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Abstract—This article describes the production of unsupported nickel phosphide catalysts generated in situ in a
reaction mixture from water-soluble and oil-soluble precursors during the hydroconversion of levulinic acid. These
catalysts contain crystalline phases, specifically Ni;,Ps and Ni(PO3),. During the hydrogenation of levulinic acid in
toluene in the presence of NiP-TOP, a lower temperature and a shorter reaction time contribute to the formation of
v-valerolactone (100% selectivity). A higher temperature and a longer reaction time favor the formation of valeric
acid (94% selectivity). In the hydrogenation of levulinic acid in ethanol in the presence of NiP-H;PO,, the main

reaction product is ethyl levulinate (95% selectivity).
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Biomass is one of the most promising renewable
energy sources. The main components of lignocellulosic
biomass are lignin, cellulose, and hemicellulose.
Lignocellulosic biomass undergoes high-temperature
acid-catalyzed hydrolysis to produce levulinic acid to be
utilized in subsequent organic synthesis [1-3]. A large
variety of levulinic acid products are formed in the course
of hydrogenation and hydrodeoxygenation reactions.

The most common catalysts for the hydrogenation and
hydrodeoxygenation of oxygen-containing substrates are
noble metals, non-noble transition metals, and transition
metal sulfides deposited on an acidic or neutral support
[4-6]. Carbides, phosphides, and nitrides of transition
metals are also used for this purpose, though less
commonly [5-7].

Transition metal phosphides, both supported and
unsupported, are used in hydroprocessing. Unsupported
metal phosphides have been studied in application to the
hydroprocessing of phenols [8—12], as well as higher fatty
acids and their esters [13—15].

References [16—18] suggest a method for the
hydrodeoxygenation of oxygen-containing compounds
in the presence of transition metal phosphides, which
involves in situ generation of an unsupported phosphide
active phase directly in the hydrodeoxygenation reactor.
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This method has been well known to be employed for
hydroconversion of heavy oil residues in the presence
of transition metal sulfides, which can be generated in
situ from oxides due to H,S formation in the reaction
mixture [19].

The purpose of this study was to prepare in situ nickel
phosphides in the reaction mixture and to examine their
catalytic activity in the hydroprocessing of levulinic acid.

EXPERIMENTAL

Nickel(II) acetate tetrahydrate (Sigma-Alrdrich, 98%)
and hypophosphorous acid (Sigma-Aldrich, 50 wt % in
H,0) were used as precursors to prepare a NiP-H;PO,
catalyst. Nickel(II) 2-ethylhexanoate (Aldrich, 78 wt %
in 2-ethylhexanoic acid) and trioctylphosphine (Acros
Organics, 90%) were taken as precursors to prepare
a NiP-TOP catalyst. Levulinic acid (Sigma-Alrdrich,
>97%) was used as a hydrogenation substrate, while
toluene (Komponent-Reaktiv, >99%) and ethanol
(Reachem, >99%) were used as solvents. Acetone
(Komponent-Reaktiv, technical grade), petroleum ether
70/100 (Komponent-Reaktiv, technical grade), gaseous
H, (Air Liquide, >98%), and Ar (Air Liquide, >98%) were
also used in the study. The ethanol was held over 3 A
molecular sieves (Sigma-Aldrich, 3.2 mm pellets) to
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Fig. 1. XRD patterns of catalyst samples: (a) NiP-TOP prepared in situ from oil-soluble precursors in toluene at: (/) 300 and (2) 350°C;
(b) NiP-H;PO, prepared in situ from water-soluble precursors in ethanol at: (1) 250, (2) 300, and (3) 350°C.

remove water. The remaining reagents were used without
pretreatment.

