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ABSTRACT

Three nickel catalysts supported on carbon and nitrogen-doped carbon nanospheres have been prepared
by deposition-precipitation (DP) with urea (ca. 2% w/w). The nanospheres were prepared by thermal
pyrolysis of benzene (CNSg), aniline (CNS,) and nitrobenzene (CNSy) and characterized by transmission
electron microscopy (TEM), N, adsorption-desorption, temperature-programmed oxidation (TPO), X-ray
diffraction (XRD), elemental (CHN) analysis, X-ray photoelectron spectroscopy (XPS), temperature-pro-
grammed decomposition (TPD) and acid/base titrations, revealing different graphitic characteristics
and different distribution of nitrogen (when present) functionalities. Upon Ni introduction, the catalysts
were characterized by temperature-programmed reduction (TPR), XRD and TEM. Surface area weighted
mean Ni particle diameters (post activation at 603 K) were in the range 10.5-18.2 nm. Ni particle size
exhibited a big dependence on CNS nitrogen doping, where nitrogen introduction, essentially in the qua-
ternary form, enhanced metal sintering by enriching the surface electron density of the support. The cat-
alysts were tested in the gas phase hydrogenation of butyronitrile (T = 493 K). Extracted specific reaction
rates in the steady state followed the sequence: Ni/CNSg < Ni/CNS, < Ni/CNSy. When the active metal was
physically mixed with the support, the following sequence was obtained: Ni+ CNSg< Ni+ CNSx< -
Ni + CNSy. Our results demonstrate that doping carbon nanospheres with nitrogen strongly impacts on
reactant adsorption and metal sintering, both critical aspects in the hydrogenation of nitriles. Selectivity
was not sensitive to the support (or the physical mixture) employed and was in all cases close to 100% to

the primary amine.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Carbonaceous materials are widely recognized and employed as
catalyst supports, given their unique chemical and physical proper-
ties [1]. The growing interest in carbon-related adsorption and
catalysis has conducted to a large volume of work devoted to car-
bon (mainly activated carbon) production [2,3] characterization
[4,5], surface modification [6,7] and use [8,9]. Since the discovery
of novel carbon nanostructures [10], a lot of research effort has
been conducted both in their synthesis and potential applications,
given their high mechanical strength, thermal resistance and
appreciable surface area [11]. In this sense, filamentous nanostruc-
tures, such as carbon nanotubes (CNT) and nanofibers (CNF) have
been employed in a number of catalytic reactions, such as hydroge-
nation [11-13], Fischer-Tropsch [14] and ammonia synthesis [15].
Another novel carbon nanostructure: carbon nanospheres (CNS),
has only now started to attract significant research activity. In its
spherical arrangement, the graphite sheets are not closed shells
but rather waving flakes that follow the curvature of the sphere,
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creating many open edges at the surface [16]. These unclosed gra-
phitic flakes provide reactive “dangling bonds” that are proposed
to enhance surface reactions, establishing CNS as good candidates
for catalytic applications [16,17]; however, there is still a dearth of
studies dealing with their use in catalysis [18,19].

Doping carbonaceous structures with heteroatoms, such as
nitrogen or boron, is an effective means of modifying surface and
electronic properties [20,21]. Indeed, it has been established that
the incorporation of nitrogen in nanotubes results in enhanced
conductivity, polarity and basicity, while modifying surface hydro-
philicity [22], where nitrogen can be considered an “n-type” dop-
ant with an extra electron for donation when replacing carbon in
the graphitic matrix. According to this, nitrogen doping must have
important implications in the catalytic behaviour of carbon sup-
ports. Reviewing the existing literature that have compared the
catalytic behaviour of nitrogen-doped versus non-doped carbon
supports, it is worth flagging the recent work of Amadou et al.
[23], who reported a remarkable improvement of the catalytic
activity in the liquid phase hydrogenation of cinnamaldehyde
when Pd was supported on nitrogen-doped CNT. Raymundo-Pifiero
et al. [24] reported the catalytic oxidation of SO, over activated
carbon fibers, where nitrogen incorporation, mainly in the form
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of pyridinic groups, increased the catalytic activity. Nitrogen inclu-
sion in different carbon structures has also been reported to en-
hance the catalytic behaviour towards oxygen reduction and
methanol oxidation in fuel cells [25]. The studies cited above point
to either electronic or morphological modifications of the active
metal phase or the creation of new surface active sites due to nitro-
gen incorporation. These results open an exciting research path,
where a controlled tuning of nitrogen functionalities may conduct
to a catalytic improvement, both in terms of activity and
selectivity.

