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Abstract 

Although the conversion of bioethanol into light olefins is one of the most studied 

processes in biorefinery schemes, there is a need to develop materials more capable of 

operating at industrial conditions (WHSV > 20 h-1 crude bioethanol feed). Hence, in this 
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study, we dehydrated crude bioethanol samples derived from sugarcane fermentation to 

produce ethylene over a series of H-ZSM-5 zeolites. Among them, H-ZSM-5 with different 

Si/Al ratios (26, 280, and 371) and doped with Ce and Cu were tested on the catalytic 

activity and stability. Accordingly, a 26 Si/Al ratio showed full conversion and ethylene 

selectivity at 300 °C with a WHSV of 30.2 h-1. When doping the zeolites, a decrease in 

relative crystallinity and a higher amount of acid sites were observed, which affected the 

interaction with reactants. This interaction was deeply analyzed by the in-situ DRIFTS, 

which showed that ethanol adsorption is lower for doped zeolites, but the desorption rate is 

higher, showing higher stability over longer reaction times. Therefore, the H-ZSM-5 with a 

Si/Al ratio of 26 and doped with Ce maintained its activity and improved its selectivity over 

140 h under more drastic conditions of WHSV (42.3 h-1). These results elucidate that Ce-

doped H-ZSM-5 zeolites can improve stability and represent a starting point for large-scale 

crude bioethanol conversion. 

Keywords:  

Bioethylene production; Biorefinery; Dopants; in-situ DRIFTS; Light olefins. 

1. Introduction 

The transition from traditional fossil-based to clean and innovative production is necessary 

to address climate change and ensure a sustainable future [1]. In this way, one of the 

alternatives are biorefineries, which can produce biofuels (e.g., hydrogen, bioethanol, and 

biodiesel), bioproducts (e.g., detergents, additives, fibers, and adhesives), and chemicals 

(e.g., acids, alcohols, and olefins) from renewable sources such as biomass [2]. Most of the 

commercial biorefineries have focused on the production of biofuels [3], leaving behind the 
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production of bioproducts and chemicals from biomass, which is also necessary to ensure a 

low-carbon development.  

One of the most widely used chemicals in the world is ethylene (C2H4), it is used in the 

production of polymers, refrigerants, medicines, fibers, and fertilizers as well as in the 

thermal cutting and pulverization of metals [4]. C2H4 is the most commercialized organic 

compound in the world, reaching an annual demand of 168 Mt in 2020 with a projected 

growth of 3% per year [5] and a selling price of USD 1,235 t-1 in the next decade [6]. 

However, C2H4 is conventionally produced through the catalytic cracking of naphtha with 

steam at temperatures above 700 °C [4]. Thus, the conventional process to produce C2H4 

consumes a great amount of energy (94.95 GJ t C2H4
-1), emits CO2 (1.47 t CO2 t C2H4

-1) 

[7], and uses fossil resources (i.e., naphtha) [8]. Therefore, it is urgent to implement 

sustainable alternatives for its production.  

A sustainable route to obtain olefins such as C2H4 is the catalytic dehydration of bioethanol 

[9]. Thus, the implementation of this process makes it possible to take advantage of the 

existing infrastructure for the production of biofuels [4]. Bioethanol is one of the main 

biofuels produced; around 25 billion gallons per year are produced worldwide [10]. For 

instance, in Colombia around 346 thousand tons of bioethanol are produced per year with a 

sale price of USD 760 t-1 [11]. Likewise, a growth of up to 23% in the production of 

bioethanol is expected [11], driven by the energy transition [12]. Currently, bioethanol is 

blended with other fuels, thus a high purity is required. For this reason, bioethanol 

production plants have dehydration processes to increase the purity of the desired product 

coming from the top of the distillation column. These processes generate greater energy 

consumption, and involve additional infrastructure costs [13–15]. However, it is expected 

that after 2030, gasoline-powered vehicles will start to be replaced by electric and 
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hydrogen-powered ones [16], gradually releasing bioethanol for used in other applications 

including the manufacture of industrial chemicals. We recently evaluated [17] the 

technical-economic feasibility of implementing olefin production plants from ethanol in 

Colombia, with capacities of up to 13.9 Mt year-1 of C2H4. It was found that the required 

investments are similar to those of the conventional petrochemical industry (i.e., Capex of 1 

million USD and Opex of 4.7 million USD per year [17]), while producing a lower 

environmental impact. Thus, the production of C2H4 from bioethanol could be a promising 

step in the Colombian strategy which aims at the development of sustainable chemical 

production models.  

Obtaining C2H4 from ethanol is a well-known process, where the type of bioethanol, space 

velocity, temperature, and catalyst are the most important variables to industrially scale up 

the process. Research on ethanol dehydration for olefins production has been carried out 

using mainly synthetic bioethanol (i.e., a mixture of anhydrous ethanol and distilled water) 

[18–20]. However, bioethanol from biomass fermentation contains several impurities, 

including alcohols (i.e., propanol, butanol, pentanol), aldehydes, amines, acids, and esters 

[21]. Removing these impurities (i.e., produce anhydrous ethanol) requires a simple 

distillation followed by rigorous purification processes, such as vacuum distillation or the 

use of molecular sieves, which considerably increase the cost of bioethanol (up to 5 times 

more expensive) [17]. Therefore, the industrial implementation of C2H4 production is 

expected to be achieved using crude bioethanol (i.e., without rigorous purifications). 

However, it has been reported that the presence of impurities in crude bioethanol affects the 

catalytic performance during ethanol chemical conversion processes [21]. Sanchez et al. 

[22] studied ethanol reforming over Rh-Pt/CeO2-SiO2 catalysts with bioethanol obtained 

from non-centrifugal sugarcane agroindustry, reporting that the presence of impurities such 
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as 3-methyl-1-butanol favored the formation of long-chain carbonaceous compounds, 

leading to early catalyst deactivation. Shetsiri et al. studied the production of C2H4 on 

hierarchical ZSM-5 nanosheets, finding that the catalyst is rapidly deactivated when using 

crude bioethanol (from sugar cane and cassava chips) compared to synthetic bioethanol 

[23]. In addition, studies conducted with crude bioethanol samples have been carried out 

with low weight hourly space velocity (WHSV) values of 2 h-1 [18] or 0.81 h-1 [19], which 

implies a higher amount of catalyst to achieve higher yields at C2H4 [18,19]. Although the 

authors do not elaborate on this result because the objective of their paper was to evaluate 

the effect of catalyst doping, these results highlight the need to address the effect of using 

crude bioethanol samples on the catalytic performance during ethanol dehydration to 

produce C2H4.   

