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Abstract: The aim of this work was to separate ethanol in an experimental adsorption–desorption
device. We focused on concentrating ethanol by adsorption onto granulated activated carbon in its
gaseous phase, which was produced by stripping a matrix with different ethanol concentrations (2,
5, 10, and 15% v/v). For adsorption, three kinds of granulated activated carbon (GAC) were used,
marked as GAC1, GAC2, and GAC3. The separation product had a higher ethanol concentration
than the initial ethanol concentration before the adsorption–desorption process. The enrichment
factor was, in the case of the initial ethanol concentration, 2% v/v at the level of 10. With our new
adsorption–desorption device, it is possible to achieve a product with an ethanol concentration
of 59.0% v/v with stripping, adsorption, desorption, and condensation. To verify the separation
efficiency, a real matrix (fermentation broth) was used. The ethanol concentration in the real matrix
was, at the beginning of the separation process, 0.65% v/v; after using our separation device, it was
11.35% v/v. Using a real matrix, the enrichment factor was at the level of 18. The main advantage
is the use of our new adsorption–desorption device for the continuous separation of ethanol from
fermentation broth. A mathematical model was created, based on which it is possible to calculate the
ethanol concentration in the product of the separation process with high accuracy.

Keywords: ethanol; adsorption; desorption; stripping; granulated activated carbon

1. Introduction

At present, there are many methods for the separation of volatile organic compounds
(VOCs) based on adsorption–desorption processes, but it is necessary to look at them in
terms of the overall environmental impact, sustainability, and efficiency. VOC separation
methods are often based on principles that have been known for a long time, and they
can be divided into two groups. The separation techniques can be classified as recovery
techniques and destruction techniques. In the group of recovery techniques, we can find
adsorption, desorption, stripping, membrane filtration, etc., but achieving efficiency using
these processes, in many ways, can be difficult [1,2]. Each technological approach must
consider several factors; in addition to yield, there are financial factors, recycling factors,
life cycle factors, etc. [3]. Adsorption techniques [4] have many advantages: they are nonde-
structive and effective for both VOC enrichment and separation. Adsorbed compounds can
be desorbed by local increases in temperature or decreases in pressure [5–8]. An important
feature that provides adsorbents with an industrial advantage is their repeatable usability,
operating cost, and safety. The most used adsorbents includes activated carbon, zeolites,
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resins, and metal–organic frameworks [2,6,9]. In our study, we focused on granulated
activated carbon (GAC), which is, for our purpose, the best form of activated carbon. GAC
was chosen for its affordability; compared to polymer resins and MOFs, GAC is much
cheaper and more readily available on the market. Zeolites are comparable in price, but
based on the available literature, we found that GAC often has the upper hand in terms
of adsorption capacity and selectivity [10,11]. GACs are materials that are characteristic
for their high specific surface area, high adsorption capacity, and simple manipulation,
and they are suitable for use with a wide range of pHs [12]. GACs are affordable and
reusable [13,14]. The surface of GACs can be modified using various approaches so that
they meet the requirements of the separation process (increasing/reducing hydrophobic-
ity) [15–17]. A crucial factor in the separation of compounds using GAC is the presence of
functional groups on the surface (oxygen, nitrogen, or sulfur functional groups) [18–21].
A more difficult situation occurs if the nature of the separated compounds is the same (in
terms of polarity and hydrophobicity), resulting in competition regarding the occupation of
active sites on the surface of the adsorbent [6,22–27]. Such cases occur, for example, in the
separation of compounds produced by fermentation [28]. Fermentation is the process in
which ethanol is obtained from sugars through the fermentation of the yeast Saccharomyces
cerevisiae [1,29–31]. However, in addition to ethanol, other compounds with the same
polarity are also formed, and all this takes place in aqueous media. A matrix of this nature
struggles in ethanol separation; therefore, these compounds’ different volatilities are one of
the decisive factors [29,32–34]. The main reason for recovering ethanol from the fermen-
tation broth is product inhibition [35]. The ethanol concentration that acts as an inhibitor
occurs at the level of 11–12 w% [25] or 6–10% depending on the microorganism [36,37]. In
many cases, however, this is a question of the value of the concentration, and this is what
we focused on in our research when separating ethanol. The uniqueness of this device
lies in the fact that the separation process takes place in a closed cycle, which makes it
possible to ensure a continuous process of the formation and separation of ethanol in the
fermentation broth. Available research based on the same separation processes does not
work with a closed cycle provided by an air blower. In these works, pressure cylinders
with gases (air, CO2, or nitrogen) are used for stripping [31,35,38]. Our separation device
works in a closed cycle, and the separation of ethanol from the matrix (stock solution or
fermentation broth) takes place at a laboratory temperature.