Nickel phosphide based catalysts were prepared in
situ from water-soluble and oil-soluble precursors in a
stainless steel slurry reactor during a series of catalytic
tests. A mixture of nickel(Il) acetate [or nickel(II)
2-ethylhexanoate] and hypophosphorous acid (or
trioctylphosphine) (P/Ni molar ratio = 2), as well as
5 wt % oflevulinic acid solution (substrate/Ni molar ratio =
25) in ethanol (or toluene), were introduced into the
reactor. The H, initial pressure was 5 MPa. The reactor
was heated to 250-350°C under vigorous stirring for
1-6 h. The liquid products were centrifuged (5000 rpm)
from the catalyst. The resultant catalysts were labeled
NiP-H;PO, and NiP-TOP, respectively. To remove the
residues of water-soluble and oil-soluble precursors, the
NiP-H;PO, was washed successively with water and
acetone, while the NiP-TOP was washed with petroleum
ether. The catalysts were dried and stored in an inert argon
atmosphere.

The liquid products were qualitatively analyzed
using a ThermoFischer Scientific Thermo Focus DSQ
IT gas-liquid chromatograph (GLC) equipped with
a mass-spectrometric detector, a Varian VF-5MS
capillary column (30 m x 0.25 mm x 0.25 um), and
helium as a carrier gas. NIST/EPA/NIH databases were
used to identify components. The liquid products were
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quantitatively analyzed on a Crystal-Lux 4000M GLC
(produced by “Meta-Chrom” Research and Production
Company) equipped with a flame ionization detector,
a Supelco Incorporated SPB-1 capillary column
(30 m x 0.25 mm x 0.25 pm), and helium as a carrier
gas. The NetChromWin software package was used for
the chromatographic analysis and interpretation of the
chromatograms.

X-ray diffraction (XRD) of the catalyst samples was
performed using a Rotaflex RU-200 diffractometer (in
CuK,, radiation) equipped with a Rigaku Corporation
D/Max-RC goniometer (rotation rate 1° 26/min, step
0.04°, 20 range 10°-90°). The qualitative phase analysis
of the samples was performed using the ICDD PDF-2
database and the MDI Jade® software package.

RESULTS AND DISCUSSION

The in situ generated nickel phosphide catalysts
were examined by XRD. The examination confirmed
the generation of a crystalline nickel phosphide phase in
the NiP-TOP samples prepared at 300-350°C in toluene
after 6 h of the reaction (Fig. 1a) and in the NiP-H;PO,
samples prepared at 250-350°C in ethanol after 6 h
of the reaction (Fig. 1b). The NiP-TOP obtained at
250°C was not separated from the reaction mixture by
centrifugation. A nickel phosphide phase (Ni;,Ps) and a
nickel metaphosphate phase [Ni(PO;),] were identified
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Fig. 2. Effects of reaction temperature on distribution of levulinic acid hydrogenation products: (a) in toluene, over NiP-TOP
[(1) y-valerolactone, (2) valeric acid]; and (b) in ethanol, over NiP-H;PO, [(7) ethyl levulinate, (2) y-valerolactone, (3) ethyl valerate].

(PDF#22-1190 and PDF#28-0708, respectively) in all
the catalyst samples. Some of the reflections were not
identified.

The catalytic activity of the NiP-TOP and NiP-H;PO,
nickel phosphides generated in situ was examined in
the hydrogenation of levulinic acid. All conversions of
levulinic acid occurred both on metal active sites (Ni
in Ni;,Ps) and on acid active sites [16]. The phosphate
group in Ni(PO;), shows Brensted acid site properties,
whereas Ni?" in Ni(PO;), exhibits the properties of a
Lewis acid site.

The temperature effects on the reaction product yields
were examined for 6 h. The levulinic acid conversion in
toluene in the presence of nickel phosphide generated
in situ (NiP-TOP) reached 100%. y-Valerolactone and
valeric acid were identified as levulinic acid hydrogenation
products (Fig. 2a). At 250°C, y-valerolactone was
produced with 100% selectivity. There are two alternative
routes of levulinic acid conversion into this compound:
the dehydration of levulinic acid into angelica lactone
followed by its reduction to y-valerolactone; or the
reduction of levulinic acid to 4-hydroxyvaleric acid
followed by dehydrocyclization into y-valerolactone
(Scheme 1) [20, 21]. As the temperature was elevated to
300°C, the y-valerolactone selectivity declined to 61%,
whereas valeric acid was identified as an additional reaction
product (with 39% selectivity). Valeric acid is formed
by two routes: dehydration followed by hydrogenation
of 4-hydroxyvaleric acid [22, 23]; or decyclization of
y-valerolactone followed by hydrogenation (Scheme 1)
[24]. A further temperature elevation to 350°C resulted
in a y-valerolactone selectivity drop to 6% and a valeric

acid selectivity boost to 94%. Thus, a lower temperature
(250°C) promotes the formation of y-valerolactone, while
a higher temperature (350°C) favors the formation of
valeric acid.

