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ABSTRACT: In this work, the influence of various factors on the process of synthesis of high-molecular hydrocarbons
from carbon dioxide and hydrogen was studied. The tests were carried out in a catalytic flow unit under the same
conditions: pressure 0.1 MPa, space velocity 100 h™. The temperature was raised from 160 to 240° C. in steps of 5°/5 h.
The results were compared with the readings of samples prepared in 3 soaks. In the entire temperature range, the
sample of 3-fold exposure was more active - its CO conversion was 5-10% higher than that of the other two samples.
The samples prepared during the 1st and 2nd soaking were practically indistinguishable from each other in this case.
Reducing the number of deposition increases the isomeric capacity of the 15%Co-15%Fe-5%Ni-1%ZrO,/HCC catalyst,
despite the absence of a change in the acidity of its surface. The influence of pressure on the synthesis of hydrocarbons
from CO and H, in the 15%Co-15%Fe-5%Ni-1%ZrO,/HCC catalyst was studied. The experiments were carried out at a
pressure of 0.5 MPa and a space velocity of 2000 h™, increasing the temperature from 60 to 190°C. When this
temperature was reached, the pressure was increased to 2.0 MPa in increments of 0.5 MPa. An increase in catalyst
activity was observed with an increase in pressure: the CO conversion increased from 11% at 0.5 MPa to 19% at 2.0
MPa. An increase in activity was observed during the production of liquid hydrocarbons. With an increase in pressure
from 0.5 to 2.0 MPa, the yield increased from 28 to 41 g/nm®.
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ILINTRODUCTION

The aim of the work is to study the influence of various factors on the process of synthesis of high-molecular-
weight hydrocarbons from gas synthesis.

Widespread conventional hydrocarbon reserves contribute to the widespread search for alternative ways of their
extraction [1-2]. Among the possible methods of hydrocarbon synthesis to date, Fischer-Tropsch synthesis and catalytic
conversion of methanol should be highlighted [3-5]. Fischer-Tropsch synthesis consists in the sequential conversion of
synthesis gas to hydrocarbons with a predominantly linear structure, and the main products of catalytic conversion of
methanol/dimethyl ether are aromatic hydrocarbons, olefins, and aliphatic hydrocarbons [6-8]. As catalysts for
methanol/dimethyl ether conversion to hydrocarbons, zeolites of various structures, including zeolites with crystal
lattices like MFI and SAPO, should be noted [9-10]. Catalytic conversion of methanol/dimethyl ether into
hydrocarbons in zeolites consists in sequential conversion of methanol/dimethyl ether into olefins, which, in turn, are
converted into methylsubstituted benzene derivatives [11-18].

The general reactions of the synthesis of hydrocarbons from carbon and hydrogen oxides can be represented by
different equations depending on the catalyst and process conditions, but they all correspond to two main ones. The
first basic reaction is the Fischer-Tropsch synthesis itself:

C{:} + 2H2 —* [_CHQ _] + HzOﬂsz?Zc = _165 I{ﬂ}l{
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The second important reaction is the equilibration of water gas. As a secondary process, it is easily transferred to
iron catalysts:

CO+ H,0 — €O, + H, AH,,,-c = —39,8 k/lx

Taking into account this secondary reaction of PT synthesis on iron catalysts, a general equation is obtained:

2C0+ H, — [—CH, —] + CO, AH,,,-c = —204,8 kI

The general equation for the synthesis of hydrocarbons from CO and H,O0 is as follows:

3C0+ H,0 — [-CH, —] + 2C0, AH,,,oc = —244,5 /&
Equation of the reaction of formation of hydrocarbons from CO, and H.:
CO, + 3H, — [-CH, —] + 2H,0AH,,,oc = —125,2 k/lik

For the synthesis of paraffins

nCO+ (2n+1)H, - C,H,,,, +nH,0

2nCO+ (n+1)H, - C,H,,., +nCO,

3nCO + (n+ 1)H,0 — C,H,,,, + (2n+ 1)CO,
nCO, + (3n+ 1)H, —» C H,,,, + 2nH,0

For the synthesis of olefins

nCO+ 2nH, - C H,, +nH,0

2nCO +nH, - C H,, +nCO,
3nCO +nH,0 — C,H,, + 2nCO,
nCO, +3nH, - C H,, + 2nH,0

When synthesizing high-molecular-weight paraffins from carbon dioxide and hydrogen, the following additional
reactions take place:

