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Highlights

1. Silica alumina supported Ni@Pd and Ni@Pt overlayer catalysts were synthesized via
directed deposition technique and tested for hydrodeoxygenation of guaiacol at
atmospheric pressure.

2. Opverlayer catalysts with the reduced adsorption strength showed significantly enhanced
deoxygenation activity compared with Pd or Pt only catalyst.

3. Selectivity of benzene, toluene, and xylenes could be up to 80% on Ni@Pd overlayer
catalyst at a W/F of 4 h.

4. Overlayer formation using directed deposition technique provides a way to modify the

behavior of the surface metal and ultimately modify the hydrodeoxygenation activity

ABSTRACT

First principle computational studies have predicted that formation of Pd or Pt overlayer on Ni
base metal would cause a negative shift of d-band center of surface Pd or Pt, resulting in reduced
binding strength for adsorbed species. In this paper, silica alumina supported Ni@Pd and Ni@Pt
overlayer catalysts were synthesized via directed deposition technique and tested for
hydrodeoxygenation of guaiacol at atmospheric pressure. Several characterization techniques
such as hydrogen chemisorption, ethylene hydrogenation descriptor reaction, XRD and TEM
studies were employed to characterize the catalysts. H2 chemisorption results showed that
Ni@Pd and Ni@Pt overlayer catalysts had reduced H2 adsorption strength compared to Pd or Pt
only catalyst, which agreed with the computational prediction. As predicted, the overlayer
catalysts also showed lower activity for ethylene hydrogenation than Pd or Pt only catalyst. XRD
and TEM studies indicated that overlayer have been successfully deposited atop supported
nickel. Guaiacol hydrodeoxygenation results showed that, especially at low reaction temperature,
Pd and Pt active sites of overlayer catalysts showed significantly enhanced deoxygenation
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activity compared with that of Pd or Pt only catalyst. Further studies showed that guaiacol could
be completely deoxygenated using silica alumina supported metal catalysts, yielding benzene,

toluene, and xylenes as major products.
Keywords: guaiacol, hydrodeoxygenation, overlayer, hydrogen chemisorption, bimetallic, Pd, Pt
1. Introduction

Currently, the major portion of the global energy supply relies on energy produced from
fossil-based resources. One of the major concerns of society today as related to energy is the
depletion of petroleum, a non-renewable fossil source of carbon. Another major society concern
is the use of fossil fuels resulting in subsequent environmental problems including greenhouse
gas emissions and acid rain. Hence, there is a need to switch to clean, renewable sources of

energy.

Lignocellulosic biomass is the most abundant class of biomass on the planet.[1] It provides an
opportunity to be used as a sustainable source of energy and organic carbon for our society.
Lignocellulosic biomass can be converted into crude bio-oil via thermochemical treatment such
as pyrolysis or liquefaction. These crude bio-oils are multicomponent mixtures of a large number
of oxygenated compounds. However, the high oxygen content of crude bio-oils, usually 20 to 50
wt%, leads to low heating value, poor stability, poor volatility, high viscosity and
corrosiveness.[2, 3] Therefore, oxygen removal from bio-oils is necessary for further application

as liquid fuels.

The lignin fraction of biomass is a three-dimensional amorphous polymer composed of
methoxylated phenylpropane structures, which contains approximately 40% of the possible

energy of the biomass.[4] Compared with the carbohydrate fraction of biomass, it is more



attractive to derive alternative fuels from lignin fraction because it has a lower oxygen-to-carbon
ratio. There are several approaches for upgrading bio-oils including zeolite upgrading,[3, 5-8]
aqueous phase processing[8, 9] and hydrotreating[3-5, 9, 10]. Hydrotreating, in which feedstocks
are reacted with hydrogen in the presence of a catalyst, is the most common method to upgrade
bio-oil to hydrocarbons via a hydrodeoxygenation (HDO) reaction to remove oxygen.[3, 4] HDO
studies of lignin-derived oils usually employ model compounds such as phenols, anisole and
guaiacol instead of bio-oil. Guaiacol, which has two types of C—O bond (C—OH bond and C—
OCHs bond), appears to be the preferred choice as a prototype compound to represent lignin-

derived bio-oils.

The traditional HDS catalysts (sulfided Co-Mo/y-Al2O3 or Ni-Mo/y-Al203) used in petroleum
refining are also utilized as HDO catalysts.[3, 11] However, these conventional
hydrodeoxygenation catalysts have some disadvantages such as possible sulfur contamination of
products, rapid deactivation by coke formation and water-induced catalyst deactivation.[3, 11,
12] For these reasons, non-sulfided transition metal based catalysts systems are being developed
for the HDO of lignin and related model compounds. HDO of lignin related model compounds
by base metal catalysts, such as supported Ni,[13-19] Fe,[20, 21] and Mo[22-25] have been
investigated. The supported metal phosphides (Ni2P, Fe2P, Co2P, MoP, WP) were also used as
catalyst for HDO of guaiacol and anisole.[26-28] Ni2P showed the highest activity for HDO
among tested metal phosphides (Ni2P, Co2P, MoP, WP).[26, 27] Recently, using supported noble
metals as effective HDO catalysts has received new attention.[29-33] These noble metal catalysts
are generally highly active for hydrogenation and hydrogenolysis, and require lower temperature

or pressure than conventional hydrotreating catalysts.[3] However, the noble metal catalysts are



expensive and are highly active for hydrogenation of aromatic rings causing high H»

consumptions.