Nickel stands as an established hydrogenation metal, which
presents low cost and moderate activity [26], in comparison with
the more active palladium or platinum [27,28], that could mask
to some extent the role of the support. Accordingly, nickel was se-
lected to assess the role of nitrogen inclusion in the catalytic
behaviour of carbon nanospheres. Nickel supported on carbon nan-
ospheres (with and without nitrogen) was tested in the gas phase
hydrogenation of butyronitrile (BTN). Hydrogenation of nitriles
bears industrial interest in the commercial production of amines,
given their wide spectrum of industrial applications, being in-
volved in the manufacture of fungicides, chelating agents, surfac-
tants or fine chemicals [29]. Moreover, this reaction presents a
structure-sensitive character [30] and the support has been pro-
posed to play an important role in condensation reactions leading
to higher amines [31]. We could not find any published study that
deals with nitrogen-doping effects in the reduction of a nitrile feed.
In the present work, we explicitly establish, for the first time, a
clear relationship between nitrogen doping and catalytic activity
in the hydrogenation of nitriles.

2. Experimental
2.1. Support/catalyst preparation and characterization

The three CNS employed in this study were prepared via the
thermal pyrolysis (2 h, 1223 K) of benzene (CNSg), aniline (CNS,)
and nitrobenzene (CNSy), as described in detail somewhere else
[32]. The three CNS-supported Ni catalysts (~2% w/w) were pre-
pared by deposition-precipitation (DP) using urea as basification
agent. Typically, 10 g of CNS were suspended in 1dm? of Ni(-
NO3),-6H,0 solution containing excess urea (ca. 5 molyea molxi 1)
and the pH was adjusted to 2-3 by addition of HNOs. The suspen-
sion was then heated to 363 K under constant agitation (250 rpm).
This procedure ensured the slow decomposition of urea, which
contributes to a more homogeneous metal dispersion [33]. After
18 h, the mixture was cooled to room temperature, filtered and
the solid thoroughly washed with deionised water until the wash
water approached neutral pH. The Ni metal loading was deter-
mined by atomic absorption (AA) spectrophotometry, using a
SPECTRA 220FS analyzer. Samples (ca. 0.5g) were treated in
2 cm? HCl, 3 cm?® HF and 2 cm? H,0, followed by microwave diges-
tion (523 K). Physical mixtures were prepared by mechanically
mixing NiO with the supports to yield 2% w/w Ni. All the catalysts
were sieved (ATM fine test sieves) into a batch of 75 um average
diameter.

Surface area/porosity measurements were conducted using a
Micromeritics ASAP 2010 sorptometer apparatus with N, as the
sorbate at 77 K. All samples were outgassed prior to analysis at
433 K under vacuum (5 x 1073 Torr) for 16 h. The total specific sur-
face areas were determined by the multipoint BET method and
specific total pore volumes were evaluated from N, uptake at a rel-
ative pressure (P/P,) =0.99. XRD analyses were conducted with a
Philips X'Pert instrument using nickel-filtered Cu Ko radiation;
the samples were scanned at a rate of 0.02°step™! over the range
5° < 260 < 90° (scan time = 2 s step~!) and the diffractograms were

