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a  b  s  t  r  a  c  t

Herein,  we  investigate  the  effects  of altering  the  multifunctional  nature  of a series  of FeMoP  catalysts  for
biomass  deoxygenation  reactions.  Unsupported  FeMoP  catalysts  were  synthesized  at  reduction  temper-
atures  between  650 ◦C and  850 ◦C. The  reduction  temperature  used  during  the  synthesis  of  FeMoP  altered
the  surface  properties  of these  materials  (i.e.,  acidity  and  CO-titrated  metal  sites)  while leaving  the  bulk
crystal  structure  of  FeMoP  unaffected.  This  alteration  in  the  surface  properties  significantly  affected  the
catalytic  performance  of  FeMoP  materials  in the  deoxygenation  reactions.  The  catalytic  performance  of
the  FeMoP  catalysts  was  first investigated  using  the acid  catalyzed,  non-aqueous,  dehydration  of  cyclo-
hexanol.  Aside  from  showing  high  selectivities  to cyclohexene  (>99%)  for all  catalysts,  the  experiments
demonstrated  that FeMoP-650  showed  the highest  initial  rate  due  to the  largest  number  of  surface  acid
sites among  these  catalysts.  In addition,  these  FeMoP  catalysts  were  examined  using  the hydrodeoxygena-
tion  (HDO)  of phenol.  While  all FeMoP  catalysts  were  highly  selective  to  benzene  (∼90%)  at  conversions
iofuels less  than  15%,  studies  at higher  conversions  of phenol  provided  evidence  that  catalysts  with  a  higher
amount  of  acid  sites  maintained  enhanced  selectivity  to  benzene.  Furthermore,  the  stability  of  FeMoP
catalysts  for  phenol  HDO  was  tested  with  a 48  h time-on-stream  (TOS)  study.  FeMoP  exhibited  excellent
stability,  as  evidenced  by  the retention  of the  initial  reaction  rate, selectivity  to  benzene,  and  oxidation
state  of surface  species  throughout  the TOS  run.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lignocellulosic biomass is an abundant and renewable resource
rom which to derive value-added chemicals and hydrocarbons
1–5]. In particular, the lignin portion of biomass, primarily consist-
ng of phenolic ethers, is the largest source of aromatic compounds
n nature [6]. It has been demonstrated that phenolic ethers can be
atalytically transformed into a wide range of aromatic feedstocks
rimarily via deoxygenation reactions (e.g. hydrodeoxygenation
HDO)) [6]. Many transition metal catalysts, such as sulfides [7,8],
oble metals [9–12], and carbides [13,14], have been studied for

ignin and lignin model compound deoxygenation reactions at
levated temperatures (e.g., >200 ◦C) [15]. While these catalysts
ave shown high activities for these reactions, they suffered from

ither low selectivities to aromatic products (i.e., noble metals
16–18]) and/or low stability during the reaction (i.e., sulfides
19,20], oxides [21], and carbides [22]) due in part to (1) pref-

∗ Corresponding author.
E-mail address: jhicks3@nd.edu (J.C. Hicks).

ttp://dx.doi.org/10.1016/j.apcata.2016.06.011
926-860X/© 2016 Elsevier B.V. All rights reserved.
erential hydrogenation of CAROMATIC-H over CAROMATIC-O and (2)
chemical susceptibility to coking and oxidation resulting from the
oxygenated products.

To obtain a good balance of activity, selectivity, and stability
for catalytic deoxygenation of lignin and its derivatives, the cata-
lysts should provide the following surface properties: (1) acid sites
to aid in the removal of OH functional groups innate to lignin
derivatives [23,24], (2) metal sites to adsorb lignin derivatives and
catalyze HDO [13,25], and (3) coking and oxidation resistance under
the reaction conditions employed [19–21]. Mono-metallic transi-
tion metal phosphides represent an interesting and amenable class
of catalysts that can provide a unique combination of surface acidic
and metallic species active for the deoxygenation of lignin [25–27].
Monometallic phosphide catalysts (e.g., Ni2P, Co2P, MoP, and FeP
[28]), however, have been reported with low yields or low selectivi-
ties toward aromatic products in these reactions and exhibited low
stability due potentially to surface oxidation during the reactions

[28–30]. A highly promising method to modify the surface proper-
ties of phosphide catalysis is to incorporate a second metal into the
mono-metallic structure to form a bimetallic structure. Bimetallic
phosphides have been reported as catalysts with increased selec-

dx.doi.org/10.1016/j.apcata.2016.06.011
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2016.06.011&domain=pdf
mailto:jhicks3@nd.edu
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the catalyst in iso-propyl alcohol for 5 min, placing one drop of the
ig. 1. Schematic representation of the multifunctional properties of FeMoP cat-
lytically deoxygenating two lignin model compounds.

ivity to aromatic products compared to mono-metallic phosphides
n a variety of deoxygenation reactions [29,31–33]. In addition to
etaining surface acidity and surface metal sites, the incorpora-
ion of the second transition metal provides another method to
nhance the chemical, electronic, and surface properties of the
hosphide catalysts [25]. Moreover, the catalytic properties of
imetallic phosphides can be tuned for improved performance by
ltering phosphide synthesis conditions, expanding the application
f these materials to a variety of reactions [27,33]. However, there
as not been a systematic study performed to elucidate the impact
f synthetic conditions on surface properties and HDO catalytic
erformance.

In spite of the aforementioned potential of these materials, there
ave been few reports detailing the effects of bimetallic phosphide
ynthesis conditions on their catalytic surface properties [33]. In

 previous study, we employed bimetallic FeMoP as a catalyst to
leave CAROMATIC-O bonds of anisole, phenol, and phenethoxyben-
ene, which resulted in the production of deoxygenated aromatic
ompounds (e.g. benzene, toluene, ethylbenzene) with high selec-
ivities (∼90%) over the production of saturated compounds (e.g.
yclohexane) [27]. The FeMoP catalyst also showed good stability
or the deoxygenation of phenol, as it was able to catalyze this trans-
ormation for five consecutive reaction cycles with almost no loss
n selectivity [27].

