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Abstract

Liquid-phase hydrogenation of 2-ethylanthraquinone to 2-ethylanthrahydroquinone has been investigated over Raney Ni, nanosized amor-
phous Ni-B, and chromium-modified Ni—B catalysts. It has been found that the amorphous Ni-B and chromium-modified Ni—B catalysts
exhibited superior selectivity, whereas the chromium-modified NiaBlysts had better activity and selectivity than unmodified Ni-B cata-
lyst. Based on the characterizations, the higher selectivity of the amorphous catalysts is ascribed to the dominant population of the strongly
bound hydrogen, which is not reactive for the hydrogenation of the aromatic ring, along with the repulsive interaction between the aromatic
ring and the electromnich Ni due to electron donation from alloying B. The additiof chromium decreased the particle size of the amor-
phous catalysts, which is beneficial for the improvement of activity. Moreover, surface chromium oxide can function as a Lewis acid, which
lowers ther & 5 orbital of the reactant, favoring a carbonyl group-bonded configuration. The best selectivity was achieved over the Ni-Cr-B2
catalyst, where the hydrogenation of the aromatic ring was thoroughly blocked before the saturation of the carbonyl groups.
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1. Introduction and used in another cycl&¢heme L However, during the
hydrogenation step, eAQ may degrade to 2-ethylanthracene
The anthraquinone hydrogenation/oxidation process is (6AT) and 2-ethylanthrone (eAN), ands&AQH, may be
by far the most popular route for industrial scale produc- deep hydrogenated to 2-ethyloctahydroanthrahydroquinone
tion of H,O,, an environmentally friendly oxidar{l—3]. (HseAQH) [4,5]. Such by-products cannot produce®,
In this famous process, 2-ethylanthrahydroquinone (efAQH leading to the loss of expensive anthraquinones and fed hy-
and 2-ethyltetrahydroanthrahydroquinone,€dQH,), the drogen. On the other hand, the oxidation rate géRQH,
“active quinones,” produced bydaction of 2-ethylanthra-  is much slower than that of eAQHresulting in a lower effi-
quinone (eAQ) in the presence of a hydrogenation catalyst, ciency in HO2 production[6]. Thus a catalyst exhibiting
are oxidized with oxygen or air to yield 4D, and eAQ exclusive selectivity in hydrogenating the carbonyl group
and 2-ethyltetrahydroanthraquinong,8AQ) are recovered relative to the aromatic ring is highly desired.
For eAQ hydrogenation, although palladium catalysts
show higher selectivity than Raney Ni catalyst, the degra-
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Scheme 1. The hydrogenation amddation cycles of eAQ and f€AQ.

selectivity superior to that of Raney Ni in eAQ hydrogena- cipitate was washed thoroughly with oxygen-free distilled
tion, over which the yield of KO, reached 97%, about 30%  water until neutrality and with ethanol for three times to re-
higher than that over Raney Ni. But a detailed chromato- place water.
graphic analysis demonstrated that about 18% of eAQ was The Cr-promoted Ni—-B catalysts (denoted as Ni—Cr—B)
converted to HeAQ[7]. were prepared in a similar way, except that a certain amount
Recently, amorphous metal alloys have gained much at- of aqueous potassium chromate solutioa@kOy, 0.48 M)
tention as promising novel catalytic materials. Their uniqgue was homogeneously mixed with the NiG3olution before
isotropic structure and high concentration of coordinatively the reduction by KBH. The amount of chromium in the re-
unsaturated sites led to catalytic activity and selectivity su- sulting catalysts can be adjusted by variation of the volume
perior to those of their crystalline counterpaj8s-12]. In of the chromate solution added.
particular, amorphous alloys prepared by chemical reduction  For comparison, Raney Ni catalyst was prepared by alkali
with borohydride (BH ™) or hypophosphite ((PO; ™) have |eaching of a commercial Ni—Al alloy (NAI 50/50 w/w)
nanosized morphology and consequently higher surface areq7]. Since all catalysts can easily be oxidized, care must be
and activity than those prepared by the quenching method.taken to avoid their exposure to air. Specifically, Raney Ni
On the other hand, chromium has been acknowledged towjith protecting liquid will auto-ignite when directly exposed
be an excellent promoter in the selective hydrogenation of tg ajr after the liquid is naturally evaporated, and thus is dif-
the carbonyl group13-17] Thus we chose the chromium-  ferent from Ni—B and Ni-Cr—B catalysts, which ignite only
modified amorphous Ni-B alloys as the catalysts for eAQ after being dried in vacuo or in inert atmosphere. Generally,

