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Abstract
Ethyl levulinate is widely used as a fuel additive, flavor or fragrance and as a component of fuel blending. This study focused on the production of ethyl levulinate from levulinic acid via esterification reaction in the presence of HPW/ZrO2.The catalyst was prepared using the wet impregnation method, characterized by using FTIR, BET and NH3-TPD and screened based on 20%, 40% and 60% HPW/ZrO2. The 40% HPW/ZrO2 catalyst exhibited the highest catalytic performance during the parameter screening stage which included catalyst loading (0.25‒1.25g) and volume ratio of levulinic acid to ethanol (1:4 – 1:8). The highest ethyl levulinate yield of 99% corresponded to a catalyst loading of 0.5 g and volume ratio of levulinic acid to ethanol of 1:5 with reaction conditions at 150 °C for 3 hours. The esterification reaction of levulinic acid revealed that the catalytic performance was influenced by the acid sites and surface area of the catalyst. In addition, volume ratio was also a major factor in enhancing the ethyl levulinate yield. 
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Abstrak
Etil levulinat digunakan secara meluas sebagai komponen penting dalam bahan kosmetik, bahan tambahan dalam bahan api dan campuran bahan api. Kajian ini memberi tumpuan dengan penghasilan etil levulinat daripada asid levulinik melalui tindak balas pengesteran dengan kehadiran pemangkin HPW/ZrO2. Pemangkin ini disediakan dengan menggunakan kaedah impregnasi basah dan dicirikan dengan menggunakan FTIR, BET dan NH3-TPD, pemangkin ini ditapis berdasarkan 20%, 40%,dan 60% HPW/ZrO2. Akhirnya, didapati 40% HPW/ZrO2 menunjukkan mangkinan tinggi yang sesuai digunakan untuk pemeriksaan parameter melibatkan berat pemangkin (0.25‒1.25g) dan nisbah isipadu LA kepada etanol (1:4 ‒ 1:8). Penghasilan terbaik ditunjukkan dengan muatan pemangkin (0.5 g) dan nisbah isipadu asid levulinik kepada etanol (1:5) yang diperolehi hasil 99% EL pada 150 °C selama 3 jam. Penggunaan HPW/ZrO2 sebagai pemangkin dalam tindak balas pengesteran LA mendedahkan bahawa reaktiviti pemangkin sangat dipengaruhi oleh bahagian asid dan luas permukaan pemangkin tersebut.    

Kata kunci:  asid levulinik, etil levulinate, impregnasi basah, pengesteran, asid fosfotungstik




Introduction
Biomass is required for the production of many bio-based chemicals, which are utilized as an alternative source to fossil fuels. One of the top ten platform chemicals that is in high demand is levulinic acid (LA). LA is produced via the acid hydrolysis reaction of lignocellulosic biomass [1-3]. The LA molecule contains two functional groups- a ketone and a carboxyl group. Therefore, LA can be used for the synthesis of organic chemicals such as levulinate ester, γ-valerolactone, α-agelica lactone, acrylic acid and 1,4-pentanediol [4]. Moreover, LA, known as one of the top twelve building blocks, is also widely used as chiral reagents, inks, coatings and chemical components in batteries. [5].  Many useful compounds are derived from LA, especially ethyl levulinate (EL), which is synthesized via esterification of LA with ethanol as shown in Figure 1. This highly promising chemical can act as an oxygenate additive in fuels [1].

EL is considered as one of the top biomass-derived chemical which can potentially replace fossil fuels in the synthesis of various industrial chemicals and blending components for transportation fuels. EL is also used as a flavoring agent, fuel oxygenate additive and feed to produce γ-valerolactone, which is another potential chemical that can be used as a fuel additive [6]. The production of EL from LA has attracted considerable attention because LA is one of the top biomass-derived platform molecules that is produced from C6 carbohydrates derived from renewable ligno-cellulose [7].

EL is produced via the acid-catalyzed esterification of LA. Conventionally, mineral acids such as H2SO4 and H3PO4 have been utilized in the production of ethyl levulinate with high yields [8]. However, these catalysts are considered as not only harmful to the environment but also uneconomical and difficult to recycle. Hence, a heterogeneous catalyst was introduced as an alternative to eliminate the disadvantages of using a homogeneous catalyst. 
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Figure 1.   The reaction pathway to produce EL via esterification reaction of LA with ethanol [4].

