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Introduction

In recent years, petroleum reserves have been rapidly
depleting with consequent increased cost due to new
technological extraction requirements (Agartan et al.,
2018; Kuhns and Shaw, 2018). This problem has
made anhydrous ethanol an alternative source with
wide popularity for providing renewable energy, also
presenting energy savings and a substantial reduction
in net carbon dioxide emissions into the atmosphere
(Singh and Rangaiah, 2017; Kupiec et al., 2014;
Ribeiro et al., 2018). Ethanol can be produced
industrially by two methods: biomass fermentation
and catalytic ethylene hydration (Banat et al., 2000).
Ethanol production studies using biomass have been
quickly increased due to the availability of a wide
diversity of agricultural raw material with fermentable
sugars (Partida-Sedas et al., 2016; Corro-Herrera et
al., 2018; Delfín-Ruíz et al., 2020; Morales-Martínez
et al., 2020).
To obtain anhydrous ethanol, many problems must
be addressed, one of them being the energy consumed
in the separation and purifying process, distillation
is infeasible since at atmospheric pressure ethanol
forms an azeotrope with water at a temperature
of 78.15 °C (Jeong et al., 2012). Alternative
recovery methods have been developed to break the
azeotrope, such as azeotropic, extractive, vacuum and
reactive distillation, pervaporation and adsorption by
molecular sieves (Al-Asheh et al., 2015). Although
“pervaporation is a new generation of membrane
separation technology”, its limitation lies in scalingup due to high cost in terms of membrane fabrication
(Abdeen et al., 2011; Kaminski et al., 2008).

Ethanol dehydration by adsorption is a common
high performance method requiring low energy
input and is often “capable of producing very pure
product” (Abdeen, et al., 2011). The purpose of
this study is to find low cost adsorbent material
with an effective adsorption capacity that which
reduces investment costs. The major and most
abundant microporous sorbents in nature are zeolites,
with hydrophilic properties suitable for water-ethanol
separation. Natural zeolites are crystalline, hydrated
aluminosilicate minerals known as “molecular sieves”
with a framework structure-enclosing cavity occupied
by large ions and water molecules. Adsorption
behavior depends on several parameters, such as
porous structure, the Si/Al ratio of the zeolite
framework and the species of the exchanged cation
(Smith 1984). To produce anhydrous ethanol, water
is removed by with 3Å pore size zeolite as
2.8 Å molecule size water is adsorbed, while 4 Å
ethanol molecules are not. There are many natural
zeolites identified in the world, such as clinoptilolite,
mordenite, phillipsite, chabazite, stilbite, analcime
and laumontite, among others. Clinoptilolite is
the most abundant natural zeolite in the world
(Wang and Peng, 2010). In Table 1, the chemical
composition of natural clinoptilolite from different
countries is presented. The performance of zeolites
as adsorbents for ethanol dehydration is evaluated
by measuring adsorption isotherms and breakthrough
curves. Adsorption isotherms are plots describing the
phenomenon governing the retention or release of a
substance from the aqueous porous media to a solid
at constant temperature condition. There are many
equilibrium isotherm models presented in literature,
formulated in terms of three fundamental approaches:
kinetic considerations, thermodynamics and potential
theory (Foo and Hameed, 2010).

Table 1. Chemical composition of natural zeolites in the world.
Zeolite

2

SiO2

Al2 O3

Turkish clinoptilolitea
70
Iranian clinoptilolitea
70
Cuban clinoptilolitea
62.35
Chinese clinoptilolitea
65.52
Croatian clinoptilolitea
64.93
Ukrainian clinoptilolitea
66.7
Australian clinoptilolitea 68.26
Mexican clinoptilolite*
68.2
a From Wang et al., 2010
∗ Used in this experimental study

12.4
10.46
13.14
9.8
13.39
12.3
12.99
12.7

Chemical composition (%)
Fe2 O3 CaO MgO Na2 O
1.21
0.46
1.63
1.04
2.07
1.05
1.37
2.2
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2.54
0.2
2.72
3.17
2
2.1
2.09
0.48

