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Abstract—Copper-containing catalytic slurries with different concentrations of active metal precursor solu-
tions are synthesized by drop thermolysis in situ in the hydrocarbon medium of a slurry reactor. According to
dynamic light scattering, the particle size of the catalytic slurry dispersion phase is 3–4.5 nm and it remains
almost unchanged during the synthesis. Using FTIR spectroscopy it is shown that the structure of precursors
of slurry active species depends on the concentration of solution, which may influence the phase composition
of catalytically active fragments of the surface during the reduction and synthesis of alcohols. It is demon-
strated that alcohols may be synthesized from CO and H2 in the slurry reactor in the presence of the formed
nanosized slurries. It is revealed that the composition of alcohol phase products differs significantly with tar-
get product selectivity being comparable: at a low concentration of precursor solution a marked amount of
methanol is contained in the mixture (up to 66%), while an increase in the concentration of precursor solu-
tion causes a rise in the proportion of higher molecular weight alcohols to 88%.
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Alcohols have found an ever-increasing application
in many industries as solvents, plasticizers, stabilizers,
and flotation agents; they are the raw materials in the
manufacture of surfactants, paint-and-vanish coat-
ings, lubricants, detergents, and pharmaceuticals.
Alcohol mixtures are used as motor fuel additives,
which makes it possible not only to improve the octane
number but also to increase the depth of burning fuels
and to reduce the toxicity of waste gases [1].

The main method of producing alcohol mixtures is
oxosynthesis, which involves preparation aldehydes
with the number of carbon atoms one unit greater than
that of the original olefin from alkenes and syngas
(СО + Н2) followed by the hydrogenation of alde-
hydes to alcohols. The disadvantages of the process are
fairly robust synthesis conditions, low selectivity, and
the need to use individual olefins as a feedstock.
Therefore, the development of the one-step process
for the synthesis of alcohols from syngas is currently an
urgent problem.

Technologies in this field were developed by a
number of companies, such as Saipem S.p.A. Italy),
Eni S.p.A (Italy), Haldor Topsøe (Denmark), The
Dow Chemical Company/Power Energy Fuels Inc.
(United States), Lurgi (Germany), and IFP Energies
nouvelles (France). However, the one-step synthesis
of alcohols from syngas has not been implemented in
industry up to now. These processes are commonly

accomplished in fix-bed reactors under fairly severe
conditions (Р = 6–18 MPa, Т = 260–430°С, W =
3000–15000 h–1)1.1 Owing to a strong exothermicity
of the reaction of syngas conversion to alcohols the
implementation of catalysis in the dispersion medium
providing the effective removal of heat from nanosized
catalyst particles distributed in it is a topical issue. Cat-
alytic transformations carried out under conditions of
nanoheterogeneous catalysis are characterized by a
number of benefits related to the structure of the cata-
lytic system nanoparticles-medium (the absence of
porous structure, size effect, accessibility of active
particles) and high efficiency of hear transfer in the
dispersion medium [2].

The major catalysts of alcohol synthesis are as fol-
lows:

(1) modified (mostly with alkali metals) catalysts of
methanol synthesis (Zn–Cr, Zn–Cu). Note that a
strict control over temperature and the presence of
carbon dioxide in the feedstock are required [3, 4];

(2) molybdenum-based catalysts (MoS2), for
which a substantial performance drawback is the need
to add H2S to the feedstock in order to maintain the
desired phase composition of the catalyst and, as a

1 Subcontract report: NREL/SR-510-39947/U.S. Department of
Energy, National renewable energy laboratory, 2006. URL:
https://www.nrel.gov/ docs/fy06osti/39947.pdf.
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Table 1. Concentrations of salts in precursor aqueous solu-
tions during formation of catalytic slurries

Sample
Concentration 

of Cu(NO3)2, g/L
Concentration 

of Co(NO3)2, g/L

Sample 1 53 19
Sample 2 186 65
consequence, the presence of sulfur-containing com-
pounds in reaction products [5];

(3) modified Fischer–Tropsch catalysts (Co, Fe)
show high selectivity for alcohols. They suffer from
low stability, which may be considerably improved by
selecting precursors and catalyst formation methods
[6, 7].