2. Materials and Methods

Ethanol nondenaturated p.a. (96%) was purchased from Centralchem (Bratislava,
Slovakia). Granulated activated carbon GAC1 was purchased from PGChem (Nové Zámky,
Slovakia), and GAC2, and GAC3 were purchased from SandSystem (Ostrava, Czech
Republic). An experimental setup is shown in Figure 1. Mass transfer proceeds in the
direction of the arrows and is provided by air blower, as shown in Figure 1. A preliminary
study and complete separation process in a new adsorption–desorption device are described
in our previous study [39]. The principle of the separation process in our device is simple
and can be described as follows: each experiment is provided in a closed cycle, which is
carried out by an air-blower. Air from the air-blower is blown into the stock vessel with
an ethanol–water mixture (stock solution (SS)) with different ethanol concentrations (2,
5, 10, and 15% v/v); the airflow was set to 5 L/min. The SS is stripped by air from the
air-blower and the created gaseous phase (adsorbate) is transferred to the adsorption bed.
The adsorption bed is filled with 80 g of GAC with moisture at max. 2%. An adsorbate,
gaseous phase (water vapor and ethanol) is adsorbed onto GAC until the adsorption bed is
saturated. The stripping and adsorption take place at laboratory temperature. The ethanol
concentration in SS and gaseous phase decrease until GAC is saturated; when this point
is reached, the adsorption is stopped, and the next phase is desorption with continuous
condensation. The desorption takes place at 120 ◦C, so the molecules of adsorbate are
desorbed by high temperatures and, after desorption, are transported into the condenser,
where they condense at 5–6 ◦C. The product of the separation process is a condensate with
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a higher ethanol concentration than that in SS. The ethanol concentration in SS (before and
after the separation process) and in the separation product is calculated from the density.
The density of these mixtures is determined using the digital density meter DMA 48, Anton
Paar (Graz, Austria). The calculation of the ethanol concentration from density is based
on table density values related to temperature from Handbook Perry [40]. The time of
the adsorption and desorption was determined experimentally. Adsorption took place
for 8 h and desorption for 1 h. After conducting a series of experiments to determine
the efficiency of the ethanol separation, an adsorption–desorption device was used for
the ethanol separation with a real matrix–fermentation broth. The process parameters of
the experiments with the real matrix were the same as during the experiments with the
ethanol–water mixtures. Each of the experiments was repeated 3 times.
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2.1. Analysis of Gas Samples by GC-FID

For the determination of ethanol concentration, GC-FID 8890 gas chromatograph
from Agilent Technologies (Santa Clara, CA, USA) was used. For an analysis of the
ethanol concentration in the device, a gas proof syringe (Agilent Technologies) with a total
volume of 500 µL was used. The gaseous phase, which was created by stripping the SS
(before adsorption bed/adsorption), and the gaseous phase behind the adsorption bed
(after adsorption) were sampled for analysis. For the analysis, 200 µL of gas with ethanol
content was injected with a split ratio of 150:1 and split flow of 225 mL/min. The inlet
temperature was set at 250 ◦C. For the sample GC-FID separation, a capillary column HP-5
(30.0 m × 320.0 µm × 0.25 µm, Agilent Technologies) was used, and the oven temperature
was set to 40 ◦C, with a hold time of 4 min.

