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The effect of the precursor structure on the catalytic properties
of the nickel—chromium catalysts of hydrogenation reactions
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The influence of the Ni2*/Cr3* ratio in the precursor compound on the formation of the
catalyst structure and its transformation upon the thermal treatment and reductive activation in
hydrogen was studied. The precursors with the cation ratio Ni2*/Cr3* = (2.3—3)/1 represent
a homogeneous system of the stichtite-type structure. The treatment of the precursors at
T ~400 °C in an inert atmosphere forms a nanosized phase of the NiO-type structure with the
lattice parameter a = 4.186+0.005 A. At 600 °C the lattice parameter of this phase decreases to
the tabulated value (¢ = 4.177+0.005 A). The phase of nickel chromite of the cubic spinel
structure with the lattice parameter @ = 8.320%0.005 A is also observed. Hydrogen activation of
the catalyst preheated at 300 °C in an inert gas leads to the formation of Ni® crystallites with
a size of ~5.5 nm and a specific surface area of ~7.0 m? g~!. This catalyst exhibits high activity
and selectivity in benzene hydrogenation and preferential CO hydrogenation in the presence of
CO,. The catalysts with the ratio Ni®*/Cr3" = 1/(2—3) containing nickel and chromium
hydroxocarbonates as precursors are less active in the hydrogenation of benzene to cyclohexane.

Key words: nickel—chromium catalysts, precursor compound, hydrogenation of benzene,
preferential methanation of carbon monoxide.

Nickel-containing catalysts are widely used in the
hydrogenation of unsaturated and aromatic hydrocarbons.!—4
The catalysts manifest the hydrogenating activity after treat-
ment in hydrogen, during which the nickel compounds
are reduced to the metal. The catalyst activity depends on
the size of the nickel particles on the catalyst surface. The
studies®=10 of the supported and coprecipitated nickel-
containing catalysts in benzene hydrogenation showed that
the samples with the crystallite size of Ni between 1 and
10 nm formed upon the reduction of the oxide precursors
at 300—400 °C are most active. However, the influence of
the structure of the nickel-containing oxide phase of the
precursor on the formation of Ni® crystallites on the cata-
lyst surface remains unclear.

In the present work, we studied the effect of the struc-
tural characteristics of the nickel—chromium oxide pre-
cursors on the properties of nickel crystallites formed dur-
ing hydrogen activation.

Experimental

Precursor compounds of the nickel—chromium catalysts
were prepared by the continuous coprecipitation of Ni2™ and
Cr3" from an aqueous solution of their nitrates at 65—70 °C and
pH = 7.2—7.4. Sodium or ammonium carbonate was used as

a precipitating agent. The precipitate was thoroughly washed
with distilled water and dried under an IR lamp at 7~45 °C. The
cationic composition of the obtained samples was determined by
atomic emission spectroscopy (AES). The sodium content did
not exceed 0.5 wt.%. The contents of nickel and chromium in
the synthesized samples are given below. In the synthesis of the
sample NiCr-3/1 ammonium carbonate was used as a precipitat-
ing agent, and sodium carbonate was used in other syntheses.

Code of Relative atomic
sample content of cations

NiCr-1/3 Ni 23Crg 77
NiCr-1/2 Nij 33Crg 67
NiCr-2.3/1 Nij 67Crg 33
NiCr-3/1 Nig 73Crq 27
Cr Cr(OH)x(CO3)y
Ni Ni(OH),(COy),

Samples of nickel and chromium hydroxocarbonates used as
reference samples were prepared under the same conditions as
nickel—chromium hydroxocarbonates.

X-ray diffraction studies were carried out on a D-500 diffrac-
tometer (Siemens, Germany) in monochromatized Cu-Kao radi-
ation (reflected-beam graphite monochromator). Diffraction
patterns were detected using scanning by points in the 26 range
5—70° with an increment of 0.05° and an accumulation time of
5 s in each point. The phase composition of the samples was
identified using the ICDD-PDF2 and JCPDS international dif-
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fraction data bases. The determination error of the lattice pa-
rameters for well crystallized samples did not exceed £0.005 A.