Herein, we varied the FeMoP reduction temperature to inves-
igate the effects of synthesis conditions on catalytic surface
roperties (i.e., the number of surface acid and metal sites) and how
hese surface properties subsequently affected catalytic perfor-

ance in deoxygenation reactions. Specifically, the multifunctional
urface properties of the FeMoP catalysts were investigated using
he catalytic deoxygenation of two lignin model compounds, cyclo-
exanol (with CALIPHATIC-O) and phenol (with CAROMATIC-O)], as
robe reactions. The effect of acid sites present on the FeMoP
urface was probed via the non-aqueous, dehydration of cyclo-
exanol, whereas the effect of metal sites (i.e. CO-titrated metal
ites) on the FeMoP surface was studied via the HDO of phenol
Fig. 1). In addition, mechanistic studies were performed in order
o understand how the combination of acid sites and metal sites
ffected the product selectivity for the HDO of phenol. In addition
o detailed catalytic studies using these two reactions, the stability
f the FeMoP catalysts was also evaluated via a 48h time-on-stream
TOS) experiment for the HDO of phenol. From these detailed exper-

ments, it is evident that FeMoP catalysts can have a significant
mpact on deoxygenation reactions pertinent to biomass utilization
nd biofuels/bio-chemicals production.
A: General 524 (2016) 85–93

2. Experimental methods

2.1. Chemicals

All materials were used as-received with no further purifica-
tion: citric acid (Alfa Aesar, 99%), FeNO3·9H2O (Alfa Aesar, 99%),
(NH4)6Mo7O24•4H2O (Alfa Aesar, 99%), (NH4)2HPO4 (Amresco,
98%), phenol (Sigma-Aldrich, 99%), cyclohexanol (Alfa Aesar, 99%),
benzene (Alfa Aesar, 99%), cyclohexene (Alfa Aesar, 99%), cyclohex-
ane (Acros Organics, 99%) decane (Alfa Aesar, 99%), and Davisil®

silica gel (Sigma Aldrich, Grade 635, 60–100 mesh). All gas cylin-
ders (purity of ≥99.995%) were purchased from Airgas: Ar, He, N2,
H2, 1% O2/He, 2% NH3/He, and 30% CO/He.

2.2. Synthesis of FeMoP catalysts

FeMoP catalysts were synthesized according to a slightly
modified procedure we previously reported [27]. FeNO3·9H2O,
(NH4)6Mo7O24·4H2O, and (NH4)2HPO4 were added sequentially to
an aqueous citric acid solution (0.4 M in deionized water) while
achieving a molar ratio of Fe:Mo:P of 1:1:1. The solution was  par-
tially dried using a rotary evaporator to form a viscous liquid prior
to being transferred to a drying dish. The viscous solution was fur-
ther dried and calcined under an air atmosphere with a ramp rate
of 1.5 ◦C min−1 to 200 ◦C and held at 200 ◦C for an hour. Subse-
quently, resulting intermediate was  ground into a powder and then
subjected to the calcination under the air atmosphere at 550 ◦C
with a ramp rate of 1 ◦C min−1 and held at 550 ◦C for six hours.
The resulting material was a mixture of FePO4 and MoO3. After-
wards, the resulting powder was  reduced using a Lindberg Blue M
programmable tube furnace under the following condition: drying
at 100 ◦C for an hour under an Ar atmosphere with the flow rate
of 60 mL min−1 followed by two-step reduction under a H2 atmo-
sphere with the flow rate of 160 mL  min−1 (1st step: holding at
260 ◦C for an hour with the ramp rate of 5 ◦C min−1 (between 25 ◦C
to 260 ◦C); 2nd step: holding at target temperatures (i.e., 650, 750,
800, and 850 ◦C) for two hours with the ramp rate of 5 ◦C min−1

(between 260 ◦C to target temperature)). After the reduction, the
resulting FeMoP catalysts were cooled to room temperature under
the H2 atmosphere, passivated using a 1% O2/He with the flow rate
of 60 mL  min−1 for an hour, and then transferred to a glovebox
purged with a N2 atmosphere (>99%). The resulting FeMoP cata-
lysts were denoted as FeMoP-XXX, where XXX indicates the target
reduction temperature employed under the 2nd reduction step.

2.3. Characterization

X-ray diffraction (XRD) patterns were collected using a Bruker
DaVinci Advanced D8 X-ray diffractometer equipped with a Cu K�
radiation source (� = 1.5418 Å) under a 2� range of 20–60◦, a scan
speed of 3.5 s./step, and a size step of 0.02◦/step. Crystallite size was
evaluated using the Scherrer equation shown in Eq. (1), where K is
the shape factor (0.9, based on prior work on phosphides [34]), �
is the wavelength of the Cu K� source, � is the full width half max
(FWHM) value of the peak, and � is the Bragg angle.

crystallite size = K�

ˇcos�
(1)

