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Executive Summary 

This Deliverable 3.8 "Development of BTX-selective synthesis catalyst" is a public document 

produced in the framework of the CO2SMOS project. The deliverable gathers the main activities 

performed by CSIC in the period M4-M28 under subtask 3.4.2 aiming at the development of 

tandem catalysts for the direct (in a single reactor) production of high-value aromatics from 

syngas (CO+H2) derived from biogenic CO2 emissions. The tandem catalysts proposed in the 

project for this process (commonly referred to as STA: Syngas-to-Aromatics) combine a partially 

reducible metal oxide with zeolite ZSM-5 and operate through a catalytic pathway involving 

methanol as intermediate. A main objective of the catalyst development activities reported in 

this D3.8 is to maximize the selectivity to the lighter BTX (benzene, toluene, xylenes) aromatics 

fraction and, particularly, to the most valuable para-xylene (PX) isomer.  

Based on an initial screening study, a high surface area ZrO2 with pure tetragonal crystalline 

phase doped with a small amount of Zn (Zn/Zr = 1/50 at./at.) was selected as oxide component. 

On the other hand, several commercial and home-synthesized H-ZSM-5 samples differing in 

crystallite size and Brønsted acidity (i.e., Si/Al ratio) were employed as starting materials for 

optimization of the zeolite component. Tandem catalysts comprising physical mixtures of the 

selected Zn-ZrO2 oxide and the starting zeolites exhibited good activity (CO conversion > 15%) 

and high selectivity of total aromatics (> 70%) albeit poor selectivity to the most desired BTX and 

PX aromatics. In order to enhance the BTX/PX selectivity, the application of different treatments 

to tune the properties of the original zeolites was investigated in detail. The following sequence 

of treatments was found the most suitable strategy to maximize the BTX/PX selectivity: 1) 

pretreatment of the zeolite surface with CTAB surfactant, 2) effective passivation of 

(unselective) external acid sites via multiple consecutive silylation cycles, and 3) incorporation 

of a suitable amount of MgO.  

At reaction conditions compatible with the ultimate integration of the STA catalyst in the e-CMR 

developed under task 3.4 (400 °C, 30 bar), the catalysts based on the zeolites with Si/Al ratio of 

31 (HZ31) and 112 (HZ112) submitted to the above sequence of treatments afforded similar CO 

conversion of 26 – 27%, aromatics selectivity of 61%, BTEX selectivity in aromatics of 55 – 58%, 

and PX selectivity of 24% in aromatics and 51 – 54% in total xylenes. The HZ112 zeolite, having 

lower Brønsted acidity, displayed a greater stability during the STA reaction and was, therefore, 

selected as the zeolite component of the bifunctional STA catalyst.   
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1. Objective and scope of the deliverable 

The objective of this deliverable D3.8 is to gather the main activities performed under subtask 

3.4.2 (M4-M28) of the CO2SMOS project concerning the development of efficient catalysts for 

the direct conversion of bio-based syngas into aromatic hydrocarbons. Particular efforts were 

made to maximize the selectivity to the most valuable BTX (benzene, toluene, xylenes) and para-

xylene (PX) aromatics that are important chemical commodities for the production of a wide 

range of everyday products including polymers, cosmetics, dyes, surfactants, medicines, and 

synthetic rubbers, among others.  

The deliverable is structured in different sections as follows. First, the general design concept of 

the OXZEO (oxide-zeolite) catalysts developed in the project for the syngas-to-aromatics (STA) 

process is introduced in Section 2. Section 3 gathers the activities carried out for the selection 

of a suitable oxide component. The studies concerning the optimization and selection of the 

zeolite component are summarized in Section 4. The main conclusions derived from the results 

reported in this deliverable are presented in Section 5. The list of references and abbreviations 

used along the document are given in Section 6 and Section 7, respectively. Finally, the 

experimental conditions employed for catalyst characterization and testing as well as the KPIs 

established for Tech#5 of the project in which subtask 3.4.2 is framed are provided in an 

Appendix at the end of the document.  

We clarify here that the present deliverable does not intend to provide scientifically sound 

structure-performance correlations for the STA catalysts developed in the project. Establishing 

such correlations requires a more in-depth characterization of the materials and will be reported 

in the next deliverable D3.9 “Structure-performance correlations and principles of catalyst 

performance”.  

2. Catalyst design concept 

Recent studies have shown that tandem catalysts based on the OXZEO (oxide-zeolite) concept 

enable the one-step conversion of syngas to specific hydrocarbons such as lower olefins (C2
=-

C4
=), aromatics, and liquid fuels with outstanding selectivity [1]. These catalysts combine a 

partially reducible metal oxide, responsible for the conversion of syngas to methanol as 

intermediate product, with a zeolite that rapidly transforms the methanol intermediate into the 

target hydrocarbons through acid-catalysed reactions. The OXZEO catalyst concept applied in 

this project for the development of STA catalysts is illustrated in Figure 1. The excellent 

selectivity displayed by OXZEO systems arises from the fact that the methanol-to-hydrocarbons 

(MTH) transformation reactions take place predominantly on the confined acid sites located 

within the zeolite micropores (shape selectivity effect). On these premises, in the CO2SMOS 

project we adopted the OXZEO concept to develop selective catalysts for the syngas-to-

aromatics (STA) conversion process. Owing to its well-known aromatization activity [2], ZSM-5 

was the zeolite of choice for constructing the tandem catalysts for the STA reaction. The 

structural characteristics of the ZSM-5 zeolite (IZA code: MFI) are shown in Figure 2. This is a 

silica-rich zeolite with a three-dimensional interconnected pore structure comprising straight 

10-ring channels along [010] with dimensions 0.51 x 0.55 nm running parallel to sinusoidal 10-

ring channels along [100] of 0.53 x 0.56 nm size.  
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Figure 1. OXZEO catalyst concept in syngas-to-aromatics (STA) conversion. 

 

 
Figure 2. Pore structure of ZSM-5 zeolite. 

 

Figure 3 shows a simplified reaction scheme for the STA reaction over OXZEO catalysts. As 

mentioned before, the oxide component is responsible for the formation of methanol 

intermediate, which then rapidly diffuses to the ZSM-5 zeolite and react with the acid sites to 

produce the desired aromatics via methanol-to-olefins and subsequent olefins-to-aromatics 

pathways. Besides, other parallel and consecutive reactions do also occur during the STA process 

leading to undesired by-products that jeopardize the final aromatics selectivity. The main by-

products are carbon dioxide (CO2), formed through the water-gas shift (WGS) reaction, methane 

(C1), and paraffins (C2
0-C4

0 and C5+
0) produced by hydrogenation of the corresponding C2

=-C4
= and 

C5+
= olefins. As highlighted in Figure 3, these secondary reactions do take place mainly on the 

active sites of the oxide. Additionally, both olefins and aromatics may undergo consecutive 

condensation reactions on the zeolite, especially in the presence of an excess of acid sites, to 

form coke species (not shown in the scheme) originating a gradual loss of aromatization activity 

with time. Therefore, a fine-tuning of the properties of both the oxide and zeolite components 

will be essential to design active, selective, and stable STA catalysts.  
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Figure 3. Simplified reaction scheme for the conversion of syngas to aromatics over 
bifunctional OXZEO catalysts. The products formed on the oxide component are framed on 
blue dashed lines while those produced on the zeolite are framed on orange dashed square. 
The products observed in the STA reactions performed in the project are highlighted in red.  

  

3. Selection of the oxide 

Among the partially reducible metal oxides containing surface oxygen vacancies, those based on 

metal-doped zirconia (M-ZrO2) or solid solutions of zirconia with other metals (MZrOx) are 

particularly attractive due to their ability to activate CO and H2 in syngas and to form the 

methanol intermediate at temperatures compatible with those required for the subsequent 

methanol-to-aromatics reaction. Considering this, a set of M-ZrO2 oxides and MZrOx solid 

solutions of varied compositions were prepared in the frame of this project by different 

methodologies and their catalytic performance in the STA process evaluated in order to select a 

suitable oxide to construct the bifunctional OXZEO catalysts. For the preparation of OXZEO 

catalysts, the different oxides were combined with a same commercial H-ZSM-5 zeolite so that 

the differences in catalytic performance could be directly related to the oxide functionality. The 

synthesis, characterization, and STA performance of catalysts based on the prepared ZrO2-based 

oxides is reported in this section. Based on the obtained results, a specific oxide formulation was 

selected for the optimization of the zeolite component.  

3.1. Synthesis of metal oxides 

3.1.1. Metal-doped ZrO2 oxides 

The influence of ZrO2 preparation method was studied using Zn as metal dopant with a nominal 

Zn/Zr molar ratio of 1/50. The following four synthesis methodologies were applied to prepare 

Zn-ZrO2 oxides: 

a) Method A. A mixture of aqueous solutions of zinc nitrate (Zn(NO3)2·6H2O) and zirconyl nitrate 

(ZrO(NO3)2·xH2O) (Zn+Zr = 0.6M) was added dropwise (2 mL/min) to a beaker containing 100 mL 

of distilled water under agitation. The pH of the mixture was kept at 7 by dropwise addition of 

a 2M aqueous solution of ammonium carbonate ((NH4)2CO3). After the complete addition of the 

mixed Zn+Zr solution, the formed precipitate was aged at 70 °C for 16 h under agitation, filtered, 

washed with distillate water until neutral pH, and dried in an oven at 100  °C overnight. Finally, 
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the dried solid was calcined in air flow at 500 °C for 5 h with a heating rate of 1 °C/min. The 

obtained oxide was named as 1Zn50Zr-A. 

b) Method B. In this method, an amorphous zirconium oxyhydroxide (ZrOx(OH)4-2x) was first 

prepared by precipitation of zirconyl chloride octahydrate (ZrOCl2·8H2O) using a buffer NH4OH 

(2M)/NH4Cl (2M) solution to keep the pH constant at 10.5. The solid obtained was filtered 

exhaustively washed with distillate water until the absence of chloride. The wet precipitate was 

suspended in a basic solution of NH4OH (pH = 10.5), aged under reflux at 115 °C overnight, 

filtered, washed with distilled water, and dried in an oven at 60 °C for 12 h. Next, Zn was 

incorporated on the dried precipitate by incipient wetness impregnation with an aqueous 

solution of zinc nitrate (Zn(NO3)2·6H2O) in the required concentration to achieve a nominal Zn/Zr 

molar ratio of 1/50. The impregnated solid was dried at 100 °C and then calcined under flowing 

air at 500 °C for 5 h (ramp of 1  °C/min). The obtained oxide was denoted as 1Zn50Zr-B. 

The same methodology was also applied to prepare Ce- and Mo-doped ZrO2 (nominal M/Zr 

molar ratio of 1/50, M = Ce, Mo) using cerium nitrate (Ce(NO3)3·6H2O) and ammonium 

heptamolybdate ((NH4)6Mo7O24·4H2O) as Ce and Mo precursors, respectively. These oxides were 

named as 1Ce50Zr-B and 1Mo50Zr-B. 

c) Method C. This methodology was specifically applied to prepare ZrO2 with monoclinic 

crystalline phase [3]. First, a mixture of aqueous solutions of ZrO(NO3)2·xH2O and urea was 

prepared to attain a Zr4+ concentration of 0.4M and a Zr4+/urea molar ratio of 1/10. The mixed 

solution is kept under agitation at ambient temperature, transferred to a Teflon-lined autoclave, 

and heated under autogenous pressure at 160 °C for 20 h (hydrothermal synthesis). The solid 

obtained was filtered, washed with distilled water, dried at 100 °C overnight and finally calcined 

in flowing air at 400 °C for 4 (heating rate of 2 °C/min). Subsequently, the calcined material was 

impregnated with a Zn(NO3)2·6H2O solution as described before for method B. The impregnated 

solid was then calcined in flowing air at 400 °C for 5 h (ramp of 1 °C/min) to obtain the oxide 

denoted as 1Zn50Zr-C.  

d) Method D. An aqueous 0.1M solution of ZrOCl2·8H2O was mixed with a 0.1M solution of 

cetiltrimethylammonium bromide (CTAB) surfactant under agitation. Then, NH4OH (25 wt% 

solution) was added to adjust the pH at 11.5 and kept under agitation for 2 h. The ZrO2 was 

obtained by hydrothermal synthesis from the above solution at 90 °C for 5 days, followed by 

filtration, exhaustive washing with ethanol and then with distillate water, drying at 60 °C 

overnight, and air-calcination at 400 °C for 4 h (ramp of 1  °C/min). Finally, the incorporation of 

Zn in a nominal Zn/Zr molar ratio of 1/50 was performed by impregnation as described 

beforehand for methods B and C. The oxide obtained was named as 1Zn50Zn-D. 

