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A B S T R A C T   

Hydroconversion is an obvious way to convert γ-valerolactone (GVL) into value-added products. Co/γ-Al2O3 and 
Co/H-Beta catalysts were found to direct the reaction to get selectively 2-methyltetrahydrofuran (2-MTHF) and 
pentanoic acid (PA), respectively, at 200–250 ◦C. The activity difference were related to the difference of acid- 
base properties of the catalysts. Acid sites of the catalysts initiated opening of the [CH3CH-O] bond of GVL well 
below 100 ◦C resulting in surface pentanoates (POAs). POA, strongly bound to Co/γ-Al2O3 was not converted to 
PA up to about 250 ◦C, but at ≥150 ◦C formation of 2-MTHF was initiated by reduction of the carbonyl group, 
hydrogenolysis of the obtained [O-COH] bond to 1,4-pentanediol, and dehydrocyclization. Formation of 2-MTHF 
prevailed up to about 250 ◦C, where conversion of POA to PA became accelerated. Over Co/H-Beta the reactions 
bringing about 2-MTHF could not compete with the facile conversion of GVL to PA.   

1. Introduction 

Converting lignocellulosic biomass into chemicals and fuels is of 
major interest because economy wants to reduce its dependence on fossil 
carbon resources. Biomass, particularly the non-food and non-feed 
lignocellulose is an abundant source of renewable carbon for the 
chemical industry. Levulinic acid (LA) is one of the most important 
platform chemicals, which is already produced from lignocellulose at 
industrial scale [1–3]. From LA γ-valerolactone (GVL) can be derived via 
consecutive catalytic dehydration and hydrogenation reactions [4–7]. 
GVL has the potential to be blended with gasoline [8,9], or to be used as 
commodity of alkenes, polymers, and a number of value-added chemical 
products [1,10–17]. By catalytic GVL hydroconversion mainly 2-methyl-
tetrahydrofuran (2-MTHF) and/or pentanoic acid (PA) is obtained. The 
reaction can be directed by applying catalyst and reaction conditions to 
favor the formation of one or the other product [4,18,19]. 

The 2-MTHF is a hydrophobic cyclic ether having relatively high 
energy density, octane number (>90), and miscibility (60 v/v%) with 
gasoline. It can also be used as solvent in many organic reactions [1,20]. 
The ester of PA can be also admixed with gasoline or diesel, depending 

on the kind of esterifying alcohol [18,21]. 
The 2-MTHF was suggested to form in three consecutive reactions [4, 

18,19]. The GVL carbonyl group was shown to be hydrogenated as the 
first reaction step, giving cyclic ester 2-hydroxy-5-methyltetrahydro-
furan (2-OH-5-MTHF). The hydrogenolysis of the ester bond results in 
the formation of 1,4-pentanediol. 2-MTHF is obtained if cyclo-
dehydration of 1,4-PD occurs [9,22]. 

In contrast to 2-MTHF formation, the hydrogenation is the second 
reaction on the consecutive reaction route of PA formation [1,18,19,23]. 
The reaction was shown to be initiated by acid-catalyzed cleavage of the 
[CH3CH-O] bond of GVL to pentenoic acid (PE) [10,17–19,24,25]. On 
Brønsted acid sites the ring opening was suggested to proceed via pro-
tonated surface intermediate. The formed 3-PE and 4-PE can isomerize 
then to 2-PE [17,25]. The ring opening mechanism on Lewis acid cata-
lysts, such as γ-Al2O3, is not clarified yet. In the presence of hydrogen 
and hydrogenation catalytic function PEs can become quickly saturated 
to PA. The possibility that the formation of PA could proceed via direct 
GVL hydrogenolysis was excluded [1,18,19,23]. 

From above short survey, it follows that the selectivity of the GVL 
hydroconversion reaction is controlled by the relative rates of the metal- 
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catalyzed hydrogenation and the acid-catalyzed ring opening. The cor-
responding rate constants are in turn dependent on the balance of the 
metallic and acidic functions, as well as the applied reaction conditions. 
Over a large variety of bifunctional heterogeneous catalysts, having 
Brønsted acidity mainly PA was formed in the presence of hydrogen or 
hydrogen source [18,19,26–32]. In contrast, it was found that reaction 
pathways, leading either to PA or to 2-MTHF product could prevail over 
supported metal catalysts, having Lewis acidity. For example, a 5% 
Pd/γ-Al2O3 catalyst gave PA as main product [33], whereas 2-MTHF or 
its 1,4-PD precursor was the main product if alumina-supported Cu, or 
Ni-Cu catalyst was used [34–36]. It was suggested that a bifunctional 
catalyst, having low hydrogenation activity, e.g., due to low metal 
loading, can push the selectivity towards PA, whereas a catalyst of 
dominating hydrogenation activity, for instance a catalyst of high metal 
loading and relatively low acidity, can direct the reaction toward 
2-MTHF formation [4,18,19,23]. 

The present study concerns the GVL hydroconversion activity of 
zeolite H-Beta and γ-Al2O3-supported Co catalysts. Though the acidic 
and hydrogenation functions of the catalysts were found to be hardly 
different, PA was formed over the Co/H-Beta catalyst with high selec-
tivity, whereas 2-MTHF was selectively formed over the Co/γ-Al2O3 
catalyst. It was shown that the initial product over each catalyst was PA. 
While over the Co/H-Beta catalyst PA remained the main product during 
the time of the catalytic examination, over the Co/γ-Al2O3 catalyst the 2- 
MTHF selectivity started to prevail after a short initial period. This study 
shows that the steady-state GVL hydroconversion activity of bifunc-
tional catalysts is generated in the interaction of the catalyst, the re-
actants, and the products. 

2. Experimental 

2.1. Catalyst preparation 

Cobalt catalysts supported on γ-Al2O3 (Ketjen CK 300, AkzoNobel) or 
zeolite H-Beta (VALFOR® CP, Si/Al = 12.5, PQ Corp.) were prepared. 

The alumina-supported catalyst was prepared by wet impregnation. 
The γ-Al2O3 support was dried at 110 ◦C for 24 h, then 10.4 g of the 
dehydrated material was suspended in 60 ml of 0.26 M aqueous solution 
of cobalt nitrate. The water was slowly evaporated from the suspension, 
the solid was dried at 110 ◦C for 12 h, and finally calcined in air at 
500 ◦C for 3 h. The thus obtained catalyst is referred to as Co/γ-Al2O3. 

The zeolite-supported cobalt catalyst was prepared by solid-state 
reaction between the H-form of zeolite Beta and Co(II)-nitrate. The H- 
Beta zeolite (8.8 g, with a water content of 12.5 wt%) was thoroughly 
homogenized with a calculated amount of Co(II)-nitrate hexahydrate 
powder (3.16 g) in an agate mortar for 30 min. The mixture was then 
heated up in air at a rate of 10 ◦C⋅min− 1 to 500 ◦C and kept at this 
temperature for 3 h. The heat treatment resulted in melting and pene-
tration of the cobalt salt into the micropores of the zeolite, and in its 
thermal decomposition [37]. The thus prepared catalyst was shown to 
contain Co-oxide species on the outer surface of the zeolite crystallites, 
and inside the pores. Some protons of the H-Beta zeolite were also 
replaced by cobalt cations [37,38]. The obtained catalyst is referred to as 
Co/H-Beta. 

2.2. Catalyst characterization 

The Co content of the catalysts was determined by atomic absorption 
spectroscopy (Varian SpectrAA-20). The specific surface area (SSA) of 
the catalysts were determined from their nitrogen adsorption isotherms 
by the Brunauer-Emmett-Teller (BET) method. Samples were pre-treated 
at 250 ◦C under 10− 6 mbar vacuum for 4 h and the isotherms were 
determined at − 196 ◦C using an automatic, volumetric adsorption 
analyser (The “Surfer”, Thermo-Fisher Scientific). 

The metal oxide and/or metal phases formed on the supports were 
identified by X-ray powder diffraction (XRPD) measurements using a 

Philips PW 1810/3710 diffractometer equipped with a graphite mono-
chromator (CuKα radiation, λ = 1.5418 Å) and a type HT1200 Anton 
Paar high-temperature chamber. The XRPD patterns were measured in 
steps of 0.02o 2Θ and scan time of 5 s in each step, whereas the X-ray 
tube was set at 40 kV and 35 mA. Both the air-calcined (as prepared) and 
reduced samples were investigated. When the reduced catalyst was 
studied, the sample was heated up in situ in the Anton Paar chamber in 
H2-flow of 50 cm3⋅min− 1 at a rate of 10 ◦C⋅min− 1 from room tempera-
ture to 450 ◦C and was treated at this temperature for 1 h. The sample 
was cooled then to room temperature in H2 flow and the XRPD pattern 
was recorded. For the identification of the crystalline phases card No. 
42–1467 for Co3O4, 48–1719 for CoO, 15–806 for fcc Co0, 5–727 for hcp 
Co0, and 10–425 for γ-Al2O3 was used from the ICDD database. The 
phase composition was determined using the full profile fitting method. 