In situ transmission electron microscopy (TEM) images were
acquired on a FEI Titan 80–300 microscope at 300 keV, equipped
with in situ sample holder along with heating chip (DENS Solu-
tions Corporation). The TEM samples were prepared by sonicating
suspension on the in situ sample holder, and then drying under
vacuum (10−2 torr) at room temperature for 2 h prior to analysis.
NH3 temperature programmed desorption (NH3-TPD) experiments
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ere conducted on a Micromeritics Chemisorb 2750 equipped with
 thermal conductivity detector (TCD) and TPx temperature con-
roller. The catalyst was re-reduced under a H2 atmosphere by
amping at a rate of 10 ◦C min−1 to 400 ◦C for an hour. Chemisorp-
ion of NH3 was performed at 100 ◦C for 3 h. Subsequently, NH3
esorption was performed in flowing He by ramping at 10 ◦C min−1

o 230 ◦C, holding for 42 min, then ramping at 10 ◦C min−1 to 400 ◦C,
nd holding for 42 min. The desorbed area was quantified based on
H3 calibrations determined using the 2% NH3/He. CO chemisorp-

ion experiments were conducted on the Micromeritics Chemisorb
750 instrument following the same pre-treatment steps as the
H3-TPD experiments. Pulse chemisorption of CO was performed
t 35 ◦C using 0.1 mL  injections of a 30% CO/He. The CO uptake
n each material was obtained by summing the area of each peak
nd subsequently quantified based on CO calibrations determined
sing 30% CO/He. Brunauer-Emmett-Teller surface area (SBET) of
he catalyst was analyzed using a Quantachrome Nova 2200e. A
HI VersaProbe II X-ray Photoelectron Spectrometer was  used to
btain X-ray photoelectron (XP) spectra of the catalysts to analyze
he surface species. The Fe 2p3/2, Mo  3d5/2, and P 2p3/2 peaks were
sed to compare binding energies based on a C 1s reference peak

ocated at 284.5 eV.

.4. Dehydration of cyclohexanol and HDO of phenol

All reactions were performed in a custom-built continuous flow
eactor. For the kinetic studies, the reaction was  operated in the
orward reaction-dominant regime with the conversion of 15%
r lower. In a typical experiment, 30 mg  of the catalyst particles
ere diluted using 100 mg  of Davisil® grade 635 and subsequently

acked in a 316 stainless steel reactor equipped with a stainless
esh steel screen (10 �m,  McMaster-Carr) and quartz wool (VWR

cientific) to immobilize the catalysts particles in the reactor. The
eactor was operated in an up-flow configuration. Flow rates of
eactant solutions (0.13 M of cyclohexanol dissolved in decane;
.13 M of phenol dissolved in decane) were controlled using a high
ressure liquid chromatography (HPLC) pump (Hitachi L-6000),
hereas flow rates of gases (100 mL  min−1 of N2 for cyclohexanol;

00 mL  min−1 of H2 for phenol) were regulated using a mass flow
ontroller (Aalborg GFC17). Reaction temperature was  set using
ID controllers and maintained at 180–220 ◦C (for cyclohexanol)
nd 350–400 ◦C (for phenol) using a heat tape (Omega Engineering)
quipped on the reactor. HDO reactions were operated in an excess
ydrogen flow with the feed molar ratio of H2 to phenol as ∼34.
atalytic results (i.e., conversion and selectivity) were quantified
sing an Agilent 7890A gas chromatograph (GC) directly coupled
ith an Agilent 5975C mass spectrometer (MS) based on external

alibration curves of both reactants and products. Throughout all
eaction runs, the carbon balance was 96% or greater. Conversion
nd selectivity were calculated based on Eqs. (2) and (3).

onversion = moles of reactant converted

moles of reactant fed
× 100 (2)

electivity = moles of specific product

moles of all products
× 100 (3)

All reported reaction rates are initial rates calculated by using
he rate expression discussed in the text and extrapolating to the

nitial solution concentration. The fitted rate law was  validated
ased on the reactions run at 400 ◦C with varying concentrations
f phenol and varying concentrations of H2 using the FeMoP-650
atalyst.
: General 524 (2016) 85–93 87

3. Results and discussion

3.1. FeMoP catalysts syntheses and characterizations

The FeMoP catalysts were synthesized following a procedure we
previously reported [27] except with varying reduction tempera-
tures ranging from 400 ◦C to 850 ◦C (Fig. S1). This led to a series of
FeMoP catalysts denoted as FeMoP-XXX (where XXX indicates the
reduction temperature). The bulk crystal structures of the resulting
FeMoP catalysts were investigated using X-ray diffraction (XRD).
The purpose of this XRD analysis was to determine the range of
reduction temperatures suitable for the production of the crys-
talline FeMoP structure. Aside from showing a peak assigned to
a FeMoP diffraction (Fig. S2), the catalysts synthesized at 600 ◦C or
below exhibited multiple diffractions attributed to bulk phases of
Mo,  MoO2, MoO3, FePO4, and Fe2PO7, and thus were not studied
as part of this work. In contrast, as shown in Fig. S3, the catalysts
synthesized at 650 ◦C or greater showed only diffractions assigned
to the crystalline FeMoP bulk phase, and thus were utilized in this
study. Notably, the increase in reduction temperatures used during
the synthesis of FeMoP catalysts resulted in the continuous growth
of FeMoP crystallites, as evidenced by the increase in average crys-
tallites size from 22 nm (650 ◦C) to 44 nm (850 ◦C) estimated using
the Scherrer equation (Table 1). This crystallite growth was  also
consistent to transmission electron microscopy (TEM) images of
FeMoP-550 heated in situ from 650 ◦C to 850 ◦C (Fig. S4). In this
experiment, a single region containing the catalyst was  imaged at
different temperatures to show the change in morphology. These
images revealed a significant morphological change at 800 ◦C, likely
resulting from the aggregation of FeMoP crystallites. In agreement
with the trend observed in both XRD and in situ TEM experiments,
the increase in reduction temperatures also led to the decrease in
BET surface areas (SBET) of the resulting FeMoP catalysts as deter-
mined by N2 physisorption experiments (Table 1).

