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Abstract

The Co-B amorphous alloy catalyst was prepared by chemical reductior?dfiGos with BH;~ in aqueous solution. Its activity and
selectivity were measured during the liquid phase hydrogenation of acetonitrile and the effects of various factors, such as the reaction time,
acetonitrile concentration, hydrogen pressure, reaction temperature, and solvent, were investigated. The following results were obtained:
(1) The maximum ethylamine yield of 69% was obtained at the total conversion of acetonitrile. (2) The acetonitrile hydrogenation was
zero-order with respect to acetonitrile and first-order with respect to hydrogen. Meanwhile, the selectivity to ethylamine increased slightly
with the increase of either hydrogen pressure or acetonitrile concentration. (3) Increased reaction temperature resulted in a great enhancemel
in the activity (the apparent activation energy was determined as/#tdkJbut a slight decrease in the selectivity to ethylamine. (4) Addition
of a little HoO may result in an increase in the activity. All these effects are discussed based on the reaction mechanism. In comparison with
other Co-based catalysts, such as Raney Co, pure Co powder catalyst, and the crystallized Co—B catalyst, the amorphous Co-B catalys
exhibited much higher activity and better selectivity to ethylamine. Although Ni-based catalysts had higher activity, their poorer selectivity
to ethylamine suggested that they were not suitable for the title reaction under the present conditions. Based on the reaction mechanism an
various characterizations, including SAED, XRD, SEM, TEM, EXAFS, XPS, hydrogen chemisorption, and DSC, the promoting effects on
the activity and selectivity of the Co—B amorphous catalyst are discussed briefly by considering both the structural characteristics and the
electronic interaction between the Co and the alloying B.
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1. Introduction Recently, the hydrogenation of GBN has caused much
attention owing to the rapid development of the acryloni-
Hydrogenation of nitriles is widely used in industry to trile industry, which results in the accumulation of more
produce diverse amines, as in the hydrogenation of adiponi-2nd more CHCN, since it is a main byproduct during
trile, stearonitrile, lauronitrile, and benzonitrile to the cor- acrylonitrile production (10% yiw). As is well known, ni-
responding hexamethylenediamine, stearylamine, dodecyl-Ifile hydrogenation usually results in a mixture of com-
amine, and benzylamine. Ni- and Co-based catalysts arePCUnds consisting mostly of primary, secondary, and tertiary
most frequently employed for the production of primary &mines [6]. Although both ethylamine (primary amine) and
amines [1-5]. However, the hydrogenation of acetonitrile diethylamine (secondary amine), as well as triethylamine

(CHsCN) to ethylamine is seldom employed in traditional (t€rtiary amine), are important owing to their unique appli-
industry due to the high cost and nonavailability of £TH cations, selectivity is still of chief interest in acetonitrile hy-

at early time. The ethylamine is mainly produced via the fol- drogenation in order to obtain a high yield of the desired
lowing reaction: product and to avoid the difficult separation procedure. Here,

we choose the selective hydrogenation of acetonitrile to eth-
ylamine since, on one hand, it is relatively simpler; on the
other hand, both the secondary and tertiary amines could
easily be prepared from the primary amine [6]. Regarding
* Corresponding author. various affecting factors, the catalyst plays a decisive role in
E-mail address: HeXing-Li@shtu.edu.cn (H. Li). determining the selectivity to the desired products [2]. How-

