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Abstract: The one-pot conversion of biomass-derived platform molecules such as levulinic acid
(LA) and furfural (FAL) into γ-valerolactone (GVL) is challenging because of the need for adequate
multi-functional catalysts and high-pressure gaseous hydrogen. As a more sustainable alternative,
here we describe the transfer hydrogenation of LA to GVL using isopropanol as a hydrogen donor over
a Zr-modified beta zeolite catalyst in a continuous fixed-bed reactor. A stable sustained production of
GVL was achieved from the levulinic acid, with both high LA conversion (ca. 95%) and GVL yield
(ca. 90%), for over at least 20 days in continuous operation at 170 ◦C. Importantly, the small decay in
activity can be advantageously overcome by the means of a simple in situ thermal regeneration in
the air atmosphere, leading to a complete recovery of the catalyst activity. Key to this outstanding
result is the use of a Zr-modified dealuminated beta zeolite with a tailored Lewis/Brønsted acid sites
ratio, which can synergistically catalyze the tandem steps of hydrogen transfer and acid-catalyzed
transformations, leading to such a successful and stable production of GVL from LA.

Keywords: biomass valorization; levulinic acid; γ-valerolactone (GVL); zirconium; beta zeolite; fixed
bed; continuous flow

1. Introduction

Due to increasing environmental impacts and to the depletion of fossil resources, there is a pressing
interest to search and develop renewable alternatives. In this context, biomass attracts much attention
for the production of both fine chemicals and fuels [1–5]. As a result, many processes have been
proposed and developed for the conversion of biomass in recent years [2,6]. Particularly, lignocellulosic
biomass is considered a promising, worldwide-abundant, and carbon-neutral resource. However,
the production at the industrial scale of the added-value chemicals from biomass requires intensive
efforts in the design, development and intensification of cost-effective catalytic processes, within the
concept of biomass refinery [7–14]. One efficient route to convert lignocellulose into high-quality fuels
and chemicals initiates the hydrolytic deconstruction at relatively mild temperatures (150–250 ◦C),
producing levulinic acid (LA) and furfural, as two of the most relevant lignocellulose-derived platform
molecules [15–17]. Levulinic acid has been recognized as one of the top 10 most promising platform
molecules derived from biomass by the U.S. Department of Energy [18], currently being considered as
a key pillar in the upcoming biorefinery industry as a chemical intermediate to many other bio-based
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compounds [19]. On the other hand, furfural has been catalogued as among the top 30 platform
chemicals derived from biomass, also with a great potential in many distinct fields [20]. However,
such biomass platform molecules have a high oxygen content and various functional groups, making
any transformational route typically complex and nonselective [8]. Therefore, the development of
efficient strategies to transform these platform molecules is highly desirable for producing high-quality
fuels and chemicals. On the industrial scale, several companies all over the world have developed
industrial-scale processes for the production of levulinic acid and furfural, focusing on feasible
commercial applications of levulinic acid, such as lactones, levulinate esters, aminolevulinic acid, or
valeric biofuels [21,22].

One promising application of LA is for the production of γ-valerolactone (GVL), a molecule
that exhibits attractive physicochemical properties, such as biodegradability and low toxicity, as
well as excellent fuel characteristics. Thus, GVL has potential as a green solvent, gasoline additive,
or precursor for the production of food additives, bio-polymers, advanced biofuels, etc. [23–27].
Many heterogeneous catalysts, especially based on the use of noble metals (e.g., ruthenium [28,29],
gold [30]), have successfully catalyzed the transformation of LA or alkyl levulinates into GVL via
hydrogenation and subsequent dehydration steps [19,31,32]. However, the use of molecular hydrogen
typically necessitates a high reaction pressure and expensive noble metals for the catalytic phase,
hindering the viability of such approaches. Therefore, the efficient production of GVL from LA without
using noble metal catalysts and gaseous hydrogen is still challenging. Recently, the catalytic transfer
hydrogenation (CTH) of LA, for instance via a Meerwein–Ponndorf–Verley (MPV) mechanism, using
organic hydrogen donors (e.g., formic acid, 2-propanol) has been extensively studied [33–37]. In the
transfer hydrogenation of LA to GVL, Ni-, Sn- and Zr-based catalysts have attracted much attention
because of their non-noble features and high efficiency. These metals incorporated into zeolite, silica or
organic polymer frameworks form Lewis acid sites that benefit the CTH reaction [23,38]. Additionally,
GVL can also be produced from furfural through a catalytic cascade of reactions consisting of a
combination of acid and CTH steps [39–41].