hydrogenation. A brief report on the excellent selectivity of the catalysts were kept in ethal before characterization and
the chromium-modified amorphous Ni-B catalyst has been gctjvity test.

published elsewheld8]; here we present a detailed charac-
terization to reveal the modification effect of chromium on
the physicochemical properties of the amorphous Ni-B cata-
lyst, based on which the positive effects of chromium on the
catalytic performance areterpreted and discussed. The bulk compositions of the as-prepared catalysts were
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) (Thermo Elemental IRIS Intrepid).

2.2. Characterization

2. Experimental The Brunauer—-Emmett—Teller (BET) surface areas were
determined by N adsorption at 77 K on a Micromeritics
2.1. Catalyst preparation TriStar3000 apparatus with a nitrogen molecule cross sec-

tion of 0.164 nm. Samples with the storage liquid were
The amorphous Ni-B alloy was prepared by the chem- transferred to the adsorption glass tube and heated at 383 K

ical reduction method, as folles. Severgen milliliters of under ultrahigh pure nitrogen flow for 2.0 h before measure-
aqueous potassium borohydride solution (KBB.O M with ment. Samples were weighed by difference in the adsorption
0.10 M of NaOH) was added dropwise into 20.0 ml of nickel tube on completion of the experiment.

chloride aqueous solution (Nigl 6H20, 0.42 M) in an ice- Powder X-ray diffraction (XRD) patterns were acquired

water bath. Gentle stirring was maintained throughout the on a Bruker AXS D8 Advance X-ray diffractometer with
reaction with a magnetic stirrer until no gas was released. Cu-K, radiation (40 kV, 40 mAx = 0.15418 nm). Sam-
The resulting black suspension was centrifuged, and the prele with solvent was put in the in situ cell, with argon flow
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(99.9995%) purging the sample during the detection to avoid is found that under the present reaction conditions only eAQ
oxidation. and H,eAQ exist, as also confirmed by Finnigan Voyagen
The morphology and particle size were determined by GC-MS equipped with an HP-5 capillary column (30xm

transmission electron microscopy (TEM) (JEOL JEM2011). 0.25 mm, 0.25 pm).

The amorphous character of the as-prepared Ni-B and

Ni—Cr-B catalysts was verifiedy selected-area electron-

diffraction (SAED). Chromium distribution was obtained 3. Resultsand discussion

on an energy-dispersive X-ray emission analyzer (EDX) at-

tached to a scanning electron microscope (SEM) (Philips 3.1. Morphological and structural properties of the

XL30). catalysts
X-ray photoelectron spectroscopy (XPS) (Perkin Elmer
PHI5000C) spectra were recorded with the Mg-kne as Table 1lists the compositions and specific surface ar-

