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Sepiolite and the sepiolite-based materials were studied in terms of carbon dioxide adsorption. The pore structure
and the surface characterization of the obtained materials were specified based on adsorption-desorption isotherms
of nitrogen measured at —196°C and carbon dioxide at 0°C. The specific surface area (SSA) was calculated accord-
ing to the BET equation. The pore volume was estimated using the DFT method. Pristine sepiolite has shown
the following value of SSA and CO, uptake at 0°C — 105 m?/g and 0.27 mmol/g, respectively. The highest value of
these parameters was found for material obtained by KOH activation of mixture sepiolite and molasses (MSEP2)
— 676 m?/g and 1.49 mmol/g. Sample MSEP2 also indicated the highest value of total pore volume and micropores

volume with a diameter up to 0.8 nm.
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INTRODUCTION

Carbon dioxide makes up the vast majority of green-
house gas emissions (81%) but smaller amounts of
methane (10%), nitrous oxide (6%) and fluorinated
gases (3%) are also emitted'. Absorption of CO, from
flue gas by amine scrubbing is a traditional method and
currently in operation. The amine solution has some
disadvantages such as high volatility, low thermal stabil-
ity, and high oxidation degradation®.

Adsorption is a promising alternative method for CO,
capturing and could replace an amine-based absorption
technique®. Zeolites* 5, carbon-based materials®® and
metal-organic frameworks'*? are the most critical class
of adsorbents actively investigated for gas adsorption
applications. Unfortunately, the moisture typically present
in the flue gas stream affects zeolites and metal-orga-
nic frameworks structural stability’®. Carbon materials,
exhibit better stability towards moisture and also against
corrosive gases'. Because of high adsorption capacity,
easy availability and low cost activated carbons are most
commonly tested as CO, adsorbents® 5. A variety of
carbonaceous adsorbents were also considered for CO,
capture: carbon nanotubes’, carbon spheres'®, nitrogen-
-doped nanoporous carbon, porous carbon nanosheets?.
There are also attempts to convert CO, into valuable
products such as methane?, formaldehyde?, methanol®.

Methane is emitted from energy, industry, agricultu-
re, and waste management activities. CH, lifetime in
the atmosphere is much shorter than CO,, but CH,
is more effective at trapping radiation than CO,. The
comparative impact of CH, is 25 times greater than
CO, over a 100 years*. The most significant industrial
methane-based process is methane steam reforming to
syngas — a mixture of CO and H,. The dry reforming
of methane was also investigated® %,

Converting methane to alternative forms sources of
energy, such as methanol*” 2 formaldehyde®” ** and
other derivatives®* is a preferred method for methane
reduction. Catalytic methane decomposition led to the
production of pure hydrogen and carbon nanomate-
rials®>*, Methane can be applied as vehicle fuel* .

Carbonaceous materials are right sorbents for other
gases and vapors, e.g. hydrogen*. They were also
described as catalysts and catalysts supports*.

Clays are hydrated aluminum phyllosilicates naturally
formed through hydrothermal alteration of rocks. Clay
minerals have a sheet-like structure and are composed
of mainly tetrahedral silicate and octahedral hydroxide
groups?.

Sepiolite, formerly known as Meerschaum (sea froth),
is a naturally occurring phyllosilicate clay mineral, that
is widespread due to its unusual fibrous morphology and
intracrystalline tunnels. The main advantages of sepiolite
are the porosity, the fibrous structure, the fine grain
size, and the high surface area, which make it a valuable
material for a wide range of applications (e.g. pesticide
and catalyst carrier, decolourizing and anticaking agents
or pharmaceutical and cosmetics applications)* %,

Due to their low price, abundance, and porosity, clay
materials (as montmorillonite, kaolinite, and bentonite)
have been used as supports for CO, adsorption®*52, Ho-
wever, to the best of our knowledge, the carbon dioxide
adsorption of sepiolite-based materials (sepiolite-carbon
composites from biomass) has not yet been reported.

EXPERIMENTAL

Preparation of sepiolite-based adsorbents

The sepiolite (SEP) was mixed with potassium hydrox-
ide (KOH) in a ratio of 1:1 (KSEP), potassium hydroxide
and molasses in a ratio of 1:1:1 (MSEP1) and in a ratio
of 1:2:1 (MSEP2) and left in the room temperature for
three hours. Afterward, samples KSEP, MSEP1, and
MSEP2 were dried at 200°C for 19 h. In the next step,
the materials were exposed to 800°C in a furnace for
1h under a constant nitrogen flow 18 dm3h. After that
time, obtained materials were washed with the deion-
ized water to a pH value of 6.5 to remove KOH. Then,
the materials were soaked in hydrochloric acid (HCI)
in a concentration of 1 mol/dm? for 19 h, washed again
with the deionized water until the pH of filtrate became
6.5 and dried at 200°C for 12 h.