From the point of view of process integration, the fact that GVL can be efficiently produced from
levulinic acid and furfural in the same transformation process, results very appealing in terms of
biomass conversion economics. In this sense, bifunctional catalysts appear as key players for the
development of such an integrated cascade process. Ideally, a one-pot reaction, avoiding the necessity
of intermediate separations and purifications, would be possible when using a single catalyst that fulfils
the requirements of each reaction step. While some of the steps require Brønsted acid sites, originating,
for instance, from the inclusion of Al in zeolite structures, the MPV reduction of carbonyl groups is
essentially promoted by Lewis acid sites, like those coming from the presence of Sn, Hf, Ti and Zr
species [12,41–43]. The combination of both acid functionalities within the same heterogeneous catalyst
might enable the step-by-step conversion of products to increase the selective one-pot one-catalyst
production of GVL as the end product [39].

In this context, the one-step production of biomass-derived platform molecules was investigated
using Sn–Al- and Zr–Al-containing beta zeolites [44–46]. Several works have dealt with the
improvement of the physicochemical properties of bifunctional catalysts, or with the optimization of
the reaction conditions [47–49]. In this field, our group has recently reported a family of Zr–Al-beta
zeolites, synthesized via the post-synthetic modification of a dealuminated commercial beta zeolite.
Such materials have been shown to be adequate catalysts for the direct and efficient production of
GVL in isopropanol, not only from furfural and levulinic acid [22,50], but also from the corresponding
parent monosaccharides, xylose [51,52] and glucose [53]. By tuning both the catalyst synthesis and the
reaction conditions, these materials can be adapted to maximize the performance of the catalyst in
terms of GVL yield and the efficient use of the respective biomass-derived substrate.

Considering the growing interest in LA conversion, developing more efficient and scalable
processes is still necessary. Moreover, providing the proper heterogeneous catalyst into packed bed
continuous flow reactors would allow treating the biomass-derived platform molecules in a continuous
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manner, thus enhancing the productivity and reducing production costs, as well as introducing
the possibility of testing the catalyst for stability in long periods of time on stream. Despite all
these advantages, few investigations dealing with the continuous production of GVL through MPV
transfer hydrogenation in packed bed reactors have been published. While the transformation of
methyl levulinate into GVL under continuous flow has been recently reported, by using Zr-modified
Metal-Organic-Framework (MOF) (UiO-66) [54] and Zr-based mesoporous materials [55], to the best of
our knowledge, the direct transformation of levulinic acid and/or furfural has not been tackled yet.

Thus, in this work we take a step further and demonstrate the application of Zr–Al-Beta zeolites
for the one-pot catalytic transformation of levulinic acid into GVL in a continuous fixed-bed reactor.
The different aspects related with the physicochemical properties of the catalyst and the influence
of these in the cascade transformation under continuous-flow conditions are evaluated. In addition,
different parameters such as flow, temperature and concentration are analyzed. We also report the
exceptional stability of the catalyst in the long term on stream assays in a continuously packed
bed reactor.

2. Results and Discussion

GVL production in a lignocellulosic biorefinery producing both furfural (FAL) and levulinic acid
(LA) is of great interest. Once the one-pot transformation has been successfully demonstrated in a
batch-reactor configuration [22], the implementation of FAL and LA transformation in a continuous
packed bed reactor holds an interest in order to scale the process up. The presented bifunctional
Zr–Al-Beta catalyst harbors the key to such an efficient process.

2.1. Zr–Al-Beta Catalyst

Table 1 summarizes the most important physicochemical properties for the parent beta zeolite
and the Zr–Al-Beta zeolite prepared under the optimal synthesis conditions previously reported [22].
The removal of the Al species from the BEA framework of the commercial beta zeolite, combined
with the subsequent incorporation of the Zr species, decreases the overall acidity of the material.
Additionally, replacing the aluminum species by zirconium species reduces the Brønsted/Lewis (B/L)
acid sites ratio (Figure S1). Remarkably, despite the Lewis acidity being predominant in Zr–Al-Beta,
the modified zeolite still contains a certain amount of Brønsted acid sites, necessary to catalyze the acid
steps involved in the cascade of reactions from FAL or LA to give GVL.

Table 1. Physicochemical properties of the parent beta and the modified Zr–Al-Beta zeolite.

Catalyst
Composition a

BET b

(m2 g−1)
Vp c

(cm3 g−1)

Acidity

% Al % Zr Si/Al Si/Zr Al/Zr (mmol H+

g−1) d
B/L

Ratio e

Beta (parent) 2.0 0.0 22 - - 623 0.36 0.41 0.56
Zr–Al-Beta 0.3 4.5 156 32 0.20 685 0.38 0.29 0.05
a % Al, % Zr (wt/wt); Si/Al, Si/Zr, Al/Zr (atomic ratios) as measured by ICP-OES. b Surface area obtained by the BET
method. c Total pore volume at P/P0 = 0.98. d Acid sites loading as determined by NH3-TPD. e Brønsted/Lewis ratio
as determined by pyridine-FTIR.

