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a b s t r a c t

Vapor-phase decarbonylation of furfural to furan was performed on K-doped Pd/Al2O3 catalysts in a fixed-
bed reactor. A series of K-doped catalysts were prepared by impregnation method with various potassium
salt precursors and different potassium content. The catalyst evaluation results revealed that the doping of
K not only promoted the furfural decarbonylation, but also suppressed the hydrogenation side reaction.
Among the investigated catalysts, Pd–K2CO3/Al2O3 (K% = 8 wt.%) presented the best performance and
achieved the furan yields up to 99.5% at 260 ◦C. The selectivity of 2-methylfuran would approach zero
eywords:
ecarbonylation
urfural
uran
d/Al2O3 catalysts
-Methylfuran

at high K content (K% > 4 wt.%). Furthermore, the catalysts were characterized by BET, SEM, ICP, H2-TPR,
H2-TPD, H2-chemisorption, CO-FTIR, furfural-TPSR, and furfural-FTIR experiments. It was shown that the
dopant phase had a remarkable effect on the precursor Pd2+ and the reduced Pd metal particles. Furfural-
TPSR and furfural-FTIR exhibited that K-doped catalysts enhanced the furfural adsorption and promoted
the decarbonylation reaction, which was due to the different adsorption mode and intensity of furfural
on K-doped and undoped samples. Besides, the decrease of C–O adsorption of furfural (�2(C,O)-furfural)
by K doping is the main reason for suppressing the furfural hydrogenation.
. Introduction

Transformation of non-food biomass to chemicals is an impor-
ant sustainability issue and has attracted much attention in recent
ears [1]. Furfural, as an important chemical readily accessible from
iomass, appears to be the only unsaturated large-volume organic
hemical prepared from carbohydrate resources and is a key deriva-
ive for the production of non-petroleum-derived chemicals [2].
ne important chemical coming from furfural is furan [1–5], which

s a useful intermediate and employed primarily in the synthesis of
etrahydrofuran. Both vapor [3] and liquid phase [5] decarbonyla-
ion of furfural can produce furan, but vapor phase decarbonylation
s usually preferred for its simple operation, easy separation, han-
ling and recycling of catalysts.

Some metal oxides such as iron, zinc, manganese, molybdenum,
hromium oxides, or their mixtures [6–8] and noble metals such as

d, Pt, Rh used as supported form [9,10] are employed as the cat-
lysts for decarbonylation of furfural to furan. The main drawback
f the non-noble oxide catalysts is the drastic operating conditions,
hich may bring about a significant breakdown of furan and the for-
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mation of heavy products resulting in deactivation of the catalysts
[6,7]. In contrast to the non-noble catalyst systems, the supported
noble metal catalysts exhibit high conversion and yield at much
lower temperatures [9]. For the supported Pd catalysts, the most
effective and widely used supports for the decarbonylation reaction
are active carbon and alumina [11]. Furthermore, some additives,
such as nickel, rhodium, ruthenium, alkali and alkaline-earth met-
als, are added to modify the properties of supports and interact
with the metal, among which alkali metals are the best promoters
to the reaction [12].

It should be noted that the vapor-phase decarbonylation must
be carried out in the presence of hydrogen as carrier gas, which
has the function of prolonging the catalysts life [9]. However, the
life expectancy of the catalysts is still not long enough for indus-
trial application and the reason may be the lower ratio of H2 to
furfural. Most of the references reported that the molar ratio of
H2 to furfural should not be higher than 2, and the best range
is from 0.5 to 1 [9]. Srivastava and Guha [13] reported that the
main reason for catalysts deactivation is the formation of coke, and
explained that the rate of deactivation is presumed to be controlled
by the reaction between two adsorbed furfural to form coke pre-

cursor followed by coking. Therefore, the ratio of H2 to furfural
is chosen as 20 in this study, which obviously prolongs the cata-
lysts life and shows no sign of deactivation through hundreds of
hours. However, the high content of hydrogen existed in the reac-
tant gases can produce significant quantities of C O hydrogenation

dx.doi.org/10.1016/j.molcata.2010.11.016
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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was in situ performed at 40 ◦C by a stream of furfural (diluted with
O 2

Fig. 1. Main reactions existed in furfural decarbonylation.

y-products. The main reactions occur in furfural decarbonylation
s shown in Fig. 1, including the decarbonylation of furfural to furan
1), hydrogenation of furan to tetrahydrofuran (2), hydrogenation
f furfural to 2-methylfuran (3), furfuryl alcohol (4) and tetrahy-
rofurfuryl alcohol (5). Accordingly, this complication may arise
uring separation and product purification. As the final product,
etrahydrofuran can be obtained by furan hydrogenating without
eparating it from the gaseous products of furfural decarbonyla-
ion. Among these products, furfuryl alcohol (Tboil = 171 ◦C) and
etrahydrofurfuryl alcohol (Tboil = 178 ◦C) can be easily separated
ith furan (Tboil = 32 ◦C) and tetrahydrofuran (Tboil = 66 ◦C). How-

ver, 2-methylfuran (Tboil = 63.5 ◦C) has a similar boiling point with
etrahydrofuran, which makes it very difficult for separation. There-
ore, it should be considered to reduce the by-products of furfural
ydrogenation, especially 2-methylfuran. Potassium promoter can
e employed to inhibit the hydrogenation function of catalyst,
hich has been proved to be effective in the iron catalysts for F-
synthesis [14]. So, it is expected that the addition of potassium

romoter can suppress the hydrogenation of Pd/Al2O3.
To the best of our knowledge, few reports have studied the vapor

ecarbonylation of furfural on high H2/furfural ratio (≥20) and the
ow reaction temperature range (180–260 ◦C). Besides, the effect of
promoter on Pd catalysts is not systematically investigated in this

eaction. Therefore, the objectives of this work are to achieve high
ield of furan at low temperature and study the effect of K promoter.
ore specifically, this work is devoted: (a) to choose the best K pre-

ursor; (b) to study the effect of K content; (c) to investigate the role
f K on the catalytic behavior of Pd catalyst. The structure and redox
roperties of Pd–K/Al2O3 catalysts are characterized by BET, ICP,
2-TPR, CO-FTIR, H2 chemisorption, H2-TPD, SEM, furfural-TPSR,
nd furfural-FTIR aimed at defining the interaction between metals
nd adsorption mode of furfural.