The dimension of coherent scattering regions (CSR) was
calculated from the integral half-width of diffraction lines. The
international standard SRM-676 (corundum) was used as a ref-
erence.

IR absorption spectra were obtained on a Bomem MB-102
FTIR spectrometer in the region 250—4000 cm~!. Samples were
prepared as suspensions in Nujol and pressed as KBr pellets.

Thermogravimetric analysis was performed with a Netzsch
STA-449 system. Analysis was carried out in the temperature-
programmed regime in Ar or hydrogen flow with a rate of
150 mL min~!. The temperature was increased with a rate of
5—10 K min~!. A catalyst sample (50—100 mg) was placed in
platinum crucibles.

Catalytic studies of the hydrogenation of benzene to cyclo-
hexane and the preferential hydrogenation of CO were carried
out in fixed-bed flow reactors at atmospheric pressure. The re-
action mixture contained CqHg—H, (12 : 88 (vol.%)) and
CO—CO0O,—H,0—H, (1:21: 18 : 60 (vol.%)), respectively. In
benzene hydrogenation, the flow rate of the mixture was 60 000 h!,
while in CO hydrogenation it was varied from 3000 to 31 000 h—!.
Gas mixtures were analyzed by gas chromatography on a Kri-
stall-2000 chromatograph. The benzene hydrogenation prod-
ucts were analyzed on a chromatographed equipped with two
detectors (heat-conductivity and flame-ionization), whereas
a heat-conductivity detector was used for the analysis of the
products of CO hydrogenation. Columns packed with modified
Chromosorb and active carbon SKT, respectively, were used for
the separation of components of mixtures. The sensitivity thresh-
old of chromatographic determination of the CO content was
10 ppm. The both reactions were carried out with a catalyst
pellets 0.25—0.50 mm in size. Weighed samples of 0.25 and
0.16—0.76 g, respectively, were used. The catalytic properties in
the hydrogenation reaction were characterized by the total con-
version of benzene and the degree of its conversion into cyclo-
hexane (selectivity), whereas in the preferential hydrogenation
of CO to methane in the presence of CO, the catalytic properties
were characterized by the residual content of CO and the selec-
tivity for CO methanation, which was determined as the ratio of
the CO consumption rate (W) to the rate of methane forma-
tion (Wy4). The catalytic studies were carried out on the sam-
ples precalcined in an inert gas at 400 °C (to prevent the oxida-
tion of Cr3* to Cr%") and then reduced in hydrogen at 300 °C.

Results and Discussion

Phase composition of the synthesized compounds and its
changes upon the thermal treatment. The diffraction pat-
terns of the precursor compounds are presented in Fig. 1.
The diffraction patterns of the samples with the nickel
content more than 60 at.% (NiCr-2.3/1 and NiCr-3/1)
exhibit a set of broad diffraction lines in the range
20 = 10—70°. The position of reflections and the distribu-
tion of their intensities correspond to the characteristics of
nickel—chromium hydroxocarbonate (HOC) with the
stichtite-type structure (MgeCr,(OH),,CO5+4H,0).11:12
Stichtite is isostructural to minerals pyroaurite and hydro-
talcite Mg?*M,**(OH),(CO;),-nH,0 (M** = Fe3* or

1 (arb. units)

024.0018

NiCr-3/1

NiCr-2.3/1
WWMWW NiCr-1/2
WWNMWW NiCr-1/3

MWG

Ni

20 30 40 50 60 70 26/deg

Fig. 1. Diffraction patterns of the studied Ni—Cr precursors
differing in the relative atomic content of cations. The reflec-
tion indices (hkl) for the stichtite structure [ICDD-PDF2
00-045-1475] are indicated at the top.

