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Abstract 

After testing different mixed oxides, a very promising catalyst to obtain γ-valerolactone 

from levulinic acid and formic acid is proposed in this work: a ZnAl hydrotalcite-derived 

material. Optimum conditions (T=140ºC, FA/LA=5/1, aqueous phase stirred batch 

reactor) excel results previously proposed in the literature, combining high activity 

(>87 %) and selectivity (90 % GVL yield) with remarkable stability, the reaction being 

performed at mild conditions and using a highly available and cheap catalyst. 

A detailed mechanistic with its kinetic study was accomplished for this optimum catalyst, 

considering that formic acid decomposition is the limiting step following a second-order 

kinetic, and the FA dehydration to AL is a pseudo-first-order reversible step. Angelica-

lactone is identified as the main by-product and the precursor for the formation of light 

organic deposits, the main responsible for the slight deactivation observed during the 

experiments in absence of reactivation procedure.   
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1. Introduction 

The γ-valerolactone (GVL) is considered as one of the top value-added chemicals 

obtained from biomass [1,2]. Its high versatile character attracts attention, with 

potential uses as a green solvent [3,4]. Due to its sweet and herbaceous odour, it is 

also relevant for the food and cosmetic industries [5,6] and it is also an interesting 

intermediate to obtain adhesives, olefins, polymers, and other products [7-9]. In most 

cases, traditional routes to produce these products require petroleum derivatives, 

being the substitution by the GVL an excellent opportunity to advance in the Principles 

of Circular Economy. The GVL also has promising applications in the liquid fuel field, 

since long-chain alkanes (C8-C18) can be produced from it, blending gasoline, diesel, 

and aviation fuels with concentrations up to 10 %, without modifying the octane index 

or requiring the adaptation of combustion engines [10,11]. 

The catalytic hydrogenation of levulinic acid (LA) is the main route proposed to obtain 

GVL from a renewable source. LA is produced by the decomposition of 5-HMF under 

acidic conditions, being its availability guaranteed since it derives from hexoses, the 

main monomer of lignocellulosic biomass [12]. Regardless of the hydrogen source used 

for the LA upgrading to GVL (molecular H2 or other molecules undergoing 

decomposition reactions yielding H2), two different pathways are proposed in the 

literature, involving 4-hydroxyvaleric acid (HVA) or angelica lactone (AL) intermediates, 

as a function of the first stage taking place: HVA hydrogenation or AL dehydration 

[13,14]. According to the literature, the first route is more relevant at low 

temperatures (mainly lower than 150ºC), whereas the second one is the predominant 

at higher temperatures (>150ºC) or in presence of strong acid sites [15,16]. In both 
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cases, hydrogenation is identified as the rate-determining step [17]. There is a wide 

bibliography about this procedure using molecular hydrogen, including noble metals 

and transition ones [15,18-21]. However, the direct use of hydrogen for these steps is 

not fully attractive because of its high cost and the safety constraints derived from its 

flammable character. 

Different hydrogen donors, such as formic acid (FA) [22-24] and small alcohols (mainly 

ethanol and 2-propanol) [25,26] are proposed as alternatives to molecular H2. Formic 

acid is the most promising one since it is co-produced together with the levulinic acid 

(equimolar production of both acids in the acid hydrolysis of cellulosic biomass by 

rehydration of 5-hydroxymethylfurfural [12,27]) and because it can be effectively 

decomposed into CO2 and H2 without producing any side-compound in the liquid 

phase [24]. This step is critical to the overall process because it determines the 

efficiency of the hydrogen supply [28]. This catalytic decomposition must be very 

selective, preventing the hydration decomposition that could produce water and 

carbon monoxide as products [29]. In addition to the subsequent decrease in the 

hydrogenation activity, this CO produced could affect the catalytic stability promoting 

reversible poisoning of metal nanoparticles [30]. Thus, using FA as a hydrogen source 

for the levulinic acid hydrogenation requires a more complex catalyst, including 

different functionalities: transition metals and/or basic sites for the FA 

dehydrogenation, acid sites for the LA dehydration, and metal sites for the AL 

hydrogenation. 

Many heterogeneous catalysts have been proposed in the literature, highlighting the 

good results obtained with precious metals supported on acid materials, such as 
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Au/ZrO2 (99 % of GVL yields in less than 6 h at 150°C) [31], and Ru/ZrO2 (100 % of LA 

conversion, 73 % of GVL yield, after 12 h at 150°C) [32]. The high cost of these 

catalysts promotes the development of bimetallic ones, including precious and 

nonprecious metals (mainly Ni and Cu), reaching GVL yields higher than 70 % [33,34]. 

In all the cases, metal dispersion and particle size are highlighted as the key 

parameters. Metal leaching due to the acidic medium, particle sintering, poisoning by 

CO, and coke deposition on the metal particles are reported as typical deactivation 

causes for this reaction [24], being promoted by the presence of reduced metals. This 

fact endorses the screening of non-reduced materials, such as metal oxides. 

Mixed oxides have been deeply studied in different biomass upgrading reactions 

[35,36], combining low cost and good activity since an optimum selection of transition 

metals can introduce different active sites, increasing catalyst versatility. Nevertheless, 

the use of metal-free materials for this reaction is still anecdote, despite the promising 

results obtained for Mg-Al mixed oxides working in the gas phase (100 % conversion, 

98 % yield of GVL at 270ºC) [37]. These results are controlled by a relevant 

deactivation, caused by the coke deposition on the basic sites, suggesting the use of 

more acidic materials as a good alternative. 

This works aims to evaluate the catalytic activity of different hydrotalcite-like 

compounds, studying different oxides combination (Co, Ni, Fe, Al, Zn) with the 

objective of maximizing both, the activity and stability on the levulinic liquid-phase 

acid hydrogenation to obtain GVL using formic acid as a renewable hydrogen source. 

These metals were individually chosen according to their well-known activity the single 

steps involved in this reaction: dehydrations (Fe, Al) [38,39] and 



5 
 

hydrogenation/dehydrogenation reactions, in the cases of Co and Ni [40,41]. 