compared with the JCPDS-ICDD references [34]. Elemental compo-
sition of the carbon supports was determined using a LECO CHNS-
932 unit. The carbon (ca. 2 mg) combustion (at 1223 K) products
were analyzed by IR (for C and H content) and TCD (for N content).
XPS analyses were performed in a SPEC Phoibos system operating
with Al (K,) radiation. Peak areas were determined using Shirley’s
method and the spectra were fitted with Gaussian curves. Sensitiv-
ity factors for peaks C1s and N1s were 1 and 1.8 respectively. Acid/
base titrations were performed in a Metrohm 686 titrator with a
Dosimat 665 automatic dosager. Sample (25 mg) was immersed
in 50 cm? solution of 0.1 M NaCl, acidified to pH ca. 3 with HCl
(0.1 M) with constant stirring under a He atmosphere. A 0.1 M
NaOH solution was used as the titrant, added dropwise
(1.8 cm® h™'). The starting NaCl solution served as a blank. Tem-
perature-programmed experiments were conducted in a commer-
cial Micromeritics AutoChem 2950 HP unit with TCD detection.
Samples (ca. 0.1 g) were loaded in a U-shaped tube and ramped
from room temperature to 1273 K (5 Kmin~!). Temperature-pro-
grammed oxidation (TPO) analyses were done in an oxidizing gas
mixture (0,/He, 20% v/v, 60 cm® min '), temperature-programmed
reduction (TPR) used a reducing gas mixture of 17.5% v/v Hy/Ar
(60 cm®min~!), and temperature-programmed decomposition
(TPD) employed pure helium (60 cm® min~!). Transmission elec-
tron microscopy (TEM) analysis employed a JEOL JEM-4000EX unit
with an accelerating voltage of 400 kV. Samples were prepared by
ultrasonic dispersion in acetone with a drop of the resultant sus-
pension evaporated onto a holey carbon-supported grid. TEM anal-
yses served to provide a mean Ni particle size, which is quoted in
this paper as surface-area weighted (ds) according to:

Z n,-df
- Z n,-diz

ds

M

where n; represents the number of particles of diameter d;;
Sin; = 400.

2.2. Catalysis procedure

Reactions were conducted at 493 K under atmospheric pressure
in a fix bed quartz reactor (600 mm length, 15 mm i.d.). Catalysts
were activated in situ to 603 K under TPR conditions and main-
tained at that temperature for 1h prior to reaction. Preliminary
experiments ruled out the existence of heat/mass transport limita-
tions and the passage of the reactant in the absence of catalyst or
support did not result in any appreciable conversion. The butyroni-
trile feed was delivered to the reactor via a glass/Teflon air-tight
syringe and a Teflon line using a microprocessor-controlled infu-
sion pump (Model 100 Kd Scientific). The molar butyronitrile inlet
to molar Ni in the bed ratio was maintained at 6.5 x
10% molgry h ! molyi™! for the supported catalysts and at
1.6 x 10> molgry h~ ! moly; ! in the case of the physical mixtures.
This was a consequence of weighting limitations, that is, it was
not possible to weight an (so low) equivalent bulk metal amount
as the contained in the supported catalysts. The reverse approach,
that is, increasing the amount of supported catalysts to equal the
amount of metal present in the bulk system resulted in heat/mass
transfer limitations. A co-current flow of H, (60 cm® min~') was
introduced, keeping GSHV =1 x 10*h~!. Same contact time and
isothermal conditions (+1 K) were maintained by diluting the cata-
lyst bed with ground glass (75 pm) and the reaction temperature
was continuously monitored by a thermocouple located within
the catalyst bed. The product stream was collected in a liquid nitro-
gen trap and analyzed by capillary GC (Shimadzu, Model GC 17 A)
with MS detection (Shimadzu, Model GCMS-QP 5000). The column
employed was a Petrocol DH (100 m x 0.25 mm i.d.). Butyronitrile
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(BTN) conversion and selectivity to the product i were calculated
according to:

BTN;;, — BTNy
BTN;,
Product; o

Sl(%) :mx 100 (3)

Xen (%) = x 100 (2)

where BTNj,, BTN,y and Product;,, represent the concentration of
reactant or products entering (in) or leaving (out) the reactor. These
concentrations were calculated from peak areas taking into account
the different sensitivity factors and normalized to mol percent, as
well as the reaction stoichiometry.

3. Results and discussion
3.1. Support/catalyst characterization

Transmission electron microscopy was employed to assess the
morphological features of the supports. Low resolution TEM micro-
graphs (Fig. 1a-c) show how CNS are present as a conglomeration
of spherical bodies with diameters in the range 300-500 nm. The
presence of conglomerates has been attributed in the literature
to an accretion of individual spheres given their high surface chem-
ical activity [35]. Representative high-resolution TEM micrograph
(Fig. 1d) corresponding to CNSg illustrates the joint between two
spheres, showing a markedly graphitic character, with a layered
structure and an interlayer distance (dgo;) of ca. 0.34 nm, charac-
teristic of a graphitic material. Arrows in Fig. 1d indicate the open
graphitic flakes on the surface of the spheres. BET surface areas and