Using bimetallic catalysts is a strategy to enhance the efficiency of catalysts for the HDO, as
the interaction between metals can modify the geometric and electronic structures of metal
surface resulting in improved catalytic activity and selectivity.[3, 4, 34-37] In related work, Lobo
et al. have reported that adding Ni or Co into the Pt not only increased the meta-cresol HDO
activity, but also enhanced formation of methylcyclohexane as well.[38] Resasco et al. have
shown that a bimetallic Pt-Sn catalyst used for HDO of guaiacol at high temperatures (400°C)
had higher reactivity (80% conversion after 3 h time-on-stream) and better stability than the
monometallic catalyst.[39] They postulated that the strong adsorption of double-functionalized
guaiacol (or catechol) on the catalyst surface could block sites for deoxygenation on the Pt
catalyst, and the bimetallic Pt-Sn might be able to reduce the binding strength. Ardiyanti et al.
investigated HDO of anisole over Ni—Cu/0-Al203 with various Ni/Cu ratios.[40] The bimetallic
Ni-Cu catalyst showed higher activity than monometallic nickel, which may be attributed to
more formation of active metallic nickel when the copper is present. Wang et al. also have found
that the bimetallic Pd-Fe/C catalyst exhibit a substantially enhanced activity of HDO of guaiacol,
with more than 80% yield to benzene/toluene/trimethylbenzene at 450°C.[41] The single crystal
studies of Ni/Pt overlayer system by Chen et al. have shown bimetallic Ni/Pt surface bound
hydrogen and wunsaturated hydrocarbon adsorbates more weakly than corresponding
monometallic surfaces and thus enhanced the activity toward the production of butene in HDS of
thiophene.[42] The formation of weaker metal-adsorbate bonds was speculated to be favorable to

overcome the kinetic barrier for the HDS of thiophene.



Based on previous literature work using bimetallic catalysts for HDO, the pseudomorphic
overlayer catalyst with a monolayer of metal atop a base metal would also enhance HDO
activity. Studies have shown that adsorbate bond strengths are generally altered in overlayer
systems due to the shift of the d-band center of the overlaying metal.[43-47] Our previous
research demonstrated that pseudomorphic overlayer catalysts, such as Ni@Pt, Co@Pt or
Re@Pd (core@shell), could reduce H2 and CO binding energy when compared to single metal
and alloy counterparts, as predicted from computational work.[48-51] The decrease in hydrogen
and hydrocarbon adsorbates binding strength indicate that pseudomorphic overlayer catalysts
may demonstrate improved performance for the HDO reaction because strong bonding has been
shown to inhibit the reaction.[39] Ni@Pd and Ni@Pt overlayer have been predicted to have
negative d-band shift and decreased binding strength compared to the pure Pd or Pt.[43-46] In
this contribution, we synthesized single deposition Ni@Pd and Ni@Pt overlayer catalysts and
used a strategy of reducing binding strength to improve the efficiency of catalysts for guaiacol
HDO. Hz chemisorption, ethylene hydrogenation descriptor reaction, physical sorption, XRD and
TEM studies were conducted to characterize the catalysts. Guaiacol HDO reactivity tests were
performed in a fixed-bed reactor at atmospheric pressure to study how overlayer catalysts affect

HDO activity.
2 Experimental
2.1. Preparation of catalysts

The monometallic Ni, Pd and Pt catalysts and non-structured bimetallic catalysts were
prepared using co-impregnation method. A silica-alumina catalyst support (Alfa Aesar, grade
135) was used as support for all catalysts. The precursors used in this paper were nickel nitrate

hexahydrate (Aldrich 99.999%), palladium (II) acetylacetonate (Alfa Aesar) and platinum (II)



acetylacetonate (Alfa Aesar). The metal loading was about 0.5 wt% for monometallic Pt and Pd
catalysts, and 5wt% for Ni parent catalysts. The non-structured bimetallic Ni-Pd and Ni-Pt
catalysts were prepared with similar metal loadings as the overlayer catalysts. After
impregnation of silica-alumina with a solution of precursors (aqueous solution for nickel nitrate
hexahydrate and toluene solution for palladium (II) acetylacetonate and platinum (II)
acetylacetonate), the mixtures were heated at around 60°C to evaporate solvent. All mixtures
were dried in an oven overnight. For bimetallic catalysts, the nickel nitrate hexahydrate was
impregnated first and then the dry mixture was used for the second impregnation to load Pd or
Pt. Then the dry catalysts were calcined in air at 400°C for 3 h using a 3°C/min ramp rate[52,
53]. The catalysts were then reduced under 60 sccm Hz flow at 450 °C for 3 h using a 3°C/min

ramp rate based on suggestions in the literature[50, 52-55].

The overlayer catalysts used in this paper were synthesized using the directed deposition
method.[49, 50] Typically, the parent Ni/SiO2-Al203 catalyst was reduced in 60 sccm H2 flow at
450°C for 4 h using a 3°C/min ramp rate. Then water-saturated helium gas was passed over the
catalyst for 24 h at room temperature. After that, the parent catalyst was treated with 60 sccm Ha
flow at 60°C for 1 h (to maximize H2 adsorption for the subsequent overlayer deposition
reaction). The briefly reduced sample was directly poured from reduction reactor into a toluene
solution (30 mL) of 0.1 M acetylacetone, with H2 gas flowing into the reduction reactor at same
time. Acetylacetone was used as a surface inhibitor to minimize the platinum adsorption on the
support. After 15 minutes surface deactivation, a toluene solution of 0.05 M Pd (II)
acetylacetonate (or Pt (II) acetylacetonate) was added. The mixture was then kept at 60°C for 2
h. The amount of Pd (II) acetylacetonate added was equivalent to the 150% monolayer coverage

of parent Ni surface. The catalyst was then vacuum filtered and placed in a 110°C oven



overnight. The dried catalyst was calcined in near stagnant air at 400°C for 4 h using a 3°C/min
ramp rate. After calcination, the catalyst was reduced in Hz flow at calcine temperatures for 4 h

using a 3°C/min ramp rate.