AIPT). These structures have a bilayer hexagonal packing
of the anions (OH)~, whose octahedral sites contain ran-
domly distributed cations M2* and M3* (see Refs 13
and 14). The layers [M!,_ MU (OH),[*" are linked by
the carbonate anions and water molecules distributed
between the layers. The structure of the compounds
can contain nitrate anions along with carbonate anions.
Figure 2 (curve I) shows the IR spectrum of HOC
NiCr-2.3/1 exhibiting the absorption bands (AB) at 3423
and 1627 cm™! assigned to vibrations of water molecules
and the band at 1470 cm~! attributed to vibrations of car-
bonate anions (CO5%>7). Nitrate anions (NO5~) are present
in the sample structure, and the band at 1384 cm™! corre-
sponds to these anions. The observed spectrum of HOC
corresponds to a layer compound of the stichtite type.15:16

The thermal treatment in an inert gas of the precursor
compounds leads to the decomposition of HOC. The ther-
mal analysis data for the sample NiCr-2.3/1 are presented
in Fig. 3.

In addition to the endothermic effect of water removal
at ~140—150 °C, two effects, namely, an endothermic peak
with a maximum at 320 °C (loss 18.6 wt.%) and a weak
exothermic peak with a maximum at ~500 °C (loss
2.2 wt.%) are observed in the curves. Figure 4 exhibits the
diffraction patterns of the nickel—chromium samples ob-
tained after thermal treatments at 400 and 600 °C. The
positions of the strongest peaks due to phases NiO and
NiCr,04 (according to the tabulated data) are observed in
the diffraction patterns. An analysis of the diffraction line
positions suggests that the thermal treatment at 400 °C
produces a phase with the structure of the NiO type with
the unit cell parameter a = 4.186+0.005 A somewhat in-
creased compared to the tabulated data. The estimation of
the particle size performed from the analysis of the dif-
fraction line broading shows that a nanosized phase
(3—4 nm) is formed. After the thermal treatment at 600 °C,
the lattice parameter of this phase decreasestoa =4.177 A
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Fig. 2. Data of IR spectroscopy for the sample Ni ¢7Crg 33 (@)
and its spectra at 250—900 cm~! obtained by deconvolution (b):
dry hydroxocarbonate (/), the sample calcined in argon at 400 °C
before (2) and after its reduction in hydrogen at 300 °C (3), and
the sample calcined in argon at 600 °C (4).

corresponding to the tabulated value for NiO, and the
phase of nickel chromite appears with the structure of
cubic spinel with the parameter a = 8.320+0.005 A, which
coincides with the tabulated value.

According to the data of IR spectroscopy, the spec-
trum of HOC Ni—Cr calcined at 400 °C (see Fig. 2, curve
2) exhibits a decrease in the AB intensity at 3423, 1627
cm~! and 1470, 1384, 1056, 840 cm™! related to the ab-
sorption of water and vibrations of the CO5>~ and NO5~
anions, respectively. It was found by deconvolution that
the contour of the broad AB in the region 300—700 cm™!
contains the AB at 457 cm™1, which is attributed to the
absorption of NiO,17 and the AB at 596, 397 cm™~! close to
the AB to spinel!® and the AB at 534 cm~!, which can
characterize the amorphous chromium compound with
the same nearest surroundings as that in CrOOH.!? After
the sample was calcined at 600 °C (see Fig. 2, curve 4), the
ABat611 (v,)and 519 cm~! (v,) related to triply degener-
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Fig. 3. Thermal curves DTG (I), DTA (2), and TG (3) of
nickel—chromium hydroxocarbonate Nij ¢,Cry 33; argon flow

rate 150 mL min~!, 100 mg, and 10 °C min~—!.

ate vibrations (F;,) of the octahedral group of MOg¢ be-
come well discernible. The contours of the observed bands
are broadened. Due to deconvolution one can see that
each of them is split into two components: 671, 609 cm™—!
and 525, 498 cm~! (A,, + E,), and the AB at 359, 326
cm™! (A, + E ) can additionally be discriminated, which
corresponds to vibrations of the octahedral and tetrahe-
dral groups characteristic of the spectrum of nickel
chromite spinel.18:20 The splitting of the AB can be due to
the presence of different cations (Ni2™, Cr3") in the same
crystallographic positions. The AB at 447 and 409 cm~! in
the IR spectrum of the sample are probably the result of
splitting of the AB at 457 cm™! assigned to the absorption
of nickel oxide. Thus, the data of IR spectroscopy agree
with and supplement the X-ray diffraction results.

