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ABSTRACT 9 

Zeolites are widely used in many applications, such as catalysis and adsorption 10 

processes. The use of these materials in a nanometric size would be of great 11 

interest for these applications, due to the better performance they could exhibit 12 

in terms of avoiding intraparticle mass and heat transfer limitations. However, 13 

this small particle size results in high pressure drops in adsorption columns and 14 

fixed-bed reactors, making these materials non-applicable directly in the 15 

nanometric size. In this work, ZrO2 fibers with a mean diameter of 275 nm and 16 

the presence of small well-defined ZSM-5 zeolite aggregates of 550 nm in size 17 

around the ZrO2 submicrometric fibers, in the form of a shell-like structure, have 18 

been prepared by electrospinning technique, which resulted very active for the 19 

synthesis of DME and light olefins via methanol dehydration. The 20 

submicrometric fibrillar catalysts, without any further modification, could be 21 

easily structured inside a fixed-bed reactor, which worked very efficiently in 22 

terms of heat and mass transfer, avoiding, at the same time, the usual pressure 23 
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drops problems of fixed-bed reactors working with catalyst particles of 24 

submicrometric size. Methanol conversion and selectivity to DME and light 25 

hydrocarbons could be finely controlled, for a given set reaction conditions, by 26 

tuning the zeolite loading in the structured catalyst. Apparent kinetic parameters 27 

for the selective methanol dehydration to DME were calculated assuming a 28 

reversible second order rate expression and an activation energy of 75 kJ/ mol 29 

was obtained.  30 
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 36 

1.- Introduction 37 

Zeolites, an important kind of crystalline aluminosilicates, are widely used in 38 

many applications, such as, carbon dioxide capturing [1], catalysis [2] and gas 39 

sensing [3]. These materials present a network of channels at a molecular 40 

scale, which provides these aluminosilicates a uniform and ordered 41 

microporous structure [4]. This well-defined microporosity confers the materials 42 

a high surface area, along with an excellent stability and unique shape 43 

selectivity. 44 

Most of the current zeolites are used in a particulate form or structure according 45 

to their applications [5,6]. These materials are usually commercialized in 46 
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powder form, with particle sizes ranging from several thousands of nanometers 47 

to several microns [7]. This small particle size favors the intraparticle mass 48 

transfer of the reactants and products. However, it also results in high pressure 49 

drops in fixed-bed reactors, making these materials non-applicable directly. To 50 

overcome this issue, zeolites need to be mixed with other compounds in order 51 

to be pelletized or even structured in form of monolith. This packing process 52 

usually results in the decrease of the specific surface area [8,9] and, thus, in the 53 

loss of efficiency of the material [10,11]. Therefore, although pressure drops 54 

limitations could be overcome by different strategies, the loss of performance 55 

derived from these agglomeration processes is still a pending issue that need to 56 

be addressed.  57 

Besides, the microporous size of the channels present in the structure of the 58 

zeolite is frequently translated into intraparticle diffusion limitations [4,12], 59 

especially in catalysis applications. Moreover, highly exothermic reactions could 60 

also introduce heat transfer problems [13], giving rise to hotspots in chemical 61 

reactors that may seriously damage the catalyst. Regarding these issues, there 62 

is a growing interest in directly using nanosized zeolites [14–17], due to the 63 

improvement of mass transfer of the reactant to the active sites.  64 

One of the applications for zeolite materials that is receiving a great deal of 65 

attention is their use as acid catalyst for methanol dehydration to selectively 66 

produce dimethyl ether (DME) [18,19] or light olefins [20,21]. DME is a 67 

chemically stable, non-toxic and environmentally friendly compound. Due to its 68 

physical and chemical properties, similar to those of liquified petroleum gases 69 

(LPG) [22] and conventional diesel [23,24], plus the clean combustion achieved 70 

when used as fuel [25], this compound is considered as one of the most 71 
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promising alternatives to petroleum derived fuel and, thus, the study of DME 72 

production has been the object of intensive research [26–28]. Currently, 73 

methanol dehydration on an acid catalyst is the main process to produce DME. 74 

Selective methanol dehydration to DME has been widely investigated using 75 

several solid acid catalyst [6,14,29]. Among them, zeolites have been 76 

intensively investigated, due to the excellent catalytic performance they present. 77 

On this issue, Rownaghi et al. [14] reported that scaling down the zeolite crystal 78 

size to the nanometric scale resulted in the enhancement of the catalytic activity 79 

and selectivity to DME, as compared to conventional zeolite particle sizes, due 80 

to the higher number of pore entrances available for reactant and products for 81 

the nanosized zeolite. Catizzone et al. [18] also observed that the use of 82 

submicron-sized zeolite crystals led to an increase of the apparent methanol 83 

turn over frequency (TOF) due to the improved mass transfer in the process 84 

and to the enhanced accessibility to the active sites, when compared with 85 

conventional sized zeolites. On the other hand, the use of zeolites as catalysts 86 

for methanol dehydration to light olefins (Methanol to Olefins -MTO- process), is 87 

also receiving much attention. MTO process is nowadays considered as a 88 

valuable alternative synthetic route to fulfil the increasing worldwide demand of 89 

ethylene and propylene [30]. In order to attain a high yield towards light olefins, 90 

a low zeolite crystal size has been reported to be beneficial [31]. On this issue, 91 

some authors reported the preparation of zeolite-supported catalysts, which 92 

allow the feasible operation of a fixed-bed reactor, in terms of pressure drops, 93 

while keeping a short reaction path for light olefins, preventing their further 94 

conversion to higher hydrocarbons. Ivanova et al. [32], reported the preparation 95 

of ZSM-5/-𝛽SiC foam structured catalysts, which overperformed conventional 96 
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zeolite catalysts beds, in terms of activity and selectivity to light olefins, for the 97 