Moreover, working in liquid phase is more attractive than in the gaseous one from the 

point of view of the sustainability of the process. In this context, the selective 

decomposition of formic acid in absence of any reduced metal is assumed as the most 

difficult step to promote. The high activity of Zn2+ in the selective decomposition of 

formic acid via dehydrogenation has been previously reported [29], so Zn is also 

considered as a good candidate for the optimum catalyst. Different metal oxide pairs 

were selected trying to identify the best combination of these functionalities in the 

global process since there is not a good agreement in the literature about the 

prevalence of dehydrogenations or hydrogenation steps [24].  

 

2. Experimental 

2.1. Catalyst preparation 

The hydrotalcite-like compounds were synthesized by a co-precipitation method at low 

super-saturation conditions, using the corresponding nitrates as precursors: 

Ni(NO3)2·6H2O, Al(NO3)3·9H2O, Co(NO3)2·6H20, Fe(NO3)3·9H2O and Zn(NO3)3·9H2O. The 

XY hydroxides precipitation (Ni(OH)2/Fe(OH)3, Zn(OH)3/Al(OH)3, Co(OH)2/Al(OH)3 and 

Ni(OH)3/Al(OH)3), all of them with an X/Y theoretical molar ratio of 2/1, was assisted by 

Na2CO3, using NaOH to regulate the pH during all the process. All the salts and the 

NaOH were purchased by Prolabo. In a typical batch, 100 mL of the X and Y nitrates 

solution (2 M and 1 M, respectively) were dropwise added to 100 mL of distilled water 

containing 2 M Na2CO3. This process was done under fast stirring at a constant pH of 

10, the pH being regulated by the continuous addition of the 1 M NaOH solution. Once 
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the gel is obtained, it is aged for 24 h at 80°C before centrifugation, the solids being 

washed with distilled water until neutral pH. The hydrotalcites-like materials were 

dried in an oven for 24 h (70°C) before the air-treatment (100 mL·min-1), with a 

temperature slope of 5°C·min-1 up to 500°C. The final temperature is held for 6 hours. 

In the manuscript, the catalysts were identified with their corresponding metals to an 

easy identification: NiFe, ZnAl, CoAl, NiAl. 

 

2.2. Catalysts characterization 

The bulk chemical composition of the fresh catalysts was determined using an Agilent 

7700x inductively coupled plasma mass spectrometer (ICP-MS), once the samples were 

dissolved in 1 % HNO3 (1:250), using Rh as the internal standard. This procedure was 

also applied to check a possible metal leaching during the process, analysing the 

fraction of metals dissolved in the reaction medium once the solids were removed by 

filtration, as well as the composition of the solid catalyst after different cycles. 

The textural properties were determined by N2 physisorption at 77 K, using an ASAP 

2020. BET and BJH models were used to determine the surface area and pore volume, 

respectively. The crystallographic structures of the hydrotalcite-like materials were 

determined by X-ray diffractometry (XRD) in a Philips PW 1710 diffractometer, working 

with the Cu-Kα line (λ=0.154 nm) in the 2θ range of 5-85°, using a scanning rate of 

2°·min-1. A similar procedure was carried out with spent samples, to identify any 

possible modification in their crystalline structures during the reaction. 
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The amount and strength distribution of basic and acidic sites were determined by 

temperature-programmed desorption (TPD) of CO2 and NH3, respectively, in a 

Micromeritics TPD/TPR 2900 coupled to a Pfeiffer Vacuum Omnistar quadrupole mass 

spectrometer. Samples (20 mg) were heated to 383 K with helium flow (20 mL·min-1) 

for 1 h to remove any compound physisorbed on the surface. Then, the catalytic 

surface was saturated at room temperature with the probe molecule (2.5 % in He, 

20 mL·min-1, 20 min). Once the oversaturation is removed (stabilization period of 2 h in 

20 mL·min-1 He flow), the probe molecule desorption is monitored from room 

temperature to 873 K, with a temperature slope of 5 K·min-1. The distributions of acidic 

and basic sites were calculated by deconvolution of the desorption curves using the 

procedure outlined in previous works [42,43].  

The same instrument was used to determine the reduction temperature of these 

catalysts (TPR), to check if the oxidation state of these metals could be altered because 

of the reaction conditions. Once the surface is cleaned (same procedure as explained 

for the TPD), the analysis was carried out feeding 20 mL·min-1 of 10 % H2 in He, 

monitoring the H2 signal from room temperature to 823 K, with a slope of 5 K·min-1. 

Solid deposits on the surface of spent catalysts were identified by oxidation at 

programmed temperature (TPO) analyses, carried out in the same equipment as the TPD 

and TPR. The CO2 signal (m/z=44) is followed by mass spectrometry whereas 20 mg 

samples are submitted to an increasing temperature (5ºC·min-1) up to 873 K. 
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2.3. Reaction studies 

Experimental reactions were carried out in a 0.5 L batch reactor (Autoclave Engineers 

EZE Seal), equipped with a stirrer, a PID temperature controller, and a backpressure 

regulator. In a typical experiment, 250 mL of an aqueous solution of levulinic acid was 

fed (98 %, Sigma Aldrich), with a reactant concentration of 19.3 g·L-1 (0.166 mol·L-1). 

Once the solution is pre-heated to 343 K, a variable concentration of formic acid 

(>98%, Sigma Aldrich), from 6.3 to 31.5 mL·L-1 (from 0.166 to 0.664 mol·L-1), is also 

introduced, obtaining initial LA/FA molar ratios of 1/1, 2/1, 3/1, 4/1 and 5/1. 

Simultaneously, 1 g of catalyst is added, the reactor being closed and purged with N2 

three times. The reaction temperature is fixed at the set point in the PID, establishing 

15 bar of inert pressure (N2) and 1000 rpm of stirring. This stirring speed was chosen 

after preliminary tests to check its influence on the mass transfer, concluding that 

constant results are obtained once the stirring speed is higher than 800 rpm. Different 

temperatures were studied, from 353 to 473 K. The inert pressure prevents possible 

evaporation at the reaction conditions, also allowing the periodical sampling.  