Based on the data of X-ray diffraction analysis and IR
spectroscopy, we may conclude that the synthesized HOC

I (arb. units)
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1 1 1 1

30 40 50 60 70 26/deg

Fig. 4. Diffraction patterns of the nickel—chromium samples
Nig ¢7Crg 33 (NiCr-2.3/1) (1, 2) and Ni; 75Crq 57 (NiCr-3/1) (3, 4)
calcined in argon at 400 °C (1, 3) and 600 °C (2, 4). The reflec-
tions of NiO (x) [ICDD, PDF-2, 00-047-1049] and (s) NiCr,0,
[ICDD, PDF-2, 00-023-1271] are marked.




2058  Russ.Chem.Bull., Int.Ed., Vol. 59, No. 11, November, 2010

Simentsova et al.

containing more than 60 at.% nickel (NiCr-(2.3—3)/1)
are single-phase systems with the stichtite-type structure.
The thermal treatment of these precursors in an inert gas
in the temperature range from 320 to 450 °C produces the
combined nickel-chromium oxide with the structure of
the NiO type modified by foreign anions. The removal of
these anions at ~600 °C results in the formation of stoichi-
ometric nickel oxide and nickel chromite with the spinel
structure.

As follows from the X-ray diffraction data (see Fig. 1),
the samples containing less than 40 at.% nickel (NiCr-1/3
and NiCr-1/2) are poorly crystallized. The diffraction pat-
terns contain broad halos near 20 = 18, 35, and 60°.
A similar diffraction picture with halos in the vicinity of
the same angles can be observed in the diffractograms of
chromium and nickel HOC prepared as reference sam-
ples. The sample of nickel HOC shows the halo near
20 = 18° (see Fig. 1). The positions of reflections of the
chromium and nickel HOC agree with the angles of the
strongest reflections found among the reference data. For
the studied samples NiCr-1/3 and NiCr-1/2, the forma-
tion of combined nickel—chromium HOC can be sug-
gested because the samples were prepared by the method
of combined coprecipitation of nickel and chromium. It
appears that the presence of some amount of a particular
phase of the chromium HOC cannot be excluded, since
the samples contain chromium in an excessive amount.
No compound with the stichtite structure is observed.

The X-ray diffraction data are in agreement with the
results obtained from IR spectra. Figure 5 show the IR
spectra of the nickel—chromium HOC NiCr-1/3 and
NiCr-1/2, the spectra of chromium (Cr) and nickel (N)
HOC, and the spectrum of the sample containing more
than 60 at.% nickel (NiCr-3/1). It can be seen that
the spectra of the low-nickel samples in the region
300—700 cm~! are actually different from the spectrum
of the sample with the stichtite structure. The spec-
tra of the samples NiCr-1/3 and NiCr-1/2 show weak AB
at 695 and 407 cm~! and a strong AB at 522 cm~L.
A similar ratio of AB intensities in the considered region

E 5/22
2 |5 A7 Nicr-3/1
NiCr-1/2
NiCr-1/3
Cr
Ni
4000 3000 2000 1000 v/em~!

Fig. 5. IR spectra of the nickel—chromium hydrocarbonate sam-
ples with different relative atomic contents of cations.

can be observed in the spectrum of the chromium HOC
sample as well.

The results of thermal analysis of the sample with a low
nickel content are shown in Fig. 6. The thermal curves
exhibit the effect of water removal at ~130—140 °C and
also three effects: (1) an endothermic peak with a maxi-
mum at ~355 °C accompanied by the loss of 12.5 wt.%;
(2) a weak exothermic peak with a maximum at ~540 °C;
and (3) an exothermic peak with a maximum at ~640 °C.
The effects in the region ~540—640 °C are accompanied
by a total weight loss of ~4.4%.

