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Single Pot Selective Hydrogenation of Furfural to 2-Methylfuran
Over Carbon Supported Iridium Catalysts

Nandan S. Date *°, Amol M. Hengne %, K-W Huang ¢, Rajeev C. Chikate °*, Chandrashekhar V. Rode
a*

Various iridium supported carbon catalysts were prepared and screened for direct hydrogenation of furfural (FFR) to 2-
methyl furan (2-MF). Amongest these, 5% Ir/C showed excellent results with complete FFR conversion and highest
selectivity of 95% to 2-MF at very low H, pressure of 100 psig. Metallic (Ir°) and oxide ( Ir0,) phases of Ir catalyzed first
step hydrogenation involving FFR to FAL and subsequent hydrogenation to 2-MF,respecively. This was confirmed by XPS
analysis and some controlled experiments. At low temperature of 140 °C, almost equal selectivities of FAL (42%) and 2-MF
(43%) were observed, while higher temperature (220 °C) favored selective hydrodeoxygenation. At optimized
temperature, 2-MF formed selectively while higher pressure and higher catalyst loading favored ring hydrogenation of
furfural rather than side chain hydrogenation. With combination of several control experimental results and detailed
catalyst characterization, a plausible reaction pathway has been proposed for selective formation of 2-MF. The selectivity
to various other products in FFR hydrogenation can be manipulated by tailoring the reaction conditions over the same

catalyst.

Introduction

Transformation of lignocellulosic biomass into fine chemicals
and various workable merchandises is gaining more
importance in pursuit of alternatives for petroleum based fuels
and chemicals.”? Among the variety of bio-derived feedstock
options, abundantly available lignocellulosic material at a
lower cost can be easily converted into a variety of platform
molecules. Efficient transformation of these platform
molecules with maximum selectivity to a useful product in a
multiproduct reaction becomes a very interesting challenge in
terms of catalyst design and process competitiveness. 24
According to DOE report of 2004, furfural is considered as a
key platform moiety in the development of lignocellulose
based bio-refinery. It is mainly derived by acid dehydration of
arabinose and xylose which are obtained from unused
agriculture waste such as corncobs, wood residue etc. =6
Furfural is a major component of biomass derived bio oil and
its current global production is almost 50,00,000 tpa. However
limited intensification techniques and tedious isolation
problems are the main drawbacks in efficient conversion of
FFR into C5 chemicals. ®7 Main hydrogenation products of
furfural are obtained by the reduction of C=0 bond and
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subsequent hydrogenation of aromatic ring to produce furfuryl
alcohol, tetrahydrofurfuryl alcohol, pentanediols, 2-methyl
furan, methyl tetrahydrofuran, cyclopentanone etc. (Scheme
1)7'8 which constitute the key fuel additives and starting
monomers.
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Scheme 1: General furfural hydrogenation scheme

For example, 2-MF is a fine chemical arising from furfural via
selective hydrogenation of C=0 bond. Being considered as a
green solvent, it has vast uses in bio-refinery as well as in
chemical industries. Its water miscible nature and solubility in
many organic solvents makes it useful for the formation of
building blocks in the pharmaceutical industry. 2-MF is also
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used as a starting material in the production of toluene on a
commercial scale. It shows good combustion performance and
high energy density similar to 2-MeTHF, also RON of 2-MF is
greater than that of gasoline, which can be a good alternative
to gasoline.g’14 Efficient and selective conversion of furfural to
other by-products mainly depends on appropriate catalyst
design and substrate-metal/support interactions or adsorption
of substrate.

2-MF production is possible by selective hydrodeoxygenation
of FFR without affecting the furanic “O” as well the ring double
bonds.” In the last decade, various types of catalyst systems
were developed for the synthesis of 2-MF from furfural either
via direct hydrogenation using H, or via catalytic transfer
hydrogenation using IPA. Catalysts containing chromium were
reported to be very efficient for selective conversion of FFR to
2-MF but have a problem of their inherent toxicity.15 Recently,
Ni-Cu or Fe-Cu, Fe-Ni alloy catalysts have been reported for
synthesis of 2-MF with high yield but they possess serious
deactivation problems.lﬁ'19 Sitthisa et al. have reported various
silica supported nickel and copper catalysts for selective
conversion of furfural to 2-methyl furan.?*? Catalyst systems
containing Cu, Cr, Zn with varying metal compositions showed
excellent performance giving 98% FFR conversion with more
than 90% selectivity to 2-MF, with excellent stability and
recyclability.23’24 Vlachos et al. reported a carbon supported
Ru catalyst system where 61% vyield of 2-MF was achieved
through CTH using IPA.”® The same group recently reported a
nano-porous Cu-Al-Co ternary alloy catalyst system where 66%
yield of 2-MF was possible at higher temperature of 240 oc.
In a similar manner, Hermans et al. also reported CTH of FFR to
2-MF over Pd/Fe,0; giving 62% 2-MF yield.27 Various reports
are also available on Cu containing bimetallic catalysts in
combination with another oxophilic metal showing a
comparable selectivity to 2-MF from FAL through HDO
process.ZS'31 Recently, a new catalyst based on molybdenum is
considered to be very active and selective for furfural
conversion to 2-MF where 2-MeF selectivity of 60% is reported
at low temperature.32’33 In recent papers, DFT study were
carried over different catalysts.34 In our recent study of furfural
hydrogenation over boron doped Pd/C catalysts, 2-MF
selectivity achieved was only 35-45%. It was found that the
selectivities could be switched to ring hydrogenated and
decarbonylation products by controlling the catalyst particle
size however, achieving the highest selectivity to only
hydrodeoxygenation product like 2-MF was not possible over
Pd/C catalyst. 3 Hence in the present work, we focused our
efforts on developing a catalyst system for furfural
hydrogenation to 2-methylfuran with a maximum selectivity
up to 95 %. Not only the structure activity correlation was
established for our novel Ir based catalyst system by detailed
characterization but also the product selectivity could be
tuned by varying the different reaction conditions.