MTO process. Zhang et al. [33] prepared ZSM-5 zeolite supported catalysts via 98 

hydrothermal synthesis on perlite supports, which demonstrated a fairly good 99 

catalytic activity for the light olefins production by MTO. However, the 100 

preparation of these catalyst is not straightforward, making necessary complex 101 

experimental methodologies that involve several stages. Therefore, the 102 

establishment of new synthesis approaches for the ease preparation of zeolite 103 

supported catalysts still remains a challenge.  104 

Electrospinning is a simple and straightforward technique that has been used to 105 

obtain carbonaceous and polymeric fibers in the submicron and nanoscale 106 

[34,35]. In this process, a viscous polymer solution, held by its surface tension 107 

at the end of a capillary tube, is subjected to a high voltage electric field, 108 

inducing the ejection of a charged liquid jet to a collector electrode. Due to the 109 

electrostatic repulsions between the surface charges, an unstable whipping of 110 

the jet occurs in the space between the capillary tip and the collector electrodes, 111 

provoking the solvent evaporation and leading to the deposition of polymeric 112 

fibers on the collector [36]. This technique has been proved to be a very efficient 113 

approach for the preparation of catalysts [34,37,38]. On the preparation of 114 

zeolite fibers, a few studies can be found in the literature. Anis and Hashaikeh 115 

[39] reported the preparation of electrospun zeolite-Y fibers. Liu et al. [37] 116 

reported the preparation of hollow ZSM-5 fibers and the application of this 117 

material into the iso-butane catalytic cracking. These experimental procedures 118 

lead to the preparation of continuous zeolite fibers. However, highly exothermic 119 

reactions, such as MTO, could introduce heat transfer problems in chemical 120 

reactors, giving rise to the formation of un-anticipated hotspots that may 121 
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seriously damage the catalyst. Under this high exothermic scenario, catalyst 122 

particles need to be diluted in the fixed-bed to avoid such hotspots generation 123 

inside the reactor [13,40] and, thus, the application of the reported fibrillar 124 

materials could be restricted.  125 

In this study, we report a straightforward method for the one-step preparation of 126 

submicrometric structured zirconia-zeolite fibrillar materials by using the 127 

electrospinning technique. By this way, ZSM-5 zeolite submicron particle 128 

aggregates covering the zirconia fibers in a shell-like structure, homogeneously 129 

separated (diluted), along the zirconia fiber have been prepared. We also report 130 

the use of these materials as efficient catalysts for methanol dehydration to 131 

dimethyl ether and light olefins. 132 

 133 

2.- Experimental method 134 

2.1.- Preparation of fibrillar catalysts 135 

The experimental procedure followed for the preparation of the fibers presented 136 

in this work involves the preparation of a polymer solution, the electrospinning 137 

of the resulting solution and the calcination of the prepared fibers.  138 

Zirconium acetate solution was used as zirconia precursor and PVP was added 139 

to obtain the polymeric solution, giving the suitable viscosity to make the 140 

solution electrospinnable. The Zirconium-PVP solution was prepared by mixing 141 

5 g of zirconium acetate solution diluted in acetic acid (Sigma–Aldrich, CAS 142 

7585-20-8, Zr+x·xCH3COOH, Zr ∼16 % (w/w)) and 350 mg of 143 

polyvinylpyrrolidone, PVP (CAS 9003-39-8, Mw = 1,300,000). The resulted 144 
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solution was vigorously stirred for 12 h up to transparency. The addition of 145 

different amounts of ZSM-5 (MFI) zeolite (Zeolyst international, CBV 5524G, 146 

SiO2/Al2O3 50, with mean crystal size of 120 nm) and 1 g of acetic acid to this 147 

zirconium-PVP solution resulted in the preparation of different zeolite-zirconium-148 

PVP suspensions, which were vigorously stirred for 10 hours. The 149 

concentrations of zeolite in the polymeric solutions were adjusted to obtain 150 

zeolite contents ranging from 5 to 50 %(w/w) in the final fiber, after calcination. 151 

The electrospinning set-up used for the electrospun process consisted of a 152 

syringe pump, a needle or spinneret, a plate collector and two high voltage 153 

power suppliers. In a typical experiment, the flow rate of the solution through the 154 

spinneret was set to 0.5 mL/h, the tip-to-collector distance was 20 cm and the 155 

electrical potential difference was 14 kV. Samples prepared following this 156 

procedure were denoted as FZrXZ, where X refers to the zeolite loading mass 157 

percentage. 158 

Finally, the as-spun fibers were recovered in form of non-woven cloth and then 159 

calcined in a muffle furnace at 500 ºC for 4 h under air atmosphere, to eliminate 160 

the remaining solvent, the polymer and any carbon deposit, stabilize the 161 

zirconia fibers and to transform the zeolite from the ammonium to the hydrogen 162 

form.  163 

2.2.- Characterization of the catalytic materials. 164 

The surface morphology of the samples was studied by scanning electron 165 

microscopy (SEM) using a Jeol JSM-6490LV microscope working at 20 kV 166 

voltage and by transmission electron microscopy (TEM) in a FEI Talos F200X 167 

microscope at an accelerating voltage of 200 kV and in a high annular dark field 168 

(HAADF). Three dimensional (3D)-TEM measurements were carried out using a 169 
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FEI Talos F200X microscope at 200 kV and in a high annular dark field 170 

(HAADF), where 2D-projections images with tilt angles ranging from -70 to 70o 171 