3.1.2. Oxides based on CexZr1-xO2 solid solutions   

Oxides based on zirconia-doped ceria (CexZr1-xO2) synthesized by the urea-hydrolysis assisted 

hydrothermal method were shown to contain structural defects (oxygen vacancies) associated 

to the reduction of Ce4+ to Ce3+ species [4] that could serve as active sites for the activation of 

CO and H2 in syngas. In the project, we synthesized CexZr1-xO2 solid solutions through the urea-

hydrolysis assisted hydrothermal method. In brief, a mixed aqueous solution of (NH4)2Ce(NO3)6 

(ceric ammonium nitrate), ZrO(NO3)2·xH2O, and urea was initially prepared ([Ce+Zr] = 1M, [urea] 

= 0.2M). The mixed solution was transferred to a Teflon-lined autoclave, and heated in static in 



11 
 

an oven at 80 °C for 6 h and then at 180 °C for 24 h (hydrothermal synthesis). The solid obtained 

was dried at 100 °C overnight and finally calcined in flowing air at 500 °C for 4 (1 °C/min). Using 

this method, two oxides with composition Ce0.2Zr0.8O2 and Ce0.4Zr0.6O2 were prepared by 

adjusting the Ce/(Ce+Zr) molar ratio in the initial solution to 0.2 and 0.4, respectively. The 

corresponding solid solutions obtained were abbreviated as Ce0.2Zr and Ce0.4Zr. 

An additional Zn-containing oxide was prepared by impregnation of Ce0.2Zr0.8O2 with an aqueous 

Zn(NO3)2·6H2O solution to achieve a nominal Zn/Ce0.2Zr0.8O2 molar ratio of 1/50 and final 

calcination in air at 400 °C for 5 h. The obtained oxide was named as 1Zn50(Ce0.2Zr).  

3.2. Characterization of metal oxides 

The main physicochemical properties of the prepared metal oxides determined by different 

characterization techniques are reported in this section. The experimental conditions used for 

each technique are detailed in Appendix A1. 

The crystalline phases present in the oxides were assessed by X-ray diffraction (XRD). The XRD 

patterns for Zn-ZrO2 prepared by methods A, B, C, and D are shown in Figure 4. Irrespective of 

the synthesis method, none of the Zn-ZrO2 oxides exhibited diffractions related to Zn phases 

(e.g. ZnO), signing for a high dispersion of Zn species on the ZrO2 matrix at the relatively low Zn 

concentration used (Zn/Zr = 1/50 at/at). Quite distinct XRD patterns, however, were evidenced 

for Zn-ZrO2 obtained by different methods. Thus, while ZrO2 in the oxide 1Zn50Zr-A, obtained 

by co-precipitation (method A), comprised a mixture of tetragonal (main) and monoclinic crystal 

phases, 1Zn50Zr-B and 1Zn50Zr-C consisted of, respectively, pure tetragonal and pure 

monoclinic ZrO2 phases. In contrast to Zn-ZrO2 prepared by methods A, B, and C, the oxide 

obtained by method D (1Zn50Zr-D) was mainly amorphous in nature, with only very low intense 

reflections of monoclinic ZrO2 detected.  
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Figure 4. XRD patterns of Zn-ZrO2 oxides prepared by different methods. 

 

It was also evident from Figure 4 that the ZrO2 peaks are narrower in the co-precipitated 

1Zn50Zr-A sample, which signs for a much larger crystal size of this oxide in comparison with 
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1Zn50Zr obtained by methods A and B. In fact, the mean crystal size estimated by applying the 

Scherrer equation to the most intense ZrO2 reflection was 39 nm for 1Zn50Zr-A, 10 nm for 

1Zn50Zr-B, and 5 nm for 1Zn50Zr-C. 

The XRD patterns of the M-ZrO2 oxides with different metal dopants (M = Zn, Ce, Mo) prepared 

by method B are in Figure 5. The absence of reflections attributed to oxide phases of the metal 

dopants (MOx) is indicative of their high dispersion in the ZrO2 matrix.  While, similar to the Zn-

doped oxide, that doped with Ce (1Ce50Zr-B) exhibited tetragonal ZrO2 as the only crystalline 

phase, a mixture of tetragonal (main) and monoclinic ZrO2 crystalline phases was observed for 

the Mo-doped 1Mo50Zn-B oxide. This fact suggests that not all of the Mo was incorporated in 

the ZrO2 structure preventing the effective stabilization of the metastable tetragonal ZrO2 phase 

during crystallization (calcination) of the amorphous ZrOx(OH)4-2x precursor formed in the first 

synthesis stage of method B. 
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Figure 5. XRD patterns of M-ZrO2 (M = Zn, Ce, Mo) oxides. 

 

On the other hand, both CexZr1-xO2 solid solutions with x= 0.2 (Ce0.2Zr) and 0.4 (Ce0.4Zr) mostly 

exhibited a mixture tetragonal (main) and monoclinic phases of ZrO2, along with the presence 

of some cubic CeO2 phase whose proportion increased with Ce content (Figure 6). This result 

suggests that part of the Ce segregated from the CexZr1-xO2 solid solution, especially at higher Ce 

concentrations. This result, along with the presence of a H2 consumption peak at high 

temperature (800 °C) in the H2-TPR profile of sample Ce0.2Zr (Figure 7) support the presence 

of a segregated CeO2 phase in the calcined materials [4].   
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Figure 6. XRD patterns of CexZr1-xO2 solid solutions. 
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Figure 7. H2-TPR profile of Ce20.2Zr oxide. 

 

The textural properties of the oxides were measured by N2 physisorption at -196 °C as described 

in Appendix A1. The N2 adsorption isotherms and pore size distributions for different oxides are 

shown in Figures 8 - 11, and the derived textural parameters are summarized in Table 1.  
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Figure 8. Nitrogen adsorption isotherms (a) and pore size distributions (b) for 1Zn50Zr oxides 
prepared by different methods. 
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Figure 9. Nitrogen adsorption isotherms (a) and pore size distributions (b) for metal-doped 
M-ZrO2 oxides (M = Zn, Mo, Ce). 
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Figure 10. Nitrogen adsorption isotherms (a) and pore size distributions (b) for CexZr1-xO2 solid 
solutions. 

 

All the oxides displayed type IV N2 adsorption isotherms characteristic of mesoporous solids, 

with the exception of the 1Zn-50Zr-A sample obtained by a co-precipitation method, which 

showed comparatively much lower adsorption capacity (Figure 8). Indeed, the co-precipitated 

1Zn50Zr-A oxide showed much lower surface area (14 m2/g) and total pore volume (0.015 cm3/g) 

compared with the oxides prepared by methods B-D (Table 1), in good agreement with its much 
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higher crystal size as discussed before based on XRD data. In turn, the oxides prepared by 

impregnation of amorphous ZrOx(OH)4-2x with Zn, Ce, and Mo precursors (method B) showed 

high and alike surface area (150 – 162 m2/g), total pore volume (0.26 – 0.28 cm3/g), and mean 

pore diameter (7.0 – 7.5 nm), indicating a negligible influence of the nature of the metal dopant 

(M) on the textural properties at the low metal concentration employed (M/Zn = 1/50 at./at.). 

On the other hand, 1Zn50Zr-C with 100% monoclinic ZrO2 phase presented slightly lower BET 

surface area (125 m2/g) and pore volume (0.261 cm3/g) and somewhat larger mean pore 

diameter (9.9 nm) in comparison with the oxides obtained by method B. The most striking result 

was the extremelly high surface area (314 m2/g) and pore volume (0.52 cm3/g) obtained for the 

amorphous 1Zn50Zr-D oxide, which were 2-3 times higher than for oxides prepared by methods 

B and C. Finally, it is also worth mentioning that the CexZr1-xO2 solid solutions with different Ce 

content (Ce0.2Zr, Ce0.4Zr) displayed high BET surface areas and pore volumes, comparable to 

those of oxides prepared by methods B and C, albeit slightly lower mean pore diameters (Table 

1).  

Table 1. Textural properties of metal oxides determined by N2 physisorption. 

Oxide BET surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Mean pore diameter 
(nm) 

1Zn50Zr-A 14 0.015 4.5 
1Zn50Zr-B 158 0.282 7.2 
1Zn50Zr-C 125 0.261 9.9 
1Zn50Zr-D 314 0.516 7.1 

1Ce50Zr-B 162 0.276 7.0 
1Mo50Zr-B 150 0.282 7.5 

Ce0.2Zr 135 0.239 6.6 
Ce0.4Zr 150 0.171 4.4 

 

3.3. Preparation of bifunctional OXZEO catalysts 

The method of combination of the two components is an important catalyst design parameter 

since it determines the average distance between the active sites in the oxide and the zeolite 

and may therefore influence the STA performance of the bifunctional catalysts. In consequence, 

we carried out a preliminary study using two manners of mixing the oxide and zeolite in order 

to select the best method for constructing the OXZEO catalysts. For this study, the 1Zn50Zr-B 

oxide and the commercial HZSM-5 zeolite CBV8020 supplied by Zeolyst International, denoted 

here as HZ31, were employed as catalyst components. For both methods, the OXZEO catalysts 

(1Zn50Zr-B+HZ31) were prepared using an oxide:zeolite weight ratio of 1:1.   

1) Powder mixing (PM) method: the oxide and zeolite powders were homogeneously mixed in a 

mortar and then the powder mixture was pelletized to granules of 0.2 – 0.4 mm diameter.  

2) Granule mixing (GM) method: the oxide and zeolite powders were independently pelletized 

to 0.2 – 0.4 mm granules and then physically mixed.    
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It is worth mentioning that the PM method provides a closer proximity between the active sites 

compared to the GM method. Figure 11 illustrates the catalyst bed configurations resulting from 

the two mixing methods employed.  

 
Figure 11. Schematic representation of the catalyst bed configurations for OXZEO catalysts 
prepared by the PM and GM methods. 

 

The bifunctional 1Zn50Zr-B+HZ31 catalysts prepared by the PM and GM methods (1:1 weight 

ratio) were then evaluated for the STA process in a fixed bed reactor available at the ITQ facilities 

at the following reaction conditions: T = 400 °C, P = 30 bar, H2/CO = 2 mol/mol, GHSV (referred 

to the mass of oxide) = 8.5 Lsyngas/(gOX·h). The experimental setup used for catalyst testing and 

product analysis is described in Appendix A2. Prior to reaction, the catalysts were pretreated 

under Ar flow (100 mL/(gcat·h) at 400 °C for 4 h. As seen in Figure 12, both methods led to similar 

CO conversion (23%) at these conditions. However, the selectivity of aromatics in hydrocarbons 

was remarkably higher for the catalyst prepared by the PM method, reaching an outstanding 

value of 72.8% compared to the 40.9% selectivity obtained over the GM catalyst.  
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Figure 12. Influence of the mixing method on the CO conversion and aromatics selectivity (in 
hydrocarbons) over 1Zn50Zr-B+HZ31 catalyst. 
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Thus, we can conclude from these results that a closer proximity between the active metal sites 

in the oxide and the acid sites in the zeolite, that is, a shorter diffusion distance for the methanol 

intermediate, promotes the aromatics selectivity in the STA reaction over OXZEO catalysts. This 

concurs with recent studies showing that an intimate contact of metal and acid sites benefits 

the formation of aromatics by promoting the dehydroaromatization reactions involved in the 

STA reaction [5].    

Based on these preliminary experiments, the PM method was selected for preparing all the 

OXZEO catalysts reported henceforth in this deliverable. 

3.4. Influence of the oxide on the STA performance 

The influence of the nature and properties of the oxide component in the STA process were 

assessed for bifunctional catalysts comprising the different oxides described beforehand and the 

commercial HZ31 zeolite mixed using the PM method in a 1:1 weight ratio. The STA experiments 

were carried out at the following standard conditions: T = 400 °C, P = 30 bar, H2/CO = 2 mol/mol, 

GHSV (referred to the mass of oxide) = 8.5 Lsyngas/(gOX·h), time-on-stream (TOS)  8 h. Prior to 

reaction, the catalysts were pretreated in flowing Ar at 400 °C for 4 h. It should be mentioned 

that at the employed reaction conditions, virtually all the methanol intermediate was converted 

to hydrocarbons on the zeolite and therefore it was not detected in the reaction products. 

Table 2 gathers the STA performance of OXZEO catalysts comprising Zn-ZrO2 oxides (Zn/Zr = 1/50 

at./at.) prepared by different methods. The results are compared based on their CO conversion, 

selectivity of CO2 and total hydrocarbons (HCs), and hydrocarbons distribution: C1 (methane), 

C2
0-C4

0 (C2-C4 paraffins), C2
=-C4

= (C2-C4 olefins), C5+ (olefins+paraffins with 5 or more carbon 

atoms), and ARO (total aromatics). The results in Table 2 correspond to the data averaged for 

the last 3 h of reaction.  

Table 2. Influence of the oxide preparation method on the STA performance of 1Zn50Zr+HZ31 

catalysts.  

 CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

Method (%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

A 2.4 56.7 43.3 10.5 14.1 2.3 1.0 72.1 
B 22.5 50.4 49.6 3.2 18.4 1.6 4.0 72.8 
C 26.8 49.6 50.4 2.9 24.5 1.8 10.0 60.8 
D 3.7 53.1 46.9 8.9 49.5 8.3 27.8 5.5 

 

As seen in Table 2, the catalysts based on oxides 1Zn50Zr-B and 1Zn50Zr-C led to much higher 

CO conversion (22.5% and 26.8%, respectively) than those comprising oxides 1Zn50Zr-A (2.4%) 

and 1Zn50Zr-D (3.7%). All catalysts presented a high selectivity of CO2 of about 50% at the 

applied reaction conditions, which limits the selectivity to total hydrocarbons (HCs) to ca. 50%. 