The surface properties were investigated using x-ray photo-
electron spectroscopy (XPS). XPS analysis provided evidence the
surface of the FeMoP catalysts was composed of Fe, Mo,  and P
species that were close to their zero valence states or at a higher
oxidation state (Fig. S5). The oxidation state of the species close
to their zero valence state was  not clearly assigned due to inter-
atomic effects in phosphide materials that induced a Madelung
potential (electrostatic interaction), as reported for several MP  and
M2P materials (M = metal) [35,36]. These XP spectra also showed
the presence of oxidized species such as Fe3+, Mo6+, and P5+ located
at binding energies of 711.1 eV, 232.1 eV, and 133.5 eV, respec-
tively [27,37,38]. The oxidized surface species were likely formed
by either oxidation of the catalyst surface during passivation under
1% O2 in He during synthesis or by the incomplete reduction to the
FeMoP structure, both of which could provide Lewis and Brønsted
surface acid sites (M�+ as Lewis acid sites and M-OH and/or P-
OH as Brønsted acid sites) on the catalysts. Additionally, several
prior studies that synthesized monometallic phosphide catalysts
reported the evolution of phosphide gas during reduction of the
precursors [26,34,39]. To test the potential loss of P on the FeMoP
catalysts, XPS was  used to determine the ratio of metal atoms to P
atoms. The surface composition of P on FeMoP reduced at 650, 750,
800, and 850 ◦C was 34, 32, 32, and 31 at.%, respectively. While it is
possible that some P is removed at higher reduction temperatures,
the surface concentration of P was  fairly unaffected.

NH3-temperature programmed desorption (TPD) was used to
quantify the surface acid concentration (�ACID, �mol  m−2, in
Table 1) present on the FeMoP catalysts (Fig. S6) [29]. Prior reports

investigating NiMoP, MoP, and Ni2P have shown that two  types
of acid sites, Brønsted and Lewis, were present on the surface of
phosphide materials [29,30,40]. One report suggested that NH3
desorbed from these two  acid sites at different temperatures,



88 D.J. Rensel et al. / Applied Catalysis A: General 524 (2016) 85–93

Table 1
Physical properties of the FeMoP catalysts.

catalyst average crystallite sizea,b (nm) SBET
c (m2 g−1) �ACID

d (�mol m−2) NCO
e (�mol  g−1)

FeMoP-650 22.0 6.8 3.9 ± 0.4 28.5 ± 2
FeMoP-750 26.4 2.7 3.2 ± 0.3 9.6 ± 0.7
FeMoP-800 39.2 1.8 2.2 ± 0.2 5.3 ± 0.4
FeMoP-850 44.2 1.5 1.0 ± 0.1 2.0 ± 0.2

a Via Scherrer equation.
b Average of values evaluated at (011), (200), and (211).
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c Via N2 physisorption.
d Areal acid concentration (�ACID) via NH3-TPD and SBET.
e Via CO-pulsed chemisorption.

210 ◦C for Brønsted acids and ∼320 ◦C for Lewis acid sites [29].
he NH3 TPD plots in Fig. S6 shows two separate peaks, one at low
emperature (∼210 ◦C) and at high temperature (∼310 ◦C), which
uggested that two different types of acid sites were present on
he FeMoP materials. As shown in Table 1, the increase in reduc-
ion temperatures resulted in a decrease in �ACID, which suggested
hat thermochemical reduction under a H2 atmosphere eliminated
urface acid sites on FeMoP catalysts at elevated temperatures. In
ddition, the loss of surface area from sintering observed in in situ
EM images could also lead to the decrease in �ACID. The reduction

n Brønsted acid sites was likely caused by H2 that thermochem-
cally cleaved the OH groups on the surface of MP  or M1M2P,
iberating H2O [41–43]. This was suggested based on the phase
ransition of metal oxide and phosphate materials, which showed
he gradual elimination of surface Brønsted acid sites at reduction
emperatures of 500 ◦C or greater [41–43]. The Lewis acid sites also
ecreased with an increase in reduction temperature. One possi-
le reason for this decrease could be the heterolytic cleavage of H2
o form M�+-H�− surface species at higher reduction temperatures
44,45]. Other reports on supported metal phosphide catalysts (e.g.,
i2P [40]) have clearly shown Brønsted and Lewis acid sites from
ourier Transform Infrared spectroscopy (FT-IR) analysis. Attempts
o collect spectroscopic data of these acid sites on the unsupported
eMoP catalysts were unsuccessful because these samples were
ark in color and had a poor spectroscopic reflectivity, which in
urn showed only weak peak intensities in the FT-IR spectra. In
ddition to the investigation of �ACID innate to the FeMoP catalysts,
he quantity of CO-titrated surface metal sites (i.e. Lewis acid metal
ites and metallic sites [46,47], NCO) in the FeMoP catalysts were
lso determined via CO pulsed chemisorption experiments. Sim-
lar as the trend of �ACID, the increase in reduction temperatures
lso reduced the quantity of NCO (Table 1). The loss of CO-titrated
urface sites in the FeMoP catalysts at elevated reduction tempera-
ures was likely due to the loss in the surface area from the growth
f FeMoP crystallites (Fig. S4).

.2. Deoxygenation on the FeMoP catalysts

.2.1. Dehydration of cyclohexanol
The effects of altering surface properties of the FeMoP on cat-

lytic performance were then investigated using two lignin model
ompounds. Previously, surface acid sites (i.e. Brønsted and Lewis
cid sites) in various catalysts have been shown to catalyze the
ehydration of aliphatic alcohols with high selectivities to aliphatic
lkenes [48,49]. Therefore, to determine if the acid sites on the
eMoP catalysts were accessible and catalytically active, the dehy-
ration of cyclohexanol (a CALIPHATIC-OH compound, denoted as
OH), a model compound that can be generated from the hydro-

enation of lignin derivatives, was studied as a probe reaction
16,50]. The catalytic performances of the FeMoP catalysts for this
eaction were evaluated using a flow reactor under a N2 atmo-
phere (5.2 MPa) at 220 ◦C. All reaction runs were operated in the
reaction-limited regime (XCYCLOHEXANOL ≤15%) and utilized an iden-
tical amount of catalyst for each reaction (30 mg).

