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Abstract
Co-precipitated Cu-MgO catalysts were prepared and evaluated for the gas-phase

hydrogenation of furfural. The effect of heating rate at the calcination step was studied
by comparing the performance of three catalysts prepared via the same procedure but
calcined at different heating rates. The results established that altering the heating rate
could influence the structural properties of the catalyst samples and hence their activity
and selectivity. An extremely poor catalytic activity and selectivity (lower than 0.1%
conversion of furfural and 40% selectivity towards furfuryl alcohol after 240 min time-
on-stream) belonged to the catalyst that was prepared with the lowest calcination rate (1
Kmin–1), while the other two catalysts prepared with the calcination rate of 5 and 10
Kmin–1 indicated more than 88% conversion of furfural and 85% furfuryl alcohol
selectivity during this run length.
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Introduction

With the increase of global energy demand and
depletion of fossil fuel reserves [1-3] as well as
environmental problems such as increase of green house
gases and consequently global warming [4], it is
imperative to use renewable resources. In this context,
biomass is assumed as a promising alternative to fossil
fuel [5-10]. In the past few decades many efforts have
been devoted to the conversion of biomass-derived
compounds to fine chemicals and fuels [11,7,12-13,9].

Furfural (FF), a lignocellulose derivative, is a
promising platform chemical which can be used as an
adhesive, fungicide, nematocide and extracting agent
[14-17,8,18]. Additionally, it can be transformed into
value-added chemicals and fuel components such as
furfuryl amine, furan, linear alkanes, furoic acid, 2-
methyl tetrahydrofuran, 2-methylfuran, tetrahydro-
furfuryl alcohol, 1,5-pentanediol, cyclopentanone,
maleic acid, and mainly furfuryl alcohol [19-
20,4,8,21,15]. Furfuryl alcohol (FFA) can be used for
the manufacture of thermostatic resins, furanic fiber-
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reinforced plastics, liquid and foundry resins, adhesives,
ascorbic acid, farm chemicals, lysine, dispersing agents,
and lubricants [22-24,9].

Hydroconversionof FF to FFA can be performed in
liquid [24-26,16] or gas [23,27,10,28-29] phases.
However, the gas-phase hydrogenation is preferred as it
can be carried out at ambient pressure [21,30]. In
addition, it does not have the risk of organic solvents
applied in the liquid phase hydrogenation process.
Instead, the vast range of byproducts which are obtained
even in trace amounts and also the higher energy
consumption due to the FF vaporization are regarded as
its drawbacks [31].

Industrially, hydrogenation of FF is performed in the
gas phase at moderate temperatures (403–473 K) and
pressures up to 30 atm using commercial copper
chromite catalyst [32]. Although copper
chromiteexhibits high selectivity to FFA, its toxic nature
as well as its moderate activity, provoked huge attempts
for developing alternative Cr-free catalysts containing
Cu, Ni, Ru, Ir, Pt, Co, and Pd supported on different
materials such as SiO2 and Al2O3 [33,4,34-36,17].

In this regard, the Cu-MgO catalyst proposed by
Nagaraja et al. in 2007 has attracted growing interest
due to its relatively low cost, substantial activity and
high selectivity to FFA [21,23,37-40,33,41]. Several
reports with the approach of investigating the effects of
various parameters on the performance of co-
precipitated or impregnated Cu-MgO catalysts have
recently been published [42,28,43-44].

In this paper, the effects of heating rate at the
calcination step on the activity of the synthesized co-
precipitated Cu-MgO catalyst were evaluated for the
first time. Reaction data were obtained by altering the
heating rate from 1 to 10 Kmin-1 at three levels followed
by applying the synthesized catalysts to the FF
hydrogenation process and calculating the performance
parameters such as FF conversion, FFA yield and
selectivity. Another goal of this study was to figure out
how the heating rate at the calcination step affects the
structural properties and performance of the synthesized
catalyst.