In fact, CO2 selectivities > 40% are commonly observed for OXZEO systems in the conversion of 

syngas to lower olefins and aromatics at reaction temperatures > 380 °C [6,7,8,9]. Although a 

decrease in reaction temperature can reduce the CO2 selectivity [10], in the present project we 
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needed to operate at 400 °C due to the ultimate integration of the STA catalyst in the e-CMR 

developed in subtask 3.4.1 of WP3. Moreover, while aromatics were the main hydrocarbon 

products (61 – 73%) in oxides prepared by methods A, B, and C, aromatics only represented 5.5% 

of the hydrocarbons in that obtained by method D. As discussed in section 2.2.2, these four 

oxides displayed distinct characteristics in terms of specific surface area, crystallite size, nature 

of ZrO2 crystalline phase, and degree of crystallinity. Hence, the low CO conversion exhibited by  

the co-precipitated 1Zn50Zr-A oxide can be related to its very low BET surface area (14 m2/g) 

and large crystallite size (39 nm) resulting in a low concentration of surface oxygen vacancies 

acting as active sites for the activation of H2 and CO in syngas. In the case of the high surface 

area 1Zn50Zr-D oxide, its low activity suggests a poorer CO activation ability of surface oxygen 

vacancies in amorphous ZrO2 structures compared to those present in crystalline ones. In turn, 

the low aromatics selectivity of this catalyst points towards a strong hydrogenation activity of 

Zn species dispersed in this oxide promoting the hydrogenation of olefins (produced from 

methanol on zeolite acid sites) that are also intermediates in the aromatization reactions (Figure 

3). This is supported by the high selectivity of C2
0-C4

0 (49.5%, Table 2), formed by hydrogenation 

of C2
=-C4

=, shown by the catalyst based on this oxide.  

In the next step, we studied the effect of the nature of the metal (oxide) dopant (M = Zn, Ce, 

Mo) in M-ZrO2 oxides prepared by method B at a constant M/Zr atomic ratio of 1/50. These 

three oxides comprised pure tetragonal (Zn, Ce) or mixed tetragonal/monoclinic (Mo) crystalline 

ZrO2 phases (Figure 5) and displayed alike textural properties (Table 1). The STA results at 

standard reaction conditions are presented in Table 3.  

Table 3. Influence of the nature of dopant metal (M) on the STA performance of 1M50Zr-B+HZ31 

catalysts.  

Dopant CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

(M) (%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

Zn 22.5 50.4 49.6 3.2 18.4 1.6 4.0 72.8 
Ce 5.2 41.3 58.6 8.1 9.5 2.0 1.1 79.3 
Mo 9.9 48.8 51.2 5.5 11.1 1.6 1.8 80.0 

 

It can be observed in the table that the catalysts containing Ce and Mo as ZrO2 dopants were 

remarkably less active that that doped with Zn. Since, as shown before for Zn-doped ZrO2, both 

tetragonal and monoclinic ZrO2 lead to similar STA performance (Table 2), the lower activity of 

ZrO2 doped with Ce and Mo compared to that doped with Zn probably signs for a lower 

concentration of active sites (i.e., surface oxygen vacancies) in the former two oxides.   

Finally, we evaluated the STA performance of OXZEO catalysts based on the CexZr1-xO2 solid 

solutions and the HZ31 zeolite. The catalytic results are shown in Table 4. For the sake of clarity, 

only the nomenclature of the oxide component is given in the first column of the table. As seen 

in Table 4, the catalysts comprising CexZr1-xO2 oxides with Ce/Zr atomic ratios of 0.2 (Ce0.2Zr) 

and 0.4 (Ce0.4Zr) display an excellent selectivity to aromatics within hydrocarbons (ca. 85 – 

87%). However, the CO conversion (ca. 6 – 7%) of these catalysts was significantly lower than 

the ones based on Zn-ZrO2 prepared either by methods B or C (22 – 26%, Table 2), which signs 

for a comparatively lower H2 activation activity (most often the limiting factor for achieving 

active OXZEO catalysts) of the former. 
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Table 4. STA performance of catalysts comprising CexZr1-xO2 solid solutions as oxides.  

 CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

Oxide (%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

Ce0.2Zr 6.7 43.9 56.1 2.6 7.3 1.6 1.1 87.4 
Ce0.4Zr 6.2 46.1 53.9 2.8 9.0 1.5 1.4 85.3 

1Zn50(Ce0.2Zr) 22.1 49.3 50.5 6.0 54.4 1.8 35.7 2.2 

 

It can be observed in Table 4 that the CO conversion increased significantly from 6.7 to 22.1% 

upon incorporation of Zn to Ce0.2Zr in a Zn/(Ce0.2Zr) atomic ratio of 1/50, albeit at the cost of 

drastically reducing the aromatics selectivity to only 2.2% in favour of C2
0-C4

0 due to an excess 

of Zn-related hydrogenation sites. Therefore, we prepared an additional catalyst with a 

Zn/(Ce0.2Zr) atomic ratio of 1/150 and thus with 3-times lower Zn concentration (sample 

1Zn150(Ce0.2Zr)). The reduction of Zn content increased the aromatics selectivity (from 2.2 to 

50.5%) but concomitantly lowered the CO conversion (from 22.1 to 16.5%), as expected.  

By comparing the catalytic performance of the different oxides prepared, it becomes evident 

that Zn-ZrO2 obtained by method B (1Zn50Zr-B) presented the best balance between CO 

conversion (20.5%) and total aromatics selectivity (72.8%). For this oxide, we also assessed the 

influence of the Zn/Zr ratio on the STA reaction. The CO conversion and aromatics selectivity for 

bifunctional catalysts based on 1ZnxZr-B with four different Zn/Zr ratios (x = 25, 50, 100, 200) 

are compared in Figure 13. As seen there, a decrease in the Zn/Zr atomic ratio from 1/25 to 

1/200 reduced the CO conversion from ca. 30 to 7% but raised the aromatics selectivity from 31 

to 88%. The opposite trend of Zn content on conversion and aromatics selectivity can be 

accounted for considering the double role of Zn species in the STA reaction. On the one hand, 

Zn species enhance CO conversion by facilitating the activation of H2 molecules in syngas and 

thereby the hydrogenation of CO to the methanol intermediate. On the other hand, they may 

promote the hydrogenation of the olefins involved in the methanol-to-aromatics transformation 

on the zeolite acid sites (Figure 3) and, in consequence, lower the overall aromatics selectivity. 

Therefore, there is a trade-off between H2 activation (i.e., CO conversion) and olefin 

hydrogenation (i.e., aromatics selectivity) which will depend not only on the nature of the oxide 

but also on the aromatization capacity of the zeolite.   

 



20 
 

1/25 1/50 1/100 1/200
0

5

10

15

20

25

30

35

40

0

20

40

60

80

100
 CO conversion

 

C
O

 c
o

n
v
e

rs
io

n
 (

%
)

Zn/Zr atomic ratio

 Aromatics selectivity

A
ro

m
a

tic
s
 s

e
le

c
tiv

ity
 (%

)

 

 
Figure 13. Influence of Zn/Zr ratio on CO conversion and aromatics selectivity for bifunctional 
1ZnxZr-B+HZ31 catalysts. 

Up to now, the aromatization performance of the catalysts was discussed based on the 

selectivity of total aromatics (ARO) without considering the composition of the aromatics 

fraction. However, according to the KPIs established in the project (Appendix A3), the STA 

catalysts should not only exhibit high selectivity of total aromatics but also to the most 

demanded BTX and para-xylene (PX) aromatics. Therefore, in Table 5 we compare the selectivity 

of BTX and PX in total aromatics and of PX within the xylenes fraction for the catalysts containing 

different oxides and HZ31 as the common zeolite. The results for catalysts based on 1Zn50Zr-D 

and 1Zn50(Ce0.2Zr) oxides were excluded from the comparison due to their extremely low total 

aromatics selectivity (5.5 and 2.2%, respectively). According to the results in Table 5, all catalysts 

based on zeolite HZ80 displayed relatively low selectivity to BTX and para-xylene (PX) in 

aromatics (ca. 15 – 30% and 3 – 6%, respectively) as well as low selectivity to PX in the total 

xylenes fraction (ca. 20 – 35%). These values for the concentration of PX in total xylenes are 

close to the value of 25% predicted by the thermodynamic equilibrium at the reaction 

temperature of 400 °C [11], signing for a low para-selectivity of the HZ31 zeolite used in this first 

part of the project. 

Table 5. Comparison of the BTX and para-xylene (PX) selectivity of catalysts based on different 

oxides and HZ31 zeolite. 

 
Oxide 

Aromatics in 
hydrocarbons (%) 

BTX in 
aromatics (%) 

PX in 
aromatics (%) 

PX in total 
xylenes (%) 

1Zn50Zr-A 72.1 15.4 4.2 33.5 
1Zn50Zr-B 72.8 19.0 4.3 25.8 
1Zn50Zr-C 60.8 29.9 6.4 26.1 
1Ce50Zr-B 79.1 16.9 3.8 27.2 
1Mo50Zr-B 80.0 18.0 3.2 21.4 

Ce0.2Zr 87.4 18.6 2.8 18.9 
Ce0.4Zr 85.3 22.4 4.6 26.4 

 

All in all, the above study revealed that, for a same HZSM-5 zeolite (HZ31 in this case), the 

properties of the oxide component have a significant influence on the activity and aromatics 
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selectivity of bifunctional OXZEO catalysts for the STA process. Particularly, the oxide should 

provide a proper balance between CO and H2 activation sites to attain high CO conversion while 

limiting the hydrogenation of olefin intermediates that reduce the aromatics selectivity. At the 

reaction temperature of 400 °C employed in this project, which is the minimum temperature 

required for an efficient integration of the STA catalyst in the e-CMR, this was accomplished by 

Zn-doped high surface area crystalline tetragonal ZrO2 prepared by method B with Zn/Zr atomic 

ratio of 1/50. Therefore, unless otherwise stated, we selected this oxide (denoted as 1Zn50Zr-

B) for optimization of the zeolite component.   

4. Optimization of ZSM-5 zeolite 

A zeolite property of major relevance in acid-catalyzed reactions such as the methanol-to-

aromatics conversion step of the STA process (Figure 3) is the amount of Brønsted acid sites that 

are the active sites in hydrocarbon transformation reactions occurring via carbocations. This 

parameter is closely related to the concentration of Al species in the zeolite framework or, 

equivalently, to the Si/Al ratio. Thus, a higher framework Al concentration (i.e., a lower Si/Al 

ratio) would result in a higher amount of Brønsted acid sites, as more protons (H+) will be 

compensating the negative framework charge associated to tetrahedrally coordinated Al3+ 

atoms in the crystalline structure. Therefore, in the project we have assessed the influence of 

the zeolite acidity by using not only the HZ31 sample employed in the oxide selection study but 

also two additional commercial zeolites with different Si/Al ratios, covering a wide range from 

16 to 112. The origin and main physicochemical properties of the commercial zeolites are 

reported in subsection 4.1.   

In addition to acidity, crystallite size is another relevant parameter to consider in the design of 

H-ZSM-5 zeolite, particularly in the context of the present project targeting high selectivity to 

BTX/PX aromatics. Indeed, zeolites with large crystals exhibit low external surface areas and, 

therefore, low amount external acid sites on which undesired secondary reactions leading to 

heavy (C9+) aromatics would take place. Considering this, in the frame of this project we studied 

a ZSM-5 zeolite possessing unusually large crystals (named as HZ5-LC) obtained by hydrothermal 

synthesis at ITQ-CSIC facilities. The experimental conditions employed for the synthesis of HZ5-

LC and mesoporous derivatives along with their physicochemical characterization are detailed 

in subsection 4.2. 

On the other hand, the study of oxide selection reported in section 3 revealed that, although 

high selectivity of total aromatics (> 70%) was achieved upon combining most of the oxide 

formulations with zeolite HZ31 (Tables 2 – 4), the selectivity of the most valuable BTX/PX 

aromatics was low (Table 5) and well below the project targets (Appendix A3). Therefore, 

significant efforts were made in the project to improving the BTX/PX selectivity of the ZSM-5 

zeolite. To this aim, the starting zeolites were submitted to different treatments following the 

experimental procedures detailed in subsection 4.3. 

The catalytic performance of bifunctional OXZEO based on 1Zn50Zr-B and the different ZSM-5 

zeolites prepared in the project is presented in section 4.4. 
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4.1. Properties of commercial ZSM-5 zeolites 

Besides the HZ31 sample (Si/Al = 31) employed in the selection of the oxide, we used two 

additional commercial zeolites with different Si/Al ratios. Specifically, the two zeolites were 

those denoted here as HZ16 (Si/Al = 16) and HZ112 (Si/Al = 112) corresponding, respectively, to 

the commercial CBV3024E and CBV28014 samples supplied by Zeolyst International. The main 

physicochemical properties of these zeolites, including HZ31, are gathered in Table 6.  

