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Abstract

The conversion of carbon monoxide into organic substances is one of the top topics of modern science due to the development
of industry and the climate changes caused by it on the one hand, and the possibility of obtaining an economic effect on the
other, as it could allow for partial recovery of fuels. A problem in this regard has always been the low solubility of CO, in
water, which eliminated the possibility of easy converting carbon dioxide into the liquid. The development of research on
water critical states revealed the fact that water in a subcritical state has a much higher ability to dissolve gases. And this
effect was used to obtain the "liquid synthesis gas" model presented in this paper. Equally important was the selection of an
appropriate catalyst that would increase the efficiency of the conversion process by generating hydrogen in the system under
the influence of cold plasma. In this work we present the studies of transformation of CO, dissolved in supercritical water
using partially reduced graphite oxide—nanometric titania composite (RGO-TiO,) as catalyst, due to the ability of RGO to
generate hydrogen in the water environment (water splitting) under the influence of various physical factors, especially cold
plasma. The RGO catalyst was stabilized with titanium oxide to obtain higher activity at lower RGO concentrations in the
system. Therefore, research on conversions was preceded by a thorough analysis of CO, solubility in supercritical water, as
well as an analysis of the structural, morphological, and spectroscopic properties of the catalyst.
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1 Introduction

Recently, there is observed a massive interest in studies of
transformation of carbon dioxide into fuel via photocata-
lytic reactions. Reduction and utilization of CO, produced
by industry is the one of most important problems of
mankind. The concentration of this gas in the atmosphere
increases dramatically year by year and contributes to the
greenhouse effect. Such situation stimulates significantly
investigations of CO, capture and storage in water [1-3].
It is known that the water in supercritical state allows to
dissolve gases in much larger concentration [4, 5]. This
supercritical state is associated with disaggregation of
large waterclusters into smaller ones or even single water
molecules due to the fact that hydrogen bonds are partially
broken under the influence of different physical factors
including high temperature and pressure in autoclaves,
cold plasma, ultrasound, ionizing radiation, and laser light.
The supercritical state of water is unstable in time and
has a tendency to form bigger clusters, and in this stage
water is also called subcritical. The supercritical water
is characterized by low dielectric constant, it decreased
from 78 for normal water to even 6 at the critical point [6].

In open contact with ambient atmosphere the dielectric
constant quickly increases due to saturation with oxygen
and nitrogen. Such state of water is called subcritical. A
nature of supercritical (disaggregated) water and its role in
chemical and biological systems was a subject of impor-
tant studies [7, 8].

The main aim of the work was to obtain a water-CO,
system, where the concentration of carbon dioxide would
be higher than normal, with the subsequent conversion of
dissolved CO, to organic substances under the influence of
cold plasma in the presence of a catalyst which is a donor
of electrons and protons (hydrogen ions). For the first time
the conversion of carbon dioxide into organic compounds
was described by Kolbe using the example of obtaining sali-
cylic acid (Kolbe—Schmitt reaction) [10], so the topic itself
cannot be called new. Also, there are widely used reactions
of addition of CO, to magnesium and organolithium com-
pounds with the formation of carboxylic acids. Our idea was
to create a syngas system like that, obtained by converting
of methane (CO"H,0), but in liquid form, by saturating the
supercritical water with carbon dioxide. Graphite oxide for
this application should be in a reduced form to eliminate the
possibility of organic particles formation when it is reduced
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under the influence of cold plasma, and make the experiment
more accurate.

In the literature, attempts to use cold plasma in the con-
version of carbon dioxide have already been reported [9-12].
Also, as it is known from the literature, a highly reduced
graphite oxide (also called “flake graphene”) under the influ-
ence of various physical factors, including cold plasma, is
able to generate hydrogen from water [13-23]. And we use
this effect in our experiment, because hydrogen interacting
with carbon dioxide can lead to the formation of organic
compounds, i.e. organic conversion of carbon dioxide.
We decided to use a composite catalyst demonstrating a
higher catalytic activity than reduced graphite oxide (RGO)
[24-27]. And then, this composite, based on highly reduced
graphite oxide and nanocrystalline titanium oxide in anatase
form, was used as catalyst with the same cold plasma gen-
erator, that was previously used for water treatment, to con-
vert dissolved carbon dioxide to organic compounds. We
mainly meant methanol [28-30], but as a result, we also
received other higher alcohols and aldehydes. After refin-
ing, this method could become the basis for developing a
technological process for converting carbon dioxide into
organic substances.