Sample morphology was studied by an FEI Tecnai G2 20 X Twin 
transmission electron microscope (TEM) at a 200 kV accelerating 
voltage. Samples were drop-cast from distilled water suspension onto a 
copper mounted holey carbon film. 

Reducibility of Co in the air-calcined catalysts was studied by 
temperature-programmed hydrogen reduction (H2-TPR) measurements. 
About 100 mg of the catalyst was placed into a quartz reactor tube (4 
mm ID), treated in a 30 cm3⋅min− 1 O2-flow at 500 ◦C for 1 h, cooled to 
40 ◦C, and flushed with N2 for 10 min. The H2-TPR measurement was 
initiated by switching to a 20 cm3⋅min− 1 flow of 10.0 vol% H2/N2 
mixture and then ramping up the temperature to 800 ◦C at a rate of 
10 ◦C⋅min− 1. The reactor effluent was passed through a trap cooled by 
liquid nitrogen (− 196 ◦C) to remove water from the gas before it reaches 
the thermal conductivity detector (TCD). The rate of hydrogen con-
sumption during the reduction process was recorded by monitoring and 
processing the TCD signal. 

The acidity of the catalysts was characterized by the Fourier- 
transform infrared (FT-IR) spectra of adsorbed pyridine (Py) using a 
Nicolet 6700 spectrometer (Thermo Scientific). The used IR cell allowed 
in-situ treatment of the self-supported catalyst wafer in gas flow or 
static/dynamic vacuum. Spectra of wafers, having a “thickness” of about 
5 mg⋅cm− 2, were collected in transmission mode averaging 32 scans at a 
resolution of 2 cm− 1. 

Before Py adsorption, the catalyst support materials were treated at 
450 ◦C by evacuation in a high vacuum (~10− 6 mbar) for 1 h, whereas 
the Co-containing catalysts were reduced in H2 at 450 ◦C prior evacu-
ation. After recording its spectrum, the pre-treated sample was con-
tacted with vapor of Py at 5.7 mbar and 200 ◦C for 30 min. The sample 
was then degassed by evacuation at 200 ◦C for 30 min and a new 
spectrum was recorded at room temperature. The difference spectrum, 
generated by subtracting the spectrum of the neat wafer from the 
spectrum of the Py-loaded wafer showed the spectrum of surface species 
obtained from Py adsorption. The concentration of Brønsted and Lewis 
acid sites was calculated from the integrated absorbance of the charac-
teristic absorption bands at 1540 cm− 1 (pyridinium-ion) and 1450 cm− 1 

(coordinately bound Py), using integrated molar extinction coefficients 
of 1.07 and 1.65 cm μmol− 1, respectively [39]. 

The electronic state of the cobalt in the reduced Co/γ-Al2O3 and Co/ 
H-Beta catalysts was characterized by the FT-IR spectrum of surface 
species formed from adsorption of CO [40,41]. The CO adsorption ex-
periments were carried out using the same apparatus and pre-treatment 
procedure as applied in the Py adsorption experiments. The only dif-
ference was that the reduced catalyst was cooled down to room tem-
perature before it was contacted with CO gas at 5 mbar pressure for 10 
min. Spectra were taken in the presence of CO gas in the cell and after 
the gas and weakly bound CO were removed by evacuation at room 
temperature for 30 min. The difference spectra reflected the spectrum of 
surface species formed from CO adsorption. 

2.3. Catalytic measurements 

The catalytic hydroconversion of GVL were carried out in a flow- 
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through, tubular, fixed-bed microreactor (12 mm ID). The GVL reactant 
was fed into the reactor by a high-pressure liquid pump (Gilson, Model 
302), while the H2 co-feed was controlled by mass flow controller 
(Aalborg). One gram of catalyst, having a particle size of 0.315–0.63 
mm, was placed in the reactor in between two layers of quartz particles. 
Before the catalytic tests, the catalyst was reduced in situ in the reactor 
by an H2 flow of 100 cm3⋅min− 1 at 30 bar and 450 ◦C for 2 h. The cat-
alytic experiments were carried out in the 200–275 ◦C temperature 
range and in the total pressure range of 1–30 bar. The pressure of the 
catalytic system was set using a back pressure regulator. The space time 
of the GVL reactant and the partial pressure of H2 were varied between 
0.1 and 1.0 gcat⋅gGVL

− 1 ⋅h and 3.5− 27.6 bar, respectively. The reactor 
effluent was flowed through a water-cooled condenser to separate gas 
and liquid phases. Before the gas flow reached the back pressure regu-
lator it had to pass through a trap, cooled by an acetone/dry ice bath. 
The gaseous products were analyzed using an on-line GC (Varian 3300) 
equipped with flame ionization detector (FID) and a 30 m long Supelco 
(alumina/chloride) capillary column. The hourly formed liquid product 
was collected and analyzed by GC-MS (Shimadzu QP2010 SE) applying a 
30 m ZB-WAX PLUS capillary column. 

2.4. DRIFTS studies 

DRIFTS-MS was used to monitor the temperature-programmed GVL 
reaction over the supported Co-catalysts. 

A Nicolet iS10 spectrometer (Thermo Scientific) was equipped with a 
flow-through reactor cell and a DiffuseIR mirror system (PIKE Tech-
nologies). The finely powdered catalyst sample (about 20 mg) was 
placed into the sample holder of the reactor cell. The cell design allowed 
to pass gas flow through the catalyst bed. Before running reaction in the 
cell, the catalyst was pre-treated in a 30 cm3⋅min− 1 H2 flow at 450 ◦C for 
1 h and cooled to about 30 ◦C either in H2 or in He flow. The reaction of 
GVL was initiated by switching the H2 or He flow to a gas saturator, 
containing GVL at room temperature. The saturated gas contained 430 
ppm GVL. The catalyst was contacted with the GVL/H2 or GVL/He 
mixture for 10 min at about 30 ◦C then the reaction temperature was 
raised at a rate of 2 ◦C⋅min− 1 up to 275 ◦C. A DRIFT spectrum was taken 
in 5 min intervals, i.e., in about 10 ◦C increments. The catalytic system 
was in transient state due to the continuously increasing reaction tem-
perature. From each of the thus obtained spectrum, the spectrum, 
recorded at the corresponding temperature in H2 or He flow, was sub-
tracted. The contribution of the gas phase to the difference spectra 
proved to be negligible under the applied conditions. Therefore, the 
obtained spectra practically reflect the surface species formed (positive 
bands) or consumed (negative bands) during the adsorption and reac-
tion of GVL on the catalyst surface. 

3. Results 

3.1. Catalyst characterization 

Some chemical, structural, and surface properties of the catalysts are 
summarized in Table 1. The Co content of the catalysts was about the 
same. Nitrogen adsorption/desorption isotherms of the supports and the 
catalysts are shown in Fig. S1. The SSA of the Co catalyst was about 
13–16% lower than that of the corresponding support. Also, the pore 
diameter of the Co/γ-Al2O3 catalyst was smaller than that of the γ-Al2O3 
support. 

3.2. X-ray powder diffraction 

Fig. 1 presents the XRPD patterns of oxidized (a,d) and reduced fresh 
(b,e) and used (c,f) Co/H-Beta and Co/γ-Al2O3 catalysts. The intense 
reflection at 2θ = 22.52◦ and the low intensity reflections at 21.54, 
25.43, 27.14, 28.82, 29.67, 33.49 and 43.71◦ are characteristic of zeolite 
Beta (Fig. 1, a-c), whereas the broad lines at 37.6, 39.5 and 45.9◦ stem 
from the γ-alumina support (Fig. 1, d-f). The presence of the diffraction 
lines at 31.3, 36.9, 38.6, 44.8, 55.7, and 59.4◦ (Fig. 1, a and d) indicate 
that crystalline Co3O4 phase (ICDD 78–1970) is present in both catalyst 
samples calcined at 500 ◦C. It should be noted that on the Co/γ-Al2O3 
catalyst the formation of cobalt-aluminate phases, such as, CoAl2O4 
(ICDD 82–2248) and Co2AlO4 (ICDD 38–0814) is also possible due to the 
diffusion of Co ions to the tetrahedral/octahedral sites of the γ-Al2O3 
lattice during the calcination process. These phases cannot be distin-
guished from the Co3O4 phase by XRPD, because they all have a cubic 
spinel structure with almost identical diffraction pattern [42,43]. 
However, cobalt-aluminate phases represent hard-to-reduce Co species 
and therefore they can be distinguished from the Co3O4 phase by H2-TPR 
method. Since no cobalt-aluminates could be detected by H2-TPR (vide 
infra) the observed characteristic reflections in the XRPD patterns can be 
attributed to Co3O4 phase. (Nevertheless, the formation of a minor 
amount of Co-aluminate on the alumina surface without long-range 
order cannot be excluded.) The size of the Co3O4 particles in the 
calcined catalysts was determined from the 2θ = 36.9◦ reflection using 
the Scherrer equation. Larger Co3O4 particles (~35 nm) were formed on 
the zeolite support, whereas smaller ones (~13 nm) on the γ-alumina. 