Experimental

Materials
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Furfural, furfuryl alcohol, tetrahydrofurfuryl alcohol, 2-
methylfuran, 2-methyltetrahydrofuran, pentanediols along
with Al,03, SiO, and TEOS were purchased from Sigma Aldrich,
Bangalore, India. IrCl;.3H,0 was purchased from Johnson
Matthye. Sodium hydroxide and sodium borohydride were
purchased from Thomas Baker, India. Hydrogen gas was
obtained from Vadilal Chemicals Pvt. Ltd. Mumbai, India.

Pre-treatment of carbon

5g charcoal was dispersed in 100 mL of 10 % sulphuric acid
solution and stirred for 6h at 65 °C. The solid was filtered and
washed successively with DI water till neutrality. This cake was
dried at 85 °C for overnight and used for preparation of
catalysts.

Catalyst preparation for Ir/C

All the catalysts were prepared by wet impregnation method
as per previously reported procedure.* For the preparation of
1g of 5 % Ir/C catalyst, 91mg of IrCl; was first dissolved in 50ml
DI water and stirred for 10 min. To this, slurry of 0.95 g
activated carbon in water was added slowly with constant
stirring and whole mixture was stirred for 2 h. 5M NaOH
solution was then added to the above solution till pH was close
to 7 and stirring was continued for further 30 minutes. To the
above solution, 0.5g NaBH, was added in small portions and
mixture was stirred for 30 min under inert atmosphere. The
catalyst was filtered, washed several times with DI water and
kept for drying in oven at 110 °cC. Similar procedures was
adopted for preparation of 1-6 % Ir/C catalysts. Similar
protocol was adopted for the synthesis of 5 % Ir on various
supports like Al,03, SiO,, Mont K10, TiO,.

Catalyst characterization

The X- ray diffraction measurement was carried out on
Shimadzu 6100 using Cu-Ka for crystallinity and the phase
purity analysis of Ir/C samples. HR-TEM images of catalysts
were obtained the particle size and morphology were studied
using transmission electron microscope model JEOL 1200 EX.
BET surface area and ammonia TPD of all Ir-supported
catalysts were obtained using the DFT method on a
Quantachrom3 iQ2. XPS analysis was carried out on Thermo
Fisher Scientific Instrument. The spectra were excited by low
power Al Ka X-ray source and analyzer was operated in the
constant analyzer energy (CAE) mode. Pyridine FT-IR spectra of
the prepared catalysts were recorded on a Perkin Elmer 2000
FTIR spectrometer in the 4000-400 cm™ wave number range
using the KBr pellet technique.

Typical procedure for catalytic hydrogenation of furfural

Catalytic hydrogenation of furfural was performed in a 300 ml
stainless steel autoclave equipped with overhead stirrer, a
pressure gauge and automatic temperature control apparatus.
In a typical experiment, 2.5 g furfural in 95 ml IPA, and catalyst
(0.25 g) were loaded into the reactor. It was then sealed and
purged with H, for 2 times to exclude air. H, was charged into
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the reactor, when the autoclave temperature reached to
desired temperature. The samples were withdrawn from time
to time for monitoring the progress of the reaction with GC
analysis.

Product analysis

Timely samples were collected and analyzed on Thermo TRACE
700 GC using HP-5 capillary column having dimensions 30 m x
0.32 mm x 0.25 um with a flame ionization detector. The
following temperature program method was used for GC
analysis: 40 °C (3 min), 1 °C/min, 45 °C (1 min), 100 °C/min, 60
(0 min), 200 °C/min, and 250 (1 min). Performance of 5 % Ir/C
analyst was evaluated in terms of (%) conversion of FFR and
(%) product selectivity that are defined below.

