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Abstract The morphology of supported nickel boride nanoparticles depends
strongly on the exposed surface cation exchange property of the support. Despite
having a substantially higher loading of nickel boride, the a-Al,O3 supported cat-
alyst exhibits a significantly lower catalytic activity for the hydrogenation of
p-nitrophenol. Use of a supporting material like clinoptilolite allows the re-use of
the catalyst up to three times. However, the catalytic activity decreases after each
hydrogenation process. Unsupported nickel boride and a-Al,O3 supported nickel
boride result in unwanted trace impurities in the final p-aminophenol crystalline
product. Such impurities are absent using clinoptilolite and kieselguhr supports.
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Introduction

p-Aminophenol (PAP) is a well known intermediate reagent and has a wide
application in the production of acetaminophen (AC) and dye stuffs [1, 2].
Competition in the commercial production of amino compounds is high, and a
successful process must produce a good yield of pure product in a simple and
economical manner [3].

The direct catalytic hydrogenation of nitrophenols is an industrially important
process for the production of aminophenols [4, 5]. Catalytic hydrogenation is the
cheapest possible way to reduce p-nitrophenol (PNP) in the presence of nickel
catalysts. The amorphous Ni-B alloy catalyst synthesized by the chemical reduction
method is superior to normal nickel-based catalysts (such as Raney Nickel) in
activity, selectivity [6-8] and sulfur-poison-resistive properties [9, 10].

Among various amorphous alloy catalysts, the Ni-based type has been studied
most thoroughly [11]. Nevertheless, their industrial application is still severely
limited due to several reasons: (a) Poor thermal stability (b) Heavy mass loss during
separation from the product and (c) The existence of unacceptable trace impurities
in the final product. The first case is due to the thermodynamically metastable
amorphous structure of the catalyst. Crystallization can occur spontaneously during
the reaction, even at very low temperatures, resulting in an abrupt decrease in
activity. The second case is due to the nano-structure of the nickel boride catalyst.
Upon attrition of the particles during the reaction and product separation steps, a
large portion of the catalyst is lost as very fine particles after the separation of the
liquid and solid phases. To obtain an economic process compatible with industrial
operation, it is necessary to be able to recycle the catalyst. The third case is
extremely important, especially when the final PAP is used for the production of
AC. Incidentally; AC is an analgesic and must be very pure, without any colored
impurities because of its use as a drug. Therefore, the appearance and quality of
PAP as a starting material is an important factor in attaining pure AC and reduction
of production and purification costs. In this direction, PNP should be completely
converted to PAP. Any residual PNP is not allowed because it may degrade to nitro-
cathecol, dihydroxynitrobenzene, hydroquinone and benzoquinone during PAP
storage. Impure samples are dark colored due to the presence of chemicals like
quinhydrone.

Recently, many new supported nano-amorphous Ni—B alloys with better thermo-
mechanical stability have been prepared by the chemical reduction method, e.g.
Ni-B/SiO, [6, 12-14] Ni-B/Al,05 [15, 16], Ni-B/mesoporous silica [17], Ni-B/
SBA-15 [18], Ni-B/MCM-41 [13], Ni-B/amine-modified silica nano-spheres[19],
Ni—B/borohydride exchange resin [20], Ni-B/activated carbon [21] and Ni-B/
HMCM-22 zeolite [22]. Some of them showed higher activity and selectivity in
catalytic hydrogenation of compounds [16, 21, 22].

Synthetic zeolite 4A, perlite and silica gel supported nickel boride was prepared
by Acosta et al. [23] and used in the hydrogenation of nitrobenzene. The
characterization of the as-prepared catalyst was poor and the synthesis method of
the catalyst was not effective for industrial application. In the meantime, the activity
of the catalyst in hydrogenation reaction was very low.
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Rahman and Jonnalagadda [24] investigated the hydrogenation of nitro aromatic
compounds (mainly PNP) with sodium borohydride in the presence of nickel/SiO,
catalyst. Nickel boride was formed during the hydrogenation reaction.

Wen et al. [25] prepared polymer supported nano Ni—-B and applied it in the
reduction of nitro aromatic compounds (especially PNP) using hydrazine hydrate.
The catalyst was recycled two times. Hydrazine is highly toxic and dangerously
unstable. The application of the mentioned material in the industrial synthesis of
PAP is questionable because of detrimental effects in AC production. Such reagents
are subject to severe limitations for application in plant scale reactions because of
safety and handling considerations. When hydrogenation reactions cease to be
practical and enter the stage of industrial development, the cost of the hydrogenation
process becomes highly important.