The sepiolite (SEP) was also mixed with potassium
hydroxide (KOH) in a ratio of 1:1 and left in the room
temperature for three hours, but the heating step (to
800°C) was omitted (ISEP). The rest of the preparation
stage was the same as for the samples mentioned above.
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Characterization of sepiolite and sepiolite-based adsor-
bents

Sepiolite and sepiolite-based adsorbents were char-
acterized by nitrogen adsorption-desorption isotherms
measured at —196°C using Quantochrome Autosorb
Instrument. Before analysis, all the samples were out-
gassed at 250°C under vacuum for 16 h in a vacuum
environment. The specific surface area (SSA) was esti-
mated from the adsorption isotherm using the standard
Brunauer-Emmett-Teller (BET) equation based on ad-
sorption data. The micropore volume (MPV,, MPV )
was assessed by the Density Functional Theory (DFT)
method used to the nitrogen and carbon dioxide adsorp-
tion. The total pore volume (TPV) was calculated based
on the volume of N, adsorbed at a relative pressure p/p,
~ 1. The DFT was also used to establish the pore size
distributions (PSD) from sorption isotherms of nitrogen
at —196°C (PSDy;,) and carbon dioxide at 0°C (PSD,).

The CO, adsorption capacity at 0°C and 25°C were
determined using the Quantachrome Autosorb Instrument.

X-ray diffraction patterns of products were acquired
by using PANalytical X’Pert PRO diffractometer. Data
were collected over a 20 range of 5+80° using CuKa
radiation.

The morphology and elemental composition of products
were examined by scanning electron microscopy (SEM).
SEM images were performed using SU8020 (Hitachi)
microscope with an accelerating voltage of about 15 kV
at 5000x magnification.

RESULTS AND DISCUSSION

Figure 1 presents nitrogen adsorption-desorption iso-
therms of obtained materials. Physisorption isotherms
of all samples represent combination of type I and IV
with a hysteresis loop of type H3 (for SEP, ISEP, and
MSEP2) and H4 (for KEP, MSEP1), according to the
IUPAC classification. The type I/IV isotherms showed
that both, micropores and mesopores had been iden-
tified in samples. Capillary condensation in the pores
occurred at a relative pressure (p/p,) above 0.40, the
most probably due to the presence of a large amount
of narrow slit-like mesopores.

The textural properties (BET surface area, total pore
volume, micropore volume) of sepiolite and sepiolite-
based adsorbents are listed in Table 1. The specific surface
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Figure 1. Nitrogen adsorption-desorption isotherms of pristine
sepiolite and sepiolite-based materials

Table 1. Textural properties of pristine sepiolite and sepiolite-
-based materials

SSA MPVco> MPVn2 TPV
Sample | 1mzq) [cm¥/g] [cm¥/g] [cm¥/g]
SEP 105 0.017 0.008 0.285
ISEP 351 0.069 0.044 0.530
MSEP1 570 0.107 0.119 0.403
MSEP2 676 0.113 0.086 0.613
KSEP 426 0.101 0.003 0.269

area of the materials increased following the chemical
modifications. The highest surface area of 676 m*/g was
achieved by KOH activation of mixture sepiolite and
molasses (MSEP2). The other samples had a smaller
BET surface area compared to MSEP2, but larger than
pristine sepiolite. As presented in Table 1 the pores of
examined materials exhibited a considerable increase
in volume in comparison with sepiolite. In the case of
sepiolite, the KOH treatment improves the porosity of
sepiolite itself. The highest total pore volume was also
achieved on sample MSEP2 — 0.61 cm?/g. This sample
also had the highest MPV ., value — 0.11 cm?/g (as
well as sample MSEP1). However, the highest value
of MPV,, was found for sample MSEP1 - 0.12 cm’/g.
These values are much higher than those obtained for
the pristine sepiolite.

Figure 2. shows the pore size distribution determined
from CO, adsorption isotherms at 0°C (PSD,), and
Figure 3. reveals the results of PSD calculated from N,
adsorption isotherms at —196°C (PSDy,). Both PSDs were
calculated by the DFT method. To clarity the graph, the
maximum value of the horizontal axis is 20 nm, for the
reason that the obtained materials did not contain a high
number of larger pores. All the samples exhibited contents
of pores with a diameter range of 0.3-20 nm. The largest
volume was occupied by pores with diameters ranging
from 0.4 to 0.8 nm and 1.3 to 2.7 nm, which confirms
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Figure 2. The pore size distributions of pristine sepiolite and
obtained materials calculated from CO, adsorption
isotherms (D — pores diameter)
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Figure 3. The pore size distributions of pristine sepiolite and
obtained materials calculated from N, adsorption
isotherms (D - pores diameter)

the development of microporosity and the presence of
smaller mesopores in obtained materials.