Thus, the modified catalysts of methanol synthesis
and Fischer–Tropsch synthesis are the most promis-
ing in the production of alcohol mixtures; Cu–Co cat-
alysts are of particular interest among them because
they combine properties of both types of catalytic sys-
tems.

Copper-containing catalysts for methanol synthe-
sis in the slurry reactor were synthesized [8], and
nanosized catalytic suspensions exhibited high activity
in CO hydrogenation in situ in a medium of the slurry
reactor were prepared [9]. This paper concerns the
effect of active metal precursor concentration on the
physicochemical and catalytic properties of Cu–Co-
containing nanosized slurries formed immediately in
the medium of the slurry reactor.

EXPERIMENTAL
Catalytic systems were formed by the method of

drop thermolysis, which consisted in a slow addition
of the aqueous solution of copper and cobalt nitrates
to the molten paraffin P-2 (a mixture of hydrocarbons
С16–С32) under continuous stirring in an inert
medium. The calculated amounts of Cu(NO3)2 · 3H2O
(Acros Organics, 99%) and Co(NO3)2 · 6H2O (Acros
Organics, 99%) were dissolved in distilled water to
obtain solutions with different salt concentrations
(Table 1). The weight ratio of Cu : Co was 3 : 1 at a total
metal concentration of 20 wt %.

The particle size of the synthesized samples was
determined by dynamic light scattering on a Malvern
Zetasizer Nano ZS instrument. Sample preparation
was conducted by dissolving 0.01 g of the average cat-
alytic slurry sample in 10 mL of n-hexane containing
5 wt % surfactant (sodium dioctyl sulfosuccinate).

Catalytic tests were run on an autoclave-type unit
equipped with a mechanical stirrer in the gas f low
mode at a pressure of 5 MPa and a syngas space veloc-
ity (molar ratio of СО : Н2 = 1 : 2) of 10 L/h. The dura-
tion of the isothermal regime was 12 h. Sampling of
the gas and liquid products was performed at each syn-
thesis temperature. Prior to catalytic runs reductive
activation in situ was performed under the following
conditions: hydrogen, 20 L/h; pressure, 50 МРа; tem-
perature, 350°С; and time, 1 h.

The feed syngas and the gaseous synthesis products
were analyzed by gas-solid chromatography on a
Kristallyuks-4000 chromatograph equipped with a
thermal conductivity detector using helium as a car-
rier. CO and N2 were separated under the isothermal
regime at a temperature of 80°С using a 3 m × 3 mm
column packed with CaA molecular sieves. СО2 and
hydrocarbons С1–С4 were separated using a Haye
Sep R (3 m × 3 mm) packed column with temperature
programmed heating from 80 to 200°С at a rate of
8°С/min.

A mixture of liquid hydrocarbons was analyzed by
gas-liquid chromatography on a Kristallyuks-4000M
chromatograph equipped with a f lame ionization
detector and a 50 m × 0.32 mm OV-351 capillary col-
umn. The f low rate of helium, hydrogen, and air was
30, 25, and 250 mL/min, respectively. The tempera-
ture programmed regime was as follows: 50°С (2 min),
heating from 50 to 260°С at a rate of 6°С/min, heating
from 260 to 270°С at a rate of 5°С/min, and holding at
270°С for 10 min. Oxygen-containing products con-
tained in the aqueous phase were analyzed in the fol-
lowing chromatographic mode: the f low rate of
helium, hydrogen, and air was 20, 25, and
250 mL/min, respectively. A 50 m × 0.32 mm ×
0.50 μm HP-FFAP capillary column (nitrotereph-
thalic acid-modified poly9ethylene glycol)) was used
for analysis. The sample volume was 0.3 μL. The tem-
perature programmed regime was as follows: 70°С
(8 min), heating from 70 to 110°С at a rate of
10°С/min, heating from 110 to 220°С at a rate of
15°С/min, and holding at 220°С (10 min). Quantita-
tive calculations were performed by the internal stan-
dard method using isobutyl alcohol as a standard.