. Experimental

.1. Catalyst preparation

�-Al2O3, obtained from the Aluminum Co., Ltd, of China (surface
rea = 233 m2/g, 20–40 mesh), was used as support. 1 wt.% Pd/�-
l2O catalyst was prepared by incipient wetness impregnation.
irstly, Pd(NO3)2 solution was impregnated to the Al2O3 at ambi-
nt temperature for 5 h. After that, the sample was dried overnight
t 120 ◦C and then calcined at 450 ◦C for 6 h. The 1 wt.% Pd/Al2O3 is
eferred to as PA.

Five different 1–1 wt.% for Pd–K/Al2O3 catalysts were prepared
sing different potassium salts (K2CO3, KOH, KCl, KNO3, CH3COOK)
s K precursors. Firstly, potassium solutions were impregnated to
he Al2O3 for 0.5 h before Pd(NO3)2 solutions were added in. The

ubsequent drying and calcination procedures were the same as
hose of the Pd/Al2O3. The catalysts are designed as PA–X, with

denoting the different potassium salts. For example, PA–K2CO3
esignates the K in Pd–K/Al2O3 catalyst coming from K2CO3.
lysis A: Chemical 335 (2011) 71–81

Different content of potassium was doped to the Al2O3 using
K2CO3 as K precursor and the loading range was from 0.75 to
10 wt.%. The preparation procedures of the catalysts were the same
as PA–K2CO3. These catalysts are labeled as PA–K(x), while x is
denoting the K content. The PA–K(1%) means the content of K in
the Pd–K/Al2O3 catalyst is 1 wt.%.

2.2. Catalysts characterization

The surface area and textural propertied of the fresh catalysts
were measured by nitrogen physical adsorption at 77.4 K with ASAP
2420 (Micromeritics, USA). The catalyst samples were degassed at
350 ◦C for 9 h prior to the measurement.

The morphologies of as-prepared samples were investigated by
SEM (Quanta 400F). From this technique the surface morphology
of the catalysts can be obtained.

ICP optical emission spectroscopy (Optima 2100DV,
PerkinElmer) was used to analyze the chemical composition
of the catalysts. From this technique the exact composition of
metal components can be obtained.

The temperature-programmed reduction of H2 (H2-TPR) was
performed in a conventional apparatus (Micromeritics Auto Chem.
2920, USA) with a thermal conductivity detector. The catalysts
were heated at a linear rate of 10 ◦C/min from room temperature
or −80 ◦C to 500 ◦C in a 5% H2/Ar mixture (mol/mol) flowing at
50 ml/min. During the TPR, a liquid nitrogen/isopropanol trap was
used to condense the product water in the effluent.

H2 chemisorption was performed in a surface area and porosity
analyzer (Micromeritics. ASAP 2020, USA). The method was used
to determine the dispersion of Pd and the amount of hydrogen
chemisorption. Prior to measurements, the catalysts were degassed
for several hours, and then reduced in hydrogen at 350 ◦C for 2 h fol-
lowed by degassing at the same temperature for 2 h. After cooling
under vacuum to the adsorption temperature, the total H2 uptake
(adsorption at the Pd surface and adsorption in the bulk) was mea-
sured. Next, inert gas (He) was used to remove the physisorbed
hydrogen, and then the amount of chemisorbed hydrogen was
obtained.

The temperature-programmed desorption of H2 (H2-TPD) was
performed in the same apparatus as H2-TPR. The catalysts were
first reduced by H2 at 350 ◦C for 2 h, and then purged with Ar at the
same temperature for 30 min followed by cooling down to 50 ◦C.
After adsorption of H2 at 50 ◦C for 30 min, the sample was purged
with Ar again in order to remove the weakly adsorbed species until
the baseline leveled off. Following this, the H2 desorption was being
carried out from 50 ◦C to 800 ◦C at a linear rate of 10 ◦C/min.

CO-FTIR spectra were collected using an infrared spectrome-
ter (VERTEX70, Bruker, Germany), equipped with KBr optics which
works at the liquid nitrogen temperature. The infrared cell with
ZnSe windows was connected to a gas-feed system with a set
of stainless steel gas lines, which allowed the in situ measure-
ment for the adsorption of CO. Before measurements, the catalysts
were reduced in situ at 350 ◦C for 2 h. After the reduction proce-
dure, the system was cooled to 20 ◦C and the CO-FTIR spectra were
recorded.

The temperature-programmed surface reaction of furfural
(furfural-TPSR) was performed in a self-made reactor connected
to an on-line mass spectrometer (OmniStar TM). Firstly, the cata-
lysts were reduced by H2 at 350 ◦C for 2 h, and then purged with He
at the same temperature for 30 min and cooled to 40 ◦C overnight
in order to diminish the effect of H2. Next, the absorption of furfural
carried gas He) for 1.5 h. After the absorption, the catalysts were
purged with He for removing the physically adsorbed furfural at
40 ◦C until the values of m/e became constant. The TPSR experi-
ments were performed with a heating rate of 10 ◦C/min in a flow
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Table 1
Surface area and pore structure of the catalysts with doping different K salts.