2 Materials and Methods

2.1 Synthesis and Properties of RGO@TiO,
Composite

2.1.1 Obtaining of Graphite Oxide

Graphite oxide (GO) with a high level of oxidation (gen-
eral formula COy sH,,), as a precursor for composite, was
obtained by modified Brodie method [31] from synthetic
graphite (conducting grade, 200 mesh, 99.9995%, Alfa-
Aesar, USA) by fourfold oxidation with potassium chlorate
(99 + %, Alfa-Aesar, USA) in fumed nitric acid (98-100%,
Merck, USA), and with washing with 1 M hydrochloric acid
(Avantor, Poland) and distilled and deionized water until
the filtrate has a neutral pH, and finally dried in a laboratory
dryer with forced air circulation [32-35]. The graphite oxide
obtained is a light beige powder. The high oxidation level of
graphite oxide caused the high catalytic activity of obtained
material due to the small linear dimensions and high degree
of delamination of the material during reduction, which
creates a very extensive specific surface, which is very
important when using this material as a catalyst. The struc-
ture and morphology of obtained graphite oxide were con-
firmed by scanning electron microscopy (FESEM, FEI Nova
NanoSEM 230 with EDS detector) with EDX analysis, pow-
der X-ray diffraction pattern (PANalytical X’Pert Pro diffrac-
tometer) and Raman spectroscopy (Raman microscope inVia
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by Renishaw, supported with CCD camera as a detector,
and laser lines 488 nm, 514 nm and 830 nm, as a source of
excitation; range of measurement: 100-3200 cm‘l), FTIR
spectroscopy (FT-IR spectrometer Biorad 575C, probes were
measured in KBr pellets) and in details described in our
previous works [33-35].

2.1.2 Obtaining of RGO@TiO, Composite Material

The target composite was obtained by the solvothermal
method (GO assisted solvothermal production of TiO,
nanoparticles) based on method described earlier by Y.L.
Min et al. [36]. General procedure: 0.5 g of graphite oxide
was dispersed for 30 min with (900 W 22 kHz) dispergator
UZDN-M-900-T (SPE AKADEMPRYLAD Ltd, Ukraine)
in 70 mL of 95% ethanol, containing 5 mL of glacial acetic
acid, and then reaction mixture was cooled in an ice bath
and intensively stirred on magnetic stirrer for 1 h. After-
ward, 11.5 mL of titaniumbuthoxide were slowly added into
above solution with vigorous stirring for 2 h. The mixture
was transferred to a 100 mL stainless steel Teflon-lined auto-
clave, sealed and maintained at 120 °C for 24 h. During this
solvothermal reaction, the GO reduced in a large degree with
simultaneous deposition of TiO, onto the reduced graph-
ite oxide sheets. The resulting composite was washed three
times with ethanol and three times with water, then dried
at 90 °C in laboratory drier with forced air flow for 72 h.
Structure and morphology of obtained composite also were
investigated by X-ray diffraction, FTIR spectroscopy, and
scanning electron microscopy with EDX analysis, which
was carried out for investigated composite in three differ-
ent fields.

2.1.3 Analysis of RGO@TiO, Composite Surface Area

The surface area measurements of the RGO@TiO, com-
posite was carried out by the method of methylene blue dye
sorption on the composite surface in aqueous medium, by
titration of the composite suspension in water with a dye
solution followed by recording of the UV—Vis absorption
spectra (BIOBASE BK-D590 double beam scanning UV/
VIS spectrophotometer) according to the method described
by Montes-Navajas et al. [37]. The calculation of the specific
surface area is performed from the graph of the dependence
of the absorption in the maximum of the methylene blue
band on the concentration of the dye in the solution.

2.2 CO, Conversion Experiment

The supercritical water was prepared by using cold plasma
technique described in our earlier works [38, 39]. Briefly,
the cold plasma is produced by using nanosecond high volt-
age with pulsed corona discharges and acts on distilled and
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demineralized water placed in a vacuum chamber (a detailed
graphical diagram of the reactor is presented in the work of
Psuja P et al. [39]). The voltage and the current were 2.5 kV
and 30 mA, respectively. Ion flux density R=2.5x 10° ions/
cm?, and the process of plasma irradiation takes usually
about 1 h.