(206 TEM images in total) were automatically acquired. 3D images were 172 

reconstructed using Amira-Avizo for FEI and Inspect3D software. 173 

The porous texture of the prepared fibers was characterized by N2 adsorption-174 

desorption at -196 ºC and by CO2 adsorption at 0 ºC, carried out in an ASAP 175 

2020 equipment (Micromeritics). Samples were previously outgassed for 8 h at 176 

150 ºC under vacuum. From the N2 isotherm, the apparent surface area (ABET) 177 

was determined by applying the BET equation [41]; the application of t method 178 

using Harkins and Jura equation allowed the estimation of the micropore 179 

volume (Vt) and the external surface area (At) [42]; mesopore volume (Vmes) 180 

was calculated as the difference between the maximum adsorbed volume of N2 181 

(Vp), at a relative pressure of 0.95 and the micropore volume (Vt). From CO2 182 

adsorption data, the narrow micropore surface area (ADR) and the narrow 183 

micropore volume (VDR) were assessed using the Dubinin-Radushkevich 184 

equation [43]. 185 

X-ray diffraction patterns (XRD) of the calcined fibers were recorded in the 186 

region 2θ= 5-90 º on an EMPYREAN PANalytical diffractometer using CuKα 187 

monochromatic radiation (operation value 45 kV and 40 mA), using a PIXcel 188 

detector and Soller slits (incident and diffracted beam) of 0.04 rad. The average 189 

size of the crystal phases was calculated by applying the Williamson-Hall 190 

method [44]. 191 

The acid strength distribution and total acidity of the prepared fibers were 192 

determined by temperature programmed desorption of ammonia (NH3-TPD). 193 

For NH3-TPD analyses, 100 mg of the prepared material was firstly heated up 194 
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to 500 ºC at a heating rate of 10 ºC/min, and then cooled to 100 ºC under 195 

helium flow. Then the sample was saturated with NH3 (20 % (v/v) in helium) for 196 

15 minutes at 100 ºC. After saturation, the weakly adsorbed NH3 was desorbed 197 

in helium flow at the same temperature, until no NH3 was detected in the outlet 198 

stream. The NH3-TPD was carried out rising the temperature up to 500 ºC at a 199 

heating rate of 10 ºC/min under continuous helium flow. The outlet NH3 200 

concentration was registered using a TCD-detector. 201 

2.2.- Catalytic experiments. 202 

Gas phase methanol dehydration experiments were carried out at atmospheric 203 

pressure in a fixed-bed microreactor (i.d. 4 mm) placed inside a vertical furnace 204 

with temperature control. In a typical experiment, 150 mg of fibers were used. 205 

Methanol was fed to the system by using a syringe pump (Cole-Parmer® 74900-206 

00-05 model), using helium as carrier gas, which ensured a constant controlled 207 

methanol flow. The reaction was carried out in the temperature range of 180-208 

450 ºC. To avoid condensation of any compound, all lines were heated up to 209 

120 ºC. The feed conditions used were a methanol partial pressure of 0.10 atm  210 

(1.013 ∙104 Pa) and at different space times 0.002 - 0.01 (gZSM-5·s/μmolMeOH). 211 

The conversion was defined as the ratio of the amount of methanol converted to 212 

the amount of methanol supplied to the reactor and was expressed in molar %. 213 

The selectivity (in %mol) was defined as the ratio of carbon moles in a specific 214 

product divided by moles of converted methanol. The apparent turnover 215 

frequency (TOF) values were calculated as the moles of methanol converted 216 

per hour and per acid site, at a reaction temperature of 180 ºC. 217 

The outlet gas concentrations were quantified by on-line gas chromatography 218 

(Perkin-Elmer Clarus 500 GC equipped with TCD and FID detectors). The 219 
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columns used were a Permanent gases active carbon 80/100 mesh for CO, 220 

CO2 analysis, and a 1.9m x 1/8” x 2.1mm Porapak N 80/100 + 0.5m x 1/8” x 221 

2.1mm Porapak Q 80/100 column for methanol, DME and light hydrocarbons 222 

separation. N2 was used as internal standard for GC analyses. 223 

 224 

3.- Results and discussion  225 

3.1.- Zirconia-Zeolite fibers characterization 226 

The morphology of the zirconia-zeolite fibers was examined by scanning 227 

electron microscopy (SEM) and transmission electron microscopy (TEM). Fig. 228 

1a presents a SEM image of the prepared zirconia fibers. The size and shape of 229 

these fibers was highly uniform, with diameters ranging from 200 to 300 nm. 230 

Moreover, it could be observed the absence of fused zones or beads. Fig. 1b 231 

shows a SEM image of the zirconia-zeolite fibers with a 10 %(w/w) of ZSM-5 232 

zeolite. In this case, two well-defined structures could be appreciated. The 233 

material was mainly composed by smooth fibers, similar to the zirconia fibers 234 

observed in Fig. 1a, and small well-defined particle aggregations along the 235 

fibers, presenting an average size of about 550 nm, homogeneously spaced 236 

(diluted) along the fiber. 237 

 238 

a) b) c)
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Fig. 1. Scanning electron micrographs of the fibers calcined at 500 ºC in air (a) 239 

zirconia fibers, (b) zirconia-zeolite fibers (10 % (w/w) zeolite). 240 

The chemical composition of the two different phases presented on the zirconia-241 

zeolite fibrillar materials was analyzed by transmission electron microscopy 242 

energy-dispersive X-ray spectroscopy (TEM-EDXA). Fig. 2a shows a high-angle 243 

annular dark field scanning transmission electron microscopy (HAADF-STEM) 244 

image along with the Zr and Si EDXA elemental mappings composite of a 245 

region of the material containing a particles aggregation. As expected, the 246 

smooth fibrillar part of the material was only composed by zirconium oxide, 247 

since no Si was detected in this region. In contrast, the particles aggregation 248 

region exhibited the presence of both Zr and Si, evidencing the presence of 249 

aggregates of zeolite particles, in a similar way to the ones reported for SiO2 250 

