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A B S T R A C T

Ethyl acetate, an important fuel additive and green solvent, was produced through one pot 
oxidative synthesis of EtOH using palladium incorporated SBA-15 type catalysts synthesized by 
the impregnation (IMP) method. This was the first time these catalysts were used in this reaction 
at mild EtOH vaporization conditions (35 ◦C). XRD, N2 physisorption, SEM, CO chemisorption 
and TPR methods were used to characterize the as-synthesized catalysts. All the catalysts were 
found to maintain the SBA-15 semi-crystalline structure with high BET surface areas (626–665 
m2/g), and high pore volumes (0.93–0.95 cm3/g) and metal distributions in the range of 24–29 
%. The optimum Pd/Si molar ratio in solution was found to be 0.03 and the corresponding 
catalyst was tested in the one pot oxidative synthesis of ethyl acetate at different reaction tem
peratures and different O2/EtOH molar ratios. The maximum ethyl acetate yield was obtained as 
0.25 at 200 ◦C and 1 atm at an O2/EtOH molar ratio of 0.5 and space velocity of 2206 h− 1 using 
this catalyst. The fact that the best yield was obtained at mild conditions of temperature and 
pressure decreased the energy requirement of the ethyl acetate production process. In addition, in 
Turkey, bio-ethanol is produced from sugar beet pulp, thus, the oxidative synthesis of ethyl ac
etate can be made more sustainable by using sugar beet based ethanol.

1. Introduction

Ethyl acetate is used as a green solvent in the manufacturing processes of coatings, paints, resins [1], as an additive in the 
development of various flavors and fragrances [2,3], and as an oxygenated fuel additive [4,5]. When ethyl acetate is blended with 
gasoline, it is seen that the GHG emissions reduce and there is a very low thermal energy difference between the blend and pure 
gasoline. When it is added to ethanol-gasoline blends, on the other hand, it increases the octane number and stability of the fuel and it 
does not negatively affect the volatility of the fuel blend [4,5]. Presently, ethyl acetate is produced from petrochemical sources through 
energy-demanding and unsustainable processes. The traditional Fischer-Speier esterification method, which involves equilibrium 
reactions, requires significant energy for the high temperatures involved and for continuously removing water from the system. This 
energy demand increases the production cost of ethyl acetate [6–8]. Another pathway for ethyl acetate synthesis is the Tishchenko 
reaction of acetaldehyde in which aluminium triethoxide is used as the catalyst [9,10]. In this reaction, a yield of 61 % can be obtained 
at − 20 ◦C by the addition of aluminum triethoxide to the reaction mixture [9]. The Tishchenko reaction can be performed using two 
different pathways: the dehydrogenative route and the oxidative route. The dehydrogenative route involves the use of copper or 
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palladium-based catalysts, while the oxidative route utilizes PdO activated catalysts. The dehydrogenative route for ethyl acetate 
production generates by-products in addition to ethyl acetate and hydrogen, creating a complex mixture that is costly and difficult to 
purify. In the oxidative route, however, the purification of ethyl acetate is straightforward and the used catalysts are highly stable [10]. 
In the last years, novel methods such as electrocatalytic reactions, enzymatic reactions, microbial fermentation, reactive distillation, 
and reactions with membranes and zeolites have been used to produce ethyl acetate. Electrocatalytic production is the synthesis of 
ethyl acetate using electricity driven reactions. Electrocatalysts can increase the rate, efficiency, and selectivity of the chemical re
actions and renewable electricity can be used as the energy source, however, the present electrocatalysts are inadequate and research 
should be carried out to develop electrocatalysts with enhanced performance [11]. Considering enzymatic reactions, Hwang and Park 
[12] produced ethyl acetate at 25 ◦C reacting gaseous ethanol and acetic acid using a lipase from Porcine Pancreas. They investigated 
the effect of different moisture contents of the lipase. They found that as the moisture content increased there was a decrease in ethyl 
acetate production, since water had an adverse effect on the equilibrium of the reaction as stated by Carta et al. [13]. Aghazadeh et al. 
[14] studied the production of ethyl acetate using bioethanol fermentation. They found that addition of acetic acid significantly 
inhibited the adapted, genetically modified and wild-type S. cerevisiae. To reduce the inhibition effect, they used liquid–liquid 
extraction to remove the acetic acid and evaporation to recover the extraction solvent. This modified process was found to have a 
significant increase in ethanol specific production rate and ethanol yield. Šulgan et al. [15] used reactive distillation to produce ethyl 
acetate trying four different process configurations. They used ASPEN PLUS and the thermodynamic model NTRL-HOC for the 
modelling studies. They found that the configuration of reactive distillation column with an auxiliary reaction gave the best results. 
Ethyl acetate conversion significantly increases when reactive distillation is used, however, the design of the process remains a 
challange due to the difficulties in modelling and scaling-up [16]. For process intensification and reduction of energy cost, zeolites and 
membranes were also successfully used in the production of ethyl acetate [17,18]. In this study, the oxidative route is utilized and 
effect of reaction parameters on the ethyl acetate selectivity and yield are investigated.