CH3CH>0H + NH3 — CH3CH>NH2 + H20.
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ever, only a few catalysts suitable for @EN hydrogena-  alkali leaching the commercially available Co—Al and Ni—Al
tion to the primary amine (ethylaminezB8sNH>) have been  alloys (5¢/50, w/w), respectively.
reported so far [7—11]. Since the 1980s, amorphous alloys
have been widely used in hydrogenation reactions owing to 2.2. Catalyst characterization
their higher activity, better selectivity, and stronger sulfur
resistance in comparison with the corresponding crystalline  The amorphous structure of the Co-B catalysts was de-
metal catalysts [12—15]. Most studies focus on the Ni-basedtermined by X-ray powder diffraction (XRD, Bruker AXS
amorphous catalysts. The hydrogenation of adiponitrile over D8-Advance with Cu-I§ radiation), selective area electronic
Ni—B and Ni—P amorphous alloy catalysts has been reporteddiffraction (SAED, JEM-2010), and extended X-ray absorp-
previously [16—18]. But these Ni-based amorphous catalyststion fine structure (EXAFS, BL-10B) carried out in the Na-
are not suitable for acetonitrile hydrogenation due to their tional Laboratory of High Energy Physics (KEK, Tsukuba,
poor selectivity to primary amine. We report here an ultrafine Japan). The crystallization of the Co—B sample was followed
Co-B amorphous alloy which seems to have potential for the by differential scanning calorimetry (DSC, Perkin—Elmer)
hydrogenation of CECN to GHsNH; in liquid phase. under N atmosphere at a heating rate of 10riin. The sur-
face morphology and patrticle sizes of amorphous Co-B al-
loy were observed by a scanning electron micrograph (SEM,
2. Experimental XL 30 Philips) and a transmission electron micrograph
(TEM, JEM-2010). The composition of the Co—B sample
was analyzed by means of inductively coupled plasma (ICP,
Jarrell-As Scan 2000). The active surface arfegy(was de-
) N termined by H chemisorption, as described previously [21].
The Co-B sample with the composition f5aB246  x_ray photoelectron spectroscopy (XPS) was performed on
(atomic ratio) was prepared' by chemlcql reduction according 5 perkin—Elmer PHI 5000C ESCA system using Al-Ka-
to the method described in our previous papers [19,20]. giation to determine the surface electronic states of the cat-
Briefly, 48 ml of 2.0 M KBH, solution containing 0.20 M 4jysts. Similarly, the Co—B sample was also dried in situ in
NaOH was added dropwise into 30 ml of aqueous solution ,yre Ar atmosphere to avoid oxidation. All the binding en-
of CoCh Cpntqlnlng 15gCo under vigorous st|rr|n.g. As ergy values were calibrated by using,G= 284.6 eV as a
the reduction is strongly exothermic, the KBkolution  yeference. The surface composition was determined by us-
was added very slowly (1.5 phin) and the reaction  jng 0.13 and 2.50 as the PHI sensitivity factors fag Bnd

was performeq at 273 K in an ice-water bath. to prevent COzp, 5, respectively, as offered by the Perkin-Elmer Com-
local overheating, which may cause the gathering of small pany[22].

particles and/or the crystallization of the Co—B amorphous
alloy. The KBH; was greatly excessive (the molar ratio 2.3 Activity test
between the cobalt and KBHwas about 4:1) and the

reaction mixture was stirred for enough time to ensure Liquid phase hydrogenation of acetonitrile was carried
the complete reduction of the €o in the solution. The oyt in a 200-ml stainless autoclave containing 1.0 g catalyst,
resulting black solid was washed free from=Chnd K" 10 ml CHCN, and 30 ml EtOH at 1.0 MPa Hpressure,
ions with distilled HO (until pH 7 was obtained), during 373 K. In order to ascertain the role of mass transfer, the
which some soluble boron species were also removed. Thercatalyst amount was varied from 0.5 g to 2.0 g and the speed
it was washed further with absolute alcohol (EtOH), and of agitation was varied from 1000 to 1700 rpm. In view of
finally it was stored in EtOH until use. The pure Co powders the observation that the reaction rate was independent of the
were prepared by using NIH; instead of KBH for the stirring rate and that it varied linearly with catalyst amount,
reaction of C8" at 363 K. Heating pretreatment of the Co—B it could be concluded that the stirring rate of 1000 rpm
sample was carried out inNlow at different temperatures  was high enough so that the hydrogenation rates were
for 2.0 h, respectively. The Ni-B amorphous alloy was independent of mass transfer. The initial rate of reaction
prepared in a way similar to that described for the Co-B was obtained by measuring the drop Bfj, within the
preparation. It was found that the B content in the Ni-B first 0.5 h, from which both the specific activity (the;H
sample increased with increased of the KBiéncentration.  uptake rate per gram of cobalRy™ = molh~1g=! Co)
Thus, the Nép /B19.3 Nizs B24.8 and Nig 7B33.3 samples and the areal activity (the Huptake rate per fof the
were prepared using aqueous solutions containing 0.5, 1.0 active surface are&®yS = molh~tg~! Co) were calculated
and 2.0 M KBHj, respectively. However, the Co—-B sample using the ideal gas equatioRy> could be considered as the
with B content higher than 24.6% or the Ni—-B sample with B intrinsic activity since the effect of metal dispersion has been
content higher than 33.3% could not be obtained through excluded. During the reaction, the Mas refilled to 1.0 MPa
chemical reduction under the present conditions due to theonce it dropped to 0.80 MPa and the reaction mixture was
limitation of the solubility of KBH; in H2O. For comparison,  sampled every 60 min to determine the conversion and
Raney Co and Raney Ni catalysts were also prepared bythe selectivities by using a gas chromatograph (GC 102)

2.1. Catalyst preparation
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equipped with a FID. The conditions for the analysis were
as follows: 2-m column filled with GDX-102107, injector
temperature 373 K, oven temperature 418 K, detector
temperature 473 K, and carrier gas,N8B0 ml/min. The
reproducibility of the results was checked by repeating
the runs at least three times and was found to be within
acceptable limits£5%).