Recently, Keggin-type heteropolyacids such as phophotungstic acid (HPW) has been widely used in acid- catalyzed reactions due to its strong Brønsted acidity site, high proton mobility and ability to accept electrons [8]. However, HPW had some characteristics that limited its application such as its low surface area and difficulty in separating from reaction mixtures. Many studies reported that a solution to the problem is by using metal oxide catalysts (e.g. SiO2, SnO2, TiO2 and MgO) with HPW which makes it a heterogeneous acid catalyst. This paper investigates the production of EL via the esterification reaction of LA in the presence of HPW/ZrO2 in different percentages of weight (wt.%), i.e. 20%, 40% and 60%. Parameter screening was conducted using a catalyst loading range of 0.25‒1.25g and volume ratio of LA to ethanol (EtOH) in the range of 1:4 ‒ 1:8.

Materials and Methods
Chemicals
All chemicals were obtained from Merck, Germany. The Keggin-type heteropolyacid used in the reaction was phosphotungstic acid (HPW) while zirconium oxide (ZrO2) was used for the catalyst preparation. LA and ethanol were used as feedstock for the esterification reaction. The EL standard was used as a standard in GC analysis.

Catalyst preparation
The catalyst was prepared via wet impregnation method and employed the unit of percentage of weight (wt.%). Zirconium oxide (ZrO2) was mixed with Keggin-type heteropolyacid (HPW). Zirconium oxide powder was weighed and added to 30 mL of water, following the stated amount of HPW. The mixture was then stirred at 80 ºC for 2 hours and dried in an oven for 12 hours at 100 ºC to remove excess water. Finally, the prepared catalyst was calcined at 500 ºC for 3 hours.


Catalyst characterization
FTIR spectra was used to identify the chemical bonds and functional groups in the sample. The FTIR spectra (KBr pellets) was recorded using Perkin Elmer in the range of 400-4000 cm-1. The acidity properties of the catalysts were analyzed using NH3-temperature program desorption (NH3-TPD). The Brunauer-Emmet-Teller (BET) method was used to determine the surface area using Micrometrics ASAP2020 analyzer.

Catalytic activity
The conversion of LA to EL was carried out in the presence of 30 mL of ethanol as a solvent for the reaction. The solid acid catalyst and the reaction were carried out in a high pressure stirred autoclave reactor at 150 ºC. Finally, the product was analyzed using GC-FID to obtain the yield of products formed. The reactions were repeated at various temperatures and the reaction time was taken.

Product analysis
Samples were filtered with micropore filtrate to remove impurities and were analyzed by using Agilent 7820A as chromatography equipped with a flame ionization detector (FID) operating at 543 K. EL was separated using HP5 column (30m x 320 µm x 25 µm). N2 was the carrier gas used in GC at a flow rate of 1.0 mL min-1. The yield of EL was calculated using the following equation 1:

EL yield (%) = Mole of EL/ Initial mole of LA × 100% 		                                                    (1)


Results and Discussion
Catalyst characterization
To study the catalysis of HPW/ZrO2 in the esterification reaction of LA, the characterization of different wt.% of HPW/ZrO2 was carried out. Three characterization tests were conducted on the catalyst to determine its physical and chemical properties. Figure 2 represents Fourier transform-infrared spectroscopy (FTIR) spectra for parent ZrO2, 20% HPW/ZrO2, 40% HPW/ZrO2 and 60% HPW/ZrO2. The peak at 1076 and 977.91 cm-1 shows the bond between P-O and W=O in the structure after the wet impregnation of ZrO2 as a support catalyst to HPW. In addition, when the loading of HPW increases, a weak peak appears at 729.09 cm-1 and becomes narrower, which confirms the content of HPW. The FTIR spectra of all the catalysts shows absorption peaks ranging from 500 cm-1 to 2000 cm-1, which represents heteropolyacids anions of the Keggin structure.
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Figure 2.  FTIR results for HPW/ ZrO2 of 20%, 40% and 60% HPW/ZrO2


BET was used to analyze the surface area of the catalyst when the loading of HPW was increased in the reaction that was supported by ZrO2. Table 1 shows the total surface area of the solid catalyst. The surface area of the catalyst increases due to the porous characteristic of ZrO2 that enables it to increase its own surface area when impregnated with other catalysts [9]. Based on the total surface area obtained, it has been concluded that the surface area influences the catalytic performance in the production of EL.

Table 1.  BET analysis based on the total surface area of the parent and impregnated catalysts
	Catalyst
	Total surface Area
(m2/g)

	HPW
	4.55

	ZrO2
	14.95

	20% HPW/ ZrO2
	16.3

	40% HPW/ ZrO2
	18.81

	60% HPW/ ZrO2
	21.65



The acidity of the catalyst strongly affects the production of EL via the esterification reaction of LA. The total number of acidity sites of the HPW contributed to the Brønsted acidity site of the catalyst which enhances the esterification reaction to favour high selectivity of EL. Table 2 depicts the comparison of total acidity sites of both parent catalysts and impregnated ones. The acidity of ZrO2 catalyst impregnated with HPW was higher because HPW is a super acid that increases the acidity of the catalyst.