the excitation sourcehy = 12536 eV). The sample was  eas of Raney Ni, Ni-B, and a series of chromium-modified
pressed into a self-supported disc and mounted on the samNi-B samples. According tdable 1 when 1.9 mol% of
ple plate. It was degassed in the pretreatment chamber athromium s incorporatedn Ni—B, the B content decreases
383 K for 2 h in vacuo before being transferred into the an- from 24.4 to 21.3 mol%, and the Ni content increases only
alyzing chamber, where the background pressure was betteslightly as compared with Ni-B. A further increase in the
than 2x 10~° Torr. All of the binding energy (BE) values  amount of chromium has virtually no effect on the B con-
were obtained after removal of the surface oxides by Arion tent, whereas the Ni content decreases proportionally. On the
sputtering and referenced the C 1s peak of contaminant  other handTable 1shows that the specific surface area of
carbon at 284.6 eV with an uncertainty-060.2 eV. Ni-B is 32.2 nf g1, about one-third of that of Raney Ni.
Hz desorption profiles were obtained in the following |ncorporation of 1.9 mol% othromium in Ni-B increases
way. After the samples were treated at 473 K for 2.0 h the surface area to 47.%m1. A drastic increment is found
under argon flow (99.9995%, deoxygenated by an Alltech for Ni—-Cr-B2, which has a surface area fourfold of that of
Oxy-trap filter), they were cooled to room temperature. De- Nij—B. The surface areas of the Ni-Cr—B catalysts then in-
oxygenated K was introduced instead of argon for 1.0 hto  crease moderately when moreratmium is incorporated.
ensure the saturation adsorption of hydrogen. The catalyst Fig. 1 illustrates the typical XRD patterns of Raney Ni,
was then purged with argon to remove gaseous and/or ph-Ni—B, and Ni—Cr—B2 catalysts. For Raney Ni, there are three
ysisorbed hydrogen. The maximum desorption temperature distinct peaks at Bragg anglesof44.2°, 51.5, and 76.1,
873 K, was achieved at a ramping rate of 20 KrinThe  corresponding to metallic Ni(111), (200), and (220) planes,
Hz signal (mass 2) was detected with an on-line mass spec-respectively{19]. However, for Ni-B and Ni-Cr-B2, there

trometer (MS, Stanford SRS 200). is only one broad peak centered @t-2 45°, indicating the
o _ amorphous structure of the sampl[@8], which is further
2.3. Activity test and product analysis evidenced by a diffuse Debye ring rather than distinct dots

in their SAED pattern§21].

An activity test was carried out in a 220-ml stainless steel The morpho|ogies of the amorphous Cata|ysts are ob-
autoclave with a magnetic stirrer. A mixture of trioctylphos- gerved inFig. 2 by TEM. From the figure it can be readily
phate and trimethylbenzene/(v3/7), the working solution,  concluded that the Ni—B catalyst without chromium exhibits
was used as the solvent, and the concentration of eAQ wasa much larger particle size than does the Ni—~Cr—B2 catalyst.
50 gI*. The reaction conditions were 0.50 g of catalyst, 70 As also listed inTable 1, the mean particle size of the Ni-
ml of working solution, a H pressure of 0.3 MPa, and are- B catalyst is 35 nm, whereas for the Ni-Cr—B1 catalyst, the
action temperature of 323 K. Our preliminary study revealed particle size is 20 nm and then declinest@ nm with more
that the mass transfer I|m|tS were read”y eliminated ata Stil’- Chromium incorporated_ W|t[‘he assumption Of a Spherica|

ring rate of 1000 rpm. shape and nonporous texture of the nanoparticles, a simple
The reaction process was mtmmed by sampling of the

reaction mixture at intervals, followed by>@xidation. The
H2O2 produced was extracted from the solution and titrated
by KMnOQyg in acidic solution. As previously defingd], the

Table 1
Physicochemical properties of the nickel-based catalysts

— 3
percentage yield of H,O» is expressed as the ratio of the Catalyst Ctompos'tt'.o | SBET,l d
les of HO> to the initial moles of eAQ in the reactor: (atomic ratio) (™) (nm)
mo P 0 . " Raney Ni Nis.0Al32 0 98.3 Bulky
X =ny o, /n x 100%, which also represents the selec- .
. 2027 | eAQ 7 M . Ni—B Ni75.6B24.4 322 35
tivity to “active quinones.” The organic layer left aftep8> Ni—Cr—B1 Niz 8Cr1 oBo1 3 479 20
extraction was analyzed by high-performance liquid chro- Ni-Cr-B2 Niz5.3Cr3.6B21.1 1347 7
matography (HPLC) (Hewlett Packard HP 1100). eAQ and Ni-Cr-B3 Niz.6Crg.9B20.5 1390 7
HeAQ can be readily quantified by HPLC with an ultravio- N—C-B4 Nis4.1Cr14.3821.6 1525 !