A 1st-order reaction assumption was used for the calculation
of reaction rate based on previous reports with solid acid cata-
lysts [16,51]. The initial rate of cyclohexanol consumption for each
catalyst was  calculated from the rate and concentration measured
during reaction. The measured rate was  used to determine the rate
constant, which was then multiplied by the initial concentration of
cyclohexanol to obtain the initial reaction rate. It should be noted
that neither mass transport limitations nor reaction heat effects
played significant roles during the kinetic evaluation. This was evi-
denced by three control reaction runs with FeMoP-650 at 220 ◦C
(Fig. S7) which showed consistent values of -r0,COH/MASS under the
employed reaction conditions (particle size = 60–100 mesh, flow
rate = 1.0 mL  min−1 solution, diluent ratio = 4 parts silica gel to 1
part catalyst), regardless of varying the size of the catalytic par-
ticles, flow rate of cyclohexanol, and amount of the diluent. The
FeMoP-800 catalyst was  excluded in this study due to its similar
surface properties (e.g., �ACID and SBET in Table 1) to those of FeMoP-
850. As expected, these reactions evolved cyclohexene with high
selectivities (>99%) at all temperatures with all catalysts (FeMoP-
650, FeMoP-750, and FeMoP-850). Values of -r0,COH/MASS for the
FeMoP catalysts showed that the -r0,COH/MASS values decreased
with an increase in the reduction temperatures used to synthesize
the FeMoP catalysts. Furthermore, as stated above, an increase in
reduction temperature also led to lower values of �ACID (Fig. 2a).
Finally, the initial forward reaction rates when normalized on the
number of acid sites per gram (-r0, COH/ACID) for FeMoP catalysts
reduced at 650, 750, and 850 ◦C were nearly identical at any given
reaction temperature (Fig. 2b). Therefore, surface acid sites were
the active sites for the dehydration of cyclohexanol.

Kinetic data for the dehydration of cyclohexanol at five temper-
atures (180, 190, 200, 210, and 220 ◦C) were evaluated in order to
obtain activation energies (EA) for the FeMoP catalysts. The FeMoP
catalysts not only followed Arrhenius behavior under the employed
reaction temperatures (Fig. 2b) but all materials also exhibited sim-
ilar values of EA (∼130 kJ mol−1) in this reaction. Previous studies
reported that similar values of EA suggested a similar pathway for
this reaction when using acid catalysts (e.g. HZSM-5 [17], 	-Al2O3
[52], and H3PO4 [17]). This suggests that all FeMoP materials cat-
alyzed the reaction following a similar mechanistic pathway.

3.2.2. HDO of phenol
The catalytic role of CO-titrated metal sites (NCO) present on

the surface of the FeMoP catalysts was investigated using another
lignin model compound, phenol (CAROMATIC-O, denoted as PHEN),
as a probe molecule. These CO-titrated metal sites are likely a com-
bination of near zero-valent metal sites [53,54] and Lewis acid sites
(or coordinatively unsaturated sites (CUSs) [30]), both of which

could be active sites for the HDO of biomass model compounds
[30,55,56]. In this study, phenol dissolved in decane was fed to
the reactor packed with the FeMoP catalysts at 400 ◦C and reacted
under a H2 atmosphere (5.2 MPa). Similar to the dehydration of
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n  Fig. 2b shows the fitted Arrhenius plots based on the data plotted in Fig. 2b. The 

yclohexanol, identical amounts (30 mg)  of FeMoP catalysts were
sed in each reaction run to compare the initial reaction rate nor-
alized on the mass of each catalysts (-r0,PHEN/MASS) resulting from

peration at XPHENOL ≤∼15%. Again, to ensure that the reactions
ere operated in the forward reaction-dominant regime, three con-

rol experiments were performed which demonstrated negligible
ass and heat transport effects during the reaction runs (Fig. S8).

he product selectivity in the forward reaction-dominant regime
avored the production of benzene (∼90% selectivity) for all FeMoP
atalysts at 400 ◦C (Fig. S9).

Phenol HDO was then performed at varying reaction tem-
eratures, and the results are depicted in Fig. 3. A decrease in
r0,PHEN/MASS was observed on FeMoP catalysts synthesized at
igher reduction temperatures (Fig. 3a). Additionally, as noted
bove (Table 1), the NCO sites decreased on the FeMoP catalysts
ynthesized at higher reduction temperatures. When these rates
ere normalized on NCO (-r0,PHEN/CO, Fig. 3b), all FeMoP catalysts

ad similar values of -r0,PHEN/CO, which suggested that the CO-
itrated metal sites were the primary active sites for the HDO of
henol. The normalization on CO-titrated metal sites was in agree-
ent with previous studies in which surface metals sites (NiMoP

29] and FeNiP [57]) of bimetallic phosphides were suggested as
ctive sites for the HDO of model compounds (e.g. anisole and 2-
ethyltetrahydrofuran). The -r0,PHEN/CO values for FeMoP-650 were

lightly lower than those for FeMoP-750 and FeMoP-850. This could
e due to the different accessibility of the reactant to active sites of
he much smaller crystallites observed in FeMoP-650 compared to
eMoP-750 and FeMoP-850 (Table 1 and Fig. S4).