Catalyst Surface area
(m2/g)

Pore volume
(cm3/g)

Average pore
size (nm)

�-Al2O3 196.6 0.619 9.07
PA 191.12 0.611 9.36
PA–K2CO3 184.34 0.605 9.73
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PA–KOH 182.70 0.602 9.59
PA–KCl 178.48 0.601 9.73
PA–KNO3 176.42 0.605 9.92
PA–KAc 193.11 0.610 9.26

f He stream, and the desorbing products were monitored with the
nline MS.

Furfural-FTIR spectra were collected with a VERTEX70 spec-
rometer cooled by liquid nitrogen. A vacuum pump was used to
ull the furfural vapor through the chamber for in situ FTIR mea-
urements. Before the measurements, the catalysts were reduced
n situ at 350 ◦C for 2 h. After the reduction procedure, the system

as cooled to 30 ◦C and the Furfural-FTIR spectra were recorded.
hen, the temperature was increased from 30 ◦C to 200 ◦C so as to
urther evaluate the strength of adsorption and the capability of
urfural decarbonylation.

.3. Catalytic test

The activity tests for catalytic decarbonylation of furfural over
he Pd catalysts were performed in a fixed bed reactor under atmo-
pheric pressure. Prior to the reactions, the catalysts (20–40 mesh,
.5 g) were in situ reduced in a stream of pure H2 (150 ml/min)
t 200 ◦C for 12 h. After reduction, furfural and H2 were introduced
nto the fixed-bed reactor through a saturator, and the downstream
ow lines of the saturator were maintained at 140 ◦C to prevent
ondensation of vaporized furfural. The decarbonylation activity
ests were performed in the temperature range of 180–260 ◦C, and
he liquid products were obtained by a cold trap filled with water.
he reactants and the products were analyzed using a GC-950 gas-
hromatograph (GC) equipped with flame ionization detector and
capillary column (OV-101).

. Results

.1. Catalysts characterization

.1.1. Morphology and sample composition (BET, ICP, SEM)
The BET surface area, pore volume and average pore size are

ummarized in Tables 1 and 2.
Table 1 shows a decrease in surface area and pore volume, as
ell as an increase in average pore size compared with the support
n all the catalysts, which may be due to pore blocking. However,
he deposit of Pd and different K salt precursors on �-Al2O3 support
as no obvious effects on the surface areas changes. That is, the
ariations in the surface areas of these catalysts can be considered

able 2
haracterization of the catalysts with doping different K content: surface area and pore s

Catalyst Surface area
(m2/g)

Pore volume
(cm3/g)

Average pore
size (nm)

Pd (wt.%

PA 191.12 0.611 9.36 0.86
PA–K (0.75%) 191.82 0.609 9.42 0.80
PA–K (2%) 186.46 0.590 9.23 0.89
PA–K (4%) 179.77 0.563 9.03 0.89
PA–K (6%) 166.28 0.520 9.09 0.92
PA–K (8%) 146.62 0.497 9.02 0.87
PA–K (10%) 140.10 0.456 9.40 0.88

a The difference value of calculated value and true value determined by ICP.
b Pd dispersion determined from H2-chemisorption.
lysis A: Chemical 335 (2011) 71–81 73

as a negligible factor for the different catalytic activities of furfural
decarbonylation, which will be shown in catalytic performance.

Table 2 displays the morphology and sample composition of Pd
catalysts with different K content. With the increase of K loading,
the surface area and pore volume are decreased monotonous due
to pore blocking. The ICP results indicate that the content of Pd does
not change too much upon different K content. However, there is a
more rapid decline in K content at high K loading.

Fig. 2 exhibits that the outer surface of the catalysts with higher
K content (such as PA–K(8%)) is covered by elongated crystals other
than the support that are not observable before doping K or lower K
content, which is constituted mainly by alkaline metal carbonates
as found by EDS analysis [15].

3.1.2. H2-TPR
TPR experiments can be used to investigate the reducibility of

the Pd2+ species loaded on a given support. By analyzing the TPR
results of the undoped and doped samples, it is possible to deter-
mine whether dopants have interacted with the supported Pd2+

precursor before or during reduction [15].
The TPR profiles of PA and the whole set of K-doped samples

(PA–K(x)) are shown in Fig. 3, in which (a) and (b) represent that the
experiment starts from room temperature and far below ambient
temperature (−80 ◦C), respectively. As displayed in Fig. 3a, the cat-
alysts with low K content or without K can be easily reduced from
the first beginning, and a negative peak at about 72.5 ◦C is appeared
on PA catalyst, which may be due to �-palladium hydride desorp-
tion [16]. In hydrogen atmosphere, PdO is reduced easily at ambient
temperature to Pd metal, further interacts with hydrogen resulting
in the formation of PdHx species. This progress appears to have
occurred during the passage of reducing gas prior to the start of the
temperature program, and then the PdHx will be decomposed with
the increase of temperature [17]. However, the desorption peak is
weak or disappeared with the increase of K content and the reason
may be the presence of electropositive alkali atoms in the vicinity
Pd sites, which exhibits higher electron-donating properties and
causes the Pd–H bond strength weaker.