B
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FT Amplitude (a.u.)

3. Resultsand discussion
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The SAED pictures of the fresh Co—-B sample displayed
many diffractional cycles indicative of the amorphous struc-
ture [23], which disappeared after treatment at high temper-
ature. The XRD patterns, as shown in Fig. 1, also demon-
strated that the fresh Co—B sample was present in a typicalterns were observed when the treatment temperature further
amorphous structure since only a broad peak arovng 2 increased. The amorphous structure was further confirmed
45° was observed [24-27]. No appreciable change in the by EXAFS on they (k)k® Co edge, from which the RDF
XRD pattern was observed when the Co-B sample was curves could be obtained by the fast Fourier transformation.
treated at a temperature below 473 K. However, when the As shown in Fig. 2, only one FT peak arouRd= 2.0 A was
treatment temperature further increased, the broad peak disfound for the fresh Co—-B sample, indicating that it had no
appeared and a lot of sharp diffractional peaks correspondingong-range ordering structure but only a short-range ordering
to metallic Co, crystalline G, and CaB alloy species ap-  structure [28]. After the sample had been treated at 773 K for
peared gradually, showing the beginning of the crystalliza- 2 h, the intensity of the original peak increased profoundly
tion process, during which partial decomposition of Co-B and two small additional peaks appeared at longer distances,
alloy also occurred. The degrees of both the crystallization showing the transformation from an amorphous structure to
and the decomposition of the Co—B amorphous alloy in- 3 well-ordered crystalline structure. The DSC analysis, as
creased with increased treatment temperature and reached @hown in Fig. 3, revealed that the crystallization of the Co-B
maximum at 773 K, since no more changes in the XRD pat- gmorphous alloy involved two steps corresponding to two
exothermic peaks. The first small peak, around 480 K, was
0 0= , indicative of a rearrangement of the Co—B amorphous alloy

= metallic Co . X
structure [29], while the second large peak, corresponding to

Fig. 2. RDF curves of (a) the fresh Co—B sample and (b) the Co—B sample
after being treated at 773 K ingHlow for 2 h.
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Fig. 1. XRD patterns of the Co—B sample treated at different temperatures. Fig. 3. DSC profile of the Co—B amorphous alloy catalyst.
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Table 1
Structural properties of the as-prepared catalysts
Catalyst Bulk Sact Co-edge EXAFS data

composition (M/9) Rco-co(A) Coordination numbe(N) D-W factoro (nm)
Fresh Co-B Cp5.4Boa 6 15.8 2.42 87 0.0248
Cryst. Co-B Cos5.4Boa 6 7.8 2.55 106 0.0212
Co powder Co <5 2.50 97 0.0220
Raney Co - 30 251 99 0.0226

765 K, corresponded to the occurrence of the crystallization clusion about the electronic interaction might not be exactly
of the Co—B amorphous alloy. true due to the different roles of'Kand B in the K- /Ni and

Table 1 lists the bulk compositions and tlig: values Ni-B, respectively. As is well known, the'Kdonated elec-
as well as some structural parameters calculated from thetrons to the Ni in the K /Ni, but it did not change the struc-
EXAFS data by using the EXAFS (II) program [30]. One ture of Ni active center. However, the role of B in Ni-B was
can see that the crystallization has no appreciable influence
on the composition of the Co—B sample, but it did cause
an abrupt decrease iS5t owing to the gathering of
small particles at high temperature, as could be seen from
either SEM or TEM morphologies. The SEM micrographs,
as shown in Fig. 4, demonstrated that the fresh Co-B
sample displayed a homogeneous morphology composed of
ultrafine Co-B alloy particles with average sizes between 50 ).
and 100 nm. This homogeneous distribution was destroyed e T A hape- ) {,
and big lumpsappeared gradually when the Co-B sample g ™ e - ¥ .
was treated at elevated temperatures from 573 to 773 K. o5 “a :
Similar results were also obtained by TEM micrographs. AR D B o PV
Meanwhile, the Co—B amorphous alloy had a shorter Co—Co :
bonding length Rco-co, a lower coordination numbé&n)
for Co active sites, and a higher D-W fact@r) than the
crystallized Co-B, Co powder, and Raney Co catalysts,
showing that the Co active sites in the Co—-B amorphous
catalyst (1) had a stronger synergistic effect between each
other; (2) were more highly unsaturated; and (3) distributed
more homogeneously [31].