[45] and polystyrene nanoparticles [46]. A reduction of the particle size has been 251 

reported to cause the formation of aggregates into clusters of particles around 252 

the fibers, due to the smaller particles have relatively large surface energy and 253 

the diameter of the fiber is larger than the size of particles, so the particles have 254 

to pack together [45]. Fig 2b shows 3D-TEM/electron tomography images from 255 

various rotation angles of a region of the fiber containing a zeolite particles 256 

aggregation. From these 3D images it can be observed that the zeolite particles 257 

assembling seemed to occur, in this case, surrounding the zirconium oxide 258 

submicron fiber, creating local shell-like structures with sizes ranging from 350 259 

to 550 nm. The average size of the zeolite particles in the aggregates obtained 260 

from TEM analyses showed a value of 120 nm. X-ray diffraction (XRD) analyses 261 

of the zeolite containing samples further confirmed the presence of the two 262 

crystalline phases, zeolite (ZSM-5) and tetragonal zirconium oxide (see Fig. 263 
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S1). From XRD analyses, the mean crystal size value of these zeolite particles 264 

was estimated as 60 nm, by applying the Williamson-Hall method. 265 

 266 

Fig. 2. a) HAADF-STEM image, and Si (yellow) and Zr (blue) EDXA elemental 267 

mappings composite, of a zeolite particles aggregation in the zirconia-zeolite 268 

fibers. Scale bar is 400 nm. b) 3D-TEM/electron tomography images from 269 

various rotation angles of a region of the fiber containing a zeolite particles 270 

aggregation. 271 

The increase of the zeolite concentration in the electrospinning solution resulted 272 

in a higher proportion of the local zirconia-zeolite aggregates in the form of 273 

shell-like structures, with the corresponding reduction of the distance between 274 

these zirconia-zeolite shell-like structures along the fibers (see Fig. 3). The 275 
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average measured distance for the separation between the zeolite aggregates 276 

showed values of 9.5, 4.5 and 1.75 μm, for zeolite concentrations of 5, 10 and 277 

15 %(w/w), respectively. Thus, a linear relationship between the zeolite content 278 

and the distance separating the local zeolite aggregates in the form of core-279 

shell like structures along the fibers was observed, in this loading range. When 280 

the zirconium fibers containing a zeolite content of 20 %(w/w) were analyzed, 281 

the distance between the zeolite aggregates along the fiber continued to 282 

decrease, showing an average value of 0.91 μm. Moreover, it was observed 283 

that the zirconia-zeolite shell-like structures started to join for zeolite loadings 284 

higher than 20 %(w/w). Actually, for the case of the sample containing a 50 285 

%(w/w) of zeolite a hybrid fibrillar material with ZSM-5 zeolites covering the 286 

zirconia fibers as in a shell-like structure was observed (Fig. 3b).  287 

 288 
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Fig. 3. Transmission electron micrographs for the zirconia-zeolite fibers. Effect 289 

of % (w/w) zeolite in the final fiber. a) Scale bar is 2 m. b) Scale bar is 500 nm. 290 

N2 adsorption-desorption studies were carried out in order to evaluate the 291 

possible loss of textural properties in the zeolite as a consequence of the 292 

preparation process. Fig. 4a presents the N2 adsorption-desorption isotherms at 293 

-196 ºC for the ZSM-5 zeolite along with the zirconia and the zirconia-zeolite 294 

fibrillar materials prepared in this study. Zirconia fibers, FZr, showed very low N2 295 

adsorption, suggesting a non-porous texture. ZSM-5 zeolite showed a type Ib 296 

isotherm, which is characteristic of solids with narrow microporosity [47]. N2 297 

uptake of the zirconia-zeolite fibers showed a high dependence on the zeolite 298 

content, especially in the range of low relative pressures. In this sense, the 299 

higher the zeolite content, the higher the N2 adsorption. H4 hysteresis loop was 300 

observed for the zeolite and zirconia-zeolite fibers, which is associated to 301 

zeolite nanocrystal aggregations [47]. CO2 adsorption isotherms showed the 302 

same trend, indicating that the presence of the narrow microporosity is mainly 303 

related to the presence of zeolite in the fibrillar materials (Fig. 4b).  304 

 305 

Fig. 4. a) N2 adsorption–desorption isotherms at −196 ºC and b) CO2 adsorption 306 

at 0 ºC of ZSM-5 zeolite, the zirconia and the zirconia zeolite fibers. 307 
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Table 1 summarizes the characteristic parameters derived from the N2 308 

adsorption-desorption and the CO2 adsorption isotherms. The calculated 309 

Bruneauer-Emmett-Teller (BET) specific surface area (ABET) for the powder 310 

zeolite, ZSM-5, and the zirconia fibers, FZr, showed values of 442 and 7 m2/g, 311 

respectively. When analyzing the zirconia-zeolite fibers, it was found that the 312 

value of this parameter increased with the zeolite content of the sample, 313 

showing values close to the proportional sum of the pure zeolite and the 314 

zirconia fibers. In this sense, the calculated values for the fibers containing a 10, 315 

20 and 50 %(w/w) of zeolite, were 42, 82 and 217 m2/g, respectively. ADR values 316 

calculated from CO2 adsorption isotherms showed the same trend, further 317 

suggesting that the microporous texture of the raw zeolite is not deteriorated 318 

during the preparation of the structured catalysts. However, this trend was not 319 

observed when analyzing the external surface area, At
N2, which showed higher 320 

values than the predicted by the proportional sum of their individual components 321 

in all prepared fibrillar materials. In this sense, the At
N2 values normalized to the 322 

zeolite content showed the following figures: 1.5, 1.2, 1.1 and 0.5 m2/g for the 323 

fibers containing a 10, 20 and a 50 % of zeolite loading and the raw zeolite, 324 

respectively, which suggest that the more isolated the zeolite nanoparticles are, 325 

the higher external surface area. Therefore, the preparation procedure here 326 

presented did not caused a loss of accessibility to the zeolite internal surface in 327 

the hybrid fibrillar material. Furthermore, the final hybrid fibrillar material 328 

presented a high external surface area, which is very relevant for catalysis 329 

applications. 330 

Table 1. ZSM-5 loading, characteristic parameters of the porous texture, and 331 

acidity determined by NH3-TPD of the different catalysts. 332 
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   % ZSM-5 ABET
N2  Vp