In order to avoid the partial reduction of Pd2+ species during sta-
bilization of the baseline, a low-temperature H2-TPR analysis seems
to be a feasible approach (Fig. 3b). As displayed in Fig. 3b, the reduc-
tion curve of the PA catalyst shows no negative peak and the high
temperature peak has a little shift to low temperature compared
with Fig. 3a. The PA sample shows a single reduction peak start-
ing at 25 ◦C and terminating at 75 ◦C (the peak at 50 ◦C). With the
incorporation of small amounts of K, an additional peak appears
at about 155 ◦C. Further increasing the K content, the intensity of
the high temperature peak is progressive increased, and the peak

systematically shifts to lower temperature. For example, the peak
undergoes a shift from the value 122 ◦C in PA–K(4%) to 107 ◦C in
PA–K(8%). Contrarily, with the increase of K loading in the cata-
lyst, the intensity of low temperature peak is decreased to a great
extent, and the peak simultaneous shifts to higher temperature. The

tructure, chemical composition, hydrogen chemisorption and metallic dispersion.

) K (wt.%) � (K/wt.%)a H2 chemisorption
(mmol/g)

Pd dispersionb (%)

0 0 0.00988 21.0233
0.66 0.09 0.00948 20.1753
1.76 0.24 0.01398 29.7578
3.67 0.33 0.01644 34.9739
4.93 1.07 0.01811 38.5475
6.64 1.36 0.01567 33.3399
8.43 1.57 0.02379 50.6189
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Fig. 2. SEM images of the surface of catalyst particles (1

esults indicate that more and more K+ will be interacted with Pd2+

ith the increase of K content, which lead to change the reduction
emperature. The behavior up to K/Pd = 4 reflects a strong chemi-
al interaction between K+ and Pd2+ species, which may eventually
ead to the formation of a mixed compound (KPdO) even at low K
ontent [15].

.1.3. H2-TPD and H2 chemisorption
The H2-TPR results exhibit that the dopant phase has already

nteracted with the precursor Pd2+ phase. One of the questions is
hether the interaction between K and Pd is still holding on the

educed Pd metal particles, so the experiments of H2-TPD and H2
hemisorption were carried out on the reduced Pd particles. The
esults are shown in Fig. 4 and Table 2.

It is observed from Fig. 4 that hydrogen desorbs from the sam-
les exhibiting three peaks centered. The low-temperature peak

s due to hydrogen chemisorption on the surface of Pd crystal-
ites, whereas the high-temperature feature can be attributed to
pillover hydrogen associated with the support. The medium-
emperature peak has been assigned to hydrogen adsorbed on the
ites located at the periphery of Pd crystallites, which are con-
acted with the support [18]. K addition does not appreciably affect
he position of the low-temperature peak (at ca. 85 ◦C). However,
he high-temperature peaks (at ca. 480 ◦C) decrease in intensity
nd have a little shift to higher temperature in the presence of
. The reason is that K can induce the dehydroxylation of sup-
ort, which is known to suppress the hydrogen spillover. Regarding
he medium-temperature peaks (at ca. 300 ◦C), they decrease in
ntensity or overlap with the high-temperature peaks except the
atalyst PA—(6%). This implies that the adsorption strength of the

orresponding sites toward hydrogen decreases in the presence
f K. However, it is interesting to see that these effects do not
ecrease the quantity of adsorbed hydrogen. On the contrary, the
dsorbed hydrogen is increased as indicated by the results of H2-
hemisorption (Table 2), which may be due to the higher dispersion
): (a) PA, (b) PA–K(2%), (c) PA–K(4%), and (d) PA–K(8%).

of Pd metal particles. From the results, we may draw the conclu-
sion that K has interacted with the reduced Pd. Then, CO-FTIR was
carried out as a complement experiment to further investigate this
interaction.

3.1.4. CO-FTIR
FTIR spectroscopy of adsorbed CO is a method for the characteri-

zation of the electronic states of supported metals. According to the
�–п binding mode reported by Davydov [19], the carbon monox-
ide molecules adsorbing on metal atoms or ions interact with their
valence d-elections and the frequency of the stretching vibration
of C–O bond of the surface M–CO complex depends directly on the
effective charge of the adsorption.

The FTIR spectra of CO adsorbed at 20 ◦C on Pd/Al2O3 and the
K-doped Pd/Al2O3 samples are displayed in Fig. 5a–g. The spec-
tra of the catalysts show three main peaks from high-frequency
region (2000–2100 cm−1) to low-frequency (1800–2000 cm−1).
The interpretation of CO absorption bands on supported palladium
catalysts is well defined in the literature [19,20]. The signals in the
range 1850–1980 and 2050–2100 cm−1 are attributed to bridge
Pd–CO–Pd and linear Pd–CO species. Moreover, the two bridged
adsorption bands, from high-frequency to low-frequency, can be
attributed to the compressed and isolated bridged carbonyls [21]
or the twofold bridged carbonyls on Pd(1 0 0) and Pd(1 1 1) faces
[22], respectively. As shown in Fig. 5, the progressive increase of K
content causes a gradual modification of the CO spectra, suggesting
that the dopant has interacted with the reduced Pd metal particles.

As implied by the CO-FTIR characterization, the changes in CO
spectra with the increase of K loading can be summarized in three
main phenomena. (1) With the increase of K content, the inten-

sity of adsorption band is increased, especially for the catalyst
PA–K(8%), which shows the highest CO adsorption band. (2) The
bands I and II are progressive decrease of the intensity with respect
to the PA catalyst, and a simultaneous increase of band III. At the
8% K loadings, the spectra are dominated by the last band, which is
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downward shift of −116 cm−1 (from 1940 cm−1 in PA to 1824 cm−1

in PA–K(8%), value taken at peak). The phenomenon shows that the
doping of K results in a red shift of the �(CO) stretching frequency
of species adsorbed on these sites, which implies strengthening of
the Pd–CO bond with the increase of K content.