In the in situ reduced catalysts, face-centered cubic (fcc) Co0 was 
identified by the 2θ = 44.2◦ and 51.5◦ reflections (Fig. 1, b and e). The 
XRPD pattern of Co/H-Beta catalyst indicate the presence of zero valent 
cobalt particles (Co0) exclusively (Fig. 1, b). An average Co0 diameter of 
32 nm was calculated for Co/H-Beta by the Scherrer equation. In case of 
Co/γ-Al2O3, both fcc Co0 and CoO (partially reduced Co3O4) phases 
were identified (Fig. 1, e). Because the main signal of fcc Co0 phase was 
relatively weak and was overlapping with the broad line of the 
γ-alumina support, the support pattern was subtracted from the sample 
pattern and the difference diffractogram was evaluated to determine the 
average Co0 particle size (Fig. S2). Phase analysis showed that about one 

Table 1 
Chemical, structural, and surface properties of supports and supported Co catalysts.  

Support or 
Catalyst 

Co content, wt% SSA,a 

m2⋅g− 1 
Pore diameter,b 

nm 
Reduction 
degree,c 

% 

Average Co0 diameter,d 

nm 
Brønsted acid sites,e 

mmol⋅g− 1 
Lewis acid sites,e 

mmol⋅g− 1 

H-Beta – 582 – – – 0.366 0.427 
Co/H-Beta 7.2 508 – 65 (66) 32 0.122 0.457 
γ-Al2O3 – 189 9.1 – – – 0.167 
Co/γ-Al2O3 7.7 159 8.7 56 (98) 11 – 0.150  

a The Specific Surface Area (SSA) was determined by the Brunauer-Emmett-Teller (BET) method. 
b The most frequent pore diameter was calculated using the BJH method. 
c The reduction degree at 450 ◦C or at 800 ◦C (in parenthesis) was calculated from the H2-TPR curves. 
d Calculated from the XRPD pattern of the catalysts reduced in situ at 450 ◦C for 1 h in H2 flow. 
e Determined by the FT-IR spectra of adsorbed pyridine. The concentration of Brønsted and Lewis acid sites was calculated from the integrated absorbance of the 

bands centered at 1540 and 1450 cm− 1,respectively. 

G. Novodárszki et al.                                                                                                                                                                                                                           



Microporous and Mesoporous Materials 360 (2023) 112732

4

third of the Co atoms was forming the Co0 phase, having an average 
particle size of 11 nm. Accordingly, about two third of Co remained in 
partially reduced CoO form on the alumina surface as indicated by the 
diffraction lines at 2θ 42.4, 36.5, and 61.5◦. (Fig. 1, e and Fig. S2). These 
findings are in line with former studies [44,45]. No diffraction lines of 
CoO could be identified in the diffractogram of the used Co/γ-Al2O3 
catalyst (Fig. 1, f) indicating that the catalyst was further reduced during 
the catalytic run. Note that by the XRPD pattern of the in situ reduced 
Co/H-Beta, in addition to fcc Co0 phase, a hexagonally close-packed 
(hcp) Co0 phase was also identified. In the alumina-supported catalyst, 
however, such phase could be detected only in the used catalyst. Similar 
fcc-hpc phase transformation was already observed studying Co/SiO2 
catalyst [6]. 

The Co0 particle size distributions shown on the TEM images of the 
catalysts (see Fig. S3) are in good agreement with those determined by 
XRPD method. 

3.3. H2-TPR 

A previous H2-TPR study [46] showed that Co3O4 particles, located 
on outer surface of zeolite crystallites, and CoOx species dispersed within 

zeolite pores got reduced to Co0 in the temperature ranges of about 
200–400 ◦C and 400–600 ◦C, respectively. The reduction of Co2+ and 
[Co-OH]+ lattice cations, balancing the negative zeolite framework 
charge, require reduction temperature higher than about 700 ◦C. In 
Fig. 2 H2-TPR curves are shown for the Co/H-Beta and Co/γ-Al2O3 
catalysts. 

The Co/H-Beta exhibited a relatively sharp and high reduction peak 
in the temperature range of 200–450 ◦C having a maximum at 350 ◦C 
(Fig. 2A), whereas hydrogen consumption was negligible above 450 ◦C. 
These results suggested that Co3O4 phase was located on the outer sur-
face of the zeolite crystallites in the Co/H-Beta catalyst (Fig. 2A). The H/ 
Co atomic ratio, calculated from the hydrogen consumption up to 800 ◦C 
and the cobalt content of the catalyst, was 1.76. Considering that the full 
reduction of Co3O4 to metallic Co phase corresponds to an H/Co atomic 
ratio of 2.67, the average degree of Co reduction is 66% 

(Table 1). Practically the same reduction degree could be reached by 
reducing the Co/H-Beta sample up to only 450 ◦C (cf. Fig. 2B1 and 2B2, 
Table 1). Note that XRPD detected only Co0 in the reduced Co/H-Beta 
sample suggesting that the Co0 fraction was practically equal with the 
reduction degree. The non-reducible cobalt can be cation of the zeolite 
lattice. The lattice cobalt cations are hard-to-reduce species because 
they are located in hard-to-access positions and/or far enough from each 
other to easily form Co–Co bonds [46]. 

In the TPR curve of the Co/γ-Al2O3 catalyst a sharp peak, centered at 
320 ◦C appeared and a broad peak ranging from 350 up to 750 ◦C 
(Fig. 2A). There is no full consent in the interpretation of these peaks. 
The reduction of Co3O4 to Co0 was considered as a two-step process 
(Co3O4 + H2→ 3CoO + H2O and CoO + H2→ Co0 + H2O). Accordingly, 
the first TPR peak was believed to indicate the reduction of Co3O4 to the 
intermediate CoO phase, whereas the second peak was presumed to stem 
from the reduction of CoO to Co0 [47,48]. In contrast, others claimed 
that Co0 was formed also in the first reduction step, whereas the broad 
high temperature TPR peak came from the reduction of Co-oxide species 
strongly interacting with the alumina surface [49,50]. Our results 
clearly favor this latter proposal, as we detected Co0 species by XRPD in 
our Co/γ-Al2O3 sample reduced at 450 ◦C only (vide supra). Note that 
Co-aluminate, if present, gives a reduction peak only above 750 ◦C [44]. 
The TPR curve of the Co/γ-Al2O3 sample shows only a minor peak in the 
high-temperature range (Fig. 2A) indicating that no significant amount 
of Co-aluminate phase was formed. The H/Co atomic ratio, calculated 
from the hydrogen consumption up to 800 ◦C and the cobalt content of 
the catalyst was 2.61 suggesting a reduction degree of about 98% 
(Table 1). If the sample was reduced up to 450 ◦C only (Fig. 2B1) the 
H/Co ratio was 1.5 corresponding to average Co reduction degree of 
56% (Table 1). The unreduced fraction is most probably CoO species, 
strongly interacting with the alumina surface (Fig. 2B2) [49,50]. The 
analysis of the XRPD pattern (Fig. S2) proved that Co0 and CoO phase 
was present in the reduced sample in a molar ratio of about 1 to 2. Note 
that the reduction degree calculated from the H2-TPR measurement is 
higher than the Co0 fraction obtained from the XRPD analysis. Obvi-
ously, the partial reduction contributed to the reduction degree. 

The catalyst was pre-reduced in H2 flow at 450 ◦C in situ in the cat-
alytic reactor before any catalytic run. Above results substantiate that in 
the thus activated Co/H-Beta catalyst about two third of the cobalt is in 
Co0 state having an average Co0 particle size of 32 nm. The similarly pre- 
treated Co/γ-Al2O3 catalyst contains about one third of the cobalt in Co0 

state having an average Co0 particle size of 11 nm (Table 1). The 
unreduced fraction of Co is related to lattice Co-cations in the Co/H- 
Beta. In the Co/γ-Al2O3 catalyst, CoO strongly interacting with the 
alumina surface coexists with Co0 particles. 