2.2. Analysis of Liquid Samples Using GC-FID

For the determination of the ethanol concentration in the fermentation broth and the
separation product, the gas chromatograph GC-FID 6850 (Agilent Technologies) was used.
The conditions for the analysis were as follows: column SPB-1 30.0 m × 320.0 µm × 0.25 µm.
The initial temperature was set at 60 ◦C with a temperature gradient of 20 ◦C/min, with
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a final temperature of 310 ◦C and a hold time of 4 min. For the analysis, a split mode
was used with a ratio of 15:1; the volume of the injected sample was 0.2 µL, and the flow
of carrier gas was 1.7 mL/min. For the calibration curve of the ethanol, 96% ethanol
was purchased from Centralchem (Bratislava, Slovakia). For the determination of the glu-
cose, fructose, and saccharose, standards purchased from Sigma Aldrich (Saint-Louis, MO,
USA) were used. For the derivatization of all observed sugar components as derivative
agents, 1,1,1,3,3,3-hexamethyldisilazane (HMDS); N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA); trifluoroacetic acid purchased from Fluorochem (Hadfield, UK, GB); and acetoni-
trile (ACN) purchased from Fluorochem (GB) were used.

Sample Preparation

A total of 300 µL ACN, 300 µL HMDS, and 2.5 µL TFA were added to 5 µL of the
sample, and the content of the opened vial was shaken with a thermo-shaker at 50 ◦C for
30 min. After 30 min, 400 µL BSTFA was added, and the sample was shaken in a closed
vial for 30 min at 80 ◦C. Derivatized samples were centrifuged, and the supernatant was
separated for chromatographic analysis.

2.3. Theoretical Background of Ethanol Content

First, it is important to calculate a molar fraction of ethanol and water in the liquid
(stock solution) xi. For this purpose, we used the formula for molar faction calculation,
which is described as Equation (1):

xi =
ni

ntotal
, (1)

where xi is the molar fraction of component i, ni is the amount of substance of the com-
ponent i, and ntotal is the sum of the amount of substances in the system. For the ethanol
content in the gaseous phase, mathematical calculations were based on Raoult’s law [41],
as in Equation (2):

pi = xi × p
◦
i , (2)

where pi is the partial pressure of component i in the gaseous mixture, and p
◦
i is the vapor

pressure of component i in the pure gas state.
For a molar fraction of component i in the gaseous phase, the formula described in

Equation (3) can be used:

yi =
pi

ptotal
, (3)

where yi is a molar fraction of component i in a gaseous phase, and ptotal is the sum of all
partial pressures of the compounds present in the system.

According to the formulas mentioned above, Equation (4) applies:

yi
yi+1

=
pi

pi+1
, (4)

where yi+1 and pi+1 presents the molar fraction of another component in the system and
the partial pressure of the other component in the system, respectively.

The results of the molar fraction calculations related to the volume fraction of the
experimental solutions (SS) are shown in the graph in Figure 2. From the graph, it is clear
that values of the molar fraction in the gaseous state are higher than values of the molar
fraction in liquids [42]. The results of our calculations of molar fractions correspond with
the results of the publication by Waller and Strang [43].



Processes 2023, 11, 2572 5 of 17
Processes 2023, 11, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 2. Graph of the molar fraction of ethanol in liquid phase and gas phase comparison at 25 °C. 

3. Results and Discussion 
3.1. Characterization of GAC 

The particle size distribution is a parameter that affects the flow of the gases. This 
parameter can create resistance during the separation process, which negatively affects 
media transfer. To determine the resistance effect of the gas flow mixture, the particle size 
distribution measurement of all three types of GAC was provided by PartAn 3D particle 
and shape analyzer from Microtrac (Haan, Germany). The GAC particles were character-
ized volumetrically in agreement with ISO standards (13322-2 [44], 9276-6 [45]). The mean 
particle size (mm) of the area equivalent diameters was selected as a characteristic dimen-
sion determining the size of individual samples. The results of the analysis are shown in 
Figure 3, where it is clear that all three GACs had a uniform particle size distribution, and 
so this parameter would affect the gas flow in each experiment the same amount. The 
highest fraction in the analyzed samples of GAC had particles with a size between 2 and 
3 mm. During the experiments, no consolidation of the GAC particles was observed, so 
the medium transfer was not affected by this phenomenon [24]. 