Liquid samples were withdrawn by the sample port to study the temporal evolution of 

reactant and product concentrations during the reaction time. Once filtered, samples 

were analysed by gas chromatography using a mass spectrometer detector (GC-MS), in 

a Shimadzu QP2010 with a 30 m long TRB-5MS capillary column. The signal calibration 

was carried out using commercial samples of levulinic acid (LA), GVL, angelica lactone 

(AL), and formic acid (FA). Gaseous samples were taken using a gas bag, the gases 

being analysed by a mass spectrometer (Pfeiffer Vacuum Omnistar). This procedure 

was only used to corroborate the presence of molecular hydrogen from the formic acid 
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decomposition, being not reliable for quantitative analysis. Thus, the temporal 

evolution of hydrogen is calculated as a mass balance considering the theoretical 

decomposition of formic acid and the hydrogen consumed to obtain the GVL. 

Experiments with the different catalysts were repeated twice, the data shown in the 

results and discussion section 3.1 being the average value of both tests, with a 

standard deviation lower than 6 % in all the cases. Results were analysed according to 

the levulinic acid and formic acid conversions, the product yields, and the carbon 

balance closure according to the following equations (1-3): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐶𝐶𝑖𝑖,𝑡𝑡 − 𝐶𝐶𝑖𝑖,0

𝐶𝐶𝑖𝑖,0
· 100 (=) %                           [1] 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌,Ψ =
𝐶𝐶𝑗𝑗,𝑡𝑡

𝐶𝐶𝐿𝐿𝐿𝐿,0
· 100(=) %                               [2] 

𝐶𝐶𝐶𝐶 =
5 · 𝐶𝐶𝐿𝐿𝐿𝐿,𝑡𝑡 + 𝐶𝐶𝐹𝐹𝐹𝐹,𝑡𝑡 + 5 · 𝐶𝐶𝐴𝐴𝐴𝐴,𝑡𝑡 + 5 · 𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺,𝑡𝑡

5 · 𝐶𝐶𝐿𝐿𝐿𝐿,0 + 𝐶𝐶𝐹𝐹𝐹𝐹,0
· 100(=) %               [3] 

Where “i” corresponds to the reactants, formic (FA) or levulinic acid (LA), as a function 

of the compound to be evaluated. In the yield equation, “j” indicates the possible 

products, angelica lactone (AL) or γ-valerolactone (GVL). This parameter is measured 

as a function of the initial levulinic acid since the evolution of this compound is directly 

related to the main reaction, whereas the formic acid can be independently 

decomposed. 
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2.4. Kinetic studies 

Reactions conditions were chosen to guarantee an intrinsic kinetic control, with a small 

and narrow particle size distribution (50-80 μm), and a high stirring speed (1000 rpm). 

Moreover, the presence of internal mass-transfer effects has been discarded by a 

theoretical consideration consisted of a kinetic model derivation considering the 

liquid-solid mass transfer and the Thiele modulus-based efficiency factor for internal 

diffusion [44]. Even at the most restrictive conditions (ZnAl, 200ºC), the value obtained 

is more than one order of magnitude lower than the minimum value required to 

consider these mass transfer phenomena as limiting step (0.0112 vs. 0.1 as limit). The 

diluted system, high stirring, and low reaction enthalpy of this reaction (calculated as 

350 kJ·mol-1, using HYSYS software) discard any heat transfer limitation. 

Based on these studies, the reactions can be analysed in terms of intrinsic chemical 

kinetic. MATLAB code was used to perform all the calculations and to solve the set of 

ordinary differential equations (“ode45”). The fitting of the unknown parameters was 

accomplished by the least-square method using the “lsqcurvefit” function and the 

Levenberg-Marquardt algorithm. 

 

3. Results and Discussion 

3.1. Catalytic screening. 

The initial screening of the catalytic activity was carried out using a FA/LA molar ratio 

of 4/1 and 200ºC. These conditions were chosen to guarantee a severity enough to 

produce the formic acid decomposition, considering that temperatures higher than 
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140ºC are required to observe this decomposition to a high extend, even when noble 

metals were used as catalysts [24]. A previous blank experiment discards the presence 

of non-catalytic reaction (levulinic acid conversion lower than 4 % after 6 h in absence 

of catalyst). In the same way, the requirement of formic acid as a hydrogen donor was 

also proved since negligible conversion is observed after 6 h when the reactions are 

carried out without feeding the formic acid. On the other hand, the absence of metal 

reduction was corroborated by individual programmed-temperature reduction 

analyses (TPR) of these materials, requiring 336, 372, 500ºC to observe the reduction 

of CoAl, NiFe, and NiAl, without observing any reduction in the ZnAl in the temperature 

range analysed (30 – 550ºC). These results, shown in Figure S1, discard any role of 

metal nanoparticles since the reaction temperature (200ºC) is lower than these values. 

Thus, catalyst performance will depend only on the mixed oxides activity. 

Experimental results after 6 h reaction time are compared in Figure 1. Reaction results 

will be discussed in terms of the catalytic properties reported in Table 1, where the 

experimental molar ratio between metals (ICP results), the morphological analyses, 

and the acidity and basicity are included. The corresponding TPD graphs are included 

in the supplementary information (Fig.S2). To complete the analysis of these results, 

the evolution of the catalytic structure measured by XRD is shown in Figure S3. 

CoAl mixed oxide provides a high levulinic acid conversion (75 %), with a good match 

between this value and the GVL production (74 %). This result, as well as the good 

carbon balance closure, discards any side reaction catalysed by this material. Thus, this 

material was not further considered because of the high relevance of homogeneous 

routes. The low formic acid conversion reached with NiAl (0.018 mol·L-1, 3%) 
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considering the amount of GVL detected (0.069 mol·L-1) suggests that this catalyst 

allows obtaining H2 from another source, but its activity for the formic acid 

decomposition is very low (expected formic acid conversion of 11.1%). 

With this material, despite the significant LA conversion (69 %), the GVL selectivity is 

lower than the corresponding to the other catalysts (<45 %). This result, as well as the 

low carbon balance (75 % after 6 h), suggests that NiAl catalyses non-desired reactions, 

or that it promotes the permanent adsorption of compounds involved in the reaction. 

An intermediate behaviour is observed when using NiFe, with a good correspondence 

between levulinic and formic acid conversions (68.4 and 17.7 %). The good carbon 

balance closure discards relevant side reactions or strong adsorptions, but the results 

are conditioned by the catalytic lixiviation (homogeneous mechanism).  