N2 At
N2 Vt

N2  ADR
CO2 VDR

CO2 Acidity  

  %(w/w) (m2/g) (cm3/g) (m2/g) (cm3/g) (m2/g) (cm3/g) (mol NH3/g) 

FZr 0 7 0.01 7 0 4 0 31 

FZr10Z 10 42 0.04 15 0.01 53 0.02 181 

FZr20Z 20 82 0.07 24 0.03 95 0.04 280 

FZr50Z 50 217 0.19 56 0.07 229 0.09 585 

ZSM-5 100 442 0.28 51 0.17 509 0.20 977 

 333 

Acid properties of the materials here presented were studied by temperature 334 

programmed desorption of ammonia (NH3-TPD). Table 1 contains the total 335 

amount of ammonia desorbed during TPD, obtained by the integration of the 336 

area under NH3-TPD curves. Zirconia fibers, FZr, desorbed a negligible amount 337 

of ammonia during NH3-TPD analysis, which indicated the low acidic character 338 

of this material. As it occurred with the textural parameters, the total acidity of 339 

the zirconia-zeolite materials linearly increased with the amount of ZSM-5, 340 

indicating that the acidity of these materials could be mainly attributed to the 341 

presence of zeolite. Fig. 5 presents the NH3-TPD profiles obtained for the 342 

parent ZSM-5 zeolite along with the prepared zirconia and the zirconia-zeolite 343 

fibers. ZSM-5 zeolite showed two ammonia desorption peaks, with maximum at 344 

225 and at 410 ºC, respectively. The former could be associated to weak acid 345 

sites, probably of Lewis nature, while the latter could be related to ammonia 346 

interacting with strong Bronsted acid sites present on the surface of the zeolite 347 

material [48]. The ammonia desorption profiles obtained for the zirconia-zeolite 348 

fibers showed the same shape that the one of the ZSM-5 zeolite, being the 349 

main difference the intensity of the ammonia desorption peaks, associated to 350 

the zeolite content in the fibrillar material. Hence, it can be concluded that the 351 
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acid sites of the parent zeolite and their acid strength distribution remained 352 

unaltered when preparing the fibrillar materials.  353 

 354 

Fig. 5. Ammonia TPD profiles of the ZSM-5 zeolite along with the zirconia and 355 

the zirconia-zeolite fibers. 356 

 357 

3.2. Catalytic dehydration of methanol on the fibrillar catalysts 358 

3.2.1. Calculation of the internal and external mass and heat transfer related 359 

parameters. 360 

Methanol dehydration experiments were carried out in a fixed bed microreactor 361 

(i.d. 4mm) using the fibrillar materials here presented as catalysts, in the 362 

temperature range 180 – 450 ºC. The homogeneous phase reaction 363 

contribution was found to be negligible for temperatures below 600 ºC. Axial 364 

dispersion problems were not considered given that a value of Lb/dp (being Lb 365 

the bed length and dp the particle diameter) was calculated to be 4·104 for the 366 

experimental conditions used in the present study [49,50]. 367 

The absence of external and internal mass-transfer limitations was theoretically 368 

assessed. External mass transfer limitations were evaluated by using the 369 
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Carberry number (Ca) [51]. A value of 1.73·10-8 was calculated for the Ca 370 

number under the experimental conditions used in this study, which is well 371 

below 0.05. Therefore, effect of external mass-transfer limitations can be 372 

considered negligible. The isothermal intraphase internal effectiveness factor, η, 373 

which is a function of the Thiele modulus, ϕ, was used for the evaluation of the 374 

internal mass-transfer limitations. The calculated values for the Thiele modulus 375 

and the internal effectiveness factor were, 5.3·10-3 and 1, respectively, which 376 

clearly highlight the absence of internal mass-transfer limitations.  377 

The absence of extraparticle and intraparticle heat transfer limitation 378 

phenomena was also theoretically assessed following the criteria stated by 379 

Moulijn et al. [51]. According to these criteria, for the consideration of negligible 380 

external and internal heat transfer limitations, the system must satisfy γ·βe·Ca < 381 

0.05 and: γ·βi·(η·φ2) < 0.1, respectively. 382 

𝛾 · 𝛽𝑒 · 𝐶𝑎 = (
𝐸𝑎

𝑅·𝑇𝑏
) · |

(−𝛥𝐻𝑟)·𝑘𝑓·𝑐𝑏

ℎ·𝑇𝑏
| · (

𝑟𝑣,𝑜𝑏𝑠

𝑎′·𝑘𝑓·𝑐𝑏
) = 5.71 · 10 −8  < 0.05  (Eq. 1) 383 

𝛾 · 𝛽𝑖 · (𝜂 · 𝜙2) = (
𝐸𝑎

𝑅·𝑇𝑏
) · |

(−𝛥𝐻𝑟)·𝐷𝑒𝑓𝑓·𝑐𝑠

𝜆𝑒𝑓𝑓,𝑝·𝑇𝑏
| · (

𝑟𝑣,𝑜𝑏𝑠·𝐿2

𝐷𝑒𝑓𝑓·𝑐𝑠
) = 1.7 · 10 −9 < 0.1  (Eq. 2) 384 

In the equations stated above,  = Ea/R·T, is the Arrhenius number, e,i is the 385 

external or internal temperature gradient and (·)  is the Wheeler-Weisz 386 

modulus. The calculated values for the parameters required by both criteria 387 

clearly fulfill the conditions for neglecting the effect of external and internal 388 

diffuse limitations in the present study.  389 

3.2.2. Selective methanol dehydration to DME  390 
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The zirconia-zeolite fibrillar materials here presented were directly used as 391 

catalyst bed for the methanol dehydration reaction, without any further 392 

modification. Fig. 6 shows the steady-state methanol conversion as a function 393 

of the ZSM-5 loading for the fiber-based catalysts at a reaction temperature of 394 