Zeolites of type H-ZSM-5 are the most studied materials for this reaction, as they can 

achieve ethanol conversion and selectivity to C2H4 > 95% [24]. This is due to its thermal 

stability, microcrystalline structure, and superior cation exchange capacity, which favor the 

dehydration of alcohols [25]. In a previous report, our research group obtained ethanol 

conversion and selectivity to C2H4 of 99% in the dehydration of synthetic ethanol samples 

using H-ZSM-5 zeolites with different Si/Al ratios (Si/Al = 23, 30, and 280) in a fixed-bed 

reactor at 300 °C [17]. Moreover, Chae et al. [18] evaluated the dehydration of ethanol over 

Lanthanum (La)-doped H-ZSM-5 (Si/Al = 23) zeolites, obtaining that doping with La 

maintained the conversion > 90% and increased the selectivity to C2H4 by 10%, improving 

the stability of the zeolite [18]. In fact, it is accepted that doping H-ZSM-5 zeolites with Fe 

[19,26], Ni, P [26], Cu [27], and Ce [28] for the production of olefins from alcohols could 

improve selectivity because it decreases the formation of Brønsted acids, which lead to the 
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formation of coke [26,27]. Thus, H-ZSM-5 zeolites, with or without doping, stand out as 

promising catalysts for obtaining C2H4 from ethanol.  

Therefore, the purpose of this contribution was to study the catalytic performance of H-

ZSM-5 zeolites in the dehydration of crude bioethanol containing impurities and coming 

from industrial sugarcane processing plants in Colombia. For this purpose, catalytic activity 

studies were carried out on H-ZSM-5 zeolites with a Si/Al ratio =26, 280, and 371, some 

doped with Ce and Cu, at different temperatures. Several characterization techniques were 

used to evaluate the effect of the dopants on acidity and crystallinity of the zeolites; as well 

as the type and stability of the adsorbed species. In addition, the stability of the most active 

catalysts was evaluated through 140 h time on stream (TOS) at two different operating 

temperatures.  

2. Materials and methods 

2.1. Characterization of bioethanol samples 

Bioethanol samples were obtained from the production plant of a sugar mill (Palmira, 

Colombia). Figure 1 shows the bioethanol production process, which begins with the 

reception of residual juice from sugar production. This juice is fed to a fermenter (E-1) to 

obtain a must containing water, ethanol, other alcohols, and yeast. After recovering the 

yeast by decantation (E-2), the resulting wine is taken to a distillation column (E-5) to 

purify the bioethanol. Four raw bioethanol streams of different purities were obtained in 

this tower. The fraction obtained from the “medium” was separated by decantation (E-7) to 

obtain two samples: Light Medium and Heavy Medium. The concentration of the 

compounds present (i.e., ethanol, propanol, butanol, pentanol, and water) in each bioethanol 

sample was analyzed by gas chromatography (GC) on a Clarus 580 unit (Perkin Elmer, 
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USA), equipped with an HP-PLOT column (Agilent, USA) connected to a flame ionization 

detector (FID).  

 

 

Figure 1. Bioethanol production process at the sugar mill. Where E-1: Fermenter; E-2: 

Decanter; E-3: Yeast Activation Tank; E-4: Absorption Column; E-5: Distillation Tower; 

E-6: Wastewater Treatment Plant; E-7: Decanter; E-8: Molecular Sieve; E-9: Evaporator. 

The column’s top sample has an ethanol concentration of 90.8 wt.% (Stream 14, Figure 1), 

approaching the azeotropic point of the ethanol/water mixture (95.64 wt.%). Additionally, 

the column-top stream has a concentration of higher alcohols (i.e., propanol, butanol, and 

pentanol) below 0.25 wt.%. These alcohols are fermentation by-products and are generally 

present in bioethanol obtained from sugarcane [29]. Concentrations for these higher 

alcohols were highest for the light medium, heavy medium, and bottom samples, which 
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reached values of 41.30, 1.79 and 1.31 wt.%, respectively (Streams 10, 12, and 13, Figure 

1). The presence of higher alcohols is of special interest due to the susceptibility of the acid 

sites of the catalyst to interact with these compounds during ethanol dehydration. Hence, 

decomposition of higher alcohols with temperature results in unwanted by-products that 

could affect catalytic performance (i.e., acetaldehyde, propylene, and other aromatics) [22].  

2.2. Catalyst synthesis 

ZSM-5 zeolites (ACS material®, USA) with Si/Al ratio of 371, 280, and 26 were used; the 

H-ZSM-5 form was obtained by heating 1 g zeolite at 1 °C min-1 to 550 °C for 10 h in inert 

atmosphere using a 100 mL min-1 He stream. In addition, some zeolite samples were doped 

with Ce and Cu using the ion exchange method proposed by Di Iorio et. al. [30]. Briefly, H-

ZSM-5 zeolite (1 g of zeolite per 100 mL of aqueous solution) was added to an analytical 

grade 0.1 M aqueous solution of Ce(NO3)3·6H2O (Aldrich, USA) or analytical grade 

Cu(NO3)2·3H2O (Aldrich, USA), adjusting to a pH of 5 with a 0.1 M NH4OH solution. 

Subsequently, the solution was stirred at 300 rpm for 24 h at room temperature, dried for 24 

h at 100 °C in a flask, and calcined at 550 °C for 4 h, using a ramp of 1 °C min-1. The 

resulting catalysts were named "M-ZR" on the form, where M indicates the metal used as 

dopant and R the Si/Al ratio. Cu and Ce loadings were 0.3 and 0.1 wt.%, respectively, 

which was measured by Inductively coupled plasma mass spectrometry (ICP-MS). 