Materials and Methods

Materials
All chemicals employed for synthesis of the samples

were used directly without further purification.
Cu(NO3)2.3H2O (99.5%), Mg(NO3)2.6H2O (ACS
reagent, 99%) and K2CO3 (ACS reagent, 99.5%), were
purchased from Merck. The material used for the
catalytic reactions included FF (98.6%, Behran Oil Co.)
and high purity H2 (99.99%) and N2 (99.99%).

Catalyst preparation
The copper catalysts were prepared using the starting

precursors with the mass ratio of 16:84 for Cu:MgO via
co-precipitation. In a typical preparation, a mixture of 1
M solution of Cu(NO3)2.3H2O and Mg(NO3)2.6H2O was
allowed to precipitate at a pH of 9.0 by the addition of 1
M solution of K2CO3 at ambient temperature. The
resulting solution was stirred for 3 h. Subsequently, the
precipitate was filtered and washed with distilled water
and dried at 393 K for 15 h. The dried powder was
calcined in air at 723 K for 5 h with the heating rates of
1, 5, and 10 Kmin–1. The resulting catalyst samples were
named as CM1, CM5, and CM10, respectively.

Catalyst and products characterization
Characterization of prepared catalysts was performed

using SEM/EDX, BET, and XRD analyses. Tescan
instrument, using Au-coated samples with an
acceleration voltage of 20 kV was employed for
obtaining SEM/EDX images. Room temperature
powder X-ray diffraction patterns were collected using a
Siemens D5000. Cobalt Co Kα radiation was used from
a sealed tube. Data were collected in the 2θ range of 10–
88° with a step size of 0.02° and an exposure time of 2s
per step. To measure the BET surface areas via nitrogen
physisorption, a Quantachrome Chem-BET 3000
sorption analyzer was used. Degassing of the samples
was carried out at 393 K for 3 h. The reaction products
were analyzed on a gas chromatograph (GC) equipped
with a capillary column and a flame ionization detector
(FID).

Catalytic activity
Hydrogenation of FF was carried out in a tubular

reactor of 10-mm internal diameter. The catalyst pellets
were placed in the reactor. The catalyst was initially
reduced in a flow of hydrogen (33 vol.%) dilued with
nitrogen with a total flow rate of 6420 mLg–1h–1 at 523
K for 3 h. Then, the catalyst bed was cooled down to the
reaction temperature in H2 and subsequently the
feedstock (FF) was injected into the reactor using a
micro-feeder pump. The reaction conditions were 453
K, hydrogen-to-hydrocarbon (H2/HC) volumetric ratio
of 10.6, WHSV of 1.7 h–1, and atmospheric pressure.
The carbon balance was always better than 95% unless
otherwise mentioned. Finally, the performance of the
catalyst was evaluated using the following definitions:

Conversion (%) = (nFF,in – nFF,out)/nFF,in ×
100

(1)

Selectivity (mol%) = nProduct,out /(nFF,in –
nFF,out) × 100

(2)

Yield (mol%) = nProduct,out /nFF,in × 100% (3)
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where n denotes the number of moles of the given
species at the reactor inlet (in) or outlet (out).

Results and Discussion

Figure 1 illustrates the reaction results for the
hydrogenation of FF over the synthesized catalysts.

Interestingly, the sample prepared with the lowest
heating rate (CM1) was the least active catalyst.
Although the selectivity to FFA and the FF conversion
were 100% and ~16% at 60 min, both of them decreased
dramatically with time-on-stream. The other two
catalysts (CM5 and CM10) were almost equally
efficient in the selective conversion of FF to FFA. More
precisely, CM10 was a little more active (giving
conversion levels over 95% at 60 min) than CM5 while
CM5 was slightly more selective (over 97% FFA
selectivity at 240 min) than CM10, thus eventually
giving FFA yields of up to 87.5%. Indeed, the activity
and selectivity of these two catalysts were almost stable
during 240 min time-on-stream. Overall, one might
conclude that a heating rate of 5 Kmin–1 or higher is
favored in terms of conversion, selectivity, and
durability.