The results of X-ray diffraction analysis of the NiCr-1/2
sample calcined at 400 and 650 °C are presented in Fig. 7.
Three halos, which could be attributed to the cubic struc-
ture of the NiO type with an increased unit cell parameter
are observed in the diffraction patterns of the samples treat-
ed in argon at 400 °C, but the line with dM¥%;;; =
~ 2.4—2.5 A is the most intense in the spectrum of the
sample, which is not characteristic of the structure of the
NiO type. The synthesized compound corresponds, to
a greater extent, to highly dispersed spinel. The structure
of this compound represents a three-layer cubic closest
packing with disorder of nickel and chromium cations,
being "protospinel” according to the literature data.21 The
treatment at 650 °C, causes ordering among cation distri-
bution and the formation of the structure of cubic spinel
NiCr,0, with the unit cell parameters a = 8.320+0.005 A.
The diffraction pattern (Fig. 7) also shows weak reflec-
tions, indicating the presence of traces of the Cr,O5 phase,
which confirms the assumption about some inhomogene-
ity of the precursor compounds of samples of this compo-
sition: nickel—chromium HOC NiCr-1/(2—3). Accord-
ing to the X-ray diffraction result, the thermal effect at
~355°C is related to the decomposition of nickel and
chromium HOC, the removal of CO, and H,O, and
the formation of the disordered nanodispersed structure
of nickel—chromium spinel. The effects in the region
~540—650 °C characterize the processes of formation and

Am (wWt.%) % (% min~'), AT/T (arb. units)
100 1.00
0.75
%0 0.50
80 0.25
0
70 —0.25
60 —0.50

100 200 300 400 500 600 700 7/°C

Fig. 6. Thermal curves DTG (7), DTA (2), and TG (3) of
nickel—chromium hydroxocarbonate Nij33Crj¢; (NiCr-1/2);
argon flow rate 150 mL min—!, 50 mg, and 10 °C min—1.
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Fig. 7. Diffraction patterns of the sample Nij 33Cr 47 calcined at
400 (/) and 650 °C (2) in an argon flow. Figures at the top are
reflections of the phase NiCr,0y,; the reflection of Cr,0; traces
is marked (o).

crystallization of the structure of cubic spinel NiCr,O4
(and Cr,05).

Thus, the study of the structural characteristics of the
synthesized precursors of the nickel—chromium samples
with high and low nickel contents shows that HOC with
the nickel content more than 60 at.%, NiCr-(2.3—3)/1,
represent homogeneous systems with the stichtite struc-
ture. At the same time, the samples with the nickel con-
tent less than 40 at.%, NiCr-1/(2—3), consist mainly of
combined HOC of nickel and chromium. The calcination
of the precursors of the nickel—chromium catalysts with
high and low nickel contents in an inert gas at medium
temperatures (300—400 °C), which is often used in ther-
mal treatments of catalysts, results in the formation of
oxide compounds of different structures. A combined ox-
ide with the structure of the NiO type modified by admix-
ture anions is formed from HOC Nig ¢7_ 73Crg 33_¢.27
while nickel—chromium spinel with the disordered struc-
ture is formed from HOC Nij »3_ 33Cr) 770 67-

Reductive activation of nickel—chromium HOC pre-
calcined in argon at 400 °C was carried out in a hydrogen
environment at 300 °C for 2 h.

According to the X-ray diffraction data, the activation
of the high-nickel samples, NiCr-(2.3—3)/1, results in
the formation of a phase of nickel metal with the Ni°
particle size ~5.5 nm. The presence of reflections of the
oxide phase of the precursor indicates the incomplete re-
duction of the Ni2" cations in the catalyst. The IR spec-
trum obtained by deconvolution of the reduced sample
(see Fig. 2, curve 3) contains AB, which are also observed
in the spectrum of the sample calcined in argon at 400 °C.
However, the intensity of the AB at 457 cm~! (Ni—O)
decreases, which may indicate the reduction of nickel cat-
ions from the nickel oxide phase.

In the low-nickel samples, NiCr-1/(2—3), the forma-
tion of Ni® is only indirectly indicated by the diffraction

pattern, namely, by an increased line intensity in the re-
gion of d = 2.09—2.03 A.