 

The best results are obtained using ZnAl as catalyst. This material shows the maximum 

LA conversion (97 %), with a good correspondence with the GVL yield (84 %) and a 

Table 1: Physicochemical properties of mixed oxides 

Catalyst 
X/Y 

ratio 
(ICP) 

Metal 
leaching 

(ppm) 

Surface 
area 

(m2/g) 

Pore 
volume 
(cm3/g) 

Pore 
diameter 

(nm) 

Acidity, 
µmolNH3/g 
[Temp., K] 

Basicity, 
µmolCO2/g 
[Temp., K] 

CoAl 2.16 
Co: 798 
Al: <2 

137 0.39 11 
295 [371] 
400 [429] 
272 [669] 

35 [341] 
46 [377] 
98 [501] 

ZnAl 2.06 
Zn: 87 
Al: <2 

24 0.14 23 
438 [365] 
454 [678] 

25 [365] 
10 [486] 

NiAl 1.96 
Ni: 1527 

Al: <2 
277 0.52 14 

396 [378] 
1174 [464] 

347 [528] 
289 [691] 

NiFe 1.99 
Ni: 922 

Fe: 1426 
155 0.52 16 

297 [356] 
432 [400] 
923 [495] 
232 [689] 

285 [330] 
709 [354] 

1338 [403] 
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good carbon balance closure (>92 %), obtaining angelica lactone yields lower than 4 %. 

All these results can be justified considering the characterization properties of this 

material, as explained below. 

 

Figure 1: Main results (conversions and yields) obtained after 6 h of reaction between 

levulinic acid and formic acid, at 200ºC as function of the catalyst used. Data 

corresponds to: () CoAl, () NiAl, () NiFe and () ZnAl mixed oxides. 

 

The absence of any side reaction when working with CoAl could be anticipated, 

considering the low basicity of this material since strong basic sites are identified as 

the main precursors of side reactions in this reaction [45]. The absence of any 

intermediate detected in relevant amount (only small quantities of angelica lactone 

during the first 2 h of reaction) also indicates a high hydrogenation activity of this 

material. The hydrogenation activity of cobalt oxides has been previously observed in 

the literature [43]. The acidity of this material (almost 1 mmol·g-1) is congruent with its 

dehydration capacity, but this step is considered as the limiting one in this case since 

0

20

40

60

80

100

LA Conv. FA Conv Ψ GVL Ψ AL CB

%



14 
 

total hydrogenation of the angelica lactone is observed. Despite these good results, 

this material must be rejected because of its high leaching (almost 800 ppm of Co2+ 

detected in the liquor mixture). XRD analyses revealed that the mixed oxide structure 

(marked by a low crystallinity, with only some small and wide peaks) is stable during 

the reaction, without detecting a relevant evolution of any crystalline phase. Thus, the 

rehydration to obtain the HT-like precursor is discarded in this case. The high Co 

leaching is not detected by XRD since the peaks detected in the fresh and spent 

catalysts correspond to alumina phases. In water, the pair Co2+/Co3+ has a significant 

redox activity [46], in such a way that its action as a heterogeneous catalyst could be 

reinforced by homogeneous processes, improving the formic acid dehydrogenation 

[40].  

To demonstrate this fact, a separate experiment was carried out using as a solvent the 

reaction medium recovered after 6 h of reaction, once filtered to remove any CoAl 

solid particle. The reaction was done feeding the same amount of formic and levulinic 

acids but without introducing any solid catalyst. Final conversion after 6 h was 35 %, 

with 22 % of GVL produced, corroborating the significant homogeneous catalytic 

activity of dissolved Co2+, suggesting the previously mentioned redox activity as the 

responsible of this conversion, following a mechanism conditioned by the intermediate 

formation of cobalt complexes. Due to this finding, this catalyst is not further 

considered in this work since, according to the Principles of the Green Chemistry, this 

work is focused on heterogeneous catalysis and not the homogeneous one. 

As to the NiAl, the low formic acid decomposition indicates preferential adsorption of 

levulinic acid over the FA on the catalytic surface, which prevents the interaction 
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required to promote the FA dehydrogenation. Water is the only alternative H2-donor in 

the reaction system. The Ni oxidation with the simultaneous water decomposition has 

been previously proposed in the literature, obtaining moderate amounts of H2 [47]. 

This decomposition is a redox process congruent with the oxidation of Ni species (from 

NiO to Ni2O3) observed by XRD when the fresh and spent NiAl materials are compared. 

The TPO analysis of the spent catalyst, included in the supplementary information, 

Fig.S4, discards the promotion of permanent adsorption of compounds involved in the 

reaction since the oxidation temperatures of the main peaks (420 and 495ºC) are 

significantly higher than the corresponding to the angelica lactone or GVL adsorbed on 

the catalytic surface (210 - 250 ºC), whereas the adsorption of levulinic acid was not 

significant enough to produce any signal. These adsorption tests were done keeping 

the fresh catalysts suspended on a solution of the maximum amount of each 

compound that could be obtained at these reaction conditions, to guarantee the most 

favourable conditions to observe any possible adsorption. 

Concerning the side reactions, the deactivation involving angelica lactone (or angelica 

lactone degradation products) adsorption is proposed as the main one. This 

hypothesis, also proposed by other authors [45,48], is congruent with the chemical 

properties of this compound, especially the presence of unsaturated C-C bonds. Thus, 

the high total acidity of this mixed oxide (1.5 mmol·g-1) anticipates a high dehydration 

activity, producing angelica lactone, whereas the presence of strong basic sites 

promotes adsorption processes once the hydrogenation is limited by the H2 

production. In addition to this undesired behaviour, the catalytic leaching is also a 

relevant drawback of this material. The ICP analysis of the reaction medium indicates 

the presence of Ni dissolved in a relevant amount (>1500 ppm). In the same way, XRD 
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provided in Fig. S3, suggests the presence of both changes on the Ni oxidation state 

and in the crystallographic structure during the reaction. The homogeneous activity 

was tested using the reaction medium for a second cycle after removing the solid 

phase by filtration, obtaining 35 % of levulinic acid converted after 6 h. Thus, the 

homogeneous catalysis is even more marked than with CoAl. 

