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Abstract—This article presents the effects of three copper precursors and four precipitating agents on the catalytic
performance of the corresponding co-precipitated Cu-MgO catalysts in the vapor-phase hydrogenation of furfural. The
chemical and physical properties were analyzed by means of XRD, BET, SEM, and EDX techniques. The nitrate precur-
sor provided the highest performance (conversion of ~89%). Whereas, the catalyst prepared with NaOH was the most
efficient (furfuryl alcohol yield of >90%) during 240 min; the most durable conversion (~95%) was assured with Na,_
COs, and the highest selectivity to furfuryl alcohol (>97%) was achieved with K,CO; as the precipitating agent. The
least efficient catalyst (prepared with ammonium carbonate) led to 5-methylfurfural and 2,2-methylenebisfuran as the
main byproducts. The major byproducts over the rest of the catalysts included tetrahydrofurfuryl alcohol, furfuryl
ether, 1-pentanol, and 2-methylfuran. An increasing trend of furfuryl alcohol selectivity with time-on-stream was evi-

dent for all of the catalysts.
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INTRODUCTION

Depletion of the crude ol reserves, along with population growth
and increasing global energy demand, as well as environmental con-
cerns, have motivated the use of renewable resources as alterna-
tives to fossil fuels. In this regard, biomass-derived chemicals and
fuels have attracted much attention [1-5]. Furfural (dehyde), a value-
added biomass-derived molecule, has been considered as a prom-
ising platform chemical [6] that can be converted into valuable fuels
and products such as linear alkanes, furoic acid, 2-methylfuran,
maleic acid, furan, tetrahydrofurfuryl alcohol, furfurylamine, 1,5-
pentanediol, 2-methyl tetrahydrofuran, cyclopentanone, and mainly
furfuryl alcohol [3,7-14]. Furfuryl alcohol that can be obtained from
catalytic hydrogenation of furfural has a wide range of applications
in both organic synthesis and polymer industry. The utility of fur-
furyl alcohol for the manufacture of foundry; liquid, and thermostatic
resins, furan fiber-reinforced plastics, adhesives and farm chemi-
cals has been proved. Moreover, as a chemical intermediate, it is
used for the production of lubricants, ascorbic acid, dispersing
agents, and lysine [9,15]. Hydrogenation of furfural can be carried
out either in liquid [4,9,16-18] or gas phase [15,19,20]. However, the
gas-phase process can be performed under milder reaction condi-
tions, ie., lower temperatures and H, pressures, or even at ambient
pressure [13]. In industry, the gas-phase process is promoted by
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the commercial copper chromite catalyst at pressures up to 30 bar
and temperatures ranging between 403 and 473 K [21]. Despite
the high selectivity of copper chromate to furfuryl alcohol, the activ-
ity of the catalyst is moderate. Moreover, the use of the highly toxic
chromium oxides can cause severe environmental pollution upon
disposal. To circumvent these problems, a variety of alternative Cr-
free mono metallic and bimetallic [22] precious and non-precious
catalysts, including Cu [23], Fe [24], Pt [25,26], Ni [27], Pd, Co,
Ru, and Ir supported on a relatively inert material such as silica
and alumina, have been developed [28-33]. The main drawbacks
of these catalysts are difficulties in recovery and reuse and fast deacti-
vation. Among various reported catalysts, Cu-based catalysts are
the most employed due to their high activity; selectivity and low cost
[13]. For instance, the Cu-MgO system has received a great deal of
interest for the gas-phase hydrogenation of furfural [15,32,34-37].
In spite of the promising results obtained over this catalyst, very lit-
tle attention has been given to the effect of precursors. Our purpose
here, then, was to study the catalytic performance of the Cu-MgO
catalysts prepared via co-precipitation method with different Cu
precursors in the selective conversion of furfural to furfuryl alco-
hol. The most efficient catalyst was further explored through vary-
ing the precipitating agent during preparation. These two factors
are investigated for the first time in this paper.