2.3. Catalytic activity 

The evaluation of the catalytic activity was carried out at an atmospheric pressure in a 

vertical quartz reactor (internal diameter of 16 mm) covered by a heating furnace (Applied 

Test Systems, USA) with a temperature control system. Quartz wool was used on top of the 

catalytic bed to generate turbulence in the reaction stream before reaching the catalyst. In 

all experiments, 50 mg of catalyst mixed with 50 mg of crushed quartz (particle size 
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between 0.18-0.12 mm) was used. Prior to the reaction, the catalyst samples were activated 

in N2 atmosphere for 4 h at 550 °C with a ramp of 1 °C min-1. A liquid flowrate of 0.034 

mL min-1 of bioethanol was fed to the reactor using a Simdos 02 dosing pump (KNF 

Neuberger, USA). Before entering the reactor, the bioethanol was evaporated and mixed 

with N2 (350 mL min-1) as a carrier gas. Catalytic tests were performed under a WHSV of 

30.2 h-1, beginning the reaction at the maximum temperature of 400 °C and reducing the 

temperature each 50 °C until 200 °C. Additionally, some catalyst samples were subjected to 

stability tests at either 230 or 300 °C under a WHSV of 42.3 h-1.  

In all cases, the reactor outlet was connected to a condenser operating at 4 °C to collect 

unreacted ethanol and water. Non-condensable products were quantified by GC on a Clarus 

580 (Perkin Elmer, USA), equipped with an HP-PLOT Q column (30 m x 0.53 mm x 40 

µm, Agilent J&W) connected to a thermal conductivity detector (TCD), while a flame 

ionized detector (FID) was used for condensable products. The same procedure was 

followed for the stability tests, taking samples of the condensate every hour in triplicate in 

order to evaluate the conversion. The conversion of bioethanol, C2H4 selectivity, and 

WHSV were estimated according to the following equations: 

𝐵𝑖𝑜𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [%] =
𝑛𝐵

𝑖𝑛− 𝑛𝐵
𝑜𝑢𝑡

𝑛𝐵
𝑖𝑛 ∗ 100   (1) 

𝐶2𝐻4 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑛𝐶2𝐻4

𝑛𝐵
𝑖𝑛− 𝑛𝐵

𝑜𝑢𝑡 ∗ 100     (2) 

𝑊𝐻𝑆𝑉 [ℎ−1] =
𝐹𝐵  

𝑔𝑐𝑎𝑡
      (3) 

Where, 𝑛𝑖𝑛
𝐵  and 𝑛𝑜𝑢𝑡

𝐵  are the initial and final mol flowrate of bioethanol [mol/h], respectively. 

𝑛𝐶2𝐻4
 is the outlet mol flowrate of ethylene [mol/h], 𝑔𝑐𝑎𝑡 is the mass of the catalyst and FB is the 

mass flowrate of bioethanol [g/h].  

2.4. Catalyst characterization 
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The catalyst acidity was measured by ammonia temperature-programmed desorption (NH3-

TPD) using a ChemBET Pulsar unit (Quantachrome Instruments, Boynton Beach, FL, 

USA) equipped with a TCD. Prior to the analysis, 0.1 ± 0.01 g of sample was activated in 

N2 atmosphere for 4 h at 550 °C with a ramp of 1 °C min-1 after being degassed with N2 (50 

mL min-1) at 120 °C for 1 h. Then, the sample was cooled down to 80 °C for the NH3 

adsorption, which was carried out by passing 50 mL min-1 of 5 vol% NH3/N2 through the 

sample for 60 min. After saturation with ammonia, the catalyst was purged with N2 at 

50 mL min-1 for 1 h to eliminate physically adsorbed NH3. TPD data were collected from 

50 to 1000 °C in N2 flow of 50 mL min-1 with a ramp of 10 °C min-1. 

The crystal structure of the zeolites was studied by XRD. Spectra were recorded at 2θ with 

a step size of 0.05°, a step time of 3 s, and the peak position deviation was ≤ 0.002°. The 

relative crystallinity percentage of the zeolites was determined by the sum of the area of the 

crystalline peaks over the total sum of peaks (crystalline + amorphous), taking the major 

peaks of (102), (301), (202), (321), (113), (501), (422), (313), (512), (532), (616), and 

(1000) [31,32].  

The dehydration of ethanol on the catalytic surface of zeolite samples was studied by in-situ 

DRIFTS, using a Nicolet iS10 spectrometer (Thermo Scientific, USA) equipped with a 

DRK-3 Praying Mantis diffuse reflection accessory (Harrick, USA) with SeZn windows. 

Zeolites were pretreated in N2 inert atmosphere (47 mL min-1) from room temperature to 

500 °C with a ramp of 5 °C min-1 and maintained at that temperature for 4 h. The tests were 

carried out at 300 °C with a constant flow of He (50 mL min-1). In order to observe the 

adsorption mechanism, upon reaching the reaction temperature, a bioethanol stream (0.03 

mL min-1) was fed by a metering pump (Simdos 02, KNF Neuberger, USA) and mixed with 
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the He stream (50 mL min-1) as a carrier for 1h. Then, in order to see the desorption rate of 

the intermediaries, the sample was purged for 1h with He flow (50 mL min-1). Spectra 

measurements were carried out in a range of 4000 - 600 cm-1 with an average of 32 scans 

and a resolution of 4 cm-1. Each spectrum was obtained by subtracting the blank collected 

for the zeolite at the reaction temperature. Before starting the desorption, a blank of the 

zeolite with the adsorbed bioethanol was taken. 

All raw and processed Excel data from catalytic activity and catalyst characterization 

results can be downloaded from [dataset] [33]. 

3. Results and discussion 

3.1. Effect of the crude bioethanol impurities on the activity and selectivity of H-ZSM-5 

during the ethanol dehydration to ethylene 

In order to evaluate the crude bioethanol samples, catalytic dehydration using a zeolite 

Z280 at 300 °C was performed, since this catalyst showed better performance for synthetic 

bioethanol in previous studies carried out in our laboratory [17]. The ethanol conversion 

and selectivity to C2H4 obtained for the different bioethanol samples are shown in Figure 2. 