2.2 Catalyst characterization

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was performed
on a PerkinElmer Optima 8300 ICP-OES spectrometer to determine actual metal weight loadings
for each catalyst. Nitrogen physisorption was carried out on a Micromeritics APAP 2020 with
surface area and porosimetry analyzer to measure the surface areas and pore volume of samples.
Powder X-ray diffraction (XRD) was employed to analyze material phases of catalysts. Before
analysis, the samples were reduced for 1 h at the same temperature used in synthesis. XRD data
were collected on a Rigaku Smart Lab automated powder diffraction system using Cu Ka
radiation operated at 40 kV and 40 mA. Transmission electron microscopy (TEM) was
performed on a FEI Tecnai G2 F20 S-Twin 200 kV transmission electron microscope. The
temperature programmed oxidation of spent samples was evaluated by using 20% O2/N2 with a
mass spectrometer detector. The temperature was increased form room temperature to 900°C
using a 10°C/min ramp rate. NH3 temperature programmed desorption (NH3-TPD) was
conducted to evaluate the acidity of catalysts. Typically, samples (200 mg) loaded in the quartz
tube were treated with pure nitrogen gas at 350°C for 1 h. After pretreatment, the samples were
exposed to 5.0% NH3 in N2 at 100°C for 1 h. Then, the weakly adsorbed NH3 was removed from
samples by purging pure nitrogen gas at 100°C for 1 h. The desorption was performed by
increasing the temperature to 700°C with a ramp rate of 10°C/min and the desorbed NH3 was

detected with a Hiden HPR20 mass spectrometer system using the signal of m/e= 16.



Hydrogen chemisorption studies were performed on a Micromeritics APAP 2020C instrument
using a static volumetric technique. Prior to analysis, samples were reduced at 400°C under
flowing hydrogen. The lower temperature (400°C) was used to minimize the potential for
agglomeration during the multiple isotherm measurements. Isotherms were obtained at
temperatures between 35°C and 300°C with pressures ranging from 1 mTorr to 900 Torr. Metal
dispersions were estimated assuming chemisorption stoichiometry of H/Msut = 1. Ethylene

hydrogenation reaction was conducted as a descriptor reaction as described previously.[50]
2.3 Guaiacol hydrodeoxygenation experiments

The HDO activity of the catalysts were studied in a fixed-bed tubular quartz reactor (i.d. = 8
mm and 1 = 400 mm) operated at atmosphere pressure and a temperature ranging from 350 to
450°C, with pure guaiacol (Aldrich, >99%) as feedstock. In a typical experiment, 200 mg of
catalyst sample was mixed with ~800 mg of silica (Alfa Aesar, 106-212 um). Before reaction,
the catalysts were reduced in the reactor with a flow of pure hydrogen (60 mL/min) at 450°C.
During catalytic tests, the pure guaiacol liquid was introduced by a HPLC pump at a rate of 0.72
mL/h and the hydrogen flow rate was 60 ml/min (the molar ratio of H2 to guaiacol was about
25). Liquid samples collected by cold trap at 1 h intervals were analyzed off-line by gas
chromatograph (Thermo-Fisher Trace GC Ultra) equipped with a flame ionization detector (FID)
and Rt-Q-BOND column for product analysis. The 2-isopropylphenol as internal standard was

added into the collected liquid samples before analysis.

Product selectivity was calculated as Si(%) =(Molproduct-i/MOlreacted guaiacol)x100%. Turn over
frequency (TOF) was calculated as described in the following. For monometallic (Ni, Pd and Pt)
and non-structured (Ni-Pd and Ni-Pt) bimetallic catalysts, total active sites for TOF calculation

were calculated based on surface metal atoms from dispersion. For overlay catalysts, we
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assumed that all measured palladium or platinum loading is on the surface. As the Pd loading
was enough for 100% coverage of Ni@Pd overlayer catalysts, surface metal atoms calculated
from dispersion was used for TOF calculation. For Ni@Pt overlayer catalysts, Pt coverage was
less than 100% coverage, and the amount of Ni active sites on surface was calculated by
subtracting the Pt active sites from the total surface metal atoms. It was also assumed that Ni
active sites on Ni@Pt overlayer catalysts have the same activity for guaiacol conversion as that
of Ni active sites on monometallic Ni catalyst. Therefore, the guaiacol conversion by Pt active
sites could be calculated by subtracting the conversion by Ni active sites from the total guaiacol

conversion. Then the activity of Pt active sites on overlayer catalysts was calculated.
3 Results and discussion
3.1 Physicochemical properties

The metal weight loadings, dispersions, calculated percent overlayer coverage, surface areas and
pore volumes for catalysts are summarized in Table 1. For Ni@Pd and Ni@Pt overlayer samples,
Pt or Pd was successfully loaded on the overlayer catalysts. As shown in Table 1, non-structured
bimetallic Ni-Pd and Ni-Pt catalysts were also synthesized with metal loadings similar to that of
their respective Ni@Pd or Ni@Pt counterparts for direct comparison. According to Ni-Pd and
Ni-Pt phase diagrams, at these concentrations the Pd and Pt should be completely miscible in the
Ni without forming a second phase.[56, 57] Compared with Ni parent catalyst, adding Pd or Pt
increases the metal dispersion of both non-structured bimetallic Ni-Pd and Ni-Pt catalysts.
Nitrogen physisorption results showed that all catalysts had similar surface area (410-460 m?*g™")
and pore volume (0.57-0.68 cm’g™!). For overlay samples, Pd or Pt deposition only slightly

decreased the surface area and pore volume.
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3.2 Powder XRD

Fig. 1 shows the results of X-ray diffraction investigation of Si02-Al203 supported catalysts. For
Ni and Pd system (shown in Fig. 1(a)), peaks of metallic Ni were observed in all samples
containing Ni. Metallic Pd peaks were observed in the Ni-Pd bimetallic sample, which suggests
that isolated Pd only domains exist in the randomly-structured bimetallic Ni-Pd sample. The
metallic Pd peak wasn’t observed in Ni@Pd overlayer sample in spite of the Pd weight loading
being equivalent or greater than the Ni-Pd sample. The Pd atoms in Ni@Pd overlayer appear to
be present in non-agglomerated structures that are not detectable by XRD. This also indicates
that Pd in the Ni@Pd overlayer sample is present in a different structure than the bimetallic Ni-
Pd catalyst. For Ni-Pt system (shown in Fig. 1(b)), a metallic Pt peak was not observed in Ni-Pt.