The absence of strong basic sites on NiFe despite the significant total amount of these 

sites is congruent with the low relevance of angelica lactone adsorption and possible 

oligomerization, obtaining a good carbon balance (95 %). In the same way, the low 

amount of strong acid sites (less than 13 % of the total ones) justifies the presence of 

angelica lactone in the final samples, without obtaining the total hydrogenation of this 

intermediate. ICP results indicate partial leaching of the solid catalyst, observing both 

Ni and Fe in the reaction medium, without a significant influence in the catalytic 

crystalline structure, according to the good correspondence between fresh and spent 

material (XRD, Fig. S3). The homogeneous catalysis is also relevant in this case, with 

almost 20 % of levulinic acid conversion. Because of these results, this mixed oxide 

cannot be proposed for further studies. 

Finally, the best results were obtained with ZnAl. The total formic acid conversion 

reached with this material indicates that this material is the only one catalysing this 

decomposition at a large extent, in such a way that the hydrogen availability is not a 

limiting step in the process. In other words, there is preferential adsorption of FA on 

the catalytic surface, promoting its decomposition, and the global activity is then 

conditioned by the inferior adsorption of LA. This hypothesis was corroborated by 

analysing the gas phase after 2, 4 and 6 h of reaction, observing an increasing signal of 
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H2 once the gas bag is analysed by mass spectrometry, included in the supplementary 

information (Fig. S5). As explained in the experimental section, this procedure was 

applied to identify the presence of hydrogen, but this procedure does not allow to 

perform quantitative analysis. Then, the hydrogen concentration is calculated by a 

mass balance considering the formic acid decomposition and the H2 consumed by the 

angelica lactone hydrogenation. The temporal evolution of hydrogen is shown in 

Figure 2, being discussed on the reaction mechanism section. The high affinity of 

formic acid to the ZnO surface and its selective decomposition into H2 and CO2 has 

been previously reported in the literature [29]. The medium-strength acidity of this 

material partially explains the high dehydration capacity, but differences among 

materials are not so relevant to justify the differences in LA conversion. An equilibrium 

dehydration-hydration is then suggested, the high amount of H2 available with this 

material being the responsibility for the equilibrium displacement because of AL 

consumed by hydrogenation, reaching an almost total LA conversion. However, the 

presence of angelica lactone also indicates that the hydrogenation ability of this mixed 

oxide is slightly limited. The lack of basicity is congruent with the absence of any side 

reaction. The stability of this mixed oxide is corroborated by the XRD spectra, obtaining 

a clear mixed oxide structure with a similar aspect before and after the reaction, in 

which only some peaks related to ZnO are identified. In good agreement with these 

results, the metal lixiviation is negligible, also discarding the homogeneous reaction. 

According to these data, ZnAl mixed oxide is identified as the optimum catalyst for the 

transformation of LA into GVL using formic acid as the H2 source. 
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3.2. Reaction mechanism 

In general, two different reaction routes have been proposed in the literature for the 

levulinic acid transformation into GVL, involving the 4-hydroxyvaleric acid (HVA) or the 

angelica lactone intermediates, as function of the most active sites present in the 

catalysts [13,14]. Thus, if the hydrogenation steps are the most favoured (typically 

when a reduced metal is used), the HVA intermediate is detected, its subsequent 

dehydration being the second step for obtaining the GVL. On the contrary, when acid-

catalysed steps are favoured, the levulinic acid undergoes an initial dehydration, 

obtaining the angelica lactone (isomerization equilibrium between the alpha and beta 

isomers). This is the most typical mechanism in absence of any reduced metal particle 

mainly when using an H-donor different from the molecular H2, since the 

hydrogenation requires a previous decomposition of the chemical compound used as 

hydrogen source [14]. Experimental results are in good agreement with this discussion, 

without detecting the HVA in any sample. The formic acid decomposition is considered 

as an independent reaction. This hypothesis was experimentally tested in separate 

experiments performed with the ZnAl catalyst, feeding only formic acid. A continuous 

decreasing trend of FA concentration is observed, in good agreement with the 

previous assumption. The temporal profile of this experiment is shown in Figure 2a, 

reaching more than 90 % of conversion in less than 4 h. In previous literature about 

this decomposition on ZnO [29], the H2 formation is demonstrated as a bimolecular 

reaction, reporting thermodynamic data to corroborate the prevalence of this 

mechanism over the unimolecular one. In a first step, the formic acid is dissociatively 

adsorbed, yielding a hydrogen atom adsorbed on an oxygen atom, a basic site, of the 

ZnO, and a formate anion adsorbed by a bridge bond with two consecutive metal sites, 
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obtaining a formate complex. A second formic acid acts as hydrogen-bonding 

cocatalyst for HCOO* decomposition, producing CO2 and H2 and obtaining a second 

formate complex [49]. This bimolecular mechanism has been experimentally 

corroborated analysing the adjustment of temporal decomposition of formic acid in 

terms of ln [FA] and 1/[FA] vs. time. These plots are included in the supplementary 

information (Fig. S6), observing a better fit when considering the second-order kinetic 

than with the first-order one. 

The presence of Al in two materials tested with so different behaviour observed (CoAl 

and ZnAl) indicates that the formic acid adsorption selectively occurs on Zn2+ sites. 

Independently, LA is adsorbed on an acid site of the ZnAl mixed oxide, specifically 

binding its hydroxyl oxygen of the carboxylic group on the coordinatively unsaturated 

metal site, producing the dehydration with the subsequent cyclization, reaching the AL 

[50]. The results obtained in this paper do not allow determining the prevalence of any 

metal site, presuming that the LA adsorption could occur both, on Al and Zn sites, 

maybe with the predominance of Al sites because of their slightly higher acidity of 

θ-Al2O3 in comparison to the ZnO, (0.30 vs. 0.25 mmol·g-1) according to the literature 

[51,52]. The competitive character of both adsorptions (formic and levulinic acid) on 

Zn sites explains the slightly faster trend observed in the evolution when only FA is fed 

in comparison to reaction conditions. 