total pore volumes associated with the three supports are given in
Table 1. Low surface area/porosity values compare well with the
reported for nanospheres grown from diverse precursors under dif-
ferent growth conditions [17,36,37]. Structural features of the sup-
port were further investigated by means of TPO and XRD analyses.
TPO analyses corresponding to the three CNS supports, and for
model graphite (Sigma-Aldrich) are shown in Fig. 2. Profie (I), asso-
ciated to CNSg (i.e. CNS without nitrogen) exhibited a single oxida-
tion peak at Tyax = 920K, similar to the corresponding to model
graphite (dashed line). Comparable oxidation peaks associated to
nanostructured carbon materials have been reported elsewhere
[36-38], being CO and CO, the oxidation products [38]. Profiles
(I1) and (III) correspond to nitrogen containing CNS, that is, CNS,
and CNSy, respectively. Two oxidation peaks at T.x =866 and
944 K associated to CNS, and Tax = 805 and 934 K associated to
CNSy were observed. Comparable two-stage oxidation profiles
have been reported before for nitrogen containing carbon, attrib-
uted to the release of CO, CO, and NO, [39-41]. These reports have
shown that the first peak corresponds to the gasification of the gra-
phitic matrix with subsequent release of carbon oxides, with a
minor contribution of nitrogen oxides, the latter being essentially
released at higher temperatures, that is, second peak, due to nitro-
gen retention in the char. TPO is widely employed to establish a se-
quence of graphitic character between different carbonaceous
materials, where the more graphitic the material is, the higher
the temperature is needed to gasify the carbon structure [42]. In
this line, comparing the oxidation peak associated with CNSg with
the first peaks, that is, CO and CO, release, associated with CNS,
and CNSg, oxidation temperatures consistently shifted to lower
values when nitrogen was incorporated in the carbon matrix, sug-

(b)

200 nm
1|

Fig. 1. Representative low resolution TEM micrographs of (a) CNSg, (b) CNS, and (c) CNSy. (d) HRTEM of CNSg.



A. Nieto-Mdrquez et al./Journal of Catalysis 269 (2010) 242-251 245

Table 1
Physicochemical properties of the three CNS.
CNS BET (m?g™") Total pore volume (cm>g~!) dooz (nm) Lc (A) N/C (at.%)
CNSg 143 0.05 0.336 33.0 0
CNSa 11.8 0.03 0.336 21.9 3.5
CNSy 9.1 0.03 0.337 18.9 2.7

gesting a decrease in graphitic character in the sequence
CNSg > CNSa > CNSy. It is well established that the incorporation
of heteroatoms into structured carbon, even at a low mass/mole
percent, can induce lattice defects in the graphene layers [43], con-
ducting to a less graphitic material and, thus, easier to oxidize.
While TPO analysis provides an indirect assessment of carbon
structural order, the inferred trends find further support in XRD.
Representative XRD patterns are shown in Fig. 3 and derived crys-
talline parameters are given in Table 1. Each profile exhibits a main
peak at ca. 26°, that is, (0 0 2) graphite plane. We have adopted the
interlayer spacing dog, and the average crystalline size L¢ as quan-
titative measurements of the graphitic character [44,45]. The doo2
values recorded in Table 1 are consistent with a graphitic product
and Lc increased in the order CNSy < CNS4 < CNSg, which is in good
agreement with the results derived from TPO analyses. Nitrogen to
carbon ratio (at.%) is presented in Table 1, being very similar in the
two nitrogen-doped spheres (2.7-3.5 at.%). However, XPS analyses
shown in Fig. 4, revealed a distinct distribution of nitrogen func-
tionalities. As expected, carbon obtained from benzene did not pro-
duce any measurable nitrogen-associated signal, which discards
the contribution of physisorbed nitrogen during sample han-
dling/preparation/analysis. After deconvolution of the N1s peak
associated with CNS, and CNSy, at least three different signals
were fitted, revealing the presence of different types of nitrogen.
Available literature related to nitrogen-doped carbon assigns nitro-
gen functionalities to pyridinic nitrogen (Np, BE at ca. 398 eV), pyr-
rolic nitrogen (Npyg, BE at ca. 399 eV), quaternary nitrogen (Ng, BE
at ca. 401 eV) and adsorbed nitrogen or nitrogen oxides (N-X, BE at
ca. 402-405 eV) [23,46,47]. N1s peak associated to carbon obtained
from the pyrolysis of aniline (Fig. 4a) exhibited these four contribu-
tions, with relative nitrogen amounts of 10.50%, 27.34%, 52.29%

amn

TPO Signal (a.u.)