The surface analysis of the elements was realized using a JEOL JSM IT300 LV scan 
electron microscope (SEM) with an EDS analyzer Oxford Instruments X-Max (Tokyo, Ja-
pan). This method is commonly used for the surface characterization of adsorbents 
[3,32,46–48]. The GACs’ element surface composition was analyzed using SEM, and the 
captured pictures are shown in Figure 4. The characterization of GAC with SEM was car-
ried out to determine the content of heterogeneous atoms on the surface of GACs (O, N, 
P, and S) and the complexity of the surface structure of activated carbon. The GACs’ sur-
face area was determined with a Surfer gas adsorption porosimeter by Thermo Scientific 
(Waltham, MA, USA). The adsorption and desorption isotherm measurements took place 
at the temperature of liquid nitrogen (77.4 K). According to [49–51], a common method to 
determine the surface area is with subcritical fluids such as liquid nitrogen. The surface 
area was calculated using the BET. method. The BET method considers the multilayer 
adsorption of the adsorbate onto GAC. The BET isotherm is an extension of the Langmuir 

Figure 2. Graph of the molar fraction of ethanol in liquid phase and gas phase comparison at 25 ◦C.

3. Results and Discussion
3.1. Characterization of GAC

The particle size distribution is a parameter that affects the flow of the gases. This
parameter can create resistance during the separation process, which negatively affects
media transfer. To determine the resistance effect of the gas flow mixture, the particle
size distribution measurement of all three types of GAC was provided by PartAn 3D
particle and shape analyzer from Microtrac (Haan, Germany). The GAC particles were
characterized volumetrically in agreement with ISO standards (13322-2 [44], 9276-6 [45]).
The mean particle size (mm) of the area equivalent diameters was selected as a characteristic
dimension determining the size of individual samples. The results of the analysis are shown
in Figure 3, where it is clear that all three GACs had a uniform particle size distribution,
and so this parameter would affect the gas flow in each experiment the same amount. The
highest fraction in the analyzed samples of GAC had particles with a size between 2 and
3 mm. During the experiments, no consolidation of the GAC particles was observed, so the
medium transfer was not affected by this phenomenon [24].
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The surface analysis of the elements was realized using a JEOL JSM IT300 LV scan
electron microscope (SEM) with an EDS analyzer Oxford Instruments X-Max (Tokyo, Japan).
This method is commonly used for the surface characterization of adsorbents [3,32,46–48].
The GACs’ element surface composition was analyzed using SEM, and the captured pic-
tures are shown in Figure 4. The characterization of GAC with SEM was carried out to
determine the content of heterogeneous atoms on the surface of GACs (O, N, P, and S) and
the complexity of the surface structure of activated carbon. The GACs’ surface area was
determined with a Surfer gas adsorption porosimeter by Thermo Scientific (Waltham, MA,
USA). The adsorption and desorption isotherm measurements took place at the temperature
of liquid nitrogen (77.4 K). According to [49–51], a common method to determine the sur-
face area is with subcritical fluids such as liquid nitrogen. The surface area was calculated
using the BET. method. The BET method considers the multilayer adsorption of the adsor-
bate onto GAC. The BET isotherm is an extension of the Langmuir isotherm. The principle
of BET isotherms is that, even at low pressures (before surface saturation), polymolecular
layers can form on the surface of the adsorbent. If we consider that the entire surface is
composed of partial surfaces a0. . .ai, then each of them can be covered with 1. . .i layers. Ad-
sorbents such as GAC are characterized by an IV-type adsorption isotherm. The isotherms
GAC1–GAC3, determined using Surfer, had the same type. The pore size was calculated
with the BJH method [52]. The preparation of the GACs for the surface area determination
took 4 h at a temperature of 350 ◦C. The adsorption phase for determining the surface area
lasted 6 h. The desorption of the adsorbed nitrogen lasted 3 h. The physical parameters
obtained using the electron microscope and gas porosimeter are summarized in Table 1.
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Table 1. The physical properties of GACs analyzed using a SEM JOEL and Surfer gas adsorp-
tion porosimeter.