Moles of FFR consumed
Initial moles of the furfural

X 100

% Conversion

Moles of product formed

% Selectivity X 100

Total moles of all product formed

Results and discussion

Main goal of the present work was to achieve maximum
selectivity to 2-MF in a single step catalytic
hydrodeoxygenation of FFR. This transformation involves
firstly, hydrogenation of FFR to FAL with simultaneous
hydrodeoxygenation to 2-MF with loss of one water molecule.
In our previous work on catalyst screening for FFR
hydrogenation, Ir supported on C showed 83 % selectivity to 2-
MF with suppression of by-products formation.” In
continuation, detail catalyst characterization for understanding
the observed highest selectivity to 2-MF is discussed below.

Catalyst characterization
BET surface area

A series of iridium C supported catalyst were prepared with
varying metal loadings from 1% to 6% and their surface area
values are presented in Table S1. BET surface area of bare
carbon support was 108 mz/g, with increase in metal loading
from 1% to 6%. There was gradual increase in surface area
from 117 mz/g to 215 mz/g. Linear increase in surface area
may be due to agglomeration of iridium nanoparticles on the
surface of carbon, surface modification of carbon pore
structure during pre-treatment of carbon support and time of
reduction with NaBH4.36

XRD

X-ray diffraction of 1-6 % Ir/C catalyst with bare carbon
support is shown in figure 1. A broad characteristics peak at 20
= 24.80° corresponds to (002) plane, representing the
amorphous phase of layered graphitic carbon. A second peak
was observed at 20 = 44.15° representing a characteristic
plane of (100) of rhombohedral structure of carbon. These
planes resemble the planes of turbostratic carbon peak or the
presence of graphitic carbon.*>* After impregnation of Ir on
carbon support, no any characteristic peaks of iridium species

This journal is © The Royal Society of Chemistry 20xx

were observed. This suggests that Ir dispersion on carbon was
of an amorphous nature or overlap of the characteristic peaks
of iridium with those of carbon. Amorphous nature of catalyst
in which formation of small cluster of active sites on the
surface results in small particle sizes could be responsible for
high activity towards furfural hydrogenation to give 2-MF.®
Further study was done with 5% Ir/C catalyst.
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Figure 1: XRD graphs of 1% to 6% Ir/C catalysts

XPS

In order to examine chemical composition as well as
electronic states of the metal functions in various catalyst
samples, XPS study was carried out and the results are shown

in Figure 2.

62.21 eV(I0,/Ir03) 4 o oy (Mretalic Ir)

63.94 eV (Metallic Ir)

61.5 8V
(Iro,/irog)
64.53 eV (Ir0.
P (Iro,)
7 64.41(Ir0,/Ir03)

Satellite peak

Satellite peak

Binding energy, eV.
Figure 2A: XPS spectra of Fresh 5% Iridium/ Carbon-Iridium 4f

The binding energy values (B.E.) for all the catalysts were
interpreted after applying the charge correction using Cls
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spectra (B.E. 284.6 eV). Figure 2A shows XPS spectra of Ir 4f of
5% Ir/C catalyst, where splitting of Ir 4f peak into 4fs/, and 4f;,,
is due to spin orbit coupling of the 4f orbital (3.1 eV).
Additionally, satellite peaks were observed in the 4fs/, region
of spectrum, which is 4 eV above the region of 4f ;,, this is
mainly due to the structured electron—hole pair excitation.
More intense peak as a doublet was observed at BE of 60.98
eV implying that iridium monolayer formed was of rutile type
and was confirmed by the presence of metallic Ir peak at BE =
60.86 eV which is analogous to the previous literature.® After
deconvolution, total 9 peaks of the core level Ir 4f spectra
were observed among which seven peaks could be ascribed to
4f;;, and 4fs;, along with two satellite peaks. In 4f;/, region, 3
overlapping peaks were obtained at BE = 60.9 eV, 61.5 eV and
62.21 eV which were corresponding to the metallic Ir, IrO, and
IrOs, respectively.sg’40 Similarly, the 4fs/, region showed peaks
at BE = 63.94 eV, 64.41 eV and 64.53 eV. Shifting of these
peaks at lower binding energy suggests that there was absence
of bulk oxide species.“’40 The peaks observed at BE = 66.31 eV
and 69.21 eV were considered as satellite peaks of iridium.