Liu et al. [26] synthesized Ni—B/boehmite, Ni-B/y-Al,O5 and Ni-B/Al,03-xH,0
and used for the direct reduction of PNP to PAP. As-synthesized catalysts have been
characterized only by TEM and XRD. XRD patterns of the supported catalysts were
mainly belonging to the supports owing to the amorphous nature of nickel boride.
Ni—B/boehmite had superior activity, selectivity and could be recycled three times.

Based on the literature cited, a comparative investigation of a number of the most
potential candidates for supports of nickel boride catalysts is still lacking for specific
hydrogenation reactions. These include natural zeolites, diatomaceous earth and
different alumina phases other than y-Al,O;. On the other hand, and to the
knowledge of the authors of this work, no report regarding the exclusion of
unwanted trace impurities due to interaction of the support with the reacting system
has been reported so far.

This work consists of a comparative study of the physico-chemical characteristics
of nickel boride catalysts supported on clinoptilolite, kieselguhr and o-alumina. The
chemical aspect considers the behavior of the aforesaid composite catalysts in the
PNP to PAP hydrogenation reaction. The re-usability of the catalysts is investigated.
The effect of the support on product impurity is considered for the first time. It will
be shown that trace impurities show themselves also in the abrupt change of PAP
solid crystals morphology. This effect will be accordingly explained.

Experimental
Materials

Synthesis grade nickel chloride, caustic soda, hydrochloric acid and sodium
borohydride were supplied by Merck. a-Al,O3 and hydrogen were provided by Iran
alumina Co. (Iran) and Chlor Pars Co. (Iran), respectively. A natural Iranian
clinoptilolite zeolite was used. Ethanol, kieselguhr and PNP were purchased from Nasr
Co. (Iran), Zarrin Khak Ghaen (Iran) and Anhui Bayi Co. (China), respectively.

The catalysts were prepared by the impregnation method by dissolving 1.78 g
nickel chloride in 25 ml distilled water and adding it to 5 g support (zeolite,
kieselguhr or a-alumina) and stirring for more than 12 h using a magnetic stirrer at
room temperature. The mixture was dried by heating at 94 °C under stirring. The
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nickel precursor was reduced by adding 0.05 M NaBH, solution dropwise. The
sodium borohydride solution was prepared by dissolving 0.57 g sodium borohydride
in 25 ml solution containing 0.05 M HCI or distilled water. The B/Ni molar ratio
was 1/1. During the reduction reaction, the temperature was kept at 94 °C and the
reaction mixture was stirred gently. The resulting supported nickel boride catalyst
was filtered and washed thoroughly with distilled water until the pH of the filtrate
reached a value of 7. The synthesized catalyst was kept under ethanol before use in
the activity tests.

Unsupported nickel boride was synthesized through the dropwise addition of the
same sodium borohydride aqueous solution to the nickel chloride solution according
to the method described in our previous paper [27].

Activity tests

Liquid-phase hydrogenation of PNP was performed at 2.5 MPa hydrogen pressure and
80 °C in a 400 ml stainless steel autoclave, in which zeolite, kieselguhr or a-alumina
supported nickel boride catalysts, 3.5 ¢ PNP and 25 ml ethanol were well mixed.
Details about the reaction system may be found elsewhere [27]. The reaction system was
stirred vigorously (46 rpm) to eliminate mass transfer resistance as explained in our
previous work [27]. The hydrogenation reaction was performed at 80 °C and 2.5 MPa.
The extent of the reaction was monitored by measuring the total pressure with reaction
time. The reaction mixture was filtered to separate the catalyst. The zeolite supported
catalysts were separated from the reaction solution, thoroughly washed with ethanol and
maintained under ethanol for further reactions (recycling of the catalyst). The filtrate
was cooled at 0 °C for the crystallization of the product. PAP was filtered and dried in an
oven at 60 °C. The PAP products were analyzed with a GC (Agilent 7890 Series, USA)
equipped with a FID detector and an auto-sampler. Chromatographic separations were
performed at 325 °C using an Agilent 19091j-41330 m x 320 pm x 0.25 pmcolumn

. . .1
and nitrogen as carrier gas at a flow rate of 1 ml min™ .