Type GAC SA (m2/g) O (%) C (%) Vp (cm3/g) rp (nm)

GAC1 736.12 0 98.6 0.524 1.721
GAC2 927.23 3.8 95.4 0.575 1.652
GAC3 1025.97 5.7 92.5 0.626 1.769

From the results, as shown in Table 1, it is clear that the surfaces of the chosen GACs
are highly structuralized and porous, as indicated by the specific surface values obtained
through the Surfer analysis. An elemental analysis of the GACs’ surface showed variability
in the oxygen content, which can play a significant role in VOC adsorption. On the
GAC, the primary oxygen functional group accountable for the sorption of ethanol and
other polar molecules is typically the carbonyl group (C=O). The carbonyl group creates
a polar region on GAC’s surface, allowing it to interact with polar molecules, such as
ethanol, through various intermolecular forces, including hydrogen bonding and dipole–
dipole interactions. A GAC’s surface is usually complex and can contain various oxygen
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functional groups, including carbonyl, carboxyl (-COOH), and hydroxy groups (-OH).
These functional groups collectively contribute to the adsorption capabilities of GAC, but
carbonyl groups are particularly effective at adsorbing polar molecules because of their
strong dipole moments [53]. Elements such as nitrogen, phosphorus, or sulfur have not
been detected on the surface of GACs.

3.2. Adsorption–Desorption Experiments

The ethanol content in the gas phase was determined based on calculations from
the calibration curve. The ethanol content was related to the value of yEtOH and ϕEtOH
in SS. In this section, the yEtOH values are based on those obtained in Section 2.3. The
theoretical background of the ethanol content and the yEtOH values obtained based on
calculations from the calibration curve were compared. The results are presented in the
graph in Figure 5.
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From the graph in Figure 5, it is clear that the yEtOH values obtained by calculation
from the equilibrium state are higher than the yEtOH values obtained experimentally during
the stripping of SS. This is because, during stripping, the gas does not have enough time
to reach an equilibrium state. The only exception in this case is SS, with a concentration
of 2% v/v. It is clear from the graph that, by stripping, approximately the same ethanol
concentration is achieved in both the gas and liquid phases. Even though the value of
yEtOH above SS is lower than in the equilibrium state (in cases 5, 10, and 15% v/v SS);
this does not affect the efficiency of the transition of the substance from liquid to gas or
the generation of gas containing ethanol intended for adsorption. It is also important to
mention that the stripping gas has the function of a “transfer medium”, i.e., it is the driving
force for the transfer of the substance through the adsorption–desorption device. The high
efficiency of ethanol’s removal from fermentation broth using stripping is also described
in the publication by Krings et al. [28]. The authors found that stripping can effectively
remove ethanol from the fermentation broth to the extent that it does not inhibit the yeast
that is present and promotes ethanol production. The same problem was dealt with by
a group of authors in the publication by Hashi et al. [54] (the use of fermentation broth
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stripping for ethanol separation), who found that the use of this method is highly effective
and prospective.

The adsorption of ethanol on GAC took place through the gradual desorption of
ethanol from SS. With the process conditions mentioned above, the entire adsorbent bed
(GAC) was gradually saturated with adsorbate. The adsorption of ethanol on GAC was
accompanied by an exothermic effect [23]. The exothermic effect adsorption of the gas
phase was recorded by eight thermocouples located in the adsorption column. Based
on the progress of the temperature field, the position of the adsorption zone (the mass
transfer zone) could be roughly estimated [3]. In Table 2, the results of the main adsorption–
desorption experiments for all three kinds of chosen GAC are listed.

Table 2. Summarized main results of adsorption–desorption experiments.