Multiple prior studies have investigated two  site mechanisms
or HDO reactions of various CAROMATIC-O model compounds. On

o2C surfaces, one distinct metal site has been proposed to coor-
inate with the aromatic ring in the reactant while another metal
ite participates in the CAROMATIC-O bond cleavage [13,58–60]. Sev-
ral other studies have proposed that the O functionality in the
eactant binds to a hydroxyl or acid site while a reduced metal
ite facilitates H2 dissociation used to cleave the CAROMATIC-O bond
24,61–63]. Yet another type of mechanism that has been proposed
or HDO reactions is a Mars-van Krevelen or reverse Mars-van
revelen mechanism, which have been reported on oxide catalysts
here surface vacancies form to facilitate the reaction [21,64]. For

he FeMoP catalysts reported here, it is possible that a surface acid
ite binds to the OH in phenol to destabilize the Caromatic-O, while

educed metal surface sites dissociate H2 onto the surface. Using the
bove kinetic data in conjunction with reported mechanisms in lit-
rature [61,63], a two site Langmuir–Hinshelwood mechanism was
roposed (Eqs. (4)–(9)), where R, S1, and S2 indicate phenyl (C6H5)
SS) (b) and number of acid sites (-r0,COH/ACID) at several reaction temperatures. Inset
n Fig. 2b is a plot of ln(kapp) vs 1000/TReaction (K−1).

and two surface sites, respectively. H2 first dissociatively adsorbs
on two  S1 sites (Eq. (4)), while phenol adsorbs on S2 (Eq. (5)). In
the following step, a surface bound hydrogen species protonates
the absorbed phenol (Eq. (6)), followed by the addition of another
surface H species to form benzene (Eq. (7)). Two assumptions were
made to link this two-site mechanism to values of -r0,PHEN-MASS on
the FeMoP catalysts. Firstly, Eq. (7) was assumed irreversible and
the rate-determining step (RDS) [63]. Eq. (6) could also be the RDS,
but the derived rate expression in Eq. (10) would have the same
form. Secondly, all elementary steps, except Eq. (5), were assumed
to be pseudo-steady state, which provided a site-balance involv-
ing all chemical species adsorbed on both S1 and S2 during the
HDO of phenol. The resulting −rPHEN/MASS based on the aforemen-
tioned assumptions can be expressed in Eq. (10), where k, K1, and
K2 denote reaction rate constant, adsorption coefficient for phenol,
and adsorption coefficient for H2, respectively.

H2 + 2S1 � 2H − S1 (4)

R − OH + S2 � R − OH − S2 (5)

R − OH − S2 + H − S1 � R − OH2 − S2 + S1 (6)

R − OH2 − S2 → OH − S2 + R − H (7)

OH − S2 + H − S1 � H2O − S2 + S1 (8)

H2O − S2 � H2O + S2 (9)

−r0,PHEN/MASS = k

[
K1C0,PHEN(

1 + K1C0,PHEN
)
]⎡

⎢⎣
(
K2C0,H2

) 1
2(

1 +
(
K2C0,H2

) 1
2

)
⎤
⎥⎦ (10)

Eq. (10) could be further simplified based on an additional study
where -r0,PHEN/MASS was  monitored as a function of C0,H2 and C0,PHEN
(Fig. 4).

The initial phenol HDO rate (-r0,PHEN/MASS) showed 0th-order
dependence on the initial hydrogen concentration C0,H2 leading
to the simplified rate expression in Eq. (11). In this simplification,
because the initial hydrogen concentration (C0,H2) used during the
reaction was far greater than the C0,PHEN, the contribution of C0,H2
to -r0,PHEN/MASS was  assumed constant and therefore incorporated
into the value of k′ (Eq. (11)).

′

[
K1C0,PHEN

]

−r0,PHEN/MASS = k (

1 + K1C0,PHEN
) (11)

Having proposed a mechanism and derived a rate law,
data for -r0,PHEN/MASS of FeMoP-650 (Fig. 4) were fitted to a
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Fig. 3. Initial reaction rates for phenol HDO normalized on (a) mass (-r0,PHEN/MASS) and (b) CO-titrated metal sites (-r0,PHEN/CO) at various reaction temperatures. Inset in Fig. 3b
shows  the fitted Arrhenius plots based on the data plotted in Fig. 3b. The inset in Fig. 2b is a plot of ln(k′) vs 1000/TReaction (K−1).

Fig. 4. Plot of -r0,PHEN/MASS at various initial concentrations C0,H2 (black circles) and
C0,PHEN (blue hollow squares) using FeMoP-650 for the HDO of phenol at 400 ◦C. (For
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∼90% to ∼75%, when increasing the values of XPHEN up to ∼70%.
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

angmuir–Hinshelwood kinetic model with an excellent agree-
ent (R2 ∼ 0.97, Fig. 5).

Furthermore, the value of K1 was extracted from this data,
hich was determined as 2.0 M−1 at 400 ◦C (Eq. (11)). Consider-

ng that the values of C0,PHEN ranged from 0.05 M to 0.13 M,  the
alues of resulting K1C0,PHEN were close to unity and could not be
eglected. Based on the fitted data in Fig. 5, the value of k′ was
alculated to be 1160 min−1. Based on the rate expression in Eq.
10), the apparent activation energies (EA) of the FeMoP catalysts
ere determined by performing reactions at three additional reac-

ion temperatures (350 ◦C, 380 ◦C, and 390 ◦C). The values of EA
∼ 100 kJ mol−1, Fig. 3b) were similar for all FeMoP catalysts, which
gain implied a similar reaction pathway on these materials. Fur-
hermore, in addition to consistently showing high selectivity to
enzene (SBEN) at all reaction temperatures (Fig. S9), the FeMoP
atalysts also exhibited values of initial forward rates of phenol
ormalized on NCO (-r0,PHEN/CO) that were almost invariant at each

eaction temperature (Fig. 3b). The similar EA values and -r0,PHEN/CO
or all FeMoP catalysts suggested that the FeMoP materials cat-
lyzed the HDO of phenol along a similar reaction pathway [17,52]
Fig. 5. Initial rate of phenol HDO on FeMoP-650 normalized on mass (-r0,PHEN/MASS)
fitted to Langmuir-Hinshelwood kinetic model.

and, furthermore, the surface metal sites on the FeMoP catalysts
were likely the active sites for this reaction.