2. Materials and methods

“Rigaku Ultima-IV diffractometer with CuKα = 0.15406 nm radiation was used to obtain the XRD patterns of the catalysts in the 2Ө 
range of 1–80◦. N2 physisorption experiments were carried out with the Micromeritics ASAP 2020 system. Before the experiments, 
approximately 0.200 g of sample was degassed at 150 ◦C and in high vacuum for 10 h. Brunauer-Emmett-Teller surface area (SBET), 
total pore volume (Vt), Barrett-Joyner-Halenda (BJH) average pore diameter (dBJH), BJH mesoporous surface area (Sm,BJH), Dubinin- 
Radushkevich microporous surface area (Sμ,DR), Dubinin-Radushkevich micro pore volume (Vμ,DR) and the Dubinin-Astakhov micro 
pore diameter (dDA) values of all samples were obtained using the N2 physisorption data. Zeiss Supra 50 VP Microscope with 20 kV 
accelerating voltage and 7.5–10.5 mm working distance was used to obtain the SEM images. In order to obtain clear images, the 
powder samples were dispersed in ethanol, and the resulting suspension was dripped onto the glass attached to a carbon tape and 
dried. Images of the samples were taken at 5000× and 20000× magnifications. Micromeritics Chemisorb 2720 system equipped with a 
thermal conductivity detector (TCD) was used to carry out the CO chemisorption studies. During the analyses, 0.1 mL of carbon 
monoxide gas (CO) was injected into the system as impulses at 5 min time intervals until the TCD signal was constant. Micromeritics 
Chemisorb 2720 system was also used to conduct the hydrogen TPR studies. About 0.100 g of catalyst sample was swept with 50 mL/ 
min He at 200 ◦C for 1 h in order to remove the impurities. Next, the catalyst samples were reduced using a 5 % H2/Ar mixture at a 
heating rate of 10 ◦C/min in a temperature range of 30–750 ◦C” [19].

The experimental reaction system consisted of a gas conditioning unit, a FT-IR type CO detector (supplied by Terralab) and a 
stainless steel tubular reactor inserted in a tubular furnace connected to the Hiden Analytical Model HPR20 3F R&D Mass Spectrometer 
(MS). In the gas conditioning unit, liquid ethanol was vaporized in a gas washing bottle inserted in a heated chamber at 35 ◦C. The 
carrier gas helium bubbled through the gas washing bottle, carrying the formed ethanol vapor with it. Later, in the same chamber, the 
helium and ethanol mixture was combined with the oxygen gas and sent to the CO FT-IR detector. The flow rates of helium and oxygen 
were controlled by the mass flow meters mounted on the gas conditioning unit. In order to calculate and adjust the flow rate of the 
ethanol vapor, the Antoine equation was used by also considering the lower flammability and upper flammability limits (LFL and UFL) 
of the reaction mixture so that the amount of oxygen (hence the O2/EtOH molar ratio) would be sufficient to sustain the oxidation 
reaction but not too much to yield excessive CO2, and H2O as byproducts. The gas mixture leaving the gas conditioning unit was sent to 
the FT-IR type CO detector in order to determine the CO concentration in the product stream since the mass spectrometer could not 
precisely differentiate between the CO and CO2 gases. The reaction mixture leaving the detector was sent to a stainless steel tubular 
reactor, and all the transfer lines in the reaction system were heated to 120 ◦C using electrical heaters to prevent any condensation. A 
catalyst mass of 0.200 g was used in the tubular reactor. The reaction mixture that left the reactor was analyzed by the MS to obtain the 
product distribution. The reactions were carried out at a total (helium + ethanol vapor + oxygen) constant gas flow rate of 50 ml/min 
or a space velocity of 2206 h− 1 for 16 h.

