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ABSTRACT. The aim of this work was to construct a new adsorption-desorption device based on the
principle of separation of volatile organic compounds, e.g., ethanol. As an adsorbent, it is possible to use
granulated activated carbon (GAC) in the adsorption and desorption process. In this study, two kinds
of GACs were used and marked as GAC1 and GAC2. A particle size distribution and water vapuor
sorption for the selected GACs were measured. An experiment with distilled water was performed as
a preliminary study of the new device’s functionality. After the determination of the time necessary
for the adsorption and desorption, the experiments were carried out with a model mixture (5% v/v
ethanol-water mixture), which resulted in a product with the ethanol content of 39.6 %. The main
advantage of this device would be the potential competition of conventional distillation.
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1. INTRODUCTION

In both, industry and science, there is an increasing
effort to produce simple devices, for the separation
of volatile organic compounds (VOC) [IH3]. In the
light of this, devices which are capable of adsorbing
VOCs and subsequently desorbing them, are being con-
structed. The desorption process is decisive in many
cases because it is necessary to obtain unchanged
adsorbed compounds (surface of the sorbent cannot
react with the adsorbate) [4]. After the desorption,
compounds are analysed and stored for further use.
Ethanol is the most discussed compound in this
context as it is the main product of many fermentation
processes [5H8] produced by yeasts as their metabolism
by-product. The yeast transforms saccharides into
ethanol and other VOCs. The content of VOCs and
other fermentation products depends on the nature of
the raw material (fruit, corn, etc.) [9HI3]. Generally,
distillation is the most common way of separating
ethanol from the fermentation broth. This process is
energy-demanding, and hence, there is a demand for
another alternative device [14]. In most production
processes, ethanol is in a liquid matrix (fermentation
broth). There are many ways to separate ethanol
from these matrices, for example, by a conventional
distillation or by an adsorption onto the adsorbent
directly from the liquid [I5]. Another method of
separation is the adsorption of ethanol in a gaseous

state [16].

Gas with the ethanol content is created by gas
stripping. This technique often takes place at labora-
tory temperature. The gas used for the gas stripping
should be inert to compounds (VOC) in a liquid ma-
trix. Carbon dioxide, nitrogen or air are, therefore,
the commonly used gases. Moreover, the absence of
interaction with a separation adsorbent is another im-
portant requirement [T}, [6H8], 12} (T3], [17) [18]. Activated
carbon, polymeric resins and zeolites can be used as
an adsorbent in this kind of separation method [19-
22]. The main advantage of activated carbon is its
extensive specific surface area, price and availability
[23].

Desorption, a reverse process of adsorption, is an
important part of these kinds of separation methods.
Desorption of adsorbed compounds is facilitated by a
temperature increase or pressure decrease, which are
two of the most frequently used techniques [24H28]. In
our study, we used granulated activated carbon as the
adsorbent and air as the stripping gas. The desorption
was performed by increasing the temperature.

2. METHODS

2.1. EXPERIMENTAL MATERIAL

96 % ethanol purchased from MIKROCHEM s.r.o.
(Pezinok, Slovakia) was used for the preparation of
the model mixture. For the gas adsorption, two
kinds of granulated activated carbon were used, GAC1
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and GAC2, which were purchased from SandSys-
tem s.r.o. (Klimovice, Czech Republic) and Alchim-
ica s.r.o. (Prague, Czech Republic) respectively.

2.2. ANALYSIS OF EXPERIMENTAL DATA

The ethanol concentration before and after the ad-
sorption was calculated from the density of the model
mixture, which was determined by DMA 48 digital
density meter (Anton Paar, Austria) at a constant
temperature of 25°C. The volume of the sample for
the density determination was 3 ml. The ethanol con-
centration in the condensate was determined using the
same method. The particle size distribution of GAC1
and GAC2 was measured by a PartAn 3D particle size
analyzer (Microtrac GmbH, Germany). The water
vapour adsorption was determined by an Aquadyne
DVS (Quantachrome, UK) at isothermal conditions.