3.1.5. Furfural-TPSR
Programmed thermodesorption of furfural and the decarbony-

lation products was done to verify the stability of surface species
occurring during desorption and decomposition on PA and PA–K
catalysts. These experiments were performed with the adsorption
of furfural/He flow on reduced catalysts at 40 ◦C for 1.5 h, then
desorbing products with the online MS. Masses characteristic of
different desorption products are shown in Fig. 6, including fur-
fural (C5H4O2, 96 amu), furan (C4H4O, 68 amu), carbon monoxide
(CO, 28 amu) and hydrogen (H2, 2 amu).
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Fig. 6. Furfural-TPSR on the catalysts: (a) furfural desorptio

Fig. 6a shows that furfural desorption takes place at ca. 67 ◦C,
nd the intensity of furfural desorption peak is decreased with the
ncrease of K content, which may be due to the strong adsorption
etween furfural and Pd in the presence of K. Also, the support can
dsorb a certain amount of furfural, with its intensity higher than
A–K and lower than PA catalyst, indicating that the adsorbability
f furfural on Al2O3 is weak and the adsorption quantity is small.

Fig. 6b and c expresses the desorption peaks of furan and CO
the products of furfural decarbonylation), respectively. In Fig. 6b,
wo desorption peaks of furan are presented in PA catalyst: a small
eak at ca. 67 ◦C and a large peak at ca. 195 ◦C. In comparison, the
A–K(4%, 8%) catalysts also have two desorption peaks: the low
emperature peaks are decreased of the intensity, but keeping the
ame temperature as PA; the high temperature peaks are at ca.
52 ◦C, which is 43 ◦C lower than that of PA catalyst, implying that
uran can be easier desorbed on PA–K catalysts than on PA catalyst.
t is interesting to see that the support also presents two desorption
eaks of furan at 66 ◦C and 208 ◦C. However, the result of blank
est shows that the decarbonylation reaction cannot occur on the
upport (Al2O3). Fig. 6c also exhibits that the desorption quantity
f CO on Al2O3 is obviously less than other Pd-containing catalysts.
urthermore, the first two desorption peaks of CO on these catalysts
xhibit the similar desorption temperature as furan desorption, in
ther words, furan desorption is accompanied by desorption of CO.
he CO desorption peaks on PA appear at 68, 214 and 290 ◦C, while
he peaks on PA–K are at 68, 158 and 290 ◦C. The third desorption
eak (290 ◦C) may be due to the strong interaction between Pd and

O, which is decreased with the increase of K content. However,
n additional desorption peak of CO on PA–K (8%) is present at ca.
30 ◦C, which may be due to the decomposition of polymer.

Fig. 6d displays the H2 desorption from the investigated cata-
ysts. In this characterization, the samples were purged with He at
Temperature (ºC)

furan desorption, (c) CO desorption, and (d) H2 desorption.

350 ◦C before the absorption of furfural, so the desorbed hydro-
gen was mainly coming from furfural. As shown in the figure,
H2 is desorbed more easily from PA–K catalysts than from PA
catalyst. In addition, it is obvious that there are no sign of H2 des-
orption on Al2O3, which suggests that the desorbed hydrogen is
formed in the presence of Pd. During the process of reduction,
H2 can be adsorbed dissociatively on the Pd surface and further
spill to the support. As revealed by H2-TPD, the spillover hydro-
gen is hardly desorbed completely lower than 350 ◦C (Fig. 4).
Therefore, the first desorption peak may be due to the hydro-
gen atoms released to the surface by the decomposition of the
furfural adlayer recombined and desorbed, while the second des-
orption peak may be due to the combination of two hydrogen atoms
derived from dehydrogenation of furfural and spillover hydrogen,
respectively.

3.1.6. Furfural-FTIR
To better understand the promoter effects on the decarbony-

lation reaction, we investigated the interaction of reduced PA and
PA–K(8%) with furfural. The in situ FTIR spectra of furfural adsorbed
at different temperature on the samples are displayed in Fig. 7.

Fig. 7a shows the adsorbed acyl species of furfural on PA cata-
lyst. At 30 ◦C, two bands observed at 1888 cm−1 and 1695 cm−1 can
be attributed to physisorbed and chemisorbed furfural, which are
similar to the adsorption of benzaldehyde on Pd/Al2O3 [23]. With
increasing the temperature, the physisorbed furfural is decreased
the intensity and the bands shift to lower frequency, while the

chemisorbed furfural only decreases the intensity. In addition, a
new band appeared at 80 ◦C (1957 cm−1), which is assigned to the
CO adsorption, is progressive increased the intensity with further
increase the temperature. It indicates that the increase of temper-
ature promotes the decarbonylation of furfural.
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ig. 7. In situ FTIR of furfural adsorbed on the catalysts at different temperature:
-doped and undoped catalysts.

Fig. 7b exhibits the adsorbed acyl species of furfural on PA–K(8%)
atalyst. The band at 1807 cm−1 is attributed to the physisorbed
urfural, which is also decreased the intensity with increasing the
emperature. It is interesting to see that the chemisorbed fur-
ural on the K-doped catalyst shows two bands at 1676 cm−1

nd 1624 cm−1, suggesting the presence of two different adsorbed
odes. With increasing the temperature, the band at 1676 cm−1

s decreased the intensity, which is the same as the change of
dsorbed furfural at 1695 cm−1 on PA catalyst (Fig. 7A). However,
he band at 1624 cm−1 has no significant change. Furthermore, the
O bands can be seen at 1913 cm−1 and 2021 cm−1 at the temper-
ture higher than 100 ◦C.