Table 6. Nomenclature and main physicochemical properties of commercial HZSM-5 zeolites 

with different Si/Al ratio.  

Zeolite Si/Al at. 
ratio 

ABET
a 

(m2/g) 
Sext

a 

(m2/g) 
Vmicro

a 

(cm3/g) 
Crystallite sizeb 

(m) 

Brønsted acidityc 

(mol/g) 

HZ16 16 372 40 0.16 0.6 387 
HZ31 31 389 46 0.17 0.6 152 
HZ112 112 369 43 0.16 1.5 79 

a ABET = BET surface area; Sext = external surface area; Vmicro = volume of micropores. 
b Average size of crystallites determined by electron microscopy. 
 

As observed in the table, all three zeolites display comparable BET surface area, external surface 

area, volume of micropores, and crystallite size. The main difference is the amount of Brønsted 

acid sites, which decreases from 387 to 70 mol/g with the increase in Si/Al ratio from 16 to 

112, as anticipated.  

4.2. Zeolites based on large crystal size ZSM-5 

4.2.1. Preparation of zeolites  

4.2.1.1. Synthesis of large crystal size zeolite 

The synthesis of H-ZSM-5 with large crystallites (denoted here as HZ5-LC) was performed 

according to the following procedure. First, tetrapropylammonium bromide (TPABr, 98%, Sigma-

Aldrich) as structure-directing agent (SDA) and aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 

98%, Thermo Scientific) as aluminum source were dissolved in demineralized water. Then, Ludox 

AS-40 (40 wt% SiO2 in H2O, Sigma-Aldrich) as silica source was added to the above solution and 

agitated until a homogeneous mixture was obtained. Subsequently, ammonia solution (NH4OH, 

28% NH3 in H2O, Sigma-Aldrich) was added. The amounts of the different reagents were adjusted 

to obtain a gel with the following molar composition: 1SiO2: 0.0245Al(NO3)3: 1.285NH4OH: 

0.08TPABr: 21H2O (nominal Si/Al molar ratio  40). The gel was transferred to Teflon-lined 

stainless steel autoclaves and hydrothermally crystallized under autogenous pressure at 150 °C 

for 12 days under rotation. The solid was recovered by filtration, washed with abundant 

deionized water, dried at 100 °C overnight, and finally calcined in air at 550 °C for 3 h to remove 

the organic matter.  

4.2.1.2. Desilication treatments 

A portion of the HZ5-LC zeolite was submitted to a controlled desilication treatment (selective 

extraction of Si species from the zeolite framework) under basic conditions in order to generate 

intracrystal mesopores. As will be shown in 4.4.2.1, the presence of mesopores allowed to 
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alleviate the deactivation observed for this zeolite during the STA reaction. The desilication 

treatment was performed by suspending the zeolite in an aqueous solution of sodium hydroxide 

(NaOH, 0.2M) and tert-butylammonium hydroxide (TBAOH) with a molar ratio 

TBAOH/(NaOH+TBAOH) = 0.4 and a liquid-to-solid ratio of 25 mL/g. The mixture was agitated at 

400 rpm and heated under reflux in a silicone bath at 60 °C for selected times. Three samples 

with distinct degree of mesoporosity were generated by adjusting the desilication time to 0.5, 

1, and 2 h, respectively. Then, the samples were quenched in an ice bath and the solids 

recovered by multiple centrifugation-washing cycles with distilled water until the pH of the 

washing waters reached 7. The wet solids were dried in an oven at 100 °C overnight, and then 

calcined in a muffle oven at 550 °C for 4 h (heating rate of 2 °C/min).  

The desilicated zeolites contained Na+ (from the NaOH reagent) as the cations compensating the 

negative charge of framework Al species and were thus non-acidic. To use these zeolites as acid 

catalysts, it was necessary to replace the Na+ cations by protons (H+) that are the Brønsted acid 

sites required in the aromatization reactions. To this purpose, the zeolites were ion exchanged 

by suspending the solids in a 2.5M aqueous solution of ammonium nitrate (NH4NO3) using a 

liquid/solid ratio of 20 mL/g and heated at 80 °C for 3 h under reflux. Next, the zeolites were 

submitted to repeated centrifugation-washing cycles until neutral pH, dried at 100 °C overnight, 

and finally calcined at 550 °C for 4 h. The obtained protonic desilicated zeolites were denoted as 

HZ5-LC-Dt, where t = 0.5, 1, and 2 for samples desilicated for 0.5, 1, and 2 h, respectively.  

4.2.2. Characterization of zeolites  

According to characterization by Field Emission Scanning Electron Microscopy (FESEM, 

Appendix A1), the HZ5-LC zeolite comprised uniform large crystals having a coffin-like 

morphology with approximate dimensions of ca. 12 x 6 x 5 m (Figure 14). 

 

 

Figure 14. Representative FESEM image of the extra-large pore size HZ5-LC zeolite. 
 

As ascertained by XRD (Figure 15), both the starting HZ5-LC zeolite and the desilicated HZ5-LC-

Dt counterparts exhibited only the characteristic reflections of the MFI zeolite structure. 

However, a small loss of crystallinity was noticed for the desilicated samples (9 – 17% relative to 

the parent zeolite) due to partial amorphization of the zeolite structure during the alkaline 

treatment [12].   
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Figure 15. XRD patterns of the large crystal zeolite before (HZ5-LC) and after desilication for 
different times (HZ5-LC-Dt, t = 0.5, 1, 2).   

 

The chemical composition (Si/Al ratio) of the samples determined by ICP-OES is given in Table 

7. As observed there, the Si/Al atomic ratio of the HZ5-LC zeolite was 35, close to the nominal 

value of 40.  In comparison with HZ5-LC, the desilicated samples showed lower Si/Al ratios due 

to the partial dissolution of Si species from the zeolite framework under the alkaline conditions 

of the treatment [12]. Moreover, increasing the desilication time from 0.5 to 2 h resulted in a 

progressive decrease of the Si/Al ratio from 33 to 21. On the other hand, the Na content of the 

desilicated zeolites (not shown) was successfully reduced to very low levels (< 0.05 wt%) after 

the ionic exchange with NH4
+ ions and subsequent calcination. 

The dissolution of part of the zeolite crystals was directly evidenced by electron microscopy, as 

observed in the FESEM images for the parent zeolite and the sample desilicated for 2 h shown 

in Figure 16.  

 

 

Figure 16. Representative FESEM images of HZ5-LC and desilicated HZ5-LC-D2 zeolites. 
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The textural properties of these zeolites were measured by N2 adsorption. The N2 adsorption 

isotherms and the derived pore size distributions are displayed in Figure 17, and the 

corresponding textural parameters are gathered in Table 7. While the N2 adsorption isotherm 

of the parent large crystal size HZ5-LC sample was of Type I, typical of microporous solids, the 

desilicated samples exhibited Type IV isotherms characteristic of mesoporous solids (Figure 

17a). Moreover, the pore size distributions evidenced the development of uniform mesopores 

with a diameter centred at ca. 6.5 nm in all three desilicated samples (Figure 17b). Furthermore, 

the sample desilicated for longer time (HZ5-LC-D2) exhibited additional mesopores with a larger 

mean diameter of ca. 31 nm.  
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Figure 17. Nitrogen adsorption isotherms (a) and pore size distributions (b) for parent HZ5-LC 
and desilicated HZ5-LC-Dt (t = 0.5, 1, 2) zeolites. 

 

Table 7. Si/Al atomic ratio and textural properties of the large crystal size HZ5-LC zeolite and its 

desilicated derivatives.  

Zeolite Si/Al atomic 
ratio 

BET area 
(m2/g) 

Area of mesopores 
(m2/g) 

Micropore volume 
(cm3/g) 

HZ5-LC 35 351 9 0.17 
HZ5-LC-D0.5 33 395 116 0.11 
HZ5-LC-D1 27 438 199 0.10 
HZ5-LC-D2 21 508 291 0.09 

 

It can be seen in Table 7 that, when compared with the original zeolite, the desilicated samples 

displayed much higher BET (395 – 508 vs. 351 m2/g) and mesopore (116 – 291 vs. 9 m2/g) areas 

that confirmed the successful generation of mesopores in the desilication process. The degree 

of mesoporosity increased with the desilication time and was accompanied by a corresponding 

decrease in micropore volume (from 0.17 to 0.09 – 0.11 cm3/g) that aligns with the loss of 

crystallinity inferred from XRD. 

The successful generation of mesopores in the desilicated samples was directly observed by 

transmission electron microscopy (TEM), as exemplified in Figure 18 for the HZ5-LC-D1 sample. 
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Figure 18. Representative TEM image of desilicated HZ5-LC-D1 zeolite evidencing the 
presence of intra-crystal mesopores defined by the lighter grey regions of lower contrast. 

 

4.3. Modification of starting zeolites 

4.3.1. Passivation of external acid sites  

One of the most effective strategies applied to strengthen the shape selectivity of H-ZSM-5 rely 

on passivating the unconstrained external acid sites, hence forcing the catalytic reactions to 

occur on those located within the restricted space imposed by the micropores. In this work, 

passivation of external acid sites was accomplished by a silylation treatment resulting in the 

deposition of a thin amorphous SiO2 layer around the zeolite crystallites.  In the case of HZ31, 

an additional approach was applied to this purpose. This relied on constructing core-shell-like 

structures in where the zeolite crystallites (core) are surrounded by a layer of Silicalite-1 (shell), 

an all-silica zeolite isostructural to ZSM-5 (both having MFI topology).  

The experimental methodologies employed for passivation of the external acid sites according 

to the above procedures are described below.  

4.3.1.1. Surface silylation 

First, the zeolites were treated with the surfactant cetyltrimethylammonium bromide (CTAB) in 

order to enhance the effectiveness of the silylation step [13]. To this end, the zeolite (in its 

ammonium form) was mixed with an aqueous solution of CTAB (3 g/L) in a zeolite:CTAB solution 

mass ratio of 1:20 and maintained under agitation at room temperature for 19 h. Subsequently, 

the solid was recovered by filtration, washed with distilled water, dried at 80 °C overnight, and 

calcined in flowing air at 500 °C for 5 h using a heating rate of 1 °C/min.  

Next, the CTAB pretreated zeolite was submitted to surface silylation using the Chemical Liquid 

Deposition (CLD) method using tetraethoxysilane (TEOS) as the silica source [14]. Initally, the 

zeolite is suspended in n-hexane and refluxed at 60 °C for 30 min under agitation. Then, an 

amount of TEOS solution equivalent to 4 wt% SiO2 was added to the suspension and the mixture 

kept for an additional 1 h under reflux and agitation. Next, the n-hexane was removed by 

evaporation at 60 °C for 2 h and the solid was dried at 100 °C overnight and finally calcined in 
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flowing air at 500 °C for 4 h with a heating rate of 1 °C/min. This procedure was repeated for 

several times until an efficient passivation of the external zeolite surface is achieved. 

The silylated samples were denoted as Zeo@Sil-x where “Zeo” and “x” stand for the zeolite 

name (i.e., HZ31, HZ5-LC, etc.) and number of silylation cycles, respectively. 

4.3.1.2. Encapsulation into a Silicate-1 shell 

Two following two methods were employed to construct the HZ31@Silicalite-1 core-shell 

structures.  

Method 1 

This method was based on the procedure reported in a recent work [15]. The HZ31 zeolite was 

mixed with an aqueous solution of tetrapropylammonium hydroxide (TPAOH, 40 wt%), fumed 

silica (SiO2), ethanol (EtOH), and water (H2O) in a weight proportion of 1 H-ZSM-5:0.3 TPAOH: 

0.8 SiO2: 7.5 EtOH: 43 H2O. The mixture was agitated at ambient temperature for 4 h, transferred 

to a Teflon-lined autoclave, and submitted to hydrothermal synthesis at 180 °C for 24 h. 

Subsequently, the obtained solid was recovered by centrifugation, washed with distilled water, 

dried in an oven at 100 °C overnight. This process was repeated twice and, finally, the material 

was calcined at 550 °C for 5 h. The sample obtained was denoted as HZ31@S1-M1.  

Method 2 

In this method, the starting zeolite in its ammonium form (NH4
+-Z31) was added to an aqueous 

solution (1 g/L) of polydiallyldimethylammonium (PDDA) chloride in a zeolite:PDDA solution 

ratio of 1:30 with the purpose of functionalizing the external surface to positively charged [16]. 

The mixture was kept under agitation at room temperature for 1 h and subsequently the 

functionalized zeolite was recovered by filtration, washed with distilled water and dried at 80 °C 

overnight. Next, a precursor solution of Silicate-1 with molar composition of 2 SiO2: 0.5 TPAOH: 

8 EtOH: 120 H2O was prepared and kept under agitation for 3 h. Next, the functionalized zeolite 

and the Silicalite-1 precursor solution were introduced in a Teflon-lined autoclave in a mass ratio 

of 1:15 and hydrothermally treated at 160 °C for 16 h. Afterwards, the autoclave was immersed 

in an ice bath and, after cooling, the solid from the autoclave was recovered by filtration, 

abundantly washed with distilled water, dried at 100 °C for 12 h, and finally calcined in a muffle 

oven at 500 °C for 6 h [17]. The core-shell zeolite so obtained was designated as HZ31@S1-M2. 