250 ºC (PMeOH = 0.10 atm, W/FMeOH = 0.02 gCAT·s/μmolMeOH). Zirconia fibers, FZr, 395 

not containing zeolite, showed a negligible catalytic activity for this reaction at 396 

these conditions, due to the low acidity this material presented. As expected, 397 

methanol conversion increased with ZSM-5 content in the zirconia-zeolite fibers, 398 

since the surface acidity and, thus, the catalytic activity was related to the 399 

presence of this phase in the material. A very high selectivity to DME (100 %) 400 

was observed for all the materials studied at these operating conditions. 401 

 402 

Fig. 6. Methanol conversion as a function of Zeolite loading for zirconia-zeolite 403 

fibers at a constant temperature of 250 ºC (PMeOH=0.10 atm (1.013 ∙104 Pa), 404 

W/FMeOH=0.02 gCAT·s/μmolMeOH). 405 

Zeolite materials have been widely investigated for the selective dehydration of 406 

methanol to DME [6,14,29]. Rownaghi et al. [14] studied the effect of the zeolite 407 

crystal size in methanol conversion and selectivity to DME. In their study, they 408 
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observed that scaling down the zeolite crystal size to the nanometric size 409 

resulted in a higher methanol conversion. This fact was attributed to the higher 410 

number of pore entrances available on the nanocrystal surface, as compared to 411 

the one of the conventional zeolite particle size [14]. More recently, Catizzone et 412 

al. [6] reported an increase of the apparent turn over frequency (TOF) when 413 

reducing the zeolite crystal size to the submicrometric size, which was ascribed 414 

to the improved mass transfer in the process and to the enhanced accessibility 415 

to the active sites. However, it is worth to mention that for the application of 416 

nanocrystal zeolitic materials in a fixed-bed reactor, they must be pelletized in 417 

order to avoid high pressure drops. On the contrary, the fibrillar catalysts 418 

reported in the present work, showing submicrometric sizes, were synthetized 419 

through a simple one-step process and were (after calcination) directly used in 420 

a fixed-bed reactor. The load of the fibrillar nanostructured catalyst in the fixed-421 

bed reactor resulted in the formation of a structured catalyst bed, which 422 

performed very efficient in terms of intraparticle mass and heat transfer (see 423 

Section 3.2.1), avoiding, at the same time, the problems related to pressure 424 

drops of fixed-bed reactors working with such a reduced particle size. On this 425 

issue, the pressure drop value inside the reactor was also theoretically 426 

calculated and compared to the value obtained for a catalyst bed conformed by 427 

powder catalyst particles with the same effective dimension. The fibrillar 428 

catalytic bed analyzed in the present work (average radius of the fibers= 250 429 

nm) showed a porosity value of 0.97, which is very high as compared to the 430 

values usually found for particle packed beds (ranging from 0.35 to 0.47) [52], 431 

and is in good agreement with the porosity values reported by Jackson and 432 

James for different fibrillar materials [53]. For the operation conditions used in 433 
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this study, the Reynolds number for porous media (Remp) showed a value of 434 

1.73·10-4, indicating a laminar flow regime, in which the pressure drop value can 435 

be estimated by combining the Darcy’s Law along with the Kozeny-Carman 436 

equation [54]. The pressure drops for this fibrillar packed bed showed a value of 437 

0.59 bar/m. On the other hand, the pressure drop value calculated for a packed 438 

bed reactor containing spherical particles presenting the same dimensions as 439 

those of the fibers (average radius of the particles= 250 nm), was 6500 bar/m, 440 

which is several orders of magnitude higher than the value calculated for the 441 

fibrillar packed bed. These theoretical results further back-up the advantage of 442 

using fibrillar catalyst in fixed-bed reactors.  443 

The fibrillar catalysts here presented performed very efficient for the selective 444 

methanol dehydration to DME, in terms of methanol conversion and selectivity 445 

to DME, with no deactivation with time on stream observed at the reaction 446 

conditions studied (see Fig. S2a). This stability with time on stream also 447 

indicated that no zeolite dropped during reaction. Table 2 shows a compilation 448 

of methanol dehydration to DME catalytic activities for different catalysts 449 

reported in the literature. As can be observed, higher conversion values than 450 

those reported for non-zeolite catalyst, such as activated carbon-based [55], 451 

mesoporous silica [56] and alumina-based [57,58] catalyst, were achieved, 452 

even working in the present work at much higher space velocity. As compared 453 

to other zeolite materials, the fibrillar catalysts here presented also 454 

outperformed other zeolite catalysts [14,59]. On the other hand, higher 455 

conversion values than the ones achieved in the present study can be found in 456 

the literature when using ferrierite as catalyst [60]. However, it should be noted 457 

that the space velocity used in those studies is around 3 times lower than the 458 
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one used in here (4 vs 11,5 h-1). In this sense, the apparent turnover frequency 459 

(TOF), calculated at 180 ºC for the fibrillar catalysts here used, showed a value 460 

of 52 h-1, which is within the range of apparent TOF values reported by 461 

Catizzone et al. [6] (45 – 65 h-1) for ferrierite catalysts. These results clearly 462 

highlight the good catalytic performance of the submicron fibrillar catalysts here 463 

presented.   464 

Table 2. Summary of the catalytic results obtained for selective methanol 465 

dehydration to DME on different catalysts. 466 

Catalyst T (ºC) XCH3OH (%) SDME (%) WHSV (h-1) Reference 

FZr10Z 300 70 100 57.7a This work 

FZr50Z 225 53 100 11.5a This work 

FZr50Z 250 72 100 11.5a This work 

γ-χ-Al2O3 250 41 100 1.3b [57] 

Fe2O3/γ-χ-Al2O3 250 46 100 1.3 [58] 

Nano-ZSM-5 225 44 100 2.6 [14] 

Al-MCM-41 250 35 99 1.3b [56] 

N-FER 240 85 99 4 [60] 

ACPZr 300 30 97 14.7c [55] 

Zeolite W  300 20 100 2 [59] 

a Calculated with respect to the ZSM-5 content (active phase) in the catalyst bed 

b Calculated from the stated experimental conditions (methanol flow and catalyst mass) 

c Calculated from the stated experimental conditions (methanol flow and active phase content in the catalyst bed). 