2.2. Fixed-Bed Transformation of Furfural into γ-Valerolactone

As it has been described in the literature, the FAL conversion into GVL in isopropanol involves
multiple sequential reaction steps and can be advantageously carried out over a bifunctional catalyst
in a one-pot one-catalyst strategy [44,50]. The cascade process starts with the transfer hydrogenation
of FAL into furfuryl alcohol (FOL) and its subsequent etherification into isopropyl furfuryl ether (FE),
which readily evolves by hydration into levulinic acid (LA). Through acid-catalyzed dehydration,
LA can further evolve to give α/β-angelica lactones (ANG). However, the main transformation pathway
for LA in isopropanol media in the presence of an acid catalyst is the formation of the corresponding
ester, the isopropyl levulinate (iLEV). Finally, the transfer hydrogenation of these compounds, LA and/or
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iLEV, followed by the acid-catalyzed lactonization of the resultant 4-hydroxypentanoic acid/ester,
produces GVL (Scheme 1).
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Scheme 1. Proposed cascade transformation of furfural and/or levulinic acid into GVL through the
alternating acid-catalyzed and Meerwein–Ponndorf–Verley (MPV) reaction steps in isopropanol over a
bifunctional Brønsted/Lewis catalyst.

For the continuous-flow packed bed assay, previously optimized reaction conditions were used,
i.e., 6 g·L−1 FAL concentration in isopropanol as the feed inlet, and at a mild temperature (150 ◦C).
Likewise, a moderate volume flow rate was established to assure a good contact between the reactant
and the catalyst (contact time 5 min·g·mL−1). Figure 1 shows the results of the continuous catalytic run
performed to evaluate the conversion of FAL as well as the products distribution for a time stream of up
to 6 h. Furfural conversion displays values over 90 mol% and close to the total conversion during the
whole experiment, following the same trend observed when running the experiment in an equivalent
batch-mode operation [50]. Once the steady state operation is achieved (t0, time on stream = 0),
the yields towards the different products fairly reflect the results obtained in discontinuous operation,
but in a much faster and efficient way: 40 mol% yield to GVL with a contact time of 5 min·g·mL−1

versus the reaction times of several hours in batch mode. However, as the time of operation increases,
there is a clear change in the yields towards the different compounds, significantly increasing the
yield to intermediate compounds (especially, furfuryl alcohol and ether, FOL + FE) at the expense of
drastically reducing the production of GVL. This is a clear indication of a fast catalyst deactivation
phenomenon, most likely due to the deposition of carbonaceous compounds, such as humins, whose
formation is usually linked to the presence of strong acid sites and which has been previously reported
for the furfural and xylose conversion in a batch reactor [43,52].

The formed organic deposits may attach to the Al sites (Brønsted sites), hindering the acid steps,
and subsequently blocking the whole cascade and preventing the eventual formation of GVL. On the
other hand, Zr sites seem to continue to be active as the transfer hydrogenation of FAL to give FOL
is still happening. This observed trend is consistent with a much more numerous population of Zr
sites than Al sites (Al/Zr = 0.20, Table 1), thus the fouling of Al sites is the most probable cause of the
inactivation of the catalyst. It must be noted that such a deactivation is reversible by thermal treatment
in the air (5 h at 550 ◦C), as it was shown in previous works [22].
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Figure 1. Conversion and product yield profiles in the transformation of furfural versus the time on the
stream obtained in the packed-bed reactor charged with the bifunctional Zr–Al-Beta catalyst operating
under steady-state conditions. Reaction conditions: temperature = 150 ◦C; catalyst weight = 0.25 g;
FAL concentration = 6 g·L−1; feed flow rate = 0.05 mL·min−1; contact time = 5 min·g·mL−1.

2.3. Fixed-Bed Transformation of Levulinic Acid into γ-Valerolactone

LA conversion into GVL avoids some of the steps in the cascade of reactions as compared to
FAL transformation (Scheme 1). Levulinic acid can be esterified into the isopropyl levulinate (iLEV)
and both can be reduced to 4-hydroxypentanoic acid or ester, and further converted into GVL via
acid-catalyzed lactonization. In this way, the bifunctional Zr–Al-Beta zeolite was then catalytically
tested in the same packed-bed reactor, but the substrate was changed into levulinic acid (solution
of 6 g·L−1 in isopropanol), using the same mild temperature (150 ◦C) and flow rate (0.05 mL·min−1)
(Figure 2). It should be noted that the catalyst used for this next experiment was the same as that of the
previous study for furfural transformation after the thermal reactivation (5 h at 550 ◦C).