The XPS spectra, as shown in Fig. 5, revealed that nearly
all the cobalt species were present in the metallic state, corre-
sponding to a binding energy (BE) of 778.3 eV atthe 9 ,
level. Whereas, the boron species were present in both the R _a
elemental and oxidizing forms with BE values of 188.2 and f‘ R~ P
192.5 eV, respectively. Comparing the;Boinding energy | ' "530_* SE sR0%02. X
for elemental B with that of pure boron (187.2 eV), itis im-
mediately found that the elemental B is positively charged.
Chen et al. also observed the positive BE shift of the alloy-
ing B in the Co—B and Ni-B amorphous alloys [12]. They
believed that partial electrons transferred from the alloying B
to oxygen in the neighboring®s rather than to the metal-
lic Ni, since the negativity of B is higher than Ni. In contrast,
the alloying B accepted partial electrons from the metal-
lic Ni. They supplied excellent experimental results to sup-
port their conclusion, which showed that the CO adsorption
produced higher heat on™Ni than on the Ni, while the
CO adsorption on the Ni-B amorphous alloy produced lower
heat than on the Ni. These results have been confirmed by 280k :
our experiments. As theKdonates electrons to Ni, it seems
quite natural to conclude that the alloying B might attract Fig. 4. SEM morphologies of (a) the fresh Co—B sample and the Co-B
electrons from the Ni. However, we think that the above con- sample after treatment at (b) 573 K, (c) 773 K ip ftow for 2 h.

f
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778.3 eV

K*/Ni and the Ni-B sample because the former might be
attributed to merely the electronic interaction betweeh K
and Ni while the latter might be attributed to both the elec-
tronic interaction between Ni and B and the structural modi-
fication of the Ni active center by the alloying B. Perhaps the
XPS characterization could supply more direct evidence for
the electron transfer in the Ni-B and the Co—B amorphous
alloys. We concluded that the alloying B might donate par-
tial electrons to the metallic Ni or Co based on the following
considerations: (1) The XPS spectra of the Ni-B amorphous
alloy revealed that the BE of the alloying B shifted positively
; B , , , by 1.0 eV in comparison with the pure B, indicating that
770 780 790 800 810 820 the alloying B lost partial electrons. Such phenomena were
Binding Energy (eV) also observed by Chen et al. [12]. However, they pointed
out that the alloying B donated electrons to the neighbor-
B, 188.2 eV, 192.5 eV ing boron oxide rather than to the metallic Ni. To confirm
i the direction of the electron transfer in the Ni-B amorphous
alloy, a mixture of the elemental B and the B oxide was pre-
pared by decomposing the KBHn acidic solution in the
presence of Cit. The XRD patterns demonstrated that all
the Cu species were present in a pure metallic state (crys-
talline Cu); i.e., no Cu-B alloy was formed. In that case,
the XPS spectra of the elemental B does not display signifi-
| cant BE shift, implying that the positive shift in the BE value
of the elemental B occurred only in the presence of metal-
K lic Ni or Co, rather than in the presence of the neighboring
: B203. (2) Yoshida et al. supplied more convincing evidence
180 85 190 195 200 205 to support our conclusion [32] by the XPS characterizations
of the Ni—-B amorphous alloy obtained by the rapid quench-
ing technique. Unlike the Ni-B amorphous alloy obtained by
Fig. 5. XPS spectra of the Co-B amorphous alloy catalyst as received or thechemical reduction with KBl which contained compara-
Co-B sample treated at different temperatures. ble oxidized B species due to the decomposition of xR
aqueous solution, the Ni—B amorphous alloy obtained by the
more complex. Besides the electronic interaction, modifica- rapid quenching technique contained very little or even no
tion of Ni with B may also change the structural character- oxidized B species, since the preparation was performed ex-
istics of the Ni active sites. For example, the interaction be- actly in the absence of O Trace oxidized B species on the
tween the elemental B and the metallic Ni resulted in Ni-B surface of the Ni—B alloy might be detected due to surface
amorphous alloy while the pure Ni is present in the crys- oxidation during the treatment. The XPS spectra revealed
talline form. In addition, according to our EXAFS charac- that, after the treatment with dilute HNOneither the ox-
terizations [31], the presence of the alloying B may result in idized B species nor the oxidized Ni species were present
the highly unsaturated coordination of the Ni active sites and in the as-prepared Ni—B amorphous alloy. In that case, the
the shorter bonding length between neighboring Ni atoms. XPS spectra also displayed a positive BE shift of the al-
The change of these structural properties might also changdoying B, which was obviously due to its electron donation
the CO adsorption heat on the Ni active center. Perhaps, theto the metallic Ni in the Ni-B alloy, since no other species
CO adsorption model on the Ni active center might also be were present at all. (3) The theoretical calculations using ab
changed. Thus, it might not be convincing to conclude the initio DFT method also demonstrated that the alloying B
electron transfer between Ni and B in the Ni-B amorphous donated partial electrons to Ni in the Ni-B amorphous al-
alloy by simply comparing the CO adsorption heat on the loy, as shown in Table 2. (4) Our recent experimental re-

COZP3/2

Intensity (a.u.)