As indicated in Fig. 7c, the differences of furfural in situ IR spec-
ra on the K-doped and undoped samples can be summarized in
hree main phenomena. (1) The intensity of furfural adsorption
ands (both physisorbed and chemisorbed furfural) on PA–K(8%)
re higher than that on PA, which indicates that the adsorption of
urfural is stronger on K-doped samples. (2) The PA–K(8%) catalyst
hows a conspicuous shift of all furfural adsorption bands to lower
requency compared with PA. For example, the chemisorbed band
ndergoes a shift from the value 1695 cm−1 in PA to 1676 cm−1

n PA–K(8%). (3) In contrast to PA, the PA–K(8%) displays two
hemisorbed bands: the first band is at 1676 cm−1, having the same
dsorption mode with band 1695 cm−1 on PA; and the “new band”
s at 1624 cm−1, which is gradually dominant with increasing the
emperature. Accordingly, the doping of K can change the adsorp-
ion mode of furfural on Pd catalysts, which has promoting effect
n the catalytic performance.

.2. Catalytic performance

Sample catalysts were tested for furfural decarbonylation to
xamine the effect of added different K sources and different K con-
ent on the performance of Pd/Al2O3 (PA) catalyst. The results are
lotted in Figs. 8 and 9, which have four small graphs represented
s furfural conversion, furan selectivity, furan and tetrahydrofuran
ield, 2-methylfuran selectivity, respectively. Again, we empha-
ize that the focus of our research is to improve the yield of furan
nd tetrahydrofuran at low temperature (below 300 ◦C), as well as

inimize 2-methylfuran selectivity.
Fig. 8 shows the results of conversions, selectivities and yields

bout the catalytic tests, and it can be clearly seen that PA cat-
lyst reveal a maximum for furfural conversion and in contrast,
owest furan selectivity and highest 2-methylfuran selectivity. In
ber (cm-1)

sorbed on PA catalyst, (b) adsorbed on PA–K(8%) catalyst, and (c) comparison of

comparison with PA catalyst, the conversions of furfural on the
K-doped catalysts are all decreased to a certain extent, whereas
the furan selectivities are all increased (Fig. 8a and b). In other
words, the doping of K can suppress the hydrogenation of furfural
and promote the decarbonylation reaction on Pd catalyst. Fig. 8c
exhibits that the total yield of furan and tetrahydrofuran does not
all increase with K doping, for example, PA–KCl catalyst shows the
lowest yield, which may be due to the residual presence of chlorine
poisoned the active sites. The total yields of furan and tetrahydro-
furan on the K-doping catalysts with different K salts follow the
order of PA–K2CO3 > PA–KOH > PA > PA–KNO3 > PA–KAc > PA–KCl.
The last graph (Fig. 8d) shows that PA–KCl, PA–KAc and PA–K2CO3
catalysts have excellent behavior on suppressing hydrogenation of
furfural to 2-methylfuran. Therefore, considering the yield of furan
and 2-methylfuran selectivity, K2CO3 as K precursor can obtain the
best catalyst performance in the decarbonylation reaction.

Next, the experiments of the decarbonylation reaction were car-
ried out on different content of K (from K2CO3), and the results can
be seen from Fig. 9. The first graph (Fig. 9a) shows that the cat-
alyst PA–K(6%) has the highest furfural conversion, which is not
the expected result that the furfural conversion is decreased with
the increase of K content. H2-TPD (Fig. 4) shows that the PA–K(6%)
has the largest amount of hydrogen desorption below 300 ◦C fol-
lowed by PA–K(4%), PA–K(2%) and PA–K(8%), which is coincident
with the furfural conversion. It is revealed that the decrease of des-
orbed hydrogen would decrease the hydrogenation activity, which
is eventually decreased the furfural conversion. However, the oppo-
site trend is observed for furan selectivity (Fig. 9b). PA–K(8%)
exhibits the highest furan selectivity, while PA–K(0.75%) shows the
lowest. As shown in Fig. 9c, PA–K(8%) displays the highest yield
of furan (99.5%), while PA–K(0.75%) and PA–K(10%) exhibit lower
yields than other catalysts above 220 ◦C. It is also noticed that the
selectivity of 2-methylfuran is zero when the loading of K is above
4% (Fig. 9d).

4. Discussion

Furfural is an unsaturated aldehyde of five carbons, which is

readily hydrogenated under hydrogen atmosphere. Generally, ther-
modynamic studies favor hydrogenation of C C bond over the
C O bond for hydrogenation reaction of unsaturated aldehydes
[24,25]. Reaction kinetics also prefer hydrogenation of the C C
bond over C O bond for small molecules, whereas steric constraints
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ig. 8. Catalytic activity of Pd–K catalysts with doping different K salts in decarbony
nd tetrahydrofuran, and (d) selectivity of 2-methylfuran. Reaction conditions: atm

or larger molecules decrease the rates for hydrogenation of C C
ond. Accordingly, the hydrogenation of C C bond in furfural is
ore difficult than that of C O bond, which may be due to the

teric effects or the aromatic character of furfural. In our work, how-
ver, the hydrogenation of furfural should be decreased as much as
ossible, especially for the C O bond hydrogenation. It has been
eported that Pd exhibits a low rate for hydrogenation the C O
ond compared with other metals commonly used for hydrogena-
ion [26]. In addition, the catalytic performance shows that a clear
nd positive effect for the suppressing hydrogenation of furfural
s present by doping of K. The role of K in the suppressing hydro-
enation on the Pd catalysts can be better interpreted taking into
ccount the interaction between Pd particles and the dopant. Usu-
lly, alkali metals are employed as catalytic promoters or modifiers
o increase the activity and lifetime of heterogeneous catalysts, but
he role played by alkali metals is not unequivocal, depending on
he type of solid and catalytic reaction. Firstly, alkali oxides can neu-
ralize the surface acidic sites, thus enhancing their resistance to
oisoning by acid. Furthermore, many studies [27,28] suggest that
he alkali metal atoms modify the local electron density of the tran-
ition metal either directly or through the support, which can be
pproved by XPS. However, the alkali metals are always introduced
s oxides, hydroxides, carbonates and nitrates. Thus, it is explained
hat K strongly segregates at the surface, forming a submonolayer
f adsorbed K and O having a stoichiometric ratio of unity.
.1. Characters and activity effect of K on Pd catalysts