let detector and a Zorbax column (ODS 15 gm.6 mm). It & Acquired by TEM.
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Fig. 1. Powder X-ray diffraction pattes of the Ni-B, Ni-Cr—B2 and Raney
Ni catalysts.

calculation reveals that the ratio of the surface areasis thein- |
verse of the ratio of their corresponding particle sizes, which |
corresponds well with the data listedTable 1

EDX experiments were carried out to investigate the dis-
tribution of chromium in the Ni—Cr-B catalysts. Boron is
not detectable because of tmhéerent limitation of the tech-
nigue. A typical result for the Ni—Cr—B2 catalyst is shown in
Fig. 3 which demonstrates thatefevolution of the concen-
tration of chromium closely follows that of Ni, indicating
that chromium is homogeneously dispersed in the catalyst.
Moreover, EDX analysis gives a @i molar ratio of 0.046
for Ni-Cr—B2 catalyst, which is in good agreement with the
chemical analysis resulléble J).

It is known that because of the high surface energy of the
nanosized particles, chemically reduced metal-metalloids, if
unsupported or without organic biizers, tend to agglom-
erate with each other to form large particles with diameters
of several tens to several hundreds of nanomgg#s26]
as in the case shown ig. 2a. The addition of chromium
seems to be an easy way to reduce the dimension of the Ni-B  Fig. 2. TEM images of the (a) Ni-B and (b) Ni-Cr-B2 catalysts.
particles. It should be noted that a smaller particle size does
not necessarily mean a reduced thermal stability; however,
an additional differential scanning calorimetry (DSC) exper- 853.0 eV, which is consistent with the 2> BE of the ref-
iment revealed that the cryditaation temperature of Ni-Cr—  erence pure metallic nickel in our experiment, while a small
B2 is 31 K higher than that of Ni—B. Moreover, after the peak at higher BE due to the oxidized nickel species appears
activity test, no increment in the particle size of the Ni-Cr— and becomes stronger with the increment of chromium con-
B catalysts was observed, in compliance with the improved tent. For both Ni-B and Ni—Cr—B catalysts, the B 1s BE
thermal stability of the chrolam-promoted nanoparticles. of elemental B is~ 1882 eV, about 1.2 eV higher than

that of amorphous boron powdg7]. At higher chromium
3.2. Surface species and electronic properties of the contents, BO3 with B 1s BE of 192.2 eV becomes the dom-
catalysts inant B-containing specid&7]. On the other hand, the Cr 2p

spectrumFig. 4b) for Ni—-Cr—B catalysts exhibits two peaks

The interaction between Ni and B and the electronic state at 576.9 and 586.3 eV, ascribable to Grz2 and 21,2
of chromium are characterized by XPS. Fréig. 4a one peaks of C¥ species, respective[27], showing that C&*
can see that almost all of the nickel species in the Ni—-B in KoCrOy4 can only be reduced to the intermediate valence
catalyst exist in the elemental state with a Niz2 BE of but not to the elemental state by borohydride.
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Fig. 3. X-ray line profiles of Ni and Cr in the Ni-Cr—B2 cataly$he line drawn on the SEM image denotes the range being scanned.