The activity of catalytic systems was assessed from
the value of CO conversion. The product selectivity
was calculated as the ratio of the amount of carbon
consumed in the formation of component to the total
amount of carbon in the reacted CO.

Reflection IR spectra were measured on a HYPE-
RION-2000 IR microscope coupled with a Bruker
IFS-66 ν/s FTIR spectrometer (600–4000 cm–1).

Magnetometry measurements were carried out in
situ on a setup based on a vibrating magnetometer at
room temperature [10]. The sample weight was 20 mg.
Magnetic field strength was set by a GPR-30H10D dc
source in the range from –0.6 to 0.6 T. Magnetic
induction was measured with the aid of an RSh1-10
magnetic induction device. The vibration amplitude
of the measuring cell in the vertical plane was main-
tained constant at a level of 0.5 mm at a frequency of
30 Hz. Signals were registered at a frequency of 1 Hz.
PETROLEUM CHEMISTRY  Vol. 60  No. 10  2020
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Fig. 1. Number-average dispersed phase particle size dis-
tribution for catalytic slurries. The samples are formed
from solutions (g/L): (1) Cu(NO3)2 (53) + Co(NO3)2 (19),
and (2) Cu(NO3)2 (186) + Co(NO3)2 (65). 
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Fig. 2. IR spectra: (1) original paraffin, (2) sample 1
formed from the solution (g/L) of Cu(NO3)2 (53) +
Co(NO3)2 (19), and (3) sample 2 formed from the solution
(g/L) of Cu(NO3)2 (186) + Co(NO3)2 (65). 

0.18

0.12

0.06

0

600
 

3600

In
te

ns
ity

, r
el

. u
ni

ts

сm–1

3300 3000 1200
 

1800
 

827
1690

1035

1240

3
2
1

–OH
RESULTS AND DISCUSSION
The introduction of precursor salts by drop ther-

molysis gives rise to stable nanosized slurries.
Dynamic light scattering studies (Fig. 1) showed that
the samples are characterized by the monomodal par-
ticle size distribution and the average particle size is
4.5 nm for the low-concentrated slurry (sample 1) and
3 nm for the high-concentrated slurry (sample 2).
Note that the concentration of precursor solution
insignificantly affects the average size of active-phase
particles.

The structure of the catalytic systems was studied
by IR spectrometry. Characteristic bands correspond-
ing to the original metal nitrates (in 1285–1270 and
870–700 cm–1 ranges) do not manifest themselves in
the spectra of the test samples (Fig. 2), which indicates
the full decomposition of the salts during formation of
catalytic systems. However, the spectra of catalytic
slurries show bands which may be assigned to the
bridging nitro complexes of metals (1580, 1340, 815,

and 654 cm–1) of type . The intensity of

these bands is small, but it should be emphasized that
they are stronger in the spectra of sample 1 than those
in the spectra of sample 2. Nevertheless, compared
with the spectrum of sample 1 the intensity of bands at
827, 1035, 1390, and 1690–50 cm–1 and broad bands
in the range of 3700–3300 cm–1 in the spectra of sam-
ple 2 is higher. The latter bands may be attributed to
the monodentate nitrate complexes of transition met-
als with several (1–4) water ligands of type

 Thus, it may be assumed that when

slurries are formed in situ in the reaction medium of

N O
O
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M(L) O N
O

O
.n
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the slurry reactor the concentration of the precursor
solution affects the structure of an active species pre-
cursor, which may influence the phase composition of
catalytically active fragments of the surface during
reduction and synthesis.