It is observed that higher ethanol concentration leads to a higher activity. For example, the 

top sample, which has a concentration of 90.82 wt.%, an ethanol conversion of 95% was 

achieved at 300 °C. Meanwhile, other samples with lower ethanol concentration require a 

higher temperature to obtain the same conversion. Moreover, the same pattern was 

observed for the selectivity to C2H4, which is higher in the ethanol-rich samples obtained 

from the distillation column (Figure 2b). Accordingly, the bioethanol sample of the top 

reached a 96% selectivity to C2H4 at 300 °C. Therefore, the presence of water is negatively 

affecting the reaction behavior, likely due to: (i) the fact that water is one of the reaction 

products, so its accumulation is affecting the equilibrium conversion in the ethanol 
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dehydration reaction [34] and (ii) the active sites of the catalyst can competitively adsorb it 

[35], decreasing the probability of ethanol interaction with the catalyst to form C2H4. This 

agrees with previously reported by Yao et al. [36], who proposed to carry out the process 

with bioethanol samples with concentrations > 75 vol% (70.3 wt.%) to achieve selectivity 

above 95%. Thus, the other fractions (i.e., light medium (12.43 wt.%), heavy medium 

(10.78 wt.%), and bottom (7.76 wt.%)) can lead to a drastic reduction of the activity and the 

selectivity of the process.  

However, not only water is affecting the catalyst behavior. For instance, the light medium 

fraction showed an ethylene selectivity as low as 19% at 400 °C (Figure 2b), which is 

probably due to its elevated concentration of isoamyl alcohol (41.3 wt.% of C5H12O in 

Figure 1), a strong catalyst poison, as reported by Sanchez et al. [29] in bioethanol 

reforming reactions. Therefore, the presence of larger amounts of impurities requires 

additional rigorous purification steps. The following sections will focus on the results 

obtained using the distillate top fraction, a sample with elevated concentrations of ethanol 

and low amounts of impurities, but still a not-rigorous distillated sample, by evaluating 

different H-ZSM-5 zeolite-based catalysts. 

Jo
ur

na
l P

re
-p

ro
of



13 
 

  

Figure 2. Catalytic activity of the different bioethanol samples using the zeolite Z280: a) 

Bioethanol conversion and b) Selectivity to C2H4 during bioethanol dehydration. 

Conditions: 50 mg catalyst, WHSV=28.4 h-1. Refer to Figure 1 to check the bioethanol 

samples concentration. 

3.2. Effect of the ZSM-5 Si/Al ratio and doping on the dehydration of the bioethanol top 

sample to ethylene 

Figure 3 shows the conversion of ethanol and the selectivity to C2H4 during the catalytic 

dehydration of ethanol using the zeolites Z26 and Z371 doped with Ce and Cu using the 

bioethanol distillate top fraction. Z280 results were included for comparison due to Z26 

showed better performance when these kind of crude bioethanol samples were dehydrated 

(see Figure 2). Figures 3a and b show the conversion of ethanol obtained with ZSM-5 

zeolite-based catalysts. Zeolite Z26 showed the highest activity, reaching 97.47% ethanol 

conversion at 250 °C, while the other catalysts at the same temperature have activities 

below 80%. Doping negatively influences ethanol conversion (Figures 3a and b) and it is 
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more significant in the zeolite with lower Si/Al ratio (i.e., Z26). For example, at 250 °C 

(Figures 3a and b), the conversion on Cu- and Ce-doped samples of Z26-based catalysts 

decreases on average by 18%, while on Z371-based samples the activity the decrease in 

activity is 12%.  
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Figure 3. Catalytic activity of the different zeolite samples during bioethanol dehydration 

as a function of temperature (a, b) Bioethanol conversion and (c, d) selectivity to C2H4. 

Conditions: 50 mg catalyst, WHSV=30.2 h-1, bioethanol top sample. 

On the other hand, Figures 3c and d show the selectivity to C2H4 of the ZSM-5 based 

catalysts. Selectivity to C2H4 is also favored at lower Si/Al ratios. At 300 °C, where all 

catalysts achieve ethanol conversions above 90%, the selectivity decreases in order Z26 

(100%) > Z280 = ZSM5-371 (96%) > Ce-Z26 = Cu-Z26 (94%) > Ce-Z371 (83%) > Cu-

Z371 (64%). Thus, low Si/Al ratios simultaneously favor activity and selectivity in the 

dehydration of crude bioethanol over ZSM-5 zeolites. In a similar way to what was 

observed with the activity, the inclusion of Ce and Cu as dopants in the H-ZSM-5 zeolite 

has a negative effect on the selectivity to C2H4. However, the decrease in selectivity is more 

pronounced in samples with higher Si/Al ratios, reducing selectivity by up to 33% in the 

Cu-Z371 sample compared to its respective undoped zeolite (i.e., Z371).  

In our earlier study on the pure ethanol dehydration to ethylene, we reported a complete 

ethanol conversion and ethylene selectivities of 70, 60, and 50% for ZSM5-23, ZSM5-30, 

and ZSM5-280 zeolites, respectively, at 300 °C and under a WHSV of 13.8 h-1 [17]. Since 

we are currently obtaining similar results, impurities (i.e., C3H8O, C4H10O, and C5H12O) 

present in the top fraction bioethanol sample used in this study (i.e., 90 wt.% ethanol) do 

not show a negative impact on the catalytic performance (see Figure 2). In fact, 

Banzaraktsaeva et al. [37] reported a conversion of 96% and selectivity to C2H4 of 97% for 

bioethanol samples (ethanol 92.5 wt.%) with an impurity concentration of 0.43 g L-1 using 

an Al2O3 catalyst at 400 °C, suggesting that an isopropanol concentration of up to 0.7 g L-1 

benefits dehydration, as it decreases the amount of generated by-products [37]. Thus, the 

catalyst performance in the dehydration of top fraction of crude bioethanol would depend 
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mainly on the Si/Al ratio and dopants. Contrary to that reported in [19,38], doping ZSM-5 

zeolites lead to less active catalysts in the dehydration of ethanol to produce ethylene and 

several authors have reported different reasons related to textural changes in the catalyst 

[39,40]. To study this effect, the catalyst samples were characterized by several techniques, 

which are discussed in the following section.   