531.31ev

533.01 eV

529.92 eV

T T T T T
528 530 532 534 536
Binding energy, eV.
Figure 2B: XPS spectra of Fresh 5% Iridium/ Carbon- Oxygen 1s

Deconvulated oxygen 1s core level spectra in Figure 2B, shows
three distinct peaks of oxygen 1s spectra at B.E. = 529.92 eV,
531.31 eV and 533.01 eV. Both peaks at B.E. = 529.92 eV and
531.3 eV correspond to the lattice oxygen in the from oxide
and hydroxide form of Ir. From the reported literature, peak at
B.E. of 531.3 eV could be responsible for the presence of Ir-O
or Ir-OH bond in the catalyst. Also, peak at B.E. = 531.3 eV was
attributed to various oxygen defects present in the catalyst,
which arise from 02', O or surface adsorbed oxygen species.44
Presence of larger peak at BE = 533.01 eV could be assigned to
adventitious carbon species which originate from diminutive
fraction of oxygen components present in carbon.*** These
observations suggest that oxygen defect sites in this catalyst
system may help to produce H, and oxygen via splitting of H,0
involved in the mechanistic pathway during furfural
hydrogenation to 2-MF. This is analogues with water gas shift
reaction and oxygen evolution reactions by using Ir catalysts
systems.”
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Figure S1 depicts the Cls core level spectra of monometallic
fresh 5% Ir/C with corrected Cls at B.E. 284.6 eV. After
deconvolution, four different peaks appeared with B.E. at
284.16 eV, 284.59 eV, 284.78 eV and 286.33 eV. Out of these,
peaks at BE = 284.13 eV, 284.59 eV and 284.78 eV
corresponded to the presence of adventitious carbon and C-C
bond, respectively. While, the peak at BE = 286.33 eV
represents the existence of C-OH or C-O-C bonds.* However,
there is no detectable C=0 and O-C=0 species at BE of 287.9
eV and 288.8 eV on the catalyst surface. Contribution of the
above peaks suggests the even deposition of iridium particles
over carbon supports which existed in metallic as well as its
different oxide states.

TEM

The particle size and morphological features of fresh and spent
Ir/C catalysts were determined by TEM as shown in Figures 3A
and 3B.

Figure 3: TEM analysis of 5% Iridium/Carbon with SAED pattern (inset figures
A] Fresh Ir/C B] Used Ir/C]

Supported Ir particles on carbon showed uniform distribution
having spherical morphology and particle size in the range of
2.4 to 3.6 nm.”” SAED pattern shown as inset of Fig 3A with
distinct diffuse rings was in close agreement with XRD results.
Average interlayer spacing calculated as 0.2112 nm was for the
characteristic phase of graphitic carbon or iridium monolayer
formed on the carbon surface. Similar findings were observed
for spent 5% Ir/C catalyst sample. Interestingly, particle size in
the used catalyst was slightly reduced in the range of 2.1 to 3.3
nm." Indeed, increase in intensity of three diffuse rings in
SAED pattern implied the formation of crystalline phases over

This journal is © The Royal Society of Chemistry 20xx
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the support.
intercalation of iridium with the carbon support with d spacing
of around 0.2095 nm.***°

The crystallinity observed may be due to

Ammonia TPD

Since hydrodeoxygenation of furfural to give 2-MF is favoured
by acid catalysiszs, total acid strength of 5% Ir/C catalyst was
determined by NH3-TPD and the results are shown in Figure S2
and Table S2. Fresh catalyst showed three distinct peaks in all
three regions. Typical broad desorption peak in the
temperature range of 40-200 °C with maxima centred at 64 °C
indicated the presence of weak acid sites. The desorption peak
present in the range of 200-400 °C centred at 347 °C implied
the presence of medium acidic sites while, strong intense peak
observed above 400 °C cantered at 714 °C implied the
presence of very strong acidic sites. Total acidity in terms of
ammonia desorbed per unit weight of catalyst for the fresh
catalyst was 0.1633 mmol g'1 while for the spent catalyst, it
was slightly higher as 0.1669 mmol g'l. The reason for such
significant acid strength was due to the presence of oxide
species of iridium the presence of which was confirmed by
XRD and XPS as discussed above. Bronsted acidity was
confirmed by Py-IR technique where, distinct absorption band
at 1541 cm™ clearly confirmed the presence of Bronsted
acidity, as shown in Figure S3.

Activity testing

Among several products possible from FFR, formation of 2-MF
is via selective removal of oxygen from formyl group through
selective hydrodeoxygenation suppressing the competitive
ring hydrogenation as well as ring opening products. For
achieving this, initially catalysts with iridium on different
supports like C, Al,O;, MMT, and ZrO, were screened for
furfural hydrogenation and the results are given in Figure 4.

100

N

Conversion

80 —

60 -

40 +

Conversion,%

20 <

Carbon Zr02 Al203 MMT-K10

Catalyst

Figure 4: Metal on different support. Reaction conditions: furfural, 2.5g; solvent
(IPA), 95ml; catalyst (4% Ir), 0.25g, temp., 220°C; "H, pressure, 100 psig; Agitation
speed, 1000 rpm, time, 5h.