GAC1 GAC2 GAC3

cSS (%) cp (%) cp (%) cp (%)

2 19.97 ± 1.05 17.52 ± 3.44 15.46 ± 2.80
5 36.50 ± 2.60 39.08 ± 1.05 36.88 ± 2.70
10 47.79 ± 2.59 52.25 ± 0.99 52.27 ± 2.34
15 52.25 ± 0.50 57.42 ± 1.53 58.42 ± 0.55

The first column of Table 2 shows the ethanol concentration in SS (at the beginning of
the separation process), and the values of ethanol concentration in the separation product
(mean ± SD) are shown in the other columns. From the results listed in Table 2, it is clear
that the ethanol concentration in the product increases when the ethanol concentration
in SS increases. On the other hand, the enrichment factor of the separation decreases
with an increased ethanol concentration in SS. Similar results are published in an article
by Oumi et al. [48], where the authors studied the adsorption of binary gas mixtures
(ethanol/water) onto silicate at 27 ◦C with different crystallinity. The authors observed that
ethanol molecules preferentially adsorb on silicalite with fewer structure defects.

Figure 6 shows the adsorption–desorption results of experiments with chosen types of
granulated activated carbons (GAC1–GAC3) with deviations. The highest value of ethanol
concentration in the product of the separation process for 2% SS had a GAC1; ethanol
concentration in the product is, on average, 20% v/v of ethanol. Although GAC1 has
the smallest specific surface (736.12 m2/g), the concentration of ethanol in the separation
product was the highest at 2% v/v SS. On the contrary, using GAC3 with the highest surface
area value (1025.97 m2/g) resulted in a product with the lowest ethanol concentration.
This phenomenon was due to the oxygen content of the GAC surface, which is discussed
below. Using the SS with an ethanol concentration of 5% v/v and the separation process,
the product with the highest ethanol concentration was acquired using GAC3; the product
had an average ethanol concentration of 39% v/v. With an SS of 10% v/v, the product
with the highest ethanol content of 52.3% v/v was obtained by the separation process
using GAC2 and GAC3 (in both cases, the same average value of ethanol concentration).
The SS with an ethanol concentration of 15% v/v could be concentrated to an average of
58.4% v/v ethanol by the separation process in our device (the highest value of ethanol
concentration in the product was 59.0%, with GAC3 as the adsorbent. The experimental
results obtained by us correlate with the results published by Cho and Hwang [36]. From
the results above, it is possible to state the high efficiency of our chosen separation process
in terms of concentrating the present volatile organic compound, ethanol, as the primary
product of the fermentation process. The efficiency of the separation, the enrichment factor,
is thus, for aqueous solutions of ethanol, up to 10 times the initial ethanol concentration
(i.e., the concentration of ethanol in the separation product was 10 times higher than that
in the stock solution). From the experiments performed, the total deviation in the ethanol
gain in the separation product was at the level of 1.8%, the smallest deviation value was
0.5%, and the highest was 3.4%. From the above, we can see that the repeatability of the
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experiments was high, even though granulated activated carbon was used repeatedly. The
regeneration of the GACs was carried out in a laboratory oven at a temperature of 200 ◦C
until the moisture value was ≤2%. The moisture determination was provided using a
moisture-analyzer VWR International, MB 60 (Randor, PA, USA). The temperature program
for the moisture determination was set up for 20 min at a temperature of 180 ◦C. The set
temperature was chosen so that the adsorbed adsorbate (gaseous phase with water and
ethanol) was removed from the GACs as efficiently as possible. No reduced efficiency
of ethanol separation was observed with the repeated use of GAC. This phenomenon is
described in a publication by Li et al. [2].
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In Section 3.1, showing the characterization of the GACs’ surface, there is a certain
correlation between the oxygen content on the surface of the GAC and ethanol adsorption.
This fact is confirmed by the results of the separation experiments. With the zero/low
oxygen content on the GAC surface, a high separation efficiency was observed at the low
ethanol concentration in SS (2% v/v). A significant influence of the oxygen on the surface
of the GAC was observed with a 2% stock solution and the GAC1 as adsorbent, despite the
fact that the surface area of GAC1 had the lowest value and oxygen was not detected on
the surface. By increasing the ethanol concentration in SS, this effect decreased; however,
the high value of the surface area of GAC begins to play a significant role. From the results
of the experiments with an ethanol concentration of 10 and 15% v/v in SS, it was possible
to observe an almost identical value of ethanol in the separation product precisely because
of the influence of oxygen on the surface of the GAC, despite the fact that the difference
in the surface area of GAC2 and GAC3 was approximately 100 m2/g. Both parameters
(oxygen content on the GAC surface and surface area) had the same trend in influencing
the concentration effect, as is clear in the graph in Figure 7.
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3.3. Adsorption–Desorption Mathematical Model