3.3. Catalyst characterization   

3.3.1. XRD 

Figure 4 shows the XRD spectra of the ZSM-5 zeolite-based catalysts. All samples have 

well-defined 2θ spectra with characteristic high-intensity Bragg peaks between 22 and 25°, 

indicating that the ZSM-5 zeolite used has a crystalline structure [31]. However, Ce and Cu 

peaks were not detected in XRD spectra probably by their low concentration (< 0.5 wt.% 

by ICP-MS)  [41].  

The relative crystallinity of samples measured with XRD decreases in order Z280 (81.9%) 

> Z371 (78.8%) > Z26 (78.6%) > Ce-Z26 (76.5%) > Ce-Z371 (76.2%) > Cu-Z371 (72.5%) 

> Cu-Z26 (71.0%). This trend is similar to that observed for activity and selectivity to C2H4 

(Figure 3), where the presence of dopants (i.e., Cu and Ce) decrease catalyst performance. 

Triantafyllidis et al. [31] suggest that even slight differences in relative crystallinity would 

lead to significant changes in catalytic performance during isopropanol dehydration over 

ZSM-5 zeolites. Thus, the inclusion of dopants in the zeolite crystal lattice leads to lower 

crystallinity and thus lower selectivity. The change in the crystalline structure of zeolites 

due to the presence of metals could also alter the acidity and the capacity of the zeolite to 

interact with crude bioethanol and form intermediaries. Therefore, the ZSM-5 zeolite 

samples were evaluated by NH3-TPD and in-situ DRIFTS, as follows.  
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Figure 4. XRD spectra of zeolites a) Z26, Ce-Z26, and Cu-Z26, and b) Z371, Ce-Z371 and Cu-

Z371. The Z280 samples are included for comparison. 

3.3.2. Temperature-programmed desorption of NH3  

NH3-TPD is a useful technique to determine the surface acidity of solid acid catalysts. The 

accuracy of this technique has been validated and is well-established [42,43]. Therefore, 

Figure 5 presents the desorption peaks and acid strength of Z26 and Z371 doped with Ce 

and Cu, while Table 1 provides a summary of the acid amount of the catalysts. Z280 results 

were included for comparison. As expected, zeolites with a lower Si/Al ratio exhibit a 

greater abundance of acid sites [8]. Z26 and Z280 samples exhibit three distinct desorption 

peaks, with the first occurring within the 80-150 °C range, related to weak acidity. The 

subsequent peaks, observed between 150-400 °C, are attributed to moderate and strong acid 

sites [42]. In contrast, Z371 samples display only weak and moderate acidity peaks. The 

catalytic activity of zeolites depends on the synergy between crystallinity and acidity [44]. 

Despite the fact that Z26 has a lower crystallinity than Z371 and Z280 (see Section 3.3.1), 

its superior acidity enhances catalytic performance in bioethanol dehydration (see Table 1). 
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Indeed, while a high crystallinity typically improves acid site accessibility, the higher 

amount of acid sites in Z26 (1.34 NH3 mmol/gcat) ensures effective reactant-acid site 

interactions, showing the crucial role of acidity in catalytic efficiency and allowing Z26 to 

improve activity and selectivity.  

 

Figure 5. NH3-TPD profiles for the different zeolite samples: (a) Z26, (b) Z371, and (c) 

Z280. Red line is the total fit of experimental data (black). 

Doping has a significant impact on the acidity of the catalysts. Specifically, Ce+3 ion 

exchange has a pronounced effect, altering the distribution and density of acid sites, mainly 

a) b) 

c) 
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within Z26 compared to Z371 (Figure 5). The introduction of Ce ions via ion exchange 

potentially enhances the Lewis and Brønsted acid character of the Ce ions in contrast to Al 

ions [45]. This exchange also enhances the zeolite's ability to interact with molecules 

possessing electron pairs, thereby increasing the abundance of both acid sites. As a result, 

Ce-Z26 had the largest acidity among the studied zeolites. The difference between Z26 and 

Z371 is most likely due to the larger quantity of Al atoms in Z26, which results in a less 

dense zeolitic structure and a greater number of Si-OH-Al Brønsted acid sites available for 

exchange with Ce+3. Moreover, further research suggests that rare earth oxide loading can 

drastically affect the distribution of strong and weak acid sites [46]. In contrast, doping with 

Cu+3 did not affect total acidity, but changed the distribution of the acid sites, causing them 

to move at a lower temperature in the case of Z26 and at a higher temperature in the case of 

Z371.  

Therefore, the moderate and strong acid strengths increase in the doped catalysts can be 

related to their reduction in activity and stability during bioethanol dehydration, as shown 

in Figure 3. These findings align with results from Sun et al. [46], who reported an increase 

in acid strength (from 0.0119 to 0.135  mmol NH3/gcat) upon introducing Ce into ZSM-5 

(Si/Al=25) catalysts. The inclusion of cations in H-ZSM-5 leads to interactions with H+ 

species on the zeolite surface, thereby altering the distribution of acid sites and selectivity 

[45]. Also, Brønsted acid sites favors olefin polymerization and the formation of 

carbonaceous compounds [19], which tend to diminish the catalyst activity and selectivity. 

The relationship between acid sites and selectivity in ethanol dehydration remains a topic of 

debate. In the current study, which utilized crude bioethanol as a feedstock, the inclusion of 

dopants such as Ce and Cu resulted in an increased density of strong acid sites, which 

harmed the catalytic performance of the ZSM-5 zeolites, affecting both their activity and 
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selectivity. Nevertheless, the influence of these dopants on the stability of H-ZSM-5 zeolite 

will be investigated further in the catalyst stability section. 

Table 1. Amount of NH3 desorbed over different zeolite samples. 