Intensity (a.u.)

Binding Energy (eV)

Table 2

The electron populations of Ni and B atoms igyN8, (M = 1-4) clusterd

Ni—B model B[1] B [2] Ni [1] Ni [2] Ni [3] Ni [4]
Ni2B2 +0.2812 +0.2812 —0.2812 —0.2812

Ni3Bo +0.2301 +0.2301 —0.1652 —0.1475 —0.1475

NigB2 +0.2962 +0.2962 —0.1481 —0.1481 —0.1481 —0.1481

@ The symbols %" and “—" represent electron-deficient and electron-enriched, respectively.
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sults revealed that the metallic Ni in the Ni-B amorphous 1004 —a— CHCN (a)
alloy possessed much stronger antioxidation ability than the —e—CHNH,
pure Ni, showing that the presence of the alloying B in the —o— (GHyNH
Ni—-B amorphous alloy could effectively protect the metal-
lic Ni from oxidation. This might be more evidence to sup- g 60 L
port our conclusion since the stronger oxidation resistance &
of the metallic Ni in the Ni-B amorphous alloy might be
attributed to the electron donation of the alloying B which
made the metallic Ni electron-enriched [33]. Thus, similarly
to Nitta’s group [34-37], Lee’s group [38,39], and Yoshi-
da’s group [32], we concluded that partial electrons trans-

ferred from the elemental B to the metallic Ni or Co in the o y P 3 4 A
Ni-B or Co—B amorphous alloy, respectively, making the Reaction Period (h)

metallic Ni or Co electron-enriched while the elemental B is
electron-deficient. The above conclusion could be explained 1004
by the assumption of Imanaka et al. that the bonding elec-
trons of the B occupied the vacadorbitals of metallic Ni 80
or Co [35]. The failure to observe the BE shift of the metal- __
lic Ni or Co could be understood by considering its relatively X
greater atomic weight compared to that of the B atom [40]. g‘
During the heating treatment, the content of alloying B de- ‘g
creased while the amount of oxidizing B increased gradually =3 40
with the increase temperature, indicating the surface oxida-

tion of the boron species at high temperature owing to the 20}
presence of trace oxygen ipNXlow. However, both the po-
sition and the strength of the XPS peaks of the &0 level 0 ) s . !
remained unchanged, this was mainly attributed to the alloy- 0 1 2 3 4 5

ing B which protected the surface Co from oxidation [41]. Reaction Period (h)

Besides the BE shift of the elemental B, the BE value of the _ . .

. . L. Fig. 6. Dependence of (a) the composition of the reaction product and
oxidizing B also shifted positively from 192.5 to 194.1 eV (b) the selectivities to ethylamine and diethylamine on the reaction time
during the heating treatment, possibly due to the transfor- during the liquid phase acetonitrile hydrogenation catalyzed by the Co—B
mation from BQ~ to B,Og3 [42]. Comparing the bulk com-  amorphous alloy. Reaction conditions: 1.0 g catalyst, 10 mCIk 40 ml
position of the Co—B amorphous alloy determined by the EtOH,T =373 K, Py, = 1.0 MPa, stirring rate= 1000 rpm.

ICP analysis (Cgs.4B24.¢) With that of the surface compo-
sition determined by XPS spectra (§3@B4s.1), it was ob- the (GHs)2NH (secondary amine) were identified while
vious that the Co—B amorphous alloy was surface-enrichedno significant (GHs)sN (tertiary amine) was observed

o]
o
T

ction, %)

Content (mo
3
@

N
o
T

(b)

—e— CHNH,
—o— (GH)NH

T

with the boron species. throughout the reaction process. Although the yields of
both GHs5NH2 and (GHs)2NH increased gradually, owing
3.2. Reaction route of acetonitrile hydrogenation to increased CEICN conversion, selectivities to these two

products changed in opposite ways. The selectivity to

The composition of the reaction mixture as a function CyHsNH» decreased while the selectivity to Ads)2NH
of time during the liquid phase GIEN hydrogenation over  increased with the reaction time, as shown in Fig. 6b. These
the Co—B amorphous alloy catalyst is plotted in Fig. 6a. results furnished evidence for the Braun mechanism for the
According to the change of GJEN conversion, one can nitrile hydrogenation [6,44,45]. As shown in the following
see that the hydrogenation rate decreased gradually withscheme, a reactive intermediate, aldimine§CH=NH),
the reaction time. This could be attributed to the strong was formed, which could result in either the primary amine
adsorption of GHsNH»2 and/or (GHs)2NH on the surface  via its further hydrogenation or the secondary amine via its
of metallic Co owing to the lone pair electrons on the N condensation reaction with the primary amine,
atom, which may inhibit the adsorption of reactants, and in
turn, may retard the hydrogenation [43]. Important evidence CH3C=N 2 CHyCH=NH 57 CH3CH,NH;, (R1)
supporting the above conclusion was that the reaction rate
could be considerably enhanced by adding small amounts ofCHCH=NH + CH3CH,NH, " CHyCH=NCH,CHg
H>0, which may connect, with the N atom inEBsNH» and ﬂz CH3CH;NHCH,CHa.
(C2Hs)2NH molecules via a hydrogen bonding and in turn, (R2)
inhibited their adsorption on the Co active sites. Concerning The relative contents of primary and secondary amines in the
the selectivities, both the £EisNH2 (primary amine) and  reaction mixture were mainly dependent on the competition
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between hydrogenation (R1) and condensation (R2) [46]. rate. However, the adsorption of hydrogen was relatively