T T T T T T v T T T
600 700 800 900 1000 1100
Temperature (K)

Fig. 2. TPO profiles associated with (I) CNSg, (II) CNS, and (III) CNSy. Dashed line
corresponds to model graphite.

and 9.86% corresponding to Np, Npyg, Ng and N-X, respectively. In
the case of nitrobenzene as nitrogen-carbon source, the best fitting
of the N1s peak (Fig. 4b) conducted to three curves, corresponding
to Npyr, Ng and N-X, with relative nitrogen amounts of 7.20%,
77.69% and 15.11%, respectively, with no appreciable contribution
from pyridinic nitrogen. This result suggests a more homogeneous
distribution of nitrogen species in carbon obtained from the pyro-
lysis of nitrobenzene. Moreover, different acid/base properties
have been attributed in the literature to the different nitrogen
functionalities in a carbon matrix. Quaternary nitrogen replaces a
carbon atom in the graphitic matrix and the removal of one elec-
tron (i.e. uptake of a proton) decreases the aromaticity of the sys-
tem, what is energetically unfavourable. Thus, no basicity is
expected from this type of nitrogen [48]. For pyrrolic nitrogen,
the uptake of a proton, as in the case of the quaternary nitrogen,
needs the donation of an electron from the aromatic system, with
subsequent loss of aromaticity. Again, an acidic rather than basic
character is expected from this type of nitrogen [49]. N-X species,
mainly as an oxidized form of pyridinic nitrogen, have been found
to deliver some acidic behaviour [50]. Pyridinic nitrogen, with a
lone electron pair, can behave both as a Lewis and a Bronsted base,
being able to uptake protons [48]. Acid/base titrations presented in
Fig. 5 show how neither basic nor acidic character was appreciably
delivered by the three materials. Only in the case of CNS,, the titra-
tion curve ran slightly left from the blank, suggesting some mea-
surable basicity. This is consistent with XPS analyses, where a
pyridinic component was revealed for this material. Thus far, we
have presented three different nanostructured carbon spheres,
where characterization results reveal different graphitic character-
istics and distribution of nitrogen (when present) functionalities.
TPR profiles associated with each catalyst are presented in
Fig. 6a, where two hydrogen consumptions and a negative peak
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Fig. 3. XRD patterns associated with (I) CNSg, (II) CNSa and (III) CNSy.
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Fig. 4. XPS N1s spectra associated with (a) CNS, and (b) CNSy. (¢) Types of nitrogen functionalities.

were present in all cases. The first hydrogen consumption peak,
appearing at a Ty,x =601-610K is attributed to the reduction of
Ni(OH), to Ni°. Upon DP synthesis, nickel is attached to the support
as Ni(OH);, [51] and comparable single reduction peaks associated
to the reduction of Ni(OH), to Ni® have been reported elsewhere
for Ni/C systems prepared in a similar way [19,52]. The second
hydrogen consumption resulted in a broader peak with Ty, in
the range 810-850 K, attributable to hydrogen uptake by the sup-
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Fig. 5. (a) Acid/base titration curves associated with () CNSg, (@) CNS, and (a)
CNSy. Solid line corresponds to the blank. (b) Expanded equivalence point region of
titrations.

port upon decomposition of oxygen surface groups, as reported
elsewhere [19,53-55]. Thermal decomposition analyses (in He) of
the bare supports are shown in Fig 6b, presenting T,,.x in the range
850-860 K. This TPD response can be ascribed to the release of
CO + CO; resulting from the decomposition of carboxylic anhydride
groups [55]. The appearance of a third (negative) peak in the TPR,
at temperatures of ca. 1273 K, has been attributed to the hydroga-
sification of carbon to methane [19,53]. According to what has
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Fig. 6. (a) TPR profiles associated with (I) Ni/CNSg, (II) Ni/CNS, and (III) Ni/CNSy. (b)
TPD profiles associated with (I) CNSg, (II) CNS, and (IIT) CNSy;,
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Fig. 7. XRD patterns for the activated (I) Ni/CNSg, (II) Ni/CNS, and (III) Ni/CNSy.
Note: dashed lines indicate position for JCPDS-ICDD reference graphite (Card No.
41-1487) and Ni (Card No. 45-1027).