The Raman spectra of both samples (Fig. 3) exhibit
bands G typical of the sp2-hybridized carbon atoms,
that is, graphite-like structures, and bands D charac-
teristic of the sp3-hybridized carbon atoms, that is,
carbon atoms in the tetrahedral environment
at the edges of graphite-like structures. In the long-
wave region of the spectra weak bands due to М–С
and М–О bonds are seen. Note that bands in the
range of 230–200 and 530–490 cm–1 are commonly
assigned to coordination bonds М–С in cene and
pentacoordinated complexes and bands at 650–
500 cm–1 are attributed to М–О bonds. The lower the
wavenumber of these bands, the greater the contribu-
tion of neighboring multiple С=С or С=О bonds to
the М–О bond.

An analysis of the intensities of Raman bands
(Table 2) suggests that a decrease in the concentration
of slurry precursor solution (sample 1) contributes to
the formation of oxides. As follows from a broad
absorption background covering the range from 500 to
1000 cm–1, oxides in sample 1 have different struc-
tures. The spectra of the samples contain no graphene
structures (at 2700 cm–1) but graphite-like structures
are detected. It is likely that during formation of the
catalytic slurry destruction (graphitization) of the par-
affin medium occurs under the influence of tempera-
ture and oxidizers (NO2, O2) evolved during the
decomposition of precursor salts and the formed
graphite-like structures are present in the dispersion
medium and may be linked to nanosized particles.
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Fig. 3. Raman spectra of slurry samples. The samples are
formed from solutions (g/L) of salts: (1) Cu(NO3)2 (53) +
Co(NO3)2 (19) and (2) Cu(NO3)2 (186) + Co(NO3)2 (65). 
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The slurries were studied by magnetometry in situ
(Fig. 4). The studied catalytic slurry is composed of
paraffin and copper and cobalt compounds. Paraffin
and copper compounds (oxides, salts) possess dia-
magnetic properties, that is, demonstrate negative
magnetization with magnetic field strengthening.
During formation of the oxide phase cobalt will be
characterized by a dependence inherent in parama-
gents; i.e., an increase in the magnetic field strength
will cause an increase in the magnetization of the sam-
ple. Thus, a change in the type of magnetization
dependence on the magnetic field strength enables
one to make assumption regarding the feasible struc-
ture of the catalytic suspension.

The observed dependences of magnetization on the
magnetic field strength are typical of compounds
occurring in the diamagnetic state. The shape of the
remagnetization curve measured for sample 2 is simi-
lar to that of the remagnetization curves obtained for
the pure paraffin. This fact indicates that during the
synthesis of slurries the diamagnetic system is formed,
which may contain copper oxide nanoparticles, paraf-
fin, and transition structures not decomposed to the
oxide state, while cobalt most probably does not form
oxide particles during formation of the catalytic sys-
tem.
Table 2. Intensity of bands in the Raman spectra of catalytic

Sample

Inten

G
(1578 cm–1)

D
(1382 cm–1) (523 

Sample 1 1080 811 3
Sample 2 660 536 1
Magnetization curves were obtained fоr the cata-
lytic slurries after reduction and after catalytic testing
(Fig. 5). It was found that upon reduction of the cata-
lytic slurry in a medium of hydrogen and further cata-
lytic runs in a medium of hydrogen-rich syngas (СО :
Н2 = 1 : 2) the transition of Cu(II) to Cu(0) and Co(II)
to Co(0) proceeds. As described above, copper and its
compounds exhibit the diamagnetic behavior but
during formation of metallic cobalt the ferromagnetic
phase is formed from the paramagnetic one. This pro-
cess is accompanied by a change in the magnetic
behavior of the catalytic slurry which is fixed during
magnetometric measurements.