EXPERIMENTAL

1. Materials
All chemicals employed for the synthesis of the catalysts were
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used directly without any further purification after the purchase.
Cu(NO,),-3H,0 (99.5%), CuSO,3H,0 (99%), Mg(NO,),-6H,0
(ACS reagent, 99%), K,CO; (ACS reagent, 99.5%), NaOH (ACS
reagent, 98%), (NH,),CO; (Assay (acidimetric, NH;) 230.0%), and
Na,CO; (99.9%) were purchased from Merck. Cu(OAc),-3H,0
(95%) was provided from Samchun Chemical Co. Ltd. The mate-
rial used for the catalytic reactions included furfural (98.9%, Merck)
and high purity hydrogen (99.99%) and nitrogen (99.99%).
2. Catalyst Preparation

The Cu-MgO catalysts were prepared with the percentage weight
ratio of 16: 84 for Cu: MgO through a facile co-precipitation method.
In a typical procedure, a mixture of 1 M solution of copper pre-
cursor and Mg(NO;),-6H,0 was precipitated at a pH of 9.0 by slow
addition of 1 M aqueous solution of K,CO; at ambient tempera-
ture. The mixture was then stirred vigorously for 3 h. The obtained
precipitate was filtered and washed several times with distilled water
and subsequently dried at 393K for 15h. The dried sample was
then calcined in air at 723 K for 5 h with a heating rate of 5 Kmin™.
The catalysts prepared from Cu(NO;),-3H,0, CuSO,-3H,O and
Cu(OAc),-3H,0 copper precursors were denoted as CM1, CM2,
and CM3, respectively. Three other catalysts were also synthesized
according to the above-mentioned procedure for CM1 except that
the precipitating agents of NaOH, (NH,),CO;, and Na,CO; were
employed and the catalysts were named as CM4, CM5, and CM6,
respectively.
3. Catalyst and Products Characterization

The synthesized catalysts were characterized by using SEM/EDX,
BET, and XRD techniques. The SEM/EDX images of the catalysts
were taken by a Tescan instrument, using Au-coated samples with
an acceleration voltage of 20 kV. Room temperature powder X-ray
diffraction patterns were collected using a Siemens, D5000. Cobalt
Co Ko radiation was used from a sealed tube. Data were collected
in the 26 range of 10-88° with a step size of 0.02° and an exposure
time of 2 s per step. BET surface areas were determined via nitro-
gen physisorption using a Quantachrome Chem-BET 3000 sorp-
tion analyzer (Micromeritics) at 77 K. The samples were degassed
at 393K for 3h prior to the measurements. The liquid components
leaving the reactor were collected in a condenser and taken every
few minutes for analysis on a gas chromatograph (GC) equipped
with a capillary column and an FID. The designation of the peaks was
made by analysis on an Agilent 6890 series GC system equipped
with an Agilent 5973 network mass selective detector. The device
contained an HP-5ms column of 30 mx0.25 mm ID and 0.25 um
film thickness.
4. Catalytic Activity

Catalytic hydrogenation of furfural (FF) was in a quartz tubu-
lar reactor of 10-mm internal diameter. The catalyst pellets (0.3
1.0 mm) were loaded in the center of the reactor between two plugs
of quartz wool. Prior to the reactions, the catalyst was reduced in a
diluted flow of hydrogen (33 vol%) in nitrogen with a total flow
rate of 6.42 Lg 'h™" at 523 K for 3 h. An electrical furnace was used
to supply the required energy, the temperature of which was main-
tained by two thermocouples and two programmable temperature
controllers. The catalyst was cooled to the reaction temperature in
pure hydrogen, and then furfural was injected into the reactor using
a micro-feeder pump. The reactions were carried out at 453 K and

WHSYV of 1.7h" under atmospheric pressure with an H,/FF vol-
umetric ratio of 10.