High selectivity to GHsNH> was obtained at low C§{CN weak and its surface concentration never reached saturation
conversion since the condensation could not take place orunder the present conditions. Thus, the surface concentra-
proceeded very slowly due to the extremely logHsNH> tion of hydrogen increased with increas@d, according

concentration. With the increase of @EN conversion, to the Langmuir isothermal equation [47], which could ac-
more and more g¢HsNH, was accumulated, which en- count for the promoting effect aPy, on the hydrogenation
hanced the condensation rate and, in turn, favored the formarate. Besides the effect on the hydrogenation activities, it
tion of (CoHs)2NH, resulting in a decrease of the selectivity was also found that the selectivity to5NH, increased

to CoHsNHo. slightly with an increase of either the hydrogen pressure or
the CH;CN concentration, as shown in Fig. 8. The promot-
3.3. Kinetic studies of acetonitrile hydrogenation ing effect of P4, on the selectivity to CRICH>NH, could

be understood by considering the reaction mechanism [46].

Fig. 7 shows the dependence of the initial reaction rate Although both (R1) and (R2) involved hydrogenation, the
(RK™) on the concentration of XN and the pressure key factor determining the selectivity to GBHNH; or to
of hydrogen, which revealed that the hydrogenation reac- CH3CH2NHCH,CHz was the competition between the hy-
tion was zero-order with respect to @EN while first-order ~ drogenation of the CkECH=NH(aldimine) and the conden-
with respect to hydrogen. A possible explanation was that sation of the CHCH=NH with the CHsCHzNH>. From the
both CHCN and H were adsorbed competitively by the above mechanism, increased pressure may favor the hy-
same Co active sites. The adsorption of {OM was so drogenation of CHCH=NH, leading to the desired prod-
strong that it reached a saturated concentration on the suruct CHsCHzNH. However, there was no direct relationship
face of the catalyst even at a very low concentration in the between H pressure and the condensation reaction. On the
liquid phase and thus, the change of thesCN concen- contrary, the increase ofressure may increase the con-
tration had no significant influence on the hydrogenation
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Fig. 8. Dependence of the selectivity to ethylamine on (a) the hydrogen
Fig. 7. Effects of (a) the pressure of hydrogen and (b) the concentration of pressure and (b) the acetonitrile concentration in the liquid phase acetoni-
acetonitrile on the initial rate of acetonitrile hydrogenation over the Co-B trile hydrogenation over the Co—B amorphous catalyst. Other reaction con-
amorphous catalyst. Other reaction conditions are given in Fig. 6. ditions are given in Fig. 6.
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sumption of CHCH=NH and in turn decrease the conden- mixture after the total conversion of GBN. The selectiv-
sation rate. Thus, the increase of pressure may increase ity over the Co powder catalyst was not available here since
the selectivity to CHCH2NH,. The positive influence of the  the reaction rate was too slow to reach the complete@
CHsCN concentration on the selectivity toBsNH> could conversion. From Table 3, the following conclusions were
be interpreted in terms of the accumulation of more ammo- drawn.
nia resulting from the formation of the secondary amine. 1. The Ni-based catalysts exhibited much higher activity
It was widely accepted that an increase in the ammoniathan the Co-based catalysts, owing to the relatively stronger
concentration could effectively inhibit the formation of sec- adsorption of the reactants (both hydrogen and acetonitrile,
ondary amines and in turn could promote the selectivity to as well as aldimine intermediate) [53]. However, in the
primary amines [48]. The promoting effect of ammonia on absence of ammonia, the selectivity toHgNH, on either
the selectivity to the primary amines could be explained by the Ni-B amorphous catalyst or the Raney Ni was very
the following scheme proposed by Schwoeleger and Ad- low. In contrast to the Co-based catalysts over which only
kins [49,50]: the secondary amine was identified as the side product,
a comparable amount of tertiary amine was detected besides
- NH2 the secondary amine over the Ni-based catalysts. Increasing
CH3CH=NH + NH3 = CH3CH the B content in the Ni-B alloy may slightly increase the
TTNH» selectivity to the primary amine due to the decrease in
+H, the selectivities to both the secondary and tertiary amines.
—? CH3CHyaNH2 + NHa. However, even over the B /B33 which contained the
maximum B content in the Ni-B amorphous alloys prepared
under the present conditions, the selectivity to the primary
amine was still much lower than that over the/€4B24.6,
showing that the Ni—B amorphous alloy catalysts were
not suitable for the title reaction. The higher content of
the secondary and tertiary amines in the hydrogenation
product on Ni-based catalysts, corresponding to the lower
selectivity to the primary amine, could be attributed to the
relatively stronger adsorption of the productHgNH>, on
Ni-active sites than on Co-active sites, which may enhance
the condensation rate, leading to the secondary amine and
even the tertiary amine [53].