3.2.3. Mechanistic evaluation
The reaction pathway on the active sites of the FeMoP catalysts

(CO-titrated metal sites) was investigated by observing the product
selectivities from phenol HDO at different conversions. This was
motivated by our previous batch reactions, using anisole as the
model CAROMATIC-O compound, operated at high values of XANISOLE
(i.e. >25–99%), which showed the FeMoP catalysts synthesized via
the reduction at 750 ◦C or lower led to an increase in aromatic prod-
ucts (e.g. benzene and toluene) compared to the FeMoP analogues
synthesized at higher reduction temperatures [27]. As shown in
Fig. 6, the FeMoP catalysts showed very different values of SBEN at
higher values of XPHEN (e.g., ∼70%).

The SBEN on both FeMoP-650 and FeMoP-750 consistently
reached values of ∼90% throughout the high conversion study.
FeMoP-850, in contrast, showed a decrease in values of SBEN from
The change in product selectivity at different conversions of phe-
nol was likely due to surface coverage of the reactant and product
molecules. At lower values of XPHEN the surface is covered primar-
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Fig. 6. Selectivity to benzene (SBEN) at various conversions of phenol (XPHEN) on the
FeMoP catalysts at 400 ◦C.
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ig. 7. (a) HDO pathway for CUSs (green circle) and (b) hydrogenation pathway for
etallic sites (red square) on the FeMoP surface. (For interpretation of the references

o color in this figure legend, the reader is referred to the web version of this article.)

ly with phenol, and thus HDO reactions dominate. At higher values
f XPHEN, the increased formation of benzene leads to higher sur-
ace coverages of benzene, which would allow for its subsequent
ydrogenation on the FeMoP catalysts. One possible reason for the
ifferent values of SBEN among the FeMoP catalysts at higher XPHEN
re due to the loss of CUSs (i.e. Lewis acid sites) on the FeMoP
atalysts synthesized at higher reduction temperatures. Further-
ore, the surface characterization in Table 1 shows that FeMoP-650

nd FeMoP-750 contained a similar amount of acid and CO-titrated
ites, while FeMoP-800 and FeMoP-850 had a higher amount of
O-titrated sites compared to acid sites. Therefore at least two
ypes of metal sites likely existed on the FeMoP catalysts, metal-
ic sites and CUSs (i.e. Lewis acid sites) [30,40]. The CUSs were
f particular interest because prior reports with sulfide and phos-
hide catalysts suggested the CUSs to be the active sites for HDO
f model compounds [30,55,56,65]. Additionally, it has been pre-
iously proposed in multiple independent studies that metallic
ites are capable of hydrogenating aromatic rings to form aliphatic
roducts (i.e. cyclohexane and cyclohexene, denoted as aliphatic)
30,66,67]. Thus it is proposed for these FeMoP materials (and sum-

arized schematically in Fig. 7) that the surface likely contained
USs that catalyzed the direct HDO of CAROMATIC-O, likely leading
o the large SBEN for FeMoP-650 [30,55,56], and metallic sites that
urther hydrogenated the adsorbed CAROMATIC, likely resulting in
he higher rate of formation of aliphatic products for FeMoP-850

24,30,50]. Higher reduction temperatures may  facilitate the loss
f CUSs (i.e. Lewis acid sites) by removing them via heterolytic
leavage of H2 [44,45], as shown by the decrease in values of NACID
ith increasing reduction temperatures (Table 1). Furthermore,
: General 524 (2016) 85–93 91

previous reports have demonstrated that the key CUSs in molyb-
denum sulfide catalysts, which are similar in surface properties to
phosphide catalysts (i.e. Brønsted, Lewis, and metallic sites), pre-
dominantly formed on edges and rims of planes [68–70]. Thus, a
reduction of edge and rim atoms compared to surface atoms via sin-
tering could also decrease the number of CUSs relative to metallic
surface atoms [68,69]. Therefore, the significant crystallite growth
seen in the Scherrer analysis of XRD (Table 1) and morphology
change observed in the in situ TEM analysis (Fig. S4) could lead
to a reduction in the ratio of edge and rim atoms relative to metal-
lic surface atoms, which would ultimately lead to a decrease in
aromatic selectivity. Of note, it is possible that the water formed
during the HDO of phenol could potentially interact with the sur-
face to influence the acidity and thus the reactivity of the catalysts.
This effect was  tested by pulsing pure water for intervals of ∼15 min
during a time-on-stream study while operating at close to 20% phe-
nol conversion using FeMoP-850. From the results shown in Fig.
S10, the addition of water did not significantly affect -r0,PHEN/CO or
SBEN. Therefore, from these studies, the water produced from the
reaction is unlikely to affect the reactivity of the catalysts under
these operating conditions.

The HDO and hydrogenation pathways on the FeMoP catalysts
were evaluated by co-feeding a reactant mixture of phenol and
benzene at 400 ◦C. For these control experiments, FeMoP-650 and
FeMoP-850 were used as the catalysts due to their different SBEN
profiles (Fig. 6). In these reactions, phenol (0.13 M)  mixed with
benzene (30 mol% with respect to the concentration of phenol, or
0.039 M)  was used as the feed stream. The 0.039 M concentration
of benzene was added in order to mimic  the onset of hydrogenated
products that were shown in Fig. 6 (SBEN started to decrease at
XPHEN of ≥20%). Instead of investigating SBEN, the production rate of
cyclohexene and cyclohexane (rALIPHATIC, �mol  min−1) was  calcu-
lated at different residence times (Fig. S11). For the FeMoP-650 and
FeMoP-850 catalysts, the addition of benzene to the feed stream
decreased XPHEN. It is likely that benzene competitively adsorbed
on the surface, which would result in a decreased XPHEN. The addi-
tion of benzene to the feed stream also slightly increased the values
of rALIPHATIC for FeMoP-650 (0.12 �mol  min−1 to 0.34 �mol  min−1