3.4. CO adsorption 

The FT-IR spectra of adsorbed CO characterizes the electronic state 
and environment of the sorption sites. Spectra of the studied catalysts 
were collected in the presence of CO gas in the FT-IR cell (Fig. 3, spectra 

Fig. 1. XRPD patterns of the Co/H-Beta and Co/γ-Al2O3 catalysts: (a,d) air- 
calcined at 500 ◦C, (b,e) reduced in situ in the X-ray chamber at 450 ◦C in H2 
flow, (c,f) reduced in situ in the catalytic reactor and used for GVL hydro-
conversion at 225 ◦C for 40 h time-on-stream. 
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a) and after evacuation of the cell (Fig. 3, spectra b). In presence of CO 
gas relatively broad, overlapping bands appeared in the range of 
2000–2070 cm− 1 and above 2100 cm− 1 (Fig. 3, spectra a). The bands of 
lower frequencies stem from CO bound to Co0, whereas those above 
2100 cm− 1 belong to CO bound to cationic cobalt sites [41,51,52]. On 
Co0 species CO can be adsorbed linearly as monocarbonyl, and also in 
the form of less stable multicarbonyls. In interaction with the support Co 
surface sites can carry partial positive or negative charge. This electronic 
state of the cobalt influences CO bonding that is reflected by the CO 
vibrational spectrum [41,51]. After evacuation practically a single band 
remained at about 2015 cm− 1, characteristic of Co0-CO species. 

The observation of Co0-CO species proved that after H2-reduction at 
450 ◦C both catalysts contain Co0 particles in comparable amounts. Co0 

particles are needed to activate hydrogen for the hydroconversion of 
GVL. 

The bands above 2100 cm− 1, assigned to CO linearly adsorbed on 
Con + cations (n = 2, or 3) [41,51]. The cation coordinated carbonyls 
were stable only in the presence of CO gas in the IR cell and got removed 
easily by evacuation at room temperature (cf. Fig. 3, spectra a and b). 
The presence of the band at 2169 cm− 1 in the spectrum of the 
alumina-supported Co catalyst indicates that the catalyst also contains 
unreduced Co-oxide phase, which is in accordance with our XRPD and 
TPR results (vide supra). The band at 2206 cm− 1 in the spectrum of 
Co/H-Beta catalyst (Fig. 3) can be attributed to CO, linked to Co cations 
of the zeolite lattice [52]. 

3.5. FT-IR spectra of adsorbed pyridine 

FT-IR spectra of Py adsorbed on the studied supported cobalt cata-
lysts and their neat supports are shown in Fig. 4. 

Pyridine, bound to Lewis acid sites only were detected on the 
γ-alumina support and the Co/γ-Al2O3 catalyst. The two pairs of bands at 
1455/1624 and 1450/1617 cm− 1 indicates two types of Lewis acid sites 
[53]. The Lewis acidity of γ-Al2O3 is undoubtedly comes from 
tri-coordinated surface Al3+ ions in coordinately unsaturated octahedral 
and tetrahedral sites [53]. The pair of bands at 1455/1624 cm− 1 are due 
to Py bound to tetrahedral aluminum ions having a single coordinative 
unsaturation. These sites are considered to be the strongest Lewis acid 

sites, whereas the assignment of the other pair of bands at 1450/1617 
cm− 1 is still a matter of debate. Busca et al. [53] suggested that Py 
bounds also to Lewis acid sites of moderate acid strength. These sorption 
sites were substantiated to be pentacoordinated or tetracoordinated Al3+

ions, which are neighboring surface OH groups and are in singly and 
doubly unsaturated octahedral sites, respectively. In the Co/γ-Al2O3 the 
concentration of both type of Lewis sites are about 10% lower than in the 
γ-Al2O3 support (Fig. 4 and Table 1). 

Pyridine adsorbed on the Brønsted sites of H-Beta gives the charac-
teristic band pair at 1545/1637 cm− 1 (Fig. 4) due to the 19b and 8a ring 
vibrational modes of protonated Py, respectively [39]. Beside the 
Brønsted acidity of bridging OH-groups, significant Lewis acidity was 
detected in the H-Beta zeolite (Table 1). Lewis acidity of zeolites are 
generally attributed to positively charged extra-framework alumina (e. 
g., AlO+) species in the zeolite lattice. However, zeolite H-Beta may also 
contain significant amount of framework defect sites, wherein frame-
work Al3+ atoms are linked to less than four [SiO4/2] tetrahedra via 
oxygen atoms and behave as Lewis acid centers [54]. In the Co loaded 
sample the strength of the pyridinium bands at 1545/1637 cm− 1 

decreased significantly, indicating that about two-third of the lattice 
protons, i.e., Brønsted acid sites, were replaced by cations of cobalt 
(Fig. 4 and Table 1). Moreover, the intensity of the bands at 1455/1622 
cm− 1 was at least by 75% lower in the Co/H-Beta that it was in the 
H-Beta support. In the spectrum of the catalyst a similar, but somewhat 
shifted new pair of bands appeared at 1451/1611 cm− 1 indicating that 
Lewis acid sites originally present in H-Beta were largely converted to a 
new type of Lewis acid sites, namely to Co cations occupying 
ion-exchange positions in the zeolite lattice [55]. 

The analysis of the νOH region on the H-Beta and Co/H-Beta samples 
clearly support the above notions (Fig. S4). The intensity of the νOH 
band, assigned to bridging OH groups (3610 cm− 1), is lower in the 
catalyst, confirming the exchange of protons by cobalt ions, such as, 
Co2+ or Co[OH]+. The concentration of the Brønsted acid sites was by 
0.244 mol⋅g− 1 lower than that of the H-Beta (Table 1). Cobalt ions 
became also coordinated to framework Al defect sites terminating 
coordinative unsaturation and simultaneously generating new Lewis 
acid cobalt sites. 

Fig. 2. H2-TPR curves measured on the Co/H-Beta and Co/γ-Al2O3 catalysts. The samples were treated in O2 flow (30 cm⋅min− 1) at 500 ◦C for 1 h, then cooled to 
40 ◦C, purged with N2 and heated up at a rate of 10 ◦C⋅min− 1 to 800 ◦C in a flow of 9.0 vol% H2/N2 mixture (A). In a similar experiment, the samples were first heated 
to 450 ◦C and held at this temperature for 1h (B1), then cooled to 40 ◦C, and in the second step, the samples were again heated up to 800 ◦C (B2). 
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3.6. Activity and selectivity 

The GVL hydroconversion activity of the pure supports and the 
supported Co-catalysts was compared applying the same reaction con-
ditions. While the reaction temperature or the space time was varied, the 
total pressure and the H2/GVL molar ratio was fixed at 30 bar and 12, 
respectively. These conditions were selected because it was found that 
the pressure dependence of the conversion started to flatten at about 30 
bar (Fig. S5). 

Under hydrogen pressure but in absence of hydrogenation function, 
i.e., in absence of Co0, only minor amounts of saturated products were 
obtained from GVL over the oxide supports. In line with the results of 
Wang et al. [25] the Lewis acid γ-alumina induced ring-opening of GVL, 
giving PE with selectivity as high as 94–96%, while under the applied 
reaction conditions the conversion was relatively low, 5–15% 
(Table S1). Under the same reaction conditions the PE selectivity of the 
H-Beta zeolite catalyst of strong Brønsted and Lewis acidity, was also as 

high as 76–86% but at somewhat higher conversion levels. The forma-
tion of butenes showed that the zeolite was also active in the decar-
boxylation of the primary product PE (Table S1). These results 
demonstrate that both Brønsted and Lewis acid sites can catalyze the 
cleavage of the [CH3CH-O] bond of GVL. 

Nearly full hydroconversion of GVL was reached at 225 ◦C over both 
supported cobalt catalysts; however, the main reaction product was 
different. The Co/H-Beta catalyst was highly selective for PA, whereas 2- 
MTHF was formed with high selectivity over the Co/γ-Al2O3 catalyst 
(Fig. 5, Table S2). The H-Beta zeolite induced the formation of unsatu-
rated acid (PE) by cleaving the [CH3CH-O] bond of the ring (Table S1). 
The Co/H-Beta catalyst, active in hydrogenation, gave saturated acid 
(PA). These findings suggest that the first step of the reaction was the 
same over the H-Beta support and the supported cobalt catalyst. How-
ever, the preferential formation of 2-MTHF suggests that an alternative 
reaction route prevails over the Co/γ-Al2O3 catalyst (Fig. 5, Table S2). 
We note here that a variety of catalysts used in former studies also 
showed diverse selectivities in the hydroconversion of GVL (Table S3). 

The activity of the catalysts as a function of time-on-stream was also 
investigated (Fig. S6). Both the Co/H-Beta and Co/γ-Al2O3 catalysts 
showed high selectivity for PA and 2-MTHF products, respectively at 
high conversion level for at least 60 h on stream. 

At higher reaction temperatures (>225 ◦C), minor products also 
appeared due to acceleration of side reactions (Fig. 5). Pentanoic acid 
pentylester (PPE), pentane, and 1-pentene formed over the Co/H-Beta 

Fig. 3. FT-IR spectra of CO adsorbed on Co/H-Beta and Co/γ-Al2O3 reduced in 
situ in H2 flow at 450 ◦C for 2 h. The catalyst sample was degassed after 
reduction by evacuation, cooled down to room temperature and contacted with 
CO at 5 mbar CO pressure for 10 min and spectrum (a) was recorded. The wafer 
was then evacuated in high vacuum for 10 min at room temperature, and 
spectrum (b) was recorded. Spectra are normalized to a wafer “thickness” of 5 
mg cm− 2. 