The surface area of metallic nickel particles formed on
the catalyst surface due to hydrogen activation was deter-
mined by the method of hydrogen chemisorption on the
surface of the reduced catalysts. The coverage of the nick-
el surface with hydrogen atoms was accepted to be 1,
8, = L. It was found that the samples NiCr-2.3/1 and
NiCr-3/1 have similar values of the specific surface of Ni°
(7.0£0.5 m? g~!) and the surfaces of the samples NiCr-1/3
and NiCr-1/2 are similar, being more than two times lower:
3.0+0.5m? g .

Catalytic characteristics of the samples in the reaction
of benzene hydrogenation are presented in Table 1. It was
accepted for the determination of the hydrogenation rate
constant that this reaction has the first order with respect
to benzene.

The data in Table 1 show that the rate constants for
cyclohexane formation expressed per 1 m? of the metal Ni
surface vary by a factor of ~4 for the samples with the high
and low nickel content. The conversion of benzene is sub-
stantially higher on the sample NiCr-2.3/1, whose pre-
cursor compound has the stichtite-type structure and after
calcination represents a combined oxide of nickel and
chromium cations with the structure of the NiO type mod-
ified by admixture anions. Cyclohexene is formed in
a comparable amount as a by-product on the both catalysts.

In the reaction of CO hydrogenation with excess CO,,
only the catalyst NiCr-2.3/1 was studied. As follows from
Fig. 8, at a gas flow rate of 7000 h~! the depth of purifica-
tion from CO up to 10 ppm in the temperature range
175—200 °C was achieved with the catalyst. In this case,
the selectivity of methanation for CO varies from ~1 to
~0.5. At 175 °C methane is formed almost only from CO;
with the temperature increase to 200 °C methane is formed
from CO and CO, in equal amounts, i.e., during hydroge-
nation 1 mole of CO is hydrogenated by 1 mole of CO,
(the conversion of CO approaches 100% and the conver-
sion of CO, is ~4.8%). When the temperature increases to

Table 1. Catalytic properties of the samples in the hydro-
genation of benzene?

Cata- ‘SpSS(Ni) T k Cb 8¢
lyst /mig=l ,C slm2
%
NiCr-2.3/1 7.0 120 2.8 85 93
140 6.2 88 94
NiCr-1/2 3.0 120 0.7 14 87
140 1.6 18 90

@ Reaction mixture C¢Hg—H, (12 : 88 vol.%), contact
time 0.06 s.

b Conversion of benzene.

¢ Selectivity of cyclohexane formation.
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Fig. 8. Changes in the volume fraction (o) of CO (/) and
the selectivity of CO methanation (Wco/Wcn,) (2) at different
reaction temperatures on the catalyst NiCr-2.3/1 at a flow
rate of the reaction mixture of 7000 h—!. Reaction mixture
CO—CO,—H,0—H, (1:21:18:60) (vol.%). Dashed line des-
ignated the required level of selectivity.

205 °C, the residual concentration of CO increases to
20 ppm and the selectivity of methanation for CO de-
creases to 0.43. An increase in the reaction gas consump-
tion results in a decrease in the depth of gas purification
from CO and in the preferential character of CO hydroge-
nation.

Thus, the reaction of benzene hydrogenation on the
oxide nickel—chromium catalysts is sensitive to the com-
position and structure of the precursor compound Ni—Cr
HOC, and the latter are determined to a considerable ex-
tent by the Ni2*/Cr3* ratio in the catalyst. At high nickel
contents (Ni2*/Cr3* = (2.3—3)/1) HOC with the struc-
ture of the mineral stichtite type are formed; their thermal
treatment and subsequent reduction provide the forma-
tion of highly active and selective crystallites of metal nick-
el. The nickel—chromium oxide catalyst synthesized from
the precursor compound of the stichtite type is also highly
active and selective for the reaction of preferential hydro-
genation of CO in the presence of CO,.

At low nickel contents, Ni2*/Cr3* = 1/(2—3), no
similar structure is formed and the catalysts manifest no
high activity.

The authors are grateful to E. V. Sopova for DTA

analysis.
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