The shape of magnetization dependences on the
magnetic field strength measured for the catalytic slur-
ries after reduction and after catalysis is typical of fer-
romagnets, namely, the hysteresis loop is fixed
(Fig. 5). Thus, it may be stated that at the stage of acti-
vation and during the synthesis the reduction of cobalt
(2+) to metallic cobalt occurs. A comparison of the
magnetization of the standard cobalt sample (1 mg
Со, 966 mV) and the magnetization of the test samples
makes it possible to estimate the degree of reduction of
cobalt; it is ~64% after reduction and ~100% after syn-
thesis.

An examination of the values of the coercive force,
which may implicitly be related to the size of particles,
enables one to infer that a certain enlargement of
cobalt-containing particles proceeds during the syn-
thesis, as evidenced by dynamic light scattering. For
example, it was found that the particle size of the dis-
persion phase of the catalytic slurry grows from 3 to
5 nm during the synthesis.

The catalytic activity of the formed composite
materials was estimated during syngas conversion to
alcohols in the temperature range of 230–330°С
(Fig. 6). The samples are active throughout the stud-
ied temperature range; however, an increase in the
precursor concentration leads to an increase in СО
conversion from 66 to 84%. It is noteworthy that the
selectivity for alcohols is low (Fig. 7).

Regardless of precursor solution concentration the
modes of selectivity dependence on the synthesis tem-
perature are the same. The maximum selectivity for
oxygenates, which is attained at a synthesis tempera-
ture of 270–290°С, is not above 10–11%. However,
despite a similar mode of the curves and comparable
PETROLEUM CHEMISTRY  Vol. 60  No. 10  2020

 slurries reduced to the base line

sity of bands

G/DM–C
M–O

cm–1) (230–211 cm–1)

07 112 412 1.33
76 96 147 1.23
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Fig. 4. Remagnetization curves of catalytic Co−Cu-containing slurries before catalysis: (a) paraffin and (b) sample 2 formed from
the solution of Cu(NO3)2 (186 g/L) and Co(NO3)2 (65 g/L) salts. 
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selectivity for alcohols, it should be emphasized that
the concentration of precursor solution has a consid-
erable effect on the composition of water–alcohol
mixtures obtained in the presence of suspensions
(Table 3).

In the presence of both samples oxygenates are
formed in the temperature range of 270–330°С and
the content of methanol in the alcohol phase grows
with increasing temperature (Table 3). The concentra-
tion of precursor solution affects the distribution of
oxygen-containing products in the alcohol phase with
PETROLEUM CHEMISTRY  Vol. 60  No. 10  2020

Fig. 5. Remagnetization curve of sample 2 formed from
solutions of salts Cu(NO3)2 (186 g/L) and Co(NO3)2
(65 g/L): (1) after reduction (Н2, 20 L/h, 5 MPa, 350°С,
1 h) and (2) after catalytic tests (СО : Н2 = 1 : 2, 10 L/h,
5 MPa, 230–330°С).
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the target product selectivity being comparable. For
example, at a low concentration of precursor solution
a marked amount of methanol is contained in the mix-
ture and an increase in the concentration of precursor
solution leads to a noticeable rise in the proportion of
higher molecular weight alcohols; their content is as
high as 88%. Most likely, this result may be explained
by different phase compositions of catalytically active
fragments of the surface.

In the presence of sample 1 side products, such as
methane and carbon dioxide, are formed more inten-
sively; selectivity for these products attains 61 and
Fig. 6. Dependence of CO conversion on synthesis tem-
perature in the presence of slurry samples. The samples are
formed from the solutions of salts (g/L): (1) Cu(NO3)2
(53) + Co(NO3)2 (19), and (2) Cu(NO3)2 (186) +
Co(NO3)2 (65). 
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Fig. 7. Dependence of selectivity for oxygenates on synthe-
sis temperature in the presence of slurry samples. Samples
are formed from solutions of salts (g/L): (1) Cu(NO3)2
(53) + Co(NO3)2 (19), and (2) Cu(NO3)2 (186) +
Co(NO3)2 (65). 
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35%, respectively (Table 4). As the concentration of
catalytic slurry precursor is increased (sample 2), СН4
and CO2 selectivity decreases to 48 and 22%, respec-
tively. This difference in catalytic activities is probably
associated with the ratio of phases for copper in differ-
ent oxidation states and a distance between active sites
on the surface of metal nanoparticles [11, 12].