The LA adsorption is considered as weak, the acid dehydration to produce the AL is a 

reversible reaction. This assumption is in good agreement with literature findings [50], 

and it was also experimentally corroborated. Thus, angelica lactone was fed as 

reactant (together with the formic acid, keeping constant the ratio 4/1) in a specific 
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reaction using ZnAl as the catalyst, showing the temporal profile in Figure 2b. After 4 h 

of reaction at 200ºC, 92.6 % of conversion is obtained, detecting both GVL and LA as 

products (50.9 an 8.70 % selectivity, respectively). The carbon balance closure 

decreases to 67 %, suggesting the presence of side reactions involving AL. The GVL 

profile follows a continuously rising trend, in good agreement with the anticipated 

profile of a final product. However, the LA reaches a maximum of 13.5 % after 2 h, 

decreasing at longer times to a stable 5 % after 5 h, when the AL conversion is 

stabilized around 95 %. These results are congruent with an equilibrium between these 

two species. In the same way, an experiment with GVL as reactant discards any side 

reaction or reversible decomposition into AL, HVL or LA, since no GVL disappearance is 

observed after 6 h. Therefore, hydrogenation is considered as an irreversible step. 

Once both reactants are adsorbed on neighbour sites, the reaction occurs, producing 

the GVL. If these sites are not close enough the stable adsorption of AL could produce 

oligomerization side reactions. 
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Figure 2: a) Comparative evolution of formic acid (FA) decomposition at 200ºC 

catalysed by ZnAl when feeding only FA (grey), FA and levulinic acid (red), and FA and 

angelica lactone (green); b) Temporal profiles obtained in the angelica lactone (AL) 

hydrogenation at 200 ºC using ZnAl as catalyst. Symbols: () angelica lactone; () 

levulinic acid; () GVL; and () carbon balance. In both cases, symbols correspond to 

experimental points, broken lines with fitted values. Black lines correspond to 

simulations done with LA+FA kinetic parameters, and coloured lines to the data fitting 

of this experiment. 

 

According to the proposed mechanism, summarized in Scheme 1, the temporal 
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LA; angelica lactone, AL; and γ-valerolactone, GVL) could be mathematically expressed 

as follows: 

 

Scheme 1: General kinetic mechanism proposed for the catalytic transformation of 

levulinic acid into γ-valerolactone using formic acid as H2 source. 

𝑑𝑑[𝐹𝐹𝐹𝐹]
𝑑𝑑𝑑𝑑

= −𝑘𝑘1 · [𝐹𝐹𝐹𝐹]2       [4] 

𝑑𝑑[𝐿𝐿𝐿𝐿]
𝑑𝑑𝑑𝑑

= −𝑘𝑘2 · [𝐿𝐿𝐿𝐿] + 𝑘𝑘3 · [𝐴𝐴𝐴𝐴]        [5] 

𝑑𝑑[𝐻𝐻2]
𝑑𝑑𝑑𝑑

= 𝑘𝑘1 · [𝐹𝐹𝐹𝐹]2 − 𝑘𝑘4 · [𝐴𝐴𝐴𝐴] · [𝐻𝐻2]       [6] 

𝑑𝑑[𝐴𝐴𝐴𝐴]
𝑑𝑑𝑑𝑑

= 𝑘𝑘2 · [𝐿𝐿𝐿𝐿] − 𝑘𝑘3 · [𝐴𝐴𝐴𝐴]  − 𝑘𝑘4 · [𝐴𝐴𝐴𝐴] · [𝐻𝐻2] −  𝑘𝑘5 · [𝐴𝐴𝐴𝐴]          [7] 

𝑑𝑑[𝐺𝐺𝐺𝐺𝐺𝐺]
𝑑𝑑𝑑𝑑

= 𝑘𝑘4 · [𝐴𝐴𝐴𝐴] · [𝐻𝐻2]       [8] 

The first-order proposed for the side reactions contrasts with the oligomerization 

nature. Higher orders were tested obtained significantly worse adjustments, discarding 

then the direct oligomerization as the deactivation route. This deactivation is then 
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explained by the strong adsorption of angelica lactone and other unsaturated 

compounds, such as pentenoic acid, that could be produced by the AL dissociation. The 

strong adsorption of this carboxylate ion has been previously proposed in the 

literature [48]. The unsaturated character of these compounds could help the 

oligomerization once adsorbed, obtaining carbonaceous deposits that promote the 

deactivation. Based on this, hereinafter this side reaction is indicated as 

oligomerization. The kinetic rates obtained are k1 = 7.9·10-4 L·mol-1·s-1; k2 = 7.3·10-4 s-1; 

k3 = 7.4·10-4 s-1; k4 = 4·10-2 L·mol-1·s-1; k5 = 4·10-4 s-1, with a global correlation index of 

0.992. The good correspondence between experimental and fitted values is displayed 

in Figure 3. 

Figure 3. Temporal evolution of compounds involved in the LA transformation into GVL 

catalysed by ZnAl mixed oxide, at 200ºC, using a FA/LA ratio 4/1. Symbols correspond 

to experimental points, whereas the broken lines correspond to the kinetic model 

proposed. Symbols: () LA; () FA; () AL; () GVL. 
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The kinetic fit of the individual formic acid decomposition catalysed by ZnAl gives a 

kinetic rate of k1 = 8.2·10-4s-1, being the fitted data plotted in Fig. 2 in grey broken lines. 

This value is slightly higher than the one obtained in reaction conditions (red lines) and 

significantly higher than the rate obtained in the reaction of angelica lactone (green 

lines in Fig. 2, k1= 4.5·10-4 s-1). These results are explained considering the competitive 

adsorption of the formic acid and the other organic compounds involved in the 

reaction, being more relevant when angelica lactone is fed because of the stronger 

adsorption of this compound. The reaction of the angelica lactone intermediate was 

also fitted to the proposed model, obtaining a perfect fit with lower kinetic rates for all 

the steps involved in the main reaction (k2=3.7·10-4 s-1, k3=1.24·10-4 s-1, k4=3.2·10-4 s-1, 

k5=3·105 s-1). This adjustment is shown as broken lines in Fig. 2, the black ones being 

the theoretical fit considering the values of kinetic rates for the main reaction. The 

discrepancy during the first 2 h suggests that the angelica lactone adsorption required 

to produce the reaction is stabilized by the presence of acidity in the reaction medium, 

needing a minimum of levulinic acid to promote the process. 