2.1. Synthesis of the SBA-15 catalyst

For the synthesis of the SBA-15 type catalyst, the recipe given by Zhao et al. [20] was used with some modifications in the gelation, 
washing, drying and calcination stages. First of all 4 g of Pluronic® P123 (Aldrich) and 2.2 g of HCl (Merck, 37 %) were dissolved in 
distilled water at 35 ◦C by continuous stirring for 16 h. Then, 7.9 g of TEOS (Fluka, ≥99,0 %) was added to this solution dropwise by 
continuous stirring and the stirring was continued for 24 h more at 35 ◦C so that the SBA-15 structure may form. After this stage, the 
solution was transferred to a Teflon bottle and kept in an oven for 24 h at 100 ◦C and the product from the oven was filtered and washed 
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using a vacuum pump until the pH of the filtrate was 7.00. The washed product was dried slowly at room temperature for about three 
days. Finally, the dried product was calcined by heating from room temperature to 550 ◦C under a dry air flow of 1 L/min by a heating 
rate of 1 ◦C/min and keeping at this temperature for 6 h in a quartz cylindrical calcination tube with a quartz membrane in the middle 
designed by the researchers.

2.2. Synthesis of Pd-SBA-15-IMP catalysts

The Pd-SBA-15-IMP catalysts were synthesized using the recipe given by Fukuoka et al. [21] for H2PdCl4-HMM-1 with some 
modifications: For the synthesis of 1 g of 3%Pd-SBA-15-IMP catalyst; 51.5 miligram of PdCl2 was dissolved in 4.056 g of HCl to obtain 
H2PdCl4. Simultaneously, the previously synthesized SBA-15 catalyst was cleaned under vacuum (in the degas unit of the Micro
meritics ASAP 2020 system) for 10 h at 150 ◦C to get rid of any moisture or physical impurities attached to its surface. After degassing, 
1 g of the degassed sample was dissolved in 30 ml of distilled water, and in a separate beaker the H2PdCl4 was dissolved in 20 ml of 
distilled water. Then, the H2PdCl4 solution was added dropwise to the SBA-15 solution with continuous stirring, so palladium would 
diffuse into the SBA-15 pores. The solution thus formed was inserted into an oven pre-heated to 60 cC and remained in the oven until all 
the water evaporated. Finally, the solid product (H2PdCl4-SBA-15) was calcined at 500 cC under a dry air flow of 1 L/min by a heating 
rate of 1 ◦C/min and keeping at this temperature for 6 h in the quartz calcination tube to yield the Pd-SBA-15-IMP catalysts. Literature 
results show that when a similar recipe is used for the wet impregnation synthesis of Pd-MCM-41, the H2PdCl4-MCM-41 material is 
converted into PdO-MCM-41 upon calcination [22]. The 1%Pd-SBA-15-IMP and 5%Pd-SBA-15-IMP catalysts were synthesized in a 
similar way making sure that the Pd/Si molar ratio in the solution was 1.0 and 5.0, respectively.