 467 

Apparent kinetic parameters for the selective methanol dehydration to DME 468 

were estimated from conversion vs temperature profiles, obtained at different 469 

zeolite loadings in the catalyst bed (space-times), and considering that 470 
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methanol dehydration reaction (Eq. 3) kinetics can be described by a reversible 471 

second order rate expression (Eq. 4).  472 

2 𝐶𝐻3𝑂𝐻    ⇌    𝐶𝐻3𝑂𝐶𝐻3    +    𝐻2𝑂    (Eq. 3) 473 

𝑟𝐷𝑀𝐸 = 𝑘 · (𝑃𝐶𝐻3𝑂𝐻
2 −

𝑃𝐶𝐻3𝑂𝐶𝐻3·𝑃𝐻2𝑂

𝐾𝑒𝑞
)  (Eq. 4) 474 

In Eq. 4, k is the apparent rate constant (molMeOH·gZSM-5
-1·s-1·atm-1), which 475 

follows an Arrhenius type dependence with temperature; PCH3OH, PCH3OCH3 and 476 

PH2O represents the methanol, DME and water vapor partial pressures, 477 

respectively; and Keq is the equilibrium constant for the methanol dehydration 478 

reaction, which can be described as a function of the temperature as follows 479 

(Eq. 5) [61]:  480 

ln(𝐾𝑒𝑞) =
2835.2

𝑇
+ 1.675 · ln(𝑇) − 2.39 · 10−4 − 0.21 · 10−6 · 𝑇2 − 13.360    (Eq. 5) 481 

Further assuming a uniform distribution of the active sites in the catalyst bed, 482 

steady-state operation and negligible heat and mass transfer limitations (see 483 

Section 3.2.1), a plug flow integral reactor was considered for the interpretation 484 

of the experimental data. For this purpose, the reactor mass balance equation 485 

(Eq. 6) was numerically integrated to calculate the methanol conversion at the 486 

reactor outlet.  487 

𝑃𝑀,0
𝑑𝑥𝑀

𝑑(
𝑊𝑍𝑆𝑀−5

𝐹𝑀,0
)

= (−𝑟𝑀) = 2 ·  𝑟𝐷𝑀𝐸  (Eq. 6) 488 

In the above expression, WZSM-5 is the weight of zeolite in the catalyst bed, FM,0 489 

is the methanol molar flow rate fed to the reactor and xM is the methanol 490 

conversion.  491 
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The calculation of the kinetic parameters, preexponential factor and activation 492 

energy, was carried out by minimizing the quadratic difference between the 493 

experimental and the simulated methanol conversion values. Fig. 7 shows the 494 

simulated and the experimental methanol conversion values as a function of the 495 

temperature for different space times. As can be observed, this kinetic model is 496 

capable of reproducing the experimental data with a very high accuracy. The 497 

calculated preexponential factor and activation energy values were 3.9·104 498 

molMeOH·gZSM-5
-1·s-1·atm-1 and 75 kJ/mol, respectively. The value of activation 499 

energy calculated in the present work is in good agreement with other studies 500 

available in the literature, dealing with methanol dehydration to DME using 501 

zeolite catalysts, which reported values for this kinetic parameter ranging from 502 

52- 61 kJ/mol [40,62,63] to 90-100 kJ/mol [64–66]. 503 

 504 

Fig. 7. Simulated (solid lines) and experimental (open dots) steady-state 505 

methanol conversion as a function of the reaction temperature for the fibrillar 506 

catalysts at a constant partial pressure of methanol PM=0.1 atm (1.013 ∙104 Pa), 507 

for different WZSM-5/FM,0 (space time). 508 

3.2.3. Methanol dehydration to olefins 509 
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The presence of acid sites with a high strength on the surface of ZSM-5 zeolite, 510 

further promotes DME dehydration to hydrocarbons [67,68]. In order to attain a 511 

high yield towards low olefins, the use of a low zeolite crystal size has been 512 

claimed to be beneficial [31]. Aiming to allow a feasible operation of a fixed bed 513 

reactor, in terms of pressure drops, when using a very low zeolite particle and 514 

crystal size, the use of supported zeolite catalysts has been explored 515 

[32,33,69,70]. However, the preparation methodologies required for the 516 

synthesis of these structured catalysts involve several complex and costly 517 

stages. Conversely, as already stated, the preparation methodology here 518 

reported allows a simple and straightforward synthesis of structured fibrillar 519 

catalysts. Furthermore, it is also interesting to mention that by the experimental 520 

methodology here presented it is also feasible to obtain a uniform and 521 

controlled acid sites density on the catalysts (through the separation -or dilution- 522 

of the core shell-like nanostructures, in the submicrometric scale), by simply 523 

adjusting the amount of ZSM-5 zeolite in the electrospinning solution.  524 

The effect of space time (in terms of zeolite content in the catalyst bed) and 525 

reactor temperature over the product distribution was also analyzed in the 526 

present study. Zirconia fibers, FZr, not containing zeolite, showed a methanol 527 

conversion lower than 5% up to 400 ºC, yielding DME as a major product, which 528 

is in agreement with the low acidity this material present. Fig. 8a and b show the 529 

evolution of the methanol conversion and selectivity to the main products as a 530 

function of reaction temperature, respectively, for a fibrillar catalyst containing a 531 

20 %(w/w) zeolite. An increase in the reaction temperature resulted in a higher 532 

methanol conversion. Regarding the selectivity to the main reaction products, 533 

the high selectivity (100%) to DME in the temperature range of 200-300 ºC was 534 
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remarkable. At higher temperatures (350-400 ºC), the selectivity to light 535 

hydrocarbons (C2- C4) was also outstanding (higher than 60 %), which makes 536 

these materials also very attractive for the methanol to olefins (MTO) process 537 