Table 2.  NH3-TPD of the parent catalyst with impregnated catalyst
	Catalyst
	NH3-TPD
(mmol/g)

	HPW
	1.68

	ZrO2
	0.27

	20% HPW/ ZrO2
	0.93

	40% HPW/ ZrO2
	0.64

	60% HPW/ ZrO2
	0.79



Catalytic activity
The prepared HPW/ZrO2 materials were tested for the production of EL from the esterification reaction of LA and ethanol at 150 °C for 3 hours. In this reaction scheme, the conversion of LA was tested using 20%, 40% and 60% of catalyst in the catalytic screening stage. This was followed by the parameter screening utilizing the catalyst that gave the highest yield of EL in the catalytic screening. 40% HPW/ZrO2 gave the highest EL yield of 99%. Hence, 40% HPW/ZrO2 was chosen for the parameter study which covered catalyst loading and volume ratio of LA to ethanol. Catalyst screening was conducted in the first stage to obtain the most suitable catalyst for the next stage, known as parameter screening. Figure 3 shows a comparison of the effect of three different wt.% of HPW on EL yield.
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Figure 3.  Effect of different HPW/ZrO2 catalyst on EL yield

Based on the graph in Figure 3, 60% HPW/ZrO2 only gave a yield of 33% of EL. This was due to the large amount of HPW impregnated in ZrO2, which resulted in the catalyst becoming more active and converted to the other products. Moreover, high Brønsted acidity site is highly required by the catalyst for the conversion of LA to EL via esterification. Hence, HPW is highly favorable for the production of EL from LA [7]. Based on the catalyst screening, the effect of parameters was studied including the catalyst loading and volume ratio. This paper describes the application of heteropoly HPW in the direct conversion of LA with excess ethanol.

Effect of catalyst loading
Based on Figure 4, yield of EL increased when the catalyst loading was increased to the optimum point of 0.5 g, after which the yield decreased. The initial increase was due to the presence of the catalyst which increased the production of EL. However, excess loading might have caused leaching of the catalyst, thus causing the sharp fall in yield, Moreover, a high catalyst loading might have also caused formation of side-products and caused oxidation reactions to take place, thus reducing EL yield. 
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Figure 4.  Effect of catalyst loading on yield of EL
0.5 g of catalyst gave the highest yield, which is 99%, thus making it the optimum loading for the reaction. The yield of EL decreased when a loading range of 0.75 to 1.25g was used.  A decreasing trend of EL yield from 99% to 56% was observed when the catalyst loading increased from 0.5 to 0.75g. Moreover, HPW/ZrO2 possesses strong Brønsted acid properties. There were many factors that influenced the catalytic activity of the esterification of LA but strong Brønsted acid properties of the catalyst played an important role in its catalytic activity. HPW/ZrO2 has strong Brønsted acidity properties mainly due to the presence of both HPW.

Effect of volume ratio
The volume ratio parameter also affected the production of EL where a large quantity of ethanol diluted the LA and gave a low yield of EL [7]. Figure 5 shows that the yield decreased after the 1:5 volume ratio mark. The esterification reaction of LA with alcohol was a reversible reaction. High yield of the EL could be obtained when the reverse reaction was reduced [7]. The reduction of backward reaction occurred when the excess amount of ethanol was used in the reaction. Similarly, another study reported on the effect of large amount of ethanol that has been used in the reaction causing inhibition of the catalyst [10]. 

Continuous increase of the volume ratio from 1:5 to 1: 8 resulted in the yield to decrease from 99% to 42%, which is due to the fact that the esterification reaction is a reversible reaction and excessive ethanol favors ester production but too much ethanol may dilute the reactant, thereby resulting in lower ethyl levulinate yield. Additionally, excess ethanol in the reaction mixture may lead to side reactions such as ether formation and ethanol.
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Figure 5.  Effect of volume ratio of LA to ethanol on the production of EL


Conclusion
The esterification reaction of LA with ethanol to ethyl levulinate, a promising renewable biofuel, was systematically studied over super solid acid catalyst. The synthesis of EL from the esterification reaction of LA with ethanol at 150 °C for 3 hours using a loading of 0.5 g and volume ratio of LA to ethanol of 1:5 were the best conditions as it yielded 99% of EL. The catalyst exhibited best catalytic activity towards the esterification reaction of LA to produce EL. The unique performance of this catalyst, which is also known as a super solid acidity catalyst, was due to the combined characteristics of its strong Brønsted acidity and homogeneous dispersion of its active sites.
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Scheme 1. Levulinic acid esterification with ethanol.
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