2. Concerning the activities of different Co-based cata-
lysts, one can see that the specific activitiegT') decreased
3.4. Performance of various catalysts in the order Raney Ce Co—B amorphous catalyst crys-

tallized Co—B catalyst> Co powder catalyst. This was not

Table 3 summarizes the catalytic properties of various in accordance with the change of the areal activitiegY),
catalysts in liquid phase hydrogenation of §ZN, includ- which decreased in the order Co—B amorphous catalyst
ing the initial reaction rate, the reaction time corresponding Raney Co> crystallized Co-B catalyst ultrafine Co.
to total conversion of CECN, and the selectivities to pri-  Thus, the higheRy™ of Raney Co than of the Co—B amor-
mary, secondary, and tertiary amines obtained in the reactionphous catalyst was mainly attributed to its much higher ac-

The rate of CHCN hydrogenation increased rapidly
with the increase of the reaction temperature, as found in
the hydrogenation of most other nitriles. According to the
linear relationship betwee®y™ and 1T, the apparent
activation energy was determined as 46rkdl over the
Co-B amorphous catalyst. In contrast to the effect on the
activities, a slight decrease of about 10% in the selectivity
to CG;HsNH2 was observed when the reaction temperature
increased from 323 to 423 K. Such a negative effect could
be understood by considering the higher activation energy of
the condensation reaction (usualyl00 kJmol) leading to
the secondary amine [51,52].

Table 3
Hydrogenation of acetonitrile(C4CN) on various catalysis
Catalyst Ry™ RyS Reaction timé Selectivity (%)
(mmolh1g=1m) (mmolh—1m=2 M) (min) CoHsNH» (CoH5)oNH (CoHs)3N
Fresh Ces 4B24.6 1338 847 297 53.0 47.0 ~0
Fresh Nig 7B19.3 1515 100 238 24.0 45.0 3D
Fresh N5 2Boa.g 1695 121 201 28.0 44.8 22
Fresh Nig 7B33.3 1967 152 185 37.0 46.8 1e
Raney Ni 4328 100 116 214 37.4 42
Cryst. Cas 4B24 6 426 546 678 44.6 55.4 ~0
Raney Co 203 6.65 152 38.8 61.2 ~0
Co powdef! 111 310 - - - -

@ Reaction conditions: 1.0 g catalyst, 10 ml §EN, 40 ml EtOH,T =373 K, PH, = 1.0 MPa, stirring rate= 1000 rpm, M= Co or Ni.

b The time corresponding to the total conversion ofCi.
€ The crystallized Co-B catalyst obtained by treating the Co—B amorphous alloy at 773 K for 2HlowH
d The reaction is too slow to detect the time for total 4T3\ conversion and the selectivities.
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tive surface areaSacy), as shown in Table 1. Besides the de- active sites for hydrogenation of GBN and other interme-
crease of theS ¢ during the heating treatment (see Table 1), diates while the oxidized Co was inactive.

the higherRy™ of the Co—B amorphous catalyst than of the 3. As shown in Table 3, the selectivity toBsNH2 de-
corresponding crystallized Co-B catalyst could be mainly creased in the order Co—-B amorphous catalystrystal-
attributed to the remarkable decrease in the intrinsic activ- lized Co-B catalyst- Raney Co. According to the reaction
ity during the crystallization (see the4S values in Table 1), mechanism, the selectivities to the primary and secondary
which could be understood by considering both the struc- amines were mainly dependent on the competition between
tural effect and the electronic effect. The structural effect the hydrogenation of the GJ€H=NH leading to the pri-
mainly referred to the unique amorphous structure. Accord- mary amine and the condensation betweenCiH=NH and

ing to the structural parameters calculated from the EXAFS C2HsNHz leading to the secondary amine [6]. Such conden-
data, as shown in Table 1, the Co-B amorphous catalyst hads@tion may proceed through a nucleophilic attack of the N
shorter Co—Co bonding lengt®&o_c9, lower coordination ~ &tom in the GHsNH2 molecule on the C atom connecting
number (V) of Co active sites, and higher D-W factar)( with the N atom in the CEICH=NH molecule, as shown in
than the corresponding crystallized Co—B catalyst, implying th€ following diagram [58].