Again, no evidence of Pt only domains was observed for the Ni@Pt overlayer sample.
3.3 TEM study

Fig. 2(a) shows TEM image of a Ni@Pd SD overlayer particle deposited on silica alumina
support. As shown in Fig. 2(b), the Fourier transform of this image indicates that it has
crystalline structure. After performing the inverse Fourier transform of different pairs of sharp
spots (from Fig 2(b)) in reciprocal space, two different types of lattice fringes (see Fig. 2(c) and
2(d)) were observed. One type of the lattice fringes were inside the edge of particle (Fig. 2(c))
and the other type showed the lattice fringes around the particle edge (Fig. 2(d)). The lattice
spacing inside the edge of the particle (from the inset in Fig. 2(c)) is approximately 0.21 nm,
which is consistent with the planar distance spacing of Ni (111) and the fringes inside the edge of
the particle likely represent Ni. The lattice spacing around the particle edge (from the inset in
Fig. 2(d)) is approximately 0.23 nm, which is slightly larger than bulk Pd (111) planar distance

spacing (0.225 nm). Teranishi et al. observed that the interplanar spacing of Pd (111) could vary
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from 0.225 nm to 0.229 nm among different size palladium nanoparticles.[58] The larger lattice
fringe around the particle similar to Pd spacing values indicates that the Ni@Pd overlayer was
successfully prepared. Regardless, the TEM images provide evidence for a core/shell type
structure. However, further characterizations are needed to provide additional evidence for

overlayer catalyst structure.
3.4 Acidity of catalysts

NHs-TPD was conducted to compare the acidity of catalysts. The NH3-TPD desorption profiles
are shown in Fig. 3 and the relative peak areas are presented in Table 1. The NH3-TPD profiles
of Si02-A1203 support showed three major peak areas at T < 200°C, 200-400°C and 400-600°C,
which can be described as NHs desorption from weak, medium and strong acid sites,
respectively.[59] All supported catalysts showed very similar NH3-TPD profiles with a major
desorption peak at around 165-170°C. All supported catalysts showed only small amounts of
desorption at 400-600°C compared to the pure support, indicating fewer strong acid sites
compared to the support. The total amount of acidity were compared by using relative desorption
peak areas (Table 1). All supported catalysts had similar total peaks area (0.47-0.60), which is
expected since the same support was used for all catalysts and the deposited metal only covers a
very small fraction of the surface. Thus, there does not appear to be any clear difference in the
support acidity resulting from the overlayer synthesis. This indicates that any observed activity
changes are likely due to changes in the metallic aspect of the catalysts. The total desorption

peak areas were obtained by integrating the peak areas from 100 to 650°C.
3.5 Hydrogen chemisorption

Fig. 4 shows isotherms of hydrogen adsorption on Ni@Pd overlayer and bimetallic based

catalysts at 50°C in comparison to palladium and nickel only catalysts. Comparing with other
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catalysts, the monometallic Pd showed a strong initial/low pressure (below 0.01 Torr)
adsorption. In contrast with the Pd, Ni only catalyst shows little low pressure adsorption and a
nearly linear (plotted on a semi-log scale) increase in adsorption across all pressures. Unlike the
Pd only catalyst showing a strong initial/low pressure adsorption, Ni@Pd overlayer catalyst
didn’t have this strong initial adsorption and shows a lower slope than Ni parent. Nickel platinum
system (in Fig. 5) showed similar behavior as nickel palladium based catalysts. Pt and Ni-Pt
show some low pressure adsorption, and overlayer sample didn’t have this low pressure
adsorption. These chemisorption results demonstrated that Pd and Pt behavior can be modified
via overlayer synthesis, and Ni@Pd and Ni@Pt overlayer both showed a decrease in H:
adsorption as computationally predicted. This agrees with our previous study on alumina

supported Ni@Pt and Co@Pt catalysts.[50]

The hydrogen heat of adsorption was calculated from isotherms at multiple temperatures via
the Clausius—Clapeyron equation as described in the literature.[49] Fig. 6 and Fig. 7 show
hydrogen heat of adsorption values as a function of quantity of adsorbed hydrogen for silica-
alumina supported catalysts. The maximum heat of H> adsorption for Pd catalyst was 65
kJ-mol™!, which compares favorably with the reported values of 61 and 67 kJ-mol '.[60] The Pt
catalyst had a maximum heat of Hz adsorption value of 52 kJ-mol™!, which was similar to a
reported 58 kJ-mol™! for silica alumina supported Pt catalyst with a dispersion of 74%.[52, 61]
As shown in Fig. 6 and Fig. 7, heats of H2 adsorption were reduced by Ni@Pt and Ni@Pd
overlayer synthesis when compared to parent metal (Ni) and monometallic Pd or Pt only
catalysts. Decreased hydrogen adsorption strength of the Pd or Pt overlayer catalyst compared to
the pure Pd or Pt is consistent with computational studies which predict Ni@Pd or Ni@Pt

overlayer catalyst will bond hydrogen more weakly than monometallic Pd or Pt due to surface
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metal d-band shift.[45-47] The observed decrease in heat of adsorption also provides evidence
that the desired surface structure was formed. This reduction in hydrogen and other reactant or
product adsorption strength is expected to decrease bonding strength slightly, so that fewer

surface sites are covered and thus enhance the HDO activity.