 

3.3. Effect of reaction parameters. 

The effect of temperature, as well as the initial FA/LA ratio in the catalytic activity of 

ZnAl mixed oxide, were simultaneously studied to analyse possible synergetic effects 

of these two variables, trying to identify the optimum conditions, i.e., maximum GVL 

with the minimum energetic and material costs. Main results after 6 h of reaction are 

summarized in Figure 4, where the effect of the five different ratios tested (from 1/1 

to 5/1) and the three temperatures (80, 140 and 200ºC) is shown. The values of each 
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experiment are included in the supplementary information (Table S1). The carbon 

balance closure is not included in this analysis since all data are higher than 93 %, 

except for the reactions at 80ºC, with values from 76 to 92 %, discarding in the other 

cases a high relevance of side-reactions or adsorption process. In general terms, LA 

conversion increases as the temperature does, despite the FA/LA ratio used. In the 

same way, this conversion also increases with the ratio, despite the temperature. The 

second effect is more marked than the first one, in such a way that conversions higher 

than 80 % are reached with the ratio 5/1 at any temperature tested, whereas this 

value is only obtained at 200ºC when working at 4/1 ratio. On the contrary, even at the 

highest temperature, the LA conversion is limited to values lower than 60 % when 

using the equimolar ratio. The evolution with the temperature follows the anticipated 

trend of any kinetic reaction, whereas the strong influence of FA/LA reaffirms the 

previous hypothesis of equilibrium in the levulinic acid dehydration. According to this, 

a high amount of H2 is required to displace the LA-AL equilibrium to the LA conversion 

by consuming the AL to produce GVL. This H2 is obtained by the decomposition of FA, 

being this reaction strongly favoured by the excess of this acid. 
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Figure 4: Analysis of (a) LA conversion; (b) GVL and (c) AL yields as function of the 

temperature and the initial FA/LA ratio 

 

As it was previously observed, in formic acid excess conditions, the decomposition of 

FA with the ZnAl catalyst is strongly favoured, in such a way that there is a high 

correspondence between the LA conversion and the GVL yield and the AL intermediate 

is only observed in relevant amount (higher than 10 %) when working at the softest 

conditions, combining equimolar FA/AL ratio and temperatures below 140ºC. At these 

conditions, it is expected that the dehydration rate to be higher than the 

c)
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hydrogenation one since total decomposition of FA is not reached (conversions of 69 % 

and 43 % at 140ºC and 80ºC, respectively). The kinetic of the hydrogenation is then 

identified as the limiting step, at these conditions. This result is congruent with the 

catalyst used since the absence of any metal nanoparticle could hinder the 

hydrogenation activity, prevailing the steps catalysed by acid sites.  

Considering the balance between yields and costs, the range of optimum conditions 

includes ratios 4/1 (less excess of formic acid but high temperatures required) and 5/1 

(high excess of formic acid but low dependence on the temperature). With slight 

differences as a function of these conditions, conversions higher than 83 % can be 

reached, with a minimum GVL yield of 80 %, and less than 5 % of AL detected as the 

only intermediate. These results correspond to carbon balance closures higher than 

94 %, in all the cases. Decreasing the ratio to 3/1 implies working at 200ºC, observing a 

minimum decrease of 10 % in the LA conversion. 

The role of temperature working at 5/1 is not significant, whereas preliminary results 

indicate a high relevance of this parameter when working in less FA excess (4/1). Thus, 

a deeper analysis of the temperature effect at 4/1 ratio was carried out, including 

studies at 100, 160 and 180ºC. The comparison of results after 6 h of reaction is 

included in Figure 5. 
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Figure 5: Comparison of levulinic acid conversion (yellow), formic acid conversion 

(blue), GVL yield (green), and angelica lactone yield (red) 

 

Despite the high FA conversion obtained even at 80ºC (considering the high formic acid 

excess, 20 % of conversion could be enough to guarantee 80 % of GVL yield), a clear 

influence of temperature in this parameter is observed in the range 80-160ºC, with a 

relative increase in the LA conversion of 30 %, from 73 to 92 %. A more marked 

evolution is observed for the formic acid conversion, from 19 to 91 % in the considered 

range, the increase being strongly focused on the highest temperatures. Continuous 

evolution is observed for the GVL production, increasing from 28 to 83.4 %, at 80 and 

200ºC, respectively. The maximum AL is observed at 100ºC, 15.8 %, in good agreement 

with a fast increase in the dehydration rate in this range. At higher temperatures, the 

increase in the hydrogenation rate is also evident, with a continuous decrease in the 

AL production, since almost all the intermediate is hydrogenated to GVL. All the carbon 

balance closures where higher than 97 %, except at 80ºC (76 %), fact that justifies the 
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low GVL yield observed at these conditions, concluding that the disappearance of 

levulinic acid involves not only reaction but also its adsorption on the catalytic surface. 

Considering the previous literature of levulinic acid hydrogenation using formic acid as 

the hydrogen source, values obtained at 200ºC in this work can be only compared with 

those previously proposed with some noble metal catalysts such as Ru, Au supported 

on silica or zirconia (more expensive catalysts), with GVL yields higher than 95 % after 

12 h at 150ºC [24], whereas these yields require higher temperatures if bifunctional 

materials, combining noble and transition metals, are used (Au-Ni, 220-285ºC) [24]. 

Experimental results were fitted according to the kinetic model previously proposed, 

obtaining the kinetic rates summarized in Table 2, whereas the correspondence 

between experimental and fitted values is plotted in Figure 6. 

 

Table 2: Kinetic rates as function of the reaction temperature used in the levulinic acid 

hydrogenation catalysed by ZnAl mixed oxide as catalyst 

Temperature (ºC) k1 ( L·mol-1·s-1) k2 (s-1) k3 (s-1) k4 (L·mol-1·s-1) k5 (s-1) 

80 1.6·10-6 7.6·10-5 2.5·10-6 3.5·10-4 6.7·10-8 

100 1.8·10-5 8.9·10-5 3.9·10-6 1.5·10-3 3.05·10-6 

140 2.9·10-5 1.3·10-4 8.7·10-5 1.4·10-2 3.7·10-5 

160 3.7·10-5 3.1·10-4 4.7·10-4 3.0·10-2 2.3·10-4 

180 4.2·10-4 3.9·10-4 6.9·10-4 3.0·10-2 2.4·10-4 

200 7.9·10-4 7.3·10-4 7.4·10-4 4.0·10-2 4.0·10-4 

Preexp. factor 4.9·103 0.36 3.9·105 6.1·104 3.5·107 

Ea (kJ·mol-1) 63 25 76 54 96 

r2 0.88 0.90 0.95 0.96 0.94 
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Figure 6. Temporal evolution of compounds involved in the LA transformation into GVL 

catalysed by ZnAl mixed oxide at (a) 80ºC; (b) 100ºC; (c) 140ºC; (d) 160ºC; (e) 180ºC; (f) 

200ºC. Symbols correspond to experimental points, whereas the broken lines 

correspond to the kinetic model proposed. Symbols: () LA; () FA; () AL; () GVL. 