Fig. 4evidently shows that with the addition of chromium reaction, during which no hydrogenation of the aromatic
the features of oxidized Ni and B become stronger. A sim- ring occurs according to the HPLC analysis. The promot-
ilar phenomenon has been reported by Casagrande et al.ing effect of chromium on activity is so drastic that only
who found that for RuCrB catalysts the BIRU* ratio on 1.9 mol% of chromium can double the activity of the Ni—
the catalyst surface decressas the chromium content in- B catalyst. The activity passes the maximum at chromium
creaseq28]. For Ni, it is possible that the basicoKrO, content of 3.6 mol% and begins to decline slowly at higher
leads to the formation of some nickel hydroxide, which is contents.
less reducible than free nickel ions and consequently in- Fig. 7 exhibits the percentage yield of;B, as a func-
cluded in the catalyst. For boron, we assume thaEiO, tion of time over the Ni-B, Ni-Cr-B2, and Raney Ni cat-
alters the acidity of the reduction environment, which may gjysts. The evolution of the amount of,&AQ during the
affect the rates of the three independentreactions when boroyygrogenation process is also included. It should be kept in
hydride is used as the reducing agent to prepare metal-boronyning that the percentage yield of,8; virtually denotes
particles: the hydrolysis of borohydride, the reduction of the e conversion of eAQ to eAQHand HieAQH,, whereas
metal ion,' and the red'uction of the metalloiq, where the first H4eAQ is equal to HeAQH, in quantity, as illustrated by the
,tWO reactions determlne the gmount of @ in ,the result- reduction-oxidation cycleScheme 1L Thus fromFig. 7, the
ing catalyst429). It is also noticed that chromium does not - .- vtic efficiency of “active quinones” and the selectivity

géd'fy thg eIectLonlc n:jterfilmr:hbetﬁ?? Ni ?nﬂ B, as their of the catalysts towards the carbonyl group or the aromatic
s remain unchanged after the addition of chromium. ring can be directly compared.

Based on the above characterizations, we suggest that the For Raney NiFig. 7a shows that the yield of 40,

-+ . . i )
Cré* species, most likely in the form of @ID3, may lo reaches its maximum of only 67% at 90 min and drops
cate on the surface of the catalysts, as depictelign 5. . ) . . )

. ) " . o at prolonged reaction time, implying the formation of the
Such surface oxide functions as a partition between Ni-B degradation products 44AQ appears as soon as hydrogena-
nanoparticles, which otherwise tend to agglomerate becauset. 9 lon produ f .Q tFr)1ptR Niis not yl ? :
of their high surface energyeding to reduced particle size lon commences, confirming that kaney Nl IS not Selective In

carbonyl group hydrogenation. The decrease in the amount

for the chromium-modified Ni-B catalysts. As a result, the S
thermal stability of the smaller Ni-Cr—B particles remains of H4eAQ at longer reaction time is due to deep hydrogena-

or is even improved because of the protection of the inert i0N Of H1€AQ to FeeAQH,, as verified by GC-MS analysis.

Cr,03 overlayer. On the other handsig. 7o shows that over amorphous Ni—
B catalyst, the yield of HO> can be as high as 100% at
3.3. Catalytic behavior a reaction time of 180 min. It is worth noting thatéAQ

does not appear until 60 min and from then on increases
The relationship between the content of chromium in very slowly. On amorphous Ni-Cr—B2 catalyst, as depicted
the amorphous catalysts and the hydrogenation natg ( in Fig. 7c, the increase in $0, is much steeper than it is
of eAQ is illustrated inFig. 6. ry, is presented as the over Ni-B catalyst: only 60 min is needed to achieve 100%
hydrogen uptake rate averaged in the first 30 min of the yield of HoO,. HPLC analysis shows that the amount of eAQ
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60 min. This Clegrly demonstrates.thgt over Ni-Cr-B2 ca'F- CHNi (atormic ratio)
alyst hydrogenation of the aromatic ring does not occur if
eAQ has not been completely converted to eAQFurther Fig. 6. Influence of the chromium content in the Ni-B and Ni-Cr-B cata-
reaction leads to the decrement of the amount of eAQ andlysts on the hydrogenation ratg, of eAQ averaged in the first 30 min.
simultaneously the increment oBIAQ. Nevertheless, even
after a reaction time of 240 min the amount of eAQ drops by
only 10%, whereas the level of products other than “active to compare the selectivities with the carbonyl group over
guinones” is~ 2%, showing the excellent operability of the different catalysts. On amorphous catalystseAQ forms
as-prepared amorphous Ni—Cr-B2 alloy catalyst. after a reaction time of 60 min, whereas on Raney Ni cat-