The results included in Figure 2A evidence of the high activity and selectivity to GVL achieved
in continuous flow, keeping sustained values of the GVL yield over 60% for more than 220 h of
non-stop time on stream (tos), with a selectivity ca. 90%. Considering the contact time fixed for this
experiment, 5 min·g·mL−1, it is clear that the reaction rates are enhanced compared to those of batch
configuration [22]. This fact can be attributed to a more intimate contact between the reactants and the
catalyst in the packed bed. Noticeably, a small continuous drop in activity can be observed during the
first 5 days of operation, from a maximum of 70% GVL yield and 76% LA conversion to more stable
values of 60–63% GVL yield from the fifth day (tos > 120 h). As in the case of furfural, this decay
might be attributed to the formation of organic deposits, but they must be small and with limited
influence. In order to evaluate the extent of the deactivation, a new in situ thermal treatment was
applied to the Zr–Al-Beta. Figure 2B displays the results obtained after the catalyst bed regeneration,
confirming a very similar performance: a GVL yield initially over 70% and the progressive slow decay
of activity during the 5 days, leading to a stable behavior slightly over 60% GVL yield for the rest of
the experiment (up to 250 h). This result confirms that the slow activity decrease is reversible through
calcination, so it may be caused by the formation of scarce organic deposits over the catalyst surface.
Their formation is usually linked to the presence of strong acid sites and has been previously reported
for furfural, xylose and levulinic acid conversion in a batch reactor [22,43,52]. However, it must be
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highlighted that the loss of activity has a limit, from which the fixed bed reactor works in an extremely
stable fashion.
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Figure 2. (A) Conversion and product yield profiles in the transformation of LA versus the time on the
stream obtained in the packed-bed reactor charged with the bifunctional Zr–Al-Beta catalyst operating
under steady-state conditions. Reaction conditions: temperature = 150 ◦C; catalyst weight = 0.25 g;
LA concentration = 6 g·L−1; feed flow rate = 0.05 mL·min−1; contact time = 5 min·g·mL−1. (B) LA
transformation under the same reaction conditions after the in situ calcination in the air flow (5 h at
550 ◦C).

Aside from γ-valerolactone, two additional minor products were identified, namely isopropyl
levulinate and α/β-angelica lactone (Figure 2). On the one hand, the isopropyl ester comes from
the esterification in the alcohol media of the substrate, which can undergo the same carbonyl
group reduction as levulinic acid itself (MPV transfer hydrogenation). As this product is a reaction
intermediate, which evolves fast into the following product in the cascade of reactions, its yield remains
negligible for the whole accumulated sequence of about 500 h of operation (considering together the
experiments before and after catalyst regeneration). On the other hand, α/β-angelica lactones can be
obtained via LA dehydration in the presence of strong acid sites, such as the aluminium Brønsted
acid sites present within the bifunctional zeolite [56,57]. However, under the reaction conditions,
these lactones also remain in low yield, around 5%, throughout both experiments. Thus, it must be
considered that the LA conversion is in a continuous reactor with a packed bed of the bifunctional Zr–Al
zeolite predominantly follows the expected MPV reduction to give GVL, but the acid dehydration to
give ANG also takes place to a minor extent.

Subsequently, after a new thermal regeneration of the catalyst, the next experiment was initiated
raising the bed temperature to 170 ◦C, and keeping an uninterrupted stationary state for a total of
460 h with the same LA concentration and contact time. Figure 3 shows the results, also including
for comparison purposes an equivalent catalytic run carried out in batch mode (under previously
optimized reaction conditions [22]). Firstly, Figure 3A reveals that with a temperature rise of just 20 ◦C,
from 150 ◦C to 170 ◦C, the GVL yield sharply increases up to ~90% with a LA conversion of ~95%.
Moreover, what is very remarkable is that this result remains stable for at least 19 consecutive days of
experiment (without any regeneration or washing treatment of the catalyst), the time for which the
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experiment was stopped. Figure 3B includes the kinetic curves obtained in the batch study. As shown,
the maximum GVL (over 90%) needs approximately two hours to be reached, accompanied by an
almost total conversion of LA. Both experiments, continuous and batch, seem to reach similar final
results in terms of the yield to GVL. This opens up new opportunities for the industrial production of
GVL via the transfer hydrogenation of levulinic acid.
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Figure 3. (A) Conversion and product yield profiles in the transformation of LA versus the time on the
stream obtained in the packed-bed reactor charged with the bifunctional Zr–Al-Beta catalyst operating
under steady-state conditions. Reaction conditions: temperature = 170 ◦C; catalyst weight = 0.25 g;
LA concentration = 6 g·L−1; feed flow rate = 0.05 mL·min−1; contact time = 5 min·g·mL−1. (B) Product
yields in the transformation of LA in batch mode operation. Reaction conditions: temperature = 170 ◦C;
catalyst loading = 12.5 g·L−1; LA concentration = 18 g·L−1.