The permittivity of water was measured using Impedance
Analyser HP 4191 at frequency 10 MHz and was equal to
be € =25, which clearly proved the supercritical feature The
supercritical water is unstable and in open vessel the per-
mittivity increases quickly in time, and after 6 h was equal
to 76. The water with permittivity higher than 25 is called
subcritical.

The supercritical water was saturated with CO, gas with
laboratory carbonation system LSN2 by Sysmatec, Swit-
zerland. Level of carbonization was estimated to be higher
than 10 mg/mL.

The concentration of CO, was measured by analyti-
cal method (reaction of CO, with barium hydroxide with
formation of insoluble BaCOj3) [40]. Barium hydroxide is
very hygroscopic, so it can be anhydrous (after calcination)
and can form the hydrated forms, namely: Ba(OH),-H,O,
Ba(OH),-2H,0, Ba(OH),-7H,0, and Ba(OH),-8H,0. For
CO, determination, to 20.1 g of barium oxide, calcined
in nitrogen flow at 400 °C (max. concentration of BaO
(Ba(OH),) in water at 100 °C) in the 100 mL round bottom
flask (the flask was previously dried and weighed), 20 mL
of toluene and 40 mL of CO, saturated supercritical water
were added. Toluene and water from the flask were removed

by distillation under vacuum, then, the flask was heated to
400 °C and kept at this temperature for about 2 h (also under
vacuum). After self-cooling of the flask in a vacuum to room
temperature, the flask was weighed again. The general reac-
tion is as follows: BaO +CO, — BaCO;]|.

Annealing in a nitrogen atmosphere (400 °C) allows
to completely remove the water and prevent the inclusion
of CO, from the air. This means that the difference in the
weight of the flask with BaO before reaction and BaCO;
after the reaction will be the weight of the associated CO,.
The obtained amounts of BaCO; and the results of calcula-
tions of the carbon dioxide content in individual water sam-
ples, measured immediately and after 24 h, are presented in
Tables 1 and 2, respectively.

Determination of the concentration of CO, gas was car-
ried out using the CO2-CS Automatic CO, Calculating Sys-
tem (AT2E, France), which is used to determine the CO,
content in beer, carbonated beverages, and sparkling wines.
Measurement accuracy: +0.01 g/L (CO,),+0.1 °C (tempera-
ture), +£0.01 bar (pressure). 250 g of water saturated with
carbon dioxide was poured into thick-walled glass bottles of
500 mL capacity (Simax, Czech Republic) and sealed with a
polyethylene threaded stopper with silicone gasket. The vol-
ume of gas remaining in the bottle was 300 +2 mL. Partial
air pressure and water compression coefficient in this case
can be neglected. Five samples were prepared in this way,
and they were sequentially placed in the measuring appara-
tus. The measurement was carried out at a temperature of
25°C. As reference, distilled and demineralized water (400 g

Table 1 Results of the chemical determination of CO, in fresh saturated declastered water

Water highly saturated with carbon dioxide, taken in immediately — I
Am (Ba(OH), —BaCO;)

0.2862 g 7.156 kg/m?
0.2963 g 7.406 kg/m®
03373 ¢ 8.433 kg/m®
0.3892 g 9.731 kg/m?

Water highly saturated with carbon dioxide, taken in immediately — II
Am (Ba(OH), —BaCO;)

0.3354 g 8.385 kg/m’
0.3768 g 9.421 kg/m®
0.3918 g 9.795 kg/m®
0.4399 g 10.998 kg/m®

Water highly saturated with carbon dioxide, taken in immediately — III
Am (Ba(OH), —BaCO;)

0.3271¢g 8.180 kg/m®
03521 ¢g 8.800 kg/m®
0.3841 g 9.610 kg/m®
0.3886 g 9.715 kg/m®

m(CO,) in Im? of water

m(CO,) in 1m? of water

m(CO,) in 1m? of water

Coefficient to normal quantity (1.45 kg/m?) in
room temperature

4.9
5.1
5.8
6.7

Coefficient to normal quantity (1.45 kg/m?) in
room temperature

5.8
6.5
6.8
7.6

Coefficient to normal quantity (1.45 kg/m?) in
room temperature

5.7
6.1
6.6
6.7
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Table 2 Concentration of CO, in saturated subcritical water after 24 h exposition

Water highly saturated with carbon dioxide, taken after 24 h in an open vessel

Am (Ba(OH), —BaCO;) m(CO,) in Im? of water  Coefficient to normal quantity (1.45 kg/rn3) in room
temperature

0.9277 g 5.709 kg/m® 3.9

1.0635 g 6.545 kg/m® 4.5

1.1503 g 7.078 kg/m® 49

in a 500 mL Simax bottle) was used. Also, two Simax glass
bottles were filled with the same portion of the declustered
water saturated with CO, and left uncovered for 24 h. Then
the bottles were closed and placed in a measuring apparatus.