2C0+ 2H, — CH, + CO,
CO, + 4H, - CH, + 2H,0
2C0 - C+ CO,
FT-synthesis can lead to the formation of alcohols and aldehydes:
nCO+ 2nH, — C H,,.,0H+ (n — 1)H,0
(2n—1)CO + (n+ 1)H, —» C H,,,,0H+ (n— 1)CO,
3nCO + (n+ 1)H,0 — C,H,,,,0H + 2nC0,

Formation of aldehydes:

(n+ 1)CO+ (2n+ 1)H, - C,H,,,,CHO + nH,0
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(2n+ 1)CO+ (n+ 1H, - C H,,,,CHO + nCO,

ILEXPERIMENTAL PART

Catalytic experiments on the synthesis of high-molecular-weight hydrocarbons were carried out on a laboratory-
scale flow-type unit with an integrated reactor. A fixed layer of 5 catalysts was placed in the reactor in the form of a
steel tube with an internal diameter of 20 mm. The activity of the hydrocarbon synthesis catalysts was evaluated by the
following parameters: CO conversion, selectivity and hydrocarbon productivity. The calculation error did not exceed
2.5%. The CO conversion was calculated by the following formula:

VBX° Bbix °C CO BBIX
c(CO)py V (CO) 100%

Xco = v
BX °c(CO) gy
where V i, V o are the reactor inlet and reactor outlet gas flow rates, dm*/h;
¢(CO)in, ¢(CO)qyt - CO concentration at the reactor inlet and outlet, units.
Methane selectivity was calculated by the following formula:

S e V(CO)cha
where V(CO)CHy is the volume of CO consumed to produce methane, dm*; VV (CO) pr is the volume of CO
converted to methane, dm?®,
The selectivity for Cs, hydrocarbons was calculated by the formula:

_V(CO)C5+, 0,
C5+= V(CO)np 100%

where V(CO)Cs, is the volume of CO consumed to form C5+ hydrocarbons, dm®.
The yield of Cs, hydrocarbons was calculated by the following formula:
G Mmcs+

C5+ =
Viam-t

where mCs, - mass of Cs, hydrocarbons, kg; V., - catalyst volume, m?; t - time, hour.

Determination of the composition of the synthesis products. The composition of gaseous synthesis products
was analyzed by gas adsorption chromatography and two columns with Haysep R active phase and NaX molecular
sieves on a Crystal 5000 chromatograph (Chromatec, Russia) with thermal conductivity detector. The analysis mode is
programmed by temperature with a heating rate of 8°C/min.

The composition of Cs, hydrocarbons was determined by capillary gas-liquid chromatography-mass
spectrometry on a gas chromatograph (Agilent, USA) with MSD 5975C mass-selective detector.

I11. EXPERIMENTAL RESULTS AND DISCUSSION

Influence of 15%Co-15%Fe-5%Ni-1%2r0,/\VVCS catalyst preparation method on the yield of reaction of
synthesis of high molecular weight hydrocarbons from CO and H,. The preparation of catalysts by impregnation
can be carried out in one or more stages. In the latter case, the active components (catalyst metals and promoters) were
introduced onto the carrier surface by sequential impregnation with aqueous solutions of the corresponding salts. In our
experiments on the effect of the promoter on the catalyst activity, the samples were prepared by introducing zirconium
promoter with three consecutive impregnations. This method does not create difficulties for laboratory tests, which
require small amounts of the catalyst.

Tests were performed in a flow-through catalytic unit under the same conditions: pressure 0.1 MPa, volume
rate 100h™. The temperature was increased from 160 to 240°C in steps of 5°/5 hr. The results were compared with the
readings of samples prepared in 3 soaks.

Fig. 1 shows the dependences of carbon monoxide conversion on the synthesis temperature for the samples
prepared at durations 1, 2, and 3. As can be seen, the sample prepared by 3-fold soaking over the entire temperature
range was more active - its CO conversion was 5-10 % higher than that of the other two samples. The samples prepared
by the 1st and 2nd soaking were practically indistinguishable from each other in this case. The temperature
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dependences of the methane yield for all three samples are presented in Fig. 2. The methane production in the low
temperature region practically did not change for all three samples. Thus, the yield of methane was 1 g/nm?® at 160°C
and 5-6 g/nm® at 180°C. Only the methane yield of the sample obtained for 1 holding at a synthesis temperature of
200°C differed significantly: the methane yield was 30 g/nm® compared with 20-22 g/nm? for the other samples. The
yields of C,-C, hydrocarbons practically did not change for all three catalyst samples. At 160°C, C,-C, was detected in
the exhaust gases in residual amounts. With increasing temperature the yield gradually increased and reached 10-13
g/nm?® at 200°C (Fig.3).