RESULTS AND DISCUSSION

To investigate the role of copper precursor in the catalytic activ-
ity for the production of furfuryl alcohol (FFA), three catalysts,
CM1, CM2, and CM3, were synthesized, respectively, using cop-
per nitrate, copper sulfate and copper acetate as copper salts under
the same synthetic conditions. Fig. 1 demonstrates the effect of
copper precursor on the catalytic performance of the Cu-MgO cat-
alysts after 60 min and 240 min of operation. The conversion level
and FFA selectivity remained above 82% and 96% over a 240-min
period, indicating the satisfactory performance of the three cata-
lysts. However, the CM1 sample (with the conversion of ~89% and
FFA selectivity of over 97% after 240 min) was slightly superior in
terms of a sustained selective conversion of furfural to furfuryl
alcohol. Moreover, the durability of the CM1 catalyst with respect
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Fig. 1. Effect of copper precursor on the catalytic performance of
Cu-MgO catalysts in the selective hydrogenation FF to FFA
(X denotes conversion, S refers to selectivity, and Y is yield).
The reaction conditions were 453 K, 1 atm, WHSV of 1.7h",
and H,/FF of 10.
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to the FFA yield was slightly higher, keeping above 86.5% during
the 240-min of operation (Fig. 1). Hence, the CM1 catalyst under-
went further investigation in which the precipitating agent was
altered (vide infra). Among the three catalysts, CM3 was the poor-
est; although remaining selective to FFA, CM3 experienced a grad-
ual deactivation with time-on-stream. Lu et al. [38] demonstrated
analogously that copper catalyst prepared from a nitrate source
performed slightly better than that from an acetate precursor in
oxidation of toluene. The same conclusion was drawn by Pacha-
muthu et al. [39] for the hydroxylation of phenol over a copper-
grafted mesoporous material.

The synthesized catalysts demonstrated a mild increasing trend
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Fig. 2. The major byproducts of (a) CM1, (b) CM2, and (c) CM3.
The reaction conditions were 453 K, 1 atm, WHSV of 1.7h™,
and H,/FF of 10.
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for the selectivity to FFA with time. This upward trend was con-
current with a decrease in the selectivities of other products. Fig. 2
depicts the trends of the major byproducts obtained during the
reactions on the catalysts investigated. As implied from these plots,
the main reaction pathways that reduce the FFA selectivity were
those leading to tetrahydrofurfuryl alcohol (THFA) and 1-penta-
nol (1POL) for all of the catalysts. The former byproduct is formed
through hydrogenation of the aromatic furan ring of furfuryl alco-
hol and the latter consumes FFA through a sequence of reactions
involving hydrogenative dehydration of FFA to 2-methylfuran (MF),
hydrogenative decyclization of MF to 2-pentanone (2PON), hydro-
genation of 2PON to 2-pentanol (2POL), and the subsequent iso-
merization to 1POL. However, the catalysts produced also furfu-
ryl ether (FFE) as a major byproduct, which is obtained from an
etherification of two furfuryl alcohol molecules. CM3 gave MF in
excess of those of the other two samples. Overall, one can speculate
that the reactions leading to these compounds were suppressed and
the active sites involved in these reactions were gradually covered
or changed with time-on-stream, thus leading to higher selectivi-
ties to FFA. This loss in/coverage of the active centers was not very
detrimental to the yield of FFA, however, particularly for the CM1
catalyst (see Fig. 1).

Other important byproducts included 2-methyltetrahydrofuran
(MTHE), 2,3-dihydro-5-methylfuran (DHMF), 2-acetylfuran (AF),
1,2-pentanediol (12PDO), 5-methylfurfuryl alcohol (MFFA), j-
valerolactone (GVL), and &-valerolactone (DVL) as shown in Fig.
3. As can be seen, CM2 produced the highest amount of THFA,
while CM3 had the highest selectivities to 1POL and ME Instead,
the highest selectivity to FFE belonged to CMI.
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Fig. 3. Average selectivities of byproducts obtained on the Cu-MgO
catalysts prepared with different copper precursors.
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Table 1. Textural properties of the Cu-MgO catalysts with different
copper precursors and precipitating agents