Figure 2 displays the trends of the statistically
significant byproducts obtained from the reactions on
the catalysts. The major components obtained in the
product stream at 240 min on CM1 were 2-
methylfurfural (~60%) and FFA (~40%). Except CM1,
the synthesized catalysts demonstrated an increasing
magnitude of selectivity to FFA with time. It is evident
that this climbing trend has been concurrent with a
decrease in the selectivities of the other products. As
indicated by these charts, the main reaction pathways

that reduced the FFA selectivity on CM5 and CM10
were those leading to tetrahydrofurfuryl alcohol
(THFA), 1-pentanol (1POL), and furfuryl ether (FFE).
An increase in the heating rate from 5 to 10 Kmin–1

made the Cu-MgO catalyst more selective to THFA
while producing no FFE. This indicates that the change
in the heating rate of calcination is capable of changing
the product slate. In any event, one could state that the
reactions that produced these compounds have been set
back as the active sites engaged in these reactions were
covered, e.g., by coke species with the operation time,
thus leading to improved selectivities of FFA. One
might anticipate that the loss in some active sites would
reduce the whole activity. However, this partial
coverage of active sites was not unfavorable to the
desired alcohol yield (Fig. 1), which is the most
important measure for the catalytic activity.

Figure 3 demonstrates the other important byproducts
which included 2-methyltetrahydrofuran (MTHF), 2,3-
dihydro-5-methylfuran (DHMF), 1,2-pentanediol
(12PDO), 2-acetylfuran (AF), 5-methylfurfuryl alcohol
(MFFA), γ-valerolactone (GVL), and δ-valerolactone
(DVL) as shown in Fig. 3. As can be seen in this figure,
CM10 led to the highest THFA while CM5 presented
the highest selectivity to FFE and CM1 showed the
largest AF production in terms of averaged product
selectivities.

To elucidate the origin of the differences in the
catalytic behavior and disclose the effect of calcination
heating rate on the structural properties of the catalysts,
all catalysts were analyzed using  XRD, SEM/EDX, and
BET techniques. The comparison of the surface areas of
the samples (Table 1) indicated that the sample calcined
at the lowest heating rate, CM1, presented the lowest

Figure 1. Effect of heating rate on the catalytic hydrogenation of FF to FFA over the Cu-MgO catalysts prepared with different
calcination rates. The reaction conditions were 453 K, 1 atm, WHSV of 1.7 h–1, and H2/HC of 10.6 (labels X, S, and Y show
conversion, selectivity, and yield, respectively).
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BET surface area (47.56 m2g–1) while the catalyst
prepared with the heating rate of 5 Kmin–1 had the
highest BET surface area (102.26 m2g–1). These results
proved that the calcination heating rate could
considerably affect the BET surface area as also proven
in the previous research [45-47]. However, there was no
linear relationship between the heating rate at
calcinations step and the BET surface area. Upon
increasing the calcination rate from 1 Kmin–1 to 5 Kmin–

1, an approximately twofold increase was observed in
the BET surface area. Nonetheless, this trend was not

steady and the BET surface area decreased significantly
at the heating rate of 10 Kmin–1 [45].

The SEM/EDX mapping analyses of the samples are
shown in Fig. 4. As is evident, the SEM images of the
catalysts demonstrated demonstrated that changing the
heating rate at the calcination step could clearly affect
the catalysts morphologies. Calcination of the catalyst at
the heating rate of 1 Kmin–1 brought about a rod-like
morphology as well as aggregates. Upon increasing the
heating rate to 5 Kmin–1, the rod-like morphology was
disappeared and only aggregates were observed.

Figure 2. Major byproducts obtained from (a) CM1, (b) CM5, and (c) CM10. The experimental conditions were 453 K, 1
atm, WHSV of 1.7 h–1, and H2/HC of 10.6.
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Atelevated calcination rates, viz. 10 Kmin–1, however,
the rod-like morphology appeared again. Taking the
BET surface area data into account, one can conclude
that the presence and abundance of the rod-like
morphology has led to a lower BET surface area.
Conversely, the formation of porous aggregates
increased the area of the obtained catalyst.