at ∼70% conversion) (Fig. S11). Therefore, benzene could be hydro-
genated on the FeMoP-650 catalyst under these conditions. This
result also suggested that phenol was first deoxygenated to ben-
zene and then subsequently hydrogenated to aliphatics through
tandem reactions. The addition of benzene enhanced the values of
rALIPHATIC for FeMoP-850 (0.76 �mol  min−1 to 2.54 �mol  min−1 at
∼70% conversion). This large increase in rALIPHATIC on FeMoP-850
suggested that the decrease in SBEN observed in Fig. 6 was a result
of subsequent hydrogenation reactions. Therefore, it is possible that
either the hydrogenation sites on FeMoP-850 were more active or
present in a higher density (per mass basis) than the hydrogenation
sites on FeMoP-650. To verify that FeMoP-850 was more active for
benzene hydrogenation than FeMoP-650, reactions were run with
only benzene to determine the rate of consumption of benzene (-
r0,BEN,CO) (Fig. S12). FeMoP-850 was  ∼ 2.5 times more active than
FeMoP-650 when normalized on CO-titrated sites. The results of
these residence time studies were in line with two  suggested reac-
tion pathways, shown in Fig. 7, where the acid sites facilitate HDO
on phenol followed by benzene hydrogenation on metallic sites
(Fig. 8).

3.2.4. Stability in the HDO of phenol
The catalytic stability of FeMoP-650 (catalyst with -r0,PHEN/MASS)

was examined via a time-on-stream (TOS) study over 48 h under

5.2 MPa  of H2 at 400 ◦C. For 48 h, FeMoP-650 was able to maintain
activity (-r0,PHEN/CO ∼9.5 �molPHEN �molCO

−1 min−1) and selec-
tivity (SBEN ∼90%), which demonstrated the catalytic stability of
FeMoP-650.
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Fig. 8. TOS study of the FeMoP-650 catalyst for the HDO of phenol.

The catalytic stability of FeMoP-650 after the TOS run was
urther investigated using XPS in order to study the change in oxi-
ation state of the surface species. The resulting XP spectrum was
ompared with that prior to the TOS run in order to determine if the
urface of FeMoP-650 was altered due to the reaction conditions
Fig. S13). The C 1 s region in the XP spectrum after the TOS run
as first observed to investigate the potential formation of surface

arbidic species that have been reported as active species for this
eaction [71–73]. The XP spectrum did not show a peak associated
ith surface carbidic species (located at binding energies between

80 and 283 eV). Therefore, the possible role of surface carbidic
pecies to catalyze this reaction was excluded. In addition, the other
urface elements observed in the regions of Fe 2p 3/2, Mo  3d 5/2,
nd P 2p 3/2, were composed of two surface species (i.e. near zero-
alent species and oxidized species [53]). For the reduced surface
pecies, their oxidation states were retained throughout the TOS
un, as evidenced by unchanged binding energies in the XP spectra
Fe�+ at ∼706.7 eV; Mo�+ at ∼227.6 eV; P�− at ∼129.2 eV) [53,54,74].
n contrast, oxidized surface species were reduced during the TOS
un, as demonstrated by the decrease in binding energies of these
xidized species. During the TOS run, surface P species assigned
o phosphate (at 133.5 eV) were also reduced to generate surface
pecies assigned to pyrophosphate species (132.7 eV) [27]. In par-
icular, surface species of Fe3+ (at 711.1 eV) and Mo6+ (at 232.1 eV)
nherent to the FeMoP-650 were reduced to Fe2+ (710.2 eV) and

o5+ (230.7 eV). These results suggested that the oxidized surface
pecies underwent an in situ reduction during the reaction due to
he presence of elevated pressure H2. Therefore FeMoP-650 show-
ased enhanced catalytic stability due to in situ reduction of the
urface, which prevented complete surface oxidation and deacti-
ation.

. Conclusions

In summary, we have studied the multifunctional surface char-
cteristics of FeMoP catalysts as they pertain to the deoxygenation
f biomass model compounds. The surface properties were altered

y changing the reduction temperature used during the catalyst
yntheses (650–850 ◦C). It was determined that the materials with
he highest acidity (�ACID) and CO-titrated metal sites (NCO) were
ttainable at the lowest reduction temperatures. These FeMoP

[
[
[

A: General 524 (2016) 85–93

materials acted as non-aqueous phase acid catalysts for the dehy-
dration of cyclohexanol at 180 and 220 ◦C, and FeMoP-650 showed
the highest mass normalized rate due to the largest amount of
surface acid species. All FeMoP catalysts yielded similar activation
energy values for the dehydration of cyclohexanol (∼130 kJ mol−1),
which suggested that all FeMoP catalysts followed a similar reac-
tion pathway. In addition, the CO-titrated surface metal sites were
studied via hydrodeoxygenation (HDO) of phenol at 350–400 ◦C.
At conversions <15%, all FeMoP catalysts were ∼90% selective to
benzene and displayed similar activation energies (∼100 kJ mol−1),
suggesting a similar HDO reaction pathway on these FeMoP cat-
alysts. However, at conversions >20% the selectivity to benzene
decreased on FeMoP-850. When benzene was added into the feed
stream, FeMoP-650 favored HDO of phenol with minimal hydro-
genation of benzene while FeMoP-850 was  significantly more
active for the hydrogenation of benzene to aliphatic compounds.
The high selectivity to benzene on FeMoP-650 was  potentially due
to the increased number of coordinatively unsaturated sites, which
could be altered based on reduction temperature. Furthermore, the
FeMoP catalysts provided long-term stability due in part to in situ
reduction of surface species in the presence of H2 gas, as evidenced
by a 48 h time-on-stream study and XP spectra after the reaction.
Therefore, based on the high selectivities to the aromatic prod-
uct and high catalytic stability, FeMoP is highly applicable to other
lignocellulosic biomass relevant deoxygenation reactions.
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