4.3.1.3. Doping with metals  

The addition of small amounts of certain metals such as Zn, Ga, and Cu could enhance the 

aromatization performance of the H-ZSM-5 as these metals are known to be active for 

dehydrogenation reactions involved in the transformation of olefin intermediates into aromatics 

(Figure 3). In this project we studied the influence on the STA reaction of modifying the HZ31 

sample with these metals.  

The incorporation of Zn and Ga was carried out by liquid-phase ion exchange using 0.1M 

aqueous solutions of Zn(NO3) and Ga(NO3) as precursors, respectively. The zeolite (ammonium 

form) was suspended in the above solutions using a liquid/solid ratio of 40 mL/g and refluxed 

under agitation at 80 °C for 3 h. Then, the solid were recovered by filtration, washed with 
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distilled water until neutral pH, and dried at 100 °C overnight. The Zn and Ga contents in the 

dried zeolites were 0.6 and 1.2 wt%, respectively, as measured by ICP-OES. 

On the other hand, Cu was added to the zeolite via incipient wetness impregnation with an 

aqueous solution of Cu(NO3)2 with the amount of metal precursor required to achieve a nominal 

Cu loading of 0.5 wt%. The real Cu content determined by ICP-OES was 0.46 wt%, in good 

concordance with the nominal value. 

The Zn-, Ga-, and Cu-containing zeolites were subsequently pretreated with CTAB and then 

submitted to 3-cycle silylation with TEOS as described in 4.3.1.1 to obtain samples Zn-HZ31@Sil-

3, Ga-HZ31@Sil-3, and Cu/HZ31@Sil-3, respectively.   

4.3.1.4. Modification with phosphorus 

Deposition of phosphorus (P) on the external surface and pore entrance of the H-ZSM-5 zeolite 

has been shown to enhance the selectivity of para-xylene (PX) in the alkylation of toluene with 

methanol [18]. Based on this finding, we here applied a similar approach to improve the PX 

selectivity of our catalysts in the syngas-to-aromatics (STA) reaction. Specifically, the HZ31 

zeolite was first pretreated with CTAB according to the procedure described in 2.3.1.2 but 

omitting the final air-calcination step. The dried (uncalcined) CTAB-pretreated zeolite was then 

impregnated to incipient wetness with an aqueous solution of phosphoric acid (H3PO4) with the 

required concentration to attain a nominal P loading of 1.5 wt% in the final material. Afterwards, 

the sample was dried at 100 °C overnight and then air-calcined at 500 °C for 5 h. The P-containing 

zeolite was named as 1.5P/HZ31. 

Additional zeolites were prepared by combining P addition with surface silylation in two 

different manners. In one case, the 1.5P/HZ31 zeolite was submitted to a 3-cycle surface 

silylation treatment according to the procedure reported in 2.3.1.1 to obtain the sample 

denoted as [1.5P/HZ31]@Sil-3. In another case, the impregnation of P was carried out on the 

zeolite previously silylated for 3 cycles. The resulting zeolite was designated as 1.5P/[HZ31@Sil-

3].   

4.3.1.5. Incorporationof magnesium oxide 

Besides passivation of external acid sites, modification of the H-ZSM-5 zeolite with a proper 

amount of magnesium oxide (MgO) was recently found a suitable strategy to enhancing the PX 

selectivity in the hydrogenation of CO2 to aromatics [19]. The improvement in PX selectivity was 

ascribed to the combined effect of modulation of zeolite acidity by forming MgOH+ species 

compensating the framework charge and reduction of the average pore size that inhibits the 

diffusion of the meta-xylene (MX) and ortho-xylene (OX) isomers with larger kinetic diameter 

than PX. 

In this project, the modification with MgO was applied to previously silylated zeolites. 

Incorporation of Mg was performed via incipient wetness impregnation using an aqueous 

solution of Mg(NO3)2·6H2O as metal precursor. The amount of precursor in the impregnating 

solution was varied in order to obtain different nominal Mg loadings in the range of 1 – 4 wt%. 

The Mg-modified zeolites were designated as yMg/Zeo@Sil-x, where “y” stands for the nominal 

Mg content in wt%, “Zeo” refers to the specific zeolite used, and “x” is the number of silylation 

cycles to which the zeolite was submitted prior to Mg loading.     
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4.4. Catalytic performance for STA of Zn-ZrO2+H-ZSM-5 catalysts 

This section reports the catalytic performance for the syngas-to-aromatics (STA) reaction of 

bifunctional OXZEO catalysts comprising the selected 1Zn50Zr-B oxide and different H-ZSM-5 

zeolites derived from on either the commercial or the large crystal size samples. The catalysts 

were all prepared by the powder mixing (PM) method described in 2.2.4 using, unless otherwise 

specified, an oxide:zeolite mass ratio of 1:1. The STA experiments were performed in the fixed 

bed reactor described in Appendix A2, at the standard reaction conditions: T = 400 °C, P = 30 

bar, H2/CO = 2 mol/mol, GHSV (referred to the mass of oxide) = 8.5 Lsyngas/(gOX·h). Prior to 

reaction, the catalysts were pretreated in-reactor under a flow of Ar at 400 °C for 4 h. The STA 

experiments typically lasted about 8 – 9 h.  

4.4.1. Catalysts based on the commercial HZ31 zeolite 

4.4.1.1. Influence of passivation of external acid sites 

Two different approaches were applied for passivating the external acid sites in HZ31 zeolite 

(section 2.3.3.1): i) surface silylation with TEOS (3 cycles), and ii) construction of core-shell 

HZ31@Silicalite-1 structures using, in this case, two methodologies. The catalytic results for 

OXZEO catalysts based on the original and surface-passivated HZ31 samples are gathered in 

Table 8. The selectivity of CO2 (50%), total hydrocarbons (50%), and methane (2 – 5%) were 

hardly affected by the specific zeolite used. This is coherent with the reaction scheme shown in 

Figure 3 for the STA reaction on OXZEO catalysts, where the formation of these products occurs 

through reactions mainly catalysed by the metal oxide component.  

Table 8. Influence of passivation of external acid sites on the STA performance of catalysts based 

on 1Zn50Zr-B oxide and HZ31 zeolite.  

 CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

Zeolite (%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

HZ31 22.5 50.4 49.6 3.2 18.4 1.6 4.0 72.8 

HZ31@Sil-3 18.5 51.2 48.8 2.4 19.0 5.5 7.6 65.5 

HZ31@S1-M1 22.2 48.1 51.9 1.9 21.0 3.5 7.2 66.4 
HZ31@S1-M2 22.5 49.0 51.0 5.4 22.0 1.8 7.2 63.6 

 

As observed in the table, the method employed for preparing the core-shell-like HZSM-

5@Silicalite-1 zeolites barely influenced the STA performance as the catalysts comprising 

HZ80@S1-M1 and HZ80@S1-M2 samples displayed alike CO conversion (22.5%), total 

hydrocarbons selectivity (51 – 52%), and aromatics selectivity within hydrocarbons (64 – 66%). 

This aromatics selectivity is similar to that achieved over the catalyst containing the zeolite 

passivated by silylation (65.5%), although this passivation procedure resulted in slightly lower 

CO conversion (18.5%). It can also be seen in the table that, irrespective of the method 

employed, the passivated samples exhibited lower aromatics selectivity (64 – 66%) in 

comparison to the pristine HZ31 zeolite (72.8%). 

Moreover, as shown in Figure 19, all zeolites submitted to surface passivation displayed 

enhanced selectivity to the most valuable BTX and PX aromatics with respect to the pristine 

HZ31 zeolite. Among the different passivation treatments employed, the 3-cycle silylation with 
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TEOS resulted more effective in this respect that the construction of core-shell ZSM-5@Silicalite-

1 structures. This fact may arise from the difficulty for obtaining perfect (i.e., without cracks) 

Silicalite-1 shells around the ZSM-5 crystallites (core) during the hydrothermal synthesis 

methods used and final calcination of the materials (see 4.3.1.2). In this regard, the lower BTX 

and PX selectivity achieved for HZ31@S1-M2 with respect to HZ31@S1-M1 (Figure 19) 

suggested the formation of a Silicalite-1 shell with more imperfections when the material was 

prepared by method 2. The zeolite submitted to a 3-cycle silylation treatment reached a 

remarkable selectivity of BTX and PX in aromatics of 57.1% and 18%, respectively, representing 

a 3- and 4-fold increase with respect to the original HZ31 zeolite. Nonetheless, the effect of 

silylation on the selectivity of PX within the xylenes fraction was less marked than for BTX and 

PX within aromatics. Indeed, the percentage of PX in Xylenes increased only by 1.4 times (from 

25.8 to 36.8) upon silylation.  
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Figure 19. Influence of surface passivation of HZ31 zeolite on the selectivity of BTX and PX in 
total aromatics and of PX in total xylenes.   

 

4.4.1.2. Influence of doping with metals prior to silylation 

The CO conversion and hydrocarbons distribution obtained for the 3-cycles silylated metal-free 

zeolite (HZ31@Sil-3) and metal-containing HZ80 samples (M-HZ31@Sil-3) is compared in Table 

9. The CO2 and total hydrocarbons (HCs) selectivity have not been included in the table since, as 

discussed previously, these parameters are mainly determined by the oxide component and 

attained similar values for all OXZEO catalysts based on 1Zn50Zr-B oxide regardless of the zeolite 

used (SCO2  50% and SHCs  50%). 

As observed in the table, the addition of Zn and Ga to HZ31 increased the CO conversion from 

18.5% to 24.7% and 25.1%, respectively, but lowered the total aromatics selectivity from ca. 66% 

to 52 – 54%. On the other hand, the incorporation of Cu resulted in a much less active catalyst, 

with a CO conversion of only 11.6%. Moreover, although the aromatics selectivity of the Cu-

containing catalyst (61.1%) was higher than that of the Zn- and Ga-HZ31 zeolites, it was still 

below the value obtained for the bare HZ31@Sil-3 zeolite.   
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Table 9. Influence of metal incorporation on the STA performance of catalysts based on 1Zn50Zr-

B oxide and silylated (3 cycles) HZ31 zeolites.  

 CO conv. Hydrocarbons distribution (%C) 

Zeolite (%) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

HZ31@Sil-3 18.5 2.4 19.0 5.5 7.6 65.5 

Zn-HZ31@Sil-3 24.7 1.9 25.9 3.5 16.3 52.4 
Ga-HZ31@Sil-3 25.1 1.6 24.5 6.1 13.7 54.1 
Cu-HZ31@Sil-3 11.6 4.1 19.2 5.2 9.9 61.6 

 

In addition, the results presented in Table 10 show that while all three metal-doped zeolites 

exhibited slightly enhanced BTX selectivity (59.7 – 60.1%) with respect to HZ31@Sil-3 (57.1%), 

only the addition of Cu succeeded in improving the PX selectivity to some extent (from 18.0 to 

19.4% in aromatics and from 36.8 to 38.7% in xylenes).  

Table 10. Influence of metal incorporation on the BTX and PX selectivity of catalysts based on 

1Zn50Zr-B oxide and silylated (3 cycles) HZ31 zeolites.  

 
Zeolite 

BTX in  
aromatics (%) 

PX in 
aromatics (%) 

PX in  
xylenes (%) 

HZ31@Sil-3 57.1 18.0 36.8 

Zn-HZ31@Sil-3 59.5 15.3 30.2 
Ga-HZ31@Sil-3 59.7 18.3 35.9 
Cu-HZ31@Sil-3 60.1 19.4 38.7 

 

4.4.1.3. Influence of phosphorus addition 

As described in subsection 4.3.1.4, we prepared two different P-containing zeolites depending 

on the order of P addition and silylation: sample [1.5P/HZ31]@Sil-3 in where P was added to the 

zeolite prior to silylation, and sample 1.5P/[HZ31@Sil-3] in where P was introduced after the 

silylation treatments.  

The catalytic performance in terms of CO conversion and hydrocarbons distribution for the 

oxide-zeolite catalysts based the two P-containing zeolites  is displayed in Table 11. The P-free 

silylated HZ31@Sil-3 zeolite is also shown for comparative purposes. In all cases, 1Zn50Zr-B was 

the common oxide component for preparing the bifunctional oxide-zeolite catalysts in a 1:1 

weight ratio.  

Table 11. Influence of P addition on the STA performance of 1Zn50Zr-B+HZ31 (silylated) 

catalysts.  