Fig. 4. FT-IR sepctra of adsorbed pyridine on activated H-Beta and γ-Al2O3 
supports and reduced Co/H-Beta and Co/γ-Al2O3 catalysts. The supports were 
activated in high vacuum at 450 ◦C, whereas the Co catalysts were first reduced 
in situ in H2 flow at 450 ◦C for 2h. Samples were contacted with pyridine vapor 
at 5 mbar and 200 ◦C for 30 min, then evacuated at this temperature for 30 min. 
The spectra were recorded at room temperature. L and B denotes characteristic 
bands of pyridine bound to Lewis or Brønsted acid centers, respectively. Spectra 
are normalized to a wafer “thickness” of 5 mg cm− 2. 
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catalyst (Fig. 5A), whereas pentanols, pentane, and butane side products 
appeared in the product mixture obtained on the Co/γ-Al2O3 catalyst 
(Fig. 5B). 

GVL conversion and product yields were determined as the function 
of space time (Fig. 6). Over Co/H-Beta, minor amount of PE was formed 
at 200 ◦C (Fig. 6A). Its yield passed through a maximum, indicating that 
PE is an intermediate of PA. At 225 ◦C PE was not detected (Fig. 6A) 
because it was rapidly saturated to PA in a consecutive hydrogenation 
step. PPE was also formed in the reaction of PA with 1-pentanol. This 
latter intermediate must be the product of PA reduction. The 1-pentene 
and pentane had to be obtained from 1-pentanol (Fig. 6A). Obviously, 
the PPE yield decreases at higher space times because of the enhanced 1- 
pentanol dehydration/hydrogenation to pentane. 

Over the Co/γ-Al2O3 catalyst, the formation 1,4-pentanediol (1,4- 
PD) is clearly discernible at 200 ◦C (Fig. 6B). The yield of 1,4-PD passes 
through a maximum, indicating that it is a possible intermediate of the 
2-MTHF formation. It was shown earlier that formation of 2-MTHF 
proceeds in consecutive reaction through 2-OH-5-MTHF and 1,4-PD 
intermediates, which latter is converted to 2-MTHF by intramolecular 
cyclodehydration [19]. The 1-pentanol side product could be formed 
from 2-MTHF by the hydrogenolysis of the [CH3CH-O] bond of the furan 
ring. Formation of 2-pentanol follows a similar pathway, but it is the 
[CH2-O] bond that must break up (Fig. 6B). The origin of 2-butanol in 
the product mixture is less clear. This minor product might be formed 
from a non-detected intermediate via decarbonylation. The possible 
reaction routes leading to products and side products are summarized in 
Scheme S1. 

3.7. DRIFTS reaction study 

DRIFTS-MS was used to monitor the temperature-programmed re-
action of GVL in He and H2 gas flow over supported cobalt catalysts. The 
transient states of surface coverage and surface speciation was recorded 
as a function of temperature. Bands were assigned to group frequencies. 
These studies permitted to clarify the adsorption state of reactant GVL, 
provided information about the adsorbed intermediates and products, 

and made possible to draw conclusions about the route of trans-
formations and the reaction mechanism. 

3.7.1. Co/γ-Al2O3 catalyst 
Upon contacting the Co/γ-Al2O3 catalyst with GVL/He flow devel-

opment of negative absorption bands was observed in the difference 
spectra. The negative bands suggest that the GVL interacts via H- 
bonding to surface hydroxyl groups (Fig. S7A). The bands at 2980 and 
2937 cm− 1 (Fig. 7A) were assigned to νas[CH3] and νas[CH2] vibrations, 
respectively [56,57]. The band of relatively low intensity, discerned at 
2878 cm− 1 is attributed to νs[CH3] vibration. Latter band partly overlaps 
with the νas[CH2] band. 

The carbonyl group of GVL gave three overlapping bands at 1767, 
1742, and 1710 cm− 1 (Fig. S8B, Fig. 7B). These bands are shifted 
downwards relatively to the carbonyl band of free GVL at 1782 cm− 1, 
suggesting the formation of adsorption complexes, having different 
strengths of interaction with the sorption sites. The stronger is the 
interaction between the GVL and the adsorption sites the lower is the 
carbonyl frequency [19,23,26,58]. 

In a recent study [19] we reported about carbonyl bands, obtained 
from adsorption of GVL on Co/SiO2 catalyst and SiO2 support. These 
bands were quite like those obtained from adsorption on the Co/γ-Al2O3 
and the γ-Al2O3 support in the present study. Quantum chemical 
calculation suggested that these bands stemmed from three dominant 
adsorption complexes [19]. It seems very likely that the carbonyl bands 
of GVL bound to silica and alumina are similar because the modes of GVL 
co-ordinations to the adsorbing solids are also similar. The bands of 
deformation vibrations were assigned to βs[CH2], δas[CH3], 
βs[CH2(C=O)], δs[CH3], and δ[CH(O)] [19]. The above band assign-
ments are summarized in Table 2. 

It is important to note that very similar spectra were obtained from 
the adsorption of GVL on pure γ-Al2O3 support (Fig. S8) and Co/γ-Al2O3 
catalyst (Fig. 7), suggesting that the adsorption sites are surface hy-
droxyl groups that are similar over these solids. 

When the temperature of the system of catalyst/GVL/He flow was 
raised the intensity of the GVL bands decreased for two reasons: the 

Fig. 5. GVL conversion and product yields over (A) Co/H-Beta and (B) Co/γ-Al2O3 catalysts as a function of reaction temperature at 30 bar and 1 gcat.⋅gGVL
− 1 ⋅h space 

time. The H2/GVL molar ratio was 12. PA: pentanoic acid; PPE: pentanoic acid pentylester; 2-MTHF: 2-methyltetrahydrofuran. 
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decrease of adsorption coverage and the GVL conversions. The GVL 
conversions resulted in the generation of gaseous products and new 
surface species. The bands of C-H stretching vibrations shifted slightly, 
became broader and, most importantly, a new pair of bands appeared at 
3085 and 3005 cm− 1 (Fig. 7A and Fig. S8A). These new bands can be 
assigned to ν[ = CH2] and ν[ = CH] vibrations [56,57], indicating the 
formation of a surface intermediate that contains terminal [CH2=CH–] 
vinyl group. The corresponding ν[C=C] vibration band became 
discernible at 1642 cm− 1 (Fig. 7B, Fig. S8B). The formation of vinyl 
group was accompanied by the development of overlapping broad fea-
tures in the range of 1700-1300 cm− 1. The band pairs at 1580/1460 
cm− 1, and 1650/1390 cm− 1 (Fig. S8B) show close resemblance to the 
bands of surface carboxylates, obtained from PA adsorption over 
alumina [59]. Thus, the pair of bands at 1580/1460 cm− 1 can be 

assigned to the asymmetric and symmetric vibrations of chelating 
bidentate surface carboxylate species, whereas the pair of bands at 
1650/1390 cm− 1 can be attributed to monodentate carboxylate species 
[59–63]. It is important to note that bidentate carboxylate species were 
formed in reaction with surface hydroxyl groups [60,61,64], whereas 
monodentate carboxylate species were formed over strong Lewis 
acid/Lewis base pair sites [59]. An additional pair of bands were also 
discernible at about 1610/1420 cm− 1 (Fig. 7B). We associate latter 
bands with bidentate carboxylate species bound to Lewis acid/Lewis 
base (cobalt cation)/(oxide anion) pair sites of the catalyst (Table 3) [6]. 
Note that all of the surface-bound carboxylate species were thermally 
stable due to their strong interaction with the catalyst surface. The 
above-described changes of surface speciation, induced by raising tem-
perature, strongly suggest that in absence of hydrogen the opening of 

Fig. 6. GVL conversion and product yields over (A) Co/H-Beta and (B) Co/γ-Al2O3 catalysts as a function of space time at 200 ◦C and 225 ◦C. The total pressure was 
30 bar, while the H2/GVL molar ratio was 12. PA: pentanoic acid; PPE: pentanoic acid pentylester; 2-MTHF: 2-methyltetrahydrofuran. 
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GVL ring proceeds on Lewis acid sites by cleavage of the [CH3CH-O] 
bond and results in the formation 4-PE (Table S1), as well as, strongly 
bonded, vinyl-group-containing surface pentenoate (4-POE) species. 