2.3. EXPERIMENTAL DEVICE — CONSTRUCTION
AND PROCESS DESCRIPTION

Our device (Fig. [1)) works on the principle of adsorp-
tion and desorption of gases or compounds present in
a gaseous state at laboratory temperature. The device
works in two phases. Firstly, the gas is adsorbed onto
the adsorbent in the device at laboratory temperature.
Secondly, the adsorbed gas is desorbed at a high tem-
perature (150 °C). This phase also includes a conden-
sation of the desorbed gas. This device is especially
designed for the adsorption of VOC from matrices
with a low VOC content and subsequent formation
of a product with a high VOC content by desorption
and condensation. The new device consist of the fol-
lowing components: an HG-120 air blower (Zhejiang,
China), a HAAKE N6 heating circulator (Karlsruhe,
Germany), a HAKKE DCI1 refrigerating circulator
(Karlsruhe, Germany), a UPLS 3 flowmeter (Prague,
Czech Republic) and an ALMEMO 5690-1M measur-
ing temperature station (Holzkirchen, Germany). The
glass components (heat exchangers, stock vessel, flask,
etc.) of the device were of the brand Simax.

The new adsorption-desorption device works in a
closed cycle, which is achieved by the air blower. The
path of the gas flow in the device is indicated by
Roman numerals (I-1X) (Fig. [1)).

Adsorption: Stripping gas (air) flows from the air
blower into the stock vessel, which is filled with liquid
(path I-IIT). This liquid (model mixture or distilled wa-
ter) is stripped by the stripping gas (air) in the stock
vessel. In this way, the molecules are converted from
liquid to gaseous state. Subsequently, the gas flows
through the first heat exchanger (IV) into the second
heat exchanger (V) filled with the GAC. Here, adsorp-
tion takes place at laboratory temperature and the
gas containing molecules from the liquid is adsorbed
onto the GAC. The molecules in the gas, which are
not adsorbed, flow through the condenser back to the
air blower (path VI-IX) and the adsorption circuit is
repeated until the GAC is saturated. It is important
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to mention that both heat exchangers (IV and V) cou-
pled with a heating circulator are interconnected. At
the beginning of the desorption process, the heating
circulator is turned on and set to 150°C (thermal
desorption). The condenser (VII) is connected to the
refrigerating circulator, which is set to -25°C (con-
densation of desorbed gas). In each experiment, the
stripping gas flow rate was controlled by a flowmeter
(F) set at 5 1/min. The temperature was measured
with six thermocouples by a real-time measuring sta-
tion. The thermocouples’ location is in Fig. [1| and
marked as T'1 — T6.

Desorption: Adsorption is finished after a complete
saturation of the GAC. The liquid from the stock
vessel is removed through a port for liquid removal
(Fig. . The air blower serves as a gas propeller
in the desorption process. For this reason, desorbed
molecules (gas) are transported to the condenser (VII)
where they condense and accumulate in the flask fixed
at the end of the condenser. Very important is the fact
that the heating circulator and refrigerating circulator
are turned on, only during the desorption.

3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATION OF GAC

The particle size of the adsorbent is one of the param-
eters which affects the processes of adsorption and
desorption. Hence, the particle size distribution for
the chosen GACs was measured. The small particle
size (powdered activated carbon, PAC) of the adsor-
bent negatively affects the gas flow in the packed bed.
However, the gas flow through the adsorbent as GAC
is better than through the PAC, thanks to the lower
influential resistance during the flow [30].

The particle size distribution was measured by Par-
tAn 3D. PartAn 3D is a device, which analyzes the
size and shape of particles by an integrated high-speed
camera system. The falling solid particles are captured
by the camera and the acquired data are evaluated
by the software. The result of the analysis is a graph,
GACs particle size distribution, which is shown in
Fig. 2l The GAC particle size distribution shows that
the majority of GAC1 and GAC2 particles have a
diameter in the range of 2-2.75 mm and 1.25-2 mm,
respectively. Hence, GAC2 can create a higher resis-
tance during the adsorption and desorption process.
As a consequence, there can be a worse transfer of the
gas flow between GAC2 particles.