2.4. Analysis of Reaction Variables: LA Concentration, Flow Rate, Temperature

In order to increase the productivity of GVL, a more concentrated solution of levulinic acid was
assessed. Under batch-mode operation, a concentration as high as 300 g·L−1 was successfully processed,
though reaching lower figures of conversion and yield [22]. It must be noted that the interest in higher
concentrations would not only respond to a higher productivity of GVL, but also to a reduction of the
dimensions and costs of the down-stream isopropanol separation and recirculation units. Here, for the
fixed bed experiment, the concentration of the inlet solution was first increased 10-fold, from 6.0 to
60 g·L−1. Additionally, to assure an effective contact time for treating such an increase in substrate flow,
the inlet flow rate was reduced to 0.025 mL·min−1, in the lower limit of the used HPLC pump, assuring
a proper control of the stationary flow.

Figure 4 displays the results obtained in this new experiment. As shown in Figure 4A, despite the
10-fold increase in the concentration of the substrate, the catalytic results stay in significant numbers,
with stable GVL yields in the range of 70–75% and LA conversions of about 85%. This indicates a
slight decay in the selectivity towards GVL, as compared to the previous experiment in more diluted
conditions. Indeed, the yields to the side-products become more relevant: ANG yield around 8%,
iLEV yield around 4%. It appears that, although the temperature has not changed, the increase
in LA concentration favors the side formation of α/β-angelica lactones through the dehydration
catalyzed by Al Brønsted acid sites [56,57]. Noticeably, considering all the products together, the mass
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balance was almost closed, meaning that only small amounts of humins, if any, are being produced.
Additionally, the catalytic behavior again remains stable for long times on the stream (up to over 10
uninterrupted days).
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Figure 4. (A) Conversion and product yield profiles in the transformation of LA versus the time on the
stream obtained in the packed-bed reactor charged with the bifunctional Zr–Al-Beta catalyst operating
under steady-state conditions. Reaction conditions: temperature = 170 ◦C; catalyst weight = 0.25 g;
LA concentration = 60 g·L−1; feed flow rate = 0.025 mL·min−1; contact time = 10 min·g·mL−1. (B) LA
transformation under the same reaction conditions after the in situ calcination in the air (5 h at 550 ◦C).

After 270 h of continuous operation, and in view of the otherwise small decay of the catalytic
activity, the bed of Zr–Al-Beta was again subjected to an in situ calcination, in order to reactivate the
material. Figure 4B includes the results obtained after a such reactivation of the catalyst, showing a
total recovery and even a slight improvement of the catalytic performance in terms of the yield to GVL
and conversion of LA. This set-up was continued for >300 h keeping similar results in a sustainable
way. Only a very slow descent in the GVL yield, from 79% to 75%, was observed in that period of time
(>12 days).

In view of the promising results after increasing the substrate concentration, a step forward was
taken. Figure 5A shows the results using an initial LA concentration of 220 g·L−1. The experiment was
carried out under the same reaction conditions previously used—170 ◦C, flow rate of 0.025 mL·min−1,
and contact time of 10 min·g·mL−1—with the exception of the mentioned increase in the substrate
concentration. As shown, there is a notable fall in the values of conversion and yield to GLV, as it
would be expected since the catalytic bed mass and dimensions remain unaltered. Thus, comparing the
previous concentration of 60 g·L−1, the LA conversion decreases from ~85–90% to ~67%. Furthermore,
the product distribution is different; the GVL yield decreases to ~42%, and a clear increase in the yield
to the levulinate (iLEV), up to 20%, is observed. We hypothesize that this behavior is attributed to a
saturation of the active sites in a highly concentrated medium, leading to an incomplete transformation
into GVL (one third of the fed levulinic acid remains unreacted). However, though the percent of GVL
yield was reduced, the actual production of GLV in absolute terms was enhanced, as discussed below
(Table 2).



Catalysts 2020, 10, 678 9 of 15

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

catalyst deactivation was observed in the previous experiment after 350 h of uninterrupted operation 
(Figure 5A), a new in situ activation of the catalysts was applied prior to establishing the new steady 
state. Figure 5B depicts the conversion and yield profiles for such a highly LA-concentrated 
experiment at the increased temperature. As shown, a significant increase in LA conversion and GVL 
yield was evidenced (up to 85% conversion, and 65% GVL yield). However, the selectivity to GVL 
remains low because of the increased presence of iLEV in the product stream (~15%). Despite the 
higher temperature, we hypothesized that a saturation effect of the catalytic sites must be taking place 
under such a high concentration of LA (220 g·L−1) in the feed flow. Interestingly, a slow but sustained 
decay in the activity of the catalyst can be inferred from the trend in LA conversion and GVL yield 
with the time on stream. We attribute this to the enhanced formation of non-desired heavy by-
products (humins), formed particularly over Brønsted acid sites (in this case, the remaining Al sites 
in the Al–Zr-Beta zeolite). Such sites are few in comparison with Zr sites, but they play an important 
role in the acid-catalyzed steps of the reaction mechanism (Scheme 1, arrows in red). In turn, this 
deactivation phenomenon seems to favor the presence of iLEV in the product, as an intermediate in 
the transformation. The elevated temperature enhances the deactivation of the catalyst, so it would 
not be interesting to use higher temperatures. Most likely, under these conditions, an increase in 
contact time would be useful to reduce the selectivity to undesired products such as iLEV, although 
this would come at the expense of reducing the productivity of the catalyst. 