In presence of hydrogen the main product of GVL conversion was 2- 
MTHF over Co/γ-Al2O3 catalyst above about 200 ◦C (Figs. 5 and 6). The 
spectra obtained for the Co/γ-.Al2O3 catalyst in contact with GVL/H2 
flow show close resemblance to those obtained from the contact of the 
same catalyst with GVL/He flow (cf. Figs. 7 and 8), however, there are 
some distinct differences. The absorption bands of GVL become weaker 
when the temperature is increased because the adsorption coverage is 
decreased. Also, the formation of gaseous products, mainly 2-MTHF, and 
new adsorption intermediates contributed to the decrease of GVL 
coverage. Like from the GVL/He flow the spectra obtained from the 
GVL/H2 flow showed formation of surface carboxylate species, but the 
vinyl bands were missing (cf. bottom spectra in Figs. 7 and 8). These 

results suggested that the same surface reactions occurred in H2 and He, 
except that the presence of hydrogen and cobalt promoted the formation 
surface pentanoate and pentanoic acid, POA and PA. Strongly-bound 
surface carboxylates are formed in reaction with surface OH-groups 
and Lewis acid/Lewis base pair sites. In GVL/H2 flow the intensity of 
the pair bands of monodentate carboxylate species at 1650/1390 cm− 1 

start to decrease above about 250 ◦C (Fig. 8B), suggesting that these 
species participate in further surface transformation and/or become 
converted to gaseous products. Parallel product and surface analysis 
suggested that annihilation of monodentate surface carboxylates was 
associated with PA formation (Fig. S9A). 

Note that carboxylates are accumulated over the Co/γ-Al2O3 catalyst 
surface during the GVL reaction both in He and H2 carrier gas but the 
conversion in H2 resulted in the formation of 2-MTHF as main product 
(Fig. 5B, Table S2), as evidenced also by its MS detection (Fig. S9). These 

Fig. 7. DRIFT spectra of the species obtained from 
adsorption and reaction of GVL in He on Co/γ-Al2O3 
catalyst in the frequency range of (A) the C-H 
stretching vibrations and (B) the carbonyl stretching 
and C-H deformation vibrations. The catalyst was 
contacted with a continuous flow of GVL/He atmo-
spheric gas mixture, while the temperature was 
continuously raised at a rate of 2 ◦C⋅min− 1 from 30 up 
to 275 ◦C. The corresponding spectrum of the neat 
catalyst was subtracted from the spectrum recorded 
at the indicated temperature.   

Table 2 
Characteristic absorption bands observed upon contacting Co/γ-Al2O3 and the γ-Al2O3 support with GVL/He at room temperature and their assignments.  

Peak position, cm− 1 Assignment Comment 

2980 νas[CH3] asymmetric stretching vibration of methyl group 
2937 νas[CH2] asymmetric stretching vibration of methylene group 
2878 νs[CH3] symmetric stretching vibration of methyl group 
1767, 1742, 1710 ν[C=O] carbonyl bands of GVL in three dominating adsorption complexes 
1462 βs[CH2] scissoring vibration of methylene group 
1450 δas[CH3] asymmetric vibration of methyl group 
1422 βs[CH2(C=O)] scissoring vibration of methylene group adjacent to the carbonyl group 
1390 δs[CH3] symmetric vibration of methyl group 
1350 δ[CH(O)] bending vibration of the methine group connected to the oxygen atom of the lactone ring  

Table 3 
New absorption bands developed at elevating temperature on Co/γ-Al2O3 or the γ-alumina support in contact with GVL/He and their assignments.  

Peak position, 
cm− 1 

Assignment Comment 

3085, 3005 ν[ = CH2], stretching vibrations of a vinyl end group 
ν[ = CH] 

1580, 1460 νas[O-C-O], asymmetric and symmetric stretching vibration of chelating bidentate carboxylate species formed on surface OH-groups 
νs[O-C-O] 

1650, 1390 νas[O-C-O], asymmetric and symmetric stretching vibration of monodentate carboxylate species formed on Lewis acid/Lewis base pair sites of γ-Al2O3 

νs[O-C-O] 
1610, 1420 νas[O-C-O], asymmetric and symmetric stretching vibration of bidentate carboxylate species formed on Lewis acid/Lewis base cobalt cation/oxide anion 

pair site νs[O-C-O]  
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results tell us that a reaction route other than the formation of surface 
carboxylates and carboxylic acid prevails in the presence of cobalt and 
hydrogen. The analysis of the C-H deformation bands (Fig. S10) 
permitted to clarify the reaction route, leading to 2-MTHF formation. 

When the reaction temperature was linearly increased the intensity 
of the δ[CH(O)] band decreased more rapidly than that of the 
βs[CH2(C=O)] band, suggesting that the bands lost intensity not only 
due to GVL desorption, which would affect all the bands to the same 
extent, but also because GVL transformations. The [CH3CH-O] bond 
cleavage, resulting in POE formation in He and POA formation in H2, 
had a stronger response to the temperature raising than those reactions 
which eliminated the GVL carbonyl group (Fig. S10). 

It is worth to compare the temperature dependence of the above 
discussed bands also in GVL/He and GVL/H2 flows. The less pronounced 
drop of the δs[CH3] in H2 is in line with POA formation and the pres-
ervation of the [CH3] end group. However, as temperature was 
increased the intensity of the βs[CH2(C=O)] band decreased more in 

hydrogen than in He (Fig. S10) implying that besides GVL desorption 
and [CH3CH-O] bond cleavage the hydrogenation of the carbonyl group 
also prevails. The less pronounced drop of δ[CH(O)] band in hydrogen is 
in line with this latter reaction also suggesting that the reduction of the 
carbonyl group and the subsequent 2-MTHF formation competes with 
[CH3CH-O] bond cleavage. Above results substantiate that two parallel 
surface reactions proceed on the Co/γ-Al2O3 catalyst in H2: accumula-
tion of POA species on the catalyst surface and hydrogenation of the 
carbonyl group of GVL. PA is formed from the monodentate pentanoate 
species, strongly bound to Lewis acid/Lewis base pair sites of alumina, 
only above about 250 ◦C (Fig. S9). Hydrogenation of GVL carbonyl must 
result in the formation of 2-OH-5-MTHF. Because no 2-OH-5-MTHF was 
detected in the product mixture it must be a surface-bound intermediate 
that is rapidly converted to other products, such as 1,4-PD that is an 
intermediate of the main product 2-MTHF formation. The 2-MTHF was 
found to be the main product of the GVL hydroconversion over Co/ 
γ-Al2O3 catalyst (Fig. 5B, Fig. S9). 

Fig. 8. DRIFT spectra of the species obtained from 
adsorption and reaction of GVL in H2 on Co/γ-Al2O3 
catalyst in the frequency range of (A) the C-H 
stretching vibrations and (B) the carbonyl stretching 
and C-H deformation vibrations. The catalyst was 
contacted with a continuous flow of GVL/H2 atmo-
spheric gas mixture, while the temperature was 
continuously raised at a rate of 2 ◦C⋅min− 1 from 30 up 
to 275 ◦C. The corresponding spectrum of the neat 
catalyst was subtracted from the spectrum recorded 
at the indicated temperature.   

Fig. 9. DRIFT spectra of the species obtained from 
adsorption and reaction of GVL in He on Co/H-Beta 
catalyst in the frequency range of (A) the C-H 
stretching vibrations and (B) the carbonyl stretching 
and C-H deformation vibrations. The catalyst was 
contacted with a continuous flow of GVL/He atmo-
spheric gas mixture, while the temperature was 
continuously raised at a rate of 2 ◦C⋅min− 1 from 30 up 
to 275 ◦C. The corresponding spectrum of the neat 
catalyst was subtracted from the spectrum recorded 
at the indicated temperature.   
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3.7.2. Co/H-Beta catalyst 
The formation of adsorbed species on the activated Co/H-Beta 

catalyst in contact with GVL/He at room temperature (Fig. 9) was 
accompanied by the development of negative absorption bands in the 
range of the νOH stretching vibrations (Fig. S7B) suggesting that GVL 
interacts via H-bonding to different types of surface hydroxyl groups 
including non-acidic and acidic hydroxyl groups of zeolite H-Beta. The 
spectra of Co/H-Beta and Co/γ-Al2O3 catalysts showed practically the 
same characteristic absorption bands (Table 2), except that an addi-
tional carbonyl band appeared near to the frequency of free GVL at 1785 
cm− 1 (cf. Figs. 9 and 7, top spectra). 

At elevated temperatures some C-H stretching bands showed slight 
red shift (Fig. 9A). No distinct pair of bands appeared in the 3000-3100 
cm− 1 wavenumber region, where bands of ν[=CH2] and ν[=CH] 
vibrational transitions were expected to appear due to brake of the 
[CH3CH-O] bond and formation of vinyl group above about 200 ◦C 
temperature. The ν[=CH] vibration of a [-CH=CH-] group was expected 
to appear at about 3033 cm− 1 [56,57]. The band at 3033 cm− 1 is clearly 
seen in the spectra, obtained from adsorption of GVL on H-Beta above 
about 150 ◦C (Fig. S11A). A band like this can indicate surface reaction 
leading to the formation of a surface intermediate with an unsaturation 
along the carbon chain (Fig. 9A). The corresponding ν[C=C] vibration is 
discernible at 1642 cm− 1 (Fig. 9B and Fig. S11B). The formation of 
–CH=CH– group was accompanied by the development of overlapping 
broad features in the spectral range of 1700-1300 cm− 1 (Fig. 9B and 
Fig. S11B). The assignment of these bands is the same as was for the 
corresponding bands of species formed on alumina, namely, bands of 
bidentate (pair of bands at 1580/1460 cm− 1) and monodentate (pair of 
bands at 1650/1390 cm− 1) carboxylate species, respectively (Table 3). 
These results strongly suggest that the acid sites of H-Beta or Co/H-Beta 
induces opening the lactone ring by breaking the [CH3CH-O] bond 
resulting in the formation of 3- or 2-PE and strongly bonded surface POE 
species. 