0.5 g of RGO@TiO, composite material, obtained due
to above method, was dispersed in 500 mL of distilled and
demineralized water with high power ultrasound dispersant
UZDN M900-T (22 kHz, 900 W) for obtaining the stable
colloidal suspension of catalyst. Then, this suspension,
placed in a special cuvette, was treated in vacuum chamber
with cold plasma (description of the plasma treatment proce-
dure is given above in Materials and Methods, Sect. 2). CO,
was dissolved in subcritical water. After that, the water with
CO, and RGO@TiO, composite was treated with plasma at
room temperature by 10 min.

Chromatography measurements were performed with
multifunctional gas chromatograph TSVET 800 by SPE
ACADEMPRYLAD Ltd, Ukraine. The carbon dioxide con-
tent was measured in the clarified water before cold plasma
treatment, and after cold plasma treatment the newly formed
organic compounds were determined and their concentra-
tions were measured.

3 Results and Discussion

3.1 Structure and Properties of Obtaining RGO@
TiO, Composite Material

In terms of composite material obtaining, it should be noted
that, unlike the method presented by Y.L. Min et al. [36],
method of preparation presented here was modified in such a
way that, on the one hand, it led to the formation of titanium
oxide without the need for its subsequent heating in a muffle
furnace. The sizes of the titanium oxide crystallites were
planned to be as small as possible in the nano parameters,
and as far as possible, not to gather into larger agglomerates.
On the other hand, our goal was to preserve the structure of
the graphite oxide so, to avoid its reduction as much as pos-
sible. The method we proposed fully met our expectations,
which is confirmed by the data from the X-ray analysis. The
composite material obtained in this way has a fairly devel-
oped specific surface. The performed calculations from the
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method of methylene blue deposition give the value of the
specific surface area about 160 m*/cm®.

3.1.1 X-ray Diffractometry Patterns

Structure of graphite oxide precursor and obtained RGO @
TiO, composite was examined and compared with graphite
oxide and chemically reduced (with NaBH,) graphite oxide
(Fig. 1). When graphite oxide is reduced towards graphene
structures, the characteristic reflexes at 2 theta around 12°,
26° and 42° are lost and a broad signal occurs at around 20°
[41]. In a composite material, this signal is at the background
level compared to the very intense reflections of the titanium
oxide crystal structure in the form of anatase—JCPDS card
no. 21-1272 (anatase TiO,). The obtained results correlate
very well with the data obtained for the RGO@TiO, com-
posite obtained by the solvothermal (hydrothermal) method
by other authors [42]. Unfortunately, the X-ray diffraction
data do not allow for an accurate determination of the reduc-
tion rate of graphite oxide. It can certainly be said that it
is not a fully reduced form, as there are clear reflexes in
the diffractograms at 2 theta around 12° and 42°. A slight
shift of the characteristic GO signal from 11.8° to 11.2° is
most likely related to the formation (intercalation) of TiO,

14000 - *

Graphite oxide (CO, H,, )

0.5 0.2
Reduced graphite oxide (RGO)
— RGO-TiO, composite

12000

10000

* Highly oxidized graphite oxide

8000 *Ti0, (anatase, JCPDS card no. 21-1272)

6000

Counts

4000

2000 -1

20 40 60 80 100
2Q [deg.]

Fig.1 XRD diffractograms of high oxidized graphite oxide (GO),
chemically reduced graphite oxide (RGO) and RGO@TiO, composite
(JCPDS card no. 21-1272 (anatase TiO,))
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Fig.2 FTIR spectra of obtained RGO@TiO, composite material
recorded in KBr pellets

nanoparticles in the interplanar space of the graphite oxide
layers and, accordingly, their more strong spread.