The levulinic acid conversion in ethanol in the
presence of nickel phosphide generated in situ
(NiP-H;PO,) reached 100%. Ethyl levulinate,
y-valerolactone, and ethyl valerate were identified as
levulinic acid hydrogenation products (Fig. 2b). Among
them, ethyl levulinate was the main reaction product
(Scheme 1). With temperature elevation, the ethyl
levulinate and y-valerolactone selectivities declined,
while the ethyl valerate selectivity increased. The highest
selectivity values achieved were: 85% for ethyl levulinate
(at 250°C), 14% for y-valerolactone (at 250°C), and 29%
for ethyl valerate (at 350°C).

The effects of reaction time on the product yields
were examined at 350°C. The levulinic acid conversion
in toluene in the presence of nickel phosphide generated
in situ (NiP-TOP) reached 100%. y-Valerolactone
and valeric acid were identified as levulinic acid
hydrogenation products (Fig. 3a). As the reaction time
was extended, the y-valerolactone selectivity declined,
whereas the valeric acid selectivity increased. The highest
selectivity values achieved were: 80% for y-valerolactone
(after 1 h of the reaction), and 94% for valeric acid (after
6 h). Thus, a shorter reaction time promotes the formation
of y-valerolactone, while a longer reaction time favors
the formation of valeric acid. The achievement of full
levulinic acid conversion after 1 h of the reaction suggests
that valeric acid is produced through the formation of
y-valerolactone and pentenoic acid (Scheme 1).
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Scheme 1. Routes of levulinic acid conversion in presence of nickel phosphide catalysts.
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The levulinic acid conversion in ethanol in the
presence of nickel phosphide generated in situ
(NiP-H;PO,) reached 100%. Ethyl levulinate,
y-valerolactone, and ethyl valerate were identified as
levulinic acid hydrogenation products (Fig. 3b). The
highest selectivity values achieved were: 95% for
ethyl levulinate (after 1 h of the reaction), 10% for

(a)
100
80
X
» 60
z
5]
L 40+
(]
n
20%
0 .
1 2 3 4 5 6
Time, h

y-valerolactone (after 6 h), and 29% for valeric acid
(after 6 h).

CONCLUSIONS

The use of oil-soluble and water-soluble nickel and
phosphorus precursors makes it possible to prepare in situ
catalyst samples that contain a nickel phosphide phase

(b)
100
1
80
X
= 60
z
k3]
% 40+
1%5) 3
__.__.-"
20 | ——
____.-—-""- ——— =7
1 2 3 4 5 6
Time, h

Fig. 3. Effects of reaction time on distribution of levulinic acid hydrogenation products: (a) in toluene, over NiP-TOP [(/) y-valerolactone,
(2) valeric acid]; and (b) in ethanol, over NiP-H;PO, [(/) ethyl levulinate, (2) y-valerolactone, (3) ethyl valerate].
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(Ni;,P5) and a nickel metaphosphate phase [Ni(PO5),].
The resultant catalysts are active in the hydrogenation
and hydrodeoxygenation of levulinic acid. The phosphate
phase promotes the acid-catalyzed reactions [16].
Levulinic acid hydrogenation in toluene in the presence
of NiP-TOP generates y-valerolactone and valeric
acid. A lower temperature and a shorter process time
contribute to the formation of y-valerolactone, while a
higher temperature and a longer reaction time favor the
formation of valeric acid. Levulinic acid hydrogenation
in ethanol in the presence of NiP-H;PO, generates ethyl
levulinate, y-valerolactone, and ethyl valerate, where ethyl
levulinate is the main product. Thus, y-valerolactone,
valeric acid, and ethyl levulinate can be produced with
high selectivity by varying the reaction conditions, the
phosphide precursors, and the solvent.
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