It was observed that 4% Ir on different supports showed near

about similar furfural conversion while, the selectivity to 2- MF
was in the following order, C>ZrO,>Al,0;=MMT. ZrO,

This journal is © The Royal Society of Chemistry 20xx

supported Ir catalyst gave selectivity of 46% to 2-MF and 52%
to THFAL. Both AlLO; and MMT-K10 supported catalysts
preferentially formed FAL (35%) along with 2-MF up to only
21% with THFAL still remaining higher at 52%. However,
incorporation of Ir on MMT-K10, resulted in significant (27%)
formation of open chain product like 1,2-PeDO which could be
ascribed to the presence of parent surface acidity of MMT K10.
20 Among all the catalysts screened very interestingly, 4% Ir/C
catalyst was found to be the best catalyst for selective
production (80%) of 2-MF via furfural hydrogenation in a single
step. In order to further maximize 2-MF selectivity, initially
metal loading effect was studied in the range of 1% to 6%.

Table 1: Effect of metal loading

Sr  Metal Conv. Selectivity,%
load, )

N % % 1] v Vv VI VIl TON TOF

+ h*
WLl

1 1 90 48 - 52 - - 280 560

2 2 94 28 - 70 - 2 208 416

3 4 99 18 - 80 - 2 128 256

4 5 99 - 1 95 4 - 158 316

5 6 99 - 5 87 8 - 130 264

Reaction conditions: furfural, 2.5g; solvent (IPA), 95ml; loading, 0.25g, temperature,
220°C; H, pressure, 100 psig; Agitation speed, 1000, time, 5h.

Table 1 shows that increasing Ir loading from 1 to 4% favoured
increase in 2-MF selectivity from 52% to 80% at the cost FAL
selectivity which depleted from 48% to 18% (entries 1-3).
Subsequent increase in metal loading up to 5% resulted in
complete consumption of FAL with concomitant formation of
2- MF to the extent of about 95% (Table 1, entry 4). Further,
increase in Ir loading up to 6% influenced the selectivity of 2-
MF to drop down to 87% with increase in next step ring
hydrogenated products (Table 1, entry 5). Thus, appropriate Ir
metal loading favoured selective formation of 2-MF, above
which further hydrogenation of 2-MF takes place due to
availability of higher amount of active sites. Respective
catalytic activity calculated in terms of TON and TOF at low
conversion levels are given in Tables 1 and S3. A typical
conversion and selectivity Vs time profile of FFR hydrogenation
over 4% Ir/C is shown in Figure 5. Both conversion and 2-MF
selectivity linearly increased with progress in reaction time. At
the end of first hour, 71% FFR conversion was achieved which
steadily reached to 99% until the reaction reached to 5™ h.
Initially in the first hour, 56% selectivity to FAL was observed
which then decreased linearly to 4% during 4™ hour and finally
diminished after 5" hour of the reaction. Similarly, 2-MF
selectivity of 43% observed during 1 hour of reaction time
steadily enhanced to 95% at the end of 5™ hour. On the other
hand, formation of 2-MeTHF and THFAL was very negligible
and remained almost constant throughout the reaction. These
results certainly indicate that 5% Ir/C was highly selective to 2-
MF formation which proceeded through FAL intermediate. In
order to confirm the later, hydrogenation of the intermediate

J. Name., 2013, 00, 1-3 | 5
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FAL was carried out under standard optimized reaction
conditions which gave maximum selectivity to 2-MF and small
amount of THFAL (5%) and 2-MeTHF (10%) (Table S4).
Similarly, starting with 2-MF as a substrate, complete
selectivity to 2-MeTHF was achieved. From these results, a
plausible reaction pathway is shown in Scheme 2. Above
transformations may be due to structural role of different
iridium phases which are exposed during the hydrogenation,
as discussed later.
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Figure 5: Conversion and selectivity vs time profiles Reaction conditions: furfural, 2.5g;
solvent (IPA), 95ml; catalyst, 0.25g, temp., 220°C; H, pressure, 100 psig; Agitation
speed, 1000 rpm, time, 5h.

{ 3
; (I
THFAL

(¢}
2-MeTHF

Hy by Hz

Furfural FAL 2-MF

Scheme 2: Plausible reaction pathway

As 5% Ir/C catalyst showed maximum selectivity to 2-MF
further reaction parameter optimization studies for furfural
hydrogenation were carried out over 5% Ir/C catalyst.