The size of the titanium oxide nanoparticles calculated
from the half-width of the reflections with both, Scherer's
(with Origin 2019 software) and Rietveld's (with PANalythi-
cal X'Pert HighScore Plus software) methods, was approxi-
mately 10 nm.

3.1.2 FTIR and Raman Spectroscopy

FTIR spectra of RGO@TiO, composite material are shown
in Fig. 2, and were analyzed with ACD/Spectrus Proces-
sor software (ACD-Labs, USA) (Key: vs (very strong); s
(strong); m (medium); w (weak); vw (very weak); b (broad);
sh (shoulder); ¢—ring; v—stretching vibration; p—rocking
vibration; 8—deformational or in-plane bending vibration;
y—out-of-plane vibration.) [43, 44]. The following bands
at 3390 cm~!(b) for RGO@TiO, and 3414 cm™!(b) for GO
(O-H) stretching vibration is prescribed to the both sym-
metric and asymmetric stretching vibrations of the surface
hydroxyl group of titania (Ti-OH), In general, both com-
ponents of composite material have broad band observed
between 3600 cm™~! and 3000 cm™!, which is related to the
O-H stretching mode of hydroxyl group, indicating the pres-
ence of moisture in the sample.

Small smooth signals appeared at 2923 cm™ and
2847 cm™! in GO spectrum corresponded to C—H stretching
vibrations. These signals indicated that the oxygen-based
functional groups had been successfully grafted onto the
surface and edges of the graphite sheets.

1719 cm~!(w)—C =0 stretching vibration from carbonyl
and carboxyl groups; 1627 cm™!(w)—aromatic C=C or sur-
face absorbed water and hydroxyl groups; 1525 cm™!(s)—
residuals of methylene groups from titanium tetrabuthoxide;

1

1431 em™! (w)—residuals of carboxyl groups of GO; GO
1384 cm™!(s), GO@TiO,: 1397 cm™!(sh)—O-H deforma-
tion vibration. Small signals at 1210-1235 cm™!, which cor-
responds to C—O—C stretching of epoxy groups also are pre-
sent only in GO spectrum, and signal at 1070 cm™" in both
spectra, corresponds with C-O stretch of the alkoxy group,
were absent in composite material, but present in graphite
oxide FTIR spectrum. This phenomenon is easily explained,
as in the case of most composite materials with metal or metal
oxide nanoparticles, these groups are the so-called centers of
crystallization (especially carboxyl groups), and at the place
of these groups on the surface and at the edges of the graphite
oxide, nanocrystallites most often form. These groups are also
reduced first under the conditions of hydrothermal synthesis.
The broad band from 1000 cm™! to 400 cm™! region is
ascribed to the Ti-O stretching and Ti-O-Ti bridging stretch-
ing modes. For the pure TiO,, the peaks at 464 cm™! and
729 cm™! in the range of 400-800 cm™! are the contributions
from the anatase titania. A broad absorption band between
450 cm~! and 800 cm™! region is ascribed to the vibration
absorption of the Ti-O-Ti linkages in TiO, nanoparticles.
The Raman spectra of GO and RGO@TiO, composite
were measured with 514 nm laser source and are shown
in Fig. 3. Raman spectra of GO and RGO-TiO, samples
displays two prominent peaks at 1353 cm™' and 1593 cm™!,
which correspond to the well-documented D band and G
band, respectively. A very small difference in the intensity
of these bands in the composite material and in the start-
ing GO, and especially in their relative intensity, proves
that the reduction of graphite oxide is quite small. Upon
reduction with hydrazine or KBH, (to form deep reduced
form of GO) these numbers shift to lower values, 1584 cm™!
and 1352 cm™!, with the G-band taking on a characteristic
asymmetric shape. The accompanying increase in D/G ratio
for RGO has been explained by the presence of smaller but
more numerous sp2 domains in the carbon. Similar trends

250001 | | —— Graphite oxide (GO)
— RGO@TiO, composite

20000 —
— G
5 D
S,
!"E 15000 +
<
(]
g 10000
£
©
x 5000

0 . . .
500 1000 1500 2000

Wavenumber [cm™]