been exposed above, 603 K was chosen as an appropriate temper-
ature to activate nickel. The latter assumption was further investi-
gated by XRD analyses (Fig. 7), where reflections appearing at
44.5°, 51.8° and 76.3° correspond, respectively, to the (111),
(2 00) and (2 2 0) planes of metallic nickel and are consistent with
an exclusive cubic geometry [34]. The reflection appearing at ca.
26° corresponds to the (0 0 2) graphite plane of carbon; its rela-
tionship with carbon crystalline character has been discussed
above. Ni particle size and morphology were evaluated by TEM
analyses. Representative TEM micrographs of the activated cata-
lysts are presented in Fig. 8. TEM-derived particle size distributions

are shown in Fig. 9 and the extracted surface area weighted mean
diameters are given in Table 2. Ni/CNSg exhibited a narrow distri-
bution of well-dispersed nickel particles with ds = 10.5 nm, where
relatively thin and faceted particles are diagnostic of a strong inter-
action with the support [56]. In the case of Ni/CNS, and Ni/CNSy, a
wider distribution of sizes was encountered and ds was shifted to
13.1 and 18.2 nm respectively, where a more dense pseudo-globu-
lar morphology suggests a weaker metal-support interaction [56].
The differences in particle sizes and distributions described above
must be linked to a different metal mobility during activation,
where those particles more weakly attached to the support must
sinter in a higher extent. Comparable phenomena have been re-
ported elsewhere for other supported nickel systems [57,58]. Un-
der identical metal introduction method and comparable metal
loading (see Table 2), larger nickel particles were those supported
on nitrogen-doped spheres, suggesting a modification of the sur-
face energetics of the sphere by nitrogen doping. It is commonly
accepted that the introduction of nitrogen atoms into a graphitic
matrix lowers the electron work function of the carbon surface.
This results in an enhanced electron mobility in comparison with
a pure carbon [59,60], this mobility being essentially enhanced
when nitrogen is incorporated in a sp? graphitic arrangement (de-
noted here as quaternary nitrogen, Ng, Fig. 4), that enriches the
density of 7 electrons in the aromatic system [60]. A detailed quan-
tum chemical calculation proposed by Strelko et al. provides fur-
ther support to what is exposed above [59]. In this line, the
sequence of growing particle size: Ni/CNSg < Ni/CNS4 < Ni/CNSy is
in good agreement with the increase in the presence of quaternary
nitrogen (see Fig. 4), that is, a higher electron density must en-
hance metal motion and subsequent sintering.

Fig. 8. Representative TEM micrographs for the activated (I) Ni/CNSg, (II) Ni/CNS4 and (III) Ni/CNSy.
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Fig. 9. Nickel particle size distributions associated with the activated Ni-supported
catalysts.

Table 2
Physicochemical properties of the three supported Ni catalysts.

Catalyst Ni loading (% w/w) TPR Thax (K)? ds (nm)
Ni/CNSg 2.5 601 10.5
Ni/CNSa 1.8 603 131
Ni/CNSy 1.8 610 18.2

¢ Values associated with the reduction of the metal precursor, first peak in TPR.

3.2. Catalytic activity

The hydrogenation of butyronitrile (BTN) yields its primary
amine, mono-n-butylamine (MBA) as the main reaction product.
It can also lead to the corresponding secondary and tertiary
amines; di-n-butylamine (DBA) and tri-n-butylamine (TBA),
respectively. According to von Braun’s mechanism for the hydroge-
nation of nitriles [61], as shown in Fig. 10, MBA is formed via
hydrogenation of BTN, passing through the intermediate butyli-
denimine. Condensation reactions generating secondary and ter-
tiary amines occur via the reactive butylidenimine, which is
nucleophilicaly attacked by n-butylamine or di-n-butylamine. Sub-
sequent elimination of ammonia yields N-butylidene-butylamine
(BBA) or but-1-enyl-dibutylamine as the condensation products
to be finally hydrogenated to DBA or TBA, respectively. In the pres-
ent work, the hydrogenation of BTN over the tested catalysts
yielded MBA as the majority product, as well as minor amounts
of DBA and TBA and the intermediate BBA, as will be discussed la-