The carbon dioxide adsorption isotherms of the ex-
amined samples are presented in Figure 4 (at 0°C) and
Figure 5 (at 25°C). The CO, uptake at 1 bar and 0°C is
in the range of 1.18 to 1.49 mmol/g, while for pristine
sepiolite is 0.27 mmol/g. In the case of CO, uptake at
1 bar and 25°C is between 0.63 and 0.89 mmol/g for
sepiolite-based materials and 0.18 mmol/g for pristine
sepiolite. The highest value of CO, capacity at 0°C and
25°C, 1.49 mmol/g, and 0.89 mmol/g was confirmed for
MSEP2 material.
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Figure 4. Carbon dioxide adsorption isotherms at 0°C of pri-
stine sepiolite and sepiolite-based materials

Figure 6 demonstrates the relationship between specific
surface area and carbon dioxide adsorption (at 0°C),
while Figure 7 presents the correlation between MPV -,
value and CO, uptake (also at 0°C). It can be seen, that
there is a excellent correlation between specific surface
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Figure 5. Carbon dioxide adsorption isotherms at 25°C of
pristine sepiolite and sepiolite-based materials
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Figure 6. The correlation between SSA and CO, adsorption
(at 0°C) for pristine sepiolite and obtained materials
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Figure 7. The correlation between MPV ., and CO, adsorption
(at 0°C) for pristine sepiolite and obtained materials

area and micropore volume with CO, uptake. It is, equal
with other findings for micro- or mesoporous materials.
The coefficient of determination (R?) in both cases was
high and amounted to — 0.82 and 0.95, respectively.
The XRD patterns of the pristine sepiolite and sepio-
lite-based materials were shown in Figure 8. For SEP,
a diffraction peak with high intensity at 20 = 7.2° was
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Figure 8. X-ray diffraction patterns of pristine sepiolite and ob-
tained materials

ascribed to the (110) reflection of the sepiolite framework,
which is the characteristic peak of sepiolite itself5> 5,
After impregnation with KOH, there is no characteristic
peak in patterns of ISEP, KSEP, and MSEP1 samples,
indicating that the KOH treatment entirely changes the
crystalline structure of sepiolite. In the case of MSEP2
material, the crystal structure was slightly changed, and
the characteristic peak of sepiolite has been preserved.

The morphology of the examined materials was inves-
tigated by SEM, and typical SEM images are shown in
Figure 9. It is well known that pore structure develop-
ment is influenced by many factors, including inorganic
impurities and the initial structure. The pristine sepiolite
has fibrous morphology in the form of aggregates and
some single fibers (Fig. 9a). After KOH treatment and
pyrolysis (KSEP), the morphology seems to be similar.
However, some single fibers were gone, and fibrous
clusters appeared, as shown in Figure 9b. In the case
of samples with molasses (MSEP1, MSEP2), changes in
the structure of sepiolite can be observed. The materials
MSP1 and MSP2 show an irregular shape and larger
cavities compared with the pristine sepiolite (Fig. 9¢c, 9d).

1
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CONCLUSIONS

Sepiolite-based materials have been prepared by KOH
impregnation (ISEP), KOH impregnation in combination
with the pyrolysis (KSEP), and KOH impregnation with
the pyrolysis of sepiolite/molasses mixture (MSEPI,
MSEP2). The results of structure characterization results
showed the increased specific surface area and pore vo-
lume of obtained materials in comparison with pristine
sepiolite. The surface treatment changed the porous
structure of the pristine sepiolite. For SEP, the SSA, TPV,
and MPV, value was 105 m?/g, 0.285 cm®/g, and 0.017
cm’/g. The highest value of these parameters was obtained
for MSEP2 - 676 m%g, 0.613 cm®/g, and 0.113 cm’/g,
respectively. Carbon dioxide adsorption tests showed
that impregnating the pristine sepiolite with potassium
hydroxide significantly improved CO, adsorption capacity
at 0°C and 25°C. The highest value of CO, capacity at
0°C and 25°C was obtained for MSEP2 material — 1.49
mmol/g, and 0.89 mmol/g, respectively. The sepiolite as
a clay mineral is an inexpensive material, with abundant
availability around the world. Moreover, it is vulnerable
to chemical modification. Thus, the sepiolite treatment by
potassium hydroxide, causing the increase of both — the
microporosity and the CO, adsorption capacity.
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