Catalyst characterization

FTIR spectra were recorded with a Tensor 27 (Brucker) spectrometer. All the
spectra were measured at room temperature after the samples were pressed to KBr
wafers. X-ray powder diffraction patterns were obtained on a Siemens D5000
powder diffractometer with Cu K, radiation. The morphology and particle size of
the samples were investigated using a field emission scanning electron microscope
(S-4160, Hitachi). BET surface area of the samples was measured by N, adsorption
on an Autosorb-1 (Quanta Chrome) apparatus. ICP analysis was performed using an
Integra XL (GBC) apparatus.

Results and discussion

Fig. 1 shows the XRD patterns of the supported nickel boride catalysts. The XRD
pattern of an unsupported nickel boride catalyst has been included for comparison.
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Fig. 1 XRD patterns of the supported and the parent nickel boride catalysts (filled circle: NiB
crystalline phase)

Nickel boride has an amorphous structure and the two main “hills” indicated in
Fig. 1 may be attributed to the Ni,B phase [27]. The characteristic peaks of nickel
boride may not be discerned in the XRD patterns of the supported samples. This is
probably due to the very low amount of nickel boride present and/or a very good
dispersion of nickel boride catalyst on the supports. It should be noted that
according to the XRD analysis, the kieselguhr sample consists solely of a crystalline
crystobalite phase.

Fig. 2 shows the FTIR patterns of the supports and supported nickel boride
catalysts. The main difference between the o-alumina and o-alumina supported
nickel boride samples concerns the wavelength range of 500-1,500 cm™" (Fig. 2b, ¢).
The sharp and strong peaks at 1,266 and 919 cm™" are attributed to BO5 groups and
that at 612 cm ™' is assigned to BO, groups [28].

A comparison of the spectra belonging to the zeolite support and nickel boride/
zeolite catalyst (Fig. 2d, e) reveals the presence of BO5 groups (1,500-1,400 cm™"),
which is characterized by short and strong B—O chemical bonds. The weak double
peaks centered at ca. 1,453 cm™! and a single peak at 1,200 cm ™" are attributed to
anti-symmetrical stretching vibrations of v3;(BO;) modes of B—O bonds in BO3
groups [28].

FTIR spectra of kieselguhr and nickel boride on kieselguhr samples are presented
in Fig. 2f, g. The weak peak observed at around 1,450 cm™" on the Ni—B/kieselguhr
spectrum is attributed to anti-symmetrical stretching vibration of BO3 groups as for
the nickel boride/zeolite catalyst. In summary, it may be stated that the o-alumina
supports contain substantially more nickel boride entities compared to kieselguhr
and zeolite supported catalysts.
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Fig. 2 FTIR patterns of (a) nickel boride (b) o-alumina (c¢) o-alumina supported -catalyst
(d) clinoptilolite zeolite (e) clinoptilolite supported catalyst (f) kieselguhr and (g) kieselguhr supported
catalyst

Catalytic activity is a surface effect connected to the available and exposed
surface area of the catalyst [29]. The specific surface area of the supports and
supported catalysts is summarized in Table 1. The specific surface area of o-Al,O;
is inherently low (7.5 m?g™") and increases by a factor of ca. 4 upon impregnation
with nickel boride particles. Kieselguhr is also subjected to a significant increase of
surface area (more than fivefold) after the coating process (17-89 m”g™'). The
clinoptilolite zeolite undergoes a rather small increase in surface area (more than twofold).
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In each case, the increase in surface area is due to the addition of nanosized nickel
boride particles to the support materials. It goes without saying that nanoparticles
have inherently high surface areas due to their relatively small size, which are
substantially larger than the specific surface areas of the supports used in this work.
This is confirmed by referring to the FESEM pictures shown in Fig. 3a-h. It is
observed that unsupported nickel boride appears as detached nanosized, quasi-
spherical particles on the exposed surfaces of clinoptilolite and kieselguhr supports.
The nanoparticles exhibit an approximately sharp mono model distribution in
the case of kieselguhr, with an average particle diameter of around 30 nm. The
nickel boride particles on the zeolite show a relatively broad size distribution, in the
range of 20—150 nm. The smaller increase in the specific surface area for the zeolite
upon loading with the catalyst is attributed to the mentioned size distribution
difference.