To create a mathematical model describing the concentration of the stock solution with
a different ethanol concentration using the adsorption process, it was necessary to find the
dependence of the process parameters and parameters of the individual sorbents on the
ethanol content in the product of the experiments. Such parameters include the specific
surface area value, pore radius, sorbent particle size, ethanol amount in the stock solution,
and its input concentration. Dependencies among physical quantities can be replaced by
dependencies among dimensionless arguments–criteria. The creation of dimensionless cri-
teria will ensure the unit uniformity of the created mathematical model. The concentration
ratio of the mixture was chosen as the first dimensionless criterion. This ratio is given by
the ratio between the ethanol concentration in the product, cp, and ethanol concentration
in the stock solution, cSS (at the beginning of the adsorption process). Figure 8 shows the
dependence between these two process parameters.

From Figure 8, it is clear that it is possible to determine the relationship between these
two parameters described by the power function with the high value of the determination
coefficient. The trend line describes the decreasing trend of the enrichment factor at a
higher ethanol concentration in SS.

The next dimensionless criteria contain a specific surface area, SA, particle size, d,
and average pore size, dp, of the chosen GACs. The median particle size, determined
through image analysis using PartAn 3D, was chosen as the characteristic diameter for
size. The median, unlike the average value, is not affected by extreme values of the particle
size. Another parameter of this criterion is the ethanol mass, m, used for mixing the stock
solution with a needed concentration, cSS. The aim was to obtain a relationship between
the concentration ratio as a function of other process parameters according to Equation (5):

cp

cSS
= f

(
SA.m
d.dp

)
, (5)

For the approximation of nonlinear dependencies, a program was created using the
software Mathematica 8 (Wolfram, IL, USA). The NonLinearModelFit function was used
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to determine the functional dependencies among individual criteria. The power model
presented in Equation (6) performed best in the tests.

cp

cSS
= A ×

(
SA.m
d.dp

)B
+ C, (6)

where A, B, and C are model parameters. The coefficients A and C determine the shift in
the model, and coefficient B is the power of the function. The values of these parameters
for each GAC are shown in Table 3. The accuracy of the mathematical model is shown in
Figure 9.
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Table 3. Summarized model parameters A, B, and C and the coefficient of determination.

GAC
Model Parameter

R2
A B C

GAC1 −124.549 0.0175 193.018 0.9983
GAC2 −2.272 × 10−3 0.353 15.091 0.9952
GAC3 −8.698 × 10−4 0.382 12.901 0.9978

In the graph in Figure 9, the circles represent individual experiments; the red, dashed
line represents x = y (cp predicted = cp measured); and the blue, dotted lines represent the
interval for 95% of the results.
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3.4. Ethanol Separation from Fermentation Broth

One of the many uses of our device is the continuous removal of ethanol during the
fermentation process and its adsorption on the adsorbent. Our idea was to increase the
efficiency of ethanol production (our device was patented). The newly developed device
needed to be tested with the real matrix: fermentation broth from apples. The fermentation
broth was prepared from no specified variety of apples. The fermentation process took place
for 9 days at laboratory temperature. After 9 days, the fermentation broth was pumped into
our adsorption–desorption device where VOCs were separated. The separation conditions
were the same as in the experiments with the aqueous ethanol mixture. In the fermentation
broth, the concentration of selected saccharides and ethanol was determined every day
during the fermentation process using the GC-FID, as described in Section 2. Ethanol in
the separation product was also determined by GC-FID as is described in the Materials
and Methods section. The fermentation process, which was accompanied by a decrease in
sugar content and an increase in ethanol content, is shown in Figure 10.

From the graph in Figure 10, it is clear that, during fermentation, the present sac-
charides were gradually converted into ethanol, the primary product of fermentation.
The determination of saccharides and ethanol was carried out as described in Section 2.2
(Materials and Methods). The analysis of the liquid sample was carried out with GC-FID.
Very similar results (decrease in sugar content and increase in the ethanol content during
fermentation) are presented in other publications [31,55,56].