The dependence of the yield of liquid hydrocarbons on the synthesis temperature is shown in Fig. 4. The yield
of liquid hydrocarbons increased with increasing temperature and reached its maximum at 190°C. This temperature
(optimal synthesis temperature) was the same for all three samples. Further increase of temperature led to decrease of
liquid hydrocarbons yield. At optimal temperature the yield of liquid hydrocarbons was 136, 140, 145 g/nm® of
separated gas in the catalysts prepared at 1-, 2- and 3-fold impregnation.

100
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Fig. 1. Dependence of CO conversion on synthesis temperature
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Fig. 2. Dependence of the methane yield on the synthesis temperature
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Fig. 3. Dependence of the C2-C4 yield on the synthesis temperature
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Fig. 4. Dependence of liquid hydrocarbons yield on synthesis temperature

The characteristics of all three samples at the optimal synthesis temperature are presented in Tables 1 and 2. The
molar selectivity for the target liquid hydrocarbons decreased with decreasing number of curing and was 88, 87, and
85%, respectively. Methane selectivity practically did not change, at the level of 6-7% (Table 1). It can be noted that
the greatest change of indicators is observed when the damping decreased from 3 to 2; at the same time, the difference
of catalytic properties of samples prepared at damping 1 and 2 is practically at the level of experimental defect.

The group composition of synthesized liquid hydrocarbons is significantly influenced by the method of
preparation. At reduction of number of dwellings the content of isoparaffins in the catalyst increases almost twice and
reaches 33 % in the sample prepared for one dwell (Table 2, fig. 1). There is no change in the performance of the
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catalyst in this case. Molecular-mass distribution of paraffins shifts toward heavy fractions in accordance with the

increase in selectivity for liquid hydrocarbons (Table 2).
TPA NH3 spectra of all three samples have insignificant differences (Fig. 1).Total acidity is 390-400 mmol/g. In

addition, the isomerizing ability of the samples differed slightly.
Table 1

Effect of 15%Co-15%Fe-5%Ni-1%ZrO,/VCS catalyst preparation method on synthesis rate

Number of § SCH4 SC5+
T°C Kco>%
reamers CH, C,-C, Cs: CO,
1 pa3 190 74 14 10 139 16 8 86
2pa3 190 75 12 9 141 14 7 87
3paza 190 81 11 9 147 13 6 88
Table 2
Effect of 15%Co-15%Fe-5%Ni-1%ZrO,/VKC catalyst preparation method on catalyst composition
. - Paraffin content, %
Group composition of liquid HC, %
Number of
reamers ] _
olefins n-alkanes i-alkanes Cs—Cyo C11-Cig Cio+
1 9 60 35 64 36 8
2 9 64 31 59 35 11
3 9 76 19 42 44 19

Thus, simplification of preparation procedure slightly reduces catalyst activity, yield of target liquid
hydrocarbons and selectivity of their formation. The average molecular weight of hydrocarbons also decreases. The
selectivity of methane formation remains unchanged. Reducing the number of sputtering increases the isomeric
capacity of the 15%Co-15%Fe-5%Ni-1%ZrO,/VKC catalyst despite no change in the acidity of its surface.
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The partial pressures of synthesis gas components have a great influence on the fractional composition of the
obtained hydrocarbons. With increasing of CO:H, ratio the value of a increased from 0.78 to 0.86-0.87.

Thus, the partial pressures of synthesis gas components have a significant influence on activity and selectivity of
the catalyst for formation of liquid hydrocarbons, as well as on the fractional composition of the products obtained. CO
enrichment of synthesis gas enhances selectivity of liquid hydrocarbons, decreases selectivity of meth nation and
formation of products with large molecular weight. In the tubular reactor partial pressures of CO and H, decrease as the
feed goes through the catalyst bed as the reagents are used up. The lower the volume rate and higher the conversion, the
stronger the effect. Indeed, it was observed that the selectivity of methane formation in tube reactors decreased with
increasing volume velocity. The dependence of process selectivity on CO conversion was obtained by us in a special
series of experiments, in which volumetric rates of synthesis gas transfer were varied. The experiments were carried out
at atmospheric pressure in synthesis gas of CO:H,=1:2 composition. To exclude diffusion factors, the catalyst was
loaded in such quantity that the linear gas velocity was constant in all experiments of the series.

Fig.5 shows CO conversion and selectivity coefficients for different volumetric velocities. In the region of low
conversions, the dependences of selectivity on conversion are close to linear.
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Fig.5. Dependence of selectivity of conversion of CO to methane and liquid hydrocarbons
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