3. Results and discussion

In order to better understand the physicochemical properties and the crystal structure of the as-synthesized catalysts, XRD analysis 
was used. SBA-15 has a two-dimensional, hexagonal, through-hole structure with a space group p6mm [23]. It shows three XRD 
diffraction peaks, which can be assigned to (100), (110) and (200) crystal face diffractions [24]. These peaks are obtained in the 2θ 
range of 0.5–3.0◦, with the primary (100) peak around at 1◦ and the two secondary peaks (110) and (200) around 1.6◦ and 1.9◦, 
respectively [25]. The XRD patterns given in Fig. 1(a and b) depict that the characteristic SBA-15 structure was obtained for the purely 
siliceous sample and preserved for the Pd-SBA-15-IMP samples upon addition of the palladium metal, as seen from the secondary peaks 
around 1.6 and 1.9◦, which indicate long-range order and hexagonal pore shapes (the primary peak was not precisely obtained due to 
the limitations of the diffractometer) [23–25]. Considering Fig. 1(b), for the 1%Pd-SBA-15-IMP catalyst, no Pd or PdO peak was 
obtained. For the 3%Pd-SBA-15 catalyst only the (101) peak of PdO was obtained around 35◦ with a low intensity. The fact that the 
PdO (101) peak was present with low intensities and there were no other detectable peaks for this catalyst illustrated that part of the 
palladium loaded had been incorporated into the mesopores or embedded into the silica walls as small particles [26,27], while part of 
it had formed PdO crystallites on the outside surfaces of the catalyst particles. For the 5%Pd-SBA-15-IMP catalyst, both the (101) and 
(110) peaks of PdO were obtained around 35 and 45◦ [28] and the intensity of the (101) peak was higher than that of 3%Pd-SBA-15, 
indicating the formation of more PdO crystallites on the outer surface of the catalyst. Finally, the wide band centered around 2θ = 23◦

corresponds to the presence of amorphous silica (silica walls) with a stable structure [29].
In order to determine the metal distribution, the metal surface area and the active particle size, CO chemical sorption analysis was 

carried out. As seen in Table 1, palladium metal was successfully incorporated into all catalysts. The largest active particle size was 
seen to occur at 3 % metal loading. The metal distribution values in Table 1 show the ratio of the metal that is incorporated into the 
surface of the catalyst to the total amount of metal found in the catalyst. As seen in Table 1, metal distribution values were low in the 

Fig. 1. XRD patterns of the SBA-15 and SBA-15-IMP catalysts (a) Low angle range of 1-10◦ (b) Wide angle range of 10-80.o
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range of 24–29 % and metal surface area values were high in the range of 107–130 m2/g, respectively [30]. The lowest metal dis
tribution was found for the 3%Pd-SBA-15-IMP catalyst, and this indicates that this catalyst had less accessible palladium oxide species, 
i.e., palladium oxide incorporated in mesopores or embedded in silica walls as small particles [26], compared to other catalysts.

The surface area, pore size, and pore volume values of catalysts significantly affect their catalytic activities; hence, they need to be 
determined in order to interpret the reaction results effectively. For this purpose, the as-synthesized catalysts were characterized by the 
N2 physisorption method. All catalysts were found to have Type IV isotherms with Type 1 hysteresis loops (not shown here). The BET 
surface areas, mesoporous surface areas, microporous surface areas, average BJH desorption pore diameters, DA micropore diameters, 
total pore volumes, DR micropore volumes and micropore volume percentages of the catalysts were also evaluated and tabulated in 
Table 2. As seen in Table 2, upon metal incorporation, the surface areas, pore volumes and pore diameters in general showed a 
decreasing trend compared to the purely siliceous SBA-15 catalyst except for the BJH desorption pore diameters which in general had 
an increasing trend with increasing metal content due to the fact that some of the PdO was incorporated into the silica walls [26,27] 
enlarging the SBA-15 infrastructure. The BET surface areas of the metal incorporated samples were significantly lower [31,32] than the 
purely siliceous Pd-SBA-15 due to the partial blockage of the pores upon metal addition [33]. However, the total pore volumes of the 
catalysts did not decrease significantly upon addition of the palladium metal; hence, it was concluded that most of the PdO particles 
were either embedded in the amorphous silica walls as small particles [26] or formed PdO crystallites on the outside surfaces of the 
SBA-15 catalysts [34].