3.6 Ethylene hydrogenation results

Ethylene hydrogenation represents a simple descriptor reaction where the rate has been shown to
be dependent on hydrogen binding strength.[47, 49] Results of ethylene hydrogenation studies
can be seen in the Arrhenius-type plots shown in Fig. 8 and 9. The Weisz—Prater criterion was
evaluated and it indicates a lack of significant intra-phase diffusion effects during the ethylene
hydrogenation reaction over all the samples. The detailed calculation process is described in the
supporting information. Ethylene hydrogenation turnover frequencies for monometallic catalysts
and non-structured bimetallic Ni-Pd catalysts were calculated based on surface active sites (from
dispersion). Overlayer catalysts’ turnover frequencies were calculated using the measured
palladium or platinum loading with an assumed dispersion of 100%. For core@shell catalysts, if
the palladium or platinum loading, with an assumed dispersion of 100%, exceeded 100% surface
coverage, the total surface active sites from dispersion were used for turnover frequency
calculation. For overlayer catalysts (shown in Fig. 8 and 9), the single sample showed an
increased activity of at least one order of magnitude when compared to the parent Ni. This
indicates that the directed deposition synthesis is adding palladium or platinum to the surface of
catalysts, thus shifting the reactivity behavior toward that of the palladium or platinum only
catalyst. The significant activity difference between the parent (Ni) and overlayer (Pt or Pd)
supports the above method in calculating TOF of the overlayer catalysts. Moreover, the

core@shell catalysts were less active than pure palladium or platinum sample, which indicates
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that core@shell catalysts result in reduced hydrogenation reactivity. Reduced activity is in
agreement with H2 chemisorption results that overlayer samples exhibited a significantly lower
heat of adsorption than the monometallic Pd or Pt sample. For Ni and Pd based catalysts, the
non-structured Ni-Pd sample was active at the same temperature range as the Pd only catalyst,
suggesting that all activity was due to Pd only domains on the support surface, which have been
shown to exist via observed metallic Pd XRD peak in Ni-Pd sample. The low activity of the
Ni@Pd overlayer sample at these temperature suggests that the Pd is only atop Ni particles and is
likely not isolated as Pd only domains as in the non-structured Ni-Pd bimetallic catalyst. For Ni
and Pt based catalysts, Ni@Pt overlayer catalyst also showed reduced hydrogenation reactivity
compare to the Pt catalyst. In sum, overlayer samples demonstrated a reduced reactivity
compared with palladium or platinum only catalysts, which is consistent with computational
predictions and previous studies by our lab.[43, 49, 50] Based on the literature results that
suggest strong bonding inhibit the HDO reaction, we have identified Ni@Pd and Ni@Pt
catalysts with reduced adsorption strength as potential candidates for guaiacol HDO and these

catalysts were further tested for in guaiacol HDO.

Apparent activation energy for each catalyst was calculated based on the Arrhenius-type plots
and are provided in Fig. 8 and Fig. 9. The apparent activation energies for the Pd and Pt
monometallic catalysts were 65 and 70 kJ-mol ™!, respectively. These numbers were within the
range of various values reported in literature.[50, 52, 60, 62-64] Ni@Pd SD overlayer catalyst
showed an apparent activation energy of 95 kJ-mol™!, which is much higher than Pd catalyst.
Unlike Ni@Pd SD overlayer catalyst, Ni@Pt SD overlayer catalyst had a value of 68 kJ-mol ™!,

slightly lower than Pt catalyst. Both overlayer catalysts showed different apparent activation
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energies with their non-structured bimetallic counterparts, further confirming that overlayer

catalyst show different properties compared to non-structured bimetallic catalysts.

Fig. 10 shows the correlation between the heat of H2 adsorption at the hydrogen coverage of
0.1 cm?-g ! and the TOF of ethylene hydrogenation at 293 K for studied palladium, platinum and
overlayer catalysts. The ethylene hydrogenation reaction has been reported to have positive
reaction order with respect to Hz, which suggests that reactivity and H2 surface coverage are
positively correlated.[52, 63] Therefore, decreased hydrogen adsorption strength is anticipated to
reduce the hydrogen coverage on the catalyst surface and thus decrease the ethylene
hydrogenation reaction rate. The correlation in Fig. 10 demonstrates a positive correlation
between ethylene hydrogenation reactivity and the H2 adsorption strength, and also demonstrates
that ethylene hydrogenation can be used as a descriptor reaction for Hz binding strength for

overlayer catalysts.
3.7 Hydrodeoxygenation of guaiacol

For the HDO of guaiacol, both the support and metal are required for high activity. In this work,
we are examining the ability of overlayer catalysts to improve the reactivity of the metal. In an
effort to isolate the study to the metal, an identical support was used for all catalysts. BET
surface are and pore volume measurements sowed only minor changes in the support for the

different catalysts. Thus, it is likely that the support is acting similarly for all catalysts

The supported catalysts were evaluated for the HDO of guaiacol at 350°C, 400°C and 450°C
at atmospheric pressure. Blank-reactor runs showed a negligible activity for guaiacol at reaction
condition, less than 0.5% conversion (not shown). As the pure Pd and Pt catalysts showed much
higher dispersion than other catalysts, 0.5wt% metal loading Pd and Pt only catalysts were used

for HDO test to keep the number of active sites similar. The conversion and selectivity results of
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guaiacol hydrodeoxgenation on different catalysts are presented in Table S1. The Weisz—Prater
criterion was evaluated and it indicates a lack of significant intra-phase diffusion effects during
the guaiacol HDO reaction over all the catalysts. The detailed calculation process is described in
the supporting information. Selectivity of the deoxygenation products were given separately,
while selectivity of all non-deoxygenation products (molecules with two oxygen atoms) was
reported as “others”. The support showed small guaiacol conversion with non-deoxygenation
products (“others”) as major products (see Table S1). For all tested catalysts, the main
deoxygenation product was phenol (loss of a methoxy group) under reaction condition. Some
studies have reported phenol to be either a main product or an intermediate for further
deoxygenation in guaiacol deoxygenation.[21, 26, 39, 41] Other major deoxygenation products
included cresol (conversion of the methoxy to a methyl group), while small amount of anisole
(loss of a hydroxyl group) were observed. The formation of cresol (loss of a hydroxyl) is related
to the reaction of methyl substitution in HDO of guaiacol, which was due to the acidity of the
support, because the acidity of support has been found to have a key effect on the reaction of
methyl substitution in HDO of guaiacol.[29, 65, 66] Detectable benzene was also found at some
reaction conditions. No ring saturated products (cyclohexane derivatives) were observed under
tested reaction condition. Compared with Ni parent and monometallic Pd and Pt catalysts, the
bimetallic catalysts and overlayer catalysts showed higher guaiacol conversion and
deoxygenation product selectivity. For monometallic Pd and Pt catalysts, more than 65% of
products at 350°C and 400°C were non-deoxygenation products (“others” in Table S1). Both
bimetallic catalysts and overlayer catalysts improved catalyst selectivity greatly, enhancing the
selectivity toward the production of the desired deoxygenation products. However, at the highest