Catalyst 

sample 

Weak  Moderate Strong 
Total acid 

amount [mmol 

NH3/gcat] 
T 

[°C] 

mmol 

NH3/gcat 

T 

[°C] 

mmol 

NH3/gcat 

T 

[°C] 

mmol 

NH3/gcat 

Z26 119 0.28 204 0.50 409 0.56 1.34 

Ce-Z26 119 0.25 209 0.57 431 1.20 2.02 

Cu-Z26 103 0.30 192 0.47 397 0.45 1.22 

Z280 81 0.05 146 0.07 398 0.01 0.13 

Z371 92 0.07 143 0.11 - - 0.18 

Ce-Z371 110 0.09 181 0.12 - - 0.21 

Cu-Z371 110 0.09 181 0.12   0.21 

 

3.3.3. DRIFTS of ethanol dehydration on different zeolites 

Figure 6 shows the DRIFTS for H-ZSM-5 zeolites at different Si/Al ratios during 

adsorption of bioethanol followed by purging in an inert atmosphere. For all zeolites, 

changes were observed in 3 main zones of the spectra; Lewis acid sites found at 3738 cm-1 

(e.g., Si─OH), which correspond to the first zone (I in Figure 6), activate ethanol through 

coordination with oxygen and water [8]. Also, the bands found at 3500 and 3670 cm-1 are 

associated with Brønsted acid sites formed by OH- groups attached to Al in the outer and 

inner framework of zeolites, respectively (i.e. Si─OH─Al). Brønsted acid sites facilitate the 

protonation of the hydroxyl group bridging CO species in ethanol, allowing ethanol 

dehydration [8,19]. The second zone (II in Figure 6) corresponds to the region of symmetric 

and asymmetric vibrations of the ─CH3 and ─CH2 groups of the ethoxy groups formed by 

the adsorption of ethanol (2982 and 2934 cm-1); and the third zone (III in Figure 6) between 

1200 and 1900 cm-1 corresponding to the formate and carbonate groups adsorbed on the 

catalyst surface (C─O groups). Additionally, for all three zeolites, a band at 2345 cm-1 
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corresponding to the molecular gas phase of CO2 was observed and the formation of water 

as a reaction product in the band at ⁓1330 cm-1 [17] was also evidenced.  

 

Figure 6. in-situ DRIFTS during bioethanol dehydration of zeolite a) Z26, b) Z280, c) Z371 at 

300°C. 

In Zone I, during the adsorption step, a negative band was observed in the region of 3745 - 

3620 cm-1 along with a negative band centered at ⁓3740 cm-1 corresponding to the 

adsorption of bioethanol on the OH- groups of the zeolite [17,47]. In addition, it was 

observed that a new band ⁓3560 cm-1 is formed, which corresponds to vibration of the 

─OH of the adsorbed bioethanol [47], being more intense for the Z26. At lower Si/Al 

ratios, the capacity to adsorb ethanol increases in H-ZSM-5 zeolites due to their greater 

amount of acid sites (see Section 3.3.2), which may be related to the higher activity of Z26 

(Figure 3). On the other hand, during desorption (purging), the bands associated with 

ethanol adsorbed on zeolites gradually disappear; desorption occurs rapidly in samples 

Z280 and Z371. Therefore, although higher Si/Al ratios in H-ZSM-5 increases their relative 

crystallinity, i.e., more ordered structures, the adsorption capacity is directly related to the 

amount and strength of the acid sites, leading to a lower activity over Z280 and Z371.   
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In Zone II (Figure 6) associated with the formation of ─CH3 and ─CH2 groups, a higher 

intensity (2900─2600 cm-1 region) is observed for the zeolite with a lower Si/Al ratio (i.e., 

Z26, Figure 6a) than for zeolites with a higher Si/Al ratio (Z280 and Z371 in Figures 5b 

and c, respectively) [48]. The above suggests that, in addition to facilitating ethanol 

adsorption, zeolite Z26 promotes the formation of C2H4, which is confirmed by the bands at 

⁓2880 and ⁓1645 cm-1 [49]. However, desorption of ethoxy groups is slower in zeolite Z26 

(Figure 6a), suggesting that product desorption could be the limiting step in the catalytic 

cycle of zeolites with a lower Si/Al ratio.  

The presence of adsorbed formate and carbonate groups [48] (Zone III in Figure 6) also 

changes at different Si/Al ratios in H-ZSM-5 zeolites. In comparison with the previously 

reported synthetic ethanol adsorption DRIFTS [17], these results show the presence of 

additional bands at 1446 and 1557 cm−1, which would be associated with symmetric and 

asymmetric vibrations of intermediaries such as acetates (O─C─O) [50], respectively, 

favored by the presence of impurities in the crude bioethanol.  

In general, zeolite Z26 favors higher formate and carbonate formation over Si─O─Al 

groups (1250 cm-1) [50,51], these are intermediaries in the dehydration of ethanol to form 

olefins such as C2H4 [52], which explains its higher activity compared to H-ZSM-5 samples 

with higher Si/Al ratios. However, the presence of Brønsted acid sites favors not only the 

ethanol dehydration but also the olefin polymerization and the formation of carbonaceous 

compounds and aromatic deposits [17], including the 1645 cm-1 peak corresponding to the 

C=C group [49]. Also, during desorption, the Z26 catalyst appears to form strong bonds 

with formates and carbonates as it releases them more slowly compared to the other 

undoped samples (i.e., Z280 and Z371). 
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Figure 7 shows the DRIFTS of ZSM-5 zeolites doped with Ce (Figure 7 a, b) and Cu 

(Figure 7 c, d), retaining the same analysis zones previously described for Figure 6. In Zone 

I, it is observed that, in the samples doped with Ce (Figure 7 a and b), the adsorption 

capacity of bioethanol decreases in comparison with their respective samples without 

doping (i.e., Z26 and Z371 in Figure 6). This agrees with the activity results (Figure 3), 

where the presence of dopants decreases the conversion of crude bioethanol. Cu doping 

(Figure 7 c and d) has an even more pronounced negative impact on the adsorption capacity 

of ethanol, especially in the Cu-doped ZSM-5 sample (Figure 7c). However, in Zone I, the 

band associated with the OH group and the Brønsted acid sites (⁓3740) is regenerated by 

rapid desorption, which allows accessibility to new ethanol molecules [53]. This effect is 

more visible in Ce-Z26 due to its higher density of strong acid sites (see Table 1). 