0.83
1.22
0.61
1.08
1.07
0.83
0.58

0.28
2.86
3.99
2.31
2.4
2.06
0.64
3.1

K2 O

TiO2

4.46
4.92
1.2
0.88
1.3
2.96
4.11
2.9

0.089
0.02
0.21
0.23
-
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Yamamoto et al., (2012) evaluated the adsorption
isotherms of five different zeolites types and they
determined that the Langmuir model could describe
the equilibrium adsorption of water on zeolites
in ethanol more accurately than the Freundlich
model. Karimi et al., (2016) evaluated the natural
clinoptilolite from east Semnan, Iran, and the results
regarding adsorption isotherms agree with Yamamoto
et al., (2012). Ivanova et al., (2009) evaluated natural
clinoptilolite from Rhodope Mountain in Bulgaria
and they inferred that it shows a strongly favorable
equilibrium and high separation efficiency to water.
Ivanova and Karsheva (2010) evaluated the same
natural clinoptilolite but treated with acid solutions
to dissolve some amorphous impurities blocking the
pores, with results proving that there was no change in
adsorption capacity.
The characteristics of zeolite packed beds for
anhydrous ethanol production are revealed by
measuring the BTC, that provides parameters such
as adsorption capacity, breakthrough time and purity
obtained. Tihmillioglu and Ulku (1996) evaluated the
performance in a packed bed of natural clinoptilolite
from Bigadic, Turkey and they determined the
adsorption capacity of 0.13 kgwater /kgzeolite ; in
comparison the natural clinoptilolite from Qazvin,
Iran has 0.027 kgwater /kgzeolite adsorption capacity at
1 bar and 14 mL/min flow rate (Karimi et al., 2016).
The adsorption capacity during the dehydration
process decreases in a certain time, the quality of
the product changes due to this, the zeolite has been
saturated with the adsorbed liquid, the liquid must
be released to return the original adsorption capacity
to the zeolite, this allows its reuse in the adsorption
process (adsorption - desorption cycle). To counteract
the deterioration of zeolites, different regeneration
methods have been developed such as Pressure swing
adsorption (PSA).
In the PSA process, desorption is carried out by
reducing the pressure until a constant temperature is
maintained, subsequently a low-pressure packed bed
purge is performed, for which an inert agent is used.
Kupiec et al., (2014), consider a sequential process

of pressure swing adsorption, consisting of two steps:
an ambient pressure adsorption and a low pressure
purging. Jeong et al., (2012) studied a PSA method to
ethanol dehydration in a Pilot Plant scale, consisting
in four step-loop: adsorption, depressurization, purge,
pressurization (Rumbo-Morales et al., 2018). The
zeolites regeneration is a multilevel process due
to bi-porous structure and bifurcation structure of
crystallite, according to that, the gradual water release
is observed by Gabruś et al., (2015). The aim of
the present work is to determine the characteristics
of water adsorption and desorption during ethanol
dehydration, on natural Mexican clinoptilolite with
three different particle sizes and compare them
with two different types of artificial zeolites. The
performance of zeolites as adsorbent material for
ethanol dehydration is evaluated by the adsorption
isotherm and the BTC of the packed bed. The
regeneration of each zeolite by PSA method is
evaluated for re-use in adsorption process. A pilot
plant scale packed bed column array is designed
based on parameters obtained of the natural Mexican
clinoptilolite particle size selected with the highest
performance.

2

Materials and methods

2.1

Adsorption isotherms

Natural Mexican zeolite, clinoptilolite, was supplied
by Procomine S RL of CV with three particle sizes,
zeolite #1 (1-2 mm), zeolite #2 (3 mm) and zeolite #3
(5 mm), there were examined and their performance
in the adsorption of water in ethanol mixture were
compared with two artificial zeolites: LV-NENG
(1 mm) and Sorbead (3 mm). The properties of the
zeolites are summarized in Table 2.
Zeolite samples were preconditioned by thermal
activation in a furnace (thermo scientific Lab line) at
200 °C for 24 hours and then stored in a laboratory
vacuum desiccator before use them in equilibrium
studies.