temperature of 450°C, these improvements were not as remarkable as at low temperature.
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In order to illustrate more clearly the difference in production rates of active sites on catalysts,
the turnover frequency (TOF) of deoxygenation and non-deoxygenation products were calculated
and presented in Fig. 11 and 12. As show in Fig. 11, the column in green color (second column)
shows the TOF of deoxygenation products, which is the sum of all detected deoxygenation
products including anisole, o-cresol and phenol. Though the monometallic Pd catalyst had the
highest TOF of non-deoxygenation product formation at 350°C, its TOF of deoxygenation
product formation was the second lowest. The Ni-Pd catalyst have the highest guaiacol
conversion and deoxygenation product yield among Ni, Pd, Ni-Pd and Ni@Pd overlayer catalyst
at 350°C, however its TOF of deoxygenation products was only half that of overlayer catalyst,
indicating that the high guaiacol conversion on Ni-Pd catalyst was mainly due to the high metal
dispersion. Among the tested catalysts at 350°C (Fig.11 (a)), the TOF of deoxygenation product
formation of Pd active sites on Ni@Pd overlayer catalyst was the highest, about 3 times as high
as that of the monometallic Pd catalyst (whose behavior the overlayer is designed to modify) and
5 time as high as that of the Ni catalyst. The result, that Pd active sites on Ni@Pd overlayer
catalysts had higher TOF of deoxygenation product formation than monometallic Ni and Pd
catalysts, is consistent with the postulate that Pd active sites on Ni@Pd overlayer catalyst might
have higher HDO activity than the monometallic Pd due to the decrease in hydrogen and
hydrocarbon adsorbate binding strengths. As shown in Fig. 12, the Ni@Pt, Ni-Pt and Pt catalysts
showed similar HDO activity trend compared to the Ni@Pd, Ni-Pd and Pd catalysts. The Pt
active sites on Ni@Pt overlayer catalyst showed higher TOF of deoxygenation product formation
than monometallic Ni and Pt catalysts. From the aforementioned results, it is clear that the Pd or
Pt active sites of Ni@Pd and Ni@Pt overlayer catalysts show much higher deoxygenation

activity than that of Ni, Pd, Pt, Ni-Pd and Ni-Pt samples. These result support the postulate that
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Ni@Pd and Ni@Pt overlayers with decreased binding strength would improve performance for

the HDO reaction.

As shown in Fig. 11 and 12, reaction temperature had a strong effect on HDO of guaiacol. For
all catalysts, the guaiacol conversion and deoxygenation product selectivity increased as the
temperature was increased to 400°C and 450°C, while selectivity of non-deoxygenation
decreased with increasing temperature. This result is in good agreement with other literature
reports.[67, 68] Under our reaction condition, no ring-saturation products were observed even at
450°C. This is desirable, for aromatic products are more attractive than ring-saturation products
for further application and to reduce Hz consumption.[3, 21, 69] Several previous studies with
similar reaction conditions also did not observe ring-saturation products as well.[39, 70] Sun et
al. reported that, for carbon supported precious metals catalysts, ring-saturation products
observed at 250°C were not observed after temperature had been increased above 350°C due to
ring opening to form C1 products at high reaction temperature.[41] However, this situation does
apply to our case, where no C1 products were observed beside small amount of methanol (<1%).
Recently, Tran et al. proposed that high reaction temperature (400°C) and low reaction pressure
could prevent the hydrogenation/dehydrogenation for ring saturation.[70] Again for all catalysts,
the TOFs of deoxygenation products increased with temperature increasing from 350°C to
450°C, as shown in Fig. 13. In contrast, except for the single deposition overlayer catalyst, the
TOFs of non-deoxygenation products decreased slightly from 350°C to 450°C. Above results
suggest that further deoxygenation of phenolic products is more facile at higher temperature than
at low temperature for silica aluminum supported catalysts. Overlayer catalysts showed the

highest TOFs of deoxygenation among tested catalysts with temperature from 350°C to 450°C.
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Catalyst stability is also important for HDO applications. Some studies have reported that the
bimetallic catalyst could improve catalyst stability.[39, 71] A Au-Pt bimetallic surface with
weaker binding energies of adsorbates than Pt was also reported to inhibit carbon deposition on
the surface.[72] To gain insights into how overlayer catalysts affect the stability of the catalysts,
all catalysts were tested for guaiacol HDO reaction at 450°C for 6 h. The variations of guaiacol
conversion and production selectivity at 450°C as a function of time on stream (TOS) are
compared in Fig.14 and Fig. S1. As shown in the Fig. 14, for Pd only catalyst, the selectivity of
non-deoxygenation product decreased with TOS from 1h to 4h, and the selectivity of phenol and
o-cresol increased slightly with TOS. For Ni and Ni@Pd overlayer catalyst, selectivity of non-
deoxygenation remained stable with TOS, while selectivity of phenol decreased slightly within
first 3h and then kept stable. The selectivity of o-cresol on Ni and Ni@Pd overlayer catalyst
increased slightly with TOS as that of the Pd only catalyst. The axis on the right side of Fig. 14 is
for conversion. The scale of conversion for Ni-Pd and Ni@Pd overlayer is different from that for
Ni and Pd. Unlike selectivity, the conversion of guaiacol on Ni and Pd based catalyst decreased
with TOS. For all Ni and Pd based catalysts, the guaiacol conversion dropped to around forty
percent of initial guaiacol conversion after a reaction time of 6 hours. Severe deactivations for
guaiacol HDO caused by coking were observed for different kinds of catalyst.[20, 21, 39] As
shown in figure S1, the Ni and Pt based catalysts showed similar stabilities as Ni and Pd based
catalysts. Metal loading, acidity and pore structure of support were proposed to affect coke
deposition.[29] Since our catalyst showed similar surface area and pore volume and similar
deactivation ratio with same time, we propose that the catalysts deactivation for these catalysts is
mainly due to coking caused by the acidity of the support.[29, 73] Silica-alumina supported