 
Figure 5. (A) Conversion and product yield profiles in the transformation of LA versus the time on 
the stream obtained in the packed-bed reactor charged with the bifunctional Zr–Al-Beta catalyst 
operating under steady-state conditions. Reaction conditions: temperature = 170 °C; catalyst weight = 
0.25 g; LA concentration = 220 g·L−1; feed flow rate = 0.025 mL·min−1; contact time = 10 min·g·mL−1. (B) 
LA transformation under the same reaction conditions increasing the temperature to 190 °C after the 
in situ calcination in the air (5 h at 550 °C). 

To analyze the previous results from a more industrial point of view, that is, considering the 
production capacity, Table 2 presents the specific productivities of GVL corresponding to each 
experimental set-up in terms of the grams of GVL produced hourly per gram of catalyst. As shown 
in the table, in the packed-bed configuration, productivities are high, reaching values up to 44.4 
gGVL·h−1·gcat−1 under the more stringent conditions (exp# 5, Table 2). However, if a more selective 

0 50 100 150 200 250 300 350

0

20

40

60

80

100

0 50 100 150 200 250 300

0

20

40

60

80

100

X L
A 

(%
)

A

 

 

Time on stream (h)

XLA YGVL YANG YiLEV
Y

PR
O

D
U

C
TS  (%

)

B

 

 

Time on stream (h)

Figure 5. (A) Conversion and product yield profiles in the transformation of LA versus the time on the
stream obtained in the packed-bed reactor charged with the bifunctional Zr–Al-Beta catalyst operating
under steady-state conditions. Reaction conditions: temperature = 170 ◦C; catalyst weight = 0.25 g;
LA concentration = 220 g·L−1; feed flow rate = 0.025 mL·min−1; contact time = 10 min·g·mL−1. (B) LA
transformation under the same reaction conditions increasing the temperature to 190 ◦C after the in
situ calcination in the air (5 h at 550 ◦C).

Table 2. Productivity of GVL in the fixed-bed transfer hydrogenation of LA using Zr–Al-Beta as
catalyst a.

Experiment
#

Temperature
(◦C)

Flow Rate
(mL/min)

LA Concentr.
(g/L) YGVL

b (%) SGVL
c (%) Productivity

(gGVL/h·gcat)

1 150 0.050 6 60 88 2.2
2 170 0.050 6 90 95 3.4
3 170 0.025 60 75 88 14.0
4 170 0.025 220 42 62 28.7
5 190 0.025 220 65 76 44.4

a Amount of packed catalyst = 0.25 g. b Average yield to GVL. c Average selectivity to GVL.

In order to further explore the performance of the Zr–Al-beta zeolite as the catalyst, an additional
experiment was performed raising the reaction temperature to 190 ◦C. Although no evidence of
catalyst deactivation was observed in the previous experiment after 350 h of uninterrupted operation
(Figure 5A), a new in situ activation of the catalysts was applied prior to establishing the new steady
state. Figure 5B depicts the conversion and yield profiles for such a highly LA-concentrated experiment
at the increased temperature. As shown, a significant increase in LA conversion and GVL yield was
evidenced (up to 85% conversion, and 65% GVL yield). However, the selectivity to GVL remains low
because of the increased presence of iLEV in the product stream (~15%). Despite the higher temperature,
we hypothesized that a saturation effect of the catalytic sites must be taking place under such a high
concentration of LA (220 g·L−1) in the feed flow. Interestingly, a slow but sustained decay in the
activity of the catalyst can be inferred from the trend in LA conversion and GVL yield with the time on
stream. We attribute this to the enhanced formation of non-desired heavy by-products (humins), formed
particularly over Brønsted acid sites (in this case, the remaining Al sites in the Al-Zr-Beta zeolite).
Such sites are few in comparison with Zr sites, but they play an important role in the acid-catalyzed
steps of the reaction mechanism (Scheme 1, arrows in red). In turn, this deactivation phenomenon seems
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to favor the presence of iLEV in the product, as an intermediate in the transformation. The elevated
temperature enhances the deactivation of the catalyst, so it would not be interesting to use higher
temperatures. Most likely, under these conditions, an increase in contact time would be useful to
reduce the selectivity to undesired products such as iLEV, although this would come at the expense of
reducing the productivity of the catalyst.