Effect of temperature

Effect of temperature on conversion of furfural and product
distribution was studied in a range from 140-240 °C. Figure 6
shows that at a lower temperature of 140 °C, the conversion of
furfural was 70 % with 68 % selectivity to first step
hydrogenation product, FAL while selectivity to 2-MF obtained
was 25%. With increase in reaction temperature from 140 to
220 °C, a trend of linear increase 2-MF selectivity from 25% to

6| J. Name., 2012, 00, 1-3
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95% with complete conversion of furfural was observed. This
increase in 2-MF selectivity with increase in temperature was
accompanied by decrease in FAL selectivity from 68% to nil.
With further increase in reaction temperature up to 240 °C,
marginal decrease in selectivity to 2-MF from 95% to 87% was
observed. A small amount of THFAL (~ 5%) was observed even
at lowest temperature of 140 °C which slightly increased up to
200 °C and became almost nil at 220 °C. However, 2-MeTHF
formation was observed only at 180 °C which increased
linearly to ~ 10 % up to 240 °C. Thus ring hydrogenation of 2-
MF to some extent was facilitated only at higher temperature
over Ir/C catalyst.
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Figure 6: Effect of temperature on conversion and selectivity of furfural hydrogenation.
Reaction conditions: furfural, 2.5g; solvent (IPA), 95ml; catalyst, 0.25g; H, pressure,
100 psig; Agitation speed, 1000 rpm, time, 5h.

Effect of H, pressure

Figure 7 shows influence of H, pressure in the range 100-750
psig on product distribution of furfural hydrogenation by
keeping all other parameters constant.

100 7 7 100
— <
i \ ; L s
ZZ] Conversi
7 b FAL
R 60+ —m—THFAL [F60: &
g ~@—2-MF z
a -3
- —@—2-MeTHF E
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E g <
o 3
O 40 - a0 X
7
7
20 y - 20
. . / 9
0 : -I/ 0
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Figure 7: Effect of H, pressure on conversion and selectivity of furfural hydrogenation
Reaction conditions: furfural, 2.5g; solvent (IPA), 95ml; catalyst, 0.25g, temp., 220 °C;
Agitation speed, 1000 rpm, time, 5h.

Complete conversion of FFR was achieved even at lowest H,
pressure of 100 psig. While, 2-MF selectivity remained

This journal is © The Royal Society of Chemistry 20xx
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constant at ~95% up to 500 psig but dramatically dropped
down to 75% at enhanced pressure of 750 psig with a
subsequent increase in THFAL (17%) selectivity. This was due
to ring hydrogenation at higher H, pressure to give 2-MeTHF.
Thus, increase in pressure to 500 psig, 2-MF selectivity was
92% with 7% selectivity to 2-MeTHF. With further increase in
pressure to 750 psig, 2-MF selectivity dropped down to 75%
with higher selectivity to THFAL (17%) and 2-MeTHF (8%).
Hence, the low H, pressure of 100 psig would be more
favourable for furfural hydrodeoxygenation process to give 2-
MF.

Effect of catalyst loading

Catalyst loading effect in the range of 0.12g to 0.4g was
studied at 100 psig H, keeping all other reaction conditions
constant.

100

S XX conversion S S

80

60 |

40 |

Conversion/Selectivity, %

20 4

1 T
12 (0.25) 13 (0.4)

11 (0.125)

Catalyst loading, g.

Figure 8: Effect of catalyst loading on conversion and selectivity of furfural
hydrogenation. Reaction conditions: furfural, 2.5g; solvent (IPA), 95ml; catalyst, 0.25g,
temp., 220 °C; H, pressure, 100 psig; Agitation speed, 1000 rpm, time, 5h.

Figure 8 shows that for all catalyst loadings, complete
conversion was achieved. At lower catalyst loading of 0.12g, 2-
MF selectivity was as low as 70% as FAL formation was 21%
indicating the insufficient active sites available for
deoxygenation via FAL. As the catalyst loading increased to
0.25g, 2-MF selectivity reached to 95% with decrease in FAL
selectivity from 21% to nil. This trend remained the same with
further increase in catalyst loading to 0.4g. However, minor
ring hydrogenation of 2-MF resulted in 6% selectivity to 2-
MeTHF.

Study of effect of substrate loading showed that increasing the
substrate loading from 2.5g to 7.5g, selectivity to 2-MeF
decreased from 95% to 66% as well as FFR conversion
decreased to 78% with increase in FAL selectivity to 31%
shown in Figure S4.

Above results imply that 5% Ir/C catalyst selectively prefers
only side chain hydrogenation rather than ring hydrogenation
or ring opening products and giving very high selectivity to 2-
MF through hydrodeoxygenation of furfural. Catalyst stability
and recyclability of 5% Ir/C catalyst at 100 psig was also tested
by subsequent reuse runs as shown in Figure 9.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9: Catalyst recycle study. Reaction conditions: furfural, 2.5g; solvent (IPA), 95ml;
catalyst, 0.25g, temp., 220 °C; H, pressure, 100 psig; Agitation speed, 1000 rpm, time,
5h.