 CO conv. Hydrocarbons distribution (%C) 

Zeolite (%) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

HZ31@Sil-3 18.5 2.4 19.0 5.5 7.6 65.5 

[1.5P/HZ31]@Sil-3 13.1 2.4 13.1 9.2 7.1 68.2 
1.5P/[HZ31@Sil-3] 13.9 3.7 13.6 12.4 8.6 61.7 

 

As seen in the table, the addition of 1.5 wt% P resulted in a decrease in the CO conversion 

regardless of whether it is incorporated previously or after the surface silylation treatment. 
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However, the decrease in conversion (5.4% vs. 4.6% in absolute terms) was slightly higher when 

P is introduced prior to silylation (sample [1.5P/HZ31]@Sil-3). Notwithstanding, this sample was 

the only presenting higher aromatics selectivity (68.2%) in comparison with the P-free HZ31@Sil-

3 zeolite (65.5%).     

Furthermore, irrespective of the order of addition, the introduction of P hardly changed the 

selectivity of BTX within aromatics, which remained similar to that of the P-free zeolite ( 57%, 

Figure 20). Interestingly, the main effect of incorporating P to the zeolite was a remarkable raise 

in the PX selectivity, especially when added prior to silylation. Thus, the PX selectivity in 

aromatics and in xylenes reached remarkable values of 24.9% and 53.0%, respectively, for 

zeolite 1.5P/[HZ31@Sil-3].  
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Figure 20. Influence of modification of zeolite HZ31 with P on BTX and PX selectivity. 

 

4.4.1.4. Influence of magnesium incorporation 

Table 12 shows the influence of addition of different amounts of Mg (1 to 4 wt%) to the silylated 

HZ31@Sil-3 zeolite on the STA performance at standard conditions. Similar to the catalysts 

presented in the precedent sections, the catalysts based on the Mg-containing zeolites displayed 

selectivities of CO2 and total hydrocarbons (HCs) of around 50% and, therefore, these 

parameters were not included in the table. 

Table 12. Influence of Mg addition on the STA performance of 1Zn50Zr-B+ HZ31@Sil-3 catalysts.  

 CO conv. Hydrocarbons distribution (%C) 

Zeolite (%) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

HZ31@Sil-3 18.5 2.4 19.0 5.5 7.6 65.5 

1Mg/HZ31@Sil-3 20.6 2.2 22.2 6.3 13.3 56.0 
2Mg/HZ31@Sil-3 17.7 3.6 22.6 8.1 13.0 52.7 
3Mg/HZ31@Sil-3 16.2 2.5 18.0 13.8 12.7 53.0 
4Mg/HZ31@Sil-3 17.3 2.2 20.7 7.1 12.3 57.7 
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As observed in Table 12, the addition of Mg to HZ31@Sil-3 produced minor changes in CO 

conversion but decreased the selectivity to total aromatics in different extents depending on 

the Mg loading.  

On the other hand, the change in selectivity of BTX and PX as a function of Mg content is shown 

in Figure 21. As observed, the addition of Mg to zeolite HZ31@Sil-3 improved the selectivity of 

both BTX and PX at any Mg content. However, the selectivity of BTX and PX reached a maximum 

at Mg loadings of 2 and 3 wt%, respectively, above which the selectivity decreased. Hence, the 

maximum BTX selectivity in aromatics reached 67.7% for the catalyst comprising the zeolite 

modified with 2 wt% Mg, while the selectivity of PX in aromatics and of PX in xylenes attained 

maximum values of 38.6% and 71.7%, respectively, for the zeolite loaded with 3 wt% Mg.   
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Figure 21. Influence of Mg content on the selectivity of BTX in aromatics, PX in aromatics, and 
PX in xylenes for OXZEO catalysts based on xMg/HZ31@Sil-3 zeolite. 

 

The results presented above show that the addition of an appropriate amount of magnesium is 

an effective strategy to remarkably enhance the selectivity of the most valuable PX aromatic 

monomer.  

4.4.2. Catalysts based on the the large crystal size HZ5-LC zeolite 

4.4.2.1. Influence of mesoporosity 

The CO conversion, the selectivity of CO2 and total hydrocarbons (HCs), and the hydrocarbons 

distribution for the OXZEO catalysts based on 1Zn50Zr-B oxide and the starting HZ5-LC and 

desilicated (mesoporous) HZ5-LC-Dt zeolites are presented in Table 13. As seen there, the CO 

conversion was similar (ca. 18%) for the HZ5-LC zeolite and the samples desilicated for 0.5 and 

1 h while it was decreased to ca. 14% when the zeolite was desilicated for 2 h likely due to a 

significant loss of acidity at extended desilication times. Similar to what was obtained for 

catalysts comprising HZ31, catalysts based on zeolite HZ5-LC did also display CO2 selectivities of 

ca. 50% and, therefore, selectivities of total hydrocarbons (HCs) of ca. 50% at standard reaction 

conditions. As observed in Table 13, aromatics were the prevailing products in the hydrocarbons 
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fraction. Notably, the selectivity of total aromatics significantly raised from 59.2 to 72.6% when 

the HZ5-LZ zeolite was desilicated for 1 h and then decreased to 61.5% with further extending 

the time of the desilication treatment to 2 h.  

Table 13. STA performance of 1Zn50Zr-B+HZ5-LC catalysts.  

 CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

Zeolite (%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

HZ5-LC 18.0 49.2 50.8 2.2 23.6 4.9 10.1 59.2 
HZ5-LC-D0.5 18.9 50.4 49.6 2.1 16.8 4.0 7.0 70.1 
HZ5-LC-D1 17.0 49.9 50.1 2.5 14.6 3.9 6.4 72.6 
HZ5-LC-D2 13.9 49.5 50.5 3.9 16.8 5.9 11.9 61.5 

 

Additionally, the generation of mesopores by desilication in the large crystal size HZ5-LC zeolite 

enhanced the stability of the catalyst resulting in a lower loss of aromatics selectivity with time-

on-stream (TOS) relative to the catalyst containing the untreated zeolite (Figure 22). The higher 

stability of the desilicated samples can be related to the easier diffusion of bulky products, 

including coke precursors, through the generated mesoporous network  resulting in a hindered 

coke formation within micropores [20].  

0 2 4 6 8
40

50

60

70

80

A
ro

m
a

ti
c
s
 s

e
le

c
ti
v
it
y
 (

%
)

TOS (h)

 HZ5-LC

 HZ5-LC-D0.5

 HZ5-LC-D1

 HZ5-LC-D2

 
Figure 22. Evolution of aromatics selectivity with TOS for OXZEO catalysts based on the large 
crystal size HZ5-LC and desilicated HZ5-LC-Dt zeolites. 

 

The effect of mesopores generation by desilication and of desilication time on the selectivity to 

the target BTX and PX in total aromatics is presented in Figure 23.  
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Figure 23. Selectivity of BTX and PX in total aromatics and of PX in xylenes for the large crystal 
size HZ5-LC and its mesoporous derivatives HZ-LC-Dt. 

 

It is clearly seen that the introduction of mesopores in the large crystal size HZ5-LC zeolite 

lowered the selectivity of both BTX and PX in the aromatics fraction. Moreover, the BTX and PX 

selectivity progressively declined from 42.9% to 30.7% and from 9.5% to 6.9%, respectively, as 

the desilication time was increased from 0.5 to 2 h. This trend is explained by the higher external 

surface area of the zeolites with higher mesoporosity (Table 7), which promotes the formation 

of heavier aromatics on the unconstrained external acid sites. On the other hand, the generation 

of mesopores had little effect on the % of PX in the xylenes fraction, remaining in the range of 

24 – 28% for all zeolites. 

In conclusion, while the introduction of mesopores in the large crystal size zeolite by desilication 

produced an enhancement in the selectivity of total aromatics and in the stability with TOS, it 

decreased the selectivity of the most valuable BTX and PX aromatics.   

4.4.2.2. Influence of passivation of external acidity 

In order to enhance the selectivity to the desired BTX/PX aromatics, the mesoporous zeolite 

desilicated for 1 h (HZ5-LC-D1), which exhibited the highest selectivity of total aromatics (72.6%) 

among the desilicated samples (Table 13), was first treated with CTAB surfactant and then 

submitted to surface silylation to passivate the unselective external acid sites. In particular, the 

CTAB-treated zeolite was submitted to 2, 4, and 6 silylation cycles to produce samples labelled 

as HZ5-LC-D1@Sil-2, HZ5-LC-D1@Sil-4, and HZ5-LC-D1@Sil-6, respectively. The CO conversion 

and general product selectivity of the catalysts based on 1Zn50Zr oxide and the silylated zeolites 

are presented in Table 14. The first column of the table shows the number of silylation cycles, 

where 0 corresponds to the non-silylated mesoporous HZ5-LC-D1 zeolite. In comparison with 

the catalyst based on the non-silylated zeolite, those containing the silylated samples exhibited 

lower CO conversions as well as lower selectivity of total aromatics. Moreover, the aromatics 

selectivity showed a decreasing trend (from 68.5 to 65.4%) with the number of silylation cycles. 
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Table 14. STA performance of 1Zn50Zr-B+HZ5-LC-D1@Sil-x (x = 2, 4, 6) catalysts.  

Silylation  
cycles 

CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

(%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

0 17.0 49.9 50.1 2.5 14.6 3.9 6.4 72.6 
2 13.9 49.4 50.6 3.2 5.1 16.0 7.2 68.5 
4 15.1 49.3 50.7 2.5 6.8 15.3 7.5 67.9 
6 16.1 49.4 50.6 2.4 7.6 15.8 8.8 65.4 

 

As seen in Figure 24, the silylation treatment was effective in enhancing the BTX and PX 

selectivity of the mesoporous large crystal size HZ5-LC-D1 zeolite, reaching a maximum BTX and 

PX selectivity in aromatics of 52.4% and 14.3%, respectively, for the zeolite submitted to 4 

silylation cycles. These values are 1.5- and 1.9-fold higher than for the non-silylated HZ5-LC 

zeolite. In turn, the concentration of PX in xylenes experienced an increment from 24% to 32% 

after the fourth silylation cycle and then remained almost unchanged after the sixth cycle.         
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Figure 24. Influence of the number of silylation cycles on the selectivity of BTX and PX in total 
aromatics and PX in xylenes for the mesoporous large crystal size zeolites after 2, 4, and 6 
silylation cycles. The sample with 0 cycles corresponds to the starting non-silylated HZ5-LC-
D1 zeolite. 

 

4.4.2.3. Influence of magnesium incorporation 

Next, the mesoporous large crystal size sample silylated for 4 cycles (HZ5-LC-D1@Sil-4), which 

as showed before displayed the highest BTX/PX selectivity among this series of zeolites, was 

modified with different amounts of Mg (1, 2 and 3 wt%). The STA performance of the catalysts 

based on the Mg-modified xMg/HZ5-LC-D1@Sil-4 (x = 1, 2, 3) zeolites is compared with that of 

the Mg-free sample in Table 15. These results showed that the addition of Mg barely affected 

the CO conversion and the selectivity of CO2 and total hydrocarbons, which remained at about 

15%, 49%, and 51%, respectively, but altered the hydrocarbons distribution to some extent. In 

particular, the incorporation of Mg reduced the selectivity of total aromatics, decreasing from 
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67.9% for the Mg-free zeolite to 49.0% for the zeolite loaded with 3 wt% Mg. Such reduction in 

aromatics selectivity was accompanied by a concomitant increase in the selectivity of C2-C4 and 

C5+ hydrocarbons.  

Table 15. Influence of Mg addition on the STA performance of catalysts based on 1Zn50Zr-B 

oxide and xMg/HZ5-LC-D1@Sil-4 zeolites.  

Mg content 
(wt%) 

CO conv. CO2 sel. HCs sel. Hydrocarbons distribution (%C) 

(%) (%C) (%C) C1 C2
0-C4

0 C2
=-C4

= C5+ ARO 

0 15.1 49.3 50.7 2.5 6.8 15.3 7.5 67.9 
1 14.8 49.3 50.7 2.2 10.0 22.7 12.1 53.0 
2 16.4 48.9 51.1 3.0 10.7 23.6 14.2 48.5 
3 15.6 49.0 51.0 2.6 9.8 22.1 16.5 49.0 

 

Similar to the trends observed for catalysts based on Mg-modified HZ31 zeolite (subsection 

2.4.1.5), the addition of Mg to zeolite HZ5-LC-D1@Sil-4 significantly raised the selectivity of BTX 

and, especially, of PX (Figure 25). In this case, the BTX selectivity in aromatics increased from 

52% to 61% and further to 65% after the addition of 1 and 2 wt% Mg, respectively. Similarly, the 

PX selectivity in aromatics increased from 14% to 28% and the PX content in xylenes from 32 to 

a remarkable value of 51% upon the incorporation of 2 wt% Mg. A further increase in Mg content 

from 2 to 3 wt% did not produce, however, significant changes in the BTX/PX selectivity. 
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Figure 25. Influence of Mg addition on the selectivity of BTX and PX in total aromatics and PX 
in xylenes for the mesoporous large crystal size silylated (4 cycles) HZ5-LC-D1@Sil-4 zeolite.  

 

4.4.3. Influence of Si/Al ratio of ZSM-5 zeolite 

As mentioned beforehand in this deliverable, the acidity of the zeolite is one of the most 

important parameters to optimize when using these materials as catalysts in acid-catalysed 

reactions. Consequently, in the project we studied the impact of the acidity on the STA 

performance of bifunctional Zn-ZrO2+H-ZSM-5 catalysts by using, as starting zeolites, three 
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commercial samples (HZ16, HZ31, HZ112) with different Si/Al ratio and therefore distinct density 

of Brønsted acid sites (Table 6).  