The formation of carboxylates on H-Beta needs some explanation. 
Since carboxylate formation requires Lewis acid/Lewis base pair sites or 
basic OH-groups, the surface carboxylates were most probably formed 
with the involvement of extra framework aluminum species and coor-
dinately unsaturated aluminum atoms, both present in zeolite H-Beta 
(Fig. 4 and Table 1). Formation of carboxylate with involvement of 
proton donor Brønsted acid sites is improbable. 

The carboxylate bands of Co/H-Beta catalyst were much weaker than 

those of the H-Beta support (cf. Fig. 9B and Fig. S11). This can be 
explained by the partial elimination and/or transformation of the extra 
framework species in the process of Co introduction in the zeolite (see 
Fig. S4 and Fig. 4). Note that unlike to Co/γ-Al2O3 catalyst, no cobalt- 
oxide-bound carboxylate species were formed on Co/H-Beta, since 
latter catalyst contained only Co0 particles and lattice Co-cations. (Fig. 2 
and Table 1). 

The spectra collected for the Co/H-Beta in contact with GVL/H2 flow 
were similar to those obtained in GVL/He flow (cf. Figs. 9 and 10), 
except that the ν[=CH] band in the 3000-3100 cm− 1 range did not 
appear. It follows that the ring opening of GVL, and formation of 
carboxylate species occur both in H2 and He; however, in the presence of 
hydrogen and cobalt metal the formation of saturated carboxylate a 
carboxylic acid, namely PA, is favored. 

The conversion of GVL over zeolite H-Beta resulted in the formation 
of PE (Table S1), whereas its hydroconversion over Co/H-Beta catalyst 
gave either PA or 2-MTHF as main product, depending on the reaction 
temperature (Fig. 5A, Fig. S12). Hydroconversion of GVL to 2-MTHF 
started already at temperatures above about 100 ◦C, reached 
maximum rate at about 150 ◦C, and declined near to zero over about 
170 ◦C, where on the other hand the formation rate of PA got accelerated 
(Fig. S12). Note that formation of 2-MTHF started also at about 100 ◦C 
over the Co/γ-Al2O3 catalyst, but it began to decline at significantly 
higher temperatures than over the Co/H-Beta catalyst (cf. Fig. S9 and 
Fig. S12). 

The analysis of the C-H deformation bands (Fig. S13) is in agreement 
with the above results. When the temperature was raised the strength of 
the βs[CH2(C=O)] band showed somewhat more pronounced decrease 
in H2 than in He suggesting that the hydrogenation of the carbonyl 
group, introducing the formation of 2-MTHF also occurs in the 
30–160 ◦C temperature range. Furthermore, the intensity of the δ[CH 
(O)] band decreased more quickly than that of any other characteristic 
bands (Fig. S13, indicating that the ring braking at the [CH3CH-O] bond, 
introducing PA formation, is the preferred transformation on the surface 
(Fig. S12). Over Co/H-Beta the PA formation dominates above about 
200 ◦C, where the rate of Brønsted acid-initiated ring opening reaction 
significantly exceeds the rate of cobalt initiated carbonyl hydrogenation, 
which latter is the first step towards 2-MTHF formation. 

Fig. 10. DRIFT spectra of the species obtained from 
adsorption and reaction of GVL in H2 on Co/H-Beta 
catalyst in the frequency range of (A) the C-H 
stretching vibrations and (B) the carbonyl stretching 
and C-H deformation vibrations. The catalyst was 
contacted with a continuous flow of GVL/H2 atmo-
spheric gas mixture, while the temperature was 
continuously raised at a rate of 2 ◦C⋅min− 1 from 30 up 
to 275 ◦C. The corresponding spectrum of the neat 
catalyst was subtracted from the spectrum recorded 
at the indicated temperature.   
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4. Discussion 

4.1. Acidity and activity 

The spectra obtained from adsorption of Py showed that the γ-Al2O3 
support contains solely Lewis acid sites, whereas both Brønsted and 
Lewis acid sites are present in the zeolite H-Beta support. The intro-
duction of cobalt hardly influenced the acidity of the alumina (Fig. 4, 
Table 1). In contrast, zeolite protons became exchanged for cobalt cat-
ions and a large fraction (>75%) of the Lewis acid extra-framework 
alumina species and framework Al defect sites was replaced by new 
Lewis acid cobalt species (Fig. 4 and Table 1). Nevertheless, still about 
one third of the Brønsted acid bridged hydroxyl groups of the zeolite 
remained unaffected. 

The Co/γ-Al2O3 and Co/H-Beta catalysts had about the same Co 
content (Table 1). Reduction of the catalyst precursors resulted in the 
formation of zero-valent cobalt particles (Co0) in both catalysts, 
although a considerable fraction of cobalt remained in not fully reduced 
form (Fig. 2 and Table 1). In the Co/γ-Al2O3 catalyst, about one third of 
the Co content is in Co0 state, whereas about two third is present as CoO, 
strongly interacting with the alumina surface. In the Co/H-Beta catalyst, 
about two third of the cobalt content was transformed to Co0 particles 
and the rest is present as lattice cation in the zeolite. The different 
adsorbed CO species confirmed the coexistence of different sorption site 
cobalt species in the catalysts (Fig. 3). The comparable infrared ab-
sorption intensity of linear Co0-carbonyls, obtained from CO adsorption 
showed that the metal surface, available for triggering hydrogenation/ 
dehydrogenation reactions does not much differ in the two catalysts. 

In agreement with former studies [10,17,18,25], both γ-Al2O3 and 

zeolite H-Beta showed reasonable activity in the ring opening of GVL to 
PE (Table S1). The zeolite H-Beta, containing not only Lewis but also 
Brønsted acid sites was more active than the purely Lewis acid γ-Al2O3 
(Table S1). 

On Brønsted acid sites the ring opening of GVL was suggested to 
proceed via protonated surface intermediate to produce 3- and 4-PE, 
which can isomerize to give 2-PE [17,25]. In the present study, the 
surface intermediate formed on Brønsted acid site contains unsaturation 
along the carbon chain suggesting the formation of a surface interme-
diate possibly leading to 3- or 2-PE product (Fig. S11). This observation 
suggests that the reaction proceeds likely as proposed in Scheme 1A. In 
the first step, a protonated adduct is formed with the involment of a 
Brønsted acid site, represented by H+Z–, where Z– denotes the negatively 
charged zeolite framework, i.e. the conjugate base of the Brønsted acid 
protons. The protonated adduct is in equilibrium with carbenium ion 
intermediates. From the intermediate 2- or 3-pentenoic acid is formed, 
while the Brønsted acid site is regenerated. 

The ring opening mechanism on Lewis acid γ-Al2O3 has not been 
clarified yet. We have shown that the surface intermediate contains a 
vinyl group (Fig. S8). Formation of the vinyl group suggests a ring 
opening pathway that results in an unsaturation at the end of the carbon 
chain. We rationalize this observation by the mechanism shown in 
Scheme 1B. The strong Lewis acid sites represented by tri-coordinated Al 
sites in γ-Al2O3 were suggested to appear more as a distorted tetrahedral 
ion (Scheme 1B) due to a reversible reconstruction via establishing weak 
bond with a nearby oxide ion [53]. It was shown that this very weak 
coordination bond in the strained species can be easily broken in contact 
with a base or an acid [53,65]. Therefore, we propose that GVL reacts 
with these Lewis acid (Al+) – Lewis base (O− ) pair sites resulting in a 

Scheme 1. Activation of GVL and formation of pentenoic acids on (A) Brønsted sites of H-zeolite and (B) Lewis acid/Lewis base pair sites of γ-Al2O3.  
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surface intermediate, in which the positively charged carbon atom of the 
carbenium ion intermediate is coordinated to the Lewis base (O− ) site, 
whereas the negatively charged oxygen atom of the broken GVL ring is 
coordinated to the Lewis acid (Al+) site (Scheme 1B). Proton transfer to 
this latter negatively charged oxygen atom results in the formation of a 
carboxyl group and desorption of PE product, while the Lewis acid site 
becomes regenerated. The transient DRIFTS measurements revealed that 
monodentate surface species were formed with the involvement of Lewis 
acid sites. These monodentate carboxylates (Scheme 1B) can be formed 
via the adsorption of the PE product on the Lewis acid (Al+) – Lewis base 
(O− ) pair sites; however, their formation via proton transfer to the Lewis 
base (O− ) sites within the adsorption complex cannot be excluded. The 
formation of monodentate carboxylate species was accompanied by the 
formation of strongly bound bidentate carboxylates due to an acid-base 
reaction between the carboxyl group and the basic Al-OH groups of the 
alumina surface (Fig. 7 and Table 3). It is important to note that intro-
duction of cobalt hardly affected the Lewis acidity of the alumina sup-
port (Fig. 4); therefore, similar surface processes were observed on the 
bifunctional Co/γ-Al2O3 catalyst in the absence of hydrogen than on the 
γ-alumina support (Fig. 7 and Fig. S8). 