Table 2. Physical-chemical properties of evaluated zeolites.
Zeolite

SiO2
wt.%

Al2 O3
wt.%

CaO
wt.%

Fe2 O3
wt.%

MgO
wt.%

Na2 O
wt.%

K2 O
wt.%

Porosity %

Pore diameter
Å

Form

Particle
size, mm

Clinoptilolite
LV-NENG
Sorbead

68.2
2
12

12.7
1
12

0.48
-

2.2
-

0.58
-

3.1
0.33
0.48

2.9
0.66
0.72

45 -50
20 - 80
30 -65

3
3
3

amorphous
spheric
spheric

1, 3, 5
1
2.6
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For adsorption isotherm measurements, 5 g of
each zeolite were added to 50 mL ethanol - water
mixture in the range of 3.5 - 8 wt.%. The mixture
was sealed in a hermetic glass, shaken at 180 rpm,
at ambient temperature (25 °C) for 24h. The linear,
Langmuir and Freundlich isotherm models were used
for description of the adsorption process (Eqs. 1, 2 and
3 respectively).
qe = kce
qe =

q0 KL ce
1 + KL ce

qe = KF c1/n
e

(1)
(2)
(3)

where q0 and ce are the amount of solute adsorbed
per unit solid weight and the remaining water
concentration in ethanol at equilibrium, respectively;
KL is the Langmuir constant, n is a dimensionless
constant which indicates the heterogeneity of the
adsorption sites and KF is the Freundlich constant.

2.2

Measurement of packed bed BTC

A laboratory scale fixed bed adsorption column has
been designed as is shown schematically in Figure 1.

The dimension of the column are diameter of
2.5 cm and length of 60 cm, the wall of the column
was insulated to avoid heat loss. The vapor was boiled
up from a 1000 mL flask heated by an electric mantle;
the concentration of ethanol introduced in the flask
was 1.97 ×103 molm−3 at a constant flow rate of
8 cm3 min-1. The operation pressure was assumed
constant at 1 atm. The exit stream of the column
was condensed and the temperature of the jacket in
the condenser was controlled and kept constant by a
recirculating water bath. The column was filled with
200 g of each zeolite described previously to evaluate
the breakthrough curve. Liquid output samples were
collected every 3 minutes, and the water content of the
samples was measured using a Karl Fischer titrator.
The breakthrough curve was drawn as the relationship
between time and water concentration in the output
mixture. According to Eq. 4, total adsorption capacity
would be calculated.
Fρ f c0
Q=
w

Z
0

tR

!
ct
1−
dt
c0

(4)

where, F, ρ f , c0 , ct , w and tR are flow rate of
the ethanol-water mixture, mixture density, water
feed concentration, water output concentration, zeolite
weight in the packed bed and breakthrough time,
respectively. The breakthrough time was considered
when ct /c0 ratio is 0.05.

2.3

Regeneration by PSA method

The regeneration process was carried out in situ after
saturation, using Pressure swing adsorption (PSA)
process. In the PSA process the packed bed was
subjected to a vacuum by mean of a 1/2 hp vacuum
pump, anhydrous ethanol vaporized flowing from the
bottom to the top of the column, the condensed vapors
will be taken as sample every 2 minutes. The water
content will be determined with the Karl Fischer
equipment presenting the results in a desorption curve.

2.4

Scaling up to a Pilot Plant

The laboratory scale test column was used for pilot
plant scale design of a packed bed column; consider
a designed capacity of anhydrous ethanol production
of 150 L/day and the procedure for the design was as
follows:
Fig. 1. Schematic diagram of laboratory scale fixed
bed adsorption column.
4
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Leo-Avelino et al./ Revista Mexicana de Ingeniería Química Vol. 20, No. 3(2021) Proc2358

F
FR =
A

(5)

where FR is the filtration rate, F and A are flow
rate and cross sectional area respectively.
ii. Cross sectional area of the packed column was
calculated by the following equation:
A=