CuO crystallite Surface area Pore volume
Sample . 5 -1 3 -1
size (nm) (m'g) (cm’g)
CM1 6.2 102.26 0.35
CM2 34 144.29 0.53
CM3 55 115.33 0.45
CM4 10.6 19.97 0.30
CM5 - 168.68 0.19
CM6 9.3 51.76 0.38
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Fig. 4. SEM/EDX and elemental mapping analyses of the Cu-MgO catalysts prepared from different Cu precursors: (a) CM1, (b) CM2, and
(c) CM3.
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To give more insight into the origin of the different behaviors of
the three catalysts, they were characterized and compared by using
XRD, SEM/EDX, BET techniques. The BET surface areas of the
three catalysts are tabulated in Table 1. As is obvious, CM2 had
the highest surface area (144.29 m’g") followed by CM3 (115.33
m’g ") and CM1 (102.26 m’g ). Based on these results, it can be
concluded that altering the copper precursor can affect the BET
surface areas of the final catalyst. To provide an explanation to this
observation, the morphologies of three samples were studied by
using SEM technique (Fig. 4). All samples showed an aggregate-
like morphology. However, the SEM images of CM1 and CM3 sam-
ples, which possessed close BET surface areas were more similar
and the degree of compactness in the case of CM2 which showed
the highest BET surface area was higher. Considering the fact that
CM1 which has the lowest BET surface area exhibited the best cat-
alytic performance, it can be assumed that BET surface area may
not be the (only) determining factor affecting the catalytic activity.
More investigation on the effects of copper precursors on the struc-
tural properties of the catalyst was carried out by using elemental
mapping and EDX analyses (Fig. 4). The presence of the Cu, Mg
and O elements in the EDX analyses of all samples indicated the
possible formation of Cu-MgO catalysts. The elemental mapping
of active species (Fig. 4) established that in CM1 sample which
showed the best catalytic activity, the abundance of the active sites
is superior to those of two other samples. In CM2 and CM3 sam-
ples the dispersion and abundance of Mg species are almost simi-
lar and slightly lower than CM1. The abundance and dispersion of
Cu species, however, in CM3 sample which exhibited the lowest
catalytic activity, was the poorest. Further details on the quality of
Cu dispersion can be obtained by more specified techniques, such
as N,O chemisorption with in situ reduction [40].

The XRD patterns of the three catalysts are illustrated in Fig. 5.
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). The MgO phase also coin-
cided a with probable Mg,4Cu,,O phase, however. The measured
CuO crystallite sizes of the three catalysts (Table 1) demonstrated
that sample CM2 had the smallest CuO crystallite size (3.4 nm).
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Fig. 5. The XRD patterns of CM1, CM2, and CM3.
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This observation can be attributed to the high BET surface area of
CM2. The largest CuO crystallite size observed for CM1, 6.2 nm
could be assigned to the lower surface area of the catalyst as well
as the abundance of active species that can provoke agglomera-
tion of CuO. In the case of CM3 which had a BET surface area
close to that of CM1, the CuO crystallite size was 5.5 nm. This can
be due to lower abundance of copper species, as confirmed by EDX
analysis, and consequently their better dispersion.

Fig. 6 shows the effects of the four precipitating agents on the
catalytic performance of the Cu-MgO catalysts after 60 min and
240 min on stream. Three important indices are illustrated for the
catalysts at 60 and 240 min of operation: the conversion of FE selec-
tivity towards FFA, and yield of FFA. While CM4 gave a conver-
sion level above 96% at 60 min, the most sustainable conversion was
observed on CM6 (~95%). Overall, the four catalysts followed the
sequence of CM5<<CM1<CM4~CM§6 in terms of activity. The
selectivity to FFA varied in the order of CM5<CM6<CM4<CM]1,
however, with the highest selectivity to FFA of >97% obtained over
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Fig. 6. Effect of precipitating agent on the catalytic performance of

Cu-MgO catalysts in the selective hydrogenation of FF to
FFA (X denotes conversion, S refers to selectivity, and Y is
yield). The reaction conditions were 453 K, 1 atm, WHSV of
1.7h™", and H,/FF of 10.
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CMI1 at 240 min of operation. As evident in Fig. 6, all of the cata-
lysts demonstrated increasing trends for the FFA selectivity with
time, while deactivation leads to slight decreases in the conversion
level during the run time.