SBA-15, contains micropores within the walls of primary mesopores forming 3-D connected pore networks [35–37] with con
nections between mesopores. Micropores form bridges between mesopores promoting inter-connectivity [38]. The wall porosity may 
increase the adsorption capacity of the SBA-15 type materials due to the increase in total surface area and enhance molecular transport 
of small molecules due to the interconnections [39,40]. However, micropores limit the transfer of “bulkier” molecules and result in 
mass transfer restrictions. In addition, microporosity increases the thermal stability of the as-synthesized SBA-15 type catalysts [41]. In 
contrast to zeolites, which are microporous materials, mesoporous silicas such as SBA-15 have more open structures and less ther
modynamic stability than the zeolite frameworks [42]. Zhang et al. [41] found that SBA-15 materials with more micropores showed 
better stability in pure steam at 600 ◦C. Considering these discussions and Table 2, the 1%Pd-SBA-15 and 3%Pd-SBA-15 catalysts 
which have close microporous surface areas, same micropore volumes and close microporous volume percentages are more stable and 
have a larger adsorption capacity than the 5%Pd-SBA-15 catalyst which has less microporosity.

In order to have an idea about the surface characteristics, particle shapes and distributions of the as-synthesized catalysts, SEM 
photographs were taken at different magnification levels and given in Fig. 2(a–f). An investigation of the SEM pictures of the Pd-SBA- 
15-IMP catalysts shows that all of them had, in varying degrees, the thread like particle shape morphology of the SBA-15 material, but 
the structure was significantly destroyed for the 5%Pd-SBA-15-IMP catalyst and large clusters of PdO were formed on the outside 
surface of the catalyst. In addition, the distance between the particles increase as the metal loading ratio in the solution increased 
resulting in macropores.

Finally, the TPR characterization of the as-synthesized catalysts was performed by using the Micromeritics Chemisorb 2720 system 
and the results are given in Fig. 3(a–c). The peaks obtained around 150 ◦C for the 3%Pd-SBA-15-IMP and 5%Pd-SBA-15-IMP catalysts 
depict the reduction of Pd(II) species [43,44]. The band obtained around 500 ◦C, for the same catalysts, indicate the condensation 
reactions between the surface silanol groups of SBA-15 and the metal source during hydrothermal treatment [45]. The weak peak and 
the band obtained around 350 ◦C for the 1%Pd-SBA-15-IMP and 3%Pd-SBA-15 catalysts, respectively can also be attributed to the 
reduction of Pd(II) species to metallic palladium [46].

After completing the characterization experiments, the catalytic activities of the Pd-SBA-15-IMP catalysts were tested in the one pot 
oxidative synthesis of ethyl acetate at different O2/EtOH ratios in the range of 0.2–0.8 and temperatures in the range of 100–250 ◦C at a 
space velocity of 2206 h− 1.

During the characterization studies, it was seen that the optimum Pd/Si molar ratio in solution was 0.03 since the 3%Pd-SBA-15- 

Table 1 
Chemisorption results of SBA-15 and Pd-SBA-15-IMP catalysts.

Sample Metal 
Distribution (%MD)

Metal Surface Area Active particle (PdO) size (nm)

m2/g sample m2/g metal

%1Pd-SBA-15-IMP 27.57 1.23 122.82 4.06
%3Pd-SBA-15-IMP 24.02 3.21 107.01 4.66
%5Pd-SBA15-IMP 29.27 6.52 130.38 3.83

Table 2 
N2 physisorption results of the SBA-15 and Pd-SBA-15-IMP catalysts.