FromFig. 7one can readily conclude that amorphous Ni— alyst HheAQ appears as soon as the reaction begins. On the
B and Ni—Cr-B catalysts are less active in aromatic ring hy- other hand, although the time for the appearance&A@
drogenation than Raney Ni catalyst. The number géAQ is similar for Ni—-B and Ni-Cr—B2 catalysts, the latter is more
versus time curve can be employed as an indirect measureactive and selective in carbonyl group hydrogenation, as we
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Fig. 7. The percent yield of $, and the amount of eAQ and4dAQ in
the working solution after oxidation as functions of hydrogenation time.
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can obtain a 100% vyield of #D, without the formation of
H4eAQ at a reaction time of 60 min.
The inferior selectivity of Raney Ni catalyst in eAQ hy-

103

previous H-TPD resultd7]. It is acknowledged that a car-
bonyl group can be hydrogenated by any form of hydro-
gen, whereas hydrogenation of an aromatic ring demands
weakly bound hydrogefB80]. On Ni—-B and Ni—-Cr-B cat-
alysts the strongly bound hydrogen-ab680 K is dominant,
whereas the weakly bound hydrogenat50 K is almost
indiscernible[18], which is tentatively attributed to the co-
ordinatively unsaturated nature of the amorphous alloys. The
difference in hydrogen population is expected to afford supe-
rior selectivity in eAQ hydrogenation over amorphous Ni—B
and Ni—-Cr-B catalysts.

According to the XPS results, the BE of elemental boron
positively shifted by 1.2 eV relative to that of pure boron.
For metal-rich borides such as NiB, J#, CoB, CeB, and
FeB, based on magnetic susceptibiff¢o NMR, and high-
resolution Bremsstrahlung isochromat measurements, it is
suggested that B donates electron to m&a). The BE shift
of B in our case can be interpreted in a similar manner. We
did not observe the BE shift of nickel alloying with boron,
as a rough calculation indicates that Niz2> BE shifts neg-
atively only by~ 0.07 eV in Ni-B and Ni—Cr-B alloy§32],
far below the experimental error 6f0.2 eV. Thus B in Ni-B
and Ni—Cr-B catalysts may act as an electron-donating lig-
and to Ni and consequently decrease the hinding strength
between the aromatic ring and Ni due to enhanced elec-
tronic repulsive interactiof83], leading to a decrease in the
hydrogenation of the aromatic ring. Moreover, the electron
donation of B to Ni strengthens the adsorption of the car-
bonyl by increasing the back-donation intg,. The double
roles of B result in an increased selectivity to the hydrogena-
tion of the carbonyl group in eAQ.

According to BET and TEM, the better activity of the Ni—
Cr-B catalysts than that of the unmodified Ni—B catalyst is
ascribed to the reduced particle size by the incorporation of
chromium oxide, exposing more active sites for eAQ hydro-
genation. But XPS reveals that excessive chromium oxide
reduces the amount of surface elemental Ni and B and may
block the active sites; thus an optimal concentration of the
chromium additive exists, as confirmed Bjg. 6. On the
other hand, in the case of catalytic hydrogenation, it is gen-
erally assumed that the reactive bond is the one involved in
chemisorption on the surfa¢&7,34] By a systematic the-
oretical calculation, Delbecq and Sautet suggested that the
main attractive effect in the adsorption of aldehyde on sur-
faces is the back-donation frothe metal orbitals inter &,
When this orbital is shifted down, the interaction is better
and the adsorption is stronger. And they pointed out that the
shift can be achieved by complexation of the carbonyl group
with Lewis acidg33]. Following their idea, we propose that
the surface chromium oxide in the Ni—Cr—B catalysts can act
as a Lewis acid site and improve the adsorption and the re-
activity of the carbonyl groups relative to the aromatic ring,
which well explains the exclusive selectivity in the hydro-

drogenation may be ascribed to the coexistence of weaklygenation of the carbonyl groups in eAQ over the Ni-Cr-B2

bound (at~ 450 K) and strongly bound (at 580 K) hy-

catalyst as compared with that of the unmodified Ni-B cata-

drogen with comparable populations, as identified by our lyst.
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