The catalyst evaluation results exhibit that the doping of K on
d catalysts can enhance the decarbonylation of furfural to furan
of furfural: (a) conversion of furfural, (b) selectivity of furan, (c) total yield of furan
ric pressure, WHSV = 0.77 h−1, H2/furfural = 20 (molar ratio).

and simultaneously decrease the selectivity of hydrogenation by-
products, especially 2-methylfuran.

According to the BET results of PA–X catalysts, the PA–KAc
catalyst exhibits the highest surface area but shows less active
in furfural decarbonylation compared with other catalysts except
PA–KCl (Fig. 8a). A reversed trend is observed for PA–KNO3 sam-
ples with lower surface area and higher catalytic activity. Besides,
with the increase of K content (using K2CO3 as the K precursor), the
surface area and pore volume are decreased monotonous, whereas
the conversion of furfural does not follow the same order. There-
fore, the catalytic activity should depend on other factors, rather
than the specific surface area. Fig. 10 shows that large amounts of
crystalline alkali carbonate are deposited on the surface, but the
promoter phase is always an alkali compound other than carbon-
ate [29]. In other words, the promoter phase is part of dispersed K in
some chemical state, which may be formed through the interaction
between K and the activity species.

H2-TPR shows that the addition of K changes the reduction
profile of PA catalyst, favoring the reduction at higher tempera-
tures. It also indicates that the high temperature reduction peak is
attributed to the interaction between K and Pd2+. When the K con-
tent is over 4%, the high temperature peak is dominated, and shifts
to lower temperature with further increase of K content. Besides,
the decrease of low temperature peak proves that “free Pd atoms”
(do not interact with K) are decreased with increasing K content.

When the K content is higher than 4%, the “free Pd atoms” are almost
disappeared, which presents the same trend as the selectivity of
2-methylfuran. In other words, the selectivity of 2-methylfuran is
decreased with the decrease of “free Pd atoms” and is approach to
zero at the K content of 4 wt.%. For the PA–K(10%), the reduction
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ig. 9. Catalytic activity of Pd–K catalysts with doping different K content in decar
uran and tetrahydrofuran, and (d) selectivity of 2-methylfuran. Reaction condition

eak shifts to high temperature compared with PA–K(8%), and the
ctivity is obviously decreased. One reason might be that the active
ites are blocked by carbonate, and another reason might be that
he promoting effect is suppressed by some poisoning function of
he higher alkali content [30].
The modification induced by alkali addition on metal adsorption
roperties has been widely reported in the literature. Kiskinova
tudying hydrogen adsorption on alkali modified nickel indicated
hat these additives give rise to an important decrease in hydro-
en dissociation ability and saturation coverage [31]. Weatherbee

Fig. 10. SEM images of the surface of Pd–K(8%)/Al2O3 particles (5 �m).
Temperature (ºC)

tion of furfural: (a) conversion of furfural, (b) selectivity of furan, (c) total yield of
ospheric pressure, WHSV = 0.77 h−1, H2/furfural = 20 (molar ratio).

indicates that K produced an increase in the activation energy for
hydrogen adsorption on K promoted Fe/SiO2 catalyst [32]. Prali-
aud reported that K caused a decrease of the hydrogen adsorption,
explained this by a decrease in metallic phase accessibility or by a
rise of hydrogen bond stoichiometry, and claimed this occurrence
induced by an alkali “sieving effect” that limits the accessibility
of the metal surface to a larger probe molecules [33]. The H2-TPD
results (Fig. 4) show that the doping of K can suppress the spillover
hydrogen and H2 may interact with the alkali-modified support, in
other words, interact with hydroxyl groups on support. Therefore,
K-doping acts to enhance the adsorption strength of hydrogen, and
this effect should tend to reduce the rate of hydrogenation reaction,
either by increase the hydrogenation-reaction activation energy,
decreasing the concentration of “free” Ha [34]. Besides, increasing
of K content induces different behavior towards the adsorption of
CO on Pd particles and the CO-FTIR spectra show that the inten-
sity is increased and accompanied by a general red-shift of all the
bands. The sample PA–K(8%) shows the strongest interaction with
CO and the main CO absorption band is isolated bridged carbonyls.
Also, the PA–K(8%) exhibits the best performance on furfural decar-
bonylation, which may be owing to the adsorption mode and the
strong interaction between furfural and the catalyst.

4.2. Electronic effect of K on Pd catalysts
As indicated by the results of H2-TPR, a mixed compound (KPdO)
may be formed through the strong chemical interaction between
K+ and Pd2+ species, which is more difficult to reduce than PdO.
With the increase of K content (from 2% to 8%), the mixed com-
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ound is more likely to be reduced and the reason might be that
ncreasing of K content can share more electrons with Pd2+ during
he process of reduction. Due to the higher electronegative of Pd
tom, an electronic density transfer is readily from alkali metal to
d, which is proved by XPS with a shift towards negative values of
he Pd 3d binding energies [35]. Also, alkali adsorbates also cause a
ramatic enhancement of the electronic polarizability of the metal
urface extending it several angstroms into the vacuum [36]. This
ffect also produces a general shift towards lower frequencies of
he CO bands as indicated by the CO-FTIR spectra on these cata-
ysts, owing to an enhanced transfer of electron density from the

etal to the �* molecular orbitals of CO.
Electronic effects of K promoter on Pd can take place either

hrough direct K–Pd interaction or through a modification of the
upport properties which induces a change in metal–support inter-
ctions. The addition of K2CO3 can make the support properties
hange from acidic to basic [37] and the electron transfer between
etals and supports has been suggested by several researchers