[33,71]. Regarding the stability of the catalyst, no deactivation was observed, at 538 

least, up to 10 hours of time on stream (at 400 ºC) (see Fig. S2b). After this 539 

time, the catalyst just experienced a partial deactivation, presumably due to 540 

coke deposition [72,73] on the strongest acid sites and, afterwards, it continued 541 

keeping a total functionality for the selective methanol dehydration to DME, with 542 

no further deactivation. 543 

 544 

Fig. 8. a) Methanol conversion and b) selectivity to DME and light olefins as a 545 

function of the temperature for the catalyst containing a 20 %(w/w) zeolite 546 

(PMeOH=0.10 atm, W/FMeOH=0.004 gZSM-5·s/μmolMeOH).  547 

 548 

The selectivity towards DME and light hydrocarbons at different temperatures 549 

for a constant bed mass of the zirconia-zeolite fibrillar catalysts, with zeolite 550 

loadings of 10, 20 and 50 %(w/w), are summarized in Table 3. DME was further 551 

converted to light olefins when rising the temperature. The temperature value at 552 

which selectivity to DME dropped was related to the zeolite content in the 553 

catalyst (or the space time with respect to the zeolite mass in the reactor). 554 
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Among the light olefin products, selectivity to C2 and C3 increased with the 555 

amount of zeolite in the catalyst, for similar reaction temperature and methanol 556 

conversion values. In this sense, the increase of methanol conversion and 557 

selectivity to light hydrocarbons could be finely controlled by increasing the 558 

zeolite loading in the catalyst, for other set reaction conditions.  559 

It is also worth to mention that high exothermic reactions, such as MTO 560 

process, could introduce heat transfer problems in chemical reactors, giving rise 561 

to the formation of unexpected hotspots that may seriously damage the catalyst 562 

bed, particularly, in the presence of water vapor for zeolites. In order to avoid 563 

such scenario, conventional catalyst size particles need to be diluted in the 564 

fixed-bed reactor to avoid this hotspots generation inside the reactor [13,40]. As 565 

an alternative to conventional particulate catalysts, the preparation methodology 566 

here reported yields structured fibrillar catalysts with a tunable separation 567 

between submicron nanostructured zeolite aggregates along the fiber, which 568 

could act as a diluted bed, once inside the reactor. By this way, it is possible to 569 

set the separation distance between the active catalyst nanoparticles (dilution) 570 

within the catalyst bed, which could be beneficial for the control of heat 571 

accumulation processes inside the reactor, while keeping a high mass transfer 572 

due to the reduced active phase particle size, and, thus, for a more efficient 573 

reactor operation. Furthermore, it is also interesting to point out that, once 574 

packed in a fixed bed reactor, very high (and tunable) void fractions could be 575 

obtained (up to 0.95), while using immobilized particles, which could be also an 576 

interesting feature when using chemical reactors working at a larger scale.  577 

 578 
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Table 3. Methanol conversion and selectivity to DME and light hydrocarbons, at 579 

different temperatures, for the zirconia-zeolite fibrillar catalysts with zeolite 580 

loadings of 10, 20 and 50 %(w/w), (PMeOH = 0.10 atm, W/FMeOH = 0.02 581 

gcat·s/μmolMeOH). 582 

Catalyst Temperature XMeOH SDME SC2 SC3 SC4 

FZR10Z 

300 65.8 100 0 0 0 

350 84.48 100 0 0 0 

375 87.9 48.5 3.0 15.7 7.7 

400 92.7 20.1 3.3 29.0 14.9 

              

FZR20Z 

300 82.4 100 0 0 0 

350 93.2 37.5 7.6 15.5 13.4 

375 96.5 11.4 8.9 24.9 15.9 

400 97.1 3.19 6.6 29.7 17.9 

FZR50Z 

            

300 90.2 63.7 8.0 9.4 2.8 

350 93.5 1.7 12.0 20.7 15.0 

375 97.7 0.4 9.6 27.0 19.0 

400 98.1 0.1 8.9 32.9 20.9 

 583 

4.- Conclusions 584 

Electrospinning is a useful technique for the one-step preparation of submicron 585 

(nanostructured) ZrO2-ZSM-5 fibrillar materials in the form of core-shell like 586 

structures. SEM and TEM images showed fibers with a high aspect ratio and 587 

mean sizes of 275 nm and the presence of zeolite aggregates around the ZrO2 588 

nanofiber, in the form of core-shell like structures. X-ray diffraction (XRD) 589 

analyses further confirmed the presence of both zirconia and ZSM-5 zeolite 590 
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crystal phases. The submicron nanostructured fibrillar catalysts here presented 591 

could be easily packed inside a fixed-bed reactor, without any further 592 

modification, and worked very efficiently for the methanol dehydration reaction 593 

in terms of heat and mass transfer, avoiding, at the same time, the usual 594 

pressure drops problems of fixed-bed reactors working with catalyst particles of 595 

submicrometric size.  596 

The experimental methodology here presented allowed to the feasible obtention 597 

of a uniform and controlled acid sites density (dilution) in the catalyst bed 598 

through the separation of the core shell-like nanostructures, in the 599 

submicrometric scale, by simply adjusting the amount of ZSM-5 zeolite in the 600 

electrospinning solution. The increase of methanol conversion and selectivity to 601 

DME and light hydrocarbons could be finely controlled by increasing the zeolite 602 

loading in the catalyst, for a given set reaction conditions.  603 

Apparent kinetic parameters for the selective methanol dehydration to DME 604 

were calculated assuming a reversible second order rate expression and 605 

considering a plug flow integral reactor for the interpretation of the experimental 606 

data. The calculated activation energy showed a value of 75 kJ/mol.  607 
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