Fig. 3 Raman spectra of GO and RGO-TiO, samples
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Fig.4 SEM images of graphite oxide (left column) and RGO @TiO, composite material (right column) made with same resolution

are observed for very intensive peak at 144 cm™! (Ey),and  3.1.3 Morphology Measurements

less intensive 396 cm™" (B,,), 512 cm™ (B, +A,,), and

631 cm™! (E,) indicating the presence of the anatase phase  As can be seen from the presented SEM images (Fig. 4),
in graphene/TiO, composite [36, 45]. the titanium oxide particles are quite small, less than 20 nm
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in size, and evenly cover stratified reduced graphite oxide
plates. Moreover, the SEM images show that titanium oxide
also forms larger aggregates. The results of the EDX analysis
from the three measurement fields are shown in Fig. 5a—c,
and the mean values are presented in Table 3. The overall
average weight ratio of the components in the composite
material was 88.2: 11.8, which is approximately 1:8. So, the
content of TiO, in the composite was about 13%.

3.1.4 Determination of the Specific Surface Area
in RGO-TiO, Composite

The graph of the dependence of the absorbance intensity in
the absorption maximum of the methylene blue dye band
on the dye concentration is presented in Fig. 6. As can be
seen in the diagram, the surface saturation of the compos-
ite material takes place with the total addition of 45 pL of
methylene blue solution, which corresponds to the amount
of 0.03825 mg of the dye. The literature shows that at the
maximum saturation of the surface of the tested material,
the ratio of the amount of MB to the covered area is 2.54
m?/1 mg MB. Converting this into the amount of RGO @
TiO, in the cuvette, we get the value of the specific surface
area in the tested material of 162 m%/g. The specific sur-
face area of nanometric mesoporous titanium oxide in the
form of anatase, which has not been calcined, according
to the literature data, is below 90 m2/g. [46-48], and the
specific surface area of graphite oxide with a minimum
concentration of 0.8 mg/ml is about 550 m%/g [37]. At
this point, it should be underlined, that all authors in the
cited works emphasize the fact, that the specific surface of
GO to a large extent depends on the concentration of the
material in the tested suspension: the greater the concen-
tration of GO in suspension, the greater was the specific
surface area. In our case, the concentration was three times
lower than the minimum, described in the cited works,
which was related to the measuring capabilities of the
spectrophotometer. At higher concentrations, the spectra
were very distorted (jagged), which made their accurate
interpretation impossible, and at concentrations above
0.5 mg/mL, they fell outside the absorbance measuring
range (maximum absorbance value in the measuring range
of the spectrophotometer was 3). Therefore, the values
obtained by us are quite large, and even slightly exceed the
values obtained for similar materials using the methylene
blue adsorption and nitrogen adsorption with BET analysis
(BET — 89 m?/g: Huiyu Yang et al. [49]; BET — 170 m?/g:
Z. Gohari-Bajestani et al. [50]).

Table 3 Results of EDX analysis for RGO-TiO, composite material and calculated average values of material composition

Average values

Wit%

Field 3
Wt%

Field 2
Wt%

Field 1
Wt%

Elements

At%

At%

At%

At%

57.24
36.65

43.89
37.48
18.63

58.64
33.92
07.44

43.92
33.84
22.24

55.78

43.09
39.79

57.30

37.38

44.67

38.67
05.56

38.81

6.11

17.12

05.32

16.53

Ti
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Fig. 5 EDX microanalysis reports for RGO@TiO2 composite material in three different fields of measurements
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Fig.6 Absorption spectra of methylene blue during titration of the RGO@TiO, composite suspension in water (a), and a graph of the depend-
ence of the absorption intensity in the maximum of the methylene blue absorption band (664 nm) on its concentration in cuvette (b)
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Table 4 Obtained parameters of the physical determination of CO, in
fresh saturated declustered water

T [K] V(coz) [em?] Pcoo [bar] m [g] ¢ [mg/ml]
298 +0.1 300+2 4.60 2.45 9.82
298 +0.1 300+2 4.41 2.35 9.39
298 +0.1 300+2 4.27 2.28 9.13
298 +0.1 300+2 3.94 2.12 8.44
298 +0.1 300+2 3.66 2.20 7.78

¢ Concentration of carbon dioxide in water [mg/ml or kg/I]

Table 5 Obtained parameters of the physical determination of CO, in
saturated subcritical water after 24 h exposition

T [K] Vicoz [cm3] Pcos [bar] m [g] ¢ [mg/ml]
298 +0.1 300+2 2.67 1.43 5.68
298 +0.1 300+2 2.39 1.28 5.12