F2
FR

(6)

where F2 is the flow rate at pilot plant scale,
with this parameter column diameter could be
obtained.
iii. Fraction of capacity left unused, LUB, in a
laboratory scale column was calculate as follow

tb 
LU B = L 1 − ∗
t

(7)

Natural zeolites, in contrast to synthetic zeolites,
are mainly made up of two types of porosity:
Primary (attributed to the presence of micropores)
and secondary (due to mesopores). The secondary
porosity that normally conforms to natural zeolites
allows phenomena such as the adsorption of relatively
large molecules to take place in them, which play a
very important role in very specific processes such as
diffusion and heterogeneous catalysis. (Horike et al.,
2009).
These types of aspects are the reason for
the existence of pores of different shapes and
sizes that have a phenomenological influence on
the filling process of the pores and are regularly
reflected by changes in the slope of the adsorption
curves, with notable deviations (positive or negative).
Characterization studies allow us to distinguish
between this pore filling processes with respect to
adsorption processes that develop on surfaces of
different topologies of natural or artificial zeolites.

where L is the length of the column, tb and t∗ are
breakthrough time and initial time, respectively.
iv. Zeolite mass required in the pilot plant scale
packed column was obtained by
VPB = π ∗ r2 ∗ h

(8)

To avoid pressure drops in the packed bed
column, it is important to consider in the design
a height /diameter ratio of at least 1:20 (Teo and
Ruthven, 1986). To scaling up the adsorption
process was taken into account two columns for
a continuous dehydration.

3
3.1

Results and discussion
Characterization of Mexican zeolite

A micrograph of the natural Mexican clinoptilolite,
artificial zeolites LV-NENG and Sorbead used in
this work are presented in Figure 2 at 5kx and
20kx magnification, obtained from a scanning electron
microscope (SEM), showing the inside morphologic
porosity and crystallinity surface of the material.
The presence of crystallinity, surface roughness
and impurities are characteristic aspects of the
heterogeneity of the porous media of the material.

Fig. 2. SEM image of Mexican Clinoptilolite Zeolite
(a), LV-NENG (b) and Sorbead (c).

www.rmiq.org
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Table 3. Parameters of Freundlich, Langmuir and linear models.
Freundlich model
Zeolite
#1
#2
#3
LV-NENG
Sorbead

Langmuir model

KF

n

R2

0.518
1.5107
0.148
0.2882
0.1501

1.044
3.3176
0.0975
0.058
0.173

0.9996
0.9825
0.9585
0.962
0.9783

q0
0.5202
5.211
0.3598
0.3041
0.2886

3.2

linear model

KL

R2

K

R2

2019.56
1386.2
3521.28
1353.44
1053.11

0.9926
0.9843
0.9646
0.9833
0.9725

0.001
0.001
3x10-5
1x10-5
8x10-5

0.985
0.9641
0.9763
0.9443
0.9377

Isothermal adsorption curves

To evaluate the performance of this natural zeolite
in the ethanol dehydration process, the isotherm
adsorption (qe ) of water in ethanol for each zeolite
was determined. Eq. 1 representing the equilibrium
relationship between water concentration and the
quantity of water adsorbed on zeolites [kgwater /kgzeolite
], which was applied to the results of the tests. The
determination of the constants (ce vs. qe ) of the
Langmuir model (1/ce vs. 1/qe ) and the Freundlich
model (log ce vs. logqe ) was carried out by fitting
the linear models to the (Equations 1, 2 and 3,
respectively). Graphs are presented in Figure 3,
representing adsorption isotherms for zeolites #1,
#2, #3, LV-NENG and Sorbead, supporting a highly
favorable adsorption. The R2 value was determined to
compare the precision of the adjustment of the three
models. According to results presented in Table 3, the
linear model presents a k value close to cero, which
represent low adsorptivity, this is not a characteristic
of the zeolites, the Langmuir model describes more
accurately the equilibrium of adsorption of water than
Freundlich model, indicating that this process would
be expressed as a monolayer adsorption model and
all porous sites could be considered as identical.
Similar behavior was observed by Tihmillioglu and
Ulku (1996).