Furthermore, in Zone II it is observed that the dopant also influences the formation of 

ethoxy species involved in the formation of C2H4 [49]. Both dopants (i.e., Ce and Cu) show 

less intense bands in the 2900─2600 cm-1 region compared to the undoped samples (Figure 

6), which would be associated with their lower selectivity to C2H4 (Figure 3). However, the 

most interesting observation is that both dopants (Ce and Cu) favor a higher desorption 

capacity of ethoxy groups. That is, although doping reduces the ability of the catalyst to 

form ─CH3 and ─CH2 groups, impacting selectivity (Figure 3), it also appears to favor 

product desorption, which would have relevance over long periods of operation (as will be 

discussed below). Finally, the presence of adsorbed formate and carbonate groups, and the 

band at ⁓1330 cm-1 associated with water, also decrease with doping (Zone III in Figure 7) 

compared to undoped samples (Zone III in Figure 7), which would be in line with the lower 

selectivity of the doped catalysts. The same is also observed in the intensity of the 1446 and 

1557 cm−1 bands (possibly OCO groups [50]) which we assume are formed from impurities 
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present in the crude bioethanol. However, as observed in Zone III, Ce- and Cu-doped 

catalysts appear to be more effective in the desorption of formats, carbonates, and water 

that can form occlusions in the active sites of the catalyst, leading to the formation of 

carbon deposits [53]. Intermediaries desorption could have a greater impact on Ce-Z26 for 

longer reaction times since more acid sites would be available faster to adsorb new 

bioethanol molecules, as seen in the NH3-TPD results. 
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Figure 7. in-situ DRIFTS during bioethanol dehydration of zeolite a) Ce-Z26, b) Ce-Z371, c) Cu-

Z26, and d) Cu-Z371 at 300°C. 

Therefore, Z26 showed an enhanced capacity to adsorb ethanol during the dehydration of 

crude bioethanol due to a large availability of acid sites and a high relative crystallinity. In 

this context, a great variety of intermediaries can be formed on the catalytic surface, 

explaining the Z26 higher activity and selectivity. However, its deficiency in desorbing the 

reaction intermediaries can be a drawback during long periods of operation. This deficiency 

might be mitigated by the presence of dopants since they increase amount of acid sites 

(Section 3.3.1). Then, the stability of the Z26 zeolite and the most active doped catalyst (i.e., 

Ce-Z26) is addressed in the following section. 

3.4. Catalytic stability  

Previous sections showed us that lower Si/Al ratios increase the ethanol adsorption capacity 

of the ZSM-5-based zeolites during the crude bioethanol dehydration probably due to their 

larger acidity. This is in agreement with that reported by Le Van Mao et al. [54], who 

recommended Si/Al ratios between 35 to 55 to optimize synthetic bioethanol conversion 

and ethylene production. However, the inclusion of dopants such as Ce and Cu impacted 

negatively on the catalytic performance during the dehydration of crude bioethanol, which 

is opposite to that reported by other authors. For example, zeolites doped with Fe [19], La 

[18], and Cu [27] have shown improved olefin production from synthetic bioethanol 

compared to their undoped counterpart because doping with these metals results in an 

alteration in catalyst acidity [45]. However, there are no reports in the literature of the use 

of Ce as a dopant of ZSM-5 zeolites for ethanol dehydration. On the other hand, DRIFTS 

tests show that, despite its higher activity and selectivity, the deficiency to desorb the 
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reaction products could be a limiting factor in the use of Z26 in prolonged processes. Also, 

Ce was the dopant that increased the most the catalytic activity (Figure 3), due to an 

augment of the strong acid sites density on the catalyst surface (see section 3.3.2), and 

showing a higher bioethanol adsorption capacity (see section 3.3.3). Therefore, this section 

presents the results of several stability tests over Z26 and Ce-Z26, increasing the WHSV 

from 30.2 to 42.3 h-1 and under two different reaction temperatures (i.e., 230 and 300 °C).  

Figure 8 shows that the two samples (i.e., Z26 and Ce-Z26) maintain full conversion of 

crude bioethanol during 140 h TOS at 300 °C. Similar results have been reported by Masih 

et al. [55] for a H-ZSM-5 with a Si/Al of 23.3 at 300 °C and Wu et al. [24] for zeolites 

P/ZSM-5-280 and La/ZSM-5-280 at 240 °C. Additionally, Z26 (Figure 8a) maintained a 

selectivity to C2H4 of 68% at 300 °C, while the Ce-doped sample (Figure 8b) showed a 

progressive increase until reaching a selectivity to C2H4 of 76% at the end of the test at 140 

h.  

Variation in selectivity during ethanol dehydration has been reported in several studies 

[18,55,56]. Hence, the inset plots depicted in Figure 8 provide an insightful analysis of the 

activity and selectivity of Z26 and Ce-Z26 samples at 230 °C. This experimental approach 

intends to study any potential catalyst deactivation under more strict conditions (i.e., 

stability at lower conversion). However, no conclusive proof of considerable deactivation 

was found for either of the catalysts in this conversion regime. Indeed, the Ce-doped 

sample showed a slight improvement in conversion at 35 h. However, the most significant 

changes occurred in selectivity. Notably, the undoped sample (Z26) had a dramatic 

reduction in ethylene selectivity, decreasing from 60% to 15% over the 55 h TOS. These 

findings highlight the critical role of Ce as dopant in C2H4 selectivity, making Ce-Z26 a 

significantly more stable catalyst than unmodified Z26. This improvement in stability is 
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mostly due to the reduction of carbon deposits on the catalytic surface, which is typically 

associated with zeolite type catalysts [57].  