¢ Concentration of carbon dioxide in water [mg/ml or kg/1]

Table6 CO, conversion under cold plasma treatment supported by
rGO-TiO, catalyst

Product Concentration in solution  Percentage of
(mg/ml) conversed CO,
(%)
Methanol 0.08 12
1-Propanol 0.02 2.5
Acetaldehyde 0.01 1.2

3.2 CO, Conversion Experiment

3.2.1 Determination of CO, Concentration in Supercritical
Water

Chemical determination of carbon dioxide in water was
carried out for three different supplies of water, delivered
at different times. Four test samples were taken from each
supply. In total, 12 samples were tested and the results are
presented in Table 2. A control sample was also collected
from each batch of water and left in the open flask over-
night. The results of CO, determination for three supplies of
water after 24 h are presented in Table 3. Summarizing these
studies, it should be noted that the concentration of carbon
dioxide ranged from 7 kg/m? to 11 kg/m?, i.e. it exceeded
the normal solubility of carbon dioxide in water at room
temperature and normal atmospheric pressure from 5 to 7
times. After 24 h in an open flask, the concentration of car-
bon dioxide was slightly lower, but still remained quite high
and fluctuated within 6-7 kg/m?, i.e. 4-5 times of the norm.

This demonstrates the very high content of carbon dioxide in
declustered water, which opens the way for this approach to
be used in industrial trapping and further conversion of CO,.

The results of physical determination of carbon diox-
ide concentration in the tested samples of water are sum-
marized in Tables 4 and 5. Table 4 presents the results of
measurements of carbon dioxide concentration in water,
taken immediately from pressure vessel in atmospheric
pressure conditions. The results of carbon dioxide concen-
tration measurements after 24 h of keeping water in an open
thick-walled glass bottles in the air in atmospheric pressure
conditions are listed in Table 5. The average values calcu-
lated from the above data for temperatures close to room
temperature change from 8 mg/mL to 10 mg/mL (so respec-
tively 8—10 kg/m?) in water immediately after taking it from
a pressure vessel, and 5-6 mg/mL (so respectively 56 kg/
m?) after 24 h of keeping it in an open thick-walled glass
bottles at atmospheric pressure. The calculated results of
physical tests correlate very closely with the data obtained
by chemical analysis.

The amount of carbon dioxide needed to completely
saturate 1 L of distilled water in contact with air containing
0.08-0.1 vol. % (17.1-21.4 g in m® of air—average content
in the atmosphere 0.04%) of carbon dioxide in the room,
according to global air quality standards at 760 mm Hg at
room temperatures is 1.45 kg/m® (or 1.45 mg/mL-1.45 g/L
at 25 °C, 100 kPa).

3.2.2 Conversion of CO, Dissolved in Supercritical Water

The results of gas chromatography measurements for
cold plasma treated water with measured concentration of
CO,=8.25 mg/mL were presented in Table 6. The experi-
mental results demonstrated very high efficiency of RGO @
TiO, composite as catalyst and high potential of cold plasma
treatment for synthesis of methanol. Preliminary results
showed that almost 12% of CO, was converted into metha-
nol. Moreover, 2.5% of CO, was converted to 1-propanol
and 1.2% of CO, into acetaldehyde. The general conversion
of CO, to organic substances at level ~16% in liquid phase
is a very high value. These values for plasma gas systems
are obviously higher—on the order of 30% [9], but in terms
of obtaining liquid fuels, as shown in the literature data [12,
29], the method we have proposed is one of the most effec-
tive and may find practical application.
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4 Conclusion

In the current work, a new method of conversion of CO,
to organic molecules was presented, where a catalyst was
based on a composite of graphite oxide and titanium diox-
ide used in supercritical water. The CO, concentration, that
was obtained in the declustered water, was more than 10
times higher than in water under normal condition. In this
system and under cold plasma treatment, the overall con-
version of carbon dioxide to organics was about 16%, that
was relatively high yield obtained by the optimization of
presented RGO @TiO, catalyst. The technical parameters of
the efficient capture of carbon dioxide by supercritical water,
the conversion of CO, into organic substances, as well as a
detailed analysis of the structure and properties of the used
catalyst presented in this paper, may be the basis for further
research on the improvement of the entire process and for
the development of industrial technologies.
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