Formation of surface carboxylates from the unsaturated carboxylic 
acid product was also observed on the H-Beta support most probably 
with the involvement of Lewis acid sites and non-acidic surface OH 
groups (Fig. S11). These surface processes are also observable on the 
bifunctional Co/H-Beta catalyst in the absence of hydrogen; however, 
the concentration of surface carboxylates is significantly lower than on 
the H-Beta support (Fig. 9). These results suggest that lattice cation 
cobalt in Co/H-Beta cannot form surface carboxylate with the product 
unsaturated carboxylic acid. The formation of surface carboxylate spe-
cies proceeds also in the presence of H2 on both bifunctional catalysts, 
except that these surface intermediates do not contain unsaturation in 
the carbon chain (Figs. 8 and 10). These results clearly suggest that the 
cleavage of the [CH3CH-O] bond of the GVL molecule proceeds on the 
acid sites of both Co/H-Beta and Co/γ-Al2O3 catalysts, but the thus ob-
tained unsaturated carboxylate species became saturated by 
hydrogenation. 

4.2. PA and 2-MTHF selectivities 

It should be noticed that although both PA and 2-MTHF products are 
formed on a bifunctional pathway, the activation of GVL requires 
different catalytic functions to get one or the other product. On the re-
action route leading to PA the reaction is initiated by acid sites (Scheme 
1) resulting in cleavage of the [CH3CH-O] bond of the GVL molecule. 
The thus formed surface POE intermediate is hydrogenated on Co0 

particles to POA intermediate, which is then released as PA product. The 
overall reaction requires the uptake of one H2 molecule. In contrast, the 
reaction route leading to 2-MTHF starts with the hydrogenation of the 
GVL carbonyl group giving 2-OH-5-MTHF. This intermediate is then 
transformed in a consecutive hydrogenolysis reaction to 1,4-pentanediol 
intermediate, which can be cyclodehydrated to 2-MTHF. The dehydra-
tion is the first acid catalyzed step of the consecutive reaction. The 
overall reaction requires the uptake of two H2 molecules and release of 
one H2O molecule. 

Since GVL reaction is initiated either by acidic or metallic active 
sites, it is expected that the relative activity of these sites will determine 
the relative rate of the two main reaction pathways [4,18,19,23]. The 
Co/H-Beta and Co/γ-Al2O3 catalysts have catalytic functions both for 
ring opening and hydrogenation. High GVL conversion was attained 
with both catalysts at about 200 ◦C. However, while the Co/H-Beta 
catalyst was selective for PA generation, the Co/γ-Al2O3 catalyst 
showed high selectivity for 2-MTHF formation. The radically different 
selectivity of the catalysts under the same reaction conditions implies 
that factors like the acid-base strength of the catalyst also play a decisive 
role in controlling the relative activity and product selectivity in the two 
transformations. The strength of interaction between the catalyst surface 

and the reactant and products determines also the coverage of the active 
sites. The facile GVL ring opening on acid sites and subsequent forma-
tion of surface POA species starts well below 100 ◦C (Figs. 8 and 10), but 
2-MTHF starts to appear only at around 100 ◦C over both catalysts 
(Figs. S9 and S12). The conversion to PA is determined by the 
adsorption-desorption equilibrium of PA chemisorption. The POA is 
bound more strongly to the stronger base γ-alumina than to the weaker 
base H-Beta zeolite. Increasing of the temperature speeds up all the re-
actions. However, the increase of PA desorption rate from the 
Co/γ-Al2O3 is not so steep than that of hydrogenation. The carboxylic 
acid product appeared in the gas phase over Co/γ-Al2O3 only at tem-
peratures higher than about 250 ◦C (Fig. 8B and Fig. S9), whereas for-
mation of 2-MTHF prevails at lower temperatures. On the contrary, the 
ring opening reaction and PA formation on the Co/H-Beta catalyst is 
catalyzed mainly by Brønsted acid sites, which are not blocked by 
carboxylate. In the lack of strong carboxylate bonding the Brønsted acid 
catalyzed ring opening reaction was strongly accelerated by the eleva-
tion of the reaction temperature, therefore the PA formation prevails 
over the Co/H-Beta catalyst even at temperature as low as 200 ◦C 
(Fig. S12). 

5. Conclusions 

Acid sites of γ-Al2O3 and zeolite H-Beta induces the ring opening of 
GVL at the [CH3CH-O] bond giving pentenoate carboxylate, bound to 
Lewis acid sites, and pentenoic acid. Introduction of Co hardly influ-
enced the Lewis acidity of γ-Al2O3, whereas the Lewis acid sites in H- 
Beta were partly converted to new type of Lewis acid sites represented 
by Co lattice cations. Over these latter sites no carboxylate species were 
formed, thus the concentration of surface carboxylates was significantly 
lower on Co/H-Beta than on the H-Beta support. The Brønsted acid sites 
did not take part in carboxylate formation. In the presence of hydroge-
nation function (Co0) and H2, the unsaturated carboxylate species were 
hydrogenated to saturated surface carboxylates, while the hydrogena-
tion of the carbonyl group leading to intermediate of 2-MTHF formation 
was also initiated. The strong bonding of monodentate carboxylates to 
the Lewis sites of γ-Al2O3 prevented the acid catalyzed ring opening 
reaction at temperatures below about 250 ◦C, thus the 2-MTHF forma-
tion prevailed due to the dominating hydrogenation activity. In contrast, 
carboxylate formation did not block the Brønsted acid sites of H-Beta 
thus the ring opening reaction leading to PA formation prevailed over 
the hydrogenation reaction above about 175 ◦C. 
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A. Zukal, M. Jančálková, Hydrocarbon synthesis from carbon monoxide and 

hydrogen on impregnated cobalt catalysts Part I. Physico-chemical properties of 
10% cobalt/alumina and 10% cobalt/silica, Appl. Catal. 73 (1991) 65–81, https:// 
doi.org/10.1016/0166-9834(91)85113-A. 

[51] N. Sheppard, T.T. Nguyen, The vibrational spectra of carbon monoxide on the 
surfaces of metal catalysts – a suggested scheme of interpretation, in: R.J.H. Clark, 
R.E. Hester (Eds.), Advances in Infrared and Raman Spectroscopy”, vol. 5, 
HEYDEN, 1978. Ch. 2. 

[52] F. Geobaldo, B. Onida, P. Rivolo, F. Di Renzo, F. Fajula, E. Garrone, Nature and 
reactivity of Co species in a cobalt-containing beta zeolite: an FTIR study, Catal. 
Today 70 (2001) 107–119, https://doi.org/10.1016/S0920-5861(01)00411-4. 

[53] G. Busca, The surface of transitional aluminas: a critical review, Catal. Today 226 
(2014) 2–13, https://doi.org/10.1016/j.cattod.2013.08.003. 

[54] I. Kiricsi, C. Flego, G. Pazzuconi, W.O. Parker, R. Millini, C. Perego, G. Bellussi, 
Progress toward understanding zeolite β acidity: an IR and 27Al NMR spectroscopic 
study, J. Phys. Chem. 98 (1994) 4627–4634, https://doi.org/10.1021/ 
j100068a024. 

[55] A. Bellmann, H. Atia, U. Bentrup, A. Brückner, Mechanism of the selective 
reduction of NOx by methane over Co-ZSM-5, Appl. Catal. B Environ. 230 (2018) 
184–193, https://doi.org/10.1016/j.apcatb.2018.02.051. 

[56] L.J. Bellamy, The Infrared Spectra of Complex Molecules”, third ed., Chapman and 
Hall, London, 1975. Part 1, Ch. 3. 

[57] P. Larkin, Infrared and Raman Spectroscopy; Principles and Spectral Interpretation, 
Elsevier, 2011. https://www.elsevier.com/books/infrared-and-raman-spectrosco 
py/larkin/978-0-12-386984-5. 

[58] N. Scotti, M. Dangate, A. Gervasini, C. Evangelisti, N. Ravasio, F. Zaccheria, 
Unraveling the role of low coordination sites in a Cu metal nanoparticle: a step 
toward the selective synthesis of second generation biofuels, ACS Catal. 4 (2014) 
2818–2826, https://doi.org/10.1021/cs500581a. 
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