Accordingly, TGA results of fresh and used samples show that the Z26 zeolite present 47% 

more carbon deposits after 140 h TOS compared to the Ce-Z26 doped sample. Also, the 

increased acidity in this sample, due to the presence of Ce, would mitigate the coke formation 

since strong acid sites avoids carbonization of intermediaries [57]. In addition, Ce also 

contributes to decrease the formation of C-C chains [58]. Thus, doping Z26 with Ce leads to 

a zeolite with higher acidity (section 3.3.2) and lower ethanol adsorption capacity. However, 

it also favors a higher desorption of reaction intermediaries and a lower formation of 

carbonaceous compounds, improving the selectivity to C2H4 in continuous operation, as 

expounded in the DRIFTS section (3.3.3), in conjunction with its abundant acid content 

(Table 1). This characteristic is important for scaling up C2H4 production from crude 

bioethanol, where selectivity could play an even more important role than the activity. 
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 Figure 8. Conversion and selectivity of bioethanol dehydration (top) during a zeolite 

stability test a) Z26. b) Ce-Z26. Conditions: 50 mg catalyst, 300°C, WHSV=42.3 h-1, 

bioethanol top sample. The inset plots show the stability test at 230 °C.  

Table 2 compares the results of this study with other reports in the literature, where ZSM-5 

zeolites with different doping and Si/Al ratios were used. The bioethanol conversion in all 

cases is greater than 90%, confirming the effectiveness of this type of zeolites in ethanol 

Reaction 

temperature: 300 °C 

Reaction temperature: 230 °C 

Reaction temperature: 230 °C 

Reaction 

temperature: 300 °C 
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dehydration. However, most studies focus on synthetic bioethanol samples (90-60 wt.% 

ethanol samples in water). Thus, contributions with results where crude bioethanol 

dehydration is evaluated could be an important advance in establishing this technology in 

the future. In this study, conversions higher than 98% and stability during 140 h TOS were 

obtained using unpurified sugarcane bioethanol.  

Table 2. Comparison of bioethanol to ethylene dehydration studies 

 

 

Bioethanol 

type 

T 

[°

C] 

Impuri

ties 
Catalyst 

WH

SV 

[h-1] 

Catal

yst 

[g] 

Sca

le 

Co

nv. 

[%] 

S 

[

%

] 

Stabi

lity 

[h] 

Ref 

Synthetic 

90 wt.% 

25

0 
None ZSM5-23 2 0.5 Lab 100 93 20 [18] 

Synthetic 

90 wt.% 

26

0 
None La-ZSM5-23 2 12 

Ben

ch 
90 85 95 [18] 

Synthetic 

90 wt.% 

26

0 
None ZSM5-23 2 12 

Ben

ch 
90 73 300 [18] 

Synthetic 

60 wt.% 

26

0 
None Fe-ZSM5-25 0.81 3 Lab 98 97 1440 [19] 

Synthetic 

60 wt.% 

26

0 
None ZSM5-25 0.81 3 Lab 

96.

8 
70 70 [19] 

Raw 

99 wt.% 

From  

sugarcane 

28

0 
None Ti-ZSM5-20 7 1 Lab 96 88 - [20] 

Raw 

 92.5 wt.% 

From  

miscanthus 

40

0 

Alcoho

ls and 

esthers 

53 %γ-Al2O3 and 

47 % χ-Al2O3 
- 2.87 Lab 96 97 - [37] 

Raw94 

wt.%  

From Oat 

hulls 

40

0 

Alcoho

ls, 

aldehy

des and 

esthers 

Al2O3 - 2.87 Lab 
83-

91 
94 - [59] 

Raw 

 90.82 wt.% 

From  

sugarcane 

30

0 

Alcoho

ls 
Z26 42.3 0.05 Lab 99 65 140 

This 

work 

Raw 

 90.82 wt.% 

From  

sugarcane 

30

0 

Alcoho

ls 
Ce-Z26 42.3 0.05 Lab 99 67 140 

This 

work 
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On the other hand, previous studies have been performed at low WSHV (< 7 h-1) compared 

to this study, where catalysts were evaluated at WSHV above 30 h-1 which entails a 

condition closer to extensive processes. Chen et al. [19] found that, with increasing WHSV, 

the selectivity to C2H4 decreases due to a shorter contact time of ethanol molecules with the 

catalyst, leading to the formation of DEE [19]. In our case, we observed similar results 

where the increase in WHSV from 30.2 to 42.3 h-1 between the activity test and the stability 

test reduced the selectivity of sample Z26 by 32%. Despite this, it was observed that, in 

prolonged processes, the stability of Ce-doped Z26 could increase the stability in the 

selectivity to ethylene with a WHSV of 42.3 h-1 by up to 26% because this new catalyst 

favors product desorption during the catalytic cycle and mitigates the formation of 

carbonaceous compounds.  

 

Conclusions 

The dehydration of crude bioethanol over H-ZSM-5 zeolites as catalysts to produce C2H4 

was studied. It was observed that, at higher ethanol concentrations (90.82 wt.%), the 

highest conversion (95%) and selectivity to C2H4 (96%) were obtained with Z280 at 300 °C 

and WHSV of 28.4 h-1. However, when varying the Si/Al ratio, lower ratios increase the 

activity due to the higher concentration of acid sites (>1.2 mmol NH3/gcat) and higher 

crystallinity observed by XRD.  

In-situ DRIFTS studies show that, among the tested zeolites and reaction conditions, 

bioethanol adsorbs preferentially on acid sites of HZSM-5 with a Si/Al ratio of 26 at 300 

°C, leading to the formation of ethoxy C─O species attached to OH groups of the zeolite, 

generating C2H4, and releasing water as a by-product. In addition, the desorption of ethoxy 
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groups and other intermediaries is favored by the presence of dopants such as Ce, which 

favors the stability of the catalyst, avoiding their deactivation in prolonged periods of 

operation.  

Doping ZSM-5 zeolites with Ce favors higher desorption of reaction intermediaries, 

increase the total acidic sites, and reduce the formation of carbonaceous compounds, which 

led to a progressive increase in selectivity to C2H4 during 140 h TOS. Also, it prevents 

deactivation in under more drastic conditions for a 50 h TOS compared with a undoped 

zeolite. 
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Highlights 

• Catalytic dehydration of industrial crude bioethanol over H-ZSM-5 was assessed  

• Although doping decreases zeolite activity, it increases stability 

• H-ZSM-5 with Si/Al of 26 reaches 100% conversion and 68% selectivity for 140 h 

TOS 

• When doping with Ce, it maintains conversion and increases selectivity up to 76% 

for 140 h TOS  
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