Thus, when catalytic slurries are formed in situ in
the medium of the slurry reactor particles with sizes of
3–4.5 nm are formed. The concentration of salts in
the precursor solution influences the formation of
transition complex systems: at a low concentration of
active metal solutions bridging nitro complexes of
metals are formed during the formation of slurries; аt
a high concentration, monodentate nitrate complexes
of transition metals with several water ligands appear.
Table 3. Distribution of products of the alcohol phase obtaine
solutions at salt concentrations (g/L): (1) Cu(NO3)2 (53) + C

Sample
T, °C

C1 C2 C

Sample 1 270 61.65 32.47 4.
290 64.73 29.72 4.
310 66.67 29.06 3.
330 63.65 33.13 2.

Sample 2 270 11.41 71.88 12.
290 24.55 58.68 11.
310 36.43 52.17 7.
330 30.77 61.63 4.
During the synthesis of catalytic slurries graphite-like
structures are formed which result from destruction of
the paraffin medium; for the sample prepared from a
precursor solution with a low salt concentration their
proportion is higher. During the synthesis of slurries
the diamagnetic system composed of copper and
cobalt oxide nanoparticles and paraffin is formed, and
upon activation and synthesis cobalt (2+) is reduced to
the metallic cobalt. The particles size of the dispersion
phase of the catalytic slurry increases insignificantly,
from 3.5 to 5 nm, during the synthesis. In the presence
of the formed nanosized slurries alcohols are synthe-
sized from CO and H2 in the slurry reactor. The con-
centration of the active metal precursor considerably
affects the catalytic activity of the slurries. It is worth
noting that the compositions of alcohol phase prod-
ucts differ appreciably while the target product selec-
tivity is comparable: at a low concentration of precur-
sor solution the resulting mixture contains a large
amount of methanol (up to 66%), while an increase in
the concentration of precursor solution leads to a
marked rise in the proportion of higher molecular
weight alcohols (88%).
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d in the presence of slurry samples. Samples are formed from
o(NO3)2 (19) and (2) Cu(NO3)2 (186) + Co(NO3)2 (65)

Content, %

3 C4 C5 C6 С2+

98 0.89 0.00 0.00 38.35
34 1.22 0.00 0.00 35.27
28 1.00 0.00 0.00 33.33
55 0.67 0.00 0.00 36.35
39 4.18 0.15 0.00 88.59
47 4.96 0.35 0.00 75.45
75 3.29 0.36 0.00 63.57
79 2.69 0.13 0.00 69.23
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Table 4. Selectivity for the products of alcohol synthesis
from СО and Н2 in the slurry reactor

Sample T, °C
Selectivity, %

С1 С2–С4 С5+ Oxy СО2

Sample 1 230 1.7 3.1 60.1 0.0 35.0

250 31.9 9.6 54.8 0.0 3.7

270 52.3 8.6 27.3 9.2 2.6

290 54.9 5.1 26.3 8.7 4.9

310 59.9 3.9 17.4 4.3 14.4

330 60.9 4.5 10.5 1.8 22.4

Sample 2 230 19.1 3.1 75.7 0.0 2.1

250 22.2 29.5 47.4 0.0 0.9

270 29.3 32.2 22.9 10.6 5.0

290 31.8 28.6 18.6 10.1 10.9

310 37.2 35.8 6.5 5.3 15.2

330 47.6 11.3 14.9 0.5 25.6
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