental column capacities is
shown in Figs. 3 and 4. Eqs. (21) and (22) were used to predict
the column dynamics and to simulate the separation process, putt-
ing them into the theoretical model (in Eq. (8)). The values of r2 for
Eqs. (21) and (22) were 0.996 and 0.953 respectively. The 95% con-
fidence interval of the parameter in Eq. (22) is ±0.05. The confi-
dence intervals of the parameters in Eq. (21) were very large,
indicating that many different combinations of model parameters
lead to the same fitting quality. This was checked by setting a
parameter in Eq. (21) to a different value and repeating the fitting
procedure, keeping the parameter constant. An identical predicted
curve (with practically the same value of r2) was obtained, with a
different combination of parameters (n1 = 6 y1/(1 + 3.72443
y0:2992

1

�
). It is important to note that, although the parameters in

Eq. (21) have no statistical significance, a good reproduction of
the experimental results is obtained if an appropriate combination
of parameters is used.

The higher curvature of the plot of ethanol column capacity
with respect to the one of water, as well as the higher ethanol
capacities for the same mass fraction in the liquid, are indicative
of the higher affinity of the resin towards ethanol. Moreover, this
fact can be supported by the equilibrium selectivity towards etha-
nol (S1,2) calculated with Eq. (23) according to Yang [31].

S1;2 ¼
Y1

Y2

x2

x1
ð23Þ

where Yi is the mass fraction of the two components in the adsorbed
phase, whereas xi is the corresponding mass fraction in the liquid
phase. As the adsorbed amounts of each component are not avail-
able for the system studied in this work, Y1 and Y2 have been calcu-
lated using the column capacities (Eqs. (21) and (22)) instead of the
adsorbed concentrations. The results are presented in Table 2,
where it is observed that the selectivity towards ethanol is higher
than 1 in all the concentration range, decreasing as the ethanol
mass fraction in the liquid phase rises.
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Fig. 4. Water column capacity at 308 K for different liquid compositions.
4.3. Estimation of the LDF mass transfer parameters

To model the column dynamics in the ethanol–water separa-
tion, once the column capacities and the bed properties are known,
the only unknown parameters are the LDF mass transfer coeffi-
cients of ethanol and water, ks,i (Eq. (7)). Several ethanol desorption
experiments (purging the column with water) starting from differ-
ent initial ethanol concentrations were carried out, as described in
the experimental section, in order to estimate the LDF mass trans-
fer coefficients by nonlinear regression. Desorption experiments
with water instead of adsorption experiments of ethanol–water
mixtures were used for this purpose. As the adsorption of ethanol
on a polymeric resin is of physical character (reversible), the mech-
anism of desorption is the same as the one of adsorption. We ob-
served that in the adsorption experiments carried out to measure
the column ethanol and water capacities, the first drops of liquid
leaving the column come out mixed with air bubbles (the flow is
not continuous for some time) and they have a quite high ethanol
concentration (for a 50% ethanol feed was 42%). This indicates that
the experimental column is not long enough to get an ethanol-free
outlet stream. For this reason, it was not possible to obtain com-
plete breakthrough curves covering the whole concentration range
in these experiments, complicating the estimation of the mass
transfer parameters.

The experimental results are presented in Fig. 5. The final aver-
age ethanol concentration in the recovered effluent (ethanol mixed
with water) was not measured because desorption of ethanol with
water does not take place in the separation process, where regen-
eration with air is proposed. Pure ethanol can be recovered by con-
densation. The air regeneration step of a Sepabeads 207� column
loaded with 100% ethanol has already been studied elsewhere [24].

A sensitivity analysis was performed to determine the individ-
ual influence of the LDF parameters of ethanol and water on the
simulated desorption curves, and it was observed that ks,2 had very
little effect with respect to that of ks,1. In view of this, it was as-
sumed that both LDF parameters have the same value (ks = ks,1 = ks,2)
to simplify the parameter estimation. The model was fitted to all
the experimental data simultaneously by minimizing the sum of
square residuals between the experimental and predicted data,
using the delay time and the axial dispersion coefficient deter-
mined with the glass beads column. To take into account the
presence of the 5 cm long glass beads section before the resin
bed in the model, the bed length was set to 0.15 m, imposing the
condition Ni = 0 for z < 0.05 m. The estimated value of ks was
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Fig. 5. Comparison between experimental and fitted ethanol desorption curves for
several initial ethanol concentrations. T = 308 K, QF = 1 ml min�1.
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(8.4 ± 1.8) 10�3 s�1, with r2 = 0.985. This value was used in the sub-
sequent simulations. A comparison between the theoretical and
the experimental desorption curves is given in Fig. 5. It is observed
that the model reproduces the experimental desorption curves
very well.