Collectively, the results discussed in the previous sections for catalysts based on HZ31 and Z5-

LC zeolite showed that passivation of the external acidity via multiple surface silylations with 

TEOS followed by incorporation of an optimum amount of MgO was the most effective strategy 

to enhance the selectivity to the most valuable BTX and PX aromatics. Specifically, the best 

results in terms of BTX/PX selectivity were achieved for the 3Mg/HZ31@Sil-3 zeolite prepared 

by submitting HZ31 to 3 silylation cycles and subsequently loaded with 3 wt% Mg. Accordingly, 

for the study of the influence of zeolite acidity, the commercial samples with Si/Al ratio of 16 

(HZ16) and 112 (HZ112) were modified by applying the above combination of treatments to 

produce samples designated as 3Mg/HZ16@Sil-3 and 3Mg/HZ112@Sil-3, respectively.  

Then, the catalytic performance for the STA reaction was evaluated for bifunctional catalysts 

comprising the selected 1Zn50Zr-B oxide and the modified H-ZSM-5 zeolites with different Si/Al 

ratios. As in the previous sections, the reactions were carried out at the standard conditions: T 

= 400 °C, P = 30 bar, GHSV = 8.5 Lsyngas/(gOX·h), H2/CO = 2 mol/mol, and oxide:zeolite mass ratio 

= 1:1 (powder mixing method). The catalytic results are compared in Table 16 considering only 

the most relevant parameters related to KPIs. As expected, the catalysts based on the 

unmodified zeolites, which are also included in the table, showed higher selectivity of total 

aromatics (above 70% in all cases) but low selectivity to BTX and PX. The slightly higher BTX/PX 

selectivity of zeolite HZ112 in comparison with HZ16 and HZ31 can be related to the combined 

effect of a larger crystallite size and a reduced Brønsted acidity of the former (Table 6) resulting 

in a low amount of unselective external acid sites.  

Table 16. Influence of zeolite Si/Al ratio on the STA performance of 1Zn50Zr-B+3Mg/HZx@Sil-3 

catalysts. The catalysts based on the unmodified zeolites are also included for comparative 

purposes. 

 
Zeolite 

CO conv.  
(%) 

Sel. ARO in 
HCs (%) 

Sel. BTX  
in ARO (%) 

Sel. PX in 
ARO (%) 

Sel. PX in 
Xyl. (%) 

HZ16 17.5 70.8 20.4 4.2 24.9 
HZ31 22.5 72.8 19.0 4.3 25.8 

HZ112 17.8 72.0 35.4 8.7 27.7 

3Mg/HZ16@Sil-3 15.8 44.8 63.3 36.2 70.7 
3Mg/HZ31@Sil-3 16.2 53.0 66.5 38.7 71.8 

3Mg/HZ112@Sil-3 18.1 58.6 59.3 31.0 63.8 

 

Considering the catalysts based on the modified zeolites, that with the highest Si/Al ratio 

(HZ112) achieved the best CO conversion and selectivity of total aromatics, while the one 

containing the zeolite with intermediate Si/Al ratio (HZ31) exhibited the best BTX and PX 

selectivity.  

It should be remarked that, while all the three catalysts containing the modified zeolites fulfilled 

the two KPIs related to PX selectivity (PX in aromatics > 20%, PX in xylenes > 50%), none of them 

accomplished the KPIs associated to CO conversion (> 25%) and selectivity of total aromatics (> 

70%) (Appendix A3). Taking this into account, we carried out a preliminary assessment of the 

effect of some reaction conditions on the STA performance of catalysts based on zeolites 
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displaying the highest CO conversion and total aromatics (3Mg/HZ112@Sil-3) and the highest 

PX selectivity (3Mg/HZ31@Sil-3)  at standard conditions (Table 16). The parameters varied were 

the space velocity (GHSV), the total pressure, and the oxide:zeolite weight ratio. In all cases, the 

temperature was maintained constant at 400 °C since this is the minimum temperature required 

for the operation of the e-CMR where the catalyst will be ultimately integrated.  

The reaction conditions and the STA performance are summarized in Table 17 for 

3Mg/HZ31@Sil-3 and Table 18 for 3Mg/HZ112@Sil-3. The first raw in the tables correspond to 

the results obtained for each catalyst at standard conditions. The catalytic parameters fulfilling 

the corresponding KPIs are highlighted in red.  

It can be seen in the tables below that, for both catalysts, an increase in the reaction pressure 

from 30 to 50 bar raised both the CO conversion and the selectivity to total aromatics albeit at 

the cost of lowering the BTX and PX selectivity. A similar trend was observed when decreasing 

GHSV. Furthermore, at constant pressure and GHSV, an increase in the oxide:zeolite mass ratio 

lowered the CO conversion and aromatics selectivity but had a positive effect on PX selectivity. 

Since, as commented beforehand, the GHSV values were referred to the mass of oxide, an 

increase in the oxide:zeolite mass ratio at constant GHSV translates into a lower residence time 

of the reaction products in the zeolite pores, which reduces the probability for PX to undergo 

secondary reactions such as alkylation and isomerization.  

Table 17. Effect of reaction conditions on the STA performance of 1Zn50Zr-B+3Mg/HZ31@Sil-3 

catalyst.  

Reaction conditions  Catalytic results 

P GHSV ox:zeo XCO ARO in 
HCs (%) 

BTX in 
arom. (%) 

PX in 
arom. (%) 

PX in 
xyl. (%) (bar) (L/(g·h) mass ratio (%) 

30 8.5 1:1 16.2 53.0 66.5 38.7 71.8 

50 8.5 1:1 23.1 56.1 57.5 25.9 50.2 
30 4.2 1:1 23.3 62.0 61.1 24.6 48.4 
30 4.2 2:1 22.8 58.5 60.5 27.8 57.2 
30 3.0 2:1 25.8 61.2 54.8 24.1 53.9 

 

Table 18. Effect of reaction conditions on the STA performance of 1Zn50Zr-B+3Mg/HZ112@Sil-

3 catalyst.  

Reaction conditions  Catalytic results 

P GHSV ox:zeo XCO ARO in 
HCs (%) 

BTX in 
arom. (%) 

PX in 
arom. (%) 

PX in 
xyl. (%) (bar) (L/(g·h) mass ratio (%) 

30 8.5 1:1 18.1 58.6 59.3 31.0 63.8 

50 8.5 1:1 23.9 62.0 52.8 21.1 47.5 
30 4.2 1:1 27.7 62.6 58.3 22.6 46.0 
30 4.2 2:1 27.0 60.6 57.7 23.9 50.6 
30 4.2 3:1 24.2 57.0 56.2 26.3 57.7 
30 4.2 4:1 23.1 54.3 56.1 27.1 59.8 
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The results in Tables 17-18 show that, by adjusting to some extent the reaction conditions, both 

catalysts were able to achieve values of CO conversion (26 – 27%), PX selectivity in aromatics 

(24%), and PX selectivity in xylenes (51 – 54%) that completely satisfied the respective KPIs. 

Finally, the evolution of CO conversion and aromatics selectivity with TOS for the above two 

catalysts at reaction conditions fulfilling the three KPIs is shown in Figure 26.  
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Figure 26. Evolution with TOS of the CO conversion (squares) and total aromatics selectivity 
(circles) for catalysts  based on 3Mg/HZ31@Sil-3 (open symbols) and 3Mg/HZ112@Sil-3 
(closed symbols). Reaction conditions: 400 °C, 30 bar, H2/CO = 2, oxide:zeolite mass ratio = 
2:1, GHSV = 3.0 Lsyngas/(gOX·h) for 3Mg/HZ31@Sil-3 and 4.2 Lsyngas/(gOX·h) for 3Mg/HZ112@Sil-
3.  

 

The results in Figure 26 evidenced that, in the range of TOS investigated, the catalyst based on 

3Mg/HZ112@Sil-3 exhibited a quite stable CO conversion and aromatics selectivity with TOS, 

while a certain deactivation was noticed for that based on 3Mg/HZ31@Sil-3. The better stability 

of the former zeolite can be attributed to its higher Si/Al ratio and, therefore, its lower amount 

of Brønsted acid sites (Table 6), which makes it more resistant against deactivation by coking.  

Considering its better stability, the bifunctional catalyst based on zeolite 3Mg/HZ112@Sil-3 was 

selected as the most suitable for the conversion of syngas to aromatics.  

Further work is in progress to improve the STA performance of this catalyst by exploring a wider 

range of operating conditions. Finally, at the optimal conditions, the catalyst stability will be 

assessed in an extended run lasting up to 50 h on stream. 

5. Main conclusions 

The main conclusions derived from the catalyst development activities performed by CSIC in 

subtask 3.4.2 during the period M4-M28 are summarized below: 

1. A wide set of bifunctional OXZEO (oxide-zeolite) catalysts coupling a partially reducible 

metal oxide with zeolite H-ZSM-5 was prepared and their catalytic performance for the 
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syngas-to-aromatics (STA) process evaluated at reaction conditions (400 °C, 30 bar) 

compatible with their ultimate integration in the e-CMR developed under subtask 3.4.1. 

2. The powder mixing (PM) method providing a close proximity between metal and acid sites 

promoted high aromatics selectivity and was hence selected for constructing the OXZEO 

catalysts. 

3. Based on an initial screening study, the Zn-doped surface area tetragonal-ZrO2 1Zn50Zr-B 

sample was selected as the oxide component of bifunctional catalysts. 

4. Four H-ZSM-5 samples spanning a wide range of crystallite sizes (0.6 – 12 m) and Si/Al 

ratios (16 – 112) were employed as starting zeolites for optimization.  

5. Zeolites with large crystal size afforded higher BTX selectivity but exhibited lower stability 

with time than those possessing smaller crystallites. The generation of an optimum amount 

of intra-crystal mesopores by controlled desilication concomitantly enhanced both the 

stability and the total aromatics selectivity of large crystal size zeolites albeit at the cost of 

reducing the BTX selectivity. 

6. Irrespective of crystal size and Si/Al ratio, the starting zeolites achieved very high selectivity 

of total aromatics (> 70% in hydrocarbons) at CO conversion of 15 – 20%, albeit poor 

selectivity of BTX and, especially, of PX. Therefore, the zeolites were submitted to a series 

of treatments aiming at improving their BTX/PX selectivity. 

7. Effective passivation of external acid sites by deposition of a thin SiO2 layer via multiple 

silylation cycles of CTAB-pretreated zeolites was the most suitable treatment for enhancing 

the BTX selectivity,  while silylation followed by the incorporation of an optimum amount of 

MgO resulted the most effective strategy from the viewpoint of PX selectivity.  

8. At standard conditions, the zeolite with intermediate Si/Al ratio submitted to three silylation 

cycles and loaded with 3 wt% Mg (3Mg/HZ31@Sil-3) afforded an outstanding PX selectivity 

of 39% in total aromatics (72% in total xylenes) at 16% conversion with total aromatics 

selectivity of 53%. On the other hand, the silylated and MgO-containing zeolite with high 

Si/Al ratio (3Mg/HZ112@Sil-3) achieved the highest CO conversion (18%) and total 

aromatics selectivity (59%) while still keeping high PX selectivity (31% in aromatics and 64% 

in xylenes).  

9. By adjusting to some extent the reaction conditions, the catalysts based on the above two 

modified zeolites were able to already satisfy the following three KPIs established for Tech#5 

of the project before their integration in the e-CMR: CO conversion > 25%, PX selectivity in 

aromatics > 20%, and PX selectivity in total xylenes > 50%. However, that comprising the 

zeolite with higher Si/Al ratio displayed a more stable STA performance. 

10. Considering its better stability, 3Mg/HZ112@Sil-3 was selected as the zeolite component. 

Further work is in progress to optimize the catalytic performance of this catalyst by exploring 

a wider range of operating conditions and to assess its long-term stability at optimal 

conditions.  

 

  



42 
 

6. List of references 

[1] X. Pan, F. Jiao, D. Miao, X. Bao, Oxide-Zeolite-Based Composite Catalyst Concept That 
Enables Syngas Chemistry beyond Fischer-Tropsch Synthesis, Chem. Rev. 121 (2021) 
6588–6609. https://doi.org/10.1021/acs.chemrev.0c01012. 

[2] T. Li, T. Shoinkhorova, J. Gascon, J. Ruiz-Martínez, Aromatics Production via Methanol-
Mediated Transformation Routes, ACS Catal. 11 (2021) 7780–7819. 
https://doi.org/10.1021/acscatal.1c01422. 

[3] W. Li, H. Huang, H. Li, W. Zhang, H. Liu, Facile Synthesis of Pure Monoclinic and 
Tetragonal Zirconia Nanoparticles and Their Phase Effects on the Behavior of Supported 
Molybdena Catalysts for Methanol-Selective Oxidation, Langmuir. 24 (2008) 8358–
8366. https://doi.org/10.1021/la800370r. 