 

These values have a good fitting to an Arrhenius model, as shown in Figure 7. 
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Figure 7: Arrhenius adjustment of kinetic rates obtained for the levulinic acid 

conversion catalysed by ZnAl mixed oxide. Data correspond to: () k1; () k2; () k3; 

() k4; and () k5. 

 

As expected, considering the experimental data, the activation energy of the formic 

acid decomposition presents a low value (63 kJ/mol), in the same order of magnitude 

that values previously proposed for ZnO [29]. The worst correlation coefficient 

obtained for k1 could be conditioned by a slight inaccuracy determining the hydrogen 

by a mass-balance since, despite the perfectly well-defined peaks obtained for formic 

acid, this compound has a high vapor pressure and a small fraction of this could be in 

the gas-phase. The prevalence of dehydration over hydrogenation steps is also 

explained by the lower activation energy of k2, in comparison to the value of k4. The 
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congruent with the high ratio k4/k5, in such a way that the hydrogenation prevails over 

this side-reaction. 

These values also indicate that working at 200ºC does not imply a high relevance in the 

rates of main steps, whereas the reversible step, as well as the side reactions, 

increases at a higher extent. Considering these facts, the highest temperature is 

discarded. According to this, working at lower temperatures the differences between 

4/1 and 5/1 increase in relevance and the best conditions correspond to the ratio 5/1, 

in this case working at 140ºC. In the basis of this premise, the optimum values are 

84.5 % of conversion, with 90 % of GVL selectivity and less than 0.2 % of angelica 

lactone. To our best knowledge, these results are among the most promising ones for 

this reaction, with an optimum combination of cheap and high-available material (ZnAl 

mixed oxide) and mild reaction conditions. 

 

3.4. Catalyst reusability 

With the expectative of a future scale-up, catalyst recyclability is essential for ensuring 

the viability of the process. Different cycles of reaction were carried out, using for each 

run the catalyst previously separated from the previous cycle by filtration of the 

reaction medium, without any regeneration. The amounts of FA and LA were adjusted 

to keep constant the initial percentages (FA/LA = 5). Reactions were performed at 

140ºC and main results are summarized in Figure 8. Results corresponding to angelica 

lactone are not included since values are always lower than 0.2 %. There is a 

continuous but slight decrease in the LA conversion during the first four cycles, the 

fourth one is 15 % lower than the first cycle. In the two first reuses, a good carbon 
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balance closure discards a high relevance of side reactions. However, the evolution 

during the third and fourth cycle, with a decrease in this magnitude, suggests that 

these side reactions were taking place, but they are only relevant once the deposits 

have blocked enough amount of active sites to conditions the global activity. According 

to these results, levulinic acid is being directly or indirectly deposited on the catalytic 

surface. 

 

 

Figure 8: Catalytic reusability of ZnAl with a FA/LA ratio 5/1 at 140ºC. Values 

corresponding to first (filled bars), second (diagonal bars), third (horizontal bars), and 

fourth (white bars) cycles. Orange bars correspond to data after the catalytic 

regeneration. 
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was not any significant signal in the analysis after the first cycle. In this figure, the 

spectra were deconvoluted into three relevant signals, with oxidation temperatures of 

325, 430 and 510ºC. These values are like the previous ones obtained for NiAl mixed 

oxide, suggesting that the nature of these solids is quite similar, related to AL 

oligomerization. Thus, the slight differences could be justified by the different 

interactions between these oligomers and the mixed oxide structures. The low 

adsorption observed in the first cycle seems to be enough to promote exponential 

adsorption in the consecutive cycles, resulting in a relevant deactivation in future 

cycles. Thus, the minimization of this formation will lead not only to higher yields to 

the desired product but also to more stable catalyst performance. 

 

Figure 9: TPO spectra of m/z 44 after the first (red) and fourth (black) cycles of levulinic 

acid hydrogenation catalysed by ZnAl using formic acid as H2 source (FA/LA = 5/1, 

140ºC). The grey broken lines correspond to the deconvoluted peaks of the three main 

carbonaceous contributions 
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The acidic hydrothermal conditions could lead to the formation of coke, obtaining a 

solid deposit whose exact structure has not been accurately worked out [45]. 

However, the soft oxidation temperatures of these deposits suggest that this mixed 

oxide can be effectively regenerated by calcination. Thus, the used catalyst recovered 

after the fourth cycle was calcined at 600ºC (temperature needed, according to the 

TPO, for removing all the organic deposits) and the resulting catalyst was tested 

providing similar results than those obtained with the same amount of fresh catalyst. 

These results are included also in Figure 9. 

  

CONCLUSIONS 

ZnAl mixed oxide exhibited a high performance on the catalytic hydrogenation of 

levulinic acid using formic acid as the hydrogen source. Under the optimum conditions 

(140ºC, formic/levulinic acid ratio 5/1), 90 % of GVL yield is reached, with more than 

87 % of levulinic conversion in less than 6 h and a carbon balance higher than 95 %, 

values significantly better than those proposed in the literature for these conditions. 

The high dehydrogenation capacity of ZnO phases is identified as the key parameter of 

the process. In addition, a good hydrogenation capacity is required to prevent a high 

production of angelica lactone, since the levulinic acid dehydration is the fastest step. 

This intermediate must be reduced since its oligomerization, catalysed by strong basic 

sites, is the main deactivation cause. 

Experimental results were fitted to a kinetic model considering a bimolecular reaction 

for the formic acid decomposition, and first-order equations for the subsequent steps. 
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The levulinic acid dehydration is believed as a reversible step, in good agreement with 

experimental results. Activation energy obtained for the hydrogenation formation 

catalysed by ZnAl is in the order of those obtained with noble metals. 
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