The presence of the Cu, Mg and O atoms in the EDX
analyses of all three catalysts established the possible
formation of the desired Cu-MgO catalysts as confirmed
by their atomic distribution on the surface. The results
of elemental mapping analysis indicated that in CM1
catalyst which exhibited the lowest catalytic activity, the
Mg had the poorest dispersion while in CM5 and CM10
which showed almost similar activities, the dispersion
of the Cu and Mg elements were almost similar. More
precisely, the dispersion of active species is slightly
better in CM5 sample. Considering the SEM images of
the three catalysts, it can be postulated that the
formation of rod-like morphology which mightresult in
the decrease of BET surface area in comparison to the
sample with porous aggregates, prevented the active
species from well dispersion and consequently
decreased the catalytic activity.

Figure 5 shows the XRD patterns of the three
synthesized catalysts. The position and relative
intensities of all peaks confirm well with the standard

patterns of MgO (JCPDS card No. 45-0946) and CuO
(JCPDS card No. 05-0661 and 78-0428). It can be seen
that changing the heating rate can also influence the
XRD patterns of the samples.

The calculated sizes for the CuO crystals in the
samples are listed in Table 1. The values indicated that
CM5 and CM1 possessed the smallest (6.2 nm) and the
largest (17.8 nm) CuO crystallite sizes, respectively. In
the case of CM10, this value for was 7.2 nm which was
close to that of CM5. The high dispersion of elements
on the surface of CM5 which was observed in its
elemental mapping could be attributed to the small
crystallite size of CuO in this catalyst. The low surface
area which possibely emerged from the formation of
rod-like morphology and consequently the poor
dispersion on the surface can accordingly rationalize the
large CuO crystallite size observed for the CM1 sample.
Based on the structural analyses, the higher catalytic
performance of CM5 could then be attributed to its
higher surface area, lower crystallite size, and high
dispersion.

In order to elucidate the preferences of the Cu-MgO
catalyst compared to the reference commercial copper
chromite catalyst, the results of hydrogenation of FF to
FFA are mentioned in Table 2. As evident, the
synthesized catalyst operated better in terms of both
yield of FFA and catalytic stability.

Figure 3. Overall selectivities to different byproducts with CM1, CM5, and CM10 over 240 min of operation

Table 1. Textural properties (crystal size and surface area) of the Cu-MgO catalysts
Sample CuO crystallite size (nm) Surface area

(m2g–1)
CM1 17.8 47.56
CM5 6.2 102.26

CM10 7.2 69.35
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In summery the effect of heating rate at the
calcination step on the activity and selectivity of the co-
precipitated Cu-MgO catalyst in the catalytic
hydrogenation of furfural was studied in detail.

Three samples (CM1, CM5, and CM10) were
prepared in the same manner but calcined at different
heating rates of 1, 5, and 10 Kmin–1, respectively. The
characterization of the prepared catalysts established
that altering the heating rate could clearly affect the
structural features of the catalysts including

morphology, BET surface area, and crystallite size. The
experiments at atmospheric conditions, 453 K and
WHSV of 1.7 h–1 led to the conclusion that CM1 has
been the least active catalyst while CM5 and CM10
were almost equally efficient (both of them showed
more than 88% FF conversion and 85% FFA selectivity
during the operation). However, CM5 that showed the
highest selectivity to FFA was found as the catalyst of
choice. Interestingly, altering the heating rate could also
influence the distribution of the byproducts. The higher

Figure 4. SEM/EDX mapping of the Cu-MgO catalysts: (a) CM1, (b) CM5, and (c) CM10
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catalytic performance of CM5 was attributed to its
higher surface area, lower crystallite size, and high
dispersion of active speices on the surface of the
catalyst.
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