From the graph in Figure 11, it is clear that there was a significant change in the
ethanol concentration. The chromatographic records compare the response (concentration)
of ethanol before the adsorption–desorption (separation) process and after the separation
process. The initial ethanol concentration was 0.65%. After the adsorption–desorption
process, the ethanol concentration in the separation product was 11.35%. The enrichment
factor of the separation efficiency with a real sample (fermentation broth) was almost
18 times. For the real sample experiment, GAC3 was chosen as the adsorbent because it has
the highest surface area value. This parameter was evaluated as one of the most important
in terms of the adsorption of VOCs that are present in the fermentation broth. After the
separation process, it was possible to observe the adsorption of the apple aroma on the used
GAC3, while the presence of an apple aroma could be detected by the nose. The adsorbed
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apple aroma is possible to separate from GAC, for example, by washing with hot steam or
extraction with an organic solvent [28,57]. The biggest advantage of this separation process
is that it is not necessary to heat (bring to boil) a mixture that contains ethanol (stock solution
and fermentation broth, respectively). This fact is important because after the ethanol is
separated from the fermentation broth, the further production of ethanol is possible from
the yeasts that are present and have not been killed by the high temperature [25,31,35,37].
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4. Conclusions

Our separation device, which uses four basic processes (adsorption, desorption, strip-
ping, and condensation), achieves high enrichment factor values for ethanol separation. The
separation experiments were performed with the device using a model solution with differ-
ent values of ethanol concentration (2, 5, 10, and 15% v/v) and the real matrix (fermentation
broth). Each of the experiments were repeated three times, and the experiments had a high
level of repeatability because the average deviation in the obtained ethanol concentration
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in the separation product was only 1.8% v/v. Using SS with an ethanol concentration of 2%
v/v, the enrichment factor was equal to 10. As the ethanol concentration in SS increases,
the enrichment factor decreases, but the concentration of ethanol in the separation products
also increases. The separation experiments with fermentation broth prove the applicability
of our device for a real matrix. The initial ethanol concentration in the fermentation broth
was 0.65%, but using our separation device, a product with an ethanol concentration of
11.35% was acquired, which indicates an enrichment factor of 18. With our separation
device, it is possible to effectively remove ethanol from the fermentation broth at room
temperature. The separation and production of ethanol can, thus, be continuous, and
it is possible to produce much more ethanol from one batch than with commonly used
separation devices, which makes our device unique. The mathematical model designed by
us predicts the ethanol concentration in the product with high accuracy. Our mathematical
model takes into account the surface area of GAC, GAC particle size, GAC pore diameter,
amount of ethanol in SS, and ethanol concentration in SS.

5. Patents

Our newly developed adsorption–desorption device is patented by the Industrial
Property Office of the Slovak Republic with Application Number: 288853.

Author Contributions: Conceptualization, investigation, methodology, writing—original draft, and
formal analysis, L’.G. and O.M.; investigation, M.J., Z.G. and I.V.; investigation, conceptualization,
and visualization, J.K. and J.B.; methodology, R.K. All authors have read and agreed to the published
version of the manuscript.
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Nomenclature

cp Ethanol concentration in the product (%)
cSS Ethanol concentration in stock solution (%)
d Particle size (m)
dp Pore average size (m)
GAC Granulated activated carbon
GC − FID Gas chromatography with flame ionization detector
m Ethanol mass in SS (g)
ni Amount of substance i (mol)
ntotal Sum of the amount of substances in system (mol)
pi Partial pressure of component i (kPa)
p
◦

i Vapor pressure of component i (kPa)
ptotal Total pressure above SS (kPa)
rp Pore average radius (nm)
SA Surface area (m2/g)
SD Standard deviation (%)
SS Stock solution
VOC Volatile organic compound
Vp Specific pore volume (cm3/g)
yEtOH Molar fraction of ethanol in gas (-)
yi Molar fraction of component i in gas (-)
ϕEtOH Volume fraction of ethanol (-)
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