The second step in the production of activated
carbon is its activation. After this step, activated
carbon becomes more hydrophilic [26] BTH33]. Due to
this property of activated carbon, a maximum possible
adsorbed amount of water for GAC1 and GAC2 was
determined by the water vapour station Aquadyne
DVS. The determination of water vapour sorption,
by Aquadyne DVS, is important because a content
of water in the stripped model mixture is significant
(Fig. . Aquadyne DVS is a device that measures
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FIGURE 1. Scheme of the new adsorption-desorption device [29].
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FIGURE 2. The particle size distribution of GAC1 and
GAC2.

the change of the initial sample mass (50 mg) as a
function of relative humidity. The GACs water vapour
sorption graph, where the GAC’s weight increased
as a function of rising relative humidity and is stable
after the saturation, is shown in Fig.[3] The saturation
point of GAC1 was at 95.1 % of relative humidity and
the weight increased by 40.1 % compared to the initial
sample. The GAC2 saturation point was at 93.8 %
of relative humidity and the weight of the sample
increased by 32.3 %. The shapes of the adsorption and
desorption curves are the same for GAC1 and GAC2,
which suggests the same progress of both processes.
GAC1, in comparison to GAC2, can adsorb a higher
amount of water vapour, which is clear from the y-
axis expressing the percentage change of mass. It is a
consequence of a higher specific surface area of GACI.
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FIGURE 3. The water vapour adsorption and desorp-
tion graph of GAC1 and GAC2.

The difference in the specific surface area of the GACs
is approximately 54 m?/g.

3.2. PRELIMINARY STUDY

For the determination of the necessary adsorption time
and basic observation of temperature in the device, the
experiment with distilled water was performed. Gen-
eral conditions and specifications, which were applied
for each experiment, are described in this subchapter.
The volume of the liquid in the stock vessel was 997 ml
(3ml from 1000ml for the density determination) per
experiment. The second heat exchanger was filled
with 80 g of GAC with < 1% residual moisture in each
experiment. The temperature in the device was mea-
sured by six thermocouples (T'1 — T'6). Thermocouple
T'1 measures the temperature of the liquid (the model
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FI1GURE 4. The temperature readings of thermocou-
ples 71 — T'6 during the adsorption process with dis-
tilled water.

mixture or distilled water), the other thermocouples
measure the temperature of the gas. Fig. [4] shows the
temperature readings obtained during the adsorption
experiment with distilled water. This figure shows
that after approximately 12 hours, the temperature
measured by thermocouples T2 — T6 is stable. The de-
crease in the temperature in the liquid is caused by the
gas stripping during the adsorption. Gas Stripping,
in this case, is an endothermic desorption process.
However, the adsorption is an exothermic process [34-
36]. The increase in the temperature of the distilled
water in the stock vessel (curve of thermocouple 7'1)
is caused by the saturation of the adsorbent. Hence,
the time for the adsorption was set to 12 hours. The
time required for the desorption, determined by the
formation of condensate in the condenser, was 1 hour.

3.3. MODEL EXPERIMENTS

For a confirmation of our adsorption-desorption de-
vice’s functionality, three repeated experiments for
each kind of GAC using the same conditions were
performed. An ethanol-water mixture, with ethanol
concentration of 5% v/v, was used as the model mix-
ture. The location and temperature measurement by
thermocouples were identical as in the preliminary
study.

During the adsorption in model experiments, we
observed significant temperature changes measured
by thermocouples T'1 and T'4. Temperature readings
of thermocouples T'1 and T4 for GAC1 and GAC2,
obtained during the adsorption of the gas created from
the model mixture, are shown in Fig. The curve
of temperature readings measured by thermocouple
T1 has the same course as the temperature record of
T1 for distilled water (the decrease of temperature
during adsorption and the increase of temperature
after GAC saturation). The thermocouple T'4 temper-
ature reading (Fig. p) has two significant peaks - an
increase in temperature. The increase in temperature
behind the fixed bed of the adsorbent is caused by
the adsorption of the gas. The presence of the two
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FIGURE 5. The comparison of thermocouples, T'1 and
T4 temperature readings during the adsorption of the
gas created from 5% ethanol-water mixture.

peaks is a consequence of the heat release during the
adsorption of ethanol and water.

The method for the determination of the ethanol
concentration is described in the part Analysis of ex-
perimental data. The results of the adsorption, for
both types of GAC, are listed in Table [I] and Table 2]
in the part ADSORPTION. As mentioned above, the
desorption was performed for one hour at a high tem-
perature. Afterwards, the condensate was removed
from the device through the sampling point of conden-
sate Fig. [Il The values for the ethanol concentration
and the volume of condensate for each experiment are
listed in Table [I] and Table 2] in the part DESORP-
TION. After the desorption process, the second heat
exchanger is emptied and the GAC weighed. From
the values listed in Table[T]and Table[2] it is clear that
GAC1 can produce condensate with a higher concen-
tration of ethanol and volume than GAC2. The con-
densate volumes correspond to AVj,as values, which
represent the change of the model mixture volume
after the adsorption. The difference between the con-
densate volume and AV, depends on several factors:
desorption is not complete, a part of the gas volume
created by gas stripping stays in the device’s dead
volume after the adsorption (saturation of the GAC),
and some volume of the condensed gas stays on the
walls of the condenser after the desorption.