4.4. Model validation with rinse experiments

To study the model capability for describing the column
dynamics in the separation of ethanol–water mixtures with Sepa-
beads 207� resin, the breakthrough curves predicted by the model
were compared with the experimental breakthrough curves ob-
tained in rinse experiments. Three rinse experiments were carried
out in the same conditions (as described in the experimental sec-
tion), and the comparison between the experimental and the pre-
dicted breakthrough curves are presented in Fig. 6. The average
relative standard deviation of the measured ethanol mass fraction
in these experiments was 1.85%.

No fitting parameters were used in this comparison. It can be
observed that the model predicts reasonably well the break-
through curve of the rinse experiments, where the ethanol concen-
tration changes between 10% and 100%. The value of the used mass
transfer parameter was estimated from experiments where etha-
nol concentration changes between 0% and 50%. Therefore, the
model can be used to describe the column dynamics in the whole
ethanol concentration range. As the developed model is based on
conservation equations, it can be used to design the separation of
ethanol–water liquid mixtures using columns of Sepabeads 207�

resin taking into account the effect of the operating conditions
on the process dynamics.

4.5. Design of a cyclic adsorption–desorption process for separating an
ethanol–water mixture with columns of Sepabeads 207� resin

The multi-column cyclic adsorption–desorption process de-
scribed in Fig. 7 is proposed for separating continuously an etha-
nol–water mixture. The process uses five identical adsorbent
columns. The feed mixture is composed of ethanol and water only,
with an ethanol content of 10% (w/w). It is assumed that the impu-
rities accompanying this mixture in the fermentation broth have
been removed, for example using a single distillation step. The en-
ergy requirement of this step is much lower than the one of a con-
ventional distillation process for bioethanol production, because it
is not necessary to get an ethanol-enriched distillate [21].
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Fig. 6. Comparison between the predicted breakthrough curve and the experimen-
tal curves in three repeated rinse experiments. Conditions are described in the
experimental section.
The cycle is composed of five consecutive stages where each
column undergoes a different step with the same duration in the
order: (1) Feed recovery, (2) Adsorption, (3) Rinse recovery, (4)
Rinse, (5) Regeneration. All the stages are identical except for the
column passing through each step in each stage. A similar cyclic
process was proposed elsewhere for the separation of ethanol–
water mixtures with silicalite as the adsorbent [23]. The process
described here has two different features: (i) the regeneration does
not require a previous cooling step before the adsorption step, as
all the steps take place at 308 K, and (ii) a new feed recovery step
must be included here because the mass transfer zone (MTZ)
length of the adsorption step is quite longer than in the process
with silicalite. The separation is based in the self-sharpening
behavior of the column ethanol concentration profile when an eth-
anol-selective adsorbent is employed [32]. In these systems, when
the adsorptive concentration decreases along the MTZ in the flow
direction, the MTZ advancing along the column tends to reach a
constant-pattern profile, with a constant length and constant
velocity. Two different MTZ’s appear in the proposed process, mov-
ing between two columns in the adsorption and feed recovery
steps (MTZ1), and in the rinse and rinse recovery steps (MTZ2). If
the column length is high enough, the MTZ’s never reach the end
of the second column. Thus, the MTZ’s behave as if they moved
along an infinitely long column. The cyclic steady-state is reached
when the constant-pattern behavior is attained in all the columns.
To design this process, it is necessary to calculate both MTZ1 and
MTZ2 lengths, as well as their velocities. The column length must
set to a value higher that the longer MTZ. The ratio between the
feed flow rates in the adsorption and rinse steps must be manipu-
lated to make the two MTZ’s have the same velocity. The duration
of each stage is the column length divided into this velocity.

To start the design, the column diameter and the feed flow rate
of the rinse step are set to the values used in the experiments
(1.05 cm and 1 ml min�1). The column length is set to 1 m, after
testing different values by trial and error. The rinse and rinse
recovery steps in one stage are simulated simultaneously using a
single column 2 m long, representing two 1 m columns connected
in series. Both columns are initially saturated with a 10% ethanol–
water mixture, and 100% ethanol is fed at z = 0 (inlet of the first
column). The displacement of two reference concentration planes
(with y1 = 0.995 and y1 = 0.105) is followed to analyze the move-
ment of MTZ2 (Fig. 7). The stage duration has been manipulated
until the plane with y1 = 0.995 advances 1 m in the constant pat-
tern conditions, resulting in 49.67 min. At the end of the stage,
the ethanol and water concentration profiles are moved backwards
(maintaining the attained shape), placing the plane with y1 = 0.995
at z = 0. Then, the following stage is simulated, where both col-
umns have initially the displaced concentration profiles of the pre-
vious stage. The variation of the length of MTZ2 as it advances in
the direction of flow (following the movement of the plane with
y1 = 0.995, as it is depicted in Fig. 7), and the constant pattern con-
centration profiles are shown in Fig. 8.