Sample Surface Area (m2/g) Pore Diameter (nm) Pore Volume (cm3/g)

SBET Sμ,DR Sm,BJH dBJH dDA Vt Vμ,DR Micropore Vol %

SBA-15 830.4 771.6 663.9 5.31 1.71 1.13 0.38 33.48
%1Pd-SBA-15-IMP 664.7 607.2 603.5 5.22 1.68 0.93 0.29 31.55
%3Pd-SBA-15-IMP 647.9 592.7 623.2 5.42 1.68 0.95 0.29 30.33
%5Pd-SBA-15-IMP 626.0 567.6 640.4 5.48 1.68 0.94 0.27 29.12
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IMP catalyst had a high BET surface area (∼ 648 m2/g), a high BJH desorption pore diameter (5.42 nm), less PdO crystallite formation 
on the outside surface of its particles and the highest total pore volume (0.95 cm3/g) among all palladium incorporated catalysts. 
Hence, reaction studies were carried out using this catalyst. The 5%Pd-SBA-15-IMP catalyst was not preferred although it had a higher 
metal distribution, a higher metal surface area and a smaller active particle size than the 3%Pd-SBA-15-IMP catalyst, since its XRD 
pattern illustrated that most of the incorporated palladium formed PdO crystallites on the outside surface of its particles and since its 
SEM pictures depicted more structural deterioration and agglomeration compared to 3%Pd-SBA-15-IMP.

Using the 3%Pd-SBA-15-IMP catalyst and considering the LFL and UFL of the reaction mixture, first of all, the optimum O2/EtOH 
molar ratio was determined. Equation (1) depicts the main reaction of ethyl acetate formation, while Fig. 4(a–f) displays the results of 
the reaction experiments in terms of EtOH conversion, selectivity and yield values. The conversion and selectivity values were 
calculated using a dry basis making a carbon atom balance and disregarding the product water. The conversion was calculated as the 
moles of EtOH converted into carbon based products divided into the moles of EtOH fed to the reactor system times the stoichiometric 
factor. The selectivity of the component i, on the other hand, was calculated by dividing the moles of product i formed into total 
number of moles of carbon containing products formed times the stoichiometric factor. The stoichiometric factor for component i was 
defined as the moles of EtOH required to produce 1 mol of product i. Finally, the yields were calculated by multiplying the conversion 
and selectivity values. The mechanism for the oxidative production of ethyl acetate was reported for Pd/SiO2 type catalysts by Gaspar 
et al. [47] as follows: 1. Ethanol is oxidized to ethyl acetate by using the lattice oxygen of PdO. 2. Reaction of acetaldehyde with 
ethanol or ethoxy species followed by a dehydrogenation reaction produces ethyl acetate. 3. Acetaldehyde is oxidized to acetic acid by 
the O of the PdO lattice (minor amounts of acetic acid were detected in our reactions) (4) Acetaldehyde or acetic acid is oxidized to CO2 
by the O of the PdO lattice (5) PdO is reoxidized by oxygen. Considering plots 4.b, 4.d and 4.f, it is seen that ethylene yield decreases 
with increasing O2/EtOH molar ratio. This behaviour shows that the reactant oxygen is not used in the formation of ethylene. Hence, 
ethylene can be formed by the dehydration of ethanol, given in Equation (2), which does not require gas phase oxygen and not by an 
oxidative dehydrogenation reaction step which requires gas phase oxygen. However, the reaction mechanism requires further justi
fication by future mechanistic studies (such as DRIFTS studies) involving the detection of the surface intermediates during the reaction 
[48]. Combustion reactions are also expected at especially excess O2 conditions as given by Equations (3) and (4).

Fig. 4(a and b) illustrates that significant ethylene formation was detected at the lean or sub-stoichiometric O2/EtOH molar ratio of 
0.2 at the lower temperatures of 100 and 150 ◦C with  

C2H5OH (g)+
1
2

O2 (g) ↔ C2H4O (g) + H2O (g) (1) 