Fig. 3. Adsorption isotherms of water - ethanol
mixture on zeolites at 25 °C. (a) Linear model, (b)
Langmuir model and (c) Freundlich model.
6

The parameter q0 determined for each zeolite
indicates the maximum capacity adsorption of the
zeolite expressed as kgwater /kgzeolite ; in this case it was
found that natural zeolite #1 has a higher adsorption
capacity followed by zeolite LV-NENG, due to their
small particle size (1 - 2 and 1 mm, respectively). This
behavior is attributed to the fact that more surface area
is found in a determined volume and thus a major
contact surface, a conclusion that agree with Teo and
Ruthven (1986), for artificial 3 Åzeolites. Different
outcomes showed by Karimi et al., (2019) indicated
that the particle size has an important role in final
ethanol concentration and uptake, large particle size

www.rmiq.org
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will reduce final uptake due to the lower specific
surface area. Yamamoto et al., (2012) investigated on
different zeolite particle size and revealed that the
uptake values for particle sizes (75 - 100 µm) were
at least 10% higher than that of particle sizes (150 250 µm). Thus, the particle size of adsorbents has a
significant effect on the final solute concentration, and
hence on the overall performance of the adsorption
process.
For the adsorption of water, the natural
clinoptilolite presents a favorable equilibrium in the
liquid phase, showing a high selectivity to water in
contrast to ethanol. The selected model would be used
in the future to carry out simulations of the process or
in the design of scaling-up to an industrial plant.

3.3

Breakthrough curves

The breakthrough curves were determined in a packed
bed for the five zeolites previously evaluated, using a
1.3 ×10−7 m3 /s flow rate with 3.5 wt% concentration
of water in ethanol. The results are shown in Figure 4:
graph (a) represents the experimental studies of natural
clinoptilolite zeolites with three different particle sizes
and (b) the comparison of performance of the best
natural zeolite behavior (#2) and two artificial zeolites.
The breakthrough times tb , when ct (c0 = 0.5), and
the quantities of water adsorbed (Q) are summarized
in Table 4. The artificial zeolite LV-NENG presents
a high breakthrough time (900 seconds) followed by
natural zeolite #2 with 720 seconds. During the test
performed with natural zeolite #1 pressure drop was

present, potentially attributable to the form and size of
the particle. According to results, natural clinoptilolite
#2 with 3 mm particle size is competitive in the
adsorption process compared with artificial zeolites,
which have a market value 99.8% higher than natural
zeolites.

3.4

Regeneration process

The breakthrough curve of desorption is presented in
Figure 5, for the PSA regeneration for each zeolites.
A low regeneration time presented in Zeolites #1
y #3, this behavior was expected due to a low
adsorption time. The natural zeolite #2 presented a
regeneration time of 12 minutes, equal to adsorption
time, which is an ideal behavior to avoid offset in
the alternately adsorption-regeneration process. The
regeneration time for LV-NENG and Sorbead zeolites
was equal to breakthrough time in adsorption process.
In addition to the efficient regeneration of saturated
packed bed, a concentrated alcohol solution was
recovered, which could be reprocessed.
Table 4. Quantity of water adsorbed (Q) and
breakthrough time (tb ) of zeolites.
Zeolite

Q [kgkg−1 ]

tb [sec]

#1
#2
#3
LV-NENG
Sorbead

0.094
0.125
0.013
0.186
0.106

540
720
180
720
540

Fig. 4. Breakthrough curve of each zeolite evaluated.

www.rmiq.org
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FR = 1.63 cm/min

(9)

ii. Calculation of area of the packed bed column in
a pilot plant scale
Considering F2 as 150 cm3 /min, which is
obtained for the second distillation column
A = 92.02 cm2

(10)

Thus, the diameter of the column d = 10.8 cm
and according to the relationship height diameter of at least 1:20, a proposed height is
2.4 meters.
Fig. 5. Regeneration of zeolites using PSA method.