The morphology of the nickel boride particles on a-Al,O3 support is not quasi-
spherical and represents a foamy structure. At this point, it is interesting to consider
the morphology of unsupported nickel boride particles. They exhibit a foamy
structure, too. Therefore, it seems that upon coating, a buildup of nickel boride
particles produced in the liquid phase on the a-alumina support takes place. The
mechanism of nanoparticle formation on the exposed surface of clinoptilolite and
kieselguhr is indeed different. Clinoptilolite and kieselguhr both have cation exchange
capacities (CEC). The CEC of the clinoptilolite sample is ca. 200 meq/100 g and
kieselguhr around 56 meq/100 g. Upon treatment with NiCl, solution, Ni*" cations
undergo an ion exchange reaction with the exchangeable cations on clinoptilolite and
kieselguhr surface. Hence, the initial available surface area of these materials
becomes saturated with covalently attached Ni*" cations. This is not the case for o-
alumina which has negligible exchange capacity. It is presumed that, upon contact
with NaBH, solution, the surface exchangeable Ni2* cations of clinoptilolite and
kieselguhr undergo an ion exchange reaction with the Na™ cations in the solution just
adjacent to the solid surface. The released Ni*™ cation then undergoes a redox
reaction with the BH, ™~ anion. This phenomenon results in the creation of seed points
for nickel boride entities on the surface, ultimately leading in the creation of the
nanosized detached nickel boride particles with quasi-spherical morphology. In the
case of o-alumina, the Ni*™ cations are mainly provided by the solution (dissolved
NiCl, in the NaBH, solution) and presumably, are first produced in the solution. This
explains the ‘build-up’ mechanism cited above for nickel boride particle formation on
a-AlO3.

The activity and selectivity of metal borides can be altered significantly by
varying the amount of metal-associated boron [30-32]. Table 2 shows the ICP

Table 1 Specific surface area

of the supports and catalyst/ Support SpeFiﬁc Catalyst/support Specific
support samples su?acglarea surzfacElarea
(m” g™ (m~g™)
Clinoptilolite 40 Ni-B/zeolite 88
Kieselguhr 17 Ni-B/kieselguhr 89
a-Al,O5 5-10 Ni-B/o-Al,O; 31
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boride (b and f), clinoptilolite supported nickel boride (¢ and g) and unsupported nickel boride (d and h)
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analysis for the supported catalysts samples. While the content of nickel and boron
is substantially higher for a-alumina, it is approximately the same for the zeolite and
kieselguhr supports. The corresponding chemical formula of the catalyst is Ni,B,
where x varies from 1.9 to 2.5. This is in accordance with the FTIR and FESEM
results, which showed a higher loading of nickel boride for the a-alumina support.

Fig. 4 shows the kinetic behavior of the supported catalysts for the PNP
hydrogenation reaction for an initial pressure of 25 bar. It is observed that
kieselguhr and clinoptilolite show a similar trend, while the reaction is significantly
slower in the case of o-alumina supported catalyst. The initial rate is ca.
—0.142 bar min~" for clinoptilolite and kieselguhr and —0.10 bar min~—" for o-
Al,Os. Recall that the nickel content of the latter catalyst is about 2.5 times that of
nickel boride/clinoptilolite or nickel boride/kieselguhr catalysts. The lower activity
of the a-alumina supported catalyst is mainly attributed to the lower specific surface
and foamy morphology of the nickel boride particles formed on the o-Al,O;
support. Actually, catalytic activity is a strong function of catalyst chemical
composition (core and surface) and morphology (determining the specific surface
area of the active site) at the same time. For clinoptilolite and kieselguhr supported
catalysts, the high surface area of the nickel boride particles compensates the lower

Table 2 ICP analysis of the

supported catalysts Catalyst/support Nickel (wt%) Boron (wt%)
Nickel boride/clinoptilolite 7.1 0.7
Nickel boride/kieselguhr 8.3 0.62
Nickel boride/o-alumina 20.7 1.52

®Keiselguhr WAlumina AZeolite

P(min)

0 10 20 30 40 50
t(min)

Fig. 4 Total pressure variation as a function of the hydrogenation reaction time
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boron content (inherent catalytic activity) and, the activity is generally higher than
for the alumina supported catalyst. As said before, the substantially lower surface
area of the nickel boride foamy body is the main cause of the relatively lower
activity, overshadowing the inherent higher activity due to higher boron content.

An important characteristic for supported catalysts is their re-usability for the
same reaction process conditions. The clinoptilolite supported catalyst was recycled
two times after completion of the reaction. The results are shown in Fig. 5. It is
observed that the catalyst activity is highly reduced after each run. It should be
noted that the unsupported nickel boride catalyst could only be used one time, while
the supported one showed activity in the third run. The loss of activity after
recycling is mainly attributed to the poisoning of the catalyst active sites by organic
amines and oxygenated nitro compound, formation of complex compounds and
dissolution of nickel during the reaction [33].