Fig. 2. SEM Photos of Pd-SBA-15-IMP catalysts (a) 1%Pd-SBA-15-IMP at 5000X magnification (b) 1%Pd-SBA-15-IMP at 20000X magnification (c) 
3%Pd-SBA-15-IMP at 5000X magnification (d) 3%Pd-SBA-15-IMP at 20000X magnification (e) 5%Pd-SBA-15-IMP at 5000X magnification (f) 5%Pd- 
SBA-15-IMP at 20000X magnification.
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Fig. 3. TPR Profiles of SBA-15 and Pd-SBA-15 catalysts (a) 1%Pd-SBA-15-IMP (b) 3%Pd-SBA-15-IMP (c) 5%Pd-SBA-15-IMP.
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C2H5OH (g) → C2H4 (g) + H2O (g) (2) 

C2H5OH (g)+ 2O2 (g)→ 2 CO (g) + 3H2O (g) (3) 

C2H5OH (g)+ 3O2 (g)→ 2 CO2 (g) + 3H2O (g) (4) 

selectivities (SC2H4) of 0.35 and 0.17, respectively, due to the dehydration of ethanol. At this oxygen ratio, the oxygen supply was 
insufficient to oxidize ethanol into ethyl acetate, and the oxidative dehydrogenation product acetaldehyde was primarily produced 
[47–49]. The maximum yield of ethyl acetate, YEt.Acet., obtained was 0.13 at 250 ◦C. Passing from lean oxygen conditions to the 
stoichiometric case for which the O2/EtOH molar ratio was 0.5, ethyl acetate selectivities and yields increased, as depicted in Fig. 4(c 

Fig. 4. Product selectivities and yields obtained at different reaction temperatures, different O2/EtOH molar ratios and a space velocity of 2206 h− 1 

(a) Selectivities for O2/EtOH = 0.2 (b) Yields for O2/EtOH = 0.2 (c) Selectivities for O2/EtOH = 0.5 (d) Yields for O2/EtOH = 0.5 (e) Selectivities for 
O2/EtOH = 0.8 (f) Yields for O2/EtOH = 0.8.
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and d). However, transitioning from stoichiometric conditions to the excess oxygen case (to an O2/EtOH molar ratio of 0.8) resulted in 
a decrease in the ethyl acetate selectivity. This was due to the increased selectivity of acetaldehyde part of which oxidized to CO2 and 
increased importance of the total combustion reaction leading to the production of more carbon dioxide, as illustrated in Fig. 4(e and 
f).

Considering all the reaction results in Fig. 4(a–f), the optimum O2/EtOH ratio was found to be the stoichiometric ratio of 0.5. Fig. 4
(c and d) reveals that the maximum selectivity and yield of ethyl acetate were 0.38 and 0.25, respectively, at this optimum ratio and at 
200 ◦C. At this ratio, the formation of acetaldehyde decreased with increasing temperature, reaching to a selectivity value of 0.33 at 
250 ◦C. The yield of CO2 at this optimum ratio and at 200 ◦C was 0.10 and no ethylene formation was detected. At the same conditions, 
the yield of CO was only around 0.02.