Ni@Pd overlayer catalyst with a similar support acidity property to silica-alumina supported Ni,
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Pd and Ni-Pd catalysts couldn’t enhance catalyst stability. The temperature programmed
oxidation was used to investigate the coke deposition of spent catalysts after 6 h of reaction at
450°C and the results are presented in the Fig S2. A broad CO:2 peak from around 250°C to
700°C was observed over Ni, Pd and Ni-Pd catalysts. The peak areas of CO2 are very similar,
suggesting similar coke deposition amount over these three catalysts. This is expected as the
support was same for all three catalysts. The morphology of spent Ni@Pd SD catalyst was
investigated using TEM. As shown in Fig. S3, the morphology of the catalyst didn’t show any
significant change with the mean particle size slightly changed from 12.1 nm to 12.4 nm after 6 h
of reaction at 450°C. This result further supports that the deactivation was due to the coke
deposition.

The conversions of guaiacol over all tested catalysts were below 26% and the major
deoxygenation products were incomplete deoxygenation products (phenol, anisole and o-cresol)
under employed reaction conditions. This was due to the very low W/F (g of catalyst / (g of
reactant h'')) employed for obtaining the TOF of the active sites, which is generally used for
comparison of catalytic activity under similar reaction condition at low conversion. To achieve
high guaiacol conversion and see how overlayer catalysts affect the final deoxygenation product
distribution of the guaiacol HDO reaction, a range of W/F from 0.30 h to 4.0 h were tested via
changing the flow rate of the feedstock which was 5 vol.% guaiacol in heptane. The overall
guaiacol conversion and products distribution at different contact times and space times (W/F)
on Pd only and Ni@Pd overlayer catalyst are shown in Fig. 15. It can be seen that, at very low
W/F, both catalysts showed low guaiacol conversion and the major products were phenol, cresol,
non-deoxygenation products and anisole. As W/F is increased, xylenols and complete

deoxygenation products like benzene, toluene, and xylene were observed. The formation of
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benzene, toluene, and xylene increase monotonically with W/F and in contrast, the selectivity of
phenol, o-cresol, anisole, xylenols and non-deoxygenation products either decreased
monotonically or went through a maximum at intermediate W/F. This implies that the phenol, o-
cresol, anisole, xylenols and non-deoxygenation products are intermediate products. In contrast
with the low conversion rate studies, the selectivity of the complete deoxygenated BTX
(benzene, toluene, and xylene) products could be up to 82% on Ni@Pd overlayer catalyst at high
W/F condition, while the Pd catalyst showed a selectivity of 73% for BTX under the same
reaction condition. This agrees with results reported by Zhu et al. that benzene, toluene, and

xylene were major complete deoxygenation products on Pt/HBeta catalyst.[29]

Some studies have demonstrated that bimetallic catalysts can change the distribution of HDO
products.[38, 41, 71] Our Ni@Pd overlayer catalyst with slightly reduced binding strength for
reactants and intermediates also showed different deoxygenation products distribution compared
with the pure Pd catalyst. Unlike the Pd only catalyst forming much more toluene than benzene,
the Ni@Pd overlayer catalyst showed similar selectivity for toluene and benzene. One of the
major reaction pathways for producing benzene from guaiacol is that the catechol intermediate is
formed first, then phenol is produced from catechol, and finally phenol is converted into
benzene.[13, 39, 41, 74, 75] The catechol with two C—OH groups usually can be strongly bonded
to a catalyst surface.[39] It is proposed that the Ni@Pd overlayer catalyst with weaker adsorption
strength than Pd can enhance the formation of phenol from catechol and then increase final

benzene selectivity.

According to product distribution at different temperatures and product distribution with
varying W/F, major reaction pathways on SiO2-Al2O3 supported metals catalysts studied in this

work were proposed and presented in Fig. 16. Most pathways of these proposed reaction
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pathways are consistent with reaction pathways previously proposed by others.[13, 41, 74, 75]
However, only a few of the literature proposed pathways included the formation of veratrole and
methylguaiacol. In these proposed reaction pathways, formations of catechol, 3-methylcatechol,
veratrole and methylguaiacol from guaiacol were major steps at low conversion or W/F. Since
xylenols and xylenes were observed as major intermediate and final complete deoxygenation
products, pathways involving formation of xylenols and xylenes were also proposed in this work.
A few previous proposed pathways for guaiacol HDO showed steps for formation of xylenols
and xylenes. The reaction network proposed by Runnebaum et al. gave steps for formation of
xylenols and xylenes, but didn’t included proposed steps of formation of xylenes from
xylenols.[74] Only pathways proposed by Resasco et al. for anisole HDO on Pt/HBeta included
these steps.[29] Their experience showed that xylenes were only observed during HDO on
Pt/HBeta, not on Pt/SiO2. It was speculated that the acidic support can catalyze the
transalkylation of oxygenated aromatics, and resulting in transferring methyl groups from one
aromatic molecule to another aromatic molecule instead of forming methane.[29, 76]
Combination of the proposed reaction pathways with the production distribution results from this
work under low guaiacol conversion condition tends to suggest that the catechol, 3-
methylcatechol, veratrole and methylguaiacol could be major initial intermediate products. All of
these three compounds having two functionalized groups with oxygen can have a strong bonding
with the catalyst. We proposed that overlayer catalysts with weaker bonding strength probably

enhance final HDO activity via facilitating the conversion of these intermediate products.