[4] H. Wang, G.Q. Yang, Y.H. Song, Z.T. Liu, Z.W. Liu, Defect-rich Ce1-xZrxO2 solid solutions 
for oxidative dehydrogenation of ethylbenzene with CO2, Catal. Today. 324 (2019) 39–
48. https://doi.org/10.1016/J.CATTOD.2018.07.051. 

[5] Y. Li, M. Wang, S. Liu, F. Wu, Q. Zhang, S. Zhang, K. Cheng, Y. Wang, Distance for 
Communication between Metal and Acid Sites for Syngas Conversion, ACS Catal. 12 
(2022) 8793–8801. https://doi.org/10.1021/acscatal.2c02125. 

[6] Y. K. Cheng, B. Gu, X. Liu, J. Kang, Q. Zhang, Direct and Highly Selective Conversion of 
Synthesis Gas into Lower Olefins: Design of a Bifunctional Catalyst Combining Methanol 
Synthesis and Carbon–Carbon Coupling, Angew. Chem. Int. Ed. 55 (2016) 4725–4728. 
https://doi.org/https://doi.org/10.1002/anie.201601208. 

[7] F. Jiao, J. Li, X. Pan, J. Xiao, H. Li, H. Ma, M. Wei, Y. Pan, Z. Zhou, M. Li, S. Miao, J. Li, Y. 
Zhu, D. Xiao, T. He, J. Yang, F. Qi, Q. Fu, X. Bao, Selective conversion of syngas to light 
olefins, Science (80-. ). 351 (2016) 1065–1068. 
https://doi.org/10.1126/science.aaf1835. 

[8] Y. Zhu, X. Pan, F. Jiao, J. Li, J. Yang, M. Ding, Y. Han, Z. Liu, X. Bao, Role of Manganese 
Oxide in Syngas Conversion to Light Olefins, ACS Catal. 7 (2017) 2800–2804. 
https://doi.org/10.1021/acscatal.7b00221. 

[9] X. Liu, W. Zhou, Y. Yang, K. Cheng, J. Kang, L. Zhang, G. Zhang, X. Min, Q. Zhang, Y. 
Wang, Design of efficient bifunctional catalysts for direct conversion of syngas into 
lower olefins: Via methanol/dimethyl ether intermediates, Chem. Sci. 9 (2018) 4708–
4718. https://doi.org/10.1039/c8sc01597j. 

[10] S. Wang, P. Wang, D. Shi, S. He, L. Zhang, W. Yan, Z. Qin, J. Li, M. Dong, J. Wang, U. 
Olsbye, W. Fan, Direct Conversion of Syngas into Light Olefins with Low CO2 Emission, 
ACS Catal. 10 (2020) 2046–2059. https://doi.org/10.1021/acscatal.9b04629. 

[11] R.D. Chirico, W. V. Steele, Thermodynamic equilibria in xylene isomerization. 5. Xylene 
isomerization equilibria from thermodynamic studies and reconciliation of calculated 
and experimental product distributions, J. Chem. Eng. Data. 42 (1997) 784–790. 
https://doi.org/10.1021/je970030q. 

[12] J. Pérez-Ramírez, C.H. Christensen, K. Egeblad, C.H. Christensen, J.C. Groen, Hierarchical 
zeolites: Enhanced utilisation of microporous crystals in catalysis by advances in 
materials design, Chem. Soc. Rev. 37 (2008) 2530–2542. 
https://doi.org/10.1039/b809030k. 



43 
 

[13] Y. Fang, Z. Huang, S. Wang, H. Sheng, W. Hua, Y. Yue, W. Shen, H. Xu, Enhancing BTX 
selectivity of the syngas to aromatics reaction through silylation of CTAB pretreated 
ZSM-5, Catal. Sci. Technol. 11 (2021) 4944–4952. https://doi.org/10.1039/d1cy00781e. 

[14] S. Zheng, A. Jentys, J.A. Lercher, Xylene isomerization with surface-modified HZSM-5 
zeolite catalysts: An in situ IR study, J. Catal. 241 (2006) 304–311. 
https://doi.org/10.1016/j.jcat.2006.04.026. 

[15] W. Gao, L. Guo, Q. Wu, C. Wang, X. Guo, Y. He, P. Zhang, G. Yang, G. Liu, J. Wu, N. 
Tsubaki, Capsule-like zeolite catalyst fabricated by solvent-free strategy for para-Xylene 
formation from CO2 hydrogenation, Appl. Catal. B Environ. 303 (2022) 120906. 
https://doi.org/10.1016/J.APCATB.2021.120906. 

[16] L. Xu, Y. Ren, H. Wu, Y. Liu, Z. Wang, Y. Zhang, J. Xu, H. Peng, P. Wu, Core/shell-
structured TS-1@mesoporous silica-supported Au nanoparticles for selective 
epoxidation of propylene with H2 and O2, J. Mater. Chem. 21 (2011) 10852–10858. 
https://doi.org/10.1039/c1jm10483g. 

[17] D. Yi, X. Xu, X. Meng, N. Liu, L. Shi, Synthesis of core–shell ZSM-5 zeolite with passivated 
external surface acidity by b-oriented thin silicalite-1 shell using a self-assembly 
process, J. Porous Mater. 26 (2019) 1767–1779. https://doi.org/10.1007/s10934-019-
00776-0. 

[18] D. Yi, X. Meng, X. Xu, N. Liu, L. Shi, Catalytic performance of modified ZSM-5 designed 
with selectively passivated external surface acidity by phosphorus, Ind. Eng. Chem. Res. 
58 (2019) 10154–10163. https://doi.org/10.1021/acs.iecr.9b00629. 

[19] Y. Qu, Z. Li, H. Hu, S. Chen, J. Wang, C. Li, Highly selective conversion of CO2 to para-
xylene over tandem catalysts, Chem. Commun. 59 (2023) 7607–7610. 
https://doi.org/10.1039/d3cc01259j. 

[20] C. Wen, L. Lu, X. Zhang, K. Jin, L. Chen, Q. Zhang, L. Ma, C. Wang, Optimizing zeolitic 
hierarchical pore structure to boost the direct conversion of aromatics from syngas 
over the iron-based/zeolite bifunctional catalysts, Fuel. 357 (2024) 129791. 
https://doi.org/10.1016/j.fuel.2023.129791. 

  



44 
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ARO Aromatics 

BET Brunauer-Emmett-Teller 

BJH Barrett-Joyner-Halenda 

BTX Benzene, Toluene, Xylenes 

CLD Chemical Liquid Deposition 

CMR Catalytic Membrane Reactor 

CTAB Cetyltrimethylammonium Bromide 

DME Dimethyl Ether 

EtOH Ethanol 

FESEM Field Emission Scanning Electron Microscopy 

FID Flame Ionization Detector 

FTIR Fourier-Transform Infrared 

GHSV Gas Hourly Space Velocity 

GM Granule Mixing 

HCs Hydrocarbons 

H2-TPR Hydrogen-Temperature Programmed Reduction 

ICP-OES Inductively Coupled Plasma-Atomic Emission Spectroscopy 

IZA International Zeolite Association 

KPI Key Performance Indicator 

MTH Methanol-To-Hydrocarbons 

MX Meta-Xylene 

OX Ortho-Xylene 

OXZEO Oxide-Zeolite 

PDDA Polydiallyldimethylammonium 

PID Proportional-Integral-Derivative 
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PM Powder Mixing 

PX Para-Xylene 

RT Room Temperature 

SDA Structure Directing Agent 

STA Syngas-To-Aromatics 

TBAOH Tetrabutylammonium Hydroxide 

TCD Thermal Conductivity Detector 

TEM Transmission Electron Microscopy 

TEOS Tetraethyl Orthosilicate 

TPABr Tetrapropylammonium Bromide 

TPAOH Tetrapropylammonium Hydroxide 

TOS Time-On-Stream 

WGS Water-Gas Shift 

WP Work Package 

XCO CO Conversion 

XRD X-Ray Diffraction 
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Appendix  

A1. Characterization techniques 

The chemical composition of the samples was determined by inductively coupled plasma-optical 

emission spectrometry (ICP-OES) in a Varian 715-ES apparatus after dissolution of the solids in 

an acid mixture of HNO3:HF:HCl (1:1:3 volume ratio).  

Crystalline phases in the materials were identified by powder X-ray diffraction (XRD) in a 

Panalytical Cubix Pro diffractometer equipped with a graphite monochromator operating at 40 

kV and 45 mA using nickel-filtered CuK radiation ( = 0.1542 nm). The average crystallite size 

of the phases was estimated by applying the Scherrer’s equation to the most intense peak (2), 

after background subtraction and correction for instrumental broadening. 

Textural properties of the samples were derived from the corresponding N2 adsorption 

isotherms recorded at -196 °C on an ASAP-2000 (Micromeritics) equipment after pretreatment 

at 400 °C and vacuum overnight. Specific surface areas were obtained by the BET method, and 

pore size distributions were derived from the adsorption branch of isotherms by using the 

Barrett-Joyner-Halenda (BJH) model. 

The reduction behaviour of selected samples was assessed by hydrogen temperature 

programmed reduction (H2-TPR) in a Micromeritics Autochem 2910 device. The sample (ca. 50 

mg) was flushed with an Ar flow at room temperature (RT) for 30 min, the gas atmosphere 

switched to a mixture of 10 vol% H2 in Ar, and the temperature increased from RT to 900 °C at a 

heating rate of 10 °C/min. The water generated in the reduction processes was retained in a 2-

propanol/N2(liq.) trap located downstream the analyser and the H2 consumption monitored in 

a thermal conductivity detector (TCD) previously calibrated using the reduction of a standard 

CuO sample as reference. 

FTIR spectroscopy of adsorbed pyridine (FTIR-pyridine) was used to assess the acid properties of 

the zeolites. FTIR spectra were recorded in a Nicolet 710 FTIR apparatus for self-supported 

wafers (10 mg/cm2) previously pretreated at 400 °C overnight under dynamic vacuum of 10-4 Pa. 

Afterwards, 1.8·103 Pa of pyridine were admitted to the IR cell at room temperature and after 

equilibration the samples were degassed for 1 h at 250, 350, and 400 °C. After each desorption 

step, the spectrum was recorded at room temperature and the background subtracted. The 

amounts of Brønsted and Lewis acid sites were determined from the integrated areas of the 

bands at ca. 1545 and 1450 cm-1, respectively, using the extinction coefficients reported by 

Emeis [C.A. Emeis, J. Catal. 141 (1993) 347-354]. 

The size and morphology of zeolite crystallites in selected samples was investigated by means 

of Field Emission Scanning Transmission Microscopy (FESEM) using a ZEISS ULTA 55 FESEM. The 

samples were dispersed on a double-sided carbon adhesive tape attached to the specimen 

holder without any coating.  

Characterization by transmission electron microscopy (TEM) was carried out using a Tecnai G2 

field emission gun (200 kV) device. Prior to observation by TEM, the samples were suspended in 

ethanol and submitted to ultrasonication for one minute. Then, the suspension was slowly 

decanted for two minutes and a drop was extracted from the top side and placed on a holly 

carbon-coated copper grid. 
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A2. Experimental reaction setup  

The catalytic experiments for the syngas-to-aromatics (STA) reaction were carried out in a 

tubular fixed-bed reactor of 13 mm internal diameter made of 310 stainless steel. The reactor is 

heated by two 600 W power resistors, independently controlled by electronic devices (Philips 

KS40) with PID adjustment. The temperature in the catalyst bed is controlled by means of two 

K-type thermocouples (Inconel® 600 alloy, 0.5 mm diameter) introduced inside a 316 stainless 

steel tube of 3 mm external diameter placed longitudinally along the central axis of the reactor. 

A third sliding thermocouple, not connected to any control loop, is used to check for the absence 

of longitudinal temperature gradients during the reaction. The reaction pressure is controlled 

by means of a back-pressure regulator. The reaction products are analysed online in a Varian 

450GC gas chromatograph equipped with three packed columns (a 13X molecular sieve and two 

Porapak HaysepQ) connected to a thermal conductivity detector (TCD) and a capillary column 

(CP-Sil 5 CB, 25 m) connected to a flame ionization detector (FID). This configuration allows a 

good separation of permanent gases (CO2, CO, Ar), oxygenated compounds (e.g., methanol, 

DME), and different types of hydrocarbons (paraffins, olefins, and aromatics) with up to 20 

carbon atoms. All reaction products were previously identified by using appropriate 

commercially available or home-prepared standards. 

A scheme of the reactor setup used in the STA experiments is shown in the figure below. 

 

All products selectivities reported in this deliverable were calculated on a carbon basis.  Excellent 

carbon mass balances of 1002% were obtained in all the STA experiments. 
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A3. Key Performance Indicators established for STA catalysts 

The following table lists the Key Performance Indicators (KPIs) defined in the project for Tech#5: 

CMR for syngas conversion to BTX and PX. 

KPIs  

CO per-pass conversion > 25% 
Aromatics selectivity in hydrocarbons > 70%  
PX selectivity in total aromatics > 20% 
PX selectivity in total xylenes > 50% 
Deactivation rate < 5%·100-1 

 

  