38,39]. Figoli and L’argeniere studied the selective hydrogenation
f styrene over Pd/Al2O3 catalysts and discovered the changes in
he electronic state of Pd via XPS when sodium was added to the
upport. Free electrons on Pd were transferred to lower electron
ensity sites on acidic Al2O3 and electron transfer was attenuated
ith added sodium [38]. Figueras et al. studied benzene hydro-

enation over Pd supported on several different acidic oxides and
laimed that the support influences the electronic properties of Pd
39]. In our work, more basic nature of K-doped Al2O3 favors an
lectron transfer to Pd, resulting in a higher Pd electron density,
nd ultimately a reduced strength of hydrocarbon adsorption on
d. This interaction leads to an increase in furan selectivity from
urfural because the furan desorbs more readily before it can be fur-
her hydrogenated to tetrahydrofuran, and simultaneously results
n a decrease of the furfural hydrogenation by-products.

.3. Adsorption mode of furfural on PA and PA-K catalysts

The results of CO-FTIR indicate that the doping of K can trans-
er electronic density to Pd and change the adsorption mode of
O. During the decarbonylation reaction, the surface of Pd displays
egative charge in the presence of K, while the adsorbed furfural
imultaneously dehydrogenates and then forms carbonyl C+ ions.
s a result, the adsorption of furfural is stronger on PA–K than

hat of PA catalyst, which can be proved by the results of furfural-
TIR (Fig. 7) and is in agreement with the results that the intensity
f furfural desorption peaks are decreased with the increase of K
ontent (Fig. 6a). Also, the strong binding between furfural and
A–K can promote the cleavage of C–C, that is to say the strong
dsorption facilitates the furfural decarbonylation, as indicated by
he furan desorption (Fig. 6b). Barteau have studied the adsorp-
ion mode of aldehydes on Pd(1 1 1) and Pd(1 1 0) surfaces by a
ombination of TPD and HREELS, mainly for adsorption in the low
emperature regime[40,41]. At lower temperatures aldehydes tend
o bond in the �1(O) configuration (that is, adsorb on the metal sur-
ace through the oxygen lone pair electrons), a weakly held form
hich desorbs at low temperatures, typically ca. 200 K. A more

trongly bonded �2(C,O) configuration (�-bonded through carbon
nd oxygen and flat-lying) is identified above 200 K, and it appears
hat decomposition or decarbonylation occurs through this state
42]. However, Barteau proposed that the decarbonylation process
f aldehydes is carried out through the state of �1(C) on Pd(110),
hich is transformed from �2(C,O) [43].
On the basis of furfural-TPSR and furfural-FTIR studies, the
ollowing bond activation sequence is proposed to occur during
urfural decarbonylation on Pd catalysts (Fig. 11). Firstly, furfural
dsorption in the �1(O) configuration is not stable under our oper-
tional temperature and can be transformed easily to �2(C,O)
Pd-K

Fig. 11. Adsorption mode of furfural on Pd/Al2O3 and Pd–K/Al2O3 catalysts.

configuration [40]. Then, a small part of furfural decarbonylates
through this adsorption mode [42] (Fig. 11a) which is labeled as
�2(C,O)-furfural. Accordingly, the decarbonylation product furan
can be obtained at ca. 67 ◦C, which is observed as the first furan
desorption peak occurred both on PA and PA–K catalysts (Fig. 6b).
Secondly, the lone-pair electrons of carbonyl oxygen displays neg-
ative charge and the surface of Pd also exhibits a negative electric
field induced by K, so the adsorption of carbonyl oxygen is more
difficult on PA–K than on PA. As a result, the amount of �2(C,O)-
furfural will be decreased by K doping, which suggests that the
furan produced through �2(C,O)-furfural will be decreased with the
increase of K content. As shown in Fig. 6b, it is obvious that the
intensity of the first furan desorption peaks is decreased accom-
panied by increasing K content. Furthermore, the hydrogenation
of furfural always occurs through �2(C,O) configuration, that is the
C O bond hydrogenation [23], so the decrease of �2(C,O)-furfural
caused by K doping will inhibit the hydrogenation reaction. For PA
catalyst, the main decarbonylation occurs through �1(C) configu-
ration (Fig. 11b), which is transformed from �2(C,O) configuration
[43]. However, for PA–K catalysts, the results of furfural-FTIR (Fig. 7)
show that the adsorption mode of acyl species is different on K-
doped and undoped catalysts, and furfural-TPSR indicates that the
�2(C,O) configuration is difficult to form and unstable on PA–K cat-
alysts. Accordingly, the main decarbonylation of furfural on the
K-doped samples may occur through �′

1(C) configuration (Fig. 11c),
which is more stable than �1(C) configuration.

5. Conclusions

In this work, the catalytic behaviors of K-doped Pd/Al2O3 cat-
alysts for furfural decarbonylation have been investigated in the
temperature range of 180–260 ◦C and ambient pressure. According

to the results, the Pd–K/Al2O3 catalyst doped with K2CO3 and with
a K-loading of 8 wt.% shows the best performance in the decarbony-
lation reaction (the conversion of furfural is 100% and the yield of
furan is 99.5% at 260 ◦C). Besides, the selectivity of 2-methylfuran
will approach zero when the loading of K is above 4 wt.%. The effect
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