Conclusions

In this work, hydrodeoxygenation of guaiacol was studied using silica alumina supported Ni@Pd

and Ni@Pt overlayer catalysts under atmospheric pressure. Hydrogen chemisorption, ethylene
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hydrogenation, XRD and TEM studies have demonstrated that palladium or platinum could be
deposited atop supported nickel catalysts and the prepared overlayer showed behavior consistent
to that of computational predictions. When normalized per active site, Pd and Pt active sites of
overlayer catalysts showed significantly enhanced deoxygenation activity compared with that of
Pd or Pt only catalyst. However, overlayer catalysts didn’t show better stability than Ni, Pd or Pt
only catalyst. Results of guaiacol HDO with different W/F showed that selectivity of benzene,
toluene, and xylenes could be up to 80% on Ni@Pd overlayer catalyst at high W/F condition. In
addition, major reaction pathways of guaiacol HDO on silica alumina supported metals catalysts

were proposed.
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Figure Captions:

Fig. 1. XRD patterns of SiO2-A1203 supported (a) Ni and Pd based catalysts and (b) Ni and Pt
based catalysts.

Fig. 2. (a) HRTEM image of Ni@Pd SD overlayer particle, (b) the Fourier transform of image
(a), (c) Inverse Fourier transform showing inside lattice fringes, (d) Inverse Fourier transform
showing lattice fringes around the particle.

Fig.3. NH3-TPD profiles of SiO2-Al203 and SiO2-Al203 supported (a) Ni and Pd based catalysts
and (b) Ni and Pt based catalysts.

Fig. 4. Log-scale Hz isotherms for Pd, Ni, Ni@Pd and Ni-Pd catalysts at 50°C.
Fig. 5. Log-scale Hz isotherms for Pt, Ni, Ni@Pt and Ni-Pt catalysts at 50°C.

Fig. 6. Isosteric heat of H2 adsoption for SiO2-Al2O3 supported Ni and Pd based catalysts as
function of volume adsorbed.

Fig. 7. Isosteric heat of H2 adsoption for SiO2-Al203 supported Ni and Pt catalysts as function of
volume adsorbed.

Fig. 8. Arrhenius-type plot for ethylene hydrogenation on silica-alumina supported Ni and Pd
based catalysts.

Fig. 9. Arrhenius-type plot for ethylene hydrogenation on silica-alumina supported Ni and Pt
based catalysts.

Fig. 10. Correlation between Hz heat of adsorption and TOF of ethylene hydrogenation on
studied overlayer catalysts, pure palladium and platinum catalysts.

Fig. 11. TOFs of guaiacol deoxygenation and non-deoxygenation product formation over Ni and
Pd based catalysts at (a) 350°C, (b) 400°C, (c) 450°C.

Fig. 12. TOFs of guaiacol deoxygenation and non-deoxygenation product formation over Ni and
Pt based catalysts at (a) 350°C, (b) 400°C, (c) 450°C.

Fig. 13. TOFs of guaiacol deoxygenation products over (a) Ni and Pd based catalysts, (b) Ni and
Pt based catalysts at different reaction temperature.

Fig. 14. Conversion of guaiacol and product selectivity over Ni and Pd based catalysts as
function of time on stream.

Fig. 15. Conversion of guaiacol and product distribution over Pd and Ni@Pd SD catalysts as a
function of W/F at 30 min.

Fig. 16. Guaiacol HDO reaction pathways over silica-alumina supported metal catalyst.

Table Captions:
Table 1 Physicochemical properties of samples.
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Fig.3. NH3-TPD profiles of SiO2-Al203 and SiO2-A1203 supported (a) Ni and Pd based catalysts
and (b) Ni and Pt based catalysts.
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Fig. 6. Isosteric heat of H2 adsorption for SiO2-Al2O3 supported Ni and Pd based catalysts as

function of volume adsorbed.
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volume adsorbed.
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based catalysts.
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Fig. 11. TOFs of guaiacol deoxygenation and non-deoxygenation product formation over Ni and

Pd based catalysts at (a) 350°C, (b) 400°C, (c) 450°C. Reaction conditions: 0.200 g catalyst, 0.80

g silica gel, 0.012 ml/min guaiacol, 60 ml/min of Hz, 1 h.
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Fig. 12. TOFs of guaiacol deoxygenation and non-deoxygenation product formation over Ni and

Pt based catalysts at (a) 350°C, (b) 400°C, (c) 450°C. Reaction conditions: 0.200 g catalyst, 0.80

g silica gel, 0.012 ml/min guaiacol, 60 ml/min of Hz, 1 h.
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Fig. 14. Conversion of guaiacol and product selectivity over Ni and Pd based catalysts as
function of time on stream. Reaction conditions: 0.200 g catalyst, 0.80 g silica gel, 0.012 ml/min

guaiacol, 60 ml/min of Hz, 450°C.
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Fig. 15. Conversion of guaiacol and product distribution over Pd and Ni@Pd SD catalysts as a
function of W/F at 30 min. W/F is g of catalyst / (g of reactant h'!). Reaction condition: 0.200g

catalyst, 0.80g silica gel, 5 vol.% guaiacol in heptane, Hz: guaiacol =40, 450°C.
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Table 1 Physicochemical properties of samples.

Metal . . Overlayer Particle Acidity Pore
. Dispersion . b SBET
Sample Loading (%) Coverage Size  (peak area) (mg ) Volume
(Wt%) (%) (nm)? g (cmPg ™)
S10,-AL0; 0.79 475 0.70
Ni/S8i0,-AL0;3 510 Ni 3.6 19 0.60 447 0.62
Ni@Pd SD 0.260 Pd 24 100 17 0.51 433 0.58
Ni-Pd Bimetallic 502 Ni 7.7 13 0.54 409 0.61
0.280 Pd
Ni@Pt SD 0.0958 Pt 3.1 29 16 0.53 430 0.62
Ni-Pt Bimetallic 493 Ni 6.8 15 0.51 422 0.57
0.170 Pt
Pd (Reactivity) 0.489 Pd 30 5.1 0.47 441 0.68
Pd (Isotherms) 4.98 Pd 12
Pt (Reactivity) 0476 Pt 16 7.5 0.48 465 0.68
Pt (Isotherms) 4.96 Pt 15

2 Calculated from XRD using the Scherrer equation

" NH;-TPD desorption
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