A theoretical interpretation of the obtained experi-
mental data will be the subject of a future analysis. At
this stage, we merely suggest some possible approaches.
It is useful to assess the gas stream composition leav-
ing the stock solution. Assuming that the partial
pressures of ethanol (pg) and water (py ) above the
model mixture correspond to the equilibrium vapour
pressures, the pg and py are given by the Henry’s
and Raoult’s laws, respectively. However, such an ap-
proach provides upper limits only, as the vapor-liquid
equilibrium is not precisely specified in gas-stripping
systems [37]. Instead, a two-film mass transfer model
[38, B9] for non-equilibrium volatilization processes
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EXPERIMENT ADSORPTION DESORPTION
Vumu EtOHa 1 AVyy EtOH o Ve EtOH¢c

[m] [%%] [m] (%] [m] (%]

1. 997 5.0 32.5 3.5 28.5 39.6

2. 997 5.0 31.0 3.6 27.0 38.1

3. 997 5.0 32.0 3.5 28.5 39.2

TABLE 1. The observed values for adsorption and desorption quantities of GACI.

EXPERIMENT ADSORPTION DESORPTION
Vanr  EtOHa  AViy  EtOHas Ve  EtOHe

(] %] [oul] %] d] %]

1. 997 5.0 31.0 3.7 27.5  33.9

2. 997 5.0 30.5 3.4 27.0  34.1

3. 997 5.0 3L5 3.6 26.5 349

TABLE 2. The observed values for adsorption and desorption quantities of GAC2.

should be applied. This approach requires a knowl-
edge of the mass transfer coefficients values, but those,
for our system, have not been determined. Calcu-
lated equilibrium partial vapour pressures above the
5% (v/v) aqueous solution of ethanol at 25°C are
pre = 449 Pa and py = 3119 Pa. Ignoring the partial
pressure of the stripping gas, these values predict a
molar fraction of ethanol in the gaseous binary mix-
ture as 12.6 %. As the ethanol volume fraction of
5% corresponds to a molar fraction of 1.59 %, the
stripping increases the molar fraction of ethanol by a
theoretical factor of 7.9. This value agrees with the
concentration of ethanol in the condensate of GACI.
For a comparison, the conventional distillation process
yields a factor of 9 at the boiling point (95.5 °C) of
the 5% ethanol [40].

4. CONCLUSION

In this article, we describe the design and construc-
tion of the new adsorption-desorption device. Basic
properties (particle size distribution and water vapour
sorption) of commercially available GACs were deter-
mined using the PartAn 3D and the Aquadyne DVS.
Based on the data from the particle size distribution
analysis, GAC1 is assumed to have a better gas flow
through the adsorbent bed. The results from the wa-
ter vapour sorption measurements show that GAC1
can adsorb more mass than GAC2. The experiment
with distilled water determined the time necessary for
adsorption and desorption. The functionality of the
new adsorption-desorption device was confirmed using
5% ethanol-water mixtures. The content of ethanol
39.6 % (v/v) in the product represents the efficiency
of the separation processes in this device. The ethanol
concentration in the product was almost eight times
higher than in the initial sample (5% v/v). The main
benefit of this device is an innovative approach to re-
moving ethanol from available matrices. This device

has a potential to increase the production of ethanol
in fermentation processes.

LIST OF SYMBOLS

EtOH 4, Ethanol concentration of the model mixture
before adsorption [%)]

EtOH 4, Ethanol concentration of the model mixture
after adsorption [%]

EtOHce  Ethanol concentration of the product after
adsorption-desorption process [%)]

pe Partial pressures of ethanol [Pa)]

pw Partial pressures of water [Pa]

Ve Volume of the product (condensate) after adsorp-
tion—desorption process [ml]

Vuvae Volume of the model mixture in stock vessel before
adsorption [ml]

AV Volume of the model mixture in stock vessel after
adsorption [ml]
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