Comparing these results with literature, there are only a few studies reported for the one pot oxidative synthesis of ethyl acetate 
from ethanol. For instance, Gaspar et al. [47,49] utilized Pd/SiO2 and PdO/m-ZrO2 + t-ZrO2 catalysts for the oxidative production of 
ethyl acetate in two different studies. In the first study [42], they operated under lean oxygen conditions, using O2/EtOH molar ratio of 
0.33, a space velocity of 48000 h− 1, catalyst mass of 25 mg. They used a saturator at 10 ◦C, through which air passed, to generate 
ethanol vapors. In this study, the maximum ethyl acetate yield obtained was around 0.57 at a low Pd/Si ratio of 0.003, however, the 
ethanol conversion hence the ethanol yield was not reported. The second study [49] employed PdO/m-ZrO2 + t-ZrO2 catalysts, with 
Lewis acidic sides, which led to 0.48 fractional conversion and 0.68 selectivity of ethyl acetate, resulting in a yield of 0.31. Wang et al. 
[50] conducted a study on the oxidative esterification of ethanol using various oxide catalysts. They found that the MoO3-Sb2O4 
catalyst produced a maximum ethyl acetate yield of 0.30 at 110 ◦C, without producing significant amounts of carbon dioxide. Lin et al. 
[51] used excess O2 conditions, elevated pressures as high as 35 atm and obtained an ethyl acetate yield of 0.33 at 95 ◦C. Gucbilmez 
et al. [48] used mesoporous V-MCM-41 catalysts to synthesize ethyl acetate and acetaldehyde, however, the main reaction product was 
ethylene and ethyl acetate was obtained only as a side product with very low yields. Chen et al. [52] explored the potential of Pd 
nanoparticles supported by zeolites in the selective oxidation of ethanol to acetaldehyde and ethyl acetate in the gas phase. They 
obtained a high ethanol yield of 0.93 after a long reaction time of 73 h. The study utilized a 2Pd/HY catalyst at a temperature of 150 ◦C. 
Thus, the 3%Pd-SBA-15 catalyst used in this study had promising results since the maximum yield was obtained at mild conditions of 
temperature and pressure (200 ◦C and atmospheric pressure) and the reaction time (16 h) was less than that reported in literature [52]. 
In addition, in Turkey, bio-ethanol is produced form sugar beet pulp, thus, the oxidative synthesis of ethyl acetate can be made more 
sustainable by using sugar beet based ethanol [53–55]. However, considering the disadvantages, the acetaldehyde and CO2 yields 
obtained at the optimum conditions were also high (0.23 and 0.10, respectively), meaning that the total oxidation to ethyl acetate was 
not complete and the combustion reaction and acetaldehyde oxidation to CO2 was important. Due to the fact that part of the incor
porated palladium formed PdO aglomers on the outside surface of the catalyst, the catalytic yield was reduced significantly, resulting 
in a value of 0.25 at an EtOH conversion of 0.67. Thus, the catalyst synthesis recipes must be improved further in order to obtain more 
isolated PdO species inserted “into” the SBA-15 matrix, higher metal areas, and better metal distributions. In addition, recycling the 
by-product acetaldehyde to lower its yield and decreasing the temperature of the evaporating chamber must also be considered in 
order to increase the ethyl acetate yield [49,50,56].

4. Conclusions

Ethyl acetate is an important green solvent and fuel additive which reduces GHG emissions, increases the octane number and 
stability of fuel blends. This study utilized Pd-SBA-15 type catalysts synthesized by the impregnation method to carry out one pot 
oxidative synthesis of ethyl acetate. This was the first time these catalysts were used in this reaction at mild conditions of ethanol 
vaporization at 35 ◦C. All the as-synthesized catalysts displayed regular XRD patterns, high BET surface areas, and high pore volumes 
and the optimum Pd/Si molar ratio in solution was determined as 0.03. Thus, reaction experiments were carried out with the 3%Pd- 
SBA-15-IMP catalyst at the optimum O2/EtOH molar ratio of 0.5 and at a space velocity of 2206 h− 1. At these conditions, the maximum 
ethyl acetate selectivity and yield values obtained were 0.37 and 0.25, respectively, at 200 ◦C and 1 atm. Comparing these values with 
literature, it was seen that mostly literature yields were around 0.30 and above but the corresponding processes had some disad
vantages like high pressure and very long reaction times. The fact that the best yield was obtained at mild conditions of temperature 
and pressure decreased the energy requirement of the ethyl acetate production process. In addition, in Turkey, bio-ethanol is produced 
from sugar beet pulp, hence, the oxidative synthesis reaction can be made more sustainable by using sugar beet based ethanol. On the 
other hand, considering the disadvantages of the catalysts, the formation of PdO aglomers on the outside surface of the catalyst 
particles decreased the yield of ethyl acetate. Thus, catalyst synthesis methods should be improved further in order to obtain isolated 
PdO crystallites incorporated into the SBA-15 infrastructure, higher metal areas, and better metal distributions. In addition, recycling 
the oxidative dehydrogenation product acetaldehyde and lowering the temperature of the evaporating chamber can also increase the 
ethyl acetate yields.
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