Initially at optimized H, pressure 100 psig (Figure 9), after
completion of the reaction, reaction crude was separated by
decantation after settling the catalyst and fresh charge was fed
to the reactor and the reaction was continued. Catalyst was
active till 4" use. Till 3" reuse selectivity pattern was the same
as for fresh catalyst however, after 4™ reuse 2-MF selectivity
dropped down from 95% to 86% along with increase in FAL
selectivity from nil to 13 % with a negligible decrease in 2-
MeTHF from 4% to 2%. This was also associated with decrease
in conversion from 99% to 87 %. Decrease in conversion and
selectivity may be due to catalyst poisoning causing
unavailability of active metallic iridium sites. More
importantly, activity of the reused 5%lIr/C catalyst could be
regained by activating the spent catalyst in H, environment
and the catalyst showed complete FFR conversion with similar
2-MF selectivity for next reuse. In order to compare stability of
the catalyst, catalyst recycle runs were also carried out at high
pressure (500 psig) and results are shown in Figure S5.
Surprisingly, 2-MeTHF selectivity increased during successive
recycles with decrease in 2-MF selectivity. In order to check
the possibility of iridium leaching, hot filtration test was
performed as shown in Figure 10. After 1*' h, the reaction was
stopped and the catalyst was removed by filtration. The
reaction was continued with the filtrate devoid of catalyst. As
no any change in conversion of furfural was observed, it could
be inferred that the catalyst was quite stable and non-
leachable under the standard optimized reaction conditions.
Results were crossed checked by ICP-OES experiments. At the
same time, solvent reuse study were also done where almost
no change in conversion as well as in 2-MF selectivity were
observed. (Table S5)

XRD of used 5% Ir/C catalyst (Figure S6) showed the signals at
same peak positions without any significant changes. From
TEM analysis, morphology also was found to be the same
(spherical) with particle size of 1.5 to 3 nm as that of the fresh
sample, which is discussed earlier (Figure 3B).

J. Name., 2013, 00, 1-3 | 7
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Figure 10: Catalyst leaching test. Reaction conditions: furfural, 2.5g; solvent (IPA),
95ml; catalyst, 0.25g, temp., 220 °C; H, pressure, 100 psig; Agitation speed, 1000 rpm,
time, 5h.

In order to establish and check effect of successive catalyst
recycles on catalyst surface, XPS analysis of spent catalysts
were done shown in Figure 11.

61.32 eV (Ir0,/Ir0,)

satellite

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Binding energy, eV.

Figure 11: XPS spectrum of 5% Ir/C used catalyst

It was found that iridium was present as Ir°, IrO, and IrO;. The
peaks at B.E. of 60.95 eV and 63.93 eV corresponded to
metallic iridium while, those at B.E of 61.11 eV, 61.32 eV,
62.68 eV and 64.75 eV represented various oxides of iridium,
such as IrO;, or IrO; as 4f;;, and 4fs, respectively. However,
two satellite peaks observed at B.E. of 66.11 eV and 68.18 eV
could be ascribed to uneven shaking of protons.”“w'51 After
careful comparison of XPS of fresh and used 5% Ir/C catalyst, it
was observed that total percentage of metallic Ir deceased and
that of oxide increased in the used sample. It may be because
of interaction of metallic Ir with OH- species removed from
furfuryl alcohol via hydrodeoxygenation, in spite of presence
of hydrogen. This clearly suggests that Ir has a strong affinity
towards oxygen.

8| J. Name., 2012, 00, 1-3

Moreover, after deconvolution of Ol1s and Cls of used 5% Ir/C
catalyst (Figures S7 & S8), the main peaks centred at B.E. of
532.8 eV consisted of six peaks as compared to fresh Ir/C
catalyst having B.E. of 531.8 eV. Among six peaks, the peak at
B.E. of 529.6 eV corresponded to lattice oxygen, while another
set of peaks at B.E. of 531.5 eV and 531.96 eV represented the
features of hydroxyl and ether groups, which may arise from
oxygen defects. Similarly, there were two peaks at B.E. of
533.06 eV and 533.86 eV that implies adsorbed C=0 groups,
while peak at BE of 534.52 eV could be assigned to the
presence of C=0 group originating from adsorption through nt
as well as a-B unsaturated bond linkages of furfural and
furfuryl alcohol during successive recycle runs over the catalyst
surface. This is in good agreement with the results obtained by
deconvolution Cls spectrum of used Ir/C (Figure S7) catalyst.
The five different peaks with binding energies of 284.45 eV,
284.48 eV, 285.22 eV, 286.47 eV and 288.34 eV corresponded
to surface composition of C-C bond and adventitious carbon.
Another set of peaks at BE of 286.46 eV and 288.31 eV were
associated with the presence of C-OH and C=0 species.
Upward shift of peaks implies the strong association of metal,
substrate and products with carbon support.‘m'46 Total
composition of species is calculated by corresponded area of
iridium, oxygen and carbon along with their respective
functional groups (Table S6) where increase in oxygen content
on catalysts surface clearly indicated that there was depletion
in metallic iridium content with respect to increase oxide form
of Ir, which is in line during successive recycle runs at standard
optimized conditions.