It is obvious from Fig. 6 that CM5 with (NH,),CO; as the pre-
cipitating agent had the poorest performance among the four cata-
lysts. Although giving selectivities of up to ~73% to FFA, the amount
of yield of FFA and FF conversion were almost negligible on this
catalyst at the reaction conditions employed. In contrast, the other
three catalysts were quite active and selective in the process. Espe-
cially, sample CM6 with Na,CO; as the precipitating agent exhib-
ited more prospects in terms of FFA production with time: a 5.3%
increase in the yield of FFA during 3 h was evident for this cata-
lyst. Nevertheless, the highest yield after 240 min of operation (above
90%) still belongs to CM4 with the NaOH used as the precipitat-
ing agent. Since the durability of CM4 is quite acceptable, this cat-
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Fig. 7. The major byproducts of (a) CM4, (b) CMS5, and (c) CM6.
The reaction conditions were 453 K, 1 atm, WHSV of 1.7h™,
and H,/FF of 10.

alyst might be cautiously chosen as the best one.

Fig. 7 shows the evolution of the major byproducts on CM4,
CMS5, and CM6. Whereas CM4 gave THFA, MFFA, and GVL as
the main byproducts, CM5 gave appreciable amounts of 5-methyl-
turfural (MFF) and 2,2-methylenebisturan (MBF), and CM6 yielded
THFA, MF and 1POL as the major byproducts. Indeed, the key
byproducts on CM6 were most similar to those on CM1 (see Fig.
2), except that CM6 gave MF as the second byproduct and CM1
instead produced appreciable amounts of FFE. These differences
point to different secondary routes of reactions on the catalysts,
particularly with CM5, which was prepared with ammonium car-
bonate as the precipitating agent. Interestingly; it was revealed that
the lack of activity was accompanied with quite different reaction
pathways than on the other catalysts. In contrast to the immediate
increase in the MFF selectivity, the selectivity to MBF decreased
abruptly during the initial times such that MFF became the sole
byproduct of this catalyst. Note, however, that the biomass-derived
feedstock already contained small amounts of MFF and AF in
such a manner that the observed MFF could be attributed to the
unconverted impurities. Obviously, the selectivity toward FFA had
an opposite trend with respect to the byproducts, not shown for
the sake of brevity.

For comparison, the average selectivities of the other byprod-
ucts of the four catalysts are shown in Fig. 8. As can be seen, the
selectivity to THFA varied in the order of CM5<CM1<CM4<CMé6.
The same sequence was observed for the case of MF and 1PDO.
The next abundant byproduct, FFE, was produced in the order of
CM5<CM4<CM1<CMB6.

Possible interesting effects of altering the precipitating agent on
the catalytic activity, selectivity and byproduct distribution moti-
vated precise structural analyses and comparison of the catalysts
prepared via different precipitating agents. The measurement of BET
surface areas established that the sample prepared using (NH,),CO;,
CMS5, had the highest surface area (168.68 m’g ") followed by CM1
(10226 m’g "), CM6 (51.76 m’g ") and CM4 (19.97 m’g ). Never-
theless, CM5 had the smallest pore volume among the catalysts
investigated (Table 1). The EDX analyses of all samples showed the
presence of all desired atoms, Mg, Cu and O. Studying the Mg/Cu
ratio of the synthesized catalysts (Table S1), one can establish that
this value was the highest on CM5 which exhibited the poorest
catalytic activity. This could be the result of an aggregation of Cu

Product Selectivities, mol%

12P00 MrFA

+GVL VLo ere

Fig. 8. Average selectivities of byproducts obtained on the Cu-MgO
catalysts prepared with different precipitating agents.
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species and their serious leaching due probably to the presence of
residual ammonium ions in this catalyst [41] which eventually led
to its low activity. This further emphasizes the importance of the
presence of Cu species on the catalyst surface for the catalytic activ-
ity. Moreover, the CM6 catalyst, which exhibited the highest activ-
ity during the run length, had the smallest value of Mg/Cu ratio, ie.,
the Cu species were most abundant on the surface of this catalyst.