To analyze the previous results from a more industrial point of view, that is, considering
the production capacity, Table 2 presents the specific productivities of GVL corresponding to each
experimental set-up in terms of the grams of GVL produced hourly per gram of catalyst. As shown in the
table, in the packed-bed configuration, productivities are high, reaching values up to 44.4 gGVL·h−1

·gcat
−1

under the more stringent conditions (exp# 5, Table 2). However, if a more selective process is desired,
the conditions of exp# 2 would be preferred, as they provide the higher yield and selectivity to GVL,
though with a much more limited productivity.

In conclusion, the Zr–Al-beta catalyst worked in a very successful way for extraordinarily long
times on stream in the transformation of levulinic acid into γ-valerolactone in an isopropanol medium.
Additionally, it is worthy to highlight that the catalyst in the packed bed was not changed during
the whole experimentation, accumulating a total time of service of aprox. 2500 h (over 100 days).
It has just been reactivated by thermal treatment in a continuous air flow (5 h, 550 ◦C) when necessary,
completely recovering its full activity.

3. Materials and Methods

3.1. Catalyst Synthesis

The synthesis of the zirconium-modified beta zeolite (Zr–Al-Beta) was performed as described
elsewhere [50,52]. Briefly, a commercially available beta zeolite (Zeolyst International, Si/Al = 22) was
taken as the parent material. It was subjected to partial dealumination by nitric acid (6.5 M HNO3,
1 h, 25 ◦C, 20 mL·g−1) (60% aq. HNO3, Scharlau). The dealuminated zeolite was then rinsed with
milli-Q water several times, until it the reached neutral pH. The resulting material was recovered
by centrifugation and dried overnight at 100 ◦C. Zirconium functionalization was accomplished by
suspending the partially dealuminated zeolite in an aq. solution of zirconium (IV) nitrate (Chemical
Point). The water excess was removed under vacuum, and the resultant solid was dried overnight and
calcined in air, first at 200 ◦C (6 h, 3 ◦C·min−1) and then at 550 ◦C (6 h, 3 ◦C·min−1).

3.2. Catalyst Characterization

The Zr and Al content was determined by means of Inductively Coupled Plasma Optical Emisión
Spectrometry (ICP-OES) in a Varian Vista AX spectrophotometer. Argon adsorption–desorption
isotherms, recorded at 87 K using an AutoSorb AS1 equipment (Quantachrome Instruments,
Boynton Beach, FL, USA), were used for the determination of the adsorption properties (Figure
S3). Determination of the overall specific external and internal surface area was done according to
the Brunauer, Emmett and Teller (BET) method. Mean pore size was estimated using the non-local
density functional theory (DFT) calculation method. The total pore volume was considered at a single
adsorption point (P/P0 = 0.98). The X-ray powder diffraction (XRD) patterns were collected on a Philips
X’pert diffractometer using the CuKα line in the 2θ angle range from 5–65◦ (step size 0.04◦) (Figure S4).
The total acidity was calculated by the means of temperature-programmed desorption (TPD) of NH3

in a Micromeritics 2910 equipment fitted with a Thermal Conductivity Detector (TCD) (Micromeritics,
Norcross, GA, USA). The characterization of the acid sites was conducted using a Diffuse Reflectance
Infra-red Fourier Transform (DRIFT) spectroscopy of adsorbed pyridine, using a ThermoScientific
Nicolet iS50 FT-IR spectrometer fitted with a Smart Collector accessory, mid/near infrared source and a
mercury cadmium telluride (MCT-A) photon detector recording at 77 K (Thermo Fischer Scientific,
Waltham, MA, USA).
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3.3. Fixed-Bed Catalytic Tests

Catalytic tests for long times on stream (up to a total accumulated time of 2500 h) in an isopropanol
solution (Scharlau, 98%) were carried out in a continuous reaction line equipped with a tubular catalytic
reactor and a dosing pump (Figure 6). The catalyst (0.25 g) was loaded in 1