Plausible reaction mechanism

Our catalyst possesses coexistence of all three phases of
iridium viz. Ir°, IrO,, and IrO;. As shown in Scheme 3, initially,
furfural gets adsorbed on the surface through m-bond of
formyl group forming furfuryl alcohol selectively, under
hydrogenation conditions. Later interaction of FAL with IrO,
through C-OH in contrast to least absorption affinity of C=C
bond for IrO,, leads to the formation 2-MF in a single step. As
stated, iridium is well known for oxygen evolution reaction in
which water molecule splits into the H" and OH 43153 e
hypothesized that iridium dioxide induces the splitting of FAL
into [C5H50'] and [OH] and then in situ reaction of [OH] with
external H, resulted in the formation of water molecule and
free hydride i.e. [H]. Later in association with [C5H50"] species
with free hydride, resulted in the formation of 2-MF. It is also
reported that defects present in oxygen as well as availability
of I and Ir*" sites are helpful to alter the mechanistic way
rather hydrogenation and favors hydrodeoxygenation of
furfural to give 2-MF.*° Above hypothesis was validated with
some control experiments and XPS studies of fresh and used
5% Ir/C catalyst samples (Figures S7, S8, S10 and Table S3, S5).
Use of 5% Ir/C before NaBH, reduction showed somewhat
lower furfural conversion but high selectively to 2-MF (Figure
S9). Moreover, part of FAL molecules which were strongly
adsorbed on the surface through C=C bond led to the
formation of THFAL and 2-MeTHF which were also by-products

This journal is © The Royal Society of Chemistry 20xx
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of the reaction, formed at higher catalyst loading and high

temperature. Simultaneous absorption of FAL switches the
54,55

product selectivity to either 2-MeTHF or THFAL. Mass
spectrum of 2-MF is given in Figure S11.
¢
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Scheme 3: Plausible reaction mechanism over 5% Ir/C

As 5% Ir/C possesses Bronsted acidity, selective formation of 2-
MF from furfural can be explained by alternate pathway also.
Initially, furfural gets converted to FAL through hydrogenation
of C=0 bond over metallic iridium sites. Subsequently, FAL gets
protonated to forms the unstable carbocation whose
subsequent dehydration followed by hydrogenation in
presence of H, gives 2-MF selectively, as shown in Scheme 4.
H,, IPA

Dehydrati
(¢]

sites (o} i
Furfuryl alcohol HH HH

OH
e olgplol
1 Ir%y{zlr 1l O Il-0f 1
. S I
Carbon Carbon

Scheme 4: Acid catalysed plausible reaction mechanism over 5% Ir/C

Conclusions

Carbon supported Ir catalysts with varying Ir loadings of 1 to
6% were prepared and screened for furfural hydrogenation to
2-MF. HR-TEM revealed that the particle size of iridium

This journal is © The Royal Society of Chemistry 20xx

2-Methylturan

particles in the range of 2 to 3 nm with an excellent dispersion
on carbon support, confirmed by respective SAED pattern
which remained almost same even after catalyst reuse.
Different phases of iridium were confirmed by XPS analysis and
respective acidity was calculated by NH;-TPD. Systematic study
with varying Ir loading results in different individual 2-MF
selectivities. Under optimized reaction conditions, 5% Ir/C
catalyst gave 95% 2-MF selectivity at low H, pressure i.e. 100
psig suppressing other by product formation. Varying different
reaction parameters like temperature, pressure, catalyst
loading etc. product selectivity could be tuned to ring
hydrogenation products. At lower catalyst loading 1%, both
FAL and 2-MF were formed with almost equal selectivities.
Similarly, at low temperature 140 °C, conversion dropped
down to 70% with 68% selectivity to FAL while, highest
temperature of 240 °C favored ring hydrogenation product i.e.
2-MeTHF (87%). With the help of some control experiments, in
proposed reaction mechanism, crucial role of IrO, species is
shown which facilitates the selective formation of 2-MF from
FAL. Similar way, acid mediated mechanism FR to 2-MF
mechanism is also given. The presence of relevant species
responsible for these transformations were characterized by
XPS analysis. Interestingly, catalyst was found to be very stable
at low pressure (100 psig) even after four recycles and showed
similar activity after its rejuvenation by hydrogen. No leaching
of iridium metal was observed as confirmed by hot filtration
test and by ICP-OES analysis.
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