a stronger synergistic effect between Co active sites, more

highly unsaturated Co active sites, and a more homogeneous

distribution of the Co active sites. These factors have beency,cH=NH + C,HsNH,

claimed to be favorable for the dissociative adsorption of

hydrogen molecules and, in turn, to enhance hydrogenationThus, the more positive charges on the C atom and the more
activity [54,55]. Regarding the electronic effect, the above negative charges on the N atom may facilitate the conden-
XPS spectra reveale that in the Co—B amorphous alloy, Co issation reaction. Taking into account that the metallic Co in
electron-enriched while B is electron-deficient owing to their the Co—B amorphous alloy was electron-enriched, the excel-
electronic interaction. After crystallization, electronic inter- lent selectivity to GHsNHz on the Co—B amorphous cat-
action decreased or even disappeared due to the decomposglyst could be explained based on the above assumption.
tion of the Co—B alloy, as confirmed by the aforementioned On one hand, the electron enrichment of the Co active sites
XRD patterns. On one hand, the relative high density of elec- could effectively repel the lone pair electrons on the N atom
trons on the Co active sites may repel the lone pair electrons/n the GHsNHz molecule and thus might weaken its ad-
on the N atom in the CN group and in turn, may weaken the sorption on the Co surface. This could effectively inhibit the
adsorption strength between GEN molecules and Co ac-  condensation between theisNH; and the CHCH=NH,

tive sites. This was favorable for the adsorption efteking ~ SINC€ the adsorption of botlBsNH; and the CHCH=NH

into account that the adsorption of @EN and H mole- was necessary for such condensation. O.n the other hand., as
cules was competitive on the same Co active sites. Thus discussed above, the high electron density on the Co active

more H could be adsorbed by the Co active sites, which sies Cg}“'gir:nc,:ﬁ asg tr’[]err:)acﬁr?orlﬁr:lo:/]vi?rfl f[arllec:\rlonts rt: itnhe
enhanced the hydrogenation activity, since the reaction wasTc=N; MakKing the % atom connecting e N awo

; . o the CHECH=NH molecule less positive, which could also
first-order with respect to hydrogen, while independent of retard the condensation reaction. Furthermore, the increased
the CHCN concentration. On the other hand, according to ) ’

. L . back donation of electrons to t could also weaken
the adsorption model of the nitrile [56], the electronic inter- heg_

. : ) the C=N bond, making the €N bond activated and, in
action between the €N group and the Co actlvg sites was turn, making its hydrogenation more facilitated. As a sum-
the forward donation of the electrons from the highest occu-

ied molecul bital h bonding. i mary, owing to the electronic interaction between Co and
pied molecular orbital (HOMO) of the €N bonding, .., 4joving B, the Co~B amorphous alloy was favorable for the

from thezrc— to thed_> and S orbitals of the Co atom, and  , yrqgenation reaction while unfavorable for the condensa-
the back donation from the,>_,» orbital of the Co atom 5 reaction, resulting in the higher selectivity to the pri-
to the lowest unoccupied molecular orbital (LUMO), i-e., mary amine, i.e., §HsNH,. The crystallized Co—B catalyst
¢y Increased back donation may favor theREbond — gigplayed lower selectivity to £sNH; due to the decrease
dissociation since thec_y was an antibonding orbital [S7]. - in the electronic interaction, since partial decomposition of
Thus, from a hydrogenation point of view, an increase in the Co—B alloy occurred during the crystallization process.
the electron denSity on the Co active sites due to the Chargmaney Co showed even lower Se|ectivity teHgNH>» than
transfer from alloying B should lead to increased back do- the crystallized Co—B catalyst, since no such electronic inter-
nation, thereby weakening thes® bond and in turn facili-  action was present at all. Besides the electronic interaction,
tated its hydrogenation. Furthermore, the in situ XPS charac-the alloying B in the Co—B amorphous alloy could protect
terization demonstrates that the presence of the alloying B inmetallic Co from oxidation, which was also favorable for
the Co-B amorphous alloy could effectively protect metal- keeping the high selectivity togEisNH; since, according to

lic Co from oxidation. This could also account for the higher the aforementioned reaction mechanism (R1) and (R2), the
activity of the Co—B amorphous alloy than that of the crys- rapid hydrogenation of C§€CH=NH may result in high se-
tallized Co-B alloy since only the metallic Co served as the lectivity to Co;HsNHo.
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