3.5

Pilot plant scale- up and validations

iii. Fraction of capacity left unused (laboratory
scale column)

The laboratory scale column parameters previously
obtained were used for the pilot plant scale-up design
of a packed bed column. The calculation of the design
is presented below:
i. Filtration rate of the laboratory scale column
The diameter of the column at laboratory scale
was 2.5 cm and the value of F was 8 cm3 /min,
therefore the area value was A = 4.9 cm2 , then
the filtration rate was

LU B = 27.5 cm

The unused percentage of the packed bed is
55%.
iv. Zeolite mass required in the scaled - up packed
column, considering the density of natural
zeolite #2 1.16 g/cm3

Fig. 6. Process of dehydration/regeneration for the pilot plant design.
8
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M = 17 kg natural zeolite

(12)
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The dimensions obtained in the calculation for the
design of the adsorption columns ensure the desired
concentration without presenting high pressure drops
in the system as well as optimal energy consumption.
The system has two packed columns (Figure 6), one
for the adsorption process for a period of 12 minutes
until saturation and the other for regenerating the
packed bed and vice versa, with a production capacity
of anhydrous ethanol of 9 L/h. This arrangement is
recommended even at industrial scale.
The columns designed previously were
constructed and installed in the pilot plant, with the
purpose of perform the results validation obtained at
laboratory scale previously presented. The columns
were filled with the natural zeolites #2 selected as best
performance in this study. The breakthrough curve
analysis was evaluated in the columns to validate
the scaling up. The results were compared with the
breakthrough curve obtained for natural zeolite #2
study evaluated in laboratory scale, this comparison
is presented in Figure 7, according to breakthrough
curves the performance of both processes show a
similar behavior. The breakthrough time presented
for laboratory scale was 12 min and for pilot plant was
13 min, this will be attributed to the characteristics of
the packed bed filled in.
Cost studies simulation made up by Hanchate, et
al., (2019) of the separation-dehydration processes at
pilot scale, operating cost comprises of the cost for
molecular sieves 3A and cost of energy consumed in
the reboiler and condenser of the distillation tower,
pumping of feed and reflux to distillation column, cost
of vapor super heater, dehydration column condenser
and compressor, an estimated total annualized cost for
ethanol recovery process was $186.58 dlls/ton.

Conclusions
In this research work, the adsorption characteristics of
different particle size of Mexican natural clinoptilolite
were investigated to evaluate the performance in
dehydration ethanol process. The Langmuir model
was more accurate for describing the adsorption of
water on zeolite than the Linear and Freundlich
models. The breakthrough curve results of water
on molecular sieves showed that zeolite #2 exhibits
a competitive result in terms of breakthrough time
and adsorption - regeneration capacity compared
with artificial material. Results showed that using an
optimum size, bioethanol final concentration could
reach more than 99.5%v/v. The obtained parameters
from laboratory scale were used to design and build
a packed bed column scale-up using two columns
for an adsorption - desorption cyclic process, the
validation was performed comparing the results of
breakthrough curve at laboratory studies presenting
a similar behavior, the capacity of process at pilot
plant scale was 9 L/h of anhydrous ethanol. The
implementation of this process to full scale using the
Mexican natural zeolite clinoptilolite can significantly
reduce investment costs.
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Nomenclature
α
c
ce

Fig. 7. Breakthrough curve comparison for natural
Zeolite #2 on laboratory and pilot plant scale.

c0
ct
F
KF
KL
m
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surface area of a particle per unit volume of
a packed bed [m2 / m3 ]
bulk water concentration
[mol/m3 ]
water equilibrium concentration of water
[mol/ m3 ]
water initial concentration [mol/ m3 ]
water exit concentration [mol/ m3 ]
volume flow rate [m3 /s]
Freundlich constant [kg/kg(mol m3 )1/n ]
Langmuir constant [m3 /mol]
mass of zeolite used for equilibrium adsorption
measurement [kg]
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n
Q
qe
R2
t
t∗
tb
V
w

Freundlich constant
amount of adsorbed water in ethanol
[kg water/kg zeolite]
equilibrium adsorbed amount of water in
ethanol [kg water/kg zeolite]
mean squared error
time [s]
initial time
breakthrough time [s]
volume of mixture ethanol - water [m3 ]
adsorbent mass in packed bed [kg]
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