The clinoptilolite and kieselguhr supports exhibit a unique property which is very
promising for their industrial applications. Fig. 6a—d show the GC analysis of the
isolated and crystallized PAP final product. In the case of Fig. 6a, b, the reaction has
been stopped at ca. 70 % conversion of PNP. For the latter figures, the first sharp peak
on the left belongs to the PAP solvent used for the analysis. The peaks appearing ca.
3.03 min belong to PAP. The peaks appearing around 3.5 min belong to an acceptable
impurity. Itis noteworthy that the chromatogram of a high purity PAP sample provided
from MERCK Co. also shows the same peak. However, the chromatogram due to the
a-Al,O3 supported catalyst shows extra impurity peaks at 5.3 and 6.3 min. This is

#Firsttime MSecondtime AThird time

255 .
77" FRNMS CRS AR S SIS S S
245 TO-Baktmmmmdm e e b
A s é s ;

2% 4 -—— -t N bomeen o demm
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£ 235 T--®-t-—-—- - m———me bommm t----- 4----

-
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Fig. 5 Effect of clinoptilolite supported catalyst re-usage on pressure variation as a function of reaction
time
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Fig. 6 GC chromatograms of the isolated PAP crystals produced using (a) kieselguhr supported catalyst
(b) clinoptilolite supported catalyst (¢) a-alumina supported catalyst and (d) unsupported nickel boride

while the pertaining product has an unacceptable brown appearance. The pattern due
to the unsupported catalyst shows impurity peaks at 2.9 and 5.9 min. Trace impurities,
and especially those changing the appearance of the PAP product, are not acceptable
when the PAP product is going to be used in the production of dye stuffs and AC. The
impurity compounds may be 4-nitrophenol, 4-aminophenol among others. As we
could not identify them, it was not possible to quantify them. The main deduction at
this stage is that clinoptilolite and kieselguhr supports are highly desired for their
ability to eliminate such impurities in the final product. The authors of this work
suppose that presumably the impurities do create during the hydrogenation reaction,
but they are selectively adsorbed by the highly porous structure made available by the
supports. Such a phenomenon has not been reported so far. As a concluding remark, it
is interesting to consider the morphology of the final PAP crystals with and without the
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Fig. 7 Optical microscope pictures of PAP crystals obtained using a clinoptilolite supported catalyst and
b unsupported catalyst

presence of the aforesaid impurities (Fig. 7a, b). It is clearly observed that in the
absence of undesired impurities, the crystal assume a distinct mono-modal triangular
flaky morphology (Fig. 7a). In the presence of these impurities, the crystals tend to
have a multi-modal irregular morphology (Fig. 7b).

Conclusions

The morphology of supported nickel boride nanoparticles depends strongly on the
exposed surface cation exchange property of the support. This allows a nucleation
and growth mechanism of nickel boride particles on the exposed surface of the
support in the case of clinoptilolite and kieselguhr materials. Creation of nickel
boride nanoparticles on o-Al,O; proceeds via a nucleation/growth process
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originating in the adjacent liquid phase. This results in the “build-up” of bulky
nickel boride particles on the support. FTIR and ICP analysis show a higher loading
of the catalyst material on the support in the case of a-Al,O;.

Despite having a substantially higher loading of nickel boride, the o-Al,O;
supported catalyst has a significantly lower catalytic activity. This has been mainly
attributed to the lower specific surface and foamy morphology of the nickel boride
particles formed on the o-Al,O5 support. This is while nickel boride/clinoptilolite
and nickel boride/kieselguhr show a similar catalytic activity. This is due to a
similar loading and average particle size of the catalyst material on their exposed
surfaces.

Use of a supporting material like clinoptilolite allows the re-use of the catalyst up
to three times. However, the catalyst activity decreases after each hydrogenation
process. The catalyst activity is reduced 3.6 folds after one run and 4.7 folds after
the second run.

Unsupported nickel boride and o-Al,Os; supported nickel boride result in
unwanted trace impurities in the final PAP crystalline product. Instead, such
impurities are absent in the PAP product obtained using clinoptilolite and kieselguhr
supported nickel boride catalysts. Presumably, the latter supports selectively
adsorbed these impurities during the reaction.
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