The SEM analysis of the samples (Fig. 9) indicated that chang-
ing the precipitating agent could affect the morphology of the final
catalyst. Employing (NH,),CO; as the precipitating agent led to
the formation of a very distinguished rod-like morphology, which
was significantly different from the other three samples. The high
BET surface area observed for CM5 can be attributed to this mor-
phology. The morphology of CM4 was almost similar to that of
CM1 sample. However, the CM1 sample exhibited a more inter-
twined morphology. This can rationalize the higher BET surface
area of CM1 compared to CM4. The elemental mapping analysis
of the samples (Fig. 9) was also carried out. As is obvious, the Cu
species were formed and dispersed scantily in CMB5, justifying its
poor catalytic performance. Comparing the elemental mapping
results of CM4 and CM6 demonstrated that the Cu species are
slightly more abundant in the latter.

The XRD patterns of the samples prepared by varying the pre-
cipitating agent can be seen in Fig. 10. The XRD patterns of CM4
and CMB6 established the formation of the desired MgO (JCPDS
card No. 45-0946) and CuO (JCPDS card No. 05-0661 and 78-
0428) phases. As pointed out previously, these two catalysts (pre-
pared respectively with NaOH and Na,CO; precipitants) presented
almost close performances in terms of furfural conversion despite
the remarkably larger surface area of the latter. These observations
are in good agreement with those reported by Huang et al. [41] for
the hydrogenolysis of glycerol over Cu/SiO, catalysts. At the same
time, the small superiority of CM6 in comparison with CM4 could
be assigned to the larger size of the pores in the former (Table 1),
which originated most possibly from the formation of CO, mole-
cules leaving the precipitate, thus making the voids in the catalyst
structure [42]. In contrast, the XRD pattern of CM5 sample is clearly
different from others, mainly exhibiting the formation of an MgO-
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Fig. 10. The XRD patterns of (a) CM4, (b) CM5, and (c) CM6.

rich phase. According to the previous reports [43] and consider-
ing the results of BET and elemental analysis, this observation was
attributed to the low amount of copper species.

The calculation of the CuO crystallite sizes of the catalysts (Table
1) indicated that CM1 (6.2 nm) and CM4 (10.6 nm) had the small-
est and the largest crystallite sizes, respectively. The large crystallite
size of CM4 can be due to its low BET surface area. Noteworthy,
the CuO crystallite size could not be calculated due to the absence
of the characteristic peaks of CuOQ.

Finally, a comparison of the activity of the synthesized catalysts
against those of the classic copper chromite catalyst for the vapor-
phase hydrogenation of furfural (Table S2) can indicate the better
performance of the Cu-MgO catalysts in terms of conversion of
turfural, yield and selectivity of furfuryl alcohol, and particularly
the catalyst durability. According to these data, the copper chromite
catalysts experienced severe deactivation during the first hours of
operation [44,45]. More strictly, 70% of the initial activity was lost
after 4 h, most probably because of coke formation and migration
of the chromite species, thus blocking the active sites of the cata-
lyst [45]. To these should be added the absence of chromium, a
toxic component, in the developed Cu-MgO catalysts.