The same method is used to design the feed recovery and
adsorption steps. The stage duration is fixed to the one determined
for the rinse and rinse recovery steps. In this case, the reference
planes used to delimit MTZ1 are the ones with y1 = 0.095 and
y1 = 0.001, and the simulation starts with both columns filled with
water, feeding a 10% ethanol mixture at z = 0. The feed flow rate is
manipulated until MTZ1 advances 1 m in one stage, resulting in
1.41 ml min�1. Thus, the value of uMTZ in Fig. 7 is 1 m/
49.67 min = 0.0201 m min�1. The constant pattern behavior is
reached when the lengths of MTZ1 and MTZ2 are 0.93 and
0.64 m, respectively. The ratio between the lengths of MTZ1 and
MTZ2 is about 1.4, which is very similar to the ratio of flow rates
in the adsorption and rinse steps. This indicates that the main rea-
son for the higher MTZ length in the adsorption step is the increase
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of the mass transfer resistance control due to a shorter contact
time (void volume/flow rate) in the column.

The MTZ length in the adsorption step determines the mini-
mum allowable column size. To reduce the column size, it is nec-
essary to use an adsorbent resulting in a shorter MTZ in this
step. As the self-sharpening behavior increases with the favorable
character of the ethanol adsorption isotherm [32] a resin with
higher affinity towards ethanol in the low concentration range
would result in a better performance (a shorter MTZ) with respect
to Sepabeads 207� resin, providing that the rate of mass transfer
between liquid and resin is similar.

The calculated lengths of MTZ1 and MTZ2 are both below the
maximum allowable value (1 m). From this result, it is theoreti-
cally possible to separate a 10% ethanol–water mixture into its
components with 100% recovery using 1 m long columns.

To estimate the specific production of ethanol per unit mass of
adsorbent in this process, mass balances around one stage can be
performed, since all the stages are equivalent. Mass balances
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around three different sub-systems are considered: (1) the two col-
umns undergoing the feed recovery and adsorption steps, (2) the
two columns undergoing the rinse recovery and rinse steps, and
(3) the column undergoing the regeneration step. The amounts of
ethanol and water in the columns containing the MTZ’s at the ini-
tial and final states (Fig. 7) can be disregarded in the mass balances
around sub-systems (1) and (2), because they cancel with each
other. It is deduced from the mass balances that the net ethanol
product (in kg of ethanol per kg of resin) in the process is given by:

Net ethanol product ¼ n1ðy1;FÞ � n2ðy2;FÞ
y1;F

y2;F
ð24Þ

In the designed process, the net ethanol product is independent
of the column length and the feed flow rates. This parameter not
only depends on the ethanol column capacity. It also depends on
the water column capacity, and it is strongly reduced if this capac-
ity for the feed composition is very high. Eq. (24) shows that for
evaluating the performance of any adsorbent in the separation of
ethanol–water mixtures, the measurement of the column capaci-
ties of both ethanol and water is required. It is important to note
that it is difficult to find data in the literature about water column
capacities, particularly for polymeric resins. Introducing Eq. (21)
and (22) in Eq. (24), the net ethanol product for a 10% ethanol feed
is estimated as 0.11 kg kg�1, which is higher than the value ob-
tained with silicalite for the same feed ethanol concentration
(0.073 kg kg�1, [23]). Therefore, Sepabeads 207� resin presents
good ethanol and water column capacities for the ethanol–water
separation by adsorption.
5. Conclusions

Ethanol and water column capacities in Sepabeads 207� resin at
308 K have been measured. These data have been correlated to the
ethanol and water liquid composition, in order to obtain expres-
sions which can reproduce properly the experimental results. Also,
it has been noticed that temperature, between 296 and 308 K, has a
small effect on these column capacities. Sepabeads 207� resin can
be considered as an ethanol-selective sorbent due to its higher
affinity to ethanol in ethanol–water mixtures.

Mass transfer coefficients of ethanol and water have been calcu-
lated. By means of a sensitivity analysis, it has been concluded that
water mass transfer coefficient has no significant effect compared
to the one of ethanol mass transfer coefficient, so that the same va-
lue has been assumed for both. This assumption has been validated
with the comparison between the experimental and theoretical
data predicted by the model. In addition the model was validated
with the experimental breakthrough curves obtained in rinse
experiments. The model predicts well rinse experimental data in
a wider concentration range.

The model has been used to design a cyclic adsorption–desorp-
tion process for separating an ethanol–water mixture with the pro-
posed adsorbent. The process consists of five consecutive stages
(feed recovery, adsorption, rinse recovery, rinse and regeneration),
where each stage takes the same time. The calculated net ethanol
product obtained for a 10% ethanol feed is higher than the one ob-
tained in the same process using silicalite as adsorbent.
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