2 ” stainless steel tubing and
firmly held between silica beds and quartz wool. The reactor tubing was jacketed by an aluminum
block that was heated by an electric furnace to keep a constant temperature (150–190 ◦C). To measure
the temperature of the catalyst, a thermocouple was inserted between the aluminum jacket and the
reactor, centered at the position of the catalyst bed. The pressure was maintained by a backpressure
regulator set at 50 bar, using a flow of N2 downstream from the catalyst bed. Once at 50 bar and at the
reaction temperature, a solution with the reactants was pumped by a Gilson HPLC pump at a given
flow rate (t0 of the experiment). The feed consisted of a solution of the corresponding substrate in
isopropanol (concentration ranging from 6 to 220 g·L−1), and n-decane (Acros Organics, Geel, Belgium,
>99%), added as an internal standard (10 g·L−1). The substrates used for the experimental runs were
furfural (FAL, Sigma Aldrich, St. Louis, MO, USA, 99%) and levulinic acid (LA, Sigma Aldrich, 98%).
The feed flow rate was kept constant at 0.025 or 0.05 mL·min−1 leading to a contact time of 10 or
5 min·g·mL−1, respectively. The samples were withdrawn from a high-pressure reservoir located
upstream from the backpressure regulator that allows the gas/liquid separation and stores the liquids.
The liquid samples were accumulated for a given period of time and then collected by draining the
reservoir. The actual flow rate coincided with the set flow rate within ±2%. A known amount of the
liquid sample was aliquoted and membrane filtered into a vial before analysis. The regeneration of
the catalytic bed was performed by the means of an in situ thermal treatment in the tubular catalytic
reactor under an air flow at 550 ◦C (50 mL·min−1, 5 h, heating ramp 1.8 ◦C min−1).
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3.4. Batch Catalytic Test

The batch catalytic run was performed in a stirred reactor (200 mL) made of stainless steel, with a
temperature control and a pressure indicator. In order to avoid mass transfer limitations, stirring was
fixed at 1000 rpm and the catalyst was used in powder form. The temperature was set, and the heating
ramp allowed to reach the desired value within 30 min. The samples were periodically withdrawn and
analyzed. n-Decane was used as an internal standard (1 g·L−1). The reaction conditions were 170 ◦C;
catalyst 12.5 g·L−1; levulinic acid 18 g·L−1; and a reaction time of up to 6 h.
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3.5. Products Analysis

The reaction samples were analyzed by means of gas chromatography (GC), using a Varian
3900 gas chromatograph (Varian, Palo Alto, CA, USA) fitted with an Agilent CP-WAX 52 CB column
(30 m × 0.25 mm, DF = 0.25 µm, Agilent Technologies, Santa Clara, CA, USA) and a Flame Ionization
Detector (FID). Product quantification was based on the standard stock solutions of the pure chemicals
using an internal standard. The catalytic results are shown either in terms of absolute conversion of
the substrate, furfural or levulinic acid (XFAL or XLA), or in terms of the yield or selectivity towards
the different products (Yi or Si, respectively). Additionally, the productivity of GVL referred to as the
catalyst weight was calculated. The definitions of these parameters applied to the continuous flow
reactor are as follows:

Xsubstrate =
(Inlet molar flow rate of substrate − Outlet molar flow rate of susbrate)

Inlet molar flow rate of substrate
× 100 (1)

Yi =
Outlet molar flow rate of product i
Inlet molar flow rate of substrate

× 100 (2)

Si =
Outlet molar flow rate of product i

(Inlet molar flow rate of substrate − Outlet molar flow rate of susbrate)
× 100 (3)

PGVL =
Outlet mass flow rate of GVL

Grams of catalyst in the catalytic bed
(4)

4. Conclusions

The bifunctional Zr–Al-beta catalyst was successfully applied to the production of GVL via the
transfer hydrogenation of levulinic acid in a packed-bed reactor configuration, leading to a highly
efficient system. Both the high conversions and GVL yields (>90%) are shown at moderate temperatures
(170 ◦C). Additionally, the packed-bed system is much more efficient than the equivalent batch operation
mode, allowing to achieve the enhanced productivities of GVL (up to 44.4 gGVL·h−1

·gcat
−1). Importantly,

this work evidences the excellent long-term stability of the Zr–Al-Beta catalyst, maintaining a high
activity even through the different changes introduced in the reaction conditions (substrate, temperature,
concentration). The small activity loss observed under certain circumstances can be easily compensated
by a slight increase in the temperature or decrease in the flow rate of the feed. Besides, the in situ
calcination in the air flow at 550 ◦C fully regenerates the catalyst to its initial state. The obtained
results show great potential for applying the Zr–Al-Beta catalyst in upgrading biomass derivatives
to useful biofuel/chemical products, paving the path for green energy production from renewable
lignocellulosic biomass.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/678/s1,
Figure S1: DRIFT signals of adsorbed pyridine on parent (commercial) Beta and Zr–Al-Beta zeolites. Figure S2:
NH3-TPD profiles of commercial of commercial H-Beta parent zeolite and Zr–Al-Beta zeolite. Figure S3: Ar
adsorption–desorption isotherms of commercial H-Beta zeolite and Zr–Al-Beta (left side). Pore sizes distribution
of commercial H-Beta parent zeolite and Zr–Al-Beta (right side). Figure S4: XRD patterns of Zr–Al-Beta, as
compared to commercial Beta zeolite and crystalline ZrO2 (monoclinic phase).
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