CONCLUSION

The nitrate, sulfate, and acetate salts of Cu(II) were employed as
copper precursors in the preparation of co-precipitated Cu-MgO
catalysts for the selective hydrogenation of FF to FFA. The experi-
ments at 453 K and mass-based space velocity of 1.7h™" proved
that all of the catalysts were acceptably selective and active, with
the nitrate precursor giving the highest performance (FF conver-
sion of ~89%). To further explore the preparation conditions, the
precipitating agent was altered for this catalyst (K,COs;, NaOH,
(NH,),CO,, and Na,CO,), which indicated the relative favorabil-
ity of all but one sample (prepared from ammonium carbonate).
A mild increasing trend for the selectivity to FFA with time was
apparent for all the catalysts. The reactions that reduced the selec-
tivity to FFA were mainly those leading to THFA, FFE, 1POL, and
ME While the Cu-MgO catalyst prepared with NaOH was the
most efficient (giving an FFA yield above 90%) during 240 min of
operation, the most durable conversion (~95%) was achieved on
CM6 (Na,CO;) and the highest selectivity to FFA (>97%) was ob-
tained on CM1 (K,CO;). The CM5 sample with ammonium car-
bonate as the precipitating agent was the poorest catalyst, exhibit-
ing appreciable amounts of MFF and MBF as the main side com-
ponents. The analyses of the catalysts showed that altering the cop-
per precursor and precipitating agent can affect the structural fea-
tures of the final catalyst. All the catalysts precipitated by using
K,CO; showed an aggregate-like morphology. Moreover, the sam-
ple prepared from copper sulfate exhibited the highest surface area
and the smallest CuO crystallite size. Testing various precipitating
agents to precipitate the copper nitrate demonstrated that using
NaOH led to the formation of catalyst with the lowest surface area
and the largest CuO crystallite size. In the case of using (NH,),CO;
as the precipitating agent, a rod-like morphology, which was dis-
tinguished from others, as well as a high surface area were observed.
However, the formation and dispersion of Cu species were very

Korean J. Chem. Eng.(Vol. 34, No. 3)
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poor on this catalyst, justifying its low catalytic activity.
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Table S1. The Mg/Cu weight ratio (determined from EDX data) REFERENCES
Sample Mg/Cu 1.D. Liu, D. Zemlyanoy, T. Wu, R.J. Lobo-Lapidus, J. A. Dumesic,

CM1 091 J.T. Miller and C. L. Marshall, . Catal,, 299, 336 (2013).
CM2 172 2.H. Zhang, C. Canlas, A.J. Kropf, . W. Elam, J. A. Dumesic and
CM3 1.83 C.L. Marshall, J. Catal,, 326, 172 (2015).
CM4 0.51 3.R. Rao, A. Dandekar, R. T. K. Baker and M. A. Vannice, J. Catal,,
CM5 69.36 171(2), 406 (1997).
CM6 0.17 4.B.M. Nagaraja, H. P. Aytam, S. Podila, K. H.P. Reddy, B.D. Raju

and S.R. R. Kamaraju, | Mol. Catal. A, 278(12), 29 (2007).

Table S2. Overview of the vapor-phase hydrogenation of furfural over classic copper chromite catalysts

Temp. Press. H,/FF Conversion Selectivity Yield

Catalyst CC) (atm) ratio %) %) %) Remarks Ref.
Commercial The conversion level decreased gradually
Copper Chromite 200 1 25 22 91.2 20.1  to 10% while the selectivity reached 97% [1]
(Cu-1800P) after 250 min
The conversion level decreased from 98.2%
Commercial to 20.0% after 500 min and to 16.3%
Copper Chromite 200 ! 2 200 180 36 after 700 min. The tabulated values are 2]
those at the 500 min
. Turnover frequency (TOF) was 1.05s™"
Commercial Th? s.peaﬁc based on irl(rleversi}l;le hydrogen adsorp-
Copper Chromite 140 1 73 e(l)c';l;ntymw?/s 70 - tion and 0.34s™' based on total hydro- [3]
(Cu-1800P) ’ (mkzt' S)O gen adsorption. The reported activity was
based on furfural disappearance
Commercial
Copper Chromite 180 1 - 46 65 30 - [4]
(Cu-1800P)

The conversion level and yield decreased,
Cu-MgO (CM4) 180 1 10 96.1 94.9 912  respectively, to 93.4% and 90.1% after ~This work
240 min
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