H
Pr-CH,-N=CH-Pr ——— (Pr-CH;),-NH
BBA DBA

A

+ MBA

H H
Pr-C=N_—~ , Pr-CH=NH — > , Pr-CH,-NH,
BTN butylidenimine MBA

+ DBA

' H
CH,-CH,-CH=CH-N-(CH,-Pr); ———  N-(CH,-Pr);
but-1-enyl-dibutylamine TBA

Fig. 10. Reaction scheme for BTN hydrogenation.

ter. Conversion of BTN (at 493 K) as a function of time-on-stream is
presented in Fig. 11. A temporal decline was observed in each case
to approach the steady state after ca. 12 hours-on-stream. The
deactivation of Ni catalysts during the hydrogenation of nitriles
has been studied in detail by Verhaak et al. [62], being acetonitrile
the test reactant. They described this deactivation as the result of
the two contributions; on the one hand, partially dehydrogenated
acetonitrile species can strongly adsorb on the surface of the cata-
lyst covering active sites; on the other hand, decomposition of
reactants or products during the process can generate a carbona-
ceous residue that contaminates the nickel surface. Specific (per
metal unit mass, metal unit area and support unit area) reaction
rates were extracted in the steady state (see Table 3). Specific Ni
surface area (Sy;), was calculated according to:

6
S = ——— 4
" Pri % ds @

where 6 is the shape factor assuming a spherical geometry, which
can account as a valid assumption based on TEM analysis, pn; is
the Ni density (8.9 gcm ™) and d, is the surface-weighted mean
Ni particle diameter (derived from TEM analyses, see Eq. (1)). The
following sequence of increasing activity was obtained: Ni/
CNSg < Ni/CNSa < Ni/CNSy. Reaction rates obtained in this work
compare well with those reported in the literature for the hydroge-
nation of nitriles over Ni-based catalysts both in the gas [58,63,64]
and the liquid [65] phases. It is commonly accepted that larger, that
is, less disperse particles develop a higher activity in the hydrogena-
tion of nitriles, as reported by other authors who studied the hydro-
genation of acetonitrile in the gas phase over Ni supported on
porous-pillared tin phosphates [58] and alumina, titania and sil-
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Fig. 11. Variation of butyronitrile conversion (Xzry) with time-on-stream over (M)
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Table 3
Specific reaction rates associated with supported and unsupported catalysts.

Catalyst Rates

molgry h™! gni ™! 102 x (molgry 10% x (molgry

h71 lTlNiiz) h71 msupportiz)
Ni/CNSg 1.7 2.6 29
Ni/CNSa 3.2 6.1 4.8
Ni/CNSy 15.5 41 30
Ni + CNSp* 0.6 20 4.7
Ni + CNS,* 0.7 21 6.0
Ni + CNSy? 1.0 33 12

3 Specific surface area of unsupported Ni (3m?g~!) was calculated by N,
adsorption/desorption (Ref. [68]).
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ica—alumina [66]. This structure-sensitive behaviour must be linked
to metal electronic state; large metal particles (high electron den-
sity) weaken the adsorption strength of BTN by repelling the lone
electron pair in the nitrogen atom of the cyano group (C==N). The
C=N bond adsorbs more strongly on smaller particles, becoming

more difficult to hydrogenate, as explicitly established by Arai
et al. and Li et al. in the case of Pt [30] and Ni [67] catalysts, respec-
tively. This is in good agreement with the activity sequence estab-
lished above, where bigger particles consistently delivered a
higher catalytic activity. So far, we have demonstrated that a proper
control in nitrogen doping of carbonaceous materials has an impor-
tant impact on the electronic properties of the carbon surface and,
in turn, on the degree of metal sintering. Therefore, nitrogen doping
stands as an effective means of modifying to some extend the metal
particle size and subsequently, the related catalytic activity in a
structure-sensitive reaction. While the metal particle size plays an
important role in this reaction, conclusions cannot be directly
drawn without taking into account that reactant configuration
may be different on the surface of the different materials. This is
a common drawback of supported metal systems, where it is often
difficult to decouple different effects that might be acting simulta-
neously. In the present case, given the established relationship be-
tween particle size and catalytic activity, any differential role on
reactant adsorption/activation played by the support may keep
masked. For this reason, physical mixtures of each support and a
nickel precursor (NiO) were tested in the reaction at 493 K, after
activation under the same conditions as the supported systems,
allowing us to compare the behaviour of the different supports rul-
ing out possible differences in the metallic phase. Upon activation,
bulk Ni was presented as a conglomeration of large particles in
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the range 1-5 pm (mean ~ 2.5 pum). A detailed characterization of
the bulk metal is given in a previous work [68]. Fig. 12 shows the
temporal conversion associated with each physical mixture, where
the following sequence of increasing activity was obtained:
Ni + CNSg < Ni + CNS4 < Ni + CNSy. This result evidences that when
the metallic phase is kept constant, the surface chemistry of carbon
makes a difference on the overall catalytic activity of the system.
Once again, the presence of nitrogen (preferentially in the quater-
nary form) plays a beneficial role in catalytic activity. In the absence
of metal-support interactions or differential effects due to metal
electron density, the cyano group must be further activated on CNSy
than on CNS4 and in turn, than on CNSg. Since the adsorption of ni-
triles can occur both on the reduced Ni particles and on the support
[64], butyronitrile must adsorb more weakly on an electron-en-
riched surface, favouring the catalytic activity of Ni. As commented
in the experimental section, due to measurability limitations, the
catalytic reactor was loaded with considerably higher amounts of
metal when the unsupported catalysts were tested, what means
higher contact/reaction times. Under this condition, a direct com-
parison between the activity delivered by supported and unsup-
ported systems cannot be made; however, reaction rates (per unit
mass of metal) were still much higher in the case of the supported
catalysts (Table 3), putting in evidence the effectiveness of CNS as
metal carrier.

3.3. Selectivity

While the role of the active metal is well recognized in the
hydrogenation step, formation of higher amines is still under de-
bate. Some authors have claimed the active metal being the most
important factor determining selectivity in hydrogenation of ni-
triles [58,69]. Other studies, however, point to a support effect,
where reactions responsible for the formation of higher amines
may occur in the acid sites of the support [31,63,70,71]. Selectivity
as a function of time-on-stream is shown in Fig. 13. Both the sup-
ported and the unsupported catalysts exhibited a similar temporal
pattern, where selectivity to MBA was in all the cases close to 100%.
A slight initial increase in selectivity to MBA (with subsequent de-
crease to higher amines) was concomitant with the time-on-
stream deactivation observed for the six catalysts (Figs. 11 and
12) and is in good agreement with the conversion/selectivity pro-
files reported by Braos-Garcia et al. [63] for the hydrogenation of
acetonitrile over Ni-supported catalysts. Such a high selectivity
to the primary amine must be directly linked to the surface of
the supports/catalysts. As commented in the characterization sec-
tion, the three CNS employed in the study delivered an essentially
neutral or slightly basic character (Fig. 5), which plays against the
occurrence of condensation reactions leading to higher amines.
Moreover, in the range of nickel particle sizes tested (from the
nano- to the micro-scale), selectivity remained practically
unaffected.

4. Conclusions

In the present work, nickel supported on (or physically mixed
with) carbon and nitrogen-doped carbon nanospheres has been
successfully employed in the gas phase hydrogenation of butyroni-
trile, where nitrogen doping had an important impact on catalyst
activity. The results generated support the following main
conclusions:

(i) Nitrogen inclusion in CNS resulted in a decrease in the
graphitic character of the materials and the distribution of
nitrogen functionalities was dependent on the C/N
source.

(ii) Upon activation, nickel delivered different particle sizes on
the different supports, attributable to the electron density
of the carbon surface. Nitrogen (when present), essentially
in its quaternary form, led to an electron-enriched carbon
surface, promoting the mobility of the metal and subsequent
sintering.

Larger particles, i.e. those deposited on (essentially quater-

nary) nitrogen-doped surfaces, delivered higher reaction

rates by weakening the adsorption strength of the C=N
group and, thus, making it easier to hydrogenate.

(iv) When nickel was physically mixed with the support, the
higher electron density on the surface of the supports deliv-
ered by nitrogen inclusion also resulted in an enhanced cat-
alytic activity.

(v) Selectivity to the primary amine was in all cases close to
100%, where the essentially neutral or slightly basic supports
did not promote condensation reactions conducting to
higher amines.

(iii

~
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